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Longitudinal alterations in gamma-
aminobutyric acid (GABA ) receptor
availability over ~ | year following traumatic
brain injury
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Longitudinal alterations of gamma-aminobutyric acid (GABA ») receptor availability following traumatic brain injury have remained
uncharacterized and may reflect changes in neuronal structure and function linked to cognitive recovery. We measured GABA 5 recep-
tor availability using the tracer [11C]flumazenil in nine adults with traumatic brain injury (3—6 months after injury, subacute scan) and
in 20 non-brain-injured individuals. A subset of subjects with traumatic brain injury (n=7) were scanned at a second chronic time-
point, 7-13 months after their first scan; controls (n=9) were scanned for a second time, 5-11 months after the first scan. After ac-
counting for atrophy in subjects with traumatic brain injury, we find broad decreases in GABA 4 receptor availability predominantly
within the frontal lobes, striatum, and posterior-medial thalami; focal reductions were most pronounced in the right insula and an-
terior cingulate cortex (p <0.05). Greater relative increase, compared to controls, in global GABA4 receptor availability appeared
between subacute and chronic scans. At chronic scan (>1 year post-injury), we find increased pallidal receptor availability compared
to controls. Conversely, receptor availability remained depressed across the frontal cortices. Longitudinal improvement in executive
attention correlated with increases in receptor availability across bilateral fronto-parietal cortical regions and the anterior-lateral as-
pects of the thalami. The specific observations of persistent bi-frontal lobe reductions and bilateral pallidal elevation are consistent
with the anterior forebrain mesocircuit hypothesis for recovery of consciousness following a wide range of brain injuries; our results
provide novel correlative data in support of specific cellular mechanisms underlying persistent cognitive deficits. Collectively, these
measurements support the use of [11C]flumazenil to track recovery of large-scale network function following brain injuries and meas-
ure response to therapeutics.
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flumazenil PET; cognition; traumatic brain injury; anterior forebrain mesocircuit; GABA 5

ACC=anterior cingulate cortex; ADHD = attention-deficit/hyperactivity disorder; AFM =anterior forebrain
mesocircuit; ALS = amyotrophic lateral sclerosis; ANT = Attention Network Test; BPyp =non-displaceable binding potential; DBS
=deep brain stimulation; dIPFC =dorsolateral prefrontal cortex; FMZ = flumazenil; PMC = posteromedial cortex; PVC = partial
volume correction; ROI=region of interest; SRTM =simplified reference tissue model; TBI=traumatic brain injury; TMT-B=

Trail Making Test-B; vIPFC =ventrolateral prefrontal cortex.
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Introduction

Traumatic brain injury (TBI) is a leading cause of death and
long-term disability in the United States, as well as world-
wide,! and there are more than 5.3 million persons in the
US alone living with chronic cognitive dysfunction.”
Impaired attention is the most common and debilitating cog-
nitive deficit, contributing to long-term disability and barriers
for community reintegration, functional independence, and
productive employment.>™ Chronic deficiencies in executive
attention, such as the capacity to block distractors and select-
ively focus on goal-relevant tasks,” have been noted.®’
Neuroimaging studies have linked executive attention impair-
ments to focal cortical and white matter damage in the medial
frontal,®’ fronto-parietal,'” fronto-striatal,"! and thalamic
regions'>'* following TBI. However, these correlations
with structural damage®'®'! and electrophysiological re-
sponses,” alone, do not provide insight into the underlying
neuronal substrate associated with executive attention defi-
cits. Most importantly, these measurements are incapable of
directly measuring the alterations and dynamics of neuronal
integrity within cortical and subcortical structures.

Positron emission tomography (PET)"’ imaging can iso-
late changes in neurotransmitter availability, neuronal me-
tabolism, and molecular structural features within the
central nervous system (e.g. quantification of amyloid or
tau proteins utilizing molecular probes). A few PET neuroi-
maging studies have related regional alterations in metabol-
ism, measured using fluorodeoxyglucose PET (FDG) and
binding of a benzodiazepine/y-aminobutyric acid (GABA) re-
ceptor ligand ([''C]-flumazenil (FMZ)), to behavioural

outcomes in cross-sectional studies of subjects with TBI.
These studies suggest that behavioural outcomes grade
with overall recovery of cerebral metabolic rate'®'” and de-
gree of gamma-aminobutyric acid (GABA,) binding.'®
Specifically, they showed that reduction of GABA, binding,
measured using [ 'CJFMZ-PET, within the medial frontal cor-
tices, anterior cingulate, and central thalamus correlates with
executive dysfunction.'® A primary role for these regions in
supporting recovery of consciousness and cognitive function
following varying aetiologies of brain injury is proposed by
the anterior forebrain mesocircuit (AFM) hypothesis.'” This
hypothesis isolates the contribution of the central thalamus
and its reciprocal connections with the frontal cortex and stri-
atum (via cortico-striatopallidal-thalamic connections) to im-
paired arousal regulation and cognitive dysfunction following
structural brain injuries. Prior studies support this hypothesis
and several have related alteration of function within these
same regions with levels of recovery up to near baseline per-
formance of cognitive functions (reviewed in Giacino
et al.,”° Thibault et al.,*! Edlow et al.,’> and below).

The GABA, receptor is widely distributed throughout
the brain and is in particularly high concentration within
the cerebral cortex because of the numerous GABA-ergic
inhibitory synapses.”® A reduction of GABA, receptor
binding measured by FMZ-PET has also been suggested
as an in vivo marker of neuronal cell death.'®**3!
Decreased GABA 4 receptor binding, as a measure of neur-
onal loss, has been verified with autoradiographic,®? direct
33735 and indirect histopathological findings,>® and MRI
imaging>**~*% However, beyond neuronal loss, altera-
tions in GABA,4 receptor binding could also result from
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receptor dysfunction/reduced affinity as has been sug-
gested by studies of isoflurane®” and tiagabine,*® both of
which induced elevations in [11C]FMZ non-displaceable
binding potential (BPyp). In rodents, an increased avail-
ability of GABA, receptors*! has been associated with re-
covery following TBL** FMZ-PET binding alterations
have also been correlated with cognitive deficits in
ALS,** multiple sclerosis,®® memory performance in
Alzheimer’s disease®® and executive dysfunction following
carotid artery disease.>®

In this context, FMZ-PET could serve as an in-vivo mark-
er of both permanent neuronal damage and/or functional re-
covery, especially as it relates to cognitive impairments as
they change over time since injury. Preserved or mild reduc-
tions in binding might be an indication of intact structure, or
of increased expression of GABA 4 receptors in the remaining
neurones *>** indicating a recruitable reserve for potential
recovery. While prior studies suggest a relationship between
FMZ-PET binding and cognitive function, they have not
been tracked longitudinally during clinical recovery
post-TBIL. Changes in GABA availability can be expected to
arise with shifts in large-scale network function and behav-
ioural recovery that continue to evolve over long time peri-
ods following TBL'>*®*" Here, we explore the use of
FMZ-PET to measure and track changes in GABA, avail-
ability following TBI, systematically, across brain regions
and with a special emphasis on substructures identified as
components of the AFM."”

Materials and methods

The study was designed to compare GABA, receptor avail-
ability in adults with TBI to control individuals without
TBI. We measured brain GABA, receptor binding using
PET imaging with the tracer [''CJFMZ. We included data
from 9 (7 male) adults with TBI and 20 (12 male) adult con-
trols. TBI participants underwent study activities at two
timepoints: 3—-6 months after injury (sub-acute, n=9) and
11-20 months after injury (chronic, n=7 of 9). Because
the goal of the current study is to relate enduring cognitive
impairments to the biological substrate changes following
TBI, we focused on the sub-acute period for the first scan,
to allow for sufficient time for acute medical issues to resolve.
A subset of control individuals without TBI (n=9) under-
went a second scan 5-11 months after the initial visit.

TBI participants were recruited through inpatient rehabilita-
tion units and trauma departments at large, urban academic
medical centres. Control individuals were recruited through
local advertisements. All study activities were approved by
Weill Cornell Medicine’s Institutional Review Board.
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All  participants were required to meet the
following criteria: (i) 18 vyears of age or above; (ii)
English-speaking; (iii) capable of providing informed con-
sent or a proxy/authorized agent available to provide in-
formed consent; (iv) physically healthy and able to safely
undergo PET imaging; (v) not currently taking any psycho-
active or benzodiazepine drugs; (vi) not currently taking
any medication for attention-deficit/hyperactivity disorder;
(vii) no history of schizophrenia, drug, or alcohol abuse;
(viii) no history of epilepsy, stroke, dementia, or serious med-
ical illness by self-report; and (iv) not pregnant (for female
participants).

Participants in the TBI group were required to have sus-
tained a complicated mild (Glasgow Coma Scale*® score of
13-15 with evidence of intracranial lesion as verified on
acute neuroimaging) or moderate-severe TBI (Glasgow
Coma Scale score < 12) within the last 6 months.

See Supplementary Tables 1 and 2 for further details.

The radioligand ethyl  8-fluoro-5,6-dihydro-5-[11C]
methyl-6-0x0-4H-imidazo [1,5-a] [1,4] benzodiazepine-3-
carboxylate, known as 11C-FMZ, was prepared by modify-
ing previously described procedures.*” Briefly, a pre-mixed
solution of desmethyl-FMZ (1 mg, 3.46 pmol) in anhydrous
Dimethyl sulfoxide (0.35 mL) was added into the vial con-
taining NaOH solution (1 M, 3 uL), and the vial was sub-
jected to vortex to allow for well-mixing of the reaction
mixture. After the collection of 11C-Mel, the vial was heated
at 60°C for 1 min. It was then mixed and injected into reverse
phase semi-prep high-pressure liquid chromatography for
purification (Phenomenx Luna C18, 250 x 10 mm, 10 y; 10
mL/min; 254 nm). The radioactive peak corresponding to
11C-FMZ was collected, diluted with H,O (60 mL), and
passed through a pre-activated C18 plus cartridge (waters).
The retained activity was eluted with ethanol (1 mL) and
0.9% saline (14 mL) through a 0.22 u Millex GV filter into
a sterile vial as final drug product. 11C-FMZ was prepared
with an average radiochemical yield of 68.1+12.5% (n=
43, decay corrected) and the average molar activity at the
end of bombardment was 2016 + 633 GBqg/umol (54.5 +
17.1 Ci/umoL), and the synthesis took 44 + 3 min.

A dose of 407-595 MBq (11-16mCi) of 11C-FMZ was ad-
ministered intravenously to each subject. Tracer dosing is re-
ported in Supplementary Table 2. A dynamic PET scan was
performed over a period of 60 min beginning simultaneously
with the tracer injection. PET data were acquired in 3D list
mode with the same whole-body PET/CT scanner (mCT,
Siemens/CTI, Knoxville, TN).The PET camera has a spatial
resolution of ~4 mm measured as the reconstructed full-
width at half maximum of a point source in air. PET scans
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were corrected for photon absorption and scatter, using an
in-line CT scanner set at 120kV, a pitch of 1.5, and
30 mA. PET data were reconstructed in a 400 X 400 matrix
with a voxel size of 1.082x1.082x2.025 mm® using a
zoom of 2.0 and an iterative + time of flight list-mode recon-
struction algorithm provided by the manufacturer.’®
FMZ-PET images were reconstructed into 22 frames (4
frames of 15 seconds (s) each, then 4x30s, 3x60s, 2x
120s, 8 x300 s and 1x 600 s).

A time activity curve was extracted for each region of interest
(ROI, see below). The simplified reference tissue model®’
was used to calculate non-displaceable binding potential
(BPnp) for FMZ-PET with pons acting as reference region
(Supplementary Fig. 5). Summed PET images were coregis-
tered to their corresponding MRI scans using rigid registra-
tion with mutual information. All kinetic analyses were
performed using PMOD 3.5 (PMOD Technologies Ltd.,
Zurich Switzerland).>?

A 3T Siemens Prisma scanner with a 32-channel head coil
was used to collect 3D T1-weighted sagittal MPRAGE ana-
tomical images. All T1 volumes were processed using
FreeSurfer 6.0°% to generate gray-matter regions of interest
for subsequent PET analysis, as well as to estimate variability
in gray-matter volume across the study population.To maxi-
mize signal-to-noise ratio and simplify statistical compari-
sons while preserving regional variation within the anterior
forebrain mesocircuit (AFM), we combined the FreeSurfer
gyral and subcortical ROIs and thalamic nuclei into larger
groups. The six-lobe-based gyral groups were frontal, insu-
lar, polymodal, posteromedial cortex (PMC), temporal,
and occipital groups. The five AFM cortical regions were an-
terior cingulate cortex (ACC), dorsolateral prefrontal cortex
(dIPEC), ventrolateral prefrontal cortex (vIPFC), lateral par-
ietal, and medial parietal. The seven subcortical groups were
caudate, pallidum, putamen, anterior thalamus, ventral thal-
amus, posterior thalamus, and medial thalamus. See
Supplementary Data and Supplementary Table 3 for further
details.

Subjects with TBI and uninjured control participants per-
formed the Attention Network Test (ANT) paradigm,’ a
computer-administered measure designed to examine the
alerting, orienting, and executive attention networks. See
Supplementary Data for details.

BPnp, region of interest (ROI) size, and attention-network
scores were normalized and age-adjusted based on the control
population. For each metric and each ROI, we computes the
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least squares linear effect of age for the uninjured population
and then applied that slope and offset to remove the effect of
age within the TBI group. This age-adjusted residual is then
normalized by the mean and standard deviation of the
age-adjusted residual from the uninjured population to pro-
duce an age-adjusted z-score. BPyp measurements were sim-
ultaneously adjusted for both age and ROI size in this
manner. For longitudinal changes, we computed the unadjust-
ed difference across the two sessions before adjusting and nor-
malizing. Group means were compared via an unpaired,
two-tailed t test. Inter-metric relationships were examined
using Pearson correlation, followed by a Student’s #-test. For
all analyses, a was set at 0.05, and two-tailed tests were
used. All p-values reported are uncorrected for multiple com-
parisons. Data were analyzed and visualized using custom
scripts in Matlab (version R2018b; www.mathworks.com).

The study protocol will be available on request to the princi-
pal investigator. Data from this study are available from the
corresponding author upon reasonable request.

Results

Using the [''C]FMZ tracer for PET imaging, we found re-
ductions in estimated ['!C]JFMZ binding potential (BPxp)
in adults with TBI (7 = 9) during the subacute phase of recov-
ery compared to uninjured control individuals (n=20) at
their baseline assessment. In Fig. 1A, voxel-by-voxel com-
parisons highlighted BPyp reductions in the medial frontal
regions and thalamus.

To investigate regional differences, we first assessed
changes in cortical thickness and subcortical volume follow-
ing TBI (Supplementary Fig. 1A). We assessed the linear ef-
fect of age and total intracranial volume based on
uninjured controls alone. After adjusting for these effects,
we found differences in thalamic subcortical volume in indi-
viduals with TBI compared to uninjured controls (P < 0.05).

We then investigated regional differences in BPyp, within
the lobes, following TBI. We again, first, establish the effect
of age, total intracranial volume, cortical thickness and sub-
cortical volume on BPyp in uninjured controls (see
Supplementary Fig. 2 for four example regions). We note a
decrease in BPyp with age (right/left gray matter; Pearson’s
r=-0.39/-0.28; P=0.09/0.23) (Supplementary Table 4A).
We also note a decrease in BPyp with larger intracranial
volume (right/left gray matter; Pearson’s r=-0.41/
—-0.36; P=0.09/0.14). In Fig. 2A and Supplementary
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Figure | Voxel-wise [''C]JFMZ tracer BPyp in individuals with TBI compared to controls. HC: healthy controls. (A) Group differences in
["'C]JFMZ tracer BPy in individuals with TBI at sub-acute timepoint (n = 9) and control individuals without TBI (n = 20). Individual BPyp volumes were
nonlinearly registered to MNI and smoothed by 12 mm FWHM before adjusting for age and total intracranial volume, and computing a voxelwise
unpaired t-test. Regions with values less than zero represent TBIg,p,cuce < controls. Broad reduction of BPyp appears across the subjects with TBI with
predominant loss within medial frontal and thalamic regions. BPND values have been adjusted for age and total intracranial volume based on controls
alone. (B) Longitudinal changes in [| |C]FMZ tracer BPyp in adults with TBI compared to between-scan changes in control individuals without TBI.
Regions with values greater than zero represents longitudinal increases in subjects with TBI that were greater than longitudinal variability in controls.
Regions with values less than zero represents longitudinal decreases in subjects with TBI that are greater than longitudinal variability in controls. Globally
increased BPyp across the paired scans is demonstrated in the subjects with TBI (controlled for by changes measured in control BPyp over similar time
difference). Changes in BPyp have been adjusted for age and total intracranial volume differences between the groups. (C) Group differences in [''C]
FMZ tracer BPyp in individuals with TBI at chronic timepoint (n=7) and control individuals without TBI (n=20). Regions with values less than zero
represent TBl,onic < controls and regions with values greater than zero represent TBlp, onic > controls. A mixed pattern of regional changes in BPyp is
demonstrated with persistently lower thalamic BPyp in the TBI group. BPND values have been adjusted for age and total intracranial volume.

Fig. 3A, regional analyses of BPyp in subjects with TBI, BPnp reductions; this is after adjusting for age and cortical
corroborated the voxel-based findings (Fig. 1A) thickness/subcortical volume (trends consistent in un-
but, additionally, highlighted a marked asymmetry in the adjusted values, see Supplementary Fig. 4). Across the
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Figure 2 Group-level regional ['' CJFMZ tracer BPyp in individuals with TBI compared to controls. HC: healthy controls. (A)
Group differences in [''C]JFMZ tracer BPyp in individuals with TBI at sub-acute timepoint (n=9) and control individuals without TBI (n =20).
T-stat of the group differences. Outline: uncorrected P < 0.05. All regional values were z-scored after adjusting for age and cortical thickness/
subcortical volume based on healthy controls. Regions with values less than zero represent TBlypacuce < controls and regions with values greater
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than zero represent TBlg,pacure > controls. Reduced BPyp is seen in the frontal lobes, striatum and posterior-medial thalami (R > L). (B)

Longitudinal changes in [| | CJFMZ tracer BPyp in adults with TBI compared to between-scan changes in control individuals without TBI. Regions
with values less than zero represent longitudinal decreases in subjects with TBI that are greater than longitudinal variability in controls. Regions
with values greater than zero represent longitudinal increases in subjects with TBI that are greater than longitudinal variability in controls. Broad
relative increases in BPyp are seen across cortical regions in subjects with TBI excepting the left frontal lobe; subjects with TBI demonstrated
increased BPyp across bilateral caudate and putamen. Changes in BPyp have been adjusted for age and cortical thickness/subcortical volume
differences between the groups. (C) Group differences in ['' C]FMZ tracer BPyp in individuals with TBI at chronic timepoint (n = 7) and control
individuals without TBI (n = 20). Regions with values less than zero represent TBlg,pacute < controls and regions with values greater than zero
represent TBl pacute > controls. A heterogenous pattern of changes is noted with persistently lower bifrontal BPyp and markedly increased

bilateral pallidal BPyp in subjects with TBI.

group, the right cortical regions had larger reductions than differences in cortical thickness and subcortical volume
left (right/left: t,0=-1.77/-0.36, P=0.10/0.72). These show a similar spatial pattern to those seen in the group
reductions were most pronounced in the right insula (¢, differences in cortical BPyp (Pearson’s r=0.69, P=

=-2.66, P=0.02) and right frontal lobes (¢;0=-1.80, 0.013); this is after accounting for age and intracranial

P =0.09). At the lobar level, group (TBI versus controls) volume (see Supplementary Figs 6 and 7).
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Lastly, we investigated BPyp within the anterior forebrain
mesocircuit (AFM) regions'” (Fig. 2A and Supplementary
Table 3) and note that reduced BPnp following TBI
was most pronounced in the right anterior cingulate (ACC,
tro=-2.10; P=0.05), right vIPFC (0= —1.63; P=0.13),
and right dIPFC (#,0=-1.50; P=0.16). Reduced BPnp
was also seen in the thalamic parcellations: anterior (right
tro=-1.92; P=0.07), posterior (right t,0=-2.00; P=
0.06), and medial (right 2,0 =—1.95; P=0.08). Similarly, re-
duced BPyp is noted in the right caudate (¢,0=-1.90;
P=0.07). The spatial patterns of the group differences in
BPnp, within the AFM regions, were not significantly corre-
lated with the group differences in cortical thickness and sub-
cortical volume (see Supplementary Fig. 6).

All BP\p derivations are referenced to the pons,® similar
time-activity curves in both groups confirm this choice
(Supplementary Fig. 5). We also investigated image derived
input function using a carotid artery ROI, but the BPyp re-
sults were noisier even in uninjured controls.’”

We assessed changes in [''CJFMZ BPyp over the first year of
recovery following TBI and compared this to changes over a
similar time-frame in uninjured controls. In seven subjects
with TBI, the first, sub-acute scans were 3—6 months after in-
jury and the second, chronic scans were 11-20 months after
injury. Across the cohort, the median between-scan time was
9 months (range 7-13 months). Of the 20 uninjured con-
trols, 9 were scanned twice; the median between-scan time
was 5.7 months (range 5-11 months).

First, we assessed changes in cortical thickness and sub-
cortical volume between the two scans in subjects with TBI
(Supplementary Fig. 1B; Supplementary Fig. 6); we account
for the effect of age and intracranial volume in this analysis.
We find an overall decrease in cortical thickness, especially in
the right lateral-parietal region (¢14 :—2.31; P=0.05) and
postero-medial cortex (right/left #;4 : —2.88/-2.68; P=
0.01/P=0.02).

We then assessed for changes in BPyp between the two
scans. In subjects with TBI, we find widespread increases in
BPyp that exceeded longitudinal variability seen in unin-
jured controls (Figs. 1B and 2B; Supplementary Fig. 4),
even after we account for the effect of age and differences
in cortical thickness and subcortical volume between the
groups. The largest increases in BPyp occurred in the subcor-
tical regions of caudate (right/left #;4: 1.62/1.83; P=0.14/P
=0.11) and putamen (right/left #;4: 1.17/1.41; P=0.27/P =
0.19) (Supplementary Table 4B). While increases are seen
in several of the cortical regions, particularly in the left hemi-
sphere, very small changes or further reductions in BPyp, are
noted in the frontal cortex.
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In summary, limited focal increases in GABA, receptor
availability occur within the frontal cortex during the first
year of recovery following TBIL In addition, subcortical
GABA, receptor availability shows substantial increases
over the same time period when compared with uninjured
controls.

At the chronic scan in subjects with TBI, we again assess dif-
ferences in cortical thickness and subcortical volume com-
pared to the baseline scan in uninjured controls; this is
after accounting for age and intracranial volume
(Supplementary Fig. 1C; Supplementary Fig. 6). We note
an increase in cortical thickness in the left insula (#¢
: 2.52; P=0.02) and left occipital cortex (¢4 : 2.22; P=
0.05). We also note a decrease in volume in the left anterior
(t16:—2.37; P=0.03) and ventral thalamus (¢, :—2.28; P=
0.04).

In subjects with TBI, BPxp within the pallidum exceeds
levels seen in the baseline scan of uninjured controls (right/
left t16: 1.65/2.13; P=0.14/P=0.06), Figs. 1 and 2C;
Supplementary Fig. 4, (Supplementary Table 4C); this is
after accounting for age, cortical thickness, and subcortical
volume. Conversely, in the frontal cortex, BPyp remained
below levels seen in uninjured controls, particularly in the
right insula (¢145 : —2.37; P=0.03) and right vIPFC (¢4 :
-2.21; P=0.05).

Despite the widespread increases in GABA, receptor
availability during the first year of recovery, within the front-
al cortex, chronically, BPyp remain below levels seen in un-
injured controls.

We measured executive attention in subjects with TBI in
conjunction with coregistered PET and MRI scans at 3-6
months post-injury and 11-20 months post-injury. The
Attention Network Test (ANT)’** is a computerized,
response-time dependent measure of three aspects or ‘net-
works’ of attentional functioning, including alerting atten-
tion, orienting attention, and executive attention (conflict
resolution and inhibition).>* For the ANT, we calculated
age-corrected z-scores from a healthy control dataset (ex-
isting laboratory dataset, including the 20 healthy subjects
included in this study) of 66 individuals ranging from age
22 to 75. We tested the correlation of longitudinal change
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in BPyp with change in executive attention as measured by
the ANT (n=6, after removing one subject outlier)
(Supplementary Fig. 8). Broad increases in BPyp, over
most of the cerebrum, correlated with an improvement
in executive attention (decrease in ANT executive network
score). Conversely, a longitudinal increase in BPyp within
the caudate, putamen, pallidum and posterior thalamus
(see also Figs. 1C and 2C) showed negative correlation
with these behavioural improvements.

Discussion

Longitudinal flumazenil (FMZ) PET measurements of
GABA, receptor availability in the brains of adults with
TBI revealed broad and consistent changes following injury
when compared to adults without TBL. We find that
GABA 4 receptor availability decreases across cerebral struc-
tures following TBI; the most predominant reductions are
within the frontal lobes, striatum, and posterior-medial thal-
ami at the subacute (3—6 months post) time point. Within the
frontal cortices, the reductions showed significant differ-
ences from uninjured controls in the right insula and ACC.
Comparison of sub-acute and chronic (11-20 months post)
BPnp demonstrated widespread changes in the GABA, re-
ceptor availability characterized by global increases in
BPnp. Despite these broad increases in BPyp, subjects with
TBI showed a heterogeneous pattern of changes in BPyp
when compared to uninjured controls. At the chronic time
point, subjects with TBI demonstrate persistently lower
BPyp in the thalami and bi-frontal cortices and bilaterally in-
creased pallidal BPyp. In subjects with TBI, improvements in
executive function captured in the performance of the
Attention Network Task (ANT) correlated with increases
in BPyp across bilateral fronto-parietal cortical regions
and the anterior-lateral aspects of the thalami. In the aggre-
gate, FMZ PET measurements of GABA 5 receptor availabil-
ity demonstrated a clear sensitivity to changes in brain
structure and function after TBI and strong evidence of
evolving changes over the time course of the first year of re-
covery. The specific observations of persistent bi-frontal lobe
depression and bilateral pallidal elevation of BPyp are not-
able as they verify a strong prediction of the anterior fore-
brain mesocircuit (AFM) model for recovery from TBI, as
discussed below. These data support prior observations in
cross-sectional studies of FMZ PET in subjects with TBI
and greatly extend the potential for this tool to elucidate spe-
cific cellular mechanisms underlying the recovery process
and persistent cognitive deficits. Our findings provide a foun-
dation for the future use of FMZ PET to track recovery in
TBI and measure response to possible therapeutics.
Specifically, we anticipate that patterns of GABA 4 availabil-
ity will track those observed here in spontaneous
recovery graded by improved performance on tests of execu-
tive function and show causal linkage to our interventions
in future study designs. In this way, FMZ PET will allow
us to correlate behavioural changes induced by the

Y. Kang et al.

interventions to obtain unparalleled precision of circuit level
changes.

The observations of focal reductions in BPxnp within the
frontal lobes, anterior cingulate gyrus, and the thalamus fol-
lowing TBI, are consistent with prior cross-sectional [*!C]
FMZ studies.'®*%*=7 Similarly, our findings of inter-
individual variability in the BPyp are consistent with previ-
ous reports.'®3%%5 The notable differences between our
study and these previous reports are as follows. Our sample
spans a fuller range of TBI injury severity from complicated
mild to severe compared to previous studies,'® and patients
in our study were not selected a priori by degree of cognitive
impairment or cortical damage. We restricted our first scan
to 3—-6 months post injury and our second scan to 11-20
months post injury. In contrast, the single scans, in the previ-
ous cross-sectional studies, varied widely in time since injury:
2-17 months,’>>6 months,”” >1 year’® and 12-228
months.'® Our healthy control sample (z=20, age range:
22-635 years) also differed from previous studies which lim-
ited enrolment to those under age 30'® or 40°° years old.
Thus, the effect of age on BPyp in healthy controls was not
explored in these prior studies, nor, adjusted for in the TBI
findings. Our findings of an effect of age on BPyp in healthy
controls has, however, been reported before in [''C]FMZ
PET studies of epilepsy.’® The other studies also did not ac-
count for atrophy changes following TBI, as we have done
for all our BPyp findings. Despite these various methodo-
logical differences with prior studies, our confirmation of a
dominant depression of GABA 4 receptor availability follow-
ing TBI and marked loss of signal within the medial frontal
lobes and thalamus supports the generalizability of this re-
sult seen across prior FMZ PET studies in TBI.

The broad reductions in BPnp suggest a mix of underlying
factors. Reductions in GABA4 receptor availability has been
proposed as a marker of neuronal cell death as the GABA 5
receptor is the most abundantly occurring neuronal recep-
tor.>® However, reduced binding could also reflect a reduced
population of GABA 5 receptors secondary to changes in syn-
aptic activity (e.g. GABA 4 receptors are known to rapidly in-
ternalize under conditions of status epilepticus’”®® and
undergo altered trafficking and receptor properties leading
to dysfunction®! in the setting of TBI and other neurological
disorders).®?

Our FMZ-PET results are also comparable to prior cross-
sectional [18F] fluorodeoxyglucose PET studies of TBI pa-
tients which demonstrate graded thalamic and medial frontal
hypometabolism that correlates with behavioural out-
comes.'®17:63765 Nakayama et al.®® found that diffuse trau-
matic brain injuries showed a consistent hypometabolism in
medial bifrontal, cingulate gyrus and thalamus that graded
with severity of behavioural impairment across patients
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with moderate cognitive disability through vegetative state
outcomes. Garcia-Panach et al.'” found similar changes in
FDG-PET patterns of cerebral metabolism and TBI out-
comes but specifically identified decreased medial frontal
and thalamic metabolism in patients who emerged from
post-traumatic amnesia and controls, similar to our observa-
tions. Nakashima et al.® reported on hypometabolism with-
in the cingulate gyrus in subjects with TBI with
neuropsychologic deficits. Other studies have isolated re-
duced thalamic metabolism with TBI in early®® and, more
comparably, late time points after initial TBL** One study
specifically correlated reductions in the anterior cingulate
FDG-PET metabolic signal with neuropsychological deficits
following diffuse axonal injuries.'® These prior findings of
selectively reduced cerebral metabolism in the same regions
in which BPyp is reduced suggest an important functional
component to the loss of GABA4 receptor availability par-
ticularly within medial frontal and thalamic regions as seen
in Fig. 1A.

Longitudinal measurements revealed significant changes in
the BPyp between the sub-acute time point and ~1 year time-
point that exceed the measured longitudinal variability in
our controls across a similar time interval. No prior studies
of subjects with TBI have evaluated interval changes in
["'C]JFMZ PET measured GABA, receptor availability;
thus, these findings provide the first evidence that FMZ
PET is sensitive to evolving changes in the expression of
the GABA, receptor on neurones across the cerebrum fol-
lowing TBI. Notably, while frontal cortical regions showed
persistent and significant loss of GABA receptor availabil-
ity, a specific pattern of subcortical changes within the
striatum and pallidum emerged. In the striatum,
marked increases from initially decreased BPnp, are ob-
served (Fig. 1B). Changes within the pallidum over the
same time-frame results in ‘greater-than-normal’ BPyp at
chronic assessment. This novel finding could represent a
functional increase in local inhibitory activity resulting
from functional or structural deafferentation of excitatory
descending inputs from the frontal cortex and/or central thal-
amus.”! In this context, our findings of longitudinal changes
in GABA receptor availability may thus reflect (i) alterations
in expression and affinity of GABA, within preserved or re-
maining neuronal structure,**** and/or (ii) evidence of recep-
tor plasticity.*” Previous studies have reported a return to
baseline®” in glutamate signalling by 6 months post concus-
sions and suggested chronic excitatory-inhibitory signalling
imbalances (glutamate-GABA) following mild TBL®%’
However, no studies provide comparable timelines and meth-
odologies to directly compare our findings.
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We demonstrate a significant correlation of increased
GABA, receptor availability with improved ANT executive
attention score. The ANT executive score is a measure of in-
hibition and conflict resolution.” These findings can be com-
pared to a previous study'® of eight severe TBI patients—
preselected by behavioural impairment and limited cortical
damage; in this group, a graded FMZ binding reduction in
the right thalamus and left medial frontal gyrus, during the
chronic phase of recovery (12-228 months), was associated
with lower general cognitive function (full-scale 1Q).
Another study’” reported that the majority of patients with
memory impairment (7= 6 of 9) had low binding potential
in the temporal lobe. In our results, we show an overall glo-
bal increase in BPyp within cortical structures and thalami
relates to an improvement in executive attention behaviour.
The relationship between GABA receptor availability and
executive attention is particularly relevant to recovery given
the strong correlation between executive functions and daily
activities.”*”!

Collectively, the changes seen here in GABA, binding re-
flected in the ["'C]JFMZ PET BPyp are strongly consistent
with the AFM model of recovery of consciousness and brain
function following varying aetiologies of brain injury.'””?
The mesocircuit model begins with a single assumption
that multi-focal brain injuries result in a broad reduction
of background synaptic activity across the corticothalamic
system. This emerges as a consequence of widespread de-
afferentation and is amplified by the disfacilitation of central
thalamic regions which act as a critical hub in the forebrain
arousal regulation system.'”’? The model proposes that
marked reduction in frontal cortical and striatal function
arise via functional and structural deafferentation of central
thalamic projections to these structures. These changes are pro-
posed to be secondary to: (i) the strong central thalamic ana-
tomical projections to these structures”® and (ii) the effects
of chained inhibition within the cortico-striato-pallidal-
thalamocortical loop systems.”* Down-regulation of striatal
activity is predicted to arise as a consequence of reduced thala-
mostriatal/thalamocortical and cortico-striatal outflow in turn
leading to disinhibition of the globus pallidus interna that re-
sults in additional direct inhibition of thalamic efferent activity.
Thus, the mesocircuit model predicts the specific pattern seen in
the subacute period here of reduced GABA 5 binding across the
frontal lobes and striatum (Figs. 1 and 2A) and in particular the
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marked increase in local pallidal GABA, binding consistent
with the emergence of bilateral increases in pallidal activity ex-
ceeding control levels most prominently at the second time
point (Figs. 1 and 2C). Further, the accentuated metabolic de-
pression within the medial frontal regions and thalami (Fig. 1A)
correlate with several other studies demonstrating this predic-
tion of the model'®'” (see Edlow et al.,>> Thibault et al.”' for
review). Our findings can specifically be compared to a recent
study”® in which secondary thalamic pathology was strongly
correlated with outcomes following moderate to severe brain
injury patients following TBL. In addition, a correlation of re-
covery of executive function with broad increases in [''C]
FMZ PET BPyp across cerebral structures (Supplementary
Fig. 8) is also consistent with the mesocircuit model.

Fridman et al.”? examined the ratio of local metabolic ac-
tivity measured using [18F]fluorodeoxyglucose PET within
the globus pallidum and central thalamus (GP/CT) in a cross-
sectional study of patients with varying levels of recovery
from severe brain injury. The GP/CT ratio showed an inverse
correlation with increasing recovery of consciousness and
restoration of higher-brain brain function. These observa-
tions are consistent with the findings here of chronically re-
duced frontal lobe and elevated GP [''C]JFMZ PET BPnp
as reduced cortico-striatal and thalamo-striatal activity
would be predicted to correlate with release of local pallidal
neuronal firing.'>”* The increase in pallidal GABA binding
likely reflects local circuit inhibitory activity; prior studies
have demonstrated that microinfusion of zolpidem (a
GABA, alpha 1 selective positive allosteric modulator) with-
in the pallidum can suppress such activity.”® Moreover, hu-
man globus pallidus interna is enriched with the GABA4
alpha-1 subunit.”” Targeting of overactive pallidal GABA,
activity in the setting of marked functional deafferentation
of the frontal cortex and striatum has been proposed as a
key component of paradoxical behavioural improvements
seen in a minority’® of patients with disorders of conscious-
ness following structural brain injuries with administration
of zolpidem.””

While limited by multiple comparisons made in a small
sample, our findings that right ACC showed significant
change are also notable in the context of the mesocircuit
model. The ACC has widespread projections across Layer
1 of frontal and pre-frontal cortices®” and is thus positioned
to integrate loss of activity and connectivity across these
structures. In the context of the role of the projections
from the central thalamus to the fronto-striatal regions,”?
these anatomical specialization can be envisioned to act as
a ‘repeater circuit’ and amplify effects of arousal regulation
through pre-frontal and frontal regions. Underactivation of
these regions at baseline might provide the anatomical basis
for reduced readiness to deploy executive attention observed
in TBI patients with moderate to severe brain injuries.” In
this context, recent observations that patients with chronic
cognitive impairments (Glasgow Outcome Scale-Extended®’
scores 5-7) show improvement with central thalamic deep
brain stimulation (DBS) with driving of the central thalamus
into frontal cortex and striatum particularly in the Trail
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Making Test-B performance®” suggest that the reduced front-
al GABA, activity may provide a marker of a recruitable
reserve.

Overall, the changes seen of globally increased GABA
binding in Fig. 1B are consistent with increased arousal
and relative reafferentation of the cortex and striatum aris-
ing over the first year following TBI; such a gradual shift in
forebrain arousal and change in baseline activity would be
consistent with the well-characterized improvements in be-
havioural recovery that continue over 1, 2, 5, and even 15
years following TBL®*®* Within neocortical neurons, in-
creased arousal is dominated by inhibitory currents®>-%¢
and controlled by increased overall excitatory neurotrans-
mission via long-range projections across the cerebrum.
Increased arousal levels are associated with increased resting
metabolism®” and would be predicted to increase the number
of GABA receptors on neocortical neurons over time.
GABA , receptors mediate fast responsive changes in cortical
tone®® and play a key role in the strong background inhibi-
tory currents associated with awake ‘activated’ states of
the cortex.®® Thus, we propose that the increases observed
across all brain regions between the subacute and chronic
(~1 year) time points of measurement here (Fig. 1B) are con-
sistent with the FMZ signal tracking increased arousal and
restoration of synaptic background activity. Importantly,
this activity does not return to control levels across the front-
al lobe, a finding that is consistent with a wide literature of
predominantly frontal deficits that endure and impair voca-
tional reentry, continuing education and social re- engage-
ment following moderate to severe TBI.3*"°

In the aggregate, our observations suggest the future use of
[''C]JFMZ as a measure to track spontaneous recovery or in-
fluence of pharmacological agents’! but also as an outcome
measure of dynamic changes induced by electrical brain
stimulation over multiple time scales. As such, PET more
generally has tremendous advantages in not being sensitive
to the artefacts produced by deep brain stimulation (DBS)
electrodes in magnetic resonance based techniques and
with the use of additional ligands”’* allows a detailed molecu-
lar neuroimaging of either spontaneous recovery or thera-
peutic responses. The primary limitation of this study,
similar to other existing [''C]JFMZ PET studies'®3%°%57 of
subjects with TBI, is its small sample size along with the het-
erogeneity of injury severity and wide range of ages. The
range of cognitive impairments, though not selected for
apriori, is relatively comparable. These constraints limit
the generalizability of our results; nonetheless, we find a
strong inter consistency of changes across cortical regions
and subcortical structure comparable with those obtained
using entirely independent methods in subjects with TBI as
noted above. While we have detailed cognitive assessments
in our subjects with TBI, statistical considerations of a small
sample prevent finer stratification of our BPyp results by
cognitive impairment. We cannot draw strong conclusions
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about individual recovery trajectories and changes in
GABA 4 receptor availability as we have very few longitudin-
ally repeated measurements. The limited GABA , increases in
the frontal cortex may be influenced by heterogeneity of in-
jury severity and recovery in our sample. In a larger sample,
we might expect to relate these factors to specific patterns of
changes in GABA,. A larger cohort of healthy controls
across a wider age range, and with test-retests across mul-
tiple timelines, would help to establish more precise quanti-
tative expectations in control subjects. Moreover, GABA 5
receptors are highly dynamic over time and recent studies
have shown marked alteration of subunit types can arise in
response to activity changes in network state (e.g. during sta-
tus epilepticus®”®° or propofol anaesthesia.”®> GABA recep-
tors are rapidly trafficked to the neuronal membrane and
can become dysfunctional in neurological disorders.®* Our
measurements do not account for changes in subunit com-
position without alteration in nominal density of receptors
nor the functional normality of the GABA receptors reflected
in the binding we measure. We did not perform traditional
partial volume correction (PVC) and instead chose to adjust
for region size, as traditional PVC methods like geometric
transfer matrix’* correction may increase noise and assume
homogeneous values across regions. Our approach, however,
does not take account of the spatially and temporally variant
contrast in radioactivity concentration that induces the partial
volume error. Future studies will compare PVC methods.
Lastly, the use of a single ligand, specific to GABA, receptors
(and largely sensitive to the al subunit given its 10-fold in-
creased concentration”) limits our ability to assess the full
range of changes in GABA receptor availability in our subjects
and possible functional and structural alterations signalled by
changes in this receptor type following TBL
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