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Abstract

A high calorie diet (HCD) diet can impair hippocampal synaptic plasticity and cognitive function 

in animal models. Mitochondrial thioredoxin 2 (TRX-2) is critical for maintaining intracellular 

redox status, but whether it can protect against HCD-induced impairment of synaptic plasticity is 

unknown. We found that levels of TRX-2 are reduced in the hippocampus of wild type mice 

maintained for 8 months on a HCD, and that the mice on the HCD exhibit impaired hippocampal 

synaptic plasticity (long-term potentiation at CA1 synapses) and cognitive function (novel object 

recognition). Transgenic mice overexpressing human TRX-2 (hTRX-2) exhibit increased 

resistance to diquat-induced oxidative stress in peripheral tissues. However, neither the HCD nor 

hTRX-2 overexpression affected levels of lipid peroxidation products (F2 isoprostanes) in the 

hippocampus, and hTRX-2 transgenic mice were not protected against the adverse effects of the 

HCD on hippocampal synaptic plasticity and cognitive function. Our findings indicate that TRX-2 

overexpression does not mitigate adverse effects of a HCD on synaptic plasticity, and also suggest 

that oxidative stress may not be a pivotal factor in the impairment of synaptic plasticity and 

cognitive function caused by HCDs.
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Introduction

The chronic positive energy balance responsible for the ongoing epidemic of obesity and 

consequent diabetes and cardiovascular disease, can also have a negative impact on 

cognitive function and may increase the risk of dementia (Elias et al. 2005; White et al. 

2009; Kanoski and Davidson, 2011; Mattson, 2012; Yau et al., 2012; De Felice and Ferreira, 

2014). Electrophysiological analyses in rodent models have shown that the adverse effects 

of high calorie diets (HCDs) on learning and memory are associated with impaired 

hippocampal synaptic plasticity (Farr et al., 2008; Stranahan et al., 2008a). A HCD 

(typically high fat, and glucose or fructose) can cause oxidative damage to proteins, and 

lipid peroxidation in muscle, liver, kidney and brain (Bonnard et al. 2008; Matsuzawa-

Nagata et al. 2008; Stranahan et al., 2011; White et al. 2009; Ruggiero et al. 2011). 

Mitochondrial and plasma membrane-associated oxidative stress are associated with 

cognitive deficits in human subjects with Alzheimer’s disease (Sultana and Butterfield, 

2009; Du et al., 2012), and are sufficient to impair hippocampal synaptic plasticity and cause 

cognitive deficits in experimental models (Mattson, 2004; Serrano and Klann, 2004; 

Freeman et al., 2014). Moreover, high and low glycemic index diets increase and decrease 

cerebrospinal fluid markers of oxidative stress in human subjects with mild cognitive 

impairment (Bayer-Carter et al., 2011). Collectively, findings suggest that oxidative stress 

may play a crucial role in mediating adverse effects of HCDs on cognitive function.

Mitochondria are the source of the majority of reactive oxygen species (ROS) generated in 

cells, with ROS production occurring at particularly high levels in excitable cells such as 

neurons (Mattson et al., 2008). Superoxide anion radical is generated at mitochondrial inner 

membrane electron transport chain protein complexes I and III during oxidative 

phosphorylation, and is then converted to hydrogen peroxide by superoxide dismutases in 

the mitochondria (SOD2) and cytoplasm (SOD1). In the presence of Fe2+ or Cu+, hydroxyl 

radical is generated from hydrogen peroxide. Hydroxyl radical and peroxynitrite (produced 

by the interaction of superoxide with nitric oxide) can induce membrane lipid peroxidation, 

protein oxidation and DNA damage. Hydrogen peroxide levels are normally kept low by its 

catabolism by catalase and glutathione peroxidases. In addition to the enzymes that directly 

detoxify ROS, the thioredoxin system, comprised of thioredoxin (TRX), TRX reductase and 

NADPH, is critical for maintaining cellular redox balance and cellular antioxidant 

robustness (Lu and Holmgren 2012). Thioredoxin 2 (TRX-2) is a protein disulfide 

oxidoreductase located in mitochondria where it plays an antioxidant role by transferring 

electrons to peroxiredoxins and methionine sulfoxide reductases. TRX-2 deficiency results 

in elevated ROS levels and increased vulnerability to apoptosis in cultured immune cells 

(Tanaka et al., 2002). In addition, mice in which the Trx-2 gene is selectively knocked out 

out in cardiac myocytes exhibit a cardiomyopathy associated with mitochondrial oxidative 

stress, membrane depolarization and a cellular ATP deficit (Huang et al., 2015). It has also 

been reported that overexpression of TRX-1 and TRX-2 can protect retinal ganglion neurons 

against degeneration in experimental models relevant to macular degeneration and glaucoma 

(Caprioli et al., 2009).

The major excitatory synapses in the mammalian brain deploy glutamate as a 

neurotransmitter. Activation of postsynaptic glutamate receptors results in membrane 
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depolarization and Ca2+ influx which initiates signaling cascades involving kinases and 

transcription factors that mediate the adaptive responses in synaptic function and structure 

that are involved in learning and memory (Nicoll and Roche, 2013). Activation of 

glutamatergic synapses results in increased mitochondrial electron transport chain activity to 

generate the ATP required to sustain the function of ion-motive ATPases. In addition, Ca2+ 

uptake by mitochondria promotes ROS production in neurons stimulated by glutamate 

(Duchen, 2000; Pivovarova and Andrews, 2010). Whereas under normal circumstances 

neurons are able to mitigate the oxidative stress resulting from synaptic activity, excessive 

energy intake and obesity may compromise antioxidant defenses in neurons. Because TRX2 

would be expected to counteract adverse effects of excessive energy intake on synaptic 

plasticity, we employed human Trx-2 transgenic (hTRX-2) mice to determine whether 

overexpression of TRX-2 can rescue high-fat diet-induced hippocampal synaptic 

dysfunction and cognitive impairment.

Methods

Generation and genotyping of Trx-2 transgenic mice

Founder mice in which the human Trx-2 gene (GenBank: NC_000022) was expressed using 

regulatory elements from the human β-actin promotor were created by Xenogene 

Biosciences Laboratories. A 3702 bp microinjection fragment (MIF) containing the human 

Trx-2 cDNA was isolated from the plasmid (Invitrogen pDRIVE03-β-actin(h) V02) by SpeI 

and SwaI restriction enzyme digestion. The MIF was injected into fertilized mouse eggs 

from C57BL/6 donors, and implanted into pseudopregnant females. Chimeric pups were 

bred to generate heterozygous offspring. Mice were maintained on a 12 hour light/dark cycle 

with free access to food and water. All procedures were approved by the Animal Care and 

Use Committee of the National Institute on Aging and were performed in accordance with 

the NIH Guidelines for the Care and Use of Laboratory Animals. Male hTRX-2 mice were 

bred to C56BL/6J female mice to generate offspring for these studies. Male mice were used 

for all experiments.

One month-old mice were genotyped by assaying for the presence of the mitochondrial 

hTrx-2 sequence by polymerase chain reaction (PCR). Genomic DNA was extracted from 

mouse tail snips by standard protocols. Briefly, tail snips were placed in DirectPCR Lysis 

Reagent (tail) (Viagen Biotech.Inc., cat# 101-T) containing 0.3 mg/ml Proteinase K (Sigma, 

Cat# p6556) and incubated overnight at 65 °C until complete lysis was achieved; DNA was 

centrifuged (7,500 x g for 5 min) and the supernatant was transferred to a clean 1.5 ml 

Eppendorf tube. A PCR amplification was performed in a 25 μl reaction using 1 μl of DNA 

lysate, with the following primers: hTrx-2 specific forward primer 0.1 μl (20 μM) (5′-OH 

CCAATCTGAAACCTCGTGC OH-3′); hTrx-2 specific reverse primer 0.1 μl (20 μM) (5′–

OH AAACCTCCCACACCTCCC OH-3′), and 10 μl of Promega GoTaq Green Master Kit 

solution (Promega, cat# M7122). The mixture was subjected to the following PCR 

conditions: initial denaturation at 95°C for 2 minutes; 35 repeated cycles of denaturation at 

95°C for 50 s; primer annealing at 58°C for 50 s and elongation at 72°C for 60 s; and a final 

extension cycle of 72°C for 5 min. Subsequently, 25 μl of the amplification reaction was 
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analyzed on a 1.2% agarose – ethidium bromide gel to establish the presence or absence of a 

360 bp PCR product indicative of the presence of the human Trx-2 gene.

Diets

Beginning at 5 months of age, mice were maintained for 8 months on either standard chow 

or a HCD. Mice on the HCD were fed a high fat diet purchased from Dyets Inc. (diet 

#101842) and were provided drinking water containing 11% of a 1:1 mixture of fructose and 

glucose.

Immunoblot analysis

Hippocampal tissue was homogenized in RIPA buffer (20 mM Tris-HCl, 150 mM NaCl, 1 

mM EDTA, 1 mM EGTA, 1% NP-40, 2.5 mM sodium pyrophosphate, 1 mM sodium 

orthovanadate, and 1% sodium deoxycholate) containing protease inhibitors. The amount of 

total proteins in the homogenates was estimated with a Pierce BCA protein assay kit (Pierce 

Biotechnology). Protein samples were separated in a 4–20% acrylamide gradient gel and 

transferred to a nitrocellulose membrane. Following incubation with blocking buffer (5% 

dry milk and 0.05% Tween20 in PBS), the membranes were incubated overnight at 4°C in 

the blocking buffer containing a 1:800 dilution of TRX-2 rabbit polyclonal antibody (Cell 

Signaling Technology, #13322). The amino acid sequence of human TRX2 is 98% identical 

to mouse TRX2. The antibody used in the present study was generated against a synthetic 

peptide with an amino acid sequence identical to a conserved sequence in the carboxyl 

terminus of TRX2. The membrane was then washed (0.1% Tween20 in PBS) and incubated 

with peroxidase-conjugated anti-rabbit secondary antibody. The proteins were visualized 

using a chemiluminescence kit from Pierce. The intensities of protein bands were analyzed 

using ImageJ software.

Diquat treatment and F2-isoprostane assay

Groups of TRX-2 transgenic mice and their wild type littermates (6–8 months of age) were 

injected intraperitoneally with diquat dissolved in saline and administered at a dose of 50 

mg/kg. Three and six hours after injection, the mice were sacrificed and liver tissue and 

blood were taken for assay. F2-isoprostanes were measured using gas chromatography-mass 

spectrometry methods as described previously (Morrow and Roberts, 1994). The isoprostane 

levels were measured in samples of 100 mg wet weight of tissue or 1 ml of plasma. Tissue 

was homogenized in chloroform:methanol containing BHT (0.005%) to prevent auto-

oxidation, dried under a stream of nitrogen, and re-suspended in methanol containing BHT. 

Esterified F2-isoprostanes in phospholipids were saponified by adding aqueous potassium 

hydroxide (this frees fatty acids from lipids). The sample was acidified and diluted with 

water. Deuterated-F2-isoprostane internal standard was then added to the mixture. For the 

measurement of free F2-isoprotanes in plasma, the extraction and hydrolysis steps were 

omitted, and the sample was simply acidified, diluted, and the internal standard added. The 

mixture was subsequently run on a silica column to separate isoprostanes from bulk fatty 

acids. The eluate was converted to pentafluorobenzyl esters, by treatment with 

pentafluorobenzyl bromide (this step was necessary because free fatty acids are difficult to 

separate by gas chromatography). The mixture was subjected to thin layer chromatography 
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to remove the excess pentafluorobenzyl bromide and unreacted fatty acids. The F2-

isoprotane/isofurane fraction was extracted using ethyl acetate, and analyzed by injection 

into a Thermo Finnigan TRACE DSQ single quadrupole mass spectrometer. This instrument 

is capable of electron impact and chemical ionization, with positive and negative ion 

detection. The F2-isoprostanes were quantified by peak height, and the data were corrected 

with the internal standard and expressed as nanograms of F2-isoprostanes per mL of plasma 

or per gram tissue.

Hippocampal slice electrophysiology

These methods were similar to those described previously (Wang et al., 2009; Zhang et al., 

2011). Briefly, Transverse hippocampal slices (350 μm) were maintained in oxygenated 

artificial cerebrospinal fluid (ACSF) containing (mM): 120 NaCl, 2.5 KCl, 1.25 NaH2PO4, 

26 NaHCO3, 1.3 MgSO4, 2.5 CaCl2 and 10 glucose (pH 7.4; osmolality was 290 mmol/kg). 

Field potential recordings were performed at 30–32°C in a perfusion chamber. For LTP 

experiments, 50 μM picrotoxin was added in ACSF to block GABAA receptors. Only slices 

in which field recordings exhibited a steep input-output curve were included. Excitatory 

postsynaptic potentials (EPSPs) were recorded in CA1 stratum radiatum with stimuli (30 μs 

duration every 20 s) delivered with a bipolar tungsten electrode to activate Schaffer 

collateral/commissural afferents. LTP was induced with a train of tetanic stimulation (100 

Hz for 1s). Plots were normalized to the initial slope of the EPSPs with each data point 

representing the averaged values for 1 min (three consecutive sweeps with an interval of 20 

sec). Data were collected using an Axopatch 1D amplifier (Molecular Device); signals were 

filtered at 2 kHz, digitized at 10 kHz and analyzed using pCLAMP 8 software (Molecular 

Devices).

Behavioral tests

These methods have been described previously (Okun et al., 2010). Briefly, for the novel 

object recognition test the mice were habituated to the experimental room and 25 cm × 25 

cm opaque walled test cages for 3 consecutive days, 30 minutes each time and for 1 hour on 

the testing day. These experiments were conducted under a light intensity of 15 lux. Mice 

were first allowed to explore their cage in the presence of two identical objects and were 

then returned to their home cages for 10 minutes (short-term memory). The mice were then 

placed in the test cage with one familiar object and a novel object for 150 seconds. Twenty 

four hours later (long-term memory) the mice were placed in the test cage with one familiar 

object and a novel object for 150 seconds. Object preferences were automatically analyzed 

using Anymaze video tracking software. An object preference index was determined by 

calculating the time spent near the novel object divided by the cumulative time spent near 

both objects. For open field testing mice were placed in the center of an open field (MED-

OFA-MS system; Med-associates, St. Albans, VT, USA) under a light intensity of 400 lux 

and exploration was assessed for 15 minutes. Cages were cleaned with ethanol following 

each session. The open field was 40 cm × 40 cm, and the peripheral 10 cm was designated 

as the peripheral zone and the central 30 cm2 was designateds the central zone.
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Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). Two-way analysis of 

variance (ANOVA) with Bonferroni post hoc analysis were performed using Graphpad 

Prism 5.0 (La Jolla, CA, USA) with significance set at p < 0.05.

Results

Prior to diet initiation (5 month-old mice) the body weights of all mice were in the range of 

32–38 grams. Wild type and TRX-2 transgenic mice on the control diet gained only about 5 

grams of weight over the 8-month period (Figure 1A). In contrast, wild type and TRX-2 

transgenic mice on the HCD gained more than 20 grams during an 8-month period. There 

were no significant differences in body weights of wild type and TRX-2 transgenic mice at 

any time point (Figure 1A). To determine whether overexpression of TRX-2 modifies 

cellular oxidative stress we measured levels of F2-isoprostanes in liver tissue and plasma 

taken from mice that had been exposed to diaquat (50 mg/kg i.p.) and then euthanized at 

three time points (0, 3 and 6 hours). F2-isoprostanes are produced by free radical attack on 

arachidonic acid in situ in membrane phospholipids, and are chemically stable end-products 

of lipid peroxidation. F2-isoprostane levels were significantly lower in the plasma at the 3 

hour time point, and in the liver at the 3 and 6 hour time points, in TRX-2 transgenic mice 

compared to wild type mice (Figure 1B). These finding suggest that TRX-2 overexpression 

increases the resistance of mice to diquat-induced oxidative stress.

We next focused on cohorts of wild type and TRX-2 transgenic mice that had been 

maintained on either a control diet or a HCD for 8 months (8–10 mice/group). To determine 

whether chronic HCD affects levels of oxidative stress, and to determine whether 

overexpression of TRX-2 modifies such oxidative stress, we measures levels of F2-

isoprostanes in liver tissue and brain tissue of mice that had been maintained on the control 

diet or a HFD. F2-isoprostane levels were significantly higher in the liver of wild type mice 

on the HCD compared with those on the control diet. In contrast, the HCD did not affect 

levels of F2-isoprostanes in the liver of TRX-2 transgenic mice (Figure 1C, upper graph). 

Interestingly, whereas the HCD resulted in elevated levels of F2-isoprostane in the liver, the 

HCD had no significant effect on F2-isoprostane levels in brain tissue (Figure 1C). These 

finding suggest that TRX-2 overexpression increases the resistance of mice to chronic HCD-

induced oxidative stress in peripheral organs, whereas the brain appears relatively resistant 

to HCD-induced increases of lipid peroxidation.

To confirm that levels of TRX-2 protein were elevated in brain cells of TRX-2 transgenic 

mice, we performed immunoblot analysis of TRX-2 in hippocampal tissue samples from 

wild type and TRX-2 transgenic mice that had been maintained on the control diet or HCD 

for 8 months. Levels of TRX-2 were 40–60% higher in hippocampus of TRX-2 transgenic 

mice regardless of diet (Figure 1D). Interestingly, in wild-type mice hippocampal TRX-2 

levels were significantly lower in mice in the HCD group compared to those on the control 

diet group (Figure 1D), suggesting that the HCD results in down-regulation of expression of 

the endogenous mouse TRX-2.
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To determine whether TRX-2 overexpression can rescue the impaired synaptic plasticity 

caused by a HCD, field excitatory postsynaptic potentials (EPSP) were recorded in stratum 

radiatum of the CA1 region of the hippocampus from wild type and TRX-2 transgenic mice 

that had been maintained for 8 months on either the control diet or the HCD. Wild type mice 

on the HCD exhibited impaired LTP compared to wild type mice on the control diet, 

whereas short-term potentiation (0–10 minutes post tetanus) was unaffected by diet (Figure 

2A, B, D). TRX-2 transgenic mice on the control diet exhibited LTP that was similar to wild 

type mice on the control diet (Figure 2C). LTP was significantly impaired by the HCD in 

TRX-2 transgenic mice by an amount similar to that of wild type mice on the HCD (Figure 

2C, D). We also evaluated basal synaptic transmission by generating input-output curves 

(Figure 2E), and presynaptic neurotransmitter release by measuring the paired-pulse ratio 

with increasing interstimulus intervals (Figure 2F). No significant differences were found 

among the four groups. Collectively, the results of our electrophysiological data indicate that 

postsynaptic dysfunction mediates the impairment of hippocampal synaptic plasticity caused 

by a HCD, and that this diet-induced deficit is not ameliorated by TRX-2 overexpression.

It was previously reported that a HCD impairs hippocampus-dependent learning and 

memory in rats (Konoski et al., 2007; Stranahan et al., 2008; Hsu et al., 2015) and mice 

(Morrison et al., 2010; Valladolid-Acebes et al., 2013; Arnold et al., 2014). We evaluated 

hippocampus-dependent learning and memory using a novel object recognition test in wild 

type and TRX-2 transgenic mice that had been maintained for 8 months on either the control 

diet or the HCD. After a period of familiarization with two objects in the test cage, mice 

were removed from the cage for 10 minutes and then returned to the test cage in which one 

of the objects had been replaced with a novel object (Figure 3A). Wild type and TRX-2 

transgenic mice that had been maintained on the control diet spent significantly more time 

exploring the novel object compared to the familiar object (Figure 3B). In contrast, wild 

type and TRX-2 transgenic mice on the HCD did not spend more time exploring the novel 

object (Figure 3B), indicating that the HCD impairs short-term memory and that TRX-2 

overexpression does not ameliorate this adverse effect of the HCD on hippocampus-

dependent memory.

Anxiety disorders account for considerable morbidity and increase the risk of depression 

(Whiteford et al., 2013). Obese human subjects are at increased risk of anxiety disorders 

(Hryhorczuk et al., 2013), and excessive energy intake causes anxiety-like behaviors in rats 

and mice (Finger et al., 2010; Sharma and Fulton, 2013; Warneke et al., 2014; Sivanathan et 

al., 2015). We found that mice maintained on the HCD exhibited increased anxiety as 

indicated by less time spent and distance traveled in the center zone of the open field, with 

no difference between wild type and TRX-2 transgenic mice (Figure 3C, D). The total 

distance traveled, time spent moving and time spent rearing were unaffected by genotype or 

diet, indicating that diet and TRX-2 levels did not alter motor behavior of the mice in the 

open field test (Figure 3E).

Discussion

TRX-2 is critical for survival as TRX-2−/− mice die during embryonic development at a 

stage prior to neural tube closure (E10.5) as a result of massive apoptosis of cells (Nonn, et 
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al., 2003). Mice with reduced TRX-2 levels exhibit impaired mitochondrial function and 

increased oxidative stress in many tissues (Perez et al., 2008). Because excessive oxidative 

stress was previously associated with adverse effects of a HCD on hippocampal plasticity 

(We et al., 2004; Morrison et al., 2010; Stranahan et al., 2011; Karimi et al., 2013; Tucsek et 

al., 2014), and because TRX-2 can reduce mitochondrial oxidative stress (Perez et al., 2008; 

Lowes and Galley, 2011), we tested the hypothesis that overexpression of TRX-2 would 

counteract the adverse effects of a HCD on hippocampal synaptic plasticity, and learning 

and memory. We generated mice overexpressing hTRX-2 and found that they exhibited 

reduced levels of lipid peroxidation products in plasma and liver when challenged with the 

diquat, an agent that induces redox cycling and superoxide production. Whereas wild type 

mice maintained on a HCD for 8 months exhibited reduced levels of TRX-2 in the 

hippocampus, TRX-2 levels were maintained at an elevated level in TRX-2 transgenic mice 

on the HCD. However, overexpression of TRX-2 did not rescue the deficits in hippocampal 

LTP and hippocampus-dependent short-term memory caused by the HCD.

We found that mice maintained on a HCD for 8 months exhibited a highly significant 

impairment of LTP at CA1 synapses. The impaired LTP is apparently the result of a 

postsynaptic dysfunction as paired-pulse facilitation, a measure of release of glutamate from 

presynaptic terminals was unaffected by the diet. The input-output curves were also similar 

in wild type mice on the HCD compared to those on the control diet, suggesting that the 

HCD did not alter basal synaptic transmission. All mice on the HCD gained weight 

progressively and by 8 months averaged approximately 60 grams, compared to 38 grams in 

mice on the control diet. Thus, the mice on the HCD were obese at the time of behavioral 

and electrophysiological analyses. Previous studies have shown that hippocampal CA1 LTP 

is impaired in several rodent models of obesity, including leptin receptor mutant mice 

(Stranahan et al., 2008b), rats expressing insulin receptor antisense in hypothalamic cells 

(Grillo et al., 2011) and male mice fed a high fat diet (Hwang et al., 2010). We found that 

the initial enhancement of postsynaptic excitatory responses to high frequency stimulation 

was similar in hippocampal synapses of mice in the HCD and control diet groups, but that 

the postsynaptic response in the HCD group rapidly declined towards baseline within 20 

minutes, whereas potentiation was sustained for at least 60 minutes in the control diet group. 

We found no differences in synaptic plasticity in hippocampal slices from wild type and 

TRX-2 transgenic mice in either the control diet or HCD groups. Because TRX-2 protein 

levels were reduced by more than 50% in wild type mice on the HCD compared the control 

diet, and were elevated by 50–70% in hTRX-2 transgenic mice regardless of diet, we 

conclude that changes in TRX-2 levels across a 3-fold range do not influence plasticity at 

hippocampal CA1 synapses.

Although previous studies have reported that rats or mice fed a diet with high amounts of 

fats exhibit increased levels of markers of oxidative stress in their brain cells (Matsuzawa-

Nagata et al., 2008; Stranahan et al., 2008a), we found that the level of the lipid peroxidation 

product F2-isoprostane was unaffected by the HCD in the present study. Although TRX-2 

deficiency results in increased oxidative stress and can render cells vulnerable to apoptosis 

(Nonn et al., 2003; Perez et al., 2008), our data indicate that overexpression of TRX-2 is 

ineffective in protecting hippocampal synapses against the adverse effects of a HCD. 

However, because we measured only one marker of oxidative stress in brain tissue samples, 
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it is possible that other markers of oxidative stress might be affected by the HCD and TRX-2 

levels. Nevertheless, it is important to consider that a HCD can impair hippocampal LTP 

and learning by a mechanism other than increased oxidative stress. Previous studies suggest 

several such mechanisms for HCD-induced cognitive impairment including cellular insulin 

resistance (Stranahan et al., 2008a; Porter et al., 2010) and reduced neurotrophic factor 

levels (Molteni et al., 2002; Reichelt et al., 2015).

Learning and memory was impaired, and anxiety-like behavior was increased, in wild type 

and TRX-2 transgenic mice that had been maintained on the HCD. The lack of effect of 

TRX-2 levels on learning and memory or anxiety suggests that, at least within the range of 

hippocampal TRX-2 levels of the mice in the different groups in our study, TRX-2 does not 

modify the effects of a HCD on hippocampus-dependent behaviors. The roles of 

mitochondrial ROS in neuroplasticity are complex. Evidence suggests that superoxide and 

hydrogen peroxide can activate signaling pathways that regulate hippocampal 

neuroplasticity including those involving protein kinase C and MAP kinases (Knapp and 

Klann, 2002; Kamsler and Segal, 2003; Ma et al., 2011; Hou et al., 2013). Scavenging of 

mitochondrial ROS impairs hippocampal LTP suggesting critical roles for those ROS in 

synaptic plasticity (see Serrano and Klann, 2004). On the other hand, excessive production 

and/or reduced enzymatic removal of ROS can render neurons vulnerable to dysfunction and 

degeneration in experimental models of neurodegenerative disorders including Alzheimer’s 

disease (Keller et al., 1998; Clausen et al., 2012). TRX-1 can protect neurons against insults 

relevant to ischemic stroke (Tian et al., 2014) and Parkinson’s disease (Arodin et al., 2014a). 

It was reported that overexpression of TRF-2 can protect retinal ganglion neurons against 

oxidative stress and in a glaucoma model (Caprioli et al., 2009). However, levels of TRX1 

are significantly increased in the brains of patients with mild cognitive impairment and 

Alzheimer’s disease (Arodin et al., 2014b), suggesting either a contribution of TRX1 to the 

disease process or an adaptive response to neuronal damage. It remains to be determined 

whether hippocampal neurons of TRX-2 transgenic mice are more resistant to degeneration 

in experimental models of neurodegenerative conditions.

Finally, when taken together with the results of recent studies in animal models and human 

subjects, our findings suggest that dietary interventions aimed at reducing energy intake may 

improve hippocampal plasticity and cognitive function, particularly in overweight subjects. 

Whereas HCDs impair hippocampal function, caloric restriction and intermittent fasting can 

enhance hippocampal plasticity. For example, alternate day fasting increased hippocampal 

neurogenesis in mice (Lee et al., 2002) and protected rats against seizure-induced 

hippocampal neuron degeneration and associated cognitive deficits (Bruce-Keller et al., 

1999). Rats that had been maintained on a reduced calorie diet exhibited reduced 

vulnerability to neurotoxin-induced hippocampus-dependent memory deficits (Qiu et al., 

2012), and caloric restriction increased dendritic spine density of hippocampal dentate 

granule neurons in both normal mice and obese mice (Stranahan et al., 2009). Energy 

restriction may enhance cognitive function, in part, by modifying glutamate receptor subunit 

composition (Fontan-Lozano et al., 2007) and by enhancing neurotrophic factor signaling 

(Stranahan et al., 2009). We found that overexpression of TRX-2 did not ameliorate HCD-

induced hippocampal synaptic plasticity and cognitive deficits. In contrast to a change in a 

single antioxidant protein such at TRX-2, energy restriction engages multiple adaptive 
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signaling pathways that together enhance synaptic plasticity and neuronal resistance to 

dysfunction and degeneration. Indeed, accumulating evidence suggests that antioxidant-

based therapeutic approaches to neurological disorders may be untenable because they can 

paradoxically inhibit endogenous ROS-mediated signaling and adaptive cellular stress 

response pathways (Mattson, 2015).
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Highlights

• A high calorie diet impairs synaptic plasticity and learning in mice

• Mice overexpressing TRX-2 exhibit resistance to oxidative stress

• TRX-2 fails to protect hippocampal synapses against a high calorie diet
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Figure 1. 
Overexpression of hTRX-2 protects peripheral tissues against oxidative stress caused by a 

high calorie diet, whereas the hippocampus is relatively resistant to HCD-induced oxidative 

stress. A. Body weights, food intake and caloric intake of wild type and TRX-2 transgenic 

mice maintained on either a control diet or a HCD (10 mice per group). From the third 

month of diets, the weight gain of WT or TRX-2 mice under HCD were both dramatic 

higher compared with those under control diet separately (p<0.01). No significant difference 

were found between WT and TRX-2 wither HCD or control diet (p>0.05). No significant 

difference of food intake were found betwwen all groups (p>0.05). B. Plasma and liver 

isoprostane levels in wild type and TRX-2 transgenic mice treated with diquat (50 mg/kg 

i.p.) for the indicated times (5 mice per group). C. Liver (upper) and hippocampal (lower) 

isoprostane levels in tissue samples from wild type and hTRX-2 transgenic mice that had 

been maintained for 8 months on either a control diet or a HCD (3 mice per group). D. 
Immunoblot analysis of TRX-2 protein levels in hippocampal tissue of mice in the indicated 

groups (6 mice per group). Data represent the mean ± s.e.m.: *p<0.05, **p<0.01; NS, not 

significant.
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Figure 2. 
Mice maintained on a high calorie diet exhibit impaired long-term potentiation at 

hippocampal CA1 synapses, and this deficit is unaffected by TRX-2 overexpression. A – D. 
Results of field EPSP recordings at CA1 synapses of hippocampal slices from wild type or 

hTRX-2 transgenic mice that had been maintained for 8 months on a control diet or a HCD. 

Panels A and C show the field recordings, and panels B and D show average EPSP slope 

measured at either 0–10 minutes or 50–60 minutes post-tetanus. E and F. Input-output 

curves (E) and paired-pulse ratio data (F) from recordings from hippocampal slices from 

mice in the indicated groups. Values are the mean and SEM of data from recordings from 8 

slices from 4 mice/group. *p<0.01 compared to the value for mice in the control diet groups.
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Figure 3. 
Mice maintained on a high calorie diet exhibit a deficit in hippocampus-dependent learning 

and memory, and heightened anxiety, and these behavioral alterations are unaffected by 

hTRX-2 overexpression. Behavioral performance in novel object recognition and open field 

tests in wild type and hTRX-2 transgenic mice that had been maintained for 8 months on 

either a control diet or a HCD. A. Illustration showing the experimental design of the novel 

object recognition test. B. The recognition index, represents the ratio of the time period the 

mice spent exploring the novel object (objects ‘B’, ‘C’ or ‘D’ in panel A) compared to the 

time spent exploring the familiar object (‘A’) in panel A. C and D. Results of open field test 

showing time spent in the center zone (C) and distance traveled in the center zone (D). E. 
Results of open field test showing total distance traveled, total time spent moving and total 

time spent rearing. Values are the mean and SEM of data from 8–10 mice/group. *p<0.05; 

NS, not significant.
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