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Sepsis-associated encephalopathy (SAE) is characterized by
acute and diffuse brain dysfunction and correlates with long-
term cognitive impairments with no targeted therapy. We
used a mouse model of sepsis-related cognitive impairment
to examine the role of IncRNA nuclear enriched abundant tran-
script 1 (Neatl) in SAE. We observed that Neat] expression was
increased in neuronal cells from septic mice and that it directly
interacts with hemoglobin subunit beta (Hbb), preventing its
degradation. The Neat1/Hbb axis suppressed postsynaptic den-
sity protein 95 (PSD-95) levels and decreased dendritic spine
density. Neatl knockout mice exhibited decreased Hbb levels,
which resulted in increased PSD-95 levels, increased neuronal
dendritic spine density, and decreased anxiety and memory
impairment. Neatl silencing via the antisense oligonucleotide
GapmeR ameliorated anxiety-like behavior and cognitive
impairment post-sepsis. In conclusion, we uncovered a previ-
ously unknown mechanism of the Neat1/Hbb axis in regulating
neuronal dysfunction, which may lead to a novel treatment
strategy for SAE.

INTRODUCTION

Although sepsis incidence has steadily increased in recent
years, sepsis morality rates have declined, leading to an expanding
population of sepsis survivors.' > This population frequently suf-
fers from sepsis-associated encephalopathy (SAE), which has
been associated with long-term functional sequelae including
cognitive impairment, anxiety, depression, and post-traumatic
stress disorder (PTSD).*® This so-called “post-ICU syndrome”
contributes to the excess mortality that occurs within five years
after sepsis.’ The pathogenesis of sepsis-induced cognitive impair-
ment is poorly understood, although growing evidence indicates
that neuroinflammation and related excitotoxicity may play a
role.®
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Neuron synapse loss correlates with the cognitive deficit, and synaptic
function is regulated by altering the expression level of synaptic scaf-
fold proteins such as post-synaptic density protein 95 (PSD-95), a
member of the membrane-associated guanylate kinase (MAGUK)
class of proteins at synapses.”'® PSD-95 is an essential component
involved in synaptic plasticity and dendritic spine morphogenesis
during neurodevelopment,'’ and several genomic studies link PSD-
95 dysfunctions to neuropsychiatric disorders.'>”'* PSD-95 protein
expression levels are downregulated in the brain after sepsis'™'®
and may represent an underexplored contributor to SAE pathogen-
esis. Evolving evidence has also demonstrated the potential impor-
tance of hemoglobin (Hb) in sepsis-related organ failure via cellular
dissociation and resultant inflammatory modulation, nitric oxide
scavenging, and free radical injury."’”"’ Hemoglobin expression
was previously felt to be specific to erythrocytes; however, it has
more recently been observed in several cells, including neurons and
glial cells,”” raising the question of its potential role in SAE through
local injury. However, little is known about the potential interaction
of Hb and PSD-95 and their role in neuronal injury in sepsis.

Long non-coding RNAs (IncRNAs) are a diverse subset of transcripts
longer than 200 nucleotides that do not encode for proteins.”’
Increasing evidence suggests that IncRNAs regulate almost every
cellular function through various molecular mechanisms, including
competing with endogenous mRNAs over microRNA binding, scaf-
folding of RNA-protein structures, and epigenetic regulation.”>*’
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Figure 1. Mice surviving CLP exhibit anxiety-like behavior, memory impairment, and a decrease of dendritic spine density

(A and B) Sham (n = 23) and CLP (n = 27) mice were subjected to open-field test. (A) Representative tracks and heatmap are shown. (B) The frequency, time in the center
zone, and the first time for the mice to go to the center zone were analyzed (“p < 0.05). (C) Sham (n = 12) and CLP (n = 16) mice were subjected to a contextual fear-
conditioning test, and freezing behavior was analyzed (*p < 0.05). (D) Differential expression of IEGs in neuronal cells between Sham and CLP mice were analyzed at 24 h after
surgery ("p < 0.05, n = 3 mice/group). (E) The PSD-95 protein levels were determined in the hippocampus of mice at 24 h after Sham or CLP operation (*p < 0.05, n = 3 mice/
group). (F) Neuron dendrite from Sham and CLP mice were stained with Golgi stain (left). Box plots of dendritic spine number in Sham and CLP groups were analyzed at

8 weeks post-surgery (right). Scale bar, 20 um. *p < 0.05, n = 3—-4 mice/group.

Neatl, nuclear-enriched abundant transcript 1, belongs to the group
of IncRNAs exhibiting highly abundant expression levels in the
brain.”* Two isoforms of NeatI that share the same promoter are
recognized but differ in 3’ ends and length (3.7 and 23 kb in humans,
and 3.2 and 20 kb in mice).”® Neat! functions as a core scaffold of nu-
clear body paraspeckles that regulates transcription,”® which has also
been proposed to control stress responses,”” activation of innate im-
mune responses,”® and cellular differentiation® by sequestering
RNA- and DNA-binding proteins,”” thus altering the epigenetic land-
scape of target gene promoters in favor of transcription.”’ Altered
Neatl expression has been reported in many major neurodegenera-
tive and psychiatric diseases, including frontotemporal dementia
(FTD), Alzheimer’s, Huntington’s, and Parkinson’s diseases, amyo-
trophic lateral sclerosis (ALS), epilepsy, traumatic brain injury, and
schizophrenia.”’ ® Recently, several studies reported that Neatl
participated in sepsis-induced acute kidney injury,”* myocardial
injury,” and liver injury.”® However, the role of Neatl in SAE
remains to be investigated.

In the present study, we determined neuronal Neatl expression in
sepsis and its impact on neuronal synapse formation through regula-
tion of PSD-95-hemoglobin subunit beta (Hbb) interaction. Utilizing
a Neatl knockout mouse, we demonstrated the critical role of this
IncRNA in neuronal dysfunction in sepsis and established a novel
therapeutic proof of concept using a Neatl-silencing GapmeR. We
determined the impact of Neatl on post-sepsis cognition, memory,

and anxiety-like behavior using behavioral assessments in a murine
sepsis model.

RESULTS

Septic mice exhibit anxiety, cognitive impairment and decreased
dendritic spine density

To establish a model of SAE, we induced sepsis in C57BL/6 mice via
cecal ligation and puncture (CLP). We used a moderate-severity CLP
model (one puncture with 22-gauge needle), which results in a mor-
tality rate of 47%, and the surviving mice were subjected to an open-
field test for anxiety-like behavior and contextual-fear-conditioning
(CEC) test for hippocampus-dependent memory impairment (Fig-
ure S1A). We found that septic mice exhibited anxiety-like behavior,
as evidenced by visiting the center less frequently, spending less time
in the center, and taking more time to first enter the center compared
with the sham group (p < 0.05; Figures 1A, 1B, and S1B). In addition,
using a CFC test, we observed that mice had no substantial difference
in freezing behavior during the training phase. However, when re-
turned to the testing 24 h later, septic mice exhibited significantly
(p < 0.05) decreased freezing time compared with sham mice
(Figures 1C and S1C). These data demonstrated that mice who sur-
vive sepsis exhibit anxiety-like behavior and memory impairment.

To further determine whether these behavioral changes were associ-
ated with neuronal dysfunction, we determined the expression of im-
mediate-early genes (IEGs), which regulate anxiety, memory, and
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neuronal dendritic spine density. Our data showed that the expres-
sion of IEGs such as c-fos, Egrl, Arc, Bdnf, Nrnl, and Homerl were
significantly decreased in neuronal cells at 24 h after CLP compared
with the sham group (Figure 1D). Additionally, we found that the
protein levels of PSD-95 (post-synaptic marker) were decreased after
CLP compared with the sham group (Figure 1E). These data suggest
that neuronal dysfunction occurs as early as 24 h post-sepsis. We also
stained neuronal synapses at 8 weeks after CLP sepsis. Dendritic spine
density in the hippocampus was significantly (p < 0.05) lower in CLP
mice compared with sham mice (Figure 1F). These data demonstrated
that mice surviving sepsis exhibited anxiety-like behavior and mem-
ory impairment as well as neuronal dysfunction.

Neat1 expression is increased during sepsis

Since previous studies demonstrated that IncRNAs play important
roles in sepsis and neurodegenerative disease,””””*® we determined
sepsis-associated IncRNAs (Neatl, HOTAIR, Malatl, and PVTI) in
mouse brain tissue at 1 day after CLP. The results showed that only
Neatl levels were increased 4-fold (Figure S2A); the other IncRNAs
were not singificantly changed (Figures S2B and S2C). The expression
levels of PVTI were not detectable in brain tissue. Therefore, the
Neatl levels were detected in mouse brain tissues and neurons at 1,
7, and 14 days after CLP. NeatI levels were significantly (p < 0.05)
increased in the sepsis group at 1 and 7 days after CLP compared
with the sham group and returned to baseline levels at 14 days
(Figures 2A and 2B). We also performed RNA fluorescent in situ hy-
bridization (RNA-FISH) with a probe specific to the NeatI variant in
the hippocampus region from sham and septic mice at 24 h after CLP.
Neurons were stained with NeuN (neuron marker), and NeatI-posi-
tive cells were analyzed in all neurons (Figure 2C). The mean number
of Neatl-positive cells was significantly (p < 0.05) increased in the
septic mice compared with the sham mice, although nuclear localiza-
tion of Neatl was not affected by sepsis (Figure 2D). Since hypoxia
and inflammation may occur in brain tissue during sepsis,””*’ we
further determined Neatl expression levels in Neuro-2a (N2a) cells
in the condition of hypoxia, or treated with IL-1p, TNF-a, or LPS
for 16 h. We found that N2a cells exposed to hypoxia (1% O, levels)
exhibited upregulation of Neatl compared with cells exposed to nor-
moxia (21% O, levels) (Figure 2E), whereas IL-183, TNF-a, or LPS did
not upregulate NeatI levels (Figure S3). RNA-FISH assays further re-
vealed that Neatl was rarely detectable in the control group (Fig-
ure 2F, top), but was significantly (p < 0.01) detectable in the nuclei
of N2a cells exposed to hypoxia (Figures 2F, bottom, and 2G). In addi-
tion, hypoxia can induce Neatl through hypoxia-inducible factor
(HIF)-2a-mediated transcriptional activation.**> We treated N2a
cells with siRNA against HIF-2o and incubated the cells in hypoxic
conditions for 16 h (Figures S4A and S4B). Treatment with HIF-2a
siRNA attenuated hypoxia-induced increases of NeatI (Figure S4C).
These data demonstrated that NeatI levels were upregulated in sepsis
through HIF-2a-mediated signaling pathway.

Neat1 directly interacts with hemoglobin subunit beta
To determine how NeatI regulates neuronal cell function, we first
wanted to identify proteins binding to Neatl by use of unbiased
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methods. Brain neuronal cells were obtained from mice at 24 h after
sham or CLP. We performed RNA-protein pull-down assays in lysed
neuronal cells followed by LC-MS/MS analysis to identify proteins
that bind to Neat! in neurons. We identified several paraspeckle pro-
teins associated with Neatl. However, those proteins were not signif-
icantly altered after sepsis. The proteins that bind to NeatI and their
expression levels were significantly altered (Z2-fold) in the CLP
group compared with the sham group, as shown in Figure 3A. Among
these identified proteins, we found that Hbb not only bound to Neat1I
but also increased most (6.7-fold, p < 0.05) in the CLP group
compared with the sham group. The details of proteins that bound
to Neatl and their expression levels that were altered in sepsis are
listed in Table S1. We further validated this finding by repeating an
RNA protein pull-down assay in neuronal cell lysate by using
Neatl sense and antisense RNA probes and performing Western
blot against Hbb on the isolated protein, using c-Fos as a negative
control. The sense Neatl probes clearly pulled down Hbb protein,
and the antisense probes pulled down a small amount of Hbb,
whereas both of them did not pull down the negative control c-Fos
(Figure 3B). These data confirmed the interaction of Neatl with
Hbb. To further confirm the association between Neatl and Hbb,
we also used an RNA immunoprecipitation (RIP) assay to perform
a protein-RNA pull-down assay in lysed N2a cells by using MalatI
as a negative control. Cell lysates were precipitated with Hbb antibody
coupled to protein G beads, and pulled-down RNA was amplified
with NeatI primers (Figure 3C) but not MalatI primers (Figure S5A),
using RT-qPCR. The amplified products were run on an agarose gel.
A 150-bp Neatl PCR product but not Malatl was observed in the
Hbb pull-down group (Figures 3D and S5B). To further confirm
the association of Neatl and Hbb in neuronal cells, we performed
an RNA-FISH/immunofluorescence (IF) assay. RNA-FISH/IF re-
vealed that the colocalization of Neatl and Hbb in the nucleus of
N2a cells (Figure 3E).

Since Neatl expression levels were increased by hypoxia, we wanted
to determine whether Hbb levels were similarly altered. Western
blot (Figure 3F) and immunofluorescence staining (Figure 3G) data
revealed that Hbb levels were also significantly increased after expo-
sure to hypoxia. Furthermore, we demonstrated that protein levels of
Hbb were increased after CLP compared with the sham group (Fig-
ure 3H). Collectively, these results demonstrated Neat! directly inter-
acts with Hbb.

Neat1 stabilizes Hbb via inhibiting Hbb ubiquitination

We analyzed the effects of Neatl on Hbb expression levels using
custom-designed antisense Neat] GapmeR based on locked nucleic
acids (LNA) technology. N2a cells were transfected with control or
Neatl GapmeR, resulting in a significant (p < 0.01) decrease in
Neatl levels (Figures 4A and S6A). Knockdown of Neatl in N2a
cells did not significantly change the mRNA levels of Hbb; howev-
er, the protein levels of Hbb were significantly reduced
(Figures 4B, 4C, and S6B). These data suggested that Neatl does
not regulate the transcriptional activity of Hbb, but it participates
in the regulation of Hbb at the posttranscriptional level. We
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Figure 2. Neat1 expression is increased during sepsis

(Aand B) The Neat1 levels in brain tissues (A) and neurons (B) at different intervals after CLP were assessed (*p < 0.05, * *p < 0.01, n = 3-6 mice/time point/group). (C) Neat1
levels in the hippocampus of Sham and CLP mice were determined with RNA-FISH to visualize Neat1 (red), neuron (green), and nuclei (blue) at 24 h after CLP. Scale bar,
25 um. (D) Neat1-positive neuronal cells in hippocampus were quantitated (“p < 0.05, n = 4 mice/group). (E) N2a cells were incubated in normoxic or hypoxic conditions (1%
O,) for 16 h; Neat? mRNA levels were detected by gRT-PCR (* *p < 0.01, n = 4). (F and G) RNA-FISH assays (F) and quantitative data (G) for Neat1-positive N2a cells
incubated in normoxic or hypoxic conditions (1% O,) for 16 h. Arrows indicate Neat?. Scale bar, 8 um. * *p < 0.01, n = 4.

verified this observation in primary neuron cultures (Figures 4D-
4F, S6C, and S6D).

To further determine how Neatl regulates Hbb expression at the
post-transcriptional level, we used the protein synthesis inhibitor
cycloheximide (CHX) to block new protein synthesis in N2a cells,
which were transfected with control or Neat] GapmeR. Knockdown
of NeatI significantly (p < 0.05) shortened the half-life of Hbb, sug-

gesting that NeatI stabilizes the Hbb protein (Figure 4G). Further-
more, treatment of control or Neat] GapmeR-transfected N2a cells
with the proteasome inhibitor MG-132 reversed Neatl GapmeR-
induced suppression of Hbb levels (Figure 4H). To further validate
that the ubiquitin-proteasome pathway was responsible for the
Neatl knockdown-mediated degradation of Hbb, we performed co-
immunoprecipitation (Co-IP) assays to detect the ubiquitination of
Hbb. The lysate of control or Neat] GapmeR-transfected N2a cells
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Figure 3. Neat1 directly interacts with Hbb and regulates its expression

(A) Hbb was identified as an interacting target of Neat 1 by MS analysis. (B) RNA pull-down assay followed by western blotting directly revealed interaction between Neat7 and
Hbb in N2a cells (n = 5). (C and D) RIP assays were performed in N2a cells. Protein-RNA complexes immunoprecipitated by anti-Hbb or IgG were determined by gRT-PCR
using primer for Neat1 (C), and the gRT-PCR products were analyzed by electrophoresis (D) (M, marker; *p < 0.05 compared with the IgG group, n = 5). (E) RNA-FISH/IF was

(legend continued on next page)
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Figure 4. Neat1 stabilizes Hbb via inhibiting Hbb ubiquitination

(A) The Neat1 levels were measured in N2a cells transfected with Neat? GapmeR (* *p < 0.01, n = 3). (B and C) The Hbb mRNA (B) and protein levels (C) in N2a cells after
transfection with Neat7 GapmeR (*p < 0.05, n = 3-6). (D) The Neat1 levels were determined in primary neuronal cells transfected with Neat? GapmeR for 24 h (*p <0.05,n =
5). (Eand F) The Hbb mRNA (E) and protein levels (F) in primary neuronal cells after transfection with Neat7 GapmeR for 24 h (*p < 0.05, n = 3-4). (G) N2a cells transfected with
Neat1 GapmeR were treated with cycloheximide (CHX, 200 ug/mL) for the indicated times, and Hbb protein levels were determined. (H) The protein levels of Hbb in N2a cells
transfected with control GapmeR or Neat? GapmeR for 24 h and treated with MG-132 (5 uM) or DMSO for 16 h were determined by western blot assay. (I) N2a cells
transfected with control GapmeR or Neat 1 GapmeR were treated with MG-132 (5 uM) for 16 h. Cell lysates were immunoprecipitated with antibodies against Hbb or IgG. The

levels of ubiquitination were analyzed by western blot. Bottom: input from cell lysates. 1B, immunoblot.

were immunoprecipitated with Hbb antibody and immune-blotted
with ubiquitin antibody. The ubiquitination of Hbb in N2a cells
was significantly (p < 0.05) increased by Neatl knockdown
(Figures 41 and S6E). Taken together, these results demonstrated
that Neat1 directly binds to Hbb and prevents proteasome-dependent
ubiquitination and degradation of Hbb.

Neat1/Hbb axis suppresses PSD-95 expression and dendritic
spine density

To assess the functional role of the Neatl/Hbb axis in cognitive
dysfunction in SAE, we focused on PSD-95 expression levels as it
plays a critical role in synaptic plasticity and memory.*’ Transfec-
tion of Neatl GapmeR into N2a cells significantly (p < 0.05)
increased PSD-95 levels (Figures 5A, 5B, and S7A). We extended
this finding in primary neurons isolated from the neonatal
C57BL/6 mice. These cells were transfected with control or Neatl
GapmeR for 24 h. Neatl knockdown increased PSD-95 levels

(Figures 5C and S7B). We determined whether NeatI/Hbb regulates
neuronal dendritic spine density by measuring the number of post-
synaptic PSD-95 clusters. The cultured primary neurons were trans-
fected with control or Neat] GapmeR and stained with BIII-tubulin
for axons and PSD-95 for dendritic spines. Knockdown of Neat!
significantly (p < 0.05) increased dendritic spine density, as evi-
denced by an increased number of PSD-95-positive clusters per
20 pm of dendritic section (Figures 5D and S7C). To further deter-
mine the effect of Hbb on PSD-95 expression and dendritic spine
density, we transfected Hbb GapmeR into N2a cells and primary
neuronal cells. Hbb GapmeR significantly (p < 0.05) decreased
Hbb levels and increased PSD-95 levels in N2a cells (Figure 5E)
and primary neuronal cells (Figure 5F). In addition, knockdown
of Hbb also increased dendritic spine density similarly to NeatI
knockdown (Figure 5G). Taken together, these data demonstrated
that the Neatl/Hbb axis suppresses PSD-95 expression and den-
dritic spine density in neuronal cells.

performed to determine the co-localization of Neat1 (red) and Hbb (green) in N2a cells incubated in hypoxic (1% O,) conditions for 6 h. Arrows indicate the co-localized Neat1
and Hbb nuclei (blue) (n = 6). Scale bar, 5 um. (F and G) Western blot (F) and immunofluorescence (G) analysis of Hob expression level in N2a cells incubated in normoxic or
hypoxic (1% O,) condition for 16h (*p < 0.05, n = 3, nuclei: blue, Hbb: green. Scale bar = 25 um). (H) The Hbb protein levels were determined in hippocampus of mice at 24 h
after Sham and CLP operation ( *p < 0.05, n = 3 mice/group).
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Figure 5. Neat1/Hbb axis suppresses PSD-95 expression and dendritic spine density

(A) The Neat1 levels were measured in N2a cells after transfection with Neat7 GapmeR for 48 h ( *p < 0.05, n = 4). (B) The PSD-95 protein levels were determined after
transfection of N2a cells with Neat? GapmeR for 48h (*p < 0.05, n = 6). (C) The protein levels of PSD-95 were detected after transfection of the primary neuronal cells with
Neat1 GapmeR for 24 h (*p < 0.05, n = 4). (D) Primary neurons were transfected with control or Neat? GapmeR for 24 h. The dendritic spine numbers were analyzed by
immunostaining to label PSD-95 puncta and axons (**p < 0.01, n = 6; PSD-95, green; Blli-tubulin, red. Scale bar, 5 um. (E and F) The protein levels of Hob and PSD-95 were
determined after transfection of the N2a cells (E) and primary neuron cells (F) with control or Hbb GapmeR (*p < 0.05, * *p < 0.01, n = 5-6). (G) Control or Hob GapmeR was
transfected into primary neuronal cells for 24 h. The dendritic spine numbers were analyzed by immunostaining to label PSD-95 puncta and axons (* “p < 0.01, n = 6; PSD-95,

green; Blll-tubulin, red. Scale bar, 5 pm.

Neat1 deficiency attenuates anxiety and cognitive dysfunction
post-sepsis

In vitro loss-of-function assays suggested a unique role of the
IncRNA Neat! in promoting post-synaptic-specific gene expression
while suppressing synaptic function (Figure 5). Therefore, we next
determined the functional role of NeatI in synaptic formation in vivo
in CLP mice by using Neat1™’~ mice. Neat1 '~ mice do not exhibit
apparent gross abnormalities at baseline except for dysfunction of
the corpus luteum and mammary gland development in female
knockout (KO) mice.**** No significant difference in mortality
was observed between the wild-type (WT) and the Neatl ™'~ mice
(WT mice: 42%, Neatl '~ mice: 55%; Figure S8). We confirmed
that Neatl expression is completely depleted in the hippocampus
of Neat1™'~ mice after CLP (Figure 6A). Neatl™'~ mice suppressed
post-sepsis anxiety-like behavior, as evidenced by visiting of the cen-
ter more frequently, spending more time in the center zone, and tak-
ing less time to first enter the center compared with the WT group
(Figures 6B and 6C). In addition, using CFC testing, we observed
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that NeatI™~ mice exhibited significantly (p < 0.05) increased
freezing time compared with WT mice (Figure 6D). The protein
levels of Hbb were significantly (p < 0.05) decreased, whereas the
levels of PSD-95 were significantly (p < 0.05) increased in the hippo-
campus of Neat] ™'~ mice compared with the WT mice at 24 h after
CLP (Figure 6E). Dendritic spine density in the hippocampus was
significantly (p < 0.05) increased in Neatl '~ mice compared with
WT mice at 8 weeks after CLP (Figure 6F). Taken together, these
data demonstrate that the IncRNA Neatl plays a critical role in
neuronal synaptic function in vitro and in vivo and in post-sepsis
neuropsychiatric sequelae.

Neat1 GapmeR ameliorates anxiety and cognitive impairment
post-sepsis

Our data suggested that the IncRNA NeatI/Hbb axis could be a
therapeutic target for SAE. To explore the therapeutic potential of in-
hibiting the Neat1/Hbb axis, we designed a novel antisense oligonu-
cleotide, LNA GapmeR, to target Neatl. Previous studies have
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Figure 6. Neat1 deficiency attenuates anxiety-like behavior and cognitive dysfunction post-sepsis

(A) gRT-PCR was performed to measure Neat? expression in hippocampus from WT and Neat? '~ mice (* *p < 0.01, n = 3-4 mice/group). (B and C) WT (n = 13) and
Neat1~'~ (n = 12) mice were subjected to open-field test at 2 weeks after CLP. (B) Representative tracks and heatmap are shown. (C) The frequency, time in the center zone,
and the first time for the mice go to the center zone were analyzed (*p < 0.05). (D) WT (n = 12) and Neat1 ~/~ (n = 11) mice were subjected to contextual fear-conditioning test
at 6 weeks after CLP, and freezing behavior as percent freezing time was analyzed ( *p < 0.05). (E) The protein level of Hbb and PSD-95 were analyzed in the hippocampus of
WT and Neat1~'~ mice at 24 h after CLP (*p < 0.05, n =34 mice/group). (F) Neuron dendrite from WT and Neat1 ~/~ mice at 8 weeks after CLP were stained with Golgi stain,
and dendritic spine numbers were analyzed (Scale bar, 20 um. *p < 0.05, n = 3 mice/group).

suggested that under normal physiological conditions LNA GapmeRs
cannot pass across the blood-brain barrier (BBB) with systemic
administration. Since it is known that the BBB is damaged during
sepsis,”” we injected septic mice intravenously with control or
Neatl GapmeR #1 at 4 h after CLP surgery to determine whether
Neat]l GapmeR entered the brain after sepsis. Neatl GapmeR
decreased Neat! levels in brain tissue from septic mice and increased
the expression of IEGs (c-Fos and Bdnf), suggesting biologic activity
(Figure 7A). These unexpected data suggest that Neatl GapmeRs
take advantage of BBB breakdown during sepsis and enter the brain
tissue to exert their biological function. The NeatI GapmeR injection
did not affect mouse survival (control GapmeR: 57%, Neat! GapmeR:
55%; Figure S9A). Survivors were subjected to open-field and CFC
tests at 2 weeks and 6 weeks after CLP (Figure S9B). Neatl GapmeR
treatment ameliorated CLP sepsis-induced anxiety-like behavior, as
evidenced by visiting the center more frequently and taking less
time to first enter the center. The time spent in the center zone was
not different between control GapmeR- and Neat! GapmeR-treated
mice (Figures 7B and 7C). Neatl GapmeR-treated mice displayed
significantly increased freezing time compared with control
GapmeR-treated mice (Figure 7D). At 24 h after CLP, the protein
levels of PSD-95 were significantly (p < 0.05) increased in brain tissue
of mice treated with Neat] GapmeR compared with the control group
(Figure 7E). Dendritic spine density was determined at 8 weeks after
CLP. Treatment with the Neat] GapmeR ameliorated sepsis-induced

dendritic spine loss (Figure 7F). Taken together, these data demon-
strated that systemic administration of Neat] GapmeR ameliorates
CLP sepsis-induced anxiety-like behavior, memory impairment,
and decrease of dendritic spine density.

DISCUSSION

Despite their frequency and profound impact on the health and
well-being of sepsis survivors, little is known about the mechanisms
underlying post-septic cognitive and psychiatric sequelae. This
knowledge gap has significantly impacted the development of effec-
tive preventative and therapeutic strategies to address this major
health concern. We identified an important role of the IncRNA
Neatl in the modulation of neuronal synaptic density and neuropsy-
chiatric dysfunction among murine survivors of experimental
sepsis. Specifically, we showed that CLP-induced sepsis replicated
clinical cognitive impairments, including anxiety-like behavior
and long-term cognitive deficits, in the mouse model and increased
the Neatl expression in brain tissue, especially in neuronal cells.
Furthermore, Neatl mediated PSD-95 expression by interacting
with Hbb protein and regulated dendritic spine density, which is
associated with cognition and learning. Deficiency of Neatl was suf-
ficient to protect post-sepsis cognitive function in Neat1™'~ mice.
We further found that inhibition of Neatl by use of systemic
Neatl GapmeR ameliorated sepsis-related dendritic spine loss and
reduced cognitive dysfunction.
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Figure 7. Neat1 GapmeR ameliorated anxiety and cognitive impairment post-sepsis

(A) Mice were subjected to cecal ligation and puncture (CLP)-induced sepsis and treated with control and Neat 7-GapmeR, and the Neat7 levels and mRNA levels of c-fos and
Bdnfin brain tissue were determined at 24 h after CLP (*p < 0.05, * *p < 0.01, n = 4). (B and C) Septic mice were treated with control (n = 12) or Neat1 (n = 13) GapmeR and
subjected to open-field test at 2 weeks after CLP. (B) Representative tracks and heatmap are shown. (C) The frequency and time for mice to enter the center zones as well as
the first time for the mice to enter the center zone were analyzed (*p < 0.05). (D) Septic mice were treated with control (n = 18) or Neat1 (n = 14) GapmeR and subjected to a
contextual fear-conditioning test at 6 weeks after CLP. Freezing behavior as percent freezing time was analyzed (*p < 0.05). (E) PSD-95 protein levels were analyzed in brain
tissues of control or Neat1 GapmeR-treated septic mice at 24 h after CLP (*p < 0.05, n = 3 mice/group). (F) Neuron dendrite from Sham mice, and septic mice treated with
control or Neat? GapmeR were stained with Golgi stain, and dendritic spine numbers were analyzed at 8 weeks post-surgery (Scale bar, 20 um.*p < 0.05, n = 3 mice/group).

Sepsis survivors develop psychiatric sequelae and long-term cognitive
impairment following discharge from intensive care units (ICUs),
including anxiety, depression, alterations in memory, attention, con-
centration, and/or global cognitive decline, which has a profound
impact on their quality of life.** The use of behavioral testing in an-
imal models of sepsis is a potentially valuable strategy to understand
the onset and the time course of the mental health problems and
cognitive dysfunction associated with sepsis. Open-field tests have
been frequently used for anxiety-like behavior, and contextual fear-
conditioning tests along with other inhibitory avoidance tests have
been widely used for assessing hippocampus-dependent memory.*’
Sepsis-induced by LPS and CLP are the most frequently used models,
and both have been effective in inducing short- and long-term behav-
ioral impairment.”” Compared with the LPS model, the CLP model
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more closely resembles the progression and characteristics of human
sepsis,SO and it could be a useful tool to study cognitive impairment,
anxiety, and depression after sepsis, as well as the mechanisms
associated with the recovery from such disorders.*’ In agreement
with previous studies,”’ we demonstrated that sepsis-surviving mice
show persistent impairment, since anxiety-like behavior persists for
at least 2 weeks after CLP, and memory impairment can be observed
at least 6 weeks after sepsis, and dendritic spin density remains
decreased at 8 weeks after sepsis. These data suggest that the CLP
sepsis model may recapitulate human SAE and reinforce the necessity
of developing SAE-targeted therapy to improve the quality of life for
sepsis survivors. In addition, synapses are particularly vulnerable in
neurodegenerative diseases and neurological disorders, and LPS de-
creases synaptic proteins and contributes to the memory deficit,"®
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which is consistent with our data obtained from the CLP model. PSD-
95, a major component responsible for synaptic maturation that reg-
ulates dendritic spines and developing synapses in the hippocampus,
has been recently associated with neuropsychiatric disorders, and
reduction of PSD-95 was observed in septic mice.”> Our data uncov-
ered a novel mechanism, that the Neat1/Hbb axis regulated PSD-95
levels and dendritic spine density in SAE.

Neatl is an essential component of nuclear paraspeckles,”® which
consist of ribonucleoprotein complexes formed around Neatl.>
Previous studies investigating Neatl in the context of epilepsy
have reported that, in the excitotoxic conditions of this neurodegen-
erative disorder, activity-dependent downregulation of NEATI
expression is impaired.”* However, observations from studies on
other neurodegenerative diseases would suggest that NEAT1 upre-
gulation is deleterious to neuronal survival.”> Moreover, another
study found that increased NEATI expression might play a notable
role in the age-related decline of hippocampus-dependent memory
formation.”” Therefore, abnormal NeatI expression and/or regula-
tion might underlie at least some of the symptoms and phenotypes
in common neurological diseases. Interestingly, ample evidence also
indicates that Neatl participates in sepsis-induced organ injury in

34-36

mice. However, until now, the role of NeatI in sepsis-associated

neuronal dysfunction has been unknown. Since hypoxia may occur

Figure 8. Schematic model for Neat1/Hbb axis
regulating post-sepsis cognitive impairment

During sepsis, neurons are exposed to hypoxic environ-
ments, which results in upregulation of Neat? levels. Neat1
directly interacts with Hbb and stabilizes its protein levels via
¥ ¥ inhibiting Hbb ubiquitination. Furthermore, Hbb suppres-
sion of PSD-95 expression results in decreased dendritic
spine density, which is critical for cognition and memory. In
addition, suppression of Neat? via GapmeR promotes
degradation of Hbb, resulting in increases of PSD-95 levels,
reduction of synaptic dysfunction, and mitigation of cogni-
tive impairment post-sepsis.

in brain tissue during sepsis, a key regulator of
the transcriptional responses to hypoxia is
HIF.”® Recently, HIF has been shown to play a
critical role in regulating the non-coding tran-
scriptional response.”” It is reported that hypox-
ia can induce Neatl through HIF-2a-mediated
transcriptional activation,*"*? we found that in-
hibition of HIF-2a attenuated hypoxia-induced
increases of Neatl in N2a cells. Historically,
Neatl was thought to be exclusive to the nucleus
and to mainly function as a transcriptional regu-
lator. In our study, we found that NeatI was pre-
sent both in the nucleus and in the cytoplasm
and exerted post-translational regulation of
Hbb via direct binding and inhibition of ubiqui-
tination. Given a report suggesting that Hbb
may be a part of a mechanism linking neuronal
energetics with epigenetic changes and may function by supporting
neuronal metabolism,”® Hbb was further analyzed. Silencing of
Neatl or Hbb both led to increased PSD-95 and dendritic spines
as well as reductions of post-sepsis neuropsychiatric sequelae. The
exact role of hemoglobin in neurons is debated, although changes
in its expression and subcellular localization have been associated
with a few neurodegenerative disorders, including multiple scle-
rosis, Alzheimer’s disease, and Parkinson’s disease.”® ** This study’s
observations, combined with emerging data suggesting the impor-
tance of cell-free hemoglobin in sepsis-related organ failure, provide
a strong rationale for ongoing investigation into the role of Hbb in
SAE. Previous studies demonstrated that septic mice exhibited de-
creases of B2-adrenoceptor (B2-AR), increases of neuroinflamma-
tion, and decreases of brain-derived neurotrophic factor(BDNF)
and PSD-95 expression,®’ which are consistent with our findings.
The authors demonstrated that treatment with B2-AR agonist clen-
buterol ameliorated sepsis-induced cognitive impairment, reduced
proinflammatory cytokines, and upregulated BDNF and PSD-95
levels.®' Whether activation of B2-AR could alter Neatl expression
remains to be further investigated.

A comprehensive analysis of the molecular perturbations produced
by Neat! in neuronal cells provides the first evidence of its potential
as a therapeutic target in neurons of SAE. To efficiently target NeatI,
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we used a novel LNA GapmeR antisense oligonucleotide, which
serves as a unique tool to efficiently knock down IncRNAs.”> LNA
GapmeRs have a central DNA gap that binds the RNA target and
triggers its RNase H-dependent degradation; the presence of phos-
phorothioate confers nuclease resistance in bodily fluids,®’
LNA increases affinity to the target.”* LNA GapmeRs are becoming
an attractive therapeutic modality to target undruggable pathways
in vivo. Prior studies suggest that, in physiological conditions, LNA
GapmeRs cannot pass through the BBB to reach the brain by systemic
administration.”® However, our investigation capitalized on the
known BBB interruption associated with sepsis, which allowed
intravenously injected Neat! GapmeRs to enter the brain and impart
beneficial effects on both synaptic density and post-sepsis neuropsy-
chiatric symptoms. These findings support the therapeutic potential
of LNA GapmeRs in human illness and serve as the basis of ongoing
translational studies in SAE.

while

There are limitations in our studies. Notably, we do not have access to
human brain samples from septic patients to determine Neat! levels
in the human brain post-sepsis. Neatl expression and function in
neuronal cells were studied, but we cannot exclude the possibility
for Neatl to also modulate the function of other brain cells post-
sepsis. Although we clearly showed the relationship between Neatl
and Hbb, it is possible that Neatl impacts SAE via other mechanisms
that were not investigated. Finally, the potential off-target effects of
Neatl GapmeR were not investigated here and clearly deserve further
investigation.

In summary, we identified the interaction between Neatl and Hbb,
which together regulate dendritic spine density and impact cognitive
dysfunctions after sepsis (Figure 8). As a result, Neatl and Hbb may
become a potential target for diagnosis and a treatment strategy for
sepsis-associated acute brain dysfunction. Furthermore, these roles
may extend to other sources of acute brain dysfunction including
COVID-19. Finally, we report the first evidence of mitigating SAE
through a novel antisense oligonucleotide, GapmeR-based reduction
of Neatl, which could lead to a novel therapeutic strategy to combat
SAE.

MATERIALS AND METHODS

Animals

Male and female C57BL/6 Mice (8-12 weeks old) were purchased
from the Jackson Laboratory and housed in a pathogen-free environ-
ment. Neat] knockout mice were generated by Dr. Shinichi Nakaga-
wa’s group** and provided by Dr. Jiliang Zhou (Augusta University).
Male and female Neat 1 knockout mice (8-12 weeks) and littermate
WT mice in C57BL/6 background were used. Genotyping of these
mice was performed as previously described in detail.”” The primer
sequences for Neatl knockout mouse genotyping were as follows: for-
ward primer (5'-3"), GCCATTCAGGCTGCG-CAACTG; reverse
primer (5'-3'), AGCAGGGATAGCCTGGTCTT; reverse primer
(5'-3"), CTAGTGGTGGGGAGGCAGT. The use of experimental
animals was approved by the IACUC at Medical University of
South Carolina in accordance with NIH guidelines. All procedures
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complied with the standards for care and use of animal subjects as
stated in the Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Resources, National Academies of Sciences,
Washington, DC).

Cecal ligation and puncture-induced sepsis

Cecal ligation and puncture were performed as described previ-
ously.®
sion was made below the diaphragm to expose the cecum. The cecum
was ligated at the cecal junction with a 5-0 silk suture without inter-
rupting intestinal continuity and punctured once with a 22-gauge
needle. A small amount of stool was extruded through the puncture
site. Sham operation was performed in the same way as CLP but
without ligation and puncture of the cecum. Mice received the anti-
biotic imipenem (25 mg/kg, subcutaneously) at 6, 24, and 48 h after
CLP.

Mice were anesthetized with isoflurane, and a midline inci-

Behavioral tests

All behavioral tests were performed between 2:00 pm and 5:00 pm
during the light cycle in a sound-isolated room. To avoid interference
of feces and urine from other mice, the trial site was thoroughly
cleaned with 75% ethanol after each test. Mice were subjected to
behavioral tests at least 2 weeks after surgery to allow mice to physi-
cally recover from sepsis so that physical weakness would not be
considered as a confounder of the measurements. Mice were sub-
jected to an open-field test at 2 weeks after CLP and a contextual
fear-conditioning test at 6 weeks after CLP. Behavioral tests were
rigorously conducted by an experimenter blinded to the genotype
and treatment of the animals.

Open-field test

The open-field test is a widely used model of anxiety-like behavior
developed to evaluate emotionality in animals. It involves subjecting
an animal to an unknown environment whose escape is prevented by
surrounding walls.”” Mice were placed in an open-field arena
(40 x 40 cm square Plexiglas box with walls ~30 cm tall) in a brightly
lit room and allowed to explore freely for 5 min. Time spent in center
(s), and time spent in the periphery (s) were recorded by live video
tracking and EthoVision XT software.

Contextual fear-conditioning test

Sepsis-induced cognitive impairment was evaluated by assessing the
fear memory processes through re-experiencing symptoms. The
measured variable was the time the animal spent freezing, taken as
an index of fear in rodents.*” An animal was considered to be freezing
when crouching, without any visible body movement of the body and
head except for breathing. To evaluate freezing behavior in response
to contextual cues, a paradigm using fear-conditioning chambers was
employed. For this test, mice were singly placed into a Plexiglas arena
(17 x 17 cm with foot shock grid floor) within a sound-attenuated
chamber (Ugo Basile). Before testing began, mice were acclimated
to the testing room for 30 min. On day 1, mice were singly placed
into arenas for 119 s before delivery of a 1-s, 1-mA foot shock. On
day 2 (24 h later), mice were singly placed into the same context
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and allowed to explore freely for 10 min. Freezing behavior at the last
5 min was recorded using a high-speed digital IR camera and analyzed
using EthoVision XT software (Noldus Information Technology).
Memory was expressed as the percentage of time the animals spent
exhibiting this defensive behavior, and this measure could be used
as a retention score: the better the memory, the more time the animal
spent in freezing behavior.

RNA extraction, reverse transcription, and real-time qPCR

Total RNA was extracted with Trizol (Invitrogen, Waltham, MA
USA) according to the manufacture’s instruction. Then, 500 ng of
RNA was transcripted into cDNA using the High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham,
MA USA). Quantitative real-time PCR was completed with SYBR
PCR Master Mix (Qiagen, Germantown, MD, USA) according to
manufacturer’s protocol. GAPDH was used as the internal control
to normalize the mRNA level. Relative mRNA level was calculated
by the 2744°* comparative method. Related primer sequences are
listed in Table S2.

Protein extraction and western blotting

Protein lysates were extracted from N2a cells, primary neuronal
cells, or brain hippocampus tissue. Briefly, after being rinsed with
PBS, cells were harvested using RIPA buffer (Fisher) with prote-
ase/phosphatase inhibitor cocktail (CST, 5872S) to extract proteins.
Following sonication and centrifugation, protein lysate was quanti-
fied by BCA assay and loaded onto 10-15% SDS-PAGE gel at
20-40 pg per lane. Antibodies used in this study were: B-actin
(CST, A5316, rabbit, 1:1,000), Hbb (NOVUS, H00003043-M02,
mouse, 1:500), PSD-95 (Invitrogen, 51-6900, rabbit, 1:500), ubiqui-
tin (CST, 43124S, rabbit, 1:1,000). Images were acquired by
ChemiDoc Touch Imaging System (Bio-Rad), and band densities
were quantified using Image] software.

Mass spectrometry

Mice were subjected to sham and CLP, and neuronal cells were iso-
lated 24 h after surgery. The protein was precipitated by RNA protein
pull-down assay (Pierce magnetic RNA-protein pull-down Kkit,
Thermo Scientific) in lysed neuronal cells and subjected to specific
digestion with trypsin. The peptides were subsequently analyzed us-
ing LC-MS/MS with an EASY nLC 1200 in-line with the Orbitrap
Fusion Lumos Tribrid Mass Spectrometer (Thermo Scientific) with
instrument control software v.4.2.28.14 (scanning range was 375-
1,500 m/z). For protein identification and label-free quantification,
the LC-MS/MS data were searched using MaxQuant v.1.6.10 against
a mouse SwissProt-reviewed database with 17,034 proteins and
a database of common contaminants. Common contaminants,
reversed database hits, and proteins identified by one modified pep-
tide were removed, and the LFQ-normalized protein intensities
were log, transformed.

RNA-protein pull-down assay
RNA-protein pull-down assays were carried out using the Pierce
Magnetic RNA-Protein pull-down kit essentially following the pro-

tocol provided by the manufacturer (Thermo Scientific). A pBLUNT
vector containing full-length mouse Neatl V1 sequence (provided
by Dr. Jiliang Zhou, Augusta University) was utilized to synthesize
sense or antisense probes in vitro by using T3 or T7 promoter,
respectively. Subsequently, the RNA probes were labeled with
biotinylated cytidine bisphosphate and captured by streptavidin
magnetic beads. Proteins were extracted from N2a cell protein
and then incubated with the biotin-labeled sense or antisense
Neat]l probe coupled to the streptavidin magnetic beads. The
RNA-bound proteins were eluted for MS or western blot analysis
as described above.

RNA immunoprecipitation

RIP was performed using the Magna RIP RNA-Binding Protein
Immunoprecipitation Kit according to the manufacturer’s instruc-
tions (Millipore). Briefly, N2a cells were lysed and incubated with
Hbb antibody (NOVUS, H00003043-M02, mouse, 10 pg) or control
IgG (10 pg) conjugated to magnetic beads 50 pL (Dynabeads Protein
G, Invitrogen) overnight. The beads, protein, and mRNA complexes
were immunoprecipitated and then magnetically separated. The
mRNAs were purified and quantified by RT-qPCR using mouse
Neatl and Malat1 primer, listed in Table S2. The RT-qPCR product
was also visualized in an agarose gel.

RNA-FISH/IF

Briefly, seeded cells or sections of brain tissues were fixed with 4% para-
formaldehyde and treated with 0.5% Triton for 10 min. The sections
were blocked with goat serum (5%, Invitrogen) for 30 min. The sections
were incubated with anti-NeuN (Abcam, mouse, 1:500) antibodies and
stained with secondary antibody (488-nm anti-mouse secondary anti-
body, 1:250 dilution, Invitrogen) diluted in blocking buffer for 1 h at
room temperature. The sections were fixed with 4% paraformaldehyde
for 15 min followed by pre-hybridization. Overnight hybridization was
performed with a 10 mM mouse Neatl probe labeled with Quasar 570
dye (Biosearch Technologies). RNA-FISH/IF was performed using an
RNA-FISH kit (Biosearch Technologies) according to the manufac-
turer’s instructions. Sections were immersed with mounting medium
(ProLong Gold anti-fade reagent with DAPI, Invitrogen) to visualize
nuclei and imaged using confocal microscopy (TCS SP8, Leica). The
numbers of Neat!l focus-positive cells were counted in four random
fields from three biological samples in each group. To determine
Neatl co-localization with Hbb in N2a cells, The cells were seeded
on chamber slides. Subsequently RNA-FISH/IF was carried out as
described above using anti-Hbb (Invitrogen, PA5-60287, rabbit,
1:2,000) antibody and Neat! probe.

GapmeR delivery

Cells were transfected at 60-80% confluence with 20-50 nmol/L con-
trol GapmeR or GapmeR (Qiagen) targeting NeatI (#1, #2) or Hbb
using Lipofectamine 2000 (Invitrogen) according to manufacturer’s
instructions. Forty-eight hours after transfection, the cells were har-
vested for further analysis.
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Mice were subjected to CLP and administered intravenously control
or Neatl GapmeR #1 (10 nmol/kg body wt) at 4 h after CLP.

Cell culture

Mouse neural crest-derived cell line (Neuro-2a, N2a) were obtained
from the American Type Culture Collection (ATCC, Manassas,
VA, USA). Cells were grown at 37°C and in 5% CO,. Cells were incu-
bated for 16 h in an atmosphere of either normoxia (21% oxygen) or
hypoxia (1% oxygen). HIF-2a. was suppressed by specific siRNA
(75,377,553, Invitrogen).

For isolation and culture of primary mouse neuron cells, primary
neuronal cultures were prepared from newborn 1- to 3-day-old
C57BL/6 mouse brains. Neurons were isolated using a neuron
isolation kit (Miltenyi Biotec Inc., Auburn, CA, USA). Briefly, non-
neuronal cells in single-cell preparations from whole mouse brain
digests were depleted by negative selection. Isolated neurons were
plated onto poly-D-lysine-coated dishes and cultured in neuronal
medium (catalog no. 1521; ScienCell Research Laboratories, Carlsbad,
CA, USA) supplemented with neuronal growth supplement and 1%
penicillin-streptomycin  (ScienCell Research Laboratories). Cells
were grown at 37°C and in 5% CO,.

Golgi staining

We used the FD Rapid Golgi Stain kit (FD NeuroTechnologies) to
perform Golgi staining following the vendor’s protocol.”” The brains
were then sliced (100 pm/slice) using a cryostat, 5-6 sections/mice.
Slides were coded before quantitative analysis, and the person
analyzing the slide was blind to the code.

Quantitative differences in the number of dendritic spines on individ-
ual dendritic branch orders between conditions were determined as
previously described.®” Golgi-stained neurons were examined, and z
stack images were captured microscopically via bright-field imaging
on a Keyence BZ-X800 microscope and processed using the Keyence
software package. Dendritic spines on apical pyramidal neurons were
analyzed in the CA1 sub-region of the hippocampus (approximately
—1.6 to —2.46 mm from bregma). Spine numbers were counted and
estimated by from first- to fifth-order dendrites.”” All protrusions
were counted as spines if they were in direct contact with the dendritic
shaft and were less than 1 pm in length and 0.5 pm in width. For every
mouse, six segments of dendrites were selected per branch order per
region of interest.

Statistical analysis

Statistical significance was determined by analysis of variance
(ANOVA) or Student’s t test using GraphPad Prism software. A value
of p < 0.05 was considered statistically significant.
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