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TBI and ADHD 

 

Abstract 

Attention Deficit Hyperactivity Disorder (ADHD) can interfere with daily life due to 

inattention, impulsivity, and hyperactivity. Mild traumatic brain injury (mTBI), or concussion, 

can cause a number of post-concussive symptoms such as depression, anxiety, and headaches. 

Repetitive concussion appears to have more severe consequences. We hypothesized that 

repetitive concussion exacerbates the behaviors associated with ADHD or vice versa. To test this 

hypothesis four groups of mice were used: 1) mice that received anesthesia only (control), 2) 

mice exposed to nicotine in their drinking water during gestation and throughout the pre-weaning 

period (ADHD), 3) mice that received one concussion per day for five days under anesthesia at 

approximately 60 days of age (mTBI), and 4) ADHD mice that received a 5 concussions 

(ADHD+ mTBI). The n for each group was 8-12. Behavioral testing for attention, depression, 

anxiety, spatial working memory, and recognition memory was conducted before and after TBI 

was performed. mTBI caused short term attention deficits, but did not exacerbate attention 

deficits associated with ADHD. mTBI also did not exacerbate deficient in spatial working 

memory associated with ADHD. However, the combination of ADHD and mTBI resulted in 

depression that was not seen independently in either model, suggesting a synergistic effect of 

ADHD and mTBI on depression that should be the focus of future work.  
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1.! Introduction 

1.1 Concussion 

 

Mild traumatic brain injury (mTBI) or concussion, is when the head receives a 

blow/collision with an object causing, in some cases, loss of consciousness. Symptoms can vary 

in severity but the most common symptoms are dizziness, headache, loss of consciousness and 

nausea (Prince & Bruhns, 2017). Apart from physical symptoms, concussion can take a toll on 

cognition and emotion. In some cases difficulty with attention, focus, and concentration are 

observed. Other symptoms include depression, anxiety, aggression, and irritation. Although most 

symptoms last roughly between 2 to 3 weeks, symptoms can progress to long-term (Cifu, 2018).  

Once a person experiences their first concussion they are at risk of more concussions 

down the road. This can be due to their lifestyle in some cases, such as athletes. In one study 

seventy-one percent of the participants, high school football players, had multiple concussions in 

just one season. Repetitive concussions over time not only prevent resolution of the symptoms, 

but can cause additional brain damage resulting in cognitive and behavioral deficits, in the short 

and long-term.  Long-term effects include depression, anxiety, anger, and in more severe cases, 

chronic traumatic encephalopathy (Cifu, 2018). 

1.2 Attention Deficit Hyperactivity Disorder 

The three core symptoms of ADHD are inattention, hyperactivity, and impulsivity. A 

diagnosis of ADHD is based on 6 or more symptoms that include lack of attention to detail, 

forgetfulness, disorganization, lack of concentration (academic and social settings), fidgeting, 

excessive talking, and inappropriate behavior. These symptoms can also range from mild, 

moderate, to severe. Symptoms would be considered severe if they result in impaired 

functioning. This disorder is not just limited to childhood. While it typically starts in childhood, 
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it can continue into adulthood. As time progresses, the hyperactivity may be reduced. However, 

poor impulse and disorganization can increase with age. (Reynold & Kamphaus, 2016) 

There are many options for treatment of ADHD. Medication, therapy, or combination of 

both. When it comes to children, some parents may be hesitant to start medication right away so 

doctors will recommend therapy and physical activity, including participation in sports. 

Although physical activity is clearly beneficial for all children, participation in contact sports 

does increase the risk of concussion. Furthermore, children with ADHD have a higher risk of 

mTBI/concussion. A majority of children and teens with mTBI/concussion also had ADHD. In 

fact those that had ADHD were four times more likely to receive a concussion from activities 

including playground and organized sport as well as driving. There is, however, evidence that 

pharmacological treatment of ADHD may reduce the risk of an initial concussion by improving 

decreasing inattention and hyperactivity that lead to distractions in everyday situations that put 

individuals at risk for concussion (Rapaport, 2018). 

1.3 Hypothesis  

 While there is an established link between concussion and ADHD very little work has 

been done on concussion in individuals with ADHD. It is not known the degree to which 

concussion exacerbates the symptoms of ADHD, or what effect concussion has on the efficacy 

of ADHD treatments. Additionally, it is not known whether ADHD patients who have sustained 

a concussion should be treated differently. This gap in knowledge is, in part, because of a lack of 

an experimental model of combined ADHD and concussion. The work proposed here will fill 

this gap by developing and characterizing the effects of concussion in a mouse model of ADHD 

and then test the hypothesis that brain injury in the form of repetitive concussion 

exacerbates the behaviors associated with ADHD or vice versa. 
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2.! Methods 

2.1 Animals 

 

All animal experiments were approved by the Institutional Animal Care and Use 

Committee in accordance with all guideline established by the American Association for 

Laboratory Animal Science (AALAS).  Pregnant mice were given nicotine (100 µmg/mL in 2% 

saccharin) in their drinking water during gestation and throughout lactation. Control dams 

received either deionized water or 2% saccharin. Pups were weaned at 21 days of age and housed 

in a reverse light cycle room (12 hours dark, 12 hours light) in a temperature-controlled 

environment. When the mouse pups grew to adulthood (60 days of age) they were divided into 4 

groups. Control animals that received anesthesia only, ADHD that received anesthesia only, 

animals that received repetitive concussion (mTBI), and ADHD animals that also received 

repetitive concussion (ADHD+mTBI) (n=8-12 for each group).  All animals were subjected to 

behavioral testing prior to mTBI and then after mTBI or anesthesia alone on days 1, 14 and 28 

post-mTBI.  Because animals were on a reverse light cycle, all behavioral tests were conducted 

under red or low light. 

2.2! Repetitive Concussion 

Concussions were induced in adult mice using an electromagnetically driven stereotaxic 

device (warmed by a heating pad) that is designed to control the impact location, depth, and 

velocity. A metal piston that creates an impact was fitted with a customized rubber tip 9 mm in 

diameter as described by Luo et al., 2014 and Shitaka et al., 2011. Mice were anesthetized for 1 

minute with 2.5% isoflurane prior to placement on a custom-made foam bed in a stereotaxic 

frame.  Impact of the head with the rubber piston while the animal is on a foam cushion both 

provides protection from the severity of the injury as well as induces head movement associated 

with concussion in humans. 
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Anesthetized animals were positioned in a nose cone providing continuous anesthesia. Using 

the distance between the ears and the eyes as described in Luo et al., 2014, the center of the 9 

mm impactor was positioned approximately 1 mm anterior to bregma, and 4 mm lateral to 

midline according to the mouse atlas. When the piston touches the scalp, it was retracted and 

then lowered by 3 mm using digital control of the stereotaxic arm. The impact occurred at 5 

meters/sec with a dwell time of 100 m/sec. Separate groups of animals also received the same 

amount of anesthesia and were positioned in the stereotaxic frame without impact. After impact 

(or sham), mice were returned to a home cage warmed with a heating pad until the animal 

awakened.  Repetitive concussion was induced using the above procedures three times for each 

animal performed at an interval of 24 hours for 5 consecutive days.  

2.3 Y- Maze 

 

The Y-maze test is a test of working memory that is based on the propensity of mice 

exploring a new environment in a systematic way (spontaneous alternation). Alternation is a 

natural behavior of rodents in which they tend not to repeat exploration of a region that has no 

reward (Douglas, 1975). This behavior relies on working memory and does not require any 

rewards or punishments. 

The Y-maze was made of clear plastic material 35 cm long x 6 cm wide x 10 cm high. 

Each arm, labeled A, B or C, was designated with different patterns that enabled the mice to 

distinguish between the arms. Visual cues are placed around the room as well as on the maze 

arms.  Each mouse was placed in the same arm facing the end wall. To prevent odor cues from 

interfering with the experiment, the maze was cleaned after every animal. The mice were given 

access to all three arms for the entirety of the test that lasted 10 minutes. Data was collected live 

by the observer. The number of entries into each arm and the sequence of entries were recorded. 
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An entry is defined as all four limbs entering an arm. The total number of entries is used to 

determine activity and the total number of alternating entries is used to assess basic memory 

function.  An alternation score (# alternations / # of possible alternations * 100) is calculated.  

The working memory of the animal can be assessed based on the score where a score below the 

average score for the control group is considered to represent working memory deficit.  

2.4 Tail Suspension 

 

The Tail Suspension test (TST) was used to test for depression-like behavior. The mice 

were habituated to the behavioral test room for 30 minutes prior to the start of this test. Adhesive 

tape (TimeMed Labeling Systems, Inc, Burr Ridge IL, 1.9 cm width) was attached to the tip of 

the tail and the mouse was suspended by its tail, upside down, from a suspension bar or shelf 

ledge. The approximate distance between the mouse's nose and the floor (or bench top) was 20-

25 cm. To help prevent injury to mice that may fall during the test, the floor was cushioned with 

paper pads. The tail suspension test was performed for a period of 6 min and the behavior of the 

mouse was video recorded. At the end of the test, the tape was removed carefully from the tail by 

gently pulling off the tape and the climb stoppers are removed. The mouse is returned to its home 

cage. The video recordings are analyzed to calculate the time the mouse spent mobile and 

immobile. Mobility was counted when the mouse was moving all 4 limbs. Immobility was 

counted when the animal was no longer moving, but this could include movement of the front 

two limbs. 

2.5 Light Dark Box  

 

The Light Dark Box test (LDB) was used to primarily test for anxiety-like behavior. This 

test was done after the TBI procedure and both shams and mTBIs were subject to it. The box was 

made out of clear acrylic plastic that has one half wrapped in black adhesive paper while the 
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other in white. To separate both sides, a cut-out of foam was inserted and wrapped with the 

appropriate colors with an opening on the ground for mice to enter through either side. The 

darker side of the box also has a cover on the top to prevent any light from entering. The LDB 

was above the ground and placed in a behavioral suite with dim lighting.  

The observer records number of crosses from light to dark and vice versa, and time in 

dark versus time in light.  

2.6 Object Based Attention 

 

The Object Based Attention test (OBA) was used to test attention. This test was run 

before and post TBI at 2 weeks and 4 weeks. Before the test the mice were habituated in the 

behavioral suite for 30 minutes in dim light. For the first day, the habituation phase, mice were 

introduced to an exploration and testing chamber for 5 minutes each. For the second day, the 

acquisition phase, mice had 5 minutes in each chamber with 5 wooden objects placed in the 

exploration chamber and 2 in the testing chamber. On the third day, mice were habituated to each 

chamber again for 3 minutes. They were then placed in the exploration chamber with the same 5 

wooden objects for a total of 3 minutes and then moved to the testing chamber with 2 wooden 

objects, one familiar and one novel (Zhang, et al., 2018).  The preference for the novel object 

was determined by recording the time spent engaged with each object (novel vs. familiar).  To 

prevent odor cues from interfering, the enclosed area and objects were cleaned after each animal.  

2.7 Statistical Analyses 

Data on the effect of treatment (mTBI or ADHD), time post-mTBI, and their interactions, 

were analyzed by two-way ANOVA with repeated measures followed by a post-hoc Bonferroni 

multiple comparison to evaluate differences between individual groups. Statistical analyses were 

performed using GraphPad Prizm, 8.0. Differences were considered significant at p≤0.05. 
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3.! Results 

 

3.1 Light-Dark Box 

Figure 2 shows exploratory behavior in the light-dark box one day and two weeks after 

mTBI. There were no statistically significant differences in light-dark box behavior between 

controls, ADHD animals, mTBI or ADHD+mTBI at either time point. This analysis included the 

total amount of time spent in the dark side of the box (Fig. 2A) and the number of transitions 

between the dark and the light (Fig. 2B). 

 

Figure 2A. Effect of repetitive concussion and prenatal nicotine exposure on exploratory 

behavior in the light-dark box. Time spent in the dark side of the box is used as a proxy measure 

of anxiety.   
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Figure 2B. Effect of repetitive concussion and prenatal nicotine exposure on the number of 

transitions across the light and dark sides of the light-dark box.  

 

3.3 Y-Maze 

 

Figure 3 shows the results from the Y-Maze test. Two-way ANOVA with repeated 

measures showed that there was a significant main effect of treatment [F(3,29)=47.61, 

p<0.0001], and no significant main effect of time [F(2,58)=0.256, p=0.774]. Furthermore, there 

was no interaction between time and treatment [F(6,58)=0.567, p=0.754] on spontaneous 

alternation in the Y-maze. 

Bonferroni multiple comparison test showed that ADHD resulted in deficits in 

spontaneous alternation (pre mTBI). This effect was sustained through the 2 week test period. 

However, mTBI did not alter behavior in the Y-maze. There were also no effects of combined 

ADHD and mTBI at any time point after mTBI (Fig. 3). 
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Figure 3. Effect of repetitive concussion and prenatal nicotine exposure on spontaneous 

alternation in the Y-maze test. Means were statistically significant at *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001 as determined by two way ANOVA with repeated measures and 

Bonferroni post-hoc test for individual differences.   

 

 

3.4 Object Based Attention Test 

 

Figure 4 shows that all groups were tested in the OBA test prior to TBI and then again 

days 1, 14 and 28 post-mTBI. Two-way ANOVA with repeated measures showed that there was 

a significant main effect of treatment (mTBI or nicotine) [F(3,34)=64.34, p<0.0001], time 

[F(3,102)=6.409, p=0.0005], and interaction between time and treatment [F(9,102)=6.37, 

p<0.0001]. Bonferroni multiple comparisons test showed ADHD animals had displayed a 

significantly reduced recognition index prior to the initiation of mTBI (p≤0.0001). In animals 

that received mTBI, there was a significant reduction in recognition index (p≤0.001). However, 

this effect was not sustained at 2 or 4 weeks post-mTBI. The combination of ADHD and mTBI 

did not result in additive or synergistic effects. 
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Figure 4. Effect of repetitive concussion and prenatal nicotine exposure on the recognition index 

in the test of Object Based Attention. Means were statistically significant at **p≤0.01, 

***p≤0.001, ****p≤0.0001 as determined by two way ANOVA with repeated measures and 

Bonferroni post-hoc test for individual differences.   

 

3.5 Tail Suspension Test 

 

Use of the TST and two-way ANOVA with repeated measures showed while there was 

no significant main effect of time [F(3,124)=0.553, p=0.647] or treatment [F(3,124)=0.982, 

p=0.403] on immobility, there was a significant interaction between the two factors 

[F(9,124)=2.521, p=0.011]. Figure 5 shows the results of the Bonferroni multiple comparison 

test. Data collection on all groups prior to the mTBI showed that prenatal nicotine did not result 

in changes in immobility time in this test. Similarly, mTBI alone did not result in changes at any 

time point. However, there was a significant increase in immobility at day one post-mTBI when 

ADHD animals received mTBI. This effect was not sustained at the 2 week or one month time 

points after mTBI (Fig. 5). 
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Figure 5. Effect of repetitive concussion and prenatal nicotine exposure on immobility time in 

the tail suspension test as a measure of depression-like behavior. Means were statistically 

significant at ***p≤0.001 or ****p≤0.0001 as determined by two way ANOVA with repeated 

measures and Bonferroni post-hoc test for individual differences.   

 

 

4.! Discussion 

 

There is a large gap in our understanding of the behavioral effects concussion and the 

impact of repetitive injuries. This is particularly true for the role of repetitive mTBI and 

symptoms associated with ADHD such as impairments in attention, concentration, and learning 

and memory (Wilmoth et al., 2019; McKeithan et al., 2019)). Thus, this work sought to use 

mouse models of ADHD and mTBI to explore the behavioral interactions between these two 

common conditions. As expected from previously published work (Zhang et al., 2018), male 

animals that received perinatal nicotine displayed deficits in spontaneous alternation in the Y-

maze test and in recognition index in the OBA test. Both of these measures were consistent 

throughout the study period. These results suggest that prenatal nicotine produces phenotypes 
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consistent with ADHD including impaired spatial working memory and attention. In contrast, 

other behavioral tests suggested that this model of ADHD did not display deficits in recognition 

memory, exploratory behavior, anxiety-like, or depression-like behaviors. 

4.1 Effect of Repetitive Concussion 

 

The repetitive model of concussion used in this work did not impair recognition memory 

or spatial working memory. Furthermore, mTBI did not result in significant changes in 

exploratory behavior in the light-dark box. The finding that mTBI did not increase the time spent 

in the dark side of the box suggests that mTBI did not increase anxiety-like behavior. This 

finding was confirmed by the finding that mTBI did not alter behavior in the elevated plus maze. 

This data was not shown because there were no significant differences, instead the Light Dark 

Box test and data was used. This model of mTBI also did not produce any evidence of 

depression-like behavior. The finding that there was no change in immobility in the TST test at 

day 1, 14, or 28 post-mTBI was surprising given the fact that previous work has shown that 

depression is a common outcome following most forms of TBI (Prince & Bruhns, 2017). There 

are several possible explanations for this outcome. It may simply be that in a mouse model the 

injury severity and number of repetitions of the mTBI procedure was insufficient to display a 

depression-like behavior.  Secondly, the animals were anesthetized with the inhalant isoflurane 

prior to the impact that produced the mTBI. This means that each animal received multiple doses 

of Isoflurane throughout the week of injury. Previous work has shown that this anesthetic agent 

is not only neuroprotective, but is specifically protective for injuries associated with TBI (Statler 

et al., 2006). Thus, it is possible that without the anesthetic more behaviors such as depression 

would have been displayed in this mouse model of repetitive mTBI. 
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In contrast, the test of attention (OBA) in animals that received mTBI showed that 

repetitive concussion impaired recognition indices one day after the final mTBI. This is 

consistent with clinical data showing attention deficits in adolescents reporting previous 

concussions (McKinlay et al., 2009). In the current work, by the two week time point, the mean 

recognition index in mTBI mice returned to baseline, where it remained at the 1 month post-

mTBI time point. Future work will be needed to determine more precisely how long these 

deficits persist and, more importantly, to what degree additional concussions contribute to the 

length of time the symptoms persist. 

4.2! Effect of Repetitive Concussion in a Model of ADHD 

 

While ADHD animals showed clear and consistent deficits in spatial working memory, 

mTBI did not appear to worsen this phenotype. The combination of ADHD and mTBI did not 

result in additional deficits compared to ADHD alone. Although mTBI significantly impaired 

attention one day after the last bout of injury, the effect was not additive or synergistic when 

combined with ADHD. The reasons for this outcome are not entirely clear.. While a number of 

studies have shown that ADHD lengthens the amount of time needed to recover from concussion 

(Zemeck et al., 2016; Miller et al., 2016; Mautner et al., 2017), other studies have shown no 

interaction between ADHD and mTBI (Iverson et al., 2017). Thus, more work, both basic and 

clinical, is needed to understand the role of mTBI on attention deficits in patients with ADHD. 

Possibly the most significant finding of this work is evidence of a synergistic effect of 

ADHD and repetitive concussion on depression-like behaviors. Neither perinatal nicotine or 

repetitive mTBI resulted in depression-like behavior as measured by the TST test. However, 

when mTBI was applied to the prenatal nicotine mouse model of ADHD, there was a significant 

increase of immobility in this test. These data raise the possibility that sub-threshold mTBI 
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(concussion that does not produce depression) can result in depression-like behaviors in 

individuals with ADHD. Thus, even mild injuries that would not be expected to produce negative 

outcomes may result in symptoms in those with ADHD. In the current pre-clinical work the 

effect of mTBI in ADHD animals was extinguished with time. This is consistent with clinical 

work showing that patients are more likely to have depression in the acute phases following 

injury (up to one month in humans), but that the mood disturbances typically resolve with time 

(McCuddy et al., 2018). Future work will be needed to determine the severity and time course of 

these effects in clinical populations with ADHD who receive a concussion. 

4.3 Conclusions and Future Directions 

 

This work is, to our knowledge, the first to report the use of repetitive concussion in a 

mouse model of ADHD. This initial study showed that our mTBI model produces transient 

deficits in attention. However, our repetitive concussion model produced synergistic effects on 

mood when coupled with ADHD. These data suggest that clinicians should be particularly 

vigilant with assessment when their patients with ADHD receive sports-related or other types of 

concussions. This is especially true when there is a history of prior concussive events. Other 

studies have shown that childhood concussions have long term effects even up to 13 years post-

injury with vulnerability to severe anxiety and depression (Albicini & McKinlay, 2018). 

Exploring how these behaviors may be exacerbated by concussion in individuals with ADHD 

should be a priority for further investigation.  

There were a number of limitations of this work can be overcome in future studies. 

1. When this study was initiated it was unclear what the threshold for behavior was. Specifically, 

we did not (and largely still do not) know what level of injury is required to produce the 
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behaviors of interest. Thus, it would be helpful to have future work that determined how many 

repetitive concussive events would produce depression and other behaviors in a mouse model. 

2. This work tested only a single model of ADHD (perinatal nicotine). Thus, future work should 

employ concussion in other models of ADHD.  

3. Because the ADHD phenotype is more common in male mice exposed to perinatal nicotine, 

this work included only male mice. Future work is needed to evaluate the effect of concussion in 

female mice exposed to perinatal nicotine.  

3. This work used an mTBI model that involved repeated doses of anesthesia. Because most 

anesthetics have been shown to be neuroprotective, we have now begun to conduct IACUC 

approved experiments in conscious animals. This provides a more clinically relevant model of 

concussion. 

4. Future work should also explore the role of mTBI in the treatment of patients with ADHD. 

In conclusion, this work established a model of repetitive mTBI and ADHD that can be used 

to study interactions between these two conditions on outcomes including behavioral parameters.  
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