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Abstract 
It is estimated that 30% of pregnant women worldwide are overweight or obese, which leads 

to adverse health effects for both the mother and child. Women with obesity during pregnancy 

are at higher risk for developing both metabolic and mental disorders, such as diabetes and 

depression. Numerous studies have used rodent models of maternal obesity to understand its 

consequences on the offspring, yet characterization of changes in the dams is rare, and most 

rodent models rely solely on a high fat diet to induce maternal obesity, without regarding 

genetic propensity for obesity. Here we present the influence of both peripartum high energy 

diet (HE) and obesity-proneness on maternal health using selectively-bred diet-resistant (DR) 

and diet-induced obese (DIO) rat dams. Outbred Sprague-Dawley rats were selected and bred 

according to their propensity to gain weight. From F1 onward, dams consuming a HE diet 

displayed higher body weight gain during pregnancy, and HE diet had a strong effect on meal 

patterns. Sensitivity to the hormone amylin was preserved during pregnancy, regardless of 

diet. After several rounds of selective breeding, dams from generation F3 were assessed for 

their postpartum physiology and behaviors. We observed strong diet and phenotype effects on 

gestational weight gain, with DIO-HE dams gaining 119% more weight than DR-chow. A high-

resolution analysis of maternal behaviors on postpartum day 2 (P2) did not detect main effects 

of diet or phenotype, but a subset of DIO dams showed decreased pup-related behaviors. 

During a sucrose preference test (SPT) on P14, all DR dams consumed at least 70% sucrose, 

while a subset of DIO dams preferred water. In generation F6/F7 dams, effects on gestational 

weight gain persisted, and we observed a main effect of phenotype of SPT, with DIO-chow 

dams showing the lowest sucrose preference. Both DIO and DR dams consuming HE diet had 

severe postpartum liver lipidosis and exhibited reduced leptin sensitivity in the arcuate nucleus 

at the time of pup-weaning. These data demonstrate that both diet and genetic obesity-

proneness have consequences on maternal health. 
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Introduction 

Female reproductive health and metabolic status are strongly interconnected. Sufficient energy 
stores are permissive of ovulation, while pregnancy and lactation represent two metabolically 

dynamic periods of a female’s life when both the levels of and receptivity to gonadal, placental 
and metabolic hormones are changing rapidly. Paralleling the global rise in obesity, the 

prevalence of obesity in women of reproductive age continues to climb. It is estimated that up 
to 30% of pregnant women worldwide are obese [1; 2; 3], which increases the risk of short- 

and long-term adverse health outcome for both the mother and child [4]. Despite this, we still 

lack a basic understanding of how obesity during pregnancy and lactation can influence the 
metabolic and behavioral adaptions necessary to bring about new life [5].  

 
Because maternal obesity is a significant predictor for childhood obesity, and increases the 

risk for metabolic syndrome and cardiovascular disease in the offspring later in life [6; 7; 8], 
the majority of research employing rodent models of maternal obesity has focused on the 

intergenerational consequences; a genetic predisposition for obesity, environmental factors, 
like diet, and their interaction contribute to this intergenerational risk of metabolic disorders [9]. 

And while it is documented that women who are overweight or obese during pregnancy are at 

a higher risk for developing both metabolic and mental disorders, including increased insulin 
resistance in early pregnancy, gestational diabetes mellitus, hypertension, pre-eclampsia and 

postpartum depression [4; 10; 11; 12], rodent models of maternal obesity have only seldomly 
been used to investigate the precise nature of the biological link between obesity-related 

factors and the increased risk for these maternal diseases. 
 

A handful of studies have investigated how consumption of a high fat diet (HFD) can influence 
maternal behavioral and physiological parameters in mice and rats. When reported, these 

studies unequivocally show that consuming HFD during pregnancy leads to increased 
gestational weight gain [13; 14; 15]. While several demonstrated that HFD influenced 

metabolic and behavioral adaptations in the early postpartum period, these findings are not 

always consistent with one another [14; 15; 16; 17], and few have investigated the influence 
of diet over the full length of the postpartum period or in the post-weaning phase. What is also 

notable, is that each of these models of maternal obesity utilized HFD to promote increased 
fat mass prior to, during, or after pregnancy, but almost none considered an inherited, 

polygenic predisposition for obesity. Thus the question remains unanswered: does the 
metabolic state of obesity directly cause the elevated risk for these maternal disorders, or is 

rather the lifestyle or genetic factors, which contribute to obesity, that predispose these 
mothers to adverse health outcomes?  
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Decades of work in rodent dams has revealed numerous metabolic and behavioral adaptations 

essential for successful gestation of and caring for offspring, as well as the neural networks 
orchestrating them. Two exemplar adaptive systems involve the hormones leptin and oxytocin. 

The induction of gestational leptin resistance encourages positive energy balance during 
pregnancy, which is essential to support the forthcoming energy demands of late-pregnancy 

fetal growth and lactation [18; 19; 20]. Oxytocin-producing neurons, which are found in the 
supraoptic and paraventricular nuclei of the hypothalamus, undergo morphological and 

functional changes during pregnancy in order to promote parturition and lactation [21]. 

Oxytocin is important for the initiation of maternal behavior [22], and also acts as a controller 
of energy balance [23]. Yet, despite recognizing the interconnectedness of metabolic status 

and reproductive health, there are little data describing whether these, and other hormonal, 
adaptations are modified in the presence of maternal obesity.    

 
In an effort to recapitulate both the polygenic and diet-sensitive nature of human obesity, we 

utilized two lines of rats, the lean diet-resistant (DR) and the diet-induced obese (DIO) rats. 
Similar to those originally described and developed by Levin and colleagues [24], DR and DIO 

rats were selectively-bred based on their propensity to gain weight when maintained on a 

palatable, high energy diet (HE). The strains of DR and DIO rats used in these studies were 
derived from outbred Sprague-Dawley rats and for this reason express greater epigenetic and 

genetic variability than inbred strains, and therefore mimic most instances of human obesity, 
which are polygenic in nature [25; 26; 27; 28]. Over 8 generations of breeding, we then 

assessed various physiological and behavioral parameters in the postpartum period, to test 
the following hypothesis: Both consumption of HE diet and a DIO phenotype will cause 

metabolic and behavioral aberration in the postpartum period. Our long-term goal is two-fold. 
First, generate and characterize a rat model of maternal obesity that incorporates polygenic 

susceptibility in an effort to better simulate most human cases of obesity, in contrast to models 
that rely solely on HFD. Second, to further use this model to investigate how the metabolic 

challenge of obesity during the already metabolically challenging periods of pregnancy and 

lactation can influence the maternal body and brain in ways that increase vulnerability for 
various metabolic and mental diseases in the postpartum period and beyond. Here we present 

the characterization of the development of this novel model of maternal obesity. 
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Materials and Methods 

Selective breeding of DR and DIO rats 
Newly established selectively-bred DR and DIO lines were initially derived from 50 male and 

50 female outbred Sprague Dawley rats (RjHan:SD, Janvier Labs; Le Genest-St-Isle; France), 
using the protocols of Levin and colleagues [24]. At 8 weeks old, all rats were single-housed 

and provided ad libitum access to high energy diet (HE, Open Source Diets D12266B; 4.41 
kcal/g with 32.5% kcal derived from fat, 51% kcal from carbohydrates, of which 50% is sucrose) 

for 3 weeks. The term “HE” will be used to specifically refer to this diet, while “HFD” will be 

used to refer more generally to high fat diets (typically between 45 and 60% from fat) used in 
previously published experiments. Body weight gain of each rat during the HE-challenge was 

ranked. For each sex, the 15 lowest weight-gaining rats were identified as obesity-resistant, 
and the 15 highest weight-gaining as obesity-prone. After at least one week maintenance on 

standard rodent chow (KLIBA 3436; 3.14 kcal/g, 4.5% fat/g), 12 obesity-resistant and 10 
obesity-prone breeding pairs were created and designated as F0. The same HE-challenge and 

selection procedure was carried out for the F1 and F2 generations. Beginning with F3, the 
breeding pairs were semi-randomly selected (taking average-weight pups free of abnormalities 

at weaning) without prior HE exposure, and avoided the mating of rats who shared first or 

second-degree relatives. Based on nomenclature of Levin [24], rats from F3 and forward were 
designated as DR and DIO. The selective-breeding procedure is depicted in Figure 1A.  

 
For some experimental groups, female dams were maintained on HE during pregnancy and 

lactation, however only pups derived from chow-fed dams were used to generate subsequent 
breeding pairs, with the exception of pups derived from F1 dams. Date of parturition was 

designated as postpartum day 1 (P1). In the first study dams and pups were not disturbed on 
P1, but in later generations dam body weight was measured on P1. On P2, maternal body 

weight, litter weight, size and sex ratio were recorded. Litters were then culled to 10 pups, 
consisting of 5 male and 5 female pups, if possible. If a dam gave birth to less than 10 pups, 

we cross-fostered pups from the same experimental group (matching diet and phenotype). 

Pups were weaned from the dam between P21 and P26.  
 

In an effort to promote the 3R principles, the number of breeding pairs created for each 
generation was calculated based on the existing need for DR and DIO rats for other 

experiments in our laboratory. If, after assigning weanlings to colony breeding or other 
experiments, there was a surplus, we made every effort to re-home female rats through the 

Animal Welfare Office at the University of Zurich. Surplus rats that were not re-homed were 
killed and donated to the Zurich Zoo. 
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Experimental subjects 
For the present study, data were collected from rat dams from generations F0, F1, F3, F6 and 

F7, which were used to investigate the influences of maternal intake of HE diet and the 
polygenic sensitivity to this diet on maternal health parameters (described below): 

Experiment One: Our initial comparisons of metabolic and behavioral endpoints in obesity-
resistant and -prone dams from F0 (maintained on chow) and F1 (maintained on HE) yielded 

few differences. The first experiment therefore focused on the robust effects of HE-intake 

before and during pregnancy and lactation in the early generations. For the F0/F1 experiment,  
we therefore compared data from all chow-fed dams (n = 10) to those obtained from obesity-

prone HE-fed dams (n = 14).  
Experiment Two: The effects of the selective-breeding became more evident in F3 dams, and 

comparisons were made between DR-chow (n =10), DR-HE (n =5), DIO-chow (n =9), and DIO-
HE (n =5) dams. This experiment focused exclusively on the postpartum period.  

Experiment Three: Select parameters were again assessed in later generations of the DR 
and DIO rat dams, notably from generations F6 [DR-chow (n =8), DR-HE (n = 7), DIO-chow (n 

= 8), and DIO-HE (n = 6)] and F7 [DR-chow (n = 6), DR-HE (n = 6), DIO-chow (n = 6), and 

DIO-HE (n = 4)]. This experiment focused exclusively on the postpartum period.  

An overview of the timelines for each experiment is shown in Figure 1B. All experiments were 

performed with the approval of the Veterinary Office of the Canton Zurich, Switzerland, and in 
accordance with the European Union Directive 2010/63/EU on the protection of animals used 

for scientific purposes.  

 

Measurement of body weight gain, food intake and meal patterns 

For dams from the generations F0, F1 and F3, dam body weight and litter weight were recorded 

at least weekly, and daily between gestational day 20 (G20) and P4. Daily food intake was 
measured with the BioDAQ food intake monitoring system. The data was monitored with 

BioDAQ-E2 software (2.3.01 2011.02.10; New Brunswick; USA). For F0 and F1 dams, 24-h 
food intake data was analyzed to determine differences in meal patterns between pregnant 

(on G7 and G20 ± 1) and lactating (P4, P9, and P15 ± 1) rats, either fed with chow diet or HE. 
To analyze meal pattern information, the data was grouped into separate meals consisting of 

clustered feeding bouts. A meal was defined by a minimum inter-meal interval (IMI) of 900 sec 
and a minimum meal size of 0.23 g [29]. Total food intake, meal size and meal number were 

calculated. Following the same procedures, meal patterns of F3 dams were analyzed on G20, 
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P4, P9, and P12. For dams from generations F6 and F7, weekly body weight was measured 

from date of mating until sacrifice when the pups were weaned. 
 

Amylin sensitivity test 
In the second week of pregnancy (G11 ± 2), F0 and F1 dams were tested for amylin sensitivity. 

Following a 4-h fast, a single dose of amylin (20 µg/kg; amylin trifluoracetate salt; Bachem, CH 
Catalog# 403020; Lot# 1064269) or vehicle (saline) was administered subcutaneously just 

before the onset of the rats’ active dark phase. Rats were tested over 2 trials in a randomized 

crossover manner. Food intake was measured 30 min, 1 h, 2 h, 4 h, and 24 h after injection 
using the BioDAQ food intake monitoring system. 

 

Oral glucose tolerance test (OGTT) 

In F0/F1 dams, oral glucose tolerance tests (OGTTs) were performed in virgin, pregnant (G15 
± 2) and lactating (P12 ± 1) rats. Prior to the first OGTT, rats were trained to drink a 30% 

glucose solution from a syringe. Rats were fasted for 12 h in the light phase prior to the test. A 
baseline sample was obtained from tail blood, for the measurement of glucose and subsequent 

analysis for leptin and insulin. Rats were then given the glucose load orally (2.5 g/kg; 8.3 mL/kg 

consumed in 5 min), and tail blood glucose levels were measured at 15 min, 30 min, 1 h and 
2 h using a glucometer (Contour XT; Ascensia Diabetes Care; CH). At each time point, a 100-

µl blood sample was collected for insulin determination. Blood samples were collected in Na-
EDTA-coated tubes (Microvette; 100 µl; Sarstedt) containing a general protease inhibitor 

cocktail (P2714; Sigma; 30 µl of 1:10 diluted stock solution/1 ml blood). Samples were kept on 
ice until spun for 5 min 30 sec at 13.2 x 1000 rpm (4ºC), and the plasma was immediately 

aliquoted and stored at -80 ºC until assayed for insulin and leptin plasma levels. Total area 
under the curve (AUC) was calculated from 0 for glucose and insulin data using the trapezoidal 

rule.  
 

OGTT was also performed in F6/F7 dams. We attempted the first OGTT in F6 dams on G15, 

however we observed that the pregnant DIO dams, regardless of diet, refused to orally 
consume the 30% glucose solution. While DR dams consumed an average of 87% of their 

calculated dose, DIO dams consumed 47%. Glucose (2.5 g/kg) was therefore administered 
via gavage for the OGTT performed on P18 ± 1 for F6 and F7 dams.  

 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

Measurement of leptin and insulin 

Leptin and insulin were measured in duplicate in plasma using the MSD® U-Plex Platform 
Multiplex Assay (U-PLEX Metabolic 2-Plex Combo 1 (Rat), Catalog# K15312K-2, Lot# 

348956); plates were analyzed using the MESO QuickPlex SQ 120 imager. Hormones were 
measured in the OGTT baseline samples for F0, F1, F6, and F7 dams (after a 12-h fast), and 

in terminal samples for F3 (after a 2-h fast).  
 

Behavioral parameters 

Maternal Behavior Tests 
To assess maternal motivation, a pup retrieval test followed by 60-min of home cage 

observation was performed in the F0/F1 and F3 dams on P2 and P7. Maternal behavior tests 
were conducted in the first four hours after dark onset. Before each test, location of the pups 

and nest was recorded, and then pups were placed in holding cage under warming light for 10 
min. The test was initiated when 5 pups were placed in each of the two corners of the home 

cage opposite of the nest.  
 

For tests with F0/F1 dams, maternal behaviors were manually recorded in real-time with a 

stop-watch. The latency to retrieve the first pup and all pups, and the latency to assume a 
nursing position was recorded. Subsequently, the dam’s behavior was recorded every minute 

for 60 min. Each behavior was assigned to one or maximum two of the following categories: 
retrieving, nursing (further defined as hover, high crouch, or low crouch; See [30] for reference), 

pup-grooming, self-grooming, eating, drinking, exploring, or quiet (out of the nest). Using this 
manual scoring, the resolution of these data was at the level of minutes.  

 
The primary aim for the F3 generation was to perform a higher resolution analysis of maternal 

behaviors than was obtained during F0/F1. The general timeline matched the F0/F1 maternal 
behavior test, but to achieve a finer detail, the 60-min test was recorded using a RaspPi 

Camera. Up to 6 dams were tested in a single session, and the behaviors of the dams were 

blindly scored using the free and open-source software Behavioral Observation Research 
Interactive Software (BORIS) [31]. The following behaviors were analyzed: latency to retrieve 

first pup, latency to retrieve all pups, nursing duration, nursing positions (hover, low crouch and 
high crouch), nest building, pup grooming, self-grooming, eating, drinking, exploring and quiet 

(out of the nest). These behaviors were sub-categorized as pup-directed or self-directed 
behaviors. Pup retrieval, pup grooming, nursing and nursing position accounted for the pup-

directed behavior, whereas self-directed behavior included self-grooming, eating, drinking, 
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exploring and quiet. Additional details of the analysis can be found in the Supplemental 

Methods. By scoring the videos using BORIS, duration of each behavior during the test could 
be evaluated at the level of seconds.  

 

Open Field Test 

In F3 dams, open field tests (OFT) were conducted in each female rat prior to mating or access 
to HE diet (baseline, at approximately 9 weeks of age), and again on postpartum day 10 or 11. 

Tests were performed during the light phase, between 8 and 11 am, in a testing room separate 

from the animal housing room. The OFTs were conducted in an open metal frame (80x79x40 
cm). The floor of the frame was covered with a transparent plastic floor to facilitate cleaning, 

under which black plastic was placed to increase contrast of white rat in the frame. Dams were 
always placed into the same corner of the square and immediately left alone in the room. The 

behavior and movement of the animal was recorded for 15 minutes with a video camera 
(RaspPi Camera). After the test the rat was brought back to her home cage, the floor and walls 

of the Open Field were cleaned with VirkonTM S and water, and dried. 
 

Videos were analyzed using ezTrack [32], a free and open source program using jupyter 

notebook and interactive Python scripts (Python 3.7.). All required programs used for analysis 
were downloaded from the Github Denise Cai Lab ezTrack website 

(https://github.com/DeniseCaiLab/ezTrack). Data were summarized using binned summary 
reports. Bins were defined as frames: 0-27000; 0-9000; 9001-18000; 18001-27000, which 

represent 0-15 minutes of the video, 0-5 minutes, 5-10 minutes and 10-15 minutes. For each 
bin the following parameters were analyzed (all data in centimeters unless defined otherwise): 

Total distance, total distance per bin, total periphery zone distance, total center zone distance, 
center zone distance per bin, percentage of total time spent in center, total number of center 

entries, total number of center zone entries per bin.  
 

Sucrose Preference Test 

Beginning at postpartum day 12, 4 consecutive days of sucrose preference testing (SPT) were 
conducted with rat dams maintained in their home cages. The standard water bottle (500 ml) 

was replaced with two smaller water bottles (250 ml each); one containing 1% sucrose solution 
(Sucrose ACS reagent, Sigma-Aldrich) and the other containing water. Each bottle was 

weighed and refilled every day. The left-right placement of the bottles was changed each day 
to distinguish a side preference from the actual sucrose preference. For each day of testing, 

any preference for or avoidance of the sucrose solution was calculated as percentage of the 
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total volume consumed: [100 x volume of sucrose solution consumed/total volume consumed]. 

The intake of sucrose and water on the last two days of testing were averaged. Data from rats 
demonstrating a consistent side-preference (drinking 75% or more from the same side) were 

not included in the analysis. 
 

Immunohistological analysis of postpartum brain tissue 

Perfusion and tissue preparation 

Rat dams were sacrificed between postpartum days 21 and 26. On the morning of perfusion, 

pups were separated from dams at least one hour prior to any treatment, at which time food 
was removed from the cage. To test for central leptin sensitivity, dams from F3 and F7 were 

treated with leptin prior to perfusion. Within the experimental groups, dams were randomly 
assigned to receive PBS vehicle or leptin (i.p., Murine leptin; G2817 Lot: 071776; PeproTech; 

UK; Diluted in 0.01 M PBS, pH 8.0). Dams from F3 were treated with 2 mg/kg, but since this 
failed to induce pSTAT3 in the hypothalamus, F7 dams were subsequently treated with 5 

mg/kg. Forty-five minutes after leptin or vehicle injection, rats were injected with an i.p. injection 
of 300-450 mg/kg Pentobarbital (Esconarkon ad us. Vet.; 300 mg/ml; Streuli Pharma AG; 

Uznach CH). When deeply anesthetized, a blood sample was taken from the heart, transferred 

to a Na-EDTA coated tube, and kept on ice before centrifuged for 10 minutes at 13’200 rpm. 
Plasma was aliquoted and directly frozen on dry ice. Following blood collection, samples were 

collected from the right median lobe of the liver and visceral adipose tissue; one portion of 
each were snap-frozen in liquid nitrogen, and one portion stored in 4% paraformaldehyde 

(PFA) for histological analysis. The rat was then flushed by hydrostatic forces with 0.1 M ice 
cold phosphate buffer (PB) for 1.5 minutes followed by a 2.5-minute fixation with ice-cold 2% 

PFA. The brain was extracted and put into 2% PFA on ice. Brains were transferred to 20% 
sucrose solution in 0.1 M PB for 24 h in a 4°C cool room. Brains were blocked into fore- and 

hindbrain, frozen in hexane on dry ice for 4 minutes, and stored at -80°C until sectioning. 
 

Histological analysis of postpartum liver 

Liver tissue samples collected from F0/F1, F3, and F7 dams were sent to the Institute of 
Veterinary Pathology at the University of Zurich for further evaluation. Liver tissue was 

embedded into a paraffin block, sliced in 3-5 µm thick sections and mounted onto glass slides. 
Following hematoxylin and eosin-staining (H&E), slides were scanned using a slide scanner 

(NanoZoomer-XR C12000; Hamamatsu, Hamamatsu City, Japan). Liver sections were semi-
quantitatively scored using the non-alcoholic fatty liver disease (NAFLD) Clinical Research 

Network Scoring System [33], taking into account that NAFLD in rodents is not associated with 
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the development of megamitochondria and a few other features described in human NAFLD 

[34]. Under this lipidosis scoring system, a score of 0 represents not present, 1 represents very 
mild, 2 represents mild, 3 represents moderate, and 4 represents severe lipidosis.  

 
 

Immunohistochemistry in brain 
Frozen forebrains of DIO/DR generation F7 were sectioned in four series of 25 µm thickness 

on a cryostat (Leica CM3050 S; Biosystems; DE). Sections were mounted directly onto 

Superfrost® glass slides (Superfrost® Plus; Thermo Scientific; DE), beginning at +0.2 mm from 
bregma through the hypothalamus until -3.25 mm from bregma, according to the Swanson 

Brain Maps Atlas [35]. Between -0.83 and -1.08 from bregma a total of 4 sections (200 µm in 
total) were discarded. All other sections were collected. Slides were stored at -20°C in 

cryoprotectant solution (20 % glycerol; 30 % ethylene glycol; 50% phosphate buffer (0.1M PB)) 
until staining. 

 

Oxytocin and pSTAT3 Immunostaining 

Two series of the brain sections were separately analyzed for oxytocin and pSTAT3 expression 

using immunofluorescence protocol optimized for the visualization of pSTAT3 (see [36] for 
details). In brief, slides were blocked in 4% NDS, 0.4% Triton and 1% BSA in KPBS for 20 

minutes and then incubated in rabbit-α-pSTAT3 (1:500; 9145 from Cell Signaling Technology) 
or mouse-α-Oxytocin (1:1000; Cat # MAB5296; Lot # 3061232; Chemicon; Temecula; CA) in 

1% NDS, 0.4% Triton and 1% BSA in KPBS for two overnights at 4°C. After primary incubation 
slides were rinsed in KPBS, followed by a secondary incubation step in donkey-α-rabbit–Cy3 

or donkey-α-mouse–Cy3 (both 1:100; Jackson ImmunoResearch, Laboratories) in 1% NDS 
and 0.3% Triton in KPBS for two hours at room temperature protected from light. Slides were 

rinsed again in KPBS, counterstained in DAPI for 4 min and washed in KPBS. After 30 min air 
drying slides were cover-slipped with Vectashield® (Vectashield® HardsetTM; Antifade 

Mounting Medium for Fluorescence; Ref # H-1400; Lot # ZH0114). Slides were stored at 4°C 

in the dark until further analysis. 
 

Fluorescence microscopy and image analysis 
Fluorescence images were taken at 10x magnification for oxytocin neurons and at 20x 

magnification for pSTAT3 neurons with a Zeiss Axio Camera HRm (AxioCam HRm, Carl Zeiss 
Microimaging GmbH, 37081 Göttignen, Germany). Sections were excited at 550 nm to 

visualize pSTAT3- or oxytocin-positive neurons depending on the slide series.  
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Images were analyzed using Image J software (Version 2.0.0-rc-69/1.52p; open source image 
processing software; [37]) together with short macro programs customized for quantification of 

pSTAT3- or oxytocin-positive neurons. For analysis, 8-bit grayscale pictures were used. 
Threshold for pSTAT3 neuron count was set at 38-255 and the size of counted cells was 

defined as 30 square pixels up to infinity. For the evaluation of oxytocin cells, first the function 
“Gaussian Blur…” with a sigma value = 2 was applied. Threshold was then set at 40-255, size 

was set at 40 square pixels up to infinity and the application “Watershed” was used to divide 

overlapping cell bodies. For oxytocin, the macro was run on brain sections containing 
paraventricular nucleus of the hypothalamus (PVH, corresponding to Levels 24 through 27 in 

[35]). For pSTAT3, brain sections containing arcuate nucleus of the hypothalamus (ARH, 
Levels 28 through 30 in [35]) were analyzed. 

 

Statistical analysis 

For all statistical analyses Microsoft® Excel (version 16.48) and Prism 9 (version 9.1.0) were 
used. Depending on the dataset, mixed-effect model analysis, two-way-ANOVA or unpaired 

parametric two-tailed Student’s t-tests were used to evaluate the influence of diet (chow vs 

HE), phenotype (DR vs DIO), and time on each parameter measured. To account for missing 
values in a repeated measures ANOVA, a mixed-effect model analysis was used. For multiple 

comparisons (post-hoc tests), a Tukey’s or Sidak’s multiple comparison was used. To analyze 
ordinal data (semi-quantitative NAFLD scores), nonparametric Kruskal-Wallis tests were used, 

followed by Dunn’s planned multiple comparison test. P-values ≤ 0.05 were defined as 
statistically significant. Data are represented as mean ± SD. 
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Results 

Experiment One: Influence of HE on obesity-prone and -resistant rat dams (F0 and F1) 
during pregnancy and lactation 

Maternal body weight gain and food intake  
Compared to dams eating chow, maternal intake of HE resulted in differences in body weight 

(Fig. 2A) and body weight gain (Fig. 2B), which were especially pronounced during gestation 
and the first week of lactation. Main effects of diet (F1,22 = 27.25, P < 0.001) and time (F2.60,53.19 

= 294.0, P < 0.001) on body weight were found, with significantly higher body weight in HE-fed 

rats at all time points excluding P14 and P21 (Fig. 2A). Furthermore, a significant interaction 
was detected (F15,307 = 12.57, P < 0.001). Main effects of diet (F1,21 = 6.592, P = 0.018) and 

time (F2.61,53.76 = 218.8, P < 0.001) on body weight gain were found, with significantly increased 
body weight gain in HE-fed rats compared to chow-fed rats during early- to mid-pregnancy, 

and on P2, P14 and P21 (Fig 2B). Comparison of body weight gain during pregnancy (the 
difference between body weight on G1 and on P2 to account for litter and placenta weight; See 

inset in Fig. 2B) revealed that dams fed HE gained significantly more weight than chow-fed 
dams during pregnancy (t21.99 = 2.925, P = 0.008). HE also influenced the caloric intake during 

pregnancy and postpartum: Main effects of diet (F1,21 = 9.32, P = 0.006) and time (F7.86,172.6 = 

130.2, P < 0.001) were observed, with individual differences observed in early and mid-
pregnancy (Fig. 2C). 

 

Leptin and Insulin levels  

Insulin and leptin were measured in plasma following a 12-h fast and prior to an OGTT 
performed before mating (1 week following the HE-challenge), during mid-pregnancy (G15), 

and mid-lactation (P12). Prior to mating, insulin values were lower in the prospective HE-fed 
females than those maintained on chow (t20 = 2.774, P = 0.012; Fig. 2D], but were not different 

during pregnancy (Fig. 2E) or lactation (Fig. 2F). Leptin, however, was significantly elevated in 
the HE-fed females prior to (t19.22 = 6.851, P < 0.001; Fig. 2G), during (t13.69 = 10.14, P < 0.001; 

Fig. 2H), and after pregnancy (t14.03 = 4.526, P < 0.001, Fig. 2I). 

 

Oral glucose tolerance test 

Intake of HE also influenced glucose clearance during an OGTT in pregnant and lactating, but 
not virgin, rat dams. In virgin rats a main effect of time (F4,88 = 99.3, P < 0.001) was found as 

well as a significant interaction between time and diet (F4,88 = 2.886, P = 0.027; Fig. 2J]. In 
pregnant rats (Fig. 2K), main effects of diet (F1,21 = 24.58, P < 0.001) and time (F4,84 = 45.62, 

P < 0.001) were detected, with HE-fed rats exhibiting higher blood glucose levels than chow-

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

fed rats at 30 min (t105 = 3.351, P = 0.006) and 60 min (t105 = 3.2, P = 0.009) after the glucose 

challenge. During lactation (Fig. 2L), main effects of diet (F1,21 = 7.414, P = 0.013) and time 
(F4,84 = 98.29, P < 0.001) were observed, as well as a significant interaction (F4,84 = 2.627, P = 

0.04). Significantly higher blood glucose levels in HE-fed dams compared to chow-fed were 
found at the 60 min time point (t105 = 3.389, P = 0.005). AUC analysis, relative to zero, 

demonstrated significantly higher AUCs in pregnant and lactating HE-fed rats compared to 
pregnant or lactating chow-fed rats, respectively (Pregnancy t21 = 5.176, P < 0.001, Lactation 

t21 = 4.3, P < 0.001; Fig. 2K and 2L insets). 

 
Insulin levels during the OGTTs performed in pregnant and lactating dams showed a similar 

curve pattern as blood glucose levels, with a peak in plasma insulin concentration 15 min after 
the glucose challenge (Figs. 2M and 2N). In pregnant rats, only a main effect of time (F4,76 = 

25.4, P < 0.001) was found, whereas in lactating rats main effects of diet (F1,11 = 8.592, P = 
0.014) and time (F4,44 = 23.34, P < 0.001) were detected. However, no significant differences 

in plasma insulin concentrations were found comparing pregnant or lactating chow-fed rats to 
pregnant or lactating HE-fed rats. AUC, relative to 0 ng/ml, did not show any significant 

differences in insulin concentration between chow- and HE-fed rats. 

 

Liver Histology 

We observed no influence of HE diet following histological inspection of visceral adipose tissue 
and pancreas collected from F0/F1 dams. In the livers, however, we observed mild to severe 

lipidosis in all livers from HE-fed lactating dams (average score was 1.93 ± 0.83), while all 
chow-fed dams received a score of 0, indicating no lipidosis. What was perhaps most 

interesting, was the observation that three female rats that were maintained on HE diet for the 
same duration as the dams, but who did not become pregnant, also all received a score of 0, 

suggesting that liver lipidosis resulted from an interaction between HE consumption and the 
states of pregnancy and lactation. Representative images from virgin or lactating females, fed 

chow or HE, are shown in Figure 2O. 

 

Meal patterns 

Analysis of meal size (Fig. 3A) revealed a main effect of diet (F1,97 = 113.4, P < 0.001) and time 
(F4,97 = 26.22, P < 0.001) as well as significant interaction (F4,97 = 3.183, P = 0.018). Meal size 

was significantly larger in HE-fed rats than in chow-fed rats for all pregnant and postpartum 
measurement days: G7 (t97 = 4.305, P < 0.001), G20 ± 1 (t97 = 2.905, P = 0.024), P4 (t97 = 

4.449, P < 0.001), P9 (t97 = 5.696, P < 0.001) and P15 ± 1 (t97 = 7.659, P < 0.001).  
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Meal number (Fig. 3B) was significantly lower in HE-fed rats compared to chow-fed rats. Main 
effects of diet (F1, 97 = 77.98, P < 0.001) time (F4, 97 = 11.31, P < 0.001), and an interaction (F4, 

97 = 2.85, P = 0.028) were detected. Meal number was significantly decreased in HE-fed rats 
compared to chow-fed rats on G20 ± 1 (t97 = 1.40, P = 0.002), P4 (t97 = 3.71, P < 0.001), P9 

(t97 = 4.92, P < 0.001) and P15 ± 1 (t97 = 5.67, P < 0.001).  
 

Amylin sensitivity test 

Because pregnancy causes reduced sensitivity to hormones regulating food intake, including 
leptin and cholecystokinin [19; 38], we assessed if the action of the satiating hormone amylin 

is preserved in pregnant rat dams maintained on either chow or HE diet (Fig. 3C-F). By 
representing the food intake following amylin-treatment as a percentage of baseline (vehicle 

food intake = 100%), the effectiveness of amylin was compared across diet groups on 
pregnancy day G11 ± 3. Overall, amylin’s effectiveness to reduce food intake was similar 

between diet groups, and consistent with what is observed in non-pregnant rats [39]. There 
was a main effect of amylin treatment on food intake at 30 min (F1,15 = 31.82, P < 0.001; Fig 

3C), 1 h (F1,15 = 14.76, P = 0.002; Fig. 3D), and 2 h (F1,15 = 13.29, P = 0.02; Fig. 3E), but 

never an effect of diet. By 24 h, all treatment effects were gone (Fig. 3F).   
 

Maternal behavior 
A pup retrieval test followed by 60 min of home-cage observations of maternal behaviors was 

conducted on P2 and P7 in dams fed chow or HE. We observed no effect of maternal diet on 
the latency to retrieve pups to the nest or begin nursing on P2 (Fig. 3G) or P7 (Fig. 3I). When 

using the durations of nursing behavior and eating behavior to approximate pup- and dam-
related behavior, we again observed no effect of diet on these parameters on P2 (Fig. 3H) or 

P7 (Fig. 3J). 
 

Experiment Two: Influence of HE and polygenic predisposition on postpartum 
metabolic and behavioral outcomes in F3 dams 

Maternal body weight gain and food intake  

An overall effect of time (F3.708, 91.41 = 316.1, P < 0.0001), phenotype (F1, 25 = 23.56, P < 0.0001), 
time x phenotype interaction (F29, 715 = 3.549, P < 0.0001) and time x diet interaction (F29, 715 = 

18.80, P < 0.0001) on body weight was found (Fig. 4A). DR chow-fed rats had significantly 
lower body weight compared to DIO chow-fed animals already starting from day G1 until the 

end of the experiment on P25 (average P < 0.001). Furthermore, DR chow-fed animals were 
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significantly lighter than DIO HE-fed animals at P1 (P = 0.04). DR HE-fed rats were significantly 

lighter than DIO chow-fed animals from day P6-P22 (average P = 0.01). In addition, DR-chow 
animals dropped more body weight from P1 to P3 compared to DR HE-fed dams (average P 

= 0.002). 
 

Similar effects were observed for the body weight gain (Fig. 4B). There was an overall effect 
of time (F3.294, 81.99 = 332.6, P < 0.0001), phenotype (F1, 25 = 12.14, P = 0.0018), a time x 

phenotype interaction (F28, 697 = 3.348, P < 0.0001) and a time x diet interaction (F28, 697 = 19.50, 

P < 0.0001). DR chow-fed dams had significantly less body weight gain compared to DIO 
chow-fed animals from G21-P1 and from P5 to P22 (average P = 0.01). DR chow-fed animals 

showed reduced body weight gain compared to DIO HE-fed animals from G22 to P3 (average 
P = 0.03). From P12 up to P19 DIO chow-fed animals gained significantly more weight 

compared with DR HE-fed animals (average P = 0.02). Comparing body weight gain, chow-
fed animals had a greater body weight gain from P1 to P3 in the DR group and from G22 to 

P3 in the DIO group compared with their HE-fed counterparts, with a stronger effect in the DR 
strain (DR-Chow vs. DR-HE average P < 0.001; DIO-Chow vs. DIO-HE average P = 0.03). 

 

Comparison of body weight gain during pregnancy (the difference between body weight on G1 
and on P1 to account for litter and placenta weight, See inset in Fig. 4B) revealed a phenotype 

effect (F1, 24 = 8.125, P = 0.009) and diet effect (F1, 24 = 21.04, P < 0.001), without a significant 
interaction (F1, 24 = 0.2153, P = 0.65). Multiple comparison analysis showed that DR chow-fed 

animals gained less body weight during pregnancy compared to DR HE-fed dams (P = 0.008), 
as well as compared to DIO chow-fed dams (P = 0.05). Further, DIO HE-animals gained more 

body weigh compared to DIO chow-fed dams (P = 0.04). The biggest difference in weight gain 
could be observed between DR chow-fed dams and DIO HE-fed animals (P < 0.001). DIO HE-

fed gained 119% more gestational weight during pregnancy compared to the DR chow-fed 
group.  

 

When food intake was corrected for the energy density per gram food in kilocalories (kcal) 
there was a time effect (F7.143, 167.5 = 431.0, P < 0.0001), a diet effect (F1, 24 = 16.98, P = 0.0004), 

a time x diet interaction (F31, 727 = 1.471, P = 0.0489) and a phenotype x diet interaction (F1, 24 
= 6.380, P = 0.0185; Fig. 4C). Multiple comparisons detected only few significant differences 

between groups on specific days. DR chow-fed dams ate significantly less kcal than DR HE-
fed animals on day G22 and P9 (average P = 0.021). Further, DIO chow-fed rats ate 

significantly more kcal on G15-G16, G18-G20 and from P5 to P8 compared to DR chow-fed 
dams, showing a tendency for DIO animals to eat more energy during gestation and lactation 
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(average P = 0.015). In addition, chow-fed animals exhibited a more pronounced decrease in 

kcal intake around P1 compared to HE-fed animals (DR-Chow vs. DR-HE on G22 P = 0.04; 
DIO-Chow vs. DIO-HE on P1 P = 0.01; DR-HE vs. DIO-Chow on P1 P = 0.02). On G18 and 

G20 and from P12 to P14 DR chow-fed animals ate significantly less kcal compared to DIO 
HE-fed animals (average P = 0.36).  

 

Postpartum leptin and Insulin levels 

Postpartum leptin and insulin levels were measured at day of sacrifice around postpartum day 

21 ± 1. Analysis of leptin levels revealed a diet effect (F1, 16 = 32.52, P = < 0.0001) with no 
phenotype effect (F1, 16 = 1.546, P = 0.2316) and no interaction (F1, 16 = 1.586, P = 0.2260, Fig. 

4D). Multiple comparisons showed significant differences between DR chow and DR HE (P = 
0.0289), DR chow vs. DIO HE (p = 0.0008), DR HE vs. DIO chow (p = 0.0283) and DIO chow 

vs. DIO HE (p = 0.0008), with animals fed a HE-diet having higher leptin levels than animals 
on chow. There was no significant difference in insulin levels between diet or phenotype groups 

(Fig. 4E). Further, no significant correlation was found when correlating leptin levels to terminal 
body weight (Fig. 4F). Interestingly a correlation between blood leptin levels and gestational 

body weight gain could be observed (r = 0.6541, R2 = 0.4279, p = 0.0018, Fig. 4G).  

 

Histological analysis of postpartum liver 

Consistent with observations in the first experiment, there was mild to severe lipidosis in all 
livers from HE-fed lactating dams (average score DR: 3.8 ± 0.45; DIO: 2.6 ± 0.55), while all 

chow-fed dams displayed no liver lipidosis and received a score of zero. Significant differences 
between groups could be detected using a Kruskal-Wallis test (p < 0.001). Dunn’s multiple 

comparison revealed significant differences between DR chow vs. DR HE (p < 0.001) and DIO 
chow vs. DIO HE (p = 0.006) groups (Fig. 4H). Representative H&E-stained livers from each 

group are shown in Figure 4I.  
 

Meal pattern analysis 

Analysis of meal size and meal number revealed the same tendencies as described in 
generations F0/F1. For meal size (Fig. 5A), we detected a main effect of time (F2.617, 64.55 = 

65.55, P < 0.001), diet (F1, 25 = 120.3, p < 0.001), time x diet interaction (F3, 74 = 14.68, p < 
0.001) and time x phenotype x diet interaction (F3, 74 = 3.760, p = 0.0143), with animals on HE 

diet having larger meal size compared to animals on chow, regardless of phenotype. Meal 
number (Fig. 5B) was significantly lower in HE-fed rats compared to chow-fed rats, again 
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regardless of phenotype. Main effects of time (F2.680, 65.21 = 13.86, p < 0.001), diet (F1, 25 = 64.88, 

p < 0.001), and time x diet interaction (F3, 73 = 4.894, p = 0.0037) were detected.  

 

Maternal behaviors 
On P2, while there were no differences between the groups for latency to retrieve pups to the 

nest, DIO-chow dams demonstrated an increased latency to begin nursing their pups (P = 
0.0023; Fig. 5C), which was significantly higher than all other groups. On P7, though there 

were no differences between latencies to retrieve or nurse (Fig. 5E), or the total duration of 

pup- or dam-related behaviors across groups (Fig. 5F), rats on HE diet showed an increased 
time dedicated to pup grooming compared with chow-fed rats (F1, 24 = 5.281, P = 0.03), 

whereas phenotype had no effect (F1, 24 = 0.02550, P = 0.87; See Supplemental Results). On 
all the other behaviors, and regardless of postpartum day 2 or 7, there were no further 

statistical differences between the different groups (See Supplemental Results for details). For 
most behaviors measured, neither phenotype nor diet influenced the maternal behavior on P2 

or P7. 
 

Open Field Test 

To assess the physical activity and anxiety level, rat dams were tested in an open field test 
prior to pregnancy and again at postpartum day 10 or 11. Latency to enter the center zone, 

percentage of time spent in the center zone, total distance per 5-minute bin, as well as center 
zone distance and center zone entries per bin were measured. To compare baseline results 

unpaired t-tests were used (Fig. 5G and 5H). There were no statistical differences between 
DIO and DR animals in any of the assessed parameters. At the time point of baseline 

measurements, all dams were maintained on chow diet, hence a diet effect could not be 
measured. 

 
To compare the different parameters on postpartum day 10 or 11, a two-way ANOVA with 

Tukey’s multiple comparisons test was used (Fig. 5I and 5J). A phenotype effect was observed 

for the number of center zone entries in Bin 3; DIO rat dams entered the center zone fewer 
times in the last 5 minutes of the test, regardless of the diet (F1, 24 = 5.682, P = 0.03; Fig. 5I). 

In all other measurements there were no significant differences between phenotype nor diet. 
 

Sucrose Preference Test 
A sucrose preference test was performed on postpartum day 16. Rats demonstrating a clear 

side-preference (i.e. consistently drinking from the left or right bottle regardless of content) 
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were excluded from the analysis. There was neither a diet effect (F1, 13 = 0.9778, P = 0.34) 

nor a phenotype effect (F1, 13 = 2.667, P = 0.13; Fig. 5K) detected. 

 

Experiment Three: Influence of HE and polygenic predisposition on select postpartum 
outcomes in F6 and F7 dams 

Maternal body weight gain 

Select parameters were measured in later generations of the DR and DIO dams. Most data in 
the following results were collected from F7 dams, however the OGTT, plasma leptin, and SPT 

also included data from F6 dams. In line with what was observed in the F3 dams, analysis of 
body weight gain data (Fig. 6A) in pregnancy and postpartum revealed main effects of 

phenotype (F1, 15 = 7.007, P = 0.018), diet (F1, 15 = 9.093, P = 0.009), and time (F2.616, 38.23 = 
427.0, P < 0.001). Individual group differences detected during late pregnancy were mainly a 

phenotype effect, meaning that DIO dams gain more weight during pregnancy. The group 

differences detected in early postpartum were mainly a diet effect, reflecting that chow-fed 
dams have a more pronounced body weight drop after parturition.  

 

Oral Glucose Tolerance Test 

OGTT were conducted in F6 and F7 dams on P18 (Fig. 6B). Of note, blood glucose was 
measured before and after administration of the glucose load via gavage, unlike in F0/F1 dams 

which consumed the glucose orally. A mixed-effect model analysis of the data revealed a main 
effect of time (F2.206, 68.40 = 142.6, P < 0.001), and an interaction between time and diet (F4, 124 

= 4.645, P = 0.002). While there were no differences in the AUC of the four groups, an 
individual difference between DIO-Chow and DIO-HE dams was detected at 60 min (P = 0.036) 

with Tukey's multiple comparisons test. 

 

Sucrose Preference Test 

While the data from the SPT in F3 dams suggested a trend for DIO dams to exhibit reduced 
preference for sucrose, a significant main effect of phenotype was observed in the F6/F7 dams 

(F1, 34 = 6.604, P = 0.015), with Tukey's multiple comparisons test revealing an individual 
difference in sucrose preference between the DR-Chow and DIO-Chow dams (P = 0.037; Fig. 

6C). 
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Postpartum leptin levels 

Following analysis of plasma leptin levels collected at timepoint 0 during the OGTT on P18 
(Fig. 6D), main effects of phenotype (F1, 44 = 4.891, P = 0.032) and diet: (F1, 44 = 7.571, P = 

0.009) were detected, with Tukey's multiple comparisons test revealing a significant difference 
between the leptin levels in DR-Chow versus DIO-HE dams (P = 0.010). 

 

Histological analysis of postpartum liver 

The presence and extent of lipidosis was again assessed in F7 dams, and the results were 

consistent with the findings from F3 dams. The semi-quantitative scoring (Kruskal-Wallis: P < 
0.001; Fig. 6E) again detected difference between DR-chow and DR-HE (P = 0.003) and DIO-

chow and DIO-HE (P = 0.211) livers. Representative liver images from each group are shown 
in Fig. 6F. Note that the inset in the DIO-HE image is from a DIO female that failed to become 

pregnant, but was maintained on HE for the same duration as the DIO-HE dams; this non-
lactating case received a score of 0.  

 

Postpartum leptin-induced pSTAT3 in ARH 

Analysis of the number of leptin-induced pSTAT3-positive neurons in the arcuate nucleus of 

the hypothalamus (ARH; Fig. 6G) in DR and DIO dams fed chow or HE diet, detected a main 
effect of diet (F1, 14 = 19.13, P < 0.001). Multiple comparisons using Tukey’ post hoc test, 

showed that DR-chow dams have more pSTAT3-positive neurons compared to DR-HE (p = 
0.010), as do DR-chow compared to DIO-HE dams (p = 0.011). In Figures 6H and 6I, 

representative images of pSTAT3-positive neurons in the ARH (Level 29 in [35]) are shown.  
 

Postpartum levels of oxytocin in PVH 
Number of oxytocin-positive cells were evaluated following immunohistochemical staining in 

the paraventricular nucleus of the hypothalamus (PVH). Figure 6J shows the number of 
oxytocin-positive neurons in the three brain levels quantified (Level 24-26 in [35]). Using a 

three-way ANOVA, we could detect significant differences across different brain levels (F2, 53 = 

7.022, P = 0.002), however, no further statistical differences could be observed across groups 
in the PVH at this point of late lactation. In Figure 6K, representative images of oxytocin-

positive neurons from brain Level 25 (in [35]) are shown.  
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Discussion 
 

More than one third of women of reproductive age in the US are obese [1]. This prevalence of 
obesity, driven in part by an overconsumption of a palatable, high energy diet and a polygenic-

sensitivity to such diets, continues to increase [40; 41], further propagating the negative health 
consequences of maternal obesity for mother and child. While many studies in humans and 

rodents have investigated the impact of obesity and an unhealthy diet during pregnancy on the 

offspring, few studies have evaluated how this metabolic challenge effects the physiological 
parameters of the mother, despite the evidence that women with obesity are at higher risk for 

adverse health effects during and after pregnancy, such as gestational diabetes and 
postpartum depression [11; 42]. 

 
The aim of this project was to characterize the physiological status of a selectively bred diet-

induced obese (DIO) and diet-resistant (DR) rat model fed a high energy diet (HE) or normal 
chow in a novel context of the metabolically demanding periods of pregnancy and lactation. 

To achieve this goal, we monitored physiological parameters such as maternal body weight, 
body weight gain, food intake, blood leptin and insulin levels and oral glucose tolerance in 

F0/F1 generations, for which the HE diet was the main factor. The offspring from these 

experiments were selectively bred according to the protocol developed by Levin and 
colleagues, whereby the highest and lowest weight gainers were bred to generate DIO and 

DR rat lines [24]. In a second project we examined the influence of diet and phenotype on 
maternal behaviors in the F3 generation, performing high-resolution tests of maternal 

behaviors, open field tests to determine activity and anxiety-like behaviors, and sucrose 
preference tests as a readout for hedonic behavior, while maintaining close monitoring of body 

weight, body weight gain and food intake of the dams and corresponding litters. In the third 
phase of the study, in addition to monitoring select physiological and behavioral parameters, 

dams from generations F6 and F7 were used to assess leptin sensitivity in the postpartum 
brain, and whether these factors of diet and genetic proneness for obesity might alter 

expression of oxytocin neurons in the paraventricular nucleus of the hypothalamus. 

Collectively, our studies show that while consumption of HE diet during and after pregnancy 
can influence maternal physiology and behavior, selective breeding based on the sensitivity to 

this diet can have both independent and compounded effects on maternal health.  
 

Effects of diet and selective breeding on gestational body weight and leptin levels 
To assess the effect of phenotype and diet on physiological and metabolic parameters body 

weight, body weight gain, food intake, leptin and insulin levels were monitored throughout the 
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different generations. We could show that by selectively breeding DIO and DR rat strains, 

phenotype differences regarding body weight and body weight gain can be enhanced, starting 
from generation F3, with the DIO line having elevated BW and BWG compared to DR dams of 

the same age regardless of diet. When comparing dams on chow with dams on HE diet, an 
overall diet effect is already visible starting in the F0/F1 generation, with HE animals having 

increased BW and BWG compared to chow dams. The biggest difference was observed 
between DR chow-fed and DIO HE-fed dams in generation F3, with DIO HE-fed animals 

gaining 119% more gestational weight from G0 to P1 during pregnancy. Following parturition, 

dams on chow diet displayed a dramatic drop in body weight, which was followed by a slow 
but steady regain of body weight mainly from P2 to P12. In contrast, HE dams stayed nearly 

stable with their body weight after parturition until P25. This effect of HE on the pattern of 
postpartum body weight changes was observed over several generations, and a similar trend 

can be observed in recently published work in mouse dams [15]. While the significance of this 
pattern will require additional probing, the consistency of the effect suggests that intake of HE 

can influence the metabolic adaptions that occur from pregnancy to postpartum. Consistent 
with the elevated gestational weight gain, dams fed HE had increased leptin levels during and 

after pregnancy compared to chow-fed dams. One of our central hypotheses is that excess 

adiposity or dietary fat during and after pregnancy delays or prevents the return of leptin 
sensitivity in the postpartum period, to which high maternal levels of circulating leptin likely 

contribute.  
 

Effects of diet and selective breeding on leptin resistance 
Leptin resistance is a known and necessary metabolic adaptation that enables maternal fat 

accumulation during pregnancy [18; 19; 20], providing energy to the growing fetus and suckling 
newborn. The progression of gestational leptin resistance has been documented, and while its 

reversal after pregnancy is assumed [43], the time course of its reversal has not been traced. 
Here we provide initial evidence that intake of HE diet during pregnancy and lactation blunts 

hypothalamic leptin sensitivity, as demonstrated by reduced leptin-induced pSTAT3 in the 

brains of HE-fed dams at the time of pup-weaning (P26). We observed this effect of HE in both 
DR and DIO dams. The precise consequence of retained postpartum leptin resistance has also 

not been investigated, but could be far-reaching provided the strong connections between 
metabolic sensing and signaling in the brain and various other brain pathways controlling 

motivation and cognition [44; 45], let alone the impact of leptin signaling in the periphery on 
energy homeostasis [46]. For instance, deficits in postpartum leptin function as a result of HFD-

intake in mice was recently identified as contributor to insufficient prolactin signaling and 
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lactation [47]. And in women, elevated early postpartum leptin levels, which likely coincide with 

retained leptin resistance, was shown to be predictive of postpartum depression [48].  
 

Leptin resistance during pregnancy and in the postpartum period might underlie other 
consequences of HE intake in both DR and DIO dams. The meal patterns of HE-fed dams, 

who consumed significantly larger meals, echoes what we previously observed in leptin 
receptor-deficient rats [29]. Even though the F0/F1 dams largely compensated for the 

increased caloric density of the HE, showing no differences in 24-hour caloric intake except 

during late pregnancy, a phenotype effect on food intake was detected in the F3 generation; 
DIO dams on chow consumed slightly more kcal than DR on chow, confirming our selective 

breeding methods. An overall diet effect and time x diet interaction was found in dams on HE, 
who consumed more kcal than animals on chow. These findings are interesting in light of 

varying postpartum weight change patterns between chow- and HE-fed dams. Despite the 
relatively similar postpartum caloric intake, dams consuming HE maintained a stable body 

weight during lactation whereas chow-fed dams exhibited dramatic weight loss followed by 
regain over the period of lactation. Though we did not evaluate it directly in our studies, one 

reason for this could involve divergent changes in postpartum energy expenditure. In an earlier 

study by Whalig and colleagues, mice maintained on HFD before and after pregnancy 
exhibited reduced total body energy expenditure on postpartum day 10, which in combination 

with increased caloric intake, induced a state of greater positive energy balance in these HFD-
fed dams compared to dams fed chow [13]. The authors of this study went on to demonstrate 

that in dams consuming HFD, dietary fat is used for milk lipid production, rather than 
energetically costly de novo lipogenesis, thus contributing to lower total energy expenditure 

[13]. Furthermore, as leptin signaling promotes energy expenditure, it is reasonable to 
hypothesize that leptin resistance, as observed in the HE-fed dams in our study, also plays a 

role in reduced postpartum energy expenditure. 
 

We further speculate whether a state of postpartum leptin-resistance contributes to the 

consistent, and often severe, liver steatosis that was observed in dams fed HE diet. Deficient 
leptin signaling reportedly drives lipid accumulation in the liver, as has been observed in 

hypoleptinemic people with lipodystrophy [49], and in people with type 2 diabetes and leptin 
resistance [50]. High dietary fat and fructose content are listed as risk factors for liver steatosis 

in people [51], and mice maintained on a 45% HFD for 24 weeks also displayed liver steatosis 
[34]. However, our observation that several female rats who failed to become pregnant, but 

were maintained on the HE for the same duration as the those who did, showed no evidence 
of liver lipidosis, suggests that the HE diet interacts with the altered metabolic state of 
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pregnancy or lactation to exacerbate lipid accumulation. Interestingly, a similar phenomenon 

has been described in high-yielding dairy cows. At lactation onset, some dairy cows can 
experience extreme energy deficit, which triggers hyper-mobilization of lipids from fat stores, 

thus causing fatty acid release into the blood stream and their accumulation in the liver [52; 
53]. This extreme state of negative energy balance in cows results from insufficient food intake 

following parturition, with a concomitant reduction in plasma leptin levels [54]. Consistent with 
previous work [46; 55], the chow- and HE-fed rat dams in this study appear to increase their 

postpartum caloric intake soon after parturition and at a similar rate, yet we propose that 

exaggerated or sustained leptin resistance in the HE-fed dams creates a perceived state of 
negative energy balance, culminating in a hyper-mobilization of fat stores akin to a dairy cow. 

Chronic infusions of leptin to early lactating cows effectively reduced lipid levels in the liver by 
28% [56], lending support to a hypothesis that restoring leptin signaling in HE-fed rat dams 

would also reduce liver steatosis. 
 

Effects of diet and selective breeding on glucose control and amylin sensitivity 
Overweight and obesity in women is also a known risk factor for gestational diabetes mellitus 

[57]. Therefore, we investigated the insulin levels and oral glucose tolerance (OGTT) in the 

polygenic obesity model in during pregnancy and lactation in F0/F1 dams.  While we 
unsurprisingly found no robust indication of gestational diabetes mellitus, we could observe 

slower glucose clearance in HE-fed dams in F0/F1, during both pregnancy and lactation. 
Fasting insulin and insulin levels in response to glucose were numerically lower in the HE-fed 

dams in the postpartum period, which could point to mild beta-cell dysfunction, however these 
differences failed to reach statistical significance. In the generations F6/F7, a main effect of 

phenotype was observed during the postpartum OGTT, with DIO on HE demonstrating a 
delayed glucose clearance compared to DIO-chow dams. To date, most rodent models of 

gestational diabetes mellitus do not fully recapitulate the human condition—many rely on the 
use of diabetogenic drugs or manipulation of maternal diet [58; 59], and few studies have 

investigated the impact of gestational diabetes on maternal health beyond the postpartum 

period [60]. The data presented here suggest that the selectively-bred DIO model of maternal 
obesity is not a suitable model of gestational diabetes. However, with further modifications to 

the maternal diet, such as increasing diet duration or fat or carbohydrate amount or 
composition, it may present a favorable foundation for future models.   

 
Like leptin, which rises steadily throughout pregnancy, previous studies showed that circulating 

amylin levels also increase during gestation [61]. And while the occurrence of gestational leptin 
resistance during pregnancy is established [62], it was not known if this rise in amylin levels 
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also leads to reduced amylin sensitivity, thus providing an additional mechanism to promote 

increased caloric intake during pregnancy. The treatment of pregnant rat dams with amylin 
followed by food intake measurements demonstrated that amylin sensitivity is preserved during 

pregnancy. The effectiveness of amylin to reduce food intake was also not influenced by the 
diet consumed by the pregnant rats. This finding is consistent with our earlier results, which 

showed in male rats that obesity or HFD-induced hyperamylinemia did not cause a state of 
amylin resistance [39]. 

 

Effects of diet and selective breeding on behavioral profile of postpartum dams 
In our first experiments in F0/F1 dams, our lower resolution, real-time analysis of maternal 

behaviors during a pup-retrieval test following by 60 minutes of home-cage observation, failed 
to detect any effect of HE on maternal behaviors. There was enough variability in these data, 

however, that left us questioning whether these measures were adequately sensitive to detect 
potentially subtle changes based on diet. One key aim of the F3 experiment was to perform a 

high-resolution, blinded analysis of a video-monitored maternal behavior test. Under these 
experimental conditions, and after three rounds of selective-breeding for obesity-proneness or 

-resistance, we observed a significant delay in latency to begin nursing in DIO dams, and two 

outliers within the DIO dam group that demonstrated low pup-related behaviors on P2 (See 
Figs. 4C and D). When the test was repeated on P7, when maternal behaviors are 

consolidated, there were no differences between groups. While these subtle differences are 
consistent with other published findings in mice that HFD can reduce the quality of maternal 

care [14; 15; 17], another study in rats showed that HFD increased the time that the dams 
nursed their pups [16]. Because the methods and endpoints used to assess maternal care are 

not consistent across these or our experiments, it is difficult to determine what are true effects 
of maternal diet or obesity on maternal care, and what is simply the reflection of natural 

variations in maternal care that occur over and within the early postpartum days. To bypass 
such hurdles would require multiple tests, if not constant home-cage monitoring, of maternal 

care. Further, because the home-cage retrieval test is relatively simple for the dams to 

complete, this again introduces a question of sensitivity. Incorporation of a novel or stress-
evoking environment, such as a T-maze retrieval test [63; 64], would further allow us to assess 

if maternal diet or obesity influences susceptible or resilience in the face of such a stressor. 
However, putting these points aside, our blinded analysis of maternal care in F3 dams, suggest 

that while a polygenic predisposition for obesity might increase the tendency for reduced 
maternal care, neither intake of HE diet or maternal obesity per se reduced the overall quality 

of maternal care.  
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In a previous set of experiments, rat dams exhibiting high maternal care exhibited higher 

expression of oxytocin in the PVH, and a higher number of oxytocin receptors in brain centers 
critical for maternal behaviors [65; 66]. Levels of oxytocin can also be influenced by metabolic 

state. While leptin was shown to increase PVH oxytocin gene expression [67], leptin receptor-
deficient rats have reduced plasma oxytocin levels [68]. Based on the observed reduction in 

leptin-sensitivity in the HE-fed dams, we hypothesized that HE-intake would reduce oxytocin 
expression in the PVH. The quantification of oxytocin-positive neurons in the PVH of DR and 

DIO rat dams at the time of pup-weaning, however, failed to detect any effect of phenotype or 

diet on oxytocin levels. During our analysis, we were sensitive to the heterogenous expression 
pattern oxytocin neurons across the rostro-caudal axis of the PVH [69], only comparing 

anatomically aligned sections. One important limitation is that we investigated oxytocin 
immunoreactivity in the PVH, and not the functional release of oxytocin. Interestingly, there is 

some evidence that leptin can increase activation of oxytocin neurons [70; 71]. We also 
quantified oxytocin at P26, when lactation demands on the dam are falling, in contrast to 

previous studies that quantified oxytocin on P6 [65]. So while these data would suggest that 
metabolic state does not influence late-postpartum levels of oxytocin in PVH, we cannot rule 

out that metabolic state or leptin sensitivity might influence release of oxytocin into the 

periphery or at central target sites. 
 

The lactation period has generally been described as anxiolytic [72]. Rodent dams reportedly 
spend more time in the open arms of an elevated plus maze (EPM), a readout for reduced 

anxiety, and this adaptation is thought to be a critical component of the new mother’s 
heightened drive to protect her young. Furthermore, consumption of HFD and weight gain in 

obesity-prone non-pregnant females was previously shown to increase anxiety-like behavior 
in EPM [73], leading to the hypothesis that maternal intake of HFD would prevent the lactation-

driven reduction in anxiety. As with maternal motivation, there are conflicting data on the effect 
of HFD on maternal performance in behavioral paradigms testing anxiety-like behaviors. 

Moazzam and colleagues reported that postpartum mouse dams maintained on HFD spent 

less time in the closed arms of an EPM than chow-fed dams, which would actually indicate 
reduced anxiety [15]. Another study by Perani and colleagues showed that HFD prevented 

lactation-associated anxiolysis, with HFD-fed mouse dams showing an increase in the latency 
to enter the lit chamber of the light-dark box, and a decrease in the number of lit chamber 

entries [74]. Similarly, a study investigated the effects of various maternal diets in mice showed 
that intake of a diet high in fat and branched-chain amino acids reduced time spent in open 

arms on P8 [14]. In our studies, we failed to see robust effects of diet in the open field test. We 
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did not observe phenotype differences in OFT measures in virgin females naïve to HE, nor any 

global effects of HE or phenotype when the same females were tested on postpartum day 10.  
 

To round out the behavioral profiling of this maternal obesity model, we also performed a mid-
lactation sucrose preference test, as a readout for hedonia or pleasure-seeking, in the dams 

from the F3 and F6/F7 generations. In generation F3, we did not see statistical differences 
across groups. However, similar to the outliers observed in the maternal behavior test, we 

observed a few individual dams in the DIO groups which displayed a possible sucrose aversion 

(consuming less than 50% sucrose). In generations F6/F7, we observed a main effect of both 
phenotype and diet, with DR-chow animals showing higher sucrose preference compared to 

DIO-chow dams. These data are similar to those reported by Moazzam and colleagues, where 
pregnant mice on chow displayed higher sucrose preference compared to pregnant mice on 

HFD [15]. Resistance of the DIO rat dams to consume sweet solution was also observed during 
the OGTTs performed in the F6 generation, by which we had to abandon the more clinically- 

and physiologically-relevant drinking of glucose during the OGTT for gavage administration. 
The DIO rats, despite an overnight fast prior to the test, simply would not drink the glucose 

solution. While a reduction in preference for sucrose is a commonly used correlate for an 

anhedonic or depressed state, it should not be neglected that the test also depends on sucrose 
detection and post-ingestive learning mechanisms [75; 76]. Whether selective breeding based 

on proneness to weight gain also selects for reduced sucrose preference or detection, in both 
males and females, would be interesting to investigate. Supporting this, an earlier study 

demonstrated that obesity-prone male rats maintained on chow demonstrate reduced oral 
sensitivity to sucrose [76]. 

 
Translational value of the DR/DIO model of maternal obesity 
Herein, we have described the effects of a palatable HE diet in two strains of rats during 
pregnancy: one that is highly susceptible to weight gain, and one that is resistant. We observed 

that the intake of HE diet during pregnancy and lactation can have robust effects on various 

readouts of metabolic health in both strains, and that a polygenic susceptibility to weight gain 
has an additional impact on some of these measures. Because obesity in women is known to 

increase the risk of various disorders during and after pregnancy, the polygenic- and diet-
sensitive nature of this rodent models provides a multi-faceted tool to dissect how diet, genetics 

and obesity contribute to these adverse health outcomes. Nonalcoholic fatty liver disease 
(NAFLD), for example, is more common in women with a BMI above 30 at the start of their 

pregnancy [77]. Our data would suggest that maternal diet contributes more toward liver 
steatosis than maternal weight gain or polygenic sensitivity to the diet. The current model would 
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be useful to delineate which components of the HE diet have the largest impact on the liver, 

and whether HE intake during just pregnancy or just lactation would also produce differential 
outcomes. Postpartum depression (PPD) is a devastating and complicated human condition, 

which also has clear associations with maternal obesity [10; 78]. While we feel it is important 
to emphasize that this model of maternal obesity is not a rodent model of PPD, it can be used 

as a neurobiological tool that will allow us to probe how obesity-induced changes in the brain 
could increase susceptibility for PPD. The behavioral profiling of DIO dams suggests that 

neither maternal obesity nor consumption of a palatable HE universally cause PPD-like 

behaviors in the postpartum dam. Still, it is interesting to the note that a subset of DIO and/or 
HE-fed dams often showed more aberrant behaviors in the maternal tests and SPT, denoting 

potential “high risk” dams within these groups. Our findings therefore support a more general 
idea that neither intake of HE diet nor maternal obesity cause PPD, rather it is the polygenic 

predisposition to obesity, which may be compounded by a palatable, calorically-dense diet, 
that increases the risk for developing PPD. The present rodent model is particularly well-suited 

to address whether susceptibility for obesity and aberrant postpartum behaviors involve deficits 
in common neural pathways, such as those involving motivation or stress-responsiveness. 

This model would also help elucidate what influence certain obesity-related changes (like 

elevated leptin or leptin resistance) have on the levels of and receptivity to gonadal, placental 
and metabolic hormones, which are changing so rapidly in the peripartum period. 

 
Conclusion  
In summary, we conclude that intake of HE diet during and after pregnancy can influence 
maternal physiology and behavior in rat dams and that selective breeding based on the 

sensitivity to this diet can have both independent and compounded effects on maternal health. 
Further our results demonstrate, that HE or propensity to gain weight does not cause major 

deficits in maternal behavior, but the presence of “outliers” within the DIO or HE-fed groups 
suggests that these are risk factors for alterations in maternal mood or motivation. Our model 

of maternal obesity, which incorporates both HE diet and polygenic susceptibility for weight 

gain, represents a useful tool for further probing the biological links between maternal 
metabolic, reproductive and mental health. 
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Figure Legends 
 
Figure 1. Overview of protocol for selective-breeding of DIO and DR rats and the 
timelines of experimental procedures in pregnant and lactating rat dams 
(A) Outbred Sprague-Dawley rats (F0) were used to generate selectively-bred colonies of diet- 
resistant (DR) and diet-induced obese (DIO) rats, according to protocols developed by Levin 
and colleagues. Following a 3-week challenge on sweetened high-energy diet (HE), rats were 
classified as obesity-resistant (OR) or obesity-prone (OP) based on their weight gain. OR and 
OP male and female rats were mated, and the process was repeated in F1 and F2 offspring. 
Rats were designated as DR and DIO from F3 forward. For breeding and experimental 
purposes, F3, F6 and F7 DR and DIO dams were maintained on chow or HE during pregnancy 
and lactation. Offspring from chow-fed dams were used for colony maintenance. 
(B) Three experiments were carried out in dams from F0/F1, F3, and F6/F7 generations, 
respectively. Maternal body weight and food intake were collected at least weekly over the 
course of the studies. Experimental procedures were performed on the gestational (G) and 
postpartum (P) days indicated, including: oral glucose tolerance test (OGTT); amylin sensitivity 
test; pup retrieval and maternal behavior test; open field test (OFT); and sucrose preference 
test (SPT). Between P21 and P26, rat dams were perfused, and blood, brains, and livers were 
harvested for further analysis. Diagrams were created with a paid-subscription of 
BioRender.com 
 
 
Figure 2. Influence of HE-diet on physiological parameters in obesity-prone and -
resistant rat dams in filial generation 0 and 1 (F0/F1) before, during and after pregnancy 
Body weight in grams (A), body weight gain in grams (B) and food intake in kilocalories (C) of 
Sprague Dawley dams on chow (blue) or high energy (HE, orange) diet over the course of 
pregnancy and lactation. Vertical dotted line marks parturition. (B) Inset shows body weight 
gain during pregnancy (difference between body weight on gestational day 1 (G1) and P2 to 
account for litter and placenta weight). 
(D-I) Plasma insulin and leptin levels (ng/ml) following a 12h fast and prior to an oral glucose 
tolerance test (OGTT) in dams on chow and HE diet. (D, G) Insulin and leptin levels in virgin 
dams following a one week HE challenge. (E, H) Insulin and leptin levels during mid-pregnancy 
(gestational day 15) in dams on chow or HE diet. (F, I) Insulin and leptin levels in mid-lactation 
(postpartum day 12) in dams on chow or HE diet. 
(J-L) Blood glucose levels (mmol/l) at different time points (0, 15, 30, 60, 120 min) during an 
oral glucose tolerance test in virgin (J), pregnant (K) and lactating (L) dams on chow or HE 
diet. Inset in each graph J-L shows the area under the curve relative to zero.  
(M-N) Insulin levels (ng/ml) during the OGTT in pregnant (M) and lactating (N) rats on either 
chow or HE diet. Insets show area under the curve relative to 0 ng/ml.  
(O) Representative HE-stained liver sections of virgin and lactating dams on either chow or HE 
diet (Scale Bar: 250 µm). Data are represented as mean ± SD. (A-C) 2-way-ANOVA respective 
mixed effect model to account for missing values with Sidak’s multiple comparisons post-hoc 
test. (D-I) two-tailed Welch’s test. J-N 2-way-ANOVA with Sidak’s multiple comparisons post-
hoc test. Insets (J-N) two-tailed unipaired t-tests. *p < 0.05, **p < 0.01, *** p < 0.001. N = 10 in 
chow group, N = 14 in HE group. 
 
Figure 3. Influence of HE-diet in obesity-prone and -resistant rat dams in filial generation 
0 and 1 (F0/F1) on meal pattern, amylin sensitivity and maternal behavior 
Meal size in kilocalories (A) and meal number (B) of pregnant and postpartum rat dams on 
chow or high energy (HE) diet on gestational day 7 (G7), G20±1, postpartum day 4 (P4), P9, 
and P15±1.  
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(C-F) Food intake as percentage of baseline following a single dose subcutaneous amylin (20 
µg/kg) or vehicle (saline) injection after a 4-h fast in rat dams on gestational day 11±2, 30 
minutes (C), 1 hour (D), 2 hours (E) and 24 hours (F) after injection. 
(G-J) Pup retrieval test and 60 minutes maternal behavior home cage observation in dams on 
either chow or HE diet on postpartum day 2 (P2) and 7 (P7) in the first four hours after dark 
onset. Latency to retrieve first pup, latency to retrieve all pups and latency to start nursing in 
minutes on P2 (G) and P7 (I). Total nursing and eating duration in minutes on P2 (I) and P7 
(J). 
Data are represented as mean ± SD. (A-F) 2-way-ANOVA respective mixed effect model to 
account for missing values with Sidak’s multiple comparisons post-hoc test; (G-J) two-tailed 
unpaired t-tests. *p < 0.05, **p < 0.01, *** p < 0.001. N = 10 in chow group, N = 14 in HE group. 
 
Figure 4. Influence of HE-diet on physiological parameters in diet resistant (DR) and diet 
induced obese (DIO) rat dams in filial generation 3 (F3) before, during and after 
pregnancy. 
Body weight in grams (A), body weight gain in grams (B) and food intake in kilocalories (C) of 
DR dams on chow (light blue), or HE diet (dark blue), DIO dams on chow (orange), or HE diet 
(red) over the course of pregnancy and lactation. Vertical dotted line marks parturition. (B) 
Inset shows body weight gain during pregnancy (difference between body weight on 
gestational day 1 (G1) and postpartum day 1 (P1) to account for litter and placenta weight). 
(D-E) Leptin (D) and insulin (E) levels (ng/ml) in plasma of DR and DIO dams on chow or HE 
diet at sacrifice around postpartum day 21±1. Animals on HE displayed higher plasma leptin 
levels compared to dams on chow. 
(F-G) Scatter plot of terminal leptin levels (pg/ml) and terminal body weight (g) (F) or 
gestational body weight gain (g) (G) in DR and DIO dams on chow or HE diet. Terminal leptin 
levels and gestational body weight gain correlate.  
(H) Severity of liver lipidosis according to the NAFLD scoring system for rodents (Grade 0-4) 
in DR and DIO dams on chow or HE diet. HE diet triggered liver lipidosis regardless of 
phenotype. Representative images of H&E stained liver sections in Fgure I. 
Data are represented as mean ± SD. (A-E) 2-way-ANOVA respective mixed effect model to 
account for missing values with Tukey’s multiple comparisons post-hoc test. (F-G) Correlation 
Pearson r statistical test. (H) Kruskal-Wallis test with Dunn’s post hoc test *p < 0.05, **p < 0.01, 
*** p < 0.001. DR-chow (N = 10), DR-HE (N = 5), DIO-chow (N = 9), and DIO-HE (N = 5).  
 
 
Figure 5. Influence of HE-diet in diet resistant (DR) and diet induced obese (DIO) rat 
dams in filial generation 3 (F3) on meal pattern, amylin sensitivity and maternal behavior 
Meal size in kilocalories (A) and Meal number (B) of pregnant and postpartum DR and DIO rat 
dams on chow or high energy (HE) diet on gestational day 20 (G20), postpartum day 4 (P4), 
P9, and P12. 
(C-F) Maternal behavior in DR and DIO dams on chow or HE diet on postpartum day 2 (P2) or 
7 (P7). Latency to retrieve first pup, latency to retrieve all pups and latency to start nursing in 
seconds on P2 (C) and P7 (E). Total duration in seconds of pup related and dam related 
behavior on P2 (D) and P7 (F). 
(G-H) Open field test in virgin DR and DIO rat dams around 9 weeks of age on chow. (G) 
Number of center zone entries divided into 3 bins, whereas one bin represents 5 minutes of 
tested time. (H) Total travelled distance in centimeter (cm) in virgin DR and DIO dams per bin.  
(I-J) Open field test on postpartum day 10 in DR and DIO rat dams on chow or HE diet. Number 
of center zone entries (I) and total traveled distance in centimeter (J) divided into 3 bins, 
representing 5 minutes of test each. 
(K) Sucrose preference in percent of total liquid intake on postpartum day 14-15 in DR and 
DIO rat dams on either chow or HE diet. 1% sucrose solution and water intake were averaged 
over two consecutive days. Animals displaying a clear side preference were excluded.  
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Data are represented as mean ± SD (A-K) 2-way-ANOVA respective mixed effect model to 
account for missing values with Tukey’s multiple comparisons post-hoc test. *p < 0.05, **p < 
0.01, *** p < 0.001. DR-chow (N = 10), DR-HE (N = 5), DIO-chow (N = 9), and DIO-HE (N = 
5).  
 
 
Figure 6. Influence of HE-diet in diet resistant (DR) and diet induced obese (DIO) rat 
dams in filial generation 6 and 7 (F6, F7) on selected physiological parameters 
(A) Body weight gain in gram (g) of DR dams on chow (light blue), or HE diet (dark blue), DIO 
dams on chow (orange), or HE diet (red) over the course of pregnancy and lactation. Dotted 
vertical line marks partuition. 
(B) Blood glucose levels (mmol/l) at different time points (0, 15, 30, 60, 120 min) during an oral 
glucose tolerance test in DR and DIO dams on chow or HE diet. Inset shows the area under 
the curve (AUC) relative to zero. 
(C) Sucrose preference in percent of total liquid intake on postpartum day 14-15 in DR and 
DIO rat dams on either chow or HE diet. 1% sucrose solution and water intake were averaged 
over two consecutive days. Animals displaying a clear side preference were excluded. 
(D) Plasma leptin levels in ng/ml in DR and DIO dams on chow or HE diet after a 12-h fast on 
P18±1. Dams on HE displayed a higher leptin concentration compared to dams on chow. 
(E) Severity of liver lipidosis according to the NAFLD scoring system for rodents (Grade 0-4) 
in DR and DIO dams on chow or HE diet. HE diet triggered liver lipidosis regardless of 
phenotype. (F) Representative images of H&E sections. Inset in (F) shows image from a non-
pregnant, non-lactating DIO dam after 6 weeks on HE diet (no lipidosis present). 
(G) Immunohistochemistry of pSTAT3-positive cells in the arcuate nucleus of the 
hypothalamus (ARH) in DR and DIO dams on chow or HE diet after 5 mg/kg intraperitoneal 
leptin injection forty-five minutes prior to sacrifice on postpartum day 21±1. Animals on chow 
showed greater leptin-induced pSTAT3 phosphorylation compared to animals on HE diet.  
(H) Overview of the ARH in a DR dam on chow diet and a DIO dam on HE diet. (I) Zoomed in 
representative pictures of the ARH in each group.  
(J) Oxytocin positive cells in the paraventricular nucleus of the hypothalamus (PVH) on 
different brain levels (level 24-26) (according to Swanson brain atlas) in DR and DIO dams on 
chow or HE diet. (K) Representative pictures of the PVH on level 25 in each group.  
Data are represented as mean ± SD (A-D, G, J) 2-way-ANOVA respective mixed effect model 
to account for missing values with Tukey’s multiple comparisons post-hoc test. (E) Kruskal-
Wallis test with Dunn’s post hoc test. *p < 0.05, **p < 0.01, *** p < 0.001. DR-chow (F6 N = 8, 
F7 N = 6), DR-HE (F6 N = 7, F7 N = 6), DIO-chow (F6 N = 8, F7 N = 6), and DIO-HE (F6 N = 
6, F7 N = 4).  
 
 
 

  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


 33 

References 
 

[1] C. Chen, X. Xu, and Y. Yan, Estimated global overweight and obesity burden in pregnant 
women based on panel data model. PLoS One 13 (2018) e0202183. 

[2] G.K. Singh, and J.N. DiBari, Marked Disparities in Pre-Pregnancy Obesity and Overweight 
Prevalence among US Women by Race/Ethnicity, Nativity/Immigrant Status, and 
Sociodemographic Characteristics, 2012-2014. J Obes 2019 (2019) 2419263. 

[3] S.C. Fisher, S.Y. Kim, A.J. Sharma, R. Rochat, and B. Morrow, Is obesity still increasing 
among pregnant women? Prepregnancy obesity trends in 20 states, 2003-2009. Prev 
Med 56 (2013) 372-8. 

[4] P.M. Catalano, and K. Shankar, Obesity and pregnancy: mechanisms of short term and 
long term adverse consequences for mother and child. Bmj 356 (2017) j1. 

[5] P.J. Brunton, and J.A. Russell, The expectant brain: adapting for motherhood. Nat Rev 
Neurosci 9 (2008) 11-25. 

[6] R.S. Strauss, and J. Knight, Influence of the home environment on the development of 
obesity in children. Pediatrics 103 (1999) e85. 

[7] P.M. Catalano, K. Farrell, A. Thomas, L. Huston-Presley, P. Mencin, S.H. de Mouzon, and 
S.B. Amini, Perinatal risk factors for childhood obesity and metabolic dysregulation. Am 
J Clin Nutr 90 (2009) 1303-13. 

[8] A. Shrestha, M. Prowak, V.M. Berlandi-Short, J. Garay, and L. Ramalingam, Maternal 
Obesity: A Focus on Maternal Interventions to Improve Health of Offspring. Front 
Cardiovasc Med 8 (2021) 696812. 

[9] A. Huls, M.N. Wright, L.H. Bogl, J. Kaprio, L. Lissner, D. Molnar, L.A. Moreno, S. De 
Henauw, A. Siani, T. Veidebaum, W. Ahrens, I. Pigeot, and R. Foraita, Polygenic risk 
for obesity and its interaction with lifestyle and sociodemographic factors in European 
children and adolescents. Int J Obes (Lond) 45 (2021) 1321-1330. 

[10] S.M. Kumpulainen, P. Girchenko, M. Lahti-Pulkkinen, R.M. Reynolds, S. Tuovinen, A.K. 
Pesonen, K. Heinonen, E. Kajantie, P.M. Villa, E. Hamalainen, H. Laivuori, and K. 
Raikkonen, Maternal early pregnancy obesity and depressive symptoms during and 
after pregnancy. Psychol Med (2018) 1-11. 

[11] E. Molyneaux, L. Poston, S. Ashurst-Williams, and L.M. Howard, Obesity and mental 
disorders during pregnancy and postpartum: a systematic review and meta-analysis. 
Obstet Gynecol 123 (2014) 857-67. 

[12] J. Marchi, M. Berg, A. Dencker, E.K. Olander, and C. Begley, Risks associated with obesity 
in pregnancy, for the mother and baby: a systematic review of reviews. Obes Rev 16 
(2015) 621-38. 

[13] J.L. Wahlig, E.S. Bales, M.R. Jackman, G.C. Johnson, J.L. McManaman, and P.S. 
Maclean, Impact of high-fat diet and obesity on energy balance and fuel utilization 
during the metabolic challenge of lactation. Obesity (Silver Spring) 20 (2012) 65-75. 

[14] J.L. Bolton, M.G. Wiley, B. Ryan, S. Truong, M. Strait, D.C. Baker, N.Y. Yang, O. Ilkayeva, 
T.M. O'Connell, S.W. Wroth, C.L. Sanchez, G. Swamy, C. Newgard, C. Kuhn, S.D. 
Bilbo, and L.A. Simmons, Perinatal western-type diet and associated gestational weight 
gain alter postpartum maternal mood. Brain Behav 7 (2017) e00828. 

[15] S. Moazzam, J.S. Jarmasz, Y. Jin, T.J. Siddiqui, and P.A. Cattini, Effects of high fat diet-
induced obesity and pregnancy on prepartum and postpartum maternal mouse 
behavior. Psychoneuroendocrinology 126 (2021) 105147. 

[16] R.H. Purcell, B. Sun, L.L. Pass, M.L. Power, T.H. Moran, and K.L. Tamashiro, Maternal 
stress and high-fat diet effect on maternal behavior, milk composition, and pup 
ingestive behavior. Physiol Behav 104 (2011) 474-9. 

[17] V. Bellisario, P. Panetta, G. Balsevich, V. Baumann, J. Noble, C. Raggi, O. Nathan, A. 
Berry, J. Seckl, M. Schmidt, M. Holmes, and F. Cirulli, Maternal high-fat diet acts as a 
stressor increasing maternal glucocorticoids' signaling to the fetus and disrupting 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


 34 

maternal behavior and brain activation in C57BL/6J mice. Psychoneuroendocrinology 
60 (2015) 138-50. 

[18] R.M. Seeber, J.T. Smith, and B.J. Waddell, Plasma leptin-binding activity and 
hypothalamic leptin receptor expression during pregnancy and lactation in the rat. Biol 
Reprod 66 (2002) 1762-7. 

[19] S.R. Ladyman, and D.R. Grattan, Region-specific reduction in leptin-induced 
phosphorylation of signal transducer and activator of transcription-3 (STAT3) in the rat 
hypothalamus is associated with leptin resistance during pregnancy. Endocrinology 
145 (2004) 3704-11. 

[20] D.R. Grattan, S.R. Ladyman, and R.A. Augustine, Hormonal induction of leptin resistance 
during pregnancy. Physiol Behav 91 (2007) 366-74. 

[21] R.A. Augustine, A.J. Seymour, R.E. Campbell, D.R. Grattan, and C.H. Brown, Integrative 
neuro-humoral regulation of oxytocin neuron activity in pregnancy and lactation. J 
Neuroendocrinol (2018). 

[22] C.A. Pedersen, J.A. Ascher, Y.L. Monroe, and A.J. Prange, Jr., Oxytocin induces maternal 
behavior in virgin female rats. Science 216 (1982) 648-50. 

[23] E.A. Lawson, The effects of oxytocin on eating behaviour and metabolism in humans. Nat 
Rev Endocrinol 13 (2017) 700-709. 

[24] B.E. Levin, A.A. Dunn-Meynell, B. Balkan, and R.E. Keesey, Selective breeding for diet-
induced obesity and resistance in Sprague-Dawley rats. Am J Physiol 273 (1997) 
R725-30. 

[25] C.G. Bell, A.J. Walley, and P. Froguel, The genetics of human obesity. Nat Rev Genet 6 
(2005) 221-34. 

[26] E.D. Giles, M.R. Jackman, and P.S. MacLean, Modeling Diet-Induced Obesity with 
Obesity-Prone Rats: Implications for Studies in Females. Front Nutr 3 (2016) 50. 

[27] C. Nilsson, K. Raun, F.F. Yan, M.O. Larsen, and M. Tang-Christensen, Laboratory animals 
as surrogate models of human obesity. Acta Pharmacol Sin 33 (2012) 173-81. 

[28] A.N. Madsen, G. Hansen, S.J. Paulsen, K. Lykkegaard, M. Tang-Christensen, H.S. 
Hansen, B.E. Levin, P.J. Larsen, L.B. Knudsen, K. Fosgerau, and N. Vrang, Long-term 
characterization of the diet-induced obese and diet-resistant rat model: a polygenetic 
rat model mimicking the human obesity syndrome. J Endocrinol 206 (2010) 287-96. 

[29] S. Duffy, T.A. Lutz, and C.N. Boyle, Rodent models of leptin receptor deficiency are less 
sensitive to amylin. Am J Physiol Regul Integr Comp Physiol 315 (2018) R856-R865. 

[30] J.M. Stern, and S.K. Johnson, Ventral somatosensory determinants of nursing behavior 
in Norway rats. I. Effects of variations in the quality and quantity of pup stimuli. Physiol 
Behav 47 (1990) 993-1011. 

[31] O. Friard, and M. Gamba, BORIS: a free, versatile open-source event-logging software for 
video/audio coding and live observations. Methods in Ecology and Evolution 7 (2016) 
1325-1330. 

[32] Z.T. Pennington, Z. Dong, Y. Feng, L.M. Vetere, L. Page-Harley, T. Shuman, and D.J. 
Cai, ezTrack: An open-source video analysis pipeline for the investigation of animal 
behavior. Sci Rep 9 (2019) 19979. 

[33] D.E. Kleiner, E.M. Brunt, M. Van Natta, C. Behling, M.J. Contos, O.W. Cummings, L.D. 
Ferrell, Y.C. Liu, M.S. Torbenson, A. Unalp-Arida, M. Yeh, A.J. McCullough, A.J. 
Sanyal, and N. Nonalcoholic Steatohepatitis Clinical Research, Design and validation 
of a histological scoring system for nonalcoholic fatty liver disease. Hepatology 41 
(2005) 1313-21. 

[34] W. Liang, A.L. Menke, A. Driessen, G.H. Koek, J.H. Lindeman, R. Stoop, L.M. Havekes, 
R. Kleemann, and A.M. van den Hoek, Establishment of a general NAFLD scoring 
system for rodent models and comparison to human liver pathology. PLoS One 9 
(2014) e115922. 

[35] L.W. Swanson, Brain maps III : structure of the rat brain : an atlas with printed and 
electronic templates for data, models, and schematics, Elsevier, Academic Press, 
Amsterdam ; Boston, 2004. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35 

[36] B.E. Levin, A.A. Dunn-Meynell, and W.A. Banks, Obesity-prone rats have normal blood-
brain barrier transport but defective central leptin signaling before obesity onset. Am J 
Physiol Regul Integr Comp Physiol 286 (2004) R143-50. 

[37] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. 
Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.Y. Tinevez, D.J. White, V. Hartenstein, 
K. Eliceiri, P. Tomancak, and A. Cardona, Fiji: an open-source platform for biological-
image analysis. Nat Methods 9 (2012) 676-82. 

[38] S.R. Ladyman, T.J. Sapsford, and D.R. Grattan, Loss of acute satiety response to 
cholecystokinin in pregnant rats. J Neuroendocrinol 23 (2011) 1091-8. 

[39] C.N. Boyle, M.M. Rossier, and T.A. Lutz, Influence of high-fat feeding, diet-induced 
obesity, and hyperamylinemia on the sensitivity to acute amylin. Physiol Behav 104 
(2011) 20-8. 

[40] Z.J. Ward, S.N. Bleich, A.L. Cradock, J.L. Barrett, C.M. Giles, C. Flax, M.W. Long, and 
S.L. Gortmaker, Projected U.S. State-Level Prevalence of Adult Obesity and Severe 
Obesity. N Engl J Med 381 (2019) 2440-2450. 

[41] M.C. Wang, P.M. Freaney, A.M. Perak, P. Greenland, D.M. Lloyd-Jones, W.A. Grobman, 
and S.S. Khan, Trends in Prepregnancy Obesity and Association With Adverse 
Pregnancy Outcomes in the United States, 2013 to 2018. J Am Heart Assoc (2021) 
e020717. 

[42] P.M. Catalano, and H.M. Ehrenberg, The short- and long-term implications of maternal 
obesity on the mother and her offspring. BJOG 113 (2006) 1126-33. 

[43] M.F. Andreoli, J. Donato, I. Cakir, and M. Perello, Leptin resensitisation: a reversion of 
leptin-resistant states. J Endocrinol 241 (2019) R81-R96. 

[44] C.R. Ferrario, G. Labouebe, S. Liu, E.H. Nieh, V.H. Routh, S. Xu, and E.C. O'Connor, 
Homeostasis Meets Motivation in the Battle to Control Food Intake. J Neurosci 36 
(2016) 11469-11481. 

[45] T. Ge, J. Fan, W. Yang, R. Cui, and B. Li, Leptin in depression: a potential therapeutic 
target. Cell Death Dis 9 (2018) 1096. 

[46] R.G. Vernon, R.G. Denis, A. Sorensen, and G. Williams, Leptin and the adaptations of 
lactation in rodents and ruminants. Horm Metab Res 34 (2002) 678-85. 

[47] D.C. Buonfiglio, A.M. Ramos-Lobo, V.M. Freitas, T.T. Zampieri, V.S. Nagaishi, M. 
Magalhaes, J. Cipolla-Neto, N. Cella, and J. Donato, Jr., Obesity impairs lactation 
performance in mice by inducing prolactin resistance. Sci Rep 6 (2016) 22421. 

[48] C. Chen, J. Gao, J. Zhang, L. Jia, T. Yu, and Y. Zheng, Serum leptin level measured 48 h 
after delivery is associated with development of postpartum depressive symptoms: a 
3-month follow-up study. Arch Womens Ment Health 19 (2016) 1001-1008. 

[49] K.F. Petersen, E.A. Oral, S. Dufour, D. Befroy, C. Ariyan, C. Yu, G.W. Cline, A.M. DePaoli, 
S.I. Taylor, P. Gorden, and G.I. Shulman, Leptin reverses insulin resistance and 
hepatic steatosis in patients with severe lipodystrophy. J Clin Invest 109 (2002) 1345-
50. 

[50] S. Cernea, A.L. Roiban, E. Both, and A. Hutanu, Serum leptin and leptin resistance 
correlations with NAFLD in patients with type 2 diabetes. Diabetes Metab Res Rev 34 
(2018) e3050. 

[51] V. Manne, P. Handa, and K.V. Kowdley, Pathophysiology of Nonalcoholic Fatty Liver 
Disease/Nonalcoholic Steatohepatitis. Clin Liver Dis 22 (2018) 23-37. 

[52] G.A. Contreras, N.J. O'Boyle, T.H. Herdt, and L.M. Sordillo, Lipomobilization in 
periparturient dairy cows influences the composition of plasma nonesterified fatty acids 
and leukocyte phospholipid fatty acids. J Dairy Sci 93 (2010) 2508-16. 

[53] C.J. Roberts, I.M. Reid, G.J. Rowlands, and A. Patterson, A fat mobilisation syndrome in 
dairy cows in early lactation. Vet Rec 108 (1981) 7-9. 

[54] S.S. Block, W.R. Butler, R.A. Ehrhardt, A.W. Bell, M.E. Van Amburgh, and Y.R. Boisclair, 
Decreased concentration of plasma leptin in periparturient dairy cows is caused by 
negative energy balance. J Endocrinol 171 (2001) 339-48. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


 36 

[55] R.G. Denis, G. Williams, and R.G. Vernon, Regulation of serum leptin and its role in the 
hyperphagia of lactation in the rat. J Endocrinol 176 (2003) 193-203. 

[56] R.A. Ehrhardt, A. Foskolos, S.L. Giesy, S.R. Wesolowski, C.S. Krumm, W.R. Butler, S.M. 
Quirk, M.R. Waldron, and Y.R. Boisclair, Increased plasma leptin attenuates adaptive 
metabolism in early lactating dairy cows. J Endocrinol 229 (2016) 145-57. 

[57] F. Galtier-Dereure, C. Boegner, and J. Bringer, Obesity and pregnancy: complications and 
cost. Am J Clin Nutr 71 (2000) 1242S-8S. 

[58] K. Holemans, S. Caluwaerts, L. Poston, and F.A. Van Assche, Diet-induced obesity in the 
rat: a model for gestational diabetes mellitus. Am J Obstet Gynecol 190 (2004) 858-65. 

[59] R.C. Pasek, and M. Gannon, Advancements and challenges in generating accurate animal 
models of gestational diabetes mellitus. Am J Physiol Endocrinol Metab 305 (2013) 
E1327-38. 

[60] S. Furse, D.S. Fernandez-Twinn, D. Chiarugi, A. Koulman, and S.E. Ozanne, Lipid 
Metabolism Is Dysregulated before, during and after Pregnancy in a Mouse Model of 
Gestational Diabetes. Int J Mol Sci 22 (2021). 

[61] M. Kinalski, A. Sledziewski, B. Telejko, M. Straczkowski, A. Kretowski, and I. Kinalska, 
Post-partum evaluation of amylin in lean patients with gestational diabetes mellitus. 
Acta Diabetol 41 (2004) 1-4. 

[62] S.R. Ladyman, R.A. Augustine, and D.R. Grattan, Hormone interactions regulating energy 
balance during pregnancy. J Neuroendocrinol 22 (2010) 805-17. 

[63] J.M. Stern, and D.A. Mackinnon, Postpartum, hormonal, and nonhormonal induction of 
maternal behavior in rats: effects on T-maze retrieval of pups. Horm Behav 7 (1976) 
305-16. 

[64] M. Numan, The parental brain : mechanisms, development, and evolution, Oxford 
University Press,, New York, 2020, pp. 1 online resource. 

[65] D.K. Shahrokh, T.Y. Zhang, J. Diorio, A. Gratton, and M.J. Meaney, Oxytocin-dopamine 
interactions mediate variations in maternal behavior in the rat. Endocrinology 151 
(2010) 2276-86. 

[66] F. Champagne, J. Diorio, S. Sharma, and M.J. Meaney, Naturally occurring variations in 
maternal behavior in the rat are associated with differences in estrogen-inducible 
central oxytocin receptors. Proc Natl Acad Sci U S A 98 (2001) 12736-41. 

[67] Y.C. Tung, M. Ma, S. Piper, A. Coll, S. O'Rahilly, and G.S. Yeo, Novel leptin-regulated 
genes revealed by transcriptional profiling of the hypothalamic paraventricular nucleus. 
J Neurosci 28 (2008) 12419-26. 

[68] L. Gajdosechova, K. Krskova, A.B. Segarra, A. Spolcova, M. Suski, R. Olszanecki, and S. 
Zorad, Hypooxytocinaemia in obese Zucker rats relates to oxytocin degradation in liver 
and adipose tissue. J Endocrinol 220 (2014) 333-43. 

[69] D.M. Simmons, and L.W. Swanson, Comparison of the spatial distribution of seven types 
of neuroendocrine neurons in the rat paraventricular nucleus: toward a global 3D 
model. J Comp Neurol 516 (2009) 423-41. 

[70] S. Velmurugan, J.A. Russell, and G. Leng, Systemic leptin increases the electrical activity 
of supraoptic nucleus oxytocin neurones in virgin and late pregnant rats. J 
Neuroendocrinol 25 (2013) 383-90. 

[71] M. Perello, and J. Raingo, Leptin activates oxytocin neurons of the hypothalamic 
paraventricular nucleus in both control and diet-induced obese rodents. PLoS One 8 
(2013) e59625. 

[72] I.D. Neumann, Alterations in behavioral and neuroendocrine stress coping strategies in 
pregnant, parturient and lactating rats. Prog Brain Res 133 (2001) 143-52. 

[73] Y. Alonso-Caraballo, K.J. Hodgson, S.A. Morgan, C.R. Ferrario, and P.J. Vollbrecht, 
Enhanced anxiety-like behavior emerges with weight gain in male and female obesity-
susceptible rats. Behav Brain Res 360 (2019) 81-93. 

[74] C.V. Perani, I.D. Neumann, S.O. Reber, and D.A. Slattery, High-fat diet prevents adaptive 
peripartum-associated adrenal gland plasticity and anxiolysis. Sci Rep 5 (2015) 14821. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

[75] A. Sclafani, Gut-brain nutrient signaling. Appetition vs. satiation. Appetite 71 (2013) 454-
8. 

[76] F.A. Duca, T.D. Swartz, and M. Covasa, Effect of diet on preference and intake of sucrose 
in obese prone and resistant rats. PLoS One 9 (2014) e111232. 

[77] H. Hagstrom, J. Hoijer, J.F. Ludvigsson, M. Bottai, A. Ekbom, R. Hultcrantz, O. 
Stephansson, and K. Stokkeland, Adverse outcomes of pregnancy in women with non-
alcoholic fatty liver disease. Liver Int 36 (2016) 268-74. 

[78] B.A. Dachew, G. Ayano, K. Betts, and R. Alati, The impact of pre-pregnancy BMI on 
maternal depressive and anxiety symptoms during pregnancy and the postpartum 
period: A systematic review and meta-analysis. J Affect Disord 281 (2021) 321-330. 

 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461340doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461340
http://creativecommons.org/licenses/by-nc-nd/4.0/

