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Novel Roles for the Insulin-Regulated Glucose Transporter-4
in Hippocampally Dependent Memory

Jiah Pearson-Leary' and Ewan C. McNay?3
Department of Anesthesiology and Critical Care Medicine, Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania 19104, and 2Department of
Behavioral Neuroscience and *Department of Biology, University at Albany, Albany, New York 12222

The insulin-regulated glucose transporter-4 (GluT4) is critical for insulin- and contractile-mediated glucose uptake in skeletal muscle.
GluT4 is also expressed in some hippocampal neurons, but its functional role in the brain is unclear. Several established molecular
modulators of memory processing regulate hippocampal GluT4 trafficking and hippocampal memory formation is limited by both
glucose metabolism and insulin signaling. Therefore, we hypothesized that hippocampal GluT4 might be involved in memory processes.
Here, we show that, in male rats, hippocampal GluT4 translocates to the plasma membrane after memory training and thatacute, selective
intrahippocampal inhibition of GluT4-mediated glucose transport impaired memory acquisition, but not memory retrieval. Other stud-
ies have shown that prolonged systemic GluT4 blockade causes insulin resistance. Unexpectedly, we found that prolonged hippocampal
blockade of glucose transport through GluT4-upregulated markers of hippocampal insulin signaling prevented task-associated depletion
of hippocampal glucose and enhanced both working and short-term memory while also impairing long-term memory. These effects were
accompanied by increased expression of hippocampal AMPA GluR1 subunits and the neuronal GluT3, but decreased expression of
hippocampal brain-derived neurotrophic factor, consistent with impaired ability to form long-term memories. Our findings are the first
to show the cognitive impact of brain GluT4 modulation. They identify GluT4 as a key regulator of hippocampal memory processing and
also suggest differential regulation of GluT4 in the hippocampus from that in peripheral tissues.

Key words: glucose; GluT4; hippocampus; memory

(s )

The role of insulin-regulated glucose transporter-4 (GluT4) in the brain is unclear. In the current study, we demonstrate that GluT4
is a critical component of hippocampal memory processes. Memory training increased hippocampal GluT4 translocation and
memory acquisition was impaired by GluT4 blockade. Unexpectedly, whereas long-term inhibition of GluT4 impaired long-term
memory, short-term memory was enhanced. These data further our understanding of the molecular mechanisms of memory and
have particular significance for type 2 diabetes (in which GluT4 activity in the periphery is impaired) and Alzheimer’s disease
(which is linked to impaired brain insulin signaling and for which type 2 diabetes is a key risk factor). Both diseases cause marked
impairment of hippocampal memory linked to hippocampal hypometabolism, suggesting the possibility that brain GluT4 dys-
regulation may be one cause of cognitive impairment in these disease states. j

ignificance Statement

Introduction
Insulin resistance is associated with Alzheimer’s disease (de la
Monte, 2012a; Biessels and Reagan, 2015). Numerous data suggest
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that insulin resistance can occur, not only peripherally, but also in
the brain (Duarte et al., 2012; de la Monte, 2012b; Biessels and Rea-
gan, 2015). In the periphery, insulin resistance is associated with a
loss-of-function in insulin-regulated glucose transporter-4 (GluT4)
(Zisman et al., 2000; Wallberg-Henriksson and Zierath, 2001).
However, it is unclear whether brain insulin resistance follows brain
GluT4 dysfunction. In the brain, GluT4 is found in neurons of spe-
cific regions involved in motor and episodic memory such as the
cerebellum, motor cortex, and especially the hippocampus (Van-
nucci et al., 1998; Alquier et al., 2006). However, the functional role
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ofbrain GluT4 is largely undetermined, although recent studies have
confirmed a role for hypothalamic GluT4 in metabolic regulation
(Renetal., 2015; Ren etal., 2014). As in the periphery, brain GluT4 is
regulated by insulin, which stimulates translocation of brain GluT4
(Bakirtzi et al., 2009; Grillo et al., 2009) via insulin receptors (Ren et
al., 2014). Both insulin and glucose are potent enhancers of hip-
pocampal memory processes and it has been suggested that insulin’s
cognitive effects may occur via upregulation in GluT4-mediated glu-
cose uptake (McNay et al., 2010; McNay and Recknagel, 2011).
However, neither the role of GluT4 in memory processing or hip-
pocampal function nor the impact of brain GluT4 blockade has been
studied.

Many of GluT4’s upstream regulators are involved in memory
processes, suggesting that GluT4 may contribute directly to
memory. When inactive, Glut4 is tethered within the cytosol in
GluT4 storage vesicles (GSVs). Translocation of GluT4 from
GSVs to the cell surface occurs in response to insulin and to
several molecules involved in hippocampal learning and memory
processes, including estrogen, norepinephrine, and brain-
derived neurotrophic factor (BDNF) (Kishi et al., 1996; Barros et
al., 2006b; Suwa et al., 2010). This translocation is also regulated
by protein kinase C-zeta, histone acetylating proteins, protein
kinase A, and Ca®"/calmodulin kinase I, all of which can affect
memory processing (Barros et al., 2006b; Smith et al., 2007; Li et
al., 2008; Mukwevho et al., 2008; Smith et al., 2008; Suwa et al.,
2010; Zhang et al., 2010; Dehvari et al., 2012; Ojuka et al., 2012).

Importantly, GSVs house, not only GluT4, but also additional
molecules [e.g., Ras-GTPase-activating-like protein (IQGAP1),
insulin-regulated aminopeptidase (IRAP), and insulin-like
growth factor receptor-2 (IGF2R)] that are well documented reg-
ulators of memory (Schrick et al., 2007; Fernando et al., 2008;
Jedrychowski et al., 2010; Chen et al., 2011; Gao et al., 2011;
Kandror and Pilch, 2011). Changes in ionic concentration gradi-
ents that occur with synaptic events critical for memory, such as
elevated extracellular [K "] and increased intracellular [Ca®"],
also facilitate GSV translocation (Yu etal., 1999; Xu et al., 2004; Li
etal., 2006; Wijesekara et al., 2006; Fernando et al., 2008). There-
fore, to examine the role of GluT4 in memory processing, it is
important to block glucose uptake selectively through GluT4
rather than simply blocking GSV translocation. For example, in-
hibition of IRAP can increase performance on memory tasks,
potentially by increasing GluT4-mediated glucose uptake (Fer-
nando etal., 2008). To block GluT4 in the hippocampus, we used
direct brain delivery of indinavir, which targets the cytosolic
glucose-binding domain of GluT4, thus preventing glucose
transport (Hertel et al., 2004; Hruz et al., 2008; Vyas et al., 2010;
Hresko and Hruz, 2011). This treatment allowed us to block
GluT4-mediated transport of glucose without affecting the trans-
location of GSVs to the plasma membrane (PM) or the function
of other molecules housed in the GSVs. Because many molecules
and events associated with memory regulate GluT4 trafficking
and neuronal glucose supply and metabolism is necessary for
memory, we hypothesized that hippocampal GluT4-mediated
glucose uptake would be critical for memory formation (McNay
et al., 2000; Hoyer, 2003). To test this hypothesis, indinavir was
used to block GluT4-mediated glucose uptake. Indinavir blocks
the cytoplasmic glucose-binding domain of GluT4 and its selec-
tivity for GluT4 is well validated (Nolte et al., 2001; Hertel et al.,
2004; Hruz et al., 2008; Hresko and Hruz, 2011). Our study iden-
tifies novel contributions of GluT4 to memory processing and
glucose regulation in the hippocampus.
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Materials and Methods

Subjects

Juvenile male Sprague Dawley rats (Charles River Laboratories), ~300 g
at the time of arrival, were housed in pairs on a 12:12 h light:dark sched-
ule with food and water available ad libitum. Rats were given at least 1
week to acclimate before any testing, during which time they were han-
dled extensively. Each rat was used only once. All procedures were ap-
proved by the University at Albany Institutional Animal Care and Use
Committee.

Surgeries and drug administration

Acute GluT4 studies Rats given surgeries received either an intrahip-
pocampal microinjection cannula (Plastics One) or an intrahippocampal
microdialysis (mD) cannula (BASi) using standard sterile stereotaxic
methods as detailed previously (McNay et al., 2010, 2013Pearson-Leary
and McNay, 2012). Rats were anesthetized with isoflurane and cannulae
were implanted into the left hippocampus. The nose bar was set at 4.6
mm above the interaural line. Microinjection coordinates were 5.6 mm
posterior to bregma, +4.6 lateral, and 3.3 ventral from dura; mD coor-
dinates (to accommodate the 4 mm mD probe) were 5.6 mm posterior to
bregma, +5.0 lateral, and 3.0 ventral from dura. Aseptic procedures were
used during all surgeries and animals were monitored for any signs of
infection after recovery. All rats received chewable Rimadyl (analgesia)
and Baytril (antibiotic) tablets for 3 d after surgery.

Prolonged GluT4 blockade studies Using similar methods, a minos-
motic pump (Alzet) was placed subcutaneously and connected to a cath-
eter and a low-profile cannula implanted into the lateral ventricle (0.8
mm posterior to bregma, +1.5 lateral, and 4.5 ventral from dura). Some
rats also received a simultaneously implanted hippocampal mD cannula.
Two days before surgery, pumps were incubated in sterile saline at 36°C
for 2 d to allow pump priming. After implantation, the pumps delivered
treatments for 2 weeks at a flow rate of 0.5 uL/h. All pumps contained
artificial extracellular fluid (aECF) containing the following (in mm):
153.5 Na, 4.3 K, 0.41 Mg, 0.71 Ca, and 139.4 Cl, buffered at pH 7.4
(McNay et al., 2004) either alone or containing indinavir sulfate.

GluT4 blockade Indinavir sulfate was used to block GluT4-mediated
glucose uptake (Hertel et al., 2004; Hruz et al., 2008; Hresko and Hruz,
2011) and was purchased from Toronto Research Chemicals (catalog
#1525000). Indinavir sulafte was solubilized in aECF and filtered with a
0.22 wm filter immediately before injection.

Behavioral testing

We measured memory for an aversive stimulus using an inhibitory
avoidance protocol based on previous work (Brioni et al., 1989). In the
acquisition phase, rats were placed a brightly lit compartment of a
custom-made avoidance apparatus facing the door between chambers, as
described previously (McNay et al., 2013). After 20 sin the light chamber,
the door to a dark compartment was opened and latency to enter was
recorded. When rats had entered the dark chamber completely (all four
paws on floor), the door closed and they received a 0.5 mA shock for 2 s,
after which the door opened immediately and animals were returned to
their home cages. Rats were tested 48 h later for retention. In the reten-
tion phase (labeled “retrieval” to indicate memory retrieval), rats were
again placed in the light compartment facing the door and, after 20 s, the
door was opened. Latency to enter the dark chamber was measured and
the experiment was terminated when the rat entered the dark chamber
(all four paws on the floor) or after 1200 s; longer latencies to enter were
interpreted as indicating superior memory for the foot shock. A non-
parametric test (Mann—Whitney U) was used to determine significance
of performance differences between groups.

Spontaneous alternation (SA) testing was used to assess spatial work-
ing memory (McNay and Gold, 1999; McNay et al., 2000, 2005, 2006b,
2010; Pearson-Leary and McNay, 2012). Individual rats were placed into
a custom four-arm Plexiglas plus maze and allowed to explore freely for
20 min. During this task, rats will tend to visit the least recently visited
arm, using spatial working memory to recall arm-visit history. Alterna-
tion scores are calculated by dividing the percentage of alternations (de-
fined as a visit to each of the four arms within each span of five
consecutive entries), with chance performance being 44% (McNay and
Gold, 1998; McNay et al., 2000; Pearson-Leary and McNay, 2012).
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Contextual fear memory testing was performed using a trough-style
fear-conditioning chamber. Rats were acclimated to the lit chamber for 5
min the day before testing. On the acquisition testing day, rats were
allowed 1 min in the lit chamber before training. Each training block
consisted of a 10 s tone at 80 dB and 5000 HZ followed by a 10 s shock at
0.8 mA. Each rat received 3 training blocks with a 1 min intertrial inter-
val. After training, rats were placed back in their home cages and tested
for retention after an interval of either 30 min (to assess short-term
memory; STM) or 72 h (to measure long-term memory; LTM); animals
were only tested once. Retention trials consisted of 3 min spent in the
context-cue environment with tone reminders given for 10 s each min-
ute. Fear memory was assessed by measuring time spent freezing, defined
as a complete absence of movement other than respiration. Context-cue
fear memory is sensitive to hippocampal function (Curzon et al., 2009).

For novel object memory testing, rats were habituated to a cubical
Plexiglas box (60 cm per side) in a dimly lit room for 2 d before testing
and allowed to explore for 5 min during each session. During the training
(memory acquisition) trial, rats were placed back into the chamber with
two novel objects and allowed to explore each object. In the testing trial
(memory retrieval), a novel object replaced one object; time spent ex-
ploring each object was recorded during both trials. Greater time spent
with the novel object during the testing trial is interpreted as increased
memory because rats tend to interact with novel objects more than fa-
miliar objects (Bevins and Besheer, 2006). Performance was calculated as
the percentage of total test exploration time spent exploring the novel
object. STM was tested after a 30 min intertrial interval and LTM was
tested at 16 h. LTM time points were based on pilot studies to determine
memory performance sensitivity to treatment. Each animal was tested at
only one of these time points. Twenty-four hours after object recognition
testing, rats were given a lethal dose of pentobarbital, decapitated, and
brains were flash frozen on dry ice then stored at —80°C. Brains from this
cohort were used for protein analyses.

Microinjections and in vivo mD

mD was performed as described previously (McNay and Gold, 1999,
2001; McNay et al., 2000, 2001; McNay and Sherwin, 2004; Pearson-
Leary and McNay, 2012). Samples were collected before, during, and
after behavioral testing. On the day of testing, a fresh 4 mm probe (MD-
2264; BASI) was placed into the guide cannula and the animal was al-
lowed to acclimate for at least 1 h while being perfused with aECF
including 1.25 mm glucose at a rate of 1.5 uL/min (McNay and Sherwin,
2004). Perfusate was collected in 10 min sample bins. Two baseline sam-
ples were collected before SA testing. Glucose and lactate were measured
in a CMAG600 analyzer (CMA/Microdialysis, Sweden) and corrected for
in vivo probe recovery using a zero-net-flux plot for ECF glucose mea-
surements under the same experimental conditions. Microinjections
were given at 1.25 wL/min for 4 min, with the injection needle left in place
for a further 5 min before experimental testing.

Cell fractionation

PM fractions were collected using a commercially available kit (Biovi-
sion). Whole hippocampi were homogenized with a Polytron hand-held
electric homogenizer in 3 volumes of (1 mg/3 wL) lysis buffer with ly-
ophilized protease inhibitors (Biovision). After the initial homogeniza-
tion, 30 uL of the total lysate was added to 200 nL of ice-cold RIPA buffer
(50 mm Tris, 150 mm NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1%
Triton-X) containing fresh protease and phosphatase inhibitors (Pierce)
and stored at —80°C until protein quantification. For the remaining
lysate, PM separation proceeded according to the kit’s instructions.

Western blotting

Protein concentration was determined using a commercially available kit
for the bicinchoninic assay (Pierce). Then, 10-20 ug of protein was
placed in sample buffer in denaturing and reducing conditions. Samples
tested for total protein content were heated at 95°C for 5 min before
sample loading. Samples analyzed for plasma membrane associated pro-
teins were not heated before gel loading. Samples were resolved on 8% or
12% SDS polyacrylamide mini-gels (Pierce or Bio-Rad) and transferred
onto PVDF membranes (Bio-Rad), followed by detection with the ap-
propriate primary antibodies: anti-rabbit directed against GluT4 (Milli-
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pore catalog #07-1404), GluT1 (Abcam catalog #ab652; this antibody
recognizes both the 45 kDa astrocytic GluT1 and the 55 kDa endothelial
GluT1), GluT3 (Abcam catalog #ab41525), phosphorylated Akt at serine
473 (Cell Signaling Technology catalog #4060L), total Akt (Cell Signaling
Technology catalog #4691L), IRAP (Cell Signaling Technology catalog
#6918), AMPA receptor GluR1 subunit (Cell Signaling Technology cat-
alog #8850), NMDA receptor NR2B subunit (Cell Signaling Technology
catalog #4212). B-actin (Sigma-Aldrich catalog #A2228) was used as a
loading control for total protein samples and PM calcium pump ATPase
(Abcam catalog #ab2825) was used as a PM loading control. After wet
transfer at 350 mA at 4°C for 60 min, PVDF membranes were blocked for
1 h with 5% milk or 5% BSA in Tris-buffered saline containing 0.1%
Tween 20. Membranes were incubated with primary antibodies in block-
ing solution overnight at 4°C in conditions optimized for immunodetec-
tion by each antibody. Secondary incubation in biotin-conjugated goat
anti-mouse (Pierce) or goat anti-rabbit (Vector Laboratories) IgG was
followed by incubation in HRP strepdavidin (Pierce) for enhanced im-
munoreactivity, both for 1 h at room temperature. Immunoblots were
developed with chemiluminscent detection using the SuperSignal West
Pico Chemiluminescent Kit (Pierce). Images were taken in a Bio-rad
ChemiDoc XRS Image Analyzer. Membranes were then stripped with
Restore Plus Stripping Buffer (Pierce) and reprobed for loading controls
or total protein content. Band intensity was measured by densitometry in
ImageQuant software and normalized to loading controls or total pro-
tein content. To control for between-gel variations in band intensity,
vehicle control values were normalized to 100% and treatment groups
were analyzed as percentage of control values.

ELISA

A total of 30 ug of total hippocampal lysate from each rat was analyzed
for BDNF or amyloid-f x-40 levels. BDNF was measured using a com-
mercially available kit from Millipore (catalog #CYT306). Amyloid-8
x-40 was measured using a commercially available kit from Covance
(catalog #SIG-38950). The procedures were performed according to the
manufacturers’ instructions.

Statistical analyses

For statistical comparisons of two groups, we used the Student’s ¢ test or
Mann— Whitney U test and, for comparisons of more than two groups,
we used an ANOVA followed by Bonferroni post hoc tests. An « level of
0.05 (two-tailed) was set for significance. All statistical analyses were
made in SPSS version 17 or Prism 5.

Results
Hippocampal GluT4 is necessary for aversive memory
acquisition but not retrieval
We first investigated whether hippocampal GluT4-mediated glu-
cose uptake was necessary for aversive memory acquisition or
retrieval. Because several conditions that occur during memory
acquisition also trigger translocation of GSVs to the PM or alter
the intrinsic activity of GluT4 already in the PM and because
optimal neural glucose metabolism is critical for memory forma-
tion, we hypothesized that GluT4-mediated glucose uptake
would be critical for memory acquisition (Mora et al., 1995; Thai
etal., 1998; McNay et al., 2001; McNay and Gold, 2002; Barros et
al., 2006a; Barros et al., 2006b; Smith et al., 2007; Li et al., 2008;
Mukwevho et al., 2008; Smith et al., 2008; McNay and Cotero,
2010; Suwa et al., 2010; Zhang et al., 2010; Dehvari et al., 2012).
Indinavir was used to block GluT4-mediated glucose uptake be-
cause this drug binds selectively to the glucose-binding domain of
GluT4 and impairs insulin-mediated glucose uptake without af-
fecting insulin signaling upstream of GluT4 or on different path-
ways (Nolte etal., 2001). The experimental outline is presented in
Figure 1A.

The GluT4 blocker indinavir (180 ng) delivered intrahip-
pocampally (unilateral, left hippocampus) 10 min before training
decreased latencies to cross into the dark chamber during the
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Figure 1. Inhibitory avoidance learning (0.5 mA shock, 2 s). 4, Experimental outline for inhibitory avoidance procedures used to test the effects of intrahippocampal GluT4 inhibition
onmemory acquisition or retrieval (n = 8 —10 per group). Graphs depict latencies for the retention trial. B, Intrahippocampal administration of the GluT4 inhibitor indinavir (200 ng dose)
10 min before the training trial (“Acquisition” group) decreased latencies to enter the dark chamber during the retention trial. C, Intrahippocampal administration of indinavir 10 min
before day 2 testing (“Retrieval” group) had no effect on latencies to enter the dark chamber on retention trial testing (day 2 latencies are shown in the figure). Data are presented as the
mean = SEM; *p < 0.05.
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Figure 2.  Western blotting for glucose transporter expression in the hippocampus of rats killed immediately after the training trial of inhibitory avoidance. A, Experimental design
outline. B, Western blot images from hippocampi of rats killed 30 min after the retention trial. For GluT1, the antibody used detected both endothelial (top band, 55 kDa) and astrocytic
isoforms (bottom band, 45 kDa). C, There were no significant differences in PM glucose transporter expression between rats that were not tested for inhibitory avoidance (“No Training”).
Rats that were killed 30 min after the training trial (“Training”) had increased PM GluT4 relative to PM GluT4 expression in untrained control rats. Inhibitory avoidance training did not
lead to differences in expression of other hippocampal glucose transporters (n = 4—8 per group). Data are presented as the mean = SEM; *p << 0.05.
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retention trial 48 h later (“Acquisition” group; Mann—Whitney
U =19, p = 0.02; Fig. 1B). In contrast, when administered 10 min
before the retention trial (“Retrieval” group), indinavir had no
effect on latency to cross into the dark chamber (Mann—Whitney
U = 24, p = n.s; Fig. 1C). These data suggest that hippocampal
GluT4-mediated glucose uptake is necessary for memory acqui-
sition, but not retrieval.

PM expression of GluT4 was increased after memory
acquisition training

In a separate experiment, rats were killed immediately after the
training trial to determine whether inhibitory avoidance training
affected GluT4 translocation in the hippocampus (the experi-
mental outline is shown in Fig. 2A). The ratio of PM to total
GluT4 increased 30 min after the inhibitory avoidance training
trial (Student’s t = 3.78, p = 0.001; Fig. 2 B, C) relative to control
rats that did not undergo training on IA. There were no signifi-
cant effects of training on PM expression of other hippocampal
glucose transporters examined. Because translocation of GluT4
after stimulation is necessary for GluT4 activation, these data
suggest that memory acquisition training increases GluT4 activ-
ity (Robinson et al., 1992; Wallberg-Henriksson and Zierath,
2001; Thong et al., 2005; Rowland et al., 2011).

Two weeks of brain GluT4 inhibition increased STM but
impaired LTM
Based on our findings from acute brain delivery of indinavir on
impairing memory acquisition, we measured object recognition
memory after treatment with either 180 ng/h indinavir or vehicle
control (aECF) for 2 weeks before testing via an intracerebroven-
tricular Alzet minipump. This dose was chosen based on dose—
response studies on metabolism and SA behavior presented
below. We habituated rats to the testing box on day 21 of the
experiment, with training 1 d later and a recognition test after a
further 30 min (STM test) or 16 h (LTM test); the experimental
outline shown in Figure 3A. A two-way ANOVA revealed a sig-
nificant interaction effect (F(, 3¢, = 12.92, p = 0.001) and post hoc
analyses showed that GluT4 inhibition impaired LTM, but led to
an apparently paradoxical increase in STM (p < 0.05; Fig. 3B).
Because there is some debate as to the extent of hippocampal
involvement in object recognition (Broadbent et al., 2010; Barker
and Warburton, 2011), we used the hippocampally dependent
contextual fear task (Anagnostaras et al., 2001) to further exam-
ine the memory pathways affected by chronic central GluT4 in-
hibition. Additional groups of rats were treated identically to
those tested on object recognition, then habituated and given
contextual fear training (Fig. 3C), with measurement of contex-
tual fear (as shown by freezing behavior) after either 30 min or
72 h. A significant interaction of treatment with time of testing
was again found (F, ,4y = 26.09, p = 0.0005) and post hoc anal-
yses showed that indinavir-treated rats had significantly in-
creased freezing times when tested at 30 min, but significantly
decreased freezing times 72 h later (p < 0.05; Fig. 3D). The hip-
pocampus is critical for response to contextual cues (Anagno-
staras et al., 2001). However, freezing in response to the tone cue
alone (in a novel context) is amygdala dependent and hippocam-
pus independent (Anagnostaras et al., 2001). Because there is a
high concentration of GluT4 in the hippocampus, but little
GluT4 is expressed in the amygdala, we investigated whether in-
dinavir treatment would affect amygdala-dependent memory by
assessing freezing in response to the tone cue (Fig. 3E). We found
no significant difference in response to the tone cue (p = n.s.).
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Collectively, these data strongly support a specific role for GluT4
in mediating hippocampally dependent memory.

Two weeks inhibition of glucose transport through
hippocampal GluT4 prevented clearance of extracellular
glucose during spatial working memory testing

SA was used to assess spatial working memory. We used this task
because it is hippocampally dependent and metabolically taxing:
performance on this task causes a large dip in hippocampal ex-
tracellular glucose that limits performance (McNay et al., 2000,
2001; McNay and Cotero, 2010; Pearson-Leary and McNay,
2012), whereas exogenous glucose improves performance on this
task and reverses the task-associated dip in ECF glucose (McNay
etal., 2000, 2001; McNay and Cotero, 2010). Indinavir treatment
enhanced SA performance: there was a significant main effect for
dose (F(, 9y = 4.48, p = 0.01; Fig. 4A) and Bonferroni post hoc
analyses showed that the highest dose of indinavir (180 ng/h)
produced a significant enhancement in SA performance relative to
vehicle (p < 0.05), although there were no significant post hoc dif-
ferences between the indinavir groups. There was no significant dif-
ference in total arms entered (p = n.s.), suggesting that motor
behaviors cannot account for behavioral differences (Fig. 4B).

To determine whether indinavir’s cognitive enhancing effects
on SA performance affected the well established hippocampal
extracellular glucose “dip” that’s thought to represent utilization
of glucose during SA, we measured hippocampal ECF glucose
and lactate. Hippocampal ECF glucose levels showed a significant
12.4% dip in vehicle-treated rats during SA testing (Student’s t =
3.02, p = 0.006; Fig. 4D), consistent with several previous reports
(McNay et al., 2000; Newman et al., 2011; Pearson-Leary and
McNay, 2012). Hippocampal ECF glucose levels did not change
significantly during testing in indinavir-treated rats (p = n.s.).
The difference between ECF glucose levels during SA testing was
significantly different between vehicle- and indinavir-treated rats
(Student’s t = 3.05, p = 0.005). Because it is possible that long-
term blockade of GluT4 caused hyperglycemia, as observed in
insulin-resistant subjects, we examined ECF glucose levels at
baseline between conditions. Such findings could indicate that
the null effect for a dip in ECF glucose during maze testing was
because there was enhanced glucose provision during SA testing;
however, we found no significant difference in ECF glucose levels
between vehicle- or indinavir-treated rats after correcting for
probe recovery via zero net flux (p = n.s; Fig. 4C). Hippocampal
ECF lactate levels increased during maze testing by ~22% in both
in both vehicle- and indinavir-treated rats relative to baseline
hippocampal ECF lactate levels (vehicle: Student’s t = 9.09, p =
0.0001; indinavir: Student’s t = 9.19, p = 0.0001; Fig. 4E). These
data are consistent with several other reports that ECF lactate
levels rise dramatically in the hippocampus during behavioral
testing (Newman et al., 2011; Suzuki et al., 2011). ECF lactate
measured during memory testing likely reflects astrocytic export
of lactate and the null effect of indinavir on lactate levels suggests
a specific effect of treatment on neurons, which solely express
GluT4 in the CNS (Suzuki et al., 2011).

Chronic brain blockade of GluT4 did not cause metabolic
abnormalities or affect amyloid processing in the
hippocampus

To determine whether the cognitive effects of indinavir were be-
cause of impaired peripheral metabolism or via induction of am-
yloid processing in the brain, we assessed changes in body
composition, plasma glucose levels, and brain amyloidogenic
processing of amyloid precursor protein (a marker of AD-like



11856 - J. Neurosci., November 23,2016 - 36(47):11851-11864

Pearson-Leary and McNay e Novel Roles for Hippocampal GluT4

[] Vehicle
A |Object Recognition Il 180 ng/hrindinavir
30 min B * *
or 5 100+ |—|
16 hr S g0
~ |1*#*™Jo o o O el -l =
1,»::—,,{;;, \/ » * 5 60-
®
£ 40-
Habituation 5 min train 5 min train £
B 20-
a
0 30 min 16 hr
Context-cue
Context-cue D
C | Contextual Fear (no tone) 60q ¥ *
R
X
10 sec tone 2 404
80 dB, 5000 Hz 4;
10 sec shock, 0.8 mA £ oo
3 times, 1 per min /30 min 0
- // or I
il 72 br 0 30 min 72 hr
24 hr
- E
30 min 60- Tone-Cue
Habituation 3 mintrain )
3 T
o 404
£
(@]
C
‘N 20+
(0]
o
Novel context -
+ tone-cue 0 30 min 72 hr

Figure3. Increased STM butimpaired LTM after 2-week treatment with 180 ng/h indinavir. 4, Experimental outline for object recognition testing. Separate cohorts of rats were tested 30 min
(STM) or 16 h (LTM) after the 5 min training session (n = 8 —13 per group). B, The 2 X 2 interaction was significant, with post hoc t tests showing increased discrimination index scores at 30 min
(suggesting increased STM) and decreased scores at 16 h (suggesting decreased LTM). €, Experimental outline for contextual fear testing. Separate cohorts of rats were tested 30 min (STM) or 72 h
(LTM) after the 3 min training session (n = 5— 8 per group). D, Indinavir-treated rats had increased freezing behavior 30 min after the 3 min training session and decreased freezing behavior 72 h
after the training session. E, There were no differences in freezing time in response to the tone cue. Data were analyzed statistically using a two-way ANOVA followed by Bonferroni’s post hoc test
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pathology; Huse and Doms, 2000). Prolonged inhibition of
GluT4-mediated glucose uptake in peripheral tissues via indina-
vir or similar drugs is known to cause rapid insulin resistance
(Ben-Romano et al., 2003; Hertel et al., 2004; Vyas et al., 2010;
Hresko and Hruz, 2011). Because GluT4-mediated glucose up-
take is a critical event in the canonical insulin signaling pathway
linking insulin signaling to glucose metabolism (Robinson et al.,
1992; Wallberg-Henriksson and Zierath, 2001; Thong etal., 2005;

Rowland et al., 2011), we hypothesized that chronic blockade
(i.e., >2 weeks) of brain GluT4 would increase amyloid process-
ing in the hippocampus without inducing peripheral insulin re-
sistance. Confirmation of this hypothesis would suggest that
chronic blockade of brain GluT4 could be a novel model of brain
insulin resistance.

No intracerebroventricular dose tested affected bodyweight
gain or plasma glucose levels (p = n.s.; Fig. 5A, B). These data are
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In vivo mD to measure markers of hippocampal metabolism while rats were engaged in a spatial working memory task. A, Two weeks of brain indinavir administration via intracere-
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in contrast to peripheral administration of indinivar, which in-
duces insulin resistance and increases plasma glucose levels rap-
idly in rats (Hertel et al., 2004; Hruz et al., 2008; Vyas et al., 2010;
Hresko and Hruz, 2011). Therefore, any observed effects of indi-
navir in this study were likely caused by direct action in the brain
rather than being secondary consequences of peripheral insulin
resistance.

To determine whether brain GluT4 blockade induces AD-like
brain pathology, we measured hippocampal amyloid-f3 after in-
dinavir administration. Along with tau phosphorylation, in-
creased amyloid- 3 is a key measure of AD-like brain pathology
(Hampel et al., 2010). Brain GluT4 blockade did not alter the
levels of amyloid-B (x-40) in the hippocampus (Fig. 5E) or affect
the levels of C-terminal fragment of amyloid precursor protein
(APP) or total APP (p = n.s.; Fig. 5C,D). These data suggest that
inhibition of GluT4-mediated glucose uptake in the hippocam-
pus alone is insufficient to cause the abnormal increase in hip-
pocampal amyloid-3 observed in insulin resistance (Takeda et
al., 2010; Biessels and Reagan, 2015).

Two weeks of brain GluT4 inhibition increased neuronal
glucose transporter trafficking

Indinavir binds to the cytoplasmic glucose-binding domain of
PM GluT4, thus impairing entry of glucose into cells through
GluT4. In skeletal muscle, indinavir decreases GluT4 trafficking,
causing a reduction in the ratio of PM to total GluT4 (Hertel et
al., 2004; Hresko and Hruz, 2011). After 2 weeks of intracerebro-
ventricular indinivar, we show an opposite response in the hip-

pocampus: the ratio of PM to total GluT4 was increased
(Student’s t = 2.91, p = 0.01; Fig. 6A). This increase was accom-
panied by an increase in phosphorylation of Akt at serine-9 resi-
dues within hippocampal neurons (Student’s t = 2.15 p = 0.05;
Fig. 6C), which is critical for GluT4 trafficking (Summers and
Birnbaum, 1997). These data suggest that intracerebroventricu-
lar indinavir treatment increased hippocampal trafficking of
GluT4 to the PM via Akt-mediated signaling.

We also examined the expression of IRAP, which colocalizes
with GluT4 in GSVs, as a control to determine whether increased
GluT4 was accompanied by increased net GSV activity and deliv-
ery of cargo components. As discussed earlier, GSVs transport
several proteins involved in memory to the PM, such as IQGAP1,
IGF2 receptors, and IRAP (Jedrychowski et al., 2010; Kandror
and Pilch, 2011). Therefore, increased translocation of GSVs
could potentially confound interpretation of our behavioral re-
sults if membrane localization of proteins other than GluT4 were
altered. However, there was no effect of indinavir treatment on
PM expression of IRAP (p = n.s.; Fig. 6A), so it is likely that the
upregulation of GluT4 membrane expression observed here was
specific to GluT4 delivery and not increased delivery of other
GSV cargo proteins.

Finally, we examined the expression of the neuronal glucose
transporter GluT3, which is expressed on neurons ubiquitously
across the CNS and considered the canonical constitutive neuro-
nal glucose transporter (McEwen and Reagan, 2004). Moreover,
synaptic activity was shown to increase PM expression of GluT3
(Ferreira et al., 2011). Consistent with our memory data showing



11858 - J. Neurosci., November 23,2016 - 36(47):11851-11864

>

N w B )]
o o o o
A A A )

-
o
A

Abodweight (two weeks)

o
L

D
_— 2501
o £
o 29 <
= £ c Z 2004
$ 9T g
C > o -
- £ g
o 1504
[}
APP 2
as
C-terminal 2
—— — 2 ol
fragment g %0
0

Pearson-Leary and McNay @ Novel Roles for Hippocampal GluT4

Vehicle

B /] 18 painr indinavir
~1501

= 1.8 ng/hr indinavi
g) o .0 ng/nrindinavir
o 100+ . 180 ng/hrindinavir
o

()

3

(@)

= 50

€

7]

©

&

I:l Vehicle

APP

Figure5.

- 180 ng/hrindinavir E
8+
£ o
>
a
o 49
N
&
< 29
0 @ &
C-terminal O _Q,,;\‘
fragment (@ &
A\
N
o
N

Measurements of peripheral metabolism and hippocampal AD-like pathology after central GluT4 inhibition. A, There was no change in bodyweight after 2 weeks of indinavir at any dose

tested. B, There was no change in plasma glucose levels after 2 weeks of indinavir treatment (n = 57 per group). C, D, Representative Western blot images and graphs of total APP (C) and the
intracellular C-terminal fragment of APP (D). There was no change in APP or C-terminal protein (n = 4 — 6 per group). E, ELISA data showing no change in A3, _,, after indinavir treatment (n = 7- 8

per group). Data are presented as the mean == SEM; *p << 0.05.

increased STM after indinavir treatment, which suggests in-
creased synaptic activity, we also observed an increase in PM
GluT3 expression (Student’s t = 2.93, p = 0.03; Fig. 6D).

Two weeks of brain GluT4 inhibition increased hippocampal
membrane localization of AMPA receptors

PM expression of AMPA GluR1 was increased significantly in the
indinavir condition relative to vehicle (Student’s t = 2.31, p =
0.05; Fig. 7A). There was no effect of treatment on PM expression
of NMDA NR2B subunits (p = n.s.; Fig. 7A). These data suggest
that indinavir treatment may affect memory processes in part via
enhanced glutamatergic signaling at AMPA receptors in the
hippocampus.

BDNF levels were decreased after chronic GluT4-mediated
glucose transport inhibition

BDNF increases GluT4 expression in skeletal muscle via PI3K
activation (Suwa et al., 2010). Because BDNF is critical for LTM
formation (Alonso etal., 2002a; Alonso et al., 2002b; Alonso et al.,
2005) and the 2-week inhibition of GluT4 impaired such mem-
ory, we envisioned a potential role for glucose flux through
GluT4 in the regulation of BDNF: inhibition of GluT4 might
decrease BDNF expression and therefore impair LTM. Consis-
tent with this hypothesis, there was decreased BDNF in the hip-
pocampus of indinavir-treated rats (Student’s t = 2.89 p = 0.018;
Fig. 8), suggesting that decreased hippocampal BDNF might have

mediated the deficits in LTM observed in these rats. Together
with previous work showing that BDNF can regulate GluT4 ex-
pression (Suwa et al., 2010), our data suggest a bidirectional effect
whereby GluT4 and BDNF may mutually regulate each other in
the brain.

Discussion

Because hippocampal memory processes are well established to
be sensitive to glucose supply and several mechanisms involved in
memory formation and consolidation increase GluT4 transloca-
tion and/or increase the intrinsic activity of GluT4 already pres-
ent in the PM, we hypothesized that glucose flux through
hippocampal GluT4 might modulate hippocampal memory pro-
cessing. Both acute and chronic intracerebroventricular blockade
of the glucose transporter GluT4 affected subsequent perfor-
mance on hippocampally mediated (but not amygdala-
mediated) memory tasks. These data are, we believe, the first to
identify a role for GluT4 in hippocampally dependent memory.
Based on the results of acute blockade of hippocampal GluT4, we
conclude that GluT4 is critical for both acquisition and consoli-
dation of memory.

This conclusion is consistent with our finding that testingon a
hippocampally dependent memory task increased GluT4 trans-
location during acquisition and suggests that memory formation
increases glucose flux through GluT4. It has been suggested that
brain GluT4 acts as a mechanism to permit increased glucose flux
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when needed to support the metabolic demands of sustained
neuronal activity during cognitively demanding tasks or
memory formation. That is, hippocampal GluT4 might actasa
“reserve” glucose supply channel in neurons, preventing neu-
roglycopenia during cognitive load (Kobayashi et al., 1996;
Leloup et al., 1996; Vannucci et al., 1998). We showed previ-
ously that hippocampal memory tasks cause metabolic de-
mands on the hippocampus that exceed the brain’s ability to
supply glucose under baseline conditions (McNay et al.,
2000). Translocation of GluT4 may be a mechanism that per-
mits increased metabolic support at times of high demand,
such as during cognitive challenge, without causing constitu-
tively increased hippocampal metabolism.

Unexpectedly, long-term blockade of brain GluT4 improved
STM but impaired LTM. However, several postmortem protein
measures are consistent with this pattern of behavioral change:
we observed increases in both glutamate receptors and glucose
transporters at the cell surface, which may support enhanced
STM (Baddeley et al., 2000; Izquierdo and McGaugh, 2000;
Barros et al., 2002; Bevilaqua et al., 2003; Sanderson et al., 2008;
Schmidt et al., 2010) and we also found a decrease in hippocam-
pal BDNF that has been identified as a key component of LTM
(Alonso et al., 2002a; Alonso et al., 2002b). Further support for
our results comes from consistent findings in the literature. In-
creased phosphorylation of AMPA GluR1 subunits and PM ex-
pression of GluR1 subunit containing AMPA receptors have been
documented under stimulated conditions (Lee et al., 2010). Al-
though we did not measure AMPA GluR1 phosphorylation, we
did observe increased PM expression of AMPA GluR1 subunits,
consistent with our suggestion of increased neural activity in
indinavir-treated rats. AMPA GluR1 subunit deletion results in
decreased STM, but increased LTM (Sanderson et al., 2009), a
result that corresponds to the increased STM and impaired
LTM seen here in the presence of upregulated AMPA GluR1
membrane expression. Therefore, chronic reduction in GluT4-
mediated glucose uptake may have increased transient synaptic
excitability by increasing membrane content of AMPA GluR1
subunits and GluT3 expression. This could feasibly allow in-
creased information storage in the short term, but in the absence
of appropriate signals for transition of information from STM to
LTM (i.e., decreased BDNF), the memory is not transferred to
LTM. Our data are consistent with a dual process model of mem-
ory in which hippocampal STM and LTM are mediated, atleastin
part, by separate processes (Izquierdo et al., 1999; Vianna et al.,
2000).

Pearson-Leary and McNay @ Novel Roles for Hippocampal GluT4

An important finding is that long-term brain GluT4-
mediated glucose transport inhibition did not appear to impair
hippocampal insulin signaling or alter hippocampal amyloid-3
levels. On the contrary, Western blot analyses revealed that inhi-
bition of glucose transport through brain GluT4 increased ex-
pression of hippocampal GluT4 and GluT3 and increased
phosphorylated Akt, suggesting increased insulin signaling or in-
creased insulin-independent glucose utilization (Clodfelder-
Miller et al., 2005; McNay et al., 2010). These findings stand in
contrast to results obtained with systemic/peripheral GluT4
blockade, which causes insulin resistance rapidly (Kahn, 1996;
Garvey et al., 1998; Brady and Saltiel, 1999; Zisman et al., 2000;
Wallberg-Henriksson and Zierath, 2001). Intriguingly, physio-
logically relevant increases in brain glucose were shown previ-
ously to increase Akt phosphorylation (Clodfelder-Miller et al.,
2005), which suggests that neuronal sensing of increased brain
glucose (e.g., as we observed during spontaneous alternation test-
ing) may activate Akt signaling to promote increased GluT4 traf-
ficking. Collectively, these findings suggest that brain GluT4 is
regulated distinctly from peripheral GluT4. One limitation to this
work is that we did not measure other aspects of AD-like pathol-
ogy such as tau phosphorylation, which has been shown to ac-
company, for example, insulin resistance.

In this study, intracerebroventricular blockade of GluT4-
mediated glucose transport led to an increase in hippocampal
membrane expression of neuronal glucose transporters GluT4
and GIuT3 when brains were examined 24 h after memory test-
ing. Other research has shown that knock-out of GluT3 in mice
leads to a suggested adaptive increase in other glucose transport-
ers, including GluT1 and GluT4 (Zhao et al., 2010). Mice with a
brain GluT3 haploinsufficiency have no difference in brain glu-
cose metabolism relative to their wild-type littermates, suggest-
ing that counter-regulatory mechanisms compensate for loss of
neuronal glucose transporter activity (Stuart et al., 2011). GluT4
was not examined, but the failure to find an effect on expression
of other glucose transporters suggests the possibility that GluT4
might have been upregulated adaptively. Several polyphenols
that can improve glucose tolerance can increase GluT expression
(Cao et al., 2008; Manzano and Williamson, 2010); these results
parallel the present data in that such polyphenols can block the
glucose binding domain of glucose transporters, a mechanism
similar to that of indinavir (Kwon et al., 2007; Manzano and
Williamson, 2010). In the current study, memory testing led to an
acute increase in hippocampal PM GluT4 expression. Therefore,
a potential future study could investigate whether chronic indi-
navir treatment blocks this increase in PM GluT4 expression after
memory testing. Together, these data suggest an adaptive capac-
ity of the brain to upregulate glucose transporter levels in re-
sponse to inhibition of glucose transport.

Our mD findings may suggest that inhibition of GluT4 can
affect the uptake of glucose during cognitively demanding tasks,
but does not affect lactate export or clearance. Others have used
high-resolution [ '*C]-2DG imaging to show that increased glu-
cose utilization during upregulated neuronal activity occurs pri-
marily in synaptic areas (the neuropil) rather than the perikarya
(Sokoloff, 1979, 1981; Sokoloff, 1984). Because GluT4 is ex-
pressed in the perikarya rather than in the neuropil (Leloup et al.,
1996; Vannucci et al., 1998), which shows limited 2DG phos-
phorylation during hippocampally dependent memory acquisi-
tion, the increased neuronal glucose utilization seen during SA
testing may not have been mediated entirely, or even primarily,
through GluT4. Instead, it is likely that enhanced glucose utiliza-
tion was at least in part because of increased GluT3 (K, = 1-2
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mM), which has a higher affinity for glucose than GluT4 (K,,, =
3-5 mM) and is enriched in the neuropil (Wood and Trayhurn,
2003; Simpson et al., 2008). Moreover, GluT3 is not affected by
indinavir (Hertel et al., 2004). Note that we have no reason to
believe that indinavir prevents training-induced GluT4
membrane translocation; rather, this treatment blocks glucose
uptake through GluT4, shown previously in vitro with regard to
depolarization-induced glucose uptake in hippocampal slices
(Fernando et al., 2008).

Our findings are consistent with prior studies that found en-
hanced memory as a consequence of prior reductions in glucose
availability. Recurrent mild hypoglycemia caused improved hip-
pocampal glucose supply together with increased spatial memory
performance and induced increased paired-pulse inhibition and
LTP, electrophysiological correlates of cellular memory processes
(McNay et al., 2006a). Several glucose transport inhibitors can
have similar, apparently paradoxical effects on STM. For in-
stance, the flavonoid phlorizin can enhance memory even though
it blocks glucose transport (Hall et al., 1992; Boccia et al., 1999).

Although associations among peripheral insulin resistance,
hippocampal neurodegeneration, and memory loss are well es-
tablished, the impact of insulin resistance specifically within the
brain has been less studied. It is clear that organs affected by
insulin resistance can include the brain, with consequences in-
cluding decreased tyrosine phosphorylation of the insulin recep-
tor and decreased Akt phosphorylation (Han and Li, 2010;
Profenno etal., 2010; Correia et al., 2011; Duarte et al., 2012; dela
Monte, 2012a, 2012b). Systemic insulin resistance causes im-
paired hippocampal glucose metabolism and memory deficits
(McNay et al., 2010). Study of brain insulin resistance has ac-
quired increased importance with the finding that Alzheimer’s
disease often correlates with impaired brain insulin signaling
(Steen et al., 2005; de la Monte and Wands, 2008) and improved
models of brain insulin resistance are still required. A common
approach to inducing brain insulin resistance is to inject the
GluT?2 toxin streptozotocin, a drug that reliably induces insulin-
dependent diabetes in the periphery, into the brain. However,
because the brain has little to no GluT2 expression, the efficacy of
this approach is likely limited (Leloup et al., 1994; Rayner et al.,
1994; Roncero et al., 2004; Stranahan, 2015). Because GluT4
blockade is a reliable method of producing insulin resistance in
the periphery, we hypothesized that intracerebroventricular
GluT4 blockade would be an effective means of producing brain
insulin resistance. Our data did not support this hypothesis; in-
stead, they suggest that the interaction between GluT4-mediated
glucose flux and insulin signaling within the brain may differ
from that in the periphery. We speculate that this might be in part
because insulin has several effects in the brain other than regula-
tion of glucose transport, such as regulation of synaptic plasticity
and neurotransmitter release (McNay and Recknagel, 2011).
Moreover, as discussed, brain GluT4 is regulated by multiple
molecules in addition to insulin (Kobayashi et al., 1996).

In summary, this study demonstrates the behavioral and mo-
lecular effects of central GluT4 blockade. Further research exam-
ining, for example, the impact of upregulated GluT4 function
may further our understanding of the role that GluT4 plays in
cognitive processes.
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