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Abstract

Tamoxifen, an estrogen receptor modulator, is neuroprotective in adult rats. Does tamoxifen reduce brain injury in the rat pup? Seven-day-

old rat pups had the right carotid artery permanently ligated followed by 2.5 h of hypoxia (8% oxygen). Tamoxifen (10 mg/kg) or vehicle was

given i.p. 5 min prior to hypoxia, or 5 min after reoxygenation, with a second dose given 6 h after the first. Brain damage was evaluated by

weight deficit of the right hemisphere 22 days following hypoxia and gross and microscopic morphology. Tamoxifen pre-treatment reduced

brain weight loss from 21.5F 4.0% in vehicle pups (n = 27) to 2.6F 2.5% in the treated pups (n = 22, P< 0.05). Treatment 5 min after

reoxygenation reduced brain weight loss from 27.5F 4.0% in vehicle pups (n = 42) to 12.0F 3.9% in the treated pups (n = 30, P < 0.05).

Tamoxifen reduces brain injury in the neonatal rat.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Hypoxia–ischemia causes brain damage, activating a

cascade of biochemical events (Strijbos et al., 1996). When

oxygenation fails, ATP formation drops and excessive

calcium influx occurs through voltage-sensitive calcium

channels leading to glutamate release with activation of N-

methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-

methyl-isoxazole-4-propionate acid (AMPA) glutamate

receptors. At the core of the mechanism is a vicious cycle

in which glutamate receptor stimulation causes activation

of tetrodotoxin-sensitive Na+ channels, leading to further

glutamate release and further NMDA and AMPA receptor

stimulation. The output of the cycle is an enduring

production of nitric oxide (NO) and free radicals from

neuronal and glial sources, and is responsible for delayed

neuronal death (Strijbos et al., 1996; Mishra and Delivoria-

Papadopoulos, 1999). Therefore, most studies in seeking

therapeutic targets in hypoxic– ischemic brain damage

have focused on antagonists of NMDA or AMPA gluta-

mate receptors, inhibitors of nitric oxide synthase (NOS)
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and free radicals and antiapoptotic pathways. Research

evidence accumulated during recent years suggests that

antagonists of NMDA or AMPA glutamate receptors,

inhibitors of NOS and free radicals scavengers are neuro-

protective in hypoxic–ischemic brain injury (for review,

see Volpe, 2001).

Over the last few years, increasing evidence has indi-

cated that 17h-estrogen is a neuroprotective agent in adult

animal models (for review, see Dhandapani and Brann,

2002). However, there are only a few reports concerning

the actions and effects of selective estrogen receptor

modulators in the brain. Selective estrogen receptor mod-

ulators are steroidal or nonsteroidal compounds that can

exhibit either estrogen-like agonistic or estrogen-antago-

nistic effects. Tamoxifen, a nonsteroidal selective estrogen

receptor modulator, is widely used for the treatment and

prevention of estrogen-dependent breast cancer (Butta et

al., 1992; Jordan, 1993, 1997). Tamoxifen, which binds

competitively to estradiol receptors to form distinct estro-

gen–ligand complexes (DeGregorio and Wiebe, 1996), is

an effective estrogen antagonist in breast tissue, but an

estrogen receptor agonist in bone, liver and uterus (Love et

al., 1991; Jordan, 1993). Recently, tamoxifen has shown to

be an effective inhibitor of Ca+/calmodulin (Osuka et al.,

2001; Lam, 1984; Lopes et al., 1990) and neuronal NOS
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(Renodon et al., 1997) and to reduce the production of

nitrotyrosine in transient focal cerebral ischemia in adult

rats (Osuka et al., 2001). Tamoxifen is an effective

inhibitor of swelling-activated anion release (Kirk and

Kirk, 1994) and excitatory amino acids release during

ischemia (Seki et al., 1999). Tamoxifen also reduced

ischemia-evoked excitatory amino acid release in a cortical

superfusion model (Phillis et al., 1998) and protected glial

cells against glutamate toxicity (Shy et al., 2000). Further-

more, tamoxifen inhibited both metal ion-dependent enzy-

matic and non-enzymatic lipid peroxidation in a number of

model membranes (Thangaraju et al., 1994; Wiseman et

al., 1990, 1992, 1993; Kimelberg et al., 2002), and sup-

pressed 1-methyl-4-phenylpyridine induced hydroxyl radi-

cal formation (Obata and Kubota, 2001). More recently,

tamoxifen have been shown to be markedly neuroprotec-

tive in adult rat models of reversible or permanent middle

cerebral artery occlusion (Kimelberg et al., 2000, 2001;

Mehta et al., 2003; for review, see Dhandapani and Brann,

2002). Considering these reports, our hypothesis is that

tamoxifen has neuroprotective effects in the neonatal rat

hypoxic–ischemic brain injury model.

Hypoxic–ischemic brain injury is a serious cause of

death and disability in human newborns. The developmen-

tal stage of the brain of the 7-day-old rat pup resembles

that of newborn humans (Palmer et al., 1990). The Rice–

Vannucci–Brierley hypoxic–ischemic rat pup model (Rice

et al., 1981) may best match the injury caused by birth

asphyxia in full-term human infants (for review, see

Ashwal and Pearce, 2001). Therefore, study of the role

of neuroprotective agents in the neonatal hypoxic–ische-

mic rat model may provide important information pertinent

to the development of treatment for perinatal hypoxic–

ischemic brain damage. The neonatal rat hypoxic–ische-

mic model (Rice et al., 1981) has been well characterized

and extensively used to assess synthetic neuroprotective

agents (for review, see Ashwal and Pearce, 2001). We have

used this hypoxic–ischemic model to evaluate the neuro-

protective potency of several drugs (LeBlanc et al., 2000;

Feng and LeBlanc, 2002; Feng et al., 2002, 2003). The

purpose of the present study was thus to evaluate the

effects of tamoxifen, on neuroprotection and lipid perox-

idation by using the neonatal rat hypoxic–ischemic model.

This has not previously been tested.
2. Materials and methods

2.1. Animal protocol

This protocol was approved by our institutional com-

mittee on animal use. Rats were cared for in accordance

with National Institutes of Health guidelines. The neonatal

rat hypoxic– ischemic procedure was performed as de-

scribed by Rice et al. (1981). In preliminary results, we

found plasma levels of 17h-estradiol in untreated 7-day-old
male and female pups to be 1.8F 0.1 (n = 6) and 1.7F 0.1

(n = 8) pg/ml, respectively. These levels are not significant-

ly different between male and female rat pups and are much

lower than in adult female rats (19.5F 4.9, n = 5, P < 0.01).

This result is similar to reports by others (for review, see

Hurn and Mhairi Macrae, 2000). In preliminary results, we

also found there are no differences in brain damage

between 7-day-old male (50.0%, n = 20) and female

(45%, n= 20, P>0.05) rats in neonatal rat hypoxic–ische-

mic brain injury model. Seven-day-old Sprague–Dawley

rat pups of either sex, weighing between 12 and 17 g, were

used (Harlan Sprague Dawley, Indianapolis, IN). They

were anesthetized with isoflurane (4% induction, 2% main-

tenance). The right common carotid artery was exposed,

isolated and permanently doubly ligated. After surgery, the

rat pups were returned to their dams for 2–3 h recovery.

Hypoxic exposure was achieved by placing the rat pups for

2.5 h in 1.5-l sealed jars immersed 5.5 cm deep in a 37 jC
water bath and subjected to a warmed, humidified mixture

of 8% oxygen/92% nitrogen bubbled through 37 jC water

and delivered at 4 l/min for 2.5 h. This results in a jar

temperature of 33 jC immediately above the pups. After

this hypoxic exposure, some pups were taken for thiobar-

bituric acid reactive substances testing and other pups were

returned to their dams and allowed to recover and grow for

22 days for estimating brain injury. Pups were weighed

prior to injury and again at 4, 7, 11, 14 and 22 days after

injury.

2.2. Drug treatment

Pups from each litter were randomly assigned and

marked to a control group or for treatment with tamoxifen

citrate salt (Sigma, St. Louis, MO). Tamoxifen in doses of

2.5, 5, 10 or 20 mg/kg was dissolved in 0.67 Al of dimethyl

sulfoxide per gram of body weight and administered i.p. 5

min prior to hypoxia or 5 min or 1 h after reoxygenation and

then again (second dose) at 6 h after the first injection. The

control group was given 0.67 Al of dimethyl sulfoxide per

gram of body weight alone. These doses were chosen as

most promising from previous studies in adult rats (Kimel-

berg et al., 2000, 2001). Biegon et al. (1996) reported that

maximum levels of tamoxifen in brain were recorded 5–60

min post-injection by tail vein and the t1/2 was 4 h. We

chose to inject a second dose of tamoxifen at 6 h after the

first injection to maintain brain concentration. Dimethyl

sulfoxide, at slightly higher doses, has neuroprotective

effects acting as an oxyradical inhibitor and an excitatory

amino acid inhibitor (Lu and Mattson, 2001; Greiner et al.,

2000; Sugita et al., 1993). Thus it is important that the

controls received an equal dose of solvent.

2.3. Measurement of rectal temperature

To evaluate whether neuroprotection by tamoxifen was

dependent on systemic hypothermia, rectal temperature was
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measured with a 36-gauge flexible thermocouple (Omega

Engineering, Stamford, CT). This was done in a subset of

pups (six from the control group and six given 10 mg/kg of

tamoxifen at 5 min after hypoxia exposure) prior to placing

the pups in the jar and at 0.25, 0.5, 1, 2, 4, 6 and 24 h after

removal. Measurements of rectal temperature were made in a

25 jC room, 15 min after removal of the pups from the nest.

Rat pups of this age cool rapidly once they are removed from

the nest and the dam (McDonald et al., 1991). Rectal

temperature and brain temperature are almost identical and

are tightly correlated (Yager et al., 1993). Since decreased

body temperature both during and after the hypoxia can effect

the outcome, it is essential that both the treated and control

animals maintain similar temperatures (Feng and LeBlanc,

2002; Yager et al., 1993).

2.4. Gross brain damage grading

Rat pups were anesthetized with pentobarbital and decap-

itated 22 days after hypoxic exposure. The brains were

removed, scored and weighed by an observer blind to the

code. Brains were scored normal, mild, moderate or severe by

the method of Palmer et al. (1990). ‘‘Normal’’ or ‘‘1’’ meant

no reduction in the size of the right hemisphere, ‘‘mild’’ or

‘‘2’’ meant visible reduction in right hemisphere size, ‘‘mod-

erate’’ or ‘‘3’’ meant large reduction in hemisphere size with a

visible infarct in the right parietal area, and ‘‘severe’’ or ‘‘4’’

meant near total destruction of the hemisphere (Palmer et al.,

1990). After removing the cerebellum and brainstem, the

brain was divided into two hemispheres and weighed. Results

are presented as the percent loss of hemispheric weight of the

right side relative to the left [(left� right)/left� 100]. This

hypoxic–ischemic model results in brain damage only on the

ipsilateral side (Palmer et al., 1990; Rice et al., 1981). The

loss of hemispheric weight can be used as a measure of brain

damage in this model, since enough time elapsed to allow

resorption of the dead tissue (Hagberg et al., 1994; LeBlanc et

al., 2000; Bona et al., 1997). Also, the brain of the newborn

rat grows rapidly and the dead tissue does not contribute to

this growth.

2.5. Microscopic brain damage grading

To verify that the gross changes were a reflection of the

expected histopathologic changes, microscopic examination

of the tissues was carried out in a group of rat pups treated

prior to hypoxia with 10 mg/kg of tamoxifen or vehicle.

Fourteen rat pups were treated 5 min prior to hypoxia and 6

h after hypoxia with 10mg/kg tamoxifen i.p. or the equivalent

volume of vehicle. Theywere anesthetized with pentobarbital

3 days after injury. Their brains were perfusion fixed by

cardiac puncture. They were flushed with saline then fixed

with 10% buffered formalin. After removal, the brains were

stored in 10% buffered formalin. Sections were then embed-

ded with paraffin. Five-micron coronal sections were cut in

the parietal region aiming for the equivalent of Bregma � 4.3
to � 4.5 mm (Kruger et al., 1995) in the adult rat and then

stained with hemotoxylin and eosin. Cerebral cortex, hippo-

campus and thalamus were scored by an observer blind to the

treatment group of the animal from 0 to 5 by the method of

Cataltepe et al. (1995), where ‘‘0’’ is normal, ‘‘1’’ is 1–5% of

neurons damaged, ‘‘2’’ is 6–25% of neurons damaged, ‘‘3’’ is

26–50% of neurons damaged, ‘‘4’’ is 51–75% of neurons

damaged, ‘‘5’’ is >75% of neurons damaged. Damaged

neurons for scores of 1–3 usually were shrunken cells with

pyknotic nuclei and eosinophillic cytoplasm replacing the

healthy neurons in patchy areas of the brain. Damaged

neurons for scores of 4 and 5 usually showed loss of tissue

with partially replacement by inflammatory cells and con-

nective tissue.

2.6. Determination of lipid peroxidation

A second set of experiments was performed to determine

the effect of tamoxifen on lipid peroxidation. The same

neonatal hypoxia–ischemia procedure was performed using

a 2.5-h period of hypoxia. Pups were randomly assigned to a

sham group (n = 8), pre-treatment with vehicle (n = 25) or

pre-treatment with tamoxifen at a dose of 10 mg/kg (n = 26).

At 1, 3 and 6 h after reoxygenation, the pups were de-

capitated, brains were removed, and each side of the

cerebral cortex was frozen at � 80 jC. Lipid peroxidation

was assessed by measuring thiobarbituric acid reactive

substances levels as described by Buege and Aust (1978).

Though the thiobarbituric acid assay is not specific for

malondialdehyde determination and several other aldehydic

products and cellular molecules can react with thiobarbituric

acid, this is one of the reliable methods used to determine

lipid peroxidation. In brief, brain samples were homoge-

nized in four volumes of ice-cold buffer (5 mM butylated

hydroxytoluene, 3 mM EDTA and 20 mM Tris–HCl) and

centrifuged at 2000� g for 20 min at 4 jC. A portion of this

homogenate (0.2 ml) was added to a tube containing 0.4 ml

of 5% trichloracetic acid with 0.5% thiobarbituric acid. This

was spun at 2000� g for 20 min to remove the precipitate,

and the supernatant was heated in a water bath at 95 jC for

30 min. Thiobarbituric acid reactive substances were mea-

sured using the absorption spectra between 400 and 585 nm.

The peak at 532 nm relative to background was measured.

The assays were tested using a standard of 1,1,3,3-tetrame-

thoxypropane. Brain thiobarbituric acid reactive substances

values were expressed as picomoles per gram of tissue.

2.7. Statistics

Categorical variables were analyzed with the v2 test.

Other variables are presented as meanF S.E.M. and the

statistical significance of differences between groups were

determined using analysis of variance with the Student–

Newman–Keuls test. Repeated measures analysis of vari-

ance was used for rectal temperature and body weight.

Differences were considered significant at P < 0.05.



Fig. 2. The effect of different doses (2.5–20 mg/kg i.p.) of tamoxifen

administered at 5 min prior to hypoxia and 6 h later on the degree of gross

brain damage. Brain damage was scored by a blind observer 22 days after

hypoxia– ischemia. Data are presented as meanF S.E.M. Pre-treatment

with 5 or 10 mg/kg of tamoxifen improved the brain scores compared to

vehicle (*P < 0.05). Pre-treatment with 2.5 mg/kg of tamoxifen also tended

to reduce brain damage score, but this reduction was not statistically

significant ( P>0.05).
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3. Results

3.1. Temperature and body weight

Rectal temperatures obtained prior to placing the pups in

the jar containing 8% O2, and at 0.25, 0.5, 1, 2, 4, 6 and 24

h after hypoxia were not significantly different between 10

mg/kg tamoxifen- and vehicle-treated pups at any times

(Fig. 1). The pups had a temperature of 33 jC prior to the

hypoxic exposure. This rises to 35 jC in the heated hypoxic

jars and returns to 33 jC after returning the pups to their

dams. The pups’ temperatures were measured in a 25 jC
room, 15 min after removal from the nest and dam. Pups’

temperatures measured immediately after removal from the

nest would be warmer. Tamoxifen does not effect body

temperature. Body weights of the tamoxifen-treated groups

were not significantly different from controls prior to injury

or at 4, 7, 11, 14 or 22 days after injury. Body weights

increased significantly with time in all groups as the pups

grew. No pups died during the 22-day recovery period.

3.2. Neuroprotective effects of pre-treatment with tamoxifen

The pup’s brain damage scores are shown in Fig. 2 (1 is

normal, 4 is severe). Pre-treatment with tamoxifen signifi-

cantly improved the brain scores from 2.33F 0.22 S.E.M.,

n = 27 in the vehicle group to 1.66F 0.17 (n = 29) with 5

mg/kg (P < 0.05) and to 1.41F 0.13 (n = 22) with 10 mg/kg

(P < 0.05). The dose of 2.5 mg/kg of tamoxifen produced a

similar effect [1.67F 0.13 (n = 22)], but this was not quite

statistically significant. The dose of 20 mg/kg did not affect

the brain damage score [2.13F 0.31, (n = 15), P>0.05].

Left hemisphere weights were 501.5F 7.4 mg (n = 27),

494.8F 9.8 mg (n = 16), 493.0 F 7.6 mg (n = 29),

509.5F 7.5 mg (n = 22) and 495.6F 7.8 mg (n = 15) in

the 0 (vehicle), 2.5, 5, 10 and 20 mg/kg tamoxifen pre-
Fig. 1. Effect of tamoxifen on rectal temperatures (meanF S.E.M.) in the

hypoxic– ischemic rat pups. Administration of tamoxifen (10 mg/kg) or

vehicle occurred i.p. at 5 min after hypoxia. There were no significant

differences between groups during the various times.
treatment groups, respectively. The left hemisphere was

unaffected by either the hypoxia– ischemia procedure

(Palmer et al., 1990) or the treatment. The percent reduction

in right hemispheric weight is shown in Fig. 3. Tamoxifen

significantly reduced the decrease in right hemisphere

weight from 21.5F 4.0% (n = 27) in the vehicle group to

2.6F 2.6% (n = 22) in the group receiving 10 mg/kg of

tamoxifen (P < 0.05). The doses of 2.5 and 5 mg/kg of

tamoxifen produced a similar effect (reduced the decrease in

weight to 11.3F 4.1% in the group receiving 2.5 mg/kg of

tamoxifen, n = 16; and to 10.8F 3.9% in the group receiv-
Fig. 3. The dose– response for percentage reduction in right cerebral

hemisphere weight measured using the left hemisphere weight as the

standard. Treatment was given 5 min prior to hypoxia and 6 h later. Injury

was evaluated 22 days later. Data are presented as meanF S.E.M. Pre-

treatment with 10 mg/kg of tamoxifen decreased the percentage reduction

in right hemisphere weight compared to vehicle (*P < 0.05). Pre-treatment

with 2.5 or 5 mg/kg of tamoxifen also tended to reduce weight loss in the

right hemisphere, but these reductions were not statistically significant

( P>0.05).



Fig. 5. The effect of tamoxifen administered at 5 min or 1 h after hypoxia

and again 6 h later on the degree of gross brain damage. Brain damage was

scored by a blind observer 22 days after hypoxia– ischemia. Data are

presented as meanF S.E.M. Post-treatment at 5 min reoxygenation with 5

or 10 mg/kg of tamoxifen tended to reduce brain damage score, but these

reductions were not quite statistically significant ( P= 0.08). Post-treatment

at 1 h after reoxygenation with 10 mg/kg of tamoxifen was ineffective.
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ing 5 mg/kg of tamoxifen, n = 29), but these were not quite

statistically significant (P>0.05). Pre-treatment with 20 mg/

kg of tamoxifen did not affect the reduction in right

hemispheric weight (17.9F 7.0%, n = 15) compared to the

vehicle (P>0.05).

The histopathologic score (Fig. 4) for the cortex at 3 days

after injury of rat pups pretreated 5 min prior to hypoxia

with 10 mg/kg of tamoxifen i.p. was 2.1F 0.7 (n = 7), while

that in the vehicle-treated group was 4.1F 0.6, n = 7,

P < 0.05. The histopathologic score for the hippocampus

was 1.4F 0.5 in the tamoxifen group and 3.6F 0.3 in the

vehicle group, P < 0.01. The histopathologic score for the

thalamus was 0.4F 0.5 in the tamoxifen group and

3.3F 0.7 in the vehicle group, P < 0.01. In all three tissues,

tamoxifen significantly improved the outcome.

3.3. Neuroprotective effects of post-treatment with

tamoxifen

The effect of time of treatment on brain damage score is

shown in Fig. 5. At 5 min after reoxygenation, treatment

with tamoxifen improved the brain scores from 2.52F 0.18

(n = 42) in the vehicle group to 1.90F 0.18 (n = 30) with 10

mg/kg and to 2.21F 0.23 (n = 29) with 5 mg/kg of tamox-

ifen, but these changes were not quite statistically signifi-

cant (P= 0.08). There was no difference in brain score

between 10 mg/kg of tamoxifen- (1.95F 0.25, n = 21) and

vehicle-treated pups (1.86F 0.16, n = 29) when treated at 1

h after reoxygenation (Fig. 5).

Left hemisphere weights were 504.1F 9.4 mg (n = 42),

517.8F 10.4 mg (n = 29), 502.2F 8.1 mg (n = 30),

504.5F 8.1 mg (n = 21) and 502.5F 8.1 mg (n = 29) in

the post-5-min treatment with 0 (vehicle), 5 and 10 mg/

kg, and in the post-1-h treatment with 0 (vehicle) and 10

mg/kg of tamoxifen groups, respectively. Thus, the left

hemisphere was unaffected by the procedure. The percent
Fig. 4. The effect of 10 mg/kg of tamoxifen administered i.p. 5 min before

hypoxia and again 6 h later on microscopic brain damage score. Data are

presented as meanF S.E.M. Tamoxifen improved microscopic brain

damage score in the cortex, hippocampus and thalamus. *P < 0.05,

**P < 0.01 vs. vehicle.
reduction in right hemispheric weight is shown in Fig. 6. At

5 min after reoxygenation treatment with tamoxifen signif-

icantly reduced the decrease in right hemisphere weight

from 27.5F 4.1% in the vehicle group (n = 41) to

12.0F 3.9% in the group receiving 10 mg/kg of tamoxifen

(n = 30, P < 0.05), but not in 5 mg/kg of tamoxifen-treated

group (22.0F 4.3%, n = 29, P>0.05). Post-treatment at 1

h after reoxygenation with 10 mg/kg of tamoxifen did not

affect the reduction in right hemispheric weight
Fig. 6. The time-course for percentage reduction in right cerebral

hemisphere weight measured using the left hemisphere weight as the

standard. Treatment was given 5 min or 1 h after hypoxia and repeated 6 h

later, and injury was evaluated 22 days later. Data are presented as

meanF S.E.M. Post-treatment at 5 min after reoxygenation with 10 mg/kg

of tamoxifen significantly reduce weight loss in the right hemisphere

(*P< 0.05). Post-treatment at 5 min after reoxygenation with 5 mg/kg of

tamoxifen or at 1 h after reoxygenation with 10 mg/kg of tamoxifen was

ineffective ( P>0.05).



Fig. 7. The effects of tamoxifen on brain thiobarbituric acid reactive

substances (TBARS). Treatment with tamoxifen (10 mg/kg) was given 5

min prior to hypoxia and brain thiobarbituric acid reactive substances were

assessed 1, 3 and 6 h after reoxygenation. Data are expressed as the

meanF S.E.M. from eight to nine pups in each group. #P< 0.05, ##P < 0.01

compared with sham; *P < 0.05, **P< 0.01 compared with right (R)

hemisphere cortex in the vehicle-treated group; + +P < 0.01 compared with

left (L) hemisphere cortex.
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(17.4F 3.7%, n = 21) compared with the vehicle (20.2F
6.7%, n = 29, P>0.05, Fig. 6).

3.4. Effect of tamoxifen on thiobarbituric acid reactive

substances

The concentrations of thiobarbituric acid reactive sub-

stances in the left hemisphere cortex were not affected by

the hypoxia and there were no significant differences among

the sham-, vehicle- and tamoxifen-treated groups. The

concentrations of thiobarbituric acid reactive substances in

the right hemisphere cortex were significantly higher in the

vehicle group at 1 h (230.9F 16.1 pmol/g, n = 8, P < 0.01),

3 h (263.7F 22.9 pmol/g, n = 8, P < 0.01) and 6 h (227.5F
22.3 pmol/g, n = 9, P < 0.05) after reoxygenation than in the

sham group (168.6F 5.5 pmol/g, n = 8). The concentrations

of thiobarbituric acid reactive substances in the right hemi-

sphere were also significantly higher in the vehicle group at

1 and 3 h after reoxygenation than in the left hemisphere

(P < 0.01). Pre-treatment with tamoxifen (10 mg/kg) elim-

inated the increase in thiobarbituric acid reactive substances

in the right hemisphere at 1 h (183.2F 10.7 pmol/g, n = 9,

P < 0.01) and significantly reduced the increase seen at 3

h (210.9F 5.1 pmol/g, n = 9, P < 0.05) after reoxygenation

relative to the vehicle group (Fig. 7).
4. Discussion

The present study demonstrates for the first time that

pre- or post-treatment with tamoxifen significantly reduces

the degree of brain injury in the focal ischemia model of

the neonatal rat pup. Tamoxifen has been shown to be
neuroprotective in the adult rat focal cerebral ischemia

model (Kimelberg et al., 2000, 2001; Mehta et al., 2003).

Delayed neuronal injury sometimes requires a prolonged

period to develop (Trescher et al., 1997). Three weeks

following the insult, hemispheric hypotrophy is present

with a resultant weight difference between the injured and

the non-injured hemisphere. There is a high degree of

correspondence between the weight deficit of the injured

hemisphere and the histologically evaluated loss of brain

tissue (Hagberg et al., 1994; Andine et al., 1990; Tow-

fighi et al., 1994). Thus, pre-treatment with tamoxifen is

effective at dose of 5 or 10 mg/kg in the rat pup and

post-treatment with tamoxifen at 5 min after hypoxia is

effective at dose of 10 mg/kg in the rat pup. Kimelberg et

al. (2000) reported that treatment with 5 mg/kg of

tamoxifen by intravenous infusion before ischemia or at

1 h after reperfusion was strongly neuroprotective in the

adult rat model of reversible middle cerebral artery

occlusion, but not when given at 2 or 4 h after reperfu-

sion. They also reported that pre-treatment with 20 mg/kg

of tamoxifen by i.v. and maintained with 20 mg/kg of

tamoxifen by i.p. every 12 h for 3 days was neuro-

protective in a model of permanent middle cerebral artery

occlusion (Kimelberg et al., 2001). Mehta et al. (2003)

reported that treatment with 0.8 and 2.4 mg/kg/day of

tamoxifen by implanting sustained release pellets for 1

week exerts neuroprotective effect in the rat middle

cerebral artery occlusion model, but not a dose of 0.1

mg/kg/day. However, unlike in the adult rat middle

cerebral artery occlusion model, pre-treatment with 2.5

mg/kg of tamoxifen, or post-treatment at 5 min after

reoxygenation with 5 mg/kg of tamoxifen tended to

reduce brain injury in newborn rat hypoxic– ischemic

model, but these reductions were not statistically signifi-

cant. Pre-treatment with a dose of 20 mg/kg or post-

treated at 1 h reoxygenation with 10 mg/kg of tamoxifen

showed no neuroprotective effect in our study. The reason

for this difference is unclear but may relate to differences

in animal age, animal model or other variation in the

protocols.

Neuroprotective effects of tamoxifen have been studied

in adult ovariectomized rats (Kimelberg et al., 2001; Mehta

et al., 2003) and it has been suggested that tamoxifen may

be neuroprotective in post-menopause in women (Mehta et

al., 2003). Our preliminary data showed that normal serum

estrogen level in newborn is lower than that of adults. The

normal level of serum estrogen in 10-day-old female rat

pups is less than 1/4 of that in pro-oestrus and oestrus adult

female rats (Presl et al., 1967). Therefore, we speculate that

the neonatal rat hypoxic–ischemic brain injury model will

provide a useful model for investigating neuroprotective

effects of tamoxifen or estrogen. In our present study, the

neuroprotective effects of tamoxifen in newborn rats were

observed. Our finding is important as it suggests that

tamoxifen may be neuroprotective in human newborn hyp-

oxic–ischemic brain damage.
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An inverted U-shaped dose–response curve was ob-

served for the neuroprotective effect of tamoxifen (Figs. 2

and 3). This type dose–response curve has been seen with

other neuroprotective agents (Hagberg et al., 1994; Cai et

al., 2002; Feng and LeBlanc, 2002; Sullivan et al., 2000).

The dose of 20 mg/kg of tamoxifen showed no neuro-

protective effect in this model. High concentrations or high

doses of tamoxifen have been reported to activate caspases

and trigger apoptotic cell death (Hashimoto et al., 1997;

Mandlekar and Kong, 2001). Low concentrations

(5� 10� 7 M) of tamoxifen block 3-nitropropionic acid-

induced intracellular Ca2 + increase and cell damage but

high concentrations (5� 10� 4 M) of tamoxifen induce cell

damage (Mogami et al., 2002). The results of the current

study show the therapeutic dose range for the neuropro-

tective effects of tamoxifen was narrow and the therapeutic

time window of tamoxifen in the neonatal rat hypoxic–

ischemic brain injury model was before, or immediately

after hypoxia.

As noted in the introduction, tamoxifen exerts complex

effects in the brain, and has many possible mechanisms for

neuroprotection.

In this study, we did not directly explore other

potential mechanisms of action of tamoxifen, apart from

showing that tamoxifen reduced a hypoxia-induced in-

crease in brain thiobarbituric acid reactive substances.

Thiobarbituric acid reactive substances primarily reflect

production of lipid peroxides, which are broken down

during the assay to yield malonadialdehyde (Hageman et

al., 1992). Lipid peroxide formation must be initiated by

hydroxyl radical or its by-products or by peroxynitrite

(Chan, 1996). The formation thiobarbituric acid reactive

substances is one of the oldest and most frequently used

tests for measurement of lipid peroxidation (Shinnhuber

and Yu, 1957). Thiobarbituric acid reactive substances

have been detected in rat and piglet brains during

hypoxia–ischemia and the levels of thiobarbituric acid

reactive substances increased significantly with hypoxia–

ischemia (Inan et al., 1995; Feng et al., 2000; Kimelberg

et al., 2002). Agents that inhibit lipid peroxidation have

been shown to reduce a hypoxia– ischemia induced

increase in brain thiobarbituric acid reactive substances

and to be neuroprotective in animal models of cerebral

hypoxia–ischemia (Zhao et al., 2001; Inan et al., 1995;

Feng et al., 2000). In the present study, hypoxic–ische-

mic rat pups showed 1.5-fold elevations in thiobarbituric

acid reactive substances concentrations in the brain at 1

and 3 h after reoxygenation. Pre-treatment with 10 mg/kg

of tamoxifen eliminated the increase in thiobarbituric acid

reactive substances at 1 and 3 h after reoxygenation.

Similar results showing tamoxifen inhibited lipid perox-

idation have been reported by other observers (Thangar-

aju et al., 1994; Wiseman et al., 1990, 1992, 1993;

Kimelberg et al., 2002; Obata and Kubota, 2001). Ta-

moxifen, being a highly lipophilic compound, can phys-

ically partition into the cell membrane, and the lipophilic
moiety of the molecule interacts with the saturated,

monounsaturated and polyunsaturated residues of phos-

pholipids (Obata and Kubota, 2001). Tamoxifen has been

shown to prevent lipid peroxidation in both animal and

human systems (Thangaraju et al., 1994; Wiseman et al.,

1992) and has a protective effect on MPP+-induced

hydroxyl radical generation in the extracellular space of

the striatum (Obata and Kubota, 2001). Tamoxifen’s

inhibition of lipid peroxidation may be one important

mechanism for its neuroprotective effect.

Tamoxifen may act by inhibiting NOS. NO is enzy-

matically formed from the terminal guanidino-nitrogen

of L-arginine by NOS. NO is an important neural

messenger molecule in the central nervous system.

Under brain hypoxia–ischemia, NO, through the pro-

duction of peroxynitrite, can cause oxidative DNA

damage and single-stranded DNA breaks and initiate

the apoptotic cascade through stimulation of poly(-

ADP–ribose) polymerase (Samdani et al., 1997). A

number of studies have reported an increase in NO in

the hypoxic–ischemic neonatal rat brain (Hamada et al.,

1994; Tsuji et al., 2000; Higuchi et al., 1998, LeBlanc

et al., 2000; Feng et al., 2002). The NOS inhibitors,

NG-nitro-L-arginine (NOARG), NG-nitro-L-arginine methyl

ester (L-NAME), aminoguanidine and agmatine, reduce

the increase in NO metabolites in the hypoxic–ischemic

brain and have shown neuroprotective effects on neona-

tal hypoxic– ischemic brain damage (Hamada et al.,

1994; Tsuji et al., 2000; Higuchi et al., 1998; Feng et

al., 2002). Tamoxifen is an effective inhibitor of nitro-

tyrosine production and inhibited neuronal NOS in

transient focal cerebral ischemia (Renodon et al., 1997;

Osuka et al., 2001). Tamoxifen also inhibited calmodu-

lin (Lam, 1984; Lopes et al., 1990; Massom et al.,

1990). Calmodulin antagonists have been shown to be

neuroprotective in the adult rat middle cerebral artery

occlusion model (Kuroda et al., 1997; Sato et al.,

1999). More recently, Mogami et al. (2002) have

reported that tamoxifen blocks 3-nitropropionic acid-

induced increase in intracellular Ca2 + and cell damage

in cultured rat cerebral endothelial cells.

Tamoxifen may act by reducing excitatory amino acid

release. Glutamate has been implicated in neuronal death

after both focal and transient global ischemia and gluta-

mate receptor blockers have been shown to be highly

neuroprotective in animal models of cerebral hypoxia–

ischemia (Olney et al., 1989; Cai et al., 2002). Tamoxifen

is a highly effective inhibitor of swelling activated amino

acid release (Kirk and Kirk, 1994), and has been reported

to act as a chloride channel blocker, reducing glutamate

and aspartate release from the ischemic cerebral cortex

(Phillis et al., 1998). Tamoxifen also has shown a protec-

tive action on glutamate toxicity in glial cells (Shy et al.,

2000). Therefore, a mechanism responsible for the neuro-

protective effects of tamoxifen may involve selective

blockade of the NMDA receptor.
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Neuroprotective effect of tamoxifen may be via the

estrogen receptor. Over the last few years, increasing

evidence has indicated that estrogen is a neuroprotective

agent in vitro and in vivo (for review, see Hurn and Mhairi

Macrae, 2000; Dhandapani and Brann, 2002). Tamoxifen

has estrogen-like neuroprotective effects in the regulation of

glucose transporter and insulin like growth factor-1 (IGF1)

expression in the primate cerebral cortex (Cheng et al.,

2001). Tamoxifen has estrogen-like neuroprotective effects

on glutamate receptor levels in the rat cerebral cortex (Cyr et

al., 2001a,b), and on intracellular Ca2 + concentration in

cultured rat cerebral endothelial cells (Mogami et al., 2002).

Tamoxifen has been shown to act as a modulator of estrogen

responsive genes (Pearce et al., 2003). However, there is a

report that tamoxifen abolishes estrogen’s neuroprotective

effect upon methamphetamine neurotoxicity on the nigros-

triatal dopaminergic system (Gao and Dluzen, 2001). The

mechanisms of action of tamoxifen’s neuroprotection are

therefore unclear. The theoretical beneficial effects of ta-

moxifen caused by activation of estrogen receptors needs

further investigation.

In conclusion, our findings indicate that tamoxifen

has neuroprotective properties. Treatment with tamoxi-

fen reduces brain injury in the neonatal rat hypoxia–

ischemia model. The results also support the view that

the suppression of lipid peroxidation after hypoxia–ische-

mia by tamoxifen is one potential mechanism of this

neuroprotection.
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