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Abstract

Recent studies have helped identify multiple factors affecting increased risk for substance use
disorders (SUDs) following traumatic brain injury (TBI). These factors include age at the time of
injury, repetitive injury and TBI severity, neurocircuits, neurotransmitter systems,
neuroinflammation, and sex differences. This review will address each of these factors by
discussing 1) the clinical and preclinical data identifying patient populations at greatest risk for
SUDs post-TBI, 2) TBI-related neuropathology in discrete brain regions heavily implicated in
SUDs, and 3) the effects of TBI on molecular mechanisms that may drive substance abuse
behavior, like dopaminergic and glutamatergic transmission or neuroimmune signaling in
mesolimbic regions of the brain. Although these studies have laid the groundwork for identifying
factors that affect risk of SUDs post-TBI, additional studies are required. Notably, preclinical
models have been shown to recapitulate many of the behavioral, cellular, and neurochemical
features of SUDs and TBI. Therefore, these models are well suited for answering important
questions that remain in future investigations.
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Graphical abstract

Effects of traumatic brain injury (TBI) on mechanisms implicated in substance use disorders
(SUDs)

Recent studies find that TBI may affect many key brain regions implicated in the neurobiology of
addiction including the prefrontal cortex (PFC), nucleus accumbens (NAc), and ventral tegmental
area (VTA). Furthermore, evidence suggests that TBI-induced pathology may resemble
neurochemical responses that mediate SUDs. As shown, experimental TBI disrupts many of the
neural substrates that regulate substance abuse behavior. However, few studies have explicitly
tested the effect of TBI on the functional status of neurocircuits that mediate drug and alcohol
reward, like the corticolimbic, mesolimbic, and mesocortical pathways. This review highlights the
results of recent reports that identify important factors affecting the risk of SUDs post-TBI.
Moreover, this review proposes the use of preclinical models to answer questions that still remain,
as animal models have been shown to recapitulate the neurochemical and behavioral effects of
both SUDs and TBI. Notably, expanding upon the current literature with future studies will be
essential to fully validate and understand the mechanisms underlying increased risk of SUDs post-
TBI. Arrows indicate increase or decrease in neurotransmitter concentration, gene expression
level, incidence of pathology, or behavioral function as listed.

DA-dopamine, GLU-glutamate, BDNF-brain-derived neurotropic factor; histology image obtained
from www.alleninstitute.org.
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INTRODUCTION

Traumatic brain injury (TBI) is a prominent public health concern affecting millions of
Americans and their families each year. These injuries may produce lifelong deficits in
physical, cognitive, social, emotional, and behavioral function®. In fact, current estimates
suggest that as many as 5.3 million people living in the United States may struggle with a
TBI-related disabilityl. Notably, this figure is likely an underestimate, as some disorders that
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are highly prevalent among TBI patients, like substance use disorders (SUDs), are typically
considered to be pre-existing conditions rather than a consequence of TBI2. However,
dedicated research in the field of head trauma rehabilitation and the emergence of the first
preclinical studies to investigate the effects of experimental TBI on drug abuse behavior
have led to the identification of multiple factors affecting risk of SUDs post-TBI.

Results of the 2014 National Survey on Drug Use and Health show that approximately 21.5
million Americans are currently diagnosed with SUDs3. Importantly, these disorders are the
most common psychiatric diagnoses among TBI patients prior to injury, and the third most
common psychiatric diagnoses post-TBI4. Alcohol is the most common drug abused by
individuals with a history of TBI. In fact, estimates indicate that 37-66% of TBI patients
struggle with alcohol use disorders, while 10-44% of TBI patients abuse illicit drugs®.
Notably, within illicit drug use, studies have shown that TBI patients are most likely to abuse
cannabis, cocaine, methamphetamine, and prescription medications, including opioids,
stimulants, benzodiazepines, antidepressants, and antipsychotics6-19, Furthermore,
additional studies have shown that daily cigarette use is significantly elevated in TBI patients
when compared to age-matched controls, suggesting that brain injuries may also affect
nicotine-dependence®: 11,

In addition, many reports find that patients with co-morbid TBI and SUD have poorer long-
term outcomes® 12. These patients experience higher mortality rates, show deficits in
physical and neurological recovery, display greater brain atrophy and diminished white
matter integrity, are more likely to behave aggressively, show signs of impulsivity and
reduced executive function, and have higher arrest rates® 8 13-15_Furthermore, these
patients have poorer neuropsychological outcomes, higher rates of psychiatric disease,
increased risk of attempted suicide/suicidal ideation, and greater likelihood of sustaining
additional TBIs8 12.14 Despite these findings, research in the field has met much adversity
due to two commonly held beliefs: 1) that data generated to assess the risk of SUD post-TBI
are very difficult to interpret because of shared risk factors in co-morbid TBI and SUD
patients, and 2) that TBI is more often a consequence of substance abuse rather than a cause
of SUDs? 9. However, by refining clinical studies and utilizing animal models to assess the
risk of SUDs post-TBI, biomedical researchers have identified novel factors rarely
accounted for in previous studies.

This review will address each of the following factors affecting increased risk for SUDs
following TBI: age at the time of injury, repetitive injury and TBI severity, neurocircuits,
neurotransmitter systems, neuroinflammation, and sex differences. First, the recent clinical
and preclinical studies that have helped identify patient populations at greatest risk for SUDs
post-TBI will be discussed. Next, a review of TBI-related neuropathology occurring in the
neurocircuits, neurotransmitter systems, and neuroimmune signals that are heavily
implicated in substance abuse behavior will be presented. Finally, gaps in knowledge and
critical next steps will be discussed to better understand the causal relationship that exists
between TBI and SUDs. Notably, employing the use of preclinical models will be essential
to expediting this process as /in vivo microdialysis, electrophysiology, and drug self-
administration assays are well suited to answer questions that remain illusive in the link
between SUDs and TBI.
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AGE AT THE TIME OF INJURY

Most studies assessing the risk of SUDs post-TBI have monitored the incidence of SUDs in
adult TBI patients (typically patients age 18+). These studies have produced two key
findings: 1) that SUD rates decline following adult TBI and 2) that very few SUDs are newly
diagnosed in adult TBI patients* 5. These findings are not at all surprising considering that
the prevalence of SUDs in the general population peaks between the ages of 18-25 then
steadily declines among individuals 26 and older3. Therefore, recognition of a downward
trend in SUD rates among adult TBI patients is consistent with the trend established in the
general population, and not necessarily an indication that TBI fails to be a risk factor for
SUDs. Unfortunately, these findings have lead some researchers to conclude that the high
prevalence of SUDs among TBI patients is primarily due to pre-existing conditions rather
than a consequence of brain injury2.

Although adult TBI studies have helped identify substance abuse as a risk factor for brain
injury? 512 the inability of these studies to accurately assess the risk of SUDs post-TBI
becomes profoundly apparent when observing the rates of both SUDs and TBIs across a
range of ages (Figure 1). First, these studies neglect the largest population of TBI patients
(children and adolescence, age 0-19), and instead assess the risk of SUDs in a population
that is least likely to sustain a TBI (with the exception of individuals over the age of 65)16.
Furthermore, as mentioned, these studies assess the risk of substance abuse in TBI patients
when the prevalence of SUDs is in declinel’. However, by accounting for the incidence of
early-life TBI, Corrigan et al. determined the following: the younger the age of a patient at
the time of TBI, the greater the effect on problematic alcohol consumption and illicit drug
use later in life'8,

Similarly, a number of recent studies have identified early-life TBI as an important factor
affecting the risk of SUDs. llie et al. reports that high school students with a history of TBI
are 2-3 times more likely to participate in binge drinking, daily cigarette smoking,
nonmedical use of prescription drugs, and illicit drug use®. Furthermore, Fishbein et al.
found that early-life TBI was predictive of greater drug use severity and earlier onset of drug
usel®. Likewise, Ramesh et al. determined that 84% of cocaine-dependent research
volunteers with a history of TBI sustained their first TBI prior to the onset of cocaine use2?,
and Olsen-Madden et al. saw that 54% of veterans with a history of TBI seeking outpatient
treatment for substance abuse sustained at least one TBI prior to adulthood’. Together, these
results highlight the need for future studies to account for the incidence of early-life brain
injury in adult TBI patients in order to accurately assess the risk of SUDs following TBI.

Although large longitudinal, prospective clinical studies that assess the risk of SUDs
throughout the life of TBI patients may be costly, time-consuming, and difficult to manage
due to patient attrition, preclinical models are well suited to achieve progress in the field of
TBI/SUD research. Importantly, a variety of preclinical models are available that
recapitulate the behavioral, cellular, and neurochemical features of both SUDs and TBI. In
fact, recent studies have produced valuable data by combining the premiere models of
experimental TBI with behavioral assays of drug and alcohol dependence in order to
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evaluate the link between TBI and SUDs. Notably, two of these preclinical studies have
assessed the effect of early-life TBI on substance abuse behavior.

Using the controlled cortical impact (CCI) model of TBI and a cocaine conditioned place
preference (CPP) assay, which is a behavioral test that can be used to determine the
rewarding effects of drugs of abuse, we recently observed a significant increase in the
magnitude of the cocaine place preference shift of adult mice with a history of adolescent
TBI (injury sustained at 6 weeks of age) when compared to the place preference shift of
uninjured (naive) controls2t. Furthermore, Weil et al. found that juvenile mice sustaining a
closed-head impact injury at 3 weeks of age displayed significantly greater alcohol place
preference and increase alcohol consumption as adults (9 weeks of age) when tested using
both an alcohol CPP assay and two-bottle choice alcohol self-administration, respectively?2.
Conversely, studies performed in animals with a history of adult TBI have produced
conflicting results, sometimes showing an increase in the consumption of alcohol and
sometimes not?3-25, Importantly, these findings reflect data obtained from clinical studies
and supports the use of animal models in order to answer questions that still remain, like 1)
does early-life TBI interrupt developmental processes that increase the risk of SUDs, 2) are
key neurocircuits that mediate drug abuse behavior more susceptible to damage in the
maturing brain, or 3) does early-life TBI impair the ability to extinguish drug seeking
behavior after a period of drug experimentation/binge drinking (a period which commonly
occurs between the ages of 18-25 in human subjects)?

REPETITIVE INJURY AND TBI SEVERITY

As a group, adult TBI patients have a number of unique characteristics. One of these
characteristics is a high prevalence of SUDs prior to injury® 12, Another is a history of
repeated TBIs!2 18 26 Notably, these injuries seem to occur periodically throughout the life
of a TBI patient, and as discussed above, a large portion of these injuries may be sustained in
early-life’- 18. 26 mportantly, recent studies have identified a high percentage of repetitive
TBI in patients struggling with substance abuse, suggesting that multiple TBIs may be an
important risk factor for SUDs.

Using the Ohio State University Traumatic Brain Injury Identification (OSU-TBI-ID)
Method, a questionnaire designed to elicit a lifetime history of TBI from current TBI
patients, Corrigan et al. found that 20% of patients indexed in the TBI Model Systems
National Database (a cohort of 4,464 patients with moderate or severe TBI) sustained at
least one previous TBI before being added to the database (notably, 40% of these patients
incurred an additional TBI before the age of 16)18. Again, using the OSU-TBI-ID, Olsen-
Madden et al. determined that the number of TBIs sustained by veterans with a positive
history of TBI, who entered a substance abuse treatment program, ranged from 1-12 TBIs
(an average of 3.4 lifetime TBIs per person)’. Furthermore, Darke et al. reported that 37% of
the heroin users in their cohort suffered multiple TBIs%?, while Ramesh et al. saw that 35.7%
of cocaine-dependent research volunteers also sustained two or more brain injuries2C.
Although there are no longitudinal, prospective clinical studies or preclinical reports that
directly assess the effect of repetitive TBI on substance abuse, these results certainly suggest
that some patients may enter into a cycle whereby early-life TBI begets substance abuse and
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substance abuse begets additional TBIs. Notably, preclinical studies are well suited to
evaluate the effects of repetitive TBI on substance abuse behavior, as recent efforts have
produced a variety of repetitive injury models, and would be less time consuming and costly
than the studies necessary in human subjects.

In addition to repetitive injury, studies show that TBI severity may also be an important
factor affecting the risk of SUDs post-TBI. In the clinic, TBIs are broadly categorized as
mild, moderate, or severe by evaluating loss of consciousness, neurological impairment,
post-traumatic amnesia, or the presence of structural abnormalities in the brainl. Mild TBI is
the most common type of injury accounting for approximately 80% of reported TBIs, while
moderate and severe injuries make up the remaining 20%8. Although the rate of moderate/
severe TBI is similar between the general population and patients with comorbid SUDs and
TBI7:18.20.27 Corrigan et al. found that these injuries have the greatest effect on
problematic alcohol consumption and illicit drug use when compared mild TBI, indicating
that 7BIs of greater severity may increase the risk of SUDs post-TB/I8.

Similar results have been obtained in preclinical reports. Using the CCI model of
experimental TBI, we tested a range of TBI severities on cocaine reward and found that only
animals with a history of moderate CCI exhibited significant increases in cocaine place
preference when compared to controls?!, Interestingly, for each increase in the degree of
TBI severity (sham to mild TBI to moderate TBI), animals displayed a stepwise
enhancement in cocaine place preference, again indicating that the extent of brain injury
may be an important factor affecting the risk of SUDs2L.

Even though these studies suggest that moderate and severe TBIs have the greatest effect on
substance abuse behavior, mild TBIs have also been shown to increase the risk of SUDs
post-TBI. In a large cohort of United States airmen, Miller et al. reported increased risk for
certain addiction-related disorders following mild TBI®. In a similar study, Heltemes et al.
found that military service members with a combat-acquired mild TBI had a slightly higher
proportion of alcohol use disorders compared to controls; however, after multivariate
analysis, mild TBI was not associated with increased risk for alcohol abuse?®. Although
results of the multivariate analysis confirm the commonly held opinion that epidemiological
data are very difficult to interpret because of shared risk factors in co-morbid TBI/SUD
patients, these studies only consider the effects of a single TBI and do not assess the
potential effects of a lifetime history of TBI in military service members, which was shown
in the study by Olsen-Madden et al. to be very high (approximately 3 TBIs person)’.
Therefore, these studies fail to account for the effects of repetitive brain injury and early-life
TBI, potentially obscuring the effects of mild TBI on problematic use of drugs and alcohol
when covariates are included in analyses.

Interestingly, conflicting results have also been observed in preclinical reports assessing the
effect of mild TBI on substance abuse behavior. For instance, Mayeux et al. noted a
significant increase in alcohol self-administration in rats following mild lateral fluid
percussion injury (LFPI)25, and Weil et al. observed significant increases in both alcohol
self-administration and alcohol place preference in mice with a history of mild, closed-head
impact injury22. However, Lim et al. found that mice exposed to mild blast overpressure
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exhibited no change in voluntary ethanol intake when compared to controls?3. Importantly,
although each of these studies characterizes the severity of experimental TBI as mild, the
conflicting results obtained in each study may actually be a function of the different
experimental models of TBI employed (i.e. LFPI, closed-head impact, blast), as different
models recapitulate different types of brain injury (Table 1). Perhaps then, the effects of mild
TBI on substance abuse behavior are less associated with the number of TBIs or broad,
arbitrary categorization of TBI severity, and more an effect of how different types of injury
affect specific brain structures.

NEUROCIRCUITS

Studies indicate that TBI affects many brain regions implicated in the development and
maintenance of SUDs. These regions include the prefrontal cortex (PFC), the nucleus
accumbens (NAc), and the ventral tegmental area (VTA). Together, these brain structures
comprise a series of neurocircuits that mediate substance abuse behavior2% 30, Importantly,
studies suggest that each of these brain regions may be particularly vulnerable to different
types of injury.

For instance, one of the mechanisms underlying TBI pathology is coup contrecoup injury
(Table 1), which occurs due to movement of the brain inside of the skull. This type of injury
primarily affects the frontal, temporal, and occipital cortices, as these brain regions may
contact the cranial vault3L. In fact, a study by Levin et al. revealed that the majority of
radiological abnormalities (i.e. contusions, hematomas, etc.) observed using routine
neuroimaging modalities are detected in the frontal and temporal lobes, suggesting that
anterior regions of the brain like the PFC are more sensitive to injury in cases of moderate
and severe TBI32. Furthermore, using functional magnetic resonance imaging (fMRI), a
recent study by Eierud et al. demonstrated that the PFC is vulnerable even in cases of mild
TBI3L, Notably, focal (i.e. penetrating) injuries to the PFC are associated with important
behavioral deficits, as studies by Cristofori et al. and McDonald et al. have shown that
damage to the PFC produces executive dysfunction and heightened impulsivity, two traits
commonly implicated in drug and alcohol dependence33: 34, Therefore, regardless of TBI
severity, damage to the PFC may be an important factor affecting the risk of SUDs in
patients with a history of TBI.

Although the most ubiquitous preclinical models of experimental TBI can be adapted to
produce frontal lobe injury35, recent reports have employed the conventional open-head CClI
and closed-head impact injury models to study the effects of TBI on substance abuse
behavior. Importantly, these models recapitulate the cortical damage associated with coup
contrecoup injury, and thus may be useful in understanding the cellular and molecular
changes that occur in the PFC after TBI.

In our recent studies, we injured the right parietal somatosensory cortex using the open-head
CCI model of experimental TBI. Our results show that this model produces chronic glial
activation at the site of injury and upregulation of numerous immune response genes in the
cortex?l, Furthermore, after extracting the ipsilateral PFC (distal to the site of injury), we
probed for the expression of select immune response genes finding that some targets (i.e.
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chemokines and interleukin-1p) were significantly overexpressed even in this distal cortical
region (unpublished data). Moreover, by inducing experimental TBI at approximately the
same cortical level using a closed-head impact injury model, Weil et al. show significant
axonal degeneration in the forebrain and significant down-regulation of brain derived
neurotrophic factor (BDNF), specifically in the PFC22. Similarly, Lowing et al. used a
closed-head injury model to induce experimental TBI at the midline above the parietal
cortex finding that this type of injury also causes blood brain barrier dysfunction, astroglial
activation, and cell death at the site of injury (however, the report did not assess the effects
of parietal midline injury directly in the PFC)24. Together, these studies show that TBI can
lead to a number of cellular and molecular changes both at the site of impact and in distal
cortical regions like the PFC.

Another mechanism underlying TBI pathology is the phenomenon of diffuse axonal injury
(DAI) (Table 1), which occurs due to linear and rotational forces that stretch and shear axon
bundles in the brain3¢. DAI primarily affects the white matter tracts and can lead to atrophy/
reduced volume in a number of brain regions including the NAc, a subcortical region that
surrounds the anterior commissure (a large white matter tract that connects the temporal
lobes)37-40. Importantly, using high-resolution neuroimaging modalities, Shah et al.
observed significant volumetric reductions and decreased fractional anisotropy (FA; an
indicator of white matter integrity) in the NAc following severe TBI39. Furthermore, a recent
study by Alhilali et al. also saw reduced FA in the NAc of mild TBI patients, indicating that
white matter injury may occur in the NAc, again regardless of TBI severity40.

Although LFPI is the premiere preclinical model of DAI, the only report to use this model
while assessing the effects of experimental TBI on substance abuse behavior (Mayeux et al.)
focused on the characterization of cortical injuries (i.e. astrocyte and microglial activation,
neurodegeneration)2® rather than regions of the brain with large white matter tracts like the
NAc. This is unfortunate considering the importance of the NAc in the neurobiology of
SUDs?%: 30, However, additional studies have evaluated the effects of experimental TBI on
the NAc using many other preclinical models including open-head CCl, closed-head impact
injury, and blast-induced neurotrauma (BINT).

In our recent studies, we extensively characterized the immune response and change in glial
activation status that occurs in the NAc following open-head CCI. Using a passive clarity
technique and multi-photon microscopy, we observed a significant increase in GFAP
intensity and the appearance of hypertrophic astrocytic processes (reactive astrocytes) in the
NAc of animals sustaining moderate CCI#L. Likewise, we saw significant increases in IBA-1
immunostaining and microglial volume and the appearance of amoeboid-shaped microglia in
the NAc following moderate CCl, again consistent with glial reactivity*!. Furthermore,
using a large immune response panel, we found that 66 of 92 target genes were significantly
upregulated in the NAc 2 weeks after moderate CCI, suggesting that a number of cytokines,
chemokines, adhesion molecules, stress response genes, etc. may be overexpressed
chronically in the NAc following TBI%L,

Similarly, using a model of closed-head impact injury, Lowing et al. observed reactive
astrocytes in the NAc at 3 and 7 days post-TBI24. However, unlike the chronic response
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observed in our studies, astrocyte reactivity in the closed-head injury model had resolved by
day1524. This discrepancy is most likely an effect of the two different models of
experimental TBI (open-head CCI vs. closed-head impact injury) employed in the two
different studies. Interestingly, regardless of the time point post-TBI, the report by Lowing et
al. also noted reactive astrocytes in the anterior commissure, suggesting that a protracted
cellular response may occur in this region of the brain even in a closed-head injury24.
Moreover, using cresyl violet staining, Lowing et al. saw no change in cellularity in the NAc
at any time point post-TBI, suggesting that at least in a closed-head injury model of TBI, the
medium spiny neurons (MSNs) of the NAc remain intact?4.

Although Lowing et al. observed no cell loss in the NAc, a study by Sajja et al. revealed
significant increases in Bax and caspase-3, markers of cellular apoptosis, in the NAc
following experimental blast exposure (Table 1), a.k.a. BINT#2. This type of TBI occurs
when shockwave forces from an explosion pass through the brain. In addition to affecting
the NAc, Budde et al. found that experimental BINT significantly reduced FA, increased the
expression of apoptotic markers, and lead to the appearance of reactive astrocytes in the
PFCA*3. Therefore, BINT may substantially damage two critical brain regions that mediate
drug-seeking behavior. Notably, in the study by Weil et al., a crucial finding regarding the
function of these two brain regions was uncovered that may explain how TBI affects the risk
of SUDs post-TBI.

Again, using a closed-head injury model, Weil et al. observed constitutive expression of c-
Fos (an immediate early response gene product) in a subdivision of the NAc called the
accumbens shell, but only in animals that exhibited increased alcohol self-administration and
conditioned place preference following TBI22. Furthermore, Weil et al. failed to see
increased c-Fos expression in another subdivision of the NAc called the accumbens core?2.
These findings are important because one of the main theories in addiction biology proposes
that activation of the NAc shell facilitates drug-seeking behavior, while activation of the
NAc core inhibits drug-seeking behavior3?. Importantly, activation of either subdivision in
the NAc is controlled by presynaptic glutamatergic neurons that originate in the PFC and
synapse onto MSNs in NAc forming the corticolimbic circuits30. Therefore, TBI may
increase the risk of SUDs by altering the function of the corticolimbic circuits in a manner
that either promotes activation of the NAc shell or impairs activation of the NAc core (or
potentially both as presented in Weil et al.).

Importantly, the PFC and NAc are both innervated by the VTA, a third key brain region
heavily implicated in substance abuse behavior. The VTA is comprised of dopaminergic
fibers that project to either the PFC or the NAc forming two neurocircuits globally affected
by drugs of abuse: the mesocortical and mesolimbic neurocircuits, respectively2?. Although
dopaminergic deficits have been widely studied following TBI, few studies have expressly
assessed the effects of TBI in the VTA. In one study, Shin et al. performed a gene microarray
on the VTA/substantia nigra finding that only 25 transcripts were differentially expressed
when compared to controls one month after open-head CCI#4. These transcripts were from
the following 3 categories: ribosomal proteins, mitochondrial function, and non-
inflammatory immune factors. Furthermore, using the same experimental model of TBI, we
investigated glial activation status in the VTA also at one month post-injury. Results of these
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studies show significant astrocyte reactivity in the VTA following moderate CCI, but no
change in microglial activation status?!.

As astrocytes are known to play a major role in regulating synapses, these changes may have
profound effects on the tonic inhibition of VTA neurons and in turn affect dopamine
concentrations in both the PFC and NAc following TBI. Notably, dopaminergic fluctuations
in the PFC also affect glutamate homeostasis in the NAc via the corticolimbic circuits3C.
Therefore, damage to any one of these brain regions (i.e. PFC, NAc, or VTA) as a result of
TBI may disrupt the function of the principle neuronal networks that mediate drug-seeking
behavior. This is especially true in the NAc where glutamate projections from the PFC and
dopaminergic projections from the VTA affect the activation of MSNs, which as discussed
above, may facilitate or inhibit drug-seeking behavior in a region-specific manner.
Interestingly, although not explicitly tested in the NAc, previous reports have shown that
TBI affects both dopaminergic and glutamatergic transmission similar to chronic substance
abuse, suggesting that another factor affecting the increased risk of SUDs post-TBI may be
the “priming” of neurotransmitter systems that pathologically activate/inhibit MSNs in the
NAc.

NEUROTRANSMITTER SYSTEMS

Acutely, drugs of abuse increase extracellular dopamine levels in the PFC and NAc*>: 46,
However, studies focusing on drug withdrawal and relapse have shown that dopaminergic
transmission can actually be decreased following abstinence from repeated drug
administration29: 47: 48, This deficit produces a dysfunctional reward circuit that facilitates
drug relapse®. Notably, dopaminergic deficits also occur after brain injury.

Using single-photon emission tomography, Donnemiller et al. observed impaired
dopaminergic transmission in the striatum of TBI patients several months after injury®C.
Importantly, the striatum is a large subcortical region in the forebrain that consists of many
brain nuclei including the ventral striatum, or NAc. Furthermore, preclinical studies have
expanded upon these data and shown that there may actually be two phases of dopaminergic
adaptation that occur following TBI. Using an acceleration-deceleration model of
experimental TBI (Table 1), Huger and Patrick report an increase in tissue dopamine levels
in the cortex, striatum, midbrain, and hypothalamus within 1 hour of injury®1. However,
after this initial increase, data suggests that dopamine levels fall in multiple brain regions.
Using fast scan cyclic voltammetry, Wagner et al. observed significant reductions in evoked
dopamine release and Vmax, @ measure of synaptic dopamine clearance through the
dopamine reuptake transporter (DAT), in the striatum two weeks after open-head CCI%2.
Furthermore, consistent with the falloff in Va2, Wagner et al. also saw significant
downregulation of striatal DAT expression®2. In addition, studies by Yan et al. show that
tyrosine hydroxylase (TH), the rate limiting enzyme in the process of dopamine synthesis, is
significantly increased in the frontal cortex, striatum, and substantia nigra nearly one month
after open-head CCI1°3: %4, Together, the downregulation of DAT and increase in TH
expression may represent a compensatory adaptation to boost extracellular dopamine
concentrations in these brain regions following TBI. /mportantly, although these studies
have observed dopaminergic fluctuations in many brain regions, no preclinical studies have
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expressly evaluated dopaminergic transmission in the NAc following TBI where
dopaminergic deficiency is known to play a role in regulating substance abuse behavior*®.

Interestingly, despite the falloff in dopaminergic transmission, Lowing et al. found that
phosphorylated dopamine- and cAMP-regulated neuronal phosphoprotein, 32kDa
(pDARPP-32), a downstream mediator of the dopamine D1 receptor, was significantly
elevated in the striatum two weeks after closed-head impact injury24. Although increases in
pDARPP-32 may seem paradoxical given the evidence of dopaminergic depression
following TBI, DARPP-32 phosphorylation depends on both dopaminergic and
glutamatergic tone24. Therefore, increases in pDARPP-32 expression may actually be an
effect of glutamatergic signaling in the striatum following TBI. Importantly, glutamate
signaling and DARPP-32 phosphorylation are associated with neuroplastic adaptions in the
NAc that mediate drug-seeking behavior30: 55,

Using enzyme-based microelectrode arrays, Hinzman et al. observed significant increases in
extracellular glutamate in the striatum 2 days after midline fluid percussion injury®.
Furthermore, Hinzman et al. found that the increase in extracellular glutamate levels was a
function of decreased cellular glutamate reuptake through excitatory amino acid
transporters, including glutamate transporter subtype 1 (GLT-1), the principle means by
which glutamate is cleared from the extracellular compartment, and the glutamate aspartate
transporter (GLAST), rather than an increase in neuronal release®®. Although gPCR analysis
by Hinzman et al. revealed a non-significant reduction in GLT-1 and GLAST expression at 2
days post-TBI®6, Goodrich et al. observed significant downregulation of GLT-1 expression
in the cortex 7 days after LFPI1%. Notably, these findings are similar to changes that occur
during repeated drug use.

Glutamate signaling in the reward circuitry is disrupted by both acute and chronic exposure
to drugs of abuse and contributes to drug craving/reinforcement and triggers relapse to drug-
seeking behavior®® 59, One glutamate pathway that is critical to drug craving and relapse is
the corticolimbic circuit that connects the prelimbic cortex to the NAc core®. Prior studies
have shown that acute drug administration activates glutamatergic neurons in the PFC
leading to excessive glutamate release in the NAcS. This spike in glutamate release disrupts
glutamate homeostasis in the NAc and is counterbalanced in part by a reduction in GLT-1
expression after repeated drug administration30. Therefore, the increase in extracellular
glutamate and downregulation of GLT-1 observed after TBI may evoke neuroplastic
adaptions that essentially prime regions of the brain for drug-seeking behavior. Furthermore,
the effects of DARPP-32 phosphorylation on glutamatergic signaling may preclude the
possibility of counter-adaptation, as pPDARPP-32 is associated with neuroplastic deficiencies
in the NAc24 55,

Furthermore, in rat models, abstinence from chronic exposure to psychostimulants, such as
cocaine and methamphetamine, causes a decrease in corticolimbic activity that leads to
decreased extracellular glutamate levels in the NAc core30. As a result, the loss of
extrasynaptic glutamatergic tone in the NAc core is a key neurochemical feature of chronic
drug exposure and thought to facilitate drug craving and mood changes that trigger relapse.
Interestingly, in rodent self-administration assays that model drug relapse, reinstatement of
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drug-seeking behavior, which is produced by presentation of a drug-associated cue (i.e., a
cue previously associated with cocaine, nicotine, alcohol, or heroin), is facilitated by an
increase in glutamate release from corticolimbic terminals that leads to increased
extracellular glutamate in the NAc core30, Therefore, increased glutamate release from
prelimbic cortex terminals, and subsequent elevation in extracellular glutamate in the NAc
core, may be a shared consequence of chronic drug exposure and TBI, making this pathway
an attractive target for developing therapies that treat not only drug addiction and TBI alone,
but also the comorbid occurrence of both TBI and SUD.

Collectively, these results show that TBI affects two of the primary neurotransmitter systems
implicated in substance abuse behavior, and moreover, that the effects of TBI are similar to
changes that occur during repeated drug use. Importantly, although these effects have been
observed in the cortex, striatum, and substantia nigra, explicitly testing the effect of
experimental TBI on these neurotransmitter systems in the PFC, NAc, and VTA using
preclinical models is necessary to further understand how these changes may affect the risk
of SUDs post-TBI.

NEUROINFLAMMATION

In addition to affecting key neurocircuits and neurotransmitter systems implicated in the
development and maintenance of SUDs, reports show that TBI also produces a chronic
neuroinflammatory response in the cortex, NAc, and white matter tracts. Notably, although
neurocircuits and neurotransmitter systems may comprise the machinery that enables
substance abuse behaviors, recent reports suggest that the expression of innate immune
factors (i.e. toll-like receptors®2-64, adapter proteins®®, chemokines#!: 6. 67  interleukins®s,
etc.) may actually be the driving force that fuels the neurobiology of addiction®?: 70,

Together with the primary mechanisms of injury (Table 1) that can directly introduce
damage to brain structures like the PFC, NAc, and VTA, neuroinflammation (one of the
secondary mechanisms of injury) may also chronically affect neural function post-TBI in
areas of the reward pathway. Using post-mortem brain tissue and immunohistochemistry,
Johnson et al. observed reactive microglia accumulation throughout the corpus callosum
(CC, a large white matter tract that connects the cerebral hemispheres) in samples obtained
from patients with a history of moderate/severe TBIL. Surprisingly, reactive microglia could
still be seen in the CC up to 18 years after a single TBI. Notably, microglial accumulation
coincided with white matter degeneration in the CC’1. As reports by Shah et al. and Alhilali
et al. also observed white matter injury in the NAc of TBI patients3% 40, similar immune cell
activation and accumulation may occur in all white matter tracts including the anterior
commissure, which runs directly through the NAc. In fact, as mentioned, our recent studies
show that reactive microglia and chronic neuroinflammation occur not only at the cortical
site of injury, but also in distal brain regions like the PFC and NAc (Figure 2)2% 41,

Additionally, we recently reported on the effect of neuroimmune activation as a mediator of
substance abuse behavior by administering a potent anti-inflammatory therapy to animals
beginning 24 hours after open-head CCI4L. As previous studies have shown that
immunosuppressive agents can modulate the severity of substance abuse behavior’2, we
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wanted to determine whether neuroinflammation plays an important role in enhancing the
rewarding effects of cocaine following adolescent brain injury. Our results show that
administration of a synthetic, anti-inflammatory glucocorticoid receptor agonist
(dexamethasone) significantly attenuates the enhanced rewarding effects of cocaine and
returns drug-seeking behavior to control levels*L. Furthermore, we show that dexamethasone
therapy significantly reduced the expression of select immune response genes (i.e. CD163,
CCL2, and I-CAM) in the NAc to control levels at two weeks post-TBI, suggesting that
mononuclear phagocytes of the innate immune system (i.e. monocytes, perivascular
macrophages, microglia) may play an important role in enhancing the rewarding effect of
cocaine following TBI4L. Therefore, these results show that TBI-induced neuroinflammation
may increase the risk of SUDs, and moreover, that a brief regimen of anti-inflammatory
therapeutics may help to attenuate this increased risk.

SEX DIFFERENCES

Another factor potentially affecting increased risk of SUDs post-TBI includes sex
differences. Surveillance reports suggest that males are nearly 2 times more likely to sustain
a brain injury than females16. Therefore, many clinical studies are bias towards the effect of
TBI on males, and preclinical studies typically only utilize male rodents to study brain
injury. However, as females become more active in contact sports and military combat, sex
differences are emerging as an important risk factor to consider when studying outcomes
following TBI.

Epidemiological studies indicate that the characteristics of female TBI patients are similar to
males with regards to cause/mechanism of injury (i.e. falls, motor vehicle accidents, etc.),
age at time of injury, distribution of TBIs by severity, and rate of repetitive TBI%: 16,
Although these TBI-associated characteristics follow similar trends in males and females,
substance abuse research shows that sex differences may play an important role in drug and
alcohol addiction, as females exhibit different pharmacokinetics and sensitivity to drugs of
abuse, are more likely to abuse different classes of drugs, and have greater rates of seeking
out and succeeding in treatment for SUDs than males3: 73 74, Consequently, understanding
how sex differences affect the response to drugs of abuse following TBI may help to
accurately assess risk of SUDs in males versus females.

Notably, Weil et al. is the only study to evaluate sex differences using both a preclinical
model of experimental TBI and behavioral assays of substance abuse. Weil et al. found that
specifically female mice with a history of juvenile closed-head impact injury displayed
increased alcohol consumption and alcohol-induced CPP as adults when compared to males,
suggesting that females with a history of early-life TBI may be at greater risk for alcohol use
disorders in adulthood?2. Furthermore, these behavioral changes coincided with changes in
cellular activation in the NAc following TBI. As described above, only female mice that
exhibited increased alcohol consumption and CPP showed positive c-fos immunolabeling in
the NAc shell and c-fos negativity in the NAc core?2. Although no other studies directly test
the effect of sex differences on the development of SUD following brain injury, sex-specific
changes have been observed in many preclinical studies investigating the neural substrates
implicated in substance abuse behavior following TBI including dopaminergic transmission,
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DAT expression, glial activation, and neuroinflammation’® 76, While it is clear that more
studies are required, these results suggest that sex differences may also play an important
role in assessing the risk of SUDs post-TBI.

CONCLUSIONS AND FUTURE DIRECTIONS

In summary, recent reports have identified multiple factors that affect the risk of SUDs post-
TBI. These factors include a history of early-life TBI, repetitive injury and TBIs of
increasing severity (i.e. moderate/severe TBI), and sex differences. Furthermore, TBI has
been shown to affect many of the neural substrates that mediate substance abuse behavior.
These include: 1) neurocircuits that connect specific brain regions like the PFC, NAc, and
VTA, 2) neurotransmitter systems, like dopamine and glutamate, and 3) immune cell
activation and the expression of innate immune response genes in the brain. Importantly, not
only does TBI affect these substrates, but as discussed, it also seems to affect them in a
manner similar to chronic substance abuse. Therefore, in order to validate these hypotheses,
future investigations explicitly testing how TBI affects neurotransmitter systems and
influences neuroplastic adaptations specifically in key brain regions like the PFC, NAc, and
VTA (both with and without exposure to drugs of abuse) may be useful for identifying the
molecular mechanisms that increase the risk of SUDs following TBI.

Notably, a variety of preclinical technologies are available to achieve these goals.
Intracerebral microdialysis and whole-cell patch clamp/J/n vivo electrophysiology are
equipped to determine extracellular dopamine and glutamate levels and long-term
potentiation/depression in mesolimbic, mesocortical, and corticolimbic neurocircuits
following experimental TBI. These assays can be enhanced with the use of small molecule
reagents that can be used to pinpoint the neural substrates that mediate these effects.
Furthermore, these assays can be combined with a number of behavioral assays to assess
which factors play the greatest role in regulating substance abuse behavior following TBI.
For instance, our recent report suggests that suppressing neuroinflammation following TBI
can attenuate enhancement of the rewarding effects of cocaine in animals with a history of
moderate, adolescent CCI injury*L. However, these results can be refined by dissecting the
systemic immune response to TBI from the parenchymal immune response by delivering
anti-inflammatory reagents directly into brain structures like the NAc through the use of
intracerebral injections and then testing animals for the development and expression of
cocaine CPP.

In addition, many behavioral assays that assess important traits relevant to the study of
SUDs, such as motivation to obtain drug reward, impulsivity and executive dysfunction,
severity of drug withdrawal, etc. have yet to be tested in models of experimental TBI. In

fact, most preclinical studies have utilized either CPP or voluntary ethanol consumption, yet
no studies have utilized the gold standard intravenous self-administration model of substance
abuse for drugs such as nicotine, psychostimulants, opiates, etc. These assays would allow
for better assessment of substance abuse vulnerability (e.g., acquisition of self-
administration) in animals sustaining experimental TBI. Moreover, as seen in Table 1, only
two drugs of abuse (alcohol and cocaine) have been evaluated using preclinical models.
Therefore, expanding upon these studies to include other drugs of abuse may be especially
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important to safeguard patient health, as recent studies have promoted the idea that some
drugs of abuse (i.e. methamphetamine’”, methylenedioxymethamphetamine’® 79, and
alcohol89: 81) may possess therapeutic utility in cases of TBI, while other drugs of abuse
(opiates, hypnotics/sedatives) may be prescribed to patients for pain or sleep disturbances
following brain injury. Although clinical reports have helped identify patient populations at
increased risk for SUDs post-TBI and popularized the importance of substance abuse/
psychiatric referral and follow-up after brain injury, future preclinical studies may help to
characterize the molecular mechanisms that drive substance abuse behavior post-TBI.
Furthermore, these studies may be used to validate novel therapeutics to treat patients with
co-morbid TBI and SUDs, or avoid medical mishaps related to the use of potentially
addictive prescription drugs following TBI.
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HIGHLIGHTS

. Evaluation of data identifying populations at increased risk for SUDs post-
TBI

. Evidence of TBI-related neuropathology in key brain regions implicated in
SUDs

. Discussion of mechanisms that may underlie increased risk of SUDs
following TBI

. Focus on the utilization of preclinical models to study links between TBI and
SUDs
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Figure 1. Observing the distribution of illicit drug use and TBI-related emergency department
(ED) visits by age identifies understudied populations in reports that evaluate the effect of TBI
on SUDs

The majority of reports evaluating TBI as a risk factor for substance abuse fail to account for
the incidence of early-life TBI (dashed line and arrow identify the age groups commonly
included in published reports). Furthermore, these studies do not account for the initial peak
in the incidence of TBI (TBI-related ED visits per 100,000, 2002-2006; blue line, right-hand
y-axis), and instead have drawn conclusions based on a downward trend in drug use that
exists among the general population (percent of U.S. population using illicit drugs in the
past month, 2012-2013; black bars, left-hand y-axis). Therefore, future studies that account
for the incidence of early-life TBI and monitor the rise in drug and alcohol use rather than its
decline may help to more accurately assess the risk of SUDs post-TBI16. 17,
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Figure 2. Glial reactivity and immune cell responses in the nucleus accumbens (NAc) post-injury
using the controlled cortical impact (CCI) model of experimental TBI

Adolescent (six-week old) male C57BL/6 mice incurred moderate (Mod) CCI-TBI with the
following impact parameters: velocity = 4.5m/s, depth = 2mm, dwell time = 500ms. Brains
were then harvested at 24 hours (Acute) and 2 weeks (Chronic) post-injury. Brains from
naive (No TBI) mice were used for control. Next, the ipsilateral NAc was excised from 2mm
thick coronal brain segments using a 1.25mm microdissection tool and processed using a
passive CLARITY technique. Cleared NAc tissue was then immunolabeled for IBA-1
(microglia) and GFAP (astrocytes). Glial activation status in the NAc was then assessed
using multi-photon microscopy. (A-C) Left-hand panels: Representative three-dimensional
volumetric renderings (approximately 300um thick) show IBA-1 (green) and GFAP (red)
immunostaining in the NAc for No TBI (A), Acute, (B), and Chronic (C) time points post-
injury. Compared to the No TBI control, Mod CCI-TBI shows an increase in the intensity of
both GFAP and IBA-1 staining, along with an increase in the number of glial cells, at both
acute and chronic time points. Furthermore, cellular morphology in the NAc is drastically
changed following Mod CCI-TBI. Note, region selected for analysis of microglial
morphology outlined in purple, dotted lines. Right-hand panels: High-resolution images of
microglial activation status in the NAc. No TBI controls reveal resting (ramified) microglia
(A). However, Mod CCI-TBI shows activated (intermediate) microglia at 24 hours (B) and
activated (amoeboid) microglia at 2 weeks (C) post-injury. Importantly, the effect of CCI-
TBI on glial activation status and the increased number of microglia observed in these
studies post-injury might affect the function of neurocircuits that mediate substance abuse
behavior (i.e. the corticolimbic and mesolimbic pathways) post-TBI. (D) Image provided to
show the subcortical region where the NAc was extracted from each sample used in multi-
photon microscopy (A—C). Left hemisphere: Coronal section (Bregma: 1.42mm) of a mouse
brain (No TBI) stained with hematoxylin & eosin (H&E). Right hemisphere: A drawing of
neuroanatomical regions observed in the mouse brain at Bregma: 1.42mm (image obtained
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from www.alleninstitute.org). For a more comprehensive presentation of these studies,
please refer to the following publication®!.
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