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MD2 contributes to the pathogenesis of
perioperative neurocognitive disorder via
the regulation of α5GABAA receptors in
aged mice
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Abstract

Background: Perioperative neurocognitive disorder (PND) is a long-term postoperative complication in elderly
surgical patients. The underlying mechanism of PND is unclear, and no effective therapies are currently available. It
is believed that neuroinflammation plays an important role in triggering PND. The secreted glycoprotein myeloid
differentiation factor 2 (MD2) functions as an activator of the Toll-like receptor 4 (TLR4) inflammatory pathway, and
α5GABAA receptors (α5GABAARs) are known to play a key role in regulating inflammation-induced cognitive deficits.
Thus, in this study, we aimed to investigate the role of MD2 in PND and determine whether α5GABAARs are
involved in the function of MD2.

Methods: Eighteen-month-old C57BL/6J mice were subjected to laparotomy under isoflurane anesthesia to induce
PND. The Barnes maze was used to assess spatial reference learning and memory, and the expression of
hippocampal MD2 was assayed by western blotting. MD2 expression was downregulated by bilateral injection of
AAV-shMD2 into the hippocampus or tail vein injection of the synthetic MD2 degrading peptide Tat-CIRP-CMA
(TCM) to evaluate the effect of MD2. Primary cultured neurons from brain tissue block containing cortices and
hippocampus were treated with Tat-CIRP-CMA to investigate whether downregulating MD2 expression affected the
expression of α5GABAARs. Electrophysiology was employed to measure tonic currents. For α5GABAARs intervention
experiments, L-655,708 and L-838,417 were used to inhibit or activate α5GABAARs, respectively.

© The Author(s). 2021 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 Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: xufeifei0204@163.com; xionglize@tongji.edu.cn;
mzkxlz@126.com
†Wenqiang Zuo and Jianshuai Zhao contributed equally to this work.
1Department of Anesthesiology and Perioperative Medicine, Xijing Hospital,
Air Force Medical University, Xi’an 710032, China
Full list of author information is available at the end of the article

Zuo et al. Journal of Neuroinflammation          (2021) 18:204 
https://doi.org/10.1186/s12974-021-02246-4

http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-021-02246-4&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:xufeifei0204@163.com
mailto:xionglize@tongji.edu.cn
mailto:mzkxlz@126.com


Results: Surgery under inhaled isoflurane anesthesia induced cognitive impairments and elevated the expression of
MD2 in the hippocampus. Downregulation of MD2 expression by AAV-shMD2 or Tat-CIRP-CMA improved the
spatial reference learning and memory in animals subjected to anesthesia and surgery. Furthermore, Tat-CIRP-CMA
treatment decreased the expression of membrane α5GABAARs and tonic currents in CA1 pyramidal neurons in the
hippocampus. Inhibition of α5GABAARs by L-655,708 alleviated cognitive impairments after anesthesia and surgery.
More importantly, activation of α5GABAARs by L-838,417 abrogated the protective effects of Tat-CIRP-CMA against
anesthesia and surgery-induced spatial reference learning and memory deficits.

Conclusions: MD2 contributes to the occurrence of PND by regulating α5GABAARs in aged mice, and Tat-CIRP-
CMA is a promising neuroprotectant against PND.
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Introduction
Perioperative neurocognitive disorder (PND), defined as
cognitive impairment during the perioperative period,
has been widely reported in clinical and animal studies
in the past few decades. Patients suffering from PND re-
quire longer hospitalization, and some of them even fail
to return to their domestic environment. Thus, this con-
dition imposes a significant social and economic burden
[1]. The number of patients suffering from PND is likely
to increase gradually owing to the prolongation of the
average life span of humans. Thus, the development of
novel treatments for PND is urgently needed, as effective
clinical therapies are lacking and the mechanisms under-
lying the pathogenesis of PND are still unknown.
Extensive studies have revealed that peripheral sys-

temic inflammation resulting from operative trauma dis-
rupts the integrity of the blood–brain barrier (BBB) and
triggers an inflammatory response in the brain, which is
widely recognized as a main contributor to the occur-
rence of PND [2]. Myeloid differentiation factor 2
(MD2), a protein that functions as a coreceptor of Toll-
like receptor 4 (TLR4), is critical for the activation of the
immune system and the release of inflammatory cyto-
kines [3, 4]. Administration of lipopolysaccharide (LPS),
a well-known activator of the MD2/TLR4 signaling path-
way resulted in neuroinflammation and memory impair-
ment in mice [5, 6]. In addition, a previous study
showed that mice deficient in myeloid differentiation
factor 88 (MyD88), a critical component of the MD2/
TLR4 signaling pathway, failed to produce significant
neuroinflammation and showed improved cognitive abil-
ity following surgery [7]. Studies have also shown that
MD2 silencing is beneficial for the alleviation of several
peripheral inflammation-related diseases, including sep-
sis, cardiovascular disease and fatty liver disease [8–11].
However, little is known about the role of MD2 in the
etiology of PND. Whether MD2 contributes to the
pathogenesis of PND and the underlying mechanism
have yet to be revealed.

It has been reported that an imbalance in neurotrans-
mitters is a powerful inducer of cognitive impairments
[12]. GABAA receptors, which are composed of α1–6,
β1–3, γ1–3, ρ1–3, δ, ε, θ, or π subunits, are the major
inhibitory neurotransmitter receptors in the brain. It is
known that receptors composed of different subunit
combinations are localized to different regions and ex-
hibit distinct characteristics [13]. The α1-containing
GABAA receptors serve as target for sedative hypnotics
[14]. Agonists selective to α2- and/or α3-containing
GABAA receptors have been shown to provide an anxio-
lytic effect [15]. It is reported that α5-containing GABAA

(α5GABAA) receptors (α5GABAARs) are mainly located
(up to 25%) in the hippocampus of the brain, an area
strongly associated with learning and memory in
function [15, 16]. α5GABAARs have been demonstrated
to be extrasynaptic [17, 18]. Sustained increase in
α5GABAA receptor function impairs memory after
anesthesia [19]. α5GABAARs and their accompanying
tonic inhibitory currents have been reported to play an
important role in inflammation-induced memory deficits
[20]. More importantly, blockade of α5GABAARs has a
neuroprotective effect against anesthesia and surgery-
induced cognitive deficits in aged mice [21]. Therefore,
the present study aims to investigate the role of MD2 in
anesthesia and surgery-induced cognitive deficits and to
determine whether α5GABAARs regulates the function
of MD2.

Materials and methods
Experimental design
To induce PND, 18-month-old male mice were sub-
jected to laparotomy under 1.4% isoflurane anesthesia,
and the Barnes maze was used to assess spatial reference
learning and memory. To determine whether MD2 con-
tributes to cognitive decline, we first measured the ex-
pression of MD2 in the hippocampus of mice after
anesthesia and surgery and then evaluated whether
downregulation of MD2 expression by AAV-shMD2 or
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the MD2-degrading peptide Tat-CIRP-CMA can im-
prove the cognitive ability of surgical mice. To clarify
whether MD2 affects the function of α5GABAARs, we
investigated the effects of Tat-CIRP-CMA on the expres-
sion of membrane α5GABAARs in cultured primary
neurons and then verified this in vivo. In addition, elec-
trophysiology was employed to assess the effect of Tat-
CIRP-CMA on tonic currents in CA1 pyramidal neurons
in the hippocampus. To further elucidate whether
α5GABAARs regulate the function of MD2, we deter-
mined whether inhibiting α5GABAARs with L-655,708
improves the cognitive ability of surgical mice and
whether activating α5GABAARs with L-838,417 abol-
ishes the protective effect of Tat-CIRP-CMA against
anesthesia and surgery-induced cognitive decline.

Animals
To avoid the variability thought to be caused by the es-
trous cycle, only male mice were used in this study [22].
Male C57BL/6J mice aged 18 months old were housed
in a controlled environment (23 ± 1 °C, 50% humidity,
and 12-h light–dark cycle from 7 a.m. to 7 p.m.) with ac-
cess to food and water ad libitum. All protocols were ap-
proved by the Ethics Committee for Animal
Experimentation of the Fourth Military Medical Univer-
sity and in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals.

Laparotomy
Experimental laparotomy was performed as previously
described with minor modifications [23]. Briefly, mice
were anesthetized with 2.0% isoflurane (Baxter Health-
care, Puerto Rico, USA) for 2 min, and anesthesia was
maintained with 1.4% isoflurane. Mice were placed on a
heating pad to maintain body temperature between
36.5–37.0 °C. After the hair was shaved and the surgical
field was disinfected, an approximately 1-cm median in-
cision was made 0.5–1 cm below the xiphoid, and ap-
proximately 5 cm of the small intestine was gently
pulled out and then exposed to sterile gauze presoaked
with normal saline. After being rubbed for 10 min, the
intestine was returned to the abdomen. The muscle and
skin were closed layer-by-layer with 5–0 absorbable su-
tures (Polysorb, COVIDIEN, USA). Finally, 0.1 ml 0.2%
lidocaine was injected subcutaneously for postoperative
analgesia. The mice were allowed to recover in an incu-
bator at 35 °C for 30 min before being returned to their
home cages.

Behavioral test
The Barnes maze was carried out as described in our
previous work [23]. Briefly, the animals were randomly
grouped. After 4 consecutive days of training phase (3

trials per mouse on day 5 and 4 trials per mouse on days
6–8 after surgery), the escape compartment was re-
moved, and mice were allowed to move freely for 2 min
on day 9 after surgery. All sessions were videotaped and
analyzed blindly. The time required to enter the escape
compartment and the percentage of time spent in the
target quadrant in a 2-min period were calculated to as-
sess the spatial reference learning and memory ability of
the mice. All data were analyzed with Anymaze (Stoelt-
ing, San Diego, USA).

Western blot analysis and immunoprecipitation
Hippocampal tissues were homogenized in RIPA lysis
buffer comprising 1 mM phosphatase inhibitor, 1 mM
protease inhibitor (Roche Applied Science, Basel,
Switzerland), and 1 mM PMSF (Beyotime Biotechnology,
Shanghai, China) with an ultrasonic processor. The
supernatant was collected, loading buffer was added, and
the mixture was boiled for 10 min. A plasma membrane
protein isolation and cell fraction kit (Invent Biotechnol-
ogy Inc., MA, USA) was used to extract the membrane
proteins. The proteins were separated by SDS-PAGE
(Cowin Biosciences, Beijing, China) and then transferred
to a methanol-soaked polyvinylidene fluoride membrane
(GE healthcare, Boston, USA). The membrane was
blocked with 5% milk (BD, New Jersey, USA) for 1 h at
room temperature and then incubated with primary
antibodies overnight at 4 °C followed by HRP-
conjugated secondary antibodies for 1 h at room
temperature. The following primary antibodies were
used in this study: anti-MD2 (Genetex, GTX85517 1:
1000, rabbit), anti-α5GABAAR (Abcam, ab242001 1:
1000, mouse), anti-tubulin (Abcam, ab7291 1:5000,
mouse), anti-β-Actin (Genetex, GTX109639 1:1000,
rabbit). The results were analyzed with Image Lab soft-
ware (Bio-Rad, Hercules, CA, USA).
Hippocampus was processed for immunoprecipitation

with anti-MD2 (Genetex, rabbit). Then Western blot
detection using anti-α5GABAAR (Abcam, mouse) or
anti-MD2 was conducted. Of note, we used a light
chain-specific IgG antibody to avoid the possible effect
of IgG heavy chain on the detection of α5GABAARs.

Immunofluorescence
Mice were anesthetized and transcardially perfused with
0.9% saline followed by 4% paraformaldehyde in PBS.
The brains were harvested, postfixed in 4% paraformal-
dehyde overnight at 4 °C, and dehydrated in 30% sucrose
in PBS for cryoprotection before being sliced at a thick-
ness of 15 μm on a freezing microtome (Leica, Germany)
and mounted onto microscope slides. The sections were
incubated with 0.3% Triton X-100 in PBS for 10 min,
blocked with 10% donkey serum for 30 min, and then
washed with PBS. For double immunofluorescence
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staining, the sections were incubated with a mixture of
anti-MD2 (Abcam, ab24182, 1:100, rabbit) and anti-
NeuN (Millipore, MAB377, 1:200, mouse), anti-Iba1
(Abcam, ab5076, 1:200, goat) or anti-GFAP (Abcam,
ab4674, 1:200, chicken) antibodies overnight at 4 °C.
After three rinses, the sections were incubated with a
mixture of Alexa 594-conjugated donkey–anti-rabbit
IgG (Invitrogen, 1:400) and Alexa 488-conjugated don-
key–anti-mouse IgG (Invitrogen, 1:400), Alexa 488-
conjugated donkey–anti-goat IgG (Invitrogen, 1:400), or
Alexa 488-conjugated donkey–anti-chicken IgG (Invitro-
gen, 1:400) antibodies for 2 h at room temperature. The
slides were washed and cover-slipped with mounting
media containing DAPI (Abcam, ab104139) for observa-
tion under a confocal laser scanning microscope (FV10,
Olympus, Japan).

Stereotaxic injection
Mice were anesthetized with isoflurane and secured on a
stereotaxic apparatus. After a hole was drilled in the skull,
400 nl of 1 × 1012 vg/ml AAV-shMD2 or AAV-shCon
(GeneChem, Shanghai, China) was bilaterally injected into
the dorsal hippocampus (AP: − 1.50 mm; ML: ± 1.70 mm;
DV: − 1.75 mm) at a speed of 50 nl/min. The target se-
quence was as follows: cgAGGGAATACTATTTCCTAA.
The syringe was left for an additional 10 min in place.
After injection, the incision was carefully sutured, and the
mice were allowed to recover on a heating pad before be-
ing returned to their home cages. Laparotomy was per-
formed 3 weeks later. For the lipopolysaccharide (LPS)
treatment, LPS (Sigma-Aldrich, L4391) was dissolved in
artificial cerebrospinal fluid (ACSF) at the final concentra-
tion of 1 mg/ml, and then 2 μl LPS solution was injected
into lateral cerebral ventricle (AP: − 0.50 mm; ML: + 1.00
mm; DV: − 1.50 mm) [5].

Pharmacological treatment
Because CIRP binds to MD2 with high affinity, a peptide
Tat-CIRP-CMA (TCM, YGRKKRRQRRR-GRGFSRGG
GDRGYGG-KFERQKILDQRFFE, GL Biochem (Shanghai)
Ltd, China) that contains Tat transmembrane functional
domain (YGRKKRRQRRR), 106-125 domain of CIRP
(GRGFSRGGGDRGYGG) and chaperone-mediated au-
tophagy targeting motif (KFERQKILDQRFFE) was synthe-
sized and expected to bypass the blood–brain barrier
(BBB) and plasma membrane following peripheral deliv-
ery, bind to the endogenous MD2 through peptide–pro-
tein interaction, and then direct MD2 degradation
through the lysosomal proteolytic machinery [24–26]. The
peptide was dissolved in saline and injected via the tail
vein at a dose of 20 mg/kg at 24-h intervals for 3 consecu-
tive days starting immediately after the operation. For
in vitro experiments, 5 μM Tat-CIRP-CMA was added to
the cultured cells for 6 h. L-655,708 or L838,417 (Sigma-

Aldrich, Darmstadt, Germany) was dissolved in saline and
intraperitoneally administered at a dose of 0.5 mg/kg at
24-h intervals for 3 consecutive days starting immediately
after the operation.

Cultured primary neurons
Pregnant mice were anesthetized and sacrificed on day
14 of pregnancy, and the brain tissue block containing
cortices and hippocampus was quickly dissected from
the embryos. After trypsinization, a single-cell suspen-
sion was obtained and resuspended in neurobasal
medium (Gibco, 21103049) comprising 2% B27 supple-
ment (Gibco, 17504-044), 1% penicillin/streptomycin
(HyClone, SV30010), and 1% L-glutamate (Gibco,
35050-038). The cells were cultured in six-well plates
precoated with poly-D-lysine (50 μg/ml) at 37 °C and 5%
CO2. The media was changed every 3 days. The neurons
were cultured for 14 days before vehicle or Tat-CIRP-
CMA treatment.

Imaging of TCM in the brain in vivo
Cyanine 7 monosuccinimidyl ester (Cy7NHS, Xi’an Ruixi
Biological Technology Co., Ltd ) (1.5 mg) and Tat-CIRP-
CMA (20 mg) were dissolved in 3 ml saline. The mix-
ture solution was stirred on ice for 4 h in the dark, then
dialyzed by ddH2O to remove excess Cy7NHS. Finally,
powder of Cy7 labelled Tat-CIRP-CMA (Cy7-TCM) was
obtained by lyophilization. The powder of Cy7NHS was
prepared by the same method used as a control. The
Cy7-TCM or Cy7NHS was dissolved in saline and
injected into 18-month-old mice by tail vein, respect-
ively. The distribution of Cy7-TCM or Cy7NHS in the
brain was captured by the IVIS Lumina II in vivo optical
imaging (Caliper, USA). The mean fluorescence intensity
was semi-quantitatively analyzed by a living image sys-
tem (Caliper, USA) [27]. Subsequently, mice were sacri-
ficed for the observation of the distribution of Cy7-TCM
or Cy7NHS in the hippocampus by a confocal laser
scanning microscope (FV10, Olympus, Japan).

Whole-cell electrophysiology
For whole-cell recordings, eighteen-month-old mice
brains were removed after anesthetized using isoflurane
and immediately submerged in cutting solution compris-
ing (in mM) 225 Sucrose, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 11 D-glucose, 5 L-Ascorbic acid, 3 Sodium
pyruvate, 7 MgSO4, and 0.5 CaCl2 (pH = 7.4, 290–300
mOsm/kg). Coronal hippocampal sections (300 μm)
were cut using a vibratome (Leica VT1200S), kept sub-
merged on ice under oxygenated conditions and then in-
cubated for at least 30 min at 28–30 °C in artificial
cerebrospinal fluid (ACSF) comprising (in mM) 122
NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 11 D-
glucose, 2 MgSO4, and 2 CaCl2, saturated with 95.0%
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O2/5.0% CO2. Then, slices were transferred to a record-
ing chamber and visualized using infrared-differential
interference contrast microscopy. Whole-cell recordings
were obtained from CA1 pyramidal neurons in the
hippocampus using micropipettes prepared from boro-
silicate glass capillaries using a horizontal puller (P-97,
Sutter Instruments) with resistances between 2 and 5 M.
The patch electrode solution was composed of (in mM)
140 CsCl, 10 HEPES, 0.2 EGTA, 2 MgCl2, 4 Mg2ATP,
0.3 Na2GTP, 10 Na2-phosphocreatine and 2 QX-314
(pH = 7.3, 290–300 mOsm). Cells were recorded at a
holding potential of − 60 mV, and saline + GABA (5
μM) or TCM (5 μM) + GABA (5 μM) was added to
ACSF to measure the tonic currents, the GABAA recep-
tor competitive antagonist bicuculline (10 μM) was
applied.

Statistical analysis
All data were analyzed using GraphPad Prism 8.0 Soft-
ware (GraphPad Prism Co., San Diego, CA, USA). Stu-
dent’s t test (two groups), one-way ANOVA followed by
post hoc Dunnett’s or Tukey’s test (multiple groups),
and repeat measure two-way ANOVA followed by post
hoc Bonferroni’s test (multiple groups at different time
point) were used. All data are presented as the mean ±
SD. The significance level was set at P < 0.05.

Results
Anesthesia and surgery induce significant cognitive
impairment in aged mice
To induce PND, aged mice were subjected to laparot-
omy under 1.4% isoflurane anesthesia, and the Barnes
maze was performed 4 days after the operation (Fig. 1A).
In the training phase, aged mice subjected to anesthesia
and surgery spent more time in searching for the escape
compartment than non-surgical controls, indicating a
significant anesthesia and surgery-induced decline in
spatial reference learning ability (Fig. 1B, C). In the
probe phase, the mice spent less time in the target zone
after anesthesia and surgery (Fig. 1B, D), indicating a sig-
nificant impairment of spatial reference memory ability.
In addition, no significant difference in the average
speed or the total distance was observed between the
surgical and nonsurgical groups (Fig. 1E, F).

Hippocampal MD2 expression is increased in aged mice
after anesthesia and surgery
We next measured the expression of hippocampal MD2
in mice after anesthesia and surgery. As shown in Fig. 2A,
the expression of hippocampal MD2 was stable 6 h after
anesthesia and surgery but was obviously increased 1 day
after anesthesia and surgery and remained at high levels
for a period of 3 days. Notably, in the hippocampus of
aged mice, MD2 was prominently expressed in neurons,

Fig. 1 Anesthesia and surgery induce significant cognitive impairment in aged mice. A Schematic timeline of western blot analysis and the
Barnes maze test. B Representative tracks and heat maps of animals in the Barnes maze. C Mean latency in the training phase (F(1,18) = 18.73, p =
0.0004. post hoc: day 5 p = 0.0059, day 6 p = 0.5989, day 7 p = 0.0773, day 8 p = 0.9999). D Time spent in the target quadrant in probe phase (p
= 0.0394). E Average speed in the probe trial (p = 0.1087). F Total distance in the probe trial (p = 0.3378). n = 10 each. The data are presented as
the mean ± SD, * p < 0.05; ** p < 0.01; *** p < 0.001; compared with the Sham group
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while a small amount of MD2 expression was also de-
tected in microglia (Fig. 2B). Moreover, the expression of
neuronal MD2 increased after anesthesia and surgery
(Figs. 1A and 2C).

Knockdown of MD2 in the hippocampus prevents
anesthesia and surgery-induced cognitive decline in aged
mice
To examine whether MD2 contributes to the cognitive
decline induced by anesthesia and surgery, we assessed
the protective effect of MD2 expression downregulation
induced by bilateral injection of AAV-shMD2 into the
hippocampus 3 weeks prior to anesthesia and surgery
(Fig. 3A, B). In order to verify the effectiveness of AAV-
shMD2 in downregulating the expression of MD2, we
first observed the expression of EGFP or shMD2-EGFP
in the hippocampus 3 weeks following microinjection of
the AAV9 and then investigated the efficiency of MD2
knockdown by immunofluorescence assay and western
blot assay, respectively. The results showed that either
EGFP or shMD2-EGFP was seen in the hippocampus.
Meanwhile, the expression of MD2 was downregulated
in the hippocampus of mice with AAV-shMD2 (Fig.
3C–E). As predicted, MD2 knockdown mice spent less
time in searching for the escape compartment than the

control mice in the training phase (Fig. 3F, G), demon-
strating that MD2 knockdown improved the spatial
reference learning ability of mice subjected to
anesthesia and surgery. In the probe phase, MD2
knockdown mice spent more time in the target zone
(Fig. 3F, H), indicating that MD2 knockdown im-
proved the spatial reference memory ability of mice
subjected to anesthesia and surgery. There was no
significant difference in the average speed or the total
distance (Fig. 3I, J).

Tat-CIRP-CMA alleviates cognitive deficits induced by
anesthesia and surgery in aged mice
Next, we synthesized Tat-CIRP-CMA, a peptide that tar-
gets and degrades MD2. The efficiency of MD2 knock-
down in the cultured primary neurons was ~ 50%, as
shown in Fig. 4A. To examine whether the peptide could
cross the blood–brain barrier, the peptide was labelled
with Cy7 and injected into 18-month-old mice via tail
vein, then, the distribution of Cy7-TCM was captured by
the IVIS Lumina II in vivo optical imaging. The results
showed that after peripheral administration, a certain
amount of Cy7-TCM was observed in the brain, demon-
strating that the peptide could cross the blood–brain
barrier (Fig. 4B). Subsequently, mice were sacrificed for

Fig. 2 Hippocampal MD2 expression is increased after anesthesia and surgery in aged mice. A Expression of hippocampal MD2 at the indicated
timepoint after the operation (F(3,20) = 4.986, p = 0.0096. p = 0.0282, Sham vs. 24 h; p = 0.0159, Sham vs. 72 h; n = 6 each). β-Actin was used as a
loading control. B Representative immunofluorescence images of MD2 in neurons, astroglia, and microglia in the hippocampus. C Representative
immunofluorescence images and quantification of neuronal MD2 in the Sham group and Surgery group in the hippocampus (p = 0.0470, Sham
vs. Surgery; n = 3 each). Arrows in the figures indicate the co-localization of two fluorescent substances. The data are presented as the mean ±
SD; * p < 0.05, compared with the Sham group. Scale bar = 25 μm
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the observation of the distribution of Cy7-TCM or
Cy7NHS in the hippocampus. The results showed that
the peptide could reach the hippocampus (Fig. 4C). To
determine whether Tat-CIRP-CMA can alleviate cogni-
tive decline following anesthesia and surgery, aged mice
were intravenously administered Tat-CIRP-CMA for 3
consecutive days after anesthesia and surgery and then
subjected to a behavioral test (Fig. 4D). Consistent with
the data obtained for mice treated with the MD2 knock-
down viruses, mice administered Tat-CIRP-CMA spent
less time in searching for the escape compartment than
the control mice in the training phase (Fig. 4E, F),

indicating that Tat-CIRP-CMA improved the spatial
reference learning ability of mice subjected to
anesthesia and surgery. In the probe phase, mice ad-
ministered Tat-CIRP-CMA spent more time in the
target zone (Fig. 4E, G), demonstrating that Tat-CIRP-
CMA improved the spatial reference memory ability of
mice subjected to anesthesia and surgery. Further-
more, there was no significant difference in the aver-
age speed or the total distance (Fig. 4H, I). These
results suggested that administration of Tat-CIRP-
CMA ameliorates cognitive decline after anesthesia
and surgery in aged mice.
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immunofluorescence assay 3 weeks after the virus injection. D Statistical analysis of mean immunofluorescence intensity (p = 0.0117; n = 4 each).
Scale bar = 100 μm. E Hippocampal MD2 expression determined by western blot analysis (p = 0.037; n = 3 each). Tubulin was used as a loading
control. F Representative tracks and heat maps of the mice in the Barnes maze. G Mean latency in the training phase (F(1,15) = 8.034, p = 0.012.
post hoc: day 5 p = 0.430, day 6 p = 0.048, day 7 p = 0.083, day 8 p = 0.661). H Time spent in the target zone in the probe phase (p = 0.0093). I
Average speed in the probe phase (p = 0.3296). J Total distance in the probe phase (p = 0.8839). The data are presented as the mean ± SD; * p <
0.05, compared with the shCon group or Surgery + shCon group, ** p < 0.01, compared with the Surgery + shCon group, n = 8 Surgery +
shCon, n = 9 Surgery + shMD2

Zuo et al. Journal of Neuroinflammation          (2021) 18:204 Page 7 of 15



Fig. 4 (See legend on next page.)
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Effect of MD2 on the expressions of total α5GABAARs and
membrane α5GABAARs and the tonic currents in CA1
pyramidal neurons in the hippocampus
The above results showed that MD2 is associated
with the occurrence of PND. To illustrate the under-
lying mechanism, we first investigated the effect of
MD2 on the expression of α5GABAARs in vitro. The
results showed that after Tat-CIRP-CMA treatment
for 6 h, the expression of total α5GABAARs in cul-
tured primary neurons was significantly decreased
(Fig. 5A). Of note, the expression of membrane
α5GABAARs was also remarkably decreased after the
TCM treatment (Fig. 5B).
We then performed in vivo experiments to verify the ef-

fect of MD2 on the expression of α5GABAARs in the
hippocampus. Aged mice were intravenously administered
Tat-CIRP-CMA for 3 consecutive days after anesthesia
and surgery and then subjected to western blot analysis
(Fig. 4D). The results showed that downregulation of
MD2 by Tat-CIRP-CMA significantly inhibited the in-
crease in membrane α5GABAARs expression induced by
anesthesia and surgery (Fig. 5C, D). Furthermore, activat-
ing MD2 by lipopolysaccharide (LPS) treatment increased
the membrane α5GABAARs, while the total α5GABAARs
were not affected (Fig. 5E, F). The data obtained above in-
dicate a possible role of MD2 in maintaining the content
of membrane α5GABAARs. Being consistent with this, the
electrophysiology results showed that Tat-CIRP-CMA
inhibited tonic currents (primarily mediated by
α5GABAARs) in CA1 pyramidal neurons in the hippo-
campus (Fig. 5G, H). Moreover, spontaneous inhibitory
synaptic currents (sIPSCs) were recorded and analyzed be-
fore bicuculline application to investigate the latent effect
of TCM on inhibitory synaptic transmission. The results
showed that TCM had no effect on the frequency or
the amplitude of sIPSC (Fig. 5I–K), indicating that neither
presynaptic GABA release nor postsynaptic function was
affected by TCM.
In order to clarify whether MD2 interacted with

α5GABAARs directly in the hippocampus, we performed
a Co-IP experiment by using the MD2 antibody; the re-
sults showed that there is no interaction between MD2
and α5GABAARs (Fig. 1).

Inhibition of α5GABAARs exerts therapeutic effects
against anesthesia and surgery-induced cognitive deficits
To determine whether inhibition of α5GABAARs pre-
vents cognitive deficits, L-655,708, an inverse agonist
of α5GABAARs, was intraperitoneally injected into
aged mice (Fig. 6A). The results showed that in the
training phase, the latency of mice that received L-
655,708 injection was obviously shorter than that of
mice that received saline (Fig. 6B, C), indicating that
inhibition of the α5GABAARs by L-655,708 improved
spatial reference learning ability after anesthesia and
surgery. In the probe phase, mice that received L-
655,708 injection spent longer time in the target
quadrant than mice that received saline (Fig. 6B, D),
suggesting that inhibition of the α5GABAARs by L-
655,708 alleviated the spatial reference memory defi-
cits after anesthesia and surgery in aged mice. Fur-
thermore, there was no significant difference in the
average speed or the total distance (Fig. 6E, F).

L-838,417 abrogates the beneficial effects of Tat-CIRP-CMA
against anesthesia and surgery-induced cognitive deficits
To assess the causal relationship between MD2 and
α5GABAARs, aged mice were intraperitoneally injected
with L-838,417, a partial agonist of α5GABAARs and
intravenously injected with Tat-CIRP-CMA (Fig. 7A)
[28, 29]. Behavioral evaluation was performed to investi-
gate whether activation of α5GABAARs can reverse the
therapeutic effects of Tat-CIRP-CMA. The results dem-
onstrated that in the training phase, the latency of mice
that received L-838,417 injection and Tat-CIRP-CMA
injection was obviously longer than that of mice that re-
ceived only Tat-CIRP-CMA (Fig. 7B, C), showed that ac-
tivating α5GABAARs by L-838,417 abrogated the
beneficial effects of Tat-CIRP-CMA against anesthesia
and surgery-induced spatial reference learning deficits.
In addition, mice that received L-838,417 injection spent
less time in the target quadrant than mice that received
Tat-CIRP-CMA only (Fig. 7B, D), demonstrating that ac-
tivation of α5GABAARs by L-838,417 abrogated the
beneficial effects of Tat-CIRP-CMA against anesthesia
and surgery-induced spatial reference memory deficits.
Furthermore, there was no significant difference in the

(See figure on previous page.)
Fig. 4 Tat-CIRP-CMA alleviates cognitive decline caused by anesthesia and surgery. A Expression of MD2 after TCM treatment in the cultured
primary neurons (p = 0.0272; n = 3 each). Tubulin was used as a loading control. B Distribution of Cy7NHS or Cy7-TCM in the brain at 5 min, 10
min, 20 min, and 30 min after peripheral administration (5 min p = 0.0231, 10 min p = 0.0375, 20 min p = 0.0051, 30 min p = 0.0059, Cy7NHS vs.
Cy7-TCM; n = 4 each). C Distribution of Cy7NHS or Cy7-TCM in the hippocampus (p = 0.0366; n = 3 each). Scale bar = 100 μm. D Timeline of the
TCM treatment. E Representative tracks and heat maps of mice in the Barnes maze. F Mean latency in the training phase (F(1,13) = 6.442, p =
0.0247. post hoc: day 5 p = 0.8663, day 6 p = 0.6776, day 7 p = 0.9999, day 8 p = 0.9999). G Time spent in the target zone in the probe phase (p
= 0.0476). H Average speed in the probe phase (p = 0.7557). I Total distance in the probe phase (p = 0.7820). The data are presented as the
mean ± SD; * p < 0.05, compared with the Saline group, the Surgery + Saline group or the Cy7NHS group; ** p < 0.01, compared with the
Cy7NHS group. n = 8 Surgery + Saline, n = 7 Surgery + TCM
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average speed or the total distance (Fig. 7E, F). These re-
sults indicate that α5GABAARs are involved in MD2-
triggered cognitive impairments after anesthesia and
surgery.

Discussion
In the present study, we found that anesthesia and sur-
gery impaired spatial reference learning and memory
ability and elevated MD2 expression in aged mice. MD2

Fig. 5 Effect of MD2 on the expressions of total α5GABAARs and membrane α5GABAARs and the tonic currents in CA1 pyramidal neurons in the
hippocampus. A The effect of TCM treatment on the expression of total α5GABAARs in the cultured primary neurons (p = 0.0081; n = 3 each). B
The effect of TCM treatment on the expression of membrane α5GABAARs in the cultured primary neurons (p = 0.0056; n = 3 each). C The
expression of total MD2 in the hippocampus of mice (F(2,6) = 17.98, p = 0.0029. * p = 0.0342, Sham vs. Postsurgery; ## p = 0.0024, Postsurgery vs.
Postsurgery + TCM; n = 3 each). D The expression of membrane α5GABAARs in the hippocampus of mice in the Sham, Postsurgery, and
Postsurgery + TCM groups (F(2,15) = 6.946, p = 0.0073. * p = 0.0462, Sham vs. Postsurgery; ## p = 0.007, Postsurgery vs. Postsurgery + TCM; n = 6
each). Sodium-potassium ATPase (NKA) was used as a loading control. E The effect of LPS on the expression of total α5GABAARs in the
hippocampus (p = 0.8197; n = 4 each). F The effect of LPS on membrane α5GABAARs expression in the hippocampus (p = 0.0435; n = 8 each). G,
H TCM decreased the tonic currents generated by α5GABAARs in slices of the hippocampal CA1 subfield (p = 0.0158; n = 8 Saline, n = 6 TCM). I
TCM had no effect on the sIPSC in slices of the hippocampal CA1 subfield. J Frequency of sIPSC (p = 0.8165; n = 8 Saline, n = 6 TCM). K
Amplitude of sIPSC (p = 0.7839; n = 8 Saline, n = 6 TCM). The data are presented as the mean ± SD; * p < 0.05, compared with the Sham group,
ACSF group, or Saline group; ** p < 0.01, compared with the Saline group; ## p < 0.01, compared with the Postsurgery group
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knockdown or administration of the MD2-degrading
peptide Tat-CIRP-CMA attenuated cognitive decline. In
addition, downregulating MD2 decreased the expression
of α5GABAARs and consequent tonic currents. L-
655,708, an inverse agonist of α5GABAARs, exhibited

the protective effects against anesthesia and surgery-
induced cognitive impairment, which is consistent with
the previous studies showing that L-655,708 mitigates
memory deficits after general anesthesia [30, 31]. More
importantly, activation of α5GABAARs abrogated the

Fig. 6 Antagonizing α5GABAARs reverses anesthesia and surgery-induced cognitive deficits. A Timeline of the L-655,708 treatment. B
Representative tracks and heat maps. C Mean latency in the training phase (F(1,13) = 6.187, p = 0.0272. post hoc: day 5 p = 0.8236, day 6 p =
0.7998, day 7 p = 0.9996, day 8 p = 0.2488). D Time spent in the target zone in the probe day (p = 0.0062). E Average speed in the probe phase
(p = 0.9987). F Total distance in the probe day (p = 0.9843). The data are presented as the mean ± SD; * p < 0.05, ** p < 0.01, compared with the
Surgery + Saline group. n = 7 Surgery + Saline, n = 8 Surgery + L-655,708

Fig. 7 Activating α5GABAARs abrogates the beneficial effects of Tat-CIRP-CMA against anesthesia and surgery-induced cognitive deficits. A
Timeline of the L-838,417 treatment. B Representative track plots and heat maps. C Mean latency in training phase (F(2,20) = 4.909, p = 0.0184. post
hoc: p = 0.0286 Surgery + Saline vs. Surgery + TCM, p = 0.0443 Surgery + TCM vs. Surgery + L838,417 + TCM). D Time spent in the target zone in
the probe phase (F(2,20) = 5.068, p = 0.0166. post hoc: p = 0.0254 Surgery + Saline vs. Surgery + TCM, p = 0.0422 Surgery + TCM vs. Surgery +
L838,417 + TCM). E Average speed in the probe phase (F(2,20) = 0.2299, p = 0.7967. post hoc: p = 0.9377 Surgery + Saline vs. Surgery + TCM, p =
0.7789 Surgery + TCM vs. Surgery + L838,417 + TCM). F Total distance in the probe day (F(2,20) = 0.2515, p = 0.7801. post hoc: p = 0.9479 Surgery
+ Saline vs. Surgery + TCM, p = 0.7614 Surgery + TCM vs. Surgery + L838,417 + TCM). The data are presented as the mean ± SD; * p < 0.05,
compared with the Surgery + Saline group; # p < 0.05, compared with the Surgery + TCM group; n = 8 Surgery + Saline, n = 8 Surgery + TCM, n
= 7 Surgery + L838,417 + TCM
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therapeutic effects of Tat-CIRP-CMA, indicating that
α5GABAARs regulate the function of MD2 in the
process of PND. These results demonstrated that MD2
contributed to the pathogenesis of PND through elevat-
ing the expression of α5GABAA receptors and conse-
quent tonic currents in aged mice (Fig. 8).
MD2, an essential cofactor of TLR4, has been recog-

nized as an attractive pharmacological target of potent
anti-inflammatory agents [32, 33]. For a long time, re-
search on MD2 has been limited to peripheral
inflammation-related diseases such as sepsis, diabetes,
cardiovascular disease, and fatty liver disease [8, 34–36],
and although an increase in the level of TLR4 and down-
stream inflammatory cascades have been implicated in
hippocampus-dependent learning and memory deficits,
including PND, the role of MD2 in the pathology of
PND has been neglected. For example, TLR4/MyD88
signaling activation by S100A8 promotes neuroinflam-
mation and contributes to tibial fracture surgery-
induced cognitive disorders [37]. Inhibition of the hippo-
campal TLR4 pathway by prophylactic lithium alleviates
splenectomy-induced cognitive dysfunction in aged rats
[38]. Consistent with previous studies, our results eluci-
date that activation of MD2 provokes the occurrence
and development of PND. Furthermore, our results
demonstrate that MD2 degradation by Tat-CIRP-CMA
results in the downregulation of α5GABAARs accom-
panied by attenuation of tonic currents, suggesting an
important role of MD2 in modulating neurotransmitter
systems. However, the exact underlying mechanism is
still unclear. In fact, we performed Co-IP by using the

MD2 antibody to identify the potent interaction between
MD2 and α5GABAARs; unfortunately, the results
showed that there is no direct interaction between them
(sFig. 1), indicating that the modulation of MD2 on
α5GABAARs is indirect. Further work in aged TLR4-/-

mice would clarify whether such regulatory effects de-
pend on TLR4-mediated inflammatory cytokine release.
Alternatively, our group’s recent paper published in Sci-
ence Translational Medicine found that MD2 elicited
neuronal apoptosis and necroptosis via the Sam68-
related cascade [26]. Whether the Sam68-related cascade
is involved in the regulatory effects of MD2 on
α5GABAARs needs further investigation.
MD2 is an initial molecule of inflammatory cascade

and typically responds to internal or external stimuli
[39]. In this study, we investigated MD2 expression at 6
h, 24 h and 72 h after the operation and then explored
whether inhibiting MD2 at an early stage is sufficient to
improve the impairments of the whole process of learn-
ing and memory in surgical mice by using the Barnes
maze. Our results illustrate that the expression of MD2
in the hippocampus is increased after anesthesia and
surgery. Although the exact underlying mechanism has
not yet been elucidated, we suppose that proinflamma-
tory cytokines released by central immune cells (e.g.,
glial cells, pericytes, and dendritic cells) and peripheral
immune cells (e.g., macrophages, T cells, and B cells)
that enter through the disrupted blood–brain barrier
(BBB) after laparotomy are likely the main stimuli [40].
In addition, our results showed that hippocampal MD2
was prominently expressed in neurons in both nonsurgi-
cal and surgical mice, indicating an important role of
neuronal MD2 in PND. However, considering the limita-
tions to antibody specificity, we cannot completely rule
out MD2 expression in other cells, such as infiltrating
immune cells (macrophages and neutrophils) and glial
cells. Further investigation in aged MD2 conditional
knockout mice or bone marrow chimeric mice will be
useful for demonstrating the importance of MD2 expres-
sion in neuronal cells in PND.
In addition, our results showed that MD2 degradation

peptide TCM decreased the membrane α5GABAARs,
whereas MD2 activation, induced by LPS stimulation or
anesthesia and surgery, elevated the membrane
α5GABAARs (Fig. 5B–E), indicating the possible role of
MD2 in maintaining the content of membrane
α5GABAARs. We suppose that once MD2 was degraded
after TCM treatment, membrane insertion of
α5GABAARs was inhibited. Consequently, the excess
cytoplasmic α5GABAARs were degraded (Fig. 5A). The
underlying mechanism by which MD2 affects the mem-
brane insertion of α5GABAARs is unclear. Membrane
α5GABAARs expression involves a highly regulated
process of synthesis, assembly, endocytosis, and

Fig. 8 MD2 contributes to the pathogenesis of PND through
elevating the expression of α5GABAA receptors and consequent
tonic currents in aged mice
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recycling to the membrane or degradation [41]. The role
of MD2 in these processes needs further investigation.
Emerging evidences suggest that disturbed function of

α5GABAARs is vital for triggering neurological disor-
ders, and the therapeutic potential of pharmacologic
agents targeting α5GABAARs has been highlighted in re-
cent years [42–44]. Our study showed that α5GABAARs
trigger anesthesia and surgery-induced spatial reference
memory impairments, which is consistent with recently
published studies showing that α5GABAARs contribute
to anesthesia and surgery-induced conditioned context-
ual fear memory deficits [21], thus suggesting that
α5GABAARs play an important role in different domains
of anesthesia, and surgery-induced hippocampal-
dependent cognitive impairments and that α5GABAARs
have great potential as therapeutic targets in PND.
In this study, we showed that L-838,417, a partial

agonist for α2-, α3-, and α5-containing GABAA recep-
tors abrogated the therapeutic effects of Tat-CIRP-CMA
on perioperative neurocognitive disorder [28, 29]. Con-
sidering that α2- and α3-containing GABAA receptors
are believed to be involved in the anxiolytic effect,
whereas α5 subunits play a role in cognitive performance
[15, 16], we deduce that the effect of L-838,417 on PND
seems to be mainly due to its activating effect on α5-
containing GABAA receptors. However, it needs to be
emphasized that we cannot rule out the possible effect
of L-838,417 on α2- and α3-containing GABAA recep-
tors in this regard. A systematic study is needed to fur-
ther understand the role(s) of α2 and/or α3 in the
occurrence of PND.
PND has been recognized for more than 100 years,

and many studies aiming to elucidate the pathogenesis
of PND from different perspectives, including impaired
synaptic function, neuroinflammation, oxidative stress in
the central nervous system, and the microbiota–gut-
brain axis, have been performed [45–48]. Although these
studies have helped to exploit pharmacologic agents to
treat PND, few pharmacologic agents have been devel-
oped. Further progress in clinical translation is needed.
MD2 is a protein containing only 160 amino acids and is
a promising drug target [49]. In this study, a 40-residue
peptide is synthesized to target and degrade MD2. This
peptide was shown to be effective against anesthesia and
surgery-induced memory impairments, exhibiting great
potential for clinical translation. Regrettably, only male
mice were used in this study to avoid the possible bias
caused by sex difference. A longitudinal cohort analysis
including 1033 participants showed that although there
were no significant sex differences in postoperative cog-
nitive outcomes, APOE4+ older men may be more vul-
nerable to PND than APOE4+ older women, indicating
the important role of sex and genetic variables on PND
[50]. In addition, the estradiol’s effect on neuronal

systems and cognitive function has been widely reported
[51]. The potential role of TCM in females might be
worth being investigated in future.

Conclusions
In conclusion, our findings suggest that upregulated
MD2 induced by anesthesia and surgery contributes to
the occurrence of PND by regulating α5GABAA recep-
tors in aged mice, and Tat-CIRP-CMA is a promising
neuroprotectant against anesthesia and surgery-induced
cognitive deficits.
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