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Chapter 4 

Abstract 

Changing the direction of alternative splicing of transcripts is used by cells to adapt 

to changes in the environment. In the case of thyroid hormone receptor alpha (TRa) 

alternative splicing results in TRal, which is a functional receptor, and TRa2 which can

not bind T and acts as a dominant negative receptor. The balance between TRal and 
3 

TRa2 is thought to play a role in tissue sensitivity to thyroid hormone and may change 

during nonthyroidal illness. Therefore we decided to study the TRal:TRoc2 during acute 

illness induced by bacterial endotoxin (LPS). We also looked at possible effectors of the 

alternative splicing direction which include a known splicing factor ASF/SF2 (SF2) and 

Rev-ErbAa (Rev-erbA). 

Administration of LPS caused a reduction in TRal mRNA expression within 4 hours 

in the pituitary whereas TRa2 remained stable; the result is a transient decrease in the 

TRal :TRa2 mRNA ratio. This was also seen in liver where the TRal :TRa2 mRNA ratio 

decreased after 4 hours and was followed by an increase in the TRal:TRa2 ratio after 

8 hours. Protein expression of TRal and TRa2 was not significantly affected by LPS 

in liver. In the hypothalamus TRa mRNA was highly expressed, but the TRal:TRa2 

mRNA ratio was not affected by LPS; SF2 expression was low. In the pituitary and liver 

SF2 mRNA expression was positively related to the relative abundance of TRal mRNA 

but not to the TRal:TRa2 mRNA ratio. Rev-erbA mRNA expression in liver resembled 

the expression pattern of TRal and TRa2 mRNA during the timecourse of the experi

ments, but was not correlated to the TRal:TRa2 mRNA ratio. 

In conclusion the initial decrease of the TRal:TRa2 ratio might lower the tissue-spe

cific sensitivity to thyroid hormone and might be part of a general downregulation of 

thyroid hormone effects in target tissues in nonthyroidal illness. 

Introduction 

Changing the splice site selection of gene transcripts in response to internal and 

external stimuli seems to be a physiological process performed by many cells (1). For 

example insulin sensitivity of HepG2 cells is greatly increased by dexamethasone due 

to its effects on the alternative splicing of the insulin receptor (2). The c-erbA-a gene 

is also alternatively spliced and gives rise to the thyroid hormone receptor (TR) a l and 

the non-T3 binding isoform TRa2. Another product of the c-erbA-a locus is Rev-erbAa 
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(Rev-erbA) which is encoded on the opposite strand of the gene (3). TRal and TRa.2 

are co-expressed in many tissues and generally levels of TRa2 are higher than TRal (4). 

TRa2 can exert a suppressive function on other TRs probably by interfering with TR-

mediated transactivation (5;6). Interestingly, mice that completely lack TRa exhibit an 

increased sensitivity to thyroid hormone (7). Moreover mice that are devoid of TRa2 and 

as a consequence overexpress TRa l , have a mixed hypo- and hyperthyroid phenotype 

depending on the tissue studied (8). The balance between TRal and TRa2 is therefore 

believed to be important in regulating tissue-specific sensitivity to thyroid hormone. 

Differences in the levels of transcripts can arise from changes in the pathways regulat

ing alternative splicing. One such mechanism is based on tissue-specific changes in the 

levels of splicing factors from the serine-, arginine-rich (SR) and heterogeneous nuclear 

ribonucleoproteins (hnRNP) families. It has been shown that the expression of these 

proteins may change during illness (9). ASF/SF2 (SF2), a member of the SR family, has 

been shown to promote the use of the proximal 5'splice site whereas hnRNP Al com

petes with SF2 and stimulates the use of the distal splice site (10;11). A mouse model 

of mammary tumorigenesis in which a stepwise increase in SR proteins and a concomi

tant change in the alternative splicing direction of CD44 RNA was found, supports this 

hypothesis (12). 

Another putative level of regulation of the alternative splicing of the TRa pre-mRNA 

might arise from the existence of the antisense strand Rev-erbA. A distinguishing feature 

of Rev-erbA is the overlap of its last exon with the TRa2 specific exon, which makes 

the formation of RNA duplexes possible. This could represent a regulatory mechanism 

in the expression of the two splice products of the TRa gene. Indeed a correlation 

between Rev-erbA expression and the TRal:TRa2 ratio has been reported in an in vitro 

splicing model (13) and in differentiating adipocytes (14). 

Tissue specific regulation of splicing of the TRa pre-mRNA may play a role during 

the adaptation of the body to pathological conditions such as in non-thyroidal illness. 

One example is the change in the alternative splicing of TRa during 48 hours of starva

tion in rats which caused a decreased TRal:TRa2 ratio due to an increased expression 

of TRa2 (15). In the present study we evaluated the TRa splicing in relation to cer

tain splicing factors during nonthyroidal illness (NTI) induced by LPS administration in 

mice. NTI refers to changes in thyroid hormone metabolism that occur during a variety 

of illnesses. Characteristics of this syndrome are low T3 and T4 plasma levels and inap

propriately normal to subnormal TSH levels. Both central (hypothalamus and pituitary) 
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as well as peripheral (liver) mechanisms are believed to play a role in NTI (16). We there

fore determined the TRal :TRa2 in various organs of mice at different time points after 

LPS administration. We also measured the levels of SF2 to test whether alterations in 

the expression of this splicing factor relate to effects found on the alternative splicing of 

TRa pre-mRNA. Similarly we wondered if expression of Rev-erbA could be correlated 

to the TRal :TRa2 ratio. 

Materials & Methods 

Materials: 

Endotoxin; Lipopolysaccharide (LPS, E.coli 127:B8) was obtained from Sigma 

Chemical Co. (St. Louis, MO). Monoclonal antibodies against TRal and TRa2 were 

previously described by Zandieh Doulabi et al.(YT) 

Animals: 

Female Balb/c mice were obtained from Harlan (Horst, the Netherlands). The mice 

were kept in a 12 h/12 h light/dark cycle, in a temperature-controlled room (22 C) and 

received food and water ad libitum. One week before the start of the experiment, mice 

were housed in groups according to the experimental set-up. This study was approved 

by the local committee on animal welfare (DEC). 

experimental design: 

Experiment 1. Nonthyroidal illness was induced by ip injection of mice with 150 |ag 

LPS dissolved in 0.5 ml sterile 0.9% NaCl. Control mice were injected with sterile 0.9% 

NaCl and were fed ad libitum. At different time points after injection (4, 8 and 24 hours) 

mice were anaesthetised with isoflurane before killing. The hypothalamus, pituitary and 

liver were removed from 5 animals in each group. 

Experiment 2: Experiment 1 was repeated for the liver only now using control animals 

that were pair-fed, meaning that they received the same amount of food as the amount 

of food that was consumed by LPS injected mice. This experiment was performed to 

correct for reduced food intake that accompanies LPS administration. The liver was 

removed from 6 animals in each group. 
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Experiment 3: In this experiment mice received LPS or saline and were fed ad libitum. 

Mice were killed after 1, 2, 3, 4, and 6 hours. The hypothalamus, pituitary and liver were 

removed from 5 animals in each group. 

In all experiments blood was taken by cardiac punction and serum was stored at —20 

°C until analysed. All tissues were stored immediately in liquid nitrogen. 

Thyroid hormones: 

Serum T3 and T4 were measured with in-house RIA's (18) and expressed in nmol/1. 

To prevent inter-assay variation, all samples from one experiment were measured within 

the same assay. 

RNA isolation andRT-PCR: 

Total RNA was obtained with the MagNa Pure LC RNA Isolation Kit II (Tissue) using 

the MagNa Pure LC Instrument. RNA was subsequendy reversely transcribed using the 

1st Strand cDNA synthesis kit for RT-PCR (AMV) (all Roche Molecular Biochemicals, 

Mannheim Germany). Primer pairs for HPRT (hypoxanthine phosphoribosyl transferase, 

a housekeeping gene), Rev-erbA and SF2 were as published before (19) (20) (10). All 

primer pairs were purchased from Biolegio (Biolegio BV, Maiden, The Netherlands). 

For each mRNA assayed, a sequence-specific standard was generated and analysed in 

the range of 0.1-1000 fg/20 |ti in parallel to the samples. Each mRNA was assayed 

in a total reaction volume of 20 fj.1 with 2|0.1 of cDNA using the LightCycler-DNA 

Master SYBR Green kit (Roche Molecular Biochemicals, Mannheim Germany). TRal 

and TRa2 were simultaneously detected in the same sample using sequence-specific 

hybridization probes and a LightCycler-FastStart DNA Master Hybridization Probes kit 

(Roche Molecular Biochemicals, Mannheim Germany). Probes, primers and program 

were as previously described (21). All results were corrected as to their RNA content 

using HPRT as a housekeeping gene. 

Protein extraction and analysis: 

Whole cell lysates were obtained from mouse livers of experiment 2. Of each liver 50 

mg was homogenized in 1 ml 0.25M sucrose, 10 mM Hepes, 25mM KC1, ImM EDTA, 

10% glycerol containing spermine, spermidine and Complete protease inhibitor (Roche 

Molecular Biochemicals, Mannheim, Germany) using the MagNa Lyser instrument 

(Roche Molecular Biochemicals). The protein concentration was determined using the 
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Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc., Munich, Germany). Subsequent!}', 25 

|ag protein (for detection of TRa2, 50 fig) was loaded onto a 10% SDS-PAGE gel. After 

blotting onto a membrane, TRal was detected as described below. First the membrane 

was blocked for 45 min. in PBS 0.01% Tween 20 (PBS/T) and 1% casein hydrolysate 

(Roche Molecular Biochemicals). Then the membrane was incubated with a monoclonal 

antibody against TRal (1:50) for 1 h. at room temperature and subsequendy overnight 

at 4°C. After washing 5 times in PBS/T the membrane was incubated with a secondary 

antibody diluted 1:60.000 at r.t. for 45'. After washing 3 times, LumiLight Plus substrate 

was added (Roche Molecular Biochemicals) and signals were visualized using a Lumilm-

ager (Roche Molecular Biochemicals). TRa2 was detected by blocking the membrane for 

45'in PBS/T 1% blockingbuffer and subsequent incubation with a monoclonal antibody 

against TRa.2 (1:20) for 1 h. at room temperature and then overnight at 4°C. After wash

ing 5 times in PBS/T the membrane was incubated with a secondary antibody diluted 

1:20.000 at r.t. for 45'. After washing with PBS/T (pHIO) and then buffer II (0.1 MTns / 

HC1, 0.1 M NaCl, 0.05M MgCl.) for 10', CDP Star substrate (1:100) (Roche Molecular 

Biochemicals) was added for 5' after which signals were visualized and detected. 

Statistical analysis: 

Data are presented as the mean ± SEM. Variation between groups was evaluated by 

analysis of variance (two-way ANOVA) with two grouping factors (time and treatment). 

When we combined the results of experiment 1 and 2, we used three grouping fac

tors (time, treatment and experiment) in the ANOVA (due to differences in variances 

between groups we first ranked the data (22)) and we used the Tukey test (23) for the 

Post Hoc analyses (all analyzed in SPSS 10.0.7, Chicago, IL). The differences between 

groups at single time points were analysed by the Students t-test or by the Mann Whitney 

U test in case of abnormal distribution (Excel, Microsoft Corporation, USA). 

Results 

Serum T3 and T4 after U'S 

After 24 hours serum T and T„ concentrations in control animals were not differ-
3 4 

ent from baseline values with the exception of a lower serum T4 in the pair-fed controls 

due to reduced food intake. In contrast, serum T3 and T4 were lower compared to base

line 24 hours after LPS administration. The decrease in serum T3 and T4 after LPS was 
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greater than in controls in all experiments (figure 1). These changes in serum thyroid 

hormone concentrations clearly indicate the development of nonthyroidal illness in the 

LPS-treated mice. 
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TRa 1 and TRa 2 mRNA after LPS 

High levels of TRa mRNA tran

scripts were detected in the hypothalamus 

where there was more TRct2 than TRal 

(TRcd:TRa2 ratio: 0.02 ± 0.008, mean ± 

SD). In the pituitary the expression of 

TRa2 was also more abundant than TRal 

(TRal:TRa2 ratio: 0.09 ± 0.02, mean ± 

SD). In liver the expression of both TRa 

isoforms was similar, resulting in a ratio of 

about 1 (TRal:TRa2 ratio: 1.3 ± 0.4). 

Figure 2 shows that the TRa mRNA 

levels in the hypothalamus were not influ

enced by LPS administration. In contrast, 

LPS administration caused a decrease 

in the TRal:TRa2 ratio in the pituitary 

after 4 hours, but when the complete 24 

hours LPS and control curves were com

pared no significant difference was found. 

The decrease in the TRal:TRa2 ratio at 4 Figure 1. Changes of serum T3 and T4 levels 
at 24h relative to baseline after injection of 150 
Hg LPS (dark bars) or saline (white bars). In hours was solely due to a decrease in the 
the first experiment control mice were fed ad _ , „ . . . . 

... . /n ,. j . j _ , I R a l expression whereas the expression 
libitum (Control) and in the second experiment r r 

pair-fed (Pair-fed controls). Mean values ± SEM o f T R a 2 r e m a i n e d Stable. 
are depicted, and differences between groups „. T _ „ . . . . , . 

l * J vu M w/uv TT Since LPS administration results in 
are calculated with Mann-Whitney U tests. 

diminished food-intake and restricted feed

ing by itself causes decreased serum T3 and T4, we also studied the effect of restricted 

feeding on TRa expression and splicing in liver. To this end we combined experiments 

1 and 2 in which we studied the effect of LPS versus controls that were fed ad libitum 

and of LPS versus pair-fed controls (fig 3). Statistical analysis of the curves showed that 

a) the expression of both TRa isoforms was significantly influenced by time (p<0.01), 

b) only TRal was significantly influenced by treatment (LPS) (p<0.05) and c) there was 83 
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Hypothalamus 

Pituitary 

12 16 

Time (hours) 

Figure 2. Changes of the TRrxl:TRa2 mRNA ratio 
relative to baseline (set at 1.0) in the hypothalamus 
(absolute ratio: 0.02 ± 0.008) and the in the 
pituitary (absolute ratio: 0.09 ± 0.02) during 24 
hours after administration of LPS (•-•) or saline 
(o-o). Mean ± SEM is shown and differences 
between groups were analyzed with ANOVA. 

no influence due to the combination of the 

different experiments. Post-hoc analysis 

showed that TRal significandy differed in 

the LPS-treated animals when compared 

to pair-fed controls (p<0.05) but not when 

compared to fed-controls. There was no 

difference in TRal expression between 

the two control groups. As a result the 

TRal:TRa2 ratio was significandy affected 

by treatment (p<0.05) and time (p<0.001). Post hoc analysis showed a significant dif

ference in the TRal:TRa2 ratio in the LPS-

injected mice when compared to pair-fed 

controls (p<0.05) and no difference between 

LPS-injected mice and fed controls. 

Since the TRa mRNA levels differed sig

nificantly between LPS injected mice and 

pair-fed mice, we also measured the TRa 

protein expression in the livers of these ani

mals. There was no significant difference in 

TRa l or TRa2 expression between the LPS 

and pair-fed mice when the total duration of 

the experiment was analysed although after 

4 hours TRal expression was decreased and 

TRa2 expression was increased (figure 4). 

Figure 3. TRa l , TRa2 mRNA expression and the 
T R a l : T R a 2 ratio in the liver of LPS treated mice 
(•-•), controls (o-o) and pair-fed controls (Q-D)-
Mean values ± SEM are expressed relative to 
baseline (absolute ratio: 1.3 ± 0.04, set at 1.0). 
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Figure 4. TRcd, TRa2 protein expression and 
the TRal :TRa2 protein ratio in the liver of LPS 
treated mice (•-•) and pair-fed controls (•—D). 
Mean values ± SEM of each group are expressed 
relative to the control group (set at 1.0). 

The TRal:TRa2 mRNA ratio in liver 

was also studied during a short time span 

(0-6 h) after LPS administration which 

showed a decrease in the ratio within 2 

hours after LPS administration which 

remained significantly lower than control 

until 6 hours after injection (fig 5). 

SF2 and Rev-erbA mRNA after LPS 
Administration of LPS did not affect 

levels of SF2 in hypothalamus, pituitary or 

liver (fig 6a, c, e). Rev-erbA expression in the hypothalamus and pituitary was not influ

enced by administration of LPS (fig 6b, 6d) but in liver it transiently decreased after LPS 

treatment with the lowest expression 8 hours after injection (fig 6f). 

Discussion 

Time (h) 

1 2 3 4 
Time (hours) 

Figure 5. The TRctl:TR<x2 mRNA ratio in 
the liver of LPS treated mice (•-•) and ad 
libitum fed controls (o-o) within 6 hours after 
LPS administration. Mean values + SEM are 
relative to baseline (set at 1.0). P-value indicates 
difference between groups by ANOVA. 

Non thyroidal illness has been proposed 

to be a beneficial adaptation of the organ

ism to disease such that low serum thyroid 

hormone levels may counteract excessive 

catabolism. Mechanisms involved in the 

pathogenesis of NTI include decreased 

transport of thyroid hormones across the 

membrane (24) and decreased deiodination 

of T4 into T3 (25). Both of these will lead 

to a decreased effect of thyroid hormone 

on the cell. A further way to modulate the 

effect of T3 in tissues could be by changing 
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Figure 6. Relative expression of SF2 mRNA and Rev-erbA mRNA in hypothalamus (A, B), pituitary 
(C, D) and liver (E, F) of mice after administration of LPS (•-•) or saline and fed ad libitum (o-o). 
Mean values ± SEM are depicted and p-values indicate differences between groups by ANOVA. 
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the activity or the amount of functional receptors. Since it was recently shown that mice 

lacking the TRa2 isoform have an increased responsiveness to thyroid hormone (8) (7) 

the relative amount of the dominant-negative receptor TRa2 could be used as a possible 

measure for this receptor related change in sensitivity. Moreover in the developing rat 

intestine the increased sensitivity to T3 parallels the decline in TRa2 mRNA expression 

levels without concomitant changes in TRpi and TRal expression (26). We therefore 

decided to study the expression of the TRal and TRoc2 isoform mRNA in different tis

sues of mice that were treated with LPS to induce NTI. 

The ratio of the TRal :TRa2 isoform mRNAs varied markedly between the different 

tissues we studied. In the hypothalamus both TRa mRNA isoforms were found and 

TRa2 was expressed at higher levels than TRal which corresponds to the results of TR 

localization studies in brain areas in rodents (27). The absence of an obvious effect of 

LPS on TRa mRNA expression or the TRal :TRa2 mRNA ratio could be due to the fact 

that LPS has an effect only in specific areas of the hypothalamus even though this brain 

area expresses high levels of both TRa mRNAs (28). An effect of LPS on TRa expres

sion could be expected in the TRH-producing neurons in the paraventricular nucleus 

(PVN) of the hypothalamus which are known to express TRa mRNA (28). Interest

ingly, although TRa2 was found in abundance in the PVN, it was relatively absent in 

TRH-producing neurons in the PVN. TRal and the TRP isoforms on the other hand 

were found in abundance in the TRH-producing neurons which may render these neu

rons thyroid hormone responsive and distinguish them from the other populations of 

neurons in the hypothalamus that are not thyroid hormone responsive. However, for 

practical reasons we isolated RNA from the complete hypothalamus which could lead to 

a dilution of the change in signal in the possibly affected areas. 

In the pituitary we also detected higher mRNA expression of TRa2 compared to TRal 

which is in contrast to the report of Gittoes et al. who observed similar expression levels 

of TRal and TRa2 (29). In the acute phase of LPS-induced illness the TRal:TRa2 

mRNA ratio transiently decreased in the pituitary due to a decrease in TRal mRNA 

expression. Whether this decrease plays a role in the pituitary feedback regulation of 

TSH is unknown, especially because most effects of thyroid hormone in the pituitary are 

mediated by TRP2 (30). On the other hand, the decrease in TRal mRNA coincides with 

the decrease in the other functional TRs in the pituitary, namely TRpi and TRP2 mRNA 

which rapidly decrease after LPS administration (Boelen, personal communication). A 
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decrease in functional TR expression in the pituitary could therefore contribute to a 

downregulation of thyroid hormone metabolism during NTI. 

In liver the mRNA expression of both TRa isoforms was comparable, which 

agrees with data showing a similar abundance of TRal and TRa2 mRNA and protein 

expression in liver (31) (32). When compared to pair-fed control mice, the TRal:TRa2 

ratio in liver was decreased in the early phase of infection both at the mRNA and the 

protein level. TRal mRNA decreased more rapidly than TRa2 mRNA resulting in a 

decrease in the TRal :TRa2 ratio starting 2 hours after LPS administration, which 

matches the data recently obtained by Beignieux et al who reported a similar rapid 

decrease in TRal and TRa2 mRNA within 2 hours after LPS administration (33). 

One of the explanations could be that the half life of TRal mRNA is shorter than 

that of TRa2 mRNA as was indeed observed in several cell lines (34). We cannot 

exclude this possibility that differential breakdown of TRa mRNA as a result of LPS is 

involved in changing the TRal:TRa2 mRNA ratio. This would require studies in which 

transcription is blocked in order to study mRNA half lives, typically using actinomycin 

D. This compound unfortunately increases the sensitivity to LPS (35) and can therefore 

not be used in our experimental setup. 

When we studied the total 24 hour period after LPS administration, the TRal and 

TRa2 protein levels were not significandy influenced. Others however have reported a 

decrease in TRal and TRa2 protein expression 16 hours after LPS administration (33). 

In our experiments TRa2 protein expression was decreased after 24 hours only; TRal 

expression was not changed. We can however not exclude the possibility that TRal pro

tein expression was low at 16 hours but had already increased again after 24 hours which 

could result from the large increase that we have observed in the mRNA expression lev

els of T R a l and TRa2. 

The observed changes in the TRal:TRa2 mRNA ratio could be the result of changes 

in (transcription coupled) alternative splicing (36-38) or in preferential breakdown of 

one of the isoform mRNAs. If regulation of alternative splicing plays a role, varying 

the cellular concentration or activity of pre-mRNA splicing factors such as SF2 (39;40) 

could be involved. A high concentration of SF2 would in the case of the TRa pre-

mRNA lead to inclusion of the entire exon 9, yielding TRal . Although we found a 

good correspondence between the levels of SF2 mRNA and the TRal mRNA levels in 

the tissues we studied, no relationship between SF2 and the TRal:TRa2 ratio was seen, 
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making it unlikely that SF2 acts as a direct regulator of the T R a l : T R a 2 ratio during 

N T I . 

It has been suggested previously that Rev-erbA mRNA is another effector of the 

splicing direction of the TRa pre-mRNA (41), but we did not find a correlation between 

Rev-erbA mRNA expression and the T R a l : T R a 2 ratio in any of the tissues studied. 

In fact, the Rev-erbA mRNA resembled the expression of the total T R a gene derived 

expression (i.e. TRa pre m R N A + T R a l +TRa2) suggesting a simultaneous transcriptional 

activation of the entire T R a locus and therefore these results argue against a direct role 

for Rev-erbA in TRa pre-mRNA splicing in LPS-induced NTI in mice. 

In conclusion, we have shown that the T R a l : T R a 2 ratio decreases in pituitary and 

liver during the early phase of LPS-induced infection (<6h). This could represent an 

additional mechanism which contributes to nonthyroidal illness because it lowers thy

roid hormone sensitivity in these tissues by changing the T R a l : T R a 2 ratio towards the 

dominant negative isoform T R a 2 . 
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