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Abstract: The polyamine system is very sensitive to dif-
ferent pathological states of the brain and is perturbed
after CNS injury. The main modifications are significant
increases in ornithine decarboxylase activity and an in-
crease in tissue putrescine levels. Previously we have
shown that the specific polyamine oxidase (PAO) inhibitor
N1,N4-bis(2,3-butadienyl)-1,4-butanediamine (MDL 72527)
reduced the tissue putrescine levels, edema, and infarct
volume after transient focal cerebral ischemia in sponta-
neously hypertensive rats and traumatic brain injury of
Sprague–Dawley rats. In the present study, N1-acetyl-
spermidine accumulation was greater in injured brain re-
gions compared with sham or contralateral regions fol-
lowing inhibition of PAO by MDL 72527. This indicates
spermidine/spermine-N1-acetyltransferase (SSAT) acti-
vation after CNS injury. The observed increase in N1-
acetylspermidine levels at 1 day after CNS trauma paral-
leled the decrease in putrescine levels after treatment
with MDL 72527. This suggests that the increased
putrescine formation at 1 day after CNS injury is medi-
ated by the SSAT/PAO pathway, consistent with in-
creased SSAT mRNA after transient ischemia. Key
Words: Cerebral ischemia—Spermidine/spermine-N1-
acetyltransferase—Polyamine oxidase—MDL 72527—
Putrescine—Traumatic brain injury—Polyamine intercon-
version pathway—Polyamines—Ornithine decarboxylase.
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Putrescine, spermidine, and spermine are endogenous
polyamines essential for cellular growth, proliferation,
regeneration, and differentiation (Pegg and McCann,
1982; Morgan, 1987; Marton and Pegg, 1995). The me-
tabolism and catabolism of polyamines are highly regu-
lated by the concerted action of six enzymes (Paschen,
1992a,b; Marton and Pegg, 1995). The metabolism of
polyamines is regulated by ornithine decarboxylase
(ODC) andS-adenosyl-L-methionine decarboxylase, to-
gether with spermidine/spermine synthases, of which
ODC is the rate-limiting step for the conversion of orni-
thine to putrescine. Spermidine/spermine-N1-acetyltrans-
ferase (SSAT) and polyamine oxidase (PAO) regulate
polyamine catabolism and the interconversion of sperm-
ine/spermidine back to putrescine (Casero and Pegg,
1993; Woster, 1995). In normal brain tissue it has been

estimated that ODC accounts for 30% of putrescine,
whereas the remaining 70% is formed through the SSAT/
PAO pathway (Seiler and Bolkenius, 1985; Seiler, 1995).

Alterations in polyamine metabolism have been im-
plicated in neuronal degeneration after CNS injury (Pas-
chen, 1992a,b; Schmitz et al., 1993; Kindy et al, 1994;
Başkaya et al., 1996b; de Vera et al., 1997; Rao et al.,
1997; Johnson, 1998; Dog˘an et al., 1999a,b). On the
other hand, ODC activation and putrescine accumulation
showed either no effect or neuroprotection in transient
focal cerebral ischemia (Keinanen et al., 1997; Lukkari-
nen et al., 1997, 1998). Previous work from our labora-
tory has shown induction of ODC and subsequent alter-
ations in polyamine metabolism, particularly an increase
in putrescine levels, to be an important factor in blood–
brain barrier dysfunction and the development of vaso-
genic edema after CNS injury (Dempsey et al., 1991;
Kindy et al., 1994; Rao et al., 1995, 1997; Bas¸kaya et al.,
1997b,c). Inhibition of ODC by a-difluoromethylorni-
thine either protected the brain from ischemic damage
(Schmitz et al., 1993; Kindy et al., 1994) or enhanced the
infarct volume in focal cerebral ischemia (Lukkarinen
et al., 1998).

Several mechanisms of polyamine-dependent neuro-
nal injury have been proposed: (a) overactivation of
calcium fluxes and neurotransmitter release in areas with
an overproduction of putrescine (Koenig et al., 1983); (b)
overstimulation of the NMDA receptor complex caused
by a release of polyamines into the extracellular space
during or after CNS trauma; or (c) production of hydro-
gen peroxide and 3-acetamidopropanal through activa-
tion of the interconversion of spermine and spermidine
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into putrescine via SSAT/PAO (Morgan, 1987, 1998;
Paschen, 1992a; Seiler, 1995). SSAT is the rate-limiting
step in the catabolism of polyamines (Casero and Pegg,
1993; Suppola et al., 1999), and the activation of SSAT
after transient ischemia has been indicated by increased
levels of SSAT mRNA (Zoli et al., 1996).

Our recent studies in transient focal cerebral ischemia
in spontaneously hypertensive rats (SHRs) (Dog˘an et al.,
1999b) and traumatic brain injury (TBI) in Sprague–
Dawley rats (Dog˘an et al., 1999a) demonstrated that
specific inhibition of PAO byN1,N4-bis(2,3-butadienyl)-
1,4-butanediamine (MDL 72527) attenuated tissue pu-
trescine levels, edema, and ischemic injury volume. The
purpose of this study is to show the activation of SSAT
by quantifying the accumulatedN1-acetylspermidine af-
ter CNS trauma. Here we report that MDL 72527 treat-
ment (a) reduced the tissue putrescine levels in transient
forebrain ischemia of the gerbil and (b) resulted in ac-
cumulation ofN1-acetylspermidine after CNS injury in
the gerbil and the rat. The accumulation ofN1-acetyl-
spermidine was greater in injured compared with sham
or contralateral brain regions, which indicates that SSAT
was activated (Casero and Pegg, 1993; Suppola et al.,
1999) after CNS trauma. To the best of our knowledge,
this is the first report showing the increased formation of
N1-acetylspermidine after CNS injury, in agreement with
enhanced SSAT mRNA synthesis after transient isch-
emia (Zoli et al., 1996).

MATERIALS AND METHODS

The following materials were obtained from the indicated
suppliers:N1-acetylspermidine,N1-acetylspermine,N8-acetyl-
spermidine, 1,7-diaminoheptane, and dansyl chloride from
Sigma Chemical Co. (St. Louis, MO, U.S.A.), HPLC-grade
solvents (Fisher Scientific, Pittsburgh, PA, U.S.A.), and Bond-
Elut C18 columns (Varian Associates, Harbor City, CA,
U.S.A.). MDL 72527 was a gift from Hoechst Marion Roussel
(Cincinnati, OH, U.S.A.).

All surgical procedures were conducted according to the
animal welfare guidelines set forth in the NIHGuide for the
Care and Use of Laboratory Animals(U.S. Department of
Health and Human Services publication no. 85-23, 1985) and
were approved by the animal care committee of the University
of Wisconsin–Madison.

Transient cerebral ischemia
In male Mongolian gerbils (weighing 50–80 g) common

carotid arteries were exposed through a neck incision and
occluded using aneurysm clips for 10 min with the animal
under halothane anesthesia and reperfused for 1 day as de-
scribed (Rao et al., 1998, 1999a,b). Control animals underwent
the same surgical procedure except the vessels were not oc-
cluded. Body temperature was maintained at 37–38°C during
ischemia and reperfusion.

Focal cerebral ischemia
Middle cerebral artery occlusion (MCAO) was induced for

2 h in SHRs using intraluminal suture occlusion as described
previously (Dog˘an et al., 1998, 1999b). After MCAO, the
suture was withdrawn to restore cerebral blood flow. The
animals were then permitted to recover from the anesthesia at
room temperature.

TBI
Male Sprague–Dawley rats (weighing 300–350 g) were

anesthetized with 1.5% halothane in a 50:50 mixture of N2O/
O2. TBI was induced by using a controlled cortical impact
device described earlier (Bas¸kaya et al., 1996a,b, 1997a). Each
rat in the experimental groups was injured with a 6-mm-
diameter tip at a velocity of 3 m/sec and a 2-mm deformation,
whereas rats in the sham group were subjected to the same
surgical procedure but received no impact.

Physiological monitoring
Mean arterial blood pressure was monitored and maintained

within physiological limits. Core and cranial temperatures were
monitored with rectal and temporalis muscle probes and main-
tained at 37–38°C for rectal and at 36–37°C for temporalis
muscle with a heating pad and a lamp.

MDL 72527 administration
MDL 72527 [100 mg (378mmol)/kg i.p. (Doğan et al.,

1999a,b)] or saline was administered to animals just after the
end of occlusion in transient forebrain ischemia of gerbils, at
the end of MCAO in SHRs, and at 5 min after TBI in Sprague–
Dawley rats.

Tissue polyamine determination
The brain tissue was homogenized in 0.2M perchloric acid.

Homogenates were centrifuged at 16,000g for 20 min. Poly-
amines in the supernatant were quantified as described earlier
(Kabra et al., 1986) with minor modifications (Rao et al., 1998).
The supernatants were dansylated and applied to Bond-Elut C18

columns (Varian Associates), and the dansylated polyamines
were eluted with 1.5 ml of acetonitrile. Samples were diluted
with an equal volume of 90% 10 mM sodium acetate (pH
4.5)/10% acetonitrile (solvent A), and 50ml was injected into
a Hewlett-Packard model 1100 high-performance liquid chro-
matograph. The instrument was fitted with a Waters 8-mm
3 100-mm Nova-Pak column and radial compression module.
The column was eluted with a mixture of 48% acetonitrile and
52% solvent A at a flow rate of 3 ml/min with a linear gradient
to 90% acetonitrile from 0 to 25 min and 90 to 100% acetoni-
trile from 25 to 30 min. The uniqueness of this HPLC system
is that quantification of putrescine, spermidine,N1-acetylsper-
midine, N8-acetylspermidine, spermine,N1-acetylspermine,
and MDL 72527 is accomplished in a single HPLC assay (Rao
et al., 1998). The polyamines were quantitated against internal
(1,7-diaminoheptane) and external standards using a Hewlett-
Packard model 1046A fluorescence detector withlex 340 nm
and lem 515 nm. Polyamine levels were expressed as nano-
moles per gram wet weight.

Statistical analysis
All the measurements were expressed as mean6 SD values.

Data were analyzed using a one-factor ANOVA with the Bon-
ferroni test to compare differences between the groups (Graph-
Pad Software, San Diego, CA, U.S.A.). A value ofp , 0.05
was considered significant.

RESULTS

MDL 72527 crosses blood–brain barrier and is
present in brain 1 day after CNS injury

MDL 72527 levels in brain regions were measured by
HPLC. The relative tissue levels of MDL 72527 in sham
and CNS-injured animals were calculated in brain re-
gions at 1 day as the percentage of administered dose
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(378 mmol/kg) and are shown in Table 1. There was a
trend toward lower levels of the drug in injured brain
tissues compared with the corresponding noninjured
(sham or contralateral) regions. These differences be-
came statistically significant in ischemic gerbil cortex (p
, 0.01, ischemic vs. sham) and SHR ipsilateral cortex
after focal ischemia (p , 0.05, ipsilateral vs. contralat-
eral).

Accumulation of putrescine is maximal at 1 day
after transient forebrain ischemia of the gerbil

Putrescine levels after a 10-min transient forebrain
ischemia followed by 6 h and 1 day of reperfusion in
gerbils are shown in Fig. 1. There was a significant
increase in putrescine levels at 6 h (p , 0.05 compared
with sham); however, the increase at 1 day was much
greater (p , 0.01 compared with sham), in agreement
with other studies (Paschen, 1992b; Paschen et al.,
1993).

MDL 72527 treatment resulted in decreased
putrescine levels and increasedN1-acetylspermidine
levels after CNS injury

Effects of MDL 72527 on putrescine levels after
MCAO in SHRs (Dog˘an et al., 1999b) or TBI in rats
(Doğan et al., 1999a) have been reported earlier.

Transient forebrain ischemia.Treatment with MDL
72527 significantly attenuated putrescine levels in gerbil
cortex and hippocampus (p , 0.01 compared with un-
treated ischemic group; Fig. 1). The decrease in pu-
trescine levels following treatment with MDL 72527 was
reflected in an increase inN1-acetylspermidine levels
(Fig. 2A). To determine the effects of ischemia,N1-

acetylspermidine accumulation was measured in sham
animals given MDL 72527.N1-acetylspermidine accu-
mulated in cortex and hippocampus of sham animals
following treatment with MDL 72527 (Fig. 2A). MDL
72527 treatment resulted in significantly greater accumu-
lation in ischemic cortex (p , 0.05) and hippocampus
( p , 0.01) compared with drug-treated sham animals
(Fig. 2A).

MCAO in SHRs.Figure 2B shows theN1-acetylsper-
midine levels at 1 day after 2-h MCAO with and without
MDL 72527 treatment. There was a significant accumu-
lation of N1-acetylspermidine in all brain regions of
MDL 72527-treated SHRs compared with the saline
group (p , 0.01). In the treated group,N1-acetylsper-
midine levels were significantly higher in the ipsilateral
regions (p , 0.01) compared with contralateral regions
(Fig. 2B).

TBI in Sprague–Dawley rats.TBI after 1 day showed
increased levels ofN1-acetylspermidine following MDL
72527 treatment (Fig. 2C). Similar to the trends observed
after MCAO, there was significant accumulation ofN1-
acetylspermidine in all regions of MDL 72527-treated
rats compared with the saline group (p , 0.01). Also, in
the treated groupN1-acetylspermidine levels were sig-
nificantly elevated in ipsilateral regions (p , 0.01) com-
pared with contralateral regions (Fig. 2C).

In all three models of CNS injury, MDL 72527 treat-
ment attenuated tissue putrescine levels (Fig. 1) (Dog˘an
et al., 1999a,b). Also, no changes inN8-acetylspermidine
levels or accumulation ofN1-acetylspermine were ob-
served following treatment with MDL 72527 (data not
shown).

DISCUSSION

SSAT/PAO may largely determine putrescine levels
1 day after CNS injury

CNS injury results in alteration of polyamine metab-
olism, including induction of ODC and accumulation of

FIG. 1. Putrescine levels in gerbil cortex and hippocampus fol-
lowing a 10-min transient forebrain ischemia (I) and 6-h (n 5 6)
and 1-day (n 5 5) reperfusion (R). *p , 0.05, **p , 0.01 com-
pared with sham (n 5 6); #p , 0.01, MDL 72527-treated isch-
emic (n 5 5) compared with untreated ischemic with 1-day R and
not significant compared with sham; ##p , 0.01, MDL 72527-
treated ischemic (n 5 5) compared with untreated ischemic with
1-day R and p , 0.05 compared with sham.

TABLE 1. Tissue levels of MDL 72527 as a percentage of
administered dose at 1 day in sham and

CNS-injured animals

Type of injury, region % MDL 72527

Transient forebrain ischemia (n5 6)
Sham

Cortex 26.76 3.4
Hippocampus 33.36 3.1

Ischemic
Cortex 19.06 1.0a

Hippocampus 32.16 4.0
Focal transient cerebral ischemia (n5 9)

Contralateral
Cortex 31.76 11.4
Striatum 27.96 7.1

Ipsilateral
Cortex 17.96 10.0b

Striatum 23.76 6.9
TBI (n 5 7)

Contralateral
Cortex 5.46 1.1
Hippocampus 8.96 1.9

Ipsilateral
Cortex 4.56 0.7
Hippocampus 7.26 1.9

a p , 0.01 compared with sham cortex.
b p , 0.05 compared with contralateral cortex.
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putrescine (Dempsey et al., 1991; Paschen, 1992a; Kindy
et al., 1994; Rao et al., 1995, 1998; Henley et al., 1996;
Başkaya et al., 1996a,b). These changes correlate with
the degree of injury and with neuronal death (Kindy
et al., 1994; Henley et al., 1996; Ivanova et al., 1998).
Although ODC is considered the rate-limiting enzyme in
polyamine biosynthesis, it is not the sole pathway ac-
counting for putrescine levels in tissues (Paschen et al.,
1988). ODC activity peaks around 6 h after CNS injury
(Paschen et al., 1993; Rao et al., 1995, 1998; Bas¸kaya
et al., 1996a,b) and declines at 1 day to near sham levels
(Başkaya et al., 1996a,b; Rao et al., 1998), whereas
putrescine levels are elevated at 1 day (Fig. 2) (Paschen
et al., 1993; Rao et al., 1998). Activity ofS-adenosyl-L-
methionine decarboxylase, the enzyme that provides the
aminopropyl groups necessary for the conversion of pu-
trescine to spermidine and spermine, has been shown to
decrease after CNS injury (Henley et al., 1997). Previous
studies have indicated that in normal brain, ODC ac-
counts for;30% of putrescine, whereas the remaining
70% comes through SSAT/PAO (Seiler and Bolkenius,
1985; Seiler, 1995). This study suggests that SSAT/PAO
may determine putrescine levels at 1 day, and therefore
these experiments focused on the effects of the PAO
inhibitor MDL 72527 1 day after CNS injury.

MDL 72527 attenuated putrescine accumulation
In the present study (Fig. 1) and previous studies

(Doğan et al., 1999a,b), inhibition of PAO with MDL
72527 significantly attenuated putrescine levels at 1 day
after CNS injury. This suggests that the induction of
SSAT (Zoli et al., 1996) and PAO (Baudry and Najm,
1994; Hayashi and Baudry, 1995; Ivanova et al., 1998),
which convert spermine and spermidine to putrescine,
probably is a major pathway accounting for putrescine
accumulation at 1 day. These studies did not attempt to
correlate SSAT enzymatic activity toN1-acetylspermi-
dine levels because the SSAT assay may overestimate
N1-SSAT activity (Persson and Pegg, 1984; Gerner et al.,
1993).

PAO inhibition produced accumulation of
N1-acetylspermidine

Following treatment with MDL 72527, PAO is com-
pletely inhibited within 30 min, andN1-acetylspermidine
levels increased linearly over time in normal brain tissue
(Seiler and Bolkenius, 1985; Seiler, 1995). In our exper-
iments, sham animals treated with MDL 72527 showed
uptake of the drug into normal brain (gerbil shams, Table
1), indicating that the drug crosses the blood–brain bar-
rier. Significantly lower levels of the drug were detected
in the ischemic versus nonischemic cortex of MDL
72527-treated gerbils and in ipsilateral versus contralat-
eral cortex of SHRs after MCAO. These differences were
not significant for the gerbil hippocampus or striatum of
SHRs (Table 1).

In the absence of MDL 72527 treatment,N1-acetyl-
spermidine levels remained low (Fig. 2), indicating con-
version of N1-acetylspermidine to putrescine by PAO.

FIG. 2. A: N1-Acetylspermidine levels in cortex and hippocam-
pus after a 10-min transient forebrain ischemia (I) and a 1-day
reperfusion (R) in gerbils. N1-Acetylspermidine levels in sham
animals were measured at 1 day after administration of MDL
72527. Accumulation of N1-acetylspermidine was significantly
greater in ischemic (n 5 5) cortex ( p , 0.05) and hippocampus
( p , 0.01) compared with the corresponding tissues in MDL
72527-treated sham animals (n 5 6). In the absence of PAO
inhibition, there was a small but significant increase of N1-ace-
tylspermidine level in ischemic cortex and hippocampus (*p
, 0.05) compared with the corresponding tissues in untreated
sham animals (n 5 6). B: N1-Acetylspermidine levels after treat-
ment with MDL 72527 or saline in cortex (C) and striatum (S) after
a 2-h focal ischemia and 1-day reperfusion in SHRs. N1-Acetyl-
spermidine levels were significantly elevated in the ipsilateral
(Ipsi.) regions ( p , 0.01) compared with contralateral (Contra.)
regions. There was significant (*p , 0.01) accumulation of N1-
acetylspermidine in all tissues of MDL 72527-treated SHRs (n
5 9) compared with levels in corresponding regions of the saline
group (n 5 8). The N1-acetylspermidine control values (in nmol/g
of tissue) were as follows: cortex, 0.3 6 0.2 (saline) and 9.6 6 2.0
(MDL 72527); striatum, 0.6 6 0.4. (saline) and 10.2 6 1.8 (MDL
72527). C: N1-Acetylspermidine levels after treatment with MDL
72527 or saline in cortex (C) and hippocampus (H) 1 day follow-
ing TBI in Sprague–Dawley rats. N1-Acetylspermidine levels
were significantly elevated in the ipsilateral (Ipsi.) regions ( p
, 0.01) compared with contralateral (Contra.) regions. There
was significant (p , 0.01) accumulation of N1-acetylspermidine
in all regions of MDL 72527-treated rats (n 5 7) compared with
levels in corresponding regions of the saline group (n 5 8). The
N1-acetylspermidine control values (in nmol/g of tissue) were
as follows: cortex, 0.37 6 0.15 (saline) and 8.9 6 2.2 (MDL
72527); hippocampus, 0.5 6 0.32 (saline) and 16.2 6 2.8 (MDL
72527).
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Inhibition of PAO resulted in a significant accumulation
of N1-acetylspermidine at 1 day with a two- to threefold
increase in ischemic versus sham (Fig. 2A) and in ipsi-
lateral versus contralateral regions (Fig. 2B and C), in-
dicative of a CNS injury-induced increase in SSAT ac-
tivity. Because theN1-acetylspermidine may represent
the cumulative synthesis by SSAT over 1 day, the higher
levels ofN1-acetylspermidine in injured brain tissue at 1
day do not necessarily indicate the time of SSAT induc-
tion during 1 day. Because MDL 72527 was adminis-
tered intraperitoneally, there may be a contribution of
serumN1-acetylspermidine to the brain levels; it is not
known if this contribution was uniform between injured
and noninjured brain regions. SSAT enzyme has a rapid
turnover and short half-life and may undergo transient
short-term induction (Casero and Pegg, 1993; Seiler,
1995; Suppola et al., 1999). Recently, the SSAT mRNA
level was shown to increase after ischemia and reached a
maximum at 1 day (Zoli et al., 1996).

In these experiments, neither CNS injury nor MDL
72527 had any effect onN8-acetylspermidine levels (data
not shown). There was also no observable accumulation
of N1-acetylspermine following MDL 72527 treatment
(data not shown). Seiler (1995) and Seiler and Bolkenius
(1985) showed an;20-fold greater increase inN1-ace-
tylspermidine compared withN1-acetylspermine levels
in normal brain following MDL 72527 treatment. This
suggests that the kinetics of acetylation by SSAT are
much greater for spermidine than spermine (Seiler and
Bolkenius, 1985).

After a 10-min transient ischemia, putrescine levels
showed a small but significant (p , 0.05) increase at 6 h
(Fig. 2), which may be partly due to induction of ODC
(Rao et al., 1998) and suggests SSAT is not substantially
increased within 6 h after CNS injury. Putrescine levels
are substantially elevated at 1 day, whereas ODC activity
returns near to sham levels (Fig. 1) (Rao et al., 1998),
suggesting that induction of SSAT accounts for the in-
crease in putrescine.

Recent evidence demonstrated that under certain con-
ditions PAO could directly act on spermine and spermi-
dine to produce putrescine (Ivanova et al., 1998). Our
data indicate that the putrescine is largely formed by
PAO action onN1-acetylspermidine and that the contri-
bution of PAO direct oxidation of spermidine to pu-
trescine appears to be minimal.

The interconversion of polyamines through SSAT/
PAO (Casero and Pegg, 1993; Seiler, 1995; Suppola
et al., 1999) results in toxic by-products, 3-acetamido-
propanal and hydrogen peroxide, which may induce ap-
optosis after ischemia/reperfusion. The neuroprotective
effects of MDL 72527, besides reducing the putrescine
formation, may be due in part to attenuation of the toxic
by-products. However, the role of polyamines, especially
putrescine, in the pathology of CNS injury is not clear
and needs to be further investigated.
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