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ABSTRACT 
 
Hypothalamic dysfunction is a key feature of several neuropsychiatric disease 

states, including those involving reward-related deficits such as depression. 

Interestingly, exposure to early life adverse events, such as childhood trauma, 

typically precipitates the development of depression in adulthood. Most 

preclinical research regarding early life stress (ELS) has focussed on 

neuroendocrine cell populations. However, the lateral hypothalamus (LH) is 

also known to influence autonomic, neuroendocrine and behavioural 

responses to stress but its role in depressive-like behaviours such as low 

motivational drive is less well studied and was therefore the focus of this 

thesis. Within the LH there are several neuronal populations expressing 

GABA, and glutamate as well as neuropeptides such as orexin (hypocretin) 

and melanin-concentrating hormone (MCH). Notably, orexin has been 

implicated in reward-seeking pathways focussing on drug (cocaine) and 

natural reward-seeking behaviour (high fat and sugar foods). The overarching 

aim of my thesis was to assess the role of the hypothalamic orexin system in 

models of ELS in precipitating behaviours relevant to neuropsychiatric 

disease states such as suppressed reward-seeking behaviour.  

 

Using behavioural techniques and neural activity mapping, I first 

demonstrated that our model of ELS (maternal separation) suppressed 

motivated arousal in response to restraint stress in adulthood; an effect that 

was associated with a reduction in the percentage of Fos-positive orexin cells. 

Interestingly, voluntary wheel-running reversed both behavioural and neural 

deficits observed after ELS. A question that arose from these studies was 

whether these deficits in reward-seeking were produced by specific circuits 

within the LH. Further, given the difficulty in overcoming deficits in 

motivational drive, and in many cases an inability to exercise to beneficial 

levels in depressed individuals, I wanted to assess the feasibility of 

manipulating LH circuits pharmacologically to reverse ELS-induced deficits.  

 

To achieve my second aim, I applied for and received a prestigious travel 

grant from the Hunter Medical Research Institute to study at the National 
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Institute on Drug Abuse (NIDA), Baltimore, USA to learn a novel technique 

termed chemogenetics . Professor Yavin Shaham’s lab at NIDA had recently 

employed chemogenetics to isolate specific circuits in the LH. At NIDA I used 

a dual-virus approach to inhibit ventral subiculum to nucleus acumbens shell 

projection neurons. Selective inhibition of this pathway decreased context-

induced relapse to alcohol seeking in rats. Upon returning to the University of 

Newcastle, I implemented these chemogenetic approaches to my model of 

ELS. I showed that chemogenetic activation of the LH reversed ELS-induced 

deficits in the motivation to lever press for a sucrose reward. Interestingly, this 

recovery of sucrose responding was associated with increases in the number 

of Fos-positive orexin neurons; but also a significant number of non-orexin, 

putative GABAergic neurons were recruited .  

 

In the final chapter of my thesis, I sought to determine if the orexin system 

was also altered following another type of ELS, exposure to an early life 

immune challenge lipopolysaccharide (LPS). LPS is an endotoxin bacterial 

cell wall product modelling the prevalence of bacterial immune stimuli in the 

perinatal human environment. Interestingly, early life LPS followed by 

formalin-induced inflammatory pain in adulthood resulted in an increase in the 

number of Fos-positive orexin cells.  

 

Together the data from my thesis indicate that  that ELS rewires LH-orexin 

circuitry, as well as other LH projection pathways, and that these changes  

manifest as inappropriate behavioural responses to psychological and 

physical challenges in later life. Interestingly, exercise and chemogenetic 

activation of the LH is able to reverse the behavioural deficits produced by 

ELS. These data are important clinically because they suggest that capacity 

remains in LH circuitry, to overcome ELS-induced deficits in motivational 

drive. 
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CONCLUSIONS AND AIMS 
 

The lateral hypothalamus (LH), in particular the lateral hypothalamic orexin 

system, plays an important role in normal behaviour including reward-seeking 

and reactivity to stress. Additionally, both acute and chronic stress might alter 

normal functioning of this system leading to neuropsychiatric disorders. Given 

that early life stress (ELS) is an antecedent for the development of 

neuropsychiatric disease, Chapter 1 of my thesis used behavioural and 

immunohistochemical techniques to examine whether early life maternal 

separation altered orexin system function and whether this lead to a stress-

induced behavioural phenotype in adulthood. I found that ELS resulted in a 

reduced number of Fos-positive orexin neurons in both male and female rats. 

This ELS also reduced exploratory behaviour in the open field task without 

affecting anxiety-like behaviour in the elevated plus maze. Interestingly, 

adolescent exercise reversed both behavioural and orexin deficits in male but 

not female rats. These findings highlighted the plasticity of the orexin system 

in response to ELS however the behavioural phenotype exhibited by these 

maternally separated rats remains unclear.  

 

Following the completion of this Chapter, I was awarded a travel grant to go to 

the National Institute on Drug Abuse (NIDA), USA, and learn novel 

chemogenetic techniques to manipulate the neural circuitries involved in 

addiction and apply these techniques to our research here at Newcastle. 

During this period (8 months) I completed Chapter 2 of my thesis, which 

examined the negative consequences of excessive alcohol use in rats. I used 

behavioural approaches in which alcohol preferring ‘P’ rats were trained to 

self-administer alcohol in one context (Context A), then alcohol-reinforced 

lever presses were punished using foot shock in a different context (Context 

B) and finally rats were tested for relapse to alcohol seeking in contexts A and 

B. I also used retrograde tracer techniques combined with Fos 

immunohistochemistry to demonstrate that context-induced relapse after 

punishment is associated with selective activation of the ventral subiculum to 

nucleus accumbens shell projection. Finally, I used a dual-virus approach to 

restrict expression of the inhibitory kappa opioid-receptor based DREADD 
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(KORD) in ventral subiculum to nucleus accumbens shell projection neurons. 

Selective inhibition of this pathway decreased context-induced relapse to 

alcohol seeking. 

 

Upon returning to Newcastle, I sought to continue on with my maternal 

separation experiments and incorporate the novel designer receptors 

exclusively activated by designer drugs (DREADD) technique into my work. 

The behavioural phenotype exhibited by my maternally separated animals 

from Chapter 1 is unlikely to be anxiety given the null effect of maternal 

separation on elevated plus maze behaviour. Based on this, Chapter 3 of my 

thesis aimed to examine the behavioural phenotype in adulthood produced by 

maternal separation and functionally implicate the lateral hypothalamus using 

DREADD technology. Maternally separated male rats underwent forced swim 

behavioural testing to examine behavioural despair in adulthood, a cardinal 

symptom of depression. These rats also underwent sucrose self-

administration using a progressive ratio schedule of reinforcement to examine 

the motivation for natural reward. Behavioural results indicated a reduction in 

lever responding for sucrose in maternally separated rats compared to 

controls. No differences were found across neonatal treatment in forced swim 

behaviour. Given the known involvement of the lateral hypothalamus in 

reward behaviour, I next used an excitatory designer receptor (hM3D-Gq) to 

activate cells in the lateral hypothalamus and examine the effect on the 

motivation for sucrose reward. Activating the lateral hypothalamus was able to 

increase lever responding for sucrose in maternally separated animals back 

up to control level. Following this, I examined the hypothalamus for Fos-

protein and orexin immunohistochemistry. 

 

Maternal separation is a psychological early life stressor known to increase 

the vulnerability to neuropsychiatric disease in later life. Interestingly, other 

forms of early life stress, such as physiological stress, also contributes to the 

onset of psychopathology in adulthood. Chapter 4 of my thesis sought to 

examine the effects of an early life immune challenge on the orexin system. 

Male rats were exposed to lipopolysaccharide (LPS) during the neonatal 

period and formalin-induced inflammatory pain in adulthood. Using Fos-
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protein and orexin immunohistochemistry and behavioural approaches, I 

found that rats treated with LPS during the neonatal period had altered licking 

and grooming responses to inflammatory pain in adulthood. Interestingly, this 

was associated with an increase in the number of Fos-positive orexin 

neurons.  
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ABSTRACT 

Altered motivated behavior is observed in a number of psychiatric conditions. One 
well-characterized antecedent to the development of mood disorders in adulthood is 
exposure to early life stress (ELS). A central brain site controlling motivated behavior 
is the lateral hypothalamus (LH). Here we examined the effect of ELS on the 
motivation to self-administer sucrose using progressive ratio responding (PR). We 
tested whether chemogenetic activation of LH circuits could modify sucrose 
responding in ELS rats and examined the impact on LH cell populations using Fos-
mapping. Male rat pups were maternally separated for 0hrs or 3hrs on postnatal days 
2-14. During adolescence, rats received bilateral injections of hM3D(Gq) into LH. In 
adulthood, rats were trained to self-administer sucrose and tested under a PR schedule 
for their motivation for reward with either 5% DMSO or 5mg/kg clozapine-N-oxide. 
Brains were processed for Fos-protein immunohistochemistry. ELS significantly 
suppressed lever responding for sucrose under PR conditions indicating a long lasting 
impact of ELS on motivation circuits. hM3D(Gq) activation of LH recovered this 
behavior in ELS rats and was associated with a significant increase in Fos-positive 
orexin and MCH cells. Our study indicates that LH circuits retain the capacity to 
overcome ELS-induced deficits in motivated behavior.  
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INTRODUCTION 1	  

Early life stress (ELS) is a known antecedent to the development of psychiatric 2	  

conditions including disorders of mood and emotion in adulthood 1,2. For example, 3	  

cardinal symptoms of depression are behavioral despair and low motivational drive 4	  

towards stimuli that are normally naturally rewarding. To study the brain pathways 5	  

responsible for the expression of these symptoms in humans, preclinical research in 6	  

rodents has used maternal separation as a model of ELS because it closely 7	  

recapitulates the neuroendocrine and behavioral abnormalities observed in humans 8	  

after early life trauma 3,4. Such studies have largely focused on the neuroendocrine 9	  

hypothalamus and associated feedback sites such as the hippocampus 3,5. Importantly, 10	  

other hypothalamic areas play a critical role in motivational drive. For example, 11	  

lesion and electrical stimulation studies have shown that the lateral hypothalamus 12	  

(LH) is an important substrate for motivated behavior and reward-seeking. Indeed, the 13	  

LH was identified as one of the first brain areas to support intra-cranial self-14	  

stimulation 6,7. To date however, there have been relatively few studies addressing the 15	  

impact of ELS on LH circuits and its control of motivated behavior.  16	  

The LH contains a number of distinct cell populations including neuropeptide-17	  

containing cells such as those that express melanin-concentrating hormone (MCH) or 18	  

orexin (hypocretin). The LH also contains populations of GABAergic and 19	  

glutamatergic interneurons, some of which act locally within the LH. For example, 20	  

Jennings and colleagues showed that optogenetic stimulation of a specific population 21	  

of GABAergic neurons in the LH profoundly increased food-seeking behaviors 8,9. 22	  

These GABAergic neurons represent a distinct population in the LH that do not co-23	  

express orexin or MCH and likely project directly to the ventral tegmental area 24	  

(VTA). However, while several previous studies have identified that LH 25	  
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manipulations can enhance reward-seeking beyond normal (baseline) levels, it is 1	  

unclear whether manipulations targeting LH can overcome a state of low motivational 2	  

drive produced by exposure to ELS.  3	  

Towards this end, we have previously reported that after exposure to a 4	  

psychological stressor (restraint) in adulthood, ELS-exposed rats display lower levels 5	  

of activity in the open field 10. Notably, no changes in anxiety-like behavior were 6	  

observed in ELS versus control animals. With respect to LH circuit function, orexin 7	  

neurons appeared hyporesponsive to restraint stress, but the impact on other LH cell 8	  

populations, including MCH or GABA-interneurons, was not assessed. Based on this 9	  

previous data, we hypothesized that ELS would reduce motivational drive to a sucrose 10	  

reward under progressive ratio (PR) conditions. Our data confirmed that ELS 11	  

provoked a state of altered motivational drive with animals displaying lower 12	  

motivation to lever press for sucrose on a PR schedule of reinforcement compared to 13	  

controls. We next sought to test whether chemogenetic or designer receptors 14	  

exclusively activated by designer drugs (DREADD) activation of LH circuits could 15	  

positively modify sucrose responding in ELS animals. We also characterized the 16	  

impact of DREADD on LH neurons including orexin and MCH-positive cells given 17	  

their importance to reward-seeking. 18	  
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RESULTS 1	  

Experiment one: Effect of chronic ELS on sucrose self-administration and PR 2	  

responding in adulthood (n=29) 3	  

Sucrose self-administration. For experimental timeline, please refer to Fig 1. 4	  

Analysis of active lever presses during fixed ratio 1 (FR1) training revealed no 5	  

significant effect of Neonatal Treatment (No ELS, ELS) (F(1,27)=0.3, p=0.857; Fig 6	  

2A). Fixed ratio 3 (FR3) active lever responding approached significance (F(1,27)=3.1, 7	  

p=0.090; Fig 2B) with ELS rats exhibiting a reduced number of active lever presses 8	  

throughout FR3 training. There was no significant effect of Neonatal Treatment on 9	  

inactive lever responding in FR3 training (F(1,27)=0.5, p=0.491; Fig S1A). 10	  

Interestingly, analysis of active lever presses under a PR schedule of reinforcement 11	  

revealed a significant interaction between PR Day (1-5) and Neonatal Treatment 12	  

(F(4,76)=2.7, p=0.035). There was also a significant effect of Neonatal Treatment on the 13	  

number of active lever presses during PR responding (F(1,19)=10.5, p=0.004) with ELS 14	  

rats having a significantly lower number of active lever presses (Fig 2C). Neonatal 15	  

Treatment had no significant effect on the number of inactive lever responses 16	  

(F(1,19)=2.8, p=0.108; Fig S1B). An analysis of PR breakpoint revealed a significant 17	  

interaction between Neonatal Treatment and PR Day (F(4,76)=3.6, p=0.009). There was 18	  

also an effect of Neonatal Treatment on PR breakpoint (F(1,19)=11.7, p=0.003) with 19	  

ELS rats having a significantly lower breakpoint than No ELS rats (Fig 2D). 20	  

 Forced swim test. There was no significant effect of Neonatal Treatment on 21	  

the time spent climbing, swimming or time in immobility in the forced swim test 22	  

(F(1,12)=0.5, p=0.483; F(1,12)=3.6, p=0.08; F(1,12)=0.8, p=0.391; Fig 2E, F, G).  23	  

 24	  
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Experiment two: Effect of chemogenetic activation of the LH on chronic ELS-induced 1	  

deficits in motivational drive (n=23).  2	  

Sucrose self-administration. For experimental timeline, please refer to Fig 3. 3	  

Based on the anhedonic-like behavior observed in ELS-exposed rats in experiment 4	  

one, experiment two aimed to determine whether chemogenetic activation of the LH 5	  

prior to a final PR test session could reverse this deficit. An analysis of active lever 6	  

presses during PR revealed an interaction between Drug (Vehicle, CNO) and 7	  

Neonatal Treatment that approached significance (F(1,20)=4.5, p=0.074). There was an 8	  

effect of Neonatal Treatment on the number of active lever presses during PR 9	  

responding (F(1,20)=6.0, p=0.049). Subsequent one-way ANOVAs revealed no 10	  

difference between ELS or No ELS rats when treated with CNO (F(1,21)=0.1, p=0.746) 11	  

however when treated with Vehicle, ELS rats exhibited significantly lower lever 12	  

presses compared to No ELS (F(1,21)=4.3, p=0.050; Fig 4A).  There was a significant 13	  

effect of Drug on PR active lever presses (F(1,20)=16.3, p=0.001) with CNO increasing 14	  

lever responding for sucrose (Fig 4A) without affecting inactive lever responding 15	  

(F(1,20)=1.9, p=0.185; Fig S1C). An analysis of PR breakpoint revealed a significant 16	  

effect of Drug on PR breakpoint (F(1,20)=14.5, p=0.001) with CNO resulting in an 17	  

increased breakpoint for sucrose (Fig 4B). A main effect of Neonatal Treatment 18	  

approached significance (F(1,20)=5.1, p=0.063) with subsequent ANOVAs revealing a 19	  

lower breakpoint in the ELS-Vehicle group compared to No ELS-Vehicle (F(1,21)=3.6, 20	  

p=0.073; Fig 4B). 21	  

Body weight, food and water consumption. There was no effect of Neonatal 22	  

Treatment on postnatal day (PND) 86 body weight (F(1,21)=0.6, p=0.817; Fig 4C). 23	  

There was also no significant difference between ELS and No ELS rats in food or 24	  
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water consumption throughout the sucrose self-administration period (F(1,21)=0.7, 1	  

p=0.398; F(1,21)=1.5, p=0.228; Fig 4D, E). 2	  

Fos-mCitrine immunohistochemistry. Figure 5A illustrates representative 3	  

hM3D(Gq) viral expression observed in the LH. Supplementary figures S2 and S3 4	  

illustrate the extent of hM3D(Gq) viral expression in the LH. There was no effect of 5	  

Neonatal Treatment and Drug on the number of mCitrine-positive cells in the LH 6	  

(F(1,20)=3.5, p=0.074) or dorsomedial hypothalamus (DMH) (F(1,20)=4.2, p=0.053) 7	  

(Table 1). Although there appeared to be a significant interaction between the two 8	  

independent variables on the number of mCitrine-positive cells in the DMH, the total 9	  

number of these cells was small (<20) unlikely having an effect on behavior. In the 10	  

LH, there was a near significant effect of Neonatal Treatment with ELS rats having 11	  

overall increases in the percentage of Fos-positive mCitrine cells (F(1,20)=4.3, 12	  

p=0.052). Additionally, CNO significantly increased the percentage of Fos-positive 13	  

mCitrine cells (F(1,20)=91.9, p<0.0001; Fig 5B). In the DMH, there was no effect of 14	  

Neonatal Treatment on the percentage of Fos-positive mCitrine cells (F(1,20)=0.4, 15	  

p=0.555). However, of the small number of mCitrine cells present in the DMH, CNO-16	  

treated rats had an increased number that were Fos-positive (F(1,20)=10.2, p=0.012; Fig 17	  

5B).  18	  

 Fos-orexin immunohistochemistry. There was no effect of Neonatal Treatment 19	  

and Drug on the number of orexin cells in the LH (F(1,20)=1.2, p=0.294) or DMH 20	  

(F(1,20)=0.2, p=0.629) (Table 1). In the LH, there was no significant effect of Neonatal 21	  

Treatment (F(1,20)=0.0, p=0.993) on the percentage of Fos-positive orexin neurons (Fig 22	  

5C). However, there was a significant effect of Drug (F(1,20)=83.7, p<0.0001) with 23	  

CNO-treated rats having a greater percentage of Fos-positive orexin cells compared to 24	  

Vehicle-treated rats (Fig 5C). In the DMH, there was no significant interaction 25	  
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between Drug and Neonatal Treatment on the percentage of Fos-positive orexin cells 1	  

(F(1,20)=0.1, p=0.747) (Fig 5C).  2	  

 Fos-MCH immunohistochemistry. There was also no effect of Neonatal 3	  

Treatment and Drug on the number of MCH neurons in the LH (F(1,20)=0.1, p=0.770) 4	  

DMH (F(1,20)=0.8, p=0.392) (Table 1). In the LH, there was no significant difference 5	  

across Neonatal Treatment groups on the percentage of Fos-positive MCH cells 6	  

(F(1,20)=3.8, p=0.067; Fig 5D). Interestingly, CNO-treated rats had overall increases in 7	  

the percentage of Fos-positive MCH cells compared to Vehicle-treated rats 8	  

(F(1,20)=85.9, p<0.0001; Fig 5D). In the DMH, there was no significant interaction 9	  

between Neonatal Treatment and Drug on the percentage of Fos-positive MCH 10	  

neurons (F(1,20)=0.0, p=0.910; Fig 5D).  11	  

Fos-protein immunohistochemistry. An analysis of the number of Fos-positive 12	  

cells that were orexin and MCH negative in the LH revealed an interaction between 13	  

Drug and Neonatal Treatment (F(1,20)=6.1, p=0.023).  There was a significant main 14	  

effect of Neonatal Treatment (F(1,20)=15.8, p=0.01) with the ELS-CNO group having 15	  

an increased number of Fos-positive cells compared to the No ELS-CNO group 16	  

(p=0.006; Fig 5E). There was also a significant effect of Drug on the number of Fos-17	  

positive cells in the LH (F(1,20)=485.2, p<0.0001) with CNO resulting in increased Fos 18	  

counts compared to Vehicle controls (Fig 5E). In the DMH, there was no significant 19	  

interaction between Neonatal Treatment and Drug on the number of Fos-positive cells 20	  

in the DMH (F(1,20)=1.1, p=0.310; Fig 5E).  21	  

HA-MCH-orexin immunohistochemistry. Fig 6 illustrates the absence of 22	  

colocalization between hM3D(Gq) virally transduced cells and orexin (n=102±4 23	  

orexin cells, n=3±1 HA+orexin cells) or MCH (n=134±22 MCH cells, n=7.5±1 24	  

HA+MCH cells) in the LH. 25	  
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DISCUSSION 1	  

The present study provides evidence that exposure to ELS promotes deficits in 2	  

motivated responding for sucrose that are long lasting and can be observed in 3	  

adulthood. These findings support a hypothesis that the brain circuits controlling 4	  

motivated behavior are vulnerable to long lasting remodelling by ELS. Importantly, 5	  

using hM3D(Gq) DREADD targeting the LH, we found that the designer ligand CNO 6	  

recovered responding for sucrose in ELS rats to levels equivalent to No ELS controls. 7	  

CNO-treatment was associated with an increased number of Fos-positive cells in the 8	  

LH including MCH and orexin and putative GABA and glutamatergic interneurons. 9	  

These data indicate that selective pharmacological targeting of LH cells can restore 10	  

function in circuits impaired by ELS exposure. 11	  

 We have previously shown that ELS exposure produced hypoactivity in the 12	  

open field and reduced stress-reactivity including activation of neuroendocrine cells 13	  

and LH orexin neurons after adult restraint stress 10. Here we aimed to determine the 14	  

impact of ELS on motivated responding for sucrose in adulthood. We observed that 15	  

ELS rats displayed reduced PR lever pressing for sucrose compared to No ELS 16	  

controls. In contrast, ELS did not alter forced swim behavior. Thus, in our hands, 17	  

maternal separation produces a phenotype in male rats that more closely resembles 18	  

deficits in motivational drive, rather than frank behavioral despair detected in the 19	  

forced swim test.  20	  

 Notably, no differences in FR1 or FR3 responding for sucrose were observed 21	  

between ELS and No ELS groups suggesting that baseline taste preference or learning 22	  

differences did not influence PR responding. Indeed, even on day one of PR testing, 23	  

ELS and No ELS rats were equally motivated to lever press for sucrose with 24	  

differences in motivated responding only evident on succeeding days. These findings 25	  
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are remarkably consistent with results reported by Rüedi-Bettschen and colleagues 11 1	  

who showed that ELS results in reduced PR responding for a 7% sucrose reward, an 2	  

effect that was only seen after repeated PR testing. Furthermore, these authors also 3	  

reported no significant differences in forced swim behavior between ELS and No ELS 4	  

rats. 5	  

 Our studies demonstrate that transduction of LH cells with the hM3D(Gq) 6	  

DREADD increased lever responding for sucrose under PR conditions in both ELS 7	  

and No ELS groups. With respect to the impact of ELS on motivated responding for 8	  

sucrose, hM3D(Gq) DREADD activation in LH recovered responding to levels seen 9	  

in the No ELS group. These data are noteworthy at several levels. First, they show 10	  

that motivation to lever press for sucrose can be enhanced by LH activation and 11	  

second, capacity remains within the LH circuitry to overcome a state of low 12	  

motivational drive produced by ELS. Together these data indicate that ELS produces 13	  

a long lasting remodelling of LH circuitry but, importantly, pharmacological 14	  

manipulations targeting LH cell populations can recover these behavioral deficits, 15	  

even in adulthood.  16	  

 Counts of Fos-positive cells and Fos-positive LH cells that were orexin and 17	  

MCH negative revealed that ELS increased activity in the LH, but only after CNO 18	  

administration. This pattern of Fos activity corresponded to the reduction in motivated 19	  

responding for sucrose, reflecting an altered sensitivity of LH following ELS. We 20	  

have previously shown that orexin cell reactivity was reduced compared to No ELS 21	  

controls in response to psychological stress in adulthood 10. Somewhat surprisingly 22	  

therefore, we found here that the activity of orexin cells was similar between ELS and 23	  

control rats after sucrose PR – even though PR responding was lower in ELS rats. 24	  

Notably, very few Fos-positive MCH cells were observed in the LH of ELS and No 25	  
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ELS rats suggesting that this population of cells is not strongly impacted by maternal 1	  

separation. It is relevant to note that there were differences in study design between 2	  

this and our previous report 10 that may account for these discrepancies. Most 3	  

significantly, hypoactivity of orexin cells after ELS in our previous work was only 4	  

unmasked after exposure to restraint stress in adulthood. Further, here rats were 5	  

trained for sucrose self-administration and although low under PR conditions, sucrose 6	  

consumption may have masked activity differences in LH circuitry caused by ELS. 7	  

Fos-mapping has well known limitations, including temporal and resolution, making 8	  

future studies using electrophysiological recordings a logical next step to detect ELS 9	  

remodelling of LH circuits. 10	  

 CNO activation of hM3D(Gq) significantly increased the numbers of Fos-11	  

positive cells in the LH including those immuno-positive for MCH and orexin. The 12	  

recruitment of orexin neurons by DREADD paired with the increased lever 13	  

responding for sucrose is consistent with the accumulating evidence of a role for this 14	  

system in motivated responding 12-16. For example, Choi et al. 17 found that 5nmole 15	  

intracerebroventricular (icv) orexin-A administration increased PR responding for 16	  

sucrose pellets while systemic injections of 10mg/kg SB-334867, an OX1R 17	  

antagonist, reduced PR responding. Although CNO also increased the recruitment of 18	  

MCH neurons, the overall numbers of Fos-positive MCH neurons were low, making 19	  

it unlikely that their contribution to increased motivation was behaviorally relevant. 20	  

This finding is consistent with work by Petrovich and colleagues 18 who demonstrated 21	  

minimal MCH and robust orexin neuron recruitment to a learned food cue.  22	  

In our study, orexin and MCH neurons only represented 20-30% of the total 23	  

population of cells demonstrating increased Fos-protein after CNO (Fig 5E). This 24	  

suggests that a significant percentage of Fos-positive cells in LH after DREADD 25	  
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activation by CNO are glutamatergic or GABAergic LH cell populations. Activation 1	  

of Vgat neurons in LH can drive both consummatory and reward behaviors 19. In an 2	  

important study using optogenetics, Barbano et al. 20 revealed that the frequency of 3	  

stimulation of LH VgatàVTA neurons codes for consummatory versus reward 4	  

behaviors. Taken together with studies showing that orexin neurons mediate reward-5	  

seeking behavior, it is possible that parallel, independent circuits from LHàVTA can 6	  

promote reward-seeking behaviors ie. direct LH GABAàVTA and LH orexinàVTA 7	  

pathways 20,21. Importantly, a role for local glutamatergic neurons in enhancing or 8	  

synchronising LH output cannot be ruled out 9,22-25. 9	  

 In the present study we used a pan-neuronal AAV5-hSyn-hM3D(Gq) 10	  

DREADD rather than the AAV-CAMKII which, based on studies in other brain areas, 11	  

would have biased DREADD transduction to glutamatergic neurons 26,27. CNO 12	  

resulted in increased activity, as assessed by Fos-protein, in DREADD-positive cells 13	  

(Fig 5B). However, immunohistochemical detection for HA, orexin and MCH 14	  

revealed very little colocalization with these major LH cell types (Fig 6). While this 15	  

may be due to the sensitivity of ‘endogenous’ or immunohistochemical detection 16	  

methods, these findings suggest that the DREADD may have preferentially 17	  

transduced non-orexin and non-MCH-expressing cell populations. Unfortunately, our 18	  

attempts to immunolabel for GAD67 in LH were unconvincing, despite the known 19	  

population of GAD67-expressing neurons in the area 9,22-25. Thus, it is likely that our 20	  

viral injections transduced GABA and glutamatergic interneuron populations in the 21	  

LH 9,19.  22	  

In conclusion, we show here that chemogenetic activation of LH circuits can 23	  

enhance motivated responding for sucrose under PR conditions and overcome a state 24	  

of low motivational drive produced by ELS. Interestingly, AAV5-hSyn DREADD 25	  
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appeared to promote this behavior by transduction of intra-hypothalamic neurons that 1	  

directly project to the LH or act via local circuits to influence the action of orexin and 2	  

to a lesser extent MCH neurons. Overall these data have important implications 3	  

clinically because they show that while LH circuitry can be maladapted by ELS, 4	  

selective pharmacological activation of appropriate cell types in LH can overcome 5	  

low motivated arousal; a debilitating symptom of neuropsychiatric diseases such as 6	  

depression. While further work is required to dissect the specific LH circuits that 7	  

mediate these effects, such advances may aid in developing more effective treatments 8	  

for depressive illnesses. 9	  

10	  
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METHODS AND MATERIALS 1	  

Ethics statement 2	  

All experiments performed were approved by the University of Newcastle Animal 3	  

Care and Ethics Committee, and carried out in accordance with the National Health 4	  

and Medical Research Council Australian Code of Practice for the care and use of 5	  

animals for scientific practice. 6	  

Animals 7	  

12 experimentally naϊve Wistar dams were obtained from the Animal Resources 8	  

Centre, Canning Vale, Western Australia, and bred with six experimentally naϊve 9	  

males at the University of Newcastle. A total of 52 male rats were included in the 10	  

study. On PND1, the day of birth, animals from each litter were randomly allocated to 11	  

the ELS group (3hr maternal separation) or the No ELS group. On PND21, rats were 12	  

weaned to two rats per cage (Able Scientific, Sydney). Food (Rat and Mouse Pellets, 13	  

Glen Forest, Western Australia) and water were available ad libitum and rats were 14	  

maintained on reverse 12hr light/dark cycle (lights off at 0700hrs).  15	  

Early life stress (ELS) 16	  

The maternal separation procedure was performed as described by James et al. 10. 17	  

Briefly, from PND2-14, litters in the ELS condition were removed from their home 18	  

cage and individually separated in an alternate temperature controlled room (30-34ºC) 19	  

for 3hrs/day, from 9am–12pm. Pups in the No ELS condition remained undisturbed 20	  

during this period except for weekly weighing. 21	  

Surgery 22	  

All surgeries were performed on rats between PND42-44 (~200grams). Rats were 23	  

anesthetized with isofluorane prior to placing them in the stereotaxic frame (Stoelting 24	  

instruments). Rats were injected intramuscularly with 0.3mL of a broad-spectrum 25	  
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antibiotic (150mg/mL procaine penicillin, 112.5mg/mL benzathine penicillin; 1	  

Norbrook Laboratories, UK) and subcutaneously with 0.2mL of a 50mg/mL solution 2	  

of carprofen (Norbrook Laboratories, UK).  3	  

Viral injections. rAAV5/hSyn-HA-hM3D(Gq)-IRES-mCitrine (UNC vector 4	  

core, Lot# AV4619F) was bilaterally injected into the LH (AP: -2.4, ML: ±1.9, DV: -5	  

8.4). 1µl was injected over 4mins and the needle was left in place for 2mins. 6	  

Injections were made using a 2µl Hamilton Neuros syringe (30G) attached to a 7	  

Stoelting Quintessential Stereotaxic Injector pump (Cat# 53311). 8	  

Behavioral procedures 9	  

 Sucrose self-administration. On PND70-75, all animals were trained to self-10	  

administer sucrose (10% w/v) in daily 30min sound-attenuated operant chamber 11	  

sessions under a FR1 administration schedule (Med Associates, VT, USA). During 12	  

FR1 training, responding on the active (right) lever resulted in the delivery of 0.1ml 13	  

of sucrose into a receptacle followed by a 4sec light stimulus located above the active 14	  

lever, indicating the availability of sucrose. The inactive (left) lever was not extended 15	  

during FR1 training. FR1 sessions continued for eight days where on the first four 16	  

days of FR1 training, all rats had restricted access to water, 2hrs/day (from 3-5pm), to 17	  

facilitate acquisition of operant conditioning. Following FR1 training, rats progressed 18	  

to a FR3 schedule for four days where both the active and inactive (left) levers were 19	  

presented. Responding on the inactive lever was recorded but had no scheduled 20	  

consequence. During the final stage of sucrose self-administration, PR responding 21	  

was assessed during five 90min sessions using a reinforcement schedule where the 22	  

number of lever presses required for sucrose reward delivery increased by 1 following 23	  

each reward, ie. 1, 2, 3, 4, 5, etc. 28,29.  Breakpoint was defined as the highest response 24	  
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ratio completed (ie. total number of rewards received) throughout the PR session. All 1	  

behavioral testing took place between 9am and 3pm daily.  2	  

 Forced swim test. A subgroup of animals was exposed to a forced swim test 3	  

immediately prior to the last PR session. Briefly, rats were placed in 40cm of tepid 4	  

water (25-30°C) and swimming, immobility and climbing behavior were recorded for 5	  

10mins. 6	  

Sacrifice and tissue harvesting. 7	  

Two hours following the initiation of the final PR test, rodents were anaesthetized 8	  

with sodium pentobarbitone (1ml intraperitoneal, i.p, Virbac, Australia) and perfused 9	  

with 200mL of 0.1M Phosphate Buffered Saline (PBS) followed by 500mL of 4% 10	  

paraformaldehyde. Brains were removed and postfixed in 4% paraformaldehyde at 11	  

4ºC for 2hrs, then transferred to 30% sucrose in 0.1M PBS for 48hrs at 4ºC. Brains 12	  

were frozen on dry ice and stored at -80ºC until sectioning.  13	  

Dual Fos-protein and mCitrine immunohistochemistry. Serial 40µm thick 14	  

coronal sections of the forebrain were cut using a cryostat (Leica Biosystems 15	  

CM1900, North Ryde, NSW, Australia) and a 1-in-4 series of hypothalamic sections 16	  

(Bregma -2.60 to -2.92) were processed for immunohistochemical detection of Fos-17	  

protein and mCitrine. Tissue was incubated for 48hrs in a 1:8000 primary Fos 18	  

antibody concentration (rabbit monoclonal, 5348S, Cell Signaling Technology, MA, 19	  

USA) followed by a two hour incubation in a 1:1000 concentration donkey anti-rabbit 20	  

secondary (711-065-152, Jackson IR, PA, USA). After visualisation of Fos-protein 21	  

with glucose oxidase, sections were incubated for 72hrs in a 1:2000 primary anti-GFP 22	  

antibody concentration (chicken polyclonal, ab13970, Abcam, MA, USA) followed 23	  

by a two hour incubation in a 1:400 concentration donkey anti-chicken secondary 24	  

(703-005-155, Jackson IR, PA, USA). 25	  
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 Dual Fos-protein and orexin immunohistochemistry. A second series of tissue 1	  

was processed for immunohistochemical detection of Fos-protein and orexin. Briefly, 2	  

free floating brain sections were incubated for 48hrs at room temperature in a solution 3	  

of PBS azide containing 0.5% Triton X-100, 2% normal horse serum and a cocktail of 4	  

primary antibodies (1:2000 c-Fos antibody, rabbit monoclonal, 5348S, Cell Signaling 5	  

Technology, MA, USA and 1:1000 orexin A antibody, goat polyclonal, sc-8070, 6	  

Santa Cruz Biotechnology, CA, USA). Sections were then incubated for 2hrs at room 7	  

temperature in a cocktail of secondary antibodies (1:1000, Alexa Fluor 594 donkey 8	  

anti rabbit, Invitrogen, and 1:500, AMCA anti-goat, Jackson Immunoresearch). 9	  

Sections were finally mounted onto gelatin-coated slides and coverslipped with 10	  

gelvatol. 11	  

 Dual Fos-protein and MCH immunohistochemistry. An adjacent series of 12	  

tissue was processed for immunohistochemical detection of Fos-protein and MCH. 13	  

Free floating sections were incubated for 72hrs at 4°C in a solution of PBS containing 14	  

0.5% Triton X-100, 2% normal horse serum and a cocktail of primary antibodies 15	  

(1:2000 c-Fos antibody, rabbit monoclonal, 5348S, Cell Signaling Technology, MA, 16	  

USA and 1:1000 MCH antibody, goat polyclonal, sc-14507, Santa Cruz 17	  

Biotechnology, CA, USA). Sections were then incubated for 3hrs at room temperature 18	  

in a cocktail of secondary antibodies (1:200, Alexa Fluor 488 donkey anti rabbit, 19	  

Invitrogen, and 1:200, Alexa Fluor 594 anti-goat, Jackson Immunoresearch).  20	  

 HA and MCH or orexin immunohistochemistry. A forth series of tissue was 21	  

processed for hemagglutinin (HA) immunoreactivity, the viral tag fused to the 22	  

hM3D(Gq) DREADD, with MCH or orexin. All immunohistochemical methods were 23	  

as described above with HA in place of Fos. A 1:1000 primary HA antibody (mouse 24	  
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monoclonal, 901513, BioLegend, CA, USA) concentration was used with 1:400 1	  

Alexa Fluor 488 anti-mouse (Jackson Immunoresearch) as the secondary. 2	  

Neuronal quantification 3	  

Tissue was imaged using Olympus cellSens imaging software (version 1.3) under a 4	  

10x microscopic objective (Olympus BX51). A 40x microscopic objective was used 5	  

for HA immunohistochemistry. Images were quantified using iVision (Biovision) 6	  

software where bilateral counts of Fos, MCH, orexin, HA and GFP were analyzed 7	  

across Bregma levels (-2.60, -2.76 and -2.92) by one observer, blind to treatment. 8	  

Dual labeled cells were quantified by merging the two cell images in iVision. Given 9	  

the spread of the virus, immunohistochemical quantification occurred in two regions 10	  

of the hypothalamus, the perifornical/lateral hypothalamic area (LH) and the DMH. 11	  

The LH was defined as the area from the medial side of the fornix to the optic tract 12	  

and the DMH was defined as the region from the medial side of the fornix to the third 13	  

ventricle 10, 30, 31. The total number of Fos-positive cells that were orexin and MCH 14	  

negative was calculated by subtracting the number of Fos-positive orexin cells and 15	  

Fos-positive MCH cells from total Fos counts. 16	  

Specific experiments 17	  

Experiment one: Effect of ELS on depressive-like behavior in adulthood 18	  

(n=29). Rats were exposed to either ELS or No ELS and remained undisturbed until 19	  

adulthood. On PND70-75, all rats were trained to self-administer 10% sucrose on 20	  

FR1, FR3 and PR schedules of reinforcement. Between PND86-91, rats were given 21	  

one final PR session (PR day five) with a subset of these rats (n=14) being exposed to 22	  

the forced swim test immediately prior to PR day five. These animals were not 23	  

included in statistical analysis for PR day five. For experimental timeline, please refer 24	  

to Fig 1. 25	  
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Experiment two: Effect of chemogenetic activation of the lateral hypothalamus 1	  

on ELS-induced deficits in motivational drive (n=23). Rats were exposed to either 2	  

ELS or No ELS. On PND 42-44, all rats received intracranial hM3D(Gq) viral 3	  

injections into the lateral hypothalamus. On PND70-75, all rats were trained to self-4	  

administer 10% sucrose on FR1, FR3 and PR schedules of reinforcement. Rats 5	  

received three lots of 5% DMSO in 0.9% saline solution (1mL/kg) habituation 6	  

injections (i.p) throughout operant training. On PR day five, rats were given either 7	  

vehicle (5% DMSO; 1mL/kg; i.p) or clozapine-N-oxide (CNO dissolved in 5% 8	  

DMSO; 5mg/kg; i.p; National Institute of Mental Health Chemical Synthesis and 9	  

Drug Supply Program, RTI International) injections 30mins prior to the PR self-10	  

administration session. To ensure the CNO had completely metabolised, rats were 11	  

given an additional self-administration session the following day, PR day six. On PR 12	  

day seven, the administration of vehicle or CNO 30mins prior to self-administration 13	  

was reversed (counterbalanced order) and rats were deeply anaesthetized with sodium 14	  

pentobarbitone two hours following the initiation of the session and perfused. Brains 15	  

were then processed for immunohistochemical detection of Fos-protein, orexin, MCH 16	  

and HA. Food and water consumption was monitored every second day throughout 17	  

sucrose self-administration training to examine any potential non-specific effects of 18	  

hM3D(Gq) viral transduction and whether any differences in sucrose self-19	  

administration observed were compensated for with normal rat chow or water intake. 20	  

Both food and water consumption were estimated across all groups by weighing food 21	  

and water, dividing this number by two to assess consumption per day and dividing 22	  

this number by the number of animals per cage. For experimental timeline, please 23	  

refer to Fig 3. 24	  

 25	  



76	  

Data Analysis 1	  

Statistical analyses were conducted using IBM SPSS V22. Sucrose preference was 2	  

analysed using an analysis of variance (ANOVA) with the between-subjects factor of 3	  

Neonatal Treatment (No ELS, ELS) and the within-subjects factor of Session for FR1, 4	  

FR3 and PR. Forced swim data, body weight and food and water consumption were 5	  

analysed using between-subjects ANOVAs. The LH DREADD experiment was 6	  

analysed using the between-subjects factor of Neonatal Treatment and the within-7	  

subjects factor of Drug (Vehicle, CNO) with litter size as a covariate. For 8	  

immunohistochemical analyses, all cell counts were averaged across each animal for 9	  

each rostrocaudal level of both the LH and DMH. Immunohistochemical data was 10	  

analysed using a two-way between-subjects ANOVA comparing Neonatal Treatment 11	  

and Drug. The reactivity of orexin, MCH and GFP neurons was assessed using the 12	  

percentage of orexin, MCH and GFP cells expressing Fos-protein. All figures are 13	  

presented as mean + SEM.14	  

15	  
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FIGURE LEGENDS AND TABLE 

 

Figure 1. Schematic illustration of the experimental design for experiment 1. 

Postnatal day (PND); fixed ratio 1 or 3 (FR1, FR3); progressive ratio (PR). 

 

Figure 2. Effect of early life stress (ELS) on sucrose operant responding and 

forced swim behavior. (A, B) There was no effect of ELS on the number of lever 

presses for sucrose under fixed ratio (FR) 1 and 3 schedules of reinforcement. No 

ELS: n=14; ELS: n=15. (C, D) ELS resulted in a significant reduction in the number 

of active lever presses and the breakpoint for sucrose under a PR schedule of 

reinforcement. Bar graphs represent average lever responding and breakpoint over the 

5 day PR task. No ELS: n=14; ELS: n=15. (E, F, G) ELS resulted in no significant 

differences in forced swim behavior. No ELS: n=7; ELS: n=7. *p<0.05; **p<0.01. 

 

Figure 3. Schematic illustration of the experimental design for experiment 2. 

Following early life maternal separation, rats received bilateral injections of 

hM3D(Gq) virus into the LH during adolescence (postnatal days (PND) 42-44). Rats 

were then allowed to self-administer sucrose from PND70-85 followed by progressive 

ratio testing after vehicle or clozapine-N-oxide (CNO) injections. Fixed ratio 1 or 3 

(FR1, FR3); progressive ratio (PR); intraperitoneal, i.p. 

 

Figure 4. Effect of early life stress (ELS) and lateral hypothalamic (LH) 

chemogenetic activation on sucrose operant responding, body weight, food and 

water consumption. (A) ELS resulted in reduced lever presses for sucrose under 

vehicle conditions. clozapine-N-oxide (CNO) increased lever responding for sucrose 
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in ELS rats equivalent to No ELS levels. (B) A similar trend was seen for breakpoint. 

No ELS - Vehicle: n=10; ELS - Vehicle: n=13; No ELS - CNO: n=10; ELS - CNO: 

n=13. *p<0.05 No ELS – Vehicle versus ELS - Vehicle. ***p=0.001 Vehicle-treated 

rats versus CNO-treated rats. (C, D, E) ELS and LH viral transduction had no effect 

on final body weight (postnatal day (PND) 86) and food or water consumption over 

the sucrose self-administration period.  

 

Figure 5. Effect of early life stress (ELS) and chemogenetic lateral hypothalamic 

(LH) activation on Fos-protein expression, orexin cell reactivity and melanin-

concentrating hormone (MCH) neuron reactivity. (A) Representative image of 

hM3D(Gq) viral expression (HA-tag immunostain) in the LH. Scale bars, 200μm and 

20μm respectively. Third ventricle (3V); optic tract (OT); mammillary tract (MT); 

fornix (F). (B) Photomicrograph of Fos (black) and GFP (brown) cells. clozapine-N-

oxide (CNO) resulted in a significantly increased percentage of Fos-positive GFP 

cells in the LH and DMH. No ELS - Vehicle: n=2; ELS - Vehicle: n=2; No ELS - 

CNO: n=2; ELS - CNO: n=2. **p<0.01, ***p<0.0001 Vehicle-treated rats versus 

CNO-treated rats. Scale bar, 20μm. (C) Photomicrograph of Fos-positive orexin cells. 

CNO resulted in significantly increased numbers of Fos-positive orexin neurons in the 

LH but not the DMH. No ELS - Vehicle: n=5; ELS - Vehicle: n=7; No ELS - CNO: 

n=5; ELS - CNO: n=6. ***p<0.001 Vehicle-treated rats versus CNO-treated rats. 

Scale bar, 50μm. (D) Photomicrograph of dual Fos-MCH immunohistochemistry. 

CNO resulted in significantly greater numbers of Fos-positive MCH neurons in both 

the LH but not the DMH. No ELS - Vehicle: n=5; ELS - Vehicle: n=7; No ELS - 

CNO: n=5; ELS - CNO: n=6. ***p<0.001 Vehicle-treated rats versus CNO-treated 

rats. Scale bar, 50μm. (E) ELS resulted in a significant increase in the number of Fos-
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positive neurons in the LH (that were orexin and MCH negative) under CNO-

treatment conditions. Additionally, CNO significantly increased the number of Fos-

positive cells in the LH. There were no effects of Neonatal Treatment or Drug on the 

number of Fos-positive cells in the dorsomedial hypothalamus (DMH). No ELS - 

Vehicle: n=5; ELS - Vehicle: n=7; No ELS - CNO: n=5; ELS - CNO: n=6. **p<0.01 

No ELS - CNO versus ELS - CNO. ***p<0.001 Vehicle-treated rats versus CNO-

treated rats. Scale bar, 200μm. 

 

Figure 6. Evidence of limited hM3D(Gq) colocalization with neuropeptide 

containing cell populations in the lateral hypothalamus (LH). (A) Representative 

photomicrograph of the LH demonstrating the lack of colocalization between HA 

(green; tag for hM3D(Gq) DREADD) and MCH (red) immunolabeling (n=134±22 

MCH cells, n=7±1 HA+MCH cells). (B) Representative photomicrograph of the LH 

demonstrating the lack of colocalization between HA (green) and orexin (blue) 

immunolabeling (n=102±4 orexin cells, n=3±1 HA+orexin cells). n=2 CNO-treated 

rats. Scale bar, 20μm. 
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Table 1. Orexin, MCH and hM3D(Gq) cell expression in each subregion of the 

hypothalamus. Data presented as average number of orexin, MCH or GFP cells (as a 

marker of mCitrine) ± standard error mean. Early life stress (ELS); clozapine-N-oxide 

(CNO); lateral hypothalamus (LH); dorsomedial hypothalamus (DMH). 

 

 

 
 
 
 

 

 

 

 

 

Treatment Region Orexin number MCH number hM3D(Gq) number 
No ELS - Vehicle 

(n = 5) LH 127.6 ± 4.9 197.2 ± 7.9 46.3 ± 6.1 

 
 DMH 28.2 ± 1.9 45.9 ± 6.7 9.8 ± 1.6 

     
ELS – Vehicle 

(n = 7) LH 139.9 ± 6.0 182.9 ± 14.2 66.6 ± 8.0 

      
  DMH 29.3 ± 1.9 24.0 ± 4.4 13.3 ± 2.5 

     
No ELS – CNO 

(n = 5) LH 125.2 ± 4.9 202.0 ± 6.7 82.9 ± 12.4 

 
 DMH 29.4 ± 2.5 42.4 ± 8.1 16.7 ± 1.6 

     
ELS – CNO 

(n = 6) LH 148.3 ± 4.9 193.4 ± 7.6 70.2 ± 7.3 

 
 DMH 32.6 ± 1.9 31.9 ± 8.2 10.3 ± 3.4 
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Figure 1	  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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SUPPLEMENTARY FIGURES 
 
 

 

 
 

 
 

Figure S1. Effect of early life stress (ELS) and chemogenetic lateral 

hypothalamus activation on inactive lever presses for sucrose (A, B) There was no 

effect of ELS on the number of inactive lever presses under a fixed ratio 3 (FR3) or 

progressive ratio (PR) schedule of reinforcement for sucrose. No ELS: n=14; ELS: 

n=15. (C) There was no effect of CNO on the number of inactive lever responses for 

sucrose. No ELS - Vehicle: n=10; ELS - Vehicle: n=13; No ELS - CNO: n=10; ELS - 

CNO: n=13.  Lateral hypothalamus (LH). 
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Figure S2. Vehicle-treated rat viral expression. Extent of hM3D(Gq) viral 

expression in the lateral hypothalamus across the two vehicle treatment groups. 

Minimum expression is represented by light grey and maximum expression is 

represented by dark grey. Coronal slices adapted from Paxinos & Watson31.  
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Figure S3. Clozapine-N-oxide (CNO)-treated rat viral expression. Extent of 

hM3D(Gq) viral expression in the lateral hypothalamus across the two CNO treatment 

groups. Minimum expression is represented by light grey and maximum expression is 

represented by dark grey. Coronal slices adapted from Paxinos & Watson31.  
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