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Purpose. Cerebral ischemia represents a serious therapeutic challenge.
We investigated the therapeutic efficacy of CDP-choline-loaded lipo-
somes against cerebral ischemia. The determination of post-ischemic
brain recovery by EEG analysis was carried out to evaluate the effect
of CDP-choline-loaded liposomes with respect to the free drug on the
maturation of ischemic injury.

Methods. Long-circulating unilamellar liposomes were prepared by a
freeze and thaw procedure followed by an extrusion through polycarbo-
nate membranes. Wistar rats were ischemized by bilateral clamping of
the common carotid arteries. Free or liposomally entrapped drug was
administered (20 mg/kg) just after ischemia and thereafter once a day
for six days. Post-ischemic survival, neuronal membrane peroxidation
and brain recovery (EEG analysis) were evaluated.

Results. The post-ischemic reperfused rats treated with CDP-choline-
loaded liposomes showed a higher survival rate than animalis treated
with the free drug. The delayed cerebral neurodegenerative injury due
to an ischemic event, referred to as maturation phenomenon, was
substantially reduced with the administration of the liposomal formula-
tion. The liposomal carrier showed a marked protection against lipoper-
oxidative damage.

Conclusions. Liposomes ensured a rapid recovery of the damaged mem-
branous structure of the neuronal cells, allowing a significant improvement
of brain functionality. The reduction of the maturation phenomenon may
probably be of particular importance in humans, where a fundamental
problem is the quality of life after an ischemic event.

KEY WORDS: cerebral ischemia; ischemic maturation; CDP-cho-
line-loaded liposomes; brain lipoperoxidation; liposomal brain delivery.

INTRODUCTION

The supply of oxygen and glucose by the cerebral blood
circulation is very important for the biological activity and the
survival of neurones (1). The block, even local, of the cerebral
blood flow causes primary damage in the brain area involved
in the ischemic event and secondary damage in the surrounding
area (penumbra zone), where there is only a partial reduction
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of the energy supply (2,3). After the re-establishment of the
blood circulation and brain reperfusion a slow progressive isch-
emic injury has been reported regarding various portions of the
brain, even areas unaffected directly by ischemia (4,5). This
delayed development of pathological changes in various bio-
chemical and physiological parameters of ischemic injury is
referred to as maturation phenomenon (6). A direct relationship
between the intensity of the ischemic event and the rate of
maturation of the consequent brain injury has been observed
(7). The maturation of the post-ischemic neurodegeneration
may be reduced with drugs and/or drug delivery systems which
may reach the brain and exert their therapeutic action. Thus,
sick-but-not-dead neurones may stifl be recovered (8).

Colloidal carriers have presented interesting potentialities as
a brain drug delivery system (9-11). The therapeutic advantages
of the treatment of a cerebral ischemia model on Wistar rats with
liposome colloidal suspensions containing CDP-choline have been
reported (12—14). In particular, CDP-choline is a therapeutic agent
widely used in the treatment of Parkinsonism, extrapyramidal dis-
eases and consciousness disorders in brain injury. CDP-choline
contributes to the repair of the membranous structures of brain
cells that have been broken down by cerebrovascular damage (15).
CDP-choline-loaded liposomes have been able to improve the
therapeutic effectiveness of rat cerebral post-ischemic reperfusion
in comparison to the free drug, that is, increasing the survival rate
of ischemized rats and the cerebral drug delivery, and protecting
the brain against peroxidative damage (13).

In the present paper, the effect of CDP-choline-loaded
liposomes on the maturation of ischemic injury is presented
and discussed. The therapeutic effectiveness of liposomes was
determined evaluating brain recovery by electroencephalo-
graphic (EEG) analysis. Blood-brain barrier (BBB) damage
elicited by an ischemic event was also studied.

MATERIALS AND METHODS

Chemicals

The lipids  Dipalmitoyl-DL-a-phosphatidyl-L-serine
(DPPS) and cholesterol (CH) were obtained from Sigma Chemi-
cals Co. (St. Louis, USA), 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) from Fluka Chemicals Co. (Buchs,
Switzerland) and ganglioside Gy, from Boehringer Mannheim.
Before each experiment, the phospholipid purity (>99%) was
checked by two-dimensional TLC on silica gel plates (E. Merck,
Darmstadt, Germany) (16). Phospholipid phosphorus content
was assayed as inorganic phosphate as reported by Bartlett (17),
while the phospholipid concentrations were determined using
the method of Rouser (18). CDP-choline was kindly provided
by Cyanamid-Italy. The drug purity was greater than 99.5% by
HPLC. Inorganic salts were of analytical grade (BDH labora-
tories Supplies, Poole, UK). Double distilled pyrogen-free water
was used throughout. All other materials and solvents were of
analytical grade.

Liposome Preparation

The aqueous drug solution was prepared just before lipo-
some preparation. CDP-choline (2 g) was solubilized in 50 ml
of phosphate buffer (pH 7.4) while adjusting the ionic strength
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of the solution with NaCl to 300 mOsm at 37°C. The final drug
concentration was 40 mg/ml.

Multilamellar liposomes (MLVs) were prepared under
nitrogen by hydrating (vortex mixing) the dry lipid film with
the CDP-choline solution at a temperature of 50°C, followed
by eight cycles of freezing in liquid nitrogen and thawing at
55°C. The liposome lipid composition was DPPC-DPPS-CH
(7:4:7 molar ratio) with ganglioside Gy;; 8% mol.

Small unilameliar vesicles with high drug capture (SUVETS)
were obtained by extrusion at 50°C, through two (stacked) polycar-
bonate filters mounted on a stainless steel extrusion device (Lipex
Biomembranes, Vancouver, B.C.). The extrusion procedure con-
sisted of ten passages of MLVs through 400 nm fiiters, foliowed
by another cycle of ten passages through 200 nm filters and then
through 50 nm filters. The recovery of SUVETS as lipid material
after the extrusion procedure was higher than 94%. The final lipid
concentration was 50 mg/ml. The untrapped CDP-choline was
removed from SUVETS by gel-permeation chromatography on a
fine Sephadex G-50 column (50 X 1.5 cm). To evaluate the loading
capacity of liposomes, the chromatographic fractions containing
CDP-choline-loaded liposomes (50 1) were solubilized in metha-
nol and assayed by HPLC analysis with a Hewlett-Packard mod.
1050 (Cemusco S/N, Milano, Italy) (12). Results are expressed as
drug content (percentage of CDP-choline in the liposome formula-
tion) and encapsulation capacity (pl/umol), as reported elsewhere
(19). The drug recovery as untrapped and encapsulated matenal
was always greater than 97.5% of the amount added.

Physico-Chemical Characterization of Liposomes

Photon correlation spectroscopy (PCS) was used to determine
the vesicle size (Zetamaster, Malvern Instruments Ltd, Sparing
Lane South, Worcs, England). The experiments were carnied out
using a solid state laser as light source. This laser is a nominal
4.5 mW laser diode with a maximum output of 5 mW at 670 nm.
The PCS measurements were carmed out at a scattering angle of
90°. The correlation functions were performed by a Malvern PCS
sub-micron particle analyser and a third-order cumulant fitting with
a dilation of 1.20 to obtain the mean diameter and polydispersity.
The real and imaginary refractive indexes were set at 1.59 and
0.0, respectively (20). The following parameters were used for
experiments: medium refractive index 1.330, medium viscosity 1.0
and a dielectric constant of 79. The samples were suitably diluted
with filtered water (Sartorius membrane filters 0.22 pm, Gottingen,
Germany) to avoid multiscattering phenomena and placed in a
quartz couvette. Thirty measurements per sample were performed.

The morphological characterization was carried out by
freeze-fracture electron microscopy, using the propane-jet tech-
nique (21). The samples were fractured at —165°C and plati-
num/carbon replicas were observed in a Philips EM 301 electron
microscope at 100 kV. 3'P-NMR was employed to provide the
liposome lamellarity (13).

Induction of Cerebral Ischemia

Young (weighing 80-100 g) and adult (weighing 320-350
g) male Wistar rats were anesthetized by an i.p. injection of ethyl
urethane (1.2 g/kg body weight) and made ischemic by bilateral
clamping of the common carotid arteries for 5, 15 and 30 min,
after which the blood flow was definitively restored. For each
experiment concerning the different duration of the ischemic event,
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the animals were divided into groups of 15 animals. Two groups
(a total of 30 animals) were treated with the liposomal formulation
containing CDP-choline, two groups with liposome alone, two
groups with the free drug, and two groups with saline. Two groups
were simply sham-operated and not ischemized (control groups).
The liposome formulation, containing a dose of 20 mg/kg CDP-
choline, or the same dose of the free drug, was administered by
injection into the tail veinimmediately after ischemia and thereafter
once a day for 6 days.

Rats investigated for brain lipid peroxidation were treated
with CDP-choline (alone or entrapped in liposomes) immedi-
ately after ischemia and then killed by decapitation after 1 h
of reperfusion. [schemic damage was evaluated by determining
lactate levels (22), while brain lipid peroxidation was estimated
by measuring the levels of conjugated diene.

In vivo experiments on male Wistar rats adhered to the
“Principles of Laboratory Animal Care” (23).

Determination of Lactate Levels

In order to determine the lactate levels, the cerebral tissue
was homogenized in 20 mM glycil-glycine buffer (pH 10)
containing 70 mM glutamate. The homogenate was deprotei-
nized by 4% HCIO, (w/v) (final concentration). The amount
of lactate was determined spectrophotometrically following the
formation of NADH at 340 nm using Noll’s method (24).

Analysis of Brain Lipid Peroxidation

The determination of conjugated dienes was carried out
by homogenizing the cerebral tissue in 50 mM phosphate buffer
(pH 7.4) containing 1 mM EDTA. The lipid component was
extracted using a chloroform-methano! (2:1 v/v) mixture. After
solvent evaporation, the dried material was resuspended in
cyclohexane and assayed at 234 nm. The results are expressed
as pmoles lipohydroperoxide/mg lipid by employing &y 2.52
X 10*M~'em™' (25). To avoid lipid peroxidation all procedures
were carried out under pure nitrogen.

Blood-Brain Barrier Permeability

Following 5 min, 15 min or 30 min ischemia, six male
Wistar rats were sacrificed at different time after post-ischemic
reperfusion. The evaluation of the BBB damage due to the
ischemic injury was performed by injecting i.v. 0.1 ml/100 g
of 2% Evans blue dye into the male Wistar rats. This treatment
was carried out either immediately before restoration of blood
flow or 5 h before sacrifice at 1 week after restoration of blood
flow. The animals were sacrificed with transcardiac perfusion
of 10% buffered paraformaldehyde solution. The brain was cut
into two coronal pieces at the level of the optic chiasma and
infundibulum. The permeability of the BBB to the dye was
evaluated by visual inspection. The number of male Wistar rats
showing BBB permeability to Evans blue dye, expressed by
the presence of more than one blue-coloured area with mean
diameters of 2 mm or more, was counted.

EEG Experiments

Ischemic maturation phenomenon was monitored by EEG.
This is a non-invasive and accurate method to evaluate brain
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functionality and neuronal damage recovery (26). Silver elec-
trodes were placed epidurally at the bilateral parieto-occipital
cerebral hemisphere. The reference electrodes were placed on
both ears. For each rat, monopolar EEGs were bilaterally
recorded prior to and immediately after the re-establishment of
the blood flow circulation, and thereafter at determined time
intervals. The recorded EEG, 1 min in the entire frequency
zone (0.5-30 Hz), was analyzed according to a computerized
wave-form recognition method (27), which allowed the determi-
nation of the total number of waves (TNW). The values of the
number of waves in each frequency zone muitiplied by the
mean amplitude in the same frequency zone were summed for
the whole frequency zone (0.3—-30 Hz). This value is referred
to as the total amplitude of waves (TAW) (28). These two
parameters (TN'W and TAW) suitably describe EEG traces, thus
they can be used to evaluate brain functionality (26,28).

RESULTS AND DISCUSSION

The liposome formulation used in this work consisted of
DPPC-DPPS-CH (7:4:7 molar ratio). The extrusion procedure
through 50 nm polycarbonate filters was carried out in order to
obtain a liposome suspension with improved colloidal properties
and narrow size distribution. The final liposome suspension con-
sisted of unilamellar vesicles (Fig. 1) with a diameter of 49.3 *
3.1 nm and a polydispersity index of 0.01. The encapsulation
capacity and the drug content value of this liposome
colloidal suspension was 27.9 = 2.3 pl/pmol lipids and 39.7 *
4.3%, respectively.

Gy, was introduced into the liposome lipid composition
at 8 mol% to achieve a liposomal colloidal suspension with
long-circulating propertics (29). In fact, as previously reported
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Fig. 1. Freeze-fracture micrograph of colloidal liposome suspension made up of DPPC-DPPS-CH (7:4:7 molar
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(13), this liposome formulation presented long-circulation prop-
erties due to the small vesicle size and the highly hydrophilic
surface of liposome bilayers determined by the presence of
Gy, that is, 34% of the administered liposomal dose was still
present in the blood circulation after 24 h.

The therapeutic effectiveness of the liposome formulation
was assessed evaluating the survival rate of ischemized Wistar
rats. The experimental ischemia model, carried out on Wistar
rats (bilateral clamping of common carotid arteries), reproduces
many aspects present in human ischemic events (3).

In order to ascertain the best experimental conditions,
ischemia experiments were carried out both on young (80-100
g) and adult (350-400 g) male Wistar rats, as well as administer-
ing the drug in a set of experiments both before and after
ischemia, and finally a further set only after the ischemic pro-
cess. Figure 2 shows that young Wistar rats ischemized for 15
min and then reperfused presented a greater survival rate than
adult Wistar rats (350-400 g). This result may be due to two
factors: i) a reduction in adult Wistar rats of the effectiveness
of all physiological processes acting against secondary ischemic
damage (30); ii) the BBB of young animals is not completely
formed thus allowing an easier penetration of CDP-choline. A
slight difference in survival rate (Fig. 2) was observed between
rat groups treated with CDP-choline: i) both before and after
ischemia, and ii) the group treated only after the restoration of
the blood flow. These findings show, according to literature
(31,32), that CDP-choline principally acts at the level of the
secondary ischemic damage rather than on the neuronal area
directly damaged by an oligemic phenomenon.

The effectiveness of CDP-choline is greater in animals
with a submaximal ischemic injury (relatively short ischemic

ratio) achieved by extrusion through 50 nm polycarbonate membranes. The lipid concentration was 50 mg/ml.

Magnification X 100,000.
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Fig. 2. Survival of the total number of young (80-100 g; holiow
symbotis) or aduit (350-400 g; filled symbols) male Wistar rats made
ischemic for 15 min and reperfused. Male Wistar rats (two groups for
each experiment and for a total of 30 animals) were treated with saline
(O, @), with CDP-choline (20 mg/kg) both before and after ischemia
({J, W) or with the drug only after restoration of blood flow (A, A).
Sham-operated animals (controi group) presented a survival rate of
100%. Statistical log-rank analysis provided an error probability less
than 1% for each survival curve.

7T 8 9 10

event), than in animals suffering maximal ischemic injury pro-
duced by a long ischemia (15). For these reasons, adult Wistar
rats (350400 g) were employed to evaluate the influence of
ischemia duration (5, 15 or 30 min) on survival of animals
treated with free or liposome entrapped CDP-choline, which
was administered only after the restoration of cerebral blood
flow. As shown in Table I, the liposome formulation ensured
a better response than the free drug. In particular, increasing
the duration of the ischemic event a reduction of the survival
of the rats treated both with CDP-choline and with saline was
observed. This trend was probably due to the greater brain
injury elicited by the longer duration of ischemia. In the case
of the drug-liposome formulation, the survival rate was less
influenced ranging from 80 to 97 per cent. The CDP-choline-
loaded liposomes achieved an improvement of the survival rate

Table I. Percentage of Survival (after 8 days) of the Total Number
of Male Wistar Rats Submitted to an Ischemic Event of Different
Duration”

Duration of the ischemic event

Experiment” 5 min 15 min 30 min
Saline 50.0 36.6 233
Free CDP-choline 66.7 56.7 40.0
Liposome alone 53.3 433 333
Liposome with drug 96.7 86.7 80.0

“ The various rat groups (a total of 30 animals for each experiment)
were treated immediately after the ischemic event and thereafter once
a day for six days.

® The control group (sham-operated) showed a survival of 100%.
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of ischemized and reperfused rats in comparison with the free
drug of 45%, 53% and 100% when the duration of ischemia
was 5 min, 15 min and 30 min, respectively.

The better biological response of the liposome formulation
compared to the free CDP-choline, with an increasing duration time
of the ischemic event, could be due to the long-circulating behaviour
(presence of ganglioside Gyy;) of the colloidal suspension, which
may act as a circulating reservoir capable of favouring a slow drug
entrance into the brain through the BBB, which becomes more
permeable as the ischemic damage increases (Table H).

The hyperpermeabilization of the BBB following an ischemic
event is triggered by the formation of fenestrations with a mean
size of ~100 nm (33-34). As reported in Table Il, the incidence
and the extent of BBB damage is related to the duration of the
ischemic event. In the case of animals ischemized for 5 min, no
evidence of BBB ischemic damage was obtained up to 6 h post-
ischemic reperfusion. Only after 12 h of reperfusion was evidence
of BBB damage seen, but with a low incidence. After a week of
post-ischemic reperfusion no BBB damage was observed. Increasing
the duration of ischemia, an increase both of the incidence of the
number of animals and of the rate of appearance of BBB damage
was observed. In fact, in the case of rats ischemized for 15 min
an incidence of 6/6 was observed after 24 h of post-ischemic
reperfusion; while, in the case of rats ischemized for 30 min, an
incidence of 100% was achieved just after 6 h of post-ischemic
reperfusion. The ischemic duration influenced not only the incidence
of the number of animals presenting BBB damage but also the
extent of the damage. Namely, prolonging ischemia from 5 min to
30 min, both an increase of the number of cerebral areas coloured
in blue and a widening of these area were observed. In any case,
after 24 h of post-ischemic reperfusion a gradual regression of BBB
damage was observed, i.e. an incidence of 16.6% and 33.3% for
rats ischemized for 15 min or 30 min, respectively. These findings
may partially explain the therapeutic efficacy of CDP-choline-loaded
long-circulating liposomes, that is, a greater BBB permeability can
ensure a more effective drug carrier entrance into brain. In fact,
liposome colloidal formulation ensured a greater entrance of CDP-
choline (22% of the administered dose) than the free drug (2% of
the administered dose) (13).

The improvement of the CDP-choline therapeutic action
with regard to ischemia may aiso be due to a phenomenon of
passive targeting caused by the presence of DPPS in the lipo-
some lipid composition. In fact, this phospholipid family is a
constituent of the cerebral tissue, carrying out particular meta-
bolic functions in cerebral activity (35).

The liposome formulation was able to improve not only
the survival rate of post-ischemic reperfused rats but also the

Table I1. Incidence of the Number of Male Wistar Rats Presenting
Damage at the Level of BBB After an Ischemic Event of Different
Duration®

Post-ischemic reperfusion

Ischemia 5 min lh 6h 12 h 24 h 1 week
5 min 0/6 0/6 0/6 1/6 /6 0/6
15 min 0/6 116 2/6 4/6 6/6 1/6
30 min 0/6 3/6 6/6 6/6 6/6 2/6

“ The incidence of BBB damage with regard to control group is nil,
since the BBB is totally impermeable to Evans blue dye.
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brain lipid peroxidation. In fact, as reported in Table 111, the
rats treated with the liposome formulation containing CDP-
choline presented the lowest levels of lipohydroperoxide, which
indicates a noticeable action against the neuronal lipoperoxida-
tive damage caused by the post-ischemic reperfusion (36). Simi-
larly to survival data, peroxidative damage was ischemia-time-
dependent. In the case of long ischemia duration, the damage
at the level of lipid neuronal membranes was very severe. It is
noteworthy that CDP-choline-loaded liposomes, irrespective of
ischemic event duration, were able to achieve lipohydroperox-
ide levels close to control values. This result may be due to
the fact that liposomes containing CDP-choline efficiently
antagonize the post-ischemic peroxidative injury, hampering
and/or limiting a cascade of events which lead to the develop-
ment of an irreversible secondary damage. Therefore, our find-
ings show the capacity of the drug-loaded liposomes to repair
the neuronal membranes and, hence, to ensure the activation
of the functional reorganization of the brain (37). The CDP-
choline biological action may come from a synergistic effect
between the phospholipid components of the liposomal delivery
system and the encapsulated CDP-choline. Thus, the neuronal
cells can employ the liposomal phospholipids as a substrate to
repair and reactivate the biological membranes.

The maturation phenomenon of the post-ischemic injury fol-
lowing temporary ischemia seems to be directly related to the
intensity of ischemia, that is, a less intense ischemic insult results
in a lesser and slower development of the lesions. This maturation
phenomenon is probably elicited by a later development of smali
foci of infarction which inter-connect to form larger ones (5). In
fact, it was shown (38,39) that neuron vulnerability with regard to
ischemic events is determined by a massive entrance into neuronal
cells of Ca*™ ions, which trigger membrane receptor activation
mediated by excitatory aminoacids, i.e., aspartate and glutammate
released in intersynaptic spaces following ischemia. Both these
neurotransmitters and Ca* * jons elicit activation of a second intra-
celiular messenger and of Ca-dependent enzymes which cause loss
of structural functionality of neuronal membranes leading to an
irreversible degenerative process and finally cellular death, even
after restoration of blood flow (7). In addition, the formation of
oxygen reactive species, which are formed during post-ischemic
reperfusion, elicits peroxidation of both membrane lipids and pro-
teic systems contributing to the post-ischemic damage (40). All
these mechanisms are responsible for the ischemic maturation
phenomenon, which can be monitored by means of EEG analysis.

Table III. Levels of Lipohydroperoxide (jumol/mg lipid) as an Index of
Brain Lipoperoxidation in Male Wistar Rat Cerebral Cortex Following
Post-Ischemic Reperfusion

Duration of the ischemic event

Experiment 5 min 15 min 30 min
Control (Sham-operated) 23.7 * 6.8 — —
Saline* 934 £ 52 122.1 96 [51.7 %103
Free CDP-choline® 471 £35 831 *41 99246
Liposome alone* 63247 954 £63 1076 x59
Liposome with drug™* 189 £ 1.1 275 *24 342 *33

Note: Each value is the average of five animals * SD.
4 P < 0.005 (vs control).

b P < 0.001 (vs saline).

¢ P < 0.005 (vs free CDP-choline).
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The recording of an EEG during the ischemic event showed
a gradual reduction of both TNW and TAW values. After the
restoration of the cerebral blood flow, TNW and TAW values
recovered rapidly up to 3 h post-ischemia depending on the
duration of the ischemia. Namely, the shorter the ischemic
event, the more intense the recovery (Figs. 3 and 4). In particu-
lar, in the case of untreated rats ischemized for 30 min no
evident recovery of the TNW and TAW values to control values
was observed (Figs. 3 and 4).

After the first period (~3 h), the recovery was more gradual
for the next 2 h (maximum recovery), followed by a plateau
unti! 6-8 h after restoration of blood flow. When the rats were
treated with CDP-choline-loaded liposomes the recovery was
more rapid than with the free drug. Moreover, the recovery of
TAW was also significantly greater (P < 0.01) and closer to
the control for the group treated with the liposome formulation
with respect to the free drug or saline treated groups. In particu-
lar, a total recovery of the 5 min ischemized rats treated with
the liposome formulation was observed (Fig. 4).

The values of the TAW of the Wistar rats treated with
saline or the free drug dropped to lower levels after 48 h post-
ischemia. This trend was more evident for the untreated rats
(saline group). The decrease in recovery for the liposome-
treated rats was almost negligible and depended on the intensity
of ischemia. In fact, in the case of 5 min ischemia a 100%
recovery compared with the control group was achieved and
maintained up to 48 h post-ischemia; whereas, a slight reduction
was observed in the case of 30 min ischemized rats.

The typical profile of TAW of post-ischemic reperfused
rats was a first period of cerebral recovery (up to ~8 h) and
a second phase of neuronal degeneration might reflect an initial
period characterized by the recovery of the energy metabolism,
followed by a drop in brain activity coinciding with the matura-
tion of histopathological neuronal injury (41). Depending on
the duration of ischemia, the maturation phenomenon was
noticeably reduced in the case of liposome treated rats, whereas
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Fig. 3. Values of the total number of waves (TNW) in EEGs recorded
for 1 min in the entire frequency zone (0.5-30 Hz) after restoration
of blood flow. The male Wistar rats were submitted to an ischemic
event with a duration of 15 min. Each point is the mean value * SD
of 7 experiments. The rats were treated with saline (@), free () or
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it was evident for saline or free drug treated animals. In particu-
lar, fotllowing 30 min ischemia, the EEG of saline treated rats
did not recover after the restoration of the blood flow showing
a large and homogenous (not focal) infarction area. These find-
ings were due o severe cerebral damage in which an extensive
neuronal death elicited a massive energy failure (39). Thus, in
this animal group, the maturation phenomenon could not be
observed after restoration of blood flow.

The delay of the cerebral damage is partially elicited by
a membrane perturbation deriving from the activation of an
intracellular message transmitter enzyme system (7). Another
important factor that seriously compromises the intracellular
homeostasis is the loss of the functional integrity of the cell
membrane elicited by degeneration processes induced by the
ischemic event. When the cell membrane was not able to ensure

its own function as an osmotic barrier, neurons died. Further-
more, free radicals, causing the lipid peroxidation following
post-ischemic reperfusion, might also promote the membrane
perturbation leading to post-ischemic neuronal damage. As
reported in Table I, the lipoperoxidation damage is substan-
tially reduced by the liposomes containing CDP-choline. The
possibility of reducing and/or rapidly repairing the membranous
structures of neuronal cells may lead to a noticeable reduction
of the delayed cerebral degeneration, as in the case of CDP-
choline-loaded liposome treated rats (Fig. 4).

In conclusion, the liposome formulation was able to both
improve the survival of ischemized rats and to almost com-
pletely recovery the neuronal functionality, particularly of the
neurons present in the border zone directly damaged by the
oxygen free radicals and by high levels of excitatory amino



Reduction of Post-Ischemic Damage with CDP-Choline-Loaded Liposomes

acids. The significant reduction of the maturation phenomenon
may probably be of particular importance in humans, where,
besides survival, a fundamental problem is the quality of life
after an ischemic event, which is seriously compromised by
the maturation of post-ischemic cerebral damage.
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