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ABSTRACT

Alterations in polyamine metabolism during and after global or focal cerebral ischemia 
can produce a multiplicity of eff ects on the brain, such as modifi cation in the mitochon-
drial calcium buff ering capacity, exacerbating glutamate-mediated neurotoxicity, and
impairment of the blood-brain barrier. In this study, the endogenous polyamine spermine
was administered intravenously 30 minutes prior to temporary focal cerebral ischemia in
rats induced by clipping of the left middle cerebral and bilateral common carotid arter-
ies for 3 hours. Three days after removal of the microclips, intracardiac perfusion with 
2% 2,3,5-triphenyl tetrazolium chloride was performed. Coronal slices were cut, photo-
graphed, and examined for cortical infarct volume. Spermine reduced infarct volume in 
a dose-dependent fashion. This study demonstrates that the use of polyamines may be
considered as a powerful tool in the prevention of ischemic tissue damage following 
focal cerebral ischemia.
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INTRODUCTION

The polyamines (PA) putrescine, spermine, and spermidine are important for cell growth 
and diff erentiation29. They are involved with numerous cellular functions including
protein phosphorylation and protein synthesis17, regulation of gene expression4, pro-
grammed cell death9 , inhibition of membrane permeability transition of mitochondria16,
regulation of mitochondria Ca2+ transport13,18, regulation of nitric oxide synthase (NOS)12,
and free radical scavenging10,30. Spermine in particular, found in millimolar concentra-
tions in the nucleus of the cell25 was shown to prevent endonuclease-mediated DNA
fragmentation3. The role of polyamines in the pathophysiology of cerebral ischemia has 
not been very well elucidated. Following either transient global, focal, or focal permanent 
cerebral ischemia there is a signifi cant increase in polyamine metabolism which is char-
acterized by increased ornithine decarboxylase (ODC) activity with increased putrescine
levels21,23 which is subsequently metabolized to spermidine and spermine29. It has been 
demonstrated that spermine concentrations in brain is either slightly reduced 20,22,23 or
moderately increased15 following global cerebral ischemia. However, in models of focal 
cerebral ischemia, signifi cant reductions21,26 or no alterations2 in Spermine concentra-
tions have been demonstrated. It has been shown that in diff erent models of ischemia,
polyamine metabolism is dependent on changes in ATP and acetyl CoA27. Spermine has 
been reported to be neuroprotective in a model of forebrain ischemia. Gilad and Gilad8,
demonstrated in gerbils that intra-peritoneal administration of Spermine signifi cantly 
decreased hippocampus and striatal cell loss. In a rat model of forebrain ischemia, Far-
biszewski et al.7, showed that spermine signifi cantly reversed the decrease in superoxide
dismutase (SOD) activity in the cortex. To date there have been no studies performed to 
ascertain the eff ects of endogenous spermine in a rat model of reversible focal cerebral
ischemia. In this study we demonstrate that spermine can be signifi cantly neuroprotec-
tive in this model. 

MATERIALS AND METHODS

Following review and approval by the Institutional Animal Care and Use Committee, 24 
adult male Wistar rats were administered halothane anesthesia in a mixture of oxygen 
and air through a face mask at 1.5% during the surgical procedure and 1.0% during
the occlusion period. Subcutaneous glycopyrrolate (Robinul-V) was administered pre-
operatively at 4 mg/kg to reduce respiratory secretions. Core body temperature was con-
tinuously monitored at the beginning of the surgical preparation and throughout the
experiment with a rectal probe. This rectal probe was connected to an infrared heating
lamp, which maintained both the body and head temperature at 37.0 ± 0.5ºC through-
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out the experiment. Polyethylene catheters (PE-50) were inserted into the right femoral 
artery and vein for monitoring of mean arterial blood pressure (MABP) and arterial blood 
sampling (pHa, PaCO2, PaO2, hematocrit, serum glucose, and lactate). These physiological 
parameters were measured at the beginning of the surgical preparation, 15 min prior to 
ischemia, and at the completion of the ischemia experiment. The original technique as
described by Tamura et al. 31, was modifi ed for our experiments to increase the severity
and reliability of the ischemic model5. A ventral midline incision was made for exposure
of both common carotid arteries (CCA). The contralateral right CCA was permanently 
ligated using a 3/0 silk suture. The ipsilateral (left) CCA was temporarily occluded for 3
hours using a Mayfi eld micro-aneurysm clip. A skin incision was made between the left 
outer canthus and the tragus. The temporal muscle was defl ected anteriorly and part of 
the left zygomatic arch was removed. Care was taken to avoid damaging the facial nerve. 
After anterior and downward retraction of the musculature, the mandibular nerve was 
identifi ed and followed back to the foramen ovale. Using a high-speed air drill with irriga-
tion, a 3-4 mm craniectomy was made just anterior and superior to the foramen ovale. 
The dura was opened with a sharp needle and the middle cerebral artery (MCA) was 
freed of arachnoid. The left MCA crossing the olfactory tract was temporarily occluded (3 
h) using a Sundt #3 AVM microclip (Codman and Shurtleff  Inc.).

Experimental groups

The 24 animals were divided into four groups as follows: spermine (Sigma) dissolved in 
NaCl 0.9 % was administered intravenously (i.v.) 30 min prior to middle cerebral artery 
occlusion (MCAo) at doses of 0.1 (n = 6), 1.0 (n = 6), and 10.0 (n = 6) mg/kg. An ischemic
control group was included in which 0.35 ml of NaCl 0.9% i.v. (n = 6) was administered 30 
min prior to MCA occlusion. Each solution was prepared directly before administration.

Histopathology

Three days (72 h) after removal of the left MCA and CCA clips, the animals were reanes-
thetized with pentobarbital and intracardially perfused with a warm (378 C) 2% TTC
(2,3,5,-triphenyltetrazolium chloride) solution. Their brains were quickly removed, im-
mersed in the 370C TTC solution for 15 min to enhance staining and then placed in 10% 
buff ered formaldehyde for 5 days. Twelve serial coronal sections from each brain were 
cut at 1 mm intervals beginning at 3.7 mm from the bregma using a rodent brain matrix
(ASI Instruments, Inc.) and the anterior side of each section photographed. Photographic
slides were analyzed in a blinded fashion using a computer-assisted image analyzer (JAVA, 
Jandel Scientifi c Software). Total cortical infarct volume was calculated by integrating the 
infarcted area of all 12 sections (area of infarct in mm2 x thickness of section).
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Statistical Analysis

Statistical analysis was carried out using ANOVA with Tukey’s post hoc test for multiple 
comparisons. Diff erences were considered signifi cant if P < 0.05. The data is depicted as
mean and standard error. 

RESULTS

There were no signifi cant diff erences in the measurement of systemic parameters includ-
ing PaCO2 (40 ± 1 mmHg), PaO2 (214 ± 9 mmHg), pHa (7.434 ± 0.016), mean arterial blood 
pressure (96 ± 2 mmHg), and hematocrit (38 ± 1%) between the measurements taken pri-
or to onset of ischemia and at the completion of the experiment and between all groups 
studied. Serum glucose decreased signifi cantly (P < 0.05), but not in a dose-dependent
manner, by an average of 30% after administration of spermine. Serum lactate decreased
in a dose-dependent manner by 4, 27 and 48% after administration of 0.1, 1.0 and 10.0
mg/kg spermine, respectively. These values, however, were not signifi cantly diff erent 
from one to the other by ANOVA. Three hours of left MCA and bilateral CCA occlusion
resulted in mean cortical infarct volume of 95.0 ± 7.4 mm3 (Fig. 1). Intravenous admin-
istration of spermine 30 min prior to ischemia resulted in a dose-dependent response 
in the reduction of infarct volume (Fig. 1). A signifi cant reduction (P < 0.05) of infarct
volume was seen only in the 10 mg/kg spermine treated group compared to the control 
group (31.1 ± 17.4 vs. 95.0 ± 7.4 mm3). 

DISCUSSION

For the fi rst time in a rat model of reversible focal cerebral ischemia, the fi ndings of this
study demonstrate an impressive and signifi cant reduction of cortical infarct volume 
when spermine, an aliphatic polyamine, was administered intravenously 30 min prior 
to middle cerebral and common carotid artery cerebral occlusion. It also demonstrated
no adverse eff ects on blood pressure, temperature, or blood glucose levels during the
experimental period. Spermine is fully protonated at physiological pH and is readily solu-
blized in organic and aqueous media. It has been shown that spermine can easily pass 
the blood-brain barrier 8,11,24. Many early studies have shown increases, decreases, or
no change in spermine concentrations in brain during and/or after reperfusion. It has 
shown that spermine is slightly reduced following global cerebral ischemia 20,22,23, while 
Koenig et al.15, reported modest increase in tissue levels of spermine. In a rat model of 
focal cerebral ischemia by reversible middle cerebral artery embolization, Paschen et
al.21, reported a signifi cant (≈23%) reduction in cortical spermine concentration during



54 Chapter 4

ischemia. Most notably, spermine levels in both the contralateral and ipsilateral cortex 
after 24 h of refl ow were less than the level seen in the ipsilateral cortex during ischemia. 
Sauer et al.26, in a model of permanent focal brain ischemia, demonstrated a signifi cant
<50% reduction in spermine levels.

Baskaya et al.2, using a model of focal cerebral ischemia in the cat, found no diff erences
in spermine levels between ipsilateral ischemic cortex and penumbra compared to that 
of the contralateral side. Spermine synthesis involves S-adenosylmethioine derived from 
ATP and interconversion via acetylation steps involving acetyl-CoA. Therefore, in diff er-
ent models of ischemia, polyamine metabolism is dependent on changes in ATP and 
acetyl-CoA 27. Many diff erent mechanisms have been proposed to explain the protective
and neurotoxic eff ects of polyamines. Blood-brain barrier (BBB) disruption was reported 
with the suggestion that the hyperosmolar (mannitol) BBB disruption could be medi-
ated by increased ODC activity with signifi cantly increased putrescine levels and slightly 
increased levels of spermine and spermidine14. N-methyl-D-aspartate (NMDA) receptor
modulation at a specifi c site has also been proposed with a biphasic response with lower

Figure. 1. Graph depicting cortical infarction volume in the ischemic control group (grey bar) and the spermine-treated groups (black bars) at 0.1,

1.0 and 10.0 mg/kg. Note that spermine was signifi cantly (*P < 0:05, ANOVA) eff ective at the 10.0 mg/kg dosage.
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doses of spermine (<50 nmol) attenuating NMDA damage while higher dosages increased
excitotoxic damage19. Separate recognition sites were identifi ed for polyamines on the 
NMDA receptor, the presence of both positive and negative modulation implying more 
than one site19. Spermine and, to a lesser extent, spermidine were found to increase rate 
and affi  nity of Ca2+ uptake by mitochondria. This eff ect was progressively less potent 
with increasing Ca2+ concentration. Polyamines may play a critical role in the regulation
of the intracellular Ca2+ concentration especially during activation18. Hu et al.12 demon-
strated an interaction between the positively charged amine groups in PA and the NADPH 
electron transfer of nNOS resulting in an inhibition of activity. Farbiszewski et al.7, dem-
onstrated a protective eff ect of exogenous spermine as an antioxidant enzyme defense 
in an in vivo rat model. Thiobarbituric acid-reactive substance (TBARS), an indicator of 
lipid peroxidase was diminished in this study by the addition of spermine (5 mg/kg i.v.) 7.
Interconversion enzyme activity SAMD (S-adenosyl methionine decarboxylase) and SSAT
(spermidine/spermine acetyl transferase) regulate the interconversion from putrescine 

Figure. 2. Typical photographs of histological assessment using TTC staining after 3 h of focal cerebral ischemia followed by 72 h of reperfusion:

(A) ischemic control animal; (B) 0.1 mg/kg spermine treated animal; (C) 1.0 mg/kg spermine treated animal; (D) 10.0 mg/kg spermine treated

animal. Sections are at 2 mm intervals in descending order (anterior to posterior) beginning at the top row 3.7 mm from the bregma.
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to spermidine to spermine and vice versa. Spermine has been shown to be protective in
neurotoxic insult of brain neurons in culture1. Spermine, given intra-peritoneally, signifi -
cantly reduced hippocampal and striatal cell loss after an ischemic insult8. Many of the
protective eff ects of PA attributed to spermine, while putrescine levels were reported to 
correlate well with the extent of tissue damage20. By changing the ratio of production 
of the diff erent polyamines, SSAT activity at critical post-lesion periods may be relevant 
in determining the eff ect of PA6. Recently the polyamine oxidase activity in a traumatic 
brain model was found to contribute to edema formation and necrotic cavitation6. The
harmful eff ects were found to be the production of putrescine, hydrogen peroxide and a
toxic aldehyde 28. Intravenously administered exogenous spermine in our model resulted 
in a signifi cant reduction of infarct size. Further investigations are required to confi rm
this protective eff ect and to further ascertain the mechanism of action.
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