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- Chapter 26

Applications and Limitations of pNF H

a Novel Biomarker for Spinal Cord Injury:
Strategy for the Evaluation of Therapeutic
Outcomes

Toru Ogata, Kentaro Hayakawa, and Hirotaka Chikuda

Abstract The development of proper outcome measurements is as important as
~developing novel therapies. One of the characteristic issues in spinal cord injury
(SCI) is the difficulty in severity evaluation at an early time point. In general, the
assessment of tissue damage can be achieved by measurement of tissue-specific pro-
teins released into peripheral blood. Phosphorylated neurofilament NF-H (pNF-H) is
a cytoskeletal structural protein in neurons. In addition to its physiological function,
pNF-H has been reported as a biomarker for axonal damage because of its stability
within blood. In both rodent SCI models and human SCI patients, higher pNF-H
values in blood correlate with more severe neural tissue damage. It would be possible
to determine the severity of SCI by measuring blood pNF-H at either 24 or 96 h after
injury. This better prognostic evaluation may reduce the number of required patients
in clinical studies and facilitate the development of novel therapies for SCI.

Keywords Biomarker ¢ ELISA ° Prognosis

26.1 Introduction

The development of novel therapies for spinal cord injury (SCI) has been attempted
in various ways, including surgical, pharmacological, and cellular approaches.
Focusing on acute SCI, it is still controversial whether immediate decompression is
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Fig. 26.1 The structure of high molecular weight neurofilament. NF-H is the longest form of
neurofilament, having 150 kd as its molecular weight. Near its C-terminus NF-H contains more
than 50 repeats of the serine~lysine—proline (KSP) motif, which is phosphorylated by kinases such
as CDKS, physiologically

beneficial for SCI -without bone lesions [1]. As for pharmacological approach,
several drugs are now in clinical trials, such as anti-Nogo drugs [2], minocycline [3],
the Rho-inhibitor Cethrin [4], and G-CSF [5], which are intended to either reduce
secondary damage or promote neural regeneration and plastic reorganization.
Although there are promising preclinical results to support the effectiveness of these
therapies, the variability of SCI severity and the difficulty in making an accurate
prognostic evaluation make the design of clinical trials impose on including a
large number of patients, which is one of the main obstacles in this field.

The proper prognostic evaluation of SCI has been based on clinical findings and
radiological results such as magnetic resonance imaging and computed tomogra-
phy. However, it is sometimes difficult to perform precise neurological evaluation
because of damage to other organs and/or the unconsciousness of patients [6]. In
addition, spontaneous recovery is frequently observed in acute SCI patients, even in
the case of patients manifesting complete paralysis. Therefore, when we observe
neurological recovery several months after SCI, we can hardly determine whether
the improvement is due to specific therapeutic intervention or the natural course of -
the patient. Therefore, the development of an objective method to. evaluate the
severity and prognosis of SCI is necessary.

In other medical fields, blood samples give large amounts of information related
to diagnosis and severity. In the field of central nervous system disorders, S100B, a
protein expressed in glial cells, and neuron specific enolase (NSE) have been used
for the diagnosis of cerebrovascular diseases [7, 8]. These proteins are physiologi-

cally expressed within neural cells and thought to be released to peripheral cerebro-
spinal fluid, and peripheral blood flow, when cells are damaged and the cell
membrane is disrupted. Several studies measured these proteins in blood samples
from SCI patients, but were of limited usefulness because of their short life in blood
and low specificity to the nervous system. :

High molecular weight neurofilament (NF-H) is one of the cytoskeletal mole-
cules expressed in neurons (Fig. 26.1). Multiple phosphorylation in its KSP region
contributes to the stabilization of the complex with the fiber bundles in axons.
In addition to its physiological functions, pNF-H is also known as an accumulating
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B protem m degeneranve dlseases, such as amyotrophlc lateral scIerosm (ALS) {9]

| *'In some types of ALS, the dysfunction of iransport systems, which send néwly syn-

thesized neurofilaments to axons, causes accumulation of pNF-H at the cell bodies.
In 2005, Shaw et al. reported that .the phosphorylated form of NF-H (pNE-H)
showed resistance to degradation by calpams and is stable in blood [10]. They also
insisted that this molecule has the potential to be used as a biomarker to evaluate
‘axonal damage in CNS disorders. In fact, they reported that pNF»H is elevated in
both blood samples and cerebrospinal fluid samples from ALS patients [1 1].In'this
- chapter, we discuss the usefulness and lzmxtations of thls novel bzomarker pNF—H
in the clinical field of SCL

!

26.2  Measurement of pNF-H in Rodent Models

- To evaluate the sensitivity of blood pNF-H level in-discriminating the severity of
SCI, we used a mouse SCI model, in which we took daily blood samples from the
- tail vein. The blood pNF-H values were determined by an enzyme-linked immuno-
sorbent assay (ELISA). The severity of SCI was ‘determined by setting damage
force in a spinal cord contusion device. The trend of average pNF-H values showed
“asingle peak pattern regardless of the severity. The values marked their peak value
at the third day after injury, returning to the pre-mjured level (below minimal detec- '
tion value) after 2-3 weeks. Although the trends are similar, their peak values differ
depending on the severity. The mice who received the most severe injury (90 kdyn)

had the highest pNF-H value at 3 days after injury, while mlce with less severe SCI-

show lower pNF-H values. Therefore, blood pNF-H seems to correlate with the' .
- degree of trauma in the spmal cord (Fig. 26. 2) ‘

Plasma pNF-H aﬂer SC! m mice

3 15000 | - —-90 kdyne

E 10000 ! | 260 kdynek
- -+-30 kdyne
@ 5000 - ‘ » ‘N=6
_g ' 0 — | am— T T T 1

& 01234567

Time after injury (d)

“ Fig, 26.2 The time course of blood pNF-H levels in rodent SCI model. Mice received ‘vanous

o degrees of SCI (impact force: 30, 60, or 90 kdyn). Serial peripheral blood samples were collected”

to determine pNF-H levels. Regardless of the severity of SCI, the peak pNE-H values were
observed at 3 days after i 1n3ury and higher peak pNF—H values correspond to more severe damage
to spmal cord :
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26.3 Measurement of pNF-H in Humans

To confirm the usability of pNF-H in clinical practice, we collected blood samples
from acute SCI patients. In this study, we set inclusion criteria as patients having
cervical SCI and not having severe traumatic brain injury. In some cases, blood sam-
ples were repeatedly collected until 3 weeks after injury. We recorded clinical symp-
toms on admission and also at the final examination (average duration of 6 months).

First of all, we confirmed that pNF-H is elevated in SCI patienis’ blood samples.
In most patients who showed complete SCI, pNF-H was initially detected as early
as 18 h after injury. Serial samples indicated that the pNF-H level increases gradu-
ally for several days after injury (Fig. 26.3). In contrast to the rodent model, in
which pNF-H marks its peak value at 3 days after injury, human SCI samples
showed sustained elevation of pNF-H even after 3 days. When we plotted the pNF-H
values according to the severity of paralysis at end point, we observed higher pNF-H
values in complete SCI (AIS A) group compared to incomplete SCI (AIS C and D)
group with a statistically significant difference. Thus, the difference was observed
at both 24 and 96 h after injury (Fig. 26.4).

In some cases, we continued to measure pNF-H for up to 3 weeks. All four cases
(two cases with AIS A and two cases with AIS C) showed sustained elevation of
pNF-H even at 3 weeks after injury. At the third week, the difference in pNF-H
value between AIS A and C become unclear (data not shown).

26.4 Discussion

We evaluated the usefulness of pNF-H as a biomarker for SCI in both animal mod-
els and clinical cases and found that blood pNF-H level in the early phase of SCI is
correlated with its overall severity [12, 13].

= 10000 -

% 8000 -

.

T 6000 - ——-case 5
o 4000 -#-case 9
% --case 12
é 2000 - ¢case 14
8 0 -

a_’ H 1 1 i T T T

0 12 24 36 48 60 72 84 96
Time after injury (h)
Fig.26.3 Serial pNF-H measurements in complete SCI patients. Thé plasma pNF-H levels of four

patients who were graded as AIS A at the final follow-up are shown. In those patients, pNF-H was

. detectable in plasma from 18 h after injury (221-825 pg/ml), and it increased until 96 h after injury
(1,919-8,023 pg/ml)
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Fig. 26.4 Blood pNF-H level, 10000 - _
was elevated in accordance S l *
with the severity of the injury. - 6o
“There was a marked - E 1000 - 7
- difference between AIS A g &
patients (complete SCI) o : 3
and AIS C-E patients 2 100 - o
(incomplete SCI), with Z o . rY X
statistical significance at24h  w o &
after injury ' g 10 - &
e :
1
A ' C,D, E
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Table 26.1. The list of biomarkers for central nervous system disorders

Name Cell types - Physiological function Reference
pNE-H Neurons (axon) Cytoskeletal molecule [13]
Tan Neurons Microtubule associated protein [20]
UCHL1 Neurons (cell body) Deubiquitinating enzyme [isy

. NSE Neurons Glycolytic enzyme =~ [21]
S100B Astrocytes Calcium-binding protein {8}
GFAP Astrocytes Intermediate filament y [22]

- MBP - - Oligodendrocytes A structural protein of myelin [23]

26.4.1 Compdrison with Other Biomarkers

The characteristics of pNF-H compared to preexisting biomarkers for CNS disor-
ders are (1) it is measureable in blood samples and (2) it remains elevated for several
days or even more. The first point enables easy access to samples compared to
cerebrospinal fluid, in which most of the biomarkers, including pNF-H, exist at -
higher concentration than in peripheral blood [14]. Repeated measurement would
be useful to achieve more information about the state of injured spinal cord. As for
the second point,"pNF-H in complete SCI patients remains elevated for more than
1 month. Other biomarkers, such as S100 and NSE, are elevated within blood but
their levels return to baseline rapidly (within 24-48 h) [8]. The short duration of the
detection time-window makes it difficult to obtain proper samples to evaluate the
severity of patients. The gradual increase of pNF-H (detectable at 18 h-after injury)
may have some disadvantages. Since most of the therapeutic interventions are
intended to start as early as possible, the ideal biomarker should be detectable
immediately after injury. It would be beneficial to use pNF-H in combination with
other biomarkers which become detectable at an early time point, such as S 100B or -
UCHLI [15]. Table 26.1 shows a list of possible biomarkers in the CNS.
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Fig. 26.5 Application of biomarkers for the evaluation of novel therapies for SCI. The evaluation
of biomarkers might assist in the precise prediction of prognosis before therapeutic intervention:
The effect induced by therapeutic intervention is then estimated by the difference between the
actual clinical course and the clinical course indicated by the biomarker level

26.4.2  Possible Applicatibns of pNF-H

One of the possible applications of pNF-H measurement is the prognostic evaluation
of acute SCI. A precise prognostic evaluation is helpful to organize rehabilitation
programs for each patient. Furthermore, such evaluation may contribute to designing
clinical trials of novel therapies for SCI. Several approaches to improve the out-
comes of SCI by intervention at an early time point, such as within 1 week after
injury, are in the preclinical stage. At the moment, we cannot distinguish patients
with “definite complete paralysis,” who will remain completely paralyzed after
several months, and those with “temporary complete paralysis,” who manifest comi-
plete paralysis on admission and gradually recover to incomplete paralysis over
1-3 months. If we could set up a definite cutoff line of pNF-H values at 24 h after
injury to distinguish these two subgroups at recruitment, we can exclude “temporary
paralysis” from clinical trials-to improve the specificity of the outcome (schemati-
cally shown in Fig. 26.5). To set up such a cutoff value, further clinical studies are
required to associate early pNF-H levels with neurological findings in the chronic
stage [13]. :

26.4.3 The Limitation of pNF-H as a Biomarker

Despite its high sensitivity in CNS disorders, the specificity of pNF-H is still con-
troversial. So far, elevation of pNF-H is reported in traumatic brain injury, subarach-
noid hemorrhage, ALS, and prolonged febrile seizure [16-19]. We also confirmed
that pNF-H is expressed in peripheral nerves and detectable in peripheral nerve
injury. Considering that brain trauma is a common ‘comorbidity of cervical SCI, we
should be careful in the assessment of blood pNF-H values. In addition, it is
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- posszble that patients have elevated pNF-H values pnor to thexr injury, due to other
diseases. To exclude such a ‘possibility, it would. be recommended to perform
sequentxal measurements of blood pNF-H, in which gradual increases within
' ’7-—14 days may represent a newly generated insult to the CNS.

N

- 26.4.4 Issue& to Be Solved

" There remain several unresolved .aspecis regarding basic knowledge about pNF-H
levels. For example, in both rodent and human SCI, blood pNF-H gradually
increases for several days, but it is not clear whether the i increase represents second-’
ary axonal damage and/or axonal degeneration after a primary injury. As we showed, -
the time course is different between rodent and human SCIL. Considering the large’
molecular size of pNF-H its sustained elevation in human SCI implicates certain
mechanisms to carry the molecule beyond the blood-brain barrier. At present, we
are only-able to assess blood-pNF-H levels empirically. The understanding of the

“mechanisms how pNF-H is released to peripheral blood may give us more insight
into the state of the injured spinal cord and enable us to use this biomarker for more
theoretxcal considerations. :

26.5 Conclusion

- At this moment, we should be careful in using pNF-H values for clinical purposes,
including clinical trials; it might be useful in confirming complete paralysis, but its

potential to estimate prognosis of incomplete SCI remains unknown. However, in
' spite of several crucial limitations that have yet to be solved, measurement of blood
pNF-H is a novel way to look into the pathological processes after trauma in the
spinal cord. Therefore, future studies, both clinical and basic, may provide us with
new insight into the pathological processes of the injured spinal cord.

Conflict of Interest Toru Ooata‘ Kentaro Hayakawa, and leotaka Chikuda declare that they have
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