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Catecholamines, particularly dopamine, modulate
working memory (WM). Altered sensitivity to
dopamine might play a role in WM changes
observed after traumatic brain injury (TBI).
Thirty-one healthy controls (HC) and 26 individ-
uals with mild TBI (MTBI) 1 month after injury
were challenged with bromocriptine versus pla-
cebo before administration of a verbal WM func-
tional MRI task. Bromocriptine was associated
with improved WM performance in the HC but
not the MTBI group. On bromocriptine, the
MTBI group showed increased activation outside
of a task-specific region of interest. Findings are
consistent with the hypothesis that individuals
with MTBI have altered responsivity to
dopamine.

(The Journal of Neuropsychiatry and Clinical
Neurosciences 2011; 23:277–286)

Initial and persistent cognitive deficits are the most
common complaints after TBI1 and are the major hin-

drance to return to baseline functioning.2 There are sev-
eral predictable areas of cognitive impairment after
TBI;3–6 these include working memory (WM), which is
the ability to hold information in mind and to manip-
ulate that material in light of incoming information. We
previously used functional MRI (fMRI) to demonstrate
that 1 month after mild TBI (MTBI), performance on a
moderately difficulty WM task was associated with sig-
nificantly greater cerebral activation (“compensatory
activation”) and increased memory complaints, despite
the fact that WM task performance was similar to that
seen in controls.7 We subsequently showed that MTBI
patients were unable to further increase brain activation
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with a higher WM processing load.8 We interpreted
these results as evidence for abnormalities in the acti-
vation and allocation of WM processing resources after
MTBI. In essence, patients were “working harder” to
achieve the same results with a moderately difficult
task, and thus had fewer additional processing re-
sources to recruit during a more difficult task condition.
Other groups have subsequently shown alterations in
cerebral activation after MTBI.9,10

The mechanism underlying these findings has not
been addressed. A significant body of work suggests
that catecholaminergic mechanisms play important
roles in WM functioning, especially in the prefrontal
cortex (see Arnsten et al.11). We have suggested12 that
these abnormalities play a role in abnormal activation
and allocation of WM processing resources after MTBI.
Although it is difficult to test this hypothesis directly, it
is possible to use pharmacological challenges to probe
whether individuals with MTBI differ in their response
to catecholaminergic agents. Altered behavioral (cogni-
tive) and neurophysiological (task-related cerebral acti-
vation) responses to a catecholamine agonist would
provide indirect support for our hypothesis. In this
study, we hypothesized that individuals with MTBI
would show altered cognitive and cerebral activation
patterns in response to the dopamine D2 receptor ago-
nist bromocriptine.

METHOD

This was a prospective, placebo-controlled, double-
blind, crossover study of consecutive patients with
MTBI referred to Dartmouth-Hitchcock Medical Center
(DHMC), a Level 1 Trauma Center.

Participants
Diagnosis of MTBI was established by criteria of the
American Congress of Rehabilitation Medicine.13 MTBI
patients were excluded if they had a history of other
neurologic disorders, significant systemic medical ill-
ness, or current DSM-IV Axis I diagnosis of psychiatric
illness as assessed by the Structured Clinical Interview
for DSM-IV.14 Healthy control subjects (HC) were re-
cruited through community advertisements and were
screened for neurologic, medical, or any past or current
psychiatric illness. After complete description of the
study to the participants, we obtained written informed
consent. The study protocol and the informed-consent

document were approved by the Dartmouth College
Committee for the Protection of Human Subjects.

Clinical Assessment
Participants completed a neuropsychological test bat-
tery that assessed level of estimated general intellectual
functioning (WRAT-3, Reading subtest;15 WAIS-III,
Block Design subtest16), verbal memory (California Ver-
bal Learning Test17 or California Verbal Learning Test-
II18), psychomotor speed (WAIS-III, Digit Symbol-Cod-
ing subtest16), and WM, executive, and attentional
functioning (Trail-Making Test, Parts A and B19 or Del-
is-Kaplan Executive Function System (D-KEFS), Trail-
Making Test, Conditions 2 and 4;20 D-KEFS Color–
Word Interference Test,20 Controlled Oral Word
Association Test,21,22 Paced Auditory Serial Addition
Test (PASAT),23 and Gordon Continuous Performance
Test24).

Procedures
Participants were studied on two occasions, approxi-
mately 1 week apart. The order of bromocriptine/placebo
was counterbalanced. Order of neuropsychological and
fMRI task administration was also counterbalanced, using
alternate forms when available.

Study Protocol Participants had a line for intravenous
access placed and had five blood samples drawn (Base-
line and 1, 2, 3, and 4 hours after medication or placebo
ingestion) to determine serial serum-prolactin levels.
Dopamine agonists inhibit prolactin secretion; thus, de-
crease in serum prolactin serves as a measure of central
dopaminergic effect. Participants and staff were blind
to medication condition. Approximately 21⁄2 hours after
oral drug (1.25 mg bromocriptine) or placebo ingestion,
participants were positioned in the MRI scanner, using
laser alignment beams and a non-magnetic deformable
foam headholder to stabilize head position. Stimuli for
the cognitive tasks were programmed in Presentation
(Neurobehavioral Systems, Inc., Albany, CA) and pre-
sented visually through an MRI-compatible goggle sys-
tem (Resonance Technology, Van Nuys, CA).

Serum Prolactin Assay Blood was collected in serum
separator tubes and immediately sent to the Dartmouth
Reference Laboratory. After clotting, samples were cen-
trifuged at 3,000 rpm and then immediately frozen and
stored at –80°C until ready for assay. The prolactin
assay is based on a solid-phase, two-site, chemilumi-
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nescent, immunometric format, performed on the Im-
mulite analyzer (Diagnostic Products Corp., Los Ange-
les, CA).

fMRI Scanning Procedure All scans were acquired by
use of the same GE Horizon 1.5T LX scanner. A gradi-
ent echo, echo-planar sequence was used to provide
whole-brain coverage: TR�2,500 msec; TE�40 msec;
FOV�24 cm; NEX�1, 29 interleaved 5-mm thick sagit-
tal slices with no skip, yielding a 64 � 64 matrix with
3.75 mm2 in-plane resolution. Initial volumes before
spin saturation were discarded.

WM Task As in our previous studies,7,8,25 a visually
presented verbal “N-back” task was used to test WM.
During scanning, participants viewed a string of con-
sonant letters (except L, W, and Y), presented at a rate
of one every 3 sec, in a four-condition, blocked design.
Conditions were 0-, 1-, 2-, and 3-back. For each conso-
nant seen, participants used a button-press device (Pho-
ton Control Inc., Burnaby, B.C.) to signify whether the
current letter was a match (i.e., was the same as the
designated target or the letter presented 1, 2, or 3 back
in the sequence, depending on the condition instruc-
tions) or was a non-match. The number of correct and
incorrect responses was recorded, along with reaction
times. Each task condition was presented in 27-sec ep-
ochs preceded by 3 sec of instruction (e.g., “the match is
D” or “the match is one back”). The four experimental
conditions were each presented three times in pseudo-
random order, for a total of 12 task blocks. Participants
rehearsed a practice version of the task on a laptop
before scanning to ensure comprehension of task
demands.

Statistical Analysis
Demographics and Cognitive Measures Demographic,
self-report, WM in-scanner performance data, and neu-
ropsychological variables for both groups were com-
pared by a repeated-measures analysis of variance
model taking into account drug condition (bromocrip-
tine versus placebo), diagnosis (MTBI versus HC), and
order of administration (drug/placebo versus placebo/
drug). Because gender26,27 and loss of consciousness
(LOC) might affect the results, these factors were also
included in supplemental analyses to determine
whether there were main effects for these factors on
cognitive outcome variables. For neuropsychological
test data, raw or standard scores were used, as indi-

cated, with the exception of Trail-Making. Because the
version of the test changed during the protocol, raw
scores for Trails A and B and D-KEFS Conditions 2 and
4 were z-transformed using the HC group means in the
placebo condition, with z-scores utilized for group
comparisons.

Serum Prolactin Levels Repeated-measures analysis of
covariance (ANCOVA) was used to assess the effect of
bromocriptine versus placebo on time-trends for serum
prolactin levels. A logarithmic transformation was ap-
plied to the dependent variables after inspection of ini-
tial plots of the data. A random interaction effect was
included between individual and treatment period in
the crossover design. A fixed effect was included for
TBI status and the interaction between TBI status and
treatment. All models were fit using Proc Mixed in SAS
V.9 (SAS Institute, Cary, NC).

fMRI Analyses Spatial realignment, using a six-param-
eter model, was performed on all raw scan data to
remove any minor (subvoxel) motion-related signal
change. All volumes for each subject were normalized
into standardized Montreal Neurological Institute Atlas
space using SPM5 (Wellcome Department of Cognitive
Neurology, University College, London, UK). During
spatial normalization, all scans were resampled to
2-mm3 isotropic voxels. Spatial smoothing to a full-
width half maximum of 8 mm was performed before
statistical analysis. fMRI analyses included statistical
parametric mapping on a voxel-by-voxel basis, using a
general-linear-model approach,28 as implemented in
SPM5. Smoothed normalized scans for all subjects were
entered into the model, and contrast images comparing
pairs of the WM processing-load conditions (1-back �
0-back; 2-back � 0-back; 3-back � 0-back) were created
for each subject. These contrast images were then used
for the second-level multisubject/between-group
random-effects analyses. The random-effects proce-
dure performs a mixed-model analysis to account for
both random effects (scan) and fixed effects (task
condition).29

Random-effects analyses were conducted using
ANCOVA to construct contrast maps of voxels in which
brain activation differed between Group and Drug condi-
tions (full factorial model in SPM5). Comparisons were
conducted within an omnibus Group (two independent
levels: MTBI, HC) x Drug (two non-independent levels:
bromocriptine, placebo) ANCOVA, covarying for
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age, education, and order of drug/placebo adminis-
tration. The design matrix therefore included both
conditions for both groups, accounting for the repeat-
ed-measures nature of the Drug factor (i.e., the matrix
included four columns, one for each group on pla-
cebo and bromocriptine). The critical significance
threshold (pcrit) was set to 0.001. Only clusters of
activated voxels with a whole-brain search cluster-
level puncorrected �0.05 are discussed. For illustrative
purposes, figures and tables also include results at a
pcrit of 0.01, where noted. Within the omnibus SPM5
design matrix, between-group comparisons were
conducted using weighted contrast vectors. For ex-
ample, pairwise comparisons of brain activation on
bromocriptine (MTBI versus HC) were conducted by
entering values of 1 and –1 in the appropriate col-
umns in the matrix. In this manner, determination of
regions where HC showed greater activation than
MTBI on bromocriptine would be identified by enter-
ing 1 in the HC Bromocriptine column and –1 in the
MTBI Bromocriptine column. To address multiple
comparison issues, significance levels are reported
here for both voxel-level pFWE-corrected and cluster-
level pcorrected results. Two-tailed correlations be-
tween brain activation and task performance were
performed with SPSS.

To examine the potential effects of gender and LOC
on brain activation patterns, supplemental analyses
were performed, separating groups in the design matrix
by the variable of interest. For gender, the matrix then
included eight columns, one for each gender of each
group on placebo and bromocriptine. For LOC, this
comparison was conducted using only the MTBI group,
in a four-column matrix, one column for LOC or no-
LOC under each drug condition. Gender was also ex-
amined as a covariate in the original design matrix. As
LOC was essentially confounded by Group (HC versus
MTBI) status, this approach was not appropriate for this
variable.

RESULTS

Demographics
Twenty-six subjects with MTBI and 31 HCs completed
the protocol (see Table 1). There were no significant
group differences in WRAT-3 Reading or WAIS–III
Block Design scores — estimates of baseline verbal and
nonverbal intellectual ability, respectively. The groups

did differ with respect to years of education, largely
because several of the MTBI subjects were students at
the time of study participation. Parental education did
not differ between groups. Because the protocol called
for repeated cognitive assessments over a short interval,
performance and imaging results might be vulnerable
to the influence of practice and exposure effects. Even
when alternate forms of a task are given, there can be
improvement in performance related to improved strat-
egy/efficiency in task approach. This theoretical con-
cern was confirmed by the finding of a main effect of
drug order in our original model. Thus, we included
order (drug or placebo first) as a covariate. The two
groups did not differ significantly with respect to age.
Nevertheless, the literature supports a robust relation-
ship between age and performance across a variety of
cognitive measures, including the age range spanned
by our participants. Also, there is evidence that age
affects task-related blood oxygen level-dependent
(BOLD) response. Thus, the subsequent analyses re-
ported used age, education, and order of drug admin-
istration as covariates. MTBI participants were studied
for a mean of 39 days after injury (SD: 16.1; range:
14–78); 19 of the 26 MTBI participants had LOC, with a
mean duration of 4.8 (SD: 10.1) minutes and a mean
Glasgow Coma Scale score of 14.2 (SD: 1.6). The proto-
col was well tolerated by both groups.

Serum Prolactin
Figure 1 shows serum prolactin levels over time for
participants while on placebo and on bromocriptine. As
expected, blunting of serum prolactin levels while on
bromocriptine started at about 21⁄2 hours after ingestion
and lasted for at least 5 hours after ingestion. This effect
spanned the time when the participants were undergo-

TABLE 1. Sample Characteristics

Healthy Controls
(N�31)

MTBI
(N�26) p

Age, years 31.8 (9.7) 28.3 (11.3) NS
Education, years 16.2 (2.4) 14.0 (2.6) 0.003
WRAT-3 Reading SS 108 (7.2) 106 (9.9) NS
Block Design SS 12.1 (2.6) 12.9 (3.3) NS
Mother’s education, years 14.1 (2.9) 13.7 (2.6) NS
Father’s education, years 15.4 (2.9) 14.2 (3.0) NS
Male gender, N (%) 14 (45.2%) 15 (57.7%) NS
Placebo first, N (%) 26 (83.9%) 23 (88.5%) NS

Values are mean (standard deviation) or N (%).
MTBI: mild traumatic brain injury; WRAT-3: Wide Range Achieve-

ment Test, 3rd Edition; SS: standard score.
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ing fMRI and the subsequent neuropsychological test-
ing, and it confirmed that there was a central dopami-
nergic effect during this interval. The differences
between bromocriptine and placebo were statistically
significant (p�0.005 pre-scanner and p�0.001 post-
scanner), but did not differ significantly between the
MTBI and HC groups.

Cognitive Performance
Both groups showed the expected working memory-
load effect on N-back performance, regardless of drug
condition (see Table 2), with percentage of correct re-
sponses (adjusted for guessing) decreasing with in-

creasing WM-load requirements. There was no main
effect of gender in either group, nor was there a main
effect of LOC in the MTBI group. The HC group
showed no differences in performance between drug
conditions, whereas the MTBI patients showed poorer
0-back (p�0.004), 3-back (p�0.047), and mean-back
(p�0.009) performance on bromocriptine, as compared
with placebo. No differences were apparent between
diagnostic groups on placebo, whereas, on bromocrip-
tine, MTBI patients performed worse than HCs for
0-back (p�0.010), 3-back (p�0.008), and mean-back
(p�0.001) conditions, with a trend toward poorer
performance for 1-back and 2-back (p�0.055, p�0.052).

FIGURE 1. Serum Prolactin Levels

Time trends by treatment conditions (bromocriptine versus placebo) and participant groups (MTBI versus HC), with p values for overall
treatment and difference in treatment effects between the groups, using repeated measures analysis of covariance. The targeted times for
entering and leaving the MRI are marked on the figure. Prolactin suppression is evident during the scan and cognitive-assessment time
periods. Degree of suppression does not differ between groups.

TABLE 2. N-Back Performance

HC (N�31) MTBI (N�26) HC vs. MTBI p Overall p

N-Back
Processing Load Placebo Bromocriptine p Placebo Bromocriptine p Placebo Bromocriptine Diagnosis Drug Interaction

Corrected 0-Back 95.2 (1.4) 95.2 (1.4) NS 93.7 (2.1) 84.2 (3.5) 0.004 0.65 0.010 0.17 0.039 0.018
Corrected 1-Back 91.3 (2.1) 93.3 (1.4) NS 87.7 (2.6) 84.5 (3.7) 0.37 0.64 0.055 0.13 0.73 0.24
Corrected 2-Back 87.4 (2.5) 89.2 (2.4) NS 78.7 (3.7) 77.9 (4.0) 0.78 0.17 0.052 0.038 0.98 0.64
Corrected 3-Back 71.5 (3.2) 77.4 (3.5) NS 63.7 (3.3) 63.0 (4.6) 0.047 0.19 0.008 0.020 0.10 0.20
Mean Back 86.4 (1.2) 88.8 (1.4) NS 81.0 (2.1) 77.4 (2.4) 0.009 0.19 �0.001 0.005 0.07 0.022

Values are mean (standard error).
HC: healthy control participants; MTBI: mild traumatic brain injury.
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A main effect of drug was found on 0-back (p�0.039),
attributable primarily to MTBI patients. A main effect of
diagnosis was apparent for 2-back (p�0.038), 3-back
(p�0.020), and mean-back (p�0.005), with MTBI pa-
tients performing significantly worse than HCs. A Drug
� Diagnosis interaction was evident for the 0-back
(p�0.018) and mean-back conditions (p�0.022), with
MTBI patients showing declines in performance on bro-
mocriptine relative to placebo, whereas HCs’ perfor-
mance was stable-to-improved across drug conditions.
Few statistically significant differences were noted be-
tween groups or drug conditions on neuropsychologi-
cal measures. For the Stroop Color-Naming Condition,
there was a Drug effect, with both HCs and MTBI
patients showing improved performance on bromocrip-
tine (p�0.027). HCs also showed improvement on the
Trail-Making subtest (Condition A or 2) when on bro-
mocriptine (p�0.041), whereas MTBI patients per-
formed more poorly on the Stroop Switching condition
while on bromocriptine (p�0.031).

fMRI

3-Back fMRI results are summarized in Figure 2 and
Table 3. In both Drug conditions, both groups displayed
activation of WM circuitry consistent with previous re-
sults with the N-back task.7,8 While performing the
3-back task relative to the 0-back task, both groups
activated WM circuitry (Figure 2, shaded areas). How-
ever, consistent with our previous results,8 while on
placebo, the HC group showed increased activation rel-
ative to the MTBI group within WM circuitry while
doing the most difficult (3-back) task (Figure 2 top row,
blue areas). Although the MTBI group showed activa-
tion on the 3-back task (relative to the 0-back), there
were no regions where the MTBI group showed signif-
icantly greater activation than HCs while on placebo.

On bromocriptine, the HC group again showed in-
creased activation relative to the MTBI group in WM cir-
cuitry (Figure 2, middle row, blue areas), whereas the
MTBI group showed increased activation in regions out-
side of WM circuitry (Figure 2, bottom row, blue areas),
including bilateral postcentral and superior temporal gyri.

As shown in Figure 2 and Table 3, the areas of great-
est group difference (HC � MTBI) in activation while
on bromocriptine were the bilateral frontal and parietal
regions typically activated during WM performance,
with the greatest difference in the right middle frontal
gyrus (pFWE-corrected�0.035). Furthermore, increased ac-

tivation in this region correlated with improved perfor-
mance on the 3-back task (r�0.266; p�0.05) across
groups while on bromocriptine.

2-Back and 1-Back The same pattern of differences in
brain activation was observed at lower WM loads (sup-
plemental materials available on request). The HC
group showed greater activation than the MTBI group
in WM-related circuitry, particularly in the frontal
lobes. This effect was accentuated on bromocriptine,
and became more pronounced with increasing WM
load. In contrast, the MTBI group showed greater acti-
vation than HCs in regions not typically associated with
WM processing. Additional analyses (not shown) of
groups broken down by gender and presence or ab-
sence of LOC (MTBI group) showed no significant ef-
fects on activation pattern or on the above findings.

DISCUSSION

Experimental results indicate that individuals with MTBI
have altered cognitive and cerebral activation patterns in
response to the dopamine D2 receptor-agonist bromocrip-
tine, consistent with the main study hypothesis. Of par-
ticular interest is that an overall N-back performance in-
dicator, the mean back-accuracy score, showed a
significant (p�0.02) Diagnosis � Drug condition interac-
tion. Post-hoc analysis of this interaction shows this was
due both to improvement in the HC group and poorer
performance in the MTBI group on bromocriptine. Fur-
thermore, the pattern of cerebral activation in response to
bromocriptine differed between the two groups. Increased
activation in WM circuitry in the HC group, including
bilateral frontal and parietal regions, was more pro-
nounced on bromocriptine, and greater right middle fron-
tal activation also correlated with improved task perfor-
mance across both groups, suggesting some functional
significance to the finding. The increased activation of this
region while on bromocriptine in HCs, coupled with the
improved performance in HCs as compared with the
MTBI group, raises the possibility that bromocriptine fa-
cilitates selective recruitment of task-related processing
resources in the healthy brain. In contrast, MTBI patients
on bromocriptine showed increased activation in brain
regions not typically associated with WM processing, sug-
gesting an altered neural response to bromocriptine chal-
lenge. This may suggest that the MTBI group is less effi-
cient at deactivating brain regions outside of task-related
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neural circuitry during WM processing, or that there is
compensatory activation of these resources in an effort to
maintain WM performance, which, in this cohort, was
unsuccessful. Taken together, these findings are consistent
with the hypothesis that subtle changes in the central

dopaminergic system may contribute to previously de-
scribed alterations in WM processing after MTBI.7,8,25

Our results differ in some ways from related studies.
For example, improved performance on a dual-task
paradigm while on bromocriptine was noted in 24 in-

FIGURE 2. Group Differences in Brain Activation During 3-Back in Response to Pharmacological Challenge

The combined SPM5 activation map for the 3-back � 0-back contrast for both groups (MTBI and HC) in both drug conditions (placebo
and bromocriptine) is displayed in red. Note the bilateral frontal, parietal, and cerebellar network typically activated during the N-back task.
Group contrasts of interest are overlaid in blue (MRIcroGL software package).

Top Row: Blue areas show increased activation in HC relative to MTBI on placebo. Consistent with previous results,8 note increased
activation within WM task-related circuitry while doing the most difficult (3-back) task. There were no regions where the MTBI group
showed significantly greater activation than HC while on placebo.

Middle Row: Blue areas show increased activation in HC relative to MTBI on bromocriptine. Note increased activation within red WM
task-related circuitry, greater than seen on placebo.

Bottom Row: Increased activation in MTBI relative to HC on bromocriptine. Note that increased activation occurs exclusively outside of
WM task-related circuitry.
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dividuals with TBI.30 However, participants in that
study were of mixed injury severity, were studied at
variable intervals after injury, and performed a differ-
ent task from the one used in our study. Subsequent
studies did not replicate the previous finding and, in fact,
noted a trend for bromocriptine to be associated with
poorer performance on a variety of attentional mea-
sures.31 Other discrepant findings have been reported in
response to dopamine agonists,32 and dose–response ef-
fects with dopamine agonists have been noted: low doses
can facilitate WM, whereas higher doses can impair per-
formance.33–35 It is possible that those with MTBI are more
sensitive to the effects of dopamine agonists, and thus
perform more poorly or do not show the same improve-
ment as HCs at equivalent doses of bromocriptine. There
may also be a biphasic pharmacokinetic response with
bromocriptine. Pizzolato et al.36 suggested that initial ef-
fects of bromocriptine can be inhibitory, whereas later
effects can be excitatory. Our study used different inges-
tion-to-fMRI intervals from previous studies (about 1.5
hours, versus about 2.5 hours). Previous work in rodents,

using a controlled cortical impact model of TBI,26,27 sug-
gests that TBI-associated changes in levels of frontal and
basal ganglia dopamine transporter are more pronounced
in males. Also, there may be gender-related differential
responses to interventions such as environmental enrich-
ment, perhaps related to neuroprotective effects of female
sex hormones.27 This raises the possibility that similar
gender differences might exist in human TBI, and thus
response to dopaminergic challenges might differ in men
and women. Although we did not find such differences in
either the cognitive outcome or the BOLD response, it is
possible that differences might be more apparent with a
larger sample size. It is also interesting that we did not
find differences within the MTBI group as a function of
presence or absence of LOC at the time of injury. How-
ever, report of LOC in the MTBI group is not always
reliable, and, even in those who did report LOC, the mean
duration was brief (4.8 minutes). Again, larger sample
sizes might reveal such differences.

The mechanism of dopamine system dysregulation is
not clear. MTBI is associated with alterations of cat-

TABLE 3. 3-Back > 0-Back

MNI
Coordinates
(x y z)

pcrit <0.001 pcrit <0.01

Voxel Level
pFWE-corrected T Region Description (for cluster peak)

Cluster
Extent

(k)

Cluster
Level

pcorrected

Cluster
Level

puncorrected

Cluster
Extent

(k)

Cluster
Level

pcorrected

Cluster
Level

puncorrected

Bromocriptine HC > TBI
50 28 38 172 0.010 0.000 876 0.000 0.000 0.035 5.26 Right middle frontal gyrus (BA9)
�54 20 34 70 NS 0.015 333 NS 0.002 NS 4.38 Left middle frontal gyrus (BA9)
52 �54 40 135 0.032 0.002 916 0.000 0.000 NS 4.11 Right inferior parietal lobule (BA40)
�32 �82 46 50 NS 0.035 344 NS 0.001 NS 3.95 Left superior parietal lobule (BA7)
50 42 2 58 NS 0.025 308 NS 0.002 NS 3.78 Right inferior frontal gyrus (BA10)
4 14 52 44 NS 0.046 196 NS 0.011 NS 3.69 Right medial frontal gyrus (BA6)
42 20 54 98 NS 0.005 0.060 5.11 Right superior frontal gyrus (BA8)

Bromocriptine TBI > HC
68 �16 12 89 NS 0.007 270 NS 0.004 NS 4.43 Right transverse temporal gyrus (BA42)
6 �42 78 901 0.000 0.000 NS 4.41 Right paracentral lobule (BA4)
0 �22 58 67 NS 0.017 217 NS 0.008 NS 4.18 Left medial frontal gyrus (BA6)
�20 �22 �14 45 NS 0.044 151 NS 0.023 NS 4.05 Left parahippocampal gyrus (BA35)
6 �88 36 64 NS 0.019 322 NS 0.002 NS 3.94 Right cuneus (BA19)
54 �62 �18 116 NS 0.042 NS 3.89 Right fusiform gyrus (BA37)
8 �74 2 315 NS 0.002 NS 3.78 Right lingual gyrus (BA18)
�30 �56 �18 53 NS 0.031 345 NS 0.001 3.65 Left cerebellum
22 �36 68 113 NS 0.044 NS 3.59 Right postcentral gyrus (BA3)
�58 �28 12 212 NS 0.009 NS 3.48 Left superior temporal gyrus (BA42)
4 �20 10 279 NS 0.003 NS 3.19 Right thalamus
�8 �56 72 70 NS 0.015 NS 4.00 Left postcentral gyrus (BA7)

Placebo HC > TBI
52 24 28 77 NS 0.012 346 NS 0.001 NS 4.03 Right middle frontal gyrus (BA46)
�36 �76 32 189 NS 0.012 NS 3.76 Left angular gyrus (BA39)
�54 20 34 133 NS 0.031 NS 3.76 Left middle frontal gyrus (BA9)
30 �72 26 177 NS 0.015 NS 3.55 Right precuneus (BA19)
38 44 10 118 NS 0.041 NS 3.28 Right middle frontal gyrus (BA10)
�46 44 10 114 NS 0.044 NS 3.23 Left inferior frontal gyrus (BA46)
0 4 62 141 NS 0.027 NS 3.16 Left superior frontal gyrus (BA6)

Placebo TBI > HC: No Significant Regions

HC: healthy control participants; TBI: traumatic brain injury.
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echolaminergic systems (including dopamine) that can be
prolonged, may be associated with alterations in cat-
echolaminergic receptor density in damaged cortical ar-
eas, and can impair catecholaminergic function after
trauma.37,38 The studies by Wagner et al.26,27 suggest that,
at least in rodents, TBI is associated with reduced dopa-
mine transporter levels in the striatum. Neuronal damage
in the region of the anterior frontal cortex might also con-
tribute to the changes in brain activation, with a relative
absence of anterior frontal activation seen in the MTBI
group. Although it is clear that neuronal loss does accom-
pany MTBI,39–41 it is generally considered to be greatly
reduced in extent and significance relative to that accom-
panying more severe injuries.

Alternatively, dopaminergic dysregulation may be a
downstream effect of dysfunction of other neurotransmit-
ter systems, such as the cholinergic system. There is a
significant body of work in animals and humans suggest-
ing that TBI results in alterations to the cholinergic system
(for reviews, see DeAngelis et al.,42 Verbois et al.,43 and
Arciniegas44). Given the reciprocal hippocampal–prefron-
tal connections and their interplay in the regulation of
memory,45 it is possible that subtle changes in cholinergic
tone, stemming from excitotoxic injury to highly vulner-
able regions of hippocampal cortex, result in apparent
changes in prefrontal dopaminergic regulation.

Several limitations should be considered in the inter-
pretation of these findings. We intentionally did not
include MTBI participants with significant medical and
psychiatric disorders; therefore these results may not
generalize to all individuals with MTBI. This MTBI
group had very mild injuries, and the results may not
apply to those with moderate and severe injuries. It is
also important to point out that the regions of increased
activity evident on bromocriptine do not necessarily
indicate the exact locations of dopaminergic effect. Al-

though BOLD fMRI activation in these areas indicates
local increased cerebral blood flow and metabolic activ-
ity, bromocriptine administration could indirectly mod-
ulate this activity through striatal or other intercon-
nected subcortical or cortical sites. Also, given the
behavioral/performance differences on bromocriptine
between the HC and MTBI groups, we cannot rule out
the possibility that the area of increased activation in
the right middle frontal region (see Figure 2 and Table
3) may modulate other behavioral effects, which then
secondarily affect WM performance. However, the fact
that this region is embedded within a neural network
known to play a key role in verbal WM circuitry is
consistent with a drug-related WM modulatory effect.

Despite these limitations and caveats, the current re-
sults remain most consistent with the conclusion that
MTBI is associated with subtle dysregulation of frontal
dopaminergic systems in the first 4–6 weeks after in-
jury and that simple augmentation strategies with a
dopamine agonist that affects predominantly D2 recep-
tors may not improve cognitive functioning. Further
studies are needed to clarify the effects that different
dosing strategies, severity of injury, and the injury-to-
treatment interval may all have on outcome.

Location of Work: Section of Neuropsychiatry and Brain
Imaging Laboratory, Departments of Psychiatry, Radiology,
Community and Family Medicine (Biostatistics), Emergency
Medicine, Dartmouth Medical School, Lebanon, NH.
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