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Remote Brain Network Changes after Unilateral
Cortical Impact Injury and Their Modulation
by Acetylcholinesterase Inhibition
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Abstract

We explored whether cerebral cortical impact injury (CCI) effects extend beyond direct lesion sites to affect remote brain
networks, and whether acetylcholinesterase (AChE) inhibition elicits discrete changes in functional activation of motor
circuits following CCI. Adult male rats underwent unilateral motor-sensory CCI or sham injury. Physostigmine (AChE
inhibitor) or saline were administered subcutaneously continuously via implanted minipumps (1.6 micromoles/kg/day) for
3 weeks, followed by cerebral perfusion mapping during treadmill walking using ['*C]-iodoantipyrine. Quantitative
autoradiographs were analyzed by statistical parametric mapping and functional connectivity (FC) analysis. CCI resulted
in functional deficits in the ipsilesional basal ganglia, with increased activation contralesionally. Recruitment was also
observed, especially contralesionally, of the red nucleus, superior colliculus, pedunculopontine tegmental nucleus, thal-
amus (ventrolateral n., central medial n.), cerebellum, and sensory cortex. FC decreased significantly within ipsi- and
contralesional motor circuits and between hemispheres, but increased between midline cerebellum and select regions of
the basal ganglia within each hemisphere. Physostigmine significantly increased functional brain activation in the cere-
bellar thalamocortical pathway (midline cerebellum — ventrolateral thalamus — motor cortex), subthalamic nucleus/zona
incerta, and red nucleus and bilateral sensory cortex. In conclusion, CCI resulted in increased functional recruitment
of contralesional motor cortex and bilateral subcortical motor regions, as well as recruitment of the cerebellar—
thalamocortical circuit and contralesional sensory cortex. This phenomenon, augmented by physostigmine, may partially
compensate motor deficits. FC decreased inter-hemispherically and in negative, but not positive, intra-hemispherical FC,
and it was not affected by physostigmine. Circuit-based approaches into functional brain reorganization may inform future
behavioral or molecular strategies to augment targeted neurorehabilitation.
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Introduction

OTOR IMPAIRMENTS are a frequent finding after traumatic

brain injury (TBI).'™ Brain-injured patients may show
persistent impairments across multiple functions and behaviors, the
profile of which does not always correspond to the size and location
of injuries. One possible explanation is that TBI-induced damage
extends beyond initial lesion sites to affect brain networks at a
distance (“‘diaschisis).” In addition, compensatory strategies may
be engaged in response to functional deficits that ‘recruit’ brain
regions in a manner unlike that observed in normal subjects.
Compensatory strategies of the lesioned brain to reduce motor
deficits have centered on: (1) increased reliance on residual, non-
lesioned neurons in the affected motor circuits; (2) transfer of

function to other types of neurons in the affected motor circuits; (3)
increased reliance on contralateral circuits (stroke),’” (TBI);'* and
(4) learning of alternate behavioral strategies for executing a given
task, with transfer of function to alternate motor and sensory cir-
cuits (reviewed in Refs. 11 and 12). Such compensatory strategies
may augment or impede motor recovery but are lacking a sound
scientific understanding.®°

In the current study, we use a rat model to explore functional
reorganization of the motor circuit following unilateral motor-
sensory cortical injury. Despite their differences, remarkable sim-
ilarities exist between the rat model and humans at the level of the
anatomy of motor circuits, the general distribution of chemical
markers of striatal and pallidal structures, as well as similarities in
development and motor processing.'>™'® Treadmill walking in
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normal rats'”'® has shown that this task activates equivalent motor
circuits to those activated in humans'®*® Likewise, the way rats
use forelimbs to reach and grasp objects has been found to have
major homologies with human reaching.?'~?* This conservation of
supraspinal networks between rats and humans provides a close
animal-to-human translation of the proposed circuit-based neuroi-
maging approach to functional brain reorganization. In the work
outlined below, we apply cerebral perfusion mapping in the
rat model during a locomotor challenge to provide a detailed map
of regional changes in functional brain activation. In addition,
we apply interregional correlation-based functional connectivity
analysis to explore how lesions affect brain activity at the network
level 24726 Finally, because recent work by our group showed that
low dose, subchronic administration of physostigmine following
TBI may improve components of motor function,”’ we now ex-
amine if physostigmine elicits discrete changes in the functional
activation of motor circuits following motor-sensory cortical im-
pact injury (CCI).

Methods
Animals

Forty-three Sprague-Dawley male rats (250-300 g body mass,
Harlan Sprague Dawley, Placentia, CA) were used. Twenty of them
received TBI, and 23 received a sham intervention, as described
below. TBI animals were divided into two groups receiving con-
tinuous subcutaneous infusion of saline (Lesion/Saline, n=11) or
physostigmine (Lesion/Phy, n=9, 1.6 umoles/kg/day). Matching
groups were set up for sham intervention rats that received saline
(Sham/Saline, n=14), or physostigmine (Sham/Phy, n=9). The
research environment and protocol for animal experimentation
were approved by the Institutional Animal Care and Use Com-
mittee (JACUC) of the West Los Angeles Veterans Affairs
Healthcare System and the USC School of Medicine. The animal
facilities at these institutions are accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care (AAA-
LAC), International. Animals were group housed during a 1-week
period of acclimatization to the vivarium prior to experimentation.
Rats were individually housed following surgery, with free access
to water and standard rodent chow for the duration of the study.

Controlled cortical impact (CCl)

Rats were anesthetized with isoflurane (induction 3.5%, main-
tenance 2.0%). Trauma of the right cerebral cortex was produced
with a modification of the method of Allen®® and Feeney et al.?’
Methods were identical to those reported previously.?’=*° In brief,
following sterile technique, a right parasagittal skin incision was
performed, the galea incised and reflected and a craniotomy fash-
ioned, with a 6.2 mm trephine, centered at 1.2 mm anterior and
3.5 mm lateral (right side) to bregma. A 20 g weight was dropped
through a vented stainless steel guide tube from a height of 35 cm to
strike a stainless steel circular, flat footplate (4.5 mm diameter)
resting on the exposed dura mater of the right motor-sensory cortex,
with its center 1.2 mm anterior and 3.5 mm lateral to bregma ( ~ AP
3.4mmto —1.0mm, Lat 5.7 mm to 1.3 mm). This site was selected
to coincide with the maximum activation of the primary motor
cortex observed in rats during treadmill walking.'” The indentation
produced in the cortex by the footplate was limited to 3.0 mm.
Sham intervention animals were anesthetized as described above,
skin and galea incisions were made and then sutured, but no cra-
niotomy and cortical impact were produced. Animals were pro-
vided a source of heat to prevent post-operative hypothermia.
Antibiotic (Cefazolin-Na, 100 mg/kg i.m.) and analgesic therapy
(flunixin meglumine, 1.1 mg/kg, s.c.), twice daily, was maintained
during 3 days after TBI or Sham interventions.
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Administration of physostigmine hemisulfate

Physostigmine hemisulfate (Sigma Aldrich, St. Louis, MO) and
ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA,
Sigma Aldrich) were dissolved at equimolar concentrations in
double distilled boiled water, and 2 mL of the solution were used
to fill each osmotic pump (Alzet Model 2ML4, Durect Corp.
Cupertino, CA). The pumps are cylindrical in shape, with a length
of 3cm, a diameter of 0.7 cm, a weight of 1.1 grams empty, and
deliver 2.5 ulL/h continuously during 21 days. They were inserted
into a subcutaneous space created by blunt dissection of the inter-
scapular region of animals under isoflurane anesthesia. The skin
was closed with 2-0 prolene sutures. The molar infusion rate of the
acetylcholinesterase inhibitor was 1.6 umoles/kg/day. Drug deliv-
ery was confirmed on explantation of the pump at the end of the
experiment by aspiration of the remaining drug, as well as weighing
of the pumps. At the physostigmine infusion rates of 1.6 umoles/kg/
day, no signs of cholinergic toxicity were observed at any time. We
have previously shown that this physostigmine dose following
3 weeks of infusion reduces cortical acetylcholinesterase activity to
91%-95% of control and improves performance in the accelerat-
ing Rotarod paradigm.27 Earlier work using [3H]-physostigmine
showed that its distribution is across the entire brain, and that
the cerebral concentration of [°H]-physostigmine is correlated with
the regional cerebral blood flow (rCBF) during the uptake phase of
intravenous pulse administration.*' This flow-dependent charac-
teristic ensures that the areas that are activated during a task (i.e.,
with increased rCBF) will receive the greatest relative amount of
physostigmine when it is administered continuously, as in the
present experiments.

Functional brain imaging

Seventeen days after TBI, animals were anesthetized (isoflurane
1.5% maintenance) and implanted using sterile technique with
external jugular vein catheters (3.5-Fr. silastic) with the tip ad-
vanced into the superior vena cava. The distal end of the catheter
was tunneled subcutaneously from the ventromedial aspect of the
neck to the infrascapular region, externalized, and then capped with
a stainless steel plug. Catheters were flushed every other day with
(0.8 mL of 4 U heparin/mL in 0.9% saline, followed by 0.1 mL of a
lock solution of 20 U/mL heparin in 0.9% saline).

Brain mapping was conducted 4 days after catheter implantation
between noon and 5 PM under standard laboratory lighting con-
ditions with a background noise level of 60 dB. Brain mapping was
performed during a Rotarod locomotor challenge, which our prior
work in nonlesioned rats showed results in functional activation of
the classical basal ganglia circuit, as well as midline cerebellum.'®
This task activates equivalent motor circuits to those activated in
humans during treadmill walking.'®° Rats were placed in a metal
transport cage with a wire mesh top and habituated for 30 min to the
experimental room. The Rotarod spindle (7.3 cm diameter) and
transport cage were wiped with a cloth dampened with 1% am-
monia between animals to minimize olfactory cues. Novelty effects
were minimized due to prior exposure of the rats to both the
Rotarod and the transport cage. At the start of the experiment,
animals were refamiliarized with treadmill walking on the Rotarod
for 2min at 8 rpm (3.1 cm/sec). Thereafter, the rats were removed
and the percutaneous port was quickly connected to an external
catheter loaded on one end with 125 uCi/kg of ['*C]-iodoantipyrine
(American Radiolabelled Chemicals, MO) in 300 uL of 0.9% sa-
line, and to a syringe filled with euthanasia agent (pentobarbital
75 mg/kg, 3M potassium chloride) on the other. Rats were then
returned to slow walking on the Rotarod at a speed of 8§ rpm. The
catheter was loosely supported over the Rotarod, with the syringe
placed into a mechanical infusion pump placed behind the Rotarod.

Injection of the tracer occurred by motorized pump at 2.25 mL/
min after 2 min of treadmill walking. Immediately after bolus in-
jection of the tracer, the euthanasia solution was injected into the
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circulatory system. This resulted in cardiac arrest within ~8-10
seconds, a precipitous fall of arterial blood pressure, termination of
brain perfusion, and death. This 8-10 second time window provides
the temporal resolution during which the distribution of regional
cerebral blood flow-related tissue radioactivity was mapped.*
Regional cerebral blood flow (rCBF) was measured by the classic
[*C)-iodoantipyrine method.>* In this method, there is a strict
linear proportionality between tissue radioactivity and rCBF when
the radioactivity data is captured within a brief interval (~ 10 sec)
after the radiotracer injection.**’

Brains were rapidly removed, flash frozen in dry ice/methylbutane
(=55°C), embedded in OCT™ compound (Miles Inc., Elkhart,
IN), and stored in a freezer at —0°C. Brains were subsequently cut
in a cryostat at —18°C in 20-um-thick coronal sections with a
300 um interslice distance. Sections were heat-dried on glass slides
and exposed for 2 weeks at room temperature to Kodak Biomax
MR film in spring-loaded x-ray cassettes along with 16 radioactive
4C standards (Amersham Biosciences, Piscataway, NJ). Auto-
radiographs were placed on a voltage stabilized light box (Northern
Lights Illuminator, InterFocus Ltd, England), imaged with a Retiga
4000R charge-coupled device monochrome camera (Qimaging,
Canada) and a 60 mm Micro-Nikkor macro lens (Nikon, USA), dig-
itized on an 8-bit gray scale using Qcapture Pro 5.1 (Qimaging,
Canada) using an ATI FireGL V3100 128 MB digitizing board on a
microcomputer. Spatial resolution for the detection of changes in
rCBF was 100 um.*®

Image analysis

Fifty-seven digitized serial coronal sections were selected and
stored as two-dimensional arrays of 40 um? pixels. Adjacent sec-
tions were aligned both manually and using TurboReg, an auto-
mated pixel-based registration algorithm®® that sequentially
registered each section to the previous section. The aligned sections
were imported as an image stack using Image] (NIH, Bethesda,
MD—http://rsb.info.nih.gov/ij/) with final voxel dimensions of
0.040 % 0.040 x 0.3 mm?>. All brains were smoothed with a Gaussian
kernel (FWHM =3 times the voxel dimensions). Individual 3D
images were spatially normalized into a standard space defined by a
template of the rat brain. To preserve the shapes of the sections, we
used a nonwarping geometric model that included rotations and
translations (rigid-body transformation), and used nearest-neighbor
interpolation. Details can be found in our publication.'® We em-
ployed cost function masking for the spatial normalization of the
lesioned brain. Binary masks were created of the lesioned areas
in each TBI animal by manually depicting the precise boundaries
of any gross lesions directly on the autoradiographic images using
the MRIcron software (http://www.cabiatl.com/ mricro/mricron/
index.html).***! Lesion volume was calculated across serial cor-
onal sections using the 300 um interslice distance. Signal under the
masked area in each animal was removed from the calculation of
the transformations needed to normalize the image in order to avoid
distortion.

SPM analysis. Statistical Parametric Mapping (SPM) (http://
www.fil.ion.uclac.uk/spm/)**** was developed for analysis of
imaging data in humans and has been adapted by us for use in rat
brain autoradiographs18 and as confirmed by others.***> Global
differences in the absolute amount of radiotracer delivered to the
brain were adjusted by the SPM software in each animal by scaling
the voxel intensities so that the mean intensity for each brain was
the same (proportional scaling). Voxels for each brain failing to
reach a specified threshold (80%) were masked out to eliminate the
background and ventricular spaces.

Unbiased, voxel-by-voxel, between-group statistical analyses
were performed in SPM to identify significant task-related changes
in functional brain activation. We first ran a factorial analysis,
equivalent to running an ANOVA test at each voxel, to identify

909

rCBF changes reflecting main effects of lesion, drug, and lesion x
drug interaction. To further delineate direction of those rCBF
changes, we performed between-group Student’s #-test. Statistical
significance was established at the voxel level (p<0.05) with
minimum cluster extent of 100 contiguous voxels. Brain regions
were identified using coronal, sagittal, and transverse views ac-
cording to the rat brain atlas.*® Group subcortical differences in the
distribution of CBF-TR were displayed as color-coded statistical
parametric maps superimposed on the brain coronal slices.

Region-of-interest definition. Regions of interest (ROISs)
were defined and data extracted as follows. Clusters showing sig-
nificant main effects of lesion or drug or lesion x drug interaction in
the SPM factorial analysis (p <0.05, extent threshold>100 con-
tiguous voxels) were combined through logical disjunction to
create a master cluster. Anatomical ROIs were then drawn manu-
ally in MRIcro (version 1.40, http://cnl.web.arizona.edu/mri-
cro.htm) for each hemisphere of the template brain according to the
rat brain atlas. A total of 31 anatomic ROIs were selected, re-
presenting the basal ganglia-thalamocortical circuit, the cerebellar
thalamocortical circuit, and associated motor regions as defined in
Figure 3. Manually drawn ROIs were then combined with this
master cluster through logical conjunction to create functional
ROIs representing discrete anatomic regions showing task-related
functional activation as previously described.*” Mean optical
density of each functional ROI was extracted for each animal us-
ing the Marsbar toolbox for SPM (version 0.42, http://marsbar
.sourceforge.net/).

Pairwise interregional correlation analysis. We applied
inter-regional correlation analysis to investigate functional con-
nectivity. This is a well-established method, which has been ap-
plied to analyze rodent brain mapping data of multi&)le modalities,
including autoradiographic deoxyglucose uptake,**™° autoradio-
graphic CBF,*"! cytochrome oxydase histochemistry,”>* and
fMRL>’ In these studies, correlations are calculated in an inter-
subject manner (i.e., across subjects within a group and different
from the intra-subject cross correlation analysis often used on
fMRI time series data).’®™° An inter-regional correlation matrix
was calculated across animals for each group in Matlab (version
6.5.1, The MathWorks, Inc., Natick, MA, USA). The matrices were
visualized as heatmaps with Z-scores of Pearson’s correlation co-
efficients color-coded. Statistical significance of between-group
difference of a correlation coefficient was evaluated using the
Fisher’s Z-transform test (p <0.05).

Seed analysis. Given the prominent compensatory increases
in functional activation of contralesional anterior primary motor
cortex in the lesioned animals, we used SPM to evaluate significant
correlation in rCBF (p<0.05, extent threshold> 100 contiguous
voxels) for this brain region across the whole brain in each group of
animals. Significant correlations were interpreted as functional
connection and displayed as color-coded statistical parametric
maps superimposed on the brain coronal slices.

Results

Lesioning resulted in a lesion volume of 12.6£3.3mm’ in
the saline-treated animals, and a lesion volume of 10.3+2.8 mm>
in the physostigmine-treated animals, with no significant group
difference.

Effects of lesion on motor circuits

Factorial analysis. Significant main effects are summarized
in Table 1. Significant effects of lesion on functional brain acti-
vation were noted across the motor circuit ipsilesionally and more
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TABLE 1. BRAIN REGIONS WITHIN THE MOTOR CIRCUIT SHOWING SIGNIFICANT MAIN EFFECTS
AND INTERACTION IN FACTORIAL ANALYSIS

Lesion

contra

Drug Lesion x Drug

ipsi contra ipsi contra ipsi

Motor cortex, primary (M1)
secondary (M2)
Striatum, dorsolateral (dl-CPu)
Globus pallidus, internal (GPI)
external (GPE)
Substantia nigra (SN)
Subthalamic n./zona incerta (STN/ZI)
Thalamus, ventrolateral (VL)
ventromedial (VM)
central medial n. (CM) *
Pedunculopontine tegmental nucleus (PPN) *
Superior colliculus (SC) ;
Red nucleus (RPC)
Cerebellum, vermis *
intermediate lobule (SimA) *
medial n. (medCb) *

*
*

SR
*
*

* K ¥ ¥

Significant effects for ‘Lesion’, ‘Drug’, and ‘Lesion x Drug’ are depicted for regions ipsilateral (ipsi) and contralateral (contra) to the lesion (*p <0.05).

broadly contralesionally. Ipsilesional changes were significant
primarily at the level of motor cortex (primary and secondary), the
dorsolateral striatum, the internal globus pallidus, subthalamic
nucleus/zona incerta region, and the superior colliculus. Con-
tralesionally, significant changes included the above regions, as
well as the thalamus (ventrolateral, ventromedial), the red nucleus,
the pedunculopontine tegmental nucleus, as well as medially in the
central medial thalamus. In addition, lesions resulted in significant
changes in rCBF in the cerebellar vermis, the cerebellar interme-
diate lobule, as well as the deep cerebellar medial nucleus.

Between-group ftests. To evaluate the directionality (in-
crease or decrease) of group differences in rCBF in brain regions
identified by the factorial analysis, we performed between-group
Student’s #-tests at each voxel. Figure 1 reports significant group
differences in functional brain activation at p <0.05 for clusters of
> 100 contiguous voxels. A summary of the significant group dif-
ferences pertaining to the basal ganglia-thalamocortical circuit, the
cerebellar-thalamocortical circuit and associated motor regions is
provided as a diagram in Figure 2.

Lesioned compared to sham-lesioned rats, not surprisingly,
showed a significantly decreased rCBF in the motor-sensory cortex
(impact site) of the lesioned hemisphere (Fig. 1, Br. 1.0, — 1.9 mm)

and in ipsilesional dorsal striatum (Fig. 1, Br, 1.0mm) and the
substantia nigra (Fig. 1, —4.8 mm). Significantly decreased rCBF
was noted also in the subthalamic nucleus of the lesioned hemi-
sphere. Increased rCBF was noted ipsilesionally in the globus
pallidus (external, internal), ventrolateral thalamus, superior col-
liculus, as well as in the midline central medial nucleus of the
thalamus (Fig. 1, Br.—2.4, —6.0mm). Lesioned compared to
sham-lesioned animals showed prominent increases in rCBF in the
motor circuit of the nonlesioned hemisphere. Significant increases
in rCBF were noted contralateral to the lesion in the classical basal
ganglia circuit (anterior motor cortex, dorsal and ventral striatum,
external globus pallidus, and ventrolateral thalamus) (Fig. 1, Br.
3.0, 1.0, — 1.9, —2.4mm), as well as in associated motor areas
(contralesional red nucleus, pedunculopontine tegmental nucleus,
superior colliculus) (Fig. 1, Br. —6.0mm). Also noted was a sig-
nificant increase in the rCBF of contralesional sensory cortex
(primary somatosensory, primary/secondary visual), as well as the
cerebellar vermis, the intermediate cerebellar lobule, and the me-
dial cerebellar nucleus.

Pairwise inter-regional correlation between motor re-
gions. Figure 3 shows the pairwise correlation matrices of the
Sham/Saline group and the Lesion/Saline group. A summary of

FIG. 1.

>

Brain regions showing significant between-group differences in #-tests. Changes in regional cerebral blood flow-related tissue

radioactivity in rats following lesion and physostigmine (PHY) administration. Depicted are representative coronal sections (anterior—
posterior coordinates relative to the bregma in millimeters) and top-down view of the cortex. The color-coded statistical parametric
maps superimposed on coronal images of the template brain show significant group differences, with red and blue colors showing
positive and negative changes, respectively (p<0.05 at the voxel level for clusters of >100 contiguous voxels, n=9-14 per group).
White circles show the approximate location of the right cortical impact injury. Abbreviations: Acb, acumbens nucleus; Au, auditory
cortex; CA1, CA3, hippocampus CA1, CA3; Cgl, Cg2, cingulate cortex; CM, central medial thalamus; CPu, striatum; DG, dentate
gyrus; LD, lateral dorsal thalamus; GPE, external globus pallidus; GPI, internal globus pallidus; La, lateral amygdala; LO/VO, lateral/
ventral orbital frontal cortex; M1, primary motor cortex; M1post, posterior M1; M2, secondary motor cortex; M2post, posterior M2;
RPC, red nucleus; SIHL/S1FL/S1Tr/S1BF/S1J, primary somatosensory cortex of the hindlimb/forelimb/trunk/barrelfield/jaw; S2,
secondary somatosensory cortex; SC, superior colliculus; Sim, intermediate lobule of the cerebellum; SN, substantia nigra; STN/ZI,
subthalamic nucleus-zona incerta; TeA, temporal association cortex; VL, ventrolateral thalamus; VM, ventromedial thalamus; V1,
primary visual cortex; V2, secondary visual cortex. Rat brain atlas figures were reproduced from the rat brain atlas,”" with modification
and with permission from Elsevier. Color image is available online at www.liebertpub.com/neu
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Lesion-SAL Lesion-PHY Sham-PHY
VS. VS. VS.
Sham-SAL Lesion-SAL Sham-SAL

3.0mm

1.0 mm

SN
vermis

DGI/CA3 RPC

-8.9mm

vermis vermis Sim

-10.0 mm

< P<0.05

< P <0.0005
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the number of statistically significant pairwise correlations is pro-
vided in Table 2. Lesion/Saline rats compared to Sham/Saline
rats showed a net decrease in the total number of pairwise corre-
lations within each of the two hemispheres (intrahemispheric
correlations). Decreases were primarily for the negative in-
trahemispheric correlations, while positive intrahemispheric cor-
relations, in fact, showed a small increase. Significant ipsilesional
decreases in functional connectivity (Lesion/Saline vs. Sham/
Saline) were noted primarily between motor cortical-to-dorsolateral
striatal connections. Significantly increased connectivity was noted
ipsilesionally for the globus pallidus (external globus pallidus —
primary/secondary motor cortex, dorsolateral striatum; internal
globus pallidus — dorsolateral striatum, subthalamic nucleus/zona
incerta), the ventrolateral thalamus (ventrolateral thalamus—
secondary motor cortex), as well as the superior colliculus (superior
colliculus — primary/secondary motor cortex, dorsolateral stria-
tum, substantia nigra), with positive correlations for these struc-
tures more limited in the contralesional hemisphere. In addition,
there was functional recruitment of the midline cerebellum, which
showed significant pairwise correlations primarily for the medial
cerebellar nucleus and anterior vermis with the contralesional
motor cortex (primary, secondary), while secondary motor cortex
additionally showed an increased significant pairwise correlation
with the posterior vermis.

Most dramatic was the large decrease in the number of in-
terhemispheric correlations, positive and negative, within the
motor circuit (77% decrease in the total number of correla-
tions for the Lesion/Saline compared to the Sham/Saline group).
Interhemispheric connectivity was significantly diminished, in
particular between motor cortical regions, between the ipsilesional
and contralesional dorsolateral striatum, and between the dor-
solateral striatum and motor cortex in opposite hemispheres.
However, significant increases in interhemispheric connectiv-
ity were noted in isolated regions (superior colliculus — primary/
secondary motor cortex, subthalamic nucleus/zona incerta; external
globus pallidus — dorsolateral striatum, subthalamic nucleus/zona
incerta).

Seed analysis in the lesioned brain. Correlation analysis
was performed with the contralesional anterior motor cortex as the
seed (Fig. 4). Sham lesioned rats administered saline showed a
significant positive correlation of the seed with bilateral motor
cortex (primary, secondary), with bilateral dorsal striatum, the
central medial nucleus of the thalamus and broad areas of con-
tralesional sensory cortex (primary and secondary visual, auditory).
Significant bilateral negative correlations were noted with the
ventral striatum, red nucleus, substantia nigra, superior colliculus,
and pedunculopontine nucleus. Lesioned animals (Lesion/Saline),
not unexpectedly, differed from sham-lesioned animals adminis-
tered saline (Sham/Saline) in that a significant positive correlation
of the seed was observed only in contralesional (not bilateral)
dorsolateral striatum, and that the bilateral positive correlation with
motor cortex was much less broadly represented ipsilesionally. In
addition, lesioned compared to sham-lesioned animals showed a
broader significant positive correlation with the contralesional sen-
sory cortex (primary somatosensory, temporal association, primary/
secondary visual), contralesional subthalamic nucleus/zona incerta,
as well as with the midline cerebellar vermis and medial cerebellar
nucleus. Correlation ipsilateral to the lesion differed in showing a
positive correlation for posterior secondary motor cortex but not
primary motor cortex, with significant negative correlations for the
striatum and the central medial nucleus. Equivalent results in the
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Lesion/Saline animals were obtained for the abovementioned brain
regions when a correlation analysis was performed with the midline
cerebellar vermis as the seed (data not shown).

Effects of physostigmine on motor circuits
in the lesioned brain

Factorial analysis. Physostigmine had a differential effect
on functional activation of motor regions depending on the
presence or absence of the cortical lesion (drug x lesion inter-
action) (Table 1). Significant changes were noted ipsilesionally
in subcortical motor regions, including the dorsolateral striatum,
the globus pallidus (external, internal), the thalamus (ventrolat-
eral, ventromedial), and the subthalamic nucleus/zona incerta
region. Contralesionally, a significant differential drug x lesion
effect was noted only in motor cortex (primary, secondary), in
the globus pallidus (external, internal), and in the subthalamic
nucleus/zona incerta region. The lesion x drug interaction was
also significant in the cerebellar vermis and bilaterally in the
intermediate cerebellar lobules.

Between-group ftests. Physostigmine compared to saline-
treated lesioned rats showed significantly decreased rCBF broadly
in the lesioned hemisphere within the striatum (dorsal and ventral,
e.g., Fig. 1, Br. 1.0mm), globus pallidus (external, internal, Fig. 1
Br. —1.9, —2.4mm), and substantia nigra (Fig. 1 Br. —6.0 mm),
thalamus (ventrolateral, ventromedial, Fig. 1, Br —2.4 mm), and
deep white layer of superior colliculus (Fig. 1, Br. —6.0 mm) (for
summary, see also Fig. 2). Contralesionally, physostigmine re-
sulted in a significantly increased rCBF in the anterior motor cortex
(Fig. 1, Br. 3.0, 1.0, — 1.9 mm), subthalamic nucleus/zona incerta
(Fig. 1, Br. —4.8 mm), and red nucleus. A significant increase was
also noted in the cerebellar vermis (Fig. 1, Br —8.9, —10.0 mm)
and bilateral sensory cortex (primary somatosensory, auditory,
primary/secondary visual). The physostigmine effect in lesioned
animals stands in contrast to that noted in sham-lesioned rats in
whom the drug elicited broad, significant bilateral increases in
rCBF in the classic basal ganglia circuit, the associated motor re-
gions (superior colliculus, red nucleus, central medial, and ven-
tromedial nuclei of the thalamus, pedunculopontine tegmental
nucleus), and the cerebellum.

Pairwise inter-regional correlation in motor circuits of the
physostigmine-treated lesioned brain. 1In lesioned rats, phy-
sostigmine compared to saline resulted in a small decrease in the
total number of ipsilesional pairwise correlations (intrahemispheric
correlations), while the total number of contralesional pairwise
correlations remained unchanged (Table 2). Decreases were noted
in the positive intrahemispheric correlations, while negative in-
trahemispheric correlations, in fact, showed a small increase. Also
noted was a small increase in significant interhemispheric pairwise
correlations, as well as a small increase in the number of pairwise
correlation of the cerebellum with other non-cerebellar motor re-
gions. While global connectivity remained largely unchanged by
the drug, statistical comparison (Lesion/Phy vs. Lesion/Saline, Fig.
3) showed a modest loss in contralesional pairwise correlations for
the motor thalamic regions with the substantia nigra, subthalamic
nucleus/zona incerta, and dorsolateral striatum. The effect of
physostigmine on increasing the functional connectivity between
the anterior cerebellar vermis and contralesional motor cortex and
the dorsolateral striatum did not reach statistical significance.
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FIG. 2. Summary of the significant changes in functional
brain activation (Top row) between rats with unilateral motor-
sensory impact injury and sham-lesioned rats during treadmill
walking, as they pertain to the basal ganglia-thalamic-cortical
and cerebellar-thalamic-cortical circuits. (Middle row) be-
tween lesioned rats on chronic physostigmine infusions and
lesioned animals administered saline. (Bottom row) between
sham-lesioned rats on chronic physostigmine and sham-le-
sioned animals administered saline. Black shading indicates a
relative increase in regional cerebral perfusion, while gray
denotes a relative decrease as derived from the SPM maps from
Figure 1. Abbreviations: CM, central medial nucleus; GPE,
external globus pallidus; GPI, internal globus pallidus; PPN,
pedunculopontine tegmental nucleus; RPC, red nucleus; SC,
superior colliculus; SN, substantia nigra; STN, subthalamic
nucleus; VL, ventrolateral thalamus; VM, ventromedial thala-
mus. Arrows denote known efferent and afferent projections as
adapted9 from Warner (2001)°*> and Wichmann and Dostrowsky
(2011).”"
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Seed analysis in the Lesion/Physostigmine ani-
mals. Correlation analysis was performed with the contralesional

anterior motor cortex as the seed (Fig. 4). Lesioned rats, who were
administered physostigmine, different from those administered
saline, showed a broad, bilateral, significant positive correlation
of the seed, not only with secondary motor cortex, but also with
primary motor cortex (Fig. 4, Br. —0.6, —2.4mm). Lesion/Phy
compared to Lesion/Saline rats also showed a broader, significant
positive correlation of the seed with sensory cortex (primary/sec-
ondary, visual, e.g., Fig. 4, —4.8 mm) and the cerebellar vermis
(Fig. 4, Br. —9.7mm), which was most clearly different ipsile-
sionally. The positive correlation with contralateral striatum and
negative correlation with ipsilesional striatum, while significant,
was less broad in the Lesion/Phy versus Lesion/Saline comparison.
In addition, physostigmine administration in lesioned rats, different
from saline administration, resulted in a new significant positive
correlation of the seed with the contralesional ventrolateral thala-
mus (Fig. 4, —4.8 mm), the central medial nucleus, with significant
negative correlations noted bilaterally in the pedunculopontine
tegmental nucleus. Equivalent results in the Lesion/Saline and
Lesion/Phy animals were obtained for the abovementioned brain
regions when a correlation analysis was performed with the cere-
bellar vermis as the seed (data not shown).

Discussion

Brain regions (motor cortex, basal ganglia, thalamus, and cere-
bellum) that showed significant differences in functional brain
activation after motor cortical impact injury were many of the same
brain regions that have previously been reported to be acutely
activated/deactivated in normal rats, as investigated during tread-
mill walking using perfusion—based brain mapping'® or following
microstimulation of the motor cortex using immediate early gene
expression (c-fos).%® Our study is the first to report detailed func-
tional changes that accompany histologic changes within the motor
cortex, thalamus, hippocampus, and the cerebellar vermis reported
previously by others in the rodent TBI model.®'™%* A central issue
highlighted in the current study is that TBI-induced functional
changes extend beyond the obvious lesion site to affect remote
brain networks. While such diaschisis has been abundantly docu-
mented following cerebrovascular stroke,** few studies have sys-
tematically examined diaschisis after TBI. Prior studies have
suggested that focal TBI can result in global changes in excitation
and inhibition on the neuronal network level, and that such changes
can occur in the absence of histologically significant cell injury.%
Our study uniquely provides a detailed mapping of the functional
reorganization of motor networks occurring after unilateral motor-
sensory cortical impact injury.

Cortical impact injury resulted in functional changes in the ip-
silesional basal ganglia circuit (indirect and direct pathways), in-
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cluding loss of activation of the motor cortex, striatum, substantia
nigra, and subthalamic nucleus, and increased activation of the
globus pallidus (external, internal) and ventrolateral thalamus.
Functional connectivity was significantly reduced ipsilesionally
within motor cortex, and between motor cortex and the striatum.
However, increased functional connectivity was noted ipsile-
sionally between subcortical motor regions, including the supe-
rior colliculus, ventrolateral thalamus, globus pallidus (external,
internal), possibly as a partial compensation for the cortical in-
jury. Interhemispheric connectivity was greatly diminished, in
particular, between motor cortical regions, between the ipsile-
sional and contralesional dorsolateral striatum, and between the
dorsolateral striatum and motor cortex in opposite hemispheres.
These findings are consistent with a large number of reports
documenting structural abnormalities in transcallosal fibers in
TBI subjects.**~7°

Compensatory changes were noted broadly in the contralesional
hemisphere, where we saw significant functional recruitment
of stations within the classical basal ganglia circuit, and within
associated motor areas (red nucleus, superior colliculus, central
medial thalamus, and pedunculopontine tegmental nucleus). Con-
tralesional compensatory changes in the brain are well described in
patients following cerebrovascular stroke,”” but have been mostly
anecdotally described in TBI subjects. One reason may be that TBI
frequently involves widespread brain trauma, and future work will
need to examine our findings in blast injury models.

We also noted significant increases in contralesional functional
connectivity between the subcortical basal ganglia and motor
thalamic regions. Such increases in thalamic functional connec-
tivity are just beginning to be reported in human subjects fol-
lowing TBL.”! Seed analysis showed that lesioned rats, different
from sham-lesioned rats, showed a new significant contralateral
functional correlation of motor cortical rCBF with sensory cor-
tical rCBF, suggesting a functional recruitment. Finally, injury
resulted in increased rCBF in stations within the contralesional
cerebellar—thalamocortical circuit, a circuit that prior work has
suggested is capable of motor adaptation and synaptic plasticity
(reviewed in Aumann’?). This picture of broad functional re-
cruitment of the contralesional classical basal ganglia circuit and
associated motor regions, limited recruitment of the subcortical
motor circuit ipsilesionally, and robust recruitment of regions
within the cerebellar—thalamocortical circuit and contralateral
sensory cortex was confirmed also by the factorial analysis (Main
Effect: Lesion). Whether these changes represent functional re-
cruitment, as has been previously suggested,”* and/or a reactive
change with indirect cell injury after target deprivation remains
undetermined.®'

In our prior work, we demonstrated that continuous adminis-
tration of low dose physostigmine following unilateral motor-
sensory impact injury resulted in improved performance on the

>

FIG. 3. Functional brain connectivity during treadmill walking as displayed using interregional correlation matrices. (Left column)
Z-scores of Pearson’s correlation coefficients are color-coded. The matrix is symmetric across the diagonal line from upper left to lower
right. Significant correlations (p <0.05) are marked with white dots. Cortical impact injury in lesion rats was centered over the right
motor-sensory cortex. (Right column) The matrix of Fisher’s Z-statistics represents differences in Pearson’s correlation coefficients (r)
between the Lesion/Saline versus the Sham/Saline groups, the Lesion/Phy and Lesion/Saline groups, and the Sham/Phy and Sham/
Saline groups. Positive Z values indicate greater r in the Lesion group (or Lesion/Phy group), while negative Z values indicate smaller r.
Significant between-group differences (p <0.05) are marked with white dots. Abbreviations: dl-CPu, dorsolateral striatum; CM, central
medial thalamic n.; GPE, external globus pallidus; GPI, internal globus pallidus; medCb, medial cerebellar n.; M1, primary motor
cortex; Mlpost, posterior M1; M2, secondary motor cortex; M2post, posterior M2; RPC, red nucleus; SC, superior colliculus; SN,
substantia nigra; STN/ZI, subthalamic nucleus/zona incerta; antVermis, anterior cerebellar vermis; postVermis, posterior cerebellar
vermis; VL, ventrolateral thalamus; VM, ventromedial thalamus. Color image is available online at www .liebertpub.com/neu



BRAIN FUNCTIONAL REORGANIZATION AFTER TBI

44— RIGHT HEMISPH—» Cb <« LEFT HEMISPH. —P 4— RIGHT HEMISPH—P Cb 4 LEFT HEMISPH, —p

44— RIGHT HEMISPH—F Cb <— LEFT HEMISPH. —p

Sham/SAL

44— LEFTHEMISPH. —# Cb 4— RIGHT HEMISPH. —»

Les/SAL

4— LEFTHEMISPH. —% Cb 4 RIGHT HEMISPH. —»

=2

4— RIGHT HEMISPH— Cb <4— LEFT HEMISPH. — P

44— RIGHT HEMISPH—» Cb <« LEFT HEMISPH. —P

Les/SAL vs. Sham/SAL

44— LEFTHEMISPH. — Cb 4 RIGHT HEMISPH. —p

Les/PHY vs. Les/SAL

4— LEFTHEMISPH. —% Cb 4— RIGHT HEMISPH. —»

=3

915



916
TABLE 2. PAIRWISE CORRELATION OF rCBF
Sham/Saline Lesion/Saline Lesion/Phy
Pos. Neg. Total Pos. Neg. Total Pos. Neg. Total

Contra 11 8§ 19 13 0 13 8 5 13
Ipsi 13 12 25 15 O 15 8 4 12
IH 32 20 52 7 5 12 10 9 19
Contra—Cb 1 0 1 4 1 5 5 2 7
Ipsi—Cb 1 0 1 0o 2 2 1 2 3

Significant positive (pos.) and negative (neg.) pairwise correlations
within the contralesional motor circuit (contra), within the ipsilesional
motor circuit (ipsi), and between hemispheres (interhemispheric, IH) after
motor cortical impact injury (Lesion/Saline) or sham-injury (Sham/Saline)
and in response to physostigmine (Lesion/Phy).

Sham/SAL

MT, M2 qicpy

T

+1.7 mm

-0.6 mm

-2.4 mm

-4.8 mm

STN/ZI

-9.7 mm

P<005 P <0.0005
A /
_—

Lesion/SAL
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accelerating Rotarod treadmill, with lack of effect or worsening as
the dose was increased.?’ In the current study, we showed that
effects on functional activation of the lesioned brain after 3 weeks
of low dose physostigmine differed between hemispheres. Ipsi-
lateral to the cortical injury, physostigmine compared to saline
administration resulted in diminished functional activation of the
classic basal ganglia circuit, as well as of the ventromedial thala-
mus and the superior colliculus. Contralesionally, however, phy-
sostigmine increased functional activation of stations within the
basal ganglia circuit (motor cortex, subthalamic nucleus) and the
red nucleus. Seed analysis showed that Lesion/Phy compared to
Lesion/Saline rats also showed also a broader, bilateral, significant
positive correlation of motor cortical rCBF with sensory cortical
rCBF, suggesting enhanced functional recruitment.

Lesion/Phy

[0

M1, M2 cpy

STN/ZI

Vermis Vermis

FIG. 4. Correlation of functional brain activation with contralesional anterior motor cortex (left). Shown are significant seed correlations
(p<0.05, clusters of > 100 contiguous voxels) with the contralesional anterior motor cortex. Enhanced recruitment of cerebellar-thalamo-cortical
circuit and cerebellar-basal ganglia-cortical circuit in response to right, unilateral cortical impact injury (Lesion) and of lesioned animals in
response to physostigmine administration (Lesion/Phy). Abbreviations: Au, auditory cortex; CA1, CA2, hippocampus CA1, CA2; CPu, striatum;
M1, primary motor cortex; M2, secondary motor cortex; dI-CPu, dorsolateral striatum; Pir, piriform cortex; Pt, parietal cortex; STHL/S1FL/S1Tr,
primary somatosensory cortex of the hindlimb/forelimb/trunk; S2, secondary somatosensory cortex; STN/ZI, subthalamic n./zona incerta; VL,
ventrolateral thalamus; V1, primary visual cortex; V2, secondary visual cortex. Color image is available online at www .liebertpub.com/neu
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Factorial analysis in the current study revealed a drug x lesion
interaction for the cerebellar vermis; #-tests showed that lesioned
rats receiving physostigmine had a greater functional activation of
the vermis compared to lesioned rats receiving saline, and seed
analysis showed that vermal rCBF was correlated with rCBF within
the cerebellar thalamocortical circuit (midline cerebellum — ven-
trolateral thalamus — motor cortex). Previous autoradiographic, as
well as in situ hybridization and immunocytochemical studies, have
shown that several nicotinic receptor binding sites and subunits are
expressed in the adult rat cerebellum. A diffuse cholinergic afferent
projection to all lobules of the cerebellar cortex has been described,
as well as to the anterior vermis, uvulanodulus, and flocculus re-
gions.”*’® In addition, cerebellar cholinergic receptors are present
in cells within the cerebellum itself.”*~’® Our current results suggest
an augmentation of the functional recruitment of the cerebellum by
physostigmine. However, such recruitment may remain function-
ally incomplete, at least at the current dose of the drug. Though
pairwise correlation in lesioned rats showed physostigmine to in-
crease the functional connectivity of the vermis to motor cortical
regions compared to saline, this trend did not reach statistical sig-
nificance. Furthermore, while intrahemispheric functional con-
nectivity was largely unchanged ipsilesionally, it showed a few
significant decreases between select subcortical motor regions
contralaterally.

The current study describes the extensive remote network changes
seen after unilateral motor-sensory cortical injury. Such functional
reorganization of the brain may augment or impede motor behaviors
as has been previously recognized.®® The current study does not di-
rectly address this issue. However, if indeed recruitment of the cere-
bellar—thalamocortical circuit is a compensatory strategy elicited by
motor-cortical injury, this would suggest that neurorehabilitation
might benefit from incorporation of balance exercise that specifically
engages the cerebellum. Preliminary studies suggest modest efficacy
of balance training in TBI subjects.””’® Similar to our results in the
TBI rodent model, earlier work by our group showed hyperactivation
of the midline cerebellum during treadmill walking also in rats with
unilateral striatal lesions.”

Cerebellar hyperactivation can be seen also in subjects with
Parkinson’s disease,**®* an illness that prominently involves the
basal ganglia and that shows benefit from balance training.3*%°
Correlation studies have suggested that hyperactivation of the
cerebellum and motor cortex represents a compensatory mecha-
nism for hypoactivation in the basal ganglia, rather than a non-
specific pathophysiological response of the disease.®® Cerebellar
hyperactivation in Parkinsonian subjects increases monotonically
with increased movement speed of the motor challenge,®* and
shows partial normalization and improvement of motor deficits
following levodopa administration.*™®” Furthermore, bilateral
cerebellar transcranial magnetic stimulation in Parkinson’s patients
induces persistent clinical beneficial effects.®® These therapeutic
changes have been suggested to be mediated by inhibitory Purkinje
cells, the output neurons of the cerebellar cortex, which reduce the
excitatory drive from the deep cerebellar nuclei via the ventrolat-
eral thalamus to inhibitory neurons in the motor cortex.®>*° We
anticipate that circuit-based approaches into functional brain re-
organization will inform future behavioral or molecular strategies
to augment targeted neurorchabilitation of TBI patients.
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