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Abstract

Polyamines (putrescine, spermidine and spermine) are ubiquitous cellular components, but their specific role in central nervous system
(CNS) injury has yet to be characterized. CNS injury results in increased activities of ornithine decarboxylase and spermidine /spermine-

1N -acetyltransferase, and accumulation of putrescine. The present study determined the polyamine profile in three models of CNS injury,
in two different species (gerbil and rat) and two strains of rats (Sprague–Dawley and spontaneously hypertensive): (1) transient focal
cerebral ischemia in spontaneously hypertensive rats (SHR); (2) traumatic brain injury in Sprague–Dawley rats; and (3) transient
forebrain ischemia in gerbils. While there was a significant increase in putrescine in all three models, spermine and spermidine levels were
unaltered in forebrain ischemia and traumatic brain injury. However, transient focal cerebral ischemia shows depletion of spermine and
spermidine levels in injured hemisphere compared to contralateral region. Exogenous spermine significantly restored the spermine as well
as spermidine levels in the ipsilateral hemisphere after transient focal cerebral ischemia, but did not alter putrescine levels or the ratio of
spermidine to spermine. The loss of spermine in particular, may have several consequences that contribute to ischemic injury, including

21destabilization of chromatin, decreased mitochondrial Ca buffering capacity, and increased susceptibility to oxidative stress. Based on
our and other studies, we propose a tentative antioxidant mechanism of spermine neuroprotection.  2002 Elsevier Science B.V. All
rights reserved.
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Spermine phosphate, a naturally occurring polyamine, ponents of all eukaryotic cells [8,11,36,39,42,47]. Central
was first discovered by Leeuwenhoek in 1678. Polyamines nervous system (CNS) injury results in alteration of
(putrescine, spermidine and spermine) are ubiquitous com- polyamine metabolism [31,39], particularly increases in

activities of ornithine decarboxylase (ODC) and
1spermidine /spermine-N -acetyltransferase (SSAT) andAbbreviations: AdoMet, S-adenosyl-L-methionine; ODC, ornithine

?decarboxylase; OH , hydroxyl radical; PAO, polyamine oxidase; SSAT, putrescine accumulation [31,39,40], but the precise role of
1spermidine /spermine-N -acetyltransferase; tBCAO, transient bilateral polyamines in CNS injury [6,12,13,31,37,40] has yet to be

carotid artery occlusion; TBI, traumatic brain injury; tMCAO, transient defined [16,21,31,39].
middle cerebral artery occlusion

Spermine is considered to act as an antioxidant*Corresponding author. Tel.: 11-608-263-1791; fax: 11-608-263-
[24,26,27] and free radical scavenger [17,22,23]. Adminis-1409.
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injury models [10,15], however, neither the tissue poly- We have not found it necessary to perfuse animals with
amine status nor the mechanism of neuroprotection is saline to remove blood prior to brain tissue collection.
known in these studies. The present study determined the Normal blood levels of polyamines were determined to be:
polyamine profiles in three models of CNS injury: (1) putrescine 2.1261.04, spermidine 38.0166.42 and sper-
transient middle cerebral artery occlusion (tMCAO) in mine 2.4961.70 mM. This is consistent with data from a
spontaneously hypertensive rats (SHR); (2) traumatic brain recent clinical study of stroke patients showing detectable
injury (TBI) in Sprague–Dawley rats; and (3) transient amount of spermidine in erythrocytes with low-to-unde-
bilateral carotid artery occlusion (tBCAO) in gerbils. While tectable levels of putrescine and spermine [14]. Since the
there was a significant increase in putrescine in all three cerebral blood volume is about 34 ml /g brain [45], the
models, only tMCAO resulted in significant loss of blood contributes 1% or less to the tissue polyamines.
spermine and spermidine in injured hemisphere compared Tissue polyamine levels at 6 and 24 h following CNS
to contralateral region. Exogenous spermine significantly injury are presented in Table 1. Putrescine levels were
restored the spermine as well as spermidine levels in the significantly elevated in the ipsilateral hemisphere by 6 h
ipsilateral hemisphere after tMCAO, but did not alter in tMCAO (P,0.01) and TBI (P,0.05) compared with
putrescine levels or the spermidine to spermine ratio. contralateral region. In both models putrescine showed

The following materials were obtained from the indi- further increases at 24 h which were significantly (P,

cated suppliers: 1,7-diaminoheptane, and dansyl chloride 0.01) elevated compared with contralateral region and with
(Sigma Chemical Company, St. Louis, MO), HPLC grade the ipsilateral region at 6 h. In tBCAO there was no
solvents (Fisher Scientific, Pittsburgh, PA), and BondElut increase in putrescine at 6 h; however, significant increase
C columns (Varian Associates, Harbor City, CA). All (P,0.01 compared to sham) was observed at 24 h in both18

surgical procedures were conducted according to the cortex and hippocampus.
animal welfare guidelines set forth in the NIH Guide for Spermine and spermidine showed a significant (P,0.01)
the Care and Use of Laboratory Animals (US Department decrease in the ipsilateral vs. contralateral cortex at 6 and
of Health and Human Services Pub 85-23, 1985) and were 24 h after tMCAO. Spermine and spermidine showed a
approved by the animal care committee of the University similar, though less pronounced decrease in ipsilateral vs.
of Wisconsin-Madison. During surgical procedures, ani- contralateral striatum, which was significant (P,0.01) at
mals were anesthetized with 1.5% halothane in a 50:50 24 h. In TBI and tBCAO there were no significant changes
mixture of N O:O . in spermine or spermidine levels in injured tissue com-2 2

MCAO was induced in spontaneously hypertensive male pared to corresponding contralateral region or sham,
rats (SHR) using intraluminal suture occlusion as described respectively at 6 or 24 h.
previously [13,40]. After 2 h, the suture was removed and Based on the observed decrease in spermine and sper-
reperfusion was continued for up to 24 h. Spermine (10 midine in tMCAO (Table 1) and a study demonstrating
mg/kg i.p.) or saline was administered to animals just after reduction in cortical infarct volume by exogenous sper-
the end of MCAO in SHR. This dose has been shown to mine (10 mg/kg) in transient focal cerebral ischemia [10],
provide significant reduction in infarct volume in tMCAO we determined the effects of spermine administration on
of male Wistar rats [10]. brain polyamine levels in tMCAO. Administration of

TBI was induced in male Sprague–Dawley rats (300– spermine (10 mg/kg i.p. in saline) immediately after the
350 g) using a controlled cortical impactor (6 mm diameter onset of reperfusion significantly (P,0.01) restored the
tip, 3 m/s velocity, 2 mm deformation) described earlier levels of spermine and spermidine in the ipsilateral cortex
[4,12]. and striatum at 24 h after tMCAO compared to saline

Male Mongolian gerbils (50–80 g) bilateral common treatment (Table 1). No significant changes in putrescine
carotid arteries were occluded using aneurysm clips for 10 levels were observed.
min and reperfused for up to 24 h as described [1,40]. CNS injury results in alteration of polyamine metabo-
Shams underwent the same surgical procedure except the lism, including induction of ODC and accumulation of
vessels were not occluded. Body temperature was main- putrescine [5,19,31,37–39]. In tBCAO or TBI, spermine
tained at 37–38 8C during ischemia and reperfusion. and spermidine levels show no significant changes (Table

Tissue polyamines were determined in the brain regions 1) [19,35,46]. However, depletion of spermine and sper-
susceptible to the particular CNS injury by HPLC against midine occurs both in tMCAO (Table 1) and permanent
internal (1,7-diaminoheptane) and external standards using focal cerebral ischemia [41]. Factors that may affect the
a Hewlett-Packard 1046A fluorescence detector with exci- levels of spermine and spermidine are: (1) depletion of
tation 340 nm and emission 515 nm as described earlier S-adenosyl-L-methionine (AdoMet); (2) decreased activity
[38,40]. The recovery of the internal standard in samples of AdoMet decarboxylase [32]; (3) induction of the SSAT/
was 95–98%. All the measurements were expressed as polyamine oxidase (PAO) interconversion pathway [3,40];
means6standard deviation (S.D.). Data were analyzed (4) activation of tissue transglutaminase [34,42]; and/or
using ANOVA with the Bonferroni multi-group post-test to (5) increased clearance into the blood from severely
compare differences between the groups. A value of P, injured neurons [31]. The finding that delayed neuronal
0.05 was considered significant. death occurs several days after tBCAO and TBI, while the
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Table 1
Tissue polyamine levels (nmol /g tissue) at 6 and 24h after CNS injury (n58 per group)

Model / Region Time Putrescine Spermidine Spermine

species (h) Contra- Ipsi- Contra- Ipsi- Contra- Ipsi-
a a atMCAO in SHR (n58) Cortex 6 7.6160.3 35.364.0 338.4618.5 248.0627.9 265.0614.0 207.6622.7

a,c a a24 12.863.6 64.0613.7 343.5626.7 246.5630.3 258.0629.4 191.7612.1
aStriatum 6 12.362.8 26.166.7 529.7656.5 469.8657.1 207.8637.8 180.765.5
a,c a a24 23.069.4 51.468.8 552.3646.3 433.0691.7 233.6613.4 164.1637.8

Spermine treated
a d dCortex 24 10.762.5 74.269.6 338.569.1 298.1655.0 253.767.5 229.2633.9

a d dStriatum 24 10.764.9 52.5626.9 543.5611.2 493.7677.4 220.567.4 208.9615.8
Sham/SHR Cortex 7.3260.5 330.7621.6 267.2617.9

Striatum 11.361.8 523.6651.9 210.2640.2

aTBI in SD rat (n58) Cortex 6 14.164.4 48.8615.9 403.3674.1 417.5662.8 210.9625.3 230.0651.3
a,c24 7.563.0 75.4615.3 340.1630.7 344.3615.3 252.2625.5 253.067.5

bHippocampus 6 15.961.5 34.365.0 383.5624.3 376.8613.2 222.0615.6 211.666.3
a,c24 12.168.3 77.6622.3 401.6654.0 368.5646.4 286.2651.4 256.6639.9

Sham/SD rat Cortex 8.762.7 342.1633.1 228.2626.8
Hippocampus 11.167.6 385.6660.2 249.2650.9

tBCAO in Gerbil (n58) Sham Ischemic Sham Ischemic Sham Ischemic

Cortex 6 9.061.9 245.8619.6 293.0614.6
a,c24 4.160.2 27.6610.2 221.5612.7 241.8622.8 272.5614.9 287.0618.7

Hippocampus 6 7.060.1 9.961.5 327.2623.2 355.5621.8 308.9621.8 323.4625.4
a,c24 33.0614.4 319.5637.0 294.8618.4

a P,0.01 compared to contralateral or sham.
b P,0.05 compared to contralateral.
c P,0.01 compared to 6 h ischemic /6 h ipsilateral.
d P,0.01 compared to ipsilateral regions at 24 h, saline treated.

impact of tMCAO is more immediate (as indicated by forebrain ischemia and 4 days reperfusion. There were no
infarction 24 h after injury) may be a reason for loss of changes in spermine or spermidine levels in the cortex or
spermine and spermidine after tMCAO. Release of poly- hippocampus following 10 min forebrain ischemia with 24
amines from injured brain tissue into peripheral blood was h reperfusion in gerbils [33], consistent with our results
suggested by recent clinical studies showing elevated (Table 1). Similarly, following 30 min forebrain ischemia
spermidine levels in erythrocytes of stroke patients [14]. in rats, there were no significant changes in spermidine or

Following CNS injury, activity of AdoMet decarbox- spermine in cortex or hippocampus at 24 h reperfusion;
ylase was shown to decrease [20,32], while those of however, a decrease in spermine and spermidine was
transglutaminase [34] and SSAT increased [3,40]. The observed in the caudoputamen [35].
decrease in polyamine synthesis and induction of the Significant decreases in spermine and spermidine
interconversion pathway contribute to accumulation of occurred only in tMCAO; the mechanism or combination
putrescine, a common feature of CNS injury that was of factors causing this depletion is unknown at present. In
observed in all three models (Table 1). Conversion of this respect, one study reported a decrease in spermidine
spermine and spermidine via SSAT/PAO results in pro- but not spermine levels in cortex and striatum following 30
duction of by-products hydrogen peroxide and 3-acet- min focal cerebral ischemia (no reperfusion) in rat, with no
amidopropanal which can contribute to ischemic injury changes in spermine and spermidine levels over 24 h
[30,40,43]. Treatment with the polyamine analog MDL reperfusion [32]. This disparity could be due to the

1 472527 [N , N -bis-(2,3-butadienyl)-1,4-butadiamine], a difference in ischemic severity. In our studies, 1 h tMCAO
specific PAO inhibitor, demonstrated increased formation also induced decreases in spermine and spermidine (data

1of N -acetylspermidine and suggested the contribution of not shown) but to a lesser extent compared to 2 h tMCAO
this pathway [40] to putrescine accumulation and develop- (Table 1). Some of these differences could also arise from
ment of infarction after tMCAO [13]. However, the levels variable responses of different strains of rats. Unfortuna-

1of putrescine and the increase in N -acetylspermidine [40] tely, due to the variations in the duration and type of CNS
could not fully account for the loss of spermine /sper- injury, the brain regions analyzed for polyamines, the
midine, suggesting that other mechanisms also contribute timing after the injury, and the fact that the strain of rat
to the depletion. was not designated in some studies [32,35], there is

One previous study showed a decrease in spermine but insufficient data in the literature to draw any definite
not spermidine in gerbil hippocampus following 5 min conclusions.
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?The loss of spermine and spermidine, particularly sper- OH should increase ischemic injury [49]. Treatment with
mine, may have several consequences that contribute to spermine significantly decreased infarct volume in tran-
ischemic injury, including destabilization of chromatin [7], sient focal cerebral ischemia [10], a result that does not

21 ?decreased mitochondrial Ca buffering capacity [32], and support a significant reaction of spermine with OH [17].
21increased susceptibility to oxidative stress [27]. Ischemia– On the other hand, chelation of Fe by spermine [27]

?reperfusion results in the generation of reactive oxygen would prevent formation of OH via the Fenton reaction
?species (ROS) including hydroxyl radical (OH ) that [18,49] without the formation of toxic byproducts. Sper-

21contributes to ischemic injury [1,2,9]. Iron released from mine has been shown to chelate with Cu and the
ferritin during ischemia–reperfusion promotes the forma- structure of the complex has been described [28]. While the

? 21tion of OH [50]. Spermine was reported to act as a potent structure of the spermine–Fe chelate has not been
antioxidant either by scavenging oxygen radicals [17] or published, evidence for its formation has been presented

21 ?through chelation of Fe that catalyzes OH generation [28] and its structure may be similar to that of the
21[27–29,48] via the Fenton reaction [18,50]. The reaction of spermine–Cu complex. Under physiological conditions,

?spermine with OH results in a spermine aldehyde deriva- the nitrogens of spermine are protonated, and presumably
tive (Scheme 1) [17]; this product is the same as that formation of a complex with metal ions would involve
formed by serum amine oxidases and undergoes non- displacement of the positively-charged protons.
enzymatic, pH dependent b-elimination to form acrolein Two anti-oxidant pathways have been proposed for
and spermidine (Mechanism 1 of Scheme 1) [25]. This spermine, one of which produces the toxic aldehyde
reaction could account for the loss of spermine but is acrolein. Based on this, a tentative antioxidant action of
expected to increase spermidine levels. However, in spermine in ischemic neuroprotection is outlined in
tMCAO, spermidine levels do not increase, but instead Scheme 1. It is conceivable that spermine is involved in

? 21decline and further conversion of spermidine to putrescine both pathways (reaction with OH and chelation of Fe ).
?accounts for only part of the decrease in spermine and The rate-constants for reactions with OH indicate that

?spermidine (Table 1). spermine does not significantly react with OH and that
Acrolein formed as a result of spermine reaction with much more efficient radical scavengers are present in vivo

Scheme 1. Antioxidant pathways of spermine and a tentative neuroprotective action. ↑ indicates increase; ↓ indicates decrease.
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Table 2
Spermidine /spermine ratios in contralateral vs. ipsilateral regions, and ipsilateral /contralateral ratios for spermidine and spermine at 24 h after tMCAO,
treatment with saline or spermine (n58 per group)

Region Treatment Spermidine /spermine Ispi- /contra-

Contra- Ipsi- Spermidine Spermine

Cortex Saline 1.3360.05 1.2960.07 0.7260.04 0.7460.03
Spermine 1.3360.06 1.3060.05 0.8860.07 0.9060.04

Striatum Saline 2.3660.23 2.6460.38 0.7860.06 0.7060.05
Spermine 2.4760.18 2.3660.20 0.9160.04 0.9560.07

21[27]. This would argue in favor of Fe chelation by (RO1 NS 28000, PO1 NS31220), and American Heart
spermine as its anti-oxidant role (Mechanism 2 of Scheme Association Grant-in-Aid (0151424Z) to R.J. Dempsey.
1).
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