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Abstract: Previous results on nitric oxide (NO) metabolism after traumatic brain injury
(TBI) show variations in NO availability and controversial effects of exogenous nitric
oxide synthase (NOS)-inhibitors. Furthermore, elevated levels of the endogenous NOS
inhibitor asymmetric dimethylarginine (ADMA) were reported in cerebro-spinal fluid
(CSF) after traumatic subarachnoid hemorrhage (SAH). Therefore, we examined whether
ADMA and the enzymes involved in NO- and ADMA-metabolism are expressed in brain
tissue after TBI and if time-dependent changes occur. TBI was induced by controlled
cortical impact injury (CCII) and neurological performance was monitored. Expression of
NOS, ADMA, dimethylarginine dimethylaminohydrolases (DDAH) and protein-arginine
methyltransferase 1 (PRMT1) was determined by immunostaining in different brain
regions and at various time-points after CCIl. ADMA and PRMT1 expression decreased in
all animals after TBI compared to the control group, while DDAH1 and DDAH?2
expression increased in comparison to controls. Furthermore, perilesionally ADMA is
positively correlated with neuroscore performance, while DDAH1 and DDAH2 are
negatively correlated. ADMA and its metabolizing enzymes show significant temporal
changes after TBI and may be new targets in TBI treatment.
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1. Introduction

Traumatic brain injury (TBI) triggers a cascade of changes inducing the development of secondary
brain damage with nitric oxide (NO) playing an important role. NO is a strong vasodilator and
regulates cerebrovascular tone and perfusion [1]. Therefore, it is not surprising that NO is one of the
key players in the development of cerebral vasospasm after traumatic and aneurysmal subarachnoid
hemorrhage (SAH) as well as in the development of secondary brain damage after severe TBI [2,3].

NO is synthesized from L-arginine by a family of NO-synthases (NOS): Two constitutive forms
(cNOS) have been described, the endothelial NOS (eNOS) and the neuronal NOS (nNOS),
as well as an inducible form (iNOS) [4]. The synthesis of NO via NOS can be inhibited by the
endogenous competitive NOS-inhibitor asymmetric methylated L-arginine (ADMA), which is
synthesized by protein-arginine methyltransferase 1 (PRMT1) and hydrolyzed by dimethylarginine
dimethylaminohydrolase (DDAH1 and DDAH2) [5,6]. After TBI, an early decrease in intracerebral
NO concentration occurs, which lasts from 30 min up to 6 h after TBI [2]. During this time, eNOS and
nNOS activity appear normal and unchanged after TBI in humans [7]. The administration of
exogenous NOS inhibitors leads to controversial effects [2,8—10]. Furthermore, administration of
L-arginine resulted in reduced contusion volumes and had beneficial effects on cerebral blood
flow [11-15]. Martens-Lobenhoffer et al. hinted at the endogenous NOS-inhibitor ADMA after TBI.
They described an increase of ADMA levels in the cerebro-spinal fluid of patients with traumatic
subarachnoid hemorrhage [16] parallel to the time-course of blood-brain barrier breakdown after
TBI [17]. Variations in NO availability and controversial effects of exogenously administered
NOS-inhibitors after TBI may be evoked by the competitive endogenous NOS inhibitor ADMA.

We, therefore, hypothesized that ADMA and the enzymes involved in ADMA-metabolism might be
involved in TBI. Therefore, our goals were (1) to determine whether ADMA is expressed in brain
tissue after TBI, focusing on the damaged brain site (TBI lesion) and the potentially influenceable
penumbra (perilesional zone); (2) to establish whether time-dependent changes of ADMA expression
exist; and (3) to investigate if the expression of enzymes involved in NO- and ADMA-synthesis might
also be affected.

2. Results and Discussion
2.1. Neuroscore

Motor function performance after controlled cortical impact injury (CCII) is known to drop
immediately after injury. In previous studies using a CCII rat model the impairment of motor function
was found to be maximal during the first two days after injury [18-20]. We examined Garcia
neuroscore performance [21] of control animals (# = 5) and of TBI animals at different time-points
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after CCII (n = 6; at each time point). Due to the experimental set-up no neurological testing could be
performed within 30 min after CCII. All control animals reached the maximum attainable score of
18 points (100% level). In accordance with previous reports [18-20] we find a significant (p < 0.01)
and immediate drop of 33% in performance over the first 2 days after TBI (13 + 2 Garcia points;
n = 24) compared to controls (18 Garcia points, n = 5).

2.2. ADMA, PRMT, DDAH and NOS Expression

In control/sham animals which did not suffer from TBI, ADMA is strongly and evenly expressed in
the supratentorial brain regions (35 + 7 positively stained cells/FOV). After TBI ADMA expression
decreases in all TBI animals compared to controls. However, significant differences can be found
within the different brain regions (contusion/TBI lesion and penumbra/perilesional zone)
(Figures 1 and 2). Thirty minutes after TBI, ADMA expression strongly decreases within the TBI
lesion (p < 0.001) and remains low during the subsequent course while perilesional ADMA expression
shows a decelerated decline (Figure 1). Early after TBI (30 min) the perilesional ADMA expression
remains at 24 + 8 positively stained cells/FOV. Then 3 to 8 h after TBI perilesional ADMA expression
significantly decreases (p < 0.01) compared to the early phase (30 min), followed by an increase,
reaching 24 h after TBI a second peak (p < 0.01) compared to the earlier values 3 and 8 h after TBI
(Figures 1 and 2). Analyzing the time course of ADMA expression with respect to the Garcia
neuroscore performance, we found a significant correlation in this perilesional area (cc = 0.46;
p=0.01; 95% CI: 0.12-0.7).

Figure 1. Expression of asymmetric dimethylarginine (ADMA) within the traumatic brain
injury (TBI) lesion and perilesional area (sections of » = 5 animals at 30 min, 8 and 48 h,
n =6 at 3 and 24 h), as well as in control animals (n = 5), shown as mean of positively
stained cells per examined fields of view (FOV) at a magnification of 400% (mean £ SD).
* significant difference of lesional and perilesional ADMA expression in TBI animals
compared with controls at any time-point after TBI (p < 0.01). Furthermore, significant
changes of ADMA expression within the perilesional area are detectable: § A perilesional
decrease in ADMA expression can be observed 3 and 8 h after TBI compared to 30 min
after TBI (p < 0.001). # Thereafter, ADMA increases and peaks 24 h after TBI (p < 0.001
compared to 3 and 8 h after TBI, p > 0.05 compared to 30 min after TBI).
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Figure 2. (A) Silver-staining and overview of rat brain cryosection 8 h after controlled
cortical impact injury (CCII), indicating the TBI lesion (----: line). (B—F) Immunohistological
staining and expression of ADMA (magnification: 200%); (B) ADMA expression in
subcortical brain area of control animals, equivalent to the lesion and perilesional area of
TBI animals; (C) ADMA expression within the perilesional area 8 h after CCII;
(D) ADMA expression within the TBI lesion 8 h after CCII. No positively stained cells are
detectable within this FOV. (E) and (F) ADMA expression 24 h after CCII; (E) The
perilesional zone shows an increase in ADMA expression 24 h after CCII compared to 8 h
after CCII; (F) ADMA within the TBI lesion 24 h after CCII. Only very few positively
stained cells are detectable (—: examples for positively stained cells).
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PRMT1, the enzyme which synthesizes ADMA by post-translational methylation of protein-bound
L-arginine [22] can be detected in control animals (Figure 3). Control animals showed higher PRMT1
expression (20 + 5 positively stained cells/FOV) than the animals submitted to TBI (range:
0-8 positively stained cells/FOV depending on the time-point after TBI) (p < 0.01). Early after TBI
(30 min) PRMT1 expression disappears within the lesion. Then, three to eight hours later, some
isolated scattered cells express PRMT1 (Figures 3 and 4). Forty-eight hours after TBI, PRMTI
expression increases especially within the lesion but also in the perilesional area compared to earlier
time-points after TBI (p < 0.001) (Figure 3).

Figure 3. Expression of protein-arginine methyltransferase 1 (PRMT1) within the TBI
lesion and perilesional area (sections of » = 6 animals at each time-point) as well as in
control animals (n = 5), expressed as positively stained cells per field of view (FOV) at a
magnification of 400x (mean £ SD). No positively stained cells can be detected within the
lesion 30 min after TBI. * significantly decreased expression of ADMA in TBI animals
compared to controls (p < 0.01). § significant increase (p < 0.001) of PRMT1 expression in
the lesion and perilesional area compared to earlier time-points after TBI.
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Figure 4. Immunohistological staining of PRMTI1. (A) PRMTI1 in control rat brain
sections is evenly expressed (magnification 100%); (B) shows scattered PRMT]1 positively
stained cells 3 h after TBI within the perilesional zone and (C) 48 h after TBI within the
lesion (B/C: magnification 200x) (—: examples for positively stained cells).
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DDAHI1 and DDAH2 are expressed in control and TBI animals. Especially in control animals and
early after TBI, DDAH 1 expression is scattered and low (0.7 £+ 1, range: 0-3 positively stained
cells/FOV). Within 24 h after TBI, DDAHI expression increases significantly inside the lesion and
perilesionally to a peak (5.5 = 3.1 and 2.8 + 2.5 positively stained cells/FOV, n =6, p <0.01), which is
also significantly higher than in the controls (p < 0.01) (Figures 5 and 6). DDAH?2 expression after TBI
is increased and stays elevated compared with controls (Figure 7). However, no significant changes
can be observed within the lesion or perilesional area at the different time points (p > 0.05). DDAH
expression is low (0 to 8 cells/FOV) and remarkably individual and variable resulting in strong
standard-deviations at the different time-points after TBI (Figure 8). This might be related to the
individual development of secondary brain injury and neuroscore performance. Corresponding to this,
analyzing the individual DDAH expression of each animal at the different time-points with respect to
the Garcia neuroscore performance (Figure 9), we found that in the perilesional area DDAHI1 and
DDAH?2 expression were negatively correlated (cc = —0.42; p = 0.02; 95% CI: (-0.67)—(—0.8) and
cc =—0.41; p =0.02; 95% CI: (—0.67)—~(—0.07), respectively).

Figure 5. Expression of dimethylarginine dimethylaminohydrolases (DDAH)1 within the
TBI lesion and perilesional area (sections of n = 6 at each time-point) as well as in control
animals (n = 5), expressed as positively stained cells per field of view (FOV) at a
magnification of 400x (mean £+ SD). * significant difference in DDAHI expression 24 h
after TBI compared to controls. § significant increase of DDAH1 24 h after CCII in the
lesion and perilesional area compared to 30 min and 3 h after CCIL.
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Figure 6. Immunohistological staining of DDAH1 (A—C). (A) DDAHI in control rat brain
sections (magnification 100x); (B) Perilesional DDAH1 expression shows positively
stained cells 24 h after TBI and (C) lesional expression 24 h after TBI (B/C: magnification
200x) (—: examples for positively stained cells).
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Figure 7. Expression of DDAH2 after CCII (sections of n = 6 animals at each time-point)
within the TBI lesion and perilesional area as well as in control animals, expressed as
positively stained cells per field of view (FOV) at a magnification of 400x (mean + SD).
* significant difference in DDAH?2 expression compared to controls.
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Figure 8. Immunohistological staining of DDAH2 (A—-C). (A) DDAH2 expression in
control rat brain sections is rare. In this FOV only one positively stained cell can be
observed; (B) perilesional DDAH?2 24 h after TBI and (C) lesional DDAH2 24 h after TBI
(A—C: magnification 200%) (—: examples for positively stained cells).
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Figure 9. This scatter plot depicts individual expression of DDAH2 (positively stained
cells/FOV) within the perilesional area of controls (n = 5) and of each TBI animal in
accordance to their individual neuroscore performance before being sacrificed at the
different time-points after TBI (» = 24; Animals 30 min after CCII were excluded because
of missing neuroscores). Some dots are doubly assigned as three animals showed same
neuroscore and DDAH2 expression values.
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In this study, a significant increase in iNOS expression, which starts 8 h after TBI can be observed
(Figure 10). Comparable time-dependent and delayed increases in iNOS expression have been
described previously [23-25]. eNOS expression significantly decreases 30 min to 3 h after TBI and
subsequently regains control/sham levels 8 h after TBI (Figure 10). Comparable with these findings,
Wada et al. reported after an immediate increase a sustained reduction in cNOS activity [24]. In
humans, Gahm et al. could detect an iNOS peak 8 to 23 h after TBI, while eNOS and nNOS remained
unchanged compared to controls [7]. Furthermore, Gahm et al. reported decreased nNOS expression
after CCII in rats [23]. As iNOS generates and emits more NO than cNOS [26], iNOS derived NO has
been suggested as a potential mediator of secondary brain injury [2,25]. NO by eNOS plays a major
role in maintaining cerebral blood flow in the perilesional zone, which is on the one hand susceptible
to secondary brain injury and on the other a potential target for treatment. Therefore, we focused on
eNOS and iNOS expression.

Figure 10. Line graph shows, iNOS (red), eNOS (blue) and NOS/ADMA ratio (green)
expression in the perilesional zone at different time points after CCII as well as in controls
(mean + SD). § significant increase in iNOS expression. # significant decrease in eNOS
expression 30 min and 3 h after TBI compared to controls as well as to 8, 24 and 48 h after
TBI. * significant increase of NOS/ADMA ratio compared to controls.
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As NO was not directly measured in these CCII animals, we calculated a ratio between NOS and
ADMA, as indirect measure for NO availability: (eNOS + iNOS expression)/ ADMA expression. In the
perilesional area NOS/ADMA ratio significantly increases three hours after TBI (p < 0.01), which
indicates, in accordance with previous reports [2,15,23,24], a delayed increase of NO in this region,
which is likewise caused by an increase in iNOS expression [2,15,23,24] (Figure 10).

Reduced NO levels, as found early after TBI, in spite of unchanged or normal NOS activity can be
explained if endogenous NOS inhibitors as ADMA play a role. Conversely, increased NO levels
after TBI may be the result of increased NOS expression and reduced endogenous NOS inhibition,
comparable to the observed delayed iNOS increase which was accompanied by an increase in DDAH
and an overall decrease in ADMA compared to controls.

ADMA expression is detected in brain tissue of both controls and of animals which suffer TBI.
Although ADMA expression strongly decreases within the traumatic lesion, it remains unchanged
perilesionally during the early stage after TBI, followed by a decrease 3 h after TBI and a subsequent
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increase about 24 h after TBI. ADMA protein levels were not measured in this study.
Martens-Lobenhoffer et al. described in a previous study increased ADMA protein levels in the
cerebro-spinal fluid (CSF) and plasma of patients with traumatic subarachnoid hemorrhage after
TBI [16]. Similarly increased ADMA levels accompanied by decreased NO levels in CSF and NOS
inhibition have been demonstrated in cases of brain injury caused by aneurysmal subarachnoid
hemorrhage [27,28]. Furthermore, Thampatty et al. reported elevated CSF ADMA level within 3 days
after TBI in children [29]. The delayed detection of elevated ADMA levels in CSF and serum parallels
the timescale for apoptosis and neuronal cell-death as well as the time-course of blood brain-barrier
breakdown after TBI [17,30]. Therefore, the observed overall decrease in tissue ADMA expression,
especially within the necrotic TBI lesion, compared to controls as well as the increase of ADMA
expression within the perilesional zone 24 h after TBI in this study, which are also parallel to the
described time-course of blood-brain barrier breakdown [17] do not seem to be conflicting. On the
contrary, it underlines once more the variety of pathological and time-dependent changes observed
after TBI. Furthermore, former experimental TBI studies in which NOS inhibitors were administered
lead to controversial effects: In one study, which used the fluid percussion injury model,
administration of L-NAME 5 min prior to injury resulted in an increased mortality rate [8]. In another
study, administration of L-NAME pre- and post injury showed no adverse effects on outcome [31].
While some studies showed no effect, others demonstrated a reduction in edema, contusion volume
and improvement in outcome [9,10,31]. The differing benefits achieved with administered NOS
inhibitors become comprehensible when one considers the different time-points of administration
together with the observed undulated course of ADMA and DDAH after TBI in our study. In addition,
L-arginine, the substrate for NO production, also represents an ADMA competitor for NOS. In
accordance with treatment successes reported on cerebral vasospasm after SAH [32,33], the
administration of L-arginine resulted in a reduction of contusion volume after TBI [11-15]. L-arginine
administration increased NO production [34] and, furthermore, it restored cerebral blood flow in
various cortical contusion models of traumatic brain injury [12,13]. These observations suggest that
L-arginine may overcome local competitive inhibition of NOS by ADMA after TBI and supports our
hypothesis that ADMA is involved in the development of secondary brain damage, especially within
the perilesional area surrounding the TBI lesion.

PRMTI, the enzyme which synthesizes ADMA by post-translational methylation of protein-bound
L-arginine [22] can be detected in control animals, where it is evenly expressed in cortical neurons
comparable with previous reports on mouse brain sections [35]. PRMT1 is significantly less expressed
after TBI than in controls: Early after TBI (30 min) PRMT1 expression disappears within the lesion.
Then, three to eight hours later, some isolated scattered cells express PRMT, reaching a maximum
48 h after TBI within the lesion but also in the perilesional area.

DDAHI1 and DDAH2 hydrolyze ADMA. DDAHI is mainly expressed in neuronal tissue [36,37]
while DDAH2 is found perivascular similar to the eNOS expression [38]. In this study, however, no
co-immunoprecipitation studies were performed. Both enzymes are expressed in control and TBI
animals. Results on DDAH1 and DDAH?2 in control brains are comparable to previous reports [39].
Within 24 h after TBI, DDAH1 expression increases significantly inside the lesion and perilesionally
to a peak and is significantly higher than in the controls. DDAH2 expression after TBI is increased
and stays elevated after TBI compared with controls. Furthermore, a negative correlation between
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DDAH1 and DDAH2 expression and neuroscore performance could be detected in the
perilesional area.

Two different mechanisms may raise ADMA concentrations: (1) increased methylation of
L-arginine by up-regulation of PRMT1 and (2) decreased hydrolysis of ADMA by DDAH. In
hypercholesterolemia an up-regulation of PRMT mRNA expression has been reported in human
endothelial cells by low-density lipoproteins (LDL) and suggested to be responsible for ADMA
elevation [40]. While control animals showed strong PRMT1 expression, TBI resulted in reduced
PRMTT1 expression. We observed an early and strong decrease followed by an increase in PRMT1
expression within the injured hemisphere peaking 48 h after TBI. This was predominant within the
lesion but also detectable in the perilesional area. The second mechanism, a decline in DDAH activity,
occurs under pathological conditions such as cerebral vasospasm after subarachnoid hemorrhage and
hypercholesterolemia [27,41]. After experimental subarachnoid hemorrhage DDAH2 expression was
attenuated in cerebral vessels being affected by vasospasm [27]. In this traumatic brain injury study
DDAH1 and DDAH2 expression significantly increased within the lesion and perilesionally,
accompanied by a decrease in ADMA which could not be overcome by elevated PRMT1 expression
48 h after TBI. Therefore, both mechanisms may contribute to the overall effect.

Although we did detect a general decrease of ADMA after TBI, we cannot exclude local changes in
ADMA expression with increased local levels of ADMA especially in cases of traumatic vasospasm
after severe TBI. This is important, since distinct local and temporal profiles of cerebral blood volume
may also contribute to secondary changes and functional outcome after TBI [2]. In the vulnerable
perilesional area they seem to be potentially associated with the time course of sensory-motor
deficit [42]. Similar, we found in our study a significant association between neuroscore and ADMA
expression and a negative correlation of the neuroscore with DDAH1 and DDAH2 in the
perilesional area.

DDAH inhibition and activation have been suggested as useful molecular probes to better
understand cellular regulation of nitric oxide. Several potent DDAH inhibitors have recently been
published [43] and suggested as potential therapeutic agents for treatment of pharmacological states
associated with inappropriate under- and over-production of nitric oxide, such as septic shock [44].
Therefore, ADMA and especially DDAH changes in the perilesional area might offer potential new
therapeutic targets in treatment of TBI and secondary brain damage development.

3. Experimental Section
3.1. Animals

Male Sprague-Dawley rats (n = 35) (Charles River, Germany) weighing 260 to 370 g were used in
the present investigation. All experimental procedures were reviewed by the institutional committee
for animal care and approved by the local veterinary authority (Regierungspriasidium Karlsruhe,
Germany, G147/09).
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3.2. Anesthesia and Brain Injury Model

Rats were anaesthetized in an isoflurane chamber (5%). Thereafter, anesthesia was maintained with
a face mask using 1.5%—-1.8% isoflurane, 30% O,, and 68% N,O. Via a catheter in the tail artery
systemic blood pressure and blood gases were monitored. Body temperature was kept constant at
37.0 °C by a feedback controlled heating pad. After induction of anesthesia, the head was fixed in a
stereotactic frame and a right-sided craniotomy was performed between the coronal, sagittal and
lambdoid sutures with a micro-drill and under permanent cooling with saline. Specific attention was
paid to leave the dura mater intact. Controlled cortical impact injury (CCII) was performed
perpendicular to the surface of the brain as previously described [45]. The diameter of the impactor
was 5 mm, the velocity 7.5 m/s, 1.5 mm depth of impression and the impact duration 300 ms.
Craniotomy was closed immediately after CCII by replacing the bone-flap and fixation with
dental cement.

3.3. Experimental Groups

One experimental group (n = 30) and one control group (n = 5) were investigated. All animals
(experimental and control group) received craniotomy while rats of the control group were randomized
to a sham group without receiving trauma/CCII. Animals in the experimental group were subjected to
CCII and sacrificed after perfusion 30 min, 3, 8, 24 and 48 h after CCII (n = 6, at each time-point).
Control animals were sacrificed directly after sham surgery.

3.4. Immunohistochemistry

After perfusion animal supratentorial brains intended for immunohistochemical staining were
dissected out of the skull and snap frozen in 2-methylbutan (AppliChem, Darmstadt, Germany) and
stored at —80°C for prompt cryosectioning. For immunostaining of different antibodies adjacent
sections of 6 um were used. On one object slide 2 brain sections with a minimum distance of 48 um
were mounted and both were stained with one of the following antibodies: Rabbit polyclonal antibody
against endothelial NOS (eNOS), the inducible NOS (iNOS), ADMA and PRMT]1 as well as goat
polyclonal antibody against DDAHI1 and DDAH2 were used with a 1:50 dilution for eNOS, iNOS,
PRMTI1, DDAH1 and DDAH2 (Abcam, Cambridge, UK). The antibody against ADMA was diluted
1:100. Sections without primary antibodies were used as negative controls in each staining set.
Binding was visualized by a biotin conjugated secondary donkey immunoglobulin G antibody versus
rabbit/goat immunoglobulin G antibody (Abcam, Cambridge, UK), adding Avidin/Biotin-complex
(ABC) as well as 3,3'-Diaminobenzidine (DAB) as chromogen. Counterstaining was performed with
hematoxylin. Distribution of immunohistologically stained cells within different brain areas (lesion,
and perilesional zone) (e.g., Figure 2A) were analyzed at different time-points following CCII. In
control animals the corresponding homotopic regions below the craniectomy were examined. As no
difference could be found for any antibody staining among the different control regions their results
were combined. Immunohistochemical staining was analyzed quantitatively by two independent
observers who were blinded to the previous treatment protocols of animals: In two sections and in six
fields of view (FOV) at a high-power magnification of 400%, the number of positively stained cells
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was counted and a mean value was calculated for each group and for the different brain areas at
different time points (30 min, 3, 8, 24 and 48 h) following CCII. Furthermore, a ratio between
expression of NO synthases and the NOS inhibitor ADMA was calculated as an indirect measure for
NO availability, called in the following “NOS/ADMA ratio”: (eNOS + iNOS expression)/ADMA
expression. For interobserver agreement, k-statistics were performed, revealing excellent agreement
(k=0.95).

3.5. Neurological Assessment

The neurological examination was performed referring to the modified grading system by
Garcia et al. [21]. The Garcia test is a composite neurological test in which the rats are evaluated for
various sensorimotor deficits: (1) spontaneous activity; (2) symmetry in four limb movement;
(3) forepaw outstretching; (4) climbing; (5) body proprioception; and (6) response to vibrissal touch.
For each mode of motor or behavioral deficit between 0 and 3 points were allocated, leading to a
cumulative maximum score of 18 points as found in normal, healthy animals. Neurological deficits
lead to lower scores (Figure 3) [21]. Garcia neuroscore performance was tested in all control animals
(n=15). TBI animals were examined before they were sacrificed at 3, 8, 24 and 48 h after CCII (n = 24;
6 animals at each time point). Due to the experimental set-up no neurological testing could be
performed within 30 min after CCII (n = 6).

3.6. Statistics

Data are presented as mean value + standard deviation (SD). A threshold value of significance
(p-value) of less than 0.05 was applied. For statistical comparisons between groups, two-tailed
Student’s #-tests for normally distributed data were used. Analysis of the normally distributed variables
at the different time points was performed using one-way analysis of variance test (ANOVA) followed
by multiple comparison post test (Tukey’s test and Dunnett’s test for comparison of multiple groups
with one control group). Pearson’s correlation coefficient served to assess correlation. All calculations
were performed with a standard statistical software package (GraphPad InStat, Version 3.05,
GraphPad Software, Inc., La Jolla, CA, USA).

4. Conclusions

This is, to the best of our knowledge, the first study that describes temporal profiles of NOS,
ADMA, PRMTI1, DDAH1 and DDAH2 in the brain after experimental contusion/TBI. The main
findings of our experiments are: (1) ADMA is expressed in brain sections of animals after suffering
TBI as well as in controls; (2) TBI changes ADMA expression strongly: ADMA expression decreased
in all time-groups after TBI compared to the control group. However, within the lesion ADMA
expression drops immediately and stays low, while the level in the perilesional area decreases 3 h after
TBI and increases 24 h after TBI compared to previous time-groups, but remains at all times lower
than in controls; (3) PRMT]1 also decreased in all animals after TBI compared to the control group,
while; (4) DDAHI1, and DDAH2 increased in comparison to controls; (5) In the perilesional area
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ADMA is positively correlated with neuroscore performance; and (6) DDAH1 and DDAH2 are
negatively correlated with neuroscore performance.

Although, ADMA and the enzymes involved in ADMA-metabolism show significant changes
after TBI, future experiments have to prove if the competitive endogenous NOS inhibitor ADMA
effects variations in NO availability and previously described controversial effects of exogenously
administered NOS-inhibitors after TBI. Nevertheless, ADMA and its metabolizing enzymes might be
new targets in TBI treatment.

Acknowledgments

This work was supported by a stipend of the German society of neurological surgeons
(Stipendium Neurochirurgische Forschung der Deutschen Gesellschaft fiir Neurochirurgie (DGNC))
awarded to C.S. Jung. We thank Rolf Warta for technical assistance in performing photography
of immunostaining.

Conflicts of Interest

The authors declare no conflict of interest.
References

1. Furchgott, R.F.; Zawadzki, J.V. The obligatory role of endothelial cells in the relaxation of
arterial smooth muscle by acetylcholine. Nature 1980, 288, 373-376.

2. Cherian, L.; Hlatky, R.; Robertson, C.S. Nitric oxide in traumatic brain injury. Brain Pathol.
2004, /4, 195-201.

3. Pluta, R.M.; Oldfield, E.H. Analysis of nitric oxide (no) in cerebral vasospasm after aneursymal
bleeding. Rev. Recent Clin. Trials 2007, 2, 59—67.

4. Knowles, R.G.; Moncada, S. Nitric oxide synthases in mammals. Biochem. J. 1994, 298,
249-258.

5. Leiper, J.; Vallance, P. Biological significance of endogenous methylarginines that inhibit nitric
oxide synthases. Cardiovasc. Res. 1999, 43, 542—-548.

6. Vallance, P.; Leone, A.; Calver, A.; Collier, J.; Moncada, S. Accumulation of an endogenous
inhibitor of nitric oxide synthesis in chronic renal failure. Lancet 1992, 339, 572-575.

7. Gahm, C.; Holmin, S.; Mathiesen, T. Nitric oxide synthase expression after human brain
contusion. Neurosurgery 2002, 50, 1319—-1326.

8. Lu, Y.C; Liu, S.; Gong, Q.Z.; Hamm, R.J.; Lyeth, B.G. Inhibition of nitric oxide synthase potentiates
hypertension and increases mortality in traumatically brain-injured rats. Mol. Chem. Neuropathol.
1997, 30, 125-137.

9. Mesenge, C.; Verrecchia, C.; Allix, M.; Boulu, R.R.; Plotkine, M. Reduction of the neurological
deficit in mice with traumatic brain injury by nitric oxide synthase inhibitors. J. Neurotrauma
1996, /3,209-214.

10. Stoffel, M.; Rinecker, M.; Plesnila, N.; Eriskat, J.; Bacthmann, A. Role of nitric oxide in the
secondary expansion of a cortical brain lesion from cold injury. J. Neurotrauma 2001, 18,
425-434,



Int. J. Mol. Sci. 2014, 15 4101

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cherian, L.; Chacko, G.; Goodman, C.; Robertson, C.S. Neuroprotective effects of L-arginine
administration after cortical impact injury in rats: Dose response and time window. J. Pharmacol.
Exp. Ther. 2003, 304, 617-623.

Cherian, L.; Chacko, G.; Goodman, J.C.; Robertson, C.S. Cerebral hemodynamic effects of
phenylephrine and L-arginine after cortical impact injury. Crit. Care Med. 1999, 27, 2512-2517.
DeWitt, D.S.; Smith, T.G.; Deyo, D.J.; Miller, K.R.; Uchida, T.; Prough, D.S. L-arginine and
superoxide dismutase prevent or reverse cerebral hypoperfusion after fluid-percussion traumatic
brain injury. J. Neurotrauma 1997, 14, 223-233.

Hlatky, R.; Lui, H.; Cherian, L.; Goodman, J.C.; O’Brien, W.E.; Contant, C.F.; Robertson, C.S.
The role of endothelial nitric oxide synthase in the cerebral hemodynamics after controlled
cortical impact injury in mice. J. Neurotrauma 2003, 20, 995-1006.

Wada, K.; Chatzipanteli, K.; Busto, R.; Dietrich, W.D. Role of nitric oxide in traumatic brain
injury in the rat. J. Neurosurg. 1998, 89, 807-818.

Martens-Lobenhoffer, J.; Sulyok, E.; Czeiter, E.; Buki, A.; Kohl, J.; Firsching, R.; Troger, U.;
Bode-Boger, S.M. Determination of cerebrospinal fluid concentrations of arginine and
dimethylarginines in patients with subarachnoid haemorrhage. J. Neurosci. Methods 2007, 164,
155-160.

Shlosberg, D.; Benifla, M.; Kaufer, D.; Friedman, A. Blood-brain barrier breakdown as a
therapeautic target in traumatic brain injury. Nat. Rev. Neurol. 2010, 6, 393—403.

Henninger, N.; Sicard, K.M.; Li, Z.; Kulkarni, P.; Dutzmann, S.; Urbanek, C.; Schwab, S.;
Fisher, M. Differential recovery of behavioral status and brain function assessed with functional
magnetic resonance imaging after mild traumatic brain injury in the rat. Crit. Care Med. 2007, 35,
2607-2614.

Kline, A.E.; Massucci, J.L.; Zafonte, R.D.; Dixon, C.E.; DeFeo, J.R.; Rogers, E.H. Differential
effects of single versus multiple administrations of haloperidol and risperidone on functional
outcome after experimental brain trauma. Crit. Care Med. 2007, 35, 919-924.

Maegele, M.; Lippert-Gruener, M.; Ester-Bode, T.; Sauerland, S.; Schafer, U.; Molcanyi, M.;
Lefering, R.; Bouillon, B.; Neiss, W.F.; Angelov, D.N.; et al. Reversal of neuromotor and
cognitive dysfunction in an enriched environment combined with multimodal early onset
stimulation after traumatic brain injury in rats. J. Neurotrauma 2005, 22, 772—782.

Garcia, J.H.; Wagner, S.; Liu, K.F.; Hu, X.J. Neurological deficit and extent of neuronal necrosis
attributable to middle cerebral artery occlusion in rats. Statistical validation. Stroke 1995, 26,
627-634; discussion 635.

Tang, J.; Frankel, A.; Cook, R.J.; Kim, S.; Paik, W.K.; Williams, K.R.; Clarke, S.;
Herschman, H.R. Prmtl is the predominant type i protein arginine methyltransferase in
mammalian cells. J. Biol. Chem. 2000, 275, 7723-7730.

Gahm, C.; Holmin, S.; Mathiesen, T. Temporal profiles and cellular sources of three nitric oxide
synthase isoforms in the brain after experimental contusion. Neurosurgery 2000, 46, 169-177.
Wada, K.; Chatzipanteli, K.; Kraydieh, S.; Busto, R.; Dietrich, W.D. Inducible nitric oxide
synthase expression after traumatic brain injury and neuroprotection with aminoguanidine
treatment in rats. Neurosurgery 1998, 43, 1427-1436.



Int. J. Mol. Sci. 2014, 15 4102

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Clark, R.S.; Kochanek, P.M.; Schwarz, M.A.; Schiding, J.K.; Turner, D.S.; Chen, M.;
Carlos, T.M.; Watkins, S.C. Inducible nitric oxide synthase expression in cerebrovascular smooth
muscle and neutrophils after traumatic brain injury in immature rats. Pediatr. Res. 1996, 39, 784—790.
Akaike, T.; Maeda, H. Quantification of nitric oxide wusing 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide (ptio). Methods Enzymol. 1996, 268, 211-221.

Jung, C.S.; Iuliano, B.A.; Harvey-White, J.; Espey, M.G.; Oldfield, E.H.; Pluta, R.M. Association
between cerebrospinal fluid levels of asymmetric dimethyl-L-arginine, an endogenous inhibitor of
endothelial nitric oxide synthase, and cerebral vasospasm in a primate model of subarachnoid
hemorrhage. J. Neurosurg. 2004, 101, 836—842.

Jung, C.S.; Oldfield, E.H.; Harvey-White, J.; Espey, M.G.; Zimmermann, M.; Seifert, V.;
Pluta, R.M. Association of an endogenous inhibitor of nitric oxide synthase with cerebral
vasospasm in patients with aneurysmal subarachnoid hemorrhage. J. Neurosurg. 2007, 107,
945-950.

Thampatty, B.P.; Klamerus, M.M.; Oberly, P.J.; Feldman, K.L.; Bell, M.J.; Tyler-Kabara, E.C.;
Adelson, P.D.; Clark, R.S.; Kochanek, P.M.; Poloyac, S.M. Hypothermia decreases cerebrospinal
fluid asymmetric dimethylarginine levels in children with traumatic brain injury. Pediatr. Crit.
Care Med. 2013, 14, 403—-412.

Zhang, X.; Chen, Y.; Jenkins, L.W.; Kochanek, P.M.; Clark, R.S.B. Bench-to-bedside review:
Apoptosis/programmed cell death triggered by traumatic brain injury. Crit. Care 2005, 9, 66-75.
Wada, K.; Chatzipanteli, K.; Busto, R.; Dietrich, W.D. Effects of L-name and 7-ni on nos catalytic
activity and behavioral outcome after traumatic brain injury in the rat. J. Neurotrauma 1999, 16,
203-212.

Goksel, HM.; Ozum, U.; Oztoprak, I. The therapeutic effect of continuous intracisternal
L-arginine infusion on experimental cerebral vasospasm. Acta Neurochir. (Wien.) 2001, 143,
277-285.

Pluta, R.M.; Afshar, J.K.; Thompson, B.G.; Boock, R.J.; Harvey-White, J.; Oldfield, E.H.
Increased cerebral blood flow but no reversal or prevention of vasospasm in response to
L-arginine infusion after subarachnoid hemorrhage. J. Neurosurg. 2000, 92, 121-126.

Huk, I.; Nanobashvili, J.; Neumayer, C.; Punz, A.; Mueller, M.; Afkhampour, K.; Mittlboeck, M.;
Losert, U.; Polterauer, P.; Roth, E.; et al. L-arginine treatment alters the kinetics of nitric oxide
and superoxide release and reduces ischemia/reperfusion injury in skeletal muscle. Circulation
1997, 96, 667-675.

Yamaguchi, A.; Kitajo, K. The effect of prmtl-mediated arginine methylation on the subcellular
localization, stress granules, and detergent-insoluble aggregates of fus/tls. PLoS One 2012,
7, €49267.

Tran, C.T.; Fox, M.F.; Vallance, P.; Leiper, J.M. Chromosomal localization, gene structure, and
expression pattern of ddahl: Comparison with ddah2 and implications for evolutionary origins.
Genomics 2000, 68, 101-105.

Ogawa, T.; Kimoto, M.; Sasaoka, K. Purification and properties of a new enzyme,
ng,ng-dimethylarginine dimethylaminohydrolase, from rat kidney. J. Biol. Chem. 1989, 264,
10205-10209.



Int. J. Mol. Sci. 2014, 15 4103

38.

39.

40.

41.

42.

43.

44,

45.

Leiper, J.M.; Santa Maria, J.; Chubb, A.; MacAllister, R.J.; Charles, 1.G.; Whitley, G.S.;
Vallance, P. Identification of two human dimethylarginine dimethylaminohydrolases with distinct
tissue distributions and homology with microbial arginine deiminases. Biochem. J. 1999, 34,
209-214.

Amrouni, D.; Meiller, A.; Gautier-Sauvigne, S.; Piraud, M.; Bouteille, B.; Vincendeau, P.;
Buguet, A.; Cespuglio, R. Cerebral changes occurring in arginase and dimethylarginine
dimethylaminohydrolase (ddah) in a rat model of sleeping sickness. PLoS One 2011, 6, €16891.
Boger, R.H.; Sydow, K.; Borlak, J.; Thum, T.; Lenzen, H.; Schubert, B.; Tsikas, D.;
Bode-Boger, S.M. Ldl cholesterol upregulates synthesis of asymmetrical dimethylarginine in
human endothelial cells: Involvement of S-adenosylmethionine-dependent methyltransferases.
Circ. Res. 2000, 87, 99—105.

Ito, A.; Tsao, P.S.; Adimoolam, S.; Kimoto, M.; Ogawa, T.; Cooke, J.P. Novel mechanism for
endothelial dysfunction: Dysregulation of dimethylarginine dimethylaminohydrolase. Circulation
1999, 99, 3092-3095.

Immonen, R.; Heikkinen, T.; Tahtivaara, L.; Nurmi, A.; Stenius, T.K.; Puolivali, J.; Tuinstra, T.;
Phinney, A.L.; van Vliet, B.; Yrjanheikki, J.; et al. Cerebral blood volume alterations in the
perilesional areas in the rat brain after traumatic brain injury—Ccomparison with behavioral
outcome. J. Cereb. Blood Flow Metab. 2010, 30, 1318-1328.

Linsky, T.W.; Fast, W. Discovery of structurally-diverse inhibitor scaffolds by high-throughput
screening of a fragment library with dimethylarginine dimethylaminohydrolase. Bioorg. Med. Chem.
2012, 20, 5550-5558.

Nandi, M.; Kelly, P.; Torondel, B.; Wang, Z.; Starr, A.; Ma, Y.; Cunningham, P.; Stidwill, R.;
Leiper, J. Genetic and pharmacological inhibition of dimethylarginine dimethylaminohydrolase 1
is protective in endotoxic shock. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 2589-2597.
Zweckberger, K.; Eros, C.; Zimmermann, R.; Kim, S.W.; Engel, D.; Plesnila, N. Effect of early
and delayed decompressive craniectomy on secondary brain damage after controlled cortical
impact in mice. J. Neurotrauma 2006, 23, 1083—1093.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



