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Abstract

Objective: Determine the association between olfactory function and cognition in patients and
rodents.

Summary Background Data: Perioperative neurocognitive disorders include delayed
neurocognitive recovery (dNCR). The contribution of olfactory function to dNCR remains
undetermined. It is unknown whether odor enrichment could mitigate dNCR.

Methods: We performed a prospective observational cohort study to determine potential
association between olfactory impairment and dNCR in patients. We assessed the effects of
anesthesia/surgery on olfactory and cognitive function in mice using the block test and Barnes
maze. We measured interleukin-6, olfactory mature protein, GAP43, mature and premature
olfactory neurons, PSD-95, and synaptophysin in blood, nasal epithelium, and hippocampus of
mice. Odor enrichment, interleukin-6 antibody, and knockout of interleukin-6 were used in the
interaction experiments.

Ann Surg. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al. Page 3

Results: Patients with dNCR had worse odor identification than the patients without dANCR
[preoperative: 7 (1.25, 9) versus 10 (8, 11), median (interquartile range), P<0.001; postoperative:
8 (2.25, 10) versus 10 (8, 11), P<0.001]. Olfactory impairment associated with dNCR in patients
before and after adjusting age, sex, education, preoperative mini-mental state examination score,
and days of the neuropsychological tests. Anesthesia/surgery induced olfactory and cognitive
impairment, increased levels of interleukin-6 in blood and nasal epithelium, decreased amounts
of olfactory receptor neurons and their markers in the nasal epithelium, and reduced amounts of
synapse markers in the hippocampus of mice. These changes were attenuated by odor enrichment
and interleukin-6 antibody.

Conclusion: The anesthesia/surgery-induced olfactory impairment may contribute to dNCR in
patients and postoperative cognitive impairment in mice. Odor enrichment could be a potential
intervention.

MINI-ABSTRACT

In a prospective observational cohort study, we found an association between olfactory impairment
and delayed neurocognitive recovery in patients. In animal studies, we demonstrated that the
anesthesia/surgery induced an interleukin-6- and olfactory receptor neuron-dependent olfactory
and cognitive impairment in mice, which were prevented and treated by odor enrichment.

Keywords
Anesthesia/surgery; olfactory function; cognition; interleukin-6; odor enrichment

INTRODUCTION

Perioperative neurocognitive disorder (PND), one of the most common postoperative
complications in older adults, includes postoperative delirium, delayed neurocognitive
recovery (dNCR), mild neurocognitive disorders (NCD), and major NCD!. Among them,
dNCR occurs about one to four weeks after anesthesia/surgeryl. We determined dNCR by
assessing cognitive function in the participants about one week after the anesthesia/surgery
in patients. We targeted dNCR in animal studies by evaluating the effects of anesthesia/
surgery on cognitive function at postoperative 7 — 11 days.

Olfactory impairment contributes to cognitive impairment in humans? 2, occurs following
anesthesia/surgery [reviewed in?], and is associated with AD neuropathogenesis [reviewed
in®] and long-term cognitive impairment in Parkinson’s disease patients®. Better olfactory
function is associated with better cognitive function in humans’ and AD transgenic mice®.
Finally, odor enrichment may improve olfactory function in rodents® 10,

Mature olfactory receptor neurons in the olfactory epithelium send projections to the
olfactory bulb, communicating with higher brain regions, including the cortex, amygdala
[reviewed in1], and potentially hippocampus [reviewed in12]. Olfactory marker protein
(OMP)12 and growth-associated protein 43 (GAP43)14 15 are markers of mature and
premature olfactory receptor neurons, respectively. Anesthesia/surgery reduces amounts of
synaptophysin, a presynaptic marker, and postsynaptic density 95 (PSD95), an excitatory
postsynaptic marker, and induces cognitive impairment in micel.
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However, no studies have determined whether there is an association between olfactory
function and dNCR in patients or postoperative cognitive impairment in rodents and whether
odor enrichment, a non-pharmacological approach, mitigates postoperative cognitive
impairment. We, therefore, performed both clinical and animal studies to test a hypothesis
that olfactory function is associated with dNCR in patients and postoperative cognitive
impairment in mice, and odor enrichment mitigates postoperative cognitive impairment in
mice.

Interleukin-6 (IL-6), a proinflammatory cytokine that can be released from muscle and
brown adipocytes!?, contributes to cognitive impairment [reviewed in8] and is associated
with olfactory impairment!. IL-6 has been shown to contribute to postoperative cognitive
impairment in patients29-25 and rodents26-30, However, whether anesthesia/surgery could
induce olfactory impairment via increasing 1L-6 amounts in blood and nasal olfactory
epithelium, leading to cognitive impairment, has not been studied. Thus, although there
could be many mechanisms of postoperative cognitive impairment, the mechanistic
hypothesis in the present study was that anesthesia/surgery induces elevation of IL-6 levels
in the blood and olfactory epithelium of mice, which reduces numbers of olfactory receptor
neurons and causes olfactory impairment, leading to reduced hippocampus synapses and
cognitive impairment in mice.

METHODS

Clinical investigation.

Study design.—We performed a prospective observational study at the Affiliated Hospital
of Xuzhou Medical University, Xuzhou, China, from December 2016 to July 2017. The
study (XYFY2016-KL018-01) was approved by the Clinical Research Ethics Committee

of the Hospital and registered at ClinicalTrial.gov (NCT02992600). Written informed
consent was obtained from all participants. We measured the incidence of dNCR, olfactory
identification (Ol), and olfactory threshold (OT) in participants. There were no protocol
deviations, missing data, and immediate postoperative adverse events in the study. This
manuscript was written according to the applicable STROBE guideline.

Subject enrollment.—Please see supplemental information for the details.

Neuropsychological tests.—The neuropsychological tests included Short Story Module
of the Randy Memory Test, Verbal Fluency Test, Trail Making Test Parts A, Digit-Symbol
Substitution Test, Digit Span Subtest of Wechsler Adult Intelligence Scale-Revised (WAIS),
Finger Tapping Test, Grooved Pegboard Test (dominant and non-dominant) and Block

Test as performed in a previous study3! with modifications. The participants received the
neuropsychological tests one day before and then 5 to 10 days (average of 7 days) after the
anesthesia/surgery when they were ready to receive it. Researchers were trained to perform
the tests using established protocols. These tests were only performed in the hospital.
Participants were defined as having dNCR when their Z-scores were negative with absolute
values >1.96 on at least two different tests among ten neuropsychological tests3L.
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Olfactory function test.—Olfactory function was assessed one day before and then

5 to 10 days (average of 7 days) after the anesthesia/surgery at the same time as the
neuropsychological tests by using odor threshold (score: 1 to 16) and odor identification
(score: 0 to 16) tests developed by Sniffin’ Sticks (Burghardt, Wedel, Germany), which uses
nasal chemosensory performance based on pen-like odor dispensing devices32.

Anesthesia/surgery.—Surgeries included urological surgery (N = 88), general surgery
(N = 67), orthopedic surgery (N = 49), and thoracic surgery (N = 2). The anesthesia care
was following American Society of Anesthesiology guidelines, hospital policy, and at the
discretion of anesthesiologists.

Control group.—We recruited 30 non-anesthesia/surgery volunteers with the same
criteria. They received the same neuropsychological tests at the same time intervals, i.e.,
there were 5 to 10 days between the first and second neuropsychological tests in these
volunteers.

Animal studies.

Mice and treatment.—The animal protocol was approved by the Massachusetts General
Hospital (Boston, MA) Standing Committee on the Use of Animals in Research and
Teaching (Protocol number: 2006N000219). Efforts were made to minimize the number
of animals used. C57BL/6J mice (4-month-old, female, Charles River Laboratories,
Wilmington, MA) and 4-month-old IL-6 knockout (B6.129S1-116 tMKopf stock number:
002650, Jackson Lab, Bar Harbor, ME) mice were used in the present study and were
housed in a controlled environment (20-22°C; 12 hours of light/dark on a reversed light
cycle) with free access to food and water for seven days before the experiments. In

the interventional studies, the IL-6 antibody (Catalog number: MAB206; R&D Systems,
Minneapolis, MN) was administrated as described previously33 and per the manufacturer’s
protocol. Specifically, each mouse received 1,500 ng IL-6 antibody 18 hours before the
anesthesia/surgery via tail vein injection under brief anesthesia (1.4% isoflurane for 3
minutes). Please see Supplemental Information for details.

Anesthesia/surgery in mice.—Mice were randomly assigned to anesthesia/surgery

or control group. We studied the effects of anesthesia/surgery (laparotomy under 1.4%
isoflurane) on cognitive function using our established animal model3* (Supplemental
Figure 1). We did not determine how long the anesthesia/surgery-induced cognitive
impairment could last because the time-course study of postoperative cognitive impairment
was not the objective of the present study and will be investigated in the future.

Odor enrichment.—Odor enrichment was performed in mice for 21 days (starting 22
days before the anesthesia/surgery) as described in a previous study?®.

Olfaction test (block test).—The olfaction block test was performed one day before
anesthesia/surgery (-D1) and then on day 1 (D1), 2 (D2), 3 (D3), and 11 (D11; using a
different group of mice) after anesthesia/surgery as described previously3°. Sniffing time
was defined as the percentage of the mouse sniffed the novel block to the time the mouse
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sniffed all blocks. Note that the novel block contains the scent of a different mouse chosen
from a different cage. Olfactory impairment was defined when the mouse spent reduced time
sniffing novel block3®.

Barnes maze.—The Barnes maze test was performed 7 — 11 days after the anesthesia/
surgery using the methods described before34.

Open-field test.—The open-field test was performed as described before34,

Nasal epithelium and brain tissue samples.—Different mice were used to harvest
nasal and brain tissues to measure OMP and GAP43 (nasal epithelium) and PSD-95 and
synaptophysin amounts (hippocampus). Mouse nasal epithelium was dissected 12 hours
after the anesthesia/surgery3’. Mouse hippocampus was dissected 11 days after anesthesia/
surgery34. We chose 11 days to determine the effects of anesthesia/surgery on PSD-95 and
synaptophysin amounts in mouse hippocampus because we would evaluate the impact of
anesthesia/surgery on cognitive function in mice at 11 days postoperatively. Each mouse
was anesthetized with 1.4% isoflurane for 2 minutes and then decapitated, and tissues were
immediately harvested. Harvested nasal epithelium37 and hippocampus3* were processed
using the method described before.

Western blots.—We performed the western blot as described before3* using the following
antibodies: anti-PSD95 (1:1000; molecular weight: 95 kDa; Cell Signaling, Danvers, MA),
anti-synaptophysin (1:1000; molecular weight: 38 kDa; Cell Signaling), anti-OMP (1:1000;
molecular weight: 19 kDa; Sigma, St. Louis, MO), anti-GAP43 (1:1000, molecular weight:
43 kDa, Abcam, Cambridge, MA), anti-GAPDH (1:2500, molecular weight: 37 kDa,
Abcam), and anti-B-actin (1:1000; molecular weight: 42 kDa; non-targeted protein control;
Sigma).

IL-6 enzyme-linked immunosorbent assay (ELISA).—The mouse IL-6
Immunoassay kit (catalog number: M6000B; R&D Systems, Minneapolis, MN) was used
to determine IL-6 amounts in mouse blood per the manufacturer’s protocol.

Immunohistochemistry.—Immunohistochemistry was carried out using methods
described previouslyl®. Mice were anesthetized with 1.4% isoflurane for 3 minutes and
perfused transcardially with PBS, followed by 4% cold, buffered paraformaldehyde. The
mouse nasal epithelium was then dissected. OMP antibody (ab183947,1:500 dilution,
Abcam) or GAP43 (ab16053,1:200 dilution) was used. During image acquisition, the
exposure time was kept consistent. The number of OMP- and GAP43-positive neurons was
assessed under the same 40X microscope field (3 fields per slide, and all of the cells in the
field were counted) in a double-blind manner.

Statistical analysis.

The normality of the continuous variables was tested using the Shapiro-Wilk test. Normally
distributed continuous variables are presented as a mean and standard deviation; and

were compared using Student’s t-test. Non-normally distributed continuous variables are
presented as median and inter-quartile ranges; and were compared using Manne-Whitney
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U-test. Categorical variables are presented as count and percentage of the total; and were
compared using the Chi-square test or Fisher’s exact test, as appropriate.

Based on the multiple predictor variables (e.g., age, sex, and education levels) and given the
incidence of dNCR is 20%31, we should at least recruit 200 (4x10/0.2) patients.

Logistic regression models were used to assess the associations between baseline
olfactory identification or olfactory threshold score, postoperative olfactory identification
or postoperative olfactory threshold score and the incidence of dNCR. Multiple variables
logistic regressions were used to assess the associations after adjusting age, gender,
education level, the preoperative cognition MMSE score, and the postoperative days of the
neuropsychological tests. Odds ratios (ORs) and their 95% Cls were reported.

The number of mice was 10 per group in behavioral studies and 67 per group in
biochemistry studies, per results from our pilot and previous studies. We used a two-way
analysis of variance (ANOVA) (repeated measurements) followed by the Bonferroni test to
evaluate the interaction of treatment (control and anesthesia/surgery) and days (7-10) on the
latency for the mouse to identify and enter the escape box in Barnes maze test. We used
Student’s t-test to determine the potential difference in the measurements of the Block test,
Open field test, and biochemistry studies between the control condition and the anesthesia/
surgery. We used the Mann-Whitney U test to determine the potential difference in the
measurements of the Barnes maze test at 11 days after the anesthesia/surgery between the
control condition and the anesthesia/surgery. The nature of the hypothesis testing was two-
tailed. P < 0.05 was considered statistically significant. Statistical analysis was conducted
using GraphPad Prism software (version 8.0), SPSS version 25 (SPSS Inc., Chicago, IL) and
R for windows version 4.1.2.

Olfactory function was associated with dNCR in patients.

We assessed 3,574 participants for eligibility; 2,822 participants did not meet the inclusion
criteria. Among 752 participants screened, 452 were excluded, leading to the enrollment

of 300 participants. We further excluded 94 participants due to refusing or being unable

to complete the postoperative olfactory or neuropsychological tests (N = 69) and earlier
discharge (N = 25), leading to 206 participants in the final data analysis (Figure 1). There
were no significant differences in demographic characteristics between the participants
with dNCR (N = 42) and the participants without ANCR (N = 164) except for age and
preoperative MMSE scores (Table 1). The participants with dNCR had lower Ol or OT than
those without dNCR (Table 1). Logistic regression demonstrated the associations between
baseline or postoperative follow-up OT or Ol and the incidence of dNCR in the participants
before and after adjusting age, gender, education, preoperative MMSE score, and days of
postoperative neuropsychological tests (Table 2).
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Anesthesia/surgery induced olfactory and cognitive impairment in mice.

In the olfaction test, mice with anesthesia/surgery spent less time sniffing a block with scent
(novel block) compared to the control mice on days 1, 2, and 3 (Figure 2a—c) but not on day
11 (Supplemental Figure 2) after the anesthesia/surgery.

There was no significant interaction of treatment (control versus anesthesia/surgery) and day
(day 7-10) on latency for mice to identify and enter the escape box on training days for the
Barnes maze (Figure 2d). However, on the testing day of the Barnes maze (11 days after
anesthesia/surgery), the anesthesia/surgery significantly increased the latency of identifying
and entering the escape box (Figure 2e), increased the number of wrong holes searched
before identifying and entering escape box (Figure 2f) and decreased time spent in the target
zone (containing escape box) of Barnes maze (Figure 2g) compared to control condition in
mice. Further, anesthesia/surgery did not significantly change mice’s moved distance in an
open field test on days 1, 2, and 3 (Figure 2h—j) after the anesthesia/surgery compared to the
control condition.

Anesthesia/surgery reduced OMP and GAP43 amounts in the olfactory epithelium of the
nasal cavity and PSD95 and synaptophysin amounts in the hippocampus of mice.

Western blots and immunohistochemistry imaging showed that the anesthesia/surgery
decreased OMP (Figure 3a,b) and GAP43 amounts (Figure 3e,f), the thickness of the OMP-
positive cell layer (Figure 3c,d), and expressions of GAP43-positive cells (Figure 3g,h) in
the olfactory epithelium of mouse nasal cavity compared to control condition at 12 hours
after the anesthesia/surgery. Consistent with the behavioral changes, the anesthesia/surgery
decreased amounts of PSD-95 (Figure 3i,j) and synaptophysin (Figure 3Kk,I) in mice’s
hippocampus at 11 days after the anesthesia/surgery compared to the control condition.

Odor enrichment mitigated the anesthesia/surgery-induced behavioral and cellular
changes in mice.

Mice exposed to anesthesia/surgery plus 21-day odor enrichment (Supplemental Table 1)
did not show impairment of olfaction (Supplemental Figure 3a—c), cognition (Supplemental
Figure 3d—g), or locomotion (Supplemental Figure 3h—j) compared to control condition plus
21-day odor enrichment.

Consistently, anesthesia/surgery did not significantly decrease amounts of OMP and GAP43,
numbers of OMP- or GAP43-positive cells in the olfactory epithelium of the nasal cavity,
and PSD95 and synaptophysin amount in the hippocampus as compared to the control
condition in the mice that received odor enrichment for 21 days (Figure 4a—j).

IL-6 antibody attenuated the anesthesia/surgery-induced behavioral and cellular changes

in mice.

Two-way ANOVA showed a significant interaction of group (control versus anesthesia/
surgery) and treatment (saline versus IL-6 antibody) on blood IL-6 amounts 6 hours after
anesthesia/surgery (Figure 5a). Specifically, anesthesia/surgery significantly increased blood
IL-6 amounts in mice, and treatment with IL-6 antibody attenuated this elevation.
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The anesthesia/surgery significantly increased IL-6 amounts in the olfactory epithelium

of mice’s nasal cavity 12 hours after the anesthesia/surgery (Figure 5b). IL-6 antibody
treatment also attenuated the anesthesia/surgery-induced reduction in OMP, GAP43, PSD95,
synaptophysin amounts (Figure 5¢—n), and the anesthesia/surgery-induced olfactory and
cognitive impairment (Supplemental Figure 4). The anesthesia/surgery did not decrease
OMP and GAP43 amounts compared to controls in the IL-6 knockout mice pretreated
(Supplemental Figure 5).

DISCUSSION

This study in animals and humans demonstrated that olfactory function was associated
with dNCR in patients and postoperative cognitive impairment in mice. Moreover, odor
enrichment mitigated the anesthesia/surgery-induced olfactory and cognitive impairment in
mice. These results highlight the need for more clinical studies to assess whether odor
enrichment can reduce the incidence and severity of PND in patients.

The data showed that patients who developed dNCR had a worse olfactory function at
baseline and one week after anesthesia/surgery than patients who did not develop dNCR,
suggesting an association between olfactory impairment and dNCR in patients. Further
studies in mice showed olfactory impairment up to 3 days after anesthesia/surgery as well as
cognitive impairment at 11 days after anesthesia/surgery, potentially mediated by increased
IL-6 amounts in blood and olfactory epithelium of the nasal cavity, decreased OMP and
GAP43 amounts in the olfactory epithelium of nasal cavity, as well as reduced PSD95 and
synaptophysin amounts in the hippocampus of mice.

The mice in the olfactory function test on Day 11 were different from those on the

Barnes Maze test on Day 11. Anesthesia/surgery might initially impair olfactory function
by decreasing numbers of olfactory receptor neurons (as evidenced by reduced OMP and
GAP43 amounts) 12 hours after the anesthesia/surgery, which leads to cognitive impairment
by reducing synaptic markers in the hippocampus 11 days after the anesthesia/surgery.

We do not know why there was a time gap between the onset of postoperative olfactory
impairment and the onset of postoperative cognitive impairment at present. There could be
other changes between postoperative olfactory impairment at 12 hours (and the associated
reductions in OMP and GAP43 amounts) and cognitive impairment at 11 days (and the
associated decreases in synaptic markers). Future studies are needed to reveal such changes.

Odor enrichment and treatment with IL-6 antibody rescued anesthesia/surgery-induced
olfactory and cognitive impairment and the associated changes in IL-6, OMP, GAP43,
PSD95, and synaptophysin amounts in mice. These data further suggest the contribution of
olfactory impairment to cognitive impairment and reveal, at least partially, the underlying
mechanism by which anesthesia/surgery induces olfactory and cognitive impairment in
mice.

IL-6 is a proinflammatory cytokine and may contribute to cognitive impairment18, |L-6
can be released from muscle and brown adipocytes’ and is associated with olfactory
impairment!9. Our results suggest that anesthesia/surgery can increase IL-6 amounts in
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blood and olfactory epithelium, reducing the amounts of olfactory receptor neurons in the
olfactory epithelium in the nasal cavity, leading to olfactory impairment. The olfactory
impairment then causes synaptic loss in the hippocampus, leading to cognitive impairment.

AD neuropathogenesis (e.g., neurofibrillary tangles) appears in brain regions, including the
olfactory bulb, prepiriform cortex, entorhinal cortex, and amygdala, which are involved in
olfactory processing [reviewed in®]. However, no studies have shown changes in olfactory
receptor neurons in the olfactory epithelium of the nasal cavity, the peripheral nerve system,
after anesthesia/surgery. Here, we demonstrated the IL-6-associated reductions in expression
of mature and premature olfactory receptor neurons in mice following anesthesia/surgery
and that odor enrichment, a non-pharmacological approach, attenuated these changes.

Odorants interact with olfactory receptors located on the surface of olfactory sensory
neurons in the olfactory epithelium of the nasal cavity. Activated olfactory receptors initiate
signal transduction by increasing the generation of cAMP, which generates action potentials
to convey odor information to the olfactory bulb38. OMP can promote signal transduction
by the increasing generation of cAMP39, and knockout of OMP leads to deficits in detecting
and discriminating odorants#%: 41, The present study demonstrated that anesthesia/surgery
decreased OMP and OMP-positive neurons, part of the peripheral nerve system, in the
olfactory epithelium of mice’s nasal cavity. These data suggest that anesthesia/surgery can
cause olfactory impairment by decreasing OMP and olfactory sensory neurons. Anesthesia/
surgery also reduced amounts of GAP43, a marker of premature olfactory sensory neurons#
15 Thus, it is conceivable that anesthesia/surgery could reduce olfactory sensory neurons by
regulating premature olfactory sensory neurons. Finally, anesthesia/surgery also decreased
synaptophysin, a presynaptic marker#2: 43 and PSD-95, a postsynaptic marker#4. Taken
together, findings from the current proof-of-concept and intervention study suggest a
potential signaling pathway in the blood (IL-6), the olfactory epithelium (IL-6), premature
olfactory sensory neurons (GAP43), olfactory sensory neurons (OMP), and hippocampus
(synaptophysin and PSD95) (Supplemental Figure 6). Future mechanistic investigations are
needed to confirm and dissect the pathway.

The current study has limitations. First, the sample size of the human study was small

and relatively lacking in diversity. We recruited participants from only one large hospital,
anesthesia depth was not monitored in the participants, and some important perioperative
information (e.g., amounts of blood loss) was missing. Future systematic studies should
confirm our findings in more extensive and diverse samples. Second, we used 4-month-old
mice rather than aged mice, and dNCR occurs more frequently in older adults. However, this
study has established a system for future research that can compare the effects of anesthesia/
surgery on olfactory and cognitive function between adult and aged mice. Third, the study
demonstrated that anesthesia/surgery decreased the markers of olfactory neurons at 12 hours,
induced olfactory impairment for up to 3 days, and caused cognitive impairment on day

11 after the anesthesia/surgery compared to the control condition. Notably, assessing these
changes at different times was a limitation of the present study.

In conclusion, these clinical and pre-clinical studies suggest that anesthesia/surgery-
induced olfactory impairment could contribute, at least partially, to postoperative cognitive
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impairment. We demonstrated an IL-6-associated mechanism by which an external stressor
(anesthesia/surgery) induced olfactory and cognitive impairment through the interaction of
the peripheral nerve system (olfactory receptor neurons) and the central nervous system
(synapses in the hippocampus). Moreover, odor enrichment could be a potential intervention
for dNCR by preventing or treating anesthesia/surgery-induced olfactory impairment. These
findings should promote future pre-clinical and clinical investigation to reveal underlying
mechanisms and interventions, including non-pharmacological approaches, for dANCR and
other types of PND.
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3574 patients were assessed for the
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A 4

2822 didn’t meet the inclusion criteria

A 4

452 Excluded
29 mental or neurodegenerative disease
13 severe trauma or surgery history
10 nasal or sinus disease or surgery
6 caught cold within a week
20 expected short time of survival.
23 severe organ (e.g., heart) dysfunction
257 unwilling or unable to finish the test
94 low MMSE score

eligibility
e
c
E v
o 752 participants were screened for
= enrollment
c
1T}
\ 4
300 were enrolled for study
Q
7
3
o
©
e
2
7
z \ 4
e 206 were included for the final
< data analysis

94 Excluded

14 refused baseline olfactory function tests

25 discharged from hospital earlier

32 refused the postoperative
neuropsychological tests

17 unable to complete the postoperative
neuropsychological tests

6 did not complete postoperative
olfactory function tests

Figure 1. Flow diagram for the study to assess the association of olfactory and cognitive
impairment in participants from Xuzhou Medical University.

We initially evaluated 3,574 participants for eligibility; 752 were screened for the study, and
206 were included in the data analysis for baseline and postoperative tests.
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Figure 2. Anesthesia/surgery impair s olfactory and cognitive function in mice.
Effects of anesthesia/surgery on olfactory function detected by block tests 1 (a), 2 (b), and

3 (c) days after the anesthesia/surgery. d. Effects of anesthesia/surgery on latency to identify
and enter the escape box on Barnes maze training days 7—-10 days after anesthesia/surgery.
Effects of anesthesia/surgery on latency to identify and enter the escape box (€), number of
wrong holes searched before identifying the escape box (f), and time in the target zone (g)
on Barnes maze testing day (day 11 after anesthesia/surgery). Effects of anesthesia/surgery
on total distance in the open field test 1 (h), 2 (i), and 3 (j) days after anesthesia/surgery.
ANOVA, analysis of variance; SEM, standard error of the mean. N = 10/group. Data are
presented as means + SEM. The Student’s #test was used to analyze the data in panels a, b,
¢, h, i, and j; P-values refer to the difference in sniffing time or total distance between the
control condition and anesthesia/surgery. Data are presented as means + SEM, and two-way
ANOVA and posthoc analysis with Bonferroni was used to analyze the data presented in
panel d; Pvalue refers to the interaction of treatment (control versus anesthesia/surgery) and
time (day 7-10) on latency to identify and enter the escape box. Data are presented as the
median and interquartile range (25%-75%). Mann—Whitney U test was used to analyze the
data in panels e, f, and g; P-values refer to the difference in behavioral changes between
control and anesthesia/surgery groups. *P< 0.05; **P< 0.01.
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Figure 3. Anesthesia/surgery decreases OMP and GAP43 amountsin the olfactory epithelium
and amounts of PSD95 and synaptophysin in the hippocampus of mice.

Effects of anesthesia/surgery on OMP amounts detected by western blot (a, b) and
expression of OMP-positive cells detected by immunohistochemistry (c, d) in the olfactory
epithelium of the nasal cavity of mice 12 hours after anesthesia/surgery. Effects of
anesthesia/surgery on GAP43 amounts detected by western blot (e, f) and expression of
GAP43-positive cells detected by immunohistochemistry (g, h) in the olfactory epithelium
of the nasal cavity of mice 12 hours after the anesthesia/surgery. Effects of anesthesia/
surgery on amounts of PSD95 (i, j) and synaptophysin (k, ) in the hippocampus of mice 11
days after the anesthesia/surgery. OMP, olfactory marker protein; GAP43, growth-associated
protein 43; PSD95, postsynaptic density protein 95; SEM, standard error of the mean. N =
6-10/group. Data are presented as means + SEM, and Student’s £test was used to analyze
the data in panels b, d, f, h, j, and I; ~-values refer to the difference in protein amounts or
number of cells between control and anesthesia/surgery groups. *P< 0.05; **P< 0.01.
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Figure 4. Odor enrichment mitigates the anesthesia/surgery-induced reductionsin OMP and
GAP43 amountsin the olfactory epithelium and decreasesin PSD95 and synaptophysin amounts
in the hippocampus of mice.

Effects of anesthesia/surgery plus odor enrichment on amounts of OMP detected by western

blot (a, b) and expression of OMP-positive cells detected by immunohistochemistry (c, d)
olfactory epithelium of the nasal cavity of mice at 12 hours after the anesthesia/surgery.
Effects of anesthesia/surgery plus odor enrichment on the expression of GAP43-positive
cells detected by immunohistochemistry (g, ) in the olfactory epithelium of the nasal
cavity of mice 12 hours after the anesthesia/surgery. Effects of anesthesia/surgery plus
odor enrichment on amounts of PSD95 (g, h) and synaptophysin (i, j) in the hippocampus
of mice at 11 days after the anesthesia/surgery. OMP, olfactory marker protein; GAP43,
growth-associated protein 43; PSD95, postsynaptic density protein 95; SEM, standard error
of mean. Data are presented as means = SEM, and Student’s test was used to analyze the
data in panels b, d, f, h, and j; P values indicate the difference in protein amounts between
control and anesthesia/surgery plus odor enrichment groups.
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Figure5. IL-6 antibody treatment attenuates the anesthesia/surgery-induced increasesin blood
IL-6 amounts, reductionsin OMP and GAP43 amountsin the olfactory epithelium, and
reductionsin PSD-95 and synaptophysin amountsin the hippocampus of mice.

a. IL-6 antibody attenuates the anesthesia/surgery-induced increases in blood IL-6 amounts
of mice. b. Effects of anesthesia/surgery on IL-6 amounts in olfactory epithelium determined
by ELISA. Effects of anesthesia/surgery plus IL-6 antibody treatment on OMP amounts
detected by western blot (c, d) and expression of OMP-positive cells detected by
immunohistochemistry (e, f) in the olfactory epithelium of the nasal cavity of mice at

12 hours after the anesthesia/surgery. Effects of anesthesia/surgery plus IL-6 antibody on
amounts of GAP43 detected by western blot (g, h) and expression of GAP43-positive cells
detected by immunohistochemistry (i, j) in the olfactory epithelium of the nasal cavity of
mice at 12 hours after anesthesia/surgery. Effects of anesthesia/surgery plus IL-6 antibody
treatment on amounts of PSD95 (k, 1) and synaptophysin (m, n) in the hippocampus

of mice at 11 days after the anesthesia/surgery. OMP, olfactory marker protein; GAP43,
growth-associated protein 43; PSD95, postsynaptic density protein 95; SEM, standard error
of mean; IL-6, interleukin 6. N = 6-10/group. Data are presented as means £ SEM. Two-
way ANOVA was used to analyze the data in panel a; P-value refers to the interaction of
group (control versus anesthesia/surgery) and treatment (saline versus IL-6 antibody). Data
are presented as means + SEM, and Student’s t-test was used to analyze the data in panels

b, d, f, h, j, I, and n; P-values refer to the difference in protein amounts between control and
anesthesia/surgery plus IL-6 antibody groups. * P < 0.05; **P < 0.01.
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Demographic characteristics of participants

Table 1.

Participants (N = 206)

Characteristics dNCR (N =42) Non-dNCR (N = 164) P
Age, M (IQR), yr 69.00 (66.00, 77.00) 67.00 (63.00, 72.00) 0.028
Male, No (%) 28 (0.67) 112 (0.68) 0.987
Education, M (IQR), yr 9.00 (6.00, 9.00) 9.00 (6.00, 10.50) 0.266
BMI, M (IQR), kg/m? 24.22 (21.80, 26.46) 24.16 (22.10, 26.57) 0.756
Follow-up, M (IQR), day 7.00 (6.25, 9.00) 7.00 (6.00, 8.00) 0.294
Preoperative MMSE, M (IQR), score  26.50 (24.00, 28.00) 27.00 (25.00, 29.00) 0.040
Stroke, No (%) 6(0.14) 16 (0.09) 0.570
Hypertension, No (%) 18 (0.43) 70 (0.43) 1
Diabetes mellitus, No (%) 7(0.17) 19 (0.12) 0.532
Coronary disease, No (%) 2 (0.05) 23 (0.14) 0.169
Alcohol problem, No (%) 5(0.12) 20 (0.12) 1
Smoking, No (%) 8(0.19) 35 (0.21) 0.910
Length of anesthesia, M (IQR), min  185.00 (160.00, 250.00) ~ 190.00 (140.00, 245.00)  0.451
Length of surgery, M (IQR), min 150.00 (130.00, 223.75)  160.00 (118.75, 210.00)  0.532
Ol at baseline (M, IQR), score 7.00 (1.25, 9.00) 10.00 (8.00, 11.00) <0.001
Ol at 1 week (M, IQR), score 8.00 (2.25, 10.00) 10.00 (8.00, 11.00) <0.001
OT at baseline (M, IQR), score 6.00 (3.25, 8.00) 7.00 (5.00, 9.00) 0.015
OT at 1 week (M, IQR), score 5.00 (3.00, 6.75) 6.00 (4.00, 9.00) 0.001

Abbreviations: dNCR: delayed neurocognitive recovery; M, median; IQR: interquartile range, 25%-75%; BMI: body mass index. MMSE:
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Mini-mental State Examination. OI: odor identification; OT: olfactory threshold. Mann-Whitney U test was used to compare the non-normally
distributed continuous variables and the Pearson Chi-Square test was used to compare categorical variables. P values refer the difference between

dNCR cohort and Non-dNCR cohort.
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Table 2.

Olfactory function is associated with delayed neurocognitive recovery in patients

Baseline (N = 206)
Smell Test Score Unadjusted Adjusted for age, gggggrﬁeﬁ%ﬁagiﬁgdr[gg%ﬁgtggg l\t/gi score, and days of
OddsRatio (95% CI) | P-Value OddsRatio (95% CI) P-Value
Ol 0.80 (0.73, 0.88) <0.001 0.79 (0.72, 0.88) <0.001
oT 0.89 (0.80, 0.98) 0.021 0.87 (0.78, 0.98) 0.016
Postoper ative follow-up (N = 206)
Unadjusted Adjusted for age, gender, education, preoperative MMSE score, and days of
Smell Test Score postoperative neuropsychological tests
OddsRatio (95% CI) | P-Value OddsRatio (95% CI) P-Value
Ol 0.81 (0.74, 0.89) <0.001 0.81 (0.73, 0.90) <0.001
oT 0.82(0.73, 0.93) 0.002 0.82(0.72, 0.93) 0.003

Abbreviations: Ol: odor identification; OT: olfactory threshold; dNCR: delayed neurocognitive recovery.
Baseline: one day before the anesthesia/surgery.
Postoperative follow-up: about 1 week after the anesthesia/surgery.

This table shows the results of logistic regression analysis before and after the adjustment of age, gender, education, preoperative mini-mental

1duosnuey Joyiny 1duosnuen Joyiny
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status examination (MMSE) score and days of postoperative neuropsychological tests.
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