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Purpose. The lithium disposition to cerebrospinal fluid (CSF) was evaluated in rats with acute renal
failure (ARF) to examine whether electrolyte homeostasis of the CSF is perturbed by kidney
dysfunction. In addition, the effects of renal failure on choroid plexial expressions of the Na+–K+–2Cl−

co-transporter (NKCC1) and Na+/H+ exchanger (NHE1) were also studied.
Methods. After lithium was intravenously administered at a dose of 4 mmol/kg, its concentration profile
in plasma was evaluated by collecting plasma specimens, while that in CSF was monitored with a
microdialysis probe in the lateral ventricles. NKCC1 and NHE1 expressions were measured via the
Western immunoblot method using membrane specimens prepared from the choroid plexus in normal
and ARF rats.
Results. The lithium concentration in CSF of ARF rats was 30% lower than that of normal rats, while
their plasma lithium profiles were almost the same, indicating that the lithium disposition to CSF was
decreased in ARF rats. It was revealed that the choroid plexial expression of NKCC1 was increased by
40% in ARF rats, but that of NHE1 was unchanged.
Conclusion. ARF decreases the lithium disposition to CSF, possibly by promoting lithium efflux from
CSF due to increased NKCC1 expression in the choroid plexus.

KEY WORDS: acute renal failure; cerebrospinal fluid (CSF); choroid plexus; lithium; Na+–K+–2Cl− co-
transporter (NKCC1).

INTRODUCTION

It is well-known that decreased renal function can be life-
threatening. This is largely because the kidney plays an
important role in maintaining homeostasis by performing
various essential functions. It is reported that the kidney
regulates the body’s content of water and electrolytes via
reabsorption and excretion processes mediated by channels
and transporters expressed in the renal tubule epithelia, such
as the amirolide-sensitive Na+ channel, Na+–K+–2Cl− co-
transporter, and Na+/H+ exchanger (1–4).

As the kidney is crucial for maintaining homeostasis, it is
understandable that renal failure affects other organs, altering
their functions. In fact, it was demonstrated that the hepatic
function of metabolizing therapeutic compounds is changed in
rats with experimental renal failure, markedly altering their
pharmacokinetics (5,6). In the intestine, the barrier function
preventing xenobiotic absorption is decreased in renal failure,
resulting in an increase in their intestinal absorption (7,8).
These functional changes of the liver and intestine seem to be

related to the fact that the expressions of drug-metabolizing
enzymes and drug-transporting proteins are significantly
altered in renal failure (9–12). In addition to the changes in
pharmacokinetics and drug metabolism, the body’s response
to therapeutic compounds also appears to change under
severe kidney dysfunction. For example, sensitivity of the
central nervous system (CNS) to barbiturates and centrally
acting muscle relaxants has been reported to increase in rats
with experimentally induced renal failure (13,14). It was also
revealed that renal failure potentiates the neurotoxicity of
fluoroquinolones due to not only by elevating the plasma
drug concentration, but also by increasing sensitivity of the
CNS to the neurotoxic effects of drugs (15,16).

This increased CNS sensitivity is possibly related to a
perturbation in electrolyte homeostasis in the CNS (17). In
fact, there are some reports indicating that changes in the
sodium concentration of cerebrospinal fluid (CSF) affect the
expression of receptors like the angiotensin type 1A receptor,
and this consequently influences various enzyme activities
and/or the autonomic nervous system (18,19). In addition, a
specialized Na+ channel was recently identified in the anterior
region of the third ventricle, which regulates neural activities
by sensing changes in the sodium concentration of CSF
(20,21). However, mechanisms underlying the increased CNS
drug sensitivity caused by renal failure have not been fully
elucidated, and few studies have examined whether
electrolyte homeostasis is perturbed in renal failure.
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As a first step to clarify the underlying mechanisms
leading to this increased sensitivity, it is helpful to evaluate
the effects of renal failure on the sodium concentration of
CSF, but such evaluations are often hindered by difficulties in
examining the CSF concentration in vivo. One of the
approaches to overcome this is to use the microdialysis
method (22). This approach enables us to continuously
monitor the concentration of various substances in a target
tissue without affecting the fluid’s volume and composition
using a tiny probe precisely embedded in it (23). In addition
to this approach, application of the clinically utilized cationic
element lithium to examine monovalent cation movement is
worth considering. It is reported that some sodium trans-
porters, such as the Na+–K+–2Cl− co-transporter and Na+/H+

exchanger, similarly recognize and transport lithium (24,25).
Since these transporters are likely to play an important role in
maintaining sodium concentration in the CSF (26–29), the
perturbed sodium concentration in the CSF is probably
detected by evaluating the lithium disposition.

With these considerations, we investigated the effects of
renal failure on lithium disposition in rats with experimentally
induced acute renal failure (ARF), in which the microdialysis
probe was precisely placed in the lateral ventricles to monitor
the lithium concentration of CSF. In addition, since there are
various electrolyte transporters expressed in the choroid
plexus to maintain the water and electrolyte balance of CSF
(26,30,31), the effects of renal failure on their expressions
were examined while focusing on the Na+–K+–2Cl− co-
transporter (NKCC1) and the Na+/H+ exchanger (NHE1),
which are largely expressed in the choroid plexus.

MATERIALS AND METHODS

Materials

Lithium chloride was obtained from Nacalai Tesque
(Kyoto, Japan). Ringer’s solution was prepared by dissolving
8.6 g of sodium chloride, 0.3 g of potassium chloride, and
0.33 g of calcium dichloride in 1 L of distilled water. Purified
rabbit anti-rat NKCC1 and anti-rat NHE1 polyclonal anti-
bodies were purchased from Chemicon (Temecula, CA,
USA). Other chemicals were of the finest grade available
from local distributors.

Animals

Male Wistar (clean) rats (220–250 g) were purchased
from Japan SLC Inc. (Hamamatsu, Japan). They were housed
at 20–25°C and 40–50% humidity on a 12-h light/dark cycle,
and were allowed free access to a standard laboratory diet
(MF, Oriental Yeast Co., Ltd., Tokyo, Japan) and water prior
to the experiments. For the experiments with glycerol-
induced ARF rats, rats were injected with 50% glycerol
saline solution (10 ml/kg) in the left and right leg muscles
after 24-h water deprivation (32). They were normally fed
thereafter. These rats were used in experiments 24 or 48 h
after glycerol treatment. They are hereafter referred to as
ARF24 and ARF48, respectively, when necessary to mention
the elapsed time after ARF induction. The development of
renal failure was confirmed based on the serum creatinine
concentration. The serum creatinine concentration was in-

creased from 0.59±0.07 mg/dl before glycerol treatment to
3.24±0.19 and 4.02±0.65 mg/dl after treatment in ARF24 and
ARF48 rats, respectively. All animal experiments were
performed in accordance with the guidelines for animal
experimentation of Okayama University.

Evaluation of Lithium Concentration Profile in Plasma

After being anesthetized with sodium pentobarbital
(50 mg/kg, i.p.), each rat was fixed on its back. A total of
450 μl of lithium chloride solution was administered at a dose
of 0.5 or 4 mmol/kg from the right femoral vein. A 150-μl
blood sample was then taken from the cervical vein at 5, 20,
45, 75, 120, 240, and 360 min into a heparinized tube. The
blood sample was centrifuged at 8,000×g for 10 min to collect
a plasma specimen for lithium determination.

The lithium concentration profile of plasma was charac-
terized in a model-dependent manner, in which the observed
lithium concentration was fitted to the following equation
with a nonlinear, least-squares method:

Cp tð Þ ¼ Ae��t þ Be��t ð1Þ

where Cp(t) is the lithium concentration in plasma at time t.
Total lithium clearance CLtotal was calculated by the equation
below:

CLtotal ¼ D
A
� þ B

�

� � ð2Þ

where A, B, α, and β are parameters to be determined with
Eq. 1. D is the lithium dose administered to rats (0.5 or
4 mmol/kg). When the area under the lithium concentration–
time curve (AUC) in plasma was compared with that in CSF,
its value was calculated with the trapezoidal rule until 6 h.

Evaluation of Lithium Concentration Profile in CSF

Prior to the experiment, the permeation coefficient of the
microdialysis probe was determined in vitro (23). The micro-
dialysis probe assembly equipped with a semi-permeable
cellulose membrane (A-I-8, Eicom Co., Ltd., Kyoto, Japan)
was immersed inRinger’s solution containing 7.2mM (50 μg/ml)
lithium (donor solution). The semi-permeable membrane was
1 mm in length and 200 μm in diameter, and its permeation
threshold was 50 kDa. The inlet and outlet of the probe
assembly were connected to a syringe infusion pump (CMA/
102, CMA Microdialysis AB, Solna, Sweden) and a fraction
collector (CMA/142, CMA Microdialysis AB, Solna, Sweden),
respectively. To determine the permeation coefficient, the
probe’s lumen was perfused with Ringer’s solution at a rate of
0.5 μl/min, and the perfusion effluent from the outlet was
collected every 60 min until 6 h. The donor solution was
collected at the midpoint of the collection interval. The
permeation coefficient was determined as the concentration in
the effluent compared to the donor solution, giving a value of
34.1±1.1%.

In the experiment, after being anesthetized with sodium
pentobarbital, each rat was fixed on a stereotaxic instrument
(Model SR-5N, Narishige, Tokyo, Japan). Its skull was
exposed, and a hole 1 mm in diameter was opened by drilling
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the skull carefully without damaging brain tissue. A guide
cannula (AG-8, Eicom Co., Ltd., Kyoto, Japan) was then
inserted into the brain tissue through the hole, and its tip was
placed in the right lateral ventricle. The guide cannula was then
fixed to the skull with a screw and dental cement. Subsequently,
the microdialysis probe assembly was inserted into the ventricle
through the guide cannula, and the tip of the assembly’s semi-
permeable membrane was placed precisely at the following
brain atlas coordinates originating from the bregma (33):
anterior, 0.0 mm; lateral, 1.5 mm; ventral, 3.2 mm. The inlet
and outlet of the probe assembly were connected to a syringe
infusion pump (CMA/102) and a fraction collector (CMA/142),
respectively, and the probe’s lumen began to be perfused with
Ringer’s solution at a rate of 0.5 μl/min.

After a 1-h equilibration period, lithium chloride solution
was administered into the right femoral vein at a dose of
4 mmol/kg. Effluent from the outlet was collected every
30 min until 6 h, and its lithium concentration was deter-
mined. The CSF lithium concentration at the midpoint of the
collection interval was calculated with the determined con-
centration by taking into account the probe’s permeation
coefficient, described above. The AUC in CSF was calculated
by the trapezoidal rule.

Lithium Determination

The lithium concentration was determined with an
atomic absorption spectrometer at a wavelength of 670.8 nm
with lithium standard solutions prepared at 1.44, 14.4, 36, 72,
108, 144, and 360 μM, in which coefficient of determination
was larger than 0.995. Plasma specimens were diluted 20 or 50
times with distilled water for lithium determination. CSF
specimens were added to distilled water to adjust their
volume to 300 μl according to the manufacturer’s instruction
of the spectrometer, and then, the lithium concentration was
determined. The determination was performed without
repetition, because the volume of the specimen was insuffi-
cient for multiple determinations. The lowest lithium concen-
trations detectable in this study were 1.5 and 30 μM for the
plasma and CSF specimens, respectively.

Evaluation of NKCC1 and NHE Expressions in the Choroid
Plexus

A membrane fraction for the evaluation of choroid
plexial NKCC1 and NHE1 expressions was prepared on two
consecutive days, in which the membrane fraction from
normal rats was prepared on day 1, and that from ARF rats
was prepared on day 2. As for the preparation, each rat was
fixed on its back after being anesthetized via diethyl ether
inhalation. A midline incision was carefully made and the
thoracic cavity was opened by cutting the ribs to expose the
left and right carotid arteries. The rat was then sacrificed by
cutting the vena cava. Immediately after, a 20-gauge needle
attached to a syringe filled with 30-ml ice-cold saline was
inserted into the carotid artery, and any blood remaining in
the brain tissue was gently washed out. The whole brain was
then excised, and horizontally cut to expose the lateral
ventricles. Then, choroid plexial epithelia were collected
under a magnifying glass (34). They were suspended in ice-
cold, phosphate-buffered saline (PBS) followed by homoge-

nization with 20 strokes at 500 rpm using a Teflon potter
homogenizer. The homogenized specimen was subjected to
conventional differential centrifugation (35): it was centri-
fuged at 9,000×g for 20 min, and the resultant supernatant
was re-centrifuged at 105,000×g for 60 min. The obtained
precipitate was re-suspended in PBS, and its protein content
was determined with the Bradford method using a protein
assay kit (Bio Rad, Hercules, CA, USA). The suspended
membrane fraction was stored at −82°C.

NKCC1 and NHE1 expressions were evaluated using the
Western immunoblot method (36). After 5-min boiling with 2-
mercaptoethanol, the suspension of the membrane fraction
was applied to an SDS-polyacrylamide (10%) gel at 4.2 or
5.0-μg protein/lane. The gel was subjected to 90-min electro-
phoresis followed by a transfer process to a nitrocellulose
membrane. The membrane was then subjected to an over-
night blocking process with 4% skim milk containing 0.4%
Tween 20 at 4°C. After that, it was incubated for 1 h with the
anti-NKCC1 or anti-NHE1 antibody diluted at 1:1,000. The
migration pattern was visualized with the Vectastain Elite
ABC Kit (Vector Laboratories, Burlingame, CA, USA)
according to the manufacturer’s instructions. The visualized
band signals were semi-quantitatively analyzed based on
densitometric readings.

Data Analysis

Data are shown as the means ± SE of three to nine
experiments. Significant differences were evaluated by Stu-
dent’s t test, and p<0.05 was considered significant.

RESULTS

Effect of Acute Renal Failure on the Plasma Lithium
Concentration Profile

The lithium concentration–time profile in plasma was
firstly evaluated in rats. As shown in Fig. 1A, the plasma
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Fig. 1. Plasma concentration profiles of lithium at intravenous
lithium doses of 0.5 (A) and 4 mmol/kg (B) in normal and ARF24
rats. Solid lines in both panels are the best-fit curves to the observed
data, which were calculated with the nonlinear, least-squares method.
The profiles in normal and ARF24 rats are indicated with open and
closed circles, respectively. Data are shown as the mean ± SE of three
to nine experiments. Asterisk, p<0.05: significantly different from the
corresponding value in normal rats.
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profiles following intravenous lithium administration at a
dose of 0.5 mmol/kg were different between normal and
ARF24 rats. The profile in ARF24 rats was reduced more
slowly than that in normal rats, leading to the concentration
in ARF24 rats being significantly higher in the terminal phase
compared with that in normal rats (Fig. 1A). As a result, total
lithium clearance in ARF24 rats was decreased to 20.8% of
that in normal rats at a lithium dose of 0.5 mmol/kg (Table I).
On the other hand, when experiments were performed at a
lithium dose of 4 mmol/kg, no differences were observed in
the profiles between normal and ARF24 rats (Fig. 1B).
Model-dependent analysis also indicated that there were no
differences in the concentration profiles between normal and
ARF24 rats at a dose of 4 mmol/kg (Table I).

Effects of Acute Renal Failure on the CSF Lithium
Concentration

The lithium concentration profile in CSF was then
examined at an intravenous lithium dose of 4 mmol/kg,
revealing that the concentration in CSF varied within a lower
range, and declined at a slower rate compared with that in
plasma in normal and ARF24 rats (Fig. 2). In addition,
although the lithium concentration profiles in plasma were
not different between normal and ARF24 rats, the CSF
profile was revealed to be lower in ARF24 rats than that in
normal rats (Fig. 2), resulting in the AUC of the CSF profile
in ARF24 rats being significantly smaller than that in normal
rats (Fig. 3). The lithium disposition to CSF was then
evaluated as the AUC ratio between plasma and CSF, being
5.8±2.5% in ARF24 rats, which was 26.5% of that in normal
rats (21.9±5.6%). The lithium disposition to CSF was also
decreased in ARF48 rats, being 31.1% of the normal value
(Fig. 3).

Effects of Acute Renal Failure on NKCC1 and NHE1
Expressions in the Choroid Plexus

To investigate the underlying mechanisms leading to the
decreased CSF lithium concentration, NKCC1 and NHE1
expressions in the choroid plexus were evaluated in normal
and ARF rats (Figs. 4 and 5). A significant increase of the
NKCC1 expression was observed in ARF rats: expressions in

ARF24 and ARF48 rats were 1.4 and 1.2-times greater than
that in normal rats, respectively (Fig. 4A, B). As for the
NHE1 expression, since two band signals were similarly
detected, the total band density was evaluated and compared
between normal and ARF rats (Fig. 5). As a result, the NHE1
expression was not different between normal and ARF rats.

DISCUSSION

To clarify the mechanism leading to increased CNS
sensitivity when the renal function is seriously impaired, we
evaluated the effects of renal failure on electrolyte homeo-
stasis in CSF by examining lithium distribution. As shown in
Fig. 2, the lithium concentration profile in CSF following
intravenous lithium administration was significantly lower in
ARF than in normal rats. It was also revealed that NKCC1
expression in the choroid plexus was increased in ARF rats,
and this increased expression was similarly observed in
ARF24 and ARF48 rats (Fig. 4). In contrast, the NHE1
expression was not altered in ARF rats (Fig. 5).

Maintaining water volume and electrolyte composition in
CSF is crucial for the CNS to function normally. It is well-
known that CSF is secreted at the choroid plexus, where
various transporters and aquaporins are expressed and play
important roles in controlling the electrolyte composition of
CSF (26,30,31,37). Among those transporters, NKCC1 is one
of the most predominantly expressed transporters on the
apical side of the choroid plexus, and it contributes to
regulation of the electrolyte concentration of CSF (27,28).
Therefore, it is conceivable, in conjunction with our findings
in this study, that electrolyte homeostasis in CSF is consider-
ably perturbed when renal function is acutely impaired. This
perturbation seems to be related to an altered NKCC1
expression in the choroid plexus (Fig. 4), which may result
in sodium efflux from CSF to the blood. However, since the
present study performed with ARF rats was not designed to
clarify whether the increased NKCC1 expression is a cause of
homeostasis perturbation or a response to the perturbation to
maintain homeostasis, further investigations should be per-
formed to elucidate the mechanisms via which electrolyte
homeostasis in CSF is regulated in response to acute renal
failure. In addition, it should be noted that lithium substitutes
for sodium at selective transporters expressed in the choroid

Table I. Pharmacokinetic Parameters for the Plasma Concentration Profile of Lithium in Normal and ARF Rats Following Intravenous
Lithium Administration at Doses of 0.5 and 4 mmol/kg

0.5 mmol/kg 4 mmol/kg

Normal ARF24 Normal ARF24

Experimenta 3 3 9 4
Parametersb

A (mM) 0.60±0.09 0.64±0.16 7.37±0.47 7.50±0.75
α (h−1) 2.61±0.36 4.94±1.84 2.66±0.28 2.12±0.87
B (mM) 0.51±0.05 0.48±0.14 4.94±0.23 5.11±0.70
β (h−1) 0.15±0.04 0.04±0.04 0.13±0.01 0.11±0.05
CLtotal (ml h−1 kg−1) 132.0±23.0 27.5±27.0 c 88.1±11.2 78.3±20.2

aData are shown as the means ± SE of three to nine experiments.
b Pharmacokinetic analysis was performed with the two-exponential equation described in “Materials and Methods” (see text).
c Significantly different from the corresponding value in the normal group (p<0.05)
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plexus, and the effect of acute renal failure on the sodium
concentration of CSF is necessary to be clarified in future
study.

Although the altered CNS drug sensitivity observed with
acute renal failure is unlikely to be explained only by an
increased sodium efflux from CSF mediated by NKCC1,
sodium concentration seems to be essential in regulatory
mechanisms of CNS functions. In fact, it has been demon-
strated that changes in sodium concentration in CSF, caused
by infusing artificial, high-sodium CSF into the cerebral
ventricle or administering a sodium-rich diet, led to sympa-
thoexcitation and hypertension (38,39), and they modulate
various gene expressions, such as for angiotensin-converting
enzyme and angiotensin type 1A receptor (18,19). The
existence of a specialized sodium channel which can sense a
slight increase in the sodium concentration in CSF was also
recently revealed (20,21). Further investigations will clarify
the relationship between the CSF sodium concentration and
CNS sensitivity to therapeutic compounds.

As for the increased NKCC1 expression observed in
ARF rats, the precise mechanism responsible for this increase
is currently unknown, but it can be speculated that the
increased expression is partly related to an altered blood
concentration of sex hormones induced by renal failure

(29,40,41), and the resultant imbalance in the protective
properties of estrogens and the exacerbative properties of
testosterone (42–44). In addition, it has been reported that
NKCC1 expression is up-regulated by nerve growth factor
(NGF) (45). Since NGF is known to be released in response
to inflammation (46,47), it is likely that the ARF activates the
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Fig. 4. Choroid plexial NKCC1 expression in normal and ARF rats.
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Fig. 2. Plasma and CSF concentration profiles of lithium in normal
(A) and ARF24 rats (B) following intravenous lithium administration
at a dose of 4 mmol/kg. The profiles in plasma and CSF are indicated
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NGF-releasing process. NKCC1 expression may be facilitated
by the released NGF stimulating the transcription of the
NKCC1-encoding gene in ARF rats (48,49).

In this study, the plasma concentration profiles of lithium
observed at a dose of 4 mmol/kg were the same between
normal and ARF rats, while those observed at 0.5 mmol/kg
were clearly different (Fig. 1 and Table I). The reason for this
discrepancy is currently unknown, but since approximately
80% of lithium filtered at the glomerulus is reabsorbed in the
proximal tubules (50), the saturation of some process
involving lithium reabsorption may be related to the discrep-
ancy. We performed experiments at a lithium dose of 4 mmol/
kg (Fig. 2). This is because differences in the lithium
concentration of CSF would be readily detected if its plasma
profiles were the same between normal and ARF rats
(Fig. 1B). In addition, the CSF lithium concentration needed
to be raised high enough for its accurate determination. It is
unlikely that the dose-dependency observed in the lithium
plasma profile is related to our findings that the disposition of
lithium to CSF is altered in ARF rats.

In summary, we demonstrated that the lithium concen-
tration of CSF is decreased in ARF rats, and this reduction
seemed to be accompanied by an increased NKCC1 expres-
sion in the choroid plexus. With these findings, electrolyte
homeostasis in CSF is probably perturbed when renal
function is seriously impaired, and this perturbation may be
a reason why a change of CNS sensitivity to therapeutic
compounds is caused by renal failure. Although the precise
mechanisms underlying such altered CNS sensitivity still
remain to be clarified, our findings will be helpful in
providing optimal treatment for patients with renal failure.
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