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Abstract

Despite higher rates of hospitalization and mortality following traumatic brain injury (TBI) in patients over 65 years old, older
patients remain underrepresented in drug development studies. Worse outcomes in older individuals compared to younger adults
could be attributed to exacerbated injury mechanisms including oxidative stress, inflammation, blood-brain barrier disruption, and
bioenergetic dysfunction. Accordingly, pleiotropic treatments are attractive candidates for neuroprotection. Taurine, an endoge-
nous amino acid with antioxidant, anti-inflammatory, anti-apoptotic, osmolytic, and neuromodulator effects, is neuroprotective in
adult rats with TBL. However, its effects in the aged brain have not been evaluated. We subjected aged male rats to a unilateral
controlled cortical impact injury to the sensorimotor cortex, and randomized them into four treatment groups: saline or 25 mg/kg,
50 mg/kg, or 200 mg/kg i.p. taurine. Treatments were administered 20 min post-injury and daily for 7 days. We assessed
sensorimotor function on post-TBI days 1-14 and tissue loss on day 14 using T,-weighted magnetic resonance imaging.
Experimenters were blinded to the treatment group for the duration of the study. We did not observe neuroprotective effects of
taurine on functional impairment or tissue loss in aged rats after TBI. These findings in aged rats are in contrast to previous reports
of taurine neuroprotection in younger animals. Advanced age is an important variable for drug development studies in TBI, and
further research is required to better understand how aging may influence mechanisms of taurine neuroprotection.
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Introduction TBI-related hospitalizations and deaths are higher in elderly

patients compared to other age groups (Coronado et al. 2011;

Traumatic brain injury (TBI) is a critical public health con-
cern. In the USA alone, TBI affects approximately 1.4 million
each year and 5.3 million survivors live with a TBI-related
disability (Faul and Coronado 2015; Langlois et al. 2006).
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Taylor et al. 2017), with falls and motor vehicle accidents
being the leading causes of TBI in patients over 65 years of
age (Thompson et al. 2006). Despite the disproportionately
high mortality, there is a paucity of research to develop
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treatment options for this vulnerable population. Worse out-
comes in aged versus younger patients have been attributed to
exacerbated injury mechanisms including edema, inflamma-
tion, oxidative stress, blood-brain barrier disruption and mito-
chondrial dysfunction in the aging brain (Gilmer et al. 2010;
Onyszchuk et al. 2008; Sandhir et al. 2008; Timaru-Kast et al.
2012; Unterberg et al. 1994). Given this complexity, pleiotro-
pic treatments targeting one or more of these injury mecha-
nisms would therefore be attractive candidates to mediate neu-
roprotection in older survivors of TBIL.

Taurine is an abundant endogenous amino acid synthesized
by neurons and astrocytes in the central nervous system
(Vitvitsky et al. 2011), where it functions as an osmolyte,
neuromodulator, trophic factor, stabilizer of membrane integ-
rity, and regulator of intracellular calcium homeostasis (Wu
and Prentice 2010). A common component of nutritional sup-
plements and energy drinks, taurine has an excellent safety
profile with doses as high as 10 g per day deemed safe in
human clinical trials (Shao and Hathcock 2008). Intracellular
taurine concentrations are normally higher than those in the
extracellular compartment. Under pathologic osmotic stress,
taurine is released into the extracellular fluid to limit cell swell-
ing (Pasantes-Morales et al. 2002). Taurine’s ability to modu-
late inhibitory neurotransmission, along with its anti-inflam-
matory, anti-oxidant and anti-apoptotic properties have sup-
ported several reports of neuroprotection in preclinical models
of ischemic stroke, epilepsy, and spinal cord injury (Oja and
Saransaari 2013; Ricci et al. 2009; Wu and Prentice 2010; Ye
et al. 2013; Ripps and Shen 2012; Gupta et al. 20006).

Significant reductions in endogenous brain taurine levels
have been reported across varying severities and models of
TBI (Harris et al. 2012; Schuhmann et al. 2003; Xu et al.
2011; Singh et al. 2016; Pascual et al. 2007). Brain taurine
levels may also be affected in normal aging, with some studies
reporting lower levels in aged rats compared to young rats
(Benedetti et al. 1991; Zhang et al. 2009; Banay-Schwartz
et al. 1989) while others indicated no effect of older age on
taurine content (Harris et al. 2015). Long-term supplementa-
tion with exogenous taurine improved memory retention in
aged mice (EI Idrissi et al. 2013). Exogenous taurine admin-
istration also showed promising neuroprotective effects fol-
lowing TBI in young adult rats where it preserved blood-
brain barrier integrity, cerebral blood flow, and mitochondrial
function while reducing edema, oxidative damage and inflam-
mation (Gu et al. 2015; Su et al. 2014; Sun et al. 2015; Wang
et al. 2016). However, the effects of taurine supplementation
on neurological outcomes following TBI in older animals has
not been studied. Therefore, the goal of this study was to
evaluate neuroprotection by exogenous taurine administration
in aged rats with TBI. Our primary outcome measures
of neuroprotection were tissue loss quantified on MRI and
behavioral performance assessed by the beam walk and bilat-
eral adhesive removal tests.
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Failure in translating numerous seemingly promising drug
candidates for TBI from bench to bedside has called for a
paradigm shift in the planning and execution of preclinical
studies (Kochanek et al. 2016). Conducting preclinical studies
in adherence with stringent standards of scientific rigor used in
human clinical trials is one way to minimize false positive
results, ultimately saving time and money by ensuring that
only the most promising candidates make it to patient trials
(Steward and Balice-Gordon 2014). To this end, our study
included clearly defined outcome measures, appropriately
powered sample sizes based on anticipated effect size, ran-
domization of subjects to treatment groups, experimenter
blinding, pre-determined inclusion and exclusion criteria,
and use of appropriate controls (Begley 2013).

Materials and methods
Animals

Aged male Fischer rats (20-22 month old F344; National
Institute on Aging colony housed at Charles River
Laboratories, Wilmington, MA) weighing 375 to 475 g were
used for this study. Animals were housed in pairs on a 12 h
light-dark cycle with free access to standard rat chow and water.
All protocols were approved by the Institutional Animal Care
and Use Committee at the University of Kansas Medical Center
and are consistent with standards of animal care set forth in the
guidelines of the U.S. Public Health Service Policy on Humane
Care and Use of Laboratory Animals.

A total of 49 rats were ordered for this study. Animals were
visually inspected on arrival for healthy appearance and be-
havior. All animals also received baseline MRI scans before
the start of the study. These screening criteria excluded 7 rats
from the study due to baseline health issues such as jaundice
or brain tumors. One rat in each group died after TBI, all on
DO except 1 in the 50 mg/kg taurine group that died on D14
post-TBI. Behavioral analysis included data from the rat that
died on D14.

Controlled cortical impact

CClI is a well-characterized model of contusive injury in ro-
dents and was performed as we have previously described
(Harris et al. 2012). Briefly, animals were anesthetized with
inhaled isoflurane (4% for induction, 2-3% for maintenance),
placed on a heating pad for thermoregulation and immobilized
with ear bars on a stereotaxic frame. Their heads were shaved,
a local long-acting anesthetic (0.25% bupivacaine) adminis-
tered subcutaneously, and skulls exposed using a single mid-
line incision. A 6 mm-diameter craniotomy was performed
over the right sensorimotor cortex, directly lateral to bregma
and centered midway between bregma and the temporal ridge.
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Cortical impact was delivered with an electromagnetically
controlled impact device (Leica, St. Louis, MO) mounted on
a stereotaxic manipulator (impactor tip size =5 mm; veloci-
ty =5 m/s; depth = 2.5 mm; contact time = 300 ms; angled +5°
from vertical). The bone flap was then replaced, sealed in
place using dental cement, and the incision sutured closed.
A 0.25% lidocaine/prilocaine topical anesthetic was applied
to the incision site and animals were maintained under
isoflurane anesthesia for an additional hour before transfer to
a heated recovery cage.

Drug treatment

Taurine (Sigma-Aldrich, St. Louis, MO) solution was pre-
pared on the day animals received CCI by dissolving it in
sterile saline. Following surgery, animals were randomized
into four groups and administered 200 mg/kg (n =10),
50 mg/kg (n=10) or 25 mg/kg (n=10) taurine or vehicle
saline (n =9) intraperitoneally 20 min post-impact and then
daily for 7 days (Fig. 1). Experimenters were blinded to the
treatment group for the entire duration of the study.

Magnetic resonance imaging (MRI)

MRI scans were performed before TBI (up to 2 weeks) to
ensure normal brain morphology, followed by scans 14 days
post-TBI to quantify brain tissue loss. All MRI acquisitions
were performed in a 9.4-Tesla horizontal bore magnet (Varian
Inc., Palo Alto, CA, USA) equipped with a 12-cm gradient coil
(40 G/cm, 250 us) and interfaced to a Varian INOVA console,
as previously described (Harris et al. 2012). During imaging,
anesthesia was maintained with 1.5% to 3% isoflurane in a 2:1
mixture of air/O, delivered via nosecone. Respiration was
monitored with a pressure pad (SA Instruments, Stony Brook,
NY, USA) and maintained at a rate of 40 to 80 cycles/min.
Animals were placed on a heating pad in the scanning cradle,
and maintained at 37 °C via a feedback control rectal probe
(Cole Parmer, Vernon Hills, IL, USA). Coronal and sagittal
gradient echo multi-slice localizing images were acquired to
check the animal’s positioning in the magnet (repetition time =
100 ms, echo time = 2.8 ms, number of slices = 10, slice thick-
ness =1 mm). Coronal and sagittal rapid acquisition with re-
laxation enhancement T,-weighted images were then acquired
(repetition time =4000 ms, echo time= 18 ms, echo train
length = 8; averages = 2; field of view =2.56 X 2.56 cmz; reso-
lution =256 x 256 pixels; number of slices = 20; slice thick-
ness = 1 mm) for estimation of tissue loss.

Estimation of tissue loss
Tissue loss was estimated from MRI scans performed on D14

post-TBI. The slice with the largest visible lesion was identi-
fied and two slices before and after (total 5) were included in

the analysis. A vertical midline was traced onto each of the
images in ImageJ to distinguish brain hemispheres ipsilateral
and contralateral to CCIL. A horizontal line was drawn through
the ear canals to identify the lower border for quantification in
order to eliminate signal drop-off further away from the radio-
frequency surface coil. For each hemisphere, the outer borders
of visually intact tissue were traced and the total area deter-
mined using ImagelJ. Then, the ventricles were traced using
the Paxinos rat brain atlas for reference (Paxinos and Watson
2007), and the area measured. The area of the ventricles was
subtracted from intact tissue area for each hemisphere in every
slice to quantify tissue loss as follows:

Tissueloss per slice = (Hemisphere —Ventriclecona )

contra

- (Hemisphereilei

—Ventricleipsi>

Area of tissue loss thus obtained was multiplied by slice
thickness (1 mm) and all slices summed to estimate total vol-
ume of tissue loss for each rat.

Behavioral assessment

Rats were handled for 5 mins every day for 2 weeks prior to
beginning behavioral experiments. Beam walk and bilateral
adhesive removal tests were used to measure sensorimotor
performance. Animals were trained on both tests for 5 days
to establish a reliable pre-injury baseline performance.
Behavioral testing was performed on D1, D3, D7, D10, and
D14 after TBI (Fig. 1). On D14 when both behavioral assess-
ment and imaging were conducted, behavior was tested first to
avoid residual anesthesia effects. Behavioral scores after inju-
ry were expressed as a percent of pre-injury scores so that each
animal served as its own control.

Beam walk: The protocol was modified from previously
published methods (Harris et al. 2012) to accommodate the
larger aged animals. Rats were trained to traverse a custom-
made 1 m long horizontal beam supported at a height of 50 cm
to arrive at their home cage positioned at the opposite end. On
each day of testing, animals were given one trial each on
beams of increasing difficulty (flat planks 5 cm, 4 cm,
3.5 cm, and 3 cm in width) with a minimum inter-trial interval
of 2 min. The beam walk performance was scored on a 0- to
12-point scale, with each of four trials assigned a score of 0 to
3 points: 3 points =no impairment, crosses with 0—1 faults
(i.e. paw slips off and falls below the plane of the beam); 2
points = mildly impaired, crosses with 2—6 faults; 1 point=
moderately impaired, crosses with 7+ faults, or falls upside
down on the beam 1-3 times; 0 points = severely impaired,;
falls upside down on the beam 4+ times, falls off the beam, or
is unable to cross.

Bilateral adhesive removal: The protocol was modified
from previously published methods (Bouzat et al. 2011,
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Leasure and Grider 2010). A round adhesive sticker (0.5 in.
diameter; Avery) was applied with even pressure on each
forepaw, the animal was returned to its home cage and filmed
for subsequent blinded analysis. The time taken by the animal
to shake either forepaw or touch it with its mouth was record-
ed as the contact time and the time taken by the animal to
remove adhesive from each forepaw was recorded as the re-
moval time. Animals received three successive trials (of 2 min
duration) on each day, with a minimum inter-trial interval of
2 min. For each day, the best of the three trials (fastest time
recorded for contact and removal) was used for analysis.

Necropsy

At the end of the study on D14, animals were euthanized
via ketamine/xylazine overdose and transcardial perfu-
sion, and necropsied to identify potential underlying co-
morbidities. Subjects were presented to the veterinarian
with the head decapitated and the brain removed.
Following external examination, a midline incision was
made and extended cranially and caudally, exposing the
abdominal and thoracic cavities, and the testicles. All
major organs were examined externally and incised for
observation of any internal abnormalities as previously
published (Fiette and Slaoui 2011). All gross necropsy
findings were reported. Necropsy was not performed on
the first 4 animals in the study and on those that died
spontaneously before the end of the study, resulting in
group sizes of 6, 9, 8, and 9 in the saline, 25 mg/kg,
50 mg/kg and 200 mg/kg groups, respectively.

Data management and statistical analysis
Due to the limited data available on TBI in aged rats, we
estimated group sizes a priori based on the literature in adult

rats. Preliminary data in our aged rats (n =8; unpublished)
showed approximately 80% impairment in function on the

[ 200 mg/kg i.p. Tau (n=10)

beam walk test on post-TBI day 7. Based on a published
report showing 50% improvement in neurological severity
score by taurine in young adult rats with TBI, we predicted
that taurine would show similar degree of improvement in our
study. Using G¥*Power software we computed that a sample
size of n =10 per group and 30% standard deviation would
yield significance of 0.05 with 89% power on a one-tailed
two-sample t-test. All study procedures (TBI, drug treatments,
imaging, behavioral training and testing) were then completed
by individuals who were blinded to the treatment group.
All analyses/data summaries were completed, results recorded
and the data set locked, prior to unblinding and statis-
tical analysis.

Preliminary plots suggested that tissue loss was normally
distributed and variances were equal across treatment groups.
Therefore, an overall one-way ANOVA test was performed to
determine if tissue loss was associated with taurine dose. An
ANOVA with contrast coefficients of —3, —1, 1, 3 was used to
test for a linear trend in dose response; 1, 0, 0, —1 was used to
test saline versus 200 mg/kg dose; and 3, —1, —1, —1 was used
to test for difference between saline and all taurine treatment
groups combined. Multivariate normality was not reasonable
for adhesive removal and beam walk data. Therefore, permu-
tation multivariate analysis of variance (MANOVA) profile
analysis using Wilk’s lambda statistic was used to determine
if trends (profiles) in the adhesive removal and beam walk
tests differed across treatment groups. The elements of the
contrast matrix for the profile analysis were 1-1 0 0 0, 1 0-1
00,100-10,1000-1 in rows 1 through 4 respectively.
Since overall MANOVA suggested no significant difference
in trends across treatment groups, we pooled all data to deter-
mine post hoc injury effects across days using nonparametric
Wilcoxon’s signed ranked test. Statistical analyses were per-
formed using SPSS (for tissue loss and post hoc analyses) and
SAS (for adhesive removal and beam walk tests). Data are
presented as mean + standard error of mean (SEM) and p <
0.05 is considered to be statistically significant.

4 g
§ 50 mg/kg i.p. Tau (n=10) =
i | 25 mglkg i.p. Tau (n=10) o
o Pre-TBI | | Saline i.p. (n=9) | 4
Behavior h
Training | | | Post-TBI Behavior Testing |
| L1 1111 | 1 1 1 1
D5 DO D1 D3 D7 D10 D14

Fig. 1 Schematic of study design. Baseline magnetic resonance imaging
(MRI) was performed on 20-22 month old male F344 rats prior to receiv-
ing a traumatic brain injury (TBI). Rats were trained on behavioral tasks
for 5 days immediately prior to the day of injury. TBI was induced by
controlled cortical impact and animals were randomized into four
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treatment groups (saline and 25 mg/kg, 50 mg/kg, or 200 mg/kg taurine).
Behavioral tests of sensorimotor function were performed on post-TBI day
1, 3,7, 10 and 14 for each group. MRI was performed on post-injury day
14 to quantify brain tissue loss
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Results
Brain tissue loss

All animals showed varying degrees of ipsilateral ventricular
expansion and cortical damage (considered together as tissue
loss) on T,-weighted MRI 14 days after TBI (Fig. 2a). Aged
rats administered saline had average tissue loss of 23.54 +
1.35 mm?® whereas 25 mg/kg, 50 mg/kg and 200 mg/kg tau-
rine groups had tissue loss of 21.73+1.85 mm®, 20.8 +
1.74 mm® and 19.22 +1.78 mm?®, respectively. Taurine treat-
ment had no significant effect on overall TBI-mediated tissue
loss. Although rats administered taurine showed evidence of a
dose-dependent reduction in tissue loss, it was not statistically
significant (p =0.078; Fig. 2b). Post hoc analyses found no
significant differences in tissue loss between saline and the
highest dose of taurine tested (200 mg/kg; p =0.083) nor
between saline and all taurine groups combined (p =0.15).

b ©Saline 025mg/kg A50mg/kg ©200 mg/kg
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Fig. 2 Taurine effect on brain tissue loss. a Representative T,-weighted
coronal magnetic resonance images of rat brains on post-TBI day 14
show cortical tissue loss at the site of impact (white arrows) and ventric-
ular expansion (black arrows) in the hemisphere ipsilateral to the injury.
b) Scatter plot depicts tissue loss in each rat within each group. An
apparent dose-dependent reduction in tissue loss in taurine treated groups
did not reach significance (p =0.078). Horizontal bars represent group
mean + standard error of mean

Behavioral outcomes

Aged rats showed impaired performance on sensorimotor tests
post-TBI that recovered over time. On the bilateral adhesive
removal test, TBI resulted in a significant increase in the con-
tralateral limb contact and removal times in all groups on all
days post-injury (Fig. 3a, b). Contralateral limb contact times
increased approximately 20- to 50- fold from pre-injury per-
formance to D1 for all treatment groups (Fig. 3a; 2.4+ 0.6 to
100.3 +12.9 s for saline; 4.6 £2.5 to 89.2 &+ 13.7 s for 25 mg/
kg taurine; 3.3 £1.2 to 85.2 + 11.6 s for 50 mg/kg taurine; 2.3

+0.7 to 81.3+13.1 for 200 mg/kg taurine). A similar pattern
emerged for removal times (Fig. 3b). Although post-TBI dif-
ferences were smaller in magnitude, the ipsilateral limb con-
tact times on D1, D3, D7 and D10 and ipsilateral removal
times on D1 and D3 post-injury were also significantly greater
than pre-injury (Fig. 3c, d). Ipsilateral limb contact times in-
creased approximately 2- to 5- fold from pre-injury perfor-
mance to D1 (Fig. 3c; 2.7+ 1.3 to 10+ 5.74 s for saline; 2.1

+1.1 to 7.1+ 3.2 s for 25 mg/kg taurine; 4.0+ 1.9 to 17.2
+ 11.8 s for 50 mg/kg taurine; 3.1+ 1 to 7.9 + 3.0 s for 200 mg/
kg taurine). A similar pattern emerged for removal times (Fig.
3d).

On the beam walk test, TBI impaired performance in all
groups on all days post-injury (Fig. 4). An approximately 90%
impairment in beam walk performance was observed at D1 for
all groups. Injury effects on adhesive removal and beam walk
scores recovered significantly between D1 and D14 post-TBI
(p <0.0001), although scores at D14 remained significantly
different from pre-injury scores. There were no significant
differences among the four treatment groups on the adhesive
removal test (p = 0.46 and p = 0.09 for contralateral limb con-
tact and removal times, respectively) or the beam walk test
(p =0.64).

Health outcomes

All animals had similar weights at baseline and experi-
enced similar weight loss following TBI, irrespective of
treatment group (Fig. 5). One rat in each of the four treat-
ment groups died before the end of the study resulting in a
mortality of 9% in 200 mg/kg and 25 mg/kg taurine
groups and 10% in the saline and 50 mg/kg taurine
groups. Group sizes were insufficient for statistical anal-
ysis of mortality. All groups showed similar incidence of
co-morbidities on post-mortem necropsy, with testicular
tumors being the most common (Table 1).

Discussion

This is the first study evaluating neuroprotective effects of
taurine following injury to the aged brain. Older age is

@ Springer



466

Brain Imaging and Behavior (2019) 13:461-471

a Contralateral Contact Time
120 === Saline
100 == 3= 25mg/kg
o -_—p -
8 80 A =50mg/kg
< = 200mg/kg
Q
g 60
g
40
20
0
Pre-TBI D1 D3 D7 D10 D14
c Ipsilateral Contact Time
120 = Saline
100 = 3= 25mg/kg
B 80 = a =50mglkg
0
-~ = 200mg/kg
g 60
F a0
20 . -
0 .

Pre-TBI D1 D3 D7 D10 D14

Fig. 3 Taurine effects on bilateral adhesive removal performance. Time
taken by rats to contact (a, ¢) and remove (b, d) a circular adhesive stuck
on the contralateral left paw and ipsilateral right paw was measured.
Traumatic brain injury (TBI) produced significant delay in contralateral
limb contact and removal times in all treatment groups at post-TBI day 1
(p <0.001), which recovered partially over time. Significant increase in

associated with worse TBI outcomes due to exacerbated inju-
ry mechanisms including edema, inflammation, oxidative
stress, blood-brain barrier disruption and mitochondrial dys-
function (Gilmer et al. 2010; Onyszchuk et al. 2008; Sandhir
et al. 2008; Timaru-Kast et al. 2012; Unterberg et al. 1994).
We selected taurine as a promising therapeutic candidate for
TBI in older individuals due to its osmoregulatory, anti-in-
flammatory, antioxidant, anti-apoptotic and neurotrophic
properties. Moreover, several preclinical studies have reported
neuroprotective effects of taurine in TBI (Su et al. 2014; Sun
et al. 2015; Wang et al. 2016), as well as in cerebral stroke,
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©
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Pre-TBI D1 D3 D7 D10 D14

Fig. 4 Taurine effects on beam walk performance. Post-injury scores on
beam walk were normalized to pre-injury baseline scores for each animal.
Traumatic brain injury significantly impaired beam walk performance in
all groups (p<0.001), although performance recovered partially over
time. Taurine did not significantly improve post-injury beam walk per-
formance at any dose tested. Data are expressed as group mean + standard
error of mean for each time point
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ipsilateral limb contact and removal time was also observed at post-TBI
day 1 (p <0.001), although its magnitude was lower than the contralateral
side. Taurine did not improve TBI-mediated impairment in adhesive re-
moval performance at any dose tested. Data are expressed as group mean
+ standard error of mean for each time point

retinal degeneration, epilepsy, and spinal cord injury (Froger
et al. 2014; Gupta et al. 2006; Oja and Saransaari 2013; Ricci
et al. 2009; Ripps and Shen 2012; Wu and Prentice 2010; Ye
et al. 2013). However, these studies used young adult male
rats or mice. Research using older animal models to study
cerebral injury and disease remains scarce, but two studies in
experimental stroke showed that therapies demonstrating neu-
roprotection in young rats failed to confer similar benefits in
aged rats (Tan et al. 2009; Won et al. 2006). In this study we
sought to determine whether taurine, a promising therapeutic
candidate in young rodents, was also neuroprotective in older
rats with TBL

100%
e Saline

= = 25 mg/kg
= & =50 mg/kg
@200 mg/kg

95%

90%

Percent of baseline

85%
Pre- D1
TBI

D2 D3 D4 D5 D6 D7 D14

Fig. 5 Taurine effect on post-TBI weight loss. Animal weights were re-
corded prior to injury and then every day for 7 days post-injury as well as
on D14. Post-injury weights were normalized to the baseline weight for
each animal. Although all animals lost weight after TBI, no significant
differences in weight loss were observed among the treatment groups.
Data are expressed as mean + standard error of mean
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Table 1  Co-morbidities in aged F344 rats with TBI

Testicular tumor (%) Nephropathy (%) Splenomegaly (%) Hepatic issues (%) Pneumonia (%) Other (%)
Saline (n = 6) 6 (100) 4.(67.7) 1(16.7) 1(16.7) 0(0) 1(16.7)
25 mg/kg (n=9) 8 (88.9) 1(11.1) 1(11.1) 2(22.2) 1(11.1) 1(11.1)
50 mg/kg (n=8) 8 (100) 0 (0) 0 (0) 3 (37.5) 1(12.5) 2 (25)
200 mg/kg (n=9) 8 (88.9) 3(33.3) 0 (0) 3 (33.3) 1(11.1) 0(0)

Incidence of various co-morbidities observed in post-mortem gross necropsy is expressed in absolute numbers and as a percent of the total number of rats
necropsied in each group. Necropsy was not performed on the first 4 rats in the study nor on those that died spontaneously before the end of the study on
day 14. “Other” co-morbidities included dermal abscess, pancreatic tumors, and abdominal icterus

We performed a dose-response study of the effects of tau-
rine on tissue loss and functional outcomes following CCI in
aged rats using best practices of rigor and reproducibility in-
cluding use of an appropriate preclinical model, sample sizes
determined a priori, randomization of subjects, experimenter
blinding, and pre-determined exclusion criteria. We found no
significant brain tissue sparing by taurine in aged rats follow-
ing TBI. Using our data on D14 tissue loss in saline-treated
and 200 mg/kg taurine-treated aged rats, we can calculate an
effect size of 0.88, which would require a sample size of 20 to
yield significance with 80% power according to our current
study design. This suggests that future studies of neuroprotec-
tive therapies in aged animals might require larger sample
sizes than those performed in young adults.

None of the doses of taurine we tested significantly im-
proved performance on the adhesive removal or beam walk
tests. On the adhesive removal test, unilateral CCI resulted in a
large and significant increase in contact and removal times of
the contralateral limb that persisted to 14 days post-TBI. In
contrast, the ipsilateral limb contact and removal times were
faster and resolved more rapidly to baseline. Although not
frequently reported in animal studies of TBI, separating ipsi-
lateral from contralateral limb performance distinguishes ef-
fects specific to the unilateral injury from non-specific effects
of the anesthesia or surgery (Peterson et al. 2015a; Peterson
et al. 2015b; Simon-O'Brien et al. 2016; Hoane et al. 2011;
Kuypers and Hoane 2010).

In contrast to a previous study demonstrating functional
benefits in healthy aged mice following 8 months of oral sup-
plementation with 0.05% taurine (El Idrissi et al. 2013), our
study in aged rats with TBI did not find behavioral improve-
ments with one week of intraperitoneal taurine administration.
Longer-term administration may be required, or it is possible
that the pathophysiological stresses of TBI may exacerbate
functional impairment beyond that of normal aging to the
point that taurine neuroprotection is limited.

Our finding that taurine does not confer significant neuro-
protection in aged rats also contrasts with previous studies of
TBI in young adult rats that all demonstrated neuroprotection
(Gu et al. 2015; Su et al. 2014; Sun et al. 2015; Wang et al.
2016). This could be attributed to: 1) differences in age of the

animals, 2) methodological differences in injury model,
outcome measures, dose and/or route of taurine admin-
istration, or 3) different experimental standards of scientific
rigor, as discussed below.

Effects of aging on neuroprotection

Exacerbated injury mechanisms including edema, inflamma-
tion, oxidative stress, blood-brain barrier disruption and mito-
chondrial dysfunction may contribute to the aging-dependent
decline in TBI outcomes. Aging could also affect the absorp-
tion, distribution, metabolism and excretion of drugs, poten-
tially contributing to differences in neuroprotection. The doses
of taurine we tested were based on previous reports in young
adult rats (Su et al. 2014; Sun et al. 2015; Wang et al. 2016).
Dose-response studies found that an intravenous (i.v.) 50 mg/
kg dose of taurine mediated optimal neuroprotection com-
pared to saline controls (Sun and Xu 2008; Sun et al. 2015),
whereas additional studies reported that a 200 mg/kg i.v. dose
conferred significant tissue and functional benefits in adult
male rats (Su et al. 2014; Wang et al. 2016). In contrast, not
even our highest dose (200 mg/kg i.p.) significantly reduced
brain tissue loss, improved sensorimotor function, or
prevented weight loss following TBI in aged rats. It is possible
that older subjects may require longer treatment and/or higher
doses than young adults to see significant benefit (Mitchell
and Anderson 1998; Undie et al. 1995). This underscores
the need to understand the effects of age on therapeutic effi-
cacy and pharmacokinetics that will allow a more accurate
estimate of the effective dose range and treatment duration
of taurine for future evaluation.

In the clinical setting, older individuals suffer higher mor-
tality and poorer outcomes from TBI (Utomo et al. 2009).
Elderly individuals often also suffer from other non-
neurological co-morbidities including respiratory, cardiovas-
cular and hematologic complications, and acute kidney injury
that correlate with worse outcomes following TBI (D. Zygun
2005; D. A. Zygun et al. 2003; Corral et al. 2012). Similar co-
morbidities also occur in aged F344 rats, contributing to their
clinical relevance as a model to study therapeutic candidates
for TBI with aging. Since co-morbidities can affect TBI
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outcomes, it is possible that they might mask any neuropro-
tective effects of taurine. However, in this study, the
incidence of the various co-morbidities was similar across
treatment groups.

Methodological differences in taurine studies

Previous studies that demonstrated neuroprotective efficacy in
adult rats used intravenous injection, which raises the possi-
bility that our chosen route of delivery, intraperitoneal, might
be a limitation. However, intraperitoneally injected taurine
crosses the blood-brain barrier resulting in increased brain
levels of taurine in adult mice and rats (Junyent et al.
2009; Lallemand and De Witte 2004). Moreover, mag-
netic resonance spectroscopy studies in our laboratory
have confirmed increases in brain taurine levels of un-
injured adult rats within an hour of i.p. taurine injection
(unpublished data). Accordingly, we do not believe that
target engagement is a problem although it is possible that
slower delivery of taurine during the acute post-injury period
due to intraperitoneal delivery might have tempered its neu-
roprotective effect.

Previous taurine studies have used different models of TBI
from the current study (Su et al. 2014; Sun et al. 2015; Wang
et al. 2016). The weight drop model results in a diffuse injury
and lateral fluid percussion produces a mixed focal cortical
injury and diffuse subcortical injury, whereas our CCI model
produces a focal contusion (Xiong et al. 2013), a frequent
feature in accidents and fall-related TBI suffered by the elderly
(Aghakhani et al. 2015). Each of these TBI models elicits a
unique pattern of molecular, cellular and pathophysiological
responses (Mondello et al. 2016) that may affect outcomes.
Outcome measures that confirmed taurine neuroprotection in
young adult rats included neurological severity score, brain
water content, blood-brain barrier integrity, expression of
anti-oxidant enzymes and inflammatory cytokines as well as
histopathological analysis of tissue loss. Although it is possi-
ble that ex vivo histopathology is a more sensitive measure of
tissue sparing than our analysis of T,-weighted MRI, this
seems unlikely since previous studies have demonstrated very
high correlation between histological and MRI tissue loss
(Onyszchuk et al. 2007).

Contrary to published reports on taurine-mediated im-
provement in neurological function in young adults,
we did not observe behavioral improvements in this
study. Behavioral tests for aged rodents often need to
be adapted from those used for young adults and must
account for physiological and motivational differences
arising from age (Hanell and Marklund 2014; Kennard
and Woodruff-Pak 2011). Whether current methods of
testing functional outcomes in aged rodents are ade-
quately sensitive to TBI severity and therapeutic benefits re-
mains an open question.

@ Springer

Scientific rigor in preclinical studies

Our use of a highly rigorous study design might lead to con-
servative estimates of neuroprotection, as has been seen pre-
viously: one study that applied optimal study design to re-test
eight promising compounds in a murine model of amyotro-
phic lateral sclerosis found much lower non-significant effects
on lifespan extension than were previously reported (Scott
et al. 2008). Although previous studies of taurine in young
adult rats employed randomization, experimenter blinding
was only reported for certain measurements such as neurolog-
ical severity scores but not for histopathological or immuno-
cytochemical analyses (Su et al. 2014; Sun et al. 2015).
Applying the same standards of rigor and methodological ap-
proaches in a randomized study of both young and aged rats
would be the most direct way to confirm the effects of aging
on taurine neuroprotection.

Study limitations and future directions

Given the number of groups involved in this study, we elected
to use intra-animal controls to compare pre- and post-injury
measures in the same subjects over time, instead of additional
sham-injured groups. Additionally, this study did not deter-
mine whether taurine alters the expression of molecular targets
within cell death, inflammation, oxidative stress or neuro-
transmission pathways that may affect neuroprotection
in aged animals. Whether there are age-related alter-
ations in the taurine transporter TauT at the blood-
brain barrier remains to be determined (Kang 2006;
Kang et al. 2002). Also, although we focused on sensorimotor
functional outcomes because our TBI model causes structural
damage to sensorimotor cortex but not hippocampus (Harris
et al. 2012), possible effects of injury and treatment on
hippocampal-dependent cognitive function in aged rats should
be explored in future studies.

Similar to previous taurine studies in young adults, we only
used male rats based on the higher incidence of TBI in men.
However, there is growing evidence that TBI outcomes may
vary based on sex (Farace and Alves 2000; Kraus et al. 2000;
Slewa-Younan et al. 2004). Furthermore, estrogen receptors
may regulate TauT-mediated taurine uptake, and brain taurine
concentrations are lower in female mice compared to age-
matched males (Duarte et al. 2014; Shennan and Thomson
2007). Thus, additional research is needed to evaluate taurine
neuroprotection in females.

We tested three doses in this study based on previous re-
ports in young adults. Two of the doses were lower, while one
exceeded the highest dose of 10 g/day safely tested in humans
(Durelli et al. 1983). Different doses based on appropriate
pharmacokinetic and safety studies, and different routes of
administration of taurine, need to be evaluated in future stud-
ies with aged animals.
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Conclusion

Using best practices for scientific rigor, this study did not
demonstrate significant structural or functional neuroprotec-
tion by taurine in aged rats with TBI, in contrast to previous
findings in younger animals. Advanced age is an important,
but often overlooked, variable in TBI drug development given
the higher incidence, poorer outcomes, and complex mecha-
nisms involved in TBI in older individuals. Preclinical studies
that better reflect the demographics, such as age and sex, of
human TBI will be critical for successfully translating thera-
pies from bench to bedside.
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