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This study determined the effects of thyroid hormone
on the renal dopaminergic system. Surgical thyroid-
ectomy (Tx) and treatment with 2-thiouracil (Thio)
decreased renal cortex Na+/K+ ATPase activity and uri-
nary volume. Tx also decreased urinary Na+ and urinary
L-DOPA without changing urinary excretion of Dopa-
mine (DA). Thio treatment decreased slightly urinary
L-DOPA and Na+, but increased urinary excretion of
DA. In both models of thyroid hormone deficiency,
the ratio urinary DA/DOPA increased. Changes after
Thio treatment were reversed after one month of drug
withdrawal. Treatment with T3 via osmotic minipump
increased Na+/K+ ATPase activity and urinary L-DOPA,
did not change urinary DA, and increased the ratio
DA/DOPA.

To further analyze the effects of thyroid hormone
deficiency, we administered selective DA1 (SCH-23390),
DA2 (Sulpiride), and a non selective (Haloperidol) DA
receptor antagonists to Thio treated and control ani-
mals. The DA1 antagonist decreased diuresis, natriure-
sis and urinary L-DOPA in control, but had no effect in
Thio treated rats. Sulpiride had no effect in either
group. The combination of SCH-23390 plus Sulpiride
decreased urinary L-DOPA and urinary volume only in
Thio treated animals. Haloperidol decreased urinary
volume in Thio treated animals, but had no effect in
controls.

Our findings suggest that renal DA synthesis is to
some extent dependent on thyroid hormone levels,
and that the response of DA receptors is altered by
thyroid hormone deficiency, indicating a role of this
hormone in the regulation of the renal dopaminergic
system.

Key Words: Thyroid hormone; renal dopamine; Na+/K+

ATPase; urinary dopamine; 2-thiouracil; dopamine
antagonists; SCH-23390; sulpiride; haloperidol.

Introduction

Besides their well known effects on metabolism, growth,

and differentiation, thyroid hormones have significant

effects on renal hemodynamics and tubular function. Thy-

roid hormone deficiency has been associated to decreased

glomerular filtration rate and renal plasma flow. On the con-

trary, thyroid hormone excess is associated with increased

glomerular filtration rate and renal plasma flow. This hor-

mone also influences tubular membrane transport and elec-

trolyte metabolism (1–3). The effects of thyroid hormone

on renal tubular function have been related to its effects on

Na
+
/K

+
 ATPase, an enzyme playing a pivotal role in sev-

eral tubular transport processes. This hormone induces de

novo synthesis of both alpha and beta subunits of Na
+
/K

+

ATPase in several tissues (4–6), including the kidney (7).

Thyroid hormone excess results in increased renal tubular

capacity for active transport, including an increase in Na
+
/

K
+
 ATPase with consequent increases in sodium transport

(2,8). In contrast, thyroid hormone deficiency is associated

with decreased tubular transport capacity, and the activity

of Na
+
/K

+
 ATPase in the kidney is decreased, particularly

in the proximal tubules, resulting in impaired Na
+
 transport

(3–10).

Dopamine (DA) is known to modulate important vascu-

lar and renal functions such as blood pressure, and salt and

water homeostasis. There is strong evidence suggesting

that renal DA may play an important role in the regulation

of Na
+
 excretion (11). It has been shown that circulating

L-DOPA is filtered by the kidney, and that a major propor-

tion of the DA in rat and human urine derives from decarbo-

xylation of L-DOPA in proximal tubular cells. The inhibition

of L-DOPA decarboxylation attenuates natriuretic responses

(12), decreases urinary excretion of DA (13), and blunts DA

excretory responses to volume changes (12). The effects of

DA produced in the tubules on Na
+
 regulation have been

related to inhibition of the activities of Na
+
/K

+
 ATPase

(14), and the Na
+
/H

+
 exchanger (15) in the proximal convo-

luted tubules of the kidney and other segments of the neph-

ron (16–18). Also, in vitro experiments using rat renal cortex

slices have suggested that the synthesis of DA in the kidney

is dependent on the concentration of sodium chloride in the

medium, and sensitive to inhibition of the tubular transport

of Na
+
 (19).

Because, as mentioned above, thyroid hormone affects

tubular transport of Na
+
, we designed this study to assess
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the effects of thyroid hormone on the renal dopaminergic

system. Urinary excretions of Na
+
, L-DOPA, DA, the DA

metabolite dihydroxyphenylacetic acid (DOPAC), and

activity of Na
+
/K

+
 ATPase in the renal cortex were deter-

mined after surgical thyroidectomy, treatment with 2-thio-

uracil, and also after administration of T
3
. Our results showed

that thyroid hormone affects renal DA synthesis, suggesting

increased DA synthesis in thyroid hormone deficient rats.

To further assess the modifications induced in renal dopa-

minergic function in these animals, we studied the effects

of the administration of different DA receptor blockers. We

treated the animals with SCH-23390, a selective DA
1
 antago-

nist that has an antidiuretic (20) and antinatriuretic effect

(21) in normal rats, sulpiride, a selective DA
2
 antagonist, and

Haloperidol, a non-selective DA antagonist to determine

modifications in diuresis, natriuresis, and urinary excretions

of L-DOPA, DA and DOPAC.

Materials and Methods

Three month old male Wistar rats were used in these

studies. All animals were bred in our laboratory, kept at 22ºC

on a 12:12 h dark-light cycle and given free access to normal

rat diet (protein content 25%) and tap water.

Effect of Thyroid Hormone Deficiency

Animals were surgically thyroidectomized at 45 day-

old (n = 14) under light ether anesthesia. Another group of

the same age was subjected to a sham operation (n = 17).

Both groups were supplemented with 1% calcium lactate

on tap water ad libitum. Forty five days after surgery, the

animals were placed in metabolic cages and 24 h urine was

collected.

Another group of animals (70 days old, n = 14) were

given 2-thiouracil (4-hydroxy-2-mercaptopyrimidine, 500

mg/L) in their drinking water for 21 days. A control group

was maintained on tap water (n = 11). On day 22, animals

were placed in metabolic cages and 24 h urine was col-

lected as described below. After the first urine collection,

animals (n = 7) of each group were killed by decapitation,

and plasma samples and kidneys were collected as described

below. The remaining animals were transferred to their

home cages and maintained on tap water for one month

before a second 24 h urine collection (2-thiouracil treated

n = 7; controls n = 4).

Effect of Thyroid Hormone Excess

To assess the effect of thyroid hormone excess, T
3 

(n =

9) or vehicle (n = 9) were infused for 7 days via an osmotic

minipump (model 2001, Alza Corporation, Palo Alto, CA)

inserted under the skin in the interscapular region during

light ether anesthesia. The T
3
 dose was 10 µg/kg/day (infu-

sion rate 22.5 µL/day; 125 µg/mL Sodium-liothironine).

After treatment, animals were placed in metabolic cages

and 24 h urine was collected.

Effect of Administration of Dopaminergic

Antagonists to 2-Thiouracil Treated Animals

Control animals and rats treated with 2-thiouracil for 21

days were individually placed in metabolic cages on the

morning of day one of the study. A basal 24 h urine sample

was collected from each animal. Animals were then ran-

domly assigned to one of the following treatments that started

in the morning of day two: SCH-23390 (1 mg/kg/day sc:

in two doses; n = 6 in each group–control or 2-thiouracil

treated), a selective DA
1
 antagonist; Sulpiride (6 mg/kg/

day im; in two doses; n = 9 in each group), a selective DA
2

antagonist; SCH-23390 plus Sulpiride (same doses as before;

n = 7 in each group), Haloperidol (300 µg/kg/day ip; in 4

doses; n = 4 in each group), a non-selective DA antagonist.

24 h urine samples were collected during the day of the

study.

All urines were collected into 6N HCl. Urine content of

Na
+
 was determined by flame-photometry. Urinary con-

centrations of L-DOPA, DA and DOPAC were determined

as described below. Plasma T
4
 levels were measured by

RIA using a commercially available kit (DPC, CA, USA).

Kidneys were stored at �70ºC until assayed for the activity

of Na
+
/K

+
 ATPase in cortex homogenates.

Assays

Catechols Determination

The catechols in 10 µL urine were determined as reported

previously (20). Briefly, catechols in the samples were par-

tially purified by batch alumina extraction, separated by

reverse-phase high-pressure liquid chromatography using

a 4.6 � 250 mm ODS 5 µm column (Axxiom Chromatog-

raphy Inc., USA), and quantified amperometrically by the

current produced upon exposure of the column effluent to

oxidizing and then reducing potentials in series using a triple-

electrode system (ESA, Bedford, MA). Recovery through

the alumina extraction step averaged 70–80% for catechola-

mines, 45–55% for L-DOPA and 40% for DOPAC. Catechol

concentrations in each sample were corrected for recovery

of an internal standard, dihydroxybenzylamine. Levels of

L-DOPA, DA and DOPAC were further corrected for differ-

ences in recovery of the internal standard and of these cate-

chols in a mixture of external standards. The limit of detection

was about 15 pg/volume assayed for each catechol.

Measurement of Na
+

/K
+

 ATPase Activity

Slices of renal cortex were homogenized in 25 mM phos-

phate buffer pH 7.4. Homogenates were centrifuged at 2000

rpm for 10 min. Supernatants were centrifuged at 12000 rpm

for 30 min and pellets resuspended in the original volume

of the same buffer. Na
+
/K

+
 ATPase activity in a membrane

suspension was measured as described (21) in a buffer pH

7.4 containing (in mM) 120 NaCl, 5 KCl, 10 MgCl
2
, 1 EDTA,

100 Tris-HCl, 10 Na
2
ATP and [�-

32
P]ATP (2-5 Ci/mmol) in

tracer amounts, using a 15 min incubation time at 37ºC in
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the absence or presence of 4 mM ouabain. When ouabain

was present, NaCl and KCl were ommitted from the incu-

bation medium. The phosphate liberated by hydrolysis of

[�-
32

P]ATP was separated by centrifugation after adsorp-

tion of unhydrolyzed nucleotide on activated charcoal. Radio-

activity was measured in a liquid scintillation spectrometer.

Na
+
/K

+
 ATPase activity was calculated as the difference

between the means of determinations performed in the pres-

ence and in the absence of ouabain, and expressed as µmol

of 
32

P hydrolyzed per mg protein per hour.

Data Analysis

Data are means ± SE. Independent means t-test or one-

way ANOVA were used to assess the significance of differ-

ences between treated and control animals. A paired t-test

was used to assess the differences in groups before and after

treatment with dopaminergic antagonists. Linear regres-

sion analysis was used to calculate correlation between vari-

ables. p < 0.05 defined statistical significance.

Results

Effect of Thyroid Hormones Deficiency and Excess

Table 1 shows plasma levels of thyroid hormones and

L-DOPA, body weight, urinary volume, urinary sodium,

urinary DOPAC, and renal Na
+
/K

+
 ATPase activity, in sur-

gically thyroidectomized (Tx), 2- thiouracil treated, T
3

treated and control animals.

Thyroidectomy and 2-thiouracil treatment significantly

reduced T
4
 plasma levels. Neither group gained weight as

the control group did. At the time of the urine collection,

body weight was significantly lower in both thyroidecto-

mized and 2-thiouracil treated animals than in the control

group. Urinary volume was also significantly lower than in

controls in both Tx animals and 2-thiouracil treated, while

the urinary excretion of Na
+
 was lower in the Tx group than

in controls but similar to controls in the 2-thiouracil treated

group. The activity of Na
+
/K

+ 
ATPase in membranes from

renal cortex was reduced significantly in both models of

thyroid deficiency. Plasma L-DOPA was similar in control

and thyroidectomized animals. Treatment with T
3
 via an

osmotic mini-pump raised plasma levels of T
3
, and increased

the activity of Na
+
/K

+
 ATPase in renal cortex, but had no

significant effect on body weight, urinary volume or uri-

nary excretion of Na
+
 (Table 1).

Figure 1 shows that thyroidectomy and 2-thiouracil treat-

ment reduced urinary excretion of L-DOPA, although the

reduction in the later group did not reach statistical signifi-

cance, while treatment with T
3
 increased urinary DOPA.

Urinary DA was increased in 2-thiouracil treated animals,

but was similar to controls in Tx and T
3
 treated rats. As a

result, the ratio urinary DA to L-DOPA was significantly

increased in Tx as well as in 2-thiouracil treated rats, and

significantly decreased in T
3
 treated animals. Conversely,

urinary DOPAC was significantly lower in the Tx rats but

was similar in 2-thiouracil treated, T
3
 treated, and control

animals (Table 1).

One month after withdrawal of 2-thiouracil treatment,

the effects of the treatment on plasma T
4
, body weight, uri-

nary volume, and renal cortex Na
+
/K

+
ATPase activity

(Table 1) as well as on urinary excretions of L-DOPA, DA,

and the DA/DOPA ratio (Fig. 1) were completely abolished.

Effect of Administration of DA Antagonists

to 2-Thiouracil Treated Animals

Administration of SCH-23390, a selective DA
1
 antago-

nist, significantly decreased diuresis (68 ± 13%, p < 0.05)

in control animals, but did not produce any significant mod-

ification in 2-thiouracil treated rats. Administration of sul-

piride, a selective DA
2
 antagonist, had no effect on urinary

volume in any of the groups. Administration of SCH-23390

Table 1

Plasma Levels of T
4
, T

3
, TSH, Body Weight, Urinary Volume, Na

+
 Excretion, Urinary DOPAC, Plasma L-DOPA and

the Activity of Na
+
/K

+
 ATPase in Renal Cortex Homogenates in Control, Thyroidectomized (Tx) and Rats Treated for 21 Days with

2-Thiouracil (Thio), One Month after Withdrawal of 2-Thiouracil Treatment (Thio Withdrawal) and Rats Treated with T
3
 for 7 Days

Control Tx Thio Thio withdrawal T3 treatment

Plasma T
4 

(mg/dL) 3.34 ± 0.29 1.29 ± 0.15
#

0.77 ± 0.12
#

4.02 ± 0.44

Plasma T
3
 (mg/dL) 5.84 ± 0.40 7.00 ± 0.40

#

Plasmatic TSH (mg/mL) 4 ± 1 51 ± 6*

Body Weight (gr) 358 ± 16 210 ± 9
#

307 ± 11
#

341 ± 25 334 ± 20

Urinary Volume (mL/24 h) 12.25 ± 1.20 4.13 ± 0.44* 8.50 ± 0.29* 13.50 ± 1.50 13.00 ± 1.40

Urinary Sodium (mEq/24 h) 1.05 ± 0.11 0.55 ± 0.06
#

0.98 ± 0.13 1.02 ± 0.17 1.15 ± 0.15

Na
+
/K

+
 ATPase (µmol Pi/mg prot/h) 9.28 ± 1.26 3.94 ± 0.72

#
2.17 ± 0.90* 7.52 ± 0.84 13.60 ± 1.60*

Plasma L-DOPA (pg/mL) 360 ± 72 399 ± 87
#

Urinary DOPAC (ng/24 h) 15242 ± 2072 3136 ± 554
#

20584 ± 2096 16449 ± 2257 16895 ± 1500

Values are mean ± SEM. #p < 0.04; *p < 0.005 vs Control.
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plus sulpiride, or haloperidol decreased further the diuresis

(SCH + Sulpiride: 81 ± 12%; p < 0.05, haloperidol: 80 ± 4%,

p < 0.02) in animals treated with 2-thiouracil, but had no

effect in control rats (Fig. 2).

Administration of SCH-23390 decreased Na
+
 excretion

(52 ± 17%, p < 0.05, Fig. 3) in control animals but had no

effect in 2-thiouracil treated rats. Administration of sulpir-

ide had no significant effect in any of the groups. Admin-

istration of SCH-23390 plus sulpiride, or haloperidol did

not affect Na
+
 excretion in either control or treated animals.

Administration of SCH-23390 significantly decreased

L-DOPA (82 ± 12 vs 212 ± 30 ng/24 h, p < 0.01, Table 2)

in control animals, and also decreased, although not signif-

icantly, DOPAC excretion, but had no affect on the increased

DA excretion observed in 2-thiouracil treated rats. Treat-

ment with Sulpiride did not effect urinary excretions of

L-DOPA, DA, or DOPAC in either group. Administration

of SCH-23390 plus Sulpiride did not significantly affect uri-

nary catechols in control animals but significantly decreased

L-DOPA excretion in 2-thiouracil treated rats (114 ± 20 vs

241 ± 69 ng/24 h, p < 0.05). Treatment with haloperidol

significantly decreased the increased excretion of DA (5780

± 260 vs 7650 ± 870 ng/24 h, p < 0.05), and not significantly

those of L-DOPA and DOPAC in 2-thiouracil treated ani-

mals, but was without significant effect in control rats.

Discussion

This study shows that thyroid hormone deficit and excess

are associated with alterations in the renal dopaminergic

system.

In thyroidectomized animals, hypothyroidism was con-

firmed by decreased levels of plasma T
4
, increased levels

Fig. 1. Urinary excretion of L-DOPA, Dopamine (DA), and the ratio urinary DA/L-DOPA in control, thyroidectomized (Tx), animals

treated for 21 days with 2-thiouracil (Thio), one month after withdrawal of 2-thiouracil (Thio withdrawal), and rats treated with T
3
 for

7 days. *p < 0.02.

Fig. 2. Urinary volume in control (white bars) and animals treated for 21 days with 2-thiouracil rats (dashed bars), after treatment with

different DA antagonists (SCH-23390, Sulpiride or Haloperidol), in percentage compared with the same group before antagonist treat-

ment. The line in 100% represents the basal urinary volume for each group. *p < 0.05; #p < 0.02.
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of plasma TSH, and difference in weight gain after treat-

ment. After treatment for 21 days with 2-thiouracil, rats

had decreased levels of plasma T
4
 and decreased weight

gain. Also, hypothyroid animals had a marked decrease in

renal cortex Na
+
/K

+
 ATPase activity in line with that previ-

ously described in kidney (5) and other organs (2–4). Con-

versely, rats treated with T
3
 had increased plasma levels of

the hormone and increased renal cortex Na
+
/K

+
 ATPase, in

line with previous reports (22).

Urinary L-DOPA was decreased in thyroidectomized

rats and increased in T
3
 treated animals. Urinary L-DOPA

derives from L-DOPA filtered from the plasma and not

reabsorbed in the tubules (23). Thus, changes in urinary

L-DOPA may result from changes in plasma levels of

L-DOPA. However, this change seems not to be the cause

of decreased urinary L-DOPA in thyroidectomized animals,

since plasma levels of L-DOPA in this group were similar

to those in control animals. Changes in urinary L-DOPA

may also result from overall changes in tubular reabsorp-

tion. However, changes in tubular reabsorption described

in both hypothyroid and hyperthyroid animals are opposite

to the changes that would explain urinary L-DOPA differ-

ences in our study. Decreased urinary L-DOPA may result

from increased tubular reabsorption, but in hypothyroid ani-

mals, tubular reabsorption has been found to decrease (3). It

is possible that changes in excretion of L-DOPA are derived

from changes in renal plasma flow, since thyroid hormones

deficiency is associated with decreased and excess thyroid

hormones with increased renal plasma flow (3).

The finding of increased urinary DA in 2-thiouracil

treated animals and unchanged urinary DA in the presence

of decreased excretion of L-DOPA in thyroidectomized ani-

mals reflects an increased DA/DOPA ratio in both groups

of thyroid deficient animals suggesting an increased renal

Fig. 3. Urinary excretion of sodium in control (white bars) and animals treated for 21 days with 2-thiouracil rats (dashed bars), after

treatment with different DA antagonists (SCH-23390, Sulpiride or Haloperidol), in percentage compared with the same group before

antagonist treatment. The line in 100% represents the basal urinary excretion of sodium for each group. *p < 0.05.

Table 2

Urinary Levels of L-DOPA, DA, and DOPAC in Control

and 2-Thiouracil-treated Animals after Different DA Antagonists Treatments

Control animals 2-Thiouracil-treated animals

Treatment L-DOPA DA DOPAC L-DOPA DA DOPAC

SCH-23390 42 ± 09
#

98 ± 15 84 ± 20 78 ± 16 102 ± 10 83 ± 11

Sulpiride 105 ± 21 117 ± 14 101 ± 21 141 ± 44 174 ± 34 140 ± 30

SCH + Sulpiride 102 ± 29 103 ± 10 89 ± 13 65 ± 17* 107 ± 13 161 ± 33

Haloperidol 151 ± 74 132 ± 25 174 ± 49 84 ± 33 77 ± 06* 70 ± 10

SCH-23390 (n = 6), Sulpiride (n = 9), SCH and Sulpiride (n = 7) and Haloperidol (n = 4) results (mean

± SEM) are expressed as percent of the urinary excretion on day 1. *p < 0.05, #p < 0.01 vs urinary excretion

on day 1.
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production or decreased degradation of DA relative to

L-DOPA in hypothyroidism. On the contrary, excess thy-

roid hormone was associated with increased excretion of

L-DOPA, unchanged urinary DA, and decreased DA/DOPA

ratio suggesting decreased renal DA production or increased

degradation. A significant fraction of urinary DOPAC

derives from the metabolization of renal DA (25). In 2-thio-

uracil treated rats, urinary DOPAC was similar to that in

control animals, thus the increased urinary DA most likely

reflects increased renal production of the amine. Similarly,

in T
3
 treated animals, unchanged urinary DOPAC suggests

decreased renal DA production rather than increased degra-

dation. Because in thyroidectomized animals urinary DOPAC

was decreased, increased urinary DA in these animals may

also result from decreased degradation of the amine.

Both in vivo and in vitro studies have suggested that the

synthesis of DA in proximal tubular cells is influenced by

extracellular concentrations of Na
+
 (23). Other studies have

suggested this synthesis is dependent on Na
+
/K

+
 ATPase

activity (19). Experiments performed in rat renal cortex

slices have shown that the synthesis of DA in the kidney is

dependent on the concentration of sodium chloride in the

medium, and sensitive to inhibition of the tubular transport

of Na
+
 (19). In our study the decrease in Na

+
/K

+
 ATPase

activity brought about by thyroid hormone deficiency was

associated with increased rather than decreased DA pro-

duction and increased pump activity after T
3
 treatment was

associated with decreased rather than increased DA pro-

duction, suggesting that in these models, renal DA synthe-

sis is not directly dependent on the activity of the pump.

In order to clarify the effects of increased renal DA syn-

thesis in 2-thiouracil treated animals, we studied the effects

of administration of DA antagonists. The results of these

studies suggested impaired renal dopaminergic function in

thyroid hormone deficient animals. Administration of a

DA
1
 antagonist had a clear antidiuretic and antinatriuretic

effect in control animals, but had no such effect in those

thyroid deficient. In control animals, SCH-23390 has been

shown to attenuate the diuretic effect of high salt diet (20),

and to produce antinatriuresis when infused in the renal artery

(21). It has also been shown to attenuate the diuretic and nat-

riuretic responses to acute sodium loading without altering

the increase in urinary dopamine (11,26). Both the effects

on diuresis and natriuresis have been reported to be related

to the blockade of renal tubular dopaminergic receptors,

since no clear modification in renal hemodynamics was

present (11,21). In this study, however, SCH-23390 admin-

istered systemically also decreased L-DOPA excretion, sug-

gesting that it may have also affected renal hemodynamics

resulting in decreased filtered load of L-DOPA. SCH-23390

had no effect in animals with thyroid hormone deficiencies

similar to that reported in spontaneously hypertensive rats

(21), which also have increased urinary DA or DA responses

(27,28). Blockade of both DA
1
 and DA

2
 receptors either by

administration of the combination of SCH-23390 and sul-

piride, or by haloperidol produced a clear modification in

diuresis in hypothyroid animals, suggesting an alteration

in the regulation of renal hemodynamics in these animals.

Sodium excretion was not modified by administration of

any of the DA antagonists, suggesting that Na
+
 balance is

independent of renal dopaminergic activity in animals with

thyroid deficiency. Our findings point to an altered dopa-

minergic activity in hypothyroid animals. Such an alter-

ation has been reported in striatal dopaminergic function in

the neonatal hypothyroid rat (29), and adult hypothyroid

animals (30).

In conclusion, our findings suggest that renal DA syn-

thesis is to some extent dependent on thyroid hormone

levels, and that the response of DA receptors is altered by

thyroid hormone deficiency, indicating a role of this hor-

mone in the regulation of the renal dopaminergic system.

In thyroid deficient animals, changes in renal uptake and/

or decarboxylation of L-DOPA may represent a compen-

satory mechanism, contributing to preservation of urinary

sodium excretion, similar to what has been suggested in

patients with asymptomatic left ventricular systolic dysfunc-

tion (24).

It remains to be established to what extent these alter-

ations participate in the changes in glomerular filtration

rate and renal plasma flow associated with alterations in

thyroid hormones levels (31,3).
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