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Na, CHANNEL INVOLVED IN SODIUM-LEVEL SENSING
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The Na, channel has been classified as part of a subfamily of voltage-gated sodium
channels. The primary structure of Na,, however, is markedly different from that of other
voltage-gated sodium channels, including the key regions for voltage sensing and inactivation.
Until now, the functional properties of the channel have been poorly understood, as attempts at
functional expression of Na, in heterologous systems have failed. In this thesis, the Na, channel
was revealed, for the first time, to be a new type of sodium channel that is sensitive 1o an increase
in the extracellular sodinm concentration.

Na_-deficient mice, in which the Na, gene was knocked-out by insertion of the lacZ gene
in-frame, showed that the Nax.channel was expressed in neurons in the circum ventricular organs
(CVOs), like the subfornical organ (SFO) and organum vasculosum laminae terminalis (OVLT),
regions important for control of the body fluid ionic balance. Under conditions of thirst, Na,- .
deficient mice showed hyperactivity of neurons in these areas as compared with wild-type mice.
Cells in CVOs are able to monitor body fluid conditions directly, because such regions lack a
blood-brain barrier. Under parched conditions, the sodium concentration and plasma osmolarity
increase by 5-10%. In this state, wild-type mice stopped ingesting salt. In contrast, Na,-
deficient mice did not. Thus, Na, expressed in the SFO and OVLT is expected to play an
essential role in sodium-level sensing in the brain.

To verify the role of Nay, the SFO and OVLT were directly stimulated with hypertonic
sodium solutions by intracerebroventricular (ICV) infusion and the preference for a 0.3 M.NaCl
solution over pure water was examined by a two-bottle test. When a hypertonic sodium solution
was infused, wild-type mice avoided salt-intake. In contrast, Na,-deficient mice showed no such
aversion. These results indicate that Na, is involved in sodium-level sensing in the brain.

Cellular responses of Na, were examined next by imaging analysis using an indicator for
sodium ion. The analysis was performed first using dorsal root ganglion (DRG) neurons because
all are Na,-positive, whereas only a subpopulation of neurons in the SFO or OVLT are Na,-
positive. When [Na*], was increased from the control amount of 145 mM (control sodium
solution) to 170 mM (high sodium solution) by bath application of an NaCl solution, the [Na']; of
dissociated neurons derived from wild-type mice showed a pronounced increase. In contrast, no
significant increase in the [Na*]; was detected in DRG neurons isolated from Na,-deficient mice.
None of the cells (from either wild-type or Na,-deficient mice) responded to the rise in osmolarity
or chloride concentration [Cl ], to that of the ‘high sodium solution’. When the sodium
concentration was raised with sodium methanesulfonate, on the other hand, there occurred a
response. Thus the neurons responded to the rise in [Na*], but not to the rise in osmolarity or
[CI"],. [Na*], at the half maximal value (C;,) was determined to be 159 mM from the
relationship between the [Na*]; increase rate and [Na*],. When [Na’], was lowered {rom the
control amount of 145 mM, no [Na*]; response was seen. The cytosolic sodium response was
observed in DRG neurons of various sizes from wild-type mice, consistent with the ubiquitous

expression of Na, in DRG neurons, and tetrodotoxin (TTX)—a potent blocker of TTX-sensitive



vollage-gated sodium channels—did not antagonize the response.

This change in [Na*]; was speculated to be a result of sodium inflow {rom extracellular
space. This possibility was verified by whole-cell current recordings of DRG neurons using a
patch-clamp technique. When ‘high sodium solution’ was applied to cells derived from wild-
type mice, inward currents were observed. The current amplitude was consistent with that
estimated from the ion-imaging studies. By contrast, the current was not observed in cells
derived from Na,-deficient mice, and it was not inactivated under ‘high sodium solution’
conditions; instead, it disappeared rapidly when the amount of extracellular sodium returned to
normal. There was no vollage dependency during the application of ‘hivgh sodium solution’ and
the current amplitude was not affected by TTX.

For further confirmation, an Na, expression vector was constructed usiﬁg mouse Na,
¢DNA and introduced into the dissociated DRG neurons from Na,-deficient mice. When [Na™j,
was increased from 145 mM to 170 mM, an [Na*]; response similar to that in wild-type neurons
appeared. In all control experiments of mock transfection, no [Na']; response was detected. It
was thus revealed that Na, is a newly identified type of sodium channel that is sensitive to an
increase in the extracellular sodium concentration.

Finally, the same experiments were carried out on SFO cells. A similar [Na']; response
was detected in neurons that were dissociated from the SFO of wild-type mice, ‘and all the
[Na*];—responsive ceils in this region were also Na,-immunoreactive. When ‘high sodium
solution’ was applied to the cells, the [Na*]; of these neurons increased over a time-course similar .
to that in DRG cells. The Naimmunopositive SFO neurons responded to an increase in [Na‘],,
but not to increases in osmolarity or [ClI"],. The [Na®], at half maximal value (Cyn) was
approximately equal to the concentration obtained from DRG. In contrast, SFO neurons derived
from Na,-deficient mice did not show such responses. When the expression vector for mouse
Na, -cDNA was introduced in vitro into SFO neurons from Na,-deficient mice, the sodium
sensitivily of the neuron was restored. These findings indica'te that the Na, channel is a sodium
receptor in the brain.

In order to identify the neurons which express Na, in SFO, the localization of Na, in SFO
was examined by immunostaining. Most immunopositive neurons were observed in the
peripheral region of SFO and overlapped with GABA-immunopositive neurons. Furthermore, all
of the GABA-immunopositive neurons isolated from SFO responded to the increase in the
extracellular sodium level. Based on these findings, a locking hypothesis in SFO for the
regulation of salt-intake behavior was proposed: the GABAergic inhibitory neurons which express
Na, lock the activily of the neurons that continuously stimulate the salt-intake behavior of
animals under certain conditions, when the sodium level of body fluids rises. .
Finally, the localization of Na, throughout the visceral organs at the cellular level was examined
using a specific antibody against Na, in wild-type mice and lacZ expression in the gene-targeted
mice in which the Na, gene is replaced with the lacZ gene. In visceral organs including the lung,
heart, intestine, bladder, kidney and tongue, a subset of Schwann cells within the peripheral nerve

trunks were highly positive for Na,. An electron microscopic analysis indicated that these Na-



positive cells were non-myelinating Schwann cells.  In addition, Nag-positive signals were
observed in the alveolar type II cells in the lung, which actively absorb sodium and water to help
the efficient gas exchange through the alveolar surface. Taken together, the Na, channel appears
to be involved in several important functions through its peculiar properties not only in the CNS

but also in the peripheral organs.
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