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rapid communication
Thyroid hormone-induced upregula t ion of Na1 channels
and Na1-K1 pumps: implica t ions for cont ract ility

A. P. HARRISON AND T. CLAUSEN
Departm ent of Physiology, University of Aarhus, 8000 Århus C, Denm ark

Harrison , A. P., and T. Clausen . Thyroid hormone-
induced upregula t ion of Na1 channels and Na1-K1 pumps:
implica t ions for cont ract ility. Am . J . Physiol. 274 (Regulatory
In tegrative Comp. Physiol. 43): R864–R867, 1998.—We have
previously observed in ra t soleus muscle tha t endurance is a
funct ion of the ra t io between the concent ra t ion of Na1

channels and Na1-K1 pumps [Harr ison , A. P., O. B. Nielsen ,
and T. Clausen . Am . J . Physiol. 272 (Regulatory In tegrative
Comp. Physiol. 41): R1402–R1408, 1997]. In th is study we
explore th is rela t ionsh ip fur ther by compar ing the changes in
Na1 channel and Na1-K1 pump concent ra t ions induced by
in ject ions of 3,5,38-t r iiodothyronine (T3) with endurance. T3
induced upregula t ion of the concent ra t ion of Na1 channels
and Na1-K1 pumps, which was associa ted with a progressive
loss of cont ract ile endurance. The increase in Na1 channels
preceded tha t of the Na1-K1 pumps and amounted to 49 and
52% (both P , 0.01) after 48 and 72 h of T3 t rea tment ,
respect ively. Concomitan t ly, dur ing 90-Hz st imula t ion , the
in it ia l ra te of force decline increased by 42 and 45% after 48
and 72 h of T3 t rea tment , respect ively (both P , 0.001). These
observa t ions are impor tan t for an understanding of the
fa t igue associa ted with hyper thyroidism and add fur ther
suppor t to the hypothesis tha t muscle endurance depends on
the leak-to-pump ra t io for Na1.

[3H]ouaba in binding; [3H]saxitoxin binding

SKELETAL MUSCLE IS ONE of the major ta rget t issues for
the act ion of thyroid hormones, of which most of the
effect s can be ascr ibed to the act ion of 3,5,38-t r iiodothy-
ronine (T3). Hyper thyroid pa t ien ts compla in of muscle
wast ing, cramps, muscle weakness, and fa t igue, symp-
toms tha t disappear when individua ls a re returned to a
euthyroid sta te (16). It is well established that hyper thy-
roidism leads to marked upregula t ion of the concent ra -
t ion of Na1-K1 pumps in skeleta l muscle of an imals (1,
2, 6) and humans (12). This appears to run cont ra ry to
the finding tha t hyper thyroidism is associa ted with
muscle weakness and fa t igue. Rather it should be
expected tha t muscles from hyper thyroid individua ls
exhibit an enhanced cont ract ile per formance associ-
a ted with improved maintenance of membrane excitabil-
ity result ing from upregula t ion of Na1-K1 pump concen-
t ra t ion . Evidence tha t the solu t ion to th is problem may
lie in another direct ion was suggested by the findings
tha t 1 ) with in 48 h of T3 t rea tment Na1 influx a t rest is
increased in ra t skeleta l muscle (6), 2 ) administ ra t ion
of thyroid hormone leads to upregula t ion of voltage-
dependent Na1 channels in cultured myotubes (3), and

3 ) increased Na1 influx via Na1 channels rela t ive to the
capacity for Na1-K1 pumping induces a considerable
decrease in the cont ract ile per formance of ra t soleus
muscle (10). This study has therefore sought to address
1 ) whether administ ra t ion of T3 induces upregula t ion
of Na1-channel concent ra t ion in skeleta l muscles in
vivo, 2 ) whether such effects of T3 can be rela ted to an
upregula t ion of Na1-K1 pumps, and 3 ) whether changes
in the concent ra t ion of Na1 channels induced by T3
can be rela ted to the impairment of cont ract ile per for-
mance associa ted with hyper thyroidism. Par t of these
resu lt s have been presented as a preliminary communi-
ca t ion (9).

METHODS

Anim als and Muscle Preparation

Wistar ra t s, 4 (60–70 g) or 10 wk old (200 g), were used.
Animals of simila r body weight from with in the same lit t er
were randomly assigned to either a cont rol or T3 group. They
were fed a standard ra t feed (Alt romin Nr. 1314; Spezia lfu t ter-
werke, Lage, Germany) ad libitum, and water was freely
ava ilable. Environmenta l tempera ture was main ta ined a t
21°C, and ligh t ing was on a 12:12-h ligh t -dark cycle. Rats
were killed by decapita t ion , and in tact soleus muscles were
excised as descr ibed previously (13). Muscles were placed in a
st anda rd incuba t ion medium, Krebs-Ringer bica rbona te
buffer, conta in ing (in mM) 120.1 NaCl, 25 NaHCO3, 4.7 KCl,
1.2 KH2PO4, 1.2 MgSO4, 1.3 CaCl2, and 5.0 D-glucose. The
buffer was kept a t 30°C and equilibra ted cont inuously with a
mixture of 95% O2 and 5% CO2 (pH 7.3).

Thyroid Horm ones

AT3 solu t ion (40 mM) was prepared in a solvent of 154 mM
NaCl conta in ing 1% wt/vol bovine serum albumin , t it ra ted
with 2 N NaOH to a final pH of 10–11, as descr ibed previously
(6). In ject ions were given once da ily a t 0900 subcutaneously
a t a dose ra te of 0.2 µg/g body wt , and cont rol ra t s received an
equa l volume of the solvent . As descr ibed in deta il elsewhere,
th is t rea tment leads to hyper thyroidism, as evident from an
increased hear t -to-body weight ra t io and a r ise in body
tempera ture (6). In the 4-wk-old ra t s, an in it ia l booster dose
of T3 (0.4 µg/g body wt) was administered on the first day to
induce rapid onset of hyper thyroidism.

[3H]S axitoxin Binding

The concent ra t ion of Na1 channels was determined as the
specific displaceable [3H]saxitoxin binding capacity (8). As
previously descr ibed in deta il (10), in tact muscles or st r ips of
muscles weighing 20–38 mg were incuba ted for 2 h a t 4°C in
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Krebs-Ringer bicarbonate buffer containing [3H]saxitoxin (0.05
µCi/ml) and unlabeled saxitoxin a t a fina l concent ra t ion of
2.5 3 1028 M. After incuba t ion , the muscles were blot ted,
weighed, and soaked overnight in 2 ml of 300 mM tr ichloroace-
t ic acid (TCA). The conten t of [3H]saxitoxin in the TCA
ext racts was determined by scin t illa t ion count ing after addi-
t ion of 2.5 ml of opt ifluor. For each muscle or st r ip of muscle,
specific uptake of [3H]saxitoxin was measured by incuba t ion
in 2.5 3 1028 M saxitoxin . The unspecific uptake of [3H]saxi-
toxin was determined after incubat ion a t a final supersa tura t -
ing concent ra t ion of 2.0 3 1026 M unlabeled saxitoxin . Use of
h igher concent ra t ions of unlabeled saxitoxin or 2.0 3 1026 M
unlabeled tet rodotoxin for displacement of [3H]saxitoxin gave
comparable resu lt s for unspecific uptake. Specific displace-
able [3H]saxitoxin binding was ca lcu la ted as the difference
between tota l [3H]saxitoxin uptake and the unspecific uptake
of [3H]saxitoxin using the specific act ivity of [3H]saxitoxin in
the buffer and expressed as picomoles per gram wet weight .

[3H]Ouabain Binding

The concent ra t ion of Na1-K1 pumps was determined as the
specific displaceable [3H]ouaba in binding capacity (15). After
test ing for cont ract ile per formance, muscles were frozen in
liqu id N2 and cut in to segments weighing 2–8 mg, washed,
and incuba ted in a buffer of the following composit ion (in
mM): 10 t r is(hydroxymethyl)aminomethane (Tr is), 3 MgSO4,
1 Tr is-vanadate, and 250 sucrose, pH 7.2–7.4. Muscle samples
were equilibra ted for 2 h a t 37°C in buffer conta in ing [3H]oua-
ba in (0.6 µCi/ml) and unlabeled ouaba in a t a fina l concent ra -
t ion of 1026 M. This was followed by four 30-min washes in
ice-cold ouaba in-free buffer to remove [3H]ouaba in not bound
to the receptors. The muscle samples were then blot ted,
weighed, and soaked overn ight in minivia ls conta in ing 0.5 ml
300 mM TCA with 0.1 mM ouabain , added to serve as a
car r ier, before addit ion of 2.5 ml opt ifluor and liqu id scin t illa -
t ion count ing of the [3H]act ivity. On the basis of the specific
act ivity of [3H]ouaba in in the incuba t ion medium, the amount
of [3H]ouaba in taken up and reta ined in the samples was
ca lcu la ted and corrected for nonspecific uptake, loss dur ing
washout a t 0°C, isotopic pur ity, and incomplete sa tura t ion by
mult iplying by a comprehensive cor rect ion factor of 1.334 (for
deta ils see Ref. 11). Measurement of [3H]ouaba in binding
capacity was done in quadruplica te.

Force Developm ent

As previously descr ibed (4, 10), muscles were mounted
ver t ica lly with their tendons in tact in thermosta t ica lly con-
t rolled chambers and were st imula ted direct ly by supramaxi-
mal pulses (10 V, 1-ms dura t ion) through two pla t inum
elect rodes. Isomet r ic force development was measured using
force displacement t ransducers (Grass Inst ruments, Quincy,
MA), and recordings were made with a ca libra ted char t
recorder and computer-based recording system (ADInst ru-
ments, Hast ings, UK). Adjustments to muscle length were
made to ensure tha t maximal isomet r ic force was achieved on
st imula t ion , a fter which muscles were tested by st imula t ion
a t 2, 30, and 90 Hz for 1.5-s dura t ion before being left to
equilibra te for 30 min without st imula t ion . Before the sta r t of
the exper iment , muscles were st imula ted once a t 90 Hz for
1.5 s to check cont ract ile force and left to rest for 10 min . The
ra t io between twitch and tetan ic force was 1:5. In a ll exper i-
ments, endurance was examined by recording the decline in
cont ract ile force dur ing a per iod of constan t st imula t ion a t 90
Hz unt il ,80% of in it ia l force had been lost . This parameter,
which is effect ively the inverse of what is often refer red to as
fa t igue, avoids confusion associa ted with the precise defini-

t ion of fa t igue, which can occur a t the level of the cent ra l
nervous system, per iphera l nervous system, and neuromuscu-
la r junct ion , as well as a t the level of the muscle fiber.
Endurance was measured as the t ime taken for peak isomet -
r ic force to decline by 75%. Cont ract ile force was expressed in
Newtons per gram wet weight , and the rela t ive decline of
force was ca lcu la ted as a percentage of the maximum isomet -
r ic force, which was reached ,1 s after the onset of st imula-
t ion . The in it ia l ra te of force decline was determined as the
rela t ive decrease over the following 30 s.

Chem icals and Isotopes

All chemica ls used were of ana lyt ic grade. [3H]ouaba in (15
Ci/mmol) and [3H]saxitoxin (39 Ci/mmol) were obta ined from
Amersham Interna t iona l, Buckinghamshire, UK. All other
chemica ls were obta ined from Sigma Chemica l.

S tatistical Analysis

Differences between means were tested for sta t ist ica l
sign ificance using an unpaired t-test . Differences showing a P
value .0.05 were considered nonsignificant (NS). Data are
means 6 SE.

RESULTS

Effects of T 3 Over 24, 48, or 72 h on 4-Wk-Old Rats

Body weight, m uscle weight, and m axim um isom etric
force. Body weights of 4-wk-old ra t s in jected with T3 for
24, 48, and 72 h were reduced by 4–5% in compar ison
with those of sham-in jected cont rols (P , 0.05). Soleus
muscles taken from 4-wk-old cont rol ra t s weighed
20.5 6 0.9 mg wet wt (n 5 13), a va lue tha t was not
sign ificant ly affected by T3 in ject ion over 24, 48, or 72 h .
Moreover, T3 in ject ion over 24, 48, or 72 h did not
sign ificant ly affect maximum isomet r ic tetan ic force
(16.2 6 0.5 N/g wet wt ; n 5 22) compared with cont rols
(16.5 6 1.1 N/g wet wt ; n 5 13).
Muscle endurance. F igure 1 shows the effect of T3

t rea tment for 48 h on cont ract ile per formance of soleus
muscles from 4-wk-old ra t s. Dur ing susta ined 90-Hz
st imula t ion , the t ime taken for peak isomet r ic force to
decline by 75% was reduced from 3.27 to 2.20 min , a
33% reduct ion in endurance (P , 0.001). Fur thermore,
a fter 72 h of T3 t rea tment , a simila r reduct ion in
endurance (30%; P , 0.01) was found, whereas 24 h of
T3 t rea tment produced a smaller (19%; P 5 0.02)
decrease in endurance.
[3H]saxitoxin , [3H]ouabain binding, and in itial rate

of force decline. F igure 2 shows the t ime course of the
effect s of T3 on Na1 channels, Na1-K1 pumps, and the
in it ia l ra te of force decline. Twenty-four hours after the
onset of T3 t rea tment , there was no change in Na1

channel or Na1-K1 pump concent ra t ion . After 48 and
72 h of T3 t rea tment , Na1-channel concent ra t ion in-
creased by 49% (n 5 9; P , 0.01) and 52% (n 5 8–9; P ,
0.01), respect ively. Over the first 48 h of T3 t rea tment ,
Na1-K1 pump concent ra t ion increased by only 8% and
did not become significant ly differen t from cont rol
levels unt il a fter 72 h (28% increase, n 5 6–8; P ,
0.001). In muscles from T3-t rea ted ra t s, the in it ia l ra te
of force decline over the first 30 s of 90-Hz st imula t ion
was 0.88 6 0.04 (n 5 9), 1.11 6 0.06 (n 5 8), and 1.13 6
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0.07 %/s (n 5 8) after 24, 48, and 72 h of T3 t rea tment ,
respect ively, compared with 0.78 6 0.03 %/s (n 5 18) for
cont rols. Thus, a fter 48 and 72 h of T3 t rea tment , the
ra te of force decline in soleus was a lready significant ly
faster than tha t of cont rol muscles after only 30 s of
st imula t ion (42 and 45%, respect ively; both P , 0.001).
No fur ther sign ificant increase was seen between 48
and 72 h of T3 t rea tment .

Effects of T 3 Over 8 Days on 10-Wk-Old Rats

T3 in ject ions were given over 8 days to adult ra t s (10
wk old) to assess the effect s on Na1 channels, Na1-K1

pumps, and muscle per formance of a stable per iod of
hyper thyroidism. Body weights of cont rols and ra ts
in jected with T3 for 8 days were not sign ificant ly
differen t . However, in soleus muscle sign ificant in-
creases in Na1-channel and Na1-K1 pump concent ra -
t ion , grea ter than those seen in 4-wk-old ra t s, were
observed. As shown in Table 1, T3 t rea tment for 8 days
produced a lmost the same rela t ive increase in Na1-

channel concentra t ion (154%) and Na1-K1 pump concen-
t ra t ion (144%). These changes were associa ted with a
36% reduct ion in endurance and a 53% increase in the
in it ia l ra te of force decline.

Fig. 1. Time course of decline in isomet r ic force in soleus muscles
from cont rol (s) and 48-h 3,5,38-t r iiodothyronine (T3)-t rea ted (r)
4-wk-old ra t s dur ing cont inuous elect r ica l st imula t ion a t 90 Hz,
applied unt il ,80% of maximum force was lost . T3 was administered
subcutaneously (0.4 µg · day21 · · g body wt21 on day 1 and 0.2 µg ·
day21 · g body wt21 on day 2 ) while cont rols were sham injected with
an equa l volume of the solvent . Endurance, defined as the t ime taken
for peak isomet r ic force to decline by 75%, was measured by reading
the in tercept of the dashed line with the curve showing force decline
off the x-axis. Force decline curves for soleus muscles from cont rol
and 48-h T3-t rea ted ra t s can be fit ted by single-exponent ia l equa-
t ions: y 5 exp(20.42x 1 4.51), r 5 0.98, and y 5 exp(20.60x 1 4.52),
r 5 0.99, respect ively. Each poin t represen ts mean 6 SE (ver t ica l
lines) of observa t ions on 8–18 muscles. *P , 0.001; †P , 0.01; ‡P ,
0.05 compared with mean of cont rols (unpa ired t-test ).

F ig. 2. Time course of the effect s of T3 on Na1 channels (k), Na1-K1

pumps (j), and in it ia l ra te of force decline (s) dur ing the first 30 s of
90-Hz st imula t ion in soleus muscles of 4-wk-old ra t s. Na1-channel
and Na1-K1 pump concent ra t ions were determined using [3H]saxi-
toxin and vanada te-facilit a ted [3H]ouaba in binding, respect ively. T3
was administered subcutaneously (0.4 µg · day21 · g body wt21 on day
1 and 0.2 µg · day21 · g body wt21 thereafter ) for either 24, 48, or 72 h .
Cont rols were sham injected with an equa l volume of the solvent .
Each poin t represen ts mean 6 SE (ver t ica l lines) of observa t ions on
5–9, 4–8, and 8–18 muscles for the concent ra t ion of Na1 channels,
Na1-K1 pumps, and in it ia l ra te of force decline, respect ively. For
deta ils concern ing the sign ificance of differences with dura t ion of
t rea tment see METHODS.

Table 1. Effects of 8 days of T 3 treatm ent on the
concentration of Na1 channels, Na1-K1 pum ps,
contractile endurance, and in itial rate of force decline
in soleus m uscles from 10-wk-old rats

Parameters
Cont rol
Muscles

Muscles From
T3-Trea ted Rats

Na1-channel concn , pmol/g wet wt 7.260.7 (5) 18.361.1 (4)*
Na1-K1 pump concn , pmol/g wet wt 256611 (4) 625618 (6)*
Endurance a t 90-Hz st imula t ion unt il
75% decline in peak force, min 1.160.1 (7) 0.760.1 (8)†

In it ia l ra te of force decline (0–30 s),
%/s 1.560.1 (7) 2.360.1 (8)*

Values are means 6 SE; no. of observa t ions in paren theses.
3,5,38-Tr iiodothyronine (T3) was administered subcutaneously (0.2
µg · day21 · g body wt21) a t the same t ime each day over an 8-day
per iod. Cont rols were sham injected with an equa l volume of the
solvent . Cont inuous elect r ica l st imula t ion was a t 90 Hz. *P , 0.001;
†P , 0.01 compared with mean of cont rols (unpa ired t-test ).
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DISCUSSION

Thyroid Horm one Effects on [3H]S axitoxin
and [3H]Ouabain Binding

In ra t myotubes in culture, thyroid hormones have
been found to induce a 95% increase in Na1-channel
concent ra t ion with in 24 h of t rea tment (3). The present
resu lt s extend these observa t ions by showing tha t T3 in
vivo a lso leads to upregula t ion of Na1-channel concen-
t ra t ion in skeleta l muscle. It is in terest ing tha t th is
upregula t ion of Na1 channels reaches sta t ist ica l signifi-
cance before tha t of the Na1-K1 pumps. This lends
fur ther suppor t to the idea tha t the effect of T3 on the
concent ra t ion of Na1-K1 pumps should be regarded as
an adapta t ion to the enhanced passive ion leaks (17),
where demand for ion t ranspor t provides the pr imary
dr ive for Na1-K1 pump synthesis. We therefore suggest
tha t the upregula t ion of Na1-K1 pumps associa ted with
hyper thyroidism is the resu lt of the increased rest ing
Na1 influx induced by T3 t rea tment (6), as well as an
increased excita t ion-induced Na1 influx in working
muscles via newly synthesized Na1 channels.

Muscle Contractile Perform ance and Hyperthyroid ism

For over 160 years muscle weakness and fa t igue
have been ident ified as symptoms of hyper thyroidism
(16), a long with muscle wast ing and an eleva ted meta-
bolic ra te (5, 14). T3 in ject ion either over a per iod of only
48–72 h or for a longer per iod of 8 days led to a loss of
endurance of soleus muscles in 4-wk-old ra t s or mature
10-wk-old ra t s, respect ively, and a faster in it ia l ra te of
force decline dur ing per iods of susta ined high-fre-
quency st imula t ion (Fig. 1 and Table 1). These findings
are in agreement with those of others who have shown
tha t in ra t s T3 t rea tment increases fa t igue (7), defined
as a grea ter decay in force dur ing cont ract ion in
hyper thyroid ra t s compared with euthyroid cont rols.
Fur thermore, th is study shows tha t the in it ia l ra te of
force decline with the onset of hyper thyroidism (Fig. 2)
is cor rela ted with the increase in Na1-channel concen-
t ra t ion . This observa t ion lends fur ther suppor t to our
ear lier resu lt s (10) indica t ing tha t Na1 influx via Na1

channels rela t ive to the capacity for Na1-K1 pumping is
an impor tan t determinant of the cont ract ile per for-
mance of skeleta l muscles. The resu lt s st rongly suggest
tha t the reduced endurance and increased in it ia l ra te
of force decline induced by T3 are due to a faster decline
in the gradien t for Na1 ar ising from increased Na1

influx via an increased concent ra t ion of Na1 channels.

Physiological Perspectives

During per iods of hyper thyroidism, upregula t ion of
Na1-channel concent ra t ion precedes tha t of Na1-K1

pumps. Fur thermore, upregula t ion of Na1-channel con-
cent ra t ion with hyper thyroidism is involved in the
faster ra te of force decline and loss of endurance tha t is
symptomat ic of the disease. These resu lt s a re impor-
tan t for the understanding of muscle cont ract ile per for-
mance exper ienced by hyper thyroid pa t ien ts and, in a

more genera l fash ion , indica te tha t the excita t ion-
induced decline in the t ransmembrane gradien t for
Na1 dur ing exercise cont r ibu tes sign ificant ly to muscle
fa t igue.
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