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Maternal high-fat diet in rabbits leads to hypertension and elevated renal sympathetic nerve 
activity (RSNA) in adult offspring but whether this is due to adiposity or maternal programming 
is unclear. We gave intracerebroventricular (ICV) and ventromedial hypothalamus (VMH) 
administration of leptin-receptor antagonist, α-melanocyte-stimulating hormone (αMSH), 
melanocortin-receptor antagonist (SHU9119), or insulin-receptor (InsR) antagonist to conscious 
adult offspring from mothers fed a high-fat diet (mHFD), control diet (mCD), or mCD offspring 
fed HFD for 10d (mCD10d, to deposit equivalent fat but not during development). mHFD and 
mCD10d rabbits had higher mean arterial pressure (MAP, +6.4 mmHg, +12.1 mmHg, 
p < 0.001) and RSNA (+2.3 nu, +3.2 nu, p < 0.01) than mCD, but all had similar plasma leptin. 
VMH leptin-receptor antagonist reduced MAP (−8.0 ± 3.0 mmHg, p < 0.001) in mCD10d but 
not in mHFD or mCD group. Intracerebroventricular leptin-receptor antagonist reduced MAP 
only in mHFD rabbits (p < 0.05). Intracerebroventricular SHU9119 reduced MAP and RSNA 
in mHFD but only reduced MAP in the mCD10d group. VMH αMSH increased RSNA (+85%, 
p < 0.001) in mHFD rabbits but ICV αMSH increased RSNA in both mHFD and mCD10d 
rabbits (+45%, +51%, respectively, p < 0.001). The InsR antagonist had no effect by either 
route on MAP or RSNA. Hypothalamic leptin receptor and brain-derived neurotrophic factor 
(BDNF) mRNA were greater in mHFD compared with mCD rabbits and mCD10d rabbits. In 
conclusion, the higher MAP in mHFD and mCD10d offspring was likely due to greater central 
leptin signaling at distinct sites within the hypothalamus while enhanced melanocortin 
contribution was common to both groups suggesting that residual body fat was mainly 
responsible. However, the effects of SHU9119 and αMSH on RSNA pathways only in mHFD 
suggest a maternal HFD may program sympatho-excitatory capacity in these offspring and 
that this may involve increased leptin receptor and BDNF expression.
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INTRODUCTION

The obesity epidemic has been on the rise in the past several 
decades, contributing to a socioeconomic and health burden 
around the world (Bluher, 2019). Alarmingly, the prevalence 
of childhood and youth obesity has grown more than in 
older age groups (NCD-RisC, 2017). While there is clear 
evidence of a correlation between maternal and offspring 
obesity with the development of hypertension (Lurbe et  al., 
2018; Taylor et  al., 2018; Kislal et  al., 2020), the mechanisms 
underlying this relationship are still unclear. Importantly, 
approximately 30% of all pregnant women are considered to 
be  obese thereby exposing their children to an obesogenic 
intrauterine environment throughout the course of gestation 
(Desai et  al., 2013). This exposure to over-nutrition during 
development greatly increases the prevalence of offspring 
obesity and obesity-related diseases, such as metabolic 
syndrome, insulin resistance, leptin resistance, and hypertension 
(Zambrano et  al., 2016; Kislal et  al., 2020). Reports from 
both clinical (Glastras et  al., 2018) and experimental studies 
(Taylor et  al., 2014; Bringhenti et  al., 2015) have clearly 
suggested that maternal obesity per se has adverse effects on 
long-term cardiovascular function in the child and is associated 
with an increase in all-cause mortality (Lee et  al., 2015) and 
cardiometabolic morbidity in adulthood (Kislal et  al., 2020).

We have previously shown that feeding pregnant rabbits 
with a high-fat diet (HFD) led to hypertension, increased 
adipose deposition, heart rate (HR), and renal sympathetic 
nerve activity (RSNA) in the offspring in adulthood (Prior 
et  al., 2014). We  suggested that these changes were associated 
with increased sensitivity to leptin in the hypothalamus as 
well as a contribution from insulin. Plasma leptin crosses the 
blood–brain barrier to activate receptors in the hypothalamus 
and brainstem (Dhillon et  al., 2001) that stimulate the 
melanocortin system to not only influence appetite but also 
blood pressure (BP) via SNA (Burguera and Couce, 2001; Shi 
et  al., 2015). The ventromedial hypothalamus (VMH) is a key 
area of integration (Klockener et  al., 2011; Lim et  al., 2016) 
and exposure to an obesogenic environment during early 
development may program the VMH of adult offspring to 
exhibit changes in the sensitivity to leptin and insulin, leading 
to hypertension and sympatho-excitation (Prior et  al., 2014). 
We  have also shown that a short period of HFD in adult 
rabbits lead to increased BP and RSNA as well as increased 
activation of melanocortin pathways much like in the 
programmed rabbits (Prior et  al., 2010; Lim et  al., 2013, 2016; 
Barzel et  al., 2016).

In the current study, we addressed whether it is programmed 
or adult-acquired adiposity that is the origin of the hypertension 
and sympatho-excitation observed in adult offspring of mothers 
fed a HFD (mHFD) during pregnancy and lactation. 
We  therefore compared the effects of a mHFD in conscious 
adult offspring with short-term feeding of HFD in adulthood 
(10  days on HFD) on BP and RSNA. The fat accumulated 
after 10  days of HFD during adulthood was thus in excess 
(“residual”) of the fat accumulated in utero and during lactation. 
We  also determined whether the sensitivity of pathways 

associated with pro-opiomelanocortin neurons located in the 
central nervous system, specifically the VMH, was altered in 
offspring of mHFD rabbits using both intracerebroventricular 
(ICV) injections and direct administration in the VMH of 
either a leptin-receptor (LepR) antagonist, α-melanocortin-
stimulating hormone (αMSH), melanocortin 3 and 4 receptor 
(MC3/4R) antagonist SHU9119, or insulin-receptor (InsR) 
antagonist. To further identify the pathways involved, we 
examined mRNA expression of relevant signaling molecules 
in the hypothalamus including brain-derived neurotrophic 
factor (BDNF) which is associated with obesity-induced 
hypertension and sympathetic activation (Barzel et  al., 2016).

MATERIALS AND METHODS

Animals
Five male and 11 female New  Zealand White rabbit breeders 
(initial body weight 2.6–3.1 kg) were housed individually under 
controlled light (lights on 6:00 AM to 6:00 PM) and temperature 
(22  ±  2°C) with food and water ad libitum. Male breeders 
were fed a control diet (CD) containing 2.63  kcal/g, of which 
4.0% of calories were from fat, 17.8% protein, 15% crude fiber, 
and 19% acid detergent fiber (Specialty Feeds, Glen Forrest, 
WA, Australia). Females were fed a HFD (3.34 kcal/g, of which 
13.4% of calories were from fat, 17.5% protein, 13.1% crude 
fiber, and 16% from acid detergent fiber, Specialty Feeds) or 
a CD, for 3 weeks prior to mating, during pregnancy and for 
a further 8 weeks after birth until weaning (Figure  1; Prior 
et  al., 2010, 2014). Offspring from mHFD were meal-fed once 
per day a CD (150  g) after weaning. Offspring from maternal 
CD-fed rabbits (mCD) at 15 weeks of age were then fed either 
a HFD (meal-fed 190  g) for 10  days and then a CD for 3 
weeks until the end of the experimentation period (mCD10d) 
or a CD throughout (Figure  1). In total, 103 18–20  week-old  
offspring (32 mCD, 16 female, 16  male; 39 mHFD, 24 female, 
15 male; and 32 mCD10d, 21  female, 11 male) were used. 
Experiments were approved by the Alfred Medical Research 
Education Precinct Animal Ethics Committee in accordance 
with the Australian Code for Care and Use of Animals for 
Scientific Purposes.

Surgical Procedures
Rabbits underwent two operations under isoflurane anesthesia 
(3–4% in 1  L/min oxygen) following induction with propofol 
(10  mg/kg iv, Fresenius Kabi, Pymble, NSW, Australia). The 
analgesic carprofen (3  mg/kg sc, Pfizer, North Ryde, NSW, 
Australia) was given 30 min beforehand and 24 h after surgery. 
The operations were conducted at 14 and 18  weeks of age 
(Figure  1). Initially an ICV cannula (Plastics One, Roanoke, 
VA, United  States) was implanted into the lateral ventricle 
(3 mm lateral and 4 mm ventral to bregma; Head and Williams, 
1992) or a bilateral brain cannula (22-gauge, Plastics One) 
was positioned 2  mm above the VMH (2.2  mm caudal to 
bregma, ±0.9  mm lateral to midline at 16  mm below the 
skull; Lim et  al., 2016). Secondly, a renal nerve electrode was 
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implanted at week 18 (Dorward et  al., 1985), 1 week prior 
to the first experiment (Figure  1). Briefly, the electrode was 
implanted via a retroperitoneal incision under isoflurane 
anesthetic. The renal nerves were gently separated from 
underlying tissue, inserted into the two stainless steel wire 
coils of the electrode and embedded in a silicone elastomer 
(Kwik-sil, World Precision Instruments, Sarasota, Florida, 
United  States). The plug at the other end of the electrode was 
buried under the skin for later retrieval. The rabbit was allowed 
7-days recovery before the first experiment. As each rabbit 
underwent four conscious experiments with at least 1-day 
recovery in between, the electrode was in place for  
approximately 14  days.

Plasma Collection and Biochemical 
Analysis
Animals were fasted for 12  h before blood samples  
were collected. In mCD and mHFD rabbits, blood was collected 
at euthanasia (19–20  weeks of age) which corresponded to  
3 weeks after the 10d period of HFD feeding in mCD10d 
rabbits. Arterial blood (3  ml) was drawn into vacuum sealed 
cylinders containing K3EDTA (Vacuette Premium, Greiner 
Bio-one, Wemmel, Belgium) and spun at 4°C for 10  min at 
3,000 rpm. Plasma aliquots (200 μl) were snap frozen in liquid 
nitrogen and stored at −80°C until use. Plasma glucose, 
triglyceride, high-density lipoprotein (HDL) cholesterol, and 
low-density lipoprotein (LDL) cholesterol were measured on 
a Roche Cobas Integra 400 plus autoanalyzer by enzymatic 
colorimetric methods that used commercially available kits 
(CHOL2, TRIGL, and Glucose HK Gen 3, Roche Diagnostic, 
Australia) according to the manufacturer’s instructions. Plasma 
leptin concentration was assessed using an ultra-sensitive 
radioimmunoassay multispecies kit (Millipore, Billerica, MA, 
United  States).

Measurement of Cardiovascular Variables 
and RSNA
Experiments were conducted between weeks 19 and 20  in 
conscious rabbits held in a rabbit holding box (Figure  1). 
Mean arterial pressure (MAP) was measured from the central 
ear artery via a 22G transcutaneous catheter (BD Insyte, 
Singapore) connected to a pressure transducer (Statham 
P23DG transducer; Hato Rey, Puerto Rico; Burke and Head, 
2003). The plug of the renal electrode was retrieved under 
local anesthetic and connected to the recording cable and 
after the experiment, the plug was returned under the skin. 
MAP and RSNA were digitized at 500  Hz using a data 
acquisition card (National Instruments 6024E, Austin, TX, 
United  States). The RSNA signal was rectified and integrated 
using a 20-min time constant and burst amplitude and 
frequency were also measured (Figure  2; Burke et  al., 2016). 
Rabbits were allowed 30-min recovery from handling before 
commencing the experiment to allow recorded parameters 
to stabilize.

ICV and VMH Dose Response and 
Antagonist Experiments
Either vehicle (Ringer’s solution, Baxter, Old Toongabbie, NSW, 
Australia) or one of the four drugs (maximum four in one 
rabbit) were administered in random order on separate days 
with 1-day recovery in between.

For ICV experiments, after 1  h baseline recording, an 
initial 50  μl ICV injection of vehicle was given using an 
injector 2  mm longer than the guide cannula (28-gauge, 
Plastics One). Increasing doses of either αMSH (1, 3, 10 nmol 
in 50  μl, Tocris, Ellisville, MI, United  States) or SHU9119 
(0.0375, 0.075, 0.185, and 0.375  nmol/50  μl, Tocris) were 
injected 30  min apart. A single dose of LepR antagonist 

FIGURE 1 | Schematic diagram showing timeline of dietary treatments, surgery, and experiments. Ages and life events are shown with orange arrows for dams fed 
a control diet (CD) or high-fat diet (HFD) and their offspring. Surgery to implant the ICV or VMH cannula and renal electrode is shown with green arrows. Experiments 
to determine the effects of agonists and antagonists and to measure adipose tissue are shown with blue arrows.
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(mouse leptin antagonist LAN-3 gene ID 16846, 100 μg/50 μl, 
Protein Laboratories Rehoboth, Rehovot, Israel) or InsR 
antagonist (NNC0069-0961, 0.5  IU in 50  μl, S961,  
Novo Nordisk, Baulkham Hills, NSW, Australia) was also 
given, the doses determined in our previous study  
(Barzel et  al., 2016).

For VMH experiments, a 1 h baseline recording was followed 
by bilateral administration of two doses of each drug in a 
volume of 400  nl in the VMH over 30s. Either the LepR 
antagonist (5, 10 μg, Protein Laboratories), αMSH (0.3, 1 nmol, 
Tocris), SHU9119 (0.0185, 0.0375  nmol, Tocris), or InsR 
antagonist (0.01, 0.05  IU, Novo Nordisk) was injected, and 
doses were given 60  min apart using an injector 4  mm longer 
than the guide cannula (28-gauge, Plastics One; Lim et  al., 
2016). A time control study on a separate day involved 400  nl 
injections of Ringer’s solution. The order of all drug treatments, 

including Ringer’s solution, was randomized and 1-day recovery 
allowed in between.

Tissue Collection, Assessment of Body 
Composition, and Confirmation of 
Cannula Placement
Rabbits were killed by 160 mg/kg sodium pentobarbitone (i.v., 
Virbac, Milperra, NSW, Australia). White adipose tissue (WAT) 
was dissected from the perirenal, omental and epididymal 
areas, and between the scapulae and weighed. Lean muscle 
mass, bone mineral content, and total % of fat were determined 
by scanning with a bone densitometer (DEXA, Dual-Energy 
X-Ray Absorptiometry, Hologic Discovery A-QDR Inc., MA, 
United  States). VMH cannula placements were verified by 
injection of methylene blue dye before perfusion fixation of 
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FIGURE 2 | Sections of records from individual mCD, mHFD, and mCD10d rabbits at rest. For each group, arterial pressure (top), raw renal sympathetic nerve 
activity (RSNA, middle), and integrated RSNA (bottom) are shown.

TABLE 1 | RT-PCR primer sequences.

Primers Forward primer Reverse primer Target gene

LEPR ACAATGGGGCCTGAAATGTTAGA GGCACATGACACTCACAACG Oryctolagus cuniculus leptin receptor (LEPR)
BDNF AGAAGAAGGGCTGTGGTGTG CCTGGTGGAACTTTATGAGACC Oryctolagus cuniculus brain-derived neurotrophic factor (BDNF)
SOCS3 AGTTGTTGCCTTTCACCCCT TCCGTGAGACAGGGGACATT Oryctolagus cuniculus suppressor of cytokine signaling (SOCS3)
MC3R GCGTGGTCAACAGCAACTAC GTGACGTACCTATCGACGGC Oryctolagus cuniculus melanocortin 3 receptor (MC3R)
MC4R CCTTGCTTGCCTCCATTTGC CCGACCCGTTTCACTGTCAT Oryctolagus cuniculus melanocortin 4 receptor (MC4R)
ERK2 (Mapk1) TTCCAAGGGCTACACCAAGTC CGGGAAGATGGGTCTGTTGG Oryctolagus cuniculus mitogen-activated protein kinase 1 (MAPK1)
INSR GGAAACTACTCCTTCTACGCCT AGCTTCCCCTGAGAGATGGT Oryctolagus cuniculus insulin receptor (INSR)
MAP2K1 TGTGAAGCCCTCCAACATCC TCTCGGGCGACATATAAGACC Oryctolagus cuniculus mitogen-activated protein kinase-kinase 1 (MAP2K1)
PI3K TCCTCTGCAAAAAGGCCACT TCTTGCCGTAAATCATCCCCA Oryctolagus cuniculus phosphatidylinositol-4,5-bisphosphate 3-kinase 

catalytic subunit alpha (PI3KCA)
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the brain and sectioning in a cryostat. Four rabbits with 
injection sites outside of the VMH were excluded from the 
study (Figure  3).

Measurement of Key mRNA Levels in the 
Hypothalamus (Real-Time PCR)
Fresh hypothalamic tissue was taken from a cohort of rabbits 
whose brains were not perfusion fixed and stored at −80°C. 
TRIzol reagent (Life Technologies, Mulgrave, Vic, Australia) 
was used for RNA extraction from the hypothalamus following 
the manufacturer’s recommendations. Complementary DNA 
synthesis was performed using the High-Capacity cDNA 
Reverse Transcription Kit for total cDNA (Life Technologies). 
Amplification reactions used the TaqMan® Fast Advanced 
Master Mix (Life Technologies). Samples were run in duplicates. 
A quantitative real-time PCR system (model ViiA™ 7 qPCR, 
Life Technologies) and the ΔΔCT method were used to 
determine the levels of LEPR, BDNF, suppressor of cytokine 
signaling 3 (SOCS3), MC3/4R, extracellular signal- 
regulated kinase-2 (ERK2), INSR, mitogen-activated protein 
kinase-kinase1 (MAP2K1), and phosphatidylinositol-3-kinase 
(PI3K; Table  1).

Data Analysis
HR was derived from the pressure pulse, and RSNA was 
normalized to the maximum RSNA elicited by the nasopharyngeal 
reflex (100 normalized units, nu; Burke et  al., 2016). MAP, 
HR, and RSNA responses to each ICV dose of αMSH or a 
single dose of LepR antagonist, InsR antagonist, and vehicle 
were measured over 90 min (six 15-min periods). The responses 
to each dose of SHU9119 were measured over 120  min (four 
30-min periods). Responses to VMH injections (two doses of 
each drug or vehicle) were measured over 120  min (eight 
15-min periods).

Baseline data were averaged over 1  h at the beginning 
of each experiment (two 30-min periods C1 and C2) and 
expressed as mean ± SEM. For ICV experiments, the average 
control period also included the response to the single 
injection of Ringer’s solution, averaged over 30  min. The 
effects of drug treatments were expressed as mean ± SEM 
or mean difference ± SED from the average control period 
of each treatment. These were averaged over the entire 
response for LepR and InsR antagonists, over the highest 
dose for αMSH and the two highest doses for SHU9119. 
For VMH experiments, effects of drug treatments were 
calculated from the average control period of each treatment 
and averaged over the higher dose. The average response 
to each drug was also compared with the average response 
to vehicle over the same time period.

Data were analyzed by a mixed model split plot repeated-
measures analysis of variance, which allowed for within-
animal and between-animal (group) contrasts. The treatment 
sums of squares were partitioned into the effect of drug 
over all doses compared to control within groups (Pdrug), 
the effect of diet between each of the groups (Pdiet), and the 
effect of drug treatment compared to vehicle treatment (Pveh). 
One-way analysis of variance was used for data collected at 
a single time point. Type 1 error was controlled using 
Bonferroni adjustment, and the Greenhouse–Geisser correction 
was used to adjust for asphericity. A probability of p  <  0.05 
was considered significant.

RESULTS

Effect of HFD on Body Composition 
and Plasma Analysis
Body weights compared at the end of the experimental period 
(18–20 weeks of age) were not different between mCD offspring 
and those exposed to HFD during pregnancy and lactation 
(mHFD; Table  2). However, the body weight of offspring 
exposed to HFD for 10  days in adulthood was 0.21  kg (7%) 
greater than that of the other two groups (Pdiet < 0.004; Table 2). 
Total raw WAT and total fat from DEXA scanning were 20  g 
(+29%) and 86 g (+24%) greater, respectively, in mHFD rabbits 
when compared to mCD rabbits (Pdiet < 0.05; Table 2). mCD10d 
rabbits also had 32.5  g more total WAT (+40%) and 129  g 
(+33%) more DEXA determined fat compared to mCD rabbits 
(Pdiet  <  0.001; Table  2). These differences between groups were 

FIGURE 3 | Schematic representation of microinjection sites. Coronal 
sections at 1.5 mm and 2 mm posterior to bregma showing bilateral 
microinjection sites as circles in offspring of mCD (white), maternal HFD (red), 
and mCD with 10 days HFD (blue) when in the ventromedial hypothalamus 
and gray crosses when outside (n = 4). DMH, dorsomedial hypothalamus;  
f, fornix; and arc, arcuate nucleus.
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maintained if fat mass was expressed as a percentage of body 
weight or total fat (Table  2). There were no differences in 
plasma leptin, glucose, triglyceride, and HDL and LDL cholesterol 
levels among diet groups (Pdiet  >  0.05; Table  2).

Effect of Maternal Feeding on 
Cardiovascular Variables and RSNA  
in Offspring
Baseline MAP, RSNA, and HR in mCD rabbits were 
69.4 ± 0.7 mmHg, 6.4 ± 0.5 nu, and 190 ± 4 b/min, respectively. 
In both mHFD and mCD10d rabbits, MAP was markedly 
greater than in mCD rabbits (75.8  mmHg, +9%; 81.5  mmHg, 
+17%, respectively, Pdiet  <  0.001; Table  2). MAP in mCD10d 
rabbits was 8% greater than mHFD rabbits (Pdiet  =  0.004). 
RSNA was markedly higher in mHFD (8.7  ±  0.6  nu, +35%) 
and mCD10d (9.6  ±  0.6  nu, +50%) compared to mCD rabbits 
(Pdiet  <  0.012) due mainly to greater burst frequency but not 
burst amplitude (Table  2). RSNA in mHFD and mCD10d 
rabbits was similar. HR was similar in mCD and mHFD groups 
but higher in mCD10d rabbits (Pdiet  <  0.001; Table  2).

Effect of the LepR Antagonist on 
Cardiovascular Variables and RSNA  
in Offspring
In the mHFD group, we  observed small but significant falls 
in MAP and HR after ICV administration of the LepR 

antagonist (Pdrug  <  0.003) but not RSNA (Figure  4). The 
hypotension was greater than in mCD and mCD10d groups 
in which the LepR antagonist had little effect on any variable, 
and it was also greater than the effect of vehicle (Pveh  =  0.03; 
Figure 4). The bradycardia produced by ICV LepR antagonist 
in the mHFD rabbits was greater than the response in mCD10d 
(Pdiet  <  0.001) and mCD rabbits (Pdiet  =  0.03). In mCD10d 
rabbits, the effect on HR was different to that after vehicle 
(Pveh  <  0.001; Figure  4).

VMH administration of the LepR antagonist induced marked 
falls in MAP (−8.0  ±  3.0  mmHg, −9%, Pdrug  <  0.001) and 
HR (−19  ±  5  b/min, −9%, Pdrug  <  0.001) in the mCD10d 
group compared to control (Figure  5) but had no effect in 
the other groups. Thus, the changes in MAP and HR in 
mCD10d offspring were greater compared to the other groups 
(both Pdiet < 0.001) and were also greater than the small changes 
observed after vehicle in that group (Pveh  <  0.001; Figure  5). 
VMH administration of the LepR antagonist also reduced RSNA 
(−0.8  ±  0.5  nu, −7%, Pdrug  =  0.01) in the mCD10d group, 
but this reduction in RSNA was not different to the non-significant 
effects in mCD or mHFD rabbit although it was different to 
the small increase after vehicle injection (Pveh = 0.002; Figure 5).

Effect of αMSH on Cardiovascular 
Variables and RSNA in Offspring
ICV administration of αMSH had little effect on MAP in 
the mCD10d group but reduced MAP slightly in the mHFD 

TABLE 2 | Hemodynamics and renal sympathetic nerve activity (RSNA), body composition, and biochemical measurements.

Variable mCD mHFD mCD10d mCD vs. mHFD mCD vs. mCD10d mHFD vs. mCD10d

Hemodynamics and RSNA  n = 17 n = 27 n = 16
MAP (mmHg) 69.4 ± 0.7 75.8 ± 1.2 81.5 ± 1.6 0.001 <0.001 0.004
Heart rate (b/min) 190 ± 4 182 ± 3 202 ± 4 0.19 0.045 <0.001
RSNA (nu) 6.4 ± 0.5 8.7 ± 0.6 9.6 ± 0.6 0.012 0.001 >0.5
RSNA amplitude (nu) 19.1 ± 1.2 23 ± 1.8 22.3 ± 1.2 0.20 >0.5 >0.5
RSNA frequency (bursts/s) 6.0 ± 0.2 7.3 ± 0.3 7.5 ± 0.2 0.009 0.006 >0.5
RSNA frequency (bursts/beat) 1.9 ± 0.1 2.4 ± 0.1 2.3 ± 0.1 0.007 0.081 >0.5
RSNA (μV) 18.3 ± 1.1 21.3 ± 0.9 24.8 ± 1.8 0.17 0.002 0.09
Nasopharyngeal (μV) 321 ± 37 298 ± 29 266 ± 17 >0.5 >0.5 >0.5

Raw tissue weight  n = 24 n = 28 n = 23
Body weight (kg) 2.85 ± 0.05 2.85 ± 0.04 3.06 ± 0.05 >0.5 0.004 0.002
Total WAT (g) 49.6 ± 4.7 69.6 ± 4.8 81.9 ± 7.7 0.028 <0.001 0.27
Total WAT (% body weight) 1.7 ± 0.2 2.4 ± 0.2 2.6 ± 0.2 0.013 0.002 >0.5

Estimates from DEXA  n = 20 n = 14 n = 18
Total Mass (kg) 2.86 ± 0.06 2.94 ± 0.08 3.10 ± 0.06 >0.5 0.025 0.26
Lean Muscle Mass (kg) 2.52 ± 0.05 2.51 ± 0.08 2.66 ± 0.04 >0.5 0.13 0.17
Fat Mass (g) 266 ± 20 352 ± 21 395 ± 29 0.035 <0.001 0.48
% Fat 9.5 ± 0.7 12.3 ± 0.7 12.9 ± 0.9 0.031 0.003 >0.5

Biochemical measurements    n = 5–6     n = 7–14    n = 5–9
Plasma leptin (ng/ml) 2.14 ± 0.74 1.58 ± 0.39 2.58 ± 0.71 >0.5 >0.5 0.38
Glucose (mmol/l) 7.84 ± 0.22 8.13 ± 0.29 8.26 ± 0.48 >0.5 0.38 >0.5
Triglyceride (mmol/l) 0.52 ± 0.05 1.29 ± 0.59 2.1 ± 1.22 0.48 0.17 0.46
Cholesterol (mmol/l) 1.31 ± 0.33 1.45 ± 0.22 1.61 ± 0.39 >0.5 >0.5 >0.5
HDL cholesterol (mmol/l) 0.72 ± 0.12 0.71 ± 0.16 0.88 ± 0.22 >0.5 >0.5 0.48
LDL cholesterol (mmol/l) 0.66 ± 0.25 0.65 ± 0.14 0.74 ± 0.25 >0.5 >0.5 >0.5

Data are mean ± SEM. Probabilities for comparisons between dietary groups maternal control diet (mCD), maternal high-fat diet (mHFD), and mCD offspring fed a HFD for 10 days 
(mCD10d), shown in bold if p < 0.05. WAT, white adipose tissue; DEXA, dual-energy X-ray absorptiometry; MAP, mean arterial pressure; and nu, normalized units.
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and mCD groups (Pdrug  =  0.01; Figure  6). By contrast,  
ICV administration of αMSH resulted in marked dose 
dependent increases in RSNA in mHFD and mCD10d  
rabbits (+4.0  ±  1.4  nu, +45% and +3.9  ±  0.8  nu, +51%, 
respectively, Pdrug  <  0.001), but no effect on the RSNA in 
mCD rabbits (Figure  6). HR also increased in the mHFD 
and mCD10d rabbits (+39  ±  14  b/min, +23% and 
+35 ± 10 b/min, +19%, respectively, Pdrug < 0.001; Figure 6). 
The increases in RSNA and HR were greater in mHFD and  
mCD10d rabbits than in mCD (all Pdiet  <  0.02) and were 
also greater than after vehicle treatment (all Pveh  <  0.001; 
Figure  6).

VMH administration of αMSH increased RSNA and HR 
compared to control but only in mHFD rabbits (+4.7 ± 1.5 nu, 
+85%; +39  ±  6  b/min, +23%, Pdrug  <  0.001; Figure  7). Thus, 
the effect on HR was greater in mHFD than both mCD 
and mCD10d rabbits (Pdiet  <  0.001) but in mCD10d  
rabbits, there was a small increase in HR after the second 
dose which was greater than in the mCD group (+13 ± 9 b/min, 

7%, Pdiet  <  0.001). The effect on RSNA was greater in mHFD 
than mCD (Pdiet  <  0.001), and both RSNA and HR  
increases were greater than the effect of vehicle (Pveh < 0.001; 
Figure  7).

Effect of SHU9119 on Cardiovascular 
Variables and RSNA in Offspring
ICV administration of the MC3/4-receptor antagonist  
SHU9119 reduced MAP, HR, and RSNA in mHFD 
(−5.1  ±  1.1  mmHg Pdrug  <  0.001, −5  ±  4  b/min Pdrug  <  0.001, 
−0.7  ±  0.5  nu Pdrug  =  0.005, respectively) but had no effect 
in mCD (Pdiet  <  0.05; Figure  8). The falls in MAP and RSNA 
were greater than those observed after vehicle (Pveh  <  0.003). 
In the mCD10d group, ICV SHU9119 also reduced MAP 
(−2.9  ±  1.6  mmHg, Pdrug  =  0.02) but had no effect on HR 
or RSNA (Figure  8).

VMH administration of SHU9119 markedly reduced MAP 
in mHFD (−5.9  ±  2.6  mmHg, −8%, Pdrug  <  0.001) and in 
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FIGURE 4 | Effects of leptin-receptor (LepR) antagonist injected ICV. (A) Average changes in mean arterial pressure (MAP), heart rate, and RSNA (normalized units) 
from control in each group after ICV injection of LepR antagonist (100 μg, shown at dashed line) in maternal control diet (mCD; white, n = 7), maternal high fat diet 
(mHFD; red, n = 9), and mCD with 10d HFD (mCD10d; blue, n = 5) rabbits. Data are mean difference ± SED. ϕϕp < 0.01, ϕϕϕp < 0.001 for average effect of LepR 
antagonist. (B) Changes from control after both vehicle Ringer’s injection and LepR antagonist injection, averaged over all data points given ICV in mCD, mHFD, and 
mCD10d rabbits. Data are mean difference ± SED from the control period of each treatment group. *p < 0.05 and ***p < 0.001 for comparison to mCD; †††p < 0.001 
for mHFD vs. mCD10d; and #p < 0.05 and ###p < 0.001 for effect of LepR antagonist vs. Ringer’s.
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mCD10d rabbits (−10.0  ±  2.3  mmHg, −13%, Pdrug  <  0.001) 
but had no effect in the mCD group (Figure  9).  
Treatment also reduced HR in the mCD10d group 
(−15  ±  5  b/min, −8%, Pdrug  =  0.01) but not in others, and 
these effects were significantly greater than those observed 
after vehicle (Pveh  <  0.01; Figure  9). VMH administration  
of SHU9119 did not affect RSNA in any group  
(Figure  9).

Effect of InsR Antagonist on 
Cardiovascular Variables and RSNA  
in Offspring
A 0.5  IU dose of InsR antagonist administered ICV or 0.01 
and 0.05  IU doses given directly into the VMH had mostly 
no observable effect on any parameter in any group 
(Figures  10, 11). In mCD10d offspring, there was a small 
reduction in HR (−7  ±  3  b/min Pdrug  =  0.004) following 
ICV administration while after VMH administration there 
was a small fall in MAP (−4.7  ±  1.4  mmHg Pdrug  =  0.03) 

but this was not different to effects in the other groups 
(Figure  11).

Effect of Vehicle on Cardiovascular 
Variables and RSNA in Offspring
The vehicle Ringer’s solution injected ICV and into the VMH 
had no observable effects on MAP, RSNA, or HR in any group 
(Figure  12).

Effects of Maternal and Adult HFD on 
mRNA Expression in the Hypothalamus 
of Offspring
mHFD rabbits showed greater hypothalamic mRNA expression 
of LEPR (+153%, Pdiet  =  0.013), BDNF (+67%, Pdiet  =  0.012), 
SOCS3 (+757%, Pdiet  =  0.043), MC4R (+217%, Pdiet  =  0.001), 
ERK2 (+93%, Pdiet  =  0.020), MAP2K1 (+177%, Pdiet  <  0.001), 
and PI3K (+25%, Pdiet = 0.045) when compared to mCD rabbits 
(Figure  13). By contrast, mRNA expression was only higher 

A B

FIGURE 5 | Effects of LepR antagonist injected into the VMH. (A) Average changes in MAP, heart rate, and RSNA (normalized units) from control in each group after 
VMH injection of LepR antagonist (5, 10 μg, shown at dashed lines) in mCD (white, n = 6), mHFD (red, n = 6), and mCD10d (blue, n = 6) rabbits. Data are mean 
difference ± SED. ϕp < 0.05, ϕϕϕp < 0.001 for average effect of LepR antagonist. (B) Changes from control after administration of vehicle Ringer’s and LepR antagonist, 
averaged over the second dose, given into the VMH in mCD, mHFD, and mCD10d rabbits. Data are mean difference ± SED from the control period of each treatment 
group. *p < 0.05 and ***p < 0.001 for comparison to mCD; †††p < 0.001 for mHFD vs. mCD10d; ##p < 0.01 and ###p < 0.001 for effect of LepR antagonist vs.  
Ringer’s.
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in mCD10d than in mCD for MC4R (+133%, Pdiet  =  0.022) 
and MAP2K1 (+176%, Pdiet < 0.001) with other mRNA expression 
levels similar to mCD (Figure  13). BDNF mRNA expression 
levels were 65% higher in mHFD rabbits than in mCD10d 
rabbits (Pdiet  =  0.013; Figure  13). There was no difference in 
the mRNA expression of MC3R and INSR among any of 
the groups.

DISCUSSION

In the present study, we examined central leptin-melanocortin 
and insulin signaling pathways mediating the higher MAP 
and RSNA in the adult offspring of rabbits fed a HFD 
during pregnancy and lactation. Since there were residual 
fat deposits in the mHFD offspring that may mediate some 
of the differences we  observe between these animals and 

control mCD, we  also fed a group of mCD rabbits a HFD 
for a short period of 10  days and then allowed a 3-week 
recovery period on a chow diet. This recovery period allowed 
for any acute consequences of HFD consumption to stabilize. 
Our main findings were that the higher MAP in mHFD 
and mCD10d offspring was partly due to greater central 
leptin signaling and associated greater receptor expression 
but likely at distinct sites within the hypothalamus. The 
LepR antagonist had the most effect in lowering MAP and 
HR when injected into the VMH of mCD10d offspring, 
but in mHFD rabbits, the hypotensive effect was only observed 
ICV. These effects are not likely to involve renal SNA as 
no effects were observed on this parameter by the LepR 
antagonist. The size of the effects on MAP and HR was 
small, and the results should thus be  interpreted carefully. 
The enhanced melanocortin contribution to the hypertension 
as detected by SHU9119 was common to both groups 
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FIGURE 6 | Effects of alpha-melanocyte-stimulating hormone (αMSH) injected ICV. (A) Average changes in MAP, heart rate, and RSNA (normalized units) from 
control in each group after ICV injection of αMSH (1, 3, and 10 nmol, shown at dashed lines) in mCD (white, n = 9), mHFD (red, n = 8), and mCD10d (blue, n = 6) 
rabbits. Data are mean difference ± SED. ϕp < 0.05, ϕϕp < 0.01 and ϕϕϕp < 0.001 for average effect of αMSH. (B) Changes from control after administration of vehicle 
Ringer’s and αMSH, averaged over the third dose, given ICV in mCD, mHFD, and mCD10d rabbits. Data are mean difference ± SED from the control period of each 
treatment group. *p < 0.05, **p < 0.01, and ***p < 0.001 for comparison to mCD; ###p < 0.001 for effect of αMSH vs. Ringer’s.
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suggesting that residual fat rather than maternal programming 
was responsible. However, the sympatho-inhibition by ICV 
SHU9119 and the sympatho-excitation by αMSH only occurred 
in mHFD suggesting the mechanism involved maternal HFD 
programming. Interestingly, SHU9119 was effective when 
administered ICV and less so within the VMH suggesting 
that the tonic activation of the melanocortin system occurred 
within another region or nucleus. By contrast, the marked 
sympatho-excitation produced by αMSH only in mHFD 
occurred within the VMH and also when given ICV. We also 
observed a distinct pattern of increased expression of 
hypothalamic signaling molecules in the mHFD group 
compared to mCD and particularly marked for LepR,  
BDNF, and SOCS3. These are likely due to maternal 
programming rather than the effects of a short period of 
HFD in adulthood. Taken together, these findings suggest 
hypertension and sympatho-excitation may occur through 

a manifest alteration to central leptin-melanocortin signaling  
pathways in the hypothalamus due mainly to maternal 
programming but also to a significant contribution from 
residual visceral fat.

Developmental Programming of 
Neuropeptide and Adipokine Receptor 
Signaling
Developmental programming by maternal obesity during 
pregnancy and during growth is mediated by long-term changes 
in expression of peptides and adipokine receptors, such as for 
leptin in the hypothalamic circuits (Bouret et  al., 2004). Leptin 
is secreted primarily by adipocytes and is thought to be present 
in direct proportion to the percentage of adipose tissue. This 
contrasts the current study and our previous studies of adult 
rabbits which were fed a HFD but then returned to a CD 
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FIGURE 7 | Effects of αMSH injected in the VMH. (A) Average changes in MAP, heart rate, and RSNA (normalized units) from control in each group after VMH 
injection of αMSH (0.3, 1.0 nmol, shown at dashed lines) in mCD (white, n = 8), mHFD (red, n = 7), and mCD10d (blue, n = 4) rabbits. Data are mean difference ± 
SED. ϕϕϕp < 0.001 for average effect of αMSH. (B) Changes from control after administration of vehicle Ringer’s and αMSH, averaged over the second dose, given 
into the VMH in mCD, mHFD, and mCD10d rabbits. Data are mean difference ± SED from the control period of each treatment group. ***p < 0.001 for comparison 
to mCD, †p < 0.05 and †††p < 0.001 for mHFD vs. mCD10d; and ##p < 0.01 and ###p < 0.001 for effect of αMSH vs. Ringer’s.
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where plasma levels of leptin were in the normal range despite 
the presence of substantial visceral fat (Armitage et  al., 2012). 
Importantly, MAP and RSNA remained elevated compared to 
control animals. We  have previously shown that the offspring 
(fed a CD from weaning) from mothers fed a HFD during 
pregnancy and lactation also have high MAP and RSNA as 
well as a markedly increased pressor and RSNA sensitivity to 
ICV leptin (Prior et  al., 2014). This suggests that leptin can 
reprogram central melanocortin pathways during development 
and also in adulthood. It is well known that during the critical 
period in brain development, leptin plays a permissive 
neurotrophic role, establishing the neural circuitry of the 
hypothalamus via the growth of axons and neuronal differentiation 
and migration (Bouret et  al., 2004). Leptin acts at the long 
form of the Ob receptor (also known as LepR) found in the 
lateral hypothalamic area, hypothalamic arcuate, VMH, and 
paraventricular nucleus (Elmquist, 2001). Activation of the LepR 

stimulates intracellular signaling pathways, including those 
mediated by signal transducer and activator of transcription 3 
(STAT3), PI3K, and ERK 1 or 2 (Myers et  al., 2008). Leptin-
receptor driven activation of STAT3 is particularly important 
for development of arcuate projections and architecture of 
pro-opiomelanocortin (POMC) but not neuropeptide Y (NPY) 
projections (Bouret et al., 2012). Suppressor of cytokine signaling 
3 is a leptin target gene that prevents over-activation of the 
leptin signaling pathway (Bjorbaek et  al., 1998), and in general, 
leptin can induce a negative feedback through SOCS3 
accumulation during prolonged LepR stimulation (Banks et  al., 
2000; Bates et  al., 2004). Thus, in the current study, it was 
important to separate the developmental programming from 
the acute effect of elevated body fat in adulthood or by changes 
in circulating lipids which we  did by incorporating a group 
that had a short 10-days of HFD followed by 3-weeks of CD. 
In this way, we  can see that the higher levels of LEPR and 
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FIGURE 8 | Effects of SHU9119 injected ICV. (A) Average changes in MAP, heart rate, and RSNA (normalized units) from control in each group after ICV 
administration of SHU9119 (0.038, 0.075, 0.188, and 0.375 nmol, shown at dashed lines) in mCD (white, n = 8), mHFD (red, n = 8), and mCD10d (blue, n = 6) 
rabbits. Data are mean difference ± SED. ϕp < 0.05, ϕϕp < 0.01, ϕϕϕp < 0.001 for average effect of SHU9119. (B) Changes from control after administration of vehicle 
Ringer’s and SHU9119, averaged over the last two doses, given ICV in mCD, mHFD, and mCD10d rabbits. Data are mean difference ± SED from the control period 
of each treatment group. *p < 0.05, ***p < 0.001 for comparison to mCD; ##p < 0.01 for effect of SHU9119 vs. Ringer’s.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Lim et al. Developmental Programming of Obesity Hypertension

Frontiers in Physiology | www.frontiersin.org 12 June 2021 | Volume 12 | Article 693157

SOCS3 mRNA expression were only observed in the mHFD 
group which indicates that there was higher intracellular activity 
in the leptin signaling pathway. Importantly, only in this group, 
the LepR antagonist given ICV had a small effect in lowering 
MAP but did not affect RSNA suggesting that the maternal 
programming may have had an impact in increasing MAP but 
through non-renal sympathetic vasomotor tone. The antagonist 
was ineffective in mHFD when given into the VMH suggesting 
that another area of the hypothalamus might be  the site of 
action. We speculate that this early life programming contribution 
to the hypertension might be  related to arcuate neurons and 
their projections to other regions of the hypothalamus, such 
as the dorsomedial hypothalamus (Simonds et  al., 2014) or 
paraventricular nucleus (da Silva et  al., 2014).

A major target of circulating leptin in the arcuate is  
POMC neurons that release αMSH and also contain cocaine- 
and-amphetamine-related transcript (Elmquist, 2001). POMC and 

NPY neurons in the arcuate project to many regions of the 
hypothalamus and beyond to influence appetite and 
metabolism (Cowley et  al., 2001; da Silva et  al., 2014). 
We  have previously investigated the contribution of NPY 
and POMC systems in obesity-induced hypertension and 
activation of RSNA in adult rabbits on a 3-week HFD (Barzel 
et al., 2016). We observed a marked hypotensive and sympatho-
inhibitory effect of SHU9119 (a MC3/4 receptor antagonist) 
but no effect of an NPY receptor antagonist (Barzel et  al., 
2016). In the current study, we  found similar hypotensive 
effects of SHU9119 when injected either ICV or into the 
VMH in both the mHFD and mCD10d rabbits suggesting 
that blocking a tonic melanocortin pressor action within 
the VMH was likely due to the presence of visceral fat 
rather than due to maternal programming. However,  
we  did observe a reduction in RSNA with ICV SHU9119  in 
mHFD rabbits that was not observed in mCD10d rabbits. 
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FIGURE 9 | Effects of SHU9119 injected in the VMH. (A) Average changes MAP, heart rate, and RSNA (normalized units) from control in each group after VMH 
injection of SHU9119 (0.0188 nmol, 0.0375 nmol) in mCD (white, n = 5), mHFD (red, n = 6), and mCD10d (blue, n = 3) rabbits. Data are mean difference ± SED. 
ϕϕp < 0.01, ϕϕϕp < 0.001 for average effect of SHU9119. (B) Changes from control after administration of vehicle Ringer’s and SHU9119, averaged over second 
dose, given into the VMH in mCD, mHFD, and mCD10d rabbits. Data are mean difference ± SED from the control period of each treatment group. **p < 0.01 for 
comparison to mCD; ††p < 0.01 for mHFD vs. mCD10d; and ##p < 0.01 and ###p < 0.001 for effect of SHU9119 vs. Ringer’s.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Lim et al. Developmental Programming of Obesity Hypertension

Frontiers in Physiology | www.frontiersin.org 13 June 2021 | Volume 12 | Article 693157

This implies that the renal vasomotor pathways are 
differentially affected by maternal programming. Indeed,  
the marked sympatho-excitatory action of VMH αMSH  
in mHFD rabbits was not present in the mCD10d rabbits  
either.

Programming of Neuronal Plasticity: 
Role of BDNF
We have shown that higher renal SNA is due to amplification 
of melanocortin-receptor signaling within the VMH during a 
3-week HFD in adult rabbits and is associated with activation 
of BDNF and upregulation of MC4R. Importantly, in the current 
study, we  also saw selective activation of BDNF as well as a 
more marked activation of MC4 receptors in the hypothalamus 
of mHFD rabbits compared to mCD and mCD10d groups. 
BDNF is a well-known neurotrophin which regulates neuronal 

development, supports differentiation, maturation, and survival 
of the neurons and importantly, modulates synaptic plasticity 
(Huang and Reichardt, 2001; Binder and Scharfman, 2004). The 
plasticity of the brain refers to the natural capacity of the brain 
to modify its structure and function through experience. At 
the level of synapses, plasticity includes functional changes that 
strengthen or weaken existing synapses (Ellacott and Cone, 2006). 
BDNF promotes stability of dendritic synapses of the hypothalamic 
neurons, and it has been shown that neurodevelopmental anomalies 
involving BDNF contribute to the obesity phenotype (Rios et al., 
2001). Increased release of αMSH in the VMH and activation 
of MC4R is known to induce increased signaling related to 
other functions (Toda et  al., 2013) and involves activation of 
mitogen-activated protein kinase (MEK) and ERK pathway. This 
activates transcriptional factor cAMP-responsive element-binding 
protein and the transcription of plasticity-associated genes and 
synthesis of secretory BDNF (Caruso et  al., 2014). Indeed, in 
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FIGURE 10 | Effects of insulin-receptor (InsR) antagonist injected ICV. (A) Average changes in MAP, heart rate, and RSNA (normalized units) from control in each 
group after ICV injection of InsR antagonist (0.5 IU, shown at dashed line) in mCD (white, n = 6), mHFD (red, n = 9), and mCD10d (blue, n = 6) rabbits. Data are 
mean difference ± SED. ϕϕp < 0.05 for average effect of InsR antagonist. (B) Changes from control after administration of vehicle Ringer’s and InsR antagonist, 
averaged over all data points, given ICV in mCD, mHFD, and mCD10d rabbits. Data are mean difference ± SED from the control period of each treatment group. 
*p < 0.05 for comparison to mCD; ††p < 0.01 for mHFD vs. mCD10d; and #p < 0.05 for effect of InsR antagonist vs. Ringer’s.
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the current study, we  observed increases in both MAP2K1 and 
ERK2 mRNA expression in the hypothalamus of mHFD offspring, 
evidence that these activated intermediaries, as part of this 
pathway, are involved in the maternal programming by a HFD 
of the adult offspring and that the mechanism involves neuronal 
plasticity. However, we  did also see increased expression in the 
mCD10d group but this was not associated with BDNF. In 
support of a role of BDNF in mediating the maternal programming 
and also the effect of a HFD in adulthood to upregulate 
melanocortin signaling, we  know that a MEK inhibitor can 
prevent leptin-induced enhanced MC3/4 receptor signaling in 
the VMH (Toda et  al., 2013). Acute administration of glucose 
increases BDNF expression in the VMH and mice with depleted 
BDNF in the VMH and dorsomedial hypothalamus become 
obese (Unger et  al., 2007). BDNF is highly expressed in the 
VMH and mice with mutant MC4R have low levels of tropomyosin 
receptor kinase B (the  BDNF receptor; Xu et  al., 2003). 

Central  infusion of a melanocortin agonist upregulates BDNF 
in the VMH (Xu et  al., 2003).

Maternal Obesity and Insulin Signaling 
Pathway
Offspring from obese mothers display reduced activity of 
the insulin signaling pathway as well as insulin-receptor 
mRNA expression (Yan et  al., 2010). In the current  
study, neither the mHFD nor the mCD10d offspring group 
responded with changes in MAP or RSNA when the INSR 
antagonist was administered ICV or into the VMH suggesting 
little role of insulin in mediating the hypertension or 
sympatho-excitation. In addition, InsR expression in the 
hypothalamus of mHFD rabbits was not different to any 
other groups. We did observe an increase in PI3K expression 
in the hypothalamus of mHFD rabbits, and insulin is known 
to activate PI3K signaling (Hirsch et  al., 2007) influencing 

A B

FIGURE 11 | Effects of InsR antagonist injected in the VMH. (A) Average changes in MAP, heart rate, and RSNA (normalized units) from control in each 
group after VMH injection of InsR antagonist (0.01, 0.05 IU, shown at dashed lines) in mCD (white, n = 7), mHFD (red, n = 5), and mCD10d (blue, n = 3) 
rabbits. Data are mean difference ± SED. ϕp < 0.05 for average effect of InsR antagonist. (B) Changes from control after administration of vehicle Ringer’s 
and InsR antagonist, averaged over the second dose, given into the VMH in mCD, mHFD, and mCD10d rabbits. Data are mean difference ± SED from the 
control period of each treatment group.
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cell proliferation, metabolism, cell growth, and intracellular 
trafficking (Engelman et  al., 2006). The increase in PI3K 
expression but not INSR expression suggests evidence of 
insulin resistance and/or an altered insulin signaling pathway 
in the hypothalamus of this group.

We conclude that the higher MAP in mHFD and mCD10d 
offspring is likely due to greater central leptin signaling at 
distinct sites within the hypothalamus while the enhanced 
melanocortin contribution, as determined by SHU9119, was 
common to both groups suggesting that residual body fat is 
likely to be  the cause. However, the effects of SHU9119 and 
αMSH on RSNA pathways only in mHFD suggest a maternal 
HFD may program sympatho-excitatory capacity in these 
offspring and that this may involve increased leptin receptor 
and BDNF expression. The programmed hyper sympathetic 
responsivity is therefore primed to be  activated by a HFD in 

adulthood which would likely produce a much greater 
hypertension than otherwise would be  expected. However, this 
needs to be  tested experimentally in future experiments to 
confirm such a scenario and also to determine whether BDNF 
is the underlying neurotrophic factor responsible.
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