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A B S T R A C T

Our senses are constantly bombarded with information. How does

the brain integrate such a variety of inputs to generate appropriate

behaviours? Innate defensive behaviours are a good model to address

this question. They are essential for animal survival and the brain cir-

cuits that control them are highly conserved across species. Moreover,

the sensory inputs and behavioural outputs can be well defined and

reliably reproduced in the lab. This allows us to study function of the

individual components of the circuit controlling these behaviours.

Ventromedial hypothalamus (VMH) is a key brain region for con-

trolling responses to predators; it has been shown that inactivating

the VMH can reduce defensive behaviours. Interestingly, activating

the VMH output neurons (SF1+ cells) can produce a variety of differ-

ent behaviours, from immobility to escape, depending on the inten-

sity of activation.

During my PhD I used a variety of approaches to address the ques-

tion of the function of the VMH in control of defensive behaviours. At

first I hypothesised that the VMH might act as a centre responsible

for choosing an appropriate behavioural response according to the

stimulus. I set to investigate how different activation levels of SF1+

neurons can produce such different behavioural outputs, and how

this activity is modulated in vivo in response to predator stimuli.

I began the project by quantifying mouse defensive behaviours in

response to olfactory and auditory predator cues, as well as to the op-

togenetic activation of SF1+ neurons. I then questioned whether there

was heterogeneity within the population of SF1+ neurons, which could

explain their ability to trigger different behaviours. I performed patch

clamp recordings from acute brain slices and conducted a study of the

electrophysiological properties of SF1+ neurons.
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I next investigated how SF1+ neurons integrate excitatory inputs

from the medial amygdala, a region which receives olfactory inputs

from the accessory olfactory bulb. By combining optogenetics with

slice electrophysiology and behavioural assessment, I described the

physiology and relevance of this connection.

Finally, I investigated in vivo activity in the VMH in response to

predator cues by performing calcium imaging of the VMH neurons

in freely moving mice. By presenting different sensory stimuli, I ad-

dressed the question of heterogeneity of the input pattern to the VMH

neurons and the relationship between the VMH activity and the be-

havioural output.

Taken all together, the results of this project have led to a hypoth-

esis whereby the function of the VMH is to facilitate rather than di-

rectly control the choice of an appropriate behavioural response.
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Part I

I N T R O D U C T I O N



1
I N T R O D U C T I O N

The basic goal of all species is survival. Evolutionary drive has pro-

moted self-preservation mechanisms, enabling animals to protect them-

selves from commonly encountered threats. Innate response to a life-

threatening stimulus is therefore fear and defence, and it is the inter-

action between external stimuli and internal motivation that determ-

ines the behavioural output.

Our brains are constantly bombarded with stimuli and it is poorly

understood how neural circuits integrate and interpret such a variety

of inputs to generate appropriate behaviours. Defensive behaviours

are a good model to address this problem, as the brain circuits that

control them have evolved over millions of years and are highly con-

served across species. The ventromedial hypothalamus (VMH), spe-

cifically its dorsomedial part (VMHdm) is a key brain region that

controls responses to predators, but it is unknown how neurons in

the VMHdm process information and produce the neuronal outputs

that lead to defensive responses.

In this project I used a combination of electrophysiology, calcium

imaging, optogenetics and behavioural techniques to investigate the

role of the VMHdm in control of innate defensive behaviours in mice.

In particular, I focused on VMHdm integration of inputs from the

medial amygdala (MEA), which receives olfactory information about

predators.

In this chapter I provide an overview of the circuits controlling in-

nate defensive behaviours, with a specific focus on the VMHdm. I be-

gin by describing behaviours which animals commonly display in the

presence of predators. Next I give an overview of the neural circuits

controlling these behaviours, with a focus on the roles of the medial

2



1.1 innate defensive behaviours 3

hypothalamic nuclei and more specifically the VMHdm. Then I dis-

cuss the stimuli used in the laboratory to elicit defensive behaviours,

in particular olfactory stimuli, and an overview of the olfactory path-

way involved in the control of these behaviours. Finally, I describe the

aims of the project and the experimental approach I used to address

them.

1.1 innate defensive behaviours

Innate defensive behaviours can be triggered by a range of threat-

ening stimuli, such as predators, aggressive conspecifics, pain and

features of the environment (Silva et al., 2016). They are necessary for

survival of the animal and therefore have been observed across all

species. Interestingly, different types of threat are processed by par-

allel circuits, with responses to predators and aggressive conspecifics

being controlled by different brain regions (Silva et al., 2013, Silva

et al., 2016). Defensive behaviours in response to conditioned stimuli

are controlled through a yet separate pathway (review by Silva et al.,

2016).

Innate defensive behaviours in response to predators have been

studied extensively across a range of species, such as rabbit, rat, mouse,

vole, deer and hamster (review by Apfelbach et al., 2005). They have

been studied in the wild, as well as in the lab, and have been induced

with a variety of aversive stimuli, from actual predators to unimodal

sensory stimuli (see section 1.6). Seminal work has been performed by

Blanchard and Blanchard, 1989, who comprehensively described de-

fensive behaviours in rats in response to a cat. They used a so-called

“visible burrow system”, thereby shifting the field of study from the

wild into the laboratory environment.

While threat is often said to induce “fear”, that term is usually

used to describe the conscious feeling experienced by an individual.

It is not known whether emotions exist in species other than human,
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however it has been argued that this internal emotional state consists

of adaptive properties, which can be observed to different extends

across species (Anderson and Adolphs 2014). While in this project

I have focused primarily on defensive behaviours, rather than the

internal emotional state of the animal, this perspective becomes im-

portant when interpreting the results.

Relation to other innate behaviours

Defensive behaviour is not the only behaviour essential for species

survival and therefore it should not be considered in isolation. Other

innate behaviours include feeding, aggression, sexual reproduction

and caring for the offspring. All these behaviours must be orches-

trated to optimise survival and reproduction.

Evidence suggests that these behaviours are not independent of

each other. For instance, risk of predation affects the decision whether

to engage in other behaviours, such as feeding (Lima and Dill, 1990).

Since animals need to meet their energy requirements while minim-

ising the risk of being captured by the predators, it has been hypothes-

ised that they feed preferentially at times of low predation risk than

when the risk is high (Lima and Bednekoff, 1999). For instance, field

voles reduce their feeding in conditions of increased risk of preda-

tion (Koivisto and Pusenius, 2003), while impregnating food with fox

faecal odour reduces food intake in mice (Coulston et al., 1993).

Similarly, female reproductive success is affected by predator odours

(review by Apfelbach et al., 2015). It has been hypothesised that delay-

ing breeding under high risk of predation maximises chances of sur-

vival (Ruxton and Lima, 1997). This has been first shown in voles,

in which reproduction is suppressed in the presence of the scent of

weasels (Ylonen, 1994). These changes in breeding have been sugges-

ted to be due to changes in mating (Ylonen, 1994), feeding (Heikkila

al. 1993) or oestrous cycle (Jochym and Halle, 2013). While majority

of evidence comes from studies in voles and hamsters, these findings

have also been reproduced in mice and rats. Blanchard et al., 1995
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have shown that exposure of mice to a cat reduces sexual behaviours,

as well as eating and drinking, for up to 24h following exposure to

the predator. More recently, exposure to a cat has been shown to slow

down the rate of blastocyst formation in mice (Liu et al., 2012).

Other influences on expression of behaviour

Expression of innate behaviours can also vary depending on factors

such as animal’s age, sex, internal state, disease or circadian rhythm

(review by Stowers et al., 2013). Innate defensive behaviours have

been shown to change throughout development (review by Wieden-

mayer, 2009), with older animals showing increased defensive beha-

viours (Hubbard et al., 2004). Hormonal levels can also affect expres-

sion of innate defensive behaviour. These can be sex dependent or

change over time, such as during pregnancy. For instance, deficiency

in testosterone in male rats increases freezing in response to synthetic

fox odour exposure (King et al, 2005). Similarly, increased oxytocin

levels in lactating females reduces anxiety (Bosch, 2013) and decreases

freezing to a conditioned fearful stimulus (Rickenbacher et al., 2017).

Defensive behaviour also depends on the nature of the threat, envir-

onment and any previous experiences. In the laboratory setting differ-

ences in behaviour can also be due to the experimental set up, such

as dimensions of the arena, amount of light and background noise,

breeding conditions, animal handling and many more. Because of

the multitude of factors which can affect defensive behaviours, many

of which are difficult to control for, there is a lot of variability in

published studies, some of which report opposite findings (review by

Apfelbach et al., 2005).

1.2 components of innate defensive behaviours

The most commonly expressed defensive behaviours include escape,

freezing and avoidance, as well as changes in the activity pattern,
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reduction in non-defensive behaviours and autonomic and endocrine

changes (Apfelbach et al., 2015).

Freezing and fleeing

When rodents encounter a live predator, such as a cat, the initial de-

fensive response is commonly flight back to the shelter, often followed

by freezing lasting for variable lengths of time (Blanchard and Blan-

chard, 1989, Blanchard et al., 1991). Flight is the most common re-

sponse when the threat is proximal and there are escape routes avail-

able, while freezing is more commonly seen when the threat is more

distal or not escapable. It has been suggested that higher anxiety, for

example due to anticipation of threat, is correlated with a higher

likelihood of displaying freezing rather than fleeing in response to

a threat (Mongeau et al., 2003).

Avoidance

Predator threat also induces avoidance, which can be described as

a “habitat shift”. Animals choose to spend less time in the area of

higher predation risk, thereby decreasing chances of being predated

on. Avoidance has been reported in multiple studies (review by Ap-

felbach et al., 2015). For instance, in a study by Dickman, 1992, mice

avoided the traps containing cat or fox faeces, but not those contain-

ing conspecific odour.

Risk assessment

Another form of defensive behaviour is risk assessment, character-

ised by so called ‘stretch-attends’ and ‘flat back’ approaches, as well

as ’head out’ behaviour, where the animal is investigating the envir-

onment from within the safety of the shelter, only protruding the

head out through the exit of the shelter (Blanchard and Blanchard,

1989). Cloth impregnated with cat fur odour has been shown to in-

duce such risk assessment in rats (Blanchard and Blanchard, 1989)

as well as mice (Blanchard et al., 1994). Risk assessment can also be
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quantified by measuring the number of contact between the animal

and the source of predator odour (File at al., 1993).

Changes in activity pattern

Changes in the activity pattern can be either short term, on a times-

cale of seconds to minutes, or long term, last ingfor days after threat

encounter.

Short term changes include reduced mobility, which might be a

mechanism to reduce the probability of encountering a predator (Borowski

and Owadowska, 2001)(Apfelbach et al., 2015). It has been shown that

less mobile voles have a smaller risk of being caught by predators

(Norrdahl and Korpimäki, 1998). Rats also show reduced locomotor

activity following exposure to cat odour, which lasts for hours after

the exposure (McGregor et al., 2002). In the laboratory environment

these temporary changes in the activity pattern can also be assessed

by measuring the time mice spend outside the shelter and the latency

to leave the shelter (Blanchard et al., 1994).

Long term changes have been largely studied in the natural hab-

itat. Wild rats are normally nocturnal animals, but when exposed

to the risk of predation by foxes, they change their foraging pattern

and switch to hunting for food during day time instead of at night

(Fenn and Macdonald, 1995). Similarly, wild voles exposed to a live

weasel placed inside a cage within their territory showed a reduction

in locomotion (Borowski, 1998b) and in the mean distance travelled

(Borowski and Owadowska, 2001).

Reduction in non-defensive behaviours

As mentioned in section 1.1, animals regulate other behaviours, such

as feeding and breeding, depending on the risk of predation. As the

risk increases, animals reduce expression of these other competing

behaviours in order to preserve the energy and reduce the risk of ex-

posure to predators. As a result, measuring changes in expression of
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non-defensive behaviours can be another way of assessing the effect

of predators on prey.

Autonomic and endocrine changes

Exposure to cat odour not only produces a visible behavioural ef-

fect, but also raises levels of circulating corticosterone in rats (File et

al. 1993, Muñoz-Abellán et al., 2011). Similar observations have been

made during exposure of rats to ferret odour (Masini et al., 2005).

In mice, elevation of adrenocorticotropic hormone (ACTH) has been

observed following exposure to cat odour, snake skin and rat urine

(Papes et al., 2010).

Predator exposure also induces short and long term cardiovascular

changes. In rats exposure to cat odour has been shown to transiently

elevate the heart rate as well as increase blood pressure for a more

prolonged period of time (Dielenberg et al. 2001).

Interestingly, it has been reported that exposing rats to weasel anal

secretion can increase corticosterone and adrenocorticotrophic hor-

mone levels without markedly affecting the behaviour (Perrot-Sinal

et al., 1999). This suggests that measuring endocrine and autonomic

changes might allow detection of defensive responses otherwise un-

detectable.

1.3 overview of circuits controlling defensive behaviours

There are multiple brain areas implicated in control of innate defens-

ive behaviours, based on the pattern of c-Fos expression, anatom-

ical tracing, lesion studies, in vivo electrical stimulation, and more

recently optogenetics. The studies summarised here have been con-

ducted in rats and mice.

Broadly speaking, the circuit can be divided into three main units:

detection, integration and output (Silva et al., 2016). The detection

unit collects sensory information, which can be olfactory, auditory,
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Figure 1.1: Overview of neural circuits controlling defensive behaviours.
Abbreviations: AH—anterior hypothalamic nucleus; AOS—accessory ol-
factory system; AuC—auditory cortex; BLA—basolateral amygdala;
BMA—basomedial amygdala; CEA—central nucleus of the amyg-
dala; CoA—cortical amygdala; IC—inferior colliculus, MOS—main ol-
factory system; MEApd—posterior dorsal part of medial amygdala;
MEApv—posterior ventral part of medial amygdala; MPN—medial pre-
optic nucleus; MTN—midline thalamic nuclei.PAGd—dorsal periaque-
ductal gray; PAGvl—ventrolateral periaqueductal gray; PB—parabrachial
nucleus; PMDdm—dorsomedial part of the dorsal premammillary nuc-
leus; PMV—ventral premammillary nucleus; RGN—retinal ganglion cells;
SC—superior colliculus; VMHdm—dorsomedial part of the ventromedial
hypothalamic nucleus; VMHvl—ventrolateral part of the ventromedial hy-
pothalamic nucleus; V1—primary visual cortex. Figure from Silva et al.,
2016.
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visual or nociceptive. It includes primary sensory areas where the

sensory inputs are processed, such as the olfactory bulb and the

choclear nuclei.

Information from the sensory unit is then passed on to the integ-

ration unit of the circuit. Here information about the threat, envir-

onment and the internal state of the animal is integrated, enabling

choice of the most appropriate behavioural response. Interestingly,

different types of threat are processed separately at this stage, with

different brain regions being activated when threat is coming from

predators and conspecifics. In rodents, predator and conspecific threats

are integrated by parallel circuits within the medial hypothalamus

(Canteras et al., 1997, Silva et al., 2013), described collectively as the

medial hypothalamic defence circuit.

Downstream from the integration unit of the circuit is the output

unit, located in the periaqueductal grey (PAG). Here the appropri-

ate behavioural and homeostatic responses are triggered. Lesions of

the PAG almost completely abolish defensive responses, while activa-

tion of the PAG is sufficient to trigger freezing and escape behaviour

(Hunsperger, 1956). Different types of threat induce neural activation

in the PAG, such as predator odours (Cezario et al., 2008), aggressive

conspecifics (Motta et al., 2009) and electrical foot shock (Johansen et

al., 2011).

Finally, there are other brain regions which provide further mod-

ulatory input. For instance, medial prefrontal cortex (mPFC) is also

activated during exposure to predators (Staples et al., 2008) and it

is thought to modulate responses to predator threat through its pro-

jections to the amygdala, hypothalamus and the PAG (Gabbott et al.,

2005, Franklin et al., 2017).

While the main components of the circuit have been identified, it

remains unclear how the information is integrated, how the appropri-

ate defensive behaviour is selected, and what exact role each of the

components plays in controlling responses to threat.
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1.4 medial hypothalamic defence circuit

Anatomical tracing studies have shown that the medial hypothalamic

defensive circuit (MHDC) in rodents is composed of three heavily

interconnected nuclei: the anterior hypothalamic nucleus (AH), the

dorsomedial part of the ventromedial hypothalamus (VMHdm), and

the dorsal premammillary nucleus (PMD)(Canteras et al., 1994). All

of them show increased levels of c-Fos expression following exposure

to predator odour (Canteras et al., 1997).

PMD shows the highest degree of c-Fos expression (Canteras et al.,

1997). Lesions of the PMD almost completely abolish defensive beha-

viours, such as freezing and escape (Canteras et al., 1997), while local

electrical stimulation triggers escape and freezing behaviour (Yardley

and Hilton, 1986).

Similarly, optogenetic activation of the VMHdm can induce defens-

ive behaviours such as avoidance, immobility and jumping (Kunwar

et al. 2015; Wang et al. 2015, Viskaitis et al. 2017), while inactivation of

the VMHdm reduces expression of defensive behaviours in the pres-

ence of natural predators (Silva et al., 2013). VMHdm is described in

more detail in section 1.5.

Optogenetic activation of the AH induces jumping and avoidance

(Wang et al., 2015). While AH has strong reciprocal connections with

PMD and VMHdm, unlike the other two it contains mostly GABAer-

gic neurons (Wang et al., 2015). Lesions of the AH increase the latency

to elicit defensive behaviours through electrical stimulation of the

VMHdm (Fuchs et al., 1985).

1.4.1 Inputs

Anatomical connectivity of the MHDC has been described in detail in

a series of tracing studies using Phaseolus vulgaris leucoagglutinin

(PHA-L) (Canteras, 2002; Cucchiaro and Uhlrich, 1990). While con-
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Figure 1.2: Inputs and outputs of the medial hypothalamic defence cir-
cuit. A. Inputs B. Outputs. Thickness of the line is proportional to
the magnitude of the connection. Abbreviations: AHN—anterior hypo-
thalamic nucleus; AMv—anteromedial thalamic nucleus, ventral part;
BMA, p—basomedial amygdalar nucleus, posterior part; BSTif—bed nuc-
lei of the stria terminalis, interfascicular nucleus; CA1—field CA1, Am-
mon’s horn; CEA—central amygdalar nucleus; COApl—cortical amyg-
dalar nucleus, posterolateral part; CUN—cuneiform nucleus; LA—lateral
amygdalar nucleus; LHApf—lateral hypothalamic area, perifornical re-
gion; LHApfd—dorsomedial rostral perifornical region of the lateral hy-
pothalamic area; LHArc—lateral hypothalamic area, retinoceptive region;
LPO—lateral preoptic area; LS—lateral amygdalar nucleus; LS—lateral
septal nucleus; LSrvld—lateral septal nucleus, rostral part, ventrolateral
zone, dorsal region; MEApv—medial amygdalar nucleus, posteroventral
part; PAA—piriform amygdaloid area; PAGdl—periaqueductal gray, dor-
solateral part; PBl—parabrachial nucleus, lateral part; PFC—prefrontal cor-
tex; PH—posterior hypothalamic nucleus; PMd—dorsal premammillary
nucleus; PRC—precommissural nucleus; PVT—paraventricular thalamic
nucleus; RE—nucleus reuniens; SCm—superior colliculus, medial region;
SUBv—subiculum, ventral part; VMHdm—ventromedial hypothalamic nuc-
leus, dorsomedial part; VTN—ventral tegmental nucleus; ZIr—zona incerta,
rostral part. Figure from Canteras, 2002.
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nectivity pattern of the circuit is fairly complex and in itself does not

offer explanation for the function of each connection, it is necessary

to consider inputs and outputs in order to understand the function of

any brain region of interest. Figure 1.2A contains a visual overview of

the inputs to the MHDC. VMHdm, PMD and AH are not only heavily

interconnected, but also receive inputs from nearly the same brain re-

gions. For this reason at this point inputs and outputs are considered

for the MHDC in general, rather than for the individual components.

The main inputs to the MHDC come from amygdala, well known

to be involved in expression of defensive behaviours (Blanchard and

Blanchard, 1972). The inputs originate specifically in the posterovent-

ral part of the medial amygdala (MEApv) and posterior part of the

basomedial amygdala (BMAp). MEApv receives direct inputs from

the accessory olfactory bulb (AOB) (Pro-Sistiaga et al., 2007) and is

thought to transmit olfactory predator information (Dielenberg et

al., 2001). BMAp on the other hand receives inputs from the basolat-

eral amygdalar nucleus (BLA), which collects polymodal information

from the olfactory, insular, and prefrontal cortices (Sah et al., 2003). A

proportion of inputs from the amygdala comes to the MHDC through

the bed nucleus of the stria terminalis (BNST)(Canteras et al., 1995).

Fibre-sparing lesions of either MEA or BLA impair freezing in re-

sponse to cat fur odour in rats (Takahashi et al., 2007). Similarly, tem-

porary inactivation of the BNST impairs freezing in rats in response

to cat urine (Xu et al., 2012).

Another set of inputs to the MHDC comes from the lateral septal

nucleus (LSN). LSN is thought to modulate autonomic responses

to threatening situations, in particular the cardiovascular responses

(Kubo et al., 2002) and receives strong reciprocal inputs from the AH.

Lesions of the LSN result in a hyperdefensive state, described as a

“septal rage” (Albert and Chew, 1980), suggesting that LSN might be

providing inhibitory inputs regulating expression of defensive beha-

viours.
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Strong hypothalamic inputs come from the lateral hypothalamus

(LH)(Comoli et al., 2000), an area involved in control of food intake

and food aversion (Stuber and Wise, 2016), suggesting that MHDC

might be involved in coordination of innate behaviours beyond just

the defensive behaviour. This part of the LH also receives inputs from

the retinal ganglion cells (Leak and Moore, 1997) and therefore could

help choose appropriate behaviours depending on the visibility in the

environment (Canteras, 2002).

A smaller set of inputs to the VMHdm comes from the parabrachial

nucleus (PBN)(Bester et al. 1997), which relays information about the

noxious stimuli (Bester et al., 1997). There is also a small projection

to the AH from the precommissural nucleus, as well as the dorsolat-

eral PAG (PAGdl), which being part of the output unit is likely to

send feedback information to the MHDC through this projection. Fi-

nally, PMD receives inputs from the ventral tegmental area, involved

in motivation and reward (Ranaldi, 2014), also positioned in close

proximity to the medial mammillary nucleus, which could provide

information related to spatial navigation (Sziklas and Petrides, 1998).

1.4.2 Outputs

Figure 1.2B contains an overview of the outputs of the MHDC. The

main targets of the MHDC in the brainstem are the PAG and the

neighbouring precommissural nucleus. Most of these projections ori-

ginate in the VMHdm, although a proportion of inputs also comes

from the PMD. The positioning of the inputs within the rostral PAG

is mostly in the dorsomedial and dorsolateral parts, while caudally

inputs can be found also in the lateral and ventrolateral parts. This

pattern of projections in the PAG coincides with the patterns of c-

Fos protein expression in the PAG following exposure to predators

(Canteras and Goto, 1999b). A small projection can also be found in

the cuneiform nucleus and the intermediate and deep layers of the su-
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perior colliculus, which transmit information about the visual threats

to the PAG (Redgrave and Dean, 1991).

The target of the MHDC projections in the telencephalus include

previously mentioned lateral septal nucleus (LSN), which receives in-

puts from the AH, as well as the BNST and the lateral amygdala,

which receive inputs from the VMHdm. Since these structures are

reciprocally connected, these connections might also serve as a feed-

back system.

Dense projections can also be found in the nucleus reuniens, which

in turn projects to the hippocampal formation. This pathway there-

fore could be involved in emotion based memory formation (Canteras,

2002). Another structure in the thalamus receiving dense projections,

specifically from the PMD, is the ventral anteromedial thalamic nuc-

leus, thought to be involved in attention related head and eye mo-

ments (Risold and Swanson, 1995). More ventrally, rostral part of

zona incerta receives inputs from all MHDC nuclei (Canteras and

Swanson, 1992; Canteras et al., 1994; Risold et al., 1994).

Within the hypothalamus, the MHDC projects to the posterior hy-

pothalamic nucleus, which might be important for memory forma-

tion through its connection to the hippocampus (Vertes et al., 1995),

as well as the control of visceral responses to threat, such as the blood

pressure and heart rate (Di Micco and Abshire, 1987). AH and VM-

Hdm also project to the dorsomedial hypothalamus, a densely con-

nected structure implied in control of the neuroendocrine and auto-

nomic output (Thompson and Swanson, 1998). AH sends projections

to the lateral preoptic area, thought to modulate somatomotor re-

sponses associated with general arousal (Swanson, 1987; Swanson et

al., 1984). Finally, all MHDC nuclei project to the dorsomedial rostral

perifornical region, part of the lateral hypothalamus involved in con-

trol of feeding (Canteras et al., 1997).



1.5 ventromedial hypothalamus 16

1.4.3 Function

While the anatomical connectivity of the MHDC has been described

in detail and provides us with insightful information regarding the

type of inputs integrated by the MHDC, the exact functional import-

ance of this circuit remains unknown. Moreover, few studies have

looked at the connectivity of the circuit from an electrophysiological

perspective and so little is known about the process and function of

information integration by the circuit. Considering the source of in-

puts to the MHDC, it is likely to be a key integrator of threat levels, as

determined not only by presence of a predator, but also the external

environment, previous experiences and the internal state of the an-

imal.

It is important to note that while medial hypothalamus has been

shown to play an important role in controlling responses to pred-

ator threat, certain threatening stimuli can elicit defensive behaviours

while bypassing the MHDC. For instance, visual stimuli are thought

to elicit escape behaviour through a direct connection from the super-

ior colliculus (SC) to the PAG (Zhao et al. 2014, Redgrave and Dean,

1991). Similarly, auditory stimuli are thought to be transferred dir-

ectly from the inferior colliculus (IC) to the PAG (Xiong et al. 2015).

1.5 ventromedial hypothalamus

Ventromedial hypothalamic nucleus (VMH) is located within the me-

dial hypothalamus. Cell densities are highest in the periphery of the

nucleus, which is surrounded by a cell-free zone of passing fibres. It

is conserved across species (Kurrasch et al., 2007, Shima et al., 2005)

and thought to be involved in control of aggression, fear, feeding,

thermoregulation and reproduction (review by King, 2006).

VMH can be divided into three main sections, based on the input

and output projections, receptor expression and functional studies.
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These sections are also anatomically separate and known as the larger

ventrolateral (VMHvl), smaller dorsomedial (VMHdm), and the smal-

lest central part (VMHc). VMHdm is thought to be involved mostly

in control of fear and energy homeostasis (functions of the VMHdm

are discussed in detail below), while VMHvl has been implicated in

control of reproduction and aggression. VMHc is not associated with

a specific function. VMHdm and VMHvl are part of largely parallel

circuits controlling behaviours in response to predators and conspe-

cifics, respectively.

Nr5a1:Cre mouse line

SF1 is a transcription factor expressed in neurons of the VMH, in

particular VMHdm and VMHc, as well as the steroidogenic cells of

the adrenal cortex, testes, ovaries and reticuloendothelial cells of the

spleen (Ikeda et al., 1995). SF1, encoded by a gene called Nr5a1, is a

nuclear receptor, which during development acts as a transcriptional

regulator of enzymes involved in the synthesis of steroids (more spe-

cifically the cytochrome P450 steroid hydroxylases) (Lala et al., 1992).

In the brain it is expressed in the developing ventral diencephalon,

which eventually becomes the VMH. Image of the distribution of the

Nr5a1 gene at the level of the VMH can be found in Figure 1.3.

Stallings et al., 2002 created a transgenic mouse in which eGFP

is expressed using a fragment of the Nr5a1 gene promoter, thereby

enabling identification of SF1 expressing cells in the VMHdm. Sub-

sequently, a transgenic mouse expressing cre recombinase under the

Nr5a1 promoter was created (Dhillon et al., 2006), allowing viral tar-

geting of the VMHdm neurons. The majority of neurons in the VM-

Hdm are SF1+ (Stallings et al., 2002) and a lot of the work on the

VMHdm has since been done specifically on the SF1+ neurons

SF1 is also expressed in fish in a region analogous to the VMHdm

(Kurrasch et al., 2007) and the promoter region of a gene regulat-

ing expression of SF1 is conserved across species, including humans

(Shima et al., 2005).
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A B VMHdm

VMHc

VMHvl

Figure 1.3: Nr5a1 expression in the VMH, ISH. Adapted from Allen Mouse
Brain Atlas.

1.5.1 Inputs

Neuronal inputs to the MHDC have already been outlined in sec-

tion 1.4. VMHdm receives particularly strong inputs from MEA and

BMA, AH and the parabrachial nucleus (PBN) (Canteras, 2001). Smal-

ler inputs come from the BNST, lateral septal nucleus and the lateral

hypothalamus. There is also a small set of inputs from the VMHvl

(Fahrbach et al., 1989). The exact nature of these inputs is largely un-

known.

Apart from neuronal inputs, cells in the VMHdm also contain re-

ceptors which allow them to be modulated through hormones and

neuromodulators. SF1+ neurons are known to express both leptin re-

ceptors (Dhillon et al., 2006) and insulin receptors (Klockener et al.,

2011). It has been shown that insulin inhibits SF1+ neurons (Klockener

et al., 2011; Sohn et al., 2016). The effect of leptin on SF1+ neurons is

thought to vary depending on the position within the VMHdm, with

more laterally positioned cells being inhibited by leptin (Sohn et al.,

2016), although previously published studies reported only excitat-

ory effects of leptin on SF1+ neurons (Dhillon et al., 2006). Cannabin-

oid type-1 receptors have also been found on the SF1+ neurons, and

have been shown to be involved in regulating the effects of leptin

(Cardinal et al., 2014). Another receptor expressed in the VMH is the

thyroid receptor TRb (Cook et al., 1992). It has been shown that TRb

knockdown in the VMH results in hyperphagia and reduced energy

expenditure, causing severe obesity (Hameed et al., 2017). Evidence
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suggests that the VMH is also intraconnected and it has been shown

that activation of SF1+ neurons increases the frequency of IPSCs in

the neighbouring SF1+ neurons (Jo, 2012). It is possible that this could

be a feedback mechanism controlling levels of activity within the VM-

Hdm.

1.5.2 Outputs

Using the Nr5a1:Cre mouse line injected with ChR2-EYFP, Wang et

al., 2015 were able to map the projections of SF1+ neurons from the

VMHdm. The major target of the VMHdm was the PAG, especially

the dorsal PAG and more caudally also the ventral PAG. Dense pro-

jections were also found in the anterior hypothalamus (AH), particu-

larly its ventral part. Moreover, by injecting a retrograde tracer chol-

era toxin b subunit (CTB) conjugated with a fluorescent dye in AH

and the PAG, Wang et al., 2015 were able to estimate that two thirds

of SF1+ neurons in the VMHdm project to either AH or the PAG, and

over half of these send collateral projections to both.

Other targets of the VMHdm include periventricular nucleus (PVN),

medial preoptic nucleus (MPN) and posterolateral part of the BNST.

Smaller densities of fibres are found in the central amygdala, me-

dial amygdala, posterolateral cortical amygdala and lateral amygdala.

These findings are consistent with previously published studies (Canteras

et al., 1994). Projection pattern was not found to vary along the rostro-

caudal axis of the VMH (Canteras et al., 1994).

Sternson et al., 2005 also found that excitatory neurons from the

medial part of the VMH project to the POMC neurons in the arcuate

nucleus, which are known to inhibit feeding (Schwartz et al., 2000).

Interestingly, when mice are food deprived, the strength of the con-

nection between the VMH and POMC neurons decreases.
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1.5.3 Functions

VMHdm has been implicated in control of defensive behaviours, feed-

ing and metabolism (Xu et al., 2011, Gross and Canteras, 2012).

Involvement of the VMHdm in defensive behaviours has first been

shown through electrical stimulation experiments. Lammers et al.,

1988 recorded behaviour elicited from stimulation at multiple sites

of the hypothalamus. They observed changes in locomotion and epis-

odes of jumping during stimulation of the medial hypothalamus. This

observation has since been replicated and optogenetic activation of

SF1+ neurons has been shown to induce defensive behaviours such

as avoidance, immobility and activity bursts (Wang et al., 2015, Kun-

war et al., 2015, Viskaitis et al, 2017). Pupil dilatation, increase in

the breathing rate and changes in the heart rate have also been ob-

served (Wang et al., 2015), as well as termination of non defensive be-

haviours, such as feeding, aggression and mating (Wang et al., 2015,

Kunwar et al., 2015). Low frequency of activation (5-10 Hz) tends to

reduce locomotion and promote freezing, while high frequency of ac-

tivation (20 Hz) tends to elicit jumping behaviour. Wang et al., 2015

have also shown that behaviour is context dependent. In presence of

a hiding box, SF1+ neuron stimulation triggered escape towards the

box, while in the absence it induced immobility and only occasional

triggered running. In humans electrical stimulation of the VMH has

been show to elicit panic attacks (Wilent et al. 2010).

Pharmacological inactivation of SF1+ neurons has been shown to

reduce freezing and avoidance in mice in response to a rat (Silva et

al., 2013). KO mice with a CNS specific deletion of SF1+ neurons have

higher levels of baseline anxiety, reduction in the overall locomotor

activity levels, and reduction in the levels of expression of several

genes linked to anxiety (Kim et al., 2010, Zhao et al., 2008). Interest-

ingly, these SF1+ KO mice are also obese.



1.6 eliciting defensive behaviours in rodents in the lab 21

VMH has long been implicated in control of feeding (King, 2006).

Viskaitis et al., 2017 have shown that 2 Hz stimulation of SF1+ neur-

ons suppresses feeding without affecting locomotion, autonomic activ-

ity or inducing avoidance. In general, stimulation below 4 Hz did not

produce any aversion. Moreover, through pharmacological manipu-

lation of SF1+ neurons Viskaitis et al., 2017 were able to show that

activation of SF1+ neurons suppresses feeding in fasted mice, while

inhibition of SF1+ neurons in fed mice increases their food intake.

Coutinho et al., 2017 noted that SF1+ neuron activation increases

insulin mediated glucose uptake by skeletal muscle, heart and brown

adipose tissue, thereby increasing energy expenditure. These findings

are in line with the observations of the presence of leptin and insulin

receptors on SF1+ neurons (Dhillon et al., 2006, Klockener et al., 2011).

Furthermore, Garfield et al., 2014 characterised a projection from the

PBN to SF1+ neurons, originating in glucose sensing cholecystokinin

neurons, inhibited by glucose. Therefore low blood glucose can also

increase the VMHdm activity through this projection from the PBN.

The exact function of the VMHdm in control of these behaviours

remains unknown and is the subject of this thesis.

1.6 eliciting defensive behaviours in rodents in the lab

Over the history of the innate defensive behaviour research, the ma-

jority of studies used a live predator to elicit defensive behaviours

in rodents (Apfelbach et al., 2005). While it would seem advisable to

use the most natural stimulus available, unfortunately an associated

disadvantage is a huge variability of the stimulus, making it difficult

to compare results from different studies. Moreover, live predator is a

polymodal stimulus, which complicates the study of the function of

individual brain regions, especially when they might be involved in

integration of stimuli of different modalities.
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In recent years a number of predator related stimuli has been iden-

tified, which can be used instead of a live predator to elicit innate

defensive behaviours in the laboratory environment. They are more

reproducible, often of a single sensory modality, and allow a more

precise investigation of the function of selected parts of the circuit.

1.6.1 Olfactory stimuli

Defensive behaviours in rodents can be elicited using a range of ol-

factory predator stimuli, which can be either natural or synthetic. The

natural stimuli used in published studies have been derived from a

range of different species, such as domestic cat, lion, jaguar, python,

sand boa, red fox, ferret, mongoose and stoat (review by Apfelbach

et al., 2015). The exact sources of odour also vary and have included

predator urine, faeces, anal gland secretions, fur, fragments of mater-

ial rubbed against the fur, and fragments of bedding from the pred-

ator cage (Apfelbach et al., 2015).

The synthetic compounds used are much more limited and include

2,3,5-trimethyl-3-thiazoline (TMT), derived from fox urine (review by

Fendt et al., 2005) and 2-phenylethylamine, derived from bobcat urine

(Ferrero et al. 2011). Since their composition is constant, they allow

precise control of the odour concentration, unlike the natural predator

odour which is variable from one animal to another.

It is important to note that it is not simply the novelty of odour

that triggers defensive behaviour. Courtney et al., 1968 showed that

presence of cat odour in the arena significantly slows down rats in

their pursuit for water, while presence of a deodorant smell does not.

Similarly, Papes et al., 2010 showed that rabbit urine did not induce

avoidance or risk assessment behaviours in mice, nor did it increase

the ACTH levels, while rat, cat and snake derived odours did.
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Cat

The vast majority of published studies in rodents have used cat odour

as an olfactory predator stimulus, most commonly derived from a

domestic cat (Apfelbach et al., 2015).

The first comprehensive study using cat odour was performed by

Blanchard and Blanchard, 1989, where a range of defensive beha-

viours was observed in rats, including immobility, risk assessment,

avoidance and reduction in non-defensive behaviours. Moreover, a

real cat evoked much stronger responses than just cat odour, as odour

alone elicited mostly risk assessment. While most studies have been

conducted on rats, cat odour also induces avoidance in mice (Kava-

liers et al., 1994).

Since then multiple sources of cat odour have been used: cat collar

(Dielenberg et al., 2001), cloth rubbed against a cat (Blanchard et al.

2003c), cat bedding (Kavaliers et al., 1994), cat faeces (Dickman, 1992,

Blanchard et al. 2003c) and cat litter (Williams and Scott, 1989). Not

all sources of odour elicit the same behavioural response. Berton et al.

1998 showed that faeces from a carnivorous cat induced more anxiety

in rats than faeces from a vegetarian cat. Blanchard et al. 2003c found

that either cat faeces or a cloth rubbed against a cat could induce

avoidance in rats, but not cat urine. Moreover, only the cloth was

successful in producing contextual fear conditioning, suggesting that

it was more anxiogenic than cat faeces. Certain odours, such as those

found in urine or faeces, might be worse indicators of the presence of

a predator than odours found on the fur of the animal.

Biological variability in responses exists even when exact same

stimulus is used. Hogg and File, 1994 found that rats presented with

cat odour could be divided into responders and non responders, with

non responders spending significantly less time hiding in the shelter

and more time in contact with the source of odour. The two groups

did not differ when tested for the general anxiety levels in the elev-

ated plus maze.



1.6 eliciting defensive behaviours in rodents in the lab 24

It is not clear from published literature whether responses to cat

odour habituate. File at al., 1993 reported that avoidance of cat odour

did not habituate, although corticosterone levels increased less over

repeated exposures. Dielenberg and McGregor, 1999 measured the

time rats spent hiding when exposed to cat collar and found that the

hiding decreased over time. The anxiety reduction over multiple ex-

posures was also tested on the elevated plus maze. Moreover, Staples

et al. 2008 showed that c-Fos activity in different brain regions in rats

decreased with multiple exposure to the same cat, although this effect

dishabituated with exposure to a different cat.

Snake

A smaller number of studies have used shed snake skin as the olfact-

ory stimulus. Papes et al. 2010 showed that mice exposed to snake

skin display avoidance, risk assessment and increase in the ACTH

levels. Moreover, Ishii et al., 2017 found an increase in c-Fos expres-

sion in the VMHdm in response to snake skin exposure.

Like in case of cat derived olfactory stimuli, published studies re-

port conflicting results. Karen de Oliveira Crisanto et al. 2015 did not

observe defensive responses in mice in the presence of snake odour,

unlike in response to cat odour. Moreover, they found no changes in

c-Fos expression in the medial hypothalamus following exposure to

snake odour. The differences in results could be attributed to multiple

factors. For instance, Karen de Oliveira Crisanto et al. 2015 used the

bedding where the snake was previously residing, while Papes et al.

2010 used 5x5 cm pieces of skin shed by the snake, which might be

higher in kairomone concentration. Moreover, the two groups used

different snake species, as Karen de Oliveira Crisanto et al tested bed-

ding used by Boa constrictor, while Papes et al. used skin shed by

Pantherophis guttatus (cornsnake).
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Synthetic compounds

The most commonly used synthetic odour is 2,3,5-trimethyl-3-thiazoline

(TMT), derived from fox faeces (review by Rosen et al. 2015). It has

been shown to induce avoidance (Blanchard et al. 2003c), however its

use as a predator odour remains controversial and it has been sug-

gested that it might be a noxious rather than fearful stimulus (Fendt

and Endres, 2008). It has been shown that TMT upregulates c-Fos ex-

pression in regions which control gustatory responses, such as the

parabrachial nucleus and the nucleus of the solitary tract (Day et al.,

2004), but not in the AH or the VMHdm (Staples et al., 2008)

McGregor et al. 2002 showed that TMT does not elicit defensive be-

haviours in rats, unlike cat odour. Moreover, fibre-sparing lesions to

either PMD, AH or VMH do not disrupt TMT-induced unconditioned

freezing (Pagani and Rosen, 2009). Since TMT causes an increase in

c-Fos expression in the MOB, but not in the AOB (Staples et al., 2008),

this might explain why the response to TMT is different as compared

to the responses to cat derived odours (Blanchard et al., 2003a; Mc-

Gregor et al., 2002).

Less commonly used synthetic odours include 2-phenylethylamine

derived from bobcat urine (Ferrero et al. 2011) and 2-propylthietane,

the main component of weasel anal gland secretion, which has been

shown to cause an increase in the plasma levels of ACTH and cor-

ticosterone in rats (Perrot-Sinal et al., 1999).

1.6.2 Auditory stimuli

A single ultrasound stimulus is sufficient to elicit defensive behaviours

in naive laboratory mice (Mongeau et al. 2003). The stimulus used

originally in this study included sine-wave sweeps between 17 and

20 kHz at 100 msec frequency and intensity of 85 dB, lasting for 2

seconds each. This frequency of sound it is similar to the frequency
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of vocalizations emitted by rats when in a defensive state (Cuomo et

al. 1992, Blanchard et al. 1992).

Preliminary experiments from this study, as well as our laboratory,

have shown that even a continuous square pulse signal above a cer-

tain intensity threshold is sufficient to elicit defensive behaviours (un-

published data), however a sine wave is thought to be more effective

at eliciting defensive behaviours (Mongeau et al. 2003). It is possi-

ble that the auditory stimulus might not necessarily be specific to a

predator, but signal a general danger in the environment.

Behaviours induced by ultrasound include freezing and flight. In-

terestingly, the type of behaviour is dependent on the environmental

conditions and previous experience of the animal. Animals exposed

to ultrasound in their home cage respond predominantly with fleeing

back to the shelter. In contrast, when placed in a novel environment

or having received foot shock treatment beforehand, animals respond

with freezing instead of fleeing. This suggests that the internal state of

the animal, including the anxiety levels, might affect the behavioural

choice, with the probability of freezing increasing with higher anxiety

levels.

Ultrasound presentation not only induces defensive behaviours,

but also reduces expression of non-defensive behaviours present dur-

ing the habituation period, such as grooming and rearing. Moreover,

it also causes an increase in the heart rate and blood levels of corti-

costerone. Since the stimulus not only triggers defensive behaviours,

but also produces endocrine and physiological responses, it is likely

to induce a state of anxiety rather than trigger a simple motor reflex

response.

The study by Mongeau et al. 2003 also investigated the pattern of

c-Fos mRNA expression across different brain nuclei following ultra-

sound exposure . They found that the expression was largely over-

lapping with the pattern of c-Fos expression following exposure to a

natural predator.
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1.6.3 Visual stimuli

Similarly to auditory stimuli, unimodal visual stimuli are sufficient

to elicit defensive behaviours in mice (Yilmaz and Meister, 2013). The

stimulus typically used is a dark expanding disc, presented overhead

the animal, likely to represent a predator approaching from the over-

head. It can reliably induce freezing or fleeing and the choice of be-

haviour is dependent on multiple factors, such as the contrast of the

disc, environmental conditions and internal state of the animal.

Visual stimuli are thought to be transferred directly from the su-

perior colliculus to the PAG. While VMHdm might be modifying re-

sponses to visual stimuli, it may not be necessary for the expression

of the behaviour (Wei et al., 2015, Shang et al., 2015). For this reason

I decided not to use visual stimuli in my experimental paradigm, but

instead focus on the olfactory and auditory stimuli.

1.7 predator odour detection in mice

1.7.1 Olfactory pathway overview

Odours are first detected by two main sensory organs: the olfactory

epithelium and the vomeronasal organ (VNO) (review by Dulac and

Torello 2003, Stowers et al., 2013, Firestein, 2001). The VNO is special-

ised for detecting pheromones and projects to the accessory olfact-

ory bulb (AOB), while the olfactory epithelium detects other odour-

ants and projects to the main olfactory bulb (MOB). A third organ,

the Grueneberg ganglion cells system, located in the nasal cavity, re-

lays olfactory signals from injured conspecifics (Brechbühl et al. 2008).

Since it has been shown that predator odours upregulate c-Fos expres-

sion in the AOB rather than MOB (McGregor et al., 2002), it has been

postulated that predator odour is processed as a kairomone, a sub-
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Figure 1.4: Illustration of the position of medial amygdala in relation to the
neighbouring nuclei. On the left VMHdm marked in green. Abbreviations:
CEA—central amygdala; BLAa—anterior part of the basolateral amygdala;
BLAv—ventral part of the basolateral amygdala; BMAp—posterior part of
the basomedial amygdala; LA—lateral amygdala; opt—optic tract. Figure
adapted from Allen Mouse Brain Atlas and Fox et al., 2015.

stance released by one species which has an effect on another species

(Dicke and Grostal, 2001).

The AOB projects primarily to the medial amygdala and the pos-

terior lateral cortical amygdala, with an additional smaller projec-

tion to the piriform cortex (Kang et al., 2011). Importantly, cat odour

has been shown to upregulate c-Fos expression in medial amygdala

(Dielenberg et al., 2001; McGregor et al., 2004). MOB projects to mul-

tiple brain areas, including the piriform cortex, olfactory cortical re-

gions, medial amygdala and cortical amygdala (Kang et al., 2011). It

has been shown that activation of cortical amygdala can also induce

defensive behaviours, while inhibition reduces defensive behaviours

in response to TMT presentation (Root et al. 2014).

1.7.2 Medial amygdala

Medial amygdala (MEA) is a small amygdalar nucleus, which func-

tionally can be further subdivided into posteroventral (MEApv), pos-
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terodorsal (MEApd) and anterior (MEAa) parts. These are defined by

different afferent and efferent connections, pattern of activation by

different chemosignals, and cellular properties (Canteras et al., 1995;

Meredith and Westberry, 2004; Choi et al., 2005, Keshavarzi et al.,

2014). Importantly, it has been shown that predator and conspecific

threats activate distinct parts of MEA, with MEApv being activated

by predator threat and MEApd being activated by conspecific threat

(Dielenberg et al., 2001, Choi et al., 2005). MEA activation has also

been observed during restraint induced stress (Dayas et al., 1999).

Functionally, fibre sparing lesions with ibotenic acid in MEA re-

duce freezing when rats are exposed to cat odour and increase the

number of contacts rats make with the source of odour (Li et al. 2004).

Since MEA lesions do not impair freezing to foot shock conditioning

(Nader et al., 2001), it is thought that MEA is involved in control of

behaviours in response to innate rather than learnt threats. In vivo

recordings in the amygdala in rats confirmed that MEA activity in-

creases in the presence of cat odour (Govic and Paolini, 2015).

While overall 93% of cells in MEA are GABAergic, MEApv is made

of 68% glutamatergic cells (Keshavarzi et al., 2014). Major inputs to

MEA originate in the AOB, piriform cortex, CoA, BNST and hip-

pocampus (Cádiz-Moretti et al., 2016). Major outputs include pro-

jections to parts of the defensive circuit described earlier, i.e. BNST,

AHN and VMHdm, but also to other hypothalamic nuclei, the AOB

and other amygdalar nuclei (comprehensive study by Pardo-Bellver

et al., 2012; also Keshavarzi et al., 2014 and Canteras et al., 1995).

Bian et al, 2008 found that majority of VMH projecting neurons

from MEA are glutamatergic and homogenous with regards to their

morphological and intrinsic properties. Moreover, they found that

these VMH projecting neurons receive direct excitatory inputs from

the upstream sensory areas. Similarly, a study by Keshavarzi et al.,

2014 has shown that only about 10% of VMHdm projecting neurons

from MEApv are GABAergic.



1.8 aims of the project 30

Finally, amygdala stimulation in cats has been shown to reduce

the latency of defensive behaviour in response to VMH stimulation

(Stoddard-Apter and MacDonnell, 1980). It is not know how inform-

ation from MEA is processed by the VMH.

1.8 aims of the project

Animals can respond to predator threat with a range of behaviours,

such as fleeing, freezing, avoidance and inhibition of non-defensive

behaviours. As described earlier, the stimulus, environment and in-

ternal state of the animal can all affect the behavioural response, for

example by changing the probability of one response over the other

(such as immobility versus escape) or modulating the strength of its

expression.

Published evidence suggests that the VMHdm is important for con-

trol of innate defensive behaviours, yet it remains unknown what

role it plays and how it contributes to decision making during pred-

ator encounter. It has been shown that activating SF1+ neurons in the

VMH can elicit different behaviours, such as immobility and avoid-

ance, and that increasing frequency or intensity can also produce

jumping escape (Wang et al., 2015, Kunwar et al., 2015). However, it

is not understood how different behaviours can be elicited from this

one population of neurons. The questions addressed in this project

were therefore the following:

1. How does activity in the VMHdm influence the choice of beha-

vioural response to predator threat?

2. What determines the level of activity in the VMHdm in the pres-

ence of predator threat?

There are three main factors to consider when addressing these ques-

tions: properties of inputs, mechanism of input integration by the VM-

Hdm, and the downstream effects of output projections. Wang et al.,

2015 addressed the latter by showing that activity in the VMHdm-AH
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Figure 1.5: Working hypotheses. A. SF1+ neurons consisting of a homogen-
ous population of cells. B. SF1+ neurons consisting of a heterogenous popu-
lation of cells.

projections induces avoidance, while activity in the VMHdm-PAG

projections promotes immobility. While this important finding helps

explain how activity in SF1+ cells can elicit these two behaviours, it

remains unclear what role the VMHdm has in choosing the most ap-

propriate behaviour.

Experimental approach

I begun the project by conducting a behavioural study to describe be-

havioural responses to auditory and olfactory predator stimuli. Through

these experiments I established conditions in which I could reliably

induce defensive behaviours using stimuli of these two modalities,

thereby creating a paradigm which allowed me to address the ques-

tions of the role of VMHdm in control of these behaviours. I also as-

sessed the behaviour in response to optogenetic stimulation of SF1+

neurons (Chapter 3).

I hypothesised whether population of SF1+ neurons might in fact

be heterogenous, consisting of subpopulations of cells with differ-

ent electrophysiological properties. Such heterogeneity could explain

how different populations of cells might be activated by increasing

intensity or frequency of light stimulation in the optogenetic exper-
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iments, thereby preferentially activating cells projecting to one area

over the other, producing jumping escape at higher levels of stimula-

tion.

I therefore performed a series of whole cell patch clamp recordings

from SF1+ neurons in acute brain slices and characterised their elec-

trophysiological properties. Using the same technique, in combina-

tion with optogenetics, I then characterised the excitatory connection

from medial amygdala to SF1+ neurons in the VMHdm. I also studied

the behavioural effects of activating this pathway by optogenetically

stimulating it in vivo (Chapter 4).

Since I have not observed any differences in the electrophysiolo-

gical properties of SF1+ neurons, I then questioned whether these

cells might be receiving a heterogenous pattern of inputs. If that

were to be true, cells receiving less threatening inputs might pref-

erentially project to areas promoting avoidance, while cells receiving

more threatening inputs project to areas eliciting escape. Illustration

of the two possible models can be found in Figure 1.5.

Consequently, I used single cell in vivo calcium imaging to investig-

ate whether auditory and olfactory predator stimuli activate different

populations of cells in the VMHdm. I performed these recordings in

freely moving mice, exposed to either ultrasound or snake skin. This

allowed me to study the in vivo activity levels in the VMHdm and

how this activity is correlated with predator stimuli and behavioural

output (Chapter 5).
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M E T H O D S

2.1 animals

All animal procedures were carried out under the UK Animals (Sci-

entific procedures) Act of 1986 (PPL 70/7652). Genetically modified

strains of mice were originally obtained from The Jackson Laboratory,

bred and kept at the Biological Research Facility (BRF) at the MRC

LMB and the SWC. Animals were housed in standard conditions on

a 12h light cycle with ad libitum food and water and with environ-

mental enrichment and were tested during the light phase.

All mice used for electrophysiological recordings were between 8-

10 weeks old. Mice used in behavioural experiments, including cal-

cium imaging experiments, were between 8 and 24 weeks old. All

mice were female.

Table 2.1 shows a summary of the strains used for experiments

and breeding. All genotyping was conducted by the MRC genotyping

facility and TransnetYX, with help from the BRF.

2.2 viral constructs

For optogenetic activation of medial amygdala projections in the VMHdm,

both in slice electrophysiology (Chapter 4.2.3) and behaviour (Chap-

ter 4.2.4), AAV2-CaMKIIa-hChR2(H134R)-EYFP (UNC Vector Core,

5.1 x10

12GC/ml) was used. The CaMKIIa promoter was used to tar-

get excitatory cells of the medial amygdala (Wang et al, 2013) in the

Nr5a1::RYFP and Nr5a1-Cre mouse lines. The version of the ChR2

used has a mutation of histidine 134 changed to arginine, which was

34
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line (jax stock #) breeding strategy

Vglut2-ires-Cre (#016963) heterozygote x C57BL/6J
Nr5a1-Cre (#012462) heterozygote x C57BL/6J
VGAT-Cre (#016962) homozygote x homozygote
tdTomato (#007914) homozygote x homozygote
YFP (#006148) homozygote x homozygote
Vglut2::YFP Vglut2-ires-Cre (ho) x YFP (ho)
Nr5a1::YFP Nr5a1-Cre (het) x YFP (het)
Vglut2::tdTomato Vglut2-ires-Cre (ho) x tdTomato (ho)
VGAT::tdTomato VGAT-Cre (ho) x tdTomato (ho)

Table 2.1: Summary of mouse lines used. het - heterozygote, ho - homozy-
gote.

chosen because it has am increased ionic flow when the channel is

open.

For control experiments, AAV2.CamKII0.4.eGFP.WPRE.rBG (Penn

Vector Core, 5.8 x10

12GC/ml) was used to express eGFP instead of

ChR2.

To target SF1+ cells in the VMHdm for in vivo optogenetic activa-

tion (Chapter 3.2.5), AAV9.EF1.dflox.hChR2(H134R)-mCherry. WPRE.hGHpA

(Penn Vector Core, 5.8 x10

12GC/ml) was injected in the Nr5a1-Cre

mouse line. This virus contains the hChR2(H134R)-mCherry coding

sequence flanked between two recombination sites, thereby using a

Cre-dependent flip-excision (FLEx) mechanism to limit virus expres-

sion to Cre-expressing neurons only (Atasoy et al. 2008). The EF-1

alpha promoter (Kim et al, 1990) was used to drive expression in the

cells, while WPRE and hGHpA were used to further enhance the ex-

pression levels (Zufferey et al, 1999; Srivastava et al, 1983).

For calcium imaging experiments (Chapter 5) AAV9-CAG.Flex- GCaMP6s-

WPRE (Penn Vector Core, 6.3 x10

12GC/ml) was used in the Nr5a1-Cre

and Vglut2-ires-Cre mouse lines. The CAG promoter was used to

drive expression of GCamP6s in the cre-expressing cells (Miyazaki et

al. 1989). GCaMP6s was used instead of its faster variants GCaMP6m

and GCaMP6f, because it produces the highest peak Df/F per action
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potential (Chen et al, 2013). To answer the questions investigated in

Chapter 5, improved signal to noise ratio was considered more im-

portant than the temporal resolution of the calcium signal.

All viruses used in this study were kindly ordered and aliquoted

by Dr Li Jin and Dr Tulin Okbinoglu.

2.3 surgical procedures

General surgery set up

A mixture containing ketamine (95 mg/kg) and xylazine (15.2 mg/kg)

was injected intraperitoneally to anaesthetise the animals. Carpofen

(5 mg/kg) was administered subcutaneously and animals were placed

into a stereotaxic apparatus (Model 1900 and 963, David Kopf Instru-

ments). The depth of anaesthesia was monitored throughout surgery

and isoflurane (1-1.5% in O2, 1 l/min) was used for anasthesia main-

tenance.

A midline saggital incision was made to expose the skull and cran-

iotomies were made using a 0.5 mm burr drill (Fine Science Tools) to

allow virus injection or fibre implantation. Implants were attached to

the skull using light-cured dental cement (RelyX Unicem 2, 3M). At

the end of the surgery, the wound was sutured (6-0, Vicryl Rapide)

and glued (Vetbond). Animals were injected subcutaneously with an-

tisedan (0.08 ml) and allowed to recover in a heated cage at 27°C for

2 hours, after which they were transferred back to their come cage.

Experiments were started at two weeks after the surgery to allow

enough time for viral expression and animal recovery.

Viral injections

Glass pipettes (10µl Wiretrol II) were pulled on a Sutter P-1000 puller.

At the start of surgery, pipettes were backfilled with oil, mounted on

an electrode holder coupled to a hydraulic micromanipulator (MO-10,

21 Narishige) on the stereotaxic frame and viral vectors were drawn
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in through the pipette tip. During the surgery the pipette was slowly

(3 mm/min) lowered through the brain tissue until the desired depth.

The vectors were delivered at 10nl/min and pipette left in the same

position for further 5 minutes to ensure the whole intended volume of

solution has been left the pipette. VMHdm injection coordinates were

AP: -1.6, ML: ±0.4, DV: -5.4. The medial amygdala (MEApv) injection

coordinates were AP: -1.7, ML: ± 2.1, DV: -5.4.

Optic fibre implants

For optogenetic experiments, one optic fibre (200 m diameter, MFC-

SMR; Doric Lenses Inc.) was implanted unilaterally immediately fol-

lowing the virus injection. The fibre was implanted at a speed of 3

mm/min, positioned 200 µm dorsal to the injection site and attached

to the skull with dental cement.

GRIN lens implants

For calcium imaging experiments, a GRIN lens (SICL_V_500_80; Doric

Lenses Inc.) was implanted following the virus injection. First a 23G

(0.58 mm) needle with a cemented opening was slowly (1 mm/min)

inserted 200um dorsal to the injection site, to minimise tissue com-

pression during insertion of the cannula, and then slowly removed.

The GRIN lens was then slowly (1 mm/min) inserted to the same

depth as the injection site and attached to the skull with dental ce-

ment.

Head-fixed two photon imaging

For head-fixed two photon imaging, a craniotomy was performed to

create a small cranial window. An outline of the cranial window (3

mm diameter) was shaved with a 0.5 mm burr drill until the bone in

the middle could be lifted with forceps without causing any drilling.

The exposed brain tissue was covered with a 3 mm diameter coverslip

(Harvard Bioscience, Inc.). A 3D-printed metal headplate was then

affixed to the skull using light-cured dental cement.
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2.4 electrophysiological recordings in acute brain slices

Preparation of acute brain slices

All electrophysiological recordings were performed using the Nr5a1::

RYFP strain. Animals were anaesthetised with isoflurane and rapidly

decapitated. The tissue was immediately transferred to an ice cold

oxygenated artificial cerebrospinal fluid (aCSF) containing (in mM):

NaCl (119), NaHCO3 (26), glucose (10), KCl (2.5), CaCl2 (2), MgCl2

(1), NaH2PO4 (1) (all chemicals purchased from Sigma-Aldrich), equi-

librated with carbogen (95% O2 and 5% CO2). The brain was quickly

removed and secured to the stage of the vibratome (VT1200, Leica)

with superglue (Loctite). Coronal slices of 200 µm thickness were col-

lected at the level of the VMH (-1.3 mm to -1.8 mm from bregma),

allowed to recover at 35°C for 30 min and then stored at room tem-

perature (19–23°C) for up to 6 hours in oxygenated aCSF.

Data acquisition

Brain slices were submerged in a recording chamber and secured in

place under a nylon string grid stretched over a metal wire. Slices

were perfused continuously with an oxygenated aCSF heated to 33°C,

using a peristaltic perfusion system (PPS2, Multi Channel Systems)

at rate of 1ml per min . Data from whole-cell patch clamp recordings

was obtained with EPC 800 amplifier (HEKA), digitized at 20 kHz

(PCI 6035E, National Instruments), filtered at 5kHz and recorded in

custom software made in LabVIEW (2015 64-bit, National 12 Instru-

ments; software created and maintained by Kostas Bestios).

Recording pipettes were pulled with a micropipette puller (P-1000,

Sutter, USA) from borosilicate glass capillaries (Harvard Apparatus,

1.5 mm OD, 0.85 mm ID). Pipette resistance was 6-8 MW. Patch pipettes

were backfilled with an internal solution containing (in mM): KGlu-

conate (130), KCl (10), HEPES (10), Mg-ATP (2), Na-ATP (2), EGTA

(1), Na2-GTP (0.3), 290mOsm.
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SF1+ cells were identified by their EYFP fluorescence, using 490 nm

LED illumination (pe-100, CoolLED), 4X dry objective (PLN-CY, 0.1

NA, Olympus) and 60X water-immersion objective (LUMPlanFL N,

1.0 NA, Olympus). Once a suitable, healthy looking cell was identi-

fied, the pipette was advanced towards the identified cell under posi-

tive pressure, which was released near the cell. A gentle suction was

applied to form a GW seal, after which the membrane was ruptured

with further suction to establish a whole cell configuration. The rest-

ing membrane potential was measured immediately in current clamp.

Input resistance and series resistance were monitored throughout the

experiment, and series resistance was compensated in current-clamp

recordings. Only cells with series resistance <30 MW were used for

analysis.

For a subset of experiments (Chapter 4.2.2), selective inhibitors

have been added to the aCSF: the inhibitory inputs were blocked us-

ing 60 mg/l picrotoxin (Sigma-Aldrich), while excitatory inputs were

blocked using 376 mg/l kynurenic acid (Sigma-Aldrich).

Optogenetic stimulation

In optogenetic activation experiments, ChR2 was stimulated with wide-

field 490 nm LED illumination (pe-100, CoolLED). Synaptic inputs

were evoked with LED light pulses over the area containing the recorded

cell. The stimulation protocols used light pulses of 1 ms duration and

varying number and frequency of the pulses.

Immunohistochemistry

At the end of the recording sessions, slices were fixed in 4% para-

formaldehyde (PFA) in PBS for 20 mins at 4°C, after which they were

rinsed in PBS and mounted on a glass slide slides in SlowFade Gold

(S36938, Life Technologies). Slides were imaged using a Nikon TE2000

wide-field microscope.
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2.5 behavioural procedures

General set up

Behavioural experiments were conducted in a rectangular arena (L: 60

cm x W: 20 cm x H: 40 cm) made of red tinted perspex placed inside a

custom made sound and light isolated cabinet. An open ended shelter

(L: 10 cm x W: 20 cm x H: 20 cm) was positioned at one end of the

arena. Different shelter dimensions were tested to ensure the shelter

was recognized a safe place by the animal, but not so safe that the

exploratory drive was reduced.

Infra-red light in the cabinet was provided by six LED illuminators

(TV6700, Abus). All behaviour was recorded at 50 frames per second

with a near-IR GigE camera (acA1300-60gmNIR, Basler) positioned

above the arena centre. Video acquisition and all stimulation proto-

cols (auditory and optogenetic) were controlled with LabVIEW cus-

tom software and triggered using hardware-time signals controlled

with a PCIe-6351 board (National Instruments) to allow synchroniza-

tion. Animal position in the arena was tracked on-line in LabVIEW

based on the centre of mass of the animal. Optogenetic and auditory

stimuli were delivered when the animal entered a pre-defined ROI (L:

15 cm x W: 20 cm) at the end opposite to the shelter. The arena was

washed with 70% ethanol in between the experiments.

Sensory stimuli

The auditory stimulus consisted of a sweep of increasing frequency

from 17 to 20 kHz over 3 seconds (Mongeau et al. 2003) at a sound

pressure level of 80 dB at the floor of the arena. Sound waveform

files were created in MATLAB (Mathworks). The sound files were

played from LabVIEW, amplified (QTX Sound PRO 240) and deliv-

ered through an ultrasound speaker (L60, Pettersson) suspended 60

cm above the arena, at the end opposite to the position of the shelter.
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The olfactory stimulus consisted of a 0.20 g fragment of a shed

snake skin (Bothrops jararaca). The snake skin was inserted and re-

moved manually from the top of the arena. The snake skin was reused

and in between the experiments stored in an air tight container at -

20°C. The stock of snake skin was stored at -80°C.

To control for the stimulus of manual insertion and removal of the

snake skin, as well as for the presence of a foreign object inside the

arena, a transparent, clean petri dish (D: 35 mm, H: 10 mm, Falcon)

was used in control experiments.

Optogenetic stimulation

Light was delivered by a 473 nm laser diode module (Stradus, Vor-

tran), triggered by a sequence of pulses generated in LabVIEW. Laser

intensity was modulated through an analogue input controlled by

LabVIEW to achieve irradiance of 10 mW/mm2 at the tip of the im-

planted cannula. Light transmission of each cannula was measured

prior to surgical implantation. The laser diode was connected through

an optic fibre (M72L02, Thorlabs) to a rotary joint (FRJ 1x1, Doric

Lenses Inc.) positioned above the area, from which the light was trans-

mitted by a magnetic patchcord (MFP_200/230/900-0.37_0.6m_FC-

SMC, Doric Lenses Inc.) to the implanted cannula. The rotary joint

allowed animal to move unrestrained around the arena. The stimulus

consisted of 10ms light pulses of different frequencies.

Immunohistochemistry

At the end of each series of behavioural experiments, histology was

performed to confirm the sites of injection and implantation. Ani-

mals were anaesthetised with Euthatal (0.1-0.2 ml of a 1:1 dilution in

PBS) and transcardially perfused with 10-15 ml of ice-cold PBS with

heparin (0.02 mg/ml) followed by 4% para-formaldehyde (PFA) in

PBS. Brains were dissected out and fixed in 4% PFA overnight at 4°C,

then washed once in PBS and and transferred to 30% sucrose solu-

tion in PBS for 48 hours. They were then embedded in the optimal
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cutting temperature (O.C.T.) compound (Thermo Fisher Scientific),

rapidly frozen on dry ice and 30 µm sections were cut using a cryo-

stat (CM3050S, Leica). Brain sections were mounted on a glass slide

using DAPI containing SlowFade Gold mounting medium (S36938,

Life Technologies). Slides were imaged using a Nikon TE2000 wide-

field microscope.

2.6 calcium imaging

Two-photon excitation microscopy

Two-photon imaging was performed using a resonant two-photon

microscope (Neurolabware) and controlled through the Scanbox soft-

ware.

The focus was first adjusted using an epifluorescence port camera.

Fluophores were excited with 900 nm light produced by a titanium-

sapphire laser (Spectra-Physics Mai Tai, average power 2.1 W, pulse

width <100 fs, Newport), laser intensity regulated through a Conop-

tics Pockels Cell (302RM driver and 350-80-LA EO modulator) and

controlled with shutter (LS6, Uniblitz).

Images were obtained by scanning at 512 lines per frame using

an 8 kHz resonant scanner (Cambridge CRS) and a galvanometer

scanner (Cambridge 6215H). The light was focused through a 16X

water-immersion objective (Nikon, 0.8 NA). Emitted light was col-

lected by two GaAsP detectors (H11706-40, Hamamatsu), allowing

dual colour imaging. The images were acquired with a DHPCA-100

amplifier (Femto) and digitized at 80 MHz (ATS9440, AlazarTech).

Head-fixing

For the two photon imaging experiments, animals were first anaes-

thetised with isoflurane to minimise anxiety resulting from the pro-

cess of transferring them over to the microscope. The animals where

then placed inside a 3D printed tube in which they could sit com-
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fortably (originally designed by Dr Edward Bracey and modified and

printed by Martyn Stopps and Robb Barrett at the SWC Fablabs). The

tube was printed in ASA production grade thermoplastic (Stratasys)

and covered with flexible silicon coating (FSC05L, Electrolube).

Next to the tube there was a height adjustable headplate holder

(Thorlabs). Both the tube and the headplate holder were attached to

a platform fixed to a motorized linear translation stage (Thorlabs).

Single-photon excitation microscopy

Calcium imaging in freely moving animals was performed using a

miniaturized head-mounted fluorescence microscope (Model L, Doric

Lenses Inc.). The set up consisted of a fluorescence microscope driver

(FMD_L), controlled through Doric Neuroscience Studio software. Trig-

ger signals were sent to the connectorised LED (CLED), connected to

a snap-in fluorescence microscope body (SFMB_L) through a rotatory

joint (AHRJ-OE_PT_AH_12_HDMI) and two mono fibre-optic patch

cords (MFP 200/230/LWMJ-0.48: 0.8m_FC-CM3 and 1m_FC_FC). A

copy of the signal was send to a PCIe-6351 board (National Instru-

ments) to allow synchronization with the custom LabVIEW data ac-

quisition software. Images were acquired through an implanted snap-

in imaging cannula (SICL_V_500_80; Doric Lenses Inc.) to which the

microscope body was attached prior to each experiment. The mi-

croscope body containing a 0.5 NA objective lens, a dichroic beam-

splitter, and a CMOS sensor was connected back to the microscope

driver through an electrical cable.

Calcium imaging analysis

Fluorescence images were first corrected for movement artifacts in

Doric Neuroscience Studio. All following image processing was per-

formed in Fiji. Images were first background-subtracted (rolling ball

radius 50 pixels), ROIs were manually drawn and mean intensity

traces were extracted for each ROI. The traces were then interpolated
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with the behavioural data in LabVIEW using custom written scripts

in Python 2.7.

The behavioural videos were manually annotated to mark specific

behavioural events and correlate them with the calcium transient ac-

tivity. The behaviour tagging included: detection of the auditory stim-

ulus (head turn), onset of the turn prior to the escape, initiation of the

escape, insertion of the snake skin/petri dish, removal of the snake

skin/petri dish, sniffing of the snake skin/petri dish.

2.7 data analysis

Analysis was performed using custom-written scripts in Python 2.7.

Statistical analysis was performed in GraphPad Prism. Statistical sig-

nificance was defined at 95% confidence limit (p-value <0.05). Same

size pair-wise comparisons were analyzed using parametric paired or

unpaired two-tailed Student’s t-test, samples of unequal sizes were

analyzed using Welch’s t-test. All data are reported as mean ± stan-

dard deviation (SD) unless stated otherwise. Plots were created using

custom-written scripts in Python 2.7 and GraphPad Prism.
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I N D U C I N G D E F E N S I V E B E H AV I O U R S

3.1 introduction

When exposed to predators or predator-related stimuli, mice innately

respond with defensive behaviours. These behaviours have been stud-

ied extensively across a variety of mouse species, in different exper-

imental conditions and using a range of predator stimuli. Some of

those published studies are described in Chapter 1.

Mice can display a variety of defensive behaviours. Genetic back-

ground, subtle differences in experimental conditions, nature of the

predator stimulus - all of these affect the behavioural outcome. Before

starting to investigate how this choice of behaviour is made at a neur-

onal level, it is necessary to create a behavioural paradigm in which

these behaviours can be elicited in the laboratory. I therefore started

the project by characterising defensive behaviours elicited by audit-

ory and olfactory stimuli, specifically by ultrasound and snake skin.

I observed a number of similarities and differences in behaviours eli-

cited by these two stimuli, the results of which are presented in this

chapter.

I next assessed the behavioural effects of optogenetically activating

SF1+ neurons in the VMHdm. In accordance with published results

(Wang et al., 2015, Kunwar et al., 2015, Viskaitis et al, 2017), I observed

that different behaviours could be elicited through activation of SF1+

neurons depending on the frequency of activation.

Taken together, these results show that mice express behaviours ap-

propriate for a given type of stimulus. They also establish a paradigm

for investigation of the role of the VMHdm in choosing the most ap-

propriate behavioural response, addressed in the following chapters.

46
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3.2 results

3.2.1 Quantifying defensive behaviours

There are many ways to quantify defensive behaviours, some of which

have been described in Chapter 1. In this project defensive behaviours

were quantified mostly based on the position of the animal in the

arena, from which the speed of movement, avoidance and risk assess-

ment were quantified.

The animal was placed in the arena and behaviour was recorded

throughout the experiment. The centre of mass of the animal was

tracked over time in form of xy coordinates. Each experiment lasted

20 minutes. During the first 10 minutes mouse was allowed to habitu-

ate to the arena, while in the second 10 minutes it was exposed to the

test stimulus which was presented in the region of interest (ROI).

The path travelled by the animal over time was first plotted, provid-

ing a quick visual overview of the animal’s locomotion and explora-

tion of the arena. An example of movement of the animal over a

period of 10 minutes can be found in Figure 3.1. The two graphs il-

lustrate the movement over the first (3.1C) and second (3.1D) half of

the experiment. This is a visual representation of the motility of the

animal and it can give an indication of the internal state of the animal.

Reduced or increased motility can be suggestive of an altered internal

state, which can be due to factors such as anxiety or hunger. In this

case there was no stimulus introduced in the second half in order to

assess whether movement and exploration change over time.

To quantify the animal’s preference for a given area we can measure

the time the animal spends in this area. This can be presented either

as the proportion of total time spent in the area (Figure 3.1E and G)

or by calculating the place preference index (Figure 3.1F and H). In

this case the area of interest (shelter or ROI) constituted 1/5th of the

total area, therefore the place preference index was calculated from
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the equation (p-0.2)/0.2, where p is the proportion of total time the

animal spent in that area (adapted from Takahashi and Tsuboi, 2017).

If the animal had no preference for the area, it would spend 1/5th (i.e.

0.2) of the total time there, thereby giving an index of approximately

0. Therefore positive values indicate place preference, while negat-

ive values place avoidance. Index of -1 illustrates complete avoidance

(animal spends no time in that area), while index of 4 means that the

animal spends all the time there. The preference index gives a better

visual representation of the animal’s place preference and therefore

has been used in the subsequent analysis instead.

Using the above methods we can measure the animal’s preference

for the shelter (Figure 3.1E and F). The mean proportion of time spent

in the shelter was 0.55 ± 0.09, while the place preference index for the

shelter was 1.73 ± 0.45. Both values are significantly different as com-

pared to the values expected in absence of any preference, namely

0.20 and 0 respectively (p<0.0001). Therefore the animal had a prefer-

ence for the shelter, suggesting that the shelter was considered to be

the safest or the most comfortable place in the arena, most likely due

to the enclosure it provided. This preference for the shelter is determ-

ined by a balance between factors such as the desire to explore, for

instance in order to search for food, and the anxiety of encountering

danger.

We can use the above measures to investigate the effect of a stim-

ulus which is later presented in ROI. First we can quantify the place

preference for ROI during the habituation period. The proportion of

time spent in ROI was 0.22 ± 0.14, which corresponds to ROI prefer-

ence index of 0.08 ± 0.68. These are not significantly different from

the expected values of 0.20 and 0 respectively (p=0.79).

While mice prefer to stay in the shelter, they periodically leave the

shelter to explore the arena. They do so mostly for the purpose of for-

aging. Since animals try to minimise the risk of exposure to predators,

this foraging behaviour is usually seen in the form of short explorat-

ory trips from the shelter. Therefore the number of these exploration
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trips and the duration of each trip can also be used to assess the in-

ternal state of the animal. There are many reasons for why the length

of these trips could vary. One assumption is that a more anxious an-

imal should be more likely to stay in the shelter, although multiple

other factors can play a role. During the period of habituation the

number of exploration trips was equal to 26.3 ± 5.6 (Figure 3.1I), while

the mean length of each trip was equal to 4.1 ± 2.3 s (Figure 3.1J).

Paired t-test was used to analyse the differences in the shelter and

ROI preference, as well as the number of trips. Welch’s t-test was used

to analyse the differences in duration of the trips.

Behavioural changes over time

Since the internal state of the animal is not constant, the pattern

of movement and exploration can change over time. As the animal

becomes more familiar with the environment, the anxiety of being

in new surroundings decreases, which might increase exploration.

Other factors can also change, such as hunger or energy levels. It

is therefore important to consider the influence of the time factor in

assessing the effect of a stimulus on the behaviour.

Figure 3.1 illustrates changes in the behaviour between the first (ha-

bituation) and second (experimental) half of a 20 minute long exper-

iment. There was no significant change in the place preference over

time, neither in the shelter preference index (decrease to 1.31 ± 0.87,

p=0.32) nor the ROI preference index (increase to 0.29 ± 1.05, p=0.69).

There was also no significant difference in the number of trips the an-

imal took over that period (decrease to 23.5 ± 9.1, p=0.53). However,

there was a slight increase in the duration of each exploration trip

(increase to 5.4 ± 4.0 s, p=0.0003). This might reflect reduced anxiety

of the animal as it became more comfortable in the new environment.

It could however also reflect an increase in the motivation to explore,

perhaps in order to find food or water.

Having observed the behaviour in the absence of any stimuli, I next

tested the effects of olfactory and auditory predator stimuli.
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3.2.2 Behavioural responses to olfactory predator cues

Multiple olfactory stimuli have been used in published studies to eli-

cit defensive behaviours, as outlined in subsection 1.6.1. However, of-

ten stimuli of seemingly similar origin elicit behaviours in one study

but not in another (Karen de Oliveira Crisanto et al. 2015, Papes et al.

2010). This can be due to subtle differences in stimulus presentation,

kairomone concentration, experimental set up, genetic differences in

the test subjects, and many others.

At the beginning of the project I performed preliminary testing

of a variety of olfactory stimuli, which included bobcat urine (Pred-

atorPee), fox urine (PredatorPee), 4-methylthiazole (Sigma-Aldrich),

TMT (Sigma-Aldrich), isoamyl acetate (Sigma-Aldrich), cat collar, cat

fur, shed snake skin, rat fur, rat bedding, and an anaesthetised rat.

While volatile compounds triggered freezing and avoidance, they

were also very pungent and it was not clear whether the behaviour

was a result of fear or simply aversion of a painfully unpleasant ol-

factory stimulus (Fendt and Endres, 2008). Out of all the natural pred-

ator stimuli I tested, snake skin elicited most reliable and strongest

responses in the form of risk assessment and avoidance. Therefore all

the following experiments were conducted using snake skin as the

olfactory predator stimulus.

Behavioural responses to snake skin

The animal was placed in the arena and given 10 minutes to explore

and habituate to the environment. After that time, snake skin was

manually inserted from the top of the arena and placed on the ground

inside ROI. The animal was free to explore the arena for the following

10 minutes, including the region with the snake skin, after which the

snake skin was manually removed.

Behavioural responses to snake skin can be broadly divided into

two categories, based on whether snake skin produced an increase

or decrease in the ROI preference index. The majority of mice (4/6),
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which I will refer to as SSAv (snake skin avoiders), showed a marked

ROI avoidance and risk assessment of snake skin. The risk assessment

consisted of slow approach towards the snake skin, stretch posture

combined with sniffing, and a quick retraction back to the shelter.

Figure 3.2A illustrates this type of behaviour. A smaller proportion of

mice (2/6), referred to as SSEx (snake skin explorers), did not show

this stereotypical risk assessment, but instead showed an active in-

terest in the snake skin, as observed by an increase in the ROI pref-

erence index, occasionally even attempting to bite the snake skin and

drag it towards the shelter (Figure 3.2B).

SSAv showed a significant avoidance of the area with the snake

skin as compared to the habituation period (from 0.05 ± 0.16 to -0.93

± 0.05, p<0.0001), as well as an increased place preference for the

shelter (from 1.50 ± 0.58 to 3.30 ± 0.30, p<0.0001), which is indicat-

ive of increased fear. Note the small standard deviation in the place

preference indices, illustrative of low variability within this group of

animals. SSAv also had a reduced number of outings (from 22.3 ± 5.8

to 13.0 ± 4.6, p<0.0001) and a significantly reduced duration of each

outing (from 5.1 ± 3.6 s to 2.4 ± 1.4 s, p<0.0001). This short outing

duration and low standard deviation illustrates the risk assessment

behaviour. Since every trip out of the shelter led to a single risk as-

sessment, the number of risk assessment episodes over the 10 minute

period is equal to the number of outings. It is a significant increase

as compared to no risk assessment episodes in the habituation period

(p<0.0001).

The escape speed from snake skin was 62.8 ± 6.1 cm/s, slightly

higher as compared to the speed of return to the shelter in the absence

of any stimuli (54.9 ± 7.0 cm/s, p=0.0011). It is important to note that

animals often escaped back to the shelter before reaching the snake

skin, therefore it is possible that in some cases animals did not achieve

their maximal escape speed.

A smaller proportion of mice, SSEx (snake skin explorers) did not

show this stereotypical risk assessment. Instead, they showed an in-
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creased interest in the object, as illustrated by the increased ROI

place preference (from -0.03 ± 0.15 to 0.74 ± 0.98, p=0.0429) and no

change in the shelter place preference (from 1.45 ± 0.46 to 1.15 ± 1.05,

p=0.4709). The number of outings from the shelter was decreased

(from 20.3 ± 2.8 to 14.6 ± 3.4, p=0.0029). The duration of each outing

was slightly increased (from 6.0 ± 3.7 s to 8.0 ± 7.1 s, p=0.0054), which

could explain the reduction in the number of outings, especially con-

sidering the very large standard deviation.

Similar variability in responses to predator olfactory cues was ob-

served by File at al., 1993. Based on the responses to cat odour, the

rats they observed could be divided into responders and non respon-

ders. Interestingly, the two groups did not differ when tested for the

general anxiety levels on the elevated plus maze. The neural basis of

these differences in responses has not been investigated in the pub-

lished literature.

Adaptation

In order to assess whether defensive responses change over time,

either due to increased aversion of ROI or adaptation to snake skin, I

repeated the experiment in SSAv over four sessions on separate days.

The behaviour was consistent across the sessions, showing no signs

of adaptation to snake skin (Figure 3.3). There was no change in the

ROI preference index (RM one way ANOVA, p=0.9357) nor in the

shelter preference index (RM one way ANOVA, p=0.2312). This is in

line with other studies showing lack of adaptation of responses to cat

odour (Zangrossi and File, 1994).

During the habituation period there was a slight aversion of ROI

from the previous sessions, as measured by a decrease in the ROI

preference index (RM one way ANOVA, p=0.0133) and an increase in

the shelter preference index (RM one way ANOVA, p=0.0003). Zan-

grossi and File, 1994 showed that contextual fear development can be

dependent on the duration of exposure to the odour.
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In order to test whether the behavioural responses were induced

specifically by snake skin or more generally by the presence of a novel

object, mice were also exposed to a petri dish in a separate set of

experiments.

Behavioural responses to a novel object

Mouse was placed in the arena and given 10 minutes to explore and

habituate to the environment. After that time, a clean 3 cm petri dish

was placed on the ground at the end opposite to the shelter. The

animal was free to explore the arena, including the region with the

petri dish, for the following 10 minutes, after which the petri dish

was removed.

Unlike in case of snake skin, mice did not show a significant in-

crease in the number of risk assessment episodes over the 10 minute

period when the petri dish was in the arena (from 0 to 1.3 ± 1.5 epis-

odes, p=0.0822). Moreover, risk assessment happened only at the be-

ginning of the 10 minute period and animals quickly adapted to the

presence of the petri dish, after which the risk assessment behaviour

stopped. Half of mice did not show any risk assessment at all. An-

imals did not show a significant change in the ROI place preference

index (from 0.00 ± 0.37 to -0.17 ± 0.54, p=0.5099) nor in the shelter

preference index (from 1.42 ± 1.01 to 2.09 ± 1.29, p=0.1552). However,

the number of outings from the shelter was significantly decreased

(from 24.5 ± 6.8 to 14.7 ± 7.9, p=0.0011). The duration of each out-

ing was not significantly different (from 4.8 ± 3.4 s to 5.9 ± 5.2 s,

p=0.0742).

The escape speed back to the shelter following risk assessment was

57.2 ± 10.2 cm/s, which is not significantly different from the average

speed of return to the shelter during foraging (p=0.4272), but neither

from the escape speed from snake skin (p=0.0578).
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3.2.3 Behavioural responses to auditory predator cues

The animal was placed in the arena and given 10 minutes to explore

and habituate to the environment. After that period, when the animal

entered ROI, a single 3-second-long 17-20 kHz sweep of ultrasound

was triggered. Each animal was exposed to three presentations of

ultrasound, separated by at least one minute to allow the animal to

revisit ROI at least once and reduce the risk of developing aversion.

All animals clearly detected the ultrasound and responded with a

head turn. On virtually all trails the animals fled towards the shelter

(17 out of 18 trials), although in some cases the animals fled towards

the shelter without fully entering it. The maximum speed of escape

was 78.6 ± 16.0 cm/s, significantly higher than the speed of return to

the shelter in the absence of any stimuli (p<0.0001).

There was a significant increase in the shelter preference index

(from 0.90 ± 0.47 to 2.38 ± 0.60, p=0.0007), indicative of fear. There

was also a significant decrease in the ROI preference index (from 0.15

± 0.22 to -0.42 ± 0.20 p<0.0001), illustrating avoidance. The number of

outings also decreased (from 26.7 ± 7.6 to 16.3 ± 9.4, p=0.0048), how-

ever the length of each outing did not change (from 5.4 ± 4.0 s to 4.5

± 3.3 s, p=0.0953).

Comparison of responses to ultrasound and snake skin

The shelter preference index during the test phase was higher in case

of exposure to snake skin as compared to ultrasound (p=0.0113) and

the ROI preference index was more negative (p=0.0015), suggesting

that animals were more scared in the presence of snake skin and were

avoiding the area more than when exposed to ultrasound. The num-

ber of risk episodes was also significantly higher during snake skin

presentation (p<0.0001), as there were no risk assessment episodes

following ultrasound stimulation. The speed of escape from ultra-

sound was significantly higher as compared to the speed of escape

from snake skin (p=0.0006), although the distance travelled back to
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the shelter was shorter in case of snake presentation. Examples of

speed change over time in response to stimulation by ultrasound,

snake skin and petri dish can be found in Figure 3.6. These differ-

ences and similarities are discussed further in subsection 3.3.2.

3.2.4 Optogenetic stimulation of SF1+ neurons induces a range of defensive-

like behaviours

A few studies have been published which comprehensively described

the behavioural effects of in vivo optogenetic activation of SF1+ cells

in the VMHdm (Wang et al., 2015, Kunwar et al., 2015, Viskaitis et al.,

2017). My results confirm that different frequencies of SF1+ neurons

stimulation can trigger different behaviours. Figure 3.7 shows a trace

of movement in response to 5 Hz and 40 Hz stimulation. In general,

high frequency stimulation (20 Hz) increased the speed of movement

and triggered jumping escape behaviour (from 0 to 1.03 ± 1.05 jumps

during 10 s stimulation). Low frequency stimulation slowed down

the movement, although a prolonged 10 Hz stimulation for over 1

min occassionally also triggered jumping escape behaviour, suggest-

ing some form of accumulation of activity.

Stimulation with either low (5 Hz) or high (40 Hz) frequency res-

ulted in place avoidance of the area where the animal received stim-

ulation. Interestingly, the time spent in ROI (i.e. the duration of opto-

genetic stimulation) before the animal escaped depended on the fre-

quency of stimulation. 40 Hz stimulation resulted in escape from ROI

within 1.3 ± 0.4 s (equal to 51.9 ± 17.1 light pulses), significantly faster

as compared to the escape from ROI in the control condition (6.7 ±

4.2 s, p<0.0001) in which the animal received no laser stimulation. 5

Hz stimulation resulted in escape within 5.1 ± 1.7 s (equal to 25.4 ±

8.5 light pulses), also significantly faster than control (p=0.0243).

This is interesting for two reasons. Firstly, the difference in latency

to escape suggests accumulation of activity by the circuit, in line
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with the earlier observations that even low frequency of stimulation

can lead to jumping if the stimulation is long enough. Secondly, the

latency to escape from stimulation of SF1+ neurons is very long, even

in case of very high frequency of stimulation (1.3 ± 0.4 s). This latency

is much longer than during naturally evoked escape, for instance

by ultrasound (reaction time around 200 ms, Vale et al., 2017). This

prompts a question of the role of SF1+ neurons in triggering defensive

behaviours, which is further considered in the discussion.

3.3 discussion

In this study I elicited mouse defensive behaviours using auditory

and olfactory predator stimuli, as well as through optogenetic activa-

tion of SF1+ neurons in the VMHdm.

3.3.1 Reproducing defensive behaviour in the lab

In this chapter I showed that defensive behaviours could be reliably

elicited in the laboratory using predator stimuli of a single modality,

either auditory or olfactory. The defensive behaviours were quantified

by measuring ROI avoidance, shelter preference, exploration pattern,

risk assessment, as well as the speed of fleeing from the stimulus.

There was variability in the behavioural response between differ-

ent mice, illustrated by a relatively large standard deviation in all

parameters measured. This variability might be due to differences in

the initial state of the animal, depending on factors such as hunger

and anxiety. These factors are hard to control for, which means that

a larger number of subjects may be required to observe more subtle

differences in behaviour.
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3.3.2 Behavioural responses to different stimuli

Both ultrasound and snake skin elicited defensive behaviours in mice.

While these behaviours were largely similar, they did show subtle dif-

ferences. Before the behaviours are compared, it is important to men-

tion the differences between the olfactory and auditory stimuli them-

selves. Snake skin as a stimulus was constantly present during the test

period, while ultrasound was only presented periodically. Moreover,

snake skin was not a purely olfactory stimulus, but also a visual one.

In the future experiments these differences could be accounted for by

placing a petri dish in ROI also during the ultrasound stimulation ex-

periments, rather than as a separate control experiment. Finally, the

relative strengths of each stimulus are not known, since they act via

different sensory pathways.

While both stimuli elicited defensive behaviours, the responses to

ultrasound were less variable than to snake skin. Ultrasound elicited

fleeing on nearly all trials, while snake skin responses could be di-

vided into two types, based on whether mice avoided the snake skin

or investigated it, as measured by the change in the ROI preference in-

dex. The second type of responses to snake skin was less common and

these mice showed an exploratory interest in the snake skin. There

was no change in the ROI preference index when mice were exposed

to a petri dish, suggesting that these effects were not due to the pres-

ence of a novel object in the arena.

In terms of similarities, both ultrasound and snake skin elicited

avoidance, as seen by a decrease in the ROI preference index, as well

as an increase in the shelter preference index, indicating fear. Both

shelter preference and ROI avoidance were larger in case of snake

skin presentation, which could be because snake skin as a stimulus

was continuously present in the arena. Importantly, snake skin also

elicited risk assessment behaviour, which was not observed in case of

ultrasound stimulation. This was one of the most striking differences
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in behaviour, which could also be explained by the fact that snake

skin was continuously present in the arena.

The speed of fleeing from ultrasound was significantly higher as

compared to the escape speed from snake skin. However, distance

travelled during escape from snake skin was shorter than during es-

cape from ultrasound, even though snake skin was in the same ROI

as ultrasound stimulation. This was because the animals often trav-

elled only half way through the arena when risk assessing the snake

skin, after which they turned around and run back to the shelter. It is

possible that the odour was already detectable at that point. The anim-

als therefore they had a shorter distance back to the shelter and they

might not have reached their maximum speed of escape before reach-

ing the shelter. To compare the speed of escape it would be necessary

to use a longer arena, where small differences in the distance to travel

would not affect the top speed reached. The outing duration also de-

creased significantly in the presence of snake skin, illustrative of the

risk assessment behaviour, while it did not decrease significantly in

case of ultrasound presentation. The number of outings decreased

both in case of ultrasound and snake skin presentation.

In summary, ultrasound and snake skin both elicited avoidance,

triggered escape from the stimulus, and increased the time the anim-

als spent in the shelter. However, avoidance was larger in the condi-

tion of snake skin presentation, while fleeing was faster when animal

was stimulated with ultrasound. Moreover, snake skin elicited risk

assessment behaviour, absent in case of ultrasound stimulation. How

each stimulus affects the choice of behaviour and its level of expres-

sion is addressed in the following chapters.

3.3.3 Eliciting behaviour with VMHdm stimulation

Optogenetic activation of SF1+ neurons elicited a range of behaviours,

in accordance with previously published studies (Wang et al., 2015,
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Kunwar et al., 2015, Viskaitis et al., 2017). The type of behaviour

elicited was dependent on the frequency of stimulation, with lower

levels of activation reducing locomotion and higher levels of activa-

tion increasing locomotion and triggering jumping escape behaviour.

Both high and low levels of activation elicited avoidance.

While optogenetic activation of SF1+ neurons could trigger beha-

viours like avoidance and escape jumping, this elicited behaviour had

a much longer latency from the onset of the stimulation as compared

to the naturally evoked behaviours. This has not been highlighted in

the published studies (Wang et al., 2015, Kunwar et al., 2015) and

puts into question the role of the VMHdm in eliciting behaviour un-

der physiological conditions.

Very recently another paper has been published, which investig-

ated the effects of very low frequency stimulation of SF1+ neurons

(Viskaitis et al., 2017). In this study the effects of frequencies between

1 and 5 Hz were investigated. The results showed that activation be-

low 4 Hz did not induce avoidance or changes in locomotion, but

it had an effect of inhibiting feeding behaviour. These findings are

further interpreted in Chapter 6.

Based on my own findings and studies published at the time (Wang

et al., 2015, Kunwar et al., 2015), I begun to question how activity in

one brain area could elicit different behaviours, such as avoidance

or jumping escape, and speculated that SF1+ neurons might exhibit

some kind of heterogeneity.

As discussed in chapter 1, there are three main factors to consider

when addressing the question of heterogeneity of a brain structure:

input pattern, input integration, and projection pattern. Wang et al.,

2015 already addressed the latter by investigating the effects of stim-

ulating specific projections of the SF1+ cells. They have established

two main targets of SF1+ neurons, namely the anterior hypothalamus

(AH) and the periaqueductal gray (PAG) and showed that activity in

the VMHdm-AH projections induces avoidance, while activity in the

VMHdm-PAG projections promotes immobility.
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While this important finding helps explain how activity in SF1+

neurons can elicit different behaviours, it remains unclear what role

VMHdm plays in choosing the appropriate behaviour. How the level

of activity in SF1+ neurons is determined in vivo and how it affects

the choice of behaviour is addressed in the following chapters.

Limitations

While optogenetics is a very useful tool for investigating functions

of a population of cells, it is important to remember the associated

limitations. First and foremost, optogenetic activation results in a syn-

chronous activation of the whole illuminated region. VMHdm is heav-

ily interconnected with other medial hypothalamic circuit areas and

it is likely that with prolonged stimulation multiple other brain re-

gions are also activated. Moreover, the whole population of VMHdm

SF1+ neurons is activated, which might not reflect the physiological

state of activation by natural stimuli. Finally, it is known that ChR2

can produce artefacts and result in either synaptic depression or facil-

itation, depending on the cell type it is expressed in (Jackman et al.,

2014).

3.3.4 Conclusions

The results from this chapter show that a range of defensive beha-

viours can be elicited in mice, either by presenting natural stimuli,

such as ultrasound and snake skin, or by optogenetically activating

SF1+ neurons in the VMHdm.

Ultrasound and snake skin elicited overlapping but not identical

behaviours. Both stimuli elicited avoidance, escape from the stimulus,

and fear, as measured by the increase in the time spent in the shelter.

Snake skin resulted in larger avoidance than ultrasound, while ultra-

sound triggered faster fleeing than snake skin. Moreover, snake skin

elicited risk assessment which ultrasound did not.



3.3 discussion 68

Similarly, optogenetic activation of SF1+ neurons at different fre-

quencies elicited different behaviours, with lower frequencies redu-

cing animal mobility and higher frequencies producing jumping be-

haviour. It is not known what role SF1+ neurons play in choosing the

most appropriate behavioural response in vivo.

I first hypothesised that there might exist differences in the electro-

physiological properties within the population of SF1+ cells, which

could result in subpopulations of cells being activated by different

frequencies of light, thereby preferentially activating cells projecting

to one area over the other. To investigate these properties, I performed

a series of electrophysiological recordings in brain slices (chapter 4).

Following from the results of these experiments, I next investigated

the possible heterogeneity of the input pattern onto SF1+ neurons and

recorded calcium transients in the VMHdm in vivo in the presence of

olfactory and auditory stimuli (chapter 5).



4
I N P U T P R O C E S S I N G B Y T H E V M H D M

4.1 introduction

The results from Chapter 3 alongside published data (Wang et al.,

2015, Kunwar et al., 2015, Viskaitis et al, 2017) show that optogenetic

activation of SF1+ neurons can trigger defensive behaviours. Moreover,

the type of behaviour elicited depends on the frequency and intens-

ity of stimulation. Low frequency or intensity of stimulation tends

to reduce mobility, while high frequency or intensity of stimulation

promotes activity bursts. How can activity in one population of cells

elicit such different behaviours?

There are three main factors to consider - heterogeneity of the input

pattern, input integration, and the output projections. The first factor

I decided to study was input integration by SF1+ neurons. I hypothes-

ised whether the electrophysiological properties of the population of

SF1+ cells in the VMHdm might be in fact heterogenous, with differ-

ent subpopulations of cells being activated by different frequencies or

intensities of the light stimulation. To find out whether this was the

case, I first investigated the electrophysiological properties of SF1+

neurons by performing whole cell patch clamp recordings from acute

brain slices. While studies have reported certain electrophysiological

properties of the VMHdm neurons (Dhillon et al, 2006; Branco et al,

2016, Sohn et al., 2016, Viskaitis et al, 2017), no study has comprehens-

ively described the electrophysiological properties of SF1+ neurons in

the VMHdm.

In order to investigate further how SF1+ neurons integrate the in-

puts they receive, I next studied the integration of excitatory inputs

from the medial amygdala (MEA) using a combination of slice electro-

69
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physiology and optogenetics. While there exists anatomical evidence

that MEA neurons project to the VMHdm (Bian et al, 2008), there

is no published study describing the physiology or the behavioural

importance of this connection. Finally, I investigated the functional

importance of the activity in this pathway by measuring changes in

behaviour while optogenetically activating MEA inputs in the VM-

Hdm in vivo.

Taken together, these results advance our understanding of the

mechanism of input integration by SF1+ neurons in the VMHdm, the

contribution of the MEA inputs for eliciting defensive behaviours,

and the role of VMHdm in controlling innate defensive behaviours.

4.2 results

4.2.1 Electrophysiological properties of SF1 neurons

To characterise the electrophysiological properties of SF1+ neurons

I performed whole cell patch clamp recordings in acute brain slices

from different areas of the VMHdm. While I aimed to record from

cells across the VMHdm (anterior - posterior, ventral - dorsal and

medial - lateral), the majority of cells were in the dorsomedial region

to avoid recording from the VMHc.

Table 4.1 contains definitions of the properties measured and Fig-

ure 4.1 an illustration of the methods used to calculate them. The

main properties of SF1+ cells are summarised in Table 4.2. All the

values are given as mean ± SD, unless stated otherwise.

General electrophysiological properties

The resting membrane potential (Vm), determined in cells with a

stable seal of at least 1 GW immediately after establishing a whole

cell patch clamp configuration, measured -49.2 ± 6.1 mV, consistent

with previous reports (Dhillon et al, 2006; Sohn et al., 2016, Viskaitis
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property definition

AP threshold The voltage point where the first
derivate (speed of AP) reaches 5% of
its maximal value

AHP The voltage difference between AP
threshold and the lowest voltage
reached during the hyperpolarization
phase

AP height The maximum membrane voltage
reached during AP

AP amplitude The voltage difference between the
AP threshold and the AP peak

Input resistance (Ri) Calculated from Ri=I/V by
measuring the steady-state voltage
change in response to a 10pA current
injection

Membrane time constant Time for the membrane potential to
reach 63% of its absolute final value
after injection of 10 pA of current

Spike half-width Duration of the AP between the
membrane voltage at a value halfway
between AP threshold and AP peak

Resting Vm Membrane potential as measured
immediately after achieving a whole
cell recording

Maximum firing rate The highest frequency of AP firing as
determined by 500 ms long step
injections of current

Rise time The time required for a value to rise
from 10% to 90% of its peak
amplitude

Table 4.1: Definition of electrophysiological properties measured
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Figure 4.1: Overview of action potential measurements. A. In black – voltage
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property mean ± sd

Resting Vm (mV) -49.2 ± 6.1
Input resistance (GW) 2.0 ± 1.0
Membrane time constant (ms) 57.0 ± 23.3
AP threshold (mV) -33.5 ± 3.0
AHP (mV) 19.4 ± 4.5
AP amplitude (mV) 107.4 ± 8.5
AP height (mV) 19.4 ± 4.5
AP half-width (ms) 1.45 ± 0.20

Max firing rate (Hz) 41.7 ± 14.1

Table 4.2: Electrophysiological properties of SF1+ neurons. n=45

et al., 2017). A proportion of cells (58%) were tonically firing in cur-

rent clamp (6.4 ± 4.6 Hz).

The membrane time constant was calculated from a 500 ms injec-

tion of -10 pA in current clamp at holding potential of -60 mV. A

single exponential curve was fitted to describe the membrane hyper-

polarization from the holding potential until it reached a stable value

(illustration in Figure 4.1B). The time constant was measured as the

time it takes for the value of the membrane potential to reach 63%

of its absolute final value. The value of the membrane time constant

was variable between the cells, with a mean of 57.0 ± 23.3 ms. This

relatively large value suggests that these cells are more suited to accu-

mulating information over a period of time, rather than acting as coin-

cidence detectors with high temporal precision. Since the membrane

time constant is a measure of the passive properties of the membrane

and depends on the membrane resistance and the membrane capa-

citance, as described by the equation tau = Cm.Rm, the variability

between the cells could be attributed to the process of tissue prepar-

ation, with different lengths of neuronal membrane being cut during

slicing, thereby changing membrane capacitance and resistance.

The input resistance (Ri) is a measure of the neuronal responsive-

ness to current input, described by the equation Ri=I/V. Here it was

calculated by measuring the amplitude of voltage change in response
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Figure 4.2: Firing properties of SF1+ neurons. A. An example trace of mem-
brane potential changes in response to 10 pA current injections B. Relation-
ship between the amount of injected current and the frequency of action
potential firing (mean and SD, n=18)

to an injection of -10 pA of current (illustration in Figure 4.1). The

mean value of Ri was 2.0 ± 1.0 GW, a value relatively high in com-

parison to other brain regions (for example the pyramidal cells of the

olfactory cortex, with Ri equal to 55 MW, Suzuki and Bekkers, 2011).

Ri is reflective of the sensitivity of the cells to current input and high

Ri means that small current inputs cause a relatively large change in

membrane potential. High Ri partly accounts for the long membrane

time constant described earlier.

The effects of high Ri are reflected by the high spike rate output

in response to current injections. This can be illustrated by plotting

the frequency response (F) per injected current (I), known as the F-I

curve. As seen in Figure 4.2, an input of 5-10 pA is already sufficient

to trigger action potential firing in most cells.

Action potential properties

This brings us to the properties of the action potential (AP) itself. See

Figure 4.1 for visual explanation of the AP properties measured. The

main AP properties are summarised in Table 4.2.

The threshold for AP firing was calculated from a train of APs

evoked by 15 pA current injection. It was taken as the value of the
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membrane potential at the time when the first derivative of the voltage

reached 5% of its maximal value (illustration in Figure 4.1). The value

of the AP threshold was -33.5 ± 3.0 mV, around 15 mV above the rest-

ing Vm.

The maximum firing rate was measured by injecting current in 5

pA steps, until the point when the cell started to fail to produce a

series of APs. While some cells saturated at frequencies as low as 20

Hz, a small number of cells was capable of firing up to 70 Hz. The

mean maximum firing rate was 41.7 ± 14.1 Hz.

The maximum firing rate can dependent on the properties of the

AP itself. It has been shown that increasing the afterhyperpolarization

potential (AHP) length and AP half width can lower the maximum

firing rate by prolonging the inter-spike interval (Cloues and Sather,

2003). The AHP of SF1+ neurons, measured as the difference between

the AP threshold and the lowest hyperpolarization potential reached

by the neuron, was 19.4 ± 4.5 mV. AP half-width, measured as the

duration of the AP at the membrane voltage equal to half of the AP

amplitude, was 1.45 ± 0.20 ms, a fairly average value in comparison

to other brain areas (neuroelectro.org, Tripathy et al., 2014).

The in vivo probability of AP firing is regulated by the balance

of the spontaneous excitatory and inhibitory currents (EPSCs and

IPSCs). Measuring these currents can also give additional informa-

tion about the properties of the excitatory and inhibitory synapses on

a neuron and allow comparison with evoked currents. To gain a fur-

ther understanding of the properties of SF1+ neurons, I next isolated

and recorded these spontaneous currents with the aid of selective

blockers of excitation and inhibition.

4.2.2 Spontaneous excitatory and inhibitory inputs

Spontaneous excitatory and inhibitory events happen as a result of

presynaptic vesicle release, which can be both action potential de-
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pendent and independent. Analysing these events can give us dif-

ferent types of information about the synapses, such as the propor-

tions between the excitatory and inhibitory inputs, which help ex-

plain the integrative properties of the neuron. We can also compare

these spontaneous events with evoked inputs (optogenetically or elec-

trically triggered) to describe the synapses studied in relation to the

whole population of synapses on the neuron.

The inhibitory and excitatory events measured occurred at relat-

ively low frequencies and as discrete, individual events rather than

in bursts. They were recorded separately in the presence of pharma-

cological blockers of either excitation or inhibition.

Spontaneous excitatory events

Excitatory post synaptic currents (EPSCs) and potentials (EPSPs) were

measured at -60 mV in the presence of picrotoxin (60 mg/l), GABA-

A receptor antagonist. The average waveform and the properties of

EPSCs and EPSPs can be found in Figure 4.3 and Figure 4.4. Distribu-

tions of these properties from one sample cell are illustrated on the

histograms. The mean and standard deviation were calculated from

the distribution of mean values calculated for each individual cell.

The mean frequency of EPSCs was 2.0 ± 0.9 Hz, while the amp-

litude was 12.1 ± 7.9 pA. Since the frequency depends on the release

probability at the presynaptic terminals and the number of active syn-

apses, and at this stage it was not possible to estimate the relative con-

tribution of each of these. Considering the high input resistance and

large membrane time constant of these cells, these currents resulted

in large depolarisations of the membrane, contributing significantly

to the probability of AP firing.

The rise time of EPSCs was 2.1 ± 1.1 ms. Plotting the amplitude

against the rise time shows that the events of a smaller amplitude

tend to have a longer rise time, suggesting that these synapses might

be placed further away on the dendritic tree and the currents subjec-

ted to filtering. The decay time was 6.8 ± 3.1 ms.
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Figure 4.3: Properties of EPSCs. A. An example trace of EPSCs in voltage
clamp, -60 mV B. Mean frequency of EPSCs C. A trace of EPSCs from a
single cell (mean and SD). Dashed line marks the onset of the event. D.
Plot of rise time against amplitude, each dot represents an individual ESPC
measurement. E. Histogram of rise time of all EPSCs from one single cell, 1

ms bins. F. Mean rise time of EPSCs from all recorded cells. G. Histogram of
decay time time of all EPSCs from one single cell, 1 ms bins. H. Mean decay
time of EPSCs from all recorded cells.
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The amplitude of the resulting evoked potentials, EPSPs, was 5.2

± 2.8 mV. The rise time was 7.7 ± 2.3 ms. The decay time was very

variable between the cells, with the mean equal to 62.1 ± 27.8 ms.

The EPSP decay time is in line with the data published (Branco et

al., 2016). The Ri in the presence of picrotoxin was 1.9 ± 0.7 GW,

not significantly different to Ri measured in the absence of inhibitors

(p=0.6139, Welsch’s t test).

Spontaneous inhibitory events

Inhibitory post synaptic potentials (IPSPs) were measured at -60 mV

in the presence of kynurenic acid (376 mg/l), glutamate receptor ant-

agonist. Since these currents were smaller and harder to measure,

they were recorded with internal solution containing a high Cl-concentration

(155 mM KCl) to increase the driving force for Cl-and therefore in-

crease the amplitude of the events.

The frequency of IPSCs was 0.8 ± 0.7 Hz, roughly half of that of

the EPSCs. The average waveform and the properties of IPSCs can be

found in Figure 4.5.

The rise time of IPSCs was 2.2 ± 0.8 ms. Like in case of EPSCs,

plotting amplitude against the rise time shows some filtering of these

inputs along the dendritic tree. The decay time was 49.6 ± 31.1 ms.

Having measured the properties of spontaneous inputs in SF1+

cells, I next investigated integration of evoked activity coming from

the medial amygdala.

4.2.3 Excitatory inputs from the medial amygdala to SF1+ neurons in VM-

Hdm

In order to investigate the evoked input integration by SF1+ cells,

ChR2 expressing axons of MEA neurons present in the VMH were

optically activated with 1 ms pulses of light. The resulting currents
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in SF1+ neurons were recorded in both voltage and current clamp at

different holding potentials.

The initial experiment confirmed presence of both excitatory and

inhibitory inputs from the MEA. Since it was the activation of SF1+

cells that produced defensive behaviours as described in Chapter

3, and majority of VMH projecting MEA neurons are glutamatergic

(Bian et al, 2008), I decided to focus primarily on the excitatory inputs.

The following experiments were therefore performed with ChR2 ex-

pressed selectively in the glutamatergic cells under CaMKII promoter.

Evoked currents

An example of the light evoked current measured in voltage clamp at

-60 mV holding potential can be found in Figure 4.6. The amplitude

of the current was 40.4 ± 31.8 pA, a value relatively large considering

the high input resistance of the SF1+ cells. The rise time was 2.5 ±

1.0 ms and the decay time 17.8 ± 6.4 ms, both likely prolonged due to

the presence of multiple synapses activated at slightly different times,

in contrast to spontaneous EPSCs which consisted largely of unitary

events.

The connectivity rate between MEA and VMH was 80% (n = 65).

The reliability of each connection was high, with the failure rate of

12.9 ± 4.9 % (SEM).

The latency between light stimulation and onset of current inflow

was 8.9 ± 3.4 ms (n=16). There was a high variability in latency between

cells but low variability between recordings for an individual cell

(mean standard deviation equal 1.83 ms), indicating a monosynaptic

connection.

Evoked potentials

The large amplitude of evoked currents, combined with the high in-

put resistance described in subsection 4.2.1, meant that a single 1ms

light pulse was often sufficient to trigger an action potential in current

clamp (Figure 4.7). The amplitude of the membrane voltage change,
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Figure 4.6: Light evoked MEA currents in SF1+ cells in response to a single
1 ms light stimulation. A. Illustration of a coronal brain section containing
ChR2 injection in MEA in red and the VMHdm in green. B. Histology of
the coronal brain section containing ChR2 injection in MEA in red. scale
bar, 1 mm. C. Proportion of all recorded cells which received light evoked
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Figure 4.7: Light evoked MEA voltage changes in SF1+ cells in response to a
single 1 ms light stimulation. A. Voltage changes in a SF1+ cell in response
to ChR2 stimulation at t = 0. B. Mean amplitude of evoked voltage changes.
C. Event decay time. D. Mean probability of action potential firing.

calculated from trials in which action potential was not elicited, was

on average 6.6 ± 3.7 mV, although in some cells the voltage change

was as high as 20 mV. The probability of evoking an action potential

was variable, with mean of 26.3 ± 8.7% (SEM) and some cells showing

a trial to trial probability of 100%.

Repeated stimulation

Since low failure rate can reflect either a high release probability of

each synapse or a large number of synapses, I next presented a series

of 1 ms light pulses at a frequency of 10 Hz in order to calculate the

paired pulse ratio (PPR), another measure of the release probability.

The PPR is the ratio between the current amplitude induced by the
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second and first pulse in a train of pulses, where ratio values below

1 indicate synaptic depression and above 1 synaptic facilitation. Inter-

estingly, at 10 Hz stimulation all recorded cells had PPR lower than

1, with the mean PPR of all cells equal to 0.58 ± 0.18. The low PPR,

together with a low failure rate and high amplitude of the evoked

currents are all suggestive of a high release probability of these syn-

apses.

In accordance with the voltage clamp recordings of 10 Hz stimula-

tion, current clamp recordings showed that the cells failed to initiate

multiple action potential firing upon a high frequency stimulation.

Out of the cells which had a probability >0 of action potential firing

in response to light stimulation, there was only a 5.6 ± 3.7% (SEM)

probability of evoking more than 3 action potentials from a series of

10 pulses at 10 Hz. As seen in Figure 4.8D, the cumulative probab-

ility of action potential firing did not increase significantly over the

subsequent pulse stimulations.

Having shown the presence of a physiological connection between

MEA and VMHdm, I next wanted to see how optogenetic activa-

tion of this pathway in vivo might affect the animal’s behaviour. This

was particularly interesting considering the depressing nature of the

synapses, but also the reciprocal connectivity between VMHdm and

MEA as well as between other medial hypothalamic areas, absent in

the slice, which might influence the way these inputs are integrated

in vivo.

4.2.4 Optogenetic activation of MEA inputs in the VMH induces place

avoidance

In order to investigate the behavioural effects of activating the MEA-

VMHdm pathway, I injected ChR2 in the MEA and implanted an

optical fibre above the MEA projections in the VMHdm. Interestingly,

even long duration (1 min) 20 Hz stimulation did not cause jumping
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Figure 4.8: Current and voltage changes in SF1+ neurons in response to
10 Hz stimulation of MEA inputs. A. Evoked currents, -60 mV. B. Evoked
voltage changes. C. Paired pulse ratio D. Cumulative probability of action
potential firing over subsequent light pulses. E. Probability of evoking mul-
tiple action potentials during the course of stimulation.
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Figure 4.9: Behavioural effects of stimulation of MEA projections in the VM-
Hdm. A. Illustration of the avoidance paradigm. B. Place preference index
for the ROI, prior to and during the stimulation period. C. Latency to es-
cape from ROI during stimulation. D. Speed of escape from 5 Hz stimu-
lation, aligned to the onset of stimulation. E. Speed of escape from 20 Hz
stimulation, aligned to the onset of stimulation

behaviour. This is in contrast to the effects of direct VMHdm stim-

ulation, where even a couple seconds of stimulation was sufficient

to trigger jumping behaviour. There was however a difference in the

time to escape at 5 Hz stimulation as compared to 20 Hz stimulation

(Figure 4.9C).

In order to further quantify the aversion of the stimulus, I used

the place avoidance paradigm described in Chapter 3. The arena was

divided into two halves, with one half marked as the region of interest

(ROI). The animal was placed in the arena and allowed 10 minutes

of habituation, followed by 5 Hz light stimulation upon entering the
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ROI. The relative time the animal spent in each half was measured

during the habituation period and during the stimulation.

As shown in Figure 4.9B, the animals showed significant place

avoidance of the area where they received 5 Hz stimulation. The

avoidance was similar to that produced during direct VMH stimu-

lation.

This behavioural data supports the electrophysiological findings

discussed earlier. Activating MEA inputs in the VMHdm increases

the defensive state of the animal, as shown by the place avoidance in

response to stimulation. High frequency stimulation however is not

capable of eliciting jumping behaviour, which could be explained by

synaptic depression limiting the level of activity in the VMHdm. The

limitations and implications of these findings are discussed in the

following section as well as in Chapter 6.

4.3 discussion

SF1+ neurons in the VMHdm are known to be involved in innate

defensive behaviours, however it has not been shown before how

these neurons integrate synaptic inputs. By using electrophysiolo-

gical recordings in slices combined with optogenetics, I described the

physiological properties of SF1+ neurons in the VMHdm, integration

of the inputs they receive from the MEA, and the behavioural effects

of activating these projections from MEA to VMHdm in vivo.

4.3.1 Properties of SF1+ cells

The population of SF1+ neurons in the VMH appears to be homogen-

ous however there exists variability in certain properties, such as the

maximum firing rate, input resistance and resting Vm. While this vari-

ability could be explained by artefacts due to the recording technique

(for example some cells having their dendritic tree cut at different
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places during the slice preparation), it cannot be excluded that the

cells are indeed heterogenous, but on a more continuous scale.

The most remarkable electrophysiological property of SF1+ cells

is their high input resistance. In combination with the large mem-

brane time constant, these cells are efficient integrators of current

inputs. Since a small number of synaptic inputs is sufficient to trig-

ger an action potential, it can be interpreted that these cells have a

high sensitivity, with each input carrying significant weight. It is in-

teresting to consider this in relation to the relatively low frequency

of spontaneous inputs. Considering only 15 mV difference between

Vm and action potential threshold together with the high input res-

istance, these spontaneous inputs can have a significant effect on the

probability of action potential firing.

These findings pose a few interesting questions regarding the in

vivo properties of the circuit. What is the baseline firing rate of SF1+

cells and of the brain regions of the brain projecting to these cells,

such as the medial amygdala? Given the high sensitivity of SF1+ cells,

one would expect the upstream regions to be largely silent. Indeed,

in vivo recordings from MEA in rats (Govic, Paolini 2015) confirm

this prediction, showing that the baseline firing rate of MEA ranges

between 0 Hz and 1 Hz and that of the BMA between 0 and 1.5 Hz.

Similarly, one would expect SF1+ cells to have a low level of baseline

activity. There are no published data looking at the in vivo activity

of SF1+ cells and this question is addressed in Chapter 5, where I

describe my results from in vivo Ca2+ imaging in the VMHdm.

The relatively long membrane time constant suggests that the pre-

cise timing of the stimulus might be of a lesser importance, i.e. these

cells are unlikely to be acting as coincidence detectors, in contrast to

for example neurons in the cochlear nucleus, with membrane time

constant of 1 ms (Wang, Manis 2005). Instead, they are able to ac-

cumulate inputs over a longer period of time, thereby ensuring that

none of the incoming inputs are neglected.



4.3 discussion 89

Naturally, interpreting results from recordings in slices has to be

done cautiously, as the tissue preparation is likely to introduce arte-

facts despite the best efforts to minimise them. For instance, Bind-

man et al., 1988 showed that the Ri of neurons in the rat neocortex

was twice as large when measured in slices as compared to in vivo,

which authors attribute to the reduction in membrane surface area of

neurons in slice preparation. Moreover, the technique of patch clamp

electrophysiology also has its limitations, since the measurements are

taken in the soma and the current and voltage changes happening

in far away dendrites can be easily lost. Ideally this characterisation

should be performed with in vivo patch clamp recordings, which

would also allow recording of activity upon presentation of predator

stimuli. While not providing us with the same answers, instead of in

vivo electrophysiology I performed in vivo Ca2+ imaging, results of

which I describe in the next chapter.

Findings in relation to published recordings from the VMHdm

While there has been no comprehensive study of the electrophysiolo-

gical properties of SF1+ neurons, a handful of publications have re-

ported data from patch clamp recordings from SF1+ cells. The studies

by Dhillon et al 2006 and Sohn et al., 2016 investigated the effects of

leptin on SF1+ cells. Dhillon et al 2006 reported the Vm (-47.7 ± 1.4

mV, SEM) and cell attached firing rate (0.52 ± 0.09 Hz, SEM), while

Sohn et al., 2016 reported the Vm (-53.2 ± 1.1 mV, SEM), as well as

the Ri (1.1 ± 0.6 GW, SEM).

Dhillon et al 2006 made another insightful finding, namely that that

the SF1+ neuron responses to leptin are homogenous, i.e. almost all

SF1+ cells are depolarised by leptin and none hyperpolarised. This

is in line with my own findings of homogeneity within the SF1+

cells. However, Sohn et al. 2016 claimed that the responses are not ho-

mogenous, but dependent on the medial-lateral position within the

VMH, with the cells positioned more laterally being more hyperpol-
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arized by leptin. However, it is possible that these cells in fact belong

to the VMHvl population of cells instead of the VMHdm.

Findings in relation to recordings from other hypothalamic areas

The electrophysiological properties of SF1+ neurons are largely sim-

ilar to those found in other hypothalamic regions. For example, the

Ri of AGRP neurons in the arcuate nucleus is equal to 1.5 GW (Branco

et al, 2016). It is interesting to consider these properties from an evol-

utionary perspective. Survival of an animal depends on its ability to

make fast decisions to choose the most appropriate behaviours. The

properties of SF1+ neurons render them sensitive to activation by a

small number of inputs, unlike for example neurons in cortical areas,

which need to receive a large number of inputs in order to increase

their firing rate. It is possible that these properties make the hypo-

thalamic neurons in effect more sensitive to detecting cues related to

danger and other innate cues, such as food and reproduction. While

high sensitivity is beneficial to the animal, overreacting to stimuli is

not because of the unnecessary energy expenditure. It is therefore

possible that the VMHdm has more of a “motivational” role in set-

ting the driving force for avoidance of danger, rather than triggering

the escape behaviour directly. It is interesting to consider these roles

in the context of other functions of the VMH, such as metabolism or

reproduction. This is discussed further in Chapter 6.

4.3.2 MEA input integration

The connectivity rate between MEA and VMHdm is high and the in-

puts are largely homogenous. The connection is reliable with strongly

depolarizing currents, which in combination with high Ri of SF1+

neurons results in large membrane depolarizations. At the same time,

the depression at the synapses limits how much the VMHdm can be

activated by inputs from this one single source.
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Behavioural implications

The high connectivity rate and large current inflow at the synapses

suggest a high efficiency of information transfer between MEA and

VMHdm. Considering low baseline levels of activity in MEA, any

increase in the MEA firing rate is likely to convey significant inform-

ation about the changes in the environment. Therefore none of this

information should be ignored or missed out.

However, I have also shown that repeated stimulation of the MEA

projections produces synaptic depression. As a result, high frequency

of activity in MEA is not translated to high frequency of activity in

the VMHdm, with these synapses acting effectively as low pass filters.

One possible explanation is that the synaptic depression is specific to

olfactory inputs, limiting what kind of behaviour can be elicited by

olfactory cues. Olfaction does not convey a very direct information

about the threat, as the predator does not have to be present in the

same direction as the origin of the smell. Often the predator might

have left alltogether, leaving only the scent behind. Ultimately, one of

the most elements for survival is the energy preservation, so overre-

acting to stimuli which are not directly threatening should be limited.

In some of my experiments the viral injection has spread beyond

the MEA, into the basolateral nuclei. Interestingly, in these experi-

ments I have not observed any synaptic facilitation, although it could

have been overriden by the activity of inputs evoked from the MEA. It

would be therefore insightful to record inputs from other brain areas

to investigate whether the synaptic depression is also present on other

synapses. My preliminary recordings of inputs to SF1+ cells from the

midbrain region of the parabrachial nucleus (data not shown) have

also shown presence of synaptic depression. However, extracellular

electrical stimulation recordings have indicated presence of both de-

pression and facilitation at SF1+ neurons (data not shown). I hypo-

thesize that facilitating synapses might be present on the projections
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from other medial hypothalamic nuclei, such as the AH or the dPMN,

which are heavily interconnected.

Limitations of slice electrophysiology and optogenetics

Optogenetics has been an incredibly useful tool for describing neural

circuits, however the results have to be interpreted with caution. Firstly,

one has to consider whether the light induced activation of presyn-

aptic neurons is physiological, in slices as well as in vivo.

To begin with, one cannot be sure that the synaptic depression ob-

served is not due to the properties of ChR2 itself, which has been

shown to produce artificial depression in some cell types (Jackman

et al., 2014). Although my extracellular electrical stimulation record-

ings have shown that depressing synapses are indeed present on the

SF1+ cells, it would be necessary to perform dual cell recordings in

order to confirm that these synapses are present on the inputs from

the MEA. Since MEA cell bodies are separated from their projections

during slice preparation, it would be necessary to patch the axons of

MEA neurons, which is achievable but technically challenging.

Secondly, since ChR2 was injected relatively unspecifically in MEA,

all MEA inputs in the VMHdm were activated through light stimu-

lation, not just those synapsing onto SF1+ neurons. Jo, 2012 reported

presence of local inhibitory inputs onto SF1+ neurons and it cannot

be excluded that MEA neurons also synapse onto these inhibitory in-

terneurons. It is possible that these local inhibitory inputs might also

be acting on SF1+ cells, for instance through the means of shunting

inhibition. To investigate this further, one could record MEA inputs

onto SF1- cells, in combination with recording the SF1- inputs onto

SF1+ cells.

Finally, ChR2 stimulation results in a very artificial, synchronous ac-

tivation of inputs, not allowing for temporal integration which might

be occurring physiologically.
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Limitations of in vivo optogenetic stimulation experiments

Govic and Paolini, 2015 showed that in the presence of cat odour,

rat MEA activity increases only to 2.5 Hz. This raises questions of

relevance of looking at the effects of high frequency stimulation of the

MEA projections, which might never be present in vivo. It is however

the only study published and it cannot be excluded that some MEA

neurons might be active at higher frequencies.

Moreover, there are strong reciprocal connections between the VM-

Hdm and other hypothalamic areas. It cannot be excluded that during

such an artificial, synchronous activation of the projections through

ChR2, the network enters some kind of an oscillatory state. A possibil-

ity of back propagation of action potentials should also be considered.

It is possible that MEA cell bodies are also activated while stimulat-

ing MEA projections, which might have effects on other parts of the

brain through their collateral projections.

Finally, since it is impossible to infect selectively the MEA region,

due to absence of MEA specific cell markers, it is likely that the viral

infection has spread over to the neighbouring amygdala nuclei, such

as the central or basolateral amygdala. Since inputs from the AOB loc-

alise to a small part of MEA (Mohedano-Moriano et al., 2007), it is not

possible to claim that the inputs I have stimulated and measured are

purely olfactory in origin. However, it is interesting that while other

areas of amygdala might have been coinfected, synaptic depression

was present across all recordings.

There are a few ways which could be used to circumvent this prob-

lem. One would be to inject anterogradely transported viruses in the

AOB to allow expression selectively in the olfaction related neurons

in MEA (Zingg et al., 2017). Another possible solution would involve

injecting retrogradely transported viruses in a CRE-dependent man-

ner in SF1+ cells (Ciabatti et al., 2017), thereby solving the problem

of activating projections synapsing onto local interneurons (assum-

ing lack of collateral projections to both of these populations). Finally,
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one could look at the predator specific connections by using fos-creER

system and expressing CRE selectively in the cells which were active

during predator presentation (Vooijs et al., 2001). While I have tried

this latter approach, the cell labelling efficiency was really low, which

could be explained by the low firing rate even in the presence of pred-

ator cues (Govic, Paolini 2015).

4.3.3 Conclusion

Through my electrophysiological recordings from SF1+ neurons I

have concluded that this population of cells is homogenous with

respect to its electrophysiological properties. There was also no ob-

served heterogeneity in the pattern of inputs from the MEA or the

way that SF1+ cells integrate these inputs. How can activity in one

population of cells trigger a variety of behaviours and what is the

role of these cells in the control of defensive behaviours?

Activation of SF1+ neurons triggers behaviours through the down-

stream effects, so the differences in the behaviour elicited could be

due to the downstream regions being activated to different degrees.

It remains unclear how the level of activity in SF1+ neurons is determ-

ined.

It cannot be excluded that the inputs SF1+ cells receive are homo-

genous in their properties, but heterogenous in terms of their con-

nectivity pattern. It is possible that the behaviour specific information

is encoded already in the amygdala and preserved through a specific

pattern of input onto SF1+ cells.

In order to investigate this, I next performed Ca2+ imaging in the

VMHdm in freely moving animals. The results of these experiments

are described in the following chapter.



5
V M H D M A C T I V I T Y I N R E S P O N S E T O P R E D AT O R

C U E S

5.1 introduction

Electrophysiological recordings from SF1+ neurons in the VMHdm

(Chapter 4) suggest that the population of SF1+ cells is largely bio-

physically homogenous. There were no observed differences in the

way these cells integrate inputs, leaving the question of heterogen-

eity of the evoked behaviours unanswered. If there are no differences

in the way the inputs are processed, I next questioned whether the

choice of behaviour elicited could be determined by the pattern of

the input.

I speculated that different aspects of information about predators

could be fed into different groups of cells in the VMHdm, similar

in their biophysical properties but differing in their input pattern.

Thus, the information signalling a more immediate threat, such as an

ultrasound, might activate a different population of SF1+ cells than

an olfactory cue, which is less direct. While Ishii et al., 2017 have

recently shown the presence of such labeled-line organisation in the

VMHdm, their study compared the cellular responses to predators

with responses to sex pheromones from the same species.

The second question I wanted to address concerned the levels of in

vivo activity in the VMHdm. Using optogenetics to elicit behaviour in

vivo results in a synchronous activation of a large population of cells,

often at an arbitrary frequency. Does the VMHdm ever experience

such high levels of activation in vivo and are any of these optogenetic

experiments physiologically relevant?

95
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Moreover, as my previous experiments have shown (Chapter 3),

there is a relatively long delay between onset of stimulation of SF1+

neurons and the onset of escape, lasting between 1 and 3 seconds, de-

pending on the frequency of stimulation. This is significantly longer

than the behavioural responses to naturally evoked stimuli, where

the reaction time can be a fraction of a second. This raises a question

whether activity in the VMHdm is actually controlling escape beha-

viour, and brings us back to the question of the role of VMHdm in

triggering defensive behaviour.

Kunwar et al. 2015 and Silva et al. 2016 have suggested that the

VMHdm might be important for setting the emotional state of the an-

imal, rather than simply triggering the motor outputs. On top of that,

SF1+ neurons in the VMHdm are involved in a variety of other beha-

viours, such as metabolism and social behaviour (Cheung et al., 2015).

As such, the VMHdm could act as a centre coordinating expression

of a range of behaviours, including a defensive behaviour.

I decided to address these two questions by measuring the activity

of individual VMHdm neurons in vivo in freely moving animals. To

investigate the hypothesis of a labeled-line organisation in the VM-

Hdm, I presented animals with olfactory and auditory predator cues.

To ensure I could reliably compare responses to different stimuli in

the same cell, I used single cell calcium imaging. This also allowed

me to target specifically the glutamatergic output cells in the VM-

Hdm. These experiments also allowed me to investigate the question

of the physiological levels of activity in the VMHdm in response to

predator stimuli. Moreover, by performing these experiments in freely

moving animals, I was also able to correlate neuronal activity with the

behavioural output.

This is the first study to report the levels of VMHdm activity in

response to predator stimuli, thereby contributing to our understand-

ing of the role of the VMHdm in control of innate defensive beha-

viours.
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Two photon vs single photon excitation microscopy

Calcium imaging can be performed using either single photon or two

photon microscopy. While currently available methods technically al-

low for either to be performed in freely moving animals (Resendez

et al., 2016, Helmchen et al., 2001), two photon imaging is less estab-

lished in freely moving animals and is usually performed in head-

fixed animals. As a result I had a choice of performing my experi-

ments using either two photon microscopy in head-fixed animals or

single photon microscopy in freely moving animals, both of which

have their own advantages. The methods are explained in Chapter 2.

There are multiple advantages of using two photon excitation mi-

croscopy. Thanks to reducing the excitation volume with two photon

excitation, there is no out of focus light collected. The amount of

scattered light is also reduced, as longer excitation wavelengths are

used. As a result, spatial resolution of images obtained from two

photon imaging is higher than from single photon imaging.

Reduced excitation volume also reduces bleaching, which not only

further improves the signal to noise ratio, but also and enables longer

experiments. Moreover, longer excitation wavelengths enable dual

colour imaging, since two photon excitation spectra of the red and

green fluophores are further apart from each other than the single

photon excitation spectra (Drobizhev et al., 2011). This gives the ad-

vantage of simultaneously performing structural imaging, which en-

ables post acquisition correction of movement artefacts, such as cells

moving in and out of focus.

Most importantly, I was hoping to establish a technique of collect-

ing data during acute implantation of GRIN lenses, rather than from

chronically implanted lenses, as is commonly done. This would allow

me to record from different areas of the VMHdm in the dorso-ventral

axis in a single animal, thereby greatly increasing the data output and

allowing a cross section study of the VMHdm in a single animal.
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The biggest limitation of two photon excitation imaging is the need

to perform the experiments in a head-fixed animal. First and fore-

most, the animal cannot freely respond to the stimulus and therefore

it is difficult to correlate neuronal activity with the behavioural out-

put. This is especially true when investigating behavioural responses

such as risk assessment, which are difficult to reproduce in a head-

fixed setting. Moreover, head-fixing itself is anxiogenic, even in trained

animals, which is likely to introduce artefacts. It has been shown that

physical restraint in rats is an emotional stressor and increases c-Fos

expression in medial amygdala (Dayas et al., 1999).

The main advantage of single photon imaging is the possibility to

conduct the experiments in freely moving animals. They can be tested

in a much more natural environment, either in a behavioural arena

(as described in Chapter 3) or even in their home cage, which reduces

anxiety. They also can respond to stimuli behaviorally and therefore

the recorded neuronal activity can be correlated not only with the

stimulus, but also with the behavioural output.

Since both techniques have their advantages and disadvantages,

I decided to attempt both of them. I first tried to perform calcium

imaging experiments using two photon excitation microscopy in a

head-fixed, awake animal. I have spent some time optimising the

two photon microscopy set up to allow imaging during acute im-

plantation. However, results showed that over the course of the lens

implantation in the brain, the image quality drastically decreased. I

speculated that this was most likely due to bleeding and accumula-

tion of tissue in front of the lens, which becomes more problematic

the deeper the brain area of interest is located.

Since it was not possible to obtain data during acute lens implant-

ation, I decided to perform single photon imaging in freely moving

animals. As mentioned, not only the animals are in a more natural,

less anxiety-inducing environment, but the cell activity can also be

correlated with the behaviour. Since the experiments could be con-
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ducted in any behavioural arena, I could then compare the results to

those described in Chapter 3.

As it turned out, spatial resolution of the acquired images from

single photon imaging was high enough to easily distinguish indi-

vidual ROIs in the field of view. There were also fewer motion arte-

facts than expected, probably due to the depth of GRIN lens implanta-

tion, with surrounding tissue holding the lens firmly in place. I there-

fore decided that the benefits of the animal being freely moving were

greater the advantages of improving the resolution using two photon

excitation. Consequently, all the data from the VMHdm has been col-

lected using a single photon imaging set up. I first present the data

illustrating my attempts at two photon imaging during acute implant-

ation of GRIN lenses.

5.2 results

5.2.1 Two-photon excitation microscopy imaging

The first aim of this project was to test the possibility of perform-

ing calcium imaging of deep brain regions during acute implanta-

tion of GRIN lenses. There are no studies reporting the use this tech-

nique and all published data have been collected using chronically

implanted lenses.

I started the project by performing a set of preparatory experiments

to optimise the technique of two photon imaging in an awake head-

fixed animal. To begin with, I imaged the cerebral cortex through an

acute cranial window in a head-fixed animal, first anaesthetised and

then awake. I used a transgenic VGAT:tdTomato mouse, which ex-

presses a tdTomato fluophore in the GABA-ergic neurons across all

layers in the cortex. I chose a tdTomato fluophore rather than GCaMP

for these preparatory experiments, as it is brighter and more pho-

tostable compared to EGFP (Drobizhev et al. 2011).
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Figure 5.1: Two photon excitation imaging of cytoplasmic tdTomato through
a GRIN lens. A. Illustration of a head-fixed mouse under a two photon
microscope B. tdTomato in the VGAT+ cells of the somatosensory cortex,
imaged through a cranial window C. Illustration of a head-fixed mouse
under a two photon microscope through a GRIN lens D. tdTomato in the
VGAT+ cells of the somatosensory cortex, imaged through a GRIN lens (d=1

mm) E. and F. tdTomato in the VGAT+ cells of the somatosensory cortex,
acute implantation, imaged through a GRIN lens (d=0.5 mm) G. tdTomato
in the VGLUT2+ cells of the thalamus, acute implantation, imaged through
a GRIN lens (d=0.5mm). scale bar, 100 µm

On the day of the imaging session, a craniotomy was performed

to create a small cranial window over the somatosensory cortex and

covered with a 3 mm diameter coverslip. The methods are described

in detail in Chapter 2. An example of the image of the cortex obtained

through the two photon microscope can be seen in Figure 5.1B.

Since two photon microscopy allows imaging of only up to a few

hundred µm of tissue (Oheim et al. 2001) and the VMHdm is located

at the depth of 5.5 mm, it is currently necessary to use GRIN lenses

to image cells in the VMHdm. I first repeated the experiment of ima-

ging the somatosensory cortex in a VGAT:tdTomato mouse, this time

using a GRIN lens (d=1mm) on top of the cranial window. The GRIN

lens was mounted on a holder and the focus adjusted manually to

achieve the right distance between the objective and the focal plane

of the GRIN lens. The lens was then lowered onto the brain while

at the same time readjusting the focus with the objective. The image
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of the cortex through the GRIN lens was very promising, as seen in

Figure 5.1D.

I was then ready to begin the main phase of this experiment, namely

two photon imaging during simultaneous insertion of the lens into

the brain tissue. I again used a VGAT:tdTomato mouse and first at-

tempted to image different layers of the somatosensory cortex through

the GRIN lens (d=0.5mm). As seen in Figure 5.1E and F, the image

quality deteriorated as the lens was inserted deeper into the brain

across the cortical layers. This image deterioration was likely due to

bleeding and tissue drag during lens insertion, which then occluded

the field of view. Even though the image quality was less than I hoped

for, at this stage individual cells were still distinguishable.

I therefore proceeded to image a deeper brain area. I chose the thal-

amus, a brain region larger and more superficial than the VMHdm,

and attempted acute implantation in a VGLUT2:tdTomato mouse. Un-

fortunately, the image quality was markedly worse than during cortex

implantation, as seen in Figure 5.1G. This was probably due to fur-

ther accumulation of tissue in front of the lens, which was somewhat

proportional to the distance traveled by the lens. While there was

still visible fluorescence present, it is was impossible to distinguish

individual cells.

Since acute implantation did not produce expected results, I de-

cided to conduct my experiments in freely moving animals using

single photon imaging. This meant that the study could be extended

to correlate the VMHdm activity not only with the stimulus, but also

the subsequent behavioural response.

5.2.2 Baseline levels of activity in the VMHdm

The experimental set up for single photon imaging in freely moving

mice has been well established in the lab; the methods are explained

in Chapter 2. I first aimed to image SF1+ cells in the VMHdm in the
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Nr5a1:CRE mouse line. However, despite optimising the injection and

implantation conditions, the intensity of GCaMP6s expression was

very low. In most animals there was no fluorescence visible, while

in those few animals where cells were visible, high LED intensities

had to be used to visualise the cells, which bleached the fluores-

cence quickly and made long recording sessions impossible. Since

studies have reported that all VGLUT2+ cells in the VMHdm are also

SF1+ (Tong et al. 2007), I decided to try using a VGLUT2:CRE mouse

line instead. In this mouse line the GCaMP6s expression was much

higher, which could be due to differences in expression levels of cre

recombinase between these two mouse lines. Therefore all of the data

presented in this chapter has been collected from VGLUT2:CRE mice

rather than Nr5a1:CRE mice. Figure 5.2C shows a histological image

of a coronal section of the brain containing the VMHdm, with the site

of GCaMP6s injection and a visible track from the lens implant.

The image quality from the single photon imaging set up was

stable during the recording session, with little movements artefacts.

A sample field of view can be seen in Figure 5.2E. There were small

differences in the field of view between recording sessions on differ-

ent days, so the cells (also referred to as ROIs, regions of interest)

recorded on different days were analysed as different cells. The anim-

als had several habituation sessions each, which reduced their anxi-

ety and improved mobility with the head mounted camera. The data

presented in this chapter has been analysed from five animals across

a total of 12 experiments (2 or 3 experiments per animal).

The first thing I observed was a variable baseline level of activ-

ity across the cells. To quantify the baseline activity rate I calculated

the number of events per ROI over 1 minute long recording during

the habituation period, the histogram of which can be found in Fig-

ure 5.2F. This is just an approximation of the activity levels within

the VMHdm. While technically it is possible to use the size of each

calcium transient to estimate the number of action potentials, more
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Figure 5.2: Single cell calcium imaging in the VMH. A. Illustration of a
mouse with a head mounted microscope B. Illustration of a coronal brain
section containing the VMHdm (green) and an implanted GRIN lens. C.
Histology of a coronal coronal brain section containing the VMHdm injec-
ted with GCaMP6s and a visible track from the lens implant D. Image of
the behavioural arena with a mouse connected to the imaging set up. E.
Example of the GCaMP6s fluorescence as seen through the GRIN lens, av-
erage projection of 711 frames. F. Histogram of the number of spontaneous
events recorded in 1 minute in each ROI during the habituation period. G.,
H. Spontaneous activity during habituation period, two different ROIs.
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accurate ways to quantify the baseline activity levels in the VMHdm

are discussed in section 5.3.

The majority of cells were only sparsely active. Half of cells were

completely silent and over 75% of cells had only 6 events per minute

(0.01 Hz) or fewer. However, there was a small number of cells with a

high level of baseline activity of up to 46 events per minute (0.78 Hz).

Figure 5.2 shows calcium transients from two representative ROIs, re-

corded when mouse was exploring the arena during the habituation

period; one is an example of a particularly active ROI (H) and the

other a largely silent one (G). The mean number of events per minute

was 4.6 (0.08 Hz).

The finding that some VMHdm cells are spontaneously active and

others largely silent is in line with my electrophysiological recordings

described in the previous chapter; Dhillon et al., 2006 reported that

SF1+ neurons have a cell attached firing rate of 0.52 ± 0.09 Hz (SEM).

The variability in the baseline activity levels between different cells

suggests a possibility that some cells might be receiving more tonic

excitatory inputs than others. Moreover, the cells with the highest

baseline activity levels were mostly present in 2 out of the 5 tested

animals, which suggests that the baseline activity levels might also

be related to the location of the cells within the VMH. It would be

necessary to test a larger number animals to investigate this further.

Having recorded the baseline activity levels in the VMHdm, I next

investigated changes in the VMHdm activity during exposure to pred-

ator cues.

5.2.3 VMHdm responses to sensory stimuli

I recorded activity of the glutamatergic VMHdm neurons in the pres-

ence of ultrasound, snake skin and petri dish, as well as during dif-

ferent behavioural responses of the animal, such as sniffing or escape

to the shelter. To classify whether ROI was responsive or not, z-score
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was calculated using a 5 second baseline before the stimulus onset. If

the peak z-score was greater than 2 for a period of at least 500 ms

within 5 seconds following the stimulus presentation, the ROI was

classified as responsive.

The responses were quantified in relation to all active ROIs, i.e.

ROIs which had at least one calcium transient at any point during

the whole recording session. As a control, three random time points

were chosen during the habituation period and using the same cri-

teria as above each ROI was classified as a responsive or not. The

probability of each ROI being active during this control period was

then calculated using these three time points. The probability of ROIs

being active during presentation of the stimulus was then compared

to the control using a paired t test. While this comparison should

ideally be done individually for each ROI, this was not possible due

to a low number of trials for each ROI.

53% of all active ROIs in the VMHdm increased their activity in

response to at least one of the stimuli (olfactory or auditory). Out of

all ROIs active at least once across all recording sessions, 32% respon-

ded to snake skin and 29% responded to ultrasound. 8% of all active

ROIs responded to both snake skin and ultrasound. 11% of snake

skin responsive ROIs also responded to petri dish. None of the ultra-

sound responsive ROIs responded to petri dish. The responses were

not correlated with the behavioural output, as discussed below.

Responses to auditory stimuli

After a period of habituation, the animal was given three presenta-

tions of 3-second-long ultrasound stimuli, separated by at least 20 s

each. 29% of all active ROIs (76 out of 266 ROIs) responded to ultra-

sound at least once. Figure 5.4A shows the raster plot of the average

responses from all ROIs classified as active, aligned to the stimulus

onset at 5 s. The reliability of the response was high, with a mean

response probability of 0.68 ± 0.28. This was significantly higher than

the response probability of the same set of ROIs during the control
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period (0.13 ± 0.22, p<0.0001). 37% of ROIs responded to all three

presentations. Figure 5.4B shows the calcium transients from a cell

which responded to all three presentations, and Figure 5.4C a cell

which responded only twice.

The latency between the onset of the ultrasound and the onset of

calcium transient was variable, with mean latency equal 571 ± 538 ms.

Figure 5.5A shows the histogram of all latencies from all responsive

ROIs. It is a large range of latencies, with some equal 200 ms and

others as long as 2 s. The extremely short latency below 100 ms was

present mostly in the cells with high baseline activity levels and might

be due to some events being coincidental rather than induced by the

stimulus. The variability in latencies was largely due to differences

between ROIs, with latencies for a given ROIs across subsequent ul-

trasound presentations being largely consistent. Figure 5.4BC shows

calcium transients from two ROIs, one with a small and one with a

large response latency.

Figure 5.5B shows calcium traces of all active ROIs in a given field

of view in one experiment. The distribution of latencies from that trial

is presented in Figure 5.5C, with a mean latency across all ROIs from

this particular trial equal 527 ± 168 ms.

In terms of behaviour, the first behavioural response shown fol-

lowing the onset of the ultrasound was a signal detection response,

usually seen as a rapid head turn movement. It is the first behavi-

oural indicator that the animal has detected the stimulus. The delay

between the ultrasound onset and the signal detection response was

247 ± 77 ms (Figure 5.5D). The variability in the onset of this beha-

viour could be partly attributed to the variability in the tagging of

the behaviour, which was performed manually based on the camera

recording. However, this response happened significantly earlier than

the onset of the calcium transient in the VMHdm neurons (p<0.0001).

Following the signal detection response, animals showed a variety

of behaviours, including a body turn, forward walking, escape to the

shelter and no movement. An example of the calcium activity of one
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ROI across 3 trials where the animals showed different behaviours

can be seen in Figure 5.6.

The peak Df/F was not statistically different (p=0.0683) when com-

paring the trials in which the animals remained stationary and in

those where the animal responded by walking forward (Figure 5.7),

although the p value was relatively small and it is possible that given

a higher number of trials it might become significant. Based on this

measure, as well as the long latency to onset of the calcium tran-

sients, I concluded that the transients were not correlated with the

subsequent behaviour.

This raises two interesting points regarding the role of the VMHdm

in control of defensive behaviours. Firstly, the majority of cells in the

VMHdm responded later than the behavioural response to stimulus.

Secondly, the response in the VMHdm was correlated with the stimu-

lus and not with the behavioural output. These findings are discussed

further in section 5.3.
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5.2.3.1 Responses to snake skin

After a period of habituation, snake skin was inserted in the arena

and placed at the end of the arena opposite to the shelter. In the ma-

jority of cases the animal approached the snake skin to investigate it.

The approach and each sniff of the snake skin were manually tagged

offline and ROI activity was assessed in relation to the tagged events.

32% of all active ROIs (85 out of 266 cells) responded to snake skin

within the time window of 1 second before the tagged sniffing until 4

seconds afterwards. Figure 5.8A shows the raster plot of the average

activity of all ROIs classified as active, aligned to sniffing as tagged

at 5s.

The reliability of responses to snake skin sniffing was harder to cal-

culate than in case of responses to ultrasound. Often multiple sniffing

events happened within seconds of each other, and subsequent cal-

cium peaks were difficult to distinguish in the ongoing fluorescence

due to the long decay half time of the GCaMP6s fluorescence (decay

half time over 1s, Chen et al., 2013). The reliability of responses was

therefore calculated by considering only the activity during the first

sniff in each series of sniffs. The response probability to snake skin

sniffing in the snake skin responsive ROIs was 0.69 ± 0.29. This was

significantly higher than the response probability of the same set of

ROIs during the control period (0.03 ± 0.09, p<0.0001).

The measurements of latency between the sniffing and onset of the

calcium transient were not very accurate due to variability in the tag-

ging of sniffing, which was done manually. Distribution of the laten-

cies can be found in Figure 5.9. The mean latency was -10.8 ± 51.0 ms,

and the negative value suggests that stimulus detection through sniff-

ing happened before the time it was tagged. It is also worth remem-

bering that the acquisition rate of the camera was 50 fps, equivalent

to 20 ms.

The majority of active ROIs showed very distinct responses to each

sniff, very similar to the responses showed during ultrasound present-
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ation ( Figure 5.8B). A small subset of cells showed a more prolonged

activity, when the snake skin was in the arena, as well as during sniff-

ing of snake skin (Figure 5.8C).

To control for the stimulus of manually inserting snake skin into the

arena, as well as for the presence of a new object in the environment,

neuronal responses were also tested in the presence of a petri dish.

5.2.3.2 Responses to petri dish

After a period of habituation, a clean petri dish was inserted in the

arena and placed within the ROI, at the end of the arena opposite

to the shelter. In the majority of cases the animal approached the

petri dish to investigate it. Unlike in case of snake skin presentation,

the animals quickly lost interest in the petri dish and often did not

investigate it more than once.

Only a small number of all active ROIs (4 out of 266 cells) increased

their activity during inspection of the petri dish, with a response

probability of 0.79 ± 0.25 (baseline response probability 0.08 ± 0.17,

p=0.0252). Interestingly, these cells were also active during inspection

of snake skin with a probability of 0.78 ± 0.29 (not significantly differ-

ent, p=0.9026).

In addition, a small number of all active ROIs (5 out of 266 cells) in-

creased their activity during insertion of the petri dish into the arena.

Unfortunately it was not possible to calculate the response probabil-

ity for these cells, as there was only one insertion per experiment. The

response probability of these cells during the baseline period was 0.

Interestingly, the same cells increased their activity during insertion

of snake skin, with examples shows in Figure 5.10. It is possible that

these cells might have been responding to the overhead movement

during the insertion.

In total, 11% of snake skin responsive ROIs also responded to the

petri dish. There were no cells active in response to the petri dish

which have not responded to snake skin. In addition, none of the petri

dish responsive cells responded to ultrasound. I therefore speculate
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that these cells might be signalling either a change in the environment

or presence of a potentially dangerous object inside the arena.

Overlap of responses to auditory and olfactory stimuli

There was heterogeneity with regards to whether a cell responded

to snake skin or ultrasound, with the majority of cells responding

selectively to only one or the other, and a small proportion of cells

responding to both. Around 8% of all active ROIs responded to both

ultrasound and snake skin, although most of these cells had a rel-

atively low response probability to each. Example of one ROI which

had 100% reliability of response to both is shown in Figure 5.11. None

of these cells responded to petri dish. The overlap of responses is

likely to be underestimated because of the response probability being

<1 and a relatively low number of trials.

The reliability of responses to ultrasound and snake skin was not

significantly different (p=0.9679). The peak Df/F of each individual

transient was significantly higher in case of the snake skin evoked

transients (p=0.0006), although the stimuli cannot be easily compared

as it is not possible to be sure how many sniffs a mouse took at a time

and how strong each sniff was, while the ultrasound stimulus was



5.2 results 116

10 sec

20%
 Δ

f/
F 

A

B

C

snake skin

petri dish

ultrasound

Figure 5.10: Calcium transients in the VMHdm in response to petri dish
and snake skin. The period when snake skin/petri dish was in the arena
is shaded in grey. Ultrasound onset and snake skin/petri dish sniffs are
marked with a dashed line.



5.2 results 117

ultrasound

baseline

snake skin

A

C

US SS

Δ
f/

F 
(%

)

0

80

40

B

re
sp

on
se

 p
ro

ba
bl

it
y 

(%
)

0

100

50

US SS

ns

10 sec 30 %
 Δ

f/
F

Figure 5.11: Comparison of the VMHdm responses to snake skin and ul-
trasound. A. An example of a cell responding to both ultrasound (US) and
snake skin, US onset and snake skin sniff marked with a dashed line. B.
Response reliability in snake skin and ultrasound responsive ROIs to the
respective stimuli. C. Peak Df/F of individual transient responses to snake
skin and ultrasound.



5.2 results 118

snake skin ultrasound both neither

Figure 5.12: Position of cells responsive to ultrasound and snake skin in the
VMH, 4 animals.
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constant across all experiments. Higher Df/F in case of snake skin

presentation could therefore be explained by the olfactory stimulus

being relatively stronger and than the auditory stimulus. Figure 5.12

shows the spatial distribution of cells responsive to snake skin, ultra-

sound or both from 4 different sessions.

All together, these results suggest some heterogeneity in the pat-

tern of the olfactory and auditory inputs, although both types of in-

puts result in similar responses in the VMHdm, with a similar num-

ber of cells being activated by each stimulus, resulting in a compar-

able increase in neuronal activity.

5.3 discussion

This is the first study to report the in vivo neuronal activity in the

VMHdm in the presence of predator stimuli. By performing calcium

imaging in awake, freely moving animals I was able to describe the

responses to auditory and olfactory predator stimuli in the glutama-

tergic population of VMHdm neurons and correlate them with the

behavioural output.

5.3.1 In vivo activity in the VMHdm

The first interesting finding from these results points to the diversity

in the baseline levels of activity of the VMHdm cells, with the ma-

jority of cells being largely silent and a small number of cells firing

spontaneously at a higher rate. The overall low baseline level of activ-

ity is in line with my predictions based on the electrophysiological

recordings presented in Chapter 4. Since SF1+ cells have a resting

membrane potential of -50 mV (15 mV below the action potential

threshold) and a relatively low frequency of spontaneous excitatory

events, I expected the majority of VMHdm neurons to be largely si-

lent. However, the study by Dhillon et al., 2006 reported the mean



5.3 discussion 120

cell attached firing rate in slices to be 0.52 ± 0.09 Hz (SEM). Simil-

arly, single unit recordings from the VMHvl performed by Nomoto

and Lima, 2015 show that activity in the VMHvl is 2.65 ± 0.30 Hz.

However, extracellular recordings do not take into account the cells

which are silent and therefore only represent the average activity of

the active units, unlike the data collected from calcium imaging ex-

periments.

It is possible that the animals were anxious during the experiment,

even in the absence of predator stimuli, and this might have been sig-

nalled through the activity of these spontaneously active cells. While

the levels of activity were largely similar for a given ROI throughout

the recording session, it would be necessary to perform an experi-

ment of a longer duration to determine whether these more active

cells reduce their activity over time, which would suggest that they

might indeed be signalling anxiety, for instance from being in a dif-

ferent environment.

It is interesting to consider why it might be beneficial for an an-

imal to have a small sub-population of cells in the VMHdm which

have a higher baseline activity. Since I have not observed any differ-

ences in the electrophysiological properties within the population of

SF1+ cells which could explain this variability in the baseline activity

levels, it is possible that these might be receiving different amounts of

excitatory input in vivo. A degree of baseline activity might help the

animal maintain a level of alertness. Moreover, a tonic level of activ-

ity allows for downstream control through downregulation of this

activity. It might be interesting to investigate whether cells with the

high baseline level of activity are more likely to project to a specific

brain area. This could be tested by injecting a retrogradely transpor-

ted GCaMP6 in the AH and the PAG (shown by Wang et al., 2016

to be the two main targets of SF1+ neurons) and imaging only these

subpopulations of cells in the VMHdm.

One must remember that the VMHdm has also been implied in

regulation of other functions, such as metabolism and feeding beha-



5.3 discussion 121

viour. The activity of these cells might be conveying other types of

information, not necessarily directly related to immediate threat.

5.3.2 VMHdm responds to a variety of sensory stimuli

Responses to snake skin

Presented data confirms that the VMHdm activity increases in re-

sponse to snake skin. While Ishii et al., 2017 showed an upregulation

of c-Fos in the VMHdm in response to snake skin, Crisanto et al. 2015

did not observe any changes in c-Fos expression levels. Differences in

the published literature can perhaps be explained by the variability

in the stimulus used, as the snake skin will inadvertly differ between

the research groups, even when using the same species.

The most prevalent response to snake skin consisted of short cal-

cium transients, which were linked to the sniffing of snake skin, al-

though some cells responded with larger, longer lasting transients.

Since the olfactory stimulus was not constant (the animals decided

themselves how much to sniff and how long for), it is not possible

to determine whether these were different types of responses, as they

could simply reflect different stimulus strength. It cannot be excluded

though that some of these cells were indeed signalling a more general

presence of danger, rather than responding specifically to an olfactory

stimulus.

It may come as a surprise that such a relatively high proportion

of cells is active in response to what seems a very specific stimulus.

In order to determine whether these responses are specific to snake

skin or in general to the smell of a predator, it would be necessary to

present the animals with olfactory stimuli from other types of predat-

ors, such as cats and rats.
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Responses to ultrasound

While the VMHdm is thought not to be necessary for expression of

behavioural responses to ultrasound (Xiong et al., 2015), it does have

elevated c-Fos expression levels following exposure to ultrasound

(Mongeau et al., 2013). The data presented in this chapter confirms

an increase in activity in the VMHdm in response to ultrasound stim-

ulation.

Responses to ultrasound were easier to analyse than responses to

snake skin, as both the onset and strength of the stimulus could be

very precisely defined. The size of the calcium transient in each re-

sponsive ROI was consistent across the trials. As opposed to the re-

sponses seen in the presence of snake skin, there was no prolonged

activity in response to auditory stimulation. This could be either be-

cause the stimulus strength was constant, unlike in case of snake skin

presentation, or because the animal did not perceive danger to be

continuously present in the arena in between the ultrasound present-

ations. The latency between the ultrasound stimulus and the onset of

the calcium transient was variable, which could suggest heterogen-

eity in the population of the VMHdm cells. The data suggests that

the activity in the VMHdm is linked to the stimulus.

Comparison of responses to different stimuli

Interestingly, there was heterogeneity with regards to which cells re-

sponded to olfactory versus auditory stimuli. There were groups of

cells which responded only to ultrasound or snake skin, but there

was also a small subpopulation of cells which responded to both. It

can be concluded then that there exists at least a small subpopulation

of cells in the VMHdm which receives inputs of different modalities,

although the exact nature of the inputs is unknown. It would be in-

teresting to investigate a possibility of multimodal integration in the

VMHdm on a behavioural level, and I discuss this further in Chapter

6.
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There were no major differences when comparing the responses

to olfactory and auditory stimuli. There were no differences in the

number of cells activated by snake skin as compared to the ultra-

sound. The mean increase in Df/F was higher for snake skin, al-

though this difference could be explained by the variability in the

perceived strength of the stimuli. While the auditory stimulus was

constant across all sessions, the intensity and duration of direct ex-

posure to the olfactory stimulus was variable. The lack of differences

in responses to the stimuli align with the electrophysiological results

presented in Chapter 4, which indicate lack of heterogeneity in elec-

trophysiological properties of SF1+ neurons. However, these results

do suggest a heterogeneity of the input pattern.

The projection pattern of the VMHdm output neurons has been

described by Wang et al., 2015. They established that the main projec-

tion targets of the VMHdm include AH and the PAG, and activating

VMHdm fibres in the AH results in avoidance while activating projec-

tions in the PAG triggers immobility. It would be interesting to invest-

igate whether the cells responding only to one of the stimuli (either

auditory or olfactory) are more likely to project to either AH or the

PAG, thereby preferentially promoting one behaviour over the other.

This could be tested by imaging a retrogradely transported GCaMP6,

injected either in the AH or the PAG.

5.3.3 Activity in the VMHdm is liked to the stimulus

The peak Df/F of the calcium transient was not correlated with the

behavioural output, i.e. it was not significantly different when the an-

imal remained stationary as compared to when it responded to the

stimulus with walking. However, there were only three ultrasound

presentations per experiment and the behavioural response consisted

of multiple components. Performing more trials per animal would

allow comparison of responses from the same set of ROIs during
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different behavioural outputs, instead of a comparison on the popu-

lation level. Interestingly though, in cases when the animal respon-

ded differently to all three ultrasound presentations, individual ROIs

showed similar levels of activity irrespective of the behavioural out-

come.

Moreover, the mean latency between the ultrasound stimulus and

the onset of the calcium transient was around 500 ms; on average 250

ms after the first behavioural response of the stimulus detection. It

is interesting to consider these results together with the optogenetic

experiments described in Chapter 3. While direct stimulation of SF1+

cells in the VMHdm does trigger defensive behaviour, the latency

between the onset of the stimulation and the escape is around 1s at

40 Hz stimulation and increases to 4s with 5 Hz stimulation. This is in

contrast to the naturally evoked escape behaviour, where the latency

to escape is on average around 500 ms, and can reach values as low

as 100 ms (Vale et al., 2017). Similarly, optogenetic activation of the

downstream PAG results in escape with a latency of around 300 ms

(Dom Evans, unpublished data), which is comparable to the reaction

time in response to a natural stimulus.

The above results suggest that the natural behavioural response to

a predator stimulus is not directly controlled by the VMHdm. What

is the role of the VMHdm then? It is possible that the VMHdm might

instead act as a centre which encodes the internal state of the an-

imal, which can be described as “alertness”, modulating the immedi-

ate behavioural response according to the internal state of the animal.

This hypothesis and suggested follow up experiments are further dis-

cussed in Chapter 6.

5.3.4 Limitations

There are a few disadvantages to using the technique of single photon

calcium imaging. Most importantly for this project, it was only pos-
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sible to conduct a few trials of each experimental condition per ROI,

since the number of experiments that can be performed in one ses-

sion is limited due to bleaching of the GCaMP6s fluorescence. Since

the field of view changes slightly from one session to another, it is

often hard to identify a given ROI to be the same as in the previous

session. Because of the variability of the behaviour, it is necessary to

have a higher number of trials in order to correlate the behavioural

output with the activity of individual ROIs rather than the whole

population.

Another downside is the inability to determine the firing rate of

the neurons from the GCaMP6s signal. It is possible that there exist

differences in the neuronal responses to auditory and olfactory stim-

uli, which are lost in the slowly decaying calcium signal. While using

GCaMP6f would improve the temporal resolution, it also would res-

ult in a decrease of the signal to noise ratio. Ultimately, the most

suitable experiment to assess the in vivo firing rates in the VMHdm

would involve extracellular probe recordings. However, extracellular

probe recordings would have to be combined with optogenetics in

order to enable identification of the glutamatergic cells from the pop-

ulation of local interneurons.

Finally, movement artefacts can never be completely excluded. While

the risk of misclassifying a ROI as active has been minimised by care-

fully examining each calcium transient trace after the script based

analysis, it is always possible the cell might have moved in or out

of focus, creating a waveform of the fluorescence signal very sim-

ilar to what is expected. Ideally, one would perform dual imaging of

GCaMP6 together with a structural marker, such as a red cytoplasmic

fluophore.
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5.3.5 Conclusion

These results for the first time report in vivo activity in the VMHdm

in response to predator stimuli. By comparing responses to auditory

and olfactory stimuli in the glutamatergic output neurons in the VM-

Hdm, I have concluded that while the neuronal responses are similar

for both types of stimuli, there exist differences regarding which cells

are activated by which stimuli. The results also suggest that the activ-

ity in the VMHdm might not be directly responsible for controlling

the immediate behavioural response to a threatening stimulus. The

possible explanations of the function of the VMHdm in the light of

these results are discussed in the following chapter.
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D I S C U S S I O N
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G E N E R A L D I S C U S S I O N

The aim of this thesis was to investigate the role of the VMHdm in

control of innate defensive behaviours in response to predatory threat.

I begun the project by quantifying mouse defensive behaviours in re-

sponse to olfactory and auditory predator cues, as well as to opto-

genetic activation of SF1+ neurons. Having observed that different

behaviours could be elicited by these different stimuli, I set to investi-

gate how SF1+ neurons contribute towards this behavioural decision

making.

By performing patch clamp recordings from acute brain slices, I

first quantified the electrophysiological properties of SF1+ neurons.

I then used slice electrophysiology in combination with optogenet-

ics to describe how SF1+ neurons integrate excitatory inputs from

the medial amygdala, and quantified the behavioural effects of opto-

genetically activating this projection in vivo. Finally, by performing

calcium imaging in the VMHdm in freely moving mice, I described

in vivo activity in the VMHdm in response to ultrasound and snake

skin.

6.1 summary of findings

6.1.1 Behavioural responses to different stimuli

Auditory and olfactory stimulation

Stimulation with either ultrasound or snake skin produced avoidance

of the area of stimulation and increased the proportion of time spent

in the shelter, indicating a fearful state. They both elicited escape from

128
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the stimulus towards the shelter, although fleeing from ultrasound

was faster than from snake skin. Moreover, snake skin triggered risk

assessment behaviour, which was absent in case of ultrasound stimu-

lation.

Responses to ultrasound were similar across all tested animals,

with all animals quickly fleeing to the shelter. Responses to snake

skin were on the other hand very variable, with a third of tested an-

imals actively investigating the snake skin, rather than fleeing away

from it and avoiding it.

These differences in behaviour are likely to be advantageous for

the animal. Ultrasound is a directional stimulus, often produced by

the predator itself. The most suitable response should therefore be a

fast escape away from the source of the stimulus, towards a safe hid-

ing space. Avoidance of the area where animal detected the stimulus

reduces the risk of further exposure to threat.

Snake skin, on the other hand, is primarily an olfactory stimulus.

Since kairomones are not very volatile, in most cases the odour is

encountered after the predator has already left, as it requires close

proximity to be detected. It is often not clear at first in which direction

the predator has gone, therefore escape might not be the most suitable

first response. In this case reduced mobility might be more suitable to

reduce the risk of being captured. If hiding space is available nearby, a

careful escape back to that safe space might be the safest behavioural

response. After initial escape, mice need to carefully assess the danger

in order to estimate the risk of predation and decide whether they can

continue other activities such as foraging. The strength and type of

the olfactory stimulus might help the animal decide what type of

predator it was and how long ago they have left.

It is not clear whether it is the strength of the stimulus that deter-

mines the behavioural response, or whether the behaviour is specific

to the type of the stimulus.
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Optogenetic stimulation

Optogenetic stimulation of SF1+ neurons showed that activation of

these cells can elicit immobility and avoidance, and at high frequen-

cies of stimulation also jumping escape. However, I noticed that the

latency to jumping or escape from the area of stimulation was in the

order of seconds. This is significantly longer than the latency to es-

cape as evoked by natural stimuli, such as ultrasound, which has a

timescale of a few hundred milliseconds. This observation has not

been highlighted in the published literature, which has largely fo-

cused on the general behavioural trends during a period of stimula-

tion, rather than the immediate response.

Because of this long latency to escape it becomes questionable whether

activity in SF1+ neurons is what triggers escape behaviours under

physiological conditions, which require fast reaction times. Moreover,

such an intense and long lasting optogenetic stimulation of SF1+ neu-

rons might not be reflective of the physiological level of activity in

these neurons during predator encounter.

It is therefore possible that under physiological conditions of expo-

sure to a natural threatening stimulus, the VMHdm might primarily

promote avoidance and immobility, rather than jumping escape. Per-

haps at a point when fear levels reach a certain threshold, encoded

through a prolonged high level activity in the VMHdm, the down-

stream brain areas become primed to trigger escape instead of immo-

bility in response to the stimulus.

6.1.2 Electrophysiological properties of SF1+ cells

By performing patch clamp recordings from SF1+ neurons in slices

I described the electrophysiological properties of these cells. Firstly,

SF1+ neurons have a very high input resistance, which means that

they are highly sensitive and small current inputs are sufficient to

depolarise the cells and trigger action potential firing.
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This efficiency in input integration is also observed in the relatively

long membrane time constant, which allows for inputs to be accu-

mulated over a longer period of time. In combination with the high

input resistance, these properties may help to ensure that none of the

incoming inputs are lost. Long membrane time constant also means

that the timing of the stimulus can be less precise, which suggests

that the exact stimulus timing might be of a lesser importance.

While high sensitivity to threat is beneficial to the animal, overre-

acting to indirectly threatening stimuli is not. Not only it unnecessar-

ily increases the energy expenditure, but also interferes with other

behaviours, such as foraging and mating. In the wild animals are

constantly exposed to danger and they need to maintain an internal

representation of this danger without reacting to all of it. For instance,

predator odour should alert the animal and increase its sensitivity to

other threatening signals, without necessarily triggering immediate

escape.

The data from my electrophysiological recordings suggests that the

properties of SF1+ neurons make them well suited to encode inform-

ation about the threat levels. Optogenetic activation of SF1+ further

supports this hypothesis, as the long latency between SF1+ activation

and onset of escape suggests that activity in the VMHdm might not

directly trigger escape in response to a natural stimulus. Instead, it is

more likely that the VMHdm is involved in integrating information

about the threat to allow modulation of the behavioural response on

a longer time scale.

6.1.3 MEA inputs in the VMHdm

I characterized excitatory inputs from MEA to SF1+ cells by per-

forming patch clamp recordings from SF1+ neurons while optogeneti-

cally activating glutamatergic projections from MEA. I found that 80%

of SF1+ neurons received inputs from MEA or neighbouring amyg-
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dalar nuclei. Optogenetic stimulation elicited strong inward currents,

which in combination with high input resistance of SF1+ neurons of-

ten triggered action potential firing even in response to a single 1

ms light stimulation. The connectivity rate was high, and so was the

probability of eliciting a response in the connected cells. These results

suggest a high efficiency of information transfer between MEA and

VMHdm. These findings are in line with the data discussed earlier,

which suggest that SF1+ neurons are highly sensitive to their inputs,

efficiently integrating incoming activity.

Interestingly, stimulation with a fast train of light pulses showed

that repeated stimulation of MEA projections produces synaptic de-

pression. As a result, high frequency of activity in MEA was not dir-

ectly translated into a high level of activity in the SF1+ neurons. In

line with this observation, high frequency in vivo activation of MEA

inputs in the VMHdm was not capable of producing jumping beha-

viour, which was observed with direct SF1+ stimulation. Naturally, it

cannot be excluded that this synaptic depression is a channelrhodop-

sin induced artefact, and paired recordings should be performed to

confirm this finding. However, it is possible that this synaptic depres-

sion has a physiological function of limiting MEA induced activity in

the VMHdm. This would again support the hypothesis that the VM-

Hdm accumulates information about the general state of danger in

the environment, increasing the overall sensitivity of the circuit and

priming it to respond to threat, rather than directly triggering the

behavioural response.

6.1.4 VMHdm activity during exposure to predator stimuli

In vivo calcium imaging recordings showed that excitatory cells in

the VMHdm have a low baseline level of activity, which increases

in response to a threatening stimulus, such as ultrasound and snake

skin. At least half of cells responded to either stimulus, with 32% of
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cells responding to snake skin and 29% responding to ultrasound.

A small proportion of cells (8%) responded to both stimuli. Due to

a small number of trials per cell, these proportions are likely to be

underestimated.

The responses to snake skin and ultrasound did not differ regard-

ing the increase in activity or the response probability, which was

around 66% for either stimulus. These findings confirm the data from

electrophysiological recordings from SF1+ neurons, suggesting homo-

geneity within this population of cells. Moreover, cell activity was

correlated with the stimulus, and the latency between the stimulus

and onset of calcium transient was longer than the latency to the be-

havioural response of stimulus detection. Change in fluorescence was

not correlated with the behavioural output, although small number

of trials and variability in behavioural response mean that the data

set was small. Given a larger number of trials, the difference in fluo-

rescence might become significant.

The long latency to onset of activity in the VMHdm is in line with

the earlier observations that the VMHdm is unlikely to directly trig-

ger escape in response to threat. It is possible though that higher lev-

els of activity in the VMHdm correlate with a more robust expression

of behaviour, for instance larger avoidance or faster escape.

6.2 proposed function of the vmhdm in control of de-

fensive behaviours

The electrophysiological and calcium imaging data I collected sug-

gest that the VMHdm is efficient at gathering information about the

predator threat. They also suggest that SF1+ neurons in the VMHdm

are physiologically homogenous and receive similar inputs. Consider-

ing the high connectivity rate with the medial amygdala and a large

proportion of cells responding to ultrasound and snake skin, I con-

clude that majority of these cells are responsive to threat.
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At the same time, activity in the VMHdm was correlated with the

stimulus rather than the behavioural output. Moreover, the latency be-

tween the stimulus and activity in the VMHdm was longer than the

latency to behaviour. Similarly, optogenetic activation of SF1+ neu-

rons triggered behaviour with a latency longer than when evoked

through natural stimuli.

Based on my results, in combination with data published in other

studies, I conclude that rather than directly producing behavioural

outcomes, the function of the VMHdm might be to encode the inter-

nal state of the animal and facilitate the choice of the most appro-

priate behavioural response by modulating downstream regions. The

internal state, which can be described as “alertness”, can be increased

through exposure to predator stimuli, but also factors such as the in-

ternal energetic state of the animal.

Based on the published literature, the majority of SF1+ cells are also

leptin and insulin responsive, as well as receive inputs from glucose

sensitive neurons. There is a large body of evidence suggesting that

SF1+ cells are involved in control of feeding and metabolism, help-

ing to inhibit food intake and increase glucose uptake into skeletal

muscle. It is therefore possible that SF1+ neurons might in fact be

integrating these two types of information, that is information about

the presence of danger in the environment, and the internal avail-

ability of energy. Integration of these different types of information

is necessary to allow the most optimal choice of behaviour, which is

determined not only by the threat itself, but also the internal energy

resources of the animal.

Upon integration of this information the VMHdm may have the

following functions:

1. Modulate the downstream control of threat response (e.g. in-

crease the sensitivity of the circuit, promote immobility instead

of flight)
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2. Increase the energy utilisation to prepare the animal for a possi-

bility of escape (e.g. increase glucose uptake to skeletal muscle)

3. Downregulate other conflicting behaviours to reduce the risk of

predation (e.g. feeding)

Increased activity in the VMHdm in response to predator stimuli in

the environment indicates risk of predation. The VMHdm might then

activate downstream brain areas, such as the PAG, to increase their

sensitivity to upcoming stimuli which might pose a direct threat to

the animal. Therefore the subsequent stimulus might result in a more

robust behavioural response. In addition, increased activity in the

VMHdm might upregulate glucose uptake in skeletal muscle to mo-

bilise energy resources and enable the animal to respond more ro-

bustly, while downregulating feeding might reduce the risk of expo-

sure to predators.

Projection from SF1+ neurons to the PAG has been shown to pro-

mote immobility (Wang et al., 2015). It has also been shown that

higher anxiety is correlated with increased probability of freezing

over fleeing (Mongeau et al., 2003). Low blood glucose, sensed by

SF1+ neurons, indicates low availability of energy. It is possible that

increased activity in the VMHdm, which can indicate both danger of

predation as well as low energy supplies, might prime the animal to

respond with freezing rather than fleeing. Reducing mobility reduces

the risk of detection, while at the same time preserving energy which

might be sparse.

Finally, since SF1+ neurons are inhibited during eating (Viskaitis et

al., 2017), downregulating the VMHdm activity during feeding might

act to reduce the avoidance of the area where the food has been found,

despite the threats which might be present in the environment. It is

important to remember that the interaction between different innate

behaviours is likely to be bidirectional.

VMHdm is unlikely to be the only modulatory center of threat

response. It is possible that the VMHdm might coordinate defensive
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behaviours with metabolism and feeding, while other MHDC compo-

nents might regulate other behaviours. For instance, PMD lies close

to the ventral premammillary nucleus (PMV), which is important for

reproductive behaviour (Canteras, 2002; Yokosuka et al., 1999) and it

has been suggested that the interplay between the two of these may

help regulate the two behaviours (Apfelbach et al., 2015).

6.3 future directions

Modulation of the behavioural response

In order to investigate whether activity in the VMHdm modulates de-

fensive behaviours, I would begun by testing the effects of increased

SF1+ activity on expression of naturally evoked defensive behaviours.

Firstly, I would increase the levels of activity in SF1+ neurons by us-

ing DREADDs (Roth, 2016) and test whether this activity affects the

latency to escape from auditory stimuli. If the latency was shorter

than in the absence of this activation, this would provide some ev-

idence that the downstream areas, such as the PAG, might become

“primed” through the input from SF1+ neurons. The next step would

then be to repeat the above experiment while stimulating SF1+ pro-

jections specifically in one brain area, such as the PAG, from which

the local circuitry could be further investigated.

Secondly, I would like to test whether low levels of activity in the

SF1+ neurons promote immobility over escape behaviour. To test this

I would activate the SF1+ projections in the PAG with a short train

of optogenetic stimulation shortly before exposing the animal to an

auditory stimulus. By using conditions in which the animal has a cer-

tain probability of responding with freezing (for instance by using a

larger arena), I could measure whether the probability of freezing ver-

sus fleeing is increased in the presence of SF1+ stimulation. If these

two experiments showed a significant difference, I would then iden-
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tify the population of cells onto which the SF1+ neurons are project-

ing in the PAG and investigate how they feed into the local circuitry.

Multimodal integration

To test whether VMHdm is necessary for multimodal integration, I

would investigate the importance of VMHdm for control of behaviour

during simultaneous presentation of two different stimuli. I would

start by comparing the responses to auditory stimuli in the presence

of an olfactory stimulus, and test whether the latency to escape from

ultrasound and the speed of escape are different in the presence of

the olfactory stimulus. If these experiments showed a significant dif-

ference in behaviour, I would then repeat the experiment by inac-

tivating the VMHdm, for instance by using DREADDs, and assess

whether the effect of modulating the response to ultrasound by the

olfactory stimulus is reduced.

Secondly, I would like to test the effect of the internal metabolic

state on the expression of defensive behaviour and investigate the

contribution of the VMHdm in coordination of the two. I would start

by comparing behavioural responses to ultrasound in fed and food

deprived mice. Then I would repeat the experiment after having inac-

tivated the VMHdm and assess whether the effect of food deprivation

on the expression of behaviour is reduced.

Coordination of non-defensive behaviours

To test the role of VMHdm in coordination of non-defensive behaviours,

I would like to assess whether feeding in the presence of predator

odour stimulus is still suppressed when the VMHdm is inactivated,

for example by impregnating food with predator odour (Coulston et

al., 1993) and using DREADDs to pharmacologically inactivate SF1+

neurons.
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Labelled lines

Despite having shown that VMHdm contains cells which respond to

both auditory and olfactory stimuli, it cannot be excluded that there

are populations of cells which are specific to one particular type of

input and which project to a specific downstream area. For instance,

snake skin responsive cells might be more likely than ultrasound re-

sponsive cells to project to the AH to promote avoidance.

To address this question, I would like to investigate whether SF1+

neurons responding to one stimulus (e.g. snake skin) are more likely

to project to a different brain area than those responding to a dif-

ferent stimulus (e.g. ultrasound). To test this, I would retrogradely

inject GCaMP6 in either PAG or AH and perform in vivo calcium

imaging in the VMHdm. By stimulating the animal with ultrasound

and snake skin I could quantify whether cells projecting to PAG or

AH are more likely to be activated by one stimulus than the other.

Naturally, absence of a difference would not exclude the possibility

of SF1+ neurons feeding into separate neuronal populations within

the PAG or AH itself.

6.4 final remarks

The aim of the thesis was to investigate the role of the VMHdm in

control of innate defensive behaviours. The data presented in this

dissertation, in combination with other published studies, suggests

that the VMHdm acts as a centre encoding the internal state of the

animal, modulating the behavioural response to danger according to

that state. Behaviours can never be expressed independently of each

other and perhaps the role of the VMHdm is to coordinate the be-

havioural and physiological response to predator threat.
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