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The excitatory amino acid transporter 2 (EAAT2) is the major
glutamate transporter in the brain expressed predominantly in
astrocytes and at low levels in neurons and axonal terminals.
EAAT2 expression is reduced in aging and sporadic Alzheimer’s
disease (AD) patients’ brains. The role EAAT2 plays in cognitive
aging and its associated mechanisms remains largely unknown.
Here, we show that conditional deletion of astrocytic and neuro-
nal EAAT2 results in age-related cognitive deficits. Astrocytic, but
not neuronal EAAT2, deletion leads to early deficits in short-term
memory and in spatial reference learning and long-term memory.
Neuronal EAAT2 loss results in late-onset spatial reference long-
term memory deficit. Neuronal EAAT2 deletion leads to dysregulation
of the kynurenine pathway, and astrocytic EAAT2 deficiency re-
sults in dysfunction of innate and adaptive immune pathways,
which correlate with cognitive decline. Astrocytic EAAT2 defi-
ciency also shows transcriptomic overlaps with human aging and
AD. Overall, the present study shows that in addition to the
widely recognized astrocytic EAAT2, neuronal EAAT2 plays a role
in hippocampus-dependent memory. Furthermore, the gene ex-
pression profiles associated with astrocytic and neuronal EAAT2
deletion are substantially different, with the former associated
with inflammation and synaptic function similar to changes ob-
served in human AD and gene expression changes associated with
inflammation similar to the aging human brain.
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Aging is associated with cognitive decline in humans, non-
human primates, and rodents (1–5). Aging is the major risk

factor for development of Alzheimer’s disease (AD), and the
prevalence of AD is expected to rise with increasing life expec-
tancy (6). The same glutamatergic connections in the neocortex
and hippocampus are affected in aging and AD (7, 8). Even
though the same neural circuits are affected, in aging, synaptic
changes occur with minimal neuronal death, whereas in AD,
there is frank loss of neurons (8, 9). There is a compelling need
to understand the mechanisms regulating the selective vulnera-
bility of glutamatergic neurons in aging and AD to develop novel
targets and more effective treatments.
Glutamate, the major excitatory neurotransmitter in the mam-

malian central nervous system (CNS), plays critical roles in neural
functions, including cognition (10). Dysregulation of glutamate
homeostasis and its spillover into extrasynaptic sites can cause long-
term depression (LTD), excitotoxicity, and neuronal degeneration
(10–13). The excitatory amino acid transporter 2 (EAAT2) is the
predominant glutamate transporter in the mammalian brain (14,
15). Approximately 80 to 90% of EAAT2 protein is localized on
astrocytes, and 5 to 10% is localized in the axonal terminals of
neurons (16). Decreased EAAT2 expression is found in aging
(17–19) and sporadic AD patients’ brains (20–23) and is asso-
ciated with indices of neuronal death in postmortem AD brains

(20). A number of studies have demonstrated a critical role for
EAAT2 in neurodegeneration and synaptic plasticity. EAAT2
has been shown to associate with presenilin 1 in neurons and astro-
cytes and has important implications in maintenance of glutamate
homeostasis and amyloid β (Aβ) pathology in AD (24). Aβ has been
shown to prolong the extracellular lifetime of synaptically released
glutamate by reducing surface expression in astrocytes (25), and
soluble Aβ oligomers perturb synaptic plasticity by altering glutamate
recycling at the synapse and promoting LTD (26). A recent study also
showed that Aβ-dependent neuronal hyperactivity is initiated by the
suppression of glutamate reuptake (27). In human brains, activated
forms of astrocytes with increased EAAT2 expression may exert
beneficial roles in preserving cognitive function, even in the presence
of Aβ and neurofibrillary tangles (NFTs) (28). These findings indicate
that glutamate transporters and, in particular, EAAT2 play a critical
role in synaptic health and the pathogenesis of AD.
The mechanisms through which EAAT2 deficiency might contrib-

ute to age-related cognitive decline, AD-related neurodegeneration,
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and the differential functional roles of its astrocytic and neuronal
components remain largely unknown. The present study employs
behavioral analysis and RNA sequencing (RNA-Seq) to analyze

cognitive dysfunction and identify transcriptome-wide alterations
in the hippocampus resulting from the loss of astrocytic and
neuronal EAAT2.
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Fig. 1. Conditional heterozygous astrocytic EAAT2 knockout mice exhibit accelerated spatial reference memory deficits. (A) In the acquisition trial of Y-maze
evaluation at 10 mo of age, both gfap-Cre+ EAAT2+/+ and gfap-Cre− EAAT2+/+ mice explored the SA and FA equally. F(1,44) = 0.9685, P = 0.3304. (B) In the
retention trial, both gfap-Cre+ EAAT2+/+ and gfap-Cre− EAAT2+/+ mice spent more time exploring the NA than the FA, suggesting an absence of any spatial
reference memory deficit at baseline (prior to induction of conditional astrocytic EAAT2 knockout). P < 0.0001 and P = 0.0002, respectively. (C) In the ac-
quisition trial of the Y-maze task at 10 mo of age, both syn-Cre+ EAAT2−/− and syn-Cre− EAAT2+/+ mice spent equal time in the SA and FA. F(1,42) = 0.5658, P =
0.4561. (D) In the retention trial, both syn-Cre+ EAAT2−/− and syn-Cre− EAAT2+/+ mice explored the NA significantly more than the FA, indicating a lack of
spatial reference memory deficit in syn-Cre+ EAAT2−/− mice at 10 mo of age. (E) In the Y-maze task acquisition trial at 13 mo of age, both gfap-Cre+ EAAT2Δ/+

and gfap-Cre− EAAT2+/+ mice explored the SA and FA equally. F(1,40) = 0.6938, P = 0.4098. (F) In the retention trial (intertrial interval of 1 h), the gfap-Cre+

EAAT2Δ/+ mice failed to show a statistically significant preference for the NA, suggesting impairment in spatial reference memory in these mice. The gfap-Cre−

EAAT2+/+ control mice explored the NA more than the FA, as expected. P = 0.4823 and P = 0.0062, respectively. (G) In the acquisition trial of the Y-maze task
at 13 mo of age, both syn-Cre+ EAAT2−/− and syn-Cre− EAAT2+/+ mice spent equal time in the SA and FA. F(1,42) = 0.6239, P = 0.4340. (H) In the retention trial,
both syn-Cre+ EAAT2−/− and syn-Cre− EAAT2+/+ mice spent more time exploring the NA than the FA, suggesting an absence of any spatial reference memory
deficit in these mice at 13 mo of age. P = 0.0003 and P < 0.0001, respectively. The data in all panels are presented as mean ± SEM. (A–D ) Y-maze data for 10-mo-
old mice are based on gfap-Cre+ EAAT2Δ/+, n = 9; gfap-Cre− EAAT2+/+, n = 15; syn-Cre+ EAAT2−/−, n = 11; and syn-Cre− EAAT2+/+, n = 12 mice. (E–H) Y-maze data
for 13-mo-old mice are based on gfap-Cre+ EAAT2Δ/+, n = 7; gfap-Cre− EAAT2+/+, n = 15; syn-Cre+ EAAT2−/−, n = 11; and syn-Cre− EAAT2+/+, n = 12 mice.
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Results
Astrocytic EAAT2 Deficiency Results in Accelerated Age-Related
Cognitive Decline. The EAAT2 gene was constitutively deleted
by synapsin I promoter-driven Cre expression in neurons (syn-
Cre+ EAAT2−/−) and through the tamoxifen-inducible human
GFAP/Cre-ERT2 driver in astrocytes (29). GFAP/Cre-ERT2
EAAT2Δ/+ mice (gfap-Cre+ EAAT2Δ/+) were used for all ag-
ing experiments as homozygous knockouts exhibit seizures and
increased morbidity (15, 29–32), which could confound findings.
The gfap-Cre+ EAAT2Δ/+ mice were injected with 4-hydroxy
tamoxifen at 10 mo of age to induce conditional deletion of
EAAT2. As a baseline cognitive measure, at 10 mo of age (be-
fore 4-hydroxytamoxifen injections), both syn-Cre+ EAAT2−/−

and gfap-Cre+ EAAT2+/+ mice were subjected to a 2-trial spatial
reference memory task in a Y-maze. Mice were tested again in a

Y-maze task at 13 mo of age and in a Morris water maze
(MWM) task for spatial reference learning and memory at 17 mo
of age. EAAT2 deletion was quantified by immunoblotting on
plasma membrane vesicles (PMVs) from the prefrontal cortex
tissue of study mice after behavioral testing at ∼18 mo of age.
The gfap-Cre+ EAAT2Δ/+ mice displayed a significant 22% re-
duction in EAAT2 expression, and the syn-Cre+ EAAT2−/− mice
displayed a nonsignificant 14% reduction in EAAT2 expression,
as previously reported (16, 29, 33), presumably because of the
predominance of astrocytic EAAT2 (SI Appendix, Fig. S1).
At 10 mo of age, syn-Cre+ EAAT2−/− and gfap-Cre+ EAAT2+/+

mice displayed no statistically significant differences in the spatial
reference memory performance in the Y-maze (Fig. 1 A–D). In the
acquisition trial, gfap-Cre+ EAAT2+/+ and gfap-Cre− EAAT2+/+

mice spent an equal amount of time in the start arm (SA) and
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Fig. 2. Conditional astrocytic EAAT2 knockout mice exhibit spatial reference learning deficits, and both astrocytic and neuronal EAAT2 knockout mice
exhibit spatial reference memory deficits at 17 mo. (A) Experimental paradigm of the spatial reference learning and memory task in the MWM performed by
mice at 17 mo of age. D, day. (B) Spatial learning curves of gfap-Cre EAAT2 mice in the MWM. The escape latency during the training phase (blocks 1 to 4, D1
to D8) of gfap-Cre EAAT2 mice is shown. Compared with gfap-Cre− EAAT2+/+ mice, the gfap-Cre+ EAAT2Δ/+ mice exhibited a significant delay in finding the
hidden escape platform in blocks 3 and 4 (D5 to D8) of the learning trials. P = 0.0096 for block 3 and P = 0.0005 for block 4, Sidak’s post hoc test. (C) Spatial
reference memory evaluation of gfap-Cre EAAT2 mice in the MWM. In the probe trial (D9, 24-h retention trial), gfap-Cre+ EAAT2Δ/+ mice spent significantly
less time in the TQ as compared with the gfap-Cre− EAAT2+/+ control mice. P = 0.0019. (D) Spatial learning curves of syn-Cre EAAT2 mice in the MWM. The
escape latency during the learning trials (blocks 1 to 4, D1 to D8) did not differ significantly between syn-Cre+ EAAT2−/− and syn-Cre− EAAT2+/+ mice. F(3,80) =
0.2117, P = 0.8880. (E) Spatial reference memory assessment of syn-Cre EAAT2 mice in the MWM. The syn-Cre+ EAAT2−/− mice spent significantly less time in
the TQ as compared with syn-Cre− EAAT2+/+ mice in the probe trial (D9, 24-h retention trial). P = 0.0107. (F) Heatmaps of search intensity during probe trials
conducted on D9. A high dwell time across the MWM pool area is indicated by colors close to red, whereas colors close to blue indicate a lower dwell time.
Compared with control groups, both gfap-Cre+ EAAT2Δ/+ and syn-Cre+ EAAT2−/− mice did not show a preference for the TQ (where the escape platform was
located during learning trials). max, maximum; min, minimum. The data in all panels are presented as mean ± SEM. The MWM data for 17-mo-old mice are based
on gfap-Cre+ EAAT2Δ/+, n = 7; gfap-Cre− EAAT2+/+, n = 13; syn-Cre+ EAAT2−/−, n = 11; and syn-Cre− EAAT2+/+, n = 12 mice. *P < 0.05, **P < 0.01, ***P < 0.001.

21802 | www.pnas.org/cgi/doi/10.1073/pnas.1903566116 Sharma et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903566116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1903566116


familiar arm (FA) [Fig. 1A; F(1,44) = 0.9685, P = 0.3304]. In the
retention trial, after a 1-h intertrial interval, gfap-Cre+ EAAT2+/+

and gfap-Cre− EAAT2+/+ mice spent a significantly longer time
in the novel arm (NA) as compared with the FA (Fig. 1B; P <
0.0001 and P = 0.0002, respectively, Bonferroni’s post hoc test),
suggesting an absence of any spatial memory deficit. The syn-
Cre+ EAAT2−/− mice did not show any spatial memory deficit
at 10 mo of age [Fig. 1 C and D; F(1,42) = 0.5658, P = 0.4561],
as previously reported (34). Astrocytic EAAT2 deletion was

induced in 10-mo-old gfap-Cre+ EAAT2+/+ mice with 4-hydroxy
tamoxifen (intraperitoneally [i.p.]). The gfap-Cre+ EAAT2Δ/+

and syn-Cre+ EAAT2−/− mice were tested in the Y-maze at 13
mo of age. Remarkably, at 13 mo of age, gfap-Cre+ EAAT2Δ/+

mice showed memory impairment in the Y-maze task [Fig. 1F;
F(1,40) = 0.6938, P = 0.4098 in the acquisition trial; P = 0.4823,
P = 0.0062 in the retention trial]; however, the syn-Cre+ EAAT2−/−

mice still did not show any memory deficit as compared with
controls [Fig. 1H; F(1,42) = 0.6239, P = 0.4340 in the acquisition
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Fig. 3. Conditional heterozygous astrocytic EAAT2 knockout mice have dysregulated immune signaling, and constitutive neuronal EAAT2 knockout mice
have dysregulated tryptophan metabolism in the hippocampus. (A) Volcano plot depicting DEGs in gfap-Cre+ EAAT2Δ/+ hippocampus. Horizontal and vertical
lines represent filtering criteria (P < 0.05, jfold-changej > 1.5). Red dots represent transcripts expressed at significantly higher or lower levels compared with
controls. (B) Canonical pathways derived from IPA gene ontology algorithms for significantly dysregulated genes in gfap-Cre+ EAAT2Δ/+ hippocampus. The
table shows several innate and adaptive immune pathways that map to the canonical pathways from the IPA knowledgebase and P values generated from
Fisher’s exact test. (C) Volcano plot depicting DEGs in syn-Cre+ EAAT2−/− hippocampus. Horizontal and vertical lines represent filtering criteria (P < 0.05, jfold-
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trial; P = 0.0003, P < 0.0001 in the retention trial]. The gfap-
Cre+ control mice without the floxed EAAT2 allele did not dis-
play memory impairment in the Y-maze task at 13 mo of age (SI
Appendix, Fig. S3B).

Neuronal and Astrocytic EAAT2 Deficiency Results in Impairment of
Spatial Reference Learning. At 17 mo of age, mice were tested for
spatial reference learning and memory using the MWM task
(Fig. 2A). The gfap-Cre+ EAAT2Δ/+ mice displayed significantly
longer latency to locate the submerged platform on the third and
fourth blocks of training as compared with controls (Fig. 2B; P =
0.0096 for block 3 and P = 0.0005 for block 4, Sidak’s post hoc
test). In contrast, syn-Cre+ EAAT2−/− mice did not show a sta-
tistically significant difference in spatial reference learning as
compared with controls [Fig. 2D; F(3,80) = 0.2117, P = 0.8880,
repeated measures 2-way ANOVA]. The study groups did not
differ significantly in the latency(ies) to find the visible platform
(P = 0.5268, Kruskal–Wallis test followed by Dunn’s multiple
comparison test) (SI Appendix, Fig. S3). The gfap-Cre+ and
control mice without the floxed EAAT2 allele did not display any
significant differences in spatial reference learning at 17 mo of
age (SI Appendix, Fig. S3C). These data showed impairment of
spatial reference learning only in gfap-Cre+ EAAT2Δ/+ mice.
However, during the probe trial on the ninth day, both gfap-

Cre+ EAAT2Δ/+ and syn-Cre+ EAAT2−/− mice spent signifi-
cantly less time in the target quadrant (TQ; platform location
during training trials) as compared with controls (Fig. 2 C and E,
respectively; P = 0.0019 and P = 0.0107, respectively), indicating
age-related cognitive dysfunction with loss of astrocytic and
neuronal EAAT2. Additionally, both gfap-Cre+ EAAT2Δ/+ and
syn-Cre+ EAAT2−/− mice exhibited a preference for the opposite
quadrant (OQ; opposite to TQ) as compared with controls (Fig.
2F; P = 0.0294 and P = 0.0009), suggesting impairment of spatial
reference memory.

Astrocytic EAAT2 Deficiency Activates Innate and Adaptive Immune
Pathways in the Hippocampus. RNA-Seq and differential gene
expression analysis were performed on hippocampal RNA of 18-
mo-old mice. Astrocytic EAAT2 deficiency (gfap-Cre+ EAAT2Δ/+)
altered the expression of 268 genes (P < 0.05, jfold-changej ≥ 1.5)
(Fig. 3A), and neuronal EAAT2 deletion (syn-Cre+ EAAT2−/−)
altered 246 genes (P < 0.05, jfold-changej ≥ 1.5) (Fig. 3C) com-
pared with Cre− controls. Top pathways identified from differ-
entially expressed genes (DEGs) (Ingenuity Pathway Analysis
[IPA] tool; Qiagen) resulting from astrocytic EAAT2 deficiency
were related to the immune system, including type I diabetes
mellitus signaling, T helper 1 (Th1) and Th2 activation pathways,
the neuroinflammation signaling pathway, the interleukin-4
(IL-4) signaling pathway, the IL-17 signaling pathway, and the
inflammasome pathway (Fig. 3B). Recent evidence, including
human genetics (35), strongly points to neuroinflammation and
immune system activation in the early stages of AD pathology,
which may also contribute to disease progression (36, 37).
Pathway analysis (IPA) on DEGs from loss of neuronal EAAT2

identified top pathways, including tryptophan degradation, the
transcriptional regulatory network in embryonic stem cells, sero-
tonin receptor signaling, serotonin and melatonin biosynthesis,
nicotinamide adenine dinucleotide (NAD) biosynthesis, and IL-15
signaling (Fig. 3D). Serotonin is a neuromodulator that regulates
glutamate transmission and suppresses long-term potentiation
(LTP) in the hippocampus (38). Tryptophan, the precursor to
biosynthesis of serotonin and melatonin, is metabolized through the
kynurenine pathway (39).
These data therefore show that age-associated astrocytic EAAT2

deletion results in dysregulation of innate and adaptive immune
response pathways, whereas age-associated neuronal EAAT2
deletion results in the disruption of tryptophan metabolism along
the kynurenine pathway.

Expression of Inflammatory Genes Negatively Correlates with Behavior
in Mice with Astrocytic EAAT2 Deficiency. We then performed a
weighted gene coexpression network analysis (WGCNA) (40) on
the DEGs from gfap-Cre+ EAAT2Δ/+ and syn-Cre+ EAAT2−/−

animals to identify the main gene coexpression modules that are
disrupted from astrocytic and neuronal EAAT2 deficiency and
investigate how groups of coexpressed genes were related to cog-
nitive deficits observed in the MWM task at 17 mo (Fig. 4 A and B)
We constructed a coexpression network of DEGs in Cre+ mice

compared with Cre− mice, and the expression levels of each
module were summarized by the first principal component and
related to time spent by animals in the TQ in the probe trial
(MWM). The eigengenes of 7 modules showed significant corre-
lations (P ≤ 0.05) with age-related cognitive dysfunction in gfap-
Cre+ EAAT2Δ/+ mice (Fig. 4C). Interestingly, the red module was
significantly positively correlated with mouse behavior (r2 = 0.77,
P = 0.003) (Fig. 4C), and was enriched for pathways regulating
synaptic plasticity, including synaptic LTP, G protein-coupled re-
ceptor signaling, and CREB signaling (Fig. 4D).
Importantly, the magenta3 module was significantly negatively

correlated with behavior (r2 = −0.82, P = 0.001) (Fig. 4C), and
pathway analysis of genes in this module revealed enrichment in
several immune function-related pathways, including acute-
phase response signaling and the complement system (Fig. 4D).
Thirteen eigengene modules were significantly correlated to

cognitive dysfunction in syn-Cre+ EAAT2−/− mice (Fig. 5A). The
green module (r2 = 0.65, P = 0.002) and the medium purple2
module (r2 = 0.64, P = 0.02) were positively significantly corre-
lated with mouse behavior (Fig. 5B) and were enriched for sev-
eral signaling pathways, including calcium signaling, mitogen-
activated protein kinase signaling, and the sirtuin signaling
pathway (Fig. 5 C and D, respectively). The light blue3 module
was significantly negatively correlated with mouse behavior
(r2 = −0.77, P = 0.004) (Fig. 5B), and was enriched for pathways,
including actin/cytoskeleton signaling and the MIF-mediated
glucocorticoid response (Fig. 5E).
WGCNA analysis suggests that partial loss of astrocytic

EAAT2 rather than neuronal EAAT2 results in gene expression/
phenotype relationships more closely resembling aging and AD,
with significant associations with synaptic plasticity and immune-
related genes.

Gene Expression Profile from Astrocytic EAAT2-Deficient Hippocampus
Overlaps with Expression Profiles in Human AD and Aging. Next, we
evaluated the extent of overlap between the gene expression data
from our study mice and previously published human AD and
aging datasets using rank-rank hypergeometric overlap (RRHO)
(41) analysis to identify patterns of genome-wide expression
overlap with the mouse data in a threshold-free manner. To
generate relevant genes lists for comparison (hippocampus data
from male brains), we performed data mining of GSE48350 from
the Gene Expression Omnibus repository (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE48350) to generate lists of
DEGs in human AD and aging. We identified an overlap [-log
(p.value) = 80] between the gfap-Cre+ EAAT2Δ/+ and the human
AD gene list (Fig. 6A) and between the gfap-Cre+ EAAT2Δ/+ and
the human aging gene list [-log (p.value) = 30] (Fig. 6C).
In contrast, there was little or no overlap between syn-Cre+

EAAT2−/− and human AD or human aging gene lists (Fig. 6 B
and D, respectively). Top pathways identified from gene overlap
of astrocytic partial loss of EAAT2 with human AD included
pathways that have been implicated in the inflammatory re-
sponse in AD (acute-phase response signaling, nuclear factor-κB
signaling, and neuroinflammation signaling) and pathways that
regulate synaptic function (opioid signaling pathway, CREB
signaling pathway, and calcium signaling pathway) (42–44) (Fig.
6E). Pathway analysis of gene overlap with the human aging gene
list included several inflammatory pathways (osteoarthritis pathway,
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Toll-like receptor signaling, TREM1 signaling, interferon [IFN]
signaling, IL-12 signaling, and IL-1 signaling) (Fig. 6F).
RRHO analysis showed that partial loss of astrocytic EAAT2

drives gene expression changes in the hippocampus associated
with inflammation and synaptic function, similar to human AD,
and gene expression changes in the hippocampus associated with
inflammation similar to the aging human brain. Furthermore, it
points out that transcriptomic changes from astrocytic rather
than neuronal EAAT2 deficiency in the hippocampus are more
closely associated with AD and aging gene expression profiles.

Discussion
We report that astrocytic EAAT2 deficiency causes accelerated age-
related cognitive dysfunction at 13 mo of age and that both astro-
cytic (gfap-Cre+ EAAT2Δ/+) and neuronal (syn-Cre+ EAAT2−/−)

EAAT2-deficient mice exhibit age-dependent cognitive dysfunc-
tion at 17 mo of age. This study identifies cognitive deficits in mice
lacking neuronal EAAT2. Furthermore, transcriptomic analysis of
the hippocampus revealed dysregulation of several innate and
adaptive immune response pathways in gfap-Cre+ EAAT2Δ/+ mice,
whereas there was dysregulation of the kynurenine pathway in syn-
Cre+ EAAT2−/−mice. Using an unbiased approach (WCGNA), we
also identified a significant negative correlation between expression
of inflammatory genes in the hippocampus and a hippocampus-
dependent memory task in gfap-Cre+EAAT2Δ/+mice. Furthermore,
we found that transcriptomic data from human AD and aging
datasets have a robust overlap with our gfap-Cre+ EAAT2Δ/+ gene
profile, but not with our syn-Cre+ EAAT2−/− gene expression profile.
Glutamate transport plays an essential role in LTP (45), a

major phenomenon underlying synaptic plasticity, which has been
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proposed to be the cellular basis of learning and memory (46). An
increase in glutamate transport via EAAT2 (abundant in the
hippocampus and cortex), particularly astrocytic EAAT2, has been
suggested to exert a pivotal role in the ability of hippocampal
circuitry to code and store information (45). Previously, deletion
of astrocytic EAAT2 has been shown to induce lower body weight
and seizures (15, 29), and inhibition of glutamate uptake in rats
was reported to induce impaired spatial reference memory (47).
Additionally, loss of EAAT2 in a mouse model of AD resulted in
accelerated onset of cognitive deficit (48). Furthermore, restoring
EAAT2 expression in AD mice was found to improve cognitive
function and restore synaptic integrity (49). Network hyperactivity
and changes in expression of EAAT2 occur before amyloid plaque
formation in mouse models of AD (50, 51). However, in-
dependent of EAAT2, astrocytic α7 nicotinic acetylcholine re-
ceptors have also been shown to induce glutamate release from
astrocytes after associating with oligomeric Aβ (52). Glutamate
dysfunction precedes cognitive decline in human AD, and de-
creased EAAT2 activity correlates with synaptic loss in aging (17)
and neuronal loss in AD brains (20, 21). Taken together, these
studies are in congruence with our data, where astrocytic EAAT2
deficiency in mice resulted in impaired short-term spatial reference

memory in the Y-maze task at 13 mo of age and long-term
spatial reference learning and memory deficit in the MWM
task at 17 mo of age. In the probe trial for spatial memory in the
MWM task, 17-mo-old gfap-Cre+ EAAT2Δ/+ mice performed
below chance (defined as 15/60 s) (53) in time spent swimming in
the platform quadrant, whereas the gfap-Cre− EAAT2+/+ con-
trols exhibited a performance above chance level. These data
indicate an overt cognitive deficit caused by astrocytic EAAT2
deficiency.
EAAT2 is expressed predominantly in astrocytes but is also

present in neurons and excitatory axon terminals (16). Neuronal
EAAT2 only constitutes 5 to 10% of all EAAT2 protein in the
brain (16). Previously, neuronal EAAT2 knockout mice were
found to have decreased glutamate uptake in synaptosomes (29);
however, these mice did not display any behavioral phenotypes
up to 1 y of age (29). Additionally, a recent study did not find any
spatial reference learning and memory deficit in the MWM task
or any impairment in cue- and context-dependent fear condi-
tioning and novel object recognition tests in 12- to 16-wk-old
neuronal EAAT2 conditional deletion mice (34). In congru-
ence with these previous studies, we did not find impairment in
spatial reference memory in the Y-maze task in 10-mo-old and
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13-mo-old syn-Cre+ EAAT2−/− mice. However, interestingly, we
found impairment in hippocampus-dependent spatial reference
long-term memory in a probe trial in the MWM task in syn-
Cre+ EAAT2−/− mice at 17 mo of age. In the probe trial, syn-
Cre+ EAAT2−/− mice performed below chance level (53) in time
spent in the platform quadrant and poorly as compared with syn-
Cre− EAAT2+/+ controls. This is interesting because EAAT2 is
highly expressed in neurons and axon terminals of the hippo-
campus (particularly the CA3 pyramidal neurons) (54, 55);
however, previous studies in younger mice with neuronal EAAT2
deletion show no alteration in behavior dependent on hippo-
campal function (29, 34). A suggested possible explanation for
the lack of cognitive deficits in younger mice with neuronal
EAAT2 deletion was that EAAT2 expressed in neurons might
not contribute significantly to glutamate clearance at the hip-
pocampal synapses involved in learning and memory (34). While
the overall functional significance of neuronal EAAT2 remains
largely unknown, the present study points to a role of neuronal

EAAT2 in cognitive function in aging, and possibly synaptic
glutamatergic homeostasis, that needs to be further explored.
Importantly, at the very least, our finding of late-onset cognitive
impairment in mice with neuronal EAAT2 deletion challenges
the long-held notion that the role of neuronal EAAT2 in glutamatergic
synaptic homeostasis is minimal, given its lower expression in neu-
rons relative to astrocytes.
We also report that the partial loss of astrocytic EAAT2

resulted in dysregulation of several innate and adaptive immune
response pathways. Dyshomeostasis of the immune system also
significantly negatively correlated with cognition in gfap-Cre+

EAAT2Δ/+ mice. Several recent genetic, bioinformatics, and
preclinical data have shown that activation of the immune system
and systemic inflammation contribute to the pathogenesis and
progression of AD (36, 56–63). The peripheral immune system
communicates with the brain through cytokines, acute-phase
proteins, and complement factors (64), and causes activation of
microglia, increased secretion of proinflammatory cytokines, and
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acceleration of disease progression in rodent models of AD (65–
68). CNS resident microglia and T lymphocytes that migrate
from the peripheral blood through the blood–brain barrier drive
the inflammatory reaction in AD brains by secreting several
immune modulators such as cytokines and chemokines (69, 70).
Cluster of differentiation 3+ (CD3+) T cell numbers also signif-
icantly correlate with tau pathology in human AD brains (71).
High glutamate levels have also been shown to stimulate IFN-γ
secretion by CD3-activated T cells that can, in turn, activate
resident microglia, resulting in synaptic alterations in multiple
sclerosis (72). Systemic inflammation in humans and nonhuman
primate brains has also been shown to increase the risk of de-
veloping neurological disorders (73–75). Future work will focus
on the protein function of key genes that show a significant
correlation with mouse behavior. Understanding the cross-talk
between systemic inflammation and neuroinflammation has im-
portant implications for developing therapies for AD.
Our data also show dysregulation of diverse signaling pathways

associated with cognitive dysfunction in syn-Cre+ EAAT2−/−

mice that are distinct from gfap-Cre+ EAAT2Δ/+ mice. In-
terestingly, we found dysregulation of the kynurenine pathway in
neuronal EAAT2 deletion mice. Previously, both in humans and
animal models, alterations in the kynurenine pathway have been
associated with cognitive impairment (76, 77). Tryptophan, an es-
sential amino acid, is degraded primarily through the kynurenine
pathway, which generates metabolites collectively referred to as
the kynurenines (78). It has been suggested that the kynurenine
pathway can be responsible for moderating the activity of 2 neu-
rotransmitters fundamentally involved in cognition: glutamate and
acetylcholine (77). Increased expression of indoleamine-pyrrole
2,3-dioxygenase, a key enzyme in the kynurenine pathway, and
imbalances in the kynurenine pathway with an inverse correlation
with cognitive decline have been observed in the serum and brains
of AD patients (79–82). Reduced nicotinamide-adenine dinucleotide
phosphate (NADPH) and oxidized nicotinamide-adenine dinu-
cleotide (NAD), the primary end products of the kynurenine
pathway, are also essential for mitochondrial function (83). EAAT2-
mediated glutamate uptake in axon terminals in neurons has
recently been shown to provide glutamate for mitochondrial
energy metabolism (84). The sirtuin signaling pathway, a major
regulator of mitochondrial function, is significantly positively
correlated with cognition in syn-Cre+ EAAT2−/− mice. Addi-
tionally, the kynurenine pathway is induced by immunological
activation and stress; thus, it also can mediate the effects of
environmental factors on cognition and behavior (77). Thus, we
suspect that the age-related cognitive deficit observed in neu-
ronal EAAT2-deletion mice in our study could be driven by al-
terations in genes regulating the kynurenine pathway.
Furthermore, transcriptomic data from gfap-Cre+ EAAT2Δ/+

mice, but not syn-Cre+ EAAT2−/− mice, show a robust overlap
with gene expression datasets of human AD and aging. Con-
cordant gene expression from gfap-Cre+ EAAT2Δ/+ and human
AD datasets was found to be enriched for genes regulating
synaptic function and inflammatory responses. Synaptic dys-
function in excitatory neurons has been shown to be the best
predictor of cognitive decline in AD (85, 86). Our data suggest
that glutamate dyshomeostasis from partial loss of astrocytic
EAAT2 in the aged hippocampus may potentially trigger in-
flammatory genes similar to the aging human hippocampus and
may potentially suppress genes necessary for synaptic plasticity
similar to human AD. Our previous work with riluzole, a known
modulator of EAAT2 (18, 87–90), showed that riluzole induces
neuroplastic changes in the brain (91) and rescues age- and AD-
related gene expression changes related to neural transmission
and synaptic plasticity (19). Further, riluzole reduces amyloid
pathology in 5XFAD mice and reverses gene expression associ-
ated with disease-associated microglia (92). Future studies will
further evaluate the direct and indirect mechanisms causing

neuroinflammation and activation of the peripheral immune
system from reduced EAAT2 expression. Recent evidence sug-
gests activated forms of astrocytes in human brains with higher
EAAT2 expression may exert beneficial effects to preserve
cognitive function, even in the presence of Aβ and NFTs (28).
The little or no overlap observed from syn-Cre+ EAAT2−/− and
human AD datasets could potentially arise from the pre-
dominance of astrocytic EAAT2 in the brain. Loss of neuronal
EAAT2 could also potentially be compounding gene expression
effects from loss of astrocytic EAAT2 in the human brain.
Thus, astrocytic rather than neuronal EAAT2 deficiency in the

hippocampus is transcriptionally more closely associated with
human aging and AD. This study further implicates glutamatergic
dyshomeostasis in inflammation and neural plasticity in aging and
AD, highlights the distinct signaling mechanisms mediated by
neuronal and astrocytic EAAT2, and brings out EAAT2 as a po-
tential therapeutic target in aging and AD.

Methods
Animals. To generate heterozygous astrocytic knockout of EAAT2(gfap-
Cre+ EAAT2Δ/+), we bred male or female homozygous mice carrying the
conditional EAAT2 knockout allele (29) (Mouse Genome Informatics identi-
fier Slc1a2tm1.1Pros) obtained from the founder colony at Boston Children’s
Hospital with male or female mice carrying the inducible human glial
fibrillary acid protein human GFAP-CreERT2 (C57BL/6J) (29). To induce de-
letion, 10-mo-old mice were treated daily (i.p.) for 7 d with 33 mg/kg 4-
hydroxy tamoxifen (H7904; Sigma). To generate homozygous neuronal
knockout of EAAT2 (syn-Cre+ EAAT2−/−), we bred male mice that carried the
conditional EAAT2 knockout allele (29) with female mice carrying the syn-
apsin I promoter-driven cre recombinase allele (C57BL/6) (29). Genotypes
were confirmed using PCR protocols from The Jackson Laboratory. All ani-
mal experiments were performed in accordance with NIH guidelines and
were approved by the Mount Sinai Institutional Animal Care and Use
Committee (IACUC) and The Rockefeller University IACUC. In consideration
of sex as a biological variable, only male mice were used for all experiments
in the present study.

Behavior.
Y-maze task for hippocampus-dependent spatial reference memory.We used the 2-
trial Y-maze task to assess the hippocampus-dependent spatial reference
memory retention at 10 and 13 mo of age in study mice, as described pre-
viously (91). The 2-trial Y-maze experimental paradigm provides a sensitive
and robust measure of spatial reference memory in rodents as it utilizes
their natural tendency to explore novel environments (93).

A day prior to Y-maze testing, micewere habituated in an open-field arena
(45 × 45 cm, ambient luminosity: ∼20 lux on edges and ∼40 lux in the center)
in the testing room. Mice were acclimated to the testing room for 1 h prior
to being placed in the open-field arena for 15 min. The open-field arena was
cleaned between each mouse with 70% ethanol. Twenty-four hours after
open-field habituation, mice were tested in the 2-trial Y-maze task. The task
consisted of a 10-min acquisition trial, a 1-h intertrial interval, and a 10-min
retention trial. During the acquisition trial, mice were placed facing away
from the center of the maze in the SA and allowed to freely explore the SA
and FA, while the NA was blocked. After a 1-h intertrial interval, mice were
placed again in the SA for a 10-min retention trial and allowed to explore all
3 arms (i.e., SA, FA, NA). Each arm of the Y-maze was 40 cm long, 9 cm wide,
and 21 cm high. Corncob bedding from the cage of the tested mouse was
mixed with clean bedding and distributed evenly on the floor of the maze to
minimize anxiety. Ambient luminosity was maintained at ∼25 lux in the arms
and ∼40 lux in the center, believed to be nonanxiogenic for rodents. To
eliminate the possibility of NA preference being based on external factors,
the SA, FA, and NA were changed for each mouse. Black curtains surrounded
the Y-maze to prevent the availability of noncontrolled distal cues. Visual
cues of varying sizes and patterns were mounted on these curtains facing
the 3 arms of Y-maze to facilitate mice in spatial orientation.

The time spent in each arm, frequency of arm entries, distance traveled,
and velocity were automatically tracked and recorded using an Ethovision
video-tracking system (Noldus Information Technology, Inc.). The data for
time spent in each arm in the acquisition trial and retention trial (measure of
spatial reference memory) were analyzed (gfap-Cre+ EAAT2Δ/+, n = 9; gfap-
Cre− EAAT2+/+, n = 15; syn-Cre+ EAAT2−/−, n = 11; and syn-Cre− EAAT2+/+,
n = 12 for 10-mo-old mice data and gfap-Cre+ EAAT2Δ/+, n = 7; gfap-
Cre− EAAT2+/+, n = 15; syn-Cre+ EAAT2−/−, n = 11; and syn-Cre− EAAT2+/+,
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n = 12 for 13-mo-old mice data). Additionally, the Y-maze task was per-
formed in age-matched gfap-Cre+ control mice (n = 9). In the 2-trial Y-maze
task, a mouse with an unimpaired spatial reference memory is expected to
spend a greater amount of time in the NA during the retention trial phase.
MWM task for hippocampus-dependent spatial reference learning and memory.
We conducted the MWM test at 17 mo of age in study mice to assess
hippocampus-dependent spatial reference learning and memory. The ex-
perimental paradigm used was an adaptation of the protocol originally
described by Morris et al. (94) in rats, and previously validated in mice (95–
97). The MWM behavior task depends on the utilization of a spatial navi-
gational strategy by rodents to find a fixed submerged escape platform. The
hippocampal formation devises a spatial map based on distal environmental
cues (94, 98) and plays a critical role in encoding, storage, consolidation, and
retrieval of the spatial memory (94, 99, 100).

The learning trials were performed over 8 d, with 2 trials (60 s each; in-
tertrial interval ∼ 20 min) each day. The test was conducted in a circular
water tank, which had a diameter of 120 cm. The pool was filled with water
(at room temperature, 23 ± 2 °C) rendered opaque with a small amount of
nontoxic white paint to prevent animals from being able to see the location
of the platform. Four start positions were marked around the perimeter of
the circular tank to be used for successive trials. Extramaze visual cues were
mounted on the black curtains surrounding the MWM tank. These cues were
kept in the same position during all training trials and the probe trial.
During the training trials, a square Plexiglas escape platform (25 cm2) was
placed in the center of the TQ and submerged 1 cm beneath the surface of
the water. The platform stayed in the same position throughout the learn-
ing trials and was removed from the tank only during the probe trial. Prior
to the first trial, on the first training day, each mouse was placed on the
platform for 30 s to allow orientation to extramaze cues. This was followed
by a practice swim for 30 s and 3 practice climbs onto the platform. Sub-
sequently, each mouse was placed in the desired start position in the pool
facing the wall. The trial ended when a mouse reached the escape platform
or the maximum trial duration of 60 s elapsed. If a mouse located the
platform before 60 s had elapsed, it was immediately removed from the
MWM pool. If a mouse failed to find the hidden escape platform within 60 s
of a training trial, it was gently guided to it and allowed to stay on the
platform for an additional 20 s to reorient to the distal visual cues. The
mouse was then dried with a cloth towel before being returned to its home
cage until the next trial. Each mouse was thoroughly inspected to ensure
dryness. All testing was performed at approximately the same time each day
to reduce variability in performance due to the time of day. With 2 trials
per day for 8 consecutive days, each mouse performed a total of 16 spatial
reference learning trials. A probe trial (i.e., a spatial reference memory re-
tention trial) was conducted 24 h later. During the probe trial, the platform
was removed from the pool; each mouse was placed in a quadrant opposite
to the location of escape platform quadrant during learning trials and
allowed to swim in the circular pool for 60 s. A single visible platform trial
occurred on the last day of testing after the probe trial and served as a test
for visual deficits. The platform was placed in the adjacent right (AR)
quadrant and was made visible by a colorful flag and colored top that ex-
tended above the surface of the water. Latency to find the visible platform
in the trial was used as a measure of visual ability.

The measure of spatial reference learning was the time taken to find the
escape platform during the 16 training trials. The data were analyzed for 4
blocks, with each block consisting of 4 sequential trials over 2 d of the training
period. For the probe trial, the circular MWM pool was divided into 4
imaginary quadrants (TQ, AR, adjacent left, and OQ), and a small zone where
the escape platform had been located during the training trials (virtual
platform). The measure of spatial reference memory was time spent in the
TQ as compared with the other quadrants during the 60-s probe trial. The
mouse behavior during the MWM task was automatically tracked and
recorded using the Ethovision video-tracking system. Heatmaps of search
intensity during the probe trial were also generated in Ethovision. The
MWM data were analyzed from gfap-Cre+ EAAT2Δ/+, n = 7; gfap-Cre−

EAAT2+/+, n = 13; syn-Cre+ EAAT2−/−, n = 11; and syn-Cre− EAAT2+/+, n = 12
mice. Additionally, the MWM task was performed in age-matched gfap-Cre+

control mice (n = 9).
RNA-Seq. After completion of behavioral studies, ∼18-mo-old mice were
killed by cervical dislocation, and brain tissue was harvested for RNA-Seq and
biochemical studies. Each mouse brain tissue sample was immediately dis-
sected into hippocampal and cortical regions, frozen on dry ice, and then
stored at −80 °C until further evaluation. RNA was isolated (gfap-
Cre+ EAAT2Δ/+, n = 6; gfap-Cre− EAAT2+/+, n = 6; syn-Cre+ EAAT2−/−, n = 6;
syn-Cre− EAAT2+/+, n = 6 mice) using a RNeasy Lipid Tissue Mini Kit (Qiagen).
Quality of RNA samples was determined using a bioanalyzer (Agilent), and

samples for RNA-Seq with RNA integrity number values >9. 500 ng of pu-
rified RNA were used to prepare sequencing libraries according to the Illu-
mina protocol and sequenced with an Illumina HiSeq 2500 system.

Raw sequencing reads were mapped to the mouse genome (mm10) using
HISAT2. Reads were counted using HTSeq-count (v0.6.0) against ENCODE
annotations, release 90. Differential gene expression between samples of
different conditions was determined using the DESeq2 package (v1.6.3). For
broad pattern identification, significance was set at an uncorrected P ≤ 0.05
and a threshold for absolute fold change at ≥1.5. IPA (Ingenuity Systems;
Qiagen) was used to identify pathways from DEGs and upstream regulators
from RRHO. The analysis used Fisher’s exact test to calculate P values.
WGCNA. Analyses were carried out according to the online R WGCNA tutorial
(https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/
WGCNA/Tutorials/). Normalized, variance stabilizing transformation-
transformed counts data from mouse RNA-Seq samples were utilized to
generate networks.

Separate unsigned networks were constructed for samples belonging to
the gfap-Cre+ EAAT2Δ/+ and syn-Cre+ EAAT2−/− groups. A coexpression
similarity matrix was generated using the absolute values of the correlation
coefficient between the expression profiles of pairs of genes. The adjacency
matrix was derived from the coexpression similarity matrix by raising all
values to a power of 8 (soft-thresholding power determined using pick-
SoftThreshold). The adjacency matrix provides the measure of network in-
terconnectedness for each pair of genes. Topological overlap-based dissimilarity
was computed using the transformed adjacency matrix, which was further used
to generate an average linkage hierarchical clustering. Modules were de-
termined from the resulting clustered tree, where minModuleSize was set to
30. To summarize the profile in each module, the module eigengene was de-
termined using the first principal component of the module matrix.

For each module, the module membership of a gene was defined as the
correlation between the normalized gene expression and the module
eigengene. Module eigengenes were correlated to traits representing the
time spent by mice in respective TQs. Correlation between the individual
genes with the trait of interest was found using the absolute value of cor-
relation between the gene expression profile and trait.
Analysis of human microarray data. GSE48350 contains microarray data from 4
regions of the forebrain. For our analysis of genes dysregulated in AD and
aging, we chose the hippocampus from male subjects, which was relevant to
our mouse data. AD-related gene expression changes were based on the
comparisons between themale hippocampus of AD cases (n= 9, ages 76 to 94 y)
versus age-matched male hippocampus controls (n = 13, ages 82 to 97 y).
Aging-related gene expression changes were based on aged male hippo-
campus (n = 13, ages 82 to 97 y) versus young male hippocampus (n = 9, ages
20 to 52 y). All arrays were background-corrected and normalized (GCRMA
algorithm) using the R Packages simpleaffy and limma. Probe annotation
was carried out using the R Bioconductor package hgu133plus2.db. Differ-
ential gene expression between samples of different conditions was de-
termined using limma at a raw P value cutoff of 0.05.
RRHO analysis. Unfiltered differential gene expression lists were ranked by
−log10(P value) * fold change. RRHO was used to evaluate the overlap of
differential expression lists between astrocytic and neuronal EAAT2 knock-
out and human AD and between astrocytic and neuronal EAAT2 knockout
and human aging. RRHO difference maps were generated for pairs of RRHO
maps by calculating the normal approximation of difference in the log odds
ratio and SE of overlap for each pixel. The Z score was then converted to a P
value and corrected for multiple comparisons across pixels.
PMV preparation. PMV fractions from the flash-frozen frontal cortex tissue
were prepared for individual mice (gfap-Cre+ EAAT2Δ/+, n = 6; gfap-
Cre− EAAT2+/+, n = 8; syn-Cre+ EAAT2−/−, n = 5; syn-Cre− EAAT2+/+, n = 5)
using a modified version of previous protocols (29, 101–103). Briefly, the
mouse cortical tissue was homogenized in a Teflon-glass homogenizer to
generate 10% (wt/vol) homogenate. The prechilled homogenization buffer
contained 10 mM Tris base (pH 7.4), 1 mM ethylenediaminetetraacetic acid
(EDTA), 1 mM ethylene glycol bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid (EGTA), protease inhibitor mixture (catalog no. 78430; Thermo Fisher
Scientific), and phosphatase inhibitor mixture (catalog no. 78428; Thermo
Fisher Scientific), along with 320 mM sucrose. The homogenate was centri-
fuged at 800 × g for 10 min at 4 °C. The supernatant was then centrifuged at
20,000 × g for 20 min at 4 °C twice and resuspended. The supernatant was
discarded each time. After the second centrifugation, the pellet was resus-
pended in homogenization buffer containing 35.6 mM sucrose with 6 up-
and-down strokes of Teflon-glass homogenizer, followed by continuous
mixing on a tube rotator for 30 min at 4 °C. Subsequently, this suspension was
centrifuged at 20,000 × g for 30 min at 4 °C. The resultant pellet containing
PMVs was resuspended in homogenization buffer containing 320 mM sucrose.
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The protein concentration in PMVs was determined using a Pierce BCA Protein
Assay Kit (catalog no. 23227; Thermo Fisher Scientific).
Immunoblotting. Western blotting was employed to evaluate the EAAT2 ex-
pression in the PMV fractions (gfap-Cre+ EAAT2Δ/+, n = 6; gfap-Cre−

EAAT2+/+, n = 8; syn-Cre+ EAAT2−/−, n = 5; syn-Cre− EAAT2+/+, n = 5 mice).
The samples were prepared in Laemmli buffer (catalog no. 1610747; Bio-Rad)
and subjected to 10% polyacrylamide gel (catalog no. 4561035; Bio-Rad)
electrophoresis, followed by transfer of separated proteins on poly(vinylidene
difluoride) (PVDF) membrane (catalog no. 1620177; Bio-Rad). The immu-
noblot was developed with a C-terminal–directed rabbit anti-EAAT2 anti-
body (1:5,000; a kind gift from Jeffrey D. Rothstein, John Hopkins
University School of Medicine, Baltimore, MD) (104). The corresponding
horseradish peroxidase-conjugated goat–anti-rabbit secondary antibody was
employed. For a loading control, blots were developed with mouse monoclonal
antibody to β-actin (1:5,000; Thermo Fisher Scientific). The immunoreactive
protein bands were visualized employing enhanced chemiluminescence

reagents (catalog no. 1705060; Bio-Rad). The blot films were scanned and
assessed using Multi Gauge software, version 3.0 (Fujifilm). For quantifi-
cation purposes, each immunoreactive band was normalized to its corre-
sponding β-actin band prior to group-wise comparisons.
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