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Abstract

Neuronal networks with underlie Impaired Awareness of Hypoglycaemia

The counter-regulatory response (CRR) to hypoglycaemia requires behavioural,
endocrine, and autonomic responses. The latter is important clinically, because
sympathoadrenal activation produces symptoms, leading to hypoglycaemia awareness
and corrective behaviours. A reduction in the efficacy of sympathoadrenal activation
leads to impaired awareness of hypoglycaemia (IAH), a common condition which affects
patients with insulin-treated diabetes and carries significant morbidity and mortality.
These deficits are precipitated by repeated hypoglycaemia (RH), which can be
experimentally modelled to gain mechanistic insights into IAH. The neurobiology which
underlies this condition was investigated in this thesis using a mouse model of IAH.

IAH possesses the hallmarks of habituation, which were recapitulated in our mouse
model. This includes a replicable decrease in the response of the sympathoadrenal
system to RH, response recovery in the absence of RH and response dishabituation with
a heterotypic stimulus. We postulated that specific neuronal networks regulate
habituation following RH, but in the context of diabetes and insulin therapy, this
culminates in IAH.

By using neuronal markers of acute activation and in vivo fibre photometry,
corticotrophin-releasing hormone (CRH) neurons in the paraventricular nucleus of the
hypothalamus (PVH) were identified as rapidly activated following acute stress, including
hypoglycaemia and 2-DG-induced glucoprivation. In addition, the chemogenetic
manipulation of CRH neurons in the medial parvocellular dorsal division of the PVH
(CRH™PAPVHY confirmed that they are necessary for the full activation of the
sympathoadrenal system following hypoglycaemia. Furthermore, neuronal tracing
experiments indicated that CRH™YPY" neurons connect with output elements of the
sympathoadrenal system, through direct and indirect pathways involving CRH receptor-
expressing neurons.

Using in vivo fibre photometry, | also found that CRH™"VH neuronal activity habituated
to the repeated homotypic stress of RH, but not to heterotypic stress, indicating
regulation of stress responsivity by networks which encode stress familiarity. We
postulated that these networks included neurons within the posterior paraventricular
nucleus of the thalamus (pPVT), as RH was found to induce an increase in FosB, a
marker of neuronal adaptation, in both the PVH and pPVT.

Finally, using a genetically targeted ablation strategy, | demonstrated that glutamatergic
pPVT neurons are necessary for the RH-induced habituation of the sympathoadrenal
response. Furthermore, using monosynaptic silencing and neuronal tracing techniques,
| demonstrated that the pPVT drives an inhibitory forebrain circuit, via the ventral bed
nucleus of the stria terminalis (vBNST), which is functionally significant to
sympathoadrenal response habituation.

Combined, these findings localise RH-induced habituation to specific integrative
neuronal networks, involving pPVT and CRH™YVM neurons. This circuit may be
responsible for reduced sympathoadrenal activation following RH and potentially for the
development of IAH.
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Chapter 1

Introduction



1.1 Hypoglycaemia

Hypoglycaemia is described classically by Whipple’s triad: symptoms consistent with
hypoglycaemia, a low plasma glucose concentration, and relief of those symptoms when
the plasma glucose concentration is raised (Whipple, 1938). In the clinical setting,
hypoglycaemia is defined as a plasma glucose concertation of <3.9 mmol/l in adults,
though more detailed definitions are also available (Table 1.1).

Table 1.1: Hypoglycaemia Definitions

Classification of Glucose Clinical features
Hypoglycaemia concentration
(mmol/l)
Hypoglycaemia <3.9 May be symptomatic or asymptomatic®
Severe hypoglycaemia <3.9* Requirement of assistance of another
person to actively administer

carbohydrate, glucagons, or other
resuscitative actions

Probable symptomatic - Presence of typical hypoglycaemia
hypoglycaemia symptoms but absence of glucose
concentration measurement

Pseudo-hypoglycaemia >3.9 Presence of typical hypoglycaemia
symptoms but a glucose concentration
>3.9 mmol/l. Often seen in patients with
diabetes and poor glycaemic control

* Autonomic symptoms include palpitations, tremor, hunger, and sweating. Neuroglycopenic
symptoms include behavioural changes, difficulty thinking, confusion, seizure, coma, and even
death.

* Severe hypoglycaemia is defined by clinical features and not a defined glucose concentration.
Neurological recovery attributable to the restoration of plasma glucose to normal is considered
sufficient evidence that the event was induced by a low plasma glucose concentration (Seaquist
etal., 2013).

Hypoglycaemia is uncommon in the absence of disease. However, in patients with
diabetes, changes in physiology and the action of medications alter glucose
homeostasis, increasing glucose fluctuations and the likelihood of hypoglycaemia
(Figure 1.1).

In type 1 diabetes, pancreatic beta cell destruction is the primary pathophysiological
process, resulting in the complete reliance on insulin replacement (McCrimmon, 2017).
Beta cells continuously sense and adjust insulin release depending on blood glucose,
importantly inhibiting insulin release during hypoglycaemia. Although there have been

advances in glucose-monitoring technologies, insulin formulations and delivery systems,
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all currently available treatment options fail to truly replicate the function of the beta cell.
For all patients with type 1 diabetes, and a proportion of patients with type 2 diabetes,
insulin is delivered into the systemic circulation via subcutaneous injection or infusion.
Although the delivery of insulin into peripheral tissue allows ease of self-administration,
much larger insulin doses are required to be administered peripherally in order for
sufficient insulin to reach the hepatic portal vein and inhibit hepatic glucose production
(Beall et al., 2012). Either way, systemic hyperinsulinaemia can often lead to excess

glucose uptake into tissues, with subsequent hypoglycaemia.

Additionally, the disturbance to the pancreatic islet in type 1 diabetes, also affects alpha
cells and, consequently, glucagon secretion. This defect is thought to arise from a loss
of intra-islet signalling. Specifically, the autoimmune process causes islet-specific
sympathetic nerve loss, which impairs the autonomic input to the alpha cell. This
sympathetic islet neuropathy occurs early in the disease and impairs glucagon release
(Mundinger et al., 2003). Interestingly, nearly all patients with type 1 diabetes lose the
ability to secrete glucagon within 5 years of diagnosis (Mokan et al., 1994). The loss of
glucagon, a key counter-regulatory hormone, leads to further risk of hypoglycaemia and
a further reliance on sympathoadrenal responses to correct hypoglycaemia — a system

which we know is itself impaired in many patients.

Combined, the profound deficits in glucose regulation and the inadequacies of current
insulin treatments, explain why patients with type 1 diabetes experience, on average,
two symptomatic episodes of hypoglycaemia and up to four asymptomatic episodes a
week (Frier et al., 2016, Henriksen et al., 2018). Consequently, patients with diabetes
(particularly type 1) are at a far higher risk of repeated hypoglycaemia (RH) events and,

as | will discuss, impaired awareness of hypoglycaemia (IAH).
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Early Type 2 Diabetes Type 1 Diabetes and Advanced Type 2 Diabetes

(relative B-cell failure) (absolute B-cell failure)
High Falling Mild-moderate Falling
therapeutic = glucose therapeutic — glucose
hyperinsulinaemia levels hyperinsulinaemia levels
1 No decrease in
Isolated episodes of hypoglycaemia B cell failure — insulin and no
increase in glucagon

!

Episodes of hypoglycaemia

Figure 1.1: Pathophysiological mechanisms precipitating hypoglycaemia in diabetes

Hypoglycaemia is less common in patients with early type 2 diabetes and requires high
therapeutic hyperinsulinaemia to occur. Less marked insulin excess (mild-moderate therapeutic
hyperinsulinaemia) causes more frequent hypoglycaemia in patients with type 1 diabetes and
advanced type 2 diabetes (Cryer, 2013).

1.2 Hypoglycaemia morbidity and mortality

Intensive glycaemic control has documented benefits to microvascular and
macrovascular complications, but also increases the risk of severe hypoglycaemia
(Diabetes et al., 1993).

Hypoglycaemia has multiple acute and chronic consequences to health and activities of
daily living. Mild (self-treated) hypoglycaemia, which is frequently experienced by
patients with type 1 diabetes, are distressing and negatively impacts cognitive
performance (Beall et al., 2012). Even when the hypoglycaemia is short-lived, it can
interfere with balance, coordination and vision, precipitating falls and injury (Frier,
2014a). Recently, studies into the chronic effects of repeated mild hypoglycaemia, show

an increased risk of cardiovascular disease (Luk et al., 2016).

Severe hypoglycaemia, requiring the assistance of another person in order to achieve
recovery, has all-together more profound effects (ADA, 2005). It impacts employment
and excludes sufferers from working in areas which may put the public at risk. Everyday
essential activities, such as driving, are restricted in individuals with repeated severe

hypoglycaemia.
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Acute severe hypoglycaemia can, at its worst, cause coma, seizures, strokes and
sudden death (Graveling and Frier, 2009). Chronic severe hypoglycaemia impacts

multiple organ systems, most notably the cardiovascular system and the brain.

1.2.1 Cardiovascular effects

Cardiovascular disease is the predominant cause of death in patients with diabetes (Frier
et al., 2011). Three prominent trials investigating the reduction of cardiovascular disease
risk with glucose lowering, ACCORD (Action to Control Cardiovascular Risk in Diabetes),
ADVACE (Action in Diabetes and Vascular Disease: Preterax and Diamicron MR
Controlled Evaluation) and VADT (Veterans Affairs Diabetes Trial), all showed excess
severe hypoglycaemia with intensive treatment in type 2 diabetes (Frier et al., 2011). The
ACCORD trial importantly found an association between symptomatic severe
hypoglycaemia and increased mortality (Frier et al., 2011). Though the ACCORD
investigators concluded a causative relationship could not be drawn, the effects of
hypoglycaemia on the cardiovascular system are multiple, directly causing morbidity and
mortality (Frier et al., 2011, Seaquist et al., 2012).

Severe hypoglycaemia provokes an augmented cardiac workload, which is mediated by
repeated sympathoadrenal system activation (Wright and Frier, 2008). In people without
cardiovascular disease, this increased workload is unlikely to be of great significance.
However, chronic sympathoadrenal system activation, particularly in patients with
diabetes and pre-existing cardiovascular disease, has been shown to precipitate
myocardial infarction and heart failure (Wright and Frier, 2008). It is also likely that
hypoglycaemia directly leads to an increase in myocardial ischaemia. Indeed, in patients
with insulin-treated diabetes, ischaemic symptoms and ischaemic electrocardiogram
changes were noted during hypoglycaemia but not during hyperglycaemia (Desouza et
al., 2003).

Also notable is the risk of cardiac arrhythmias in patients with severe hypoglycaemia.
Acute hypoglycaemia affects cardiac electrophysiology, delaying cardiac repolarisation
and predisposing to dangerous arrhythmias of the heart (Heller, 2002). With the aid of
continuous glucose monitoring and electrocardiographic (ECG) recording, investigators
have identified a causative link between hypoglycaemia and abnormal cardiac rhythms
(Stahn et al.,, 2014). This effect was more prominent during the night, when life-
threatening brady-arrhythmias were more common (Stahn et al., 2014, Frier, 2014a).
Electrophysiological changes following hypoglycaemia have been linked to sudden
death in young adults with type 1 diabetes. Of concern is that several epidemiological
studies have confirmed an increased risk of sudden unexpected deaths in diabetic

populations compared with non-diabetic populations (Skrivarhaug et al., 2006, Tu et al.,
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2008). Interestingly, in individuals with type 1 diabetes and RH, cardiac repolarisation
abnormalities during experimental hypoglycaemia were reduced compared with
individuals without prior severe hypoglycaemia (Lee et al., 2004). This raises the
suggestion that RH in a person with impaired CRR and longstanding diabetes may lead

to cardiac adaptations which confer protection.

Hypoglycaemia is also thought to have direct effects on the endothelial lining of blood
vessels and on coagulation through the release of peptides such as endothelin (Wright
and Frier, 2008). As a result, endothelial cells and small blood vessel flow are affected,
culminating in an increase in microvascular disease (Wright and Frier, 2008). There is
also evidence to support RH-induced atherogenesis to microvasculature (Giménez et
al., 2011).

1.2.2 Neurological Effects

During hypoglycaemia, cognitive function is threatened as neuroglycopenia deprives the
brain of its main fuel source. This manifests as a reduction in most domains of cognitive
function, but particularly attention, reaction time, multitasking and performance of
complex processes (Inkster and Frier, 2012, Zammitt et al., 2008). Following glucose-
raising treatments, recovery of function following an acute hypoglycaemic episode often
exceeds 60 minutes. Interestingly, the cognitive performance following a single
hypoglycaemic (SH) episode was affected to a lesser extent in patients with IAH,
compared with hypoglycaemia aware patients (Zammitt et al., 2008). This could again
suggest a form of cerebral adaptation to hypoglycaemia, though this adaptation

ultimately limits recognition of hypoglycaemia.

Following SH, electroencephalography (EEG) recordings in adolescents with type 1
diabetes have shown epileptiform activity and theta wave changes which persist even
after recovery (Bjorgaas et al., 1998). Following repeated severe hypoglycaemia, altered
brain electrical activity can persist for weeks and in some cases become permanent
(Frier, 2014a). Repeated severe hypoglycaemia also alters cerebral blood flow and is
likely to explain the increased incidence of transient ischaemic attacks and hemiplegia,
particularly in elderly people with type 1 diabetes (Frier, 2014a). Brain imaging studies
using magnetic resonance imaging have confirmed that repeated severe hypoglycaemia
induces permanent changes to cerebral blood flow, which persist during
normoglycaemia in patients with type 1 diabetes (Kennan et al., 2005). In a similar way
to EEG findings, these changes are more prominent in patients with IAH, which may also
represent a form of adaptive response to repeated neuroglycopenia (Kennan et al.,
2005).
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Studies into the effects of repeated severe hypoglycaemia on the developing mind also
show interesting findings. Children under the age of 5 with type 1 diabetes and repeated
severe hypoglycaemia, were found to have poorer cognitive performance (Asvold et al.,
2010). There is evidence that this effect translates to lower scores of intelligence and
executive function in adulthood (Ly et al., 2011). This susceptibility of the developing
brain to neuroglycopenia is not seen in individuals diagnosed with type 1 diabetes in
young adulthood and middle age (Ly et al., 2011). Indeed, the landmark DCCT (Diabetes
control and complications trial) showed over a 20-year follow-up, that no differences were
found in cognitive function between intensive and standard treatment groups, despite a
higher frequency of severe hypoglycaemia with intensive treatment (Jacobson et al.,
2007). As age increases further, there is evidence that ageing brains once again become
more susceptible to the effects of hypoglycaemia. This may lead to cognitive impairment
in elderly individuals with type 1 diabetes who experience severe hypoglycaemia and
could also promote the development of dementia (Biessels, 2014). Thus, hypoglycaemia
leads to age-specific changes in the brain that are exacerbated when these episodes are

repeated, such as seen in individuals with diabetes and IAH (Biessels, 2014).

The multiple short- and long-term effects of hypoglycaemia highlight the burden of this
condition on the everyday life of patients with diabetes. IAH further increases the risk of

the serious consequences of insulin-treated diabetes.

1.3 The normal counter-regulatory response to hypoglycaemia

Ensuring a continuous supply of glucose to the tissues of the body, is a core physiological
priority of any organism. As such, whole-body homeostatic mechanisms exist to sense,

organise and respond to changes in blood glucose to ensure survival.

Glucose homeostasis is primarily maintained through the coordination of the liver,
muscle, adipose tissue, adrenal gland, pancreas and brain, forming a glucose-regulatory
network. The brain and in particular, the hypothalamus, plays a crucial role in the
coordination of multiple effector systems to maintain euglycemia. Signals from peripheral
organs relating to glucose status are continuously relayed to the brain. Peripheral
feedback is processed within central neuronal networks, which possess sensory,
integrative, pre-motor and motor elements, culminating in appropriate effector

responses.

Any fall in blood glucose initiates a counter-regulatory response (CRR). This engages
central and peripheral glucose-regulatory networks leading to changes in hormone levels

(inhibition or release) and behaviour (symptom awareness and food ingestion) which
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restore the blood glucose to normal levels (Figure 1.2). As a result, hypoglycaemia is

rare in the absence of an underlying disease (Reya et al., 2001).

1.3.1 Counter-regulatory response thresholds

The CRR is a stepwise process involving autonomic, neuroendocrine and behavioural
components with initiation of specific responses at defined thresholds (Figure 1.3A).
The first response is triggered when the blood glucose falls below 4.5 mmol/l and
involves inhibition of endogenous insulin secretion. This reduces glucose uptake by non-
neuronal tissues and for most individuals is sufficient to maintain their blood glucose in
the normal range. However, if the blood glucose falls below 3.8 mmol/l, the glucose-
regulatory network in the central nervous system initiates a hormonal CRR (Williams and
Pickup, 2004, Fanelli et al., 1994). This includes glucagon release from pancreatic alpha
cells and adrenaline release from the adrenal gland chromaffin cells (Williams and
Pickup, 2004). This is followed by hypoglycaemia autonomic symptoms (Figure 1.3B),
which are a vital response for individuals with diabetes. Autonomic symptoms primarily
arise from sympathoadrenal system activity and develop at a glucose level of 3.3 mmol/l
(McAulay et al., 2001). They lead to awareness and a prompt behavioural response from
the individual (carbohydrate ingestion or to seek assistance), before cognitive
dysfunction and neuroglycopenia occurs at 3.0 mmol/l. Thus, individuals who retain

symptom awareness of hypoglycaemia can act before cerebral dysfunction occurs.

Unfortunately, in around 25% of patients with type 1 diabetes, this stepwise CRR
becomes dysfunctional. These individuals have reduced perception of hypoglycaemia-
related autonomic symptoms and are termed as having IAH. This condition reflects
unknown changes in the counter-regulatory network which consequently lead to a
diminished hypoglycaemia CRR. As a result patients with IAH have a significantly
increased risk of severe hypoglycaemia, which affects health and employment (Geddes
et al., 2008).
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Figure 1.2: The whole-body hypoglycaemia counter-regulatory network

Hypoglycaemia is sensed by cells in the brain and the periphery and a co-ordinated response is generated
by the counter-regulatory network. The brain is undoubtedly key to regulating this complex network.
Autonomic nervous system outflow from the brain is crucial in initiating appropriate neuroendocrine
responses, as well as behaviours.
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Hormone thresholds

Symptom thresholds

4.5 mmol/fl

Suppression of
endogenous insulin

3.8 mmol/I

Counter-regulatory 3.2 mmol/l

hormone release Autonomic symptoms
(adrenaline,

glucagon) 2.7 mmol/I

Neuroglycopaenic
symptoms

<1.5 mmol/I 1.7 mmol/l

Severe Cardiac arrhythmias
neuroglycopaenia Cognitive dysfunction
(seizure, coma)

B Plasma glucose mmol/I

Autonomic Neuroglycopaenia

Sweating Confusion Headache

Palpitations Drowsiness Nausea
Shaking/tremor Speech difficulty
Hunger Incoordination

Odd behaviour

Figure 1.3: Counter-regulatory response thresholds and corresponding symptoms

A: The stepwise hypoglycaemia counter-regulatory response (CRR) showing hormone (blue) and
symptom (red) glucose thresholds.
B: Corresponding autonomic and neuroglycopenic symptoms.



1.4 Impaired awareness of hypoglycaemia (IAH)

IAH is a common condition, with an estimated prevalence of between 25-50% in patients
with type 1 diabetes and 10% in patients with type 2 diabetes (Pramming et al., 1991,
Schopman et al., 2010). It is defined as ‘a diminished ability to perceive the onset of
acute hypoglycaemia’ (Frier, 2014b). Individuals with IAH have a six-fold increased risk
of severe hypoglycaemia, leading to significant morbidity and mortality (Geddes et al.,
2008). IAH is distressing for patients and family members, placing a significant
psychosocial burden on those affected (Lawton et al., 2014). It is also one of the main
barriers for patients with diabetes in achieving optimal glycaemic control, leading to
increased risk of microvascular and macrovascular complications (Igbal and Heller,
2018). What is particularly worrying is that incidence rates of IAH have not improved and
therapeutic options remain suboptimal (Geddes et al., 2008).

1.4.1 Management of IAH

Early identification of IAH is vital and can be accomplished through a careful clinical
history and the use of validated questionnaires (e.g., Gold, Clarke, HypoCOMPaSS)
(Gold et al., 1994, Clarke et al., 1995, Speight et al., 2016). Subsequent therapeutic
options for individuals diagnosed with IAH are summarised in Figure 1.4. Until recently,
the mainstay of treatment was the meticulous avoidance of hypoglycaemia, achieved by
relaxing insulin therapy, often to the detriment of glycaemic control (Fanelli et al., 1993,
Cranston et al., 1994). A more pragmatic approach, focusing on individualised treatment
targets, patient preference and local resources is currently recommended (Farrell and
McCrimmon, 2021).

Despite improvements in the individualised care for patients with type 1 diabetes and
IAH, there is no therapy, except pancreatic transplantation, which completely restores
awareness (Choudhary et al., 2015). Pancreatic and islet cell transplantation carry the
potential for insulin independence and to be free from hypoglycaemia. However, this
treatment is impractical for most patients with IAH due to costs, availability,

immunosuppressant therapy and procedural risks.

Advances in insulin delivery systems such as the insulin pump and glucose monitoring
devices are having dramatic effects on the management of patients with type 1 diabetes
and IAH (Choudhary and Amiel, 2018). There is also promising evidence that structured
diabetes education and behavioural-psychological programmes may restore awareness,
without compromising glycaemic control or placing additional risks on patients
(Choudhary and Amiel, 2018, Farrell and McCrimmon, 2021).
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Identify underlying causes and treatment targets

Structured Education for MDI with SMBG
OR Hypoglycaemia-specific Education

CSll with SMBG OR MDI with CGM
SAP+/- LGS AND/OR Increased clinical contact

Islet OR Pancretic Transplatation

Figure 1.4: Treatment approach for patients with severe hypoglycaemia and IAH

Tiered algorithm for the treatment of 1AH, with the aim of achieving optimal glucose control and limiting
hypoglycaemia (Choudhary et al., 2015, Farrell and McCrimmon, 2021).

MDI: multiple daily injections; SMBG: self-monitoring blood glucose; CSll: continuous
subcutaneous insulin infusion; CGM: continuous glucose monitoring; SAP: sensor augmented
pump; LGS: low glucose suspend.

1.4.2 Pathophysiology of IAH

IAH reflects impairments in the hypoglycaemia CRR and particularly the
sympathoadrenal response. Early studies identified that patients with longer duration of
type 1 diabetes and insulin treatment, exhibited a reduced sympathoadrenal response
to hypoglycaemia (Bolli et al., 1983). This was followed by the observation that intense
glucose lowering therapy in patients with type 1 diabetes, lowered the glucose level at
which the hormonal CRR was initiated with subsequent experimental hypoglycaemia
(Amiel et al., 1988). However, the most important finding was that previous (antecedent)
exposure to hypoglycaemia was itself the cause for reduced symptom awareness and
CRR to subsequent hypoglycaemia (Heller and Cryer, 1991). This breakthrough by
Heller and Cryer, identified that even a single prior episode of hypoglycaemia reduced
neuroendocrine and symptom responses to subsequent experimental hypoglycaemia in
non-diabetic humans (Heller and Cryer, 1991). This finding was subsequently shown to
hold true for patients with type 1 diabetes and accurately reproduces the clinical
phenotype of IAH (Dagogo-Jack et al., 1993). Thus, longer duration of diabetes, but
more crucially RH, causes impaired hypoglycaemia CRR (both in terms of magnitude
and altered thresholds) and IAH follows. The vicious cycle which occurs is shown in
Figure 1.5.
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Figure 1.5: The vicious cycle of IAH and RH

Cryer termed these observations Hypoglycaemia-Associated Autonomic Failure (HAAF)
and included IAH and impaired hypoglycaemia CRR as components of HAAF (Cryer,
2013). However, HAAF only provides a description of the physiological responses to RH
and does not explain why this phenomenon develops. Additionally, it has been argued
that HAAF does not fully capture the clinical presentation of IAH, in which a spectrum of
CRR impairments exists and complete ‘failure’ of autonomic responses does not occur
(McCrimmon, 2017). Therefore, in this thesis | will refer to the clinical condition of IAH

and the underlying impaired sympathoadrenal CRR.

Despite an understanding that IAH is the most significant cause of severe hypoglycaemia
in patients with insulin-treated diabetes, finer mechanistic details are not yet known. One
way to rectify this is by using experimental RH in humans and animals, creating useful
disease models.

1.5 Modelling RH and IAH

Following the seminal work which identified that a single antecedent hypoglycaemic
episode diminishes sympathoadrenal and symptom responses to subsequent
hypoglycaemia, human and animal studies have adapted this experimental design in a
number of ways to more fully investigate IAH (Rattarasarn et al., 1994, Lingenfelser et
al., 1993, Dagogo-Jack et al., 1993). A more detailed review of experimental models of
RH and difficulties in the translation of experimental paradigms across species was
published by me during my PhD (Sankar et al., 2020). Here, | will summarise the key
insights which have informed investigators in this field and our own experimental

approach.
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1.5.1 Human studies

In addition to the direct relevance of human studies to understanding IAH, symptom
awareness scores can be measured and monitored in response to treatments (Dagogo-
Jack et al., 1993, Lingenfelser et al., 1993). This ability separates human from animal
studies, as direct measures of hypoglycaemia symptom awareness have proven difficult

to measure in animals.

As IAH and the impaired CRR to RH is a spectrum, it is difficult to define a biochemical
threshold at which the condition is successfully reproduced. However, there is a
consensus that impaired sympathoadrenal and glucagon responses correspond to loss

of symptom awareness in IAH (McCrimmon, 2017, Sankar et al., 2020).

RH leads to consistent attenuation of glucagon release to subsequent hypoglycaemia
in patients with diabetes and healthy volunteers (Cryer, 2004). However, glucagon
release ceases (through a separate mechanism) within 5 years of diagnosis, in most
patients with type 1 diabetes. (Mundinger et al., 2003). Therefore, many patients with
type 1 diabetes develop an attenuated glucagon release, often before 1AH arises.

Plasma cortisol also increases following experimental SH, but whether this changes with
RH remains unclear in humans. In one study, tightening of glycaemic control with insulin
treatment (causing iatrogenic hypoglycaemia) in patients with type 2 diabetes blunted
the cortisol response to subsequent hypoglycaemia (Korzon-Burakowska et al., 1998).
However, these findings have not been replicated consistently in other studies.
Hypothalamo-pituitary-adrenal (HPA) axis activation typically occurs as the blood
glucose falls to < 3.7 mmol/l; however, the effects of cortisol on blood glucose are
delayed. Cortisol-deficient patients only begin to display reductions in plasma glucose
(compared with controls) 2.5 hrs after insulin-induced hypoglycaemia (Boyle and Cryer,
1991). Also, HPA-axis activation does not contribute to hypoglycaemia-symptom
awareness. Therefore, it can be argued that its measurement is also of lesser relevance.
As such, plasma adrenaline measurement is generally considered to be the best proxy
for the impaired CRR in the experimental modelling of RH and IAH (McNeilly and
McCrimmon, 2018).

It is interesting that studies in diabetic humans and healthy volunteers both report a
reduction in adrenaline of between 40-50% following RH (Beall et al.,, 2012,
Senthilkumaran et al., 2016). This suggests that the fundamental glucose-regulatory
network changes which follow RH, seem less dependent on the pathophysiology of

diabetes, but rather network adaptations to the repeated stress of hypoglycaemia.
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1.5.2 Animal studies

A large variation in RH protocols and experimental approaches exits in animals studies
(Sankar et al., 2020). This includes differences in species, strains, insulin dosage, mode
of administration, injection timing and frequency. Unsurprisingly this has led to some
difficulties in the interpretation of results. Here, | will outline important learning points

from experimental protocols of RH from studies in rats and mice.

Many rodent studies examining CRR impairment have utilised repeated injections of 2-
deoxyglucose (2-DG), a potent glucoprivic stimulus. Indeed, in experiments where 2-DG
is injected into the hypothalamus following RH, a significant suppression of the CRR
occurs (Borg et al., 1999). However, the effect of RH with insulin and repeated 2-DG-
induced glucoprivation, are not consistent in all aspects. In rats, RH with insulin does not
attenuate the feeding response to subsequent hypoglycaemia, whereas repeated 2-DG
administration does (Sanders et al., 2006, Sanders and Ritter, 2000). As
supraphysiological exogenous insulin administration is the primary cause of RH and
subsequently IAH in patients with diabetes, it follows that protocols using insulin over 2-

DG are more relatable to the disease.

A recent effective protocol in rats, involved intraperitoneal (i.p.) insulin-induced
hypoglycaemia (0.75-1 units/kg, Novorapid) or volume-matched i.p. saline injections,
three times weekly for 4 weeks. Importantly this protocol significantly attenuated
adrenaline responses to subsequent hypoglycaemia (McNeilly et al., 2017, McNeilly et
al., 2016). We can gather from other studies in rats that, despite differences in protocols,
many groups have achieved attenuation of the sympathoadrenal response. Therefore,
parameters such as route, fasting durations, hypoglycaemia duration and even the
number of antecedent episodes, are less important. However, RH of extreme severity
(causing seizures and unconsciousness) should be avoided, as this causes cell death

and fundamentally alters brain function.

Despite the development of successful experimental models in rats, translation to the
mouse has proven to be more difficult. Recently, Ma et al., demonstrated diminished
adrenaline levels (urinary not plasma) following a four-day protocol of repeated
intraperitoneal insulin injection (Ma et al., 2018). Interestingly, the authors noted
differences in glucose tolerance between neuropeptide Y (NPY) knock-out (KO) and
wild-type (WT) mice, with NPY-KO mice requiring less than half the insulin dose
administered to WT mice, to elicit hypoglycaemia (Ma et al., 2018). This highlights the
potential difficulties in comparing results from different strains of mice, given that glucose
homeostasis can be dramatically altered with manipulation of single genes — for instance,

the complete knock-out of the NPY gene in the example above.
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Although human studies have provided important insights into the hypoglycaemia CRR,
animal studies are required to gain a more granular understanding of the
pathophysiology of IAH. Developing a robust mouse model is of particular interest in
neuroscience, as techniques using transgenic strains and recombinant techniques
enable unprecedented appreciation of neural pathways, including those implicated in

glucose homeostasis.

1.6 A glucose-regulatory network

When considering a complex system such as the glucose-regulatory network, it can be
useful to apply sensory-motor integration principles to aid understanding (Figure 1.6)
(Watts and Donovan, 2010). In this framework, glucose is the sensory signal which
engages a glucose-regulatory network to control autonomic, neuroendocrine and
behavioural motor responses, achieving a CRR. Though considerable overlap of function
occurs in many parts of the nervous system, the organisation of the glucose-regulatory

network can be separated into three main components:

1) Glucose sensing

Glucose-sensing elements detect changes in glucose and communicate this information
by altering neuronal firing. Peripheral glucose sensors reside in the oral cavity, gut,
portal-mesenteric vein (PMV) and carotid body. Central glucose-sensing neurons are
primarily located in hypothalamus and hindbrain, however other brain regions also
participate in glucose sensing (Figure 1.7) (Steinbusch et al., 2015, Watts and Donovan,
2010).

2) Integrative / pre-motor

Integrative networks receive direct projections from glucose sensors (peripheral and
central). They are primarily located in the hypothalamus and hindbrain; however,
forebrain regions also participate in this arm of the network (Thompson and Swanson,
2003, Watts and Donovan, 2010). Information from integrative networks is projected
directly, or indirectly to pre-motor and motor neurons. Pre-motor or autonomic neurons
are defined by their projections to autonomic pre-ganglionic or neuroendocrine motor
neurons. These neurons tend to reside in more well-defined cell groups within the

hypothalamus and hindbrain, respectively (Watts and Donovan, 2010, Saper, 2002).

3) Motor/output
Motor neurons receive inputs from pre-motor neurons (which often overlap with
integrative neuronal populations). They directly control autonomic and neuroendocrine

output and direct behaviours. Motor neurons reside within the hypothalamus, hindbrain
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and autonomic ganglia. Projections from motor neurons enable an effective CRR,
importantly through direct innervation of adrenal medulla chromaffin cells and, therefore,
adrenaline release. Motor neurons also control pituitary and pancreatic islets (a and 3

cells) to direct hormone release (Donovan and Watts, 2014).

Hypoglycaemia Other inputs

Glucose sensing elements
(e.g. PMV, Hindbrain,
Hypothalamus)

k J v

Integrative Networks
(e.g. Hindbrain, Hypothalamus)

L J
Pre-Motor ‘ Pre-Motor
Neurons Neurons
Motor Motor
Neurons Neurons
Motor Output 1: CRR Motor Output 2
Adrenaline
Glucagon
Cortisol
Behaviours

Figure 1.6: A sensory-motor integration framework for the glucose-regulatory network

Changes in blood glucose, in this case hypoglycaemia, are detected by peripheral and central glucose
sensing elements that convey signals via neuronal pathways to activate specific networks and control the
hypoglycaemia CRR. This signal may be able to drive motor neurons in a reflex manner or can undergo
modulation by integrative networks (Fujita and Donovan, 2005). Integrative networks allow the
hypoglycaemia signal to be integrated with other sensory information, fine-tuning the CRR. Integrative
networks also provide a way for glucose sensing information to direct other motor outputs (e.g., food seeking
behaviours) (Watts and Donovan, 2010, Fujita and Donovan, 2005).
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1.7 Glucose sensing
1.7.1 Peripheral sensors

Peripheral glucose sensors are found in many locations. Gastrointestinal tract sensors
are thought to detect elevations in blood glucose following food ingestion and can convey
satiety signals via the vagus nerve (Teff, 2011). On the other hand, carotid body and
PMV glucose sensors are thought to respond to both hyperglycaemia and
hypoglycaemia, though the exact properties of carotid body sensors remain equivocal
(Koyama et al., 2000, Donovan, 2002). The largest body of research into peripheral
glucose sensors centres on the PMV. A series of local glucose infusion studies,
demonstrated that normalising PMV glucose levels during systemic hypoglycaemia, led
to suppression of the sympathoadrenal response (Donovan et al., 1991a, Donovan et
al., 1991b). Subsequent denervation studies, involving PMV nerve supply destruction,
led to marked impairment of the sympathoadrenal response to hypoglycaemia (Hevener
et al., 2000, Perseghin et al., 1997). Also, superior mesenteric ganglionectomy, but not
vagotomy, led to an impaired adrenaline response following hypoglycaemia, suggesting
PMV glucose sensing is mediated by spinal rather than vagal afferents (Fujita and
Donovan, 2005). Peripheral glucose signals from the PMV and other glucose sensors
reach the brain via both the vagus nerve and spinal cord, allowing processing in neuronal

networks (Watts and Donovan, 2010).

Given the importance of PMV sensors on the hypoglycaemia CRR, the question of
dominance between central and peripheral sensors often arises. A convincing
explanation was provided by Saberi et al., who showed that PMV glucose sensors
preside over slow-onset hypoglycaemia and have lesser influence over fast-onset
hypoglycaemia (Saberi et al., 2008). Thus, rather than providing redundancy, central and
peripheral sensors have complementary roles, with central sensors important during

fast-onset hypoglycaemia, which is often the case in insulin-treated patients.

1.7.2 Central sensors

Central glucose-sensing neurons are distributed in many brain regions (Figure 1.7).
They are intrinsically sensitive to physiological changes in the level of glucose in the
extracellular space of the brain. These neurons are either directly ‘glucose-excited’ (GE),
if their firing rate increases in response to rising glucose levels, or directly ‘glucose-
inhibited’ (Gl) if their firing rate falls (Marty et al., 2007).

The hypothalamus benefits from being adjacent to the third ventricle and median
eminence, enabling continuous circulatory glucose sampling (Beall et al., 2012). Several

hypothalamic locations have received attention with regards to glucose sensing,
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including the ventromedial (VMH), arcuate (ARC), lateral (LH), dorsomedial (DMH), and
paraventricular (PVH) nuclei. However, the VMH contains the highest concentration of
both intrinsically GE and GI neurons in the brain (Routh et al., 2014). A series of classical
experiments in rats found that VMH glucopenia triggers the CRR, whilst VMH lesions or
local glucose perfusion block the CRR to peripheral hypoglycaemia (Borg et al., 1995,
Borg et al., 1997, Borg et al., 1994). In mice, optogenetic stimulation following virus-
mediated delivery of channel rhodopsin 2 to the majority of VMH neurons which express
steroidogenic factor-1 (SF-1), induces hyperglycaemia and enhances the CRR (Meek et
al., 2016). Also, the disruption of glutamate release from VMH SF-1 neurons attenuates
recovery from insulin-induced hypoglycaemia (Tong et al., 2007). VMH GI neurons are
activated in low glucose and use a mechanism which involves the energy sensing kinase,
5' AMP-activated protein kinase (AMPK), which triggers nitric oxide (NO) production by
the neuronal NO synthase (nNOS) (Routh et al., 2014). Indeed, the disruption of NO
signalling in VMH GI neurons leads to impaired CRR and recovery from hypoglycaemia.
This suggest that nNOS is a critical mechanism which enables VMH neurons to detect
hypoglycaemia and signal the CRR (Fioramonti et al., 2010, Routh et al., 2014).

VMH glucose-sensing is further modified through a variety of inputs, including from the
amygdala, PVH and hindbrain (Beall et al., 2012). Retrograde tracing experiments have
confirmed that VMH glucose-sensing neurons do not project directly to the pancreas or
adrenal gland. Rather, they project to integrative regions, including the ARC, LH, DMH
and the PVH, which only then connect with pre-motor autonomic regions (Canteras et
al., 1994). Recently, VMH pituitary adenylate cyclase-activating peptide (PACAP)
neurons, which are Gl, were identified to project to a number of hypothalamic brain
regions including the PVH and LH (Khodai et al., 2018). In addition to glucose-sensing
properties, the VMH is believed to also participate in the integration of glucose-sensing
information. Unlike other hypothalamic nuclei VMH neuron dendrites extend into
neighbouring nuclei, including the DMH, ARC and LH, allowing glucose information from
the wider hypothalamus to be received and possibly integrated (Watts and Donovan,
2010).

Within the hindbrain, the area postrema (AP), the nucleus of the tractus solitarius (NTS)
and the dorsal motor nucleus of the vagus (DMX) have all been identified as having
glucose-sensing cells (Balfour et al., 2006, Donovan and Watts, 2014). Less is known
about glucose sensing properties in VLM neurons. It is possible that VLM catecholamine
(CA) neurons possess intrinsic glucose-sensing capabilities, or there may be as yet
unidentified neighbouring neuronal populations which convey this signal (Ritter et al.,
2019).
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Behaviours
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Figure 1.7: Glucose-regulatory regions in the central nervous system

Glucose sensing

Glucose-sensing neurons reside in multiple regions. In the hindbrain: area postrema (AP), the nucleus of
the tractus solitarius (NTS), the dorsal motor nucleus of the vagus (DMX), basolateral medulla, the rostral
ventrolateral medulla (rVLM), and the raphé pallidus (RP). They are also located in the locus coeruleus (LC)
and the parabrachial nucleus (PBN). In the hypothalamus, the ventromedial (VMH), arcuate (ARC), lateral
(LH), dorsomedial (DMH), and paraventricular (PVH) nuclei all contain abundant glucose-sensing cells.

Integrative/pre-motor

Within the hypothalamus, the DMH, VMH, ARC and LH are associated with integration of glucose sensory
information. The LH has a complex projection pattern, with bidirectional connections to the VMH, ARC and
PVH and hindbrain regions. Hindbrain integrative networks are poorly characterised, however, may involve
the PBN, NTS and VLM.

Brain regions connected to the mesocorticolimbic system, including the ventral tegmental area (VTA), the
nucleus accumbens (NAc), the medial prefrontal cortex (MPFC) and orbitofrontal cortex (OFC) also receive
inputs from the hypothalamus and from the paraventricular nucleus of the thalamus (PVT). The NAc
influences motor and behavioural responses to glucose variation. The bed nucleus of the stria terminalis
(BNST) and central nucleus of the amygdala are involved in emotional processing of stressful stimuli and
project to the PVH. These regions provide additional modulation and integration of sensory information.
Within the hindbrain pre-motor neurons are located within the NTS, LC, rVLM and RP. Interestingly the NTS
contributes solely to parasympathetic autonomic outflow. In the hypothalamus, the PVH and LH are the
primary pre-motor nuclei. PVH neurons receive inputs from ARC, LH, VMH and DMH neurons and can
regulate both neuroendocrine and autonomic arms of the CRR. LH neurons project extensively to both
hypothalamic and hindbrain regions.

Motor/output

Neuroendocrine motor neurons are predominantly located in the PVH, whilst autonomic motor neurons
originate from the NTS, DMX and spinal intermediolateral cell column (IML). Sympathetic efferents (red)
project to the periphery via the IML, whilst parasympathetic efferents (orange) originate in the NTS/DMX.
Adapted from (Steinbusch et al., 2015, Watts and Donovan, 2010).
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1.7.3 Neuronal intracellular glucose-sensing mechanisms

Glucose-sensing neurons employ a variety of intracellular mechanisms to sense
extracellular glucose levels and alter neuronal firing. These intracellular mechanisms are

diverse and differ between Gl and GE neurons.

Neuronal firing depends on the function of ATP-dependent membrane ion channels such
as the ATP-sensitive K* channel (Katp). During non-physiologically low extracellular
glucose concentrations (typically <0.2mM), which can occur with insulin-induced
hypoglycaemia, these Kate channels hyperpolarise/inhibit neurons (Burdakov et al.,
2013). They therefore provide a non-specific protective role in both glucose-sensing and
non-sensing neurons. Interestingly these channels demonstrate a secondary glucose-
sensing response, which only occurs within the physiological range of glucose and, more
specifically, in glucose-sensing cells (Burdakov et al., 2013). These GE cells, which
include the pancreatic beta cells and GE neurons, contain additional components (e.qg.
glucokinase in the beta cell) which are postulated to enable a glucose-sensing response
(Yang et al., 1999).

Glucokinase is suggested to have a role in cellular glucose-sensing, by controlling the
rate of entry of glucose into the glycolytic pathway. Importantly, glucokinase is critical to
producing glucose-6-phosphate and, therefore, ATP-dependent activity of membrane ion
channels (Beall et al., 2012). However, it must be noted that glucokinase is present in
non-sensing cells, suggesting that this rate-limiting function, primarily regulates cellular

glucose metabolism and energy needs (Park et al., 2015).

Further evidence for the importance of the Karp channel in glucose-sensing and the
hypoglycaemia CRR has been shown by examining the type 1 sulphonylurea receptor
(SUR1). SUR1 is a component of the Kare channel and is expressed in the majority of
GE and a proportion of Gl neurons. Inhibition of SUR1-specific Karp activity in the VMH
impairs the CRR and systemic application of SUR1-specific Karp channel activators
potentiates the CRR (Evans et al., 2004a, Fan et al., 2008, McCrimmon et al., 2005).
Also, in the LH, glucose-induced excitation of melanin-concentrating hormone (MCH)
expressing neurons, has been shown to be mediated via the glucose dependent closure
of SUR1 Karp channels (Kong et al., 2010).

In contrast to MCH neurons, orexin (ORX) neurons in the LH are Gl. These cells utilise
background K* currents to bring about glucose-induced hyperpolarisation and a
reduction in neuronal firing (Burdakov et al., 2013). These glucose-stimulated K*
currents have been identified in several glucose-inhibited cell types in both vertebrates
and invertebrates; however how this channel precisely functions is unclear (Burdakov

and Lesage, 2010). Despite the strong evidence for glucose-stimulated K* currents, other
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mechanisms have also been suggested to control glucose-sensing in other Gl cell types.
These include CI channel activation and Karp channel depolarization block (Burdakov

and Lesage, 2010). Further experimentation is still required to resolve this debate.

The energy-sensing kinase, AMPK is another component of intra-neuronal glucose-
sensing. Again, the precise molecular mechanism of AMPK in glucose-sensing is
unclear. However, the pharmacological activation of AMPK in VMH neurons augments
the CRR to insulin-induced hypoglycaemia, whilst suppression correspondingly reduces
this response (Fan et al., 2009, McCrimmon et al., 2008).

1.7.4 Glucose-sensing machinery dysfunction and IAH

There is evidence that RH alters glucose-sensing elements within the glucose-regulatory
network. Song and Routh showed in rats, that RH reduces the glucose-sensing threshold
of Gl neurons in the VMH (Song and Routh, 2006). Also, RH exposure in the
hypothalamus but not the hindbrain, causes VMH GE neurons to hyperpolarise (Sanders
et al., 2007, Kang et al., 2008).

It can be postulated that RH may induce adaptive shifts in glucose-sensing machinery.
Indeed, RH increases the activity of neuronal glucokinase, which may enable an
increased cellular capacity for glucose metabolism and ATP generation (Osundiji et al.,
2011). This adaption to RH may result in modulation of Katp channels, altering thresholds
for glucose-sensing neuron activation (Osundiji et al., 2011). Interestingly, Kare channel
activation with diazoxide associates with an improvement in CRR to SH in patients with

type 1 diabetes (George et al., 2015).

Adaptation of other glucose-sensing components to RH may also be relevant. AMPK
activation or inhibition leads to corresponding changes to the CRR to hypoglycaemia
(McCrimmon et al.,, 2006a). Following RH, VMH AMPK activation enhances the
previously defective CRR to subsequent hypoglycaemia in rats with and without type 1
diabetes (Fan et al., 2009, McCrimmon et al., 2006a). These findings have been
corroborated by studies in NTS GLUT2, glucose-sensing neurons, where
electrophysiological evidence demonstrated excitability when the neurons were exposed
to an AMPK activator (Lamy et al., 2014). Though the exact route by which AMPK activity
regulates the glucose-sensing neuron response is unclear, it may be due to
phosphorylation of key receptors which lead to enhanced neuronal depolarisation (Beall
et al., 2012). AMPK phosphorylates the cystic fibrosis transmembrane conductance
regulator (CFTR), which is important for Gl neuron excitability (Murphy et al., 2009).
AMPK also phosphorylates NMDA, GABAg and Kv2.1 receptors, which are all important
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in synaptic transmission in glucose-sensing neurons (Kuramoto et al., 2007, Ikematsu et
al., 2011).

1.8 Motor/output

The glucose-regulatory system corrects a fall in blood glucose through neuroendocrine,
autonomic (the sympathoadrenal system being most important in relation to 1AH) and
behavioural outputs. The anatomy and circuitry of key counter-regulatory systems are
discussed in this section.

1.8.1 Neuroendocrine system

The neuroendocrine system is coordinated by the hypothalamus. Through direct control
of the pituitary, the hypothalamus exerts control on diverse homeostatic pathways.
Hypothalamic neuroendocrine neurons can be considered as motor neurons, due to their
ability to direct the secretory function of multiple endocrine effectors (Watts, 2015).
Hypothalamic neuroendocrine motor neurons are heterogenous but can be
characterised by their neuropeptide phenotype. Notable examples in the PVH include
corticotrophin-releasing hormone (CRH), oxytocin (OXT) and arginine vasopressin
(AVP). In the ARC, growth hormone-releasing hormone (GHRH) neurons may also
participate in the hypoglycaemia CRR (Stanley et al., 2013).

Following stressors, including hypoglycaemia, CRH motor neurons engage the
hypothalamic-pituitary-adrenal (HPA) axis, a vital pathway which culminates in adrenal
cortisol release. Several studies have examined the importance of cortisol in the CRR.
Cortisol augments glucose production, decreases glucose utilisation and accelerates
lipolysis; though, these glucose raising effects tend to be delayed (Bolli et al., 1983, De
Feo et al., 1989). ARC GHRH neurons and growth hormone (GH) release increases
following hypoglycaemia (Stanley et al, 2013). GHRH deficiency worsens
hypoglycaemia and impairs recovery in humans and rodents, through reducing hepatic
glucose production and increasing glucose utilisation (De Feo et al., 1989) (Stanley et
al., 2013). However, in a similar way to cortisol, the effect is delayed (De Feo et al.,
1989). AVP neurons in the PVH are activated by hypoglycaemia and 2-DG-induced
glucoprivation. Activation of AVP neurons increases AVP secretion, which directly
stimulates glucagon and elevation of blood glucose. Interestingly this activation is driven
by VLM catecholaminergic (CA) neurons (Kim et al., 2021). In humans, hypoglycaemia
increases circulating AVP, which stimulates glucagon release. However, this system
becomes impaired in patients with type 1 diabetes (Kim et al., 2021). Less is known

about OXT neuron involvement in the hypoglycaemia CRR, however circulating oxytocin
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is increased during an insulin tolerance test (ITT) (Coiro et al., 1988). Neuroendocrine
systems have not yet been shown to have a significant contribution to hypoglycaemia

symptoms.

1.8.2 Sympathoadrenal system

The autonomic response to hypoglycaemia is initiated by motor neurons in the hindbrain,
spinal cord and autonomic ganglia. The parasympathetic output from the hindbrain
originates from motor neurons in the NTS and DMX and, passing via the vagus nerve,
exerts control on pancreatic islet function. Parasympathetic activation stimulates insulin
release and, though it leads to modest glucagon secretion, its role in the hypoglycaemia
CRR is limited (Ahrén and Taborsky, 1986, Thorens, 2010).

On the other hand, the sympathetic nervous system and in particular, the
sympathoadrenal response, is critical to the hypoglycaemia CRR. The sympathoadrenal
system includes sympathetic neural and adrenomedullary arms. Hindbrain pre-motor
neurons in the LC, RP and importantly VLM engage spinal sympathetic preganglionic
motor neurons (SPNs) in the intermediolateral nucleus of the spinal cord (IML) (Kumagai
et al., 2012). Several classical tracing studies have identified PVH and LH pre-motor
neuronal projections to SPNs (Luiten et al., 1985, Verberne et al., 2014). These
pathways were further shown to be involved in the control of pancreatic islet and

chromaffin cell function (Kerman et al., 2007, Jansen et al., 1997).

From the IML, preganglionic and postganglionic autonomic nerves innervate the
pancreas and adrenal gland, controlling glucagon and insulin, and adrenaline release,
respectively. Adrenaline is released from the adrenal chromaffin cell, and together with
sympathetic neural noradrenaline, rapidly raises blood glucose. This is achieved through
direct stimulation of hepatic glucose production, inhibition of insulin and stimulation of
glucagon release. Hypoglycaemia-induced autonomic symptoms are an equally potent
result of sympathoadrenal system activation (Figure 1.3B). An increase in circulating
adrenaline can initiate autonomic symptoms, through actions on adrenergic receptors
(DeRosa and Cryer, 2004). However, Cryer et al., convincingly showed that sympathetic
neural, rather than adrenomedullary adrenaline was the primary driver for autonomic
symptoms in hypoglycaemia (DeRosa and Cryer, 2004). Sympathetic neural activity is
more difficult to measure, whereas circulating adrenaline is readily sampled and acts as

a good proxy of the sympathoadrenal response (Sankar et al., 2020).
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1.8.3 Peripheral output dysfunction

Only a small number of investigations have examined the direct impact of RH on
peripheral systems involved in the hypoglycaemia CRR. These studies mainly

concentrate on the adrenal sympathetic nerve and adrenal gland.

Sivitz et al., showed that RH reduced adrenaline release, however did not reduce adrenal
sympathetic nervous activity in rats (Sivitz et al., 2001). When compared with SH,
adrenal nerve activity following RH was increased at baseline with an attenuated rise in
activity to subsequent hypoglycaemia (a non-significant reduction in adrenal nerve
responsiveness when expressed as a percentage increase) (Sivitz et al., 2001).
Therefore, the acute responsiveness of the adrenal sympathetic nerve may become
refractory with RH, leading to an attenuation in corresponding adrenaline release. An
alternative explanation could be that chronic adrenal sympathetic activation leads to
desensitisation of the adrenal tissue and consequently reduced adrenaline release
(Sivitz et al., 2001).

More recently, Ma et al. studied the effect of RH on mouse adrenal chromaffin cells (Ma
et al., 2018b). They showed impaired chromaffin cell secretion and a corresponding
reduction in tyrosine hydroxylase (TH) immunoreactivity following RH. However,
neuropeptide Y (NPY) immunoreactivity was elevated. Interestingly, in NPY knock-out
mice, TH immunoreactivity and adrenaline responses were not reduced following RH.
Therefore, NPY release in the adrenal gland could provide an independent mechanism
by which RH induces diminished adrenaline secretion (Seaquist, 2018, Ma et al., 2018b).

As | have outlined, RH impairs the sympathoadrenal response, precipitating IAH and risk
of severe hypoglycaemia. Despite this knowledge and a large body of research
examining central determinants of the impaired sympathoadrenal response to RH, little

remains known about changes at the level of SPNs, autonomic nerves or adrenal gland.

1.8.4 Behavioural output

The behavioural responses of arousal, such as seeking and ingesting carbohydrates,
are crucial components of the hypoglycaemia CRR. Though behaviours occur rapidly,
they require the integration of multiple networks. Hypoglycaemia, leads to autonomic
activation, generating signals which lead to defined behaviours. In addition to the glucose
raising effects, sympathoadrenal activation produces a variety of visceral phenomena
(increase in heart rate, tremor, sweating, etc.) which are detected and communicated to
the brain via spinal and vagal afferents (Chen et al., 2021). These ascending signals
pass via the NTS and lateral PBN to thalamic and cortical regions (Craig, 2002, Garfield
et al., 2014). It is here that perception of autonomic symptoms (Figure 1.3B), which are
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vital for hypoglycaemia detection in patients with type 1 diabetes, occurs. Within the
cortex, the cingulate (cortex) is involved in monitoring the body’s internal state and
imaging studies suggest it plays an important role in hypoglycaemia symptom perception

or awareness (Hurst et al., 2012, Amiel, 2009).

Appropriate arousal is necessary to recognise and interpret signals relating to
hypoglycaemia and initiate behaviours (Routh et al., 2014). The LC is a major
noradrenergic (NA) nucleus, which regulates arousal following autonomic activation and
is responsive to hypoglycaemia (Morilak et al., 1987). The LC-NA system achieves this
through connections with forebrain, thalamic, hypothalamic and hindbrain regions, and
via functional interactions with the orexin system (hypothalamic peptides which also
promote arousal) (Samuels and Szabadi, 2008, Carter et al., 2013). Interestingly,
Otlivanchik et al., used a novel behavioural model for IAH, the aversive salience of
hypoglycaemia, to demonstrate the importance of arousal-promoting orexin neurons in
the perifornical hypothalamus (PFH) (Otlivanchik et al., 2016). The PFH and LH have
been implicated in catecholaminergic (CA) VLM circuits, which may enable the orexin
system to coordinate arousal with feeding behaviour following hypoglycaemia (Li et al.,
2015).

Hypoglycaemia-induced hunger and feeding behaviours may be mediated by hindbrain
circuits centred on the NTS and VLM. NTS CA neurons project densely to ARC agoulti-
related protein (AgRP) neurons and have been shown to be functionally important for
glucoprivic feeding induced by 2-DG (Aklan et al., 2020). In addition, activation of specific
clusters of VLM CA neurons which project to the LH, PFH and posterior paraventricular
nucleus of the thalamus (pPVT), lead to an increase in glucoprivic feeding following 2-
DG (Sofia Beas et al., 2020, Li et al., 2018).

The PVT influences arousal, motivated feeding, reward seeking and aversion (Do-Monte
etal., 2017, Labouebe et al., 2016, Bhatnagar et al., 2002). The PVT receives substantial
inputs from feeding-related hypothalamic regions, including the LH and ARC, and cortical
regions linked with decision making (Lee et al., 2015). The PVT, in turn, innervates the
nucleus accumbens (NAc), medial prefrontal cortex, amygdala and the bed nucleus of
the stria terminalis (BNST) (Parsons et al., 2006). These anatomical connections suggest
that the PVT integrates feeding-related information from hypothalamic nuclei and signals

the mesocorticolimbic system to seek food (Kirouac, 2015, Parsons et al., 2006).
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1.9 Integrative and pre-motor networks

There is significant overlap in the neuroanatomy and projection patterns of integrative
and pre-motor network (Jansen et al., 1997, Kerman et al., 2003, Kerman et al., 2007).
Hindbrain integrative networks are poorly understood but are likely include CA neurons
in NTS and the lateral PBN, influencing feeding and autonomic CRR respectively (Aklan
et al., 2020, Garfield et al., 2014). In the hypothalamus, the DMH, VMH, LH and ARC all
contain sensing and integrative networks. VMH and LH connections have been explored

in previous sections, however the ARC merits further discussion.

The ARC is an important metabolic centre and houses neuropeptide Y (NPY) and
proopiomelanocortin (POMC) neurons, which have opposing effects on appetite and
food intake (Wang et al., 2004). A variety of central and peripheral metabolic signals
reach the ARC, which itself has glucose-sensing elements (Wang et al., 2004). ARC
NPY neuronal projections to the hypothalamus, hindbrain and spinal cord, favour
anabolic processes and energy conservation (Kuperman et al., 2016). In addition, ARC
and DMH projections to the PVH influence autonomic and neuroendocrine responses to
hypoglycaemia (Evans et al., 2004b). Other integrative regions, including the PVT, CeA

and BNST, will be discussed in greater detail in Chapters 3 and 7.

Pre-motor networks provide an additional site of modulation (Watts and Donovan, 2010).
Only a limited number of hindbrain regions contain pre-motor neurons. It should be noted
that whilst some hindbrain pre-motor neurons selectively engage the autonomic
parasympathetic system, others care capable of initiating sympathetic and
parasympathetic activation (Jansen et al., 1997, Buijs et al., 2001). In the hindbrain, the

VLM is a crucial to the hypoglycaemia sympathoadrenal response and merits discussion.

The VLM contains integrative and pre-motor networks sufficient to independently elevate
blood glucose following hypoglycaemia or glucoprivation (Ritter et al., 2019). This was
first demonstrated in decerebrate rats (in which neural connections between the
forebrain and hindbrain were severed), which continued to maintain a CRR to
glucoprivation (DiRocco and Grill, 1979). This was followed by a series of classical
cannula mapping experiments, where glucoprivic agents were injected into specific
hindbrain regions, demonstrating that activating medullary CA neuron groups leads to
increased blood glucose, cortisol, glucagon and food intake (Andrew et al., 2007).
Subsequently, hindbrain cFos induction in response to glucoprivation, was found to be
most prevalent in CA neurons in the VLM (Ritter et al., 1998). A more detailed
chemogenetic study in rats identified that activation of both rostral C1 (C1r) and middle
C1 (C1m) neurons, but not the A1/C1 overlap region, leads to an increase in blood

glucose. This was supplemented by a corresponding increase in cFos expression in the
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adrenal medulla and IML only in rats transfected at both the C1r and C1m. On the other
hand, food intake and cortisol release require activation of Clm and A1/C1 regions (Li
et al., 2018). Similarly in rats exposed to insulin-induced SH, rVLM C1 neurons displayed
an increase cFos, which is attenuated with RH (Kakall et al., 2019). Relatively few studies
have examined the role of the rVLM in mice. However, Zhao et al. used virus-mediated
chemogenetic and tracing approaches to show that stimulation of rVLM CA neurons
rapidly increases blood glucose and corresponding adrenaline release. This was
subsequently shown to be mediated by descending projections from rVLM CA neurons
to the spinal cord IML (Zhao et al., 2017). VLM CA neuron groups and main projection
patterns are shown in Figure 1.8. It is interesting and important to note that rvVLM CA
neurons also project to the LH and PVH, where they stimulate additional glucoprivic
effects, such as arousal and cortisol secretion (Ritter et al., 2019). This reinforces the
idea that hindbrain and hypothalamic networks combine to enable a more nuanced CRR
to glucoprivation and hypoglycaemia.
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Figure 1.8: Subdivisions and main projections of VLM CA neuron groups

VLM CA neuron groups termed “A” or “C” are composed of noradrenaline or adrenaline expressing neurons,
respectively. The A1/C1 group refers to the area of overlap of caudal Al and rostral C1 neuron groups and
contains a mixed noradrenaline/adrenaline population of CA neurons. The terms C1r and C1m are applied
to separate the rostral and middle areas of C1, respectively. Hypoglycaemia and glucoprivation leads to an
increase in activity in C1 neurons with corresponding initiation of CRR and signalling of adrenaline release
via projection to the spinal cord/IML. On the other hand, Al neurons are involved in
hypoglycaemia/glucoprivation-induced feeding and arousal, mediated by projections to the PVH and wider
hypothalamus (Ritter et al., 2019, Zhao et al., 2017).

Hypothalamic pre-motor neurons project to the hindbrain and spinal cord to regulate
autonomic function, or to the posterior pituitary and median eminence for neuroendocrine
function. The PVH is an important region for hypoglycaemia counter regulation, but also
in the wider response to both physiological and psychological stressors. Within the
glucose sensory-motor integration framework, it is primarily considered to be a pre-
motor/autonomic element. However, neurons which possess sensory, integrative and
motor functions are all present within the PVH (Jiang et al., 2018, Donovan and Watts,
2014).

The PVH receives glucose-sensory information from multiple hypothalamic nuclei
including VMH PACAP neurons, as well as from the hindbrain (Canteras et al., 1994,
Fuzesi et al., 2007, Khodai et al., 2018). Therefore, signals communicating
hypoglycaemia are relayed to the PVH to signal autonomic and neuroendocrine
responses. Indeed, PACAP of unknown origin, acting via the PVH, induces hepatic
glucose production (Kalsbeek et al., 2004). Also, the PVH has direct connections to the
sympathetic nervous system. Both anterograde and retrograde tracing studies have
shown that the PVH projects directly to sympathetic preganglionic neurons and
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sympathetic pre-motor neurons, thus establishing a direct pathway for PVH control of
sympathoadrenal outflow (Shafton et al., 1998, Luiten et al., 1985). More recently, a PVH
to ventrolateral medulla (VLM) excitatory pathway has been identified which then
projects via the spinal cord to the adrenal gland (Zhao et al., 2017). Optogenetic
activation of this circuit resulted in sympathoadrenal activation and hyperglycaemia
(Zhao et al., 2017). Also, a study in neuron-specific insulin receptor knockout mice, found
a direct correlation between reduced adrenaline response following hypoglycaemia and
reduced induction of the early transcriptional marker, nuclear cFos protein in the PVH
(Diggs-Andrews et al., 2010). This study also identified the importance of insulin and
leptin in modulating glucose sensing and the CRR through neurons in the PVH (Diggs-
Andrews et al., 2010).

The PVH can be subdivided in many ways though, in terms of projection patterns
relevant to the hypoglycaemia CRR, they can be divided into two groups:

1) Median eminence and posterior pituitary projecting
These include parvocellular (small size) neurons which secrete corticotrophin-
releasing hormone (CRH), arginine vasopressin (AVP), thyrotrophin-releasing
hormone (TRH) and somatostatin (SST); or magnocellular (large size) neurons which
secrete oxytocin (OXT) or AVP (Aguilera and Liu, 2012).

2) Hindbrain and spinal cord projecting
Diverse populations of parvocellular neurons which secrete or express AVP, OXT
SST, CRH, CRHR1, dopamine (DA), angiotensin Il, MC4R and others (Nunn et al.,
2011, Qin et al., 2018).

This subdivision is heavily based on detailed anatomical and tracing studies in rats,
however the mouse PVH has notable differences (Simmons and Swanson, 2008,
Feetham et al., 2018). For example, parvocellular and magnocellular neuronal
populations are more difficult to differentiate in the mouse PVH. In addition, there is a
difference in the anatomical location of neuronal populations, notably CRH neurons
(Biag et al., 2012). A summary of PVH subdivisions and our current understanding of

projection patterns in the mouse brain is summarised in Figure 1.9.
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Figure 1.9: Subdivision of the PVH in the mouse brain

PVH neurons can be subdivided anatomically based on neuron size, neuropeptide release and projection
pattern (though co-expression of neuropeptides and receptors occurs). Neuroendocrine neurons project to
the median eminence or posterior pituitary, are generally located more medially and primarily express OXT,
AVP, CRH and TRH. Hindbrain (VLM and NTS)-projecting autonomic neurons do not follow a specific
distribution pattern but are generally located more laterally in the PVH and have been found to express OXT,
CRH and recently CRHRL1. Hindbrain- and spinal-projecting autonomic neurons are generally located in the
dorsal PVH. These neurons are generally parvocellular and express a wide range of neuropeptides and

receptors, including but not limited to AVP, OXT SST, CRH, CRHR1, dopamine (DA), angiotensin Il and
melanocortin 4 receptor (MC4R).

3V: 3 ventricle; pml: posterior magnocellular lateral zone; mpd: medial parvocellular dorsal division mpv:

medial periventricular; pmm: posterior magnocellular medial zone; pv: periventricular zone; dp: dorsal
parvicellular.

Within the PVH, CRH neurons have a prominent role in organising the HPA axis and, as
is increasingly apparent, the sympathoadrenal response to hypoglycaemia (Kuperman
et al.,, 2016, Jiang et al., 2018, McCrimmon et al., 2006b). These neurons will be
discussed in much greater detail in Chapters 3, 5 and 6.

Potential mechanisms to explain RH-related network changes at the level of integrative
and pre-motor networks will now be discussed. However, it must be recognised that that
some mechanisms may be indiscriminate and affect the entire glucose-regulatory
network.
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1.9.1 Altered neurotransmission

Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the CNS.
Antagonism of GABAAx receptors in the VMH amplifies the CRR whilst stimulation of these
receptors reduces the CRR (Chan et al., 2006). In the VMH of rats, acute hypoglycaemia
decreases GABA levels, but with RH, the levels are maintained (Chan et al., 2008).
Similarly, in a magnetic resonance spectroscopy study in healthy humans, acute
hypoglycaemia led to a reduction in GABA concentration in the hypothalamus (Moheet
et al., 2014a). Interestingly, akin to findings in RH, diabetic rat models display elevated
basal GABA levels in the VMH, which are associated with an increased expression of
GADGS5 protein which is a GABA-synthesizing enzyme (Chan et al., 2011). Despite these
observations, the precise circuitry of GABAergic neurons is unclear. We are aware that
large numbers of GABAergic neurons are present in the ARC and many investigators
have also observed that they surround VMH and PVH glutamatergic neurons (Ovesjo et
al., 2001, Tong et al., 2007, Vong et al., 2011). GABAergic neurons synapse with
glutamatergic (SF-1) neurons in the VMH and this connection is important in generating
a normal CRR to acute hypoglycaemia (Kamitakahara et al., 2016). Also, brain derived
neurotrophic factor (BDNF) is key to maintaining these inhibitory GABAergic inputs on
SF1 neurons (Kamitakahara et al.,, 2016). Exploring the consequences of BDNF
suppression following RH on GABA signalling, may be of interest considering its potential
role as a neuromodulator (Pezet et al., 2002, Rao et al., 2016).

Monoamine neurotransmitters, particularly serotonin and noradrenaline are important
within glucose-regulatory circuits. Systemic and central delivery of serotonin receptor
agonists increases circulating adrenaline in a dose-dependent manner (Sanders et al.,
2008). In rats, sertraline — a selective serotonin reuptake inhibitor (SSRI), caused an
enhanced hormonal CRR following hypoglycaemia and prevented a diminished
response following RH (Sanders et al., 2008). Significantly, these findings were
replicated in humans with type 1 diabetes and in healthy volunteers (Briscoe et al.,
2008a, Briscoe et al., 2008Db). It is possible that this effect is mediated through hindbrain
serotonin neurons, which connect via the IML to SPNs innervating the adrenal gland
(Strack et al., 1989). These findings are tempered by case studies reporting that some
patients treated with SSRIs experience an increased hypoglycaemia frequency and, in
fact, develop IAH (Sawka et al., 2001).

Noradrenaline (NA) and TH activity both increase following central and systemic
hypoglycaemia. Whilst hypothalamic injection of NA increases blood glucose and
promotes food intake (Chafetz et al., 1986). The raphé nuclei, through connections with

the LC and possibly hypothalamus, seems to be particularly important in regulating
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autonomic output, motor activity and hunger following hypoglycaemia (Belfort-DeAguiar
et al., 2018).

Though the focus of this thesis is on neuronal networks, the potential role of glial cells,
including astrocytes, in modulating neurotransmission must be acknowledged.
Astrocytes release gliotransmitters, including glutamate, D-serine and ATP, which have
a modulatory effect on synapses (Harada et al., 2016). Astrocytic dysfunction following
RH, which has recently been shown in cell culture, may also contribute to neuronal
dysfunction in IAH (Gao et al., 2021).

1.9.2 Signalling molecules and pathways

Endogenous opioids, together with opioid receptors have arole in stress signalling during
hypoglycaemia (Caprio et al., 1991). Opioid receptor pre-treatment with intravenous
morphine attenuates adrenaline and symptom response to hypoglycaemia in healthy
human volunteers (Carey et al., 2017). Whilst, naloxone, an opioid receptor antagonist,
amplifies both adrenaline and corticosterone responses to hypoglycaemia in healthy
volunteers and patients with type 1 diabetes (Caprio et al., 1991). Also, opioid blockade
during antecedent hypoglycaemia improves adrenaline responses to subsequent
hypoglycaemia in patients with type 1 diabetes. The investigators suggested that the
endogenous opioid system exerts an inhibitory influence on CRR and may, with recurrent
stimulation, lead to pronounced negative feedback on catecholamine release (Vele et
al., 2011).

Other signalling molecules and pathways, including cortisol, dehydroepiandrostenedione
(DHEA), B2 adrenergic and serotonergic pathways, have been investigated on a smaller
scale (McNeilly and McCrimmon, 2018). More recently there has been evidence that the
normal pro- and anti-inflammatory cytokine release which follows stressors such as SH,

becomes modified with prior RH and also type 1 diabetes (McNeilly et al., 2016).

If altered extracellular signals play a role in the development of impaired CRR and IAH,
this may be by modulating neuronal firing in the glucose-regulatory network, perhaps via
neurotransmitter release altering Kare channel activity or actions on astrocytes (McNeilly
and McCrimmon, 2018).

1.9.3 Altered fuel usage and transport

The alternative fuel use theory posits that RH leads to a switch from glucose to lactate
metabolism or increased reliance on glycogen (Herzog et al., 2013). This followed
observations in humans and rodents that brain glycogen content reduces following SH

and a compensatory increase in glycogen storage follows RH (Beall et al., 2012, Tesfaye
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et al., 2011, Herzog et al., 2008). This finding was not unique to humans and has been
shown in mouse and rat models of RH. Others have used repeated 2-DG to show an
elevation in hypothalamic glycogen levels and correlated this with delayed AMPK
activation (Alquier et al., 2007). Increases in glycogen storage may be facilitated by
changes in glucose/fuel transport in nheurons and astrocytes. Some studies in rodents
show increased glucose transport through the blood-brain barrier following RH and
prolonged hypoglycaemia (Boyle et al., 1995, Rooijackers et al., 2016). However, these
findings are not consistent, and others have reported a decrease in neuronal glucose
metabolism after RH (Jiang et al., 2009). In addition, brain glycogen stores are
comparatively small and the CRR following hypoglycaemia remains defective even when
brain glycogen levels recover (Herzog et al., 2008a). More recent investigations in
patients with type 1 diabetes and IAH, have failed to show increased brain glycogen
stores or glucose metabolism. Therefore, correlation with findings in patients with the
disease is vital (Henry et al., 2010, Oz et al., 2017).

1.9.4 Habituation

Habituation refers to ‘a reduction in the psychological, behavioural or physiological
response to a stimulus because of repeated or prolonged exposure’ (Thompson and
Spencer, 1966, McCrimmon, 2017). Recently neuronal adaptations to RH have been
convincingly described as habituation (McCrimmon, 2017). In this description, RH poses
a significant cellular stress, which initiates general cellular and neuronal adaptations to
enable survival (Figure 1.10). When this adaptation becomes generalised to a whole
neuronal population or network, this may lead to a habituation of a response. In this case,
following RH, habituation of the CRR occurs to subsequent hypoglycaemia. This
adaptation becomes detrimental when, combined with the insult of diabetes and insulin

treatment, it leads to 1AH.

Whether habituation of the CRR to RH results from whole-network adaptations, or

changes at specific loci, will be the subject of further investigation in this thesis.
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Figure 1.10: A theorised framework for loci-specific adaptations to RH leading to IAH

Using the sensory-motor integration framework and current proposed mechanisms for IAH, we can postulate
that, following RH, specific mechanisms converge on sensing, integrative/pre-motor and motor components
of the glucose-regulatory network. These adaptive changes, lead to IAH and may represent habituation.
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1.10 Aims

The broad aim of this doctoral research is to demonstrate that specific neuronal networks
involved in the hypoglycaemia CRR become disrupted following RH, explaining the

development of IAH.

This is achieved through the development of a mouse model of RH and impaired CRR,
which | outline in Chapter 3. Chapter 3 also investigates the acute and chronic neuronal
response to both SH and RH, in key hypoglycaemia-responsive brain regions. This
provides a basis for further interrogation of specific neuronal circuits and populations in
subsequent chapters. In Chapter 4, | assess whether the mouse model of IAH and
impaired CRR shows key hallmarks of habituation, providing a mechanistic
understanding of adaptations to RH. In Chapters 5 and 6, | investigate the in vivo
response of CRHPV" neurons to stress, focusing on SH and RH (Chapter 5), followed by
their functional significance to the hypoglycaemia CRR (Chapter 6). Finally in Chapter 7,
| question the role of the pPVT and vBNST in the habituation of the CRR to RH and
identify pathways which enable anatomical and functional integration with the wider

glucose-regulatory network.

1.11 Objectives

Specific objectives for each study are described in the corresponding experimental

chapter, however key objectives include:

e Characterise and validate a mouse model of RH and impaired CRR.

e Investigate the acute and chronic neuronal response to SH and RH within the
glucose-regulatory network using cellular markers.

e Assess whether RH leads to classical features of habituation in the mouse model of
IAH.

e Using fibre photometry, characterise the real-time in vivo response of PVHCRH
neurons to physiological stressors including SH, and identify alterations to neuronal
activity to RH.

e Investigate the functional significance of PVH®R" neurons to the hypoglycaemia CRR
using chemogenetic modalities and understand the circuits which mediate these
effects using neuronal tracing techniques .

e Explore the functional roles of the pPVT and vVBNST in the habituation of the CRR to
RH and establish key connections with the glucose-regulatory network using

neuronal tracing techniques.
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Chapter 2

General Methods



2.1 In vivo methods

2.1.1 Animals

All procedures and experiments on mice were performed in accordance with the Animal
(Scientific Procedures) Act 1986 (UK) and approved by the University of Manchester
Animal Welfare and Ethics Review Board. Experiments were performed either with adult
male C57BI/6J mice (Charles River, UK) or adult transgenic mice (bred in house,
University of Manchester). Mice were aged between 8-16 weeks at the start of all
experiments. Mice were housed in the animal unit and maintained in standardised
conditions, with 12h:12h light/dark cycle and constant environment of 21 + 2°C and 45 +
10% humidity. Standard diet (Special Diet Services; Witham, UK) and sterile pouch water
were available ad libitum. Mice were group housed (2-5 per cage) with littermates to
minimise stress. All animals were handled daily for two weeks prior to the start of

experiments.

2.1.1.1 ROSA26-eYFP reporter mouse

The ROSA26-eYFP mouse (B6.129X1-Gt (ROSA)26Sortml1 (EYFP)Cos/J; JAX strain
#006148; C57BI/6J background) is a transgenic reporter line which expresses enhanced
Yellow Fluorescent Protein (eYFP) in a Cre-recombinase-dependent manner (Taniguchi
et al., 2011, Srinivas et al., 2001). The ROSA26-eYFP line was maintained in-house as

a homozygous colony.

2.1.1.2 Crh-cre mouse

The Crh-cre mouse (B6(Cg)-Crh<tml(cre)Zjh>J; JAX strain #012704; C57BL/6J
background) is a knock-in line which expresses Cre recombinase under the control of
the endogenous promoter/enhancer elements of the corticotrophin releasing hormone
(Crh) locus (Taniguchi et al., 2011, Wamsteeker Cusulin et al., 2013). When crossed
with the ROSA26-eYFP reporter mouse, Cre-mediated recombination results in eYFP
expression in CRH neurons, producing Crh-cre::eYFP offspring. The Crh-cre mouse was

maintained in-house as a hemizygous colony.

2.1.1.3 VGlut2-cre mouse

The VGIut2-IRES-cre mouse (Slcl7a6tm?2 (cre)Lowl; Jax strain #016963; mixed
C57BL/6;FVB/N;129S6 genetic background) is a knock-in line which expresses Cre-
recombinase under the control of the endogenous vesicular glutamate transporter 2

(VGIlut2) promoter. This line was crossed with the ROSA26-eYFP reporter mouse to
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produce VGlut2-cre::eYFP offspring. The VGlut2-cre mouse was maintained in-house as

a hemizygous colony.

2.1.1.4 Gad2-cre mouse

The Gad2-cre mouse (Gad2tm2 (cre)Zjh; Jax strain #010802; C57BL/6J background) is
a knock-in line which expresses Cre recombinase under the control of the glutamic acid
decarboxylase 2 (Gad2) promoter. Here, the IRES-linked Cre-recombinase gene was
inserted in the 3" UTR of the Gad2 locus, resulting in Cre-recombinase expression
directed to Gad2 positive neurons: the y-aminobutyric acid (GABA)ergic population of
neurons (GADss). The Gad2-IRES-cre mouse was maintained in-house as a hemizygous
colony.

2.1.1.5 Gad2-GFP mouse

The Gad2-GFP mouse (C57BL/6J background) is a transgenic reporter line produced by
Szabo Gabor at the Institute of Experimental Medicine in Budapest, Hungary (L6pez-
Bendito et al., 2004). In this line, the Green Fluorescent Protein (GFP) gene is fused to
the Gad2 gene driving the expression of GFP to the GABAergic population of GADes

neurons. The Gad2-GFP mouse was maintained in-house as a hemizygous colony.

2.1.2 Drugs

All drugs were obtained from commercial suppliers and certified to be pyrogen and
pathogen free. Drugs used in experiments were administrated via subcutaneous (s.c.)
or intraperitoneal (i.p.) injection. Subcutaneous and intraperitoneal injections were
administered at 4 ml/kg (body weight) using 29 G insulin syringes. Unless, stated
otherwise, drugs were diluted in sterile saline (0.9% w/v NaCl: Braun; Melsungen,
Germany). Control injections involved volume matched saline injections by the

appropriate route.

Insulin: Insulin (insulin human: Sigma-Aldrich; Saint Louis, MO, USA) was first dissolved
in 0.01 M HCI (Sigma-Aldrich) and then diluted in 0.9% NacCl. A final concentration of
1.75 units/kg (U/kg) was administered via the s.c. route between shoulder blades to

induced hypoglycaemia.

Clozapine-N-oxide: CNO (1 mg/kg: Tocris; Bristol, UK) was dissolved and diluted in

0.9% saline, then administered via the i.p. route.
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4-Hydroxytamoxifen: 4-OHT (10 mg/kg: Sigma-Aldrich) was first dissolved in DMSO,
diluted in a solution containing 0.9% NaCl and 2% Tween 80 (Sigma-Aldrich) and
administered via the i.p. route.

2-Deoxy-D-glucose: 2-DG (500 mg/kg: Sigma-Aldrich) was dissolved and diluted in
0.9% saline, then administered via the i.p. route.

2.1.3 Stereotaxic surgery

2.1.3.1 Site-specific parenchymal injections

Animals were injected unilaterally or bilaterally with adeno-associated virus (AAV) or
tracer into specific brain nuclei for all studies outlined in this thesis . All surgeries were
conducted under anaesthesia with isoflurane (Abbot Abbvie Ltd; Maidenhead, UK). For
induction of anaesthesia 3% isoflurane in oxygen (1500 ml/min) was used. After
induction, fur was removed from the surgical area. Depth of anaesthesia was checked
by loss of the foot-pinch reflex and by respiratory rate/pattern. The skull was immobilised
in a stereotaxic frame using ear and incisor bars, followed by application of iodine
solution to the exposed skin. Throughout the procedure, mice were monitored for correct
depth of anaesthesia and maintained at 1-2% isoflurane in oxygen (1000 ml/min). A 1
cm incision was made along the midline of the cranium, exposing the skull. Holes for
these injections were drilled at the at relevant co-ordinates for each brain region being

targeted (Paxinos and Franklin, 1997).

Injections were made with a nanoinjector (Nanoinject Il Automatic Nonolitre Injector:
Drummond Scientific Company; Broomall, PA, USA). Prior to injection, the pipette was
loaded with AAV, tracer or control. Where possible (when a theatre assistant was
available) the operator was blinded to the injection contents to limit any potential bias
relating to the surgical procedure. Stereotaxic co-ordinates, AAV or tracer construct
details and injection parameters are outlined in Table 2.1 and Table 2.2. Animals
received intramuscular buprenorphine (0.03 mg/kg Vetergesic®: Reckitt Benckiser
Healthcare; Hull, UK) for analgesia and 1 ml warm, sterile, 0.9% NaCl (for rehydration),
After injection, the wound was closed with sutures (6/0 Mersilk: Ethicon Inc; New Jersey,
USA) and swabbed with iodine. Animals were allowed to recover for 2-3 weeks following

surgery, to enable recovery and viral transfection.

2.1.3.2 Optic fibre implantation

Optic fibre implantation, to enable in vivo fibre photometry, was performed immediately
after AAV injection, during the same surgical procedure. An optic fibre (fibre core of 400

pm; length if 5 mm, numerical aperture (NA) of 0.66, 1.25 mm@ metal ferrule: Doric
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Lenses; Quebec, Canada) was implanted unilaterally over the PVH, according to
stereotaxic co-ordinates. The optic fibre was fixed externally to the skull with acrylic
dental cement (Simplex Rapid Powder: Kemdent; Swindon, UK / Methyl methacrylate:
Metrodent; Huddersfield, UK) and cured with ultraviolet light applied for 30 seconds.
Wound closure around the optic fibre was achieved using sutures and tissue adhesive
(Vetbond: 3M Animal care products; St Paul, USA). The same analgesia, hydration and

recovery steps were taken.

Table 2.1: Co-ordinates and volumes for site-specific injections in brain nuclei

Site Rostral- Midline-Lateral | Dorsal - Injection Volumes
Caudal (mm) Ventral
(mm)* (mm)
NAC +1.5 +1.4 -4.5 3 x 9nl injection of retrograde tracer
VBNST +0.2 +0.7 -4.7 3 x 42nl injection of AAV
3 x 9nl injection of retrograde tracer
CeA -1.4 +2.6 -5.2 3 x 9nl injection of retrograde tracer
PVH -0.8 +0.3 -5.0 3 x 49nl injection of AAV
(mpd (hM4Di which was injected at 3 x 32nl)
region) 3 x 32nl of anterograde tracer

3 x 9nl injection of retrograde tracer

aPVvT -0.5 0 -3.2 3 x 9nl injection of retrograde tracer
pPVT -2.2 0 -3.0 3 x 27nl injection of AAV
3 x 9nl injection of retrograde tracer

rvLM -6.7 +1.3 -6.2 3 x 9nl injection of retrograde tracer

*Co-ordinates are relative to bregma

mpd: medial parvocellular dorsal division

2.1.4 AAVs and Tracers

All AAV constructs and tracers used are outlined in Table 2.2. AAV are fused with either
mCherry (red fluorescent protein) or eGFP (green fluorescent protein) reporters, allowing
visualisation of the transduced neurons. When coupled with the Cre-lox system, the
targeted injection of AAVs enables genetic access to a specific neuronal population
(Figure 2.1). Flanking the AAV construct with a flip excision (FLEX) switch permits the
Cre-dependent expression of the transgene. The FLEX system is sometimes also

referred to as DIO (Double-floxed Inverse Orientation).

AAVs/tracers were aliquoted and frozen at -80°C on arrival. Fresh aliquots were de-

frosted and kept on ice for each day.
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Table 2.2: Summary of AAVs used in experiments

AAV
Construct Source Viral Titre*
(particles/pl)
hM3Dg-mCherry Addgene (#44361) 2.1 x10%3
AAV8-hSyn-DIO-hM3D(Gq)-mCherry Batch: v85852
hM4Di-mCherry Addgene (#44362) 1.9x10%
AAV8-hSyn-DIO-hM4D(Gi)-mCherry Batch: v6048
Caspase UNC Vector Core 1.5 x 1012
AAV5-flex-taCasp3-TEVp Batch: AV576DE
Tetanus Toxin Stanford (AAV-71) 1.8 x 10%
AAVDJ-CMV-DIO-eGFP-2A-TeNT Batch: 4816
GCaMP Addgene (104491) 8.5 x 10%?
AAV1-hSyn-FLEX-jGCaMP7s-WPRE Batch: v93729
mCherry Addgene (#50459) 7.3 x10%?
AAV5-hSyn-DIO-mCherry Batch:v61605
Anterograde Tracing: ChR2 Addgene (#20297) 1.9 x 1013
AAV8-EF1a-DIO-hChR2(H134R)-mCherry-WPRE- Batch: v13093
HGHpA

*Values represent the tire used in experiments. In most cases AAVs were used undiluted, however for AAVs
which inhibit or lesion neurons, 1:2 or 1:3 dilution with 0.9% saline was performed before use. This limited
non-specific transfection and toxic effects of a high titre. The hM4Di-mCherry virus tire was initially tested at
5.0 x10*2 and found to produce non-specific transfection. This was improved when diluted to 1.9 x 10*2,

Addgene; Watertown, MA, USA
University of North Carolina (UNC) Vector Core; Chapel Hill, NC, USA
Stanford University; Stanford, CA, USA

hSyn: human synapsin promoter

TEVp: tobacco etch virus protease

CMV: cytomegalovirus promotor

WPRE: woodchuck hepatitis post-transcriptional regulatory element
HGHpA: human growth hormone polyA

EFla: elongation factor 1-alpha 1

2.1.4.1 DREADDs

The designer receptors exclusively activated by designer drugs (DREADDSs) allow
targeted activation or inhibition of a specific neuronal subtype when coupled with the
Cre-lox system (Figure 2.1). Flanking the DREADD construct with a flip excision (FLEX)
switch permits the Cre-dependent expression of the DREADD. Systemic administration
of CNO, the synthetic ligand for DREADDS, enables the selective control of DREADD-
expressing neurons (Urban and Roth, 2015). Activation of DREADDs which contain a
modified human M3 muscarinic (hM3) receptor (hM3Dq) leads to calcium release,
depolarisation and neuronal firing (Urban and Roth, 2015). Whilst, activation of
DREADDs which contain a modified form of the human M4 muscarinic (hM4) receptor
(hM4Di), in-turn activates inwardly rectifying potassium channels, silencing neuronal
firing (Armbruster et al., 2007).
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2.1.4.2 Caspase

Caspases are a family of protease enzymes that are involved in programmed cell death.
By using AAVs, which contain a caspase 3 construct flanked with a FLEX switch, Cre-
dependent autonomous apoptosis can be achieved. This allows Cre-dependent
lesioning of specific neuronal populations, whilst minimizing toxicity to adjacent non-Cre
cells (Yang et al., 2013).

2.1.4.3 Tetanus Toxin

Tetanus neurotoxin (TeNT) constructs provide an approach to achieve the long-term
disruption of presynaptic transmission by cleaving SNARE proteins, which are involved
in neurotransmitter release (Han et al., 2017). Similarly, AAV constructs containing TeNT
flanked with a FLEX switch, allow Cre-dependent transduction. Cre+ neurons will
therefore be presynaptically silenced, but otherwise intact (Zingg et al., 2020).

2.1.4.4 GCaMP

GCaMP is a genetically encoded calcium indicator (GECI) which is fusion of green
fluorescent protein (GFP) and calmodulin (CAM). Escalations in intracellular Ca%* which
precede neuronal firing, lead to enhanced fluorescence emission in neurons expressing
GCaMP constructs. This emission fluorescence acts as proxy of neuronal activity and
can be recorded using fibre photometry. Injecting AAVs packaged with Cre-dependent
GCaMP constructs enables the activity of a defined neuronal population to be measured
(Chen et al., 2013).

2.1.4.5 Reporter Virus

AAV constructs which enable Cre-dependent mCherry labelling of specific neuronal

population was used for visualisation and as controls in experiments.

2.1.4.6 Anterograde tracing

Anterograde tracing studies involved the delivery of Cre-dependent AAVs packaged with
constructs containing channel rhodopsin 2 (ChR2) fused with a fluorescent reporter
protein (e.g., mCherry). ChR2 is a membrane-bound ion channel which is incorporated
into the whole cell membrane, enabling tracing of neuronal fibres, including axonal

projections (Atasoy et al., 2008).
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2.1.4.7 Retrograde tracing with Fluoro-Gold

Hydroxystilbamidine (Fluoro-Gold™) is a fluorescent, inorganic compound which is
taken up by nerve terminals and retrogradely transported to cell bodies in vesicles,
accumulating in the cytoplasm and labelling neurons in a reliable and long-lasting
manner (Saleeba et al., 2019). Fluoro-Gold was reconstituted in distilled water and a 4%

solution injected.

loxP loxP

Cre+ Neuron Cre recombinase

5 3

hM3Dg-mCherry
expressed

Figure 2.1: The Cre-lox system and control of site-specific recombination

The Cre-lox system enables cell-specific expression of proteins, allowing control and manipulation of cellular
function. AAVs are engineered to contain an artificial protein construct (e.g., hM3Dg-mCherry) within its
genome. In this example, the DNA sequence of the hM3Dg-mCherry construct is inserted in the viral genome
in the incorrect orientation and flanked by two loxP sites in opposing orientations. LoxP sites are the site of
action of the enzyme Cre-recombinase. Injection of the AAV into the brain leads to transduction of cells in
the vicinity. However, in cells containing Cre-recombinase (achieved by using Cre-driver lines), the hM3Dg-
mCherry construct is inverted into the correct orientation, enabling transcription.
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2.1.5 Insulin-induced hypoglycaemia

All animals were handled daily for two weeks prior to the start of experiments. Prior to
receiving insulin, animals were fasted for 3 hours to minimise baseline glucose variability.
Blood glucose levels were measured via tail-tip sampling (Accuchek Glucose Meter:
Roche Diagnostics Ltd; Burgess Hill, UK). After the baseline blood glucose was
measured, insulin (1.75U/kg, s.c.) was injected and blood glucose levels were measured
every 30 minutes, for 120 minutes. At each time point, two blood glucose readings were
taken. A third reading was taken where measurements were >10% apart. After the final

measurement at 120 minutes, food was returned.

2.1.5.1 Repeated hypoglycaemia

The repeated hypoglycaemia protocol will be discussed in detail in Chapter 3. Briefly,
the same protocol was used as above for each episode of insulin-induced
hypoglycaemia. Hypoglycaemia episodes occurred three times a week for four weeks
(total of 12 episodes). In most experiments, saline and SH groups were included and
received s.c. volume-matched 0.9% NacCl. On the final day, insulin (RH and SH groups)
or volume-matched saline (saline group) was administered, and blood sampled for

counter—regulatory hormone measurement.

2.1.6 Blood sampling

In general, baseline (pre-stimulus) and 30-minute blood samples were collected. This
was performed tail-tip sampling. Following clipping of the tail-tip, the tail was gently
massaged to stimulate blood flow, and 80-100 pl of blood was collected in a glass
capillary tube, prior to transfer to 1.5ml Eppendorf tube. Blood samples were centrifuged
at 10,000 rpm for 20 minutes at 4°C to spin out blood cells. Subsequently, 40 ul of the
plasma fraction was transferred to Eppendorf tubes containing 10ul of 1mM
ethylenediaminetetraacetic acid (EDTA: Sigma-Aldrich) and 5 pl sodium metabisulphite
(Sigma-Aldrich). This was to prevent catecholamine degradation. Samples were

immediately frozen on dry ice and transferred to the -80°C freezer for storage.
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2.1.7 Tissue Fixation

Animals were deeply anaesthetised using 4% isoflurane in oxygen (1500ml/min) until the
reflex response to a toe pinch stimulus was absent. The heart was exposed and a
butterfly needle connected to the perfusion pump was inserted into the left ventricle. The
right atrium was cut to enable outflow of blood and an isotonic solution containing
heparinised saline (10,000 units/l heparin in 0.9% NaCl: Fisher Scientific; Loughborough,
UK) was perfused using a peristaltic pump set to a flow rate between 10-15ml/min. The
tissues were then fixed in situ by switching the solution to 4% paraformaldehyde (PFA:
Sigma-Aldrich) in 0.1M phosphate buffer (PB; 95mM Na2HPO4 and 24mM NaH2PO4 in
distilled water; both sourced from Sigma-Aldrich) until full contraction of limbs had
occurred, from which point perfusion was carried out for a further 5 minutes. Brains were
dissected and post fixed overnight in 4% PFA in 0.1M PB, then placed in 30%
sucrose/0.1M PB solution (Fisher Scientific) at 4°C to dehydrate the tissue. Brains were
then frozen on dry ice and stored at -80°C prior to cutting.

2.2 Ex vivo methods

2.2.1 Sectioning of frozen tissue

Fixed and frozen brains were cut into 30 ym coronal sections on a freezing, sledge
microtome (Series 8000: Bright Instruments Ltd; Luton, UK). Sections were divided into
four sets meaning each set contained a section every 120 uym and placed into a
cryoprotectant solution (20% glycerol (Fisher Scientific), 30% ethylene glycol (Sigma-
Aldrich), 23mM NazHPOs4 and 3mM NaH2POu4 in distilled water) enabling long-term
storage at -20°C.

2.2.2 Immunohistochemistry (IHC)

All IHC was performed by following a general protocol, with relevant antibodies (Table
2.3) used depending on the cellular visualisation required. In all protocols, sections were
first washed thoroughly in PB-T (0.2% v/v Triton X-100 (Sigma-Aldrich) in 0.1M PB). All
washing and incubation steps involved gentle agitation of multi-well plates containing

free-floating brain sections.

For protocols with peroxidase amplification, sections were then incubated in a
peroxidase blocking solution (20% v/v methanol (Fisher Scientific) and 1.5% v/v
hydrogen peroxide (Sigma-Aldrich) in 0.1M PB-T), which inhibits endogenous

peroxidase activity.
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Sections were then incubated in a blocking buffer composed of 10% normal serum in
PB-T. The serum used for each IHC protocol was from the same species that the
secondary antibody was derived in to reduce non-specific staining. Sections were then
incubated overnight at 4°C in the relevant primary antibody in a solution of 1% normal

serum in PB-T.

The following day, sections were washed thoroughly in 0.1M PB. They were then
incubated for two hours at room temperature in the appropriate secondary antibody in a
solution with 5% normal serum in 0.1M PB. In most experiments a fluorophore-linked
secondary antibody was used to enable strong fluorescent labelling of cells. After a final
set of washes in 0.1M PB and distilled water, sections were mounted onto slides and left
overnight to dry.

Prior to imaging, a mountant, such as Prolong Gold (Invitrogen; Carlsbad, CA, USA) was
applied and a coverslip placed over the slide. In all studies, involving the visualisation
and quantification of CRH- or VGlut2-positive cells, a chicken anti-GFP antibody, which

also binds to eYFP was used.

2.2.2.1 Streptavidin-based IHC

Streptavidin-biotin signalling was used to amplify a weak IHC signal. This was used to
enhance the signal of neuronal cFos. The same steps were performed on the first day of
the protocol as above. At the secondary antibody step, sections were instead incubated
for two hours in a biotinylated secondary antibody. Sections were then washed
thoroughly in 0.1M PB. This was followed by a final one-hour incubation at room
temperature in a streptavidin-conjugated fluorophore-linked antibody in 0.1M PB (Table

2.3). Sections were then washed and mounted as above.

2.2.2.2 Peroxidase-based diaminobenzidine (DAB) IHC

This method was used where further amplification of the signal was required, for example
with the FosB antibody. The same steps were performed on the first day of the protocol
as above. At the secondary antibody step, sections were incubated for two hours in a
biotinylated secondary antibody. Sections were then washed thoroughly in 0.1M PB.
They were then incubated for one hour in a solution containing streptavidin-conjugated
horseradish peroxidase (HRP) (GE Healthcare; Little Chalfont, UK) in 0.1M PB. Sections
were then washed thoroughly in 0.1M PB. Next the sections were incubated in a
diaminobenzidine (DAB) solution (Vector Laboratories; Peterborough, UK). Where
nuclear staining was desired (e.g., FosB) nickel was added to the DAB solution, to give

black staining. The reaction was constantly visualised to determine the strength of the
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staining. When the desired strength of labelling was achieved, the reaction was ended
by washing in 0.1M PB and then distilled water. Sections were then mounted with DPX

(Fisher Scientific), a xylene-based mountant.

Where dual staining with DAB was required, to give nuclear and cytoplasmic staining,
nuclear staining with a DAB-nickel solution was performed first. Sections were then
incubated with a different primary antibody and biotinylated secondary antibody,
following the same steps as above. Sections were again incubated in a streptavidin-
conjugated HRP solution and then washed thoroughly in 0.1M PB. Next, sections were
incubated in a DAB solution without nickel, which produces brown staining. The reaction
was again ended by washing in 0.1M PB and then distilled water. Sections were then

mounted as above.

Table 2.3: Antibodies used for IHC

Primary antibodies
Antibody Origin Concentration
Guinea Pig anti-AVP T-5048 (PenLabs) 1:1000
Rabbit anti-c-Fos ab10839 (AbCam) 1:1000
Rabbit anti-FosB SC 7203 (Santa Cruz) 1:500
Goat anti-ChAT AB144P (Millipore) 1:1000
Goat anti-CHR1 ab59023 (AbCam) 1:250
Rabbit anti-dsRed 632496 Clontech 1:2500
Goat anti-dsRed 33353 Sata cruz 1:1000
Chicken anit-GFP 13970 (Cell Signalling) 1:1000
Guinea pig anti-Oxytocin AB1542 (Millipore) 1:1000
Sheep anti-TH AB1542 (Millipore) 1:1000
Secondary Antibodies

Donkey anti-chickenALEXA488 703-545-155 (Jackson) 1:1000
Donkey anti-rabbitALEXAS94 711-585-132 (Jackson 1:1000
Donkey anti-goatALEXAS94 705-585-147 (Jackson) 1:1000
Donkey anti-sheepA-EXA594 A11016 (Invitrogen) 1:1000
Donkey anti-sheepA-EXA488 A11015 (Invitrogen) 1:1000
Goat anti-guinea pigAtExA594 A11076 (Invitrogen) 1:1000
Donkey anti-rabbitB'0TN 711-065-152 (Jackson) 1:1000
StreptavidinALEXAS94 016-580-084 (Jackson) 1:1000
StreptavidinALEXA488 016-540-084 (Jackson) 1:1000
StreptavidinAMCA3S0 016-150-084 (Jackson) 1:1000

Clontech; Mountain View, CA, USA
Invitrogen; Carlsbad, CA USA

Jackson ImmunoResearch Inc; West Grove, PA, USA

PenLabs; Shanghai, China

Santa Cruz Biotechnology; Heidelberg, Germany
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2.2.2.3 Microscopy and image acquisition

Fluorescence microscopy was carried on a Zeiss Axioimager.D2 upright microscope
(Zeiss; Oberkochen, Genmany) using a 5x / 10x / 20x EC Plan-neofluar objective and
captured using a Coolsnap HQ2 camera (Photometrics; Tucson, AZ, USA) through
Micromanager software v1.4.23. Specific band pass filter sets for DAPI, FITC and Texas
Red were used to prevent bleed through from one channel to the next. Where better z-
axis resolution was required, microscopy was also performed using a Leica TCS SP8
AOBS inverted confocal (Leica; Wetzlar, Germany) using a 20x / 40x Plan
Fluotar objective. Images were collected using hybrid detectors configured for DAPI,
FITC and Texas Red, using a laser set at 10% power. Images for sections labelled with
DAB were acquired using a Olympus BX63 upright microscope (Olympus; Southend-on-
Sea, UK) using a 20x / 0.75 UApo/340 objective) and captured and white-balanced using
an DP80 camera through CellSens Dimension v1.16. Standardised settings for image
capture for all sections in a specific experiment were used. Images were processed and

analysed using Fiji/lmageJ (https://fiji.sc/).

2.2.2.4 Quantification of labelled neurons

Quantification of labelled neurons was carried out manually in captured images using a
manual cell counter plug-in within Fiji/lmageJ. Anatomical boundaries of specific brain
regions were established with close co-ordination with the mouse brain atlas (Paxinos
and Franklin, 1997). Neurons within a brain region were only counted if a clear contrast
between the labelled cell body and the background tissue could be identified. Neurons
which met this criterion were manually selected and a coloured number overlayed
preventing duplication of neurons in counts. For multi-channel images, labelled neurons
were manually selected across each channel using different coloured number overlays.
Neurons which were manually selected across all channels, were identified by the
overlap of coloured number overlays, indicating dual- or triple-labelling. All counts were
performed by me, except for Chapter 3, where | was assisted by Dr Alessia Costa.
However, an identical manual quantification method was used by Dr Costa. All
investigators were blinded to the treatment groups until all counts had been performed

for each experiment.

2.2.3 Genotyping

Ear punches were collected from transgenic mice to determine the genotype. Genotyping
was carried out in-house for all Ce-recombinase lines. The Gad2-GFP mice were
genotyped by Transnetyx (automated genotyping service; Cordova, TN, USA) and GFP-

positive mice donated by the D’Agostino Lab for experiments.
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2.2.3.1 DNA Extraction

Ear punches were incubated at 95°C in a lysis buffer solution (0.25% v/v 10M NaOH,
0.04% v/v 0.5M EDTA, in distilled water) for 45 minutes, cooled on ice, then neutralised

with 0.63% w/v Trizma hydrochloride (Sigma-Aldrich), in distilled water.

2.2.3.2 PCR

Polymerase chain reaction (PCR) was used to amplify target alleles (Cre) using specific
primers (Table 2.4). The PCR reaction mixtures used are outlined in Table 2.5, but all
contained standard master mix components (5x buffer, distilled water, MgCI2, dNTPs,
GoTag Hot Start Polymerase (all Promega; Madison, WI, USA) along with the relevant
primers and were prepared on ice. Master mix of 22.5ul was combined with 2.5ul DNA
and mixed in individual PCR tubes. PCR reactions were performed using a AB Veriti 96
Well Thermal Cycler (Applied Biosystems, Life Technologies; CA, USA). The Cre PCR
parameters are shown in Table 2.6.

2.2.3.3 Gel electrophoresis

A 1.5% agarose (Bioline; London, UK) gel was melted in 1x tris-acetate-EDTA (TAE)
buffer (24.2% wi/v Trizma hydrochloride, 5.71% v/v glacial acetic acid, 1% v/v 0.5M
EDTA, in distilled water) by warming to 60 C in a microwave and 0.005% SYBR safe
stain (Invitrogen, Carlsbad, CA USA) added to visualise bands. PCR product and
Hyperladder IV marker (Bioline) was loaded and gels were run in 1x TAE buffer at 70V

for 45 minutes. Bands were visualised using a UV transilluminator.

Table 2.4: PCR primers for Cre genotyping

PCR Reaction Primer Sequence Band Size
Control F GGT CAG CCT AAT TAG CTC TGT 650 bp
Cre* Control R GAT CTCCAGCTCCTCCTCTGTC
Target F GCC CTG GAA GGG ATT TTT GAA GCA 259 bp
Target R ATG GCT AAT CGC CAT CTT CCA GCA

*All Cre-recombinase lines were genotyped using the same protocol. Cre-positive mice were identified by
presence of control and target bands.
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Table 2.5: Genotyping PCR master mix

Reagent Cre*

5x buffer 5ul

MgCl2 2l

dNTPs 0.5ul

GoTaq 0.125ul

H20 12.37ul

Primers Target F & R: 0.75ul each
Control F & R: 0.5yl each

DNA 2.5ul

*All Cre-recombinase lines were genotyped using the same protocol.

Table 2.6: Genotyping PCR cycling parameters

Cycling step Cre*

Polymerase activation | 95°C, 2mins
Denaturation 95°C, 30s

Annealing 62°C, 60s 32 x
Extension 72°C, 60s

Final extension 72°C, 5mins

Hold 4°C

*All Cre-recombinase lines were genotyped using the same protocol.

2.3 Enzyme-linked immunosorbent assay (ELISA)

Adrenaline (DEE5100: Demeditec Diagnostics GmbH; Kiel, Germany), glucagon (10-
1281-01: Mercodia; Uppsala, Sweden) and corticosterone (ADI-900-097: Enzo Life
Sciences; Exeter, UK) ELISA kits were used to measure plasma hormone levels. For
most of the experiments in this thesis, a single hormone was measured due to limits on
the minimum ELISA kit sample volume (10 pl), unless otherwise specified. ELISAs were
performed by me in all experiments, except for the pilot studies in Chapter 3, which were
performed by Dr Tansi Khodai. Investigators were blinded to treatment groups until the
ELISA had been performed.

Samples were first defrosted and allowed to reach room temperature. Standards,
controls and samples were then loaded in duplicates (10ul per well) onto the microtiter

plate. The protocol for each assay is outlined below.

In all three assays, the microtiter plate was read using 405nm light by a microplate reader
(Biotek Synergy HT; NorthStar Scientific, Leeds, UK). Sample concentrations were
determined by comparing optical density/absorbance values with a standard curve

prepared with known standard concentrations.

66



2.3.1 Adrenaline

The Demeditec adrenaline kit is a competitive ELISA which measures the concentration
of an antigen by detection of signal interference. First, standards, controls and samples
were pipetted into wells in a microtiter plate. They then underwent extraction, acylation
and enzymatic conversion steps. Standards, control and samples were then incubated
in adrenaline antiserum, which contained rabbit anti-adrenaline antibody. A further wash
was performed to remove free antigen and free antigen-antibody complexes. This was
followed by an incubation with an anti-rabbit IgG-peroxidase conjugate. A further wash
step was then performed. This was followed by incubation with 3,3°,5,5-
tetramethylbenzidine (TMB) as a substrate. This enabled the antibody bound to the pre-
coated reference antigen to be detected. The reaction was stopped at the specified
timepoint with a stop solution and the optical density of the microtiter plate was read.

2.3.2 Glucagon

The Mercodia glucagon ELISA kit is based on the direct sandwich technique, in which
two monoclonal antibodies are directed against separate epitopes on the glucagon
molecule. Standards, control and samples were pipetted into wells in a microtiter plate.
This was followed by an incubation step with an enzyme conjugate solution which
contained peroxidase-conjugated anti-glucagon antibodies. During incubation, glucagon
in the sample reacts with the peroxidase-conjugated anti-glucagon antibodies and anti-
glucagon antibodies bound to the microplate wells. A subsequent washing step removed
unbound enzyme-labelled antibody. The bound conjugate was detected with the addition
of a TMB substrate. The reaction was stopped at a specified time point with a stop

solution and the optical density of the microtiter plate was read.

2.3.3 Corticosterone

The Enzo life corticosterone ELISA uses the competitive assay technique. Samples were
first diluted (1:40) in a steroid displacement reagent solution, which contained PBS and
ELISA buffer (provided in-kit). Standards, control and samples were then pipetted into
wells in a microtiter plate and then incubated simultaneously with solutions containing
sheep polyclonal antibody to corticosterone and alkaline phosphatase conjugated to
corticosterone. This was followed by a wash step to remove excess reagents. The next
step involved incubation with a substrate containing p-nitrophenyl phosphate, which
detects alkaline phosphatase. The enzyme reaction was stopped at a specified time point

with a stop solution and the optical density of the microtiter plate was read
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2.4 Statistical analysis

All graphs and statistical analysis were performed using GraphPad Prism (version 9.2.0:
GraphPad Software, Inc; La Jolla, CA, USA). Data is presented as mean * standard error
of the mean (SEM). The statistical tests that were used will be stated for each dataset.

2.4.1 Area under the curve (AUC)

The AUC was calculated in GraphPad Prism to provide a means of measuring
cumulative glucose excursions during hypoglycaemia (Chapter 3) and the calcium
dynamics within CRHPYH neurons (Chapter 4). Within Prism, a fitted curve is identified as
a series of connected XY data points. Prism then computes the AUC using the
trapezoidal method, where the area of the trapezoid under each connecting series of XY
points is converted to an equivalent rectangle. The AUC being the sum of areas of all
the rectangles. AUC calculations were performed on complete datasets, as missing

values have a significant impact on calculations.
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Chapter 3

Characterising a mouse model
of IAH
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3.1 Introduction

3.1.1 Modelling IAH using experimental RH

An important hallmark of IAH is the presence of an impaired hypoglycaemia CRR
following RH, a finding which was first demonstrated in the absence of diabetes and then
confirmed in patients with type 1 diabetes (Heller and Cryer, 1991, Dagogo-Jack et al.,
1993). This principle has been employed to good effect by many investigators over the
preceding three decades, leading to a large variety of IAH disease models, and important
mechanistic insights (Sankar et al., 2020, McNeilly and McCrimmon, 2018). In animals,
studies have mainly measured RH-induced impairments to the sympathoadrenal or
glucagon response, as a surrogate for IAH. However, in a smaller number of studies,
behavioural responses, focusing on RH-related food intake, or conditioned placed
preference/avoidance have been employed (Otlivanchik et al., 2016, Sanders et al.,
2006). Both approaches have merits and aim to model different, but equally important
arms of the hypoglycaemia CRR. Therefore, questions remain on how best to model IAH
in animals. Added to these questions are the common challenges faced when disease
models are developed or translated across species (Sankar et al., 2020). Yet, there are
many advantages in trying to achieve a successful animal model of IAH. Principally, the
use of transgenic animal strains, particularly murine Cre-recombinase lines, enables
powerful routes of enquiry into disease mechanisms. Therefore, characterising a robust
disease model for IAH, which can take advantage of transgenic mouse lines, is an

important goal of this doctoral research.

3.1.2 Developing an IAH model

Our lab has focused on developing a IAH model in mice which uses experimental RH
and demonstrates impairments to counter-regulatory hormone release to subsequent
hypoglycaemia. These investigations had begun prior to my doctoral thesis and involved
the testing of 5-day, and 2-day experimental RH protocols. These experiments were led
by Dr Tansi Khodai, with assistance from Dr Nic Nunn. | assisted in investigating the 2-
day RH protocol. To give some context to the development of our mouse model of IAH,
I have included these initial investigations in this section. They will be briefly outlined and
discussed in this section. These data are provided with the permission of Dr Khodai and

Dr Nunn and are unpublished.
5-day experimental RH protocol

A 5-day experimental RH protocol was adapted from methods published in rats (Chan et
al., 2013, Orban et al., 2015, Osundiji et al., 2011). Male C57BI/6J mice (n = 6 per group)

were randomised to saline, SH or RH groups. RH mice received once daily s.c. insulin
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(1.75 U/kg) for 4 days, whilst saline and SH groups received volume matched s.c. saline.
On the day 5 (test day), SH and RH groups also received an injection of insulin and
saline animals a final injection of saline. In addition, corticosterone and glucagon levels
were measured at baseline (0 min) and 30 min after injection, via saphenous vein
sampling. We aimed to perform blood glucose sampling for 120 mins following every
injection. However, on day 2, 2 animals in the RH and SH group, respectively,
demonstrated significant stress behaviours (e.g., jumping, biting, aggression)
necessitating termination of glucose measurements at 90 min. These animals were still
included in the experiment, as the overall aim was to assess hormone responses to
subsequent insulin or saline injection on the final day. As a result, blood glucose profiles
are shown for 90 min after injection in Figure 3.1B-C. On the test day, one animal in the
SH group was mis-injected and did not display a reduction in blood glucose level at 30
min, therefore this animal was excluded from subsequent analyses. The protocol,

glucose and counter-regulatory hormone results are summarised in Figure 3.1.
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Figure 3.1: Glucose and counter-regulatory hormone responses following a 5-Day RH
protocol

A: Study protocol.

B: Mean blood glucose profile for the 90 min following injection, in RH exposed mice (days 2,4,5) and saline
mice (day 5).

C: Area under the curve (AUC) of glucose levels for RH mice (days 2, 4, 5) and saline mice (day 5). AUC
was significantly decreased in RH mice by day 5, when compared with day 2 (**p<0.01; repeated measures
two-way ANOVA with Dunnett’s post hoc tests).

D: Mean glucose profile for the 120 min following injection on day 5 (test day).

E: Change in corticosterone release (0-30 min) following injection in saline, SH and RH mice on day 5.

F: Change in glucagon release (0-30 min) following injection in saline, SH and RH mice on day 5, showing
a significant increase in glucagon release with SH, when compared with saline (*** p<0.001; one-way
ANOVA with Tukey’s post hoc test), but no significant difference when compared with RH.

Data presented as mean = SEM. n=5/6 per group.

In this experiment, RH over 5 days led to a progressive change in the glucose profile
(Figure 3.1B). This corresponded with a significant reduction in AUC on day 5, when
compared with day 1 (Figure 3.1C), which suggests a delay in hypoglycaemia recovery.
On day 5, despite receiving the same insulin dose, RH mice reached a lower glucose
nadir when compared with SH mice (3.2 £ 0.8 versus 4.0 £ 0.2 mmol/l; Figure 3.1D).
Despite this, corticosterone and glucagon release following insulin injection, was not
significantly reduced in RH mice, versus SH mice (Figure 3.1E-F). At this stage, the

adrenaline assay had not yet been optimised, so this could not be measured.

In conclusion, in our hands, a 5-day RH protocol demonstrated progressive reductions
in glucose nadir (30mins post-injection) and hypoglycaemia recovery. However, RH
failed to attenuate significantly measured corticosterone or glucagon responses to
subsequent hypoglycaemia. It is possible that the adrenaline response may have

provided a more sensitive measure, however this was not available.
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2-day experimental RH protocol

Several short RH protocols, over 1-2 days, have enabled investigators to model IAH in
humans and rodents (Dagogo-Jack et al., 1993, Al-Noori et al., 2008b, Sanders et al.,
2006, Figlewicz et al., 2002, Evans et al., 2001). Therefore, we also tested a 2-day
experimental RH protocol. Male C57BI/6J mice (n = 5-6 per group) were randomised to
receive saline, SH or RH. RH mice received two s.c. insulin (1.75U/kg) injections on day
1 and in parallel, saline and SH groups received volume matched s.c. saline. On day 1
blood glucose levels were only checked at baseline and 30 min after injection to limit
blood sampling related stress. On the test day (day 2), SH and RH groups received a
final injection of insulin and saline animals a final injection of saline. On day 2, adrenaline,
corticosterone and glucagon levels were measured at baseline (O min) and at 30 min
after injection, via saphenous vein sampling. A full glucose profile was only conducted
on day 2, to limit stress. Blood glucose sampling was terminated at 90 min as 2 animals
in the saline group and 1 animal in the SH group were displaying significant stress
behaviours (e.g., jumping, biting, aggression). These animals were still included in this
experiment as hormone measurements were taken at earlier timepoints, prior to the
onset of stress behaviours. The protocol, glucose profile and hormone results are

summarised in Figure 3.2.
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Figure 3.2: Glucose and counter-regulatory hormone responses following a 2-day RH
protocol

A: Study protocol.

B: Mean blood glucose profile for the 90 min following injection, in saline, SH and RH mice on day 2 (test
day).

C: Change in adrenaline release (0-30 min) following injection in saline, SH and RH mice on day 2.

D: Change in corticosterone release (0-30 min) following injection in saline, SH and RH groups on day 2.
E: Change in glucagon release (0-30 min) following injection in saline, SH and RH groups on day 2.

Data presented as mean + SEM. n=5/6 per group.

In this experiment, RH on day 1 (two episodes) was followed by measurement of counter-
regulatory hormones to a subsequent episode of hypoglycaemia on day 2.
Measurements were only taken on day 2 and were heavily affected by animal stress. On
day 2, RH mice reached a lower glucose nadir (30 min after injection) when compared
with SH mice (4.3 £ 0.9 versus 5.3 + 0.9 mmol/l; Figure 3.2B). However, all mice
receiving SH and two mice receiving RH did not reach the glucose (hypoglycaemia)
threshold which is normally required for counter-regulatory hormone release (<3.9
mmol/l). As a result, hormone levels on day 2 were difficult to interpret. Following
injection on day 2, there was a non-significant trend towards increased adrenaline and
corticosterone levels in RH mice, when compared with SH mice (Figure 3.2C-D).
Glucagon release was very variable within groups. The mean change in glucagon was
similar for SH and RH mice and not statistically different when compared with saline mice
(Figure 3.2E).

One interpretation of these data is that animal stress was the major driver for hormone
release in this experiment. Blood glucose levels climbed steeply following injection in the
saline group, suggesting that s.c. injection, coupled with blood sampling, were significant

stressors (Figure 3.2B). SH mice did not reach the necessary glucose (hypoglycaemia)
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threshold for counter-regulatory hormone release; however, some RH mice did. This
finding, combined with injection and blood sampling stress, may explain the trend
towards elevated adrenaline and corticosterone in the RH group. Therefore, a firm
conclusion relating to a 2-day RH protocol is not possible from these data. However, it
may be that in mice, short RH protocols do not enable sufficient time for habituation to
animal handling, injection and blood sampling stress. This poses a challenge when trying

to isolate hypoglycaemia-specific changes in counter-regulatory hormone release.

3.1.3 Investigation of neuronal activity using a 4-week RH protocol

Rodent and, increasingly, transgenic mouse models have provided a valuable insight
into functions of the central glucose-regulatory network, and adaptations which follow
RH. A common approach has been to use neuronal activity markers, to quantify neuronal
responses to acute and repeated stressors, such as SH and RH (Sanders and Ritter,
2000, Al-Noori et al., 2008b, Paranjape and Briski, 2005). These markers include early
(cFos) and late (FosB) regulatory transcription factors, whose induction convey the
kinetics of neuronal activity (Morgan and Curran, 1991). Importantly, these activity
markers can be related to changes in effector function following chemogenetic or
optogenetic manipulations, e.g., adrenal adrenaline release, hepatic glucose production
and behaviours (Sanders et al., 2006, Meek et al., 2016, Khodai et al., 2018, Zhao et al.,
2017). The normal pattern of neuronal cFos induction to SH or acute glucoprivation with
2-DG is highly reproducible (Sanders and Ritter, 2000). Only a small number of studies
have examined the expression of neuronal FosB, following SH and RH (Al-Noori et al.,
2008b, Paranjape and Briski, 2005, Sanders and Ritter, 2000, Bayne et al., 2020).
Interestingly, these studies suggest that RH alters the expression of activity markers to
subsequent hypoglycaemia or 2-DG, in specific neuronal populations, including within
the PVH. The PVH, which displays high levels of neuronal cFos following SH, is
heterogenous and contains important pre-motor glucose-regulatory elements (Evans et
al., 2001, Watts and Donovan, 2010). In rats, RH attenuates PVH neuronal cFos, but
increases FosB to subsequent hypoglycaemia (Al-Noori et al., 2008Db). Interestingly, PVH
FosB was only expressed in CRH neurons (Al-Noori et al.,, 2008b). Despite these
important insights, the pattern of neuronal cFos and FosB induction following RH, has
not been characterised in mice. Transgenic Cre-reporter strains provide a useful tool with
which we can characterise cFos an FosB expression, in specific populations, including
CRHPYH neurons. This approach provided a basis for subsequent studies to manipulate

specific neuronal populations and demonstrate their involvement in the CRR.
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3.1.4 Objectives
1) Characterise a mouse model of IAH using experimental RH

The ability to model 1AH relies on several factors; principally the experimental RH
protocol used. Our experience with shorter (2- and 5-day) experimental RH protocols
proved inconclusive but highlighted the importance of mitigating other sources of stress.
We also postulated that increasing the number of episodes of RH, may improve our
ability to successfully model IAH. To this end, we investigated a 4-week experimental
RH protocol which was adapted from studies in rats (McNeilly et al., 2017). This protocol
focused on demonstrating impairments to the sympathoadrenal response to provide an
experimental model of IAH. This was achieved by measuring impairments to circulating

adrenaline levels following RH.

2) Identify the responsiveness of specific central neuronal populations to SH
and RH

Although, previous work in rats has identified neuronal populations which display altered
makers of neuronal activity after RH, this has not been characterised in mice. By using
our experimental RH protocol, which is outlined in the first section of this Chapter, we

investigated the pattern of cFos and FosB in identifiable brain regions.

3) Characterise the anatomical distribution and identity of hypoglycaemia

responsive PVH neurons

The PVH is an important glucose-regulatory region, which has a complex structure and
displays a high level of neuronal activity following SH. However, the exact location and
phenotypic identity of hypoglycaemia-responsive PVH neurons remains unclear. We
elected to address these questions, by investigating the anatomical distribution and
neuropeptide identity of hypoglycaemia-responsive PVH neurons, by measuring cFos

expression.

4) Characterise the neuro-anatomical distribution of hypoglycaemia responsive

CRHPYH neurons

CRH neurons, represent an important stress-responsive neuronal population and in
rats, occupy a distinct sub-region within the PVH (Aguilera and Liu, 2012). However,
the distribution of hypoglycaemia-responsive CRH?V" neurons remains poorly
characterised in mice. To this end, we investigated the anatomical distribution of

hypoglycaemia-responsive CRHPYH neurons.
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5) Characterise the response of CRH?" neurons to both SH and RH using

markers of acute and chronic neuronal activity

In rats, PVH neurons display altered cFos and FosB induction to repeated stressors,
including RH (Al-Noori et al., 2008b). It is not known whether this shift in neuronal
marker expression is also exhibited in the mouse PVH, or if this pattern is specific to

CRHPVH neurons.

3.2 Methods

3.2.1 Animals

Adult, male mice aged 8-10 weeks old were used in experiments described in this
Chapter. C57BL/6J mice (Charles River, UK), used to characterise the mouse model of
IAH, were handled daily for 2 weeks and underwent experimental RH. Animals were then
randomised to saline, SH or RH groups (n = 6 per group). No animals were excluded

from the final analysis.

Data from pilot studies outlined in this Chapter were used in a power analysis to inform
group sizes in the characterisation of a mouse model of IAH. This was based on
performing a grouped analysis, where the treatment difference would be analysed using
a one-way ANOVA with Tukey’s post hoc (alpha = 0.05). A moderate effect size (0.50)

indicated that an n = 5 per group was required to achieve a power of 80%.

The 4-week experimental RH protocol used to model IAH is described in Chapter 2 and
pictorially in Figure 3.3A. Blood glucose measurement, blood sampling and hormone

measurement methods are also outlined in the Chapter 2.

Crh-cre::eYFP (Chapter 2) aged 8-10 weeks old (n = 6 per group) were used for all
studies in this chapter which investigated cFos and FosB expression in specific brain

regions.

Adult male VGlut2-cre::eYFP (Chapter 2) were used to enable dual-label
immunohistochemistry to identify VGlut2-cre::eYFP neurons alongside cFos. This line
was only used to identify the proportion of SH-activated PVT neurons which were VGlut2-

cre::eYFP positive.

3.2.2 Investigating cFos and FosB expression following RH

Crh-cre::eYFP mice were handled daily for 2 weeks before the 4-week RH protocol. Two
hours after the final injection with s.c. insulin (SH and RH groups) or s.c. saline (saline

groups), animals were perfused with fixative, enabling tissue fixation at peak cFos protein
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expression. Immunohistochemistry methods are outlined in greater detail in Chapter 2.
Briefly, visualisation of cFos or FosB was achieved wusing single-label
immunohistochemistry and either fluorescent or peroxidase-dependent substrates. Dual-
label immunohistochemistry was used in Crh-cre::eYFP (or VGlut2-cre::eYFP neurons
in the PVT) mouse brain sections, using the anti-green fluorescent protein (GFP)
antibody, with either anti-cFos or anti-FosB antibodies. To aid with the investigation of
specific hypoglycaemia-responsive neuronal populations, relevant brain sections also
were dual-labelled for either tyrosine hydroxylase (TH), oxytocin (OXT) or arginine
vasopressin (AVP). For each animal, quantification of labelled neurons followed the
same protocol, irrespective of investigator. The investigator was always blinded to the
treatment group during counting. Forebrain regions were solely counted by me, whilst
hindbrain counts, were permed by an independent investigator, Dr Alessia Costa.
Neuronal counts were performed on a minimum of three brain sections (3-10 sections
per region, depending on the rostro-cauda extent of the region and availability of intact
brain sections) containing the region of interest and then averaged to provide a mean
count/section. Where brain nuclei/regions were bilateral, the final value was a total for
both nuclei. Animals which had less than three brain sections containing the specific
region of interest were excluded and not included in group counts for that region. This
accounts for variability in group numbers, however a minimum of n = 5 was available for

all regions counted in this Chapter.

3.3 Results

3.3.1 Blood glucose response following RH

Adult male C57BL/6J mice were randomised to receive saline, SH or RH (n=6 per group)
as shown in the experimental protocol diagram (Figure 3.3A). RH mice received
repeated s.c. insulin three times a week for four weeks, resulting in hypoglycaemia which
reached similar levels through the 4-week protocol (mean 30 min glucose of 4.3 = 0.2
mmol/l). Data presented are at 30 min after insulin injection and averaged for each week
in the protocol (Figure 3.3B). Glucose levels remain stable in the saline-treated mice

during the 4-week protocol.

All mice recovered from hypoglycaemia within 120 min of insulin administration (Figure
3.3C). Importantly, in RH mice, recovery from hypoglycaemia progressively prolonged
with successive episodes of hypoglycaemia (Figure 3.3C). This is likely to represent the
evolving CRR deficits from the accumulation of RH episodes. The evolving CRR deficits
are supported by the AUC for the glucose profile, which is shown for RH mice across the
4 weeks and on the final test day (Figure 3.3D). The AUC was significantly different for

RH mice from week 3 onwards, when compared with week 1.
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3.3.2 CRR hormone response to RH

On the test day, SH and RH groups were given a final injection of insulin. Glucose and
hormone measurements were taken to quantify the hypoglycaemia CRR and possible
impairment (Figure 3.4). Following the final injection, both SH and RH groups
experienced a reduction in blood glucose to a nadir at 30 min after insulin injection (SH:
4.4 + 0.2 mmol/l; RH: 3.8 £ 0.4 mmol/l; Figure 3.4A). Counter-regulatory hormones
(adrenaline and glucagon) were measured by tail-tip blood sampling at baseline (0 min)
and at 30 min after injection. Due to limits on the blood volume that could be sampled
via the tail tip, glucagon was only measured at the 30 min time point. This also served to
limit stress resulting from larger blood volume sampling. The change in adrenaline (0-30
min) was significantly elevated in both SH and RH mice versus saline. Importantly, the
adrenaline response was significantly reduced in RH mice, versus SH mice (Figure
3.4B). This represented a 55.9% reduction in adrenaline release following the final

episode of hypoglycaemia, in RH mice compared with SH mice.

Glucagon release was only measured at 30 min after injection. When compared with
saline mice, SH mice displayed a significant elevation in glucagon release (Figure 3.4C).
Glucagon release was reduced in RH mice compared with SH mice. However, glucagon

levels in RH mice were not statistically different to saline and SH groups (Figure 3.4C).
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Figure 3.3: Glucose response following 4-week experimental RH protocol

A: Study protocol.

B: Mean weekly glucose nadir (30 min after injection) for saline, SH and RH mice across the 4-week

experimental RH protocol.

C: Mean weekly blood glucose profile for the 120 min following injection in RH exposed mice (weeks 1-4

and test day) and saline mice (week 1).

D: Area under the curve (AUC) of glucose profiles for RH (weeks 1-4 and test day) and saline mice (week
1). AUC was significantly decreased in RH mice by week 3 when compared with week 1 (*p<0.05; repeated

measures two-way ANOVA with Dunnett’s post hoc test).

Data presented as mean + SEM. n=6 per group.

80



16
14
S 12
g =
E 104 /'_t
[}
8 8 Pt -
g T/
0} 6 //_
4 a
2 T T T T 1
0 30 60 90 120
Time (mins)
%
|
2.0 %k %k %k %k % %k
]
1.5- I
2_
SE
52 1.0
T ~
c n
c £
5 E
o 5 0.5
29
ER=2
<
© 0.0
-0.5 T | T
Saline SH RH
(n=6) (n=6) (n=6)

-@- Saline (n=6)

SH (n=6)
- RH (n=6)
C
* %
404 [

Glucagon ng/ml
N

Saline SH
(n=6) (n=6)

Figure 3.4: Glucose and counter-regulatory response on test day

RH
(n=6)

A: Mean blood-glucose profile for the 120 min following injection, in saline, SH and RH mice on the test day.
B: Change in adrenaline release (0-30 min) following injection in saline, SH and RH mice. RH and SH led to
an increase in adrenaline release when compared with saline. RH mice displayed a significant attenuation
to the adrenaline response versus SH (**** p<0.0001, SH versus saline; *p<0.05, RH versus saline; **p<0.01,
SH versus RH; one-way ANOVA with Tukey’s post hoc test).
C: Glucagon levels (30 min after injection) in saline, SH and RH mice. Glucagon levels were significantly
increased in SH mice compared with saline (**p<0.01; one-way ANOVA with Tukey’s post hoc test) but not
different on statistical testing with RH mice.

Data presented as mean + SEM. n=6 per group.
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3.3.3 Neuronal cFos response to SH and RH in specific brain regions

Hypoglycaemia induces neuronal activation in multiple brain regions. This leads to the
expression of the acute activity marker, cFos. But, with repeated activation, there is
induction of another regulatory protein, FosB. These activity markers can be quantified
following SH and RH, providing an approach to assess key brain regions involved in
hypoglycaemia counter regulation. We observed activation of areas of the brain,
including those which we hypothesised are key to the CRR and to understanding the
development of IAH. These regions are discussed in Chapter 1, and include forebrain
(aBNST, CeA, PVH, PVT) and hindbrain (LC, NTS, VLM) regions. The VMH is a key
glucose-sensing region, however, it has not been assessed in these experiments as our
lab have previously observed that, unusually, cFos is not expressed following
hypoglycaemia in the VMH of rodents (Dodd et al., 2010).

This study was conducted in a cohort of adult male Crh-cre::eYFP mice, which were
allocated randomly to receive saline (n=5), SH (n=6) or RH (n=6). Animals then
underwent the same 4-week experimental RH protocol that was characterised in the
previous section. Following the final injection, animals were perfused with fixative and
tissues were processed to enable immunohistochemistry. Subsequently, a quantitative

assessment of cFos and FosB expression was performed.

The acute neural response following saline, SH and RH is shown using cFos
immunohistochemistry (red) and neuronal counts for all brain regions of interest. This
has been split into separate figures to aid visualisation (Figures 3.5-3.8). Following
saline injection, a very low level of cFos expression was noted in all brain regions.
Hypoglycaemia (SH and RH groups) led to an increase in neuronal cFos, signifying
neuronal activation. This pattern was particularly true for the aBNST, PVH, VLM, NTS
and DMX, where cFos was significantly higher following SH than saline (Figures 3.5-
3.8). As predicted, the PVH showed a highly significant neuronal response after SH,
when compared with saline. A lesser, non-significant rise in cFos was found in the CeA,
PVT and LC following SH, when compared with saline. For the aBNST, this pattern was

driven by cFos expression in the ventral (vBNST) and medial (mMBNST) divisions.

Interestingly, with RH, neuronal cFos expression was altered in several brain regions.
RH led to a significant attenuation in cFos-labelled neurons within the PVH, VLM and
NTS, when compared with SH mice. There was also a trend to a reduction in cFos
expressing neurons in the aBNST, LC and DMX. On the other hand, RH led to a non-
significant increase in cFos in the PVT and a significant increase in cFos in the CeA,

when compared with SH (Figures 3.5C and Figure 3.6B).
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Figure 3.5: Acute neuronal response to SH and RH in the aBNST and CeA

A: Representative images of cFos-labelled neurons (red) in CeA and aBNST in saline, SH- and RH-treated
mice. Scale bar represents 100 pm.

B: Number of cFos-labelled neurons in the aBNST, following saline, SH and RH. Neuronal cFos was
significantly increased in SH and RH mice, when compared with saline (***p<0.001, **p<0.01, respectively;
one-way ANOVA with Tukey’s post hoc test).

C: Number of cFos-labelled neurons in the CeA, following saline, SH and RH. Neuronal cFos was
significantly increased in RH mice, when compared with both saline and SH mice (***p<0.001, *p<0.05,
respectively; one-way ANOVA with Tukey’s post hoc test).

Data presented as mean + SEM. n=5/6 animals per group. n = 3 -10 sections per animal, averaged.

dBNST: dorsal BNST; vBNST: ventral BNST; aca: anterior commissure; BLA: basolateral amygdala
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Figure 3.6: Acute neuronal response to SH and RH in the PVT and PVH

A: Representative images of cFos-labelled neurons in the PVT and PVH in saline, SH- and RH-treated mice.
Scale bar represents 100 pm.

B: Number of cFos-labelled neurons in the PVT, following saline, SH and RH. Neuronal cFos was greater in
SH mice, when compared with saline (non-significant). Similarly, RH mice displayed a small increase in cFos
versus SH and saline mice (non-significant).

C: Number of cFos-labelled neurons in the PVH, following saline, SH and RH. Neuronal cFos was
significantly increased in SH mice when compared with saline, whilst RH led to an reduction in cFos-labelled
neurons, relative to SH (***p<0.001, SH versus saline; *p<0.05, SH versus RH; one-way ANOVA with
Tukey’s post hoc test).

Data presented as mean + SEM. n=5/6 animals per group. n = 3 -10 sections per animal, averaged.

D3V: dorsal 3" ventricle; 3V: 3" ventricle (ventral)
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Figure 3.7: Acute neuronal response to SH and RH in the LC and VLM

A: Representative images of cFos-labelled neurons in LC and VLM in saline, SH- and RH-treated mice.
Scale bar represents 100 pm.

B: Number of cFos-labelled neurons in the LC, following saline, SH and RH. Neuronal cFos was not
significantly increased in SH and RH mice, when compared with saline. RH mice displayed similar cFos
expression levels compared with SH mice.

C: Number of cFos-labelled neurons in the VLM, following saline, SH and RH. Neuronal cFos was
significantly increased in SH and RH mice when compared with saline. In addition, RH mice displayed
attenuated cFos, versus SH (****p<0.0001, SH versus saline; **p<0.01, RH versus saline; *p<0.05, SH
versus RH; one-way ANOVA with Tukey’s post hoc test)

Data presented as mean + SEM. n=5/6 animals per group. n = 3 -10 sections per animal, averaged.

4V: 4t ventricle; BNST; D: dorsal; M: medial
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Figure 3.8: Acute neuronal response to SH and RH in the NTS and DMX

A: Representative images of cFos-labelled neurons in NTS and DMX in saline, SH- and RH-treated mice.
Scale bar represents 100 pm.

B: Number of cFos-labelled neurons in the NTS, following saline, SH and RH. Neuronal cFos increased in
SH mice, when compared with saline (***p<0.001). RH mice displayed a significant reduction in cFos relative
to SH mice (*p<0.05; one-way ANOVA with Tukey’s post hoc test).

C: Number of cFos-labelled neurons in the DMX, following saline, SH and RH. Neuronal cFos was
significantly increased in SH and RH mice when compared with saline (**p<0.01, *p<0.05, respectively
versus saline; one-way ANOVA with Tukey’s post hoc test). RH led to fewer cFos-labelled neurons versus
SH, however this was not significantly different.

Data presented as mean + SEM. n=5/6 animals per group. n = 3 -10 sections per animal, averaged.

CC: central canal
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These data confirm that brain regions of interest show an increase in neuronal cFos
following hypoglycaemia, suggesting they are activated acutely. Interestingly, several
brain regions display altered neuronal activation with prior RH. Following this initial
experiment, a further investigation of the anatomical distribution and phenotype of

specific neuronal populations was performed.

Hindbrain catecholaminergic (CA) neurons within the LC, NTS and VLM form important
pre-motor and motor networks, modulating autonomic output from the brain (Donovan
and Watts, 2014). CA neurons can be identified by labelling for tyrosine hydroxylase
(TH), the rate-limiting enzyme for catecholamine synthesis. In the NTS and VLM, most
CA neurons tend to be organised into well-defined adrenergic (termed “C”) or
noradrenergic (termed “A”) cell groups (Figure 3.9-3.10). This organisation becomes
less well-defined in the caudal NTS, where TH neurons are more widely dispersed
(Figure 3.10C). By examining the colocalisation of cFos and TH using
immunohistochemistry, it is evident that a high proportion of TH neurons are activated
acutely by SH in the LC, NTS and VLM (Figure 3.9A,C and Figure 3.10A,C). SH leads
to a statistically significant increase in activation of TH neurons in the LC, NTS and VLM,
compared with saline, confirming that TH neurons in these regions respond to
hypoglycaemia (Figure 3.9-3.10). For the LC, a greater number of cFos and TH dual-
labelled cells were identified in more rostral LC sections (bregma -5.4mm, Figure 3.9A-
B). TH neurons in the rostral LC were activated acutely by SH and showed reduced

activation in RH mice, however this difference was not statistically significant.

In the VLM, TH neurons reside within CA cell groups (termed C1, C1/Al and Al), which
can be sub-divided based on their rostro-caudal location relative to bregma (Figure 1.8
and Figure 3.9D). TH neurons within all VLM CA cell groups show a significant increase
in cFos expression following SH, when compared with saline, signifying acute activation.
Interestingly, following RH, only TH neurons in the C1 group showed attenuated cFos,
when compared with SH (Figure 3.9D). These findings suggest that in the VLM, RH
leads to differential effects on specific cell populations, which may reflect differences in

connections or neuronal function, with respect to the CRR.

The NTS has a complex structure and TH neurons can be found both in defined cell
groups, but also more caudally, surrounding the DMX and area postrema (AP) (Figure
3.9A,C). TH neurons throughout the rostro-caudal extent of the NTS, display increased
cFos following SH, suggesting acute activation. However, only TH neurons in the C2
group show a statistically significant increase in activity, when compared with saline.
With RH, TH neurons throughout the rostro-caudal extent of NTS, express significantly
less cFos, versus SH, signifying reduced activation. Interestingly, only the C2 group,

showed a corresponding cFos attenuation in RH mice (Figure 3.10).
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Figure 3.9: Hindbrain CA neuron response to saline, SH, RH in the LC and VLM

A: Representative image of TH+ (green) and cFos+ (red) neurons in the LC following SH. Main image scale
bar represents 100 pm and magnified image scale bar represents 50 um. Arrows mark TH+/cFos+ dual-
labelled neurons.

B: Number of dual-labelled (TH+/cFos+) neurons in the LC, in saline, SH and RH mice. Neuronal cFos
increased in the rostral LC in SH mice, when compared with saline (*p<0.05; one-way ANOVA with Tukey’s
post hoc test). RH mice displayed fewer activated (cFos+) TH neurons, compared with SH, but this was non-
significant.

C: Representative image of TH+ and cFos+ neurons in the VLM (C1 group) following SH. Main image scale
bar represents 100 pm and magnified image scale bar represents 50 um. Arrows mark TH+/cFos+ dual-
labelled neurons.

D: Number of dual-labelled (TH+/cFos+) neurons in the VLM, in saline, SH and RH mice. TH neuronal cFos
increased at all bregma levels and corresponding CA cell groups in SH mice, when compared with saline.
Following RH, only TH neurons in the VLM C1 group displayed attenuated cFos, when compared with SH
(*p<0.05, SH versus saline; *p<0.05, SH versus RH; one-way ANOVA with Tukey’s post hoc test).

Data presented as mean + SEM. n=5/6 animals per group. n = 3 -10 sections per animal, averaged.

CC: central canal; 4V: 4t ventricle; D: dorsal; M: medial
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Figure 3.10: Hindbrain CA neuron response in NTS to saline, SH, RH in the NTS

A: Representative image of TH+ (green) and cFos+ (red) in the rostral NTS following SH. Main image scale
bar represents 100 pm and magnified image scale bar represents 50 um. Arrows mark TH+/cFos+ dual-
labelled neurons.

B: Number of dual-labelled (TH+/cFos+) neurons in rostral NTS cell groups, in saline, SH and RH mice.
Following SH, TH neuronal cFos only increased in the NTS C2 group, when compared with saline. Following
RH, TH neurons in the C2 group also displayed a significant reduction in cFos relative to SH mice (*p<0.05;
SH versus saline; *p<0.05, SH versus RH; one-way ANOVA with Tukey’s post hoc test).

C: Representative image of TH+ and cFos+ in the caudal NTS following SH. Main image scale bar represents
100 um and magnified image scale bar represents 50 um. Arrows mark TH+/cFos+ dual-labelled neurons.

D: Number of dual-labelled (TH+/cFos+) neurons in the NTS, in saline, SH and RH mice. Following SH, TH
neuronal cFos increased at rostral, middle, and caudal NTS bregma levels when compared with saline
(*p<0.05, rostral and middle NTS; **p<0.01, middle NTS; one-way ANOVA with Tukey’s post hoc test).
Following RH, TH neurons at the same NTS bregma levels, displayed attenuated cFos, when compared to
SH (*p<0.05, rostral and middle NTS; **p<0.01, middle NTS; one-way ANOVA with Tukey’s post hoc test).

Data presented as mean + SEM. n=5/6 animals per group. n = 3 -10 sections per animal, averaged.

CC: central canal; AP: area postrema
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3.3.4 Neuronal FosB response in specific brain regions

The neuronal expression of FosB was also examined in the same regions of interest.
FosB expression increases following neuronal activation and remains elevated for
several days. This provides a tool with which we can assess the neuronal response to
repeated stimuli, like RH. To this end, the chronic neuronal response following saline,
SH and RH was assessed using FosB immunohistochemistry. Dual-labelling for Crh-
cre::eYFP neurons (DAB without nickel producing brown cytoplasmic staining) and FosB
(DAB with nickel producing black nuclear staining) was conducted. For hindbrain regions,
dual-labelling for TH (DAB without nickel) and FosB (DAB with nickel) was conducted.
Representative images for FosB immunohistochemistry and neuronal counts are shown

for all brain regions of interest, in saline, SH and RH mice (Figures 3.11-3.14).

In most brain regions, a low number of neurons expressed FosB following saline and
SH, respectively (Figures 3.11-3.14). The exception being the DMX, which interestingly,
did not express FosB in any of the treatment groups (Figure 3.14C). Unlike observations
with cFos expression, following RH, neuronal FosB induction was more abundant in each
region of interest, apart from the DMX. The increases were statistically significant in the
aBNST, CeA, PVT, PVH and LC, demonstrating that repeated activation with RH induces
high levels of neuronal FosB (Figures 3.11-3.14). For the aBNST, this pattern was driven
by FosB labelling in the vBNST. Of all the brain regions assessed, the PVH displayed
the highest number of FosB-labelled neurons (Figure 3.12A,C). Here, the number of
FosB-labelled neurons was similar after saline and SH. However, after RH, there was a
large increase in labelled neurons (Figure 3.12A,C). The PVT, which continued to
demonstrate high levels of cFos with RH, also displayed elevated FosB following RH,
when compared with SH (Figure 3.11A,B). Interestingly, the CeA displayed a significant

increase in both cFos and FosB following RH, which was a unique response pattern.

In hindbrain regions, FosB almost exclusively colocalised with TH, which was not seen
with cFos. The LC, which is the major noradrenergic nucleus in the brain, displayed a
low level of FosB with saline and SH, but a large increase in FosB-labelled neurons on
repeated stimulation with RH (Figure 3.13A,B). Only a small number of neurons in the
NTS and VLM expressed FosB in saline, SH or RH groups (Figure 3.13-3.14). RH led
to a small, non-significant increase in FosB, relative to SH and RH in the NTS and VLM.
It is interesting that DMX neurons express cFos following all treatments, but do not
express FosB at all.

Thus, important brain regions within the glucose-regulatory network, demonstrate unique
patterns of cFos and FosB expression after RH. Knowledge of the identity of specific
neuronal populations located in these regions of interest, may help to decipher this

pattern.
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Figure 3.11: Neuronal FosB response to SH and RH in the aBNST and CeA

A: Representative images of FosB-labelled neurons (black) in CeA and aBNST in saline, SH- and RH-treated
mice. Scale bar represents 100 pm.

B: Number of FosB-labelled neurons in the aBNST, following saline, SH and RH. Neuronal FosB was
significantly increased in RH mice, when compared with saline and SH. (****p<0.0001, *p<0.05, RH versus
saline and SH, respectively; one-way ANOVA with Tukey’s post hoc test).

C: Number of FosB-labelled neurons in the CeA, following saline, SH and RH. Neuronal FosB was
significantly increased in RH mice, when compared with both saline and SH mice (***p<0.001, *p<0.05,
respectively; one-way ANOVA with Tukey’s post hoc test).

Data presented as mean + SEM. n=6 animals per group. n = 3 -10 sections per animal, averaged.

dBNST: dorsal BNST; vBNST: ventral BNST; aca: anterior commissure; BLA: basolateral amygdala
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Figure 3.12: Neuronal FosB response to SH and RH in the PVT and PVH

A: Representative images of FosB-labelled neurons (black) in PVT and PVH in saline, SH- and RH-treated
mice. Scale bar represents 100 pm.

B: Number of FosB-labelled neurons in the PVT, following saline, SH and RH. Neuronal FosB was
significantly increased in RH mice, when compared with saline and SH (***p<0.001, *p<0.05, RH versus
saline and SH, respectively; one-way ANOVA with Tukey’s post hoc test).

C: Number of cFos-labelled neurons in the PVH, following saline, SH and RH. A high number of FosB-
labelled neurons were present in the PVH. FosB-labelled neurons were significantly increased with RH,
when compared with saline and SH (**p<0.01, *p<0.05, RH versus saline and SH, respectively; one-way
ANOVA with Tukey’s post hoc test).

Data presented as mean + SEM. n=6 animals per group. n = 3 -10 sections per animal, averaged.

D3V: dorsal 3 ventricle; 3V: 3" ventricle (ventral)
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Figure 3.13: Neuronal FosB response to SH and RH in the LC and VLM

A: Representative images of FosB-labelled neurons (black) in LC and VLM in saline, SH- and RH-treated
mice. Scale bar represents 100 um. Most FosB-labelled neurons, colocalised with TH (brown).

B: Number of FosB-labelled neurons in the LC, following saline, SH and RH. FosB levels were significantly
increased following RH, versus saline and SH (**p<0.01, SH versus saline; *p<0.05, SH versus RH; one-
way ANOVA with Tukey’s post hoc test).

C: Number of FosB-labelled neurons in the VLM, following saline, SH and RH. Only a small nhumber of
neurons expressed FosB and all were found within CA neuron cell groups. Neuronal FosB was significantly
increased following RH, when compared with saline, but not SH (**p<0.01, RH versus saline; one-way
ANOVA with Tukey’s post hoc test).

Data presented as mean + SEM. n=5 animals per group. n = 3 -10 sections per animal, averaged.

4V: 41 yentricle; BNST; D: dorsal; M: medial
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Figure 3.14: Neuronal FosB response to SH and RH in the NTS and DMX

A: Representative images of FosB-labelled neurons in the NTS in saline, SH- and RH-treated mice. Scale
bar represents 100 pm.

B: Only a small number of neurons express FosB following saline, SH or RH. FosB expression was increased
relative to saline, but not SH (**p<0.01, RH versus saline; one-way ANOVA with Tukey’s post hoc test).

C: Neurons within the DMX did not display FosB in any of the groups. Representative image of DMX following
RH, showing no FosB-labelled neurons. Scale bar represents 100 pm.

Data presented as mean + SEM. n=5 animals per group. n = 3 -10 sections per animal, averaged.

CC: central canal
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3.3.5 Characterising the response of PVT neurons to SH and RH

The PVT demonstrated a unique pattern of cFos and FosB expression, following SH and
RH. Specifically, PVT neurons maintain high levels of cFos and FosB expression
following both SH and RH. In light of these initial data and literature supporting persistent
activation of PVT neurons following repeated stressors (Bhatnagar and Dallman, 1998),
further characterisation of this brain region was performed. To this end, an anatomical
analysis of PVT cFos and FosB expression, following SH and RH was conducted. The
PVT is an elongated nucleus which has traditionally been divided rostro-caudally into
anterior (aPVT), middle (mPVT) and posterior (pPVT) divisions (Figure 3.15A). First the
phenotype of cFos expressing neurons in the different subregions of the pPVT was
assessed. To achieve this, a separate cohort of adult male VGlut2-cre::eYFP (n=3) were
exposed to SH and perfused with fixative. Brain sections containing the PVT were dual-
labelled for VGlut2-cre::eYFP neurons (green) and cFos (red) using
immunohistochemistry with fluorescent antibodies. This confirmed that throughout the
rostro-caudal extent of the PVT, all cFos-labelled neurons colocalised with VGlut2-
cre:;:eYFP (Figure 3.15B). Therefore, based on these data, SH-activated PVT neurons

are glutamatergic in nature

A

Posterior

(pPVT)
Middle

(mPVT)

VGlut2-cre::eYFP

Figure 3.15: Anatomical analysis of PVT subdivisions and neuronal phenotype

A: Diagram to show rostro-caudal anatomical subdivisions of PVT along with distance from bregma in the
mouse brain.
B: Representative images of cFos- and VGlut2-cre::eYFP-labelled neurons in the pPVT following RH,

demonstrating all cFos-labelled neurons colocalised with VGlut2-cre::eYFP. Main image scale bar
represents 100 um, magnified image 50 um. Arrows mark dual-labelled neurons.
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Next, a quantitative assessment of cFos/FosB expression in saline, SH and RH groups
was conducted for each of the PVT subdivisions (Figure 3.16). This was performed in
brain sections which originated from the same cohort of Crh-cre::eYFP mice investigated
earlier in this chapter. There was a high level of neuronal cFos in all PVT subdivisions
following saline, SH and RH (Figure 3.16A,B). This was greatest in the aPVT and
marginally less in the pPVT and mPVT. In contrast, a smaller number of PVT neurons
expressed FosB following saline, SH and RH. Interestingly, FosB expression was
greatest in the pPVT and to a lesser extent in the mPVT and aPVT, respectively.
Importantly, following RH, the number of FosB-labelled neurons was significantly
increased, only in the pPVT (Figure 3.16A,C). These data highlight neurons in the pPVT

subdivision as an interesting area for further investigation.
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Figure 3.16: Acute and chronic neuronal response in PVT subdivisions

A: Representative images of cFos- and FosB-labelled neurons in the PVT subdivisions following RH. Scale
bar represents 100 pm.

B: Number of cFos-labelled neurons in PVT subdivisions, following saline, SH and RH. Neuronal cFos was
expressed at high levels in all PVT subdivisions and not changed by RH.

C: Number of FosB-labelled neurons in PVT subdivisions, following saline, SH and RH. Neuronal FosB was
significantly increased following RH in the pPVT, when compared with saline and SH (***p<0.001, RH versus
saline; *p<0.05, RH versus SH; one-way ANOVA with Tukey’s post hoc test).

Data presented as mean + SEM. n=5/6 animals per group. n = 3 -10 sections per animal, averaged.
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3.3.6 Characterising the anatomical distribution and identity of SH-
responsive PVH neurons

The PVH is of particular interest to this doctorial research project and was identified in
this Chapter as displaying high levels of cFos and FosB following SH and RH,
respectively. These data suggest that PVH neurons participate in the acute neuronal
response to hypoglycaemia and, since they modulate the sympathoadrenal axis, are
likely to have a significant role in the adrenaline CRR. However, the anatomical
distribution of hypoglycaemia-activated PVH neurons and their phenotypic identity
requires confirmation. The PVH, like the PVT, can be separated anatomically rostro-
caudally, into anterior (aPVH), middle (mPVH) and posterior (pPVH) sub-regions (Figure
3.17A).

To this end, | assessed the distribution of cFos expressing neurons in PVH sub-regions,
following saline, SH and RH (Figure 3.17B,C). Further subdivisions within the anterior,
middle and posterior PVH in the mouse brain, have been proposed by investigators in
the field (Biag et al., 2012). These anatomical subdivisions have utility in understanding
the organisation of specific neuronal populations within the PVH and potentially their
function (Figure 3.17B). Following SH, cFos expression was increased in anterior,
middle and posterior PVH divisions, when compared with saline. However, this was only
statistically significant in aPVH and mPVH sections. Though there was an attenuation in
cFos levels following RH in all sub-regions, this also was only statistically significant in
the mPVH (Figure 3.17C). This highlighted the importance of the mPVH sub-region, in
the acute neuronal response to SH, and suggests that with RH, mPVH neurons become

less responsive to hypoglycaemia.

The PVH, contains heterogenous populations of neurons, which are traditionally
identified based on neuropeptide phenotypes (though overlap of populations does
occur). As the mPVH had been identified as an interesting region for further investigation,
| elected to explore the phenotype of SH-activated neurons within this sub-region.
Sections containing the mPVH were identified in SH-exposed Crh-cre::eYFP mice. To
ensure consistency, these sections originated from the same cohort of mice used in
earlier studies in this Chapter. Dual-labelling for cFos along with either Crh-cre::eYFP
(GFP), oxytocin (OXT) or arginine vasopressin (AVP) was performed using

immunohistochemistry with fluorescent antibodies.

Representative images for dual-label immunohistochemistry are shown in Figure 3.18.
As the Crh-cre::eYFP reporter line was used in this study, CRH neuron cell bodies and
fibres were strongly labelled with a GFP antibody. CRH neurons were distributed more
medially and dorsally within the mPVH (Figure 3.18A). When expressed as a percentage

of cFos-labelled neurons, CRH neurons accounted for 81% of activated neurons
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following SH (Figure 3.18A). There were fewer OXT-labelled neurons identified
(Figure). These were magnocellular in nature and demonstrated strong cell body and
fibre straining. Relative to CRH neurons, OXT neurons were distributed more medially
and ventrally. Following SH, only 18% of cFos colocalised with OXT (Figure 3.18B).
AVP labelling was not as strong as for OXT or CRH. However, both parvocellular and
magnocellular AVP neurons were present. Consistent with the literature, AVP neurons
cluster in two distinct PVH region, dorsally and ventro-laterally. Following SH, 15% of
cFos-expressing neurons also contained AVP (Figure 3.18C). In summary, these data
highlight that CRH neurons are the most abundant hypoglycaemia-responsive neuronal
population in the mPVH. This prompted a further investigation into the anatomical

distribution and neuronal response of CRH™"H neurons after saline, SH and RH.
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Figure 3.17: Neuronal cFos response within PVH sub-regions

A: Diagram to show rostro-caudal anatomical sub-regions in the PVH along with distance from bregma in
the mouse brain.

B: Representative images of cFos-labelled neurons in PVH sub-regions following SH. An overlay of the
aPVH, mPVH and pPVH sub-divisions is shown.

C: Number of cFos-labelled neurons in PVH sub-regions, following saline, SH and RH. Neuronal cFos was
expressed at high levels in all PVH sub-regions following SH, when compared with saline (***p<0.001,
mPVH; *p<0.05, aPVH; one-way ANOVA with Tukey’s post hoc test). In RH mice, cFos induction was

significantly reduced only in the mPVH (*p<0.05, RH versus SH; one-way ANOVA with Tukey’s post hoc
test).

Data presented as mean + SEM. n=6 animals. n = 3-10 sections per animal, averaged.

pml: The posterior magnocellular lateral zone; mpd: medial parvocellular dorsal division mpv: medial
periventricular; pmm: posterior magnocellular medial zone; pv: periventricular zone; dp: dorsal parvicellular
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Figure 3.18: Neuropeptide phenotype of activated mPVH neurons following SH

A: Representative images of cFos- and Crh-cre::eYFP-labelled neurons in mPVH following SH. The plot

adjacent to image shows 81% of cFos+ neurons colocalise Crh-cre::eYFP.

B: Representative images of cFos- and OXT-labelled neurons in mPVH following SH. Plot adjacent to image

shows 18% of cFos+ neurons colocalise OXT.

C: Representative images of cFos- and AVP-labelled neurons in mPVH following SH. Plot adjacent to image

shows 15% of cFos+ neurons colocalise AVP.
Main image scale bar represents 100 um, magnified image 50 um. Arrows mark dual-labelled neurons
Data presented as mean + SEM. n=4 animals. n = 3 sections per animal, averaged.
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3.3.7 Neuro-anatomical distribution of CRHPVH neurons

A large proportion of cFos-expressing neurons in the PVH colocalise with CRH neurons.
Therefore, next | investigated the rostro-caudal distribution of CRH neurons in the PVH

(Figure 3.19). This was again performed in the same cohort of Crh-cre::eYFP mice,

through single-labelling of Crh-cre::eYFP neurons using GFP antibody. CRH neurons

were identified throughout the rostro-caudal extent of the PVH, but the highest number
was in the middle PVH (250 + 14 CRH neurons/section) (Figure 3.19B).
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Figure 3.19: Distribution of CRH neurons within PVH sub-regions

A: Representative images of Crh-cre::eYFP neurons in the PVH sub-regions. An overlay of the aPVH,

mPVH and pPVH sub-divisions is also shown.

B: Number of Crh-cre::eYFP-labelled neurons in PVH sub-regions, demonstrating that the mPVH contains

the greatest number of neurons.

Data presented as mean + SEM. n=6 animals. n = 3-10 sections per animal, averaged.

pml: The posterior magnocellular lateral zone; mpd: medial parvocellular dorsal division mpv: medial
periventricular; pmm: posterior magnocellular medial zone; pv: periventricular zone; dp: dorsal parvicellular
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3.3.8 Characterising cFos and FosB expression in CRH™PYPVH neurons

The mPVH itself contains sub-divisions (Figure 3.20A) which are based on observations
that different PVH neuronal populations show anatomical segregation (Biag et al., 2012).
Our data revealed that the medial parvocellular dorsal division (mpd) of the PVH (Figure
3.20B) contained the greatest number of CRH neurons (142 + 9 CRH neurons/section).
Notably, all other sub-divisions contain markedly fewer CRH neurons. CRHMPIPVH
neurons are highly responsive to SH, with 73% expressing cFos (Figure 3.20C,D).
Importantly, the percentage activation of CRH™VH neurons was attenuated in RH mice
(Figure 3.20D).
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Figure 3.20: Distribution of SH-responsive CRH neurons within PVH sub-divisions

A: Representative image of Crh-cre::eYFP neurons in the mPVH.

B: Number of Crh-cre::eYFP-labelled neurons in mPVH sub-divisions, demonstrating that the mpdPVH
subdivision contains the greatest number of Crh-cre::eYFP-labelled neurons.

C: Representative image of cFos and Crh-cre::eYFP neurons in the mPVH,

D: Percentage activation of CRH™PYPVH neurons (cFos+/ Crh-cre::eYFP+ neurons), demonstrating a
significant increase in activation following SH RH mice display reduced activation of CRH™PPVH neurons

relative to SH (***p<0.001, SH versus saline; *p<0.05, SH versus RH; one-way ANOVA with Tukey’s post
hoc test).

Data presented as mean + SEM. n=5/6 animals/group. n = 3 sections per animal, averaged.
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Similarly, colocalization of CRH™V" neurons with cFos was significantly increased
following SH and this increase was attenuated following RH (Figure 3.21A,C). Repeated
activation of CRH™YVH neurons following RH was next assessed by the induction of
FosB (Figure 3.21B). A low level of FosB was seen in CRH™YH neurons following
saline and SH. However, with RH, FosB activity was significantly increased, when
compared with saline and SH (Figure 3.21D). Interestingly, 86% of CRH™"VH neurons
express FosB following RH. This suggests that CRH™"VH neurons are the predominant

neuronal population within the PVH which expresses FosB following RH.

Taken together, the cFos and FosB data support the importance of CRH neurons and
particularly those within the mpdPVH in neuronal responses to hypoglycaemia. These
data suggest that CRH™VH neurons are the largest PVH neuronal population to
become acutely activated by hypoglycaemia. Of significance, was the finding that the
CRH™PVH neuronal response is attenuated with prior RH, corresponding with an

increase in FosB, a marker of neuronal adaptation (Al-Noori et al., 2008b).
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Figure 3.21 cFos and FosB expression in CRH™PVH neurons, following saline, SH and RH
A: Representative images of dual-labelled cFos (red) and Crh-cre::eYFP (green) neurons (IHC with
fluorescent antibodies), following saline, SH and RH.

B: Representative images of dual-labelled FosB (black) and Crh-cre::eYFP (brown) neurons (IHC with DAB),
following saline, SH and RH.

C: Number of colocalised Crh-cre::eYFP and cFos neurons in the mpdPVH, showing attenuation in activated
Crh-cre::eYFP neurons following RH (*p<0.05, RH versus SH; one-way ANOVA with Tukey’s post hoc test).
D: Number of colocalised Crh-cre::eYFP and FosB neurons in the mpdPVH, showing a significant increase
in labelled Crh-cre::eYFP neurons following RH (**p<0.01, RH versus SH; one-way ANOVA with Tukey’s
post hoc test).

Main image scale bar represents 100 um, magnified image 50 pm.

Data presented as mean + SEM. n=5/6 animals per group. n = 3-10 sections per animal, averaged.
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3.4 Discussion

The focus of this Chapter has been, firstly, to characterise a mouse model of IAH using
experimental RH and, secondly, using this model to investigate neuronal responses to

acute and repeated stimulation in specific brain regions.

3.4.1 Characterising a mouse model of IAH

A variety of experimental protocols of RH been described in the literature, with varying
degrees of success (Senthilkumaran et al., 2016, Sankar et al., 2020). In humans and
rats, CRR impairment to RH has been commonly achieved using between 1 and 5
antecedent episodes (Flanagan et al., 2003, Evans et al., 2001, Al-Noori et al., 2008b).
In our hands, a shorter 2-day experimental RH protocol resulted in elevated hormone
release, when compared to SH. One interpretation for this is that with fewer antecedent
hypoglycaemia episodes, mice display a sensitised response to a subsequent episode
of hypoglycaemia. Whereas, adaptation or habituation of the response requires a greater
frequency or number of antecedent episodes of hypoglycaemia. Consistent with this,
following a 5-day RH protocol, the glucose response (AUC) was significantly attenuated
by the final day Figure 3.1. Unfortunately, adrenaline measurement was not possible in
this experiment, however, there was a trend towards attenuated glucagon and
corticosterone release in the RH group. Protocols with a larger number or more frequent
antecedent episodes of hypoglycaemia lead to more profound hypoglycaemia and CRR
impairment (Powell et al., 1993, Moheet et al., 2014, Davis et al., 1997), though it is not
clear whether the total number of episodes or the frequency of episodes is the prevailing
driver for CRR impairment. To this end, we employed a longer, 4-week RH protocol, with

a greater number of antecedent episodes of hypoglycaemia.

In this 4-week RH protocol, glucose responses in mice receiving RH were modified
during the protocol. Specifically, recovery to baseline glucose levels took longer as the
4-week protocol proceeded, with corresponding reductions to the glucose profile AUC
(Figure 3.3D). Similarly, in a 4-week RH protocol in rats, investigators noted that the
insulin dosage needed to be reduced at week 3, to prevent the development of life-
threatening hypoglycaemia (McNeilly et al., 2017). Longer protocols have the benefit of
providing the opportunity for animals to habituate to other stressors associated with the
protocol. Injection, blood sampling and handling of animals are all sources of stress,
which may interfere with the detection of hypoglycaemia-specific changes (Balcombe et
al., 2004). This may explain our own observation with short experimental RH protocols,

and some of the variation reported in the literature.
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The experimental end point in our model was the measurement of glucose and hormone
responses to subsequent hypoglycaemia. We were particularly interested in identifying
changes in the sympathoadrenal response, which is vital for the generation of autonomic
symptoms to hypoglycaemia (Cryer, 2013). Though sympathoneural activation is more
important in generating autonomic symptoms than the adrenomedullary system, both
arms of the sympathoadrenal response increase in parallel during hypoglycaemia
(DeRosa and Cryer, 2004). Therefore, adrenaline levels, which reflect adrenomedullary
system activation, provide the most technically accessible and accurate measure of the
sympathoadrenal response (McNeilly and McCrimmon, 2018). In the 4-week
experimental protocol, RH led to a blood glucose nadir at 30 min of 3.8 + 0.4 mmol/l,
whereas this was 4.4 + 0.2 mmol/l in SH mice (Figure 3.4A). Despite this apparent
greater hypoglycaemic stimulus, analysis of adrenaline and glucagon responses
revealed that both were attenuated following RH, compared with SH (Figure 3.4B,C).
Importantly, the change in adrenaline (0-30 min) was significantly attenuated with RH
compared with SH, representing a 56% reduction in release. Studies in humans and rats
report reductions in adrenaline of 40-50% following RH (Senthilkumaran et al., 2016). As
autonomic symptom measurement is technically challenging in animals, it is not possible
to define a level of hormone impairment which might signify IAH. In addition, IAH is a
spectrum in patients. Therefore, any level of CRR impairment could be of significance to

sufferers if this translates to impaired autonomic symptoms.

Though glucagon responses were reduced, they were not significantly different following
RH, when compared with SH. The difference may have become statistically significant
with increased numbers of mice. However, this finding may be related, instead, to the
segregation of patterns of hormone release dependent on the depth of antecedent
hypoglycaemia. Davis et al., reported that hypoglycaemia of 3.9 mmol/l during
antecedent episodes, led to reduced plasma adrenaline and glucagon responses to
subsequent hypoglycaemia. Whereas, with blood glucose levels of <3.3 mmol/l a more
significant reduction in glucagon, adrenaline, noradrenaline and growth hormone
occurred with subsequent hypoglycaemia (Davis et al., 1997). We can postulate that
protocols which lead to deeper hypoglycaemia, may yield greater CRR impairments to
both adrenaline and glucagon release. However, this would require increased insulin

doses, which may be injurious to animals and not translate to the clinical condition.

It is also possible that, as central and peripheral networks controlling adrenaline and
glucagon release are largely distinct, adaptation to RH will also differ between the two
pathways. In support of this, is the finding that experimental RH protocols in humans and
rodents consistently achieve impairment of adrenaline release, but this is much more

inconsistent for glucagon (Sankar et al., 2020, Senthilkumaran et al., 2016).
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By modelling a human condition in mice, we must acknowledge physiological differences
in glucose homeostasis across species. Examples include a much higher basal
metabolic rate and endogenous insulin production in mice, when compared with both
humans and rats (Kleiber, 1947, Kowalski and Bruce, 2014). With respect to the
endocrine CRR, glucose thresholds for glucagon secretion (<4 mmol/l), but not
adrenaline, are conserved across species (Malmgren and Ahrén, 2015). Interestingly, in
chronically cannulated mice, a blood glucose of < 4.4mmol/l was sufficient to increase
adrenaline release, whereas in humans the reported threshold is 3.3-3.9 mmol/l
(Jacobson et al., 2006, Schwartz et al., 1987). Reassuringly, sympathoadrenal response
impairment, which we have taken as a defining hallmark of IAH, is observed following
RH in humans, rats and mice. This suggests that animal models can provide a good

representation of the human condition.

There are improvements that could be made to our mouse model of IAH. It is likely that
using chronically cannulated mice, combined with a hypoglycaemic clamp would ensure
precise hypoglycaemia thresholds are reached. This would likely reduce variability in
glucose and hormone measurements. However, this is technically more challenging and
may be less adaptable to the various methods used to understand neuronal circuitry,
which is the main aim of this thesis. Another potential area of improvement, is in limiting
stress related to handling, restraint, blood sampling and environment (Nonogaki, 2000).
In our mouse model of IAH, all mice were habituated to handling and restraint stress by
daily handling for 2 weeks prior to initiation of injections. In addition, all measurements
were conducted in the same environment and at the same time of day. Despite this,

further steps to limit stress may be possible.

Here, we have focused on an IAH model which demonstrates sympathoadrenal
response impairment. However, animal models which measure hypoglycaemia
symptoms or behaviours would be a compelling alternative. Interestingly, feeding
responses to insulin-induced hypoglycaemia have proven to be a poor measure of
hypoglycaemia-induced hunger and do not appear to be blunted with prior RH (Sanders
et al., 2006). One approach in rodents was to develop a conditioned place preference
(CPP) behavioural model of IAH. In this model, a CPP is first induced through an
appetitive reward. This CPP is then blunted with the negative perception of SH, reversing
the reward conditioning. Rats exposed to prior RH are no longer ‘aware’ of the negative
valency of a subsequent hypoglycaemic episode and the CPP is preserved (Otlivanchik
et al., 2016).

Ultimately findings from non-diabetic disease models must be demonstrated in a diabetic

model to fully relate to the clinical condition. However, it is reassuring that significant
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mechanistic insights have been gained through understanding how RH affects

physiology in the non-diabetic state.

3.4.2 Neuronal cFos and FosB response within specific brain regions

Hypoglycaemia leads to an immediate and stereotyped neuronal response within the
glucose-regulatory network, which can be detected with activity markers. However, it is
not fully understood how repeated activation of neurons with RH, alters neuronal activity
to subsequent hypoglycaemia (Verberne et al., 2014, Paranjape and Briski, 2005). This
question was investigated in specific forebrain (CeA, BNST, PVT and PVH) and
hindbrain regions (DMX, NTS, LC, VLM), which are important integrative and pre-motor
regions within the glucose-regulatory network (Donovan and Watts, 2014, Watts and
Donovan, 2010). These regions may form an interconnected neuronal network, which
adapts following RH. We hypothesised that RH would lead to a reduction in acute activity
markers, but increases in adaptive markers in specific brain regions. We were particularly
interested in characterising the anatomical profile of CRHPY" neurons, which are known

to adapt to repeated stressors.

In this experiment, the expression of cFos and FosB was quantified following saline, SH
or RH using the same 4-week RH protocol developed to model IAH. In this experiment,
the induction of cFos identified neurons which are acutely activated to hypoglycaemia.
Following saline, cFos was expressed at very low levels and its expression increased
following SH in regions of interest. This was expected and has been well documented in
the literature (Al-Noori et al., 2008b, Foster et al., 2016, Niimi et al., 1995, Meek et al.,
2016, Paranjape and Briski, 2005). Interestingly, with RH, cFos induction was attenuated
in the PVH, VLM, NTS and to a lesser extent the aBNST (Figures 3.5C and Figure
3.6B). RH, as well as repeated glucoprivation with 2-DG, has been shown previously to
attenuate cFos within components of the glucose-regulatory network, including the PVH,
NTS and VLM (Al-Noori et al., 2008b, Paranjape and Briski, 2005, Sanders and Ritter,
2000). Hindbrain cFos expression was found prominently in catecholaminergic (CA)
neurons in the LC, NTS and VLM. Consistent with the literature, CA cell groups in the
NTS (C2 group) and rVLM (C1 group) showed a significant attenuation in cFos
expression following RH (Sanders and Ritter, 2000).

Strikingly, it was observed that RH augmented the acute neuronal response in the CeA
to a subsequent episode of hypoglycaemia. This has not been shown previously in the
literature. However, McNay et al. demonstrated that rats exposed to RH have elevated
noradrenaline in the amygdala and display increased anxiety following subsequent

hypoglycaemia (McNay, 2015). In the current experiment, the PVT was found to display
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moderate levels of cFos following saline, SH and RH, with RH leading to the most
significant number of activated neurons. This contrasts with findings in rats exposed to
shorter, 4-5-day RH protocols (Paranjape and Briski, 2005, Al-Noori et al., 2008b). Here,
| found cFos induction varied between PVT subregions, with substantially more cFos
expressed in the aPVT compared to the pPVT. Interestingly, it is known that different
sub-regions within the PVT have distinct functions and respond differently to the same
acute stimulus. Indeed, separate investigators have shown differential behaviour (food
consumption) contingent on whether the manipulation was to the aPVT or pPVT
(Bhatnagar and Dallman, 1998, Do-Monte et al., 2017, Stratford and Wirtshafter, 2013).

The induction of neuronal FosB was also quantified in the same regions. FosB has a
slower onset of expression, longer half-life and can identify cells which are either
repeatedly activated or which display adaptation. For example, there is a large literature
on the potential role for FosB in adaptations in the mesolimbic system during the
development of drug dependence (Lobo et al., 2013, Kaplan et al., 2011, Nestler et al.,
2001). FosB expression levels were low in saline and SH groups in all brain regions.
When compared with SH, RH led to an increase in neuronal FosB in brain regions of
interest, apart from the DMX. FosB has been studied infrequently in the context of
hypoglycaemia. The only study of direct relevance was by Al-Noori et al., which reported
similar findings of raised FosB following RH in the rat PVH, VMH and DMH, when
compared with SH (Al-Noori et al., 2008b). Also, only the pPVT was found to display
increased FosB expression after RH, when compared with saline, but not SH (Al-Noori
et al., 2008b). These findings match our own sub-region analysis of the PVT, identifying
that pPVT neurons show adaptive changes to RH. The pattern of cFos and FosB
expression following RH is interesting, as the PVT has a known role in modulating the
neuroendocrine response to repeated stressors (e.g., restraint) (Bhatnagar et al., 2002,
Al-Noori et al., 2008b). Also, inactivation of the PVT with lidocaine infusions in rats
subjected to RH, prevents CRR impairment compared with SH (Al-Noori et al., 2008a).
Similarly, in humans, positron emission tomography (PET) imaging studies show that the
dorsal midline thalamus (the equivalent region to include the PVT) displays increased
activity in patients with impaired CRR following RH, as compared with controls (Arbelaez
et al.,, 2008, Arbelaez et al., 2012). The role of the PVT in responses to repeated

stressors will be examined in greater detail in Chapter 7.

The acute and longer-term neuronal response in the CeA and BNST to RH has not been
characterised before. In fact, the CeA has not previously received much attention relating
to hypoglycaemia. However, in PET imaging studies, the amygdala was found to display
attenuated labelled glucose uptake following hypoglycaemia in patients with IAH (Dunn

et al.,, 2007). This, in effect, suggests altered activation to repeated stressors like RH.
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Following non-hypoglycaemic stressors, such as chronic opioid and restraint stress, the
CeA expresses increased FosB (Kaplan et al., 2011, Perrotti et al., 2004). Also, in rats
exposed to chronic restraint stress, CeA cFos expression is increased following a novel
stressor, compared with undisturbed rats experiencing the same novel stressor (Hoffman
et al., 2014). Therefore, consistent with the experiments in this Chapter, CeA neurons
appear to demonstrate increased activation, particularly in the setting of repeated
stressors. The aBNST, like the CeA, has important roles in affective and behavioural
processing of stressors. It is also well documented to participate in autonomic responses
to stress and is involved in glucose counter regulation via VMH neurocircuits (Perrotti et
al., 2004). In rats, the aBNST also expresses cFos following SH and to a lesser extent
with RH (not significantly different), corroborating findings outlined in this Chapter
(Paranjape and Briski, 2005).

Neurons in the PVH displayed the highest levels of cFos and FosB expression after SH
and were investigated further. Analysis of PVH regions revealed that the middle PVH
(mPVH, bregma -0.82 to -0.94 mm) contained the largest number of cFos-labelled
neurons, suggesting this region is highly responsive to hypoglycaemia. Interestingly, we
found that after SH, the majority (81%) of cFos-expressing mPVH neurons were
contained CRH. Further anatomical characterisation of the mPVH, revealed that most
CRH neurons are concentrated within the medial parvocellular dorsal division (mpd),
which is corroborated by other investigators (Biag et al., 2012). Interestingly this
anatomical distribution differs in rats (Aguilera and Liu, 2012). Following RH, CRH™PdPVH
neurons show reduced cFos expression, but an increase in FosB expression. The effect
size was greater for FosB, with over 86% of CRH™P9VH showing adaptation with RH.
Collectively, these results suggest a particularly important role for CRH™9VH neurons in
adaptations to RH. In Chapters 4 and 5, | will characterise the in vivo activity of
CRH™PPVH neurons during hypoglycaemia and their functional significance to the

hypoglycaemia CRR.

In agreement with my findings, Foster et al., demonstrated that SH increases cFos
expression in the PVH, whilst Evans et al., identified a decrease in PVH cFos expression
in rats following RH (Evans et al., 2001, Foster et al., 2016). Increased co-expression of
CRH with cFos, has been noted previously in the PVH of rats (Al-Noori et al., 2008b).
Additionally, PVH Crh mRNA synthesis is reduced by other repeated stressors, such as
repeated restraint, such that subsequent exposure results in decreased Crh mRNA
synthesis (Ma et al., 1997). We can, therefore, postulate that with RH, akin to other
repeated stressors, CRHPYH neurons become less active, which may in turn contribute

to impairments in the hypoglycaemia CRR.
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Responses to FosB were more consistent across brain regions, with increased
expression following RH. The exception being the DMX, which expresses high levels of
neuronal cFos, but no FosB in the conditions observed. This was a surprising finding and
could be interpreted as a sign that DMX neurons might not adapt to RH. Alternatively, it
could be that DMX neurons may not express FosB, instead relying on other regulatory
or adaptive proteins. This is evidenced by the fact that a much smaller number of neurons
in each of the brain regions assessed, express FosB. This may indicate that neuronal
populations which express FosB are particularly important in understanding glucose-

regulatory network changes which follow RH.

FosB accumulation may not only indicate neurons which are repeatedly activated, it may
be of mechanistic significance in neuronal adaptations to repeated stressors, like RH.
FosB, like other members of the Fos family of transcription factors, can regulate its own
expression and drive gene transcription, important for neuronal function (Hoffman et al.,
1993). FosB and its splice variant, AFosB, accumulate following a variety of repeated
stimuli including opiates, antipsychotic drugs, psychological stress and restraint,
potentially altering behaviours on re-exposure to the same stimuli (Lobo et al., 2013,
Perrotti et al., 2004, Nestler et al., 2001). Interestingly, AFosB has also been shown to
modulate synaptic properties, and its over expression decreases excitatory synaptic
strength (Grueter et al., 2013). Indeed, neuronal plasticity - the ability for a neuron to
change in form and function, can be characterised by changes in the expression of key
transcription factors following a chronic or repeated stimulus (Corbett et al., 2017). We
can postulate that RH leads to lower cFos expression, and in combination with FosB/
AFosB accumulation, alters neuronal function to a subsequent episode of

hypoglycaemia.
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3.5 Summary of results

+ A 4-week experimental RH protocol in mice recapitulates the key feature of IAH — the

impaired sympathoadrenal response.

* Multiple brain regions are acutely activated following SH, but display different

patterns of activity following RH.

» Following RH, a small number of regions display an increase in a marker of repeated

or adaptive neuronal activity, which may signify habituation.

* PVH neurons display a high level of acute activity following SH, and an adaptive

marker following RH.

* The majority of SH-activated PVH neurons are located in the middle PVH region and
81% contain CRH.

* Most SH-activated CRH neurons are located within the mpdPVH region

 RH attenuates cFos in CRH™Y"H neurons and, concurrently, enhances FosB

relative to SH.

3.6 Conclusion

Collectively, these data show that a 4-week experimental RH protocol adapted from rats,
can be effectively applied in mice and provides a disease model for IAH. Also, this
experimental RH protocol, replicates the pattern of neuronal responses to SH and RH
reported in rats. However, my investigations have added a further layer of detail, by
exploring specific neuronal populations within the glucose-regulatory network. The key
finding was that RH attenuates the acute neural response but leads to enhanced
adaptive neuronal changes. Importantly, these observation were not global and only
present in specific neuronal loci. This was particularly true for CRH™VYH neurons.
CRH™PIPVH nayrons are believed to receive indirect connections from the PVT, an area
identified to maintain high levels of activity following RH (Herman and Tasker, 2016).
Important relay points between the PVT and PVH include the CeA and aBNST, which
are both capable of regulating the activity of the PVH and importantly CRH neurons
(Keifer et al., 2015). A neuronal circuit involving the above regions may be key to the
CRR following SH and RH. However, more functional and connectivity studies are
required to establish this. Adaptation of neurons within this network and possibly

habituation is postulated to follow RH and will be investigations in Chapter 4.

112



Chapter 4

Does IAH have the
characteristics of habituation?
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4.1 Introduction

In Chapter 3, | provide evidence that neurons within the glucose-regulatory network show
changes in neuronal markers (altered cFos and FosB induction) following RH, which we

hypothesise signify neuronal adaptation.

Recently, the adaptation occurring in the glucose-regulatory network which follow RH,
and which culminate in IAH, have been described as habituation. Habituation is a non-
associative form of learning and refers to a reduction in the psychological, behavioural
or physiological response to a stimulus as a result of repeated or prolonged exposure
(Thompson and Spencer, 1966). Habituation, though often witnessed during non-
threatening repeated stimuli, has also been observed to threatening stimuli. Examples
across species include habituation of the defensive gill and siphon withdrawal response
in the Aplysia, the predator escape response in several species and the nociception
backwards escape response in C.elegans (Ardiel et al., 2016, Pinsker et al., 1970, Ardiel
et al.,, 2017). This suggests that habituation can prove to be maladaptive in some
scenarios, hindering survival of the organism. This may be true for patients with 1AH,
where habituation of the hypoglycaemia CRR becomes maladaptive and is detrimental
to health. Habituation, in its most classical description, possesses nine defining features,
which can be tested in the context of IAH (Thompson and Spencer, 1966, McCrimmon,
2017).

1) Repeated applications of a stimulus results in a decreased response

It can be seen that this feature holds true as antecedent RH impairs the CRR and
symptoms to subsequent hypoglycaemia in humans (Heller and Cryer, 1991). | have
replicated this observation to characterise a mouse model of IAH using experimental RH
(Chapter 3).

2) If the habituating stimulus is withdrawn, the response spontaneously recovers

over time

This has been demonstrated in patients with I1AH, as strict avoidance of hypoglycaemia
can recover the CRR and symptom awareness (Cranston et al., 1994, Fanelli et al.,
1993). Hypoglycaemia avoidance, which is a cornerstone in the clinical management of
patients with IAH, remains challenging despite advances in insulin formulations and
technology (Choudhary and Amiel, 2018). Response recovery will be examined in this

Chapter and in Chapter 5.
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3) Following repeated habituation and then recovery, habituation becomes

successively more rapid

This hallmark has also been described as the potentiation of habituation. Although direct
evidence for this feature in patients with IAH is lacking, it suggests that recovered
(previously habituated) neurons may retain a memory of prior hypoglycaemia, such that
habituation returns more rapidly in the future. In Chapter 3, | showed evidence of
changes in adaptive genes (FosB) following RH, pointing to cellular mechanisms which

may allow quicker reinstatement of habituation following periods of recovery.

4) Anincreased frequency of stimulation produces more pronounced habituation

There is evidence from experiments in humans and rodents that increasing the
frequency, as well as the total number of antecedent hypoglycaemic episodes, leads to
greater impairments to the CRR (Powell et al., 1993, Moheet et al., 2014, Davis et al.,
1997). In Chapter 3, | showed that in our mouse model of RH, there is a greater depth

and duration of hypoglycaemia with successive antecedent hypoglycaemic episodes.
5) Weaker stimuli produce more rapid and/or pronounced habituation

The effect of antecedent hypoglycaemia depth on the development of IAH has not been
directly studied in humans. In Chapter 3, | showed that even a mild RH stimulus is
sufficient to impair the CRR, though this required a larger number of antecedent
hypoglycaemia episodes. On the other hand, studies in rats show that increasing the
depth of hypoglycaemia produces more widespread CRR hormone impairments (Davis
et al., 1997). This suggests that deeper antecedent hypoglycaemia may precipitate I1AH
faster. Although the exact kinetics remain unclear, habituation of a response appears to
vary depending not only on actual, but the perceived severity, alongside the nature of
stimulus that is applied (Belda et al., 2015, Armario et al., 2004).

6) The effects of habituation may proceed beyond the zero level

This suggests that even if the habituated response is reduced to a minimal or zero level,
the response remains habituated for as long as the stimulus is present. This feature has
been shown to be true in rodents with profoundly suppressed CRR following RH (Powell
et al., 1993).

7) Habituation to a given stimulus can become generalized to other stimuli

This feature has been indirectly explored in cross-tolerance experiments which show that
prior moderate exercise exposure suppressed the CRR to subsequent hypoglycaemia

(Galassetti et al., 2001). Similarly the catecholamine release following a cold pressor
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test was reduced in patients with type 1 diabetes with presumed prior hypoglycaemia,

compared with healthy volunteers (Kinsley et al., 1994).

8) Presentation of another, heterotypic stimulus results in recovery of the

habituated response

Recently, high-intensity exercise and cold stress have been used as heterotypic,
dishabituating stimulus in rats exposed to RH, restoring the CRR to subsequent
hypoglycaemia (McNeilly et al., 2017, Vickneson et al., 2021). Also important, was a
proof-of-concept study in patients with type 1 diabetes which also suggested that high-
intensity exercise could improve CRR and symptom responses to subsequent
hypoglycaemia (Farrell et al., 2020). Dishabituation, with an alternative heterotypic

stimulus will also be examined in this chapter.

9) Habituation of the dishabituating stimulus

This feature has not yet been studied in the context of hypoglycaemia; however, it is of
importance when considering the therapeutic application of dishabituation in patients
with IAH. Although this is difficult to test, our investigations into alternative repeated

stressors in this Chapter suggest that this is likely to be true.

4.1.1 Objectives

In this Chapter, | tested whether classical features of a habituation response (outlined
above), are also observed in our mouse model of IAH. The features examined here are
also of particular importance in establishing whether there is a specific locus of

habituation within glucose-regulatory network (Chapters 5 and 7).

1) Repeated applications of a stimulus results in a decreased response

Our current understanding of mammalian stress habituation largely relies on studies
which examine the HPA axis. The HPA axis undergoes habituation to a variety of
physiological and psychological stimuli, demonstrating that repeated stressors of
differing natures can still habituate (Herman, 2013). However, habituation of the
sympathoadrenal response to various repeated stressors has not been characterised to
the same level. We have shown that RH, leads to an impaired sympathoadrenal
response in Chapter 3. We postulated that this impairment was not specific to
hypoglycaemia and that other repeated stressors are also capable of habituating the
sympathoadrenal response. To this end, we elected to use a repeated restraint stress
protocol. Restraint stress consistently induces habituation of the HPA axis (Bhatnagar et

al., 2002) and as we hypothesise the sympathoadrenal response too.
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2) Investigate spontaneous recovery of response on removal of the habituating

stimulus

Removal of the habituating stimulus leads to a ‘reset’ within the system, leading to
response recovery. This has been shown in patients with type 1 diabetes and IAH
(Fanelli et al., 1993, Cranston et al., 1994). However, this has not been directly shown in
experimental models of IAH. Therefore, | elected to investigate in the mouse model of
IAH, whether withdrawal of hypoglycaemia for a period of 4 weeks, leads to spontaneous

recovery of the sympathoadrenal response to a subsequent hypoglycaemic episode.

3) Investigate dishabituation of the RH-related impaired sympathoadrenal

response

A strong heterotypic stress is capable of dishabituation and normalisation of responses
to the original homotypic stressor (e.g., hypoglycaemia). Also, the heterotypic stress
usually leads to a potentiated response (facilitation) when compared to the homotypic
stressor. These features have previously been shown in rodents and humans using cold
stress and high-intensity exercise as the dishabituating stimulus (McNeilly et al., 2017b,
Vickneson et al., 2021, Farrell et al., 2020). We hypothesise that other strong heterotypic
stimuli may also be able to dishabituate the system, leading to recovery of the
sympathoadrenal response. This was investigated in our mouse model of IAH, by using
the heterotopic stimulus of acute restraint stress and measuring the sympathoadrenal

response to a subsequent episode of hypoglycaemia.

4.2 Methods

4.2.1 Animals

All experiments in this Chapter were performed in 8-10-week-old adult male C57BL/6J
mice (Charles River, UK). Animals were acclimatised to the holding room and handled
daily for 2 weeks prior to each experiment. Group sizes for experiments 1 and 2 were
guided by data generated in Chapter 3, which indicated n = 6 would provide sufficient
power to detect meaningful differences. The group size for experiment 3 was guided by
the literature, which indicated that larger group sizes would be necessary to identify the
effect of a dishabituating stimulus on the sympathoadrenal response (McNeilly et al.,
2017, Vickneson et al.,, 2021). Each individual experiment was performed in one
cohort/batch of animals to control external factors which may lead to variability with

multiple cohorts/batches of animals.
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4.2.2 Experiment 1: Repeated applications of a stimulus results in a
decreased response

To enable comparisons between the 4-week RH protocol and alternative repeated
stressors, a 4-week repeated restraint (RR) protocol was utilised Figure 4.1C. Animals
were randomised to no restraint (NR), single restraint (SR) and repeated restraint (RR)
groups (n = 6 each group). RR group mice underwent restraint stress for 30 min in a
clear-acrylic, head-first horizontal restrainer. To mimic the RH protocol, this was carried
out three times a week for four weeks. NR and SR groups continued to be handled daily

during this period but were otherwise not exposed to any other stimuli.

At the end of this 4-week protocol, RR and SR mice were exposed to 30 min of restraint
stress, whilst NR group mice were handled. Adrenaline levels were measured prior to
being placed in the restrainer (0 min) and at 30 min after restraint stress, enabling
assessment of the sympathoadrenal response. The blood sampling, processing and
analysis methods are outlined in detail in the Chapter 2 and apply for all experiments

described in this Chapter.

4.2.3 Experiment 2: Response recovery on removal of the habituating
stimulus

Animals were randomised to saline, SH and RH (n = 6 each group) and underwent the
4-week RH protocol as outlined in Chapter 2 and Chapter 3. On the final day of the 4-
week RH protocol (Test 1), animals received a s.c. injection of insulin (1.75 U/kg) or
volume-matched saline, depending on the group. Blood glucose levels were measured
for 120 min following injection via tail tip sampling. Adrenaline levels were measured
before injection (0 min) and 30 min after injection, enabling assessment of the

sympathoadrenal response.

Following this, all mice were allowed to recover for 4 weeks. During this period all animals
were handled daily but were not subject to any further episodes of hypoglycaemia,
ensuring complete withdraw of the habituating stimulus. At the end of this recovery
period, mice received a final s.c. injection of insulin (1.75 U/kg) or volume-matched
saline, depending on the group (Test 2). Blood glucose and adrenaline levels were
measured again as described before. The experimental design is summarised in Figure
4.2A.

4.2.4 Experiment 3: Dishabituation with acute restraint stress

Animals were randomised to saline, SH, RH and RH with acute restraint (RH+AR) groups

(n =11/12 each group). Subsequently all animals underwent the 4-week RH protocol as
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outlined in Chapter 2. This protocol was slightly adapted to enable testing of the
sympathoadrenal response on two test days, which were at the end of the 4-week RH

protocol (Figure 4.3A).

Test 1 investigated response habituation to RH and facilitation of the response with
restraint (RH+AR). During test 1, mice received a s.c. injection of insulin (1.75 U/kg) or
volume-matched saline, depending on the group. In parallel, mice in the RH+AR group
received 30 min restraint stress in a restrainer. Adrenaline levels were measured
immediately before injection or restraint (O min), and at 30 min after injection or restraint,

enabling assessment of the sympathoadrenal response.

Test 2 investigated response dishabituation to the original homotypic stimulus
(hypoglycaemia). During test 2, saline, RH and RH+AR treated mice, underwent a final
s.c. injection of insulin (1.75 U/kg) or volume-matched saline, depending on the group.
Adrenaline levels were again measured immediately before injection (0 min) and at 30

min after injection.

4.3 Results

4.3.1 Experiment 1: Repeated applications of a stimulus results in a
decreased response

In Chapter 3, | demonstrated that a 4-week RH protocol in mice, significantly attenuates
the sympathoadrenal response to a subsequent episode of hypoglycaemia (Figure
4.1A,B). Next, | investigated whether a different repeated stress could also attenuate the
sympathoadrenal response. To parallel the 4-week RH protocol, mice were randomised
to no restraint (NR), single restraint (SR) and repeated restraint (RR) groups (n = 6 each
group) and underwent a 4-week RR protocol (Figure 4.1C). Restraint stress for 30 min
led to a significant increase in adrenaline release in SR and RR mice, relative to mice
receiving handling only (NR) (Figure 4.1D). Importantly, following a final episode of
restraint stress, the adrenaline response was significantly attenuated in RR mice relative
to SR (43.0% reduction in adrenaline release, following RR, relative to SR) (Figure
4.1D). Taken together, these data show that RH and RR are both independently capable
of habituating the sympathoadrenal response to subsequent homotypic stress. This adds
weight to the argument that it is the repetition of the stress, rather than the type of stress,

which leads to habituation of the sympathoadrenal response.
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Figure 4.1: Different types of repeated stressors habituate the sympathoadrenal
response

A: 4-week RH protocol.

B: Change in adrenaline release (0-30 min) following injection in saline, SH and RH mice. RH led to an
increase in adrenaline release when compared with saline, but a significant attenuation in adrenaline release
when compared with SH (*p<0.05, RH versus saline; **p<0.01, RH versus SH; one-way ANOVA with Tukey’s
post hoc test).

C: 4-week RR protocol.

D: Change in adrenaline (0-30 min) following a final episode of restraint, showing a significant increase in
adrenaline release with SR and RR, compared with NR. In addition, RR mice displayed a significant
attenuation in adrenaline release, compared with SR (****p<0.0001, SR versus NR; **p<0.01, RR versus
NR; *p<0.05, RR versus SR; one-way ANOVA with Tukey’s post hoc test).
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4.3.2 Experiment 2: Response recovery on removal of the habituating
stimulus

Next, | investigated whether withdrawal of the habituating stimulus of RH, for a period of
4 weeks, led to sympathoadrenal response recovery. This feature has been shown to
hold true for patients with IAH, however, has not been directly tested in an animal model

of RH. The experimental protocol is shown in Figure 4.2A.

Successive episodes of RH altered the glucose profile, slowing glucose recovery and
normalisation (Figure 4.2B). During test 1, the glucose and adrenaline response to s.c.
insulin or saline was measured. Insulin injection led to a fall in blood glucose at 30 min
(SH: 4.5 + 0.2 versus RH: 3.9 + 0.1 mmol/l) and corresponding adrenaline release
(Figure 4.2C). Importantly the adrenaline response was significantly attenuated in RH
mice (43.4% reduction in adrenaline release to subsequent episode of hypoglycaemia,

RH versus SH) signifying habituation of the sympathoadrenal response (Figure 4.2D).

After a 4-week recovery period, where animals were only handled, a final injection of s.c.
insulin or saline was administered (test 2). During test 2, s.c. insulin again led to a
reduction in blood glucose, reaching a similar nadir in both groups (SH: 4.5 + 0.2, RH:
4.3 + 0.5 mmol/l). Despite receiving the same s.c insulin dose, the glucose nadir in RH
mice was increased, when compared with test 1. Both SH and RH groups demonstrated
a robust adrenaline response to s.c. insulin, when compared with saline. Though the
adrenaline response in RH mice was still reduced (23.1% reduction in adrenaline release
to a subsequent episode of hypoglycaemia, RH versus SH) this was no longer
statistically significant when compared with SH mice. Comparison of the adrenaline
response in RH mice on test 1 and test 2, demonstrated adrenaline response recovery
(77.8% increase from test 1 to test 2) (Figure 4.2G). These data confirm that withdrawal
of the habituating stimulus of hypoglycaemia for 4 weeks leads to sympathoadrenal

response recovery, fulfilling this hallmark of habituation.
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Figure 4.2: Spontaneous recovery of sympathoadrenal response on removal of the
habituating stimulus

A: Study protocol.

B: Mean weekly blood glucose profile for the 90 mins following injection in RH exposed mice (weeks 1-4 and
test day) and saline mice (week 1). RH mice displayed a shift in the glucose profile during the 4 weeks,
leading to progressive delay in glucose recovery.

C: Test 1 glucose profiles at 0 and 30 min after s.c. insulin or saline injection. RH mice experienced a lower
glucose nadir, compared with SH mice.

D: Test 1 adrenaline response (change in adrenaline 0-30 min after injection) following s.c. insulin or saline
injection. SH and RH mice showed a significant increase in adrenaline release, when compared with saline
However, the adrenaline response in RH mice was significantly reduced, when compared with SH
(****p<0.0001, SH versus saline; *p<0.05, RH versus saline; *p<0.05, RH versus SH; one way-ANOVA with
Tukey’s post hoc test).

E: Test 2 glucose profile at 0 and 30 min after a final s.c. insulin or saline injection. RH and SH mice
experienced similar glucose nadirs, after the 4-week recovery period, suggesting improvements in the CRR
and defence against hypoglycaemia.

F: Test 2 adrenaline response (change in adrenaline 0-30 min after injection) following a final s.c. insulin or
saline injection. SH mice again showed a significant increase in adrenaline release, when compared with
saline. RH mice displayed reduced adrenaline release when compared with SH mice, however this was not
significantly different (*p<0.05, SH versus saline; one-way ANOVA with Tukey’s post hoc test).

G: Adrenaline response (change in adrenaline 0-30 min) during test 1 and after the 4-week recovery period
on test 2 for each animal. A repeated measures repeated measures two-way ANOVA with Sidak’s post hoc
test demonstrated a significant effect of time (test 1 versus test 2) on adrenaline response in all groups
(*p<0.05). However, only RH mice displayed a significant increase in adrenaline release to hypoglycaemia
from test 1 to test 2, signifying recovery (*p<0.05, test 1 versus test 2; a paired t-test was used to identify
differences in sympathoadrenal response within the same animal, separated by time in the RH group).
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4.3.3 Experiment 3: Dishabituation with acute restraint stress

In experiment 1, | demonstrated that mice exposed to a single episode of restraint stress
displayed a large increase in adrenaline level, commensurate with sympathoadrenal
activation (Figure 4.1D). Therefore, | elected to use acute restraint stress (AR) as a

heterotypic dishabituating stimulus in mice exposed to RH (Figure 4.2A).

Animals were randomised to saline, SH, RH or RH+AR groups (saline n=11, other
groups n=12) and again underwent the 4-week RH protocol as outlined previously. RH
and RH+AR groups received the same number of prior hypoglycaemia episodes. At the
end of the 4-week RH protocol, the glucose and sympathoadrenal response was
measured after s.c insulin or saline injection, or 30 mins of restraint stress (RH+AR) (test
1) (Figure 4.3A). During test 1, insulin injection led to a similar glucose nadir at 30 min
in SH and RH mice (SH: 4.4 + 0.1, RH: 4.2 £ 0.1 mmol/l) (Figure 4.3B). In parallel,
glucose levels at 30 min were slightly increased following saline injection, but
dramatically increased with AR (RH+AR: 20.7 £ 0.9 mmol/l) (Figure 4.3B). SH, RH and
RH+AR groups all displayed a significant increase in adrenaline levels, when compared
with saline. This occurred with an impaired adrenaline response in RH mice, when
compared with SH mice, signifying habituation of the sympathoadrenal response (Figure
4.3C). However, the adrenaline response in RH+AR mice was comparable to SH mice.
Interestingly, RH+AR led to increase in adrenaline release, relative to RH mice,

suggesting facilitation of the response (Figure 4.3C).

The next day (test 2), saline, RH and RH+AR groups underwent a final episode of s.c
insulin or saline, and the sympathoadrenal response was measured once more. During
test 2, the blood glucose nadir was comparable between RH and RH+AR groups (RH:
3.9 + 0.2, RH+AR: 4.2 + 0.2 mmol/l) (Figure 4.3D). RH and RH+AR groups both
displayed a significant increase in adrenaline, when compared with saline (Figure 4.3E).
Importantly, the corresponding adrenaline response was significantly elevated in RH+AR
mice, when compared with RH exposed mice (58.3% increase in adrenaline release in
RH+AR mice, relative to RH mice), demonstrating dishabituation of the response (Figure
4.3E).
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Figure 4.3: Dishabituation with acute restraint

A: Study Protocol

B: Test 1 glucose profiles at 0 and 30 min after s.c. insulin/saline injection, or AR. SH and RH mice displayed
a drop in blood glucose, whilst RH+AR mice experienced hyperglycaemia due to restraint stress.

C: Test 1 adrenaline response (change in adrenaline 0-30 min after injection) following s.c. insulin/saline
injection or AR. SH, RH and RH+AR mice showed a significant increase in adrenaline release, when
compared with saline. The adrenaline response in RH mice was significantly reduced, when compared with
SH. RH+AR mice displayed a non-significant increase in adrenaline response, when compared with RH
(****p<0.0001, SH versus saline; ***p<0.001, RH versus saline; ****p<0.0001, RH+AR versus saline;
*p<0.05, RH versus SH; one-way ANOVA with Tukey’s post hoc test).

D: Test 2 glucose profiles at 0 and 30 min after s.c. insulin or saline injection. RH and RH+AR groups reached
comparable blood glucose nadir at 30 min.

E: Test 2 adrenaline response (change in adrenaline 0-30 min after injection) following s.c. insulin or saline
injection. RH and RH+AR mice showed a significantly increased adrenaline response, when compared with
saline. Importantly, the adrenaline response in RH-AR mice was significantly increased, when compared
with RH, signifying dishabituation (****p<0.0001, RH versus saline and RH+AR versus saline; *p<0.05,
RH+AR versus RH; one-way ANOVA with Tukey’s post hoc test).
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4.4 Discussion

Cellular adaptations to RH are multiple (Figure 1.10) and to a greater or lesser extent
may all contribute to the development of IAH. As McCrimmon et. al., have outlined
extensively, these adaptations in the face of profound energy deficit, may ultimately
confer benefits to survival (McNeilly and McCrimmon, 2018, McCrimmon, 2017). At a
neuronal network or whole organism level, these adaptations can be compared to

classical habituation (McCrimmon, 2017).

4.4.1 Experiment 1

In this Chapter, | tested whether IAH carries key hallmarks of habituation, building on
previous work in the field (McNeilly et al., 2017, Vickneson et al., 2021, Farrell et al.,
2020). All experiments were conducted in the mouse model of IAH, which was
characterised in Chapter 3. In showing that experimental RH leads to impairment of the
sympathoadrenal response, measured through adrenaline release, the defining hallmark
of habituation was satisfied. Namely, repeated stimulation, leads to an attenuation in
response. We postulated that other repeated homotypic stressors would also lead to the
habituation of the sympathoadrenal response. Therefore, we selected repeated restraint
stress, which is primarily a psychological stressor and is known to robustly activate the
HPA axis and autonomic nervous system (Girotti et al., 2006). As we predicted, repeated
restraint was also capable of reducing the sympathoadrenal response to a subsequent
episode of restraint stress, paralleling the findings for RH. The percentage reduction in
adrenaline release, relative to SH and SR, was 55.9% and 43.0% respectively. The depth
or magnitude of habituation is dependent on many factors. Although, the duration and
frequency of the two stimuli were kept the same, the two stimuli are very different in
nature, hypoglycaemia being a profound physiological stress, and restraint a strong
psychological stress. This experiment did not test RH and restraint in combination,
therefore stimulus generalisation (another hallmark of habituation, in which response
impairment to one stimulus exhibits generalisation to another stimulus) could not be
assessed. However, our data show that RH and RR can both habituate the
sympathoadrenal response. As such, both stimuli are likely to engage neuronal networks
which converge, but which contain different sensory elements. Therefore, we can
postulate that habituation of the sympathoadrenal response, following RH, is not specific
to hypoglycaemia, rather to a repeated stimulus. This has been indirectly tested through
experiments which show an attenuated sympathoadrenal response to moderate exercise
or cold pressor stimuli, in patients with prior hypoglycaemia (Galassetti et al., 2001,
Kinsley et al., 1994). Generalisation of habituation is classically described as requiring
the interchange of two similar, or homotypic stimuli (Grissom and Bhatnagar, 2009).
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However, it remains unclear what characteristics make stimuli similar enough to allow
generalisation of habituation. An alternative explanation could be that generalisation of
habituation occurs when two stimuli share common integrative neuronal networks,
resulting in a comparable habituation of the motor response. It is also interesting that in
the same cross-tolerance experiments, involving cold pressor, moderate exercise and
hypoglycaemia, the HPA axis response was unaffected. This suggests differential
processing of stimuli within networks controlling the HPA response, and those
responsible for the sympathoadrenal response (Galassetti et al., 2001, Kinsley et al.,
1994).

4.4.2 Experiment 2

The second experiment involved testing whether the sympathoadrenal response
recovered following withdrawal of the habituating stimulus (hypoglycaemia) for 4 weeks.
We postulated that upon re-testing, the sympathoadrenal response to a final episode of
hypoglycaemia would increase. As predicted, adrenaline levels following a 4-week
withdrawal period had increased by 77.8%, demonstrating spontaneous recovery.
Therefore, this criterion of habituation was also satisfied in our mouse mode of IAH.
These data are consistent with classical studies in patients with IAH. Fanelli et al.,
showed that in patients with type 1 diabetes and IAH for <7 years (termed short duration
in this study), strict hypoglycaemia avoidance led to improvements in hypoglycaemia
symptoms, neuroendocrine responses and CRR thresholds after just 2 weeks and
normalisation at 3 months (Fanelli et al., 1993). A second study examined patients with
longer-duration type 1 diabetes and IAH (>10 years duration), demonstrating that
following 3 weeks of strict hypoglycaemia avoidance autonomic symptoms,
neuroendocrine response and CRR thresholds all improved (Cranston et al., 1994). In
both studies, the duration of diabetes and glycaemic control were used as a proxy of the
prior exposure to hypoglycaemia. Interestingly, despite differences in diabetes duration
and glycaemic control, patients in both studies demonstrated recovery after 2-3 weeks
of hypoglycaemia avoidance. This is significant, as it suggests that irrespective of prior
severity or quantity of hypoglycaemia episodes experienced, recovery occurs by
avoiding the homotypic stressor. There are very few experiments examining
spontaneous recovery in other systems. Studies examining spontaneous recovery within
the HPA axis also are limited. However, Bhatnagar et al., showed that habituation of HPA
activity to repeated restraint did not fully recover after 3 weeks without restraint in rats
(Bhatnagar et al., 2002). This may be explained by the classical observations by
Thompson and Spencer, who provided the basis for our current understanding of

habituation. They noted that the length of time required for spontaneous recovery was
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extremely variable even for responses that were known to recover (Thompson and
Spencer, 1966). It is also possible that the time taken for recovery depends on the nature
of the homotypic stressor and the response system in question, making comparisons
difficult.

4.4.3 Experiment 3

In the final experiment, we tested whether dishabituation of the impaired
sympathoadrenal response was possible using a heterotypic stimulus. Heterotypic
stimuli are capable of eliciting response sensitisation, which is the amplification of a
response. This can be followed by dishabituation of the response to the homotypic
stressor (Herman, 2013, Costa-Ferreira et al., 2016). Response sensitisation is often
referred to at a neuronal level, as facilitation. The findings in experiment 1 highlighted
that restraint stress for 30 mins led to a strong activation of the sympathoadrenal
response and that it may serve as a good heterotypic stressor. Following the 4-week RH
protocol, the adrenaline response was again attenuated in RH mice, but was increased
in RH mice exposed to restraint stress. This suggested sensitisation, though the increase
in adrenaline level was not statistically significant. Importantly, the next day, a final
episode of hypoglycaemia led to a significant increase (58.3% increase) in adrenaline
release in RH mice exposed to restraint stress, compared with RH mice, signifying
dishabituation. These data are consistent with recent studies in rats and humans, which
also demonstrate dishabituation of RH-impaired CRR, using other heterotypic stimuli
(McNeilly et al., 2017, Vickneson et al., 2021, Farrell et al., 2020). It is interesting that
dishabituation has been demonstrated with different heterotypic stimuli, suggesting that
stimulus novelty is key to eliciting this effect. More significant still, therapies based on
dishabituation could be explored. One barrier to this, is described by another hallmark of
habituation, namely habituation of the dishabituating stimulus. Although, this was not
directly tested in this Chapter, our investigations in experiment 1 demonstrated that
repeated restraint habituates the sympathoadrenal response. Therefore, the utility of any
heterotypic stimulus for dishabituation is likely to reduce on repetition. Combined, these

data support the growing evidence that habituation underlies IAH.

4.4.4 Neuronal mechanisms for habituation

At a whole organism level, habituation provides a convincing explanation for the
response impairments in IAH. Despite this, it is not precisely known how habituation
evolves at a neuronal network or neuronal level. The two prevailing frameworks for
understanding habituation are the dual process theory and the comparator theory,

though many other models also exist (Uribe-Bahamonde et al., 2019, Steiner and Barry,
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2014). Both models have merits and inconsistencies. However, to enable a neuronal and
network level understanding of habituation, | will briefly outline both theories and how
they may apply to IAH. In the dual process theory, if a repeated or familiar stimulus is
applied (e.g., RH), then a pathway-specific neuronal decremental process occurs
(habituation). Whereas, if a novel stimulus (e.g., restraint stress) is presented, then a
pathway leading to an increased responsiveness occurs (sensitisation). An interaction,
between habituating and sensitising pathways determines the final response (Groves
and Thompson, 1970). Sokolov's comparator theory posits that a neuronal
representation of expected and unexpected stimuli is built and constantly updated. With
continued repeated presentation of the same stimulus (e.g. hypoglycaemia), this
becomes expected and there is an inhibition of the response (Sokolov, 1960). Both
theories make different predictions about the mechanism of dishabituation. The
comparator process suggesting that dishabituation is a disturbance in the habituation
process, whilst the dual process theory posits that dishabituation is a superimposed
process of sensitisation (Steiner and Barry, 2014). Importantly both theories agree that
there are neuronal networks which determine stress familiarity versus novelty. Although
both theories provide a framework for understanding habituation within the brain, the
specific neuronal networks and populations involved in habituation are not known.
Applying these principles to the glucose-regulatory network, the control of habituation
and sensitisation are likely to be located within integrative or pre-motor neuronal

networks.

4.5 Summary

* The reduction in the sympathoadrenal response to RH carries the key hallmarks of

habituation.

* RH, akin to other repeated homotypic stressors (repeated restraint stress), reduces

the sympathoadrenal response to subsequent homotypic stress.

* Withdrawal of the habituating stimulus leads to recovery of the sympathoadrenal

response on re-testing.

* Following RH, application of a heterotypic stimulus (acute restraint stress), leads to

the recovery of the response to the original stimulus, demonstrating dishabituation.

129



4.6 Conclusion

Altogether, these data add to the already strong evidence that IAH carries important
hallmarks of habituation. Despite this understanding, several mechanistic questions
remain. It remains unclear whether changes in specific neuronal networks or neuronal
populations account for habituation. It is also unclear if the cellular changes which lead
to habituation of the CRR in patients with IAH are specific to hypoglycaemia, or whether
non-specific cellular adaptations to a repeated stressor are responsible. This once again
refocuses our attention to investigating the adaptation and possible habituation of

specific neuronal populations following RH.
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Chapter 5

The real-time recording of
CRHPYH neurons in vivo
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5.1 Introduction

In Chapter 4, | provided evidence to support habituation as the underlying mechanism
for the impairments seen in IAH. This was characterised using experimental RH, which
acts as the habituating stimulus. Habituation remains poorly understood at a more
granular level, but there is consensus that it is a process which relies on specific neural
networks, the identity of which are unknown. Therefore, to understand how habituation
develops in the glucose-regulatory network, studies which directly measure neuronal
activity following RH are required. Researchers in this field have generally achieved this
through ex vivo techniques, including electrophysiology in brain slices and the
quantification of neuronal markers (e.g., cFos and FosB). Electrophysiological studies
have focused on glucose-sensing elements within the glucose-regulatory network.
These studies have concentrated largely on VMH neurons and have shown that RH
alters glucose thresholds for their activation following RH (Kang et al., 2008, Song and
Routh, 2006, Fioramonti et al., 2010). It remains unknown if this results from intrinsic
changes within glucose-sensing cells, or if modulation from integrative networks is
responsible (Belfort-DeAguiar et al., 2018). Only Sivitz et al., has examined motor
elements of the network using electrophysiology, showing that RH alters adrenal

sympathetic nerve responsiveness (Sivitz et al., 2001).

Surprisingly, there is no electrophysiological data to show how RH affects neuronal
activity within integrative or pre-motor networks. Therefore, neuronal marker studies
have provided our best evidence for RH-related changes to integrative and pre-motor
networks (Dodd et al., 2010, Al-Noori et al., 2008b, Evans et al., 2001, Sanders and
Ritter, 2000). In Chapter 3, | provided evidence that integrative and pre-motor networks
contain hypoglycaemia-responsive neurons, which adapt to RH. These investigations
highlighted CRHPYH neurons as a population which displays a high level of acute gene
activation following SH and adaptive changes to RH, which we postulated could signify
habituation. However, this approach cannot identify the precise kinetics or magnitude of
neuronal activity. To this end, we wished to investigate the real-time activity of CRH”YH
neurons to stressors, including hypoglycaemia and identify if RH leads to diminished

activity. This was investigated by using in vivo fibre photometry.

Fibre photometry is a relatively recent technique which allows the real-time measurement
of intracellular calcium (a proxy for electrical activity) in a genetically defined neuronal
population during normal behaviour in vivo. It provides a high resolution of temporal
kinetics and a measure of the magnitude of neuronal activity. Recently, studies using
fibre photometry have provided novel insights into neuronal populations within the PVH

and other hypothalamic regions (Li et al., 2019, Berrios et al., 2021).
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5.1.1 Objectives

In this Chapter, | investigated the in vivo activity of CRH"H neurons using fibre
photometry. The overarching aim was to establish the kinetics and magnitude of CRH"'H
neuronal activity following SH and whether this diminished following RH. We postulated
that RH, akin to other repeated stressors, leads to a reduction in CRHPV" neuronal activity

which might indicate habituation.

1) Characterise the CRH'" neuron response to acute stressors and food
presentation

Recently, studies using fibre photometry have shown that CRHPY" neurons respond
rapidly with an increase in activity following exposure to a variety of psychological and
physiological stressors (Kim et al., 2019a, Kim et al., 2019b). In addition, CRH"'H
neuronal activity is quickly reduced on food presentation in the fasted, but not in the fed
state (Li et al., 2019). Therefore, we elected to investigate the response of CRHPVH
neurons to food presentation in the fed and fasted state, later using this test to screen
each mouse. Subsequently, we characterised the CRHP'H neuronal response to acute
stressors. Experiments using acute stressors were performed with the aim of identifying

a heterotypic stress stimulus and to inform future RH experiments.

2) Investigate the CRHPY" neuron response to SH

CRHPYH neurons display an acute increase in CRH mRNA and neuronal cFos induction
following SH (Inouye et al., 2006, Al-Noori et al., 2008b). In this Chapter we investigated
the CRHPVH neuronal activity to SH, which has not previously been assessed in vivo. We
postulated that CRHPYH neurons would increase their activity following SH. We also
wanted to understand the kinetic of the response to SH with respect to blood glucose

levels.

3) Investigate the CRHP'H neuron response to glucoprivation with 2-DG

Glucoprivation with 2-DG leads to a similar pattern of neuronal cFos induction in the PVH
as insulin-induced hypoglycaemia (Dodd et al., 2010, Stanley et al., 2013). Though
CRHPYH cFos induction following 2-DG has not been investigated directly, it is likely this
population is activated. In addition, 2-DG glucoprivation enables the investigation of the
glucose-regulatory network, without the influence of insulin. This is important as there
are known modulatory effects of central insulin signalling on the glucose-regulatory
network (Diggs-Andrews et al., 2010). Therefore, we investigated CRH"'" neuronal
activity following systemic 2-DG administration. In combination with experiment 2, this
experiment would help to identify if changes in CRHPY™ neuron activity are influenced by

hypoglycaemia rather than insulin per se.
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4) Investigate the CRHPY" neuron response to RH

Following RH, the PVH displays attenuated cFos induction to subsequent
hypoglycaemia, signifying reduced activity and possibly habituation (Al-Noori et al.,
2008b, Evans et al., 2001). In Chapter 3, | demonstrated that CRHPY" neurons are an
important neuronal population which undergoes adaptive changes following RH. We
postulated that CRHPYM neurons, as a population, would demonstrate a real-time
reduction in neuronal activity following a homotypic stressor (RH). We also wanted to

investigate if CRH"'H neurons would remain responsive to a heterotypic stressor.

5.2 Methods
5.2.1 Animals

Adult, male Crh-cre mice (Chapter 2) aged 8-16 weeks old were used for all studies in
this Chapter. From the literature, the effect size of hypoglycaemia on CRH calcium
transits was not known. However, from our understanding of CRH responses to other
physiological and psychological stressors, we anticipated a small-medium effect size
(Kim et al., 2019a, Kim et al., 2019b). As we hypothesised that CRH neuronal responses
to hypoglycaemia are proportional to the sympathoadrenal response to hypoglycaemia,
similar group sizes were selected for photometry experiments as for the characterisation
of the mouse model of IAH ( i.e., n= 5-6/group). Experiments were performed with

separate cohorts of animals prepared in batches.

5.2.2 In vivo fibre photometry

Fibre photometry enables the real-time recording of neuronal activity in freely moving
mice by detecting bulk changes in calcium-mediated fluorescence in the soma. This is
achieved by using genetically encoded Ca?* indicators such as GCaMP proteins, which
can be delivered in AAV vectors into genetically defined neuronal populations. Neurons
expressing the GCaMP protein are stimulated with an excitation light of a specific
wavelength, leading to fluorescence. The fluorescence signal corresponds to
intracellular calcium transits and is returned via the same optic fibre to the photometry
system. By detecting changes in the fluorescence intensity, the calcium transit related to

specific stimuli can be measured.

5.2.2.1 Intracranial surgery and optic fibre placement

Intracranial surgery was performed as described in the Chapter 2. AAVs carrying a Cre-
dependent GCaMP construct (AAV1-hSyn-FLEX-jGCaMP7s-WPRE) were injected
unilaterally into the PVH. AAV titre and injection coordinates and volumes are outlined in

134



Chapter 2. Optic fibre implantation was performed in the same sitting, immediately after
intracranial injection and is described in Chapter 2. Intracranial injections and optic fibre
implantations were primarily performed by me, however Mr Mehdi Boutagouga
Boudjadja (D’Agostino Lab, University of Manchester) performed surgery for some
animals used in the first experiment and assisted me in surgery for animals used in all
the subsequent experiments. A 4—6-week post-operative period enabled recovery,
transduction and neuronal expression of GCaMP. Animals were singly housed following

surgery to prevent optic fibre displacement.

5.2.2.2 In vivo fibre photometry system

The fibre photometry system (Doric Lenses; Quebec, Canada) arrangement is shown in
Figure 5.1. Excitation blue (465 nm) and purple (405 nm) light was modulated at different
frequencies (211 Hz and 511 Hz, respectively) by a two-channel LED driver (LEDD_2;
Doric Lenses) and sent through a fluorescence mini-cube. The mini-cube combines
excitation light and separates output fluorescence light (FMC4_AE(405) E(460-
490)_F(500-550)_S; Doric Lenses). Excitation light was then passed down to the
implanted optic fibre using an optic cable (Doric Lenses). The cable was connected to a
pigtailed rotary joint (FRJ_1x1 PT_400/430/LWMJ-0.57_1m_FCM_0.06m_FCM; Doric
Lenses), to allow free movement of the mice. Excitation 465 nm (Ca?* dependent) and
405nm (isosbestic reference fluorescence) signals pass via the mini-cube to a
photoreceiver unit. The signal is amplified and passes via a fibre photometry console
(FPC), which synchronizes the output control and the input data acquisition. Data was
collected via the Doric Neuroscience Studio Software (Doric Lenses), exported and then

analysed.
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Mini-Cube

Figure 5.1: Fibre photometry system

Components and arrangement of fibre photometry system. The mini-cube contains a dichroic mirror which
separates light based on wavelength and directs emission light to the photoreceiver unit. This is
synchronised via the FPC.

FPC: Fibre photometry console

5.2.2.3 Photometry recording

Prior to recordings, animals were handled daily for 2 weeks and acclimatised to tethering.
Depending on the experiment, animals were either fasted overnight (16 hr) or for 3 hr
prior to recordings. Immediately prior to recording, animals were transferred from their
home cage to an empty cage in the photometry system and tethered to the fibre patch
cord. Tethering was achieved by connecting the implanted optic fibre to the patch cord
with a plastic mating sleeve (Doric Lenses). They were then allowed to acclimatise to the
photometry system cage for 30 min. Photometry recordings consisted of a 10 min
baseline, presentation of a stimulus (e.g., hypoglycaemia), then a post-stimulus
recording period which depended on the experiment. Animals were then returned to their

home cage and food returned.
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5.2.2.4 Photometry analysis

Photometry data analysis was performed using a custom-built MATLAB script which was
solely developed by Mr Mehdi Boutagouga Boudjadja (D’Agostino Lab, University of
Manchester). This script has been published and will be included in his PhD thesis
(Gémez-Valadés et al., 2021).

In brief, the analysis script first removed signal artefact using a low-pass filter. The 465
nm and 405 nm fluorescence signals (F) were next normalised to their own respective
baselines, to define AF/F (F-Fbaseine)/Foaseiine). Fraseine represented the mean of the
fluorescence signal detected during the baseline pre-stimulus period (usually 10 min).
The 405 nm AF/F was subtracted from the 465 nm AF/F to provide an additional level of
normalisation. Data were down sampled to 1 Hz to create a manageable dataset.

Mr Mehdi Boutagouga Boudjadja assisted with the data analysis of photometry
recordings for all experiments outlined in this Chapter. He also assisted with the
development of a custom script to identify significant events in a long photometry trace
(Figure 5.2).

5.2.2.5 Identifying significant events in a long photometry trace

Experiments involving hypoglycaemia or 2-DG, required a longer recording period and
more than one stimulus. As a result, the identification of significant shifts in photometry
signal was difficult and more open to interpretation. To provide a non-biased way of
identifying the onset of significant events in a photometry trace, a separate analysis script
was developed as part of my PhD. The main stages involved in this analysis are outlined
in Figure 5.2. Significant events (termed S1, S2, S3 etc.) were compared to the recorded

time that stimuli were presented or to biological measures.
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Figure 5.2: A custom method to identify significant events in along photometry
recording

A processed and normalised photometry recording (down sampled to 1 Hz) (A) undergoes a step-wise
process to calculate significant events in a non-biased manner. This involves applying a moving average
filter (B) to simplify the trace, whilst conserving the pattern. Identifying peaks (a point which has a greater
value than either of its neighbours) within this trace (C) and differences between neighbouring peaks (D)
enables the identification of the major shifts in signal. Conversion to a Z-score (E) allows a Z-score threshold
to be applied (here z = 2) . Therefore, only shifts in signal beyond this threshold are identified as significant
events (termed S1, S2, S3). These events can then be overlayed onto the original down-sampled trace,
allowing temporal and then, quantitative identification of significant events in a long photometry trace.
Significant events (S1-3) can be compared between animals and groups, or to a point during the baseline
(termed S0) for comparisons within the same trace.

5.2.2.6 Photometry data presentation

Experiments were carried out in batches and animals receiving the same treatment were
grouped across batches. The exception to this was the final RH experiment, where all

animals were investigated concurrently.

Down-sampled data at 1 Hz acquisition was used in all figures and statistical analyses.
Calcium transits were expressed as AF/F (%). In all figures, the pre-stimulus and post -
stimulus periods were trimmed to reflect the duration of the stimulus. Statistical
comparisons were performed using peak, average or area under the curve (AUC) for the
AF/F (%).
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5.2.2.7 Screening protocol

Experiments were not performed until 4-6 weeks after surgery to allow recovery and
neuronal expression of GCaMP. Only animals identified to express GCaMP and
demonstrate a stereotypical neuron response on screening (rapid inhibition of calcium
signal on ingestion of food Figure 5.3) were included in experiments. Animals were
acclimatised to the photometry system for three days before screening. This involved
tethering the animals to the fibre patch cord for 30 min. Animals were also presented
daily with a pellet of HED for three days before screening. This was to prevent neophobia

and avoidance of the food during screening.

Screening photometry recordings were performed in overnight (16 hr) fasted mice at 10
am the following day. Animals were tethered to the fibre patch cord 30 min before
recording commenced. Photometry recordings consisted of a 10 min baseline period,
food presentation, then 10 min post-stimulus recording. Animals which responded with

a clear inhibition in CRHPVH activity were selected for further experiments.

Food presentation (FP)

Non-responder

’ ‘ Responder

b PUH Recovery &

| Acclimatisation
Fibre optic cannula —

7\

Koo

Responders used in
specific experiments

4N

&p PVH
|
Screening:

Food presentation (HED)*
following overnight fast

Crh-cre::eYFP mice

Surgery

Figure 5.3: Screening protocol to identify responders

Optic fibre implantation was performed immediately after viral infection with GCaMP virus, during the same
surgical procedure. Following a period of recovery and acclimatisation (4-6 weeks), animals were screened.
Responders were defined as mice which exhibited an inhibition of PVHCRH neuron activity on food
presentation (FP) following overnight fast.

*High energy diet (HED) was used as this is highly appetitive and ensures timely food approach and ingestion
on presentation.
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5.2.3 Experimental stimuli

5.2.3.1 Single hypoglycaemia

Animals were fasted for 3 hr prior to recordings. During the recording, animals received
s.c. insulin (1.75 U/kg) to induce hypoglycaemia. Recordings were performed for a
further 35 min following s.c. insulin injection. At the end of the recording, all animals were
returned to their home cage and given ad libitum access to food. Blood glucose levels
were measured at baseline, prior to tethering and then at the end of the recording. This
was to avoid additional stress related to measurements, which would impede
identification of hypoglycaemia-specific effects. Once photometry experiments were
completed, all animals underwent a final injection with s.c. insulin (1.75 U/kg). Blood
glucose measurements were taken every 5 min for 35 min to enable correlation with the
photometry trace. The hypoglycaemia and blood glucose measurement protocols are
described in full in the Chapter 2.

5.2.3.2 Repeated hypoglycaemia

From previous experiments, we had observed that the time taken for maximal neuronal
GCaMP expression varied, sometimes taking 6 weeks. Therefore, in this experiment,
animals were allowed to recover for a 6-week period. This was followed by two separate
food presentation screening tests (FP1 and FP2), which followed the same protocol as
outlined in Figure 5.3. This was performed to check whether the GCaMP expression had
stabilised, which would enable more reliable comparisons of calcium dynamics, across

hypoglycaemia tests.

Animals were then recorded during their first episode of hypoglycaemia (Test 1) and then
underwent the 4-week RH protocol, which was characterised in Chapter 3. On the last
day of this protocol, all animals were recorded during a subsequent episode of
hypoglycaemia (Test 2). Animals were then allowed to recover for a further 4 weeks and
a final recording performed during hypoglycaemia (Test 3). Comparisons for each
individual animal were performed to determine differences in calcium dynamics between
recordings (tests). This was performed, as we had shown that spontaneous recovery of
the sympathoadrenal response occurs after the withdrawal of hypoglycaemia for 4 weeks
(Chapter 4). On the three test days, animals were also exposed to a heterotypic stressor
of tail restraint (TR) for 20s. This was performed as we postulated that CRH”'" would
retain responsiveness to a heterotypic stressor, but not to a homotypic stressor (RH). At
the end this experiment, blood glucose levels were measured at 5 min intervals in all the

mice for 35 min following s.c. insulin.
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5.2.3.3 2-DG induced glucoprivation

Glucoprivation using 2-DG allows the examination of neurons within the glucose-
regulatory network without the need for supraphysiological doses of insulin. Animals
were again fasted for 3 hr prior to recordings. During the recording, animals received i.p.
2-DG (500 mg/kg). Recordings were performed for a further 35 min following i.p 2-DG
injection. Separately, saline group animals received i.p. saline. Animals in the saline
group were not fasted, but acclimatisation and recording parameters were the same as
for the 2-DG group. At the end of the recording, all animals were returned to their home
cage and given ad libitum access to food.

5.2.3.4 Saline Injection

In separate experiments, animals received either s.c. or i.p. 0.9% NaCl (4 ml/kg) whilst
tethered to the photometry system. Recordings were again performed for a further 35

min following saline injection and animals were then returned to their home cage.

5.2.3.5 Tail restraint

Tail restraint involved quickly catching the tail of tested mice and holding the tail firmly
for 20 s, preventing escape. This was performed whilst tethered to the photometry
system. The post-stimulus period varied depending on the experiment in question. A
similar protocol has recently been published, showing rapid activation of CRHPVH

neurons (Kim et al., 2019a).
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5.2.4 Verification of transfection and fibre placement

At the end of each experiment animals were perfused with fixative and brains dissected
and processed (Chapter 2). Brain sections were sliced and sections containing the PVH
were mounted onto microscope slides. GCaMP contains the GFP transgene, which was
visible without the need for IHC. CRH neuron transduction with GCAMP and fibre
placement was confirmed prior to inclusion of animals in the results (Figure 5.4). On-
target transfection was defined as animals with 1) fluorescent-labelled neurons in the
characteristic distribution of CRH neurons in middle-PVH sections and 2) a fibre tract

dorsal to fluorescent-labelled neurons.

Figure 5.4: Verification of transfection and fibre placement

Brain slice showing unilateral GCaMP transfected CRHPV" neurons (green). The optic fibre tract is directly
above the PVH, confirming this was correctly positioned.
Scale bar represents 100 pm.

3V: 3 Ventricle
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5.3 Results

5.3.1 CRHPYH neuron response to food presentation in the fed and fasted
state

To establish a screening phase for subsequent experiments, we first conducted an
experiment to investigate the response of CRHY" neurons to food presentation (FP) in
the fed and fasted state. The calcium transits are show in Figure 5.5A and have been
trimmed to show a 3 min baseline and 5 min post-stimulus period. Opening the cabinet
and dropping the food pellet was associated with a transient increase in calcium signal.
This was followed by a rapid reduction in calcium signal only in fasted mice (Average
AF/F = -16.7 £ 4.7%) and not in the fed state (Average AF/F = 0.8 £ 1.4%) (Figure
5.5A,B). The calcium signal gradually increased from 4 min after FP, however, did not
return to baseline levels during the recording period. These data confirmed that FP
following an overnight fast, provides a minimally invasive approach for post-surgery

screening and identification of responsive mice (i.e., correct surgery and transduction).
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Food presentation (FP)

Figure 5.5: Food presentation in the fed and fated state

A: Plot of calcium transits for FP in the fed (grey) and fasted (green) state, aligned to FP time. The recording
has been trimmed to show 3 min of baseline and the 5 min post-stimulus period. The dark colour indicates
mean signal, lighter colour tones indicate SEM.

B: Average change in signal for 5-min window (grey background) following FP in fed and fasted state
(*p<0.05; paired t-test).
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5.3.2 CRHPVH neuron response to acute stressors

Separate cohorts of male Crh-cre mice (cohort 1, n=4; cohort 2, n=5) were next
investigated for their response to stressful stimuli. A trimmed plot of the calcium signal
following injection and tail restraint stress is shown in Figure 5.6A. A time window of 30
s was selected as it was the average time take to scruff, inject and release the animal.
Subcutaneous injection with 0.9% NaCl led to a rapid increase in calcium transit
(Average AF/F = 16.0 £ 4.0%) in all mice. This was significantly increased when
compared to a 30 s pre-stimulus baseline period (Figure 5.6B). After release of the
mouse, the calcium signal reduced, however this did not return to baseline levels until

around 5 mins post-injection.

Separately, a second cohort of Crh-cre mice (n=5), which were verified to be responders,
underwent photometry recording during tail-restraint stress. The calcium transits aligned
to time of TR are shown for 30 s pre- and 30 s post-TR (Figure 5.6C). Tail restraint for
20 s led to a rapid increase in calcium transit (Average AF/F = 18.0 £ 5.5%) in all mice.
This raised level of calcium signal was sustained for the 20 s TR period and started to
reduce on release of the mouse. This was significantly increased when compared with a
20 s pre-stimulus baseline period (Figure 5.6D). As with s.c. injection, on release of the
mouse, the calcium signal reduced rapidly, however this did not return to baseline levels

for another 2 mins.

144



407 Baseline @ S.C.Injection *
: 30- |
S
< S
S m
L B
< a3
(O]
S
<
n=4 -10 T T
-20 T T i T T : Baseline S.C.
-30 -20 -10 O 10 20 30 Injection
Time (s)
c D

40 Baseline ; TR

AF/F (%)

Average AF/F (%)

-10q n=5

T T | T T 1 -10 T T
30 -20 -10 O 10 20 30 Baseline TR

Time (s)

Figure 5.6: CRHPYH neuron response to injection and trail restraint stress

A: Plot of calcium transits of CRHPVH neurons aligned to the time of s.c. injection with saline. The recording
has been trimmed to show 30 s of baseline and the 30 s post-stimulus period.

B: Mean signal for 30 s window at baseline (grey background) and following s.c. injection (blue background),
(*p<0.05; paired t-test).

C: Plot of calcium transits of PVHCR" neurons aligned to the time of tail restraint (TR) for 20 s. The recording
has been trimmed to show 30 s of baseline and the 30 s post-stimulus period.

D: Mean signal for 20 s window at baseline (grey background) and following TR (purple background),
(*p<0.05; paired t-test).

For plots of calcium signal, the dark colour indicates mean signal, light colour tones indicate SEM.
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5.3.3 CRHPVH neuron response to SH

Calcium transits in saline and SH-treated mice, along with a blood glucose profile are
shown in Figure 5.7A. Significant events in the trace were identified using the custom
script outlined in Figure 5.2, enabling S1 (s.c. injection onset) and S2 (hypoglycaemia
onset) to be identified. The average S1 and S2, along with a baseline (S0) time points
are identified on Figure 5.7A. S1 and S2 values were identified for individual animals
and used in statistical comparisons (Figure 5.7B-E). Saline and SH groups both display
similar baseline calcium transits showing a high level of tonic activity. Both groups also
show a surprisingly similar increase in calcium signal following s.c. injection (average
AF/F (30 s window) for saline = 13.2 + 4.0%; SH = 13.0 + 4.4%; Figure 5.7D). This
increase in calcium signal is marked by S1, which was significantly increased relative to
SO0 in both saline and SH groups (Figure 5.7B,C). After S1, the calcium signal reduced
in both groups, but remained at a higher level compared with baseline. In the SH group,
the calcium signal noticeably increased from around 7 min after s.c. injection (S1). The
point at which this increase became significant is marked by S2 (9 min after s.c.
injection). The calcium signal at S2 was significantly increased in the SH group, relative
to SO and saline group (average AF/F (30 s window) at S2 for saline = 1.1 + 1.5%; SH =
9.3 + 3.6%; *p<0.05; Figure 5.7A,C,D). This corresponded with the timing of the fall in
blood glucose and hypoglycaemia, when measured separately in the same mice. In
contrast, the calcium signal at S2 in the saline group was comparable to baseline levels
(Figure 5.7B). Post-S2, SH mice displayed a persistently elevated calcium signal until
the end of the recording. Again, this sustained elevation corresponded with the low blood
glucose level. On the other hand, the calcium signal post-S2, continued to decrease
gradually in the saline group, reaching baseline levels and lower. Consistent with this,
the area under the curve (AUC) for the calcium transit (post-S2) was significantly

increased in the SH group, when compared with saline (Figure 5.7E).

Combined, the calcium dynamics of CRHPV" neurons following SH, indicate that they
increase their activity when blood glucose levels fall. Interestingly, this higher level of

activity is sustained and persists whilst blood glucose levels remain low.
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Figure 5.7: CRH”Y" neuron response to SH

A: Plot of calcium transits of CRHPYH neurons aligned to the time of s.c. injection with saline or insulin (SH).
Saline and SH group animals displayed similar calcium dynamics to s.c. injection (S1). SH mice show an
increase in calcium signal at S2, which corresponds with a dropping blood glucose level (black line).
Therefore, S2 marks hypoglycaemia onset. In parallel, the calcium signal in saline mice returned to baseline
levels (SO0).

B: Average calcium signal (30s window) at S1 and S2 compared with baseline (S0), in saline mice. S1 values
were significantly increased relative to SO (*p<0.05; paired t-test).

C: Average calcium signal (30s window) at S1 and S2 compared with baseline (S0), in SH mice. S1 and S2
values were significantly increased relative to SO (*p<0.05, both versus SO; paired t-test).

D: Average calcium signal (30s window) at S1 and S2 for saline and SH groups. At S1, calcium signal values
were similar. However, at S2, this was significantly increased in SH, compared to saline (*p<0.05, SH versus
saline; unpaired t-test).

E: Area under the curve (AUC) for calcium signal (20min window post-S2) in saline and SH groups. The
AUC was significantly higher in SH, compared to saline mice (*p<0.05, SH versus saline; unpaired t-test).
For plots of calcium signal, the dark colour indicates mean signal, light colour tones indicate SEM.
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5.3.4 CRHPVH neuron response to 2-DG-induced glucoprivation

Calcium transits in saline and 2-DG groups are shown in Figure 5.8. Significant events,
termed S1 and S2, along with a baseline (S0) time point are marked on Figure 5.8A. S1
(i.p. injection onset) and S2 (2-DG induced glucoprivation onset) values were also
identified for individual animals and used in statistical comparisons (Figure 5.8B-E).
Saline and 2-DG groups display similar baseline calcium transits and comparable
elevations in signal following i.p. injection, identified as S1. The average calcium signal
(30 s window) at S1 was significantly elevated in both groups, when compared with SO,
signifying enhanced CRHPY" neuronal activity. Post-S1, saline-treated mice display a
gradual reduction in calcium signal, approaching baseline levels. The 2-DG group
displayed an initial reduction in calcium signal post-S1, though this plateaued and then
increased. The elevation in calcium signal was visibly different between 2-DG and saline
groups by 9 min post-S1. The point at which this increase became significant in 2-DG-
treated animals is marked by S2 and has been taken to represent the onset of
glucoprivation. At S2, the calcium signal was notably elevated in the 2-DG group,
compared with saline (average AF/F (30 s window) for saline = 0.1 £ 1.6%; 2-DG = 14.5
+ 5.0%; *p<0.05; Figure 5.8D). This was also significantly elevated when compared with
SO, in the 2-DG group, but not in the saline group (Figure 5.8B,C). Post-S2, 2-DG
animals displayed a sustained high calcium signal, remaining at this level until the end
of the recording. In contrast, saline animals displayed reductions in calcium signal,
leading to levels below that of baseline, by the end of the recording. This was reflected
by a significantly increased AUC in the 2-DG group, when compared with saline (Figure
5.8E).

These data parallel findings in the previous section, suggesting CRHPVH neuronal activity
increases when glucose availability is reduced. In addition, this elevated activity level is

maintained whilst hypoglycaemia or glucoprivation is present
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Figure 5.8: CRH”H neuron response to 2-DG induced glucoprivation

A: Plot of calcium transits of CRHPVH neurons aligned to the time of i.p. injection with saline or insulin (SH).
Saline and 2-DG groups displayed similar calcium dynamics to i.p. injection (S1). 2-DG led to an increase in
calcium signal at S2, whilst saline led to a return of the signal to baseline levels (SO0).

B: Average calcium signal (30 s window) at S1 and S2 compared with baseline (S0), in saline mice. S1
values were significantly increased when compared with SO (*p<0.05; paired t-test).

C: Average calcium signal (30 s window) at S1 and S2 compared with baseline (S0) following 2-DG. S1 and
S2 values were significantly increased when compared with SO (*p<0.05, both versus SO; paired t-test).

D: Average calcium signal (30 s window) at S1 and S2 for saline and 2-DG groups. At S1, calcium signal
values were similar. However, at S2, this was significantly increased in 2-DG, compared with saline (*p<0.05,
2-DG versus saline; unpaired t-test).

E: Area under the curve (AUC) for calcium signal (20 min window post-S2) in saline and 2-DG groups. The
AUC was significantly higher in 2-DG, compared with saline (*p<0.05; unpaired t-test).

For plots of calcium signal, the dark colour indicates mean signal, light colour tones indicate SEM.
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5.3.5 CRHPVH neuron response to RH

5.3.5.1 CRH""M neuron response to RH, experimental protocol and screening

The RH experiment protocol is outlined in Figure 5.9A. The calcium transits for FP1

(green) and FP2 (blue) overlapped and showed similar dynamics (Figure 5.9B).

Surprisingly, FP on both trials led to an initial rise in calcium signal. This was more

pronounced than previously withessed and may represent anticipatory stress.

Reassuringly all animals demonstrated a reduction in calcium signal on approach to the

food and consumption. The average calcium signal for the 10 min post-FP window during

FP1 and FP2 is shown in Figure 5.9C. This demonstrated the similar calcium dynamics,

suggesting GCaMP expression had stabilised.
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Figure 5.9: CRHPY" neuron response to RH, experimental protocol and screening

A: Experimental protocol.

B: Plot of calcium transits for FP1 (green) and FP2 (blue) following overnight fast. Grey background marks
the post-stimulus period of 10 min.

C: Average calcium signal for 10 min following FP for each animal during FP1 and FP2, showing similar
calcium dynamics.

5.3.5.2 CRHPYH neuron response during Test 1, 2 and 3

The calcium transits for the Tests 1, 2 and 3 are shown in Figure 5.10A. The blood
glucose profile is overlayed to aid interpretation. S1 (s.c. injection), S2 (hypoglycaemia
onset) and S3 (tail restraint) were identified for each mouse and the average time point

for all tests plotted on Figure 5.10A.

During all tests, the calcium transit was low at baseline and increased rapidly following
s.c. insulin injection (S1). The peak calcium signal at S1 was higher during Test 1, when
compared to Test 2 and 3, respectively, but the kinetics of the response was very similar.
At S2, the calcium signal for all tests increased at a similar time, reaching a plateau.
Strikingly, this increase was attenuated in Test 2, compared with Test 1 (average AF/F
at S2 (30s window) for Test 1 =28.7 £ 9.8%; Test 2 = 13.5 + 3.3%; Figure 5.10B), though
this was not statistically significant. During all tests, the calcium signal remained at a
constant level between S2 and S3, due to hypoglycaemia. Over this period, the AUC for
the calcium transit was less in Test 2, relative to Test 1, however not reaching statistical
significance (Figure 5.10C). Similarly, the peak calcium signal between S2 and S3 was
lower following RH (Peak AF/F for Test 1 =41.6 £ 10.2%; Test 2 =21.5 £ 3.4%), however
was not statistically significant (Figure 5.10D). Tail restraint (S3) lead to a small

additional increase in calcium signal in all tests and will be discussed separately in
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5.3.5.3. Blood glucose levels, taken at the end of the recording (35 min post-injection)
are shown in Figure 5.10E, showing lower blood glucose levels in Test 2, following RH.

Following the 4-week recovery period, the calcium transits follow the same pattern in
Test 3, when compared with Test 2. This included overlapping calcium signal kinetics at
baseline and at S1, where animals in both groups display similar elevations in signal. At
around 7 min post-S1, the calcium signal increases in both tests, overlapping with a fall
in blood glucose level. However, the peak calcium signal value was significantly greater
during Test 3, when compared to Test 2 (Peak AF/F for Test 3 = 28.5 + 5.2%; Test 2 =
21.5 £ 3.4%; *p<0.05; Figure 5.10D). Tail restraint (S3), once more lead to a small
additional increase in calcium signal in both test and is discussed in 5.3.5.3. In support
of recovery of the CRR, blood glucose levels taken at the end of the recording (35 min

post-injection) were increased in Test 3, when compared to Test 2 (Figure 5.10E).
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Figure 5.10: CRHPYH neuron response during Tests 1, 2 and 3

A: Plot of calcium transits of CRHPVH neurons aligned to the time of s.c. insulin injection on Test 1 (blue) and
Test 2 (green). Blood glucose levels are overlayed to highlight hypoglycaemia-related effects. Prior RH led
to a smaller increase in calcium signal during hypoglycaemia (Test 2). A 4-week recovery period led to an
increase in calcium signal during a subsequent episode of hypoglycaemia (Test 3).

B: Average calcium signal post-S2 (20 mins) during hypoglycaemia, for Tests 1, 2 and 3. S2-onset was
separately identified for each animal.

C: Area under the curve (AUC) for calcium signal (20 min window post-S2) for Tests 1, 2 and 3. This provided
a measure of the cumulative calcium transit during hypoglycaemia.

D: Peak calcium signal (during 20 min post-S2) was significantly higher in Test 3, compared with Test 2
(*p<0.05; repeated measures ANOVA with Sidak’s post hoc test).

E: Blood glucose levels at 35 min after injection for all animals in Tests 1, 2 and 3.

Repeated measures ANOVA with Sidak’s post hoc test was used in the statistical analysis for this
experiment.
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5.3.5.3 CRHPYH neuron response to tail restraint

Tail restraint (TR) for 20 s led to a rapid increase in CRHPY" neuronal calcium signal
(Figure 5.6 C,D). Importantly, as a stimulus, it is a heterotypic stressor when compared
with RH. Animals were exposed to TR at the end of each test, to enable the primary
effect of hypoglycaemia to be assessed without interference. The CRHPY" neuronal
calcium transit following TR is show for the three tests in Figure 5.11A. The increase in
calcium signal which related to TR was identified for each mouse and is termed S3. The
average S3 timepoint is plotted on Figure 5.11A. The calcium transits were aligned to
S3 to enable comparisons between tests. TR led to a rapid increase in calcium signal on
all test days. This was reflected by a similar average, AUC, and peak calcium signal
(AF/F) for Test 1 and Test 2 (Figure 5.11B-D). TR during Test 3 led to a non-significant
increase in average, AUC, and peak calcium signal (AF/F). However, this effect was
primarily driven by one animal, which displayed disproportionately elevated calcium
signal following TR during Test 3 when compared with the previous tests (Figure 5.11B-
D). Following 20 s of TR, the calcium signal returned to baseline levels. Taken together,

the kinetics and magnitude of the calcium transit were preserved across all three tests.
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Figure 5.11: CRHPYH neuron response to tail restraint

A: Plot of calcium transits of CRHPYH neurons aligned to average time of TR (S3) for Test 1 (blue), Test 2
(green) and Test 3 (red). Calcium dynamics for the three tests overlap and are preserved.

B: Average calcium signal (20 s window post-S3) for the three tests.

C: Area under the curve (AUC) for calcium signal (20s window post S3) for the three tests.

D: Peak calcium signal (20 s window post-S3) for the three tests.

Repeated measures ANOVA with Sidak’s post hoc test was used in the statistical analysis for this
experiment.
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5.4 Discussion

Adaptive changes within the glucose-regulatory network and in specific brain regions,
like the PVH, may culminate in IAH (Chapter 3). At a whole-organism level, our data add
support to the theory that habituation underlies IAH (Chapter 4). The PVH is thought to
contain primarily pre-motor and integrative glucose-regulatory networks. These
modulatory neuronal networks are a credible locus for habituation. Likewise, CRH'H
neurons represent an important neuronal population in the modulation of neuroendocrine
responses to novel or familiar stress and, as we postulate, to RH (Kim et al., 2019b).

Consequently, CRHPYH neurons were selected as the focus of our investigations.

In Chapter 5, we used in vivo fibre photometry to characterise the real-time dynamics of
the CRHPVYM neuronal response to acute and repeated stressors. The primary aim of
these investigations was to demonstrate that CRHPY" neurons are activated acutely by
hypoglycaemia and that this activation is altered and possibly habituated following RH.
We postulated that RH, acting as a repeated homotypic stressor would lead to reduced
neuronal responsiveness, whereas responses to heterotypic stress would be preserved.
Secondary aims were to characterise the dynamics of CRHYH neuronal activity following

other stimuli, which included food presentation, injection stress and tail-restraint stress.

The first experiment involved characterising the calcium dynamics of CRH™'H neurons to
food presentation in the fasted and fed state. This was performed with the primary aim
of establishing a post-surgery screening test, which was minimally invasive and could
identify responding animals for use in subsequent experiments. Food presentation (FP)
led to a reduction in calcium signal only in the fasted state and not in the fed state, which
was consistent with existing literature (Li et al., 2019). Fasting is an interoceptive stressor
and is known to activate CRH neurons, shown by increased cFos expression and by
corticosterone release (Li et al., 2019, Bains et al., 2015). Therefore, it is likely that after
fasting, FP inhibits CRHPY" neuronal activity as a mechanism to relieve stress (Li et al.,
2019). From our data, we cannot confirm whether CRHPVH neuronal activity is raised after
fasting. However, the calcium signal on FP remains low for several minutes after
consummatory activity had finished (Figure 5.5). This suggests that a new baseline of
CRHPYM neuronal activity is reached after termination of the stressor (fasting).
Interestingly, it has been reported that the bulk of the reduction in calcium signal
preceded food intake (Li et al., 2019). If this is true, this may suggest inhibition of CRH""
neuronal activity on sensory detection of food. This was not examined in our
investigation. However, pairing photometry and video recordings would enable this to be
identified. In this experiment, we elected to use a pellet of high-energy diet (HED), as

this is highly appetitive and overcomes neophobia. Although we did not directly compare
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this with normal diet, there is evidence that palatability and rewarding value of food
relates to the magnitude of CRHPYH inhibition (Yuan et al., 2019, Kim et al., 2019a).

Aversive stimuli have similarly been shown to rapidly activate CRH?'H neuronal activity,
which is in keeping with the well documented role of CRHPY" neurons in neuroendocrine
and behavioural responses to stress (Fuzesi et al., 2016, Bains et al., 2015). In mice,
rapid elevations in calcium transits relating to CRHPY" neuronal activity are witnessed
during a variety of stimuli, including forced-swim test, tail restraint, predator odour and
I.p. injection of lithium chloride (causing gastric malaise) (Kim et al., 2019a). In this
Chapter, we confirmed that s.c. injection with saline and tail restraint (TR), both applied
for a short period of time (<30 s) lead to an instant increase in calcium signal,
corresponding with increased CRHPYM neuronal activity (Figure 5.6). From our
observations, most of the initial rise in activity was on approach to scruff the mouse (s.c.
injection) or to catch the tail (TR). This corroborates published data, showing the
approach and capture of the animal leads to a rapid rise in CRHPY neuronal calcium
signal (Kim et al., 2019a). Though both s.c. injection with saline and TR led to calcium
dynamics which corresponded to the onset and termination of the stimulus, CRHPVH
neuronal activity failed to return to baseline for several minutes. It is possible that this
persistent neuronal activity may reflect neuropeptide release and the regulation of the
neuroendocrine HPA axis. Thus, CRHPY" neuronal activity in the immediate and post-
stimulus phase, may serve to direct different responses and behaviours. This is
supported by optogenetic studies which show that the immediate activation of CRHPVH
neurons elicits rapid defensive behaviours, paralleling behaviours which follow acute
stress (Kim et al., 2019a, Spruijt et al., 1992, Flizesi et al., 2016).

We next examined the calcium dynamics of CRHPY" neurons following SH and 2-DG
(Figure 5.7 & 5.8). We postulated that both stimuli would lead to activation of CRH”'"
neurons, with a corresponding elevation in calcium signal. In both treatments, injection
led to a rapid increase in signal, termed S1. This was followed by a reduction in signal,
though this failed to return to baseline levels. Importantly in both treatments, the calcium
signal increased again, becoming a significant change at S2. This was taken to be the
onset of hypoglycaemia (SH) or glucoprivation (2-DG). In both treatments, the calcium
signal after S2 plateaued, remaining at an elevated level until the end of the recording.
The delay in the rise in calcium signal between S1 and S2 was likely due to the time
taken for the drugs to reach systemic circulation and activate sensing elements. This
was corroborated by blood glucose measurements in the same group of mice, which
identified that s.c. insulin (1.75 U/kg) led to a drop in blood glucose between 5 and 10
min after injection, causing hypoglycaemia (Figure 5.7). Blood glucose levels remained

low until around 35 min after injection, following which rapid recovery occurred. The
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blood glucose profile following SH, strongly suggests that hypoglycaemia leads to
elevated CRHP'H neuronal activity. However, it should be acknowledged glucose was
measured in the same mice but on a separate day. Systemic administration of 2-DG at
a similar dose in rats and mice leads to stimulation of the CRR and hyperglycaemia. This
hyperglycaemia was noted at around 15 min after injection and persisted for over 2 hrs
(Garfield et al., 2014, Sanders and Ritter, 2000). Glucose measurements were not
performed in our experiment involving 2-DG, as the separation of stress-induced
hyperglycaemia attributed to tethering, injection or 2-DG would not be possible. We did
not directly test if the changes which follow SH could be related to hyperinsulinaemia,
which may modulate the CRR (Lingenfelser et al., 1996, Davis et al., 1993). However,
as both SH and 2-DG lead to a state of cellular glucose depletion, it is likely that our

observations relate this this and not to hyperinsulinaemia.

The severity or aversive salience of a stimulus is difficult to quantify and depends on
context and prior experience (Kim et al., 2019b). As a result, we did not compare the
magnitude of CRHPYH neuronal calcium dynamics for different stressors. In addition, as
different cohorts of animals were used for each experiment, appropriate comparison
would not be possible. However, we noted that the temporal kinetics of the stressor and
CRHPYH neuronal activity did closely align. Stressors with rapid onset and termination,
including injection and tail restraint, lead to corresponding short-lived elevations in
calcium signal. Whilst longer duration, physiological stressors, such as hypoglycaemia
and glucoprivation lead to persistently elevated calcium signals, signifying a high level of

sustained CRHPYM neuronal activity.

In the final experiment, we investigated whether CRH"'" neuronal calcium dynamics
change following RH, demonstrating habituation. We postulated that CRH"Y" neuronal
calcium dynamics would alter with RH, acting as a homotypic stressor, but not to tail
restraint, which represented a heterotypic stressor. In addition, we tested whether
spontaneous recovery of the response occurs on withdrawal of the habituation stimulus.
This was performed by measuring the CRHPY" neuronal calcium transit for each animal
on three tests, with each animal acting as their own comparison. Test 1 and Test 2 were
separated by the 4-week RH protocol, characterised in Chapter 3. An additional test was
performed after a 4-week recovery period (Test 3) (Figure 5.9A). Animals first underwent
a long post-surgery screening phase to establish stable GCaMP expression and calcium
transits to FP (Figure 5.9B,C). Surprisingly, FP led to a transient but substantial
elevation in calcium signal on opening the photometry system and dropping the food
pellet (Figure 5.9B). A possible explanation for this is that animals in this cohort had
associated opening the cabinet with an impending stressful experience. This conditioned

response to stress may be detrimental for detecting changes in calcium signal to short
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duration stimuli. However, in this experiment FP still led to a reduction in CRHPVH
neuronal activity which was consistent across FP1 and FP2. Subsequently, all animals
underwent a photometry recording on the first (Test 1) and last (Test 2) day of the 4
week-RH protocol. The calcium dynamics on both tests followed the same pattern as
was previously observed. However, following RH (Test 2) there was attenuation in the
calcium signal in all animals, relative to Test 1, during the window of hypoglycaemia (S2-
S3) (Figure 5.10). The magnitude of response attenuation varied, and in most animals,
this was only a small reduction. It is possible that this reflected differences between
animals in the degree to which RH led to impairment of the CRR. We did not take CRR
hormone measurements in this experiment. This may have provided a functional
correlate to the CRHPVH neuronal response and explained the variability. However, blood
sampling whilst recoding would have been technically challenging and produced an
additional source of stress, affecting calcium dynamics. Strikingly after a 4-week
recovery period, CRH?H neuronal calcium dynamics normalise following a final episode
of hypoglycaemia (Test 3) (Figure 5.10). Specifically, the peak calcium signal increased
during the window of hypoglycaemia. Again, the magnitude of response recovery was
small between Test 2 and Test 3, but this was consistent across all animals. It should be
noted that though the calcium signal increased at a 4-week period, this did not fully

normalise.

At the end of each of the three tests, animals received tail restraint for 20 s. As we had
predicted, this led to similar elevations in calcium signal, aligning to the onset of TR (S3;
Figure 5.11). The was reflected in similar average, AUC and peak calcium signal on the
three test occasions. The calcium signal on Test 3 showed a non-significant increase,

however this was driven by the response of one particularly responsive animal.

Combined, these data show hallmarks of habituation at the level of the CRHPY" neuron.
Specifically, RH, acting as a homotypic stressor, leads to reduction in CRHPY" neuronal
calcium signal, which then recovers if the habituating stimulus is withdrawn for 4-weeks.
On the other hand, the CRHP'" neuronal calcium signal is preserved to the heterotypic
stress of TR, when applied infrequently. These data support a growing understanding
that CRHPY" neurons are capable of rapidly tailoring neuroendocrine responses and
behaviours depending on stress familiarity (Kim et al., 2019a, Kim et al., 2019b, Fiizesi
et al., 2016, Bains et al., 2015). Interestingly, habituation of CRHPY" neuronal activity to
repeated presentations of a loud white noise stimulus has been demonstrated in mice
(Kim et al., 2019b). Consistent with our own findings, the response recovered, following
a 3-week period of white noise abstinence. Significantly, Kim et al. identified that stress
familiarity alone was the primary driver for habituation of responses and was independent

of negative feedback from corticosterone release (Kim et al., 2019b). These findings
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challenge the canonical view of corticosterone as the main inhibitory control on CRH”YH
neurons (Bittar et al., 2019, Kim and Iremonger, 2019). Indeed, our data corroborates
findings in other in vivo studies that CRHPVY neurons are rapidly activated by aversive
stimuli and that the removal of the stimulus alone is sufficient to reduce activity to
baseline (Kim et al., 2019a, Kim et al., 2019b). The temporal kinetics of this reduction
cannot be explained by hormone-mediated negative feedback. In addition, the
observation that rewarding or appetitive stimuli lead to a rapid inhibition of CRHPVH
neuronal activity, suggests that neuronal circuits, via fast neurotransmitter release
modulate CRHPVH neuronal activity (Yuan et al., 2019). This hypothesis will be revisited
in Chapter 6 and Chapter 7.

In this Chapter, in vivo fibre photometry was used to measure CRHPV" calcium transits,
using the calcium indicator GCaMP. Though this provides a sensitive measure of
changes in Ca?* concentration which precede neuronal action potentials, it remains a
proxy of neuronal activity (Wang et al., 2021). Therefore, findings should be correlated
with electrophysiological data. Though in vivo fibre photometry has poorer temporal
resolution than traditional electrophysiological techniques, it does provide access to a

genetically-defined neuronal population (Li et al., 2019).

It must also be acknowledged that the calcium signal is dependent on several factors,
principle of which is the position of the optic fibre and distribution of the genetically-
defined neuronal population being studied (Wang et al., 2021). In our experience, an
important source of variability occurred from differences in the implanted optic fibre
position and CRHPH neuronal transfection. Fortunately, CRH"" neurons form an
anatomically distinct population, meaning responses from other CRH neuron populations

would not have been captured.

It is likely that in future studies, stricter criterion is required to define responders in the
screening phase. This will allow inclusion of animals into experiments only if they reach
a defined threshold of CRH neuronal activity inhibition on food presentation. Further work

is required to define this threshold.
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5.5 Summary

e CRHPYM neuronal activity rapidly increases following s.c. injection and tail restraint
stress, and decreases on food presentation in fasted mice.

e Following SH or 2-DG glucoprivation, CRH? neuronal signal increases and
demonstrates similar response kinetics.

e Following SH, the rise in CRH”'H neuronal activity corresponds with a fall in blood
glucose and hypoglycaemia.

e Following RH, the CRHPY™ neuronal response reduces to a subsequent episode of
hypoglycaemia, signifying habituation.

e After 4-week recovery and re-test, a final episode of hypoglycaemia leads to CRH?'H
neuronal response recovery.

e CRHPYM neuronal activity attenuates with homotypic stressors (RH), but remains
intact following a heterotypic stress (TR).

e CRHPYM neurons are an important hypoglycaemia-responsive population which
habituates to RH.

5.6 Conclusion

These data provide evidence that habituation of the CRR after RH, can be detected not
only at the whole organism level, but also at a neuronal population level. In this Chapter
we have examined habituation within a pre-motor/integrative network using in vivo fibre
photometry. Corroborating previous studies, we showed that CRHPVH neurons display
rapid and biphasic responses which depend on prior experience of the stimulus, the

nutritive state and valence of the stimulus.

We found that elevations in CRHPYH neuronal activity are paired to hypoglycaemia,
demonstrating the real-time involvement of CRHPYH neurons in the CRR. Importantly,
we identified that CRHPY" neurons alter responses according to the familiarity of the
stress, demonstrating attenuated responses to homotypic RH stress, but intact

responses to heterotypic TR stress.

These data, add to evidence that CRHPY" neurons are integral to both immediate and
long-term responses to stress. Crucially, CRH"'H neurons orchestrate immediate
behaviours which are likely to be controlled through neuronal circuits, rather than
hormone feedback. It is not yet clear if CRHPYH neurons, acting via neuronal circuits, also
control immediate counter-regulatory responses when an organism is faced with

hypoglycaemia.
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Chapter 6

The role of CRHFYH neurons in
the sympathoadrenal response
to hypoglycaemia
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6.1 Introduction

CRHPYM neurons have been viewed classically to control physiological responses to
stress via a hormone cascade, resulting in glucocorticoid-mediated central and
peripheral effects. This process, which can require several minutes to affect brain
circuits, is at odds with observations that CRHPY" neurons can drive rapid behaviours
after stress (Droste et al., 2008, Fuzesi et al., 2016). In support of this, we have shown
in Chapter 5 that CRHPYH neuronal activity is immediately enhanced on presentation of
a stressor and rapidly terminates on its removal. In addition, the optogenetic stimulation
of CRHPYM neurons in mice, leads to immediate defensive behaviours (Fiizesi et al.,
2016). Similarly, in vivo fibre photometry studies show a rapid increase in CRH”'H
neuronal activity immediately before an escape response (Daviu et al., 2020). These
observations suggest that CRHPY" neurons may have a preparative role in directing
autonomic output before fight or flight. It is not yet fully understood how CRHPY" neurons

contribute to autonomic responses to physiological stressors, such as hypoglycaemia.

In hypoglycaemia research, the most detailed body of work linking CRHPY" neuronal
function with the sympathoadrenal response, has involved the study of CRH
neuropeptide release and signalling pathways. CRH neurons are characterised by their
release of CRH and a family of related peptides including urocortins 1-3. These
neuropeptides, in turn, act via CRH receptors (CRHR1 and CRHR2) to stimulate
sympathetic outflow, manifested by changes in heart rate and blood pressure, as well as
elevations in glucose and CRR hormone release (Brown et al., 1982, McCrimmon et al.,
2006b). CRH signalling, likely via CRHR1 ensures an appropriate sympathoadrenal

response to stressors, including hypoglycaemia (Flanagan et al., 2003).

It is possible that CRHP'H neurons exert a controlling influence on autonomic regions
through direct axonal projections. Indeed, PVH neurons project to the rVLM, which in
turn provides a major excitatory input to sympathetic preganglionic vasomotor neurons
of the spinal intermediolateral cell column (IML) (Milner et al., 1993). Interestingly, Lee
et al., reported that in rats, around 30% of rostral VLM-projecting PVH neurons express
CRH, though the functional significance of this connection was not investigated (Lee et
al., 2013). Recently, there has also been interest in intra-PVH micro-circuits, which may
enable CRHPV" neurons to regulate autonomic function during stress (Ramot et al., 2017,
Jiang et al., 2018). These intra-PVH circuits involve monosynaptic connections with a
population of CRHR1”Y" neurons, which subsequently send excitatory, long-range
projections to autonomic regions, potentiating autonomic outflow during stress (Jiang et
al., 2018).
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Therefore, CRHPYM neurons can influence autonomic function through a variety of
glucocorticoid-independent pathways. In addition, our data in Chapters 3 and 5 suggest
that CRHPY" neurons are activated acutely following SH. However, there are no studies
which directly examine the functional significance of CRHPYM neurons to the
sympathoadrenal response. Or, whether specific neuronal circuits involving CRH”H are

activated following hypoglycaemia.

6.1.1 Objective

1) Investigate the functional significance of CRH™VH neurons to the
sympathoadrenal response following hypoglycaemia

Hypoglycaemia activates CRHPV neurons and, as we have shown, leads to increased
neuronal cFos in the mpdPVH region (Chapter 3). In Chapter 5, we showed that SH
leads to elevations in the in vivo calcium signal in CRH?YHneurons. In addition, it is known
that hypoglycaemia increases CRH mRNA and HPA axis activation, providing indirect
measures of CRHPVH neuronal activation (Inouye et al., 2006, Chan et al., 2002). CRH"'H
neurons are increasingly seen as having HPA axis-independent functions and can direct
autonomic activity, including following hypoglycaemia (Fizesi et al., 2016, Flanagan et
al., 2003, McCrimmon et al., 2006b). However, the functional significance of CRH”'H
neuronal activity to the sympathoadrenal response and glucose homeostasis has not
been directly investigated. To this end, we used a chemogenetic approach to study the
effects of CRHMIPVH activation or inhibition, on glucose and sympathoadrenal
responses, including to hypoglycaemia. We postulated that CRH™VH neuronal activity
drives circuits which elevate blood glucose and promote sympathoadrenal activity,

independent of the HPA axis.

2) Investigate connections between CRH™YYH neurons and autonomic regions

involved in the sympathoadrenal response following hypoglycaemia

PVH neurons, including CRH™PYH neurons could influence autonomic function through
a variety of pathways, involving CRH peptide signalling, intra-PVH circuits or through
direct connections to the hindbrain. Indeed, in rats and mice, at least a proportion of
CRHPYH neurons do project to the rVLM and NTS (Lee et al., 2013, Zhao et al., 2017).
However, it is not clear whether hindbrain-projecting PVH neurons are hypoglycaemia-
responsive, or what their neuropeptide or receptor phenotype is. Consequently, we used
a neuronal tracing and immunohistochemistry approach to understand the anatomy and
phenotype of hindbrain-projecting PVH neurons. We were particularly interested in
connections to the rVLM C1 group, as this catecholaminergic (CA) neuronal population

is central to the sympathoadrenal response to hypoglycaemia and glucoprivation (Ritter
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et al., 2019, Li et al., 2018). We postulated that a CRH™VH 5 VLM connection is
activated following SH, outlining a pathway which enables CRH™"VH neurons to control

sympathoadrenal output.

6.2 Methods

6.2.1 Animals

Adult male Crh-cre::eYFP (Chapter 2), aged 8-10 weeks, old were used for all
chemogenetic studies in this Chapter.

For chemogenetic studies, group sizes were established using a power calculation and
by factoring in a 20-30% attrition rate to account for any mice that had insufficient
transduction. From pilot work in our lab (Luckman, unpublished) involving the
chemogenetic activation of Crh-cre::hM3Dq neurons in the PVH (performed as a cross-
over and analysed using a paired Student’s t-test; alpha = 0.05) a moderate effect size
(0.57) means an n = 12 was required to achieve a power of 93%.

Adult male Crh-cre::eYFP (Chapter 2), aged 8-10 weeks, old were also used for
retrograde tracing studies to establish projections from CRH™VH > VM. For the
retrograde tracing studies, adult male VGlut2-cre::eYFP (Chapter 2), aged 8-16 weeks,
were used to establish projections from VGIut2PVH - rVLM.

The TRAP2 mouse (Fos?ACeER » Jax strain #030323; C57BL/6J background) is a knock-
in line which expresses tamoxifen-inducible, improved Cre recombinase (icre/ERT2)
driven by Fos promoter/enhancer elements (DeNardo et al., 2018). This system enables
the permanent genetic access to neurons which are activated by a specific stimulus (e.g.,
hypoglycaemia). TRAP2 mice aged 16-10 weeks were used in the final study in this
Chapter.

Animals were acclimatised to the holding room and handled daily for 2 weeks prior to

each experiment.

6.2.2 Chemogenetic activation of CRHMPdPVH
Intracranial surgery

Crh-cre::eYFP mice (n=12) underwent intracranial surgery, as described in Chapter 2.
AAVs carrying a Cre-dependent stimulatory DREADD construct (AAV8-hSyn-DIO-
hM3D(Gq)-mCherry) were injected bilaterally into the mpdPVH region. AAV titre,

coordinates and injection volumes are outlined in the Chapter 2. After surgery, animals
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were left in their home cages for three weeks to enable recovery, viral transfection and

gene transduction.

Experiment

The experiment was performed as a cross-over study on two test days (test 1 and test
2), which were separated by one week. On test days, mice were fasted for 3 hr in the
morning and then randomised to receive either an i.p. injection of saline or clozapine-N-
oxide (CNO; 1 mg/kg; Tocris) in a volume of 4 ml/kg. Blood glucose levels were checked
at baseline (pre-injection) and every 30 min for 120 min post-injection, by tail-tip blood
sampling. In addition, blood samples were taken at baseline and at 30 min after injection
to measure adrenaline levels. Blood glucose testing, blood sampling and ELISA methods
are described in Chapter 2. All animals received both treatments over the two test days

enabling paired comparisons.

Immunohistochemistry

Viral transfection of CRH™VH neurons and neuronal activation was verified using triple
immunohistochemistry for mCherry (stimulatory DREADD), cFos and GFP (Crh-
cre::eYFP). This was achieved by administrating a final dose of CNO (i.p., 1 mg/kg) to
all animals. Two hours later, animals were perfused with fixative and brains dissected
and processed for immunohistochemistry. Processing of brain sections and
immunohistochemistry methods are outlined in Chapter 2. Neurons, in the relevant
regions of interest, were stained for mCherry (red-fluorescent secondary antibody), cFos
(blue-fluorescent secondary antibody) and GFP (green-fluorescent secondary antibody).
Only animals with on-target and bilateral viral transfection (n = 6) were included in the

results.

6.2.3 Chemogenetic inhibition of CRH™PIPVH
Intracranial surgery

Crh-cre::eYFP mice (n=12) underwent intracranial surgery in two batches. This time,
AAVs carrying a Cre-dependent inhibitory DREADD construct (AAV8-hSyn-DIO-
hM4D(Gi)-mCherry) were injected bilaterally into the mpdPVH region. Injection co-
ordinates, AAV titre and injection volumes are outlined in the Chapter 2. After surgery,
animals were again left in their home cages for three weeks to enable recovery and viral

transfection.

168



Experiment 1

As we had experienced difficulties with previous batches of the inhibitory DREADD virus,
we elected to first test whether glucose and corticosterone responses were attenuated
following hypoglycaemia. This experiment was also performed as a cross-over study on

two test days (test 1 and test 2), which were separated by one week.

On test days, mice were fasted for 3 hr in the morning and then randomised to receive
either an i.p. injection of saline or CNO (1 mg /kg). All animals then received s.c insulin
(1.75 U/kg) to induce hypoglycaemia. Blood glucose levels were checked at baseline
and every 30 min for 120 min, via tail tip blood sampling. In addition, blood samples were

taken at baseline and at 30 min to measure corticosterone levels.

Experiment 2

Next, following optimisations in virus titre (reduced to 1.9 x 10*2 particles/ul) and injection
volume (3 x 32 nl), we repeated the above experiment. In this experiment glucose and
adrenaline responses were measured following hypoglycaemia. The experimental
protocol was otherwise identical to Experiment 1.

Immunohistochemistry

Viral transfection of CRH™VH neurons was verified using dual-label
immunohistochemistry for mCherry (inhibitory DREADD), and GFP (Crh-cre::eYFP).
Only animals with on-target and bilateral viral transfection (n = 9 in Experiment 1 and n
= 8 in Experiment 2) were included in the final results.

As i.p. CNO would inhibit transfected neurons, we did not perform cFos

immunohistochemistry, as the absence of cFos is more difficult to interpret.

6.2.4 Retrograde tracing to investigate PVH-> rVLM connections using
Fluoro-Gold

Intracranial surgery

Crh-cre::eYFP (n=6) and VGlut2-cre::eYFP mice (n=5) were injected unilaterally with the
blue retrograde tracer Fluoro-Gold (FG) into the rVLM C1 group. Injection co-ordinates
and volumes are outlined in the Chapter 2. After surgery, animals were left in their home

cages for three weeks to enable recovery and transport of the tracer.
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Immunohistochemistry

Animals were administered s.c insulin (1.75 U/kg) and 2 hr later were perfused, enabling
tissue fixation at peak cFos protein expression. Hypoglycaemia-activated PVH->rVLM
neurons were identified using immunohistochemistry. For PVH sections, this first
involved separating anterior, middle, and posterior PVH sections, based on their distance
from bregma. Next, sections underwent dual-label immunohistochemistry for cFos and
GFP  (Crh-cre::eYFP  or  VGlut2-cre::eYFP). In other PVH  sections,
immunohistochemistry for cFos and CRHR1 was performed. The endogenous
fluorescence of the retrograde tracer was visualised for colocalisation in all PVH
sections. For rVLM sections, dual-label immunohistochemistry was performed for cFos
and TH (CA neurons in the C1 group). The endogenous fluorescence of the retrograde
tracer was visualised to establish the injection site. Only on-target animals were included
in counts (Crh-cre::eYFP (n=4) and VGlut2-cre::eYFP mice (n=3)).

6.2.5 Anterograde tracing to investigate PVH-> rVLM connections using
TRAP2 mice

This study was performed with the aim of investigating projections from hypoglycaemia-
activated PVH neurons to the rVLM. The TRAP2 mouse had not yet been validated in
our laboratory, therefore this study was an adjunct to the retrograde tracing study

outlined in the previous section.

TRAP2 System

The TRAP2 system uses the cFos gene locus to drive the expression of the tamoxifen-
inducible Cre recombinase (CreER) along with a transgenic or AAV-delivered, Cre-
dependent effector. In this experiment, an AAV containing a Cre-dependent channel
rhodopsin (ChR2)-mCherry construct was injected unilaterally into the mpdPVH. When
a neuron is activated following a stimulus (e.g., hypoglycaemia) CreER is produced.
However, this is only able to enter the nucleus and catalyse recombination in the
presence of tamoxifen (4-OHT) (DeNardo et al., 2018). Therefore, Cre recombination
can be paired to neuronal activation following hypoglycaemia, by coordinating the
administration of tamoxifen and insulin. In the literature, this technique is often referred
to as “TRAPing”, and neurons which undergo successful Cre recombination in the
presence of tamoxifen are referred to as “TRAPed”. The TRAP2 system is explained

pictorially in Figure 6.1.
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Intracranial Surgery

Male and female TRAP2 mice (male n=8 and female n=8) were injected unilaterally with
AAVs carrying a Cre-dependent ChR2-mCherry construct (AAV8-EFla-DIO-
hChR2(H134R)-mCherry-WPRE-HGHpA) into the mpdPVH. The Cre-dependent
expression of Chr2-mCherry in the neuronal cell membrane enables the anterograde
tracing of neuronal connections. Injection co-ordinates, viral titre and volumes are
outlined in the Chapter 2. After surgery, animals were left in their home cages for two
weeks to enable recovery and transfection of cells.

Experiment: Hypoglycaemia-TRAPing of mpdPVH neurons

On the day of the experiment, animals were fasted for 3 hr in the morning then
randomised to receive either s.c. insulin (1.75 U/kg) to induce SH, or volume matched
saline. One hour later, animals then received either i.p. 4-OHT (10 mg/kg) or volume
matched saline. In mice receiving i.p. 4-OHT, this would lead to Cre recombination of the
ChR2-mCherry construct in transfected mpdPVH neurons, leading to stimulus-specific
neuronal TRAPing. The groups were, therefore, as follows: SH/saline (n=5), saline/4-
OHT (n=5) and SH/4-OHT (n=6). Food was returned to cages 1 hr after s.c injection and

animals were left undisturbed for the next 24 hr. Ten days later, animals were perfused.

Immunohistochemistry

All animals were administered s.c insulin (1.75 U/kg) and 2 hr later were perfused with
fixative to enable cFos quantification. Only on-target animals (SH/saline (n=4), saline/4-
OHT (n=5) and SH/4-OHT (n=4)) were included in subsequent analysis. This was
established by the presence of unilateral injection tract in the mpdPVH region.

I next used immunohistochemistry to identify TRAPed PVH neurons and to confirm if
TRAPed neurons expressed cFos following hypoglycaemia. This was performed to
assess if the TRAPing protocol was specific to hypoglycaemia. For PVH sections, this
involved dual-label immunohistochemistry for mCherry (ChR2-mcherry expression in
TRAPed neurons) and cFos. For hindbrain sections containing the LC, NTS and rVLM,
dual-label immunohistochemistry was performed for mCherry (fibre staining) and TH (CA

neurons).
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6.2.6 Identification of transfection and quantification of neurons

Animals were included in the results of chemogenetic studies only if IHC demonstrated
bilateral colocalisation of the viral reporter in >50% of CRHPY" neurons. Investigators
were blinded to the order of treatments received by each animal when checking

transfection and during quantification.

For each animal, quantification of labelled neurons following chemogenetic and tracing
experiments followed the same protocol. For each animal, neuronal counts were
performed on a minimum of three brain sections (3-5 sections per region, depending on
availability) which contained the region of interest, and then averaged to provide counts
per section. For chemogenetic experiments counts were performed bilaterally. For

tracing experiments, counts were performed unilaterally.
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Figure 6.1: Schematic of TRAP2 system

In TRAP2 mice, neurons are first transfected with AAVs containing the effector of choice. In this experiment
AAVs containing a Cre-dependent ChR2-mCherry construct. Activation of neurons (e.g., by SH) leads to
CreER expression, which is unable to enter the nucleus. Only in the presence of 4-OHT, can CreER enter
the nucleus. Cre-recombination leads to inversion of the ChR2-mcherry construct in the correct orientation,
enabling effector transcription.
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6.3 Results

6.3.1 Chemogenetic activation of CRHMPdPVH

In the first experiment, the involvement of CRH™VYH neurons in the activation of the
sympathoadrenal response was investigated. This was achieved though the selective
expression of the stimulatory DREADD (hM3Dg-mcherry) in CRH™V" neurons, by
using the Crh-cre::eYFP mouse. The fusion of the DREADD with mCherry allowed
visualisation of the receptor expression. Neuronal labelling for mCherry was localised to
the PVH and was restricted to CRH neurons. This was demonstrated by colocalisation
of mCherry with GFP (Crh-cre::eYFP) (Figure 6.2). Only animals displaying on-target

and bilateral transfection in the PVH were included in the results.

Figure 6.2: Expression of the stimulatory DREADD in PVH of Crh-cre::eYFP mice

Main image shows Cre-dependent hM3Dg-mCherrry (red) expression, restricted to the PVH and
colocalisation with GFP-labelled CRH neurons (green). Dual-labelled cells appear yellow. Magnified images
show mCherry- and GFP-labelled neurons, and colocalisation in the mpdPVH. Main image scale bar
represents 100 um. Magnified image scale bar represents 50 pm.

In a cross-over experiment, animals received either i.p. saline or CNO, followed by blood
glucose and adrenaline measurements (Figure 6.3). Treatment with saline led to stress-
related increases in blood glucose levels. However, activation of CRH™VH neurons
following CNO injection led to a rapid and significantly greater increase in blood glucose
at 30 min, when compared with saline injection. Blood glucose levels remained
significantly elevated until 90 min after CNO, when compared with saline injection
(Figure 6.3A). This was highlighted by a significant increase in the change in blood
glucose (0-30 min) and area under the curve (AUC) for the glucose profile following CNO

injection, when compared with saline administration (Figure 6.3B,C). Importantly the
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change in adrenaline levels (0-30 min) was significantly elevated follow i.p. CNO, when

compared with saline treatment.
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Figure 6.3: Blood glucose and adrenaline levels following chemogenetic activation of
CRH™PIPVH neurons

A: Mean blood glucose profile for the 120 min following saline or CNO injection. Blood glucose levels were
significantly elevated at 30-, 60- and 90-min time points following CNO, when compared with saline treatment
(*p<0.05, **p<0.01; repeated measures two-way ANOVA with Sidak’s post hoc test).

B: Change in glucose (0-30 min) was significantly increased following CNO, versus saline treatment
(**p<0.01; paired t-test).

C: Area under the curve (AUC) of glucose profiles for saline and CNO injection. AUC was significantly
elevated following CNO treatment (*p<0.05; paired t-test).

D: Change in adrenaline release (0-30 min) following saline and CNO injection. Treatment with CNO led to
a significant increase in adrenaline release when compared with saline (*p<0.05; paired t-test was used to
identify differences in sympathoadrenal response within the same animal, dependent on treatment with
saline or CNO).

Data presented as mean + SEM. n=6 with on-target transfection.

175



Activation of CRH™YVH neurons was further confirmed by immunohistochemistry for
cFos. Representative images for mPVH sections stained for mCherry (red), GFP (green)
and cFos (blue) are shown in Figure 6.4A. In mPVH sections, cFos was abundantly
expressed following CNO injection, signifying high levels of neuronal activation.
Importantly, 83.4 + 3.3% of cFos-expressing neurons in the PVH colocalised with GFP,
signifying that they were predominantly CRH neurons. Over 75% (78.4 £ 7.6 %) of GFP-
labelled CRH neurons colocalised with mCherry, signifying high levels of transfection
with the stimulatory DREADD. A subsequent analysis showed that 64.4 + 8.3% of
transduced (hM3Dg+) CRH neurons were activated following CNO. Importantly the
percentage of activated hM3Dg+ CRH neurons showed a strong linear correlation (r =
0.85) with the adrenaline response (expressed as change in percentage adrenaline
response following treatment with CNO, when compared with saline) (Figure 6.4B).
Though activation in transfected CRH neurons was much lower in two animals, this was

still correlated to the adrenaline response, suggesting this was a real effect.

Interestingly the chemogenetic activation of CRH™VM neurons led to specific,
stereotyped behaviours. Notably there was enhanced digging and escape behaviours in
most of the animals within minutes of CNO injection. Unfortunately, a formal assessment

of behaviours was not performed in this experiment.

We postulated that CRH™YH neurons connect with hindbrain autonomic regions
including the rVLM, providing a potential pathway which controls adrenaline release
following hypoglycaemia. CA neurons in the C1 body of the rVLM are particularly
important to the sympathoadrenal response (Figure 6.5A). Sections containing the rvVLM
(-6.5 to -7.2 mm from bregma) in the same cohort of mice were stained for TH with a
green-fluorescent secondary antibody, to enable identification of CA neurons in the C1
cell group (Figure 6.5B). Sections were also stained for cFos to assess activation of
THCMVM neurons. The activation of transfected CRH™"VH neurons led to high levels of
cFos in the rVLM, including, but not limited to TH neurons. Consistent with the literature
the percentage of TH*VM neurons activated showed a strong linear correlation (r = 0.88)
with adrenaline release (expressed as change in percentage adrenaline response
following treatment with CNO, when compared with saline) (Figure 6.5C). Interestingly,
the activation of TH®*™M neurons also showed a strong linear correlation (r = 0.88) with
the percentage of transduced CRH™VH neurons activated following CNO injection.
These data suggest a functionally significant pathway between CRH™VH gnd THCIVM
neurons which controls adrenaline release. However, the functional significance of this

pathway to hypoglycaemia was not yet clear.
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Figure 6.4: cFos induction in PVH following chemogenetic activation of CRH™MPIPVH
neurons

A: Representative images of hM3Dg-mCherry- (red), GFP- (green) and cFos- (blue) labelled neurons in the
mPVH following i.p. CNO injection. Merged and magnified images showing colocalisation are also included.
Main image scale bar represents 100 um, magnified image scale bar 50 pm.

B: Plot of % change in adrenaline response (CNO vs saline) for each animal and corresponding % hM3Dg+
CRH neurons activated following i.p. CNO (*p<0.05, r = 0.85; Pearson correlation).

Data presented as mean + SEM. n=6 animals, n = 3-5 sections per animal.
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Figure 6.5: cFos induction in the rVLM following chemogenetic activation of CRHMPIPVH
neurons

A: Brain atlas coronal section through the rVLM C1 group (bregma -6.84 mm)

B: Representative images of TH- (green) and cFos- (red) labelled neurons in the rVLM C1 group. Merged
and magnified images showing colocalisation are also included. Main image scale bar represents 100 pum,
magnified image scale bar 50 um.

C: Plot of % change in adrenaline response (CNO vs SAL) and corresponding % TH+ rVLM C1 neurons
activated following CNO injection (**p<0.01, r = 0.88; Pearson correlation).

D: Plot of % TH+ rVLM C1 neurons activated and % hM3Dg+ CRH™PYPVH neurons activated following CNO
injection (*p<0.05, r = 0.85; Pearson correlation).

Data presented as mean + SEM. n=6 animals, n = 3-5 sections per animal.
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6.3.2 Chemogenetic inhibition of CRH™PIPVH

Next, the functional significance of CRH™VH neurons to the hypoglycaemia CRR was
assessed using the inhibitory DREADD (hM4Di-mCherry). We decided to first examine
whether the inhibition of CRH™VH neurons affects glucose and corticosterone levels
during insulin-induced hypoglycaemia. We postulated that measuring corticosterone
release would be a more sensitive initial test for the chemogenetic inhibition of CRHMPIPVH

neurons.

Experiment 1

In this first experiment, hM4Di-mcherry was expressed selectively in the CRHMPIPVH
neurons of Crh-cre::eYFP mice. Blood glucose measurements were terminated early in
this experiment because several animals displayed high levels of stress behaviours.
These data are shown in Figure 6.6. Following s.c. insulin injection, blood glucose levels
were reduced to a similar levels at 30 min, with prior saline and prior CNO injection,
respectively (Figure 6.6A). This was followed by a very similar blood glucose profile after
both treatments. Glucose profiles and recovery following hypoglycaemia was similar in
both groups. However, corticosterone levels were reduced following prior CNO injection,

when compared with prior saline injection (Figure 6.6).

Sections containing the mPVH underwent dual-label immunohistochemistry for mCherry
and GFP, to visualise transfected CRH™VH neurons (Figure 6.7A). Neuronal labelling
for hM4Di-mCherry was restricted to the PVH. However, <50% of CRH™VH neurons
(43.8 £ 6.6%) displayed transfection with the inhibitory DREADD. In addition, non-
specific colocalisation was seen. The percentage of transduced CRH™"VH neurons and
the percentage change in corticosterone release (expressed as change in percentage
corticosterone response following treatment with CNO, when compared with saline)
showed weak negative correlated (Figure 6.7B). Though this correlation was not
statistically significant, these data suggest that the inhibition of CRH™Y" neurons may
correspond to reduced corticosterone release during hypoglycaemia. These data also

highlighted that further optimisations to the transfection specificity were required.
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Figure 6.6: Blood glucose and corticosterone levels following chemogenetic inhibition of
CRH™PIPVH neurons

A: Mean blood glucose profile for the 90 min following insulin injection, with prior saline or CNO treatment.
Blood glucose levels were similar at all timepoints between mice previously treated with saline or CNO.

B: Change in corticosterone (0-30 min) was significantly lower following prior CNO treatment, when
compared with prior saline treatment (**p<0.01; paired t-test).

Data presented as mean + SEM. n=9 animals.
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Figure 6.7: Expression of the inhibitory DREADD in PVH of Crh-cre::eYFP mice and
correlation with corticosterone release

A: Main image shows Cre-dependent hM4Di-mCherrry (red) expression in the PVH and colocalisation with
GFP-labelled CRH neurons (green). Dual-labelled cells appear yellow. Scale bar represents 100 um.
Magnified images show mCherry- and GFP-labelled neurons and colocalisation in the mpdPVH. Main image
scale bar represents 100 um, magnified image scale bar represents 50 um.

B: Plot of % change in corticosterone response (CNO/INS vs saline/INS) and corresponding % hM4Di+
CRH™PAPVH neyrons, showing a weak negative correlation (p=ns, r = -0.35; Pearson correlation).

Data presented as mean + SEM. n=9 animals, n = 3-5 sections per animal.
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Experiment 2

In the next experiment, a similar approach was taken to investigate the functional
significance of CRH™YVYH neurons to the sympathoadrenal response during
hypoglycaemia. Following optimisations, the inhibitory DREADD was again injected into
Crh-cre::eYFP mice. Blood glucose and adrenaline data are shown in Figure 6.8.
Following s.c. insulin injection, blood glucose levels at 30 min reached a similar nadir,
when animals were treated with prior saline and prior CNO injection, respectively (Figure
6.8A). This was followed by separation in the blood glucose profiles at the 60 min
timepoint, with CNO/INS treatment leading to lower blood glucose levels. At the 90 min
timepoint, blood glucose levels were significantly reduced with CNO/INS treatment,
when compared with saline/INS treatment. These data suggested a delay in glucose
recovery following hypoglycaemia, with prior CNO treatment. This was also evidenced
by a significant reduction in the AUC for the glucose profile, when animals were treated
with CNO, compared with saline (Figure 6.8B). In parallel, the change in adrenaline
release (0-30 min) was significantly reduced with CNO/INS treatment, when compared
with saline/INS. In combination, these data suggested a functional role of CRH™P4PVH
neurons in CRR following hypoglycaemia, evidenced by delayed glucose recovery and

impaired adrenaline release.

Subsequently, sections containing  the mPVH underwent  dual-label
immunohistochemistry for mCherry and GFP, to visualise transfected CRHMPIPVH
neurons (Figure 6.9A). Only animals displaying on-target and bilateral transfection in the
PVH were included in the results. In this experiment, neuronal labelling for hM4Di-
mCherry was restricted to the PVH and 72.4 + 7.2 % of CRH™Y" neurons displayed
transfection with the inhibitory DREADD. Colocalisation showed much greater specificity
to CRH neurons, when compared with the previous experiment. However, a small
number of transduced neurons did not colocalise with mCherry. Importantly, there was
a strong negative correlation (r = -0.71) between the percentage of transduced
CRH™PYH neurons and the percentage change in adrenaline release (expressed as
change in percentage adrenaline response following treatment with CNO/INS, when
compared with saline/INS) (Figure 6.9B). These data confirm that adrenaline and
glucose responses to hypoglycaemia are impaired when CRH™VM neurons are
inactivated. Together, these data indicate that the chemogenetic stimulation or inhibition
of CRH™PVH neurons leads to functionally significant changes to the sympathoadrenal

response, including during hypoglycaemia.
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Figure 6.8: Blood glucose and adrenaline levels following chemogenetic inhibition of
CRHMPIPVH neurons

A: Mean blood glucose profile for the 120 min following insulin injection, with prior saline or CNO treatment
(saline/INS and CNO/INS groups). Blood glucose levels diverged at 60 min and were significantly reduced
with CNO/INS treatment, when compared with saline/INS (**p<0.01; repeated measures ANOVA with
Sidak’s post hoc test).

B: Area under the curve (AUC) for glucose profile was significantly reduced following CNO/INS, when
compared with saline/INS (*p<0.05; paired t-test).

C: Change in adrenaline (0-30min) was significantly reduced following CNO/INS, when compared with
saline/INS (*p<0.05; paired t-test paired t-test was used to identify differences in sympathoadrenal response
within the same animal, dependent on treatment with saline or CNO).

Data presented as mean + SEM. n=8 animals with on-target transfection.
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Figure 6.9: Expression of the inhibitory DREADD in PVH of Crh-cre::eYFP mice and
correlation with adrenaline release

A: Main image shows Cre dependent hM4Di-mCherrry (red) expression in the PVH and colocalisation with
GFP-labelled CRH neurons (green). Dual-labelled cells appear yellow. Scale bar represents 100 pm.
Magnified images show mCherry- and GFP-labelled neurons and colocalisation in the mpdPVH. Main image
scale bar represents 100 um, magnified image scale bar represents 50 pm.

B: Plot of % change in adrenaline response (CNO/INS vs saline/INS) and corresponding % hM4Di+
CRH™PAPVH neyrons, showing a strong negative correlation (*p<0.05; r = -0.71; Pearson correlation).

Data presented as mean + SEM. n=8 animals, n = 3-5 sections per animal.
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6.3.3 Retrograde tracing to investigate PVH-> rVLM connections using
Fluoro-Gold

In the previous section, CRH™VH neurons were identified as functionally significant to
the hypoglycaemia CRR. However, the pathway which mediates this effect is unclear.
We postulated that a direct excitatory neuronal circuit between the PVH and the rVLM
may control the sympathoadrenal response following hypoglycaemia. We postulated that

the identity of some rVLM-projecting PVH neurons (PVH>"V*™) was CRH™"VH neurons.

Brain sections containing the rVLM C1 group were first dual-labelled for cFos (red-
fluorescent secondary antibody) and TH (green-fluorescent secondary antibody) to
identify CA neurons in the C1 group. The injection site and distribution pattern following
FG injections was assessed by visualising the endogenous blue fluorescence of the
tracer, alongside cFos and TH staining (Figure 6.10C). Intracranial injections showed
good localisation to the rVLM. However, there was some spread of FG more dorsally
and in the injection tract. The rostro-caudal spread of FG was restricted to the rVLM.
However, in most animals FG spread also involved the C1/Al cell group, which is

immediately caudal to the C1 group.
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Figure 6.10: Retrograde injection approach to identify PVH>™*Mneurons

A: Brain atlas coronal section showing the injection side. FG injection into the rVLM C1 group (bregma -6.84
mm) was performed in VGlut2-cre::eYFP and Crh-cre::eYFP mice.

B: Diagram showing retrograde tracing approach for this experiment.

C: Representative IHC image showing injection site of FG (blue) into the rVLM C1 region. TH+ CA neurons
in the rVLM C1 are identified by arrows. Main image scale bar represents 500 um, magnified image scale
bar represents 50 pm.

Subsequently, in on-target animals from both cohorts of mice (VGlut2-cre::eYFP and
Crh-cre::eYFP mice), the anatomical distribution of SH-activated PVH>"V*M neurons was
investigated. This was achieved by staining anterior (aPVH), middle (mPVH), and
posterior PVH (pPVH) sections for cFos. Sections were then visualised for neuronal cFos
and FG colocalisation, identifying SH-activated PVH>™V'M neurons. Representative
images for PVH sub-regions, displaying FG- and cFos-labelled neurons are shown in
Figure 6.11A.

FG-labelled neurons were identified in all sub-regions and were predominantly unilateral,
though a small number of contralateral PVH neurons were also labelled. FG labelling in
the mPVH and pPVH regions was found ventro-laterally within the PVH, largely sparing
the periventricular region of the PVH. In addition, only a small number of FG-labelled
neurons were identified in the mpdPVH region. Consistent with the literature, the greatest
number of FG-labelled neurons were present in the pPVH and then the mPVH (Figure
6.11B). Only a small number of aPVH neurons were found to be labelled with FG. The
percentage of activated (cFos-labelled) neurons was similar in both pPVH (64.1 + 3.9 %)
and mPVH (58.3 + 2.8%), and lower for the aPVH (34.1 + 4.1 %) (Figure 6.11C). These
data demonstrated that pPVH and mPVH sub-regions display the highest number of SH-

activated PVH>"V'™M neurons.
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Figure 6.11: Anatomical location of SH-activated PVH>V"Mneurons

A: Representative images of the anterior, middle, and posterior PVH following intracranial injection in the
rVLM C1 group with FG. Neurons are stained for cFos (red) and FG (blue). Colocalisation of cFos and FG
identifies SH-activated PVH>"V*M neurons. Main image scale bar represents 100 um, magnified image scale
bar 50 um.

B: Number of PVH>VM neurons (FG+) in the PVH sub-regions

C: Percentage of PVH>VM neurons (FG+) activated (cFos+) following SH in PVH sub-regions

Data presented as mean + SEM. n=7 animals (VGlut2-cre::eYFP mice, n = 3; Crh-cre::eYFP mice, n = 4).
n = 3-5 sections per sub-region, per animal.
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The pPVH is known to contain glutamatergic neurons which project to autonomic regions
in the spinal cord and hindbrain. However, this remains poorly characterised for aPVH
and mPVH regions. This was further investigated by using brain sections from VGlut2-
cre::eYFP mice. Sections were labelled for cFos and GFP to identify glutamatergic, SH-
activated PVH>V"Mneurons. A representative image of the mPVH, showing cFos-, GFP-
and FG-labelled neurons is shown in Figure 6.12A. In all sub-regions, >70% of FG-
labelled neurons colocalised with GFP, identifying them as glutamatergic PVH>™VtM
neurons. Colocalisation for FG, cFos and GFP was greatest in the pPVH and marginally
less in the mPVH (Figure 6.12B). In all sub-regions, >80% of cFos and FG dual-labelled
neurons also colocalised with GFP (Figure 6.12C). This demonstrated that irrespective
of sub-region, SH-activated PVH>"V'M neurons are predominately glutamatergic. Also,
pPVH and mPVH regions are likely to contribute to the excitation of the rVLM during
hypoglycaemia.

Glutamatergic PVH neurons are a highly heterogenous population and include CRH
neurons. As the main aim of this Chapter was to understand circuits involving CRHMPdPVH
neurons, a further phenotypic investigation was performed. In this experiment, sections
from Crh-cre::eYFP mice were labelled for cFos and GFP to identify SH-activated
CRHPVH>VLM neyrons. A representative image of the mPVH, showing cFos-, GFP- and
FG-labelled neurons is shown in Figure 6.13A. A high proportion of CRH neurons were
activated by SH in all regions, corroborating my findings in Chapter 3. Surprisingly, only
a small number of cFos and FG dual-labelled neurons also colocalised with GFP (Figure
6.13B). This was highest in the mPVH, which contains the greatest number of CRH
neurons. Interestingly, colocalisation of cFos, FG and GFP was not specific to the mpd
region in the mPVH. Within the mPVH, only a small proportion (16.1 + 2.5%) of cFos and
FG dual-labelled neurons also colocalised with GFP (Figure 6.13C). These data
highlighted that only a small percentage of SH-activated PVH>“'M neurons are
phenotypically CRH neurons. Though, most of these neurons reside within the mPVH,

they are not specific to the mpd region.
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Figure 6.12: Anatomical location of SH-activated VGlut2 PY">VtMneurons

A: Representative image of the mPVH following intracranial injection in the rVLM C1 group with FG. Neurons
are stained for cFos (red), GFP (green) and FG (blue). Colocalisation of cFos, GFP and FG identifies SH-
activated VGIut2PVH>™VtM neurons and are marked with white arrows. Main image scale bar represents 100
pm and magnified image scale bar 50 um.

B: Number of SH-activated VGIut2PVH>VtM neyrons (FG+, cFos+ and GFP+) in different PVH sub-regions.
C: Percentage of SH-activated PVH>™'"M neurons (cFos + and FG+) which colocalised with VGlut2 (GFP+).
Data presented as mean + SEM. n=3 animals, n = 3 sections per sub-region, per animal.
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Figure 6.13: Anatomical location of SH-activated CRHPYH>™VtMneurons

A: Representative image of the mPVH following intracranial injection in the rVLM C1 group with FG. Neurons
are stained for cFos (red), GFP (green) and FG (blue). Colocalisation of cFos, GFP and FG identifies SH-
activated CRHPVH>VtM neyrons and are marked with white arrows. Main image scale bar represents 100 um
and magnified image scale bar 50 pm.

B: Number of SH-activated CRHPVH>™VtM neurons (FG+, cFos+ and GFP+) in different PVH sub-regions.

C: Percentage of SH-activated PVH>™V'"M neurons (cFos + and FG+) which colocalised with CRH (GFP+)
Data presented as mean + SEM. n=4 animals, n = 3 sections per sub-region, per animal.
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Although a direct SH-activated CRHPVH>™M connection was identified in the previous
section, CRH neurons accounted for <20% of all SH-activated PVH>™V'M neurons.
Though this connection may be sufficient to control sympathoadrenal output, it is likely
that alternative pathways also exist. Recently, intra-PVH circuits have been shown to
have functional significance to autonomic activation (Jiang et al., 2018). Therefore, CRH

signalling, via CRHR1-expressing PVH neurons was next investigated.

This was investigated in the same cohorts of VGlut2-cre::eYFP and Crh-cre::eYFP mice,
which had received unilateral FG injection into the rVLM. Brain sections were labelled
for cFos and CRHRL1. A representative image of the mPVH, showing neurons labelled
with cFos, CRHR1 and FG is shown in Figure 6.14A. Neurons which express CRHR1
were found abundantly throughout the rostro-caudal extent of the PVH. CRHR1 labelling
was dense and distributed evenly in all sub-divisions of the mPVH (Figure 6.14A). The
number of cFos, CRHR1 and FG colocalised neurons was greatest in the pPVH, with
marginally fewer colocalised neurons in the mPVH (Figure 6.14B). In all sub-regions,
>70% of cFos and FG dual-labelled cells, also colocalised with CRHR1. This signified
that the majority of SH-activated PVH>™™ neurons express CRHR1. SH-activated
CRHR1PVH>™VM neurons provide an alternative pathway by which CRH™VH neurons
can control autonomic functions, including the sympathoadrenal response to

hypoglycaemia.
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Figure 6.14: Anatomical location of SH-activated CRHR1PVH>VtM neurons

A: Representative image of the mPVH following intracranial injection in the rVLM C1 group with FG. Neurons
are stained for CRHR1 (red), cFos (green) and FG (blue). Colocalisation of CRHR1, cFos and FG identifies
SH-activated CRHR1PVH>VtM neurons. Main image scale bar represents 100 um, magnified image scale bar
50 pm.

B: Number of SH-activated CRHR1PVH>™"M neurons (CRHR1+, cFos+ and FG+) in the PVH sub-regions.
C: Percentage of SH-activated PVH>"V'"M neurons (cFos + and FG+) which colocalised with CRHR1.

Data presented as mean + SEM. n=7 animals (VGlut2-cre::eYFP, n = 3; Crh-cre::eYFP mice,n=4).n=3
sections per sub-region, per animal.
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6.3.4 Anterograde tracing to investigate PVH-> rVLM connections using
TRAP2 mice

An anterograde tracing study, which used the TRAP2 system was conducted to further
investigate the PVH->rVLM connection. The experiment protocol is shown in Figure
6.15A. Identification of PVH neurons which expressed ChR2-mCherry and were acutely
responsive to hypoglycaemia was achieved using dual-label immunohistochemistry.
Representative images of the PVH in animals receiving SH/saline, saline/4-OHT and
SH/4-OHT are shown in Figure 6.15B. Animals receiving SH/saline, did not express
ChR2-mCherry in the PVH, as 4-OHT is required for Cre-dependent recombination in
activated neurons. Following saline/4-OHT treatment, a very low level of ChR2-mCherry
expression was seen unilaterally in the PVH. Transduced cells were identified by
neuronal membrane staining with mCherry. In animals treated with SH/4-OHT, there was
an increase in mCherry-labelled neurons in the PVH. Again, only a small number of
neurons were labelled, however, >90% of mCherry labelled neurons, colocalised with
cFos in animals treated with SH/4-OHT. This indicated that despite small numbers of
mCherry-labelled neurons, treatment with SH/4-OHT led to a high level of transduction
specificity to SH-activated PVH neurons. In this group, the number and location of
transduced PVH neurons was surprising. Transduced PVH neurons were located
unilaterally, adjacent to the injection site, however, contralateral fibre staining was also
seen in some animals. Despite injections targeting the mpdPVH region, most mCherry-
labelled neurons were located ventrally within the PVH. The number of ChR2-mCherry

labelled PVH neurons, for each group, is shown in Figure 6.15C.

Hypoglycaemia-TRAPing of mpdPVH neurons

Surgery Saline Saline SH
AAV-ChR2-mCherry or or &
unilaterally into PVH SH 4-OHT Perfusion

2 weeks 1hr 1 week
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Figure 6.15: Hypoglycaemia-TRAPing of mpdPVH neurons

A: Study protocol.

B: Representative images of the mPVH following unilateral intracranial injection with AAV-ChR2-mCherry
into the mpdPVH in SH/saline, saline/4-OHT and SH/4-OHT groups. Neurons are stained for ChR2-mCherry
(red) and cFos (green). Main image scale bar represents 100 um, magnified image scale bar 50 pm.

C: Number of ChR2-mCherry-labelled neurons in the mPVH after SH/saline, saline/4-OHT and SH/4-OHT
groups.

Data presented as mean + SEM. n=4-5 animals with on-target transfection, n = 3-5 sections, per animal.

194



Subsequently, PVH projections to hindbrain autonomic regions were assessed in
relevant brain sections in SH/saline, saline/4-OHT and SH/4-OHT groups. Sections
containing the LC, NTS and rVLM were labelled with ChR2-mCherry to identify fibres
projecting from PVH neurons. Representative images of the rVLM C1 group, caudal NTS
and LC are shown in Figure 6.16A-C. In animals receiving SH/saline, fibres were not
visible in any hindbrain region as, in the absence of 4-OHT, Cre-dependent
recombination was not possible. Following saline/4-OHT a very low level of fibre staining
was seen in the rVLM C1 groups, but not in the NTS or LC. Importantly, animals treated
with SH/4-OHT consistently displayed fibres in the rVLM C1 group and the caudal NTS
(cNTS), but not in the LC. For the rVLM, fibres were only seen surrounding CA neurons
in the rVLM C1 group (Figure 6.16A). In the cNTS, fibres were also distributed in
proximity to CA neurons, including the A2/C2 neuron group. However, fibres were also
seen sporadically in the AP and DMX regions. This confirmed that SH-activated PVH
neurons project directly to hindbrain catecholaminergic regions, including the rVLM and
cNTS. These connections may enable SH-activated PVH neurons to modulate

autonomic output.
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Figure 6.16: Hindbrain projections of hypoglycaemia TRAPed PVH neurons

A: Representative images of rVLM C1 group in SH/saline, saline/4-OHT and SH/4-OHTgroups. CA neurons
are labelled with TH (green) and fibres are labelled with ChR2-mCherry (red).

B: Representative images of caudal NTS in SH/saline, saline/4-OHT and SH/4-OHT groups.

C: Representative images of LC in SH/saline, saline/4-OHT and SH/4-OHT groups.

Main image scale bar represents 100 um, magnified image scale bar 50 pm.

Data presented as mean + SEM. n=4-5 animals, n = 3-5 sections, per animal.
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6.4 Discussion

In previous chapters, CRH™VH neurons were identified as a hypoglycaemia-activated
neuronal population, which displays adaptive changes in activity following RH. These
findings suggested a functional role for CRH™VH neurons in the hypoglycaemia CRR.
We postulated that CRH™YM neurons also regulate sympathoadrenal responses to
stressors, including hypoglycaemia, through connections with hindbrain autonomic

regions.

To this end, we first performed a series of chemogenetic experiments to establish the
functional significance of CRH™VH neurons to the sympathoadrenal response. The
chemogenetic stimulation of CRH™PV" neurons led to a rapid rise in blood glucose and
adrenaline release within 30 min. This supported the hypothesis that CRH™VH neurons
enable immediate activation of the sympathoadrenal response. This was supported by a
strong positive correlation between the percentage of CRH™VH neurons
chemogenetically activated and the adrenaline response. Subsequently, after
optimisations, we were able to demonstrate that the chemogenetic inhibition of
CRH™PVH neurons attenuated both the corticosterone and adrenaline response to
hypoglycaemia. Importantly, this attenuated hormone release translated to impaired
recovery from hypoglycaemia. This was further substantiated by the finding that the
degree of adrenaline response impairment correlated with the percentage of CRH™PPVH
neurons transduced. Collectively these experiments provided direct evidence that
CRH™PVH neurons are important to the sympathoadrenal response to hypoglycaemia.
These data also add weight to the argument that CRH"YH neuronal activity is not limited
to HPA axis activation following hypoglycaemia. We did not directly compare the relative
importance of corticosterone and adrenaline release to the hypoglycaemia CRR.
However, it is known that HPA axis-mediated effects are not immediate, often taking
hours to influence hypoglycaemia recovery (De Feo et al., 1989). Whereas CRHMPIPVH
neurons, through diverse pathways, are rapidly activated by stress and can control
immediate behavioural responses (Fuzesi et al., 2016, Bains et al., 2015). This suggests
that pathways exist which allow CRHM™"VH neurons to access autonomic regions,
enabling immediate responses to stress. We postulated that CRH™VH regulate the
sympathoadrenal response to hypoglycaemia, through connections with hindbrain

autonomic regions including the rVLM.

Catecholaminergic neurons in the rVLM C1 body, which are marked by TH expression,
form a pre-motor network which controls the sympathoadrenal response (Ritter et al.,
2019). We hypothesised that THS*M neurons may, in turn, be modulated by CRH™P4PVH

neurons. This was evidenced by our own chemogenetic studies, which demonstrated
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that the chemogenetic activation CRH™"VH |ed to a strong positive correlation between
the percentage of THS"V'M neurons activated and the adrenaline release. Importantly,
the activation of THS'™*M neurons and transduced CRH™YVH neurons was strongly
correlated, suggesting a functional connection. Other investigators have also shown a
direct, excitatory PVH->rVLM connection, which is capable of rapidly increasing blood
glucose levels through sympathoadrenal activation (Zhao et al., 2017, Jiang et al., 2018).
However, the phenotype and anatomical location of SH-activated PVH>"*M neurons

remains unclear.

We addressed this question by first injecting the retrograde tracer Fluoro-Gold (FG)
unilaterally into the rVLM and characterising SH-activated PVH neurons which were
labelled with FG. Using immunohistochemistry, we identified that SH-activated PVH>™VtM
neurons were located ipsilateral to the rVLM injection site and were predominantly
located in mPVH and pPVH sub-regions. This is substantiated by the literature and
indicated that neurons which are located more caudally in the PVH project to autonomic
regions in the hindbrain and spinal cord (Biag et al., 2012, Zhao et al., 2017). Over 80%
of SH-activated PVH>™M neurons were identified as glutamatergic, confirming excitatory
PVH->rVLM connections. Electrophysiological and optogenetic studies have
corroborated this finding, showing that CA neurons in the rVLM receive excitatory inputs
from the PVH and the activation of this circuit increases blood glucose levels (Zhao et
al., 2017, Kalsbeek et al., 2004). Further confirmation of an SH-activated PVH>™VtM
connection was achieved by using the TRAP2 mouse. Here, AAVs containing ChR2-
mCherry were injected unilaterally into the PVH to enable tracing of projections. In this
experiment, pairing SH with 4-OHT injection led to Cre-dependent recombination of the
ChR2-mCherry in activated PVH neurons. Unfortunately, only a small number of PVH
neurons displayed mCherry labelling after saline/4-OHT and SH/4-OHT groups. In
addition, despite injections targeting the mpdPVH region, most mCherry-labelled
neurons were located ventrally within the PVH. These observations may indicate that
only a subset of SH-activated PVH neurons were TRAPed in this experiment. It is likely
that optimisation in the timing of SH and 4-OHT administration may lead to improved

neuronal transduction.

In this experiment, only animals in the SH/4-OHT group displayed fibres near CA
neurons in the cNTS and rVLM C1 (but not in the LC). In our investigations, the cNTS
received particularly dense axonal projections from the PVH. Similar observations have
been made in rats, suggesting PVH->NTS connections are important in the modulation
of NTS activity following stress (Geerling et al., 2010, Zheng et al., 1995). Interestingly,
CRHPYH neurons have also been shown to project directly to the NTS and the stimulation

of this circuit alters cardiovascular function (Wang et al., 2019). NTS neurons also project
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directly to the rVLM, providing an indirect pathway, by which PVH neurons can influence

the sympathoadrenal response (Geerling et al., 2010).

In our retrograde tracing study, we found that SH-activated PVH>"V'M neurons were
located more ventrally in the mPVH and did not segregate to a particular mPVH
subdivision. We also identified that the mpdPVH subdivision, where most CRH neurons
reside, contained relatively few SH-activated PVH>™VM neurons. Similarly, only a small
percentage (<20%) of SH-activated PVH>"'M neurons were phenotypically CRH
neurons. This corroborated findings by Zhao et al., who reported that 10% of PVH>™VtM
neurons were phenotypically CRH neurons (Zhao et al., 2017). We were not able to
selectively activate CRH>"M neurons, therefore, we are unable to directly answer
whether this connection is functionally significant to the sympathoadrenal response. In
addition, the chemogenetic experiments performed in this Chapter were not projection
specific. It is likely that other direct and indirect pathways enable CRH™"VH neurons to

also control the sympathoadrenal response following hypoglycaemia.

CRH and urocortin peptide release into the PVH and from axon terminals, provides
another mechanism by which CRH™VH can control the sympathoadrenal response.
CRH-deficient mice demonstrate reduced hypoglycaemia-induced adrenaline release,
consistent with an impaired sympathoadrenal response (Jacobson et al., 2000). Whilst
complete removal of CRH leads to profound CRR deficits, the manipulation of specific
cell- and receptor-specific CRH signalling pathways also has potent effects. In the VMH
of rats, CRH appears to act via CRHR1 to amplify the CRR to hypoglycaemia, whilst
urocortin 1 (UCN1) acts via CRHR2 and suppresses this response (McCrimmon et al.,
2006b). There is a close anatomical connection between PVH UCN3 neurons and the
VMH, with dense projections of UCN3 nerves seen in the VMH (Chen et al., 2011). UNC3
acts on the VMH via the CRHR2 to alter glucose sensing. Specifically, UCN3 priming of
both GE and Gl VMH neurons led to a reduction in glucose level threshold, before a
significant change in membrane potential was observed (McCrimmon et al., 2006b). This
is significant as UCN3 treatment, in effect, mimics the response of glucose-sensing
neurons to RH, by altering thresholds for glucose responsiveness (McCrimmon et al.,
2006Db).

CRH signalling is not limited to the PVH and VMH. CRHPVH neurons innervate the ARC,
which contains neurons which co-express agouti-related peptide (AgRP) and CRHR1
(Kuperman et al., 2016). In mice, with selective absence of CRHR1 in AgRP neurons,
hepatic glucose production was reduced during fasting (Kuperman et al., 2016). In a
separate study, CRHR1 antagonism reduced stress-induced noradrenaline release and
hyperthermia (Griebel et al., 2002). These studies provide evidence that CRH acting via

CRHR1 stimulates sympathetic outflow, including sympathetic-medicated hepatic
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glucose production, and is complementary to the role of VMH CRHR1 in the
hypoglycaemia CRR (Kuperman et al., 2016). Interestingly, CRH peptide has been
shown to be released alongside glutamate from nerve terminals and may act to enhance
the amplitude of excitatory postsynaptic currents in CA neurons (Wang et al., 2019, Jia
and Mifflin, 2017). This could provide an added mechanism by which CRH neurons
modulate activity in distal locations.

Recently, it has been shown that CRH™ V" may also control autonomic function via
monosynaptic connections with a population of CRHR1”VH neurons (Jiang et al., 2018).
Interestingly, this population of CRHR1”" neurons does not express any classical
neuropeptide marker of PVH neurons (e.g., OXT, CRH, AVP, TRH), however they do
have a distinct electrophysiological signature. Importantly, they send excitatory long-
range projections to autonomic regions, including the rVLM and NTS, potentiating
autonomic outflow during stress (Jiang et al., 2018, Elsaafien et al., 2021). Accessing
this specific population of CRHR1PV" neurons was not possible, however, in this Chapter
we examined CRHR1 expression in SH-activated PVH>™'"M neurons. CRHR1 expression
was present in >70% of SH-activated PVH>"V'M neurons. This supports the theory that
CRH™PVH neurons, through direct connections and via intra-PVH CRH peptide release,

can access a large proportion of SH-activated PVH>™VM neurons.

We did not explore other intra-PVH connections, such as to the dorsal parvicellular (dp)
PVH, which is known to contain, spinally projecting autonomic neurons (Biag et al.,
2012). It is possible that CRH™"VH neurons, either via CRH peptide release or through
a direct connection with the dpPVH, may activate the sympathoadrenal response. We
were also not able to identify if distinct sub-populations of CRH"VH neurons project to the
median eminence and to hindbrain autonomic centres. We found that most CRHPVH>VLM
neurons were located ventral to the mpdPVH region, which may mark these neurons as
a distinct subpopulation. Biag et al., used tail vein injections with FG to mark median
eminence projecting neurons, identifying that FG-labelled PVH neurons were
anatomically distinct to those which projected to the spinal cord or DMX (Biag et al.,
2012). Future work which examines the projection patterns of CRH”'H neurons, using

similar methods, may resolve this question.

Our investigations have focused on an excitatory PVH->rVLM connection involving
CRH™PVH and CRHR1 neurons. However, we must acknowledge that connections
between the PVH and rVLM are likely to be reciprocal. PVH-projecting rVLM neurons
have been documented and are thought to influence feeding responses following
hypoglycaemia (Ritter et al., 2019, Li et al., 2018, Ritter et al., 1998). Our own retrograde
tracing studies have shown that hypoglycaemia-activated TH"V'M neurons also project

to the PVH. Both the PVH and rVLM show anatomical segregation based on projection
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patterns and function (Li et al., 2018, Aguilera and Liu, 2012). This suggests that
reciprocal connections between the PVH and rVLM may involve different sub-
populations within both regions. Crosstalk between the PVH and rVLM may enable a
more coordinated and rapid response to stress. CRHR1 neurons may play an important
role in modulating both HPA-axis and autonomic response to stress (Elsaafien et al.,
2021, Jiang et al., 2019).

6.5 Summary

« Chemogenetic activation of CRH™VH neuronal activity rapidly increases blood

glucose and adrenaline release.

« Chemogenetic inhibition of CRH™VH neuronal activity during hypoglycaemia

impairs blood glucose recovery and adrenaline release.

« CRHMIPVH have a functional role in the sympathoadrenal response to
hypoglycaemia.

« The majority of SH-activated PVH>"V'M neurons are glutamatergic and colocalise with
CRHR1.

« Only a small percentage of SH-activated CRH™"VH neurons project to the rVLM.

* Hypoglycaemia “TRAPed” PVH neurons project to hindbrain catecholaminergic
regions, including the rVLM C1 group and NTS, but not the LC.

6.6 Conclusion

In this Chapter we have identified CRH™VH" neurons as functionally important to the
sympathoadrenal response during hypoglycaemia. We also provided evidence that this
is achieved via pathways which converge on hindbrain autonomic regions, including the
rVLM. Our experiments demonstrated that SH-activated PVH?>™V™M neurons are
principally glutamatergic and are distributed more caudally within the PVH. Surprisingly,
only a small proportion of SH-activated PVH>V™ neurons are phenotypically CRH
neurons. Though we have shown that a direct CRH™PIPVH 5 THVLMCL circyit exists, we
are not able to say whether this is connection is sufficient to control the sympathoadrenal
response. However, our findings supplement the literature and show that alternative
pathways may enable CRH™PVH neurons to control rVLM activity (Figure 6.17). We can
postulate that in addition to sending axons to the median eminence, CRH™VH also send
collaterals within the PVH to neurons which express CRHR1. CRHR1 neurons, in turn,
project to catecholaminergic neurons in the rVLM, regulating the sympathoadrenal

response. RH may initiate a decremental process which leads to attenuated activation
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of CRH™PYH neurons. A neuronal circuit involving the PVT may be responsible for this
and will be investigated in Chapter 7.

rVLM (C1) group
Autonomic

\» Spinal IML
Y, Autonomic
\-b Sympathoadrenal response
Adrenaline
T Symptoms

Figure 6.17: Proposed circuit diagram by which CRH™PYPYH neurons control the
sympathoadrenal response
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Chapter 7

Is the PVT responsible for
habituation?
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7.1 Introduction

The paraventricular nucleus of the thalamus (PVT) integrates signals relating to threat,
arousal, and reward. The PVT is a structure which is elongated rostro-caudally and
exerts significant top-down control on diverse behaviours, through connections with

cortical, limbic, and homeostatic circuits (Campus et al., 2019).

Signals conveying changes in blood glucose, including from Gl neurons in the VMH, are
also received by the PVT, leading to activation (Khodai et al., 2018, Labouebe et al.,
2016). This is also true of glucoprivic signals, induced by the administration of 2-DG,
which induces strong PVT neuronal cFos in rats (Dodd et al., 2010). The full extent of
inputs to the PVT from hypoglycaemia-activated regions is not clear and, interestingly,
PVT neurons which express GLUT2, a glucose transporter, may themselves be involved
in glucose detection (Labouebe et al., 2016). These PVT GLUT2 transporter heurons are
Gl, and genetic inactivation of GLUT2 in the CNS of mice, causes an increase in sucrose
seeking behaviour (Labouebe et al., 2016). Also, optogenetic activation of PVT GLUT2
transporter neurons projecting to the NAc, mimics hypoglycaemia and leads to enhanced
effortful sucrose seeking in mice (Labouebe et al., 2016). Similarly, an r'VLM->PVT->NAc
circuit has been identified as important to glucoprivic food seeking (Sofia Beas et al.,
2020). These studies demonstrate that the PVT is regulated by blood glucose levels and
that hypoglycaemia may stimulate PVT-mediated motivated and effortful food seeking.
However, the importance of the PVT in controlling neuroendocrine responses to

hypoglycaemia is unclear.

In Chapter 3, | identified the PVT as a stress- and hypoglycaemia-responsive region,
which displayed an increase in neuronal markers of adaptation following RH. This finding
was consistent with the literature and a growing understanding that the PVT plays an
important role in stress habituation (Herman, 2013). Lesions of the PVT block the
habituation of the HPA-axis response to repeated restraint stress (Bhatnagar et al.,
2002). It is not known if the PVT also regulates the habituation of responses to other
repeated stressors such as RH. Interestingly, these studies confirmed that only the
posterior sub-region of the PVT (pPVT) was involved in stress habituation (Bhatnagar et
al., 2002). The circuitry of neuronal connections with the PVT is complex and there is
some evidence that anterior PVT (aPVT) and pPVT regions have distinct inputs and
outputs. A greater understanding of connections, both to and from PVT sub-regions, may

improve our understanding of the control of habituation.

Any control of HPA-axis habituation by the pPVT would predict that there are neuronal
circuits which connect with the PVH and, specifically, with CRHM™VH neurons.

Monosynaptic retrograde tracing studies have shown that a small number of
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glutamatergic PVT neurons (GLUTPYT) project directly to CRH™"VH neurons (Yuan et
al., 2019). This excitatory connection does not explain the regulation of stress habituation
by the pPVT. As the major outputs of the PVT are glutamatergic, it is likely that
populations of inhibitory neurons act as intermediary relays between GLUTPPVT and
CRH™PYH neurons. The anatomical location of these intermediary relays is not known,
but from examining the literature, they may include the aBNST, CeA and NAc (Vertes
and Hoover, 2008, Kirouac, 2015, Hsu et al., 2014). The ventral region of the aBNST is
of particular interest as it contains a sizable population of GABAergic neurons which

project directly to CRHPV" neurons (Yuan et al., 2019, Radley and Sawchenko, 2015).

Our findings in Chapter 6 show the functional significance of CRH™VH neurons to the
sympathoadrenal response during hypoglycaemia. Therefore, it is possible that a circuit
involving the pPVT and vBNST, could modulate CRH™"VH neuronal activity after RH,

leading to habituation of the sympathoadrenal response.

7.1.1 Objectives

1) Investigating differences in afferent projections to the aPVT and pPVT

The PVT displays anatomical differences along its rostro-caudal extent and there is
growing interest in identifying whether distinct functional sub-regions exist. This has
traditionally involved separating the PVT into aPVT and pPVT sub-regions, which show
differences in function and connections, though results have proven variable (Gao et al.,
2021, Moga et al., 1995). Whether projections to the PVT originate from hypoglycaemia-
responsive brain regions is unknown. To this end, | elected to investigate projections to
the aPVT and pPVT from brain regions which display high levels of cFos following SH.
We hypothesised that the aPVT and pPVT will show differences in the location and

density of afferent projections from SH-activated brain regions.

2) Identifying direct connections between CRH™YVH neurons and the PVT

A small number of studies have examined connections between the PVT and PVH,
suggesting reciprocal connections between the two regions (Hsu et al., 2014, Kirouac,
2015). However, specific connections between CRH™YH and GLUTPVT neurons are not
characterised. Investigating the circuitry between these neuronal populations may help
to explain how the PVT controls neuroendocrine responses to acute and chronic stress.
This was also achieved by conducting a tracing study to identify hypoglycaemia-
responsive neurons which connect the PVT and PVH. We postulated that direct

connections between hypoglycaemia-responsive CRH™VHand GLUTPVT neurons exist.
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3) Investigating the importance of pPVT neurons in the RH-induced habituation

of the sympathoadrenal response

The pPVT is important in the control of HPA-axis response habituation to repeated
restraint stress. This may also be true for the control of habituation of other responses,
including the sympathoadrenal response following RH. We decided to perform a genetic
lesioning study to identify the functional significance of the pPVT to the RH-induced
habituation of the sympathoadrenal response. We postulated that ablation of GLUTPPVT
neurons would abolish habituation of the sympathoadrenal response following RH.

4) Identifying intermediary GABAergic neuronal populations which may enable
the PVT to limit CRH™PIPVH aetivity following RH

As PVT projection neurons have been identified as glutamatergic, it is likely that an
intermediary inhibitory relay enables the PVT to dampen responses following RH (Do-
Monte et al., 2017, Radley and Sawchenko, 2015). We hypothesised that following RH,
increasing activity in a GLUTPPVT is relayed via an intermediary GABAergic neuronal
population. This GABAergic relay may, in turn, project to the PVH, inhibiting CRHMPIPVH
activity following RH. The identify of potential GABAergic relays is not known, however,
they may include the NAc, the ventral region of the aBNST (vVBNST) and CeA. Therefore,
we conduced further tracing studies to establish the anatomical location of the

predominant GABAergic input.

5) Investigating the importance of GABAergic ventral BNST neurons to the RH-

induced habituation of the sympathoadrenal response

The vBNST has been noted to contain populations of GABAergic neurons, which provide
inhibitory tone to the PVH, regulating the HPA-axis response (Radley and Sawchenko,
2015). There is also evidence that the vBNST differentially regulates HPA-axis
responses to acute and chronic stress paradigms (Choi et al., 2008). Therefore, this
region may also regulate responses to repeated stressors such as RH. We hypothesised
that GABAergic neurons in the vBNST are functionally important to the RH-induced

habituation of the sympathoadrenal response.
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7.2 Methods

7.2.1 Afferent projections to the aPVT and pPVT from SH-activated regions

Adult male and female Crh-cre::eYFP mice, aged 8-16 weeks old, were injected
unilaterally with the blue retrograde tracer Fluoro-Gold (FG) either into the aPVT (n = 6)
or pPVT (n = 7). Mice, injection co-ordinates and volumes are outlined in Chapter 2. After
surgery, animals were left in their home cages for three weeks to enable recovery and
transport of the tracer. Animals were handled daily for two weeks prior to administration
of s.c insulin (1.75 U/kg), and 2 hr later were perfused with. Brains were dissected and
processed for immunohistochemistry as described in Chapter 2. Animals which received
on-target injections into the aPVT (n=3) or pPVT (n=4), underwent
immunohistochemistry for cFos and FG labelling. A quantification of FG-labelled neurons
in hypoglycaemia-activated regions, was performed for the aPVT and pPVT,

respectively.

7.2.2 Identifying direct connections between CRH™PYPVH neurons and the
PVT

In a separate cohort, Crh-cre::eYFP mice (n=5) were injected unilaterally with FG into
the mpdPVH (Chapter 2). The same post-operative recovery period and handling
procedures were undertaken before receiving s.c insulin (1.75 U/kg). Processed brain
sections were assessed for on-target injections into the mpdPVH. Animals which
received on-target injections into the mpdPVH (n=3) underwent immunohistochemistry
for cFos. Neurons in the pPVT which were labelled with both cFos and FG identified SH-
activated pPVT->PVH neurons.

Separately, sections containing the PVH were identified from animals which had received
FG injections into the pPVT (7.2.1). Immunohistochemistry to label cFos and GFP (Crh-
cre::eYFP), with FG, identified SH-activated CRH™PVH>pPVT neurons.
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7.2.3 Investigating the importance of pPVT neurons to the sympathoadrenal
response following SH and response habituation following RH

Intracranial Surgery

Adult male and female VGlut2-cre::eYFP mice, aged 8-16 weeks old, were injected
medially into the pPVT with AAVs carrying a Cre-dependent caspase construct (AAV5-
flex-taCasp3-TEVp) or control injections with Cre-dependent mCherry construct (AAV5-
hSyn-DIO-mCherry). Here, the Cre-dependent expression of caspase triggers neuronal
apoptosis restricted to GLUTPPYT neurons. Mice, injection co-ordinates, viral titre and

volumes are outlined in the Chapter 2.

The group size for AAV-caspase experiments was guided by the literature and a 20-30%
attrition rate was added to account for any mice that had insufficient transduction. A
similar study in rats required a group size of n = 6-9 animals to provide sufficient power
to identify whether pPVT lesioning alters stress responses to repeated stressors
(Bhatnagar et al., 2002).

Separate cohorts of animals were used to investigate the importance of the pPVT in the
sympathoadrenal response to SH and RH, respectively. Surgery and experiments were
performed in batches. After surgery, animals were left in their home cages for two weeks

to enable recovery, transfection of cells. Animals were handled daily during this period.

Experiment 1: Importance of the pPVT in the sympathoadrenal response to SH

Animals in caspase and control groups (n=8 per group) underwent a crossover
experiment and were randomised to receive either s.c. insulin (1.75 U/kg) or volume
matched s.c. saline on two test days (test 1 and test 2). Groups were as follows:
saline/control, SH/control, saline/caspase and SH/caspase. On test days, blood glucose
levels were measured every 30 min for 120 min after injection. Adrenaline levels were
measured at baseline and 30 min after injection. Blood sampling and analysis methods

are described in full in Chapter 2.

Experiment 2: Importance of the pPVT in the RH-induced habituation of the

sympathoadrenal response

In a separate cohort of animals, caspase and control groups were subjected to the 4-
week RH protocol. Here, animals in both groups, were randomised to receive, saline, SH
or RH. The groups were as follows: saline/control (n = 8), SH/control (n = 9), RH/control
(n =9), saline/caspase (n = 8), SH/caspase (n =8), and RH/caspase (n = 9). On the test
day, animals received either s.c. insulin (1.75 U/kg) or volume matched saline,

depending on the group. Blood samples for glucose and adrenaline were taken as above.
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Immunohistochemistry

At the end of both experiments, all animals were perfused with fixative. Dissected brains
were then processed and sections containing the pPVT identified. Only on-target animals
were included in subsequent analysis. For caspase-treated animals,
immunohistochemistry was used to label for GFP (eYFP), identifying numbers of
remaining GLUTPPVT neurons. For control animals, dual-label immunohistochemistry for

mCherry and GFP enabled identification of transduced GLUTPPVT neurons.

7.2.4 Identifying intermediary GABAergic neuronal populations which may
enable the PVT to control CRH™PIPVH getivity following RH

VGlut2-cre::eYFP mice were used also to identify SH-activated GLUTPPVT neuronal
efferent projections to GABAergic relays in the NAc, vBNST and CeA. Separately, a
cohort of Gad2-GFP mice was used to identify whether SH-activated GABAergic neurons
in the NAc, vBNST and CeA projected to the PVH. Adult mice of both sexes were used.
All animals were injected unilaterally with FG into the relevant brain regions. In VGlut2-
cre::eYFP mice, FG was injected into either the NAc, vBNST or CeA. Gad2-GFP mice

were injected with FG into the PVH (see Chapter 2 for co-ordinates).

All animals subsequently received s.c insulin (1.75 U/kg) and 2 hr later were perfused
with fixative. Processed brain sections were assessed for on-target injections and then

underwent immunohistochemistry for cFos, GFP and FG.

7.2.5 Investigating the importance of GABAergic vBNST neurons to the
RH-induced habituation of the sympathoadrenal response

Intracranial Surgery

Adult male and female Gad2-cre mice were injected bilaterally into the vBNST with AAVs
carrying a Cre-dependent tetanus toxin (TetTox) construct (AAVDJ-CMV-DIO-eGFP-2A-
TeNT) or control injections with Cre-dependent mCherry construct (AAV5-hSyn-DIO-
mCherry). Here, the Cre-dependent expression of tetanus toxin leads to the inactivation
of transmitter release from GABA'ENST neurons. Mice, injection co-ordinates, viral titre
and volumes are outlined in the Chapter 2. Surgery and experiments were performed in
batches. After surgery, animals were left in their home cages for two weeks to enable

recovery, transfection of cells. Animals were handled daily during this period.

The group size for AAV-TetTox experiments was also guided by the literature, with a 20-
30% attrition rate again added for insufficient transduction. Similar studies were not

available, however Fos and circuit-mapping studies in rats, which targeted the vBNST
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typically required a group size of n = 5 animals to be sufficiently powered to detect
neuronal and hormone changes following repeated stress (Radley and Sawchenko,
2011, Radley and Sawchenko, 2015).

Experiment

Animals in TetTox and control groups were subjected to the 4-week RH protocol. Here,
animals in both groups, were randomised to receive, saline, SH or RH. The groups were
as follows: saline/control (n=8), SH/control (n=8), RH/control (n=9), saline/TetTox (n=8),
SH/TetTox (n=9) and RH/TetTox (n=9). On the test day, animals received either s.c.
insulin (1.75 U/kg) or volume matched s.c. saline, depending on the group. Blood glucose
and adrenaline levels were measured as described in Chapter 2.

Immunohistochemistry

Sections containing the vBNST were identified and immunohistochemistry performed to
identify the accuracy of targeting and the number of neurons transfected. As both the
TetTox and control constructs were fused with GFP, this enabled the identification of
transfected GABABNST neurons. Only on-target animals were included in subsequent

analysis.

7.2.6 ldentification and quantification of neurons

Animals were included in the results of chemogenetic studies (AAV-caspase and AAV-
TetTox experiments) only if IHC demonstrated on-target viral transduction. For AAV-
caspase this was by demonstrating the loss of VGlut2+ cells in the pPVT. For
Investigators were blinded to the order of treatments received by each animal. For AAV-
TetTox this required bilateral colocalisation of the viral reporter in >50% of GABAV'ENST
neurons. Investigators were blinded to the order of treatments received by each animal

when checking transfection and during quantification.

For each animal, quantification of labelled neurons followed the same protocol. Neuronal
counts were performed on a minimum of three brain sections (3-5 sections per region,
depending on availability), which contained the region of interest, and then averaged. In
the first study, midline injection of FG into the PVT led to the labelling of neurons in brain
regions bilaterally. Therefore, only in this instance, were counts performed bilaterally for

brain regions with retrograde labelled neurons.
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7.3 Results

7.3.1 Afferent projections to the aPVT and pPVT from SH-activated regions

An investigation of afferent projections to the aPVT and pPVT from SH-activated regions

was first performed using immunohistochemistry (Figure 7.1).

A

Fluoro-Gold Injection Site D3V

l‘" !
“Anterior

Fluoro-Gold

Figure 7.1: Retrograde tracing approach to identify afferents to the PVT

A: FG injection into the aPVT and representative immunohistochemistry image of injection site.
B: FG injection into the pPVT and representative immunohistochemistry image of injection site.
Scale bars represent 100 um. n = 3-4 animals per group, n = 3 sections per sub-region, per animal.

Coronal brain sections from the entire rostro-caudal extent of the brain were labelled with
cFos (red-fluorescent secondary antibody). Visualisation of the endogenous blue
fluorescence of FG-labelled neurons, alongside cFos, enabled identification of SH-
activated brain region which project to the aPVT or pPVT (Figure 7.2 and Figure 7.3).
This revealed that multiple brain regions contained FG-labelled neurons. There was a
bilateral distribution of retrogradely labelled neurons in similar anatomical locations
following midline FG injection into the aPVT or pPVT. Brain regions which contained high
levels of cFos expression, alongside FG labelling, were selected for further analysis.
These SH-activated, PVT-projecting brain regions are shown in Figure 7.2 and Figure
7.3. Though several SH-activated brain regions projected to both the aPVT and pPVT,
the density of FG-labelled neurons within these brain regions differed (Figure 7.4).
Cortical regions showed the highest density of FG labelling, and included the cingulate
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cortex (CG1), secondary somatosensory cortex (S2) and the infralimbic cortex (IL).
Interestingly, cortical labelling with FG was greater in animals receiving injections into
the pPVT compared with the aPVT. A low level of FG labelling was noted throughout the
hypothalamus and peri-hypothalamic regions in both groups. However, FG labelling
concentrated in the VMH, PVH, medial preoptic area (MPO), lateral preoptic area (LPO)
and zona incerta (ZI). FG labelling in the PVH was greater after injections into the pPVT,
when compared with the aPVT. Though VMH neurons do not express cFos, a moderate
density of FG labelling was seen in this region, following injections into both PVT sub-
regions. On the other hand, FG labelling in the MPO was greater after injections into the
aPVT, when compared with the pPVT. The most striking difference in FG labelling was
seen in the aBNST. Here, FG-labelled neurons congregated in the medial (MBNST) and
ventral divisions (VBNST) of the aBNST in both groups. However, a much higher number
of aBNST neurons were labelling followed injection into the pPVT, when compared with
the aPVT. A similar, but less pronounced difference was seen in the lateral septal
nucleus (LSV), which contained moderate/high levels of FG labelling. Within the
hindbrain, only the rVLM contained small numbers of FG-labelled neurons, which
projected to both PVT sub-regions. These data show that the PVT receives extensive
inputs from multiple SH-activated brain regions. Interestingly, this study highlights
greater cortical and limbic inputs to the pPVT, when compared with the aPVT.
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Figure 7.2: Afferent projections to the aPVT from SH-activated neurons

Representative images of SH-activated brain regions following intracranial injection with FG into the aPVT.
Neuronal labelling with cFos (red) and FG (blue) is shown for each brain region. The distance relative to
bregma is shown for each anatomical region.

Scale bar represents 100 pm.

IL: infralimbic cortex; CG1: cingulate cortex (area 1); LPO: lateral preoptic area; AV: anteroventral nucleus

of the thalamus; ZI: zona incerta; LV: lateral ventricle; mBNST: medial division of the aBNST; vBNST: ventral
division of the aBNST; 3V: 3" Ventricle
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Figure 7.3: Afferent projections to the pPVT from SH-activated neurons

Representative images of SH-activated brain regions following intracranial injection with FG into the pPVT.
Neuronal labelling with cFos (red) and FG (blue) is shown for each brain region. The distance relative to
bregma is shown for each anatomical region.

Scale bar represents 100 pm.

LSV: latera septal nucleus; S2: secondary somatosensory cortex; MPO: medial preoptic area; LV: lateral

ventricle; mBNST: medial division of the aBNST; vBNST: ventral division of the aBNST; PAG:
periaqueductal grey; PBN: parabrachial nucleus; Aq: cerebral aqueduct; 3V: 3 Ventricle.
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Structure aPVvT pPVT

IL ++ +++
MPO ++ +
aBNST + +++
LSV ++ +++
CG1 Cortex ++ +++
LPO ++ ++
S2 Cortex +++ +++
AV ++ ++
PVH + ++
VMH ++ ++
Z| ++ ++
PAG + ++
PBN ++ ++
rVLM + +

Figure 7.4: Relative number of SH-activated neurons which project to the aPVT and pPVT
from different brain regions

The number of cFos +ve, FG-labelled neurons: +light labelling ,<50 neurons; ++ moderate labelling, 50-150
neurons +++; high labelling, >200 neurons per section. Counts were performed bilaterally for each brain
region.

IL: infralimbic cortex; MPO: medial preoptic area; LSV: latera septal nucleus; CG1: cingulate cortex (area
1); LPO: lateral preoptic area; S2: secondary somatosensory cortex; AV: anteroventral nucleus of the
thalamus; ZI: zona incerta; PAG: periaqueductal grey; PBN: parabrachial nucleus.
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7.3.2 Identifying direct connections between CRH™PIPVH neurons and the
pPVT

Subsequently, a retrograde tracing study was performed to identify direct connections
between CRH™VYH neurons and the pPVT. Injection of FG into the pPVT was confirmed
by visualising the endogenous blue florescence of FG (Figure 7.5A). In animals with on-
target injections, sections containing the mPVH were labelled for cFos and GFP,
alongside FG, to identify SH-activated CRH™"VH>pPVT neurons (Figure 7.5B). FG-
labelled neurons were scattered throughout the hypothalamus, though more
concentrated in the PVH and VMH. In the PVH, just under 20% of FG-labelled neurons,
colocalised with GFP, identifying them as CRH neurons (Figure 7.5C). A smaller number
of PVH neurons were labelled with cFos, FG and CRH, identifying them as SH-activated
CRHMPIPVHS0PVT neurons (Figure 7.5D). These triple colocalised CRH neurons were
seen throughout the PVH but were more concentrated within the mpdPVH region.
Interestingly, these CRH™YVH neurons accounted for 39.2 + 8.1% of SH-activated
PVH?PPVT neurons (Figure 7.5E). This suggests that there is a significant

CRH™IPVHS0hPVT neuronal connection.

In parallel, injections of FG into the mpdPVH were performed to identify SH-activated
pPVT->PVH neuron connections. The injection of FG led to spread of the retrograde
tracer beyond the boundary of the mpdPVH. However, FG injection was confined to the
mPVH region in animals included in this study (Figure 7.6A). Sections containing the
pPVT were labelled with cFos and visualised alongside FG, enabling the identification of
SH-activated pPVT->PVH neurons (Figure 7.6B). Dense neuronal labelling with FG was
found throughout the pPVT. FG-labelled neurons were more numerous than cFos-
labelled neurons. Many FG-labelled pPVT neurons colocalised with cFos, identifying
them as SH-activated pPVT->PVH neurons (Figure 7.6C). Interestingly, 35.9 + 9.3 %
of cFos-labelled pPVT neurons colocalised with FG. This demonstrated an important
projection from SH-activated pPVT neurons is to the PVH. Combined, a direct, reciprocal
connection between SH-activated neurons in the PVH and pPVT exists and includes

CRH™MPIPVH nayrons.
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Figure 7.5: SH-activated CRH™PPYH3pPVT neuron connection

A: Representative image of the pPVT FG injection site. Scale bar represents 100 pum.

B: Representative image of the mPVH following FG injection into the pPVT. Neurons are stained for cFos
(red), FG (blue) and GFP (green). Colocalisation of cFos, FG and GFP identifies SH-activated
CRH™MPAPVH3 9PV neurons, which are marked with white arrows. Main image scale bar represents 100 um,
magnified image scale bar 50 pm.

C: Plot showing the percentage of FG+ neurons in the PVH which are CRH+(GFP+).

D: Number of colocalised cFos+, FG+ and CRH+ neurons in the PVH.

E: Plot showing the percentage of cFos+/FG+ dual-labelled PVH neurons, which are CRH+ (GFP+).

Data presented as mean + SEM. n = 4 animals, n = 3-5 sections per sub-region, per animal.
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Figure 7.6: SH-activated pPVT->PVH neuron connection

B3 Other

A: Representative image of the mPVH FG injection site. Scale bar represents 100 pm.

B: Representative image of the pPVT following FG injection into the mPVH. Neurons are stained for cFos
(red) and FG (blue). Colocalisation of cFos and FG identifies SH-activated CRH™PIPVH>PPVT neyrons, which
are marked with white arrows. Main image scale bar represents 100 um, magnified image scale bar 50 um.
C: Number of colocalised cFos+ and FG+ neurons in the pPVT.

D: Plot showing the percentage of cFos+ neurons in the pPVT which are PVH-projecting (FG+).

Data presented as mean + SEM. n = 3 animals, n = 3-5 sections per sub-region, per animal.
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7.3.3 Investigating the importance of pPVT neurons to the sympathoadrenal
response following SH

In this study, | investigated whether GLUTPPVT neurons are functionally important to the
sympathoadrenal response following SH. As the main projection and SH-activated
neuronal population in the pPVT is glutamatergic, VGlut2-cre::eYFP mice were used in

this experiment. The study design is outlined pictorially in Figure 7.7.

Control (Cre-dependent mCherry)
or
Cre-dependent Caspase
i |
VGlut2-cre::eYFP
B
Intracranial SH +
Injection & & Perfuse

7 SAL/SH SH/SAL 4
. InNE e @

2Weeks Test 1Week Test 1Week

Day 1 Day 2

Figure 7.7: Study design to investigate the importance of pPVT neurons to the
sympathoadrenal response following SH

A: Diagram showing intracranial injection into the pPVT with AAVs containing control (Cre-dependent
mCherry) or Cre-dependent caspase constructs into VGlut2-cre::eYFP mice.

B: Study timeline, showing cross-over design. Animals were exposed to either saline or SH on test days and
glucose and adrenaline levels were measured.
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On test days, blood glucose levels following s.c insulin or saline injection were similar
between control and caspase groups, showing a small stress-induced increase after the
injection (Figure 7.8A). Animals in both treatment groups also experienced a similar
reduction in blood glucose following SH and comparable recovery of blood glucose levels
after hypoglycaemia (Figure 7.8A). Blood glucose measurements were terminated at 90
min as animals were displaying increased stress behaviours. The adrenaline response
was also comparable for animals in both treatment groups, following saline and SH
(Figure 7.8B).

Representative images of the pPVT in control and caspase-treated animals are shown
in Figure 7.8C. GLUTPPVT neurons transfected with the control virus are highlighted by
staining for mCherry. Post-experimental validation of GFP (eYFP) staining indicated a
significant reduction in the number of GLUTPPVT neurons in animals injected with the
caspase virus (Figure 7.8D). This confirmed that the ablation of GLUTP?VT neurons did

not affect the glucose or sympathoadrenal response following SH.
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Figure 7.8: The importance of pPVT neurons to the sympathoadrenal response following
SH

A: Mean blood glucose profile for the 90 min following injection, in SAL/control, SAL/caspase, SH/control
and SH/caspase groups (repeated measures ANOVA with Sidak’s post hoc test).

B: Change in adrenaline release (0-30 min) following injection in in SAL/control, SAL/caspase, SH/control
and SH/caspase groups. Adrenaline levels were similar in control and caspase groups.

C: Representative image of the pPVT injection site in control and caspase-treated animals. In control
animals, transfected VGIlut2 neurons (green) were labelled with mCherry (red). Caspase injection led to
ablation of VGIlut2 neurons. Scale bare represents 100 um.

D: Number of VGIlut2+ cells in the pPVT in control and caspase groups. Transfection with caspase led to a
significant reduction in VGIlut2 cells (***p<0.001, unpaired t-test).

Data presented as mean + SEM. n = 4-6 per group. n = 3-5 sections per sub-region, per animal.
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7.3.4 Investigating the importance of pPVT neurons to the RH-induced
habituation of the sympathoadrenal response

Subsequently, | investigated the functional significance of GLUTPPVT neurons to the
habituation of the sympathoadrenal response following RH. A similar experimental

approach was taken, which is summarised in Figure 7.9.
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Figure 7.9: Study design to investigate the importance of pPVT neurons to the RH-
induced habituation of the sympathoadrenal response

A: Diagram showing intracranial injection into the pPVT with AAVs containing control (Cre-dependent
mCherry) or Cre-dependent caspase constructs into VGlut2-cre::eYFP mice.

B: Study timeline. Animals were randomised to SAL, SH or RH group and on the final day the glucose and
adrenaline levels were measured.
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On the final day of the RH protocol, glucose and adrenaline measurements were taken
after a final injection of s.c. insulin or volume-matched saline. The blood glucose profile
for 90 min after injection is shown in Figure 7.9A. Blood glucose levels reached a similar
nadir in SH- and RH-treated groups and approached baseline levels at 90 min after
injection. Blood glucose measurements were terminated at 90 min as animals were
displaying increased stress behaviours. At the 90 min blood glucose time point,
RH/caspase animals showed a trend towards faster recovery from hypoglycaemia, when
compared with RH/control animals. However, this difference was not found to be

statistically significant.

The adrenaline release was at a low level in saline-treated groups (SAL/control and
SAlL/caspase groups) and increased to a comparable level in SH-treated groups
(SH/control and SH/caspase) (Figure 7.9B). Importantly, in control groups, RH treatment
led to a significant attenuation in adrenaline release, when compared with SH,
demonstrating the consistency of the RH protocol. Interestingly, the adrenaline release
following a final episode of hypoglycaemia was preserved in the RH/caspase group. This

was significantly increased when compared with the RH/control group (Figure 7.9C).

Representative images of the pPVT in RH/control and RH/caspase groups are shown in
Figure 7.10A. Post-experimental validation of GFP (eYFP) staining confirmed a
significant reduction in the number of GLUTP?'T neurons following AAV-caspase
injection (Figure 7.10B). This demonstrated that ablating GLUTPPVT neurons blocked

habituation of the adrenaline response due to RH.
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Figure 7.10: The importance of pPVT neurons to the RH-induced habituation of the
sympathoadrenal response

A: Mean blood glucose profile for the 90 min following injection, in control and caspase groups.

B: Mean blood glucose profile for the 90 min following injection, in all RH/control and RH/caspase groups.
Glucose recovery showed a trend towards faster recovery in the RH/caspase group.

C: Change in adrenaline release (0-30 min) following injection, in control and caspase groups. The
adrenaline response was significantly attenuated in the RH/control group, when compared with SH/control
group. Whereas this attenuation was blunted in the RH/caspase group, which displayed significantly
increased adrenaline levels, when compared with RH/control (*p<0.05, SH/control versus RH/control;
*p<0.05, RH/caspase versus RH/control; one-way ANOVA with Sidak’s post hoc test).

Data presented as mean = SEM. n = 3-5 per group.
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Figure 7.11: Validation of ablation of VGIut2PPVT neurons following AAV-caspase
transfection

A: Representative image of the pPVT injection site in control and caspase-treated animals. In control
animals, transfected VGIlut2 neurons (green) were labelled with mCherry (red). Caspase injection led to
ablation of VGIut2 neurons. Scale bar represents 100 pm.

B: Number of VGIut2+ cells in the pPVT in control and caspase groups. Transfection with caspase led to a
significant reduction in VGlut2 cells (***p<0.001, unpaired t-test).

Data presented as mean + SEM. n = 3-5 per group. n = 3-5 sections per animal.
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7.3.5 Identifying intermediary GABAergic neuronal populations which may
enable the pPVT to control CRH™MPIPVH activity following RH

In this Chapter, | demonstrated reciprocal connections between SH-activated neurons in
the mpdPVH and pPVT. However, the major outputs of the PVT are glutamatergic
(GLUT) neurons which project directly to the NAc, vBNST and CeA. We postulated that
the pPVT controls the RH-induced habituation of the sympathoadrenal response through
connections with an intermediary GABAergic neuronal population, which itself projects
to the PVH (CRH™PY"VH neurons) (Figure 7.12).

GLUT
GLUT

GABAergic
population

NAc, vBNST, CeA

Figure 7.12: Proposed neuronal circuit diagram to explain the pPVT control of RH-
induced habituation of the sympathoadrenal response

The identity of the GABAergic relays was investigated using retrograde tracing with FG.
First, projections from SH-activated GLUTPPVT neurons to possible GABAergic relay
populations were investigated (Figure 7.13). Representative images of the injection site
along with the corresponding pPVT section are shown in Figures 7.14 - 7.16. Following
unilateral injection with FG into the NAc, vBNST or CeA, neurons labelled with FG were
found ipsilaterally within the pPVT. Interestingly, the anatomical location of FG labelled
neurons in the pPVT was slightly different for the three injection sites. NAc projecting
pPVT neurons were located more ventrally within the pPVT. Whereas vBNST and CeA
projecting pPVT neurons were distributed more dorsally within the pPVT, adjacent to the
dorsal 3™ ventricle. The majority (>90%) of FG-labelled pPVT neurons colocalised with
GFP (VGlut2-cre::eYFP), identifying them as glutamatergic neurons and confirming their
projection to the NAc, vBNST and CeA. Several pPVT neurons were labelled with cFos,
GFP and FG following injections into all three brain regions, identifying SH-activated
GLUTPPYT projection neurons (Figure 7.17A). A greater number of SH-activated
GLUTPPYT neurons project to the NAc, compared with to the vBNST and CeA. However,
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a higher percentage of GLUTP?'T neurons which project to the vBNST were SH activated
Figure 7.17B. This suggested that a SH-activated GLUTP?YT>VBNST connection may

be particularly important within this arm of the neuronal circuit.

Fluoro-Gold

A B PP

VGlut2-cre::eYFP

SH

GABAergic Intracranial +
population injection Perfuse

NAc, vBNST, CeA * *

|

2 weeks

Figure 7.13: The investigation of SH-activated GLUTPPYT>GABA neuronal connection

A: Circuit diagram showing the proposed connection between glutamatergic neurons in the pPVT and the
NAc, vBNST and CeA, which all contain GABAergic neuronal populations.
B: Study protocol showing FG injection into either the NAc, vBNST or CeA in VGlut2-cre::eYFP mice.
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Figure 7.14: SH-activated GLUTPPYT>NAc neuron connection

A: Brain atlas diagram of injection site in the NAc and representative whole-brain section showing FG (blue)
localised to the NAc.

B: Representative image of the pPVT following FG injection into the NAc. Neurons are stained for cFos
(red), FG (blue) and GFP (green). Colocalisation of cFos, FG and GFP identifies SH-activated
GLUTPPVT>NAC neurons, which are marked with white arrows. Main image scale bar represents 100 um,
magnified image scale bar 50 um.

n = 3 per group. n = 3-5 sections per animal.
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Figure 7.15: SH-activated GLUT'BNST3VBNST neuron connection

A: Brain atlas diagram of injection site in the vBNST and representative whole-brain section showing FG
(blue) localised to the vBNST.

B: Representative image of the pPVT following FG injection into the vBNST. Neurons are stained for cFos
(red), FG (blue) and GFP (green). Colocalisation of cFos, FG and GFP identifies SH-activated
GLUTPPVT>VBNST neurons, which are marked with white arrows. Main image scale bar represents 100 um,
magnified image scale bar 50 um.

n = 3 per group. n = 3-5 sections per animal.

229



pPVT

GLUT  —>CeA

A Fluoro-Gold

‘VGlit2-cre::eYFP

Figure 7.16: SH-activated GLUTPPVT>CeA neuron connection

A: Brain atlas diagram of injection site in the CeA and representative whole-brain section showing FG (blue)
localised to the CeA.

B: Representative image of the pPVT following FG injection into the CeA. Neurons are stained for cFos
(red), FG (blue) and GFP (green). Colocalisation of cFos, FG and GFP identifies SH-activated
GLUTPPVT-> CeA neurons, which are marked with white arrows. Main image scale bar represents 100 pm,
magnified image scale bar 50 pm.

n = 3 per group. n = 3-5 sections per animal.
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Figure 7.17: Projection-specific cell counts for SH-activated GLUTPPVT neurons

A: Number of colocalised cFos+, VGlut2+ and FG+ neurons in the pPVT following injection into the NAc,
CeA and vBNST, respectively.

B: Percentage of FG+ and VGIlut2+ colocalised cells which were activated (cFos+), following SH for the NAc,
CeA or vBNST, respectively.

Data presented as mean + SEM. n = 3 per group.
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Subsequently, projections from GABAergic neurons in the NAc, vBNST or CeA to the

mpdPVH was investigated. The experimental approach is summarised in Figure 7.18.

A
GABAergic
population PVH
NAc, VBNST, CeA A7)
B

Fluoro-Gold

Gad2-GFP

SH
Intracranial

injection Perfuse

\ \4
—

2 weeks
Figure 7.18: The investigation of a SH-activated GABA->mpdPVH neuronal connection

A: Circuit diagram showing the proposed connection between GABAergic neurons in the NAc, vBNST or
CeA and the mpdPVH.
B: Study protocol showing FG injection into the mpdPVH in Gad2-GFP mice.

Injections of FG into the mpdPVH led to spread of the retrograde tracer beyond the
boundary of the mpdPVH division. However, FG injection was still confined to the mPVH
region in on-target animals (Figure 7.19A). Sections containing the NAc, vBNST and
CeA were assessed for labelling with FG, identifying mpdPVH projecting neurons.
Representative images for the NAc, vBNST and CeA are shown in Figure 7.19B-D. GFP
labelling, which identified Gad2+ (GABA) neurons, were concentrated in the lateral NAc,
VBNST and CeA. In all three brain regions, a high proportion of GABA neurons
colocalised with cFos, indicating activation. The unilateral injection of FG into the
mpdPVH led to ipsilateral neuronal labelling in all three brain regions. Surprisingly only
a small number (<5 FG+ neurons/section) of FG-labelled neurons were found in the CeA
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and BNST (Figure 7.19B,C). However, these mpdPVH-projecting neurons were not
found to colocalise with GFP, suggesting they were not GABA neurons. The vBNST
contained large numbers of GAD neurons throughout its rostro-caudal extent (Figure
7.19D). The quantification of vBNST FG-labelled neurons was performed at three
bregma levels (+0.26mm, +0.14mm and +0.02mm), allowing a greater understanding of
the anatomical location of mpdPVH-projecting neurons. At all anatomical levels of the
VBNST >85% of GABA neurons were found to colocalise with cFos, indicating activation
following SH (Figure 7.19E). In addition, GABA neurons were identified at all levels of
vBNST, which colocalised with both cFos and FG. The greatest number of neurons
colocalising with cFos, Gad2 and FG was identified at bregma +0.14mm (Figure 7.19F).
At this bregma level >55% of cFos and Gad2 dual-labelled neurons also colocalised with
FG. This indicated that a large proportion of SH-activated GABA'ENST neurons project to
the mpdPVH.

Combined, the experiments in this section identified that the GABA'®NST neurons may

act as an intermediary relay, allowing GLUTPPVT neurons to control CRH™PIPVH activity.
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Figure 7.19: The investigation of a SH-activated GABA->mpdPVH neuronal connection

A: Brain atlas diagram of injection site in the mpdPVH and representative whole-brain section showing FG
(blue) spread following injection.

B: Representative image of the NAc (left) following FG injection into the mpdPVH. Neurons are stained for
cFos (red), FG (blue) and GFP (green).

C: Representative image of the CeA (left) following FG injection into the mpdPVH. Neurons are again stained
for cFos, FG and GFP.

D: Representative image of the vBNST (left) following FG injection into the mpdPVH. Neurons are again
stained for cFos, FG and GFP. Magnified images showing cFos, FG, GFP labelling and colocalisation is
also shown. White arrows identify neuronal colocalisation with cFos, FG and GFP. This identifies SH-
activated GABA'BNST>mpdPVH neurons.

E: The percentage of Gad2+ neurons at different levels of the vBNST which are activated following SH.

F: Number of colocalised cFos+, FG+ and GFP+ neurons at different levels of the vBNST.

G: The percentage of SH-activated Gad2+ neurons which project to the mpdPVH at different levels of the
vBNST.

Main image scale bar represents 100 um, magnified image scale bar 50 pm.

n = 3. n = 3-5 sections per animal.
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7.3.6 Investigating the importance of GABAergic vVBNST neurons to the
RH-induced habituation of the sympathoadrenal response

In the previous section, a GLUTPPVT>GABAY®NST->mpdPVH circuit was identified.
However, the functional significance of GABABNST to RH-induced habituation of the
sympathoadrenal response is not known. This was investigated by disabling GABA'ENST
neurons using AAV-TetTox and measuring the sympathoadrenal response following RH.

The experimental protocol is outlined in Figure 7.20.

Control (Cre-dependent mCherry)
or
Cre-dependent TetTox

\ oy =Ny
. vBNST(L)l VBNST(R)
\\u.\__/_(_, Sl /

Gad2-cre

SH
Intracranial +

Injection & Perfuse
¥ SAL/SH/RH ¥ ¥
]

2 Weeks 4 Weeks 1 Week

Figure 7.20: Study design to investigate the importance of GABA'BNST neurons to the RH-
induced habituation of the sympathoadrenal response

A: Diagram showing intracranial injection into the vBNST with AAVs containing control (Cre-dependent
mCherry) or Cre-dependent tetanus toxin (TetTox) constructs into Gad2-cre mice.

B: Study timeline. Animals were randomised to SAL, SH or RH groups and on the final day glucose and
adrenaline levels were measured.
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Animals in both injection groups underwent the RH protocol and, on the last day, glucose
and adrenaline measurements were taken after a final injection of s.c. insulin or volume-
matched saline. The blood glucose profile for 120 min after injection is shown in Figure
7.21A. All SH- and RH-treated groups reached a similar blood glucose nadir at 30 min
after injection and showed similar recovery in blood glucose levels by 120 min. At the 90
min blood glucose time point, the RH/TetTox group showed a trend towards quicker
recovery from hypoglycaemia, when compared with RH/control animals (Figure 7.21B).
However, this difference was not found to be statistically significant. Subsequently, both

groups reached a similar blood glucose level at 120 min.

Plasma adrenaline following saline treatment was at a low level in SAL/control and
SAL/TetTox groups. As expected, insulin injection led to an increase in adrenaline in the
SH/control and SH/TetTox groups, when compared with saline treatment (Figure
7.21C). However, the adrenaline response was more varied in the SH/TetTox group and
lower than in the SH/control group (not statistically significant). In control groups, RH
treatment led to a significant attenuation in adrenaline release, when compared with SH,
signifying habituation. Importantly, the adrenaline release following a final episode of
hypoglycaemia was preserved in the RH/TetTox group. This was significantly increased

when compared with the RH/control group (Figure 7.21C).

Representative images of the vBNST in RH/control and RH/TetTox groups are shown in
Figure 7.22A. The post-experimental validation of GFP (eYFP) staining confirmed the
location and specificity of transfected GABAENST neurons following injection with AAV-
TetTox and AAV-mCherry (Figure 7.22B). GABA'®NST neurons in the RH/TetTox
continued to express cFos, demonstrating they retain responsiveness to glutamatergic
inputs. The number of transfected Gad2 neurons in RH/control and RH/TetTox groups

is shown in Figure 7.22C.

Collectively, these data demonstrate that the selective silencing of GABA'®NST neurons
also blocked the habituation of the adrenaline response due to RH. These findings are
consistent with the hypothesis that a GLUTPPVT>GABABNSTS>mpdPVH circuit is

functionally important to the RH-induced habituation of the sympathoadrenal response..
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Figure 7.21: The importance of GABAergic vBNST neurons to the RH-induced habituation
of the sympathoadrenal response

A: Mean blood glucose profile for the 120 min following injection, in control and TetTox groups.

B: Mean blood glucose profile for the 120 min following injection, in RH/control and RH/TetTox groups
(repeated measures ANOVA with Sidak’s post hoc test).

C: Change in adrenaline release (0-30 min) following injection, in control and TetTox groups. The adrenaline
response was significantly attenuated in the RH/control group, when compared with SH/control group.
Whereas this attenuation was blunted in the RH/TetTox group, which displayed significantly increased
adrenaline levels, when compared with RH/control (*p<0.05, SH/control versus RH/control; *p<0.05,
RH/TetTox versus RH/Control; one-way ANOVA with Sidak’s post hoc test).

Data presented as mean + SEM. n= 6-8 per group.
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Figure 7.22: Validation of transfection of GABAVBNST neurons following AAV-TetTox
injection

A: Representative image of the vBNST in RH/control animal following bilateral injection with AAV-mCherry.
Transfected Gad2 neurons were labelled with mCherry (red). Neuronal cFos (green) labelling identifies SH-
activated neurons. Magnified images show mCherry, cFos and dual-labelled neurons in the vBNST. Main
image scale bar represents 100 pm, magnified image scale bar 50 pm.

B: Representative image of the vBNST in RH/TetTox animal following bilateral injection with AAV-TetTox.
Transfected Gad2 neurons were labelled with GFP (TetTox). Neuronal cFos (red) labelling identifies SH-
activated GABA neurons, which are marked with white arrows. Magnified images show TetTox, cFos and
dual-labelled neurons in the vBNST. Main image scale bar represents 100 um, magnified image scale bar
50 pm.

C: Number of transfected Gad2 neurons in the vBNST (bilaterally) in the RH/control and RH/TetTox groups.
n = 7-8 per group. n = 3 sections per animal.
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7.4 Discussion

The PVT was highlighted in Chapter 3 as a region which displays high levels of cFos
expression following SH and interestingly, persistently elevated cFos levels following
RH. Also, FosB was found to be increased in the PVT following RH, signifying neuronal
adaptation. In Chapter 3, | also identified that hypoglycaemia-activated PVT neurons
were glutamatergic, corroborating the literature (Labouebe et al., 2016). This established
that the PVT participates in the glucose-regulatory network, and we postulated that it

may play an important role in network adaptations which follow RH.

The PVT is an interesting structure which integrates stress signals relating to both the
internal and external environment, and its connections enable it to influence both
motivational behaviour and homeostatic balance (Kirouac, 2015). Work from our own lab
confirmed that this structure receives diverse inputs, including from Gl neurons of the
VMH (Khodai et al., 2019). A greater appreciation of how the PVT connects with other
hypoglycaemia-activated brain regions may provide new insights into its function within
the glucose-regulatory network. To this end, in the first section of this Chapter, |
performed a neuronal tracing study to identify afferent projections to the PVT from
hypoglycaemia-activated brain regions. This was also performed to understand
differences in afferent projections to the aPVT and pPVT, respectively. Recently,
differences in projection patterns, cell types and functions have between reported for
different PVT sub-regions (Kirouac, 2015, Hsu et al., 2014, Gao et al., 2020). In this
Chapter, by using retrograde tracing, | showed that both anterior and posterior sub-
regions of the PVT receive inputs from multiple hypoglycaemia-activated brain regions.
For both PVT sub-regions, there was significant overlap in the afferent projections,
however, the density of projections varied. Both PVT sub-regions, received extensive
inputs from medial prefrontal cortical regions (mPFC) including from the infralimbic cortex
(IL), which also contained hypoglycaemia-activated neurons. Interestingly, the relative
number of FG-labelled cells in the IL was greater following injection into the pPVT.
Similar observations have been reported in the literature for rats (Kirouac, 2015, Li and
Kirouac, 2012). Activity within the mPFC can modulate the expression of habituation of
the HPA-axis response to repeated restraint, though this region is not necessary for the

development of habituation (Weinberg et al., 2010).

FG labelling in hypoglycaemia-activated regions in the hypothalamus was similar
following injections into the aPVT and pPVT, respectively. This was found to concentrate
in the PVH and VMH, with more scattered labelling in other hypothalamic regions. This
differs from reports in rats, which highlight the DMH as the primary hypothalamic input
to the PVT (Li and Kirouac, 2012).
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The FG labelling in hypoglycaemia-activated hindbrain structures included the PBN,
PAG and rVLM. Low/moderate neuronal labelling with FG was present and was similar
for the two PVT sub-regions. The PBN and PAG, which are both involved in the glucose-
regulatory network, are known to integrate viscero-sensory inputs from the hindbrain,
relaying this information to the forebrain via the PVT (Li and Kirouac, 2012, Krout et al.,
2002). Interestingly, hindbrain catecholaminergic neurons, including in the rVLM, also
project directly to the PVT (Sofia Beas et al., 2020). Inhibition of this connection was
shown to preferentially impair glucoprivation-induced feeding responses, whilst

preserving neuroendocrine responses (Sofia Beas et al., 2020).

As the current study centred on identifying afferent projections from hypoglycaemia-
activated regions to the PVT, regions with low levels of cFos expression were not
guantified. A notable example is the ventral subiculum (vSub), which is a component of
the limbic network. The vSub is thought to regulate the HPA-axis, via inhibitory relays in
the aBNST and to participate in stress memory retrieval through connections with the
mammillary body (Herman and Mueller, 2006, Ledergerber and Moser, 2017). Notably,
in rats, the vSub projects preferentially to the aPVT. It is possible that these projections

enable the PVT to differentiate novel from familiar stressors.

It is also important to note that the tracing studies in this Chapter did not include a saline
control group. Therefore, the specificity of cFos expression to hypoglycaemia, cannot be
confirmed. That said, results in Chapter 3 show that saline injection leads to a very low
level of cFos expression in most brain regions. Indeed, only the rVLM (which is known
to be hypoglycaemia-activated) showed a low number of FG-labelled neurons (<50

neurons) following retrograde tracer injection into PVT sub-regions.

Though | have outlined potential differences in afferent projections to PVT sub-regions,
this does not rule out intra-PVT integration of inputs. Of note is that efferent projections
have been found to travel from the aPVT to the pPVT, but not in reverse (Vertes and
Hoover, 2008). This suggests that information entering the PVT ultimately converges on
the pPVT, where the final integrative functions are performed (Vertes and Hoover, 2008).
This is corroborated by a large literature which supports greater responsiveness of the
pPVT to a variety of stressors, when compared with the aPVT (Barson et al., 2020,
Timofeeva and Richard, 2001, Gao et al., 2020). Our own observations with cFos
expression in the PVT, suggest a greater relationship between the pPVT and repeated,
rather than acute stress. This is consistent with studies in rats, which have confirmed the
importance of the pPVT in the control of habituation of the HPA-axis response to

repeated restraint stress (Bhatnagar et al., 2002).
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The neuronal circuitry which underlies the pPVT control over HPA-axis function is not
clear and may involve direct connections with CRH™VH neurons. In Chapter 6, |
outlined the functional importance of CRH™YVH neurons in the sympathoadrenal
response following hypoglycaemia. Therefore, communication between the pPVT and
mpdPVH neurons may also regulate sympathoadrenal activation. A retrograde tracing
study to investigate direct connections between hypoglycaemia-activated pPVT and
mPVH neurons was performed. This revealed that around 40% of SH-activated
PVH->pPVT neurons were phenotypically CRH neurons. Also, around 35% of SH-
activated pPVT neurons projected to the mPVH. These data are consistent with a small
number of studies which report reciprocal connections between pPVT and CRHMPIPVH
neurons (Hsu et al.,, 2014, Yuan et al., 2019). In macaque monkeys, the PVT was
confirmed to have a moderate density of CRH neuron fibres, whilst retrograde tracer
injection into the PVT labelled PVH neurons (Hsu et al.,, 2014). In addition, the
monosynaptic tracing of efferent projections to CRHPV" neurons identified glutamatergic
PVT neurons. As SH-activated pPVT and CRH™VH neurons are both glutamatergic
neuronal populations, one explanation for this reciprocal connection is to enable
feedback excitation of CRH™YH neurons. Feedback excitation is a process which
enables a brief stimulus to trigger more prolonged neuronal activity (Li et al., 2006). This
mechanism has been shown to be particularly important in memory formation and in
maintaining motor responses following a threatening stimulus (Goldman-Rakic, 1995,
Collins et al.,, 2002). Studies examining feedback excitation in stress-responsive

networks are required to support this theory.

The functional importance of GLUTPPVT neurons to the sympathoadrenal response
following SH was examined using an ablation strategy. This experiment confirmed that
that GLUTPPVT neurons are not required for the normal sympathoadrenal response
following SH. This finding was not unexpected as the glucose-regulatory network is
complex and multiple parallel pathways exist which influence the sympathoadrenal
response following hypoglycaemia (Verberne et al., 2014). Though these experiments
did not directly examine the GLUTPPVT-> CRHMPIPVH projection, it is likely that this
pathway is not functionally important to glucose and sympathoadrenal responses to SH.
The pPVT has consistently been implicated in the regulation of responses to repeated
and chronic stressors (Grissom and Bhatnagar, 2009, Bhatnagar et al., 2002, Bhatnagar
and Dallman, 1998). Therefore, we postulated that the predominant function of GLUTPPVT
neurons would be in the control of sympathoadrenal responses following RH and not SH.
Consistent with our hypothesis, the ablation of GLUTPPVT neurons blocked the habituation
of the sympathoadrenal response due to RH. This suggests that GLUTP?'T neurons,
through an indirect circuit contribute to the habituation of the sympathoadrenal response

following RH.
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Though this experiment did not identify the circuitry which enables GLUTPPVT to inhibit
sympathoadrenal activation following RH, our data supported an indirect connection with
CRH™PVH neurons. Moreover, if both HPA-axis and sympathoadrenal responses can
be controlled by GLUTPPVT neurons, it is likely that CRH™PYH neurons are involved. We
hypothesised that following RH, an intermediary inhibitory neuronal population enables
GLUTPPYT neurons to modulate CRH™YVH neurons, leading to habituation of the
sympathoadrenal response. The major excitatory outputs of the PVT are towards the
extended amygdala (which includes the CeA and aBNST) and the nucleus accumbens
(NAc) (Li and Kirouac, 2008). The projections to the NAc have been implicated previously
with sugar seeking in response to hypoglycaemia (Labouebe et al., 2016). Both the CeA
and NAc contain GABAergic neuronal populations which have been shown not to project
extensively to CRH neurons in the PVH (Yuan et al., 2019). PVT projections to the
aBNST are involved in processing states of negative valence (e.g. fear, anxiety) and
these, in turn, do send a major GABAergic inhibitory input to the PVH (Radley and
Sawchenko, 2015). Within the aBNST, the vBNST has been shown to differentially
regulate HPA-axis responses to acute and chronic stress (Choi et al., 2008). Specifically,
lesions of the vBNST elevated plasma ACTH and corticosterone responses to novel
restraint in the rats previously exposed to chronic variable stress (CVS), but not in stress
naive animals (Choi et al., 2008). Consequently, | performed further neuronal tracing
studies to identify the most likely GABAergic intermediary relay. Though SH-activated
GLUTPPYT neurons were found to project to the NAc, vBNST and CEA, only SH-activated
GABA'BNST neurons were found to project to the mPVH. In rats, GABA'EBNST neurons have
been shown to maintain high levels of activation and increases in glutamate
decarboxylase (GAD) expression following repeated restraint stress (Radley and
Sawchenko, 2015). This elevated GABA'BNST neuronal activity corresponded with a
habituated HPA-axis response, delineating an inhibitory circuit which controls CRH'H
neuron activity (Radley and Sawchenko, 2015). Therefore, we elected to investigate the
importance of GABA'BNST neurons to the RH-induced habituation of the sympathoadrenal
response. The synaptic silencing of GABA'EBNST neurons with tetanus toxin prevented the
habituation of the sympathoadrenal response following RH. Somewhat unexpectedly,
the silencing of GABA'BNST neurons in this experiment led to a lower (though not
statistically different) sympathoadrenal response following SH, relative to controls. This
was not related to differences in the number of silenced GABA'®NST neurons in the
SH/TetTox and SH/control groups. A possible explanation is the presence of
compensatory pathways which increase inhibitory tone onto PVH, when GABAVENST
neurons are inactivated. Indeed, a substantial proportion of PVH tonic inhibition is

performed by local peri-PVH GABAergic neurons (Herman et al., 2002).
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Collectively, these data indicated that increased activity in a regulatory GLUTPPVT —
GABAVBNST _, CRH™PYPVH forebrain pathway may result in the RH-induced habituation of
the sympathoadrenal response and may underlie IAH. As the inhibition of either
GLUTPPYT or GABABNST neurons prevented the reduction in adrenaline secretion
normally associated with RH, we can be confident that this arm of the circuit is
functionally significant. However, we have not directly evidenced that this inhibitory
pathway is specific to CRH™"VH neurons. This might be achieved through the projection-
specific lesioning of GABA'BNST & PVH neurons, which would require an intersectional
approach. It is reassuring that the literature confirms that the major output from the
VvBNST is to the mpdPVH, suggesting that CRH™VH gre the likely target (Herman et al.,
2002, Gungor and Paré, 2016).

In this Chapter, an anatomical lesioning approach was used to selectively ablate
GLUTPPYT neurons and to silence GABABNST, This approach was taken to demonstrate
that these neuronal populations are necessary for the development of RH-induced
sympathoadrenal habituation. In future experiments, it would be interesting to identify
whether driving the GLUTPPVT-> GABAYBNST circuit, using chemogenetic or optogenetic
techniques, leads to impaired sympathoadrenal activation, simulating response

habituation.

Although we were able to selectively lesion GLUTPPVT neurons, we were not able to
perform any further phenotyping to identify the sub-population which controls RH-
induced habituation. It is likely that a genetically distinct GLUTPPVT->GABAVBNST
population is responsible for the findings. Recently, investigators have proposed that the
PVT is composed of two well-defined neuronal subtypes, termed type | and type I
neurons, based on different gene expression, anatomy and function. Interestingly, type
I neurons were found to restrict to the pPVT and signal aversive states, whereas type Il
neurons resided in the aPVT and were modulated by arousal (Gao et al., 2020). Type |
neurons were genetically defined by their expression of the dopamine receptor D2 gene
(Drd2). We can postulate that type | pPVT neurons may be involved in the control of RH-
induced habituation (Gao et al., 2020). Further understanding of the genetic identity and
receptor expression of these GLUTPPVT neurons may assist in resolving this important

neuronal circuit.

These data indicate a top-down neuronal control of RH-induced habituation which
centres on GLUTPPVT neurons. Moreover, our data support that a neuronal circuit,
involving fast neurotransmitter release is responsible for this phenomenon. Other
mechanisms have not been investigated, including neuropeptide release, hormone
signalling and structural alterations. These complementary mechanisms will be

discussed further in Chapter 8.
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7.5 Summary

 The aPVT and pPVT receive differential projection patterns from hypoglycaemia-

activated brain regions.

« The pPVT receives inputs from neurons involved in the hypoglycaemia

sympathoadrenal response, including CRH™PIPVH,
«  GLUTPPYT neurons are themselves activated after SH and project to the PVH.

« Lesioning GLUTPPVT neurons does not affect the sympathoadrenal response to acute

hypoglycaemia.

« However, lesioning GLUTPPYT neurons prevents RH-induced habituation of the

sympathoadrenal response.

« An intermediary GABA'"ST relay receives inputs from GLUTPPYT neurons and
projects to the PVH.

« The synaptic inhibition of GABA'BNST neurons attenuates the RH-induced habituation

of the sympathoadrenal response.

7.6 Conclusion

In this Chapter, | outlined a neuronal circuit which is necessary for the RH-induced
habituation of the sympathoadrenal response. By combining neuronal tracing studies
along with manipulating key nodes within this circuit, we have been able to identify a
functionally important regulatory GLUTPPVT— GABAYBNST — CRHMPIPVH forebrain
pathway. Interestingly, this circuit is not necessary for the normal sympathoadrenal
response following an acute stress, SH. Rather, following RH, increased activity within
this circuit, leads to response habituation and may contribute to the development of IAH.
Our data suggests that GLUTPPVT neurons are critical to the expression of habituation.
We can postulate that different sub-populations of GLUTPPVT neurons, through direct
excitatory and indirect inhibitory connections with CRH™Y" neurons, can provide a
suppressive or stimulatory influence on the sympathoadrenal response. The preferential
activation of excitatory or inhibitory pPVT circuits, may be dependent on stress familiarity,

which requires the participation of limbic and cortical networks.

These findings provide further support to our hypothesis that activity in select integrative
neuronal networks leads to habituation. It is possible that therapies which lead to

dishabituation, also engage this circuit.
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Chapter 8

General Discussion



8.1 Overview of Thesis

A mechanistic understanding of IAH is missing, though there is growing evidence that
habituation within the central glucose-regulatory network may explain the disease
(McNeilly and McCrimmon, 2018). This was investigated in my thesis by first
characterising a mouse model of IAH which used experimental RH. This mouse model
was shown to recapitulate key hallmarks of IAH, namely the impaired sympathoadrenal
response and delayed recovery of blood-glucose levels following antecedent RH
(Chapters 3 and 4). Subsequently, the characterisation and investigation of a

hypoglycaemia-responsive brain network was performed using this model.

A major part of this thesis has involved the use of neuronal markers to identify activation
following SH and adaptations following RH. This approach highlighted that, whilst many
brain structures contain hypoglycaemia-activated neurons, their response patterns
following RH differ. This confirmed that neuronal adaptations following RH, which may

indicate habitation, are likely to occur in specific neuronal networks (Chapter 3).

Within the central glucose-regulatory network, CRH™P4PYH neurons were highlighted as a
critical neuronal population. My data provides evidence for habituation of CRH™PPVH
neuronal activity with the repeated homotypic stress of RH, but not with heterotypic
stress (Chapter 5). In unpublished work, our laboratory has shown that CRH neurons are
not intrinsically sensitive to physiological changes in glucose, but that they do receive
direct excitatory input from Gl neurons in the VMH (Luckman, unpublished). This,
together with the findings in my thesis, that CRH neurons are required for the
hypoglycaemia-induced sympathoadrenal response and connect with sympathetic
output systems from the brain (Chapter 6), demonstrates that they are a critical part pf
the overall glucose-regulatory network. Finally, | investigated the role of the pPVT in the
control of the RH-induced habituation of the sympathoadrenal response. Here, | propose
a forebrain circuit which enables the pPVT to and modulate response habituation,

dependent on stress familiarity (Chapter 7).

Through applying a sensory-motor integration framework to understand RH-induced
habituation, | provide evidence that the expression of habituation is controlled through
specific integrative neuronal networks. My data provide new insights into mechanisms
which may underlie IAH. The following general discussion combines these results with
theories regarding the neuronal mechanisms underlying 1AH, evidence supporting
habituation within integrative neuronal networks, and the potential for therapeutic

applications.
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8.2 Modelling IAH in animals

Establishing a robust animal model for IAH was the first aim of this doctoral thesis and
was achieved using experimental RH in mice. This subsequently enabled the use of
transgenic tools to interrogate neuronal circuitry. The merits of different parameters and
protocols used in modelling IAH with experimental RH have been discussed in Chapter
3 and in a separate review (Sankar et al., 2020). In classical experiments by Heller and
Cryer, impairment of the sympathoadrenal response following RH in rats was measured
alongside other hormone and symptom levels (Heller and Cryer, 1991). In our animal
model of IAH, the sympathoadrenal response, detected by measuring adrenaline release
was our only direct measure of the CRR. The literature supports the importance of this
arm of the CRR, not only in terms of glucose raising effects, but also in producing
autonomic symptoms, which lead to hypoglycaemia awareness (Cryer, 2013,
McCrimmon, 2017). It is likely that the sympathoneural component of the
sympathoadrenal response, is most important for autonomic symptoms (DeRosa and
Cryer, 2004). The sympathoneural response can be measured by sampling noadrenaline
spill over from synaptic release into the circulation (Esler, 2011). Though there is
evidence to suggest that very low blood glucose levels (<2 mmol/l) are required before
increases in pancreatic noradrenaline are detected (Taborsky and Mundinger, 2012).
Therefore, sympathetic activation, sufficient to produce biological effects, may be more

reliably measured through sampling plasma adrenaline levels.

The most specific and clinically relevant measure of IAH in humans is hypoglycaemia
symptoms. This has proven difficult to measure in animals. Even relatively simple
behavioural CRR measurements, such as changes in food intake following RH or
repeated 2-DG, have failed to produce consistent results (Sanders et al., 2006). Only
one group have identified a possible surrogate measure of IAH, by a conditioned place
preference (CPP) paradigm. Here, a reward-induced CPP was blunted with the aversive
salience of SH. However, with prior RH, the negative valency of subsequent
hypoglycaemia was lost and the CPP was preserved (Otlivanchik et al., 2016). This is
an interesting paradigm and in parallel with sympathoadrenal measurements, could

provide a more complete animal model of IAH in future work.

Hypoglycaemia is known to alter behaviours in rodents, but this often requires
specialised tests to enable detection. Rats exposed to RH display increased anxiety-like
behaviours using an elevated plus-maze performance (McNay, 2015). In mice,
hypoglycaemia <2.8 mmol/l induces depression-like behaviours, which last beyond the
period of hypoglycaemia. This was evidenced by increased immobility in a forced-swim
test (FST) and reduced saccharin preference (Park et al., 2012). Interestingly, these

behaviours arise due to autonomic activation and are likely to correlated with
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measurements of sympathoadrenal activation. As our knowledge of animal behaviours
improves, hypoglycaemia-specific behaviours may be identified, without the need for

additional tests.

Taken together, we have sought to understand the evolution of sympathoadrenal
impairment, which we believe is central to the pathophysiology of IAH. Whilst our animal
model can be further optimised, it has proven effective in recapitulating this hallmark of
IAH.

8.3 RH leads to habituation within a central glucose-regulatory
network

Hypoglycaemia activates a central glucose-regulatory network, which can be understood
by its separation into sensory, integrative, pre-motor and motor elements (Watts and
Donovan, 2010). In Chapter 3, through gquantification of neuronal cFos, | confirmed that
SH leads to the acute activation of neuronal networks in multiple brain regions. However,
following RH, the expression of FosB, a neuronal marker of adaptation, was significantly
increased in a smaller number of integrative and pre-motor neuronal areas. Interestingly,
in my investigations the aBNST, CeA, PVT, PVH and LC were found to express

significantly higher levels FosB following RH.

It has been suggested that RH leads to a form of ‘pre-conditioning,” preventing neuronal
death to subsequent hypoglycaemia (Puente et al., 2010, McCrimmon, 2017). Cellular
adaptations following RH, which have been described in this thesis as habituation, may
conserve resources and enhance survival. However, in patients with insulin-treated
diabetes and fundamentally altered physiology, these adaptations are detrimental,
culminating in IAH. We believe that FosB, which can regulate neuronal and synaptic
function, may be mechanistically involved in neuroplastic changes following RH. FosB
and its splice variant AFosB accumulate in specific brain regions following other repeated
physiological and psychological stress (Ohnishi et al., 2011, Corbett et al., 2017, Grueter
et al., 2013, Knight et al., 2011). Increased expression of FosB in the NAc has been
associated with enhanced stress tolerance and resilience (Vialou et al.,, 2010).
Furthermore, the treatment of abnormal behaviours following chronic stress, requires the
induction of AFosB in specific brain regions for treatment success (Vialou et al., 2010).
Conversely, in other brain regions, such as the mPFC, increased AFosB results in
enhanced psychological stress susceptibility (Vialou et al., 2014). FosB and AFosB
ultimately exert their effects through the enhancement or repression of gene
transcription. Within the NAc, AFosB accumulation leads to increased AMPA glutamate

receptor subunit (GIuUR2) expression, but a suppression of dynorphin (Zachariou et al.,
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2006). Whilst in the mPFC, AFosB leads to increased induction of the cholecystokinin-B
receptor (Vialou et al., 2014).

FosB/AFosB expression is concentrated in specific brain structures following repeated
stress and, notably, includes the PVH (Kovécs et al., 2019). In keeping with our own
data, CRHPY" neurons have been consistently identified to express high levels of
FosB/AFosB following a variety of repeated and chronic stress types (Kovacs et al.,
2019, Knight et al., 2011). Interestingly, CRH neurons in the CeA and aBNST do not
show this pattern (Kovacs et al., 2019). CRH"YM neurons orchestrate complex
neuroendocrine and behavioural responses to stress, contingent on stress familiarity
(Kim et al., 2019b). It can be theorised that FosB/AFosB expression is required for stress
adaptation in CRHPY" neurons, including following RH. In rats exposed to RH, CRH"'H
neurons show the expected increases in FosB and in parallel, a significant decrease in
the presynaptic marker synaptophysin (Al-Noori et al., 2008b). Though it is not known
whether FosB represses synaptophysin, this study identified the presence of synaptic

adaptations following RH, which my lead to habituation.

It remains unclear whether levels of FosB/AFosB expression correspond with cellular
adaptations which confer an advantage or lead to pathology. This seems dependent on
the neuronal population and the stimulus in question. Though | have focused on the Fos
family of transcriptional factors and regulatory genes, diverse cellular mechanisms are
initiated following RH (Beall et al., 2012). My data, confirm that FosB expression is
restricted to specific hypoglycaemia-activated loci. | also postulate that its expression
within a functional hypoglycaemia-activated neuronal circuit could identify critical nodes

where habituation arises.

8.4 Habituation of the sympathoadrenal response underlies IAH

At a whole organism level, the response impairments which follow RH, have been
compared convincingly with habituation (McNeilly and McCrimmon, 2018, McCrimmon,
2017). Consistent with this theory, my findings in Chapter 4 demonstrated classical
features of habituation, when tested in our mouse model of IAH. These studies examined
sympathoadrenal response impairment, which | have taken to be the key hallmark of
IAH. First, | measured a reduced response to RH and repeated restraint, respectively.
Second, | was able to recover the deficit by withdrawal of the habituating stimulus. Third,
| dishabituated the sympathoadrenal response by applying a heterotypic stimulus. These
studies are consistent with recent insights in rodents and humans (Farrell and
McCrimmon, 2021, Vickneson et al., 2021, McNeilly et al., 2017).
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Sympathoadrenal over activation can be deleterious to health, therefore, habituation may
be a protective mechanism. For example, chronic or repeated sympathetic drive leads
to a plethora of detrimental consequences, including cardiovascular disease, metabolic
dysfunction and increased inflammation (Fisher and Paton, 2012). An alternative theory
is that habituation allows conservation of energy resources by the brain. Though initiating
the sympathoadrenal response is vital for glucose mobilisation and symptom awareness
during hypoglycaemia, it is itself a metabolically costly activity. We can hypothesise that
the energy costs for repeated activation of the sympathoadrenal response are weighed
up against the survival benefit. Having survived prior hypoglycaemia, the set point and
response magnitude is lowered, conserving energy, unless a more severe
hypoglycaemic threat is encountered. We believe that this calculation is performed by
specific neuronal networks and is dependent on stress familiarity, resulting in response
habituation to conserve energy. This strategy carries significant risks and parallels can
be drawn with observations in rodent models of repeated and chronic stress (Herman,
2013). For example, behavioural withdrawal and reduced locomotor activity following
chronic stress may save immediate energy resources but, conversely, it limits
identification of new food sources, more secure surroundings and mates (Herman et al.,
2002). Why adaptations can sometimes become maladaptive is unclear, however, the
presence of diabetes and insulin treatment are major drivers of this transition in IAH. We
believe that in the non-diabetic patient, response habituation may have benefits through
energy conservation and the prevention of tissue damage from excessive activation of
the sympathoadrenal system. However, in the presence of diabetes, response

habituation is maladaptive, culminating in IAH (Maggs and Sherwin, 1997, Cryer, 2013).

Another important observation from our work is that habituation of the sympathoadrenal
response also occurred following repeated restraint, which is a very different type of
stress to RH. The sympathoadrenal response is a vital and immediate survival response,
which is initiated on exposure to a range of severe physiological and psychological
stimuli (Maggs and Sherwin, 1997, Fukuhara et al., 1996, Goldstein, 2010). Therefore,
different stress networks can interact by sharing common motor elements. This overlap
between neuronal circuitry which mediate responses to different stressors is not
restricted to motor networks. For example, CRHPY" neurons, which perform integrative
and pre-motor functions, are responsive to an array of physiological and psychological
stimuli (Kim et al.,, 2019a, Kim et al.,, 2019b). The sharing of networks between
homeostatic systems is likely to explain findings from cross-tolerance experiments in
human. This includes, attenuated adrenaline release following a cold pressor tests and
with moderate exercise, only in patients with prior hypoglycaemia (Galassetti et al., 2001,
Kinsley et al., 1994).
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These insights also suggest that where circuitry is shared, repeated applications of any
stress can induce sympathoadrenal response habituation. Therefore, stress familiarity is
the most important determinant of response habituation. It also suggests that
identification of the locus of habituation may be achieved by studying networks which are

common to different types of stress.

8.5 CRH™PY"YH neurons are necessary for the hypoglycaemia
CRR and habituation to RH

In this thesis, investigating the responsiveness and functional significance of CRH™PdPVH
neurons to the hypoglycaemia sympathoadrenal response has been an important
objective. In addition, we hypothesised that CRH™VH neurons, which function as a vital
stress integration and pre-motor axis, may be important in the development of
habituation to RH. Our data from ex vivo and in vivo studies identify that CRH™MPIPVH
neurons are rapidly activated following SH (Chapter 3 and Chapter 5). Furthermore, the
majority of hypoglycaemia-activated mPVH neurons are in fact CRH™VH neurons. Our
laboratory has used electrophysiological and circuit mapping techniques to confirm that
CRH™PYH neurons are not themselves intrinsically sensitive to hypoglycaemia, but they
gather information from glucose-sensing elements, including from glucose-inhibited
PACAP neurons in the VMH (Luckman, unpublished). It is likely that this is one of many
redundant pathways which signal hypoglycaemic stress to CRHM™VH neurons.
Furthermore, using chemogenetic techniques, we have shown that CRH™VH are
functionally important, not only to the HPA-axis but specifically to the sympathoadrenal
response following hypoglycaemia (Chapter 6). We also have challenged the canonical
view that CRH™9VH neurons enact behavioural and neuroendocrine responses to

hypoglycaemia, solely through activation of the HPA axis.

Sympathoadrenal activation by CRHPY™ neurons may be achieved through direct
excitatory projections to hindbrain catecholaminergic neurons (Zhao et al., 2017). We
have shown that there are direct connections between SH-activated CRH™VH neurons
and hindbrain catecholaminergic neurons, which may facilitate rapid autonomic
activation. CRH”YH neurons are also known to send direct, excitatory projections to
neighbouring hypothalamic nuclei, including the LH and ARC (Flzesi et al., 2016,
Kuperman et al., 2016). Therefore, an indirect, excitatory circuit could also enable
CRHPYH neurons to control sympathoadrenal activity. Although we have not been able to
identify if CRH™YYM neurons send collaterals which signal the HPA and
sympathoadrenal axes in parallel, our neuronal tracing studies suggest this coordinated
stress response may be achieved through local, intra-PVH circuits. In this thesis, |

demonstrated an intra-PVH circuit involving hypoglycaemia-activated CRHR1 neurons,
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which send long-range glutamatergic projections from the mPVH to the rVLM. These
findings, tie in with studies which recently identified a subpopulation of CRHR1PVH
neurons, which are activated by intra-PVH CRH peptide release (Jiang et al., 2018, Jiang
et al., 2019). Interestingly this population of CRHR1”Y" neurons make local GABAergic
synapses onto CRH neurons, and long-range glutamatergic synapses in the rVLM and
NTS (Jiang et al., 2018, Jiang et al., 2019). CRH peptide release from the PVH also
reaches neighbouring hypothalamic nuclei. Though this was not investigated, it is known
that CRH peptide release facilitates activation of the sympathoadrenal response, by
stimulating CRH receptors in neurons within the VMH and ARC (Kuperman et al., 2016,
McCrimmon et al., 2006b). We believe that local and long-range glutamatergic
projections, alongside CRH peptide release, enable CRH™VH neurons to achieve

sympathoadrenal activation following acute hypoglycaemia.

CRH™PIPVH neuronal activity is regulated by a multitude of central and peripheral signals,
of which glucocorticoids have traditionally been thought of as most important (Aguilera
and Liu, 2012). However, our in vivo fibre photometry results show rapid inhibition on
food presentation following an overnight fast, and dynamics which correspond with the
duration of the stimulus. These findings strongly indicate that HPA-axis-independent
feedback mechanisms can rapidly modulate CRH™"VH neurons. We believe this is likely
to be via inhibitory neuronal circuits and fast neurotransmitter release. Such inhibitory
circuits have been shown in other hypothalamic neuronal populations. For example,
AgRP neurons in the ARC, which regulate energy homeostasis, are rapidly inhibited on
sensory detection of food (Mandelblat-Cerf et al., 2015). Also, subfornical organ (SFO)
Nos1 neurons, which regulate fluid homeostasis, are rapidly inhibited on water ingestion,
even before water reaches the circulation (Zimmerman et al., 2016). As | will discuss,
inhibitory circuits may also be important in controlling CRH™V" neuronal activity

following repeated stress.

Following RH, CRHMPYPYM neurons displayed reduced neuronal markers of acute
activation and increased adaptive neuronal markers, consistent with habituation. This
was supported by in vivo fibre photometry, which showed attenuated CRHMPIPVH
neuronal activity following RH, which recovered on withdrawal of the habituating
stimulus. Of particular significance, CRH™VH neurons still responded after RH (without
attenuation) to a heterotypic stimulus of acute restraint stress. Therefore, we hypothesise
that following RH, the function of CRH neurons remains intact, but rather, inputs which
signal hypoglycaemic stress undergo adaptation. One possible explanation is that RH
leads to a stress-specific increase in inhibitory tone onto CRH™"VH neurons. The PVH
receives GABAergic inputs from multiple structures which can rapidly inhibit CRH neuron

activity (Yuan et al., 2019). We believe that this inhibitory tone is dependent on stress
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familiarity and may determine the strength of the stress response initiated by CRH™PIPVH
neurons. A neuronal circuit which may modulate CRH™P"VH neuronal activity following

RH was identified in Chapter 7.

We have not examined the role of CRH peptide release per se on stress adaptation and
possibly habituation. Interestingly, CRH peptide may mediate sustained effects following
stress in several brain regions (Al-Noori et al., 2008b). For example, CRH signalling via
CRHR1 in the hippocampus modulates dendritic length and branching (Chen et al., 2004,
Swinny et al., 2004). Therefore, it is plausible that CRH peptide release, is a cellular
mechanism which enables neuroplasticity within regions that encode stress memory.
Another signalling pathway which may mediate stress adaptation is the endocannabinoid
system. Endocannabinoid signalling is enhanced within the PVH by acute stress, it is
attenuated by repeated homotypic stress, and it is reset by a novel or heterotypic stress
(Bains et al., 2015).

Within the sensory-motor integration framework, these data suggest that CRH™P4PVH
neuronsform integrative and pre-motor pathways, which enable stress integration, stress
adaptation and effector functions (CRH peptide release and HPA-response initiation).
Thus, CRH™PYPVH have the capability to direct immediate and chronic stress responses,
including following hypoglycaemia. We believe that CRH™"" neurons are, in fact, a
final common pathway which directs HPA-axis and sympathoadrenal responses
following stress. This ties in with recent studies which support cross-talk between
neurosecretory and preautonomic PVH neurons that enable HPA axis activity to augment
sympathetic drive following stress (Elsaafien et al., 2021, Jiang et al.,, 2019).
Furthermore, we believe that through connections with the PVT and limbic structures,
stress memory and familiarity modulate CRH™P9PVH neuron activity, leading to response

sensitisation with heterotypic stress and response habituation with homotypic stress.

8.6 A neuronal circuit involving the pPVT controls habituation

The identification of a neuronal circuit involving the pPVT, which controls habituation of
the RH-induced sympathoadrenal response was a novel finding in this thesis. In Chapter
3, the pPVT, which contains integrative networks, was noted to maintain high levels of
cFos, and to induce FosB following RH. We postulated that the pPVT and CRH™PdPVH
neurons would form a circuit which is necessary for stress habituation (Chapter 7). Since
the PVT has been implicated previously in adaption to other repeated homotypic
stressors, we manipulated glutamatergic cells in this structure (Bhatnagar et al., 2002).
The ablation of adult VGIut2PPVT neurons had no effect on the sympathoadrenal response
to SH, but it blocked the habituation observed after RH. Although we identified reciprocal

glutamatergic connections between the mpdPVH and the pPVT, the precise role of this
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interaction was not clear. We theorise that this direct connection enables feedback
excitation, which maintains elevated CRH™PYPVH gctivity acutely. We can hypothesise that
this connection may also be important in the sensitised response to a heterotypic

stressor.

We postulated that GLUTPPVT neurons drive an indirect inhibitory input onto CRHMP4PVH
neurons during RH. By disabling adult inhibitory GABAergic neurons in vVBNST, one of
the major output targets of the pPVT and inputs to CRH neurons, the RH-induced
habituation of the sympathoadrenal response was again prevented. As functional
inhibition of either GLUTPPYT or GABA'ENST neurons by genetic targeting prevented
habituation, we assume that this circuit is driven by GLUTPPYT neurons. We believe
stress familiarity enhances GLUTPPVT activity, which increases signalling through an
inhibitory GLUTPPVT — GABA'BNST . CRH™PYPVH forebrain pathway, culminating in a
habituated response. While this provides a coherent hypothesis, it is likely that other
redundant pathways may play additional roles in stress habituation. That accepted, this
pathway provides a validated component with which we can build on our understanding

of a hypoglycaemia-responsive brain network.

GABA'B"ST neurons have been identified as an important convergence site for stress-
inhibitory influences originating from the limbic forebrain (Radley and Sawchenko, 2011,
Radley and Sawchenko, 2015). The inputting structures include the PVT, lateral septum
(LS), mPFC, amygdala and vSub. The vSub is of particular interest, as it is the main
output node of the hippocampal formation and is important in memory retrieval
(Ledergerber and Moser, 2017). In addition, through strong reciprocal connections with
the PVT and BNST, the vSub can exert inhibitory control on the PVH (Kirouac, 2015).
We postulate that the limbic forebrain, through connections with the PVT determines

whether as stressor is novel or familiar.

Though we have outlined a neuronal circuit, operating by fast neurotransmitter release,
which controls habituation of stress responses, other mechanisms likely exist. With
regards to HPA-axis habituation, it has been suggested that glucocorticoid signalling is
an important mechanism (Jaferi et al., 2003). Interestingly, the local blockade of
glucocorticoid and mineralocorticoid receptors in the PVT prevented habituation without
affecting responses to acute stress (Jaferi and Bhatnagar, 2006). Investigators have also
reported structural alterations in stress integrative circuits, which include the retraction
of basal dendrites in mPFC neurons following repeated restraint stress (Brown et al.,
2005). Structural changes within neuronal circuits may explain the classical hallmark of
habituation, whereby habituation becomes successively more rapid with each period of

habituation training and spontaneous recovery.
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We can postulate that within the mammalian brain, there are neuronal networks whose
primary function is to monitor stimulus novelty versus familiarity and to limit a particular
response if this has been previously experienced. We have described a cellular
mechanism, based on a specific neuronal circuit, which can explain the reduction in the
sympathoadrenal CRR following RH. The integrative brain networks, which include the
pPVT, mPFC and vSub control habituation and possibly dishabituation, through
connections with other integrative and pre-motor element. The proposed circuitry which

controls habituation within the glucose-regulatory network is shown in Figure 8.1.
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Repeated Hypoglycaemia
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Figure 8.1: Proposed circuitry which controls habituation of the sympathoadrenal
response following RH

We postulate that a circuit connecting the limbic forebrain, the pPVT, vBNST and PVH controls habituation
of the sympathoadrenal response following repeated stress, such as RH. Stress memory is stored in the
limbic forebrain and, together with the pPVT, a top-down inhibitory pathway is initiated. This involves
increased activity in GABAergic vBNST neurons which inhibit CRH neurons in the PVH. Through direct and
indirect pathways, decreased CRH neuronal activity translates to an attenuated sympathoadrenal response,
leading to reduced symptoms and awareness.

mPFC: medial prefrontal cortex; vSub: ventral subiculum; LS: lateral septum.
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8.7 Habituation within integrative neuronal networks underlies
IAH

Adaptations within sensory, integrative/pre-motor or motor elements of the glucose-
regulatory network separately have been proposed to explain sympathoadrenal
response attenuation following RH. However, evidence from our own findings and recent
literature support that habituation within integrative or pre-motor neuronal networks most

convincingly explains IAH.

Habituation as the underlying mechanism for a decremental response, can be
distinguished from sensory adaptation and motor fatigue by the process of dishabituation
and stimulus specificity (the response still occurring to other heterotypic stimuli) (Rankin
et al., 2009). In Chapter 4, dishabituation using a heterotypic stimulus led to response
recovery when retested against the initial repeated stress. Heterotypic stress activates
different sensory elements to the homotypic stress, but similar integrative, pre-motor and
motor elements. Therefore, habituation must occur downstream of sensory networks and
is separate from sensory adaptation. As dishabituation leads to a rapid recovery of the
response, this also proves that motor elements and effector fatigue is not responsible. In
Chapter 5, | demonstrated that CRH™PYM neurons, which are not intrinsically glucose
sensing, habituate to RH, but retain responsiveness to a heterotypic stimulus. Similarly,
acute restraint leads to a potentiated response, relative to RH, showing motor elements
remain intact to heterotypic but not homotypic stress. These arguments support our
assertion that habituation arises in the integrative elements of the network. These

insights are summarised in Figure 8.2.

Dishabituation
Stimulus specificity

Sensing Integrative/ Pre-Motor Motor |
RH ' (e.g. PACAPVMH) ’ (e.g. CRHMPIPVH GLUTPPVT) (IML) AH

Sensory HARP Effector
Adaptation aBIEHation Fatigue

Figure 8.2: RH leads to habituation within integrative and pre-motor neuronal elements of
the glucose-regulatory network

The glucose-regulatory network can be divided into sensing, integrative/pre-motor and motor elements.
Examples of neuronal populations which are functionally important to each element of the glucose-regulatory
system are shown. The presence of dishabituation and stimulus specificity in I1AH, identifies that this is not
due to sensory adaptation or effector fatigue. This localises adaptations to integrative or pre-motor networks.

IML: intermediolateral nucleus of the spinal cord.
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It must be acknowledged that there is a large body of work which has investigated
adaptations within glucose-sensing neurons following RH (Song and Routh, 2006, Kang
et al., 2008, Osundiji et al., 2011). As autonomic symptoms improve following
dishabituation it is possible that thresholds for glucose-sensing Gl neuron activation also
reset. However, this has not yet been shown using electrophysiological recording. If this
is true, this suggests that a feedback mechanism, potentially arising in integrative
networks, normalises glucose-sensing thresholds. We suppose that, in a complex
system, no single mechanism necessarily accounts entirely for a specific type of
adaptation (Rankin et al., 2009).

Several cellular adaptations which follow RH have been identified and may explain
habituation (Chapter 1). Ultimately, these adaptations lead to synaptic alterations, which
produce a habituated response (Bayne et al., 2020). The neuronal and synaptic
mechanisms underlying habituation have been studied in simple animal models of
habituation and most notably by Kandel in the sea snail, Aplysia (Pinsker et al., 1970).
Stimulation of the siphon in Aplysia leads to a protective gill-withdrawal (sensory-motor)
reflex, but this reflex can become habituated with repeated stimulation of the siphon.
However, if a heterotypic stimulus (e.g., electric shock) to the tail is presented at the
same time as stimulation of the siphon, there is a sensitised response and full gill
withdrawal (Pinsker et al., 1970). The neuronal circuity for this response is fully resolved
and is shown in Figure 8.3. Kandel found that with repeated stimulation of the siphon,
Sensory neurons retain sensitivity and continue to generate action potentials, but there
is less presynaptic neurotransmitter release onto interneurons or motor neurons (Kandel
et al., 2000). This is often termed as homosynaptic depression. It also has been shown
that inhibition from separate pathways, can lead to reduced presynaptic
neurotransmission. This process is known as heterosynaptic inhibition (Goldberg and
Lukowiak, 1984). Importantly, there was no change in the sensitivity of postsynaptic

receptors in Kandel’s investigations (Pinsker et al., 1970).

On the other hand, sensitisation was found to be mediated by heterosynaptic facilitation,
a process which increases the efficacy of synaptic transmission between the sensory
neuron and follower neurons (interneuron or motor neuron), produced by excitation from
facilitating interneurons. With sensitisation, an excitatory postsynaptic potential was
generated in the motor neuron without increasing the response of the sensory neuron
(Kandel et al., 2000). Habituation and sensitisation are characterised by neuroplasticity
and the down regulation (habituation) or up regulation (sensitisation) of synaptic
terminals at the sensory-interneuron and sensory-motor neuron synapse (Kandel et al.,
2000). This is dependent on altered protein synthesis, which is controlled by multiple

pathways, including cAMP-responsive element binding protein (CREB), protein kinase
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C (PKC)and A (PKA) and interestingly, the activation of immediate-early genes,
including cFos (Gandolfi et al., 2017, Kandel et al., 2000, Hawkins et al., 2006).

Habituating
Facilitating Stimulus

Interneuron Sensory
\ . neuron 1
Sensitising
Stimulus H K—

[

Sensory T~ Sites of habituation &
neuron 2 / sensitisation
Interneuron ‘ A
Motor
neuron
Gill

Figure 8.3: The circuitry underlying habituation and sensitisation in Kandel’s Aplysia
research

The sensory neuron 1 is activated by touching the siphon, whereas sensory neuron 2 is in the tail and is
activated with alternative stimuli. Habituation was found to occur presynaptically at the sensory neuron 1-
interneuron or sensory neuron 1-motor neuron synapse. Sensitisation was found to involve a separate

pathway mediated by facilitating interneurons, which lead to presynaptic excitation (Kandel et al., 2000).

The comparator theory suggests that dishabituation is a disturbance in the habituation
process, whilst the dual process theory predicts that dishabituation is a superimposed
process of sensitisation (Steiner and Barry, 2014, Hawkins et al., 2006). In more recent
work by Kandel in Aplysia, both reversal of habituation and superimposed sensitisation
were detected (Hawkins et al., 2006). At a mechanistic level, dishabituation is also
explained by heterosynaptic facilitation (Pinsker et al., 1970). It has been further
postulated that dishabituation and sensitisation involve separate molecular mechanisms
of facilitation, but lead to cellular and behavioural phenotypes that are indistinguishable
(Gingrich and Byrne, 1985, Hawkins et al., 2006). In a model of IAH in rats, high-intensity
exercise used as a dishabituating stimulus was associated with increased brain-derived
neurotrophic factor (BDNF), which may aid in restoring normal glutamatergic

hypothalamic neurotransmission (McNeilly et al., 2017, Farrell et al., 2020). It is unclear

261



whether different dishabituating stimuli harness separate cellular mechanisms or

whether activation of a ‘dishabituation network’ enables response recovery.

By applying these mechanistic insights to our own data, we hypothesise that habituation
following RH occurs between the sensing and integrative element interface. Within our
hypothesised circuit, we believe that habituation results presynaptically to CRHMPIPVH
neurons. Following RH, CRH™PYH neurons retain responsiveness to heterotypic (acute
restraint) but not homotypic (hypoglycaemia) stress, this suggests that habituation
occurs at synapses from glucose-sensing input neurons (e.g., PACAPYMH) We
hypothesise that an integrative forebrain pathway, driven by the pPVT, controls
habituation at the glucose-sensing-CRH™VH neuron synapse through a process of
heterosynaptic inhibition. Interestingly, lesions to the pPVT also block sensitisation of the
HPA-axis response to novel stress, in chronically stressed animals (Bhatnagar and
Dallman, 1998). We suggest that parallel pathways enable the pPVT to either inhibit
(habituation) or excite (sensitisation) CRH™YVH neurons, dependent on stress
familiarity. These opposing effects may be possible through different pPVT neuronal
subpopulations, which differ in anatomical location, projection patterns and functions
(Gao et al., 2020).

Stress sensitisation also may be influenced by noradrenergic inputs from the LC and
NTS, which project to the limbic forebrain, mpdPVH and VMH (Cunningham and
Sawchenko, 1988, Herman, 2013). In addition, following chronic cold exposure, the
responsiveness of the PVH can be increased with noradrenaline (NA), leading to HPA-
axis sensitisation (Pardon et al., 2003). In our own investigations, RH led to increased
FosB induction in the LC, suggesting adaptation. Noradrenergic inputs also surround the
VMH where they are thought to modulate the hypoglycaemia CRR. NA levels increase
in the VMH following systemic hypoglycaemia, but this increase is abolished if the VMH
is perfused with glucose (Beverly et al., 2001, de Vries et al., 2005). Interestingly, NA,
acting via Be.-adrenergic receptor activation, can stimulate glutamatergic
neurotransmission in VMH neurons in the rat (Lee et al., 2007). The interplay between
the noradrenergic system, glucose sensing and integrative elements remains unclear.
However, this may provide an alternative pathway by which integrative networks can

regulate sensing elements.

As dishabituation and sensitisation are both though to arise from heterosynaptic
facilitation, we can postulate that circuits controlled by the pPVT or LC may also direct
dishabituation. A hypothesised neuronal circuit to explain habituation and dishabituation

in the glucose-regulatory network is shown in Figure 8.4 and Figure 8.5.
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Habituation to RH
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Figure 8.4: A proposed neuronal circuit model for habituation in the central glucose-
regulatory network based on Kandel’s Aplysia research

We postulate that habituation within the glucose-regulatory network is primarily driven by
presynaptic inhibition at the sensory-integrative neuron synapse. This is likely to involve several
mechanisms, including heterosynaptic inhibition. From our data, we propose that if a familiar
stress is encountered, the limbic forebrain and pPVT drive an inhibitory circuit involving the
VvBNST. This inhibits presynaptic neurotransmission at the sensory-integrative 