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ABSTRACT Thyrotropin-releasing hormone (TRH) is a
brain hypothalamic hormone that regulates thyrotropin
(TSH) secretion from the anterior pituitary and is ubiqui-
tously distributed throughout the brain and other tissues
including pancreas. To facilitate studies into the role of
endogenous TRH, we have used homologous recombination to
generate mice that lack TRH. These TRH~/~ mice are viable,
fertile, and exhibit normal development. However, they
showed obvious hypothyroidism with characteristic elevation
of serum TSH level and diminished TSH biological activity.
Their anterior pituitaries exhibited an apparent decrease in
TSH immunopositive cells that was not due to hypothyroid-
ism. Furthermore, this decrease could be reversed by TRH,
but not thyroid hormone replacement, suggesting a direct
involvement of TRH in the regulation of thyrotrophs. The
TRH~/~ mice also exhibited hyperglycemia, which was ac-
companied by impaired insulin secretion in response to glu-
cose. These findings indicate that TRH~/~ mice provide a
model of exploiting tertiary hypothyroidism, and that TRH
gene abnormalities cause disturbance of insulin secretion
resulting in marked hyperglycemia.

Thyrotropin-releasing hormone (TRH) was originally isolated
as the first hypothalamic hormone (1, 2) and has been shown
to be present in many organs, including the central nervous
system, reproductive system, and gastrointestinal tract (3, 4).
Administration of exogenous TRH to animals and humans has
been observed to cause a variety of endocrine and nonendo-
crine biological activities (3-5). The results of these studies
have led to the suggestion that TRH may act as a neurotrans-
mitter or neuromodulator in many organs.

Because of the ubiquitous distribution of TRH in many
organs and the lack of a suitable method to produce selective
changes in in vivo TRH level, it has been difficult to examine
the mechanism by which TRH regulates different biological
activities. For example, TRH is the major regulator of synthesis
and secretion of thyrotropin (TSH) in the anterior pituitary
and, thus, it plays a pivotal role in the regulation of the
hypothalamic—pituitary-thyroid axis. However, the contribu-
tion of TRH in the functional maturation of pituitary thyro-
trophs during development remains obscure. Second, although
isolated deficiency of TRH has been suggested to be the cause
of tertiary (hypothalamic) hypothyroidism, there is neither
direct clinical evidence nor an animal model to support this
hypothesis. In the pancreas, TRH exists in the islets of
Langerhans and more specifically within the  cells producing
insulin (6-9). However, due to technical difficulties associated
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with selective depletion of TRH in the B cells, it has been
difficult to discern its role in insulin physiology.

In view of the aforementioned observations, it is clear that
the availability of a TRH-deficient animal model will greatly
enhance our ability to clarify the precise role of the peptide in
many organ functions.

We recently cloned and characterized a mouse hypothalamic
cDNA and genomic DNA encoding preproTRH (pTRH), and
found that the mouse pTRH has a characteristic structure
containing five repetitive copies of the TRH progenitor se-
quence (10, 11). These recent cloning studies have facilitated
the use of a molecular genetic approach to determine the
physiological functions of TRH. In this study, we have used
gene targeting in mouse embryonic stem (ES) cells to generate
mice deficient in TRH.

MATERIALS AND METHODS

Animals. Procedures of animal care and use in this study
were approved by the Review Committee on Animal Use at
Gunma University (Maebashi, Japan). Animals were main-
tained on a 12-hr light/12-hr dark schedule (light on at 0600)
and fed laboratory chow and tap water ad libitum. All exper-
iments were done between 0900 and 1100. The mice with
thyroxin (T4) replacement received 1.2 pug T4/100 g body
weight subcutaneously for 10 days before the experiment. TRH
replacement in TRH™/~ mice was achieved by administrating
1.0 mg/kg per day of TRH through a continuous mini-osmotic
pump over a period of 14 days. Experimental hypothyroid mice
were generated by providing drinking water containing 0.02%
2-mercapto-1-methyl-imidazole (MMI) for 25 days.

Construction of the Targeting Vector. The mouse pTRH
gene was isolated from a TT2 genomic DNA library using a
mouse pTRH cDNA as a probe (12). The 6.3-kb Sall-Xbal
fragment of the pTRH gene, which included first and second
exons and the 5.3-kb 5'-flanking sequence was inserted at the
5" end of the cassette for the neomycin-resistance gene with no
polyadenylation signal under the control of Pgk promoter (13).
A short fragment (0.8 kb), containing the 3’ portion of the
coding sequence and the 3" untranslated region, was amplified
by PCR. This fragment was then subcloned at the 3’ end of the
above construct. A negative selection marker, diphtheria-toxin
a subunit cassette, was also placed at the 3" end of the vector.
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Isolation of Targeted ES Cell Lines. TT2 cells, derived from
(C57BL/6 X CBA) F; embryos, were transfected with a
linearized targeting vector by electroporation (14). The me-
dium was changed after 24 hr, and selection was applied 48 hr
later by the addition of 200 pwg/ml G418. On day 8, the PCR
positive clones were expanded for isolation of genomic DNA
for Southern blot analysis. The targeting frequency at the
pTRH locus was 1/12.

Generation of Chimeric Mice. Two independent ES cell
clones that carried a targeted allele were injected into eight-
cell ICR embryos and transferred into pseudopregnant ICR
foster mothers as described (15). Chimeric males were then
mated with ICR and C57BL/6 females. Mice bearing the
targeted pTRH allele were interbred and F, offspring were
analyzed further by PCR and Southern blotting.

RNA Analysis. Total RNA (20 ug) extracted from the
hypothalamus was resolved through a 1.2% formaldehyde
agarose gel and transferred onto a nylon membrane (16). The
membrane was hybridized under high stringency conditions
with a 265-bp pTRH cRNA probe, which encompassed the
region between 307 and 572 bp from the translational start site.

Radioimmunoassay (RIA). Hypothalamic TRH content was
measured by a specific RIA as described (17). Serum prolactin
(PRL), growth hormone (GH), T4, and triiodothyronine (T5)
were determined by double-antibody RIAs with reagents
provided by A. F. Parlow (Harbor-University of California at
Los Angeles Medical Center, Torrance, CA) (mouse PRL);
the National Pituitary Agency, National Institute of Diabetes
and Digestive and Kidney Diseases (NIDDK) (rat GH); and
Dainabot (Tokyo) (T4 and T3). TSH was measured by a specific
mouse TSH RIA with mouse TSH/LH reference
(AFP51718MP), mouse TSH antiserum (AFP98991), and rat
TSH antigen (NIDDK-rTSH-I-9), all of which were obtained
from A. F. Parlow. The detection limit of the assay was 15 ng
TSH/ml. The intra-assay variation was less than 6%, and all
samples were measured in one series to prevent inter-assay
variation. The TSH RIA used here was observed to detect the
authentic TSH peak (M, = ~28 kDa), but not a TSHa subunit
peak (M, = ~12 kDa), of the pituitary extracts on an HPLC
gel filtration chromatography Zorbax GF-250 column (9.4 X
250 mm, DuPont).

TRH and TSH Stimulation Tests. Serum TSH (30 min after
injection) and T3 (120 min after injection) levels were deter-
mined before and after TRH injection (5.0 pug/kg, i.p.) in the
mice. T3 levels were determined 120 min after bovine TSH
(Sigma) administration (250 milliunits/100 g, i.p.).

Glucose Tolerance Test. The mice were fasted for 16 hr
before the study and were then loaded with 2.0 g/kg glucose
i.p. Blood glucose and plasma insulin levels were successively
measured. Immunoreactive insulin concentrations in plasma
were measured by RIA (Pharmacia) with rat insulin as a
standard.

Insulin Tolerance Test. The mice were fasted during the
study. Human insulin (Eli Lilly, 0.75 unit/kg, i.p.) was injected
and blood glucose levels were measured.

Batch Incubation Study. Batches of five islets were prein-
cubated for 60 min at 37°C in 1 ml of Hanks’ buffered saline
containing 10 mM Hepes (pH 7.5) and 0.1% BSA plus 0.1 mM
glucose. The medium was then replaced with 1 ml of buffer
supplemented with secretagogues. After 60 min incubation at
37°C, the medium was removed for insulin RIA.

Insulin Content Assay. Five isolated islets were suspended
and homogenized in 500 ul of 0.1 M HCl, and cellular insulin
was then extracted, diluted (1:100), and assayed by RIA.

Immunohistochemistry. Pituitary and pancreatic sections
were fixed in 10% formalin and embedded in paraffin wax.
Rabbit anti-rat TSH B-IC-1 (AFP1274789, NIDDK), anti-
human insulin, and anti-human glucagon antibodies (MILAB,
Malmoe, Sweden) were applied to the sections, and their
staining was visualized by a biotin-streptavidin method.
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Ultrastructural Study. Pancreatic tissues were fixed in 1%
glutaraldehyde and 4% formaldehyde, postfixed in 2% osmic
acid, and embedded in Quetol 812 (Nisshin EM, Tokyo).
Ultrathin sections were stained with acetate.

Statistical Analysis. All data were analyzed by variant
analysis and Duncan’s multiple test.

RESULTS

Targeted Disruption of the pTRH Gene. The region deleted
by homologous recombination contained codons 70-211 in-
cluding all 5 copies of the TRH progenitor sequence (Fig. 1a).
Male chimeras transmitted the mutant pTRH allele to their
offspring. The heterozygotes (TRH*/~) were apparently nor-
mal, and subsequently gave rise to mice homozygous
(TRH~/~) for the mutant pTRH locus (Fig. 15). Northern blot
analysis showed no hybridizing transcript in the TRH~/~ mice
(Fig. 1c), confirming disruption of the pTRH gene. No TRH
immunoreactivity was found in the TRH~/~ mice hypothalami
(Fig. 1d).

General Appearance, Fertility, Body Weight, and Histology.
Mutant mice were born at an approximately expected Men-
delian frequency and were viable through adulthood. Initial
inspection of the TRH™/~ mice revealed no gross anatomical
or functional abnormalities. No abnormalities were found on
histological examination of the brain, retina, thyroid, heart,
liver, spleen, kidney, gastrointestinal tract, or reproductive
systems. Both TRH ™/~ females and males were fertile. One of
the phenotypic characteristics observed in TRH~/~ mice was
that their growth was slightly retarded at the age of 4 weeks,
corresponding to 1 week after weaning (Table 1). However, by
8 weeks of age there was no significant difference in body
weight between the TRH*/* and TRH™/~ mice (Table 1).
This transient growth retardation was restored by T, replace-
ment.

Analysis of the Pituitary Functions. In the TRH~/~ mice,
serum GH and PRL levels were normal, whereas T4 levels
were decreased to approximately 60% of those in the
TRH*/* and TRH"/~ mice (Table 1). TRH replacement
increased T4 levels to the normal (5.9 + 0.5 pg/dl, n = 7).
In both the wild-type and mutant mice, MMI treatment
induced decreases in Ty levels (TRH*/*, 2.48 = 0.08, n = 5;
TRH/~, 1.57 = 0.09 pg/dl, n = 5) and increases in TSH
levels (157.6 = 8.2 and 194.0 + 18.5 ng/ml), indicating that
the feedback regulation of TSH secretion by thyroid hor-
mone worked at least in part in the TRH~/~ mice.

Immunohistochemical analysis of the pituitary in TRH/~
mice showed that the numbers of TSH positive cells were
significantly decreased and could be restored by TRH, but not
by thyroid hormone replacement (Fig. 2a, b, and d). Moreover,
hypothyroidism induced by MMI treatment did not cause
apparent morphological changes in pituitaries of the wild-type
(Fig. 2¢) or TRH~/~ mice (data not shown).

Although a decrease in serum TSH levels was expected in
the TRH™/~ mice, their levels of serum TSH were approxi-
mately 2-fold higher than those in the TRH*/* and TRH"/~
littermates (Table 1). This elevated TSH was further stimu-
lated by TRH injection (Fig. 3a). The successive response of T3
was significantly impaired in the mutant mice (TRH*'/*,
51.6 = 14.2; TRH~/~, 16.1 *+ 4.6% increment over the basal,
P < 0.05, Fig. 3b). In contrast, stimulation of T3 secretion after
exogenous TSH administration was similar in the TRH*/*+ and
TRH~/~ mice (39.5 + 4.5, n = 6 vs. 45.2 * 6.6% increment
over the basal, n = 5).

Blood Glucose Levels and Insulin Secretion. To our surprise,
despite the lack of any apparent anatomical and physiological
differences, fasting blood glucose levels of the TRH™/~ mice
were markedly higher than those of the TRH*/* and TRH*/~
mice (TRH*/*,3.85 * 0.17,n = 11; TRH/~, 6.49 + 0.24 mM,
n = 10; Fig. 4a). T4 replacement to the TRH~/~ mice did not
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Targeted disruption of the pTRH gene. (a) Schematic representation of the mouse pTRH gene (Upper), targeting vector, expected

targeted allele, and pTRH (Lower). Solid boxes represent exons. Allele-specific PCR primers for selection of homologous recombinants are
indicated by arrows, and probes for Southern and Northern blot analyses are also indicated. Hatched bars represent TRH progenitor sequences
in pTRH. (b) Southern blot analysis of DNA from ES cell clones and siblings generated by crossing heterozygous mice (F? mice). The wild-type
(3.1 kb) and targeted (2.0 kb) HindIII and EcoRI fragments were detected by the 3’ external probe indicated in a. (¢) Analysis of pTRH mRNA
expression by Northern blot analysis of F? mice. Total RNAs (20 pg) from the hypothalamus of wild-type (+/+), heterozygous (+/—), and
homozygous mice (—/—) were hybridized with pTRH cRNA. (d) Hypothalamic TRH contents of the wild-type (+/+,n = 9), heterozygous (+/—,
n = 5), and homozygous (—/—, n = 10) mice. **%, P < 0.001 vs. wild type.

correct this hyperglycemia, excluding the possibility that hyper-
glycemia was due to the concurrent hypothyroidism (Fig. 4a).
Unfortunately, we could not assess blood glucose levels after
TRH administration because of body weight loss due to implan-
tation of the osmotic pump. Even after glucose challenge, the
TRH~/~ mice showed significantly elevated blood glucose levels
(Fig. 4b). Consequently, the plasma insulin levels in these mice
were low relative to the elevated blood glucose concentrations
(Fig. 4c). The TRH~/~ mice were as sensitive to insulin admin-
istration as the wild type (Fig. 4d). These results suggest that
hyperglycemia in the TRH ™/~ mice mainly resulted from im-
paired insulin secretion in response to glucose.

Morphological and in Vitro Study of the Pancreatic Islets.
Immunohistochemical and electron microscopic analyses
showed that islets from the TRH~/~ mice contained normal a,
B, and & cells with numerous secretory granules (data not
shown). In addition, the islet insulin contents were similar in

Table 1.

the TRH*/* and TRH ™/~ mice (44.9 + 6.5,n = 15vs. 47.2 =
7.6 ng per 5 islets, n = 15).

Whereas islet insulin secretion in vitro in response to 5 mM or
less glucose did not differ between the TRH*/* and TRH~/~
mice, there was a significant decrease in insulin secretion in the
mutant mice in response to 10 and 20 mM glucose (TRH*/*,
426 = 0.55,n = 11; TRH™/~, 1.96 = 0.38 ng per 5 islets/hr at
20 mM, n = 13, Fig. 5). Glucose (20 mM) is comparable to
maximum blood glucose levels of animals after glucose challenge
in vivo. The insulin secretory impairment was also observed in
response to 20 mM arginine (Fig. 5). These results imply that the
TRH/~ mice had marked dysfunction of insulin secretory
response to increasing glucose concentrations.

DISCUSSION

We have inactivated the pTRH gene by homologous recom-
bination in ES cells; the resulting homozygous mutants com-

Body weights (g) and serum pituitary hormone levels

Wild type

Heterozygous Homozygous

Body weight (4 weeks, male)
Body weight (8 weeks, male)

20.8 = 0.75 (7)
29.0 = 0.4 (10)

TSH (ng/ml) 76.0 = 3.5 (13)
PRL (ng/ml) 12.7 £ 1.8 (7)
GH (ng/ml) 413 *+3.2(9)
T4 (ng/dl) 5.94 = 0.28 (13)

20.2 + 0.48 (8)
29.4 + 0.5 (19)
83.7 + 4.4 (10)
13.5+32(8)
47.4 + 45 (7)
5.54 +0.35 (8)

14.5 = 0.47 (10)***
28.1 +0.21 (12) NS

139.1 * 7.3 (13)**
10.7 = 2.2 (10) NS
452+ 9.7 (11) NS
3.30 + 0.27 (13)***

Serum TSH, PRL, GH, and T4 levels were determined in 8-week-old male mice. Data represent
means = SEM (numbers of mice in parentheses). Significance of differences between wild-type and
mutant animals is indicated: **x, P < 0.001; #*, P < 0.01; NS, not significant.



Medical Sciences: Yamada et al.

Proc. Natl. Acad. Sci. USA 94 (1997) 10865

FiG. 2. Immunohistochemical analysis of the pituitary. When compared with those of the wild type (a), numbers of TSH positive cells in the
TRH~/~ pituitary (b) were decreased. This decrease was restored by TRH replacement (d). No significant change was found in the pituitary of

the hypothyroid mice induced by MMI treatment (c).

pletely lack TRH. Although TRH is known to be expressed
during the early embryonic stages (18), the present studies
show that its presence is not critical for embryonic survival or
prenatal development. In addition, whereas TRH has been
shown to exist in many organ systems (e.g., neuroendocrine,
reproductive, gastrointestinal, as well as visual), its absence did
not cause any apparent change in these systems.

Whereas the TRH~/~ mice showed normal serum PRL and
GH levels, thyroid hormone levels were significantly decreased
compared with the wild-type and heterozygous mice. In the
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Fic. 3. TRH stimulation test. After TRH administration, blood
TSH (@) and T3 levels (b) were determined in the wild-type (+/+,n =
6) and homozygous (—/—, n = 6) mice. The increment in T3 over the
basal level was reduced in the homozygotes.

mutants, the number of pituitary TSH positive cells was
decreased. This decrease, however, is not related to hypothy-
roidism in the TRH ™/~ mice, because MMI-induced hypothy-
roidism in the wild-type mice did not alter the number of TSH
positive cells. Furthermore, the observation that this decrease
could be reversed by TRH but not by thyroid hormone
replacement indicates that the phenotypic change observed in
the mutant pituitary was due to the direct effect of TRH
deficiency rather than hypothyroidism. In addition, our data
show that the presence of TRH is not required for normal
development of thyrotrophs. In contrast, in previous animal
experiments, induction of TRH deficiency by hypothalamic
destruction with electrolytic lesion or knife-cut deafferenta-
tion has been shown to reduce blood TSH levels (19, 20).
Although unexpected, blood TSH levels were elevated in the
TRH ™/~ mice. There have been no patients with isolated TRH
deficiency defined, but similar elevation has also been reported
in some patients with central hypothyroidism (21). These
patient’s TSH activities were observed to be significantly
reduced (22, 23). Because the TRH™/~ mice showed the
diminished thyroid hormone response to endogenous TSH
after TRH stimulation, but normal response to exogenous
TSH, it is concluded that the biological activity of circulating
TSH in the TRH™/~ mice was attenuated. Therefore, the
TRH™/~ mice serve as the first animal model of tertiary
hypothyroidism due to isolated TRH deficiency and establish
that the novel entity of tertiary hypothyroidism involves in-
creased rather than decreased blood TSH level. In light of this
discussion, it is interesting to speculate that among patients
diagnosed with primary hypothyroidism there may be a subset
of patients with tertiary hypothyroidism, since both primary
and tertiary hypothyroid conditions exhibit the identical find-
ing of elevated blood TSH level with decreased thyroid
hormone level.
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FIG. 4. Blood glucose and plasma insulin levels in TRH~/~ mice. (a) Fasting blood glucose levels in the wild-type (+/+, n = 11), heterozygous
(+/—, n = 10), homozygous (—/—, n = 10) mice, and homozygous mice with T4 replacement (—/— + T4, n = 7). #*, P < 0.01 vs. the wild-type
and heterozygous mice. (b) Glucose tolerance tests. Blood glucose levels were determined after glucose challenge. Data indicate means = SEM
(n = 10-15). (»), wild type; (m), heterozygotes; (O), homozygotes. *, P < 0.05; #*, P < 0.01; ##%, P < 0.001 vs. wild type. (c¢) Plasma insulin levels
before and 30 min after glucose challenge, and the ratio of fasting plasma insulin to glucose. +/+, wild type, n = 7; —/—, homozygotes, n = 7.
wx, P< (.01 vs. wild type. (d) Insulin tolerance tests. Results are presented as the percentage of the fasting blood glucose and are means = SEM.

(0), wild type, n = 5; (a), homozygotes, n = 5.

Recently, a hypothyroid patient with compound heterozy-
gous mutations of the gene encoding TRH receptor was
reported (24). This patient showed a normal level of basal TSH
and no response of TSH to TRH injection, an observation

S

Insulin (ng/ Sislets/ hr)

20 mM
Arginine

Fic. 5. Characterization of TRH~/~ islets. Insulin secretion in
response to glucose and arginine was determined in vitro. Values are
expressed as means = SEM (n = 10-15). Solid bars, wild type; hatched
bars, homozygotes. *, P < 0.05; =x, P < 0.01 vs. wild type.

different from that in the TRH~/~ mice. No mention was made
of studies on glucose metabolism in this patient. This suggests
that the hormonal status of TRH deficiency is distinguishable
from that of TRH receptor dysfunction.

The TRH~/~ mice showed marked hyperglycemia accom-
panied by impaired insulin secretion by islets after glucose
challenge. TRH content in the pancreas has been reported to
drastically change during the prenatal and postnatal periods (8,
9). This suggests that TRH deficiency may affect fetal devel-
opment of the pancreas, but our observations did not support
this hypothesis.

Secretory granules of pancreatic 3 cells have been shown to
contain several biologically active peptides including TRH,
amylin, and chromogranines (25-27). These peptides are co-
localized with insulin within the same secretory granules and
have been suggested to possess modulatory effects on insulin
secretion, but there is as yet no direct evidence to support this
concept. Several studies have attempted to clarify roles of TRH
in the pancreas, but no universal consensus has yet been
reached (28-31). Taking advantage of the TRH ™/~ mice, we
showed that TRH plays a key role in insulin secretion and
demonstrated that knockout mice are good animal models in
which to examine physiological functions of hormones/
peptides colocalized with insulin in the pancreatic B cells.

The mechanisms by which lack of TRH affects insulin
secretion remain to be elucidated. Several animal models for
diabetes mellitus have recently been reported using the iso-
lated gene targeting method, including glucokinase-deficient
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and insulin-receptor-substrate-1-deficient mice (32-35). As
disruption of these molecules is apparently different from the
condition in this study (32-35), the impairment of insulin
secretion found in the TRH™/~ mice is likely to be involved in
diverse mechanisms. In the TRH~/~ mice, five copies of the
TRH progenitor sequence and its intervening peptides were
simultaneously disrupted. Although several studies have
shown biological activities of the intervening peptides on
pituitary hormones, the results are still contradictory (36—40),
and pathological roles of the intervening peptides in develop-
ment of hyperglycemia of the TRH™/~ mice remain to be
determined.

In conclusion, targeted disruption of the pTRH gene caused
characteristic tertiary hypothyroidism and a marked decrease
in insulin secretion resulting in profound hyperglycemia. These
findings imply that TRH gene abnormalities are not only a
cause of tertiary hypothyroidism but also a possible candidate
for one of multiple factors involved in the pathogenesis of
diabetes mellitus. Furthermore, the TRH-deficient mice can
also be used to examine roles of central TRH in varying
neurobehavioral functions, including sleep, anxiety, depres-
sion, learning, and memory.
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