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SUMMARY

GSK3B is a serine threonine kinase implicated in the
progression of Alzheimer’s disease. Although the
role of GSK3p in growth and pathology has been
extensively studied, little is known about the meta-
bolic consequences of GSK3p manipulation, particu-
larly in the brain. Here, we show that GSK3p
regulates mitochondrial energy metabolism in hu-
man H4 neuroglioma cells and rat PC12-derived
neuronal cells and that inhibition of GSK3p in
mice in vivo alters metabolism in the hippocampus
in a region-specific manner. We demonstrate that
GSK3p inhibition increases mitochondrial respiration
and membrane potential and alters NAD(P)H meta-
bolism. These metabolic effects are associated with
increased PGC-1a protein stabilization, enhanced
nuclear localization, and increased transcriptional
co-activation. In mice treated with the GSK3g inhibi-
tor lithium carbonate, changes in hippocampal en-
ergy metabolism are linked to increased PGC-1a.
These data highlight a metabolic role for brain
GSK3B and suggest that the GSK3B/PGC-1a axis
may be important in neuronal metabolic integrity.

INTRODUCTION

Many of the most common neurodegenerative disorders share a
phenotype of protein aggregation and proteostatic crisis that
ultimately lead to neuronal loss (Hetz and Mollereau, 2014); how-
ever, these disorders also exhibit a common phenotype of
mitochondrial dysfunction (Schon and Przedborski, 2011). Mito-
chondrial efficiency is critical in maintaining neuronal function
and plasticity (Yin et al., 2014), and mitochondrial integrity is
an essential component in learning/memory (Pei et al., 2015).
GSK3B (glycogen synthase kinase 3 beta) is a growth-
signaling-sensitive kinase negatively regulated by inhibitory
phosphorylation downstream of the insulin receptor, Wnt, and
mTOR growth signaling pathways (Patel and Woodgett, 2017).
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Genetic studies demonstrate a mechanistic role for GSK3p in
memory, behavior, and neuronal fate determination (Beurel
et al., 2015; Kaidanovich-Beilin and Woodgett, 2011). GSK3p
has also been implicated in Alzheimer’s disease (AD), where acti-
vation of GSK3f can promote tau hyperphosphorylation, neuro-
fibrillary tangles, and amyloid plaques (DaRocha-Souto et al.,
2012; Sereno et al., 2009). In contrast, levels of GSK3B are lower
in the brains of monkeys that are protected from age-related
brain atrophy by the dietary intervention of caloric restriction
(CR) (Colman et al., 2009; Martin et al., 2016).

GSKB8 was originally identified as an insulin sensitive kinase
involved in the activation of glycogen synthesis (Parker et al.,
1983). Two isoforms of GSK3, GSK3a and GSK3B, have been
identified (Woodgett, 1990) that have distinct non-redundant
functions: global knockout of GSK3a is phenotypically silent
(Patel et al., 2011), whereas global knockout of GSK3 is embry-
onic lethal (Hoeflich et al., 2000). We and others have identified a
role for GSK38 in regulating the stability and activity of PGC-1a
(peroxisome proliferator-activated receptor gamma coactivator
1-alpha), a key regulator of mitochondrial function (Anderson
et al., 2008; Olson et al., 2008); however, the involvement of
GSKB3pB specifically in energy metabolism is not well defined. In
this study, we utilize lithium, a robust GSK3p inhibitor (Klein
and Melton, 1996; Stambolic et al., 1996) and common psychiat-
ric drug used in the treatment of schizophrenia and bipolar disor-
der (Geddes et al., 2004), to determine the role of GSK3p brain
cell energy metabolism.

RESULTS

GSK3p Inhibition Stimulates Glial Mitochondrial Energy
Metabolism

Human H4 neuroglioma cells were treated with lithium chloride
(15 mM), a direct inhibitor of GSK3p (Zhang et al., 2003). Consis-
tent with a growth regulatory role of GSK3, GSK3p inhibition by
lithium negatively affected cellular growth in the absence of a dif-
ference in cell viability (Figures S1A and S1B). An increase in
mitochondrial membrane potential was induced by 24 hr of
lithium treatment (Figure 1A) in a dose-dependent manner (Fig-
ure S1C). Inhibitor VIII (15 uM), a selective non-competitive
inhibitor of GSK3p, also induced an increase in mitochondrial
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membrane potential in H4 glioma (Figure 1B). To determine if the
metabolic effects of lithium were GSK3p dependent, we used
small interfering RNA (siRNA) to knockdown GSK3p at the RNA
and protein levels (Figure S1D). GSK3B knockdown significantly
increased mitochondrial membrane potential, phenocopying the
effect of lithium, but abrogated the increase in membrane poten-
tial induced by lithium treatment confirming the requirement for
GSKS3B in lithium’s metabolic effects (Figure 1C). The metabolic
impact of inhibitor VIII was similarly disrupted by knockdown of
GSKB3p (Figure S1E). Furthermore, expression of constitutively
active GSK3p with the phosphorylation site serine 9 mutated to
alanine (Figure S1F), significantly decreased mitochondrial
membrane potential in H4 glioma, and abrogated lithium’s ability
to increase mitochondrial membrane potential (Figure 1D).
Lithium induced an increase in mitochondrial respiration (Fig-
ure 1E), with basal respiration, maximal respiration, and spare
capacity significantly higher in treated cells (Table S1). Despite
subtle differences in the impact of lithium and inhibitor VIII on
membrane potential, the effect of GSK3p inhibition by either
modality on respiration was equivalent and non-additive (Fig-
ure S1G) and was phenocopied by siRNA against GSK3p (Fig-
ure STH). In terms of the broader metabolic effects, lithium
induced an increase in free intracellular levels of co-factor
NAD™ as detected by biochemical assay, although redox ratios
were not significantly different (Figures 1F and S1l). These meta-
bolic changes occurred in the absence of overt differences in
mitochondrial abundance: mitochondrial content, as assessed
by staining for the outer membrane protein Tomm20 (translo-
case of outer mitochondrial membrane 20) was not different (Fig-
ures 1G and S1J), and levels of proteins involved in the electron
transport system (ETS) were unchanged (Figure S1K). These
data indicate that mitochondria were activated but biogenesis
was not induced. At the protein level, lithium-induced inhibitory
phosphorylation of GSK3p at serine 9, confirming efficacy of
lithium-induced GSKB3p inhibition (Figures 1H and S1L). Coinci-
dent with this, a 1.3-fold significant increase in PGC-1a protein
levels was detected in lithium-treated cells, and although the
impact of inhibitor VIIl on PGC-1a levels was more modest, treat-
ment with both GSK3 inhibitors was not additive (Figure S1M).
A difference in PGC-1a cellular distribution was evident upon
knockdown of GSK3B with an apparent increase in nuclear
PGC-1a (Figure S1N).

To investigate PGC-1a protein turnover, we exposed H4 gli-
oma to the ribosomal inhibitor cycloheximide (100 uM) resulting
in significant depletion of PGC-1a after 24 hr. Cycloheximide-
induced depletion of PGC-1a. levels was blocked by concomi-
tant treatment with lithium (Figure 11) or GSK3p inhibitor VIII
(Figure 1J), confirming the role of GSK38 in regulating PGC-1a.

protein stability. Next, we investigated PGC-1a subcellular distri-
bution and detected increased nuclear accumulation of PGC-1a
in lithium-treated cells by subcellular fractionation (Figure 1K)
and confirmed by immunofluorescent detection (Figure 1L).
GSKS3B was also enriched in the nuclei of lithium-treated cells
consistent with the increase in the phosphorylated form, which
is almost exclusively nuclear in H4 glioma (Figure S10) and
increased upon treatment with lithium. Next, we investigated
the regulation of PGC-1a at the transcript level. Lithium resulted
in increased expression of PGC-1a. isoforms a1 and ¢4 and a
subset of brain-specific isoforms (Martinez-Redondo et al.,
2016) (Figure 1M). Gene targets of PGC-1a were also dif-
ferentially expressed, including the glycolytic regulator PDK4
(pyruvate dehydrogenase kinase 4), BDNF (brain-derived neuro-
trophic factor), SCD1 (stearoyl coenzyme A [CoA] desaturase 1),
and COX5b (cytochrome ¢ oxidase subunit 5b) (Figure 1N). As
before, siRNA knockdown of GSK3p partially mimicked the ef-
fect of lithium (Figure 1SP). These data demonstrate that
GSKB3p regulation of mitochondrial activity in H4 glioma is asso-
ciated with changes in PGC-1a. activity, stability, and subcellular
localization.

GSK3p Inhibition Stimulates Neuronal Mitochondrial
Energy Metabolism

The rat PC12 neuroblastic cell line can be induced to differentiate
into electrically excitable neuron-like cells upon treatment with
nerve growth factor (NGF) (Fujita et al., 1989). Treatment of
PC12-derived neurons with lithium chloride (15 mM) for 24 hr re-
sulted in a 1.5-fold increase in PGC-1a. protein levels and
increased phosphorylation of GSK3, recapitulating the out-
comes observed in H4 glioma (Figures 2A and S2A). At the tran-
script level, lithium induced expression of the PGC-1a4 isoform,
but a significant impact on other isoforms, including a novel rat-
specific isoform (Figures 2B and S2B), was not detected. Lithium
affected the expression of PGC-1a targets, with induction of
both BDNF and PDK4 (Figure 2C); however, the impact of lithium
on expression of genes encoding subunits of complex IV of ETS
was not equivalent to that observed in H4 glioma, suggesting
that there are differences in PGC-1a gene target specificity be-
tween these cell types. Similar to H4 glioma, lithium induced
an increase in intracellular levels of NAD™" (Figure 2D). These ef-
fects were not explained by a difference in mitochondrial con-
tent; Tomm20 staining intensity was equivalent in untreated
and lithium-treated PC12-derived neurons (Figure 2E), and pro-
tein levels of components of ETS complexes |-V were equivalent
(Figure S2C). Unlike the case for H4 glioma, PGC-10 was almost
entirely nuclear in PC12-derived neurons and subcellular locali-
zation was not changed in response to lithium. GSK3B was

Figure 1. GSK3p Regulates Mitochondrial Metabolism and PGC-1q« Stability, Localization, and Activity in H4 Glioma
(A-D) JC-1 measurement of mitochondrial membrane potential following (A) LiCl (15 mM) or (B) inhibitor VIII (15 uM) treatment and following LiCl treatment

(15 mM) in cells transfected with GSK3 siRNA (C) or GSK3B-S9A (D).

(E-J) Basal and maximal cellular respiration (E); NAD*, NADH, and NAD*/NADH ratio (F); immunodetection of mitochondrial Tomm20 (G); PGC-1a, GSK3p,
GSK3B, and actin protein levels following 2- or 24-hr LiCl treatment (H); PGC-1a., cyclin D, and actin protein detection in cells treated with cyclohexamide (100 uM)

in the absence or presence of LiCl (15 mM) (1); or inhibitor VIII (15 pM) (J).

(K-N) Protein levels of PGC-1a, pGSK3p, GSK3B, tubulin, and PARP protein in cytoplasmic and nuclear fractions following 24-hr LiCl treatment (K);
immunodetection of tubulin, PGC-1a, and GSK3 (L); RT-PCR detection of PGC-1a. (M); and the indicated transcripts following LiCl treatment (N).
n = 3-6 biological replicates per assay; data are shown as an average + SEM; *p < 0.05 ANOVA.
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Figure 2. GSK3p Regulation of PGC-1a Activity in PC12-Derived Neuron-like Cells

(A) Detection of PGC-1a, pGSK38, GSK3p, and actin proteins following LiCl treatment (15 mM).

(B and C) RT-PCR detection of PGC-1« (B) and indicated transcripts following 24-hr LiCl treatment (C).
(D) Total NAD (NADt), NAD*, NADH, and NAD*/NADH ratio following 24-hr LiCl treatment.

(legend continued on next page)
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predominantly cytosolic in untreated PC12-derived neurons and
a clear shift to nuclear localization was detected following lithium
treatment (Figure 2F). Phospho-GSK3p was predominantly cyto-
solic and treatment with lithium resulted in the formation of
discrete puncta of phospho-GSK3p in the perinuclear region
(Figure S2D); however, the significance of this change in localiza-
tion is currently unclear. These data show that the effects of
GSK3p inhibition on cellular NAD metabolism and PGC-1a pro-
tein levels are common to H4 glioma and PC12-derived neurons.

The above experiments suggested that metabolic status might
differ at baseline between H4 glioma and PC12-derived neurons.
Although levels of GSK3B were not significantly different be-
tween cell types, protein levels of PGC-1a. were significantly
higher in PC12-derived neurons than in H4 glioma (Figures 2G
and S2E). PGC-1a transcript isoform distribution was also
different between the two cell types. The predominant isoform
in glia was PGC-1a1 that was expressed at twice the level of
PGC-1a4, with a lesser contribution from the brain-specific iso-
form (Figure 2H). PGC-1a2 and PGC-1a3 were not detected in
H4 glioma. In PC12-derived neurons, PGC-1ax1 was the pre-
dominant isoform expressed, with PGC-1a4 expressed at
~30% of that level and PGC-1ax2 lower again. The ax1 and
ax2 isoforms are previously unreported but predicted variants
of rat PGC-1a. closest in equivalence to murine PGC-1a1.
Next, we looked at metabolic parameters and identified signifi-
cantly higher levels of proteins from mitochondrial ETS com-
plexes Il through V in PC12-derived neurons (Figure 2I), and
significant differences in basal redox state between the cell
types (Figure 2J). Abundance of NAMPT (nicotinamide phos-
phoribosyltransferase), the rate-limiting enzyme of the NAD
salvage pathway, was not significantly different between cell
types; however, NAD-dependent enzymes, including the deace-
tylase SIRT1 and the DNA repair enzyme PARP1 (poly-ADP-
ribose polymerase 1), were significantly lower in PC12-derived
neurons, pointing to potential differences in NAD consumption
between these cell types (Figure 2K).

NAD Metabolism Is Responsive to GSK3p Inhibition

Multi-photon laser-scanning microscopy (MPLSM) is a high-res-
olution imaging-based technique that allows for quantitation of
differences in cellular metabolism among cells or as a function
of treatment. This technology takes advantage of the autofluor-
escence of reduced forms of NAD and NADP (Denk et al.,
1990). Kinetic properties of photon release can be quantified
by fluorescence lifetime imaging microscopy (FLIM), informing
of the cellular environment of the fluorophores (Lakowicz et al.,
1992). Mean fluorescence lifetime (t,,) summarizes a first order
decay curve including a fast component (t4) and a slow compo-
nent (to) that correspond to free and protein-bound pools of

NAD(P)H, respectively. The relative contribution of 74 to 7, is in-
dexed by the a; coefficient where T, = a;*11 + a>+72. Decay
curves were generated over multiple pulses, repeated for each
pixel in the image capture field, and were quantified on a by-pixel
basis and color-coded by picoseconds of decay (Figures 3A and
3B). Remarkably, the mean fluorescence lifetime was completely
different in nuclear and cytosolic compartments for both cell
types (Figures 3C, 3D, and S3), with significantly shorter 7, de-
tected for nuclear pools. This difference is primarily explained
by the significantly higher values of a; in the nuclei, indicating
that most of the nuclear co-factor pool is in the unbound state.

In general, factors influencing the decay values (1 and 7o)
include the immediate local environment, including hypoxia,
pH, redox, and, in the case of 15, the proteins to which the fluo-
rophores are bound. Changes in a4 values are indicative of a shift
in the balance of free and bound NAD(P)H, where lower a4 values
are associated with greater reliance on oxidative metabolism
(Bird et al., 2005). Lithium treatment increased the 7, in H4 gli-
oma (Figure 3C), with main effects of treatment, cellular
compartment, and a treatment by compartment interaction
(Table S2). These differences extended to all parameters of the
decay curve including higher 14 (free pool), a more modest in-
crease in 15 (bound pool), and a substantial decrease in a4 that
was most evident in the cytosolic pool. These outcomes are
consistent with the respiratory measures described earlier.

Larger magnitude changes in FLIM were detected in lithium-
treated PC12-derived neurons, with an increase in 7, and main
effects of treatment, cellular compartment, and a treatment by
compartment interaction detected (Table S2). The impact of
lithium extended to main effects and interaction for all parame-
ters of the decay curve with significant increases detected for
74 and T, and a substantial decrease in a4, again suggesting a
shift toward increased proportion of bound co-factors in cellular
NAD(P)H pools (Figure 3D).

Next, we investigated the impact of lithium on fluorescence in-
tensity of NAD(P)H. Fluorescence intensity reflects total fluoro-
phore pools and can be influenced by changes in abundance
of the total NAD(P)H pool and also by changes in the bound pro-
teome within that pool. Here, the outcomes differed between H4
glioma and PC12-derived neurons where lithium had no impact
on fluorescence intensity in H4 glioma (Figure 3E) but signifi-
cantly increased fluorescence intensity in PC12-derived neurons
(Figure 3F). Taken together, these data demonstrate that GSK3p
inhibition affects cellular NAD metabolism and the metabolic
environment in both PC12-derived neurons and H4 glioma.

Inhibition of GSK3p Affects Brain Energy Metabolism
To determine the impact of GSK38 inhibition on PGC-1a. pro-
cessing in vivo, male C3B6-F1 hybrid mice were treated with

(E) Immunodetection of mitochondrial Tommz20.
(F) Immunodetection of PGC-1a, GSK38, and tubulin.

(G) Protein levels of PGC-1a, pGSK3p, GSK38, actin, and tubulin in H4 glioma and PC12-derived neuronal cells.

(H) RT-PCR detection PGC-1a isoforms in H4 glioma and PC12.
(I) Protein levels of subunits of complexes |-V of the electron transport system.

(J) Total NAD (NADt), NAD*, NADH, and NAD*/NADH ratio in H4 glioma and PC12-derived neuronal cells.
(K) Protein levels of NAMPT, Sirt1, and PARP proteins in H4 glioma and PC12-derived neuronal cells.
n = 3-6 biological replicates per assay; data are shown as an average + SEM; *p < 0.05 Student’s t test.
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about two-thirds that level and PGC-1a2 lower again (Figure 4A).
Investigation of PGC-1a expression in ex-vivo-isolated cells indi-
cated that PGC-1a.1 isoform expression was significantly higher
in glia than in neurons while PGC-1a4 isoform was the major iso-
form detected in neurons (Figure 4B). Lithium-induced increases
in PGC-1a1 and PGC-1a4 transcripts in neurons, and PGC-1a4,
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tensity was quantified by region, including
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neurons of the polymorphic layer (PL),
the molecular layer (ML), and the outer
hippocampal CA1 and CAS3 regions,
where cell bodies and neuropil were
separately quantified (Figure S4A). Main
effects of region and treatment as well
as an interaction of region and treatment
were detected (Table S4). The impact of
lithium was region and dose dependent:
the GL and cell bodies of the CA1 and
CAB were refractory to treatment; activity
stain intensity was increased in the PL
and ML, but the response was non-linear;
and the CA1 neuropil exhibited a linear
dose-dependent impact of lithium to in-
crease cytochrome c oxidase activity.
These data show a hippocampal region
and cell-type-specific mitochondrial response to lithium treat-
ment in vivo.

Hippocampal protein levels of GSK3 (Figure 4E) and PGC-1a.
(Figure 4F) were highly region and cell type specific (Figures S4B
and S4C). A main effect of region was detected for both proteins
(Table S4), and a region by dose interaction was detected. Dose-
dependent effects of lithium were non-linear within responsive
regions, where PGC-1« levels were increased in neurons of the
PL, GL, and cell bodies of the CA1 and CA3 at lower doses
(1.2 and 1.8 mg/kg). The impact of lithium on phospho-GSK3p
showed a similar dose response (Figure S4D), where increased
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levels detected at lower doses in neurons of the GL, PL, and
the cell bodies of CA1 were not observed at the higher dose
(2.4 mg/kg). Multi-photon imaging of hippocampal sections
from lithium-treated mice revealed no difference in fluorescence
intensity, but main effects of region, treatment, and an interac-
tion of region by treatment were detected by FLIM in the GL,
PL, and ML (Figures 4G and S5; Table S5). Lithium increased
™m at 0.6 mg/kg for all three regions, similar to what was
observed in lithium-treated cultured cells (Figure 4H). Unexpect-
edly, values returned to those of untreated at 1.2 mg/kg; how-
ever, this dynamic was explained by differences in components
contributing to T, where 14, 11, and a; values each differed
between lithium treatment and no treatment. These data demon-
strate a clear NAD-associated metabolic response to hippocam-
pal GSK38 inhibition in vivo.

DISCUSSION

Several lines of evidence presented here are indicative of a role
for GSK3B in the regulation brain energy metabolism. In cultured
cells, inhibition of GSK3B by treatment with either lithium or
Inhibitor VIII stimulated mitochondrial energy metabolism,
including increases in the mitochondrial proton motive force
and concomitant increases in mitochondrial respiration. Genetic
approaches confirm the role of GSK3p in cellular metabolic regu-
lation, where lithium’s effects were diminished when levels of
GSK3p were lowered by RNA interference and were abrogated
by expression of a GSK3p mutant (GSK3B-S9A) that is resistant
to the effects of inhibitory phosphorylation. This GSK3p-associ-
ated change in mitochondrial function was accompanied by a
lengthening of NAD(P)H fluorescence lifetime, an adaptation
that is also consistent with a shift toward an oxidative phenotype.
The metabolic response to GSK3p inhibition was largely
conserved between cell culture models of glia and neurons
despite critical differences in the underlying biology of these
cell types including differences in innate oxidative metabolic ca-
pacity and differences in levels of proteins associated with the
GSKBB/PGC-10. axis. Lithium’s effects on metabolism in mice
in vivo were consistent with those observed in cultured cells.
GSKB3B inhibition increased mitochondrial activity the hippocam-
pus and lengthened NAD(P)H fluorescent lifetime. A role for
PGC-1a is implied in the metabolic response to GSK3b inhibi-
tion, where stability of PGC-1a. protein was increased by either
lithium or inhibitor VIII treatment in cultured cells, and expression
of PGC-1a target genes was altered in both H4 glioma and
PC12-derived neurons. In mice treated in vivo, hippocampal
levels of PGC-1a. protein were increased in response to lithium

and PGC-1a transcripts were increased in isolated glia and neu-
rons. Minor differences between the cell culture and in vivo re-
sponses to lithium might be explained by crosstalk among cell
types in the brain (Bélanger et al., 2011). Co-culturing and 3D
growth experiments with neurons and glia together may shed
light on secondary signaling, metabolic coupling, and adaptive
mechanisms involved in the brain metabolic response to
GSKB3p inhibition that are not captured in homogeneous culture
models.

The role of metabolism in age-related disease has become a
major focus in aging research, and NAD specifically, due to its
central role in intermediate metabolism and as a regulator of sir-
tuin activity, has moved to the fore in this arena (Chini et al.,
2017; Verdin, 2015; Yoshino et al., 2017). In peripheral tissues,
PGC1a activity is stimulated by the actions of the NAD-depen-
dent deacetylase SIRT1 (Nemoto et al., 2005; Rodgers et al.,
2005) and studies in cultured neurons have implicated SIRT1
in neuroprotection (Qin et al., 2006). Genetic studies have inde-
pendently revealed parallel roles for GSK3p and PGC-1« in vital
brain processes. GSK38 has a long established role in cytoskel-
etal regulation, including dendritic spine stability (Ochs et al.,
2015), as well as regulation of neurogenesis and memory
consolidation, while PGC-1a has been shown regulate dendritic
arborization (Cheng et al., 2012). An imbalance in GSK3p im-
pedes neuroregenerative processes in mice (Kondratiuk et al.,
2013) and disruptions in PGC-1a produce a neurodegenerative
phenotype (St-Pierre et al., 2006). GSK3p and PGC-1a are both
influenced by aging within the hippocampus. Aged rats exhibit
significantly elevated levels of GSK3B in the dentate gyrus and
CA regions of the hippocampus, while aged mice exhibit
decreased hippocampal PGC-1a protein (Lee et al., 2006; Mar-
tin et al., 2016). In the context of Alzheimer’s disease, GSK3p3
inhibition has been previously demonstrated to ameliorate dis-
ease pathology and improve cognitive function (Forlenza
et al., 2012; Ly et al., 2013), while hippocampal PGC-1a. gene
delivery protects against neurodegeneration and cognitive
impairment (Katsouri et al., 2016). A number of studies place
mitochondrial dysfunction downstream of aging-related neuro-
degeneration and Alzheimer’s pathology (Reddy, 2013; Rhein
et al., 2009), but it is possible that in normal disease progression
metabolic dysfunction and pathology arise concomitantly.
Indeed, recent studies suggest that mitochondrial dysfunction
may be a driver of cognitive decline (Grimm and Eckert,
2017). The ability of GSK3pB to regulate brain mitochondrial
function and NAD metabolism brings a new aspect to its role
in aging and neurodegenerative disease, with implications
for neurotransmitters and neurotrophic signaling pathways

Figure 4. Inhibition of GSK3p Regulates Hippocampal Energy Metabolism in Mice
(A and B) RT-PCR detection of PGC-1a isoforms in the whole-mouse brain (A) or in isolated neurons and glia (B).
(C) RT-PCR detection of PGC-1a isoforms in neurons and glia isolated from the whole brain of mice fed the indicated doses of dietary lithium carbonate (LioCO3)

for 4 months.

(D-F) Representative images and quantification of cytochrome C oxidase mitochondrial activity stain (D), GSK3B immunodetection (E), and PGC-1a
immunodetection in the indicated hippocampal regions from Li,CO3 fed mice (F).
(G and H) Representative images of mean fluorescence lifetime (t,,) in picoseconds (exA7s0) in the dentate gyrus from Li,CO3 fed mice (G) and 7, distributions

separated by region (top panel) and by dose (bottom panel) (H).

n = 4-6 mice per LioCO3 dosage; data shown as an average + SEM or distributions; *p < 0.05, linear mixed models. WH, whole hippocampus; DG, dentate gyrus;
GL, granular layer; PL, polymorphic layer; ML, molecular layer; CB, cell bodies; and NP, neuropil.
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that impinge on GSK3p as part of normal inter- and intracellular
communication.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-PGC-1a Santa Cruz sc-13067
Rabbit anti-GSK3 Cell Signaling Tech. 9315S
Rabbit anti-pGSK3pB Cell Signaling Tech. 9336
Mouse anti-B—actin Sigma Aldrich A1978
Mouse anti-a.—tubulin Sigma Aldrich T6199
Mouse anti-OxPhos Cocktail AbCam ab110413
Mouse anti-Sirt1 Santa Cruz sc-74504
Rabbit anti-NAMPT Sigma Aldrich V9139
Rabbit anti-PARP Cell Signaling Tech. 9542
Rabbit anti-cyclin d1 AbCam ab7958
Biotinylated anti-mouse Ig Vector Labs BA-9200
Biotinylated anti-mouse Ig Vector Labs BA-1000
Chemicals, Peptides, and Recombinant Proteins

Lithium Chloride (8M) Sigma Aldrich L7026
Cycloheximide Sigma Aldrich C7698
GSK3g Inhibitor VIII Millipore 361549-5mg
ABC Solution Vector Labs PK-6200
NovaRed Reagent Vector Labs SK-4850
Critical Commercial Assays

JC-1 Reagent Invitrogen T3168
Cell Mito Stress Test Kit Agilent 103015-100
NAD+/NADH Quantification Kit Biovision K337-100
Oxoplate Presens OP96U
Nuclear/Cytosol Fractionation Kit BioVision K266-100
Neuronal Isolation Kit Miltenyi Biotec 130-098-754
LIVE/DEAD Viability/Cytotoxicity Kit Molecular Probes L3224
Experimental Models: Cell Lines

H4 ATCC HTB-148
PC12 ATCC CRL-1721
Experimental Models: Organisms/Strains

B6C3F1 Harlan N/A
Oligonucleotides

See Table S6 N/A N/A
Other

Custom Mouse Diet w/ Lithium Carbonate Bio-Serv AIN-93M
GSK3b siRNA ThermoFisher S6239
Negative Control siRNA ThermoFisher AM4615
HA-GSK3b S9A pcDNA3 Addgene 14754
Lipofectamine 2000 ThermoFisher 11668019

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Rozalyn
Anderson (rozalyn.anderson@wisc.edu).

el Cell Reports 23, 1922-1931.e1-e4, May 15, 2018


mailto:rozalyn.anderson@wisc.edu

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Six-week-old male B6C3F1 hybrid mice were obtained from Harlan Laboratories (Madison, WI, USA) and housed under controlled
pathogen-free conditions in accordance with the recommendations of the University of Wisconsin Institutional Animal Care and Use
Committee. Mice were fed 87 kcal week ' of control diet (FO5312; Bio-Serv, Flemington, NJ, USA) and were individually housed with
ad libitum access to water. This level of food intake is ~95% ad libitum for the B6C3F1 strain so all food was consumed. Following two
weeks of facility acclimation, mice were randomized into five treatment groups fed the control diet supplemented with increasing
concentrations of dietary lithium carbonate (2 months old; n = 10/group): Group 1) 0.0 g/kg/day Li,CO3; Group 2) 0.6 g/kg/day
LioCOg; Group 3) 1.2 g/kg/day Li»COgs; Group 4) 1.8 g/kg/day Li,CO3; Group 5) 2.4 g/kg/day Li,CO3_ Li,CO3 supplemented mice
were administered an additional drinking bottle containing saline (0.45% NaCl) to offset polyuria, a common side effect of lithium
treatment. Mice consumed dietary lithium for 4 months, and were euthanized at 6 months of age. Brains were isolated, bisected,
embedded in OCT, frozen in liquid nitrogen, and stored at —80°C until further processing.

Cell Culture

H4 cells were obtained from ATCC (HTB-148; Manassas, VA, USA) and cultured in DMEM containing 10% fetal bovine serum and 1%
penicillin/streptomycin. PC-12 cells were obtained from ATCC (CRL-1721) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% horse serum, 5% fetal bovine serum, and 1% penicillin/streptomycin.

METHOD DETAILS

PC-12 cell differentiation

All PC-12 experiments were conducted on fully differentiated PC-12 cells (7 days of differentiation). For differentiation, PC-12 cells
were plated on collagen coated plates and cultured for 7 days in DMEM containing 0.1% horse serum, 100 ng/ml 2.5S nerve growth
factor (N-100; Alomone Labs, Jerusalem, Israel), and 1% penicillin/streptomycin. Media was changed every 2 days.

Lithium Treatment

Lithium time-course experiments were carried out using cell culture media supplemented with 15mM lithium chloride (LiCl). Media
change was carried out 2 or 24 hours prior to collection as indicated. For PGC-1a. protein stability experiments, cells were pretreated
for 1 hour with media containing 15mM LiCl or control media, followed by the direct addition of cycloheximide (100nM) or egivolume
DMSO to the plates for the indicated time.

Lipofectamine Transfection

H4 cells were seeded in 6-well plates 24 hours prior to lipofectamine transfection (6ul/well). HA-GSK3b[S9A] and pcDNAS3.1 control
vectors were transfected at 3ug/well and media change was carried out 4 hours after transfection and prior to lithium treatment.
GSK3b siRNA was transfected at 30nM for 24h and media was changed prior to lithium treatment.

Metabolic Assays

Mitochondrial membrane potential

Mitochondrial membrane potential was determined using the JC-1 assay (T-3168; Thermo Fisher Scientific) in accordance with the
manufacturer’s instructions. Cells were incubated in 1 pg/mL JC-1 dye for 15-minutes prior to counting and re-suspension in D-PBS
for assay. Fluorescent emission was measured at 590nm and 530nm with excitation at 535nm and 485nm respectively.
Mitochondrial Respiration (Seahorse Assay)

Basal and maximal respiration of H4 cells was determined using a Seahorse extracellular flux (XF) Cell Mito Stress Test Kit (103015-
100; Agilent Technologies, Santa Clara, CA, USA). Cells were plated at 4.0x10%/well in a 96-well microplate using growth media in the
presence or absence of 15mM LiCl and incubated overnight. One hour prior to assay, cells were switched into assay media in accor-
dance with the manufacturer’s instructions and incubated at 37 C in a non-CO, incubator. At the time of assay, cells were loaded into
the XF analyzer along with a loaded sensor cartridge containing the following ETS inhibitors: Oligomycin (100 uM), FCCP (100uM),
and Rotenone/antimycin A (50 uM). Inhibitors were sequentially injected into the assay media and basal respiration, ATP production,
maximal respiration, and non-mitochondrial respiration were measured as a function of cellular oxygen consumption.

Cellular Respiration (OxoPlate Assay)

Oxygen consumption of H4 cells was determined using an Oxoplate (OP96U; Presens) oxygen monitoring system. Cells were
suspended in respiration buffer (pH 7.4) containing D-Mannitol, Potassium Chloride (KCL), Magnesium Chloride (MgCl,), and
Monopotassium Phosphate (KH,PO,) at 4.0x10%/well in quadruplicate. Fluorescent emission was measured at 650nm and 590nm
with excitation at 540nm at 10-minute intervals at 37 C.

Biochemical NAD(H) Assays

NAD/NADH quantification was determined using the Biovision NAD/NADH quantification colorimetric assay kit (K337-100; Biovision)
per manufacturer’s instructions.
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Cell Proliferation Analysis

Cellular proliferation was quantified using a CyQUANT direct cell proliferation assay (C35011; Thermo Fisher Scientific) per manu-
facturer’s instructions.

Live/Dead Assay

Cellular viability in response to lithium and GSK3b inhibitor VIII treatment was determined using a Molecular Probes LIVE/DEAD
Viability/Cytotoxicity Kit (L3224; Thermo Fisher Scientific).

Immunoblotting and gRT-PCR

Western Blotting and Antibodies

Cells were lysed and protein was extracted in modified RIPA buffer containing protease and phosphatase inhibitors (P8340 and
524624, respectively; Sigma Aldrich, St. Louis, MO, USA). Proteins were detected by immunoblotting using standard techniques.
Antibodies used were PGC-1a (sc-13067; Santa Cruz Biotechnology, Santa Cruz, CA, USA) GSK3p (9315; Cell Signaling Technol-
ogies, Boston, MA), serine 9 phospho-GSK3p (9336; Cell Signaling Technology), Total OXPHOS (ab110413; Abcam, Cambridge,
MA, USA), Cyclin-d1 (ab7958; Abcam) beta-actin (A1978; Sigma Aldrich) and Sirt1 ((sc-74504, Santa Cruz), PARP (9542S; Cell
Signaling). Subcellular fractionation was performed using nuclear/cytoplasmic fractionation kit (K266-100; Biovision, Milpitas, CA,
USA) per manufacturer’s instructions. Equivalent protein amounts were loaded for both the nucleus and cytoplasm.

RNA Analysis

Cells were lysed in Trizol (15596018; Thermo Fisher Scientific, Waltham, MA, USA) and RNA was isolated using Direct-zol RNA
Miniprep kit (R2072; Zymo Research, Irvine, CA, USA) in accordance with manufacturers instructions. cDNA was synthesized using
a High Capacity reverse transcription cDNA kit (4368813; Thermo Fisher Scientific). Quantitive real-time reverse transcription PCR
was performed on an Applied Biosystems Prism 7900 using TagMan and SYBR Green gene expression assays (Thermo Fisher
Scientific)

Microscopy

Immunofluorescence Microscopy

Cellular localization was analyzed by immunofluorescence using standard techniques. H4 cells were cultured on glass coverslips and
PC-12 cells were cultured on Nunc Lab-Tek CC2 chamber slides (154917; Thermo Fisher Scientific). Following 24h LiCl treatment,
cells were fixed in 3.7% formaldehyde for 10 minutes. Cells were incubated overnight in primary antibodies (sc-13067; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) GSK3p (9315; Cell Signaling Technologies, Boston, MA), serine 9 phospho-GSK3p (9336; Cell
Signaling Technology), alpha-tubulin (T6199; Sigma Aldrich)), and Tomm20 (ab 56783; Abcam). Cellular distribution of proteins was
visualized using fluorescent-tagged secondary antibodies (FI-2000, FI-1000; Vector Laboratories) USA. F-actin was visualized using
Rhodamine Phalloidin (PDHR1; Cytoskeleton Inc, Denver, CO, USA). Nuclei were visualized using Hoechst Solution (62249; Thermo
Fisher Scientific). Allimages were captured using uniform exposure settings on a Leica DM4000B microscope (Leica Microsystems,
Wetzlar, Germany) and photographed with a Retiga 4000R digital camera (QImaging Systems, Surrey, BC, Canada)

Multiphoton laser scanning Microscopy

Immediately prior to multiphoton imaging, cells were fixed for 10 minutes with formalin and mounted onto glass coverslips using Vec-
tashield (Vector Labs) hard-mount mounting solution. Cryostat sections were dried onto glass coverslips and mounted using Clear-
mount mounting solution (Thermo Fisher Scientific). The instrument response function of the optical system was calibrated before
each imaging session. A Nikon CFI Plan Apo 60x lens (Melville, NY, USA) was used for allimaging. Data were collected using an exci-
tation wavelength of 780 nm, and emission was filtered at 457 + 50 nm, the spectral peak for NADH/NADPH. The data collection time
was 120 s using a pixel frame size of 256 x 256. The system has multiple detectors including a 16 channel combined spectral lifetime
detector (utilizes a Hamamatsu PML-16 PMT), detection range 350 to 720 nm, and a H7422P GaAsP photon counting PMT (Hama-
matsu) for intensity and lifetime imaging. Acquisition was performed with WiscScan, a LOCI developed acquisition package software.
Autofluorescence intensity and fluorescence lifetime data were analyzed in SPClmage (Becker & Hickl, v.3.9.7, Berlin, Germany)
where a Levenberg—Marquardt routine for nonlinear fitting was used to fit the fluorescence decay curve collected for each pixel in
the 256 x 256 frame to a model multi-exponential decay function. Data were assessed by the minimized chi-square value generated
during the fit so that analysis was unbiased. To eliminate background fluorescence a threshold for analysis was applied based on
photon counts. Additionally, pixels were assigned a bin of 2 for optimal fitting of the data. For NAD(P)H autofluorescent intensity,
data were analyzed in ImagedJ (NIH, Wayne Rasband; https://imagej.nih.gov/ij/) and regions were defined by cellular compartment
or hippocampal region. For fluorescence lifetime, regions of interest were defined by the same criteria using the inclusion tool in
SPC image.

Histochemistry and Immunodetection

Serial cryostat sections 10 um in thickness were cut at _14°C with a Leica Cryostat, defrosted and air-dried, and stained for cyto-
chrome c oxidase enzymatic activity as previously described (Martin et al., 2016). For each experiment, tissues were sliced, batches
were processed, and data were captured start to finish within 24 h. Immunodetection of PGC-1a and GSK3 was conducted as pre-
viously described (Martin et al., 2016) following antigen retrieval on 10-um cryosections (mouse) tissues. Antibodies and reagents
used are as follows: biotinylated anti-mouse Ig (BA-9200; Vector Labs, Burlingame, CA, USA) or biotinylated anti-rabbit IgG (BA-
1000; Vector Labs), peroxidase-labeled avidin biotin complex (ABC) solution (PK-6200; Vector Labs), InmPACT NovaRED reagent

e3 Cell Reports 23, 1922-1931.e1-e4, May 15, 2018


https://imagej.nih.gov/ij/

(SK-4805; Vector Labs), PGC-1a (sc-13067; Santa Cruz Biotechnology), total GSK3b (9315; Cell Signaling Technology), serine 9
phospho-GSK3p (9336; Cell Signaling Technology). With the exception of the multiphoton imaging, stained slides were imaged
with a Leica Microsystems DM4000B microscope and photographed with a Retiga 4000R digital camera (Qlmaging Systems, Surrey,
BC, Canada). Camera settings were optimized for each stain; for uniformity, all images for a given stain were taken on the same day
with identical settings, fixed light levels, and fixed shutter speed optimized at each magnification. Digital images were converted from
color to monochrome and inverted, so that greater stain intensity is shown as brighter pixels. Allimage analysis was performed using
Adobe Photoshop (Adobe Systems, San Jose, CA, USA). Stain intensity was measured using either the rectangular marquee tool or
the lasso outline tool in the hippocampal region of interest. Within each region for each stain, the size of the capture box was uniform
with an average inclusion of ~30K pixels.

Neuron Isolation

Mouse neurons and non-neuronal cells were isolated from whole brain suspensions using the Neuron Isolation Kit (130-098-754;
Miltenyi Biotec, San Diego, CA, USA) per manufacturer’s instructions. Briefly, brain tissue was enzymatically dissociated and debris
was removed through centrifugation at 4°C. Non-neuronal cells were labeled using the Non-Neuronal Cells Biotin-Antibody Cocktail
and depleted using magnetic separation. Isolated cell populations were lysed in Trizol and RNA analysis was conducted as previously
described.

QUANTIFICATION AND STATISTICAL ANALYSES

Independent Student’s t test and ANOVA with post hoc analyses were used to evaluate statistical significance in all cell culture
studies. Statistical analyses for the hippocampal immunohistochemistry and MPLSM-FLIM was conducted as previously described
(Martin et al., 2016). Briefly, to account for the dependence among observations due to multiple measurements per animal, we per-
formed linear mixed models (LMM) assuming a compound symmetric covariance structure using SAS PROC MIXED (Littell et al.,
2006). The LMMs included full factorial with Type 3 tests of the main effects and interactions. To explore the lithium carbonate
dosage-by-region interaction, simple main effects were investigated to determine whether there were dosage effects within each
region. We employed no formal multiple testing correction. Instead, consistent with published guidelines for statistical reporting
(Saville, 1990), exact p values are reported. All data are reported as mean + SEM.
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Figure S1. (related to Fig. 1). Data show the impact of lithium on cell proliferation (A) and (B) cell death. (C) JC-1 measurement of mitochondrial
membrane potential following LiCl dose-response in H4 glioma. (D) GSK3p protein and gene expression 48 hours following GSK3f siRNA
transfection. (E) JC-1 measurement of mitochondrial membrane potential following GSK3b inhibitor VIII (15uM) in H4 glioma with GSK3f
interference. (F) GSK3f protein and gene expression 48 hours following GSK3p-S9A transfection. (G) Basal oxygen consumption over time in H4
glioma treated with DMSO, LiCl (15mM), inhibitor VIII (15uM), and both LiCI (15mM) and inhibitor VIII (15uM), and (H) in H4 glioma with
GSK3p interference. (I) Total NAD (NADt) levels, and immunodetection of Tomm 20 (J), complexes I, II, III, IV, and V proteins of the ETS (K),
and pGSK3B/GSK3p ratio (L) following the indicated LiCl treatment (15mM) in H4 glioma. (M) Detection of PGC-1a protein in H4 glioma
following the indicated treatment. (N) Immunodetection of PGC-1uM in H4 glioma with GSK3f interference. (O) Immunodetection of tubulin and
pGSK3p following 24h LiCl treatment in H4 glioma. (P) Gene expression of PGC-1uM and indicated transcripts in H4 glioma with GSK3f3
interference. (n= 3-6 biological replicates per assay; data shown as average +/- SEM; *p<0.05 ANOVA, independent sample t-test).
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Figure S2. (related to Fig. 2). (A) Immunodetection of PGC-1a following 24h LiCl treatment in PC12-derived neurons (B) Gene structures of
PGC-1a exons and alternative splicing for human, mouse and rat genomes. Brackets below each genome represent primer pairs used (Primer Table)
to detect different PGC-1a isoforms throughout study. (*) indicates possible and validated transcriptional start sites. (C) Complexes I, II, III, IV, and
V proteins of the ETS following the 24h LiCl treatment. (D) Immunodetection of tubulin and pGSK3p following 24h LiCl treatment in PC12-de-
rived neurons. (n= 3-6 biological replicates per assay; data shown as average +/- SEM).
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Figure S3. (related to Fig. 3). Impact of GSK3p inhibition on fluorescent lifetime components parameters in H4 glioma and
PC12-derived neurons. (A) Distributions of mean fluorescence lifetime Tm (top rows), short component T, (upper middle rows), long
component T, (lower middle rows), and a,, the relative contribution of t, to T (bottom row) following LiCl treatment (15mM) within
the nucleus and cytoplasm of (A) H4 glioma and (B) PC12-derived neurons. (n= 6-8 biological replicates per measure; data shown as
distribution or as average +/- SEM; *p<0.05, linear mixed model).
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Figure S4. (related to Fig. 4). Representative images and quantification of (A) Cytochrome C oxidase activity (B) GSK3f protein immunode-
tection (C) PGC-1a immunodetection, and (D) pGSK3[ immunodetection in the indicated hippocampal regions of mice fed the Li,CO,.(n =
4-6 mice per Li,CO, dosage; data shown as average +/- SEM or distributions; *p<0.05, linear mixed models. WH, whole hippocampus; DG,
dentate gyrus; GL, granular layer; PL, polymorphic layer; ML, molecular layer; CB, cell bodies; NP, neuropil.).
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Figure S5. (related to Fig. 4). (A, B) Distributions of fluorescence lifetime short component T, (upper middle rows), long component ,
(lower middle rows), and a,, the relative contribution of T, to t_ (bottom row) separated by (A) region and (B) dosage in the dentate gyrus
of mice fed Li,CO,. (n = 4-6 mice per Li,CO, dosage; data shown as average +/- SEM or distributions; *p<0.05, linear mixed models.)



Table S1. (related to Fig. 1). Lithium treatment alters cellular respiration in H4 glioma cells.

(T,inr?:l]tpsint ANOVA UTvs.2h  UTvs.24h  2hvs. 2¢h
(p-value) (p-value) (p-value)
éBasa') E‘i POV 029" 001* 106
12 Rraadls 037" 001" 083
18 Rl 008" 000" 085
(zj"gomyd”) E‘i« 16{;0113'798; 002* 001* 864
30 Ay nead 043" 009" 575
36 E‘i 16{;013%'025; 220 002* 034*
gFZCCP) E‘i 16{;0%1'328; 001* .000* 264
48 Ry iniesad 003" 000" 124
54 R Nraad 007* 000" 140
gF({Jotenone/Antimycin) 5(2: 1(1))_0=0119-513; 979 010* 007*
66 E‘i 16{;0141'285; 979 .006* 008
72 o 912 006" 010*

*p<0.05




Table S2. (related to Fig. 3). Lithium regulates NAD(P)H metabolism in H4 glioma and PC12-derived

neurons.

Lithium Main Cellular Lithium x Cellular
Lifetime Component Effect Compartment Compartment
Main Effect Interaction

H4 glioma Cells

T F (1,24)~= =397. 64 F(1,24)=1442.81; F (1,24)~= =39. 10
m p<0 0001* p<0.0001* p<0 0001*

- F(1,24)=22.687; F(1,24)=1065.98; F(1,24)=20.40;
1 p<0.0001* p<0.0001* p<0.0001*

. F(1,24=52.63; F(1,24=99.67; F(1,24)=38.26;
2 p<0.0001* p<0.0001* p<0.0001*

a F (1,24)~= =351. 75 F(1,24)=2088.94; F(1,24)=1 3.1 0;
1 p<0 0001* p<0.0001* p<0.0001*

PC12-derived neurons

- F(1,20)=1 34786, F(1,20)=1421 A 6; F (1,200~ =36. 90
m p<0.0001* p<0.0001* p<0 0001*

T F(1,20)=753.53; F(1,20)=1795.27; F (1,200~ =33. 72
1 p<0.0001* p<0.0001* p<0 0001*

- F (1,200~ =367. 49 F(1,20)=230.66; F (1,200~ =0.1 1
2 p<0 0001~ p<0.0001* P=0.7461

a F(1,20)=1049.76; F(1,20)=1 72055, F(1,20)=19.28;
L p<0.0001* p<0.0001* p<0.0001*

*p<0.05




Table S3. (related to Fig. 4). Dietary Li,CO; -induced body mass and composition changes.

LizCOs Pre-intervention  Post-intervention Body mass A Post-
Dosage body mass (g) body mass (g) (%) intervention
(mgl/g diet) body fat (%)
0.0 25.74 £ 0.52 36.47 £ 0.7 42.17 £ 3.80 35.08 £ 1.48
0.6 26.31 £ 0.62 37.80+0.7 46.40 £ 3.43 35.05 £ 0.87
1.2 26.02 £ 0.52 37.40 £ 0.89 45.84 + 4.59 34.42 £ 1.02
1.8 25.92 £ 0.53 32.51 +0.81° 25.59 + 2.79? 29.02 + 1.39°
2.4 25.82 £ 0.52 26.84 + 0.52% 4.24 + 2 50% 21.40 £ 0.42%°
Mean + SEM

2p<0.001 vs. 0.0, 0.6, 1.2 mgl/g dosages; *® p<0.001 vs. 1.8 mg/g dosage




Table S4. (related to Fig. 4). Dietary Li,CO3 induced changes in hippocampal immunohistochemistry.

Lithium Dosage Dosage x Region

Stain Main Effect Region Main Effect Interaction
Cytochrome C F(4,21)=14.22; F(5,130)=188.6; F(23y130)=1 0298,
Oxidase p<0.0001* p<0.0001* P<0.0001*

F (4,21) =0. 63 F (6,119)= =58. 98 F(21,119)=27.80;
PGC-1a 0206486 0<0.0001* 0<0.0001*

F(4,21)=2.78; F (6,124)= =352. 45 F(21y124)=2.29;
GSK-3p 0=0.0536 0<0.0001* 0<0.0001*

F422 070 F5124 6542 F22124 687 25
Phospho-GSK3p 1502 0<0.0001* 0<0.0001*

*p<0.05




Table S5. (related to Fig. 4). Dietary Li,CO3 induced changes in hippocampal NAD(P)H metabolism

Lifetime Lithium Dosage . . Dosage x Region
Component Main Effect Region Main Effect Interaction
- F(2,13)=28.47,' F(2,13)=342.27; F(4,13)=8.01,'
m p<0.0001* p<0.0001* P=0.0018*
T F(2,13)=4.05,' F(2,13)=96.65,' F(4,13)=3.81,'
! p=0.0429* p<0.0001* P=0.0292*
. F(2,13=9.27; F(2,13=14.26; Fla13=2.29;
2 p=0.0032* P=0.0005* P=0.115
a F(2,13)=57.69,' F(2,13)=391.38; F(4,13)=19.02,'
! p<0.0001* p<0.0001* p<0.0001*

*p<0.05




Table S6. (Related to STAR Methods and Key Resources Table) List of primer

sequences.

H4 Primers (Human) Source Catalog #

NRF1 ThermoFisher Hs00602161 m1l
TFAM ThermoFisher Hs00273372_s1
PDK4 ThermoFisher Hs01037712 m1l
IDH3a ThermoFisher Hs00194253 m1l
COX5b ThermoFisher Hs00426950 g1
CYCS ThermoFisher Hs01588974 gl
SCD1 ThermoFisher Hs01682761 ml
FASN ThermoFisher Hs01005622 m1l
ACACA ThermoFisher Hs01046047 m1l
ACADL ThermoFisher Hs00155630 m1l
ACADM ThermoFisher Hs00936584 m1l
GSK3b ThermoFisher Hs01047719 ml
BDNF ThermoFisher Hs02718934 sl
18S F- GTAACCCGTTGAACCCCATT UW Biotech Center N/A

18S R- CCATCCAATCGGTAGTAGCG UW Biotech Center N/A

hPGC-1a Pan F- CAG CCT CTT TGC CCA GAT CTT UW Biotech Center N/A

hPGC-1la Pan R- TCA CTG CACCACTTG AGT CCAC UW Biotech Center N/A

hPGC-1al F- ATG GAG TGA CAT CGAGTG TGCT UW Biotech Center N/A

hPGC-1al R- GAG TCC ACC CAG AAAGCT GT UW Biotech Center N/A

hPGC-1a2 F- AGT CCA CCC AGA AAG CTG TCT UW Biotech Center N/A

hPGC-1a2 R- ATG AAT GAC ACA CAT GTT GGG UW Biotech Center N/A

hPGC-1a3 F- CTG CAC CTAGGAGGCTTTATG C UW Biotech Center N/A

hPGC-1a3 R- CAA TCC ACC CAG AAAGCT GTCT UW Biotech Center N/A

hPGC-1a4 F- TCA CAC CAA ACC CAC AGAGA UW Biotech Center N/A

hPGC-1a4 R- CTG GAA GAT ATG GCA CAT UW Biotech Center N/A

PGC-1a B5E2 F- CCTGGCTGCTGCTTTGGTA UW Biotech Center N/A

PGC-1la B5E2 R- GCTGTCTGTATCCAAGTCGT UW Biotech Center N/A

PGC-1a B1B4 F- TACAACTACGGCTCCTCCTGG UW Biotech Center N/A

PGC-1a B1B4 R- TACCCTTCATCCATGGGGCTC UW Biotech Center N/A

PGC-1la4 R- CTGGAAGATATGGCACAT UW Biotech Center N/A

PC12 Primers (Rat) Source Catalog #
rPGC-1a Pan F- TCTGGGTGGATTGAAGTGGTG UW Biotech Center N/A

rPGC-1a Pan R- CGAATATGTTCGCGGGCTCA UW Biotech Center N/A

rPGC-1aX1 F- AGTGACAGCCCAGCCTAC UW Biotech Center N/A

rPGC-1aX1 R- CAATCCACCCAGAAAGCTGTCT UW Biotech Center N/A

rPGC-1aX2 F- TTGTGGACTCTGGTGAGATGG UW Biotech Center N/A

rPGC-1aX2 R- CAATCCACCCAGAAAGCTGTCT UW Biotech Center N/A

rPGC-1a4 F- TCACACCAAACCCACAGAGA UW Biotech Center N/A

rPGC-1a4 R- CTGGAAGATATGGCACAT UW Biotech Center N/A

rBDNF F- ATTAGCGAGTGGGTCACAGC UW Biotech Center N/A

rBDNF R- TGGCCTTTTGATACCGGGAC UW Biotech Center N/A

rCox4il F- GCCTAATTGGCAAGAGAGC UW Biotech Center N/A

rCox4il R- TGGGCCACATCAGGCAAG UW Biotech Center N/A

rCox8a F- GTCATGTCTTCCCTGACGC UW Biotech Center N/A

rCox8a R- AACACACGAAGCAGGAAGTG UW Biotech Center N/A

rCox5b F- ACCCGAATCTAGTCCCTTCC UW Biotech Center N/A

rCox5b R- CAGCCACAACCAGATGACAG UW Biotech Center N/A

rPDK4 F- AGCTGGTACATCCAGAGCCT UW Biotech Center N/A

rPDK4 R- TCGAACTTTGACCAGCGTGT UW Biotech Center N/A

rGSK3b F- AGAAGAGCCATCATGTCGGG UW Biotech Center N/A




rGSK3b R- CCAAAAGCTGAAGGCTGCTG UW Biotech Center N/A
Mouse Primers (hippocampus) Source Catalog #
MPGC-1a Pan F- TGATGTGAATGACTTGGATACAGACA | UW Biotech Center N/A
MPGC-1a Pan R- GCTCATTGTTGTACTGGTTGGATATG | UW Biotech Center N/A
mPGC-1al F- GGACATGTGCAGCCAAGACTCT UW Biotech Center N/A
mMPGC-1al R- CACTTCAATCCACCCAGAAAGCT UW Biotech Center N/A
mPGC-1a2 F- CCACCAGAATGAGTGACATGGA UW Biotech Center N/A
MPGC-1a2 R- GTTCAGCAAGATCTGGGCAAA UW Biotech Center N/A
mMPGC-1a4 F- TCACACCAAACCCACAGAAA UW Biotech Center N/A
mPGC-1a4 R- CTG GAA GAT ATG GCA CAT UW Biotech Center N/A
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