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Abstract

Since free radicals play a role in the mechanisms of brain injury after hemorrhagic stroke, the effect of melatonin
(a potent antioxidant and free-radical scavenger) on outcomes was investigated after intracerebral hemorrhage
(ICH) in rats. ICH was induced by clostridial collagenase infusion into the right caudate putamen, and several
time points and doses of melatonin were studied. Brain edema and neurological function at 24 h were un-
changed in comparison with vehicle-treated groups, in spite of oxidative stress reductions. Repeated treatment
with the lower dose of melatonin (5 mg=kg) given at 1 h and every 24 h thereafter for 3 days after ICH, led to
normalization of striatal function and memory ability over the course of 8 weeks, and less brain atrophy 2 weeks
later. These results suggest that melatonin is safe for use after ICH, reduces oxidative stress, provides brain
protection, and could be used for future investigations of free radical mechanisms after cerebral hemorrhage.
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Introduction

Intracerebral hemorrhage (ICH) accounts for 15–20% of
strokes (Broderick et al., 1999; Qureshi et al., 2001), affects

approximately 1 in 6000 people every year (Woo et al., 2002),
and there is no effective treatment available for it. Although
hemorrhagic transformations will convert up to 30% of is-
chemic strokes into ICH (Lyden and Zivin, 1993), much less
research has been done in this field compared with that done
for cerebral ischemia (Sacco et al., 2009). Only one-half of
patients will survive ICH, and these individuals will be af-
flicted with significant brain atrophy and lifelong neurologi-
cal deficits (Broderick et al., 1999; Skriver and Olsen, 1986).
Tragically, around 80% of rehabilitating patients will not be
considered ‘‘independent’’ by 6 months after ICH ictus (Gebel
and Broderick, 2000).

In addition to motor deficits after ICH, cognitive impair-
ments evolve that are most troubling (King et al., 2006; Nys
et al., 2007; Thajeb et al., 2007). ICH most commonly occurs in
the basal ganglia (striatum), and lesions there are reported to
cause significant learning and memory deficits (Bhatia and
Marsden, 1994; Hochstenbach et al., 1998; Su et al., 2007;
Werring et al., 2004). Neuropsychological studies confirm the
role of the striatum in cognition (Benke et al., 2003; El

Massioui et al., 2007; Ragozzino, 2007; Sridharan et al., 2006),
and ICH into the caudate putamen of rats produces a similar
effect (Hartman et al., 2009).

Free radicals are known to be an effective mechanistic
target for reducing brain injury after ICH (Nakamura et al.,
2008; Peeling et al., 2001a, 1998, 2001b). The intracerebral
accumulation of erythrocytes will lead to cell lysis and the
release of hemoglobin, which is degraded into the neuro-
toxins heme and iron (Wagner et al., 2003; Wu et al., 2003;
Xi et al., 2006). The injection of either lysed erythrocytes or
purified hemoglobin into the brains of rats will produce
oxidative brain damage (to proteins, lipid, and DNA),
considerable neurological deficits, and extensive brain ede-
ma within the first day (Huang et al., 2002; Nakamura et al.,
2005, 2006; Xi et al., 1998a; Zhao et al., 2007). Thrombin
released from the blood clot will also contribute to free
radical–mediated cytotoxic injury (Lee et al., 1996; Naka-
mura et al., 2005; Xi et al., 1998b).

Melatonin (5-methoxy-N-acetyl-tryptamine) and its me-
tabolites are potent antioxidants and free-radical scavengers
(Cervantes et al., 2008; Peyrot and Ducrocq, 2008; Tan et al.,
2007). Regarding erythrocytes, melatonin has been shown to
inhibit free radical–associated red blood cell lysis (Tesoriere
et al., 1999) and hemoglobin degradation (Tesoriere et al.,
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2001). Melatonin pre-treatment at daily doses of 5 mg=kg was
able to reduce neuronal death after injections of iron into the
parietal cortex of rats (Hayter et al., 2004). The hippocampal
co-infusion of iron with melatonin (10 mg=kg), or its metab-
olite 6-hydroxymelatonin, was also protective against neu-
rotoxicity and free-radical formation (Maharaj et al., 2006).
Furthermore, nigrostriatal co-infusion of iron with melatonin,
and repetitive intraperitoneal injections of melatonin
(10 mg=kg) were able to suppress striatal neurodegeneration
(Lin and Ho, 2000).

ICH shares several pathophysiological mechanisms with
ischemic stroke (Xi et al., 2006), and the treatment of cerebral
ischemia with melatonin has repeatedly been shown to exert
cytoprotective effects (Chen et al., 2006a, 2006b; Kilic et al.,
2005; Kondoh et al., 2002; Lee et al., 2007; Pei et al., 2003, 2002;
Torii et al., 2004). In light of the available evidence, we
hypothesized that melatonin treatment would ameliorate
free-radical generation, decrease brain edema, reduce brain
injury, and improve functional outcomes after intracerebral
hemorrhage in rats.

Methods

Animals

Seventy-six adult male Sprague-Dawley rats (290–395 g;
Harlan, Indianapolis, IN) were used in this study. All the
procedures were in compliance with the Guide for the Care and
Use of Laboratory Animals and approved by the Animal Care
and Use Committee at Loma Linda University.

General procedures

Aseptic technique was used for all surgeries. Rats were
anesthetized with isoflurane (4% induction, 2% mainte-
nance, 70% N2O and 30% O2). The animals were allowed
free access to food and water after recovery from anes-
thesia. The neurological testing time points were based on
functional outcomes from published studies characterizing
rats after ICH (Hartman et al., 2009; MacLellan et al.,
2009).

Intracerebral hemorrhage

The anesthetized animals were placed prone in a stereo-
taxic frame (David Kopf Instruments, Tujunga, CA). A mid-
line incision was made over the scalp under which the
following stereotactic coordinates localized the right basal
ganglia: 0.2 mm anterior, 5.6 mm ventral, and 2.9 mm lateral
to the bregma. A posterior cranial burr hole (1 mm) was
drilled over the right cerebral hemisphere, and a 27-gauge
needle was inserted at a rate of 1 mm=min, attached to a mi-
croinfusion pump (Harvard Apparatus, Holliston, MA) for
infusion of bacterial collagenase (VII-S, 0.2 U in 1 mL saline;
Sigma-Aldrich, St. Louis, MO) through a Hamilton syringe at
a rate of 0.2 mL=min. The needle remained in place for an
additional 10 min after injection to prevent back-leakage. To
maintain a core temperature of 37.0� 0.58C, an electronic
thermostat-controlled warming blanket was used throughout
the operation. After needle removal, the burr hole was sealed
with bone wax, the incision was sutured closed, and the ani-
mal was allowed to recover. Sham surgeries consisted of
needle insertion alone.

Melatonin treatment

Melatonin (5-methoxy-N-acetyltryptamine) was purchased
from Sigma-Aldrich . This compound was dissolved in 10%
ethanol and diluted with 0.9% normal saline. Doses of
5 mg=kg and 15 mg=kg were determined according to the
body weight of the animal. All injections were administered
by intraperitoneal injections at 15 min or 3 h for the short-term
experiments (24-h sacrifice), and 1, 24, 48, and 72 h for the
long-term experiments (sacrificed 10 weeks after ICH induc-
tion). Vehicle-treated animals received the same volume via
intraperitoneal injection. Animals were randomly divided
into groups of six each by a blinded observer.

Experiment 1: Short-term outcome

Brain water content. One day after ICH, all groups (n¼ 6
in each of six groups) were re-anesthetized and brain samples
were collected. Brain edema was measured using methods
described previously (Tang et al., 2005). Briefly, the rats were
decapitated and the brains were removed immediately, and
then divided into five parts: the ipsilateral and contralateral
basal ganglia, the ipsilateral and contralateral cortex, and the
cerebellum. These tissue samples were weighed with an
electronic analytical balance (model AE 100; Mettler Instru-
ment Co., Columbus, OH) to the nearest 0.01 mg to obtain the
wet weight (WW), and then the tissue was dried at 1008C for
24 h to determine the dry weight (DW). Finally, the brain
water content (%) was calculated as (WW – DW)=WW�100.

Forelimb placing score. Vibrissae-elicited forelimb plac-
ing testing (Hua et al., 2002) was performed in all groups
(n¼ 6 in each of six groups) at 23 h after ICH by a highly
experienced and blinded examiner. The animals were held by
their torsos, allowing the forelimbs to hang free. Next the
animal was moved gently up and down before testing in or-
der to facilitate muscle relaxation and minimize any strug-
gling movements (those trials in which the examiner
encountered high levels of resistance, muscle straining or
struggling, or placing of any limbs onto the examiner’s hand
were not counted). Each forelimb received independent test-
ing by brushing the respective vibrissae (to that limb) on the
edge of a tabletop. Most animals are able to place the ipsi-
lateral (to cerebral injury) vibrissae-stimulated forelimb
quickly onto the tabletop. Depending on the amount of cere-
bral injury, there should be impairment of placement of the
forelimb contralateral to cerebral injury in response to table-
top contact with the contralateral vibrissae. For each experi-
ment the rats were tested a total of 10 times per forelimb, and
the percentage of successful placements onto the tabletop
were calculated.

Neuroscore. Neurological evaluation (Garcia et al., 1995)
was performed in all groups (n¼ 6 in each of six groups) at
23 h after ICH by a highly experienced and blinded examiner.
The testing consisted of six tests with a possible score of 0–3
for each test (0¼worst and 3¼ best), thus the minimum
neurological score was 0 and the maximum was 18. These
individual tests included: (1) spontaneous activity, (2) sym-
metry of movement, (3) forepaw outstretching, (4) climbing,
(5) body proprioception, and (6) response to vibrissae touch.
The score given to each rat at the completion of the evaluation
was a summation of all six individual test scores.
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Experiment 2: Free-radical stress

MDA assay. One day after ICH, all groups (n¼ 4 in each
of four groups) were re-anesthetized and cardiac perfused
with ice-cold PBS, then brain samples were collected and
stored at �808C. The level of lipid peroxidation products
(malondialdehyde [MDA]) was measured (Kusaka et al.,
2004) in the right cerebral cortex using LPO-586 kits (Oxi-
sResearch, Portland, OR). Homogenized brain tissue was
placed in 20 mmol=L phosphate buffer (pH 7.4) with 0.5 M
butylated hydroxytoluene in acetonitrile. These homogenates
were then centrifuged at 20,800g for 10 min at 48C and the
supernatants were collected. The protein concentration was
determined using a DC protein assay (Bio-Rad Laboratories,
Inc., Hercules, CA), and these samples were reacted with a
chromogenic reagent at 458C for 60 min. After incubation, the
samples were centrifuged at 20,800g for 10 min at 48C and the
supernatants were measured at 586 nm. The level of MDA
was calculated as picomoles per milligram of protein
according to the derived standard curve.

Experiment 3: Striatal functional outcome

Forelimb placing score. Vibrissae-elicited forelimb plac-
ing testing (Hua et al., 2002) was performed in all groups
(n¼ 6 in each of four groups) over the first 3 days, and at 10
weeks post-ICH, by a highly experienced and blinded ex-
aminer. The animals were held by their torsos, and impair-
ment of placement of the forelimb contralateral to cerebral
injury in response to vibrissae tabletop contact was observed,
as described above.

Rotarod. This is a test of coordination and balance. The
rats were tested at baseline (prior to ICH), and on days 1, 3,
and 5 of the 10-day battery at weeks 2 and 8 after ICH. The
rotarod consists of a rotating horizontal cylinder (7 cm di-
ameter) that is divided into 9.5-cm-wide lanes. When placed
into a lane, an animal must continuously walk forward to
avoid falling off the cylinder. Latency to fall off was detected
and recorded by a photobeam circuit. Two consecutive trials
were administered per day, in which the cylinder started
turning at 4 rpm, and was accelerated by 2 rpm every 5 sec. To
control for any potential learning effect due to previous ro-
tarod exposure, an additional set of more difficult trials was
added to the 8-week time point, in which the cylinder started
turning at 10 rpm, and was accelerated by 2 rpm every 5 sec.

Experiment 4: Learning and memory outcome

Water maze. This rodent learning and memory test
(Hartman et al., 2005a, 2005b, 2006, 2001) was administered
on test days 6–10 of the 10-day battery at weeks 2 and 8 after
ICH. Briefly, this test of spatial navigation learning requires
finding a hidden (submerged) platform in a pool of water
using visual cues from around the room. It consists of a metal
pool (110 cm diameter) in a well-lit room filled to within 15 cm
of the upper edge with water made opaque by the addition of
white non-toxic tempera paint. The pool contains a platform
(11 cm diameter) that the animal can step onto. For each trial,
the animal was placed with its nose against the wall into the
water at one of four release points and allowed to find the
platform. All trials lasted a maximum of 60 sec, at which point
the animal was manually guided to the platform. An over-

head camera recorded the swim path, allowing quantification
of swim distance, escape latency, proximity to the target,
swim speed, and left=right turn bias by a computerized
tracking system. Generally, as performance improves, escape
latency and swim path length decrease. The cued water maze
was tested on day 6 of the 10-day battery at weeks 2 and 8
after ICH. This is the ‘‘visible-platform’’ task, used primarily
as a control to assess sensorimotor and=or motivational def-
icits that could affect performance during the spatial water
maze task. For this task, the surface of the escape platform was
visible (5 mm above the surface of the water), and a 20-cm-tall
pole capped by a tennis ball was placed on top of the platform
to make its location even more obvious. The animals were
tested for 10 trials per day in five blocks of two consecutive
trials with a 10-min inter-block interval. The location of the
platform was changed for each block of trials. The animals
were released into the pool opposite the location of the plat-
form for that trial, and allowed to remain on the platform for
5 sec after finding it (or being guided to it). None of the ani-
mals displayed behaviors inappropriate for spatial water
maze testing (including spinning, thigmotaxic navigation
around the perimeter of the pool, or inability to swim). The
spatial water maze test was given on days 7–10 of the 10-day
battery at weeks 2 and 8 after ICH. For this task, the surface of
the escape platform was submerged 1 cm below the surface of
the water, requiring the animal to find the platform based on
its relationship to spatial cues in the room rather than direct
visualization. The animals were given 10 trials per day in five
blocks of two consecutive trials with a 10-min inter-block in-
terval. The location of the platform remained the same
throughout each day, and was changed for the next day.
Three locations were tested. After finding (or being guided to)
the platform, the animals were allowed to remain on it for
10 sec. A different set of platform locations and spatial cues
was used for the early and late time points. At the beginning
of the next day, each animal was given a 60 sec ‘‘probe’’ trial, in
which the platform was removed from the water maze. The
total number of times that the animal crossed over the former
location of the platform was recorded, as well as the amount
of time spent searching the target quadrant. An hour later, the
platform was placed back into the pool in a new location, and
the next set of 10 trials was administered.

Experiment 5: Histopathology

Neuropathological analysis was performed in all groups
(n¼ 6 in each of four groups) at 10 weeks after ICH. Animals
were euthanized by isoflurane overdose followed by trans-
cardiac perfusion of ice-cold PBS (60 mL, 0.01 mol=L, pH 7.4).
The brains were quickly removed, post-fixed in fresh 4%
formaldehyde solution at 48C overnight, and then immersed
in 30% sucrose until sinking. Three coronal sections (10 mm)
were cut with a cryostat (CM3050S; Leica Microsystems, Inc.,
Bannockburn, IL) through the needle site (identifiable on the
brain surface), and at sites 1.0 mm anterior and 1.0 mm pos-
terior to that plane, placed on poly-lysine-coated glass slides
(Richard-Allen Scientific, Kalamazoo, MI), and then cresyl
violet staining was performed (Kusaka et al., 2004; Ostrowski
et al., 2006).

Mophometric analysis involved computer-assisted (ImageJ
4.0 software; Media Cybernetics Inc., Silver Spring, MD) hand
delineation of the following areas: the caudate putamen,
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cerebral cortex, ventricle, and corpus callosum. The borders of
the cerebral structures were based on criteria previously de-
fined from a stereologic study using optical dissector princi-
ples (Oorschot, 1996). The volumetric lesion area (cavity and
cellular debris) and brain atrophy (ventriculomegaly) were
calculated using the following equations (MacLellan et al.,
2006a, 2006b, 2008):

The loss of neuronal density at the striatum was estimated
in accordance with established methods (Felberg et al., 2002;
MacLellan et al., 2008; Peeling et al., 2001a) with modification.
Striatal neurons were counted at 400�magnification in five
areas (250 mm�250 mm grids) per hemisphere of the section
with maximal hematoma diameter. The relative loss of neu-
rons was calculated by subtraction of averaged neuronal
counts from the ipsilateral and contralateral sides.

The quantification of white-matter injury was approxi-
mated by measuring the corpus callosum area in each hemi-
sphere, then calculating its volume from three coronal
sections at 1-mm intervals (volume¼ average corpus callo-
sum area�section interval�number of sections), and then
comparing the two sides.

Statistical analysis

An a-level of .05 was used for all statistical significance
tests, and all data are presented as� SEM. Brain water con-
tent, MDA assay, histological quantification, and all neuro-
behavioral tests were analyzed using analysis of variance
(ANOVA). The Student’s t-test and Mann-Whitney rank-sum

test were used when appropriate. To avoid violating the as-
sumption that differences between levels of repeated mea-
sures must not be correlated across subjects, the p-values for
such repeated-measures analyses reflected the conservative
Huynh-Feldt adjustment to the degrees of freedom. Rotarod
fall latency data were analyzed with a treatment (sham,
vehicle, melatonin 5 mg=kg, or melatonin 15 mg=kg )�time
point (2 weeks or 8 weeks)�day (first or second)�trial (first or
second) repeated-measures ANOVAs. The more difficult set
of rotarod trials (administered at 8 weeks) was analyzed with
a treatment (sham, vehicle, melatonin 5 mg=kg, or melatonin
15 mg=kg)�trial (first or second) repeated-measures ANO-
VAs. Water maze probe trial data (percentage of the trial
spent searching the probe quadrant, and the number of target

FIG. 1. Effect of melatonin upon brain edema and early neurological deficits. (A–C) Bar graphs showing the effects of
melatonin (Mel) at doses of 5 and 15 mg=kg, at immediate (15 min) and delayed (3 h) time points, on brain water content and
neurologic deficits (neuroscore and forelimb placing scores) at 24 h post-ICH. The measurements were obtained from brains
of rats infused with 0.2 U collagenase (injured) or needle insertion without infusion (sham controls) (Cont-CX, contralateral
cortex; Ipsi-CX, ipsilateral cortex; Cont-BG, contralateral basal ganglia; Ipsi-BG, ipsilateral basal ganglia; Cerebel, cerebellum;
ICH, intracerebral hemorrhage; values are expressed as mean� standard error of the mean, n¼ 6 per group; *p< 0.05
compared with sham animals).

Volume of tissue lost¼volume of uninjured hemisphere—volume of injured hemisphere

Volume of hemisphere¼ average [(area of coronal section of the hemisphere)—(lesion areaþventricle area)]

þ section interval · number of sections
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location crossings) were analyzed using treatment (sham,
vehicle, melatonin 5 mg=kg, or melatonin 15 mg=kg)�time
point (2 weeks or 8 weeks)�spatial location (first, second, or
third) repeated-measures ANOVAs. Significant ANOVA
interactions were further explored using the conservative
Scheffe post-hoc test.

Results

Experiment 1: Short-term outcome

There was a very significant increase in neurological
deficits ( p< 0.05) and cerebral edema ( p< 0.05) at both the
basal ganglia and cerebral cortex of all rats subjected to
ICH (Fig. 1 A–C). Melatonin failed to show any significant
effect (15-min or 3-h delay; low dose 5 mg=kg, or high dose
15 mg=kg) on brain edema and neurological deficits at 1
day post-ICH ( p> 0.05 compared to vehicle). Although

high-dose (15 mg=kg) melatonin showed a trend toward
ameliorating basal ganglia edema when administered
15 min after injury, this was mitigated by a small, insig-
nificant neurological deficit increase 1 day later (Fig. 1C;
p> 0.05 compared to vehicle).

Experiment 2: Free-radical stress

Lipid peroxidation assays were performed by measuring
the level of malondialdehyde (MDA) activity in the right
cortex of the rats at 1 day post-injury (Fig. 2). ICH led to a high
level of free-radical stress that was still elevated 24 h later
( p< 0.05). Three-hour-delayed treatment with melatonin
(5 mg=kg and 15 mg=kg) led to a significant reduction in lipid
peroxidation compared to vehicle-treated animals ( p< 0.05;
n¼ 4 per group).

Experiment 3: Striatal functional outcome

Forelimb placing and rotarod performance were used to
evaluate striatal ability over time (Fig. 3). Treated animals
received repeated melatonin (5 mg=kg or 15 mg=kg) or vehicle
over the first 3 days post-injury. Compared to sham-treat-
ment, all injured animals had significant forelimb placing
deficits over the first 2 days after injury ( p< 0.05). Melatonin
treatment (5 mg=kg or 15 mg=kg) significantly improved
forelimb function at day two compared to vehicle-treated
animals ( p< 0.05). Low-dose melatonin (5 mg=kg) normal-
ized forelimb ability by day 3, when it was no longer
significantly different from sham treatment ( p> 0.05). The
vehicle- and high-dose-treated animals did not experience the
same level of amelioration at 72 h ( p< 0.05 compared to sham
treatment).

In the days prior to ICH induction all animals were trained
and blindly tested for baseline rotarod ability. Eight weeks
later was the final training point for the rotarod test, and the
animals were re-scored as previously tested. Low-dose mel-
atonin (5 mg=kg) showed a large qualitative difference in re-
turning rotarod performance back to baseline (1.0), while
high-dose melatonin (15 mg=kg) only partially ameliorated
this effect (0.75); in comparison the vehicle-treated animals
had a 42% drop in performance. However, the difference
between the groups failed to reach statistical significance
( p¼ 0.177 by ANOVA).

FIG. 3. Repeated melatonin treatment improves striatal function after ICH. Graphs showing the effect of repeated mela-
tonin treatments (5 mg=kg or 15 mg=kg) given at 1, 24, 48, and 72 h after ICH, upon striatal function (forelimb placing and
rotarod testing). (A) Bar graph demonstrating the effect of melatonin treatment on forelimb placing scores measured at 1–3
days and 10 weeks post-ICH. (B) Bar graph showing the change in performance on rotarod testing between baseline
measurements (pre-ICH) and 8 weeks after injury (values are expressed as mean� standard error of the mean, n¼ 6 per
group; *p< 0.05 compared with sham animals; {p< 0.05 compared with vehicle treatment; ICH, intracerebral hemorrhage).

FIG. 2. Three-hour delayed melatonin treatment reduces
free-radical stress. Graph showing the effect of melatonin at
doses of 5 and 15 mg=kg, given as delayed (3 h) treatment, on
the level of lipid peroxidation. The level of malondialdehyde
(MDA) activity was measured in the right cortex of the
rats at 24 h post-ICH. All values are expressed as mean�
standard error of the mean, n¼ 4 per group; *p< 0.05 com-
pared with vehicle treatment; ICH, intracerebral hemor-
rhage).
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Experiment 4: Learning and memory outcome

The animals were evaluated in the water maze for learning
and memory function at 2 and 8 weeks after ICH. For both
time points, there were no spatial learning deficits among the
groups, and all of the animals learned the task of platform
searching equally well ( p> 0.05; data not shown). In the
probe trials (when the platform was removed), the vehicle-
treated animals had a significantly greater distance from the
target (Fig. 4A; p< 0.05 compared to sham treatment), and
they spent less time in the probe quadrants (Fig. 4B; p< 0.05
compared to sham treatment). Those animals receiving
repeated melatonin treatments (5 mg=kg or 15 mg=kg) for 3
days post-ICH did not experience a loss of memory (Fig. 4 A
and B; p> 0.05 compared to sham treatment), and melatonin
at 5 mg=kg significantly improved the amount of time in the
probe quadrant (Fig. 4B; p< 0.05 compared to vehicle treat-
ment), while animals receiving both doses experienced only
positive trends compared to vehicle treatment for the probe
distance from target (Fig. 4A’ p> 0.05 compared to vehicle
treatment). Thus melatonin treatment improved long-term
memory deficits after ICH.

Experiment 5: Histopathology

At 10 weeks after ICH, the animals suffered a large amount
of cerebral damage, primarily to the striatum, but also to the
internal capsule, corpus callosum, cerebral cortex, thalamus,
and globus pallidus. Compared to vehicle-treated animals the
total volume of tissue loss was reduced by low-dose melato-
nin treatments (5 mg=kg¼ 30.8� 10.4 mm3, vehi-
cle¼ 61.3� 13.5 mm3, Fig. 5A; p< 0.05 versus vehicle
treatment). High-dose melatonin’s tendency to reduce brain
injury was not statistically significant (Fig. 5A; melatonin
15 mg=kg¼ 49.1� 9.3 mm3, p> 0.05 versus vehicle treat-
ment).

Low-dose melatonin was mostly effective at reducing at-
rophy in the striatum (Fig. 5B; p< 0.05 compared to vehicle
treatment), but also tended to protect the cerebral cortex (Fig.
5B, p¼ 0.068 versus vehicle treatment) and white matter (Fig.
5C; p¼ 0.122 versus vehicle treatment) from long-term injury.
The higher dose of melatonin did not produce much of a re-
duction in even striatal tissue loss (Fig. 5B; p¼ 0.266 compared
to vehicle treatment).

To evaluate the effects of melatonin treatment on neuronal
density loss after ICH in the striatum, the neurons were
counted using automated software, and then the totals were
calculated by averaging the neuronal density from all five
locations, and then subtracted from either side of the brain
(ipsilateral and contralateral hemispheres). Both high-dose
and low-dose melatonin were able to significantly reduce the
long-term neuronal cell loss in the striatum compared to
vehicle-treated animals (Fig. 5D; p< 0.05, vehicle¼ 17.0� 4.5,
melatonin 5 mg=kg¼ 3.2� 5.0, melatonin 15 mg=kg¼ 2.9
� 2.4).

Discussion

The findings of this study indicate that systemic melatonin
treatment can reduce long-term brain atrophy and can reverse
striatal and cognitive functional deficits back to near-normal
levels. As have others, we have demonstrated the impact of
oxidative stress–mediated mechanisms on outcomes after
ICH (Nakamura et al., 2008; Peeling et al., 2001a, 1998). The
fact that short-term outcomes as evaluated by brain edema
and neurological deficits were unchanged emphasizes the
importance of performing long-term functional studies across
several neurobehavioral domains, as was recommended by
the stroke therapy academic industry roundtable (Re-
commendations for standards regarding preclinical neuro-
protective and restorative drug development, 1999).
Functional outcomes are major end-points of clinical trials,
and lesion size does not always correlate particularly well
with clinical functional impairments (Furlan et al., 1999;
Tissue plasminogen activator for acute ischemic stroke, 1995).

MDA is a product of lipid peroxide decomposition and an
indicator of oxidative stress and free-radical-mediated cell
and tissue damage. We have demonstrated that ICH led to an
accumulation of MDA, and 3-h-delayed melatonin treatment
significantly reduced the levels of lipid peroxide decomposi-
tion products present at 24 h after injury. Therefore, melatonin
would be an effective treatment for use in future investiga-
tions of the role of reactive oxygen species after ICH.

In agreement with our findings, previous studies using the
collagenase model of striatal ICH have shown improvements
in long-term neurological deficits after treatment with a
scavenger of hydroxyl radicals (DMTU; 1,3-dimethyl-2-thio-

FIG. 4. Repeated melatonin treatment normalizes memory ability after ICH. (A and B) Bar graphs demonstrating the effects
of repeated melatonin treatments (5 mg=kg or 15 mg=kg) given at 1, 24, 48, and 72 h after ICH, on probe trials (memory)
during water-maze testing at 2 weeks (early) and 8 weeks (late) after injury (values are expressed as mean� standard error of
the mean; [probe distance] and mean� 95% confidence interval [probe duration], n¼ 6 per group; *p< 0.05 compared with
sham animals; {p< 0.05 compared with vehicle treatment; ICH, intracerebral hemorrhage).
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urea; Peeling et al., 1998), and with free-radical-trapping
agents (PBN; a-phenyl-N-tert-butyl nitrone; Peeling et al.,
1998, and NXY-059; disodium 4-[(tert-butylimino)meth-
yl]benzene-1,3-disulfonate N-oxide; Peeling et al., 2001a). The
functional benefit was presumably due to either inflammation
reduction or attenuation of other free-radical-mediated
mechanisms. Unlike our findings, in these other studies there
was no amelioration of pathological outcomes. We found that
melatonin (5 mg=kg) ameliorated both long-term brain atro-
phy, and peri-hematomal neuronal density counts (5 mg=kg
and 15 mg=kg) at 10 weeks after ICH. While the extent of
volumetric brain tissue loss is a reliable finding, the neuronal
density measurements could be an overestimation of neuro-
nal viability, since our methods could not differentiate be-
tween living and dead neurons, and this should be addressed
in future studies. The difference between the findings of our
study and those of previous reports, however, may be related
to the dual actions of melatonin (and its metabolites), as both a
potent antioxidant and a free-radical scavenger (Cervantes
et al., 2008; Peyrot and Ducrocq, 2008; Tan et al., 2007), sug-
gesting broader reductions of oxidative stress and subse-
quently less cell and tissue damage with melatonin treatment.
This possibility is further corroborated by the fact that we saw
a significant reversal of oxidative stress, which has not been
previously shown after striatal collagenase-induced ICH
(Peeling et al., 2001a, 1998).

In another study researchers investigated the systemic ad-
ministration of edaravone (3-methyl-1-phenyl-2-pyrazolin-5-
one), a free-radical scavenger of hydroxyl radicals, in a rat
model of striatal autologous blood injection (Nakamura et al.,
2008). They found a dose-dependent reduction in brain edema
and neurological deficits (forelimb placing and corner turn).
In comparison, our results failed to show any brain edema

amelioration, except for a slight tendency with early (15 min)
treatment. Forelimb placement in our study was also tran-
siently ameliorated at 48 h, but this occurred only in the
multiple-dosing groups. To explain this finding, several dif-
ferences between the collagenase and autologous blood in-
jection models would need to be addressed. Most notably,
with regard to brain edema and factors affecting acute func-
tional outcome, the collagenase model is known to cause far
more lasting and severe blood–brain barrier rupture and
neurological deficits than autologous blood injection (Ma-
cLellan et al., 2008). Neither model mimics clinical conditions
perfectly, but both may be necessary since human ICH also
presents in a wide spectrum of severity ( Jaffe et al., 2009).
Nonetheless, the study of short-term free-radical-mediated
pathophysiological mechanisms may yet yield significant re-
sults in future studies using the autologous blood infusion
model, since melatonin’s effects may simply be inadequate to
overcome the severity of acute-phase collagenase injury. Al-
ternatively, combined treatment of melatonin with a more
specific anti-inflammatory drug could synergistically over-
come these pathophysiological mechanisms (Li et al., 2009),
and this possibility needs further exploration.

Melatonin (5 mg=kg) has been shown to reduce blood-brain
barrier permeability and the hemorrhagic transformation into
ICH after ischemic stroke in mice (Chen et al., 2006b), and this
reduction in bleeding is likely to be mediated by attenuation
of matrix metalloproteinase (MMP)-9 activation (Hung et al.,
2008). Similar findings relating to MMP-9 and hemorrhagic
transformation have been reported after edaravone treatment
in rats (Yagi et al., 2009). While there is little question that
MMP-9 inhibition is cytoprotective after striatal autologous
blood injection in rodents (Tejima et al., 2007; Xue et al., 2006),
it has been argued that MMP-9 downregulation could lead to

FIG. 5. Repeated melatonin treatment improves cerebral histopathology 10 weeks after ICH. (A) Volume of tissue loss of the
ipsilateral cerebral hemisphere. (B) Atrophy of the caudate putamen and cerebral cortex based on percentage volumetric
difference between the ipsilateral and contralateral sides. (C) White-matter loss measured as percentage volumetric difference
at the corpus callosum between the injured and uninjured sides. (D) The loss of neuronal density at the ipsilateral (peri-
hematomal) striatum expressed as the difference in cell counts between the ipsilateral and contralateral regions (values are
expressed as mean� standard error of the mean, n¼ 6 per group; *p< 0.05 compared with vehicle treatment; ICH, intra-
cerebral hemorrhage).
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aggravation of brain injury after collagenase-induced ICH
(Grossetete and Rosenberg, 2008; Tang et al., 2004). In fact,
MMP-9-null mice experienced greater hemorrhagic volume,
brain edema, and diminished neurological function than
wild-type controls (Tang et al., 2004). The downregulation of
MMP-9 by melatonin (Hung et al., 2008) may account for the
differences between our equivocal short-term findings (i.e.,
brain edema and neurological function) and the benefits re-
ported after free-radical reduction with edaravone in an
autologous blood injection model (Nakamura et al., 2008).

In this study we found that melatonin improved memory
after ICH. There is likely some mechanistic benefit beyond the
reductions in peri-hematomal free-radical injury. Hippo-
campal neurons have receptors for melatonin (Morgan et al.,
1994; Musshoff et al., 2002), and the administration of this
hormone is known to alter excitability and synaptic trans-
mission within the hippocampus (Hogan et al., 2001; Mussh-
off et al., 2002; Wan et al., 1999), and melatonin has been
shown to alter hippocampal synaptic plasticity through the
MT2-mediated regulation of the adenylate cyclase–protein
kinase A (AC–PKA) pathway (Wang et al., 2005). The synaptic
plasticity in the hippocampus and other brain regions has
recently gained attention as an important means by which
melatonin may augment its neuroprotective effects beyond
reductions in oxidative stress alone (Baydas et al., 2005; Bob
and Fedor-Freybergh, 2008; Fukunaga et al., 2002; Gorfine and
Zisapel, 2007; Larson et al., 2006; Talaei et al., 2009; Wang et al.,
2005). In light of these findings, and those of this study, there is
an urgent need for more high-quality mechanistic studies to
further investigate these plasticity processes as a possible
means of improving outcomes after ICH.

Melatonin has also been shown to increase the expression
of the NMDA receptor (NMDAR) in the rat hippocampus
(Sutcu et al., 2006). The NMDAR is a known critical factor
involved with induction of both long-term potentiation and
long-term depression, events believed to be directly related to
learning and memory formation (Martin et al., 2000; Rison
and Stanton, 1995; Stanton, 1996). The modulation of
NMDAR function has been shown to enhance the learning
and memory of cognitively impaired rats (Burgdorf et al.,
2009). The massive release of glutamate seen after ICH (Cas-
tillo et al., 2002; Miller et al., 2007; Qureshi et al., 2003) leads to
the downregulation of the NMDAR complex (Carmichael
et al., 2008). This could play a role in the delayed cognitive
deficits seen after ICH, and the normalization of the NMDAR
could be another means of melatonin’s cytoprotection.

Melatonin has been widely tested and is well known to
induce improvements in animal models of cerebral ischemia
(Macleod et al., 2005), and translational work may soon allow
advancement to clinical trials for human stroke (Korkmaz
et al., 2009). Although ICH shares several mechanisms with
ischemic stroke, not all therapeutic benefits apply to the same
degree to ICH and ischemic stroke (Xi et al., 2006). None-
theless, the effects of ischemic stroke therapies should be
rigorously tested in models of ICH prior to clinical trials to
determine their safety profile, since the stroke type (i.e.,
ischemic versus hemorrhagic) is not always known in patients
soon enough to allow administration of neuroprotective
drugs. This being said, the findings of this study indicate that
melatonin has no adverse affects, and its use leads to
improvements in striatal function, memory, and brain
atrophy after ICH.
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