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Abstract: Although much evidence has implicated poly-
amines in brain development and function, little informa-
tion is available on these substances in human brain. We
examined the influence of regional distribution and aging
on putrescine, spermidine, and spermine levels in autop-
sied human brain. In the adult brain, concentrations of
spermidine were the highest, followed by spermine and
putrescine. All three polyamines showed a distinct and
uneven distribution profile among the 10 examined brain
areas. Spermidine levels were especially high in white
matter and thalamus (20 and 9.3 nmol/mg of protein,
respectively), whereas spermine concentrations were
highest in cerebellar cortex (3.4 nmol/mg of protein). High
levels of putrescine were observed in cerebral cortices,
putamen, and hippocampus (0.7-1.2 nmol/mg of pro-
tein), with lowest levels in cerebellum and thatamus (0.3-
0.5 nmol/mg of protein). No statistically significant influ-
ence of aging (1 day to 103 years; n = 57) on either
putrescine or spermine levels in occipital cortex was ob-
served. In contrast, spermidine levels increased markedly
from birth, reaching maximal levels at ~40 years of age
(+228% increase in the mean 41-year-old group vs. 6-
week-old group), which were maintained up to senes-
cence. These observations in human brain thus differ
from those reported in the rodent, in which levels of all
three polyamines show a pronounced postnatal reduc-
tion. Our data support the notion that polyamines may
have roles in both postnatal brain development and in
mature brain function. Key Words: Polyamines—Sperm-
ine—Spermidine—Putrescine—Aging— Regional distri-
bution.
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The major cellular polyamines, putrescine,' spermi-
dine, and spermine are polyvalent cations that are ubi-
quitously distributed in mammalian cells (Pegg and
McCann, 1982). Polyamines are involved in many di-
verse cellular and physiological processes including
cellular growth and differentiation (Pegg and McCann,
1988), regulation of nucleic acid and protein synthesis
(Slotkin and Bartolome, 1986), and stabilization of lip-
ids. Polyamines have multiple functions within the
CNS, including roles in brain development (Fozard et
al., 1980; Bell and Slotkin, 1988), nerve growth and
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regeneration (Kauppila, 1992), response to brain injury
and stress (Dienel and Cruz, 1984; Paschen et al.,
1988), brain metabolism (Seiler and Bolkenius, 1985),
regulation of ionic flux and neuronal ion channels (Ig-
bal and Koenig, 1985; Scott et al., 1993), and modula-
tion of several neurotransmitter receptors in the brain
(Koenig et al., 1989; Wasserkort et al., 1991; Williams
etal., 1991). As might be expected from the regulatory
nature of these compounds, polyamine synthesis is a
tightly controlled process (see Fig. 1). Putrescine is
formed from the enzymatic decarboxylation of orni-
thine by ornithine decarboxylase (ODC; EC 4.1.1.17).
S-Adenosylmethionine decarboxylase (SAMDC; EC
4.1.1.5) catalyzes the decarboxylation of S-adenosyl-
methionine to form decarboxylated S-adenosylmethio-
nine, the donor of aminopropyl groups for spermidine
and spermine synthesis. In addition, spermine may be
metabolized back to spermidine, spermidine to putres-
cine, and putrescine to GABA through the polyamine
interconversion pathway. The key rate-limiting en-
zyme of the interconversion pathway is spermidine/
spermine N-acetyltransferase. All three of the above-
mentioned enzymes are highly regulated, inducible en-
zymes with a high turnover rate (Pegg and McCann,
1988).

Induction of the polyamine system may occur in
response to a variety of stimuli, such as hormones,
growth factors, tumor promoters, cerebral ischemia,
mechanical and thermal brain injury, neurotoxin insult,
neuronal deafferentation, and seizure activity (Pajunen
et al., 1978; Dienel and Cruz, 1984; Crozat et al., 1992;
Paschen, 1992).
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'Although putrescine is a diamine, for the sake of simplicity,
putrescine will be referred to as a polyamine.
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FIG. 1. Polyamine metabolism. SAT, spermi-
dine/spermine N-acetyltransferase; PAO, poly-
amine oxidase.
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Neurochemical studies of the influence of aging on
brain polyamine levels in the rodent have shown that
polyamine levels decline precipitously during postnatal
development to low levels in mature brain (Janne et
al., 1964; Suorsa et al., 1992). However, to our knowl-
edge, only sparse information is available regarding
polyamine levels in normal human brain (Perry et al.,
1967; Shaw and Pateman, 1973; Sturman and Gaull,
1975, McAnulty et al., 1977; Chaudhuri et al., 1983).
Previous studies have been limited either by the age
range of the samples (fetal and infant brain, McAnulty
et al., 1977; Chaudhuri et al., 1983), or by the number
of cases (n = 2; Shaw and Pateman, 1973) or brain
areas (whole brain, Perry et al., 1967; occipital lobe,
Sturman and Gaull, 1974 ) examined. The present study
describes the regional distribution of putrescine, sper-
midine, and spermine and the influence of aging (1
day to 103 years) on polyamine levels in neurologi-
cally and neuropsychiatrically normal human brain.

MATERIALS AND METHODS

Autopsied brain was obtained from 57 subjects who died
without evidence of neurological or psychiatric disease or
brain pathology ( mean postmortem time, 12.3 = 0.8 h, mean
+ SEM). At time of autopsy, each brain was dissected sagit-
tally into two equal halves. One half-brain was used for

routine histopathological analyses, whereas the other half

was frozen at —80°C for biochemical analysis.

Brain sample preparation, polyamine derivatization with
9-fluorenylmethyl chloroformate (FMOC), and reverse-
phase HPLC analyses were conducted based on previous
methods (Einarsson et al., 1983; Sabri et al., 1989), with
modifications. Brain tissue was stored at —80°C before use,
thawed on ice, and prepared by sonicating at a concentration
of 400 mg of tissue/ml for 15 s in distilled H,O on ice.
An aliquot (20 ul) was removed for protein determinations
(Coomassie Blue protein assay, Sigma). The samples were
deproteinized by mixing an equal volume of sonicate and
10% (wt/vol) trichloroacetic acid (TCA) so that the final
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TCA concentration was 5% (vol/vol). The samples were
vortexed for 10 s before centrifugation at 4°C at 12,000 rpm
for 30 min in an Eppendorf microfuge. The supernatant was
collected, the pH adjusted to neutral with NaOH and filtered
(0.2 pm). The samples were derivatized by adding 0.1 ml
of supernatant to a tube containing 1 ml of borate buffer
(0.1 M, pH 9.6), 1 ml of acetone, and 10 ul of internal
standard, 100 pg/ml solution of 1,6-hexanediamine (1,6-
DAH). All tubes were vortexed before the addition of 100
ul FMOC in acetone (0.01 M made fresh). The tubes were
vortexed for 30 s and the derivatization allowed to proceed
for 10 min at room temperature. After this time, 2.0 ml of
hexane/ethyl acetate ( 1:1, vol/vol) were added and the tubes
vortexed for 30 s. The upper solvent layer containing the
polyamine derivatives was removed and the extraction pro-
cess repeated. The solvent was dried in a rotary vacuum
extractor and the derivatized polyamines were reconstituted
in 1 ml of HPLC-grade ethanol. The derivatives were filtered
(0.2 pm) before HPLC analysis. The efficiency of the de-
rivatization and extraction procedures was checked using
radiolabeled standard, which indicated that >93% of label
was extracted in the upper phase (data not shown).

A 10-p] sample was injected onto the HPLC column (5
pm, ODS 2). The equipment consisted of a binary solvent
delivery system equipped with a gradient controller and in-
tegrator (Spectraphysics). A fluorometer (Perkin-Elmer
L.S30) was used to monitor the elution of polyamine deriva-
tives from the column (excitation wavelength 254 nm, emis-
sion wavelength 316 nm). The derivatives were separated
using 20% A (consisting of 3 ml glacial acetic acid, 1 ml
triethylamine per L of distilled H,O, pH 4.2)/80% B (metha-
nol) for 7 min, 10% A/90% B from 7.2 to 22 min, then
20% A/80% B for 18 min, at a flow rate of 1.5 ml/min.
Putrescine and polyamine peaks were identified by compari-
son of retention time with authentic standards.

Stock solutions of putrescine, spermidine, spermine, and
1,6-DAH were prepared at 100 pg/ml and used to construct
standard curves (0— 10 ng of putrescine, 0—50 ng of spermi-
dine, 0—20 ng of spermine. and 10 ng 1,6-DAH injected).
Polyamine levels in individual samples were calculated from
the peak height ratios of derivatized polyamines and the
internal standard 1,6-DAH.
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FIG. 2. Influence of postmortem time on putrescine (®), spermi-
dine (V), and spermine (¥) levels in whole rat brain homogenate
(n = 5 brains/time point). The data shown are mean polyamine
levels = SEM.

Putrescine, spermidine, and spermine were purchased as
chloride salts from Sigma, methanol and ethanol were HPLC
grade, and all other chemicals were of the highest grade
available.

RESULTS

The postmortem stability of polyamines under con-
trolled conditions was assessed by measuring poly-
amine levels in brain of rodents (adult male Wistar
rats) at various time intervals after decapitation (n = 5
per group). The decapitated heads were stored at 4°C
for the specified postmortem time before brain removal
and freezing at —80°C. As shown in Fig. 2, no signifi-
cant changes in whole brain levels of putrescine, sper-
midine, or spermine were observed over a 24-h post-
mortem period (one-way ANOVA, p > 0.05). In a
similar manner, in our autopsied human brain study,
no statistically significant group differences (one-way
ANOVA) or correlations (Pearson’s product moment)
for postmortem interval and polyamine levels were
observed (p > 0.05) for the three polyamines in any
of the 10 brain areas examined, with the exception of
a significant positive correlation between spermidine
levels and postmortem time in frontal cortex (r = 0.93,
p < 0.01). Polyamine levels were also measured in
biopsied temporal cortex obtained from three individu-
als (age, 43 + 11 years) who had undergone temporal
lobe resection for intractable epilepsy. The biopsied
tissue was taken from nonepileptogenic regions as de-
termined by electrocorticography with surface and
temporary depth electrodes (Morrison et al., 1994).
No significant changes in polyamine levels were ob-
served in autopsied compared with biopsied human
temporal cortex (putrescine levels, 1.1 * 0.2 and 1.3
+ 0.2 nmol/mg of protein; spermidine levels, 5.0
+ 1.9 and 5.3 = 1.6 nmol/mg of protein; spermine
levels, 1.9 = 0.7 and 2.3 = 0.3 nmol/mg of protein,
respectively). Our data demonstrate that brain poly-
amine levels are not increased as a consequence of
death-associated hypoxia.
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As shown in Fig. 3, a heterogeneous regional distri-
bution of all three polyamines was observed in adult
brain (mean age, 61 * 6 years; one-way ANOVA, p
< 0.05). Of the 10 regions examined, mean putrescine
levels were high in temporal and occipital cortex (1.0
and 1.2 nmol/mg of protein, respectively) and low in
cerebellar cortex and thalamus (0.3 and 0.5 nmol/mg
of protein, respectively ). Highest spermine levels were
present in cerebellar, occipital, and temporal cortices
(1.9-3.4 nmol/mg of protein) and lowest in hippo-
campus ( 1.1 nmol/mg of protein), whereas spermidine
was most concentrated in white matter and thalamus
(20 and 9.3 nmol/mg of protein) with relatively low
levels in frontal, insular, and cerebellar cortices (3.7—
4.7 nmol/mg of protein).

Figure 4 shows the influence of aging on mean poly-
amine levels in occipital cortex of 57 neurologically
and neuropsychiatrically normal subjects, aged 1 day
to 103 years, who were grouped into six age groups
with mean ages of 6 weeks (n = 6; range, 21 h to 3.6
months; 6.3 + 2 weeks, mean = SEM), 1 year (n
= 9; range, 8 months to 2 years 10 months; 1 year 5
months * 2.4 months), 19 years (n = 7; range, 11—
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FIG. 3. Distribution of polyamine levels (nmol/mg of protein) in
various regions of human brain. The data shown are mean deter-
minations = SEM obtained from seven brains per region, except
white matter where n = 3. One-way ANOVA revealed significant
differences in putrescine (p < 0.05), spermidine (p < 0.00001),
and spermine levels (p < 0.01) in the different brain regions.
Fe, frontal cortex; Tc, temporal cortex; Pc, parietal cortex; Oc,
occipital cortex; Cb, cerebellar cortex; Ic, insular cortex; Pn, pu-
tamen; Th, medial-dorsal thalamus; Wm, white matter.
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FIG. 4. Influence of aging on putrescine and polyamine levels
in occipital cortex of neurologically normal human brain (n = 57).
The data shown are mean determinations + SEM. *Significant
differences in spermidine levels of the younger age groups com-
pared with the adult (p < 0.05, Student’s two-tailed ¢ test).

28 years; 18.6 = 2.6 years), 41 years (n = 9; range,
30-48 years; 40.6 = 2.2 years), 61 years (n = [2;
range, 52—69 years; 61.4 = 1.5 years); 80 years (n
= 14; range, 70-103 years; 80.2 £ 2.6 years). The
mean postmortem intervals of the age groups were not
significantly different (one-way ANOVA, p > 0.05).
The mean freezer storage times of the two youngest
age groups (4 years) were about one-half that of the
adults (8 years). However, there were no statistically
significant correlations between polyamine levels and
freezer storage time (p > 0.05).

A one-way ANOVA of the grouped data showed a
statistically significant increase in spermidine levels
with increasing age (p < 0.002), with mean spermi-
dine levels being increased 228% in the adult brain
(mean age, 41 years) compared with the youngest
group (6 weeks) and reaching a plateau at ~40 years
of age. Regression analyses revealed a highly signifi-
cant correlation of spermidine concentration with age
from birth to adulthood (1 day to 50 years; r = 0.71,
p < 0.01; 1 day to 103 years; r = 0.40, p < 0.01).
Although no significant influence of aging on putres-

cine levels was observed, the concentration of putres-
cine was ~60% higher in the youngest group (mean
age, 6 weeks) compared with the oldest group (mean
age, 80 years). Spermine levels were not influenced
by age (p > 0.05 for both one-way ANOVA and Pear-
son’s correlation).

DISCUSSION

To our knowledge, this is the first comprehensive
study describing the distribution and effects of aging
on putrescine and polyamine levels in neurologically
normal human brain. In our investigation human brain
polyamine levels were similar to those previously re-
ported in brain of rodents and nonhuman primates and
are the same order of magnitude as those reported by
Sturman and Gaull (occipital cortex, 1974) and Shaw
and Pateman (1973) in human brain (see Table 1).
The levels of putrescine, spermidine, and spermine de-
termined by Perry and coworkers (1967) in whole hu-
man brain (see Table ') are ~20-40 times lower than
values reported here, or by other authors. This discrep-
ancy may be due to differences in the polyamine recov-
ery efficiencies and sensitivities of the different meth-
odologies used.

A heterogeneous and discrete distribution of all three
polyamines was observed in autopsied human brain.
Our finding that putrescine levels were highest in oc-
cipital and cerebral cortices, putamen, and hippocam-
pus, and lowest in the cerebellar cortex and thalamus,
can be compared with a previous animal (mongolian
gerbil, Paschen et al., 1988) study in which putrescine
levels were lower in cerebellar cortex than in hippo-
campus or parietal cortex. In adult human brain, sper-
midine levels were markedly higher in white matter
and thalamus than in the other brain regions examined
(see Fig. 3); however, unlike an earlier report ( Shim-
izu et al., 1964 ), substantial concentrations of spermi-
dine were present in gray matter. Our regional distribu-
tion data are consistent with the results of earlier stud-
ies on spermidine and spermine distribution in human
brain, in which levels of spermine were found to be
highest in the visual (occipital ) and cerebellar cortices,
and spermidine levels were greatest in richly myelin-
ated areas (Shaw and Pateman, 1973; McAnulty et al.,
1977). In human brain the activity of SAMDC, the
key enzyme ot spermidine and spermine biosynthesis,
is high in occipital and other cortical regions and cau-
date but barely detectable in white matter (Morrison
et al., 1993). The reason for the low SAMDC activity
and relatively high spermidine and spermine levels in
white matter s unknown but could be explained by
specific uptake of spermidine and spermine into white
matter by transport processes similar to those pre-
viously described in various cell types (Khan et al.,
1990, 1993; Toninello et al., 1992).

ODC activity and putrescine levels in rodent (An-
derson and Schanberg, 1972) and nonhuman primate
(Sturman and Gaull, 1975) brain are highest in early

J. Neurochem., Vol. 65, No. 2, 1995



TABLE 1. Polyamine levels (pmol/mg of protein) in mammalian brain

Putrescine Human Rat Gerbil Monkey Mouse
Fetal — — —
Whole 2,500
Cortex 1,300"
Occ. lobe 4,300™
Cb. cortex 700"
Infant - —
Whole 3007 3,000
Occ. lobe (1,270) 900"
Cb. cortex 6,000¢
Brainstem 10,250%
Adult
Whole 25' (36) 200"
Qcc. cortex 550™ (1,210) 400"
P. cortex (860) 102"
Cb. cortex (320) 37¢ 837
Hp (740) 1004, 507 105"
Thalamus (490) 98"
Putamen (850) 2627
Striatum 128”
Spermidine Human Rat Monkey Mouse  Rabbit Dog Sheep
Fetal — — — — —
Whole — 6,510
Cortex 1,270°
Occ. lobe 3,600™
Cb. cortex 1,260"
Infant 4,000" e — —
Whole 868° 10,000°
Occ. lobe (1,832) 2,700"
Cb. cortex 1,300%
Brainstem 3,000¢
Adult
Whole 627 2,700", 4,6507 (3,130) 3,200
Occe. cortex 4,100™ (5,860) 5,500"
T. cortex 840" (4,963)
F. cortex 1,180* (3,660)
P. cortex (6,330) 1,830/
Cb. cortex 730* (4,680) 3,860°, 4,060/ 670¢ 1,100
Hp 1,360% (5,220) 1,490%, 1,800, 5,120¢ 820¢
Thalamus 2,420% (9,310) 1,020 1,180¢  130* 2,200*
Putamen 1,260* (5,900)
W. matter 4,520* (20,000)
Striatum 3,100¢, 23807 2,590F  2,790%  4,010*
Cortical (gray) 1,767/ 860~ 510 900f 980~
Spermine Human Rat Monkey Mouse Rabbit Dog Sheep
Fetal — — — — —
Whole — 4,510¢
Cortex 1,300"
Occ. lobe 3,310"
Cb. cortex 440"
Infant — — — —
Whole 402’ 7,800°
Occ. lobe (1,760) 4,200"
Cb. cortex 1,600
Brainstem 1,000¢
Adult
Whole 84.7° 2,7507 (2,930) 3,000
Occ. cortex 2,210™ (2,200) 3,000”
T. cortex 430* (1,850)
P. cortex (1,460) 1,930/
Cb. cortex 950“ (3,400) 2,3107, 1,870°¢ 860* 720¢
Hp 430* (1,090) 1,060, 1,700¢, 3,000° 590*
Thalamus 390 (1,370) 900* 820* 690* 750*
Putamen 290* (1,470)
W. matter 760% (1,640) 1,370 950* H10*
Striatum 1,690¢, 1,730/
Cortical (gray) 747’ 630* 520* 690* 750

Our data are presented in parentheses for comparison. Occ., occipital; Cb., cerebellar; T., temporal; F., frontal; P.,
parietal; Hp, hippocampus; W. matter, white matter. The selected data were converted to the units shown assuming
protein was 10% of tissue.

“Baudry and Najm, 1994; *Chaudhuri et al., 1983; “Desiderio et al., 1987; “Desiderio et al., 1988: “lentile et al.,
1988; ‘Janne et al., 1964; *“McAnulty et al., 1977; "Pearce and Schanberg, 1969; ‘Perry et al., 1967; ’Shaskan et al.,
1973; *Shaw and Pateman, 1973; 'Shimizu et al., 1964; " Sturman and Gaull, 1974; "Sturman and Gaull, 1975; “Suorsa
et al., 1992; "Paschen et al., 1990.
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life and decrease to low adult levels. In the human,
Sturman and Gaull (1974 ) reported that putrescine lev-
els in fetal brain are approximately eightfold higher
than in mature brain. Although we did not observe
any precipitous reduction in putrescine levels during
postnatal development, putrescine concentration was,
in fact, higher in the youngest (6 weeks) age group
compared with adult brain. Our observation of mark-
edly increased spermidine in human brain from birth
to adulthood is consistent with a previous study per-
formed in rhesus monkey (Sturman and Gaull, 1975)
but differs from the profile seen in rodent brain (Shim-
izu et al., 1964; Shaskan et al., 1973; Suorsa et al.,
1992) in which levels of all three polyamines decrease
after birth. Because spermidine and spermine have
stimulatory effects on glutamate receptor function
(Ransom and Stec, 1988; Ransom and Deschenes,
1990; Williams et al., 1991), these polyamines may
be involved in human postnatal developmental pro-
cesses in which the polyamine-activated NMDA-pre-
ferring glutamate receptor is implicated, such as regu-
lation of neuronal survival, synaptic reorganization,
connectivity, and plasticity (for review, see McDonald
and Johnston, 1990). The essential role polyamines
have in brain development has been demonstrated in
rodent models (Fozard et al., 1980; Slotkin et al., 1983;
Bell and Slotkin, 1988) in which inhibition of poly-
amine biosynthesis resulted in fetal death or retarded
brain development. Although the precise roles of poly-
amines on developing neurons are not fully under-
stood, several studies have now associated polyamines
with neurotrophic functions, such as enhancement of
neuronal survival and control of axonogenesis, neurite
elongation, and synaptogenesis (Slotkin and Barto-
lome, 1986; Abe et al., 1993; Chu et al., 1994).

Our observation that polyamine levels are main-
tained throughout adulthood suggests functions for
these cations in mature brain other than those associ-
ated with rapid growth. These may include regulatory
functions such as posttranscriptional modification of
proteins (Folk et al., 1980), modulation of G-protein
activity (Bueb et al., 1992), regulation of brain recep-
tor function (Ransom and Stec, 1988; Koenig et al.,
1989; Wasserkort et al., 1991; Williams et al., 1991),
and control of synaptic and neuronal activity
(Wedgewood and Wolstencroft, 1977; Igbal and Koe-
nig, 1985; Scott et al., 1993 ). In our study, the concen-
trations of spermidine and spermine determined in var-
ious regions of adult human brain are in the range
55-1,410 and 25-120 pM, respectively. Experimental
studies indicate that both spermidine and spermine po-
tentiate NMDA -receptor responses and modulate N-
type Ca’* channel function at concentrations of 0.2—
200 puM (Pullan et al., 1990; Carter, 1994). This sug-
gests potential roles in the human brain for polyamines
in the phenomenon of long-term potentiation and the
processes of learning and memory (Morris et al., 1986;
Collingridge and Bliss, 1987; Mondadori et al., 1988).
In this regard, spermine has recently been shown to

facilitate the generation of long-term potentiation in
the dentate gyrus of rodent brain in vivo (Chida et al.,
1992).

In summary, we present here baseline information
on putrescine, spermidine, and spermine levels in hu-
man brain. These data will be useful for future studies
directed toward assessing the contribution of the poly-
amine system to human brain developmental and neu-
rodegenerative disorders.
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