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To measure the thyrotropin-releasing hormone (TRH) release from the hypothalamus in
euthyroid and hyperthyroid states, we investigated the changes in TRH levels in the anterior
pituitary of conscious male rats using an in vivo microdialysis technique. In the euthyroid rats
(n=18), TRH levels in the extracellular dialysates of the anterior pituitary varied from 1.0 to
101.0 pg/ml in a pulsatile fashion: 15.9+13.9 (mean+SD) pg/ml with 5.8+1.5 pulses/24 h. In
the hyperthyroid rats (n=5) who received L-thyroxine at 10 ug/100 g body weight for 7 days,
TRH levels in the dialysates during 6 h was 3.6+1.7 pg/ml, and significantly lower (P<0.05)
than those of the control rats (15.5+14.1 pg/ml); the pulse frequency was unchanged. These
findings demonstrated for the first time the existence of pulsatile TRH release from the
~ hypothalamus, and showed that thyroid hormone inhibits TRH release by the reduction of
pulse amplitude, but not of pulse frequency.
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Thyrotropin  (thyroid-stimulating hor-
mone; TSH) is known to be secreted in a
pulsatile fashion in the rat?”’-3%4? under the
control of hypothalamic thyrotropin-
releasing hormone (TRH) and somatostatin
(SRIF)*13:21:243435)  TRH is a tripeptide
8.33) widely distributed in the central ner-
vous system*1%:16:26:40) The synthesis and
secretion of TRH in the rat brain have been
investigated mainly by measuring the TRH
levels in the tissues and hypophysial portal
blood!1:14:23:30:38) ' a5 well as TRH messen-
ger ribonucleic acid (mRNA) levels in the
tissues'®4549)  However, since it has been
impossible to measure TRH levels in the
brain of a conscious rat until recently, the
dynamics of TRH release have not been
clarified.

* AL - mAEF K - EmH OB BOR -
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A brain microdialysis was recently de-
veloped by Ungerstedt et al. and was first
applied to the in vivo analysis of mono-
amines and their metabolites in the rat
brain®®. This technique is beneficial in that
substances can be collected via a microdialy-
sis membrane from freely-moving animals
with negligible damage on the brain tissue.
However, it was not easy to be used in the
analysis of neuropeptides mainly due to the
low recovery and the insensitivity of the
assays. In the present study, we applied this
technique to monitor TRH secretion from
the hypothalamus of conscious rats, and we
investigated TRH release in the euthyroid
and hyperthyroid states.
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MATERIALS AND METHODS

Animals »

Male Wistar rats weighing 200-350 g were
purchased from Nippon SLC Co. Ltd.
(Hamamatsu, Japan). The animals were
housed individually in a temperature-
(20-22°C) and humidity-(24-25%) control-
led room under artificial illumination (light,
9:00-21:00 h; dark, 21:00-9:00 h), and given
regular rat chow and water ad libitum.

Microdialysis system

Microdialysis was performed as reported
previously®”. In brief, a microdialysis probe
with a polycarbonate (PC) membrane, 2 mm
in length (CMA-12 probe, CMA Micro-
dialysis, Stockholm, Sweden), was used.
Perfusion was performed using a pulse-free
microinfusion pump (EP-60, Eicom Co.,
Ltd., Kyoto, Japan) and Hamilton gas-tight
syringe by the push method. The
polyethylene inlet tube (0.28 mm in internal
diameter, 1 mm in length) connected the
syringe and probe. A teflon-coated outlet
tube (0.1 mm in internal diameter; 50 cm in
length) connected the probe and the sam-
pling tube. These tubes were confirmed to
absorb a negligible amount of TRH.

The influence of perfusion rates on TRH
recovery was assessed by measuring relative
recovery rates at the flow rates of 1, 2 and 4
pl/min, respectively. The influence of albu-
min concentration in the perfusion medium
was assessed by measuring relative recovery
rates using Ringer’s solution containing 0,
0.1 and 1% bovine serum albumin (BSA) at
a flow rate of 2 ul/min. The influence of the
addition of anti-TRH antibody (diluted to
1:80,000) to the perfusate was also examined
by measuring recovery rates at a flow rate of
2 pl/min.

For examining the effect of anti-TRH
antibody(diluted to 1:80,000) to the perfu-
sate was also examined by measuring recov-
ery rates at a flow rate of 2 ul/min.

For examining the effect of anti-TRH
antibody in the perfusate on the relative
recovery rate, TRH was dissolved in Rin-
ger’s solution to the concentrations of 0.5, 1,
2, 4 and 5 ng/ml, and kept at 37°C. After the
probe was inserted into each solution, the
dialysate was collected every 30 min, and
TRH concentrations were measured by
radioimmunoassay (RIA). The relative re-
covery rate was estimated by the differences
in TRH concentrations between the external
and internal fluids.

To confirm the capability of this system to
detect abrupt changes in TRH concentration
in the external fluid, a probe was first
inserted into Ringer’s solution kept at 37°C
for 1h, then transferred to Ringer’s solution
containing 5 ng/ml TRH kept at 37°C for 2h,
and finally transferred to Ringer’s solution
kept at 37°C. The dialysate was collected
every 30 min, and the TRH concentration in
each dialysate was measured by RIA.

Surgery

The male rats were anesthesized with
pentobarbital sodium (50 mg/kg body weight
(BW), intraperitoneally), and placed in a
stereotaxic apparatus (David Kopf Instru-
ments, USA). A plastic guide cannula (22-
gauge, 10 mm in length, CMA Microdialy-
sis, Stockholm, Sweden) was implanted
through a small burr hole in the skull, with
its tip just dorsal to the anterior pituitary
using the coordinates: 0.9 mm lateral to the
midline, 6.0 mm posterior to the bregma,
and 9.0 mm ventral to the dura, according to
Paxinos and Watson’s atlas?®®; the cannula
was held in place with stainless cork screws
and dental resin. A 22-gauge stainless
obdurator was inserted into the end of the
guide cannula until the start of brain micro-
dialysis. The animals were allowed to recov-
er for 7 days after he surgery, and given an
injection of Cefotetan (20 mg/kg BW) to
prevent infection.
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Preparation of hyperthyroid rats

To induce hyperthyroidism, each animal
was injected subcutaneously with L-
thyroxine (T4, 10 ug/100 g BW in saline)
daily for 7 days after the surgery. Control
animals wre given the same volume of
physiological saline for 7 days. Blood sam-
ples were drawn before and 7 days after T4
administration, to measure the plasma levels
of thyroid hormone and TSH. The L-
thyroxine administration ended 24 h before
microdialysis.

In vivo microdialysis

Before each experiment, the microdialysis
probe was soaked and perfused with Rin-
ger’s solution containing 0.1% BSA and
rabbit anti-TRH antibody (1:80,000) at a
flow rate of 2.0 ul/min for 12h. To proceed
the microdialysis, the obturator was re-
moved, and the probe was inserted gently
through the guide cannula under ether
anesthesia. Sampling was started 12 h after
the probe was inserted to minimize the
influence of the probe insertion on TRH
secretion. Every dialysate was collected in
ice-cooled polystyrene tubes every 30 min
and stored frozen at —30°C until determina-
tion of TRH levels.

Hormone assays

Synthetic TRH was purchased from Pep-
tide Institute, Inc. (Osaka, Japan) and
anti-TRH rabbit antiserum was provided by
Mitsubishi Yuka Bio-Clinical Laboratories,
Inc. (Tokyo, Japan). TRH levels in the
dialysates were determined by RIA, as
described previously'!®). The sensitivity of
the assay was 1 pg/ml, which corresponded
to 95% of total binding. The intra-assay and
inter-assay coefficients of variation at a
concentration of 10 pg/ml level were 3.0 and
12.6%, respectively. In the present study, a
perfusion medium containing anti-TRH
antibody was used in the microdialysis, to
provide a better estimate of TRH concentra-
tion in the dialysates, as Pich et al. reported

recently®. The perfusate containing anti-
TRH antibody was used for construction of
the standard curve of TRH RIA.

Plasma rat TSH (rTSH) was determined
by an RIA kit supplied by National Institute
of Diabetes and Digestive, and Kidney
Diseases (NIDDK, U.S.A.). This kit con-
sists of rTSH antigen (NIDDK-rTSH-1-9),
anti-rTSH rabbit antiserum (NIDDXK-anti-
rTSH-RIA-6), and rTSH reference prepara-
tion (NIDDK-rTSH-RP-3). Plasma T3 and
T4 concentrations were determined by com-
mercial RIA kits (SPAC T3 and T4 RIA
Kits, Daiichi Radioisotope Laboratories,
Ltd., Tokyo, Japan).

Histological examination

After the completion of microdialysis, the
animals were anesthesized by pentobarbital
sodium (50 mg/kg BW) and sacrificed by
intracardiac perfusion of buffered 10% for-
maldehyde. Formalin-fixed brain sections
(30 pm thick) were prepared and stained
with Cresyl Violet to confirm the location of
the microdialysis probe.

Statistical analysis

Data are presented as mean+SD. Analy-
sis of variance followed by Students’s tests
were used to assess significant differences.
differences were considered to be significant
at P<0.05.

Pulsatility of TRH secretion was ex-
amined by cluster analysis”. A cluster size
of 2 by 2, and a ¢ statistic of 2.28 were used
as parameters for analysis of episodic hor-
monal data. A pulse was considered sig-
nificant if the percent increase in the TRH
levels from the nadir to the peak was greater
than or equal to 2.28 times to the intraassay
coefficient of variation, which limited the
false positive rate to 2%.

RESULTS

Recovery rate of TRH in vitro
The relative recovery rates at a flow rate
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Effect of anti-TRH serum (1:80,000) in the
perfusate on the relative recovery rate in
vitro. The relative recovery rates of TRH are
plotted vs. flow rates in the absence of
anti-TRH antibody (open circles), and in the
presence of anti-TRH serum (closed circles).
Values are represented as the means+SD of
four measurements.

Fig. 2.

of 2 ul/min varied with the concentrations of
BSA in Ringer’s solution: 10.4+3.4% at 0%
BSA, 11.9+3.0% at 0.1% BSA, and
8.2+2.1% at 1% BSA, respectively. The
absolute recovery rates were 1250+410 pg/h
at 0% BSA, 1430+360 pg/h at 0.1% BSA,
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Fig. 3. In vitro recovery of TRH during rapid

changes of TRH concentrations in the exter-
nal fluids. Ringer’s solution containing 0.1%
BSA and anti-TRH serum (1:80,000) was
perfused at a flow-rate of 2.0 ul/min. Each
fraction was collectet! every 30 min. Values
represent the mean*SD of four measure-
ments.

and 980+260 pg/h at 1% BSA, being
maximal at 0.1% BSA (Fig. 1).

The relative recovery rates at the flow
rates of 1, 2 and 4 ul/min in the absence of
anti-TRH  antibody were 15.1+3.2,
11.9%3.0 and 5.2+2.8%, respectively (Fig.
2). The absolute recoveries were 910+190,
1430£360 and 1240+670 pg/h, respectively,
being maximal at 2 yl/min. The addition of
anti-TRH antibody to the perfusion medium
significantly improved TRH recovery at all
of the three flow rates (Fig. 2).

The capability of our microdialysis system
to detect rapid changes in the TRH concen-
tration of the external fluid is shown in Fig.
3. The TRH concentrations in the dialysates
corresponded quickly to the changes in TRH
concentrations in the external fluid between
0 and 5 ng/ml. The slightly retarded increase
in the TRH levels of the fractions 3 and 4
might be due to a time lag when the
perfusate passed through the outlet tubing.
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Extracellular TRH levels in the rat anterior
pituitary

Profiles of TRH release in three euthyroid
rats are shown in Fig. 4. TRH levels in the
dialysates varied in a pulsatile fashion with a
‘ : . S frequency of 5.8+1.5 pulses/24 h (n=18).
PUTTTTTTTTTEETTTTTTETTTTY  The peak levels were 25.7-103.7 pg/ml, and
T Rat2 the nadir levels were 1.0-13.1 pg/ml. The
mean TRH levels in euthyroid rats were
15.9+13.9 pg/ml (n=18).

20-
10- Effects of T4 administration on TRH release
7Y R SR S ST S O Plasma T3, T4 and TSH concentrations
— a were 171.8+35.5 ng/ml, 7.93+1.96 ug/dl,
" Rat3 I\
:5, 2’; Table 1.
K Plasma T;, T4, and TSH levels in rats treated
40 » with L-thyroxine
E M'AM
A T T, TSH
9 ‘12 15 18 21 24 3 6 9 (ng/ml) (ug/dl)  (ng/ml)

Clock Time
Fig. 4. Profiles of TRH release in a 24-h period in
three representative euthyroid rats (rat 1-3).
Closed circles represent the extracellular
TRH concentrations in the anterior pituitary.
Asterisks indicate the TRH pulses detected by
cluster analysis.

Control 66.2+11.4 3.24+0.78 2.28+0.93
T4-Treated 171.84+35.5* 7.93+1.96* 0.72+0.39°

Each value represents the mean+S.D. (n=5).
2P<0.05 vs. control.
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Fig. 5. Profiles of TRH release in a 6-h period in four euthyroid (A: rat 4-7) and hyperthyroid
(B: rat 8-11) rats. Data represent extracellular TRH concentrations in the pituitary.

Asterisks indicate the TRH pulses detected by cluster analysis.
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Table 2.
The mean and peak TRH levels and pulse frequency in
the dialysates of extracellular fluid of the anterior
pituitary detected in euthyroid and hyperthyroid rats.

Thyroid status Mean level Peak level Pulse frequency
(pg/ml) (pg/ml)  (pulse/6 h)

Euthyroid 15.5+14.1  52.9+49.0 1.4+0.53

Hyperthyroid ~ 3.57£1.67* 6.2612.81* 0.80+0.40

Each value represents the mean+SD (n=5).
2P<0.05 vs. euthyroid rats.

and 0.72+0.39 ng/ml, respectively in T4-
treated rats, manifesting the hyperthyroid
state (Table 1). Profiles of TRH release
were studied during 6h in the light, on the
basis that pulsatile release of TRH showed
no circadian fluctuation in 24 h. Profiles of
TRH release in four T4-treated rats shown
in Fig. 5. TRH release could be detected
with a frequency of 0.8+£0.4 pulses/6h
(n=5), which was not significantly different
from the control value. The peak and mean
TRH levels were 6.26+2.81 and 3.57+1.67
pg/ml (n=5), respectively, significantly low-
er than those of the control animals:
52.9+49.0 and 15.5+14.1 pg/ml (n=5), as
shown in Table 2.

DiscussioN

Until recently, the application of the
microdialysis technique was limited to moni-
toring the secretory profiles of small
molecules®”. Kendrick and Levine first ap-
plied this technique to estimate neuro-
peptide secretion, such as oxytocin
and luteinizing hormone-releasing hor-
mone??-??, Recent technical advances in
the microdialysis system have made it possi-
ble to detect the release of small peptides,
including insulin-like growth factor-1, corti-
cotropin-releasing hormone and somato-
statin®®-37-47), Waterfall et al. used micro-
dialysis to measure TRH levels in the rat
hypothalamus for the first time*®, and Oku-
da et al. demonstrated by microdialysis that

the TRH concentration in the septum of the
rat brain increased after withdrawal of 30%
of the total blood volume®.

In the present study, we examined the
optimal conditions of in vivo microdialysis
for monitoring TRH release, concerning
flow rate, perfusion medium and connecting
tubes. As a result, the maximal recovery of
TRH was obtained at a flow rate of 2 ul/min
with a perfusion medium containing 0.1%
BSA. The addition of anti-TRH antibody in
the perfusion medium significantly improved
the recovery rate. Because it has been
supposed that TRH bound to anti-TRH
antibody in the perfusion medium could not
move across the microdialysis membrane,
nor degradate easily. We used anti-TRH
antibody at three different dilution rates
(1:20,000, 1:40,000, and 1:80,000). TRH
RIAs are most sensitive with anti-TRH
antibody (diluted to '1:80,000) (data not
shown). Therefore we decided to use anti-
TRH antibody (diluted to 1:80,000). The
connecting tubes and teflon-coated outlet
tubes we used proved to be best due to the
advantages of low perfusion resistance, little
adsorption of peptides to the tubes and the
minimal restraint of the rats (data not
shown).

TRH is widely distributed in the rat brain,
and TRH synthesized in the parvocellular
subdivision of the hypothalamic paraven-

tricular nucleus is released into the
hypophyseal portal vein, resulting in TSH
release from the anterior pituitary

4.15.16.26.40) We implanted the microdialysis
probe in the anterior pituitary because of
minimal damage on the TRH-synthesizing
neurons in favor of the recovery of
peptides®*??). Histological examinations af-
ter the experiments confirmed that the
microdialysis probes were placed precisely
in the anterior pituitary with little damage or
gliosis.

Hypophyseal TSH is secreted in a pulsa-
tile fashion with a circadian rhythm?=>:5-2),
TRH is thought to play an important role in
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the generation of pulsatile TSH secretions,
because the administration of anti-TRH

antibody attenuates the secretory profile of

TSH?1243435  However, there has been
little direct evidence showing the pulsatile
secretion of hypothalamic TRH. In the
present study, we directly demonstrated for
the first time that the TRH levels in the
antrerior pituitary varied in a pulsatile
fashion in conscious male rats. The pulse
frequency of the TRH secretion was calcu-
lated by cluster analysis as 5.8+1.5 pulses/24
h, lower than that of the TSH pulse frequen-
cy (2.8 pulses/h)®. This difference may be
derived from 1) the difference in sampling
interval, 2) the effects of other factors on
TSH secretion and 3) the difference in the
pulse detection methods. TSH secretion is
also known to be regulated by catechola-
mine and somatostatin, as well as
TRH?®:12:13:243049) " Catecholamine released
from the hypothalamus mainly regulates the
circadian rhythm of TSH secretion. In the
present study, TRH secretion did not exhibit
a circadian rhythm under the 12 h light and
12 h dark condition. Therefore, catechola-
mine may regulate TSH secretion indepen-
dently of TRH. In addition, we detected a
secretory profile of somatostatin from the
hypothalamus with a circadian rhythm3®.
However, the mechanism of the interaction
of these factors and their influence on TSH
release remain to be studied.

Recent studies using immunohistochemis-
try and in situ hybridization demonstrated
that pro-TRH mRNA and pro-TRH-derived
peptides are exppressed in the anterior
pituitary>’1917) The anterior pituitary cells
in themselves have rhythmicity in their
hormone secretion*”?. TRH-like peptides in
the anterior pituitary may be involved in the
secretory pulse of TSH. However, a pre-
vious study found that TRH concentration
in the hypothalamic tissues were 255 pg/mg
and peak TRH concentrations in the
hypophyseal microdialysates (25.7-103.7 pg/
ml) in the present study were much higher

than that in the antrerior pituitary (2.2
pg/mg)?®. Therefore, further studies are
required to determine the significance of
TRH-like peptides in the anterior pituitary
on TRH release. .

In the present study, in the T4-treated
rats, the peak TRH levels in the intrahy-
pophysial dialysates were decreased to 11%
of those in the control animals, indicating
the direct suppression of TRH secretion by
thyroid hormone. Rondeel et al.previously
reported that the TRH content of the
hypothalamic tissues of the T4-treated rats
was decreased to 45% of the content in the
control animals®?, in accordance with our
results. The peak levels of TRH in the
intrahypophysial dialysates were reduced
significantly in the T4-treated rats, but the
pulse frequency was unchanged, suggesting
that thyroxine inhibits TRH release mainly
by suppressing the pulse amplitude but not
the pulse frequency.

In preliminaly study, we administered
0.05% methimazole (MMI) in drinking wa-
ter to each animal for 21 days to induce
hypothyroidism, and performed in vivo mi-
crodialysis. TRH release could be detected
with a frequency of 1.4+0.5 pulses/6h
(n=5), which was not significantly different
from the control value. These data were
supported our results in this study. Mean-
while the peak and meaan TRH levels were
not significantly higher than those of control
animals. We assumed that stimulation of
TRH release is attenuated by feedback of
elevated TSH levels in MMI-induced
hypothyroidism. We are studying further on
TRH secretory profiles in various hypothyr-
oid conditions.

In summary, we demonstrated, using the
microdialysis technique, that TRH was re-
leased in a pulsatile fashion from the
hypothalamus into the aanterior pituitary in
conscious male rats, and that thyroid hor-
mone inhibits the amplitude, but not the
pulse frequency of TRH secretion.
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