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Distinct Postnatal and Adult Neurobehavioral Phenotypes
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We created a neural-specific conditional murine glut3 (Slc2A3) deletion (glut3 flox/flox/nestin - Cre�) to examine the effect of a lack of Glut3 on
neurodevelopment. Compared with age-matched glut3 flox/flox � WT and heterozygotes (glut3 flox/�/nestin - Cre�), we found that a �90%
reduction in male and female brain Glut3 occurred by postnatal day 15 (PN15) in glut3 flox/flox/nestin - Cre�. This genetic manipulation
caused a diminution in brain weight and cortical thickness at PN15, a reduced number of dendritic spines, and fewer ultrasonic
vocalizations. Patch-clamp recordings of cortical pyramidal neurons revealed increased frequency of bicuculline-induced parox-
ysmal discharges as well as reduced latency, attesting to a functional synaptic and cortical hyperexcitability. Concomitant stunting
with lower glucose concentrations despite increased milk intake shortened the lifespan, failing rescue by a ketogenic diet. This led
to creating glut3 flox/flox/CaMK2 � - Cre� mice lacking Glut3 in the adult male limbic system. These mice had normal lifespan, displayed
reduced IPSCs in cortical pyramidal neurons, less anxiety/fear, and lowered spatial memory and motor abilities but heightened
exploratory and social responses. These distinct postnatal and adult phenotypes, based upon whether glut3 gene is globally or
restrictively absent, have implications for humans who carry copy number variations and present with neurodevelopmental
disorders.
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Introduction
Glucose transporter isoform 3 (GLUT3), with the highest affinity
for glucose, mediates glucose transport to fuel cellular oxidative

metabolism. It belongs to a family of membrane-spanning glyco-
proteins called the facilitative glucose transporters (GLUT1-14)
and is expressed in the highly metabolic neurons of adult brain,
next in male testicular spermatids, and in lesser amounts within
placental trophoblasts (Devaskar et al., 1992; Nagamatsu et al.,
1992; Gould and Holman, 1993; Shin et al., 1997; Ganguly et al.,
2007; Galardo et al., 2008; Zhao et al., 2010; Alves et al., 2014).

Given the critical role of glucose transport, enhanced GLUT3
expression has been seen in various cancers (Flavahan et al., 2013;
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Significance Statement

Lack of the key brain-specific glucose transporter 3 gene found in neurons during early postnatal life results in significant stunting,
a reduction in dendritic spines found on neuronal processes and brain size, heightened neuronal excitability, along with a
shortened lifespan. When occurring in the adult and limited to the limbic system alone, lack of this gene in neurons reduces the fear
of spatial exploration and socialization but does not affect the lifespan. These features are distinct heralding differences between
postnatal and adult phenotypes based upon whether the same gene is globally or restrictively lacking. These findings have
implications for humans who carry copy number variations pertinent to this gene and have been described to present with
neurodevelopmental disorders.
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Masin et al., 2014; Onodera et al., 2014; Agostini et al., 2016;
Barron et al., 2016; Massari et al., 2016) and under hypoxic con-
ditions (Bruckner et al., 1999; Zovein et al., 2004; Yu et al., 2008;
Fung et al., 2010). Conversely, a reduction in GLUT3 expression
is a hallmark of Alzheimer’s disease (Shah et al., 2012; Szablewski,
2017). Gene (Slc2A3) copy number variations (CNVs) have been
associated with delaying the age of onset of Huntington’s disease
(Vittori et al., 2014) and protection against rheumatoid arthritis
(Veal et al., 2014). During infancy and childhood, such CNVs
have been associated with increased incidence of meningomyelo-
celes in offspring of diabetic mothers (Connealy et al., 2014) and
in infants with the 22q deletion syndrome, many of whom have
neurocognitive deficits (Dworschak et al., 2015). Reduced trans-
activation of GLUT3 related to other gene CNVs has also been
associated with dyslexia (Roeske et al., 2011). In fact, aberrant
trans-regulation of GLUT3 was associated with perturbed func-
tional frontoparietal connectivity (Skeide et al., 2015). Con-
versely, duplication of the gene was associated with attention
deficit hyperactivity disorder (ADHD) (Lesch et al., 2011) in chil-
dren with a carbohydrate craving or with neurocognitive deficits

observed in adults contributing to the ADHD risk (Merker et al.,
2017). Therefore, the clinical presentations of Slc2A3 CNVs differ
in infancy compared with the adult.

Given these emerging associations of glut3 gene variations
with human disease conditions, we previously examined the role
of this critical gene during early development. To this end, we
performed classical murine glut3 deletion and observed that
complete loss of Glut3 as encountered in homozygotes led to
early embryonic (E7.5) demise. This was related to the lack of
Glut3 in the trophectoderm, which is essential for fueling the
developing embryo (Ganguly et al., 2007). Our initial observation
was substantiated by another group as well (Schmidt et al., 2009).
A similar scenario emerged when antisense glut3 morpholinos
were used in Danio rerio embryos, culminating in early embry-
onic growth restriction and ultimate demise (Carayannopoulos
et al., 2014). In contrast, the heterozygous glut3-null mice dem-
onstrated a mild slowing of late gestation fetal growth, only to
recover postnatally with survival and successful procreation
(Ganguly et al., 2007). This slowing of fetal growth was secondary
to reduced maternal to fetal glucose transport mediated by the

Figure 1. Targeted conditional mouse glut3 gene construct and genotyping strategy. A, B, Schematic representation of the conditional glut3 (Slc2a3) KO targeting vector with two LoxP sites
designed for the deletion of Exon 6. C, PCR analysis of mouse tail genomic DNA samples showing the presence of glut3 flox/flox (�/�; 402 bp, CON), glut3 flox/�/Cre� (�/�; 233 bp and 402 bp with
cre expression, HT) and glut3 flox/flox/Cre� (�/�; 402 bp with cre expression seen as a 554 bp DNA fragment, KO). Bottom, cre expression with a 554 bp DNA fragment. D, Scheme of breeding for the
glut3 flox/flox with nestin-Cre and E, Camk2�-Cre mice.
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diminished placental Glut3 (Ganguly et al., 2012). However, the
heterozygotes appeared phenotypically normal during the post-
natal phase, presenting as adults with certain neurobehavioral
aberrations that mimicked autism spectrum disorders (Zhao et
al., 2010). Further, clinical seizures could be triggered by subject-
ing heterozygotes to hypoxic ischemia or pentylenetetrazole ad-
ministration (Fung et al., 2010). These results instigated our
questioning of whether the brain-related changes were primarily
due to neural glut3 deficiency, secondary to placental glut3 defi-
ciency, or both. To this end, we created a conditional murine
neural specific glut3 deletion, which for the first time demon-
strated the homozygote’s postnatal survival but with a shortened
lifespan. This precluded characterization of the adult phenotype.
However, when glut3 deletion was engineered to be spatially lim-
ited to the limbic system, the mice had normal lifespans and
demonstrated adverse effects on synaptic activity and neurobe-
havioral responses in the adult.

Materials and Methods
Creation and genotyping of glut3 flox/flox/Cre� mice
Glut3 flox/flox/nestin - Cre� and glut3 flox/flox/CaMK2 � - Cre� mouse lines:
Glut3 flox/� mice were generated on C57BL/6 background by inserting
LoxP sites into intron 5 and 6 (Mouse Biology Program, University of
California, Davis). We crossed male glut3 flox/� mice with female
glut3 flox/� mice, generating glut3 flox/flox mice. For generation of
glut3 flox/flox/Cre� by Cre/loxP recombination, we next crossed glut3 flox/flox

mice with transgenic mice that expressed Cre recombinase under the
regulation of either a Nestin promoter, namely Nestin-Cre mice (B6.Cg-
Tg[Nes-cre]1Kln/J; The Jackson Laboratory), thereby creating
glut3 flox/�/nestin - Cre� mice first, or the Ca 2�/calmodulin-dependent
protein kinase 2� (CaMK2�) promoter (B6.Cg-Tg(CaMK2�-cre)
T29 –1Stl/J; Jackson Laboratory), thereby creating a second line of
glut3 flox/�/CaMK2 � - Cre� mice. Male glut3 flox/flox mice were crossed with
female glut3 flox/�/nestin - Cre� mice, generating the glut3 conditional KO
mice designated as glut3 flox/flox/nestin - Cre� (homozygous KO) and
glut3 flox/�/nestin - Cre� (heterozygous, HT) mice. Because glut3 flox/flox

without Cre in preliminary studies expressed a phenotype no
different from the WT (glut3 �/�) despite the introduction of loxP
sites in two intronic regions, glut3 flox/flox served as the control (CON)
genotype for our subsequent studies. In addition, mating male
glut3 flox/�/CaMK2 � - Cre� mice with female glut3 flox/�/CaMK2 � - Cre�

mice generated glut3 flox/flox/CaMK2 � - Cre� mice. Finally, female
glut3 flox/flox mice (which served as CON) were crossed with male
glut3 flox/flox/CaMK2 � - Cre� mice (KO) to generate glut3 conditional
KO mice designated as glut3 flox/flox/CaMK2 � - Cre� mice (KO) and
glut3 flox/flox floxed mice designated as controls (CON) within the
same litter.

Genotyping of conditional glut3 deleted mouse lines
By PCR upon analysis of mouse tail DNA samples, the presence of
glut3 flox/flox presented as a 402 bp DNA fragment that served as a control
without the presence of Cre, whereas the absence of glut3 flox/flox, namely
WT for glut3 (glut3 �/� which is not floxed) produced a 233 bp DNA
fragment. Therefore, the heterozygous floxed glut3 gene, namely
glut3 flox/�, produced two DNA fragments sized 233 bp and 402 bp with
the presence of Cre. The presence of Cre was seen as an additional 554 bp
DNA fragment, therefore a heterozygous (glut3 flox/�/Cre�) deletion (402
bp, 233 bp, and 554 bp) and a homozygous (glut3 flox/flox/Cre�) deletion
(402 bp and 554 bp) could be detected separately based on the number
and size of the DNA fragments generated in both mouse lines (Nestin-
and CaMK2�-).

Placental studies in glut3flox/flox/nestin-Cre� and
glut3flox/flox/CaMK2�-Cre� mice
Placenta sample preparation
Mice at 18d of pregnancy were obtained. Days of pregnancy were desig-
nated as described previously; the first day of gestation was considered to

be the day after the vaginal plug was detected (Nagy et al., 2003). The
animals were anesthetized with sodium pentobarbital (50 mg/kg), pla-
centa was removed at laparotomy with hysterectomy, fixed in 4% para-
formaldehyde for immunohistochemistry or frozen in liquid nitrogen
for Western blots as described previously (Shin et al., 1998; Ganguly et al.,
2007; Zhao et al., 2010).

Localization by immunohistochemical studies
Placental cryostat sections (10 �m thickness) were subjected to immu-
nofluorescence staining using Glut1 and Glut3 (1:500 dilution each,
RRID:AB_2737340 and RRID:AB_2631293, a gift from Dr. Takata,
Gunma University) and Nestin antibodies (1/50 dilution, Neuromics,
catalog #GT15114, RRID:AB_1619688) or CaMK2� (1/50, Novus Bio-
logicals, catalog #N BP1-51945, RRID:AB_11037869) and CD34 (endo-
thelial cell marker, 1/100; Abcam, catalog #ab81289, RRID:AB_1640331)
as primary antibodies, followed by corresponding secondary antibodies
carrying the fluorescent tags of either Alexa Fluor 488 (Jackson Immu-
noResearch Laboratoriess, catalog #705-545-003, RRID:AB_2340428 for
Nestin and CaMK2�; catalog #711-545-152, RRID:AB_2313584 for
Glut3 and CD34) or Alexa Fluor 594 (Jackson ImmunoResearch Labo-
ratories, catalog #705-585-003, RRID:AB_2340432 for Nestin in double
staining with CD34; catalog #706-585-148, RRID:AB_2340474 for
Glut1). 4�, 6-diamino-2-phenylindole dihydrochloride (DAPI) was used
for DNA staining. Slides with placental sections were examined under a
Nikon E-600 fluorescence microscope equipped with a cooled charged-
coupled device camera being controlled by MetaMorph (Molecular De-

Figure 2. Nestin and CaMK2� protein in brain (A–C, E) and placenta (D, F ). Nestin expres-
sion in CON E13.5 brain A, B, Immunofluorescence localization of Nestin (A) showing corre-
sponding Nomarski-differential interference contrast (DIC) images. Alexa Fluor 488-conjugated
donkey anti-goat IgG (1/500) was applied after the goat anti-Nestin antibody (1/100) in an
overnight incubation at 4°C. DAPI served as the nuclear stain. Nestin protein was expressed in
E13.5 brain (B). Expression of CaMK2� in adult brain (C, E) and E18 placenta (D, F ). Immuno-
fluorescence localization of CaMK2� (E, F ). Alexa Fluor 488-conjugated donkey anti-goat IgG
(1/500 each, Jackson ImmunoResearch Laboratories) was applied after the goat anti-CaMK2�
antibody (1/500) during an overnight incubation at 4°C. DAPI was the nuclear stain. C, D,
Corresponding Nomarski differential interference contrast (DIC) images. E, F, CaMK2� protein
was expressed in brain (E), not placenta (F ).
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vices, RRID:SCR_002368) imaging software as described previously
(Shin et al., 2004).

Placental protein concentrations by Western blot
At embryonic day 18 (E18), placentas were homogenized in cell lysis
buffer (Cell Signaling Technology). Homogenates (30 �g of protein)
were subjected to gel electrophoresis and transferred to nitrocellulose
membrane filters (Bio-Rad) as described previously (Shin et al., 1997,
2004). The blotted membranes were incubated in the primary anti-
bodies consisting of the rabbit anti-Glut1 and anti-Glut3 (for Glut1,
1/1000, Abcam, catalog #ab652, RRID:AB_305540; Glut3 at 1/1000,
Takata, RRID:AB_2631293) with mouse anti-vinculin antibody as an
internal loading control (1/5000; Sigma-Aldrich, catalog #V9131,
RRID:AB_477629) on the same membrane. The proteins were visu-
alized using a Typhoon 9410 molecular imager (GE Healthcare

Biosciences), quantified by using ImageQuant 5.2 software (GE
Healthcare Biosciences) and normalized to vinculin.

Functional glucose transport studies
Mice received 12 �Ci of 2-deoxy-D-[1- 14C] glucose (PerkinElmer). Glu-
cose concentration and radioactivity were assessed and transplacental
and intraplacental glucose transport and phosphorylation were calcu-
lated as described previously (Ganguly et al., 2012).

Postnatal phenotypic studies in glut3 flox/flox/nestin-Cre� mice
Milk intake measurement
Glut3 flox/flox is referred to as glut3 �/� (CON), glut3 flox/�/Cre� as
glut3 �/ � (HT), and glut3 flox/flox/Cre� as glut3 � / � (homozygous KO)
conditional genotypes. Milk intake by pups reared by mothers on regular

Figure 3. A, Growth curves of pups from three experimental groups. Mouse body weights at PN10, PN14, and PN15 two-way ANOVA followed by Sidak’s multiple-comparisons test (genotype,
F statistic [df: 2, 16] � 6.617, p � 0.008; age, F statistic [df; 2, 32] � 150.7, p � 0.0001; interaction, F statistic [df: 4, 32] � 15.18, p � 0.0001). In P14, KO vs CON, �p � 0.0013) and in P15, KO
vs CON, *p � 0.0002 and KO vs HT, #p � 0.0149. B, Nose–rump length: Glut3 KO mice demonstrate reduced length compared with CON and HT (one-way ANOVA, F statistic (df: 2, 12) � 12.62,
p-value � 0.001; and Fisher’s PLSD test, *p � 0.007 vs CON, #p � 0.0013 vs HT, n � 5 in each group). C, Survival curves for the CON, HT, and KO groups. Comparison of survival curves by log–rank
(Mantel–Cox, � 2 � 16.67 [df: 2]) test shows a significant difference in KO compared with CON and HT, p � 0.0002. D, Blood glucose in the basal state at PN15 (top, n � 5, in each group) and PN21
(bottom, n � 22 in CON, n � 11 in HT and n � 4 in KO). There is no difference among groups at PN15, but significant difference at PN21 in KO compared with CON and HT (one-way ANOVA, F statistic
[df: 2, 34] � 4.849, p-value � 0.014; and Fisher’s PLSD test, *p � 0.02 vs CON and HT). E, Brain weight at PN15. Brains of glut3 KO mice are smaller than CON or HT mice (one-way ANOVA, F statistic
[df: 2, 25] � 16.17, p-value �0.0001; and Fisher’s PLSD test, *p � 0.0007 vs CON and HT, 10 in KO, n � 13 in CON, 5 in HT). F, Milk intake in milligrams per gram body weight at PN15. (One-way
ANOVA, F statistic [df: 2, 19] � 7.607, p-value � 0.0037; and Fisher’s PLSD test, *p � 0.0023 vs CON, #p � 0.017 vs CON; n � 4 in KO, n � 12 in CON, n � 6 in HT).
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chow diet from the CON (glut3 �/�), HT (glut3 �/ �), and KO (glut3 � / �)
groups was assessed as described previously (Fukushima et al., 2006; Shin
et al., 2012; Gibson et al., 2015).

Blood glucose measurement
Following inhalational anesthesia with isoflurane, whole blood from
PN15 and PN21 pups was collected from the jugular vein and glucose
measured with Hemo Cue Glucose 201 glucometers.

Anthropometric and lifespan measurements
Body weights were determined at PN7, PN10, PN14, PN15, and PN21.
Further, at PN15, pups were deeply anesthetized under isoflurane, and,
after collection of blood for plasma glucose, body length was measured
and brains were harvested. Various other tissues were also collected. The
lifespan of mice was monitored and survival curves derived by GraphPad
Prism 7 (RRID:SCR_002798).

Dietary intervention
Glut3 KO (Nestin) and CON mice were given either a ketogenic (test)
diet ( protein 24.8%, fat 57.3%, fiber 9.6%, carbohydrate 0%; 5TJQ, test
diet) or a regular chow (lab) diet ( protein 21%, fat 6.3%, fiber 4.5%,

nitrogen free extract 53.5%; 5053) during 15 d to 21 d of gestation (em-
bryonic/fetal exposure) and lactation (exposure in suckling phase, PN1
to until alive; KO pups were at times either dead or cannibalized).

Glut3 expression in various tissues
To assess the degree of Glut3 expression in different tissues, various
organs were collected at PN15. Thirty micrograms of tissue homogenates
was subjected to Western blot analysis using the anti-Glut3 antibody as
described previously (Dai et al., 2017).

Retinal and testicular studies
Mouse eyes and testicles at PN15 were subjected to immunofluorescence
staining using Glut1 and/or Glut3 antibodies with DAPI for nuclear
staining.

Prenatal and postnatal brain studies in glut3 flox/flox/nestin - Cre�

mice
Brain sample preparations
Mice were anesthetized with sodium pentobarbital administered intra-
peritoneally, following which fetal (E18) or postnatal (PN1, PN15)

Figure 4. Glut1, Glut3, and Nestin in E18 placenta. Immunofluorescence localization of Glut1 and Glut3 proteins (A–H ) and Glut3 and Nestin (K–N ), (CON: A, C, E, G; KO: B, D, F, H ). A and B show
corresponding differential interference contrast (DIC) images. Glut1 protein (C, D) was expressed in junctional (Ju) and labyrinthine regions (La), whereas Glut3 protein (E,F ) was expressed in the
labyrinthine region alone. There was no difference in the expression pattern of Glut1 and Glut3 in the labyrinthine region between CON and KO. K shows Nestin expression. L shows Glut3 expression.
M shows double exposed-images for both Nestin and Glut3. Nestin (red) and Glut3 (green) are shown separately as well. N, Magnified view from the rectangle in M. Glut3 is expressed in the maternal
blood space within syncytiotrophoblasts, whereas Nestin is expressed in the fetal capillary space. Positive staining of Nestin is seen in the endothelial cells lining the fetal capillary (arrows). M,
Maternal blood space; F, fetal capillary; Cyt, cytotrophoblast. Scale bars, A–H, 100 �m; K–N, 50 �m. I, Western blot analysis of Glut1 and Glut3 proteins in placenta (E18). Top, Representative
Western blots. Bottom, Densitometric quantification of corresponding proteins shown as percent of CON. There was no difference between CON and KO mice in Glut1 (t test, t statistic [df: 4] � 0.38,
p-value�0.72) and Glut3 (t statistic [df: 4]�0.645, p-value�0.554, n �3 each for CON or KO, vinculin (v) is an endogenous protein as an internal CON. J, Trans-placental uptake of glucose (TPUG;
t statistic [df: 17] � 0.43, p-value � 0.67) and intraplacental uptake of glucose (IPUG; t statistic [df: 18] � 0.71, p-value � 0.13) shown as glucose uptake in nmol/mg/min. There is no difference between
CON and KO groups by unpaired t test. n � 9 for KO, n � 10 for CON.
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brains were procured, fixed with 4% paraformaldehyde for immunohis-
tochemistry or frozen in liquid nitrogen for Western blots as described
previously (Shin et al., 1998; Ganguly et al., 2007; Zhao et al., 2010).
Whole brains were embedded in 2% agar or in optimal cutting temper-
ature compound for immunohistochemical analysis (Fung et al., 2010;
Zhao et al., 2010). Some brains were embedded in paraplast wax for in
situ hybridization histochemistry (Shin et al., 2012).

Brain protein concentrations by Western blot analysis
At E18 or PN15, brain homogenates were subjected to Western blots as
described previously (Shin et al., 2004). The blotted membranes were se-
quentially incubated in primary antibodies consisting of the rabbit anti-
Glut1, Glut4 and Glut8 (1/1000, each, Abcam, catalog #ab652, RRID:
AB_305540; catalog #ab654, RRID:AB_305554; catalog #ab169779, RRID:
AB_2737342), Glut3 (1/500, Takata, RRID:AB_2631293), synaptophysin
(1/1000, Millipore, catalog #04-1019, RRID:AB_1977519), �-tubulin (1/
1000, Covance, catalog #MMS-435P, RRID:AB_2313773), Map2 (1/1000,
Neuromics, catalog #MO22116, RRID:AB_2737343), MCT2 (1/100, Santa
Cruz Biotechnology, catalog #sc-271093, RRID:AB_10609511) antibodies
with mouse anti-vinculin (Sigma-Aldrich, catalog #V9131, RRID:
AB_477629), or anti-actin (Abcam, catalog #ab179467, RRID:AB_2737344)
antibodies serving as internal loading controls on the same membranes,

allowing normalization of signals to vinculin or actin using ImageQuant
version 5.2 software.

Localization by immunohistochemical studies
Sagittal brain sections (10 �m) by a cryostat (RM2235, Leica Microsys-
tems) or coronal brain sections (30 �m thickness) by a vibratome (VT
1000S, Leica Microsystems) were subjected to microscopy as described
previously (Shin et al., 2004; Zhao et al., 2010). To visualize immunoflu-
orescence staining, rabbit anti-Glut3 (RRID:AB_2631293) and guinea
pig anti-Glut1 (1:500, Dr. Takata, RRID:AB_2737340), goat anti-Nestin
(1/100, Neuromics, catalog #GT15114, RRID:AB_1619688), rabbit anti-
synaptophysin (1/1000, Millipore, catalog #04–1019, RRID:AB_1977519) and
mouse anti-Map2 (1/1000, Neuromics, catalog #MO22116, RRID:
AB_2737343) were used as primary antibodies, followed by correspond-
ing secondary antibodies carrying the fluorescence tags of either Alexa
Fluor 488 (Jackson ImmunoResearch Laboratories, catalog #711-
545-152, RRID:AB_2313584 for Glut3; catalog #715-545-150, RRID:
AB_2340846 for MAP2) or Alexa Fluor 594 (Jackson ImmunoResearch
Laboratories, catalog #706-585-148, RRID:AB_2340474 for Glut1; cata-
log #711-585-152, RRID:AB_2340621 for synaptophysin).

Dendritic and axonal integrity analysis: Golgi staining of
brain sections
Golgi staining was performed according to the manufacturer’s instruc-
tions (FD Neuro Technologies) with slight modifications to improve
impregnation. Briefly, after anesthetizing mice with intraperitoneal so-
dium pentobarbital (50 mg/kg), whole brains of mice were removed and
immersed in the impregnation solution. To capture a high density of
dendritic spines, the tissue container was gently rotated 3– 4 times every
day during the 3 week period of impregnation. To ensure uniformity of
staining of neurons in all sections, 100 �m sections using a cryostat
(Reica CM1850, Leica Microsystems) were chosen and treated alike at the
same time using the Rapid Golgi Stain Kit (FD Neuro Technologies)
before initial visualization under low magnification to confirm complete
staining of the dendritic networks. The pyramidal neurons that appeared
complete, demonstrating a robust cross-section were selected for spine
counting by blinding the investigators to the genotype of the brain sec-
tion. Using Nikon E-600 microscope, Z-stacks of apical dendrites (opti-
cal section thickness � 0.125 �m) were focused at 50 �m distance from
the soma-dendritic boundary of cortical pyramidal neurons. The num-
ber of primary dendritic spines was counted on five continuous seg-
ments, each segment measuring 10 �m in length of dendrites (Poeggel et
al., 2003; Mitra et al., 2005). The number and total length of secondary
dendritic branches that emerged from primary dendrites within 100 �m
distance from the soma were also evaluated (Ogino et al., 2017). The
MetaMorph image analysis system was used for these assessments (Mo-
lecular Devices, RRID:SCR_002368).

Functional glucose transport by PET scanning
Pups (PN15) were injected intraperitoneally with �25 �Ci of 18F-
labeled 2-fluoro-2-deoxyglucose ( 18F-FDG; obtained from the UCLA
Department of Nuclear Medicine) while conscious, PET imaged, and the
images were analyzed and validated as described previously (Loening and
Gambhir, 2003; Taschereau et al., 2014; Dai et al., 2017).

Quantification of GABA, glutamine, and glutamic acid by
combined liquid chromatography/tandem mass spectrometry
Brain tissue homogenates were aliquoted (50 �l) into microcentri-
fuge tubes to which was added a solution of internal standards: 400
pmol of both 6-aminohexanoic acid (6AHA) and hexadeuterated
GABA (2H6-GABA) in 10 �l of aqueous 0.1% formic acid, followed
by methanol (700 �l). After vortexing and incubation on ice (30 min)
the samples were centrifuged (16,000 	 g, 5 min) and the superna-
tants transferred to clean tubes and dried in a vacuum concentrator
(tube set 1, TS1). Water (100 �l) was added to the dried residues, the
samples were vigorously mixed and 50 �l of each was transferred to
another microcentrifuge tube (tube set 2, TS2). Acetic anhydride (50
�l) was added to each TS1 tube, samples were mixed, heated at 60°C
for 60 min, dried in a vacuum concentrator, and then water (150 �l)
was added. The TS2 tubes were also dried in a vacuum concentrator

Figure 5. Immunofluorescence localization of CD34 and Nestin proteins in E18 placenta.
Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1/250) and Alexa Fluor 594-conjugated
donkey anti-goat IgG (1/250) were applied after the rabbit anti-CD34 (1/50) and goat anti-
Nestin antibodies (1/50, each) over a 3 h incubation at room temperature. DAPI served as the
nuclear stain. CD34 (A) and Nestin (B) proteins were expressed in the membrane of endothelial
cells (arrows). A double-exposure image shows colocalization of CD34 (green) and Nestin (red)
in endothelial cells of fetal capillaries (double arrows in C). Scale bars, 50 �m.
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and then treated with butanolic HCl (3 N, 100 �l, 60°C, 60 min),
following which the contents were dried again in a vacuum concen-
trator. After vigorous mixing, the contents of each TS1 tube were
transferred to the corresponding TS2 tube. The contents of the TS2
tubes were thoroughly mixed, centrifuged (16,000 	 g, 5 min), and
the supernatants transferred to HPLC injector vials. Included in the
batch of samples was a series of standards prepared in water (50 �l)
containing the same amounts of internal standards but varying quan-

tities of GABA, E, and Q (0, 0.1, 0.25, 0.5, and 1.0 nmol each) in
duplicate. These 10 standards were processed in an identical fashion
as described above for the brain samples.

Aliquots of the samples (5 �l) were injected onto a reverse-phase
HPLC column (Phenomenex Kinetex XB-C18, 2.1 	 100 mm, 1.7 �m
particle size, 100 Å pore size) equilibrated in solvent A (water/formic
acid, 100/0.1, v/v) and eluted with an increasing concentration of solvent
B (acetonitrile/formic acid, 100/0.1, v/v; min/%B, 0/0, 5/0, 30/30, 31/100,

Figure 6. Expression of Glut1 and Glut3 in the brain at E18 (A), P1 (B–G), and PN15 (H–N ). Western blot analysis of Glut1 and Glut3 proteins in E18 (A) and PN15 (H ) brains is shown. Top,
Representative Western blots. Bottom, Densitometric quantification of corresponding proteins. A, Expression of the glut3 gene is significantly decreased in the brains of E18 KO mice (t test, t statistic
[df: 4] � 3.95, *p-value � 0.017), whereas there was no difference between CON and KO mice with Glut1 (t statistic [df: 4] � 0.1625, p-value � 0.88), n � 3 for each group. H, Expression of the
glut3 gene is significantly decreased in PN15 as well (t statistic [df: 16] � 13.92, *p-value �0.0001), whereas there was no difference between CON and KO mice with Glut1 (t statistic [df: 15] �
0.3644, p-value � 0.72). Vinculin (v) served as an internal CON, n � 11 for KO, n � 7 for CON. Immunofluorescence localization of Glut1 and Glut3 proteins in PN1 brain (CON: B, D, F; KO: C, E, G)
and PN15 brain (CON: I, K, M; KO: J, L, N ). Glut1 protein was expressed in capillaries (both CON and KO). There are no differences in the expression of Glut1 (B, C), whereas Glut3 protein was reduced
in KO (E) versus CON (D). At PN15, Glut1 protein (red) was expressed in capillaries of the cortex (I, J ), hippocampus (K, L), and cerebellum (M, N ) (both CON and KO). Glut3 protein (Alexa Fluor 488)
was dramatically decreased in the cortex, hippocampus, and cerebellum of KO mice. Scale bars, 100 �m.
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32/0, and 40/0). The effluent from the column was directly connected to
an electrospray ion source attached to a triple quadruple mass spectrom-
eter (Agilent Technologies, 6460) scanning in the positive ion multiple
reaction monitoring mode with standard resolution settings (FWHM
0.7) using previously optimized conditions for the following transitions:
acetyl (a)-Q, 189¡130, 84 (retention time (Rt) 4.5 min); a-E, 190¡130,

84 (Rt 5.2 min); a-6AHA, 174¡114 (Rt 16.7 min); GABA-butyl ester
(be), 160¡143, 87 (Rt 18.7 min); and 2H6-GABA-be, 166¡93 (Rt 18.7
min). Peak areas were measured using instrument manufacturer sup-
plied software (Agilent Technologies MassHunter: quantitative analysis
subroutine), and were manually checked and adjusted when necessary.
The amount of each analyte in each sample was determined by interpo-

Figure 7. Immunofluorescence localization of Glut3 protein in testis of PN15 mice (A, B). Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1/500) was applied after the rabbit anti-Glut3
antibody (1/500, each) during overnight incubation at 4°C. DAPI was added for staining the nucleus. The expression of Glut3 is dramatically decreased in spermatids of KO mice (B), whereas CON mice
expressed Glut3 protein in spermatids (A). Arrows indicate Glut3-positive spermatids. Scale bars, 100 �m.

Figure 8. Synaptophysin (Syp), Map2, Tubulin, Glut4, Glut8, and MCT2 genes in brain at PN15. Immunofluorescence localization of synaptophysin (A, D) and Map2 (B, E) proteins (CON: A–C; KO:
D–F ). Synaptophysin and Map2 were reduced in the brainstem of KO mice (D, E) compared with CON. A, B, C, and F show yellow fluorescence from double exposures of synaptophysin (red) and Map2
(green). G, H, Western blot analysis of synaptophysin, tubulin, and Map2 proteins (G) and Glut4, Glut8, and MCT2 proteins (H ). Top, Representative Western blots. Bottom, Densitometric
quantification of corresponding proteins. There was no significant difference between CON and KO mice in the expression of synaptophysin (t statistic [df: 16] � 0.54, p-value � 0.60), tubulin (t
statistic [df: 16] � 1.313, p-value � 0.21) and Map2 (t statistic [df: 16] � 1.41, p-value � 0.18) by unpaired t test, n � 10 in KO, n � 8 in CON. In addition, the expression of MCT2 (t statistic [df:
16] � 1.6, p-value � 0.13) was not different in KO compared with CON. n � 9 in KO, n � 7 in CON. Vinculin (v) and actin (a) were used as internal CONs. Immunofluorescence localization of Glut1
and Glut3 proteins in retina at PN15 is shown. Glut1 protein is mainly expressed in the retinal pigment epithelium (I, J, arrows) in both CON (I ) and KO (J ). However, Glut3 was dramatically decreased
in the inner plexiform layer of KO mice. Arrows in K and L indicate Glut3 immunoreactivity. M and N show double exposure of Glut1 and Glut3 proteins in retina. CON: I, K, M; KO: J, L, N. Scale bars,
100 �m.
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lation from the curves constructed from data obtained from the standard
samples (ordinate, ratio of analyte peak area/internal standard peak area,
abscissa, amount of analyte in each sample): a6AHA was used as the
internal standard for E and Q and 2H6-GABA was used as the internal
standard for GABA. The transitions in bold font above were used for
quantitation.

Cortical patch-clamp study
Coronal brain slices (300 �m) from the motor cortex of PN15 mice were
maintained in oxygenated artificial CSF. Cortical pyramidal neurons
were recorded in voltage-clamp mode at a holding potential of �70 mV
as described previously (Cummings et al., 2009). After 3–5 min of base-
line recording, the GABAA receptor antagonist bicuculline (5 �M) was
applied in the bath. Data were analyzed using Clampfit 9 software (Mo-
lecular Devices) and the number of paroxysmal events and their latency
were determined.

Neurobehavioral tests
SHIRPA primary screen was attempted at PN15 with modifications to suit
this early age (Zhao et al., 2010). In addition, ultrasonic vocalizations were
measured at PN7 and PN14 as described previously (Zhao et al., 2010).

Studies in adult glut3 flox/flox/CaMK2 � - Cre� mice
Body weight and nose–tail length
Adult body weight and nose–tail length were measured at 10 months of
age in glut3 flox/flox/CaMK2 � - Cre� (KO) versus glut3 flox/flox mice (CON).

Localization of Glut3 mRNA in brain sections by in
situ hybridization
cRNA probes. Mouse glut3 cDNA (aa 226 –287 from exon 6, GenBank
accession number NM_011401) was generated by RT-PCR as described

previously (Shin et al., 2012). Construction of
the glut3 cRNA probes used the following glut3
primers; 5�-gggccgtctagactgcagcgcttgtggggcacc
tcgga-3� (forward with XbaI site) and 5�-gcg
cgcgcatgcagcattgatcccagagagctgctgag-3� (reverse
with SphI site). PCR products were subcloned
as described previously (Shin et al., 2012). An-
tisense RNA probes were prepared as described
previously (Shin et al., 1998, 2012). Sense
probes were similarly generated with T7 RNA
polymerase from the BamHI-digested cDNA
fragments.

In situ hybridization histochemistry. Serial
sections (10 �m) from 10-month-old mice
were prepared using a microtome (RM2235,
Leica Microsystems). In situ hybridization was
performed as described previously (Shin et al.,
1998, 2012).

Brain protein concentrations
by immunostaining
Coronal brain sections (30 �m) from 5-month-
old mice were prepared and subjected to
immunofluorescence staining using goat anti-
CaMK2� (1/50, Novus Biologicals, catalog #N
BP1-51945, RRID:AB_11037869) as a primary
antibody with the corresponding secondary
antibodies containing the fluorescent tag, Al-
exa Fluor 488 (Jackson ImmunoResearch Lab-
oratories, catalog #705-545-003, RRID:
AB_2340428) as described previously (Zhao et
al., 2010).

Neurobehavioral studies
SHIRPA screen. The SHIRPA Primary Screen
was performed to monitor phenotypic changes
in genetically modified adult mice as described
previously (Zhao et al., 2010). Quantitative
scoring to detect defects in gait, respiration,
muscle tone, arousal, reflexes, motor control

and coordination, changes in excitability and aggression, salivation, lac-
rimation and pilo-erection were measured (Zhao et al., 2010).

Open-field test. Assessment of anxiety, exploratory behavior, and gen-
eral locomotor activity was accomplished by placing the mice in a square
Plexiglas enclosure for 20 min. Their movements were recorded by video
cameras and different parameters included total distance traveled in
whole arena, percentage of time spent in the center of the arena, average
velocity, and resting time were measured by the associated Topscan soft-
ware (Clever Sys).

Accelerating rotarod. Evaluation of motor coordination and motor
learning was achieved by performing the accelerating rotarod test (Ro-
taRod3375–5, TSE Systems). The constant speed of 5 rpm was used at the
first trial during the acquisition day. The rest of the four consecutive trials
started at a beginning speed of 5 rpm but increased by 5 rpm after each 5 s
up to a maximum speed of 60 rpm. Data were collected after test subject
mice fell from the rod or after 300 s at a maximum speed of 60 rpm.

Social interaction. An interconnected three-chambered box described
previously (Zhao et al., 2010) was used for evaluation of memory of
interaction in subject mice. Test included three phases: habituation
(phase I), assessment of sociability (phase II), and social recognition
(phase III). At phase I, the subject mouse was placed in the middle cham-
ber and allowed to explore all chambers for 10 min. In phase II, a novel
mouse (sex-matched with subject mouse) was placed inside an upside-
down wire cup in either the left or right chamber following habituation
for 10 min on the day before testing and the other side contained an
empty wire cup. The subject mouse’s exploration activity and the time
spent with either empty cup or the cup with novel mouse were recorded
and scored by Topscan software. In phase III, a new and unfamiliar
mouse was placed in the empty wire cup and the opposite side chamber

Figure 9. The number of apical dendritic spines was counted in the five continuous segments, each 10 �m in length, starting
at 50 �m distance from the boundary between the dendrite and soma of pyramidal neurons in the cortex at PN15. A magnified
view from the rectangle (*) is shown in the right corner. Arrows indicate spines. The number of spines was significantly reduced in
the apical dendrites of KO mice (B) compared with CON (A). C shows number of spines per 10 �m, n � 12 neurons, n � 4 animals
(KO), n � 10 neurons, n � 4 animals (CON) (unpaired t test, t statistic [df: 20] � 14.99, *p � 0.0001 vs CON). Scale bars, 200 �m
each. Magnified view demonstrates dendritic spines (arrows). Scale bars, 5 �m each.
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of the apparatus contained a familiar mouse from phase II. The time
spent during the 10 min with the novel mouse versus the familiar mouse
was compared.

Fear conditioning. For assessment of learning and memory about asso-
ciated environment with aversive experiences, contextual fear condition-
ing was performed. At the acquisition trial, mice were placed in a
chamber and received 0.75 mA electric foot shock 3 times within 5 min of
conditioning in the context. Twenty-four hours after the training session,
mice were returned to the context and their freezing behavior was re-
corded with an associated system in the absence of the associated shock
(Med Associates).

Morris water maze test. The invisible platform test was performed to
investigate spatial learning and memory in mice. Before the first trial,
mice were initially trained to find the escaping platform (12 cm diameter)
maintained in a constant place in a water maze pool (1 m diameter, water
temperature � 24°C) according to distal cues by placing the mice on the
platform for 30 s. The first training trial began after a 2 min interval. Each
mouse was released in the pool from different starting quadrants that did
not contain the platform. They were allowed to swim until they found the
platform or when 60 s had elapsed. Subsequently, they were allowed to
stay on the platform or placed on the platform for 5 s. Three trials were
performed per day and these trials lasted for 5 d. The latency to find the
platform was recorded for each trial. Mice were next allowed to swim for
60 s in the pool from the same beginning location for each mouse. Finally,
they were given two consecutive visible platform trials.

Experimental design and statistical analyses
Given that our studies are novel and undertaken for the first time, we
determined our sample size based on some of our prior work undertaken
in classical heterozygous glut3-null mice (Ganguly et al., 2007; Zhao et al.,
2010). A power analysis was performed with an expectation of a differ-
ence between the two group means of 20 with an expected SD of 10 at
80% power with a p � 0.05. This yielded a sample size of eight/group
when comparing two groups. In the case of an expected difference be-
tween means of 40 with an expected SD of 15 at 80% power and a p �
0.05, a sample size of three/group for comparing two groups proved
adequate. Because our initial quantification studies did not yield gender-
specific differences in postnatal studies, the genders were pooled for
further analyses of the early developmental studies. Distribution of all
fetal/placental and postnatal data from a mixed gender of males and
females, and only males for the adult data, expressed as mean 
 SEM was
determined by D’Agostino–Person or Shapiro–Wilk normality test. For
Gaussian distributions, we calculated p-values using unpaired Student’s t
test, whereas for non-Gaussian distributions, we used the Mann–Whit-
ney U test. Comparison between more than two groups was performed
with one-way ANOVA followed by the post-hoc Fisher’s PLSD test. The
significance of the difference between multiple parameters was per-
formed by two-way ANOVA followed by Sidak’s or Bonferroni’s post hoc
analyses. Null hypothesis was rejected at a p � 0.05. All Statistical analy-
ses were performed using GraphPad Prism version 7 (SCR_002798).

Figure 10. PET scan (A, B) and single-cell patch-clamp studies (C–F ). Glucose uptake, as measured by 18F-FDG accumulation in whole brain, was unaffected by Glut3 concentrations in the brain.
PN15 pups were injected intraperitoneally with �25 �Ci of 18F-FDG. After 1 h, the mice were imaged with PET/CT (A), killed, and the amount of radioactivity in the brain was quantified on a gamma
counter. B, Brain; BL, bladder; M, muscle. [ANOVA, F statistic (df: 2, 14) � 0.66]. B, Representative examples of paroxysmal discharges in pyramidal neurons from CON and glut3 KO mice at PN17.
Examples of traces from CON (C) and glut3 KO pyramidal cells (D). Neurons were held at �70 mV; arrow indicates the onset of bicuculline (BIC, 5 �M) application. Insets show a detailed view of the
paroxysmal events. Note that, in addition to the occurrence of more paroxysmal discharges, glut3 KO neurons display paroxysmal events earlier than CON neurons. Graphs represent the frequency
and latency of paroxysmal activity in CON and KO mice. The total number of paroxysmal events was quantified and divided by the 15 min duration of the recording session (E). There was a significantly
higher number of paroxysmal discharges in KO mice (*p � 0.0259, n � 8 in both groups). Latency to the first paroxysmal discharge was also determined (F ). There was significantly reduced latency
to the first paroxysmal event in cells from KO mice (*p � 0.0037 vs CON, n � 8 for KO and 3 for CON). Data were analyzed by unpaired Student’s t test and are represented as mean 
 SEM.
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Results
Two conditional glut3 KO mouse lines were
successfully created
In our present study, conditional glut3 KO mouse lines were
successfully created by the Cre/LoxP recombination system
designed to delete Exon 6 (Fig. 1) and create a distal frame
shift. The expression of Nestin protein was investigated in
early-stage WT brain tissue at E13.5 (Fig. 2 A, B), whereas the
expression of CaMK2� protein was detected in adult brain
alone (Tsien et al., 1996) (Fig. 2C,E), but not in 18 d gestation
placenta (Fig. 2 D, F ). Therefore, glut3 flox/flox/nestin - Cre�

mice expressed an early life postnatal phenotype, whereas the
glut3 flox/flox/CaMK2�-Cre� expressed a later life adult phenotype.
In our present study, glut3 flox/flox is referred to as glut3�/�

(CON), glut3 flox/�/Cre� as glut3�/ � (HT), and glut3 flox/flox/Cre�

as glut3� / � (KO). The glut3 flox/flox/nestin - Cre� (glut3� /�) genotype
demonstrates a postnatal phenotype.

The body weight of glut3� / � (KO) mice was not different at
PN10, declining by PN14 and PN15 as depicted in growth
curves (Fig. 3A) compared with glut3 �/� CON and glut3 �/ �

HT. In addition, glut3 KO mice had a reduced nose–rump
length at PN15 compared with CON and HT mice (Fig. 3B).
Survival curves demonstrated a difference between the three
genotypes, with KO showing early demise between PN15 and
PN31 (Fig. 3C). Introduction of a ketogenic diet during E15–
E21 of prenatal development and through postnatal life failed
to rescue KO mice. No major change occurred, although a
trend for higher body weights of the glut3 KO mice (5.4 
 0.0 g
at PN15) was observed compared with those raised on a reg-
ular chow diet (4.6 
 0.11 g at PN15, p � 0.16). Glut3 KO pups
in both diet groups were either found dead or cannibalized by
dams and presumed dead.

Although blood glucose at the basal state did not show a
significant difference at PN15 (Fig. 3D, top), it trended lower

Table 1. SHIRPA primary screen score in CON (n � 34), HT (n � 19), and KO (n � 14) pups

CON HT KO

p-value

(CON vs KO) (CON vs HT) (KO vs HT)

Viewing jar
Body position 2.70 
 0.12 3 
 0 2.43 
 0.25 0.2962 0.5946 0.0377*
Spontaneous activity 0.91 
 0.05 0.95 
 0.05 0.93 
 0.07 �0.9999 �0.9999 �0.9999
Respiration rate 2 
 0 2 
 0 1.93 
 0.07 0.1993 �0.9999 0.2914
Tremor 0 
 0 0 
 0 0 
 0 1 1 1
Urination 0.059 
 0.04 0.053 
 0.05 0 
 0 �0.9999 �0.9999 �0.9999
Defecation 0.09 
 0.06 0.16 
 0.12 0.5 
 0.2 0.0412 �0.9999 0.1867

Arena
Transfer arousal 3.68 
 0.19 4 
 0.23 3.5 
 0.34 �0.9999 0.9389 0.6174
Locomotor activity 3.38 
 0.57 3.89 
 0.59 2.57 
 0.72 �0.9999 �0.9999 0.6535
Palpebral closure 1.06 
 0.04 1 
 0 1.07 
 0.13 �0.9999 �0.9999 �0.9999
Piloerection 0 
 0 0 
 0 0 
 0 1 1 1
Startle response 0 
 0 0 
 0 0 
 0 1 1 1
Gait 0.68 
 0.16 0.37 
 0.21 1 
 0.3 0.8883 0.8109 0.205
Pelvic elevation 1.94 
 0.04 2 
 0 2 
 0.1 �0.9999 �0.9999 �0.9999
Tail elevation 1 
 0 1 
 0 1 
 0 1 1 1
Touch escape 1.06 
 0.04 1 
 0 1.07 
 0.07 �0.9999 0.9924 �0.9999
Positional passivity 0 
 0 0 
 0 0 
 0 1 1 1
Trunk curl 1 
 0 1 
 0 1 
 0 1 1 1
Limb grasping 1 
 0 1 
 0 1 
 0 1 1 1
Whisker brush 1.88 
 0.06 2 
 0 1.93 
 0.07 �0.9999 0.3737 �0.9999

Above arena
Abnormal behavior 1 
 0 1 
 0 1 
 0 1 1 1
Visual placing 1.91 
 0.05 1.68 
 0.11 1.64 
 0.13 0.1094 0.1478 �0.9999
Grip strength 1.70 
 0.08 1.68 
 0.11 1.21 
 0.11 0.0039* �0.9999 0.0152*
Wire manoeuvre 2.38 
 0.12 2.16 
 0.09 3 
 0.23 0.0148* 0.7352 0.002*
Body tone 1 
 0 1 
 0 1 
 0 1 1 1
Pinna reflex 0.38 
 0.08 0.47 
 0.12 0.35 
 0.13 �0.9999 �0.9999 �0.9999
Corneal reflex 0.91 
 0.05 0.95 
 0.05 0.78 
 0.11 0.6029 �0.9999 0.4203
Toe pinch 1.15 
 0.15 1.26 
 0.15 1.21 
 0.19 �0.9999 �0.9999 �0.9999

Supine restraint
Body length 5.46 
 0.07 5.25 
 0.08 4.79 
 0.12 �0.0001* 0.172 0.0049*
Skin color 1 
 0 1 
 0 1 
 0 1 1 1
Limb tone 1 
 0 1 
 0 1 
 0 1 1 1
Lacrimation 0.06 
 0.04 0 
 0 0 
 0 0.8524 0.7066 �0.9999
Salivation 0 
 0 0 
 0 0 
 0 1 1 1
Provoked biting 0.44 
 0 0.31 
 0.11 0.28 
 0.13 0.9635 �0.9999 �0.9999
Righting reflex 0.20 
 0.07 0.16 
 0.09 0.5 
 0.14 0.0995 �0.9999 0.0773
Contact righting 1 
 0 1 
 0 1 
 0 1 1 1
Negative geotaxis 2.53 
 0.31 1.89 
 0.45 2.86 
 0.5 �0.9999 0.7093 0.4363
Fear 0 
 0 0 
 0 0 
 0 1 1 1
Irritability 0.97 
 0.03 0.89 
 0.07 1 
 0 �0.9999 0.6206 0.465
Aggression 0.41 
 0.09 0.26 
 0.1 0.28 
 0.13 �0.9999 0.8529 �0.9999
Vocalization 0.03 
 0.03 0 
 0 0 
 0 �0.9999 �0.9999 �0.9999
Body weight 5.92 
 0.12 5.31 
 0.11 4.58 
 0.2 �0.0001* 0.0064* 0.0067*

*Significant difference among the groups as analyzed by one-way ANOVA followed by Bonferroni’s multiple-comparisons test.
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in glut3 KO versus HT and CON; however, at PN21, a signif-
icant decrease was observed (Fig. 3D, bottom). Brain weights
of PN15 glut3 KO mice were also reduced compared with CON
or HT mice (Fig. 3E). To determine the contributing factor
leading to reduction in body and brain weights and nose–
rump length, caloric intake was measured and found to be
increased at PN15 in both the glut3 KO and HT mice versus
CON (Fig. 3F ), eliminating the theory that loss of brain Glut3
interfered with the feeding ability of these mice. If anything,
there was an increase in KO versus CON, suggesting the pos-
sibility of matching increased energy expenditure generally
found with stunting (Dai et al., 2012; Shin et al., 2012). At-
tempts were made to measure energy expenditure by indirect
calorimetry as described previously by us (Dai et al., 2012;
Shin et al., 2012); however, the small size of KO mice pre-
cluded accurate determinations. At PN21, however, no milk was
recovered from the stomach, suggesting a reduced intake by this
preterminal stage.

We assessed CON tissues that expressed Glut3 at PN15 and
noted that the brain and testis were the only two tissues with
significant amounts of Glut3 (data not shown). Our further stud-
ies therefore focused mainly on brain, retina, and testis, but also

on the placenta that previously demonstrated Glut3 expression
(Ganguly et al., 2007).

In the E18 placenta, Glut1 protein was expressed in the
junctional region and the labyrinth, whereas Glut3 protein
was also expressed in the labyrinth, with no observed differ-
ence in the expression of Glut1 and Glut3 proteins in this
region between CON and KO (Fig. 4A–H ). This observation
bore out in Western blots, where quantification also revealed
no difference between CON and KO E18 placental Glut1 and
Glut3 proteins (Fig. 4I ). In addition, we assessed intraplacen-
tal and trans-placental glucose transport and observed no in-
tergenotype differences (Fig. 4J ) and no significant change in
placental weights (CON � 0.074 
 0.0006 g [n � 9] vs KO �
0.08 
 0.004 g [n � 10]). Specifically, localization of Glut3 was
observed in syncytiotrophoblasts lining the maternal vascular space,
whereas Nestin was noted in endothelial cells lining the fetal capillary
space (Fig. 4K–N). In addition, the expression of Nestin in endothe-
lial cells was confirmed by colocalization with an endothelial cell
marker, CD34 (Fig. 5A–C). This cell-specific differential expression
of Nestin and Glut3 was responsible for not abolishing placental
glut3 expression in KO mice. This provided a murine model that
disconnected the presenting phenotype of the KO offspring from

Figure 11. A, B, Vocalization at PN7. There are no significant differences in the number of events (A) and total duration (B) among CON and KO groups (Mann–Whitney rank–sum test: A, U
statistics � 344.5, p-value � 0.975; B, U statistics � 372, p � 0.640). C, D, Vocalization at PN14. KO demonstrated a significant decrease in the number of events (C) and total duration (D) among
CON and KO groups (Mann–Whitney rank–sum test: C, U statistics � 142, *p-value � 0.042; D, U statistics � 154, *p � 0.013). PN7: n � 12 for KO, n � 57 for CON; PN14, n � 6 for KO, n � 31
for CON.
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changes in placental Glut3 protein concentrations as encountered in
the classical glut3-null heterozygous mouse (Ganguly et al., 2007).

In the case of brain with developmentally early expression of
Nestin, the expression of the glut3 gene was significantly de-
creased (49 to 54%), whereas there was no difference in Glut1
protein concentrations in brains of E18 glut3 KO compared with
CON (Fig. 6A). Fetal brain (E18) glucose uptake (nmol/mg/min)
was not reduced in KO versus CON (CON � 6040 
 841 [n � 9]
vs KO � 6954 
 1846 [n � 10]), reflecting the unchanged Glut1
rather than the reduced Glut3 protein concentration in KO. Ad-
ditionally, there was no difference in fetal body weights (CON �
1.03 
 0.03 g [n � 9] vs KO � 1.07 
 0.02 g [n � 10]). Again,
postnatally at PN1, immunofluorescence localization revealed
both Glut1 and Glut3 proteins, with no difference in Glut1 pro-

tein between the two genotypes (Fig. 6B,C). In contrast, Glut3
protein was decreased in glut3 KO compared with CON (Fig.
6D,E). Colocalization experiments of Glut1 with Glut3 are also
depicted (Fig. 6F,G). This reduction in brain Glut3 concentra-
tion was not associated with changes in body or brain weights and
body length until PN14 (Fig. 3A,B,E). However, at PN15, when
stunting was observed (Fig. 3A,B,E), Western blots revealed a
dramatic 80.5% reduction in brain Glut3 protein concentrations
in glut3 KO versus CON, whereas brain Glut1 protein concentra-
tions remained unchanged (Fig. 6H). Immunohistochemical
analysis (Fig. 6I–N) also revealed a dramatic reduction in Glut3
immunoreactivity in PN15 glut3 KO cerebral cortex (Fig. 6J),
hippocampus (Fig. 6L), and cerebellum (Fig. 6N) versus the age-
matched CON (Fig. 6 I,K,M). Examination of testes revealed a

Figure 12. In situ hybridization histochemistry of glut3 gene expression in adult mouse brain. After overnight incubation with DIG-labeled riboprobes targeting exon 6 of the glut3 gene, alkaline
phosphatase-conjugated sheep anti-DIG IgG antibody (Roche Applied Science) was used for color development. In CON (A, C, F, I ), antisense probes show positive signals (arrows) in the neuronal
cells of cortex, hippocampus, and cerebellum. In KO (B, D, G, J ), antisense probes show significantly reduced immunoreactivity including within the parietal cortical association and retrosplenial
agranular cortex (B), CA1 and dentate gyrus region of hippocampus (D), and cerebellar lobule (G, J ). Controls with the corresponding sense RNA probes show the immunoreactivity completely
abolished (E, H, K ). Asterisks indicate reduced immunoreactivity in B, D, G, and J. Scale bars, 500 �m.
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reduction in Glut3 immunoreactivity within the spermatid of the
glut KO mice compared with CON (Fig. 7A,B). These findings
attested to the success of creating faithful conditional glut3 KO
mouse lines.

Based on these findings, we confirmed changes with immu-
nofluorescent histochemistry (Fig. 8A–F). Synaptophysin (Fig.
8A,D) and Map2 (Fig. 8B,E) were decreased in KO (Fig. 8D–F)
compared with CON (Fig. 8A–C). We further investigated cell-
specific markers in PN15 brains by Western blots and detected a
trend in reduction of synaptophysin (neuronal/axonal marker),
Map2 (neuronal/dendritic marker), and tubulin proteins in KO

brains compared with CON (Fig. 8G). We next assessed com-
pensatory changes in response to reduced PN15 brain Glut3
protein concentrations. We noted no difference in brain Glut4
or Glut8 protein concentrations between KO and CON mice.
Again, no difference was seen with MCT2 despite a trending
increase evident by Western blot analysis (Fig. 8H ). Glut1
protein was also expressed with the same intensity within the
retinal pigmented epithelium (Fig. 8 I, J, arrows) of PN15 eyes
in both CON (Fig. 8I ) and KO (Fig. 8J ) genotypes. In contrast,
Glut3 immunoreactivity was reduced in the KO retinal inner
plexiform layer (Fig. 8L) compared with CON (Fig. 8K ), with

Figure 13. A, Representative traces of sEPSCs (left) and sIPSCs (right) in a pyramidal neuron from CON and KO mice at holding potentials (Vh ) of �70 mV and �10 mV, respec-
tively. B, Amplitude–frequency histograms for sEPSCs (left) and sIPSCs (right) in CON and KO neurons. No significant changes in either sEPSCs or sIPSCs frequencies at different amplitude
bins were observed between CON and KO neurons. Insets show the average frequency of sEPSCs (left) and sIPSCs (right). Although no significant change in average frequency was
observed in sEPSCs, KO pyramidal neurons showed a significant decrease in sIPSC average frequency relative to CON neurons. Amplitude–frequency histogram data were analyzed by
two-way ANOVA followed by Bonferroni’s multiple-comparisons test. Average frequency data shown in graphs were analyzed by unpaired Student’s t test, *p � 0.04. C, Cumulative
interevent interval histograms for sEPSCs (left) and sIPSCs (right). Although no significant change was observed for sEPSC cumulative interevent interval histograms, for sIPSCs, the KO
group was shifted to the right, and the difference between CON and KO groups was significantly different for the 300 – 400 ms bins indicating decreased frequency of sIPSCs. Data were
analyzed by two-way ANOVA followed by Bonferroni’s multiple-comparisons test, n � 10 neurons for KO, n � 8 neurons for CON, *p � 0.05.
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associated structural disruption (Fig. 8 I, K,M in CON; Fig.
8 J, L,N ) seen in KO.

These observations prompted further assessments of neuro-
nal cells. The number (KO � 2.83 
 0.54, n � 6, vs CON �
2.71 
 0.42, n � 7; p � 0.67) and length (KO � 55.85 
 9.94 �m,
n � 6, vs CON � 61.76 
 10.79 �m, n � 7; p � 0.74) of second-
ary dendritic branches in pyramidal neurons of the cortex were
no different between the genotypes. The number of apical den-
dritic spines in pyramidal neurons of the cortex was, however,
significantly reduced in KO mice (Fig. 9A–C). These findings
were associated with diminished cerebral cortical thickness in KO
versus CON brains, as assessed with hematoxylin and eosin-
stained morphological measurements (KO � 864.3 
 13.87 �m
[n � 73] vs CON � 970.2 
 17.15 �m [n � 87], p � 0.001).

Absence of postnatal brain Glut3 is associated with functional
and behavioral changes
PET scanning at PN15 revealed no significant change in brain
18F-FDG uptake despite an almost lack of Glut3 protein in brain
at this postnatal age (Fig. 10A,B). The 18F-DG uptake appeared
to reflect the brain Glut1 protein concentrations, which re-
mained unchanged in the two genotypes. We also measured
amino acids in brain such as glutamate and GABA. There was no
significant difference in KO compared with CON (glutamic acid,
KO 45341 
 3173 pmol, CON 50953 
 1722 pmol, p � 0.1190;
glutamine, KO 51098 
 5127 pmol, CON 52749 
 2025 pmol,
p � 0.7542; GABA, KO 12749 
 546.5 pmol, CON 13691 
 523.8
pmol, p � 0.2264, n � 12 [KO] and n � 14 [CON] for each
neuropeptide). We next used single-cell patch-clamp recordings
of cortical pyramidal neurons in slices (Fig. 10C–F) and observed
that the passive membrane properties (membrane capacitance,
input resistance, and time constant) were similar in KO and CON
cells. Similarly, no significant differences were found in sponta-
neous glutamatergic (V hold � �70 mV) or GABAergic (V
hold � �10 mV) activities. However, after bath application of
bicuculline to block GABAA receptors, pyramidal neurons dis-
played paroxysmal discharges consisting of large inward currents
and bursts of spontaneous glutamate activity. The number of
paroxysmal discharges was significantly increased, whereas the
latency to first discharge was decreased in neurons from KO mice
compared with CON (Fig. 10E,F; for examples of paroxysmal
discharges in a WT and KO neuron, see Fig. 10C,D). These find-
ings suggested increased cortical excitability after GABAA recep-
tor block and could partially explain the reduced number of
dendritic spines in pyramidal neurons.

SHIRPA testing of glut3 flox/flox/nestin - Cre� mice revealed an
early postnatal phenotype. KO mice displayed increased aggres-
sion, provoked biting, and righting reflex, whereas palpebral clo-
sure and negative geotaxis showed a downward slope in PN15 KO
mice versus CON (Table 1). In addition, although ultrasonic vo-
calizations were not different at PN7 (Fig. 11A,B), they were
significantly reduced at PN14 (Fig. 11C,D), similar to findings in
mouse models of autism spectrum disorders (Zhao et al., 2010;
Wöhr et al., 2011; Roy et al., 2012).

glut3 flox/flox/CaMK2�-Cre� (glut3 KO) genotype expresses a late
adult phenotype
Given that the glut3 flox/flox/nestin - Cre� mice displayed significant
stunting and shortened lifespan, characterization of the adult
phenotype was precluded. Therefore, it was imperative to cre-
ate additional mouse lines carrying glut3 gene deletions in

selective neurons and thereby facilitate survival as adults, al-
lowing description of the adult phenotypic changes observed
in glut3 flox/flox/CaMK2 � - Cre� mice.

Because CaMK2�-Cre-mediated deletion of target genes was
previously reported to be seen in murine brains as early as in the
2.5-month-old and beyond (Chen et al., 2001; Fan et al., 2001),
we undertook some studies at 5 months of age and determined
the continued lack of overt phenotypic changes. Our studies then
began focusing on a subsequent adult stage of 8 –10 months and
determined no significant change in anthropometric measure-
ments (body weight: KO � 33.56 
 3.35 g [n � 21] vs CON �
39.2 
 2.45 g [n � 22]; nose–rump length: KO 9.75 
 0.12 cm
[n � 21] vs CON � 9.81 
 0.11 cm [n � 22]).

We examined Glut3 mRNA in 10-month-old mouse brain
sections by in situ hybridization histochemistry (Fig. 12A–K).
Antisense probes against the glut3 gene evoked positive signals in

Table 2. SHIRPA primary screen score in CON (n � 22) and KO (n � 21) adult mice

CON KO p-value

Viewing jar
Body position 3 
 0 3 
 0 1.0000
Spontaneous activity 1.22 
 0.09 1.23 
 0.09 0.9208
Respiration rate 2.09 
 0.06 2.04 
 0.05 0.5869
Tremor 0 
 0 0 
 0 1.0000
Urination 0.045 
 0.04 0.09 
 0.06 0.5358
Defecation 1.45 
 0.29 1.66 
 0.4 0.6736

Arena
Transfer arousal 4.86 
 0.07 5 
 0 0.0829
Locomotor activity 26.45 
 1.27 23.04 
 0.94 0.0387*
Palpebral closure 0 
 0 0 
 0 0.0990
Piloerection 0 
 0 0 
 0 1.0000
Startle response 0.68 
 0.1 0.42 
 0.11 0.0990
Gait 0 
 0 0 
 0 1.0000
Pelvic elevation 2 
 0 2 
 0 1.0000
Tail elevation 1.04 
 0.04 1.14 
 0.1 0.3884
Touch escape 1.59 
 0.16 1.47 
 0.16 0.6129
Positional passivity 0 
 0 0 
 0 1.0000
Trunk curl 1 
 0 1 
 0 1.0000
Limb grasping 1 
 0 1 
 0 1.0000
Whisker brush 2.14 
 0.14 2 
 0 0.1985

Above arena
Abnormal behavior 0.36 
 0.10 0.42 
 0.11 0.6736
Visual placing 3.13 
 0.13 2.71 
 0.14 0.0370*
Grip strength 2 
 0.14 1.61 
 0.11 0.0449*
Wire maneuver 1.18 
 0.21 2 
 0.23 0.0146*
Body tone 1.36 
 0.1 1.09 
 0.06 0.0379*
Pinna reflex 1.22 
 0.09 1.04 
 0.04 0.0934
Corneal reflex 1 
 0 1 
 0 1.0000
Toe pinch 2.95 
 0.07 2.95 
 0.04 1.0000

Supine restraint
Body length 9.81 
 0.11 9.75 
 0.12 0.8077
Skin color 1 
 0 1 
 0 1.0000
Limb tone 1.63 
 0.1 1.4 
 0.11 0.1316
Lacrimation 0 
 0 0 
 0 1.0000
Salivation 0 
 0 0 
 0 1.0000
Provoked biting 1 
 0 0.95 
 0.05 0.3006
Righting reflex 0 
 0 0 
 0 1.0000
Contact righting 1 
 0 1 
 0 1.0000
Negative geotaxis 0.09 
 0.09 0.4 
 0.18 0.1284
Fear 0 
 0 0 
 0 1.0000
Irritability 1 
 0 1 
 0 1.0000
Aggression 0.86 
 0.07 0.95 
 0.05 0.3538
Vocalization 0.81 
 0.08 0.85 
 0.08 0.7927
Penlight vision 0.875 
 0.125 1 
 0 0.2305
Body weight 39.21 
 2.45 33.56 
 3.35 0.4272

*Significant difference between the CON and KO groups as analyzed by unpaired t test.
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neuronal cells of the cerebral cortex, hippocampus, and cerebel-
lum of CON brains (Fig. 12A,C,F, I). In KO (Fig. 12B,D,G,J)
brain sections, reduced transcripts in the parietal association or
trunk region (asterisk) of cortex (Fig. 12B), CA1 region (aster-

isks) of hippocampus (Fig. 12D) and cerebellar lobules (asterisks)
(Fig. 12G,J) was evident compared with corresponding CON
brains (Fig. 12A,C,F, I). Experimental negative controls with the
corresponding sense RNA probes abolished the detection of glut3

Figure 14. A, Accelerating rotarod test was performed to assess motor learning and motor coordination. KO mice showed significant motor coordination problems and fell sooner from the rod than CON mice
(two-way ANOVA followed by Sidak’s multiple-comparisons test (interaction, F statistic [df: 4, 181]�1.416, p-value�0.2304; genotype, F statistic [df: 1, 181]�31.77, p-value�0.0001; *p�0.0010 for day
3,**p�0.0008forday4,***p�0.0002forday5.KO;n�16forday1,n�21forday2– 4andn�20forday5,CON;n�5forday1,n�22forday2– 4andn�21forday5).B,Motorlearningwasobserved
in only the CON group. KO mice were significantly different from CON when comparing latency to fall from the rod at day 2–5, Mann–Whitney test (sum of ranks [11246, 7090; df: 189. *p-value�0.0001, (KO:
n�99, CON: n�92 mice). C–F, Open-field task. KO mice showed normal movement and activity but less anxiety compared with CON mice. C, D, Distance traveled in whole arena. Both KO and CON mice spent
a similar time and traveled alike in distance within whole arena during 20 min (KO: n�21, CON: n�22 mice, unpaired t test, t statistic [df: 41]�0.015, p-value�0.99 in D). E, F, Distance traveled in center
of arena. CON mice spent less time in the center of arena and showed more tendencies in staying next to the corners, whereas glut3 KO mice spent more time in the center (KO: n � 21, CON: n � 22 mice),
two-way ANOVA (genotype: F statistic [df: 1410] � 38.12, p-value �0.0001; time spent: F statistic [df: 9410] � 1.75, p-value � 0.08; genotype 	 time spent interaction: F statistic [df: 9410] � 1.02,
p-value � 0.42 in E: 0 –2, **p � 0.0046, 4 – 6, ***p � 0.0001, 6 – 8, *p � 0.0154; unpaired t test, t statistic [df: 41] � 3.124, *p-value � 0.0033 in F ).
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transcripts completely (Fig. 12E,H,K), supporting the specificity
of our detection system.

Adult glut3 flox/flox/CaMK2 � - Cre� (glut3 KO) mice display
functional and behavioral changes
In single-cell patch-clamp experiments from pyramidal neurons
in motor cortex, a reduction in the frequency of IPSCs with no
significant change in the frequency of EPSCs was evident in 10-
month-old glut3 KO versus CON (Fig. 13A–C). In addition, there
was no significant change in basic membrane properties of KO
and CON mice {[Cell membrane capacitance (Pf): KO � 151.6 

15.2, CON � 154 
 15.4], [Input resistance (M�): KO �
156.8 
 36.1, CON � 127.8 
 30.0,], [Time constant (msec):
KO � 4.61 
 0.5, CON � 4.67 
 0.39,]; n � 8 for CON, n � 10
for KO}.

In the glut3 flox/flox/CaMK2 � - Cre� (glut3 KO) genotype, we per-
formed neurobehavioral testing in 8- to 10-month-old male mice
to determine the impact of selective loss of Glut3 expression.
Comparing glut3 KO mice versus their age-matched CON re-
vealed reduced locomotor activity, visual placing, wire maneu-
ver, grip strength, and body tone (Table 2) in the SHIRPA screen.
To confirm these initial motor findings, we noted in the rotarod
test a lower latency to fall in glut3 KO versus CON mice (Fig.
14A,B). The open-field test was undertaken to assess locomotor
activity and the level of anxiety in these mice. The glut3 KO mice
traveled a similar distance in the arena as the CON. However, the
glut3 KO mice spent more time in the center rather than the
periphery compared with CON, attesting to enhanced anxiolytic
behavior, perhaps due to the lack of a fear response (Fig. 14C–F).
To prove this further, we performed the fear conditioning test
and noted a longer time spent in the frozen state by glut3 KO
versus CON, supporting a longer duration in habituating to a fear
response (Fig. 15A). Consistent with these results, sociability and
social novelty testing revealed a lack of concern in socializing and
in exploring social novelty, further supporting a lack of fear (Fig.
15B,C). Morris water maze testing revealed minimal changes in
glut3 KO versus CON (Fig. 16A–D), except for time spent in the
target quadrant (Fig. 16B), suggesting impaired spatial cognition.

Discussion
This is the first report of a neural-specific glut3 homozygous
knock out mouse model resulting in postnatal survival. This is
because placental trophoblast glut3 expression could be discon-
nected from the offspring’s glut3 expression and related pheno-
type. Fetal brain (E18) Glut3 protein reduction (�50%) was
associated with an overtly normal fetal phenotype. This gross
phenotypic normalcy persisted soon after birth (P1) and during
the early postnatal phase (up to PN10) despite a persistent reduc-
tion in brain glut3 expression level (�50%). These results during
the early postnatal period mimicked those of the classical glut3
deletion, where the glut3-null heterozygotes expressed 50% of
glut3 in the offspring (Ganguly et al., 2012). However, the classi-
cal glut3-null heterozygous fetus demonstrated a slowing of fetal
growth related to a reduction in placental glut3 expression and
trans-placental glucose transport (Ganguly et al., 2007). No such
change was evident in our Nestin-Cre�-mediated glut3 deletion
and no intergenotype differences were noted in trans-placental
glucose transport.

During the postnatal phase, a further reduction leading to an
almost complete lack of brain glut3 from PN14 on occurred. It is
only at this stage, where previously we have noted Glut3 expres-
sion to peak in WT mice (Thamotharan et al., 2013), that pheno-
typic changes were overtly detected. Obvious stunting with a

shortened lifespan was seen. The earliest demise was encountered
at �PN14 to the latest at �PN31 (8 –10 d postweaning), when all
of the homozygotes died. This pattern does not reflect a lack of
hepatic glucose production, which generally occurs very early in

Figure 15. Contextual fear conditioning. A, CON mice showed impaired contextual fear condi-
tioning. KO mice froze more during conditioning in the context of fear, whereas CON mice showed
significantly lower levels of freezing (KO: n�19 mice, CON: n�22 mice, two-way ANOVA followed
by Bonferroni’s multiple-comparisons test: interaction, F statistic [df: 1, 39]�3.263, p�0.0786; day
1 to day 2, F statistic [df: 1, 39] � 282.9, p � 0.0001; genotype, F statistic [df: 1, 39] � 7.47, p �
0.0094:*p-valueforday2�0.0033).B,C,Social interactiontask.B, Inthesociabilityphase,bothCON
and KO mice spent significantly more time with novel mouse than an empty wire cup, two-way
ANOVA followed by Fisher’s PLSD test: interaction, F statistic [df: 1, 82] � 0.4447, p � 0.5068; time
spent around, F statistic [df: 1, 82] � 12.16, p � 0.0008; genotype, F statistic [df: 1, 82] � 0.1687,
p � 0.6823 (KO; n � 21 mice, *p-value � 0.0047, CON; n � 22 mice, #p-value � 0.047). C, At the
social recognition phase, CON mice spent similar time with either the novel mouse or familiar mouse
from the previous phase, whereas glut3 KO mice showed a significant trend toward the novel mouse
rather than the familiar mouse, two-way ANOVA followed by Fisher’s PLSD test, CON; n � 22 mice,
KO; n�21 mice: interaction, F statistic [df: 1, 82]�2.987, p�0.0877; Time spent around, F statistic
[df: 1, 82]�5.23, p�0.0248; genotype, F statistic [df: 1, 82]�0.027, p�0.8699. In the unfamiliar
versus familiar of KO, *p � 0.0063.
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life. In addition, no significant change in blood glucose emerged
until PN15–PN21, thereby reflecting enhanced utilization medi-
ating the shortened lifespan.

Postnatal stunting as displayed by the glut3 KO mice is seen in
humans related to food insecurity (Branca and Ferrari, 2002;
Prendergast and Humphrey, 2014). Similarly, neurologically af-
fected children are also known to be stunted due to compromised
feeding abilities (Kerac et al., 2014). Therefore, the next concern
was whether the KO mice endured a disrupted glut3-related
neurological control of feeding causing postnatal growth re-
striction with early death. However, the KO mice demon-
strated no such difficulty in feeding; rather, the milk intake
was increased at PN15, perhaps in compensation for increased
energy utilization or expenditure. Previously in postnatal
growth-restricted rats/mice, an increase in oxygen consump-
tion and energy expenditure was reported (Dai et al., 2012;
Shin et al., 2012). However, at PN21, milk contents in the
stomach were completely absent in KO but present in CON
mice, perhaps heralding decompensation.

The observed phenotype is not solely due to a change in diet
from high ketogenic maternal milk to high carbohydrate mouse
chow. This is because some of these KO mice died while still on
maternal milk and those that survived weaning lasted for nearly a

week to 10 days on a high carbohydrate diet. In fact, early intro-
duction of a ketogenic diet in a small subset, although mildly
improving their body weight gain at PN15, failed to rescue by
prolonging their lifespan. Given the extreme stunting of the glut3
KO mice, it proved impossible to undertake additional blood or
CSF testing to determine the cause of stunting or shortened lifes-
pan. It is possible that neural regulation of critically essential
hormonal output or nonglucose metabolomic homeostasis may
have been compromised, adversely affecting somatic growth and
lifespan.

We next focused on brain Glut3 expression and observed that
Glut3 is noted as early as E13.5 (or even earlier), with a reduction
in expressed amounts seen at E18 due to the presence of Nestin in
the same neural cell types. However, it was not until PN15, a time
when Glut3 expression peaks normally (Khan et al., 1999; Tham-
otharan et al., 2013), that an almost complete lack of Glut3
emerged. It is also at this developmental time point that obvious
stunting was exhibited. In addition, consistent with the reduction
in brain weights, a reduction in cerebral cortical thickness was
observed, reflecting postnatal microcephaly. We therefore fo-
cused on the PN15 brain to determine whether there was any
disruption of neurons or dendrites in particular and noted only a
trend toward a decrease in synaptophysin, Map2, or tubulin be-

Figure 16. Morris water maze task. glut3 KO mice displayed impaired spatial learning. A, Latency to find the escape platform in five consecutive training trials. glut3 KO mice showed reduced
learning compared with CON mice (glut3 KO; n �20, CON: n �21 mice, two-way ANOVA followed by Bonferroni’s multiple-comparisons test: interaction, F statistic [df 4, 156]�1.435, p �0.2251;
time, F statistic [df 4156] � 21.22, p � 0.0001; genotype, F statistic [df: 1, 39] � 18.7, p � 0.0001. p-value day 1 to 5 � (day 1: 0.8627, day 2: 0.1242, **day 3: 0.0028, ***day 4: 0.0005, *day
5: 0.0438). B, Time spent in each quadrant (T, target quadrant; L, left quadrant; O, opposite quadrant; R, right quadrant) was measured in the probe trial in which the platform was removed from
the pool. CON mice spent more time in target quadrant than glut3 KO (two-way ANOVA followed by Bonferroni’s multiple-comparisons test; interaction, F statistic [df: 3, 117] � 2.455, p � 0.0666;
time spent around, F statistic [df: 3, 117] � 17.86, p � 0.0001; genotype, F statistic [df: 1,39] � 0.0005, p � 0.9821., *p-value for target quadrant � 0.0493). C, Latency to find the visible platform
in glut3 KO mice was similar to CON mice in both trials (two-way ANOVA followed by Bonferroni’s multiple-comparisons test; interaction, F statistic [df: 1, 39] � 1.989, p � 0.1664; time, F statistic
[df: 1, 39] � 4.027, p � 0.0518; genotype, F statistic [df: 1,39] � 0.3203, p � 0.5746; p � 0.4625 for trial 1, p � 0.9999 for trial 2.) D, No difference was observed in swim speed (unpaired t test,
t statistic [df: 33.46] � 0.1901, p-value � 0.85).
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tween the two genotypes, with a reduction in dendritic spines of
pyramidal neurons. Similarly, no compensation was evident by
other related glucose transporter isoforms with, again, only a
trend toward an increase seen with neuronal MCT2. This sugges-
tive increase in neuronal MCT2 supports the recruitment of ke-
tones to fuel the energy metabolism in the absence of Glut3-
mediated glucose supply. Conversely, the absence of a more
robust increase in neuronal MCT2 when Glut3 is absent may
relate to a dilution effect by the multiple non-MCT2-expressing
brain cellular elements. Also, in contrast to Glut3, which peaks at
PN15, MCT2 achieves peak expression at only 2 months of age
(Zhao et al., 2010), with concentrations being relatively low at
PN15.

Using 18F-deoxy-glucose PET scanning, reduced or lack of
Glut3-mediated neuronal glucose uptake was not detected. This
is because the other isoforms, particularly Glut1, which is uni-
formly expressed by the endothelial cells of microvasculature,
continues to transport glucose from the circulation into the brain
interstitial space and glial cells. Previously, in vitro studies using
cultured rat cerebellar granule neurons demonstrated a key role
for the membrane-bound Glut3 regulated by activated AMPK
(ATP: AMP ratio). This was mediating hyperpolarization of the
mitochondrial membrane potential associated with transient
glutamate excitation, thereby potently sensitizing neurons to ex-
citotoxicity. Therefore, Glut3 was critical in mediating neuronal
tolerance to excitotoxicity (Weisová et al., 2009). Confirmation
of such a functional effect in vivo due to a lack of Glut3 in cortical
neurons was forthcoming with patch-clamp investigations. Here,
in the glut3 KO genotype, an increased frequency of paroxysmal
events and a reduced latency period to the first paroxysmal dis-
charge when GABAA receptors were blocked were evident. In-
creased excitability could partially explain the loss of dendritic
spines observed in pyramidal neurons, possibly as a compensa-
tory mechanism to prevent neuronal damage. Our neurobehav-
ioral assessments at this early age revealed a significant reduction
in vocalizations at PN14, being normal earlier at PN7, consistent
with the other phenotypic changes in KO versus CON. In adults,
conditional deletion of glut3 led to motor and social deficits. Both
conditional models displayed behaviors typical of autism spec-
trum disorders.

We next focused on the retina as a simpler tissue that serves as
a window into the CNS. The retinal inner plexus layer demon-
strated a lack of Glut3 expression, along with structural disrup-
tion of the plexiform layer. Further, a reduction in Glut3
expression in spermatids was noted, suggesting colocalization of
Nestin and Glut3. This reduced Glut3 expression in spermatids
could compromise reproduction if these mice had survived until
sexual maturation. In addition to the brain, followed next by
testes, Glut3 expression is very low in other PN15 tissues and
therefore cannot be responsible for the postnatal stunting of
Glut3 KO mice.

Due to the short lifespan encountered when global neural
glut3 deletion was accomplished, it became imperative next to
undertake selective neuronal glut3 deletion to facilitate survival as
an adult. To this end, the CaMK2�-mediated glut3 deletion was
accomplished. CaMK2�, although not expressed in placenta, is
expressed in specific regions of the adult cerebral cortex, hip-
pocampus, thalamus, hypothalamus, and amygdala. Therefore,
the expected result is abolition of glut3 gene expression in these
selective brain regions. This abolition occurred as early as 5
months of age and lasted until 10 months of age and beyond, the
deletion being more complete with advancing age. Whereas no
gross impairment was evident, single-cell patch-clamp record-

ings of cortical neurons revealed reduced iPSCs, supporting in-
creased excitability. Interestingly, in mouse models of autism, a
loss of fast-spiking, parvalbumin-expressing interneurons has
been observed (Ferguson and Gao, 2018).

More importantly, this mouse line allowed us to examine
adult neurobehavior in the context of previously reported classi-
cal glut3-null heterozygous mouse (Zhao et al., 2010; Dai et al.,
2017) results. Although the classical mouse model consisted of
global neuronal reduction in Glut3 expression by �50% (Gan-
guly et al., 2012), our present conditional mouse model revealed
near absence of Glut3 expression in select neurons. This distinc-
tion is important in interpreting our present observations. Previ-
ously, we reported a lack of change in the rotarod (motor
abilities), open field (anxiety), and fear conditioning in the glut3-
null heterozygotes (Zhao et al., 2010); however, in our present
conditional glut3 KO model, we observed reduced motor abilities
and anxiolytic behaviors with a lack of fear for space exploration
or social interaction with strangers. These changes perhaps reflect
perturbed neuronal function of the limbic system and cerebral
cortex. Previous studies using CaMK2�-Cre� transgenic mice
deleting corticotrophin-releasing hormone receptor 1 also led to
anxiolytic changes similar to our present observations, suggesting
dysfunction of similar neuronal pathways (Müller et al., 2003).
Further, when the oxytocin receptor was deleted under the regu-
lation of CaMK2� promoter, changes in sociability emerged (Lee
et al., 2008). When spatial memory was examined by the Morris
water maze test, the classical glut3-null heterozygotes revealed
significant disruption, whereas our present conditional mouse
model displayed a finer disruption, again attesting to differences
between the two deletions. Most importantly, the limbic system is
the reward-generating system, which can be disrupted by meth-
amphetamines and cocaine (Adinoff, 2004; Koob and Volkow,
2010; Berridge and Kringelbach, 2015). Whether the disruption
of Glut3-mediated energy supply to these particular neurons af-
fects these pathways toward blunting the effect of such drugs
needs future investigation.

In conclusion, the phenotype (global neural deletion) during
the postnatal phase consisted of stunting, microcephaly, reduced
vocalizations, and shortened lifespan, whereas survival into
adulthood (select neuronal deletion) led to perturbed neurobe-
havioral responses that spell danger for the subject carrying the
glut3 deletion. Our studies provide the neural basis for some of
the observed associations tying glut3 CNVs with age-specific pre-
sentations of certain neurodevelopmental disorders.
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