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Abstract 

  During pregnancy and lactation, a wide range of metabolic changes occur, all 

of which exist to ensure a healthy pregnancy occurs. One of these reductions is 

exercise with women typically reducing their exercise levels, even early in pregnancy 

when there are no physical limitations of the fetus present. In mice, there are rapid 

reductions in voluntary exercise that occur early in pregnancy with these reductions 

being caused by the lactogenic hormone, prolactin. How exactly prolactin causes rapid 

reductions in voluntary exercise during early pregnancy remains unclear. To try and 

elucidate this phenomenon, we used a forced exercise paradigm in order to test whether 

prolactin affects the motivation to exercise or the capacity to exercise. Similar to rapid 

reductions in voluntary exercise, unpublished data has shown mice rapidly reduce their 

forced exercise capacity in early pregnancy. Recent data from our lab has shown a role 

for prolactin in acting on reward/motivation circuitry and unpublished data has shown 

a role for prolactin in thermoregulation. Based on this, the aim of this project was to 

begin to distinguish between these hypotheses using a forced exercise paradigm that 

eliminated self-motivation as a factor in exercise during pregnancy and caused 

increases in body temperature that we attempted to measure using thermal imaging. 

First, our forebrain prolactin receptor knock-out model was validated using RNAscope 

in-situ hybridisation with a significant reduction seen in prolactin receptor and GABA 

neuron colocalization in the medial preoptic area in our knock-out 

(Prlrlox/loxCamK2aCre) vs control (Prlrlox/lox) mice. Forced exercise capacity remained 

unchanged during early pregnancy with no observable effect of prolactin on this. Use 

of a novel peripheral thermal imaging protocol was able to detect changes in exercise-

induced and environmental heat change induced changes in tail and eye temperatures. 

This included detecting differences in thermoregulatory responses to environmental 

heat change between pregnant and virgin as well as lactating and virgin control mice. 

The findings of the present study indicate that prolactin might cause previously seen 

reductions in voluntary exercise during pregnancy through a prolactin-mediated 

change in the reward/motivation circuitry.  
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Vision Mātauranga Statement 

While this project does not directly involve Māori or have a Māori focus, it is important 

to understand that research into the biological basis for healthy pregnancy outcomes is 

relevant to Māori. This is because the concepts of whanau (family) and whakapapa 

(family lineage) are very important to Māori therefore any research that contributes to 

implementation of whanau ora via Māori Health initiatives is relevant to Māori.  

This project aims to explore the biological basis for reductions in exercise during 

pregnancy. Exercise is safe and healthy during pregnancy and should be encouraged 

as it helps to improve health during and after pregnancy. Of particular interest is that 

exercise has been seen to improve outcomes for postpartum depression, a complication 

of pregnancy that disproportionately affects wāhine Māori. The reasons for this are 

largely unexplored reflecting the inequity of the issue however the low socioeconomic 

status of the majority of Māori is certainly a contributor.  

Because of this, the current project is related to the Hauora/Oranga theme of vision 

mātauranga as it aims to explore ways to improve health and social wellbeing with a 

particular focus on whanau and whakapapa. Clinical applications resulting from this 

project and future projects around the same topic should be equitably distributed with 

wāhine Māori in direct focus due to the disproportionate nature of postpartum 

depression incidence.  
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1.0 Introduction 

1.1 Rationale of Thesis 

This thesis aims to build on recent data from our lab showing a role for 

prolactin in causing reductions in voluntary exercise in mice during early pregnancy. 

Exploring why these changes occur is important as exercise during pregnancy is 

beneficial for both the mother and offspring. To do this, a forced exercise capacity test 

will be used to help dissect how prolactin causes these rapid reductions in exercise 

during pregnancy with a preliminary investigation into the role of prolactin in 

thermoregulatory changes during pregnancy. The two main candidates for how 

prolactin may cause these changes are a prolactin-mediated modulation of the 

reward/motivation pathway via a previously characterised prolactin sensitive pathway 

from the medial preoptic area to ventral tegmental area, and/or a change in 

thermoregulation abilities via prolactin action on warm-sensitive neurons in the 

preoptic area. Understanding what causes reductions in exercise engagement during 

pregnancy is vital for ensuring higher rates of exercise participation occur, a change 

which may help improve health-related outcomes in pregnancy such as rates of 

postpartum depression, an issue that disproportionately impacts Maori and Pasifika 

populations. 

 

1.2 Overview 

Pregnancy and lactation are physiologically challenging processes. To facilitate 

successful development of the fetus and survival of the mother, cardiovascular, renal, 

gastrointestinal, respiratory, haematological, immune, and endocrine changes must 

occur [1]. In particular, to meet the metabolic demands of pregnancy, there are a 

number of maternal adaptations to promote a healthy pregnancy. Maternal metabolic 

adaptations have been compared to those involved in extreme physical events such as 

ultramarathons [2]. As a result of some of these changes, pregnant women create a 

state of positive energy balance with the aim to provide the growing fetus with 

sufficient energy, and to prepare the mother by storing energy in anticipation of the 

pending demands of milk production during lactation [3, 4]. The term energy balance 

refers to the concept that energy consumption and expenditure are constantly in a 
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balance where under normal circumstances, intake and expenditure are equal to each 

other such that there is no energy excess or deficit therefore no energy is stored in or 

burned from fat stores. The two major contributing factors to energy balance are total 

energy expenditure and energy intake. Total energy expenditure can be further broken 

down into components such as basal metabolic rate, diet-induced thermogenesis (heat 

generated from food consumption), activity energy expenditure, and energy expended 

synthesising new tissues like fats or proteins [5]. Under normal conditions, hormonal 

factors such as leptin, insulin, and ghrelin contribute to the regulation of food intake 

and hormones like thyroid hormone and kisspeptin contribute to energy expenditure 

[6, 7].  

The concept of energy balance has been used historically to categorise changes 

that occur during pregnancy. Factors contributing to the creation of a positive energy 

balance state during pregnancy are increased food intake and increased fat deposition 

through adaptive changes such as leptin and insulin resistance, as well as decreases in 

physical activity, with this starting well before the increased metabolic demands of 

pregnancy occur [3, 8, 9]. Total energy expenditure increases drastically across 

pregnancy with highest levels seen in late pregnancy [10]. This makes sense when 

considering that the growing fetus contributes to this metabolic rate as well. Despite 

this increase in energy expenditure, women in Aotearoa with a healthy pre-pregnancy 

BMI (18.5 – 24.9) are expected to gain 11.5 – 16kg [11]. As human studies of food 

intake across pregnancy are difficult, animal models are preferred. In mice, food intake 

increases progressively across pregnancy peaking a few days prior to birth [3]. Rats 

experience a similar change with the highest increases seen in late pregnancy [12, 13]. 

Accompanying these increases in food intake, the absorption of energy from food 

ingested also increases with this change being mediated by increased absorptive 

capacity of the small intestine [14-16]. These intestinal adaptations persist post-

pregnancy and post-lactation contributing to post-partum weight retention [17]. All 

together, these changes mean an increase in energy availability which in turn is 

converted into new tissue (fetal growth) and stored (maternal fat) in anticipation of the 

substantial energy demands of lactation. Complications of pregnancy are commonly 

reported. Obesity and excessive weight gain are commonly reported across the short-

term pregnancy period and long-term beyond into postpartum suggesting some 
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pregnancy-related metabolic changes may be long lasting/permanent in nature [18]. 

Indeed, it is seen that mice who are reproductively experienced (reproduced 

successfully at least once already) show impaired glucose tolerance, reduced physical 

activity, and ultimately increased body weight despite no difference in food intake or 

energy expenditure being observed compared to control virgin mice indicating 

pregnancy-induced metabolic adaptations of energy homeostasis persist long beyond 

pregnancy and lactation are finished [19]. Further investigation of how metabolic 

changes are mediated during pregnancy and lactation are needed if therapeutics are to 

be developed and implemented.  

One well known activity to help prevent adverse effects of excess weight gain 

during pregnancy is exercise with numerous long-term benefits existing for both the 

mother and offspring [20]. Particularly in relation to the mother, these benefits are 

extensive and go far beyond merely ensuring healthy weight [21]. Despite benefits, 

exercise levels during pregnancy typically drop [22, 23]. Reasons for this reduction in 

exercise during pregnancy have primarily been tiredness, however it is possible that 

biological explanations exist for this change. Recent work from our lab and one of our 

collaborators, Dr Troy Merry (University of Auckland), has shown that both voluntary 

exercise and forced exercise capacity are reduced in mice immediately after pregnancy 

is achieved. Further work from our lab has shown that prolactin action in the brain is 

necessary for the reductions in voluntary physical activity [24]. Based on these recent 

findings, my aims are as follows: 

Aim 1: This project aims to investigate if prolactin is involved in rapid reductions in 

forced exercise capacity during pregnancy and persistent changes extending into 

lactation. This will be tested by using mice with a neuron-specific prolactin receptor 

knock-out (Prlrlox/lox/CamK2aCre) and comparing these mice to Cre-negative (Prlrlox/lox) 

control mice.  

Aim 2: This project will also assess the mechanism by which forced exercise capacity 

is reduced in pregnancy by using thermal imaging of mice before and after exercise. 

Thermal imaging will allow us to investigate if impaired heat dissipation is a 

mechanism by which forced exercise capacity might change.  

To integrate these aims and potential significance of outcomes, if prolactin is 

responsible for reductions in forced exercise capacity, and we see disruptions to heat 
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dissipation in controls but not prolactin receptor knock-out mice, this will implicate 

prolactin in thermoregulation during pregnancy providing further evidence for a key 

role of prolactin in metabolic adaptations during pregnancy.  

 

1.3 Physical Activity During Pregnancy 

Exercise and physical activity are broad terms. Exercise is defined by Merriam-

Webster as “bodily exertion for the sake of developing and maintaining physical 

fitness” whereas physical activity is defined by the WHO as “any bodily movement 

produced by skeletal muscles that require energy expenditure” therefore, by these 

definitions exercise can be classified as a type of physical activity. Commonly thought 

of exercise types are running, cycling, swimming, or weightlifting, however exercises 

perceived to be “less physically demanding” such as yoga or pilates are also common. 

In pregnancy, the most common types of exercise performed are walking, aerobic 

exercises such as running/jogging, and muscle conditioning techniques such as yoga, 

pilates, or circuit-training [25]. Exercise has been prescribed as a therapeutic aid in 

numerous health conditions such as stroke, Alzheimer’s Disease, Parkinson’s Disease, 

multiple sclerosis, depression/anxiety, and more [26-29]. The potential benefits of 

engaging in some form of exercise should not be understated. Exercise during 

pregnancy is no different with numerous short and long-term benefits existing for both 

the mother and offspring [20]. These benefits are extensive, particularly in relation to 

the mother with outcomes such as healthy weight gain, reduced risk of C-section, 

reduced back pain, reduced labour period, and decreased risk of gestational 

hypertension [21]. Another important function of exercise during pregnancy is that it 

reduces the risk for developing postpartum depression, a condition affecting roughly 

10 – 20%, (depending on country, ethnicity, and other risk factors) of women after 

giving birth [30-34]. 

While numerous benefits exist, physical activity levels during pregnancy 

typically drop despite American Centre for Disease Control guidelines indicating 

pregnant women should engage in 150 minutes of physical activity per week [22, 23]. 

Exercise during pregnancy is at its lowest during the first and third trimesters of 

pregnancy with only a small fraction of women carrying out the recommended 150 

minutes per week [35]. Compounding low rates of engagement in physical activity, 
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pregnant women receive relatively low levels of advice on exercise during pregnancy 

with some even being told to stop their exercise completely, likely reflecting older 

views where exercise was deemed as harmful to the fetus [35].  

Pregnant mice similarly reduce their physical activity levels to approximately 

50% of their virgin amount in early pregnancy with further decreases as pregnancy 

progresses. This rapid decrease of running wheel activity occurs immediately after 

mating on day 1 of pregnancy and occurs in both pregnant and pseudo-pregnant mice 

suggesting more rapid changes are occurring in response to mating rather than the 

physiological state of being pregnant [3] (Figure 1A). Unpublished data from Dr Troy 

Merry at the University of Auckland has shown that forced exercise capacity is 

similarly reduced soon after pregnancy has been initiated (Figure 1B). A major 

hormonal change that occurs with pregnancy is the rise in the lactogenic hormone, 

prolactin, which is responsible for the previously mentioned reductions in voluntary 

physical activity. Given that prolactin mediates reductions in voluntary running wheel 

activity, it may be the case that prolactin mediates reductions in forced exercise 

capacity seen in the pregnant state.  

 

 

Figure 1. Rapid reductions in exercise during early pregnancy. Reductions in voluntary running wheel 

activity are mediated by prolactin (A) (Ladyman et al., 2021). Rapid reductions in forced exercise 

distance in early pregnancy (B) (Unpublished data from Dr Troy Merry). 
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1.4 Prolactin  

1.4.1 Functions and Secretion 

Prolactin is a lactogenic hormone primarily secreted from the pituitary gland, 

and is commonly referred to as a pleiotropic hormone due to its involvement in a wide 

array of functions [36]. Prolactin is closely associated with lactation and milk 

production, however, during pregnancy, it has been implicated in a range of functions 

including parental behaviour, immune regulation, fertility, osmoregulation, 

metabolism, and many more [37, 38]. Prolactin receptors are widely expressed 

throughout the forebrain reflecting the diversity in functions of this hormone [39]. 

Under normal conditions, prolactin secretion is controlled by a short-loop, negative 

feedback system that is mediated by dopaminergic neurons in the hypothalamus 

maintaining low circulating levels [37, 40, 41]. The mechanism of this negative 

feedback is that dopamine is released from tuberoinfundibular (TIDA) neurons in 

response to prolactin binding to them, and this dopamine travels via the hypophyseal 

portal system to the anterior pituitary inhibiting lactotrophs causing a decrease in 

prolactin release [41]. This negative feedback occurs whenever prolactin levels are 

high enough to cause sufficient activation of TIDA neurons, hence the low circulating 

prolactin levels under normal conditions. These levels are typically about 25ng/ml in 

non-pregnant, non-lactating women [42]. Excessive prolactin secretion 

(hyperprolactinaemia) can be pathological, caused by disease, or physiological, 

intentional changes caused by the body’s adaptation to physiological events. 

Hyperprolactinaemia during a non-pregnant state is known to cause infertility in both 

males and females, and this occurs due to the indirect actions of prolactin on 

gonadotropin-releasing hormone (GnRH) neurons [38]. Causes of 

hyperprolactinaemia include lifestyle factors such as poor sleep or stress, 

pharmacological such as the use of dopamine antagonist medications, pathological 

such as states of prolactin secreting tumours or disorders where the pituitary stalk is 

disconnected (such as pituitary tumours), and the normal physiological state of 

pregnancy [43]. Hyperprolactinaemia during pregnancy is an adaptive change that 

primarily occurs in order to facilitate mammary gland and milk production in order to 

feed any offspring produced [38, 44]. In mice, twice daily spikes in prolactin are 

initiated with this signalling the initiation of pregnancy [45]. During pregnancy and 
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lactation hyperprolactinaemia is a desired state, helping the mother adapt to meet the 

metabolic and physiological demands of the growing fetus [46]. To overcome the 

normal negative feedback regulation of dopamine on lactotrophs, plasticity within the 

feedback circuits must occur. It has recently been seen that during late pregnancy and 

lactation, TIDA neurons switch from releasing dopamine, a lactotroph inhibitor, to 

releasing enkephalin, a lactotroph stimulator [47]. This means that instead of inhibiting 

releases of prolactin, TIDA neurons are now responsible for driving further release.  

1.4.2 Prolactin in Metabolism 

As previously mentioned, hyperprolactinaemia can occur as a result of 

pathological conditions regardless of pregnancy. In these patients, a commonly 

reported symptom is excessive weight gain [48-50]. Prolactin has long been associated 

with body weight regulation with increases in food intake being induced by prolactin 

infusions and this hyperphagic effect is seen across multiple animal models [4, 51-53]. 

The commonly accepted food intake related populations in the arcuate nucleus are 

neuropeptide Y (NPY) and proopiomelanocortin (POMC) neurons, yet prolactin 

receptors are minimally expressed in these populations (though it should be noted that 

currently, the published data on POMC neuron regulation of food intake and prolactin 

receptor expression on POMC neurons is only from rats, not mice) [54, 55]. Our lab 

has shown that continuous hypothalamic activation by prolactin causes increases in 

orexigenic gene expression leading to increased food intake and eventually, a state of 

leptin resistance [56]. Because of the minimal expression of prolactin receptors in NPY 

and POMC neuron populations, effects of prolactin on food intake must occur either 

downstream of these populations or in other appetite regulating neuron populations 

[55]. This has been seen to be the case as paraventricular nucleus (PVN) specific 

injections of prolactin produce hyperphagic behaviours suggesting that prolactin 

action in this part of the brain is responsible for this effect of prolactin [57]. During 

pregnancy, individuals are more prone to weight gain with central prolactin action 

mediating this effect [24, 58]. Prolactin is hypothesised to act centrally to stimulate 

food intake during pregnancy [4]. The mechanisms of this are likely multiple however 

one way in which this is achieved is through developing a state of leptin resistance 

[56]. This proposed state of prolactin-induced leptin resistance has been confirmed 

through data from our lab [59].  
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1.4.3 Prolactin effects on physical activity  

Prolactin has long been associated with a state of positive energy balance and 

exciting new work from our laboratory has demonstrated that central prolactin receptor 

activation in early pregnancy is vital for the normal pregnancy-induced suppression of 

voluntary running wheel activity [24]. The mechanism of this rapid decrease in 

voluntary running wheel activity has been seen to be central action of prolactin within 

the medial preoptic area (MPOA) of the hypothalamus, a key area for a diverse range 

of functions [24]. Because of the projections of the MPOA to the reward circuitry, a 

potential role of prolactin could be to decrease the reward value for exercising however 

this has yet to be explored and the results of the present study i.e., the role of prolactin 

in forced exercise capacity in pregnancy, will help expand on this hypothesis [60]. A 

simple explanation for why prolactin causes reductions in physical exercise during 

pregnancy is to help create a state of positive energy balance to promote caloric 

accumulation as exercise contributes negatively to this balance through the burning of 

calories. Another hypothesis for why prolactin causes these reductions in pregnancy 

and lactation involves the pregnancy-induced reductions in peripheral insulin 

insensitivity [61]. These changes occur to ensure energy, in the form of glucose, is 

shuttled to the fetus to allow for healthy growth. Exercise has been seen to improve 

insulin sensitivity with exercise programs often recommended to type 2 diabetes 

mellitus patients as a therapeutic intervention, and wheel running in high-fat diet fed 

mice reducing insulin levels [62-64]. It could make sense then that a mechanism to 

reduce exercise during pregnancy would be in place in order to ensure the necessary 

state of insulin resistance in the mother as the development of this is done in order to 

shunt glucose to the fetus and ensure that sufficient insulin is present in the mother to 

drive further glucose intake [9]. Exercise is also responsible for decreases in leptin, 

another hormone affected by pregnancy [8, 65]. Under normal conditions, leptin is a 

long-term regulator of energy homeostasis, but during pregnancy the brain becomes 

insensitive to this hormone aiding increases in bodyweight [8, 66, 67]. These factors 

combined, reductions in exercise during pregnancy may be done to ensure critical 

metabolic adaptations occur, although this hypothesis may conflict with previously 

mentioned studies indicating exercise as a safe practice to engage in during pregnancy 

[68, 69]. A resolution to this hypothetical confliction is the notion that we as humans 
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have evolved from times of food insecurity, therefore reductions in energy expenditure 

may have been beneficial for successful pregnancies. Reductions in exercise are likely 

maladaptive in today’s environment where food insecurity is not as prevalent as it was 

previously therefore understanding the mechanisms behind such reductions is 

important to increase engagement in exercise during pregnancy. 

 

1.5 Reward/motivation pathway and physical activity 

The dopamine-mediated motivation/reward circuit (the mesocorticolimbic 

system) involves dopaminergic projections from the ventral tegmental area (VTA) of 

the midbrain to the nucleus accumbens (NAc) (mesolimbic path) and to the prefrontal 

cortex (PFC) (mesocortical path) [70]. Dysfunction has been implicated in numerous 

disease states such as addiction or Parkinson’s Disease leading to much of the research 

surrounding this circuit [71]. Several dysfunctions of the dopamine system and their 

medications cause effects on circulating prolactin levels. Antipsychotic medications 

cause hyperprolactinaemia because of their dopamine antagonist effects and 

medications for Parkinson’s Disease cause decreases in prolactin because of their 

dopamine agonist effects [72, 73]. Exercise has been seen to increase dopamine release 

in the mesocorticolimbic system and conversely, deficiencies in dopamine play a role 

in decreasing exercise levels [74-76]. Mice find exercise, in this case running wheel 

activity, inherently rewarding even preferring it to food in some cases [77]. This 

preference for running wheel activity as opposed to food (sucrose solution) is 

dependent on the actions of dopamine [78]. Mice lacking dopamine receptors have an 

increased risk of developing obesity not because of excessive food intake but because 

they reduce physical activity, even when voluntary exercise opportunities are easily 

accessible [79]. Voluntary physical exercise has been seen to influence dopaminergic 

reward systems with mice showing increased striatal dopamine metabolism in 

response to running wheel activity under normal reproductive conditions [74]. These 

results indicate a bidirectional relationship where dopamine creates a desire to 

exercise, and subsequent exercise increases dopamine release. 

Prolactin receptors have been characterised in the MPOA, a hypothalamic region 

known to have prolactin-responsive projections to the VTA which as mentioned is a 

key part of the mesolimbic reward system [39, 60]. Interestingly, recently published 
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data from our lab has shown a role for prolactin in maternal motivation, specifically 

that prolactin action on GABA neurons is necessary for the display of motivation-

related behaviours during lactation [80]. It may be the case that a change from exercise 

motivation to maternal behaviour motivation occurs during pregnancy and/or around 

parturition.  It could be hypothesised that in pregnancy there is a decrease in motivation 

to engage in exercise and simultaneously an increase in motivation to engage in 

maternal behaviours, essentially a switch in the behaviour a female mouse is motivated 

to engage in. 

 

1.6 Thermoregulation 

1.6.1 Regulation of Body Temperature 

Another factor to consider is that exercise places a challenge on 

thermoregulation systems, a challenge that may be compounded by the demands of 

pregnancy. Maintenance of a relatively constant core body temperature is key to 

human survival with deviations from the ~37oC set-point resulting in states of hyper 

or hypothermia, both of which result in cellular dysfunction and if left unchanged, 

death [81]. Hyperthermia can lead to a state of heat stroke which causes nervous 

system dysfunction, resulting in permanent neurological damage [82]. Conversely, 

hypothermia can lead to cardiac, pulmonary, and central nervous system impairments 

leaving an individual dangerously unwell and requiring urgent treatment [83]. 

Circadian deviations in core temperature occur in humans with temperatures varying 

by ~2.5 oC across the day with levels lowest at night during sleep and highest during 

the day [84, 85]. Thermoregulation involves the process of heating the body to defend 

against cooler temperatures or cooling the body to defend against warmer temperatures 

in order to defend a temperature set point. Defence against warmer temperatures 

requires heat loss which occurs through specific mechanisms. In humans, these 

mechanisms include autonomic responses such as sweating for heat evaporation or 

vasodilation to allow warmer blood to travel to the skin surface to cool with the air via 

conduction [86]. Behavioural thermoregulation also helps to warm/cool the body in 

response to thermal discomfort with the purpose being to maintain homeothermy 

without expending energy to generate/lose heat [87]. Some examples of behavioural 

thermoregulation include moving out of the heat/sun to cool down or putting on more 
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layers to heat up. Ultimately, both autonomic and behavioural responses integrate to 

maintain homeostasis and prevent detrimental effects of large deviations from set-

points in core temperature. Mice also demonstrate physiological and behavioural 

changes in order to thermoregulate although these differ slightly to humans, for 

example, mice don’t sweat but they are able to lose heat through their tail to cool down 

through vasodilation [88].  

Thermogenesis can be broken down into shivering thermogenesis (ST) which 

is the creation of heat through muscular contractions, and non-shivering thermogenesis 

(NST), creation of heat from mitochondrial action in primarily brown adipose tissue 

(BAT) [89]. Thermoregulation is controlled primarily in the hypothalamus and more 

specifically, the preoptic area (POA), which has been seen to be a key player in the 

regulation of core temperature during both exercise and at rest [90, 91]. The POA has 

historically been seen as a key integration site of thermal information, both from 

peripheral and central thermosensitive cells, with this integrated information then 

being sent to other hypothalamic and CNS nuclei to enact thermoregulatory responses 

[92, 93]. Warm-sensitive neurons in the POA detect and respond to heat signals and 

are constantly in balance with cold-sensitive neurons for homeostatic control of body 

temperature. Both of these neural populations control thermoregulatory mechanisms 

of autonomic responses and potentially behavioural responses although this remains 

controversial [92].  

1.6.2 Thermoregulation in Pregnancy 

Pregnancy is associated with large increases in metabolic rate, with metabolic 

rate a major contributor to heat production [94]. Body temperature has been used to 

detect successful pregnancy with higher basal core temperatures correspondingly seen 

in successful pregnancies [95]. These changes in body temperature during pregnancy 

are indicative of a shift in thermal set point where the body activates thermoregulatory 

responses at differing thresholds in a pregnant vs non-pregnant state [96, 97]. An 

increase in the set point for body temperature during pregnancy therefore means that 

thermal defence mechanisms are activated sooner after thermal stress compared to a 

non-pregnant state. Increases in body temperatures during pregnancy are a commonly 

documented occurrence however the fetus will maintain a slightly higher temperature 

than the mother indicating that the process of fetal development accounts for a large 
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proportion of the increases in heat in both mother and fetus [98]. This makes sense, as 

fetal thermoregulation is completely dependent on that of the mother so the fetus will 

shift its heat to the mother for dissipation with most of this heat being lost to the mother 

through the placenta [99]. Excessive heat is known to cause adverse effects on fetal 

development with effects such as reduced weight gain, stunted growth, deficits in 

immune function, and greater incidence of neuropsychiatric disorders such as 

schizophrenia [100-103]. Deficits in fetal growth and metabolism after gestational heat 

stress are due to increases in antidiuretic hormone and oxytocin, both of which reduce 

blood flow to the fetus in utero causing the observed stunted development [104]. A 

combination of direct and indirect heat effects likely occur as heat stress induces 

greater release of stress hormones such as adrenaline and cortisol [105, 106].  

Increases in metabolic rate during pregnancy are likely due to cellular activity 

related to fetal growth, however thermogenic rate, remains unchanged until late 

pregnancy where it decreases significantly [5, 107]. This decrease in thermogenesis is 

likely due to the mothers’ body adapting to enable successful lactation with the 

decreases in thermogenesis coming predominantly from decreases in brown adipose 

tissue activity [107, 108]. Pregnancy induces an initial spike in core temperature 

however, as pregnancy progresses, core temperature declines co-occurring with 

increases in energy intake [109]. Core temperature decreases likely play a role in 

creating a positive energy balance which is required for successful 

pregnancy/lactation. Decreased heat dissipation in pregnancy means that less energy 

is required to generate homeostatic heat so more energy can be diverted to fetal growth 

and milk production [110]. Milk production produces a lot of metabolic heat therefore 

decreases in thermogenesis towards late pregnancy are adaptive to protect mothers 

against thermal stress and to protect the milk supply of the offspring as excessive heat 

leads to decreases in milk produced by the mother [111-113]. Changes in ambient 

temperature preference occur with lactating mice preferring vastly lower temperatures 

compared to pregnant mice [96].  

1.6.3 Thermal Capacity as a Limiting Factor in Exercise 

During exercise, a major limiting factor of exercise capacity is the total heat 

capacity of the body or in simpler terms, the maximal thermal level the body can reach 

before fatigue contributes to the individual stopping exercise [114]. In many studies of 



  20 

human exercise endurance in hot environments, the maximum core temperature the 

human body can reach before extreme fatigue halts exercise is 39.7 – 40.7 oC and is 

39.9 – 40.2oC in rats [115-117]. These studies were done to see if acclimatisation to 

heat and hot environments would improve exercise performance, which it did through 

adaptations to thermoregulatory systems that meant critical core temperature was 

reached slower in heat-acclimatised participants than participants not acclimatised to 

the heat, however all participants reached maximal exercise capacity at the same 

aforementioned critical temperature [115-118]. These studies prove that one’s exercise 

ability is limited by the efficiency and ability of their thermoregulatory responses and 

organs. If it is the case that the set point of body temperature changes during 

pregnancy, then thermoregulatory mechanisms such as cessation of exercise may 

occur sooner than during a non-pregnant state providing a plausible mechanism for 

reductions in exercise during pregnancy. Exercise generates heat through muscular 

contractions and the associated cellular activations associated with this meaning that 

during exercise, heat production is increased ~10 – 20 times with ~70% of all heat 

created needing to be shifted from internal areas of the body to the skin for expulsion 

[119]. Heat loss is achieved through transfer from the body surface to the environment 

with >80% of heat transfer occurring through evaporation, therefore the ability to 

sweat is a key aspect of thermoregulation during exercise in humans [119].  

 

1.7 Clinical Significance 

1.7.1 Complications of Pregnancy 

Due to the intensive nature of pregnancy, long-term complications can occur. 

Postpartum depression occurs in 10 – 20% of women after birth and is characterised 

by a combination of depressive symptoms akin to major depressive disorder [33]. 

Relevant consequences of postpartum depression to offspring are that the mother will 

be less likely to breastfeed, less likely to perform health related behaviours for 

offspring, and in severe cases infanticide or physical harm [33]. Aerobic exercise 

during pregnancy and the postpartum period has been shown to be beneficial for 

postpartum depression showing significant reductions in depressive symptoms 

increasing the likelihood that these depressive symptoms will resolve in mild-to-

moderate cases [30, 120]. Obesity is another commonly reported complication of 
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pregnancy causing complications during the pregnancy and postpartum periods for 

both mother and offspring [18]. Obesity in pregnancy causes issues such as premature 

delivery, anaesthesia complications, increased risk for need of caesarean delivery, 

issues breastfeeding, and mental health issues like postpartum depression mentioned 

previously [18]. Issues for the offspring born to obese women include increased risk 

of overgrowth, increased BMI compared to babies born to normal weight mothers, and 

insulin resistance, all of which meaning that offspring from mothers suffering from 

obesity are more prone to metabolic disease/conditions predisposing them to 

complications such as diabetes and obesity [18]. Wāhine Māori are 1.7 times more 

likely to experience anxiety or depressive disorders compared to non-Māori women 

with this number increasing to 2.5 times more likely in wāhine Māori who live in 

socio-economically deprived areas [121]. One of the most powerful predictors of 

postpartum depression development is the presence of depression during the antenatal 

period [122]. Consequently, wāhine Māori are more likely to develop postpartum 

depression than non-Māori women [123]. Postpartum depression carries a much higher 

risk for suicide in mothers and in Aotearoa, suicide is the leading cause of maternal 

death, and compared to the United Kingdom, these rates are 7 times higher [124, 125]. 

Finding timepoints to intervene and therapeutics to help mothers through these 

challenging periods is therefore critical, especially in the context of Aotearoa. 

1.7.2 Exercise as a Therapeutic Intervention 

The benefits of moderate exercise during pregnancy are vast including 

maintaining healthy weight gain, decreasing gestational hypertension, reducing back 

pain, shortening labour, and reducing the risk of need for caesarean delivery [21]. 

Exercise has been shown to be a safe and effective lifestyle intervention for reducing 

unnecessary weight gain and other metabolic disorders such as gestational diabetes in 

pregnancy [34] [21]. Because it was previously thought that exercise during pregnancy 

should be avoided for fetal health, studies on the benefits of exercise in relation to 

physiological outcomes of the fetus are limited. Some reported benefits include 

decreased fetal resting heart rate, improvement in placental growth, and better 

amniotic fluid levels [68]. Benefits of maternal exercise have also been seen extending 

into infancy with children of mothers who exercised during pregnancy being leaner 

and having beneficial neurodevelopmental effects [126, 127]. Increasing exercise 
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during pregnancy is beneficial and safe for not only mothers but their offspring too. 

Physical activity levels drop in most women during pregnancy with only 

approximately 25% of women in the US meeting the recommended guidelines for 

physical exercise [32]. Due to the benefits of physical exercise for mother and 

offspring, determining the mechanisms behind reductions and creating new 

therapeutic treatments to attenuate exercise reductions in pregnancy and the 

postpartum period is crucial. 

 

1.8 Hypotheses: 

Data from our collaborator mentioned earlier, Dr Troy Merry, indicates that 

mechanisms beyond a decreased motivation to exercise may exist due to the nature of 

forced exercise capacity tests not involving self-motivation. As previously mentioned, 

there is a role for prolactin action within the brain in causing rapid decreases in 

voluntary physical activity during pregnancy, specifically prolactin action within the 

MPOA (Figure 1A) [24]. In other data from our lab, chemogenetic POA prolactin 

receptor-expressing cell activation has been seen to significantly decrease body 

temperature in virgin mice, although the specific neural populations (GABAergic or 

glutamatergic) mediating this are as yet unknown (Figure 2). As mentioned, the POA 

is involved in a range of functions, particularly thermoregulation, and prolactin 

responsive projections exist from the MPOA (a region within the POA) to the VTA 

(and therefore the reward circuit). This indicates two strong possibilities by which 

prolactin potentially influences physical activity during pregnancy, therefore based on 

these we have formulated 2 hypotheses for how prolactin may impact exercise during 

pregnancy.  

1. Prolactin may be responsible for changing the set-point for activation of 

thermoregulatory mechanisms and therefore, exercise reaches the thermal set-

point faster during pregnancy than during a non-pregnant state.  

2. During pregnancy, prolactin acts in an inhibitory manner on MPOA to VTA 

projections to decrease motivation for behaviours during such as exercise. 

Because forced exercise testing does not involve self-motivation, these hypotheses will 

be assessed using a forced exercise capacity test. The aim of this project is to begin to 

distinguish between these hypotheses using a forced exercise paradigm that eliminates 
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self-motivation as a factor in exercise during pregnancy and causes increases in body 

temperature that we will attempt to measure using thermal imaging.  

 

 

Figure 2. Prolactin-sensitive POA neurons can rapidly reduce body temperature (BT). Line graph shows 

BT in mice treated with acute CNO (arrow) or vehicle (control) to activate Prlr-containing POA neurons. 

Ladyman, unpublished. 
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2.0 Materials and Methods 

2.1 Animals 

For all experiments, Female Prlrlox/lox/CamK2aCre knock-out and Prlrlox/lox 

control mice were used.  The colony was maintained at the University of Otago 

Dunedin. The mice were housed in a controlled lighting environment (12-hour 

light/dark cycle) with lights on at either 6am and off at 6pm (cohort for RNAscope) or 

lights on at 0800 and off at 2000 (cohorts for behavioural testing). Room temperature 

was maintained at 20  1oC and animals had ad libitum access to food and water. Their 

cages featured plastic tubes and wooden chew bars to ensure an enriched environment. 

All experimental procedures completed were approved by the University of Otago 

Ethics Committee (AUP-20-93) and was carried in compliance with the New Zealand 

Animal Welfare Act (1999). 

2.1.1 Transgenic Mouse Generation 

Cre-recombinase dependent Prlrlox/lox were crossed with CaM kinase II Cre 

mice in order to generate Prlrlox/lox/CamK2aCre (Cre-positive) mice. This cross allowed 

for conditional deletion of prolactin receptors from the forebrain of the 

Prlrlox/lox/CamK2aCre mice. In Prlrlox/lox (Cre-negative) mice, loxP sites flank the gene 

for Prlr gene and when these loxP sites come into contact with cre recombinase, the 

Prlr gene is subsequently deleted. This creates a mouse model where all cells that 

contain CaM kinase II have their Prlr removed. Because CaM kinase II is a widely 

expressed kinase in neurons in the forebrain, the Prlrlox/lox/CamK2aCre mouse model 

creates a forebrain-wide prlr deletion. Differential deletion of prolactin receptors 

occurs in this model where almost complete deletion is achieved in areas such as the 

VMN and arcuate nucleus, however there are regions such as the MPOA where 

prolactin receptor expression is only reduced by ~50% [24, 128, 129]. 

 

2.2 Vaginal Cytology 

To monitor the estrous cycle of the mice and ensure each mouse was tested 

during the same reproductive state, daily vaginal cytology of the animals was assessed 

at 0900 h.  Vaginal epithelial cells were collected by by pipetting 5L of saline in and 

out of the mouse vaginal opening and then this solution placed onto a microscope slide 
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and allowed to air dry prior to analysis. Toluidine staining solution (0.05%) was used 

to stain the cells to allow for proper microscopic analysis. The mouse estrous cycle is 

approximately 4-5 days long and consists of 4 stages: proestrus being characterised by 

smears with mainly nucleated cells and some cornified cells, estrus being characterised 

by mainly cornified cells with a few nucleated cells, metestrus being characterised by 

a varied arrangement of cornified cells, nucleated cells, and leukocytes, and finally 

diestrus which is characterised by a sparse distribution of mostly nucleated cells, and 

leukocytes [130]. 

 

2.3 Bromocriptine Treatment 

As outlined in previous studies, Prlrlox/lox/CamK2aCre are hyperprolactinaemic 

meaning they typically show irregular estrous cycles and can experience extended 

periods of time in the diestrus phase of the estrous cycle despite no mating or 

implantation [129]. Previous work has shown that treatment of Prlrlox/lox/CamK2aCre 

mice with bromocriptine, a dopamine agonist terminates the extended periods of 

diestrus, leading to entry into an estrous cycle [131]. Therefore, all mice received this 

treatment to synchronize estrous cycles, and to assist in the timely generation of 

pregnancies. Bromocriptine was made up the day before use.  First a stock 

concentration was made by mixing 10mg/ml bromocriptine mesylate (Cat No. 0427, 

Tocris BioTechne) in 100% ethanol. To make up injection concentrations, the stock 

solution was diluted by 1:20 in saline. Each mouse received a dose of 5g 

bromocriptine per 1g mouse weight.  

 

2.4 Forced Exercise Capacity Testing 

The treadmill utilised was a custom-built rodent treadmill sourced from the 

Department of Physiology, University of Otago, Dunedin. The treadmill consisted of 

a belt section and a small rest platform at the end of the belt. The belt was 50cm long 

and 6.5cm wide whereas the rest platform was 15cm and 6.5cm wide. Embedded in 

the rest platform were shocking electrodes with the ability to turn them on/off and 

change voltage to low, medium, and high. A small cardboard strip covered the gap 

between the end of the treadmill belt and the start of the rest platform with the purpose 

of preventing mice from getting caught between belt and platform. There was a total 
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of 8 lanes each separated by Perspex which was 15cm high in the belt section and 

18cm high in the platform section. A Perspex flap was present over all of the treadmill 

forming the roof of the treadmill with one flap per lane so that lanes are able to be 

accessed individually. There were 8 air holes at the end of the treadmill to allow mice 

to be ventilated while performing their tests. 

2.4.1 Habituation to Treadmill 

The protocol for mouse treadmill habituation and testing was derived from a 

pre-existing method for eliciting maximum exercise endurance capacity from rodents 

[132]. The treadmill was set at no incline across either the acclimatisation or testing 

periods as per the protocol used.  

All mice underwent habituation to the novel environment of the treadmill and 

also to become accustomed to the moving belt of the treadmill. Habituation to the 

treadmill involved a progressive acclimatisation to the treadmill across the course of 6 

days. Day 1 and 2 involved placing the mice onto the stationary treadmill for 10 

minutes to allow for familiarisation and exploration in the new environment with no 

interaction with experimenters, and then returned to their home cage to rest. Day 3 

involved a rest day where mice weren’t exposed to the treadmill at all. Day 4 involved 

the mice being placed onto the treadmill for 20 minutes while the treadmill belt was 

moving at a speed of 10 metres per minute. Mice were encouraged to run for the full 

20 minutes and when they ceased, they were lightly sprayed with pressurised air to 

dissuade this, such that air was not sprayed at the mice directly but was instead aimed 

near them, encouraging re-engagement with the treadmill despite no direct contact 

with the air puffs. Day 5 was a repeat of day 3 where the mice rested. Day 6 was a 

repeat of day 4 with mice running for 20 minutes at 10m/min with encouragement. 

This part of the protocol is described visually in figure 3 below. 
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Figure 3. Treadmill habituation protocol. 

 

 

Figure 4. High-intensity running forced exercise protocol from Reynolds and Lee (2020). 
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2.4.2 Treadmill Testing Protocol 

On the day of forced physical testing, mice were moved into the testing room 

and placed on the stationary treadmill.  Each mouse was assigned a lane in which it 

underwent all its habituation and testing. Depending on the number of mice to be tested 

on the day, 1 – 4 mice were on the treadmill at the same time (in separate lanes). Once 

all mice to be tested were on the treadmill, the belt was turned on and the test begun. 

The stages of testing were as follows: 5 minutes at 13m/min, speed increased 

incrementally every minute across a 5-minute period increasing speed from 13m/min 

to 18m/min, running at 18m/min for 30 minutes, and finally increasing speed to 

23m/min until the final mouse reached exhaustion (Figure 4). Exhaustion was 

determined as the point at which a mouse would not re-engage with the treadmill. If 

the mouse continued to sit on the rest platform for over 10 seconds despite air puff 

encouragement, they were considered exhausted and removed from the test with their 

total time spent running recorded. The total distance mice travelled was calculated 

from their total running time based on the testing stages outlined previously. Mice 

underwent the forced exercise test protocol in a virgin state when they were in the 

metestrus phase of the estrous cycle, having been in estrus the day before. Metestrus 

was chosen as days for testing during the virgin state as this state is characterised by 

low levels of prolactin which ensured that no differences in exercise capacity between 

prolactin receptor knock-out and wild-type mice were due to prolactin action [133]. 

One day after their virgin test, female mice were housed with a male and pregnancies 

were determined by the presence of a vaginal plug indicative of mating. On day 3 or 4 

of pregnancy (day of plug being day 1 of pregnancy), mice underwent the forced 

exercise test protocol again. Early pregnancy testing times were chosen due to data 

obtained from our collaborator Dr Troy Merry showing reductions in forced exercise 

capacity on day 2 of pregnancy (Figure 1B) and of the RWA data from our lab showing 

rapid reductions in voluntary exercise immediately post-impregnation [24]. Mice were 

also to be tested on day 11/12 of pregnancy representing a later pregnancy time point 

when body weight was only just starting to increase and had yet to rapidly increase 

which may physically hinder the ability to run [3].  
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2.5 Thermal Imaging: 

To begin to investigate the value of non-invasive techniques to monitor 

changes in body temperature, we used thermal imaging to assess temperature changes 

in a number of situations. Thermal imaging involves using an infrared camera to take 

images of mice in various states and analysing these images to determine a range of 

thermoregulatory parameters.  

2.5.1 Forced Exercised-Induced Changes in Temperature: 

To determine if exercise induced changes in body temperature could be 

detected in mice, Thermal images were collected before and after testing using a 

thermal camera (FLIR E8). Images were taken of mice in a clean cage with standard 

floor bedding present. This was done due to the thermal camera operational manual 

stating that a textured surface was most accurate for thermal imaging as opposed to a 

smooth surface e.g., clear benchtop or an empty plastic cage. A distance of roughly 1 

metre was kept between camera and mouse during image capture to ensure that 

minimal variance in temperature readings due to distance variation existed. Pre-testing 

images were taken 5 – 10 minutes after mice entered the testing room to ensure mice 

were acclimatised to account for any difference in temperatures between home and test 

rooms. Post-testing pictures were taken immediately after the mouse was removed 

from the treadmill to ensure minimal heat loss occurred before imaging. Imaging for 

both time points involved placing the mouse into an empty cage and allowing it to 

explore freely while simultaneously imaging them. Images were taken only when mice 

were walking around the cage and not if the mice were standing up on the side of the 

cage as this skews imaging analysis due to distance variance between tail and orbit. If 

upon review images did not contain a clear view of both the orbit and tail regions, they 

were discarded from analysis. 

2.5.2 Thermoregulatory Response to Change in Housing Temperature during 

Pregnancy and Lactation 

To determine if we could detect body temperature changes using thermal 

images, we exposed mice to a change in room temperature which causes changes in 

body temperature and collected thermal images 1 hour before, 4 hours during and 1 

hour after exposure. For this protocol, mice were housed for 4h at 30oC, then returned 

to their normal room temperature of 20C. Mice were housed individually for these 
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tests in cages with ad libitum food and water access. Images were taken every hour 

and involved removing animals from their home cage and placing them into an 

otherwise empty, open-top cage with standard mouse cage litter on the floor (Figure 

5). This protocol was performed in virgin mice on a random day of the estrous cycle.  

Then repeated on day 16 of pregnancy and early in lactation (day 5 or 6 of lactation, 

with the day of birth recorded at day 1 of lactation). In total the number of mice that 

went through this protocol were 7 virgin mice (5 Prlrlox/lox, 2 Prlrlox/lox/CamK2aCre), 8 

late pregnancy (day 16 pregnancy) mice (6 Prlrlox/lox, 2 Prlrlox/lox/CamK2aCre), and 4 

lactation (day 5/6 lactation) (4 Prlrlox/lox). These days were selected as a preliminary 

investigation into the role of prolactin in thermoregulation during pregnancy and 

lactation.  

 

 

Figure 5. Protocol for assessing thermoregulatory responses after change in housing temperature. 

 

2.5.3 Thermal Image Analysis 

All images taken were analysed using the provided program, FLIR Research 

Studio (version 1.7). Analysis consisted of marking the regions of interest, the orbit 

and tail, with region of interest (ROI) markers provided. These regions were chosen as 

the tail reflects an active thermoregulation strategy to lose heat and the orbit more 

accurately reflects core temperature due to the brain-heart axis blood supply of the eye 

[134, 135]. ROI markers provide information about the hottest pixel within the 

designated area. For the orbit region, ROIs were designated by marking a circle on the 

mouse face around the eyes while avoiding the ears as these often display high 

temperatures and if included in the orbit ROI, might provide incorrect measurements. 
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ROIs for the tail were designated as 1cm from the base of the tail as described in [136]. 

Once ROIs were marked for all pictures desired, maximum temperatures for orbit and 

tail ROIs were averaged using FLIR Research Studio to create mean maximum 

temperatures for orbit and tail regions. A total of 4 – 6 photos were taken for each 

mouse, for each test point. Data was entered into GraphPad Prism (9.0.2) as outlined 

above for statistical analysis.  

 

2.6 RNAscope In-Situ Hybridisation 

RNAscope in situ hybridisation can detect mRNA of interest using specific 

probes. These probes are then detected using visualisation markers to allow for 

microscopy analysis of mRNA expression in tissue of interest [137]. RNAscope 

permits the use of multiple probes at once meaning that advanced mRNA expression 

analysis can be carried out simultaneously for multiple genes of interest.  

2.6.1 Tissue Collection 

12 mouse brains were collected in total, 9 Prlrlox/lox mice and 3 

Prlrlox/lox/CamK2aCre mice. The mice were injected with 0.25mL of pentobarbital 

(15mg/mL) intraperitoneally. Once a surgical anaesthesia state was achieved 

categorised by lack of pedal reflexes, the mice were perfused transcardially with 20mL 

of 2% paraformaldehyde (PFA) (4% PFA diluted in 0.2M PB solution). This involved 

slicing a small hole in the aorta and insertion of a needle into the left ventricle of the 

mouse heart to slowly pump the PFA solution throughout the mouse body to ensure 

maximal perfusion of the mouse tissue occurred. Brains were then removed from the 

mice by decapitation followed by removal of the mouse skull using small scissors. The 

olfactory bulb of the mouse was cut to allow for easier removal of the brain as this 

structure was non-essential to our imaging. Brains were then post-fixed in PFA for 1 

hour at room temperature. Following this, brains were placed into a 30% sucrose 

solution (30% sucrose in 0.1M Phosphate buffer) for 24 hours at 4C until they had 

sunk. Brains were then removed from the sucrose solution and frozen using dry ice, 

then stored at -80oC until cryostat slicing occurred. 14m thick coronal brain slices 

were collected from Bregma 0.5mm to -0.5mm using a cryostat (Leica CM1950, Leica 

Microsystems). After cutting, each section was transferred to a container filled with 

dH2O located inside the cryostat. Sections were then float mounted onto Superfrost 



  32 

Plus microscope slides. This involved scooping floating sections with the microscope 

slide and making minor adjustments to their position on the slide using a small 

paintbrush. A total of 4 slides with 6 brain sections on each slide were collected. On 

each slide there were 2 brain sections from early POA, 2 from mid POA, and 2 from 

late POA. Brain sections were stored in a slide container at -80oC until usage for 

RNAscope.  

2.6.2 RNAscope Dual Label Protocol 

This protocol utilised a RNAscope 2.5 HD Duplex Detection Kit 

(Chromogenic, Cat No 322500). Slides were removed from the freezer and thawed for 

5 minutes at 55oC. They were then fixed for 3 minutes in 2% PFA at RT to help keep 

the sections attached to slides during the protocol. Slides were washed for 5 minutes 

in 1X PBS at RT while being continuously moved up and down to remove the OCT 

glue used during cryosectioning. 1 – 2 drops of RNAscope hydrogen peroxide solution 

were applied per section and upon completion incubated for 10 minutes at RT. Slides 

were washed 3 times in dH2O for 1 – 2 minutes each time with regular agitation. 

Sections were briefly washed in 100% EtOH with regular movement. Once completed, 

slides were briefly left to air dry on a Thomas slide holder. A hydrophobic barrier was 

created around the sections using a PAP pen to contain liquids used in the remaining 

steps. Slides were elevated in an airtight plastic container and 1 – 2 drops of protease 

plus added to each. The sections were then incubated for 30 minutes at 40oC. Protease 

was tipped off and each slide washed in dH2O (2 x 5 minutes) with regular agitation. 

The required probes, VGat (Mm-Slc32a1-C2, Advanced Cell Diagnostic) and Prlr 

(Mm-Prlr-01, Advanced Cell Diagnostic), were then prepared by being warmed for 10 

minutes at 40oC and being briefly spun down in a centrifuge. The probes were mixed 

in a 1:500 ratio by mixing 1 volume of VGat probe to 500 volumes of Prlr probe. 

120L of probe was added per section with sections then being placed into a plastic in 

situ container and incubated for 2 hours at 40oC. Slides were removed from the oven, 

probes tipped off, and slides washed 2 x 2 minutes at RT in 1X wash buffer (1960mL 

dH2O and 40mL 50X wash buffer stock). Sections were then placed into a 5 x SSC 

(150mL dH2O and 50mL 20X SSC stock) solution at RT overnight. The following 

day, slides were removed from the 5 x SSC solution and washed twice in 1 x wash 

buffer. Upon completion, slides were removed and flicked/tapped to remove excess 
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liquid. 1 – 2 drops of AMP-1 solution were added to each slide and then sections were 

incubated for 30 minutes at 40oC. Upon completion, slides were flicked/tapped dry to 

remove the AMP-1 solution. Slides were placed into 1 x wash buffer and washed (2 x 

2 minutes). The previous step was repeated for AMP solutions 2 – 6 with varying 

lengths of time spent in incubation at 40oC (15 minutes for AMP-2, -4, -6, and 30 

minutes for AMP-3 and -5). Following the washes after AMP-6 incubation, detection 

for red signal was completed. This involved mixing red-B and red-A in a 1:60 ratio in 

an Eppendorf tube, making a total of 120L per slide. Once excess wash buffer was 

removed off the slides, 120L of red solution was applied to each slide. Slides were 

then incubated at RT for 10 minutes. Red solution was tipped off the slides and sections 

washed in 1 x wash buffer (2 x 2 minutes). AMP steps were repeated for each 

remaining AMP solutions 7 – 10 with varying lengths of time spent in incubation (15 

minutes for AMP-7 and -10, and 30 minutes for AMP-8 and -9) and varying 

temperatures (40oC for AMP-7 and -8, and RT for AMP-9 and -10). Following the 

washes after AMP-10 incubation, detection for green signal was completed. This 

involved mixing green-B and green-A in a 1:50 ratio in an Eppendorf tube, making a 

total of 80L per slide. Once excess wash buffer was removed from the slides, 80L 

of green solution was applied to each slide. Slides were then incubated at RT for 10 

minutes. Following this, green solution was tipped off slides and they were placed into 

1X wash buffer for 30 seconds. Sections were then counterstained by transferring 

slides into 50% hematoxylin I stain solution for 30 seconds or less, then transferring 

slides into tap water for 30 seconds or less, and finally transferring slides into fresh tap 

water for another 30 seconds or less. Slides were dried for 15 – 30 minutes at 60oC, 

cooled for 5 minutes at RT, coverslips mounted using VectaMount, and airdried for 5 

minutes.  

2.6.3 RNAscope Image Analysis 

Brain slices were analysed for the number of GABAergic cells expressing prlr 

in the medial preoptic area (MPOA). Images of the MPOA for each brain slice were 

obtained using an Olympus BX51 light microscope and Olympus US2, WHN10x/22 

lenses. Double labelled cells were counted manually using ImageJ (version 1.5.3). 

Cells were considered positive for GABA expression if they were stained with the 

red/pink VGat probe and positive for Prlr expression if they contained >5 of the blue 
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prlr probe markers. All GABA positive cells were counted, then assessed for positive 

expression of Prlr to determine the percentage of GABA cells that colocalized with 

Prlr. The number of colocalised cells were counted and entered into a GraphPad Prism 

(9.0.2) worksheet for statistical analysis. Determination of the MPOA region was done 

using the Allen Mouse Brain Reference Atlas (version 2.0, 2011).  

 

2.7 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 9.0.2 (GraphPad 

Software, San Diego, CA, USA) and all data are presented as mean  SEM with a p 

value of < 0.05 considered as statistically significant.   

RNAscope statistical analysis for the number of Slc32a1 and prlr mRNA co-

expressing cells was performed using a Mann-Whitney test.   

Total distance travelled across virgin and early pregnancy test points during 

forced exercise capacity testing was analysed using unpaired two tailed t-tests. 

Assessment of differences between virgin and early pregnancy test distances was done 

using two-way ANOVA tests followed by Sidak’s multiple comparisons tests. 

Reductions in forced exercise capacity were tested for using unpaired two tailed t-tests. 

Comparing genotypes in terms of change in distance travelled from virgin to early 

pregnancy test points was done using an unpaired two tailed t-test.   

Analysis of the effect of genotype on bodyweight at virgin and early pregnancy 

test points, and total bodyweight gain over pregnancy was done using unpaired two 

tailed t-tests. Comparison of data from this experiment to previously collected data 

from our lab was done using one-way ANOVA followed by Tukey’s multiple 

comparisons tests. Analysis of the effect of genotype on bodyweight gain across 

pregnancy was done using mixed-effects models tests. Assessment of the effect of 

genotype on number of pups birthed was done using an unpaired two tailed t-test. 

Analysis of changes in orbit and tail temperatures from pre- to post-forced 

exercise testing in both genotypes in virgin and early pregnancy states was done using 

unpaired two tailed t-tests. Determining the effect of pregnancy on tail temperature 

changes was done by comparing the differences between exercise-induced changes in 

tail temperatures at virgin and early pregnancy test time points using two-way 

ANOVA tests. Analysis of raw tail temperatures from pre- to post-forced exercise 
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testing in virgin and early pregnancy states for both genotypes was done using two-

way ANOVA tests followed by Sidak’s multiple comparisons tests.  

 Environmental heat change induced changes in orbit and tail temperature for 

both genotypes in the virgin state was done using one-way ANOVA tests. 

Comparisons of virgin and late pregnant mice in tail and orbit thermal responses to 

environmental heat change was done in both genotypes using two-way ANOVA tests. 

Analysis of environmental heat change effects on orbit and tail temperature for 

lactating vs virgin mice was done using two-way ANOVA tests and unpaired two 

tailed t-tests.  Comparing control and knock-out mice tail and orbit responses to the 

environmental heat change testing in virgin and early pregnancy states was done using 

two-way ANOVA tests. 
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3.0 Results: 

 

3.1 Experiment 1: Characterisation of Prolactin Receptor Knock-out Mouse 

Model using RNAscope In Situ Hybridisation 

The overall deletion of Prlr in the forebrain of Prlrlox/lox/CamK2aCre mice has 

been well characterised however, deletion of Prlr in individual neuron populations has 

yet to be characterised [24, 128, 129]. In this study, we were interested in determining 

the degree of Prlr deletion in GABA neurons within the MPOA, due to previous data 

implicating this population as important for prolactin-mediated effects of pregnancy 

on voluntary running wheel activity [24]. Neurons in the medial preoptic area of the 

hypothalamus (MPOA, bregma 0.5mm to -0.5mm) were analysed for VGat (Slc32a1) 

and prolactin receptor mRNA co-expression to assess the specific deletion of prolactin 

receptors in this neuron population in the Prlrlox/lox/CamK2aCre transgenic mouse. 

There were significantly less GABAergic prolactin receptor expressing neurons in the 

MPOA of knock-out mice when compared to controls (Prlrlox/lox (n = 9): 277.3  68.3, 

Prlrlox/lox/CamK2aCre (n = 3): 87.3  14.1, Mann-Whitney test; p = 0.0091) (Figure 6). 

The knock-out mice had a 68.5% reduction in GABA cells co-expressing Prlr in the 

MPOA showing that while there is significant reduction, there is not a complete 

deletion of prolactin receptor expression in this region.  



  37 

 

Figure 6. RNAscope in situ hybridisation validation of conditional deletion of prolactin receptors from 

the medial preoptic area. Black arrows show Slc32a1 positive neurons only, red arrows show prolactin 

receptor probes not colocalised to Slc32a1 positive neurons, and blue arrows show Slc32a1 and Prlr 

colocalised neurons (published in Ladyman et al., 2021). 
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3.2 Experiment 2A: Forced-Exercise Capacity during Pregnancy 

To determine whether forced exercise capacity decreased during pregnancy 

and whether this occurrence was due to prolactin action within the brain, the total 

distance travelled during forced exercise capacity testing was recorded in both control 

(Prlrlox/lox, n = 12) and knock-out (Prlrlox/lox/CamK2aCre, n = 9) mice, in both virgin and 

early pregnancy physiological states.  

Control and knock-out mice ran a similar distance during both virgin (Cre-

negative:1456  782.4, Cre-positive: 1005  638, unpaired two-tailed t-test; p = 0.174) 

and early pregnancy (Cre-negative: 1251  648.2, Cre-positive: 983  497, unpaired 

two-tailed t-test; p = 0.3163) testing time points (Figure 7A). There was no significant 

effect of pregnancy on forced exercise capacity as measured by distance travelled in 

either control (two-way ANOVA, Sidak’s multiple comparisons test; p = 0.2179) or 

knock-out (two-way ANOVA, Sidak’s multiple comparisons test; p = 0.9864) (Figure 

7A) mice.  

Due to the variability in distances travelled, data were assessed as proportion 

of the respective distance each mouse ran in their virgin test. Control and knock-out 

mice were not different in their ratios of virgin-early pregnancy distance travelled 

(Cre-negative: 0.9125  0.3992, Cre-positive: 1.094  0.4388, unpaired two-tailed t-

test; p = 0.3341) (Figure 7B). 
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Figure 7. Results of forced exercise capacity testing. Total distance travelled at virgin and early 

pregnancy time points in Prlrlox/lox and Prlrlox/lox/CamK2aCre mice (A). Early pregnancy distance as a 

proportion of the distance travelled in the virgin state (B). 
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3.3 Experiment 2B: Bodyweight at Testing, Bodyweight Gain across Pregnancy, 

and Litter Size 

To examine whether the forced-exercise testing impacted healthy weight gain 

during pregnancy and postpartum pup health, bodyweight data was assessed for both 

Prlrlox/lox and Prlrlox/lox/CamK2aCre mice. There was a significant difference in 

bodyweight between genotypes on virgin (Cre-negative: 20.26  1.436, Cre-positive: 

22.29  2.180, unpaired t-test; p = 0.0185) (Figure 8A) and early pregnancy (Cre-

negative: 21.49  1.179, Cre-positive: 23.53  2.159, unpaired t-test; p = 0.0148) 

(Figure 8B) test days.  Based on previous data from the lab on animals not subjected 

to forced exercise, however, there did not appear to be any adverse effects of subjecting 

animals to forced exercise on their pregnancy. 

 As expected, there was a significant effect of pregnancy on weight gain over 

time regardless of genotype (mixed-effects model; p = <0.0001) (Figure 9A). Control 

and knock-out mice both gained similar amounts of weight across pregnancy (mixed-

effects model; p = 0.9999) (Figure 9A). Total weight gain from day 1 to day 18 of 

pregnancy was similar in control and knock-out mice (Cre-negative: 15.24  1.359, 

Cre-positive: 13.74  2.661, unpaired t-test; p = 0.2251) (Figure 9C). Weight gain 

across pregnancy was similar to previously collected data in non-exercised mice from 

our lab in both control (one-way ANOVA, Tukey’s multiple comparisons test; p = 

0.6937) and knock-out (one-way ANOVA, Tukey’s multiple comparisons test; p = 

0.6095) mice. Both knock-out and control mice had a similar number of pups alive at 

day 3 of lactation, although a trend existed for knock-out mice to have more pups than 

control mice (Cre-negative: 3.727  3.259, Cre-positive: 6.111  2.028, unpaired t-

test; p = 0.0725) (Figure 9B).  
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Figure 8.  The bodyweight of mice on testing days. Virgin test days (A) and early pregnancy test days 

(B) shown.  
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Figure 9. Gestational changes in bodyweight (A), litter size (B), and total bodyweight gain (C) 

compared between Prlrlox/lox and Prlrlox/lox/CamK2aCre genotypes.  
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3.4 Experiment 2C: Forced Exercise-Induced Changes in Orbital and Tail 

Temperature 

Thermal images taken during the forced exercise experiment were analysed to 

determine whether this non-invasive approach could be used to monitor changes in 

temperature from before to after exercise. Temperatures were taken from the tail and 

orbit regions. Images were taken for each mouse that was involved in forced exercise 

capacity testing however, some pictures were unable to be taken or did not clearly 

show the region of interest, hence the numbers of mice used in this section differed to 

the forced exercise testing section and differ between virgin (Prlrlox/lox, n = 11, 

Prlrlox/lox/CamK2aCre, n = 10) and early pregnancy (Prlrlox/lox, n = 10, 

Prlrlox/lox/CamK2aCre, n = 8) time points.  

Forced exercise induced significant increases in tail (Pre-testing: 25.10  

0.8170, post-testing: 29.68  2.303, unpaired two tailed t-test; p = <0.0001) but not 

orbit (Pre-testing: 33.19  0.6311, post-testing: 33.87  1.175, unpaired two tailed t-

test; p = 0.0921) temperatures in virgin control mice (Figure 10). Because changes in 

temperature for the tail were able to be seen, images comparing responses in virgin 

versus pregnant state were only analysed for changes in tail and not orbit temperatures. 

There was no effect of pregnancy on exercise-induced increases in tail temperature in 

control mice (two-way ANOVA; p = 0.6548) (Figure 11). In the virgin state, both 

control (two-way ANOVA, Sidak’s multiple comparisons test; p = <0.0001) and 

knock-out (two-way ANOVA, Sidak’s multiple comparisons test; p = <0.0001) mice 

showed significant increases in tail temperature from pre- to post-testing, however 

there was no difference between these genotypes in these changes (two-way ANOVA; 

p = 0.5032) (Figure 11A). Similarly, at the early pregnancy test time point, both control 

(two-way ANOVA, Sidak’s multiple comparisons test; p = 0.0001) and knock-out 

(two-way ANOVA, Sidak’s multiple comparisons test; p = 0.0085) mice showed 

significant increases in tail temperature from pre- to post-testing, however there was 

no significant difference between them in these increases (two-way ANOVA; p = 

0.6626) (Figure 11B).  
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Figure 10. Effect of forced exercise testing on tail (left) and orbit (right) temperatures in the virgin 

state. 

 

 

Figure 11. Changes in tail temperature across virgin (A) and early pregnancy (B) states for both 

Prlrlox/lox and Prlrlox/lox/CamK2aCre mice.  
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3.5 Experiment 3: Effects of Pregnancy and Lactation on Orbital and Tail 

Temperatures in Response to Environmental Heat Change 

The previous experiment evaluated changes in tail temperature in response to 

metabolic heat generated by physical activity. We next aimed to see if there might be 

differences in responses to an external thermal challenge by using an environmental 

temperature change protocol. For this experiment, we used late pregnant animals 

because we were aiming to assess if thermal imaging could detect temperature changes 

related to pregnancy and this late pregnancy time point would ensure metabolic heat 

production from fetus growth is elevated increasing our chances of detecting these 

changes. To assess the ability of thermal imaging to measure changes in peripheral 

temperatures in response to changes in the external environment, we exposed mice to 

an elevation in environmental temperature for a period of 4 hours. Thermal images 

were taken 1 hour before, 4 hours during, and 1 hour after removal from a 30oC room. 

Temperatures were assessed from the tail and orbit regions using images taken, and 

responses were compared across three groups, virgin (Prlrlox/lox n = 4, 

Prlrlox/lox/CamK2aCre n = 2), late pregnant (Prlrlox/lox n = 4, Prlrlox/lox/CamK2aCre n = 2), 

and day 7 lactation (Prlrlox/lox n = 4).  

Thermal imaging identified a significant increase in tail temperature (repeated 

measures one-way ANOVA; p = 0.0389) and orbit temperature (repeated measures 

one-way ANOVA; p = 0.0218) in virgin control mice (Figure 12). For ease of 

comparison, each of the pregnant and lactating groups are separately compared to the 

virgin controls. Compared to the virgin control mice, late pregnant control mice had 

larger temperature increases in tail (two-way ANOVA; p = 0.0228) but not orbit 

regions (two-way ANOVA; p = 0.0895) (Figure 13). Similarly, compared to virgin 

control mice, lactating control mice had greater increases in tail (two-way ANOVA; p 

= 0.0005) but not orbit (two-way ANOVA; p = 0.8061) temperatures (Figure 14). 

Interestingly, lactating control mice already had significantly hotter tail (unpaired two 

tailed t-test; p = 0.0211) and orbit (unpaired two tailed t-test; p = 0.016) temperatures 

before being placed into the 30oC room, when compared to virgin control mice, 

suggesting increased heat loss is necessary for these animals (Figure 15).  

Virgin control and virgin knock-out mice were not different in their tail (two-

way ANOVA; p = 0.6931) or orbit (two-way ANOVA; p = 0.6332) responses to the 
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environmental heat change (Figure 16). Both control and knock-out mice had similar 

tail (two-way ANOVA; p = 0.3699) and orbit (two-way ANOVA; p = 0.5784) 

temperature responses in late pregnancy (Figure 17). Late pregnant knock-out mice 

did not show increases in tail (two-way ANOVA; p = 0.0538) or orbit (two-way 

ANOVA; p = 0.9987) response temperatures compared to virgin knock-out mice 

(Figure 18).  
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Figure 12. Virgin tail and orbit temperature responses to environmental heat change testing. 

 

 

Figure 13. The effect of pregnancy on tail and orbit temperature responses to environmental heat 

change testing in Prlrlox/lox mice only. Note the differences in units on the y-axis (to better reflect the 

different temperatures measured at these sites). 
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Figure 14. Effect of lactation on tail and orbit temperature responses to environmental heat change 

testing. 

 

Figure 15. Difference between tail and orbit temperatures before testing in virgin and lactating control 

mice. 
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Figure 16. Changes in tail (left) and orbit (right) temperatures in the virgin state in response to 

environmental heat change testing in both Prlrlox/lox and Prlrlox/lox/CamK2aCre mice. 

 
Figure 17. Changes in tail (left) and orbit (right) temperatures in late pregnancy in response to 

environmental heat change testing in both Prlrlox/lox and Prlrlox/lox/CamK2aCre mice. 
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Figure 18. Effect of pregnancy on environmental heat change induced changes in tail and orbit 

temperatures in  Prlrlox/lox/CamK2aCre mice only. 
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4.0 Discussion 

The aim of this work was to determine if pregnancy and/or the central action of 

prolactin influenced forced exercise, and to begin to evaluate whether changes in 

thermoregulation during pregnancy were involved in this response. Previously, we 

have shown that voluntary running wheel activity is markedly suppressed in mice 

during early pregnancy (day 3), with this being caused by the action of prolactin within 

the brain [24]. This study was designed to investigate if a similar effect is observed for 

a different form of physical activity, forced exercise. The current results demonstrated 

no effect of pregnancy on forced exercise nor was there any effect of deletion of 

prolactin receptors from the brain. The results suggest that pregnancy-induced 

decreases in voluntary exercise are not due to any loss of physical capacity for exercise, 

but rather seems to be due to a hormone-induced loss of motivation to engage in 

physical activity. 

 

4.1 Characterisation of Prolactin Receptor Knock-Out Mouse Model Using 

RNAscope In-Situ Hybridisation 

A key part of this research was to evaluate the effect of a neuron-specific knockout of 

the prolactin receptor on exercise responses in pregnancy. The first step in this project, 

therefore, was to validate that prolactin receptors were deleted from brains of the 

knock-out (Prlrlox/lox/CamK2aCre) mice vs the control (Prlrlox/lox) mice. This was done 

using RNAscope in situ hybridisation for both prolactin receptor and GABA 

transporter (VGat) mRNA. Previous work has suggested that the Prlrlox/lox/CamK2aCre 

transgenic line suffers from differential deletion rates of prolactin receptors, in 

particular the expression of prolactin receptors in the MPOA has been seen to be 

reduced by only ~50% in this model [24, 128, 129]. The MPOA was assessed due to 

its established role in prolactin-induced suppression of running wheel behaviour 

during pregnancy and due to the abundance of both prolactin receptors and 

GABAergic neurons in this region [39, 60, 80]. As previously mentioned, a prolactin-

sensitive projection from the MPOA to the VTA exists providing a potential 

mechanism for prolactin action to alter motivation to exercise [60]. The role of the 

POA in thermoregulation is well known, therefore deletion of prolactin receptors from 

this region can allow for implications about the role of prolactin in thermoregulation 
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based on testing results [92]. Analysis for co-expression clearly showed that numbers 

of prolactin responsive GABAergic neurons in the MPOA were significantly reduced 

with a ~68.5% deletion occurring. Overall, confirming this degree of successful 

reduction in prolactin receptor expression in knock-out vs control mice allows for 

better interpretation of any results seen in the forced exercise capacity and 

thermoregulation testing. This is important in the context of our hypotheses where we 

proposed two possibilities, one where reward/motivation to exercise is reduced by 

prolactin action and one where thermoregulatory ability during pregnancy is altered 

by prolactin action.  

 

4.2 Prolactin Action in the Brain Does not Have an Effect on Forced Exercise 

Capacity during Early Pregnancy 

Interestingly, in our experiments we showed that there was no reduction in 

forced exercise capacity from virgin to pregnant physiological states, regardless of 

genotype. This is interesting as it is contradictory to data from our collaborator, Dr 

Troy Merry (Figure 1B). Reasons for this are likely due to methodological differences 

between us and Dr Merry, as his group utilises a shock grid motivator in their forced 

exercise testing, as opposed to the air puffs that we used in this study. Shock grids have 

the potential to decrease exercise performance and/or increase escape behaviours, 

likely due to the stressful nature of them as a motivator [138, 139].  

A lack of change in forced exercise capacity from virgin to early pregnant 

states provides interesting insight into the mechanisms by which voluntary running 

wheel activity is suppressed in early pregnancy. When considering how these types of 

exercise are different and what can be drawn from these results, it is important to 

consider that voluntary exercise is self-motivated whereas forced exercise is largely 

not so. This may indicate that reductions in voluntary but not forced exercise during 

early pregnancy are due to changes in motivation to exercise. Previously, prolactin has 

been shown to be responsible for causing reductions in voluntary running wheel 

activity, however, our results suggest that prolactin has no role in forced exercise [24]. 

These results suggest a role for prolactin in changing motivation to exercise during 

pregnancy rather than physiological mechanisms. As mentioned, there is a prolactin 

sensitive projection from the MPOA to the VTA suggesting prolactin may have the 
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ability to modulate the reward/motivation circuitry through this pathway as voluntary 

exercise is inherently rewarding to mice. This change is likely adaptive to reduce 

energy expenditure in times such as those from which we evolved when food was 

scarce. It may also be the case that reducing the motivation to exercise through reward 

circuitry modulation is part of healthy maternal behaviour intended to promote a focus 

on pup care during critical periods after parturition.  

A potential limitation is that considering how forced exercise relates to self-

motivation, mice were forced to exercise only so much as they cared to be sprayed 

with air as they could in theory choose to stop at any point, they just had to endure 10 

seconds of air puffs. This means that mice may differ depending on their stress 

tolerance to air puffs, anxiety, etc., all of which likely influenced results seen and may 

help explain the large variation in distance travelled between mice, regardless of 

genotype. While a large variation in forced exercise distance was seen, this is not 

unlike what we have previously seen in voluntary running wheel distances. The key 

observation is that reductions from virgin amounts were seen in voluntary but not 

forced exercise. Another limitation of our protocol was that the nature of determining 

whether a mouse was exhausted was largely subjective. This was because it required 

a manual decision from the experimenter as to whether the mouse met the criteria for 

“exhaustion” or not. On some occasions, mice were clearly not visibly exhausted, yet 

met the criteria for removal from the treadmill. An issue with the treadmill protocol 

was that the reinforcing stimuli used, air puffs, were not validated against the 

predominantly used reinforcer, foot shocks, as the methods paper we based our 

protocol on used a paintbrush to physically encourage mice. This may have allowed 

mice to become habituated to being sprayed with the air leading to their times being 

shorter or longer. Finally, it should be noted that COVID restrictions on the number of 

experimenters per room meant that testing for late pregnancy and lactation time points 

were eliminated. This is because at least 2 experimenters were required when testing 

more than one mouse for logistical reasons, because we were using manual methods 

for applying the air puffs and for thermal imaging (with multiple researchers, several 

animals could be tested at once, with thermal imaging often being conducted for some 

animals while the treadmill was still active and other mice still running). Overall, use 

of this forced exercise testing protocol has been a very useful learning experience for 
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all involved. In the future, there is a need to evaluate the amount of air puffs applied 

and to validate this compared with other methods of motivating mice to run on the 

treadmill. It will also be worth considering if air puffs are the optimal reinforcer to use 

for this testing. 

 

4.3 Effect of Prolactin on Bodyweight at Test Times, Bodyweight Gain During 

Pregnancy and Litter Size 

There was no impact of forced exercise testing or environmental heat change 

on bodyweight gain during pregnancy or total number of pups born (Figure 9). The 

data observed are similar to previously observed data from our lab which indicates that 

Prlrlox/lox/ CamK2aCre mice typically show increased bodyweight compared to Prlrlox/lox 

mice. Exploration of this data is important as ensuring forced exercise testing and 

exposure to environmental thermal change during pregnancy/lactation do not cause 

negative effects on the mother and pups is an important ethical consideration and 

welfare check. There was no expected effect of the testing on these metrics as mice 

were only exposed to each test once during pregnancy and lactation (if applicable). It 

should be noted that all mice actually used in the exercise study have not yet been 

validated for prolactin receptor deletion due to COVID related time issues. Previous 

work and in situ hybridisation from the present study using this mouse model have 

consistently shown a reduction in prolactin receptor expression, however it will be 

important in the future to confirm this occurred in the experimental mice used in this 

study.  

 

4.4 The Effect of Pregnancy on Thermoregulatory Responses to Forced Exercise 

As part of this work, we aimed to investigate the use of thermal imaging to 

monitor temperature changes in mice. One hypothesis going into the study was that 

the pregnancy-induced decreases in voluntary physical activity were driven by an 

increased sensitivity to temperature changes in pregnancy [96-98]. Exercise induces 

increases in body temperature, and this drives thermal defence mechanisms in order to 

dissipate heat. An example of this in mice is heat loss from the tail through increased 

vasodilation. Therefore, in the present study we conducted non-invasive peripheral 

thermal imaging on mice before and after all forced exercise testing.  
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We were able to show an exercise-induced increase in tail temperature in virgin 

mice indicating that our protocol is able to detect this thermoregulatory response to 

exercise. We saw that pregnancy did not impact the degree to which this tail response 

occurred. When considering the thermoregulatory changes that occur during 

pregnancy, our result may simply reflect that we may have been imaging too early in 

pregnancy to detect these changes. Originally, there was a plan for forced exercise 

testing points at late pregnancy and lactation however, due to COVID restrictions, 

these time points could not be completed. This meant that exercise-related thermal 

imaging opportunities for mice in these physiological states were also lost. This is a 

shame as these time points would have been particularly interesting to assess the 

effects of exercise on thermal responses. There was no effect of genotype on 

thermoregulatory responses to exercise. Despite a lack of genotype-related results, this 

experiment did show that non-invasive thermal imaging techniques were able to detect 

exercise-induced changes in tail temperatures.  

Methodological refinements are needed to ensure thermal imaging is 

consistent. This includes parameters such as distance away from mouse, position of 

the mouse in the cage, and how visible regions of interest were during 

imaging/analysis, all of which impact thermal image analysis. A limitation in regard 

to the thermal imaging data is that the imaging set-up was variable between testing 

sessions with changes in experimenters taking the images, variable distances between 

camera and mouse, and no apparatus to hold the mouse in place for consistent body 

position. These limitations are all simple modifications that can be remedied in future 

research. The usage of thermal imaging during this experiment has been a valuable 

learning opportunity and allowed for refinement of protocols for future use within our 

lab group. 

 

4.5 Effect of Pregnancy on Thermoregulatory Abilities in Response to 

Environmental Thermal Change 

This experiment was conducted as part of a preliminary investigation into the 

use of non-invasive thermal imaging techniques. Here, we used an environmental heat 

change test to see how a slight heat stress impacted thermal responses in mice of virgin, 
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late pregnant and lactating physiological states. This involved moving mice from their 

home room (20oC) to a hot room (30oC) for a period of 4 hours.  

Using our peripheral thermal imaging protocol, we were able to demonstrate 

increases in tail and orbit temperatures in the virgin state in response to changing 

environmental temperature. Pregnancy had an impact on thermal responses to 

environmental change in that there was a higher temperature response in the tail but 

not the orbit region when compared to virgin mice. The same was seen for lactating 

mice tail temperatures when compared to virgin mice. These changes show that 

thermal responses are activated to a greater extent during pregnancy and lactation, 

which is not surprising given the increases in core body temperature seen in these states 

[96]. These thermal changes are shown clearly by our comparing pre-testing images 

of lactating and virgin mice. Both the tail and orbit temperatures of the lactating mice 

were hotter than the virgin mice, even before any heat exposure occurred.  These hotter 

temperatures likely reflect the fact that lactation entails milk production, a highly 

metabolically demanding endeavour, as pups were present in the same cage as 

lactating mice at all times except imaging meaning milk production likely persisted 

across the whole protocol period [112, 113]. When comparing mice with and without 

prolactin receptors in the brain, there were different tail responses to the environmental 

heat change seen.  These are interesting data, suggesting a possible role for prolactin 

action in the brain in mediating the pregnancy-induced changes in thermoregulatory 

responses, but the small sample size for both groups means that data should be treated 

very cautiously at present.  

When interpreting results, it is important to understand that the temperature of 

the room is less of a heat stress, but rather close to a thermoneutral environment as 

mice prefer living in temperatures ~29 – 33oC under basal, non-pregnant conditions 

[140]. Metabolic heat production is energetically demanding, therefore existing in a 

thermoneutral zone would theoretically be beneficial during a state such as pregnancy 

where conservation of energy and creation of a positive energy balance is essential for 

healthy pregnancy. The implication of this for the present results is that thermal 

defence mechanisms are likely not fully engaged at temperatures like 30oC, as these 

are temperatures where mice can instead decrease heat production to further promote 

energy conservation under non-pregnant conditions and promote positive energy 
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balance under pregnant/lactating conditions. Existing at temperatures typical of 

scientific research facilities (~20oC) is metabolically expensive for mice who rely 

largely on control of metabolic rate to regulate core temperature (due to a large surface 

area to body mass ratio and small thermal inertia), therefore mice typically prefer to 

live at ~31oC [88]. Taking these factors into consideration, a heat stress temperature 

upwards of 31oC could be used in the future as this would place mice under a true 

thermal stress and may allow for subtle thermoregulatory changes to be detected. The 

exact temperature at which mice prefer to exist under pregnancy and lactation 

conditions should be determined in future experiments using a thermocline, a device 

which creates a thermal gradient from hot to cold in which mice can choose the 

temperature they prefer to be at [141]. This should be done as data is lacking in this 

area of rodent thermophysiology, particularly in relation to pregnancy and lactation.  

Similar to thermal imaging used in the forced exercise testing, our protocols 

require refinement to ensure images are consistent across testing periods. These 

inconsistencies were not unexpected as this is a relatively new technology to our lab 

group, and no protocol for imaging previously existed. A larger sample size was 

intended with more mice of both genotypes across all physiological states tested, 

however due to COVID restrictions, this testing was limited to the numbers presented. 

This was because of the length of time testing required access to animal testing 

facilities and with separate COVID bubbles occupying the space at separate times, this 

would have proved very difficult.  

 

4.6 Conclusion 

In summary, our results have shown that pregnancy does not have an effect on 

forced exercise capacity, likely indicating that reductions in voluntary running wheel 

activity described previously are not due to changes in physical exercise capacity, but 

rather may be due to prolactin-mediated changes in reward/motivation during 

pregnancy. Thermal imaging techniques were able to show changes in temperatures 

across different thermal change evoking paradigms. While pregnancy had no effect on 

thermoregulatory responses to forced exercise, it had an effect on tail temperature 

responses to environmental heat change testing. Similarly, there was an effect of 

lactation on tail temperature responses to environmental heat change, indicating 
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greater heat loss occurs during pregnancy and lactation due to greater metabolic heat 

production occurring in these states. The thermal imaging techniques used in our study 

are novel to our lab group and the lessons learned from this experiment will help pave 

the way forward for future usage of this non-invasive thermography technique in our 

lab. Future experiments should be conducted to elucidate a potential role for prolactin 

in thermoregulatory changes during pregnancy.  
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