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ABSTRACT We have examined the oligosaccharide struc-
ture of secreted thyrotropin (TSH) in perinatal and mature rats
with congenital primary hypothyroidism. Rat pituitaries from
euthyroid control animals and those rendered hypothyroid by
methimazole treatment were incubated with [3H1glucosamine
in vitro. Secreted TSH was purified, and oligosaccharides were
enzymatically released and characterized by anion-exchange
HPLC. In perinatal hypothyroid animals compared with con-
trol animals, oligosaccharides from TSH a and (3 subunits
contained more species with three or more negative charges.
Moreover, perinatal hypothyroid animals demonstrated a dra-
matic increase in the ratio of sialylated to sulfated species
within oligosaccharides of the same negative charge (2.9- to
7.4-fold increase for TSH-a; 15.1- to 25.5-fold increase for
TSH-,B). In mature hypothyroid 9-week-old animals compared
with control animals, changes were less pronounced, suggest-
ing that endocrine regulation of oligosaccharide structure is
dependent upon the maturational state of the animal. These
changes were specific for TSH because glycosylation of free a
subunit (synthesized by the thyrotroph and gonadotroph) and
of total glycoproteins was minimally altered by hypothy-
roidism. Together, these data provide direct evidence and
characterization of specific changes in the structure of a
secreted pituitary glycoprotein hormone occurring as a result
of in vivo endocrine alterations during early development.
Moreover, they provide a potential structural basis to explain
the delayed clearance of both TSH and the gonadotropins with
end-organ deficiency, which may have important implications
for the in vivo biological activities of these hormones. Specifi-
cally, such posttranslational changes may be an important
adaptive response to prevent the consequences of endocrine
deficiency during early development.

Thyrotropin (TSH) is a glycoprotein hormone containing an
a subunit with two sites of asparagine-linked glycosylation
and a p subunit with one such site (1). Oligosaccharides on
TSH play an important role in directing subunit combination,
protecting the molecule from intracellular proteolysis, and
influencing the metabolic clearance rate and biological ac-
tivity of the circulating hormone (2-6).

In humans and experimental animals with intact hypotha-
lamic-pituitary regulation, serum TSH levels are elevated in
primary hypothyroidism (7) at least in part because of in-
creased TSH subunit gene transcription (8-11). Moreover,
measurement of TSH is used either as a primary or confir-
matory screening test to detect congenital primary hypothy-
roidism, a preventable cause ofmental retardation in children
(12). However, it is not known whether structural alterations
occur in TSH in congenital primary hypothyroidism or how

the absence of thyroid hormone during prenatal development
and early life affects the subsequent integration of the hypo-
thalamic-pituitary-thyroid axis. The rat has proven to be an
ideal animal to study TSH structure and regulation because
maturation of the hypothalamic-pituitary-thyroid axis in this
species is not complete until postnatal week 2 (13-15).
We have demonstrated (16, 17) that important changes in the

glycosylation of secreted TSH occur in parallel with neuro-
endocrine maturation in the rat; these studies have shown that
mature animals secrete TSH containing more negatively
charged species with increased sialylation, decreased sul-
fation, and proportionately less binding to ConA than prenatal
animals. In the present experiments, we compared oligosac-
charides directly from secreted TSH a- and X-subunit oligo-
saccharides from perinatal and mature rats with congenital
primary hypothyroidism to those from control animals. We
demonstrate that as little as 1 week of methimazole adminis-
tration to pregnant rats, which blocks thyroid hormone bio-
synthesis, results in perinatal offspring with an increase in the
percentage of negatively charged TSH subunit oligosaccha-
rides compared with control animals. Moreover, TSH from
these hypothyroid animals contained a dramatic increase in
the relative sialylation compared with sulfation of species
containing both one and two negative charges. These changes
are less dramatic in mature hypothyroid animals than in
control animals, suggesting that their magnitude is dependent
upon the maturational state of the animal.

MATERIALS AND METHODS
Experimental Protocol. Experiments were performed as

described (16-18). Timed pregnant Sprague-Dawley rats
were treated with 0.05% 2-mercapto-1-methylimidazole (me-
thimazole; Aldrich Chem, Metuchen, NJ) in drinking water
from day 16 gestation to the time of the experiment. Mature
animals were maintained on 0.05% methimazole-containing
drinking water after weaning. Control animals were obtained
from similarly timed pregnant rats who received drinking
water without methimazole. Control animals subsequently
received drinking water without methimazole after weaning.
Each sample from perinatal animals contained 10 pituitaries
that were obtained from litters ofthese pregnant rats on either
the last day of gestation (gestation day 23) or the day of birth.
Samples from mature (8 week old) animals contained one
pituitary. Thus, perinatal animals had 1 week of fetal hy-
pothyroidism, while mature animals had 1 week of fetal and
8 weeks of postnatal hypothyoidism. All samples were incu-
bated in Dulbecco's modified Eagle's medium containing 500
ACi (1 ACi = 37 kBq) per ml of [3H]glucosamine for 24 hr.
Incubations were ended by separating and freezing both
pituitaries and media.

Abbreviations: TSH, thyrotropin; N species, sialylated oligosaccha-
rides; S species, sulfated oligosaccharides.
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Product Characterization. Immunoprecipitation of TSH
from medium was performed as described (16-18). Free a
subunit was then immunoprecipitated, and total proteins
were acid-precipitated in a sequential manner (19). TSH
subunits were separated by sodium dodecyl sulfate (SDS)/
15% polyacrylamide gel electrophoresis by the method of
Laemmli (20). Subunits were eluted from the gel by shaking
in a solution of 0.1 M ammonium bicarbonate/0.1% SDS at
250C for 48 hr. Eluents were concentrated and desalted in
Centricon-10 microconcentration chambers (Amicon). TSH
subunits, free a subunit, and total proteins were then treated
with endo-,8-N-acetylglucosaminidase F/peptide N-glycosi-
dase F (Endo F; Boehringer Mannheim; 0.5 units per sample)
in buffer at 37TC for 18 hr (17). Released oligosaccharides
were separated from the TSH apoprotein with Sep-Pak C18
cartridges (Waters). Aliquots of TSH subunit oligosaccha-
rides were also incubated with Clostridium perfringens
neuraminidase (Sigma) in buffer at 370C for 3 hr (17). Anion-
exchange HPLC of released oligosaccharides was by modi-
fication of a published method (21). Structural assignments
were based upon previously validated methods, which in-
cluded comparing retention times of unknown oligosaccha-
rides to those of various standards, confirming the identity of
sulfated structures by separate [35S]sulfate labeling, and
confirming the identity of sialylated structures by examining
the change in retention times caused by neuraminidase treat-
ment (17, 18). Recovery was consistently >90%o. All samples
were measured by liquid scintillation spectrometry for a time
sufficient to allow for <5% counting error for major peak
fractions. Serum thyroid hormone and TSH were measured
by conventional RIA. Statistical analyses were performed
with Student's t test, and significance was assigned to a
two-tailed P value < 0.01.

RESULTS
RIA. Pooled sera from perinatal animals were obtained

from trunk blood of litters from pregnant rats treated with
0.05% methimazole-containing drinking water from day 16 of
gestation and from litters of control rats. Although thyroid
hormone (T4) was not detectable in our assay in either group
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(<1.0 ug/dl), TSH was 9.3 ng/ml in blood from litters of
methimazole-treated rats and 1.1 ng/ml in blood from litters
of control animals, consistent with primary hypothyroidism
in the former group. In mature methimazole-treated animals,
T4 was not detectable (<1.0 ,g/dl), whereas in control
animals, T4 was 4.9 ,g/dl. TSH was 21.4 ± 4 ng/ml in mature
methimazole-treated animals and 2.5 ± 1 ng/ml (P < 0.01) in
control animals-findings also consistent with primary hy-
pothyroidism.
Anion-Exchange HPLC. a subunit. To characterize further

the effect of congenital primary hypothyroidism on TSH
carbohydrate structure, enzymatically released oligosaccha-
rides were fractionated by anion-exchange HPLC as de-
scribed. Validation of the assigned retention times for re-
leased oligosaccharides has been reported (17, 18). Repre-
sentative chromatograms for perinatal TSH a subunit (Fig. 1
A and C) show that uncharged species, consisting of high
mannose and neutral hybrid forms, were eluted in the void
volume at a retention time of 3 min. Oligosaccharides with
one negative charge, containing singly sialylated (Ni) and
sulfated (S1) species, were eluted between 8 and 12 min.
Oligosaccharides with two negative charges (N2, NlS1, and
S2) were eluted between 13.5 and 18 min. Oligosaccharides
with three or more negative charges were eluted with a
retention time > 18 min. These figures show that released
oligosaccharides from perinatal euthyroid animals (Fig. LA)
contain anionic species with one and two charges and few
forms with a retention time > 18 min; oligosaccharides from
perinatal hypothyroid animals (Fig. 1C) contain species with
one and two negative charges and a significant increase (from
2% to 7% of total; P < 0.01) in those species that were eluted
after 18 min. These findings for TSH-a suggest an increase in
species containing three or more negative charges in hy-
pothyroid animals than in control animals. The means (+
SEM) ofquadruplicate analyses demonstrating these changes
are shown in Table 1. Neutral species are not included in
these analyses because they contain some residual unincor-
porated radioactivity in addition to high mannose forms
(N.G., unpublished observations).

TSH-alpha (Hypothyroid)

Retention Time (min)

FIG. 1. Anion-exchange HPLC profiles
of enzymatically released [3H]GIcN-labeled
secreted perinatal TSH-a oligosaccharides.
[3H]GlcN-labeled TSH-a oligosaccharides
were chromatographed by anion-exchange
HPLC from perinatal control (A) and hy-
pothyroid (C) animals. Aliquots of oligosac-
charides from perinatal control (B) and hy-
pothyroid (D) animals were also treated with
Clostridium perfringens neuraminidase prior
to evaluation by HPLC. Expected retention
times before (A and C) and after (B and D)
neuraminidase are shown for sialylated (N),
sulfated (S), and sialylated and sulfated (NS)
oligosaccharides. Integers reflect the num-
ber of sialic acid or sulfate residues per
oligosaccharide structure. A neutral species
is also depicted at a retention time of 3 min.
Data are normalized such that equal quanti-
ties of [3H]GlcN-labeled oligosaccharides
were applied to HPLC in control and
neuraminidase-treated samples.
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Table 1. Percent distribution of released anionic oligosaccharides (perinatal animals)

N1 Si N2 N1S1 S2 .3
TSH-a

Control 11 (1) 28 (2) 6 (1) 27 (<1) 26 (2) 2 (1)
Hypothyroid 24 (1) 22 (1) 14 (1) 24 (1) 9 (1) 7 (1)

TSH-,B
Control <1 (<i) 3 (1) 1 (1) 26 (2) 65 (5) 5 (2)
Hypothyroid 6 (1) 7 (1) 10 (1) 25 (1) 20 (2) 32 (2)

Values represent the means (± SEM) of quadruplicate analyses. N, sialylated oligosaccharides; S,
sulfated oligosaccharides; NS, sialylated and sulfated oligosaccharides. Integers represent the number
of sialylated and/or sulfated species per oligosaccharide.

TSH-a from perinatal hypothyroid animals also demon-
strated an increase in the proportion of sialylated to sulfated
species compared with control animals for structures con-
taining both one and two negative charges. Fig. 2 Upper
shows a 2.9-fold increase in the ratio of sialylated to sulfated
species with one negative charge (Ni/Si) for perinatal hy-
pothyroid animals compared with control animals (P < 0.01).
For species containing two negative charges (N2/S2), this
ratio was increased 7.4-fold for perinatal hypothyroid animals
compared with control animals (P < 0.01). After neuramini-
dase digestion of perinatal TSH-a, four species were ob-
served (Fig. 1 B and D), and sialylated forms were no longer
present. A neutral species, S1, S2, and an unusual species at
retention time 13 min were noted. This latter species was
resistant (i) to 0.01 M HCl followed by alkaline phosphatase
and (ii) to 2.0M acetic acid, treatments respectively reported
to release phosphate residues attached to mannose through
mono- or diester linkages (22) and unusually linked sialic acid
species (23, 24). It was also resistant to dimethyl sulfoxide in
5% methanol, a treatment demonstrated to release amine-
linked sulfated oligosaccharides (25). However, treatment
with 0.05 M HCl in methanol (26) resulted in the removal of
this species as well as S1 and S2, suggesting that this species
is sulfate-attached through a monoester linkage to an oligo-
saccharide. Its elution time of 13 min may reflect sulfate
attached to GalNAc (or to another sugar) in other than the
usual 4-0 position. Finally, the proportion of sulfated species
containing two negative charges (S2) was 7.7-fold greater in
perinatal control animals compared with hypothyroid ani-
mals, suggesting decreased sulfation in TSH-a of perinatal
hypothyroid animals.

In contrast, TSH-a oligosaccharides from mature hypothy-
roid animals demonstrated a small but not signiflcant de-
crease (from 14% to 10% of total) compared with TSH-a in
mature control animals in those species containing three or
more negative charges. Moreover, TSH-a from mature hy-
pothyroid animals demonstrated a small but not significant
increase compared with control animals in the proportion of
sialylated to sulfated species for structures containing both
one (N1/S1 = 1.4-fold) and two (N2/S2 = 1.5-fold) negative
charges. The means (± SEM) of quadruplicate analyses
demonstrating these changes are shown in Table 2.

,3 Subunit. Representative anion-exchange chromatograms
for perinatal TSH-f3 (Fig. 3 A and C) show even greater
heterogeneity than for perinatal TSH-a. Congenital hypothy-
roidism had a dramatic effect on perinatal TSH-f3 glycosy-
lation. Released oligosaccharides from perinatal TSH-,B in
euthyroid animals (Fig. 3A) contain few anionic species with
one charge, a predominance of species with two negative
charges, and a small percentage offorms with a retention time
> 18 min; oligosaccharides from perinatal hypothyroid ani-
mals (Fig. 3C) contain a greater percentage of species with
one negative charge and a significant increase (from 5% to
32% of total, P < 0.01) in those species that were eluted after
18 min. Similar to perinatal TSH-a, these findings suggest an
increase in perinatal TSH-/3 of those species containing three
or more negative charges in perinatal hypothyroid animals

compared with control animals. The means (± SEM) of
quadruplicate analyses demonstrating these changes are
shown in Table 1.
TSH-p from perinatal hypothyroid animals also demon-

strated an increase in the proportion of sialylated to sulfated
species compared with control animals for structures con-
taining both one and two negative charges. Fig. 2 Lower
shows a 15. 1-fold increase in the ratio of sialylated to sulfated
species with one negative charge (Ni/Si) for perinatal hy-
pothyroid animals compared with control animals (P < 0.01).
For species containing two negative charges (N2/S2), this
ratio was increased 25.5-fold for perinatal hypothyroid ani-
mals compared with control animals (P < 0.01).

Following neuraminidase digestion of perinatal TSH-0,
four species were observed (Fig. 3 B and D) with retention
times corresponding to those observed for perinatal TSH-a.
Moreover, for TSH-f3 the proportion of sulfated species
containing two negative charges was 2.5-fold greater in
perinatal control animals than in hypothyroid animals, sug-
gesting decreased sulfation of TSH-,j in perinatal hypothy-
roid animals.

In contrast, TSH-,f oligosaccharides from mature hypothy-
roid animals demonstrated a significant increase (from 29%o to
45% of total, P < 0.02) compared with TSH-,B in mature
control animals in those species containing three or more
negative charges. Moreover, TSH-,B from mature hypothy-
roid animals demonstrated a small but not significant de-
creased compared with control animals in the proportion of
sialylated to sulfated species for structures containing both
one (N1/S1 = 20% decrease) and two (N2/S2 = 50%
decrease) negative charges. The means (± SEM) of quadru-
plicate analyses showing these changes are shown in Table 2.

Specificity of Response of TSH Oligosaccharides in Congen-
ital Primary Hypothyroidism. Released oligosaccharides
from free a subunit and total proteins were compared to those

2 TSH-alpha *

um*

FIG. 2. Ratio of sialylated
(N) to sulfated (S) perinatal TSH
oligosaccharides. The ratio of si-
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1 0 20 30 FIG. 3. Anion-exchange HPLC profiles
of enzymatically released [3H]GlcN-labeled
secreted perinatal THS-,B oligosaccharides.

Si [3H]GIcN-labeled TSH-f3 oligosaccharides
were chromatographed by anion-exchange
HPLC from perinatal control (A) and hy-
pothyroid (C) animals. Aliquots of oligosac-

jS2 charides from perinatal control (B) and hy-
pothyroid (D) animals were also treated with

Clostridium perfringens neuraminidase prior
to evaluation by HPLC. Expected retention
times before (A and C) and after (B and D)

neuraminidase are as described in Fig. 1.

Data are normalized such that equal quanti-
10 20 30 ties of [3H]GIcN-labeled oligosaccharides

were applied to HPLC in control and
ention Time (min) neuraminidase-treated samples.

from TSH subunits to evaluate the specificity of response in
congenital primary hypothyroidism. In contrast to the sig-
nificant increase noted for TSH subunits in the percentage of
species containing three or more negative charges in hy-
pothyroid animals compared with control animals, free a

subunit and total proteins were unchanged (not shown).
Similarly, unlike the significant increases noted for perinatal
TSH subunits in sialylated species compared with sulfated
species with one and two negative charges in hypothyroid
animals compared with control animals (Fig. 2), these ratios
in free a subunit and total proteins were only slightly altered.
For species containing one negative charge, the ratio of
sialylated to sulfated species (Ni/Si) was increased 1.6- and
1.3-fold in free a subunit and total proteins, respectively. For
species containing two negative charges (N2/S2), this ratio
increased 2.0- and 1.1-fold, respectively.

DISCUSSION
It has been established that quantitative changes in serum
levels ofTSH occur during ontogenesis (13-15) as well as in
primary hypothyroidism (7). Moreover, we have reported
previously qualitative alterations in TSH oligosaccharide
structure during development (16, 17). We now report dif-
ferential alterations in secreted TSH oligosaccharide struc-
ture during development in rats with congenital primary
hypothyroidism. Our present studies show two findings.
First, secreted TSH a and f3 subunits from rats with congen-

ital primary hypothyroidism, most notably in the perinatal
period, have more oligosaccharides with three or more neg-
ative charges and have increased sialylation and decreased
sulfation compared with control animals. Second, primary
hypothyroidism results in structural changes specific to TSH,
since free a subunit and total proteins are minimally altered
in this setting.
Our data now permit a synthesis of previous indirect

observations regarding the effect of end-organ removal on
glycoprotein structure. We demonstrated previously that
TSH secreted in vitro by mature hypothyroid rodent pituitary
explants showed small but significant increases in multian-
tennary (27), as well as sialylated (28) oligosaccharide struc-
tures when compared with those from control animals. More-
over, others have reported an increase in the size and charge
of intrapituitary TSH in primary hypothyroidism (29) and an
increase in the size of lutropin and follitropin in castrated
monkeys compared with control monkeys (30, 31). These
studies have suggested indirectly that glycoprotein hormones
synthesized by animals with end-organ deficiency contain
oligosaccharides with increased sialylation. In the present
studies, we provide direct evidence for an increase in the
sialylation ofboth TSH-a and -I oligosaccharides in rats with
congenital primary hypothyroidism. The importance of sialic
acid and its acceptor sugar galactose in affecting the meta-
bolic clearance rate of glycoprotein structures has been well
characterized (32-34). Consequently, the increased circula-

Table 2. Percent distribution of released anionic oligosaccharides (mature animals)
N1 Si N2 NiSi S2 23

TSH-a
Control 14 (1) 18 (<1) 11 (<1) 34 (1) 9 (1) 14 (2)
Hypothyroid 19 (2) 20 (2) 13 (1) 30 (1) 8 (1) 10 (<i)

TSH-p8
Control 5 (<1) 9 (1) 9 (1) 27 (1) 21(1) 29 (3)
Hypothyroid 5 (1) 6 (1) 7 (<1) 20 (1) 17 (2) 45 (3)
Values represent the means (± SEM) of quadruplicate analyses. N, sialylated oligosaccharides; S,

sulfated oligosaccharides; NS, sialylated and sulfated oligosaccharides. Integers represent the number
of sialylated and/or sulfated species per oligosaccharide.
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tory survival time reported for TSH after thyroidectomy (2)
and for lutropin and follitropin after castration (30, 31) may
be explained, in part, by the increased sialylation demon-
strated in these studies. However, it should be pointed out
that the specific mechanism by which TSH and gonadotropin
clearance is prolonged by such oligosaccharide changes
remains to be elucidated. Normal TSH clearance is deter-
mined predominantly by the kidney and thyroid (2) rather
than the liver, which is the major site of clearance of
asialoglycopeptides by the galactose receptor (32-34).
The oligosaccharide changes from our study are specific

for TSH, since free a subunit and total proteins are minimally
affected by congenital hypothyroidism. The absence of a
significant change in the relative sialylation of free a subunit
in hypothyroidism may be due to dilution by a constant pool
of a subunit made by the gonadotrophs or to a specific effect
of congenital hypothyroidism on glycosylation of TSH but
not of free a subunit within the thyrotroph. In support of this
latter possibility, we have shown previously that TSH and
free a subunit appear to be secreted by separate intracellular
pathways in the thyrotroph (35).
The present study has shown that the effect of congenital

hypothyroidism on TSH oligosaccharide structure is more
pronounced in perinatal animals with 1 week of fetal hy-
pothyroidism compared with mature animals with 1 week of
fetal and 8 weeks of postnatal hypothyroidism. The less
dramatic structural changes we have observed in mature
animals are consistent with our previous studies in both
mature thyroidectomized mice (28) and rats (P.W.G., unpub-
lished observations), where moderate structural changes
were observed. It is possible that the increased sialylation
that occurs with normal development (17) minimizes any
further differential in sialylation in mature animals with
congenital hypothyroidism.

It'is also interesting that the increased sialylation of TSH
oligosaccharides noted during postnatal ontogeny (17) is
consistent with but less dramatic than that which we now
report for perinatal hypothyroid animals. Moreover, released
TSH subunit oligosaccharides from perinatal animals with
congenital primary hypothyroidism contain more forms that
do' not bind to Con A compared with controls, suggesting the
presence of more multiantennary and/or bisected structures
in the former (P.W.G., unpublished observations). These
data suggest the possibility that primary hypothyroidism
during early development in the rat may accelerate the
emergence and activity of specific sialyltransferase(s) and/or
/3-galactosyltransferases needed for the final processing of
TSH. Such regulation would promote the synthesis of more
highly branched and charged TSH oligosaccharide structures
terminating in sialic acid. To what extent these events are
regulated by thyrotropin-releasing hormone or other hypo-
thalamic factors in addition to thyroid hormone deficiency is
not clear. It will be interesting to investigate a molecular basis
for these structural changes.
The physiological significance of a more highly sialylated

TSH is not completely understood. One could speculate that
increased sialylation, by delaying metabolic clearance, would
augment the steady-state serum TSH concentration at any
given biosynthetic rate. Moreover, since thyroid hormone is
critical for neural and skeletal neonatal development, the
increased biosynthesis and sialylation ofTSH would provide
a dual mechanism to compensate for thyroid hormone defi-
ciency. It will be important to elucidate fully the in vitro and
in vivo bioactivities as well as metabolic clearance rate and
targeting of TSH from perinatal euthyroid animals versus
perinatal hypothyroid animals. Such studies could clarify
whether the changes in oligosaccharide structure produced
by perinatal hypothyroidism constitute a rapid adaptive re-
sponse to increase TSH action in vivo before the full effects
of increased TSH subunit synthesis have been achieved.

We thank Julia Miller and Gilda Dickstein for their secretarial
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