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Abstract

Traumatic brain injury (TBI) has been linked to the development of numerous psychiatric diseases, including substance use disor-
der. However, it can be difficult to ascertain from clinical data whether the TBI is cause or consequence of increased addiction
vulnerability. Surprisingly few studies have taken advantage of animal models to investigate the causal nature of this relationship.
In terms of a plausible neurobiological mechanism through which TBI could magnify the risk of substance dependence, numerous
studies indicate that TBI can cause widespread disruption to monoaminergic signaling in striatal regions, and also increases neu-
roinflammation. In the current study, male Long-Evans rats received either a mild or severe TBI centered over the frontal cortex
via controlled cortical impact, and were subsequently trained to self-administer cocaine over 10 6-hour sessions. At the end of
the study, markers of striatal dopaminergic function, and levels of inflammatory cytokine levels in the frontal lobes, were assessed
via western blot and multiplex ELISA, respectively. There was significantly higher cocaine intake in a subset of animals with either
mild or severe TBl. However, many animals within both TBI groups failed to acquire self-administration. Principal components
analysis suggested that both dopaminergic and neuroinflammatory proteins were associated with overall cocaine intake, yet only
an inflammatory component was associated with acquisition of self-administration, suggesting neuroinflammation may make a
more substantial contribution to the likelihood of drug-taking. Should neuroinflammation play a causal role in mediating TBI-
induced addiction risk, anti-inflammatory therapy may reduce the likelihood of substance abuse in TBI populations.

Introduction

Traumatic brain injury (TBI) is a major health problem, affecting
over 2.5 million people in the United States annually (Center for
Disease Control, 2017). Until recently, TBI was largely considered
an acute problem. However, recent data on the long-term complica-
tions that arise from brain injuries suggest that TBI is best consid-
ered as a chronic condition (Draper & Ponsford, 2008; Corrigan &
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Hammond, 2013). Brain injury increases the risk for numerous psy-
chiatric diseases, such as depression, anxiety, and addiction (Vaish-
navi et al., 2009; Reeves & Panguluri, 2011; Zgaljardic et al.,
2015), which suggests a priming effect wherein TBI induces or
exacerbates susceptibility to these disorders. Further compounding
this problem is the heterogeneous nature of brain injury: adverse
outcomes, particularly those related to psychiatric disease, are diffi-
cult to predict from the initial clinical presentation (Rosenbaum &
Lipton, 2012).

Addiction is one of the largest clinical and social challenges cur-
rently facing the world, resulting in 52 000 deaths per year across
all substances of abuse in the United States alone (National Institute
of Drug Abuse, 2015), while illicit substance abuse disorders affect
approximately 2.3% of the adult population (Center for Behavioral
Health Statistics and Quality, 2015). Addiction as a consequence of
TBI is of particular concern due to the widespread prevalence of
brain injury. While increased addiction risk has been established in
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specific populations following TBI (e.g. military, Miller et al.,
2013), relatively little is known about the mechanisms by which this
may occur, and the extent to which this is a generalized phe-
nomenon across all brain injury and substances of abuse. Recently,
multiple researchers have observed increased self-administration of
alcohol after TBI (Lim et al., 2015; Mayeux et al., 2015; Weil
et al., 2016). Furthermore, recent studies of brain injury in rats have
demonstrated long-lasting increases in impulsive action and impul-
sive choice (Vonder Haar er al., 2016, 2017), both of which are
strongly associated with addiction vulnerability in humans, and are
predictive of an addiction-like pattern of psychostimulant intake in
animals (Perry et al., 2005; Belin et al., 2008).

Many clinical reports present a classic question of correlation vs.
causation with regard to TBI and addiction, as large-scale prospec-
tive studies are lacking. Moreover, relatively little research has
explored the role of psychostimulant addiction after TBI relative to
other substances such as opioids or alcohol. However, recent
research suggests that TBI is significantly more prevalent in
cocaine-dependent populations, and TBIs preceded onset of drug
use while exacerbating white matter damage (Ma et al., 2015;
Ramesh ez al., 2015). Demonstrating a directional link between
brain injury and increased cocaine self-administration would
strengthen the argument that the injured brain is more susceptible to
the addictive properties of psychostimulants, and enable investiga-
tions into the underlying neurobiological mechanisms which may
enable addiction and impair cognitive function. If large-scale patho-
logical changes as a result of TBI generate a pro-substance abuse
phenotype, then these models may also shed light on the brain
changes permissive of addiction. In particular, two pathophysiologi-
cal features of TBI are also prominent in addiction: alterations to
dopaminergic signaling, and neuroinflammation (Najjar et al., 2013;
Ashok et al., 2017).

In brain-injured populations, the scale of changes to the dopamine
system has been suggested to be a major mediator of dysfunction
after injury (Bales et al., 2009). Detrimental outcomes are associated
with variants of the human dopamine transporter (DAT) and dopa-
mine D2 receptor genes (Wagner et al., 2014; Treble-Barna et al.,
2017). Experimental injuries result in lower levels of DAT, and con-
sequently, reduced dopamine release and firing rates (Wagner et al.,
2005; Shimada et al., 2014; Chen et al., 2015). Moreover, dopamin-
ergic therapies may improve symptoms in brain-injured populations,
including response disinhibition, executive function, and motivation
(Powell et al., 1996; Beers et al., 2005; Kraus et al., 2005; Moreno-
Lopez et al., 2016). In the addiction field, long-term dopaminergic
changes such as reduced signaling, and aberrant plasticity are associ-
ated with a variety of drugs, including psychostimulants (Perez et al.,
2010; Ashok er al., 2017), and dopaminergic connections between
the dorsal and ventral striatum are essential for the development of
addiction (Belin & Everitt, 2008). Despite this, it has not been deter-
mined if the changes observed in the dopamine system following a
TBI also yield an increased vulnerability to stimulant addiction.

With regard to neuroinflammation, TBI can cause upregulation of
inflammatory factors, lasting up to years in human patients (Johnson
et al., 2013; Scott et al., 2015). This includes pro- and anti-inflam-
matory cytokines, as well as microglia activation (Holmin & Mathie-
sen, 1999; Shultz et al., 2012; Morganti et al., 2015, 2016; Vonder
Haar et al., 2016). In animal models, inflammatory factors are asso-
ciated with impulsive behavioral deficits (Morganti et al., 2015;
Vonder Haar ez al., 2016, 2017). Recent research in psychiatry has
also identified changes in neuroinflammation associated with abuse
of a variety of substances, including psychostimulants (Dhillon
et al., 2008; Fox et al., 2012; Najjar et al., 2013; Ray et al., 2014;

Rodrigues et al., 2014). However, similar to aspects of the dopamine
hypothesis of drug dependence, it is unclear whether these changes
precede addiction, arise as a consequence thereof, or represent an
interaction of these two alternatives. Further, while dopamine and
inflammatory hypotheses are often discussed as separate mechanisms
underlying cognitive changes, there is emerging evidence for interac-
tions between dopamine signaling and neuroinflammation. In partic-
ular, immune activation can potentiate dopamine responses in the
striatum, but lead to reduced motivation due to a downregulation of
dopaminergic signaling (Felger ef al., 2013; Petrulli et al., 2017).
The current study aimed to characterize cocaine self-administration
in TBI, and determine whether changes in dopamine or neuroinflam-
mation were associated with elevated drug-taking.

Materials and methods
Subjects

Subjects were 68 Long-Evans male rats purchased from Charles
River (Saint-Constant, QC), approximately 3 months old at the time
of surgery. Rats were single-housed on a reverse light cycle in stan-
dard cages with a plastic hut and paper towel available as enrich-
ment. Food and water were available ad libitum. Housing and
testing were performed in accordance with the Canadian Council on
Animal Care and all procedures were approved by the University of
British Columbia Animal Care Committee.

Apparatus

Cocaine self-administration took place in a bank of eight standard
operant chambers (Med Associates, St. Albans, VT) equipped with
two retractable levers, two cue lights above the levers, a tone gener-
ator, an infusion pump, a centrally located food hopper and a house-
light. Only the levers, cue lights, tone generator and infusion pump
were used in the current study.

Drugs and reagents

Buprenorphine (0.3 mg/mL) was purchased from McGill University
(Montreal, QC). Heparin (10 000/mL) and bupivacaine was pur-
chased from Associated Veterinary Purchasing Company (Langley,
BC) and mixed into sterile saline to create a 20% heparin solution.
Cocaine hydrochloride (Medisca, Richmond, BC) was dissolved in
sterile saline at a concentration of 6 mg/mL.

TBI surgery

Rats were anesthetized with 5% isoflurane in 0.8 L/min oxygen and
placed in a stereotaxic frame with 2% isoflurane maintenance via
nosecone. Buprenorphine (0.01 mg/kg, s.c.), lactated ringer solution
(5 mL, s.c.) and bupivacaine (0.1 mL of 0.5% solution, s.c. at inci-
sion site) were administered. Under aseptic conditions, a midline inci-
sion was made in the scalp and the fascia retracted. A 6.0 mm
diameter circular craniotomy was performed centered at AP +3.0, ML
0.0 mm from bregma. Animals received either a bilateral frontal con-
trolled cortical impact (CCI) surgery using an electromagnetic CCI
device (Leica Biosystems, Buffalo Grove, IL) or sham procedure as
previously described (Vonder Haar & Winstanley, 2016; Vonder
Haar et al., 2016). Injuries were performed with a 5 mm diameter
flat-faced tip centered over the medial prefrontal cortex (AP +3.0,
ML 0.0 from bregma). Rats were randomly assigned to one of three
surgical conditions as per previous work (Vonder Haar er al., 2016,
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2017): Severe TBI (n = 28), Mild TBI (n = 23), or Sham (n = 17).
Severe impact parameters used an impact depth (DV) of —2.5 mm @
3m/s for 0.5s; mild impact settings were considerably less
(force = 11.1% of severe), DV —0.8 @ 1 m/s for 0.5 s; sham surg-
eries followed an ‘intact sham’ procedure (Martens et al., 2012; Von-
der Haar & Winstanley, 2016), with no craniotomy. Following
injury, bleeding was stopped with sterile gauze and the incision
sutured. Buprenorphine (0.01 mg/kg) was administered for pain man-
agement 10 and 24 h post-surgery. Animals were monitored daily for
weight gain, hydration, and pain signs and if needed, given softened
chow, subcutaneous saline, or buprenorphine respectively.

Jugular vein catheterization surgery

After a 1 week recovery period following the TBI procedure, rats
underwent jugular vein catheter implantation as previously described
(Ferland & Winstanley, 2016). Rats were anesthetized with isoflurane
as above, and buprenorphine (0.01 mg/kg, s.c.), lactated ringer solu-
tion (8 mL, s.c.) and bupivacaine (0.2 mL of 0.5% solution, s.c. at
each incision site) were administered. Under aseptic conditions, an
incision was made between the scapulae and another on the right side
of the chest. The backport was mounted between the scapulae and a
Silastic silicone tube was sutured into the right jugular vein. Catheter
patency was maintained with daily flushes of 0.1 mL 20% heparin
solution and animal health monitored as above. Buprenorphine was
administered for pain management 10 and 24 h post-surgery.

Self-administration protocol

Following 1 week recovery from catheter surgery, cocaine self-
administration began. Rats were placed in operant chambers with
cocaine (0.5 mg/kg/infusion), or saline available on a fixed ratio-1
schedule. The active lever (counterbalanced left/right) had an illumi-
nated cue light above it. Lever presses to the active lever resulted in
a cocaine infusion over 4.5 s, during which a tone (5 Hz) played
and the cue light flashed (2 Hz; Calu et al., 2007). Presses to the
inactive lever had no programmed consequences. There was a 40 s
time out after an infusion in which active lever presses had no con-
sequences. Following the time out, the cue light was illuminated to
signal cocaine availability. Rats were given 10 sessions in a row for
6 h each day with a maximum of 30 infusions per hour.

Rats that demonstrated a minimum of five infusions per day for
the last 3 days of self-administration were considered to have
acquired self-administration, and this was observed in 69% of Sham
animals (9/13), 63% of Mild TBI animals (12/19), but only 42% of
Severe TBI animals (10/24). Only these animals were included in
the analysis of behavioral outcomes. Nonacquisition animals dis-
played an average of approximately one press on each lever over
the last three sessions. All animals were included in tissue analyses.
Blood draws from the catheter confirmed catheter patency at the
conclusion of the study.

Tissue collection and preparation

One day after completion of cocaine self administration (post-injury
day 25, post-cocaine day 11), animals (approx. 450 g) were
restrained in DecapiCone plastic restraints (Braintree Scientific) and
rapidly decapitated without anesthesia, brains placed on frozen CO,
(‘dry ice’), and stored at —80°C. Brains were then sliced on a Leica
cryostat at 150 pm, and tissue punch samples (2 mm) taken from
the medial prefrontal cortex (12 slices), and orbitofrontal cortex (10
slices) for ELISA analyses, while punches were taken from the
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nucleus accumbens (6 slices) and dorsal striatum (12 slices) for
Western blot analyses. Tissue punches were stored at —80°C until
preparation for analysis. Tissue was then ultrasonically lysed in
radioimmunoprecipitation assay buffer (RIPA) buffer and spun at
15 500 RCF, supernatant extracted and measured for protein content
using absorbance at 280 nm wavelength light. Samples were then
assayed via ELISA or Western blot as described below.

ELISA analysis of cytokine levels

ELISA analyses were conducted as previously described (Vonder
Haar et al., 2016, 2017). Protein was analyzed using a multiplex kit
for IL-1a, IL-1B, IL-2, IL-4, IL-6, IL-10, IL12, TNFo, and IFNy
(Quansys Q-plex, Logan, UT) according to manufacturer protocols.
The optical density was read using a Q-view imager. Protein con-
centrations were calculated using the standard curve.

Western Blot analyses of dopamine-related proteins

Protein was analyzed for levels of dopamine receptor D1 (DRDI;
Santa Cruz Biotechnology sc-14001, 1 : 200, 75 kDa band), dopa-
mine receptor D2 (DRD2; sc-9113, 1 : 200 50 kDa band), and dopa-
mine transporter (DAT; Millipore AB2231, 1 : 1000, 75 kDa band).
For each region, and protein measurement, 75 pg protein was boiled
for 5 min in Laemmli buffer with 5% 2-mercaptoethanol and loaded
into 10% polyacrylamide gels, run at 110 V for 1.5 h, then transferred
onto a PVDF membrane, blocked for 1 h in PBS-based blocking buf-
fer (LI-COR 927-40000), and incubated in primary antibody in block-
ing buffer overnight at 4° on an orbital shaker. Blots were washed
(3X PBST) and then incubated with secondary antibody in blocking
buffer (LI-COR 926-68021 goat anti-rabbit IgG, 1 : 10 000) at room
temperature for 1 h under agitation. Samples were then incubated in
B-tubulin in blocking buffer (Millipore 05-661, mouse monoclonal
1 : 10 000, 50 kDa band) overnight at 4° on an orbital shaker, and
incubated in secondary antibody in blocking buffer (LI-COR 925-
32210 anti-mouse IgG, 1 : 15 000) for 1 h at room temperature under
agitation. Samples were then visualized on an Odyssey Infrared Imag-
ing System (LI-COR). On each blot, B-tubulin was normalized to the
maximum value (lane normalization factor), and each sample was nor-
malized to its normalized B-tubulin value (normalized signal; LI-
COR, 2016). Because multiple blots were performed, blot number
was included as a covariate in all analyses.

Data analysis

Data were analyzed using the R statistical package (http://www.r-
project.org/). Transformations were applied as appropriate to nor-
malize distributions. Log transformations were applied to data
bounded on the lower end (Infusions, Presses, some ELISA vari-
ables, some WB variables), square root transformations were
applied to right-skewed data (some ELISA variables, some WB
variables), arcsine-square root transformations were applied to per-
cent data (discrimination indices). The repeated measures data
(self-administration) were analyzed using linear regression. Models
were constructed using all interactions, and dropping nonsignificant
predictors, and then using the Akaike information criterion (AIC)
to compare among them (Bozdogan, 1987). Principal components
analysis (PCA) was carried out on cytokine and dopamine-related
protein data to reduce complex datasets into simpler components
for analysis. For PCAs, subjects with fewer than half the observa-
tions from cytokine or dopamine protein measurement were
removed from analysis (N = 10, Sham = 2, Mild2, Severe = 6),
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while other missing values were filled in with group means
(n = 23/318 instances). These corrections were only carried out for
PCA as a full set of observations is required. Cytokine, dopamine-
related proteins, and principal components data were analyzed by
one-way ANOVA, and Tukey’s HSD posthoc tests followed any
significant effects. A P-value of 0.05 or less was considered signif-
icant.

Results
Cocaine self-administration

A linear regression was performed to look at the number of infu-
sions taken (Infusions ~ Injury + Session; R”> = 0.09). The mild
TBI group took significantly more infusions than the Sham group
(B=0.59, t=444, P<0.001), as did the Severe TBI group
(B=044, +=3.05, P=0.003), and infusions taken increased
across sessions (B = 0.15, r = 2.66, P = 0.008; Fig. 1A). A linear
regression examining the total number of active lever presses
(Active Presses ~ Injury + Session; R> = 0.10) revealed signifi-
cantly increased presses in Mild TBI animals compared to Sham
(B=0.58, t =433, P<0.001), as well as more responses in the
Severe TBI group (B = 0.62, t =4.29, P < 0.001), plus a general
increase in responding across sessions (B =0.12, ¢=2.13,
P =0.034; Fig. 1B). A linear regression for inactive lever presses
(Inactive Presses ~ Injury + Session; R> = 0.23) demonstrated no
difference between Sham and Mild TBI groups (f = 0.05, ¢ = 0.39,
P =0.701), while the Severe TBI group made significantly more
unreinforced responses (f = 1.01, #=7.51, P <0.001). Overall,
inactive lever presses declined across Session, as expected
(B=-0.19, t = 3.62, P < 0.001; Fig. 1C). A linear regression was
also performed to look at the discrimination index (Active Presses/
[Active + Inactive  Presses]; Lever Index ~ Injury + Session;
R* = 0.16). Across sessions, all groups increased their preference
for the active over the inactive lever (Session: f = 0.25, t = 4.33,
P < 0.001; Fig. 1D), but while there was no difference between
Sham and Mild TBI groups (B = 0.22, = 1.64, P = 0.103), the
Severe TBI group were markedly worse at discriminating the active
from inactive lever relative to Sham animals (B = —0.54, ¢ = 3.62,
P <0.001). A linear regression also examined the discrimination
index for presses occurring during the cue light signaling cocaine
availability (Active Presses During Cue/Total Active Presses; Cue
Index ~ Injury x Session; R* = 0.20). Again, there was no differ-
ence between Sham and Mild TBI groups (f = —0.22, t = —1.59,
P = 0.113), with rats responding almost exclusively during the cue,
and no effect of session (B = —0.01, = 0.06, P = 0.949). How-
ever, the Severe TBI group again showed signs of failing to appro-
priately discriminate the contingencies of drug availability, as
indicated by a significant difference from the Sham group
(B=-1.07, t =7.13, P <0.001; Fig. IE). An analysis of within-
session dynamics examining cocaine infusions during the first hour
(First Hour Infusion ~ Injury x Session; R* = 0.12) showed no sig-
nificant difference in escalation between the Mild or Severe TBI vs.

Fi1G. 1. Behavioral outcomes in cocaine self-administration. (A) Both Mild
and Severe animals took more infusions overall (P < 0.001, P = 0.003
respectively). (B) Increased active lever presses were also observed in Mild
and Severe animals relative to Sham (P’s < 0.001). (C) Severe TBI animals
pressed the inactive lever more than Shams (P < 0.001). (D) Severe TBI ani-
mals also showed weaker discrimination of the active lever relative to Sham
(P < 0.001). (E) Severe TBI animals were also worse at discriminating the
cue that signaled cocaine availability (P <0.001). ***P <0.001;
**p < 0.01.
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Sham groups over sessions (Mild: = 0.02, ¢ = 0.45, P = 0.656;
Severe: f = —0.03, r = 0.50, P = 0.619; data not shown).

Saline self-administration

Similar to the analysis of cocaine self-administration, a linear regres-
sion was performed to look at the number of infusions taken by ani-
mals (Infusions ~ Injury + Session; R* = 0.19). There were no
significant differences between Sham and Mild (B = —0.04,
t=10.20, P =0.839) or Severe (f = —0.06, r=0.30, P = 0.764)
TBI groups, with response rates declining across sessions
(B=—-044, r=520, P<0.001; Fig.2A). Similarly, a linear
regression examining the total number of active lever presses
(Active Presses ~ Injury + Session; R* = 0.13) indicated no signifi-
cant differences between Sham and Mild (= —0.07, ¢ = 0.32,
P = 0.753) or Severe (B =0.15, t = 0.68, P = 0.498) TBI groups,
with a decline in presses across sessions, (B = —0.36, ¢ = 4.09,
P <0.001; Fig. 2B). A separate regression evaluated total number
of inactive lever presses (Inactive Presses ~ Injury + Session;
R* = 0.26). Surprisingly, there was a small, but significant decrease
in responding to the inactive lever in both Mild and Severe TBI
groups relative to sham controls (Mild vs. Sham: B = —0.81,
t=4.16, P <0.001; Severe vs. Sham: [ = -049, r=2.54,
P = 0.013), with response rates generally declining over subsequent
sessions (B = —0.38, t = 4.76, P < 0.001; Fig. 2C). Discrimination
indices were not analyzed for these animals because no reinforcer
was available.

Cytokine levels

An ANOVA was conducted on the levels of each cytokine
(Cytokine ~ Injury x Drug) dropping nonsignificant interactions
and factors, and a Tukey’s HSD posthoc followed significant omni-
bus tests. There were no significant group or drug differences for
IL-1o, IL-1B, IL-2, IL-4, TNFa (P’s > 0.16). There were significant
injury related differences in IL-6, IL-10, and IL-12 levels
(F. 53y =491, P=0.011; Fp s9)=3.18, P=0.049; F 57y =
27.42, P < 0.001, respectively; Fig. 3, nonsignificant results are not
shown). The Severe group had significantly lower IL-6 levels
(P =0.008) and lower IL-10 levels (P = 0.038) than the Mild
group. IL-12 levels were stratified by injury severity, with Mild TBI
having higher levels than Sham (P < 0.001), and Severe having
higher levels than both Sham (P <0.001) and Mild TBI
(P = 0.009). There were no significant drug differences on cytokine
levels.

To further understand the relationship between cytokines, a princi-
pal component analysis was conducted. Three principal components
were extracted, accounting for 89.87% of the variance (Fig. 4A).
Component loadings, representing the degree to which each cytokine
contributed, were examined to understand potential relations
between cytokines. PC1 (60.0% variance) had relatively equal, nega-
tive loadings across all cytokines, with the exception of IL-12. In
contrast, PC2 (16.84% variance) was dominated by a large, positive
IL-12 loading. PC3 (13.03% variance) had large (opposite) loadings
for IL-1PB, and IL-4 (Fig. 4B and C). Each component was com-
pared in a two-factor ANOVA to assess differences across the Injury
and Drug conditions (PC ~ Injury x Drug). There were no TBI-
related differences in PC1 (F(p49) = 2.16, P = 0.126) and PC3
(F2.49) = 2.06, P =0.139) or cocaine-related differences in PCl
(F(1.49) = 0.01, P =0.933), PC2 (F(49) = 0.16, P =0.694) and
PC3 (F(1.49) = 0.69, P = 0.409). However, there was a difference
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FIG. 2. Behavioral outcomes in saline self-administration. (A) There were
no group differences in number of infusions. (B) There were no group differ-
ences in active lever presses. (C) Both Mild and Severe TBI animals pressed
the inactive lever less than Shams (P < 0.001, P = 0.013 respectively).
*¥**p < 0.001; *P < 0.05.

between injury groups in PC2 (F(;49) = 15.83, P < 0.001; Fig. 4D).
Specifically, the Severe TBI group had significantly higher levels
than the Sham (P < 0.001) and Mild TBI (P = 0.001) groups, but
the Sham and Mild TBI were not significantly different from each
other (P = 0.133).
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Injury x Drug + Blot) dropping nonsignificant interactions and fac-

Dopamine receptor and transporter levels

An ANOVA was conducted on the protein levels from the dorsal
striatum and accumbens, with blot as a covariate (Protein ~

tors, and Tukey’s HSD posthoc followed significant omnibus tests.
There were no injury-related differences in striatum D2 receptors,
striatum DAT, accumbens D2 receptors, or accumbens DAT (P’s >
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0.265). There were no drug-related differences in striatum D1 recep-
tors, striatum DAT, or accumbens D2 receptors (P’s > 0.725). There
were injury-related differences in striatum and accumbens D1 recep-
tors (Fps3 =491, P=0.011; Fys3 =4.84, P=0.012; Fig. 5A
and B, nonsignificant results are not shown); both Mild and Severe
TBI groups had significantly lower levels in the striatum (P = 0.020;
P =0.019), and the Mild TBI group had significantly higher levels in
the accumbens relative to both Sham and Severe TBI (P = 0.042;
P = 0.017). There were drug-related differences in striatum D2 recep-
tors (F(j s = 6.04, P =0.017; Fig. 5C), accumbens D1 receptors
(Fus3 =476, P =0.034; Fig. 5D), and accumbens DAT
(Fu,s3) = 5.29, P = 0.025; Fig. 5E); cocaine self-administering ani-
mals had higher D2 receptor levels in the striatum (P = 0.014), lower
D1 in the accumbens (P = 0.035), and higher levels of DAT in the
accumbens (P = 0.026).

To evaluate holistic changes in dopaminergic signaling, a PCA was
conducted on normalized protein levels. Four principal components
were extracted, accounting for 80.63% of the variance (Fig. 6A).
Component loadings, representing the degree to which each protein
contributed, were examined to understand potential relations between
proteins. PC1 (27.48% variance) strongly loaded on the protein levels
from the accumbens, while PC3 (16.86%) was heavily dominated by
striatal protein levels. PC2 (22.15%) loaded heavily on DAT in the
striatum opposite D2 receptors in the accumbens, while PC4
(14.14%) was dominated by D2 receptors in the accumbens and DAT
in the striatum (Fig. 6B—D). Each component was then compared in a
two-factor ANOVA to evaluate any differences in injury or drug con-
ditions (PC~Injury x Drug). There were no TBI-related differences
in PC1 (F(2,57) = 010, P = 0908), PC2 (F(2,57) = 001, P = 0987),
or PC3 (F5 57y = 1.82, P = 0.171). There were no drug-related differ-
ences in PCl (F(s7 =0.018, P =0.892), PC2 (Fs7 = 0.13,
P= 0714), PC3 (F(1,57) = 099, P = 0323), or PC4 (F(1,57) = 012,
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P = 0.725). There was a significant difference between injury groups
in PC4 (F»57) = 3.71, P = 0.031; Fig. 6E). Specifically, the Severe
TBI group had lower levels than the Sham group (P = 0.028).

Association of cellular markers with infusions & active presses

The principal components extracted from the Western blot and
ELISA were used to evaluate the relationship between cytokines,
dopaminergic signaling, and number of infusions obtained and total
active presses. Model selection was carried out by starting with the
full model (Infusion or Presses ~ All components + Injury + Ses-
sion; Infusion R* = 0.19; Press R* = 0.19), and removing insignifi-
cant predictors, then comparing the AIC of all models. For total
infusions, a model with the significant predictors Injury (Mild:
B=-021, r=0.86, P=0.392; Severe: B=0.67, t=275,
P =0.007), inflammation PC3 (f = —0.48, r=3.74, P <0.001),
dopamine PC1 (B = —0.42, t+=4.42, P <0.001), and dopamine
PC4 (B = —0.71, t = 5.22, P < 0.001) accounted for 19.34% of the
variance (Fig. 7A and B). For active presses, a model with the sig-
nificant predictors Injury (Mild: B = —0.22, r = 0.82, P = 0415;
Severe: B =097, ¢t=3.60, P <0.001), inflammation PC3
(B=-0.53, r=3.74, P<0.001), dopamine PCl (B = —0.47,
t =449, P<0.001), and dopamine PC4 (B = —0.71, =472,
P < 0.001) accounted for 18.91% of the variance.

Association of cellular markers with acquisition of self-
administration

A Fisher’s Exact test revealed no significant overall group differ-
ences in acquisition (P = 0.215). To better understand why some
rats, particularly in the TBI condition, were less likely to acquire
self-administration of cocaine, the components extracted from the
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FIG. 5. Levels of markers of dopaminergic signaling. (A) Both Mild and Severe TBI groups had lower levels of DI receptors in the striatum (P = 0.020,
P = 0.019 respectively). (B) However, the Mild TBI had higher D1 receptor levels in the nucleus accumbens compared to Sham or Severe TBI (P = 0.042,
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tor levels in the accumbens (P = 0.035). (E) Cocaine animals displayed higher levels of DAT in the accumbens (P = 0.026). Open circles represent individual
data points; *P < 0.05.

© 2018 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1-12



8 C. Vonder Haar et al.

A 187 B 10 c 10
1.6 1
141 0.5 1 0.5
g "2 g St Subz g strb2
T 1.0 4 ° h-] StrD1
H S o0 8 oo
@ 0.8 4 < < NacD1
i . NacD1 g
w06 - o o] Naoar . NacDAT
acl
0.4 4 -0.5 4 StDAT -0.5 1 StrDAT
NacD2,
0.2 4 NacD2
0.0 T T T T T T -1.0 v T -1.0 T T
1 2 3 4 5 6 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Principal component PC1 loading PC2 loading
D 10 E 2 [
o o
N o 2 o
0.5 8 Q 8
2 strD2 2 0 8 : A
k-] k] o O = § =
8 StrD1 s S o
5 0.0 o Pe) g o
3 NacD1 I3 11 i
o a o °
NacDAT o
-0.5 1 StDAT -2 o
NacD2
1.0 -3 o
-1.0 -0.5 0.0 0.5 1.0 Sham Mild Severe
PC3 Loading L * |

F1G. 6. Principal components analysis of markers of dopaminergic function. (A) Scree plot of extracted components. The first four were selected for further
analysis. (B) Relative loading of different dopamine markers in PC1 versus PC4 illustrating the degree to which each protein contributes to its component. (C)
Relative loading of different dopamine markers in PC2 versus PC4. (D) Relative loading of different dopamine markers in PC3 versus PC4. E) Relative PC4
loading, stratified by injury group (group mean + SEM; open circles represent individual data points). The Severe TBI group had significantly lower levels than
the Sham group (P = 0.028). Comparison of PC4 across these cases shows relatively opposing loadings for the accumbens versus striatum, and D1 versus D2,

highlighting the importance of these relationships in TBI. *P < 0.05.

60 B ¢ C . 10— OX@X» 000
—— Sham Sham 2
50 — Mild 50 1 — Mild 5
@ Seveca 2 = Severe 5 08
o
o =]
B 40 o 40 58
b -
£5 £ 85 °°
—— - .9 os
= 30 = 30 2%
52 5o 2B 041
- 5 ? 204 SE
& & £
10 10 1 5 021
©
2
0 T T T v T 0 T v T v v 0.0 L —0—C»--0OOPD—O0——-r—-
-1.0 -0.5 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1 0 1 2 3 4

Inflammation PC3 value

Inflammation PC3 value

Inflammation PC3 value

FIG. 7. Regression predictions of behavior as a function of extracted principal components. (A) Number of infusions as predicted by a regression including injury,
session, inflammation PC3, dopamine PC1, and dopamine PC4. Specifically shown is the relationship of high levels of PC3 to higher cocaine intake. (B) The same
function shown at the end of cocaine self-administration, demonstrating that PC3 interacts with session, but that higher levels are still associated with relatively low
cocaine intake. (C) Logistic regression function, in which inflammation PC3 was the only significant predictor. This data demonstrates the ability of PC3 to account
for acquisition of cocaine self-administration, suggesting that inflammation precedes high levels of cocaine intake, rather than being caused by it.

ELISA and Western blots were compared in a logistic regression
with acquisition (acquired/not acquired) as the binary outcome vari-
able. Model selection was performed on a regression containing
injury, the three inflammation components and three dopamine com-
ponents (Acquisition ~ All components + Injury), dropping insignif-
icant predictors, and selecting the model with the lowest AIC. A
model with only inflammation PC3 was associated with acquisition
(B =—1.05,7r=2.89, P = 0.004; Fig. 7C).

Discussion

In this study, we demonstrated increased levels of cocaine self-
administration in a subset of animals following frontal TBI, regard-
less of injury severity. While there is increasing evidence for a link

between addiction and brain injury in patients (Graham & Cardon,
2008; Miller et al., 2013; Zgaljardic et al., 2015), these are, to our
knowledge, the first data to demonstrate a causal relationship
between TBI and elevated cocaine-taking. However, it should be
noted that this effect was not uniform across the TBI groups, and
many animals failed to acquire cocaine self-administration. Because
an unbiased view of acquisition was desired, no sucrose pre-train-
ing was performed as is common in many drug self-administration
studies. The current study also sought to determine whether frontal
TBI increased local neuroinflammation and altered levels of dopa-
mine-related proteins in the striatum, in order to probe potential
mechanisms driving TBI-induced addiction risk. In keeping with
previous data, we observed increased levels of IL-12 that were
stratified by injury severity, as well as changes in other
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inflammatory cytokines. By condensing all neuroinflammatory data
in a PCA, a strong relationship was observed between an inflam-
matory component (PC3) and number of cocaine infusions taken.
We also observed signs of disrupted dopamine signaling as a result
of TBI, with western blot analyses detecting lower D1 receptor
levels in the dorsal striatum of both injury groups, but increased
levels of D1 in the accumbens of mild-injured animals. A similar
PCA data analysis reduced the dopamine data into four compo-
nents, and found that two of them (PCl, PC4) were related to
cocaine intake. However, only the neuroinflammation component
(PC3) associated with cocaine intake also predicted acquisition of
cocaine self-administration, potentially suggesting a more pro-
nounced role for inflammatory factors within the frontal cortex in
determining addiction susceptibility.

The fact that not all animals, in either the severe or mild TBI
groups, showed robust drug-taking after injury may, at first glance,
appear problematic. However, we are not the first to report this phe-
nomenon in preclinical studies: only a subset of animals exhibited
elevated consumption of alcohol after blast TBI (Lim et al., 2015).
Furthermore, this data pattern strongly mimics the human condition,
wherein not all individuals become susceptible to addiction after a
brain injury. Although only a subpopulation of severely or mildly
injured animals went on to acquire self-administration, these rats
took more infusions than the subgroup of sham animals that like-
wise acquired drug-taking behavior under this reinforcement sched-
ule. Such individual differences may also prove useful, in that
selective changes in pathology may be identified which confer vul-
nerability to addiction, and these can inform therapeutics develop-
ment or screening protocols to identify at-risk individuals. These
findings also suggest a need to strongly consider methodology when
studying the interaction of brain injury and addiction. The use of
within-subjects paradigms, where biological samples can be directly
correlated with the performance of animals, will be essential to elu-
cidate potential relationships between physiological variables and
behavioral alterations.

A particularly interesting finding of the current study is that even
milder injuries can lead to substantial changes in the profile of
addiction. A similar finding was also observed by Weil et al
(2016), in a model of concussive brain injury, albeit limited to
female subjects. It has been suggested that inflammation may play a
mediating role in behavioral deficits following both milder and more
severe injuries (Haber ef al., 2013; Yang et al., 2013), and may
therefore have some degree of ‘priming’ effect. If true, injured ani-
mals may display more rapid sensitization, and larger drug effects at
baseline. Multiple studies have demonstrated increased conditioned
place preference to cocaine in models of TBI, supporting this
hypothesis (Merkel ez al., 2017a,b), and in the current data, injured
animals had a large initial increase in cocaine intake relative to
shams. Despite this, a large portion of the injured group failed to
acquire self-administration. Findings have suggested that alterations
to dopamine receptors and transporter can lead to cocaine aversion
(O’Neill et al., 2013; Hasbi er al., 2017), potentially due to high
levels of sensitization to an otherwise effective dose. Findings of
drug sensitization after TBI have been reported before (Lowing
et al., 2014), however, this was with regard to the sedative effects
of ethanol. Further, it has been shown that inflammatory challenge,
outside of injury events, can lead to sensitization to the effects of
cocaine (Tortorelli er al., 2015). These data, taken together, suggest
that a high level of sensitization to the effects of cocaine could actu-
ally lead to aversion, and may potentially explain some of the differ-
ences in acquisition in the current study. This may also explain the
considerable heterogeneity in the profile of addiction after TBI in
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human subjects: some individuals may display increased responsiv-
ity to a drug, while others may be so sensitive that the drug
becomes aversive.

It should be noted that severely-injured animals also had difficulty
discriminating the reinforcement contingencies in play, similar to
previous reports (Martens et al., 2012; Vonder Haar et al., 2014b,c).
However, even though inactive lever presses were consistently
higher in this group as compared to mild TBI and sham-injured con-
trols, the proportion of responses on the active lever hovered around
80% for the last three sessions of self-administration training — well
over chance responding. It is therefore unlikely that the elevated
drug-taking observed in this cohort was not goal-directed. Previous
data does not suggest that this form of severe TBI increases rats’
tendency to make lever-press responses in general; if anything, at
low response requirements such as those used in the current study,
injured rats may display lower pressing rates (Vonder Haar & Win-
stanley, 2016). The elevated inactive lever press responses may
therefore reflect increased stimulus/response generalization, or poten-
tially an increased locomotor response to cocaine, resulting in
greater levels of general activity. However, in one case, locomotor
sensitization to other psychostimulants such as amphetamine was
actually reduced after TBI (Karelina ez al., 2017), thus poor discrim-
ination or increased generalization is more likely.

Despite a small corpus of literature on experimental TBI and
addiction, a substantial amount of consensus can be found between
the few existing studies and the current research. This is particularly
interesting because these studies were conducted in a variety of
models of head injury (concussive, focal, blast) and used multiple
drugs of abuse (alcohol- previous work, cocaine- current study). It
should be noted that differences in injury model and drug of abuse
may limit comparisons for these studies, but common results are
then suggestive of general actions as opposed to drug- or injury-spe-
cific findings. Across nearly all experiments, increased self-adminis-
tration of the addictive substance was observed in TBI groups (Lim
et al., 2015; Mayeux et al., 2015; Weil et al., 2016), although one
study did report the opposite, with reduced alcohol intake in the
acute period after a moderate closed-head injury (Lowing et al.,
2014). In the current study, we were able to assess the contributions
of multiple dopamine-related proteins in the striatum, as well as a
host of inflammatory signaling molecules within frontal regions, to
explore potential mechanisms influencing drug-taking after TBI.
Brain injury caused a reduction in D1 receptor density in the dorsal
striatum, which is reminiscent of observations after chronic cocaine
use, although in those cases the accumbens was typically affected as
well (Moore et al., 1998; Ramoa et al., 2014). However, it should
be noted that these measurements were taken after self-administra-
tion, and changes in D1 and DAT in the accumbens, as well as D2
receptor levels in the striatum, could be directly attributed to the
effects of cocaine (Fig. 5). The current data suggest that neuroin-
flammatory factors may play a more causal role; not only was PC3
from the cytokine ELISA data analysis associated with higher levels
of self-administration, but this was the only component that was pre-
dictive of whether self-administration was acquired. Inflammation
was also identified as a potential contributor to addiction after injury
by Mayeux ef al. (2015), who found higher glial activity with
increased self-administration.

Elevations in inflammatory cytokines after TBI have also been
linked with impulsive behavior, which is a strong predictor of addic-
tive phenotypes (Perry et al., 2005; Belin ef al., 2008). Perhaps the
most consistent relationship after TBI has been increases in levels of
IL-12, which have been linked with impulsive action and impulsive
decision-making (Vonder Haar ef al., 2016, 2017). In the current
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study, we also observed that frontal TBI increased levels of IL-12 in
areas of frontal cortex important for the regulation of impulse con-
trol, and PCA again confirmed that IL-12 levels seem to be regu-
lated somewhat independently from the majority of other cytokines.
Both preclinical and clinical studies have established that high
impulsivity can potentiate vulnerability for addiction. Despite this,
PC2, which was largely dominated by IL-12, was not the best pre-
dictor of the total amount of cocaine taken or the acquisition of
cocaine self-administration. However, deficits in impulse control are
only one pathway to addiction. While it is still possible that TBI-
induced increases in impulsivity, potentially driven by IL-12, may
amplify addiction risk, the current data suggest that other neuroin-
flammatory mechanisms may play a more potent role in facilitating
drug-taking behavior. These differences in principal component
makeup between prior studies (Vonder Haar et al., 2016, 2017) and
the current data warrant further investigation to determine specific
contributions of any given cytokine or group of cytokines to the
effects of brain injury.

Specifically, PC3 was heavily dominated by IL-1f. This cytokine
is a product of toll-like receptor 4 activation, which has been shown
to be crucial to the development of cocaine self-administration in
the ventral tegmental area (VTA; Northcutt er al., 2015). Further-
more, antagonism of IL-1f3 within the VTA can prevent resumption
of cocaine-seeking in the extinction-reinstatement model of relapse,
further pointing to an important role for this cytokine in mediating
drug dependency (Brown et al., 2018). Elevated levels of IL-1p, as
measured in the periphery and centrally, have been repeatedly asso-
ciated with psychiatric conditions often comorbid with addictions,
such as bipolar disorder and schizophrenia (see Goldsmith ez al.,
2016 for a recent meta-analysis). IL-1p can also modulate neuronal
function through a variety of mechanisms, including altering both
GABAergic and glutamatergic signaling (Viviani et al., 2003; Bajo
et al., 2015). Although a role for frontal IL-1f in cocaine self-
administration has yet to be investigated, modulating output from
both medial prefrontal and orbitofrontal regions can impact drug-tak-
ing and drug-seeking in rodents (Winstanley et al., 2009; Martin-
Garcia et al., 2014), and neuroimaging data also implicate these
brain areas in the maintenance of the addicted state (Jasinska et al.,
2014). It is therefore possible that cytokine-mediated alterations in
frontal function directly contribute to a pro-addiction phenotype
following TBIL.

In sum, these data support the hypothesis that TBI can directly
increase risk for drug dependence, and that modulating inflammation
may be able to reduce the likelihood of developing substance use
disorder following TBI. This could be a particularly promising
hypothesis to test, as anti-inflammatory therapies also reduce other
symptoms of TBI (Haber et al., 2013; Vonder Haar ef al., 2014a;
Anderson et al., 2015). However, both TBI and addiction are
heterogeneous phenomena, which pose significant challenges for
resolving the factors driving TBl-induced elevations in addiction
risk using animal models or clinical data. While the current study
represents an important first step, additional research is undoubtedly
needed to parse this complex relationship. Public awareness of the
negative association between TBI and mental health outcomes con-
tinues to grow, increasing pressure to identify the critical mediators
and develop targeted interventions, yet this phenomenon is worry-
ingly understudied by both the clinical and behavioral neuroscience
community. These data support the need to establish a more com-
plete understanding of the neurobiological pathways through which
immune signaling molecules impact brain function and behavior,
information that may critically enable target validation and

therapeutic ligand development for the psychiatric complications
associated with TBIL.
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