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Abstract

Background—Hypothalamic obesity (HO) occurs in patients with tumors and lesions in the 

medial hypothalamic region. In this study, a hyperphagic rat model of combined medial 

hypothalamic lesions (CMHL) was used to test which specific inflammatory molecules are 

involved.

Methods—In order to target specific homeostatic medial hypothalamic nuclei (arcuate, 

ventromedial, and dorsomedial nuclei), male Sprague-Dawley rats (age of 8 weeks, ~250 g body 

weight) received four electrolytic lesions or sham surgery. Post-surgery food intake and weight 

changes were tracked and hypothalamic gene expression for inflammatory molecules as well as 

anorexigenic peptide oxytocin 7 days and 7 months post-surgery were tested.

Results—Seven days post-surgery, average food intake increased by 23%, and body weight gain 

had increased by 68%. Toll-like 4 receptor/nuclear factor–κB (TLR4/NF–κB)—pathway was 

specifically activated in the mediobasal hypothalamus (MBH), resulting in 3-fold higher tumor 

necrosis factor (TNF)-α, 10-fold higher interleukin (IL) 1-β mRNA levels, and higher expression 

of suppression of cytokine signaling (SOCS) 3, while oxytocin mRNA levels were significantly 

reduced in CMHL rats versus sham surgery rats 7 days post-surgery. At 7 months, inflammation 

was less stimulated in MBH of CMHL rats compared to 7 days post-surgery and SOCS 3 as well 

as oxytocin mRNA levels were comparable between the two groups.

Conclusion—Medial hypothalamic lesions are associated with strong post-surgery hyperphagia 

and activation of TLR4/NF–κB—pathway as well as reduced expression of oxytocin in the 

hypothalamus.
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Introduction

Childhood obesity of any cause is a major risk factor for adult CVD and premature death 

[1]. Excessive weight gain frequently occurs in patients with hypothalamic tumors and 

lesions, a disorder designated as hypothalamic obesity (HO). HO syndrome is characterized 

by fatigue, decreased physical activity, hyperphagia, decreased satiety, and severe obesity. 

All features are frequently seen in patients suffering from HO due to craniopharyngioma 

(CP) [2,3] as well as other causes of hypothalamic dysfunction and damage: other 

suprasellar tumors, inflammation, and genetic syndromes [4–7]. Most efforts to treat HO 

have disappointing long-term success rates [2,3].

Patients with CP often develop severe obesity with metabolic syndrome and have a much 

higher overall mortality rate and cardiovascular mortality rate than the general population 

[8–10]. Recognized risk factors for severe obesity include large hypothalamic tumors or 

lesions affecting several medial and posterior hypothalamic nuclei that impact satiety 

signaling pathways [11–14]. Structural damage in these nuclei often lead to hyperphagia, 

rapid weight gain, central insulin and leptin resistance, decreased sympathetic activity, low 

energy expenditure, and increased energy storage in adipose tissue [2,15]. Recently, our 

group developed a novel rat model of combined medial hypothalamic lesions (CMHL) to 

study the pathogenesis of HO and test potential drugs for obesity treatment and prevention 

[2,16]. This rodent model reproduces clinical features of hypothalamic obesity in patients 

with craniopharyngioma. We have shown in humans and rodents that large hypothalamic 

tumors or lesions affecting several medial hypothalamic regions including the arcuate 

(ARC), ventromedial (VMN), and dorsomedial (DMN) nuclei, lead to a more severe 

phenotype of HO and melanocortin (MC) deficiency compared to smaller lesions and lesions 

of single nuclei [2,16–22]. The risk for gaining excess weight is particularly high during the 

immediate period following hypothalamic surgery [23–25]. In our previous studies we also 

demonstrated hyperinsulinemia and high leptin serum levels indicating leptin resistance as 

observed in patients with CP [16,26]. The goal of the current study was to investigate the 

pathophysiology of hyperphagia observed in HO or CP and specifically to test in our CMHL 

model if hyperphagia is related to hypothalamic inflammation and which specific 

inflammatory pathways are involved.

Materials and methods

Animals

All procedures performed were approved by the Institutional Animal Care and Use 

Committee at the Seattle Children’s Research Institute and were in accordance with the NIH 

Guide for the Care and Use of Laboratory Animals. Young adult male Sprague Dawley rats, 

weighing 250 to 265 g, were purchased from Charles River Laboratory (Wilmington, MA, 

USA). Animals were individually housed on a 12hr/12hr light/dark cycle (lights on at 07:00 
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h) in a temperature (23°C) and humidity (50% ± 10%) controlled room. Ad libitum access to 

regular chow (5053 Pico Lab Rodent Diet, Purina LabDiet, Richmond, CA, USA) and water 

was provided. Following surgery, the animals’ body weight (BW) and food intake (FI) were 

recorded twice daily, at begin of light and dark cycle respectively. Lee adiposity index 

[BW-1/3/snout to anus length (mm)] measures were taken pre surgery and at termination as 

an indicator of total adiposity.

Hypothalamic lesion

As published before [16,21,22], animals were placed under a surgical-plane of anesthesia 

(isoflurane/oxygen mix, 3.5% induction, 2–2.5% throughout the procedure) and were 

mounted in a Kopf stereotaxic frame (Tujunga, CA). The upper incisor bar was initially set 

3.3 mm below the interaural line and adjusted as necessary to align bregma and lambda in 

the same horizontal plane. Lesions were targeted to the ARC, VMN, and DMN through the 

placement of an insulated stainless steel electrode at stereotaxic coordinates based on our 

previous study [16]. Specifically, an anodal electric current (110V, 1.7 mA for 15 seconds; 

no current for sham group; 5–7 animals per treatment group) was passed through the tip of 

the electrode while placed 2.6 mm posterior to the bregma, 0.5 mm lateral to the midsagittal 

line, and both 10 mm (ARC) and 8.6 mm (VMN/DMN) ventral from the bregma-lambda 

plane according to the atlas from Paxinos and Watson [27]. Please see examples in Figure 1 

for details.

Histological examination

One extra set of 7 animals was used for brain section studies during the first 2 weeks after 

the lesion. These animals were anesthetized and perfused transcardially with 4% 

paraformaldehyde and could therefore not be used for gene expression studies in the brain. 

Brains were harvested and cut in 25 µm thick tissue slices using a cryostat followed by 

staining with cresyl violet. These slides were then imaged at 20× resolution using the 

Hamamasu Nano Zoomer (Hamamasu Photonics, Hamamasu City, Japan).

Tissue sampling and gene expression studies

Using freshly frozen brains, the mediobasal hypothalamus (MBH) was cut as a rectangular 

tissue block extending from Bregma coordinates −1.92 to −4.4 mm, 1.4 mm lateral from 

midline, and 2 mm depth measured from base ventrally according to the atlas from Paxinos 

and Watson [27].

Total RNA was extracted and purified using RNeasy kit (Qiagen, Venlo, Netherlands) from 

brain tissues. RNA quality was assessed using a NanoDrop 1000 (Thermo Fisher, Waltham, 

MA), and cDNA was synthesized using iScript cDNA synthesis kit (Bio-Rad, Hercules, 

CA). Real-time qRT-PCR reactions were performed on an ABI Prism 7300 (Applied 

Biosystems, Foster City, CA) using iTaq SYBR Green Supermix with ROX (Bio-Rad, 

Hercules, CA). Nontemplate controls were incorporated into each PCR run. Specific mRNA 

levels of all genes of interest were normalized to housekeeping gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) and expressed as changes normalized to controls (sham 

lesions). See Table 1 for all primers of quantitative RT-PCR.
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The mRNA levels for inflammatory molecules (toll-like receptor (TLR)-4; nuclear factor 

kappa B (NF–κB); interleukin (IL)-1β; tumor necrosis factor (TNF)-α; and suppression of 

cytokine signaling (SOCS)3) were quantified in the MBH. IL-1β was also quantified in the 

temporal cortex as a control. The mRNA levels of key anorexigenic peptide oxytocin were 

quantified in the MBH as well.

Statistical analysis

Statistical analyses were performed using GraphPad Prism Software (La Jolla, CA USA). 

Outcome variables between study groups were compared using Student’s t-tests for 

continuous variables and single intervention comparisons (for instance sham surgery vs. 

lesion). In all instances, p<0.05 was considered significant.

Results

Histological examination shows that the CMHL model results in a large medial 

hypothalamic lesion including the ARC, VMN, and DMN as shown in coronal and sagittal 

sections of the brains (Figure 1). In one extra set of 7 animals, which was used for brain 

section studies, the extent of the hypothalamic damage following CMHL was comparable in 

different rats. In CMHL rats, food intake was significantly increased in CMHL versus sham 

surgery rats during the light cycle resulting in an increased 24 h food intake during the first 7 

d following surgery (Figure 2). However at 7 months, food intake was not significantly 

different compared to sham surgery rats (CMHL 31.3 ± 2.4 vs. sham 28.7 ± 0.6 g/d, 

p=0.342). CMHL lesion resulted in significantly increased weight gain and adiposity 

assessed by increased Lee index already 7 d post-surgery (Figures 3a and 3c, respectively). 

The stronger weight gain continued in CMHL rats showing a marked difference to sham 

surgery rats 7 months post-surgery (Figure 3b).

Regarding the gene expression of inflammatory molecules 7 d after CMHL, mRNA levels 

for TLR4, TNFα, NF–κB IL-1β, and SOCS3 were increased in MBH (including the ARC, 

VMN, and DMN), while mRNA levels of oxytocin were significantly reduced in the MBH 

of CMHL vs. sham-surgery rats. However, 7 months after surgery, stimulation of 

inflammatory pathways was less compared to 7 days post-surgery and there were no 

differences between the groups for oxytocin mRNA levels (Figure 4). IL-1β mRNA levels 

were not different in cerebral cortex, 7 d post-surgery, CMHL vs. sham surgery (data not 

shown).

Discussion

The data from this study confirm our previously published results demonstrating that large 

medial hypothalamic lesions result in excessive short and long-term weight gain as well as 

transient hyperphagia with increased food intake particularly during the light cycle 

indicating a disrupted circadian rhythm [16,20]. The excess weight gain and hyperphagia 

occurs directly after surgery, already resulting in a significantly increased adiposity index 7 

d post-surgery. At this time the strongly activated inflammatory NF-κB pathway is most 

likely related to surgery, whereas the slightly increased expression of few inflammatory 
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molecules at 7 months is likely related to the severe obesity the animals achieved at this late 

time point.

Brain inflammatory responses are a hallmark of CP [26,28–30]. Previous studies 

demonstrated massively increased interleukin expression in CP tissue as well as increased 

IL-1α and TNF-α in CP cyst fluid [31]. What remains unknown, however, is the role of 

inflammation in tumor- or surgery-related excess weight gain and food intake. Our gene 

expression data demonstrate activation of the TLR4/NF–κB—pathway in CMHL rat, 

resulting in activation of TNF-α and IL1-β specifically in the MBH. Activation of similar 

pathways has also been associated with hypothalamic inflammation due to over-nutrition 

resulting in central insulin and leptin resistance [32–37]. In addition, inflammation induced 

upregulation of SOCS-3, a marker of leptin and insulin resistance [38], can result in 

impaired ability of satiety signals, such as cholecystokinin, to activate neurons in the 

hindbrain and reduce food intake [39]. Therefore, these changes not only affect 

hypothalamic signaling, but also the regulation of energy homeostasis by downstream 

neurons [32–34,40], and may include reward pathways [41,42].

Insights into the specific inflammatory pathways are important for identifying potential 

targets for novel pharmacotherapies directed towards specific biochemical pathways. Based 

on these results, one could postulate that interacting with these pathways may yield 

promising options to reduce food intake, especially considering the specific agents already 

available. For instance, food intake could be suppressed by central suppression of NF-kB 

pathway as shown in diet-induced obese rodent models [43–45]. Another option could be an 

IL receptor antagonist that crosses the blood brain barrier [46]. Future studies will show if 

postsurgical hyperphagia is dependent upon hypothalamic stimulation of the NF–κB 

pathway and if hyperphagia and leptin resistance can be attenuated by specific anti-

inflammatory drugs targeted to this pathway.

Disruption of feeding circuits by damage to medial hypothalamic nuclei by tumor, surgery 

or irradiation, has the potential to increase hunger by unopposed activation of orexigens 

from the lateral hypothalamus, or by blocking response to adiposity signals such as leptin 

and proopiomelanocortin in the arcuate nucleus from the medial hypothalamus. In either 

case, the result can involve unopposed activation of the LHA, and thereby orexigenic 

peptides (MCH, hypocretin/orexin), or inhibition of anorexigenic peptides in the PVN (CRF, 

TRH, oxytocin), finally resulting in increased food intake and decreased energy expenditure. 

Orexin A and B derive from the same precursor, prepro-orexin (identical with prepro-

hypocretin), which is selectively expressed in the LHA; both peptides stimulate food intake 

[47]. Oxytocin is produced primarily in the PVN and supraoptic nucleus [48], but is also 

produced in several other brain areas involved in energy homeostasis such as the LHA 

[49,50]. Leptin activates PVN oxytocin neurons through a melanocortin-4 receptor 

dependent mechanism whereas leptin resistance is associated with downstream impairments 

in oxytocin release [51–53]. Thus, CPs, by virtue of their hypothalamic location, have the 

potential to disrupt energy homeostasis at many levels, resulting in a complex clinical 

picture of HO syndrome characterized by severe obesity associated with leptin-resistance, 

fatigue, hyperphagia, impaired satiety, decreased sympathetic tone, and low energy 

expenditure [15,54–58].
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Identification of effective strategies to treat HO is still one of the major challenges in the 

post-surgical care of CP patients. Here we have demonstrated activation of the TLR4/NF-κB 

pathway and induction of SOCS3 in the MBH while oxytocin expression was reduced after 

hypothalamic lesions which could give important insights for future studies on the field. 

However we are aware that there are some limitations of the study that should kept in mind 

when interpreting the data. First, the gene expression studies have been performed only at 

two different time points that are well apart so we don’t know how long the strong activation 

of inflammatory pathways will last beyond the 7 day time point. Second, to test the 

relationship between activation of TLR4/NF-κB pathway and satiety neuropeptides, it would 

be necessary to test the effects of different anti-inflammatory agents on the expression of a 

variety of satiety neuropeptides in brain areas associated with energy homeostasis. This was 

beyond the scope of this project, but could be tested in the future.

In summary, using a rat brain lesion model that recapitulates unique clinical features seen in 

obese CP patients, we identified robust activation of the TLR4/NF-κB pathway at an early 

time point (7 d) but not late time point (7 months) after surgery. Induction of SOCS3 and 

reduction of oxytocin expression might explain leptin and insulin resistance as well as 

hyperphagia that are observed in CMHL rats already 7 d post-surgery [16,38] and that are 

also key clinical features in CP patients [25,59].
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Abbreviations

ARC arcuate nucleus

BW body weight

CMHL combined medial hypothalamic lesions

CRF Corticotrophin-releasing hormone

CVD cardiovascular disease

DMN dorsomedial nucleus

FI food intake

GABDH glyceraldehyde-3-phosphate dehydrogenase

HO hypothalamic obesity

IL interleukin

MBH mediobasal hypothalamus

MCH Melanin-concentrating hormone
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NF-kB nuclear factor-kB

SOCS3 suppression of cytokine signaling 3

TRH Thyrotropin-releasing hormone

TLR-4 toll-like 4 receptor

TNF-α tumor necrosis factor-α

VMN ventromedial nucleus
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Figure 1. 
Representative brain sections showing the extent of lesion in two CMHL rats. Rat brains 

were harvested 15 and 13 days after lesion respectively. Grid lines in image B and D are 

measured in millimeters. A, B: Lateral lesion coordinates measure 0.5 mm to the left and 

right of sagittal midline (0 mm), descending directly into the DMN and VMN. Radius of the 

electrode also encompasses the ARC, creating a cohesive zone of ablation at the lesion target 

area. C, D: Dorsal and ventral lesion targets (−8.7 mm and −10 mm depth) are 

distinguishable in sagittal section. PVN is outlined in image D. The PVN is located at about 

Bregma −1.80 to Bregma −2.12 mm, which is rostral from the lesion target slice at Bregma 

−2.80 mm, leaving the PVN intact. Projection of CMHL brain nuclei based on the atlas of 

Paxinos and Watson [27].
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Figure 2. 
Food intake in rats following CMHL. Averaged food intake during first 7 days following 

surgery is shown during light and dark cycle as well as 24 h in CMHL (black bars) vs. sham 

surgery (white bars) rats. **p< 0.01, ***p< 0.001.

Roth et al. Page 12

J Syst Integr Neurosci. Author manuscript; available in PMC 2016 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Changes in body weight and adiposity following surgery. Body weight changes 7 days (A) 
and 7 months (205 d) (B) after surgery. Adiposity index shows increased adiposity already 7 

d after surgery (C). CMHL (black bars) vs. sham surgery (white bars) rats are shown. *p< 

0.05, **p< 0.01.
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Figure 4. 
Gene expression of inflammatory parameters in MBH of CMHL (black bars) vs. sham-

surgery controls (white bars), 7 d (A–F) and 7 months(G–L) post-surgery; mRNA levels of 

TLR-4 (A, G), NFkB (B, H), IL-1β (C, I), TNF-α (D, J), SOCS3 (E, K), and oxytocin (F, 
L) related to GAPDH are shown. **/***p< 0.01/0.001.
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Table 1

Primers Used for Real-Time PCR Studies (5’ – 3’), Gen Bank numbers (Rattus norvegicus), and Amplicon 

Lengths.

Accession Number Forward Reverse bp

GAPDH NR_003722.1 TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 87

IL-1β NM_031512.2 CACCTCTCAAGCAGAGCACAG GGGTTCCATGGTGAAGTCAAC 79

NF-κB NM_001008349.1 TGGGCAGACACGGGTGGTGA ATTTGGGGCAGAGCGTGGGC 165

Oxytocin NM_012996.3 CGGTGGATCTCGGACTGAAC TAGCAGGCGGAGGTCAGAG 91

SOCS3 NM_053565.1 CCTCCAGCATCTTTGTCGGAAGAC TACTGGTCCAGGAACTCCCGAATG 99

TCR-4 NM_019178.1 GGGGCAACCGCTGGGAGAGA AACCAGCGGAGGCCGTGAGA 95

TNFα NM_012675.3 GAAAAGCAAGCAACCAGCCA CGGATCATGCTTTCCGTGCTC 106
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