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Postoperative cognitive dysfunction is a cognitive 
decline after anesthesia/surgery that occurs fre-
quently in older adults,1 which has also been termed 

mild neurocognitive disorder postoperative when the cog-
nitive decline is ≥1 SD in magnitude and accompanied by 
subjective complaints.2 Postoperative cognitive dysfunc-
tion/neurocognitive disorder is hypothesized to be caused 
by neuroinflammation. In animal postoperative cognitive 
dysfunction/neurocognitive disorder models, peripheral 
blood mononuclear cells enter the brain and cause postoper-
ative memory deficits.3 Peripheral blood mononuclear cells 
have been routinely studied by flow cytometry.4 However, 
to our knowledge, flow cytometry has never been used to 
investigate postoperative neuroinflammation in humans.

Postoperatively, human cerebrospinal fluid (CSF) cyto-
kine levels increase, including monocyte chemoattractant 
protein 1.5 This suggests that postoperative CSF monocyte 
chemoattractant protein 1 increases may recruit monocytes 
into the human central nervous system (CNS), though to 
our knowledge, postoperative CNS monocyte levels have 
never been studied in patients with postoperative cognitive 
dysfunction. Thus, we designed an optimized polychro-
matic flow cytometry (PFC) panel to measure postoperative 
CSF leukocyte changes and identify monocyte activation 
subsets from before to after surgery, in patients with versus 
without postoperative cognitive dysfunction.

METHODS
CSF Cell Isolation and Cryopreservation
CSF samples were obtained from patients enrolled in the 
Duke Medical Center Institutional Review Board (IRB)-
approved Markers of Alzheimer’s Disease and neuro-
cognitive Outcomes after Perioperative Care study (NCT 
NCT01993836); written informed consent was obtained 
from all subjects (or legal surrogate). Eligible patients (ie, ≥60 
years of age, undergoing noncardiac/non-neurologic sur-
gery scheduled for >2 hours duration, with a planned over-
night hospital admission) were prospectively consented/
enrolled from November 4, 2013 to December 2, 2016.6 We 
excluded patients on anticoagulants that would preclude 
safe lumbar puncture.7 Lumbar punctures were performed 
without sedation, to avoid potential confounding effects 
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of sedatives/anesthetics, at ≤1 hour before, 24 hours after, 
and 6 weeks after surgery. At each time point, 10 mL of CSF 
was aspirated from the spinal needle via sterile 10 mL poly-
propylene syringe and placed in a 4°C 15 mL tube (VWR; 
Radnor, PA; catalog No. 10025-686).

CSF samples were centrifuged at 800g for 10 minutes at 
4°C. Acellular supernatant was decanted. The pellet was resus-
pended in 0.5 mL of 90% Hyclone heat-inactivated fetal bovine 
serum (GE Healthcare Life Sciences, Logan, OR; catalog No. 
SH30071.03HI) with 10% Hybri-Max DMSO (Sigma, St Louis, 
MO; catalog No. D2660-100ML), and slowly frozen at −80°C 
in a BioCision Cool Cell (Corning, Corning, NY; catalog No. 
432000). After 1 week, samples were transferred on dry ice to a 
−140°C freezer for long-term storage.

For analysis, cells were thawed at 37°C. One milliliter of 
prewarmed (37°C) Roswell Park Memorial Institute (RPMI) 
media with 10% fetal bovine serum (FBS), 1× penicillin/
streptomycin, 1× l-glutamine, and 0.01 U/mL benzonase 
(R10FBS/Benz buffer) was added to the cell solution, which 
was transferred to a containing 8 mL of prewarmed (37°C) 
R10FBS/Benz buffer; an additional 16 mL prewarmed 
(37°C) R10FBS/Benz buffer was then added. This solution 
was centrifuged at 300g for 10 minutes at 4°C. The super-
natant was decanted, and the pellet was resuspended by 
pipetting and placed on ice.

Cell Surface Antibody Staining
Samples underwent Fc receptor blocking (TruStain FcX; 
Biolegend, San Diego, CA, catalog No. 422302) for 15 min-
utes, followed by 30-minute antibody (Ab) surface-staining 
at 4°C (Table). To minimize cell loss, samples underwent 1 
centrifugation/wash, and an erythrocyte marker was used 
to exclude red cells from analysis. Samples were acquired 
on a BD Fortessa analyzer (BD Biosciences).

Cell Surface Antibody Panel Development
We developed a PFC panel to broadly characterize immune 
cell subsets (lymphocytes, monocytes, etc.). Given the 
potential role of monocytes in postoperative cognitive dys-
function,3,8 we included several monocyte markers. The full 
list of PFC panel antibodies and staining concentrations are 
available from the corresponding author via email request. 
Cell populations were described using descriptive statis-
tics (means ± SDs). CSF cells were operationally defined as 
events on a flow cytometry plot of CD235a versus CD45, 
after gating for singlet events.

Patient Selection, Cognitive Testing, and 
Statistics
We selected 5 Markers of Alzheimer’s Disease and neuro-
cognitive Outcomes after Perioperative Care study patients 
with postoperative cognitive dysfunction who had the great-
est decline in overall cognitive index from before to 6 weeks 
after anesthesia/surgery (who had CSF samples available 
from all 3 time points). We compared these patients to 5 
age-matched and gender-matched patients without postop-
erative cognitive dysfunction who had a positive cognitive 
index change during this timeframe. We chose this strategy 
to try to identify patients with the greatest postoperative 
cognitive dysfunction severity versus similar patients with 
postoperative cognitive improvement and to accentuate 
potential neuroinflammatory changes in the postoperative 
cognitive dysfunction group.

Given the small sample size (N=5 patients per group, 
which essentially precludes the ability to control for poten-
tial confounders), we simply described patient character-
istics within each group with mean (SD) for numeric and 
N (%) for categorical variables. The 95% CIs for difference 
between groups (postoperative cognitive dysfunction 

Table. PFC Immunophenotyping Panel Markers
Marker Marker Full Name, Function Rationale
Zombie Viability Dead cell exclusion
CD235a Glycophorin A, erythrocyte sialoglycoprotein, expressed by red blood cells Red cell exclusion
CD45 Receptor protein tyrosine phosphatase, pan-leukocyte marker Leukocyte cell inclusion
CD3 Coreceptor for the T-cell receptor, contains immunoreceptor  

tyrosine-based activation motif
T cell marker

CD4 Coreceptor for T-cell receptor, binds to major histocompatibility  
complex class II

Helper T cell marker; CD4− (CD8) cytotoxic T cell 
identification

CD56 Homophilic binding glycoprotein Natural killer cell identification
CD14 Lipopolysaccharide coreceptor, also binds other pathology associated 

molecular pattern molecules; expressed by monocytes, neutrophils,  
and dendritic cells

Classical, nonclassical, and intermediate monocyte 
subset identification3,10

CD16 Fcγ receptor III (low-affinity receptor for Fc portion of IgG antibodies); 
expressed by neutrophils, natural killer cells, monocytes, and 
macrophages; a “nonclassical” monocyte marker3

Classical, nonclassical (proinflammatory), and 
intermediate monocyte subset identification3; 
natural killer and natural killer T cell identification

CD163 High-affinity scavenger receptor for haptoglobin–hemoglobin, expressed  
by monocyte/macrophage lineage

Expressed by CNS perivascular monocytes, high 
correlation with HIV-associated neurocognitive 
impairment

CD192 Monocyte chemoattractant protein 1 receptor (chemokine receptor  
type 2), expressed by monocyte/macrophage lineage

Pathogenic monocyte subset identification

CD206 C-type lectin receptor for terminal mannose, expressed by monocytes/ 
macrophages, immature dendritic cells

Pathogenic monocyte subset identification

Human leukocyte 
antigen antigen 
D related

Major histocompatibility complex class II receptor, expressed on B cells, 
monocytes/macrophages, and dendritic cells

Antigen-presenting cell/monocyte subset 
identification; quantification of lymphocyte 
activation

For further details such as fluorochrome, antibody clone, vendor, catalog number, and concentration, please contact the corresponding author via email.
Abbreviations: CNS, central nervous system; Fc, fragment, crystallizable; HIV, human immunodeficiency virus; PFC, polychromatic flow cytometry.
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versus no postoperative cognitive dysfunction) in means 
of the monocyte/lymphocyte ratio and monocyte chemoat-
tractant protein 1 expression (CD192 fluorescence intensity) 
were calculated using the pooled SD of the samples and the 
appropriate percentiles from a standard t distribution.

Cognitive Testing and Defining Postoperative 
Cognitive Dysfunction
Markers of Alzheimer’s Disease and neurocognitive 
Outcomes after Perioperative Care study patients under-
went neurocognitive assessment at baseline and 6 weeks 
after surgery using our well-established neurocognitive test 
battery9 including the Randt Short Story Test, the Wechsler 
Memory Scale Modified Visual Reproduction Test, the 
Digit Span and Digit Symbol tests from the revised ver-
sion of the Wechsler Adult Intelligence Scale, and the Trail 
Making Test, Part B. The scores from these tests were com-
bined using prior factor analysis solutions.9 The 4 domain 
scores were averaged together to provide overall cogni-
tive index scores. Six-week change in cognitive index was 
calculated by subtracting the baseline from 6-week score. 
Postoperative cognitive dysfunction was defined as a >1 SD 
decline in ≥1 cognitive domain from baseline to 6 weeks, a 
standard definition we have used for >20 years.1.

RESULTS
CSF Cell Numbers
Though often considered acellular, healthy human CSF con-
tains 1–5 cells/μL (or ≈1–5 × 104/10 mL CSF).10 We analyzed 
CSF samples from 9 Markers of Alzheimer’s Disease and 
neurocognitive Outcomes after Perioperative Care study 
study patient samples and found 12,654 ± 4895 cells/10 mL 
(mean ± SD) or ~1.2 cells/μL, within the reported normal 
cell count range for healthy human CSF.10 Importantly, post-
thaw leukocyte (CD45+ CD235a−) viability was acceptable 
(77.6 ± 11.8%) and similar to cell viability in frozen periph-
eral blood mononuclear cells (data not shown). Across 
30 individual patient CSF samples that we analyzed (10 
patients, 3 time points each; see the Figure for a represen-
tative flow plot from 1 patient), we also found ~15 times 
as many leukocytes as erythrocytes or a 15.1:1 (±13.1; mean 
± SD) leukocyte/erythrocyte ratio, suggesting that little to 
no peripheral blood contamination occurred during lumbar 
punctures.

PFC Gating Strategy
PFC markers and justification are presented in the Table; 
monocyte gating strategy is shown in the Figure, panel 
A. We first identified singlets and then viable leukocytes 
(CD45brt+CD235a− nirZombie−). After granulocyte exclu-
sion (CD45 versus side scatter A [SSC-A]), lymphocytes 
and monocyte populations were identified by traditional 
FSC-A v. SSC-A (log scale; Figure, panel A). They were 
then directly and indirectly defined by lineage-specific 
markers: T cells (CD3+), helper T cells (CD3+CD4+), 
cytotoxic T cells (CD3+ CD4−), natural killer cells (CD3− 
CD56+CD16−, CD56−CD16+, CD56+CD16+), natural killer 
T cells (CD3+CD56+), and B cells (CD3− CD56−CD16−, not 
shown). For monocytes, we defined nonconventional (M2, 

or CD14− CD16+), intermediate (CD14+ CD16+), and con-
ventional (M1, or CD14+ CD16−) populations.4

Perioperative Changes in CSF Monocyte Cell 
Subsets

Baseline characteristics of patients with versus without post-
operative cognitive dysfunction are displayed in Supplemental 
Digital Content 2, Table 1, http://links.lww.com/AA/C790. A 
representative flow plot from 1 patient with postoperative cog-
nitive dysfunction is shown in the Figure, panel A. Peripheral 
blood mononuclear cell samples typically show predomi-
nantly conventional (M1) CD14+CD16− monocytes,11 yet this 
patient’s CSF displayed predominantly proinflammatory 
CD14+CD16+ monocytes (Figure, panel A, bottom). We found 
a ~70% increase in the CSF monocyte/lymphocyte ratio from 
before to 24 hours and 6 weeks after surgery in patients who 
developed postoperative cognitive dysfunction (Figure, panel 
B), while the CSF monocyte/lymphocyte ratio decreased by 
~18% in patients who did not develop postoperative cogni-
tive dysfunction (Figure, panel B). The difference in the mean 
monocyte/lymphocyte ratio (and 95% CI) between patients 
with postoperative cognitive dysfunction versus those with-
out postoperative cognitive dysfunction was −0.046 (−0.337 to 
0.244) before anesthesia/surgery, 0.179 (−0.101 to 0.458) at 24 
hours after surgery, and 0.141 (−0.169 to 0.451) at 6 weeks after 
surgery (Figure, panel B).

Because monocyte chemoattractant protein 1 is a mono-
cyte chemoattractant, and brain monocyte chemoattrac-
tant protein 1 levels rise in mouse postoperative cognitive 
dysfunction models, we examined monocyte chemoattrac-
tant protein 1 receptor expression (ie, CD192 fluorescence 
intensity) on CSF monocytes. Monocyte surface monocyte 
chemoattractant protein 1 receptor expression decreased by 
~60% at 24 hours after surgery in patients who developed 
postoperative cognitive dysfunction, but not in patients 
who did not develop postoperative cognitive dysfunction 
(Figure, panel C). The difference in monocyte chemoattrac-
tant protein 1 receptor expression (ie, CD192 fluorescence 
intensity) and 95% CIs between patients with postopera-
tive cognitive dysfunction versus those without postopera-
tive cognitive dysfunction were −345 (−3600 to 2910) before 
anesthesia/surgery, 22 (−4173 to 5217) at 24 hours after 
surgery, and −87 (−1703 to 1529) at 6 weeks after surgery 
(Figure, panel C). Because cell surface G protein–coupled 
receptor downregulation is a canonical response to agonist 
stimulation,12 this suggests that in patients who develop 
postoperative cognitive dysfunction, monocyte chemoat-
tractant protein 1 receptor signaling may draw peripheral 
blood mononuclear cells into the CNS (and into the CSF) 
and cause monocyte chemoattractant protein 1 receptor 
downregulation on these cells (Figure, panel C).

DISCUSSION
We developed a novel monocyte-focused 12-color PFC 
panel to immunophenotype cells in preoperative and post-
operative CSF samples from older adults who underwent 
preoperative and postoperative cognitive testing. Patients 
who developed postoperative cognitive dysfunction at 
6 weeks after surgery had an increased CSF monocyte/
lymphocyte ratio and monocyte chemoattractant protein 

http://links.lww.com/AA/C790
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1 receptor downregulation 24 hours after surgery. These 
findings raise the possibility that a causative mechanism 
identified in mouse postoperative cognitive dysfunction 
models3,8 (ie, monocyte chemoattractant protein 1–depen-
dent monocyte influx into the brain) could potentially 

play a role in human postoperative cognitive dysfunction. 
Although this pilot study is too small to make definitive 
conclusions about the role of CSF monocytes in postop-
erative cognitive dysfunction, these data demonstrate that 
this method is feasible to examine potential postoperative 

Figure. Cerebrospinal fluid (CSF) flow cytometry and postoperative cognitive dysfunction (POCD). A, Changes in monocytes and monocyte 
surface marker expression in a representative patient with POCD. A, Top, SSC-A versus FSC-A plot used to identify monocytes (top gate) 
versus lymphocytes (bottom gate) and monocyte to lymphocyte ratio (Mono/Lymph). Bottom, CD14 versus CD16 staining on monocytes. B, 
Monocyte/lymphocyte ratio (Mono/Lymph) in the CSF of patients who did (versus did not) develop POCD 6 weeks after surgery. C, Monocyte 
chemoattractant protein 1 (MCP-1) receptor expression on CSF monocytes (ie, CD192 fluorescence intensity) from patients who did (versus 
did not) develop POCD 6 weeks after surgery. The middle line on each box plot represents the group median, while the top and bottom box 
edges show the interquartile range (IQR, 25th–75th percentiles). The whiskers show the rest of the data, except when there are outliers, in 
which case the whiskers show 1.5 times the IQR. The points past the whiskers are outliers (>1.5 times the IQR). FSC-A indicates forward-
scatter; SSC-A, side-scatter.
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cognitive dysfunction mechanisms in future studies with 
sufficient size to adjust for additional covariates and poten-
tial confounders (as we are doing in the Investigating  
NeuroinflammaTion UnderlyIng postoperative cogniTive 
dysfunction (INTUIT) study13: clinicaltrials.gov identifier 
NCT03273335). E
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