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Abstract
Previously, we identified 14-3-3 β and ζ isoforms and proteolytic fragments of α-spectrin as proteins
released from degenerating neurons that also rise markedly in cerebrospinal fluid (CSF) following
experimental brain injury or ischemia in rodents, but these proteins have not been studied before as
potential biomarkers for ischemic central nervous system injury in humans. Here we describe
longitudinal analysis of these proteins along with the neuron-enriched hypophosphorylated
neurofilament H (pNFH) and the deubiquitinating enzyme UCH-L1 in lumbar CSF samples from 19
surgical cases of aortic aneurysm repair, 7 involving cardiopulmonary bypass with deep hypothermic
circulatory arrest (DHCA). CSF levels of the proteins were near the lower limit of detection by
Western blot or enzyme-linked fluorescence immunoassay at the onset of surgical procedures, but
increased substantially in a subset of cases, typically within 12–24 hours. All cases involving DHCA
were characterized by >3-fold elevations in CSF levels of the two 14-3-3 isoforms, UCH-L1, and
pNFH. Six of 7 also exhibited marked increases in α-spectrin fragments generated by calpain, a
protease known to trigger necrotic neurodegeneration. Among cases involving aortic cross-clamping
but not DHCA, the proteins rose in CSF preferentially in the subset experiencing acute neurological
complications. Our results suggest the neuron-enriched 14-3-3β, 14-3-3ζ, pNFH, UCH-L1, and
calpain-cleaved α-spectrin may serve as a panel of biomarkers with clinical potential for the detection
and management of ischemic central nervous system injury, including for mild damage associated
with surgically-induced circulation arrest.
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1. Introduction
Acute brain injuries resulting from cardiac arrest, stroke, or head trauma sometimes result in
lasting neurologic and cognitive problems even when they are of mild severity. Currently, mild
acute brain injuries are difficult to diagnose, and there are neither prognostic methods for
identifying patients at risk for developing sustained abnormalities, nor proven therapeutic
strategies for improving long-term functional outcome. To help circumvent these problems,
considerable effort is being devoted to the establishment and validation of biochemical
surrogate markers for acute brain damage. Conceptually, proteins that are expressed primarily
in the brain could appear outside the central nervous system preferentially under
neurodegenerative conditions accompanied by disruption of the barriers separating the brain
interstitial fluid from cerebrospinal fluid (CSF) and blood. Supporting this concept, there are
numerous reports that cardiac arrest, stroke, and traumatic brain injury lead to at least transient
breakdown of the blood-brain barrier (del Zoppo and Hallenbeck, 2000; Ballabh et al., 2004),
and certain proteins enriched in the nervous system are detectable in human CSF and serum
following acute brain injuries. Among the most widely studied candidate markers for brain
damage are the astroglial protein S100β and the neuronal proteins neuron-specific enolase and
a proteolytic fragment of tau of indeterminate origin. In many cases, CSF and serum alterations
in these brain-enriched proteins are related to prognosis (Fassbender et al., 1997; McKeating
et al., 1998; Wunderlich et al., 1999; Mussack et al., 2002; Singhal et al., 2002; Zemlan et al.,
2002), and could potentially facilitate assessment of experimental neuroprotectant treatment
strategies (Tanaka et al., 2007). Unfortunately, owing to one or more limitations in sensitivity
and specificity, none of these has emerged as a widely used diagnostic or prognostic clinical
tool or a validated surrogate endpoint measure for irreversible brain damage. For example,
although serum levels of S100β change in relation to short-term mortality and morbidity, as
well as long-term neurologic outcome, the protein also markedly increases in serum during
surgical procedures unrelated to acute brain injuries (Anderson et al., 2001; Routsi et al.,
2006) as well as marathon runners (Hasselblatt et al., 2004), from which it is derived from
adipose and other extracranial sources (Kleine et al., 2003). Furthermore, acute alterations in
serum S100β are not consistently predictive of brain dysfunction resulting from mild brain
injury (reviewed by Begaz et al., 2006). In an analysis of 4 candidate biomarkers in over 300
stroke patients, an efficacious tissue plasminogen activator treatment did not alter any of the
stroke-induced serum marker increases (Jauch et al., 2006), suggesting none of these markers
could be used as pharmacodynamic measures of brain damage. Consequently, the need remains
for new, highly sensitive biomarkers which may be combined with neurologic and
neuroradiologic methods to improve the diagnosis, prognosis and experimental therapeutic
evaluation of acute brain injuries.

Toward this objective, we devised an alternative neurobiological approach for identifying
novel candidate biomarkers for acute brain damage. Using proteomics methods and an antibody
library, we identified the most abundant proteins released by degenerating cultured rat cortical
neurons (Siman et al., 2004). The validity of this approach was established by immunodetection
of released proteins in CSF following experimental traumatic brain injury or transient global
forebrain ischemia (Siman et al., 2004; 2005). Several of these are expressed predominantly
or exclusively in neurons, including the β and ζ isoforms of 14-3-3 (Aitken et al., 2003), a
hypophosphorylated form of the neurofilament triplet polypeptide NFH (pNFH; Lasek et al.,
1985; Jung et al., 2000), and the deubiquitinating enzyme UCH-L1 (Doran et al., 1983). Others
are proteolytic fragments of abundant neuronal proteins, including an α-spectrin breakdown
product generated by calpain, a family of calcium-dependent proteases associated with
neuronal necrosis (Siman et al., 1989; Roberts-Lewis et al., 1993; Zhang et al., 2002). None
of these neuron-enriched proteins has been evaluated before as candidate biomarker for the
brain and spinal cord damage that can result from surgically-induced deep hypothermic
circulation arrest (DHCA; Roche et al., 1996; Watanabe et al., 2004; Selnes and McKhann,

Siman et al. Page 2

Brain Res. Author manuscript; available in PMC 2009 June 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2005). Here we describe the study of changes in these candidate biomarkers in serial CSF
samples derived from cases of aortic aneurysm surgical repair, including a subset subjected to
cardiopulmonary bypass and DHCA. We addressed whether CSF elevations in the panel of
neuron-enriched proteins may be indicators of circulation arrest-induced injury to the central
nervous system (CNS), and evaluated the relation between biomarker changes and CNS injury
for the subset of cases not subjected to cardiopulmonary bypass and DHCA, but experiencing
acute neurological complications.

2. Results
Thoracoabdominal surgery provides an opportunity to evaluate candidate biomarkers for
ischemic central nervous system injury in a longitudinal fashion and with pre-insult baseline
measures. The diversity of surgical repairs allows patients undergoing deep hypothermic arrest
on cardiopulmonary bypass to be compared with patients who undergo the procedure with
partial left heart (LA/FA) bypass or transthoracic endovascular repair (TEVAR). In addition,
surgical repair of the descending aorta has a high risk of both transient and permanent
neurological complications, thereby permitting investigation of the relationship between
candidate biomarker alterations and neurologically-confirmed CNS injury.

Toward these ends, we sampled lumbar CSF from nineteen patients undergoing aortic
aneurysm surgical repair with aortic artery cross-clamping, 7 of whom underwent their repairs
with cardiopulmonary bypass and DHCA, 10 utilizing LA/FA bypass, and 1 undergoing
TEVAR. Clinical data on this patient population are summarized in Table 1. Ten males and 9
females ranging from 31 to 99 years of age were evaluated, 14 of whom were Caucasian, 4
African American, and 1 Hispanic. A baseline CSF sample was taken prior to surgical incision.
For the 7 cases involving DHCA with circulation arrest, the durations of DHCA ranged from
7 to 64 minutes and cardiopulmonary bypass times ranged from 159–260 minutes. In the 10
patients undergoing LA/FA bypass, the bypass times ranged from 54–164 minutes and aortic
cross-clamp times ranged from 43–136 minutes. Of the 19 patients studied here, 13 were
discharged with normal scores on the NIH stroke and ASIA scales. One patient (case 8) suffered
a delayed episode of paraparesis on post-operative day 4 that resolved to baseline with
treatment. Of the 6 patients who suffered persistent neurologic injuries, two (cases 1 and 14)
suffered severe irreversible injuries detected intraoperatively by SSEPS and on arousal
fromanesthesia. Both of these patients expired. One additional patient (case 45) suffered
moderate intraoperative paraparesis, detected by SSEPS, and a moderate persistent paraparesis
was still detected on arousal from anesthesia. Three additional patients suffered episodes of
persistent delayed post-operative paraparesis, and expired during their hospitalization: one was
mild and occurred on post-operative day 2 (case 49), while the other two experienced moderate
paraparesis starting either on day 4 (case 38) or day 11 (case 39).

Multiple neuron-enriched proteins are elevated in CSF following surgically induced
circulation arrest

In searching for novel markers for acute brain injuries, we have identified the β and ζ isoforms
of 14-3-3 as abundant neuron-enriched proteins that are released from degenerating cultured
neocortical neurons, and rise markedly in CSF of rats following transient global forebrain
ischemia or traumatic brain injury (Siman et al., 2004; 2005). Additional candidate biomarkers
for brain injury identified by this neurobiological approach include proteolytic fragments of
tau and α-spectrin derived by the calcium-dependent protease calpain, and also the neuron-
enriched ubiquitin hydrolase UCH-L1. These proteins have not been evaluated as possible
markers for acute ischemic CNS injury in humans. We analyzed these candidate biomarkers
by quantitative Western blotting in the CSF samples described above. Results for 14-3-3β,
14-3-3ζ, calpain-cleaved , α-spectrin and UCH-L1 are illustrated in Figure 1. For cases
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involving circulation arrest, CSF levels of 14-3-3β (~29 kDa) increased by more than 3-fold
by 24 hours, compared with baseline levels (Figure 1 top). In contrast, only a subset of the
cases not including circulation arrest exhibited elevations in CSF 14-3-3β. There was no direct
relationship between the absolute CSF level of 14-3-3β and the duration of either the aortic
cross clamping, cardiopulmonsary bypass, or circulation arrest.

In addition to 14-3-3β, 14-3-3ζ (~30 kDa) and a proteolytic cleavage product of α-spectrin
(~150 kDa) were near or below the limit of detection of immunoblotting for 17 of the 19 cases
prior to surgery. For the subset of cases exhibiting a marked rise in CSF 14-3-3β, there were
large and parallel increases in intact14-3-3ζ and a proteolytic fragment of α-spectrin (Figure 1
top). As shown in the bottom panel of Figure 1, levels of the ~25 kDa UCH-L1 also increased
in CSF a subset of cases. In some instances, elevations in cleaved α-spectrin were accompanied
by increases in the intact ~250 kDa α-spectrin polypeptide. Despite the coincident increases
in CSF levels of the four proteins by 24 hours after cardiopulmonary bypass with DHCA, the
absolute magnitude of the marker changes were not always related. Cases 16 and 18 involving
DHCA are illustrative. Whereas levels of all four neuron-enriched proteins were elevated 24
hours after circulation arrest, the β and ζ 14-3-3 isoforms were higher in case 18, while intact
and cleaved α-spectrin were more abundant in case 16 and UCH-L1 was comparable between
the two. Nevertheless, for the 9 cases that exhibited >3-fold elevations in CSF 14-3-3β, the
CSF levels of 14-3-3ζ, UCH-L1 and cleaved α-spectrin also consistently increased well above
baseline levels. Calpain-cleaved tau, on the other hand, was below the limit of detection by
Western blotting for all cases, and will not be considered further herein.

A hypophosphorylated form of the high molecular weight neurofilament subunit, pNFH, is
another neuron-enriched protein that reportedly increases in CSF and serum in association with
subarachnoid hemorrhage and acute spinal trauma (Petzold et al., 2003, 2005; Petzold, 2005;
Shaw et al., 2005). We have found that pNFH levels rise in the CSF and serum following
experimental brain trauma in the rat (Siman et al., manuscript in preparation). Consequently,
we evaluated CSF levels of pNFH in the same set of aortic surgical cases, some of which exhibit
alterations in the two 14-3-3 isoforms, UCH-L1 and cleaved α-spectrin. A highly-sensitive
fluorescence-based sandwich immunoassay quantified pNFH, and was standardized using
varying amounts of mouse spinal cord extract rich in pNFH. As summarized in Figure 2, a
subset of the surgical cases showed marked CSF elevations in pNFH when compared with their
baseline values. Of those cases involving cardiopulmonary bypass with DHCA, pNFH levels
invariably increased post-surgery by at least 3-fold. Among the remaining cases, a subset
demonstrated elevations in pNFH; strikingly, these were the same patients exhibiting marked
increases in the two 14-3-3 isoforms, UCH-L1 and the α-spectrin fragment. On the other hand,
cases that did not show measurable alterations in CSF levels of the 4 neuron-enriched proteins
also did not exhibit time-dependent changes in pNFH.

The collective changes in the five biomarkers for the 19 cases under study herein are
summarized in Figure 2. These data demonstrate a remarkable divergence in CSF marker
changes as a function of the presence or absence of circulation arrest. Thus, all 7 cases of
cardiopulmonary bypass with DHCA are accompanied within 24 hours by consistent and
coordinate rises in the CSF levels of at least four different neuron-enriched protein biomarkers
for acute ischemic CNS injury. In sharp contrast, only 3 of the 12 cases not involving
cardiopulmonary bypass with DHCA also demonstrate coordinate increases in multiple protein
markers for neurodegeneration, a finding that will be detailed further below.

Time course for neuronal protein changes in CSF after reperfusion
A temporal analysis was performed of CSF 14-3-3β changes following thoracoabdominal
surgery with aortic cross-clamping (Figure 3). Cases 1,5, and 13 are representative of the 7
cases of cardiopulmonary bypass with DHCA, while case 14 is an example of increased CSF
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marker levels even in the absence of surgically-induced DHCA. All of these cases showed >3-
fold increases in 14-3-3β above baseline levels at 24 and 48 hours after the reinstitution of
cardiopulmonary bypass following DHCA or aortic crossclamp depending of the surgical
subtype. For cases 1 and 5, significant increases were not apparent until between 12–24 hours,
whereas 14-3-3β levels were elevated initially between 2–12 hours for cases 13 and 14. In all
cases, marker levels were elevated >5-fold above baseline for at least 48 hours.

The time-dependent alterations in CSF pNFH and UCH-L1 were essentially identical.
Compared with measures taken at baseline and 1 hour after recirculation or crossclamp, pNFH
and UCH-L1 increased uniformly beginning at 12 hours and remained elevated for at least the
next 36 hours (data not shown).

Surgically-induced circulation arrest leads to activation of calpain, a protease associated
with necrotic neurodegeneration

The ~150 kDa proteolytic fragment of α-spectrin detected in CSF following surgically-induced
DHCA using an antibody directed toward the α-spectrin holoprotein (Figure 1) is similar in
size to a derivative generated by the calpain family of calcium-dependent proteases. This
calpain derivative of α-spectrin is markedly increased in the brain in multiple experimental
models of necrotic neurodegeneration, including following transient global forebrain ischemia
(Siman et al., 1988;1989; 1994; Saatman et al., 1996;Zhang et al., 2002). To investigate directly
whether calpain is activated by DHCA in human patients, we examined whether calpain
derivatives of α-spectrin increase in human CSF using Ab38 and Ab41, cleavage site-specific
antibodies that react specifically with the ~ 150 and ~145kDa NH2- and COOH-terminal
fragments of α-spectrin degenerated by calpain cleavage, respectively (Roberts-Lewis et al.,
1994;Siman et al., 2001). As exemplified by case 5, CSF levels of the NH2- and COOH-
terminal calpain derivatives of α-spectrin increase at 12–24 hours after circulation arrest and
reperfusion (Figure 4). This provides confirmatory immunochemical evidence that DHCA in
humans triggers CNS calpain activation.

Marker elevations in CSF are associated with surgical and post-surgical neurological
complications

Among the 12 cases of aortic surgical repair that did not involve cardiopulmonary bypass with
DHCA, only 3 showed consistent CSF elevations of at least 4 of the marker proteins measurable
at 24 hours. Strikingly, marker elevations corresponded to the incidence of neurological
complications indicative of acute CNS injury. For example, case 8 suffered a transient spinal
ischemia during the hospitalized recovery on post-operative day 4. This event enabled the
kinetic analysis of CSF levels of 14-3-3 isoforms, calpain-cleaved α-spectrin, and pNFH prior
to and shortly after ischemia onset, as well as the duration of increased biomarker levels upon
cessation of the ischemic episode. As shown in Figure 5, levels of the neurodegeneration
markers rose markedly in association with the onset of neurologic symptoms, which began at
96 hours (time H). Thus, CSF levels of 14-3-3β, calpain-cleaved α-spectrin (Figure 5), and
14-3-3ζ (data not shown) rose modestly at 24 hours, prior to the onset of overt neurological
symptoms, and increased still further in association with the onset of paraparesis. The CSF
pNFH content also increased, but only in temporal association with the spinal ischemic event.
All four biomarkers remained elevated above pre-ischemic baselines but declined sharply
within hours of reaching peak values, coincident with the recovery of neurologic function.

There were six additional cases that developed neurological complications within 4 days of
the surgical procedure, and in each case at least one of the biomarkers under study herein rose
in CSF prior to or coincident with the neurological signs. Intraoperative strokes and paraplegia
occurred in cases 1 (DHCA) and 14 (no DHCA), and both were accompanied by large and
coordinate CSF elevations in all 5 protein markers. Cases 38 (DHCA) and 39 (no DHCA)
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developed delayed paraplegia, with the former manifested 4 days post-surgery and the latter
not developing until day 11. Only the former case exhibited large and consistent biomarker
increases measurable at 24 hours. Case 45 suffered moderate intraoperative paraparesis that
persisted upon arousal from the anesthesia. Among the five biomarkers, only pNFH levels were
elevated in CSF in this patient. Finally, case 49 (no DHCA) developed delayed paraparesis at
2 days, preceded at 24 hours by large and coordinate increases in all 5 protein biomarkers in
CSF.

3. Discussion
We report here that a panel of neuron-enriched proteins is markedly elevated in cerebrospinal
fluid following aortic aneurysm surgical repair involving cardiopulmonary bypass and deep
hypothermic circulation arrest. The CSF levels of 14-3-3β, 14-3-3ζ, a hypophosphorylated
form of the high molecular weight neurofilament subunit (pNFH), the deubiquitinating enzyme
UCH-L1, and a calpain-derived proteolytic fragment of the microfilament-associated protein
α-spectrin all show large increases in a delayed and generally coordinated fashion. Thus, all 7
cases involving cardiopulmonary bypass with DHCA show CSF increases in at least 4 of these
neuronal proteins of >3-fold beginning between 2–12 hours after the onset of aortic cross-
clamping, peaking in most cases at 24–48 hours. In light of considerable evidence that DHCA
during aortic surgeries leads in some cases to neurologic dysfunction and lasting functional
deficits (Roche et al., 1996; Ergin et al., 1999; Arrowsmith et al., 2000; Selnes and McKhann,
2005), these post-surgical CSF protein alterations might be surrogate indices for acute ischemic
damage to the brain or spinal cord. Consistent with this concept, surgical cases involving LA/
FA with shorter bypass durations and no cardiopulmonary bypass, but exhibiting overt
neurological complications, also are associated with CSF elevations in the 5 proteins either
shortly preceding or at the onset of neurologic symptoms. On the other hand, patients
undergoing thoracoabdominal aortic aneurysm surgical repairs involving LA/FA circulation
management did not have significant elevations in these protein markers for neurodegeneration
when neurologic injury was not detected. Collectively, these findings support the possibility
that 14-3-3β, 14-3-3ζ, UCH-L1, calpain-cleaved α-spectrin, and pNFH might serve as a panel
of novel biomarkers with potential clinical utilities in the detection and management of acute
ischemic brain and spinal cord injuries.

Conceivably, the leakage of neuronal proteins into CSF following surgically-induced transient
episodes of CNS ischemia may result from reversible permeation of neurons during conditions
of stress, rather than as a response to irreversible neuronal degeneration. This possibility is
unlikely, however, based on prior studies in experimental animals and findings reported herein.
The discovery of 14-3-3β and 14-3-3ζ as novel biomarker candidates for brain injury was based
on a neurobiological approach for identifying the most abundant neuron-enriched proteins
released during neurodegeneration (Siman et al., 2004). In cultured neurons, 14-3-3 isoform
release occurs only in association with neuronal death, and is reduced by a neuroprotective
intervention (Siman et al., 2004; Lawrence et al., 2005). In a rat model of transient global
forebrain ischemia designed to mimic cardiac arrest-induced brain damage, CSF levels of the
two 14-3-3 isoforms and calpain-cleaved α-spectrin increase only in association with
irreversible brain injury (Siman et al., 2004; 2005). Indeed, the CSF level of 14-3-3β correlates
with the magnitude of acute neurodegeneration as monitored by quantitative histopathology,
and is an even better predictor of brain damage than the duration of the ischemia. Other forms
of acute CNS damage such as traumatic brain injury also lead to marked increases in CSF levels
of the two 14-3-3 isoforms, pNFH and calpain-derived fragments of α-spectrin and tau (Siman
et al., 2004; Pike et al., 2004; Shaw et al., 2005). Calpain is a family of calcium-activated
cysteine proteases that has been causally linked to the acute necrotic neurodegeneration that
is triggered by intraneuronal calcium overload and occurs in response to ischemia, trauma, and
excitotoxicity (Siman et al., 1989; Roberts-Lewis and Siman, 1993; Saatman et al., 1996; Zhang
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et al., 2003). Consequently, the rise in CSF levels of a calpain cleavage product of α-spectrin
reported here (Figure 4), coupled with the coordinate increase in several neuron-enriched
proteins, provides strong evidence that the circulation arrest-induced increases in these proteins
result from irreversible acute CNS damage rather than reversible neuronal stress. It is also
noteworthy that neuronal proteins both localized in cytoplasm (14-3-3 isoforms) and associated
with the cytoskeleton (α-spectrin, pNFH) are markedly elevated, a finding consistent with
pronounced neuronal structural disintegration. A close relationship between CSF increases in
the protein panel and acute CNS injury is further supported by the striking finding that among
the 12 surgical cases not involving DHCA, CSF marker elevations occurred preferentially in
cases exhibiting acute neurological complications. Finally, the lag of 12–24 hours between the
surgically-induced circulation arrest and the CSF elevations in the panel of proteins indicates
that the marker changes are not simply associated with systemic surgical trauma, but instead
develop in a protracted fashion over the known time course for the onset of delayed ischemic
neuronal degeneration (Roberts-Lewis et al., 1994; Kirino, 2000).

On the basis of these findings, we hypothesize that a panel consisting of 14-3-3 β and ζ isoforms,
pNFH, UCH-L1, and calpain-cleaved α-spectrin can serve as biomarkers for subtle injury to
the CNS occurring following aortic aneurysm surgical repair with circulatory arrest. There is
evidence for both transient acute neurologic dysfunction and long-term functional deficit
following aortic surgery (Ergin et al., 1999; Shiiya et al., 2004). Coronary artery bypass graft
surgeries with cardiopulmonary bypass also carry a major risk of long-term neurologic
dysfunction (Roche et al., 1996; Arrowsmith et al., 2000; Selnes and McKhann, 2005).
However, the magnitude and extent of lasting neurological abnormalities resulting from
surgically-induced deep hypothermic circulatory arrest are uncertain, and there is currently no
facile method for identifying the subset of patients at risk for CNS injury. Although most
patients in the current study were released from hospital with normal scores on ASIA and the
NIH stroke scale, additional and sensitive measures of cognitive and motor status were not
evaluated in the current study. Additional research will be required to investigate relationships
between the surgically-induced acute CSF alterations in this panel of protein biomarkers for
CNS injury, the risk of developing lasting behavioral abnormalities, and the severity of the
neurological dysfunction.

Within each case, the absolute magnitude of the CSF marker increases sometimes varies, and
it is worth considering that these differences might be related to the severity or localization of
the injuries. CSF marker changes varied most dramatically for case 15, an example of deep
hypothermia circulatory arrest that produced a massive increase in CSF pNFH, a moderate rise
in 14-3-3β, modest increases in 14-3-3ζ and UCH-L1, and a less than 2-fold change in calpain-
cleaved α-spectrin. There are several factors that could contribute to differential changes in
members of the marker panel, including differences in their brain regional, cellular, and
subcellular localizations, as well as possible different rates of turnover in the lumbar CSF. For
example, phosphorylated NFH is localized primarily in axons (Jung et al., 2000), where it is
part of the cytoskeleton (Sternberger et al., 1982; Lasek et al., 1985), whereas 14-3-3 βand ζ
are cytoplasmic proteins concentrated in perikarya (Martin et al., 1994; Aitken et al., 2003).
The five proteins are also differentially expressed across the neuraxis. Whereas all are abundant
in hippocampus and neocortex, their levels differ across the basal ganglia, thalamus,
cerebellum and brainstem. The expression levels and localization of 14-3-3 isoforms and UCH-
L1 in the spinal cord are largely unknown. Conceivably, not only might the magnitude of
alterations for a marker panel reflect the extent of brain injury, but differences among a panel
of biomarkers may provide useful information on the regional localization of acute CNS
injuries or the neuronal elements undergoing injury, concepts that will require further and
directed research. Whereas the vast majority of studies thus far of protein biomarkers for acute
CNS injuries have focused on the measure of only one or two markers at a time, the
simultaneous analysis of a large panel of protein markers such as the one described in the
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current study has the potential to improve the sensitivity and specificity of early detection of
CNS injury, and provide additional information with clinical utility for the prognosis, acute
management and therapeutic treatment of these injuries.

4. Experimental Procedures
Surgical procedures

This study received IRB approval and written informed consent was obtained from all study
patients. All patients admitted to our institution for thoracoabdominal aortic aneurysm repairs
from January 2003 through April 2004 and had lumbar CSF drains placed as part of the standard
care were eligible for the study. Patients with significant preoperative neurologic deficits or
acute preoperative neurologic events were excluded. Demographic data were collected
preoperatively. Formal NIHSS and lower extremity ASIA scales were performed by a certified
neurologist at baseline and 12, 24, and 48 hours postoperatively, as well as at discharge. Cases
with acute neurologic events were subjected to further NIHSS and ASIA exams along with a
detailed neurologic consultation and examination along with appropriate neuroimaging to
confirm the existence of spinal or brain ischemia and exclude peripheral nerve or muscle injury.
If an episode of spinal ischemia was detected intraoperatively or postoperatively, our
institution’s standard protocol was followed to attempt to reverse ongoing ischemia (Cheung
et al., 2002, 2005; McGarvey etal., 2007).

Clinical variables included age, race, gender, medical history, presentation status (emergent
versus scheduled), whether deep hypothermic circulatory arrest (DHCA) was induced
intraoperatively, whether intercostal vessels were re-implanted, presence of dissection or
contained rupture, the repair type (cardiopulmonary bypass with DHCA, left atrium/femoral
artery bypass (LA/FA), transthoracic endovascular repair (TEVAR)), cross-clamp time,
circulation arrest time, bypass time, maximal change in intraoperative mean arterial pressure,
and extent of repair. All patients received a narcotic-based anesthetic with inhaled isoflurane
in oxygen. For open thoracoabdominal aneurysm repairs (TAAA), circulation management
consisted of either distal aortic partial left heart bypass with core cooling to 32°C (LA/FA
bypass) or a deep hypothermic technique utilizing full cardiopulmonary bypass via the left
chest with an open proximal anastomosis (DHCA), which was used if a concomitant distal arch
aneurysm required repair. For LA/FA management bypass flow rates averaged 2.5 L per
minute, adjusted to achieve a target distal aortic perfusion pressure of at least 60 mm Hg, while
maintaining proximal aortic pressure of at least 90 mm Hg. Repairs involving the distal arch
repair required utilization of DHCA, systemic cooling on CPB until the EEG reached electrical
cerebral silence (12–18°C), then termination of CPB to perform the open proximal anastomosis
with total body retrograde cerebral perfusion (300–500 cm per minute at a central venous
pressure of 12–15 mm Hg) via an unsnared superior vena cava. After completion, arterial
circulation was reinitiated via the proximal descending Dacron graft, the distal anastomosis
was performed, and the patient was rewarmed. For combined distal arch and type II and III
TAAA repairs, arterial circulation was reinitiated with both proximal and distal femoral artery
perfusion. Lumbar CSF drains were used in both LA/FA bypass and hypothermic cases.
Intercostal arteries were reimplanted in all patients when possible. One patient in this cohort
underwent descending thoracic aortic repair involving TEVAR without CPB involving general
anesthesia, femoral artery cannulation, angiography, and aneurysm exclusion using an aortic
stent graft.

Cerebrospinal fluid sample collection
CSF was drained intraoperatively and for the first 24 hours following the procedure to maintain
intracerebral pressure (ICP) between 8–12 mm Hg. If no complications were observed, the
CSF drain was clamped at 24 hours and removed at 48 hours; with complication, the drain was
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unclamped and again drained to an ICP of 8–12 mm Hg to enhance spinal cord perfusion. CSF
samples were collected at the following time points: (A) lumbar drain placement immediately
following induction; (B) at the time of aortic cross-clamp in cases involving LA/FA bypass,
oe time of restart of CPB following DHCA, or aortic stent deployment in TEVAR procedures;
(C) 1 hour following B, (D) 2 hours following B, (E) 12 hours following B, and (F) 24 hours
following B. Further samples were collected at various time points if signs of paraparesis
developed postoperatively. Samples were immediately centrifuged, and the supernatants free
of cell debris were stored frozen at −80°C.

Western blot analysis of biomarker levels
Equivalent volumes of the CSF samples were fractionated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and the polypeptides transferred to PVDF membranes
using well established methods (e.g., Siman et al., 2001, 2004; Zhang et al., 2005). Five
different candidate biomarker polypeptides were analyzed by immunoblotting, using
antibodies that have been published with extensively: 14-3-3β (antibody dilution 1/1000; Santa
Cruz), 14-3-3ζ (1/1000; Santa Cruz), 14-3-3γ (1/1000; Santa Cruz), tau (MAb Tau-1 @ 1/1000;
Chemicon), UCH-L1 (1/2000; Chemicon), and α-spectrin (MAb1622 @ 1/1000; Chemicon).
In addition, fragments of α-spectrin derived by calpain proteolysis were examined using
cleavage site-specific antibodies reactive with the NH2- and COOH-terminal α-spectrin
derivatives generated specifically by calpain (Abs 38 and 41, respectively; Roberts-Lewis et
al., 1994; Saatman et al., 1996). Labeled polypeptides were detected using horseradish
peroxidase-conjugated secondary antibodies and an enhanced chemiluminescence substrate
(Renaissance Plus kit, Perkin-Elmer), followed by exposure of the blots to X-ray film (Bio-
Max Light, Kodak). For polypeptide quantification, band densities were determined from
digitized images using Image Quant software (GE Healthcare), under conditions where band
density varied in linear proportion with the volume of sample load. In all cases, only a single
polypeptide of the expected molecular weight for the target protein of interest was labeled.
Repeated measures of the same set of samples indicated interassay variability was low.

Enzyme Fluorescence Immunoassay for phosphorylated neurofilament H
A hypophosphorylated form of NFH, designated pNFH, was quantified by sandwich
immunoassay, using a highly sensitive fluorescence-based procedure modified from the
method of Petzold et al. (2003). Briefly, a mouse monoclonal antibody to a hypophosphorylated
form of NFH (SMI35 at 1/5,000; Sternberger Monoclonals) was bound to 96 well microtiter
plates in 50 mM sodium carbonate buffer overnight at 4°C. Wells were treated for 45 minutes
with 0.5% bovine serum albumin (BSA) in Tris-buffered saline with Tween-20 (20 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 0.05% Tween-20; TTBS), washed four times with TTBS, and the
CSF samples added at 25 µl/well along with 75 µl/well BSA/TTBS for 90 minutes at 22°C.
Wells were washed four times with TTBS, then incubated with the detecting antibody reactive
with all forms of NFH (rabbit anti-NFH at 1/4000; Sigma) in BSA/TTBS for 60 minutes at 22°
C. After washing, wells were incubated with mouse monoclonal anti-rabbit IgG-alkaline
phosphatase (at 1/15,000; Sigma) in BSA/TTBS 60 minutes at 22°C. After washing, the wells
were treated with an alkaline phosphatase fluorogenic substrate at 37°C consisting of 4-
methylumbelliferylphosphate (250 µM) in 0.1 M Tris-HCl (pH 9.5)/ 1 mM MgCl2. The
fluorescent product was measured over time in a microplate fluorimeter (Fluorocount; Perkin-
Elmer). Negative controls included samples in which either the capture antibody or the CSF
samples were omitted. Baseline fluorescence was determined from wells treated with the
alkaline phosphatase substrate solution alone.

The pNFH immunoassay was standardized using mouse spinal cord extract. Cords from 2 adult
CD-1 mice were excised rapidly and homogenized in 20 mM Tris-HCl (pH 7.4) containing
protease inhibitor cocktail (Sigma). Following centrifugation for 30 minutes at 40,000 × g, the
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neurofilament-containing supernatant was frozen in small batches at −80°C. Standard curves
were made on each microtiter plate using dilutions of the extract ranging from 0.3 – 10 nl/well,
over which the fluorescence increased in linear proportion with the pNFH content.
Fluorescence signal from all CSF samples was normalized to the standards, and is represented
as the difference in relative fluorescence units compared with negative control lacking any
added standard. Quantitative Western blot analysis was also performed on a subset of CSF
samples using the pNFH-specific monoclonal antibody, and the relative intensities of the
labeled ~200 kDa polypeptide matched the results obtained by the fluorescence enzyme
immunoassay.

Analysis of multiple markers
For semiquantitative comparative analysis, biomarker changes were divided into quadrants:
low (less than 1.5-fold above baseline average), moderate (1.5–3 fold above baseline average),
high (3–5 fold above baseline average), or very high (>5 fold above baseline average). For
graphical representation, the quadrants were color-coded as follows: low- blue; moderate-
yellow; high- orange; very high- red.
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Figure 1.
Time-dependent increases in CSF 14-3-3β, 14-3-3ζ, cleaved α-spectrin, and UCH-L1
following aortic aneurysm surgical repair. Western blot analysis of unfractionated lumbar CSF
samples taken at the indicated times following aortic cross-clamping. (Top) The cases shown
in red included cardiopulmonary bypass with DHCA. The levels of 14-3-3β, ζ and cleaved α-
spectrin were near or below the lower limit of detection prior to the onset of the surgical
procedures. Note that for a subset of surgical cases, there are coordinate increases in the levels
of the three biomarkers between 2–24 hours after the beginning of surgery. (Bottom) Western
analysis of CSF levels of the neuron-enriched deubiquinating enzyme UCH-L1. Shown are 5
representative cases, two of which exhibit a time-dependent increase in the ~25 kDa UCH-L1
polypeptide of >3-fold.

Siman et al. Page 14

Brain Res. Author manuscript; available in PMC 2009 June 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Coordinate increases in multiple CSF markers occur preferentially in cases cardiopulmonary
bypass with DHCA. CSF levels of 14-3-3β, 14-3-3ζ, cleaved α-spectrin, a hypophosphorylated
form of neurofilament H (pNFH), and UCH-L1 were quantified prior to and 24 hoursafter
reestablishment of cardiopulmonary bypass following DHCA, and divided into 4 quadrants as
described in Materials and Methods: low, moderate, high and very high levels. The surgical
cases are divided into groups that either were subjected to or lacked DHCA. Note that all cases
of DHCA are accompanied by time-dependent CSF increases in at least 4 of the proteins. In
addition, 3 of 12 cases not involving cardiopulmonary bypass with DHCA also show time-
dependent CSF increases in at least 4 of the proteins. Strikingly, all 3 of these cases suffered
acute neurological complications indicative of CNS injury.
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Figure 3.
Time course for surgically-induced increase in CSF 14-3-3β. Western blot analysis of
14-3-3β is shown for 4 representative cases. In all cases, 14-3-3β was elevated markedly within
24 hours, but not at 2 hours. In two instances, the major rise occurred between 2–12 hours,
whereas in the other cases 14-3-3β increased predominantly between 12–24 hours.
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Figure 4.
Evidence for activation of calpain, a protease associated with necrotic neurodegeneration,
following repairs employing cardiopulmonary bypass with DHCA. The intact α-spectrin and
its proteolytic fragments detectable in CSF following DHCA were characterized for case 5 by
Western blot analysis using either an antibody reactive with all forms of α-spectrin (>250 kDa),
or cleavage site-specific antibodies reactive with the NH2-or COOH-terminal fragments (~150
kDa each) generated by calpain proteolysis. Note that there is a large time-dependent increase
in CSF levels of the two α-spectrin fragments derived from calpain cleavage.

Siman et al. Page 17

Brain Res. Author manuscript; available in PMC 2009 June 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Rapid elevations in 14-3-3β and pNFH in CSF following transient spinal cord ischemia.
Western blot analyses of 14-3-3β and calpain-cleaved α-spectrin are illustrated, along with
ELIFA quantitation of pNFH. Case 8 suffered a transient spinal cord ischemic event during
post-surgical hospital recovery, with symptoms first noted at 96 hours after the aortic artery
cross-clamping and having recovered to baseline at 102 hours. The neurological complication
was accompanied by rapid and transient increases in the 3 neurodegeneration markers. Time
points A–L represent 0, 1, 2, 12, 24, 36, 48, 96, 102, 110, 117 and 135 hours.
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