www.sciencemag.org/cgi/content/full/science.1222826/DC1

AVAAAS

Supplementary Materials for

Circadian Rhythm of Redox State Regulates Excitability in
Suprachiasmatic Nucleus Neurons

Tongfei A. Wang, Yanxun V. Yu, Gubbi Govindaiah, Xiaoying Ye, Liana Artinian,
Todd P. Coleman, Jonathan V. Sweedler, Charles L. Cox, Martha U. Gillette *

*To whom correspondence should be addressed. E-mail: mgillett@illinois.edu

Published 2 August 2012 on Science Express
DOI: 10.1126/science.1222826

This PDF file includes:

Materials and Methods
Supplementary Text
Figs. S1to S6
References



Materials and M ethods

Animals andbrainslice preparation

LE/BluGill rats (University of lllinois) were usefdr real-time imaging of redox state
measurement, BioGEE assay, DHA/AA assay, and pe#shp recording; they were
maintained under a 12:12 hour light/dark (L/D) sthle, receiving food and wated
libitum. C57BL6 mice from Jackson Laboratory (Bar Harlddi) were used for real-time
imaging of redox state, maintained under a 12:1# h® schedule, receiving food and
waterad libitum. Bmal 1 +/- heterozygotes were obtained from Jackson Lattooy (Bar
Harbor, ME), and homozygousnal 1 -/- were bred from the heterozygot8&snall -/-
mice were maintained under a 12:12 hour L/D schesdelceiving food and wated
libitum, until 3 d before experiments, when they were mawedark/dark (D/D),
receiving food and watead libitum (29). All protocols were approved by the IACUC at
University of lllinois, Urbana-Champaign, and fullgmpliant with NIH guidelines for
humane treatment of animals.

Organotypic brain slice cultures were prepared fB#wk-old animals, sacrificed
between ZT 5-7. A 40@m-thick coronal hypothalamic brain slice containthg paired
SCN was cut on mechanical chopper, then transfeéoedMillipore tissue culture insert
(Millipore, Billerica, MA) with DMEM containing 0.% B27 supplement, 1.0 mM
glutamine and 25 pg/ml penicilin/streptomycin (GbCarlsbad, CA). Organotypic
slices were fed the next day and ready for imagitgr 2 din vitro (DV).

Animals for BioGEE and DHA/AA assays were 5-7-wk.oh 500um-thick coronal
hypothalamic brain slice containing the paired 8@i¥ cut on mechanical chopper
between ZT 2-10, depending on the experimental tortge examined. Some samples
were duration-matched to control for tinmevitro. The SCN was punched with a 2 mm-
diameter corer, to remove non-SCN tissues. Thesdgcesd brain slices were maintained
in the brain slice chamber, perfused with Earlessdntial Balanced Salt Solution (EBSS,
NaCl 116.4 mM, KCI 5.4 mM, Cagl.8 mM, MgSQ0.8 mM, NaHPQ, 1.0 mM, glucose
24.5 mM, NaHC®@26.2 mM, gentamicin 1.0 mg/L, pH 7.3, 300 mOsmé&fusated with
95% Q/5% CQ at 37°C for at least 2 h until collection for bdi@mical assay at specific
CTs.

Animals for patch-clamp studies were 2-wk old, aadrificed from ZT 2-10,
depending on the experimental time to be examimled.brain was quickly removed
and placed into cold, oxygenated slicing mediur@l Z5 mM, MgSQ 10.0 mM, CaGl
0.5 mM, NaHP(, 1.2 mM, NaHCQ@26.0 mM, glucose 11.0 mM, and sucrose 234.0 mM,
saturated with 95% £6% CQ. A 350um-thick brain slice containing paired SCN was
cut using a vibrating blade microtome (Leica, WatZDE). Brain slices were then
transferred to a holding chamber containing ardificerebrospinal fluid (ACSF): NaCl
126.0 mM, KCl 2.5 mM, CagP.0 mM, MgC}, 2.0 mM, NaHPQ, 1.2 mM, glucose 10.0
mM, NaHCQ 26.0 mM, 300 mOsm/L, saturated with 95%%%6 CQ at room
temperature. Brain slices were incubated at le&shbéfore recording commenced.



Real-timeredoximaging(long-term)

An organotypic slice cultured for 2 DV was transéd to a 37 °C chamber on the
microscope stage, where EBSS was perfused contahyidwo-photon laser-scanning
microscopy was performed with the Zeiss LSM 510fgoal laser-scanning microscope
system equipped with MaiTai laser and 20X 0.8 i#jective (Carl Zeiss, Obercochen,
DE). Excitation wavelength was 730 nm, while 2 ahnals of emission at 430-500 nm and
500-550 nm were recorded simultaneo((36). Tissue was examined up to % from
the surface. Imaging started at CT 10 and frame;se@h sampling rate at 4 sec/frame
plus 356-sec interval, was performed for 720 fraf7@sh total). Fluorescence intensity
of series scanning at 400+ and 500+ nm for eachdravas acquired by Zeiss LSM
software (function of region of interest, ROI). &#ale redox state was calculated from
the ratio of fluorescence at 500+ over 4000 100+).

y* periodogram was performed with a MATLAB toolbotpckLab (Actimetrics,
Wilmette, IL), to quantify the length of circadigeriod ). x¥*values were calculated
from recording data from WT rat, WT mouse, and KQuse, and thewas determined
from the highest value above confidence intervél.001. Recording datasets with no
y*values above 0.001 confidence interval, or witlewakedr > 32 h, which is the
mathematical consequence of estimating a periotishepproximately half of the
length of the recording time, were not regardedi@sadian.

Real-timeredoximaging(short-term)

An organotypic slice cultured for 2 DIV was incubdtin EBSS for at least 2 h before
transferred to microscope stage, with the sameigets above. A frame-scan, with
sampling rate at 4 sec/frame plus 26-sec intewas, performed for 60 frames (30 min
total). Redox reagents (diamide, DIA, 5 mM or gthiane, GSH, 1 mM, Sigma, St. Louis,
MO) were delivered through a syringe pump fromE-min. Fluorescence intensity of
series scanning at 400+ and 500+ nm for each fraaseacquired by Zeiss LSM
software. Relative redox state was calculated ftioeratio of fluorescence at 500+
over 400+ (kpo+/F4004). Redox changes before and during drug treatmené Wwased on
the average ratio okfp+/Fa00+ between 1-2 mins. 15-16 min, respectively.

BioGEE assay

Reduced SCN brain slic€31) were incubated with 25UM biotinylated
glutathione ethyl ester (BioGEE, Invitrogen, CaaldbCA) for 1 h(32) at CT 0-1, 6-7, 11-
12, 13-14, or 19-20. After freezing by dry icestie was stored at -80 °C until assay.
Frozen tissue samples were mixed withiBJissue Protein Extraction Reagent (T-PER,
Pierce, Rockford, IL), plus 0.2% SDS, 1 mM EDTAdalx Complete protease inhibitor
cocktail (CalBioChem, Darmstadt, DE) on ice, andhlegenized. After 2-min incubation
on ice, the samples were centrifuged at 14,000fanp min, and the supernatant was
transferred to a clean tube. Protein content ofisample was determined by BCA
protein assay (Pierce, Rockford, IL). Total prot@bug/sample) was resolved in 8%
SDS-PAGE and transferred to nitrocellulose membiBreeRad, Hercules, CA).
Membranes were probed with 1:2,000 dilution of meaati-biotin-peroxidase
antibody (Cellsignaling, Danvers, MA) overnightdasieveloped with SuperSignal West
Femto Maximum Sensitivity Substrate (Pierce, RoakfdL). After scanning, the anti-



biotin antibody was stripped by Restore Westert 8tdpping Buffer (Thermo,
Rockford, IL), and an anti-tubulin antibody (Cajisaling, Danvers, MA) was applied to
probe total tubulin level. After incubation withaadary antibody, the membrane was
developed with SuperSignal Pico Chemiluminescebs8ate (Thermo, Rockford, IL),
and scanned again. The relative glutathiolatioellexas determined by the ratio of
overall biotin intensity of each lane over the bameénsity of tubulin, and then
normalized to the maximum value on the same ged-@ay ANOVA was used for
statistical analysis, followed by Tukey Honestlgriicant Difference (HSD) Test for
multiple comparisons.

DHA/AA assay

Reduced SCN brain slices were collected at CT 24820, and 23 in pre-chilled
microtubes on dryice. Each slice was homogenméd 50 L acetate buffer, and
further centrifuged at 10,000 rmp at@for 5 min; two aliquots (2.pL each) of
supernatant were sampled for DHA or DHA+AA concatiti, respectively. For DHA
derivatization, the sample was mixed with jL%f 1 mg/mL 4,5-dimethyl-1,2-
phenylenediamine (DMPD) solution in phosphate butiéer 4-min incubation at room
temperature, an extraul of phosphate buffer was added to bring the fundime to 5
uL. DHA+AA concentration was obtained with similarogedure, except for addingull
of 17 units of ascorbate oxidase (Roche, BaselsGi}ion and reacting for 1 min
before derivatization, to oxidize AA to DHA. DHA DHA+AA were measured by
capillary electrophoresis with laser-induced fluismence (CE-LIF) detection using DMPD
(33). Peak heights in standards and samples were digearny Grams 386 software
(Thermo Galactic, Salem, NH), and sample concelotnatas determined by linear
regression; the ratio of DHA/AA was calculated t@leate the relative redox state in
SCN tissue. One-Way ANOVA was used for statistigadlysis, followed by Tukey HSD
Test for multiple comparisons.

Patch-clampecording

Whole-cell patch electrodes had pipette-tip resis¢és of 4-6 M, and were filled
with a solution containing: K-gluconate 140.0 mM|K.0 mM, CaGl0.07 mM, MgG)
1.0 mM, EGTA 0.1 mM, HEPES 10.0 mM, Na-ATP 4.0 n&-GTP 0.4 mM, pH 7.3, and
osmolality 290-300 mOsm/L. Recordings were perfaitmsing a Multiclamp 700B
amplifier (MoleculaDevices, Sunnyvale, CA). Signals were sampled &HzQlow-pass
filtered at 10 kHz using a Digidata 1320 digitizznd stored on computer for
subsequent analyses using pClaofiware (Moleculabevices, Sunnyvale, CA).

Membrane potential ¢y of SCN neurons was recorded under current-clamp
mode, 2 min/cell. A total of 364 SCN neurons wexeorded at different CTs, with
running means calculated over 24 h. In additioerage W, at 5 CTs (CT 1, 7, 11, 14,
and 20) were calculated. One-Way ANOVA was perfatrfog statistical analysis,
followed by Tukey HSD Test for multiple comparisons

Input resistance (§ of SCN neurons was recorded from the same papulas for
Vmabove. During recording, a current injection df gA every 17 s was applied to test
membrane potential changes, ang¥ere determined from the changes gfover



testing current (R=AV/ -20 pA). A sub-population of the current-clangp®CN

neurons were challenged with a current-steps pob(daration 800 ms) from -100 pA
to 120 pA, with a 20 pAincrement at CTs 1, 7,14,,and 20, to construct the current-
voltage (I-V) curve and precisely calculatg. B this case, Rwas determined from the
slope of the I-V curve at 0 pA holding current imelr regression. One-Way ANOVA was
performed for statistical analysis, followed by @ykSD Test for multiple comparisons.

Membrane properties, includingVR,,, and spontaneous action potential (SAP)
frequency, of neurons discharging SAP during thei2+ecording (active neurongs.
the inactive group (no SAP detected during the 24racording) were further examined
at CT 7 and CT 14. Studentd9est was performed for statistical analysis.

Some of the current-clamped SCN neurons were tdeait redox reagents (DIA
or GSH) and responses were examined at specifid@&snitial Vi, was recorded
immediately after whole-cell clamp, and then a eatrsteps protocol was performed
to construct the current-voltage (I-V) curve attré&ext, redox reagents were bath-
applied and\V, was recorded. Before wash-out, another curremgsspeotocol was
performed so that the |-V curve under drug treathveas obtained. To prevent
secondary effects from synaptic transmission, T[4\, Tocris, Ellisville, MO), a
voltage-gated Nachannel blocker, was applied during the entirepss.

Changes of membrane potentiaV/(,) in response to redox reagents were
compared by paired Student$est. AV, was further classified by CT and averaged.
One-Way ANOVA followed by the Tukey HSD Test wasfpemed for statistical analysis.
Redox reagent-induced changes in the |-V curveRanaere compared by paired
Student’'s-Test. Percentage changes piiere further calculated and classified by CT.
Averaged data were subjected to One-Way ANOVA.

Recording electrode containing the redox reagddifsar GSH) was used in
current-clamp recording to determine the actioa sftredox regulation. The electrode
was front-filled with normal intracellular solutipand back-filled with drug-containing
solution. Immediately after whole-cell clamp, thefting V,, was recorded for 5 min.
The AV, was determined from the difference between theldteau at the end and
the initial \j,, at the start. Changes of,¥h response to redox reagents were subjected
to paired Student’sTest.

Under voltage-clamp mode, a slow ramp of voltagenfr50 mV to -110 mV and
back to -50 mV was applied to SCN neurons, 6 $/8i&ials/min. During this process,
redox reagents were bath-perfused and the holdingiets changes were recorded.
Inhibitors of voltage-gated Nahannels (TTX, 1uM), AMPA-Rs (DNQX, 20 uM, Tocris,
Ellisvile, MO) and NMDA-Rs (d-CPP, 10 uM, TocrElisville, MO) were applied during
the entire process. Holding current was plottedresgahe command voltage so that |-V
curves before and during treatments were obtaibdevoked currents were
calculated based on the difference between thd-Yurves. To further test the
hypothesis that Kchannel(s) is a target of redox regulatiory, @40 mM) was used as
an alternative of Kfilled glass electrode. Difference between conamd DIA treatment



on the holding current and conductance changes detiermined from the first 100
pixels of the ramp from -50 mV, and analyzed by@aiStudent’s-Test. Similar
recordings and analysis were performed with redpgmgent, GSH, and with K
electrodes in the presence of bupavacaine (BuPiuMd, Tocris, Ellisville, MO), a leak
K*-channel blocker. One-Way ANOVA followed by the BykHSD Test was performed
for statistical analysis.

The voltage-step command recording was perform@&€8i with HEPES buffer:
NaCl 138.0 mM (118.0 mM, in the presence of TER), K5 mM, CaG 2.0 mM, MgC},
2.0 mM, glucose 10.0 mM, HEPES.0 mM, pH 7.3, 300 mOsm/L, saturated with 100%
O at 37 °C. Voltage-clamped SCN neurons were hel@@mV, and challenged with -10
mV pulses (250 ms duration) twice with an inte@B s; a 400 ms pre-pulse of -90 mV
then -40 mV was delivered before each pulse. Atedlaif inhibitors of voltage-gated
Na' channels (TTX, 1 pM), Gachannels (Cd, 200 pM), AMPA-Rs (DNQX, 20 pM),
NMDARs (d-CPP, 10 uM) and GABARs (SR95531, 10 uM, Tocris, Ellisvile, MO) was
applied in ACSF during the entire process; in addjt10 mM EGTA was included in the
recording electrode solution to block’Gdluctuation. Each sweep was repeated every
20 s, before, during and after treatment with res@gent (DIA and GSH), as well a5 K
channels inhibitors (4-aminopyridine, 4-AP, 5 mtraethylammonium, TEA, 20 mM,
Sigma, St. Louis, MO) treatment. Voltage-depend€rdurrent in response to -10 mV
voltage-step stimulation was calculated from tHeedence between the current
responses to the voltage-step command of -10 npéstellowing either -90 mV or -40
mV pre-pulse. The transient peak current withimiand the persistent current
between 230 — 250 ms were analyzed across thertesds$ of redox reagents (DIA,
GSH) and K channels blockers (4-AP, TEA). One-Way ANOVA falled by the Tukey HSD
Test was performed for statistical analysis.

Supplementary Text

RatiometricRedoxFluorometry

Only oxidized FAD and reduced NAD(P)H exhibit imsic fluorescence, and these
two signals respond oppositely to changes in retiate; thus, ratiometric redox
fluorometry based on FAD and NAD(P)H can be useeviauate cellular metabolism.
This strategy is suitable for long-term imagingcéese it minimizes fluctuations of
interfering factors, such as light absorption dfi@tion and emission, light scattering,
and mitochondrial density

Circadian Oscillation of Membrane Excitability i€IS Neurons

During subjective midday (CT 7), SCN neuronal atstiwas maximal: resting ¥
was relatively depolarized (-55.17 £ 0.61 mV), whigher R, (816.6 £ 58.7 M), SAP
frequency (1.65 Hz, mean of active and inactivisednd percentage of active cells
(neurons discharging SAP during the period of rdicay, 57.8%). During subjective
night, these parameters were significantly lowerwas hyperpolarized (Fig. 2B,
minimum at CT 14, -60.15 + 0.69 mV), with decreaBgdFig. 2D, CT 14, 583.7 £ 32.0
MQ), SAP frequency (CT 13, 0.55 Hz), and activejpelicentage (CT 16, 20.8%). These
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results match to the pattern of daily changing 8aguency detected by single-unit
activity recording in rat SCN slice (Fig. S2B). Euer analysis with the actiwes. inactive
neurons at CT 7 and CT 14 illustrates a more robsatiation occurring in active
neurons than inactive ones (Fig. B3; 0.05, Student’'sTest;n = 22-31).



Supplementary Figures
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Fig. S1. Real-time changes in SCN redox state in response to exposure to redox
reagents(A) Sample trace of real-time redox imaging of SCN slice, during
application of the oxidizing reagent, DIA (5 mM, 5 - 15 min). DIA induces areass
of the ratio of Eyy./F,0.iN < 2 min, indicating a shift toward oxidized stgt8)
Summary of the effect of DIA treatment, which shifts the SCNatow oxidized state;
each line represents an individual slice trial{* 0.05, paired StudentisTest;N =

6). (C) Summary of the effect of GSH treatment, which shifts the SCNrttsva
reduced state; each line represent an individual slice triaP(¥*0.01, paired
Student's-Test;N = 6). Amplitudes of these redox reagent-induced shifts are
comparable to the amplitude of the endogenous redox oscillation (Fig. 1).
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Fig. S2. Circadian rhythm of spontaneous action potentials (SAP) in rat SCN neurons
(A) SAP frequencies were recorded from current-clamped SCN neureysd( =

SAP frequency of each individual neurN = 334; black star = averaged S

frequency in each hour)B) SAP frequencies peak near midday (single-unit activity
recorded extracellularlyYC) Percentage of neurons discharging SAP per 2-min
recording, plotted in each hour over the circadian cycle.
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Fig. S3. Membrane properties of actiwsinactive SCN neurons at CT 7 and CT 14
(active neurons was defined as neurons discharging SAP during the 2-ondingc
while the inactive ones were those without detected SAR)2-min recording
detected more active neurons at CT 7 (active : inactive = 29 : 22) than @atité (
inactive = 24 : 31)(B) Average SAP frequence of active neurons were higher at CT 7
than CT 14 (*P < 0.05, Student's Test;N = 24-29). (C) V,, of active neurons was
more depolarized than inactive neurons at both CT 7 and CT 1R €9.01,
Student’st-Test N = 22-31); in addition, the active neurons at CT 7 were r
depolarized than CT 14, while the,¥df inactive neurons remained unchanged(%
0.05, Student's-Test;N = 24-29).(D) R,, of active neurons was higher than inactive
neurons at CT 7, but not at CT 14 P*< 0.05, Student's-Test;N = 22-31).
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Fig. S4. Current-clamp recording of Yfrom SCN neurons with patch pipettes
containing redox reagents at CT 7 and CT(®4 B) Representative voltage traces
showing the changes in membrane potential in GSH (A) and DIA (B) adiec{C)
Summary of {, shift at CT 7 and CT 14°(< 0.01, paired StudenttsTest to control;
N = 5-6).
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Fig. S5. Changes of {, induced by redox reagents (DIA, filled; GSH, open) were

independent from the changes @f ® > 0.05, Linear Correlation and Regressihin;
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Fig. S6. Proposed model of the relative interdependency of the transcriptional-
translational oscillator, redox oscillator, and membrane excitaloditillation.(A)

The circadian oscillation of redox state in SCN depends upon functionally intac
transcriptional-translational machinery (Fig. (84), and redox state modulates clock-
genes expression, reciprocally (solid arro(@$)38). (B) Several ion channels, which
underlie membrane excitability, are rhythmically expressed uhdearontrol of clock
genes (solid arrow(89); conversely, membrane excitability in SCN neurons can gate
signal input to the transcriptional-translational oscillator, whicluin &affects clock-
gene expression (dashed arrqi)-43). (C) Redox state can regulate neuronal
excitability in SCN neurons viatcurrents (solid arrow) (Fig. 2 through 4);
concomitantly, increased neuronal activity can increase blood flow, glupteiee by
astrocytes, and energy availability, which can feedback to modulate nleurona
metabolic state (dashed arrof}).
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