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Abstract

Objective—As dopamine neurotransmission impacts cognition, we hypothesized variants in the 

linked dopamine D2 receptor (DRD2) and ankyrin repeat and kinase domain (ANKK1) genes 

might account for some individual variability in cognitive recovery post-TBI.

Participants—Prospective cohort of 108 survivors of severe TBI, recruited consecutively from a 

level 1 trauma center.

Design—We examined relationships between DRD2 genetic variation and functional recovery at 

6 and 12 months post-TBI.

Main Measures—Cognitive performance was evaluated using 8 neuropsychological tests 

targeting different cognitive domains. An overall cognitive composite was developed based on 

normative data. We also assessed functional cognition, depression status, and global outcome. 

Subjects were genotyped for 6 DRD2 tagging single nucleotide polymorphisms and Taq1A within 

ANKK1.

Results—ANKK1 Taq1A heterozygotes performed better than homozygotes across several 

cognitive domains at both time-points post-injury. When adjusting for age, GCS, and education, 

the Taq1A (ANKK1) and rs6279 (DRD2) variants were associated with overall composite scores at 
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6 months post-TBI (p=0.0468, 0.0430, respectively). At 12 months, only Taq1A remained a 

significant genetic predictor of cognition (p=0.0128). Following multiple comparisons correction, 

there were no significant associations between examined genetic variants and functional cognition, 

depression status, and global outcome.

Conclusion—These data suggest genetic variation within DRD2 influences cognitive recovery 

post-TBI. Understanding genetic influences on dopaminergic systems post-TBI may impact 

current treatment paradigms.
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INTRODUCTION

Among the 1.7 million people treated for a traumatic brain injury (TBI) in the United States 

each year1, the majority of those individuals will experience persistent cognitive deficits 

following their TBI. Cognitive impairment post-TBI can impact return to work and 

community reintegration for patients2. While the resultant cognitive impairments have been 

well-studied3, identifying individual patterns in recovery is still difficult. The recent 

international guidelines for cognitive rehabilitation post-TBI4 emphasize the need for 

individualized cognitive rehabilitation paradigms. Genetic variation in systems known to 

affect cognition in healthy individuals may explain some variance across recovery 

trajectories5. This study approaches the issue of poor cognitive outcomes and 

prognostication following TBI from a Rehabilomics6,7 perspective. The Rehabilomics 

approach embodies a range of study designs intended to link individual variation in personal 

biology to the international classification of functioning framework for multidimensional 

outcomes. The framework can be used to assess prognosis, biological risk for complication 

and conditions, and to stratify treatment and/or assess treatment effects. In this approach, we 

aimed to understand individual variation in cognitive recovery by assessing genetic 

variation, in addition to other common individual factors that contribute to cognitive 

performance (i.e. age, sex, injury severity), with a goal to inform future studies assessing 

personalized rehabilitation management approaches.

In healthy populations, dopamine (DA) neurotransmission in the brain modulates attention, 

processing speed, executive functioning, and working memory8. Frontal lobe regions 

associated with these functions have dense projections to the DA-rich striatum. In fact, 

positron emission tomography (PET) studies characterizing striatal D2 receptor binding 

demonstrate that D2 binding is correlated to several aspects of cognition, such as working 

memory in healthy populations9. Dysfunctional DAergic signaling may explain many of the 

persistent cognitive deficits observed with TBI (see review, Bales et al10). Decreased DA 

transporter (DAT) levels in the prefrontal cortex and striatum11 have been confirmed in a rat 

model after TBI12, suggesting compensatory action by DA neurons to increase DA signaling 

post-TBI. In severe levels of injury associated with the controlled cortical impact (CCI) 

model of experimental TBI, tyrosine hydroxylase (TH), a rate-limiting enzyme in the 

synthesis of DA is upregulated in presynaptic terminals in the frontal cortex13 and in the 
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striatum10,14. These changes in DA synthesis proteins also suggest compensatory 

mechanisms in presynaptic DA neurons to increase DA neurotransmission post-TBI. 

Interestingly, real time neurotransmission studies using fast scan voltammetry with 

stimulated DA release in the striatum demonstrate reductions in evoked DA overflow and 

altered DA clearance kinetics15 that can be restored with daily treatment with the 

neurostimulant methylphenidate14. In clinical TBI populations, both PET16 and single 

photon emission tomography17 studies show reduced striatal binding of DAT. Also, 

DAergic pharmacological treatments have shown promise in cognitive restoration post-

TBI18,19. Together, these studies suggest that a dysfunctional dopaminergic state post-TBI 

could influence individual cognitive recovery.

Genetic variation that affect dopaminergic signaling genes may elucidate some of the 

individual variation in cognitive recovery post-TBI. Our previous work provides mounting 

evidence of genetic variation on DAergic signaling post-TBI. Variation in the DAT gene 

(DAT1) moderates cerebrospinal fluid (CSF) levels of DA20. We have also explored DAT1 

and genetic variation associated with D2 function via the Taq1A variant in the ankyrin 

repeat and kinase domain (ANKK1) gene, just upstream from the DRD2 gene, with PET 

striatal binding using DA-associated ligands for D2 and DAT16. This study provided 

evidence that DAT1 genotype modulates DAT binding post-TBI and that both DAT1 and 

Taq1A genotype interact with injury status to influence DAT binding16. Another study in 

mild TBI demonstrated that Taq1A genotype moderates performance on a measure of 

memory recognition at 1 month post-injury21. Genetic variation within the enzyme that 

breaks down DA in the prefrontal cortex, catechol-O-methyltransferase (COMT), also can 

moderate cognitive recovery post-TBI22,23, as can pharmacological interventions24. Thus, 

there are several lines of evidence to support our hypothesis that genetic variation in 

DAergic genes may influence cognitive recovery post-TBI.

Genetic variability related to the D2 receptor has been investigated by assessing both 

variation within the DRD2 gene itself and in evaluating the ANNK1 gene immediately 

upstream of DRD2. The DRD2 associated polymorphism rs1800497 Taq1A within the 

ANNK1 gene has been studied extensively in psychiatric disorders and in DA-related 

endophenotypes, especially addictive behaviors25. Also, rs1800497 has been studied in 

response latency and memory recovery following mild TBI21,26. The Taq1A genotype 

influences striatal D2 receptor density27 and may impact autoreceptor mediated inhibition of 

DA synthesis28. We examined 6 single nucleotide polymorphisms (SNPs) within the DRD2 

gene, including rs6279. Rs6279 is in linkage disequilibrium (LD) with rs6277, where LD 

refers to the degree of non-random association between alleles at two genetic loci, with 

higher LD suggesting two alleles are more likely to be present together in the population. 

Rs6277 is a synonymous mutation of C957T, which does not affect amino acid sequence, 

but reportedly alters mRNA stability and regulation of DA-induced D2 expression29. Given 

the functional implications of this region, this locus is a likely target for associations with 

cognitive function. We hypothesized that genetic variation within ANKK1 and DRD2 

influences individual cognitive recovery. The aim of this study was to investigate variation 

involved in DA function as it modulates cognitive recovery post-TBI, specifically utilizing a 

cognitive composite score to assess multiple cognitive performance domains. In addition, we 
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sought to address the specificity of these associations by examining relationships between 

these genes and other outcome measures of depression and global outcome.

METHODS

Participants

This study was approved by the University of Pittsburgh's Institutional Review Board and 

consisted of 108 consecutively recruited participants receiving care at inpatient and/or 

outpatient clinics within the University of Pittsburgh Medical Center (UPMC). Enrollment 

criteria included a non-penetrating TBI, with evidence of intracranial injury on Computed 

Tomography (CT), an admission GCS score ≤8 indicating severe TBI, and age, ≥16 and <75 

years. Subjects were excluded for documented prolonged hypoxia prior to admission. 

Additionally, subjects were not excluded for psychiatric history, substance abuse, or 

learning disabilities. All subjects survived at least 1 year post-injury and were cognitively 

able to perform the neuropsychological battery. There was a 35.4% attrition rate for this 

study; a number of factors (subject willingness to participate, missed visits, etc.) contributed 

to this rate. Subjects were a subset of a larger study investigating possible genetic factors 

related to individual recovery following TBI.

While an admission GCS ≤8 was taken as evidence of severe TBI, we used the best GCS 

obtained within 24 hours post-injury for analysis, as the best GCS in 24hrs shows better 

sensitivity in discriminating cognitive outcomes30,31. Best GCS in 24hrs scores ranged from 

3-15 (mean GCS, 8.02 ± 3.083, median=7). Demographic information, including age, sex, 

and education, was collected by chart review and subject or caregiver interviews. Subjects 

were aged 17-71 (mean age 34.19 ± 13.75 years) and 18.5% (n=20) were women.

Sample Collection and Genotyping

Subjects were genotyped for the dopamine receptor D2 (DRD2) associated polymorphism 

Taq1A in the ANNK1 gene (rs1800497) and 6 tagging SNPs in the DRD2 gene (rs6279, 

rs2734838, rs17529477, rs4245147, rs7131056, rs4630328). Haploview32 (version 4.2) was 

used to determine the degree of LD between these 7 SNPs within this population (see 

Figure 1). DNA was isolated from blood, using a simple salting out procedure, or from 

CSF, using the Qiamp protocol from Qiagen (Valencia, CA, USA). For Taq1A (rs1800497) 

genotyping, amplified DNA underwent 30 cycles of denaturation at 95°C for 1min., 

annealing at 58°C for 30s, and extension at 72°C for 1min., to amplify the 459bp product, 

which was then exposed to TaqI restriction endonuclease to perform restriction fragment 

length polymorphism (RFLP) analysis. Digested products were electrophoresed on a 3% 

agarose gel, stained with ethidium bromide for DNA band detection, and assigned a 

genotype based on presence/absence of original or cut DNA fragments. Primers used were 

5’-CCGTCGACCCTTCCTGAGTGTCATCA-3’ and 5’-

CCGTCGACGGCTGGCCAAGTTGTCTA-3’. In addition to SNPs selected for known 

functionality (ANKK1), tagging SNPs (tSNPs) covering DRD2, and 1kb flanking DNA 5’ 

and 3’, were selected using HapMap (Release 28); tSNP selection criteria was set at r2=0.80 

and minor allele frequency (minor allele frequency, MAF) ≥0.20 to allow for robust 

evaluation of heterozygote status33 and potential associations with the outcomes of interest. 
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rs2734838 was genotyped using Taqman allele discrimination and an ABI7000 (Applied 

Biosystems, Carlsbad, CA, USA), and the remainder were genotyped using iPLEX 

MassArray (Sequenom, San Diego, CA). Technical replicates were used across plates, and 

genotypes were double blind called for quality control.

Some participants were not successfully genotyped for each SNP (rs1800497, 1; rs6279, 2; 

rs2734838, 2; rs17529477, 2; rs4245147, 4; rs7131056, 1; rs4630328, 2). As this was a 

genetic association study, there were concerns about potential stratification effects34, where 

differences in allelic frequencies can influence genetic relationships with outcomes of 

interest. Given the different rs1800497 allelic distributions by race35 that could confound 

association studies, all reported associations were analyzed in a Caucasian sub-population 

(n=99) to avoid a false positive association between a genetic variant and cognitive recovery 

that could be due to underlying allelic distributions by race. Of note, all results were also 

conducted in the full population showing consistent findings (data not shown). Among 

Caucasians, allele frequencies were in Hardy-Weinberg equilibrium. Genetic variant 

frequencies did not differ by demographics or clinical variables, except for associations with 

race (data not shown).

Outcome Measurements

General outcome was assessed with the Glasgow Outcome Scale (GOS) (3=severe 

disability, 4=moderate disability, 5=good recovery) at 6 and 12 months36. Research-trained 

neuropsychometrists, blinded to genetic information, collected information used to generate 

GOS scores. Additionally, subjects in this cohort were evaluated, using the Functional 

Independence Measure subscale for Cognitive Function (FIM-Cog)37, at both 6 and 12 

months. FIM-Cog is comprised of five component scales: expression, comprehension, social 

interaction, problem solving, and memory. Each scale is rated from one to seven, and the 

sum of these five components was considered the FIM-Cog Score.

Cognitive Composite Score

Cognitive performance was measured at both 6 and 12 months post-injury using a battery of 

8 neuropsychological tests targeting 4 domains of cognition (attention, language fluency, 

memory, and executive function). Trail Making Tests A and B, a test where subjects draw 

lines between consecutive numbers (Part A) and then between alternating letters and 

numbers (Part B), was used to measure psychomotor processing speed and cognitive 

flexibility/task-switching, respectively38. Digit span, a sub-test from the Wechsler Adult 

Intelligence Scale-R, measures attention and memory by asking subjects to repeat a 

sequence of numbers forward and backwards39. Rey-Osterreith Complex Figure Test 

assesses visuo-spatial episodic memory by asking subjects to copy an abstract line drawing 

from memory40. The California Verbal Learning Test-II (CVLTII41) is a list learning 

paradigm, with subtests measuring learning, immediate recall, interference, and recognition. 

Different forms of the CVLT were used at 6 and 12 months to minimize practice effects 

from repeated administration. The Controlled Oral Word Association42 and Delis-Kaplan 

Executive Function Systems (DKEFS) Verbal Fluency assess verbal fluency. In both, 

participants are asked to name words beginning with a letter (phonemic) or within a subject 

category (semantic); a third condition in the DKEFS assesses ability to switch between two 
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semantic categories. The Stroop Task43 examines selective attention and cognitive 

flexibility by asking subjects to name the color of ink a word is printed in, suppressing a 

habitual response (reading the word) to produce a more effortful response (naming ink 

color).

A cognitive composite score was developed based on normed t-scores for each test 

(considering age, sex, race, and education where applicable) to determine a measure of 

overall cognitive recovery. Based on a number of previous studies in TBI44–46, the 

development of a composite to evaluate general cognitive performance composite can 

improve consistency through aggregation of multiple tests47–49. Attention was measured 

using the Trail Making Test A, and the combined score of the forward and backward digit 

span tests. Memory was evaluated using the Rey-Osterreith Complex Figure Test (delay 

copy) and the Long Delay Free Recall Subsection of the California Verbal Learning Test. 

Language Fluency domain scores were calculated using the Controlled Oral Word 

Association Animals Subsection and the Delis-Kaplan Executive Function Systems Verbal 

Fluency Letter Fluency subsection. Lastly, executive function was measured using the Trail 

Making Test B and the Stroop Task Interference Sub-score. These tests were selected as the 

most representative measures for their associated domains. Raw scores from each test were 

converted into T scores using appropriate metrics (i.e education, age, sex, race) based on 

norms indicated by the test manufacturer. T-scores were averaged within each domain to 

create a domain sub-score. To calculate a cognitive composite score, subjects had to 

complete at least one test in each domain. At 6 months, there were 99 individuals with a 

cognitive composite, and the percentage of individual test completion ranged from 71% to 

97%. At the 12 month time-point, there were 64 individuals with a cognitive composite; the 

percentage of test completion ≥92%. Mean values were calculated across domain sub-

scores, and this mean was considered the overall cognitive composite score.

Post-TBI Depression (PTD)

Depression symptoms were evaluated at 6 and 12 months post-injury using the Patient 

Health Questionnaire-9 (PHQ9), a brief self-report inventory of depressive symptoms based 

on DSM-IV diagnostic criteria for Major Depressive Disorder. The PHQ-9 has been 

validated for assessing depression following TBI50,51. The PHQ-9 requires subjects to rate, 

on a scale between 0 (None) and 3 (Nearly Every Day), how often they experience each 

symptom over a two week period. A higher total score reflects a greater number of and/or 

greater severity of depressive symptoms, with a maximum score of 27. Subjects with TBI 

were grouped as “depressed, PTD” vs. “non-depressed, no PTD” using the DSM diagnostic 

criteria as they map to specific PHQ-9 questions51. Current DSM criteria require individuals 

to report at least 5 symptoms, with at least one being a cardinal symptom (anhedonia or 

depressive mood). In our study, subjects were categorized as depressed if they endorsed 

(score>0) at least five questions on the PHQ-9, with specific endorsement of either 

anhedonia, depressed mood, or both. This method is validated in populations with TBI 

(sensitivity, 93%; specificity, 89%) compared to the Structured Clinical Interview for DSM 

Diagnosis, a measure modeled after DSM diagnostic criteria51.
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Statistical Analysis

Statistical analyses were completed using SAS (Cary, NC; version 9.3). Descriptive analyses 

included mean (with standard deviation or standard error of the mean) and/or median for 

continuous and ordinal variables including age, GCS, and education. Frequencies were 

calculated for categorical variables. Demographic and relevant clinical information was 

compared between genotype groups using Student's t-tests or Mann-Whitney U to compare 

means and Chi-Square or Fisher's Exact to compare frequencies.

Each SNP was screened for associations with each outcome (GOS, PTD, FIM-Cog, and 

overall cognitive composite) at each time-point. Due to the exploratory nature of analysis 

with tagging SNPs, three possible groupings were explored based on genotype (e.g. T/T vs. 

C/T vs. C/C), allele carrier status (e.g. C/C and C/T vs. T/T; T/T and C/T vs. C/C), or by 

heterozygote vs homozygote status (C/C and T/T vs. C/T), then correcting for multiple 

comparisons using false discovery rate (FDR)52. The lowest p-value for each SNP grouping 

(genotype, allele carrier status, or heterozygote vs homozygote) is reported. Of the SNPs 

screened for associations with outcomes, each significant association (p<0.05 following 

FDR) with a specific outcome was further evaluated for effects on subcomponents of the 

associated outcome scale. Similarly, those same SNPs were then included in multivariable 

regression models examining the associated outcome in order to control for demographic/

clinical or injury severity characteristics, and potential confounders. If a SNP association 

with an outcome was significant following FDR at only 1 time-point, it was explored in 

multivariable models at both time-points in order to understand the clinical implications of 

that SNP across recovery. Variance explained by the model (r2) was examined with and 

without the SNP variables in the total models.

RESULTS

Genotype associations with demographics, functional cognition, and global outcome

Demographic information by genotype is presented in Table 1. There was a trend for 

significantly different distributions based on sex within DRD2 rs2734838 genotypes 

(χ2=5.6940; p=0.058). None of the other examined demographic variables were significantly 

different by any of the genotypes examined. Table 2 shows a summary of associations 

between each SNP and outcomes measured. There was a significant difference in PTD 

incidence by DRD2 rs2734838 genotype at 12 months post-TBI (χ2= 7.589; p=0.023), but it 

did not survive correction for multiple comparisons (p=0.338). There were significant 

associations between ANKK1 rs1800497 and GOS at 6 months, where a larger percentage of 

rs1800497 heterozygotes were categorized as a GOS=5 (45.0% compared to 20.3% for 

homozygotes, χ2=7.428, p=0.024, uncorrected) but this did not survive correction (p=0.281, 

FDR corrected). There was no difference between GOS score and rs1800497 at 12 months. 

FIM-Cog scores significantly differed by both rs1800497 and rs6279 at 6 months post-TBI. 

Both rs1800497 heterozygotes (p=0.028, uncorrected) and rs6279 C-homozygotes (p=0.021, 

uncorrected) had higher FIM-Cog scores at 6 months, but neither of these findings survived 

FDR correction (p=0.195 and p=0.194, respectively). At 12 months, rs2734838 A-carriers 

had lower FIM-Cog scores (p=0.040) but this comparison did not survive FDR correction 
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(p=0.593). There were no other significant associations between genotype and FIM-Cog at 

12 months.

Genotype associations with cognitive deficits

The two polymorphisms had significant associations with overall cognitive composite 

performance that survived correction for at least one time-point (see Table 2), and these 

polymorphisms were then evaluated further for effects on subcomponents of the cognitive 

composite. The ANKK1 rs1800497 polymorphism had the strongest relationship to overall 

cognitive composite scores when comparing homozygotes vs heterozygotes (see Table 2). 

In further evaluation, Rs1800497 heterozygotes performed better than homozygotes within 

some of the cognitive domains at both 6 and 12 months post-injury (Figure 2). Rs1800497 

heterozygotes performed better in attention (p=0.009) at 6 months post-injury and with 

executive function (p=0.048) and language fluency (p=0.041) at 12 months, with trends on 

other domains noted. In Table 3, individual neuropsychological tests were examined by 

rs1800497 group. At 6 months, rs1800497 heterozygotes performed significantly better on 

Trails A, Trails B, and the CVLT Long Delay Free Recall. At 12 months, rs1800497 

heterozygotes performed significantly better on Trails B and the COWA Animals category.

The DRD2 rs6279 polymorphism was also significantly related to cognitive performance. At 

6 months post-injury, rs6279 C-homozygotes had higher overall composite scores (Table 2); 

at 12 months, rs6279 C-homozygotes performed significantly better overall (p=0.031) but 

this association did not survive correction for multiple comparison (p=0.246). Figure 3 
shows that rs6279 C-homozygotes performed better in executive function (p=0.013), 

attention (p=0.001), and language fluency (p=0.003) domains at 6 months post-injury, and 

subjects this group performed better with executive function (p=0.022) and attention 

(p=0.039) domains at 12 months. In Table 3, individual tests were examined by rs6279 G-

carrier status. At 6 months, rs6279 C-homozygotes performed significantly better on Digit 

Span, DKEFS, Trails A, Trails B, and COWA Animals. At 12 months, rs6279 C-

homozygotes performed significantly better on DKEFS, Trails A and Trails B.

To evaluate these polymorphisms in overall cognitive performance, both SNPs were tested 

in multivariable linear regression models predicting overall cognitive composite scores at 6 

and 12 months. At 6 months, both rs1800497 and rs6279 contributed significantly to overall 

cognitive composite score prediction, even after adjusting for age, GCS, and education 

(Table 4). At 12 months, only rs1800497 remained significant in the final model. The 

addition of rs1800497 and rs6279 significantly improved each model (6 months, Δr2=0.084, 

F=2.84, p<0.05; 12 months, Δr2=0.099, F=4.15, p<0.05).

DISCUSSION

While cognitive function restoration is one of the most important aspects in recovery post-

TBI, there is considerable heterogeneity in cognitive recovery patterns. In this study, we 

utilize a Rehabilomics framework6,7 to examine individual recovery patterns using genetic, 

clinical, and demographic factors that influence cognitive recovery, with the notion that 

genetics may influence other downstream outcomes like participation and quality of life. In 
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this study, we showed that genetic polymorphisms in the ANKK1 and DRD2 gene were 

associated with cognitive recovery post-TBI.

While the DRD2 gene codes for D2 receptor expression, most studies have focused on the 

Taq1A polymorphism in ANKK1 as a potential functional moderator of D2 expression/

function. Previously, it was believed that the relationship between rs1800497 and D2 

receptors was due to high LD with variation in DRD2. rs1800497 is in high LD with SNPs 

within DRD2 that are linked to alternative splice variants capable of moderating neuronal 

activity during a working memory task53. Now, it is accepted that rs1800497 lies within 

theANKK1 gene54, calling into question the direct genetic link to D2 function. ANKK1 

appears to code for a serine/threonine kinase that may interact with D2 receptor signal 

transduction. Also, rs1800497 induces an amino acid change (Glu713Lys) within a substrate 

binding domain; thus it is possible ANKK1 interacts with D2 or other DAergic signaling to 

impact cognitive recovery post-TBI, but more basic research into ANKK1 is needed to 

elucidate this mechanism.

Even with this superficial understanding of ANKK1's potential function, several studies 

have identified differences in DAergic function based on rs1800497 genotype. As D2 

autoreceptors are important for regulation of striatal DA synthesis, PET studies utilizing 

[18F]fluorodopa as a measure of DA synthesis suggest T-carriers have increased DA levels 

and reduced D2 receptor expression28. Increased DA synthesis capacity, and/or basal DA 

levels, could be beneficial to recovery given the functional hypo-dopaminergic state post-

TBI that is postulated based on our experimental14 and clinical16 work. Similarly, if 

ANKK1 affects DAergic signaling, heterozygotes may express both kinase structures, 

exhibiting dopamine levels in an optimal range for recovery, consistent with the ‘inverted U’ 

hypothesis for DAergic function55.

Many studies have examined rs1800497 Taq1A genotypes in ANKK1 grouped by T-carrier 

status. We grouped rs1800497 Taq1A based on genotype, allelic carrier status, and 

heterozygotes vs homozygotes. Using this approach, heterozygotes for rs1800487 had the 

best cognitive performance post-TBI. Consistent with this finding, multiple studies have 

evaluated heterozygosity for rs1800497 and found that heterozygote status is a biologically 

relevant comparison to explore, revealing a possible heterozygote advantage either due to an 

“inverted U” optimal level of expression or the broader range of expression in heterozygotes 

compared to homozygotes33. Consistent with much of the literature56, T-homozygotes are 

less frequent in our population (n=4). Thus, the comparison of rs1800497 heterozygotes 

(C/T, n=40) vs homozygotes (C/C, n=55, and T/T, n=4) is similar to a T-carrier approach 

(T/T and C/T compared to C/C). With mean cognitive composite comparisons, T-

homozygotes were more similar to C-homozygotes than C/T heterozygotes, supporting a 

homozygotes/heterozygote comparison. However, utilizing a T-carrier approach showed 

similar findings; T-carriers (91.6% of which are heterozygotes) had better cognitive 

composite scores at 6 and 12 months (data not shown). Our study was designed a priori with 

a MAF criteria of >0.2 to provide robust heterozygosity within our sample size, maximizing 

our ability to evaluate heterozygosity with outcome prediction post-TBI. Examining 

heterozygosity across functional and tagging SNPs was an important study goal due to D2 

receptor biology, particularly in relation to D2 receptor trafficking in and out of the cell 
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membrane and its ability to dimerize with other key membrane receptors, including 

adenosine receptors, as a part of normal function57. Depending on SNP function, a mixture 

of different translated peptides, due to genetic heterozygosity associated with this receptor, 

could alter dimerization characteristics and affect DA signaling. A similar argument can be 

made regarding rs6279 genotypic groups, where heterozygosity could play a role in D2 

signaling as well; thus, future studies will need to corroborate the findings reported here.

ANKK1 rs1800497 heterozygotes (T/C) exhibited better cognitive performance in this study. 

Clinically relevant, in some domains, homozygotes could be considered impaired with T 

scores <40, where heterozygotes are, by comparison, not significantly impaired. Previous 

work from our lab utilizing PET imaging indicates that T-carriers (A1-carriers, with the 

majority being heterozygotes) have higher striatal dopamine transporter (DAT) binding 

following TBI. Yet, in this same study, there were no significant differences in D2 binding 

by rs1800497 genotype. This lack of association between rs1800497 and D2 binding post-

TBI, combined with another report of higher striatal DAT binding in A1-carriers,58 suggests 

there may be important distinctions in trafficking striatal DAT based on rs1800497 

genotype. It is also possible protein-protein interactions between DAT and D259 may 

significantly differ by rs1800497 genotype.

Previous studies in mild TBI show that T-carriers performed worse on the CVLT 

recognition measure at 1 month post-injury21. Our data demonstrate heterozygotes (C/T) 

perform better on other neuropsychological measures in our severe TBI population. These 

apparent differences in gene x cognition associations may be due to several factors. In mild 

TBI, McAllister et al21,26 demonstrated gene-risk relationships that mirror findings in 

healthy populations. Importantly, our study examines a larger, more severely injured 

population, and cognition was examined farther out from injury. Thus, rs1800497 Taq1A 

may have a stratified injury severity interaction with cognitive recovery. Also, several 

factors (socioeconomic, access to care, spontaneous recovery) can influence cognitive 

recovery trajectories60,61. Outcome measure instruments also differed across these studies, 

suggesting this polymorphism may have domain-specific relationships to cognition. 

However, our study examines multiple cognitive domains, demonstrating that variation 

within ANKK1 and DRD2 influences multiple areas of cognition.

This study also examined 6 SNPs covering variation in the DRD2 gene. Rs6279 was 

significantly associated, across domains, with cognitive recovery at 6 months post-TBI; the 

association was less strong with cognition at 12 months. McAllister and colleagues21 found 

a relationship between rs6279 and CVLT recognition task performance in subjects with TBI, 

but no relationship in healthy controls. Rs6279 has not been well studied, but it is in high 

linkage disequilibrium with rs6277, a synonymous mutation C957T, that results in impaired 

stabilization of DRD2 mRNA29. This mutation may impair the ability of DA to stabilize 

DRD2 mRNA, which then may lead to reduced translation and D2 expression in response to 

increased DA concentrations. Rs6277 is implicated in risk for schizophrenia62 and 

posttraumatic stress disorder63. As there is no known functional impact of rs6279, our 

findings with rs6279 may actually be reflective of its high LD with rs6277.
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Interestingly, multivariable models including rs6279 and rs1800497 showed that both SNPs 

have independent effects at 6 months post-injury. While only rs1800497 was significantly 

associated with overall composites in our 12 month model, it is possible that in a larger 

sample size, there may be a significant influence of rs6279, in addition to rs1800497, on 

cognition. However, it is also possible the mechanism of rs6279's impact on cognition post-

TBI may be diminished at 12 months. The temporal dynamics of these DRD2 associations is 

consistent with other studies from our group that demonstrate transient genetic outcome 

associations across recovery post-TBI64,65. Domain specific analysis supports slightly 

different roles for each SNP in overall cognitive recovery. For example, at 6 months post-

TBI, rs6279 shows stronger associations to executive function and language fluency 

compared to rs1800497. Additionally, the significant change in R2 following the addition of 

rs6279 and rs1800497 suggests the important role of these variants on cognitive recovery.

Our multivariable models also suggest there are specific injury-age interactions following 

TBI that differ from control populations. Our cognitive composites are adjusted for 

performance differences known to occur in the general population for age, sex, and 

education, based on standardized norms for each neuropsychological measure. Yet even 

after adjusting for these effects found in the normed data, age and education were still 

significant predictors of cognitive composite score in our multivariable models, suggesting 

these demographic variables have an amplified injury-specific effect on cognitive 

performance. Education may be a correlate for post-TBI cognitive reserve that could likely 

impact an individual's cognitive recovery trajectory post-TBI49,66. Given the detrimental 

effects of age on other TBI pathology/recovery domains67–70, age enhanced vulnerability to 

cognitive dysfunction post-TBI likely also occurs. Additionally, our inclusion of the best 

GCS in first 24 hours post-injury confirms other studies findings where best GCS in 24 

hours predicts long-term outcome30,31.

This study also examined ANKK1 and DRD2 variation in post-TBI depression (PTD), FIM-

Cog, and GOS. Despite some associative trends, there were no relationships between any of 

the variants examined and PTD following FDR correction. While there is emerging evidence 

of DAergic signaling involvement in depressive symptoms71, this study may be 

underpowered to examine DAergic relationships to PTD. Rs1800497 and rs6279 were 

associated with GOS and FIM-Cog, though none survived correction for multiple 

corrections. However, consistent with the Rehabilomics Model6,7, the data suggest a need 

for larger studies to examine how genetic relationships associated cognitive performance 

and may moderate downstream effects on other outcomes dimensions reflected with GOS 

and FIM-Cog.

One important caveat in this study is the reported findings were conducted in a population of 

Caucasians-only. DRD2 SNP distributions were significantly different by race (data not 

shown), highlighting the need to limit our analysis to Caucasians to avoid any potential 

stratification effects. This study was not powered to examine genotypic associations by race 

in post-TBI cognitive outcomes, and future studies are needed to examine more racially-

diverse populations. While this study is limited by its overall sample size, it is one of the 

larger studies examining genetic factors in cognitive recovery post-TBI, similar to our 

previous studies72. Due to the loss to follow-up in this study, future studies will need to 
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validate these findings in larger groups at 12 months, and to validate the observed genetic 

effects for consistency across recovery.

Investigating DA signaling effects of DA specific gene variants post-TBI may inform 

relationships to cognitive recovery. This report is one of the first studies to utilize cognitive 

composite scores to evaluate DA genetic modulators of TBI cognitive recovery72. After 

adjusting our neuropsychological data, using available normative data, our results show 

injury specific effects of age and education on cognitive performance after severe TBI. Our 

cognitive composite score was designed to be a proxy for overall cognitive test performance 

collapsed across multiple domains. Importantly, this composite has not been examined in 

terms of its predictive or ecological validity (i.e., how it might predict cognitive functioning 

in real life) and future studies are needed to determine this relationship.

Furthermore, this work may suggest a need to examine personalized approaches to 

treatments like cognitive rehabilitation strategies and neurostimulant use. For example, 

genetic associations with specific cognitive performance domains may help discriminate 

individuals more likely to require or benefit from treatment. Given recent findings of genetic 

differences in D2 receptor expression (based on PET) among individuals with severe TBI16, 

and our reported findings of genetic differences in cognitive performance after TBI, it stands 

to reason that treatments known to affect cognition via dopamine systems, such as 

neurostimulants like methylphenidate, may have differential effects on cognition as a 

function of D2 receptor genotype. Understanding how these genetic variants impacts 

DAergic pharmacological intervention73 post-TBI may allow for future personalization with 

regard to neurostimulants like methylphenidate. The temporal dynamics of our findings also 

suggest there may be specific timelines of therapeutic advantage for DAergic 

pharmacological intervention. Similarly, genetic variation, along with other personal factors, 

may help predict who is likely to have adverse side effects or may help guide treatment 

dosing to minimize side effects and optimize treatment effects. This work suggests a need 

for future evaluation, within a comprehensive Rehabilomics framework, of combinatorial 

treatment paradigms in cognitive rehabilitation post-TBI.
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Figure 1. 
Targeted single nucleotide polymorphisms (SNPs) within ANKK1 and DRD2 shown here, 

lie within their respective genes as marked in the gray rectangles, and consecutively along 

the genome as mapped on the white rectangle. Linkage disequilibrium (LD) between the 7 

SNPs examined (calculated LDs using Haploview v.4.2) is represented as the numbers in 

each square between each pair of SNPs (D’). Red squares indicate high LD and white 

squares indicate low LD based on algorithms calculated within Haploview. The bold black 

line around Block 1 indicates a haploblock that contains rs7131056 and rs4630328. In our 

sample, there is relatively low LD between rs1800497 and SNPs in DRD2.
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Figure 2. 
Overall and domain specific cognitive composite scores at 6 and 12 months post-injury 

show rs1800497 (Taq1A) heterozygotes exhibit better cognitive recovery compared to 

homozygotes. Error bars represent SEM. *p<0.05, #p<0.10.
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Figure 3. 
Overall and domain specific cognitive composite scores at 6 and 12 months post-injury 

show rs6279 C-homozygotes exhibit better cognitive recovery compared to G-carriers. Error 

bars represent SEM. *p<0.05, #p<0.10.
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Table 1

Demographic and clinical variables by genotype.

Variant Genotype Age
1

Sex
2

GCS
3

Education
1

rs1800497 CC (n=55) 35.4 ± 13.8 85.5% (47) 7 12.9 ± 1.9

CT (n=40) 34.0 ± 14.8 75.0% (30) 7 12.8 ± 2.0

TT (n=4) 25.5 ± 7.3 75.0% (3) 8 13.8 ± 2.1

p value 0.315 0.425 0.714 0.519

rs6279 CC (n=61) 34.4 ± 14.5 83.6% (51) 7 13.1 ± 2.0

CG (n=30) 33.5 ± 14.0 76.7% (23) 7 12.6 ± 1.3

GG (n=6) 37.8 ± 12.1 83.3% (5) 6 13.2 ± 3.1

p value 0.659 0.758 0.368 0.417

rs2734838 AA (n=9) 31.4 ± 14.0 66.7% (6) 7 12.1 ± 0.8

AG (n=45) 34.3 ± 13.1 73.3% (33) 7 12.7 ± 1.9

GG (n=43) 34.6 ± 14.5 90.7% (39) 7 13.3 ± 2.1

p value 0.707 0.058 0.935 0.162

rs17529477 AA (n=10) 32.6 ± 15.2 80.0% (8) 7.5 13.2 ± 2.9

AG (n=47) 34.6 ± 15.1 80.9% (38) 7 12.9 ± 1.7

GG (n=40) 34.5 ± 13.1 80.0% (32) 7 12.6 ± 1.9

p value 0.815 0.994 0.945 0.804

rs4245147 CC (n=21) 34.9 ± 15.2 85.7% (18) 8 12.6 ± 1.8

CT (n=49) 32.9 ± 13.4 77.6% (38) 7 13.2 ± 1.9

TT (n=25) 37.4 ± 15.2 80.0% (20) 7 12.6 ± 1.9

p value 0.485 0.725 0.380 0.436

rs7131056 AA (n=14) 38.5 ± 13.2 92.9% (13) 7 12.1 ± 1.6

AC (n=55) 32.2 ± 13.8 80.0% (44) 7 12.9 ± 1.7

CC (n=29) 36.4 ± 14.8 75.9% (22) 8 13.0 ± 2.4

p value 0.186 0.352 0.975 0.532

rs4630328 AA (n=11) 34.2 ± 15.9 81.8% (9) 9 13.1 ± 2.7

AG (n=52) 34.0 ± 14.3 78.9% (41) 7 13.1 ± 1.9

GG (n=34) 35.2 ± 13.6 85.3% (29) 7 12.3 ± 1.7

p value 0.872 0.748 0.368 0.244

1
Age and education reported mean ± standard deviation.

2
Percent men reported, (# of men).

3
Glasgow Coma Scale (GCS) reported as median.
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Table 2

SNP Associations with measured outcomes at 6 months and 12 months post-TBI.

GOS PTD FIM-Cog Cognitive Composite

Variant Raw Corrected Raw Corrected Raw Corrected Raw Corrected

6 Months

rs1800497
0.0244

1 0.2807 0.1369 0.9231 0.0278 0.1946 0.0080 0.0427

rs6279 0.1486 0.5201 0.7087 0.9670 0.0207 0.1946 0.0008 0.0128

rs2734838 0.9109 0.9928 0.1837 0.9231 0.2390 0.3718 0.0547 0.1250

rs17529477 0.8104 0.9928 0.6635 0.9670 0.2314 0.3718 0.1288 0.2290

rs4245147 0.8906 0.9928 0.6695 0.9670 0.2236 0.3718 0.0673 0.1346

rs7131056 0.8312 0.9928 0.8979 0.9670 0.1570 0.3663 0.4483 0.7086

rs4630328 0.6704 0.9928 0.7497 0.9670 0.5629 0.6970 0.1624 0.2362

12 Months

rs1800497 0.7892 0.9359 0.3290 0.9746 0.4218 0.6327 0.0294 0.2464

rs6279 0.1088 0.5698 0.3220 0.9746 0.1772 0.5697 0.0308 0.2464

rs2734838 0.1311 0.5698 0.0225 0.3375 0.0395 0.5697 0.1654 0.3828

rs17529477 0.2255 0.5698 0.4696 0.9746 0.3426 0.6172 0.3577 0.5723

rs4245147 0.3139 0.5886 0.9316 0.9746 0.0908 0.5697 0.2122 0.3828

rs7131056 0.2659 0.5698 0.8967 0.9746 0.2472 0.6172 0.2100 0.3828

rs4630328 0.2587 0.5698 0.6384 0.9746 0.3703 0.6172 0.2153 0.3828

The raw p value reported here is the most significant association for each variant. Corrected p values are corrected for False Discovery Rate within 
each outcome measure. Bolded p values, p<0.1. Bolded and italic p values, p<0.05. (GOS, Glasgow Outcome Scale; PTD, Post-traumatic 
depression; FIM-Cog, Functional Independence Measure Cognition subscale)

1
All variants were examined for genotype, carrier, or heterozygotes vs homozygote associations with each outcome.
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Table 3

T scores on neuropsychological tests utilized at 6 and 12 months post-injury.

Cognitive Test 6 Months 12 Months

rs1800497 CC, TT (n=59) CT (n=40) p value
* CC, TT (n=37) CT (n=26) p value

Rey 41.31±11.60 43.78±10.57 0.140 43.72±9.47 44.23±11.78 0.368

Digit Span 41.38±6.98 42.12±7.43 0.221 40.58±7.27 42.38±8.02 0.182

DKEFS 40.71±10.30 42.57±10.54 0.156 40.97±8.99 44.83±11.12 0.067

Trails A 33.12±13.18 39.21±11.94 0.003 34.89±13.30 40.71±12.37 0.077

Trails B 36.98±13.23 43.28±14.14 0.006 37.43±13.83 44.23±12.41 0.045

CVLT Long Delay Free Recall 32.94±16.55 39.74±14.80 0.036 37.05±16.30 41.96±16.79 0.210

Stroop 54.11±8.13 52.93±7.93 0.182 54.38±7.06 53.68±7.70 0.293

COWA Animals 32.82±12.93 34.69±12.71 0.291 30.86±12.25 37.04±12.35 0.035

rs6279 CC (n=61) CG, GG (n=36) p value CC (n=39) CG, GG (n=25) p value

Rey 43.03±10.91 41.06±11.98 0.167 44.73±9.52 42.76±11.71 0.283

Digit Span 43.27±6.66 39.34±7.16 0.008 42.54±7.86 39.56±6.91 0.072

DKEFS 43.41±10.84 38.33±9.01 0.009 44.33±10.33 39.57±8.80 0.037

Trails A 38.51±12.14 30.91±13.30 0.002 39.51±12.01 33.17±14.18 0.045

Trails B 42.12±12.80 34.79±15.05 0.001 42.19±12.68 36.48±14.58 0.045

CVLT Long Delay Free Recall 37.85±16.43 32.63±14.96 0.074 41.03±17.23 35.83±15.16 0.137

Stroop 54.41±7.42 52.56±9.01 0.317 55.03±7.22 52.72±7.26 0.082

COWA Animals 36.07±12.69 29.79±12.20 0.017 34.12±12.49 32.36±12.92 0.362

*
Bolded p values, p<0.1. Bolded and italic p values, p<0.05.
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Table 4

Multivariable model of overall cognitive composite scores at 6 and 12 Months.

Variable Parameter Estimate Standard Error t value
p value

* 95% Confidence Interval

6 Months - Overall Composite (n=99), R2 = 0.301

Age −0.12861 0.05222 −2.46 0.0157 (−0.23239 - −0.02484)

GCS 0.81936 0.2586 3.17 0.0021 (0.30545 - 1.33327)

Education 1.20842 0.39974 3.02 0.0033 (0.41403 - 2.00281)

Sex 0.74451 1.99352 0.37 0.7097 (−3.21720 - 4.70622)

rs1800497 Heterozygotes 3.06912 1.52202 2.02 0.0468 (0.04443 - 6.09382)

rs6279 G-carriers −3.14798 1.53321 −2.05 0.0430 (−6.19491 - −0.10104)

12 Months - Overall Composite (n=64), R2 = 0.347

Age −0.11634 0.06158 −1.89 0.0641 (−0.23974 - 0.00706)

GCS 0.80359 0.32919 2.44 0.0179 (0.14387 - 1.46330)

Education 1.63697 0.53028 3.09 0.0032 (0.57426 - 2.69967)

Sex 1.85685 2.10617 0.88 0.3818 (−2.36400 - 6.07770)

rs1800497 Heterozygotes 4.61380 1.79217 2.57 0.0128 (1.02221 - 8.20539)

rs6279 G-carriers −1.09666 1.78954 −0.61 0.5425 (−4.68299 - 2.48966)

*
Bolded p values, p<0.1. Bolded and italic p values, p<0.05.
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