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Myeloid cell deficiency of the inflammatory
transcription factor Stat4 protects long-term
synaptic plasticity from the effects of a high-fat,
high-cholesterol diet
Xiao-lei Zhang1, Callie M. Hollander 1, Mohammad Yasir Khan2, Melinee D’silva2, Haoqin Ma 1,

Xinyuan Yang1, Robin Bai3, Coles K. Keeter3, Elena V. Galkina3,4, Jerry L. Nadler2,5 & Patric K. Stanton 1✉

Neuroinflammation is associated with neurodegenerative diseases, including Alzheimer’s and

Parkinson’s. The cytokine interleukin-12 activates signal transducer and activator of transcription

4 (Stat4), and consumption of a high-fat, high-cholesterol diet (HFD-C) and Stat4 activity are

associated with inflammation, atherosclerosis, and a diabetic metabolic phenotype. In studies of

in vitro hippocampal slices from control Stat4fl/flLdlr−/−mice fed a HFD-C diabetogenic diet, we

show that Schaffer collateral-CA1 synapses exhibited larger reductions in activity-dependent,

long-term potentiation (LTP) of synaptic transmission, compared to mice fed a standard diet.

Glucose tolerance and insulin sensitivity shifts produced by HFD-C diet were reduced in

Stat4ΔLysMLdlr−/− mice compared to Stat4fl/flLdlr−/− controls. Stat4ΔLysMLdlr−/− mice, which

lack Stat4 under control of the LysMCre promoter, were resistant to HFD-C induced impairments

in LTP. In contrast, Schaffer collateral-CA1 synapses in Stat4ΔLysMLdlr−/− mice fed the HFD-C

diet showed larger LTP than control Stat4fl/flLdlr−/− mice. Expression of a number of neuroin-

flammatory and synaptic plasticity genes was reduced by HFD-C diet in control mice, and less

affected by HFD-C diet in Stat4ΔLysMLdlr−/− mice. These data suggest that suppression of

Stat4 activation may protect against effects of Western diet on cognition, type 2 diabetes, and

reduce risk of Alzheimer’s disease and other neurodegenerative disorders associated with

neuroinflammation.
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Chronic inflammation is an important driver of many
pathologies including Alzheimer’s disease (AD), type 2 dia-
betes, and atherosclerosis1. As of 2020, an average of 5.8

million Americans suffer from AD, a chronic progressive inflam-
matory neurodegenerative disease that is the most common form of
dementia in the elderly2. Evidence suggests that AD may begin 20
years or more before onset of symptoms2, which could provide a
wider window for preventing AD and/or halting disease progres-
sion. Conditions that promote cardiovascular disease, including type
2 diabetes, aging, hyperlipidemia, and vascular dysfunction, are
associated with a higher risk of developing AD, highlighting
potential common mechanisms and cross-talk between these
pathologies3–8. While specific pathways that accelerate development
of neuroinflammation and subsequently AD are not well-under-
stood, evidence indicates that cytokines play a critical role in shaping
neuroinflammation9 and atherosclerosis development; therefore,
cytokines can be important players connecting and supporting
development of both pathologies.

Interleukin-12 (IL-12) is a major proinflammatory cytokine, with
IL-12-dependent pathways being involved in AD-associated neu-
roinflammation and cognitive defects10,11. IL-12-related genes are
linked to cognitive changes associated with aging12 and IL-12 is a
predictor of β-Amyloid load in an AD cohort13,14. IL-12 is upre-
gulated in microglia of AD-like transgenic mice and targeting the IL-
12p40 subunit reduced amyloid pathologic changes and ameliorated
cognitive defects14. IL-12 leads to JAK-dependent phosphorylation
and activation of signal transducer and activator of transcription 4
(Stat4), a member of the Stat family of transcription factors15. Stat4-
deficiency leads to improved metabolic phenotype16 and attenuated
atherogenesis in several murine models of atherosclerosis17,18. The
Human Protein Atlas reported high mRNA and protein expression
of Stat4 within the brain, with the most Stat4 detected in neurons,
highlighting a potential role of the IL-12/Stat4 axis directly in non-
hematopoietic cells. While the role of IL-12 in AD pathology and
atherosclerosis is relatively established, the role of Stat4 in neu-
roinflammation and associated AD structural or functional pathol-
ogy under pro-atherogenic conditions has not been investigated.

Evidence suggests that AD-associated cognitive deficits result
from impairments in activity-dependent long-term synaptic
plasticity essential for memory consolidation. Long-term poten-
tiation (LTP) is elicited by high-frequency bursts of synaptic
stimulation that persistently increase the strength of synaptic
connections between neurons19. LTP is impaired both in animal
models of AD20,21 and in normal aging22, and these impairments
precede the appearance of measurable impairments in learning
and memory21. As atherosclerosis and often type 2 diabetes are
associated with AD and neuroinflammation, it is possible that
these pathologies might alter LTP and support development of
neuroinflammation, and subsequently, AD.

Here, we utilized the low-density lipoprotein receptor-deficient
(Ldlr−/−) mouse paired with a high-fat, high-cholesterol diet
(HFD-C) as an established model of hypercholesterolemia, ather-
osclerosis, metabolic dysfunction, and systemic inflammation, and
investigated whether these conditions might promote defective
LTP. We further characterized the role of Stat4 in shaping these
defects, using HFD-C fed Ldlr−/− mice with a LysMcre-dependent
deficiency of Stat4 (Stat4ΔLysMLdlr-). Stat4 deficiency, under con-
trol of LysMCre promoter activity, improved whole-body metabolic
phenotype and rescued deficits in LTP elicited by 16 weeks feeding
with the HFD-C diet in Stat4ΔLysMLdlr−/− mice.

Results
Stat4ΔLysMLdlr−/− mice show reduced p-Stat4 expression in
hippocampus. Vascular dysfunction caused by atherosclerosis
and hyperlipidemia results in blood brain barrier breakdown,

inflammation, impaired clearance of Aβ plaques, and neurovas-
cular dysfunction23. As IL-12 is involved in inflammatory pro-
cesses in atherosclerosis and neuroinflammation, and Stat4 is an
important component of the IL-12-dependent response24–26, we
sought to test whether Stat4 is expressed in the brain of HFD-C
fed Stat4fl/flLdlr−/− atherosclerotic mice. Ldlr−/− mice is a well-
established model of atherosclerosis and is often used to inves-
tigate pathology of atherosclerosis. HFD-C feeding results in an
elevation of total circulating cholesterol (up to ~1000 mg/dl) and
the LysMCre promoter does not modify these changes.

As shown in Fig. 1, we detected Stat4 expression within the brain
of HFD-C fed Stat4fl/flLdlr−/− mice. To gain further insights into
the potential role of Stat4 in the regulation of neuroinflammation,
we used a newly generated Stat4ΔLysMLdlr−/− mice and tested
expression of pStat4 in the brain. As the Stat4fl/fl− mice is a
relatively new strain, we used Stat4fl/flLdlr−/− mice as controls, to

Fig. 1 Stat4fl/fLysMCreLdlr−/− mice show a partial lack of expression of
pStat4. a Representative image of Immunofluorescence staining of pStat4
(red) and nuclei (blue) (ai) and hematoxylin/eosin stained sequential section
(aii) in the dentate gyrus of the hippocampal formation, in a control Stat4fl/
flLdlr−/− versus a Stat4fl/fLysMCreLdlr−/− mice fed the HFD-C diet for 16 weeks.
b Mean ± SEM of pStat4 immunofluorescence staining (n=4 biologically
independent animals per genotype), showing that Stat4fl/fLysMCreLdlr−/− mice
exhibited significantly reduced pStat4 labeling in the hippocampus compared to
Stat4fl/flLdlr−/− mice, consistent with a partial lack of Stat4 expression and
activation. **p=0.0018, scale bars 20 µm.

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05304-0

2 COMMUNICATIONS BIOLOGY |           (2023) 6:967 | https://doi.org/10.1038/s42003-023-05304-0 | www.nature.com/commsbio

www.nature.com/commsbio


account for potential effects of Stat4fl/fl on synaptic transmission
and plasticity. LysM, that encodes lysozyme in mice, is widely used
to modulate gene expression in myeloid cells27,28. Thus, LysM-Cre
can be used to investigate the role of myeloid cells in CNS
activation29. Importantly, an increasing body of evidence also
suggests that the LysM promoter is also expressed in neurons in
the brain30.

Figure 1 illustrates the reduction in phosphorylation of Stat4
observed in Stat4ΔLysMLdlr−/− mice fed the HFD-C diet,
compared with control Stat4fl/flLdlr−/− mice. As summarized in
Fig. 1b, knockout of Stat4 expression using this LysMcre promoter
produced an approximately 50% reduction in overall Stat4+ cell
labeling, in mice fed the HFD-C diet from 8–24 weeks of age. This
confirms that cells in this region of the hippocampus express
activated Stat4, and that there are some residual cell types still
expressing Stat4 in the Stat4ΔLysMLdlr−/− mice.

Lack of Stat4 in Stat4ΔLysMLdlr−/− mice protects against
metabolic effects of a high-fat diet. HFD-C diet has been shown
previously to induce glucose intolerance and insulin resistance
in 16 wks HFD-C fed Ldlr−/− mice31. To test to what extent
Stat4-deficiency in myeloid cells improved metabolic pheno-
type, we performed glucose tolerance and insulin tolerance tests
on Stat4ΔLysMLdlr−/− and Stat4fl/flLdlr−/− mice. As shown in
Fig. 2, 16 week HFD-C fed Stat4ΔLysMLdlr−/− mice showed
both significantly improved blood glucose control in response
to a glucose challenge (Fig. 2a), and improved insulin sensitivity
(Fig. 2b). These findings point to a potential role for STAT4
under activity of the LysMCre promoter in regulating the dis-
turbed metabolic phenotype triggered by the HFD-C diet.

Lack of Stat4 reduces expression of inflammatory pathway
genes in brain. To characterize the effects of a lack of Stat4 on
the expression patterns of inflammatory pathway genes, we
utilized Nanostring™ technology to compare expression patterns of
758 genes across 50+ pathways in the hippocampus of
Stat4ΔLysMLdlr−/− mice versus Stat4fl/flLdlr−/− control mice fed a
normal chow diet to 24 weeks of age. Figure 3 shows the collection
of genes that were significantly up or down-regulated in expression
in brains of chow–diet fed Stat4ΔLysMLdlr−/− versus Stat4fl/flLdlr−/

− mice. One gene down-regulated in Stat4ΔLysMLdlr−/− brain was
Tirap, a toll-interleukin 1 receptor domain-containing adaptor
protein, that mediates protein-protein interactions between
the toll-like receptors and signal-transduction components. Inter-
estingly, Mapk38 expression was also down-regulated in
Stat4ΔLysMLdlr−/− mice, suggesting that Stat4-deficiency might

also down-regulate cell proliferation and differentiation, as well as
the expression of key inflammatory mediators, including cytokines.
Indeed, a large portion of genes that were down-regulated were
associated with interleukin immune system modulation of
inflammation (Il12a, Il2r, Il17rb, il21r, Myd88, caspase 1/inter-
leukin-1 converting enzyme), consistent with the requirement for
Stat4 in IL-12 mediated immune responses.

One of the most upregulated genes was Fpr1, a gene that is
involved in a response of phagocytic cells to invasion of the host by
microorganisms. Interestingly, the three genes that were signifi-
cantly up-regulated are all associated with antiviral responses (Infz,
Infa, Ifitm1, encoding interferon induced transmembrane protein
1). Lack of Stat4 also down-regulated expression of Itpr3 encoding
inositol 1,4,5-triphosphate receptor 3, which triggers release of
Ca2+ from intracellular stores, and two protein tyrosine phospha-
tases (non-receptor type 6, receptor type C) expressed largely in
haematopoietic cells, which regulate T and B cell antigen receptor-
mediated activation. Additional WikiPathway analysis further
highlighted Interleukins IL-1, IL-2, IL-3, IL-5, and IL-6, and
MAPK-signaling pathways associated with the regulation of
inflammation (Fig. 3c). Interestingly, fibrin complement receptor
3 pathway genes were also significantly different between
Stat4ΔLysMLdlr−/− and Stat4fl/flLdlr−/− mice. As fibrin activates
microglia, resulting in PI3K/NF-kB activation and production of
inflammatory cytokines, our data point to a potential role for Stat4
in microglia activation. It is worth noting that apoptosis pathway
genes were also altered between chow fed Stat4ΔLysMLdlr−/− and
Stat4fl/flLdlr−/− mice (Fig. 3c), further suggesting a role for Stat4 in
regulating susceptibility of CNS cells to programmed cell death.

Lack of Stat4 reduces activation by HFD-C diet of genes
associated with inflammation, synaptic plasticity and AD.
Sixteen weeks feeding with the HFD-C diet also resulted in dif-
ferential gene expression patterns between Stat4ΔLysMLdlr−/− and
Stat4fl/flLdlr−/− control mice. Figure 4 shows the collection of genes
that were significantly up or down-regulated in expression in brains
of Stat4ΔLysMLdlr−/− compared to Stat4fl/flLdlr−/− mice, when
both were fed the HFD-C diet for 16 weeks. We found 77 differ-
entially regulated genes between HFD-C fed Stat4ΔLysMLdlr−/−

and Stat4flox/floxLdlr−/− brain tissues (Fig. 4c). A few genes that
were upregulated within the brain of HFD-C fed Stat4ΔLysMLdlr−/−

mice were genes involved in leukocyte migration, including, Ccrl1,
ITtgb7, encoding chemokine (C-C motif) receptor 1-like 1 and
integrin beta 7, respectively, and Cd6 gene that encodes protein
with a binding site for an activated leukocyte cell adhesion
molecule.

Fig. 2 Stat4fl/fLysMCreLdlr−/− mice exhibit improved glucose tolerance and response to insulin when challenged by feeding for 16 weeks with a HFD-C
diet. a Glucose tolerance test (GTT) and (b) insulin tolerance tests (ITT) at different time points from Stat4fl/fLysMCreLdlr−/− and Stat4fl/flLdlr−/− mice on
HFD-C diet for 16 weeks starting at 8 weeks old (n= 8 biologically independent animals of each sex per genotype). Two-way ANOVA for repeated
measures shows that GTT (genotype factor p= 0.0068, df= 10) and ITT (genotype factor p= 0.0118, df= 12) both exhibited significantly improved
responses to glucose and insulin, respectively, in animals lacking full expression of Stat4, after mice were challenged by feeding of the HFD-C diet for
24 weeks. All error bars are standard error of the mean.
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A number of genes that were significantly down-regulated in
Stat4ΔLysMLdlr−/− mice challenged by the HFD-C diet were,
similar to chow diet, associated with interleukin-dependent
immune system modulation. WikiPathway analysis further
highlighted the chemokine- and IL-2 and IL-3-dependent
pathways that are altered in Stat4ΔLysMLdlr−/− mice (Fig. 4c).

Interestingly, IL-3 has recently been reported to be involved in
AD suppression via microglial activation32. Csf1 gene, encoding
colony stimulating factor 1, which controls development,
maintenance, activation and survival of microglia associated
with neuroinflammation, was also reduced in Stat4ΔLysMLdlr−/−

mice.
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Thioredoxin-interacting protein (TXNIP) also exhibited reduced
expression in Stat4ΔLysMLdlr−/− mice challenged by the HFD-C
diet, compared to Stat4fl/flLdlr−/− control mice. TXNIP interacts
with and regulates thioredoxin. Over the past few years, it has
become clear that increases in TXNIP leads to insulin resistance
and reduced pancreatic beta cell production of insulin33. In
contrast, animals with TXNIP deficiency are protected from diet-
induced insulin resistance and diabetes34. The reduction of TXNIP
in the brains of the HFD-C mice with LysMcre-driven deletion of
Stat4 suggests that targeted Stat4 deletion could maintain insulin
signaling despite the high fat diet.

Other down-regulated genes are associated with synaptic
transmission and plasticity: Adora2ap (encoding adenosine A2A
receptor), Mapkapk2 (encoding map kinase-activated protein
kinase 2), Rab7, RAS guanyl releasing protein 1 (Rasgrp1).
Adenosine A2A receptors, via production of cyclic AMP, enhance
release of neurotransmitters, including glutamate, acetylcholine
and dopamine, which promotes the induction of long-term
potentiation (LTP) of synaptic transmission. MAPKAP2, Rab7
and RASGRP1 are members of the Ras oncogenic pathway, which
activate Erk/MAPkinase pathways that lead to LTP. In line with
these gene expression changes, WikiPathway analysis also showed
alterations in MAPK-and toll-like receptor-dependent pathways
for Stat4ΔLysMLdlr−/− compared with Stat4fl/flLdlr−/− mice
(Fig. 4c). One fascinating gene with reduced expression levels in
Stat4ΔLysMLdlr−/−, compared with Stat4fl/flLdlr−/− mice, when
challenged with the HFD-C diet, was amyloid beta precursor
protein (APP), supporting our as yet untested hypothesis that Stat4
plays a role, through neuroinflammation, in the progression of AD.

Lack of Stat4 expressed under the LysMCre promoter does not
alter the magnitude of LTP at 3 weeks of age. Figure 5a shows
the time course, and Fig. 5b mean ± SEM magnitude, of the
expression of LTP at Schaffer collateral-CA1 synapses in hippo-
campal slices from 3 week old Stat4ΔLysMLdlr−/− (open circles)
versus Stat4fl/fl Ldlr−/− control mice (filled circles), following the
application of 3 theta burst trains of high frequency stimulation
(arrow, TBS), in n slices per group. In slices from three week old
mice nursed by dams fed a normal chow diet, the magnitude of
LTP at 60 min post-TBS was not significantly different in
Stat4ΔLysMLdlr−/− mice, compared to age-matched control
Stat4fl/flLdlr−/− mice with normal Stat4 expression. At this early
developmental stage, a lack of Stat4 did not impair the expression
of long-term, activity-dependent synaptic potentiation at Schaffer
collateral-CA1 synapses in the hippocampus.

Consumption of a high-fat/high-cholesterol diet for 16 weeks
during early adulthood markedly impairs LTP. In contrast to
young 3 week old mice nursed by dams fed a chow diet, when
Stat4ΔLysMLdlr−/− and Stat4fl/flLdlr−/− mice were challenged by
prolonged feeding on the HFD-C, the responses between the two
groups were strikingly different, as illustrated in Fig. 6. Chow fed
Stat4fl/flLdlr−/− mice at 24 weeks of age exhibited robust LTP of

1.76 ± 0.14 times pre-TBS baseline responses at 60 min post-TBS.
When Stat4fl/flLdlr−/− mice were fed the HFD-C diet from
8–24 weeks of age, the magnitude of LTP was statistically sig-
nificantly reduced 60 min post-TBS to 1.25 ± 0.04 times pre-TBS
baseline, indicating that the HFD-C diet impairs the long-term,
activity-dependent synaptic plasticity necessary for normal cog-
nition, learning and memory (Fig. 6).

Lack of Stat4 expressed under the LysMCre promoter rescues
effects of the HFD-C diet on LTP. In contrast to the effects of the
HFD-C diet in Stat4fl/flLdlr−/− control mice, Stat4ΔLysMLdlr−/−

mice were resistant to HFD-C induced impairments in expression
of LTP (Fig. 7, Stat4ΔLysMLdlr−/−, filled circles and black bars).
LTP in the absence of Stat4 was not significantly different in slices
from Stat4ΔLysMLdlr−/− mice fed normal chow, compared to these
mice fed HFD-C diets. These data demonstrate that Stat4 is a key
contributor to the chronic effects of the HFD-C diet that results
in impairments in LTP, and supports the hypothesis that
this inflammatory transcription factor is a key mediator of
neuroinflammation-induced impairments in long-term activity-
dependent synaptic plasticity. Previous studies have shown that
Stat4 plays a critical role in HFD-C diet induced cardiovascular
inflammation17,18, supporting the hypothesis that Stat4 also acts
via vascular inflammation in the brain to accelerate HFD-C
induced impairments in synaptic plasticity that underlie associated
cognitive impairments, and may play an important role in the
heightened risk of AD in type 2 diabetes.

Lack of Stat4 expressed under the LysMCre promoter does not
alter basal synaptic transmission or paired-pulse facilitation at
3 or 24 weeks of age. The above results indicate that prolonged
consumption of the HFD-C diet impairs LTP in mice with nor-
mal expression of Stat4. To determine whether the decrease in
LTP was a result of alterations in basal synaptic transmission, we
compared paired-pulse facilitation, and basal input-output rela-
tions, at Schaffer collateral-CA1 synapses in hippocampal slices
from Stat4ΔLysMLdlr−/− and Stat4fl/fl Ldlr−/− mice after 16 weeks
feeding with the HFD-C diet.

Figure 8a shows paired-pulse profiles of the ratios of second to
first EPSP slope magnitude as a function of inter-stimulus interval
between the first and second stimulus, in milliseconds, in slices
from 24 week old mice fed the HFD-C diet from weeks 8–24
(N= 11 Control Stat4fl/flLdlr−/−, 11 Stat4ΔLysMLdlr−/− slices).
One-way ANOVA with repeated measures on stimulus intervals
showed no significant difference between PPFs evoked in control
Stat4fl/flLdlr−/− and Stat4ΔLysMLdlr−/− slices. Thus, the decrease
in magnitude of LTP elicited by the HFD-C diet in Stat4fl/flLdlr−/−

mice, compared to mice fed a normal chow diet lacking Stat4
(Stat4ΔLysMLdlr−/−), was not a result of alterations in presynaptic
transmitter release probability as assessed by paired-pulse facilita-
tion profiles.

Figure 8b shows profile of PPFs recorded from Stat4fl/flLdlr−/−

and Stat4ΔLysMLdlr−/− groups slices at 3 weeks of age (N= 12 in

Fig. 3 Nanostring™ inflammation gene expression patterns in Stat4fl/fLysMCreLdlr−/− mice lacking Stat4, compared to control Stat4fl/fl Ldlr−/− mice,
when fed a normal chow diet. a–b Table and volcano plot showing significantly up (green) and down (purple) regulated genes in the hippocampus Stat4fl/
fLysMCreLdlr−/− versus age-matched control Stat4fl/fl Ldlr−/− mice fed a chow diet at 24 weeks of age. Differentially expressed genes were determined as
>1.5-fold difference with adjusted p value < 0.05. n= 3 biologically independent animals per group. c Dot plot shows the altered GO terms (FDR < 0.05) of
biological processes and molecular functions identified using DAVID to be enriched under the different contrasts. Dot plot shows the up-regulated KEGG
pathways (FDR < 0.1) enriched for different contrasts. The size of the dot is based on gene count enriched in the pathway, and the color of the dot shows
the pathway enrichment significance. Dot plot shows the down-regulated GO terms (FDR < 0.05) of biological processes and molecular functions identified
using WikiPathway analysis. The size of the dot is based on gene count enriched in the pathway, and the color of the dot shows the pathway enrichment
significance.
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each group). One-way ANOVA with repeated measures on
stimulus intervals showed no significance differences between
groups, indicating that elimination of Stat4 under LysMcre

promoter activity did not alter PPF in 3-week-old mice,
suggesting normal early development of presynaptic vesicular
release in neurons lacking Stat4.

Figure 9 shows the input/output relationships of normalized
EPSP amplitude (y axis) to stimulus intensity (x axis) at 24 weeks
of age on HFD-C diet (Fig. 9a, N= 15 control Stat4fl/flLdlr−/−

slices, N= 15 Stat4ΔLysMLdlr−/− slices), and at 3 weeks of age
(Fig. 9b, N= 21: Stat4fl/flLdlr−/− slices, N= 21 Stat4ΔLysMLdlr−/−

slices). These synaptic strength profiles exhibited no differences in
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basal synaptic transmission in either young mice, or mice in either
group fed the HFD-C diet (One-way ANOVA) with repeated
measures on stimulus intensity (F(1,40)= 0.674, p= 0.416 for 3
week-old groups and F(1,28)= 0.491, p= 0.489 for 24 week old
groups). These results indicate that baseline synaptic transmission
was not altered by Stat4 deficiency at either 3 weeks of age, or after
feeding with the HFD-C diet from 8–24 weeks of age, in either
control Stat4fl/flLdlr−/− or Stat4ΔLysMLdlr−/− mice.

Discussion
In the present study, we found that: (1) The inflammatory tran-
scription factor Stat4 is present and activated in the hippocampus,
(2) feeding control Stat4fl/flLdlr−/− mice a HFD-C diet for 16

weeks, from 8–24 weeks of age (20–34 years of age human
equivalent), reduced long-term, activity-dependent synaptic
potentiation (LTP), compared to mice of the same age fed a chow
diet. (3) Stat4 deficiency under control of the LysMCre promoter
protected against HFD-C induced metabolic alterations, (4)
Deficiency of Stat4 also completely prevented the decline in long-
term, activity-dependent synaptic potentiation (LTP) produced
by feeding a HFD-C diet to mice. (5) Neither the HFD-C diet, nor
absence of Stat4 in myeloid cells, altered basal synaptic trans-
mission, or presynaptic release probability assessed by paired-
pulse stimulation.

Our electrophysiological studies have implications for under-
standing HFD-C, aging and neurodegenerative disease-related

Fig. 4 Nanostring™ inflammation gene expression patterns in Stat4fl/fLysMCreLdlr−/− mice lacking Stat4, compared to control Stat4fl/fl Ldlr−/− mice,
when fed a HFD-C diet for 16 weeks. a–b Volcano plot and table showing significantly up (green) and down (purple) regulated genes in the hippocampus
of Stat4fl/fLysMCreLdlr−/− versus age-matched control Stat4fl/fl Ldlr−/− mice fed the HFD-C diet for 16 weeks (from 8–24 weeks of age). Differentially
expressed genes were determined as >1.5-fold difference with adjusted p value < 0.05. n= 3 biologically independent animals per group. c Dot plot shows
the altered GO terms (FDR < 0.05) of biological processes and molecular functions identified using DAVID to be enriched under the different contrasts.
Dot plot shows the up-regulated KEGG pathways (FDR < 0.1) enriched for different contrasts. The size of the dot is based on gene count enriched in the
pathway, and the color of the dot shows the pathway enrichment significance. Dot plot shows the down-regulated GO terms (FDR < 0.05) of biological
processes and molecular functions identified using WikiPathway analysis. The size of the dot is based on gene count enriched in the pathway, and the color
of the dot shows the pathway enrichment significance.

Fig. 5 Stat4fl/fLysMCreLdlr−/− versus age-matched control Stat4fl/fl Ldlr−/− mice at 3 weeks of age exhibit similar magnitude LTP at Schaffer
collateral-CA1 synapses in hippocampus. a Time course of LTP following three theta burst trains of stimulation (TBS ×3) of Schaffer collateral axons
spaced 3 min apart in hippocampal slices from Stat4fl/fLysMCreLdlr−/− mice (open circles, each point mean ± SEM) versus control Stat4fl/fl Ldlr−/− mice
(filled circles, each point mean ± SEM). b Mean ± SEM magnitude of LTP 60min post-TBS, showing that Stat4fl/fLysMCreLdlr−/− slices (filled bars, n= 19
biologically independent slices, normalized LTP= 1.68 ± 0.092) exhibited unchanged LTP compared to control Stat4fl/fl Ldlr−/− slices (open bars, n= 16
biologically independent slices, normalized LTP= 1.65 ± 0.121, Student’s t-test, p= 0.8254, t= 0.2224, df= 33).

Fig. 6 Stat4fl/fLdlr−/− mice maintained on the HFD-C diet for 16 weeks (from 8–24 weeks of age) showed significant impairments in LTP at Schaffer
collateral-CA1 synapses, compared to these control Stat4fl/fLdlr−/− mice fed a normal chow diet. a Time course of LTP following three theta burst trains
of stimulation (TBS ×3) of Schaffer collateral axons spaced 3 min apart in hippocampal slices from Stat4fl/fLdlr−/− mice were fed either the HFD-C diet
(filled circles, n= 24 biologically independent slices) or chow diet (open circles, n= 14 biologically independent slices) for 16 weeks (each point
mean ± SEM). b Mean ± SEM magnitude of LTP from grey region in (a), showing that long-term feeding with the HFD-C diet (filled bar) caused significant
impairments in the magnitude of LTP, compared to chow-fed control Stat4fl/fLdlr−/− mice (open bar). (Student’s t-test, ***p= 0.001, t= 4.286, df= 36).
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Fig. 7 Stat4fl/fLysMCreLdlr−/− mice maintained either on the HFD-C diet for 16 weeks, or on chow diet for 16 weeks, show no significant differences in
LTP at Schaffer collateral-CA1 synapses. a Time course of LTP following three theta burst trains of stimulation (TBS ×3) of Schaffer collateral axons
spaced 3 min apart in hippocampal slices from Stat4fl/fLysMCreLdlr−/− mice fed the HFD-C diet (filled circles, n= 23 biologically independent slices) or
chow diet (open circles, n= 6 biologically independent slices) for 16 weeks (each point mean ± SEM). b Mean ± SEM LTP from grey region in (a), showing
that a lack of Stat4 expression in myeloid cells and neurons protected LTP from the effects of prolonged feeding with the HFD-C diet (Student’s two-tailed
t-test, t= 0.4434, df= 27, p= 0.661).

Fig. 8 A lack of Stat4 expression in myeloid cells and neurons had no effect on paired-pulse facilitation (PPF) at Schaffer collateral-CA1 synapses in
slices from Stat4fl/fLysMCreLdlr−/− mice (open circles), compared to Stat4fl/fLdlr−/− mice (filled circles). a PPF profiles for Stat4fl/fLysMCreLdlr−/− mice
(Ldlr−/−Stat4floxLysMCre, open circles, N= 11 biologically independent slices) vs. Stat4fl/fLdlr−/− control mice (Ldlr−/−Stat4flox/flox, filled circles, n= 11
biologically independent slices) fed the HFD-C diet for 16 weeks starting at 8 weeks of age. One-way ANOVA with repeated measures showed no significant
difference between the two groups of slices (F(1,20)= 0.76, p= 0.394). b PPF profiles in Stat4fl/fLysMCreLdlr−/− mice (Ldlr−/−Stat4floxLysMCre, open
circles, N= 12 biologically independent slices) at 3 weeks of age plotted against age matched Stat4fl/fLdlr−/− mice (Ldlr−/−Stat4flox/flox, filled circles,
n= 12 biologically independent slices), nursed by a dam fed normal chow diet. One-way ANOVA for repeated measures showed no significant effect of diet
F(1,22)= 2.927; p= 0.101. All error bars are Standard Error of the Mean.

Fig. 9 Stat4fl/fLysMCreLdlr−/− mice show no differences in baseline synaptic transmission at Schaffer collateral-CA1 synapses at either 3 weeks of age
on normal diet, or after 16 weeks on the HFD-C diet, compared to age-matched Stat4fl/fLdlr−/− mice. Mean ± SEM normalized Schaffer collateral-CA1
fEPSP slope versus stimulus intensity in the same groups of hippocampal slices where PPF was measured in Fig. 8, from 24 week old (a) and 3 week old (b)
Stat4fl/fLdlr−/− (Ldlr−/−Stat4flox/flox, filled circles) versus Stat4fl/fLysMCreLdlr−/− mice at 3 weeks of age fed chow, or after 16 weeks on the HFD-C diet
(Ldlr−/−Stat4floxLysMCre, open circles). None of these groups showed a significant effect of diet (One-way ANOVA for repeated measures).
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declines in cognitive function. The HFD-C induced impairments
in long-term plasticity we observed in adult mice is consistent
with reports that such diets can alter the developmental time
course of activity-dependent synaptic plasticity in the non-
diseased brain35,36, and induce cognitive impairments37–39. These
observations support the hypothesis that activation of inflam-
matory mechanisms triggered by such diets are potentially an
important factor in the decline in cognitive function that occurs
in normal aging.

Characterization of gene expression patterns comparing mice
lacking Stat4 under control of the LysMcre promoter, to Stat4fl/
flLdlr−/− control mice, revealed widespread down-regulation of
inflammatory pathway genes when mice were fed either normal
chow or HFD-C diets. The majority of these genes were compo-
nents of interleukin and interferon signaling pathways, consistent
with previous reports that serine and tyrosine phosphorylation of
Stat4 is necessary for IL-12 mediated secretion of IFNγ. Stat4
deficiency also affected MAPK-signaling pathway for both chow
and HFD-C regimen, highlighting a role of Stat4 in the key bio-
logical processes of proliferation, migration, and regulation of
survival and death. The HFD-C diet resulted in significantly
smaller increases in expression of interleukin and interferon
pathway genes in Stat4ΔLysMLdlr−/− mice, compared to controls
fed the same diet. These data further support the hypothesis that
inflammatory pathways activated by Stat4 are important con-
tributors to HFD-C induced impairments in synaptic plasticity and
cognitive function, and that reducing Stat4 expression in LysMcre-
dependent cells has neuroprotective anti-neuroinflammatory
actions when challenged with the HFD-C diet. The fact that mice
lacking Stat4 under LysMcre promoter control are resistant to
HFD-C induced inflammation and impairments in synaptic plas-
ticity suggest an important role for inflammatory pathways regu-
lated by Stat4 in mediating impairments in synaptic plasticity, and
possibly cognitive function, associated with normal aging.

Stat4ΔLysMLdlr−/− mice also exhibit very intriguing differences
in the response of some neuronal genes associated with synaptic
plasticity to consumption of the HFD-C diet. In particular, A2A
adenosine receptors, which promote release of multiple neuro-
transmitters including glutamate, can promote the induction of
LTP of synaptic strength, while MPKP1, Rab7 and RASGRP1 are
all members of Ras oncogene pathways that can activate Erk/
MAPKinase necessary for some forms of LTP. However, perhaps
the most intriguing observation was that the lack of Stat4 protected
against the up-regulation of expression of amyloid beta precursor
protein produced by the HFD-C diet. Since recent studies suggest
that a combination of beta amyloid and neuroinflammation is
closely associated with AD progression, Stat4 may be a prime target
for suppressing both of these HFD-C associated factors, and thus
for treatment of AD. Since Stat4 activation plays a key role in
atherosclerosis17,18, vascular inflammation via Stat4 activation in
neurovascular compartments may also contribute to elevating risk
for AD in type-2 diabetes3–8.

The extensive literature implicating inflammation in diabetes
and many progressive neurodegenerative diseases, including AD,
makes Stat4 a therapeutic target with immense potential for
slowing, or even preventing, neurodegenerative disease progres-
sion. We hypothesize that Stat4 may be a final common pathway
mediator of inflammatory damage that is important in normal
aging, diabetes and AD, and that therapies that prevent Stat4
activation have potential as novel treatments for such slow,
progressive neurodegenerative diseases.

There are clear interconnections between inflammation,
metabolic and vascular disease, and increased risk of AD. Neu-
roinflammation and associated cellular immune activation play a
central role in the pathogenesis of AD40–43. Stat4 is expressed in
neurons and immune cells, including activated neutrophils and

macrophages, and the data presented here indicates an increased
presence of activated Stat4 in cells in the hippocampal region in
mice fed the HFD-C diabetogenic diet. In animals with LysMcre-
targeted deletion of Stat4, we found clear evidence of reduced
activation of Stat4 in the hippocampus, and global Stat4 knockout
animals exhibit marked improvement in the metabolic phenotype
induced by the HFD-C diet in chow fed mice16.

Numerous inflammatory cytokines in the brain are released in
diabetes and neurodegenerative diseases, and it remains to be
determined which inflammatory signals are essential for the phos-
phorylation and activation of Stat4 resulting in down-regulation of
synaptic plasticity. IL-12 and IL-17 are leading candidates, given
previous work showing that IL-17 can affect synaptic plasticity and
microglial activation in a model of multiple sclerosis44, IL-12 is
involved in AD pathology and associated cognitive deficits10–13,
microglial IL-12 is upregulated in AD-like transgenic mice14, and
targeting the IL-12p40 subunit can reduce amyloid pathology and
cognitive deficits in these animals14. However, the rescue of the
effects of the HFD-C diabetogenic diet afforded by reduced Stat4
expression strongly suggests that this transcription factor could be a
final common pathway linking cytokine-mediated inflammation to
neurodegeneration in AD and other neuroinflammatory diseases.

LysMcre mediated deletion of Stat4 represents a targeted
reduction of Stat4 in immune cells. However, more recent data
looking at this promoter in both the brain (including hippo-
campus) and retina clearly indicates that a subset of neurons and
microglia express the LysMCre promoter29,30,45. Therefore, stu-
dies will be needed to further clarify if Stat4ΔLysMLdlr−/− mice
experience additional loss of activity of Stat4 in neurons and/or
glia in the CNS. It is of great interest that recent studies have
shown that 25-hydroxycholesterol can act via microglial activa-
tion to impair synaptic plasticity46, and that restoring metabolism
of myeloid cells can reverse cognitive decline due to aging43.

A study of a natural herb extract of cinnamon bark found a
mixture of inhibitory actions on p38, JNK, ERK1/2 and Stat4, but
not Stat6, that modulated IFN-gamma expression and cytokine
secretion in activated T cells47. It remains to be determined what
effect selectively targeting Stat4 in myeloid cells, neurons or glia
may have on declines in long-term, activity-dependent synaptic
plasticity and cognition in normal aging or neurodegenerative
diseases. However, our data suggests that suppression of inflam-
mation by targeting Stat4, in both immune cells and neurons,
may be a method for preventing, or even reversing, the loss of
LTP observed in AD and other neurodegenerative diseases
associated with impairments in cognitive function.

The data presented here support a role for the inflammatory
transcription factor Stat4 in neuroinflammatory synaptotoxicity
and cognitive impairments associated with HFD-C diets, athero-
sclerosis, and metabolic dysfunction. Specifically, LysMcre-depen-
dent deletion of Stat4 was completely protective of both
impairments in long-term synaptic plasticity and metabolic changes
elicited by sixteen weeks feeding with a HFD-C diet. Stat4 appeared
to prevent aging-associated declines in magnitude of long-term
potentiation (LTP) of synaptic transmission, suggesting that it plays
an important role in inflammation that contributes to metabolic
disease and aging and diabetes-associated cognitive decline. These
data implicate Stat4 in inflammatory pathways associated with
metabolic syndrome, atherosclerosis, neuroinflammation, and
potentially AD, suggesting that treatments that suppress activity of
this transcription factor or downstream pathway components could
reduce AD risk in diabetics, and in normal aging.

Methods
Animals. Stat4ΔLysMLdlr−/− were generated via cross of newly-
developed Stat4fl/fl mice48 with LysMCre (JAX Labs, 6.129P2-
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Lyz2tm1(cre)Ifo/J) and Ldlr−/− (JAX Labs, B6.129S7-Ldlrtm1Her/J)
mice in our laboratories3,4. Male and female mice were fed a
diabetogenic high fat/high cholesterol diet (HFD-C, BioServ No.
F4997) or chow diet (Fisher LabDiet No. 0001319) for 16 weeks,
from 8–24 weeks of age. Mice were used for brain slice preparation
at either 3 or 24–26 weeks old, as indicated. All experiments were
conducted under protocols approved by the NYMC Institutional
Animal Care and Use Committee, in compliance with all relevant
ethical regulations for animal testing.

Fasting blood glucose and insulin tolerance test. To perform
glucose tolerance tests (GTT), 16 week HFD-C fed control Stat4fl/
flLdlr−/− and Stat4fl/flLysMcreLdlr−/− mice (n= 8; male and
female respectively of each genotype) were fasted overnight and
then injected intraperitoneally with filter-sterilized 2 g/kg glucose
in 0.9% NaCl as described previously49,50. A tail vein blood
sample was taken before the injection and at 10, 20, 30, 60, 90,
and 120 min time points post-injection for temporal measure-
ments of blood glucose. Insulin tolerance tests (ITT) were con-
ducted by intraperitoneally injection with insulin (0.75 U/kg) in
0.9% NaCl. Blood samples were taken immediately before and at
15, 30, 45, and 60 min post-injection.

Immunofluorescence staining. Immunofluorescence staining for
phosphorylated Stat4 (pStat4) was performed on paraffin-
embedded, 5-micron coronal mouse brain sections from 24-
week-old and 3-week-old mice (n= 4 per group). Sections were
baked at 60 °C for 1 h followed by the following deparaffinization
protocol: slides were placed in 100% xylene three times for four
minutes each, followed by 100% ethanol three times; than 95%
ethanol two times; than one time in 70% ethanol for two minutes
each. Slides were then placed in distilled water twice on a shaker.
Heat-induced antigen retrieval was performed by microwaving
slides in antigen retrieval solution (10 mM citrate, 0.05% Tween
20, pH 6.0). After cooling to room temperature, slides were rinsed
in dH2O and blocked with 2% donkey serum for 30 minutes. The
slides were incubated with a mouse monoclonal IgG antibody
recognizing pStat4 (Santa-Cruz 28296; 1:100 dilution) overnight
at 4 °C. The following day, slides were washed three times with
PBS for five minutes each. The secondary antibody Alexa Fluor
594 goat anti-mouse IgG (catalog number A11005, 1:500 dilu-
tion) was added to slides for two hours at room temperature.
Slides were counterstained with DAPI and imaged using a Zeiss
LSM 980 plus Airyscan II confocal laser microscope. Analysis was
performed using NIH ImageJ of at least 3-4 sections per condi-
tion. Sections stained with secondary antibody only were used as
negative controls (Supplementary Fig. 1).

Nanostring expression profiling. Four 24-week-old male mice
from both genotypes, fed either the HFD-C from 8–24 weeks-of
age, or chow diet for all 24 weeks, were deeply anesthetized under
isoflurane, decapitated, and their brains quickly harvested and
fixed using 10% formalin. After fixation, using two short micro
spatulas, each hippocampus was manually dissected free from one
hemisphere of the brain of each animal, placed back in 10%
formalin and delivered to core services at the Albert Einstein
College of Medicine. RNA was extracted from the hippocampus
using Qubit and the concentration of each sample was measured.
mRNA levels were determined using the NanoString (www.
nanostring.com) platform utilizing a Host Response Panel, a
custom Code Set which profiled 785 genes in mouse across 50+
pathways. One hundred nanograms of each total RNA sample
was prepared as per the manufacturer’s instructions. RNA
expression was quantified on the nCounter Digital Analyzer and
raw and normalized counts were generated with Rosalind

application (https://app.rosalind.bio). The WikiPathways plat-
form was used to identify pathways altered between the analyzed
groups of mice.

Hippocampus slice electrophysiology. Electrophysiological field
potential recordings from Schaffer collateral-CA1 synapses in
in vitro hippocampal slices were performed using standard
methods as reported previously51. Mice were decapitated under
deep isoflurane anesthesia, the brains quickly removed, hemi-
sected, and cut with a vibratome (Leica model VT1200S) at a
thickness of 350 µm. The tissue block was glued with cyanoa-
crylate adhesive to a stage immersed in ice-cold cutting solution
composed of (in mM): 92 NMDG, 0.5 CaCl2, 10 MgSO4, 2.5 KCl,
1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 2 Thiourea,
5 Sodium Ascorbate, 3 Sodium Pyruvate, 5 N-acetyl-L-cysteine
oxygenated with 95% O2/5% CO2. After slicing, the hippocampal
slices were transferred into a holding chamber containing cutting
solution at room temperature for 5-10 minutes before transferred
into another holding chamber, composed of (in mM): 92 NaCl, 2
CaCl2, 2 MgCl2, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES,
25 Glucose, 2 Thiourea, 5 Sodium Ascorbate, 3 Sodium Pyruvate,
5 N-acetyl-L-cysteine that bubbled with 95% O2/5% CO2. All
slices were incubated at 30 °C for 45–50 min in the holding
chamber continuously oxygenated with 95% O2/5% CO2, then
moved to 32 °C for electrophysiological recording.

Once transferred to the recording chamber, slices were
continuously perfused with bubbled (95% O2/5% CO2) aCSF which
was composed of (in mM): 120 NaCl, 26 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, 2.5 CaCl2, 1.5 MgCl2, 10 Glucose and maintained at
32 °C. Borosilicate-glass recording electrodes (1–2MΩ when filled
with aCSF) were pulled with a Sutter micropipette puller (Model P-
97, Sutter Instrument, Novato, CA), and inserted in the stratum
radiatum of hippocampal field CA1 to record field excitatory post-
synaptic potentials (fEPSPs). To elicit evoked responses, current
pulses applied with stimulus intensity adjusted to evoke ~50% of
maximal fEPSPs (50 pA to 100 pA; 100 µs duration) at 30 s intervals
were delivered using a bipolar tungsten stimulating electrode that
was placed in the Schaffer collateral/commissural fibers. The high-
frequency theta burst stimulus (TBS) paradigm for induction of
LTP consisted of 3 theta burst trains separated by 3min, 10 bursts
each, 5 pulses per burst, a burst frequency of 100 Hz and inter-burst
interval of 200ms. Electrical stimulation was delivered by an ISO-
Flex isolator controlled by a Master 8 pulse generator (AMPI,
Jerusalem, Israel) to evoke fEPSPs. Electrophysiological signals were
amplified with a AC differential amplifier (Model 1700, A-M
Systems, Sequim, WA, USA) and digitized via a DAQ device (MC
Measurement Computing, Norton, MA), controlled and analyzed
with SciWorks software (A-M Systems, Sequim, WA, USA)
software run on a PC. The slopes of fEPSP were measured by
linear interpolation from 20–80% of maximum negative deflection.
Raw values of fEPSP at half-maximal stimulus intensity (SI) during
15min baseline recording was averaged to compare baseline
excitability across groups. The magnitude of LTP was measured
and compared between Stat4fl/flLdlr−/− control mice (N= 14), and
Ldlr−/− mice without the flox/flox insertion (N= 26). As shown in
Supplementary Fig. 2A, LTP was not significantly different between
the two groups of mice, indicating that the flox/flox insertion alone
did not alter the magnitude of LTP (Student’s t-test, p= 0.33). We
also analyzed the magnitude of LTP separately in slices from Stat4fl/
flLdlr−/− control and Ldlr−/− background mice, and found no
differences between any of the groups (Supplementary Fig. 2B,
F(3,36)= 0.74, p= 0.54). Finally, separate analysis of male and
female Stat4fl/flLdlr−/− control slices showed the significant effect of
HFD-C diet on LTP, but no significant differences in the magnitude
of LTP within each diet condition (Supplementary Fig. 3, Two-way
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ANOVA, F(3,34)= 8.025, p= 0.004), so we pooled data frommales
and females for remaining experimental analyses.

For analysis of paired-pulse inhibition/facilitation of popula-
tion spikes in CA1 neurons, the stimulating electrode was placed
in the stratum radiatum layer to stimulate Schaffer collaterals,
and the recording electrode in the CA1 stratum pyramidale layer.
Population spike (PS) magnitudes were measured as the
amplitude of the negative spike, extrapolated by drawing a
tangent between the peak of the EPSP and the peak of the PS, and
then taking the vertical distance from the negative peak of the PS
to the tangent line. Population spikes were evoked at a stimulus
intensity that elicited 50% of maximal amplitude in the first pulse
spike. A series of inter-pulse intervals (IPIs), 20–500 ms in
duration, was used to study synaptic properties of facilitation or
depression. Four sweeps of population spikes were recorded
for each IPI per slice, and the responses averaged. The ratio of
the second evoked population spike amplitude (PS2) to the first
(PS1) was used to determine depression or facilitation, with a
ratio >1 corresponding to facilitation, and a ratio <1 indicating
depression.

Statistics and reproducibility. All measurements for each n were
taken from distinct brain slices or brain sections. Sample number
per group was selected using power analyses with significance
level preset to P < 0.05, to detect between group differences in
magnitude of long-term potentiation, paired-pulse facilitation,
and population excitatory postsynaptic potential slopes of 8-10%
at a power of 85% with typical parameter standard deviations.
Data were analyzed with Graphpad Prism v9 (GraphPad Soft-
ware, Boston, MA, USA) or IBM SPSS v22 (IBM, Armonk, NY,
USA) for One-way ANOVA for repeated measures. Comparisons
between groups were made using Student’s two-tailed t-test for
unpaired data, with data expressed as mean ± SEM.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
Nanostring microarray data were deposited into the Gene Expression Omnibus database
under accession number GSE240045. The experimental data that support the findings of
this study are available in Figshare52 at https://figshare.com/s/059d93a1209dd23951f0.

Code availability
All computer code for data acquisition and analysis is commercially available.

Received: 4 July 2022; Accepted: 30 August 2023;

References
1. Matthews, K. A. et al. Racial and ethnic estimates of Alzheimer’s disease and

related dementias in the United States (2015-2060) in adults aged >65 years.
Alzeiemers Dement 15, 17–24 (2019).

2. Alzheimer’s Association. Alzheimer’s disease facts and figures. Alzheimers
Dement. 18, 700–789 (2022).

3. Kalaria, R. N., Akinyemi, R. & Ihara, M. Does vascular pathology contribute to
Alzheimer changes? J. Neurol. Sci. 322, 141–147 (2012).

4. Samieri, C. et al. Association of cardiovascular health level in older age with
cognitive decline and incident dementia. JAMA. 320, 657–664 (2018).

5. Shabir, O., Berwick, J. & Francis, S. E. Neurovascular dysfunction in vascular
dementia, Alzheimer’s and atherosclerosis. BMC Neurosci 19, 62–78 (2018).

6. Crane, P. K. et al. Glucose levels and risk of dementia. N. Eng. J. Med. 369,
540–548 (2013).

7. Reitz, C., Brayne, C. & Mayeux, R. Epidemiology of Alzheimer disease. Nat.
Rev. Neurol. 7, 137–152 (2011).

8. Vagelatos, N. T. & Eslick, G. D. Type 2 diabetes as a risk factor for Alzheimer’s
disease: the confounders, interactions, and neuropathology associated with
this relationship. Epidemiologic Rev. 35, 152–160 (2013).

9. Henstridge, C. M., Hyman, B. T. & Spires-Jones, T. L. Beyond the neuron-
cellular interactions early in Alzheimer disease pathogenesis. Nat. Rev.
Neurosci. 20, 94–108 (2019).

10. Su, C., Zhao, K., Xia, H. & Xu, Y. Peripheral inflammatory biomarkers in
Alzheimer’s disease and mild cognitive impairment: a systematic review and
meta-analysis. Psychogeriatrics. 19, 300–309 (2019).

11. Abd El-Rahman, S. S. & Fayed, H. M. Improved cognition impairment by
acivating cannabionoid receptor type 2: Modulating CREB/BDNF expression
and impeding TLR-4/NFBp65/M1 microglia signaling pathway in D-
galactose-injected ovariectomized rats. PLoS One 17, e0265961 (2022).

12. Lin, E., Kuo, P. H., Liu, Y. L., Yang, A. C. & Tsai, S. J. Association and
interaction effects of Interleukin-12 related genes and physical activity on
cognitive aging in old adults in the Taiwanese population. Front. Neurol. 10,
1065–1072 (2019).

13. Taoufik, Y. et al. Human microglial cells express a functional IL-12 receptor
and produce IL-12 following IL-12 stimulation. Eur. J. Immunol. 31,
3228–3239 (2001).

14. Vom Berg, J. et al. Inhibition of IL-12/IL-23 signaling reduces Alzheimer’s
disease-like pathology and cognitive decline. Nat. Med 18, 1812–1819 (2012).

15. Liang, Y., Pan, H. F. & Ye, D. Q. Therapeutic potential of STAT4 in
autoimmunity. Expert Opin. Ther. Targets. 18, 945–960 (2014).

16. Dobrian, A. D. et al. STAT4 deficiency reduces obesity-induced
insulin resistance and adipose tissue inflammation. Diabetes. 62,
410–4121 (2013).

17. Dobrian, A. D. et al. STAT4 contributes to adipose tissue inflammation and
atherosclerosis. J Endocrinol. 227, 13–24 (2015).

18. Taghavie-Moghadam, P. L. et al. STAT4 deficiency reduces the development
of atherosclerosis in mice. Atherosclerosis. 243, 169–178 (2015).

19. Larson, J. & Munkacsy, E. Theta-burst LTP. Brain Res. 1621, 38–50 (2014).
20. Trinchese, F. et al. Progressive age-related development of Alzheimer-like

pathology in APP/PS1 mice. Ann. Neurol. 55, 801–814 (2004).
21. Jacobsen, J. S. et al. Early-onset behavioral and synaptic deficits in a mouse

model of Alzheimer’s disease. Proc. Natl. Acad. Sci. (USA). 103, 5161–5166
(2006).

22. Burgdorf, J. et al. The N-methyl-D-aspartate receptor modulator GLYX-13
enhances learning and memory, in young adult and learning impaired aging
rats. Neurobiol. Aging. 32, 698–706 (2011).

23. Stahr, N. & Galkina, E. V. Immune response at the crossroads of
atherosclerosis and alzheimer’s disease. Front. Cardiovasc. Med. 9, 870144
(2022).

24. Yamamoto, K. et al. Stat4, a novel gamma interferon activation site-binding
protein expressed in early myeloid differentiation. Mol. Cell Biol. 14,
4342–4349 (1994).

25. Frucht, D. M. et al. Stat4 is expressed in activated peripheral blood monocytes,
dendritic cells, and macrophages at sites of Th1-mediated inflammation. J.
immunol. (Baltimore, Md: 1950). 164, 4659–4664 (2000).

26. Fukao, T. et al. Inducible expression of Stat4 in dendritic cells and
macrophages and its critical role in innate and adaptive immune responses. J.
Immunol. (Baltimore, Md: 1950) 166, 4446–4455 (2001).

27. Cross, M. & Renkawitz, R. Repetitive sequence involvement in the
duplication and divergence of mouse lysozyme genes. EMBO J. 9,
1283–1288 (1990).

28. Ragland, S. A. & Criss, A. K. From bacterial killing to immune modulation:
recent insights into the functions of lysozyme. PLoS Pathogens 13, e1006512
(2017).

29. Fouda, A. Y., Xu, Z., Narayanan, S. P., Caldwell, R. W. & Caldwell, R. B. Utility
of LysM-cre and Cdh5-cre driver mice in retinal and brain research: an
imaging study using tdtomato reporter mouse. Invest. Ophthalmol. Vis. Sci. 61,
51 (2020).

30. Orthgiess, J. et al. Neurons exhibit Lyz2 promoter activity in vivo: implications
for using LysM-Cre mice in myeloid cell research. Euro. J. Immunol. 46,
1529–1532 (2016).

31. Subramanian, S. et al. A. Dietary cholesterol exacerbates hepatic steatosis and
inflammation in obese LDL receptor-deficient mice. J. Lipid Res. 52,
1626–1635 (2011).

32. McAlpine, C. S. et al. Astrocytic interleukin-3 programs microglia and limits
Alzheimer’s disease. Nature (London) 595, 701–706 (2021).

33. Alhawiti, N. M., Mahri, S. A., Aziz, M. A., Malik, S. S., & Mohammed, S.
TXNIP in metabolic regulation: physiological role and therapeutic outlook.
Curr. Drug Targets 18, 1095–1103 (2017).

34. Chutkow, W. A. et al. Deletion of the alpha-arrestin protein Txnip in mice
promotes adiposity and adipogenesis while preserving insulin sensitivity.
Diabetes 59, 1424–1434 (2010).

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05304-0 ARTICLE

COMMUNICATIONS BIOLOGY |           (2023) 6:967 | https://doi.org/10.1038/s42003-023-05304-0 | www.nature.com/commsbio 11

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE240045
https://figshare.com/s/059d93a1209dd23951f0
www.nature.com/commsbio
www.nature.com/commsbio


35. Stranahan, A. M. et al. Diet-induced insulin resistance impairs hippocampal
synaptic plasticity and cognition in middle-aged rats. Hippocampus. 18,
1085–1088 (2008).

36. Hwang, L. L. et al. Sex differences in high-fat diet-induced obesity, metabolic
alterations and learning, and synaptic plasticity deficitsin mice. Obesity. 18,
463–469 (2010).

37. Gainey, S. J. et al. Short-term high-fat diet (HFD) induced anxiety-like
behaviors and cognitive impairment are improved with treatment by
glyburide. Front. Behav. Neurosci. 10, 156 (2016).

38. Duffy, C. M., Hofmeister, J. J., Nixon, J. P. & Butterick, T. A. High fat diet
increases cognitive decline and neuroinflammation in a model of orexin loss.
Neurobiol. Learn. Mem. 157, 41–47 (2019).

39. Spencer, S. J. et al. High-fat diet and aging interact to produce
neuroinflammation and impair hippocampal- and amygdalar-dependent
memory. Neurobiol. Aging. 58, 88–101 (2017).

40. Heneka, M. T. et al. Neuroinflammation in Alzheimer’s disease. Lancet
Neurol. 14, 388–405 (2015).

41. Bello-Medina, P. C., Gonzalez-Franco, D. A., Vargas-Rodriguez, I. &
Diaz-Cintra, S. Oxidative stress, the immune response, synaptic plasticity, and
cognition in transgenic models of Alzheimer disease. Neurologia (Engl. Ed.).
37, 682-690 (2022).

42. Fani Maleki, A. & Rivest, S. Innate immune cells: monocytes, monocyte-
derived macrophages and microglia as therapeutic targets for alzheimer’s
disease and multiple sclerosis. Front. Cell. Neurosci. 13, 355 (2019).

43. Minhas, P. S. et al. Restoring metabolism of myeloid cells reverses cognitive
decline in ageing. Nature. 590, 122–128 (2021).

44. Di Filippo, M. et al. Interleukin-17 affects synaptic plasticity and
cognition in an experimental model of multiple sclerosis. Cell Rep 37,
110094 (2021).

45. Du, X. et al. Deletion of Socs3 ion LysM+ cells and Cx3cr1 resulted in age-
dependent development of retinal microgliopathy. BMC 16, 9 (2021).

46. Izumi, Y. et al. A proinflammatory stimulus disrupts hippocampal plasticity
and learning via microglial activation and 25-hydroxycholesterol. J. Neurosci.
41, 10054–10064 (2021).

47. Lee, B. J., Kim, Y. J., Cho, D. H., Sohn, N. W. & Kang, H. Immunomodulatory
effect of water extract of cinnamon on anti-CD3-induced cytokine responses
and p38, JNK, ERK1/2, and STAT4 activation. Immunopharmacol.
Immunotoxicol. 33, 714–722 (2011).

48. Mehrpouya-Bahrami, P. et al. STAT4 is expressed in neutrophils and
promotes antimicrobial immunity. JCI insight. 6 https://doi.org/10.1172/jci.
insight.141326 (2021).

49. Keeter W. C. et al. Neutrophil-specific STAT4 deficiency attenuates
atherosclerotic burden and improves plaque stability via reduction in
neutrophil activation and recruitment into aortas of Ldlr (-/-) mice. Front.
Cardiovasc. Med. 10, 1175673 (2023).

50. Keeter, W. C., Carter, N. M., Nadler, J. L. & Galkina, E. V. The AAV-PCSK9
murine model of atherosclerosis and metabolic dysfunction. Eur. Heart J.
Open. 2, oeac028 (2022). (2023).

51. Miry, O. et al. Life-long brain compensatory responses to galactic cosmic
radiation exposure. Sci. Rep. 11, 4292 (2021).

52. Stanton, P., Nadler, J. L., Galkina, E. V. Zhang et al. Nature Comm Biology
“Myeloid cell deficiency of the inflammatory transcription factor Stat4
protects long-term synaptic plasticity from the effects of a high-fat, high-
cholesterol diet”. figshare. Dataset. https://doi.org/10.6084/m9.figshare.
24039192.v1 (2023).

Acknowledgements
This work was supported by NIH R01HL142129 and HL142129-04S1 (EVG and JLN)
and NIH DK R01105588 (JLN). We would like to acknowledge the Albert Einstein
College of Medicine Diabetes Center Molecular Core Facility for assistance with
Nanostring™ gene expression data analysis.

Author contributions
X.Z., C.H., M.K., M.D., H.M., and X.Y. conducted the experiments; X.Z., C.H., M.K.,
R.B., C.K., E.G., and P.S. analyzed data; E.G., J.N. and P.S. prepared the manuscript; J.N.
and P.S. conceived and supervised the project.

Competing interests
The authors declare the following competing interests: U.S. provisional patent: “USE OF
STAT4 INHIBITORS FOR PREVENTION AND TREATMENT OF ALZHEIMER’S
DISEASE”. Patent Applicant: New York Medical College. Name of Inventors: Jerry L.
Nadler, Patric K. Stanton. Application Number: 20230233595, Status: Published, Aspect
of manuscript covered in the provisional patent: The observations in this manuscript,
that deficiency in Stat4 protects long-term synaptic plasticity from the effects of a high-
fat, high-cholesterol Western diet, support the hypothesis of this provisional patent that
inhibitors of Stat4 have the potential to slow or prevent the development of Alzheimer’s
disease, which is also promoted by a Western diet, and also involves activation of
neuroinflammatory pathways.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-023-05304-0.

Correspondence and requests for materials should be addressed to Patric K. Stanton.

Peer review information Communications Biology thanks Carlos Dotti and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Primary
Handling Editor: George Inglis. A peer review file is available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05304-0

12 COMMUNICATIONS BIOLOGY |           (2023) 6:967 | https://doi.org/10.1038/s42003-023-05304-0 | www.nature.com/commsbio

https://doi.org/10.1172/jci.insight.141326
https://doi.org/10.1172/jci.insight.141326
https://doi.org/10.6084/m9.figshare.24039192.v1
https://doi.org/10.6084/m9.figshare.24039192.v1
https://doi.org/10.1038/s42003-023-05304-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Myeloid cell deficiency of the inflammatory transcription factor Stat4 protects long-term synaptic plasticity from the effects of a high-fat, high-cholesterol diet
	Results
	Stat4ΔLysMLdlr−/− mice show reduced p-Stat4 expression in hippocampus
	Lack of Stat4 in Stat4ΔLysMLdlr−/− mice protects against metabolic effects of a high-fat diet
	Lack of Stat4 reduces expression of inflammatory pathway genes in brain
	Lack of Stat4 reduces activation by HFD-C diet of genes associated with inflammation, synaptic plasticity and AD
	Lack of Stat4 expressed under the LysMCre promoter does not alter the magnitude of LTP at 3�weeks of age
	Consumption of a high-fat/high-cholesterol diet for 16 weeks during early adulthood markedly impairs LTP
	Lack of Stat4 expressed under the LysMCre promoter rescues effects of the HFD-C diet on LTP
	Lack of Stat4 expressed under the LysMCre promoter does not alter basal synaptic transmission or paired-pulse facilitation at 3 or 24 weeks of age

	Discussion
	Methods
	Animals
	Fasting blood glucose and insulin tolerance test
	Immunofluorescence staining
	Nanostring expression profiling
	Hippocampus slice electrophysiology
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




