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AHSTRACT. The role of the svmpathetic nervous system in
the control of the goitrogetur response was exanmuned in adult
male rats subjected to superor corvioal panghonectomy (8CGx}
7 days eariier. [n the first experiinent, supenor cerviend gangli-
anectomized (SCGX) or shameoperated anunals were treated
with the goitrogenic wgent methvinereaptoieagazole (MMD for
4 doys, and thetr thyroid wetdhts and plasean TSH levels were
measured. After MM admivestration, the icrease i thyrod
waight was significantly greater v SCGx than in sham-operated
rats. The plasa Vs mercases arter MM Owere sinnlar i both
groupa. To rale out the possibie invalvonzent of the pineal gland,
MM treatinent was carvied um w cats sabrected to pmealec-
tomy or skam piiealectomy 7 davs earber. Thyrowd weghts and
plmma THH levels after pincalectomy were not different from
contioks i vehicle- or MMb-treated rats, In a third experiment,
the goitrogenie response to TSH was asacssed i 8CGx or sham-
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operated rats: the thyroid weicht of SCGy antmals increased by
T after TS trestment compared to a 307~ increase in the
controls (82 < 001, Seven davs after SCGx g i Jaridine incor-
puratian inte thvrowd RNA fncreieed sigmificantiy by oy
1 weeks after SUGx, spontaneous garter geveloped. Bl
estimated from the uptake 6f a tracer dose of "Rb decreased
spticandy dn toe thavcoud and proeal gland wirer SUGY Nors
epinephrine and epmenhrne levels w the thyold glasd were
depressed T9-807C within 24 b adter NCUx, whereas dopanune
levels remamed unaltered. An inerease mothe pumber of a-
adrenocentor sites, gasesset by | Hidthadroergocrvptine binding
to thyroid membranes, was found i SCGx rats, while the g
adrenoceptors fassessed by | Hidibvdraiprenoiod bindingy dud
not change. The resulis supaest that the cervieal svinpathetios
normally exert a negative miluence en thiyroid function m ihe
eat, (Endocrinology 104: 2202, T91)

T ANY aothors have studied the possible involve-

V. ment of the svimpathetic nervous system in the
regulation of thyroid fuaction with contradictory results.
Bepending upon the animal species tested as well as the
experimental approach used, exogenously injected cate-
cholamines have been found to stimulate (1-6), to inhibit
{(7-9}, or not to influence (10-13) thyroid funciion. Com-
paratively less attention has been paid to changes in
thyroid activity after vurgical or ¢t smical removal of the
thyroid gland's sympathietic innervation.
parhetic innervation is known to originate in the superior
cervical gamii {SCG) 1 s possible 1o mampulste the
nearal npul s nuinber of situntions by surpiealty
excising the ganclin or suppressing their afferent pregan-
glionie fibers. The present study deseribes the effects of
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superior cervical ganglionectomy (SCGx) on various as-
pects of thyroid tunction. including (he golirorenic re-
sponse to mcth_‘.'in‘.(-ru'q)(oimi(izz,‘ni, MM, TsHORNA
svathesis, a- and B-adrenoceptors, and catecholamine
content. The results obtained suggest that the sviipa-
thetic nervous avstemn exerts an inhibitory influence o
thyvroid acdvity ia the rat.

Materinls and dethods
Animals

Aduit made Wistar sats (1802260 p) were kept in a tichred
environment between 0700=2100 h daily and were miven aceess
to Purnina chow and water e thitrer, SCOX, pineslectomy, or
shom operationz were performed under light ether anesthesic,
as described previousiv (14 15). Amimals regmined activity
withitn 10 or 20 min after surgery, and there was Mo mortahty or
brain damage (as inspected moeroscopically when the ammals
were kiled) produced by the pinealectumy procedure.

Golter production

Rats were given four consecutive daily ip injoctions of 4 mg
MMI diluted i 0.5 mil saline, Injections were started at different
timea post operaton. Twenty-four hours atrer the last MA
injection, the animals were killod, and the thyroid giands were
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carefully dissected and weighed.
In another series of experiments, the rats were injected se
with 100 mU/day TSH (N1H-B9) for 4 days.

*Rb uptake

Two minutes after iv injection in the jugular vein of 1 uCi
TRiv dissoly ed in 0.25 mi saiine, radhoisotope uptake was deter-
mined as an esumation of the pereent change in blood flow
caused by SCGx (16). Thyroid and pineal ghinds as well ns a
biood sanuple were rapidly obtained, and their radioactivity was
measured 10 an automatic y-spectrometer. Results were ex-
pressed as thyrowd to blood or pineal to blood radiosctivity
ratios. In a pifot experniment, a plateau in “Rb uptake was
reached 1 min after injection which persisted for at least 1 min.

[*H]Uridine incorporation into RNA’

Thyroid RNA svnthesis was estimated from ["HJuridive in-
corporation into RINA. Each fobe was sliced with a razor blade
and incubated in Krebs-Ringer bicarbonate-glucose at 37 C
under 95 0,257 COs. Atter 30 min, a tracer dose of | ' Juridine
(o>t uridine: 283 Cr/mmol) wes added (usuaally 3 5Ci/ml),
and the incubation was continued for 60 min. The glands were
carefullv washed with cold saline and homogenized in water
with an ail-glass motor-drniven Potter-Elvebjem-type apparatus.
RNA was extracted acconding to the method of Munro and
Fleck (17). as described for the thyroid (18).

Catecholamine assays

The norepinephirine, epinephrine, and dopamine contents of
the thyroid elands were measured by a radiocenzymatic proce-
dure (19). Brefly, the thyroids were homogenized in 0.3 N
perchloric acid. the homogenates were centrifuged, and aliquots
ol the supernatants wete incubated at 37 C for 60 min with a
sondture contaimag Tei-IQCEGTA buffer, pll 9.6, Mg Cly
partiaiiy puriied catechol-O-methyvitransferase, and S-{"H}ad-
encsyvimothione, The tritiated O-methyl catecholamine deriv-
alives were extracted into toluene-isoamyl alcohol (3:2, vol/vel)
and gubrected to thin laver chromategraphy using the solvent
). Radioactivity
was measured by iquid scintillation spectrometry after scraping
s the corresponding chromatogram zones into vials. Meta-
nepnrine and normetanephrine were oxidized with sodium per-
iocate to | jvandlin and extracted into toluene-Omnitinor
before counting.

svatein chloroform-ethanol-ethylamme (162

Adrenoceptor-binding assays

Binding studies on thyroid adrenoceptors were carried out
according to standard procedures (20), a- and f-adrenoceptors

were assaved using ['}Hjdihvdioergoeryptine ([ HDHE; 25.7

Cr mmeb and [ Hidihvdeoalprenolol hvdrochiorvide (THDHAL

511 Cimmoly binding to crude P pellets, respectively. The
nnal pellet was resuspended in 75 raM Tris-HCL buffer, pll 7.4,
contaiming 25 my MgCl.. Phentelamine and propranolol were
used as competitors tor a- and g-adrenoceptor binding, respec-
tivelv. In each experiment, a parallel series of blunk prepara-
tions was run as controls. Incubations were carried out under

optitmal conditions (30 min at 25 C for a-adrenoceptors; 10 min
at 37 C for f-adrenoceptors), Separation of free from bound
Epand was achieved by rapid titration through Whatman GFB
plass tber Olters (Whatman, Liuc,, Chtton, NJ), which in the
cnse of [THDHE binding studies were presoahed in cold buffer
contaimng & mM dopanuane, ey pyrocatechol, 1 ms pyrogal-
lob, 0.1 ascorbic acid, and 015 albumin, Atter washing with
10 mil see-cold butier, the radioactivity left on the filter was
measured by ligma scintillation spectrometry. In all of the
experinents, the difference between the total radiohgand bound
und the total radwligand bound m the presence of 10 pm
competitor tnonspecific binding) was taken as the amount of
specifie radioligand binding, Fauilibram binding constants
were ealeulated by Seatehard analysis atter the transfonmation
of data (20).

Determination of plasma TSH level

Rat plasma TSH concentravions were measured by RIA
using a double antibody procedure and reagents provided by
the Rat Pitaitary Hormone Distribution Program (NIAMDD).
Results are expressed as nanograms of TSH-RP-1 per ml
plasma. The assay sensitivity was 10-20 ng.

Statistical analysis of the data

Results from the experiments on the effects of SCGx or
pinealectomy on the gourogenic response were analyzed by a
factorial analysis of variance, followed by a modified ¢ test (21).
tane slope and intercepts of Scatchard analvas of equilibrium
binding constants were calculated by regression analysis, fol-
lowed by an analysis of covariance (21). Results derived from
the experniments on ™Rb uptake, catecholamine levels, and
RNA synthesis were analyzed by Student’s £ test.

Results
Lffects of SCGx on the goitrogenic response to MMI

Rats subjected to SCGx or sham operation 7 days
carlier were treated with MMI for 4 davs, and their
thyroid weights and plasina TSH levels were measured
(Table 1), SCGx did not affect any of the parameters
studied in saline-injected animals. Factorial analysis
(SCGx x MMI) revealed a significant interaction (P <
0.01) between MMI and SCGx, e after MM adminis-
tration, the increase in thyroid weight was significantly
greater in superior cervical ganglionectomized (SCGx)
animals than in sham-overated rats. The plasma TSH
responses to MM treatment were essentially similar in

both experimental groups, as revealed by the absence of

the interaction surgery X MMI in the factorial analysis
(‘Table 1).

When MMI treatment was started 2 or 4 days after
RCGx, a tendency tor thyvroid weight 1o be greater than
that in controls was detectable; the differences, however,
did not attain significance (data not shown).
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TasLE 1. Effect of SCGx (Exp 1) or pinealectomy (Px) (Exp 2) on the
goitrogenic response to MMl in rats

Treat- Thyroid wt, Plasma TSH
ment {mg/100 g BW) (ng/ml)
Fxp1
SCGx Saline 7 5.78 + 0.74 501 + 82
MMI 8 10.07 £ 1.38 1317 x 306
Sham operation Saline 8 5.60 + 0.56 492 1 88
MMI 8 7.88 £ 0.86° 1124 £ 299
Fxp 2
Px Saline 6 7.73 £ 0.69 625 + 180
MMI 6 9.67 £ 0.66 1475 1 382
Sham operation Saline 7 6.89 + 0.69 685 £ 92
MMI 6 9.67 £ 0.66 1775 + 584

Rats subjected to surgery 7 days earlier were injected with MMI {4
mg/day for 4 days). Results rre expressed as the mean * seM. Statistical
analysis was performed by a factorial analysis of variance, foliowed by
a medified ¢ test {21).

* Significantly different from SCGx rats injected with MMI (P <
0.01).

TanLe 2. Effect of SCGx on the goitrogenic response to TSH in rats

Thyroid wt (mg/100 g

Group n BW)
SCGx 8 10,1 £ 1.6
Sham operation 3 7.7+£035

Rats subjected to SCGx or sham operation 7 days earlier were
injected with TSH (100 mU/day for 4 days), Results are expressed as
the mean + sem. The difference between the groups is significant (P
< 0.01, by Student's f test).

Effect of pinealectomy on the goitrogenie response to
MMI

-

Rats subjected to pincalectomy or sham operation 7
days earlier were treated with MMI {or 4 days, and their
thyroid weights and plasma TSH levels were measured
(Table 1), Pincalectomy did not modify any of the param-
eters examined in saline-injected rats: their responses to
MMI treatiment were not affected either, as revealed by
absence of the interaction surgery X MMI in the factorial
analysis.

Effect of SCGx on ihe goitrogenic response to TSH

SCGx rats were more sensitive to TSH treatment than
their sham-operated controls (Table 2). After the injec-
tion of 100 mU TSHsday for 4 dayvs, thyroid weight
increased by 787 in SCGX rats and by 35% in controls;
the differences between the two groups was significant

(P < 0.01).

Effect of SCGx oa thvroid RNA synthesis

Although SCGx did nnt affect thyroid weight when the
animals were killed 7 days after surgery {Table 1), &
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significant increase in [*H]uridine incorporation into thy-
roid RNA was detected at this time (Table 3). Sponta-
neous goiter was apparent in another group of SCGx rats
subjected to surgery 4 weeks earlier (8.07 + 1.22 and 5.28
+ 0.99 mg/100 g BW for SCGx and sham-operated con-
trols, respectively; P < 0.01).

Effect of SCGx on ¥Rb uptuke by thyroid and pineal
glands

Rl uptake was measured as an estimation of the
organ’s blood low (16). After SCGx, a significant de-
crease in tissue to blood radioactivity ratio was detectable
in the thyroid and pineal glands (Fig. 1).

Effect of SCGx on the econtent of norepinephrine, epi-
nephrine, and dopamine in the thyroid gland

A time-course experiment on the effect of SCGx on the
thvroid catecholamine content is shown in Fig, 2. Both
norepinephrine and epinephrine reached minimal values
24 h after SCGx and remained low for at least 7 days. An
effect of surgical stress on the thyroid dopamine content
was observed.

Effect of SCGx on thyroidal a- and B-adrenoceptors

The effect of SCGx on a- and S-adrenoceptors is shown
in Fig. 3. The binding studies indicated that the specific

TasLE 3. Effect of SCCx on ["Hundine incorporation into thyroid
RNA of rats subjected to surgery 7 days earlier

RNA synthesis (dpm/

Group ug RNA)
SCGx 7 16.0 + 4.2
Sham operation 6 9.7x27°

* Significantly different from SCGx rats (P < 0.01, by Student’s ¢
test),
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F1a. 1. ™Rb uptake by the thyroid and pineal glands of rats subjected
to SCGx 7 days enarlier. Results are expressed as tissue to blood
radionctivity ratios (mean 1 SEM; n = 6 in each group), *, P < 0.05, by
Student’s ¢ test,
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Fic 3. Elfect of SCGx (Gx), performed 7 days before the animals were
baiied. on the thyroid glands of adult miale rats. a- and f-adrenoceptors
were assaved bv ["HIDHE and ["HJDHA binding, respectively, as
Cexcribed in the text. Seatchard plots of the data are shown; slopes and
wniorcepts were calculated by regression analysis. The maximal number

27 a-adrenoceprors sites in SCGx rats (298 fmol‘mg protem) differed
snificantly from that in sham-operated controls (430 mol/ing protein;
2 < 0.05, by analysis of convariance).

i H1]DHE and ["HIDHA binding were saturable in thy-
roid membranes from both SCGx and sham-operated
rats. Scatchard analysis of the saturation curves indi-

cated an apparent single population of binding sites with -

" dissociation constants (Ka) of about 21 nat for ['TH]DHE
and 10 nat for ["HJDHA. In the case of a-adrenoceptors,
W, values remained approximately unchanged after
SCGx, although the maximal pumber of binding sites
{ B Increased significently by 214 (P < 0.05, by anal-
vas of covariance). No changes in affinity or number of

vats subjected to SCOx 7 davs earlier that that in sham-
operated controls; 2) TSH levels in MMI-treated rats
increased to the snme extent as those in vehicle-injected
animals regardless of whether the rats had the SCG
intact or excised; 3) pinealectomy did not affect MMI-
induced goiter or plasma TSH levels: 1) RNA svnthesis
increased in the thyroid glands of rats which had heen
subjected to SCGx 7 dayvs earlier, and 4 weeks after
SCGx, spontancous goiter was observed; 5) SCGx de-
pressed thyrowd catecholamine levels, increased a-adre-
noceptor sites, and depressed “Rb uptake.

The role of the sympathetic nervous system in the
control of thyroid function has been examined both in
vivo and in vitro. Acute iv injection of epinephrine or
norepinephrine to dogs (12) or sheep (13) attected thyraid
blood flow without changing labeled hormone secretion.
In rabbits, a continuous intusion of epinephrine caused
thyroid vasoconstriction as well as depression of the
radioiodine uptake (22). A similar decrease in radioiodine
uptake was found in rats after systemic epinephrine
administration (7). In humans, both stimulatory and
inhibitory effects of epinephrine were reported; an acute
injection increased "'l uptake, whereas a continuous
infusion depressed it (2. In vitro and in vivo experi-
ments have shown that epinephrine and norepinephrine
can stimulate (1-6), inhibit (7-9), or be devoid of activity
on thyroid function (10-13). For example, 6 uM norepi-
nephrine added to the meubation medium of thyroid
glands inhibited TSH-induced secretion of thyroid hor-
mones (9).

Extensive studies by Melander and coworkers (1, 2) in
raice have shown that epinephrine and norepinephrine
increase the number of colloid droplets and the release
of radiolodine in prelabeled Ti-treated animals, In mice
not_treated with Ty, epinephrine and norepinephrine
either decreased thyroid hormone release (1) or were
ineffective (11). Unilateral stimulation of the SCG in T-
treated mice caused a signtficant increase i the number
of colloid droplets in the psilateral thyroid lobe and an
increase in blood "' radivactivity (6). Injection of 6-
hyvdroxydopamine increased colloid droplet formation
shortly after treatment, an effect which disappeared 24
h later. Chronic SCGx did not alter the slope of ™1
release from the giand under simiiar experimental con-
ditions (24).

The present results suggest that the SCG of the rat
normally provides an inhibitory input for thyroid activ-

thyroid B-adrenoceptor sites were observed after SCGx ity. The injection of the goitrogenic agent MMI to SCGx

(Fig. 3).

Discussion

The major findings of the present work are: 1) the
goiter induced by MMI or TSH treatment is larger in

animals caused significant increases in thyroid weight
compared to controls. Bestdes mnervating the thyroid
gland, the SCG supplies symipathetic innervation to ce-
phalic structures like the pineal and submaxillary glands
(25), provides vasoconstrictor control to bran and pitui-
tary blood vessels {26), and controls secretion by the
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choroid plexus (27). Siuce under certain circumstances,
the pineal gland may attect thyroid function via a nega-
tive influence exerted either centrally or peripherally at
the level of the gland (28, 29), these results could be
subjected theoretically to any of the following interpre-
tations: 1) SCGx removes a direct inhibuitory signal ex-
erted at the thyroid level; 2) SCGx acts indirectly via a
functional pinealectomy {or any other centrally origi-
nated phenomenon attecting 'TSH release); or 3) SCGx
modifies the sensitivity of the thyrvoid gland to MMIL

A subsequent experiment, in which the goiter induced
by MMI in pinealectomized rats was indistinguishable
from that found in sham-operated animals, suggests that
the pineal gland was not involved in the observed phe-
nomenon. A possible central nervous system mechanism
affecting ToH reicase could be also ruled out, since
plasma TS1H levels were the same in MMI-treated. SCGx,
or MMI-treated control rats as well as in MMI-treated,
pinealectomized, or MMI-treated and sham-pinealec-
tomized rats. In addition, SCGx appeared to exert its
progoitrogenic effect even in the absence of MMI, be-
cause TSH treatment of denervated rats also resulted in
greater than normal thyroid weight compared to simi
larly treated controls. Seven davs after SCG removal,
thyroid RNA synthesis incieased by 65%, without sig-
nificant changes in thyroid weight, Eventually sponta-
neous goiter developed in SCGx rats 4 weeks after sur-
gery.

How may the svmpathetic nervous system affect thy-
roid function locally? An intuitive answer to this question
is that the removal of the SCGQ results in changes in blood
flow, namely vasodilatation, thereby enhancing the re-
sponse of the thyroid glund to normal circulating levels
of TSH. To assess whether SCGx affects thyroid blood
flow, we used an iv tracer dose of ™Rb, an accepted
method for blood tlow cstimation (16). To our surprise,
SCGx did not increase thyroid blood tlow, but decreased
it significantly, not only in the thyroid gland but also in
another sympathetically innervated structure, the pineal
gland. A similar decrease in “Rb uptake by the pineal
gland of SCGx rats was reported by Goldman (16). There-
fore, our results tend to rule out the conclusion that the
progoitrogenic effect of SCGx is due to an increase in
blow flow; rather, they support a direct link of innerva-
tion with acini function, probably in the same way as in
other neuroendocrine transducer cells (30).

Twenty-four hours after SCGx, the endogenous nor-
epinephrine and epinephrine stores of the thyroid gland
became depleted. Fventually this led, as in other adre-
nergically innervated ergans (20, 31). to an increase in
the number of thyreid a-adrenoceptor sites; in the pres-
ent experiments, the number of fg-adrenoceptor sites
remained unchanged in the thyroid glands of SCGx rats.
The mediation by a-adrenoceptors of the action of cate-
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cholamines on the thyroid should be stressed (1, 3, 4. 6,
9). Depending upon the experimental design and param-
eter used, catecholamine acuvity 1s synergistic (1, 3, 4, 6)
or antagonistic (8, 9 with TSH. Incidentally, previous
results from this laboratory have shown that the acute
stimulation by TSH of RNA synthesis in calf thyrod
slices is linked 1o an a-adrenergic mechanism (4). Further
experiments are necded to assess whether an a-adrener-
gic supersensitivity develops in the thyroid gland after
SCG ablation.

Summarizing, our results support the conclusion that
the norepinephrine released trom the thyroid sympa-
thetic nerves impairs the thyroid response to TSH and
that after removal of these postganglionic sympathetic
fibers, stimulation of thyroid growth ensues. How this
mechanism is linked to the physiological regulation of
thyroid fuaction awaits further investigation.
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