
GLUT3cKO and PKM1cKO do not alter post-synaptic
electrophysiology under standard high-glucose
conditions
We next investigated the consequences of PKM1 or GLUT3 defi-

ciency on the function of CA1 pyramidal cells. First, we used hip-

pocampal slices from 20- to 23-month-old mice to interrogate

the CA3-CA1 pathway by stimulating Schaffer collaterals and

recording the response in both the dendritic layer (str. Radiatum,

field postsynaptic potentials [fPSPs]) and the pyramidal cell layer

(str. Pyramidale, local field potentials [LFPs]) (Figure S6A). We

found that loss of either GLUT3 or PKM1 did not affect the pre-

synaptic dynamics, seen as paired-pulse ratio at varying inter-

pulse intervals (Figures S6B and S6H), the post-synaptic

response to increasing stimulation intensities (Figures S6C and

S6I), or cellular excitability (population spike integral vs. fPSP

slope relationship; Figures S6D and S6J). Network function in

response to repetitive synaptic stimulation (30 s, 10-Hz train)

was also unaltered, with knockout (KO) slices exhibiting a robust

response comparable to that inWTboth in dendritic (Figures S6E

and S6K) and cellular (Figures S6F, S6G, S6L, and S6M) layers.

These findings suggest that PKM1 or GLUT3 deficiency in CA1

pyramidal cells does not significantly alter their post-synaptic

electrophysiological function under standard electrophysiologic

conditions, including high glucose concentrations (10 mM),

although we did not assess function under physiologic brain

glucose levels (z1–1.5 mM). In addition, these recordings

assess the post-synaptic response in CA1 dendritic and somatic

layers and therefore would not detect any potential changes

downstream at the CA1 pyramidal cells’ axonal boutons. The

latter requires interrogation of the output of CA1, which is tech-

nically challenging in ex vivo brain slice preparations.

GLUT3cKOneurons have decreased glucose uptake and
levels that are unresponsive to changes in external
glucose
Our behavioral studies indicate a requirement for glucose uptake

and glycolysis for CA1 neuronal function. Our finding that

GLUT3cKO decreased brain size and body weight in female

mice, while PKM1cKO did not, also suggests that neurons

require glucose uptake for functions besides glycolysis, although

differences in the ability to compensate for GLUT3 versus PKM1

loss may also contribute. To gain insight into how GLUT3 influ-

ences glucose metabolism in neurons, we examined the impact

of GLUT3cKO on glycolytic gene expression in CA1 neurons, but

this was unchanged (Figure 6A).

We hypothesized that decreased glucose uptake across phys-

iologically relevant concentrations would decrease the levels of

cytosolic glucose and downstream glucose metabolites. We

therefore used targeted and untargeted metabolomics to

examine the impact of lowering GLUT3 levels with CRISPRi on

glucose metabolites. iPSC lines co-expressing an inducible

dCas9-KRAB and either GLUT3 (GLUT3 KD) or an NTG (control)

sgRNA were differentiated into neurons, and then cultured for

11 days, at which time GLUT3 KD neurons showed near-com-

plete KD of GLUT3 expression (Figure S7A).

Neurons were then incubated with [U-13C]glucose for 24 h

prior to harvesting for metabolomics.23 In control cells, the incor-

poration of 13C-labeled metabolites into downstream glycolytic,

TCA, and PPP metabolites decreased with decreasing extracel-

lular [U-13C]glucose, spanning concentrations typically found in

cell culture and in vivo in physiologic and pathologic conditions

(0.15–20.5 mM) (Figure S7B).

Interestingly, intracellular glucose was decreased in

GLUT3KD neurons incubated with [U-13C]glucose for 24 h at

the physiological 1.5 mM glucose concentration but not at

20.5 mM glucose (Figure S7B). Specifically, the percentage

of glucose labeled by [U-13C] decreased from z60% in the

NTG neurons to 30% in the GLUT3 KD neurons, while total

levels dropped to <20% of control values (Figures 6B and

S7C), consistent with decreased glucose uptake due to

GLUT3 KD. Moreover, GLUT3 KD neurons had markedly

decreased labeled fractions of the glycolytic metabolite PEP,

as well as the PPP metabolites 6P-gluconate, and ribose

5-phosphate (R5P). There were no changes in either the

labeled or total fractions of TCA metabolites. Indeed, despite

taking in less [U-13C]glucose, neurons with GLUT3 KD still

derived an amount of citrate and lactate from [U-13C]glucose

equivalent to control neurons (>70% and 50% respectively).

This suggests that, when glucose is limiting, neurons prioritize

metabolism of glucose metabolites through the TCA cycle and

aerobic glycolysis, rather than through the PPP. In contrast, in

higher glucose levels typically used for cell culture, GLUT3 KD

had little or no impact on either labeled or total levels of

glucose or downstream glycolytic, PPP, or TCA metabolites,

suggesting that sufficient glucose can enter neurons through

other GLUTs under these conditions (Figure S7B).

We next examined relative glucose levels in individual neurons

in culture. GLUT3lox/lox hippocampal neurons were co-trans-

fected with a glucose sensor (iGlucoSnFR-mRuby) and either

Cre (to delete GLUT3, GLUT3KO) or empty vector (control). We

found that GLUT3KO neurons had similar basal glucose levels

to controls at the cell body (Figure 6C). However, in contrast to

controls, their glucose levels were unresponsive to changes in

the extracellular glucose level, consistent with a profound deficit

in glucose uptake in the absence of GLUT3 (Figure 6D). We next

examined the impact of electrical field stimulation (5 Hz, 5.5 min)

to increase the energy requirements of neurons by increasing

neural activity.30,52,53 At the cell body, when extracellular

glucose was the sole energy substrate, glucose levels

decreased to a similar extent in control and GLUT3KO neurons

(Figure 6E). As expected, the magnitude and speed of drop

was somewhat greater when all glucose uptake was blocked

(I) GLUT3KO neurons have similar basal ATP levels at cell bodies (left), and in response to electrical stimulation (5 Hz, 5.5 min) to increase the ATP demand (right).

n = 11–13 coverslips/group, two or three cells/coverslip from five independent experiments.

(J) GLUT3KO synaptic boutons have decreased ATP levels (left), and their ATP levels decrease less in response to stimulation (5 Hz, 5.5 min). n = 6–7 coverslips/

group, three to five synapses/coverslip from three independent experiments.

ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001, by unpaired t tests (C, F, I, J) or two-way ANOVA with Tukey’s multiple comparison (A and B). Brackets in

graphs show significance of linear mixed modeling for the interaction of genotype and time (D, E, G, H, I right, J right) with Sidak’s multiple comparison.
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Figure 7. Sex-dependent and independent neuronal responses to decreased glucose uptake

(A) Impact of GLUT3cKOon expression of other GLUTs in CA1 neurons. Data aremeans ±SEM, n = 3–4mice/group, each compiled from 20 to 36 capture areas in

CA1 per mouse.

(B) Expression of TCA genes in CA1 neurons. n = 3–4 mice/group.

(C) Volcano plots of differentially expressed genes between GLUT3cKO andWTmice. n = 7–8 (combined sexes), three or four (males only) and four (females only)

mice/group. Blue and red points indicate genes related to carbohydrate metabolism and mitochondria, respectively.

(D) Gene expression of top hits Iars2, Echdc2, Mitf, Pdp2, and Bcs1l for CA1 neurons. n = 3–4 mice/group. Data points are shown for male (blue) and female

(red) mice.

(E) Expression of galactose metabolism hits Gale, Galt, and Ugdh for CA1 neurons. n = 3–4 mice/group. Data points for male (blue) and female (red) mice.

(F) Impact of GLUT3 KD on targeted and untargeted metabolite levels of UDP-glucose and G6P-F6P following incubation with [U-13C]glucose for 1 and 24 h n = 3

samples/group/time point.

(G) Schema of potential compensatory pathway for decreased glucose uptake, by which galactose is metabolized into glucose-6-phosphate.

(legend continued on next page)
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(no glucose and cytochalasin B). These results suggest that, at

the cell body, GLUT3KO neurons decrease their rate of glucose

consumption to match decreased uptake, such that glucose

levels decrease at a similar rate to controls.

We next examined the impact of GLUT3KO on glucose

levels at the synapse, where GLUT3 may be enriched.54 At

baseline, GLUT3KO neurons had lower glucose level at the

synapse than controls (Figure 6F), and their glucose levels

were unresponsive to changes in the extracellular glucose

level (Figure 6G). Moreover, in the presence of extracellular

glucose, intracellular glucose levels declined far more rapidly

and to a greater extent in GLUT3KO neurons than controls in

response to electrical field stimulation (Figure 6H, left). This

suggests that, at the nerve terminal, GLUT3KO neurons

consume glucose rapidly in response to electrical stimulation

and are unable to replenish their supply, resulting in a marked

decline in glucose levels. Blocking all glucose uptake eventu-

ally caused glucose levels in control neurons to drop to

GLUT3KO levels (Figure 6H, right).

Neurons require glycolysis to maintain synaptic ATP
levels
Our electrophysiology data indicate that CA1 neuronal cell

bodies in GLUT3cKO slices have sufficient ATP levels to support

increased neural activity. However, these studies were unable to

provide insight into ATP levels at the synapse, which may be

particularly vulnerable to energy failure30,52 because the propor-

tional increase in energy expenditure with neural activity may be

greater in synapses than the cell body. To determine if GLUT3KO

decreases glucose-derived ATP production in individual neu-

rons, including at the synapse, GLUT3lox/lox and WT neurons

were co-transfected with either Cre or empty vector, and an

ATP-fluorescence resonance energy transfer (FRET) sensor

made of the ε subunit of the bacterial FoF1-ATP synthase (an

ATP-binding protein) flanked by mApple and mClover, which is

sensitive to physiologic changes in ATP levels.55,56 GLUT3KO

had no impact on ATP levels at the cell body in basal conditions

(30 mM glucose, 10 mM pyruvate), in which cells could derive

ATP from both glycolysis and aerobic respiration (Figure 6I).

Moreover, GLUT3KO ATP levels dropped similarly to controls

with sustained electrical field stimulation (5 Hz, 5.5 min). Howev-

er, basal ATP levels were lower in GLUT3KOnerve terminals than

in controls, and ATP levels in GLUT3KO nerve terminals failed to

decline further during sustained electrical stimulation (Figure 6J),

suggesting that GLUT3KO neurons either fail to fire in response

to the electrical stimulation despite consuming glucose or that

they rely on alternative fuel sources to maintain ATP levels.

These findings show that neurons rely on glycolysis to maintain

ATP levels at the synapse, consistent with the hypothesis that

glycolysis is important for rapid response to increased ATP de-

mand to support neural activity.13

Compensatory pathways in GLUT3KO neurons
Although GLUT3KO disrupts energy metabolism and neuronal

function, neurons can nonetheless survive and metabolize

glucose without GLUT3. To delineate potential compensatory

mechanisms, we used spatial genomics to examine gene

expression in CA1 neurons in 7-month-old GLUT3cKO and WT

mice. Targeted examination revealed no compensatory changes

in other GLUTs (Figure 7A). There were also no increases in the

expression of TCA genes in GLUT3cKO neurons (Figure 7B).

To search for other compensatory mechanisms, we performed

an unbiased analysis of differentially expressed genes in CA1

neurons. The resulting hits were enriched with genes related to

either carbohydrate or mitochondrial energy metabolism

(Figures 7C–7E). The mitochondrial genes included Iars2, which

encodes mitochondrial isoleucine-tRNA synthetase and whose

mutation produces a range of clinical disorders with impaired

respiratory chain function, including Leigh syndrome57,58;

Echdc2 (enoyl-CoA hydratase domain-containing protein 2), a

mitochondrial protein involved in beta oxidation of fatty acids

and valine catabolism,59,60 and whose deficiency can also cause

Leigh syndrome61; and melanocyte inducing transcription factor

(Mitf), which regulates both PDH62 and PGC1a,63 while

increasing oxidative phosphorylation,64 boosting ATP levels

under respiratory conditions23 and protecting against glucose

restriction.65 Indeed, Mitf expression was increased by

immunofluorescence in CA1 neurons from GLUT3cKO mice

(Figure S7D).

Although most hits had similar effects on male and female

GLUT3KO neurons, we also identified several genes with sex-

specific effects (Figures 7D and 7E). In particular, Pdp2 (pyruvate

dehydrogenase phosphatase catalytic subunit 2), which diverts

metabolism to oxidative phosphorylation, was lower at baseline

in male versus female CA1 neurons, while GLUT3cKO increased

Pdp2 expression to similar levels as those in female WT and

GLUT3cKO neurons. Another mitochondrial gene, Bcs1l (mito-

chondrial chaperone BCS1), needed for the assembly of mito-

chondrial respiratory chain complex III, was decreased in female

GLUT3cKO neurons. Bcs1l immunofluorescence was also

decreased in CA1 neurons from female GLUT3cKO mice (Fig-

ure S7D). Bcs1l expression may be downregulated in response

to an overall decrease in mitochondrial respiration in

GLUT3cKO mice, but further investigation is required to delin-

eate the impacts of these gene expression changes on ATP pro-

duction when glucose is limiting.

Pathway analysis of CA1 gene expression in GLUT3cKO mice

also identified an enrichment of galactose metabolism as a po-

tential compensatory mechanism (Table S2). In particular, Gale

(UDP-galactose-epimerase), which plays a key role in the catab-

olism of galactose into glucose-6-phosphate such that galac-

tose can enter the glycolytic pathway via the Leloir pathway,66

was upregulated in GLUT3cKO mice (Figure 7E). Galactose is

(H–J) Relative amounts and [U-13C]galactose fractional labeling of Leloir, PPP, and glycolytic metabolites in GLUT3 KD and NTG neurons after 24 h of culture. n =

4 samples/group.

(K–M) Relative total amounts and [U-13C]glucose fractional labeling of Leloir, PPP, and glycolytic pathway metabolites in GLUT3 KD neurons relative to NTG

neurons when treated with either 1.5 mM [U-13C]glucose or 1.5:1.5 mM [U-13C]glucose:galactose for 24 h. n = 4 samples/group.

*p < 0.05, **p < 0.01, ***p < 0.001 by unpaired t test and two-way ANOVA with either Tukey’s multiple comparisons test (D, E, H–M) or Sidak’s multiple com-

parisons test (F).
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also imported across the cell membrane via several glucose

transporters, including GLUT3.67 Two genes involved in the

metabolism of UDP-glucose demonstrated sex-specific differ-

ences with GLUT3cKO: Galt (galactose-1-phosphate uridyl-

transferase) and Ugdh (UDP-glucose 6-dehydrogenase).

Expression of Galt, which uses UDP-glucose for galactose

catabolism, was higher only in male mice, whereas Ugdh, which

uses UDP-glucose for glucuronate biosynthesis, was higher only

in female mice (Figure 7E).

Targeted metabolomics of GLUT3 KD neurons at 1 and 24 h

post incubation with [U-13C]glucose revealed increased

amounts of UDP-glucose and glucose/fructose-6P (G6P-F6P)

after 1 h (Figure 7F). As the metabolites in the media were

consumed over the 24-h period, the total amount of UDP-

glucose and G6P-F6P in GLUT3 KD neurons declined. The

change in total UDP-glucose amount between the 1- and 24-h

time points indicates a higher rate of UDP-glucose consumption

relative to its biosynthesis; the increased expression of Gale

could reflect a response to meet the catabolic demand for

UDP-glucose through its increased production. Given that the

B27 supplement used in the neuronal differentiation media con-

tains galactose (0.04 mM in media; Figure S7E), we investigated

whether human neurons can metabolize galactose via glycolysis

and the TCA cycle. Incubation with [U-13C]galactose resulted in

robust 13C-incorporation by both NTG and GLUT3 KD neurons

into galactose-1P, glucose-6P, as well as into glycolytic, PPP,

and TCA metabolites (Figures 7G–7J and S7F). Indicative of up-

regulated galactose metabolism in response to GLUT3 KD, total

levels of galactose-1P and glucose-6P in GLUT3 KD neurons

(z80%KDby rtPCR) cultured with [U-13C]galactose were higher

than in NTG neurons (Figure 7H). GLUT3 KD neurons also had

slightly higher fractions of 13C-labeling in alpha-ketoglutarate

(a-KG) and malate, relative to controls (Figure S7F).

To further assess the interplay between glucose and galac-

tose, we examined the impact of equimolar amounts of galac-

tose and glucose on glucose metabolism. Addition of galactose

increased the total levels of galactose-1P and glucose-6P, while

markedly decreasing the percentage labeling of galactose-1P

and glucose-6P following a 24-h incubation with [U-13C]glucose

(Figure 7K), consistent with galactose competing with glucose

for conversion into these metabolites. Moreover, the addition

of galactose contributed to the increased levels of PPP metabo-

lites 6P-gluconate and ribose-5P (Figure 7L). Interestingly, while

the addition of galactose decreased the fractional labeling from

[U-13C]glucose in upstream glycolytic metabolites 3PG and

PEP, labeling in both pyruvate and lactate remained unchanged

(Figure 7M). However, the total amounts of pyruvate and lactate

increased �60% with the addition of galactose only in the

GLUT3 KD neurons. The total amounts of TCA metabolites cit-

rate, ⍺-KG, and malate increased in both NTG and GLUT3 KD

neurons with the addition of galactose despite the fractional la-

beling from glucose remaining the same (Figure S7G). The

contrast in fractional [U-13C]glucose labeling between the PPP

and glycolysis with the addition of galactose illustrates that

galactose is preferentially shunted through the PPP, while

glucose is directed through glycolysis to the TCA cycle. Taken

together, the differentially expressed metabolic and mitochon-

drial genes suggest a multi-pronged compensatory response

to GLUT3cKO involving a shift toward mitochondrial respiration

and enhanced galactose metabolism.

DISCUSSION

It has been proposed that neurons derive most or all of their ATP

from aerobic respiration,68 and the extent to which neurons

directly take up and metabolize glucose through glycolysis,

and whether this is required, especially under physiologic condi-

tions, is unknown. Here we show that neurons can indeed take

up and metabolize glucose through glycolysis and use this to

produce the majority of their TCA metabolites. Moreover, we

show they require glucose uptake to maintain ATP levels at the

synapse, and normal neuronal function in vivo. Our findings

also reveal systems-level sex differences in glucose metabolism

and identify increased galactose metabolism as a mechanism to

compensate for impaired neuronal glucose uptake.

Neurons require direct glucose uptake and metabolism
through glycolysis
Multiple lines of evidence suggest that neurons directly import

glucose in culture.6,52,53,69 However, direct confirmation of this

has remained elusive because of the presence of glia in primary

rodent neuron cultures, which limits the ability to distinguish glial

from neuronal uptake. Here, we used metabolomics on near ho-

mogeneous human neuron cultures to demonstrate that neurons

do indeed directly import glucose. Moreover, we show that

GLUT3 is required for normal glucose uptake, but the effect is

most robust when glucose levels are at physiologic brain levels.

At the higher glucose levels typically used for neuronal culture,

glucose could still enter GLUT3KO neurons and reachWT levels.

The mechanismmay involve other GLUTs, although we found no

evidence of upregulation of other GLUTs in GLUT3cKO mice.

What are the consequences of decreased glucose import into

neurons? We found that GLUT3KO neurons are less metaboli-

cally responsive to changes in extracellular glucose, and that

decreased glucose import in GLUT3KO neurons results in a

marked decrease in glucose levels during neural activity. Our

metabolomics data also suggest that, when glucose uptake is

limited, neurons may prioritize maintaining flux of glucose me-

tabolites through the TCA cycle at the expense of both aerobic

glycolysis (lactate) and the PPP.

Ultimately, decreased glucose uptake into neurons impairs

function, as mice with postnatal deletion of GLUT3 develop

spatial learning and memory and deficits. Our findings in

GLUT3cKO mice are consistent with and build on findings from

Shin et al., who observed memory deficits in male mice in a

similar model of GLUT3 deficiency.7 These deficits may result

from synaptic dysfunction, as we found that GLUT3 deficiency

compromised ATP levels at the nerve terminal but not the cell

body. Notably, cell body and dendrite function may also be

compromised in vivo, especially as decreased glucose levels in

GLUT3KO neurons were only apparent at low glucose levels.

However, we did not detect deficits ex vivo under higher

(10 mM) glucose conditions.

Another important question is howmany of the above changes

can be attributed to deficits in glycolysis versus other glucose-

supported functions, such as the PPP. Even if glucose is taken

Cell Reports 42, 112335, April 25, 2023 13

Article
ll

OPEN ACCESS



up by neurons, neurons have been hypothesized to metabolize

glucose primarily through the PPP due to insufficient phospho-

fructokinase to support glycolysis.8,9 Moreover, neuronal glycol-

ysis is reported to increase in response to certain pathologic

stressors, and pharmacologically inhibiting this increase may

be neuroprotective.10–12 Here, we show that human neurons

do indeed metabolize glucose through glycolysis and can derive

most of their TCA metabolites from glucose. Moreover, we show

that postnatal deletion of PKM1 in neurons in vivo resulted in

memory loss from 12 months of age in female mice, while males

were unaffected at this age. This was accompanied by increased

conversion of HP [1-13C]pyruvate to [1-13C]lactate, indicating a

functionally significant disruption in glycolytic metabolism upon

PKM1 deletion, compelling evidence that neurons (or at least

neurons from females) require glycolysis for normal function.

Importantly, our findings do not exclude the lactate shuttle as

an important contributor to the bioenergetic function of neurons.

Indeed, considerable evidence shows both that neurons can

support neural activity with either respiration or glycolysis, and

that neurons and other cell types can readily switch between

fuel sources depending on their energy requirements and local

substrate availability.6,23,52,53 However, our data indicate that

the lactate shuttle is unable to upregulate and fully support

neuronal energy requirements on its own.

Sex-specific requirements for glucose uptake and
glycolysis
Interestingly, the PKM1 metabolic deficits detected by HP 13C

MR occurred exclusively in females, consistent with the memory

deficit specific to female PKM1cKO mice. Interpretation of this

sex-specific HP change is complex, but likely reflects not only

the primary disruption in neuronal glycolysis but also potential

compensatory changes in glial metabolism and neuro-glial

coupling (lactate shuttle). The HP pyruvate and lactate signals

encompass vascular, neuronal, and glial components, and the

MR acquisition parameters (in particular flip angles70) are likely

to play a crucial role in the relative contribution of each to the

HP lactate-to-pyruvate ratios measured by MR. Although future

studies are needed to fully understand the mechanisms driving

the HP changes, this represents (to our knowledge) only the sec-

ond report of HP metabolic imaging detecting sex differences

in vivo,63 and the first one in the brain. Our data support the po-

tential of HPmetabolic imaging to reveal changes in brain energy

metabolism with aging and disease.71 Notably, [18F]FDG-PET

imaging did not detect any changes following either GLUT3 or

PKM1 deletion, which might be due to high background levels,

masking changes occurring in the relatively small CA1 area,

andmight also indicate that most [18F]FDG-PET signal originates

from glial cells.72

We hypothesize that PKM1cKO males may also eventually

develop motor deficits, and point out that the human neurons

with PKM KD (both PKM1 and M2 isoforms), in which we

observed metabolic differences, are male in origin. Nonetheless,

neurons in female mice were more susceptible to PKM1 inhibi-

tion in our paradigm, perhaps suggesting sex-specific differ-

ences in compensatory mechanisms. These differences may

also apply to other tissues, as loss of PKM2 promotes hepatocel-

lular cancer at a far greater rate in male than female mice.73

GLUT3cKO mice also developed broad sex-specific

changes. First, GLUT3cKO female mice had decreased body

weight, consistent with a prior finding that GLUT3 deletion in

neurons and glia during early embryogenesis decreased body

weight in females but not males.74 Remarkably, our study rep-

licates these results when GLUT3 is deleted in neuronal popu-

lations not normally associated with weight regulation.

Although we have not excluded the possibility that changes

in body weight resulted from memory deficits leading to

decreased food consumption, the memory changes occurred

in both male and female mice, while the changes in body

weight and brain volume were only in females. Moreover, the

memory changes involved only the GLUT3cKO mice, while

the weight changes also occurred in heterozygotes. An inde-

pendent study showed that mice with embryonic deletion of

GLUT3 throughout the brain had decreased body weight at

postnatal day 15 (males and females were analyzed together),

despite increased food intake,7 supporting that the changes

in body weight in our model are unlikely to result from insuffi-

cient food intake. Interestingly, hippocampal sharp wave-rip-

ples were recently found to regulate peripheral glucose con-

centrations via a pathway projecting to the lateral septum

and hypothalamus,36 raising the possibility that GLUT3cKO

might influence food consumption through alternate mecha-

nisms. However, the role of this pathway in our observations

is unclear, and peripheral glucose levels were unchanged in

GLUT3cKO mice.

Metabolic rewiring in response to glucose deficiency
A critical question is how neurons compensate when glucose is

limiting in vivo. Indeed, although the capacity for metabolic rewir-

ing has been considered limited in neurons,75 broad compensa-

tory mechanisms to maintain TCA metabolites are observed in

the setting of mitochondrial dysfunction.76 Here, we identify

two potential mechanisms of neuronal compensation. First, we

show that GLUT3cKO neurons upregulate several mitochondrial

genes that can promotemitochondrial respiration, includingMitf,

Iars2, and Echdc2. Upregulation of these genes may reflect an

attempt to boost mitochondrial respiration by increasing the uti-

lization of available glucose and by boosting respiration gener-

ated from other fuel sources.

Interestingly, another gene that may promote mitochondrial

respiration, PDP2, was increased in male (but not female)

GLUT3cKO neurons, perhaps contributing to the increased sus-

ceptibility of female mice to GLUT3 loss. Indeed, considerable

evidence indicates that males and females (mice and humans)

have fundamental differences in glucose and energy meta-

bolism,77 and neurons and skeletal muscle from females rely

more on fatty acid b-oxidation as an energy source than those

from males.78,79 However, the molecular basis for these differ-

ences is poorly understood. Another gene that responded differ-

ently between sexes to GLUT3cKO was Bcs1l, a mitochondrial

protein responsible for the final assembly of complex III;

mutations to Bcs1l have been causally linked to complex III defi-

ciency,80 impaired b-oxidation,81 and hypoglycemia.82 Addi-

tional research is required to determine whether the differential

expression of such genes may underlie some of the differences

in energy metabolism between sexes.
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In addition to genes that regulate respiration, we also identified

changes in genes regulating galactose metabolism. Galactose

catabolism via the Leloir pathway yields glucose 6-phosphate

to feed into both glycolysis and the PPP.66 We show that boost-

ing galactose metabolism is an alternate mechanism to bypass

glucose deficiency. Notably, GLUT3 not only mediates glucose

transport, it also transports other carbohydrates, including

galactose.83 As such, upregulation of galactose metabolism

genes in the setting of GLUT3 loss of function may, in part, be

a compensatory response to maintain intraneuronal galactose

levels. However, our finding that galactose import is upregulated

in response to GLUT3KD indicates that galactose can enter neu-

rons through other mechanisms, and shows that neurons do

indeed upregulate galactose metabolism to meet energy de-

mands when glucose is insufficient. Indeed, GLUT3 has an

extremely low affinity for galactose, and galactose is a substrate

for other GLUTs (GLUT1, GLUT8) that hippocampal neurons

express at lower levels.84,85 As such, our data provide some of

the first evidence that neurons normally metabolize galactose,

suggesting that galactose may contribute to normal brain energy

homeostasis and may be able to compensate when glucose

metabolism is disrupted. However, given the changes in mem-

ory, brain size, and body weight in GLUT3cKO mice, it is clear

that this mechanism was not sufficient to compensate for

decreased glucose uptake in CA1 neurons, at least with physio-

logic levels of energy substrates.

Implications for neurologic and neurodegenerative
diseases
Our findings also suggest that impairments in neuronal glucose

metabolism may directly contribute to neuronal dysfunction

and degeneration in a range of conditions of insufficient brain

glucose, such as hypoglycemia, stroke, and Alzheimer’s disease

(AD). In AD, changes in glucose metabolism could result from a

primary disruption of glucose uptake or glycolysis, or may reflect

secondary compensatory changes to other metabolic deficits or

to changes in neural activity that affect energy requirements.

Interestingly, brains of patients with AD have markedly

decreased levels of GLUT3 in the hippocampus and cortex

even when normalized for synaptic loss,86 raising the possibility

that decreased GLUT3 contributes to the decreased glucose up-

take in AD. Moreover, overexpression of human GLUT3 is pro-

tective in a model of amyotrophic lateral sclerosis.87 As such,

the findings presented here provide important insights into the

basic biology of neuronal glucose metabolism and how changes

in glucose metabolism may contribute to neurologic disease.

Limitations of the study
The metabolomics experiments prove that human neurons

metabolize glucose through glycolysis. However, the pure

neuronal population studied lacks glial cells, circuits, and

three-dimensional interactions found in vivo that likely influence

metabolism. Therefore, the relative flux of glucose metabolites

through glycolysis versus the PPP, and through downstream

glycolytic pathways, may differ between the human neurons

studied and human and mouse neurons in vivo.

Although our paper focuses on changes in neurons, the HP py-

ruvate and MRI studies in vivo lack cell-type resolution. We have

begun to address this by postnatally deleting GLUT3 and PKM1

specifically in neurons. These studies show that neurons need

glycolysis to maintain normal brain energy metabolism and vol-

ume. However, they do not definitively prove that the changes

in either HP pyruvate metabolism or brain volume directly result

from changes in the neurons themselves rather than via non-cell-

autonomous effects on glia. Moreover, the requirement for

neuronal glycolysis does not provide insight into whether neu-

rons also require astrocyte-derived lactate and, if so, the balance

of energy derived from neuronal glucose metabolism versus

astrocyte-derived lactate.

Last, our work begins to address the key question of how neu-

rons compensate when glucose is limiting. We identify a

compensatory upregulation of galactose metabolism that fuels

downstream energy metabolites as well as several changes in

the expression of metabolism-based genes, but additional

studies are required to determine which of these changes are

most critical in restoring energy.
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Chemicals, peptides, and recombinant proteins
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2-Deoxy-D-glucose Sigma Aldrich Cat# D8375

Rotenone Sigma Aldrich r8875-1g

Iodoacetic Acid Thermo Fisher Scientific Cat# 35603

Sucrose Sigma Aldrich Cat# 9378

Phosphate buffered saline UCSF Media Production CCFAL001

Isopentane Sigma Aldrich Cat# PHR1661

Triton X-100 Sigma Aldrich Cat# T8787

Vectashield antifade mounting medium Vector Laboratories Cat# H-1000-10

Prolong gold antifade mountant Thermo Fisher Scientific Cat# P36941

Prolong diamond antifade mountant Thermo Fisher Scientific Cat# P36970

Goat serum Thermo Fisher Scientific Cat# 16210064

MEM Eagle’s with Earle’s BSS Medium UCSF Cell Culture Facility CCFAC001

Fetal bovine serum Hyclone SH3007103

Glutamax Gibco Cat# 175007

Serum extender Thermo Fisher Scientific 355006

Uridine Sigma Aldrich Cat# U3750

5-fluoro-2-deoxycytidine Sigma Aldrich Cat# F0503

[U-13C]glucose Cambridge Isotope Labs CLM-1396-1

[U-13C]Galactose Sigma Aldrich Cat# 605379

Neurobasal A media Gibco A2477501

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NEAA Gibco 11140050

N2 supplement Gibco 17502048

B27 supplement Gibco 17504044

GlutaMAX Gibco 35050061

NT-3 Stemcell Tech 78074

BDNF Stemcell Tech 78005

Laminin Gibco 23017015

Ammonium acetate Sigma Aldrich Cat# 32301

Methanol Sigma Aldrich Cat# 34860

StemFlex medium ThermoFisher A3349401

Matrigel Corning Cat# 356234

DMEM/F12 Gibco Cat#12660012

NEAA Gibco Cat#11140050

Doxycycline hyclate Sigma Aldrich D9891

ROCK Inhibitor Y27632 Stemcell Tech 72302

[U-13C] glucose Cambridge Isotope Labs CLM-1396-1

Gadavist Bayer 768511

[1-13C]pyruvate Sigma-Aldrich 677175

[18F]-fluorodeoxyglucose University of California San Francisco

Radiopharmaceutical Facility

N/A

Critical commercial assays

Glucometer Ermaine Laboratories Cat# 37321

Visium spatial gene expression slide & reagent kit 10X Genomics 1000184

Dual index Kit TT Set A 10X Genomics 1000215

Lonza electroporation Kit Amaxa Cat# VVSI-1001

Optimal Cutting Temperature Tissue-Tek Cat# 62550-12

Experimental models: Cell lines

Mouse primary neuronal culture N/A This study

Human: WTC-11 + NGN2 + dCAS9-KRAB Martin Kampmann UCSF. Tian et al.22

Experimental models: Organisms/strains

GLUT3lox/lox Jeff Rathmell, Vanderbilt Contat et al.24

PKM1lox/lox Mathew Vander Heiden, MIT Davidson et al.47

CamKIIa Jackson Laboratories 005359

Oligonucleotides

PKM sgRNA GCCGCAGCGGGATAACCTT IDT Horlbeck et al.88

GLUT3 sgRNA GGTAAGACTTTGGATCCTTCCTG IDT Horlbeck et al.88

NTG sgRNA GCTGCATGGGGCGCGAATCA IDT Semple et al.35

Horlbeck et al.88

Recombinant DNA

iGlucoSnFR-mRuby Jonathan Marvin, HHMI N/A

ATP fluorescence resonance energy sensor N/A Mendelsohn et al.56

Software and algorithms

Prism 8.4.3 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

MetaMorph 7.7.3.0 Universal Imaging RRID: SciRes_000136

SIVIC software N/A http://sourceforge.net/apps/trac/sivic/

MATLAB R2011b The MathWorks Inc N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to Ken Nakamura (ken.nakamura@gladstone.

ucsf.edu).

Materials availability
Information for resources and reagents are available from the lead contact upon request.

Data and code availability
d Visium datasets are available in Tables S3 and S4. Metabolomics data sets are available in Tables S5, S6 and S7.

d This paper does not report original code.

d Further information and requests for reagents should be directed to andwill be fulfilled by the lead contact, Ken Nakamura (ken.

nakamura@ucsf.edu).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AMIRA software Mercury Computer systems N/A

ImageJ NIH http://imagej.nih.gov.ij

VivoQuant 4.0 software Invicro N/A

Dynamic Susceptibility Contrast MR Analysis DSCoMAN version 1.0

ANTS N/A https://github.com/ANTsX/ANTs

pClamp10 software Molecular Devices N/A

IgorPro6 software Wavemetrics Inc N/A

10X Space Ranger software 10X Genomics https://support.10xgenomics.com/

spatial-gene-expression/software/

downloads/latest

10X Loupe Browser software 10X Genomics https://www.10xgenomics.com/products/

loupe-browser/downloads

Enrichr webtool Avi Ma’ayan Lab Chen et al.89

Kuleshov et al.90

Xie et al.91

Other

LSM 880 Confocal Laser Scanning

Microscope with Airyscan

Zeiss N/A

SM2000 R microtome Leica N/A

Labconco CentriVap Concentrator Labconco N/A

Video tracking Tracker N/A

14.1 T vertical MR system Agilent Technologies N/A

Hypersense DNP polarizer Oxford Instruments N/A

PET/computerize tomography (CT) scanner Siemens Healthcare Inveon

COBRA Feldkamp reconstruction algorithm Exxim Computing Corporation N/A

VT1200 Vibratome Leica N/A

BSK5 vapor interface holding chamber Scientific Systems Design Inc. Canada N/A

RC-27LD submerged chamber Warner Instruments N/A

fDS2A-MKII voltage isolated stimulator Digitimer North America N/A

Ti-E inverted microscope Nikon N/A

iXon EMCCD camera Andor Technology N/A

VC-8 Perfusion valve system Warner Instruments N/A

A385 Current isolator World Precision Instruments N/A

SYS-A310 Accupulser signal generator World Precision Instruments N/A

Aperio Versa slide scanner Leica N/A
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All animal experimental procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals, as

adopted by the National Institutes of Health, and with approval of the University of California, San Francisco Institutional Animal Care

and Use Committee. Animals used in this project were up to 20 months of age. All mice were housed in a state-of-the-art barrier fa-

cility managed by the UCSF Laboratory Animal Resource Center (LARC). Animal care and use in this research are covered under the

UCSF ‘‘Assurance of Compliance with PHS Policy on Humane Care and Use of Laboratory Animals by Awardee Institutions’’ number

A3400-01. Experiments were performed on age-matchedmice of either sex, with the specific number of males and females matched

between groups in each experiment (typically divided (50:50 between males and females). All mouse lines were maintained on a

C57Bl/6 background (The Jackson Laboratory; RRID:IMSR_JAX:000664).

Generation of iPSC lines and iPSC-derived neuronal cultures
Human WTC-11 induced pluripotent stem cells expressing both doxycycline inducible neurogenin 2 (Ngn2) and inducible CRISPRi

(dCas9-KRAB) machinery were received from Martin Kampmann.22 Lentivirus expressing sgRNA targeting PKM sgRNA sequence

GCCGCAGCGGGATAACCTT) or GLUT3 (sgRNA sequence GGTAAGACTTTGGATCCTTCCTG), or non-targeting control

(GCTGCATGGGGCGCGAATCA) were produced by the UCSF Viracore. iPSCs were incubated with lentivirus for 24h with 8ug/mL

polybrene. After two days of culture in StemFlex medium (ThermoFisher A3349401), transfected iPSCs were selected with

1 mg/mL puromycin for 1 day.

iPSCs were cultured in StemFlex media in a 0.1 mg/mLMatrigel (Corning 356234) coated culture flask. Differentiation of the iPSCs

was divided into 2 parts: pre-differentiation and maturation. Pre-differentiation consisted of 3 days of culture in pre-differentiation

media and maturation consisted of 11 days in neuronal differentiation media. Pre-differentiation media contained Knockout

DMEM/F12 (Gibco 12660012), 1X NEAA (Gibco 11140050), 1X N2 supplement (Gibco 17502048), 10 ng/mL NT-3 (Stemcell Tech

78074), 10 ng/mL BDNF (Stemcell Tech 78005), and 1 mg/mL of laminin (Gibco 23017015). On the first day of differentiation, iPSCs

were passaged onto a 0.1 mg/mL Matrigel coated culture flask with pre-differentiation media containing doxycycline (2 mg/mL) and

ROCK Inhibitor (10 nM). The pre-differentiation media was then refreshed on the third day of pre-differentiation. On the fourth day of

differentiation, pre-differentiated neurons were passaged into 5 mg/mL laminin coated 6-well plates at a density of 500,000 cells/well

with the neuronal differentiation media; 20 mM of trimethoprim was used to induce the target knockdowns (PKM or GLUT3) 2 days

after the transition to the neuronal differentiation media.22 Neuronal differentiation media contained 1:1 of DMEM/F12 (Gibco

11320033) and Neurobasal A media (Gibco 10888022), 1X NEAA (Gibco 11140050), 0.5X N2 supplement (Gibco 17502048), 0.5X

B27 supplement (Gibco 17504044), 0.5X GlutaMAX (Gibco 35050061), 10 ng/mL NT-3 (Stemcell Tech 78074), 10 ng/mL BDNF

(Stemcell Tech 78005), and 1 mg/mL of laminin (Gibco 23017015). The neuronal differentiation media was refreshed once a week

to feed the neurons.

Primary neuronal cultures
Primary hippocampal cultures were dissected from early postnatal (P0 to P1) mouse pups.30,92 Neurons were transfected using elec-

troporation (Lonza, VVSI-1001 with the relevant plasmids and cultured in MEM Eagle’s with Earle’s BSSMedium (UCSF Cell Culture

Facility, CCFAC001) supplemented with 5% fetal bovine serum (Hyclone, SH3007103), 1% Glutamax (Gibco 175007), 21mM

glucose, 2% B27 supplement (Gibco 17504-044), and 0.1% serum extender (Fisher 355006). Neurons were plated at 600–900

cells/mm2, and uridine (10 mM,SigmaU3003) and 5-fluoro-2-deoxycytidine (10 mM,SigmaF0503) were added on day 4–5 tominimize

glial overgrowth. Neurons were cultured at 37�C with 5% CO2 for 9–11 days before live imaging or fixation.

METHOD DETAILS

Metabolomics
Human iPSC-derived neurons were matured for a total of 12 days, including a 24 h incubation with media containing a [U-13C] meta-

bolic probe prior tometabolite collection. The basemedia for targetedmetabolomics contained Neurobasal Amedia without glucose

or pyruvate (Gibco A2477501), 1X NEAA (Gibco 11140050), 0.5X N2 supplement (Gibco 17502048), 0.5X B27 supplement (Gibco

17504044), 0.5X GlutaMAX (Gibco 35050061), 10 ng/mL NT-3 (Stemcell Tech 78074), 10 ng/mL BDNF (Stemcell Tech 78005),

and 1 mg/mL of laminin (Gibco 23017015). The media was supplemented with either [U-13C]glucose (Cambridge Isotope Labs

CLM-1396-1) or [U-13C]galactose (Sigma-Aldrich 605379) for targeted metabolomics. To extract cellular metabolites, cells were

washed in ammonium acetate (150 mM, pH 7.3) at 4C, and then incubated with 80% methanol at �80C for 20 min, prior to centri-

fugation at 14,000 g for 15 min. To extract cell media metabolites, the 13C-labeled media contained in each well post-incubation was

collected and spun at 14,000 g for 10 min. The clarified media was then added to 80%methanol chilled to 4C, followed up with a 1 h

incubation at�80C.Media sampleswere then centrifuged at 14,000 g for 10min post incubation.Metabolite supernatants were dried

in a Labconco CentriVap prior to storage at �80C. Sample metabolites were quantified at the UCLA Metabolomics Core. Metabo-

lomic media conditions are detailed below.
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Galactose media measurements
A colorimetric galactose assay kit (Sigma Aldrich MAK012) was used to measure the galactose content of neuronal differentiation

media supplement B27 (Gibco 17504044) using the protocol included with the kit. Samples were measured using a Molecular De-

vices Microplate Reader at an absorbance of 570 nm.

Behavioral testing
Elevated plus maze

The elevated plus maze (Kinder Scientific) consists of two open arms (without walls) and two closed arms (with walls) elevated 63 cm

above the floor. Mice were acclimated to a dimly-lit testing room for 1 h prior to testing and mice were allowed to freely explore the

maze for 10 min. The time, distance, and entries into the open and closed arms are calculated based on infrared photobeam breaks.

Open field

Spontaneous locomotor activity was assessed in the open field test (Flex-Field, San Diego Instruments) using standard proced-

ures.93 Mice were placed in the center of a clear acrylic chamber and allowed to freely explore for 15 min. The photobeams that

line the perimeter of the chamber detect horizontal and vertical movements. Ambulatory and fine movements are separated re-

corded. Fine movements are defined as breaking 2 beams consecutively and ambulatory movements are defined as breaking 3

beams or more.

Active place avoidance

Visual-spatial learning andmemory wasmeasured by the active place avoidance task (BioSignal Corp).94 Mice were trained to a new

aversive zone for each time point. A habituation trial was conducted on the first day to determine baseline activity, followed by 3 days

of shock training to the aversive zone. A probe and reinstatement trial was conducted 24 h after the last day of training. The number of

entries, shocks, and the maximum time of avoidance to the aversive zone are calculated based on the video tracking software

(Tracker).

Hot plate

Nociception was measured on the hot plate test (IITC). The surface of the aluminum hot plate was heated to 52�C and mice were

placed in an enclosure atop the hot plate. The response latency is determined by a hindpaw lick, flick, or jump. Themaximum latency

was 30 s to prevent injury.

Histology and immunostaining
For in vivo histology, mice were perfused with phosphate-buffered saline (PBS) and then 4% paraformaldehyde (PFA). Brains were

postfixed in 4% PFA overnight, and cryoprotected in 30% sucrose. Brain sections were set at 30–40 mm and prepared using a

sectioning microtome (Leica SM2000 R). For immunofluorescence, brain sections were washed 3X in PBS, blocked 1 h at room tem-

perature with blocking buffer (5% goat serum (Abcam, Cat #ab7481), 0.2% Triton in PBS), and incubated with primary antibodies at

4�C overnight with blocking buffer. The following antibodies were used: rabbit anti-PKM1 (1:400; Cell signaling Cat #7067, RRID:

AB_2715534); rabbit anti-PKM2 (1:400; Novus Cat# NBP1-48308, RRID AB_10011057); chicken anti-MAP2 (1:1000; Abcam Cat#

ab5392, RRID:AB_2138153); mouse anti-NeuN (1:1000; Millipore Cat# MAB377, RRID:AB_2298772); rabbit anti-NeuN (1:1000; Ab-

cam Cat# ab177487, RRID: AB_2532109); rabbit anti-BCS1L (1:1000; Novus Cat# NBP2-92916); rabbit anti-Mitf (1:1000; Abcam

Cat# ab122982, RRID: AB_10902226). Sections were rinsed 3X in PBS and incubated 2h at RT with the following secondary anti-

bodies: Alexa Fluor 350, 488, 594, or 647 anti-mouse, chicken, or rabbit IgG (1:500; Invitrogen). Sections were imaged on a Zeiss

LSM880 confocal microscope with Airyscan detector.

Neuronal density was calculated by dividing the total count number of NeuN and DAPI positive cells within CA1 region by the CA1

region area. Quantification of the density was performed blind to genotype with MetaMorph software (version 7.7.3.0; Universal Im-

aging, RRID:SciRes_000136).

In vivo MR acquisitions
All in vivoMR experiments were conducted on a 14.1 T vertical MR system (Agilent Technologies, Palo Alto, CA) equipped with 100

G/cm gradients and a dual tune 1H-13C volume coil (ØI = 40 mm, for HP 13C MRSI and T2-weighted MRI) or a single tuned 1H proton

coil (ØI = 40 mm, for dynamic susceptibility contrast (DSC) MRI and T2-weighted MRI). For each imaging session, mice were anes-

thetized using isoflurane (2% in O2) and a 27 G catheter was secured in the tail vein to allow for intravenous (iv) injection of the HP

Condition Metabolic probe Description

1 [U-13C]glucose 20.5 mM Differentiation media with basal level of glucose

2 [U-13C]glucose 1.5 mM Physiologically relevant brain glucose level

3 [U-13C]glucose 1.5 mM 1:1 glucose:galactose media tracing glucose

4 [U-13C]galactose 1.5 mM Galactose replacing all glucose from condition 2

24 Cell Reports 42, 112335, April 25, 2023

Article
ll

OPEN ACCESS



probe or gadolinium contrast agent. Animals were then positioned in a dedicated cradle under constant anesthesia and placed in the

MR bore; respiration was continuously monitored during all acquisitions to ensure animal well-being. First, axial T2-weighted images

were acquired for adequate positioning of the grid used for HP 13C acquisitions. The following parameters were used: echo time (TE)/

repetition time (TR) = 20/1200 m, slice thickness = 1.8 mm, number of averages = 2, matrix = 256 3 256, field of view (FOV) = 30 3

30 mm2. For HP 13CMRSI acquisitions, 24 mL of [1-13C]pyruvate preparation, was hyperpolarized using a Hypersense DNP polarizer

(Oxford Instruments) for one approximately hour.40 After polarization, HP [1-13C]pyruvate was rapidly dissolved in isotonic buffer

(pH�7) to a final concentration of 80 mM. A final volume of 300 mL of the HP [1-13C]pyruvate solution was then injected iv over

12 sec through the tail vein catheter. 2D 13C MRSI data were acquired 18 s after injection of the HP [1-13C]pyruvate solution, using

the following parameters: TE/TR = 0.56/68 m; spectral width = 4006 Hz; 256 points; flip angle (FA) = 10�; FOV = 303 30 mm2; 5 mm

slice thickness. Next, axial T2-weighted Fast Spin Echo images were acquired for the evaluation of brain volume, using the following

parameters: TE/TR = 12/2000 m, echo train = 8, slice thickness = 0.5 mm, number of averages = 8, matrix = 2563 256, FOV = 303

30 mm2. For DSC MR images, a high contrast single slice axial T2-weighted Fast Spin Echo image was acquired using the following

parameters: TE/TR = 30/3000 m, slice thickness = 2 mm, matrix = 1283 128, FOV = 203 20 mm2. Next, a series of single slice axial

T2-weighted Fast Spin Echo images were acquired, using the following parameters: TE/TR = 30/1000 m, slice thickness = 2 mm,

matrix = 128 3 128, FOV = 20 3 20 mm2, 150 repetitions. In order to obtain a pre-contrast baseline, the first 25 s of the dynamic

MR acquisition were performed before the administration of the contrast agent (Gadavist, Bayer). At 25 s, an iv bolus of 1 mmol/

kg of body weight of Gadavist was delivered through the tail vein catheter.

Ex vivo MRI acquisitions
Mice were euthanized and perfused with a phosphate buffered saline (PBS) solution followed by a 4% paraformaldehyde (PFA) so-

lution. Ex vivoMR experiments were conducted on a 14.1 T vertical MR system (Agilent Technologies, Palo-Alto, CA) equipped with a

single tuned 1H proton coil (ØI = 20 mm). Ex vivo specimens were submerged in a Fluorinert (Sigma-Aldrich) solution and high-res-

olution 3D gradient echo images were acquired from the intact brain left in the skull using the following parameters: TE/TR = 15/75m,

number of averages = 6, matrix = 256 3 256 3 256, FOV = 12.8 3 12.8 3 12.8mm2.

MR data analysis
HP 13C MRSI datasets were analyzed using the SIVIC software (http://sourceforge.net/apps/trac/sivic/) and custom-built programs

written in MATLAB (MATLAB R2011b, The MathWorks Inc.). The k-space dimensions were zero-filled by a factor of two resulting in a

323 32matrix. The area under the curve (AUC) of HP [1-13C]pyruvate and AUCof HP [1-13C]lactate lorentzian fitsweremeasured and

the corresponding HP [1-13C]lactate-to-pyruvate ratio was calculated for each voxel. Regions of interest (ROIs) including the hippo-

campus and the thalamic area were defined on T2-weighted images and HP [1-13C]lactate-to-pyruvate ratios were reported as mean

of the corresponding voxels. For analyses of in vivo MRI data, ROIs were manually delineated on T2-weighted images according to

the Franklin and Paxinos anatomical mouse brain atlas using AMIRA software (Mercury Computer systems, San Diego, USA) and the

corresponding ROI volume calculated. Specifically, the ROIs consisted of the entire brain, the ventricles and the hippocampus. In a

similar manner, for analyses of ex vivo anatomical MRI, ROIs were manually delineated over the entire brain, the hippocampus and

the CA1 regions, and the corresponding volume calculated for each ROI. For analyses of DSC images, Dynamic Susceptibility

Contrast MR Analysis (DSCoMAN, version 1.0) plugin of ImageJ 1.52p (http://imagej.nih.gov.ij) was used to create cerebral blood

volume (CBV) and cerebral blood flow (CBF) maps. ROIs including the hippocampus, thalamic areas and corpus callosum were

manually delineated on the high contrast T2-weighted image acquired prior to the DSC acquisitions. These ROIs were then propa-

gated onto the CBV and CBFmaps and mean relative CBV and CBF values were obtained. In order to compare animals and groups,

CBV and CBF values of the hippocampus and thalamic areas were normalized to the values obtained in the corpus callosum.

In vivo PET acquisitions
All scanswere performed on a dedicated small animal PET/computerize tomography (CT) scanner (Inveon, SiemensHealthcare, Mal-

vern, PA, USA). Mice received 71 ± 4.5 mCi of [18F]-fluorodeoxyglucose (FDG) in 0.1 mL volume iv via tail vein. Fifty-five minutes after

radiotracer administration, static PET images were collected (10-min acquisition time), followed by a 10-min CT acquisition for atten-

uation correction of PET reconstruction. Animals were kept awake at room temperature during the 55 min uptake time. The animals

were placed under anesthesia (2% isoflurane in O2) during the injections and scans.

PET data analysis
PET images were reconstructed using the ordered subsets expectation maximization (OSEM) algorithm, provided by the manufac-

turer. The resulting PET images had a 128 3 128 3 159 matrix with a voxel size of 0.776 3 0.776 3 0.796 mm3. CT images were

reconstructed using a cone-beam Feldkamp reconstruction algorithm (COBRA, Exxim Computing Corporation, Pleasanton, CA,

USA). The reconstructed CT images had a 5123 5123 662 matrix size with an isotropic voxel size of 0.191 mm3. The co-registered

attenuation map fromCT, obtained via a pre-derived rigid transformation matrix, was used for attenuation correction of the PET data.

MR anatomical templates were created using the open source registration toolkit ANTS (https://github.com/ANTsX/ANTs) for each

genotype and sex using in vivo T2-weighted images, leading to the creation of 8MR templates: female GLUT3WT, female GLUT3KO,

male GLUT3WT,male GLUT3KO, female PKM1WT, female PKM1KO,male PKM1WT,male PKM1KO. The PET/CT images of each
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individual mouse was co-registered to the corresponding MR template using VivoQuant 4.0 software (Invicro). Hippocampus and

CA1 ROIs were manually delineated using the MR template and corresponding mean percent-injected dose per grams (%ID/g)

values were obtained.

Electrophysiology
Animals were anesthetized with isofluorane and decapitated. The brains were rapidly removed from the skull and placed in the ice-

cold (2–5�C) slicing solution. Slicing solution contained (in mM): 110 choline chloride, 2.5 KCl, 26 NaHCO3, 10 MgCl2, 1.25 NaH2PO4,

0.5 CaCl2, 10 glucose, 3 Na Pyruvate, 1 L-Ascorbic acid, pH 7.4.

300 mm-thick sagittal slices were cut from both hemispheres using a Vibratome (VT1200, Leica) and transferred to a 95% O2-CO2

vapor interface holding chamber (BSK5, Scientific SystemsDesign Inc. Canada) containing artificial cerebrospinal fluid (ACSF) where

they were allowed to recover at 34�C for 1 h and held at room temperature (20–22�C) afterward. ACSF contained (in mM): 126 NaCl,

2.5 KCl, 1.5 CaCl2, 1.5 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, 10 glucose, and 1.5 L-Ascorbic acid, pH 7.4. For recordings, slices were

transferred to a submerged chamber (RC-27LD, Warner Instruments, USA) where they were continuously superfused on both sides

with oxygenated ACSF at 32 �C at a flow rate of 10 mL/min.

Local Field Potentials (LFPs) were elicited by orthodromic stimulation of Schaffer collaterals by concentric bipolar stimulating elec-

trode (FHC, Inc., USA) connected to a constant voltage isolated stimulator (DS2A-MKII, Digitimer North America) and placed in CA2

str. radiatum. Repetitive network activity was induced by a 300-pulse 10Hz stimulus train delivered to Schaffer collaterals; stimulus

intensity was chosen to elicit a str. Pyramidale population spike amplitude at 50% of maximum. LFPs were recorded with a glass

borosilicate microelectrodes filled with ACSF and placed in CA1 str. Radiatum (dendritic post-synaptic potentials, fPSPs), with

the resulting LFP population response simultaneously in str. Pyramidale. Signals were sampled and digitized by MultiClamp 700B

amplifier and Digidata 1550 acquisition systemwith pClamp10 software (Molecular Devices, USA), and analyzed using IgorPro6 soft-

ware (Wavemetrics Inc., USA) running custom macros. fPSP slopes were analyzed as the linear fit slope values between 10% and

90% of fPSP peak. Input-output relationships were recorded as the fPSP slope values in response to increasing stimulation intensity

(5–25mV), as well as the LFP population spike integral vs. fPSP slopes.

Live imaging of glucose or ATP
Live imaging was performed in Tyrode’s buffer (127mM NaCl, 10mM HEPES, 30mM glucose, 10 mM pyruvate, 2.5 mM KCl, 2mM

CaCl2 and 2mM MgCl2, pH 7.4) at room temperature with a 40X objective on a Nikon Ti-E inverted microscope with an iXon

EMCCD camera (Andor Technology, Belfast, UK) and a perfusion valve system (VC-8, Warner Instruments, Hamden, CT, USA)

controlled by MetaMorph Software. Field stimulations (5 Hz, 300s) were performed with an A385 current isolator and an SYS-

A310 accupulser signal generator (World Precision Instruments).

For imaging experiments using the cytosolic glucose sensor (iGlucoSnFR-mRuby expressed under the synapsin-1 promoter, kind

gift of Jonathan Marvin, HHMI) sequential images were taken from FITC (490/20 ex, 535/50 em) and Texas Red (572/35 ex, 632/60

em) channels (Chroma, 89014). The glucose sensor fluorescence was normalized to mRudy fluorescence to control for expression

level. Total glucose uptake was blocked with cytochalasin B (10 mM, Sigma-Aldrich). For measurements with the ATP fluorescence

resonance energy sensor (Mendelsohn et al., 2018), sequential images were taken from mClover (490/20 ex, 535/50 em), mApple

(572/35 ex, 632/60 em), and FRET channels (490/20 ex, 632/60 em). Synaptic boutons were identified based on co-localization

with BFP-synaptophysin. The FRET/donor ratio was calculated for each bouton following the formula: FRET = (IFRET –Iclover*BTclover –

ImApple*BTmApple)/Iclover, IX is the background-corrected fluorescence intensity measured in that given channel. BTClover (donor bleed

through) and BTmApple (direct excitation of the acceptor) were calculated by expressing clover and mApple individually and deter-

mining the ratios of IFRET/IClover and IFRET/ImApple independently.
95,96

Blood glucose level measurement
Blood samples were collected under non-fasted condition and obtained from the tail tip. The blood glucose level wasmeasured using

a glucometer (Cat #37321, Ermaine Laboratories).

Spatial gene expression
Spatial transcriptomics were acquiredwith Visium spatial gene expression kits (10XGenomics 1000184, 1000193, 1000215). Sample

preparation, sample imaging, and library generation were completed in accordance with 10X Spatial Gene Expression protocols

included with the kit. Briefly, fresh brain tissue was flash frozen in an isopentane bath cooled to �80C using dry ice. The brain tissue

was then embedded in Optimal Cutting Temperature (OCT) compound (Tissue-Tek 62550-12). A cryostat was used to obtain a 10 mm

thin section from the hippocampus that was thenmounted onto a 10X spatial gene expression slide. Sections were stained with Gfap

(Millipore MAB3402), NeuN (Abcam ab177487), and Hoechst 33342 (Invitrogen H1399) before imaging on a Leica Aperio Versa slide

scanner. The cDNA libraries were generated at the Gladstone Genomics Core. Libraries were sequenced at the UCSF Center for

Advanced Technology on an Illumina NovaSeq 600 on an SP flow cell. Alignment of the sequencing data with spatial data from

the Visium slide was completed with the 10X Space Ranger software. The 10X Loupe Browser software was then used to identify

four anatomical regions of interest: (1) CA1, (2) CA3, (3) dentate gyrus, and (4) thalamus. RNA capture areas corresponding to

each anatomical region were selected for analysis based on their spatial proximity to the anatomical regions and on the expression
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of known genetic markers. CA1 genetic markers included Fibcd1 and Wfs1; CA3 markers included Nrip3 and Bok; dentate gyrus

markers included Calb1 and Prox1; and the thalamus marker was Synpo2. Roughly 15–20 neuronal cell bodies fit into a single cap-

ture area for CA1 with roughly 28 capture areas for CA1. Gene expression levels were exported to GraphPad Prism and Microsoft

Excel. Gene rankings for hit analysis were established using the fold change score (FCS) and signal-to-noise score (SNS). Equations

for these scores are given as:

SNS =
mKO � mWT

sKO + sWT

3 ð� Log10 PÞ

FCS = Log2

�
mKO

mWT

�
3 ð� Log10 PÞ

where m is the average gene expression, s is the standard deviation, and P is the p value derived from an t test. Genes with a p value

<0.05 that also appeared in the top 20% for both scoring metrics were highlighted as differentially expressed genes of interest. The

expression levels for these genes of interest were probed in both CA1 and the thalamus to identify a subset of genes with CA1-spe-

cific changes. Pathway analysis was done on the differentially expressed genes using the Enrichr webtool89–91

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses including the n, what n represents, description of error bars, statistical tests used and level of significance are

found in the figure legends. Linear mixed modeling and either Welch’s ANOVA with Dunnett’s T3 multiple comparison test orWelch’s

t-tests were used to compareWT versus KO animals. Unpaired t-tests were used to compare metabolomics data within a single time

point, whereas two-way ANOVA with Sidak’s multiple comparison was used for comparisons across timepoints. Mann-Whitney

U test was used for electrophysiology data. Visium spatial transcriptomics data of targeted gene sets was analyzed by one or

two-way ANOVA with either Sidak’s or Tukey’s multiple comparisons test. Determination of top differentially expressed genes

used a threshold of the top 20% of differentially expressed genes that were ranked according to the defined SNS and FCS metrics.

All analyses were performed using GraphPad Prism version 8.4.3 and Microsoft Excel.
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