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Abstract 

Prolonged critical illness is hallmarked by striking alterations in the somatrope, thyrotrope and 

lactotrope axes, the severity of which is associated with the risk of morbidity and mortality. The exact 

role of the pituitary gland in these alterations is unknown.  

We studied the impact of sustained critical illness on pituitary morphology and hormone production in 

a standardized rabbit model of prolonged (7 days) burn injury-induced critical illness. In healthy and 

prolonged critically ill rabbits, we determined pituitary weight, size, morphology and orientation of the 

somatrope, lactotrope and thyrotrope cells and the pituitary expression of GH, PRL and TSH at gene 

and protein level. 

The weight of the pituitary gland was unaltered by 7 days of critical illness. Also, spatial orientation 

and morphology of the GH, PRL and TSH producing cells remained normal. In prolonged critically ill 

rabbits GH mRNA levels were higher and PRL mRNA levels were lower than in healthy controls, 

whereas TSH mRNA was not affected. The sizes of GH, PRL or TSH producing cells and the pituitary 

content of GH, PRL and TSH proteins were unaltered.  

In conclusion, in this rabbit model of prolonged critical illness, the morphology of the pituitary gland 

and the pituitary GH, PRL and TSH content was normal. The alterations in pituitary hormone mRNA 

levels with sustained critical illness are compatible with altered hypothalamic and peripheral 

regulation of pituitary hormone release as previously suggested indirectly by responses to exogenous 

releasing factors. 
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Introduction 

Critical illness is the medical condition in which a patient requires intensive medical support 

of vital organ functions in order to survive. In response to such life-threatening insults, patients display 

neuroendocrine alterations of which the severity is related to the risk of morbidity and mortality. The 

hypothalamus-pituitary response to critical illness has previously shown to follow a biphasic pattern, 

with different hormonal responses observed in the acute and the prolonged phase of illness. The acute 

phase of illness is characterized by high circulating levels of growth hormone (GH), thyrotropin (TSH) 

and prolactin (PRL) in the face of low levels of insulin-like growth factor-I (IGF-I) and the GH-

dependent binding proteins and low levels of thyroid hormone, a combination which is typically 

explained by peripheral hormonal resistance and/or inactivation. In contrast, the prolonged phase of 

critical illness is hallmarked by much lower circulating levels of GH, TSH and PRL, with the pulsatile 

secretory patterns most strikingly suppressed, interpreted as reflecting reduced (hypothalamic) 

stimulation of the anterior pituitary gland, which may further lower the peripheral hormonal levels [1].  

Previous work by our group demonstrated that the combined bolus administration of releasing 

factors TRH and GHRP-2, the latter a synthetic agonist of the ghrelin receptor, to prolonged critically 

ill patients and rabbits evoked a supranormal GH and TSH release, but a subnormal PRL release 

[2,3,4]. The continuous infusion for several days of TRH and GHRP-2 was able to normalize the 

thyrotropic, somatotropic and lactotropic axes [5,6]. These data indeed suggested that prolonged 

critical illness brings about reduced (hypothalamic) stimulation of the anterior pituitary gland, rather 

than that the pituitary gland itself would be dysfunctional as part of the multiple organ failure 

syndrome. Such an interpretation was corroborated by a study of Fliers and colleagues, who reported 

reduced TRH gene expression in the paraventricular nucleus (PVN) of patients who died after chronic 

illnesses [7]. Such reduced hypothalamic TRH gene expression was also more recently observed in 

prolonged critically ill rabbits [8]. Furthermore, in prolonged critically ill patients, low circulating 

levels of ghrelin have been reported [9]. Although these findings suggest a hypothalamic rather than a 

pituitary cause of the suppressed GH, TSH and PRL secretion in prolonged critical illness, the 

pituitary gland has not been directly investigated in the context of prolonged critical illness. Indeed, at 
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the level of the pituitary, the previously reported alterations in pulsatile GH and PRL secretion and the 

altered GH, TSH and PRL responses to the injection of releasing factors as described above, could be 

compatible with critical illness inducing inadequate release of GH and thus GH accumulating in the 

somatotrophes or, alternatively, with hyperplasia of the somatotrophes. In contrast, lactotrophes might 

be depleted from PRL or lactotrophes could become atrophic in response to sustained critical illness. 

As for obvious ethical reasons, human pituitary glands are not easily accessible, we addressed 

this question in our well-validated rabbit model of sustained critical illness. This standardized model 

largely mimics the characteristic endocrine, biochemical and immunological disturbances of the 

human condition [4,10]. We collected pituitary glands from 20 prolonged ill rabbits (after 7 days of 

critical illness) and compared these with pituitary glands harvested from 22 healthy rabbits. To study 

the morphology, we determined the weight of the pituitary and evaluated size and shape of the 

somatotrophes, thyrotrophes and lactotrophes. The hormone synthesis and content was analyzed by 

quantifying GH, TSH and PRL gene and protein expression. 

 

 

Materials & Methods 

Description of the animal model: The experiment was performed in our previously validated rabbit 

model of prolonged critical illness, which has shown to mimic the characteristic endocrine, 

biochemical, and immunological disturbances of human critical illness [4]. The study was approved by 

the Leuven University Ethical Review Board for Animal Research. All animals were treated according 

to the Principals of Laboratory Animal Care formulated by the US National Society for Medical 

Research and the Guide for the Care and Use of Laboratory Animals prepared by the US National 

Institutes of Health. Briefly, on day 0, a full thickness burn injury of 15-20% body-surface area was 

imposed on the flanks after cathetherization of the right external jugular vein and right common 

carotid artery. All sick animals were fluid resuscitated, received parenteral nutrition (to avoid the 

confounding effect of fasting [11]) and were kept normoglycemic throughout the study period. After 7 

days, animals were anesthetized and the pituitary gland was harvested, snap-frozen in liquid nitrogen 
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and stored at -80°C until further analysis. For this study, we compared pituitary glands of twenty 

critically ill animals sacrificed on day 7, with samples obtained from healthy rabbits (n = 22) which 

had free access to water, hay and regular chow. Because of the possibility that a change in spatial 

orientation of lactotrophes, thyrotrophes and somatotrophes throughout the anterior pituitary gland 

could occur during critical illness, we chose not to split the pituitary, but to study whole pituitary 

homogenates. Pituitaries were randomly selected to be used for RNA isolation, protein analysis or 

immunohistochemical analysis. 

 

RNA isolation from pituitary and real-time PCR: Gene expression analysis of pituitary hormones 

was performed on the pituitary glands of critically ill rabbits (n = 6) and compared to healthy rabbits 

(n = 6). Total RNA was isolated from pituitary using the RNeasy mini RNA isolation kit (Qiagen, The 

Netherlands) and quantified by Nanodrop spectrophotometer (ND-100, Nanodrop Technologies, 

Wilmington, DE). One µg of total RNA was reverse transcribed using Superscript III Reverse 

Transcriptase (Invitrogen, Belgium). All samples were reverse transcribed simultaneously. Primers 

and probes were designed with Primer Express 3.0 (Applied Biosystems, Carlsbad, CA) and generated 

by Eurogentec (Belgium): GH (GenBank accession number Z38127.1): fw 5'-

CCTCAAGCAAACCTACGACAAGT-3', tq 5'-6-FAM-TGACACAAACCTGCGCGGCG-BHQ-1-3', 

rv 5'-GAACTACGGGCTGCTGTCCT-3'; PRL (GenBank accession number NM_001082675.1): fw 

5’-AGCCGTCAACTGCCAAGTG-3’, tq 5’-6-FAM-CTCTCCGGGATCTGTTTGACCGTGC-BHQ-

1-3’, r 5'-TGGATGTGGTGAGACAGGATGA-3'; TSHβ (GenBank accession number 

NM_001163072.1): fw 5’-GTCGACAGGACAGAGTGTGCTT-3’, tq 5’-6-FAM-

TTGCCTAACCATCAACACCACCATCTGTG-BHQ-1-3’, rv 5'-

AAGCACACTCTGTCCTGTCGAC-3’; ribosomal protein S18 (RPS18, GenBank accession number 

XR_085257): fw 5’-TTCCGCATGATGGTGATCAC-3’, tq  5’-6-FAM-

CGTTCCACCTCGTCCTCAGTGAGCTCT-BHQ-1-3’, rv 3’-GCAGACATTGACCTGACCAAGA-

5’. mRNA levels were quantified in real-time using the AB StepOnePlus (Applied Biosystems). 

Unknown samples were run in duplicate and analyzed using the comparative cycle threshold (Ct) 
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method. Individual samples with a Ct value standard deviation greater than 0.3 were reanalyzed. Gene 

expression of the housekeeping gene RPS18 remained stable between healthy and sick animals and 

was therefore used as an internal control. Data are expressed relative to the internal control and 

normalized to the relative expression in healthy animals. 

 

Western blotting: Protein expression of GH, TSH and PRL was quantified in the pituitary glands of 

prolonged critically ill (n=6) and healthy (n=8) rabbits. Pituitary glands were weighed and 

subsequently homogenized in a buffer containing 20 mM Tris-HCl (pH 7.6), 10% glycerol, 1% 

Nonidet P-40, 2 µg/ml aprotinin, 5 µg/ml pepstatin, 10 mM sodium orthovanadate, 34 µg/ml 

phenylmethylsulfonyl fluoride, 10 mM sodium pyrophosphate, 100 mM sodium fluoride and 10 mM 

EDTA, using Precellys 24 (Bertin Technologies, France). Total protein content was determined with 

Coomassie Protein Assay Reagent (Pierce Biotechnology Inc., Rockford, IL). Ten µg of protein was 

separated by denaturing SDS-PAGE in 10% Bis-Tris polyacrylamide gels (Invitrogen) and transferred 

to a nitrocellulose membrane (Hybond, GE Healthcare, UK). Nonspecific binding sites were blocked 

in 5% non-fat milk diluted in 0.1% TBS-Tween 20. Primary antibodies were incubated overnight at 

4°C. Antibodies used were anti-rabbit- monkey polyclonal GH, rat polyclonal PRL and guinea pig 

polyclonal TSH (provided by Dr. A. F. Parlow, National Hormone and Pituitary Program (NHPP), 

Torrance, CA). After incubation with species-specific HRP-conjugated secondary antibodies (DAKO, 

Belgium) for 30 minutes, the immune complexes were visualized by the enhanced chemiluminescence 

system (ECL, GE Healthcare) and exposed on Hyperfilm (Amersham Biosciences, UK). All films 

were analyzed using Image Master Software (GE Healthcare). Data are expressed as arbitrary units 

and were normalized for each hormone to the mean protein expression in healthy rabbits. 

 

Immunohistochemistry: Paraformaldehyde-fixed pituitaries of prolonged critically ill (n = 8) and 

control rabbits (n = 8) were embedded in paraffin and 5 µm thick transverse sections were cut. 

Pituitary sections were deparaffinized and hydrated in xylene and a gradient series of ethanol. 
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Pretreatment for antigen retrieval was performed with Target Retrieval Solution (DAKO) at 100°C. 

Endogenous peroxidase activity was quenched and nonspecific binding sites were blocked in 10% 

hydrogen peroxide (H2O2) in methanol and blocking buffer containing 5% serum in TBS. Primary 

antibodies were incubated overnight at 4°C. Antibodies used were anti-rabbit- monkey polyclonal GH, 

rat polyclonal PRL and guinea pig polyclonal TSH (provided by Dr. A. F. Parlow). After incubation 

with species-specific HRP-conjugated secondary antibodies for 30 minutes, the reactions were 

developed using diaminobenzidine (DAB) as a chromogen substrate and counterstained with 

hematoxylin. Antibody specificity was determined by omitting the primary antibody. To evaluate the 

positive area of staining in the anterior pituitary, detailed overview mosaic images were taken on an 

AxioVert 100M microscope with a 20x objective lens (Zeiss, Belgium) and compiled using MosaiX 

and AxioVision 4.5 software. Immunoreactive areas were quantified using a specific in-house 

designed algorithm developed in Matlab 7.4.0 and the Image Processing Toolbox. In brief, different 

shades of brown representative of the positive staining were manually selected from over 30 randomly 

selected overview images. The pixels belonging to the positive staining were expressed as RGB values 

to determine upper and lower thresholds for each of the channels. Second degree polynomial functions 

were fitted between the average image intensity of the pituitary and the RGB thresholds for positive 

staining. Based on these fitted functions, a specific algorithm was developed to automatically identify 

and quantify the ratio of positive stained area to the total area of the anterior pituitary in each image. 

To evaluate cell size and for morphological analysis, several transversal sections from at least 5 

different depths, thereby encompassing the total pituitary, were taken on a Leica DM3000 microscope 

with a 100x objective lens and LAS V3.1 software (Leica, Belgium). Five images per transversal 

section (posterior, anterior, left, right and central region) to cover the different regions of the anterior 

pituitary were evaluated. Median size of the anterior pituitary cells was estimated by dividing the area 

of each image by the number of nuclei in that image. To calculate the median positive stained area per 

stained cell, the number of positive cells per picture was counted by a blinded investigator. Next, the 

immunopositive area was quantified with the algorithm and divided by the number of positive nuclei.  
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Statistical analysis: All statistical analyses were performed with the StatView software 5.0.1 (SAS 

Institute Inc, NC). Results are expressed as median and interquartile range (IQR) and significance was 

tested with non-parametric Mann-Whitney U tests. P-values ≤0.05 were considered statistically 

significant. 

 

 

Results 

Weight of the pituitary gland, size and morphology of GH, PRL and TSH-producing cells  

The weight of the pituitary glands harvested after 7 days of critical illness was not 

significantly different from those of healthy control animals (Fig. 1A). Median cell sizes were 

calculated on transversal paraffin sections of the anterior pituitary gland. Critical illness did not alter 

median cell size (Fig. 1B). Also the morphology of the hormone-secreting cells was comparable in 

healthy and prolonged critically ill animals. GH-stained somatotrophes of prolonged critically ill 

rabbits were round to ovoid, consistent with the morphology of somatotrophes of healthy rabbits. The 

polyhedral shape of PRL-stained lactotrophes and the angular TSH-stained thyrotrophes were identical 

in prolonged critically ill and healthy rabbits (Fig. 2).  

 

Gene and protein expression of GH, PRL and TSH 

First, we compared the amount of mRNA for GH, PRL and TSHβ, the unique subunit of TSH, 

in the pituitary glands of healthy and prolonged critically ill rabbits (Fig. 3A). Pituitary GH mRNA 

levels were significantly higher in critically ill than in healthy rabbits (P=0.004). In contrast, pituitary 

PRL mRNA levels were significantly lower in ill than in healthy rabbits (P=0.004). Pituitary TSHβ 

mRNA in ill rabbits was not different from healthy rabbits.  

Next, we quantified the GH, PRL and TSH protein content in the pituitary gland of healthy 

and prolonged critically ill rabbits with western blotting (Fig. 3B). In contrast to the differences 
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observed for mRNA, total protein levels of the three hormones were comparable in critically ill and 

healthy rabbits.  

Third, we used immunohistochemistry to quantify both total hormone positive area of the 

anterior pituitary and the average cell sizes of the GH, PRL and TSH-staining cells. With the use of a 

computer algorithm we first quantified the average percentage of the total immuno-positive area of the 

anterior pituitary (Fig. 3C). The percentage of GH immuno-positive area in prolonged critically ill 

rabbits was comparable to that in healthy controls (p=0.9). In contrast, the percentage PRL immuno-

positive area tended to be lower in prolonged critically ill than in healthy rabbits (p=0.06). The 

percentage of TSH immuno-positive area was not different in prolonged critically ill and healthy 

rabbits (p=0.3). Next, we quantified median stained area per positive cell, to discriminate between a 

change in number of immuno-positive cells and a change in stained cytoplasmic area per positive cell 

(Fig. 3D). With this technique we did not find any difference in stained area per cell for GH (p=0.7), 

PRL (p=0.8), and TSH (p=0.9), which suggests that the reduction trend in total PRL immuno-positive 

area is due to a reduction in number of PRL producing cells rather than a reduction in PRL protein 

content per cell.  

 

 

Discussion 

To study the impact of sustained critical illness on the pituitary gland, we compared pituitary 

morphology and hormone production in healthy and prolonged critically ill rabbits. The weight of the 

pituitary gland was comparable in critically ill animals and healthy control animals. Spatial orientation 

and morphology of the hormone producing cells remained normal after 7 days of critical illness. We 

observed an increased GH and lowered PRL mRNA expression with sustained critical illness, whereas 

TSH mRNA remained unaltered. The cell sizes of GH, PRL or TSHß stained cells and the total 

pituitary GH, PRL and TSH hormone contents were unaltered by 7 days of critical illness.  
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Sustained critical illness induced an increased pituitary GH gene expression, but pituitary GH 

protein content and the number of GH-producing cells remained unaltered. This observation can be 

reconciled with previous in vivo observations in critically ill rabbits and humans. First, it has been 

shown that pulsatile GH secretion is dramatically reduced during critical illness, but non-pulsatile, 

basal GH release is elevated [4,12]. Also, upon the injection of a GHRP-2 bolus, a synthetic small 

peptide ghrelin-receptor ligand, the GH serum response is several fold higher in sustained critically ill 

humans and rabbits than in healthy controls [4,2]. In health, GH gene expression and secretion is 

stimulated by hypothalamic GH releasing hormone (GHRH), while hepatic IGF-I, attenuates basal and 

stimulated GH gene expression and secretion via direct feed-back inhibition at the somatotrophes [13]. 

GH pulse frequency and amplitude originate from an interplay of GHRH, responsible for the basal 

release, and somatostatin, causing the interpulse troughs [14,15]. In addition, ghrelin stimulates GH 

release synergistically with GHRH, but does not affect GH synthesis [16]. A possible explanation for 

the increased GH gene expression in prolonged critical illness is the reduced circulating levels of IGF-

I [17], leading to reduced negative feedback inhibition on GH synthesis [18]. The rather modest GH-

response to a GHRH bolus in prolonged critically ill patients suggests that sufficient GHRH is still 

available to stimulate GH gene transcription and to continue basal GH secretion [19]. The discrepancy 

between the increased GH gene expression and the unaltered GH-protein content in the anterior 

pituitary gland during critical illness might be explained by a continued GHRH induced gene 

expression, combined with a continued GHRH-induced GH secretion, with reduced negative 

feedback-inhibition via IGF-I. The diminished GH pulse amplitude and elevated interpulse levels may 

correspond with a low somatostatin tone during critical illness, but also ghrelin most likely plays a 

role. Indeed, prolonged critically ill patients and rabbits displayed an exacerbated GH response on a 

bolus injection of the ghrelin receptor binding protein GHRP-2 [20,4]. This can be reconciled with 

reduced circulating ghrelin levels, as sustained low ghrelin levels induce enhanced ghrelin sensitivity 

associated with increased GH responsiveness [21]. Low circulating ghrelin levels have been reported 

in prolonged critically ill patients and animals [9,22]. Ghrelin is produced and released into the 

circulation from the stomach, but has to be acetylated by Ghrelin O-acyl transferase (GOAT) before it 

can bind its receptor [23]. As dietary lipids influence both ghrelin expression and GOAT activity, it is 
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possible that the malnutrition, and particularly low lipid uptake via the stomach, which is often present 

in critically ill patients, negatively affects ghrelin expression and ghrelin acetylation [24]. Patients 

with intolerance to gastric enteral nutrition indeed displayed lower acetylated ghrelin levels compared 

to patients tolerating gastric nutrition [25]. 

In contrast to the observed increased GH gene expression in sustained critically ill rabbits, 

PRL mRNA was low, and PRL immuno-positive area in the anterior pituitary gland tended to be 

reduced. The observed reduced PRL expression in prolonged critical illness is in line with our 

previous in vivo observations. Prolonged critical illness has shown to reduce basal and pulsatile PRL 

release in humans and rabbits [4,19]. In addition, a subnormal PRL response to a bolus injections of 

GHRP-2 and TRH was observed in prolonged critically ill rabbits [4]. In health, PRL has a high basal 

expression which is predominantly inhibited by dopamine, whereas estrogen, TRH but also IGF-I can 

stimulate PRL gene expression [26]. For the release of PRL from the lactotrophes, again dopamine is 

the predominant inhibitory factor, whereas estrogen, somatostatin, GnRH, TRH, and GHRH have been 

shown to stimulate PRL secretion [26]. The diurnal pulsatile pattern of PRL release is mainly under 

control of estrogens [27]. The reduced PRL production in prolonged critical illness can thus be 

explained by the increased dopaminergic tone which is present during critical illness, thereby 

inhibiting both PRL gene expression and release [28,29,30]. Additionally, low PRL expression and 

release might also be related to the low estrogen, somatostatin, TRH or IGF-I levels present during 

prolonged critical illness [31,32,33,34,35,36].  

Pituitary TSH gene and protein expression were found not to be affected by prolonged critical 

illness in our rabbit model. This is in line with previous in vivo observations in prolonged critically ill 

rabbits and humans, where a normal basal TSH release was observed, with reduced pulsatility 

[4,19,12]. Bolus injections of TRH (whether or not combined with GHRP-2) also induced a normal to 

high TSH response in the prolonged phase of illness [4,2]. This is in contrast with observations in an 

acute mice model of illness, where pituitary TSH expression was transiently reduced after LPS 

administration [37]. In health, TSH gene expression and TSH secretion is positively regulated by 

TRH, while T3 inhibits both expression and secretion of TSH [38,39]. Other factors that inhibit basal 
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and pulsatile TSH secretion are dopamine and somatostatin [40]. Also local deiodinase activity can 

regulate TSH secretion [41,42]. Pulsatility of TSH secretion is mainly regulated by TRH release [43]. 

As prolonged critically ill patients present both low TRH and low T3 levels, the lack of a stimulatory 

and inhibitory component might explain the unaltered TSH gene expression [7,8]. Low TRH, possibly 

also the high dopamine and somatostatin levels, might be responsible for the loss of secretory TSH 

pulsatility [44].  

 

A first limitation of our study is that all data were collected in a rabbit model of critical illness 

and thus extrapolation of our findings to the clinical condition in humans should be done with great 

caution. However, the conformity of the endocrine response to critical illness, spontaneous as well as 

after administrating releasing factors, in critically ill patients and rabbits, corroborate the strong 

similarity between both species (18). Second, as we did not collect repeated blood samples in the 

current rabbits under study, we could not correlate pituitary gene and protein levels directly with 

circulating hormone profiles. Third, the quantification of GH, TSH and PRL mRNA and protein was 

done on total pituitaries which may have reduced the possibility to detect small cell- or region-specific 

differences between the healthy and sick animals. Fourth, the relative small sample size of the groups 

might have hampered detection of minor changes.  

 

In conclusion, the morphology and synthesis capacity of the anterior pituitary hormone 

secreting cells appear to remain largely intact in this rabbit model of prolonged critical illness. Our 

results thus indicate that failing of the pituitary gland is not the primary cause of the neuroendocrine 

alterations during prolonged critical illness. Instead, the current data strengthen the hypothesis that the 

neuro-endocrine responses to a sustained severe and life-threatening insult are brought about by a 

combination of peripheral alterations in target organ hormone activity and/or metabolism and a 

reduced hypothalamic and peripheral stimulation of the anterior pituitary gland. 
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Figure 1: Pituitary weight and pituitary cell size in healthy rabbits and critically ill rabbits.  

 

(A) Piutitary weight was compared in healthy (n=22) and prolonged ill (n=20) rabbits. (B) Pituitary 

cell size was quantifed on paraffin sections of healthy (n=8) and prolonged ill (n=8) rabbits. Data 

boxes present medians and interquartile ranges; whiskers represent the 10th and the 90th percentiles.  
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Figure 2: Morphology of GH, PRL and TSH immunopositive cells in the pituitary of healthy and 

prolonged critically ill rabbits.  

 

Representative pictures from healthy and prolonged ill rabbits (100x magnification) were selected. Bar 

represents 20 µm. 
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Figure 3: Gene and protein expression of GH, PRL and TSH in the pituitary glands of healthy 

and prolonged critically ill rabbits.  

 

(A) gene expression of GH, PRL and TSH in healthy (n=6) and prolonged ill (n=6) rabbits. (B) Total 

protein expression quantified by Western blotting in healthy (n=8) and prolonged ill (n=6) rabbits. (C) 

Percentage immunopositive area in the anterior pituitary of healthy (n=8) and prolonged ill (n=8) 

rabbits. (D) Median immunopostive cell area in the anterior pituitary of healthy (n=8) and prolonged 

ill (n=8) rabbits. Data boxes present medians and interquartile ranges; whiskers represent the 10th and 

the 90th percentiles. ** p<0.01, * p=0.06. 
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