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1. Aim of the thesis 

1.1 Summary 

Research into ageing has revealed the malleability of the process and the importance of sex 

differences in modulating the response to longevity interventions. The importance of sex in 

mediating healthy ageing is evident in the brain, where sex is a major risk factor for some disorders. 

For example, women are twice as likely as men to suffer from Alzheimer’s Disease and men twice 

as likely as women to incur Parkinson’s Disease, two common and debilitating age-associated 

neurological disorders. My thesis underscores the importance of including both sexes when 

performing exploratory scientific studies where the effect of sex on a variable is unknown. 

Suppressed activity of the insulin/insulin-like growth factor signalling (IIS) pathway is a highly 

conserved and robust intervention that ameliorates the effects of ageing. While many invertebrate 

studies have dissected the role of IIS in ageing and have found tissue- and sex-specific effects, the 

role of different tissues and impact of sex in the longevity benefits of IIS reduction in mammals 

remain elusive. To address this gap, I first fully characterised male and female insulin receptor 

substrate 1 (Irs1) knockout (Irs1KO) mice. Then, I generated tissue-specific Irs1KO models 

targeting the major insulin-sensitive metabolic organs (liver, muscle, fat and brain) in male and 

female mice, and assessed the effects on body composition, energy expenditure and peripheral 

metabolism I found neuronal IRS1 deletion to be unique in triggering sex-specific health benefits 

in male mice. In the first section of the Thesis, I shed light on a mechanism by which reduced 

neuronal insulin signalling mediates mitochondrial phenotypes in Irs1KO mice, and I highlight the 

sex-specific nature of the neuronal mitochondrial stress response.  

IRS1 deletion is a robust method for lifespan extension and induction of metabolic health benefits. 

However, the effect of IRS1 deletion on cognitive function has not been assessed. Therefore, I 

asked whether IRS1 deletion reduced age-associated cognitive decline in young and old female 

and male mice. First, I found that IRS1 deletion did not lead to deficits in locomotor or exploratory 

behaviour, but it did lead to an age-associated reduction in anxiety. Next, I found no significant 

difference in the capacity of Irs1KO mice to perform a hippocampus-dependent spatial learning 

task and form long-term memory. Finally, I assessed short-term memory and found a significant 

enhancement in old Irs1KO mice, suggesting a reduction in age-associated cognitive decline. In 

the second section, I present data indicating the lack of sex-specific deficits in Irs1KO cognitive 

and motor function as well as a mitigation of age-dependent cognitive decline. 

Cognitive decline, a risk factor for dementia, is a major source of dependence in the elderly 

population, leading to increased societal and economic burden. I tested whether neuronal IRS1 

deletion would be sufficient to delay or prevent cognitive decline in an ageing mouse model. I used 

a genetic tool to target IRS1 deletion to a widespread neuronal population. I therefore assessed 

whether the genetic tool itself induced phenotypes that could confound the effects of Irs1 deletion 

before moving on to study nKO mice. First, I characterised behavioural and metabolic parameters 

in male and female mice that expressed Cre under the rat-Synapsin I promoter (Syn1Cre). I found 

that Syn1Cre expression alone led to a sex-specific increase in anxiety and an inability to perform 

a spatial learning task in male Syn1Cre mice. Moreover, I found evidence of increased human 

growth hormone (hGH) expression in the brain due to the expression of a Cre-hGH transcript, 

leading to a negative feedback loop in the growth pathway resulting in a sex-specific reduction of 



body size in male Syn1Cre mice. Finally, I tested peripheral metabolism and found no significant 

difference in glucose tolerance, insulin sensitivity, energy expenditure or locomotor activity in male 

or female Syn1Cre mice. In the third section, I report that the Syn1Cre genetic model may be an 

appropriate tool for the study of neuronal control of peripheral metabolism, but not for behavioural 

studies. Therefore, I was unable to move forward with the characterisation of the neuron-specific 

IRS1 mutant.  
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1.2 Zusammenfassung 

Die Alternsforschung hat die Formbarkeit dieses Prozesses und die Bedeutung der 

Geschlechtsunterschiede im Bezug auf Maßnahmen zur Verlängerung der Lebenserwartung 

aufgezeigt. Die Bedeutung des Geschlechts bei der Vermittlung des gesunden Alterns zeigt sich 

im Gehirn, wo das Geschlecht ein wichtiger Risikofaktor für einige Erkrankungen ist. So erkranken 

Frauen doppelt so häufig wie Männer an der Alzheimer-Krankheit und Männer doppelt so häufig 

wie Frauen an der Parkinson-Krankheit, zwei der altersbedingten und einschränkendsten 

neurologischen Störungen. Meine Dissertation unterstreicht, wie wichtig es ist, beide Geschlechter 

einzubeziehen, wenn wissenschaftliche Studien durchgeführt werden, bei denen der Einfluss des 

Geschlechts auf eine Variable unbekannt ist. 

Die Unterdrückung der Aktivität des Insulin-/Insulin-ähnlichen Wachstumsfaktorsignalwegs (IIS) ist 

eine hochkonservierte und robuste Intervention, die die Auswirkungen des Alterns abschwächt. 

Während viele Studien an Wirbellosen die Rolle von IIS bei der Alterung untersuchten und 

Geschlechtsunterschiede feststellten, sind die Gewebe und Mechanismen, die die Vorteile einer 

IIS-Reduktion bei Säugetieren für die Langlebigkeit vermitteln, nach wie vor nicht bekannt. Um 

diese Lücke zu schließen, habe ich zunächst männliche und weibliche Insulinrezeptor-Substrat 1 

(Irs1)-Knockout-Mäuse (Irs1KO) vollständig charakterisiert. Daraufhin erstellte ich 

gewebespezifische Irs1KO-Modelle, die auf die wichtigsten insulinempfindlichen 

Stoffwechselorgane (Leber, Muskel, Fett und Gehirn) bei männlichen und weiblichen Mäusen 

abzielten, und bewertete die Auswirkungen auf die Körperzusammensetzung, den 

Energieverbrauch und den peripheren Stoffwechsel. Im ersten Abschnitt der Dissertation beleuchte 

ich einen Mechanismus, durch den eine reduzierte neuronale Insulinsignalisierung mitochondriale 

Phänotypen in Irs1KO-Mäusen vermittelt, und ich hebe die geschlechtsspezifische Natur der 

neuronalen mitochondrialen Stressreaktion hervor.  

Die Deletion von IRS1 ist eine robuste Methode zur Verlängerung der Lebensspanne und kann die 

metabolische Gesundheit fördern. Die Auswirkungen der IRS1-Deletion auf die kognitiven 

Funktionen wurden jedoch noch nicht erforscht. Daher bin ich der Frage nachgegangen, ob die 

Deletion von IRS1 den altersbedingten kognitiven Abbau bei jungen und alten weiblichen und 

männlichen Mäusen verringert. Zunächst stellte ich fest, dass die Deletion von IRS1 nicht zu 

Defiziten in der Fortbewegung oder im Erkundungsverhalten führte, wohl aber zu einer 

altersbedingten Verringerung der Ängstlichkeit. Ich fand keinen signifikanten Unterschied in der 

Fähigkeit von Irs1KO-Mäusen, eine vom Hippocampus abhängige räumliche Lernaufgabe zu lösen 

und ein Langzeitgedächtnis zu bilden. Schließlich untersuchte ich das Kurzzeitgedächtnis und fand 

eine signifikante Verbesserung bei alten Irs1KO-Mäusen, was auf eine Verringerung des 

altersbedingten kognitiven Verfalls hindeutet. Im zweiten Abschnitt stelle ich Daten vor, die auf das 

Fehlen geschlechtsspezifischer Defizite in der kognitiven und motorischen Funktion von Irs1KO-

Mäusen sowie auf eine Abschwächung des altersbedingten kognitiven Abbaus hinweisen. 

Kognitiver Abbau, ein Risikofaktor für Demenz, ist eine Hauptursache der Pflegebedürftigkeit in der 

älteren Bevölkerung und führt zu einer erhöhten gesellschaftlichen und wirtschaftlichen Belastung. 

Vor diesem Hintergrund wollte ich testen, ob die Deletion von neuronalem IRS1 ausreicht, um den 

kognitiven Verfall in einem alternden Mausmodell zu verzögern oder zu verhindern. Ich verwendete 

ein genetisches Instrument, um die Deletion von IRS1 in einer weit verbreiteten neuronalen 

Population zu erreichen. Ich untersuchte daher, ob das genetische Werkzeug selbst Phänotypen 

hervorruft, die die Auswirkungen der IRS1-Deletion beeinträchtigen könnten. Zunächst 



charakterisierte ich Verhaltens- und Stoffwechselparameter bei männlichen und weiblichen 

Mäusen, die Cre unter dem Ratten-Synapsin I-Promotor (Syn1Cre) exprimierten. Ich stellte fest, 

dass die Expression von Syn1Cre allein bei männlichen Syn1Cre-Mäusen zu einer 

geschlechtsspezifischen Zunahme von Angstzuständen und der Unfähigkeit, eine räumliche 

Lernaufgabe zu lösen, führte. Darüber hinaus fand ich Hinweise auf eine erhöhte Expression des 

menschlichen Wachstumshormons (hGH) im Gehirn aufgrund der Expression eines Cre-hGH-

Transkripts, was zu einer negativen Rückkopplungsschleife im Wachstumsweg führte, die eine 

geschlechtsspezifische Verringerung der Körpergröße bei männlichen Syn1Cre-Mäusen zur Folge 

hatte. Schließlich habe ich den peripheren Stoffwechsel getestet und keinen signifikanten 

Unterschied in der Glukosetoleranz, der Insulinsensitivität, dem Energieverbrauch oder der 

Bewegungsaktivität bei männlichen oder weiblichen Syn1Cre-Mäusen festgestellt. Im dritten 

Abschnitt berichte ich, dass das Syn1Cre-Genmodell ein geeignetes Instrument für die 

Untersuchung der neuronalen Kontrolle des peripheren Stoffwechsels sein könnte, nicht aber für 

Verhaltensstudien. Daher konnte ich die Charakterisierung dieser neuronenspezifischen IRS1-

Deletion nicht weiterverfolgen. 
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2. Methods 

2.1 Mouse work 

2.1.1  Mouse Generation  

Whole body Irs1 knockout (Irs1KO) mice were generated previously1, and kindly provided by Dr. 

Dominic Withers. Previous data from Irs1KO mice were generated in the C57BL/6J background1. 

However, due to genetic mutations in the C57BL/6J line that may confound metabolic traits, we 

chose to generate the Irs1KO mice in the C57BL/6N background2. After embryo transfer of Irs1KO 

embryos from C57BL/6J into C57BL/6N mice, we observed Irs1KO progeny to drop dramatically 

in the third generation to approximately 3% Irs1KO mice born from breeding of heterozygous 

parents. Following attempts to optimise diet and housing conditions, Irs1KO progeny continued to 

stay far below the expected ratio in subsequent generations (~7% Irs1KO mice with normal levels 

of heterozygous and wild type mice observed in litters). Additionally, we tried to generate a Cre-

specific whole body Irs1KO in the C57BL/6N background via the ActinCre driver line. However, 

attempts to generate ActinCre +/T::Irs1 fl/fl led to similarly low rates of Irs1KO mice (~2%). The 

lack of Irs1KO progeny in the C57BL/6N background could be due to general incompatibility of 

insulin pathway mutations in this background. Therefore, we generated the Irs1KO mouse in a 

more robust C3B6 hybrid mouse background. Irs1KO mice were backcrossed for 4 generations 

from C57BL/6J to a C57BL/6N and into a C3H/HeOuJ background. Heterozygous female 

C3H/HeOuJ Irs1 -/+ mice were mated with male heterozygous male C57BL/6N Irs1 -/+ mice to 

generate hybrid C3B6F1 whole body Irs1 knockout (Irs1KO) mice used throughout this study. 

Irs1 tissue-specific KO mice were generated in the C57BL/6N background using BAC clones from 

the Taconic Artemis C57BL/6J RPCIB-731 BAC library as previously described3. The strategy 

resulted in the generation of Irs1loxP/loxP mice for further use in tissue-specific knockout 

generation by crossing with tissue-specific Cre mice. 

For tissue-specific knockout of Irs1, Irs1loxP/loxP mice were crossed with mice expressing Cre-

recombinase under the control of the mouse albumin enhancer and promoter, or the alpha-

fetoprotein enhancers (AlfpCre mice4), or the creatine kinase promoter (CkmmCre mice5), or the 

adiponectin promoter (AdipoqCre6), or the villin promoter (Villin1Cre mice7) or the rat-Synapsin 1 

promoter (Syn1Cre mice 8). Breeding Irs1loxP/loxP AlfpCre mice with Irs1loxP/loxP mice resulted 

in hepatocyte specific Irs1 deletion (AlfpCre +/T::Irs1fl/fl denoted as lKO), Irs1loxP/loxP CkmmCre 

with Irs1loxP/loxP mice resulted in skeletal muscle specific Irs1 deletion with partial deletion in 

cardiac muscle (CkmmCre +/T::Irs1fl/fl denoted as mKO), Irs1loxP/loxP AdipoqCre mice with 

Irs1loxP/loxP mice resulted in Irs1 deletion in both white and brown adipose tissue (AdipoqCre 

+/T::Irs1fl/fl denoted as fKO). Finally, due to a recommendation of reports of germline deletion in 

Syn1Cre in mice9, only female Irs1loxP/loxP Syn1Cre mice were bred with male Irs1loxP/loxP mice 

to produce neuron specific Irs1 deletion (Syn1Cre +/T::Irsfl/fl denoted as nKO). All crosses 

generated littermate controls (Irsfl/fl) mice. 

https://paperpile.com/c/sVD7jl/9UsIo
https://paperpile.com/c/sVD7jl/9UsIo
https://paperpile.com/c/sVD7jl/9RTIg
https://paperpile.com/c/sVD7jl/j7svQ
https://paperpile.com/c/sVD7jl/unJcw
https://paperpile.com/c/sVD7jl/2xr53
https://paperpile.com/c/sVD7jl/1iFMQ
https://paperpile.com/c/sVD7jl/XM5jB
https://paperpile.com/c/sVD7jl/aNDT6
https://paperpile.com/c/sVD7jl/j2Pmw


2.1.2  Mouse Husbandry 

All mice were randomly allocated to groups of four to five same-sex individuals under specific 

pathogen-free conditions in individually ventilated cages (Techniplast UK Ltd, Kettering, 

Northamptonshire, UK) in a controlled temperature and humidity environment with 12-h light/dark 

cycle (lights on from 06:00 - 18:00) and provided ad libitum access to food [ssniff® R/M-H 

phytoestrogen-poor (9% fat, 34% protein, 57% carbohydrate) ssniff Spezialdiäten GmbH, Soest, 

Germany] and water. Sentinel mice in the animal room were regularly checked for mouse 

pathogens according to FELASA recommendations 10.  

Mouse ethics 

Ethical permission requests were filed under 84-02.04.2014.A424 and 81-02.04.2019.A078. 

Mouse experiments were performed in accordance with the recommendations and guidelines of 

the Federation of the European Laboratory Animal Science Association (FELASA), with all 

protocols approved by the Landesamt fur Natur, Umwelt und Verbraucherschutz Nordrhein-

Westfalen, Germany. 

Mouse genotyping 

Mutant mice were identified by PCR genotyping using DNA extracted from ear clip biopsy and 

amplified using GoTaq® G2 DNA Polymerase, and tail clips were taken from mice at death for 

genotype confirmation. Primers used to genotype as well as expected size of amplicons, of Irs1 

wild type, Irs1 knockout, Irs1 LoxP floxed allele, and different Cre lines are listed in Table 5.  

Mouse tissue collection 

Irs1KO and nKO mice were euthanized by transcardial perfusion with PBS + EDTA, after general 

anaesthesia with a cocktail of Ketamine (120 mg/kg) and Xylazine (10 mg/kg) with supplementary 

Isoflurane (5%) until no reflex response was observed. Blood was collected by cardiac puncture in 

tubes with EDTA, plasma-EDTA was isolated by centrifugation at 1,000g for at least 10 min at 4 °C 

before aliquoting and storage at −80 °C. Mice were rapidly decapitated, then the skull and body 

were dissected by two people simultaneously to minimise tissue deterioration. The brain was 

removed from the skull and different brain regions were isolated and snap-frozen in liquid nitrogen. 

The same cortical brain region was collected for mitochondrial respirometry and prepared 

separately. The body of the animal was dissected and organs collected for histology in PFA or for 

molecular analysis were snap frozen in liquid nitrogen. The same procedure was performed for 

lKO, mKO and fKO with the exception of perfusion. Mice from lKO, mKO and fKO lines were 

sacrificed by cervical dislocation followed by rapid tissue removal as mentioned above. 

2.1.3  Mouse Metabolic Phenotyping 

A longitudinal cohort of mice was assessed at young (Irs1KO = 6 months and lKO, mKO, fKO, and 

nKO = 4 months) and old (Irs1KO and lKO, mKO, fKO, and nKO = 16 months) age for measurement 

of general metabolic health outcomes. 

Body composition 

https://paperpile.com/c/sVD7jl/1RrMU
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Body fat and lean mass content were measured in vivo by nuclear magnetic resonance using the 

minispec LF50H (Bruker Optics). 

Collection of blood samples and determination of blood glucose levels 

A small drop of blood was obtained from the tail of mice. Blood glucose levels were determined 

using an automatic glucose monitor (Accu-Check Aviva, Roche). Determination of blood glucose 

and collection of blood samples were always performed in the morning to avoid deviations due to 

circadian variations. 

Insulin tolerance test 

After determination of basal blood glucose levels, each animal received an intraperitoneal injection 

of insulin (0.75 U/kg body weight) (Sanofi). Blood glucose levels were measured 15, 30 and 60 

minutes after insulin injection. 

Glucose Tolerance test and glucose-stimulated insulin secretion 

Glucose tolerance tests were performed in the morning with animals after a 16 hour fast. After 

determination of fasted blood glucose levels, each animal received an intraperitoneal injection of 

20% (w/v) glucose (10 ml/kg body weight). Blood glucose levels were measured 15, 30, 60 and 

120 minute after the glucose injection. Blood samples were collected at indicated time points to 

analyse glucose-stimulated insulin secretion. 

Indirect calorimetry 

Indirect calorimetry, locomotor activity, drinking and feeding were monitored for singly housed mice 

in purpose-built cages (Phenomaster, TSE Systems). Parameters such as food consumption, 

respiration, and locomotor activity were measured continuously for 48 hours after one day of 

acclimatisation and two days of training in similar cages. Values for locomotor activity were 

averaged for active and inactive phases separately for the 48-hour duration with the exception of 

the first and last hour of each phase due to increased variability. Metabolic rate was assessed by 

regression analysis using body weight as a covariate as recommended 11,12. 

2.1.4  Mouse Cognitive Phenotyping 

All behavioural tests were conducted in dedicated behavioural testing rooms starting at 08:00 

during the light phase of the light/dark cycle. All mice were handled for multiple subsequent days 

prior to the start of the phenotyping pipeline. Order of the phenotyping pipeline was performed from 

the least to most stressful assay. Mice were randomised and experimenters were blinded to 

genotype, when possible, all experiments were performed by a single, male scientist. Mice were 

habituated to the room for at least 45 minutes before behavioural experiments started. Mice were 

not assayed on days when their home cages were changed. Experimental apparatus was cleaned 

with bacillol foam between tests on different mice.  

High and low stress open field 

For the high stress open field experiment, mice were left to explore a square arena surrounded by 

clear walls (50 × 50 × 40 cm) for 5 minutes for Syn1Cre mice and 10 minutes for Irs1KO mice. 

Different parameters such as total distance travelled, movement speed and time spent in the 
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central area were recorded. Anxiety was assessed by quantifying time or distance spent in the 

centre as a percent of total time or distance in the arena. The test chamber was illuminated to 210-

220 lux. Data collection was automatic using the TSE-Phenomaster software. 

For the low stress non-aversive arena, mice were left to explore a square area surrounded by 

opaque white acrylic walls (50 × 50 × 40 cm) for 5 minutes for Syn1Cre mice and 10 minutes for 

Irs1KO mice. The test chamber was illuminated to 20-30 lux. Data collection was automatic using 

the TSE VideoMot software. 

Novel Object Recognition 

A short intertrial interval (~1 hour) novel object recognition (NOR) was used to assess spatial 

working memory. On day one, mice were familiarised to an empty box (50 × 50 × 40 cm) by allowing 

them to explore the space three times with a 50-minute interval in between familiarisations. On day 

two, mice were allowed to explore two equidistant and identical objects on opposite sides of the 

arena before being returned to their cage. Finally, following an approximately 50-minute inter-trial 

interval, mice were returned to the arena with an identical object to the previous trial and a novel 

object located on the opposite side. The mice were given 10 minutes to explore the objects, mice 

that did not explore objects for at least 30 seconds were excluded from analysis. Young Irs1KO 

mice exhibited normal exploration, only 2 males and 3 females did not reach exploration criteria. 

Young wild type mice exhibited less exploration, with 8 male and female mice not reaching the 

criteria for inclusion. However, only one mouse per group and sex were disqualified in old Irs1KO 

mice and wild type controls. The higher number of excluded mice in the NOR could be linked to 

the high anxiety-like behaviour we observed in young mice.  

Two complex objects were made from Lego and placed 12.5 cm from the wall of the box, based 

on previous reports 13. The novel and familiar object designations, as well as the location of the 

object that was replaced with the novel object, was counterbalanced across mouse genotype and 

sex. 

The time the mice spent exploring each object was assessed by the TSE VideoMot program. 

Exploration of an object was recorded if the mouse’s head was within 2 cm of the object. Novelty 

preference was calculated as: 

(Novel object interaction time − Identical object interaction time)/ Identical object interaction time × 

100 

Rotarod 

We used the rotarod test to test motor coordination and balance. The rotarod uses an accelerating 

rotarod 14, to measure a mouse’s ability to maintain its balance on the rod. The rotation of the 

rotarod was accelerated from 5 to 40 rpm over a 300 second period. Each mouse was placed twice 

onto the rod, and latency to fall off the rod was measured and averaged per day. The inter-trial 

interval was approximately one hour. Mice were tested for four consecutive days to assess motor 

learning. 

Y-maze 

Mice were placed in a Y-shaped maze with three opaque black plastic arms at a 120° angle from 

each other. Mice started at the centre of the maze, then were allowed to freely explore the three 

arms. Over the course of multiple arm entries, the tendency of a healthy mouse is to enter a less 

recently visited arm, or to be attracted to the novel arm. The number of arm entries and the number 
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of ABC alternations (where A, B and C are the three different arms) are recorded in order to 

calculate the percentage of alternation. An entry occurs when all four limbs are within the arm for 

longer than 500 ms. Each mouse was placed in the maze for eight minutes. 

Hidden platform and visual cued water maze 

The hidden platform variation of the water maze was used to examine spatial learning ability and 

long-term reference memory. We adapted the water maze protocol from a previous report 15. The 

water maze consists of a round basin with a diameter of 1.2 metre filled with water made opaque 

by adding white, non-toxic paint. A transparent glass platform (10 cm) is submerged in the centre 

of one of the quadrants, denoted as the target quadrant, by approximately one centimetre. Four 

different high contrast distal cues were placed on the walls surrounding the basin. The water 

temperature was kept around 24-25 degree Celsius and the light intensity was approximately 220 

lux in the centre of the pool.  

Each trial started with a mouse being placed on the platform for 30 seconds. Mice were then placed 

in the water facing the wall pseudo-randomly at one of the six start positions of the basin and 

allowed to search for the platform or until 60 seconds had elapsed. At the completion of each 

training trial, the mice were allowed to remain on the platform for 30 seconds. Mice were given 3 

trials per day until reaching a criterion threshold of learning by escaping the water in less than 30 

seconds. After criterion was reached, a probe trial was conducted in which the platform was 

removed. Mice were placed facing the wall in the quadrant directly opposite the previous location 

of the hidden platform and allowed to search for 60 seconds. The day after the probe trial, the mice 

were given the visually cued test, where the platform location was changed but was marked with a 

distinct local cue. The distant visual cues were hidden from sight of the mice and visual acuity, 

swimming ability and motivation for escape were assessed by how well the mice could escape the 

pool using only the local cue. Three trials were given of the visual cued water maze. Data analysis 

was carried out by the automated video tracking TSE VideoMot software. If the mouse did not 

explore the maze but floated upon placement in the water, the data were excluded from the 

analysis. Mice were also excluded based on standard exclusion criteria: excessive thigmotaxis, 

obvious visual impairment, excessive corkscrew swimming pattern, and obvious sensorimotor 

dysfunction. Genotype and sex did not affect likelihood of exclusion. Nine of the twenty Syn1Cre 

male mice displayed excessive floating, but these mice were not removed as that was a phenotype 

of the Syn1Cre male mice. This may have been due to the visual deficits in this genotype. 

2.2. Molecular biology 

Quantitative real time PCR 

For the analysis of DNA expression, dissected organs were immediately transferred to a reagent 

tube and frozen in liquid nitrogen. Tissue was stored at −80 °C until use. RNA was extracted 

according to the manufacturer’s instructions using the TRIzol™ Reagent (ThermoFisher, 

15596018) in Lysing Matrix D tubes (speed 6 for 40 seconds) (MP Biomedicals, 6913-500). RNA 

was precipitated with the aid of GlycoBlue Coprecipitant (ThermoFisher, AM9515) overnight at 

−80 °C. Isolated RNA was treated with DNase using the DNA-free™ kit (ThermoFisher, AM1906) 

to remove any contaminating DNA according to manufacturer’s instructions. Finally, cDNA was 

prepared with the SuperScript® III First-Strand Synthesis SuperMix (ThermoFisher, 18080400) for 

qPCR. Samples of cDNA mixed with the PowerUp SYBR Green Master Mix (ThermoFisher, 

4368706) and primers validated using a standard curve, were loaded in technical quadruplicates 

for qPCR on a QuantStudio™ 6 Flex Real-Time PCR System (ThermoFisher, 4485691). The ΔΔCT 
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method was used to provide gene expression values after normalising to the known reference gene 

B2M. Primer sequences used for q-RT-PCR in Chapter 3 and 5 are shown in Table 5. Samples of 

cDNA mixed with the TaqMan™ Fast Advanced Master Mix (ThermoFisher, 4444557) and 

TaqMan® Assay probes, were loaded in technical quadruplicates for qPCR on a QuantStudio™ 6 

Flex Real-Time PCR System (ThermoFisher, 4485691). The ΔΔCT method was used to provide 

gene expression values after normalising to the known reference gene B2M. Probe catalogue 

numbers used for q-RT-PCR are shown in Table 5. 

2.3. Mitochondrial respirometry 

Mitochondrial mediums 

Mediums were prepared as described previously 16. Briefly, solution A contained 250 mM sucrose, 

1 g/L BSA, 0.5 mM Na₂EDTA, 10 mM Tris–HCl, pH 7.4. Solution B contained 20 mM taurine, 15 

mM phosphocreatine, 20 mM imidazole, 0.5 mM DTT, 10 mM CaEGTA, 5.77 mM ATP, 6.56 mM 

MgCl₂, 50 mM K-MES, pH 7.1. Solution C contained 0.5 mM EGTA, 60 mM K-lactobionate, 20 mM 

taurine, 10 mM KH₂PO₄, 3 mM MgCl₂, 110 mM sucrose, 1 g/L fatty acid free BSA, 20 mM hepes, 

pH 7.1. 

Tissue permeabilization 

The protocol was adjusted from previous reports16. In brief, cortical pieces (approximately 1 mm × 

1 mm × 2 mm) were quickly removed and placed in cold solution A. Then, cortical tissue was 

weighed for normalisation of oxygen consumption and transferred into 2 mL tubes with 1 mL of 

cold solution B. Medium was replaced by 2 mL of cold solution B complemented with 20 μL of a 

freshly prepared 5 mg/mL saponin solution. After 30 minute at 4 °C under gentle agitation on an 

orbital shaker, samples were rinsed in cold solution C (3× 2 minute), and further incubated on ice 

until measurements were taken. 

Oxygen consumption measurement 

We measured oxygen consumption of intact but permeabilized cortical sections using a 

respirometer (Oxygraph-2k, Oroboros Instruments). Measurements were performed under 

continuous stirring in 2 mL of solution C at 37 °C. The solution was equilibrated in air for at least 

30 minutes before recording, and permeabilized cortical tissue was transferred into the instrument 

chambers. Mutant mice with respective controls were run in parallel in the instrument’s two 

chambers simultaneously to minimise any day-to-day variability. After stabilisation of the initial 

mitochondrial oxygen consumption, mitochondrial respiration was stimulated by successive 

addition of substrates and inhibitors: First, 5 ul of 2M pyruvate and 5 ul of 800 mM Malate were 

added. Second, 10 ul of 500 mM ADP (with 300 mM free Mg2+) was added to measure O₂ 

consumption under normal phosphorylating state. Third, 5 ul of 4 mM Cytochrome C was added to 

check for mitochondrial membrane integrity, any samples that responded with a significant increase 

in O₂ consumption were removed from further analysis due to technical defects in sample 

preparation. Fourth, 10 ul of 2 M glutamate was added. Fifth, 20 ul of 1 M succinate was added. 

Sixth, 1 ul of 5 mM oligomycin, an ATP synthase inhibitor, was added. Then, maximum 

mitochondrial capacity was assessed by adding gradual volumes of 1 mM Trifluoromethoxy 

carbonylcyanide phenylhydrazone, Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

(FCCP) until maximum oxygen consumption was reached. Then, 1 ul of 1 mM rotenone, a complex 

one inhibitor, was added to measure complex II activity. Finally, 1 ul of 5 mM antimycin A, a complex 
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three inhibitor, was added to measure non‐mitochondrial O₂ consumption (residual oxygen flux) 

due to cytosolic oxidases. Residual oxygen flux was subtracted from all other measurements to 

report baseline mitochondrial oxygen consumption and spare respiratory capacity was calculated 

by subtracting baseline mitochondrial oxygen consumption from maximum oxygen consumption 

after FCCP addition. Mitochondrial oxygen consumption was calculated using DataGraph software 

from the manufacturer (Oroboros Instruments). 

2.4 Metabolomics 

2-phase metabolite extraction of polar and lipophilic metabolites in brain  

For the preparation of polar and lipophilic metabolites between 10 and 30 mg of snap-frozen mouse 

tissue (Irs1KO young = 5 months and old = 19 months, nKO young = 5 months and old = 22 

months) was collected in 2 mL tubes. For the extraction of the snap frozen material, the tissue was 

homogenised to a fine powder using a ball mill-type grinder (Tissuelyser II Qiagen, 85300). For the 

homogenization of the frozen material one liquid nitrogen cooled 5 mm stainless steel metal balls 

was added to each tube and the frozen material was disintegrated for 1 minute at 25 Hz. 

Metabolites were extracted by adding 1 mL of pre-cooled (-20°C) extraction buffer (methyl tert-

butyl ether (MTBE): UPLC-grade methanol: UPLC-grade water 5:3:2 [v:v:v]), containing an 

equivalent 0.2 µL of EquiSplash Lipidomix (www. avantilipids.com) as an internal standard. The 

tubes were immediately vortexed until the sample was well re-suspended in the extraction buffer. 

The homogenised samples were incubated on a cooled (4°C) orbital mixer at 1500 rpm for 30 min. 

After this step, the metal ball was removed using a magnet and the samples were centrifuged for 

10 min at 21,100 x g in a cooled table top centrifuge (4°C). The supernatant was transferred to a 

fresh 2 mL Eppendorf tube and 250 µL of MTBE and 150 µL of UPLC-grade water were added to 

each sample. The tubes were immediately vortexed before incubating them for an additional 10 

min on a cooled (15°C) orbital mixer at 1500 rpm, before centrifuging them for 10 min at 15°C and 

16,000 x g. After the centrifugation, the tubes contained two distinct phases. The upper MTBE 

phase contains the lipids, while the lower methanol-water phase contains the polar and semi-polar 

metabolites. 

For the lipidomic analysis 600 µL of the upper lipid phase were collected into fresh 1.5 mL tubes, 

which were stored at -80°C, until mass spectrometric analysis. The remaining polar phase (~800 

µL) was immediately dried in a SpeedVac concentrator and stored dry at -80°C until mass 

spectrometric analysis.  

Semi-targeted LC-HRS-MS analysis of amine-containing metabolites in brain 

The LC-HRMS analysis of amine-containing compounds was performed using an adapted benzoyl 

chloride-based derivatization method17. 

In brief: The polar fraction of the metabolite extract was re-suspended in 200 µL of LC-MS-grade 

water (Optima-Grade, Thermo Fisher Scientific) and incubated at 4°C for 15 min on a thermomixer. 

The re-suspended extract was centrifuged for 5 min at 21.100 x g at 4°C and 50 µL of the cleared 

supernatant were mixed in an auto-sampler vial with a 200 µL glass insert (Chromatography 

Accessories Trott, Germany). The aqueous extract was mixed with 25 µl of 100 mM sodium 

carbonate (Sigma), followed by the addition of 25 µl 2% [v/v] benzoyl chloride (Sigma) in acetonitrile 

(Optima-Grade, Thermo Fisher Scientific). Samples were vortexed and kept at 20°C until analysis. 
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For the LC-HRMS analysis, 1 µl of the derivatized sample was injected onto a 100 x 2.1 mm HSS 

T3 UPLC column (Waters). The flow rate was set to 400 µl/min using a binary buffer system 

consisting of buffer A (10 mM ammonium formate (Sigma), 0.15% [v/v] formic acid (Sigma) in LC-

MS-grade water (Optima-Grade, Thermo Fisher Scientific). Buffer B consisted solely of acetonitrile 

(Optima-grade, Thermo Fisher-Scientific). 

The column temperature for Irs1KO brain samples was set to 40°C, while the LC gradient was: 0% 

B at 0 min, 0-15% B 0- 4.1min; 15-17% B 4.1 – 4.5 min; 17-55% B 4.5-11 min; 55-70% B 11 – 11.5 

min, 70-100% B 11.5 - 13 min; B 100% 13 - 14 min; 100-0% B 14 -14.1 min; 0% B 14.1-19 min; 

0% B. 

The column temperature for nKO brain samples was set to 40°C, while the LC gradient was: 0% B 

at 0 min, 0-15% B 0- 0.1min; 15-17% B 0.1 – 0.5 min; 17-55% B 5.5-14 min; 55-70% B 14 – 14.5 

min, 70-100% B 14.5 - 18 min; B 100% 18 - 19 min; 100-0% B 19 -19.1 min; 0% B 19.1-28 min; 

0% B. 

The mass spectrometer (Orbitrap ID-X, Thermo Fisher Scientific) was operating in positive 

ionisation mode recording the mass range m/z 100-1000. The heated ESI source settings of the 

mass spectrometer were: Spray voltage 3.5 kV, capillary temperature 300°C, sheath gas flow 60 

AU, aux gas flow 20 AU at a temperature of 340°C and the sweep gas to 2 AU. The RF-lens was 

set to a value of 60%. Semi-targeted data analysis for the samples was performed using the 

TraceFinder software (Version 4.1, Thermo Fisher Scientific). The identity of each compound was 

validated by authentic reference compounds, which were run before and after every sequence. 

Peak areas of [M + nBz + H] + ions were extracted using a mass accuracy (<5 ppm) and a retention 

time tolerance of <0.05 min. Areas of the cellular pool sizes were normalised to the internal 

standards (U-15N; U-13C amino acid mix (MSK-A2-1.2), Cambridge Isotope Laboratories), which 

were added to the extraction buffer, followed by a normalisation to the fresh weight of the analysed 

sample. 

Anion-Exchange Chromatography Mass Spectrometry (AEX-MS) for the analysis of anionic 

metabolites of brain tissue 

Extracted metabolites were re-suspended in 150-200 µl of Optima UPLC/MS grade water (Thermo 

Fisher Scientific). After 15 min incubation on a thermomixer at 4°C and a 5 min centrifugation at 

21,100 x g at 4°C, 100 µl of the cleared supernatant were transferred to polypropylene autosampler 

vials (Chromatography Accessories Trott, Germany) before AEX MS analysis. 

The samples were analysed using a Dionex ion chromatography system (Integrion, Thermo Fisher 

Scientific) as described previously18. In brief, 5 µL of polar metabolite extract were injected in push 

partial mode using an overfill factor of 1, onto a Dionex IonPac AS11-HC column (2 mm × 250 mm, 

4 μm particle size, Thermo Fisher Scientific) equipped with a Dionex IonPac AG11-HC guard 

column (2 mm × 50 mm, 4 μm, Thermo Fisher Scientific). The column temperature was held at 

30°C, while the auto sampler was set to 6°C. A potassium hydroxide gradient was generated using 

a potassium hydroxide cartridge (Eluent Generator, Thermo Scientific), which was supplied with 

deionized water. The metabolite separation was carried at a flow rate of 380 µL/min, applying the 

following gradient conditions: 0-3 min, 10 mM KOH; 3-12 min, 10−50 mM KOH; 12-19 min, 50-100 

mM KOH, 19-21 min, 100 mM KOH, 21-22 min, 100-10 mM KOH. The column was re-equilibrated 

at 10 mM for 8 min. 
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For the analysis of metabolic pool sizes in Irs1KO brains, the eluting compounds were detected in 

negative ion mode using full scan measurements in the mass range m/z 50 – 750 on a Q-Exactive 

HF high resolution MS (Thermo Fisher Scientific). The heated electrospray ionisation (ESI) source 

settings of the mass spectrometer were: Spray voltage 3.2 kV, capillary temperature was set to 

300°C, sheath gas flow 60 AU, aux gas flow 20 AU at a temperature of 300°C and a sweep gas 

glow of 2 AU. The S-lens was set to a value of 60. The semi-targeted LC-MS data analysis was 

performed using the TraceFinder software (Version 4.1, Thermo Fisher Scientific). The identity of 

each compound was validated by authentic reference compounds which were at the beginning and 

the end of the sequence. 

For the analysis of metabolic pool sizes in nKO brains, the eluting compounds were detected in 

negative ion mode [M-H]- using multiple reaction monitoring (MRM) mode with the following 

settings: Capillary voltage 2.7 kV, desolvation temperature 550°C, desolvation gas flow 800 l/h, 

collision cell gas flow 0.15 ml/min. The detailed quantitative and qualitative transitions and 

electronic settings for the analysed metabolites are summarised in Table 2. The MS data analysis 

was performed using the TargetLynx Software (Version 4.1, Waters). 

For data analysis the area of the deprotonated [M-H+]- monoisotopic mass peak of each compound 

was extracted and integrated using a mass accuracy <5 ppm and a retention time (RT) tolerance 

of <0.1 min as compared to the independently measured reference compounds. Areas of the 

cellular pool sizes were normalised to the internal standards (citric acid D4), which were added to 

the extraction buffer, followed by a normalisation to the fresh weight of the analysed sample. 

2.5 Statistics 

Animals were checked every morning for survival. Mean lifespan was assessed, and survivorship 

was analysed using log-rank test or Cox proportional hazard analysis. Two-group comparisons 

were made using two-tailed, unpaired Student’s t-test unless otherwise stated. However, if data 

was not normally distributed then Mann Whitney U test was performed. For comparisons of multiple 

factors (for example, phase * genotype or sex*genotype), two-way ANOVA was reported, followed 

by Sidak’s post-test if interaction between main effects was significant. 

Numbers of mice were estimated to be sufficient to detect statistically meaningful differences of at 

least 20% between or among groups using standard power calculations with α = 0.05 and power 

of 0.8 on the basis of similar experiments conducted in our group. Homogeneity of variance and 

normality of residuals were assessed, and appropriate corrections were made if necessary. All 

experiments were performed in a randomised and blinded fashion when possible. Data were 

analysed statistically using GraphPad Prism 9.0, outliers were removed from analysis based on a 

Grubb’s test. The value of α was 0.05, and data are expressed as *P < 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001. Number of animals reported at the bottom of the bars for each 

condition or in figure legends. All error bars correspond to standard deviation except for longitudinal 

glucose and insulin sensitivity where standard error of the mean is reported. ANCOVA analyses 

were plotted with 95% confidence interval bands. Detailed P values for non-significant 

comparisons, test statistic values, and degrees of freedom for Chapter 3, 4 and 5 are included in 

Table 1, 3 and 4 respectively.  
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3.1   Introduction 

Human lifespan has been increasing in many parts of the world for the past two centuries, but 

healthy lifespan has not kept pace19. Ageing is characterised both by increased prevalence of 

multiple age-related diseases, including cancers and cardiovascular and neurodegenerative 

diseases, and by a general decline in physiological function. Moreover, the prevalence of age-

related disease shows a clear sex difference in humans, whereby women live longer on average 

but suffer greater age-associated morbidity20. Research into the mechanisms of ageing has 

revealed that it is a malleable process that can be ameliorated by genetic, dietary or pharmaceutical 

interventions with the potential to delay or even compress age-associated morbidity21. However, 

the response to longevity interventions have demonstrated differences due to sex20, demanding its 

addition as a variable in longevity studies. 

Reduced activity of the insulin/insulin-like growth factor 1 (IGF1) signalling (IIS) pathway is 

associated with longevity and stress resistance in animal models, including worms22, flies23, fish24 

and mice 25–28. Moreover, studies in mice have found that the role of IIS manipulation on lifespan 

and health in C57BL/6J mice shows significant sex differences1,26,27. Due to its high evolutionary 

conservation, this central and conserved signalling network was presumed to be involved in human 

longevity. Indeed, recent GWAS studies have implicated variants in IIS pathway loci with 

longevity29, and studies of rare genetic variants have found enrichment of IIS variants in 

centenarians, suggesting a relationship between IIS and longevity in humans30. The finding that a 

longevity-associated allele reduced IIS activity in cell culture31 further supports this link. Therefore, 

understanding how reduced IIS mediates longevity will help to decipher the underlying biological 

mechanisms of ageing and the development of therapeutics for healthy ageing in the future. 

The IIS pathway is a signalling network that plays a central role in regulating growth, survival and 

metabolism. In mammals, intracellular IIS activity is initiated by two receptors, the insulin receptor 

(IR) and IGF1 receptors. The IR and the IGF1 receptor are tyrosine kinases that upon ligand 

binding phosphorylate insulin receptor substrate (IRS) proteins, which are key downstream 

mediators of pathway activity. While mice have four IRS proteins (IRS1-4), IRS3 is not present in 

humans32. Interestingly, mice globally lacking Irs1 activity (Irs1KO) are long lived1. In contrast, Irs2 

knockout mice showed reduced survival, suggesting a specific function for IRS1 in the regulation 

of longevity1. Importantly, Irs1KO mice were not only long-lived but also showed resistance to a 

variety of age-related diseases including adiposity, ulcerative dermatitis, reduced bone volume, 

motor dysfunction and age-related glucose intolerance1. However, lifelong, whole body reduction 

of IIS has drawbacks such as reduced body size, compromised wound healing, and reduced 
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fertility. However, in which tissues IRS1 acts to affect longevity and the underlying molecular 

mechanisms are currently unknown. 

Transcriptomic analysis in livers of Irs1KO mice have linked altered IIS to mitochondrial function1, 

and subsequent molecular studies have found that livers of IIS mutant mice exhibit reduced 

mitochondrial respiration, ATP generation and membrane potential33. Mitochondria are cellular 

organelles with a central role in energy production, cellular stress response and apoptosis. 

Mitochondrial function has long been associated with health and longevity, and mitochondrial 

dysfunction can cause complex multi tissue diseases, including metabolic and neurodegenerative 

disorders 34,35. A recent study has identified activating transcription factor 4 (ATF4) as a key 

mediator of mitochondrial stress in response to mitochondrial proteostasis perturbations36. ATF4 

modulates responses to amino acid availability and is up-regulated in mouse liver in response to a 

wide variety of lifespan-extending interventions, such as methionine restriction, rapamycin and 

acarbose treated37. Furthermore, over-expression of the ATF4 target gene fibroblast growth factor 

21 (Fgf21) can extend lifespan in mice, suggesting that the ISR might also ameliorate ageing in 

mammals38. Different mitochondrial stressors, affecting mitochondrial translation, oxidative 

phosphorylation (OXPHOS) stability, mitochondrial membrane potential disruption and impairment 

of mitochondrial import, activate ATF4, which then up-regulates expression of cytoprotective genes 

that result in a down-regulation of mitochondrial respiration and activation of the integrated stress 

response (ISR) through cellular metabolic rewiring36. Moreover, in response to stress ATF4 

activates ATF539, with downstream consequences on rescuing mitochondrial activity40. These 

adaptations lead to increased cellular resistance and protect cells from mitochondrial stress and 

apoptosis. 

In this study, we addressed whether the benefits observed in Irs1KO mice were due to a protection 

from age-associated decline or reflected an age-independent effect. Moreover, we extended the 

phenotypic characterisation to include male Irs1KO mice. Then, we deleted IRS1 specifically in 

liver, muscle, fat and brain tissue of male and female mice and assessed adult survival, but did not 

detect any significant lifespan extension in any single tissue. We tested all tissue-specific IRS1 

deletion models for general health parameters that decline with age41 to identify which tissues 

contribute to the benefits observed in Irs1KO mice. We found that neuron-specific IRS1 deletion 

was unique in improving energy expenditure (EE), locomotor activity and insulin sensitivity in male 

mice. Furthermore, reduced neuronal IIS induces an associated male-specific and age-dependent 

mitochondrial dysfunction leading to an up-regulation of brain ISR and a shift in cellular metabolism.  

3.2  Results 

3.2.1 Increased lifespan and health parameters in Irs1KO mice 

The effects of reduced IIS on metabolism and longevity are often sex-specific20. For instance, 

female Irs1KO mice in a C57BL/6J background showed greater lifespan extension than did the 

mutant male mice25. The females were also healthier than controls at old age1. The health status 

of the mutant males was not reported. The improved health at old age in females could indicate 

protection against the effects of ageing, or reflect an age-independent effect. To address these 

questions, we measured health parameters in 5 months (young) and 16 months (old) female and 

male Irs1KO mice and their genetic background controls. We set out to perform these experiments 

using Irs1KO mice in a C57BL/6N background. However, homozygous mutant animals were not 
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born in the expected Mendelian ratio and only 4% of homozygous Irs1KO animals were retrieved 

from matings between heterozygous females and males (10 males and 13 females out of 510 

pups). In an earlier study1, there was also a deficit of Irs1KO pups from double heterozygous 

matings in the C57BL/6 background, particularly for males (pers. comm.). We therefore generated 

these animals in the C3B6F1 hybrid background, in which homozygous animals were born in the 

expected 25% ratio. We therefore assessed health parameters of young and old male and female 

Irs1KO mice in the C3B6F1 hybrid background. 

Lifespan 

To determine if lack of IRS1 can also extend lifespan in the C3B6F1 background, we measured 

adult survival of hybrid C3B6F1 Irs1KO mice and their wildtype littermates. Deletion of IRS1 led to 

an extension of median lifespan by 7% and 11% and of maximum lifespan, as defined by the 80th 

percentile age, by 12% and 10% for males (Fig. 1a) and females (Fig. 1b), respectively. The 

lifespan-extending effect of loss of IRS1 is therefore robust to different genetic backgrounds. 

Interestingly, there was no gender bias in lifespan extension in the C3B6F1 hybrid background 

(Cox proportional hazard test, sex*genotype interaction P = 0.4844), in contrast to C57BL/6J1, 

indicating that sex-specific effects on IIS mediated longevity are affected by genetic background. 

Insulin mutant animals are not only long-lived but also show resistance to age-related diseases. 

Given the replication of the Irs1KO lifespan extension phenotype in a new mouse background, we 

assessed whether female hybrid Irs1KO mice also presented with improved age-associated 

outcomes as reported in the original study1, and extended the characterisation to include male 

Irs1KO mice. 

Body weight and composition 

Irs1KO C3B6F1 mice were dwarves, with a sex-specific reduction in body weight of 46% and 36% 

in young male and female mice, respectively (two-way ANOVA, sex*genotype interaction 

P<0.0001; F (1,76) =22.74, Fig. 2a). The greater effect of the mutation on male body weight may 

have been in part attributable to differences in fat content, as young male Irs1KO mice showed a 

sex-specific reduction in fat mass, with no significant change in females (two-way ANOVA, 

sex*genotype interaction P=0.0041; F (1,76) =8.76, Fig. 2a). Body weight and fat content were 

reduced in mutant mice of both sexes at old age, with no significant sex-specificity (two-way 

ANOVA, body weight sex*genotype interaction term P=0.9049; F (1,74) =0.0144, fat content 

sex*genotype interaction term P=0.1787; F (1,74) =1,844, Fig. 1c). The decreased adiposity of old 

Irs1KO mice was not due to reduced food intake, because there was no difference in food 

consumption relative to body weight between old mutant and wild type animals of either sex (Fig. 

3a). In contrast, young Irs1KO mice of both sexes ate more food relative to their body weight (Fig. 

2b), while not showing increased fat mass, suggesting changes in EE. 

Energy expenditure 

Indirect calorimetry showed increased daytime EE in young Irs1KO mice of both sexes (Fig. 2c), 

consistent with the hypothesis that body size and body weight-adjusted EE are inversely 

correlated42. We also found increased EE in old Irs1KO mice of both sexes during daytime (Fig. 

1d) and nighttime (Fig. 3b). The decrease in adiposity was therefore not mediated by increased EE 

as young female Irs1KO mice show increased EE but no significant difference in adiposity (Fig. 

2a). 

https://paperpile.com/c/sVD7jl/9UsIo
https://paperpile.com/c/sVD7jl/9UsIo
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We next measured spontaneous home cage locomotor activity to investigate if an increase in 

movement could account for the decreased adiposity observed in Irs1KO mice. Young male and 

female Irs1KO mice showed no significant difference in activity levels (Fig. 2d). However, there 

was a trend that did not reach significance in nighttime male Irs1KO activity (Fig. 2d) that may have 

contributed to the sex-specific reduction in adiposity observed in young male Irs1KO mice (Fig. 

2a). Analysis of activity levels in old male and female Irs1KO mice revealed a significant increase 

in nighttime, but not daytime activity (Fig. 1e). Thus, increased locomotor activity might contribute 

to the reduced adiposity of old male and female Irs1KO mutant mice, but it cannot explain the 

reduced fat mass of young male Irs1KO mice. 

Consistent with previous findings in female C57BL/6J Irs1KO mice, female hybrid Irs1KO 

developed an age-dependent reduction in adiposity1. However, adiposity presented in a sex-

specific manner, where male hybrid Irs1KO mice had significantly decreased fat content 

independent of age. Moreover, we detected a significant increase in locomotor activity in old male 

and female Irs1KO mice. One potential explanation could be an amelioration of the age-dependent 

decrease in locomotor activity observed in wild type mice43. Interestingly, this is consistent with the 

original report in C57BL/6J female Irs1KO mice, where they reported a delay in age-dependent 

loss of locomotor coordination on the rotarod1. 

Peripheral metabolism 

Increased insulin resistance due to elevated circulating insulin is an age-dependent phenomenon 

contributing to obesity, type-2 diabetes and metabolic syndrome 44. Therefore, we assessed if 

Irs1KO mice had improved metabolic health. We assessed glucose metabolism by insulin tolerance 

(ITT) and glucose tolerance tests (GTT) of young and old Irs1KO mice of both sexes as a read out 

for insulin sensitivity and pancreatic beta cell function, respectively. Area under the curve (AUC) 

analysis of ITT revealed that male Irs1KO mice had significantly enhanced blood glucose uptake 

in response to the insulin challenge compared to controls at both young (Fig. 2e) and old age (Fig. 

1f). In contrast, Irs1KO knockout has no effect on insulin sensitivity in young females (Fig. 2f) but 

caused insulin resistance in old females (Fig. 1g), consistent with results of female Irs1KO 

C57BL/6J mice 1. Old male Irs1KO mice had significantly reduced response to glucose challenge 

(Fig. 3c), but there was no difference in glucose clearance in young male Irs1KO mice (Fig. 2g). 

Conversely, young female Irs1KO mice presented with glucose intolerance (Fig. 2h) while we did 

not detect any significant difference in glucose tolerance in old Irs1KO females (Fig. 3d). These 

findings are consistent with previous reports, which also detected no change in glucose tolerance 

in 16-month-old female Irs1KO C57BL/6J mice1. 

Interestingly, we detected age-independent improvement in male Irs1KO insulin sensitivity, while 

male Irs1KO mice suffered from an age-associated reduction in glucose sensitivity. Female Irs1KO 

mice recapitulated all the phenotypes observed in C57BL/6J female Irs1KO 1. 

Thus, in hybrid Irs1KO mice, there were no sex differences in lifespan or metabolic health 

parameters such as reduced adiposity, increased EE, and higher locomotor activity at old age, and 

a sex-specific benefit only to insulin sensitivity in young and old male Irs1KO mice.  
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Figure 1: Increased lifespan and improved health parameters in Irs1KO mice 

(A) Male and (B) female wild type and whole body Irs1KO mice (n=50 biologically independent animals per sex and genotype). (C) 

Body weight and composition of Irs1KO mice was measured at old age (16 months) (Wild type males n=20, Irs1KO males n=17, Wild 

type females n=21, Irs1KO females n=19). (D) Body weight normalised energy expenditure of singly housed old Irs1KO mice during 

daytime. (E) Spontaneous activity of old Irs1KO single housed mice during daytime (inactive phase) and nighttime (active phase) 

(Wild type males n=10, Irs1KO males n=13, Wild type females n=12, Irs1KO females n=11). Insulin tolerance test (ITT) performed 

on male (F) and female (G) Irs1KO mice at old age with respective AUC analysis revealed significantly higher insulin sensitivity in 

male Irs1KO mice but significantly lower insulin sensitivity in female Irs1KO mice. (H) Table summarising the phenotypes unique to 

and shared between male and female mutant mice. All error bars correspond to standard deviation except for longitudinal insulin 

sensitivity where standard error of the mean was reported. Number of animals reported at the bottom of the bars or in figure 

legends. Detailed statistical values found in Table 1. 



Day Night

0

5000

10000

15000

Young
Male home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Wild type

Irs1 KO

    Interaction ns

****

ns

0.9840

0.0778

Day Night

0

5000

10000

15000

Young
Female home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Wild type

Irs1 KO

    Interaction ns

****

ns

0.9884

0.6408

b

    Interaction <0.0001

Male Female

0

20

40

60

Young Irs1 KO
Body weight

B
o

d
y

 w
e

ig
h

t 
(g

)
<0.0001 <0.0001

Wild type

Irs1 KO

    Interaction 0.0041

Male Female

0

10

20

30

40

Young Irs1 KO
Body composition

F
a

t 
m

a
s
s

 (
%

B
W

)

Wild type

Irs1 KO

0.0006 0.9299

Male Female

0

10

20

30

11 1110 11

Young
Day-time energy expenditure

E
n

e
rg

y
 e

x
p

e
n

d
it

u
re

(k
c

a
l/

h
/k

g
)

Wild type

Irs1 KO

    Interaction ns

****

****

Young male glucose sensitivity

Time (m)

B
lo

o
d

 g
lu

c
o

s
e
 (

m
g

/d
l)

0 15 30 60 120
0

100

200

300

400

500

Wild Type

Irs1 KO

Young female insulin sensitivity

Time (m)

B
lo

o
d

 g
lu

c
o

s
e
 (

m
g

/d
l)

0 15 30 60 120
0

100

200

300

400

500

Wild Type

Irs1 KO

W
ild

 ty
pe

Ir
s1

 K
O

0

20000

40000

60000

80000

1621

Young
Male GTT  AUC

A
re

a
 u

n
d

e
r 

c
u

rv
e
  
(A

U
) ns

W
ild

 ty
pe

Ir
s1

 K
O

0

20000

40000

60000

80000

1918

Young
Female GTT  AUC

A
re

a
 u

n
d

e
r 

c
u

rv
e
  
(A

U
)

✱✱✱

0 15 30 60
0

60

80

100

120

Young male insulin sensitivity

Time (m)

B
lo

o
d

 g
lu

c
o

s
e
 (

%
 b

a
s
e
li
n

e
)

Wild Type

Irs1 KO

W
ild

 ty
pe

Ir
s1

 K
O

0

3000

6000

9000

1821

Young
Male ITT  AUC

A
re

a
 u

n
d

e
r 

c
u

rv
e
  
(A

U
)

✱✱✱✱

0 15 30 60
0

60

80

100

120

Young female insulin sensitivity

Time (m)

B
lo

o
d

 g
lu

c
o

s
e
 (

%
)

Wild Type

Irs1 KO

W
ild

 ty
pe

Ir
s1

 K
O

0

3000

6000

9000

2022

Young
Female ITT  AUC

A
re

a
 u

n
d

e
r 

c
u

rv
e
  
(A

U
) ns

Male Female

0

10

20

30

11 1110 12

Young Irs1KO
24hr food consumption

F
o

o
d

 (
%

B
W

)

Wild type

Irs1 KO

    Interaction ns
***

***

a

c d

e f

g h

Figure 2: Characterisation of young Irs1KO 

(A) Body weight and body composition of Irs1KO mice measured at young age (5 months) (Wild type males n=21, Irs1KO males 

n=18, Wild type females n=22, Irs1KO females n=19). (B) Measurement of food consumption of young Irs1KO and wild type mice 

revealed a significant increase in food consumption of single housed Irs1KO male and female mice. (C) Young body weight 

normalised energy expenditure of singly housed male and female mice during daytime as assessed by metabolic chambers showing 

an increase in energy expenditure in Irs1KO mice. (D) Spontaneous activity of Irs1KO single housed mice during their inactive cycle 

or daytime showed no significant difference in activity at young age (Wild type males n=10, Irs1KO males n=11, Wild type females 

n=12, Irs1KO females n=10). Insulin tolerance test (ITT) of young male (E) Irs1KO mice revealed a clear enhanced systemic insulin 

sensitivity in male Irs1KO mice, while no difference was observed between female (F) Irs1KO mice and their wild type littermates. 

(G) Glucose tolerance test (GTT) did not show any significant difference in glucose tolerance in young male Irs1KO and wild type 

littermate mice. (H) AUC analysis of GTT in young female Irs1KO mice revealed a significantly reduced glucose tolerance in Irs1KO 

females compared to wild type littermate mice. All error bars correspond to standard deviation except for longitudinal glucose and 

insulin sensitivity where standard error of the mean is reported. Number of animals reported at the bottom of the bars for each 

condition. Detailed statistical values found in Table 1. 
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Figure 3: Additional parameters of old Irs1KO 

(A) Old (16 months) Irs1KO and wild type food consumption measured in single housed animals shows no significant differences. 

(B) Body weight normalised energy expenditure of old Irs1KO mice during nighttime in individually housed animals showing 

significant increase in old Irs1KO mice. Glucose tolerance test (GTT) was administered to old male (C) and female (D) Irs1KO mice, 

by measuring blood glucose levels in response to a body weight adjusted glucose bolus. Old male Irs1KO mice showed significant 

reduction in glucose sensitivity. Detailed statistical values found in Table 1. 

 

3.2.2. Tissue-specific Irs1 knockout mice 

3.2.2.1 Generation and validation of tissue-specific Irs1 knockout mice 

We next investigated the role of different tissues in mediating the effect of IRS1 deficiency on 

murine longevity and health. Given our findings that hybrid Irs1KO mice recapitulated the majority 

of the original findings in C57BL/6J Irs1KO mice1, we used C57BL/6N mice as that is the mouse 

strain containing the LoxP floxed Irs1 allele and the Cre drivers used to target the five major insulin-

responsive metabolic organs: the liver, muscle, fat, gut and nervous system. 

Liver-specific Irs1 knockout mice were generated using Alfp-CreT (lKO)4, muscle-specific (targeting 

skeletal and cardiac muscle tissue) using Ckmm-CreT (mKO)5, fat-specific (targeting white adipose 

tissue (WAT) and brown adipose tissue (BAT)) using Adipoq-CreT (fKO)6, gut-specific (targeting 

small and large intestine) using Villin1-CreT (gKO)7 and neuron-specific using Syn1-CreT (nKO)8 

mice. Male C57BL/6N mice carrying the corresponding CreT transgenic constructs were mated to 

LoxP floxed Irs13 mutant C57BL/6N females to generate tissue-specific Irs1 knockout mice 

(CreT/+: Irs1fl/fl) and their corresponding LoxP floxed Irs1 littermate controls (Cre+/+: Irs1fl/fl). We 

first validated the efficiency of IRS1 depletion by measuring Irs1 transcript levels by quantitative 

real-time PCR (Q-RT-PCR) in the corresponding target tissue (Fig. 4a-f). This was done using old 

male and female mice to verify that the depletion of IRS1 is stable throughout life. Primers and 

conditions were validated with cortical brain samples from Irs1KO mice (Fig 4a). Irs1 transcripts 

https://paperpile.com/c/sVD7jl/9UsIo
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https://paperpile.com/c/sVD7jl/2xr53
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were strongly depleted in liver tissue of lKO (Fig. 4b), hindlimb muscle tissue of mKO (Fig. 4c), 

BAT tissue (subscapular) of fKO (Fig. 4d) and partly depleted in cortical brain tissue of nKO mice 

(Fig. 4e). The partial reduction in the cortex is probably explained by the residual expression of Irs1 

in glial cells, which are not targeted by the Syn1Cre 8. In contrast, we did not detect depletion of 

Irs1 transcripts in the small intestine (ileum) of gKO mice (Fig. 4f), suggesting that Irs1 mutant cells 

were outcompeted by wild type cells in the gut epithelium during ageing. Therefore, gKO mice were 

excluded from further analysis. 

We next tested the specificity of the tissue-specific knockout lines by measuring Irs1 expression 

levels in non-targeted tissues, namely brain cortex for lKO, mKO and fKO (Fig. 4g) and liver tissue 

for the nKO (Fig. 4h), respectively. There was no significant difference in the expression level of 

Irs1 in the non-targeted tissues, demonstrating the specificity of the generated tissue-specific 

knockout lines. As IRS1 and IRS2 have been suggested to have redundant functions, we used Q-

RT-PCR to measure Irs2 levels in the IRS1 tissue-specific knockout lines. However, except for a 

slight up-regulation of Irs2 transcript levels in the liver of male IKO mice (Fig. 4b), there was no 

compensatory up-regulation of Irs2 gene expression in any of the tested knockout lines (Fig. 4a-

e). In summary, the four IRS1 tissue-specific knockout lines had efficient depletion of Irs1 

expression, without unspecific effects in other tissues or compensatory regulation of Irs2 

expression. Thus, these lines were suitable for addressing how tissue-specific depletion of IRS1 

affects health and longevity. 

https://paperpile.com/c/sVD7jl/aNDT6
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Figure 4: Validation of mouse models used in the study 

(A) Quantitative real-time PCR of cortical tissue in Irs1KO mice shows depletion of Irs1 transcripts. Irs2 transcript levels show no 

compensatory effect. (B) Liver samples of lKO mice show depletion of Irs1 transcripts and compensatory Irs2 upregulation in male 

lKO mice. (C) Hindlimb muscle samples revealed depletion of Irs1 transcript levels in mKO mice, but no effect on Irs2 transcript 



levels. (D) Supraclavicular brown adipose tissue (BAT) samples of fKO mice show depletion of Irs1 transcripts with no compensatory 

Irs2 upregulation. (E) Cortex samples of nKO mice show significant reduction but not depletion of Irs1 transcripts in nKO mice, with 

no effect on Irs2 transcript levels. (F) lKO, mKO and fKO cortical samples used to assess Irs1 transcript levels did not reveal any non-

specific Irs1 deletion in brain tissue. (G) Liver samples from nKO mice not showing any non-specific Irs1 deletion in liver tissue. All 

error bars correspond to standard deviation. Number of animals reported at the bottom of the bars or in figure legends. Detailed 

statistical values found in Table 1. 

3.2.2.2 Tissue-specific knockout of Irs1 in liver, muscle, fat or neurons does not 

extend lifespan in mice 

Lifespan 

As global loss of IRS1 results in lifespan extension, we measured survival of tissue-specific Irs1 

mutant male and female mice, to address which tissue might underlie the longevity effect. However, 

there was no change in lifespan detected by log-rank test in male lKO (Fig. 5a), mKO (Fig. 5c), fKO 

(Fig. 5e) and nKO (Fig. 5g). We observed a slight trend towards lifespan reduction in male mKO 

mice (log-rank test P=0.0605) (Fig. 5c). Maximum lifespan analysis of male tissue-specific Irs1 

knockout mice revealed a reduction in lKO (Fig. 5a) and mKO (Fig. 5c) maximum lifespan 

compared to littermate controls. Median survival and maximum lifespan for female lKO (Fig. 5b), 

mKO (Fig. 5d) and nKO (Fig. 5h) were not significantly different compared to their respective 

littermate controls. However, there was a significant reduction in female fKO median lifespan of 

approximately 17% and maximum survival by approximately 9% (Fig. 5f), potentially highlighting a 

critical female-specific role of IRS1 in adipose tissue. Previous reports of a fat specific IR knockout 

model showed significant extension in lifespan of approximately 18%45. However, the data was not 

separated by sex to determine whether one sex responded differently to the intervention. 

In summary, we did not detect lifespan extension in any of the tested Irs1 tissue-specific KO lines, 

suggesting that reduction of IIS in more than one tissue or in a tissue we have not targeted is 

required for lifespan extension in mice. 

https://paperpile.com/c/sVD7jl/9NPuY
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Figure 5: Tissue-specific deletion of IRS1 is not sufficient for lifespan extension 

Kaplan Meier plots depicting survival of male and female mice. Log-rank tests were used to compare median survival (labelled on 

50% survival probability line in days) and Mann Whitney tests to compare maximum lifespan (inset shows top 20% longest-lived 

mice) of all mutant mice. (C) Male and (D) female control (Cntrl) and liver-specific Irs1 knockout (lKO) mice (n=50 biologically 

independent animals for all groups). (E) Male and (F) female control (Cntrl) and muscle-specific Irs1 knockout (mKO) mice (n=50 

biologically independent animals for all groups). (G) Male and (H) female control (Cntrl) and fat-specific Irs1 knockout (fKO) mice 

(n=50 biologically independent animals for all groups, n=49 for male fKO mice). (I) Male and (J) female control (Cntrl) and neuron-

specific Irs1KO (nKO) mice (n=50 biologically independent animals for all groups, n=49 for female control). Detailed statistical values 

found in Table 1. 

3.2.2.3 IRS1 deletion in liver, muscle or fat does not improve health 

Body weight and composition 

In order to ask whether tissue-specific deletion of IRS1 would lead to health benefits, we 

characterised male and female Irs1 tissue-specific knockout lines. In contrast, to whole body 

Irs1KO animals, which are dwarfs, there was no difference in body weight in young lKO, mKO or 



fKO animals (Fig. 6a, e and i), indicating that deletion of IRS1 in these tissues did not interfere with 

overall growth. 

The liver stores glucose after a meal as glycogen or converts excess glucose to fatty acids. It also 

oxidises fatty acids to provide energy for gluconeogenesis during fasting. Moreover, sex affects 

liver physiology, with significant consequences for systemic metabolism46. We observed sex 

differences in the metabolic phenotypes of Irs1KO mice, therefore, we investigated the contribution 

of liver-specific IRS1 deletion to the metabolic phenotypes in male and female Irs1KO mice. 

Deletion of IRS1 in muscle revealed an important role for IRS1 in muscle growth and for insulin-

stimulated glucose transport into muscle 47,48. However, the sex-specific role of IRS1 in muscle 

tissue has not been fully characterised. Therefore, we assessed whether muscle contributed to the 

sex-specific health benefits observed in Irs1KO mice. The contribution of adipose tissue to the 

physiological insulin response is not certain. However, fat-specific IR knockout mice are protected 

against age-associated glucose intolerance and insulin insensitivity49, and show enhanced 

lifespan45. However, the role of a relatively modest IIS reduction in IRS1 deletion and the role of 

sex have not been assessed. 

lKO mice showed a sex-specific reduction in body weight only in old males (two-way ANOVA, 

sex*genotype interaction P=0.0015; F (1,45) =11.38, Fig. 6c), which was probably due to a sex-

specific decrease in fat mass (two-way ANOVA, sex*genotype interaction P=0.0284; F (1,45) 

=5.132, Fig. 6d). Male and female mKO mice showed no change in body weight (Fig. 6e and g), 

but a significant increase in fat mass relative to body weight at both young and old age in both 

sexes (Fig. 6f and h). Potentially, the increase in fat mass in old mKO could be specific to the male 

mice, however, the high variability in the control males prevented the interaction term from reaching 

statistical significance (P=0.0629) (Fig. 6h). These results are consistent with findings using 

muscle-specific IR knockout animals, which also showed increased fat mass and reduced muscle 

mass50. Although male and female fKO showed no change in body weight (Fig. 6i and k), we 

measured a significant reduction in fat mass at young and old age in both male and female fKO 

mice (Fig. 6j and l), suggesting that, similar to fat-specific IR knockout mice 49,51, fKO mice also 

have reduced WAT mass. Changes in body weight and composition was not a result of altered 

food consumption as no significant difference was observed in young and old lKO, mKO or fKO 

animals (Fig. 6m-r). There has been controversy whether IIS in fat can modulate feeding, as one 

report found a significant increase in fat-specific IR knockout mice51, while another study found no 

difference49. We did not detect any significant changes in food intake of young or old fKO mice of 

either sex (Fig. 6q and r), which might be due to the less severe interruption of IIS upon loss of 

IRS1 compared to the IR. 

https://paperpile.com/c/sVD7jl/r6ua8
https://paperpile.com/c/sVD7jl/zppVs+jxYzg
https://paperpile.com/c/sVD7jl/90kPa
https://paperpile.com/c/sVD7jl/9NPuY
https://paperpile.com/c/sVD7jl/lvec3
https://paperpile.com/c/sVD7jl/90kPa+k3C2y
https://paperpile.com/c/sVD7jl/k3C2y
https://paperpile.com/c/sVD7jl/90kPa
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Figure 6: Body weight and composition of tissue-specific Irs1KO mice 

Body weight (A) and body composition (B) of young (4 months) male and female lKO mice revealed no significant difference 

between lKO and control littermates. (C) Body weight of old (16 months) male and female lKO revealed a sex-specific significant 

reduction in body weight of male lKO mice. (D) Body composition at old age also revealed sex-specific significant reduction in body 

weight adjusted fat mass of male lKO mice. Body weight of young (E) (4 months) and old (F) (16 months) mKO mice showed no 

significant difference. Body composition in young (G) and old (H) mKO mice revealed a significant age-independent increase in fat 

mass of mKO mice compared to control littermates. Body weight of young (I) (4 months) and old (K) (16 months) fKO mice showed 



no significant difference. Body composition in young (J) and old (L) fKO mice revealed a significant age-independent decrease in fat 

mass of fKO mice compared to control littermates. Measurement of food consumption of young lKO (M) and old lKO (N) revealed 

no significant difference in food consumption of single housed animals relative to the corresponding littermate controls. 

Measurement of food consumption of young mKO (O) and old mKO (P) revealed no significant difference in food consumption of 

single housed animals relative to the corresponding littermate controls. Measurement of food consumption of young fKO (Q) and 

old fKO (R) revealed no significant difference in food consumption of single housed animals relative to the corresponding littermate 

controls. Number of animals reported at the bottom of the bars for each condition. Detailed statistical values found in Table 1. 

Energy expenditure 

Consistent with the lack of differences in young lKO body weight and composition, we did not detect 

any significant differences in EE of young male (Fig. 7a) or female (Fig. 7b) lKO mice. Although we 

detected a sex-specific reduction in body weight and composition in old male lKO mice, we did not 

detect any significant difference in EE of old males (Fig. 7c) or females (Fig. 7d). However, the 

slopes of the regression analysis were significantly different in old lKO mice, preventing comparison 

of EE. IRS1 deficiency in muscle and fat tissue did not lead to a significant difference in EE in 

young or old male and female mKO and fKO mice (Fig. 7e-l). Spontaneous locomotor activity did 

not reveal any significant difference in young or old male and female lKO (Fig. 8a-b). Young male 

mKO mice showed increased spontaneous locomotor activity specifically during nighttime (Fig. 8c), 

while no change was observed in mKO females or old mKO males (Fig. 8d). Reduced IIS in the fat 

was insufficient to affect spontaneous activity on young or old fKO mice of either sex (Fig. 8e and 

f). 
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Figure 7: Energy expenditure of tissue-specific Irs1KO mice 

Daytime and nighttime energy expenditure were analysed by linear regression of energy expenditure by body weight (ANCOVA). 

No difference in energy expenditure was detected in young male (A) or female (B) lKOs (male control and lKO n=7, female controls 

and lKO n=8) or old male (C) and female (D) lKOs (male control n=5 and lKO n=4, female controls n=7 and lKO n=6). No difference 

in energy expenditure was detected in young male (E) and female (F) mKOs (male control n=8 and mKO n=6, female controls and 

mKO n=5) or old male (G) and female (H) mKOs (male control and mKO n=7, female control n=7 and mKO n=6). No difference in 

energy expenditure was detected in young male (I) and female (J) fKOs (male control n=7 and fKO n=5, female control n=8 and fKO 



n=6) or old male (K) and female (L) fKOs (male control n=7 and fKO n=6, female control n=6 and fKO n=8). Detailed statistical values 

found in Table 1. 

 

Day Night

0

1000

2000

3000

4000

Young male
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

lKO

    Interaction ns
****

ns

Day Night

0

1000

2000

3000

4000

    Interaction ns
****

ns

Young female
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

lKO

Day Night

0

2000

4000

6000

Old male
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

lKO

    Interaction ns
***

ns

Day Night

0

2000

4000

6000

    Interaction ns
****

ns

Old female
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

lKO

Day Night

0

500

1000

1500

2000

2500

Young male
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

fKO

    Interaction ns
***

ns

Day Night

0

2000

4000

6000

8000

10000

    Interaction ns
*

ns

Young female
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

fKO

Day Night

0

500

1000

1500

2000

2500

Old male
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

fKO

    Interaction ns
****

ns

Day Night

0

500

1000

1500

2000

2500

    Interaction ns
****

ns

Old female
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

fKO

    Interaction <0.0001

Day Night

0

1000

2000

3000

4000

5000

Young male
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

mKO

ns ✱✱✱✱

Day Night

0

1000

2000

3000

4000

5000

    Interaction ns
****

ns

Young female
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

mKO

Day Night

0

2000

4000

6000

8000

10000

Old male
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

mKO

    Interaction ns
****

ns

Day Night

0

2000

4000

6000

8000

10000

    Interaction ns
**

ns

Old female
Home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r) Cntrl

mKO

a b

c d

e f

Figure 8: Locomotor activity of tissue-specific Irs1KO mice 

Measurement of spontaneous locomotor activity of singly housed young lKO (A) (male control and lKO n=7, female controls and 

lKO n=8) and old lKO (B) (male control and lKO n=6, female controls and lKO n=9) mice during daytime and nighttime did not reveal 

any significant difference due to genotype. Spontaneous locomotor activity of singly housed young male mKO mice (C) (control n=8 

and mKO n=5) revealed higher activity levels during nighttime compared to controls. Spontaneous activity of young female mKO 

(C) (control and mKO n=5), old male mKO (D) (control and mKO n=7) or old female mKO (D) (control n=7 and mKO n=6) mice during 

daytime and nighttime did not reveal any significant difference due to genotype. Spontaneous locomotor activity of singly housed 

young fKO (E) (male control n=7 and fKO n=5, female controls n=8 and fKO n=6) and old fKO (F) (male control n=7 and fKO n=6, 

female controls n=6 and fKO n=8) mice during daytime and nighttime did not reveal any significant differences. Detailed statistical 

values found in Table 1. 

Peripheral metabolism 

Insulin sensitivity was unaffected in young or old male and female lKO mice (Fig. 9a-d). Insulin 

sensitivity was not significantly changed in mKO mice (Fig. 9e-h), consistent with data from muscle-

specific IR and IGF1R knockout mice, which had reduced activated IRS1 levels but no change in 

insulin sensitivity 5,52. Insulin sensitivity was slightly but significantly reduced in young male fKO 

mice (Fig. 9i), while young female fKO mice showed no significant difference (Fig. 9j). Insulin 

sensitivity of old male fKO mice was not significantly changed (Fig. 9k), however, old female fKO 

mice had significantly reduced insulin sensitivity (Fig. 9l). 

https://paperpile.com/c/sVD7jl/EGJoa+2xr53
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Figure 9: Insulin tolerance test of tissue-specific Irs1KO mice 

Insulin tolerance test (ITT) revealed no significant difference in insulin sensitivity of young male lKO (A), young female lKO (B), old 

male lKO (C) and old female lKO (D) compared to their respective control littermates as assessed by AUC analysis. No significant 



difference in insulin sensitivity of young male mKO (E), young female mKO (F), old male mKO (G) and old female mKO (H) compared 

to their respective control littermates as assessed by AUC analysis. ITT of young male fKO (I) revealed a significant reduction in 

insulin sensitivity between fKO and control littermates. ITT analysis of young female fKO (J) and old male fKO (K) did not detect any 

significant differences between fKO mice and their control littermates. ITT of old female fKO (L) revealed a significant reduction in 

insulin sensitivity between fKO and control littermates. Detailed statistical values found in Table 1. 

Consistent with previous studies53, male lKO mice showed reduced glucose sensitivity at young 

(Fig. 10a), but not old age (Fig. 10c). This suggests that the liver-specific loss of IRS1 function can 

be compensated for during ageing, potentially due compensatory increase in Irs2 expression (Fig. 

4b). In contrast to the males, female lKO mice showed no difference in glucose sensitivity at young 

or old age (Fig. 10b and d). Young male and female mKO animals showed a significant reduction 

in glucose sensitivity (Fig. 10e and f), which was surprising, given that IR or IRS1+2 knockout mice 

did not show this effect5,48. However, the reduction in glucose sensitivity was also observed in old 

male (Fig. 10g), but not in old female mKO mice (Fig. 10h). Glucose sensitivity was significantly 

reduced in young female fKO mice (Fig. 10j), but unaffected in young males (Fig. 10e). Old female 

fKO mice were more glucose-sensitive than controls (Fig. 10l), but only a trend in old male glucose 

sensitivity (Fig. 10k). 

Overall, our data suggest that loss of IRS1 in the liver predominantly affects male body composition 

and glucose sensitivity, while loss of IRS1 in muscle leads to consistent differences in males and 

females, with the exception of the locomotor activity at young age. Loss of IRS1 in fat tissue mostly 

affected females, leading to significant differences in peripheral metabolism, potentially linked to 

the female-specific decrease in lifespan we observed (Fig. 5f). 

https://paperpile.com/c/sVD7jl/o4yf6
https://paperpile.com/c/sVD7jl/2xr53+jxYzg
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Figure 10: Glucose tolerance test of tissue-specific Irs1KO mice (below) 



Glucose tolerance test (GTT) revealed a significant reduction in glucose tolerance of young male lKO (A) compared to control mice 

as assessed by AUC analysis. AUC analysis of GTT of young female lKO (B), old male lKO (C) and old female lKO (D) did not detect 

any significant differences between lKO mice and their control littermates. GTT revealed a significant reduction in glucose tolerance 

of young male mKO (E), young female mKO (F) and old male mKO (G) as assessed by AUC analysis. GTT of old female mKO (H) did 

not detect any significant differences between mKO mice and their control littermates. GTT of young male fKO (I) did not detect 

any significant differences between fKO mice and their control littermates. GTT of young female fKO (J) revealed a significant 

reduction in glucose tolerance as assessed by AUC analysis. GTT of old male fKO (K) and old female fKO (L) did not detect any 

significant differences between fKO mice and their control littermates. Detailed statistical values found in Table 1. 

3.2.2.4 Neuron-specific Irs1 knockout mice show male-specific improvement in 

metabolic health 

The brain is a central mediator of metabolic function54, and reduced IIS in the brain has been 

associated with changes in body weight, fat mass, glucose metabolism and feeding behaviour55. 

However, peripheral, off-target recombination has been reported in kidney, pancreas and muscle 

of some of the Cre-driver lines used in these studies56. We therefore phenotyped male and female 

nKO mice at young and old age using the Syn1Cre gene driver, drives pan-neuronal Cre 

expression. There was a slight sex-specific reduction in body weight in old male nKO mice (two-

way ANOVA, sex*genotype interaction P<0.0172; F (1,51) =6.069, Fig. 11a) with no significant 

change in body composition of either young (Fig. 12a) or old nKO (Fig. 11a) mice of either sex. As 

brain insulin signalling has been implicated in feeding and satiety57, we measured food 

consumption in nKO mice, but we could not detect any differences in young (Fig. 12b) or old (Fig. 

13a) mice of either sex. Previous studies have uncovered a direct role of the brain in mediating EE 

through peripheral tissues such as BAT 58,59. In young animals, there was no effect on EE in either 

male or female nKO mice (Fig. 12c). However, EE was specifically increased in old male, but not 

female nKO mice during daytime (Fig. 11b) and nighttime (Fig. 13b), indicating that nKO mice show 

an age-dependent and sex-specific increase in EE. Given the role of neuronal IIS in locomotor 

activity60 we next measured spontaneous home-cage activity. Locomotor activity was not changed 

in young nKO males (Fig. 12d), but was increased in young females during both daytime and 

nighttime. In contrast, old male nKO mice showed a significant increase in activity only during 

nighttime, while there was no change in old nKO females (Fig. 11c). The male specific increase in 

activity was not observed during daytime, suggesting that the effect seen at old age was not due 

to general hyperactivity of old male nKO mice. As neuronal IIS function has been implicated in 

mediating insulin sensitivity through circuitry with peripheral metabolic organs60, we assessed 

insulin sensitivity in young and old nKO mice of both sexes. Consistent with male Irs1KO mice, 

insulin sensitivity was increased in young (Fig. 12e) and old (Fig. 11d) male nKO mice. However, 

the opposite occurred in young female nKO mice, with a significant reduction in insulin sensitivity 

(Fig. 12f), which was lost at old age (Fig. 11e). Importantly, none of the phenotypes in the nKO 

mice were present in the Syn1Cre control mice (Fig. 14a-j). Thus, IRS1 deletion only in neurons 

was sufficient to induce male-specific benefits in metabolic outcomes that in part recapitulated the 

phenotypes of the global Irs1KO. Moreover, nKO mice successfully avoided the negative 

consequences of Irs1KO mice such as reduced body size and glucose sensitivity (Fig. 13 c and d). 

In summary, all mutant mice successfully avoided the dwarf phenotype in Irs1KO mice, but, IRS1 

deficiency in liver, muscle or fat did not recapitulate the health benefits observed in old Irs1KO 

mice. On the other hand, deletion of IRS1 in neurons induced all of the health benefits observed in 

Irs1KO mice, without the negative effects on glucose sensitivity, but in a male-specific manner. In 

summary, neuronal IIS in male mice may play a key role in the improved insulin sensitivity, excess 

EE and amplified activity of whole body knockout mice.  

https://paperpile.com/c/sVD7jl/PCwp3
https://paperpile.com/c/sVD7jl/8m9zA
https://paperpile.com/c/sVD7jl/cdru1
https://paperpile.com/c/sVD7jl/dtEEg
https://paperpile.com/c/sVD7jl/rkL89+ZACpP
https://paperpile.com/c/sVD7jl/xrAZz
https://paperpile.com/c/sVD7jl/xrAZz
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Figure 11: Neuron-specific Irs1 knockout (nKO) mice show male-specific improvement in metabolic health 

(A) Body weight and composition of nKO mice was assessed at old age (16 months) (n = 14 biologically independent animals for all 

groups). (B) Daytime energy expenditure of male (control n=7 and nKO n=8) and female (n=8 female control and nKO) mice was 

analysed by linear regression of energy expenditure by body weight (ANCOVA). (C) Plotted spontaneous home-cage activity of old 

male (control n =7 and nKO n=9) and female (control n=7 and nKO n=9) single housed nKO mice showed a nighttime specific 

increase in activity of male nKO mice. (D) Analysis of insulin tolerance test (ITT) curves and AUC values of old male nKO showed a 

significant improvement in insulin sensitivity in nKO mice compared to controls. (E) Analysis of ITT curves and AUC values of old 

female nKO did not reveal any significant difference compared to controls. (F) Table summarising the phenotypes unique to and 

shared between male and female mutant mice, highlighting the enrichment of male-specific phenotypes in nKO mice. All error bars 

correspond to standard deviation except for longitudinal insulin sensitivity where standard error of the mean was reported. For 

ANCOVA analysis the 95% confidence interval is plotted. Number of animals reported at the bottom of the bars or in figure legends. 

Detailed statistical values found in Table 1. 
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Figure 12: Characterisation of young nKO 

(A) No significant difference was observed in body weight or body composition at young age (3 months) of nKO and control 

littermates (male nKO and controls n=15, female nKO and control n=14). (B) Measurement of food consumption of young nKO and 

control mice revealed no significant difference in food consumption of single housed animals. (C) Daytime energy expenditure of 

male nKO and female nKO and control mice was analysed by linear regression of energy expenditure by body weight (ANCOVA). 

No difference in energy expenditure between young male nKO (n=11) and controls (n=12) or female nKO (n=13) and controls (n=12) 

was observed. (D) No significant difference was observed in spontaneous activity of young single-housed male nKO (n=12) and 

littermate control (n=11) mice. A significant increase in daytime and nighttime activity was observed between female nKO (n=13) 

and littermate control (n=12) mice. Insulin sensitivity of male nKO and control mice (E) showed a significantly improved insulin 

sensitivity in male nKO mice. However, a significant reduction in insulin sensitivity was detected between female (F) nKO and 

control mice. Analysis of GTT of male (G) and female (H) nKO mice did not reveal any significant difference in young nKO glucose 

tolerance compared to control littermates. All error bars correspond to standard deviation except for longitudinal glucose and 

insulin sensitivity where standard error of the mean is reported. Number of animals reported at the bottom of the bars for each 

condition. Detailed statistical values found in Table 1. 
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Figure 13: Additional parameters of old nKO 

(A) No difference in food consumption was detected in single housed old (16 months) nKO and control littermates. (B) Nighttime 

energy expenditure of male and female mice was analysed by linear regression of energy expenditure by body weight (ANCOVA). 

Unlike female nKO mice (n=8 female control and nKO mice) where no significant difference between intercepts was detected, male 

nKO (n=8) mice showed significant increase in energy expenditure compared to male controls (n=7). Analysis of GTT did not detect 

any significant difference between the ability of old male (C) and female (D) nKO mice compared to their respective littermate 

controls in lowering blood glucose levels. All error bars correspond to standard deviation except for longitudinal glucose sensitivity 

where standard error of the mean is reported. Number of animals reported at the bottom of the bars for each condition. Detailed 

statistical values found in Table 1. 



Old
Body weight

B
o

d
y

 w
e

ig
h

t 
(g

)

Male Female
0

20

40

60

80

***
    Interaction ns

ns
Wild type

Syn1 Cre

Old
Body composition

F
a

t 
m

a
s

s
 (

%
)

Male Female
0

10

20

30

40

50

    Interaction ns
ns

ns
Wild type

Syn1 Cre

20 30 40 50

0.0

0.2

0.4

0.6

0.8

Old male
Day-time energy expenditure

Body weight (g)

E
n

e
rg

y
 e

x
p

e
n

d
it

u
re

(k
c

a
l/

h
)

Slope p=0.4551

Intercept p=0.7055

Wild type

Syn1 Cre

20 30 40 50

0.0

0.2

0.4

0.6

0.8

Old female
Day-time energy expenditure

Body weight (g)

E
n

e
rg

y
 e

x
p

e
n

d
it

u
re

(k
c

a
l/

h
)

Slope p=0.5021

Intercept p=0.9796

Wild type

Syn1 Cre

Day Night

0

1000

2000

3000

4000

5000

Old
Male home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r)

****

ns

    Interaction ns

Wild type

Syn1 Cre

    Interaction ns

Day Night

0

1000

2000

3000

4000

5000

Old
Female home-cage activity

A
v

e
ra

g
e
 d

is
tn

a
c

e
 (

c
m

/h
r)

**

ns
Wild type

Syn1 Cre

Old male insulin sensitivity

Time (m)

B
lo

o
d

 g
lu

c
o

s
e
 (

m
g

/d
l)

0 15 30 60
0

50

100

Wild type

Syn1 Cre
ns

Old female insulin sensitivity

Time (m)

B
lo

o
d

 g
lu

c
o

s
e
 (

m
g

/d
l)

0 15 30 60
0

50

100

Wild type

Syn1 Cre
ns

Old male glucose sensitivity

Time (m)

B
lo

o
d

 g
lu

c
o

s
e
 (

m
g

/d
l)

0 15 30 60 120
0

200

400

600 Wild type

Syn1 Cre
ns

Old female glucose sensitivity

Time (m)

B
lo

o
d

 g
lu

c
o

s
e
 (

m
g

/d
l)

0 15 30 60 120
0

200

400

600 Wild type

Syn1 Cre
ns

W
ild

 ty
pe

S
yn

1 
C
re

0

3000

6000

9000

1414

Male ITT  AUC

A
re

a
 u

n
d

e
r 

c
u

rv
e
  
(A

U
) ns

W
ild

 ty
pe

S
yn

1 
C
re

0

3000

6000

9000

1712

Female ITT  AUC

A
re

a
 u

n
d

e
r 

c
u

rv
e
  
(A

U
)

ns

W
ild

 ty
pe

S
yn

1 
C
re

0

20000

40000

60000

80000

1315

Male GTT  AUC

A
re

a
 u

n
d

e
r 

c
u

rv
e
  
(A

U
) ns

W
ild

 ty
pe

S
yn

1 
C
re

0

20000

40000

60000

80000

1612

Female GTT  AUC

A
re

a
 u

n
d

e
r 

c
u

rv
e
  
(A

U
)

ns

a b

c d

e f

g h

i j

 
Figure 14: Neuronal Syn1Cre expression does not affect peripheral metabolism (below) 
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(A) No significant difference was observed in body weight or (B) body composition at old age (16 months) of Syn1Cre and wild type 

littermates (male wild type n=15 and Syn1Cre n=14, female wild type n=12 and Syn1Cre n=17). Daytime energy expenditure of (C) 

male and (D) female Syn1Cre and wild type mice was analysed by linear regression of energy expenditure by body weight 

(ANCOVA). No difference in energy expenditure between old male Syn1Cre (n=8) and wild type (n=6) as well as between female 

Syn1Cre (n=9) and wild type (n=6) was observed. No significant difference was observed in spontaneous activity of old single-

housed (E) male Syn1Cre (n=8) and littermate wild type (n=6) mice or female (F) Syn1Cre (n=9) and wild type (n=6) mice. Insulin 

sensitivity of old (G) male or (H) female Syn1Cre and wild type mice showed no significant difference in insulin sensitivity. Analysis 

of GTT of male (I) and female (J) Syn1Cre mice did not reveal any significant difference in old Syn1Cre glucose tolerance compared 

to wild type littermates. All error bars correspond to standard deviation except for longitudinal glucose and insulin sensitivity where 

standard error of the mean is reported. Number of animals reported at the bottom of the bars for each condition. Detailed 

statistical values found in Table 1. 

3.2.3. Characterisation of mitochondrial function in Irs1KO and nKO brains  

3.2.3.1 Irs1KO and nKO brains exhibit sex-specific, age-dependent mitochondrial 

dysfunction 

Given the improved health observed in male nKO mice, we explored possible molecular and 

cellular mechanisms in the brain that could contribute to the observed health effects. A previous 

study conducted a candidate gene differential expression analysis in Irs1KO liver tissue, and found 

an up-regulation of genes associated with oxidative stress, oxidative phosphorylation, and 

tricarboxylic acid cycle 1, suggesting a link to altered mitochondrial function. Furthermore, a later 

study established a causal link between reduced IIS and hepatic mitochondrial function, by 

demonstrating a reduction in mitochondrial electron transport chain activity and respiratory control 

ratio in response to FOXO1 activation33. Mitochondrial function in neurons is essential for 

neurotransmission, synaptic maintenance and calcium homeostasis34. Moreover, the effect of 

reduced IIS on mitochondrial function has not been investigated in the mammalian brain. 

Therefore, we assessed the effect of loss of IRS1 in the brain on OXPHOS by performing high-

resolution respirometry on permeabilized brain tissue of young and old Irs1KO mice. There was no 

difference in basal respiration in old (Fig. 15a) or young (Fig. 16a) or Irs1KO mice of either sex. 

Next, we measured oxygen consumption after saturating the mitochondria with substrates and 

titrating a protonophore (FCCP) until maximum mitochondrial respiration was measured. Basal 

mitochondrial respiration was then subtracted from maximal mitochondrial respiration to determine 

the mitochondrial spare capacity. Spare respiratory capacity can indicate how close a cell is 

operating to its bioenergetic limit or how much capacity a cell has to deal with acute additional 

energy demand. A neuronal reduction in spare respiratory capacity leads to a vulnerability to cell 

death linked to age-associated neurodegenerative disorders such as Parkinson's disease 61–63. Old 

male Irs1KO mice showed a significantly reduced mitochondrial spare respiratory capacity (Fig. 

15c), but this was unaffected in old females and young animals (Fig. 16b). To address whether this 

phenotype was caused specifically by the lack of IRS1 in neurons, we also measured spare 

respiratory capacity in nKO mice. Consistent with the results in Irs1KO mice, nKO mice showed a 

male-specific reduction in spare respiratory capacity only at old age (Fig. 15b, d). Thus, reduced 

neuronal IIS lowered mitochondrial spare respiratory capacity in old male Irs1KO and nKO mice, 

effects that were absent in control Syn1Cre mice (Fig. 17a and b). 

https://paperpile.com/c/sVD7jl/9UsIo
https://paperpile.com/c/sVD7jl/xSeAv
https://paperpile.com/c/sVD7jl/ojm18
https://paperpile.com/c/sVD7jl/KTTqy+iMlcj+qCtQ2


3.2.3.2 Irs1KO and nKO brains have sex-specific and age-dependent ISR up-

regulation 

Impaired mitochondrial function has been shown to activate Atf4 signalling 36 and thereby the 

ISR64,65. Moreover, an increase in ATF4 activity has been identified as a common feature shared 

among different interventions that induced increased lifespan in mice37. Therefore, we investigated 

whether Atf4 signalling was up-regulated in the brains of Irs1KO mice. We measured Atf4 transcript 

levels by Q-RT-PCR, as neuronal ATF4 protein is usually rapidly degraded66. Interestingly, Atf4 

mRNA levels were increased only in old but not young male Irs1KO mice and unchanged in female 

mice (Fig. 15e and Fig. 16c), consistent with the observed age- and sex-specific mitochondrial 

dysfunction. In line with this finding, Atf5 levels were also only significantly up-regulated in old male 

Irs1KO mice (Fig. 15e). Expression level of Chop, an Atf4 target gene commonly up-regulated in 

long lived mice37, was also up-regulated specifically in male Irs1KO mice (Fig. 15e). These results 

suggest that lack of IRS1 induces ISR in the brain at old age and only in males. To address whether 

deletion of Irs1 in neurons is sufficient to activate the ISR, we measured Atf4, Atf5 and Chop 

expression in the brain of nKO mice. As in Irs1KO mice, no significant change in expression in 

these genes was observed in young male or in female nKO mice (Fig. 16d), while Atf5 and Chop 

were significantly and Atf4 non-significantly up-regulated in old male nKO mice (Fig. 15f). 

Moreover, consistent with the lack of mitochondrial dysfunction in Syn1Cre mice, we did not detect 

any difference in ISR (Fig. 17c). Thus, neuronal IRS1 loss was sufficient to trigger ISR in the brain 

of old male mice and not in young male or female mice. 

3.2.3.3 Sex-specific ISR up-regulation leads to neuronal metabolic adaptation 

The ISR pathway has been shown to trigger ATF4-dependent cytoprotective metabolic 

adaptations36 and has been suggested to be particularly relevant in mitochondrial stress mediated 

metabolic rewiring 67–69. Therefore, we performed targeted metabolomics on brains of young and 

old Irs1KO mice of both sexes to measure metabolite levels of the pathways that have been 

associated with the ISR response. We detected a significant increase in purine nucleotide 

abundance in the brains of both old male and female Irs1KO mice (Fig. 16e), a characteristic of 

increased ATF4 signalling through inhibition of the mTOR pathway, an important branch of the IIS 

network70. Previous reports have highlighted the up-regulation of amino acid biosynthesis 

pathways in response to ISR, specifically threonine36, methionine71, glycine and serine72 

metabolism. However, the up-regulation of these amino acids is context-specific, depending on the 

tissue and stress mediating the ISR. For example, in the brain an up-regulation of serine, among 

other metabolites, was detected in response to disrupted mitochondrial fusion dynamics72, while in 

the liver a signature of methionine but not serine up-regulation was detected in response to 

mTORC1 inhibition71. In our samples, the majority of detected metabolites were up-regulated in old 

male and female Irs1KO mice compared to wild type littermates, however only a subset was 

statistically significant (Fig. 15g).  

Arginine and 2-phosphoglyceric acid (2PG) were up-regulated in both old male and female Irs1KO 

mice, methionine, asparagine, threonine, fructose-1-phosphate (F1P), fructose-1,6-bisphosphate 

(FBP) and glucose-1-phosphate (G1P) levels in old male but not female Irs1KO mice, while in 

female Irs1KO mice phosphoenol-pyruvate and glucose-6-phosphate (G6P) were significantly up-

regulated (Fig. 15g). In contrast, most of the significantly regulated metabolites in young male 

Irs1KO mice were down-regulated. Young female Irs1KO mice were unique in having a higher 

number of differentially abundant metabolites at young age compared to old age, with a significant 

https://paperpile.com/c/sVD7jl/aCZJm
https://paperpile.com/c/sVD7jl/gG5BQ+l1emY
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change in of G6P, glutamic acid, homocysteine, serine, alanine and pentose-5-phosphates levels 

(Fig. 16f). Interestingly, neuronal IRS1 deletion in nKO mice resulted in no changes in metabolites 

in young mice of either sex (Fig. 16g). However, as nKO mice aged, we observed a significant up-

regulation in metabolites only in males, including some of the metabolites in the pathways attributed 

to the ISR pathway up-regulation (Fig. 15h) such as threonine36, methionine71, glycine and serine72. 

Consistent with the lack of mitochondrial dysfunction and ISR upregulation, there was no significant 

change in metabolite abundance in old female nKO mouse brains, suggesting that neuronal IRS1 

deletion is not sufficient to induce metabolic adaptation. All together we detect a metabolic 

adaptation in the brains of old male mice that have a signature of mitochondrial stress that is 

indicative of a cytoprotective program to increase cellular resilience in cells36 and in mouse brains72. 
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Figure 15: Investigation of mitochondrial function implicated the integrated stress response 

(A) Measurement of basal oxygen consumption of brain tissue from old (19 months) Irs1KO mice did not detect any differences 

(male wild type and Irs1KO n=4, female wild type and Irs1KO n=5). (B) Measurement of basal oxygen consumption of brain tissue 

from old (22 months) nKO mice did not detect any differences (male control n=4 and nKO n=3, female control and nKO n=4). (C) 

Spare mitochondrial capacity in brain tissue of old Irs1KO mice was measured, after titration of a protonophore (FCCP) and 

subtracting the basal respiration, revealing significant reduction in male but not female Irs1KO brains (male wild type and Irs1KO 
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n=4, female wild type and Irs1KO n=5). (D) Spare mitochondrial capacity in brain tissue of old nKO mice also revealed significant 

reduction in male but not female nKO brains (male control n=4 and nKO n=3, female control and nKO n=4). (E) Quantitative real-

time PCR performed to measure transcript levels of several integrated stress response (ISR) markers on brain tissue of old Irs1KO 

mice and their wild type littermates found significant sex-specific up-regulation of ISR in male Irs1KO mice (male wild types n=9 

and Irs1KO n=10, female wild types n=9 and Irs1KO n=10). (F) Transcripts of ISR markers were measured in brain tissue of old (16 

months) nKO mice and their control littermates found significant sex-specific up-regulation of ISR in male nKO mice (male control 

and nKO n=6, female control n=5 and nKO n=7). (G) Semi-targeted metabolomics revealed only up-regulation of some metabolites 

in old brain tissue of Irs1KO mice compared to littermate wild types (male wild type n=5 and Irs1KO n=6, and female wild type and 

Irs1KO n=6). (H) While metabolomics analysis in old nKO mice also revealed only up-regulated metabolites, but exclusively in male 

brain tissue (male control and nKO n=6, female control and nKO n=5). Included above the volcano plots is a schematic of the 

metabolic pathways affected by reduced IIS in the brain, highlighting metabolites up-regulated in old Irs1KO only (purple box), old 

nKO males only (green boxes) and old Irs1KO and nKO males (blue boxes). All error bars correspond to standard deviation. Detailed 

statistical values found in Table 1. Full metabolites measured in Table 2. 
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Figure 16: No activation of ISR in brains of young Irs1KO and nKO mice 

(A) Basal oxygen consumption of brain tissue showed no difference in the basal respiration of mitochondria of young (6 months) 

male or female Irs1KO mice. (B) Mitochondrial spare respiratory capacity in brain tissue revealed no significant difference in young 

male or female Irs1KO mitochondrial function. (C) Quantitative real-time PCR was performed on brains of young male and female 



Irs1KO mice and their wild type littermates to measure transcript levels of several integrated stress response (ISR) markers revealed 

no significant differences. (D) Transcripts of ISR markers were measured in brains of young male and female nKO mice and their 

control littermates showed no significant differences. (E) Purines detected in old Irs1KO brain tissue revealed a genotype-specific 

upregulation in di- and tri-phosphate purines in male and female cortex. (F) Semi-targeted metabolomics revealed down-regulation 

in metabolites in male Irs1KO mice and up-regulation in metabolites in female Irs1KO mice (male wild type and Irs1KO n=6, female 

wild type and Irs1KO n=6). (G) No significant change in metabolites in either male or female young nKO brain tissue (male control 

n=7 and nKO n=5, female control and nKO n=6). All error bars correspond to standard deviation. Detailed statistical values found 

in Table 1. Full metabolites measured in Table 2. 
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Figure 17: Syn1Cre expression does not lead to brain ISR activation 

 (A) Basal oxygen consumption of brain tissue showed no difference in the basal respiration of mitochondria of old (22 months) 

male Syn1Cre mice compared to their wild type littermates. (B) Mitochondrial spare respiratory capacity in brain tissue revealed 

no significant difference in old male Syn1Cre mitochondrial function. (C) Quantitative real-time PCR was performed on brains of 

old male and female Syn1Cre mice and their wild type littermates to measure transcript levels of several integrated stress response 

(ISR) markers revealed no significant differences. All error bars correspond to standard deviation. Detailed statistical values found 

in Table 1. 

3.2.3.4 IRS1 deletion in peripheral tissues did not activate an ISR signature 

To assess if deletion of IRS1 in other tissues than neurons would also trigger a local ISR signature, 

we measured Atf4, Atf5 and Chop transcript levels in the liver, muscle and adipose tissue of the 

respective tissue-specific Irs1 knockouts. In contrast to the findings in the nKO males, ISR marker 
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genes were not up-regulated in the liver, muscle or BAT of old lKO, mKO or fKO mice (Fig. 18 a-

c), suggesting that neuronal tissue is particularly susceptible to IRS1-deletion mediated ISR. 

In summary, IRS1 deletion led to a male-specific reduction in mitochondrial spare respiratory 

capacity, associated with a male-specific activation of Atf4 signalling in brain tissue of old Irs1KO 

mice. A similar metabolic adaptation was activated in male and female Irs1KO mice with regards 

to purines, but there were sex differences in the metabolites that were differentially regulated in 

brain tissue. Finally, neuronal tissue alone among those tested where IRS1 deletion was sufficient 

to recapitulate the reduction in mitochondrial spare capacity, increase in Atf4 signalling, and up-

regulation of metabolites associated with increased cellular resistance seen in Irs1KO mice. 

Male Female Male Female Male Female

0

1

2

3

Old liver ISR transcripts

T
ra

n
s

c
ri

p
t/

B
2
M

(R
e

la
ti

v
e

 t
o

 M
a

le
 C

n
tr

l) Cntrl

lKO

Atf4 Atf5 Chop

Interaction = nsInteraction = ns Interaction = ns

Genotype=0.0306

Male Female Male Female Male Female

0

1

2

3

Old muscle ISR transcripts

T
ra

n
s

c
ri

p
t/

B
2
M

(R
e

la
ti

v
e

 t
o

 M
a

le
 C

n
tr

l) Cntrl

mKO

Atf4 Atf5 Chop

Interaction = nsInteraction = ns Interaction = 0.0152

Gender = 0.0046

0.0056

Gender = 0.0004

Genotype <0.0001

Male Female Male Female Male Female

0

1

2

3

Old BAT ISR transcripts

T
ra

n
s

c
ri

p
t/

B
2
M

(R
e

la
ti

v
e

 t
o

 M
a

le
 C

n
tr

l) Cntrl

fKO

Atf4 Atf5 Chop

Interaction = nsInteraction = ns Interaction = ns

a b

c

Figure 18: IRS1 deletion in peripheral tissues is insufficient to induce local ISR signature in old mice  

Quantitative real-time PCR performed on metabolic organs of Irs1 tissue-specific deletion in old (16 months) mice targeting various 

integrated stress response (ISR) markers. (A) No significant difference in ISR transcripts was detected in the liver of lKO mice (male 

control n=5 and lKO n=6, female control n=5 and lKO n=5). (B) No significant increase in ISR transcript levels in hind limb muscle 

tissue of mKO mice, however we did detect a sex-specific downregulation of Atf5 transcripts in female mKO mice and genotype 

specific downregulation of Chop levels in mKO mice (n=6 biologically independent animals for all groups). (C) No difference in ISR 

transcripts was found in supraclavicular brown adipose tissue (BAT) of fKO mice (male control n=6 and fKO n=6, female control n=5 

and fKO n=6). Detailed statistical values found in Table 1. 

3.2.4 Neuronal ISR in response to IRS1 deletion induces systemic benefits through an 

FGF21-independent mechanism 

Mitochondrial dysfunction in the CNS can cause systemic responses 73,74, and we assessed these 

in old male Irs1KO and nKO mice. We hypothesised that, based on the broad targets of the signal, 

that Fgf21 was a likely candidate given its role in mediating EE75 and insulin sensitivity76, as well 

as being responsive to mitochondrial stress77. Moreover, given the role of the mitokine Fgf21 in the 

https://paperpile.com/c/sVD7jl/ZT58p+ZNbpF
https://paperpile.com/c/sVD7jl/bnDZe
https://paperpile.com/c/sVD7jl/z5dPM
https://paperpile.com/c/sVD7jl/GkGa9


CNS ISR response 73,74, we tested for up-regulation of Fgf21 transcript and protein levels in the 

brains of old nKO and Irs1KO mice, but did not find detectable levels in brain tissue (data not 

shown). A primary source of circulating FGF21 is the liver 78. Moreover, reports have linked male-

specific lifespan79 and healthspan improvement 80 with a hepatic Fgf21 signal75. To investigate if 

IRS1 deletion led to an up-regulation of hepatic Fgf21, we first tested for activation of ISR, and 

found a male-specific up-regulation of Atf4 transcripts in livers of Irs1KO mice (two-way ANOVA, 

sex*genotype interaction P<0.0299; F (1,20) =5.464, Fig. 19a), and a trend in Atf5 levels. Moreover, 

we also detected a genotype-dependent up-regulation of Chop in both male and female Irs1KOs. 

Surprisingly, when we measured hepatic Fgf21 transcript levels we detected a significant reduction 

in the livers of Irs1KO mice (Fig. 19b), but no difference in nKO mice (Fig. 19c and d). While Fgf21 

is downstream of Atf4 81, our data suggests that the Atf4 regulation of Fgf21 is context-specific. 

This down-regulation of hepatic Fgf21 in our Irs1KO mice is consistent with a previous report of 

IRS1 and IRS2 double knockout mice, where there was a reduction in hepatic Fgf21 expression in 

mutant mice during fasted and refed conditions53. 

Given that other organs are also implicated in FGF21 secretion82, we conducted a FGF21 enzyme-

linked immunoassay (ELISA) on plasma samples from old male and female Irs1KO mice to assess 

if a systemic ISR signature was being transmitted through FGF21 levels from other tissues. 

Consistent with the data of Atf4 transcripts from the liver of Irs1KO mice (Fig. 19a), we found a 

significantly reduced level of circulating FGF21 in the plasma of old Irs1KO mice of either sex (Fig. 

19e). A reason could be an increase in nuclear FOXO1 due to the reduction in IIS, as hepatic 

FOXO1 has been implicated in reducing circulating FGF21 levels83. Moreover, given that central 

action of FGF21 leads to browning of WAT which then increases EE84,85, we tested whether we 

saw a signal of increased mitochondrial uncoupling in the WAT of old nKO mice. We found no 

evidence of increased Ucp1 or Pgc1a expression in old nKO WAT (Fig. 20a and b), suggesting 

lack of central FGF21 signalling activation. Therefore, our data suggests the existence of a 

mechanism by which neuronal ISR induces a systemic response independent of FGF21 in both 

Irs1KO and nKO mice.  
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Figure 19: Sex-specific brain ISR signal triggers does not lead to systemic FGF21 signal 

(A) Liver integrated stress response (ISR) transcripts of old (18 months) Irs1KO mice and their wild type littermates reveal sex-

specific upregulation in male Irs1KO Atf4 levels, as well as a significant difference due to genotype in Chop levels. (B) Fgf21 

transcript levels performed on liver tissue of old Irs1KO mice and their wild type littermates found a significant reduction of Fgf21 

levels (n=6 biologically independent animals for all groups). (C) Liver ISR transcripts in old (16 months) nKO mice and their control 

littermates revealed a sex-specific downregulation in Atf5 levels of male nKO mice. (D) Fgf21 transcript levels in liver tissue of old 

nKO mice was not significantly different from their control littermates (male control and nKO n=6, female control n=5 and nKO 

n=7). (E) ELISA for FGF21 levels on plasma samples of old Irs1KO mice revealed sex-specific significant reduction of plasma FGF21 

levels in male Irs1KO mice (male wild type and Irs1KO n=10, female wild type n=10 and Irs1KO n=9). Detailed statistical values 

found in Table 1. 
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Figure 20: Energy expenditure is acting through an FGF21 independent manner  

(A) Quantitative real-time PCR of Ucp1 (male control and nKO n=6, female control n=3 and nKO n=4) and Pgc1a (B) (male control 

and nKO n=6, female control n=4 and nKO n=7) in old nKO mouse white adipose tissue shows no difference. Detailed statistical 

values found in Table 1. 

3.3  Discussion 

The contribution of metabolic tissues to IIS mediated lifespan extension is still unknown. In 

Drosophila the causal mechanisms that contribute to extended lifespan are tissue-specific86. Here, 

we assess the effect of IIS reduction by deletion of IRS1 in major metabolic tissues on health and 

lifespan of mice. We deleted IRS1 in liver, muscle, fat, and brain tissue. The most appropriate 

control for this tissue-specific knockout approach would be an IRS1 deletion model under the 

ubiquitous Actin Cre driver. However, there was a depletion of Actin Cre +/T: Irs1 fl/fl pups 

generated from Actin Cre +/+: Irs1 fl/+ and Actin Cre +/T: Irs1 fl/fl matings, suggesting greatly 

reduced viability of IRS1 deletion mice. Nor could we successfully breed C57BL/6N Irs1KO mice, 

because Irs1KO progeny dropped in the third generation of backcrossing to approximately 4%. 

Therefore, we employed a robust C3B6F1 hybrid mouse strain, where there was no effect on 

Irs1KO viability, and progeny were born in a Mendelian ratio. 

Given the reported effects of mouse genetic background on lifespan extension in response to 

various interventions87, and specifically the contradictory effects observed in IIS mutants 88,89, we 

validated the previously reported C57BL/6J Irs1KO lifespan25 and health phenotypes1 in the novel 

hybrid C3B6F1 mouse background. We find consistent effects among the previously reported 

female C57BL/6J strain and our C3B6F1 mice with regards to decreased body size, lower 

adiposity, improved locomotion and insulin resistance. Taken together, this suggests that IRS1 

deletion is a reproducible intervention that extends lifespan in different mouse strains. 

IIS reduction has been shown to not only extend lifespan, but also improve healthspan in 

invertebrates 90,91 and mammalian models1 potentially by slowing down rate of ageing92. The role 

of central IIS in longevity is still controversial in mammals93. Previous studies of peripheral tissue-

specific reduced IIS mammalian models, using the stronger IR knockout mice, did not lead to 

lifespan extension94, potentially suggesting a role for IIS in the CNS on regulating lifespan. In C. 

elegans neuronal IIS reduction can induce longevity 95,96, while in mammalian models of 

neurodegenerative diseases it improves cellular resilience especially with regards to proteotoxic 

stress97. We found that IRS1 depletion in neurons was unique in bringing about systemic metabolic 
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changes without any detrimental effects such as reduced body size and fertility observed in whole 

body C57BL/6J Irs1KO mice. Neuronal IIS reduction led to enhanced insulin sensitivity, increased 

EE and improved motor activity, specifically in old male mice. The healthspan benefits as a result 

of neuron-specific IIS intervention are consistent with data obtained from fly models 98,99. Moreover, 

similar results were obtained from male mice with IR knockout specifically in the hypothalamus 

under high fat diet conditions 60. One possibility for the sex difference is the age-associated and 

tissue-specific difference in activation of the IIS pathway in male and female mice100. 

Previous reports in C. elegans demonstrated that a mild impairment of mitochondrial function in 

neurons can initiate a non-cell-autonomous stress response which extends lifespan101. Moreover, 

in Drosophila mitochondrial stress resulting from whole body RNAi of the different mitochondrial 

complexes resulted in lifespan extension 102. Nutrient-stress-induced systemic ISR in mice 

implicates an endocrine signal leading to a male specific lifespan79 and healthspan80 improvement. 

Moreover, recent reports have shown that brain mitochondrial stress is sufficient to induce systemic 

ISR74, but the effect of brain ISR on metabolic health and ageing remains to be elucidated. Previous 

studies on Irs1KO mice implicate mitochondrial function1 and specifically mitochondrial electron 

transport chain activity33 as potential consequences of the IIS intervention. However, this has not 

been investigated in brain tissue. Therefore, we asked whether Irs1KO led to mitochondrial 

dysfunction in the brain, and we found that brain tissue of Irs1KO mice had a male-specific 

reduction in mitochondrial spare respiratory capacity. Although we observed similar systemic 

metabolic phenotypes in female Irs1KO mice, we could not detect a mitochondrial dysfunction or 

the same ISR response in their brain tissue. This suggests that the female phenotypes may be 

mediated through a different mechanism, or that the ISR in females functions in a different way. 

Alternatively, male neurons may be particularly sensitive or the female neuronal population resilient 

to this type of mitochondrial stress. Indeed, in a previous report of mitochondrial DNA damage 

induced mitochondrial stress in muscle tissue revealed sex difference in muscle free amino acids 

in aged mice103. Moreover, neuronal IRS1 deletion was sufficient to induce this effect and in 

neurons of mice, activation of a mitochondrial stress response caused by impairment of IIS may 

also elicit beneficial systemic effects such as enhanced insulin sensitivity and reduced age-

associated loss of locomotion. 

There are many potential proteins that can play a role in inter-organ communication in mammalian 

systems to mediate metabolic health and integrity104. However, one of the most likely candidates 

is FGF21, an endocrine and paracrine signal. ATF4 induces Fgf21 expression and is up-regulated 

upon ISR activation 81. Overexpression of FGF21 in mice can extend lifespan38, and has been 

implicated in male-specific extension of lifespan and healthspan due to protein restriction75. 

Moreover, neuron-specific mitochondrial stress has been shown to lead to an increase in brain 

Fgf21 transcript levels and circulating FGF2174. However, we could not detect any evidence of an 

increase in Fgf21 transcript levels in the brain, or in circulating FGF21 levels in Irs1KO mice. 

Therefore, we provide evidence that, in neurons of mice, activation of a mitochondrial stress 

response caused by impairment of IIS may also elicit beneficial systemic effects such as enhanced 

insulin sensitivity, increase in EE and reduced age-associated loss of locomotion through an 

FGF21 independent mechanism. Consistent with our findings, another recent study has found that 

FGF21 signalling is not necessary for mitochondrial ISR in a severe mitochondrial stress mutant 
105. Together, these results imply different mitochondrial ISR programs that regulate metabolic 

adaptation may depend on the tissue, type or extent of mitochondrial stress. 
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Limitations 

We acknowledge several limitations in this study. First, given that all our interventions are 

constitutive we can not be certain to what extent the developmental effect of reduced IIS induces 

the observed phenotypes. Although we could not detect EE, locomotor activity changes, ISR 

transcripts or mitochondrial function disruption in young age, developmental effects generated 

early in life can have late-life consequences. Using time-specific genetic tools can target the IIS 

intervention to an adult age and help eliminate any developmental confounds. Second, Irs1KO EE 

is confounded by the reduced body size. Therefore, we can not conclude whether EE increase is 

due to our intervention or the body size difference even if normalising to lean mass or body mass, 

since we can not adjust for it by ANCOVA with such a difference in the range of values between 

wild type and mutant mice. However, what we see in nKO mice can give some confidence that 

reduced IIS can increase EE as the body weight of those mice allow proper and robust analysis 

using an ANCOVA. Finally, when determining the sex differences in our study, we did not 

characterise or distinguish between females in different stages of their oestrous cycle. Given the 

influence of ovarian hormones on mitochondrial oxidative rate106, we can not be confident in how 

the female sex hormones are affecting the phenotypes we are measuring. Moreover, the variability 

among individuals in old post cyclic female mice (>18 months) did not allow us to feasibly 

synchronise the cycle of these animals107. 
In conclusion, we find evidence for a unique and causal role of neuronal IRS1 deletion in triggering 

systemic health benefits that recapitulate those found in Irs1KO mice in a sex-specific manner. 

Moreover, this data suggests that males and females respond differently to ISR in response to 

IRS1 deletion, evidence for sex-specific ISR activation due to nutrient stress has been reported 

previously80. However, it is currently unclear to what extent is ISR sex-specific in mammals and 

how different tissues react to the induction of ISR. We suggest that future research should 

investigate both sexes when studying the ISR pathway in response to various stressors and in a 

tissue-specific manner.  
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4.  Cognitive effects of whole body Irs1 knockout 
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4.1  Introduction 

As life expectancy at birth continues to increase and birth rates decline, the proportion of elderly 

people is expected to increase in many populations worldwide 108,109. Recent reports have 

estimated that dementia is the leading cause of disability in people over 60, surpassing 

cardiovascular disease, cancer, and stroke 110. The hallmark symptoms of dementia, and a leading 

cause of elderly dependence 111, are age-associated cognitive decline and memory impairment 
112.The personal, societal, and financial burden incurred by cognitive decline will soon become 

unmanageable 113,114. 

Recently, researchers have exploited decreased insulin/insulin-like growth factor 1 (IGF1) 

signalling (IIS) as a method to promote longevity in model organisms and healthspan in humans 

through its role in regulating metabolism, proteostasis, and oxidative stress-resistance 115–118. 

Moreover, recent studies have found that a reduction in whole body insulin substrate receptor 1 

(IRS1) signalling can increase life span in nematodes, fruit flies and mice 1,119,120. Unsurprisingly, 

IRS1 deficiency results in a 70-80% reduction in IGF1 signalling 121, which has been associated 

with increased longevity 122. IRS1 deficiency is a robust intervention to extend lifespan and health 

parameters in different mouse strains (Chapter 3). 

IIS signalling mediates a variety of cellular effects such as promoting DNA repair, oxidative stress 

resistance, and protein recycling, all of which could promote healthy ageing in post-mitotic neurons 
123. Microglial-specific genes have been shown to increase globally in the human brain upon ageing 
124. Inflammation in the hippocampus due to insulin resistance has been linked to impaired cognitive 

function and spatial learning deficits 125. Inflammatory factors can also be generated throughout the 

brain by microglia, astroglia, and neurons 126,127, resulting in systemic inflammation of the brain. 

Inhibitors of the IIS pathway are currently being developed as anti-inflammatory drugs 128. The 

changes associated with cognitive decline are difficult to quantify, as they can often occur in the 

absence of macroscopic neuropathology, unlike Alzheimer’s Disease. Cognitive decline can be 

measured by assessing hippocampal function, as this brain region plays a central role in 

mammalian learning and memory. Moreover, impaired excitability of neurons and loss of functional 

synapses in the hippocampus have been linked to the age-related impairments in memory and 

cognition observed in ageing mammals 129,130.  

To further investigate the relationship between decreased IIS and age-associated cognitive 

decline, we characterised the behaviour of whole body Irs1 knockout mice (Irs1KO). Young (4 

months) and old (18 months) male and female Irs1KO mice were assessed for their motor learning 

and coordination, anxiety-like behaviour, exploratory drive, short-term spatial learning and memory 

capacity. Our cross-sectional experiments were designed to assess sex differences in Irs1KO mice 
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by measuring male and female mice on subsequent days, while different ages were performed 

many months apart. The sensitivity of behavioural assays to experimental conditions prohibits the 

direct ageing comparisons of young versus old mice of the same genotype. Therefore, we 

assessed the difference in the effect of IRS1 deletion compared to wild type littermates between 

young and old age. We found no significant deficits in motor or cognitive performance of young 

and old Irs1KO mice other than in assays where their reduced body size was detrimental to 

performance. We found no sex differences in any of the parameters we assessed. However, we 

detected a significant improvement in short-term memory at old age in Irs1KO mice which we did 

not observe at young age, suggesting a protection of old Irs1KO mice from age-associated 

cognitive decline. 

4.2  Results 

4.2.1 Locomotor learning, neuromuscular strength, and non-aversive exploratory 

behaviour of Irs1KO mice 

We performed a series of complementary tasks designed to assess overall neuromuscular function 

of young and old, male and female, Irs1KO mice and controls, to assess the effects of IRS1 

deficiency.  

We assessed motor coordination and balance using the rotarod. Irs1KO mice were placed on an 

accelerating rotating rod to determine the average latency to fall across four trials. We administered 

the rotarod experiment through repeated training sessions across four days to evaluate the 

improvement in motor performance across time as a measure of motor learning. We detected a 

significant increase in average latency to fall across training days for both young Irs1KO male mice 

and their wild type littermates (Fig. 21a), suggesting that deletion of IRS1 did not lead to any deficit 

in motor learning at young age in male mice. However, we observed a significant interaction in the 

genotype*time term for young females (Fig. 21b). Post-hoc tests revealed a significant difference 

in female wild type mice between day 1 and remaining days. While no significant difference was 

detected in female Irs1KO mice between day 1 and other days, suggesting that they did not 

successfully achieve significant motor learning across the four days of training. No deficit in overall 

motor coordination was detected in analysis of area under the curve (AUC) of either male (Fig. 

21a) or female (Fig. 21b) young Irs1KO mice. In contrast, in old Irs1KO mice there was no sex 

difference, with both males (Fig. 22a) and females (Fig. 22b) increasing their average latency to 

fall, indicating intact motor learning capacity. Analysis of rotarod AUC revealed no significant 

difference in overall motor coordination of either male (Fig. 22a) or female (Fig. 22b) old Irs1KO 

mice. In summary, we observed the expected age-associated decrease in motor coordination 

equally in both Irs1KO mice and their wild type littermates. A previous report of female Irs1KO mice 

found a delay in age-associated decrease in motor coordination 1, however, whether it was the 

difference in age or genetic background across studies we could not replicate their results. 

We performed a grip strength assay to assess neuromuscular strength. Mice were allowed to grip 

a metal bar or grid to assess front paw or four paw strength respectively. We detected a significant 

reduction in front and four paw grip strength of young (Fig. 21c and d) and old (Fig. 22c and d) 

Irs1KO mice of both sexes. However, the difference was most likely due to the dwarf phenotype in 

Irs1KO mice (Section 3.2.1). We did not detect any significant difference due to age as our time 

point was earlier than the 24-month time point in which grip strength begins to deteriorate in mice 

https://paperpile.com/c/sVD7jl/9UsIo


131. Moreover, as muscle size or body weight is a mediator of muscle strength, a difference in body 

weight must be adjusted for across groups using an analysis of covariance (ANCOVA) 132. 

However, body weight, or the covariate in the ANCOVA, is affected by the Irs1KO treatment leading 

to a complete separation of the groups prohibiting the use of an ANCOVA 133. Therefore, we 

conclude that Irs1KO mice are weaker in absolute grip strength, but the effect of reduced body 

weight on this weakness can not be delineated in our study. 

Finally, we assessed locomotion and general exploration in a non-aversive 50cm-by-50cm arena 

for 10 minutes. We did not detect any significant difference in total distance travelled in young (Fig. 

21e) or old (Fig. 22e) Irs1KO mice. Similarly, we also did not detect any significant difference in 

average locomotion speed in young (Fig. 21f) or old (Fig. 22f) Irs1KO mice. Taken together, data 

from the non-aversive arena suggests that in the absence of anxiogenic stimuli there is no deficit 

in the motivation and capacity of young or old Irs1KO mice to explore.  
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Figure 21: No deficit in locomotor coordination or capacity in young Irs1KO mice (below) 
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Average latency to fall during four days of training in the Rotarod revealed no significant defect in motor learning over time in 

young male (A) or female (B) Irs1KO mice. (C) Analysis of front-paw grip strength revealed significant reduction in strength of young 

male and female Irs1KO mice. (D) Analysis of all four paws revealed a significant reduction in strength of young male and female 

Irs1KO mice. (E) Exploration and locomotion in a non-aversive arena were not significantly affected in young Irs1KO mice. (F) No 

significant difference was detected in locomotion speed during exploration in a non-aversive arena of young Irs1KO mice. Number 

of animals reported at the bottom of the bars for each condition or in figure legends. All error bars correspond to standard deviation 

of the mean except for longitudinal Rotarod where standard error of the mean is reported. Detailed statistical values found in Table 

3. 
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Figure 22: No deficit in locomotor coordination or capacity of old Irs1KO mice 

Average latency to fall during four days of training in the Rotarod revealed no significant defect in motor learning over time in old 

male (A) or female (B) Irs1KO mice. (C) Analysis of front-paw grip strength revealed significant reduction in strength of old male 

and female Irs1KO mice. (D) Analysis of all four paws revealed a significant reduction in strength of old male and female Irs1KO 

mice. (E) Exploration and locomotion in a non-aversive arena were not significantly affected in old Irs1KO mice. (F) No significant 

difference was detected in locomotion speed during exploration in a non-aversive arena of old Irs1KO mice. Number of animals 



reported at the bottom of the bars for each condition or in figure legends. All error bars correspond to standard deviation of the 

mean except for longitudinal Rotarod where standard error of the mean is reported. Detailed statistical values found in Table 3. 

4.2.2 Irs1KO mice have reduced exploration and anxiety-like behaviour 

In mice, anxiety-related behaviour can be assessed to determine a mouse’s proclivity to approach 

or avoid a certain anxiogenic stimulus. We used the open field assay, which measures exploratory 

behaviour in a 50cm-by-50cm open arena in the presence of a strong light (~220 lux) in the centre 

to stimulate an anxiogenic response in the animal. We allowed the mice to explore the arena for 

10 minutes to give the opportunity to explore the arena thoroughly.  

Interestingly, we saw an age-independent, significant reduction in distance travelled of young (Fig. 

23a) and old (Fig. 24a) Irs1KO mice of both sexes during 10 minutes of exploration. Furthermore, 

we saw a significant reduction in locomotion speed of young (Fig. 23b) male and female Irs1KO 

mice in the open field. However, we detected a male-specific reduction in locomotion speed in old 

Irs1KO mice (two-way ANOVA, sex*genotype interaction P=0.0492; F (1,70) =4.005, Fig. 24b). We 

measured the number of rearing counts in the open field arena as a further measure of exploratory 

behaviour, and detected a significant reduction in rearing counts in young (Fig. 23c) and old (Fig. 

24c) Irs1KO mice. Finally, we measured the time spent in the centre of the open field as a 

percentage of total time spent in the arena, as a proxy for the animals' proclivity to avoid the highly 

illuminated and exposed centre. The longer an animal spends in the centre the less anxiety-like 

behaviour the animal expresses. We did not detect any significant difference in the centre 

occupancy of young male and female Irs1KO mice (Fig. 23d). In contrast, we detected an age-

dependent decrease in anxiety-like behaviour in male and female old Irs1KO mice (Fig. 24d). All 

together, we find that the reduced IIS longevity intervention leads to an age-associated reduction 

in anxiety-like behaviour. 

4.2.3 Elimination of age-dependent anxiety-like behaviour in old Irs1KO mice by low-light 

conditions 

To test whether the increase in centre occupancy observed in old Irs1KO mice was due to reduced 

avoidance of the highly lit centre (~220 lux), we measured centre occupancy using a dark non-

aversive arena (~20 lux). We did not detect a significant difference in centre occupancy in the dark 

arena in young Irs1KO mice (Fig. 23e), and there was no change in centre occupancy in response 

to light intensity changes (Fig. 23f). This data suggests that reduction in light intensity is insufficient 

to reduce the anxiogenic stimuli that young mice encounter in an open space. Interestingly, the 

non-aversive arena eliminated any significant difference between old Irs1KO mice and their wild 

type littermates (Fig. 24e). A paired two-way ANOVA analysis of combined data from male and 

female mice revealed a similar significant increase in centre occupancy due to the reduced 

illumination of the centre of the arena (Fig. 24f). Therefore, the presence of the anxiogenic light 

source in the open field and not the novel environment led to the centre avoidance by old wild type, 

suggesting an increased resilience of old Irs1KO mice to illuminated areas.  
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Figure 23: Reduced exploratory behaviour in young Irs1KO mice 

(A) Locomotor activity measured during the aversive open field experiment revealed significant reduction in young Irs1KO mice. 

(B) Locomotor speed was also significantly reduced in the open field arena in young Irs1KO mice. (C) Rearing behaviour 

measurement revealed significant reduction in rearing of young Irs1KO mice. (D) Centre occupancy normalised to total time was 

analysed and revealed no significant difference in centre occupancy of young Irs1KO mice. (E) Centre occupancy normalised to total 

time measured in the non-aversive arena revealed no significant difference in young Irs1KO mice. (F) Paired comparison of centre 

occupancy in the open field (OF) compared to non-aversive arena (NAA), revealed no significant difference in centre occupancy of 

young Irs1KO mice between OF and NAA. Number of animals reported at the bottom of the bars where possible, otherwise in the 

figure legend. All error bars correspond to standard deviation of the mean. Detailed statistical values found in Table 3.
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Figure 24: Reduced exploration and anxiety-like behaviour in old Irs1KO mice 

(A) Locomotor activity measured during the aversive open field experiment revealed significant reduction in old Irs1KO mice. (B) 

Locomotor speed was also significantly reduced in the open field arena in old Irs1KO mice. (C) Rearing behaviour measurement 

revealed significant reduction in rearing of old Irs1KO mice. (D) Centre occupancy normalised to total time was analysed and 

revealed a significant increase in centre occupancy of old Irs1KO mice. (E) Centre occupancy normalised to total time measured in 

the non-aversive arena revealed no significant difference in old Irs1KO mice. (F) Paired comparison of centre occupancy in the open 

field (OF) compared to non-aversive arena (NAA), revealed no significant difference between the significant increase in centre 

occupancy of old Irs1KO mice and wild type littermates. Number of animals reported at the bottom of the bars where possible, 

otherwise in the figure legend. All error bars correspond to standard deviation of the mean. Detailed statistical values found in 

Table 3. 
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4.2.4 Intact long-term reference memory in Irs1KO mice 

Hippocampus-dependent long term memory formation deteriorates with age and is a primary 

cognitive health parameter in mammals 134. We tested the ability of old Irs1KO mice to learn the 

location of a hidden platform using distal spatial cues. Learning was assessed by measuring the 

latency to escape the water in Irs1KO mice. Male and female Irs1KO mice learned the location of 

the hidden platform equally well compared to their respective wild type littermates (Fig. 25a-b). 

However, male mice needed more training days to reach criterion due to the high variability (30 

sec escape latency) compared to female mice (Fig. 25a-b). Long-term memory was assessed 24 

hours following the last training trial by measuring the preference of Irs1KO mice to swim in the 

target quadrant previously containing the hidden platform. Indeed, after five training days wild type 

male mice were able to remember the location of the hidden platform in the probe trial (Fig. 26a). 

Male Irs1KO mice also showed a significant preference for the target quadrant (Fig. 26b). However, 

male Irs1KO mice long-term spatial memory was not significantly different from wild type littermates 

(Fig. 25c). In contrast, old female wild type and Irs1KO mice showed no preference for any 

quadrant (Fig. 25d), as reported previously in other strains of old female wild type mice 135. One 

potential explanation for the female-specific impairment in memory could be the low number of 

training days. 

Finally, the motivation and capability of Irs1KO mice to escape the water was assessed by 

performing a visual cued water maze trial, where we detected a significant reduction in cued trial 

latency to the cued platform in old Irs1KO mice (Fig. 25e). While we detected a significant reduction 

in swim path during the probe trial (Fig. 26c), we did not detect a significant difference in the swim 

path during the cued trial, suggesting no deficits in visual acuity (Fig. 26d). However, we detected 

a significant reduction in swim speed in the probe and cued trial (Fig. 26e and f), which may have 

been due to the reduced size of Irs1KO mice and explains the reduced swim path during the probe 

trial (Fig. 26c).  

Taken together, our data suggests that despite the size difference, Irs1KO mice do not display 

significant differences in learning or memory.  

https://paperpile.com/c/sVD7jl/Xh2vc
https://paperpile.com/c/sVD7jl/WcH7l
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Figure 25: No deficit in learning or long-term memory in old Irs1KO mice 

Assessment of escape latency across trials of water maze training showed significant learning of both old male (A) and female (B) 

Irs1KO mice (male wild type n=14 and Irs1KO n=17, female wild type n=15 and Irs1KO n=20). (C) Probe trial quadrant occupancy 

showed no significant difference in target quadrant occupancy in old male Irs1KO mice, revealed similar levels of memory in Irs1KO 

mice and wild type littermates. (D) Probe trial quadrant occupancy revealed no memory in old female wild type or Irs1KO mice. (E) 

Latency to escape in the cued water maze revealed a significant increase of time needed to reach the platform in male and female 

Irs1KO mice. Number of animals reported at the bottom of the bars where possible, otherwise in the figure legend. All error bars 

correspond to standard deviation of the mean except water maze training where standard error of the mean was plotted. Detailed 

statistical values found in Table 3. 
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Figure 26: No deficiency in motivation or visual acuity of old Irs1KO mice 

(A) Old male wild type quadrant occupancy during probe trial revealed significant increase in mouse occupancy in the target 

quadrant reflecting long term memory formation. (B) Old male Irs1KO quadrant occupancy during probe trial revealed significant 

increase in mouse occupancy in the target quadrant reflecting long term memory formation. (C) Total swim path during the probe 

trial revealed significant reduction in old Irs1KO mice. (D) Total swim path in the cued variation of the water maze showed no 

significant change in old Irs1KO mice. (E) Assessment of swim speed during the probe trial revealed significant reduction in old 

Irs1KO mice. (F) Swim speed in the cued water maze variant revealed significant reduction in old Irs1KO mice. Number of animals 

reported at the bottom of the bars where possible, otherwise in the figure legend. All error bars correspond to standard deviation 

of the mean. Detailed statistical values found in Table 3. 



4.2.5 Improved short-term contextual memory in Irs1KO mice 

Hippocampus-dependent working memory is used to orient the animal in the environment and 

explore novel areas for foraging. Previous studies have reported that working memory deteriorates 

with age in mice 134 and humans 136. The effect of IRS1 deletion on working memory has not been 

assessed. We performed a novel object recognition (NOR) task to test working memory. The NOR 

exploits the natural proclivity of mice to explore novel objects without any positive or negative 

reinforcing stimuli. In the NOR task mice are allowed to explore two identical familiar objects, then 

one object is replaced by a novel object. The percentage of time a mouse explores the novel object 

relative to total time spent exploring both objects was then scored, and is a measure of their 

capacity to form a memory of the familiar object. We found no significant difference in the locomotor 

performance of young or old Irs1KO mice in the NOR (Fig. 27a-b and Fig. 28a-b). Due to the limited 

number of animals that reached the exploratory criteria in the old time point (over 5% of object 

exploration time), and the lack of genotype*sex interaction in the NOR, we decided to combine 

both sexes for subsequent analysis. We analysed the change in exploration when an identical 

object was replaced by a novel object and found that both young wild type and Irs1KO mice 

displayed a significant increase in object exploration (Fig. 27c). However, we detected a significant 

interaction between genotype*object using a repeated measures two-way ANOVA, revealing a 

significant increase of novel object interaction time in old Irs1KO mice but not in wild type mice 

(Fig. 28c). When novel object preference was calculated, we detected a significant increase in old 

Irs1KO mice (Fig. 28d) but no significant difference in young Irs1KO mice (Fig. 27d). This data 

suggests that we observed a protection from age-associated decline in working memory in Irs1KO 

mice. 

https://paperpile.com/c/sVD7jl/Xh2vc
https://paperpile.com/c/sVD7jl/4uKDk
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Figure 27: No significant difference in working memory of young Irs1KO mice 

(A) Locomotor activity measured during the testing phase of the novel object recognition experiment revealed no difference in 

activity of young Irs1KO mice. (B) No significant difference in locomotor speed between young Irs1KO and wild type littermates. 

(C) Time interacted with an object as a percentage of total time interacting with both objects revealed a significantly increased 

preference to the novel object in young Irs1KO and wild type littermates. (D) Novel object preference revealed no significant 

difference in novel object preference between young Irs1KO and wild type mice. Number of animals reported at the bottom of the 

bars where possible, otherwise in the figure legend. All error bars correspond to standard deviation of the mean. Detailed statistical 

values found in Table 3. 
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Figure 28: Reduced age-associated decline in working memory of old Irs1KO mice 

(A) Locomotor activity measured during the testing phase of the novel object recognition experiment revealed no difference in 

activity of old Irs1KO mice. (B) No significant difference in locomotor speed between old Irs1KO and wild type littermates. (C) Time 

interacted with an object as a percentage of total time interacting with both objects revealed a significantly increased preference 

to the novel object in old Irs1KO. (D) Novel object preference revealed significantly higher preference to the novel object in old 

Irs1KO mice compared to wild type mice. Number of animals reported at the bottom of the bars where possible, otherwise in the 

figure legend. All error bars correspond to standard deviation of the mean. Detailed statistical values found in Table 3. 

4.3  Discussion 

Increasing age is one of the primary risk factors for cognitive decline and dementia, a leading cause 

of morbidity and elderly dependence 111. The geroscience approach proposes that ageing is a 

common risk factor of many debilitating disorders and an intervention in the ageing process would 

lead to a delay or prevention of multiple age-dependent diseases. Therefore, we asked whether 

Irs1KO mice which show a robust extension in lifespan and an improvement in metabolic health 

also possess benefits in cognitive performance. We tested young and old Irs1KO mice for 

behavioural parameters with evidence of an age-associated decline such as motor performance, 

anxiety-like behaviour, learning and memory 137. 

We assessed motor performance using different complementary assays that test motor 

coordination, neuromuscular function and exploratory behaviour. We found no significant deficits 

in motor performance in young or old Irs1KO mice of either sex. However, it is important to note 

that performance in the rotarod and grip strength assay is modulated by the body weight of an 

https://paperpile.com/c/sVD7jl/4y4eB
https://paperpile.com/c/sVD7jl/iC5vv
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animal. Irs1KO mice are dwarfs (Section 3.2.1), which may lead to an easier time staying on the 

rotating rod compared to wild type littermates. Moreover, the reduced muscle mass in Irs1KO mice 

may contribute to the reduction in grip strength observed. However, the body weights of Irs1KO 

and their wild type littermates do not overlap and prevents the application of an analysis of 

covariance (ANCOVA) to adjust for body weight while comparing assay performance.  

Generalised anxiety disorder is the hyperactivation of an adaptive response to a perceived threat 

that can lead to pathological outcomes in humans. Mouse models can be used to assay anxiety-

like behaviour to understand how a scientific intervention can modulate neuropsychiatric disease 
138. We investigated whether Irs1KO mice displayed an increase in anxiety-like behaviour with age 

as reported in previous studies 137. Interestingly, we found a significant reduction in anxiety-like 

behaviour in male and female old Irs1KO mice as measured by comparing centre occupancy in the 

open field. However, there was no significant difference in centre occupancy in young Irs1KO mice 

which may suggest that there was an age-associated reduction in anxiety in old Irs1KO mice. 

Models of neurodegenerative diseases have found a significant reduction in centre occupancy or 

an increase in anxiety-like behaviour in contrast to our results in old Irs1KO mice 139. Irs1KO mice 

may offer new opportunities for the neuropsychiatric field to investigate some of the biological 

underpinnings of the increase in age-associated anxiety 137. 

We tested the spatial learning and memory capabilities of old Irs1KO mice, a phenotype with 

evidence of age-associated decline 140. Previous reports have associated reduction of IIS with 

deficits in forming long term memory fear 141. Additionally, constitutively activating Ras, a 

downstream member of IIS 142, has been associated with cognitive enhancement in mice 143. S6K 

mutant mice show reduced memory and one explanation could be the link between reduced IIS 

and protein translation 144, given the relationship between memory formation and protein translation 
145. On the other hand, the reduction of memory could be due to reduced activation of CREB, a 

transcription factor downstream of the IIS 146, that has been associated with neuronal excitability 

and memory formation 147. Therefore, we asked whether reduced IIS in the brains of Irs1KO mice 

would lead to deficits in learning or long-term memory formation. Surprisingly, we find no deficits 

in the use of distal spatial cues by male and female Irs1KO mice to learn the location of the hidden 

platform (Section 4.2.4). Moreover, old male Irs1KO mice could recall the location of the hidden 

platform during the probe trial similar to male S6K deficient mice (Section 4.2.4). However, both 

old wild type and Irs1KO female mice did not form or could not recall the location of the hidden 

platform during the probe trial. This was not due to deficits in visual acuity, motivation or swimming 

capability as wild type males and females behaved equally well in the cued version of the water 

maze. The significant reduction in swim speed of male and female Irs1KO mice could be due to 

their smaller size, as reduced swim speed is consistent with findings in S6K mutant mice which 

were also significantly smaller than their control littermates (~85% of controls)141. One potential 

cause for the lack of memory deficit is that out intervention only slightly reduces pathway activity. 

In an attempt to circumvent potential confounds due to the diminished swimming capability of 

Irs1KO mice, we used an object recognition task to investigate whether hippocampus-dependent 

memory is impaired in aged Irs1KO mice. Indeed, we found no significant reduction in locomotion 

speed or total distance travelled in young or old Irs1KO mice (Section 4.2.5). We found no 

significant difference in the novelty preference of young Irs1KO mice. However, we detected a 

significant increase in novelty preference in old Irs1KO mice. Previous reports have found that 

novel object recognition deteriorates with age 148, suggesting that the difference detected in old 

Irs1KO mice may indicate a reduction of age-associated decline in hippocampus dependent 

https://paperpile.com/c/sVD7jl/tfEO
https://paperpile.com/c/sVD7jl/iC5vv
https://paperpile.com/c/sVD7jl/ofJpf
https://paperpile.com/c/sVD7jl/iC5vv
https://paperpile.com/c/sVD7jl/ZI2VJ
https://paperpile.com/c/sVD7jl/5ay55
https://paperpile.com/c/sVD7jl/PDiqk
https://paperpile.com/c/sVD7jl/sIhNC
https://paperpile.com/c/sVD7jl/Qjo2C
https://paperpile.com/c/sVD7jl/FeZqL
https://paperpile.com/c/sVD7jl/TtEJ6
https://paperpile.com/c/sVD7jl/7YLoh
https://paperpile.com/c/sVD7jl/5ay55
https://paperpile.com/c/sVD7jl/HE1HY


memory. Indeed, a chronic pharmaceutical inhibitor of the mTOR pathway, downstream of IIS, has 

revealed an association between reduced IIS and a decrease in age-associated cognitive decline 
149. 

In summary, we find improvements in some cognitive parameters of old Irs1KO mice in a sex-

independent manner consistent with the improvement of metabolic parameters.  

https://paperpile.com/c/sVD7jl/bcG7
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5. Sex-specific effects of Cre expression in Syn1Cre 

mice 
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5.1  Introduction 

Genetically engineered mice are commonly used to model certain aspects of human disease and 

probe specific gene function. One method is the use of transgenic mouse lines in which Cre-

recombinase (Cre) is expressed under the control of specific gene promoters. The Cre then excises 

a section of DNA flanked by loxP sites creating a knockout mouse line. The Cre-loxP system has 

been developed as a critical experimental tool to achieve spatial control when investigating 

genotypes of interest in a tissue- or cell-specific manner. Many tissue-specific Cre-driver mouse 

lines have been generated to target specific cell types within a heterogeneous tissue.  

The brain is a complex and heterogeneous tissue analysis of which has benefited tremendously 

from the genetic access provided by Cre-drivers to specific brain areas through enriched or 

restricted gene expression patterns 150. The brain not only mediates behaviour in an animal but is 

also a central mediator of peripheral metabolism, largely but not solely through the action of the 

hypothalamus 54. Therefore, Cre drivers with widespread expression have been used to understand 

the role of neuronal function on systemic metabolism. Seminal studies have implemented the 

Nestin-Cre mouse model as a tool to target a relatively wide range of neuron subtypes and assess 

the effect of insulin receptor deficiency in neurons on peripheral metabolism 151. While originally 

thought to be uniquely driving recombinase expression in neurons, the tool is now widely 

recognized to affect radial glia as well as their astrocyte progeny 152. Moreover, the Nestin-Cre tool 

has a number of pitfalls for conducting metabolism and behavioural research due to the off-target 

effects of Cre recombinase expression in other organs 56. 

An alternative pan-neuronal Cre-driver to test the role of neuronal function on metabolic parameters 

is Cre driven from rat-Synapsin I promoter (Syn1Cre), which has been shown to drive transgene 

expression widely in neuronal cells, with the exception of the cerebellum 8. In this study we 

characterised the pan-neuronal Syn1Cre line for applications in behavioural and metabolic studies. 

We implemented a phenotyping pipeline that assessed a variety of behavioural parameters such 

as motor performance, anxiety-like behaviour, working memory, and spatial reference memory. We 

found significant sex-specific effects of Syn1Cre on anxiety-like behaviour and spatial reference 

memory. We then characterised metabolic parameters and found a significant reduction in body 

weight of Syn1Cre mice. However, no significant changes were detected in peripheral metabolic 

phenotypes such as glucose tolerance, insulin sensitivity, energy expenditure, and locomotor 

activity.  

Taken together we find that behavioural assays may be confounded by Syn1Cre expression but 

that metabolic parameters are less affected. 

https://paperpile.com/c/sVD7jl/jhCTb
https://paperpile.com/c/sVD7jl/PCwp3
https://paperpile.com/c/sVD7jl/z1bzq
https://paperpile.com/c/sVD7jl/1kAUP
https://paperpile.com/c/sVD7jl/cdru1
https://paperpile.com/c/sVD7jl/aNDT6
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5.2  Results 

5.2.1 No deficit in motor learning, neuromuscular strength and non-aversive exploratory 

behaviour in Syn1Cre mice 

Cre endonuclease can have deleterious effects when over expressed in neurons 153. Syn1Cre mice 

express the Cre recombinase across the brain in areas that coordinate motor functions154. 

Therefore, we assessed neuromuscular function in male and female Syn1Cre mice using 

complementary assays measuring different aspects of neuromuscular function, to ensure that 

neuronal Cre expression did not produce any deficits that could confound subsequent behavioural 

phenotyping. 

We performed the rotarod experiment to assess if Syn1Cre mice show symptoms similar to ataxia 
155. We measured the average latency of a mouse to fall from an accelerating rotating rod across 

four training days. This assay not only evaluated motor coordination and balance as the mouse 

adjusts to the increasing speed of rotation to avoid falling, but also determined the motor learning 

capacity by measuring the increase in performance across training days. The increase in average 

latency to fall across time was analysed by repeated measures ANOVA, and revealed no motor 

learning deficits in either male (Fig 29a) or female (Fig 29b) Syn1Cre mice. Moreover, no deficit in 

motor performance was detected by analysing the rotarod area under the curve (AUC) of either 

male (Fig 29a) or female (Fig 29b) Syn1Cre mice.  

For the evaluation of neuromuscular strength, we performed a grip strength assay. We measured 

muscle strength by gently pulling a mouse after it has gripped a bar assembly until the grip is 

released. The average gram-force required to release the animal’s grip was measured across five 

trials (separately for front paws or all four paws). Given the influence of body weight on the results, 

we used analysis of covariance (ANCOVA) using body weight as a covariate to rigorously assess 

if grip strength is affected in Syn1Cre mice 132. Front paw grip strength of male (Fig 29c) and female 

(Fig 29d) Syn1Cre mice did not show any significant deficits in muscular strength. Four paw grip 

strength of male (Fig 29e) Syn1Cre mice also did not show any significant difference. However, a 

small but significant reduction in female (Fig 29f) four paw grip strength was detected.  

Finally, we measured locomotor and exploratory activity in free behaving Syn1Cre mice in a 50cm-

by-50cm arena for 5 minutes. This experiment allows the determination of activity without the 

presence of any anxiety-provoking stimulus. We observed no significant difference in the distance 

travelled (Fig 29g) or locomotion speed (Fig 29h) of male and female Syn1Cre mice. This data 

suggests that in the absence of anxiety-provoking stimuli there is no deficit in the motivation and 

capacity of Syn1Cre mice to explore an area.  

Taken together, our data suggests that neuromuscular function is unaffected in male or female 

Syn1Cre mice. 

https://paperpile.com/c/sVD7jl/4Qct7
https://paperpile.com/c/sVD7jl/0GuV7
https://paperpile.com/c/sVD7jl/e0s4N
https://paperpile.com/c/sVD7jl/GWOgL
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Figure 29: Characterisation of neuromuscular function in Syn1Cre mice 

Average latency to fall during four days of training in the Rotarod revealed no significant defect in motor learning over time in male 

(A) or female (B) Syn1Cre mice. Analysis of body weight adjusted front-paw grip strength revealed no significant difference in 

strength of male (C) or female (D) Syn1Cre mice. Analysis of all four paws showed no significant difference in male Syn1Cre mice 

(E), but a significant reduction in body weight-adjusted strength of all four paws in female Syn1Cre mice was detected (F) (male 

wild type n=19 and Syn1Cre n=20, female wild type and Syn1Cre n=20). Exploration and locomotion in a non-aversive arena were 
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not significantly affected in Syn1Cre mice (G). No significant difference was detected in locomotion speed during exploration of a 

non-aversive arena in Syn1Cre mice. Number of animals reported at the bottom of the bars for each condition or in figure legends. 

All error bars correspond to standard deviation of the mean except for longitudinal Rotarod where standard error of the mean is 

reported. For ANCOVA analysis the 95% confidence interval is plotted. Detailed statistical values found in Table 4. 

5.2.2 Reduced exploration and sex-specific increase in anxiety-like behaviour in 

Syn1Cre mice 

In the absence of any baseline deficits in locomotor capabilities in Syn1Cre mice, we assessed 

exploration and anxiety-like behaviour in the open field. Mice were placed in an anxiety provoking 

open field arena with a highly illuminated centre (~220 lux) for five minutes. The total distance 

covered was measured using an automated system and revealed a significant reduction in total 

locomotion of both male and female Syn1Cre mice (Fig 30a). Moreover, average locomotion speed 

during exploration of the open field was also significantly lower in male and female Syn1Cre mice 

(Fig 30b). Rearing counts were assessed as another measure of exploratory behaviour. We found 

consistent results that male and female Syn1Cre mice had a significantly lower number of rearing 

counts (Fig 30c). This data suggests that the presence of anxiogenic stimuli, such as the bright 

lights, leads to reduced motivation of Syn1Cre mice to explore an illuminated arena compared to 

a darker (~20 lux) arena (Fig 29g and h).  

Next, to assess anxiety-like behaviour in Syn1Cre mice, we measured the distance travelled in the 

centre of the highly illuminated arena 156. However, given the difference in total distance travelled 

in the open field, we normalised distance travelled in the centre by total distance travelled in the 

five minutes. Interestingly, we detected a significant sex-specific decrease in centre occupancy 

(two-way ANOVA, sex*genotype interaction P=0.0211; F (1,75) =5.553, Fig. 30d). Male Syn1Cre 

mice had significantly lower distance travelled in the centre of the arena suggesting that Syn1Cre 

expression leads to a male-specific increase in anxiety (Fig. 30d). To confirm the reduction in centre 

occupancy was due to anxiety-like behaviour, we measured centre occupancy in the darker arena 

where mice were not exposed to anxiogenic stimuli. We found no significant difference in male or 

female Syn1Cre distance travelled in the centre of the darker arena (Fig 30e), suggesting that the 

phenotype observed in the open field was due to anxiety-like behaviour. 

https://paperpile.com/c/sVD7jl/3icQN
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Figure 30: Exploratory and anxiety-like behaviour in Syn1Cre mice 

(A) Locomotor activity measured during the aversive open field experiment revealed significant reduction in Syn1Cre mice. (B) 

Locomotor speed was also significantly reduced in the open field arena in Syn1Cre mice. (C) Rearing behaviour measurement 

revealed significant reduction in rearing of Syn1Cre mice (male wild type n=20 and Syn1Cre n=19, female wild type n=21 and 

Syn1Cre n=19). (D) Centre occupancy normalised to total time was analysed by two-way ANOVA and revealed sex-specific reduction 

in centre occupancy of male Syn1Cre mice (male wild type n=20 and Syn1Cre n=19, female wild type n=21 and Syn1Cre n=19). (E) 

Centre ambulation normalised to total distance measured in the non-aversive arena revealed no significant difference in Syn1Cre 

mice (male wild type n=20 and Syn1Cre n=19, female wild type n=21 and Syn1Cre n=18). Number of animals reported at the bottom 

of the bars where possible, otherwise in the figure legend. All error bars correspond to standard deviation of the mean. Detailed 

statistical values found in Table 4. 
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5.2.3 Impairment in learning and long-term spatial reference memory in Syn1Cre mice 

An important function of the brain is hippocampus-dependent learning and memory which can be 

assessed using the water maze task 15,157. The water maze, a test of spatial reference memory, is 

split into two major components which allows the experimenter to detect deficits in learning as well 

as memory impairment.  

First, a learning stage was administered, where mice were placed in a water arena with a hidden 

platform. The average latency to escape the water by using the distal spatial cues to find the hidden 

platform was recorded. Male Syn1Cre mice were trained in the water maze task for three days until 

the wild type mice reached the threshold indicating adequate learning. However, during that time 

a significant difference was detected between the average escape latency between male Syn1Cre 

and their wild type littermates (Fig. 31a). This data suggests that Syn1Cre mice could not reliably 

find the hidden platform in the same amount of time as wild type mice, indicating a learning deficit 

in the Syn1Cre mice. Female Syn1Cre mice learned the location of the hidden platform equally 

well compared to the wild type littermates but took four days to reach the threshold (Fig. 31b).  

Second, a probe trial was administered 24 hours after the last training session where the hidden 

platform was removed and the animal was allowed to search for the platform for 60 seconds. During 

the probe trial we detected a significant reduction in total swim path (Fig. 32a) and locomotion 

speed (Fig. 32c) of Syn1Cre mice, similar to the results we observed in the open field task (Fig 30a 

and b). Long-term memory formation was measured by occupancy of the target quadrant 

previously containing the hidden platform and the number of platform crossings. We measured the 

percentage time that male Syn1Cre mice swam in the target quadrant (quadrant containing hidden 

platform during training) and found a significant reduction of target quadrant occupancy in male 

Syn1Cre mice (Fig. 31c). Moreover, the number of platform crossings in male Syn1Cre mice was 

significantly lower than wild type littermates (Fig. 31e). This data suggests that, unlike wild type 

mice, male Irs1KO mice failed to form a memory of the hidden platform location in three days of 

training. Although we saw significant learning in female wild type and Syn1Cre mice (Fig. 31b), we 

could not detect evidence of memory formation 24 hours later neither in quadrant occupancy (Fig 

31d) nor in platform crossing (Fig. 31e).  

Additionally, we administered a visually cued variant of the water maze to assess the visual ability 

of Syn1Cre mice, as the water maze task depends on intact visual acuity. The cued water maze 

was administered 24 hours after the probe trial. The platform location was changed, and the distal 

spatial cues were covered using a curtain around the maze to motivate the animals to use the new 

proximal cue on the platform to escape. Three training trials were administered from different start 

locations and the average of the three trials was used to assess visual acuity. We detected no 

significant difference in swim path (Fig. 32b) but a significant reduction in swim speed (Fig. 32d) of 

Syn1Cre mice in the cued variant of the water maze. The reduction in swim speed may suggest 

impaired swimming performance in Syn1Cre mice. The latency to the escape platform in the cued 

water maze was measured and we detected a significant, sex-specific difference (two-way ANOVA, 

sex*genotype interaction P=0.0327; F (1,75) =4.733, Fig. 31f). Male Syn1Cre mice took 

significantly longer to escape the water maze even when a proximal visual cue was placed on the 

platform (Fig. 31f). This suggests that male Syn1Cre mice may have visual deficits preventing them 

from using proximal or distal cues to locate the platform (Fig. 31a). Therefore, the impairment in 

https://paperpile.com/c/sVD7jl/49uka+xCYHM


learning and memory deficits we observed in male Syn1Cre mice (Fig. 31a and c) may in fact be 

due to deficits in visual acuity. Moreover, the data suggests that the memory deficit in female mice 

may be due to insufficient training trials as they possessed the motivation and visual acuity to 

escape during the cued variation of the water maze.  

Next, we used the spontaneous alternation version of the Y-maze to assess spatial working 

memory as visual acuity is not required for this task. Mice were placed in the centre of the maze 

with three arms at 120 degrees from each other. The mouse was allowed to freely explore and 

then the number of full ABC alternations were calculated as a percentage of total arm entries. If 

mice score around 50% ABC alternations, or chance level, that means mice were equally likely to 

enter the previously visited arm or the novel arm suggesting that there are deficits to working 

memory formation. We measured total locomotor activity (Fig. 32e) and locomotor speed (Fig. 32f) 

in the Y-maze and could not detect any significant difference in Syn1Cre mice. When we measured 

the number of total arm entries in male and female Syn1Cre mice, we could not detect any 

significant difference, suggesting that both genotypes were equally likely to explore the maze (Fig. 

31g). When we measured the number of alternations where the mouse favoured novel arms over 

previously visited arms (so called ABC alternations), we found no significant deficits in male or 

female Syn1Cre mice (Fig. 31h). This data suggests that short-term memory formation is still 

functional in male and female Syn1Cre mice. 
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Figure 31: Spatial reference memory and working memory of Syn1Cre mice 

(A) Assessment of escape latency across nine trials of water maze training showed significant reduction in learning of male Syn1Cre 

mice (male wild type n=19 and Syn1Cre n=20). (B) Assessment of escape latency across 12 trials of water maze training showed no 



significant difference in female Syn1Cre mice (female wild type n=19 and Syn1Cre n=20). (C) Probe trial quadrant occupancy 

revealed a significant reduction in target quadrant occupancy in male Syn1Cre mice compared to wild type littermates (male wild 

type n=19 and Syn1Cre n=20). (D) Probe trial quadrant occupancy revealed no memory in female wild type or Syn1Cre mice (female 

wild type n=19 and Syn1Cre n=20). (E) Platform crossings during probe trial revealed presence of long-term memory exclusively in 

male wild type mice. (F) Latency to escape in the cued water maze revealed significant sex-specific increase of time in male Syn1Cre 

mice. (G) Number of alternations during the spontaneous Y-maze assay revealed no significant difference in Syn1Cre mice. (H) 

Number of correct A>B>C alternations as a percentage of total alternations did not show any significant difference in Syn1Cre mice. 

Number of animals reported at the bottom of the bars where possible, otherwise in the figure legend. All error bars correspond to 

standard deviation of the mean except water maze training where standard error of the mean was plotted. Detailed statistical 

values found in Table 4. 
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Figure 32: Additional outcome measures from memory tasks 

(A) Total swim path during the 60 second probe trial revealed significant reduction in Syn1Cre mice (male wild type n=19 and 

Syn1Cre n=20, female wild type n=19 and Syn1Cre n=20). (B) Total swim path in the cued variation of the water maze showed no 

significant change in Syn1Cre mice (male wild type n=18 and Syn1Cre n=20, female wild type n=18 and Syn1Cre n=17). (C) 
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Assessment of swim speed during the probe trial revealed significant reduction in Syn1Cre mice. (D) Swim speed in the cued water 

maze variant revealed significant reduction in Syn1Cre mice. (E) Measurement of total distance covered in the Y-maze did not 

detect any significant difference in Syn1Cre mice. (F) Locomotion speed in the Y-maze was not significantly different in Syn1Cre 

mice. Number of animals reported at the bottom of the bars where possible, otherwise in the figure legend. All error bars 

correspond to standard deviation of the mean. Detailed statistical values found in Table 4. 

 

5.2.4 Increased hypothalamic hGH expression leads to sex-specific decrease in 

Syn1Cre growth 

The brain is a primary site for the control of feeding and satiety through the action of the 

hypothalamic-pituitary axis 158.  

Syn1Cre mice showed a significant decrease in body weight compared to wild type littermates (Fig. 

33a). We assessed whether the reduction in body weight was due to a reduction in adiposity, but 

no significant difference was detected in fat mass as a percentage of total body weight (Fig. 33b). 

In order to assess whether the difference in body weight was due to feeding, we measured body 

weight adjusted food consumption but did not detect any significant difference (Fig. 34a). Previous 

reports in the Nestin-Cre mouse model have reported similar findings of a reduction in body weight 

due to Cre recombination under a neuronal promoter 159. They attributed the reduction to the human 

growth hormone (hGH) minigene that was inserted downstream of the Cre recombinase, to achieve 

a higher expression level of the Cre transgene 160. The original report of the Syn1Cre mouse model 

also indicated that they used a similar strategy of placing the hGH gene 3’ of the Cre transgene 8.  

Therefore, we asked whether the hypothalamus of Syn1Cre mice had increased expression of 

hGH. We tested hGH transcript levels by quantitative real-time PCR (Q-RT-PCR) and observed a 

significant increase in hGH transcript levels in Syn1Cre mice (Fig. 33c). Furthermore, to test 

whether the hGH signal we observed was due to the hGH bound to Cre on a single mRNA molecule 

and not endogenous mouse growth hormone, we used a forward annealing primer to the Cre 

fragment and a reverse primer annealing to the hGH minigene. Indeed, we found a similar fold 

change between the CT value of the Cre transgene and the B2M housekeeping gene (Fig. 34b), 

and the Cre-hGH transgene and B2M (Fig. 34c). The hGH results were not due to primer binding 

to the endogenous mouse genome as we either could not detect or only detected a signal at 34 

cycles in wild type mice hypothalamus relative to detection at 18 cycles of B2M. In summary, 

Syn1Cre mice have an increased expression of exogenous growth hormone due to the Cre-hGH 

transgene. 

Next, we asked whether the expression of hGH led to an activation of the downstream STAT5 

pathway also implicated in Nestin-Cre mice 159. Therefore, we measured the expression of cytokine 

inducible SH2-containing protein (Cish), which is up-regulated after phosphorylation of STAT5. As 

expected, we saw a small but significant increase in expression of Cish in Syn1Cre mice 

(1.149±0.09750-fold change) (Fig. 33d). Moreover, the previous report looking at the effect of hGH 

expression in Nestin-Cre mice also detected elevated phosphorylation of STAT5 in liver, resulting 

in elevated CD36 transcript levels due to the role of STAT5 in hepatic lipid metabolism 161. However, 

we detected no significant difference in transcript levels of CD36 in livers of Syn1Cre mice (Fig. 

33e). One potential explanation for the inconsistent finding is that the Nestin promoter is additionally 

expressed in a wide variety of peripheral organs, while the Synapsin-1 promoter is confined to the 

nervous system and testis 56. 

https://paperpile.com/c/sVD7jl/EWrf
https://paperpile.com/c/sVD7jl/XlSEb
https://paperpile.com/c/sVD7jl/NzuiC
https://paperpile.com/c/sVD7jl/aNDT6
https://paperpile.com/c/sVD7jl/XlSEb
https://paperpile.com/c/sVD7jl/VC33u
https://paperpile.com/c/sVD7jl/cdru1


Previous reports have found that expression of hGH in the hypothalamus leads to the reduction of 

hypothalamic GH releasing hormone (Ghrh) leading to growth hormone deficiency 162. Surprisingly, 

when we tested the levels of Ghrh in the hypothalamus, we detected no significant difference in 

Syn1Cre mice (Fig. 33f). However, when we tested the levels of hepatic Igf1 expression, we did 

detect a sex-specific reduction in Syn1Cre mice (two-way ANOVA, sex*genotype interaction 

P=0.0114; F (1,11) =9.193, Fig. 33g). We found that male Syn1Cre mice have a reduced 

expression of hepatic Igf1, suggesting a negative feedback loop is triggered indirectly in male, but 

not female, Syn1Cre mice. The previous report on Nestin-Cre mice saw a similar reduction in male 

hepatic Igf1 transcripts 159. To confirm whether this reduction in the growth axis in Syn1Cre mice 

was functionally leading to the size difference in body weight (Fig. 33a), we used the length of the 

femur to get an accurate body size comparison. Indeed, we found a consistent sex-specific 

difference in the femur length of Syn1Cre mice (two-way ANOVA, sex*genotype interaction 

P=0.0448; F (1,11) =5.127, Fig. 33h). Male Syn1Cre mice had shorter femurs compared to wild 

type littermates, suggesting that the reduction in body weight (Fig. 33a) could be due to reduced 

body size as a result of reduced systemic growth hormone signalling. 

https://paperpile.com/c/sVD7jl/xgoRJ
https://paperpile.com/c/sVD7jl/XlSEb
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Figure 33: Cre transgene triggers increased hGH expression leading to a sex-specific reduction in body size of male 

Syn1Cre mice (below) 



(A) Measurement of body weight of Syn1Cre mice revealed a small but significant reduction in body weight of Syn1Cre mice. (B) 

Assessment of fat mass as a percentage of body weight did not reveal any difference in body composition of Syn1Cre mice. (C) 

Measurement of hGH transcript levels using quantitative real-time PCR (qPCR) in the hypothalamus revealed significant increase 

in hGH expression in Syn1Cre mice (Male wild type n=4 and female wild type n=4). (D) Significant increase in Cish transcript levels 

in the hypothalamus of Syn1Cre mice. (F) Measurement of CD36 transcripts by qPCR in liver tissue revealed no significant difference 

between Syn1Cre mice and wild type littermates. (F) No significant difference in Ghrh levels in hypothalamus extracts between 

Syn1Cre mice and wild type littermates. (G) Two-way Anova of Igf1 transcript levels in Syn1Cre mice revealed a sex-specific 

reduction of hepatic Igf1 expression in male Syn1Cre mice. (H) Two-way Anova analysis of femur length revealed a sex-specific 

reduction in male Syn1Cre femur size. Number of animals reported at the bottom of the bars. All error bars correspond to standard 

deviation of the mean. Detailed statistical values found in Table 4. 
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Figure 34: Daily food consumption and Cre expression in Syn1Cre mice 

(A) Measurement of body weight adjusted food consumption of Syn1Cre mice did not detect any significant difference between 

Syn1Cre mice and wild type littermates. (B) Measuring level of Cre transcripts in the hypothalamus of Syn1Cre mice revealed a 

genotype specific expression of Cre recombinase. (C) Measurement of Cre-hGH transcripts in the hypothalamus of Syn1Cre mice 

detected expression only in Syn1Cre mice and not wild type littermates. All error bars correspond to standard deviation of the 

mean. Detailed statistical values found in Table 4. 

5.2.5 Intact systemic metabolic parameters in Syn1Cre mice 

The hypothalamus in the brain is a central mediator for peripheral insulin sensitivity and glucose 

metabolism 54. We assessed whether Cre recombinase expression in the brain was leading to any 

effects on peripheral metabolism in Syn1Cre mice. 

https://paperpile.com/c/sVD7jl/PCwp3
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We assessed glucose tolerance by administration of a glucose tolerance test (GTT) after an 

overnight fast. This gives insight into pancreatic beta cell function as well as the capability of an 

animal to suppress hepatic gluconeogenesis in response to a body-weight-adjusted glucose 

challenge. Area under the curve (AUC) analysis of GTT revealed no significant difference in the 

glucose sensitivity of male (Fig. 35a) and female (Fig. 35b) Syn1Cre mice. Insulin sensitivity is a 

cornerstone of metabolic health, since it reflects the ability for insulin to activate peripheral tissue 

absorption of blood glucose. To assess systemic insulin sensitivity, we administered an insulin 

tolerance test (ITT) which measures changes in blood glucose levels in response to a body weight-

adjusted bolus of insulin injected intraperitoneally. AUC analysis of ITT revealed no significant 

difference in the insulin sensitivity of male (Fig. 35c) and female (Fig. 35d) Syn1Cre mice. 

The hypothalamus in the brain is a mediator of energy expenditure, circadian rhythm and locomotor 

activity in an animal 14. Therefore, we assessed energy expenditure and circadian rhythm, given 

the effects we observed in the hypothalamus. We placed single-housed mice in special metabolic 

cages that allow measurement of indirect calorimetry over multiple days. We used ANCOVA 

analysis using body weight as a covariate to analyse if there are differences in energy expenditure 

between Syn1Cre mice and their wild type littermates. We did not detect any significant differences 

in day-time or night-time energy expenditure in male (Fig. 35e and Fig. 36a) or female (Fig. 35f 

and Fig. 36b) Syn1Cre mice. We used beam breaks during the animal’s time in the metabolic cages 

to infer average homecage activity levels across a 24-hour period. We found no significant 

difference in the amount or phase of activity in male (Fig. 35g) or female (Fig. 35h) Syn1Cre mice. 

Finally, we used respiratory exchange ratio (RER) measurements in the metabolic cages to 

determine the type of fuel consumption during different phases of the day in Syn1Cre mice. An 

RER value close to 0.7 indicates that fat is the predominant fuel source, while an RER of 1.0 

indicates that carbohydrates are the predominant fuel source, and a value in between suggests a 

mix of both. Consistent with our locomotor activity and energy expenditure findings, we did not 

detect any significant difference of RER in male (Fig. 36c) or female (Fig. 36d) Syn1Cre mice.  

All together we find no significant effect of neuronal Cre recombinase expression on peripheral 

metabolism, providing the field with a new tool to study neuronal control of metabolism. 

https://paperpile.com/c/sVD7jl/5h4Gf
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Figure 35: Effect of Syn1Cre expression on peripheral metabolic health outcomes 

Glucose tolerance test (GTT) on male Syn1Cre mice (A) and female Syn1Cre mice (B) did not detect any significant difference 

relative to their respective wild type littermates. Insulin sensitivity test (ITT) on male Syn1Cre mice (C) and female Syn1Cre mice 

(D) did not detect any significant difference relative to their wild type littermates. ANCOVA on day-time energy expenditure of 

Syn1Cre mice showed no significant difference between male (E) or female (F) Syn1Cre and their respective wild type littermates 

(male wild type and Syn1Cre n=8, female wild type n=7 and Syn1Cre n=9). Locomotor activity of single-housed male (G) and female 

(H) Syn1Cre mice plotted against zeitgeber revealed no significant difference between Syn1Cre mice and wild type littermates. 



 

91 

Number of animals reported at the bottom of the bars. All error bars correspond to standard deviation of the mean. For ANCOVA 

analysis the 95% confidence interval is plotted. Detailed statistical values found in Table 4. 
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Figure 36: Additional metabolic measures of Syn1Cre mice 

ANCOVA on night-time energy expenditure of Syn1Cre mice showed no significant difference between male (A) or female (B) 

Syn1Cre and their respective wild type littermates (male wild type and Syn1Cre n=8, female wild type n=7 and Syn1Cre n=9). 

Respiratory exchange ratio of male (C) and female (D) Syn1Cre mice did show any significant difference due to genotype compared 

to wild type littermates. Number of animals reported at the bottom of the bars. All error bars correspond to standard deviation of 

the mean. For ANCOVA analysis the 95% confidence interval is plotted. Detailed statistical values found in Table 4. 

5.3  Discussion 

In this study we report behavioural and metabolic phenotyping of Syn1Cre mice. We focused on 

phenotypes relevant for metabolic and neuropsychiatric disorders, as those were the primary 

applications for pan-neuronal genetic tools. Sex is increasingly recognised as an important 

influence on the brain in health 163 and disease 164, and we therefore characterised both male and 

female Syn1Cre mice165. 

Many of the previous reports on the neuronal control of metabolism have used Nestin-Cre mice. 

However, given the recent evidence of the metabolic pitfalls 56, an alternative pan neuronal gene 

driver, such as Cre expressed under the rat Synapsin- promoter, is desirable. According to the 

mouse genome database, more than 170 studies have used Syn1Cre mice 166, but a study of the 

effect of Cre expression on basic phenotypes in males and females is missing. Therefore, we asked 

what the effect of Syn1Cre on the behavioural and metabolic parameters of young male and female 

mice.  

https://paperpile.com/c/sVD7jl/Guz8
https://paperpile.com/c/sVD7jl/wXpa
https://paperpile.com/c/sVD7jl/Ibj3
https://paperpile.com/c/sVD7jl/cdru1
https://paperpile.com/c/sVD7jl/vRTX


We did not observe any significant effects on motor learning, neuromuscular strength, or locomotor 

activity in male or female Syn1Cre mice. However, when mice were placed in the anxiogenic open 

field context, both male and female Syn1Cre mice exhibited reduced exploratory drive. In addition, 

we detected a male-specific increase in anxiety-like behaviour in the open field, a trait that was 

previously shown to be modified by sex 165. Centre occupancy in a non-aversive arena further 

confirmed that the observed phenotype is being mediated by the anxiogenic illumination of the 

open field. Interestingly, previous reports in Nestin-Cre mice also found an increase in anxiety-like 

phenotype in male mice 167, suggesting a shared cause in these two genetic drivers. 

When we assessed the learning capability of Syn1Cre mice, again we detected a significant deficit 

in the ability of male Syn1Cre mice to use distal spatial cues to locate the hidden platform, unlike 

wild type males and both female groups. The probe trial further confirmed the deficit in memory 

formation in male Syn1Cre mice. Surprisingly, both female groups also did not perform in the probe 

trial. However, given that wild type females did not show enriched target quadrant occupancy, we 

could not conclude if female Syn1Cre mice exhibited deficits in memory formation or simply the 

number of training trials was insufficient. We also administered cued trials in the water maze to test 

the motivation and visual acuity in male and female Syn1Cre mice. We detected a deficit in male 

Syn1Cre mice as they were the only group to have a significantly increased latency to the platform 

when a proximal cue was added. This data suggests that male Syn1Cre mice are not appropriate 

for use in assays that require visual acuity. Previous reports have found microphthalmia and 

anophthalmia are found in C57BL/6 mice (~20% of all females and ~2% of male mice) 168. However, 

our data from male Syn1Cre mice suggests the presence of an interaction between the strain and 

the intervention leading to increased visual defects in male mice. Data from the Y-maze suggests 

that short-term memory formation is still functional in male and female Syn1Cre mice.  

Similar to results from Nestin-Cre mice 159, we observed a significant reduction in the body weight 

of Syn1Cre positive mice without a difference in body composition or feeding. Consistent with the 

Nestin-Cre study, we detected an overexpression of a Cre-hGH mRNA transcript due to the 

construct design used to generate this genetic tool 8. Although we found high hGH transcripts in 

the hypothalamus of Syn1Cre mice, we could not detect STAT5 activation in the liver unlike the 

Nestin-Cre model159. However, we also found evidence of an activation of a negative feedback loop 

leading to reduced growth in a sex-specific manner in male Syn1Cre mice. Finally, we could not 

detect any significant effect on peripheral metabolism, namely body composition, glucose 

tolerance, and insulin sensitivity in male or female Syn1Cre mice, suggesting the potential 

application of this genetic model in neuronal control of metabolism studies. Moreover, no effect on 

peripheral metabolism was observed in old male or female Syn1Cre mice (Chapter 3). 

In summary, our study describes for the first time a comprehensive characterization of a heavily 

used Cre mouse line in neurobiology. Importantly, our data indicate that indirect effects from the 

techniques used to generate the model can confound certain behavioural tests in a sex-specific 

manner, but not on general metabolic assays. Moreover, our study highlights the need of including 

both male and female mice in future studies as well as the use of appropriate experimental control 

groups to delineate the effects of the Cre transgene.  

https://paperpile.com/c/sVD7jl/Ibj3
https://paperpile.com/c/sVD7jl/Oyna
https://paperpile.com/c/sVD7jl/wme7
https://paperpile.com/c/sVD7jl/XlSEb
https://paperpile.com/c/sVD7jl/aNDT6
https://paperpile.com/c/sVD7jl/XlSEb
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