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Identification of a Thyroid Hormone Receptor

That Is Pituitary-Specific

RicHARD A. HopIN,*T MITCHELL A. LAZAR,* BRUCE I. WINTMAN,
DoucLas S. DARLING, RONALD J. KoeNIG,} P. REED LARSEN,
Davip D. Moorg, WiLLiaMm W. CHIN

Three cellular homologs of the v-erbA oncogene were previously identified in the rat;
two of them encode high affinity receptors for the thyroid hormone triiodothyronine
(T3). A rat complementary DNA clone encoding a T; receptor form of the ErbA
protein, called r-ErbAB-2, was isolated. The r-ErbAB-2 protein differs at its amino
terminus from the previously described rat protein encoded by c-erb A and referred to
as r-ErbAB-1. Unlike the other members of the c-erbA proto-oncogene family, which
have a wide tissue distribution, r-erbAB-2 appears to be expressed only in the anterior
pituitary gland. In addition, thyroid hormone downregulates r-erbA3-2 messenger
RNA but not r-erbAB-1 messenger RNA in a pituitary tumor—derived cell line. The
presence of a pituitary-specific form of the thyroid hormone receptor that may be
selectively regulated by thyroid hormone could be important for the differential
regulation of gene expression by T; in the pituitary gland.

THE NUMEROUS EFFECTS OF THY-
roid hormone on vertebrate tissues
are thought to be mediated through
binding to a nuclear receptor protein (7).
The protein products of the c-erbA proto-
oncogene have been identified as nuclear
thyroid hormone receptors (2, 3). In the rat,
three c-erbA-related cDNAs have been de-
scribed and their encoded proteins divided
into a and B forms on the basis of their
predicted amino acid sequences (4-8). The
r-etbAa-1 and r-erbAa-2 mRNAs represent
alternative splice products of a single r-
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erbAa gene, which encodes proteins that are
identical for the first 370 amino acids and
then diverge completely (5-7). This diver-
gent region spans the putative ligand-bind-
ing domain, probably accounting for the
fact that the protein encoded by r-erbAa-1
binds T3, whereas the protein encoded by r-
erbAa-2 does not bind Ts. Like r-ErbAa-1,
r-ErbAB-1 binds T3 with high affinity (8).
The c-erbA-related mRNAs are expressed
with differing abundance in virtually all rat
tissues. The r-erbAa-1 mRNA (5 kb in size)
is most abundant in skeletal muscle and
brown fat, whereas the r-erbAa-2 mRNA
(2.6 kb) is most highly expressed in brain
and hypothalamus (5). The r-erbAB-1
mRNA (6.2 kb) is highly expressed in kid-
ney and liver (8). We now report the isola-
tion of a ¢cDNA encoding a novel thyroid
hormone receptor, r-ErbAB-2, whose
mRNA is detected only in the anterior
pituitary gland. In addition, we find that the
two r-erbAB mRNAs are differentially regu-
lated by T3 in GHj cells, a pituitary tumor—
derived cell line.

The nucleotide and deduced amino acid
sequences of the r-erbAB-2 cDNA are shown
in Fig. 1A. The protein is schematized in
Fig. 1B and compared to the other three rat

c-ErbAs. The r-ErbAB-2 protein has no
similarity to r-ErbAB-1 or cither of the
rErbA-a proteins at its amino terminus, but
is identical to r-ErbAB-1 from amino acid
147 to the carboxyl end, including the puta-
tive DNA- and ligand-binding regions. The
identity between r-ErbAB-1 and r-ErbAB-2
begins one amino acid on the amino-termi-
nal side of the point where the similarity
between r-ErbAB-1 and the r-ErbAa species
begins—13 amino acids on the amino-ter-
minal side of the first cysteine residue in the
putative DNA-binding region.

The r-erbAB-2 ¢cDNA insert was sub-
cloned into the vector Bluescript and tran-
scribed into RNA, which was translated in
reticulocyte lysates. A protein of approxi-
mately 62 kD was produced, in agreement
with that predicted from the nucleotide
sequence (Fig. 2A). The r-ErbAB-2 protein
bound T with an affinity constant (Kg) of
1.1 + 0.4 nM (mean * SEM) (Fig. 2B),
which is similar to that of the endogenous
T3 receptor (9). In addition, competition
experiments with thyroid hormone analogs
showed that the affinity of the r-ErbAg-2
protein was greatest for 3,5,3"-triiodothyro-
cetic acid (triac), followed by T3, T4, and rT;
(10), the same as that of the r-ErbAB-1
protein (8). These data are consistent with r-
erbAB-2 encoding a functional Tj receptor.

We used a transient transfection system to
evaluate further the ability of r-ErbAB-2 to
function as a T3 receptor (11). In the chorio-
carcinoma JEG-3 cell line, expression of a
CAT reporter plasmid containing a rat
growth hormone thyroid hormone response
clement was unchanged by T3 treatment in
the absence of a cotransfected erbA-contain-
ing plasmid. However, when cotransfected
with 2 pg of an r-erbAB-2—containing plas-
mid (pCDMerbAB-2), CAT expression was
increased by a factor of 7.1 £ 2.1 (mean
+ SEM) by treatment with 10 nM Tj. Iden-
tical experiments with an r-erbAB-l—con-
taining plasmid (pCDMerb62) resulted in
similar levels of T3 induction; CAT expres-
sion was increased by a factor of 7.3 + 1.1.
When the vector plasmid alone (PCDMS8)
was cotransfected, no change in CAT
expression was caused by T; treatment.
Thus, as has been shown for r-ErbAB-1 (8)
and r-ErbAa-1 (6), r-ErbAB-2 appears to
represent a functional T receptor.

Hybridization analyses of RNA from var-
jous rat tissues were performed with probes
specific for the r-erbAB-1 or r-erbAB-2
mRNAs as well as a probe derived from the
sequences common to the two ¢cDNAs (r-
erbAB-common). The r-erbAB-1 mRNA is
6.2 kb and is most abundant in brown fat
and heart (Fig. 3). The relative intensities of
the hybridization signals detected with the r-
erbAB-common probe were similar to those
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A

CTAAAGCGAAC TAGGCTGC TGGGCTGC TGGTGG TTAT TCATCCOC TC TC TTGT TTCATGT 60
MetC
GTATGGA TGTACGCTGTCCCAGTATATGCAC TGCTCCGGGGAGCAGGGGGC TGGCAAGTG 120
ysMetAspValArgCysProSerIleCysThrAlaProGlySerArgGlyLeuAl aSerA
CGTGCATGGAGOG TG TGTGTATATG TAAAGCAGGACTGCACCTGGATACCAAAATGAACT 180
laCysMetGluArgvalCysIleCysLysAl aGlyleuHisLeuAspTheLysMetAsnT
ACTGCGTGCCAGAGG TACACGAAGTGTGCOCAGCTGCOGGCAGCAACCG TTACATGCAGG 240
yrCysValProGluvValHisGluValCysProAlaAl aGlySerAsnArgTyrMetGlnV
TCACTGACTACCTOGOGTA TC TGGAAGACAG TCOGGC TTACAG TGGC TGCGATGTCCAAG 300
alThrAspTyrleuAlaTyrLeuGluAspSerP roAl aTyrSerGlyCysAspValGlnA
CTGTGOCOGGTAGCAGCATATATCTGGAACAGGCC TGGACTCTGAATCAGCCTTATACCT 360
lavValProGlySerSerIleTyrLeuGluGlnAlaTrpThrleuAsnGlnP roTy rThrC
GTAGTTACCCTGGAAACCTGT TTAAAAGCAAGGAC TC TGAC TTGGACATGGCCCTGAGTC 420
ysSerTyrProGlyAsnleuPhelysSerLysAspSerAspleuAspMetAlaleuserG
AGTACAGOC AGOC TGCACA TC TCOCOGAAGAAAAGCC TT TTCC TCAAGTGCGG TCGCCTC 480
1nTyrSerGlnProAlaHi sLeuProGluGluLysProPheProGlnValArgserpP mPA

CGCACTCACACAAARAAGGGTATATOCCCAGCTATCTAGACAAGGATGAGCTCTGC. . . .
roHisSerHisLysLysGlyTyrllaeProserTyrLeuAspLly sAspGluLeuCys

L4 Jdentical to r-erbAp-| —

Flg. 1. (A) Nucleotide sequence of the r-erbAB-2 cDNA and deduced amino
acid sequence. An in-frame stop codon is underlined. Amino acid designa-
tion begins at the first potential initiator methionine. Beginning at base pair
495, the r-erbAB-2 and r-erbAB-1 nucleotide sequences are identical through-
out the full length of the cDNAs (the r-erbAB-2 cDNA extends seven
nucleotides farther at the 3’ end). Two rat GH; cell cDNA libraries (5, 8)
were initially screened with a fragment from the r-erbAa-2 cDNA clone and
subsequently with a 5’ end fragment from a non-full-length r-erbAB-2
cDNA clone. Three positive clones corresponding to the r-erbAB-2 mRNA
were obtained. The cDNA inserts were subcloned into the vector Bluescript

seen with the r-erbAB-1 probe in all tissues

except the pituitary, which appeared to have

less r-erbAB-1. The r-erbAB-2 probe also
detected a 6.2-kb mRNA (Fig. 3C), and this A
may explain why the r-erbAB-common
probe did not distinguish between the two
r-erbAB species. The r-erbAB-2 mRNA was
detected only in the anterior pituitary gland.
Despite a 15 times longer exposure than that
used for the autoradiogram in Fig. 3C, no
hybridization with the r-erbAB-2 probe was
detectable in other tissues. From these data
we estimate that the r-erbAB-2 mRNA is at
least 150 times more abundant in pituitary
than in any other tissue examined. Experi-
ments with r-erbAB-2 cDNA- and cRNA~
derived probes yielded identical results. In
addition, no r-erbAB-2 mRNA was detected
in testis, kidney, skeletal muscle, or adrenal
gland, although r-erbAB-1 mRNA was pres-
ent (12). Therefore, unlike the other r-erbA
gene products, which are expressed in virtu-
ally all tissues, the r-erbAB-2 mRNA appears
to be limited to the anterior pituitary, as
determined by Northern analyses.

In GHj cells, as in anterior pituitary, the
r-erbAB-common probe hybridizes to an ap-
parent single 6.2-kb species (13), which
actually consists of both r-erbAB-1 and r-
erbAB-2 mRNAs. We found earlier that r-

Size markers
r-ErbAp-1

925

69.0

48.0

B
1 147 227 301 514
’-ErbAb-z m ' ’
1 94 174 248 461
r-ErbAB-1 \\\< 100 100 100
140 120 194 370 410
r-ErbAa-1 E; 86 n 82 1;)0
140 120 194
r-ErbAc—2 EE 86 72 82

(Stratagene) and sequenced by the dideoxy method of Sanger (22). Restric-
tion fragments from two overlapping cDNAs were fused to construct a full-
length r-erbAB-2 clone. The sequence depicted is that of the full-length
cDNA. (B) Schematic representation of the r-erbA—derived amino acid
sequences. The putative DNA and T; binding domains are designated by
analogy to the glucocorticoid receptor. In each case, the numbers above the
boxes refer to the amino acid sequence starting with the first in-frame
methionine. Numbers within the boxes refer to percent nucleotide identity
to r-erbAB-2. The r-ErbAa-1 protein contains three more amino acids at its
carboxyl terminus than the r-ErbAB proteins.
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Fig. 2. (A) In vitro translation of the r-erb-AB clones. Fluoro-
graph of an SDS-polyacrylamide gel after electrophoresis of
[**S]methionine-labeled r-Erb-AB-1 and r-Erb-AB-2 in vitro
translation products. Two high molecular weight translation
products were obtained with r-erbAB-2, the larger of which is
approximately 62 kD, in agreement with that predicted from the

nucleotide sequence. The control refers to unprogrammed reticulocyte lysates. Approximately 50,000
trichloroacetic acid—precipitable counts per minute were loaded in each lane. Molecular size markers are
expressed in kilodaltons. The band at the bottom of each lane represents unincorporated [**$]methion-
ine moving with the ion front. (B) T; binding of r-ErbAB-2 protein. Binding studies of ['*I]T; to -
ErbAB-2 were subjected to Scatchard analysis to determine the affinity constant of the in vitro translated
protein product (23). Labeled T; (0.1 nM) was incubated with unlabeled Tj at 0 to 100-fold excess.
Each point represents the mean of duplicate reactions. The binding reactions were carried out as
described (5). The Scatchard plot depicts the results of a single experiment (Ky, 0.46 nM),
representative of three separate binding studies.

erbAB mRNA levels (with the use of a
common probe) in GHj cells decrease by
approximately 50% after 24 hours of incu-
bation with 10 nM T3 (13). Using probes
specific for either r-erbAB-1 or r-erbAB-2, we
find a dramatic and specific effect of T3 on r-
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erbAB-2 expression (Fig. 4A). In four sepa-
rate experiments, the r-erbAB-2 mRNA lev-
els decreased to a mean of 14% + 3%
(SEM) of control values (P < 0.001) after a
24-hour treatment with T;. The downregu-
lation of r-erbAB-2 mRNA was time depen-

dent, in that an intermediate level of mMRNA
was detected after 6 hours of incubation
with T; (decrease to 36% = 7% of control).
In contrast, r-erbAB-1 mRNA tended to
increase slightly (up to twice control levels
in some experiments) (Fig. 4B).
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Fig. 3. Tissue distribution of the r-erbAB
mRNAs. Northern analyses of RNA from rat
tissues with (A) an r-erbAB-1—specific probe (1 to
550 in the cDNA), (B) an r-erbAB-common
probe (515 to 2443 in the r-erbAB-2 cDNA), and
(C) an r-erbAB-2—specific probe (1 to 515 in the
cDNA). Tissues were obtained from adult male
Sprague-Dawley rats and stored at —70°C. RNA
was extracted by the guanidinium thiocyanate
method (24). Northern analyses were performed
by standard techniques (25). Total RNA (10 pg)
was loaded in each lane and ethidium bromide
staining confirmed equal loading of RNA per
lane. The cDNA probes (r-erbAB-1-specific and
r-erbAB-common) and cRNA grobcs (r-erbAB-2—
specific) were labeled with *°P, typically to a
specific activity of 5 X 10® cpm per microgram of
DNA. The autoradiograms in (A) and (B) repre-
sent 4-day exposures and the erbAB-2 autoradio-

represents a 12-hour exposure. Exposures of
up to 8 days failed to reveal hybridization to the
r-etbAB-2 mRNA from tissues other than the
anterior pituitary. Hypo, hypothalamus.

The existence of r-ErbAB-2 has a number
of implications. The 1098-bp region of
100% identity between the r-erbAB-2 and r-
erbAB-1 coding sequences, in addition to
the 2898-bp identical region of 3’ untrans-
lated sequences, suggests that the two
mRNAs are derived from a single gene.
Genomic DNA blotting analyses are consist-
ent with this hypothesis (14). Thus, the
tissue-specific expression and thyroid hor-
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Fig. 4. Effect of T; on r-erbAB mRNAs in GH;
cells. Northern analyses of GH; cell RNA with
(A) an r-erbAB-2—specific probe and (B) an
r-erbAB-1-specific probe. The probes are the
same as those described in the legend to Fig. 3.
Total RNA (10 ug) was loaded in each lane. A
control probe (B-actin) was used to verify equal
loading of RNA per lane. Cells were grown in
cither medium without thyroid hormone (—Ts)
(26) or in medium supplemented with 10 nM T,
for 24 hours (+T;). RNA was extracted from
GHi; cells by the guanidinium thiocyanate method
(24).

mone regulation of r-erbAB transcripts may
be due to differential activity of alternative
promoters, determining which 5'-most exon
is used, as is the case for the mouse a-
amylase gene (15), for example. Alternative-
ly, there may be post-transcriptional events
that are tissue specific or hormone depen-
dent, or both.

The high affinity and specificity of r-
ErbAB-2 for T; and its similarity in struc-
ture with other members of the thyroid and
steroid hormone receptor superfamily sug-
gest that r-ErbAB-2 is a T3 receptor that
could transactivate specific genes in a Tj-
dependent manner. Indeed, as is the case
with r-ErbAa-1 and r-ErbAB-1 (6, 8), we
have shown that r-ErbAB-2 can function as
a T receptor in a model transfection system.
The functional significance of the divergent
amino termini in the two r-ErbAps is un-
clear. Studies with some other members of
the steroid and thyroid hormone receptor
superfamily suggest that the amino termini
of these proteins may act to modulate the
transactivation of target genes by the recep-
tor-ligand complex (16, 17). For example,
two naturally occurring chick progesterone
receptors that differ at their amino termini
also differ in the magnitude to which they
transactivate a hormone-responsive reporter
gene (18). In our model transfection system,
r-ErbAB-1 and r-ErbAB-2 appear to func-
tion similarly, but it will be of interest to
investigate their relative potencies in tran-
sactivating the various thyroid-responsive
genes in different cell types.

The observation that r-erb AB-2 expression
is limited to the pituitary gland is intriguing,
since that organ has a unique regulatory role
in thyroid hormone synthesis through nega-
tive regulation of thyroid-stimulating hor-
mone. In addition, the clinical syndromes of

isolated pituitary resistance to thyroid hor-
mone (19) may be related to a specific
receptor deficiency. In this regard, it will be
important to determine whether the expres-
sion of r-erbAB-2 is cell-type specific in the
anterior pituitary.

We have previously found that r-erbAa-1
and r-erbAa-2 mRNAs decrease by approxi-
mately 50% after T treatment of GHj cells
(5, 13). It now appears that the similar net
reduction in r-erb A mRNA levels (with the
common probe) is due to the nearly 90%
decrease in r-erbAB-2 mRNA coupled with
the slight increase in r-erbAB-1 mRNA.
These findings are in agreement with the
previous work of Samuels et al. (20, 21),
who found that a 50% reduction in T;
receptors in GH,; cells after T; treatment
was representative of a heterogenous popu-
lation of receptors, only some of which were
depleted by Ts. It is likely that r-ErbAa-1,
r-ErbAa, and r-Erb-AB-2 all contribute to
the GH; cell T3 receptor pool.

The existence of more than one thyroid
hormone receptor species, often within a
single tissue, remains of unknown signifi-
cance. Our demonstration of a tissue-specif-
ic and selectively regulated form of thyroid
hormone receptor may shed light on the
mechanisms underlying the diverse effects of
Ts.
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Odor-Induced Membrane Currents in Vertebrate-
Olfactory Receptor Neurons

STUART FIRESTEIN* AND FRANK WERBLIN

In olfactory receptor neurons, odor molecules cause a depolarization that leads to
action potential generation. Underlying the depolarization is an ionic current that is
the earliest electrical event in the transduction process. In two preparations, olfactory
receptor neurons were voltage-clamped and stimulated with odors and this generator
current was measured. In addition, a method was developed to estimate the time
course and absolute concentration of odorants delivered to the receptor sites. With this
method, olfactory neurons were found to have relatively high stimulus thresholds,
steep dose-response relations, long latencies, and an apparent requirement for cooper-
ativity at one or more steps in the pathway from odorant binding to activation of the

generator current.

LFACTORY TRANSDUCTION IS PRE-

sumed to be mediated by a mem-

brane-bound receptor  protein
which is activated and initiates a multistep
pathway leading to the generation of action
potentials in the olfactory nerve (1). An
carly step in this process is the odorant-
induced activation of a depolarizing genera-
tor current. Efforts directed toward mea-
surement of this current have been unsuc-
cessful because the small, inaccessible cells
have been difficult to impale with microelec-
trodes. In addition, the indirect access of
stimuli to the cells has created conditions in
which stimulus parameters such as concen-
tration and duration cannot be known with
any surety (2). Recently the whole cell
patch-clamp technique (3) has been applied
to isolated olfactory receptor cells with some
success, but the absence of a repeatable and
enduring odorant response in otherwise
healthy cells has been a common disappoint-
ment (4).

We suspected that the failure of these
receptors to give an odor response might
have been due to the action of proteolytic
enzymes, such as papain, commonly used to
isolate the cells from the epithelium (4).
Accordingly, we developed a slice prepara-
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tion (6) (Fig. 1) that required no enzymatic
treatment and left the tissue relatively intact
while exposing cells sufficiently to provide
access for the patch electrode (5).

Because the cells in the slice could re-
spond to odors, we also tried isolating cells
from the epithelium by mechanical means
that did not require the use of enzymes.
With care, viable cells could be isolated and
odor responses that were identical to those
seen in slice cells were obtained. In approxi-
mately 70% of the cells tested, a gigohm seal
was attained and successful whole cell re-
cordings obtained. Of these cells nearly 66%
showed a response to the odor solution. The
only consistent bias in the choice of cells was
that cilia be present. There was no difference
in the success rate between isolated cells and
those in the slice; the results presented here
are from cells prepared both ways.

The stimulus was an odorant “cocktail”
consisting of acetophenone, amyl acetate,
cineole, phenylethylamine, and triethyl-
amine. Saturated aqueous stock solutions of
each odorant were prepared in distilled wa-
ter with a separatory funnel. We could then
calculate the molar concentration of each
saturated solution from the aqueous satura-
tion coeflicients (7). These solutions were
diluted to 1073 or 10™“M with salt solutions
that brought the osmolarity to that of the
normal Ringer solution. All solutions were
brought to pH 7.6 with NaOH. Thus the
cocktail contained millimolar or 0.1 milli-
molar concentrations of each of the five

odorants in an osmotically balanced Ringer
solution.

The current-voltage (I- V) relation for the
generator current (Fig. 2) was obtained by
holding the membrane at potentials from
=70 mV to +30 mV and pressure ejecting
an odorant pulse (8). The current was linear
with membrane potential throughout the
physiological range and reversed near +5
mV, suggesting that it is a nonspecific cat-
ion conductance. The adenosine 3’,5’-mo-
nophosphate  (cAMP)—activated conduc-
tance in ciliary membrane patches shows a
similar I-V relation (9), and the macroscopic
current elicited by cAMP application is car-
ried by Na*, K*, and Ca®* (10).

Odor responses were rarely seen if the
concentration of the odorant mixture in the
delivery pipette was less than 107>M. Ini-
tially this seemed high, but with the pres-
sure-ejection delivery system it was impossi-
ble to calculate, from pulse duration and
pressure alone, the absolute concentration
of stimuli reaching the ciliary membrane.

We developed a method of measuring the
magnitude of applied odorant at the cilia on
the basis of the K* permeability of the cell.
A stimulus of the odorant cocktail in an
elevated (with respect to Ringer solution)
K* solution was ejected at the cell (Fig 3).
An inward current appeared in response to
the transient elevation of K* and the mag-
nitude of this current was used as a measure
of the K* concentration reaching the cell
(11). This value could be used to determine
the absolute concentration of odorant at the
cell membrane in the following way (12).
Knowing the concentration of K* in the
pipette and the concentration arriving at the
cell, we were able to determine the fraction
of K* that reached the cell (Kn.) for a
given pressure pulse:

Kfrac = [K ]Cell/[K ]pipelte

where the subscripts cell and pipette mean
“at the cell” and “in the delivery pipette,”
respectively. Because the odorants were
mixed to a known concentration in the same
pipette solution and the fraction of odorant
reaching the cell ([O]cen) was the same as
Kipac, it follows that:

[O]cell = Kirac [O]pipette

The subscripts have the same meaning as
above.

We took advantage of the finding (Fig. 3)
that the change in clamp current to changes
in K* concentration around the cell was
nearly instantaneous, but the onset of the
response to odorant was delayed (by the
transduction process) by more than 100 ms.
Thus the two currents could be measured
independently.

Knowing the absolute value of the odor-
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