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Abstract

The relationship between genetic predisposition to reduced iron capacity and apolipoprotein E
(APOE) with post-traumatic seizures (PTS) and neuropsychological outcomes was investigated in
patients with traumatic brain injuries (TBI) from a prior valproate clinical study. Haptoglobin (Hp)
concentration/phenotype and APOE genotype was determined in 25 PTS and 26 controls (no PTS)
subjects ~10 year after TBI. Hp phenotype was also determined in previously collected frozen
samples for 25 additional PTS and 32 no PTS subjects. There was no relationship between Hp
phenotype or APOE genotype and occurrence of PTS. APOE genotype was not related to
neuropsychological outcome; however when adjustments were made for differences in educational
levels, APOE ¢4 subjects did worse especially on verbal intellectual and verbal memory skills. In
contrast to our hypothesis, those with Hp 1-1 (high affinity binder of hemoglobin), scored somewhat
worse on verbal 1Q and Tapping D at 1 and 12 month after injury.
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1. Introduction

Traumatic brain injury (TBI) is a major cause of long-term disability in the United States.
Although more individuals survive traumatic brain injury than in the past, TBI results in a
cascade of biochemical responses that result in survivors having residual physical, cognitive,
emotional and/or behavioral impairments. The etiology of secondary brain injury is multi-
factorial, with likely inter-related processes that include mitochondrial energy failure,
excessive generation of reactive oxygen species (ROS), activation of destructive enzymes such
as poly (ADP-ribose) polymerase (PARP), membrane disruption, neuronal death, thrombosis
due to intravascular coagulation in small vessels, increased synaptic concentrations of
excitatory amino acids, and activation of innate inflammatory responses [1]. There have also
been significant advances in the understanding of the role of genetics in outcome after TBI,
especially with the association with apolipoprotein (APOE) 4 allele [2].

Head trauma causes about 5% of all cases of epilepsy. Epileptic seizures occur in over 20% of
the people whose traumatic brain injury includes intracranial hematoma, depressed skull
fracture, immediate seizure, or penetrating injury [3]. Injury that involves blood in contact with
the cortex has a significantly increased risk of post-traumatic seizures [4]. The role of iron in
generation of ROS and tissue injury is well established. Hemoglobin is the richest source of
iron in the body and capable of producing ROS [5]. The importance of blood or blood
components (e.g., hemoglobin) to the process of epileptogenesis is suggested by the finding
that intracranial injections of hemoglobin/iron results in increased oxidative stress and seizures
[6,7]. Panter et al. demonstrated that intracranial injections of hemoglobin, lysed erythrocytes,
or iron salts result in chronic, focal spike activity in rodents [8]. Sadrzadeh et al. showed that
iron released from free hemoglobin molecule was responsible for neuronal damage in cats
[9]. Therefore, the inadequate clearance of hemoglobin from the brain following head trauma
could result in accumulation of iron in the brain, oxidative-induced tissue injury and ultimately
development of seizure disorders.

The neutralization and removal of extracellular hemoglobin is affected primarily by
haptoglobin, an ay-glycoprotein [10]. The main biological function of haptoglobin is to bind
free hemoglobin, stabilize it (i.e., prevent the dissociation of the heme group) and to speed its
removal through the reticuloendothelial system to prevent iron loss and kidney damage during
intravascular hemolysis [10]. Haptoglobin contains two 3 (heavy), and two o (light) chains.
Humans are polymorphic for haptoglobin (Hp), with three major phenotypes: Hp 1-1, Hp 2-2,
and the heterozygous Hp 2-1[11]. The B chains are identical in all haptoglobin phenotypes and
the variations are due to the presence of different a chains. Hp 1-1 expresses only the a1 chain
and is the smallest (86 KDa). The Hp 2-1 and 2-2 express a2 chains, which, due to an unequal
crossing-over and partial duplication, can form polymers of 86-300 KDa (Hp 2-1), and up to
900 KDa (Hp 2-2) [11]. Although the main function of Hp is to remove free hemoglobin, there
are profound functional differences among Hp phenotypes. For instance, Hp 1-1 binds
hemoglobin with high affinity and is the most effective in suppression of inflammatory
response oxidative stress associated with extracellular hemoglobin [10]. In contrast, Hp 2-2,
due in part to its large molecular mass, is the least effective.

Apolipoprotein E (APOE) is produced in the brain in response to injury (for review see [12]).
Experimental studies have demonstrated that APOE functions as an antioxidant, anti-
inflammatory, anti-excitotoxic and neurotropic. In addition, polymorphisms of APOE play an
important role in neuropathological finding in patients with head injuries. Of the three common
alleles, €2, €3 and ¢4, the presence of €4 has been shown to have a less favorable outcome in
some previous studies. A prospective study of 106 patients with moderate to severe brain injury
found that patients carrying the ¢4 allele had a 2.4 relative risk of seizures [13]. Studies have
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found that carrying the €4 allele is associated with worst outcome in some studies of patients
with TBI [14-17], but not all studies [13,18,19].

The objective of this study was to investigate the relationship between the genetic
predisposition of reduced efficiency in clearing free hemoglobin iron (or reduced iron handling
capacity) following hemorrhagic injury and apolipoprotein €4 allele to post-traumatic seizure
and neuropsychological outcomes.

2. Methods

2.1 Patients

Participants were recruited from the three hundred seventy nine eligible patients who had taken
part in a double-blind placebo controlled clinical study evaluating the use of valproate (VPA)
for prophylaxis of post-traumatic seizures (PTS) at the University of Washington Harborview
Medical center (UWHMC) from February 1991 to December 1995 [20]. Eligibility for the
VPA trial required a risk factor for PTS, specifically one of the following: intracranial
hematoma, cortical contusion, depressed skull fracture, acute post-traumatic seizure, or a
penetrating brain injury. The study was a randomized, double-blind parallel design with
patients assigned to receive therapeutic concentrations of phenytoin for one week or valproate
for up to 6 months. Patients were loaded with study drug within 24 hours of injury. Eighty-
four % of patients were followed until their death or the end of the 2-year observation period.
Fifty-six patients developed late PTS within two years with no difference among the treatment
arms in the occurrence. Approximately 10 years after their injury, we were able to contact 25
of the 50 surviving subjects with late PTS and 26 subjects in a control group. The control group
was selected from the patients who also had taken part in the VPA Study [20] but did not
develop PTS. The control group was matched for age (<40 years vs. > 40 years, sex and PTS
risk factors [21]. Despite a lack of effect of treatment on PTS found in the VPA trial [20], the
control group was also matched based on which treatment arm they received in the VPA trial.
The study protocol and consent forms were approved by the University of Washington Human
Subjects Division. All subjects gave their informed consent prior to their inclusion in the 10
year follow-up.

2.2 Study Design

A brief interview with the subjects was performed to obtain baseline information on seizure
history, diet, current alcohol use and concurrent medications that they were taking.
Neuropsychological testing was performed as described below and a sample of blood was
collected. Serum was used for haptoglobin concentration and phenotyping analyses, as
described below. The remaining blood cells were used for determination of APOE genotype.
In addition, we were able to determine haptoglobin phenotype in serum samples previously
collected and frozen for an additional 25 subjects who developed PTS and an additional 32
matched control subjects. Haptoglobin phenotype was not determined in the remaining 5 PTS
subjects due to either a lack of sample availability or poor quality of the frozen sample. The
samples were previously collected 3.1 + 1.5 days after TBI (range: 1-6 days) as part of the
VPA trial.

2.3 Sample Analysis

Serum haptoglobin concentrations were measured using an automated immunonephelometer,
following manufacturer’s instruction [22]. Haptoglobin was phenotyped in serum using the
method described by Smithies with minor modifications [23]. Haptoglobin binds hemoglobin
ina 1:1 ratio, and hemoglobin under certain conditions behaves as a peroxidase. The
hemoglobin-Hp 1-1 has a molecular mass of 150 KDa. Hemoglobin-Hp 2-1 has a molecular
mass range of 150 KD to 364 KDa and separates as a band at 150 KDa with many higher
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molecular weight bands. Hemoglobin-Hp 2-2 has a molecular mass range of 234 KDa to 964
KDa and separates with many high molecular weight bands. Briefly, hemolysate was prepared
by hemolysing washed red blood cells in 15 volumes of cold water and centrifuged (35,000%g).
A mixture of serum (10 pL), hemolysate (0.3 uL), 5% sample buffer (4 pL) and water (5.7 pL)
was electrophoresed on a 4-20% gradient (polyacrylamide) minigel (1 mm thick). The
electrophoresis was run at 125 volts for 30 min and 250 volts for 4hr (constant voltage) at 4
C. The gel was washed in distilled water and placed in the peroxidase staining solution. The
staining solution contains two parts mixed equally. Part A: 200 mg leucomalachite green, 20
mg EDTA, 10 ml acetic acid (glacial) and 15 ml distilled water, and part B, 0.6% H,0,. The
gel was then developed for about 4-6 min until bands appear, scanned and analyzed in a
computer.

Apolipoprotein (APOE) genotypes were determined in blood cells using the method described
by Chapman et al [24].

2.4 Neuropsychological Testing

Neuropsycholocological testing was done at 1, 6 and 12 months as part of the original VPA
trial protocol [25]. Briefly, motor function was evaluated by the Finger Tapping Test for
dominant and non-dominant hands [26]. Memory was assessed by the Selective Reminding
Test, Sum of Recall [27]. Measures of visual-spatial performance skills included the Wechsler
Adult Intelligent Scale Performance Intelligence Quotient (P1Q)[28]. For the 10 year follow-
up in the 51 subjects who returned, neuropsychological testing included the Wechsler
Abbreviated Scale of Intelligence (WASI -FSIQ) and the Processing Speed Index (PSI) of the
Wechsler Adult Intelligence Scale [29]. Ten year follow-up also included the Selective
Reminding Test which was included in the 1, 6 and 12 month assessments. Subjects who were
neurologically too impaired to be tested were assigned a score one unit worse than the worst
observed and subjects who died were assigned one unit worse than that.

2.5 Statistical Analysis

3. Results

Chi-square tests and Mann-Whitney tests were used for statistical analysis of demographic and
injury characteristics, haptoglobin phenotype and APOE genotype distributions between PTS
and control subjects. Statistical analysis of the neuropsychological testing was performed using
t-tests, ANOVA; and multiple regression of the neuropsychological test scores on genetic
markers, seizure group, TBI severity using time to follow commands and education or age.
Adjusted means were calculated from the regression analyses by substituting the overall mean
for all variables except the grouping of interest in the regression equations.

Table 1 shows demographic and injury characteristics of the 50 subjects who experienced at
least one epileptic seizure (PTS) (including the 25 subjects who returned for a follow-up visit
at approximately 10 years and 25 subjects for whom previously frozen serum samples were
available) compared to those without epileptic seizures (no PTS). There were no significant
differences between the groups on demographic or injury characteristics. There was no
statistically significant difference in haptoglobin serum concentration in those subjects who
had developed PTS compared to controls (no PTS). There was no relationship between
haptoglobin phenotype (Table 2) or APOE genotype (Table 3) and occurrence of PTS. There
was also no relationship between haptoglobin phenotype and haptoglobin concentration. The
results of the APOE genotype, haptoglobin phenotype and neuropsychological test are given
in Table 4 and 5, respectively. Those subjects with APOE ¢4 genotype had higher education
prior to injury (p=.004). APOE genotype was not related to outcome at any time without
adjustment for seizures, TBI severity or education (p-values between .11 and .95 with no
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adjustment for multiple comparisons). However, with adjustment for seizures, TBI severity
and education, subjects with APOE ¢4 genotype performed significantly worse on VIQ at 1
month and 1 year post injury (each p < .05 without adjustment for multiple comparisons) and
on a verbal memory test at 1, 6 and 12 months post injury (each p < .05 without adjustment
for multiple comparisons). Those subjects with Hp 2-2 were older than the other 2 groups.
Those with Hp 1-1, which should indicate better clearance of hemoglobin, scored worse on
VIQ and Tapping D at 1 and 12 months after injury (each p<.05 after adjustment for seizures,
severity, and age but without adjustment for multiple comparisons) with occasional other tests
showing similar trends.

4. Discussion

The role of oxidative stress in neurological disorders is well established. Iron and iron
compounds (such as hemoglobin) can enhance oxidative damage in the body via generation of
reactive oxygen species. The brain is especially susceptible to oxidative damage due to its high
oxygen consumption, its high lipid content, and low antioxidant capacity. Therefore, free iron
or hemoglobin via oxidative damage can have a role in the etiology of some of the
neurodegenerative disorders. Indeed, increased accumulation of iron in the brain and defective
antioxidants have been linked to both Parkinson’s and Alzheimer’s Diseases [30]. Markers for
oxidative stress such as lipid peroxidation, DNA damage, protein damage and increased
nitrotyrosine have been documented in Parkinson’s Disease [31].

Panter et al [32] found a highly significant association between low or absent plasma
haptoglobin concentrations and the occurrence of seizures in several family groups with
idiopathic epilepsy. In another study looking at the association of haptoglobin phenotypes and
the frequency of seizure in patients with refractory epilepsy, Sadrzadeh et al. [33] found a
significant association between Hp 2-2 phenotypes and the frequency of seizures. That is, 67%
of epileptic patients with Hp 2-2 phenotype experienced one or more seizure attacks per month
as compared to 11% seen in those with Hp1-1. Saccucci et al. found similar under-
representation of the Hp 1-1 genotype in two populations of children with generalized epilepsy
compared to controls [34].

Haptoglobin is a plasma a-2 glycoprotein that in addition to its major role in removing free
hemoglobin from circulation following intravascular hemolysis, can also function as an
antioxidant (especially Hp 1-1) by binding hemoglobin and preventing hemoglobin induced
oxidative tissue damage [35]. Serum and cerebrospinal fluid haptoglobin concentrations are
increased significantly after TBI [36]. Although the exact mechanism for the latter
phenomenon is not known, it might be related to the inflammatory processes that follows the
injury. Haptoglobin is a positive acute phase protein and its serum concentrations should go
up and stay elevated during inflammatory response to injury.

In our patient population, the nature of injury to the brain is different from those seen following
chronic micro hemorrhagic events. In TBI, the physical damage to the brain may be the reason
for seizure activities seen in those patients. Haptoglobin cannot protect the brain tissue against
the initial physical injury. Even though good haptoglobin function may prevent some
hemoglobin-induced damage, such an effect may be too little too late when the injury can
involve direct physical damage to the brain. If one is thinking of preventing PTS using an agent
that binds or clears blood, the results presented here suggest the effect of the agent needs to be
much stronger than the differences between the different Hp phenotypes.

Prior findings on the relationship of APOE alleles and outcome after TBI have been mixed,
with quite a few studies, even small ones, finding a relationship with global outcome as
measured by the Glasgow Outcome Scale (GOS) or Glasgow Outcome Scale —Expanded
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(GOSE) and about an equal number, including the largest study with 984 participants, finding
no association. The single prior study looking at the relationship with PTS found a relative risk
of 2.4 (95% confidence interval, 1.15-5.07, p=0.03) associated with APOE &4. The single study
looking at neuropsychological functioning found no relationship. Our study failed to confirm
an association between the €4 allele and PTS, however our sample size was considerably
smaller as we were only able to obtain APOE for the 51 subjects returning at 10 years post-
injury.

The results of the relationship between APOE ¢4 and neuropsychological performances are
interesting and worthy of comment. Those with APOE ¢4 alleles had significantly better pre-
injury educational levels and their unadjusted performance was not different from the no APOE
€4 group. However, since higher educational levels typically are associated with better
cognitive functions, they may be masking TBI effects. Unlike the Chamelian et al. study
[37], after adjustment for educational attainment, we did find somewhat poorer
neuropsychological functioning among those with the £4 allele in the areas of verbal intellectual
and verbal memory skills, although the differences would not be significant with adjustment
for multiple comparisons. These measures are relatively more robust to the effects of injury.
This brings up the question of whether the poorer cognitive skills are the result of the injury
or pre-dated the injury. Studies done to date, including this one, have not looked at APOE
status and cognitive performance in a comparison group without TBI or other neurological
condition. A study with such a comparison, or even a study looking at cognitive function in
relation to APOE status in healthy individuals, would shed light on whether poorer pre-injury
verbal abilities in those with APOE ¢4 could explain the finding of the current study. While
better educational levels of the APOE &4 group may be entirely a chance occurrence,
consideration should also be given to whether this is due to a selection bias caused by loss of
APOE ¢4 subjects with lower education to mortality or functional limitations of survivors
precluding willingness to participate in our research. It would be advisable for future research
to be attentive to potential subject selection biases that may be contributing to inconsistent
results in the literature.

Although blood in close association with the brain is a prominent risk factor for seizures after
TBI and several other conditions and injection of iron or heme into the brain serves as a
laboratory model for PTS, to our knowledge, this is the first study to examine whether
differences in haptoglobin phenotype are related to the risk of developing PTS. No such
relationship was found. This raises the question of whether the development of post-traumatic
seizures is mediated by free hemoglobin/iron or whether this experiment of nature just uses
“too small a dose”
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Table 1
Description of Patients
PTS Subjects No PTS
n=50 n=58 p
[Age mean (sd) 36 (17) 40 (15) 0.72
Gender (% male) 88 90 1.0
% Surgery for
Subdural Hematoma 22 22 1.0
% Dural Penetration
by injury 30 24 0.52
Non-reactive Pupils 0.37
% none 83 91
%>1 17 9
Early Seizures 1-7 days 6 3 0.66
Time to Follow Commands 0.32
% 1-6 days 58 69
% > 7 days 42 31
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Haptoglobin (Hp) Concentration and Phenotype in PTS Cases and Controls (No PTS)

Page 10

PTS Subjects No PTS Expected Ratio for
n=50 n=58 Seattle Area” [36]
Hp (mg/dn@ 200 £ 90 192471
Hp Phenotype
Hp1-1 11 (22 %) 7 (12 %) 14%
Hp 2-1 22 (44%) 28 (48%) 48%
Hp 2-2 17 (34%) 23 (40%) 38%

anormal range for Haptoglobin (100-300 mg/dl), p = 0.57

bThere is not a statistically significant difference in Hp phenotype distribution in patients who developed PTS compared to those who did not. (XZ =0.250,

DF=2, p=0.883)
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APOE Genotype and PTS

PTS Subjects] No PTS
2.3 0r £33 18 (72.0 %)|18 (69.2 %)
[e24 ore340red4 7 (28.0 %) 8 (30.8%)

Table 3

Page 11

In most populations the allele frequency for APOE2, APOE3 and APOE4 are 0.075, 0.774 and 0.15. Therefore we would expect 72% of patients to not
carry the APOEA4 allele. There was no statistically significant difference in the frequency of APOE4 allele in patients who developed PTS compared to

the control non PTS patients. (xz =0.047, DF=1, p=0.828)
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