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ORENZEETHHZENHALE Pl 2o X912, SFO
BT D Na, =L HIRIEIERE =2V 7 HiE
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Intracellular side Bait (1488-1681) Region encoded by
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@2:592 RARVPDAVGKCRSAGIKVIMVTGDHPI TAKAIAKGVGIISEGNETVEDIARRLNIFVSOVN
wh:58¢ RARVPFDAVGKCRSAGIKVIMVTGDHEPITAKAIAKGVGIISEGHETVEDIARRLNIFVIQVN

] : PROAKACVVHGSDLKOMTSEELDD I LRYHTEIVFARTS POQKL I IVEGCQROGATIVAVTGD 717
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3 : PROAHACY THG TDLEDF TSEQIDE ILCNHTEIVFARTS POQKLT IVEGCQROGATVAVTGD 707
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c 6H Con F Bait/ Prey
(kDa) Nagol Nagloz Nago3d Nay/C

+200

Figure 1. Interaction between Na, Channels and o Subunits of Na*/K*-ATPase

(A) Schematic illustrations of Na, channel (Left) and a1 subunit of Na'/K'-ATPase (Right). P, putative pore-forming regions.

(B) Alignment of amino acid sequences of the a1 (596-717), a2 (593-714) and a3 (586-707) isoforms of mouse Na'/K'-ATPase. Amino
acids identical among them are shaded, and unique amino acids in a3 are drawn in red.

(C) Coimmunoprecipitation of Na, channels and the al subunit of Na'/K'-ATPase. Cell lysate prepared from C6M16 cells was
immunoprecipitated with a monoclonal antibody (6H) to the ol subunit of Na'/K'-ATPase or anti-HA monoclonal antibody (Con) as a
negative control and analyzed by Western blotting using anti-Na, antibody (upper) or 6H (lower).

(D and E) Colocalization of Na, channels and the al subunit of Na’/K'-ATPase on coronal tissue sections (D) and dissociated cells (E) of
the mouse SFO. A higher magnified picture of the boxed area in (Ed) is shown in (Ee). Arrowheads point to the dense colocalization of
Na, and the al subunit in the plasma membrane. DIC, differential interference contrast image; scale bars: 100 pm for (D), 30 um for (E).
(F) Filter-lift B-galactosidase assay to examine the binding of the C-terminal region of Na, channels with the al, a2 and o3 subunits of
Na'/K'-ATPase. The bait is the C-terminal region of Na,. ~As prey, three polypeptides derived from the third cytoplasmic domain of the
o subunit of Na'/K'-ATPase (shown in [B]) were used (Na/al-a3). As a negative control, only the GAL4-activating domain was
expressed (Na,/C).

(G) In situ hybridization with probes for Na, channel, and o1, a2, and a3 subunits of Na'/K'-ATPase on coronal tissue sections of the
mouse SFO. VHC: ventral hippocampal commissure; 3V: the dorsal third ventricle. Scale bar: 100 pm.
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Figure 2. Na, Channel Is Involved in Na-Sensitive Uptake of Glucose in the SFO

(A) Imaging analysis of the uptake of glucose in the SFO using a fluorescent glucose derivative. The SFO was isolated from wild-type
(WT; [Aa, Ab, Ae, and Af]) and Na,-KO (KO; [Ac and Ad]) mice and incubated with 2-NBDG in the 145 mM (Aa, Ac, and Ae) or 170
mM (Ab, Ad, and Af) Na solution. In some experiments, the extracellular solutions contained 1 mM ouabain (Ae and Af). The tissues
did not show any significant autofluorescence before incubation with 2-NBDG (not shown). Scale bar: 50 um.

(B) Summary of glucose uptake activity of the SFO. Fluorescence intensities of the tissues were quantified by imaging software, and the
mean and SE was obtained. The mean fluorescence intensity of the wild-type in the 145 mM Na solution was set at 100%. **p < 0.01,
two-tailed t test (against 145 mM of WT); data are the mean and SE (n =5 for each).

(C) Imaging analysis of glucose uptake in dissociated SFO cells. Cells dissociated from the SFO of wild-type (WT) and Na,-KO (KO)
mice were subjected to imaging analysis of glucose uptake using 2-NBDG in the 145 mM or 170 mM Na solution. ~After the imaging,
cells were stained with anti-Na, channel antibody (Nay). DIC, differential interference contrast image. Scale bar: 25 um.

(D) Summary of glucose uptake activity of the dissociated SFO cells. The mean fluorescence intensity of wild-type (WT) cells in the 145
mM solution was set at 100%. **p <0.01, two-tailed t test (against 170 mM of KO); data are the mean and SE (n = 20 for each).

(E) Effect of monensin on glucose uptake in dissociated SFO cells. Cells were dissociated from the SFO of wild-type (WT) and Na,-KO
(KO) mice. Cells were treated with 0.5 uM monensin (Mon) in the 145 mM Na solution. The mean fluorescence intensity of Con
(without Mon treatment) of WT was set at 100%. **p <0.01, two-tailed t test (against Con of WT); data are the mean and SE (n = 20 for
each).
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Figure 3. Lactate Activates Inhibitory Neurons in the SFO

(A and B) Release of lactate (A) and pyruvate (B) from the SFO tissue into the incubation medium. Modified Ringer solutions, in which
the SFO tissues from wild-type (WT) or Na,-KO (KO) mice were incubated for 24 hr at 37°C, were subjected to measurements by the
enzyme assay. The normal modified Ringer solution and high-Na modified Ringer solution contained 145 mM and 160 mM Na,
respectively. *p <0.05, two-tailed t test (against WT of 145 mM). Data are the mean and SE (n = 10 for each).

(C and D) Control of spike frequency of GABAergic neurons in the SFO by Na and lactate. The SFO tissues from wild-type (WT) and
Na,-KO (KO) mice were treated with the high-Na modified Ringer solution (C) or 1 mM lactate in the normal modified Ringer solution
(D). Na is indispensable for Na-dependent activation of the GABAergic neurons in the SFO, but lactate activates them independent of
Na,.

(E) Summary of the electrophysiological experiments with the SFO of wild-type (WT) and Nay,-KO (KO) mice. Means of spike
frequency of the GABAergic neurons during perfusion of various kinds of solutions are shown. Na, 160 mM Na solution; Lactate, 1 mM
lactate; 0-CHCA, 5 mM o-cyano-4-hydroxycinnamic acid (an inhibitor of monocarboxylate transporters); Pyruvate, 1 mM pyruvate;
Acetate, ] mM acetate; *p < 0.05, Bonferroni’s multiple comparison test (against WT of control). Data are the mean and SE (n = 8 for
each).

(F) Concentration dependency of lactate’s effect on the spike frequency of GABAergic neurons. The SFO tissues of wild-type mice were
used for this experiment. Data are the mean and SE (n =5 for each).
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Figure 4. Putative Role of K,1p Channel in Na-Dependent Stimulation of GABAergic Neurons in the SFO

Electrophysiological experiments were performed with SFO slices of wild-type mice. (A) Means of the spike frequency of GABAergic
neurons during the perfusion with various kinds of solutions are shown. Diaz, 0.3 mM diazoxide, an opener of K,rp channel. *p <0.05,
two-tailed t test (against Control of 160 mM); data are the mean and SE (n =5 for each).

(B) The membrane potentials of GABAergic neurons in the presence of 1 uM TTX. Na, 160 mM Na solution; Lactate, 1 mM lactate; Diaz,
0.3 mM diazoxide; *p < 0.05, Bonferroni’s multiple comparison test (against Control); data are the mean and SE (n = 20 for each).

SFO

Blood
vessel

Ependymal cell

. = Nat/K+-ATPase

) Na""
3rd Ventricle

Figure 5. Schematic Overview of the Na-level-Sensing Mechanism and Na-Dependent Regulation of Neurons in the SFO.

When animals are dehydrated, Na concentration in plasma and CSF increases above the usual level of ~145 mM (1). When the
extracellular Na concentration exceeds ~150 mM, Na, channels open, and the intracellular Na concentration in these glial cells is increased.
This leads to activation of Na'/K'-ATPase in these cells (2). Activated Na'/K'-ATPase consumes ATP higher than the usual level to
pump out Na ions (3). To fuel Na'/K'-ATPase with ATP, the glial cells enhance the glucose uptake to stimulate the anaerobic glycolysis
(4). Lactate, the end product of the anaerobic glycolysis, is released from the glial cells and supplied to neurons, including GABAergic
neurons, through the processes enveloping them (5). Lactate stimulates the activity of the GABAergic neurons through production of
ATP, which presumably regulate hypothetic neurons involved in the control of salt-intake behavior (6). In dehydrated KO mice, the
Na-dependent stimulation of glycolysis is impaired and the activity of the GABAergic neurons is not promoted. This figure shows the
case of ependymal cells; however, the same scheme would be applicable for Na,-positive astrocytes.
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Summary

Sodium homeostasis is crucial for life and Na-levels in body fluids are constantly monitored in the brain.
The subfornical organ (SFO) is the center of the sensing responsible for the control of Na-intake behavior, where
Na, channels are expressed in specific glial cells as the sodium-level sensor. Here, we show direct interaction
between Na, channels and o subunits (ol and a2 isoforms) of Na'/K'-ATPase, which brings about Na-dependent
activation of the metabolic state of the glial cells. The metabolic enhancement leading to extensive lactate
production was observed in the SFO of wild-type mice, but not of the Nay,-knockout mice. Furthermore, lactate,
as well as Na, stimulated the activity of GABAergic neurons in the SFO. These results suggest that the
information on a physiological increase of the Na level in body fluids sensed by Na, in glial cells is transmitted to
neurons by lactate as a mediator to regulate neural activities of the SFO. On the other hand, the research to
examine the possibility that Trpv4 and Trpvl are the osmosensor in the brain is now in progress using the

respective gene-knockout mice.
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