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4 Objective: Effect of melatonin treatment on ovariectomized rat brain after traumatic brain
injury (TBI) was investigated with diffusion-weighted imaging (DWI). 
Methods: Twenty-four young Wistar-albino rats were studied. 18 of them were bilaterally
ovariectomized, and the remaining 6 were surgically incised but not ovariectomized. After 7 days
postoperatively, they were assigned to four groups with equal number of animals. Groups were
named as Group 1, sham operated; Group 2, ovariectomized; Group 3, ovariectomized + TBI;
Group 4, ovariectomized + TBI + treated with melatonin. Group 3 received vehicle (0.1 % etanol)
whereas group 4 had received 4 mg/kg melatonin intraperitoneally. Drug administration started
immediately before injury and continued for 7 days. DWIs were obtained one week post injury,
and apparent diffusion coefficient (ADC) maps were constructed. 
Results: There is no significance between the ADC values of sham operated and ovariectomized
rats (p=0,861). The placebo treatment group (group 3) had lower ADC values than ADC values of
sham and ovariectomized groups but the difference was not statistically significant (p=0.146 and
0.197). ADC values in rats with melatonin treatment were higher than the placebo group (p=0,002)
and are similar to sham group (p=0,062) that implied a physiological state. TBI resulted in the
decreased ADC values that are compatible with cytotoxic edema. The results after one week show
a significant increase in ADC values which is concordant with effective treatment of melatonin.
Conclusion: Traumatic brain injury generates an initial period of cerebral cytotoxic edema.
Melatonin administration prevents the disruptive effects of TBI in ovariectomized rat brains.
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Melatonin Ovarektomi Yap›lm›fl S›çanlarda Travmatik Beyin Hasar›n› Önlemektedir

4 Amaç: Overektomi yap›lm›fl s›çanlarda melatoninin travmatik beyin hasar›na etkisinin difüzy-
on a¤›rl›kl› görüntülerle incelenmesi hedeflenmifltir.
Yöntem: Çal›flmada 24 adet genç Wistar-Albino s›çan kullan›lm›flt›r. Onsekiz s›çana iki yanl›
overektomi uygulanm›fl, 6’s›na ayn› kesi yap›lm›fl ancak overektomi gerçeklefltirilmemifltir.
Cerrahiden yedi gün sonra efl say›l› dört grup oluflturulmufltur. Grup I kontrol grubu (sham), Grup
II yaln›z overektomi yap›lm›fl grup, Grup III overektomi sonras› travmatik beyin hasar› oluflturul-
mufl grup, Grup IV overektomi ve travmatik beyin hasar› sonras› melatonin uygulanm›fl grup
olarak belirlenmifltir. Grup III’e sadece peritoniçi %0.1’lik etanol verilirken (tafl›y›c›), Grup IV’e
tafl›y›c› ile birlikte 4 mg/kg melatonin uygulanm›flt›r. ‹laç tedavisi hemen travma sonras› bafllat›l›p
yedi gün sürdürülmüfltür. Difüzyon a¤›rl›kl› görüntüler hasardan bir hafta sonra al›nm›fl, belirgin
difüzyon katsay›l› (BDK) (apparent diffusion coefficient) haritalar ç›kart›lm›flt›r.
Bulgular: BDK ile ilgili olarak ilk iki grup aras›nda anlaml› bir farkl›l›k yoktur (p=0.861). Plasebo
tedavili grupta (Grup III) ilk iki gruba göre daha düflük BDK de¤erleri elde edilirken farkl›l›k ista-
tistiksel anlam göstermemifltir (p=0.146 ve p=0.197). Melatonin tedavili gruptaki BDK de¤erleri
plasebo tedavili gruptan daha yüksek olup (p=0.002) fizyolojik durumu simgeleyen ilk gruba
(sham) benzerlik göstermektedir (p=0.062). Travmatik beyin hasar›, sitotoksik ödem ile uyumlu
azalm›fl BDK de¤erleri vermektedir. Bir hafta sonraki sonuçlar melatoninin etkin tedavi gücü ile
uyumlu olarak BDK’da anlaml› art›fl göstermektedir.
Sonuç: Çal›flmam›zdaki radyolojik de¤erlendirmeler ›fl›¤›nda melatonin uygulamas›, overektomi
yap›lm›fl s›çanlarda travmatik beyin hasar›n›n tahrip edici etkilerini engellemektedir. Bu sonuç
daha genifl deney gruplar› ile s›nanmal›d›r.

Anahtar kelimeler: Difüzyon a¤›rl›kl› görüntüleme, melatonin, overektomi, s›çan, travmatik
beyin hasar›
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TT
raumatic brain injury (TBI) produces a
cascade of events that lead to the destruc-
tion of brain tissue and subsequent cogni-

tive deficits. Currently, an effective and well
established treatment of TBI does not exist.
Therefore, most of the research on TBI has con-
centrated on neuroprotection in an attempt to
preserve brain function. We have shown that
melatonin administration prevents the disruptive
effects of pinealectomy on brain tissue (1). In
addition, using MRS we have shown that sever-
al markers of neuroplasticity and neurogenesis
are increased in melatonin treated rats (1).
Progesterone and 17b-estradiol influence neuro-
genesis and neuronal differentiation (2-7).
Estrogen has been reported to maintain cerebral
blood flow in posttraumatic injury as an antiox-
idant and ameliorate excitotoxic injury.
Progesterone acts by reducing immune-inflam-
matory reactions, membrane lipid peroxidation,
and cerebral edema. Progesterone also stimu-
lates the remyelination of damaged neurons (2-5).
Wagner et al. have shown that progesterone and
allopregnanolone are potent neuroprotectants in
TBI (3). In contrast to above mentioned facts,
clinical studies indicate that outcome for
females may be worse due to the increased risk
for women from the point of functional outcome
after TBI (2-5). Reiter et el (8). reported that mela-
tonin is an effective free radical scavenger and
highly neuroprotective substance with antioxi-
dant properties. The protective role of melatonin
in neuropathology is widely accepted by
researchers that study brain aging, Alzhemier’s
diseae, Parkinson’s disease and stroke, where an
increased rate of cell death occurs (9). According
to the free radical theory of aging, reactive oxy-
gen species (ROS) initiate degradative process-
es that contribute to the development of aging.
In this way, the antioxidative properties of mela-
tonin suggest that it might exhibit an antiaging
effect (10). In addition to antioxidant potential,
several possible mechanisms are considered to
be involved in the melatonin neuroprotection,
including maintenance of cellular glutathione
homeostasis (11), inhibition of activation of NF-
kB (12) and changes in gene expression of

antioxidant enzymes (13). Diffusion-weighted
magnetic resonance imaging (DWI) is an effec-
tive in-vivo tool to assess microstructural
changes of the brain parenchyma. It was mainly
used to detect ischemia-related changes; and
now, it is used to detect very subtle abnormali-
ties such as developmental disorders and infec-
tions (14-19). The technique measures random
molecular movement of water in tissues and
detect any alteration of that movement during
cytotoxic and/or vasogenic edema (15,18,19).
Apparent diffusion coefficient (ADC) maps are
an extension of DWI and are used to quantify
these diffusional changes (16,17). The aim of the
present study was to answer the question of
whether melatonin is also neuroprotective in the
case of traumatic neuronal damage, which is not
primarily related to oxidative stress. For this
purpose, we investigated the efficacy of mela-
tonin treatment in ovariectomized rat brain after
traumatic brain injury by using DWI. 

MATERIAL and METHODS

A total of 24 young Wistar-albino rats, of which
18 animals were submitted to bilateral ovariec-
tomy and 6 rats were submitted to the same sur-
gical incision but without ovariectomy were
studied. After 7 days, rats were assigned to four
groups of 6 animals each. Group 1, sham oper-
ated; group 2, ovariectomy; group 3, ovariecto-
my + TBI; group 4, ovariectomy + TBI + mela-
tonin. Animals in group 3 and 4 received trau-
matic brain injury. Rats in group 3 received
vehicle (0.1 % ethanol) whereas melatonin
group had received 4 mg/kg melatonin intraperi-
toneally. Melatonin (Sigma Chemical Co., St.
Louis, Missouri, USA) was dissolved in ethanol
and diluted in saline to give a final concentra-
tion of 1% ethanol. Because of the very variable
melatonin dosage schemes reported in literature,
we administrated melatonin at the dose of 4
mg/kg which concentration was previously used
for blocking production of ROS successfully
(20). Melatonin or vehicle administration started
immediately before injury and continued for 7
days. DWIs were obtained one week post injury,
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and apparent diffusion coefficient (ADC) maps
were constructed. 

Trauma Model 

TBI was performed as described by previously
(21). Rats were preoperatively anesthetized by
i.p. application of a mixture consisting of keta-
min hydrochloride (75 mg/kg) and xylazine
hydrochloride (8 mg/kg). Briefly, after a sagittal
scalp incision, rats were immobilized and brain
damage was induced via a cortical contusion
using a pneumatic piston (5-mm diameter, 4
m/sec, 250 msec) to a depth of 3 mm. The entire
procedure was completed within 10 min. 

Imaging Sequence

MRI examination was conducted on 1.5 T scan-
ner with 32 mT/m gradient force (Gyroscan
Intera Master, Philips, Best, The Netherlands)
that was used for recent studies performed on
rats (1). A quadrature birdcage coil was used for
signal acquisition. Axial T1 weighted spin echo
and T2 weighted half Fourier single shot turbo
spin echo (HASTE) and DWI sequences were
obtained. DWI were performed with a fat sup-
pressed, multishot spin echo planar imaging
(EPI) sequence with parameters outlined below:
TR/TE=2191/81 ms, EPI factor: 77, slice thick-
ness: 3.0 mm, slice gap: 1. 0 mm, number of sig-
nal acquisition: 1, FOV: 230x230 mm, matrix
size: 77x256. B values of 0, 500 and 1000
s/mm2 were used for automated apparent diffu-
sion coefficient (ADC) maps. EPI images were
cine-reviewed to reveal any evidence of subject
motion and the acquisition was repeated when
necessary.

Histological Analysis: At the end of experi-
ment the brains were removed from the skull,
and fixed in 10 % neutral buffered formalin
solution and then embedded in paraffin as usual.
Serial sections were cut using the microtome at
a thickness of 4 μm and stained with hema-
toxylin&eosin. The histologic sections were
examined for the presence of intersititial edema
and vascular dilatation with a microscope and
photographed.

Image Analysis

Trace ADC values were measured from cerebral
parenchyma. The borders of cerebral parenchy-
ma were manually traced on magnified T1
weighted images to obtain region of interest
(ROIs) (Figure 1). These images were primarily
used to define small rat brain that may be diffi-
cult to delineate on poor quality EPI images.
ROIs were then automatically transferred on to
ADC maps. To further avoid the CSF effects on
diffusion measurements, linear ROIs were used
when necessary, and placements were verified
on ADC maps. Each brain was measured three
times and their average was calculated. 

Statistical Analysis

Statistical analyses were performed using The
Statistical Package for Social Sciences (SPSS)
(version 13.0). Results are given in the text as
mean±standard error (SE). ADC value differ-
ences between the groups were tested using one-
way ANOVA and post-hoc multiple compar-
isons (Least significant difference). Highest
acceptable significance level was defined as
0.05.  

RESULTS

Table 1 provides the descriptive statistics and
results of univariate analysis of variance (post
hoc LSD) between the experimental groups.
Parenchymal ADC values in sham group (n=6)
were between 783 and 861 mm2/sx10-3 (Mean:
822±15 mm2/sx10-3, SD: 36.95 mm2/sx10-3). In
the ovariectomy group these values were

 

Fig. 1. Manually traced region of interest showing the borders

of rat brains on T1 weighted images.  
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between 741 and 890 mm2/sx10-3 (Mean:
816±29 mm2/sx10-3, SD: 71.29 mm2/sx10-3).
ADC values in ovariectomy+TBI+ 0.1 % etanol
group were between 698 and 835 mm2/sx10-3

(Mean: 767±26 mm2/sx10-3, SD: 65.36 mm2/sx10-3).
Ovariectomy+TBI+melatonin group, these val-
ues were between 817 and 972 mm2/sx10-3

(Mean: 895±30.18 mm2/sx10-3, SD: 73.94
mm2/sx10-3). Four experimental groups were
evaluated for differential mean ADC values.
There was no significance between the ADC
values of sham operated and ovariectomized
rats (p=0.861). The placebo treatment group had
lower ADC values than sham and ovariectomy
groups but the difference was insignificant
(p=0.146 and 0.197). Despite this fact, these
results had pointed to cytotoxic brain edema for-

mation due to traumatic insult (Fig.2a). ADC
values due to melatonin treatment are signifi-
cantly higher than the placebo treatment group
(p=0.002) and were similar to sham (control)
group (p=0.062) (Fig. 2b). TBI resulted a
decrease in ADC values which indicates cyto-
toxic edema and melatonin had reversed that sit-
uation. Histopathology seen in TBI rats corre-
sponded well with the pathology observed with
DWI. TBI resulted in a decrease in tissue cellu-
larity indicating edema in the cortex. Overall,
treatment with melatonin resulted in a small
decrease in the tissue cellularity of cortex over
that seen with trauma alone.

DISCUSSION

Antioxidants may have a beneficial effect on
many age-related diseases. In the free radical
theory of aging, it is suggested that accumulated
free radical damage may be responsible for
degenerative process during aging (22). Aging in
normal animals with an intact pineal gland is
associated with increased oxidative damage
accompanied by elevated lipid peroxidation
products and morphological changes (23).
Melatonin is involved in a variety of important
physiological responses such as immunologic,
regulation and neuroprotection (8). Moreover,
melatonin enhances the production of antioxi-
dant defense system and stabilizes cell mem-

 
Fig. 2. TBI resulted in a decrease in tissue cellularity indicating edema in the cortex of the ovariectomized rats (a). Treatment with

melatonin resulted in a small decrease in the tissue cellularity of cortex over that seen with trauma alone (b) (H&E, X200).

 a b

Table 1. Summary table for means±SE and significance levels

determined using univariate analysis of variance for ADC va-

lues for each of the experimental groups (n=6 rats per group).

Groups (n=6)

I- Sham
II- Ovariectomy
III- Ovariectomy+TBI+ 0.1% etanol
IV- Ovariectomy+TBI+melatonin

I vs II
I vs III
I vs IV
II vs III
II vs IV
III vs IV

ADC

822±15 mm2/s x 10-3

816±29 mm2/s x 10-3

767±26 mm2/s x 10-3

895±30 mm2/s x 10-3

,861
,146
,062
,197
,044
,002

P values*
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brane fluidity against oxidative stress by reduc-
ing lipid peroxidation thus helping neurons
resist oxidative damage (24). 

TBI in ovariectomized rats resulted in a pattern
of changes in ADC values. In the cortex of
ovariectomized and injured rats ADC values
were found to be decreased at the end of first
week. This was compatible with restricted diffu-
sion that reflects energy failure and cytotoxic
edema. The cellular mechanisms underlying
cytotoxic edema are complex, and are currently
thought to be the result of ischemia that disrupts
energy metabolism, causing a failure of various
ion pumps (25). However, the restriction was not
prominent, and it was not observed in injured
but melatonin administered rats. This difference
underlines the protective effects of melatonin in
TBI. This protection may be in two different
ways. Melatonin may either prevent the forma-
tion of edema or it accelerates its resolution.
This hypothesis must be validated through a
new set of experiment in which rats would test
before and after the injury.  In the cortex a sig-
nificant increase in ADC was observed in the
group given the combination of TBI and mela-
tonin, suggesting that melatonin may be neuro-
protective. The cellular mechanisms underlying
this apparent increase in water diffusion remains
to be resolved. A significant increase with
regard to the vehicle group values was also
observed, reflecting an increased molecular
motion. These increased values implied disrupt-
ed cerebral vasoregulation and an increase in
interstitial volume during melatonin treatment.
In vasogenic edema the water accumulates
prevalently in the extracellular space with an
increase in isotropic diffusion in white matter
and gray matter, and an increase in ADC values
and mean diffusivity (18,19,26). Treatment with
melatonin appeared to be effective in attenuat-
ing brain edema in ovariectomized rat brain
after TBI. Thus, the increase in ADC values in
the melatonin-treated rats was probably due to
its antioxidant and free radical-scavenging
effects. There is evidence that melatonin helps
the cell to deal with oxidative stress. Barlow et

al. (27) demonstrated an increase in cerebral glu-
tathione peroxidase activity in melatonin treated
rats. Okatani et al. (28) found increase in glu-
tathione peroxidase and superoxide dismutase
activity in the brain of fetal rats whose mothers
had received melatonin. Recent study demon-
strated that oxygen-glucose deprivation induced
cortical neuronal cell death was prevented by
melatonin at least in part (29).  

Experimental models suggest that gonadal hor-
mones are neuroprotective. Ovariectomy alone
did not result in measurable changes in ADC
values. This suggests that a relatively brief peri-
od of menopause was not sufficient to produce
microstructural alterations, at least as visualized
by DWI. In the present study the addition of
traumatic brain injury resulted in only a small
and non-significant decrease in ADC values.
Considered together these results indicate that
the predominant response after traumatic brain
injury in ovariectomized rats is a reduction in
the ADC reflecting decreased water diffusion
associated with cytotoxic edema. Recently com-
bined estrogen-progestin therapy also fails to
prevent mild cognitive impairment in post-
menopausal women aged 65 years or older (30).
Yun et al. (31) reported that melatonin may mod-
ulate cognitive plasticity, independent of the
effects of sex steroids. 

This is the first study demonstrates that the
development of brain edema following TBI can
be prevented in vivo in ovariectomized rats
using melatonin. TBI resulted in an early
decrease in ADC values indicating cytotoxic
edema in the cortex that was followed at 1 week
by an increase in the ADC that was associated
with melatonin treatment. Overall, the addition
of melatonin to traumatic brain injury resulted
in a significant increase in the ADC values that
was associated with decrease in the magnitude
of brain edema. These results reflect the pres-
ence of transient microstructural alterations that
develop during TBI (32). This attests to the fact
that physiological levels of melatonin may be
relevant in normally reducing free radical dam-
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age to key neural structures. Melatonin has neu-
roprotective properties and it therefore may
prove to be a useful therapeutic agent in the
treatment of postmenopausal TBI. These find-
ings provide a starting point for human studies
on the neuroprotective effects of melatonin. 
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