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Surgery and anesthesia induce inflammatory changes in the central nervous system, which ultimately
lead to neuronal damage concomitant with an increase in the level of neurodegeneration markers.
Despite some experimental data showing prolonged activation of the immune system post-surgery,

no study has determined the extent of long-term elevation of neurodegeneration markers. The
purpose of this study was to investigate the serum levels of tau protein, ubiquitin carboxyl-terminal
hydrolase L1 (UCH-L1), neurofilament light (NF-L), and glial fibrillary acidic protein (GFAP) after
elective cardiac surgery with the implementation of cardiopulmonary bypass (CPB). The serum levels

of these markers from 30 patients were compared longitudinally to the baseline (pre-surgery or ty), at
24hours (t,,,), at 7 days (t,;4), and at 3 months (t,;,,). The secondary outcome was the production of
macrophage-colony stimulating factor (M-CSF) and tumor necrosis factor-o. (TNF-a) in vitro by isolated

: monocytes in response to lipopolysaccharide (LPS) as the measure of immune system activation. The

. tertiary outcome was the serum level of C-reactive protein (CRP), serum amyloid P (SAP), and o-2-

. macroglobulin (A2M). Serum levels of tau protein increased 24 hours after surgery (p =0.0015) and
remained elevated at 7 days (p =0.0017) and three months (p =0.036). Serum levels of UCH-L1 peaked
at 24 hours (p =0.00055) and normalized at 3 months. In vitro secretion of M-CSF by LPS-stimulated
peripheral monocytes, but not TNFq, correlated highly (r=0.58; p=0.04) with persistent elevation
of serum tau levels at 3 months. The serum CRP and SAP increases correlated with tau post-CPB levels
significantly at 3 months. We demonstrated that elevation of serum tau levels at 24 hours, 7 days, and 3

. months after heart surgery is concomitant with some traits of inflammation after CPB. The elevation of

. tau several weeks into recovery is significantly longer than expected.

There is well-established evidence suggesting that surgery and anesthesia have a significant impact on imme-

diate neurocognitive recovery'~>. However, the connection between long-term cognitive functioning and the

. emergence of neurodegenerative disorders such as Alzheimer’s or Parkinson’s disease, and a para-surgical insult

: preempting the emergence of symptoms by a long period of time, has been debated>*. This is of particular impor-

. tance in elderly subjects®!!. The effect of para-surgical stress can amplify the detrimental effects of common
: elderly comorbidities such as malnutrition, deconditioning, and delirium*!.

The exact mechanism of postoperative cognitive decline is not clear but exceeding the ability of allostatic

coping to para-surgical stress will result in a new immunostasis’. In particular, the immune system may evolve

: towards prolonged subclinical activation'2 A rise in neurodegeneration markers has been noted in cerebrospinal
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fluid after cardiac surgery both with and without the implementation of cardiopulmonary bypass (CBP)*.
Most studies focused on a short-term observation window not exceeding 72-96 hours. The development of
ultra-sensitive techniques (SiMoA™, single molecule arrays, single molecule enzymatic assay) has enabled robust
measurements of markers in blood. Blennow et al. (2011) showed that anesthesia and/or surgery result in a tem-
porary increase of tau protein and neurofilament light in the serum up to 96 hours after non-cardiac surgery'*.

The underlying pathogenesis of cognitive dysfunction after surgery is debated and multifaced. The relationship
between microemboli and cognitive dysfunction has been discussed!>!¢. Abnormalities in arterial and venous
flow were suggested as well'”. Some emphasized the effect of hypotension/hypoxia, hypercarbia, and anesthetic
toxicity as contributing factors. However, neuroinflammation occupies the most dominant place in a discussion
of postoperative cognitive decline®'"!8. Post-cardiac surgery inflammation leads to an elevation in free radicals,
acute phase proteins, complement abnormalities, and cellular abnormalities®'®'. The lack of correlation with the
degree of surgical injury and postoperative decline suggests local inflammatory mechanisms'®?*2!. Activation
of native resident and brain-specific macrophages is often implicated as the driving force behind post-cardiac
surgery neuronal damage'**>. Importantly, once activated, microglia can remain active for a prolonged time after
surgery or any priming event®>-**. Production of M-CSF is characteristic of atypically activated monocytes and
microglia and has been linked to neurodegeneration?>**-2, Several functions and regulation characteristics of
microglia are mimicked by peripheral blood monocytes (MO)*?°. Considering that obtaining tissue samples
from a living donor is prohibitive, monitoring the function of blood MO allows for an estimation of the neuroin-
flammatory process®*.

In this study, we investigated the dynamics of four markers of neurological injury after heart surgery involving
cardiopulmonary bypass. Tau protein is a well-known marker associated with Alzheimer’s disease (AD)*3*3!,
Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) is neuron-specific and required for normal synaptic and
cognitive function®. UCH-LI gene is linked to AD, traumatic brain injury, PD, and an increase in extracellular
fluid suggesting neuronal injury®®. Neurofilament light (NF-L) is emerging as a serum marker of axonal neuro-
degeneration in AD and other neurodegenerative disorders, closely tracking the degree of tissue damage®**.
Glial fibrillary acidic protein (GFAP) is produced by glial cells and astrocytes after PAMP stimulation leading
to neuronal tissue protection, but when apoptosis occurs GFAP leaks into CSF and blood***. Considering that
neuroinflammation has been shown to be much more persistent after surgery, we hypothesized that markers of
neuronal damage may persist as long as the neuroinflammation, or generalized inflammation, persists, well after
72hours post-surgery'>!%.

Methods

Study sample. The study was approved by the Institutional Review Board at the University of Pennsylvania
(#815686). The study was performed by the ethical standards in the 1964 Declaration of Helsinki and its later
amendments. All participants in the study provided written informed consent.

The study sample consisted of serial collection of blood samples before surgery (t,), and 24 hours (t, ,4,), 7 days
(t,74), and 3 months (t, ;) after the cardiac surgery. All patients were scheduled for elective heart surgery at two
university hospitals in the northeast region of the United States. The average case volume exceeds 500 per year
in either location. The demographic and entry characteristics are presented in Table 1. Five different surgeons
participated in the study. Due to the high protocolization of pre-, intra- and post-operative care, the samples were
relatively homogenous in terms of the use of non-steroidal inflammatory drugs, statins, and peri-surgical steroid
dosing (Table 1).

We approached a total of 51 patients. 37 patients agreed to 3 months of follow up. A total of 30 patients were
finally included in the analysis due to sample availability (all four time points were collected). The sample size was
based on prior comparable studies'.

Measurement of neurodegeneration and inflammatory markers.  Blood samples were collected in
EDTA tubes (BD Biosciences, San Jose, CA), at the times specified above. The samples were centrifuged within
30 minutes of collection to separate serum from cellular components. Serum was subsequently stored at —80°C
until measurement was performed.

Plasma concentration of neurodegeneration markers was measured in the serum using the SiMoA neurology
4-plex assay which measures GFAP, UCH-L1, total tau, and NF-L in a serum sample simultaneously. The lower
limits of detection of the assay for GFAP, UCH-L1, total tau, and NF-L are 0.221 pg/ml, 1.74 pg/ml, 0.024 pg/ml,
and 0.104 pg/ml, respectively. The inter-lot and inter-instrument coeflicient of variation (CV) for each of the
proteins were <5%. All samples were run in duplicates. The serum level of CRP, serum amyloid protein o,
a-2-macroglobulin, and haptoglobin were measured using a multiplex kit (Millipore, Burlington MA). The sam-
ples were run on Flex 3D (Bio-Rad; Hercules CA). The detection limit is specified by the manufacturer.

Measurement of monocyte activation. MOs were separated as described previously and stimulated for
18 hours with lipopolysaccharide (LPS; [50 ng/ml]; Enzo Biological; Farmingdale NY)**. The TNF« (Biolegend,
San Diego CA) and M-CSF (Thermofisher, New York NY) levels in supernatants were measured using the ELISA
technique as described by the manufacturers.

Statistical analysis. A preliminary power calculation was conducted based on prior studies investigating
the changes in serum level of neuronal damage biomarkers and prolonged MO activation'***. We needed to col-
lect data on 29 patients in order to achieve o of 0.05 and power of 0.85 with ~25% increase in serum tau level as
compared to pre-surgical level assuming a bilateral null hypothesis.

Blood samples were taken at four different time points (baseline (t,), 24 hours (t,,4,), 7 days (t,4), and 3
months (t,,,)) from patients undergoing heart surgery with the application of cardiopulmonary bypass. Data
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Age, mean(SD), years 67.9 (8.85)
Sex - Male no (% of total). 21.0 (70%)
BMI mean(SD) [kg/m?] 26.9 (5.3)
Anesthesia & Surgery Data
Duration of anesthesia; mean(SD) [min] 389.3+89.07
Duration of surgery; mean(SD) [min] 272.1+83.2
Duration of CBP, mean(SD) [min] 123.54+56.5
Duration of X-clamp, mean(SD) [min] 80.2+44.4
Coronary artery bypass surgery no. (% of total). 10 (33%)
Mitral valvuloplasty no. (%ana of total). 8(26.7%)
Aortic valve replacement no. (% of total). 7 (23.3%)
Aortic aneurysm repair no. (% of total). 2(6.7%)
Others, no (% of total). 3(10%)
Opioid/Sedative Usage
During Surgery
Morphine Equivalents, mean(SD) [mg] 120.3+42.6
Midazolam, mean(SD) [mg] 44421
Corticosteroid Administration (% of all cases) 10
In 24 h post-surgery
Morphine Equivalents, mean(SD) [mg] 32.4+38.8
Midazolam, mean(SD) [mg] 1.2+43
Aspirin Administration (% of all cases) 60
Ketorolac Administration (% of all cases) 33
Transfusions
During surgery
Packed Red Blood Cells, mean (CI95%) [ml] 0 (0;1200)
Fresh Frozen Plasma, mean (CI95%) [ml] 0 (0;2250)
Platelets, mean (CI95%) [ml] 0(0;1032)
In 24 h post-surgery
Packed Red Blood Cells, mean; (C195%) [ml] 0 (0;600)
Fresh Frozen Plasma, mean; (CI95%) [ml] 0 (0;900)
Platelets, mean; (CI95%) [ml] 0(0;900)
Total Crystalloid during surgery[ml] 2500 (400;5200)
ICU stay
APACHE score at 1 h, mean(SD) 20.5 (4.8)
APACHE score at 24 h, mean(SD) 12.0 (4.9)
APACHE score at 48 h, mean(SD) 12.1(5.7)
Comorbidities
Acute Coronary Syndrome 9 (30.0%)
Chronic heart failure 5(16.7%)
Connective tissue disease (non-active) 5(16.7%)
Peripheral vascular disease 3(10.0%)
Cerebrovascular disease 4(13.3%)
Type 2 diabetes 1(3.3%)
Liver disease 0(0%)
AIDS 0(0%)
COPD 1(3.3%)
Any tumor (last five years) 1(3.3%)
Renal failure (moderate-severe) 5(16.7%)

Table 1. Clinical characteristics of the study sample.

were compared to the pre-CPB values of the same patient (t,). For some analysis, we used 25% elevation in serum
level of neurodegeneration marker based on prior analysis and perception of significance!4**-3>%

Mean (X) and standard deviation (SD) were used to present the parametric data while median (M,) and 75%
upper and 25% lower quartile (IQ) were chosen for non-parametric data. The parametric nature of the data was
confirmed by Levene and Shapiro-Wilk tests. ¢-tests for repetitive samples and Wilcoxon matched pair tests were
conducted depending on the characteristics of the data. ANOVA or Kendall’s test was conducted for multiple
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Figure 1. Distribution of biomarker levels at each time point.

group comparisons with a Bonferroni statistic for post-hoc analysis. Most comparisons were done through longi-
tudinal analysis using patient pre-CPB values (t,) as the baseline unless otherwise specified. The data was flagged
as significant if the one-tailed hypothesis test resulted in p < 0.05 on both ends of confidence intervals. Statistica
v11.0 (Statistica, Tulsa, OK) was used for data analysis.

Results

Tau protein is significantly and persistently elevated after cardiac surgery with the application
of cardiopulmonary bypass. We analyzed the post-CPB dynamic of serum levels of four markers of neu-
rological injury. The distribution of serum levels of each neurodegeneration marker varied significantly at each
time point (Fig. 1). Neither serum GFAP nor NF-L had a significant increase after surgery over time, though
significant variability existed in the case of NF-L serum levels (Fig. 2A,B). UCH-L1 was elevated at 24 hours
(UCH-L1,,=21.6 % 13.8 CI95% 10.4;18.6 vs UCH-L1,4, = 53.5 £ 60.9 CI95% 47.6;84.8; p = 0.00055) but nor-
malized at the remaining points (Fig. 2C). Initial serum level of tau was low (tau,, = 1.6 -1.26 CI95% 1.0;1.7)
but significantly increased at 24 hours after surgery (tau,,y, =2.9 2.14 CI195% 1.7;2.9; p=0.0015) and remained
elevated at both 7 days (tau;q=2.8 £2.68 CI95% 2.14;3.65; p=0.0017) and 3 months (tau,y=2.141.39 CI95%
1.43;2.44; p=0.036) (Fig. 2D). The different temporal characteristics of the markers can be appreciated more
when a relative change to pre-CPB levels is visualized (Fig. 3). Among the individuals with an increase of serum
tau protein over 25% from pre-CPB baseline at 3 months after surgery, only UCH-L1 was borderline co-elevated
(taugn = 31.2 £ 32.2 vs. tau,,; = 10.86 £ 8.24; t = 1.93; p = 0.066) but the levels were highly varied.

The pre-CPB level of respective neurological markers correlated with increases at 3 months for GFAP (r=0.40;
p=0.034), UCH-L1 (r=0.49; p=0.028) and tau protein (r=0.49; p=0.008) but not NF-L. Tau levels at 24 hours
correlated with APACHE admission score (r=0.41; p=0.031), but other markers did not. The serum levels of
neurological markers of injury did not significantly correlate with the Charlson Comorbidity Index, age, gender,
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Figure 2. Changes in neurodegeneration markers level after cardiac surgery with involvement of
cardiopulmonary bypass (CPB). The level of NF-L and GFAP was highly variable (A,B). UCH-L1 showed
significant increase in serum levels at 24 hours after surgery while tau protein levels remained elevated even 3
months after CPB (C,D). *Denotes significance level below 0.05.
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Figure 3. The relative changes in serum level of neurodegeneration markers showed different time
characteristics for each marker after cardiac surgery.

duration of anesthesia, surgical attending, cross-clamp and surgery length, or length of ICU or hospital stay (data
not shown).

We correlated the circulating characteristics of MO with changes in tau protein at 3 months. Production of
both cytokines was elevated at 3 months in response to LPS as compared to pre-CPB levels (data not shown). In
vitro production of M-CSF in response to LPS correlated highly (r=0.58; p =0.04) with persistent elevation of
serum tau levels. Production of TNFa in response to LPS showed non-significant correlations (r=0.27; p=ns).
Serum tau protein had a low but significant correlation with SAP (r=0.40; p = 0.041; Fig. 4A) and CRP (r=0.47;
p=0.01; Fig. 4B) but not a-2-macroglobulin (r=0.072; p=0.709; data not shown).

Discussion

This study demonstrated the persistence of elevations in serum tau levels at 24 hours, 7 days, and 3 months after
cardiac surgery involving cardiopulmonary bypass. Elevation in S100 has been observed up to 72 hours post
cardiac surgery while serum NF-L was elevated 48 hours after non-cardiac surgery'*!4**. NF-L was reported to be
elevated up to 12 days after traumatic brain injury*’. The increase in serum tau protein correlated with some acute
phase proteins and production of M-CSF by isolated MO. None of the anesthesia, surgical, or recovery factors
were related to the peak levels of studied neurological markers.
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Figure 4. SAP and CRP (to some extent) correlateed with post-CPB elevation of tau protein. Regression line is
visualized by a continuous line while 95% confidence intervals are visualized by broken lines.

Here, we demonstrated that serum tau remained elevated beyond 7 days after cardiac surgery. The degree of
elevation in tau protein at three months correlated only with the pre-surgical tau levels. This observation corre-
lates well with other studies suggesting that only pre-existing brain vulnerability or degree of neuronal insult is
related to POCD**74142_ Other markers showed different time dynamics with UCH-L1 peaking at 24 hours. The
sequential nature of the changes in serum levels of UCH-L1 and tau suggests that their leak into the bloodstream
is a combination of a post-CPB increase in their tissue expression and ongoing damage to the neuronal tissues.
NF-L release has been demonstrated previously to be elevated for prolonged periods of time!**4. We reported
NEF-L levels conservatively as non-significant due to the high variability in values, despite non-parametric analysis
being borderline statistically significant.

GFAP, NF-L, and UCH-L1 are critical to withstand stress. Their cellular expression are reflective of
post-DAMP or PAMP exposure while their release is reflective of ongoing tissue necrosis®****>%, In contrast,
tau protein is predominantly seen in patients with ongoing neurological disorders, suggesting that its release
is a function of pre-surgical degenerative processes which is exacerbated by the stress related to cardiac sur-
gery"?. Neuroinflammation has been frequently suggested as CPB-initiated, but once started it may become a
self-sustained process*>?*. Microglia are linked to post-surgical neuro-inflammation?*****. Though we did not
study the microglia directly, we observed increased levels of M-CSF in peripheral blood monocytes and serum
levels of SAP for over a 3-month period. Similar persistence in microglia activation has been reported after heart
surgery and the inflammatory process***. Considering high homology between peripheral blood MO and micro-
glia, observed activation of peripheral MO reflect persistent microglia priming by CPB¥?. Also, M-CSF has been
linked to a release of tau protein and cognitive decline®. However, it is also possible that the release of neurode-
generation markers triggered mononuclear cell activation and their migration inside the CNS?>%.

Our study could not account for some variables. Postoperative cardiology care may impact the recovery of
patients. Statin and ASA in particular are related to modulation of the inflammatory responses®. On the other
hand, cardiac care after surgery within our health system is highly standardized. Though we collected several
anesthetic, operator and surgical factors; we did not quantify the frequency and degree of intraoperative hypo-
tension, hypoxemia, hyperoxia, and acidosis'>**#4-%, However, the definition of any of these complications is
ambiguous and confusing at best*”. Our study was not intended to formally investigate neurocognitive outcomes
and link them to the elevation of the neurodegeneration markers. From all studied individuals, only three were
in a rehabilitation center at 28 days after surgery, and all of them were home at 3 months. This suggests that they
attained a functional level of recovery comparable to that before surgery. It is likely that post-CPB injury takes a
significant amount of time to develop while our window of observation (3 months) was too short or too subtle
to detect>>744,

In summary, our study showed the persistent elevation of serum tau protein after heart surgery with the
implementation of cardiopulmonary bypass. The increase in serum tau protein correlated with production of
M-CSF in response to LPS, a potential surrogate of microglial priming.

Conclusion

Our study aimed at understanding the dynamics of neuroinflammatory markers among individuals undergoing
cardiac surgery with the application of CPB. Most importantly, our study demonstrated a delay in the peak time
of neurodegeneration markers that could be a factor of CPB implementation. While the rise in neuronal injury
markers has been well documented in prior studies, its elevation was not documented past 72 hours post-insult.
This also calls for further investigations which could potentially involve a longitudinal follow up of individuals
undergoing cardiac surgery with CPB.

References
1. Gorelick, P. B. Role of inflammation in cognitive impairment: results of observational epidemiological studies and clinical trials.
Ann. N. Y. Acad. Sci. 1207, 155-162 (2010).
2. Leung, J. M. & Sands, L. P. Long-term cognitive decline: is there a link to surgery and anesthesia? Anesthesiology 111, 931-932
(2009).

SCIENTIFICREPORTS| (2019) 9:7177 | https://doi.org/10.1038/s41598-019-42351-2 6


https://doi.org/10.1038/s41598-019-42351-2

www.nature.com/scientificreports/

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.

22.

23.
24.

25.
26.
27.
28.

29.
30.

31.

32.
33.
34.
35.
36.
37.
38.
39.

40.
. Sprung, J. et al. Association of Mild Cognitive Impairment With Exposure to General Anesthesia for Surgical and Nonsurgical

42.
43.

44.

. Wan, Y. et al. Postoperative impairment of cognitive function in rats: a possible role for cytokine-mediated inflammation in the

hippocampus. Anesthesiology 106, 436-443 (2007).

. Xie, Z. & Tanzi, R. E. Alzheimer’s disease and post-operative cognitive dysfunction. Exp. Gerontol. 41, 346-359 (2006).
. Newman, S., Stygall, J., Hirani, S., Shaefi, S. & Maze, M. Postoperative cognitive dysfunction after noncardiac surgery: a systematic

review. Anesthesiology 106, 572-590 (2007).

. Koh, J. L., Fanurik, D., Harrison, R. D., Schmitz, M. L. & Norvell, D. Analgesia following surgery in children with and without

cognitive impairment. Pain 111, 239-244 (2004).

. Nielson, W. R. et al. Long-term cognitive and social sequelae of general versus regional anesthesia during arthroplasty in the elderly.

Anesthesiology 73, 1103-1109 (1990).

. Rasmussen, L. S. et al. Does anaesthesia cause postoperative cognitive dysfunction? A randomised study of regional versus general

anaesthesia in 438 elderly patients. Acta Anaesthesiol. Scand. 47, 260-266 (2003).

. Villeda, S. A. et al. The ageing systemic milieu negatively regulates neurogenesis and cognitive function. Nature 477, 90-94 (2011).
. Silverstein, J. H., Steinmetz, ., Reichenberg, A., Harvey, P. D. & Rasmussen, L. S. Postoperative cognitive dysfunction in patients with

preoperative cognitive impairment: which domains are most vulnerable? Anesthesiology 106, 431-435 (2007).

Rosczyk, H. A., Sparkman, N. L. & Johnson, R. W. Neuroinflammation and cogpnitive function in aged mice following minor surgery.
Exp. Gerontol. 43, 840-846 (2008).

Wehlin, L., Vedin, J., Vaage, J. & Lundahl, J. Peripheral blood monocyte activation during coronary artery bypass grafting with or
without cardiopulmonary bypass. Scand. Cardiovasc. J. SCJ 39, 78-86 (2005).

Yuan, S.-M. S$100 and S1003: biomarkers of cerebral damage in cardiac surgery with or without the use of cardiopulmonary bypass.
Rev. Bras. Cir. Cardiovasc. Orgao Of. Soc. Bras. Cir. Cardiovasc. 29, 630-641 (2014).

Evered, L., Silbert, B., Scott, D. A., Zetterberg, H. & Blennow, K. Association of Changes in Plasma Neurofilament Light and Tau
Levels With Anesthesia and Surgery: Results From the CAPACITY and ARCADIAN Studies. JAMA Neurol. 75, 542-547 (2018).
Liu, Y.-H. et al. The effects of cardiopulmonary bypass on the number of cerebral microemboli and the incidence of cognitive
dysfunction after coronary artery bypass graft surgery. Anesth. Analg. 109, 1013-1022 (2009).

Motallebzadeh, R., Bland, J. M., Markus, H. S., Kaski, J. C. & Jahangiri, M. Neurocognitive function and cerebral emboli: randomized
study of on-pump versus off-pump coronary artery bypass surgery. Ann. Thorac. Surg. 83, 475-482 (2007).

Kotlinska-Hasiec, E. et al. Disturbance in venous outflow from the cerebral circulation intensifies the release of blood-brain barrier
injury biomarkers in patients undergoing cardiac surgery. J. Cardiothorac. Vasc. Anesth. 28, 328-335 (2014).

Liu, Y. & Yin, Y. Emerging Roles of Immune Cells in Postoperative Cognitive Dysfunction. Mediators Inflamm. 2018, 6215350
(2018).

Stefanou, D. C. et al. Monocyte Fc gamma receptor expression in patients undergoing coronary artery bypass grafting. Ann. Thorac.
Surg. 77,951-955 (2004).

Moller, C. H., Penninga, L., Wetterslev, J., Steinbriichel, D. A. & Gluud, C. Off-pump versus on-pump coronary artery bypass grafting
for ischaemic heart disease. Cochrane Database Syst. Rev. CD007224, https://doi.org/10.1002/14651858.CD007224.pub2 (2012).
Bainbridge, D., Cheng, D., Martin, J. & Novick, R. & Evidence-based Peri-operative Clinical Outcomes Research (EPiCOR) Group.
Does oft-pump or minimally invasive coronary artery bypass reduce mortality, morbidity, and resource utilization when compared
with percutaneous coronary intervention? A meta-analysis of randomized trials. J. Thorac. Cardiovasc. Surg. 133, 623-631 (2007).
Feng, X. et al. Microglia mediate postoperative hippocampal inflammation and cognitive decline in mice. JCI Insight 2, €91229
(2017).

Perry, V. H. & Holmes, C. Microglial priming in neurodegenerative disease. Nat. Rev. Neurol. 10, 217-224 (2014).

Schaafsma, W. et al. Maternal inflammation induces immune activation of fetal microglia and leads to disrupted microglia immune
responses, behavior, and learning performance in adulthood. Neurobiol. Dis. 106, 291-300 (2017).

Morales, L, Jiménez, J. M., Mancilla, M. & Maccioni, R. B. Tau oligomers and fibrils induce activation of microglial cells. J. Alzheimers
Dis. JAD 37, 849-856 (2013).

Liu, W,, Xu, G. Z,, Jiang, C. H. & Tian, J. Macrophage colony-stimulating factor and its receptor signaling augment glycated albumin-
induced retinal microglial inflammation in vitro. BMC Cell Biol. 12, 5 (2011).

Hayakawa, K. et al. Lipopolysaccharide preconditioning facilitates M2 activation of resident microglia after spinal cord injury. J.
Neurosci. Res. 92, 1647-1658 (2014).

Chitu, V., Gokhan, §., Nandi, S., Mehler, M. F. & Stanley, E. R. Emerging Roles for CSF-1 Receptor and its Ligands in the Nervous
System. Trends Neurosci. 39, 378-393 (2016).

Saijo, K. & Glass, C. K. Microglial cell origin and phenotypes in health and disease. Nat. Rev. Immunol. 11, 775-787 (2011).
Bermejo, P. et al. Differences of peripheral inflammatory markers between mild cognitive impairment and Alzheimer’s disease.
Immunol. Lett. 117, 198-202 (2008).

Boodhwani, M., Rubens, F., Wozny, D., Rodriguez, R. & Nathan, H. J. Effects of sustained mild hypothermia on neurocognitive
function after coronary artery bypass surgery: a randomized, double-blind study. J. Thorac. Cardiovasc. Surg. 134, 1443-1450;
discussion 1451-1452 (2007).

Gong, B. et al. Ubiquitin hydrolase Uch-L1 rescues beta-amyloid-induced decreases in synaptic function and contextual memory.
Cell 126, 775-788 (2006).

Wang, K. K., Yang, Z., Sarkis, G., Torres, I. & Raghavan, V. Ubiquitin C-terminal hydrolase-L1 (UCH-L1) as a therapeutic and
diagnostic target in neurodegeneration, neurotrauma and neuro-injuries. Expert Opin. Ther. Targets 21, 627-638 (2017).

Bacioglu, M. et al. Neurofilament Light Chain in Blood and CSF as Marker of Disease Progression in Mouse Models and in
Neurodegenerative Diseases. Neuron 91, 56-66 (2016).

Mattsson, N., Andreasson, U., Zetterberg, H. & Blennow, K. & Alzheimer’s Disease Neuroimaging Initiative. Association of Plasma
Neurofilament Light With Neurodegeneration in Patients With Alzheimer Disease. JAMA Neurol. 74, 557-566 (2017).

Yang, Z. & Wang, K. K. W. Glial fibrillary acidic protein: from intermediate filament assembly and gliosis to neurobiomarker. Trends
Neurosci. 38, 364-374 (2015).

Brahmachari, S., Fung, Y. K. & Pahan, K. Induction of glial fibrillary acidic protein expression in astrocytes by nitric oxide. J.
Neurosci. Off. ]. Soc. Neurosci. 26, 4930-4939 (2006).

Nawashiro, H., Messing, A., Azzam, N. & Brenner, M. Mice lacking GFAP are hypersensitive to traumatic cerebrospinal injury.
Neuroreport 9, 1691-1696 (1998).

Laudanski, K. et al. Acquired immunological imbalance after surgery with cardiopulmonary bypass due to epigenetic over-activation
of PU.1/M-CSE. J. Transl. Med. 16, 143 (2018).

Shahim, P. et al. Serum neurofilament light protein predicts clinical outcome in traumatic brain injury. Sci. Rep. 6, 36791 (2016).

Procedures: A Population-Based Study. Mayo Clin. Proc. 91, 208-217 (2016).

Dokkedal, U, Hansen, T. G., Rasmussen, L. S., Mengel-From, J. & Christensen, K. Cognitive Functioning after Surgery in Middle-
aged and Elderly Danish Twins. Anesthesiology 124, 312-321 (2016).

Cai, Z., Hussain, M. D. & Yan, L.-]. Microglia, neuroinflammation, and beta-amyloid protein in Alzheimer’s disease. Int. J. Neurosci.
124,307-321 (2014).

Fink, H. A. et al. Cognitive Outcomes After Cardiovascular Procedures in Older Adults: A Systematic Review. (Agency for Healthcare
Research and Quality (US), 2014).

SCIENTIFIC REPORTS |

(2019) 9:7177 | https://doi.org/10.1038/s41598-019-42351-2 7


https://doi.org/10.1038/s41598-019-42351-2
https://doi.org/10.1002/14651858.CD007224.pub2

www.nature.com/scientificreports/

45. Graham, E. M. et al. Preoperative steroid treatment does not improve markers of inflammation after cardiac surgery in neonates:
results from a randomized trial. J. Thorac. Cardiovasc. Surg. 147, 902-908 (2014).

46. Sauér, A.-M. C. et al. Intraoperative dexamethasone and delirium after cardiac surgery: a randomized clinical trial. Anesth. Analg.
119, 1046-1052 (2014).

47. Bijker, J. B. et al. Incidence of intraoperative hypotension as a function of the chosen definition: literature definitions applied to a
retrospective cohort using automated data collection. Anesthesiology 107, 213-20 (2007).

Acknowledgements
We would like to thank Luca DiNapoli, Ashley Mathew and Peyton Paschell for proofreading the original
manuscript.

Author Contributions

K.L. and R.D.A. developed the conceptual framework of the study. M.D., W.E, J.H., ].L., S.P., M.A,, ].B., W.S,,
P.A., and M.H. collected study data. M.D. and K.L. analyzed the data. All authors assisted in writing and revising
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42351-2.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:7177 | https://doi.org/10.1038/s41598-019-42351-2 8


https://doi.org/10.1038/s41598-019-42351-2
https://doi.org/10.1038/s41598-019-42351-2
http://creativecommons.org/licenses/by/4.0/

	Observational study of long-term persistent elevation of neurodegeneration markers after cardiac surgery

	Methods

	Study sample. 
	Measurement of neurodegeneration and inflammatory markers. 
	Measurement of monocyte activation. 
	Statistical analysis. 

	Results

	Tau protein is significantly and persistently elevated after cardiac surgery with the application of cardiopulmonary bypass ...

	Discussion

	Conclusion

	Acknowledgements

	Figure 1 Distribution of biomarker levels at each time point.
	Figure 2 Changes in neurodegeneration markers level after cardiac surgery with involvement of cardiopulmonary bypass (CPB).
	﻿Figure 3 The relative changes in serum level of neurodegeneration markers showed different time characteristics for each marker after cardiac surgery.
	Figure 4 SAP and CRP (to some extent) correlateed with post-CPB elevation of tau protein.
	Table 1 Clinical characteristics of the study sample.




