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Abstract

This study was designed to investigate whether functional and molecular MRI techniques are
sensitive biomarkers for assessment of neuroinflammation and drug efficacy after traumatic brain
injury (TBI) in rats. We subjected rats to a controlled cortical impact model and used behavioral
tests, histology, and immunofluorescence to assess whether flavonoid pinocembrin provides
cerebral protection and improves functional recovery. Most importantly, we used multiple
noninvasive structural, functional, and molecular MRI techniques to examine whether the
pinocembrin-related neuroprotection and attenuation of neuroinflammation can be detected /in
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vivo. Significant increases in cerebral blood flow (CBF) and amide proton transfer-weighted
(APTw) MRI signals were observed in the perilesional areas in untreated TBI rats at 3 days and
could be attributed to increased glial response. In addition, increased apparent diffusion coefficient
and decreased magnetization transfer ratio signals in untreated TBI rats over time were likely due
to edema. Post-treatment with pinocembrin decreased microglial/macrophage activation at 3 days,
consistent with the recovery of CBF and APTw MRI signals in regions of secondary injury. These
findings suggest that pinocembrin provides cerebral protection for TBI and that multiple MRI
signals, CBF and APTw in particular, are sensitive biomarkers for identification and assessment of
neuroinflammation and drug efficacy in the TBI model.
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1. Introduction

Traumatic brain injury (TBI) is a serious public health problem that affects an estimated 1.7
million Americans annually (CDC statistics, 2010). It is a complex injury that results in
primary injury and secondary injury cascades. Variable outcomes of patients after TBI and
the multiple definitions of TBI make interpreting results across research studies challenging
(Amyot et al., 2015). Currently, no drug is effective for treatment of TBI, and clinical trials
of neuroprotective drugs have not shown clear benefit in reducing or preventing secondary
brain damage (McConeghy et al., 2012). Therefore, it is imperative to develop an effective
treatment for TBI.

Pinocembrin (5,7-dihydroxyflavanone) is a natural flavonoid compound extracted from
honey, propolis, ginger root, wild marjoram, and other plants (Lan et al., 2016; Rasul et al.,
2013). In the last few years, preclinical studies have shown that it has antiinflammatory (Lan
etal., 2017; Saad et al., 2015) and neuroprotective effects (Kapoor, 2013; Wang et al.,
2016b), as well as the ability to reduce reactive oxygen species (Wang et al., 2016b), protect
the neurovascular unit (Liu et al., 2014), and modulate mitochondrial function (de Oliveira et
al., 2016). It can also regulate apoptosis (Saad et al., 2015; Wu et al., 2013), detoxification,
and immunity genes (Mao et al., 2013). The pharmacokinetics and pharmacodynamics of
pinocembrin recently have been reported in rats (Sayre et al., 2015) and in humans (Cao et
al., 2015; Yan et al., 2014). Furthermore, pinocembrin has been authorized by the State Food
and Drug Administration of China for clinical trials in patients with ischemic stroke, and
phase 1l trials have begun (ClinicalTrials.gov Identifier: NCT02059785) (Yan et al., 2014).
Nevertheless, its potential efficacy in TBI has not been tested.

The application of neuroimaging techniques, such as magnetic resonance imaging (MRI),
has considerably advanced our understanding of various complex neurologic disorders
(Yang et al., 2017). Preclinical and clinical data have indicated that MRI is critical for
assessing structural and functional changes of TBI that are related to the pathophysiology
and clinical manifestations of neurologic disorders (Jaiswal, 2015; Long et al., 2015; Shultz
etal., 2015). MRI is commonly used to ascertain measures of structure (T, and T1) and
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function (apparent diffusion coefficient [ADC, which measures the diffusion rate of water
molecules] and cerebral blood flow [CBF]). Further, scientists are investigating whether
molecular MRI techniques can be used to assess some neurologic diseases and their
response to therapy (Amyot et al., 2015; Zhou et al., 2003, 2011). For example, it has
recently been shown that protein-based amide proton transfer (APT) MRI can accurately
detect hyperacute intracerebral hemorrhage and distinctly differentiate intracerebral
hemorrhage from cerebral ischemia in rats (Wang et al., 2015). APT imaging is a molecular
MRI method that can noninvasively detect endogenous mobile protein concentration and
tissue pH changes. In this study, we subjected rats to a controlled cortical impact (CCI) TBI
model and used behavioral tests, histology, and immunofluorescence to assess whether
pinocembrin provides cerebral protection and improves functional recovery. We also used
multiple noninvasive structural, functional, and molecular MRI techniques to examine
whether the pinocembrin-related neuroprotection and attenuation of neuroinflammation can
be detected /in vivo.

2. Materials and methods

2.1. Animals

All animal studies were conducted in accordance with National Institutes of Health
guidelines and were approved by the Johns Hopkins University Animal Care and Use
Committee. Forty-one adult, male Sprague-Dawley rats (300-350 g) were obtained from
Charles River Laboratories (Frederick, MD) and maintained in the Johns Hopkins animal
facility. All efforts were made to minimize the numbers of animals used and ensure minimal
suffering. Animal experiments were reported in accordance with the ARRIVE (Animal
Research: Reporting /n Vivo Experiments) guidelines (www.nc3rs.org.uk/arrive-guidelines).

2.2. CCl model of TBI

Rats were anesthetized initially with 5% isoflurane and maintained with 1.5%—2%
isoflurane in oxygen-enriched air (20% oxygen/ 80% air) with spontaneous ventilation. CCl
injury was induced with a PSI TBI-0310 Impactor (Precision Systems and Instrumentation,
Fairfax, VA), which uses electromagnetic force to produce an impact velocity for which
speed, depth, and dwell time can each be individually manipulated to produce injuries with
different severities (Cheng et al., 2016). The rats were placed on a stereotactic frame with a
built-in heating bed that maintains body temperature at 37 °C. The head was mounted in the
stereotactic frame. Under aseptic conditions, a midline longitudinal incision was made over
the skull, and a 5-mm craniotomy was made using a portable drill and trephine over the left
parietal cortex (center of the coordinates of the craniotomy relative to bregma: 1 mm
posterior, 1 mm lateral). The bone flap was removed. A pneumatic cylinder with a 3-mm
flat-tip impounder produced CCI in the rats at a velocity of 5.5 m/s, depth of 5 mm, and
impact duration of 65 ms. The scalp was closed with cyanoacrylate tissue glue. Rats of the
sham group received a scalp incision, but the skull was kept intact. After they resumed
locomotor activity, the rats were returned to their home cages.
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2.3. Experimental groups and administration of drugs

Pinocembrin was dissolved in sterile saline. Rats were randomly divided (http://
www.randomization.com) (Han et al., 2016) into four groups: sham (5 rats), TBI + vehicle
(sterile saline; 20 rats), TBI + pinocembrin 5 mg/kg (11 rats), and TBI + pinocembrin 10
mg/kg (5 rats). An investigator blinded to treatment administered pinocembrin or an equal
volume of saline by tail vein injection at 30 min after CCI and again 1, 2, and 3 days post-
CCI. Sham rats were administered an equivalent volume of saline at 30 min after
craniotomy. We chose the delivery route, dosing, and treatment regimens for pinocembrin
based on previous work (Guang and Du, 2006; Meng et al., 2014; Shi et al., 2011; Wu et al.,
2013).

2.4. MRI data acquisition

Imaging experiments were performed on a 4.7 T animal MRI system (Bruker Biospin,
Billerica, MA) with an actively decoupled cross-coil setup (a 70-mm body coil for
radiofrequency transmission and a 25-mm surface coil for signal reception). MRI data were
acquired at six time points (within 1 hand 1, 3, 7, 14, and 28 days after TBI). First, axial/
coronal Tow images were acquired with the following parameters: repetition time (TR) = 3
s; echo time (TE) = 64 ms; 5 slices; thickness = 1.5 mm; field of view = 42/32 x 32 mm?;
matrix = 256/192 x 192; number of averages (NA) = 2. Then, several quantitative MRI
parameters were acquired with previously described methods, including T, (TR=3s; TE =
30, 40, 50, 60, 70, 80, and 90 ms; NA = 4), T, (inversion recovery; pre-delay = 3 s; TE = 30
ms; inversion recovery times = 0.5, 0.3, 0.6, 1.2, 1.8, 2.5, and 3.5 s; NA = 4), isotropic ADC
(TR =3s; TE = 80 ms; b-values = 0, 166.7, 333.3, 500, 666.7, 833.3, and 1000 s/mm?2; NA
= 8), CBF (arterial spin labeling; 3-s labeling at a distance of 20 mm away from the imaging
slice; TR =6 s; TE = 28.6 ms), APT (frequency-labeling offsets of +3.5 ppm; TR =10s; TE
= 30 ms; saturation power = 1.3 uT; saturation time = 4 s; NA = 16), and conventional MTR
(with the same experimental parameters as APT, except a saturation frequency offset of 10
ppm, namely, 2000 Hz at 4.7 T).

2.5. Image analysis

All MRI data were processed by using Interactive Data Language V7 (Exelis Visual
Information Solutions, Inc., Boulder, CO) and previously described methods (Zhou et al.,
2003, 2011). Lesion volumes were measured manually as the sum of all injury voxels in all
slices on the high-resolution Tow images. After being interpolated to 384 x 384, the T, map,
T4 map, and ADC map were fitted by using the following equations: 1 = I exp (-TE/Ty), | =
A+ Bexp (-TI/Ty), and | = Iy exp (=b ADC), respectively. The CBF map was reconstructed
from images with and without labeling. The APT-MRI signal was quantified by the MTR
asymmetry from images with and without labeling. =12 MTRasym(3.5 ppm) = Sga¢(=3.5
ppm)/Sg — Ssat(+3.5 ppm)/Sy (Where Sg;t and Sy are the signal intensities with and without
RF irradiation). We obtained the MTR map at an offset of 10 ppm using the equation: MTR
(10 ppm) =1 — S¢(10 ppm)/Sg. For the quantitative image analysis, the signal abnormalities
on the high-resolution Tow images were used as a reference for defining regions of interest
(ROISs): core area, ipsilateral cortex, ipsilateral hippocampus, contralateral cortex, and
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contralateral hippocampus. These ROIs were drawn manually on the ADC maps and then
transferred to identical sites on other co-registered MRI maps.

2.6. Behavioral testing

2.6.1. Neurologic deficits—An investigator blinded to group evaluated neurologic
function before TBI and on days 1, 3, 7, 14, and 28 after TBI with the modified neurologic
severity score (mMNSS) (Wang et al., 2013a, 2016a). The mNSS is a composite of motor
(muscle status and abnormal movement), sensory (visual, tactile, and proprioceptive), reflex,
and balance tests. Neurologic function was graded on a scale of 0-18, where 0 is normal and
18 indicates maximal neruologic deficit.

2.6.2. Rotarod—We used the rotarod test to examine motor deficits of rats before TBI, at 1
h post-TBI, and at 1, 3, 7, 14, and 28 days post- TBI. The rotarod device (Rotamex-5;
Columbus Instruments) requires the animal to walk on a frame with a motorized rotating
assembly of 18 rods (1 mm in diameter). The rotational speed of the device is increased
from 0 to 30 rpm (rpm) in intervals of 3 rpm for 10-s periods. The rotarod score was
recorded as the duration in seconds at which the animal completed the 2-min task, fell from
the rods, or gripped the rods and spun for two consecutive revolutions rather than actively
walking (Hamm et al., 1994).

2.6.3. Beam walking test—This test is used to evaluate the rats’ ability to traverse a
beam. Rats were trained to walk on a wooden beam (2.5 x 2.5 x 80 cm?) elevated 60 cm
above the floor to return to the goal box. Before CCl, the rats were trained once daily for 3
days. After CClI, the rats were tested at 1 h and at 1, 3, 7, 14, and 28 days. Traversing ability
was assessed on a modified scale: 0 = traverses the beam with no foot slip; 1 = traverses
while grasping the lateral side of the beam; 2 = shows disability of walking on the beam but
can traverse; 3 = takes a considerable amount of time to traverse the beam because of
difficulty walking; 4 = unable to traverse the beam; 5 = unable to move the body or any limb
on the beam; 6 = unable to stay on the beam for 10 s (Goldstein and Davis, 1990).

2.7. Histology

Rats were anesthetized and underwent intracardiac perfusion with 4% paraformaldehyde in
0.1 mol/L phosphate-buffered saline (pH 7.4). The brains were removed and kept in 4%
paraformaldehyde for 48 h before being immersed in 30% sucrose for 3 days at 4 °C. The
brains were then cut into 20-um-thick coronal sections with a cryostat, stained with Cresyl
violet (for neurons), and dehydrated in an alcohol and acetone series. Coverslips were placed
over the sections and sealed with mounting medium.

2.8. Stereological measurement of absolute neuronal number

Coded slides were used for unbiased stereological analysis to ensure that the investigator
was blinded to the treatment groups (Cheng et al., 2016; Yang et al., 2013). We analyzed the
surviving neurons in the top half of the cortex in the injured hemisphere (between bregma
-0.8 mm and bregma —2.8 mm) with a Nikon Eclipse 600 microscope and quantified them
using Stereo Investigator Software (MBF Bioscience, Williston, VT) (Cheng et al., 2016).
We used an optical fractionator method to estimate the number of surviving neurons in the
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cortex under 40x objective lens. We selected dissector frame areas of 1.4 mm?2 with a guard
thickness of 10 um in every 10 sections. With 9 counting frames sampled per section, the
number of neurons counted in each frame was 40-90. A viable neuron could be
distinguished from glia based on its size, presence of a visible rim of cytoplasm around the
nucleus, and a prominent nucleolus. A neuron was not counted when its nucleus came into
focus within the guard zone or if the nucleus was touching the left or bottom side of the
dissector frame. The mean section thickness, measured at every counting frame site, was
used for final calculation of the number of surviving neurons in the cortex. A total of 10
Cresyl violet-stained brain sections from each rat were selected at random from evenly
spaced brain sections (Cheng et al., 2016).

2.9. Immunofluorescence

Immunofluorescence was carried out as described previously at room temperature (Zhao et
al., 2015). The primary antibodies used were rabbit anti-lbal (microglial marker; 1:500;
Wako Chemicals, Richmond, VA, USA) and rabbit anti-glial fibrillary acidic protein (GFAP,
astrocyte marker; 1:500; Dako). Stained sections were examined under a fluorescence
microscope (Eclipse TE2000-E, Nikon, Tokyo, Japan). Activated microglia and astrocytes
were quantified on sections at 1.0, 1.7, and 2.5 mm from the bregma. Three sections per rat
were viewed and photographed by an investigator blinded to group. The numbers of
activated microglia and astrocytes over a 40 x microscopic field from 12 locations per rat (4
fields per section x 3 sections per rat) were averaged and expressed as positive cells per
square millimeter (n = 5 rats per group) (Zhao et al., 2015). The ROI was defined within one
20x field that corresponded to 460 um from the edge of the lesion.

2.10. Morphometric assessment of microglia and astrocytes

We used a computer-based tracing system (Neurolucida software, MicroBrightfield,
Colchester, VT) (Niv et al., 2012) to trace and analyze dendrites and cell bodies of microglia
and astrocytes in the peri-lesional APTw-hyperintense brain areas. We analyzed cell body
area, cell volume, number of branches and trees, and total surface and length of dendrites for
Ibal- and GFAP-positive cells on each immunofluorescence image under 40 x objective. We
analyzed three to four cells per field from four fields per section and three sections per rat.

2.11. Statistical analysis

All results are presented as mean + SD. The differences in all behavioral tests, lesion
volumes, and MRI signal intensities in five ROIs between three groups (sham, TBI +
vehicle, and TBI + pinocembrin groups) were assessed by a two-way repeated measures
ANOVA. Absolute neuronal number and quantitative assessments of microglia and
astrocytes were assessed by one-way ANOVA followed by post hoc test to detect differences
between groups. The criterion for statistical significance was P < 0.05.

3. Results

In this study, the mortality of rats was 10% (2 of 20) in the vehicle group and 6% (1 of 16) in
the pinocembrin-treated group. The three rats that died before the end of the study were
excluded from the final data analysis.
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3.1. Time course of multiparametric MRI in rats after TBI

We first performed a multiparametric MRI assessment on TBI lesionsat 1 hand 1, 3, 7, 14,
and 28 days post-TBI in the untreated (TBI + vehicle) group (n = 13; Fig. 1). At the earliest
time point, the most noticeable change in MRI was observed in the CBF measurement. The
average CBF values were significantly lower in the ipsilateral brain areas (central lesion,
ipsilateral hippocampus, and ipsilateral cortex) than in the contralateral brain areas (P <
0.001). The decreased CBF signals in the perilesional areas could cause cerebral ischemia,
leading to the decreased APTw signals (Fig. 1f). Notably, the CBF signals at 3 days post-
TBI increased significantly in the ipsilateral perilesional areas, compared with those in the
contralateral brain areas (P < 0.0001). Similarly, the APTw signals at 3 and 7 days post-TBI
increased significantly in these ipsilateral perilesional areas (P < 0.05). As described below
in sections on histopathology and immunofluorescence, these changes in CBF and APTw
can be attributed to the inflammatory response, typically observed within a few weeks after
TBI. The T,, T4, and ADC signals showed consistent increases over time, whereas the
magnetization transfer ratio (MTR) decreased consistently in the ipsilateral brain areas
(central lesion, ipsilateral hippocampus, and ipsilateral cortex) compared with those of the
contralateral brain areas. Substantial changes in these four MRI parameters can be seen at 14
and 28 days post-TBI. Because the APTw MRI signal is sensitive to tissue pH, cellular
mobile protein and peptide concentrations, and several other factors (Zhou et al., 2003,
2011), we observed more complex changes as a function of time by APTw than by other
MRI techniques. We quantified the changes of these MRI parameters at 3 days post-TBI to
assess the neuroprotection by pinocembrin (shown below).

3.2. Pinocembrin has cerebroprotective effects after TBI

We then administered pinocembrin to rats with TBI. We used Tow MRI to measure lesion
volume, and used the mNSS, beam walking, and rotarod tests to assess neurologic function
atlhandl, 3,7, 14, and 28 days after TBI (n =5 per group; Fig. 2). Lesion volumes varied
with time after CCI and were largest at 3 days. Compared with the vehicle-treated group,
rats that received 5 or 10 mg/kg pinocembrin exhibited significantly smaller lesion volumes
beginning at 3 days post-TBI (P < 0.05 at each time point). They also had significantly lower
mMNSS (P < 0.05 at each time point) and performed better on the rotarod test (P< 0.05 at
each time point) than did the vehicle-treated rats beginning at 3 days post-TBI. Additionally,
from day 1 after CCI, pinocembrin-treated rats showed significantly better beam-walking
ability than did the vehicle-treated rats (£ < 0.05 at each time point).

3.3. Multiple MRI signals showed protective effects of pinocembrin

We assessed the changes in Ty, T1, ADC, CBF, APTw, and MTR MRI signals at 3 days post-
TBI (n =5 per group; Fig. 3). At 3 days after TBI, the lesion became quite heterogeneous. In
the lesion core, all MRI parameters (except T,) were very similar in the vehicle-treated and
pinocembrin-treated TBI groups. However, most of the MRI parameters revealed protection
by pinocembrin in the surrounding areas (ipsilateral cortex and hippocampus). The ADC,
CBF, and APTw signal intensities of both perilesional regions increased significantly in the
vehicle-treated TBI group (all £< 0.001 vs. sham), but were significantly less intense in the
pinocembrin-treated TBI group (all £< 0.01 vs. TBI + vehicle group). Notably, APTw MRI
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showed dramatic and consistent changes in these surrounding areas. Also, in the surrounding
areas, MTR was significantly decreased in the TBI + vehicle group (both A< 0.001 vs.
sham) and significantly increased in the pinocembrin-treated TBI group (both A< 0.05 vs.
TBI + vehicle).

3.4. Pinocembrin increased the number of surviving neurons

We used the stereology method to determine the number of surviving neurons in the
perilesional region at 3 days after TBI (n =5 per group; Fig. 4). Neurons with condensed
(pyknotic) nuclei were considered dead or dying in the TBI brain. Rats in the TBI + vehicle
group showed a large decrease in the number of surviving neurons, compared with that in
the sham group. However, neuronal survival was significantly greater in the TBI group
treated with 5 mg/kg pinocembrin than in the vehicle-treated TBI group (P < 0.05).

3.5. Pinocembrin decreased microglial activation

It is known that microglia and astrocytes are activated after TBI and contribute to early-stage
brain injury. We used Ibal and GFAP immunofluorescence labeling to examine the effect of
pinocembrin treatment on microglial and astrocyte activation (n = 5; Fig. 5). Compared with
resting microglia and astrocytes in the sham brain, reactive microglia and astrocytes in the
perilesional region of the TBI + vehicle group exhibited more intense Ibal and GFAP
immunoreactivity and a greater number, length, and thickness of Ibal- and GFAP-positive
processes. Pinocembrin treatment decreased the number of reactive microglia and astrocytes
in the perilesional area on day 3 after TBI (P < 0.05), compared with that in the vehicle-
treated TBI group.

3.6. Characterization of microglia and astrocytes in different groups

Finally, we characterized the morphology of microglia (Fig. 6) and astrocytes (Fig. 7) at 3
days after TBI with Neurolucida software (n = 5 per group). We counted 180-240 cells each
in the sham group, TBI + vehicle group, and TBI + pinocembrin group. Microglia from the
TBI + vehicle group showed significant increases in cell body area (P < 0.0001), cell volume
(P<0.01), number of dendrites (P < 0.05), total surface of dendrites (P < 0.01), total length
of dendrites (£ < 0.05), and number of branches (trees; £ < 0.0008) compared with
corresponding values of the sham group. Pinocembrin treatment significantly reversed those
changes. Interestingly, astrocytes from the TBI + vehicle group exhibited significant
increases only in cell body area (£ < 0.0008) and number of branches (P < 0.05) compared
with those of the sham group (n = 5 rats per group, £< 0.05). Pinocembrin significantly
decreased cell body area compared with the vehicle treatment. These results indicate that
microglia have the capacity to change their morphology more dramatically than astrocytes
after TBI and that pinocembrin can inhibit microglial and astrocyte activation, thereby
reducing secondary brain damage after TBI.

4. Discussion

TBI typically causes injury in two phases. In the primary phase, TBI causes direct damage to
brain parenchyma, producing contusion, hemorrhage, and axonal injury. The secondary
injury, caused by ischemia and inflammation, can be detected in the injury site and the
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surrounding brain regions. The direct damage is almost impossible to treat. Therefore,
preclinical and clinical researchers focus on the prevention, recognition, and treatment of
secondary brain injury. The delayed secondary injury provides a window of opportunity to
treat TBI and to improve functional outcomes (Lozano et al., 2015). As such, the brain tissue
surrounding the impacted core is the focus of our research. To the best of our knowledge,
this is the first study to use multiparameter MRI to assess TBI-induced secondary brain
injury over time. We observed that CBF and APTw MRI signals were significantly increased
in the perilesional areas of untreated TBI rats at 3 days post-TBI; these changes could be
attributed to the increased glial response. Moreover, the time-dependent increases in ADC
and decreases in MTR signals in untreated TBI rats were likely due to brain edema. We also
found that post-treatment with pinocembrin decreased microglial/macrophage and astrocyte
activation at 3 days, consistent with the recovery of the CBF and APTw MRI signals in the
secondary injury regions. These findings provide clear evidence that pinocembrin is
cerebroprotective for TBI and that multiple MRI signals, particularly CBF and APTw, are
sensitive biomarkers for assessment of neuroinflammation and drug efficacy after TBI.

One important finding from this study was that the structural MRI parameters (T, and T4),
which are routinely used in the clinic, were not sufficiently sensitive for detection of
abnormalities after TBI. These results are consistent with those of a previous study (Talley
Watts et al., 2015). By contrast, functional MRI (ADC and CBF) and molecular MRI (APTw
and MTR) exhibited more sensitivity to detect secondary brain injury than did conventional
structural MRI. Changes in signal intensities of ADC, CBF, and MTR have been reported
previously in animal models of TBI (Li et al., 2016; Maegele et al., 2015; Tu et al., 2016). In
particular, it was found that changes in the ADC values early after TBI correlate with brain
tissue ATP content (Maegele et al., 2015). In our study, ADC values in the core area and in
the perilesional ROI brain regions increased consistently from day 3 to day 28, indicative of
vasogenic edema (Frey et al., 2014; Nakasu et al., 1995). Changes in the MTR signal
intensity showed an opposite trend. A prior study reported a similar change in the ADC
values in the perilesional ROI regions but a different trend in the core area (Wei et al., 2012).
The difference may result from different models used (CCI model vs. weight-drop model).
We further found that the elevated ADC values in the perilesional regions can be reduced by
pinocembrin treatment on day 3 post-TBI. Notably, CBF and APTw signals were
consistently and markedly increased in the ipsilateral perilesional areas on day 3 post-TBI,
compared to those in the corresponding contralateral brain region, but pinocembrin reduced
this effect. In several previous studies, researchers found that pinocembrin had
neuroprotective effects against cerebral ischemia /n vivoand in vitro (Guang and Du, 2006;
Liu et al., 2008; Wu et al., 2013). In our study, we found that pinocembrin post-treatment
decreased brain lesion volume, increased the number of surviving neurons, and improved
neurologic function (motor, sensory, reflex, and balance) after TBI and that the
neuroprotective effects were associated with inhibition of microglial/macrophage and
astrocyte activation based on cell number and morphology. Our data indicate that
pinocembrin reduces vasogenic edema and reverses the increase in CBF that is probably
induced by inflammatory response.

The APT-MRI technique has recently gained special attention as a way to assess various
brain diseases and their response to therapy (Zhou et al., 2003, 2011). APT imaging is an
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important molecular MRI technique that can generate contrast based on tissue pH (Jin et al.,
2012; Sun et al., 2007; Tietze et al., 2014; Zhou and van Zijl, 2011) or concentrations of
endogenous mobile proteins and peptides (Jiang et al., 2016; Yan et al., 2015; Zhou et al.,
2013). The most important novel finding of this study was that APTw signals increased
significantly in the perilesional brain regions of untreated TBI rats at 3 and 7 days.
Furthermore, pinocembrin treatment was able to reduce the increased APTw signals. The
recovery from increased APTw MRI signals correlated with decreased microglial/
macrophage and astrocyte activation in the same secondary injury regions. These results
suggest that increased APTw signals might result from the increased secondary
inflammatory response, which might lead to increases in mobile protein. A marked
synchronous change in the inflammatory cells and APTw signals indicates to us that APTw
MRI could be a sensitive biomarker for neuroinflammation (Loane and Faden, 2010; Wang
et al., 2013b).

In conclusion, our early data show that pinocembrin treatment has a cerebroprotective effect
in the CCI-TBI model in rats. Moreover, multiple MRI signals, CBF and APTw in particular,
have great potential as unique, sensitive imaging biomarkers for the identification of
secondary brain injury caused by CBF reduction, brain edema, and inflammatory response
and for the assessment of drug efficacy in the TBI model.
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CcCl controlled cortical impact

TE echo time

GFAP glial fibrillary acidic protein
mNSS modified neurologic severity score
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ROI region of interest
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Fig. 1.

Quantitative multiparametric MRI assessment of traumatic brain injury (TBI) in rats. (a)
Representative multiparametric MRI images in a rat at 1 h and 3 days after TBI. The five
regions of interest (ROIs) are marked by dotted lines on the upper left To-weighted (T,ow)
image. (b—g) Plots of MRI signal intensities in all five ROIs, acquired at 1 hand 1, 3, 7, 14,
and 28 days after TBI (n = 13). All MRI parameters were sensitive for detecting TBI at some
time points. Notably, APTw and CBF MRI showed relatively large changes at 3 days post-
TBI in ipsilateral perilesional areas, compared with those in corresponding contralateral
brain areas. *P< 0.05, **P< 0.01, "P< 0.001, P < 0.0001 versus the corresponding
contralateral brain areas.
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Fig. 2.

Nguroprotection by pinocembrin in rats with traumatic brain injury (TBI). (a, b) To-
weighted (T,w) images for all seven slices at 28 days post-TBI and the lesion volumes at
indicated time points for the TBI + vehicle and TBI + pinocembrin groups (n = 5 per group).
TBI rats treated with pinocembrin (5 and 10 mg/kg) had smaller lesion volumes at 3, 7, 14,
and 28 days after TBI than did rats in the TBI + vehicle group. (c—e) Behavioral testing
results from the modified neurologic severity score (mNSS), beam walking, and rotarod
tests. Compared with the vehicle-treated TBI group, the two pinocembrin-treated TBI
groups had better neurologic function at 1 (for beam walking only), 3, 7, 14, and 28 days
post-TBI. #£< 0.05 versus the TBI + vehicle group.
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Fig. 3.

Ql?antitative multiparametric MRI assessment of neuroprotection by pinocembrin in rats
with traumatic brain injury (TBI). (2) Representative images of multiparametric MRI signals
at 3 days post-TBI in sham, TBI + vehicle, and TBI + pinocembrin (pino; 5 mg/kg) groups
(n =5 per group). Notably, the TBI lesion became heterogeneous with areas of high and low
APTw signal intensities. The APTw signal intensity of the perilesional region increased
dramatically in the vehicle-treated TBI rats, but less so in the pinocembrin-treated TBI rats.
The ADC, which probes the diffusion rate of water molecules, had a significantly lower
signal in the pinocembrin-treated TBI rats than in the vehicle-treated TBI rats. The CBF
signal showed a similar trend with pinocembrin treatment. (b—g) Quantitative analysis of
multiparametric MRI signal intensities in five regions of interest (ROIs). In general, the
ADC, CBF, and APTw MRI signals in surrounding areas (ipsilateral cortex and
hippocampus) showed significant increases in the vehicle-treated TBI group that were
ameliorated in the pinocembrin-treated TBI group. Conversely, the MTR showed a
significant decrease in the vehicle-treated TBI group that was reversed by pinocembrin
treatment. “P< 0.05, **P< 0.01, ™"P< 0.001, P < 0.0001 compared with the sham
group; #P< 0.05, #P < 0.01, ## P < 0.001, ## p< 0.0001 compared with the vehicle-
treated TBI group.
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Fig. 4.
Cresyl violet staining and stereological quantification of surviving neurons at 3 days after

traumatic brain injury (TBI) in rats. (a) Representative Cresyl violet-stained brain sections
from rats after TBI. The location in the ipsilateral cortex used to quantify the number of
surviving neurons by stereology is delineated by a dashed red line. (b—d) Morphologic
changes in cortical neurons after TBI. Sham brain showed healthy neurons, with large nuclei
and distinct nucleoli, indicated by black arrows (b). TBI brain showed profound neuronal
degeneration as indicated by the neuronal shrinkage and pyknotic nuclei (c). With
pinocembrin treatment, many neurons exhibited normal appearance, but shrunken cells with
pyknotic nuclei were still evident (d). () Volumetric density of viable neurons assessed in
ipsilateral cortex by unbiased stereology (n = 5 per group). The TBI + vehicle group showed
a significant decrease in viable neurons, compared with the sham group (P < 0.001).
Importantly, rats treated with pinocembrin had significantly more viable neurons than did
those treated with vehicle (*#2 < 0.01), although the number was still less than that of the
sham group (*P< 0.05). Scale bar in (a), 1 mm:; scale bar in (b—d): 10 pm.
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Fig. 5.

Gﬁal response in the perilesional hyperintense brain areas at 3 days after traumatic brain
injury (TBI) in rats. (a) APTw images and immunofluorescence labeling of microglia (Ibal,
green) and astrocytes (GFAP, red) in rat brains from the sham, TBI + vehicle, and TBI +
pinocembrin groups at 3 days post-TBI. Consistent with the changes to APTw signal in the
perilesional region, at 3 days after TBI, fluorescence intensities of Ibal and GFAP were
significantly higher in the vehicle-treated TBI group than in the sham group. However,
pinocembrin moderated the level of increase. (b, ¢) Quantitative analysis of Ibal-positive
reactive microglia and GFAP-positive reactive astrocytes in the hyperintense surrounding
areas (n = 5 per group). The TBI + vehicle group had greater numbers of Ibal- and GFAP-
positive reactive cells than did the sham group (*"*2< 0.001). The TBI + pinocembrin group
had significantly fewer Ibal- and GFAP-positive reactive cells than did the TBI + vehicle
group (*P< 0.05, #P < 0.01), but still had more than the sham group (*P< 0.05). The data
suggest that changes in the APTw signals may be associated with microglial and astrocyte
activation. Scale bars in (a) middle column, 50 um; right column, 10 um.
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Fig. 6.

Morphometric assessment of microglia in the APTw-hyperintense areas of sham, TBI +
vehicle, and TBI + pinocembrin groups (n = 5 per group). We used Neurolucida software, a
computer-based tracing system, to trace and analyze the structure (dendrites and cell bodies)
of microglia under a 40 x objective. (a) The traced images. (b—g) Changes in cell body area,
cell volume, number of dendrites and trees, and total surface and length of dendrites. Cell
body area of the microglia was greater in the TBI + vehicle group than in the sham group.
Although, microglia in the TBI + pinocembrin group had significantly smaller cell bodies
than microglia in the TBI + vehicle group, they remained larger than those in the sham
group. Similarly, microglia in the TBI + vehicle group exhibited greater cell volume and
total surface of dendrites, greater numbers of dendrites and trees, and longer dendrites than
those of the sham groups, and pinocembrin treatment reversed these changes. Scale bars in
(a): 2 um. P < 0.05, ™" P < 0.001 vs. sham; #P< 0.05 vs. TBI + vehicle.
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Fig. 7.

Morphometric assessment of astrocytes in the APTw-hyperintense areas of sham, TBI +
vehicle, and TBI + pinocembrin groups (n = 5 per group). Neurolucida software was used to
trace and analyze the structure (dendrites and cell bodies) of astrocytes. (a) The traced
images. (b—g) Changes in cell body area, cell volume, number of dendrites and trees, and
total surface and length of astrocytes. Cell body area of the three groups differed
significantly. Astrocytes in the TBI + vehicle group had significantly greater cell body area
than did astrocytes in the sham group, but pinocembrin mitigated the size increase.
Astrocytes in the TBI + vehicle group displayed more trees than did astrocytes in the sham
group, but the number was not reduced by pinocembrin. Scale bars in (a): 2 pm. *P<

0.05, **P< 0.001 versus sham; #P < 0.05 versus TBI + vehicle.
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