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SIMARD, M., A. E. PEKARY, V. P. SMITH AND J. M. HERSHMAN. Thyroid hormone modulation of TRH precursor
levels in rat hypothalamus, pituitary, thyroid and blood. PEPTIDES 10(1) 145-155, 1989. —In the present study we have
examined the in vivo effects of thyroid hormones and TRH on tissue and blood levels of TRH and TRH-Gly (pGlu-His-Pro-
Gly), a TRH precursor. Using specific radioimmunoassays (RIAs), we measured TRH immunoreactivity (TRH-IR) and TRH-
Gly-IR concentrations in blood, hypothalamus, anterior and posterior pituitary, and thyroid in euthyroid, hypothyroid and
thyroxine (T4)-treated 250 g male Sprague-Dawley rats. TRH-Gly-IR and TRH-IR were detected in all of these tissues. Highly
significant positive correlations between whole blood TRH-Gly-IR levels and the corresponding serum TSH values (p<0.01),
whole blood TRH-IR versus serum TSH (p<0.01) and whole blood TRH-Gly-IR versus whole blood TRH-IR (p<0.01) are
consistent with cosecretion of TRH and TRH precursor peptides into the circulation. Euthyroid rats injected with TRH IP (1
ug/100 g b.wt.) and hypothyroid rats had 4-fold higher whole blood TRH-Gly-IR levels compared to euthyroid controls
(p<0.0005). Injection of TRH into euthyroid rats significantly increased the TRH-Gly-IR concentration in the hypothalamus,
anterior and posterior pituitary and thyroid. The increase in blood TRH-Gly-IR following intravenous TRH may be due, in
part, to partial saturation of TRH-degrading enzymes in blood and cell membranes. The ratio of TRH-Gly to TRH was
significantly increased in the anterior pituitary by hypothyroidism and TRH injection, suggesting that thyroid hormones and
TRH regulate the alpha-amidation of TRH-Gly to form TRH in this tissue. TRH-Gly levels of pooled pituitary and thyroid
extracts quantitated by a combination of TRH-Gly RIA and high performance liquid chromatography (HPLC) revealed sev-
eral-fold increases following incubation at 60°C. Heating at this temperature may block the alpha-amidation activity in extra-
hypothalamic tissues but not the “trypsin-like” enzymes which cleave prepro-TRH into TRH-Gly-immunoreactive peptides.
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THE complete mRNA sequence for the rat hypothalamic TRH
precursor macromolecule, prepro-TRH, which codes for a 255
amino acid protein with 5 repeating sequences of -Lys-Arg-
GIn-His-Pro-Gly-(Lys/Arg)-Arg- has recently been reported
(24). This protein is rapidly cleaved to a number of precursor
fragments by trypsin-like enzymes. These peptides are further
processed until a free N-terminal Gln residue is produced which
is cyclized to form a N-terminal pyroglutamic acid residue by
one or more recently characterized enzymes (9). The C-terminal
Gly, with or without C-terminal basic residue extensions, serves
as the -NH, donor for the alpha-amidation of the C-terminal
proline residue by a monooxygenase enzyme which requires
ascorbate, copper ion, molecular oxygen and a pH of 7.5 (15).
This understanding of the structure of the TRH-precursor and

its enzymatic processing has suggested new experiments on the
regulation of TRH biosynthesis. Recently, the level of hypotha-
lamic TRH-Gly has been reported to remain constant in fetal,
neonatal and young adult rats while the TRH level increased
66-fold (17). This observation clearly suggests a regulatory
function for the alpha-amidation reaction in TRH production.

The regulation of TRH biosynthesis and release by thyroid
hormones within the hypothalamus or extrahypothalamic sites
may occur at a number of possible levels including the tran-
scription and stabilization of prepro-TRH mRNA, its ribo-
somal transcription and enzymatic processing to form TRH,
the release rate of TRH and the corresponding receptor levels
in pituitary thyrotrophs.

Evidence for suppression of prepro-TRH mRNA levels in
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rat hypothalamus by thyroid hormones has been clearly dem-
onstrated (44) which could be due to either decreased prepro-
TRH mRNA transcription rate or a decrease in its intracellular
stability. TRH receptor levels in pituitary cells have previously
been shown to be down-regulated by both T4 and TRH (19,21).
Blood levels of TRH-degrading enzymes have been shown to
be thyroid hormone responsive (3). On the other hand, very lit-
tle information regarding the effect of T4 or TRH on the en-
zymatic processing of prepro-TRH has been reported.

A large number of intermediary peptide fragments result
from the action of the trypsin-like, alpha-amidating and N-Gln
cyclizing enzymes on prepro-TRH. Agents known to selectively
inhibit these enzymes (9,42) are cytotoxic, precluding their use
in in vivo and cell culture systems. An alternative approach to
the quantitation of the effects of thyroid hormones and TRH
on the enzymatic processing of prepro-TRH involves the com-
bined use of radioimmunoassays for TRH and TRH precursor
peptides, high pressure liquid chromatography (30) and selec-
tive inactivation of the processing and degrading enzymes by
thermal perturbation (33).

In the present studies we have examined the in vivo effects
of thyroid hormones and TRH on the concentrations of TRH
and TRH-Gly in various tissues and blood and have correlated
the serum TSH, TRH and TRH-Gly values. The results ob-
tained are consistent with cosecretion of TRH and TRH precur-
sor peptides from hypothalamic and extrahypothalamic tissues
which biosynthesize TRH and competitive inhibition of TRH-
Gly degrading enzymes in serum and cell membranes by exog-
enously administered TRH. Recent evidence indicates that some
of these precursor fragments may have intrinsic TSH biosyn-
thesis-stimulating activity (10). The trypsin-like enzymes may
be more thermally stable than the alpha-amidating and TRH-
and TRH-Gly-degrading enzymes.

METHOD
Treatment of Animals

Eight-week-old male Sprague-Dawley rats were obtained
from Simenson Laboratories (Gilroy, CA). The animals were
housed, 4 per cage, in our animal facility under conditions of
constant temperature (22°C) and a controlled light schedule
(lights on: 6 a.m. to 6 p.m.). The animals had free access to
Purina rodent chow and water. The animals were allowed a 3-
week acclimation period prior to the experiment.

In Experiment 1, rats were divided into 3 groups according
to thyroid status. The euthyroid control group consisted of 6
sham-thyroidectomized rats. A second group of 6 euthyroid
sham-thyroidectomized rats were treated with an IP injection
of 1 ug TRH/kg body weight 30 min prior to sacrifice. The rats
were sham-thyroidectomized under ether anesthesia. There were
3 groups of surgically thyroidectomized hypothyroid rats: the
first were untreated, the second received an IP injection of
1 ug triiodothyronine (T3)/100 g b.wt. 48 hr prior to sacrifice
and the third received an IP injection 1 ug TRH/kg b.wt.
30 min prior to sacrifice. These animals were given 1% calcium
lactate drinking water ad lib after thyroidectomy. The euthy-
roid and hypothyroid rats were maintained for 4 weeks prior
to experimentation and weighed weekly. The T4-treated group
consisted of 6 sham-thyroidectomed rats which received an IP
injection of T4 (1.25 ug T4/100 g b.wt. in 0.01 M NaOH) to
raise plasma T4 concentration quickly to the desired level, and
a subcutaneously implanted constant infusion Alzet osmotic
minipump (Alza Corp., Palo Alto, CA), releasing T4 in a 0.01
N NaOH-10% ethanol vehicle at a rate of 10 ug/100 g b.wt.
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per day. These animals were weighed weekly and sacrificed
2 weeks later.

In Experiment 2, 3 groups of 8 rats were studied. A euthy-
roid control group; a hypothyroid group treated by thyroidec-
tomy followed by 0.1% PTU and 1% calcium lactate drinking
water ad lib for 4 weeks prior to sacrifice; and a T4-treated
group which was injected SC with T4 (25 xg/100 g b.wt./day)
for a 3-week period prior to decapitation.

Blood and Tissue Extraction for TRH
and TRH-Gly Radioimmunoassays

Trunk blood was collected from all rats after sacrifice. Two
ml of blood was immediately transferred into 5 ml of ice-cold
methanol, vortexed, centrifuged, and the supernatant was stored
at —20°C. The supernatant was dried on a heater block at 60°C
with filtered air blowing into each sample tube. The dried res-
idue was extracted twice in 3 ml of methanol, the supernatant
was dried completely and stored at —20°C prior to TRH and
TRH-Gly radioimmunoassays. A four ml portion of whole
blood was allowed to clot for 2 hr at room temperature. Serum
was then obtained by centrifugation and stored at —20°C until
assayed for thyrotropin (TSH), T3 and T4. The brain, anterior
pituitary and posterior pituitary and thyroid gland were rapidly
excised from each animal. The area encompassing the hypo-
thalamus was removed from the brain of each animal. The
excised tissue was delineated by making an anterior cut immedi-
ately behind the optic chiasm, the posterior cut just anterior to
the cerebral peduncles and lateral cuts at the hypothalamic
sulci. The 5 different tissues were individually weighed. The
hypothalamic, anterior and posterior pituitary and thyroid
specimens were placed in 1 ml of 0.15 M NacCl-0.05 M phos-
phate buffer, pH 7.5 (PBS) and the brain specimens were sub-
merged into 5 ml of cold PBS. All samples were homogenized
with a Polytron homogenizer (Brinkmann Instruments, Inc.,
Westbury, NY). For each specimen, half of the homogenate
was immediately heated on a heater block at 97°C for at least
15 min to inactivate the TRH degrading enzymes. The second
half of each homogenized sample was incubated at 60°C for 20
hr to inactivate selectively (33) the alpha-amidating enzymes
(15,22). All homogenates were then dried completely in a heater
block with filtered air flowing into each tube and then stored
at —20°C. The stored dried residues were later extracted in
5 ml of methanol. The methanol supernatants were dried com-
pletely, and the residues were redissolved in 1 ml water for
TRH and TRH-Gly radioimmunoassays (R1A) and SP-Sepha-
dex C-25 chromatography followed by TRH-Gly RIA.

In Experiment 2, pituitaries and thyroids were collected and
processed as described above. However, in each animal group,
the total pituitaries were pooled prior to processing. The col-
lected samples were assayed for TRH-Gly by RIA before or
after fractionation by HPLC.

Serum TSH, T3 and T4 Levels

Rat TSH, T3 and T4 levels in unextracted serum were mea-
sured by previously described RIA methods (43).

TRH Radioimmunoassay

The TRH radioimmunoassay of 100 ul aliquots of a serial
dilution of each extract was carried out with a modification (32)
of the method of Bassiri and Utiger (2). The TRH antiserum
was produced as previously described (37). TRH concentrations
were calculated with the aid of a parallel line and relative
potency computer program modified for use on the Hewlett-
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Packard model 9830 computer (Hewlett-Packard, Palo Alto,
CA) (29). The cross-reactivity of TRH-Gly in this assay was
<0.01%.

TRH-Gly Radioimmunoassay

Synthetic TRH-Gly was conjugated to keyhole limpet hemo-
cyanin using dinitrodifluorobenzene (46). One mg of conjugate
emulsified in Freund’s complete adjuvant was injected intrader-
mally and subcutaneously every 8 weeks into 3 New Zealand
female white rabbits over a period of several months. All TRH-
Gly RIA measurements reported in this paper were obtained
using the second bleeding from rabbit No. 898 (antibody 898B2).
The cross-reactivity profile relative to the TRH-Gly standard
curve demonstrated that this antibody did not cross-react with
TRH, TRH-OH or pGlu-His-Gly-NH,. TRH-Gly-NH,, a syn-
thetic peptide which does not occur in nature, did cross-react
significantly. Other TRH-like peptides such as Arg-TRH-Gly,
TRH-Gly-Lys and TRH-Gly-Lys-Arg also cross-reacted signif-
icantly (Fig. 1, right panel). The relative order of cross-reactivity
for the TRH-precursor peptides given in Fig. 1 for antibody
898B2 was also found for antisera obtained from the other 2
rabbits immunized with TRH-Gly conjugate. The antiserum
used for the present study had the highest useful working dilu-
tion among all those tested. The minimum detectable concentra-
tion of TRH-Gly was 100 pg/ml. One hundred ul of standard
or sample was added to 12X 75 mm glass test tubes. Two hun-
dred ul of '%’I-labeled TRH-Gly in 0.625% normal rabbit
serum (NRS) + 0.05 M EDTA was added along with 100 ul of
specific rabbit antiserum in PBS, pH 7.5. The samples were
vortexed and then incubated at 4°C for 3 days. One hundred ul
of a second antibody was then added and the incubation con-
tinued overnight at 4°C. Samples were centrifuged at 1000 x g
for 30 min, aspirated and counted for 2 min.

Chromatographic Analysis

Three types of chromatography were used to characterize
the TRH-Gly-IR of rat tissues and blood: SP-Sephadex C-25
cation exchange, reverse phase HPLC and Bio-Gel P-2 exclu-
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FIG. 1. Cross-reactivity curves for rabbit antiserum to TRH-Gly
(898B2) at 1:2500 final dilution. Logit (B/B,) = In[(B/B,)/(1 — B/B,)]
where B/B, is the ratio of counts bound at finite dose divided by
counts bound with zero dose of unlabeled antigen. Serial dilutions of
each tissue extract studied displaced '**I-TRH-Gly in parallel with the
TRH-Gly standard curve.
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sion chromatography. In the first experiment, pooled thyroid
extracts from 6 TRH-treated rats were purified by reversed
phase chromatography using Sep Pak C18 cartridges (Waters
Inc., Milford, MA) and then subjected to SP-Sephadex C-25
cation exchange chromatography (Pharmacia, Piscataway, NJ)
using a 0.9x58 cm column which was equilibrated and eluted
with 0.2 M ammonium acetate, pH 6.2 (35). Fractions of 1.1
ml were collected. TRH-Gly radioimmunoassay measurements
were carried out on these fractions after drying and reconstitut-
ing with distilled water. In the second experiment, pooled thy-
roid extracts from 8 euthyroid and from 8 hyperthyroid rats
and pooled pituitary extracts from 8 hypothyroid and 8 hyper-
thyroid rats, before and after incubation at 60°C, were applied
to a Sep Pak C18 cartridge, washed with HPLC-grade water
and the adsorbed material eluted with 50% acetonitrile (Omni-
solve grade, Matheson Coleman and Bell). The combined water
and 50% acetonitrile washes were dried completely and then
reconstituted in HPLC-grade water. This extract was centrifu-
gally filtered using a Bioanalytical Systems, Inc. microfiltration
device (West Lafayette, IN) and then injected into an HPLC
system (Altex Scientific, Inc.) equipped with a Model 421 con-
troller, an ultraviolet detector set at 220 nm and a 4.6X25 cm
Ultrosphere ODS reverse phase column (Altex, Berkeley, CA)
previously equilibrated with 0.01 M trifluoroacetic acid (TFA,
Sequenal grade, Pierce Chemical Co., Rockford, IL). At the
time of injection a 0.5% /min linear gradient of acetonitrile was
begun which was increased to 2% /min at 40 min after starting
the gradient. The collected fractions (1.0 ml) were dried, stored
at —20°C, reconstituted in HPLC-grade water and measured
for TRH-Gly-IR. Whole blood from 50 rats was extracted with
cold methanol to rapidly inactivate the TRH- and TRH-Gly-
degrading enzymes, then centrifuged. The supernatants were
pooled, dried completely and extracted with a TRH-Gly affinity
column prepared as previously described (37). The eluate was
lyophilized to dryness and redissolved in HPLC-grade water
containing 6 M guanidine hydrochloride to dissociate TRH-
Gly-immunoreactive peptides from binding substances in the
whole blood extract. This mixture was fractionated by HPLC
with and without added synthetic TRH-Gly.

To further characterize the TRH-Gly-immunoreactive pep-
tides in rat blood a pooled methanol extract of blood from 100
male Sprague-Dawley rats, 250 g each, was extracted with a
TRH-Gly affinity column prepared as previously described (37)
and fractionated by exclusion chromatography on a 0.9x112
cm column of Bio-Gel P-2 equilibrated and eluted with 0.2 M
ammonium acetate, pH 6.2. Fractions of 2.5 ml were collected,
dried completely and reconstituted with distilled water just
prior to RIA. The excluded volume, V,, and the salt peak
were determined with bovine thyroglobulin and Na '%°],
respectively.

Peptide Synthesis

TRH-Gly was synthesized by Bachem Fine Chemicals, Tor-
rance, CA. Arg-Gln-His-Pro-Gly (Arg-TRH-Gly) was synthe-
sized by Joseph R. Reeve, Jr., Ph.D., VA Wadsworth Medical
Center by standard solid phase synthesis methods. His-Pro-Gly
was prepared by Incell Corp., Milwaukee, WI. All other pep-
tides were obtained from Peninsula Laboratories, Belmont,
CA.

Statistical Analysis

All data are presented as mean+SD. Comparisons between
groups of animals were evaluated by the nonpaired Student’s
t-test after correcting for multiple comparison bias by the Bon-
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ferroni method (27). Differences were considered significant for
p<0.05/n where n is the number of comparisons made.

RESULTS
Serum T4 and T3 Concentrations

In Experiment 1, hypothyroid rats had significantly lower
serum T4 and T3 levels compared to euthyroid rats. Chronic
T4 treatment and acute TRH stimulation did not alter signifi-
cantly serum T4 and T3 concentrations compared to values of
intact rats. In hypothyroid animals, acute T3 treatment signif-
icantly increased serum T3 levels but did not alter serum T4
levels. In this latter group, TRH stimulation did not affect
serum T4 and T3 levels (Table 1).

In Experiment 2, hypothyroid animals had a significantly
lower serum T4 and T3 concentrations compared to euthyroid
controls. T4-treated animals had significantly higher serum
T4 and T3 concentrations compared to euthyroid animals
(Table 1).

Serum TSH and Whole Blood
TRH-Gly-IR Concentrations

In the first experiment, TRH injection into euthyroid ani-
mals significantly increased both serum TSH and whole blood
TRH-Gly-IR levels as did untreated hypothyroidism (Fig. 2).
Euthyroid and hypothyroid rats exhibited a 5- and a 2-fold rise
in serum TSH levels, respectively, 30 min following a TRH
injection. TRH injection to euthyroid animals significantly
increased the mean whole blood TRH-Gly-IR 3.5-fold. T4 treat-
ment significantly lowered serum TSH levels and suppressed
whole blood TRH-Gly-IR compared to values from euthyroid
controls (Fig. 2, left panel). A correlation of whole blood TRH-
Gly-IR values for all the various treatment groups with the
corresponding serum TSH results was found to be highly sig-
nificant. There was a linear relationship between whole blood
TRH-Gly-IR and serum TSH concentrations: y = 0.89x + 141,
r=.69, n=30, p<0.01 (Fig. 3, left panel). In Experiment 2,
hypothyroid rats had significantly higher mean serum TSH

TABLE 1
SERUM THYROID HORMONE VALUES FOR EACH TREATMENT
GROUP
Body
T3 T4 TSH Weight
Group (ng/dl) (ug/dl) (xU/ml) (g)
Experiment 1
Euthyroid 49 +12 5.0+0.8 51+ 19 233+24
Euthyroid
+ IP TRH 55 +12 6.0+0.7 254+174* 22127
Hypothyroid 13 + 4% 2.0+£0.5t 234+ 621 205+44
T4-treated 49 + 7 7 *2 19+ St 262+24
Experiment 2
Euthyroid 79.5+13 2.6+0.5 104+ 25 237+15
Hypothyroid 33 + 9 <0.3x0f 547+1021  106+121%
T4-treated 161 =217 6.6+1.5% 34+ 6 222417

Experiment 1, n=6; Experiment 2, n=8. *p<0.05; 1p<0.01 versus
the euthyroid group. fAnimals in this group were slightly smaller at the
beginning of the experiment and lost weight following thyroidectomy.
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levels and T4-treated rats had significantly lower mean serum
TSH levels compared to euthyroid controls (Table 1).

Blood TRH-IR Concentrations

Whole blood TRH-IR was significantly higher for hypo-
thyroid rats compared to euthyroid controls in Experiment 1
(Fig. 2, upper right panel). TRH injection significantly in-
creased whole blood TRH-IR in both euthyroid and hypo-
thyroid animals by 3- and 9-fold increments, respectively.
Simultaneous correlation of whole blood TRH-IR values from
all treatment groups with the corresponding serum TSH and
TRH-Gly-IR results was found to be highly significant (Fig. 3,
middle and right panels, respectively).

Chromatography of Rat Blood Extracts

The profile of TRH-Gly-IR for the methanol extract of
whole rat blood following reverse phase HPLC (1 ml sample
in 6 M guanidine HCI) or Bio-Gel P-2 exclusion chromagraph
(1 ml sample in distilled water) is given in Figs. 4 and 5, respec-
tively. The HPLC profile reveals several broad peaks of TRH-
Gly-IR which emerge at a higher acetonitrile concentration, and
therefore are more hydrophobic, than synthetic TRH-Gly. The
hydrophobicity of these peptides approximates that for prepro-
TRH(115-151) and prepro-TRH(160-169) which are peptide
sequences linking TRH precursor sequences in prepro-TRH and
which contain a high proportion of hydrophobic amino acid
residues such as Trp, Tyr and Phe (24). The corresponding
HPLC profile for rat blood extract in distilled water (not shown)
consists of a single TRH-Gly-IR peak which emerged at frac-
tions 5 and 6, the position for unretained salts.

The profile of TRH-Gly-IR following Bio-Gel P-2 exclusion
chromatography of TRH-Gly affinity column-purified rat blood
extract reveals two major, partially resolved peaks. The larger
of these two peaks emerged after the elution position of syn-
thetic TRH-Gly. The tendency of Bio-Gel P-2 to interact selec-
tively with Trp and Tyr residues (5,41) is well illustrated by the
increased retention times for tyrosyl-proline diketopiperazine
(cyclo(Tyr-Pro)) compared to cyclo(His-Pro), Trp?-TRH (pGlu-
Trp-Pro-NH,) compared to TRH and prepro-TRH(115-151)
and prepro-TRH(160-169) with 37 and 10 amino acid residues,
respectively, compared to Lys-Arg-TRH-Gly-Lys-Arg (Lys-
Arg-Gln-His-Pro-Gly-Lys-Arg) with 8 amino acid residues.
Prepro-TRH(115-151) contains 4 Trp, 1 Tyr and 3 Phe residues
while Prepro-TRH(160-169) has 1 Trp and 1 Phe residue (24).
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FIG. 2. Whole blood TRH-Gly-IR and serum TSH-IR (left panels and
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effects of TRH injection in euthyroid and hypothyroid rats and T3
injection in hypothyroid rats. N=6 (*p<0.05, **p<0.01).



THYROIDAL MODULATION OF TRH BIOSYNTHESIS

149

800 20009 soo W y=0.20x + 2213
° =0.479 °
1600 z P<0.01

£ o004
3 z o o
g 2 2
g 1200 >
L 400 E Z#
z y=188x - 31.9 x
- § 800 r=0.884 -
§ 2 P<0.01 §

200 4 y=0.89x 4 141
2 r=0.09 400 2

P<0.01
(]
0 T v +— Y o -y T T o T T Y T )
o 200 400 600 800 o 200 €00 800 [ 400 800 1200 1600 2000

SERUM TSH pU/mi

SERUM TSH, pU/mi 200

BLOOD TRH pg/mi

FIG. 3. Linear regression of whole blood TRH-Gly-IR, TRH-IR and serum TSH for all treatment groups.

18 = re= r 1.8
! I
v V! I
164 b b I e
Vo [ 1l
! |
144 b ! FREPRO-TRH: | l-1.4
b o 160-169)] |
= [
£ 124 [ [ | |
?J) : 1 ! ! | t
[
€ 104 vt . : E
€ . Lo ARG-TRH-GLY ! H
! 84 v I - : ) o
> | TRH-GLY-LYS | TRH-GLY-LYS~ ARG <
] P i
(O] 6 ' } {
! [ ' |
I ! ' \
o 4 1 TAH-GLY Il \LVS-AHG‘TRH’GLV‘LVS-A“G
= ’ I !
oM 0 \
2 GUANIDINE | N
HCL S~o ) ~edN___ _
- =~
oS T 4-0-0009¥ VT 00T ¥
0 5 10 15 20 25 30 35

FRACTION NUMBER

FIG. 4. TRH-Gly-IR and A,,, nm profiles for whole rat blood extracted with methanol and subjected to
reverse phase HPLC after initial purification with a TRH-Gly affinity column prepared from 10 ml of TRH-
Gly antiserum obtained from the same rabbit which provided the TRH-Gly antibody used for the TRH-Gly
RIA. Injected sample in 1 ml of 6 M guanidine HC!. Prepro-TRH(115-151) eluted at fraction 66 in a sepa-

rate experiment. (n=50.)

204

E TRH-GLY
()]
c PREPRO-TRH TAH, PREPRO-TRH (160-169)
>3 10 (115-151
0] HIS
| LYS-ARG-TRH-GLY RO [;,‘{8
P -LYS-ARG
m 125|_
L 16 TRP2-TRH

0 N J * /\ LA

T L 1 l L 1 L4
0 20 40 60 80 100 120 140

FRACTION NUMBER

FIG. 5. TRH-Gly-IR profile for Bio-Gel P-2 exclusion chromatogra-
phy of whole rat blood extract after initial purification with a TRH-
Gly affinity column. TG: bovine thyroglobulin used as a marker for
the excluded volume, V. (n=100.)

Tissue TRH-IR and TRH-Gly-IR Levels
in Euthyroid Animals

In Experiment 1, TRH-IR and TRH-Gly-IR were detectable
in the brain, hypothalamus, anterior and posterior pituitary
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FIG. 6. TRH- and TRH-Gly-IR in posterior and anterior pituitary,
hypothalamus, extrahypothalamic brain and thyroid of euthyroid rats.

and thyroid gland of euthyroid rats (Fig. 6). Apart from the
brain, TRH levels were higher than those of TRH-Gly-IR, par-
ticularly in the hypothalamus. Posterior pituitary and hypothal-
amus had similarly elevated TRH concentrations which were
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respectively 3.6- and 3.3-fold higher than that of the anterior
pituitary and 10-fold greater than that of the thyroid (all com-
parisons p<0.01). The highest TRH-Gly-IR concentration was
observed in the posterior pituitary. It was 5.5-fold higher than
in the anterior pituitary (p<0.01) and 11-fold greater (p<0.01)
than in both the hypothalamus and thyroid (both p<0.01). The
extrahypothalamic brain levels of TRH-IR and TRH-Gly-IR
were much lower than in the other tissues.

Posterior Pituitary TRH-IR and TRH-GIly-IR
in Relation to Thyroid Status

In Experiment 1, chronic T4 treatment did not affect the
TRH-IR and TRH-Gly-IR concentrations in the posterior pitu-
itary when compared to the euthyroid state (Fig. 7, left panel).
However, the serum T3 and T4 levels were not different from
that of controls, due in part, to the compensatory fall in se-
rum TSH. TRH treatment significantly increased the posterior
pituitary TRH-Gly-IR in intact control rats. Euthyroid and T4-
treated animals had significantly greater TRH-IR than TRH-
Gly-IR in the posterior pituitary (p<0.05 for both groups).
Such differences were not observed in the TRH-treated euthy-
roid and in the hypothyroid animals.

Anterior Pituitary TRH-IR and TRH-Gly-IR
in Relation to Thyroid Status

Anterior pituitary TRH-IR levels were similar for all treated
and intact animals. Untreated hypothyroidism and TRH ad-
ministration to euthyroid animals resulted in 5- and 9-fold
increments, respectively, in the anterior pituitary TRH-Gly-IR
(Fig. 7, right panel).

Hypothalamic TRH-IR and TRH-Gly-IR Levels
in Relation to Thyroid Status and Incubation
at 60°C for 20 hr

In Experiment 1, TRH injection into euthyroid rats sig-
nificantly increased hypothalamic TRH-Gly-IR and TRH-IR
(Fig. 8, upper panels). Incubation at 60°C lowered the hypo-
thalamic TRH-Gly-IR concentrations in the TRH-treated eu-
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thyroid rats, in the untreated and T3-treated rats, and in the
T4-treated rats (Fig. 8, upper left panel) and decreased hypo-
thalamic TRH-IR in all groups (Fig. 8, upper right panel).
Incubation at 60°C caused greater decrements in hypothalamic
TRH-Gly-IR than in TRH-IR.

Total Pituitary TRH-Gly-IR in Relationship to
Thyroid Status and Incubation at 60°C for 4 hr

In Experiment 2, pooled pituitary homogenates from euthy-
roid, T4-treated and hypothyroid animals, following incubation
at 60°C for 4 hr, revealed marked increments in TRH-Gly-IR
levels compared to those of the immediately extracted control
aliquots (Fig. 8, lower left panel).

Thyroid TRH-IR and TRH-Gly-IR in Relation to
Thyroid Status and Incubation at 60°C for 20 hr

In Experiment 1, TRH treatment of euthyroid rats signifi-
cantly increased thyroid TRH-IR and TRH-Gly-IR. Chronic T4
treatment significantly increased thyroid TRH-IR levels com-
pared to those of euthyroid controls. Incubation at 60°C in-
creased TRH-Gly-IR from thyroid homogenates 5-fold in the
euthyroid group, 4.5-fold in the TRH-treated euthyroid group
and 5.3-fold in the T4-treated group, compared to the immedi-
ately extracted control aliquots (Fig. 8, lower right panel). The
ratios of TRH-Gly-IR to TRH levels before and after incuba-
tion were 0.9 and 2.9, respectively, in the euthyroid rats; 0.8
and 3.1, respectively, in the TRH-treated euthyroid group; and
0.7 and 2.5, respectively, in the T4-treated group.

Chromatography of Pituitary Extracts

The results of HPLC fractionation of pooled pituitary
extracts from 8 hypothyroid and from 8 T4-treated rats are
given in Fig. 9, upper panels. High performance liquid chroma-
tography disclosed multiple peaks of immunoreactivity. Incu-
bation at 60°C for 4 hr of pooled pituitary extracts from
hypothyroid and T4-treated rats produced a major peak of im-
munoreactivity which coeluted with synthetic TRH-Gly and
was 39- and 6-fold greater, respectively, than the levels from
the immediately extracted control aliquots.
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FIG. 7. TRH- and TRH-Gly-IR in the posterior (left panel) and anterior pituitary (right panel) in relation to thyroid status. N=6 for

each group (*p<0. 05, **p<0.01).
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EFFECT OF INCUBATION AT 60°C ON HYPOTHALAMIC
TAH-GLYCINE CONCENTRATION IN RELATION TO THYROID STATUS
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FIG. 8. Effect of thyroid status, TRH injection and incubation at 60°C on TRH-Gly-
and TRH-IR in hypothalamus and thyroid (upper and right panels). N=6 for each group
except for the thyroidectomized group treated with TRH, n=5. Effect of thyroid status
and incubation at 60°C on TRH-Gly in pituitary, n=8 for each group.

Chromatography of Thyroid Extracts

SP-Sephadex-C2S5 cation exchange chromatographic profiles
of pooled thyroid extracts from TRH-treated euthyroid rats,
before and after incubation at 60°C for 20 hr, revealed peaks
of TRH-GIly-IR which coeluted with synthetic TRH-Gly. The
TRH-Gly-IR peak for homogenates incubated at 60°C was
15.5-fold greater than that of the immediately extracted con-
trol aliquots (results not shown). The results of HPLC analysis
of pooled thyroid extracts from 8 euthyroid and 8 T4-treated
rats are given in Fig. 9, lower panels. HPLC disclosed multi-
ple peaks of immunoreactivity. Incubation at 60°C for 4 hr of
pooled extracts from both groups produced a major TRH-Gly-
IR peak coeluting with synthetic TRH-Gly which was not pres-
ent in the immediately extracted control aliquots.

DISCUSSION

Biosynthesis of TRH in extrahypothalamic tissues is now a
well-documented phenomenon (11-13, 16, 34). Hormonal reg-
ulation of this process has also been demonstrated (4, 6, 23,
30). Our group has, for example, recently reported that TRH
and TRH precursor levels in the rat prostate are increased by
thyroid hormone deficiency, that the prostatic TRH concentra-
tion decreases markedly following castration, and is restored by
testosterone replacement (4,30). The present studies extend
these observations by examining the effect of altered thyroidal
status on the concentration of TRH and TRH precursor pep-

tide levels in the hypothalamus, pituitary, thyroid and periph-
eral circulation.

Hypothyroidism and TRH injection increased serum TSH
levels significantly, as shown in Fig. 2. Blood TRH levels
following the 1 ug TRH injection in hypothyroid rats rose sig-
nificantly higher than in euthyroid rats because of a well-
characterized reduction in blood TRH-degrading enzyme levels
in thyroid hormone-deficient animals (3). When the data from
all treatment groups are combined, highly significant correla-
tions between serum TSH, TRH and TRH-Gly become evident
(Fig. 3). TRH-Gly (pGlu-His-Pro-Gly) is converted to TRH
(pGlu-His-Pro-NH,) by enzymes which cleave C-terminal Gly
resulting in an alpha-amidated C-terminal amino acid residue
and glyoxylate as reaction products (7, 12, 15, 17, 18, 22). The
C-terminal amide is chemically unreactive, leading to irrever-
sibility of the amidation reaction. Moreover, glyoxylate is a
noncompetitive inhibitor of alpha-amidation (15). TRH raises
the blood levels of TRH-Gly-immunoreactive peptides in euthy-
roid rats within 30 min of its administration. This observation
may be attributable either to decreased alpha-amidation, de-
creased enzymatic degradation, or increased production of
TRH-Gly-immunoreactive peptides derived from prepro-TRH.
TRH and TRH-Gly are subject to rapid degradation by TRH-
degrading enzymes in physiologic fluids (14, 33, 35, 39, 40), cy-
toplasmic membranes (47) and intact (38) and homogenized
(36) tissues. Competitive inhibition of TRH-Gly degradation by
administered synthetic TRH represents a likely explanation for
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FIG. 9. Reversed phase HPLC profile of pooled pituitary extracts from 8 hypothyroid (upper right) and
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the prompt TRH-induced rise in serum TRH-Gly-IR levels
since the in vitro and in vivo alpha-amidating activity of rat
serum is low (39). Pyroglutamate amino-peptidase levels are
very low in pituitary and serum, are high in brain, kidney and
heart and intermediate in liver (42). Blood TRH-Gly-IR is most
probably cosecreted with TRH by the hypothalamus (25) but
this source is likely to be minor because of the relatively small
mass of this brain region and the efficiency of TRH-Gly alpha-
amidation in the postnatal period (17). The posterior pituitary
(Fig. 6), reproductive organs (34), gut and other extracentral
nervous system endocrine tissues [Fig. 6, (45)] in which the al-
pha-amidation of TRH-Gly to form TRH is more rate-limiting
(30) may contribute the bulk of circulating TRH-Gly-IR.
The ratio of TRH-Gly-IR to TRH-IR in tissues of euthyroid
rats decreases in the order thyroid, posterior pituitary, anterior
pituitary, hypothalamus. The extrahypothalamic brain concen-
trations of TRH- and TRH-Gly-IR are very low and approxi-
mately equal. The corresponding absolute values for TRH-Gly
decline in the order posterior pituitary, anterior pituitary, hy-
pothalamus equal to thyroid, brain. The TRH values fell in the
order posterior pituitary equal to hypothalamus, anterior pitu-
itary, thyroid, brain (Fig. 6). The low ratio of TRH-Gly to
TRH in hypothalamus is consistent with rapid alpha-amidation

of TRH-Gly by this tissue, in marked contrast with the severe
rate-limitation of this process in the ventral prostate (30).
Recent immunohistochemical studies have shown TRH-IR
within the secretory granules of a unique muitihormonal cell of
the anterior pituitary (26). These cells, which represent 2% of
the anterior pituitary volume, contain TRH, GnRH, LH and
ACTH. The immunoreactivity within these cells was unaffected
by 21 days of cell culture, suggesting that these hormones were
actively synthesized during this time interval. TRH- and GnRH-
immunoreactive peptides have been shown to bind to thyro-
troph and gonadotroph receptors, respectively, be internalized
and then incorporated into TSH- and LH-containing secretory
vesicles, respectively, or into lysosomes (26). The present obser-
vations that in vivo TRH administration increases TRH-Gly
levels in the anterior pituitary is subject to several possible
interpretations. Least likely would be an effect of TRH on
TRH processing in thyrotropic cells since current evidence indi-
cates that this TRH derives from exogenous, TRH-receptor-
bound hormone (1), rather than from proteolytic cleavage of
in situ prepro-TRH. In addition, the TRH binding capacity of
the rat anterior pituitary is 85+27 fmoles/pituitary (8) while the
TRH content is of the order of 10 pmoles/pituitary (see Fig. 6).
More likely would be TRH perturbation of prepro-TRH pro-
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cessing in the plurihormonal cells of the anterior pituitary. This
model implies the existence of TRH receptors on these “mul-
tipotential” cells of the pituitary.

TRH-IR within the posterior pituitary has been localized to
TRH-containing nerve fibers projecting from the hypothalamus
(28). Our group has previously reported TRH-IR in dog thy-
roid glands (36). The level of TRH-Gly-IR in both the anterior
and posterior pituitary was increased by TRH injection and
TRH-Gly-IR in the anterior pituitary was increased by hypo-
thyroidism (Fig. 7).

HPLC of TRH-Gly affinity column-purified rat blood ex-
tract dissolved initially in 6 M guanidine HCI (Fig. 4) disclosed
a broad series of partially-resolved peaks of TRH-Gly-IR which
are all much more hydrophobic than synthetic TRH-Gly but
similar in retention time to prepro-TRH linker peptides. Exclu-
sion chromatography of this affinity-purified blood extract pro-
duced 2 partially-resolved peaks of TRH-Gly-IR, the larger
being retained longer than tetrapeptide TRH-Gly (Fig. 5). On
the other hand, HPLC of tissue extracts of pituitary and thy-
roid (Fig. 9) revealed a major peak which coeluted with syn-
thetic TRH-Gly. The antibody to TRH-Gly has specificity for
the C-terminal region of TRH-Gly but does not cross-react with
His-Pro-Gly. N-terminally-extended forms of TRH-Gly do
cross-react well, leading to the possibility that higher molecu-
lar weight precursor forms of TRH, which terminate with
C-terminal Gly, would be detectable with the TRH-Gly RIA.
From an examination of the rat prepro-TRH sequence (24) it
is apparent that large fragments terminating with Gly will have
considerable hydrophobic character due to the frequent occur-
rence of Trp, Tyr and Phe in all of the linker sequences be-
tween the repeated -Gln-His-Pro-Gly- segments. These amino
acid residues interact strongly with Sephadex and Bio-Gel, lead-
ing to greater retention times than would be predicted from the
molecular weight of the peptides in which they occur (5,41), as
seen in Fig. 5. Given a) the constraints of the TRH-Gly-RIA
specificity (Fig. 1), b) greater than expected hydrophobicity of
TRH-Gly-IR from rat blood (Fig. 4), c) anomalously increased
retention on Bio-Gel P-2 of linker peptides from prepro-TRH
(Fig. 5), d) the rapid (t3=9.0 min) in vivo clearance of TRH-
Gly from serum (39) and ¢) the complete nonretention of the
TRH-Gly-IR from rat blood by reverse phase HPLC in the
absence of 6 M guanidine HCI pretreatment (data not shown),
it seems most likely that large prepro-TRH fragments, with a
high degree of hydrophobically-stabilized secondary structure,
circulate in rat blood and are not subject to rapid proteolytic
degradation.

Heating at 60°C has been previously shown to greatly en-
hance TRH-GIly-IR levels in human semen due to the thermal
inhibition of the alpha-amidation of TRH-precursor peptides
(33). Several-fold increases in TRH-Gly levels were observed in
thyroid and whole pituitary homogenates (Fig. 8, lower panels).
Similar experiments carried out using hypothalamic homoge-
nates, on the other hand, resulted in a marked decline in TRH-
Gly levels. Hypothalamic TRH levels also fell during 20 hr at
60°C (Fig. 8, upper panels). The HPLC profile of TRH-IR for
hypothalamic extracts consisted of a single peak coeluting with
synthetic TRH (31). The total TRH-Gly-IR in rat hypothalami
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was very low (Fig. 6), making its chromatographic character-
ization unrealiable. Possible explanations for this marked dif-
ference in the effect of 60°C incubation on TRH-Gly levels in
hypothalamic and extrahypothalamic tissues may be the sub-
stantial differences in the absolute and relative levels of the
alpha-amidating and TRH- and TRH precursor-degrading en-
zymes and their thermal lability within the central nervous sys-
tem (CNS) and extra-CNS tissues. Chromatographic analyses
were carried out on whole pituitary and thyroid homogenates
before and after incubation at 60°C to determine the identity
of the immunoreactive species responsible for the increase in
TRH-Gly-IR at this temperature. An increase in an immuno-
reactive peak coeluting with synthetic TRH-Gly was observed
in all cases, both by SP-Sephadex-C25 cation exchange chro-
matography (data not shown) and by HPLC (Fig. 9).

In summary, prepro-TRH occurs in rat hypothalamus, pitu-
itary and thyroid and is rapidly cleaved into TRH precursor
peptides, which are further modified by alpha-amidating and
N-terminal Gln cyclizing enzymes within secretory vesicles to
produce TRH. This multistep process, however, can be inter-
rupted by incubating tissue homogenates at 60°C, particularly
those of the pituitary and thyroid, leading to highly significant
increases in the level of TRH-Gly, a TRH precursor peptide.
This observation implies that the trypsin-like enzymes which
cleave prepro-TRH at the paired basic residues bracketing the
sequence -Gln-His-Pro-Gly- are relatively stable at 60°C while
the alpha-amidating enzymes are not. The N-terminal Gln cy-
clizing reaction, which also occurs nonenzymatically (9), should
still proceed significantly at 60°C even if the corresponding en-
zyme is unstable at this temperature. Hypothyroidism increases
TRH-Gly-IR levels in anterior pituitary (Fig. 7), whole blood
(Fig. 2) and the reproductive system (30). In the latter case, the
TRH-Gly levels were shown to be highly correlated with the
serum T3 and T4 levels, while the corresponding tissue TRH-
serum thyroid hormone regressions were not significant. This
observation, and the invariance of the prostatic TRH-Gly/TRH
ratio with alternations of thyroidal status, strongly suggest that
thyroid hormones regulate prepro-TRH precursor biosynthesis,
not alpha-amidation (30) in the eugonadal rat prostate.

Finally, administration of TRH increases anterior and pos-
terior pituitary TRH-Gly levels and blood concentrations of
TRH-Gly-immunoreactive peptides. A nonthyrotropic multi-
hormone-containing cell of the anterior pituitary has recently
been identified with secretory granules containing endogenously
produced TRH (26). A preexisting intrapituitary cell-cell reg-
ulatory function for TRH may have been the direct anticedent
for the cooption of this peptide for thyrotropic regulation by
the hypothalamus (20). The possibility of shortloop feedback
regulation of prepro-TRH processing by a nonthyrotropic
“multipotential” (26) stem cell in the pituitary by its secretory
product, TRH, whether arising locally or from the hypothal-
amus, raises new experimental questions as well as the poten-
tial complexity of the mammalian neuroendocrine system.
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