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Abstract
Post traumatic seizures (PTS) occur frequently after traumatic brain injury (TBI). Since gamma-
amino butyric acid (GABA) neurotransmission is central to excitotoxicity and seizure
development across multiple models, we investigated how genetic variability for glutamic acid
decarboxylase (GAD) influences risk for PTS. Using both a tagging and functional single
nucleotide polymorphism (SNP) approach, we genotyped the GAD1 and GAD2 genes and linked
them with PTS data, regarding time to first seizure, obtained for 257 adult subjects with severe
TBI. No significant associations were found for GAD2. In the GAD1 gene, the tagging SNP
(tSNP) rs3828275 was associated with an increased risk for PTS occurring <1wk. The tSNP
rs769391and the functional SNP rs3791878 in the GAD1 gene were associated with increased
PTS risk occurring 1wk-6mo post-injury. Both risk variants conferred an increased susceptibility
to PTS compared to subjects with 0-1 risk variant. Also, those with haplotypes having both risk
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variants had a higher PTS risk 1wk-6mo post-injury than those without these haplotypes.
Similarly, diplotype analysis showed those with 2 copies of the haplotype containing both risk
alleles were at the highest PTS risk. These results implicate genetic variability within the GABA
system in modulating the development of PTS.
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Traumatic brain injury; seizures; GABA; glutamic acid decarboxylase; promoter; single
nucleotide polymorphism

1.0 INTRODUCTION
A significant consequence following traumatic brain injury (TBI) is the development of
post-traumatic seizures (PTS). Nearly 15% of hospitalized TBI patients with significant
injuries develop seizures, and PTS accounts for 20% of symptomatic seizures and 5% of all
seizures in the general population (Englander et al., 2003; Hauser et al., 1991). Individuals
with more severe brain injuries have higher risk for PTS compared to those with mild
injuries, and they often have a prolonged period of time in which they are at risk of
developing PTS (Yablon and Dostrow, 2001). Also, time to first seizure can occur up to
years post injury (Raymont et al., 2010; Swartz et al., 2006). Patients who suffer from PTS
can have a significantly reduced quality of life (Liu et al., 2011). Of patients who experience
one PTS, 86% will have a second within 2 years (Haltiner et al., 1997). The development of
seizures is a clinically significant phenomenon, as prolonged convulsive seizures can be
detrimental to the brain, and non-convulsive seizures can have adverse outcomes (Chen and
Wasterlain, 2006; Young et al., 1996). Bao et al. have shown that an induced period of post-
traumatic seizures significantly exacerbates the structural damage caused by TBI in rats
(Bao et al., 2011).

Although PTS is common after TBI, the neurobiological underpinnings associated with it
are not well understood. A common linkage between the pathophysiology associated with
secondary TBI and seizure susceptibility is the gamma-aminobutyric acid (GABA)
neurotransmission system. GABA is a primary inhibitory neurotransmitter in the brain, and
under physiological conditions, modulates excitatory tone. GABA is synthesized from
glutamate by the enzyme glutamic acid decarboxylase (GAD). The mature GAD protein has
two forms; GAD67 is coded by the GAD1 gene and GAD65 is coded by the GAD2 gene,
both of which are responsible for catalyzing the production of GABA from Glutamate in the
brain (Kuo et al., 2009). GAD1 maps to chromosome 2q31, while GAD2 maps to 10p11 (Bu
et al., 1992; Online Mendelian Inheritance in Man, 2011).

The GABAergic system has been implicated as a mediator of seizure activity. Changes in
GABA transporter activity have been closely related to both the pathology and treatment of
epileptic seizures (Allen et al., 2004). Drugs which enhance CNS GABAergic
neurotransmission can be clinically effective for the treatment of epilepsy (Meldrum, 1989).
Furthermore, low CSF GABA concentrations are observed in a variety of epileptic
syndromes, including genetic models of epilepsy (Hasegawa et al., 2004; Ellenberger et al.,
2004; Treiman, 2001). Rodent studies have shown that levels of GAD67 mRNA and protein
are enhanced in granule cells/mossy fibers after sustained epileptic seizures (Schwarzer and
Sperk, 1995; Sperk et al., 2003). Further, another study showed increased GAD67 levels in
the granule cells/mossy fibers in patients with temporal lobe epilepsy as compared to post-
mortem controls (Sperk et al., 2011). These findings support the idea that the increased
levels of GAD67 could also represent a defense mechanism to combat the development of
PTS.
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GABAergic neurotransmission impacts TBI pathophysiology in several ways acutely after
injury. For example, increased extracellular GABA, in conjunction with increased
extracellular glutamate, has been documented following TBI (Nillson et al., 1990; Kanthan
and Shuaib, 1995). Increased GABA levels may represent a compensatory mechanism to
combat excitotoxicity and early seizure activity in the injured brain. However, a study in
rodents showed a 26% decrease in GAD positive neurons in the cerebral cortex following
fluid percussion injury (Neese, et al., 2006). GABA-A receptors are implicated with in vitro
models as modulators of excitotoxic injury (Muir et al., 1996), and manipulation of GABA-
A receptors, during the acute and chronic phases of experimental TBI, can influence
behavioral outcomes (O’Dell et al., 2000).

Although studies suggest that genetic susceptibility contributes to the development of
seizure disorders (Cavalleri et al., 2007; Jamali et al. 2010) and treatment response (Ebid
2007; Hung et al., 2005; Kwan et al., 2007), little has been studied in the area of genetic
susceptibility to PTS. Previous work in our lab has shown that genetic variation in the
adenosine A1 receptor is associated with susceptibility to PTS (Wagner et al. 2010). Studies
involving the APOE gene have been mixed, with some showing that carriage of the
apolipoprotein 4 (APOE4) allele increases the risk for the development of late PTS (Diaz-
Arrastia et al., 2003), while others do not show a clear association (Miller et al., 2010;
Anderson et al., 2009). Recent work suggests that variation in the gene encoding
methylenetetrahydrofolate reductase (MTHFR) contributes to risk for post-traumatic
epilepsy in a military population (Scher et al., 2011). Thus, genetic variation represents a
largely unexplored, yet potentially useful, area of research to determine PTS susceptibility.

Given that GABAergic neurotransmission can influence excitotoxicity and seizure
development, the goal of this study was to determine if genetic variability within the GAD1
and GAD2 genes was associated with the development of PTS in a human population with
severe TBI. This study utilized both tagging and functional single nucleotide polymorphisms
(SNPs) to screen the GAD1 and GAD2 genes for associations with PTS within <1wk,
1wk-6mo, and beyond 6mo post-injury.

After accounting for mortality, univariate, multivariate, and haplotype analyses suggest a
significant association between risk for PTS occurring 1wk-6mo post injury and the
presence of both the functional SNP rs3791878 and the tagging SNP rs769391.
Additionally, the tagging SNP rs3828725 was associated with PTS <1wk post injury. These
findings may have implications for PTS risk stratification and individualized treatment
strategies for persons with TBI.

2.0 METHODS
2.1 Study Design and Subjects

This study was approved by our Institutional Review Board. 257 adults with severe TBI,
enrolled between 2000 and 2008, were genotyped for the GAD1 and GAD 2 genes as part of
a study evaluation of genetic associations and outcome. There is substantial evidence from
dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP) that several SNPs included in this study
have significant allele frequency differences by ancestral background. As such, subjects
included in this study were limited Caucasians. Other inclusion criteria included age ranging
from the ages of 16-75, severe TBI (GCS score of <8), evidence of TBI (intracranial injury)
on CT scan, and had an extraventricular drain in place to monitor intracranial pressure.
Subjects were excluded from the study if they had documented evidence of penetrating head
injury, prolonged cardiac or respiratory arrest (greater than 30 minutes). Subjects were also
excluded if they were less than 6 months removed from their injury, had a premorbid history
of seizures, and were not Caucasian.
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2.2 Critical Care Management
All subjects enrolled presented for care at one of our level 1 trauma centers, with 24 hour
neurosurgery, trauma surgery and critical care services available. Subjects were admitted to
the neurotrauma intensive care unit and received treatment consistent with The Guidelines
for the Management of Severe Head Injury (Brain Trauma Foundation et al., 2007).
Standard electroencephalography was ordered intermittently for subjects where there was
clinical suspicion of PTS activity, including non-convulsive seizures. In general, subjects
with severe injuries received PTS prophylaxis for 1 week based on previously published
studies (Temkin et al., 1990). Temperature was monitored regularly, and a subset of subjects
received moderate hypothermia as a part of clinical care or if they were enrolled in a
randomized controlled clinical trial evaluating moderate hypothermia after severe TBI. As a
part of the study subjects were brought to a target temperature of 32.5-33.5 degrees Celsius
with 48 hours of cooling with passive rewarming. There were 52 individuals that received
hypothermia. Subjects not receiving hypothermia were treated to maintain a normothermic
state.

2.3 Demographic and Injury Data
Information regarding the subject’s age, gender, and race were abstracted from the medical
records. The length of hospital stay, cranial surgeries to treat a TBI lesion (in addition to the
burr hole procedure for EVD placement), mechanism of injury, hypothermia status, and
GCS scores were also abstracted. Initial hospital GCS scores were recorded for each subject
within 8 hours of injury and after resuscitation and without the influence of paralytics.
Patients having undergone intubation by the time of this GCS assessment received a score of
1 for the verbal scale of the GCS. Information about administration of anti-epileptic drugs
(AEDs) during their acute hospital stay was also noted. Common AEDs, used at our center
for seizure prophylaxis, or treatment were included in the analysis. Drugs with
anticonvulsant properties that were explicitly designated in the medical record for use in
treating a condition other than seizure treatment/prophylaxis, were excluded from analysis.
Head CT findings about injury type were abstracted from the medical record, and the
presence versus absence of each injury type was assessed. Injury types included subdural
hematoma (SDH), epidural hematoma (EDH), contusion, Subarachnoid hemorrhage (SAH),
intraventricular hemorrhage (IVH), intracerebral hemorrhage (ICH), diffuse axonal injury
(DAI), and “other lesions”. Also, the number of injury types was summed for each subject
evaluated for associations with PTS.

2.4 Seizure Assessment
Information about PTS was collected through electronic medical records available from the
acute hospitalization as well as any inpatient rehabilitation and outpatient clinic notes for
care provided within our health system. Data abstraction was supervised by a TBI
rehabilitation specialist involved with the study. Time to first seizure was the primary
measure abstracted. Inpatient notes used to determine time to first seizure included
ambulance emergency room reports, progress notes, nursing notes, clinical EEG study
reports from staff epilepsy specialists, patient history and physical reports, and discharge or
transfer summaries. Notation in medical records referring to convulsions, seizures, status
epilepticus or seizure disorder was taken as PTS occurrence for an individual. If a notation
to possible seizure activity were ambiguous or unclear, that notation was classified as a “no
seizure” occurrence. Last available records found for the cohort ranged from 6 months post
injury to 8 years post injury. Determining PTS onset for time frames spanning beyond initial
acute care hospitalization required at least one discharge/death summary or inpatient/
outpatient note related to the TBI and referencing the appropriate PTS period.
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Inherent to the data abstraction approach described for this study, specific dates for time to
first seizure were not uniformly available for all subjects. Thus a discrete survival analysis
approach, using time based categories for seizure onset and adjusted for mortality within
those time based categories, was used. Although clinically it is not known a priori if first
PTS onset will occur days versus years after injury, the literature suggests that pathology for
early and later PTS includes different risk factors (Haltiner 1997, Temkin 2003). Thus, we
felt it most appropriate to define a time specific no seizure group for each time based PTS
cohort assessed. Time to first documented seizure was categorized as occurring within three
different time based categories representing the acute, sub-acute, and chronic phases of TBI
recovery. Categories include 1) <1wk after TBI 2) 1wk-6mo post injury, and 3) at least 6mo.
post-injury. The acute category, and the sub-acute+chronic categories, follow published
definitions early and late PTS respectively (Temkin et al., 1990). Subjects who died within
the first week, but did not seize, were removed from early PTS analysis in order to eliminate
mortality as a bias regarding seizure rates. Those who died and did not seize within the first
6 mos were removed from seizure analyses assessing risk for PTS 1wk-6mo, and those who
died at any point and did not seize were removed from seizure analyses assessing PTS risk
at >6 mo.

2.5 Outcome Measures
An outcome assessment battery was also collected for each subject at six months post injury
that included the Glasgow Outcome Scale (GOS) score. The GOS is commonly used as a
global outcome measure in TBI (Jennet and Bond 1975) that also includes the collection of
information regarding seizures. GOS associations with SNPs in each cohort were examined.
To appropriately account for mortality in PTS analysis, death date was recorded and coded
in the same way as PTS. Death was recorded as occurring 1) <1wk post-TBI 2) 1wk-6mo or
3) beyond 6mo after TBI. Mortality was collected using death reports in medical records as
well as the social security death index online (Rootsweb, 2011)

2.6 Single Nucleotide Polymorphism Selection
tSNPs with a minor allele frequency of at least 20% were selected based on data from the
HapMap database (International HapMap Project: http://snp.cshl.org/) and SNP database
(dbSNP: http://www.ncbi.nlm.nih.gov/projects/SNP). At the time of selection, these tSNPs
captured the variability of the gene including 1000 bases 5′ upstream into the promoter
region, which is based on data from build 36. We evaluated each tSNP for allelic, genotype
and grouped genotype as independent variables for associations with PTS and outcome. The
two groupings used were presence of variant (homozygous variant and heterozygotes
combined) versus homozygous wild type and presence of wild type (homozygous wild type
and heterozygotes combined) versus homozygous variant (see Table 2).

2.7 DNA Extraction and Genotyping Methods
DNA was extracted from one of two sources for each subject, whole blood collected prior to
transfusion or cerebrospinal fluid (CSF). Whole blood was collected into EDTA vacutainer
tubes, processed to retrieve the buffy coat and DNA extracted using a simple salting out
procedure (Miller et al., 1988). CSF was collected by passive drainage as standard of care,
and DNA was extracted using the Qiamp DNA extraction protocol for extraction from body
fluids (Qiagen Corporation, Valencia, CA).

Tagging SNPs rs7073119 and rs3828275 as well as functional SNP rs3791878 were
genotyped using 5′ exonuclease Assay-on-Demand TaqMan assays (Applied Biosystems
Incorporated, Foster City, CA). Amplification and genotype assignments were conducted
using the AB17000 and SDS 2.0 software (Applied Biosystems Incorporated, Foster City,
CA). Double-masked genotype assignments were made for each SNP, they were compared,
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and each discrepancy was addressed using raw data or re-genotyping. The remaining SNPs
(rs769391, rs3749034, rs3791860, rs4668237) were genotyped using iPLEX Gold SNP
Assay (Sequenom Inc., San Diego, CA). The iPLEX Gold SNP assays included blind
duplicates for quality assessment. Genotyping methods failed for a few subjects for each of
the SNPs as outlined below: rs769391: n=6 (2.3%); rs3749034: n=29 (11.3%); rs3791860:
n=9 (3.5%); rs4668237: n=13 (5.1%); rs7073119: n=42 (16.3%); rs3828275: n=27 (10.5%);
rs3791878: n=15 (5.8%).

2.8 Haplotyping
For the GAD1 gene, we used PHASE software (Stephens et al., 2001) to generate the most
likely haplotypes (and haplotype pairs, or diplotypes) for each individual in this unrelated
cohort using 6 tSNPs. A total of 17 haplotypes were generated, with a frequency high
enough to occur in at least subject present in our population. Both the presence of a specific
haplotype and diplotypes, were analyzed at all time points.

In preliminary analysis, all haplotypes were used to assess risk for PTS occurrence <1wk
after injury, between 1wk-6mo after injury, and for PTS occurrence beginning at least 6mo
after injury. Subsequently, for data reduction and targeted analysis of haplotypes, only those
haplotypes having either the presence or absence of informative variant(s) from the single
SNP analysis at a given time point were then conducted. Haplotype assessment for PTS
<1wk involved comparisons of haplotypes with versus without SNPs significant for PTS
risk in univariate analysis. Haplotype assessment for PTS 1wk-6mo involved the
comparisons of haplotypes with versus without SNPs significant for PTS onset within this
time frame in univariate analysis.

For PTS occurrence 1wk-6mo post-injury, individuals carrying haplotypes containing all
risk alleles for GAD1 were compared to those that did not have all risk alleles present in the
haplotype. Analysis was then conducted to assess PTS risk for those having both risk
haplotypes in a dosage dependent manner (i.e. individuals having 2, 1, or 0 haplotypes with
all risk alleles). Diplotype analysis (i.e. haplotype pair analysis) was then conducted where
1) individuals having at least one haplotype with all risk variants were compared to those
with a haplotype that had no risk variants, and 2) Individuals having haplotype pairs with
either zero or one haplotype containing all risk variants were compared to those having a
haplotype pair where each haplotype contains all risk variants.

2.9 Statistical Analysis
Summary statistics for this cohort included means, standard error of the mean (SEM),
medians, and frequencies were computed. Independent t-tests were used to assess
differences among PTS groups for continuous variables. Chi square analyses or the Fisher’s
exact test when appropriate, were used to explore significant associations between GAD
genotype and descriptive variables like GOS and mortality. Genotype associations with PTS
were evaluated using a discrete survival analysis approach, such that subjects within each
“time to first PTS category” were compared to those without PTS at any time point. Chi
square, with Fisher’s exact test as appropriate, was also performed to compare individual
GAD genotypes to PTS. Similar approaches were taken for haplotype and diplotype
analyses.

tSNPs with at least one significant univariate association (p≤0.05) within a PTS time
interval were then further evaluated using multivariate logistic regression analyses within
that time interval to determine adjusted relationships between the tSNP of interest and PTS.
Covariates tested were those that were associated in univariate analysis with PTS (p<0.10).
Clinically relevant covariates (e.g. age, GCS, gender) were also included in the multivariate
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model, regardless of univariate results. Multiple risk genotypes associated with PTS were
then assessed in the same multivariate model (i.e. multi-variant analysis) using the same
covariate structure. Due to small numbers in some categories, covariate×genotype
interactions with PTS were not explored in regression analyses.

To avoid the confounding factor of death on seizure incidence, we removed subjects from
analysis who died within a week of injury and did not seize when comparing GAD
genotypes and alleles to PTS within this time frame (n=32 deceased within 1wk). All
documented deceased subjects, except one subject with PTS occurring after one week, were
removed to assess GAD associations with PTS between 1wk-6mo, as well as for PTS first
occurring after 6mo post-TBI (n=27 deceased 1wk to 6 mos, n=3 deceased after 6 mos).
Thus the population size for assessing seizures within 1 wk was n=192, seizures 1wk-6 mos.
was n=163, and seizures after 6 months was n=161. Mortality associations with genotype
were also assessed.

3.0 RESULTS
3.1 Study Population

Of the 257 subjects included for final analysis, 201 were male, and 56 were female. The
median Glasgow Coma Scale (GCS) score was 6, and the mean age was 35.43±0.958 years.
Approximately 19.8% of subjects had documented evidence in their medical records of PTS.
Out of the entire population, 95.7% of subjects were given AED within their acute hospital
stay.

Subjects in the cohort were then defined by the time of first seizure, and each subject who
seized was only counted once. Of those that seized (n=51), 18 occurred <1wk of injury, 16
occurred 1wk-6mo, and 17 occurred beyond 6mo. The length of acute hospital stay ranged
from less than a day to 61 days post-injury and did not significantly differ between PTS
groups. For the cohort (n=257), the mortality rate for the <1wk PTS cohort was 12.5%, and
it was 12% for the cohort in which seizures occurring 1wk-6mo after TBI were analyzed.
There were no significant associations between mortality within each cohort or with
genotypes significantly associated with PTS in that cohort. Additionally, there were no GAD
SNP associations with GOS scores taken at 6 mos. among survivors. Table 1 further
describes general demographic and characteristics for those within each PTS analysis
cohort, including the percentages of each cohort with various types of injury based on CT
analysis. Notably, cranial surgery to treat a TBI specific lesion was significantly associated
with the cohort for 1wk-6mo PTS analysis, and the cohort for PTS occurring beyond 6mos.
SDH was associated with PTS <1wk as well as PTS>6mos. However, there were no
associations with the total number of injury types, based on CT analysis, with regard to PTS
risk in any of our cohorts.

3.2 Evaluation of SNPs
Known functional and tagging SNPs for the GAD1 and GAD2 genes were evaluated for
association with PTS (Table 2). For the GAD1 gene, the tagging SNP rs3828725
homozygous wild-type genotype was associated with PTS <1wk (p=0.019). Additionally,
the homozygous wild-type genotype was associated with PTS between 1wk-6mo for both
the functional SNP rs3791878 (p=0.014) and the tagging SNP rs769391 (p=0.036). All other
SNPs evaluated for GAD1 and GAD2 were not associated with PTS activity. All SNPs were
in Hardy-Weinberg equilibrium, indicating that the expected proportion of genotypes in this
population was obtained.
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3.3 rs3828275 association with PTS occurring <1wk after TBI
When evaluating rs3828275, PTS <1wk after TBI occurred in 2.99% of individuals with the
CC genotype, 12.16% of individuals with the CT genotype, and 20% of individuals with the
TT genotype, which was statistically significant (p=0.014) (Figure 1). Further, grouped
genotype analysis showed differences (p=0.019) between subjects with the CC genotype
(protection genotype) and those with either the CT or TT genotype. Also, a trend was noted
with PTS rates when subjects with the TT genotype was assigned as the risk genotype and
compared to those with the CT and CC genotypes (p=0.055) (Table 2). Multivariate analysis
showed that, after adjusting for age, gender, GCS score, subdural hematoma, and
neurosurgical intervention, subjects with the CC genotype had significantly higher odds
(OR=5.601; CI 1.211-25.908; p=0.028) of not having PTS compared to those with either the
CT or TT genotype (Table 3). Multivariate models built comparing CC+CT vs. TT showed a
trend for higher PTS in those with the TT genotype (P=0.07) (Model not shown).
Multivariate genotype analysis for TT vs. CT vs. CC showed those TT vs. CC genotypes
had higher odds of PTS (p=0.0175), while CT vs. CC genotypes tended to have higher PTS
rates (p=0.0595) in the early period (Model not shown).

3.4 rs3791878 associations with PTS 1wk-6mo after TBI
When assessing the proportion of subjects with each genotype for rs3791878 and PTS
development between 1wk-6mo, 16% of the population with the homozygous wild type
(GG) genotype had evidence of PTS, while only 5% of those with the GT genotype and no
subjects with the TT genotype had PTS, (p=0.05) (Figure 2a). Further, grouped genotype
analysis showed a significant difference (p=0.014) between subjects with the GG genotype
(risk genotype) and those with either the GT or TT genotype with regard to PTS over this
time frame. (Table 2). Multivariate analysis showed that, after adjusting for age, gender,
GCS score, and neurosurgical intervention, subjects with the GG genotype had significantly
higher odds (OR=4.892; CI 1.244-19.246; p=0.0231) of developing PTS compared to those
with either the GT or TT genotype (Table 4a).

3.5 rs769391 associations with PTS between 1wk-6mo after TBI
In addition to rs3791878, genotype differences were also noted for the tagging SNP
rs769391 PTS occurring between 1wk-6mo after TBI. Figure 2b shows that 14.6% of
subjects with the AA genotype had PTS activity, while 3.7% of those with the AG genotype
and 6.25% of those with the GG genotype had PTS activity (p=0.09). There was a
significant difference (p=0.036) between subjects with the AA genotype (risk genotype) and
those with either the AG or GG genotype with regard to PTS during this period (Table 2).
No significant associations were noted with PTS when subjects with a GG genotype were
assigned as the risk genotype group and compared to those with the AG and AA genotypes
(p=1.00). Multivariate analysis showed that after adjusting for age, gender, GCS score, and
neurosurgical intervention, subjects with the AA genotype had significantly higher odds
(OR=3.747; CI 0.952-14.748; p=0.058) of developing PTS compared to those with either the
AG or GG genotype (Table 4b).

3.6 Multi-variant associations with PTS between 1wk-6mo after TBI
Based on the analyses above, the risk variants for PTS 1wk-6mo post injury were defined as
the homozygous wild type for both rs3791878 (GG) and rs769391 (AA). We then assessed
if there was a cumulative risk associated with having an increased number of risk variants.
Comparison of PTS activity between individuals with zero, one, or both risk variants
showed a significant difference between groups, where those with 2 risk variants had higher
PTS frequencies than those with 1 or 0 risk variants (p=0.019) (Figure 2c). Multivariate
analysis comparing individuals with 2 risk variants versus those with no risk variant showed
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a significantly higher odds (OR=6.568; CI 1.285-33.580; p=0.024) of developing PTS
1wk-6mo from injury (Table 5). There were no significant differences in the multivariate
analysis when comparing individuals with 1 risk variant to those with no risk variant or
those with both risk variants.

3.7 Haplotype Analysis
When assessing haplotypes for the population with PTS within the first week post-TBI, 64%
of the haplotypes carried the risk variant (T) for rs3828275, and 19% of diplotypes
(haplotype pairs) were homozygous for the risk variant SNP. No significant associations
were found when comparing all haplotypes and PTS occurrence <1wk after injury.
Similiarly, chi square analysis showed no associations with haplotype pairs carrying the risk
variant, versus those haplotypes without the risk variant.

When assessing haplotypes for our population with seizures 1wk-6mo post injury, 62.6% of
the haplotypes carried both of the GAD1 risk alleles (rs3791878 and rs769391) and 42.4%
of diplotypes (haplotype pairs) contained haplotypes carrying both GAD1 SNP risk alleles.
No significant associations were found when comparing all haplotypes and PTS occurrence
1wk-6mo post injury. However, grouped haplotype and diplotype analysis revealed common
trends for PTS occurring 1wk-6mo post injury. Chi-square analysis for haplotypes showed
that those with haplotypes containing both risk variants had a higher PTS frequency than
those with haplotypes having only 0 or 1 risk variant within the haplotype (p=0.033)(Figure
3a). Analysis comparing dosage of risk haplotype (2, 1 or 0 of the haplotypes carrying both
risk alleles) via diplotype analysis showed that individuals carrying two risk haplotypes had
a significantly higher percentage of PTS at 1wk-6mo post injury compared to those who had
either 1 or 0 risk haplotypes (p=0.038). (Figure 3b) Grouped diplotype (haplotype pair)
analysis confirmed this finding by showing a significant association with haplotype pairs,
where those with both haplo-pairs containing both risk variants had a higher seizure rate
than those who did not (p=0.015) (figure 3c).

4.0 DISCUSSION
While clinical risk factors for PTS have been fairly well characterized, not every patient
with clinical risk factors develops PTS. Variability in seizure occurrence may be attributable
to the unique genetic makeup that each patient brings to post-TBI recovery. Work in our lab
has identified that genetic variation in the Adenosine A1 receptor is associated with
increased susceptibility to PTS within the first week as well as PTS beyond the first week
after TBI (Wagner et al., 2010). Adenosine, like GABA, is a major neuroinhibitory
molecule, and thus, exploring candidate genes within the GABAergic system for
associations with PTS is a logical targeted genetic screening approach.

In our study, both functional and tagging SNPs for the GAD1 gene were explored for PTS
within <1wk, 1wk-6mo, and beyond 6mo post injury. The tagging SNP for the GAD1 gene,
rs3828275, was linked to an increased risk for PTS <1 wk. There appears to be a dosing
phenomenon with these alleles. Risk for PTS <1 wk. PTS <1 wk occurred in 2.99% of
individuals with the CC genotype, 12.16% of individuals with the CT genotype, and 20% of
individuals with the TT genotype and significant/near significant comparisons noted for
genotype as well as both variants in univariate and multivariate models. For functional SNP
rs3791878 (GG genotype) and the tagging SNP rs769391 (AA genotype), there was a
significant association with PTS 1wk-6 mo in both univariate and multivariate logistic
regression. These SNPs also were related to PTS in haplotype and diplotype analyses. To
our knowledge, this is the first clinical research report implicating genetic variability within
the GAD1 gene in the development of either non-traumatic seizures or PTS.
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The effects on GAD activity are not known for rs3791878. However, its location in the 5′
flanking region (containing the promoter) suggests that polymorphisms in this region may
affect transcription of the gene. The G to T nucleotide change that occurs with rs3791878
appears to result in loss of the aryl hydrocarbon receptor nuclear translocator (ARNT) and x-
box binding protein 1 (XBP1) transcription sites within the promoter region (Du et al.,
2008), providing a potential mechanism for this significant association. ARNT and XBP1
are transcription factors influencing the expression of many types of genes including genes
involved with immune and cellular stress response. (Yoshida et al., 2006; Ruegg et al.,
2008) While the exact functionality associated with tagging SNPs rs769391 and rs3828275
are not known, it is apparent that the portions of DNA tagged by them are relevant to PTS.
Isolation of the DNA block housing these variants, and subsequent DNA sequencing, may
be required to learn more about the role these variants represent in terms of PTS risk and
pathology.

Similar PTS rates were noted for each risk variant associated with PTS between 1wk-6mo.
post-TBI (rs3791878 and rs769391). Interestingly, multi-variant analysis showed that having
both variants was linked to higher PTS rates compared either one or zero, yet having both
variants was associated with a PTS frequency similar to those observed when assessing
either risk variant alone. These results suggest that individuals must have both risk
polymorphisms in order to have an increased risk for PTS onset during this time period. The
majority of possible haplotypes for the GAD1 gene (62.6%) contained both polymorphisms
identified through single SNP analysis, and haplotype analysis confirmed the multi-variant
analyses by showing that the risk polymorphisms were only associated with PTS risk when
located on the same haplotype (cis-conformation) with each other, indicating that two
potential changes in gene function and/or gene product are required compared to one or the
other alone. Diplotype and grouped diplotype analysis also showed similar seizure rates
compared to multi-variant analyses, suggesting that those with haplotype pairs both
containing a risk allele with both risk variants are the subjects who are at increased risk for
PTS during this time period.

The two risk SNPs for the 1wk-6mo analysis are located on either end of the gene
(rs3791878 near Exon 1 and the promoter region, and rs769391 is between exons 13 and 14)
(Bu & Tobin, 1994; Bu et al., 1992). Since more than one SNP was associated with PTS
1wk-6mo, assessing SNP, haplotype, and diplotype associations provides complementary
information from which to develop new hypotheses and further explore the nature of these
genetic associations from a neurobiological perspective. One possible hypothesis is that
having an allele with a given SNP that is associated with seizures, as well as grouped
haplotype and diplotypes containing the risk alleles for PTS from more than one SNP,
suggests that there may be a risk variant, (potentially a rare variant), located within the
region spanning the SNPs that accounts for the association. Intervening tSNPs are not
associated with PTS, leading us to hypothesize that LD as a reason for these associations
specifically is less likely. Yet data from the hapmap database (http://snp.cshl.org/) indicates
that these SNPs have a pair-wise comparison r-square value of 0.536. As such, further study,
using larger sample sizes will be required to definitively determine if/how the intervening
region between these tSNPs is implicated with regard to PTS risk. Also, it is notable that the
GAD protein can be membrane bound in synaptic vesicles, using heat-shock protein 70 as an
anchoring protein, and membrane bound GAD is thought to facilitate an efficient process for
synthesis and vesicular packaging of GABA (Hsu et al., 2000). Studies in brain show that
membrane bound GAD is present as a homodimer (Nathan et al., 1994a, 1994b). Thus,
another neurobiological implication of the findings in hand in relation to PTS risk may be
that diplotypes with each of the risk alleles creates a homogenous pool of GAD protein that
is somehow less functional, perhaps as a homodimer in vesicular membranes, with
facilitating GABA synthesis and/or packaging.
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GAD1 gene variation associations with PTS occurred early, in the first week post-TBI, and
between the first week and six months post-injury. Our previous work also suggests
differences in timing of first onset of PTS with regard to genetic susceptibility loci for
adenosine A1 receptor gene (Wagner et al., 2010). For GAD1, associations with early PTS
(<1wk) may be due to GABAergic modulation of acute excitotoxicity that is known to occur
acutely after TBI (Neese et al., 2006; Muir et al., 1996; O’Dell et al., 2000, Wagner et al.,
2005; Ruppel et al., 2001; Palmer et al., 1993). Genetic susceptibility over the sub-acute
phases of TBI recovery (1wk-6mo) may reflect the ongoing evolution-resolution of many
components of the injury response, including epigenetic modifications that are known to
occur in the setting of TBI (Gao et al., 2006; Zhang et al., 2007) and environmental
manipulation (Sweatt 2009; Covic et al. 2010).

We also explored a tSNP for the GAD2 gene, which codes for the enzyme GAD65 on
chromosome 10p11.23 (Kuo et al., 2009). GAD65 is primarily involved in synaptosomal
GABA release, and can be activated rapidly when there is a demand for GABA
(Soghomonian and Martin, 1998). GAD65 can mediate activity-dependent GABA synthesis
invoked by seizures in rats (Patel et al., 2006). We used tSNP rs7073119 as a marker for
variability in the GAD2 gene. There were no significant findings between rs7073119 and
PTS activity. However, given the association of GAD2 variability with seizure activity and
diminished response to GABAergic drugs (Asada et al., 1997; Kash et al., 1999), future
identification and analysis of a wider variety of tSNPs for GAD2 may be of value to better
characterize the gene.

We examined several variables within our PTS cohorts, and of the variables explored, only
cranial surgery was linked to PTS. Individuals who underwent cranial surgery to treat a
specific intracranial lesion were more likely to seize in the 1wk-6mo and beyond 6mo
periods. This association with PTS held up in multivariate analyses for the 1wk to 6mo
cohort, which is consistent with our previous work (Wagner et al. 2010). Recent findings
show glial scarring associated with cranial surgery can increase PTS rates after TBI (Lin et
al., 2009). Interestingly, SDH was a significant variable influencing PTS risk with both early
and late risk. The fact that many patients with SDH often need surgery to decompress the
lesion may be one reason for this association. Other studies (Temkin et al. 2003) confirm
that SDH can be a risk factor for PTS.

Similar to our previous work (Wagner et al. 2010), gender, GCS score, hypothermia status,
depressed skull fracture, injury mechanism, age, and length of stay were not related to PTS.
Most subjects included in our study population were treated with an AED after their injury,
and treatment did not impact genetic relationships to PTS onset.

Despite the promising findings associated with our study, there were some limitations to
consider. Limitations in medical record documentation regarding recurrent seizure
occurrence limited data collection to time to first seizure. As such, we cannot conclude
anything about genetic influences on recurrent late seizures. Additionally, timing of AED
therapy is unclear making it difficult to determine when/how long AED therapy was given
as prophylaxis or as a PTS treatment while in acute care. PTS was based on objective
clinical findings reported in the medical records, with EEG data only collected in a portion
of the population. Past studies have shown a high rate of subclinical and non convulsive
seizures early after TBI when monitored with surface EEG electrodes (Vespa et al., 1999)
and more recently, intracortical depth electrodes (Waziri et al., 2009)

Although a preliminary analysis comparing all haplotypes in relation to PTS was conducted,
targeted haplotype and diplotype analysis primarily focused on those haplotypes having
SNPs that were significantly associated with PTS. A larger sample size is needed to
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adequately power further assessment of all haplotypes generated. Also, our study findings
are exploratory and represent only one relatively small population with TBI. To date, only a
small handful of studies exist linking genetic variation to PTS risk (Wagner et al., 2010,
Scher et al., 2011), and the availability of large repositories for validation and genome-wide
associations studies (GWAS) are still relatively in early stages of development relative to
other neurological diseases (e.g. Franke et al., 2009; Kao et al, 2011; Laje et al., 2011).
Inherent study limitations often accompany candidate gene studies, including difficulties
with reproducibility and generalization to other related populations. However, our study and
initial findings meets many of the recommendations recently suggested for the rigorous and
practical conduct of candidate gene and related types of studies, including 1) the use of only
tSNPs with a minimum minor allele frequency of <0.2, 2) the use of highly performing SNP
assays to minimize missing data, 3) the verification of Hardy-Weinberg equilibrium for
candidate SNPs 4) Odds ratios of ~5-10 demonstrating rather robust genetic effects, despite
the relatively small sample size 5) data reduction prior to multivariate analysis, 6)
appropriate adjustment for multiple comparisons, and 7) biologically plausible framework
for results (Buxbaum et al., 2010; Newton-Cheh and Hirschhorn, 2005). Multiple
comparisons adjustment using Bonferroni correction, the False Discovery Rate (FDR), or
permutation testing often demand extreme statistical significance (Motsinger et al., 2007),
particularly when binary outcome data are used and when associated p-values approach one,
and may introduce type II error. While nominal p-values are provided, we believe this study
provides an adequate biological basis for conducting confirmatory studies in appropriately
sized populations that are powered for appropriate multiple comparison adjustment. The fact
that different SNPs were associated with PTS in the early and sub-acute phase may imply
different biologically plausible mechanisms of susceptibility given that the substrates of
early vs. late PTS are likely different. Further, the requirement of rs3791878 and rs769391
on the same allele and in grouped diplotype analysis strongly suggests biological plausibility
for these associations, and may suggest that these candidate gene associations reflect
biological susceptibility that can be replicated in future work.

Future directions for related genetic analysis may also include in depth analysis of
variability of the GABA-A receptor. GABA-A receptors are multimeric structures with
several identified subunits (Lambert et al., 2003) whose variation may influence GABAergic
transmission. For example, mice with point mutations altering genes coding for the α1
subunit of the GABA-A receptor are less sensitive to anticonvulsant therapy (Rudolph et al.
1999; Crestani et al., 2000). Other knockout studies show the importance of GABA-A
subunits in modulating seizure pathology (Homanics et al. 1997; Delorey et al., 1998; Sur et
al., 2001; Kralic et al., 2002;). Thus, variation in genes coding for portions of the GABA-A
receptor may represent a viable area of related research for determining potential risk for
PTS in this population.

5.0 CONCLUSION
Our findings show that SNPs located in the GAD1 gene are significantly associated with the
development of PTS both <1wk and 1wk-6mo post injury. The TT genotype for rs3828275
was associated with the development of PTS <1wk. The GG genotype for rs3791878 and the
AA genotype for rs769391 were both associated with increased susceptibility to PTS
1wk-6mo. Haplotype analysis showed that those with haplotype pairs containing 2 copies of
the haplotype containing both variant risk alleles were the subjects at increased risk for PTS
during this time period. Associations between rs3791878 and PTS suggest that GAD
transcription, and associated GABA levels are important in the development of PTS, yet
further work is required to replicate and validate these findings in other populations. These
findings, along with others (Wagner et al., 2010), do provide initial support for the concept
that genetic variability plays a role in PTS development. Further understanding of how
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genetic variability affects PTS susceptibility may allow us to stratify patients for therapy
based on risk and maximize outcomes based on our ability to tailor treatments for this
population.
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Figure 1. SNP Associations for PTS <1wk
Rs3828275 genotype was associated with lower PTS <1wk (p=0.014) vs. CT or TT.
Population sizes by genotype CC=67, CT=74, TT=35.
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Figure 2. SNP Associations with PTS 1 wk-6 mo post-TBI
(A) rs3791878 associated with PTS in the 1wk-6 mo post-TBI period (p=0.05); population
sizes by genotype GG=75, GT=60, TT=18. (B) rs769391 associated with PTS in the 1wk-6
mo post-TBI period (p=0.094) (population sizes by genotype GG=16, AG=54, AA=89). (C)
Number of risk variants associated with PTS in the 1wk-6 mo post-TBI period (p=0.019);
population sizes by number of risk genotypes zero=58, one=24, two=67.
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Figure 3. Haplotype and Diplotype Associations with PTS 1 wk-6 mo post-TBI
(A) Haplotypes with both risk variants associated with PTS 1wk-6mo post-TBI (p=0.033);
population sizes by number of variants without both=119 with both=207. (B) Two
haplotypes with both risk variants associated with PTS 1wk-6 mo post-TBI (p=0.038),
population sizes by number of haplotypes with both risk variants zero=26 one=66 two=71.
(C) Two haplotypes with both risk variants associated with PTS 1wk-6 mo post-TBI
(p=0.015); population sizes by number of haplotypes with both risk variants: zero or
one=92, two=71.
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Table 3
Multivariate rs3828275 PTS <1 week

rs3828275 Odds Ratio Confidence
Interval p-value

Age 1.004 0.972-1.037 0.8138

Gender 1.517 0.305-7.576 0.6102

SDH 2.711 0.680-10.801 0.1574

GCS 1.898 0.388-9.259 0.4292

Brain Surgery 1.862 0.629-5.516 0.2617

Genotype
(CC vs.CT+TT) 5.601 1.211-25.903 0.0275

Shaded cells denote a significant statistic (p<0.05)
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Table 4

a: Multivariate rs3791878 PTS 1week – 6months

rs3791878 Odds
Ratio

Confidence
Interval p-value

Age 1.002 0.961-1.044 0.9307

Gender 2.692 0.747-9.707 0.1302

GCS 1.062 0.248-4.552 0.9355

Brain Surgery 5.191 1.488-18.114 0.0098

Genotype
(GG vs GT or TT) 4.892 1.244-19.246 0.0231

b: Multivariate rs769391 PTS 1week – 6months

Age 1.011 0.972-1.051 0.5909

Gender 2.402 0.689-8.375 0.1689

GCS 1.520 0.402-5.739 0.5369

Brain Surgery 5.442 1.614-18.349 0.0063

Genotype
(AA vs. AG or GG) 3.747 0.952-14.748 0.0589

Shaded cells denote a significant statistic (p<0.05)
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Table 5
Multi-SNP Multivariate PTS 1week – 6months

Risk variant Odds
Ratio Confidence Interval p-value

Age 1.004 0.963-1.046 0.8689

Gender 3.073 0.823-11.476 0.0949

GCS 0.971 0.223-4.233 0.9692

Brain Surgery 4.752 1.346-16.782 0.0155

Risk Variant 1vs0 1.308 0.106-16.152 0.8340

Risk Variant 2vs1 5.021 0.564-44.6987 0.1481

Risk Variant 2vs0 6.568 1.285-33.580 0.0238

Risk Variant
(overall) 0.042

Shaded cells denote a significant statistic (p<0.05)
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