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ABSTRACT

Background: The central clock of the suprachiasmatic nucleus (SCN) controls the meta-
bolism of glucose and is sensitive to glucose shortage. However, it is only beginning to be
understood how metabolic signals such as glucose availability regulate the SCN physiology.
We previously showed that the ATP-sensitive K" channel plays a glucose-sensing role in
regulating SCN neuronal firing at times of glucose shortage. Nevertheless, it is unknown
whether the energy-demanding Na*/K*-ATPase (NKA) is also sensitive to glucose avail-
ability. Furthermore, we recently showed that the metabolically active SCN constantly
extrudes H' to acidify extracellular pH (pHe). This study investigated whether the standing
acidification is associated with Na* pumping activity, energy metabolism, and glucose
utilization, and whether glycolysis- and mitochondria-fueled NKAs may be differentially
sensitive to glucose shortage.

Methods: Double-barreled pH-selective microelectrodes were used to determine the pHe in
the SCN in hypothalamic slices.

Results: NKA inhibition with K*-free (0-K*) solution rapidly and reversibly alkalinized the pHe,
an effect abolished by ouabain. Mitochondrial inhibition with cyanide acidified the pHe butdid
notinhibit 0-K*-induced alkalinization. Glycolytic inhibition with iodoacetate alkalinized the
pHe, completely blocked cyanide-induced acidification, and nearly completely blocked 0-K*-
induced alkalinization. The results indicate that glycolytic metabolism and activation of Na*
pumping contribute to the standing acidification. Glucoprivation also alkalinized the pHe,
nearly completely eliminated cyanide-induced acidification, but only partially reduced 0-K*-
induced alkalinization. In contrast, hypoglycemia preferentially and partially blocked
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cyanide-induced acidification. The result indicates sensitivity to glucose shortage for the

mitochondria-associated oxidative glycolytic pathway.
Conclusion: Glycolytic metabolism and activation of glycolysis-fueled NKA Na* pumping
activity contribute to the standing acidification in the SCN. Furthermore, the oxidative and

non-oxidative glycolytic pathways differ in their glucose sensitivity and utilization, with

the oxidative glycolytic pathway susceptible to glucose shortage, and the non-oxidative

glycolytic pathway able to maintain Na* pumping even in glucoprivation.

At a glance commentary
Scientific background on the subject

The SCN central clock is metabolically active to extrude
H* to acidify extracellular pH and is susceptible to
glucose shortage. We investigated whether the standing
acidification is associated with Na® pumping activity,
energy metabolism, and glucose utilization, and whether
glycolysis- and mitochondria-fueled Na*/K"-ATPase
may be differentially sensitive to glucose shortage.

What this study adds to the field

Glycolytic metabolism and activation of glycolysis-fueled
Na'/K*-ATPase Na* pumping activity contribute to the
standing acidification in the SCN. The oxidative and non-
oxidative glycolytic pathways differ in glucose sensitivity
and utilization, with the oxidative pathway susceptible to
glucose shortage, and the non-oxidative pathway able to
maintain Na* pumping even in glucoprivation.

Circadian clock and energy metabolism interact intimately
with each other [1]. In mammals, the central clock in the hy-
pothalamic suprachiasmatic nucleus (SCN) controls the circa-
dian rhythm of physiology and metabolism [2]. The SCN clock
exhibits diurnal rhythms in metabolic activity, with higher 2-
deoxyglucose uptake [3,4], cytochrome oxidase activity [5],
and Na*/K*-ATPase (NKA) activity [6] during the day than at
night. Multiple lines of evidence indicate that the SCN actively
controls the metabolism of glucose, and the availability of
which then feedbacks to act on the SCN to alter its circadian
phase and photic entrainment to external light [7]. Specifically,
insulin- or fasting-induced hypoglycemia has been shown to
attenuate light-induced phase shifts at night in mice [8]. How-
ever, it is only beginning to be understood how energy meta-
bolism regulates the SCN. Recently we found that the ATP-
sensitive K™ (Katp) channel plays a glucose-sensing role in
regulating SCN neuronal firing at times of glucose shortage [9].

On the other hand, the electrogenic and energy-demanding
nature of NKA also suggests a role in the metabolic regulation
of excitability and ionic homeostasis in the SCN neurons [10—12].
In particular, the diurnal increase in 2-deoxyglucose uptake and
cytochrome oxidase activity, which reflect respectively the
glycolytic flux and mitochondrial respiration [13], suggests that
rate of both glycolysis and oxidative phosphorylation is higher

during the day in the SCN. Together these observations may be
taken to suggest a diurnal increase in glucose uptake as well as
mitochondrial respiration to meet high energy demand for NKA
Na' pumping activity. Nevertheless, in the rat SCN neurons NKA
is fuelled by energy derived from both glycolysis and oxidative
phosphorylation [11]. Since neuronal energy for supporting Na*
pumping is mostly produced by oxidative phosphorylation [14],
the presence of glycolysis-fueled NKA in the SCN neurons sug-
gests a particular role and may sense and utilize glucose in a way
different from the mitochondria-fueled NKA.

ATP hydrolysis, in particular when coupled with glycolysis,
constantly produces H* [15,16], which could cause extracel-
lular acidifications via multiple acid extrusion pathways [17].
We recently used double-barreled pH-selective microelec-
trodes to demonstrate a more acidic extracellular pH (pHe) in
the SCN than the adjacent extra-SCN areas in hypothalamic
slices [18], a result most likely due to the higher density
packing of small SCN cells as well as higher level of metabolic
activity than extra-SCN areas [4]. The maximum acidification
at the center of 300-pm hypothalamic slices amounts to ~0.3
PpH units when superfused with 10 mM HEPE-buffered solution
at pH 7.4, and is partly mediated by H* extrusion via the
constitutively active Na*/H"-exchanger NHE1, which by doing
so maintains a more alkaline intracellular pH to regulate
particularly nimodipine-sensitive [Ca®']; in the soma [18].

As Na* pumping by NKA is considered the single most
important energy consumetr, it may contribute to the standing
extracellular acidification in the SCN. In this study, we used
double-barreled pH-selective microelectrodes to determine the
pHe shifts associated with Na* pumping, energy metabolism,
and glucose utilization in the rat SCN, and also investigated
whether glycolysis- and mitochondria-fueled NKAs may be
differentially sensitive to glucose shortage. Our results indicated
that glycolytic metabolism and particularly glycolytic activation
of Na™ pumping contributes to the standing acidification in the
SCN. Furthermore, our results revealed differences in glucose
sensitivity and utilization between oxidative and non-oxidative
glycolytic pathways, with the mitochondria-associated oxida-
tive glycolytic pathway susceptible to glucose shortage, and the
non-oxidative glycolytic pathway able to maintain Na* pumping
at times of glucose shortage.

Material and methods
Hypothalamic brain slices

All experiments were carried out according to procedures
approved by the Institutional Animal Care and Use Committee
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of Chang Gung University. Sprague—Dawley rats of either sex
(18—24 days old) were kept in a temperature-controlled room
under a 12:12 light:dark cycle (light on 0700—1900 h). Lights-on
was designated Zeitgeber time (ZT) 0. For daytime (ZT 4—11)
and nighttime (ZT 13—20) recordings, the animal was killed at
ZT 2 and ZT 10, respectively. Hypothalamic brain slices were
made as described previously [18]. An animal was carefully
restrained by hand to reduce stress and killed by decapitation
using a small rodent guillotine without anesthesia, and the
brain was put in an ice-cold artificial cerebrospinal fluid
(ACSF) bubbled with 95% 0,—5% CO, or HEPES-buffered in-
cubation solution bubbled with 100% O,. The ACSF contained
(in mM): 125 NaCl, 3.5 KCl, 2 CaCl,, 1.5 MgCl,, 26 NaHCOs3, 1.2
NaH,PO,, 10 glucose. A coronal slice (300 um) containing the
SCN and the optic chiasm was cut with a DSK microslicer (Ted
Pella, Redding, CA, USA), incubated at room temperature
(22—25 °C) for at least one hour in the incubation solution,
which contained (in mM): 140 Nacl, 3.5 KCl, 2 CaCl,, 1.5 MgCl,,
10 glucose, 10 HEPES, pH 7.4, bubbled with 100% O,, and was
then transferred to a custom-made submerged-type recording
chamber superfused with recording solution at a flow rate of
0.6—0.7 ml/min.

Extracellular pH measurements in hypothalamic slices

Extracellular pH in the SCN was measured with double-
barreled pH-selective microelectrodes based on established
methods [19,20] and was carried out as described previously
[18]. The microelectrodes were pulled from double-barreled
borosilicate glass capillaries with filament (2BF100-50-10, Sut-
ter, Novato, CA, USA) with a vertical pipette puller (PE-21,
Narishige, Japan). The tips were broken to a diameter of ~10 pm.
The pH-selective barrel was selectively silanized with N,N-
dimethyltrimethylsilylamine (Fluka 41,716, Sigma—Aldrich, St
Louis, MO, USA) according to a modified method [21]. The
reference and pH-selective barrels were backfilled with a so-
lution containing (in mM): 100 NaCl, 20 HEPES, 10 NaOH, pH 7.4.
Positive pressure was applied to the back of pH-selective barrel
to ensure a good backfilling. A column of hydrogen ionophore I-
cocktail A (Fluka 95,291; Sigma—Aldrich, St Louis, MO, USA) was
then drawn into the tip of pH-selective barrel with or without
suction. The electrode was calibrated before each experiment
in a series of standard solutions [see Fig. 1 of ref. [18]]. The
resistance of the pH-selective barrel was 5—10 GQ, whereas the
reference barrel had a resistance between 20 and 50 MQ. All
recordings were made with a Duo 773 Electrometer (World
Precision Instruments, Sarasota, FL, USA) at room temperature
(22—25 °C), with the signal low-pass filtered at 1 kHz and digi-
tized online at 2 kHz with a PowerLab 4/30 (ADInstruments,
Dunedin, New Zealand). All experiments were performed in
HEPES-buffered solution that contains (in mM): 140 NacCl, 3.5
KCl, 2 CaCl,, 1.5 MgCl,, 10 HEPES, 10 glucose, pH 7 4.

Data were analyzed and plotted with custom-made pro-
grams written in Visual Basic 6.0 and the commercial software
GraphPad PRISM (GraphPad Software, San Diego, CA, USA).
Data were given as means + SEM and analyzed with Student's
t-test or paired t-test.

Drugs

Stock solutions of amiloride and DIDS (500 mM in DMSO) was
stored at —20 °C, and was diluted at least 1000 times to reach
desired final concentrations. Amiloride was purchased from
Sigma—Aldrich (St Louis, MO, USA). K*-free solutions were
prepared with omission of extracellular K*, glucose-free so-
lutions with omission of glucose, and 0.5 mM glucose solu-
tions with addition of 0.5 mM glucose. Ouabain, sodium
cyanide (NaCN), and iodoacetate were directly added to the
bath to achieve the final concentrations. These chemicals
were purchased from Sigma—Aldrich. All solutions were
adjusted to pH 7.4 before use.

Results
The effects of ouabain and K*-free solution on the pHe

NKA utilizes energy derived from ATP hydrolysis, to transport
three Na*ions out of the cell in exchange for two K* ions into
the cell, and releases as byproducts ADP, phosphate, and H™.
To determine whether Na' pumping produces H* to
contribute to the standing extracellular acidification, we
investigated the effect of NKA blockers, the cardiac glycoside
ouabain and K*-free (0-K™) solution, on the resting pHe in the
SCN. Both ouabain and K*-free solution have been used pre-
viously to determine the effects of NKA blockade on mem-
brane excitability, [Na'];, and [Ca®*]; in the rat SCN neurons
[10,12,22]. The result showed that bath application of 5 mM (or
1 mM) ouabain generally increased the pHe to reach a peak
value in the first 5-10 min and then began to decrease toward
the basal level, a result reminiscent of ouabain-induced
biphasic change in [Ca®']; in the SCN cells [12]. Fig. 1A shows
one such result to indicate the alkalinizing effect of 5 mM
ouabain on the pHe. On average, the extracellular acidification
in the center of the SCN was 0.28 + 0.02 pH units (n = 6 slices),
confirming our previous observation [18], and 5 mM ouabain
increased the pHe by 0.17 + 0.03 pH units (n = 6 slices). Note
that the effect of ouabain on the pHe was virtually irreversible,
as has been previously demonstrated in its effect on [Na*]; in
the SCN cells [12].

Contrary to the poorly reversible effect of ouabain, the
effect of K*-free solution on NKA was rapid and reversible for
the SCN neurons in reduced slice preparations [10,11]. We
thus also used K*-free solution to determine its effect on the
pHe. It should be reminded that in the hypothalamic slice the
extracellular K* concentration may not be clamped to zero
K" due to constant efflux of K* from cells. Fig. 1B shows an
experiment to indicate the effect of zero K* on the pHe in the
absence and then the presence of 5 mM ouabain (left panel).
Removal of external K* caused a rapid alkaline shift that
reached a peak in the first 2—3 min and readmission of
3.5 mM K" rapidly returned the pHe followed by a slower
acidification (marked by arrow). The waveform of 0-K*-
evoked pHe shifts is reminiscent of 0-K*-evoked changes in
membrane potential [see Fig. 1B of ref. [11]] and [Ca®']i [see
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Fig. 1 Na*/K"-ATPase (NKA) activity contributes to the
standing extracellular acidification. (A) Effect of 5 mM
ouabain on the extracellular pH (pHe) from a representative
experiment. (B) Left: A representative result to show the
effect of K™-free solution on the pHe in control and in 5 mM
ouabain. Right: Statistics comparing the average amplitude
of 0-K*-induced alkalinization in control and in 5 mM
ouabain. ***p < 0.001. (C) Statistics showing a similar
amplitude of 0-K*-induced alkalinization recorded between
day (ZT 4—11) and night (ZT 13—-21).

Fig. 1 of ref. [22]]. The alkaline shift induced by K*-free so-
lution was, however, ~3 times smaller than that by ouabain
and was nearly completely eliminated (marked by arrow-
head) in ouabain to block NKA, suggesting an incomplete
blockade of NKA by K'-free solution. The incomplete
blockade of NKA by K*-free solution was apparently due to
non-zero concentration of K* (~1—2 mM) in the extracellular
space as measured with K*-selective electrodes (HY Lin and
RC Huang, unpublished observations). On average, ouabain
reduced the magnitude of 0-K*-induced alkalinization from
0.050 + 0.004 pH units (n = 6 slices) to 0.004 + 0.003 pH units
(n = 6 slices) (p = 0.0002, paired t-test) (right panel). Together,
the results suggest that NKA Na™ pumping contributes to the
standing extracellular acidification in the SCN.

We previously showed that the standing extracellular
acidification is partly mediated by H" extrusion via the Na*/
H*-exchanger NHE1 [18]. To investigate whether NKA-

associated extracellular acidification is mediated by H™
extrusion via NHE1, we determined the effect of 100 uM ami-
loride on the magnitude of 0-K*-evoked alkalinization. The
result showed little effect of amiloride on the magnitude of 0-
K*-induced alkalinization (HY Lin and RC Huang, unpublished
observations), suggesting that mechanisms other than NHE1
may mediate the NKA-associated extracellular acidification.
Indeed, our preliminary results showed that 500 pM DIDS, an
inhibitor of the SLC4 family of bicarbonate-transporters [23],
partially blocked 0-K*-evoked alkalinization (HY Lin and RC
Huang, unpublished observations), suggesting an involve-
ment of the bicarbonate transporter.

The magnitude of 0-K*-induced alkalinization was similar
between day (ZT 4—11) and night (ZT 13—20), the respective
values being 0.060 + 0.004 pH units (n = 29 slices) and
0.059 + 0.004 pH units (n = 17 slices) (p = 0.87, Student's t-test)
[Fig. 1C]. Note that the magnitude of the standing extracellular
acidification was also similar between day and night [18].
Although the K"-free solution used in this study did not block
NKA as effective as ouabain, the virtually irreversible effect of
ouabain on the pHe prevents us from using this drug to do
repetitive applications as required in the following experi-
ments. Thus we have used zero K* to assess the NKA Na™
pumping activity, with occasional use of ouabain for
comparison.

Cyanide effects

In the rat SCN neurons, NKA is fuelled by ATP derived from both
glycolysis and oxidative phosphorylation, as demonstrated by
the result that 0-K"-induced depolarization was incompletely
blocked by mitochondrial inhibition with cyanide and
completely blocked by glycolytic inhibition with iodoacetate
[11]. To determine the contribution of mitochondria-fueled
NKA to extracellular acidification, we studied 0-K*-induced
alkalinization in the absence and then the presence of 1 mM
cyanide to block mitochondrial respiration [Fig. 2]. The result
shows that cyanide inhibition of mitochondrial respiration
markedly acidified the pHe [Fig. 2A, left panel]. On average,
cyanide-induced acidification was 0.46 + 0.09 pH units (n = 10
slices), and was similar between day (ZT 4—11) and night (ZT
13-20), with the respective values being 0.49 + 0.14 pH units
(n = 5 slices) and 0.43 + 0.11 pH units (n = 5 slices) (p = 0.73,
Student's t-test) (right panel). The cyanide-induced acidification
was associated with glycolytic metabolism as will be presented
later [see Figs. 3C and 5A]. Note the initial alkalinization in
response to the application of cyanide (marked by arrow). The
cyanide-induced initial alkalinization averaged 0.018 + 0.003 pH
units (n = 10 slices), and was similar in its amplitude between
day and night, being 0.017 + 0.003 pH units (n = 5 slices) at day
and 0.019 +0.006 pH units (n = 5slices) (p = 0.77, Student's t-test)
at night. Cyanide-induced initial alkalinization has been pre-
viously observed in cardiac Purkinje fiber [24—26] and attributed
to increased hydrolysis of phosphocreatine and thus a drop in
proton concentration [24].

While cyanide inhibition of mitochondrial respiration pro-
duced marked extracellular acidifications, it did not appear to
inhibit 0-K*-induced alkalinization [Fig. 2A, left panel]. Fig. 2B,
left panel, superimposes 0-K*-induced alkalinization recorded
in control [trace a; from Fig. 2A], in cyanide (trace b), and after
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Fig. 2 Cyanide effects on the resting extracellular pH (pHe)
and 0-K*-induced alkalinization. (A) A representative result
showing the pHe response to K*-free solution in control (a),
in 1 mM NaCN to block mitochondrial respiration (b), and
after washout of NaCN (c). Note the cyanide-induced large
acidification following an initial small alkalinization
(marked by arrow) (left). Right: Statistics showing a similar
magnitude of cyanide-induced acidification between day (ZT
4—11) and night (ZT 13—20). (B) Superimposition of the 0-K™*
responses (a, b, ¢; from a) indicating a reversible increase in
the magnitude of 0-K*-induced alkalinization by cyanide
(left). Note a moderate increase of t;/, (marked by arrows) by
cyanide. Right: Statistics showing two different cyanide
effects, a lack of effect (top) and an enhancing effect (bottom),
on the magnitude of 0-K*-induced alkalinization recorded
from two subgroups. *p < 0.05. (C) Superimposition of the 0-
K™ responses (control, cyanide, and washout) from another
experiment to indicate a marked increase in t;/, by cyanide
(marked by arrows) (left). Right: Statistics showing the
average ty/, value of the 0-K*-induced alkalinization in
control and in cyanide. Note a more than twofold increase in
the ty/, value by cyanide. **p < 0.01.

washout (trace c), showing that cyanide induced a reversible
increase in the magnitude for this particular experiment. Cy-
anide also increased the half time (t;/5, marked by arrows) to
peak amplitude, from 32 s to 41 s. For a total of 10 experiments,
cyanide statistically insignificantly increased the magnitude of
0-K"-induced alkalinization from 0.053 + 0.006 pH units (n = 10
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Fig. 3 lodoacetate (IAA) effects on the resting extracellular
PH (pHe), 0-K*-induced alkalinization, and cyanide-induced
acidification. (A) A representative result showing the pHe
response to glycolytic inhibition with 10 mM iodoacetate
(left). Note the transient pHe responses to the wash-in and
wash-out of the iodoacetate solution. Right: Statistics
showing a similar magnitude of iodoacetate-induced
alkalinization between day (ZT 4—11) and night (ZT 13—20).
(B) A representative experiment to show a marked
irreversible inhibition of 0-K™ response after 30 min
exposure to 10 mM iodoacetate (left). Right: Statistics
showing the average amplitude of 0-K*-induced
alkalinization in control and after 30 min exposure of
iodoacetate. ***p < 0.001. (C) A representative experiment to
show a complete block by iodoacetate of the cyanide
response (left). Right: Statistics showing the average
amplitude of cyanide-induced acidification in control and
after 30 min exposure of iodoacetate. **p < 0.01.

slices) to 0.086 + 0.014 pH units (n = 10 slices) (p = 0.069, paired
t-test). A closer inspection of the result, however, reveals two
different responses to cyanide. In half of experiments (5 out of
10 slices) with cyanide altering the magnitude of 0-K*-induced
alkalinization by less than 10%, the magnitude was similar in
control and in cyanide, respectively, being 0.064 + 0.008 pH
units (n = 5 slices) and 0.061 + 0.007 pH units (n = 5 slices)
(p = 0.47, paired t-test) (top right panel). In the other half with
cyanide increasing the magnitude of 0-K"-induce alkaliniza-
tion by more than 10%, cyanide significantly increased the
magnitude from 0.043 + 0.006 pH units (n = 5 slices) to
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Fig. 4 Glucoprivation effects on the resting extracellular pH
(pHe) and 0-K*-induced alkalinization. (A) A representative
result showing the pHe response to the removal of external
glucose (left). Right: Statistics showing a similar magnitude in
the alkaline shift induced by glucose-free solution for

~30 min between day (ZT 7—11) and night (ZT 12—16). (B) A
representative experiment to show the inhibition of 0-K*-
induced alkalinization by glucose-free solution for ~45 min
(left). Right: Statistics showing the average amplitude of 0-K*-
induced alkalinization in control and after 30—60 min
withdrawal of glucose. ***p < 0.001. (C) Statistics showing
the effect of prolonged (6—9 h) glucoprivation on the
standing acidification (left) and the magnitude of 0-K*-
induced alkalinization (right). ***p < 0.001.

0.111 + 0.023 pH units (n = 5 slices) (p = 0.039, paired t-test)
(bottom right panel). The reason for the different responses to
cyanide between the two subgroups is currently not known.
Nevertheless, as extracellular acidification associated with
NKA Na' pumping appears to be mediated by glycolysis-fueled
NKA [see Fig. 3], the result implies that mitochondrial inhibi-
tion enhances glycolytic activation of Na* pumping in some
but not in others.

Unlike a moderate increase in the t;/, value by cyanide as
shown in Fig. 2B, cyanide may markedly slow the rate of 0-K*-
induced alkalinization to greatly increase the t;, value.
Fig. 2C, left panel, shows one such result by superimposing the
pHe response to K*-free solution before (black trace), during

(dark-grey trace), and after (grey trace) cyanide. For this
particular experiment, cyanide had minimal effect on the
amplitude, but markedly increased the t;,, value from 32 s
(marked by black arrow) to 104 s (marked by dark grey arrow).
On average, cyanide increased the t;, value from 39 + 4 s
(n = 10 slices) to 101 + 16 s (n = 10 slices) (p = 0.0035, paired t-
test) [Fig. 2C, right panel]. Cyanide-induced increase in the
buffering power such as phosphate has been shown to slow
the rate of change in the pH response [24,26].

Iodoacetate effects

In contrast to mitochondrial inhibition with cyanide, which
reversibly produced marked acidosis and might enhance 0-
K*-induced alkalinization, glycolytic inhibition with iodoace-
tate irreversibly alkalinized the pHe and markedly blocked 0-
K*-induced alkalinization [Fig. 3]. Fig. 3A shows the effect of
10 mM iodoacetate on the resting pHe from a representative
experiment (left panel). As indicated, iodoacetate caused a
rapid transient alkalinization on top of a slower developing,
sustained alkalinization, and its washout produced only a
rapid transient acidification without altering the sustained
alkalinization. Both the peak amplitudes of rapid transient
pHe shifts were smaller with 2 mM iodoacetate (not shown),
suggesting an origin of uncharged molecules (iodoacetic acid)
entering and leaving the cells. Nevertheless, the steady-state
alkalinization at ~30 min into the application of 2 or 10 mM
iodoacetate was similar, being 0.22 + 0.05 pH units (n = 6 sli-
ces) and 0.19 + 0.03 pH units (n = 9 slices) (p = 0.69, Student's t-
test), respectively. Pooled together iodoacetate increased the
pHe by 0.20 + 0.03 pH units (n = 15 slices), compared to the
standing acidification of 0.28 + 0.03 pH units (n = 15 slices),
suggesting that glycolytic metabolism contributes to the
standing extracellular acidification in the SCN. Comparison of
the iodoacetate responses recorded between day (ZT 4—11)
and night (ZT 13—20) indicates a similar degree of iodoacetate-
induced alkalinization, the respective values being 0.19 + 0.04
PH units (n = 6 slices) and 0.21 + 0.04 pH units (n = 9 slices)
(p = 0.74, Student's t-test) [Fig. 3A, right panel].

Fig. 3B shows the irreversible blockade by iodoacetate of O-
K*-induced alkalinization by comparing the pHe responses to
K*-free solution before and after ~30 min of iodoacetate
application (left panel). On average, the magnitude of 0-K*-
induced alkalinization was reduced from 0.059 + 0.005 pH
units (n = 12 slices) in control to 0.009 + 0.002 pH units (n = 12
slices) after iodoacetate (p < 0.001; paired t-test) (right panel).
Similarly, the magnitude of ouabain-induced alkalinization
after iodoacetate treatment averaged 0.013 + 0.011 pH units
(n = 65slices), ~10% of that determined in control (0.17 + 0.03 pH
units; n = 6 slices, Fig. 1A) (p = 0.0006; Student's t-test).
Together the results indicate that glycolytic metabolism and
activation of Na* pumping contribute to the standing extra-
cellular acidification in the SCN.

Importantly, iodoacetate also blocked cyanide-induced
acidification [Fig. 3C]. The experiment was done by applying
cyanide for 1 min to induce transient acidification. As indi-
cated, cyanide-induced transient acidification was completely
blocked after 30 min application of iodoacetate (left panel). On
average, cyanide-induced acidification was reduced from
0.21 + 0.03 pH units (n = 6 slices) in control to —0.002 + 0.003 pH
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units (n = 6 slices) (p = 0.002, paired t-test) after iodoacetate
(right panel). The result indicates that the cyanide-induced
acidification was also mediated by acid production associ-
ated with glycolytic metabolism.

Glucoprivation effects

The effect of glucose on the resting pHe and 0-K*-induced
alkalinization was determined by removing glucose from the
superfusate [Fig. 4]. Glucose withdrawal increased the resting
pHe with various length of delay to generally reach a steady
state in between 20 and 60 min, and return to control (10 mM
glucose) solution reacidified the pHe and may produce
rebound acidification after more prolonged glucose with-
drawal. Fig. 4A shows a representative result of pHe response
to glucose-free solution (left panel). On average, zero glucose

(0-Glc) for 30 min produced an alkalinization of 0.096 + 0.026
PH units (n = 10 slices), with the standing acidification being
0.30 + 0.01 pH units (n = 10 slices). The magnitude of 0-Glc-
induced alkalinization was similar between day (ZT 7—11) and
night (ZT 12-16), respectively, being 0.091 + 0.035 pH units
(n = 5 slices) and 0.101 + 0.038 pH units (n = 5 slices; p = 0.85,
Student's t-test) (right panel).

Fig. 4B shows the pHe response to K*-free solution before
and after ~45 min of glucose withdrawal (left panel), indicating
only a partial inhibition of 0-K*-induced alkalinization by
glucose-free solution. On average, glucoprivation for
30—60 min only moderately reduced the magnitude of 0-K*-
induced alkalinization from 0.067 + 0.004 pH units (n = 9 slices)
to 0.042 + 0.005 pH units (n = 9 slices) (p = 0.0004, paired t-test)
(right panel). The moderate inhibition of 0-K* response by
glucoprivation suggests the continuing metabolism to energize
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glycolysis-fueled NKA Na™ pumping in spite of the lack of
exogenous glucose.

To further test this idea, we recorded the resting pHe and 0-
K*-induced alkalinization after more prolonged (6—9 h) glu-
coprivation. Fig. 4C summarizes the results thus obtained
from slices that have been incubated in control or glucose-free
solution for at least 6 h. On average, the resting pHe after >6 h
incubation in control and in glucose-free solution, respec-
tively, were 0.26 + 0.01 pH units (n = 6 slices) and 0.093 + 0.010
PH units (n = 11 slices) (p < 0.0001, Student's t-test) (left panel),
and the 0-K*-induced alkalinization, 0.068 + 0.010 pH units
(n = 6 slices) and 0.027 + 0.004 pH units (n = 11 slices)
(p = 0.0004, Student's t-test) (right panel). That there remains,
albeit to smaller extents, the standing acidification and 0-K*-
induced alkalinization even after prolonged glucoprivation for
>6 h suggests the presence of energy reserve to support
glycolytic metabolism, at least, to fuel Na* pumping activity.

In sharp contrast, glucoprivation appeared to completely
block cyanide-induced acidification in most (5/6) slices in
20—60 min [Fig. 5]. Fig. 5A shows one such result (left panel). On
average, glucoprivation markedly reduced cyanide-induced
acidification from 0.22 + 0.04 pH units (n = 6 slices) to
0.016 + 0.006 pH units (n = 6 slices) (p = 0.0058, paired t-test)
(right panel). Together with the result of Fig. 3C, the blockade
of cyanide-induced acidification by glycolytic inhibition with
iodoacetate or glucoprivation suggests a functional link be-
tween glycolysis and mitochondrial respiration. As oxidative
phosphorylation is the main sink for protons [15], the cyanide-
induced acid shift suggests a block of proton uptake by
mitochondria and/or an increase in proton production by non-
mitochondrial ATP hydrolysis [16].

Comparison of the effects of glucoprivation on the pHe
responses to 0-K* [Fig. 4B] and cyanide [Fig. 5A] indicates that
while glucoprivation could completely eliminate the cyanide
response for as short as ~30 min [Fig. 5A], it only partially
inhibited 0-K* response [Fig. 4B]. In other words, the pHe re-
sponses to cyanide and K'-free solution are differentially
affected by glucoprivation. To better establish this fact, we
compared the effects of glucoprivation on the pHe responses
to cyanide and 0-K* in the same slices. Fig. 5B shows the
result obtained from one such experiment. The number
marks the time in min before (leftmost two panels), during
(middle four panels), and after (rightmost two panels) glucose
withdrawal. As indicated, for this particular experiment,
cyanide-induced acidification was completely eliminated at
~50 min into glucose withdrawal, whereas 0-K"-induced
alkalinization was only partially reduced. Together the result
indicates differences in glucose utilization between the
oxidative and non-oxidative glycolytic pathways. The aboli-
tion of cyanide, as opposed to 0-K*, response in glucose-free
solution indicates the requirement for exogenous glucose to
sustain mitochondria-associated, oxidative glycolytic meta-
bolism, whereas the non-oxidative glycolytic metabolism can
continue, albeit to a lesser extent, to provide energy for the
glycolysis-fueled NKA.

Hypoglycemic effects

The reliance on exogenous glucose of cyanide, but not 0-K™,
response suggests that cyanide response mightbe preferentially
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Fig. 6 Hypoglycemia (0.5 mM glucose) preferentially inhibits
mitochondria-associated glycolysis. (A) Left: A representative
experiment to show a small pHe response to the lowering of
external glucose to 0.5 mM for 30 min. Right: Statistics
showing the average amplitude of alkalinization induced by
hypoglycemic and glucose-free solution (for 30 min). (B) A
representative experiment to show the 0-K™-induced
alkalinization in control and in 0.5 mM glucose solution for
~45 min (left). Right: Statistics showing a similar amplitude of
0-K*-induced alkalinization in control and after 30—60 min
application of 0.5 mM glucose solution. (C) Left: Effect of

0.5 mM glucose on the cyanide-induced pHe transient from a
representative experiment. Right: Statistics showing a
marked reduction in the cyanide-induced acidification by
0.5 mM glucose for ~1 h. (D) A continuous recording trace
(the same slice as in (C)) showing a full recovery of the
cyanide response after return to control solution. *p < 0.05.

compromised by glucose shortage. This is indeed the case as
demonstrated by the preferential inhibition of cyanide response
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with hypoglycemic (0.5 mM glucose) solution [Fig. 6]. Fig. 6A
shows a minimal effect of hypoglycemia on the resting pHe
recorded from a representative slice (left panel). On average,
hypoglycemia produced an alkalinization of 0.015 + 0.006 pH
units (n = 6 slices) in the first 30 min, significantly smaller than
an alkalinization of 0.096 + 0.026 pH units (n = 10slices; p = 0.033,
Student's t-test) induced by glucoprivation (right panel).

The magnitude of 0-K*-induced alkalinization was also not
much altered by switching to hypoglycemic solution for
~45 min [Fig. 6B, left panel]. Note that in some experiments (2
out of 6 slices) the magnitude of 0-K"-induced alkalinization
was slightly enhanced by 0.5 mM glucose. On average, hypo-
glycemia insignificantly reduced the magnitude from
0.067 + 0.006 pH units (n = 6 slices) to 0.060 + 0.005 pH units
(n = 6 slices) (p = 0.43, paired t-test) [Fig. 6B, right panel].

In contrast to an insignificant effect on 0-K*-induced
alkalinization, hypoglycemia markedly reduced cyanide-
induced acidification as indicated by the result obtained
from a representative slice [Fig. 6C, left panel]. On average,
hypoglycemia reduced cyanide-induced acidification from
0.19 + 0.02 pH units (n = 6 slices) to 0.11 + 0.02 pH units (n =6
slices) (p = 0.013, paired t-test) (right panel). The preferential
inhibition by hypoglycemia of cyanide-induced acidification,
as opposed to 0-K*-induced alkalinization, can also be clearly
seen by the rapid, full recovery of cyanide response after
returning to control solution [Fig. 6D], indicating that the
mitochondria-associated, oxidative glycolytic pathway is
sensitive to glucose shortage.

Discussion

The central clock in the SCN is metabolically active,
constantly extruding H*, partly via the Na*/H*-exchanger
NHE1, to create standing extracellular acidification in the SCN
[18]. In this study we asked whether the standing acidification
is associated with Na* pumping activity, energy metabolism,
and glucose utilization. The results show that glycolytic
metabolism and, in particular, glycolytic activation of Na*
pumping contribute to the standing acidification in the SCN.
We also asked whether glycolysis- and mitochondria-fueled
NKAs may be differentially sensitive to glucose shortage.
The results reveal differences in glucose sensitivity and utili-
zation between the oxidative and non-oxidative glycolytic
pathways. Specifically, the mitochondria-associated, oxida-
tive glycolytic pathway is susceptible to glucose shortage,
suggesting a role in metabolic regulation of the circadian
clock. In contrast, the non-oxidative glycolytic pathway could
continue to support Na* pumping activity even in prolonged
glucoprivation, suggesting an important role of glycolysis-
fueled NKA at times of glucose shortage.

Glycolytic metabolism and activation of Na* pumping
contribute to the standing extracellular acidification in the
SCN

Two principal observations lead us to conclude that glycolytic
activation of Na®™ pumping contributes to the standing

acidification in the SCN. First, the blockade of NKA with
ouabain or K*-free solution produced alkaline shifts in the
pHe. Second, 0-K* (and ouabain)-induced alkalinization was
abolished by metabolic inhibition of glycolysis but not mito-
chondrial respiration. Our unpublished results indicated that
the acidification caused by the glycolysis-fuelled NKA, how-
ever, is not mediated by H* extrusion via NHE1, but rather is
partly associated with DIDS-sensitive bicarbonate trans-
porters. We have also used RT-RCR analysis to identify mRNAs
for multiple members of the SLC family of bicarbonate
transporters (HY Lin and RC Huang, unpublished observa-
tions). Further work is needed to better determine the acid
extruders responsible for the extracellular acidification asso-
ciated with glycolysis-fuelled NKA Na* pumping activity.

Our results also indicate an important contribution of
glycolytic metabolism to the standing acidification in the SCN.
First, glycolytic inhibition with iodoacetate, but not mito-
chondrial inhibition with cyanide, markedly alkalinized the
pHe by ~0.2 pH units, compared to ~0.3 pH units of standing
acidification. Second, glucoprivation also alkalinized the pHe
by ~0.1 pH units. The results are consistent with the idea of H*
production by ATP hydrolysis, in particular when coupled
with glycolysis [15,16].

On the other hand, cyanide inhibition of mitochondrial
respiration produced marked extracellular acidosis, which was
abolished by glycolytic inhibition with either iodoacetate or
glucoprivation. The results suggest that the cyanide-evoked
acidosis is associated with acids production along the oxidative
glycolytic pathway. As oxidative phosphorylation is the main
sink for protons [15], the cyanide-induced acid shifts suggest a
block of proton uptake by mitochondria and/or an increase in
proton production by non-mitochondrial ATP hydrolysis [16].
Indeed, the cyanide-enhanced 0-K™ response in approximately
half of the experiments [Fig. 2B] is consistent with the idea that
mitochondrial inhibition increases the glycolysis-fueled Na*
pumping activity, thereby increasing proton production. The
underlying mechanism most likely involves cyanide inhibition
of mitochondria-fueled NKA leading to intracellular Na™ loading
[11], which in turn increases glycolysis-fueled NKA activity.

Note the similar magnitude of alkaline pHe shifts induced
by 0-K* [Fig. 1], iodoacetate [Fig. 3], and glucoprivation [Fig. 4]
recorded during the day and at night. The results may be
taken to suggest that the levels of proton production associ-
ated with glycolytic metabolism and activation of Na*
pumping activity may be similar between the day and night in
the SCN. Along the same line of thinking, the similar magni-
tude of cyanide-induced acid shifts between the day and night
[Fig. 2] suggests that mitochondrial inhibition may induce
similar levels of proton production associated with enhanced
glycolytic metabolism and activation of Na* pumping activity.
Nevertheless, the pHe is regulated by the pH buffering prop-
erties of extracellular fluid and the transmembrane flux of
acid equivalents [17]. A better and more complete account of
the similar day—night changes in the pHe related to energy
metabolism, glucose utilization, and Na™ pumping activity
require better understanding of, at least, the acid extruders
responsible for the extracellular acidification associated with
glycolysis-fuelled NKA Na™ pumping activity.
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Differential glucose sensitivity and utilization between
oxidative and non-oxidative glycolytic pathways

One important observation is the differential inhibition by
glucoprivation of cyanide-induced acidification and 0-K*-
induced alkalinization. Specifically, the cyanide-induced
acidification could be completely abolished after glucose
withdrawal for as short as ~30 min [Fig. 5A]. Since cyanide-
induced acidification is associated with glycolytic meta-
bolism [Fig. 3C], the result indicates the requirement for
exogenous glucose to support glycolytic flux along the
mitochondria-associated, oxidative glycolytic pathway. On
the other hand, 0-K*-induced alkalinization was only partially
inhibited (by 33%) after glucose withdrawal for up to
30—60 min [Fig. 4B]. Since 0-K'-induced alkalinization is
associated with the blockade of glycolysis-fueled NKA Na™
pumping activity [Fig. 3B], the result suggests the continuing
glycolytic flux along the non-oxidative glycolytic pathway to
power glycolysis-fueled NKA Na™ pumping activity in spite of
the lack of exogenous glucose. Importantly, there remains the
standing acidification and 0-K*-induced alkalinization, albeit
to smaller extents, after prolonged glucose withdrawal for
6—9 h [Fig. 4C]. The results suggest the presence of energy
reserve to continue supporting glycolytic flux along the non-
oxidative glycolytic pathway, at least, to power glycolysis-
fueled NKA Na™* pumping activity.

Consistent with the idea of requirement for exogenous
glucose to support glycolytic flux along the mitochondria-
associated, oxidative glycolytic pathway, hypoglycemia
(0.5 mM glucose) significantly inhibits cyanide-induced acid-
ification without much effect on 0-K*-induced alkalinization
[Fig. 6]. In other words, the mitochondria-associated oxida-
tive, as opposed to the non-oxidative, glycolytic pathway is
susceptible to glucose shortage. Taken altogether, our results
indicate differences in glucose sensitivity and utilization be-
tween oxidative and non-oxidative glycolytic pathways in the
SCN. The mitochondria-associated, oxidative glycolytic
pathway relies on the supply of exogenous glucose and is thus
sensitive to glucose shortage. In contrast, the non-oxidative
glycolytic pathway could use energy reserve, presumably
glycogen, to support glycolytic metabolism, at least to power
glycolysis-fueled NKA Na*t pumping, and is thus relatively
insensitive to glucose shortage. In this context, the glycolysis-
fueled NKA appears to play a particularly important role at
times of glucose shortage.

Implications for metabolic rhythms in the SCN

As stated in Introduction, the SCN clock exhibits diurnal
rhythms in 2-deoxyglucose uptake, cytochrome oxidase ac-
tivity, and NKA activity. The diurnal increase in SCN 2-
dexoyglucose uptake (glucose utilization) is mostly elimi-
nated by TTX, revealing a TTX-independent increase in the
early morning, and is markedly suppressed by high Mg®* so-
lution that is known to block synaptic transmission [4].
Although the 2-dexoyglucose method cannot distinguish
oxidative from non-oxidative glycolytic pathway, evidence
indicates that oxidative phosphorylation produces most of the

ATP to power synaptic transmission in the brain [27]. Together
with our finding of differential glucose sensitivity and utili-
zation between oxidative and non-oxidative glycolytic path-
ways, a parsimonious model for the metabolic rhythms in the
SCN suggests a diurnal increase in glucose uptake along the
mitochondria-associated, oxidative glycolytic pathway to
meet high energy demand for mitochondria-fuelled NKA Na*
pumping activity.

In addition to diurnal rhythms in metabolic activity, the
SCN also exhibits diurnal rhythms in electrical activity and
[Ca®™]i, with higher daytime spontaneous firing rate [28—31],
[Ca®*]; [32—34], and Na'/Ca®"-exchanger activity [22]. New-
man et al. [4] identifies three components of glucose utiliza-
tion in SCN slices, with the largest component expressed
during the day when the rate of TTX-sensitive neuronal firing
is high, suggesting a coupling of glucose utilization to firing
activity. Such coupling of energy metabolism to electrical ac-
tivity has been shown to be mediated by activation of
ouabain-sensitive Na* pumping activity in rat posterior pitu-
itary [35]. The same might also occur in the rat SCN, as its NKA
Na®™ pumping activity is regulated by intracellular Na* and
energy metabolism [11]. In other words, NKA, via its energy-
demanding nature and activation by intracellular Na®,
should effectively couple elevated energy metabolism to
higher daytime firing activity.

As to the TTX-resistant increase in glucose utilization in
the early morning [4], our recent findings suggest a possible
role of [Ca’']; along with NKA and mitochondria in such
regulation. First, both Na'/Ca®"-exchanger NCX1 and mito-
chondria play a role in regulating depolarization-evoked Ca*"
rise [22]. Second, NCX1 extrudes Ca’>" entering both the
nimodipine-sensitive and -insensitive Ca?" channels,
whereas mitochondria preferentially buffers Ca®' entering
nimodipine-insensitive Ca?" channels [36]. Third, TTX
reduced only ~1/3 of basal Ca?" influx and there remained ~1/4
of basal Ca®" influx insensitive to combined presence of TTX
and nimodipine [36]. As Ca®" entering mitochondria could
activate dehydrogenase to increase oxidative phosphorylation
[37], it is possible that nimodipine-insensitive influx of Ca®*
may enter mitochondria to increase energy metabolism and
thus glucose uptake.

Furthermore, NKA also plays an important role in the
regulation of [Ca®'];, in particular, associated with
nimodipine-insensitive Ca®* channels in the rat SCN [12]. Our
results suggest that NKA regulate [Ca®']; by two mechanisms.
First, NKA, via controlling [Na*]; and transmembrane Na*
gradient, regulates the rate of Ca?" extrusion via NCX1. In this
context, the diurnal rhythm in both NKA and Na*/Ca%"
exchanger (NCX) activity [6,22] suggests a concerted action of
NKA and NCX to help regulate the diurnal increase in [Ca®'];.
Second, NKA, via controlling [Na*];, may also regulate mito-
chondrial Ca?" buffering, likely by acting on the mitochondrial
Na'/Ca®*-exchanger NCXL. Taken altogether, the results
suggest that daytime increase in firing activity and [Ca®*]; can
enhance energy metabolism, either directly due to enhanced
mitochondrial respiration as a result of mitochondrial Ca?"
uptake, or indirectly due to enhanced NKA activity as a result
of Na* loading from neuronal firing and NCX activity.
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Implications for metabolic regulation and glucose-sensing
role of the SCN

The reliance on exogenous glucose of the mitochondria-
associated glycolytic pathway suggests a locus of regulation
by cellular activity and glucose availability. On the one hand,
both light and glutamate increase 2-deoxyglucose uptake at
night when light-induced phase shifts occur [3,38]. As
glutamate-induced phase shifts at night involve both
nimodipine-sensitive and -insensitive Ca?" channels [39],
Ca®" entry via the nimodipine-insensitive Ca®" channels
could enter mitochondria to increase oxidative phosphoryla-
tion and thus the mitochondria-associated glycolytic flux [36].
Alternatively, glutamate-induced Na™ loading might enhance
NKA activity to increase energy metabolism and glucose
uptake.

On the other hand, insulin- or fasting-induced hypoglyce-
mia attenuates phase shifts induced by light at night in mice
[8]. Our finding of selective attenuation of mitochondria-
associated glycolysis by hypoglycemia (this study) suggests
that hypoglycemia might compromise mitochondria to inhibit
light-induced glutamatergic signaling.

Along the same line of thinking, hypoglycemia could
compromise mitochondria to alter membrane excitability by
influencing mitochondria-fueled NKA and ATP-sensitive Kt
channels (Karp channels) [11]. Indeed, we recently demon-
strated a selective activation of Katp channels by hypoglyce-
mia in the rat Karp-expressing, vasopressin-containing SCN
neurons [9]. The opening of Karp channels by cyanide or
glucose shortage suggests the requirement of exogenous
glucose for mitochondria-derived ATP to silence Karp chan-
nels in the rat SCN neurons. In this context, Karp plays a
glucose-sensing role in the coupling of reduced excitability to
glucose shortage in the rat SCN. Theoretically, mitochondria-
fueled NKA should also be sensitive to glucose shortage. The
ratiometric Na* imaging results indeed showed a mild in-
crease of [Na™]; by hypoglycemia (RC Cheng and RC Huang,
unpublished observations). Further work is needed to better
determine a glucose-sensing role of mitochondria-fueled NKA
in the SCN neurons.

Last, as stated above, the glycolysis-fueled NKA appears to
play a particularly important role at times of glucose shortage.
The result of cyanide enhancement of 0-K*-induced alkalin-
ization [Fig. 2B] suggests that glycolysis-fueled NKA activity
could be augmented by cyanide inhibition of mitochondrial
respiration, most likely as a result of cyanide-induced loading
of intracellular Na* [11]. In other words, at times of glucose
shortage that compromises mitochondria-fueled NKA, the
glycolysis-fueled NKA activity might be enhanced to help
better regulate homeostasis of intracellular Na* and Ca’* as
well as extracellular K*.

Conclusion

In conclusion, glycolytic metabolism and activation of Na™
pumping contributes to the standing acidification in the rat
SCN. Furthermore, the oxidative and non-oxidative glycolytic
pathways differ in their glucose sensitivity and utilization.

The mitochondria-associated, oxidative glycolytic pathway is
susceptible to glucose shortage and plays a role in metabolic
regulation of the circadian clock. In contrast, the non-
oxidative glycolytic pathway is relatively insensitive to
glucose shortage and could maintain Na* pumping activity to
help better regulate ion homeostasis at times of metabolic
stress such as glucose shortage.
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