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Streszczenie 

Otyłość i choroby współistniejące są przyczyną śmierci ponad 4 milionów ludzi w skali roku. 

Pomimo znacznego postępu terapeutycznego, częstość występowania przypadków nadwagi 

oraz otyłości stale rośnie, szczególnie w miejskich rejonach krajów wysoko rozwiniętych. Jest 

to związane z obecnością i rozwojem sprzyjającego otyłości środowiska (ang. obesogenic 

environment), na które składa się wysoce przetworzony oraz kaloryczny pokarm, połączony z 

obniżoną aktywnością fizyczną. Z tego względu w badaniach naukowych, otyłość wywołana 

dietą (ang. diet-induced obesity - DIO) stała się najczęściej wykorzystywanym modelem 

zwierzęcym, dzięki któremu możliwe jest zbadanie nie tylko jej konsekwencji, ale również 

mechanizmów leżących u podstaw różnych aspektów tej choroby. Badając efekty DIO u 

gryzoni wykazano, że otyłość wpływa dwukierunkowo na rytmikę okołodobową zarówno 

poprzez zmianę zachowania zwierząt, jak i procesy molekularne.  

Wśród okołodobowych zegarów (oscylatorów) zależnych od pokarmu, które zlokalizowane są 

w ośrodkowym układzie nerwowym, otyłość wywołana dietą w szczególnie silny sposób 

wpływa na grzbietowo-przyśrodkowe jądro podwzgórza (ang. Dorsomedial Hypothalamus - 

DMH). Jest to struktura wrażliwa na sygnały głodu i sytości, regulująca pobieranie pokarmu 

w zależności od stanu metabolicznego zwierzęcia. DMH jest również niezwykle podatne na 

ograniczone czasowo (restrykcyjne) podawanie pokarmu, które wzmacnia jego właściwości 

oscylacyjne oraz przesuwa akrofazę aktywności struktury, umożliwiając przewidywanie 

pojawienia się pokarmu. 

Wynikami mojej pracy doktorskiej potwierdziłam hipotezę, że dieta wysokotłuszczowa (ang. 

high-fat diet – HFD) powoduje zmiany w fizjologii DMH jeszcze przed rozwinięciem się 

otyłości co sugeruje, że uszkodzenie funkcjonowania tej struktury może pośredniczyć w 

rozwoju tej choroby. Przy użyciu metod elektrofizjologicznych oraz 

immunohistochemicznych, zaobserwowałam występowanie rytmicznie zmieniającej się 

aktywności tej struktury, oraz endogenny (niezależny od czynników zewnętrznych) charakter 

tego rytmu. Karmienie szczurów HFD spowodowało zaburzenie rytmiki okołodobowej 

aktywności komórek DMH, aczkolwiek efekt ten zależny był od rozregulowanego wzorca 

spożywanego pokarmu. Restrykcyjne podawanie pokarmu, ograniczone do czasu trwania fazy 

ciemnej (okresu aktywności zwierząt) zapobiegło tej desynchronizacji. W związku z tym, 

zbadałam wrażliwość neuronów DMH na różne stany metaboliczne (głód/sytość) zarówno u 

zwierząt karmionych regularnie, umożliwiając im przewidywanie posiłku, oraz takich, które 

nie miały możliwości przewidzenia pojawienia się pokarmu. W tym sposób pokazałam, że 
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sytość aktywuje różne subregiony DMH w zależności od tego czy jest ona zaplanowana. 

Wyniki te, wraz z obserwacją mnogich różnic elektrofizjologicznych pomiędzy trzema 

oddzielnymi częściami DMH, podkreślają funkcjonalną złożoność tej struktury. 

W części farmakologicznej pracy zbadałam w DMH sygnalizację za pośrednictwem peptydów 

z rodziny pochodnych proglukagonu (ang. proglucagon-derived peptides – PGDP). Pomimo 

szerokiego zastosowania agonistów receptora dla glukagonopodobnego peptydu 1 (ang. 

glucagon-like peptide 1 receptor - GLP1R) w terapii otyłości, niewiele wiadomo o 

mechanizmie ich działania w obrębie podwzgórza. Amplituda odpowiedzi po podaniu PGDP 

pozytywnie korelowała z poziomem spontanicznej aktywności neuronów DMH. Zależność ta 

ulegała jednak zaburzeniu po podaniu diety wysokotłuszczowej. Dodatkowo, HFD zwiększyła 

liczbę komórek odpowiadających na agonistę GLP1R – eksendynę 4 (ang. exendin-4 – Exn4), 

poprzez wzmocnienie aktywności synaptycznej po podaniu substancji. Nie tylko wrażliwość 

komórek DMH na PGDP, ale też ilość peptydu obecnego w strukturze była zaburzona przez 

HFD. Widoczne to było poprzez zanik dynamicznych zmian w immunoreaktywności GLP1 w 

zależności od stanu metabolicznego organizmu. Różnice we wpływie stosowanych diet nie 

były natomiast obserwowane, gdy zwierzęta karmione były w sposób restrykcyjny.  

Przedstawione wyniki jednoznacznie potwierdzają silne powiązanie otyłości z zaburzeniem 

pracy zegara biologicznego, pokazując jego wczesne patologiczne zmiany na poziomie 

aktywności pojedynczych neuronów budujących ośrodkowy oscylator pokarmowy. Jednym z 

głównych powodów tych zmian jest nieregularne przyjmowanie pokarmu, który jest bardzo 

silnym synchronizatorem zegara biologicznego. Aspekt chronobiologiczny, w tym szczególnie 

chronoodżywianie (ang. chrononutrition), powinien być przedmiotem dalszych intensywnych 

badań poszukujących skutecznej terapii otyłości. Tylko bowiem prawidłowo funkcjonujący 

zegar biologiczny, jako jeden z istotnych elementów tzw. zdrowia metabolicznego, może 

spowolnić pandemię nadwagi i otyłości, konsekwencją których jest wiele chorób 

cywilizacyjnych. 
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Abstract 

Obesity and successive comorbidities are estimated to kill over 4 million people per year. 

Despite considerable advancement in treatment methods, the prevalence of overweight and 

obesity continues to rise, affecting especially more developed, urban areas. This occurs due to 

an emergence of the obesogenic environment, composed of highly processed, calorie-dense 

food and reduced physical activity. In view of this, diet-induced obesity (DIO) has become the 

most commonly used rodent obesity model, not only to study its consequences, but also the 

mechanisms underlying various aspects of the disease. Using DIO mice and rats, obesity has 

been shown to bidirectionally interact with circadian rhythms, on both behavioural and 

molecular levels, via disrupted feeding and locomotor activity rhythm, as well as misaligned 

light- and food-entrained oscillators. 

Amongst the feeding-responsive central circadian clocks, the Dorsomedial Hypothalamus 

(DMH) appears the most affected by DIO. The DMH is sensitive to both hunger and satiety 

signalling molecules, in turn regulating food intake. It is also extremely susceptible to feeding 

restriction, which potently enhances its oscillatory properties and adjusts the phase of the 

oscillation so as to enable meal anticipation.  

The results of my work confirm a hypothesis, that the DMH is affected by high-fat diet (HFD) 

even before obesity onset, suggesting that this disruption might partake in the development of 

the disease. Using electrophysiology and immunohistochemistry I observed the existence of 

the day/night rhythms in the neuronal activity of the structure, as well as their endogenous 

(independent of the external cues) nature. HFD-feeding disrupted the rhythmicity of the DMH 

cells, however this effect was successfully prevented by restricted nighttime feeding, 

highlighting that this alteration is evoked by the irregular feeding pattern. In view of this, I 

studied DMH sensitivity to different metabolic states (fasted/fed) with and without regularly 

scheduled mealtimes. Distinct DMH subdivisions were activated by satiety, depending on 

whether or not it had been anticipated, which together with an observation of multiple 

electrophysiological differences between distinct DMH subdivisions, underlines its internal 

complexity.  

In the pharmacological part of the thesis, I studied satiety signalling via the family of the 

proglucagon-derived peptides (PGDP), since despite the appreciation of the therapeutic 

potential of the glucagon-like peptide 1 receptor (GLP1R) agonists, not much is known about 

their mechanism of action upon the hypothalamus. The responsiveness to the PGDP was shown 

to depend on the level of the spontaneous neuronal activity, but this correlation was abolished 
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by HFD. Moreover, HFD increased the fraction of cells stimulated by the GLP1R agonist 

exendin-4 (Exn4), by enhancing the Exn4-evoked level of synaptic activity in the structure. 

Not only neuronal sensitivity, but also the amount of the PGDP in the structure was affected, 

with HFD attenuating the metabolic state-dependent changes in the GLP1 immunoreactivity. 

Differences were not observed when animals had been fed in a restricted manner. 

Presented data confirm the presence of a strong connection between obesity and circadian clock 

disruption, with a desynchronisation of the neuronal oscillatory function occurring even after 

a short period of HFD-feeding. One of the main reasons for this pathology is an irregular pattern 

of food intake, which is an important circadian clock synchroniser. The chronobiological aspect 

of obesity treatment, especially chrononutrition, needs to be given more future consideration, 

because only a well synchronised circadian timing system, as one of the crucial parts of 

metabolic health, can slow down the pandemic of overweight and obesity, and their detrimental 

comorbidities. 
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Abbreviations 

BAT brown adipose tissue 

BMI body-mass index 

CART cocaine and amphetamine regulated transcript 

CD control diet 

cDMH compact DMH 

dDMH dorsal DMH 

DIO diet-induced obesity 

DMH Dorsomedial Hypothalamus 
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GLP1/2 glucagon-like peptide 1/2 

GLP1/2R GLP1/2 receptor 

HFD  high-fat diet 
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NF  night-feeding 

NMDA N-methyl-d-aspartic acid 

NPY  neuropeptide Y 

NTS  Nucleus of the Solitary Tract 

OXM  oxyntomodulin 

PC  prohormone convertase 
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PSC  postsynaptic current 

RF  restricted feeding 

SCN  Suprachiasmatic Nucleus 

TRF  time-restricted feeding 

vDMH  ventral DMH 

ZT  Zeitgeber time  
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1. Introduction 

1.1. State of art 

1.1.1. Obesity – epidemiological basis for model selection 

Obesity has been recognised a pandemic since 1997 (WHO, 2000), however so far various 

attempts have been unsuccessful at holding it back. According to the 2017 Global Nutrition 

Report more than 2 billion adults worldwide are overweight, and half a billion obese. On top 

of that, 41 million children are also affected by excessive body weight, and the numbers for 

both adults and children keep rising (Hawkes & Fanzo, 2017).  

Regional differences in the prevalence of the disease are evident. Strikingly, within the WHO 

European Region almost 60% of adult population are overweight and close to 25% obese 

(WHO, 2022), and these proportions are even higher in North America and Oceania (Hawkes 

& Fanzo, 2017). Generally, higher rate of occurrence, as well as growth speed, are recorded in 

high-income, developed countries, although this trend seems to be changing in the recent years, 

showing a rapid increase in overweight and obesity cases now also in the middle- and low-

income countries (Ng et al., 2014, Ford et al., 2017). This shift is paralleled by developmental 

changes, including economic growth, urbanisation, and industrialisation, which create the 

“obesogenic” environment, composed of easy access to calorie-dense, processed food, 

decreased physical activity due to mechanised transport, and hormonal alterations, stemming 

from environmental pollution by endocrine disruptors (Hruby & Hu, 2015, Ford et al., 2017, 

WHO, 2022). As far as the last one is only recently gaining more interest, an imbalance in the 

amount of calories ingested and spent has been commonly considered the basis for 

malnutrition. In particular, modern trends in feeding, such as foods high in fat (Miller et al., 

1994), lack of dietary diversity, low intake of fruits and vegetables (He et al., 2004, Sagbo et 

al., 2018), high amount of sweetened, fizzy drinks (Ganle et al., 2019) and alcohol (Yoon et 

al., 2016) consumption, have been concluded to potently stimulate weight gain.  

In view of this, high-fat diet (HFD)-fed mice and rats have become the most frequently used 

rodent model of obesity (Winzell & Ahrén, 2004). Obesity induction by environmental, rather 

than genetic factors, better reflects the trends observed for human population, modelling not 

only the disease itself, but also processes occurring during its development, allowing for the 

study of the mechanisms responsible. This was crucial for the studies described in the thesis, 

as the focus here were changes arising before the onset of obesity. 
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1.1.2. Reciprocal influence of obesity and circadian misalignment 

High body-mass index (BMI), the most common determinant in the diagnosis of malnutrition, 

has been recognised a risk factor for a variety of diseases, ranging from the two leading causes 

of death globally – cardiovascular disease and cancer (Zalesin et al., 2008, Lauby-Secretan et 

al., 2016, Ritchie et al., 2018), down to type II diabetes mellitus (Chan et al., 1994, Colditz et 

al., 1995), respiratory disorders, including asthma (Camargo et al., 1999, Thomson et al., 2003, 

Aaron et al., 2004, Canoy et al., 2004), non-alcoholic fatty liver disease (Hamaguchi et al., 

2005), osteoarthritis (Felson et al., 1992, Hart & Spector, 1993, Cicuttini et al., 1996) and even 

psychological problems such as depression (Luppino et al., 2010). Links to sleep disturbances 

have also been observed, both in the sleep duration (Taheri, 2006) and quality (Vgontzas et al., 

1998, Resta et al., 2003, Xiao et al., 2016, Moreno-Vecino et al., 2017), however the 

relationship between obesity and sleep appears bidirectional.  

On one hand, obesity correlates positively with the metrics of sleep disordered breathing 

(Davidson & Patel, 2008) and bariatric surgery is effective at improving sleep quality in the 

cases when sleep problems are related to respiratory alterations (Dixon et al., 2001, Quintas-

Neves et al., 2016). Moreover, an enhanced release of proinflammatory cytokines during a 

low-grade systemic inflammation occurring under obesity (Wellen et al., 2005) has been shown 

to influence sleep duration as well as pattern (Opp et al., 1992, Vgontzas et al., 1997, Gamaldo 

et al., 2012). Obesity can also worsen sleep via gastrointestinal symptoms (Eslick & Talley, 

2016), vitamin D deficiency (Muscogiuri et al., 2010, McCarty et al., 2013, Bertisch et al., 

2015), restless leg syndrome (Mallon et al., 2008, Gao et al., 2009, Schlesinger et al., 2009), 

and emotional stress (Vgontzas et al., 2008).  

Studies on HFD-fed rodents have revealed impaired circadian rhythms in locomotor activity 

and feeding behaviour, clock gene expression in the liver, spleen and adipose tissue, 

rhythmically changing levels of circulating markers of glucose and lipid metabolism, as well 

as production of some hypothalamic neuropeptides (Ando et al., 2005, Kohsaka et al., 2007, 

Hsieh et al., 2010, Pendergast et al., 2013). 

On the other hand, an even larger body of evidence points to the contribution of circadian 

rhythms’ alterations in obesity development. First of all, the fact that vast majority of hormones 

(reviewed in Gamble et al., 2014), and therefore many metabolites, (Dallmann et al., 2012, 

Chua et al., 2013) undergo circadian regulation strongly argues for the importance of such 

rhythmicity for metabolic health. Moreover, these rhythms can be disturbed by sleep 

deprivation (Davies et al., 2014), which also decreases glucose tolerance and thyrotropin 
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concentration (Spiegel et al., 1999), and elevates ghrelin - the main food intake stimulant 

(Taheri et al., 2004). Shift-workers, representative of the chronically sleep-deprived group 

(Sanches et al., 2015) are more susceptible to excessive weight gain (Di Lorenzo et al., 2003, 

Karlsson et al., 2001, 2003, Suwazono et al., 2008), with the severity highly dependent on the 

shift-work duration (Van Amelsvoort et al., 1999).  

Disrupted circadian rhythms, in the form of misaligned circadian and behavioural cycles, cause 

desynchrony between central and peripheral circadian clocks (Damiola et al., 2000, Stokkan et 

al., 2001) influencing both circadian phase- and meal-related changes in the endocrine function 

(Scheer et al., 2009, Morris et al., 2015). Evidently, shift work results in a an alteration of 

circadian rhythmicity in feeding behaviour (Shaw et al., 2019, Kosmadopoulos et al., 2020), 

which serves as a plausible explanation for the disordered molecular rhythms responsive to 

food intake. Timing of the meals is indeed crucial for metabolic health, with data presenting 

late evening food intake and nighttime snacking deleterious to glucose responsiveness 

(Barrington & Beresford, 2019) and body weight (Ruiz-Lozano et al., 2016, McHill et al., 

2017, Centofanti et al., 2018).  

A relatively new approach to healthy feeding involves intermittent fasting, such as time-

restricted feeding (TRF), which consists of a defined, about several-hour long time window of 

calorie intake, followed by fasting for the remainder of the day. Such a schedule has to be kept 

long-term, with the feeding time window occurring at the same time every day. TRF has been 

shown to be effective at decreasing total daily meal size and body weight, and improving sleep 

(LeCheminant et al., 2013, Gill & Panda, 2015) in humans. Studies on laboratory animals also 

indicate increased longevity (Acosta-Rodríguez et al., 2022), attenuated levels of 

inflammation, cholesterol, glucose and insulin, and even possible prevention of metabolic 

diseases including obesity (Hatori et al., 2012, Sherman et al., 2012, Chaix et al., 2014, 

Zarrinpar et al., 2014). 

Altogether, these data provide a very strong case for an involvement of disrupted circadian 

rhythmicity in the mechanism responsible for the development, as well as detrimental 

consequences of obesity.  

1.1.3. Intrinsic and entrainable properties of the circadian rhythms 

Circadian rhythms are manifested on multiple scales, from clock gene expression (Reddy et 

al., 1984, Tei et al., 1997), through the activity of individual cells (Welsh et al., 1995, Herzog 

et al., 1998) and tissues (Yamazaki et al., 2000, Storch et al., 2002), resulting in an orchestrated 

activity of various tissues performing distinct tasks, necessary for the behavioural rhythmicity 
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of an entire organism. Once believed to be a result of an activity pattern purely restricted to the 

hypothalamic Suprachiasmatic Nucleus (SCN), named the master circadian clock or the main 

rhythm generator, today many other endogenous oscillators have been found both in the brain 

(Abe et al., 2002, Zhao & Rusak, 2005, Granados-Fuentes et al., 2006, Guilding et al., 2009, 

Myung et al., 2018, Chrobok et al., 2020, 2021a, 2021b, Northeast et al., 2020), and on the 

periphery (Yamazaki et al., 2000, Sadacca et al., 2011), with the SCN serving as the 

synchroniser (pacemaker) keeping all the other clocks attuned. This synchronisation is so 

important, that SCN lesions cause complete arrhythmicity of the behaviour (Stephan & Zucker, 

1972), and its implantation restores the rhythm in SCN-lesioned animals, with the period of the 

SCN donor (Drucker-Colín et al., 1984, Ralph et al., 1990). 

Intrinsic nature of the circadian oscillations enables animals to anticipate environmental 

changes occurring within the 24 h cycle. Rather than simply responding to the cyclic day/night 

transitions, organisms can start preparing for the next phase in advance. This is a clear 

evolutionary advantage, since these rhythms have been recorded in all biological kingdoms 

(Edgar et al., 2012), ranging from prokaryotes (Johnson et al., 2008), protists (Jakobsen & 

Strom, 2004) and fungi (Grobbelaar et al., 1986, Baker et al., 2012) up to plants (De Mairan, 

1729, Harmer, 2009) and of course animals (Aschoff, 1960, Chabot & Taylor, 1992, Frisch et 

al., 1994, Tei et al., 1997). 

However, despite the beneficially endogenous nature of the circadian oscillations, the intrinsic 

clock must also be able to adapt, or entrain, to any changes in the temporal pattern of the 

environmental rhythms. The SCN does so by receiving visual information from the melanopsin 

retinal ganglion cells located in the retina (Hendrickson et al., 1972, Moore & Lenn, 1972, 

Provencio et al., 2000, Gooley et al., 2001, Hattar et al., 2002, Panda et al., 2002, Ruby et al., 

2002) informing the clock about altered lighting conditions, which can be used to shift the 

phase of the SCN oscillation (Shigeyoshi et al., 1997), and subsequently adjust animals’ 

locomotor activity (Daan & Pittendrigh, 1976).  

Light has been considered the most important and potent zeitgeber (ger. time giver), regulating 

not only circadian, but also seasonal rhythms (Arendt & Broadway, 1987). Historically, it was 

indeed the best predictor of the rhythmical changes in the environment, informative of food 

availability and predator danger for animals, and of course serving as a direct food source for 

plants and photosynthesising bacteria and algae. Nowadays, wide usage of artificial light, 

especially at night, has been interacting with all living organisms’ circadian clocks, negatively 

influencing both wildlife (Gaston et al., 2017, Sanders et al., 2021) and humans (West et al., 

2011, Chang et al., 2015). 
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However, light is not the only misused zeitgeber, with an altered function as a circadian 

synchroniser. Constant easy access to food, especially the low-quality and calorie-dense ready 

meals, eaten at various times of the day, results in diminished rhythms of the peripheral clocks 

sensitive to food intake, such as the liver (Greenwell et al., 2019), causing hepatic lipid 

accumulation, systemic inflammation and rhythm alteration also in other peripheral tissues (Ni 

et al., 2019, Manella et al., 2021). On the contrary, when feeding regularly, such as under TRF, 

food may serve as a strong zeitgeber, keeping the circadian clocks synchronised. 

Majority of laboratory studies examining TRF focus on its potential negative health 

implications, when feeding is restricted to the inactive phase, daytime for the most commonly 

used model rodents. Naturally, daytime feeding forces the nocturnal animals to display high 

locomotor activity also during the feeding time, however, the increased activity starts up to 

several hours before food presentation (Richter, 1922, Bolles & Stokes, 1965, Edmonds & 

Adler, 1977, Stephan, 1992), and is accompanied by a release of plasma corticosteroids, as well 

as an increase in the core body temperature (Krieger et al., 1977) and gastrointestinal motility 

(Comperatore & Stephan, 1987). Daytime feeding was shown to cause a phase shift in the liver, 

kidney, heart, pancreas, stomach and colon (Damiola et al., 2000, Hara et al., 2001, Stokkan et 

al., 2001, Davidson et al., 2003), as well as some brain structures, importantly excluding the 

SCN (Wakamatsu et al., 2001, Gooley et al., 2006, Mieda et al., 2006, Verwey et al., 2007, 

2008, Minana-Solis et al., 2009), which results in an uncoupling of the light- and food-sensitive 

clocks. Moreover, this food-anticipatory activity (FAA) persists in SCN-lesioned, normally 

arrhythmic animals (Krieger et al., 1977), indicating that the food-entrainable oscillator (FEO) 

is independent from the master circadian clock. These two, however, interact, as shown by a 

possibility of SCN entrainment to TRF, but only under constant lighting conditions (Castillo et 

al., 2004, Lamont et al., 2005). 

These results present TRF as a potential solution to the problems of desynchronising body 

clocks under modern lifestyle. Establishing a regular feeding schedule makes food intake a 

strong zeitgeber, which could even become dominant, considering omnipresent light pollution. 

1.1.4. Dorsomedial Hypothalamus as a part of the food-entrainable oscillator 

A long search for the brain site of the FEO, including a multitude of lesioning studies as 

unsuccessful attempts to abolish the FAA (reviewed in Davidson, 2006 and Carneiro & Araujo, 

2009), has proven it to be a network of structures, rather than just one specific locus. Despite 

some reports presenting an elimination of the FAA after a site-specific lesion, these results 

were not repetitive. A good example is the Dorsomedial Hypothalamus (DMH), considered 
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one of the most important parts of the FEO. DMH was shown to respond to TRF, with not only 

a phase-shift in the clock and immediate early gene expression, but also a large increase in the 

rhythm amplitude (Gooley et al., 2006, Mieda et al., 2006, Verwey et al., 2007, 2008, Minana-

Solis et al., 2009). Some reports claim that DMH only becomes rhythmic under regular feeding 

restriction (Mieda et al., 2006, Verwey et al., 2007, 2009), however others present DMH 

rhythmicity not only in the clock gene expression, but also regarding neuronal activity 

(Guilding et al., 2009), especially in the compact part of the DMH (cDMH). Moreover, even 

in ad libitum-fed animals, DMH lesions cause a reduction of the rhythms in wakefulness, 

feeding, locomotor activity, and serum corticosteroid levels (Chou et al., 2003). Importantly, 

DMH lesions also result in a complete FAA elimination, although this effect is only temporary, 

showing that the FEO network is capable of adjustment and adaptation (Gooley et al., 2006, 

Landry et al., 2006, Moriya et al., 2009, Acosta-Galvan et al., 2011). 

DMH is located bilaterally, on either side of the third ventricle. Structurally and functionally it 

can be divided into three distinct subdivisions. From its ventromedial corner diagonally extends 

the already mentioned compact part, composed of small, densely packed cells, and considered 

the site of the local circadian oscillator (Guilding et al., 2009). The cDMH splits the structure 

into the ventral (vDMH) and dorsal (dDMH) parts, which are more directly involved in sensing 

and responding to different metabolic states. DMH receives feeding-related information from 

the digestive system and adipose tissue, with the non-compact substructures possessing cells 

responsive to leptin (Elmquist et al., 1998, Bi et al., 2003, Zhang et al., 2011, Faber et al., 

2021), ghrelin (Olszewski et al., 2003, Kobelt et al., 2008), and glucagon-like peptide 1 (GLP1; 

Renner et al., 2012). They are also the site of the highest neuropeptide Y (NPY) fibre density 

within the DMH (Broberger et al., 1998, Chen et al., 2004, Sanetra et al., 2022), although it is 

the cDMH that is capable of NPY expression (Guan et al., 1998, Tritos et al., 1998, Bi et al., 

2003, Chen et al., 2008). The cDMH is also the only DMH subregion which expresses 

glucagon-like peptide 2 receptor (GLP2R; Tang-Christensen et al., 2000).  

Despite many similarities, a distinction of the non-compact DMH into dDMH and vDMH is 

justifiable on both molecular and functional levels. The highest GLP1&2 fibre density is 

observed in the vDMH (Tang-Christensen et al., 2000, Renner et al., 2012), which is also the 

most responsive to feeding (Poulin & Timofeeva, 2008, Renner et al., 2012, Maejima et al., 

2021). The feeding-activated, GLP1R-positive vDMH neurons project to the SCN (Acosta-

Galvan et al., 2011, Maejima et al., 2021), whereas the main output projections of the dDMH 

are those to the ventrolateral medulla and raphe pallidus, relaying the stimulation of the 

sympathetic nervous system, regulating heart beat and brown adipose tissue (BAT) 
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thermogenesis (Cano et al., 2003, Cao et al., 2004, Samuels et al., 2004, Zhao et al., 2017, 

Kono et al., 2020, Brizuela & Ootsuka, 2021). The dDMH is also the location of orexin neurons 

(De Lecea et al., 1998, Peyron et al., 1998, Nambu et al., 1999), influencing energy 

homeostasis via both food intake stimulation (Dube et al., 1999) and autonomic nervous system 

regulation (Zhang et al., 2010, Li et al., 2018, 2021). DMH location, as well as within-structure 

differences are summarised in Fig. 1. 

The DMH is, therefore, involved in sensing the metabolic state of the organism via hunger and 

satiety signals, and producing a behavioural and autonomic response through efferent 

projections. On top of these, a presence of a circadian clock enables adjustment of the output 

depending on the time of the day and feeding schedule.  

1.1.5. Obesity-induced changes to the DMH functioning 

DMH is affected by diet-induced obesity (DIO) stronger than any other investigated 

hypothalamic region, with changes in the expression level of 60 genes, encoding proteins 

participating in cell-to-cell signalling, chemical and glucose homeostasis, hormone secretion, 

transport and uptake, and intracellular signalling pathways (Zhang et al., 2020). More 

specifically, these include the overexpression of genes for cholecystokinin, urocortin, 

melanocortin receptor and GLP1R, as well as downregulation of gastrin-releasing peptide, all 

of which are, amongst others, involved in feeding behaviour and metabolism control. 

Figure 1. Location and internal complexity of 

the Dorsomedial Hypothalamus (DMH). 

Sagittal (left) and coronal (right) view of the rat 

brain, followed by a zoomed-in schematic of the 

internal separation within the structure. Main 

function of each subdivision (compact - cDMH, 

dorsal - dDMH and ventral - vDMH) is 

indicated in blue. 3V - third ventricle, BAT - 

brown adipose tissue, Glp1/2(r) - glucagon-like 

peptide 1/2 (receptor), Lepr - leptin receptor, 

NPY - neuropeptide Y, SCN - Suprachiasmatic 

Nucleus. Brain schematic obtained from 

Paxinos & Watson, 2007. 
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Upregulation of cocaine and amphetamine regulated transcript (CART) was shown to mediate 

HFD-induced hypertension (Chaar et al., 2016), whereas DIO-induced NPY expression in the 

DMH might further stimulate excessive food intake (Guan et al., 1998, Yang et al., 2009). 

Studies on DIO animals clearly present DMH as an important part of the metabolism-

controlling circuitry, disrupted by obesity. However, whether this structure also plays an active 

role during obesity development, or its malfunctions are purely a result of an increased body 

weight, is not currently clear. Although a DMH-specific NPY knockdown was shown to be 

capable of obesity prevention and even reversal (Chao et al., 2011, Kim & Bi, 2016), NPY is 

considered to only be expressed there secondary to obesity (Kesterson et al., 1997, Guan et al., 

1998, Tritos et al., 1998), as a result of caloric restriction (Bi et al., 2003), or during lactation 

(Smith, 1993). The possibility of DMH involvement in obesity development needs to be studied 

more systematically, by addressing diet-induced changes that occur before obesity onset. This 

was done in the presented thesis, which examines the DMH properties under both control diet 

(CD) and HFD, at various times of the day, and separately for each of its functionally distinct 

subdivisions (cDMH, dDMH and vDMH). 

1.1.6. The family of the proglucagon-derived peptides 

Obesity is a complex and multifactorial disease, and therefore the attempted treatments should 

approach it from multiple angles. While behavioural and circadian aspects, such as TRF, have 

shown very promising results, great progress has also been made regarding pharmacology. 

Recently, two antidiabetic drugs: liraglutide and semaglutide (both produced by Novo Nordisk 

A/S, Denmark), have been approved for obesity treatment (FDA, 2021, EMA, 2022a, b). Their 

mechanism of action is based on GLP1R agonism, which mediates the incretin effect, delays 

gastric emptying and gastric acid secretion, as well as decreases food intake and prolongs the 

feeling of satiety in human patients (Kreymann et al., 1987, Gutniak et al., 1992, Nathan et al., 

1992, Nauck et al., 1993, Wettergren et al., 1993, D'Alessio et al., 1994, Näslund et al., 1998, 

Kolterman et al., 2003, Dupré et al., 2004, Khera et al., 2016). Using animal models, GLP1 

analogues have been shown to stimulate insulin expression in addition to its release, increase 

pancreatic β-cell mass and improve their sensitivity to glucose, and increase energy expenditure 

(Drucker et al., 1987, Holz et al., 1993, Schmidt et al., 1985, Wang & Brubaker, 2002, Osaka 

et al., 2005), which together with decreased feeding (Turton et al., 1996, Dakin et al., 2001) 

inhibits weight gain even in genetic models of obesity (De Fonseca et al., 2000, Williams et 

al., 2006).  
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GLP1 is a member of the preproglucagon (PPG) family, also called the proglucagon-derived 

peptides (PGDP). Proglucagon is post-translationally cleaved by prohormone convertases 

(PC), which produces GLP1, GLP2, and either glucagon (in the pancreatic α-cells; cleavage by 

PC2, Rouille et al., 1994), or glicentin/oxyntomodulin (Oxm, in the intestinal L cells; cleavage 

by PC1/3; Mojsov et al., 1986, Bataille & Dalle, 2014).  

GLP1 and glucagon are the most studied PGDP, with much less known about GLP2 and Oxm.  

Despite a lack of the incretin effect, GLP2 also promotes glycaemic control and insulin 

sensitivity, as well as decelerates gastric emptying and enhances intestinal nutrient absorption 

(Guan, 2014). GLP2 is, however, more often associated with the behavioural aspects of 

feeding, possessing a great anorexigenic potential, reducing food intake via receptors located 

in the hypothalamus, particularly in the cDMH (Dalvi & Belsham, 2012, Tang-Christensen et 

al., 2000).  

Unlike GLP1 or GLP2, the Oxm does not possess dedicated receptors. It can, however, bind 

and activate both GLP1R (Gros et al., 1993, Schepp et al., 1996) and the glucagon receptor 

(GCGR; Baldissera et al., 1988). As an GLP1R agonist, Oxm also induces insulin release 

(Schjoldager et al., 1988) and improves glucose metabolism, even in diet-induced insulin-

resistant mice (Parlevliet et al., 2008). Moreover, Oxm decreases stomach acid release 

(Schjoldager et al., 1988), although it does not inhibit gastric emptying (Maida et al., 2008). 

Most importantly from the neurobiological perspective, Oxm inhibits food intake in humans 

(Cohen et al., 2003, Wynne et al., 2006) and laboratory animals, when injected peripherally 

(Dakin et al., 2004) as well as intraventricularly (Dakin et al., 2001). 

The PGDP are co-released after a meal, and evert their effects locally, within the digestive 

system, but also travel via the bloodstream to more distantly located tissues (Kreymann et al., 

1987, Le Quellec et al., 1992). The information about food consumption is delivered to the 

brain by means of both the circulation, carrying the PGDP, amongst other satiety signals, and 

by stimulating the vagus nerve (Berthoud & Neuhuber, 2000, Bai et al., 2019), which delivers 

the cue directly into the brainstem Nucleus of the Solitary Tract (NTS; Wan et al., 2007). 

Interestingly, a subpopulation of the NTS neurons also expresses the gene for PPG (Larsen et 

al., 1997). With a dominant presence of PC1/3 over PC2 (Perello et al., 2007), the NTS cells 

produce GLP1 and GLP2 and Oxm, and send axonal projections to other brain structures, with 

high density in the DMH (Larsen et al., 1997, Vrang et al., 2007). 

As already mentioned, DMH possesses not only PPG-positive neuronal endings, but also both 

GLP1 and GLP2 receptors (Merchenthaler et al., 1999, Tang-Christensen et al., 2000, 2001, 

Cork et al., 2015, Maejima et al., 2021, Huang et al., 2022), with low amounts of, and less 
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focus given the GCGR (Hoosein et al., 1984, Svoboda et al., 1994, Hansen et al., 1995). DMH 

cells have been shown to respond to the PGDP (Tang-Christensen et al., 2000, Maejima et al., 

2021, Huang et al., 2022), and mediate their effects on energy expenditure, BAT thermogenesis 

(Lee et al., 2018) and feeding behaviour (Schick et al., 1996, Renner et al., 2012, Maejima et 

al., 2021). Moreover, GLP1R knockout specifically in the DMH impairs animals’ feeding 

pattern, induces hyperphagia and obesity (Maejima et al., 2021), as well as alters lipid and 

glucose metabolism (Lee et al., 2018, Huang et al., 2022), which underlines the importance of 

the central nervous system, and the DMH in particular, also for peripheral glucose homeostasis. 

Taking into account the therapeutical potential but not yet fully explored role of the PPG 

signalling within the hypothalamus, the presented thesis aimed at studying the PGDP in the 

DMH – their physiological effects, distribution and abundance under different metabolic states, 

followed by an analysis of the HFD-evoked changes. 

1.2. Research objectives 

The global aim of the conducted studies was to characterise the DMH in the context of circadian 

rhythms and meal-entrainment, with special attention to the internal complexity of the 

structure, as well as to explore the HFD-evoked changes to the DMH physiology before obesity 

onset, which could be indicative of the mechanisms partaking in its development. The main 

objectives were, therefore, grouped into 3 general modules: 

I. Physiology – characterisation of the DMH electrophysiology, circadian and 

periprandial rhythms. 

II. Pathology – investigation of the changes occurring during HFD-induced obesity 

development. 

III. Intervention – attempt at the prevention of the DMH rhythm disruption under HFD. 

Detailed objectives have been divided into sections, which have given rise to three separate 

publications: 

▪ Publication 1:  

➢ Electrophysiological characterisation of the DMH neurons with a distinction of 

the three subdivisions (dDMH, cDMH and vDMH) and comparison of their 

electrophysiological properties between daytime and nighttime, as well as 

between CD- and HFD-fed animals 

▪ Publication 2:  
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➢ Assessment of the kinetics of the body weight gain and feeding behaviour under 

HFD 

➢ Investigation into the day/night rhythm of the cellular activation of the DMH 

neurons, its dependence on the amount of food eaten at the particular time, and 

HFD-mediated alterations 

➢ Evaluation of the circadian (intrinsic) nature of the DMH oscillations via long-

term activity recordings, with an indication of the time of the highest neuronal 

activity for both dietary groups 

➢ Verification whether the DMH clock disturbance persists under restricted 

nighttime feeding (is a direct result of the HFD), or arises secondary to the 

irregular feeding pattern 

▪ Publication 3: 

➢ Exploration of the spatial distribution and expression levels of the Glp1/2r 

under both CD and HFD 

➢ Delineation of the DMH neuronal responsiveness to the PGDP during 

daytime/nighttime and under different diets: proportions and location of 

responsive cells, types of responses produced and factors determining the 

amplitude of the response 

➢ Analysis of the participation of the PGDP in the DMH synaptic transmission at 

different times of the day and under both CD and HFD 

➢ Examination of the GLP1 abundance in the DMH under different metabolic 

states (fasted/fed), both when unexpected and anticipatory, as well as their 

relationship with the cellular activity. 
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2. Overview of the methods 

2.1. Animals 

2.1.1. Animal model 

The study utilised male Sprague Dawley rats, divided into two primary groups. At weaning 

(postnatal day 28), half of the animals received control diet (CD; ~3,514 kcal/kg, fat content 

4%, energy from: 10% fat, 24% protein, 66% carbohydrates, cat. no. C1090-10; Altromin 

International, Germany) and created the control group. On the other hand, the experimental 

group consisted of rats fed a high-fat diet (HFD; ~5,389 kcal/kg, fat content 42%, energy from: 

70% fat, 16% protein, 14% carbohydrates, cat. no. C1090-70; Altromin International). For all 

but one experiment, the animals were maintained on a respective diet for 2-4 weeks, which 

precedes excessive weight gain in HFD-fed rats (Chrobok et al., 2022), occurring after 5 weeks 

of HFD-feeding (Publication 2). Nevertheless, for all immunohistochemical studies here, 

utilising large groups of animals at the time, their weight was also monitored as a confirmation, 

as well as to find out whether different feeding restrictions influence weight gain kinetics in 

any way. 

Female rats were excluded from the study due to a high probability of interactions between the 

oestrus cycle and metabolism, especially during puberty. 

2.1.2. Animal maintenance 

All experiments were carried out in accordance with the Polish Animal Welfare Act of 23 May 

2012 (82/2012) and the European Communities Council Directive (86/609/EEC), and had 

received approval from the Local Ethics Committee in Krakow (No. 18/2018, 349/2022). 

Animals were maintained in constant environmental conditions (temperature ~23oC, humidity 

~65 %) and standard lighting conditions (LD 12:12). Water was provided ad libitum, and food 

either ad libitum or accordingly to specific experimental protocols, as follows: 

▪ For the night-feeding (NF) protocol food was available between ZT12-24 

(Zeitgeber time, where ZT0 is the onset of the light phase; Publication 2). 

▪ For the food deprivation (FD) protocol 2 groups were food-deprived for 48 h, 

starting at ZT14, after which one of them was refed to satiety during the next 2 h 

(Publication 3). 

▪ For the restricted-feeding (RF) protocol the food was available between ZT14-20 

(Publication 3). 
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2.2. Electrophysiology 

2.2.1. Patch clamp 

Whole-cell patch clamp experiments were utilised in order to investigate electrophysiological 

parameters of the DMH neurons, their day/night changes and any HFD-mediated alterations. 

The parameters examined were: resting membrane potential, spontaneous firing rate, threshold 

for action potential generation, rheobase (defined as the current value at the time at which the 

cell reaches the threshold minus the holding current; Kania et al., 2020) – in current clamp 

mode; input resistance and the current-voltage relationship – in voltage clamp (Publication 1). 

Patch clamp recordings in voltage clamp mode were also used to test the effect of Exn4, Oxm 

and GLP2 on the DMH synaptic network (Publication 3). 

2.2.2. Multi-electrode array (MEA) 

Extracellular MEA recordings were performed to measure DMH neuronal activity on a large 

group of cells.  

First, short recordings at midday and midnight were employed to check potential day/night 

differences in the firing rate and whether any changes occur under HFD. These experiments 

were performed on ad libitum- and night-fed animals, to check whether the dietary differences 

observed for ad libitum-fed rats persist under a healthy feeding schedule, or depend on a 

disrupted rhythm in food intake (Publication 2).  

Second, in order to explore circadian changes in the DMH cellular activity, as well as their 

dietary influence, long-term recordings (~30 h) were performed, revealing exact times of the 

peak firing rate for both groups. These experiments were also performed on both ad libitum- 

and night-fed animals (Publication 2). 

Third, PPG-derived peptides’ impact on the DMH activity was tested at night and during 

daytime for both dietary groups for ad libitum-fed rats. Both the amplitude and the frequency 

of the responses were analysed (Publication 3). 

2.3. Immunofluorescence 

Immunofluorescent staining was performed on brain slices acquired after transcardial perfusion 

(with an exception of the NF protocol, were fresh slices were cut and then fixed; Publication 

2). For these experiments, the fixed stomachs were weight as a proxy of the amount of food 

eaten by the animal, which was then compared between the diets and particular conditions 
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(time of the day/metabolic state), serving as a confirmation of the protocol assumptions and 

reflecting the data from the chow weighing.  

As a marker of neuronal activity, cFos protein – a product of an immediate early gene, was 

immunostained for ad libitum-fed groups in 4 equally separated time points (ZT0, 6, 12, 18), 

as well as at midday/midnight (ZT6, 18) for the NF rats (Publication 2). 

For the FD and RF protocols, the cFos immunofluorescence was accompanied by GLP1 

staining, detecting GLP1-positive neuronal fibres at different time points around the meal 

(Publication 3). 

2.4. In situ hybridisation 

RNAscope technique was utilised to explore the presence and precise location of the Glp1r and 

Glp2r mRNA, as well as their expression level for both dietary groups (Publication 3).  
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Abstract

The dorsomedial hypothalamus (DMH) in amongst the most important brain

structures involved in the regulation of feeding behaviour and metabolism. In

contrast to other hypothalamic centres, its main role is related to the circadian

rhythmicity of food intake and energy homeostasis; both reported to be dis-

rupted in obesity. In modern world, overweight and obesity reached global epi-

demic proportions. Thus, not only is it important to study their negative

implications but also the mechanism responsible for their development. Here,

we exposed rats to short-term (2–4 weeks) high-fat diet (HFD)—not long

enough to induce obesity. Next, we performed electrophysiological patch-

clamp recordings ex vivo from neurons in the DMH either during the day or at

night. Our results showed a day-to-night change in the firing frequency of

DMH cells, with higher activity during the dark phase. This was abolished by

HFD consumption, resulting in a decreased threshold for action potential gen-

eration during the day and therefore increased electrical activity at this phase.

We propose this electrophysiological disturbance as a mechanism for the

induction of abnormal daytime feeding, previously observed for HFD-fed ani-

mals, which might in turn contribute to the development of obesity. In addi-

tion, we provide an electrophysiological characteristic of DMH neurons with a

separation into three anatomically and functionally distinct subpopulations,

namely, the compact part, separating the structure into the ventral and dorsal
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divisions. Our study is the first to show electrophysiological complexity of the

DMH with its sensitivity to diet and daily rhythms.

KEYWORD S
chronobiology, food intake, metabolism, obesity, patch-clamp

1 | INTRODUCTION

All animals express some form of circadian rhythms—
rhythmic physiological processes with a period of about
24 h. Their intrinsic regulation enables the organism to
predict changes arising in the environment every day;
however, they can adapt, or entrain, when these condi-
tions start to change. Most important cue influencing cir-
cadian rhythms is light availability, information about
which is received directly from the eye by the master cir-
cadian clock, located in the Suprachiasmatic Nucleus
(SCN). SCN neurons oscillate around the 24 h clock,
changing their activity both as a result of rhythmic clock
gene expression, as well as due to the changes in the
information received from the retina.

However, circadian rhythms can also be entrained by
other factors, for example, food availability. Circadian
regulation of food intake is controlled by a complex
network of neuronal structures, creating the
food-entrainable oscillator (FEO), independent of the
SCN. FEO is responsible for the organism’s entrainment
to different feeding schedules. It is believed that one of
the main centres of FEO is located in the dorsomedial
hypothalamus (DMH; Mieda et al., 2006), a structure
responsive to different metabolic states and affecting
food intake and metabolism. Intriguingly, the DMH
also exhibits intrinsic circadian clock properties
(Guilding et al., 2009), which influence rhythms of
feeding, as well as wakefulness and locomotor activity
(Chou et al., 2003).

The DMH is located bilaterally in the mediobasal
hypothalamus, on either side of the third ventricle. The
compact division (cDMH) extends diagonally from its
ventromedial corner and is composed of densely packed
small neurons, which separate the whole structure into
the dorsal (dDMH) and ventral (vDMH) subdivisions.
Though the majority of studies treat the DMH as a whole,
there are limited data indicating distinct properties differ-
entiating these three parts in terms of molecular charac-
teristics, but also functionally. First, rhythmic clock gene
expression and electrical activity ex vivo have been
shown to be the strongest in the cDMH (Guilding
et al., 2009), suggesting this part to be the local autono-
mous oscillator. On the other hand, it is the vDMH neu-
rons that create the efferent connection to the SCN

(Acosta-Galvan et al., 2011). The vDMH is also the most
responsive to different metabolic states and
metabolically-relevant signalling molecules (Poulin &
Timofeeva, 2008; Renner et al., 2012; our unpublished
observation). Lastly, the dDMH sends descending con-
nections to the autonomic nervous system, regulating
thermogenesis (Cano et al., 2003, reviewed in DiMicco &
Zaretsky, 2007), heart rate (Kono et al., 2020; Samuels
et al., 2004) and cardiovascular response (Fontes
et al., 2001).

Obesity is a constantly growing health problem in the
modern society. Unhealthy diet combined with a seden-
tary lifestyle creates an imbalance between the amount of
calories ingested and spent, resulting in excess storage
and fat tissue accumulation. Subsequently, obesity may
increase risk of many life-threatening conditions such as
cardiovascular disease and stroke (Kenchaiah et al., 2002;
Lakka et al., 2001), mental disorders (reviewed in Avila
et al., 2015), and even some types of cancer (Calle
et al., 2003). As far as negative health implications of obe-
sity have been extensively investigated into, the mecha-
nism for its development is still not well understood. In
animal studies, the most common models include feeding
a specific diet, high in fat and/or sugar, in order to best
reflect the current trends of nutrition. This approach is
known as the diet-induced obesity (DIO).

The transcriptome analysis has shown that the DMH
is one of the two brain structures most potently affected
by DIO. The expression level has been found to be
affected for over 80 genes in the DMH, including those
involved in the regulation of chemical homeostasis and
different aspects of neuropeptide and hormone signalling
(Zhang et al., 2020). These complex changes induced by
DIO indicate global dysfunction of the entire DMH net-
work. The causal link is bidirectional, as not only does
obesity influence the DMH, but also experimental manip-
ulations within this region result in hyperphagic behav-
iour and obesity (e.g., brain-derived neurotrophic factor
deletion; Unger et al., 2007), decreased energy expendi-
ture and impaired sympathetic nerve activity (Gqa/G11a
deficiency; Wilson et al., 2021). All of these factors lead
to slower metabolism and excessive weight gain. High-fat
diet (HFD)-induced hypertension has also been shown to
be accompanied by an increase in Cart gene expression
within the DMH (Chaar et al., 2016).
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Therefore, the aim of this study was to characterise
neurons in three distinct parts of the DMH during the
day and night and investigate electrophysiological
changes occurring under HFD. In order to study the pos-
sible causes rather than consequences of obesity, we fed
rats with HFD for 2–4 weeks, as our previous study has
proved that they would not become overweight within
this time (Chrobok, Klich, Sanetra, et al., 2022). Then, we
performed an extensive electrophysiological characteriza-
tion of the DMH, with a separation into the three func-
tionally distinct parts, and found substantial differences
predominately between the cDMH and the other two,
reflected in a variation in resting membrane potential,
input resistance and rheobase. The DMH was also shown
to exhibit day-to-night changes in the electrical activity,
with higher levels observed during the night. These daily
changes were abolished by HFD, which increased neuro-
nal firing during the behaviourally quiescent day by low-
ering the threshold for action potential generation.
Bearing in mind the orexigenic character of the DMH
activity, we propose that a dysregulation of its circadian
rhythmicity, with higher daytime firing, influences ani-
mal behaviour by increasing daytime feeding and there-
fore leads to the development of obesity.

2 | METHODS

2.1 | Animals

The study was performed on 4- to 8-week-old male
Sprague–Dawley rats, bred and kept at the Animal Facil-
ity in the Institute of Zoology and Biomedical Research,
Jagiellonian University in Krakow. Animals were main-
tained in standard environmental conditions (tempera-
ture: 23 � 2�C, relative humidity: 67 � 3%, 12:12 h light–
dark [LD] cycle), with food and water supplied ad libi-
tum. All experiments were performed according to the
Polish Animal Welfare Act of 23 May 2012 (82/2012) and
the European Communities Council Directive (86/609/
EEC) and had been approved by the II Local Ethics Com-
mittee in Krakow (No. 18/2018 and 349/2020).

At 4 weeks of age, rats were weaned and randomly
assigned to one of two groups, fed with either control
(CD, �3,514 kcal/kg, fat content 4%, energy from: 10%
fat, 24% protein, 66% carbohydrates; Altromin Interna-
tional, Germany), or high-fat diet (HFD, �5389 kcal/kg,
fat content 42%, energy from: 70% fat, 16% protein, 14%
carbohydrates; Altromin International), and maintained
on it for the following 2–4 weeks, after which electro-
physiological experiments were performed.

A total of 29 rats were used for the study, out of
which 17 fed CD (eight culled at night and nine during

the day) and 12 fed HFD (four culled at night and eight
during the day).

2.2 | Electrophysiological recordings

2.2.1 | Tissue preparation

Brain tissue for patch-clamp recordings was prepared
always 1–3 h after the change in the lighting conditions
(ZT1–3 or ZT13–15, where ZT0 is the onset of the light
phase). For night-time recordings, the preparation was
performed under red light.

Animals were deeply anaesthetized by isoflurane
inhalation (2 ml/kg of body weight) and decapitated.
Brain was quickly extracted from the skull and placed in
ice-cold, carbogenated (95% O2, 5% CO2) cutting artificial
cerebro-spinal fluid (cACSF), composed of (in mM):
25 NaHCO3, 3 KCl, 1.2 Na2HPO4, 2 CaCl2, 10 MgCl2,
10 glucose, 125 sucrose with addition of pH indicator:
Phenol Red 0.01 mg/L (osmolality �290 mOsmol/kg).
Tissue was cut into 250 μm thick coronal slices with a
vibroslicer (Leica VT1000S, Heidelberg, Germany) and
these containing the DMH (between �3.00 and - 3.48
from bregma; Paxinos & Watson, 2007) were placed in
carbogenated normal ACSF (nACSF; warmed up to
32�C), containing (in mM): 125 NaCl, 25 NaHCO3, 3 KCl,
1.2 Na2HPO4, 2 CaCl2, 2 MgCl2, 5 glucose, and 0.01 mg/L
of Phenol Red, for a minimum of 2 h prior to the
recording.

2.2.2 | Patch-clamp recordings

The recordings started around ZT6 or ZT18 (�1 h) and
continued until the end of the projected lighting phase:
therefore, the data collected constitutes an electrophysio-
logical description and analysis of DMH neurons
recorded predominantly during the second part of
day/night, respectively. After the incubation, a brain slice
was placed in the recording chamber, constantly perfused
with carbogenated nACSF (heated to 32�C) with a peri-
staltic pump at a speed of 2.5 ml/min. Recording cham-
ber was positioned under an Axioskop 2 FS microscope
fitted with infrared differential interference contrast
(Göttingen, Germany). Whole-cell configuration was
acquired under 40x magnification with borosilicate glass
pipettes (Sutter Instruments, Novato, USA;
resistance = 4–9 MΩ), filled with an intrapipette solution
containing (in mM): 125 potassium gluconate, 20 KCl,
10 HEPES,2 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 1 EGTA, and
0.05% biocytin (pH = 7.4, adjusted with 5-M KOH; osmo-
lality 300 mOsmol/kg) and mounted onto an Ag/AgCl
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electrode. Pressure was applied with Ez-gSEAL100B Pres-
sure Controller (Neo Biosystem, USA) in order to obtain
gigaseal as well as to rupture cellular membrane neces-
sary for whole-cell recordings. Recorded signal was
amplified by a SC 05LX amplifier (NPI, Tamm,
Germany), low-pass filtered at 3 kHz, digitised at 20 kHz,
and visualised using the Signal software (Cambridge
Electronic Design Inc., UK). A liquid junction potential
of �14.8 mV was added to the recorded values of the
membrane potential.

Each neuron was subjected to a set of electrophysio-
logical tests. First, a minimum of 30 s of current clamp
recording at 0-nA holding current was recorded in order
to measure resting membrane potential and spontaneous
firing frequency, as well as regularity calculated from the
interspike intervals (ISI) as a coefficient of variation:
Cv¼ SD ISIð Þ

MEAN ISIð Þ (Young et al., 1988). Then membrane
potential was manually set to �90mV and a 0.15-nA
ramp current lasting 1 s was applied. This enabled us to
establish the threshold for action potential generation as
well as rheobase, defined as the current value at the time
at which the cell reaches the threshold minus holding
current (Kania et al., 2020). Lastly, current–voltage
(IV) relationship was acquired with a set of voltage steps.
From a holding potential of �50mV, 18 0.8-s-long steps
ranging from �125 to 45mV (with 10-mV increments)
were applied. Membrane resistance was calculated from
the �115-mV step.

2.2.3 | Histological verification

At the end of each experiment, brain slices containing
recorded neurons were subjected to an immunohisto-
chemical staining, with the aim of verifying the location
of recorded neurons within the DMH. First, each slice
was fixed overnight in 4% paraformaldehyde in
phosphate-buffered saline (PBS, pH = 7.4). On the fol-
lowing day, slices were rinsed in PBS (2 � 10 min),
and underwent membrane permeabilization and non-
specific sites blocking with 0.6% Triton-X100 (Sigma-
Aldrich, Germany) and 10% normal donkey serum
(NDS; Jackson ImmunoResearch, USA) in PBS, for 3 h
at room temperature. Next, the slices were transferred
to PBS containing 0.3% Triton-X100, 2% NDS and pri-
mary rabbit neuropeptide Y (NPY) antisera (1:8000,
Sigma-Aldrich), which served to delineate the borders
of the DMH. In order to visualise recorded neurons,
this solution also contained Cy3-conjugated Extravidin
(1:250, Sigma-Aldrich), which binds biocytin present in
the intrapipette solution and after the recording—also
in a recorded cell. After 72 h at 4�C, the slices were
rinsed again (2 � 10 minutes in PBS) and anti-rabbit

AlexaFluor 647-conjugated antisera (1:300; Jackson
ImmunoResearch) were applied for another 24 h at
4�C. At the end, after another rinsing in PBS
(2 � 10 min), slices were placed onto microscope slides
and coverslipped with Fluoroshield™ (Sigma-Aldrich).
Images were taken with a epifluorescence microscope
(Axio Imager M2, Zeiss, Germany) and all the neurons
were assigned into one of three distinct parts of the
DMH (cDMH, dDMH or vDMH; Figure 1), as well as
aligned with a corresponding plate from the rat brain
atlas (Paxinos & Watson, 2007) in order to obtain an
exact location of the cell within the borders of the
DMH, used for further heatmap plotting.

2.3 | Statistical analysis

Statistical analysis was performed in R (Version 4.0.4;
Team RC, 2021) and RStudio (Version 1.4.1106, PBC;

F I GURE 1 Representative photomicrograph of a brain slice

immunostained after a patch clamp recording. In order to assign

the recorded neurons to either the compact (cDMH), ventral

(vDMH), or dorsal (dDMH) part of the dorsomedial hypothalamus,

we analysed the signal from DAPI staining (indicating densely

packed neurons within the cDMH), as well as neuropeptide Y

(NPY) immunoreactivity (visibly lower in the cDMH, with a

characteristic region of dense NPY-ir neuronal fibres at its border

with the vDMH). Two neurons recorded from this particular slice

are pointed to by white arrows.
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RStudio Team, 2019). Outliers were identified by the
boxplot method for outlier detection from the rstatix
package (Kassambara, 2021), as well as with a help of
QQ-plots (ggpubr; Kassambara, 2020), and were
removed from further analysis. For each parameter a
linear mixed model was created using the nlme pack-
age (Pinheiro et al., 2021), with diet, time of day
(LD—light/dark), and part of the DMH (referred to as
the division—Div. factor) treated as fixed factors. Ani-
mal, from which particular brain slices were acquired,
was set as a random factor, also accounting for the
variation between experimental days (slices from one
animal only were recorded per day). However, in no
case was the random factor significantly influencing
the model; therefore, it was simplified to contain only
the fixed factors. Data were analysed with estimation
statistics, as well as probability statistics. Type III anal-
ysis of variance (ANOVA) was performed with the aid
of the car package (Fox & Weisberg, 2019) and
P < 0.05 treated as a threshold for statistical signifi-
cance. Post hoc analyses were performed using the
emmeans package (Length, 2021) and P value corrected
for multiple comparisons with Tukey method. Factors
for the multiple comparisons were chosen based on
the significance of both the ANOVA and the estimate
within the linear model. Results from the statistical
analysis, including all F, t, and P values as well as
multiple comparisons performed, are presented in
Table S1. Assumptions for using a general linear
model were checked with Shapiro–Wilk normality test
from the rstatix package and Levene test for homosce-
dasticity from the car package, normality of the resid-
uals’ distribution were analysed with QQ-plots.

To test whether length of a diet within the 2-week
period created an effect, we performed a 4-factor multi-
variate analysis of variance (MANOVA), with the three
factors as mentioned above, and the fourth being the
time on a diet in weeks (2–3 vs. 3–4). Since no effect of
the time on a diet was observed (F6,93 = 1.37, P = 0.23),
and the only significant result of such analysis was an
interaction between all the other factors (LD:diet: Div.;
F12,188 = 2.08, P = 0.02), we decided to keep only them in
the final model.

Due to high heteroscedasticity between the groups,
the current–voltage relationship was analysed sepa-
rately for each part of the DMH as well as for each
holding potential. A two-way ANOVA was calculated
with diet and LD as fixed factors, and a multiple com-
parison with Tukey correction run in the case of sig-
nificant interaction. Results from the statistical
analysis, including all F, t, and P values as well as
multiple comparisons performed, are presented in
Table S2.

3 | RESULTS

3.1 | Spontaneous activity of DMH
neurons

We recorded a total of 151 neurons (CD daytime: 43, CD
night-time: 35, HFD daytime: 37 and HFD night-time:
36; please see Table 1 for details on the number of cells
recorded from each group for each parameter). Each cell
was assigned to one of three distinct divisions of the
DMH. This enabled us not only to compare different elec-
trophysiological parameters between the groups of ani-
mals but also to study the variation amongst the DMH
divisions.

Vast majority of DMH neurons were spontaneously
active, with only nine hyperpolarised below their thresh-
old for action potential generation. Surprisingly, we
observed a subpopulation (�15%) of highly depolarised
cells which displayed a distinguishing form of activity
manifesting in a delayed after-spike repolarisation during
which another action potential of a much smaller ampli-
tude and longer duration was often generated
(Figure 2a). Some neurons changed their pattern of activ-
ity into depolarised low-amplitude membrane oscillations
(DLAMO), similar to the one reported by Belle et al.
(2009). Because high values of the recorded membrane
potential might be a sign of either a ruptured seal
between the recording pipette and the cell, or the neuron
itself being in poor condition, each of these neurons was
brought down to a more hyperpolarised value by negative
current injection in order to check whether the recording
was valid. Examples of two cells exhibiting these mem-
brane characteristics are presented in Figure 2a with
black traces representing the cell’s spontaneous activity,
and red—the activity modified by manual setting of the
membrane potential at different values. Additionally, the
validity of these recordings was confirmed by high input
resistance.

Most of these neurons (17/22) were recorded from the
cDMH; however, this area was not exclusive for such
activity. Their larger proportion in this DMH division
was probably due to an overall less negative resting mem-
brane potential in the cDMH comparing to the other sub-
divisions (cDMH: �48.8 � 5.0 mV, vDMH:
�53.9 � 5.1 mV, dDMH: �54.2 � 4.4 mV; F2,139 = 9.14,
P = 0.00019; cDMH–dDMH: t139 = 5.29, P < 0.0001,
effect size: t = �3.52, P < 0.0001, cDMH–vDMH:
t139 = 5.29, P < 0.0001, effect size: t = �3.53, P < 0.0001;
please see Table 1 for all mean � SD values for particular
variables and Tables S1 and S2 for the results from all
models presented in the paper). No differences in mem-
brane potential were observed between the dDMH and
vDMH (t139 = 0.12, P = 0.99). For this
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electrophysiological parameter there was also neither a
day-night variation (F1,139 = 0.23, P = 0.63) nor was it
affected by HFD (F1,139 = 0.66, P = 0.42; Figure 2b,c, top
row, analysis presented for DMH as a whole, without
separation into subdivisions).

In addition to resting membrane potential, we ana-
lysed spontaneous activity of DMH neurons, studying
both the frequency and the regularity of action potential
generation. Despite higher membrane potential of cDMH
cells, compared with other DMH divisions, there were no
differences in the firing frequency between the three
parts of the DMH (cDMH: 6.1 � 3.1 Hz, vDMH:
5.5 � 4.2 Hz, dDMH: 4.9 � 3.9 Hz; F2,135 = 1.53,
P = 0.22). This suggests that different ionic mechanisms
guard neuronal excitability amongst the DMH divisions.
More importantly though, we observed that both the time
of day (F1,135 = 4.67, P = 0.032, effect size: t = 2.16,
P = 0.032) and the diet (F1,135 = 6.04, P = 0.015, effect

size: t = 2.46, P = 0.015) influence the firing rate in the
DMH, as well as we noted an interaction between the LD
cycle and the location within the DMH (F2,135 = 4.33,
P = 0.015). Post hoc analysis revealed that day-night vari-
ability in the firing frequency was present in the cDMH
(day: 3.9 � 2.3 Hz, night: 6.4 � 2.7 Hz; t135 = �2.16,
P = 0.03) and vDMH (day: 2.9 � 2.1 Hz, night:
8.3 � 4.8 Hz; t135 = �3.72, P = 0.0003) under CD only,
with lower neuronal activity recorded during the day,
compared with behaviourally active night. Day-to-night
variation in neuronal firing was abolished under HFD in
both substructures (cDMH day: 7.0 � 3.2 Hz, cDMH
night: 7.6 � 3.0 Hz; t135 = �0.41, P = 0.68, vDMH day:
4.8 � 3.6 Hz, vDMH night: 7.2 � 4.5 Hz; t135 = �1.43,
P = 0.16). This effect was attributable to an abnormal
increase in neuronal activity during the day (CD vs. HFD
during daytime: t135 = �2.46, P = 0.016; Figure 2b,c,
middle row), which was most notable for the cDMH.

F I GURE 2 Spontaneous activity of dorsomedial hypothalamus (DMH) neurons. (a) Representative recordings of two neurons (traces in

each column represent one neuron) displaying delayed repolarisation or DLAMO (depolarised low-amplitude membrane oscillation)-like

events. Black traces indicate recordings from native resting membrane potential, whereas the red ones have been manipulated by current

injection. (b) Heatmaps presenting spatial distribution of the recorded cells and their values of resting membrane potential (Vm; top row),

frequency of action potential generation (FR; middle row) and the coefficient of variation of the interspike interval, representing regularity

(Cv—ISI coefficient of variation; bottom row). The three divisions of the DMH are indicated as: c—compact, v—ventral, d—dorsal.

(c) Analysis of the abovementioned parameters with the separation into the three divisions of the DMH. Data are presented as mean � 95%

CI. * P < 0.05, ** P < 0.01, *** P < 0.001. CD—control diet, HFD—high-fat diet.
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Regularity of neuronal firing was measured as the
coefficient of variation (Cv) of the interspike interval,
therefore high values indicate low regularity in the action
potential generation. Here, the analysis revealed a signifi-
cant difference between the DMH divisions (log10(Cv):
cDMH: �0.4 � 0.2, vDMH: �0.6 � 0.4, dDMH:
-0.62 � 0.3; F2,128 = 4.41, P = 0.014, effect size cDMH-
dDMH: t = �2.56, P = 0.012), and an interaction
between the time of day and the localisation in distinct
DMH division (ANOVA: F2,128 = 2.95, P = 0.056; effect
size: cDMH-vDMH: t = �2.34, P = 0.021). Therefore,
both factors were contrasted in the multiple comparison
analysis. This revealed that the day-night variation in reg-
ularity of firing only concerned the vDMH (day:
�0.5 � 0.3, night: �0.8 � 0.3; t128 = 3.4, P = 0.0009),
where neurons showed high Cv values during the day
(irregular firing) and lower at night (increased regular-
ity). This result may be explained by the fact that higher
firing frequency often results in the increased regularity,
as observed in the vDMH. Notwithstanding, we also
observed differences in regularity amongst the three
DMH divisions, despite very similar firing frequency.
Namely, during the day neurons located within the
vDMH showed higher Cv, similar to that observed in the
cDMH regardless of the time of the day (cDMH - vDMH:
F128 = 0.28, P = 0.96; cDMH - dDMH: F128 = 2.62,
P = 0.026). However vDMH neurons decreased their Cv
at night to the range of values observed within the dDMH
(vDMH - dDMH: F128 = 1.36, P = 0.36; cDMH - vDMH:
F128 = 4.13, P = 0.0002; Figure 2b,c, bottom row).

Altogether, these results suggest that the three DMH
divisions display different electrical properties, mostly
differentiating the cDMH from the other two. Addition-
ally, they reveal that both the cDMH and vDMH show a
day-to-night variation in the neuronal activity, which is
abolished by HFD consumption.

3.2 | Excitability of DMH neurons

As the differences in firing frequency of DMH neurons
between the day and night, as well as between the diets
were shown not to be caused by the variation in the rest-
ing membrane potential, we hypothesised that they
might be related to changes in the threshold for action
potential generation. Therefore, we subjected the
recorded cells to a depolarising current ramp and mea-
sured the voltage at which they elicit the first action
potential. We also calculated the rheobase, defined as the
amount of current required to cross that threshold
(as done previously by Kania et al., 2020; Figure 3a).

Threshold analysis revealed an effect of the diet
(F1,130 = 5.49, P = 0.02, effect size: t = �2.34, P = 0.02),

an interaction between the diet and time of day
(F1,130 = 8.03, P = 0.0053, effect size: t = 2.83, P = 0.01),
and an interaction between all 3 factors (F2,130 = 2.73,

F I GURE 3 Depolarising current ramp. (a) A schematic

explanation of the recorded parameters on a representative

recording. (b) Heatmaps presenting spatial distribution of the

recorded cells and their values of the recorded threshold (upper

part) and rheobase (lower part) for the four groups of animals

studied. The three divisions of the DMH are indicated as: c—
compact, v—ventral, d—dorsal. (c) Analysis of threshold (Th;

upper row) and rheobase (Rh; lower row) with the distinction of

the three parts of the DMH. Data are presented as mean � 95%

CI. * P < 0.05. CD—control diet, HFD—high-fat diet.
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P = 0.069, effect size: t = �2.32, P = 0.02); therefore, we
decided to contrast all groups in the post hoc analysis.
Day-to-night differences where only observed in the HFD
group in the cDMH (t130 = �2.24, P = 0.027), where the
threshold was shown to be significantly decreased during
the light phase (day: �51.9 � 4.6 mV, night:
�47.0 � 4.8 mV). Indeed, neurons in this DMH division
significantly differed between the diets during the day
(CD day: �47.4 � 4.9 mV; t130 = 2.34, P = 0.02;
Figure 3b,c, upper part). Thus, lowered action potential
generation threshold in the cDMH by HFD is most likely
to underlay its increased neuronal activity during the
behaviourally inactive phase.

Rheobase was shown to vary exclusively between the
three divisions of the DMH (log10Rh: cDMH:
�1.3 � 0.1 nA, vDMH: �1.22 � 0.1 nA, dDMH:
�1.26 � 0.1 nA; F2,128 = 3.21, P = 0.044, effect size:
cDMH-dDMH: t = 2.21, P = 0.029, cDMH-vDMH:
t = 1.94, P = 0.055), with cDMH being significantly more
excitable than either the dDMH (t128 = �4.41,
P = 0.0001) or vDMH (t128 = �2.9, P = 0.012; Figure 3b,
c, lower part). No differences were observed between the
dDMH and vDMH (t128 = 1.23, P = 0.44).

These results provide an insight into possible mecha-
nism of the disrupted daily changes in the DMH neuro-
nal activity by HFD—namely, a decreased threshold for
action potential generation during the day, resulting in
increased daytime firing. Lower rheobase recorded in the
cDMH indicates generally higher excitability of these
cells, compared with the other subdivisions of the DMH.

3.3 | Current–voltage relationship

In order to study the dependency of the current flowing
through the cellular membrane at different membrane
potentials, we performed a set of voltage steps, long
enough to study steady state current.

In the cDMH, we observed a day-to-night difference
in the magnitude of both inward and outward current,
flowing at highly hyperpolarised (below �115 mV) and
depolarised (�15 mV and above 5 mV; please see
Table S2 for details) potentials, respectively. Current
magnitude at night was significantly higher than during
the day, which was true for both dietary groups. No inter-
action between the factors were present at any command
voltage (Figure 4a, left column).

On the contrary, in the vDMH, only the outward cur-
rent at highly depolarising steps was affected, but by both
diet and time of day. Neurons obtained from rats fed CD
displayed a clear day-to-night variation, with a higher
current magnitude during the day than at night. Spectac-
ularly, this effect completely disappeared under HFD.

This was reflected in the magnitude of current in the
HFD group being as high as in CD during daytime
regardless of the light phase (Figure 4a, middle column).

No daily changes were observed in the dDMH, nei-
ther did the diet affect the magnitude of the current flow-
ing at any recorded potential (Figure 4a, right column).

Following, we calculated membrane resistance as the
difference in the applied voltage divided by change in the
flowing current from the �115 mV step. We found that
membrane resistance was significantly different amongst
the three subdivisions of the DMH (log10R: cDMH:
3 � 0.2 MΩ, vDMH: 2.8 � 0.2 MΩ, dDMH: 2.8 � 0.2 MΩ;
F2,128 = 3.10, P = 0.048, effect size: cDMH-dDMH:
t = �2.27, P = 0.025, cDMH-vDMH: t = 1.85, P = 0.067).
Similarly to the other parameters measured, the cDMH
was shown to stand out with significantly higher resis-
tance compared with the other two part of the DMH
(cDMH vs. dDMH: t128 = 3.82, P = 0.0006; cDMH
vs. vDMH: F128 = 3.02, P = 0.0086; Figure 4b,c).

Therefore, both the cDMH and vDMH were shown to
display daily variability in the magnitude of net current
increasing with the distance from the reversal potential.
The IV relationship was not affected by HFD in the
cDMH nor dDMH; however, in the vDMH, the daily vari-
ation of current magnitude was disrupted by HFD con-
sumption. Amongst the DMH subdivisions, the
membrane resistance was highest in cDMH neurons, in
line with their decreased rheobase.

4 | DISCUSSION

In the presented article, we demonstrate a thorough anal-
ysis of various electrophysiological properties of neurons
localised in the DMH. We first collated cells recorded
within the cDMH, and compared them to the other two
divisions located ventrally and dorsally. Neurons
recorded in the cDMH varied significantly from these
found in the other DMH divisions in parameters, such as
the resting membrane potential, input resistance, (all
higher in the cDMH), firing regularity and rheobase
(lower in the cDMH). We also observed a night-time ele-
vation of the neuronal activity within both the cDMH
and vDMH, which diminished under HFD. Abnormally
heightened daytime firing in the HFD-fed group is most
likely attributed to a decreased threshold for action
potential generation during the light phase.

Up until now, only one study has focused on the
electrophysiology of DMH neurons (Bailey et al., 2003).
However, many of the conclusions presented by authors
are contrary to ours. In their paper, Bailey and colleagues
compared DMH neurons projecting to the paraventricu-
lar nucleus of the hypothalamus to these without
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such projection, which were shown to differ in the
excitability. Overall however, that study has proposed
that DMH neurons form a very homogenous population
in general.

We believe the differences between our results and
others may stem from a different experimental setup and
analysis methods. Bailey et al. have not separated the
recorded DMH neurons into the three divisions; there-
fore, there is a possibility of oversampling from one of
the distinct groups. Additionally, authors have not
reported highly depolarized cells (only neurons more
hyperpolarized than �50 mV were analysed), whereas
our study found the depolarised (but healthy) neurons to
be numerous in the DMH. This may provide an addi-
tional explanation on why other parameters have been
shown not to vary amongst individual cells.

As we included all viable DMH neurons in our
analysis, we were able to observe a subpopulation of

cells exhibiting DLAMO-like events. This form of activ-
ity has been previously reported in the SCN in healthy
and functioning neurons (Belle et al., 2009; Belle &
Piggins, 2017; Diekman et al., 2013) and characterised
in detail with aids of mathematical modelling and phar-
macology (i.e., calcium high-voltage activated current
blockers). The L-type calcium current specifically was
shown to be essential for the propagation of such activ-
ity. Resemblance of the neurons recorded by us and
those observed in the SCN suggests that a similar
mechanism might govern this phenomenon in the
DMH. High dependency of our DLAMO-like events on
strong membrane depolarisation and their distinctive
kinetics indeed point to calcium currents activated at
high potentials. However, future pharmacological stud-
ies are needed to unravel if specifically the L-type cal-
cium current similarly underlies these DLAMO events
in the DMH.

F I GURE 4 Current–voltage (IV) relationship. (a) Representative recording of the voltage steps protocol, followed by the IV curves,

presented separately for each division of the dorsomedial hypothalamus (DMH; top row). Middle and bottom rows contain zoomed in views

of the left and right part of the curve, respectively. *P < 0.05, **P < 0.01, significance of the time-of-day factor (LD); # P < 0.05, significance

of the interaction between diet and LD factors. (b) Heatmaps presenting spatial distribution of the recorded cells and their values of the

recorded membrane resistance (R) for the four groups of animals studied. The three divisions of the DMH are indicated as: c—compact, v—
ventral, d—dorsal. (c) Analysis of the membrane resistance with the distinction of the three parts of the DMH. Data are presented as mean

� 95% CI. CD—control diet, HFD—high-fat diet.
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Interestingly, the SCN neurons expressing DLAMOs
were observed only during the late day and all of them
were classified as clock cells (due to expression of a
core clock gene Per1; Belle et al., 2009). Together, these
strongly imply the dependency of DLAMO on the circa-
dian clock. As the main regulator of circadian rhythms,
the SCN generates strong rhythms in both clock gene
expression and neuronal membrane potential, influenc-
ing the electrical activity. In our study, cells expressing
DLAMO were not restricted to any particular time of
day, but neither did DMH neurons change their mem-
brane potential between day and night, even though
they were firing more action potentials during the
night. This observation strengthens the hypothesis, that
DLAMO generation is strongly dependent on mem-
brane potential per se, rather than levels of firing rate
and excitability.

Apart from the L-type calcium current, other ionic
currents driving the day/night changes in the activity of
SCN neurons include sodium and potassium leak cur-
rents (Belle et al., 2009; Diekman et al., 2013). Even
though we have not investigated any specific type of cur-
rent in our experiment, we believe this might be a major
difference between the SCN and DMH. Changes in the
magnitude of any leak current should result in a modula-
tion of the resting membrane potential, which could
explain the day/night changes in the firing frequency of
the SCN neurons, where such a rhythm in membrane
potential exists. However, in the DMH, the mechanism
responsible for day/night changes in firing activity is
more likely due to the changing threshold for action
potential generation.

Even though the SCN is considered the master or
central circadian clock, many more autonomous or
semi-autonomous circadian oscillators are being found
in the brain, ranging from the olfactory bulbs (Abe
et al., 2002; Granados-Fuentes et al., 2006) through
some areas of the cerebral cortex (Prolo et al., 2005),
the hippocampus (Wang et al., 2009), parts of the thal-
amus (Chrobok, Pradel, et al., 2021), hypothalamus
(Abe et al., 2002; Guilding et al., 2009), and midbrain
(Chrobok, Jeczmien-Lazur, et al., 2021), all the way to
the brainstem (Chrobok et al., 2020), and the cerebel-
lum (Rath et al., 2012), including even circumventricu-
lar organs (Chrobok et al., 2020; Myung et al., 2018;
Northeast et al., 2020). Circadian food intake regulation
and entrainment to different feeding schedules have
been shown to be independent of the SCN, but con-
trolled by a network of brain structures regarded to as
FEO, with the DMH considered to play and important
role as one of the proposed main FEO centres. As
such, the DMH has been shown to be a weak circadian
oscillator in ad libitum fed animals (Guilding

et al., 2009) but become much stronger under any form
of restricted feeding (Mieda et al., 2006; Minana-Solis
et al., 2009; Verwey et al., 2007, 2008). Here, we con-
firm that even in ad libitum fed animals, the DMH
expresses daily changes in the electrical activity. Neu-
rons located in both the cDMH and vDMH fire at a
lower frequency during the day, which is the behaviou-
rally quiescent phase for rats, and with a higher rate
during the metabolically active night. In the vDMH,
this was also accompanied by changes in the regularity
of action potential generation, with more active cells
recorded at nighttime firing more regularly. Previous
data has indicated, that it is mostly the cDMH that dis-
plays rhythmic changes in clock gene expression and
electrical activity (Guilding et al., 2009). Surprisingly,
in our study the daily changes in the firing frequency
as well as current–voltage dependencies were even
more explicit for the vDMH, which may be related to
its involvement in the circadian regulation of food
intake. Having observed the strongest cFOS response to
satiety in this part of the DMH (our unpublished data,
as well as Poulin & Timofeeva, 2008; Renner
et al., 2012), we suggest that robust daily changes in
the vDMH neuronal activity reflect rats’ daily feeding
pattern.

Bidirectional relationship between dysregulated circa-
dian feeding pattern and obesity has been shown both in
humans as well as in animal models (Chaix et al., 2014;
Chrobok, Klich, Jeczmien-Lazur, et al., 2022; Hatori
et al., 2012; Kohsaka et al., 2007). Overweight and obese
people more often report sleep disturbances such as
insomnia (Pearson et al., 2006; Vgontzas et al., 1994) and
obstructive sleep apnoea (Ong et al., 2013). On the other
hand, shift work-related lack of feeding regularity has
been acknowledged as a high risk factor for obesity and
related health issues (Di Lorenzo et al., 2003; Kubo
et al., 2011; for an extensive review, please see Antunes
et al., 2010). As an important part of the FEO and highly
responsive to the regularity of food intake, the DMH is a
primary candidate for being responsible for the disrup-
tion of feeding pattern, leading to obesity in HFD fed
animals.

Presented data show that HFD consumption influ-
ences neuronal activity in the DMH. Whilst the DMH
neurons in rats fed CD displayed a clear daily variation
in the firing frequency, it was completely abolished under
HFD. During the behaviourally and metabolically
inactive daytime, when neuronal activity in the DMH is
also normally low, HFD caused an increase in the fre-
quency of neuronal firing. Here, we propose the decrease
in the threshold for action potential generation as a
potential mechanism of these changes, which was also
observed during the same time of day, especially in the
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cDMH. It is important to emphasise that even small
changes in the firing threshold, due to an all-or-nothing
nature of action potential generation, will influence the
number of spontaneously firing cells as well as their fir-
ing frequency.

The DMH has been classically regarded as an orexi-
genic centre, as its lesions decrease food intake
(Bellinger, 1987; Bernardis, 1970), therefore its increased
activity during daytime under HFD might be a stimulator
of food intake during this inactive phase. Indeed, we have
previously reported, that animals fed with HFD show dis-
rupted circadian feeding pattern, manifested as an
enhanced food intake during the day (Chrobok, Klich,
Jeczmien-Lazur, et al., 2022).

Importantly, these effects of HFD consumption are
present before the onset of obesity, which clarifies that
they are not a consequence of it, but a possible mecha-
nism for its development. Here we propose, that HFD
dysregulates daily changes in firing frequency of the
DMH neurons resulting in the increased activity during
the day, which stimulates daytime feeding. Disrupted
feeding schedule conduces to the development of obesity
(Antunes et al., 2010).

Collectively, the data presented here, as well as our
other published results from the studies on the nucleus of
the solitary tract as a whole (Chrobok, Klich, Sanetra,
et al., 2022), and its output structure separately (the dor-
sal motor nucleus of the vagus, Chrobok, Klich,
Jeczmien-Lazur, et al., 2022) indicate, that HFD changes
the physiological functioning and day/night rhythms of
brain structures. Even small changes in the brain struc-
tures’ activity might potently affect animals feeding
behaviour, and therefore increase the risk of developing
obesity.

Overall, our results indicate changes in the function-
ing of the DMH neurons under short-term HFD, which
broaden our understanding of mechanisms responsible
for the development of obesity. Presented data highlight
the importance of the circadian rhythms, both beha-
vioural and at the level of the neuronal activity, with
their disruptions mediating the deleterious effects
of HFD.

5 | CONCLUSION

This is the first paper to investigate electrophysiological
characteristics of DMH neurons with a separation
into three anatomically and functionally distinct divi-
sions, shown to differ in electrophysiological parameters,
such as resting membrane potential, regularity, mem-
brane resistance, and rheobase. Moreover, we propose
a novel mechanism for the development of obesity

under HFD via the DMH-dependent increase in daytime
feeding.
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Abstract: Obesity is a growing health problem for modern society; therefore, it has become extremely
important to study not only its negative implications but also its developmental mechanism. Its links
to disrupted circadian rhythmicity are indisputable but are still not well studied on the cellular level.
Circadian food intake and metabolism are controlled by a set of brain structures referred to as the food-
entrainable oscillator, among which the dorsomedial hypothalamus (DMH) seems to be especially
heavily affected by diet-induced obesity. In this study, we evaluated the effects of a short-term high-fat
diet (HFD) on the physiology of the male rat DMH, with special attention to its day/night changes.
Using immunofluorescence and electrophysiology we found that both cFos immunoreactivity and
electrical activity rhythms become disrupted after as few as 4 weeks of HFD consumption, so before
the onset of excessive weight gain. This indicates that the DMH impairment is a possible factor
in obesity development. The DMH cellular activity under an HFD became increased during the
non-active daytime, which coincides with a disrupted rhythm in food intake. In order to explore the
relationship between them, a separate group of rats underwent time-restricted feeding with access
to food only during the nighttime. Such an approach completely abolished the disruptive effects of
the HFD on the DMH clock, confirming its dependence on the feeding schedule of the animal. The
presented data highlight the importance of a temporally regulated feeding pattern on the physiology
of the hypothalamic center for food intake and metabolism regulation, and propose time-restricted
feeding as a possible prevention of the circadian dysregulation observed under an HFD.

Keywords: chronobiology; metabolism; time-restricted feeding; obesity; food-entrainable oscillator

1. Introduction

Overweight and obesity have reached pandemic proportions, with almost two billion
overweight and more than half a billion obese adults worldwide as of 2016 [1]. A high body
mass index (BMI) is a risk factor for many life-threatening disorders, such as cardiovascular
disease [2] and various types of cancer [3], which are the two leading causes of death
globally. Although the pathophysiology of obesity is complex and multifactorial, it is con-
sidered to be mostly the result of an imbalance between the number of calories ingested and
spent, followed by the accumulation of the excess in the form of fat tissue. Modern dietary
habits promote a disproportionate intake of highly palatable foods, rich in fat and/or sugar,
increasing the hedonic motivational drive and disturbing the homeostatic balance.
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A relatively new approach to metabolism research involves its circadian regulation.
An increased BMI is often associated with shift work [4–8], which disturbs the body clock
by its irregular activity and feeding patterns [9,10], raising the question of how much the
disruptions in feeding patterns influence weight gain prevalence. Time-restricted feeding
with daily periods of food deprivation have been shown to be beneficial for losing weight
and improving sleep quality in humans [11], as well as to prevent excessive weight gain in
mice fed a high-fat diet (HFD) [12–14] and enhance longevity in rodents [15].

An HFD is the most commonly used animal model of diet-induced obesity (DIO). In
addition to body weight gain, it induces leptin resistance [16] and type 2 diabetes, and im-
pairs glucose tolerance [17]. Interestingly, an HFD was also shown to lengthen the circadian
period and disrupt the day/night feeding pattern even before obesity development [18,19],
further confirming circadian dysregulation as an important factor in its pathophysiology.

The circadian rhythmicity of different functions is controlled by local oscillators,
present in the brain as well as different tissues on the periphery. These clocks are syn-
chronized by the light-entrained master circadian clock in the suprachiasmatic nucleus
(SCN) of the anterior hypothalamus, which can, however, be uncoupled from its metabolic
partners by an unhealthy feeding pattern [20]. The brain structures sensitive to metabolic
cues and orchestrating behavioral responsiveness to different feeding schedules collec-
tively form the food-entrainable oscillator (FEO), of which a very important part is the
dorsomedial hypothalamus (DMH) [21]. The DMH is sensitive to many hunger and satiety
signals, including ghrelin [22–24], orexins [25,26], cholecystokinin [24,27], leptin [28–32]
and glucagon-like peptides [33,34], involved in both short- and long-term regulation of
feeding behaviour. Moreover, the DMH exhibits an intrinsic circadian rhythm in clock
gene expression [35], which can be enhanced and even entirely shifted by restricted feed-
ing [36–40].

DIO has been shown to globally affect the DMH, changing the expression of over
80 genes in this structure [41], which is more than in any other investigated brain structure
(importantly including other hypothalamic metabolic centers such as the lateral hypothala-
mus, the paraventricular nucleus or the arcuate nucleus). However, it is not clear when
these changes begin, and whether they are a result of obesity or contribute to its develop-
ment by affecting feeding behaviour and metabolism. Therefore, in this study, we explored
how a short-term (2–4 weeks) HFD (preceding obesity, [19]) influences day/night rhythms
in this hypothalamic structure and how this relates to the disrupted pattern of food intake
observed under an HFD. Using ex vivo electrophysiology and immunofluorescence we
show that even such a short period of an HFD consumption is enough to impair DMH
cellular activity rhythms, in the form of an increasing daytime cFos immunoreactivity and
neuronal firing rate, as well as by delaying the peak of its electrical activity. Most impor-
tantly, these disruptions do not occur under restricted nighttime feeding (NF), indicating
their possible prevention by a healthy feeding pattern.

2. Materials and Methods
2.1. Ethical Statement

All experiments were performed in accordance with the Polish Animal Welfare Act of
23 May 2012 (82/2012) and the European Communities Council Directive (86/609/EEC)
and were approved by the Local Ethics Committee in Krakow (No. 18/2018, 349/2022).
Every possible effort was made to minimize the number of animals used and their suffering.

2.2. Animal Maintenance

The study was performed on male Sprague-Dawley (SD) rats, bred and kept at the
Jagiellonian University in Krakow (Poland) in standard lighting conditions (LD 12/12),
constant temperature (23 ± 2 ◦C) and humidity (~65%), with water and food supplied ad
libitum (with the exception of the night-feeding protocols). Females were excluded due to
probable interactions between the estrous phase and food intake/metabolism, especially
during puberty. At 4 weeks of age, the animals were weaned and assigned to either
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control or experimental group. The first one was fed control diet (CD; ~3514 kcal/kg, fat
content 4%, energy from: 10% fat, 24% protein, 66% carbohydrates, cat. no. C1090-10;
Altromin International, Lage, Germany), whereas the experimental group received HFD
(~5389 kcal/kg, fat content 42%, energy from: 70% fat, 16% protein, 14% carbohydrates,
cat. no. C1090-70; Altromin International). The animals were then fed a respective diet for
2–7 weeks, depending on the experimental protocol, as detailed in the following sections.

2.3. Food Intake and Body Weight Gain Assessment

Food intake and body weight gain assessment was performed on 20 rats (10 of which
fed CD and another 10 HFD). In order to measure the amount of food eaten, the rats
were housed individually. Starting 3 days after weaning, body weight and the amount of
food eaten during 24 h were measured every week for 7 successive weeks, always at the
beginning of the light phase (ZT—Zeitgeber time 0). Food ingested was analysed both as
the chow mass disappearing from the feeder, as well as after calculating this value into
kcal/kg of body weight.

2.4. Immunofluorescence

For the immunofluorescence study, 50 animals were used (24 fed CD and 26 fed HFD).
After 4 weeks on either diet, the rats were perfused at one of 4 time points (ZT0, 6, 12 or 18).
Each of the new groups formed contained 6 animals, with the exception of HFD—ZT6 and
HFD—ZT18, which contained 7 rats.

All animals were anesthetized by isoflurane inhalation (1 mL in the incubation cham-
ber, Baxter, Deerfield, IL, USA; v/v air mixture) followed by sodium pentobarbital injection
(100 mg/kg body weight, i.p.; Biowet, Pulawy, Poland). Deep anesthesia was confirmed
with a tail pinch, and when no response was observed, the rats were perfused transcardially
with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS.
Next, the brains were removed and kept in the same PFA solution overnight. A vibroslicer
(Leica VT1000S, Heidelberg, Germany) was used to cut 35 µm thick slices containing the
DMH, which were then washed out of PFA by two 10 min long incubations with PBS. Non-
specific site blocking and membrane permeabilization were performed in one step, with a
30 min long incubation in a PBS solution containing 0.6% Triton-X100 (Sigma-Aldrich, Saint
Louis, MO, USA) and 10% normal donkey serum (NDS, Jackson ImmunoResearch, West
Grove, PA, USA) at room temperature. Next, the slices were transferred to a PBS solution
containing rabbit anti-cFos antibodies (1:2000, Abcam, Cambridge, UK), 2% NDS and 0.3%
Triton-X100 and kept in it for 24 h at 4 ◦C. After this step, the slices were rinsed in PBS
(2 × 10 min) and incubated with secondary antibodies (AlexaFluor488-conjugated anti-
rabbit antisera; 1:400, Jackson ImmunoResearch, West Grove, PA, USA) in PBS overnight
at 4 ◦C. Finally, the slices were rinsed again (2 × 10 min), mounted onto glass slides and
coverslipped with FluoroshieldTM with DAPI (Sigma-Aldrich, Saint Louis, MO, USA).

Slices were scanned using epifluorescence microscope (Axio Imager M2, Zeiss, Jena,
Germany) at 20× magnification, cFos-positive cells were counted manually and DMH area
measured with the aid of ZEN 2.5 (blue edition) software (Zeiss, Jena, Germany). Only cells
immunoreactive for cFos and DAPI-positive were counted. Results present the density of
cFos-positive cells within the area occupied by the DMH.

2.5. Electrophysiology
2.5.1. Short-Term Recordings
Tissue Preparation

Multi-electrode array (MEA) ex vivo recordings were performed in the middle of both
light and dark phases. A total of 16 animals were used (CD daytime: 5, HFD daytime: 5,
CD nighttime: 3, HFD nighttime: 3), fed with a respective diet for 2–4 weeks. Animals were
sacrificed between 1–3 h after the onset of each lighting phase (ZT1–3 and ZT13–15), and
the recordings were performed around ZT6/18 (±1 h).
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Rats were anesthetized with isoflurane (2 mL/kg body weight), then decapitated.
The brain was removed while immersed in ice-cold, cutting artificial cerebro-spinal fluid
(cACSF), containing (in mM): 25 NaHCO3, 3 KCl, 1.2 Na2HPO4, 2 CaCl2, 10 MgCl2, 10 glu-
cose, 125 sucrose with addition of a pH indicator, Phenol Red 0.01 mg/L, osmolality
~290 mOsmol/kg, continuously carbogenated (95% O2, 5% CO2). Then, 250 µm thick
coronal slices containing the DMH were cut using a vibroslicer (Leica VT1000S, Heidelberg,
Germany) and incubated in the recording artificial cerebro-spinal fluid (rACSF), containing:
(in mM): 125 NaCl, 25 NaHCO3, 3 KCl, 1.2 Na2HPO4, 2 CaCl2, 2 MgCl2, 5 glucose and
0.01 mg/l of Phenol Red (initial temperature: 32 ◦C, cooled to room temperature) for a
minimum of 0.5 h before the recording.

Multi-Electrode Array Recordings

The MEA recordings were performed using MEA2100-System (Multichannel Systems
GmbH, Reutlingen, Germany; [42]). Slices containing the DMH were placed onto an
8 × 8 recording array of a perforated MEA (60pMEA100/30iR-Ti, Multichannel Systems),
constantly perfused with fresh rACSF, heated up to 32 ◦C. The slices were positioned to
ensure the presence of as many recording spots within the DMH as possible, and then
gently sucked into the perforations neighboring the spots by creating imbalance between
inward and outward flow through the bottom tubing circuit of the recording chamber.
After a proper amount of suction was established, the slices were allowed to settle for half
an hour before the start of the recording and were then recorded for another half an hour.

Signal was acquired with Multi Channel Experimenter software (Multichannel Sys-
tems), with sampling frequency of 20 kHz. After the experiment, the raw signal was
processed as described previously [19,43]. In brief, the signal was exported to HDF5
and CED-64 files with Multi Channel DataManager (Multichannel Systems GmbH). The
HDF5 file was mapped and converted into DAT format with a custom-made MatLab
script (R2018a version, MathWorks, Natick, MA, USA), followed by an automatic spike
sorting with the KiloSort [44] in MatLab environment. Parallelly, the CED-64 files were
remapped and filtered with Butterworth band pass filter (fourth order) from 0.3 to 7.5 kHz
by a custom-made Spike2 script. Spike-sorting results were then transferred into the pre-
pared CED-64 files (Spike2 8.11; Cambridge Electronic Design Ltd., Cambridge, UK) with a
custom-written MatLab script. At the end, each spot was verified manually for errors in
the automatized process, and corrected with the aid of autocorrelation, cross-correlation,
principal component analysis (PCA) and spike shape inspection.

2.5.2. Long-Term Recordings

For long-term MEA experiments, animals (3 rats per diet) were sacrificed at ZT0, and
the recordings started exactly 2 h later. The procedures for both tissue preparation, MEA
setup and signal analysis were analogical to those reported in the previous section (2.5.1
Short-Term Recordings) with two differences. First, as the recordings lasted ~30 h, they
were not recorded in a continuous way, but one-minute-long sample was recorded every
ten minutes. Second, to enhance long-term survival of the tissue, 1 mg/mL of penicillin–
streptomycin (Sigma-Aldrich) was added to the rACSF and the recordings were performed
at 25 ◦C.

2.6. Night-Feeding Protocol

After the administration of a respective diet (CD or HFD, at weaning) the animals
were fed ad libitum for the first two weeks, after which they were only given access to
food during nighttime, for another 2 weeks. Following this, two separate experiments
were performed: the long-term MEA recordings, analogically to the procedure described
earlier (2.5.2 Long-Term Recordings; 4 rats fed CD and 3 fed HFD), and a combination of
short-term MEA recordings with an immunofluorescence study, as follows.
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Short-Term MEA Recordings Combined with Immunofluorescence Staining

For these experiments, we used a total of 16 rats (groups included: CD daytime, CD
nighttime, HFD daytime, HFD nighttime, 4 animals per group). Tissue was collected
as reported in the short-term MEA recordings (2.5.1) section and the MEA experiments
performed accordingly to the study on ad libitum-fed animals. From each animal one
250 µm thick slice containing DMH was used for the MEA, and the rest was immediately
fixed in a 4% PFA solution overnight. The latter slices were then immersed in a sucrose
solution (30% in PBS) for ~24 h, cut into thinner, 35 µm slices using a cold-plate microtome,
and further processed as described in the Immunofluorescence (2.4) section. For this
experiment the animals were sacrificed at ZT3–4/ZT15–16, to ensure that both slice fixation
in the PFA solution, as well as the MEA recordings, happened around ZT6/ZT18 (±1 h).

2.7. Statistical Analysis

Statistical analysis was performed in R (Version 4.0.4; [45]) and RStudio (Version
1.4.1106, PBC; [46]). Outliers were detected with the help of the box-and-whisker method
from the rstatix package [47] and those identified as extreme outliers (above Q3 + 3×IQR or
below Q1—3×IQR) were removed from further analysis. For independent data, a general
linear model was fitted, whereas in the case of multiple observations from the same animals,
a random intercept was included in a linear mixed effects model (and a random slope for
repeated measures designs). Mixed models were fitted using the lme4 package [48] and
analysed with type III ANOVA (with Satterthwaite’s method for the degrees of freedom
estimation) from the lmerTest [49] package. Post hoc analyses were performed using the
emmeans package [50], and p-value corrected for multiple comparisons with Tukey method.
Assumptions for using a general linear model were checked with Shapiro–Wilk normality
test from the rstatix package and Levene test for homoscedasticity from the car package [51],
normality of the residuals’ distribution were analysed with QQ-plots (ggpubr; [52]). Where
necessary, Box–Cox (BC) transformation was applied (package: MASS, [53]), which was
defined as: BC(y) = (yλ-1)/λ, where λ is a value that provides the best approximation for
the normal distribution of the response variable [54]. Detailed results from all the models
are presented in Table S1.

Circular statistics of the long-term MEA recordings was performed with the CircStat
toolbox [55] in the MatLab Environment (R2018a version, MathWorks). Non-uniformity of
distributions was confirmed with Rayleigh test and circular means were compared using
the circular analogue of ANOVA (Watson-Williams test).

3. Results
3.1. Body Weight Gain and Feeding Assessment

First, we investigated how the body weight of animals changes under an HFD. In
order to do so, rats were maintained on either a CD or HFD (10 animals per group) for
7 weeks and weighed every week starting at the time of weaning (week 0). We fitted a
mixed effects model with diet and week as fixed factors (including the interaction between
them), as well as random intercept and slope for each animal (to account for a repeated
measures design of the study).

The analysis revealed significant changes in the rat body weight during the course
of the study (F8,18 = 768.27, p < 0.0001), and differences between the diets (F1,18 = 5.08,
p = 0.037). Due to a significant interaction (F7,18 = 16.11, p < 0.0001), we performed a post
hoc analysis, which indicated that animals fed an HFD become heavier than the control
group after 5 weeks (t18 = 2.37, p = 0.029), and this difference increases in the following
2 weeks (week 6: t18 = 2.87, p = 0.01, week 7: t18 = 3.31, p = 0.0039; Figure 1A).
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Figure 1. Body weight gain and feeding assessment. (A). Body weight gain across 7 weeks on either
control (CD) or high-fat diet (HFD; week: F8,18 = 768.27, p < 0.0001; diet: F1,18 = 5.08, p = 0.037;
interaction: F7,18 = 16.11, p < 0.0001). Differences between the diets observed from week 5 onwards
(t18 = 2.37, p = 0.029). (B). Daily food intake in grams across 7 weeks on either CD or HFD (week:
F7,18 = 35.92, p < 0.0001; diet: F1,18 = 45.13, p < 0.0001; interaction: F7,18 = 3.00, p = 0.028). (C).
Daily food intake in kcal/kg body mass across 7 weeks on either CD or HFD (week: F7,18 = 183.84,
p < 0.0001; diet: F1,18 = 30.52, p < 0.0001, interaction: F7,18 = 2.33, p = 0.07). * p < 0.05, ** p < 0.01,
**** p < 0.0001. Box-and-whisker plots present median value, interquartile range (IQR; box) and the
minimum-to-maximum range of values, not exceeding 1.5 * IQR (whiskers). Data points outside this
range are plotted individually as outliers.

In addition to body mass, we weighed the chow at the beginning and at the end of
a day to calculate daily food intake. Rats fed an HFD were shown to eat a significantly
lower amount of chow than the control group (F1,18 = 45.13, p < 0.0001, Figure 1B). Even
though the interaction with the week of the experiment was also observed (F7,18 = 3.00,
p = 0.028), post hoc analysis confirmed that this difference was present each week (for the
results from all multiple comparisons please see Table S1). The amount of food eaten by
animals on both diets seemed to increase up until around week 3, which we believe to be
due to the continuous growth of the young animals. We hypothesized, that the lower food
intake of the HFD-fed group was caused by a higher caloric density of this chow; therefore,
we expressed food intake as the number of calories per body mass. With this correction, the
HFD-fed group was shown to consume more calories than the control group throughout
the entire experiment (F1,18 = 30.52, p < 0.0001). Here, we also observed that the number
of calories ingested per kg of body weight decreased throughout the course of the study
(F7,18 = 183.84, p < 0.0001), with no interaction between the factors (F7,18 = 2.33, p = 0.07;
Figure 1C).

Since our experiments were aimed at investigating changes under an HFD before
the onset of obesity, it was important for us to determine how much time is needed for
this to happen. The results presented in this section show that rats fed an HFD become
significantly heavier than the control group after 5 weeks; therefore, all the following
experiments were performed on animals fed the respective diet for a maximum of 4 weeks.
Additionally, we show that rats fed an HFD eat fewer grams of food daily, but more calories
per body mass, as a result of the distinct caloric density of both chows.

3.2. HFD Advances Daily cFos Rhythm in the DMH

Immunofluorescence staining was performed on coronal brain slices (bregma between
−3.00 and −3.48, Figure 2A, [56]) collected from animals that had undergone transcardial
perfusion at one of four daily time points (ZT0, 6, 12 and 18; 6 rats per group, with
the exception of the HFD group perfused at ZT6 and ZT18, which contained 7 animals),
4 weeks into the experiment. Both the brains and stomachs were collected, and the latter
ones immediately weighed.
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Figure 2. HFD advances daily cFos rhythm in the DMH. (A). A schematic drawing indicating the
brain sections analysed in reference to bregma. (B). Representative microphotographs of DMH-
containing brain slices obtained from animals fed either control (CD) or high-fat diet (HFD) at four
daily timepoints. The compact part of the DMH, recognized with DAPI staining as the region of
densely packed cells, is delineated with the white-bordered shape inside the outline of the entire
structure. d—dorsal part of the DMH, c—compact part of the DMH, v—ventral part of the DMH.
Please note the layer of ependymal cells indicative of the location of the third ventricle (3V) on the
right side of the microphotographs. (C). Colocalization of DAPI and cFos within individual cells
(red arrows). (D). Comparison of stomach weight and its changes across the 24 h between rats fed
either CD or HFD (diet: F1,42 = 7.09, p = 0.011; ZT: F3,42 = 18.99, p < 0.0001; interaction: F3,42 = 0.54,
p = 0.66). (E). Comparison of cFos immunoreactivity and its changes across the 24 h between rats fed
either CD or HFD (diet: F1,41 = 21.16, p < 0.0001; ZT: F3,41 = 208.55, p < 0.0001; diet: F1,41 = 0.082,
p = 0.78; interaction: F3,41 = 21.79, p < 0.0001). BC—Box–Cox transformed values; λ = 0.59. * p < 0.05,
**** p < 0.0001. Box-and-whisker plots present the median value, the interquartile range (IQR; box)
and the minimum-to-maximum range of values, not exceeding 1.5 * IQR (whiskers). Data points
outside this range are plotted individually as outliers. (F). Graphical representation of the relationship
between stomach weight and cFos-positive cell density for rats fed CD or HFD. Data points for
each brain slice are presented, those acquired from the same animal are connected by a vertical line.
ZT—Zeitgeber time (ZT0 at lights on).
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Consistently with the results reported in the previous section, stomachs collected from
animals fed the HFD were significantly lighter than those of the control group (F1,42 = 7.09,
p = 0.011). Nocturnality of the rats was reflected by changes in the stomach weight between
time points. For both dietary groups, the stomachs were the lightest at the beginning of the
night, and the heaviest at the end of it (F3,42 = 18.98, p < 0.0001, Figure 2D).

Next, we analysed the changes in the number of cFos-positive neurons in the DMH,
considering both the time of the day (the ZT factor) and the diet. To account for the
day/night changes in stomach weight, we fitted the model including it as a covariate. The
density of cFos-positive cells was defined as the number of immunostained neurons per
1 mm2 of the DMH area. To achieve normality of the distributions and homoscedasticity,
we applied Box–Cox (BC) transformation to the data (λ = 0.59). All cFos-immunoreactive
cells were also positive for DAPI (Figure 2C).

We collected and analysed a total of 140 brain slices containing the DMH (hemispheres
treated separately), from 50 animals. Differences between the diets were observed (higher
cFos for HFD-fed group; F1,41 = 21.16, p < 0.0001), as were changes around the clock,
with generally lower values during the day and higher at night (ZT factor: F3,41 = 208.55,
p < 0.0001). The cFos-positive cells appeared most densely in the ventral and medial parts
of the structure, covering the area of all three previously outlined subdivisions of the
DMH (ventral, dorsal and compact; Figure 2B). Most importantly, there was a significant
interaction between the two factors analysed (F3,41 = 21.79, p < 0.0001). Whereas around
and at nighttime cFos density was similar between the dietary groups, a striking difference
was observed in the middle of the day when the HFD-fed group demonstrated an increased
number of cFos-positive cells (ZT6, t40 = 9.17, p < 0.0001; Figure 2E).

The DMH is highly responsive to metabolic signals [22–34], which could be the reason
for the observed variation in cFos-positive neurons around the clock. What is more, we
recently showed that animals fed an HFD change their pattern of feeding and start eating
during their normally inactive phase (daytime; [19]), which could explain an increased cFos
expression in the DMH during this time of the day. However, stomach weight was shown
not to influence the density of cFos-positive cells within our dataset (F1,41 = 0.083, p = 0.78),
contradicting the presence of a positive correlation between them. This is most clearly
visible at ZT0 when the stomachs are the heaviest but there are very few cFos-positive
neurons in the structure (Figure 2F). Even though there appears to be some relationship
between stomach weight and cFos immunoreactivity, cFos changes are better explained
by the other factors in the model, predominantly the interaction between ZT and diet.
Therefore, we believe the day/night rhythm in cFos immunoreactivity in the DMH, as well
as its disruption under an HFD, are not simply a consequence of the animals’ changed
feeding activity.

3.3. HFD Increases Midday Electrical Activity of the DMH

To reveal whether and how increased cFos reflects in the electrical activity of DMH
neurons, we performed extracellular MEA recordings in two time points: middle of the
day (~ZT6) and middle of the night (~ZT18). We recorded a total of 577 neurons from
16 animals. Since for this experiment rats had been kept on a diet for 2–4 weeks, we added
the exact time of diet (in days) to the linear model as a covariate, even though it was not
statistically significant (F1,4 = 1.87, p = 0.24).

In line with previous reports [24,35,57], the DMH was shown to possess a day/night
rhythm in neuronal activity (LD: F1,5 = 14.14, p = 0.011), with higher firing frequency during
the behaviorally active nighttime. However, an interaction with diet was also observed
(F1,5 = 6.61, p = 0.047, Figure 3B). Post hoc analysis revealed that this day/night rhythm
only concerned the DMH extracted from control animals (t9 = 4.14, p = 0.0022), whereas
in the HFD-fed group it was completely abolished (t6 = 0.85, p = 0.43). Similarly to the
results obtained with immunofluorescence, it was in the middle of the day that the activity
of the cells in the experimental group was abnormally increased (day: t6 = 3.37, p = 0.017,
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night: t10 = 0.35, p = 0.73). No clear pattern in the spatial distribution of neurons firing with
similar frequency was observed (Figure 3A).
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Figure 3. HFD increases midday electrical activity of the DMH. (A). Heatmaps illustrating spatial
distribution of the recorded neurons and their firing frequency with color-coding. Data points
from the same location (recording electrode) were scattered around it. d—dorsal part of the DMH,
c—compact part of the DMH, v—ventral part of the DMH. (B). Comparison of the spontaneous
neuronal activity between cells obtained from animals fed either control (CD) or high-fat diet (HFD),
either during the day or at night (LD—light/dark; diet: F1,6 = 4, p = 0.096; LD: F1,5 = 14.14, p = 0.011,
diet day: F1,4 = 1.87, p = 0.24; interaction: F1,5 = 6.61, p = 0.047). BC—Box–Cox transformed values;
λ = 0.26. * p < 0.05, ** p < 0.01. Box-and-whisker plots present the median value, the interquartile
range (IQR; box) and the minimum-to-maximum range of values, not exceeding 1.5 * IQR (whiskers).
Data points outside this range are plotted individually as outliers.

3.4. HFD Delays Circadian Patterning of Neuronal Activity of the DMH
3.4.1. Ad Libitum Feeding Experiment

The DMH is highly responsive to metabolic information arriving from the digestive
system; however, it possesses an intrinsic circadian clock as well, driving spontaneous
activity changes even in the absence of external synchronizers [35]. Therefore, we next
aimed at investigating the influence of the HFD on the intrinsic clock properties of this
structure. To do so, we performed another set of MEA recordings, starting at projected
(p)ZT2 and continuing for ~30 h, which enabled us to monitor spontaneous changes in
neuronal activity.

We spike-sorted a total of 390 units, out of which 264 were labelled “rhythmic” (pre-
senting a single peak of activity within a 24 h window). For both dietary groups, the
majority of the neurons were rhythmic: 70.65% (130/184) under CD and 65.05% (134/206)
under HFD (three rats per group; χ21 = 1.15, p = 0.28). An example recording from one
electrode is presented in Figure 4A, with extracted action potentials and their frequency
change over time for two cells (one rhythmic and one non-rhythmic). Consistently with
previous data, the mean peak time appeared during the nighttime; however, a 2 h delay
was observed for the HFD group in respect to the control (all peak times presented as
mean ± SD; for CD: pZT14.43 ± 1.03, for HFD: pZT16.58 ± 1.14, F1,262 = 9.82, p = 0.0019,
Watson-Williams test; Figure 4B). No clear spatial pattern in either the presence of rhythmic
cells or peak time values was observed, although for the control group the neurons with an
earlier peak time seemed to appear closer to the compact part of the DMH (Figure 4C).
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Figure 4. HFD delays circadian patterning of neuronal activity of the DMH. (A). Representative
recording of a raw signal (top trace), followed by 2 spike-sorted cells (one rhythmic and one non-
rhythmic), for which extracted action potentials and their frequency (extrapolated activity over
10 min) are presented. (B). (left) Heatmaps presenting the activity of all recorded neurons across
the 24 h of recording. Cells with a single activity peak are called rhythmic and sorted by peak time.
They are followed by the non-rhythmic cells, from which they are separated with a horizontal dotted
line. Average peak value for each group is represented by white, vertical lines. Black and white
rectangles above each heatmap reflect projected light–dark phases. (right) Rose petal diagrams
(circular histograms of peak times) for each group (bin width: 1 h). The length of the vector (in
red) codes the strength of the clustering. Asterisks present the results of the Watson-Williams test:
** p < 0.01. Shaded semi-circles represent the dark phase. CD—control diet, HFD—high-fat diet,
NF—night feeding, nFR—normalized firing rate. (C). Heatmaps presenting spatial distribution of
the rhythmic cells (left) and peak time values (right) throughout the structure. d—dorsal part of
the DMH, c—compact part of the DMH, v—ventral part of the DMH. (D). Comparison of the firing
rate at projected Zeitgeber time 6 (pZT6; Ad libitum: F1,388 = 11.338, p = 0.00084; NF: F1,5 = 2.98,
p = 0.15). *** p < 0.001. FR—firing rate. (E). Comparison of the firing rate at the time of peak activity
(Ad libitum: F1,4 = 0.019, p = 0.9; NF: F1,352 = 5.86, p = 0.016). * p < 0.05. Box-and-whisker plots
present the median value, the interquartile range (IQR; box) and the minimum-to-maximum range of
values, not exceeding 1.5 * IQR (whiskers). Data points outside this range are plotted individually as
outliers. (F). Rose petal diagram (circular histogram of peaks) for an experiment starting at pZT12 (bin
width: 1 h). The length of the vector (in red) codes the strength of the clustering. Shaded semi-circle
represents the dark phase.
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The results presented in the previous section (3.3. HFD increases midday electrical
activity of the DMH), showing mainly an increased daytime activity of DMH neurons
for the HFD-fed rats, could be explained by their daytime feeding behaviour, which
might be stimulating DMH activity via a release of satiety signals. In the case of our
long-term recordings, brain slice preparation started at ZT0 when both groups of animals
should be fully satiated. Yet, the neuronal activity of the HFD group was still higher at
pZT6 (F1,388 = 11.338, p = 0.00084, Figure 4D), confirming the results from the short MEA
recordings and indicating that this difference is not due to a simple satiety effect from
daytime food intake preceding the cull. In order to investigate possible differences in the
strength of the rhythm, we also analysed the neuronal firing rate at the time of peak activity
but found it unchanged by the diet (F1,3.74 = 0.019, p = 0.9, Figure 4E).

The presented results indicate that the neuronal activity in the DMH is the highest
at night, which is in line with its involvement in feeding behaviour. However, to exclude
possible phase shifts due to the procedure, we also performed a set of long-term experiments
for the CD group, which started at ZT12. Even though the mean peak time value in this case
appeared slightly later than previously (around ZT17.21 ± 1.15; Figure 4F), it confirmed
the first half of the night as a time of the peak firing rate in this structure.

3.4.2. Night-Feeding Experiment

The DMH is known to entrain to feeding schedules, participating in the anticipation
of an upcoming meal [36–40]. Our long-term experiments on ad libitum-fed animals
showed that the increased daytime activity of DMH neurons is not caused by their daytime
feeding on the particular day of the experiment. However, it might be related to a repeated
disturbance in the feeding behaviour, which shifted the DMH clock over a period of time.
To find out whether this is true, we performed a similar set of experiments on animals that
had undergone nighttime feeding (food available between ZT12–24) for 2 weeks prior to
the recordings.

Night-feeding (NF) turned out to prevent the delay in peak neuronal activity of the
HFD group (HFD ad libitum vs. HFD NF: F1,308 = 10.51, p = 0.0013, Watson-Williams test),
shifting it back to pZT14.16 ± 1.21, which was not significantly different from the CD (CD ad
libitum vs. HFD NF: F1,304 = 0.16, p = 0.69, Watson-Williams test). As expected, this feeding
restriction did not cause any effect in the CD-fed animals (peak at pZT14.15 ± 1.14 for CD
NF; F1,306 = 0.2, p = 0.65, Watson-Williams test; Figure 4B). What is more, the difference in
neuronal activity at pZT6, observed between the ad libitum-fed dietary groups, was also
abolished by night feeding (F1,4.92 = 2.98, p = 0.15, Figure 4D). Surprisingly though, NF
caused an increase in the peak firing rate of the HFD-fed group (F1,352 = 5.86, p = 0.016,
Figure 4E). This result could be related to the fact that circadian rhythms in the DMH
become much stronger under many different forms of restricted feeding [37–40], and in this
case it was predominantly the HFD group that was restricted since these were the animals
that would otherwise consume more food during the day.

3.5. Rhythm Disruption in cFos Immunoreactivity and Neuronal Activity Are Prevented by
Night Feeding

Following the promising results obtained on night-fed animals, indicating the possible
prevention of an HFD-mediated disturbance of the DMH clock, we decided to study NF
effects in more detail. For this, we repeated previous experiments on NF animals. As for
the long-term recordings, they were fed ad libitum for the first 2 weeks (when no changes
in the feeding pattern are yet observed between the diets [19], which was then followed by
2 weeks of NF. For these, we used a total of 16 rats, 8 per diet.

In line with the data on ad libitum-fed animals reported here, as well as previously [19],
under NF, the dietary groups did not differ in body weight for the first 4 weeks either (diet:
F1,14 = 0.0001, p = 0.99, week: F4,14 = 629.74, p < 0.0001, interaction: F4,14 = 1.66, p = 0.22;
Figure 5A). The HFD-fed animals ate less grams of chow daily (F1,14 = 56.28, p < 0.0001;
Figure 5B), but this contributed to more calories per body mass (F1,14 = 19.14, p = 0.00063;
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Figure 5C), also matching the data obtained with ad libitum-fed groups. Interestingly,
total food intake (in kcal/kg) did not differ between the protocols (ad libitum vs. NF:
F1,32 = 3.46, p = 0.07; Figure 5D), suggesting that when the animals did not have access
to food during the day, they would consume their daily requirement completely during
the night. This is important information, especially regarding the HFD group, which were
shown to neither overeat in response to the restriction, nor stick to the amount normally
ingested during the nighttime without the additional daytime feeding.
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Figure 5. Rhythm disruption in cFos immunoreactivity and neuronal activity are prevented by night
feeding (NF). (A). Body weight gain across 4 weeks (including 2 weeks on restricted nighttime feed-
ing) on either control (CD) or high-fat diet (HFD; diet: F1,14 = 0.0001, p = 0.99, week: F4,14 = 629.74,
p < 0.0001, interaction: F4,14 = 1.66, p = 0.22). (B). Nighttime-restricted food intake in grams for
CD and HFD (diet: F1,14 = 56.28, p < 0.0001, week: F2,14 = 3.56, p = 0.056, interaction: F2,14 = 1.91,
p = 0.18). (C). Nighttime-restricted food intake in kcal/kg body mass across the 2 week period (diet:
F1,14 = 19.14, p = 0.00063, week: F2,14 = 33.71, p < 0.0001, interaction: F2,14 = 0.44, p = 0.66). (D).
Comparison of total daily food intake between ad libitum and NF protocols for both diets (diet:
F1,32 = 30.89, p < 0.0001, week: F2,64 = 69.14, p < 0.0001, protocol: F1,32 = 3.46, p = 0.072). (E). Com-
parison of cFos immunoreactivity and its changes between midday and midnight (LD—light/dark)
between rats fed either CD or HFD during nighttime only (diet: F1,6 = 0.017, p = 0.9, LD: F1,6 = 10.11,
p = 0.019, interaction: F1,6 = 0.023, p = 0.88. (F). Comparison of the neuronal firing rate and its
changes between midday and midnight between rats fed either CD or HFD during nighttime only
(diet: F1,12 = 0.1, p = 0.75, LD: F1,12 = 5.56, p = 0.037, interaction: F1,12 = 0.47, p = 0.51. * p < 0.05,
*** p < 0.001, **** p < 0.0001. Box-and-whisker plots present the median value, the interquartile range
(IQR; box) and the minimum-to-maximum range of values, not exceeding 1.5 * IQR (whiskers). Data
points outside this range are plotted individually as outliers.

These animals were then used for the immunostaining and short-term MEA record-
ings in order to systematically compare the results to the ones obtained from previous
experiments on ad libitum-fed rats.

For the cFos immunoreactivity analysis, we collected a total of 68 brain slices from
16 animals (which were included in the model as a random intercept). In contrast to the
analysis of the ad libitum-fed animals, here we omitted stomach weight (as a covariate), as
they were not collected (no PFA perfusion performed). The number of cFos-positive cells
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turned out to vary between day and night (F1,6 = 10.11, p = 0.019); however, no difference
between the diets was found (F1,6 = 0.017, p = 0.9), nor was there an interaction between
the two (F1,6 = 0.023, p = 0.88, Figure 5E).

As for the MEA recordings, we spike-sorted 574 neurons from the same animals
(1 brain slice per animal). In this case, all rats had been on a diet for 4 weeks; therefore, in
contrast to the analysis performed for the ad libitum cohort, the exact time on a diet (in
days, as a covariate) was excluded from the model. Similar to the immunofluorescence,
the neuronal firing rate was also observed to change between day and night (F1,12 = 5.56,
p = 0.037) but not differ between the diets (F1,12 = 0.1, p = 0.75, interaction: F1,12 = 0.47,
p = 0.51; Figure 5F).

These results confirm that the disruption of DMH daily rhythms in neuronal activity
is caused by a prolonged disruption in the rhythm of food intake and can be prevented by
restricted nighttime feeding.

4. Discussion

The presented data support the DMH involvement in the processing of metabolic in-
formation with an emphasis on its chronoregulation. First, we confirm the DMH day/night
changes in the neuronal activity, observed previously [24,57], and their circadian nature [35].
Moreover, we show that an HFD can impair the observed rhythms by increasing the day-
time firing rate and cFos immunoreactivity, as well as by delaying the phase of the circadian
rhythm in the electrical activity of DMH neurons. Lastly and most importantly, we provide
an insight into the possible prevention of such dysregulation by time-dependent feeding,
restricted to the active phase of the animal.

Since this study was designed to investigate the effects of an HFD but not obesity, we
started off by determining the kinetics of body weight gain for both diets and pinpoint-
ing the time necessary for them to divert. This occurred 5 weeks after the onset of the
experiment (assignment into CD or HFD groups); therefore, all successive procedures were
performed on animals fed either chow for a maximum of 4 weeks. For the night-feeding
protocols, the animals were fed ad libitum for the first 2 weeks, followed by 2 weeks of NF,
as our previous data showed that the feeding pattern changes between the dietary groups
after 3 weeks [19]. Interestingly, the same study found that even though after 4 weeks of
the experiment the HFD-fed group had not become significantly heavier than the control,
an interaction between diet and time was observed, suggesting faster weight gain of the
HFD-fed rats [19]. This was, however, not observed for our NF animals, which, together
with other reports [12–14], indicates restricted feeding as a potent therapeutical strategy
slowing down or even preventing excessive weight gain. This highlights the importance of
the temporal regulation of feeding behaviour, as these animals ingest the same amount of
food when fed only during the night, as they would with ad libitum access. What makes it
even more striking is that animals fed an HFD consume more calories daily than the control
group, yet the timing of the meals seems to matter more than this difference in its amount.

Considering the role of DMH neurons in the regulation of metabolism and food
intake [58,59], it is not surprising that their peak activity is confined to the active phase of the
rats (nighttime). This was true for both the intrinsic electrical firing and expression of early-
response genes (cFos), possibly indicating changes in the incoming stimuli. Interestingly,
this day/night rhythm is impaired by a short-term HFD lasting no more than 4 weeks.
Together with our previous data [19] showing a disrupted feeding pattern under HFD, these
results indicated a general metabolic dysregulation, which required further exploration.
Our NF experiments clearly showed that disrupted rhythms in the DMH functioning are
not a cause but an effect of an irregular food intake and can therefore be prevented by
restricted nighttime feeding. Other studies have also reported the beneficial effects of
time-restricted feeding, which prevents not only excessive weight gain [12–14], but also fat
accumulation and associated inflammation, glucose intolerance and insulin resistance, as
well as improves nutrient homeostasis [14].
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The DMH is well known for its ability to enhance its circadian rhythm under restricted
feeding [21] and entrain to different meal schedules, which has been shown for both clock
gene expression and cFos immunoreactivity [36–40], but so far not for its electrophysiology.
With our long-term MEA recordings, we were able to examine the intrinsic circadian
properties of DMH neurons and found early night to be the time of their highest firing
frequency. An HFD delayed that peak in activity by ~2 h, although not when the animals
had been night-fed, once again confirming this to be a result of a disrupted feeding pattern.
Moreover, the strength of the rhythm, indicated by the firing rate at the peak time of each
individual cell, was enhanced only in the HFD NF group, as this was the group most
affected by the feeding restriction that may have required the DMH clock’s adaptation.

Importantly, DMH neurons’ activity peaked in the early night, even when the slice
preparation had been shifted by 10 h, negating the possible effects of the procedure itself on
the circadian rhythm within the structure. Even though in this second set (starting at pZT12)
the mean peak was a little bit later than the one observed for the experiments starting at
pZT2, we believe this may have been caused by the immediacy of the preparation time
and peak time, which might have negatively influenced the cells firing at their highest
frequency at the time of the procedure, either excitotoxically killing them or at least phase
shifting their rhythm.

We recently performed an extensive electrophysiological study into different subre-
gions of the DMH, indicating important differences between its three subdivisions: compact,
ventral and dorsal ([57]; Figures 2A, 3A and 4C). In this case, however, such a distinction
did not seem reasonable. First, cFos-positive cells were the most densely observed in the
ventral part, but also medially, extending through all the abovementioned subdivisions.
Because of that, a separate analysis of each one of them produced the same result. Second,
spatial distribution of the MEA electrodes does not allow for a clear identification of the
borders between the subdivisions of the DMH; therefore, instead, we presented the results
from it in a graphical form with spatial heatmaps. In line with our patch clamp study [57],
the firing rate did not seem to differ between the three parts of the structure.

Interestingly though, the distribution of the rhythmic cells also did not show any
pattern, despite the compact part of the DMH being recognised as the main site of its
circadian clock and most pronounced in the clock gene expression [35]. We suspect this
inconsistency stems from an intense network signaling within the structure, preserved in
our slice preparation. The most rhythmical, compact part of the DMH might be regulating
firing frequency of the cells located outside of it; however, more research into the DMH
network is needed to confirm it and determine the details. Even though cells within the
compact part seemed to peak earlier in the CD-ad libitum group, this trend was not clear
enough to conclude from and disappeared in other groups tested, importantly including
CD NF, where it should have been even more visible.

Our results indicate that HFD dysregulates feeding behaviour, which in turn impairs
the DMH clock. However, the mechanisms for either of these processes remain unknown.
Diet has been shown to potently influence the composition of the gut microbiome [60,61],
which affects circadian rhythms in both the liver and the hypothalamus [62]. Moreover,
gut microbiota composition changes depending not only on the type of ingested food but
also its timing [63], suggesting some relationship to the result observed here. Germ-free
mice have increased levels of two obesity-suppressing agents: BDNF in the hypothalamus
and proglucagon (precursor of glucagon-like peptides—GLP1 and 2) within the digestive
system [64]. Interestingly, the DMH is among the brain structures with the highest ex-
pression for the GLP1 receptor [65], and the only hypothalamic structure expressing the
GLP2 receptor [66]. Moreover, the expression of the GLP1 receptor in the DMH increases in
DIO [41], whereas BDNF deletion in the DMH has been shown to result in hyperphagia [67].
Therefore, we believe studying gut microbiota could prove beneficial for uncovering the
mechanism responsible for the DMH clock disruption. Additionally, investigating specific
subpopulations of DMH neurons, expressing different neurotransmitters, could shed some
light on the pathways involved.
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Regarding possible effects of DMH rhythm impairment on the development of obesity,
DMH is generally considered an orexigenic structure (for a review please see [68], so its
increased activity during daytime could feed back into further food intake stimulation. On
the other hand, the dorsal part of the DMH connects to the autonomic nervous system,
regulating metabolism and thermogenesis [58], which can influence weight gain indepen-
dently of food intake. However, more research is needed to uncover whether and how the
DMH clock disruption participates in the development of obesity.

In conclusion, our work presents a clear dysregulation of the DMH circadian clock
under a short-term HFD. We propose that this effect is mediated by a change in the animals’
feeding behaviour and can be avoided if a healthy feeding pattern (eating only during the
active phase) is kept, even without altering the amount of food ingested. Possible obesity
prevention by time-restricted feeding has already been indicated elsewhere; however, to
the best of our knowledge, this is the first study to prove its beneficial effects also for the
hypothalamic processing including its circadian rhythmicity. This is extremely important
considering the brain’s top-down control of the metabolism and feeding behaviour, clearly
disrupted by an HFD even before the onset of obesity.
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A B S T R A C T   

A relatively new pharmacological target in obesity treatment has been the preproglucagon (PPG) signalling, 
predominantly with glucagon-like peptide (GLP) 1 receptor agonists. As far as the PPG role within the digestive 
system is well recognised, its actions in the brain remain understudied. Here, we investigated PPG signalling in 
the Dorsomedial Hypothalamus (DMH), a structure involved in feeding regulation and metabolism, using in situ 
hybridisation, electrophysiology, and immunohistochemistry. Our experiments were performed on animals fed 
both control, and high-fat diet (HFD), uncovering HFD-mediated alterations. First, sensitivity to exendin-4 (Exn4, 
a GLP1R agonist) was shown to increase under HFD, with a higher number of responsive neurons. The amplitude 
of the response to both Exn4 and oxyntomodulin (Oxm) was also altered, diminishing its relationship with the 
cells’ spontaneous firing rate. Not only neuronal sensitivity, but also GLP1 presence, and therefore possibly 
release, was influenced by HFD. Immunofluorescent labelling of the GLP1 showed changes in its density 
depending on the metabolic state (fasted/fed), but this effect was eliminated by HFD feeding. Interestingly, these 
dietary differences were absent after a period of restricted feeding, allowing for an anticipation of the alternating 
metabolic states, which suggests possible prevention of such outcome.   

1. Introduction 

Increasing prevalence of obesity along with its multiple pathophys-
iological consequences have resulted in an urgent need for both treat-
ment and prevention options. Amongst various treatment attempts, 
promising results have been obtained with analogues of glucagon-like 
peptides (GLP; for a review see Trujillo et al., 2021). These include 
GLP1 and GLP2, which are posttranslationally cleaved from pre-
proglucagon (PPG) by prohormone convertases (PC 1/3 or PC 2), also 
producing oxyntomodulin (Oxm), glucagon, miniglucagon or glicentin 

(Bataille and Dalle, 2014). The PPG peptide family are responsible for 
glucose homeostasis, with a recognised and widely exploited potential in 
the treatment of both types of diabetes (Kolterman et al., 2003; Dupré 
et al., 2004). However, they are also potent satiety signals influencing 
behaviour (decreasing food intake), and metabolism (stimulating energy 
expenditure; Hwa et al., 1998, Dakin et al., 2001, 2002, Baggio et al., 
2004, Osaka et al., 2005, Wynne et al., 2006, Pocai et al., 2009, Kosinski 
et al., 2012). These properties make them an interesting therapeutical 
target for obesity, however, they are mediated by the central nervous 
system, which in comparison to the digestive system has been hugely 
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underexplored in the context of PPG signalling. 
The main central source of PPG is located in the brainstem Nucleus of 

the Solitary Tract (NTS, Larsen et al., 1997). NTS PPG neurons send 
projections to various brain sites including the Dorsomedial Hypothal-
amus (DMH; Renner et al., 2012), which expresses receptors for both 
GLP1 (Merchenthaler et al., 1999; Tang-Christensen et al., 2001; Cork 
et al., 2015; Lee et al., 2018; Maejima et al., 2021) and GLP2 (Tang- 
Christensen et al., 2000, 2001). Furthermore, amongst the hypothalamic 
regions, the DMH shows the highest susceptibility to diet-induced 
obesity (DIO, Zhang et al., 2020), which includes overexpression of 
the GLP1 receptor (GLP1R), binding both GLP1 and Oxm. We have also 
recently shown that high-fat diet (HFD; a rodent model of obesity, 
Winzell and Ahrén, 2004) disrupts the day/night rhythm in the neuronal 
activity of DMH cells down to the level of their electrophysiological 
properties (Sanetra et al., 2022a, 2022b) even before the development of 
obesity. Therefore, as a next step, we performed a complex analysis of 
GLP1, GLP2 and Oxm actions in the DMH, with a separation into three 
main sections: GLP1 and GLP2 receptor expression, neuronal sensitivity 
to the peptides of interest, and their abundance in different conditions. 

First, in situ hybridisation was used to detect Glp1r and Glp2r mRNA 
and investigate their spatial distribution, as well as HFD-induced 
changes in their expression. Next, using ex vivo electrophysiology we 
recorded changes in the neuronal sensitivity to the PPG-derived peptides 
between light and dark phases of the 24 h cycle. Finally, as a repre-
sentative of all three co-released substances we investigated the GLP1 
immunoreactivity in the DMH under different metabolic states – fasted 
and fed, occurring either unpredictably, or after a period of time- 
restricted feeding. Here, we observed lower density of GLP1 immuno-
reactivity in hungry animals, but only for non-anticipated fasted state. 

All protocols were performed on animals fed control (CD), or high-fat 
diet (HFD) for no longer than 4 weeks, in order to study potential HFD- 
evoked changes to the PPG signalling, developing even before the onset 
of obesity, at the time when the DMH circadian rhythmicity is already 
being altered (Sanetra et al., 2022a, 2022b). Our data show that short- 
term HFD impacts DMH neuronal responsiveness to Oxm and exendin- 
4 (Exn4, a selective GLP1R agonist), completely abolishing its depen-
dence on the spontaneous activity. Furthermore, HFD-induced changes 
in the amount of GLP1 in various subdivisions of the DMH (compact – 
cDMH, dorsal – dDMH and ventral – vDMH), suppress its relationship 
with the metabolic state of the animal, indicating an uncoupling be-
tween peripheral and central regulators of metabolism. Finally, no dif-
ference between the diets occurs under restricted feeding (RF), when 
GLP1 immunoreactivity remains constant throughout the feeding cycle. 

2. Materials and methods 

2.1. Animal maintenance 

All experiments were carried out in accordance with the Polish An-
imal Welfare Act of 23 May 2012 (82/2012) and the European Com-
munities Council Directive (86/609/EEC), and had received approval 
from the Local Ethics Committee in Krakow (No. 18/2018, 349/2022). 

Animals used in the study were male Sprague-Dawley (SD) rats, bred 
at the animal facility of the Institute of Zoology and Biomedical 
Research, Jagiellonian University in Krakow (Poland). Females were 
excluded due to probable interactions between the oestrous cycle and 
metabolism, especially during puberty. Rats were kept in constant 
environmental conditions (temperature ~ 23 ◦C, humidity ~65 %) and 
standard lighting conditions (LD 12:12), with water supplied ad libitum, 
and food supplied either also ad libitum or accordingly to the experi-
mental protocols, as described in the following sections. 

At the age of weaning (4 weeks), the animals were assigned to either 
control or experimental group. The first one was fed control diet (CD; 
~3514 kcal/kg, fat content 4 %, energy from: 10 % fat, 24 % protein, 66 
% carbohydrates, cat. no. C1090–10; Altromin International, Germany), 
whereas the experimental group received HFD (~5389 kcal/kg, fat 

content 42 %, energy from: 70 % fat, 16 % protein, 14 % carbohydrates, 
cat. no. C1090–70; Altromin International). Animals were maintained 
on the assigned diet until the end of the experiment (between 2 and 4 
weeks). 

2.2. In situ hybridisation 

2.2.1. Tissue preparation 
For the in situ hybridisation 6 rats (3 per diet) were used, after 4 

weeks on a respective diet. The animals were sacrificed in the middle of 
the light phase (zeitgeber time - ZT6, where ZT0 is the onset of the light 
phase) by isoflurane inhalation (1 ml in the incubation chamber, Baxter, 
USA) followed by decapitation. Brains were quickly extracted, frozen on 
dry ice and stored at − 80 ◦C. Sections including the DMH were cut on a 
cryostat (Leica CM1950, Germany) at − 20 ◦C and thaw-mounted on 
Superfrost-Plus slides (Fisher Scientific, USA). Slices were then fixed for 
15 min in a 4 % paraformaldehyde solution (PFA) in phosphate-buffered 
saline (PBS), rinsed in PBS (2 × 1 min), dehydrated in ethanol solutions 
of increasing concentrations (50 %, 70 % and 2 × 100 %, 5 min in each) 
and circled with a hydrophobic marker. 

2.2.2. RNAscope assay 
The assay was performed with the RNAscope multiplex in situ hy-

bridization protocol (Advanced Cell Diagnostics—ACD, USA), which 
started with a 12-min long pre-treatment with protease IV. Next, the 
slides were rinsed in PBS (2 × 1 min) and incubated with probes tar-
geting Glp1r and Glp2r (2 h at 40 ◦C). After that, the slides were rinsed in 
wash buffer (2 × 2 min) and a four-step-long signal amplification pro-
tocol was applied (3 × 30 min with AMP1–3 and 15 min with fluo-
rophores: Atto 647 for Glp1r and Atto 550 for Glp2r, all at 40 ◦C). 
Following, the slides were rinsed again in wash buffer (2 × 2 min), and 
coverslipped with DAPI. 

2.2.3. Image processing and analysis 
Microphotographs were taken with an epifluorescence microscope 

(Axio Imager M2, Zeiss, Germany) and visualised in ZEN software (ZEN 
2.5. blue edition, Zeiss), where Glp1r-positive neurons were manually 
counted, for each part of the DMH separately, and divided by the sub-
structure area to obtain the density. Both probes, were also analysed as 
the density of the fluorescent signal, reflecting Glp1r/Glp2r mRNA 
abundance. For this, stacks were processed into a maximum intensity 
projection in ZEN 2.3. (black edition, Zeiss), followed by contrast 
enhancement and maxima count in ImageJ software (NIH, USA; Fiji: 
Schindelin et al., 2012). 

2.3. Electrophysiology 

2.3.1. Tissue preparation 
All electrophysiological recordings were performed either during the 

day (cull between ZT1–3, recording starting at ZT6 ± 1 h) or at night 
(cull at ZT13–15, recording starting at ZT18 ± 1 h). Recording time 
never exceeded the end of the projected lighting phase (ZT12 for day-
time or ZT24 for nighttime recordings). 

After 2–4 weeks on a diet, the animals were anaesthetized with 
isoflurane (1 ml in the incubation chamber, Baxter) and sacrificed by 
decapitation. The brains were quickly removed and cut into 250 μm 
thick coronal slices containing the DMH with a vibroslicer (Leica 
VT1000S). Throughout the entire procedure, the brains were immersed 
in ice-cold, cutting artificial cerebro-spinal fluid (cACSF), containing (in 
mM): 25 NaHCO3, 3 KCl, 1.2 Na2HPO4, 2 CaCl2, 10 MgCl2, 10 glucose, 
125 sucrose with addition of a pH indicator, Phenol Red 0.01 mg/l, 
osmolality ~290 mOsmol/kg, continuously carbogenated (95 % O2, 5 % 
CO2). Before the start of the recoding, the slices were incubated for at 
least half an hour (MEA) or 2 h (patch clamp) in the recording artificial 
cerebro-spinal fluid (rACSF), containing: (in mM): 125 NaCl, 25 
NaHCO3, 3 KCl, 1.2 Na2HPO4, 2 CaCl2, 2 MgCl2, 5 glucose and 0.01 mg/l 
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of Phenol Red (initial temperature: 32 ◦C, cooled to room temperature). 

2.3.2. Multi-electrode array recordings 

2.3.2.1. Recording. Multi-electrode array recordings (MEA) were per-
formed on a total of 17 animals (CD daytime: 3, HFD daytime: 3, CD 
nighttime: 5, HFD nighttime: 6), using MEA2100-System (Multichannel 
Systems GmbH, Germany; Belle et al., 2021). DMH-containing brain 
slices were placed on an 8 × 8 perforated electrode matrix 
(60pMEA100/30iR-Ti, Multichannel Systems), which ensured electrode 
coverage of the entire structure. Double perfusion system of the 
recording chamber was used, with the top circuit used for constant 
perfusion with fresh rACSF as well as drug application, and the bottom 
circuit crucial for establishing slight pressure sucking the slices into 
proximity with the recording electrodes. At least half an hour was 
waited for the set up to stabilise, after which the recordings started with 
another half an hour of baseline recording. Then, proglucagon-derived 
peptides were applied, one at a time, with at least an hour between 
consecutive applications, after the responding cells had fully recovered 
from the previous effect. 

Signal was acquired with Multi Channel Experimenter software 
(Multichannel Systems), with a sampling frequency of 20 kHz. 

2.3.2.2. Data analysis. Single-unit activity analysis was employed in 
order to quantify the percentage of responsive cells, and evaluate 
possible changes in the amplitude of the effect between the groups. 

Multi Channel DataManager (Multichannel Systems GmbH) was 
used to export raw signal into HDF5 and CED-64 files. The HDF5 file was 
mapped and converted into DAT format, which then underwent auto-
mated spike-sorting with KiloSort programme (Pachitariu et al., 2016) 
in the MatLab environment. Parallelly, the CED-64 file was remapped 
and filtered with Butterworth band pass filter (fourth order) from 0.3 to 
7.5 kHz by a custom-made Spike2 script. Spike-sorting results were 
merged with the CED-64 files (Spike2 8.11; Cambridge Electronic 
Design Ltd.) with a custom-written MatLab script. Such prepared files 
were then inspected manually, and all errors corrected using autocor-
relation, crosscorrelation, principal component analysis (PCA) and spike 
shape inspection. 

Data were analysed as firing frequency averaged over 30 s. Cells 
whose firing rate during the drug application varied from their mean 
baseline (~10 min) value by at least three standard deviations were 
pronounced sensitive and included in the analysis of the amplitude of 
the effect, with an exception of those not active spontaneously. The 
amplitude of the response was calculated as the maximal value during 
the response minus the averaged baseline. 

2.3.3. Patch clamp 

2.3.3.1. Recording. A brain slice containing the DMH was placed in the 
recording chamber positioned under an Axioskop 2 FS microscope fitted 
with infrared differential interference contrast (Göttingen, Germany). 
The chamber was constantly perfused with carbogenated rACSF, heated 
to 32 ◦C. The structure of interest was localised under 5× magnification, 
after which 40× objective was used to acquire whole-cell configuration. 
For this, borosilicate glass pipettes (Sutter Instruments, USA; resistance 
= 4–9 MΩ) filled with an intrapipette solution containing (in mM): 125 
potassium gluconate, 20 KCl, 10 HEPES,2 MgCl2, 4 Na2ATP, 0.4 
Na3GTP, 1 EGTA, and 0.05 % biocytin (pH = 7.4, adjusted with 5 M 
KOH; osmolality 300 mOsmol/kg) and mounted onto an Ag/AgCl elec-
trode were used. Pressure necessary to obtain gigaseal, as well as rupture 
cellular membrane, was applied with Ez-gSEAL100B Pressure Controller 
(Neo Biosystem, USA). Recorded signal was amplified by a SC 05LX 
amplifier (NPI, Germany), low-pass filtered at 3 kHz, digitised at 20 kHz, 
and visualised using Signal and Spike 2 software (Cambridge Electronic 
Design Inc., UK). 

Patch clamp experiments were performed in voltage clamp mode at 
− 60 mV holding potential. A minimum of 300 s of stable baseline was 
recorded before Exn4/GLP2/Oxm administration and the recording 
continued for at least 1000 s after peptide application in order to ensure 
a complete washout of the drug. Throughout the entire recording, patch 
clamp stability was monitored by applying a rectangular voltage pulse 
(duration 1 s, amplitude 35 mV) every 60 s. 

2.3.3.2. Immunohistochemical verification. At the end of the experiment 
the location of each recorded neuron was verified with immunofluo-
rescence. All brain slices containing a recorded cell were fixed in 4 % 
PFA in PBS overnight. They were then rinsed in PBS (2 × 10 min) and 
incubated with 0.6 % Triton-X100 (Sigma-Aldrich, USA) and 10 % 
normal donkey serum (NDS; Jackson ImmunoResearch, USA) in PBS, for 
3 h at room temperature. Primary antibodies solution (72 h at 4 ◦C) 
included Cy3-conjugated Extravidin (1:250, Sigma-Aldrich), binding 
biocytin in the recorded neuron, rabbit neuropeptide Y (NPY) antisera 
(1:8000, Sigma-Aldrich), used as a marker of the DMH, as well as 0.3 % 
Triton-X100 and 2 % NDS. After this step, the slices were rinsed in PBS 
(2 × 10 min) and incubated with secondary, anti-rabbit AlexaFluor 647- 
conjugated antisera (1:300; Jackson ImmunoResearch) in PBS for 24 h 
at 4 ◦C. Finally, the slices were rinsed once more (2 × 10 min), placed 
onto slides and coverslipped with Fluoroshield™ with DAPI (Sigma- 
Aldrich). 

Immunostained slices were scanned with an epifluorescence micro-
scope (Axio Imager M2, Zeiss). Different subdivisions of the DMH were 
recognised based on DAPI (smaller, densely packed cells in the cDMH), 
as well as NPY (dense fibres in both dDMH and vDMH, visibly less dense 
in cDMH or the neighbouring VMH; Fig. 3A). 

2.3.3.3. Data analysis. From each recording we extracted three 100 s 
long segments, representative of the cells’ postsynaptic activity during 
the baseline, peptide application, and after the washout of the drug. This 
enabled us to distinguish between genuine effect of the drug and a 
continuous drift in PSC generation during the experiment, independent 
of the tested stimulus. Postsynaptic currents (PSC) were counted in Mini 
Analysis Software (Synaptosoft, USA). Amplitude of the effect to the 
drug was calculated as the frequency of PSC during its application minus 
PSC frequency during the baseline, and compared between daytime/ 
nighttime and dietary groups. 

2.3.4. Drugs 
Exendin-4 (Exn4; Tocris, UK) glucagon-like peptide 2 (GLP2; Sigma- 

Aldrich) and oxyntomodulin (Oxm; Tocris) were dissolved in 0.9 % NaCl 
at 100× concentration, aliquoted, and kept at − 20 ◦C. During the 
experiment, the stock was diluted in fresh rACSF and applied by bath 
perfusion. The target concentration of all three drugs was 1 μM. 

2.4. Immunofluorescence 

2.4.1. Food deprivation (FD) protocol 
The food deprivation (FD) protocol was performed on 36 rats (18 fed 

CD and another 18 fed HFD). After 4 weeks on a diet, the animals were 
divided into three treatment groups. The first group was an ad libitum- 
fed control, perfused at ZT14. The further two were food deprived for 48 
h (starting and ending at ZT14), after which one of them was perfused 
straight away (the fasted condition, representing hunger), while the 
other one was allowed free access to food for the next 2 h (the refeed 
condition, representing satiety). 

All animals were sacrificed between ZT14–17. First, the rats were 
anaesthetised by isoflurane inhalation (1 ml in the incubation chamber, 
Baxter) and sodium pentobarbital injection (100 mg/kg body weight, i. 
p.; Biowet, Poland). After no response to a tail pinch could be observed, 
transcardial perfusion was performed with PBS followed by 4 % PFA in 
PBS. Fixed brains were extracted and kept overnight in the same PFA 
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solution. The next day, 35 μm thick brain slices were cut using a 
vibroslicer (Leica VT1000S, Germany). 

Immunofluorescent labelling started with a 30-min long non-specific 
site blocking and membrane permeabilization in PBS containing 0.5 % 
Triton-X100 (Sigma-Aldrich) and 5 % normal donkey serum (NDS, 
Jackson ImmunoResearch), at room temperature. Then, the slices were 
incubated with 0.5 % NDS, 0.3 % Triton-X100 and either rabbit anti- 
cFos antibodies (1:2000, Abcam, UK) or mouse anti-GLP1 antibodies 
(1:500, Santa Cruz Biotechnology, USA) in PBS for 24 h at 4 ◦C. After this 
step, the slices were rinsed in PBS (2 × 10 min) and transferred to a 
secondary antibodies solution (either AlexaFluor488-conjugated anti- 
rabbit or Cy3-conjugated anti-mouse antisera; 1:300, Jackson Immu-
noResearch) in PBS overnight at 4 ◦C. After that, the slices were rinsed 
again (2 × 10 min), mounted onto glass slides and coverslipped with 
Fluoroshield™ with DAPI (Sigma-Aldrich). 

Microphotographs were taken using an epifluorescence microscope 
(Axio Imager M2, Zeiss, Germany). The compact part of the DMH was 
recognised with DAPI, as a region of small, densely packed cells, of a 
characteristic shape. Then, three circular regions of interest (300 px in 
diameter) were outlined inside each of the DMH subdivisions. Density of 
the GLP1 fibres was analysed as area fraction (immunoreactive pixels/ 
area) after background subtraction and image binarization via thresh-
olding, averaged over the three measurements. 

Cells immunoreactive for cFos were counted manually by a blinded 
experimenter, separately for each DMH subdivision within a particular 
slice, and the total area of each part was measured with ZEN 2.5 (blue 
edition; Zeiss). All cFos-immunoreactive neurons were also DAPI- 
positive. The analysis was performed on the density of the cFos- 
positive cells (cell count/area). 

2.4.2. Restricted feeding (RF) protocol 
The restricted feeding (RF) protocol was performed on 37 rats (18 fed 

CD and 19 fed HFD). The animals underwent 2 weeks of ad libitum 
feeding, after which they were fed in a restricted manner (food available 
between ZT14–20) for the following 2 weeks. Then, they were assigned 
to one of three groups. The first one was sacrificed 0.5 h before the 
scheduled meal, the second 1.5 h and the third 3.5 h after the onset of 
the scheduled meal. The perfusion, the immunofluorescent staining and 
the microphotograph processing were performed analogically to the 
procedure described in 2.4.1. Food deprivation protocol, with the only 
differences being the concentration of the primary anti-GLP1 antibody 
(1:400) and both secondary antibodies (1:400). 

2.5. Statistical analysis 

Statistical analysis was performed in R (Version 4.0.4; Team, 2021) 
and RStudio (Version 1.4.1106, PBC; Team, 2015). Frequency of the 
response to the applied peptides was analysed with binomial regression 
(a generalised linear mixed effects model with a binomial response 
value), whereas for continuous outcome variables general linear models 
were fitted. To account for multiple observations from the same animal 
and/or brain slice a random effect was included in a mixed model 
(random intercepts for nested designs and random slopes for repeated 
measures). Mixed models were fitted with lme4 and lmerTest packages 
(Bates et al., 2015; Kunzetsova et al., 2017) and analysed with type III 
ANOVA (with Satterthwaite’s method for the degrees of freedom esti-
mation). Outliers were detected with Bonferroni test from car package 
(Fox and Weisberg, 2019), detecting mean-shifting (influential) data 
points within the model. Post hoc analyses were performed using 
emmeans package (Lenth, 2021), and p-value corrected for multiple 
comparisons with Tukey method. Assumptions of a general linear model 
were checked with Shapiro-Wilk normality test from rstatix package 
(Kassambara, 2021) and Levene test for homoscedasticity from car 
package, normality of the residuals’ distribution was analysed with QQ- 
plots (ggpubr; Kassambara, 2020). In the case of not meeting the 
normality or homogeneity assumptions the values were transformed 

either using odd roots (MEA and patch clamp – response amplitude: both 
positive and negative values) or Box-Cox (BC) transformation (for 
immunofluorescence – only positive values; package: MASS; Venables 
and Ripley, 2002), defined as: BC(y) = (yλ-1)/λ, where λ is a value that 
provides the best approximation for the normal distribution of the 
response variable (Box and Cox, 1964). Detailed results from all the 
models are presented in Tables S1 (ANOVA results of the generalised 
linear models), S2 (ANOVA results of the general linear models), S3 
(results of the multiple comparisons) and S4 (mean, SD and n values). 

3. Results 

3.1. Localisation of Glp1r and Glp2r mRNA in the DMH 

Our study on the high-fat diet-evoked changes in the PPG signalling 
within the DMH started with a confirmation of Glp1r and Glp2r 
expression in the structure as well as its precise localisation using in situ 
hybridisation. In line with previous reports (Merchenthaler et al., 1999; 
Tang-Christensen et al., 2000, 2001; Cork et al., 2015; Lee et al., 2018; 
Maejima et al., 2021; Huang et al., 2022), we observed fluorescent signal 
from both Glp1r- and Glp2r-targeting probes within the DMH. Moreover, 
the two types of receptors appeared to occupy distinct subdivisions of 
the DMH, with little if any overlap or colocalization (Fig. 1A). Glp1r 
expression was restricted to individual cells within vDMH and dDMH, 
densely filled with the fluorescent probe. The analysis of the density of 
the Glp1r-positive cells confirmed the observed distribution (F2,26 =

80.06, p < 0.0001, n = 36), showing the highest abundance per area in 
the dDMH (dDMH vs vDMH: t20 = 5.28, p = 0.0001; dDMH vs cDMH: t20 
= 12.6, p < 0.0001), followed by vDMH (vDMH vs cDMH: t20 = 7.32, p 
< 0.0001). No differences between the dietary groups were observed in 
any DMH subdivision (diet: F1,4 = 0.009, p = 0.93; diet × DMH div.: 
F2,26 = 0.79, p = 0.46, n = 36, Fig. 1B). 

The intensity of Glp1r expression was analysed as the density of the 
fluorescent signal. Here, also differences within the DMH were spotted, 
with no dietary influence (diet: F1,4 = 0.1, p = 0.76; DMH div.: F2,22 =

21.98, p < 0.0001; diet × DMH div.: F2,22 = 0.0061, p = 0.99, n = 39). 
Interestingly, in this case vDMH and dDMH showed the same level of 
Glp1r expression (t22 = 1.63, p = 0.25), again higher than in the cDMH 
(vDMH vs cDMH: t22 = 4.75, p = 0.0003; dDMH vs cDMH: t22 = 6.83, p 
< 0.0001; Fig. 1C). 

On the other hand, Glp2r mRNA was present predominantly in the 
cDMH (F2,22 = 30.41, p < 0.0001, n = 39; cDMH vs vDMH: t22 = 7.31, p 
< 0.0001; cDMH vs. dDMH: t22 = 6.00, p < 0.0001), with equally little 
Glp2r expressed in the other two subdivisions (t22 = 1.31, p = 0.4; 
Fig. 1C). Its expression appeared diffused across the entire cDMH area, 
which together with compactly packed neurons did not allow for a 
distinction of individual, Glp2r-positive cells. 

3.2. Exn4/Oxm/GLP2 impact on the DMH neuronal firing 

Despite extensive data on the presence of the GLP1 and GLP2 re-
ceptors in the DMH (Merchenthaler et al., 1999, Tang-Christensen et al., 
2000, 2001, Cork et al., 2015, Lee et al., 2018, Maejima et al., 2021, 
Huang et al., 2022), their ability to induct cFos expression in the DMH 
(Tang-Christensen et al., 2000; Maejima et al., 2021; Huang et al., 
2022), as well as the DMH-mediated influence of the PPG-derived 
peptides on the animals feeding behaviour (Maejima et al., 2021), our 
knowledge of their impact on the DMH electrophysiology is limited. 
Therefore, we performed a set of multi-electrode array (MEA) experi-
ments on brain slices acquired from animals fed either CD or HFD, both 
during the day and at night (factor - LD). 

All three tested peptides (Exn4, GLP2 and Oxm) were shown to 
impact the electrical activity of the DMH neurons, predominantly 
causing an increase in their firing rate. Although these receptors had 
been shown to localise in very specific parts of the structure, neurons 
responsive to the applied substances were spotted all over the structure, 
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with no clear spatial pattern in the magnitude of the effect either 
(Fig. 2A, E, I). The percentage of cells responsive to GLP2 and Oxm did 
not differ between the experimental groups (GLP2: CD daytime - 34.48 
%, CD nighttime - 52.63 %, HFD daytime - 35.46 %, HFD nighttime - 
44.68 %; diet: χ2

1 = 0.0051, p = 0.94; LD: χ2
1 = 2.98, p = 0.085, diet × LD: 

χ2
1 = 0.15, p = 0.7, n = 352; Oxm: CD daytime: 50 %, CD nighttime: 

38.46 %, HFD daytime: 44.79 %, HFD nighttime: 44.74 %%; diet: χ2
1 =

0.19, p = 0.67; LD: χ2
1 = 1.4, p = 0.24, diet × LD: χ2

1 = 1.09, p = 0.3, n =
363), however the sensitivity to Exn4 was increased under HFD (CD 
daytime: 42.86 %, CD nighttime: 46 %, HFD daytime: 65.05 %, HFD 
nighttime: 50 %; diet: χ2

1 = 7.68, p = 0.0056; LD: χ2
1 = 0.11, p = 0.74, diet 

× LD: χ2
1 = 2.46, p = 0.12, n = 316). Moreover, when comparing the 

types of responses (increase vs. decrease in firing rate) we noticed a 
higher percentage of cells lowering their frequency of action potential 
generation at night than during the day, for all three peptides (Exn4: 
diet: χ2

1 = 1.14, p = 0.29; LD: χ2
1 = 5.08, p = 0.024, n = 167; Oxm: diet: χ2

1 
= 1.11, p = 0.29; LD: χ2

1 = 4.33, p = 0.037, n = 163; GLP2: diet: χ2
1 = 0.3, 

p = 0.59; LD: χ2
1 = 4.69, p = 0.03, n = 143; Fig. 2D, H, L). Nevertheless, 

those cells constituted a vast minority, and their total number did not 
allow for statistical comparison of the amplitude of the effect between 
the groups. We also excluded cells which were completely silent during 
baseline recording (n = 8; total for all peptides), as their response could 
be highly dependent on the magnitude of hyperpolarisation below the 
threshold for action potential generation. 

We have previously shown that HFD-feeding increases spontaneous 
activity in the DMH during the day (Sanetra et al., 2022b). Baseline 
firing rate might alone be an important factor influencing the magnitude 
of a response to a drug, therefore we have added it to the model as a 
covariate, and run an ANCOVA to find out whether there are any dif-
ferences in the relationship between neuronal spontaneous activity and 
the amplitude of the response to Exn4/GLP2/Oxm between our dietary/ 
LD groups. 

Taking into account all predictors in the model, HFD was shown to 
reduce the amplitude of the response to both Exn4 (F1,73 = 4.78, p =
0.032, n = 122) and Oxm (F1,77 = 7.91, p = 0.0062, n = 130). However, 
a strong correlation with baseline activity was also observed (Exn4: 
F1,106 = 9.04, p = 0.0033, n = 122; Oxm: F1,122 = 11.78, p = 0.00082, n 
= 130), as well as an interaction between the diet and the baseline ac-
tivity (Exn4: F1,106 = 6.05, p = 0.016, n = 122; Oxm: F1,122 = 6.31, p =
0.013, n = 130; Fig. 2B-C, 2F-G), indicating that the link between cells’ 
spontaneous and evoked activity becomes disrupted under HFD. In the 
case of GLP2, only an effect of baseline firing rate was significant (F1,107 
= 10.69, p = 0.0015, n = 115), with no changes between the dietary 
groups (F1,107 = 0.0052, p = 0.94, n = 115; Fig. 2J-K). 

These results provide an insight into HFD-mediated changes in DMH 
neurons’ sensitivity to Exn4 and Oxm, and negate HFD influence on the 
responsiveness to GLP2. 

3.3. Exn4/Oxm/GLP2 impact on the synaptic network in the DMH 

Lack of a specific spatial distribution in the responsiveness to the 
PPG-derived peptides contrasting a clear separation in the receptor 
expression led us to hypothesise that observed effects may attribute to a 
mix of postsynaptic and network-driven actions of PPGs. In order to 
confirm such phenomenon, we performed a patch-clamp study in 
voltage clamp mode, and analysed changes in the frequency of the post- 
synaptic currents (PSC) due to the drug application between our diet/LD 
groups. Thanks to the post-recording immunostaining, we were able to 
pinpoint the exact location on the recorded cell (DMH division: dDMH, 
cDMH or vDMH; Fig. 3A) and add it to the model as a covariate, however 
in no case was it statistically significant (Exn4: F2,43 = 2.78, p = 0.073, n 
= 57; Oxm: F2,43 = 1.45, p = 0.25, n = 49; GLP2: F2,36 = 0.33, p = 0.72, 
n = 43). 

Various responses were spotted after Exn4/Oxm/GLP2 bath appli-
cation, including both an increase (Fig, 3B) and a decrease in PSC fre-
quency, as well as no effect. The response to GLP2 was shown to depend 
only on the time of day (F1,26 = 10.14, p = 0.0038, n = 43) with higher 
values during daytime regardless of the diet fed (F1,26 = 0.33, p = 0.57, 
n = 43), whereas the responsiveness to Exn4 was also influenced by the 
diet (diet × LD: F1,22 = 5.01, p = 0.036, n = 57). HFD group presented a 
higher response amplitude than the CD during the day (t24 = 2.08, p =
0.048), which caused a strong day/night difference in this group (t27 =

3.73, p = 0.0009). Contrary to the results obtained with the MEA, the 
PSC frequency response to Oxm did not follow the pattern observed for 
Exn4, as no changes were spotted between any of the groups (LD: F1,25 =

0.96, p = 0.34, diet: F1,25 = 3.76, p = 0.064, LD × diet: F1,25 = 0.59, p =
0.45, n = 49; Fig. 3C). 

These data confirm the synaptic mediation of Exn4 and GLP2 effects, 
which could be happening either directly by activating presynaptic re-
ceptors or via postsynaptic response. Either way, the cue of the PPG- 
derived peptides, despite locally distributed receptors, appears to get 
spread out throughout the entire structure due to the synaptic network. 
On top of that, our results suggest that this process varies between day 
and night for both Exn4 and GLP2, and changes under HFD for Exn4, but 

Fig. 1. Localisation of Glp1r and Glp2r mRNA in the DMH 
A. Representative microphotograph of a brain slice acquired from a HFD-fed 
rat, tagged with probes for glucagon-like peptide 1 receptor (Glp1r) and 
glucagon-like peptide 2 receptor (Glp2r), together with DAPI staining, indi-
cating the location of the compact part of the DMH (c) as the region of densely 
packed cells. Each of the DMH subdivisions was additionally zoomed-in, in 
order to better visualise the specific distribution of both signals, with Glp1r 
being restricted to the ventral (v) and dorsal (d) parts of the structure, and Glp2r 
mostly present in the cDMH. 3 V – third ventricle, VMH – Ventromedial Hy-
pothalamus. 
B. Graphs presenting the results from the analysis of the density of Glp1r-pos-
itive cells (diet: F1,4 = 0.009, p = 0.93; DMH div.: F2,26 = 80.06, p < 0.0001; 
diet × DMH div.: F2,26 = 0.79, p = 0.46, n = 36). 
C. Graphs presenting the results from the analysis of the density of Glp1r (diet: 
F1,4 = 0.1, p = 0.76; DMH div.: F2,22 = 21.98, p < 0.0001; diet × DMH div.: 
F2,22 = 0.0061, p = 0.99, n = 39) and Glp2r mRNA (diet: F1,4 = 0.015, p = 0.91; 
DMH div.: F2,22 = 30.41, p < 0.0001; diet × DMH div.: F2,22 = 2.93, p = 0.074, 
n = 39). ***p < 0.001, ****p < 0.0001. Box-and-whisker plots present the 
median value, the interquartile range (IQR; box) and the minimum-to- 
maximum range of values, not exceeding 1.5 * IQR (whiskers). Data points 
outside this range are plotted individually. 
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Fig. 2. Exn4/Oxm/GLP2 impact on the 
DMH neuronal firing 
A, E, I. Spatial distribution of the cells 
sensitive to Exn4 (A)/Oxm (E)/GLP2 (I) 
together with colour-coded amplitude of 
the response to the tested peptides. Grey 
colour indicates non-responsive neurons. 
DMH subdivisions are indicated as: c – 
compact, d – dorsal, v – ventral. 
B - C, F - G, J - K. Correlation of the 
amplitude of the excitatory response to 
Exn4 (B)/Oxm (F)/GLP2 (J) and the 
baseline activity for each of the diet/LD 
groups. Analysis of the regression slopes 
revealed differences between the diets for 
Exn4 (F1,106 = 6.05, p = 0.016, n = 122; 
C) and Oxm (F1,122 = 6.31, p = 0.013, n =
130; G), but not for GLP2 (F1,107 = 0.11, p 
= 0.74, n = 115; K). Slope values pre-
sented as estimate ±95 % CI. 
D, H, L. Pie charts representing pro-
portions of cells sensitive to Exn4 (D)/ 
Oxm (H)/GLP2 (L), as well as responding 
with increase and decrease in firing rate 
(FR). Higher number of neurons was sen-
sitive to Exn4 in the HFD group compared 
to CD (χ2

1 = 7.68, p = 0.0056, n = 316). 
For each peptide, the percentage of cells 
responding with a decrease in FR was 
higher at night than during the day (Exn4: 
χ2

1 = 5.08, p = 0.024, n = 167, Oxm: χ2
1 =

4.33, p = 0.037, n = 163, GLP2: χ2
1 = 4.69, 

p = 0.03). Black asterisks indicate differ-
ences in the total number of responsive 
cells, whereas red ones present the results 
of the analysis comparing cells responding 
in different ways within the sensitive 
population. CD – control diet, Exn4 – 
exendin-4, GLP2 – glucagon-like peptide 
2, HFD – high-fat diet, Oxm – oxy-
ntomodulin. *p < 0.05, **p < 0.01.   
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not Oxm, also signalising differences between the mechanisms under-
lying the action of these two peptides. 

3.4. Density and distribution of GLP1-immunoreactive fibres and cFos- 
positive cells in the DMH under different metabolic states 

Potential changes in PPG signalling could be occurring on two 
distinct levels: sensitivity of the DMH neurons to these peptides, and/or 
the amount of the peptides released. Therefore, after observing differ-
ences in the responsiveness of the DMH cells between the diets, we 
decided to investigate the density of GLP1-positive neuronal fibres, as a 
representative of the amount of the co-released peptides present in the 
structure. Keeping in mind, that PPG-derived peptides are involved in 
satiety signalling, and their production as well as release might depend 
on the animals’ metabolic states, we performed the immunofluorescence 
staining under three different conditions for each dietary group. The first 
group was an ad libitum-fed control, the second was food-deprived for 
48 h (hunger state), and the third one was also food-deprived for 48 h, 
but then refed for 2 h (satiety state). 

In order to confirm a lack of difference in body weight after 4 weeks 
on a diet the animals were weighed once a week, starting at week 0 (the 
onset of the experiment). As previously (Chrobok et al., 2022; Sanetra 
et al., 2022b), we observed time-related increase in the weight of the rats 
(F4,34 = 1636.53, p < 0.0001, n = 36) and an interaction between the 
diet and the week (F4,34 = 8.34, p < 0.0001, n = 36), but no significant 
effect of HFD feeding at any time point (F1,34 = 0.022, p = 0.88, n = 36; 
week 4: t34 = − 0.73, p = 0.47; Fig. 4B). The adequacy of the experi-
mental protocol was verified by analysing stomach mass after cull. Food- 
deprived group (FD) had significantly lighter stomachs than either the 
ad libitum (AL, F2,30 = 255.83, p < 0.0001, n = 36, t30 = − 7.68, p <
0.0001), or refed groups (t30 = − 22.27, p < 0.0001), and the latter one 

was also heavier than the control group (t30 = 14.59, p < 0.0001). On 
top of that, stomachs obtained from HFD-fed animals were lighter than 
the CD group (F1,30 = 6.45, p = 0.017, n = 36; Fig. 4C), also in line with 
our previous reports of decreased food intake (total food mass) in these 
rats (Chrobok et al., 2022, Sanetra et al., 2022b). 

As documented by Renner et al. (2012), vast majority of the GLP1- 
positive fibres occupied the ventral subdivision of the DMH, with 
some present in the dorsal part, and very little in pars compacta (F2,112 =

129.23, p < 0.0001, n = 186). However, an interaction with the diet was 
also noted (F2,112 = 3.46, p = 0.035, n = 186), suggesting different 
susceptibility of the three substructures to HFD. Furthermore, a signif-
icant interaction between diet and treatment (metabolic state) indicated 
changes in the dependence of the GLP1-immunoreactivity on the satiety 
state between the dietary groups (F2,28 = 3.74, p = 0.036, n = 186). 
Indeed, the GLP1 fibre density was greater after the refeed than during 
food deprivation in both dDMH (t72 = 2.84, p = 0.016) and vDMH (t72 =

2.95, p = 0.012) and also during ad libitum feeding in vDMH (t66 = 2.83, 
p = 0.017), but only for CD-fed rats. HFD completely abolished the 
observed phenomenon. In dDMH this happened due to an increased 
GLP1-immunoreactivity during food deprivation (t72 = 2.62, p = 0.011), 
whereas in the vDMH, fibre density during the refeed appeared near-to- 
significantly lower than for the control diet (t62 = − 1.94, p = 0.057; 
Fig. 4A, D). All back-transformed mean + 95 % CI values for each group 
can be found in Table S4. 

DMH has been shown to respond to satiety with an intense cFos 
expression, predominantly in cells located in close proximity to the 
GLP1-immunoreactive fibres (Renner et al., 2012; Huang et al., 2022). 
The study by Renner et al. (2012) also showed that this cFos expression 
is partially mediated by the GLP1-positive NTS neurons sending pro-
jections to the DMH. Therefore, we also analysed the density of cFos- 
positive cells in the same conditions as done for GLP1 

Fig. 3. Exn4/Oxm/GLP2 impact on the synaptic network in the DMH 
A. Representative microphotographs presenting a post-recording immunostained brain slice. The recorded neuron is visible due to biocytin presence inside the 
intrapipette solution. DAPI, and well as neuropeptide Y (NPY) were used to outline the different subdivisions of the DMH: the compact (c) part, recognised as densely 
packed cells with little NPY immunoreactivity, separating the structure into dorsal (d) and ventral (v) parts. 3 V – third ventricle, VMH – Ventromedial Hypo-
thalamus. 
B. Representative recording showing a transient increase in post-synaptic currents (PSC) after exendin-4 (Exn4) application. 
C. Comparison of the PSC frequency (freq.) between dietary (control – CD vs high-fat diet – HFD) and LD (day/night) groups for each of the investigated peptides: 
Exn4 (diet: F1,21 = 0.76, p = 0.39; LD: F1,22 = 9.79, p = 0.0048, DMH div.: F2,43 = 2.78, p = 0.073; diet × LD: F1,22 = 5.01, p = 0.036, n = 57; day: t24 = 2.08, p =
0.048, HFD: t27 = 3.73, p = 0.0009), Oxm (LD: F1,25 = 0.96, p = 0.34, diet: F1,25 = 3.76, p = 0.064, DMH div.: F2,43 = 1.45, p = 0.25, LD × diet: F1,25 = 0.59, p = 0.45, 
n = 49) and GLP2 (LD: F1,26 = 10.14, p = 0.0038, diet: F1,26 = 0.33, p = 0.57, DMH div.: F2,36 = 0.33, p = 0.72, LD × diet: F1,26 = 0.73, p = 0.4, n = 43). *p < 0.05, 
**p < 0.01, ***p < 0.001. Box-and-whisker plots present the median value, the interquartile range (IQR; box) and the minimum-to-maximum range of values, not 
exceeding 1.5 * IQR (whiskers). Data points are colour coded to visualise the lack of differences between DMH subdivisions. 
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immunoreactivity, to see whether HFD-related changes in GLP density 
translate onto cellular activity of the DMH neurons. 

Similarly to the results from the analysis of the GLP1- 
immunoreactivity, the density of cFos positive cells in the vDMH was 
also higher after the refeed comparing to either FD or AL groups (F2,29 =

13.86, p < 0.0001, n = 204; CD FD vs refeed: t46 = − 4.07, p = 0.0005; AL 
vs refeed: t50 = − 3.23, p = 0.0062), however in the case of cFos this 
effect was also present for the HFD-fed rats (FD vs refeed: t46 = − 4.95, p 
< 0.0001; AL vs refeed: t48 = − 3.4, p = 0.0039). Interestingly, a dif-
ference between the diets was observed in the density of cFos-positive 
cells after refeeding in the cDMH (t41 = − 2.87, p = 0.0064), with 
higher numbers under HFD, which caused cFos density to vary between 

FD and refeed conditions also in this part of the structure (t46 = − 4.8, p 
= 0.0001; Fig. 5). Same as for GLP1 immunoreactivity, generally the 
highest density of cFos-positive cells was observed in the vDMH, and the 
lowest in the cDMH (F2,124 = 154.85, p < 0.0001, n = 204), which was 
most apparent for the refed groups (Fig. 5A). 

These results show that although HFD disrupts GLP1 satiety signal-
ling in relation to the amount of peptide present in the structure, the 
cellular response to a refeed condition in the form of cFos expression 
remains mostly unchanged, possibly due to the abundance of other 
signalling molecules, or various compensatory mechanisms. 

Fig. 4. GLP1-immunoreactive fibre density in the DMH under different metabolic states 
A. Representative microphotographs visualising GLP1-positive fibres in different parts of the DMH. The highest density was observed in the ventral part of the 
structure (v), followed by the dorsal part (d) and the lowest in the compact part (c; F2,112 = 129.23, p < 0.0001, n = 186). 
B. Comparison of body mass for control (CD) and high-fat diet (HFD)-fed rats across the 4 weeks of the experiment (week: F4,34 = 1636.53, p < 0.0001; diet: F1,34 =

0.022, p = 0.88; week × diet: F4,34 = 8.34, p < 0.0001, n = 36). 
C. Comparison of the stomach weight at the end of the experimental procedure (treatment: F2,30 = 255.83, p < 0.0001; diet: F1,30 = 6.45, p = 0.017; treatment × diet: 
F2,30 = 0.084, p = 0.92, n = 36). 
D. Comparison of the GLP1 immunoreactivity between dietary/treatment groups for each of the DMH subdivisions (diet: F1,28 = 0.4, p = 0.53; treatment: F2,28 =

3.17, p = 0.058; DMH div.: F2,112 = 129.23, p < 0.0001; diet × treatment: F2,28 = 3.74, p = 0.036; diet × DMH div.: F2,112 = 3.46, p = 0.035; treatment × DMH div.: 
F4,112 = 1.41 p = 0.24; diet × treatment × DMH: F4,112 = 0.83, p = 0.51; n = 186). BC—Box–Cox transformed values (λ = 0.1414), AL – ad libitum, FD – food 
deprivation, *p < 0.05, ****p < 0.0001. Box-and-whisker plots present the median value, the interquartile range (IQR; box) and the minimum-to-maximum range of 
values, not exceeding 1.5 * IQR (whiskers). Data points outside this range are plotted individually. 
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3.5. Density and distribution of GLP1-immunoreactive fibres and cFos- 
positive cells in the DMH under restricted feeding (RF) 

The DMH is well known for its susceptibility to time-restricted 
feeding, influencing clock gene expression (Mieda et al., 2006; Verwey 
et al., 2007, 2008, 2009; Minana-Solis et al., 2009), cFos immunoreac-
tivity (Gooley et al., 2006; Verwey et al., 2007) and electrical activity 
(Sanetra et al., 2022b) within the structure. Thus, we repeated our 
immunofluorescent staining on animals which had been fed in a 
restricted manner. For this we used 37 rats (18 fed CD and 19 fed HFD), 
which were initially fed ad libitum (first 2 weeks), and then for the next 
2 weeks were allowed unlimited access to food but only between 
ZT14–20. At the end of the protocol animals were perfused either half an 
hour before (time point − 0.5 h), 1.5 h or 3.5 h after the onset of the 
scheduled meal. 

Consistently with the FD protocol the rats were weighed every week 
(for the duration of the RF protocol – weeks 2–4), and again despite a 
significant interaction between diet and week (F2,28 = 4.13, p = 0.027, n 
= 37; Fig. 6A) the HFD-fed group did not become heavier than the 
control during the experiment (week 4: t35 = 0.9, p = 0.37). Here, we 

also weighed the food provided, and left after the meal in order to 
calculate the amount eaten during the 6 h window. Similarly to the data 
presented before (Chrobok et al., 2022; Sanetra et al., 2022b), HFD-fed 
animals were shown to eat fewer grams (F1,35 = 104.8, p < 0.0001, n =
37), but more calories per kilogram of body mass (F1,35 = 56.64, p <
0.0001, n = 37), however in the second case, this effect was only tem-
porary, and disappeared completely by the end of the 4th week (t35 =

1.3, p = 0.2; Fig. 6A). Surprisingly, and unlike previously, the stomachs 
of HFD-fed animals were not lighter than the control group (F1,31 =

0.035, p = 0.85, n = 37), only differences between conditions (time 
before/after the meal onset) were spotted (F2,31 = 139.24, p < 0.0001, n 
= 37; Fig. 6A). 

Also contrary to the FD protocol, the density of GLP1-positive 
neuronal fibres remained unaltered by the anticipated metabolic state 
(F2,25 = 0.054, p = 0.95, n = 234), neither did it depend on the diet 
(F1,25 = 0.42, p = 0.52, n = 234). The only significant factor here was the 
DMH division (F2,144 = 146.05, p < 0.0001, n = 234), which unsur-
prisingly showed the same pattern as in the previous experiment – 
majority of the GLP1 fibres located in the vDMH, and the lowest density 
in the cDMH (Fig. 6B-C). 

The same spatial distribution was observed for the density of cFos- 
positive cells (F2,170 = 104.37, p < 0.0001, n = 273). On the other 
hand, cFos-immunoreactivity, unlike the GLP1 density, varied depend-
ing on the perfusion time in relation to meal onset (F2,28 = 21.7, p <
0.0001, n = 273). Although the effect of the diet was not significant 
(F1,28 = 0.067, p = 0.8, n = 273), we observed an interaction between 
diet and DMH division (F2,170 = 5.78, p = 0.0037, n = 273), as well as 
between the DMH division and the time of cull (F4,170 = 3.96, p =
0.0042, n = 273; Fig. 6D-E). For each structure and both diets the lowest 
density of cFos-positive cells was recorded before the scheduled meal, 
comparing to both time points after the onset of the meal. The only 
difference between the diets regarded the density of cFos- 
immunoreactive cells 1.5 h after meal onset in the vDMH, being lower 
under HFD (t33 = − 2.15, p = 0.039; Fig. 6D-E). All cFos-immunoreactive 
cells colocalised with DAPI (Fig. 6F). 

The results presented in this section indicate differences in both 
GLP1 and cFos immunoreactivity in response to hunger and satiety 
depending on their predictability. Moreover, the susceptibility to HFD 
also appears to change when these metabolic states had been 
anticipated. 

4. Discussion 

The presented study investigated PPG signalling in the DMH, 
together with its HFD-induced alterations, on multiple levels from the 
distribution of the receptors, through the peptide amount in different 
conditions, up to the neuronal sensitivity. 

4.1. GLP1 and GLP2 receptor and GLP1 fibre spatial distribution 

First, in situ hybridisation was used to confirm a very specific spatial 
pattern of the Glp1r and Glp2r mRNA for both diets. As observed by 
others (Merchenthaler et al., 1999; Tang-Christensen et al., 2000, 2001; 
Cork et al., 2015; Lee et al., 2018; Maejima et al., 2021), both receptors 
were found by us to be expressed within the DMH, with GLP2R present 
almost exclusively within the cDMH (Tang-Christensen et al., 2000, 
2001), and GLP1R mostly outside of it (Renner et al., 2012), although in 
the second case there are inconsistencies between studies, with some 
showing a more even coverage of the Glp1r-expressing cells across the 
structure (Cork et al., 2015; Maejima et al., 2021). Differences could 
stem from species-specificity (mouse vs. rat), or probe sensitivity, failing 
to detect the signal in some cells. Even though the signal acquired 
appeared very intense and dense in the neurons where it was spotted, 
there is a possibility of much lower expression in other cells, resulting in 
a barely detectable signal, which would not have been counted as a 
Glp1r-expressing cell. For this reason, as well as to investigate the level 

Fig. 5. Density and distribution of cFos-positive cells in the DMH under different 
metabolic states 
A. Representative microphotographs presenting brain slices acquired from each 
dietary (CD – control diet, HFD – high-fat diet) and treatment group (AL – ad 
libitum, FD – food deprivation, and refeed). 3 V – third ventricle, VMH – 
Ventromedial Hypothalamus. 
B. Graphs presenting the results from the analysis performed for each DMH 
subdivision separately (c – compact, d – dorsal, v – ventral; diet: F1,29 = 2.87, p 
= 0.1; treatment: F2,29 = 13.86, p < 0.0001; DMH div.: F2,124 = 154.85, p <
0.0001; diet × treatment: F2,29 = 0.66, p = 0.53; diet × DMH div.: F2,124 = 0.21, 
p = 0.81; treatment × DMH div.: F4,124 = 7.98, p < 0.0001; diet × treatment ×
DMH: F4,124 = 2.88, p = 0.026; n = 204). BC—Box–Cox transformed values (λ 
= 0.1010). **p < 0.01, ***p < 0.001, ****p < 0.0001. Box-and-whisker plots 
present the median value, the interquartile range (IQR; box) and the minimum- 
to-maximum range of values, not exceeding 1.5 * IQR (whiskers). Data points 
outside this range are plotted individually. 
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of expression, we analysed the mRNA density independently, where 
every fluorescent signal was included. In both cases, Glp1r showed very 
little expression in the cDMH. Surprisingly, even though the density of 
Glp1r-positive cells was higher in the dDMH than vDMH, signal density 
was equal between them, indicating higher Glp1r expression in fewer 
vDMH cells. Most importantly, we observed neither the general pattern, 
nor the level of expression of either receptor to change under HFD, 
despite literature presenting enhanced Glp1r expression in DIO (Zhang 

et al., 2020). The fact that this gene is overexpressed in obesity, but not 
during its development could indicate that it is a result of the increased 
body mass, possibly as some form of a compensatory mechanism. 

As for the distribution of the GLP1-positive neuronal fibres, our re-
sults are in line with others (Renner et al., 2012), showing the highest 
density within the vDMH, followed by the dDMH, with an observable 
gap in between. GLP1, GLP2 and Oxm are all products of one pro-
hormone and are released from the same, PPG-expressing neurons 

Fig. 6. Density and distribution of GLP1-immunoreactive fibres and cFos-positive cells in the DMH under restricted feeding (RF) 
A. Graphs presenting body weight (week: F2,28 = 1485.61, p < 0.0001; diet: F1,35 = 0.098, p = 0.76; week × diet: F2,28 = 4.13, p = 0.027, n = 37), total meal size in 
grams (week: F2,35 = 30.96, p < 0.0001; diet: F1,35 = 104.8, p < 0.0001; week × diet: F2,35 = 11.64, p = 0.00013, n = 37) and in kcal/kg body weight (week: F2,35 =

68.35, p < 0.0001; diet: F1,35 = 56.64, p < 0.0001; week × diet: F2,35 = 9.71, p = 0.00044, n = 37) throughout the 4 weeks of control (CD)- or high-fat diet (HFD)- 
feeding, as well as stomach weight at the end of the experiment (time: F2,31 = 139.24, p < 0.0001; diet: F1,31 = 0.035, p = 0.85; time × diet: F2,31 = 2.31, p = 0.12, n 
= 37). 
B. Representative microphotographs presenting spatial distribution of GLP1-immunoreactive fibres in relation to the different subdivisions of the DMH (c – compact, 
d – dorsal, v – ventral). 3 V – third ventricle, VMH – Ventromedial Hypothalamus. 
C. Graphs presenting the results from the analysis of GLP1-positive fibres, performed for each DMH subdivision separately (diet: F1,25 = 0.42, p = 0.52; time: F2,25 =

0.054, p = 0.95; DMH div.: F2,144 = 146.05, p < 0.0001; diet × time: F2,25 = 0.71, p = 0.5; diet × DMH div.: F2,144 = 0.76, p = 0.47; time × DMH div.: F4,144 = 0.96, p 
= 0.43; diet × time × DMH: F4,144 = 0.55, p = 0.7; n = 234). BC—Box–Cox transformed values (λ = 0.0202). 
D. Representative microphotographs presenting the density of cFos-positive cells depending on the time of meal onset and diet. 
E. Graphs presenting the results from the analysis of the density of cFos-positive cells, performed for each DMH subdivision separately (diet: F1,28 = 0.067, p = 0.8; 
time: F2,28 = 21.7, p < 0.0001; DMH div.: F2,170 = 104.37, p < 0.0001; diet × time: F2,28 = 1.2, p = 0.32; diet × DMH div.: F2,170 = 5.78, p = 0.0037; time × DMH 
div.: F4,170 = 3.96, p = 0.0042; diet × time × DMH: F4,170 = 2.16, p = 0.075; n = 273). BC—Box–Cox transformed values (λ = 0.3030). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. Box-and-whisker plots present the median value, the interquartile range (IQR; box) and the minimum-to-maximum range of values, not 
exceeding 1.5 * IQR (whiskers). Data points outside this range are plotted individually. 
F. Representative microphotographs presenting colocalization of cFos and DAPI. 
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(Vrang et al., 2007), therefore the spatial pattern of GLP1 fibres 
observed by us will presumably also reflect that of the other PPG 
products. Indeed, the GLP2-positive fibres have also been observed 
mostly in the vDMH (Tang-Christensen et al., 2000). 

The rationale for a separation of the DMH into the three outlined 
subdivisions is based on both molecular and functional characteristics. 
The cDMH has been postulated as a site for the local circadian oscillator, 
as the clock gene expression rhythm is the strongest within this part of 
the structure (Guilding et al., 2009). The vDMH seems to be the most 
involved with feeding-related cues (Poulin and Timofeeva, 2008; Kobelt 
et al., 2008; Renner et al., 2012) and transmitting the information to the 
master circadian clock in the Suprachiasmatic Nucleus (SCN, Acosta- 
Galvan et al., 2011). Last, the dDMH sends projections to the sympa-
thetic premotor neurons in the rostral medullary raphe (Zhang et al., 
2011; Kataoka et al., 2014), serving as a regulator of the thermogenesis 
and other autonomic nervous system functions (for a review see DiMicco 
and Zaretsky, 2007). 

Indeed it was the vDMH which responded to feeding with the highest 
cFos expression, with the other two only doing so under restricted 
feeding. Feeding scheduled to regular, few-hour-long meals at the same 
time every day has been shown to alter DMH physiology increasing its 
circadian oscillatory properties, and switching phase depending on the 
meal time, so as to enable its anticipation (Mieda et al., 2006; Gooley 
et al., 2006; Verwey et al., 2007, 2008, 2009; Minana-Solis et al., 2009; 
Sanetra et al., 2022b). Our data indicate that this entrainment engages 
all three DMH subdivisions, as opposed to the vDMH simply responding 
to the post-meal satiety. 

4.2. Exn4/Oxm/GLP2 influence on the DMH electrophysiology 

Contrary to the receptor expression or fibre immunoreactivity, cells 
sensitive to the PPG-derived peptides were not restrained to any specific 
part of the structure. Moreover, despite a spatial separation in Glp1r and 
Glp2r expression, we spotted cells responsive to both Exn4 and GLP2, 
Oxm and GLP2, and even all three peptides. As far as the responsiveness 
to both Exn4 and Oxm did not surprise us, since both of these peptides 
bind GLP1R, either of them activating the same cell as GLP2 was un-
foreseen. Alternatively, the information delivered by these satiety sig-
nals is probably received by distinct neuronal subpopulations, but then 
spread across the entire structure via the synaptic network. 

Regarding the peptides binding GLP1R, many of the recorded cells 
were indeed activated by both, but not all of them. Exn4 and Oxm have 
previously been shown to activate different hypothalamic structures 
(Chaudhri et al., 2006; Parkinson et al., 2009), suggesting a functional 
separation between them. Many of the neurons recorded in this study 
responded to Exn4 but not Oxm, possibly due to a higher affinity of Exn4 
to the GLP1R (Baggio et al., 2004; Jorgensen et al., 2007). On the other 
hand, some neurons responded only to Oxm, which could also be 
explained as Oxm binds glucagon receptors (GCGR; Baldissera et al., 
1988) in addition to GLP1R; however, GCGR expression in the DMH is 
questionable. Historically, many have failed to detect its presence in the 
entire brain completely, or found it to be generally low (Svoboda et al., 
1994; Hansen et al., 1995), especially in the hypothalamus (Hoosein and 
Gurd, 1984). Others have spotted GCGR, with the highest density in the 
brainstem, only followed by the hypothalamus (Campos et al., 1994), 
but even within the hypothalamus the highest levels seem to occupy the 
Arcuate Nucleus and the Ventromedial Hypothalamus rather than the 
DMH (Quinones et al., 2015). This issue, however, remains to be 
clarified. 

Acting through different receptors would also explain why some 
neurons responded differently to both peptides (i.e. an increase in the 
firing rate to one of them and a decrease to the other), however it is not 
the only explanation. Apart from the already mentioned possibility of a 
presynaptic influence, distinct intracellular pathways might be stimu-
lated in the presence of different preferential allosteric ligands (Koole 
et al., 2010). The GLP1R is a complex protein with an ability to bind 

various G proteins (Montrose-Rafizadeh et al., 1999), although the 
predominant mechanism involves the stimulation of adenyl cyclase by 
the Gα protein, which then induces phospholipase C activity via Epac2, 
leading to an increase in the intracellular Ca2+ concentration (Wheeler 
et al., 1993; Dzhura et al., 2010). Such pathway is extremely interesting 
to consider for the DMH, as our previous data indicate a presence of 
high-voltage activated (HVA) calcium channels, responsible for cells 
experiencing depolarised low-amplitude membrane oscillations (DLA-
MOs) under strong depolarisation (Sanetra et al., 2022a) in this struc-
ture. The involvement of calcium channels activating at strong 
depolarisation seems a plausible mechanism also for the dependence of 
the response amplitude on baseline firing rate, indicative of the strength 
of depolarisation. Since this relationship completely disappears under 
HFD for both Exn4 and Oxm, it might be in fact these channels, rather 
than the receptors themselves, that become altered by the diet. On the 
other hand, L-type HVA calcium channels, participating in DLAMO 
generation in the SCN (Pennartz et al., 2002; Belle et al., 2009), have 
also been linked to the actions of GLP2R (Wang and Guan, 2010), which 
appeared unaffected by the diet. Additionally, a new study by Huang 
et al. (2022) suggests a different mechanism of the GLP1 action in the 
DMH, via a decrease in the delayed rectifier potassium current, causing 
cell depolarisation. However, in this patch clamp study no change in the 
firing rate was observed after Exn4 application, which is in contradiction 
to our results. We believe inconsistencies might stem from a different 
recording method (extracellular vs intracellular recording), and propose 
both mechanisms as plausible to mediate GLP1 effect on the DMH 
neurons. Interestingly, during our patch clamp recordings we failed to 
observe a postsynaptic effect on the neurons, which might be another 
argument for the necessity of a specific membrane potential for the 
signal transduction through voltage-gated channels. 

A switch from regular, sodium-dependent spiking into slower DLA-
MOs could also provide another explanation as to why some cells low-
ered their firing rate in response to the PPG-derived peptides. The fact 
that we observed a higher number of such neurons at night than during 
the day for all three peptides suggests a common underlying process. 
Whereas one option is of course the variation in the intensity of the 
GABAergic transmission, another could be related to the depolarisation 
above the threshold for DLAMOs or complete spiking blockage. 

As suggested by the higher-than-expected number and a lack of 
spatial distribution of the cells responsive to Exn4/Oxm/GLP2, as well as 
verified with our patch clamp study, the DMH synaptic network is 
involved in signal transmission. For the GLP2 this was shown to differ 
between day and night, with a stronger decrease in the PSC frequency 
during the dark phase, which could also underlie the decrease in post-
synaptic cells’ firing rate more commonly observed at night. Same as for 
the MEA experiment, no effect of the diet was observed. 

Also in line with the MEA results, the synaptic response to Exn4 was 
changed under HFD, in a form of an increased frequency of PSC during 
the day. Interestingly, we have previously observed an increased spon-
taneous firing rate during the light phase in the DMH (Sanetra et al., 
2022b), which could be related to a malfunctioning of GLP1 signalling. 
On the other hand, the PSC response to Oxm application did not differ 
between either day/night or the diets, which once again indicates a 
distinct mechanism of action for the two GLP1R agonists. 

It is important to note, that the investigation of the PSC frequency 
changes was performed in the absence of any specific synaptic blockers, 
or tetrodotoxin. The main rationale for these experiments was to 
confirm, that despite a moderate number of cells expressing the re-
ceptors for the PGDP, the ones which do, distribute this information 
throughout the structure resulting in an activation of about 40–50 % of 
the recorded cells. However, the investigation of the PGDP effect on the 
synaptic network functions, such as neurotransmitter release from the 
presynaptic terminal, would need to be addressed under pharmacolog-
ical isolation. Further studies including a distinction of the type of cur-
rent analysed (excitatory/inhibitory, type of ionic conductance), are 
needed to provide more in depth explanation on the nature of 
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phenomena observed. 

4.3. GLP1 and cFos immunoreactivity under different metabolic states 

The PPG family of peptides is responsible for satiety signalling; 
therefore, it could be assumed that their production as well as release is 
regulated by the animals’ metabolic state. To explore that area, we 
studied the amount of GLP1 in the DMH by analysing GLP1- 
immunoreactive fibre density, under both hunger (48 h-long food 
deprivation) and satiety (2 h-long refeed). Since the DMH is well known 
for its entrainment to feeding schedules (Mieda et al., 2006; Gooley 
et al., 2006; Verwey et al., 2007, 2008, 2009; Minana-Solis et al., 2009; 
Sanetra et al., 2022b), we also applied a RF protocol (6 h long meal every 
night), which mimicked anticipated hunger/satiety. In order to monitor 
DMH cellular response to the same conditions, we also immunostained 
the cFos protein, as a marker of neuronal activity. 

A 6 h-long mealtime was chosen as middle-length, when compared to 
others. While some researchers shorten it to 2 or 4 h (Gooley et al., 2006; 
Mieda et al., 2006; Verwey et al., 2007, 2008; Minana-Solis et al., 2009; 
Acosta-Rodríguez et al., 2022), far longer time windows are also com-
mon, even up to 8, 12 or 15 h (Hatori et al., 2012; Chaix et al., 2014; 
Vieira et al., 2022). In this case, we wanted to ensure the time restriction 
is strong enough to cause DMH anticipatory rhythms, while keeping the 
mealtime long enough to prevent caloric restriction, which could be an 
additional factor influencing the outcome of the study. Moreover, since 
the DMH had been observed to express day/night changes in cFos 
immunoreactivity (Gooley et al., 2006; Sanetra et al., 2022a), the meal 
onset was chosen as ZT14, so that the time point before the scheduled 
meal is also sampled during nighttime. 

Throughout the CD/HFD feeding part of the experiment, the rats 
were weighed once a week. It was crucial to confirm that the HFD-fed 
group does not become significantly heavier than the controls at any 
point, since we were interested in studying potential mechanisms 
responsible for the development of obesity, rather than its consequences. 
Similarly to our previous reports (Chrobok et al., 2022; Sanetra et al., 
2022b), an interaction between diet and week on a diet was observed, 
suggesting that the growth speed of the dietary groups differs, however 
up until the end of week 4, HFD-fed animals had not become heavier. 

The fact that continuous body weight increase was present for both 
dietary groups throughout the experiment was related to the age of the 
animals at the start of it. Assigning the rats into CD- of HFD-fed groups, 
and the onset of specialist diet-feeding began at weaning, typically done 
at 4 weeks of age. Therefore, the rats at the time are still rapidly 
growing, which is well visible in the graphs presenting body mass 
changes from both FD and RF protocols. Our approach, aimed at 
modelling adolescent high-fat diet intake, does raise a question of how 
much the observed alterations, both behavioural and cellular, reflect 
also adult-onset obesity. 

Also in line with previous reports, HFD-fed rats were shown to eat 
fewer grams of food, but more calories, due to the higher caloric value of 
the high-fat chow. Surprisingly though, the difference in the number of 
calories ingested during the 6 h window started declining immediately 
after RF onset and by the 4th week had completely vanished. On the 
other hand, our data on the 12 h-long RF did not follow the same trend, 
with an increased caloric intake throughout the entire experiment 
(Sanetra et al., 2022b). This discrepancy indicates meal length as an 
important factor determining the amount of food eaten, and suggests 
slower kinetics of the HFD consumption, additionally backed up by a 
lower density of cFos evoked 1.5 h after meal onset in the vDMH for the 
HFD group (Fig. 6E), as well as a slight (but not significant) trend 
implying lighter HFD stomachs at the same time point, despite lack of 
such difference before the meal, or 3.5 h after its onset (Fig. 6A). 
However, it is important to point out, that the HFD-fed animals 
decreased not only the caloric intake during the 2 weeks on the RF, but 
also total chow weight, indicating that the caloric restriction was 
voluntary, and the 6 h-long mealtime was enough for them to eat more, 

had there been such a subjective need. 
Previous studies revealed that food deprivation decreases the PPG 

neurons’ activity (Maniscalco and Rinaman, 2013; Maniscalco et al., 
2015) and GLP1 efficiency at inhibiting food intake (Sandoval et al., 
2012). This was attributed to an interaction with feeding-related 
changes in the levels of circulating leptin (Williams et al., 2006). 
Consistently with these observations of a reduced GLP1 signalling in a 
fasted state, we found GLP1 fibre density to be lower under starvation 
and increase after refeeding. Interestingly, this dynamic was lost in 
animals fed HFD. In the vDMH the satiety-induced GLP1 immunofluo-
rescence failed to reach such a high level, whereas in the dDMH higher 
GLP1 density was observed during FD. This second result is particularly 
surprising, but might point to differences in the hunger-related meta-
bolic processes, regulated by this part of the structure. 

On the other hand, under RF the GLP1 fibre density remained un-
changed by the scheduled meal. The reason for it might be the lack of 
FD-caused drop due to a shorter time window without any food during 
the RF protocol in comparison with the 48 h starvation. However, the 
stomachs weighed very similarly at the end of both protocols regarding 
the hungry groups. Instead, the lack of changes might also indicate meal 
anticipation in a form of neuronal terminals storing GLP1 so as to enable 
a swift response to the scheduled feeding. 

Importantly, GLP1 fibre immunoreactivity was constant across the 
feeding cycle also for the HFD-fed rats, neither did it differ between the 
diets at any time point. Scheduled feeding has been proven beneficial for 
longevity (Acosta-Rodríguez et al., 2022), as well as metabolic health, 
even capable of preventing obesity altogether (Hatori et al., 2012; 
Sherman et al., 2012; Chaix et al., 2014; Vieira et al., 2022). Lately, we 
have also shown that 12 h-long RF can prevent the disturbance in the 
DMH circadian clock (Sanetra et al., 2022b). Results presented in this 
article provide another example of the advantageous influence of time- 
restricted feeding. 

Concluding, in this study we investigated PPG signalling in the DMH, 
confirming the presence and specific spatial distribution of GLP1- 
positive neuronal fibres, GLP1 and GLP2 receptors, as well as investi-
gated Exn4/Oxm/GLP2 influence on the DMH neurons and the synaptic 
network. Most importantly, our results provide an insight into HFD- 
mediated changes in the PPG signalling on two distinct levels: dis-
rupted feeding-related dynamics of GLP1 density in the structure, and 
altered neuronal responsiveness to the GLP1R agonists, despite a lack of 
change in the receptor expression. Presented study is an important step 
towards understanding PPG signalling in the brain, especially vital with 
the view of an already wide usage of GLP1R agonists in therapy. 
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4. Summary of the results 

In accordance with the presented study objectives, the following results were obtained: 

▪ Publication 1:  

✓ DMH substructures were shown to differ in the electrophysiological properties, 

with the cDMH displaying less negative resting membrane potential (Vm), 

higher input resistance (R), lower rheobase (Rh) and less regular action potential 

generation (higher interspike interval coefficient of variation – Cv) when 

compared to the non-compact subdivisions (dDMH and vDMH). Regularity of 

the vDMH firing was shown to change between day and night, with higher Cv 

(lower regularity) during the day than at night (Fig. 2, left side). In both vDMH 

and cDMH of the CD-fed animals the spontaneous firing rate (FR) presented a 

day/night rhythm, with higher activity during the active phase of the rats - 

nighttime. This rhythmicity was, however, disrupted under HFD, which at least 

in the cDMH appears to be caused by a decrease in the threshold for action 

potential generation during the day (Th; Fig. 2, right side). 

 

Figure 2. Graphical summary of the results presented in Publication 1. Left side 

of the graphic presents differences within the DMH, with up/down arrows 

indicating whether a particular parameter is higher or lower in relation to the 

other DMH subdivisions. The right side focuses on the day/night rhythms 

(indicated with a sun and moon symbols) and HFD-caused alterations of them 

(HFD-mediated changes presented in red). CD – control diet, cDMH – compact 

DMH, Cv – coefficient of variation of the interspike interval, dDMH – dorsal 

DMH, DMH – Dorsomedial Hypothalamus, FR – firing rate, R – input 

resistance, Rh – rheobase, vDMH – ventral DMH, Vm – membrane potential.  
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▪ Publication 2:  

✓ The body mass of the rats fed either CD or HFD diverged after 5 weeks, during 

which the HFD-fed animals consumed less amount, but more calories daily. 

✓ DMH neurons were shown to possess a day/night rhythm in the spontaneous 

firing rate and cFos protein immunoreactivity, with higher values of both during 

nighttime. However, HFD-feeding completely abolished this rhythmicity, by 

increasing both the firing frequency and cFos expression in the middle of the 

day. The around-the-clock changes in the density of the cFos-positive cells were 

at least partially independent of the amount of food ingested at the particular 

time point. 

✓ The circadian nature of the neuronal activity rhythm in the DMH was 

confirmed, time of the peak activity was detected around ZT14, but it was 

delayed by HFD-feeding by ~2 h. 

✓ The dependence of the DMH clock impairment on the animals arrhythmic 

feeding behaviour was demonstrated, as under restricted nighttime feeding, all 

HFD-evoked rhythm alterations have been prevented (Fig. 3). 

 

Figure 3. Graphical summary of the results presented in Publication 2. HFD 

causes an alteration in the animals feeding pattern, increasing food intake 

during daytime. This behavioural arrhythmicity disrupts the DMH clock. 

Restricting food intake to nighttime restores the circadian properties of the 

DMH cells. DMH – Dorsomedial Hypothalamus, HFD – high-fat diet, ZT – 

Zeitgeber time. 
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▪ Publication 3: 

✓ The Glp1r was confirmed to be expressed mostly by the non-compact DMH 

subdivisions, whereas Glp2r within the cDMH. No differences in the level of 

expression were detected between the dietary groups. 

✓ DMH neurons responsive to the PGDP were spotted across the entire structure. 

Vast majority of the sensitive cells responded with an increase in the firing rate 

to all three peptides (Exn4, Oxm and GLP2). The amplitude of the excitatory 

response was shown to depend on the spontaneous firing rate, but this 

correlation for Exn4 and Oxm disappeared under HFD. The less commonly 

observed response – a decrease in the firing rate, was more frequently observed 

at night than during the day for all 3 PGDP and both diets. 

✓ As the spatial distribution of the cells expressing the genes for the PGDP 

receptors differed from the location of the responsive cells, the influence of the 

PGDP on the synaptic transmission was studied. The effect of GLP2 on the 

frequency of the postsynaptic current (PSC) generation differed between day 

and night. On the other hand, diet-dependent changes were observed after Exn4 

application, especially during daytime, when Exn4 created a stronger effect for 

the HFD-fed group. 

✓ PGDP abundance in the DMH, measured as the density of the GLP1-

immunoreactive fibres, was shown to change depending on the animals’ 

metabolic state (being lower when hungry and higher when satiated), but only 

for the CD-fed group. On the other hand, the cellular activity in the vDMH, 

where most of these neuronal endings are located, remained unaltered by HFD. 

When 6h-long restricted feeding protocol had been applied, no dynamic 

changes in the GLP1-density was observed around the anticipated meal, 

whereas the cFos was now induced by satiety also in the other DMH 

subdivisions. 

The results from Publication 3 are graphically presented in Fig. 4. 
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Figure 4. Sprague-Dawley rats were fed either control (CD) or high-fat diet 

(HFD) for 2–4 weeks, after which preproglucagon (PPG) signalling was 

investigated in the Dorsomedial Hypothalamus. In situ hybridisation was used 

to detect glucagon-like peptide (GLP) 1 and 2 receptor (Glp1r/Glp2r) mRNA, 

shown to localise within different parts of the structure, with the same level and 

spatial distribution for both dietary groups. Electrophysiological recordings 

revealed changes in the sensitivity of the DMH neurons to exendin-4 (Exn4, a 

GLP1R agonist), with a higher number of responsive cells in the HFD-fed 

group. Moreover, the amplitude of the excitatory response to both Exn4 and 

oxyntomodulin (Oxm) correlated positively with the neurons' spontaneous firing 

rate, but only for the CD. The PPG-derived peptides were also shown to 

influence the synaptic network in the DMH. GLP2 caused opposite effects 

depending on the time of day for both diets, whereas daytime response to Exn4 

was altered by HFD. Last, immunofluorescent labelling of GLP1 indicated 

variation in its density depending on the animals' metabolic state (fasted/fed), 

but this effect was also completely abolished by HFD. The dietary differences, 

as well as metabolic-state-dependent changes, were absent for animals fed in a 

time-restricted manner (anticipated hunger/satiety).  

Graphical abstract and text acquired from the on-line version of Publication 3. 
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5. Discussion 

5.1. Body weight gain and feeding behaviour under HFD 

Due to a constantly growing obesity pandemic, extensive research is being performed to 

increase our knowledge within the subject area. Nonetheless, vast majority of the studies 

investigate fully developed obesity and its detrimental consequences, focusing on the treatment 

rather than prevention. Therefore, for the studies presented in the thesis I took a different 

approach and employed HFD-fed, but not-yet-obese animals, to explore alterations of the 

hypothalamic functioning during obesity development. Observation of such would indicate 

mechanisms partaking in the process, the knowledge of which could possibly be applied to 

avoid obesity onset. 

Thus, the starting point of the study was to examine the kinetics of the body weight gain, with 

a comparison between CD and HFD groups, and determine the time point at which they divert. 

This was shown to require at least 5 weeks of HFD-feeding, which was also confirmed by a 

lack of diet-dependent differences in the body mass during all the 4-week-lasting protocols 

(Publication 2: NF protocol, Publication 3: FD and RF protocols, as well as previous data 

published in Chrobok et al., 2022). Even though all the protocols (except the NF) revealed a 

statistically significant interaction between the diet and the time on it, indicating a faster growth 

of the HFD-fed animals, the average values did not differ between the dietary groups even at 

the last body mass measurement of the experiment (at week 4). The fact, that this interaction 

between diet and week was not observed for the NF protocol could suggest that the night-fed 

rats do not put on weight as quickly as when fed ad libitum, emphasising the importance of the 

proper day/night feeding pattern. However, for the 6h RF protocol the interaction was 

surprisingly observed once again, not confirming the phenomenon. Instead, lack of the 

statistical significance for the NF protocol could have simply been caused by a decreased 

statistical power of the test, due to a lower number of animals used (n=16). Of course, in order 

to confidently conclude, whether restricted feeding slows down obesity development, the 

experiment would have had to continue for a longer period of time, at least until the ad-libitum-

HFD-fed animals start becoming heavier than the controls. Nevertheless, the literature supports 

the hypothesis of possible obesity prevention by TRF, which has been show to substantially 

slow down the excessive weight gain of HFD-fed mice (Hatori et al., 2012, Sherman et al., 

2012, Chaix et al., 2014, Zarrinpar et al., 2014). 

Both dietary groups exhibited a body weight increase throughout the experiment, which was 

related to their age at the start of it. Assigning the rats into CD- of HFD-fed groups, and the 
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onset of specialist diet-feeding began at weaning, typically done at 4 weeks of age. Therefore, 

the rats at the time are still rapidly growing, which is well visible in each one of the graphs 

presenting body weight analyses throughout the thesis. The rationale for using such young 

animals were both technical (such as better survival of the brain tissue for the 

electrophysiological recordings in younger animals), but also reasonable from the 

epidemiological point of view, with data showing increasing obesity prevalence amongst 

children and young adults (Hawkes & Fanzo, 2017). However, this approach does raise a 

question of how much the observed alterations, both behavioural and cellular, reflect adult-

onset obesity, and whether the cause for some rhythms’ disturbance by HFD could have been 

the prevention of their proper development, rather that post-formation alteration.  

One such example could be the disrupted day/night feeding pattern, observed by our team 

previously (Chrobok et al., 2022). The CD and HFD groups were shown to eat similar amounts 

during the day up until week 3 of the experiment, after which the daytime feeding of the HFD-

fed rats became increased in comparison to the 

CD. Looking at the data more closely, is 

becomes apparent, that it is in fact the CD 

group which changes its feeding behaviour, 

steadily decreasing daytime food intake, 

whereas the HFD groups continues to eat the 

same amount of food during the day 

throughout the 4 weeks of the experiment (Fig. 

5). The relatively high percentage of daytime 

food intake at the start of the experiment might 

be related to a yet undeveloped day/night 

feeding pattern, as up until then the animals 

had been few by the mother at various times 

of the day. This hypothesis is, to a certain 

degree, supported by the literature, showing a 

wide range of time frames necessary for different rhythms’ development, e.g. sleep/wake 

rhythms and different sleep-states maturation between 2-4 postnatal weeks (Frank et al., 2017), 

whereas the rhythm in body temperature even until the postnatal day 50 (Kittrell & Satinoff, 

1986). Alternatively, such feeding behaviour could have been caused by the novelty effect of 

the chow change, which has been shown to stimulate general food intake especially in males 

in the presence of a new environment (such as the new cage; Greiner & Petrovich, 2020). 

Figure 5. Percentage of daily food intake 

consumed during the inactive daytime. 

Differences between the diets first appear at 

week 3, and continue onto the following 

week 4 with an increasing trend. Data 

reproduced from Chrobok et al., 2022 and 

presented as mean ± SD.  
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Regardless of the underlying cause, the information that the feeding pattern changes between 

the diets sometime between the 2nd and the 3rd week of the experiment was important when 

planning the TRF experiments. In both NF and RF protocols, feeding restriction was, therefore, 

applied from the 2nd week onwards, after the first 2 weeks of ad libitum feeding.  

Differences in food intake between the dietary groups were evident. The CD-fed animals 

consumed bigger amounts of chow than the HFD group in every protocol where it was 

measured (Publication 2: ad libitum and NF, Publication 3: RF), which was most probably 

caused by the higher caloric density of the HFD. On the other hand, when the amount of 

calories per body mass was calculated out of the ingested chow weight, higher calorie intake 

could generally be observed within the HFD group. Both results are in line with the literature. 

First, caloric value of the consumed food is an important factor determining the amount eaten, 

leading to lower volume of calorie-dense food ingestion (Johnson et al., 1986, Oscai et al., 

1987). At the same time though, the stomach requires a certain amount of stretch or fullness, 

which interestingly can inhibit food intake even in the absence of any nutrient content (Smith 

et al., 1962, Fuller et al., 2013). This could be why larger amount or HFD is ingested than 

would be required to meet the caloric needs. Indeed, enhanced daily intake of HFD has been 

shown to be at least partially independent of the differences in the caloric density between diets 

(Warwick & Weingarten, 1995, Lucas et al., 1998, Warwick et al., 2002), although the hedonic 

value of the highly palatable HFD, in addition to simply not having enough food volume in the 

stomach, is often postulated a cause of it (Lutter & Nestler, 2009). 

Interestingly, the two TRF protocols were observed to differently influence the caloric intake 

of HFD-fed animals. Under NF (12h-long meals) the general pattern described above persisted 

throughout the entire experiment, with HFD-fed animals eating fewer grams, but more calories 

daily, than the control group. However, when mealtime was shortened to just 6 h per night, the 

difference in the caloric intake between the dietary groups diminished, and disappeared entirely 

by the end of the 2nd week of RF. Although is it hard to pinpoint a specific reason for such a 

result without further studies, foods high in fat have been shown to delay stomach emptying 

(Valenzuela & Defilippi, 1981, Gentilcore et al., 2006, Özdemir-Kumral et al., 2021), which 

could provide an explanation for a slower, more time-spread intake of the HFD, requiring 

longer food availability to achieve the subjective daily requirements. On the other hand though, 

this decrease in the caloric input of the HFD-fed animals was only observable after two weeks 

of RF, when not only the amount of calories per body mass, but also a total ingested food 

weight was lowered in comparison with the prior 2 weeks. This shows, that the 6 h of mealtime 

is in fact enough for them to ingest more chow, was there such a demand. Nevertheless, the 
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hypothesis regarding the behavioural aspects of HFD feeding, including smaller, more frequent 

meals (Kohsaka et al., 2007, Pendergast et al., 2013, Branecky et al., 2015), could help to 

explain the mechanism disrupting the day/night feeding pattern. 

5.2. Internal complexity of the DMH 

DMH performs a multitude of autonomic, endocrine and behavioural functions, including the 

already mentioned regulation of food intake, metabolism, thermogenesis and cardiovascular 

output, as well as others, such as the involvement in the stress response and anxiety (Shekhar, 

1993, Lowry et al., 2003, Cullinan et al., 2008, de Noronha et al., 2017, Stamper et al., 2017). 

Together with a high neurochemical variety within the structure (Kristensen et al., 1998, 

Molnar et al., 2011, Wagner et al., 2013, Dodd et al., 2014, Zhang & Bi, 2018) and a specific 

cytoarchitecture, these strongly indicate an existence of various subpopulations of cells within 

it, possibly located in distinct subregions.  

Indeed, the three DMH divisions (cDMH, dDMH and vDMH) have been shown to possess 

distinct afferent and efferent projections and evert different functions (Larsen et al., 1997, Cano 

et al., 2003, Chou et al., 2003, Cao et al., 2004, Samuels et al., 2004, Guilding et al., 2009, 

Acosta-Galvan et al., 2011, Renner et al., 2012, Zhao et al., 2017, Kono et al., 2020). On the 

other hand, previous patch clamp study on the DMH neurons summarised them as an 

electrophysiologically uniform population (Bailey et al., 2003). Therefore, predominantly in 

order to compare day/night and HFD-mediated changes, I performed a patch clamp study, and 

surprisingly observed vast differences between the DMH subdivisions, namely the cDMH and 

both vDMH and dDMH, with much less variety between the non-compact parts of the structure. 

On top of that, for the first time in the DMH, DLAMO (depolarised low-amplitude membrane 

oscillation)-like activity was spotted. This type of discharge had been described in the SCN, 

where the DLAMO events were restricted to late day, highly depolarised, Per1-expressing 

(clock) cells, and mediated by L-type, high-voltage-activated (HVA) calcium current, as well 

as changes in potassium conductance, affecting the resting membrane potential (Pennartz et 

al., 2002, Belle et al., 2009, Diekman et al., 2013). Since the membrane potential of the SCN 

neurons is under a very tight circadian control (Belle et al., 2009), it is reasonable to expect the 

extreme-depolarisation-dependent DLAMOs to occur only at the particular time of the day. 

Contrary to this, no rhythm in the resting membrane potential was observed amongst the DMH 

cells, and therefore also the DLAMO-like activity was detected at various times of the day. 

Even though the similarity of the observed signal to the DLAMOs described in the SCN, and 

their dependence on high depolarisation make it very tempting to conclude about, regarding a 
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similar mechanism of generation, i.e. modulation by the HVA calcium channels, a proper 

pharmacological study would need to be performed to clarify this issue. Moreover, genetically 

modified animals, with fluorescent reporter proteins under the control of one of the clock genes 

could be used to answer whether it is just the oscillatory neurons that express the DLAMO-like 

activity in the DMH. Since, contrary the SCN, the DMH oscillations are enhanced and strongly 

entrained not by light, but feeding cues, it would also be interesting to investigate the changes 

in the membrane potential, and prevalence of the DLAMO-like activity in TRF animals. 

Even though the resting membrane potential did not change around the clock, the firing rate of 

both cDMH and vDMH did. The presence of such rhythm in the vDMH and a lack of it in the 

dDMH is one of the few differences spotted between the non-compact parts of the DMH. While 

it is in fact the cDMH, which is postulated to perform the circadian clock function (Guilding 

et al., 2009), the difference in the firing rate between day and night observed in the vDMH 

appeared even larger. However, it is important to note, that this may not be an endogenous 

property, but simply a response to feeding, known to affect the vDMH stronger than the other 

DMH subdivisions (Poulin & Timofeeva, 2008, Renner et al., 2012, Maejima et al., 2021). 

Increased food intake during the behaviourally active night could be causing higher firing rate 

of the vDMH neurons. Meanwhile, the disturbance of the animals day/night feeding pattern 

under HFD abolishes the rhythm, as was observed here. Taking these into account, it is almost 

surprising, that the metabolism- and thermogenesis-regulating dDMH did not express similar 

rhythmicity, as these are clearly time-of-day-dependent, and strongly connected to the timing 

of food intake (Blessing et al., 2013, de Goede et al., 2018). This result could indicate, that the 

responsiveness and top-down control from this part of the DMH is more phasic, and rapidly-

adapting. 

Another parameter examined, highly related to the frequency of the action potential generation, 

was firing regularity. Generally, higher firing rate will decrease the interspike interval (ISI), 

causing the consecutive action potentials to appear more regularly. This was indeed observed 

within the vDMH. During the day, when the firing rate is lower, the ISI coefficient of variation 

(Cv) was high, implying irregularity in the activity. On the contrary, at night the firing rate was 

higher, and the regularity increased (lower Cv). Even the HFD-mediated trend in the daytime 

firing rate is reflected by the regularity parameter. 

However, in the cDMH such phenomenon was not observed. Even though the changes in the 

firing rate were present, they were not associated with a similar shift in the firing regularity. 

This might be related to the higher prevalence of the strong-depolarisation-evoked DLAMO-

like activity in the cDMH, which had the least negative resting membrane potential among the 
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DMH subdivisions. A switch from sodium-dependent spikes to much slower, calcium-

mediated discharges of various lengths could be the reason the firing rate and regularity do not 

show the same concurrence. 

As neither the day/night rhythm in the firing rate, nor the HFD-mediated disruption of it, was 

related to changes in the membrane potential, the next possible candidate was the threshold for 

the action potential firing. Although the statistical significance was only reached in the case of 

the cDMH, the vDMH showed a very similar trend, with HFD-evoked decrease in the threshold 

during the day (a shift towards more negative values), possibly responsible for the increased 

firing rate during the inactive phase. This parameter is directly dependent on the opening of the 

voltage-gated sodium channels, suggesting changes in their functioning under HFD, which 

could have many underlying reasons. Sodium currents can be modulated by signalling 

molecules, e.g. secondary messengers through phosphorylation, influencing the magnitude of 

the current, the probability of channel opening, and voltage-dependence of both activation and 

inactivation (Li et al., 1992, Ma et al., 1994, Maurice et al., 2001, Goldfarb et al., 2007). The 

subunit composition of a particular channel also influences such properties (Patton et al., 1994, 

Isom et al., 1995, Lopez-Santiago et al., 2006). Lastly, an addition of low-voltage-activated 

calcium channels, generating the low-threshold spikes during the ramp stimulation also cannot 

be excluded, as the DMH has been shown to express the genes encoding subunits of the T-type 

calcium channels (Qiu et al., 2006). 

Contrary to the firing threshold, the rheobase (defined as the minimal amount of current needed 

to reach the threshold from a uniform starting voltage, Kania et al., 2020) did not exhibit any 

changes, but still varied between the DMH subdivisions. Lower values of this parameter in the 

cDMH were probably related to an increased input resistance recorded from these neurons. As 

these cells are visibly smaller than those of the non-compact DMH, it was also anticipated that 

the steady-state currents recorded at various potentials during the IV curve generation were 

smaller. Moreover, the day/night changes in the amount of current flowing at the very negative 

and positive potentials were detected, even in the absence of a co-occuring membrane 

resistance shift, confirming the oscillatory properties of this DMH subdivision. Higher current 

amplitudes were observed at night, which strikingly contrasted with the rhythm observed in the 

vDMH, also showing day/night differences at the depolarised states, but in the other direction.  

Surprisingly, the vDMH was the only one to present any HFD-induced changes, and even more 

peculiarly, these appeared at nighttime. Occurrence of the observed alterations specifically at 

highly depolarised membrane potentials, coinciding with the range of HVA channel activation 

(Fox et al., 1987, Catterall et al., 2005) once again calls for a deeper investigation of the 
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DLAMO-like activity. Unfortunately, as the presented patch clamp study did not aim 

specifically at the cells expressing this type of activity, the amount of collected neurons did not 

allow for any sensible analysis between the groups. 

As before, no day/night or HFD-mediated changes were observed in the dDMH, confirming its 

lack of dependence on the LD and diet factors. 

5.3. Circadian and periprandial rhythms in the DMH 

Taking into consideration various results obtained by others, regarding the expression of 

circadian rhythms by the DMH (Mieda et al., 2006, Verwey et al., 2007, 2009, Guilding et al., 

2009), and seeking possible disturbances of the DMH physiology by the HFD, the occurrence 

of different types of rhythms had to be confirmed first. This was done with a use of multiple 

methods, starting with the discussed above patch clamp study, which showed a clear day/night 

changes in the cellular activity in two out of three DMH subdivisions. Same differences were 

also observed with the extracellular MEA recordings, which in spite of lower spatial resolution, 

not allowing for a confident separation of the distinct subdivisions, confirmed the presence of 

the rhythm on a much larger group of cells, therefore showing its presence at the level of an 

entire structure. The endogenous component of the rhythm was verified with the longterm 

recordings, during which a spontaneous rise in the cellular activity could be observed at the 

beginning of the night, despite a complete isolation of the structure from the SCN and any 

environmental cues.  

There was no day/night rhythm in the responsiveness to the PGDP, measured as the percentage 

of the sensitive cells or the amplitude of the excitatory response, although more neurons 

responded with a decrease in the firing rate at night than during the day. In the case of 

extracellular recordings, performed without pharmacological isolation, a decrease in the firing 

frequency is difficult to conclude about. Even though GLP1R and GLP2R are generally 

considered to be excitatory, both of them have been confirmed to be able to produce a direct 

inhibitory response. GLP1R can bind multiple G-proteins, including Gi (Montrose-Rafizadeh 

et al., 1999), whereas GLP2R has been shown to stimulate various intracellular pathways 

depending on the cell type, leading to different whole-cell effects (Shi et al., 2013). Therefore 

a direct inhibitory effect on the DMH neurons cannot be excluded. Moreover, network effects 

(e.g. stimulation of GABA-ergic interneurons) are a very probable cause, whose confirmation 

could indicate differences in the level of activity of the inhibitory DMH network between day 

and night. Lastly, a decrease in the firing rate might also be caused by an extreme excitation, 

inducing depolarisation blockage, or alternative firing modes. For DMH neurons, capable of 
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switching into slower DLAMO-like activity, and very prone to a depolarisation block, this 

argument must be acknowledged, especially considering that both GLP1R and GLP2R 

activation leads to calcium current flow (Wheeler et al., 1993, Dzhura et al., 2010, Guan, 2014).  

Differences in the PGDP effect on the PSC frequency between day and night were only 

observed in the case of GLP2, which presented an enhanced inhibitory effect at night. Although 

based on these experiments it cannot be concluded what type of currents are affected, a decrease 

in the inhibitory drive could partake in the generation of a higher neuronal activity during the 

night. 

Importantly, and surprisingly, no clear whole-cells effect of the PGDP was observed during 

the patch clamp recordings. Lack of a response during the voltage clamp protocol, could have 

been related to a fixed holding potential, suggesting an involvement of some voltage-gated 

channels in the response generation. An unpublished series of current clamp recordings 

produced the same result, however it is important to mention that the highly depolarised cells 

were not targeted here. On the other hand, our RNAscope revealed a relatively low number of 

cells expressing the receptor gene, especially in the case of GLP1, therefore to confirm a true 

lack of effect on these cells during the intracellular recordings it would be best to combine 

patch clamp experiments with fluorescent labelling of the Glp1/2r-expressing cells, to ensure 

they are properly sampled.  

The electrophysiological recordings were complemented by an immunofluorescence study, 

where the immunoreactivity of the cFos protein, a product of an immediate early gene, was 

analysed in 4 time points, separated by 6 h. Consistently with the results from the 

electrophysiological recordings, and with the literature linking cFos expression to neuronal 

activation (Morgan & Curran, 1986, Sheng et al., 1993), higher density of cFos-positive cells 

was observed at night than during the day. The location of the cFos-positive cells was 

predominantly the ventral and medial sections of the structure, and therefore included all three 

DMH subdivisions.  

Although cFos immunoreactivity is probably the most commonly used marker of neuronal 

activity, it is important to remember that these two do not always have to co-occur, as the 

expression of cFos is specifically induced by high levels of intracellular calcium, flowing 

through either HVA L-type channels or the NMDA receptors and activating MAPK pathway 

(Chung, 2015). Importantly, this might happen not only after a direct stimulation, but also after 

disinhibition of a cell (Zaretskaia et al., 2008). Moreover, the time needed for the cFos 

expression induction, and translation into a protein might vary between different types of cells 

and stimuli. While in cell cultures this might happen as quickly as within few minutes (Müller 
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et al., 1984) but also half an hour (Cavigelli et al., 1995), food intake-induced rise in cFos 

immunoreactivity in the DMH was shown to require up to an hour (Imoto et al., 2021). On top 

of that, the fact that this happens in response to a scheduled meal even in the absence of feeding 

on a particular day suggests that the induction might be caused by food anticipation as well, in 

which case the time required for an increase in cFos immunoreactivity might be even longer 

(Johnstone et al., 2006, Poulin & Timofeeva, 2008). Therefore, high cFos density, measured at 

ZT12 is definitely not a result of food intake at the start of the dark phase, but might be its 

anticipation, and/or a result of the circadian clock ticking. Similarly, low cFos density at ZT0, 

right after the last meal of the night, when the stomachs extracted from the animals were the 

heaviest, also contradicts changes in cFos immunoreactivity as being caused by feeding cues 

alone. 

Nevertheless, even without any anticipation, feeding does induce cFos in the DMH, as shown 

by others (Imoto et al., 2021) and observed here for the FD protocol. This effect was confined 

to the vDMH, and co-occurred with refeed-induced increase in the GLP1 density, which has 

been shown to mediate the effect (Renner et al., 2012). On the contrary, under RF the feeding-

related rise in cFos density was detected in all three DMH subdivisions, suggesting meal 

entrainment by cDMH and dDMH. Surprisingly, this periprandial rhythm was not reflected by 

GLP1 immunoreactivity, which remained on the same level around the meal. This might 

indicate another way of feeding anticipation in a form of peptide amount adjustment before the 

scheduled meal, however with immunofluorescence alone it is difficult to link these 

measurements to the release of the PGDP from the neuronal axons present in the structure. 

5.4. HFD-induced alterations of the DMH physiology 

Previous studies have established that the DMH is susceptible to diet-induced obesity (Guan et 

al., 1998, Chaar et al., 2016, Zhang et al., 2020). However, the underlying processes, including 

the time during obesity development when they appear, have been understudied. Therefore, it 

has been unknow, whether the DMH disruptions are just a result, or a part of the 

pathophysiological mechanism. By examining the DMH physiology under short-term HFD, I 

aimed at verifying the hypothesis, that some alterations will already be present at this stage, 

and might be important for obesity generation.  

A disruption of the DMH day/night activity rhythm by HFD-feeding was observed using 3 

different experimental methods, proving the repetitiveness of the obtained result. An increase 

in the daytime firing rate was detected with patch clamp and the MEA, while the cFos density 

rise at ZT6 was spotted with immunofluorescence staining. As discussed in the previous 
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section, the increased daytime firing under HFD need not necessarily be a result of an intrinsic 

mechanism, but could simply be due to enhanced food intake during the light phase, which had 

been shown in our former study (Chrobok et al., 2022). Therefore, in order to extract the 

endogenous component of the DMH rhythms, a new set of MEA experiments was performed, 

in which the animals were sacrificed with the start of the light phase (ZT0), and the recordings 

persisted throughout the entire 24 h cycle and even longer, in the absence of any environmental 

cues, including those related to feeding.  

Removing the possibility of daytime feeding by the HFD-fed rats did not eliminate the elevated 

firing rate of the DMH neurons at ZT6, denying its direct dependence on the feeding cues. 

Moreover, time of the highest (peak) neuronal activity was delayed by 2 h for the HFD group, 

confirming an alteration of not only behaviour-dependent, but also the intrinsic, circadian 

rhythms. Neither the proportion of the rhythmic cells, nor the peak level of activity differed 

between the groups, highlighting that the activity rhythm within individual neurons persists 

under HFD, but might have a longer period, be out of phase with the LD cycle and/or internally 

desynchronised. The circular histograms illustrating the distribution of peaktimes generally 

contradicted the desynchronisation hypothesis, as both dietary groups had very similarly 

shaped histograms, whereas occurrence of a continuous out-of-phase rhythm under normal 

environmental LD cycle is quite unlikely, although not impossible, as the disruption of the 

feeding rhythm was also observed under LD12/12. On the other hand, lengthening of the 

circadian rhythm in the locomotor activity by HFD has been shown for mice (Kohsaka et al., 

2007), therefore a similar elongation of the activity rhythm in the DMH appears the most 

probable, although all three possibilities are worth exploring. 

HFD-induced alterations have also been observed regarding DMH neurons’ responsiveness to 

the PGDP. The close relationship between the spontaneous neuronal activity and the amplitude 

of the response to the GLP1R agonists (Exn4 and Oxm), observed for the control group, was 

completely abolished under HFD. Given that GLP1R stimulation leads to calcium flow across 

the membrane (Wheeler et al., 1993, Dzhura et al., 2010) the correlation observed for the CD-

fed animals, between the spontaneous and Exn4-evoked activity, is likely to be due to an 

involvement of voltage-dependent currents, such as the HVA calcium channels, the presence 

of which is postulated in the DMH (Matsumoto et al., 2004, Cole et al., 2005). The lack of 

such correlation for the HFD-fed group could indicate a disruption of the voltage-gated calcium 

currents, once again argumenting for their further study. Additionally, a recent study revealed 

GLP1 action through voltage-dependent potassium channels in the DMH, namely an inhibition 

of potassium outflow through the delayed rectifier channels (Kdr; Huang et al., 2022). These 
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channels open during prolonged depolarisation, require a membrane potential of around -25 

mV and function to repolarise the neuronal membrane during continuous firing (Kang et al., 

2000). This mechanism on its own does not explain the correlation between spontaneous and 

evoked activity observed here, however the Kdr blockage by GLP1R agonists could participate 

in the generation and prolongation of the highly-depolarised state, necessary for HVA current 

flow.  

Despite an unchanged level of the receptor expression, HFD increased the fraction of cells 

responding to Exn4, which was most visible during the day and coincided with Exn4-evoked 

increase in the PSC frequency. Therefore, the enhanced number of responsive cells is caused 

indirectly, via an augmented synaptic network function, rather than higher number of Glp1r-

expressing cells. Interestingly, Glp1r expression has been shown to be increased in DIO (Zhang 

et al., 2020), perhaps as a compensatory mechanism due to diminished peptide signalling.  

When comparing to the CD-fed rats, the feeding-induced increase in the GLP1 

immunoreactivity was indeed attenuated under HFD, especially in the vDMH, which is the 

most densely innervated by the PPG-positive neuronal fibres (Renner et al., 2012). This could 

suggest less efficient satiety signalling after a meal, however, it was not reflected by a lower 

number of activated neurons, as cFos density did not differ between the dietary groups. Since 

the DMH is affected by a number of different satiety signals, including leptin (Elmquist et al., 

1998, Bi et al., 2003, Zhang et al., 2011, Faber et al., 2021) and cholecystokinin (CCK; Chen 

et al., 2008, Palus-Chramiec et al., 2022), these might transmit the feeding information as well, 

resulting in an activation of a similar number of the DMH neurons. However, despite a similar 

main behavioural output (food intake suppression), various satiety signals might bind to 

receptors located on different cells and result in the activation of entirely distinct pathways. 

While the CCK appears to activate solely the cDMH (Chen et al., 2008), which is also the site 

of the Glp2r-expressing neurons (Tang-Christensen et al., 2000), both leptin receptors and 

GLP1R localise in the non-compact parts of the structure, predominantly the vDMH (Elmquist 

et al., 1998, Bi et al., 2003, Enriori et al., 2011, Zhang et al., 2011, Renner et al., 2012, Faber 

et al., 2021). Moreover, it is unknown whether the receptors for the peptides activating the 

same DMH subregion colocalise within individual cells, and even if they were – whether they 

produce the same neuronal output. It is also important to remember that the number of cFos-

positive cells does not inform about the strength of the stimulation, so even if the PGDP activate 

the same amount of cells after the refeed, this excitation could be weaker, and/or last shorter. 

GLP1 fibre pre/post meal kinetics were also abolished by the HFD in the dDMH, however in 

this case it was due to an increase in the GLP1 fibre density under food deprivation. Since this 
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part of the DMH is predominantly involved in the sympathetic nervous system stimulation 

(Cano et al., 2003, Cao et al., 2004, Samuels et al., 2004, Zhao et al., 2017, Kono et al., 2020, 

Brizuela & Ootsuka, 2021), changes in the GLP1-induced activation could result in altered 

autonomic functions, such as BAT thermoregulation and cardiovascular response, under 

prolonged hunger. Animal models of obesity have indeed been observed to exhibit decreased 

BAT thermogenesis (Himms-Hagen & Desautels, 1978, Trayhurn & James, 1978, Trayhurn & 

Fuller, 1980) and even BAT atrophy (Himms‐Hagen, 1990), while in humans BAT activity has 

been shown to inversely correlate with BMI (Cypess et al., 2009, Pfannenberg et al., 2010). 

While the direction of causality within this correlation is unknown, an altered GLP1 

immunoreactivity in hungry HFD-fed animals supports a hypothesis of a presence of changes 

in the autonomic response to hunger before obesity development. Further studies of the 

alterations of the GLP1 signalling under HFD specifically in this part of the DMH could aid in 

clarifying this issue. 

Lastly, contrary to the control group, HFD-fed animals demonstrated feeding-evoked rise in 

cFos density not only in the traditionally feeding-responsive vDMH, but also in the cDMH. 

This surprising result could be attributed to the disruption in the circadian clock properties 

under HFD, including the delay in the peak activity. Since the refeeding took 2 h, the sampling 

time for this group was pushed to ZT16, which was also the time of the highest neuronal activity 

driven by the intrinsic clock for the HFD-fed group. The internal clock ticking with an altered 

phase seems a more probable explanation of the observed result, than the cDMH becoming 

activated by satiety itself, however based on this experiment this probability cannot be 

excluded. 

5.5. Insights into behavioural and pharmacological chronotherapy 

In the presented study, HFD-feeding was shown to influence various aspects of the DMH 

physiology, from the neurons’ electrophysiological properties, to their intrinsic and evoked 

activity, including inter-neuronal communication. In a previous study by my team (Chrobok et 

al., 2022) we found that the HFD attenuates animals’ day/night behavioural rhythm in food 

intake, by increasing daytime feeding. Since the DMH is both responsive to feeding cues 

(Imoto et al., 2021), and capable of influencing feeding behaviour, the possibility of the two 

phenomena being related could not have been ignored.  

On one hand, DMH is well known for its meal entrainment (Gooley et al., 2006, Mieda et al., 

2006, Verwey et al., 2007, 2008, Minana-Solis et al., 2009). Although it is normally recorded 

using various TRF protocols, animals have a naturally occurring feeding pattern, with nocturnal 
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rats being active and consequently eating predominantly at night. It is, therefore, probable that 

a disrupted feeding rhythm would result in the DMH clock disruption. A positive verification 

of this hypothesis would underline the importance of the temporal feeding pattern and suggest 

possible prevention of the DMH clock impairment. 

On the other hand, since the DMH is generally considered an orexigenic structure, as its lesions 

lead to a decrease in food intake (Bernardis, 1970, Bellinger, 1987), it would also be reasonable 

to assume that its increased activity during daytime, as observed for the HFD group, could be 

a cause rather than a result of a stimulation of feeding at this time of the day. While the two 

mechanisms are not exclusive, the NF protocol was designed and performed to evaluate the 

first one – that it is the feeding irregularity that causes the DMH impairment. 

The disruption of the day/night rhythm in firing rate, observed under HFD, was successfully 

counteracted by NF, as revealed by the acute MEA recordings. The longterm MEA 

experiments, together with cFos immunofluorescence confirmed a lack of the increase in the 

cellular activity at ZT6, as well. The peaktime delay was also prevented, although the peak 

activity was increased for the HFD-fed group, perhaps as a result of DMH adaptation to the 

feeding restriction. It is important to highlight, that these effects were independent of the 

amount of food ingested, as the night-fed animals continued to eat more calories than the 

control group, only the timing of food intake changed.  

Therefore, the results led to a conclusion that HFD induced daytime feeding, which negatively 

impacts the DMH clock. Nevertheless, positive validation of this hypothesis does not contradict 

the second one entirely, as they could both be partaking in obesity development as a positive 

feedback loop, with daytime food intake activating DMH neurons, which in turn continues to 

stimulate feeding. However, this study revealed, that the irregular food intake precedes DMH 

clock disruption, as under a healthy feeding pattern the circadian rhythm of the DMH remains 

unaltered. 

Regarding the periprandial rhythm, TRF changed DMH responsiveness to hunger and satiety 

by stimulating cFos expression after the anticipated meal in all 3 DMH subdivisions, in contrast 

to only vDMH being affected by unforeseeable feeding. This result might reflect an 

enhancement of the oscillatory properties at the level of the entire structure, documented by 

others (Gooley et al., 2006, Mieda et al., 2006, Verwey et al., 2007, 2008, Minana-Solis et al., 

2009). No differences were observed here between the dietary groups, with an exception of a 

lower density of cFos-positive cells in the vDMH 1.5 h after meal onset. Considering this 

substructure’s direct responsiveness to feeding cues, this might just be a result of a slower HFD 

intake, especially with a statistically insignificant, but well visible trend in the stomach weight 
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at this time point (lighter stomachs of the HFD-fed group), as well as in view of the fact that 2 

h later the cFos density did not differ between the dietary groups anymore.  

Changes in the GLP1 immunoreactivity in the non-compact DMH between hungry and satiate 

metabolic state, altered by the HFD, were entirely gone under RF. On one hand, the result was 

incredibly surprising, since an enhancement of the periprandial rhythm in the PGDP content 

was expected, but instead the result imitated the rhythm disruption by the HFD. However, it 

should be argued, that RF- and HFD-mediated influence on the metabolic state-related GLP1 

immunoreactivity probably have completely different underlying mechanisms, with HFD 

disturbing the physiological responses to both hunger and satiety in different parts of the DMH 

(dDMH and vDMH, respectively), and RF possibly resulting in some form of anticipatory 

accumulation of PGDP in the neuronal endings before the scheduled meal. 

Decreased immunoreactivity of the PGDP post-meal in the vDMH is especially interesting, 

since GLP1 blood levels have been shown to also be lower after a meal in obese individuals, 

despite faster and elevated food intake (Meyer-Gerspach et al., 2014), suggesting both 

peripheral and central reduction in the GLP1 signalling. These results highlight the importance 

of a proper periprandial timing of GLP1 agonist administration for successful obesity 

treatment, however any more specific pharmacological conclusions are beyond the scope of 

this thesis.  

Reduced amount of GLP1 is likely to cause compensatory mechanisms, aimed at enhancing 

the sensitivity to the peptide, which was observed here as an increased number of Exn4-

responsive neurons. Since the density of the Glp1r-expressing cells did not change, this 

increased sensitivity was probably caused by augmented synaptic network function, as the HFD 

was seen to intensify the effect of Exn4 on the PSC frequency.  

Evidently, the DMH is targeted by the GLP1R-agonist-based anti-diabetic and anti-obesity 

drugs. With the MEA study I aimed at finding out whether the responsiveness of the DMH 

neurons to the PGDP changes under HFD. Considering the DMH neurons’ increased firing rate 

under HFD, especially during daytime, the amplitude of the response to both Exn4 and Oxm 

was smaller than predicted by the model. This was because the model included the spontaneous 

firing rate as a covariate, which appeared highly significant, however only for the control 

group. While a loss of this dependence under HFD could be indicative of disrupted signalling 

pathways, it could also be a compensatory mechanism, preventing these already highly active 

neurons from overstimulation, and allowing them to further increase their firing rate only up to 

a certain level, similar as the one observed for the CD. Moreover, it is possible that this 

excitation level is simply the maximum achievable firing frequency of these cells, before 

95



 

seizing to fire from a depolarisation block, which they have been observed to be susceptible to 

(an unpublished observation).  

Overall, I believe the presented results support the already established role of the GLP1R as a 

potent, well selected target in the fight against obesity and diabetes (Crane & McGowan, 2016, 

Pedrosa et al., 2022). Moreover, they propose chrononutrition and chronopharmacology as the 

direction of research worth further exploration and application in therapy, where the meal-

driven timing of drug administration follows the establishment of a healthy feeding schedule.  
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Conclusions 

I. Physiology – DMH was characterised electrophysiologically as a complex structure, 

with vast differences between the three outlined subdivisions. Presence of a day/night 

rhythm in the cellular activity was confirmed, as well as its endogenous nature. 

Moreover, the responsiveness of the DMH neurons to the PGDP was shown to depend 

on the cells’ spontaneous activity, and the abundance of the GLP1 to change depending 

on the animals’ metabolic state. The cellular reaction to satiety was enhanced when the 

meal had been anticipated, engaging not only the ventral, but all three parts of the 

structure. 

II. Pathology – HFD was shown to abolish the day/night rhythms observed in the DMH, 

and delay the mean activity peak by ~2 h. Responsiveness to the GLP1R agonists no 

longer correlated with the cells’ spontaneous activity, and the fraction of the neurons 

sensitive to the Exn4 increased via the enhanced synaptic network function. Metabolic 

state-dependent kinetics of the PGDP abundance in the structure were eliminated. 

III. Intervention – With restricted nighttime feeding, the DMH circadian rhythmicity was 

successfully prevented from being attenuated by HFD. 
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