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Abstract

Hormonal control of immunoglobulin (Ig) absorption and of
intestinal Fc receptor mRNAexpression were investigated in
rats to assess its potential role in the normal postsuckling inhi-
bition of this transport system. Corticosterone and L-thyroxine
therapy caused premature inhibition of the absorption of orally
administered murine monoclonal antibody and of Fc receptor
mRNAexpression in a dose- and time-dependent manner. Low-
dose corticosterone had no effect on Fc receptor mRNAsynthe-
sis after 3 d but decreased Ig transport fivefold after 7 d. High
dose corticosterone resulted in a threefold reduction in Fc re-
ceptor after 3 d, and there was almost complete inhibition
(> 30-fold) of transport and of Fc receptor transcript levels
after 7 d. Similarly, 7 d of high-dose thyroxine decreased both
serum Ig transport and Fc receptor (> 30-fold). However, adre-
nalectomy did not prevent the normal post-suckling declines in
Ig transport or receptor synthesis. This study demonstrates
that exogenous corticosteroids and thyroxine hormone inhibit
Ig transport and steady-state duodenal Fc receptor mRNAlev-
els in suckling rats. Endogenous adrenal steroids however, do
not appear to be entirely responsible for the age-dependent de-
cline in this transport system. (J. Clin. Invest. 1993. 91:2844-
2849.) Key words: absorption - ontogeny - thyroxine * corticoste-
rone * immunity

Introduction

Immunologic memory is an essential aspect of the immune
system that is obtained only with exposure to various antigens
( 1 ). Since germ lines do not encode distinct antigenic memory,
developing mammals are particularly prone to infection and
must rely on "maternal memory" for protection. Many mam-
mals obtain their protective arsenal by passive acquisition of Ig
(2, 3).

Developing mammals receive antibodies either in utero or
postnatally. The humoral immune system of the newborn rat is
primarily acquired postnatally, and is almost entirely of mater-
nal origin (4). While small amounts of Ig are transferred in
utero, newborn rats are severely hypogammaglobulinemic and
rely on transport of IgG from maternal milk. Through a pro-
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cess called transcytosis, IgG is transported by a specific intes-
tinal Fc receptor (FcRn) from luminal to basolateral mem-
brane of the enterocyte, where the antibody-receptor complex
dissociates, and immunoglobulins enter the circulation (5-7).

Wehave previously demonstrated that orally administered
murine monoclonal antibodies (mAb) retain their biologic ac-
tivity and are rapidly and efficiently absorbed into the systemic
circulation of suckling rats via a Fc-dependent mechanism (8).
Wehave also shown that the Fc receptor mRNAis expressed in
a proximal to distal distribution in the small intestine which
ceases at the time of weaning (Martin, M. G., S. V. Wu, and
J. H. Walsh, manuscript submitted for publication) (9, 10).
These data demonstrate that the disappearance of IgG trans-
port at weaning is controlled at a transcriptional level with
repression of FcRn mRNAsteady state levels. The factors that
regulate the developmental expression of this gene remain un-
elucidated. Investigating the role of corticosteroids and thyrox-
ine is an obvious first step since these central "hard-wired"
hormones have been shown to regulate numerous intestinal
phenotypes ( 1 1-133).

The objective of this study was to determine the role of
exogenous and endogenous corticosteroid and thyroid hor-
mone on the induction and repression of antibody absorption,
and to assess their effects on the transcriptional expression of
the intestinal Fc receptor.

Methods

Animal and hormonal protocol. Pregnant Sprague Dawley rats (Har-
land Sprague Dawley, San Diego, CA) were used for all experiments,
and the day of birth was assigned as day-zero of life. Following hor-
monal or surgical manipulations, all pups were allowed to nurse freely
until the morning of monoclonal antibody (mAb) administration.
Pups at various ages were separated from their dams for 1 h prior to the
oral administration of either anti-somatostatin (CURE S.6), or anti-
keyhole limpet hemocyanin (KLH) monoclonal antibodies (14). In
these experiments 1 mg of mAbwas mixed with SIMILACO formula
(Ross Laboratories, Columbus, OH), to a final volume of 300 ,l and
delivered orally over 1 min with a blunt-end 24-gauge syringe. In all
experiments euthanasia was performed 6 h later by carbon dioxide
administration. All serum and proximal duodenal samples were stored
at -700C.

Corticosterone acetate (Sigma Chemical Co., St. Louis, MO) was
delivered according to previous reports and separated into either low-
or high-dose groups ( 15 ). Low and high-dose pups were given 10 or
100 gg/g body wt of corticosterone, respectively, injected on alternate
days beginning on day 7, and studied on either day 10 or 15 of life.
L-thyroxine (Sigma Chemical Co.) diluted in 0.3 MNaOH(1 mg/ I
ml) was injected subcutaneously in one of two doses; 0.1 or 0.4 Agg/mg
body wt daily beginning on day 7 and animals were studied on day 10
and 15 (16). Age-matched controls received an equal volume of
vehicle.

To assess the role of endogenous corticosterone on the natural de-
cline in Ig absorption at weaning, bilateral adrenalectomy was per-
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formed at 10 d of age. Adrenals were removed through a single dorsal
incision under halothane anesthesia, and sham-operated littermates
served as controls. The excised adrenals were examined to assess the
integrity of the capsule and the complete removal of the gland. Pups
were weaned on day 18 and studied at 23 d of age. Subcutaneous d-al-
dosterone (Sigma) (0.08 pg/g body wt) was administered daily ( 17),
and all pups were allowed free access to 0.9% NaCI drinking water.

Murine monoclonal antibody synthesis and measurement. CURE
S.6 and KLH monoclonal antibodies (IgG1) were produced at the
CURE/UCLADigestive Disease Center and were previously demon-
strated to be absorbed after enteral administration via a dose-, time-,
and Fc-dependent mechanism in suckling rats (8). Antibody was ob-
tained by standard mouse ascites technique and purified by protein A
sepharose (Pharmacia, Uppsala, Sweden), equilibrated with 0.15 M
glycine/3 MNaCl, pH 8.9 and eluted with 0.1 M citrate, pH 3.0.
Eluted Ig was placed in 0.05 MPBS, pH 7.4, with the use of Spectra/
Por Stirred Cell and a 100 K Ultra Filter Disc (Spectrum Medical
Supplies, Los Angeles, CA).

Murine immunoglobulin was measured in rat serum utilizing an
ELISA system ( 18, 19). Monoclonal antibody standard ( 1:100) and
serum samples (20 ,il) were applied to microtiter plates coated with
goat anti-murine Fc antibody (Sigma Chemical Co.), and serially di-
luted. Rabbit anti-goat antibody conjugated with horseradish-peroxi-
dase (Sigma Chemical Co.) (1:2,000) was applied followed by a mix-
ture of o-phenylenediamine (Sigma Chemical Co.) and H202 diluted in
0.1 Mcitrate, pH 5.0. The reaction was terminated at 3 min with 1.8 M
H2SO4. Absorbance was measured at 492 nm, with a TitertekO Multi-
scan MCC/340 MKII ELISA reader (Flow Labs, McClean, VA).

Measurement of Fc Receptor mRNAexpression. RNAwas isolated
from duodenal samples using a modification of the guanidine isothio-
cyanate method of Chomczynski (20). Tissue homogenized with ex-
traction buffer (4 Mguanidine isothiocyanate, 0.1 Msodium acetate,
10 mMTris * HCI, pH 7.4, 1 mMEDTA), was centrifuged at 12,000 g
in 220 jd of chloroform/isoamylalcohol (24:1 ) and phenol at 4°C for
15 min. RNAwas precipitated with 2-propanol and washed multiple
times with 80% ethanol before suspending in tris-EDTA, pH 7.4.

Northern and dot blot analyses were performed according to previ-
ously described methods from our laboratory (21). 20 ,ug of total RNA
(A260) was denatured by the addition of 17% deionized formamide
(Fisher Scientific, Fair Lawn, NJ), 20% formaldehyde (J. T. Baker
Inc., Phillipsburg, NJ), and 3-[n-morpholino] propanesulfonic acid
(Sigma Chemical Co.) and incubation at 65°C for 15 min. RNAwas
chromatographed on a 1.2% formaldehyde gel, then transferred to Hy-
bond membrane (Amersham Corp., Arlington Hts., IL) with a trans-
blotter (Bio-Rad Laboratories, Richmond, CA).

Dot blots were performed by serially diluting 10, 5, and 2.5 gg of
total RNA in duplicate to Hybond membranes (Amersham Corp.)
with a 96 well Manifold II-dot blot apparatus (Schleicher and Schuell
Inc., Keene, NH). Denaturing was performed with a 1:1 mixture of 4.6
Mformaldehyde and 20x saturated sodium citrate, incubated at 65°C
for 15 min. All membranes were air dried, baked in a vacuum oven at
80°C for 2 h, and UV-illuminated for 5 min. Nonspecific background
was estimated using an equivalent quantity of rat liver RNA, and the
consistency of loading was assessed by rehybridizing with 18S ribo-
somal oligo-deoxynucleotide (5' CGGCAT GTA TTA GCTCTA
GAATTA CCACAG3') labeled by standard 5' end-labeling tech-
nique (22).

FcRn cDNAwas produced from the duodenum of a 13-day-old rat,
and PCRwas performed utilizing primers (5'(S'AGG CCATCAGGA
CCCTGGAG3') and 3' (5'GAG CTCCGGGTAGAAGGA3'))
designed according to the published sequence (23). The 402 base pair
PCR-product was subcloned into the SmaI site of pSK(-) and se-
quenced by Sequenase (Boehringer Mannheim, Indianapolis, IN)
method. The FcRn insert was released, chromatographed, eluted and
labeled by standard random primer technique (21 ). Nuctrap Push Col-
umn (Stratagene, San Diego, CA) was used to purify labeled template.

Membranes were bathed in hybridization solution (50% deionized
formamide, SX SSC, 5x Denhardt's, 0.1% SDSand 200 ,ug/ml salmon
sperm DNA) with random prime and oligonucleotide blots incubated
at 42 and 37°C, respectively. Membranes were prehybridized for 24 h
then bathed in fresh solution containing 1o6 cpm/ml of label for 24 h.
Membranes were washed twice, for 15 min, at the specified solution
and temperature. FcRn blots were washed in 2x SSC/0. 1% SDS at
25°C, and in l x SSC/0. 1%SDSat 42°C. A final wash was performed
at 50°C in 0. 1 X SSC/0. 1% SDS. 18S blot washes were similar, save a
final rinsed at 42°C with 0.1X SSC/0.1% SDS. Membranes were ex-
posed to XARfilm (Eastman Kodak Co., Rochester, NY) for 1-2 d at
-70°C, and a Jandel Image Analysis System (Jandel Scientific, Corte
Madera, CA) was used to assess the density of FcRn and 18S mRNA
signal.

Statistics. All conclusions are derived from two-sample (unpaired)
t tests and data are expressed as mean±SE.

Results

Effect of either corticosteroids or thyroxine on immunoglobulin
transport. In this set of experiments, we determined the effects
of exogenous corticosterone or L-thyroxine on Ig transport.
Rats that received either low or high dose corticosterone for 7 d
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Figure 1. Effects of 7 d of high and low-dose corticosterone and thyroxine on relative serum murine mAbconcentration. High (striped bar) and
low-dose (white bar) corticosterone acetate (A) or L-thyroxine (B) therapy was initiated on day 7, and 1 wk later rats were fasted for 1 h prior
to the oral administration of 1 mgof murine mAb. Murine Ig levels are expressed in relative concentrations with controls (black bar) reaching
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Figure 2. Dot blot analysis of various doses of corticosterone and thyroxine on duodenal FcRn mRNAexpression in 15- and 10-day-old rats. Low
and high-dose hormones, (A) and (B), respectively, were administered for 3 d, and RNAfrom proximal duodenum was hybridized with FcRn
and 18S probes. (C) represents 7 d of high-dose therapy with either hormone, and as with all displayed blots, represents 5 gg of total RNAhy-
bridized with both FcRn and 18S probe. Immediately below each blot, the data pertaining to the animals are displayed. Data are expressed as
arbitrary units (A.U.) and mean±SE, with between 4 and 9 animals/group.

were examined for their ability to absorb enterally delivered
murine mAb. 6 h after administration of 1 mgof mAb, serum
murine Ig levels were significantly reduced in corticosterone-
treated animals. As demonstrated in Fig. 1 A, relative murine
Ig concentrations were fivefold lower in animals treated with
low dose steroids ( 19±7) when compared to age-matched con-
trols ( 100±15, P < 0.00 1 ). Similarly, serum murine Ig concen-
trations were 30-fold lower (3±0.2) in animals treated with
high-dose steroids when compared to vehicle controls ( 100+7,
P < 0.001).

Animals treated with 7 d of low-dose thyroxine had Ig ab-
sorption comparable to vehicle controls (Fig. 1 B). In contrast,
high-dose thyroxine for a similar time period decreased murine
mAb levels to a nearly undetectable range and comparable to
those obtained in corticosterone treated animals (3.1 ± 1 per-

cent of control, P < 0.001 ).
Effect of either corticosteroids or thyroxine on intestinal Fc

receptor mRNAexpression. In order to assess if the inhibition
of Ig uptake occurs at the transcriptional level, steady-state lev-
els of FcRn mRNAexpression were examined by dot blot anal-
ysis. Dot blot analysis of FcRn mRNAexpression was per-

formed on duodenal samples isolated from animals treated

with low and high dose corticosterone or thyroxine. Fig. 2 A
demonstrates that with 3 d of low dose corticosterone therapy,
relative steady-state FcRn mRNAexpression ( 13±2) was simi-
lar to that found in vehicle-treated littermates (12+2.5, P
> 0.05). In contrast, high dose steroid therapy for the same
length of time resulted in a significant 2.6-fold reduction of
FcRn mRNAlevels when compared to control littermates
(5.3±1 versus 14±1.3, P< 0.01, Fig. 2 B), and 7 d of high-dose
steroid therapy decreased receptor expression to a nearly unde-
tectable range (0.4±0.4) when compared to age-matched con-
trols ( 11.5±0.5, P < 0.001, Fig. 2 C).

Treatment with 3 d of either low or high dose thyroxine had
no significant effect on the expression of FcRn mRNAwhen
compared to controls (Fig. 2 A and B). In contrast, high dose
thyroid hormone therapy for 7 d decreased receptor expression
> 30-fold (0.4±0.4 versus 11.5±0.6, P < 0.001, Fig. 2 C).

Northern blot analysis of proximal intestinal samples iso-
lated from animals treated with 7 d of either high-dose cortico-
steroids or L-thyroxine therapy is displayed in Fig. 3. The inten-
sity of the 1.7 kb FcRn specific-transcript in treated animals
was significantly less than in age-matched controls. These data
suggest that exogenous corticosteroids and thyroxine have par-
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Figure 3. Northern blot analysis of FcRn mRNAexpression in 15-d-
old rats following high-dose corticosterone and thyroxine therapy. In
this experiment, each lane represents mRNAisolated from the duo-
denum of a single 1 5-d-old animal. Animals were grouped into either
vehicle, thyroxine, or corticosterone treatment. The upper image rep-
resents the 1.7 kb specific-transcript of the intestinal Fc receptor. The
lower panel is an 1 8S ribosomal RNAautoradiogram displaying sim-
ilar quantities of total RNAlevels per lane.

Figure 2 (Continued)

allel effects on Ig transport and FcRn expression that are dose
and time dependent.

Effect of adrenalectomy on immunoglobulin transport and
intestinal Fc receptor mRNAexpression. Adrenalectomy stud-
ies were performed to assess the role of the endogenous surge of
corticosterone at weaning on the Ig transport process. Fig. 4 A
reveals that only minimal amounts of murine Ig were detected
in sera of adrenalectomized (1.0±0.1) and control 23-d-old
animals ( 1. 1±0.2), which were substantially lower than in 15-
d-old suckling controls ( 100±4, P < 0.001 ).

Dot blot analyses of steady-state FcRn mRNAexpression
from the duodenum of 15- and 23-d-old groups were per-

formed. As predicted from the Ig uptake data, FcRn mRNA
expression in the duodenums of adrenalectomized and sham-
operated littermates was comparably lower than in 15-d-old
controls (P < 0.001, Fig. 4 B).

Discussion

In this study we examined the effects of exogenous and endoge-
nous corticosterone and thyroxine upon murine Ig uptake and
intestinal Fc receptor mRNAexpression. Wehave found that
Fc receptor mRNAis initially expressed after birth and
abruptly declines at the time of weaning (Martin, M. G., S. V.
Wu, and J. H. Walsh, manuscript submitted for publication).
Moreover, murine mAbabsorption mirrors the decline in re-

ceptor transcript. To delineate some of the factors responsible
for controlling this developmental pattern of expression, we
examined the role of corticosteroids and thyroxine on the IgG
transport system.

Immunoglobulin uptake and receptor expression data indi-
cated that exogenous corticosterone and thyroid hormone pre-
cociously repress transport in a dose- and time-dependent fash-
ion. Treatment for 3 d with high dose corticosterone or for 7 d
with low-dose corticosterone resulted in a partial decline in
transport, while maximal inhibition was reached with 7 d of
therapy. High dose thyroid hormone therapy for 7 d was re-
quired to inhibit transport significantly. While others have
shown that corticosteroids (24, 25) and thyroxine (26) de-
crease immunoglobulin uptake, the dose and time-dependency
of IgG absorption and FcRn mRNAexpression have not previ-
ously been examined.

In humans, where IgG transfer occurs primarily in utero, it
is unlikely that intestinal IgG transport occurs after 48 h of life,
when acid and pancreatic enzyme secretion are nearly fully
mature (27). Numerous data, however, suggest that intestinal
Ig absorption may occur in fetal, premature, and full-term
newborns (< 48 h). Simister has reported a similar size p51
protein in human fetal intestine (28).

Diamond proposed a "hard-wired" model to identify fac-
tors responsible for regulating intestinal adaptation ( 11). The
model suggests that either hard-wired or environmental stimuli
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Figure 4. The effects of adrenalectomy on mAbuptake and duodenal FcRn mRNAexpression in 23-d-old rats. (A) Serum IgG was measured 6 h
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maybe responsible for initiating adaptive changes. Much of the
evidence which suggests the existence of an intrinsic hard-
wired "clock" is based on developmental studies with cortico-
steroids and thyroxine, the best studied endocrine regulators of
gastrointestinal adaptation ( 12). In the rat, thyroxine synthesis
increases shortly after birth, reaching maximum concentra-
tions at the end of the first week of life (26), while corticoste-
rone levels peak at the time of weaning (29). Both hormones
have been shown to accelerate the maturation of gastric acid
(30) and pepsin secretion (31 ), salivary and pancreatic amy-
lase and peptidase synthesis (27), and jejunal sucrase-isomalt-
ase and lactase production (32).

While others have found that dietary (i.e., luminal Ig) and
hormonal manipulations may alter the exact timing of a spe-

cific gastrointestinal phenotype, functional adaptation at
weaning appears to be preprogrammed. Adrenalectomy was

ineffective at counteracting the normal decline in absorption at
weaning, suggesting that the induction of corticosteroids at
weaning is not solely responsible for terminating the transport
process. While exogenous hormones have been shown to alter
various intestinal phenotypes, adrenalectomy usually delay,
but never prevent, the eventual ontogenic alteration ( 12, 33 ).
More specifically, adrenalectomy does not alter either the exact
timing or the eventual level of sucrase expression in sucklings,
but appears to decelerate an intrinsic program that induces
enzyme synthesis (34). These data suggested the presence of an

intrinsic clock, which allows age-specific phenotypes to "bend
but never break" their pre-programmed patterns of expression.

A working model which encompasses these findings is that
the intrinsic clock may represent a network of transcriptional
factor(s) which, when acting as trans-acting factors, would
function to inhibit gene expression in suckling animals (i.e.,
FcRn) and induce adult phenotypic characteristics. While thy-
roxine and corticosterone have been shown to bind cis-acting
elements (i.e., AP1), they may alter transcription either in cis
or in trans through this proposed network of developmental
transcriptional factors. Alternatively, as with other genes, other
negative regulatory elements may be essential in inhibiting the
expression of the receptor. These data demonstrate that the Fc
receptor gene is responsive to exogenous corticosteroids and

thyroid hormone, while endogenous forms of adrenal cortico-
steroids do not play a significant role in regulating pro-
grammed patterns of decreased expression. Further elucidation
of the exact molecular mechanism by which hormones regulate
intestinal adaptation awaits characterization of regulatory ele-
ments of the pertinent developmental genes.
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