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NL1 expression level in Nrx1f3 and the excitability
of PV interneurons in mice with POCD
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Abstract. Effects of NL1 on the expression level of
neurexin-1f (Nrx1p) and the excitability of parvalbumin (PV)
interneurons in mice with postoperative cognitive dysfunc-
tion (POCD) were explored. Eighty 10-month-old C57BL/6
male mice were randomly divided into four groups: control
group, control+empty vector group (Control+EV), anes-
thesia surgery+empty vector group (POCD+EV group) and
anesthesia+NL1 overexpression group (POCD+NLI1 group),
(n=20 per group). The behavioral differences of mice in
the four groups were analyzed by means of open field test
and fear conditioning test. The expression levels of NLI,
PV and NrxIf were detected by western blot analysis, and
the binding between NL1 and Nrx1f was determined by
co-immunoprecipitation. The expression level of postsynaptic
density protein 95 (PSD95) in hippocampus and changes in
the excitability of PV interneurons were further detected.
Control and Control+EV groups had no significant difference
in each index (P>0.05). Compared with Control+EV group,
the percentage of cued freezing time in POCD+EV group
decreased significantly, while percentage of cued freezing
time was significantly increased in POCD+NLI1 group and
POCD+EV group (P<0.01). The differences in freezing time
were not statistically significant among the 4 groups in the
tone-related fear test (P>0.05). Then NL1 was overexpressed
in mice with POCD, the protein levels of PV, Nrx1f and PSD95
were subsequently increased, and the interaction between NL1
and Nrx1p protein was enhanced, dramatically increasing the
excitability of PV interneurons. The overexpression of NL1
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can upregulate the expression levels of PV, Nrx1f and PSD95
in mice with POCD, enhance the interaction between NL1 and
Nrx1p and further increase the excitability of PV interneurons,
thus restoring the hippocampus-dependent memorial and
cognitive impairment in POCD.

Introduction

The postoperative cognitive dysfunction (POCD) is a common
central nervous system complication after anesthesia (1), which
affects many aspects of cognition, such as memory, attention,
information processing and cognitive flexibility (2,3). POCD
tends to occur in elderly patients. Studies have shown that the
probability that patients aged over 65 are subjected to surgery
is >50%. Due to the growing aging problem, the occurrence of
POCD has also continuously increase with the rising number
of elderly patients receiving operations (4). The occurrence
of POCD will prolong the hospital stay of patients, affect the
long-term life quality and even increase the mortality rate,
which adds a heavy burden to the family and society. There are
studies suggesting that POCD is related to the surgery, anes-
thesia and patients, and more likely to be affected synthetically
by these three factors (5), but its specific mechanism remains
unclear. Therefore, studying deeply the occurrence mecha-
nism of POCD will provide new theoretical basis and potential
intervention targets for its prevention and treatment, which is
of great practical significance.

All the information processing in the brain involves
synapses, the nerve impulses will not be transmitted among
neurons without effective synapses, and the cognition and
other nervous processes will also not be achieved. For the
normal neural circuit function, the formation and differentia-
tion of synapses appear to be particularly important (6). There
is a complex connection between the formation and diverse
differentiation of synapses, and both of them are dependent
on the activity of synapse cell-adhesion molecules (CAMs).
The activity of inhibitory interneurons is under the control of
excitatory synapses and inhibitory synapses formed by gluta-
matergic neurons and GABAergic neurons (7,8). When the
excitatory signals of pyramidal cells decrease, the dysfunction
of parvalbumin (PV) interneurons can be induced, weakening
the inhibition of pyramidal cells, resulting in the imbalance
of excitatory synapse/inhibitory synapse transmission and
destroying the effective activities of neural network (9).
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CAMs include neurexins (NRXs), neuroligins (NLs),
N-cadherin, synaptic cell adhesion molecule-1 (SynCAM-1),
ephrinB, and ephrinB receptor system (10). NRXs and NLs are
important among them, their specific synapse functions have
been researched most deeply up to now (11). The transsynaptic
interaction of postsynaptic NLs with the presynaptic NRXs
holds an important status in the synaptogenesis and synaptic
integrity. NL1 is the CAM specifically located in the excit-
atory postsynaptic membrane and plays a significant role in
the formation and function of excitatory synapses through the
transsynaptic combination of presynaptic neurexin-13 (Nrx1f),
which can cause the differentiation of synapses and regulate
the transmission of neurotransmitter among neurons (12). The
decreased interaction between the two affects the function
of excitatory synapses and the transmission of glutamatergic
neurotransmitter and destroys the effective activities of neural
network.

PV interneurons are the inhibitory GABAergic neurons,
accounting for 40-50% in the total GABAergic neurons. They
can release the GABAergic neurotransmitter, transmit the
inhibitory signals to the pyramidal cells and control the excit-
ability of pyramidal cells (13). Moreover, the pyramidal cells
can also release the glutamatergic neurotransmitter, transmit
the excitatory signals to the PV interneurons and activate the
PV interneurons to release GABA. Such a process forms a
neural circuit that regulates the effective activities of neural
network (14).

Our previous study suggested that the downregulation
of hippocampus NLI can mediate the recruitment of post-
synaptic glutamate receptors, regulate the release of synapse
glutamate to affect the transmission of excitatory synapses
and destroy the excitatory signals emitted by pyramidal cells
to PV interneurons (unpublished data). This resulted in PV
interneuron function impairment, weakening the inhibition
of pyramidal cells, triggering the imbalance of excitatory
synapse/inhibitory synapse transmission and finally leading
to the occurrence of POCD.

Materials and methods

Laboratory animals. A total of 80, 10 month-old C57BL/6
healthy male mice of clean grade aged 10 weeks were
purchased from the Laboratory Animal Center of Fudan
University, and fed in the specific pathogen-free environment
at room temperature of 25+2°C with free access to food and
water. The study was approved by the Ethics Committee of
Nanjing General Hospital (Nanjing, China).

Laboratory animal grouping. Mice were randomly divided
into four groups: control group, control+empty vector group
(control+EV), anesthesia surgery+empty vector group
(POCD+EYV group) and anesthesia+NL1 overexpression group
(POCD+NLI group), 20 in each group.

Establishment of the animal model. Animals were reared
for 14 days to adapt to the environment. Animals were then
randomly divided into 4 groups: normal control group (n=20,
no anesthesia and surgery) and Control+EV group (n=20
mice, in vivo transfection of empty vector), POCD+EV group
(n=20, anesthesia, surgery and empty vector transfection)
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and POCD+NLI1 group (n=20, anesthesia, surgery and NLI1
expression vector transfection). POCD modeling: anesthesia
chamber was pre-charged with 1.5% isoflurane + 100%
oxygen (2 I/min oxygen flow) for 15 min, and then mice were
put into the box to maintain anesthesia for 30 min. After the
mouse right reflex disappeared, the right lateral position was
taken to avoid aspiration and maintain airway patency. Gas
concentration in the anesthesia chamber was continuously
monitored by a continuous monitoring multi-parameter
anesthetic gas monitor, and the vital signs were checked to
maintain the normal anesthetic depth. During the operation, a
1 cm long incision was made along the midline of the abdomen
to perform an abdominal exploration and ensure that the direc-
tion of the bowel did not change. After exploration, the muscle
fascia and skin were sutured using 5-0 and 4-0 sterile surgical
sutures. The sterile conditions were ensured throughout the
operation. After operation, the mice were returned to the
warm table and kept warm. Mice in normal control group were
not treated except the injection of solvent in an equal volume.

In vivo transfection. A total of 60 POCD mice were divided
randomly and equally into the POCD+EV and POCD+NLI1
groups. Nucleic acids (12.5 ug) were diluted into 1 ug/ul with
an appropriate amount of endotoxin-free pure water, and added
with 12.5 ul water and 25 ul 10% glucose solution (w/v), and
the final volume of 50 1 was mixed evenly. Twenty-five micro-
liters of Entranster™ -in vivo reagent was diluted with 25 pl of
10% glucose solution to a final volume of 50 ul. After that, the
diluted transfection reagent was immediately added into the
diluted nucleic acid solution and mixed evenly, obtaining the
transfection complex. After being placed at room temperature
for 15 min, the transfection complex was injected into mice in
POCD+NLI group via the caudal vein. Mice in POCD+EV
group were injected with an equal amount of normal saline.

Open field test. The open field test is a method used to evaluate
the autonomous behaviors, exploratory behaviors and tension
degree of experimental animals in the new environment,
in which the frequency and duration of certain behaviors of
experimental animals in the new environment are used to
reflect their autonomous behaviors and exploratory behaviors in
the unfamiliar environment, and the times of urination is used
to present the tension degree. The open field test was performed
in a quiet environment: Mice were placed in the center of the
box bottom, accompanied by shouting and timing using the
image automatic monitoring system (Jiangsu SANS Biological
Technology Co., Ltd., Jiangsu, China). After observation for
a certain period of time based on experimental requirements
(generally 3-5 min), shouting was terminated. The inner wall
and bottom of the square box were cleaned to prevent the
residual information of animals (such as the urine, feces and
odor) in the last test from affecting the results of the next test.
The test was performed again after mice were replaced.

Fear conditioning test. At day 1 of the test, mice were put
into an experimental box with electric metal fences on the
bottom. After mice adapted to the environment for 3 min,
they were stimulated by the single-frequency sound (3.0 kHz,
65 Db, 30 sec), as well as the inevitable electric foot-shock
(0.7 mA, 2 sec) in the last 2 sec at the same time. Sound and
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electric shock were terminated simultaneously. After the test,
mice were kept in the box for 3 min, and then continued to be
fed in the cage. The box bottom was wiped with 75% alcohol
after each test. After 24 h, mice with fear conditioning already
established were placed into the original box without any
stimulation. The contextual freezing mainly used to reflect the
hippocampus-dependent memory was recorded within 3 min.
After 2 h, the environment in the box was changed (a white
board was put on the bottom of box to change the color of
the box wall), and mice were placed into it again to adapt
to the environment, after which they were stimulated by the
same intensity of sound for 3 min. The cued freezing mainly
used to reflect the non-hippocampus-dependent memory was
recorded within 3 min. The freezing was defined as no other
motor behaviors except breathing. The percentages of time of
contextual freezing and cued freezing were recorded.

Western blot analysis. Detection of NL1, PV and Nrx1p
protein expression levels in hippocampal tissues: At 3 h after
fear conditioning test, mice were decapitated rapidly, and
hippocampal tissues were taken and added with tissue lysis
solution, followed by grinding and homogenization on ice.
After centrifugation at 3,000 x g at 4°C for 8 min, the super-
natant was taken, and the protein concentration was detected
using the bicinchoninic acid (BCA) method. After the protein
was separated via 12% polyacrylamide gel electrophoresis,
it was transferred onto a polyvinylidene fluoride (PVDF)
membrane using the semi-dry method, and sealed with
5% skim milk powder at room temperature for 1 h. Then
the band was incubated with the primary antibodies of NL1
(diluted at 1:2,000; cat. no. ab186279), PV (diluted at 1:1,000;
cat. no. ab27853), Nrx1p (diluted at 1:2,000; cat. no. ab2869)
and B-actin (diluted at 1:5,000; cat. no. ab124964) (all from
Abcam, Cambridge, UK) at 4°C overnight. The next day, the
membrane was washed with phosphate-buffered saline with
Tween-20 (PBST) 3 times (10 min per time), added with the
secondary antibody (diluted at 1:2,000; cat. no. SAO0001-1;
ProteinTech Group, Inc., Chicago, IL, USA) for incubation
at room temperature for 2 h, and washed again with PBST
3 times (10 min per time). Finally, the ultra-sensitive lumines-
cence solution was dropwise added, followed by photography
using the gel imaging system and observation of results.

Co-immunoprecipitation. The medium in the culture dish was
discarded, the culture dish was washed with 1X pre-cooled PBS
3 times, and added with 500 pl IP lysis solution containing
protease inhibitor in each dish, followed by lysis on ice for
30 min. Cells were scraped off using the cell scraper, blown
and beaten repeatedly until they shed completely followed by
centrifugation at 12,000 x g at 4°C for 15 min. The superna-
tant was transferred into a new Eppendorf (EP) tube, and the
protein concentration was determined using the BCA method.
Whole protein lysis solution (50 #m) was taken as the input,
500 pg/mg whole protein lysis solution was taken, added with
20 ul Protein G magnetic beads, and rotated at 4°C for 1-2 h.
The tube was put on the magnetic shelf, and the supernatant
was transferred into a new EP tube as the pre-cleaning. IgG
(2 ug) antibody or target antibody NL1 was added into the
supernatant, and the mixture was agitated and kept overnight
at 4°C. The next day, 20 ul protein G immunomagnetic beads
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Figure 1. Detection of NL1 mRNA expression levels in control group C+V
group, POCD+EV group and POCD+NLI group. "P<0.05, “P<0.01. POCD,
postoperative cognitive dysfunction.

were added into the above mixture, and shaken at 4°C for 2 h
to couple the antibody with the magnetic beads. After immu-
noprecipitation, the mixture was centrifuged at 3,000 x g at
4°C for 3 min, at which time the beads were centrifuged to
the bottom of tube. Then the beads were washed with cell
lysis solution for 3-4 times, and resuspended with 5X sodium
dodecyl sulphate loading buffer, followed by metal bath at
100°C for 5 min to dissociate the protein in the beads, and
centrifugation at 12,000 x g for 5 min at 4°C. Finally, the
supernatant was transferred into a new EP tube for western
blot analysis.

Immunofluorescence. After dewaxing and rehydration with
alcohol, hippocampal tissue sections of mice were permea-
bilized with 0.1% Triton X-100 for 10 min, and sealed with
5% standard bovine serum albumin (BSA) for 30 min. The
postsynaptic density protein 95 (PSD95) primary antibody
(diluted at 1:200; Abcam) was added dropwise onto the section
at 4°C overnight. The next day, the sections were washed with
PBST 3 times, and incubated with Alexa Fluor-labeled fluores-
cence secondary antibody (diluted at 1:1,000; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) at room temperature
for 1 h. After DAPI nuclear staining for 3 min, sections were
observed and photographed under an inverted fluorescence
microscope (DM-6000B; Leica).

Statistical analysis. MedCalc software (Version 18.0.0,
Mariakerke, Belgium) was used for data statistics and
processing. Measurement data are presented as mean =+ stan-
dard deviation, and independent-samples t-test was used
for the intergroup comparison. Chi-square test was used for
enumeration data. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Detection of NLI messenger ribonucleic acid (mRNA) expres-
sion levels in hippocampal tissues of mice in four groups.
After the experiment, hippocampal tissues were taken to detect
the difference in the NL1 mRNA expression level among the
three groups. As is evident from Fig. 1, levels of NL1 mRNA
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Figure 2. Detection of NL1 protein expression levels in control group , C+V
group, POCD+EV group and POCD+NLI1 group. IIA: Detection of NL1
protein bands via western blotting, IIB: gray values of protein bands. POCD,
postoperative cognitive dysfunction.
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Figure 3. Comparison of total exploration distance (cm) (A) and residence time
in the central mesh (sec) (B) in open field test among the four groups of mice.

in the Control+EV and Control groups were not significantly
different (P>0.05). Levels of NL1 in the POCD group were
significantly lower than that in Control group (P<0.05), which
was consistent with the downregulation of NL1 expression in
hippocampal tissues of mice after POCD. Overexpression effi-
ciency in POCD mice was detected after NL1 overexpression
in vivo and compared with that in the group transfected with
control plasmid in vivo. Results showed that the NL1 mRNA
expression level was significantly increased (P<0.05) (Fig. 1).
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Figure 4. Comparison of freezing time in context-related fear conditioning
test (A) and tone-related fear conditioning test (B) among the three groups
of mice. “P<0.01.

NLI protein expression level in hippocampal tissues of mice
in POCD group is decreased, while that in NLI overexpres-
sion group is increased. The NLI protein expression level was
further detected via western blotting, and quantitative compar-
ison was made for the gray-scale scanning of band. There was
no significant difference in the NL1 protein level between the
Control+EV and Control groups (P>0.05). It suggests that
empty vector has no effect on gene expression level and can be
used in subsequent experiments. Compared with Control+EV
group, the expression level of NLI protein in POCD+EV group
was significantly downregulated (P<0.05), while the expression
level of NLI1 protein in POCD+NLI group was significantly
higher than that in POCD+EV group (P<0.05) (Fig. 2).

Detection of autonomous behavior and exploratory behavior
of mice in different groups via open field test. The open field test
was used to investigate the autonomous exploration behavior
of animals. There were no statistically significant differences
in the total exploration distance (Fig. 3A) and residence time
in the central mesh (Fig. 3B) among the four groups of mice
(P>0.05) (Fig. 3).

Context-related fear conditioning test and tone-related fear
conditioning test. Control and Control+EV groups had no
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Figure 5. PV and Nrx1f protein expression levels in hippocampal tissues of
mice in the four groups. PV, parvalbumin; Nrx1f3, neurexin-1p.
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Figure 6. Interaction between NL1 and Nrx1f proteins in NLI overexpression
group and control group in the mouse model of POCD. POCD, postoperative
cognitive dysfunction; Nrx1f, neurexin-1{.

significant difference in each index (P>0.05). Compared with
Control+EV group, the percentage of contextual freezing time
was obviously decreased in POCD+EV group compared with
that in C+EV group (P<0.01), and it was obviously increased
in POCD+NLI group compared with that in POCD+EV group
(P<0.01), indicating that the hippocampus-dependent memory
of POCD mice is greatly damaged and NL1 overexpression
can repair such damage (Fig. 4A). However, there was no
statistically significant difference in the cued freezing time
among the three groups in the tone-related fear conditioning
test (P>0.05) (Fig. 4B), suggesting that anesthesia operation
does not affect the non-hippocampus-dependent memory.

Detection of PV and NrxIf protein expression levels in hippo-
campal tissues of mice in the four groups. The PV and Nrx1p
protein expression levels in hippocampus were obviously
decreased in POCD+EV group compared with those in C+EV
group, and they were obviously increased in POCD+NLI group
compared with those in POCD+EV (Fig. 5).
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PSD95

POCD+NL1 group

Figure 7. PSD95 expression levels in tissues in NL1 overexpression group and
control group. PSD95, postsynaptic density protein 95.

Detection of changes in interaction between NLI and NrxIf3
via co-immunoprecipitation. NL1 is a kind of CAM specifi-
cally located on the excitatory postsynaptic membrane, which
binds to the presynaptic Nrx1f to play an important role in the
formation and function of excitatory synapses. The enhanced
binding of NL1 and Nrx1f was detected in POCD+NLI group
compared with POCD+EV group (Fig. 6).

Effect of NL1 overexpression on the excitability of PV neurons
in the mouse model of POCD. PSD95 is an anchorin purified
and identified in the excitatory postsynaptic density. NL1
binds to PSD95 through the PDZ region in the cytoplasm, and
the resulting complex affects the excitatory synaptic transmis-
sion via the direct interaction with N-methyl-D-aspartic acid
receptor (NMDAR) and indirect interaction with a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR). Changes in the expression of PSD95 were detected
to reflect the excitability of PV neurons after NL1 overexpres-
sion. After NLI overexpression in POCD mice, the expression
level of PSDO5 in tissues was significantly increased, suggesting
the increase of PV nerve excitability (Fig. 7).

Discussion

NLI1 binds to PSD95 through the PDZ region in the cytoplasm,
and the resulting complex affects the excitatory synaptic
transmission via direct interaction with NMDAR and indi-
rect interaction with AMPAR (15). It has been proved in the
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literature that the recruitment of hippocampal postsynaptic
AMPAR and NMDAR can be decreased after NL1 knockout,
thus reducing the excitatory synaptic transmission (16). NL1
affects not only the excitatory synaptic transmission through
mediating the recruitment of postsynaptic glutamate receptor,
but also the excitatory synaptic function through regulating
the release of presynaptic glutamate (17). The knockout or
decreased expression of NLI causes damage to synaptic
plasticity, and leads to memory impairment, which is involved
in the occurrence of a variety of brain dysfunction-related
diseases (18).

The downregulation of NLI in the hippocampus can
mediate the recruitment of postsynaptic glutamate receptor
and regulate the release of presynaptic glutamate, affecting
the excitatory synaptic transmission, and destroying the excit-
atory signals sent from pyramidal cells to PV internuncial
neurons. As a result, the function of PV internuncial neurons
is damaged and the inhibition of pyramidal cells declines, thus
causing the imbalance of hippocampal excitatory/inhibitory
synaptic transmission, and leading to POCD (19,20).

In this study, elderly mice were selected as subjects
of study. The mouse model of POCD was constructed via
isoflurane anesthesia and exploratory laparotomy, which is the
commonly used mehod. NL1 was significantly upregulated in
the mouse model of POCD in vivo, and the overexpression effi-
ciency was verified at both mRNA and protein levels. There
were no statistically significant differences in the movement
distance and activity time in the central region in the open
field test among groups, suggesting that isoflurane anesthesia
does not affect the exercise and exploration abilities of mice.
Fear conditioning test is a kind of sensitive method to study
the learning and memory of small rodents (rats and mice)
under fear conditioning. After fear conditioning training,
context-related memory test and tone-related memory test were
performed for experimental animals, respectively, to display
the hippocampus-dependent and non-hippocampus-dependent
learning and memory, respectively. Results in this study mani-
fested that the percentage of contextual freezing time was
obviously decreased in POCD+EV group compared with that
in C+V group, but there was no statistically significant differ-
ence in the cued freezing time among the three groups in the
tone-related fear conditioning test, indicating that anesthesia
operation does not affect the non-hippocampus-dependent
memory. Therefore, it is speculated that isoflurane anesthesia
can lead to the early hippocampus-dependent cognitive
impairment, thus resulting in POCD.

PV and Nrx1f protein expression levels in hippocampal
tissues of mice in the four groups, and the interaction between
NL1 and Nrx1f were detected via western blotting. Results
demonstrated that Control group and Control+EV group
had no significant difference in each index. Compared with
Control+EV group, the NLI1 protein level of POCD group
decreased, while the expression of NL1 protein in POCD+NL1
group was overexpressed at the same time. Interaction
between NL1 and Nrx1f§ was enhanced. Furthermore, the
expression level of PSD95, a postsynaptic marker of excitatory
synapse, was detected. The expression level of PSD95 in
POCD+NLI group was obviously increased compared with
that in POCD+EV group, indicating that the excitability on
PV internuncial neurons is increased after NL1 overexpression
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in POCD mice, thus restoring the hippocampus-dependent
memory and cognitive impairment in POCD.

In conclusion, this study suggests that NL1 overexpression
can upregulate the expression levels of PV and Nrx1f in POCD
mice and strengthen the interaction between NLI and Nrx1§,
thereby further enhancing the excitability on PV internuncial
neurons, which may provide new thoughts for the research on
pathogenesis and prevention and treatment of POCD.
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