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Abstract

Previous reports have indicated that with aging, intrinsic brain tissue changes in cellular 

bioenergetics may hamper the brain’s ability to cope with metabolic stress. Therefore, we 

analyzed the effects of age on neuronal sensitivity to glucose deprivation by monitoring changes 

in field excitatory postsynaptic potentials (fEPSPs), tissue Po2, and NADH fluorescence imaging 

in the CA1 region of hippocampal slices obtained from F344 rats (1–2, 3–6, 12–20, and >22 

months). Forty minutes of moderate low glucose (2.5 mM) led to approximately 80% decrease of 

fEPSP amplitudes and NADH decline in all 4 ages that reversed after reintroduction of 10 mM 

glucose. However, tissue slices from 12 to 20 months and >22-month-old rats were more 

vulnerable to low glucose: fEPSPs decreased by 50% on average 8 minutes faster compared with 

younger slices. Tissue oxygen utilization increased after onset of 2.5 mM glucose in all ages of 

tissue slices, which persisted for 40 minutes in younger tissue slices. But, in older tissue slices the 

increased oxygen utilization slowly faded and tissue Po2 levels increased toward baseline values 

after approximately 25 minutes of glucose deprivation. In addition, with age the ability to 

regenerate NADH after oxidation was diminished. The NAD+/NADH ratio remained relatively 

oxidized after low glucose, even during recovery. In young slices, glycogen levels were stable 

throughout the exposure to low glucose. In contrast, with aging utilization of glycogen stores was 

increased during low glucose, particularly in hippocampal slices from >22 months old rats, 

indicating both inefficient metabolism and increased demand for glucose. Lactate addition (20 

mM) improved oxidative metabolism by directly supplementing the mitochondrial NADH pool 

and maintained fEPSPs in young as well as aged tissue slices, indicating that inefficient 

metabolism in the aging tissue can be improved by directly enhancing NADH regeneration.
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1. Introduction

Aging can be associated with a decreased ability to respond to metabolic challenges 

resulting, for example, in fatigue on cognitive tasks and increased susceptibility to substrate 

deprivation, such as during hypoglycemia (Deary et al., 2003; McNay, 2005). Episodes of 

hypoglycemia can occur in older individuals as either a common, iatrogenic complication of 

diabetes treatment (McCrimmon and Sherwin, 2010), or during prolonged cognitive tasks or 

training with enhanced substrate utilization (Gold, 2005; McNay et al., 2000). Aging 

individuals are more likely to suffer from lower glucose levels and experience 

neuroglycopenic symptoms than younger individuals, because mechanisms to help guard 

against hypoglycemia-induced complications may be blunted. For example, neuroendocrine 

and glucoregulatory responses that help to maintain blood glucose levels within the normal 

range can be attenuated with aging (Kirsh and Aron, 2011; Zammitt and Frier, 2005), 

compromising both self-detection of low-glucose conditions and appropriate endogenous 

and exogenous treatment.

Although episodes of severe hypoglycemia are potentially life-threatening, moderate 

hypoglycemia (defined as blood glucose levels of 2.4–4.0 mM) occurs far more frequently 

during routine diabetic treatment (Kirsh and Aron, 2011). Even moderate hypoglycemia can 

cause electroencephalogram abnormalities, impairment of cognitive function, and falls, 

further compromising the ability of individuals to both recognize and treat the low-glucose 

condition, especially in the elderly population (Bramlage et al., 2012; Whitmer et al., 2009). 

If these episodes recur frequently, there may be resulting long-term cognitive dysfunction 

and neuronal damage (Choi et al., 2013), which can be exacerbated in aging individuals.

The hippocampus is a brain region involved in normal learning and memory (Axmacher et 

al., 2010; Campo and Poch, 2012) that is particularly vulnerable to substrate deprivation 

(McCall, 2005). Therefore, early cognitive impairment in response to hypoglycemia may be 

correlated to acute dysfunction of hippocampal neurons. Several studies have also 

demonstrated that in aging individuals extracellular glucose levels may drop in the 

hippocampus by as much as 30%–40% during a behavioral testing period (McNay and Gold, 

2001); in contrast, young individuals demonstrate increased blood and maintained brain 

levels of glucose in response to either training or stress because of compensatory 

epinephrine release (Morris et al., 2010). This aging-related insensitivity to appropriate 

neuroendocrine responses to metabolic stress can exacerbate fatigue and decrease cognitive 

performance, especially during prolonged high demand cognitive tasks or training, even in 

the absence of iatrogenic hypoglycemia (i.e., with therapeutic diabetes treatment).

Although vascular alterations and deficient systemic responses to hypoglycemia associated 

with aging can contribute to enhanced vulnerability to substrate deprivation (Aanerud et al., 

2012), it is possible that in aging intrinsic brain tissue changes in cellular bioenergetics may 

also decreased ability to cope with metabolic stress. Therefore, we analyzed the effects of 

age on neuronal sensitivity to moderately low glucose conditions by assessing changes in 

synaptic activity (by measuring field excitatory postsynaptic potential [fEPSP]), tissue Po2, 

and NADH fluorescence imaging. Because astrocytic glycogen is critical in providing 
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additional energy substrates that can support neuronal function during glucose deprivation 

(Shetty et al., 2012; Suh et al., 2007), we have also investigated alteration in glycogen 

turnover and utilization as a function of aging and during moderate glucose deprivation. 

Analyzing critical aspects of age-related metabolism may lead to long-term preventative 

treatments, which could be used to improve metabolic buffering in the central nervous 

system (Dzuira et al., 2009; Malaguarnera et al., 2007; Page et al., 2009).

2. Methods

2.1. Tissue slice preparation

Hippocampal slices were obtained from 1 to 2 months old (mo) (young adult), 3 to 6 months 

(adult),12 to 20 months (older adult), and >22 months (senescent) F344 rats, (Harlan, 

Indianapolis, IN, USA). All animal use was approved by the Duke University and Durham 

VAMC Animal Care and Use Committees. Rats were anesthetized with isofluorane (Abbott 

Laboratories, North Chicago, IL, USA), decapitated, and the brain rapidly removed from the 

skull and placed in ice-cold artificial cerebrospinal fluid (ACSF) oxygenated with 95% 

O2/5% CO2 for 2 minutes. The ACSF solution consisted of (in mM): NaCl, 124; KCl, 3.0; 

NaH2PO4, 1.25; NaHCO3, 24; CaCl2, 2.00; MgSO4, 2.00; dextrose, 10; and pH 7.4. The 

hippocampus was rapidly dissected and transverse slices (400 mm) were cut on a manual 

tissue chopper (Galeffi et al., 2007, 2011). Slices were transferred immediately to an 

oxygenated holding chamber maintained at 22 °C, and allowed to recover for at least 3 

hours. Slices were then transferred to a recording chamber, and partly submerged 

(approximately 1 mm) in ACSF buffer, which was continuously perfused (1.5 mL/min), and 

aerated with 95% O2 and 5% CO2. The temperature in the chamber was kept at 36.0 °C–

36.5 °C. Experimental conditions such changes of glucose concentration with or without 

addition of lactate to the ACSF were all accompanied by adjustments of NaCl to keep 

osmolality constant.

Based on our previous study (Sadgrove et al., 2007), we simulated conditions of moderate 

glucose deprivation by lowering glucose concentration in the buffer from 10 mM to 2.5 mM. 

Euglycemic plasma glucose concentration of 7–8 mM correlates with a brain extracellular 

glucose concentration ranging between 1 and 2.5 mM in humans (Abi-Saab et al., 2002; 

Gruetter et al., 1992; Magnoni et al., 2003) as well as in rodents (McNay et al., 2000; Silver 

and Erecinska, 1994), resulting in a linear 3:1 ratio between plasma and tissue glucose 

concentrations (Magnoni et al., 2003). During moderate glucose deprivation in vivo, with 

plasma glucose concentrations of about 3 mM, extracellular brain glucose levels are 

estimated to drop to <1 mM glucose, leading to impaired cognitive function (Blackman et 

al., 1990; Boyle, 1997) and limitations of glycolysis (Gruetter et al., 1992, 1998). 

Hippocampal slices maintained in an interface chamber in vitro are normally exposed to 

excess glucose (10 mM glucose) and 95% oxygen by most investigators to ensure slice 

viability and responses. Despite this excess of substrates, with limited substrate diffusion 

between the surface and the interior of the slice (Kann and Kovacs, 2007; Lund-Andersen 

and Kjeldsen, 1976; McNay et al., 2000, 2006; Tekkok et al., 2002) and persistent metabolic 

demand, the level of glucose and oxygen drops sharply in the interior of the slice (Foster et 

al., 2005; Galeffi et al., 2011). By adapting the calculations given by Tekkok, et al. (2002) 
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the glucose concentration at a depth of 200 mm can be estimated for various glucose 

concentrations: 10 mM in ACSF decreases to 7.24 mM; 5 mM ACSF to 2.24 mM; and 2.5 

mM ACSF would likely result in <1 mM glucose concentration in the tissue interior, which 

is closer to the brain glucose concentration reported in vivo. The observed decline in fEPSP 

amplitude in slices exposed to 2.5 mM ACSF glucose in the present study suggests a 

significant limitation in glucose availability. Therefore, our slice model provides 

experimental glucose tissue levels comparable with that expected during iatrogenic 

hypoglycemia.

2.2. Electrophysiological recording and synaptic stimulation

The Schaffer collateral-commissural pathway was stimulated with a bipolar electrode 

situated in the stratum radiatum of the CA1 hippocampal region using single pulses (100 ms, 

0.1–0.3 Hz). After performing an I/O curve to establish the saturation values for fEPSP, we 

adjusted the stimulus current to produce a fEPSP of approximately 50%–60% maximal 

amplitude, recorded using glass microelectrodes filled with 0.2 M NaCl (4–8 mU) placed in 

the stratum radiatum.

2.3. NADH fluorescence imaging and analysis

NADH fluorescence in hippocampal slices was monitored using a 290–370 nm excitation 

filter and a 420 nm long-pass filter for the emission (Omega Optical, Brattleboro, VT, 

USA), as previously described by our laboratory (Foster et al., 2008; Galeffi et al., 2011). 

The light source was a Lambda DG-4 (Sutter Instruments, Novato, CA, USA) equipped with 

a stabilized xenon arc lamp. Slices were epi-illuminated with an incident angle of 45° and 

imaged through a Nikon upright microscope (UM-2) with a compound lens (4x, N.A. 0.13) 

(Nikon, Melville, NY, USA). Slices were imaged using a linear, cooled 12-bit CCD camera 

(Cooke Instruments Sensicam QE, Auburn Hills, MI, USA) with 1280 × 1024 digital spatial 

resolution. Because of the low level of fluorescence emission, NADH images were acquired 

every 5 seconds as 8 × 8 binned images (effective spatial resolution of 160 × 128 pixels). 

These imaging specifications resulted in stable digital images with high-quality signal to 

noise ratios, as well as shorter exposure time (approximately 300 ms) to avoid tissue damage 

or bleaching. Each binned pixel corresponded to a slice region of 144 mm2. Only those 

slices with a stable baseline, ≤5% drift of fluorescence level during the initial control period 

(10 minutes), and a fluorescence intensity between 1000 and 2000 optical density levels 

(camera gain of 4 photons/level) were used for data analysis. Changes in NADH calculated 

for ROI were expressed as the percentage changes in fluorescence over the baseline levels 

prior to experimental manipulation ([DF/Fb] × 100). Because there was a slow decrease of 

NADH fluorescence in control slices overtime, the percentage change for any experimental 

condition was also compared with the percentage change in control slices perfused with 10 

mM glucose buffer for equivalent amount of time.

2.4. Direct measurements of tissue level of NAD+ and NADH

For direct measurement of tissue levels of NAD+ and NADH, hippocampal slices were 

allowed to recover in an incubation chamber for 1 hour at room temperature and then kept at 

36.0 °C–36.5 °C for 2 hours before any further experimental manipulation. Total NAD+ and 

NADH (NAD[H]) content was measured using NAD+/NADH assay kit (from Abcam # 
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ab65348), as previously described (Shetty et al., 2012). Hippocampal slices were collected 

at different time intervals before and after exposure to low-glucose conditions; (2 slices 

each) and homogenized in ice cold NAD+/NADH extraction buffer and centrifuged at 

16,000g for 5 minutes at 4 °C. The supernatant was filtered immediately through 10 kDa 

cutoff microspin column to separate the NADH consuming enzymes at 4 °C. Ultra filtrates 

(50 mL) were heated at 60 °C for 30 minutes in a heating block to decompose NAD+ for 

NADH measurement. Both the heated (NADH) and unheated samples (total NAD+) were 

processed for NAD+/NADH cycling assay reaction for 5 minutes to convert NAD+ into 

NADH in a 96-well microplate. The color was developed with NADH developer solution, 

and the absorbance was measured at 450 nm (microplate reader) after 2 hours. The 

concentration of total NAD+ and NADH were expressed in nmol per 100 mg protein based 

on standard NADH readings.

2.5. Tissue Po2 monitoring

A Clark-style oxygen microelectrode (OX10, Unisense, Aarhus, Denmark) was used to 

measure brain tissue Po2. The electrode consisted of a glass-insulated Ag/AgCl reference 

anode with guard cathode. The electrode was connected to a polarographic amplifier 

(PA2000 picoammeter, Unisense, Aarhus, Denmark), and the cathode was polarized at −800 

mV in normal saline at 36 °C for up to 12 hours before use. A 2-point calibration (in nA) 

was performed following polarization by inserting the electrode in normal saline solution (at 

36 °C) equilibrated with 95% O2 and 5% CO2 or room air at 21% O2, and 95% N2, 5% CO2, 

and 0% O2 (medical grade). Calibrations were repeated after every slice to determine the 

Po2 values, calibrated to mmHg. Electrode drift was generally linear over the course of an 

experiment. The current (in nA) values obtained from the 2 calibration points in 95% and 

0% O2 during an experiment varied by 3.7% ± 2.7% hr −1 and 8.8% ± 7.4% hr −1, 

respectively. Following calibration, the oxygen electrode was positioned in the stratum 

radiatum in close proximity to the recording electrode and was then manually lowered into 

the tissue at 50 mm intervals using a micrometer to a depth at which the Po2 was at the 

minimum (nadir). The amplitude of the change in tissue Po2 due to experimental 

manipulation was calculated by the equation: ΔPo2 = (Po2 (baseline) - Po2 (stim)), where 

“baseline” refers to the level immediately before the response, not the initial control, and all 

readings are in mmHg.

2.6. Glycogen measurements

Glycogen measurements were performed on intact hippocampus immediately after 

dissection to assess age-dependent baseline levels. To measure changes in glycogen 

homeostasis after metabolic stress hippocampal slices were collected from the medium at 

different time intervals after slicing or exposure to low-glucose conditions (2.5 mM 

glucose); then tissue was rapidly processed for measurements as previously described 

(Shetty et al., 2012). Slices were immediately placed in ice-cold 85% ethanol containing 

15% of 30 mM HCl to arrest both glycogenesis and glycogenolysis and frozen in liquid N2. 

Frozen slices were dried on Whatman #1 filter paper and homogenized in a volume (110 

mL/3 slices) of 0.1 M NaOH with 0.01% SDS and 1 mM EDTA, using a sonicator. 

Homogenates were neutralized with 0.3 N HCl (32 mL). Then, 50 mL of paired 

homogenates were added to 250 mL of 50 mM sodium acetate buffer (pH 5.5) for glycogen 
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hydrolysis with and without 1 unit of amyloglucosidase to measure total and free glucose 

levels, respectively. Samples were incubated at 32 ° C for 2 hours, cooled on ice, and then 

centrifuged at 14,000 rpm for 20 minutes. Supernatant (100 mL) from the digested samples 

were used for glucose measurements (Swanson et al., 1989).

The free and total glucose content were measured by a glucose assay kit according to the 

manufacturer instructions (Sigma Aldrich). In brief, glucose is phosphorylated by adenosine 

triphosphate (ATP) in the reaction catalyzed by hexokinase. Glucose-6-phosphate is then 

oxidized to 6-phosphogluconate in the presence of oxidized nicotinamide adenine 

dinucleotide (NAD+) in a reaction catalyzed by glucose-6-phosphate dehydrogenase. During 

this oxidation, an equimolar amount of NAD+ is reduced to NADH. The consequent 

increase in absorbance at 340 nm is directly proportional to glucose concentration. The 

protein concentrations of the homogenates were estimated by Bradford dye binding method 

to normalize the glycogen content (nmol) per mg protein. A standard glucose plot was 

established to calculate the glycogen content, using a conversion factor of 180 g/mol free 

glucose = 162 g/mol glycosyl units of glycogen. The glycogen units are presented as mmol 

glycosyl unit/g wet tissue weight by considering the fact that protein content in the brain 

constitutes 11.7% of wet brain weight for consistency with our previous study (Shetty et al., 

2011), as well as numerous studies in the literature (Benzi et al., 1984; Choi et al., 2003; 

Gruetter et al., 1998; Zilberter et al., 2013). Statistical analysis performed on glycogen levels 

expressed as either glycosyl units nmol/mg protein or mmol/g of wet brain weight has given 

comparable results.

3. Results

3.1. Effects of age on susceptibility to moderate glucose deprivation

Slices were incubated for a minimum of 3 hours before physiological experimentation to 

allow for adequate recovery of astrocytic glycogen stores (see the following). We then 

exposed hippocampal slices to moderate glucose deprivation (2.5 mM glucose) for 40 

minutes, allowing slices to recover in 10 mM glucose buffer for an additional 40 minutes. 

Exposure to 2.5 mM glucose buffer resulted in an acute suppression of fEPSP amplitudes in 

all 4 age groups (Fig. 1B and C), but evoked potentials were partially maintained (Sadgrove 

et al., 2007). Hippocampal slices of rats from different age groups showed a similar 

reduction in fEPSP amplitude after 40 minutes of 2.5 mM glucose (about 80%, Fig. 1B). 

However, synaptic responses in slices obtained from older rats (12–20 months and >22 

months) appeared to be more sensitive to glucose deprivation compared with the younger 

age groups. The amplitude of the fEPSPs decreased to 50% of baseline values in 9.9 ± 1.7 

minutes and 11.2 ± 1.1 minutes in 12–20 months and >22 months old rats, respectively, 

significantly faster than in younger animals: 18.3 ± 2.5 minutes in 1–2 months and 18.1 ± 

2.3 minutes in 3–6 months (Fig. 1B). The suppression of fEPSP caused by glucose 

deprivation was completely reversible after reintroducing 10 mM glucose to the perfusion 

buffer; the fEPSP values recovered rapidly to baseline values in all 4 age groups (Fig. 1B).
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3.2. Tissue Po2 levels during moderate glucose deprivation

The Po2 was measured at the nadir of oxygen tension (200–250 mm depth from the surface) 

within each slice. In control slices, tissue Po2 levels averaged 270.9 ± 20 mm Hg and 280 ± 

10 mm Hg in 1–2 months and 3–6 months rats, respectively and were significantly higher in 

hippocampal slices of older rats: 350 ± 22 mm Hg and 348 ± 10 mm Hg in 12–20 months 

and >22 months rats, respectively (p < 0.05 vs. 1–2 months after 1-way analysis of variance 

(ANOVA) followed by Tukey multiple comparisons test), suggesting an overall decline in 

oxidative metabolism and oxygen utilization within the older slices (Foster et al., 2005). 

Tissue Po2 levels remained stable during at least 10 minutes baseline recording in 10 mM 

glucose buffer but decreased significantly at the onset of 2.5 mM glucose condition, by 22.1 

± 5.8 mm Hg (p < 0.05 paired t test baseline vs. 2.5 glucose at 10 minutes) indicating an 

enhanced rate of oxygen utilization (Fig. 1D). This rapid oxygen decrease from the baseline 

is shown in Fig. 1D and E. This metabolic switch to enhanced oxidative metabolism is likely 

because of more pyruvate entering the TCA cycle to prevent ATP loss during limited 

glucose supply, with a relative reduction in aerobic glycolysis (Swerdlow et al., 2013). In 

hippocampal slices from young adult and adult rats, the net drop in tissue Po2 normally 

persisted for the duration of the moderate glucose deprivation, then at 40 minutes on 

reintroduction of 10 mM glucose buffer, Po2 rapidly returned to baseline levels, with a net 

increase of Po2 of 25.2 ± 4.1 mm Hg (Fig. 1D and E). It should also be noted that during 40 

minutes of 2.5 mM glucose condition the fEPSP was not fully suppressed in any age group 

and neuronal demand for substrate was maintained, although lessened by the substrate 

reduction.

In hippocampal slices from aging and senescent rats, the initial decrease of tissue Po2 was 

smaller, in particular in the older aged group: ΔPo2 at 10 minutes 13.2 ± 4.9 and 7.45 ± 2.25 

in 12–20 and >22 months, respectively (p < 0.05, 1–2 months vs. 22 months, 2-way 

ANOVA followed by Tukey multiple comparisons test) (Fig. 1D and E). In addition, in 

older tissue slices the initial increase in oxygen utilization did not persist and Po2 levels 

slowly returned to baseline values after approximately 25–40 minutes of glucose deprivation 

(Fig. 1D). Therefore, the ΔPo2 after 40 minutes (on restoration of 10 mM glucose) in aging 

rats was significantly smaller because of the progressive decline in oxygen utilization 

observed in slices from older animals (Fig. 1D and E).

To further investigate the relationship among tissue oxygen utilization, metabolic substrate 

availability, and local cellular metabolic demand, we also exposed slices of 1- to 2-month-

old rats to complete glucose deprivation (i.e., 0 mM glucose) (Fig. 2). Under these 

conditions, tissue oxygen levels initially declined below baseline levels (DPo2 at 10 minutes 

was 25.6 ± 5.2, n = 5), similar to the 2.5 mM glucose condition. However, after 17.5 ± 1.7 

minutes (n = 5) of exposure to zero glucose buffer, tissue Po2 levels drifted back to baseline 

levels, concurrent with the rapid decline of the fEPSP amplitude. Then, once the synaptic 

responses were completely suppressed (Fig. 2A) the Po2 rose above the baseline levels (Fig. 

2B), indicating a decline in oxygen utilization because of compromised cellular function and 

reduced metabolic demand (Shetty et al., 2012). In comparison with the 2.5 mM glucose 

condition, where the fEPSP was not fully suppressed and limited neuronal demand for 

substrate was maintained, the decline in oxygen utilization with aging is clearly more related 
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to changes in efficiency of oxidative metabolism rather than simply a decrease in metabolic 

demand.

3.3. NAD+/NADH redox state and total NAD(H) content during 2.5 mM glucose

The NAD+/NADH redox balance in neurons and astrocytes strongly depends on availability 

of both energy substrates (i.e., glucose and oxygen) and metabolic demand. Examining 

NADH levels can reveal age-dependent imbalances between NADH to NAD+ turnover 

through the electron transport chain and NADH generation via dehydrogenase activity. 

Therefore, we have monitored real time changes of NADH with fluorescence imaging 

during 40 minutes glucose deprivation (2.5 mM) and up to 40 minutes recovery. In slices 

incubated at 36 °C, there was a progressive, mild decline in the NADH baseline 

fluorescence over time in 10 mM glucose control buffer; therefore, NADH ΔF/Fb (change in 

fluorescence with respect to the baseline) for any experimental condition was compared with 

ΔF/Fb of control slices perfused with 10 mM glucose buffer for an equivalent amount of 

time. First, we have determined that ΔF/Fb over an average of 80 minutes recording was not 

significantly different in hippocampal slices from 1 to 2 months compared with rats >12 

months (DF/Fb at 40 minutes recording = −5.6 ± 0.8 and −4.8 ± 1.2 in 1–2 months and >12 

months rats, respectively, and at 80 minutes recording = −6.5 ± 1.0 and −7.7 ± 1.6 in 1–2 

months and >12 months rats, respectively; n = 4 slice per condition: p > 0.05; paired t test; 

>12 months rats vs. 1–2 months). Decreasing glucose from the control value of 10 mM–2.5 

mM for 40 minutes resulted in a significant decline of NADH fluorescence that was similar 

for all 4 age groups (Fig. 1A, F, and G) (DF/Fb = −20.5 ± 1.5 in 1–2 months, −19.1 ± 0.5 in 

3–6 months, −23.1 ± 1.2 for 2–20 months, and −21 ± 2.3, >22 months) (p > 0.05; 2.5 mM 

glucose vs. 10 mM glucose).

On the reintroduction of 10 mM glucose, NADH fluorescence recovered toward baseline 

levels and reached maximum recovery after approximately 12 minutes, and then NADH 

fluorescence levels remained stable for the rest of the recording period, which was extended 

to 40 minutes (Fig. 1F and G). In 1–2 months and 3–6 months tissue slices, NADH 

fluorescence had recovered to ΔF/Fb = −9.54% ± 14.0% and −7.8% ± 0.08% of baseline 

levels (not different than the expected time-dependent change in control slices, see values 

previously mentioned), but a more limited recovery was observed in hippocampal slices 

from aging rats: ΔF/Fb = −13.8% ± 0.07% (12–20 months) and −14.5% ± 1.4% (>22 

months), respectively (Fig. 1G) (p < 0.05; 1–2 months vs. 12–20 months and >22 months; 1-

way ANOVA followed by Tukey multiple comparisons test).

Several factors can affect NADH fluorescence over a long period of recording time, 

including changes in the redox level as well as possible loss from the total NAD(H) pool. To 

further validate our findings, we have performed direct measurements of tissue level using 

biochemical analysis of NAD+ and NADH separately to estimate changes in the NAD+ to 

NADH ratio and total NAD(H) in acutely isolated hippocampal slices (Fig. 3) collected at 

different time points before, during, and after exposure to moderate glucose deprivation. For 

these measurements, we directly compared changes in the NAD+ to NADH ratio and total 

NAD(H) between 1–2 months rats and rats >12 months, as the diminished NADH 

fluorescence recovery after glucose deprivation was observed in both 12–20 and >22-month-

Galeffi et al. Page 8

Neurobiol Aging. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



old rats. The total level of NAD(H) in slices maintained at 36 °C for at least 2 hours were 

similar in young and aged rats before the insult: (145.5 ± 16.2 nmol and 153.3 ±16.7 

nmol/100 mg of protein in young and aged rats, respectively) and remained stable after 40 

minutes of moderate glucose deprivation and subsequent recovery in both young and aged 

rats: (138.2 ± 16 nmol and 138.7 ± 14.47 nmol/100 mg of protein in young and aged rats, 

respectively) (Fig. 3A). Thus, there was no net loss of NAD+ from the tissue under these 

conditions.

The average NAD+/NADH ratio in control slices incubated in 10 mM glucose buffer was 

7.9 ± 1.1 for hippocampal slices from young adult (1–2 months) and for aging rats (>12 

months) 6.5 ±0.6, respectively. These values were consistent with slice measurements 

reported by Garofalo et al. (1988) under similar experimental conditions. Similar to the 

NADH imaging, exposure to 40 minutes 2.5 mM glucose deprivation resulted in a 

significant shift of the redox state toward oxidation: the NAD+/NADH ratio increased to 

20.9 ± 4.1 and 17.3 ± 2.2 in hippocampal slices from young adult and aging rats, 

respectively (p < 0.01 and p < 0.05; 2.5 mM glucose vs. control; 1–2 months and >12 mo, 

respectively). However, after 40 minutes recovery in 10 mM glucose the NAD+/NADH ratio 

was restored to control levels in the young age group (7.3 ± 2.3, 1–2 months), whereas the 

older groups did not recover completely (11.9 ± 2.4, >12 months) (p < 0.001 and p > 0.05; 

recovery vs. 2.5 mM glucose, 1–2 months and >12 months, respectively, 2-way ANOVA 

followed by Turkey multiple comparisons test) (Fig. 3B). These finding confirmed the 

observations made with NADH imaging analysis that suggested limited recovery of NADH 

with aging after the metabolic challenge.

3.4. Age-related increase of glycogen turnover in hippocampal slices during low glucose

Glycogen stored in astrocytes can provide energy to support neuronal homeostasis during 

glucose deprivation (Shetty et al., 2012). Specifically, investigators have hypothesized that 

lactate or pyruvate derived from glycogen metabolism can be shuttled to neurons to support 

oxidative metabolism (Tekkok et al., 2005). Therefore, we investigated age-related changes 

of glycogen levels and turnover during low-glucose conditions in relationship to the 

enhanced vulnerability of aging brain tissue to glucose deprivation.

First, we measured glycogen levels under control conditions in the intact hippocampus and 

hippocampal slices at different time points after preparation, as well as after exposure to 

moderate glucose deprivation. Glycogen levels measured in intact hippocampal tissue were 

not significantly different between “young adult,” “older adult,” and “senescent” rats: 9.17 ± 

0.42, 7.92 ± 0.46, 7.94 ± 0.25 (mmol/g) in 1–2 months, 12–20 months, and >22 months old, 

respectively (p = 0.105, 1-way ANOVA followed by Tukey multiple comparisons test) (Fig. 

4A). Consistent with previous observations (Abdelmalik et al., 2008; Shetty et al., 2012), 

tissue glycogen levels declined immediately following slice preparation due to rapid 

glycogenolysis, and continued to drop during the first hr of incubation. Then, glycogen 

levels began to recover toward control values during continuous incubation at 32 °C with 10 

mM glucose buffer (Fig. 4B). Immediately after slicing, glycogen levels at time 0 (Fig. 4B) 

were overall lower than those from the intact hippocampus for all the age groups but very 

low in slices from 12 to 20 months and >22 months animals, compared with the younger age 
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group: 6.43 ± 0.52 for 1–2 months old versus 4.46 ± 0.27 12–20 months, and 4.65 ± 0.18 

>22 months (mmol/g), respectively (p < 0.01, 1-way ANOVA followed by Tukey multiple 

comparisons test). In addition, the rate of glycogen recovery over hours was slower in the 

slices from older animals, although glycogen levels did eventually recover to near their 

initial control values in all the age groups by 4 hours of incubation at 32 °C (Fig. 4B).

During moderate glucose deprivation (2.5 mM glucose), glycogen levels remained stable in 

hippocampal slices of young adult rats (1–2 months and 3–6 months; Fig. 4C) up to 60 

minutes after the beginning of the insult. In contrast, slices from the older age groups 

demonstrated a net decrease in glycogen levels during moderate glucose deprivation; 

although not significantly different from baseline levels in 3–6 and 12–20 months 

hippocampal slices, there was trend toward a decrease. There was a significant drop of 

glycogen in >22 months rats to 60% control levels after 60 minutes (Fig. 4C). Thus, the 

aged-tissue slices showed enhanced glycogen utilization during the moderate glucose 

deprivation compared with the younger tissue slices.

3.5. Lactate supplementation

Metabolic substrates other than glucose can be utilized in the brain for energy production. In 

particular, lactate has been suggested as an alternate brain fuel under certain conditions, 

especially during hypoglycemia, as a critical glycogen derived substrate (Herzog et al., 

2013; Seaquist and Oz, 2013). Therefore, we have evaluated whether supplementation with 

lactate could help maintain oxidative metabolism and neuronal activity during moderate 

glucose deprivation. Lactate (20 mM, slightly above an equicaloric concentration of 10 mM 

glucose) (Galeffi et al., 2007; Schurr et al., 1997) was incubated with the hippocampal slices 

5 minutes before and during 40 minutes exposure to glucose deprivation (2.5 mM). 

Supplementation of low-glucose buffer with sodium lactate significantly prevented the 

depression of the fEPSP amplitude (Fig. 5A and D). In some experiments, addition of lactate 

before 2.5 mM glucose deprivation led to transient depression of the fEPSP amplitude to 

approximately 50% of baseline, which then recovered nearly to approximately 90% by the 

end of the glucose deprivation period, in all 4 age groups (Fig. 5A and D).

Lactate supplementation enhanced oxygen utilization early during 5 minutes of 

preincubation, even in the presence of 10 mM glucose (Fig. 5B and E), consistent with the 

previous observation that lactate supplementation decreases the rate of glucose uptake and 

alters metabolism with a shift toward enhanced oxidative metabolism (McKenna, 2012). In 

the presence of excess lactate, enhanced oxygen utilization was maintained throughout the 

exposure to low glucose, even in the aged slices. In the presence of the exogenous lactate, 

the ΔPo2 values recorded at both 10 and 40 minutes into the low-glucose condition were 

similar in all 4 age groups (Fig. 5 E).

Lactate supplementation enhanced NADH fluorescence early during 5 minutes of 

preincubation, even in the presence of 10 mM glucose. During 2.5 mM glucose buffer, 

lactate also significantly prevented the decline in NADH fluorescence compared with 

hippocampal slices exposed to 2.5 mM glucose alone, in a similar manner in all 4 age 

groups (Fig. 5C and F). After 40 minutes exposure to low glucose, in the presence of lactate 

the mean NADH decrease was ΔF/Fb = −4.6% ± 1.2% in 1–2 months slices, −7.3% ± 0.9% 
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in 12–20 months slices, and −4.8% ± 1% in >22 months slices (p < 0.001; 2.5 mM glucose + 

lactate vs. 2.5 mM glucose: 2-way ANOVA followed by Sidak multiple comparisons test; 

data are mean ± SEM, n = 5).

4. Discussion

Exposure to even mild hypoglycemia causes electroencephalogram abnormalities (Cox and 

Bachelard, 1982) and cognitive dysfunction (Deary et al., 2003), under conditions where 

ATP and phosphocreatine are maintained at normal levels (Cox and Bachelard, 1982; Ghajar 

et al., 1982). Transient suppression of neuronal activity in the hippocampus and other 

vulnerable brain regions in response to hypoglycemia can impair performance on complex 

tasks and affect simple daily activity (Deary et al., 2003). Although autonomic responses to 

hypoglycemia are triggered at higher glucose levels in young adults compared with aged 

individuals, allowing for earlier recognition of low glucose and faster self-treatment, 

neurologic function (i.e., reaction time) deteriorates faster and to a greater degree in older 

individuals (Matyka et al., 1997). For example, reaction time deteriorated at higher low 

glucose blood levels in older men, at 3.0 ±0.1 mM, versus 2.6 ± 0.1 mM in younger men, 

indicating enhanced susceptibility to neuronal dysfunction during even moderate 

hypoglycemia (Matyka et al., 1997).

Consistent with these observations in vivo, results from our experiments, together with 

previous observations using hippocampal slices (Tekkök et al., 1998), have confirmed a 

significant age-dependent increase of brain tissue vulnerability to glucose deprivation, with 

a faster decline of synaptic activity, enhanced glycogen utilization, and fatigue of oxidative 

metabolism with the sustained low glucose. Similar to our results, Tekkök et al. (1998) 

specifically showed that hippocampal slices from 12-month-old control rats demonstrated a 

reduced time to transmission block in glucose-free ASCF of 11 minutes, versus 23 minutes 

in 4-month-old rats (Tekkök et al., 1998). However, in the present study synaptic responses 

were not completely suppressed over the 40 minutes of 2.5 mM glucose exposure, 

suggesting that energy substrates (such as ATP) were not fully depleted.

Tissue oxygen levels rapidly declined at the onset of the low-glucose condition, indicating 

increased oxygen utilization (Galeffi et al., 2011). This initial switch to enhanced oxidative 

metabolism indicates that in the presence of sufficient oxygen neuronal and glial metabolism 

can rapidly adapt to changes in glucose availability, to maintain stable ATP levels and 

neuronal activity. But, when glucose drops to a very low level and neuronal activity 

becomes completely suppressed (Nehlig, 1997), the tissue oxygen levels rise above the 

baseline because of severe loss of metabolic demand (Fig. 2B). Analogous to our findings, a 

previous study using XF24 flux analyzer (Seahorse) demonstrated that oxygen utilization is 

dependent on glucose availability, by showing a 25% increase in oxygen utilization when 

glucose concentration was reduced from 10 mM to 2.5 mM in neuroblastoma cells 

(Swerdlow et al., 2013). These authors concluded that under constant energy demand 

pyruvate generated from glycolysis may be preferentially diverted from lactic acid 

production and into the TCA cycle in mitochondria, to generate reducing equivalents 

sufficient to sustain oxidative phosphorylation.
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The pyruvate dehydrogenase/pyruvate dehydrogenase kinase system (PDH/PDK) system is 

a key regulator of mitochondrial activity, particularly in response to levels of NAD+/NADH 

and ADP/ATP in the central nervous system (Patel et al., 2014). Therefore, an increase in 

NAD+ and ADP levels in response to lowered glucose can inhibit PDK, which rapidly 

activates PDH activity and facilitates pyruvate entry into the TCA cycle; this shift can 

generate reducing equivalents sufficient to sustain oxidative phosphorylation and preserve 

energy high energy substrates until carbohydrate stores are exhausted (Ghajar et al., 1982; 

Nehlig, 1997). Consistent with this hypothesis investigators have reported both an increase 

in brain PDH activity in response to hypoglycemia induced by injection of insulin in mice 

(Jope and Blass, 1976), as well as rats (Cardell et al., 1991) and a progressive decrease in 

extracellular lactate levels in brain tissue (Galeffi and Turner, unpublished observations).

Interestingly, although the initial tissue oxygen decrease was similar in both young and aged 

tissue slices, the young tissue slices may show more efficient oxidative metabolism because 

the oxygen decrease (and heightened oxidative metabolism) is maintained throughout the 

entire period of 2.5 mM glucose, whereas aging brain tissue showed a progressive fading of 

oxygen utilization during the low-glucose condition, in spite of relative preservation of 

fEPSP. Several factors can lead to the progressive decline in oxygen utilization in aging 

tissue during energetic challenges. For example, investigators have found that PDH activity 

is reduced with aging in both 12 and 24 months old rats (Zhou et al., 2009); this decrease 

was associated with an enhanced expression of brain specific isoform PDK2 (which inhibits 

PDH activity), leading to phosphorylation of PDH1a regulatory subunit. This finding 

indicates that increased phosphorylation of PDH by PDK2 with aging (Zhou et al., 2009) 

may limit the ability of the brain to adapt to energetic challenges, such as low glucose, for 

sufficient ATP production to meet metabolic demand.

During the low-glucose condition with intact oxygen availability, the NAD+/NADH redox 

ratio increased significantly, because of oxidation of available mitochondrial NADH to 

NAD+ in the electron transport chain and limited substrate availability for NADH 

regeneration (Bryan and Jobsis, 1986; Sadgrove et al., 2007). Interestingly, we have found 

that the shift of NAD+/NADH toward oxidation was similar in slices of young and aging rats 

despite the lower oxygen utilization in aging rats compared with younger rats during 

moderate glucose deprivation.

Changes in NADH fluorescence or NAD+/NADH represent only the net balance between 

NADH oxidation and NAD+ reduction in the cytosol during glycolysis and mitochondria 

TCA cycle, rather than the absolute oxidative capacity of mitochondria (Turner et al., 2007). 

Therefore, NADH dynamics and tissue oxygen utilization are not always correlated (Galeffi 

et al., 2011). Likely with aging, a decreased ability to regenerate NADH contributes to a 

shift of the NAD+/NADH toward oxidation (Ghosh et al., 2012) leading to a lower NADH 

level despite a slow decrease in the rate of oxygen utilization observed here. Using 

combined 13 C/1H magnetic resonance spectroscopy with infusions of [1–13C] glucose and 

[2–13C] acetate, investigators have found that neuronal TCA metabolism was 30% lower in 

elderly subjects compared with young subjects (Boumezbeur et al., 2009). Here, the limited 

recovery of NADH after reintroduction of 10 mM glucose is consistent with these 
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observations and confirms that in aging rat tissue the ability to regenerate NADH is 

significantly compromised (Ghosh et al., 2014).

Glycogen utilization is crucial to delay synaptic failure during severe glucose deprivation 

(Shetty et al., 2011), and glycogen levels drop rapidly when fEPSP becomes completely 

suppressed. However, in the presence of normal glucose, balanced glycogen metabolism, 

and glycolysis are coactivated (Hertz et al., 2007) to support energy requiring processes 

associated with synaptic activity in astrocytes as well as neurons. Particularly at times of low 

energy charge (i.e., intense neuronal activation and low glucose conditions), glycogen-

derived glucose-6-phosphate can directly fuel glycolysis without the initial ATP expenditure 

required for the utilization of glucose imported from the extracellular compartment to 

generate glucose 6-phosphate.

Our finding in young hippocampal tissue that glycogen levels recovered quickly after slicing 

and remained stable during moderate glucose deprivation indicates that under these 

conditions there is sufficient ATP and extracellular glucose to support glycogen recycling in 

astrocytes. In contrast, in aging hippocampal tissue, we have found enhanced glycogen 

turnover after slicing and during moderate glucose deprivation, suggesting that substrate 

utilization is increased to compensate for mitochondrial dysfunction and inefficient 

oxidative metabolism. Consistent with our observations, 12- and 24-month-old rats 

experience a higher glucose drop within the brain during hypoglycemia in vivo (Benzi et al., 

1984). These investigators have also reported that during recovery from hypoglycemia both 

glycogen stores and ATP levels showed diminished recovery in older brains. Therefore, in 

aging rats during low glucose there is both inefficient ATP production and higher glucose 

demand, which together impair glycogen synthesis, increase glycogenolysis, and lead to a 

net drop of glycogen stores.

In addition, investigators have proposed that lactate derived from glycogen in astrocytes is 

extruded into the extracellular space, where it can be used by neurons, therefore providing 

additional substrate to support neuronal function especially during low-glucose condition 

(Pellerin et al., 2007). Lactate levels in the brain can increase significantly as a result of 

stimulation and glycogenolysis (Itoh et al., 2003), and under this condition, lactate 

metabolism can support neuronal function. Furthermore, most of the lactate release was 

from astrocytes, but under conditions of mitochondrial antagonism (with the mitochondrial 

poison dinitrophenol), neurons can also release lactate (Walz and Mukerji, 1988). With 

aging, metabolism of glycogen and glycogen-derived lactate, although key in preventing 

further deregulation of neuronal homeostasis (Shetty et al., 2012) appears to be insufficient 

to fully compensate for energy deficits and to fully support oxidative metabolism, as 

evidenced by the faster decrease in fEPSP and oxygen utilization during low glucose.

In the presence of excess lactate during normal glucose conditions, we recorded a transient 

net shift of the redox state toward increased NADH fluorescence in all 4 age groups. 

Because both glucose and lactate compete for NAD+ in the cytosol high extracellular lactate 

levels will likely inhibit the glyceraldehyde3-phosphate dehydrogenase step in glycolysis. 

However, a reduced redox state in mitochondria will increase NADH turnover at complex I 

and increase oxygen utilization (Wilson et al., 1979), which will rapidly regenerate NAD+ 
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(Cerdán et al., 2006) necessary for glucose and lactate metabolism in the cytosol. This 

finding confirms previous observations reporting that neurons and astrocytes can actively 

oxidize glucose or lactate for energy depending on substrate availability and the metabolic 

state of the cell (McKenna et al., 1994), and that glucose consumption in neural cells can be 

modulated by extracellular lactate concentration (Cerdán et al., 2006; Garcia-Espinosa et al., 

2004). Note that, during lactate supplementation lactate levels in the extracellular fluid are 

well above lactate levels the brain in vivo, ranging from 1 to 2 mmol/L (Hertz et al., 2007).

Interestingly, lactate supplementation increases the rate of oxygen utilization and supports 

neuronal function during glucose deprivation in all age groups, possibly as a shift away from 

baseline glycolytic activity. This finding is somehow surprising, because aging individuals 

often demonstrate higher lactate levels in the brain because of mitochondrial dysfunction 

and decreased oxidative metabolism, possibly as a compensation mechanism with increased 

glycolysis (Ross et al., 2010). Although the aging brain may not tolerate additional lactate 

supplementation because of already higher levels, some investigators have hypothesized that 

lactate addition may exert different effects depending on the time of administration relative 

to the insult and the metabolic state of the cell (Berthet et al., 2009).

We propose that during euglycemic conditions long term exposure to high lactate levels may 

not be desirable (especially in aging tissue), whereas during hypoglycemia changes in the 

metabolic state in the brain (i.e., a net NAD+/NADH redox shift toward oxidation) may 

facilitate lactate metabolism. Therefore, lactate supplementation under this condition can 

offset energy failure and support neuronal function. Lactate metabolism both at cytosolic 

level (with conversion to pyruvate via lactate dehydrogenase then reducing equivalents 

transferred to the mitochondria via the malate-aspartate shuttle) as well as at the 

mitochondrial level (with enhanced pyruvate oxidation in the tricarboxylic acid cycle) can 

help correct the relative deficit in NADH formation, especially in aging rats and maintain 

electron flow and offset energy deficit.
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Fig. 1. 
Effect of moderate glucose deprivation (2.5 mM) on field excitatory post-synaptic 

potentials, NADH fluorescence, and tissue Po2 n the CA1 region of hippocampal slices, at 4 

different ages across the life span. (A) The top left shows an unsubtracted camera image of 

the hippocampal CA1 region. The recording electrode is positioned next to the oxygen 

sensor, indicated by the white asterisk. Scale bar = 500 mm. The imaging region of interest 

(ROI; a white rectangle) is positioned in the stratum radiatum between the stimulating and 

recording electrode. The stratum pyramidale (SP), the stratum oriens (SO), and stratum 

radiatum (SR) are also indicated. Next are a series of pseudocolor images of NADH 

fluorescence at different times during and after exposure to 2.5 mM glucose in hippocampal 

slices exposed to 95% O2. Low-glucose conditions resulted in a decline of NADH 

fluorescence because of a decrease in substrate availability (at 11.5 minutes). Then NADH 

fluorescence starts to recovers toward baseline levels after the slices were returned to the 

control buffer (after 40 minutes). (B) Mean time-course of fEPSP amplitudes during 40 

minutes low glucose (2.5 mM) condition and recovery. (C) Data summary: in hippocampal 

slices obtained from 12- to20-month-old rats fEPSP amplitudes declined significantly earlier 

compared with 1- to 2-month-old rats (*p < 0.05 vs. 1–2 months; 1-way ANOVA followed 

by Tukey multiple comparisons test). Data are the mean ± SEM of 10, 5, 5, and 7 slices/

condition in 1–2, 3-6, 12-20, and >22 months rats, respectively. (D) Mean time-course of 

tissue Po2 during 40 minutes low-glucose (2.5 mM) condition and recovery. (E) Data 

summary of tissue Po2 decline at 10 and 40 minutes after glucose deprivation (*p < 0.05 and 

***p < 0.001 vs. 1–2 months; 2-way ANOVA followed by Tukey multiple comparisons 

test). Data are the mean ± SEM of 6, 3, 4, and 5 slices/condition in 1–2, 3–6, 12–20, and >22 

months rats, respectively. (F) Averaged traces of NADH fluorescence changes over time. 
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(G) Data summary: changes of NADH fluorescence from baseline were calculated 30 

minutes after recovery in control buffer (10 mM glucose). In hippocampal slices obtained 

from 12 to 20 and >22 months old rats NADH levels remain lower than in younger rats (*p 

< 0.05 vs. 1–2 months; 1-way ANOVA followed by Tukey multiple comparisons test). Data 

are the mean ± SEM of 9, 5, 9, and 6 slices/condition in 1–2, 3–6, 12–20, and >22 months 

rats, respectively. The gray dotted line indicates average NADH fluorescence changes ± 

SEM in control slices at equivalent time. Abbreviations: ANOVA, analysis of variance; 

fEPSP, field excitatory postsynaptic potential; SEM, standard error of the mean. (For 

interpretation of the references to color in this Figure, the reader is referred to the web 

version of this article.)
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Fig. 2. 
Representative traces of 1 experiment of glucose deprivation (0 mM) in a young slice (1–2 

months of age), showing fEPSP amplitude (A), NADH fluorescence (B), and tissue Po2 (C). 

Severe glucose deprivation results in the eventual complete suppression of fEPSP (A) and a 

severe decline of NADH fluorescence. Tissue Po2 decreased immediately on onset of the 

low-glucose condition because of a moderate increase in oxygen utilization. But, with the 

severe substrate deprivation both oxygen utilization and metabolic demand declined as the 

fEPSP failed. Abbreviation: fEPSP, field excitatory postsynaptic potential.
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Fig. 3. 
Effect of glucose deprivation (2.5 mM) on total NAD(H) content (A) and the NAD+/NADH 

ratio (B) in hippocampal slices of young adult (1–2 months) and aging rats (12–20, and >22 

months). (A) Total NAD(H) content remained stable in hippocampal slices after 40 minutes 

2.5 mM glucose condition and 40 minutes 10 mM glucose recovery. (B) The NAD+/NADH 

ratio increased significantly after moderate glucose deprivation (2.5 mM) but recovered 

completely after 40 minutes of 10 mM glucose in young slices. In contrast, the NAD+/

NADH ratio remained relatively oxidized in hippocampal slices from aging rats after return 

to 10 mM glucose compared with the control levels (*p < 0.05, **p < 0.01; GD vs. 

control. ###p <0.01; recovery vs. GD; 2-way ANOVA followed by Sidak multiple 

comparisons test, n = 6 [young] and 5 [aging]).
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Fig. 4. 
Age-dependent changes in glycogen storage in intact hippocampi and hippocampal slices. 

(A) Glycogen levels were comparable in intact hippocampus in the 4 age groups. (B) 

Glycogen content in hippocampal slices at different time points after slice preparation. After 

preparation slices were kept at room temperature during the first hour of recovery and then 

transferred to ACSF maintained at 32 ° C to allow further recovery of the glycogen stores. 

Data are mean ± SEM (n = 4), *p < 0.05, 12–20 months and >22 months versus 1–2 months. 

Two-way ANOVA followed by Tukey multiple comparisons test. (C) The utilization of 

glycogen stores is significantly enhanced during moderate glucose deprivation in aged 

hippocampal slices; comparing slices from 1 to 2, 3 to 6, 12 to 20, and >22 months rats after 

exposure to 2.5 mM glucose for 60 minutes and collected at different time. Data are the 

mean ± SEM values n =4. *p < 0.05; >22 months versus 1–2 months. Two-way ANOVA 

followed by Tukey multiple comparisons test. Abbreviations: ACSF, artificial cerebrospinal 

fluid; ANOVA, analysis of variance; SEM, standard error of the mean.
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Fig. 5. 
Lactate supplementation improves neuronal dysfunction induced by moderate glucose 

deprivation in hippocampal slices across the life span. (Left) Representative traces of fEPSP 

(A), NADH response (B), and tissue Po2 (C) recorded in hippocampal slices from12- to 20-

month-old animal exposed to 2.5 mM glucose with or without (±) lactate 20 mM. (Right) 

Data summary: (D) lactate supplementation significantly prevented the suppression of 

fEPSP during low-glucose condition. (E) Lactate increased the rate of oxygen utilization (F) 

and prevented the decline of NADH fluorescence in aging rats. (*p < 0.05, ***p < 0.001; 

2.5 mM glucose + lactate vs. 2.5 mM glucose; 2-way ANOVA followed by Sidak multiple 

comparisons test; data are mean ± SEM [n = 5]). Abbreviations: ANOVA, analysis of 

variance; fEPSP, field excitatory postsynaptic potential; SEM, standard error of the mean.
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