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Abstract
Transient global cerebral ischemia has been shown to induce marked changes in the polyamine pathway with a significant increase in
putrescine, the product of the ornithine decarboxylase reaction. This study examined the relationship between tissue and extracellular
polyamines and regional cerebral blood flow and brain edema. Six hours of focal ischemia in cats Ž n s 10. was produced by permanent
middle cerebral artery occlusion. Extracellular polyamines were measured in extracellular fluid obtained by microdialysis. Regional
cerebral blood flow using laser Doppler flowmetry and specific gravity, an indicator of brain edema, were measured in contralateral
Žnon-ischemic., penumbra and densely ischemic brain regions. A significant increase in the tissue putrescine level was found in the
penumbra but there was no difference in the putrescine levels between contralateral and densely ischemic regions. There was no
significant change in the spermidine and spermine levels in the three regions. Extracellular levels of putrescine and spermidine were
found to be significantly lower than the tissue levels and no change in polyamines was observed in any region. Significant edema
formation was observed in densely ischemic and penumbra regions. This is the first demonstration that tissue putrescine is increased in
the penumbra region, an area of incomplete ischemia that is developing brain edema.
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1. Introduction
Polyamines are a class of ornithine-derived molecules
noted for their role in cell growth, cell differentiation,
membrane transport functions, protein synthesis, and calcium mobilization w22,23,31x. It is known that the ornithine
decarboxylase ŽODC. derived polyamine pathway is provoked by several types of brain injury including cerebral
ischemia w9,29,32x, traumatic brain injury w1x and cryogenic
injury w24x. Among them, cerebral ischemic injury has
several subtypes regarding the localization and reversibility of ischemia. Polyamine metabolism is widely studied in
transient global ischemia and it has been shown that the
change in metabolism of the ODC polyamine pathway
consists of a transient elevation of ODC activity, peaking
at 4–8 h of reperfusion. ODC polyamine pathway has also
been shown to be involved in the production of cerebral
edema following ischemia and reperfusion injury w32x and
to function as modulators of both calcium fluxes at the cell
)
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membrane and neurotransmitter release from nerve endings w4x. In transient global ischemia models measurement
has been made almost exclusively of tissue polyamines.
An exception is the study of Gilad et al. w17x of extracellular polyamines in microdialysates in rats subjected to
transient global ischemia. However, in that study they did
not find any change in extracellular polyamines detected
for up to 3 h of reperfusion.
In contrast to reversible transient ischemia, information
on polyamine metabolism in focal cerebral ischemia is
limited and polyamine metabolism has been measured
primarily in brain tissue. In this study we examined this
metabolism in a model of focal cerebral ischemia. The cat
model of focal cerebral ischemia produces a focal flow
deficit sufficient to cause a well-defined cerebral infarct
Ždensely ischemic. in the inferior and lateral hemispheres,
specifically the inferior portion of the anterior and posterior ectosylvian regions. In this densely ischemic region
severe reductions of cerebral blood flow ŽCBF. Ž- 10–12
mlr100 grmin. are seen w7,8x. The dense area of ischemia
is then surrounded by an area of moderate ischemia in
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M.K. Başkaya et al.r Brain Research 744 (1997) 302–308

303

which reductions of CBF are damaging but may not be
immediately lethal. In this region cells are still viable but
may be electrically silent Žpenumbral region, 18–20
mlr100 grmin. w7,8,35x. Therefore, the present study
examined extracellular polyamines in the penumbral and
contralateral Žnon-ischemic. brain regions and tissue
polyamines in the contralateral Žnon-ischemic., penumbral
and densely ischemic regions in cats subjected to 6 h of
permanent focal ischemia.

2. Materials and methods
In this study, we carefully adhered to the animal welfare guidelines set forth in the Guide for the Care and Use
of Laboratory Animals, US Department of Health and
Human Services, Publ. No. 85-23, 1985.
2.1. Preparation of animals
Ten healthy mongrel cats of either sex weighing 2.5 to
4.5 kg were fasted with free access to water for approximately 24 h prior to the experiments. Cats were anesthetized with pentobarbital Ž25 mgrkg i.v. followed by 4
mgrkgrh.. The cats were intubated and respiration was
controlled by a respirator to maintain arterial blood gas
concentrations and pH within normal physiological limits.
Femoral venous and arterial catheters were placed for slow
continuous saline infusion and monitoring of the mean
arterial blood pressure and heart rate. Blood gases and
hematocrits were obtained during surgical procedures just
before middle cerebral artery ŽMCA. occlusion, at 1, 3,
and 5 h after occlusion, and at the end of each experiment.
Rectal temperature was measured continuously with a
telethermometer ŽYSI 2100, Yellow Springs Instrument
Co., Yellow Springs, OH. and was maintained between
378C and 388C by a water blanket ŽAmerican Hospital
Supply Corp., Valencia, CA..
2.2. Focal ischemia model
In the cat, occlusion of the right middle cerebral artery
ŽMCA. was performed just distal to the circle of Willis by
a transorbital technique as described previously w7,8x.
Briefly, after complete exenteration of the orbit, the optic
foramen and optical fissure were enlarged with a high
speed drill cooled by saline. The dura was incised and then
the MCA was exposed. The MCA was dissected free from
the arachnoid membrane and a 5-0 prolene suture was
looped around the artery. After the surgical procedure was
completed, the animals were placed in a stereotaxic device
for cats and continuously monitored for CBF. After baseline values were obtained, each end of the prolene was
passed through a double-lumened vinyl tube Ž3 cm long,
1.1 mm i.d., 2.5 mm o.d... Occlusion of the MCA was
obtained by applying traction to the prolene. Traction was

Fig. 1. Illustration of the cerebral blood flow measurements and regional
distribution of ischemic brain edema. Sampling of brain tissue for specific
gravity and tissue polyamine measurements was performed from the
cortex adjacent to each laser flowmetry probe of densely ischemic ŽA.,
penumbra ŽB., and contralateral non-ischemic ŽC. regions. Microdialysis
probes were placed into the right parietal cortex Žpenumbra. near the
point B and left parietal cortex Žnonischemic hemisphere.. Both were 10
mm lateral to midline Žblack circles.. Values are expressed as the
mean"S.E.M.

maintained with two aneurysm clips. Ischemia was confirmed by the decreased CBF as measured by a laser flow
meter. The anesthetized animals were humanely put to
death with saturated KCl solution at the end of 6 h of
occlusion time, and a complete craniectomy was performed, exposing the brain down to cervical laminae-1.
2.3. Regional cerebral blood flow measurement
For CBF measurement, we used a laser Doppler
flowmetry ŽLDF. monitor equipped with a small-caliber
probe of 2-mm diameter ŽLaserflo Blood Perfusion Monitor, BPM 403A, TSI, MN.. The laser Doppler flowmetry
provides instantaneous, continuous, and noninvasive measurements of microcirculatory blood flow in a tissue sample of ; 1 mm3 w10x. It has been shown that there is a
good correlation between LDF and other techniques of
monitoring blood flow in the brain microcirculation w17,34x.
The scalp was incised in the midline and reflected. Flow
was measured at three points on the surface of the cortex.
Point A was placed 22 mm lateral to the midline, point B,
10 mm lateral to the midline in the ipsilateral ischemic
hemisphere, and point C, 22 mm lateral to the midline in
the contralateral hemisphere ŽFig. 1.. We have previously
shown that in this model point A marks a well-defined
cerebral infarct in a core Ždensely ischemic. region with
severe reductions of CBF Ž10–12 mlr100 grmin.. Point B
marks a penumbral region in which the reduction of CBF
is damaging but not lethal Ž18–20 mlr100 grmin w7,8x.
Point C is contralateral to the ischemic site. At each point,
an 4-mm hole was drilled through the skull, leaving the
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dura intact. Large blood vessels were avoided by microscopic guidance. The LDF probe was held in a micromanipulator and advanced to gently touch the dura mater. To
prevent desiccation of the exposed brain, warmed 9%
saline solution was slowly rinsed around the probe during
the experiment. Stable baseline LDF readings were obtained for at least 30 min from all sites of the MCA before
occlusion. A continuous digital display of LDF values was
averaged over 5-s intervals and recorded just before occlusion, 30 min after occlusion, and then every hour during
the MCA occlusion. The CBF values were calculated and
expressed as a percentage of the baseline values.
2.4. Procedure for microdialysis
Microdialysis probes ŽCMAr12, membrane length 3
mm, diameter 0.5 mm; 2701 West Lafayette, IN 47906.
were perfused continuously with Ringer solution ŽNaCl
147.1 mM, KCl 4.0 mM, CaCl 2 2.25 mM. at a constant
rate of 2.0 m lrmin using a micro-infusion pump ŽModel
A-99, Razel Scientific Instruments, Stanford, CT.. Two
2-mm holes were drilled through the skull over the penumbral region and the contralateral hemisphere. Microdialysis
probes were placed 3 mm into the right parietal cortex
Žpenumbra. and left parietal cortex Žcontralateral, nonischemic. with a stereotaxic micro-manipulator ŽDavid Kopf
Instruments, Tujunga, CA. and secured with dental impression material ŽKerr Polysulfide Impression Material,
Type 2, Kerr Manufacturing Co., Romulus, MI. ŽFig. 1..
Dialysate was collected every hour in a fresh eppendorf
tube containing 0.2 N HClO4 placed on ice. It has been
shown that extracellular concentrations of metabolites stabilize within 1 h after the insertion of the probe w3x.
Therefore, the probes were perfused for 1 h before MCA
occlusion, after which the occlusion and microdialysis
were continued for 6 h.

with a model 470 spectrofluorometer. The limit of detection for putrescine, spermidine, and spermine is 1 pmol.
Polyamine contents were normalized to the weight of the
tissue samplerg or rml of densylate.
2.6. Cerebral edema
Brain edema was assessed by determining regional
specific gravity as an indicator of regional water content
w1,2,28,32x. Tissue samples from each of three brain regions to be studied Žas described in tissue polyamine
measurement. were quickly removed in 1-mm3 pieces and
placed in kerosene. A kerosene-bromobenzene continuous
gradient column was used for testing of specific gravities.
The column was calibrated with K 2 SO4 samples of known
specific gravity. Each tissue sample was placed at the top
of the column and allowed to equilibrate for 1 min. The
distance from the sample to the bottom of the column was
measured to determine its specific gravity.
2.7. Statistical analysis
All measurements were expressed as the mean " S.E.M.
One-factor Anova with Bonferroni test was used for comparing between two groups using Graph Pad Instat software ŽISI software, San Diego, CA.. Results were considered significant when P - 0.05.

3. Results
3.1. Physiological parameters
No significant changes were observed in blood pressure, heart rate and arterial blood gases during the experiments.

2.5. Measurement of brain polyamines

3.2. Regional cerebral blood flow

After the animals were humanely put to death, the brain
was quickly removed and ; 2-mm3 samples of tissue
from the cortex adjacent to each laser flowmetry probe of
densely ischemic, penumbral, and contralateral regions
were taken for tissue polyamine measurements. These
samples were immediately frozen in liquid N2 and stored
at y708C until assay. Polyamine content was evaluated as
described by Kabra et al. w20x. The frozen brain tissue
samples were homogenized in 5 volumes of 0.2 N HClO4 .
The homogenates were then centrifuged at 16 800 = g for
20 min. The supernatants were used for dansylation. The
supernatants and dialysate were dansylated, applied to a
Bond-Elut C18 column, and the dansylated polyamines
were eluted with 1.5 ml methanol. Samples Ž10–50 m l.
were then injected onto a 4 m M Waters Nova-Pak C-18
HPLC column Ž3.9 mm = 75 cm. and polyamines were
quantitated with a Waters HPLC 501 system equipped

Occlusion of the MCA produced a significant fall in
cortical blood flow at point A Ždense ischemic. and point
B Žpenumbra. Ž P - 0.05.. CBF was reduced to 6 " 1% of
base-line at point A and 35 " 4% at point B at 1 h after
occlusion of the MCA and remained 7 " 2% of base-line
at point A and 28 " 5% point B at the end of the occlusion. At point C Žcontralateral region., 1 h after occlusion
of the MCA, the mean percentage of baseline CBF was
102 " 3% and remained 92 " 4% at the end of the occlusion period.
3.3. Tissue polyamine leÕels
The densely ischemic and contralateral regions showed
similar putrescine levels ŽFig. 2.. A twofold increase in
putrescine levels was found in the penumbral region Ž P 0.05. ŽFig. 2.. There was no significant change in the
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Fig. 2. Tissue putrescine levels in the densely ischemic, penumbra and contralateral brain regions in cats subjected to 6 h of middle cerebral artery
occlusion. Values are expressed as the mean " S.E.M. ) P - 0.05.

spermidine and spermine levels in the three regions. Spermidine levels were 88.3 " 9.4 in the densely ischemic,
112.8 " 18.7 in the penumbra, and 123.6 " 17.8 in the
contralateral regions. Spermine levels were 59.6 " 6.2 in
the densely ischemic, 58.4 " 5.5 in the penumbra, and
64.1 " 4.5 in the contralateral regions.
3.4. Extracellular polyamine leÕels
Extracellular polyamine levels were measured in the
penumbra and contralateral brain regions. Extracellular

levels of polyamines were found to be significantly lower
than the tissue levels. There was no significant change in
the extracellular putrescine levels during the 6 h MCA
occlusion ŽFig. 3.. Extracellular putrescine levels were
0.20 " 0.07 in the penumbra and 0.29 " 0.01 in the contralateral regions before occlusion and were 0.54 " 0.5 in
the penumbra and 0.25 " 0.07 in the contralateral regions
at 1 h after occlusion. These levels remained unchanged
significantly throughout the experiments Ž0.33 " 0.2 in the
penumbra and 0.27 " 0.05 in the contralateral regions at 6
h after occlusion.. Extracellular spermidine levels were

Fig. 3. Extracellular putrescine levels in the penumbra and contralateral brain regions in cats subjected to 6 h of middle cerebral artery occlusion. Values
are expressed as the mean " S.E.M.
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very low and did not show any significant change throughout the experiments Ždata not shown.. Extracellular spermine was not detected in any brain region.
3.5. Cerebral edema
Specific gravity values of densely ischemic, penumbra,
and contralateral regions were 1.028 " 0.001, 1.034 "
0.003, and 1.042 " 0.002. Six hours of focal cerebral
ischemia produced significant edema in the dense ischemic
and penumbral regions ŽFig. 1.. Increased cerebral edema
is indicated by decreased specific gravity.

4. Discussion
The results of this study revealed that tissue level of
putrescine increased in the penumbra region but spermidine and spermine levels did not change significantly
either in penumbral or densely ischemic regions. Although
these findings are consistent with previous reports in transient global ischemia there are some differences which
should be pointed out. First, the increase in tissue putrescine level in permanent focal ischemia is less prominent than that of transient global or transient focal ischemia. Paschen et al. w30x have found tissue putrescine
levels of 47 nmolrg in the cortex and 53.6 nmolrg in the
striatum after transient focal ischemia in rats, even these
levels are only 35% of that found after transient global
ischemia. Second, this increase is significant only in the
penumbra region, the region of incomplete ischemia, suggesting that for induction of the polyamine pathway continuation of blood flow at least at penumbral levels or
eventual recirculation is necessary. Moreover, it is known
that cellular polyamine synthesis is also controlled by
regulation of the rate of polyamine acylation and oxidation, resulting in interconversion of spermidine into putrescine. Spermidinerspermine-N-acetyltransferase
ŽSSAT., the rate limiting enzyme of the polyamine interconversion pathway, is rapidly induced in the brain by
several stimuli w14,19x. The resultant increase in putrescine
levels after ischemia might also be due to a temporary
activation of SSAT. This pathway may also contribute to
ischemia related neurodegeneration as a toxic product of
the polyamine oxidation reaction, hydrogen peroxide, may
participate in neuronal damage. This may also explain that
maintenance of some oxygen supply to the cerebral tissue
as in the penumbra region or reestablishment of such
supply in ischemia-reperfusion is necessary to induce an
increase in putrescine levels after cerebral ischemia.
Focal cerebral ischemia due to MCA occlusion differs
from global or forebrain ischemia in two major respects
w12,16x. The reduction in CBF caused by MCA occlusion
is usually less severe than that observed during global or
forebrain ischemia models. A focal ischemic lesion can be
considered to consist of a central core of densely ischemic

tissue and perifocal areas where the ischemia is less dense
w36x. The less ischemic region, penumbra, consist of perifocal tissues containing electrically unexcitable but essentially viable cells that could be made to function by
revascularization of the tissue. However, this condition is
not static because the reduction of blood flow may progress
and involve penumbral and even more peripheral areas
w35x.
Ischemic brain edema is a major factor in the progression of ischemic injury, which can cause progressive microcirculatory compression and may involve mixed components of cellular Žcytotoxic. and vasogenic edema. In the
present study, we have shown that the greatest edema was
observed in the densely ischemic region with intermediate
levels in the penumbra region. However, putrescine levels
were not increased in the densely ischemic region, suggesting that the polyamine putrescine may not be involved in
initial brain edema formation after permanent focal ischemia. As polyamine metabolism is proposed to be an
important pathway in the development of late vasogenic
edema and delayed neuronal death after transient ischemia
w21,29x, increased levels of putrescine may play a role in
the development of later vasogenic edema after permanent
focal ischemia. It has been shown that increased ornithine
decarboxylase activity and polyamines in neurons, as well
as polyamine-dependent Ca2q influx play a particular role
in mediating the physiological effects of excitotoxicity at
the NMDA receptors w25x. Polyamines have also been
implicated in blood-brain barrier ŽBBB. breakdown and
vasogenic brain edema induced by cold injury w24x, global
and focal cerebral ischemia w26,32,33x, and traumatic brain
injury w1x. Furthermore, irreversible inhibition of ODC
activity by difluoromethylornithine ŽDFMO. improved
histopathological outcome after transient global ischemia
w21x, attenuated BBB breakdown in permanent focal ischemia w33x and edema formation after transient ischemia
w32x and traumatic brain injury w2x.
In contrast to studies mentioned above and many others,
there are several important reports w13,27x suggesting that
the polyamine putrescine is not neurotoxic in all situations
and induction of the ODC-polyamine pathway may be an
adaptive response to harmful stimuli to the nervous system. Gilad and Gilad w13x have shown that systemic
polyamine injection reduces neuronal damage after transient global ischemia in gerbils. Moreover, recently it has
also been demonstrated that an extensive stimulation of
ODC and accumulation of endogenous putrescine does not
effect the long-term recovery, nor increase neuronal damage after incomplete global ischemia in transgenic mice
overexpressing the human ODC gene w27x. However, as we
stated earlier in the discussion, the interconversion pathway of polyamines may also play an important role independent from ODC induction. A recent study reported by
Cockroft et al. w6x has shown that aminoguanidine, an
inhibitor of polyamine oxidation, reduces infarct size after
focal ischemia in rats.
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This study demonstrated that extracellular polyamine
levels are not altered within 6 h of permanent focal
ischemia. These findings are consistent with a study reported by Gilad et al. w15x in which no significant change
of extracellular polyamines has been found in the transient
forebrain ischemia model. It has been shown that
polyamines may be released under in vitro conditions from
neurons andror glial cells into the extracellular compartment w18x. It might be difficult, however, to detect them in
the extracellular compartment in in vivo conditions because of their increased cellular uptake. As a transient
elevation of ODC activity has been shown to peak at 4–8
h of reperfusion, delayed changes in extracellular
polyamine levels may occur over 3 h of reperfusion.
Beside the ischemic injury, placement of microdialysis
probes may also cause an increased efflux of polyamines
as has been shown in recent studies w5,11x. In a most recent
study w5x, putrescine levels were not found to be increased
significantly whereas spermidine levels increased consistently in rats subjected to MCA occlusion. This increase
was observed specially around 9–12 h after MCA occlusion. There are several factors that may effect polyamine
levels, such as MCA occlusion techniques, using thermocoagulation for occlusion of MCA, and species differences.
In conclusion, the findings of this present study suggest
that induction of the polyamine pathway is dependent on
blood flow and maintenance of oxygen supply to the brain
after cerebral ischemia. Extracellular levels of the
polyamine putrescine do not reflect changes in intracellular
levels of putrescine in permanent focal ischemia.
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w2x Başkaya, M.K., Rao, A.M., Puckett, L., Prasad, M.R. and Dempsey,
R.J., Effect of difluoromethylornithine treatment on regional ornithine decarboxylase activity and edema formation after experimental brain injury, J. Neurotrauma, 13 Ž1996. 85–91.
w3x Benveniste, H., Drejer, J., Schousbe, A. and Diemer, N.H., Elevation of the extracellular concentrations of glutamate and aspartate in
rat hippocampus during transient cerebral ischemia monitored by
intracerebral microdialysis, J. Neurochem., 43 Ž1984. 1369–1374.
w4x Bondy, S.C. and Walker C.H., Polyamines contribute to calciumstimulated release of aspartate from brain particulate fraction, Brain
Res., 371 Ž1986. 96–100.

307

w5x Carter, C., Poignet H., Carboni, S., Fage, D., Voltz, C. and Scatton,
B., Release of spermidine from the rat cortex following permanent
middle cerebral artery occlusion, Fund. Clin. Pharmacol., 9 Ž1995.
129–140.
w6x Cockroft, K.M., Meistrell, M. III, Zimmerman, G.A., Risucci, D.,
Bloom, O., Cerami, A. and Tracey, K.J., Cerebroprotective effects
of aminoguanidine in a rodent model of stroke, Stroke, 27 Ž1996.
1393–1398.
w7x Dempsey, R.J., Roy, M.W., Meyer, K.L. and Donaldson, D., Indomethacin-mediated improvement following middle cerebral artery
occlusion: effects of anesthesia, J. Neurosurg., 62 Ž1985. 874–881.
w8x Dempsey, R.J., Roy, M.W., Meyer, K.L., Tai, H.H. and Olson, J.W.,
Polyamine and prostaglandin markers in focal cerebral ischemia,
Neurosurgery, 17 Ž1985. 635–640.
w9x Dempsey, R.J., Combs, D.J., Olson, J.W. and Maley, M., Brain
ornithine decarboxylase activity following transient cerebral ischemia: relationship to cerebral edema development, Neurol. Res.,
10 Ž1988. 175–178.
w10x Dirnagl, U., Kaplan, B., Jacewicz, M. and Pulsinelli, W., Continuous measurement of cerebral cortical blood flow by laser Doppler
flowmetry in a rat stroke model, J. Cereb. Blood Flow Metab., 9
Ž1989. 589–596.
w11x Fage, D., Carboni, S., Voltz, C., Scatton, B. and Carter, C., Ornithine decarboxylase inhibition or NMDA receptor antagonism
reduce cortical ppolyamine efflux associated with dialysis probe
implantation, Neurosci. Lett., 149 Ž1993. 173–176.
w12x Garcia, J., Experimental ischemic stroke: a review, Stroke, 15
Ž1984. 5–14.
w13x Gilad, G.M. and Gilad, V.H., Polyamines can protect against ischemia-induced nerve cell death in gerbil forebrain, Exp. Neurol.,
111 Ž1991. 249–355.
w14x Gilad, G.M., Gilad, V.H., Wyatt, R.J. and Casero, R.A. Jr., Chronic
lithium treatment prevents the dexamethasone-induced increase of
brain polyamine metabolizing enzymes, Life Sci., 50 Ž1992. PL149–
PL154.
w15x Gilad, G.M., Casero, R.A. Jr., Busto, R. and Globus, M.Y.T.,
Polyamines in rat brain extracellular space after ischemia, Mol.
Chem. Neuropathol., 18 Ž1993. 27–33.
w16x Ginsberg, M.D. and Busto, R., Rodent models of cerebral ischemia,
Stroke, 20 Ž1989. 1627–1642.
w17x Haberl, R.L., Heizer, M.L. and Ellis, E.F., Laser-Doppler assessment of brain microcirculation: effect of local alterations, Am. J.
Physiol., 256 Ž1989. H1255–1260.
w18x Harman, R.J. and Shaw, G.G., The spontaneous and evoked release
of spermine from rat brain in vitro, Br. J. Pharmacol., 73 Ž1981.
165–174.
w19x Ientile, R., De Luca, G., DiGiorgio, R.M. and Macaione, S., Glucocorticoid regulation of spermidine acetylation in the rat brain, J.
Neurochem., 51 Ž1988. 677–682.
w20x Kabra, P.M., Lee, H.K., Lubich, W.P. and Marton, L.J., Solid-phase
extraction and determination of dansyl derivatives of unconjugated
and acetylated polyamines by reversed-phase liquid chromatography: improved separation systems for polyamines in cerebrospinal
fluid, J. Chromatogr., 380 Ž1986. 19–32.
w21x Kindy, M.S., Hu, Y. and Dempsey, R.J., Blockade of ornithine
decarboxylase enzyme protects against ischemic brain damage, J.
Cereb. Blood Flow Metab., 14 Ž1994. 1040–1045.
w22x Koenig, H., Goldstone, A. and Lu, C.Y., b-Adrenergic stimulation
of Ca2q fluxes, endocytosis, hexose transport and amino acid
transport in mouse kidney cortex is mediated by polyamine synthesis, Proc. Natl. Acad. Sci. USA, 80 Ž1983. 7210–7214.
w23x Koenig, H., Goldstone, A. and Lu, C.Y., Polyamines regulate calcium fluxes in a rapid plasma membrane response, Nature, 305
Ž1983. 530–534.
w24x Koenig, H., Goldstone, A. and Lu, C.Y., Blood-brain barrier breakdown in brain edema following cold injury is mediated by microvas-

308

w25x

w26x

w27x

w28x

w29x

w30x
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