
Hypotheses

1. A function of NKCC1 in CPECs is maintenance of both normal and constant cell 
water volume (CWV). Under normal physiological conditions NKCC1 is 
constitutively active, inwardly transporting ions and osmotically committed 
water. Hence, we predict that NKCC1 inactivation results in CPEC shrinkage due 
to unbalanced solute and water fluxes (Fig. 1).

2. In CPECs, NKCC1 works near its thermodynamic equilibrium. Therefore, small 
changes in [K+]o ought to be sufficient to alter both direction and magnitude of 
NKCC1-coupled solute and associated water fluxes. By virtue of this K+

sensitivity and its apical location, we propose NKCC1 senses and regulates CSF 
[K+]. 

Ion CSF aCSF CPEC
intracellular

Na+ 147 mM 126 mM 17   mM

K+ 2.9 mM 3 mM 100 mM

Cl- 113 mM 131 mM 55   mM

Modeling the flux reversal point (µrev) of NKCC1 in CSF and aCSF
Using the ion concentrations shown in the table, transport direction and magnitude

through NKCC1 can be predicted from the overall net free energy or ∆μ. For an 

electroneutral stoichiometry of 1Na+:1K+:2Cl-,

∆μ=RT●ln

Conclusions

1.   CPECs from NKCC1 -/- mice are significantly smaller than those from NKCC1 +/+, 
suggesting that under physiological conditions NKCC1:

a. is constitutively active,

b. is working in the inward mode, and

c. is necessary to maintain normal cell volume.

2. The direction of solute and water transport mediated by NKCC1 reverses at [K+]o ≈ 2.8 mM, 
which is very close to the CSF [K+] of 2.9 mM. 

3. CPECs from NKCC1 +/+ mice are sensitive to small changes in [K+]o as revealed by 
measured changes in CWV in response to various [K+]o within physiological range (1 - 5 
mM).

4. NKCC1 -/- mice CPECs loose their “sensitivity” to *K+]o in the physiological range (between 
1- 5 mM). 

5. Based on these preliminary results, we propose that CPECs use NKCC1 to sense and 
regulate CSF [K+].   

CPECs seem exquisitely sensitive to small fluctuations in CSF [K+]. NKCC1 and the Na+/K+

pump in CPECs are expressed in an unusual location; in secretory epithelia these transport 
proteins are located at the basolateral rather than at the apical membrane. This location of 
NKCC1 at the apical membrane facing CSF, in conjunction with its kinetic and thermodynamic 
properties, and its high affinity for external K+ (5), makes NKCC1 ideally suited to sense and 
regulate [K+] in CSF. When in contact with CSF (normal [K+]o = 2.9 mM), NKCC1 transport is 
inwardly directed, but the transporter works near equilibrium, i.e. close to its µrev. When CSF 
[K+] increases above 2.9-3.0 mM, CPECs uptake K+ via NKCC1 and expel it to the blood via K+

transporters and channels in the basolateral membrane. When [K+] in CSF is less than the 
physiological 2.9 mM, NKCC1 reverses its transport direction and secretes K+ into the CSF. We 
propose that NKCC1 senses and controls CSF K+ as a result of its peculiar characteristics in 
CPECs.

Choroid plexus epithelial cells use NKCC1 cotransporters as sensors and 
regulators of cerebrospinal fluid potassium levels.
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Background
Electrical activity of neurons results in changes in K+ concentration of their 
extracellular microenvironment. If not corrected, these changes in extracellular K+

concentration ([K+]o) will affect nerve cell excitability and osmotic balance. Thus, 
normal brain function requires mechanisms that tightly regulate [K+] in the fluid 
surrounding neurons. Brain extracellular fluid comprises two major 
compartments: the interstitial brain fluid (IBF), in direct contact with neurons; and 
the cerebrospinal fluid (CSF), circulating in the ventricles and around the brain. 
The CSF is in direct continuity with the IBF; there are no diffusion barriers 
between these two compartments, therefore, the composition of one affects and 
is affected by the composition of the other (1). The CSF is secreted by epithelial 
cells that form the choroid plexus (CP). The CP epithelial cells (CPECs) are held 
tightly together creating the choroidal epithelium that forms the blood-CSF 
barrier. CPECs not only secrete CSF but regulate its chemical composition. Like all 
epithelial cells, CPECs are “polarized;”one side (the apical membrane) faces the 
CSF, whereas the other side faces the blood (the basolateral membrane). Unlike 
other secretory epithelia, the apical membrane of CPECs express the Na+/K+

ATPase and the NKCC1 cotransporter proteins. NKCC1 actively uptakes potassium 
(K+) and chloride (Cl-) ions using the energy stored primarily in the inward sodium 
(Na+) chemical gradient generated across the plasma membrane by the Na+/K+ 
ATPase. Ion transport mediated by NKCC1 is electroneutral (stoichiometry 1Na+: 
1K+:2Cl-), and is tightly linked to water transport. 

Net solute and water fluxes balance determines choroidal 
epithelial cell volume.

Cell Shrinks Cell at Equilibrium Cell Swells

Unbalanced
solute & water fluxes
net efflux > net influx

Balanced
solute & water fluxes
net efflux = net influx

Unbalanced
solute & water fluxes  
net efflux < net influx 
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The mean CSA of CPECs from NKCC1 +/+ is twice that of NKCC1 -/-

Results
CPECs from NKCC1 -/- are significantly smaller than CPECs 
from WT
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Normal CWV

CWV =
Qm
Cm

CWV = relative cell water volume
Qm = total intracellular content of the probe (m),

(Qm must be constant).
Cm = relative change in concentration of m.
(By measuring changes in Cm, i.e. calcein fluoresence, it is 
possible to determine CWV as described in ref. 4).

NKCC1 µrev in CSF and in artificial CSF (aCSF) are similar
Negative Δµ values correspond to inwardly directed net ion fluxes mediated by
NKCC1. Positive Δµ values correspond to outwardly directed net ion fluxes
mediated by NKCC1. 

NKCC1 +/+ NKCC1 -/-

Relative changes in CWV recorded in single CPECs in response to 
small changes in [K+]o

All solutions had the same osmolality (290 mOsm/Kg water). 
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Methods
To test hypothesis 1, the cross sectional area (CSA) of freshly dissociated CPECs 
from wild type NKCC1 (NKCC1+/+) and NKCC1 knockout (NKCC1-/-) mice was 
measured using differential interference contrast (DIC) optics. Freshly dissociated 
(2-6 hr) CPECs preserve their polarity following dissociation (2). CPECs were 
imaged with DIC optics (Olympus oil immersion objective 40x NA 1.35 objective, 
1.6x tube factor), the perimeter of each cell was outlined, and the CSAs were 
calculated using MetaMorph Software. The NKCC1 KO mice colony was generated 
from breeding pairs provided by Dr. G. Shull (3).

To test hypothesis 2, changes in cell water volume (CWV) from single CPECs were 
measured using the fluorophore calcein as an impermeant volume marker (m).  
Changes in fluorescence from calcein-loaded CPECs were monitored from a 
digital pinhole area applied to each cell (colored circles in Fig. 3). The imaging 
system consisted of the same objective described above (oil 40x, N.A. 1.35), 
coupled to a monochromator. Cells were imaged using a cooled digital CCD 
camera (ORCA 2-ER, Hamamatsu). Calcein was excited at 495 ± 6nm and emission 
was recorded at 535 ± 13nm. Fluorescence signals were converted into CWV as 
previously described (4). The basic principle of the calcein-dilution method for 
measuring changes in CWV in single cells is illustrated in Fig. 2.
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Apical membrane
(facing CSF)

Basolateral membrane
(facing blood)

p < 0.01
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Note that increasing [K+] by 2 mM
results in a ~20% increase in 
relative cell volume

Note that decreasing [K+] by 1 mM
results in a ~15% decrease in 
relative cell volume

Note that genetic deletion of NKCC1 
protein results in loss of external K+

sensitivity

(Intracellular ion concentrations are estimates
based on other epithelial cells)


