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Abstract

Mitochondrial metabolism is highly responsive to nutrient availability and ongoing activity in
neuronal circuits. The molecular mechanisms by which brain cells respond to an increase in
cellular energy expenditure are largely unknown. Mild mitochondrial uncoupling enhances
cellular energy expenditure in mitochondria and can be induced with 2, 4-dinitrophenol (DNP), a
proton ionophore previously used for weight loss. We found that DNP treatment reduces
mitochondrial membrane potential, increases intracellular Ca2* levels and reduces oxidative stress
in cerebral cortical neurons. Gene expression profiling of the cerebral cortex of DNP-treated mice
revealed reprogramming of signaling cascades that included suppression of the mTOR and insulin
— PI3K — MAPK pathways, and up-regulation of tuberous sclerosis complex 2, a negative
regulator of mTOR. Genes encoding proteins involved in autophagy processes were up-regulated
in response to DNP. CREB (cAMP-response element-binding protein) signaling, Arc and BDNF,
which play important roles in synaptic plasticity and adaptive cellular stress responses, were up-
regulated in response to DNP, and DNP-treated mice exhibited improved performance in a test of
learning and memory. Immunablot analysis verified that key DNP-induced changes in gene
expression resulted in corresponding changes at the protein level. Our findings suggest that mild
mitochondrial uncoupling triggers an integrated signaling response in brain cells characterized by
reprogramming of mTOR and insulin signaling, and up-regulation of pathways involved in
adaptive stress responses, molecular waste disposal and synaptic plasticity.
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INTRODUCTION

The brain consumes relatively large amounts of energy because of the ongoing
electrochemical activity of its neuronal networks. Similar to other cell types, mitochondria
generate the majority of energy substrates (ATP and NAD™) in neurons, and energy
availability influences cellular metabolism via core regulatory networks including those
involving mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK)
and insulin signaling pathways (Cheng et al. 2010; Inoki et al. 2012; Salminen and
Kaarniranta 2012). The energy demand of neurons is acutely responsive to synaptic activity,
and the resulting Ca2* influx and ion-motive ATPase activities (Gellerich et al. 2003). In
addition, long-lasting changes in neuronal energy metabolism are influenced by
neurotrophic factor signaling pathways involving phosphatidylinositol 3 (P13) and mitogen
activated protein (MAP) kinases, and transcription factors such as cyclic AMP response
element-binding protein (CREB) (Burkhalter et al. 2003; Cheng et al. 2012). Mild
intermittent metabolic challenges such as fasting and exercise can be beneficial for neurons
and brain health (Mattson 2012), and are neuroprotective in animal models of stroke,
Parkinson’s disease and Alzheimer’s disease (Halagappa et al. 2007; Arumugam et al. 2010;
Zhang et al. 2011; Griffioen et al. 2013; Meller and Simon 2013). In addition,
pharmacological agents that inhibit mTOR or activate AMPK can protect neurons against
dysfunction and degeneration in animal models of acute brain injury and neurodegenerative
disorders (Culmsee et al. 2001; Tain et al. 2009; Visrosci et al. 2012). A better
understanding of such adaptive responses of neurons to bioenergetic challenges may lead to
the development of novel approaches for promoting optimal brain function and for
preventing and treating neurodegenerative disorders.

Mitochondrial uncoupling imposes an energetic stress on cells by causing a proton leak
across the inner membrane which reduces the membrane potential and dissipates substrate
oxidation from ADP phosphorylation, thereby increasing energy expenditure (Starkov 2006;
Echtay 2007). Mitochondrial uncoupling is a physiologically regulated process that plays
important roles in adaptive responses of organisms to changing environmental conditions.
Mitochondrial uncoupling proteins regulate multiple physiological processes including
thermogenesis, mitochondrial redox balance and free radical production, cellular calcium
homeostasis and autophagy/mitophagy (Enerbéack et al. 1997; Starkov and Fiskum 2003;
Maragos and Korde 2004; Andrews et al. 2005; Liu et al. 2006; Caldeira da Silva et al.
2008; Mattson, 2010; Mookerjee et al. 2010; Youle and Narendra 2011; Ramsden et al.
2012). Abnormalities in mitochondrial uncoupling are implicated in pathological conditions
including obesity, insulin resistance/diabetes, cardiovascular disease and neurodegenerative
disorders (Vidal-Puig 2000; Chan and Harper 2006; Colman 2007; Tseng et al. 2010).
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Mild mitochondrial uncoupling can be induced by treating cultured cells or animals with low
doses of chemical uncouplers such as 2, 4-dinitrophenol (DNP), a proton ionophore
previously used in the clinic to treat obesity (Colman, 2007). Low doses of DNP can protect
neurons against dysfunction and degeneration in experimental models of ischemic stroke
(Korde et al. 2005), traumatic brain injury (Pandya et al. 2007) and peripheral nerve injury
(da Costa et al 2010). Several changes occur in neurons exposed to DNP that may contribute
to its neuroprective effects including reduced mitochondrial free radical production, a
bioenergetic shift (Liu et al. 2006) and stabilization of cellular Ca?* homeostasis (Chan et
al. 2006). However, the molecular mechanisms by which mild mitochondrial uncoupling
enhances neuronal resilience remain unknown. To elucidate the ways in which neural cells
respond to mild mitochondrial uncoupling, we performed gene array analyses of
bioenergetics- and neuroplasticity-related signaling networks on samples of cerebral cortex
from adult mice that had been treated with DNP or vehicle for time periods of 6 to 72 hours.
The findings suggest that mild mitochondrial uncoupling triggers a complex integrated
cellular response in the brain that includes suppression of mTOR and insulin signaling,
enhanced autophagy, and up-regulation of cyclic AMP response element binding protein
(CREB), a transcription factor of great importance for neuronal plasticity. Analyses of key
proteins in these pathways corroborated the mMRNA analysis. Moreover, we show that DNP
treatment improves performance of mice in a learning and memory task, consistent with the
molecular evidence of enhanced synaptic plasticity.

METHODS

Mice and drug administration

All animals were male C57BL/6 mice purchased from either Jackson Laboratories or
Daehan Biolink Co. Ltd. and were 6 months old when DNP was administered. Mice were
maintained on a 12 h light/12 h dark cycle and were provided water and food ad libitum.
2,4-dinitrophenol (DNP, Sigma-Aldrich, St. Louis, MO) was dissolved in DMSO, and
administered to mice by intraperitioneal (i.p.) injection at a dose of 5 mg/kg/day; control
mice were injected with vehicle alone. There were 7 mice/group/each time point and brain
tissues were collected at 6, 24 and 72 hours after DNP or vehicle administration; brain
tissues from control mice were collected at 24 hours after vehicle injection. There was no
mortality in any of the groups of mice. The DNP dose was chosen based on neuronal cell
survival experiments (Figure S1a) and previous reports showing that it is non-toxic or
neuroprotective in rodents (Kaiser 1964; Korde et al. 2005; Pandya et al. 2007; da Costa et
al. 2010). All procedures using live mice were approved by the National Institute on Aging
Animal Care and Use Committee, and complied with NIH guidelines.

Microarray data analysis

RNA was extracted from cortical brain tissue using a Qiagen RNeasy Mini Kit. As described
previously (Stranahan et al. 2010), RNA was converted into single-stranded DNA, then
copied to produce double-stranded DNA, which was then transcribed into cRNA during
which16-UTP was incorporated. cRNA was then hybridized to Illumina Sentrix MouseRef-8
Expression Bead-Chips containing 24,000 transcripts (Illumina, San Diego, CA) for 16
hours at 58 °C. An Illumina BeadStation 500x Genetic Analysis Systems scanner was used
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to acquire the images, and the image data was extracted using lllumina BeadStudio software,
Version 3.0. Microarray data was analyzed using the DIANE 6.0 program as described
previously (Stranahan et al. 2010). Raw microarray data were subjected to z-transformation
and filtered by the detection p-value and Z normalization. Sample quality was assessed by
scatter plots, principal component analysis, and gene sample z-ratio score-based hierarchy
clustering to exclude possible outliers (Figure S4, and see Cheadle et al. 2003). ANOVA
analysis was used to eliminate genes with large variances. Significance was set by a z-ratio
>1.5 in both directions and analysis of variance p-value <0.05. Gene regulatory network and
canonic pathway analysis was performed using Ingenuity Pathway Analysis software.
Additional information on the analysis methods is provided in Supplemental Methods.

Reverse transcription and real-time gPCR

Real-time gPCR was performed to validate the expression of selected mMRNAS in cerebral
cortex samples of DNP-treated and control mice (n=4 individual mice/group). Total RNA
was isolated with Trizol reagent and reverse transcribed into cDNA (RT) with random
hexamers and SSIII reverse transcriptase (mixture) using SuperScript® 111 First-strand
synthesis SuperMix (Invitrogen). Real-time qPCR was performed using a SYBR Green-
based assay (QIAGEN) according to manufacturer’s protocol and performed on an AB 7300
Applied Biosystem instrument. The forward and reverse primers used for mouse BDNF
were 5”-ACT CTT TCC CTC CCT CCT CC-3” and 5”-TCT GCA AAC ACT GTT AGG
CCA-3”; and primers for mouse Arc/Arg3.1 were 5-GAC ATCCTA GGG CAG ATG
CT-3 and 5-ACT GGT ATG AAT CAC TGC TGG-3'. The GAPDH and B-actin genes
were included in each experiment and the data used for normalization. Cycle threshold
values were used for data quantification and normalization, as AC; per Gene = C; Géne X.
Ct HKGs (Avg).

Immunoblots

Methods used were similar to those described previously (Liu et al. 2010). Brain tissues
were homogenized and solubilized in SDS-PAGE sample buffer, and protein concentrations
were determined using a protein assay kit (BCA assay, Piece). Equal amount of protein
extracts (50 pg/lane) were separated by electrophoresis on pre-cast NUPAGE Bis-Tris Mini
gels (Invitrogen), with acrylamide concentrations appropriate for the molecular weight of
the protein of interest. After electrophoretic transfer to a nitrocellulose membrane, the
membrane was incubated in a blocking buffer containing 5% non-fat milk, and then
incubated overnight at 4°C in the presence of one of the following primary antibodies: TSC1
and TSC2 (Cell Signaling); mTOR and phospho-mTOR (Cell Signaling); LC3B (co-purified
with microtubule-associated protein 1B, Sigma); Akt (Cell Signaling) and p-Akt (Upstate);
Erk1/2 and p-Erk1/2/ MAPK (Cell Signaling); CREB and p-CREB (Cell Signaling); p-actin
(Sigma). FoxO1 and FoxO3 (Cell Signaling); HRP-conjugated secondary antibodies were
used for all immunoblots (Vector Laboratories) and were detected by enhanced
chemiluminescence (Amersham). The densities of protein bands were quantified use Image
J software and normalized to the p-actin band intensity for the same sample.
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Passive avoidance test

The mice were given i. p. injections of vehicle or DNP at 5 mg/kg daily for 14 days. Mice in
the vehicle group were administered same volume of PBS. Passive avoidance test was
measured by using a Gemini Avoidance System (San Diego Instrument, San Diego, CA,
USA). Passive avoidance learning memory was examined using the step through test, which
takes advantage of the natural preference mice show for a dark environment. The apparatus
consists of illuminated (bright) and dark compartments. During the training day, mice were
placed in the bright compartment and received an electric foot shock (0.25 mA, 2 sec) on
entering the dark compartment. On the test day (1 day after training), mice were placed in
the bright compartment for a maximum of 300 sec and times taken to enter the dark
compartment (step-through latencies) were measured for memory retention. No shock was
administered during the test day. Memory performance was measured as the latency for the
mouse to move into the dark compartment.

Cortical neuronal cell culture and cell viability assay

Dissociated embryonic rat cerebral cortical cell cultures were established and maintained as
described previously (Mattson et al. 1995). The cells were grown in polyethylenimine-
coated plastic culture dishes for biochemical assays or glass coverslips for imaging. The
cultures were maintained at 37°C (in a 6% CO4,/94% air atmosphere) in Neurobasal medium
containing B-27 supplements (Invitrogen) plus 2 mM L-glutamine, 2 mg/ml gentamycin,
0.001% gentamycin sulfate and 1 mM HEPES (pH 7.2). Experiments were performed with 7
to 9 day-old cultures.

Cell viability was quantified using the dye Alamar blue (resazurin) as described previously
(Liu et al. 2009). Neurons were cultured in 24-well plates for 7 days, and then exposed to
experimental treatments. At designated time points cells were incubated in medium with
Alamar blue at 37°C and the intensity of fluorescence was measured using a fluorescence
plate reader with excitation at 540 nm and emission at 590 nm. Values were normalized to
the mean value for vehicle-treated control cultures.

Time-lapse confocal imaging

Changes in mitochondrial membrane potential of cultured neurons were evaluated using the
fluorescent probe tetramethylrhodamine ethyl ester (TMRE, Molecular Probes) with
methods described previously (Liu et al. 2006). Cells were loaded with TMRE (25 nM) for
20 min at 37°C. Images of TMRE fluorescence were acquired every 10 seconds at excitation
and emission wavelengths of 549 nm and 574 nm, respectively, using a Zeiss LSM510
confocal microscope. Levels of cyoplasmic free calcium [Ca2*]; and mitochondrial calcium
[Ca?*], were evaluates using the fluorescent probes Fluo-4 and Rhod-2, respectively as
described previously (Liu et al. 2010). The data are presented as the average pixel intensity
in the neuronal cell body relative to baseline intensity (AF/Fq) from neurons (6—10 neurons
per culture) in 3-5 separate cultures.
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Measurement of lipid peroxidation

Levels of 4-hydroxynonenal (HNE) lysine and histidine adducts (lipid peroxidation
products) were measured using tandem mass spectrometry as described previously (Cutler et
al. 2002). Total lipids from cultured rat cortical neurons were prepared by homogenizing the
cells on ice in 10 volumes of cold deionized water, then adding 3 volumes of cold 100%
methanol containing 53 mM ammonium formate. Samples were vortexed, four volumes of
ice cold chloroform was added, and the mixture was again vortexed and centrifuged at 1,000
x g for 10 min. The chloroform layer was removed and analyzed by direct injection into a
Sciex (Thornhill, ON, Canada) 3000 electrospray tandem mass spectrometer. HNE-lysine
(355.4 m/z) and HNE-histidine (371.3m/z) were measured and normalized to the total
phosphoethanolamine level.

Statistical analysis

RESULTS

One or two way ANOVA was used for comparisons among the different treatment groups at
different time points, and Scheffe or Fisher’s PLSD post-hoc tests were performed for
pairwise comparisons among treatment groups. For comparisons involving only two groups,
Student’s t test was performed.

DNP treatment down-regulates the TSC2-linked mTOR pathway in the cerebral cortex of

adult mice

In preliminary experiments we determined whether direct application of DNP to cortical
neurons elicited changes consistent with mitochondrial uncoupling. Neuronal cell survival
was not affected at DNP concentrations lower than 80 uM (Figure S1). To evaluate the
mitochondrial uncoupling activity of DNP, mitochondrial membrane potential was
monitored by time-lapse confocal imaging (Figure S1). DNP concentrations of 10 — 40 uM
reduced TMRE fluorescence levels suggesting a reduction of mitochondrial membrane
potential (Figure S1). Levels of the lipid peroxidation products HNE-lysine and HNE-
histidine were reduced in neurons treated with DNP (20 uM) compared to vehicle-treated
neurons (Figure S1), consistent with reduced mitochondrial production of reactive oxygen
species. In addition, DNP induced an increase of [Ca%*]; and an associated decrease of
[Ca?*], (Figure S1).

To determine how brain cells respond to mild mitochondrial uncoupling in vivo, DNP was
administered to adult mice at a dose of 5 mg/kg/day (i.p.), previously used in human
subjects (Kaiser 1964). Total RNA was extracted from cerebral cortical samples of vehicle-
and DNP-treated mice at 6, 24 and 72 hours following DNP administration (mice in the 72
hour time point were give 3 doses of DNP separated by 24 hours). There were 7-10 mice/
group/time point and cortical tissue samples were processed individually. RNA samples
were analyzed using a 24,000 gene microarray for expression profiling and network linkage
studies. The entire microarray dataset can be found at http://www.ncbi.nlm.nih.gov/gds.
Computational analysis (Supplemental Methods) of the gene expression data revealed that
DNP modulated multiple signaling pathways in cortical cells, with mTOR (mammalian
target of rapamycin) signaling and its associated networks being prominently affected
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(Figure 1). mTOR is an evolutionarily conserved serine-threonine kinase that responds to
nutrient availability, growth factors and cellular bioenergetic status. mTOR interacts with
several proteins and forms two complexes, mMTORC1 and mTORC2, initially characterized
in yeast (Loewith et al. 2002; Wullachleger et al. 2006). mTORCL1 is rapamycin-sensitive
and the primary effector for stimulation of protein synthesis in response to increased amino
acid and energy substrate availability and growth factors. mTORC1 also regulates
autophagy (Laplante and Sabatini 2012; Dibble and Manning 2013). mTORC?2 responds to
activation of Akt, SGK and PKC, and controls cell survival, size and glycolytic metabolism
through FoxO transcription factors (Inoki and Guan 2006; Jacinto et al. 2004; Masui et al.,
2013).

The impact of DNP on the expression of genes in the mTOR signaling is shown in Figure la
and b. The gene encoding the tumor suppressor protein TSC2 (tuberous sclerosis complex
2), an important upstream regulator of mTOR (Yoshida et al. 2011; Russell et al. 2011), was
up-regulated at 24 hours (red, z-ratio =1.59, p<0.05) and became more prominent at 72
hours (z-ratio = 3.47, p<0.01) in DNP-treated mice. TSC2 contains a GTPase-activating
protein (GAP) in its carboxyl terminus which inhibits Rheb (Ras homolog enriched in
brain), a small GTPase and activator of the mTOR complex (mainly mTORC1). TSC2
negatively regulates mTORCL by blocking conversion of inactive GDP-bound Rheb into its
active GTP-bound state (Inoki et al. 2003). Downstream of TSC2, the expression of the gene
encoding the core mTOR kinase was reduced in DNP-treated mice at 72 hours (Figure 1b)
(green, z-ratio = —1.5, p<0.01). Suppression of MTORC1 was apparent at 24 and 72 h, and
mMTORC2 at 72 h (Figure 1a and b). Among mTORC1 complex genes, Raptor (mammalian
target of rapamycin) and GAl/mLst8 (mammalian lethal with sec-13 protein 8) were not
changed significantly, whereas Pras40 (proline-rich Akt substrate 40 kDa) was reduced (z-
ratio = —1.35, p<0.01). Genes encoding components of the mTORC2 complex, including
Rictor (rapamycin-insensitive companion of mTOR), GBL, mSinl (mammalian stress-
activated map kinase-interacting protein 1) and Protor (protein observed with rictor 1 and 2),
were not changed significantly. Downstream of mTORCL signaling, p70S6K expression
(p70 ribosomal protein S6 kinase), was not changed significantly (Figure 1a and b).
Downstream of mTORC2, expression of the genes encoding Rho GTPase (z-ratio = —4.78,
p<0.01) and PP2A (protein phosphatase 2A, z-ratio = —2.3, p<0.01) were down-regulated
(Figure 2b).

The levels of major proteins involved in mTOR signaling cascade were measured by
immunoblot analysis on cortical tissue from control and DNP-treated mouse brains (Figure
1c—e). Levels of TSC2 and TSC1 proteins were increased in cortex samples of DNP-treated
mouse brains at 72 hours (Figure 1c and e), while mTOR and p-mTOR (serine2448) were
reduced at 24 hours and 72 hours following DNP administration (Figure 1c and d). Similar
effects of DNP on TSC2 and mTOR levels were also observed in striatal tissues from DNP
treated mice (Figure S2). Protein levels of S6K, phospho-p70S6 kinase and raptor (a
scaffold protein regulating the assembly, localization and substrate binding of mMTORC1)
were not changed significantly by DNP treatment (data not shown).
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DNP treatment reprograms mTOR-related signaling networks

mTOR signaling plays key roles in regulating energy metabolism, cell growth, adaptive
stress responses and autophagy, and abnormalities in mTOR signaling are implicated in
cancers, obesity and age related diseases (Laplante and Sabatini 2012; Johnson et al., 2013).
To further determine how mild mitochondrial uncoupling may influence mTOR-associated
pathways, we performed mTORC network linkage analysis on microarray data from cortical
tissue samples taken at 72 h after DNP treatment. The genes with significant expression
changes in the mTORC1network are shown in Figure 2a and z-ratios for each gene are listed
(Figure 2c and Table S1). The up-regulated genes included those encoding proteins in the
Tscl/Tsc2 complex, most notably TSC2, and other genes that modulate the mTOR pathway
including Creb3 (cAMP-response element binding protein 3), ATF4 (activating transcription
factor 4), and Fos (AP-1). ATF4 is a transcriptional regulator that increases in cells exposed
to various stressful conditions (Baird and Wek 2012). INK1/2 (c-Jun N-terminal kinase), a
stress-responsive kinase belonging to the mitogen-activated protein kinase family, was
linked to upregulation of Mapk9 in response to DNP treatment (Figure 2a). The up-
regulation of stress-related genes suggests that mild mitochondrial uncoupling initiates an
adaptive bioenergetics-related stress response. Genes down-regulated in the mTORC1
network linkage included Akt, Ddr1 (discoidin domain receptor tyrosine kinase 1), Mapk1,
PI3K p85/PIK3R3, Mek/Erk, NTS (neurotensin, PDIA3 (ER60), S ebf2 (sterol regulatory
element binding transcription factor 2) and Tsgl101 (tumor susceptibility gene 101) (Figure
2a and c). Genes in themTORC1 network that were not significantly affected by mild
mitochondrial uncoupling included those encoding AMPK, p70S6K and EIF4E-BP.

Computational prediction on the impact of mild mitochondrial uncoupling on the mTORC2
signaling network is shown in Figure 2b. The major mTORC?2 pathway-associated genes
with significant expression changes in response to DNP treatment are listed in Figure 2d and
Table S2. The Tsc1-Tsc2 complex (mainly TSC2), which plays roles in the integration of
cellular responses to energetic stress, was up-regulated upstream of mMTORC2 (z-ratio =
3.73, p<0.01). Up-regulated genes included JUNB, EGE1, Sgkland Egrl. mTORC2 has
been reported to activate SGK1(serum and glucocorticoid regulated serine/threonine protein
kinase 1) and control cellular ion homeostasis (Garcia-Martinez and Alessi 2008). However,
we found that expression of the mTor gene and levels of phosphorylated (active) mTOR
protein (p-mTOR) in mMTORC2 complex were somewhat reduced in response to DNP
(Figure 1a—d), while several other genes encoding proteins upstream of SGK1were
upregulated including JunB, EGR1 and Satbl (Figure 2b) One of the downstream targets of
SGK1 is the Forkhead transcription factor FOX0O3a (or FKHRL1; Sahin et al. 2013; Brunet
et al. 2001). mTORC?2 can activate AKT to repress FOXO1 and FOXO3 in mammalian cells
(Guertin et al., 2006). We observed an early increase of FoxO1 (z-ratio = 2.29) gene
expression (6 hours), but reduced expression of FoxO1 at 72 hours (z-ratio = —1,54).
Immunoblot analysis showed that levels of FOXO3a was increased at 6 hours, and FOXO1
and SGK1 were not changed significantly in response to DNP (Figure 2e—g). The increased
level of FOX03a could be related to the reduced inhibition from AKT in the insulin and
mTORC?2 signaling pathways. Genes down-regulated in the mTORC2 signaling network
included Rnd2 (a Rho family GTPase,), and Pdia3 (protein disulfide isomerase family A
member 3, also known as ERp57), an activator of the mTORC1 complex (Ramirez et al.
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2011), and Ras homolog enriched in brain (Rheb), a GTPase and key activator of mTORC1
that is inhibited by the Tsc1-Tsc2 complex (Inoki et al. 2003). Rictor (rapamycin-insensitive
companion of mTOR), a protein involved in the assembly of the mMTORC2 complex, was not
changed significantly.

DNP treatment down-regulates insulin signaling in the cerebral cortex

Insulin receptor signaling pathways, including those involving PI3K, AKT1 and MEK -
ERK, positively regulate mTOR. We found that several key genes in the insulin signaling
pathway were down-regulated in the cerebral cortex within 6 hours of DNP administration
(Fig. 3a). These genes included Mapk1 (z-ratio = —1.85, p<0.05), P13k p85-PIk3r3 (z-ratio =
-3.04, p< 0.001), Akt/Pkb (z-ratio = —1.24, p<0.05), GSK3p (z-ratio = —4.25, p<0.01), Pdk1
(z-ratio = —3.18, p<0.01) and Mapk/Erk1/2 (z-ratio = -5.27, p<0.01) (Figure 3a). The
expression of Pten (phosphatase and tensin homolog deleted on chromosome 10), a negative
regulator of insulin signalling, was up-regulated (z-ratio = 2.34. p<0.01) (Figure 3a). PTEN
suppresses AKT by catalyzing the conversion of phosphatidylinositol (3, 4, 5)-trisphosphate
(PIP3) into phosphatidylinositol (4, 5)-bisphosphate (PIP,) (Huang and Manning 2009). The
expression of the genes encoding the insulin receptor and insulin receptor substrate (IRS)
were not significantly affected by DNP treatment at the 24 and 72 hour time points (Figure
3b). The protein levels of AKT, p-AKT (Thr308), ERK and p-ERK were examined by
immunoblotting which showed that the activate (phosphorylated) forms of these kinases (p-
AKT and p-ERK 42/44) were reduced in the cerebral cortex at 24 and 72 hours after DNP
treatment (Figure 3c—¢). Collectively, these results suggest that insulin receptor signaling is
supressed in cerebral cortical cells in response to mild mitochondrial uncoupling.

DNP treatment up-regulates calcium — calmodulin — CREB signaling in the cerebral cortex

Our cerebral cortex gene expression profile also revealed that the Ca?*-calmodulin — CREB
signaling pathway was upregulated in response to DNP treatment (Figure 4a). Ca?* and
CREB signaling play critical roles in synaptic plasticity and learning and memory
(Sakamoto et al. 2011; Chen et al. 2012). The gene expression of Creb3 was significantly
up-regulated at 72 h of DNP treatment (Figure 4a, and b). Immunoblot analysis showed that
the level of pCREB protein was elevated in the cerebral cortex at 24 and 72 h of DNP
treatment (Figure 4b and c). The calcium/calmodulin-dependent protein kinase Il (CaMKII)
gene complex, mainly Camkll «a (z-ratio = 2.76, p<0.01), was up-regulated in response to
DNP treatment (Figure 4a and €), suggesting a possible role for this kinase in CREB
phosphorylation in response to mild mitochondrial uncoupling. Other genes with significant
changes in this pathway that were responsive to DNP included Atf4 (activating transcription
factor 4, z-ratio = 4.03, p<0.01), and calmodulin 1 (Calml, z-ratio = 1.23, p<0.05) (Figure
4a and e). Because mild mitochondrial uncoupling is known to affect [Ca2*]; and [Ca2*], in
cortical neurons (Figure S1c), it is possible that such a Ca2* signal mediates CREB
activation in response to DNP.

The expression of genes encoding BDNF (z-score= 3.47, p<0.01) and Arc/Arg 3.1 (z-
score=3.93, p<0.01), two important activity- responsive proteins that play critical roles in
synaptic plasticity and learning and memory, were significantly elevated in the cerebral
cortex within 6 h of DNP treatment, and results were validated by real-time PCR analysis

J Neurochem. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 10

(Figure 4f — h). Elevated Bdnf and Arc/Arg 3.1 gene expression in response to DNP suggests
that mild mitochondrial uncoupling initiates a plasticity-related adaptive stress response in
neurons.

It was reported that rapamycin, an inhibitor of mMTORCL, improves cognitive function in a
mouse model of Alzheimer’s disease (Spilman et al. 2010; Majumder et al. 2012). To know
whether suppression of mMTORC1 and activation of the CREB pathway induced by mild
mitochondrial uncoupling might influence cognitive function, passive avoidance testing was
performed to assess memory retention in mice that had been treated with DNP or vehicle.
There was no difference in latency time between vehicle and DNP-treated mice during
training, indicating that DNP did not affect the natural preference of the mice for a dark
environment (Figure 4i). However, the retention of the memory of the shock after training
was significantly greater in the DNP-treated mice compared to the control mice (Figure 4i).

Evidence that autophagy-related processes are responsive to mild mitochondrial

uncoupling

mTOR is a negative regulator of autophagy, a process that removes damaged proteins and
organelles and recycles intracellular nutrient resources (Ravikumar et al. 2004; Yu et al.
2010). The mechanism whereby mTOR inhibits autophagy involves dephosphorylation of
ULKSs (autophagy-initiating kinase ULK1, mammalian Atgl homologs UNC-51-like kinase
1), Atgl3 (autophagy-related gene 13) and FIP200 (focal adhesion kinase family—interacting
protein of 200 kDa) (Jung et al. 2010).

We investigated genes involved in macroautophagy, chaperone-mediated autophagy,
mitophagy and proteasomal degradation to identify those responsive to mild mitochondrial
uncoupling (Figure 5). Several genes known to be involved in autophagy and proteosome
degradation processes were up-regulated in response to DNP treatment including beclin,
Atg8a/Gabarap (GABA-A receptor associated protein, LC3 family), p62 (an E3 ubiquitin
ligase), UIk1 (a protein critical for the formation of the isolation membrane in autophagy),
and lysosomal heat shock protein of 70 kDa (hsp70) which plays a key role in chaperone-
mediated autophagy (Chiang et al. 2007) (Figure 5a). The genes encoding the proteosome
subunit proteins PSMA4 (proteasome alpha 4 subunit) and PSMA7 (proteasome alpha 7
subunit,) were also up-reglulated in the cerebral cortex of DNP-treated mouse brains (Figure
5a). Genes encoding mitochondria-associated proteins involved in apoptosis (Bcl2 and
BclxL), mitochondrial fission and fusion (Drpl and Mfn2), and mitophagy (PINK1, PARK2
and BHIP3L) were not significantly affected by DNP treatment (Figure 5a).

We evaluated levels of several autophagy protein markers by immunoblot analysis of
cortical tissue samples from control and DNP-treated mice (Figure 5b). LC3b (microtubule-
associated protein 1, light chain 3), an ubiquitin-like protein and mammalian ortholog of
yeast Atg8 (Nakatogawa et al. 2007), exists in a cytosolic form (LC3b-I) and an
autophagosome membrane-associated form (LC3b-I1). LC3b-I1 is covalently attached to
phosphatidylethanolamine during autophagosome formation, and is thus an autophagosome
marker (Kabeya et al. 2000). Both LC3b-1 and LC3b-I11 levels were significantly increased
in DNP-treated mouse cortex at 24 h (Figure 5b and c). The ratio of LC3-11/LC3-I was not
significantly affected by DNP treatment (Figure 5d), indicating autophagosome-lysosome
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system was functioning normally. Beclin/Atg6, a Bcl-2- interacting protein involved in the
early stages of the autophagic complex formation (Liang et al. 1999; Kihara et al. 2001),
was increased at both the mRNA and protein levels in cortical tissue samples from DNP-
treated mice (Figure 5a and c). The levels of Hsp-70 and Drpl (Dynamin-related protein 1)
proteins were also significantly greater in the cortex of DNP-treated mice (Figure 5b and e),
suggesting the activation of chaperone-mediated autophagy and mitochondrial dynamics
(Lee et al. 2011; Liesa and Shirihai 2013) in response to mild mitochondrial uncoupling.

Finally, we investigated the expression of genes that encode proteins involved in
mitochondrial function and biogenesis. Some genes encoding proteins of the mitochondrial
respiratory chains were upregulated while others were downregulated (Figure S3). The
genes coding for the mitochondrial transcription factor TFAM and PGC-1a were not
changed significantly (data not shown). Selected mitochondrial proteins were examined by
immunoblotting, including mtDNA coded respiratory chain proteins complex 1 subunit
NDUFBS, Fe-S protein 3 (NDUFS3), and nuclear DNA coded protein COX IV and
cytochrome c. There were no significant changes in levels of most of the selected proteins,
although NDUF8 and NDUFS3 were slightly up-regulated at 24 hours (Figure S3c and d).

DISCUSSION

While mitochondrial uncoupling can generate heat in brown fat cells (Brand 2000), the roles
of mild mitochondrial uncoupling in neurons are unclear and likely complex. We found that
at concentrations that cause mild mitochondrial uncoupling as indicated by mitochondrial
membrane depolarization, DNP mobilizes Ca2*, enhances energy expenditure and reduces
lipid peroxidation in cultured cortical neurons. The results of our gene microarray and
immunblot analyses of brain tissue samples from control and DNP-treated mice suggest that
mild mitochondrial uncoupling suppresses the mTOR pathway, induces reprogramming of
the mTORC signaling network and upregulates autophagy (Figure 6). Moreover, pathways
involving adaptive stress response and CREB which are known to play important roles in
synaptic plasticity were upregulated in response to DNP. These effects of mild
mitochondrial uncoupling are similar to those of physiological energetic challenges
including exercise and intermittent fasting, which were previously reported to enhance
autophagy and stimulate CREB signaling (Mattson 2012; Yang et al. 2014; Altarejos and
Montmin 2011; Jamart et al. 2013), even though DNP has the specific effect to enhance
energy expenditure through mild mitochondrial uncoupling while the effects of exercise and
fasting on neuronal bioenergetics are more complex.

DNP can cross the blood-brain barrier (Perry et al., 2013) and can act directly on neurons to
cause mitochondrial uncoupling and increase cellular stress resistance (Figure S1; Korde et
al., 2005; da Costa et al., 2010). DNP has been reported to improve brain bioenergetics
when administered systemically (Caldeira da Silva et al., 2008). Previous studies of the
pharmacokinetics and tissue distribution of DNP in mice and rats demonstrate that DNP
readily enters the brain, but the kinetics of its presence in the brain are not fully understood.
A study in mice suggested that the half-life of DNP in mice is about 1 hour (Shatzow et al.,
1980). In a recent study (Perry et al., 2013), when DNP was administered to rats at the same
dose (5 mg/kg) and by the same route (i.p.) as in the present study the peak plasma
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concentration reached 4-5 uM at 4 h and then dropped to approximately 2 uM at 8 h. In the
brain, the DNP concentration reached about 1 uM at 4 h. The latter concentrations of DNP
are within the range that we found to be effective in reducing mitochondrial membrane
potential and eliciting a Ca2* response in cultured cortical neurons. While we did not
evaluate mitochondrial membrane potential in vivo, it is likely that once daily dosing with
DNP results in a transient mitochondrial uncoupling during a period of several hours and
then recovers. In this view, the effects of DNP on brain cell gene expression documented in
the present study may represent prolonged adaptive responses to a metabolic challenge
similar to the adaptive responses of brain cells to vigorous exercise (Tong et al., 2001;
Stranahan et al., 2010) and preconditioning ischemia (Stenzel-Poore et al., 2003) reported
previously. However, DNP can also reverse diet-induced obesity, hypertriglyceridemia and
insulin resistance in diet-induced obesity (Perry et al. 2013; Goldgof et al. 2014). Because
such improvements in peripheral energy metabolism can enhance neuronal plasticity and can
protect neurons against dysfunction and degeneration in animal models of Alzheimer’s
disease and stroke (Mattson, 2012; Searcy et al., 2012), it is possible that some of the
molecular responses of brain cells to DNP documented in the present study are secondary to
effects of DNP on peripheral organs.

Autophagy is sensitive to cellular energy balance, and mTOR is a major negative regulator
of autophagy (Singh and Cuervo, 2011). When nutrients (glucose and amino acids) are
prevalent the mTOR pathway is active and cells actively synthesize proteins to enable their
growth while autophagy is minimally active. Conversely, under conditions of reduced
nutrient availability and/or increased energy expenditure mTOR activity is reduced and
autophagy is upregulated. Indeed, many of the major proteins involved in autophagy were
discovered because they are up-regulated in response to nutrient deprivation in yeast (He
and Klionsky 2009). We found that multiple genes in pathways involved in mTOR
activation (PI3K complex, ERKSs and Akt) are downregulated by DNP. The mTOR
inhibition and upregulation of autophagy in response to mild mitochondrial uncoupling
would be expected to protect neurons against the accumulation of damaged/aggregated
macromolecules and dysfunctional mitochondria. Previous studies have provided evidence
that impaired autophagy occurs in neurons in Alzheimer’s and Parkinson’s diseases (Nixon
and Yang 2011; Manzoni and Lewis 2013), and that the mTOR inhibitor rapamycin can
upregulate autophagy and protect neurons against dysfunction and degeneration in
experimental models of these neurodegenerative disorders (Spilman et al. 2010; Malagelada
et al. 2010). It is therefore likely that upregulation of autophagy contributes to the
neuroprotective effects of DNP in animal models of stroke (Korde et al. 2005) and traumatic
nerve injury (da Costa et al. 2010).

Previous studies have demonstrated a complex interplay between PI3K/Akt, TSC and
mTOR complexes (Shah et al. 2004; Huang and Manning 2009). The Tsc1/Tsc2 complex
interacts with PI3K/Akt signaling such that inhibition of TSC1/TSC2 activates mTOR and
disrupts PI3K-Akt signaling (Zhang et al. 2003; Zhang et al. 2011). On the other hand,
insulin receptor signaling inhibits TSC1/TSC2 via Akt, thereby activating the mTOR
pathway (Zhang et al. 2003). Ablation of mMTORC components in mice reveals that
mTORC?2 is required for signaling of Akt-FOXO and PKCa (Guertin et al. 2006). However,
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more recent findings suggest that the effects mMTORC2 in regulating glycolytic metabolism
may be Akt-independent (Masui et al. 2013). We found that multiple genes in the insulin/
P13K/Akt signaling pathway were suppressed, and Foxo3a was upregulated transiently in
the cerebral cortex in response to DNP. Down-regulation of insulin receptor signaling may
contribute to the mechanism whereby caloric restriction extends longevity in animal models
of aging (Bliher et al. 2003; Mercken et al. 2013). FoxO3a also plays a role in stimulating
autophagy (Mammucari et al., 2007). Interestingly, it was reported that mild mitochondrial
uncoupling can also enhance longevity in mice (Caldeira da Silva et al., 2008). It is
therefore important to determine the relative contributions of mTOR cascade signaling
reprogramming to the neuroprotective actions of DNP in models of neurodegenerative
disorders (Korde et al., 2005; Pandya et al., 2007; da Costa et al., 2010).

CREB is activated in response to excitatory synapse activation, BDNF and exercise, and
plays important roles in synaptic plasticity and learning and memory (for review see
Sakamoto et al., 2011; Benito and Barco, 2010). CREB also mediates adaptive responses to
metabolic and oxidative stress, including stimulation of DNA repair (Lee et al., 2009;
Sebollela et al., 2010; Yang et al., 2010). We found that CREB-related signaling is
upregulated in the cerebral cortex in response to DNP treatment, suggesting that mild
mitochondrial uncoupling engages a prominent pathway involved in synaptic plasticity and
memory. Consistent with a plasticity-promoting effect of mild mitochondrial uncoupling we
found that DNP-treated mice exhibited improved memory retention in the passive avoidance
test. However, it was previously reported that DNP can impair discrimination memory in
chickens when administered after a training session (O’Dowd et al., 1994). In the latter
study, DNP 0.2 mmole was administered intracranially at various times before and after
training sessions. They suggested a 3-stage model of memory formation and the second or
intermediate stage involves two phases: phase A which lasts up to 30 min following
learning, is energy dependent and susceptible to inhibition by DNP; phase B which occurs
after phase A, lasts up to 50 min following learning, is energy independent and is not
susceptible to inhibition by DNP. Thus, DNP is not simply causing memory deficits, and its
effects are energy- and time-related, and dose-related as well. In our study of mice, a low
dose of DNP was administrated i.p. once daily for 14 days prior to passive avoidance
testing. We found that the DNP-treated mice performed significantly better in the passive
avoidance test, a result consistent with up-regulation of signaling pathways involved in
synaptic plasticity in response to our once-daily DNP dosing schedule.

We also found that BDNF expression was increased by more than three-fold in the cerebral
cortex of DNP-treated mice compared to vehicle-treated mice. Excitatory synaptic activity
stimulates CREB by a mechanism involving Ca?* influx and activation of Ca2*-calmodulin-
dependent kinase Il (CaMKII) pathway. Previous studies in which the expression of
mitochondrial uncoupling proteins (UCP2 and UCP4) were genetically manipulated in
neurons provided evidence that mitochondrial uncoupling affects CaZ* signaling (Chan et
al., 2006; Mehta and Li, 2009) suggesting a mechanism whereby DNP treatment could
activate the Ca?* — Arc — CaMKII — CREB pathway. We found that exposure of cultured
cortical neurons to DNP resulted in a rapid transient elevation of intracellular Ca2* levels
that peaked within 1-2 minutes and then remained elevated by a modest amount for at least
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10 minutes. Similar Ca2* responses are known to trigger long-lasting (hours to days)
changes in CREB-mediated gene expression and associated synaptic plasticity (Benito and
Barco, 2010; Suzuki et al., 2011). The activation of the latter pathway is also known to
induce BDNF expression which itself likely contributes to the cognition-enhancing effects
of DNP/mild mitochondrial uncoupling. It was previously reported that low concentrations
of DNP increase cyclic AMP levels in cultured neurons (Wasilewska-Sampaio et al., 2005)
which, in addition to Ca2*, would also be expected to activate CREB and upregulate BDNF
expression. BDNF regulates neuronal energy metabolism and stress responses (Nakagawa et
al., 2002; Arancibia et al., 2003; Larsen et al., 2010; Marosi and Mattson, 2014). BDNF can
enhance glucose uptake and mitochondrial biogenesis in neurons, which may contribute to
its important roles in synaptic plasticity and neuroprotection (Burkhalter et al., 2003; Cheng
et al., 2012). Although not established in the present study, it is possible that BDNF
contributes to bioenergetic responses of neurons to DNP as we found that cortical neurons
treated with DNP exhibit enhanced glucose uptake (Liu et al., 2008). The Bdnf gene is a
target of CREB and, conversely, BDNF signaling can activate CREB (Suzuki et al. 2011).
BDNF and CREB signaling pathways may therefore cross-amplify each other to enhance
synaptic plasticity in response to mild mitochondrial uncoupling. Moreover, crosstalk
between cAMP-mediated CREB signaling and the mTOR pathway have been reported
previously, although the underlying molecular mechanisms are unclear (Carlon et al. 2010).
In any case, our findings are consistent with a role for Ca2* signaling in CREB activation
and BDNF expression in response to mild mitochondrial uncoupling.

In summary, our findings demonstrate that treatment of mice with a low dose of the
mitochondrial uncoupling agent DNP results in major changes in cell signaling networks
and metabolism in cerebral cortical cells characterized by downregulation of the mTOR and
insulin signaling pathways, and upregulation of autophagy, FoxO3a, and Ca?*, CREB and
BDNF signaling. These responses to mild mitochondrial uncoupling suggest a complex
adaptive remodeling of the molecular pathways that regulate neuronal stress responses and
synaptic plasticity. Further studies may clarify the potential role of mild mitochondrial
uncoupling as a therapeutic approach for age-related diseases including neurological
disorders.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Evidence that mild mitochondrial uncoupling modulates mTOR signaling in the cerebral

cortex. (aand b) Schematic diagrams depicting the effects of DNP on the expression of
genes in the mTOR signaling pathway showing genes upregulated (red) and downregulated
(green) in the cerebral cortex at 24 hours (a) or 72 hours (b) following DNP treatment
compared to vehicle-treated control mice. Grey denotes no significant change and white
denotes data not available. Genes with a z-score above 1.5 compared to vehicle-treated
control were considered significantly changed. (c) Immunoblot analysis of the indicated
proteins in cerebral cortex samples from DNP-treated and control mice (n= 7-10 mice/
group; samples from 3 animals/group were presented). (d and €). Results of densitometric
analysis of the indicated proteins (normalized to B-actin level). Values are mean + SD.
*p<0.05 two tailed compared to the values of DNP to vehicle-treated control mice.
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Figure 2.
DNP treatment triggers mTORC1 and mTORC2 signaling network re-programming in the

cerebral cortex. (a) Gene expression network profile showing genes in the mTORC1
signaling network that were upregulated (red) or downregulated (green) in the cerebral
cortex of mice in response to DNP treatment (72 hours). (b) Gene expression profile
showing upregulated (red) and downregulated (green) genes in the mTORC?2 signaling
network from cerebral cortex of mice in response to DNP treatment (72 hours). The
attributes that appear both red and green are genes that encode proteins that form complexes;
some genes that encode proteins in the complex are up-regulated (red) and some are down-
regulated (green). (c) List of genes with z-ratio change in response to DNP treatment in
mTORCL1 signaling network at 72 hours. (d) List of genes with z-ratio change in response to
DNP treatment in mTORC2 signaling network at 72 hours. (€) Immunoblot showing levels
of FoxO1, FoxO3a, SGK1 and B-actin in cerebral cortex tissue samples from vehicle-treated
control mice and mice that had been treated with DNP for the indicated time periods. (f and
g) Densitometric quantification of protein band intensities normalized to p-actin. Values are
mean + SD.
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Figure 3.
DNP treatment reduces expression of genes in the insulin signaling pathway in the cerebral

cortex. (a) Schematic diagram on gene expression in the insulin signaling pathway showing
genes upregulated (red) and downregulated (green) in the cerebral cortex within 6 hours of
DNP treatment. (b) Genes changed in insulin signaling pathways in the cerebral cortex at 6,
24 and 72 hours following DNP treatment. (c) Immunoblot showing levels of p-Akt, total
Akt, p-ERK, total ERK and actin in cerebral cortex tissue samples from vehicle-treated
control mice, and mice that had been treated with DNP for the indicated time periods. (d and
€) Densitometric quantification of Akt and p-Akt (D), and Erk1/2 and p-Erk1/2 (E) protein
band intensities normalized to B-actin. Values are mean + SD *p<0.05 compared to the
control value.
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Figure4.
DNP treatment engages Ca2* and CREB signaling, up-regulates synaptic plasticity-related

genes and enhances memory consolidation. (a) Schematic diagram of Ca?* and CREB
signaling pathways showing genes upregulated (red) and downregulated (green) in the
cerebral cortex of mice treated with DNP (72 hours). (b) Immunoblot showing levels of p-
CREB, total CREB and Arc/Arg3.1 in cerebral cortex tissue samples from vehicle-treated
control mice, and mice that had been treated with DNP for the indicated time periods. (c and
d) Densitometric quantification of CREB, p-CREB and Arc/Arg3.1 protein band intensities
normalized to B-actin. Values are mean + SD (n = 7 mice per group). *p<0.05; **p<0.01. (e
and f) Parametric analysis of gene set enrichment (PAGE) revealed genes in the CREB
signaling pathway, Bdnf and Arc/Arg3.1 upregulated in the cerebral cortex in response to
DNP treatment (6 hour time point). Data represent comparisons of 3 control and 3 DNP-
treated mice in (c). (g and h) Real-time PCR results show levels of Arc/Arg3.1 and Bdnf
mMRNAs in cerebral cortex samples from control and DNP-treated mice. (i) Passive
avoidance testing was performed to assess memory retention. There was no difference in
latency time between vehicle and DNP-treated mice during training. DNP-treated mice
exhibited significantly greater retention of the memory of the shock when tested 24 hours
after training. Values are mean + SD (4 mice in the vehicle group and 5 mice in the DNP
group). *p<0.05 vs. vehicle (ANOVA with Fisher’s PLSD procedure).
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Figure5.
Evidence that mitochondrial uncoupling upregulates autophagy in the cerebral cortex. (a)

Relative changes in the expression of genes involved in autophagy, mitophagy and
mitochondrial dynamics from the cerebral cortex of mice in response to DNP treatment for 6
hours. (b) Representative immunoblots showing relative levels of the indicated proteins in
mouse cerebral cortex samples from the indicated groups. (c) Densitometric analysis of
LC3-I, LC3-I1 and beclin proteins normalized to B-actin. (d) LC3-11/LC3-I ratio in cerebral
cortex of mice treated with DNP for the indicated time periods. (€) Densitometric analysis of
Drpl and Hsp70 protein levels in and the cerebral cortex of mice in the indicated treatment
groups (n = 7 mice/group). *p<0.05.
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Figure®6.
Model for brain signaling network reprogramming in response to mild mitochondrial

uncoupling. Mild mitochondrial uncoupling induces a proton leak and enhances energy
expenditure. Three major interactive signaling pathways affected by mitochondrial
uncoupling are the mTOR and insulin signaling pathways, which are downregulated, and the
Ca?* — CamKII — CREB and autophagy pathways which is upregulated. These changes
bolster cellular adaptive stress resistance, and enhance synaptic plasticity by upregulation of
Arc/Arg3.1 and BDNF gene transcription. Abbreviations: TSC1/TSC2, tuberous sclerosis
complexes 1 and 2; mTOR, mammalian target of rapamycin; CREB, cCAMP-response
element binding protein; Rheb, Ras homolog enriched in brain; BDNF, brain-derived
neurotrophic factor; S6K, ribosomal S6 kinase.
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