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Abstract

The astrocyte-neuron lactate shuttle (ANLS) is an essential metabolic support system that uptakes 

glucose, stores it as glycogen in astrocytes, and provides glycogen-derived lactate for axonal 

function. Aging intrinsically increases the vulnerability of white matter (WM) to injury. Therefore, 

we investigated the regulation of this shuttle to understand vascular-glial metabolic coupling to 

support axonal function during aging in two different WM tracts. Aging astrocytes displayed 

larger cell bodies and thicker horizontal processes in contrast to thinner vertically oriented 

processes of young astrocytes. Aging axons recovered less following aglycemia in mouse optic 

nerves (MONs) compared to young axons, although providing lactate during aglycemia equally 

supported young and aging axonal function. Incubating MONs in high glucose to upregulate 

glycogen stores in astrocytes delayed loss of function during aglycemia and improved recovery 

in both young and aging axons. Providing lactate during recovery from aglycemia unmasked 

a metabolic switch from glucose to lactate in aging axons. Young and aging corpus callosum 

consisting of a mixture of myelinated and unmyelinated axons sustained their function fully when 

lactate was available during aglycemia and surprisingly showed a greater resilience to aglycemia 

compared to fully myelinated axons of optic nerve. We conclude that lactate is a universal 

substrate for axons independent of their myelination content and age.
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1. Introduction

White matter (WM) is specialized in structure and function to coordinate their cellular 

components and electrically-active axons with their supporting glial cells to respond 

to metabolic challenges. Interestingly, studies over the past 20 years have unraveled 

mechanisms exclusive to the central nervous system (CNS) where astrocytic end-feet 

enwrapping capillaries contribute to the structure and function of the blood-brain barrier 

(BBB) (Andriezen, 1893; Cajal, 1909; Peters and Palay, 1991) and also specialize in 

supporting axonal function. Perivascular astrocytic end-feet take up glucose via glucose 

transporter 1 (GLUT 1) to actively regulate glycogen stores such that high ambient glucose 

upregulates glycogen and low levels of glucose deplete glycogen stores (Bastian et al., 2019; 

Brown et al., 2003b; Tekkok et al., 2005). A rapid breakdown of glycogen into lactate 

during increased neuronal activity or under low glucose conditions becomes essential for 

maintaining axonal function (Dringen and Hamprecht, 1993; Magistretti et al., 1993). This 

process was first proposed by Pellerin and Magistretti in 1994 (Magistretti et al., 1994) and 

was named the Astrocyte-Neuron Lactate Shuttle (ANLS) to accurately describe metabolic 

support between astrocytes and neurons (Fig. 1).

Lactate is an energetically-favorable substrate for neurons because of their high cellular 

activity, as it is able to circumvent the energetic costs involved in the early steps of 

glycolysis, entering the tricarboxylic acid cycle after its conversion to pyruvate (Bolanos 

et al., 2010). Therefore, neurons can even opt to import lactate over glucose when both 

are available (Bouzier-Sore et al., 2006), perhaps pertaining to the role of lactate in 

maintaining synaptic activity in neurons (Schurr et al., 1988). Further studies supporting 

the unidirectional transport of lactate confirmed cell-specific monocarboxylate transporter 

(MCT) expression, generally MCT1 in astrocytes to extrude lactate to the extracellular 

space and MCT2 on axons to pick up lactate (Broer et al., 1997; Poole et al., 1996) 

(Deitmer et al., 2019; Ferguson et al., 2018). Astrocytes are the storehouses for glycogen 

in the CNS (Cataldo and Broadwell, 1986; Magistretti et al., 1993; Peters and Palay, 

1991); when compared to neurons, astrocytes exhibit a higher rate of glycolysis and thus 

can synthesize more lactate (Amaral et al., 2011; Walz and Mukerji, 1988). In addition, 

enzymes of glycolysis (Halim et al., 2010; Herrero-Mendez et al., 2009; Itoh et al., 

2003), glycogen metabolism (Pellegri et al., 1996; Pfeiffer-Guglielmi et al., 2003), and 

low levels of malate-aspartate shuttle activity (Berkich et al., 2007; Ramos and Colquhoun, 

2003) provide necessary machinery for lactate production from glycogen in astrocytes. The 

glycogen content in astrocytes directly correlates to the ability of axons to sustain function, 

and aglycemia leads to axonal failure due to rapid degradation of glycogen stores (Brown 

et al., 2003a). Expectedly, providing lactate during aglycemia preserves axonal function 

(Tekkok et al., 2005). Thus, astrocytic glycogen is dynamically regulated and is crucial for 

supplying energy to axons under both pathological and physiological conditions.
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Axons, together with their mitochondria and associated myelin, undergo prominent 

structural and functional changes with aging and become more vulnerable to metabolic 

insults such as ischemia (Baltan, 2014; Stahon et al., 2016). Aging has been shown 

to cause prominent changes in astrocytes (Fabricius et al., 2013; Lindsey et al., 1979); 

therefore, it is plausible that aging astrocytes fail to perform their role in the ANLS and 

that this impaired astrocyte-axon metabolic interaction renders WM vulnerable to energy 

deprivation. The neurovascular unit (NVU) is an intricate structure composed of neurons, 

astrocytes, microglia, oligodendrocytes, endothelial cells, pericytes, smooth muscle cells, 

and brain-specific extracellular matrix (ECM). Astrocytes are strategic members of the 

NVU, as they pick up vascular glucose either to store as glycogen for conversion to lactate 

or convert it to lactate instantly to support axonal function when there is increased activity 

or when glucose is low/absent. Therefore, the ANLS is an important example of astrocyte-

axon metabolic coupling while connecting the NVU to brain metabolism and function. 

Oligodendrocytes are another critical member which also utilizes both glucose and lactate as 

a source of energy (Sanchez-Abarca et al., 2001). Furthermore, compelling evidence shows 

that oligodendrocytes also deliver lactate to axons, establishing an oligodendrocyte-axon 

lactate metabolic coupling to show how white matter components cooperate to sustain NVU 

(Saab et al., 2016). Impairment of the oligodendrocyte-axon lactate shuttle is proposed to 

contribute to chronic demyelinating and psychiatric diseases (Nave and Ehrenreich, 2014). 

Endothelial cells as part of the BBB express MCT1 in luminal and abluminal surfaces 

(Bergersen, 2015; Pellerin et al., 1998). Under physiological conditions, astrocytes produce 

and release lactate in the extracellular matrix but in order to maintain low extracellular 

levels, excess lactate is transferred into the blood circulation through MCT-1 expressed 

at the surface of endothelial cells (Adijanto and Philp, 2012). The impact of aging on 

MCT1 expression, endothelial regulation of lactate, and oligodendrocyte-axon lactate shuttle 

efficiency are yet to be explored. To assess whether aging astrocytes sustain their role of 

providing lactate to neurons and whether glycogen-derived lactate differentially supports 

axons based on age and myelin content, we compared the axonal electrical response 

to aglycemia in mouse optic nerves (MONs), a pure myelinated WM tract, and corpus 

callosum (CC) slices. We show that aging axons become more vulnerable to the absence 

of glucose, although they can use lactate as an alternative fuel more efficiently than young 

axons. Aging astrocytes efficiently perform their role to regulate their glycogen stores and 

to provide lactate to support aging axonal function during aglycemia. Providing lactate 

during recovery from aglycemia reveals a metabolic switch from glucose to lactate in aging 

axons. Interestingly, CC axons show greater resilience to aglycemia and readily switch 

to lactate as an alternate substrate when glucose is not available. We conclude that the 

increased vulnerability of aging optic nerve axons to aglycemia is mainly due to a metabolic 

switch in axon energy metabolism, rather than the failure of aging astrocytes to support the 

ANLS. Lactate emerges as a universal alternative substrate buffer for young and aging axons 

independent of their myelination content.
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2. Materials and methods

2.1. Animals and chemicals

All experimental procedures were performed according to the principles of the Guide for the 

Care and Use of Laboratory Animals (National Association for Biomedical Research) and 

approved by The Institutional Animal Care and Use Committee (IACUC) of the Cleveland 

Clinic. Experimental procedures were performed and reported in compliance with the 

ARRIVE guidelines (Animal Research: Reporting In Vivo Experiments). All chemicals 

used for electrophysiology experiments were purchased from Millipore-Sigma (St. Louis, 

MO). C57BL/6 J adult male mice (2–3 months old, “young”; and 12 months old, “aging”) 

were purchased from Jackson Laboratory (USA) and housed in the Cleveland Clinic animal 

facility under a 12 h-light/dark cycle with food and water available ad libitum.

2.2. Electrophysiology and glucose deprivation

Electrophysiology experiments in mouse optic nerves (MON) (Baltan, 2014; Baltan et al., 

2018; Baltan et al., 2008; Baltan et al., 2013; Baltan et al., 2011b; Bastian et al., 2018a; 

Bastian et al., 2018b; Bastian et al., 2018c; Stahon et al., 2016) and corpus callosum slices 

(Baltan, 2006; Tekkok and Goldberg, 2001; Tekkok and Ransom, 2004) were performed 

as previously described (Tekkok and Goldberg, 2001). Briefly, animals were randomly 

picked and MONs were obtained from adult male C57BL/6 J mice at 2–3 months or 12 

months of age. Following CO2 asphyxiation of mice, MONs were freed from their dural 

sheaths, placed in a Haas top perfusion chamber (Harvard Apparatus, Holliston, MA), and 

superfused with artificial cerebrospinal fluid (ACSF) with the following composition (in 

mM): 124 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 23 NaHCO3, and 10 D-glucose, 

at 37 °C. MONs were allowed to equilibrate for at least 15 min in the recording chamber 

in normal ACSF before further experimentation, all performed at 37 °C. Glass suction 

electrodes filled with ACSF were used for stimulating (Isostim520; WPI, Sarasota, FL) and 

for recording compound action potentials (CAPs). The recording electrode was connected to 

an Axoclamp 900A amplifier (Molecular Devices, LLC, Sunnyvale, CA) and signals were 

amplified 20 or 50 times, filtered at 3 kHz, and acquired at 20–30 kHz (SR560, Stanford 

Research Systems, Sunnyvale, CA). Stimulus pulse strength (30 μs duration) was adjusted 

to evoke the maximum CAP possible and then increased another 25% for supra-maximal 

stimulation. During experiments, the supramaximal CAP was elicited every 30s.

For corpus callosum (CC) slice electrophysiology experiments, male C57BL/6 J mice at 

2–3 months (young) or 12 month of age (aging), were decapitated following deep CO2 

anesthesia, following which the brains were dissected out immediately into ice-cold ACSF 

oxygenated with a mixture of 95% O2/5% CO2. The whole brain was placed on the platform 

of the vibratome (Leica VT1000S, Buffalo Grove, IL) and 400-μm-thick coronal slices were 

cut. Only the slices (8–10/brain) in which the anatomical structure of the corpus callosum 

was visualized clearly were included in the experiments. Slices were allowed to stabilize for 

at least 2 h at room temperature (22–23 °C) before they were transferred to a Haas-type slice 

chamber (Harvard Apparatus, Holliston, MA) kept at 33–34 °C. CAPs across the corpus 

callosum were evoked by using a bipolar tungsten stimulation electrode (Microprobes, 

Bastian et al. Page 4

Exp Neurol. Author manuscript; available in PMC 2024 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gaithersburg, MD) and were recorded by an extracellular electrode filled with 2 M NaCl 

(Baltan, 2006; Tekkok and Goldberg, 2001; Tekkok and Ransom, 2004).

Aglycemia was induced by switching to a glucose-free ACSF (replaced with equimolar 

sucrose to maintain osmolarity). Following 60 min of aglycemia, ACSF was restored 

and CAPs were recorded for up to 5 h. Clampfit version 10.2 (Molecular Devices, LLC, 

Sunnyvale, CA) was used to measure the area under the CAP, which best represents the 

measure of the number of active axons (Baltan, 2014; Baltan et al., 2018; Baltan et al., 2008; 

Baltan et al., 2013; Baltan et al., 2011b; Bastian et al., 2018a; Bastian et al., 2018b; Bastian 

et al., 2018c; Stahon et al., 2016). Investigators were blinded to the groups. For comparing 

the CAP area between control and experimental groups, an average of 10 CAPs at baseline 

was measured. CAP areas from each experiment were normalized to baseline control levels 

for studying recovery after aglycemia. Experiments in the same group were pooled together, 

and the percentage of recovery was calculated in the normalized group’s time course. The 

recovery was monitored throughout and the recovery time point at the end of experiments 

was used for comparison between groups.

2.3. Immunohistochemistry

Immunohistochemistry (IHC) experiments were conducted by standard methods used 

routinely in our laboratory (Baltan, 2012; Baltan et al., 2011a; Baltan et al., 2011b; Bastian 

et al., 2018b; Bastian et al., 2018c; Murphy et al., 2014) with MONs collected after 5 

h following aglycemia. Briefly, MONs were perfusion-fixed (4% paraformaldehyde and 

0.025% glutaraldehyde) and cryosectioned. Sections of 16 μm thickness were blocked in 

5% normal goat/donkey (50% by volume) serum (Millipore Sigma, St-Louis, MO) and 

0.3% Triton X-100 (Millipore Sigma, St-Louis, MO) for 60 min at room temperature. 

Sections were then incubated in primary antibody against the glial fibrillary acidic protein 

(GFAP) overnight at 4 °C (rabbit, Immunostat Cat No. 22522; 1:15 dilution). Secondary 

antibodies used were donkey anti-rabbit Cy5 and anti-rabbit Cy3 (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA) prepared in 2% normal goat serum for 2 h. Nuclei of 

these permeabilized cells were counterstained using Sytox Green Stain (EMD Millipore, 

Cat. No. 57020; 1:25000 dilution).

2.4. Imaging and analysis

A Leica DMI6000 inverted confocal laser-scanning microscope (Buffalo Grove, IL) was 

used for digital image acquisition. Argon and He–Ne lasers were used to excite Sytox Green 

(488 nm line), Cy3 (543 nm line), and Cy5 (647 nm line). Two to three adjacent sections 

from each MON were imaged for a total of five areas of interest (AOI). A total of 10–16 

optical sections, each of 1 μm thickness at 1024 pixel by 1024 pixel size, were collected 

in the z-axis using a 40× (HCX APO, water immersion; numerical aperture, 0.80; Leica, 

Buffalo Grove, IL) objective lens under set gain, laser power, pinhole, and photomultiplier 

tube (PMT) settings for all groups.

2.5. Lactate concentration detection

Lactate-Glo™ Assay (Promega #J5021 Madison, WI) was used to detect lactate 

concentration according to the manufacture protocols. At the end of electrophysiology 
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experiments, MONs were flash-frozen with liquid nitrogen and stored at −80 °C until the 

day of experiment. A pair of MONs were homogenized (749540–0000 Pellet pestle motor, 

DWK Life Sciences, Millville, NJ) on ice in 75 μl of homogenization buffer (Promega 

#J5021 Madison, WI). A small aliquot was then centrifuged at 14,000 rpm for 10 min, 

the supernatant was collected, and the protein concentration was estimated using Qubit 

Protein Assays (ThermoFisher, Waltham, MA). Homogenized samples were diluted to 

approximately 25 μg protein in 50 μL of dilution buffer (Promega #J5021 Madison, WI). 

Samples were incubated with 50 μL of Lactate Detection Reagents for 60 min at room 

temperature protected from light. The lactate concentration was detected using luminescence 

reader (Spectramax iD3, Molecular Devices, San Jose, CA). All samples are done in 

triplicate.

2.6. Statistical analysis

All summarized data are presented as mean ± SD. Graphpad Prism version 5.0f (Graphpad 

Software, Inc., La Jolla, CA) was used for statistical analysis. The number of MONs or 

CC slices (n numbers) required for the study was estimated using power analysis (set at 

80% and α = 0.05). Data conform to normality as per the two-tailed Student’s t-tests (Figs. 

2D, 3B, D, 4B, C, E, F, 5B, D, 6E, G, H, 7E, H, G and 8B) or one-way ANOVAs with a 

Newman-Keuls post-hoc test (Fig. 4G and 5E) as appropriate. Differences were considered 

to be significant at p < 0.05. The p-values and significance values are indicated individually 

for each figure in the text.

3. Results

3.1. Aging WM is more vulnerable to aglycemia

The isolated optic nerve, which is a purely myelinated WM tract (Foster et al., 1982), 

has been an ideal ex vivo preparation to quantify axonal function using electrophysiology 

and to study WM cellular structure and cytoskeleton using immunohistochemistry and 

fluorescence imaging (Baltan, 2012; Baltan et al., 2011a; Baltan et al., 2008; Baltan et al., 

2011b; Bastian et al., 2018b; Bastian et al., 2018c; Murphy et al., 2014; Tekkok et al., 

2007). Moreover, the optic nerve is sensitive to the aging process (Cavallotti et al., 2003; 

Cavallotti et al., 2002), so it is useful for studying the effects of age on WM structure and 

function (Baltan, 2012; Baltan et al., 2008; Bastian et al., 2018b; Bastian et al., 2018c; 

Stahon et al., 2016). We evaluated the effects of aging on astrocytes in MONs obtained 

from 2-month-old and 12-month-old mice using immunohistochemistry and anti-GFAP 

antibody with confocal imaging. GFAP (+) astrocytes position themselves in a specific 

manner among myelinated axons. GFAP occupies about 15% of astrocytic volume and is 

present in large/proximal processes, while distal and fine peripheral processes are devoid 

of GFAP However, GFAP detection via immunohistochemistry is more prominent in white 

versus gray matter astrocytes and does label all astrocytic processes (Bushong et al., 2004). 

We urge the reader to keep in mind at all times that now on we refer to GFAP-stained 

processes as processes for simplicity. In young MONs, GFAP (+) astrocytes were small 

in size with thin processes extending vertically to parallel running axons (Fig. 2A, Young, 

green for GFAP (+) astrocytes). On the other hand, aging astrocytes that increase in body 

size had thicker and longer processes that ran parallel to the axons (Fig. 2A, Aging, compare 
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merged and zoomed images, yellow arrowheads indicate axonal run). The Sytox (+) nuclei 

(as pre permeabilization for IHC, all the nuclei) showed no change in size, but a decrease 

in number as previously reported (Baltan, 2014). To determine the extent to which these 

structural changes of aging astrocytes affect their performance in sustaining the ANLS, the 

effects of aglycemia on axonal function recovery were determined in MONs from 2-month-

old and 12-month-old mice. The functional integrity of MON axons was monitored by 

quantifying the area under CAPs evoked by a supramaximal stimulus. Note that aging axons 

displayed larger CAPs with prominent increases in amplitude and duration (Fig. 2B, Aging, 

red, baseline) compared to young axons (Fig. 2B, Young, green, baseline) as previously 

reported (Stahon et al., 2016). After a 30-min baseline recording, aglycemia was introduced 

by superfusing MONs in ACSF in which glucose (10 mM) was replaced with equimolar 

sucrose. The MONs were then superfused with glucose-containing ACSF for 5 h. The CAP 

area remained unchanged for ~30 min after the onset of aglycemia and then gradually 

diminished and completely disappeared in ~55 min. Note that it is the glycogen-derived 

lactate delivery by astrocytes that sustains axon function (Tekkok et al., 2005) and therefore 

glycogen levels regulate the duration of axon function during aglycemia (Brown et al., 

2003b; Tekkok et al., 2005). We further validated that loss of axon function coincided with 

complete loss of available lactate levels (Supplemental Fig. 1C). After aglycemia, the CAP 

area recovered to 36.7 ± 13.3% (n = 15) in young MONs (Fig. 2B, green traces (dashed line 

indicates baseline), 2C green time course, and 2D green dot plot). To evaluate whether aging 

axons become more vulnerable to reduced glucose availability, aging MONs (12 months 

old) were exposed to aglycemia (60 min) in a similar manner (Fig. 2B and C). CAP area 

in aging axons followed an identical time course of functional loss as young axon function 

during aglycemia, such that axon function was sustained for ~30 min before completely 

disappearing. However, the CAP area showed minimal recovery (13.3 ± 7%, n = 10, p < 

0.001, Unpaired Student’s t-test) in aging MONs following aglycemia (60 min; Fig. 2B, 

red traces, 2C red time course, and 2D red dot plot). Quatification of lactate showed a 

similar drop in lactate content in young and aging These results suggest that in addition to 

morphological changes in astrocytes with aging, axons recover less after aglycemia in aging 

white matter.

3.2. Aging axons efficiently substitute lactate for glucose to sustain function

The efficiency of lactate as an alternate substrate during aglycemia has been confirmed in a 

series of electrophysiological experiments using MONs obtained from Swiss Webster mice 

(Brown et al., 2003a; Tekkok et al., 2005). We evaluated the CAP area during aglycemia 

in C57BL/6 J young mice as a basis for our experiments to compare it with aging mice. 

Replacing glucose in ACSF with 20 mM lactate (carbon equivalent of 10 mM glucose) 

fully sustained the CAP area in young (Fig. 3A, blue traces and time course; 3B, blue dot 

plot, 96.8 ± 15.4%, n = 4) and aging (Fig. 3C, brown traces, and time course; 3D, brown 

dot plot, 93.8 ± 5.6%, n = 4) MONs during aglycemia. The ability of lactate to support 

axon function during aglycemia was in marked contrast to the aglycemia-only condition, 

where both young (Fig. 3A, green time course and 3B, green dot plot, p < 0.001, Unpaired 

Student’s t-test) and aging (Fig. 3C red time course, 3D, red dot plot, p < 0.001, Unpaired 

Student’s t-test) axons completely ceased to function. These results suggest that aging axons 

maintain their function using lactate or glucose with equal efficiency and also presume that 
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MCT1 is expressed and remains functional on aging axons. Note that lactate is provided 

externally in these experiments, raising the question as to whether aging astrocytes perform 

their function to convert glycogen to lactate to metabolically sustain aging axons when 

glucose is unavailable.

3.3. Aging astrocytes effectively shuttle lactate to axons during aglycemia

Astrocyte diligently couple axonal function to the NVU by taking up glucose, storing 

it as glycogen, and converting it to lactate when glucose is low/absent or when axon 

function is increased (Brown et al., 2003a; Dringen and Hamprecht, 1993; Magistretti et 

al., 1993). Furthermore, astrocytes can regulate their glycogen stores such that high ambient 

glucose levels upregulate glycogen stores, while low glucose levels downregulate or deplete 

glycogen stores (Brown et al., 2003a; Tekkok et al., 2005). We verified this metabolic 

coupling role of astrocytes in young C57BL/6 J mice by incubating optic nerves in high 

glucose ACSF (30 mM glucose) for 30 min to upregulate their glycogen levels (Fig. 4A, 

young, pink traces and time course). After the onset of aglycemia, CAP area showed a 

prominent delay to plummet during aglycemia after incubating young MONs in 30 mM 

glucose (Fig. 4A, Young, pink time course, 4C, pink dot plot, 35.1 ± 5.4 min, n = 4) 

compared to MONs kept in 10 mM glucose (Fig. 4A, green time course, 4C, green dot plot, 

22 ± 6.1, n = 14, p < 0.01, Unpaired Student’s t-test). Moreover, despite the decline in CAP 

area after the onset of aglycemia, a portion of CAP area was preserved at the end of 60 

min (~10%, Fig. 4A, pink trace, “b”). Following aglycemia, CAP area showed a prominent 

recovery in MONs kept in 30 mM glucose in contrast to MONs kept in 10 mM (Fig. 4B, 

young, 66.8 ± 6.9%, n = 4, 30 mM glucose versus 36.7 ± 13.3%, n = 14, 10 mM glucose, p 
< 0.001, Unpaired Student’s t-test). Strikingly, aging MONs showed an identical resistance 

to aglycemia after incubation in 30 mM glucose (Fig. 4D, cyan traces and time course). 

The decline in CAP area in aging MONs followed a similar delay as in young MONs after 

the onset of aglycemia (Fig. 4D, Aging 30 mM glucose, cyan time course, 4E, cyan dot 

plot, 38.8 ± 2.1 min, n = 4 versus Aging 10 mM glucose, Fig. 4D red time course, 4C, 

red dot plot, 23.7 ± 2.3 min, n = 10, p < 0.001, Unpaired Student’s t-test). Furthermore, 

aging axonal function was also preserved at the end of aglycemia (13%, note Fig. 4D, cyan 

trace, “b”) followed by a remarkable recovery following aglycemia (Fig. 4E, Aging, 45.8 

± 5.5%, n = 4, 30 mM glucose versus 13.6 ± 6.6%, n = 10, 10 mM glucose, p < 0.001, 

Unpaired Student’s t-test), which surpassed the improved recovery of young axons (Fig. 4G, 

comparison of fold change in pink and cyan dot plots compared to corresponding controls, 

Young 1.9 ± 0.2, n = 4 versus Aging 3.4 ± 0.4, n = 4, p < 0.001, One-way ANOVA followed 

by Newman-Keul’s multiple comparison test) when incubated in 30 mM glucose before 

aglycemia. The consistent support of axonal function observed as a delayed reduction, 

preservation at the end of aglycemia, and improved extent of recovery after incubating in 

high glucose attest to the ability of young and aging astrocytes to upregulate their glycogen 

stores, convert it to lactate, and deliver it to axons for prolonged periods of time.

3.4. Substituting glucose for lactate following aglycemia identifies a metabolic switch 
from glucose to lactate in aging axons

We evaluated whether axons prefer lactate over glucose during recovery from aglycemia. 

At the end of aglycemia, MONs were superfused with ACSF containing 20 mM lactate 
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instead of glucose (Fig. 5). Unexpectedly, CAP area in young MONs recovered less in 

lactate compared to glucose following an episode of aglycemia (Fig. 5A and B, Young, 8.8 

± 6%, n = 6, 20 mM lactate versus 36.7 ± 13.3%, n = 15, 10 mM glucose, p < 0.001, 

Unpaired Student’s t-test), while CAP area in aging MONs recovered to a similar extent in 

lactate or glucose (Fig. 5C and D, Aging, 9.9 ± 10%, n = 5, 20 mM lactate versus 13.6 ± 

6.6%, n = 10, 10 mM glucose, p = 0.38, Unpaired Student’s t-test). Interestingly, CAP area 

in young MONs recovered as little as that in aging axons when lactate was provided after 

aglycemia (Fig. 5E, blue, red, and brown dot plots), suggesting that a portion of young axons 

seems to strictly rely on glucose during recovery, while this portion of axons switches their 

metabolism with aging. It is important to note that lactate fails to provide post-aglycemia 

rescue to young or aging WM of MONs.

3.5. Lactate supports axonal function in two different WM tracts

CC is a major bundle of axons traversing between the two hemispheres and injury to CC 

has been implicated in many neurodegenerative diseases such as dementia, diabetes mellitus, 

and multiple sclerosis (Gean-Marton et al., 1991; Kodl et al., 2008; Tomimoto et al., 2004; 

Yamauchi et al., 2000). CC contains a mixture of myelinated and unmyelinated axons 

(Sturrock, 1980), as opposed to the fully myelinated axons of the optic nerve, therefore 

we investigated whether lactate supports myelinated and unmyelinated axon function in 

CC slices (Fig. 6). Typically, evoked CAPs in CC slices using extracellular recording 

configuration (Fig. 6A) exhibit two peaks (P); P1 for myelinated axons with a faster 

conduction time, and P2 for unmyelinated axons with a slower conduction time (Fig. 6B). 

Although aglycemia gradually suppressed the CAP area in CC slices, a portion of axons 

stayed functional at the end of aglycemia (Fig. 6B, Baseline, black trace; aglycemia, red 

trace; dotted trace, recovery; Fig. 6D, dark green time course, red arrow). Providing lactate 

during aglycemia fully supported axonal function (Fig. 6C, Baseline, black trace; aglycemia, 

red trace; dotted trace, recovery), suggesting that lactate readily substitutes for glucose in 

both myelinated and unmyelinated axons (Fig. 6D purple time course and 6E, purple dot 

plot, 101.6 ± 12.4%, n = 5, 20 mM lactate versus dark green dot plot, 43.8 ± 16%, n = 10, 

no lactate, p < 0.001, Unpaired Student’s t-test). Moreover, comparing the time course of 

CAP area decline in MONs and CC slices revealed an unexpected resistance of CC slices 

to aglycemia (Fig. 6 F–H). CAP area in CC slices (Fig. 6F, dark green) fell later than CAP 

area in MONs (Fig. 6F, light green) and more axons subsisted functionally at the end of 

aglycemia (Fig. 6F, red arrow and 6H, dark green dot plot, 37.3 ± 2.4%, n = 10, CC versus 

light green 2.1 ± 3.2%, n = 15, MON, p < 0.001, Unpaired Student’s t-test). Despite this 

resistance, CAP area recovered to a similar extent in both MONs and CC slices (Fig. 6F time 

courses and 6G, dot plots, light green 36.7 ± 13.3%, n = 15, MON versus dark green 47.8 ± 

16%, n = 10, CC, p = 0.31, Unpaired Student’s t-test).

3.6. Lactate supports aging CC axons

Similarly, to young CC, aglycemia suppressed the CAP area in aging slices, while a subset 

axons remained functional at the end of the glucose deprivation (Fig. 7A, Baseline, black 

trace; aglycemia, red trace; recovery, dotted trace; Fig. 7C, pink time course, red arrow). 

Providing lactate during aglycemia fully supported CC axon function (Fig. 7B, Baseline, 

black trace; aglycemia, red trace; recovery, dotted trace), suggesting that aging CC axons 
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effectively substitute glucose for lactate (Fig. 7C, dark pink time course and 7D, dark pink 

dot plot, 109.7 ± 10.5%, n = 8, 20 mM lactate versus light pink dot plot, 39.3 ± 6.6%, n = 

8, p < 0.0001, unpaired Student’s t-test). Furthermore, despite aging CC axons demonstrated 

a higher resilience to aglycemia compared to aging MON axons (Fig 7 E–G) by maintaining 

axon function during aglycemia (Fig. 7E–F, red arrow) and and recovering better than MON 

axons (Fig. 7G, light pink dot plot, CC, 24.2 ± 7.5%, n = 6, versus red dot plot, MON, 2.2 

± 0.5%, n = 10, p < 0.001, Unpaired Student’s t-test). Moreover, young CC and aging CC 

comparably recovered following aglycemia (Fig. 8A, time courses, and 8B, dark green dot 

plot, young CC, 36.9 ± 8.5%, n = 7, versus light pink dot plot, aging CC, 45.0 ± 4.8%, n 

= 6, ns, Unpaired Student’s t-test). This is in contrast to aging MON axon function which 

recovered poorly after aglycemia compared to young MONs (Fig. 2).

4. Discussion

The ANLS is one of the important systems providing anatomical and physiological 

infrastructure for glial-neuronal interactions where specialized architectural organization 

supports the function. However, the question arises as to whether aging astrocytes effectively 

take up glucose, store it as glycogen, and deliver glycogen-derived lactate to meet the needs 

of aging axons, and whether the ANLS is fully functional in different WM tracts such that 

lactate is an alternate metabolic fuel for myelinated and unmyelinated axons in different 

WM tracts. Our study yields a novel finding that aging astrocytes efficiently operate the 

ANLS; however, aging axons intrinsically become more susceptible to glucose deprivation. 

Moreover, lactate serves as a universal fuel to support axon function independent of age and 

myelin content in different WM tracts.

An intriguing finding in our study is that aging axons recovered less compared to young 

axons after an aglycemic episode, but they readily switched from glucose to lactate to 

support their function during aglycemia. Glycogen-derived lactate becomes the main fuel 

to support axon function when glucose is unavailable, and indeed persistence of axon 

function directly correlates with the extent of glycogen storage and lactate availability 

(Brown et al., 2003a; Tekkok et al., 2005). Consistent with this, the rate of axonal function 

decline and the time to complete loss of axon function in young and aging MONs were 

indistinguishable, suggesting similar amounts of glycogen storage in young and aging 

astrocytes and comparable ability of axons to use lactate as an alternative to glucose. This 

suggestion was further supported by the comparable amount lactate levels observed in young 

and aging MONs after aglycemia (Supplemental Fig. 1, A and B). The ability of lactate 

to support young and aging axonal function became more evident when glycogen stores 

in young and aging astrocytes were upregulated by incubating MONs in high glucose. 

Aging axons sustained their function longer, declined slower, partly remained functional 

at the end of aglycemia, and identically improved in recovery to young axons. Since 

high-glucose incubation sustained axon function in aging axons akin to young axons, 

this finding demonstrates that the performance of aging astrocytes to take up glucose, 

store it as glycogen, and convert it to lactate when glucose is absent is comparable to 

young astrocytes. Therefore, age-related structural reorganization of astrocytes presumably 

occurs to better support aging axons metabolically and aging-related alterations in WM 

structure are adaptations to maintain function as opposed to neurodegeneration (Baltan 
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et al., 2008; Stahon et al., 2016). Unfortunately, these adaptive changes in the face of a 

metabolic challenge (ischemia, anoxia, aglycemia) turn against and impair WM robustly, 

which helps to explain the underlying increased sensitivity of aging WM to injury (Baltan, 

2014; Baltan et al., 2008; Stahon et al., 2016). Increased sensitivity of aging axons to 

glucose deprivation is yet another example. Because aging astrocytes operate the ANLS 

efficiently and aging axons can readily switch to lactate as an energy source, axons must 

become intrinsically more vulnerable to aglycemia. Potential explanations for this intrinsic 

vulnerability are numerous, such as structural and functional changes to axons (Baltan, 

2014; Stahon et al., 2016), alterations in myelin and its composition (Peters, 2002; Peters 

and Sethares, 2002; Stahon et al., 2016), reorganization of mitochondrial architecture 

leading to functional decline, impaired smooth endoplasmic reticulum Ca+2 homeostasis, 

and interactions with mitochondria (Stahon et al., 2016), or age-dependent reorganization of 

N-methyl-D-aspartate (NMDA) receptors (Baltan, 2016; Baltan et al., 2011b; Stahon et al., 

2016; Yang et al., 2014). Interesting evidence emerged when lactate, replacing glucose, was 

provided exclusively during the recovery period from aglycemia. In young MONs, recovery 

under these conditions prominently depressed axonal function recovery. Ironically, young 

axons recovered as little as aging axons when lactate replaced glucose during recovery, 

suggesting that axons prefer distinct metabolites during different stages of injury such 

that a portion of young axons was strictly dependent upon glucose during the recovery 

stage. In contrast, in aging MONs these glucose-dependent axons seem to already fall 

out of function before the recovery period since the recovery in lactate had no impact on 

axon function. While further experiments are currently being carried out, we suggest that 

aging leads to a metabolic switch in axon function-metabolite coupling affecting primarily 

glucose-dependent axons, leading to increased vulnerability of aging axons to aglycemia.

A further novel finding in our study is that lactate sustained axon function in CC slices, 

which consist of a mixture of myelinated and unmyelinated axons, indicating that lactate 

can equally support the function of both myelinated and unmyelinated axons in WM tracts. 

More importantly, CC axons displayed a greater resilience to aglycemia such that axons 

sustained function longer, declined slower, and a portion of axons remained functional at 

the end of aglycemia. On the other hand, CC axons recovered to the same extent as optic 

nerve axons. Axon function in CC slices is relatively more sensitive to injury compared 

to optic nerve (Reeves et al., 2005; Tekkok and Goldberg, 2001; Tekkok et al., 2007). 

For instance, exposure to transient oxygen-glucose deprivation (OGD) for 30-min results 

in irreversible loss of axon function in CC slices (Tekkok and Goldberg, 2001), while this 

duration of OGD in the optic nerve is followed by ~75% recovery (Tekkok et al., 2007). It is 

interesting to contemplate whether myelinated or unmyelinated axons exhibit this resilience 

to the removal of glucose and whether the subsequent recovery is primarily due to rescue 

of the function of myelinated or unmyelinated axons. Typically, evoked compound action 

potentials (CAPs) in CC slices exhibit two peaks, one for myelinated axons with a shorter 

conduction time, and a second one for unmyelinated axons with a slower conduction time. 

During aglycemia, the first peak showed an immediate sensitivity to glucose deprivation 

and disappeared first, while the remaining CAP area was mainly due to the second peak. 

Though the second peak also declined during aglycemia, a prominent portion was sustained, 

even at the end of aglycemia. Likewise, the recovery was mainly attributable to the 
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second peak. These observations can be interpreted as unmyelinated nerves being more 

resistant to aglycemia; however, it is also plausible that myelin is the immediate target, so 

therefore axons become demyelinated and contribute to the unmyelinated group. Further 

histological and ultrastructural studies are underway to conclusively answer these questions. 

It is important to note that there is a greater resistance of CC axons to anoxia compared 

to the optic nerve, suggesting that unmyelinated axons and/or the smallest axons with the 

thinnest myelin sheaths are resistant to anoxia (Baltan, 2006). Collectively, these results 

reveal that CNS WM is remarkably tolerant of glucose deprivation when lactate is available, 

although there is regional variability in their ability to function and survive this metabolic 

switch. To achieve optimal protection of the CNS in various neurological diseases, it is 

critical to understand the properties of regional energy metabolism and injury mechanisms 

for successful therapeutic approaches.

Another interesting finding is the architectural restructuring of astrocytes in WM correlated 

with the successful operation of the ANLS and intact NVU–astrocyte-axon function 

communication in aging WM. Interestingly, RNA sequencing of astrocytes from different 

regions of the brain across the lifespan of the mouse mice identified age-related 

transcriptional changes that could contribute to cognitive decline (Clarke et al., 2018). 

Astrocytes have distinct region-dependent transcriptomic identities and they age in a region-

dependent manner. For instance, astrocytes in the hippocampus and striatum undergo 

more dramatic transcriptional changes compared to cortical astrocytes. As a result, aged 

astrocytes in the hippocampus or striatum express more reactive neuroinflammatory and 

ischemia-specific genes together with an activated morphology. On the other hand, the top-

down regulated genes in aging astrocytes were involved in mitochondrial function, energy 

production, and antioxidant defense, suggesting that aging astrocytes have impaired energy 

capacity and low anti-oxidant ability (Clarke et al., 2018). Accordingly, age-related changes 

in astrocytes are increasingly accepted to underlie age-dependent alterations in the BBB, 

in metabolic regulation, and cognitive function. Structurally, larger GFAP (+) or S100β 
(+) astrocytes were observed in the aging hippocampus, specifically in the dentate gyrus 

(Lindsey et al., 1979). In aging WM, astrocyte cell bodies increased in size and extended 

larger, thicker processes following axons in a more parallel orientation, as opposed to 

vertical processes of young axons that interwove in and out of the axons. This configuration 

of astrocyte processes may serve to expand their end feet over the capillaries (Nonaka et al., 

2003) to regulate glucose transport across the BBB (Andriezen, 1893; Cajal, 1909; Peters 

and Palay, 1991) and to better monitor function and metabolic demands of aging axons 

with more frequent contacts at the nodes of Ranvier (Black and Waxman, 1988). Extensive 

axonal energy demand and physiological maintenance of glial cells place WM tracts under 

metabolic challenge, under physiological conditions (Harris and Attwell, 2012; Ransom and 

Orkand, 1996), and with aging (Baltan, 2012; Baltan et al., 2008; Bastian et al., 2018b; 

Bastian et al., 2018c; Stahon et al., 2016). The unique vascular network of WM is less 

dense and more sparse compared to gray matter, therefore WM components and glial cells 

have relatively restricted access to energy substrates (Moody et al., 1990). The design of 

oligodendrocytes wrapping myelin around axons to facilitate axon transport also inevitably 

forms a barrier and restricts extracellular metabolites from gaining access to axons (Nave, 

2010a, 2010b). Aging axons reorganize their myelin and myelin content as well as their 
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nodal and internodal distances (Stahon et al., 2016); therefore, it is not surprising that 

astrocytes conform and accommodate these changes to properly nourish aging axons.

Brain energy metabolism is interrupted in many neurological disorders. Energy failure is 

the central cause of loss of cerebral function during a hypoglycemic attack or in diseases 

such as diabetes mellitus (DM). Astrocytes in WM store glycogen that is converted to 

lactate when glucose concentration is low or when there is increased energy demand, 

confirming that CNS WM glycogen plays a crucial role as an energy reserve and buffer store 

(Brown et al., 2003a; Brown et al., 2005; Ransom and Fern, 1997; Wender et al., 2000). 

Glycogen content present in the tissue at the onset of aglycemia determines the duration 

of axonal function (Brown et al., 2003a; Brown et al., 2005; Ransom and Fern, 1997; 

Wender et al., 2000), a relationship that may have profound implications for patients that 

suffer from Type-1 DM and experience frequent silent WM infarcts leading to declining 

cognitive function. Similarly, axon function as the presynaptic input dictates synaptic 

transmission and synaptic plasticity underlying learning and memory-related events that 

decline with age and in neurodegenerative diseases. Therefore, all evidence points toward 

astrocyte-derived lactate as a crucial substrate, and this metabolic coupling is validated in 

both gray matter and WM portions of the brain. Astrocytes transporting glucose from the 

vascular end to neuronal and glial cells also highlight an important mission of the NVU. 

Oligodendrocytes, microglia, vascular cells consisting of endothelial cells, smooth muscle 

cells, pericytes, and ECM, and astrocytes form a complex and intricate arrangement. The 

dynamic interaction among each component within the NVU contributes to the clinical 

outcome of numerous CNS diseases. Subsequently, modulation of the astrocyte-neuron 

lactate shuttle system may be important in developing therapies for neurodegenerative 

diseases (Yamagata, 2022). For instance, defects in ANLS in in vivo and in vitro models 

of AD have been reported (Sun et al., 2020). Administration of fibroblast growth factor 

21 (FGF21) improves memory, attenuates amyloid deposition and tau phosphorylation by 

regulating in part MCTs. It is proposed that the neuroprotective effects of FGF21 are due to 

its central effects on energy metabolism and ANLS. Interestingly, ANLS performance has 

the capacity to be modified, even in the adult brain, by simply altering lifestyle such as diet 

(Leino et al., 2001). Switching to a ketogenic diet can upregulate MCT1 levels by eight-fold 

on abluminal endothelial membranes as well as increasing glucose transporter (GLUT1) 

readjusting choice of fuel for brain. The regulation of MCT1 by ketogenic diet may have 

important implications under stress conditions such as epilepsy. Increasing astrocytic lactate 

production by upregulating MCT levels is also proposed as a potential therapeutic strategy 

to improve recovery after stroke (Yamagata, 2022). In addition to its importance in the field 

of stroke, NVU dysfunction is now accepted as a cause or a result of other CNS diseases 

including Alzheimer’s disease, vascular dementia, Parkinson’s disease, amyotrophic lateral 

sclerosis, and multiple sclerosis (Arai et al., 2011). Furthermore, the components represent 

heterogeneity in their morphology, developmental origin, and physiological properties 

and function while they respond to injury, maintaining their interaction with each other. 

Therefore ANLS is an important part of the cell-cell signaling mechanism that contributes to 

multi-complex functions of the NVU under physiological and pathological conditions.
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Fig. 1. The Astrocyte-Neuron Lactate Shuttle (ANLS) provides the main supply for axonal 
energy metabolism.
This simplified schematic displays the shuttle of lactate from astrocytes to axons. Astrocytes 

form a barrier between blood and axons. Astrocytes possess glycogen stores that are 

metabolized to lactate and serve as a main source of nutrients for axonal metabolism. The 

glucose-lactate exchange is achieved through a system of GLUTs (glucose transporters) and 

MCTs (monocarboxylate transporters). (Bastian et al., 2019).
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Fig. 2. Aging WM is highly vulnerable to aglycemia.
A) GFAP (+) astrocytes in young mouse optic nerves are smaller with vertically running 

processes, whereas aging white matter shows thicker process that are arranged parallel to 

axons. Yellow dashed rectangles in merged images are shown as a close-up in the far-right 

column. Note yellow arrow heads indicate axon run direction. B) Representative CAP 

traces from young (green) and aging (red) MONs under baseline, aglycemia, and recovery 

conditions. C) Time course shows loss of axon function in young (green) and aging (red) 

axons following aglycemia. In B, representative traces from baseline (a), aglycemia (b), 

and recovery (c) conditions, chosen are at indicated time points by arrows in C. D) Aging 

axons show impaired recovery following aglycemia when compared to young axons. *** p 
< 0.001, unpaired Student’s two-tailed t-test.(Bastian et al., 2019). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 3. L-lactate application during aglycemia prevents axon injury in both young and aging 
WM.
Time course of CAP Area (A and C) and CAP area recovery at 2 h after aglycemia 

(B and D) shows that L-lactate application during aglycemia (blue, young, vs. brown, 

aging) preserved axonal function and protected against aglycemic injury in MONs. Inset 

shows CAP traces from baseline (a), aglycemia (b), and recovery (c) conditions, which 

are indicated by arrows in graphs *** p < 0.001, unpaired Student’s two-tailed t-test. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 4. High-glucose pre-incubation improves axonal function in both young and aging aglycemic 
WM.
Inset shows CAP traces from baseline (a), aglycemia (b), and recovery (c) conditions. High 

glucose (30 mM) incubation improved axon function recovery in both young (pink, A-C) 

and aging (cyan, D-F) WM compared to aglycemia alone (green, young; red, aging). (C) 

and (D) High-glucose incubation improved axon function and delays functional loss during 

aglycemia (b) in both young and aging MONs. (G) Interestingly, aging axons utilized lactate 

more efficiently during aglycemia compared to young axons. * p < 0.05 ** p < 0.01 *** 

p < 0.001, Unpaired Student two-tailed t-test (B, C, E, F) and one-way ANOVA with 

Newman-Keuls post hoc test (G). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 5. L-lactate application after aglycemia identifies a metabolic switch from glucose to lactate 
in aging axons.
(A) and (B) In young MONs, CAP area following post-aglycemia application of L-lactate 

(blue) in young MONs recovered less compared to glucose (green) suggesting a subgroup 

of young axons preferentially metabolize glucose during recovery period. (C) and (D) On 

the other hand, L-lactate post-aglycemia application (brown) did not show any changes in 

axonal function recovery in aging MONs when compared to glucose (red) suggesting loss of 

subgroup of glucose preferring axons with age.

(E) Axonal function recovery in young MONs was comparable to that of aging axons when 

lactate was provided after aglycemia. Lactate supplementation post-aglycemia unmasked a 

metabolic switch and loss of a subset of axons using glucose during recovery with aging. ** 

p < 0.01 *** p < 0.001, unpaired Student two-tailed t-test (B, D) and one-way ANOVA with 

Newman-Keuls post hoc test (E). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 6. Lactate is as effective as glucose in supporting corpus callosum function.
(A) A schematic showing a coronal section of the mouse brain and the site of placement 

of sharp electrodes for corpus callosum CAP recordings. CAP traces are from baseline 

(black), aglycemia (red), and recovery (dotted black) conditions with aglycemia (left, B) 

and L-lactate application during aglycemia (right, C). Note that P1 representing myelinated 

axons and P2 representing unmyelinated axons are the two peaks observed in CC CAP 

recordings. CAP area is quantified by measuring the area above the blue dotted lines and 

the response. (D and E) Application of L-lactate (purple) during aglycemia in young CC 

preserved axonal function when compared to glucose (dark green). (F) Time course displays 

CAP area changes when young MON (light green) and young CC (dark green) were exposed 

to 1 h of aglycemia. (G) CAP area recovery was comparable in both MONs and CC. (H) 

During aglycemia, CC axons were more resilient than MON axons. CAP area from CC 

slices at end of aglycemia (red arrow, D and F) was higher when compared to MONs. *** 
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p < 0.001, unpaired Student’s two-tailed t-test. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Lactate efficiently supports aging corpus callosum function.
CAP traces are from baseline (black), aglycemia (red) and recovery (dotted black) 

conditions (A) and L-lactate application during aglycemia (B). Note that P1 representing 

myelinated axons and P2 representing unmyelinated axons are the two peaks observed in CC 

CAP recordings. CAP area is quantified by measuring the area above the blue dotted lines 

and the response. (C and D).

Application of L-lactate (dark red) during aglycemia in aging CC preserved axonal function 

when compared to glucose (pink). (E) Time course displays CAP area changes when aging 

MON (red) and aging CC (pink) were exposed to 1 h aglycemia. (F) CAP area recovery 

in CC is higher compared to MON. (G) During aglycemia, CC axons were more resilient 

than MON axons. CAP area from CC slices at the end of aglycemia (red arrow, D and F) 

was higher when compared to MONs. *** p < 0.001 **** p < 0.0001, unpaired Student’s 
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two-tailed t-test. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 8. Young and aging corpus callosum axons are equally resilient to aglycemia.
(A) Time course displays CAP area changes when Young CC (green) and Aging CC (pink) 

slices were exposed to 1 h aglycemia. (B) CAP Area recovery was comparable in both 

young and aging CC after aglycemia. ns p > 0.05, Unpaired Student’s two-tailed t-test. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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