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Neonatal cerebral ischemic injury is a common and

debilitating pathology for which there is currently no

known purely pharmacological treatments that are

effective when delivered immediately after injury.

Cyclodextrins are cyclic oligosaccharides that can

remove cholesterol from cell membranes and thereby

affect receptor function. Cyclodextrins have previously

been shown to be neuroprotective in vitro. We showed

that hydroxypropyl-b-cyclodextrin is neuroprotective in

rats in vivo when delivered by intraperitoneal injection

30 min following hypoxia-ischemia, when assessed

15 days after surgery. A single dose of 1 g/kg

hydroxypropyl-b-cyclodextrin reduced brain infarction

size by 28.57% compared with control (P < 0.001).

We also report that the same compound reduces neuronal

excitability in hippocampal slices and propose that

hydroxypropyl-b-cyclodextrin is neuroprotective by

reducing excitotoxicity in the delayed phase of brain

damage. NeuroReport 23:134–138 �c 2012 Wolters Kluwer

Health | Lippincott Williams & Wilkins.
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Introduction
Neonatal and infant hypoxia is a major cause of cognitive

disability [1]. It has been estimated that approximately

half of hypoxic-ischemia-induced encephalopathy causes

death, and a further 25% of cases result in loss of neuro-

logical function [2]. Although there are some partially

effective treatments for improving the symptoms of

neonatal hypoxia [3,4], only hypothermia has been shown

to be neuroprotective in the acute stages of injury. There

is a clear need for inexpensive and simple pharmacolo-

gical interventions in acute treatment that can reduce

neurological damage and improve patient prognosis.

Cyclodextrins are cyclic oligosaccharides with a lipophilic

central domain and a hydrophilic surface. This makes

cyclodextrins useful carrier molecules for lipophilic

drugs [5]. Some cyclodextrins also remove cholesterol

from cell membranes, affecting receptor function by

altering lipid-raft structure and receptor stability in the

membrane. Several classes of cyclodextrins protect

cultured cortical neurons against oxygen–glucose depriva-

tion, and against N-methyl-D-aspartic acid (NMDA) and

glutamate-induced excitotoxicity, without affecting nor-

mal calcium signaling [6]. Methyl-b-cyclodextrin has also

been found to protect hippocampal slices from the effects

of anoxia [7]. One of the neuroprotective cyclodextrins

investigated by Abulrob et al. [6], 2-hydroxypropyl-b-

cyclodextrin (HP-CD), has also been extensively char-

acterized in rats by Valenzano et al. [5]. The authors of

that study found that intraperitoneal injection of 10 ml/kg

25% HP-CD did not cause any neurological impairment or

other adverse effects.

We hypothesized that HP-CD could be neuroprotective

in a rat model of neonatal hypoxia when administered

after injury. HP-CD has been used as a vehicle for

experimental lipophilic drugs [5] and also as a deodorizer.

Other lipophilic drug vehicles such as ethanol [8] and

dimethyl sulfoxide [9,10] have been shown to have

neuroprotective properties. Therefore, to test whether

any neuroprotective effect of HP-CD was due to a class

property of lipophilic drug vehicles or was specific to

cyclodextrins, we compared the effects of HP-CD with

those of another commonly used lipophilic drug vehi-

cle [11,12] [a combination of 5% dimethyl sulfoxide, 5%

cremophor, and 5% ethanol in 0.01 M PBS (henceforth

DCE)]. We also compared the results with rats that had

received no treatment (naive controls). We hypothesized

that HP-CD would reduce neuronal excitability, as has

been described for other b-cyclodextrins [13], and tested

this by measuring synaptic transmission in the CA1 region

of isolated rat hippocampal slices.

Materials and methods
All surgical procedures and animal care practices were

carried out in accordance with the University of Otago

Animal Ethics Committee guidelines on the use of

laboratory animals. Unless stated otherwise, all chemicals

used were acquired from Sigma-Aldrich (St Louis,

Missouri, USA); all surgical materials used were acquired

from Southern Medical Products Ltd (Dunedin, New

Zealand), and all statistical analyses were carried out on

Minitab15 Statistical Software (Minitab Ltd, Coventry,

UK).
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Hypoxia-ischemia surgery

We used the Variable Hypoxia-Ischemia model (Variable

hypoxic-ischemia), which we have described pre-

viously [14]. Briefly, 23 male P26 Wistar rats (70–85 g)

were anesthetized using 2.5% halothane in 100% oxygen.

A unilateral carotid artery ligation was performed. The

left common carotid artery was exposed and then

bluntly dissected away from the internal jugular vein

and the vagus nerve. The artery was then permanently

ligated using two 5-0 silk surgical sutures. The incision

was then closed with surgical clips, and the animals

were left to recover for a period of 2–3 h. After recovery,

the animals were placed in an airtight chamber in

which the air temperature was maintained at 32.5 ±

0.51C. A constant flow of a humidified (85–100% relative

humidity) hypoxic gas of 8% oxygen/92% nitrogen was

perfused through the chamber. Each rat was removed

from the hypoxia chamber immediately after it experi-

enced a tonic clonic seizure as described in Rivers

et al. [14].

Treatments

Thirty minutes after removal from the chamber, the rats

were randomly allocated into three groups: one received

no treatment (naive group) and the other two groups

were administered either the DCE vehicle containing

5% (v/v) dimethyl sulfoxide (VWR laboratory supplies,

Poole, England; Cat# 103234L), 5% (v/v) cremophor EL

(Sigma-Aldrich; Cat# C5135-500G), 5% (v/v) ethanol,

and 85% (v/v) 0.01 M PBS at 4 ml/kg, or 25% (w/v) HP-

CD (Sigma-Aldrich; Cat# H107-100G) in PBS at 4 ml/kg

(providing a dose of 1 g/kg).

Tissue processing and infarction assessment

Fifteen days after Variable hypoxic-ischemia, the animals

were killed, and the brains were quickly removed and

placed in chilled 20 mM PBS. The brains were then

soaked in 10% phosphate-buffered formalin for 48 h at

41C. This was followed by a 48 h emersion in 30% sucrose

PBS solution at 41C. The brains were then embedded in

ProLabo optimum cutting temperature compound (VWR

International) and frozen and stored at – 181C. The

embedded brains were then sectioned transversely using

a cryotome, and a section was taken every 1 mm starting

from the rostral end of the striatum and stained using

0.1% (w/v) toludine/saline solution (Fig. 1). Each trans-

verse section was then photographed using a Dinolite

camera (AnMo Electronics Corp., New Taipei City,

Taiwan), and the area of infarction was delineated

manually using Image J software (National Institutes of

Health, Bethesda, Maryland, USA) by a person blinded to

the treatment groups. The infarction was then approxi-

mated by subtraction of the healthy area of the ipsilateral

side from the area of the contralateral side [14]. This

method of infarction assessment accounts for the effects

of edema.

Hippocampal slices

Hippocampal slices (400mm transverse sections) were

obtained from adult Wistar rats (300–350 g) following

established procedures [15,16]. Briefly, brains were rapid-

ly removed after decapitation and placed in ice-cold

artificial cerebrospinal fluid consisting of 124 mM NaCl,

3.2 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3,

2.5 mM CaCl2, 1.3 mM MgCl2, and 10 mM glucose

(21–231C, saturated with 95% O2/5% CO2). Hippocampi

were dissected out and 400-mM-thick slices were

obtained using a Stoelting tissue slicer (Stoelting, Wood

Dale, Illinois, USA). Slices were maintained in an in-vitro

brain slice-holding chamber at room temperature for at

least 90 min before recording observations. Slices were

fully submerged in a brain slice-holding chamber (KSI

instruments, Christchurch, New Zealand) and constantly

perfused with artificial cerebrospinal fluid maintained at a

temperature of 32–331C. For each slice, before com-

mencement of baseline recording, test stimuli were

adjusted such that the level of evoked response was at

or near 75% of the maximal orthodromic population spike

(PS) amplitude. Evoked responses were then monitored

for 30 min before the addition of drug/vehicle to the

perfusion medium. Slices not exhibiting stable baseline

potentials for at least 20 min before drug/vehicle admin-

istration were discarded from the study. HP-CD was

washed into the chamber for a period of 1 h, with

continuous recording throughout. For each drug/vehicle

paradigm, the time-course of specific effects was assessed

online following analog-to-digital conversion of waveforms

and storage using LabChart Analytical Software (devel-

oped by A.D. Instruments, Dunedin, New Zealand). PS

area (area under the curve) and amplitude, which reflect

the number of neurons firing in response to a given

stimulus and synchronicity of firing, respectively, were

assessed every 5.7 s by measuring the difference in mV

between the negative point of the PS and the two

positive points of inflection on either side. Data were

expressed as a percentage change from baseline values,

with mean and error bars shown for four to six

hippocampi.

Statistical analysis

Infarction distribution for the two treatment groups was

assessed for statistical difference using general linear

model (GLM) two-factor analysis of variance with

repeated measures. This technique compared whether

the infarction areas were different between sections in

relation to the distance from the rostral end of the

striatum, and in relation to treatment groups, and also

assessed whether there was an interaction between

treatment and section distance from the rostral end of

the striatum. The variances were assessed and found to

be equal using the Bartlett test for the GLM. All data

were assessed for normality using the Anderson–Darling

test. Hippocampal slice data were analyzed using linear

regression and analysis of covariance to test for significant
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differences in the slope of PS area or amplitude against

time.

Results
Two-factor analysis of variance with repeated measures

using a GLM showed that HP-CD treatment significantly

reduced infarctions in the brains of rats when assessed

15 days after injury (Fig. 1a). Both treatment (F = 14.64,

P < 0.001) and distance of section along the brain

(F = 32.57, P < 0.001) were highly significant factors.

Bonferroni simultaneous tests showed that HP-CD-

treated rats had significantly smaller infarctions compared

with both control rats (t = 4.343, P < 0.001) and DSE-

treated rats (t = 5.074, P < 0.001). Mean infarcts in the

three treatment groups were 78.2, 81.7, and 56.7 mm2 for

control, DSE-treated, and HP-CD-treated rats, respec-

tively (Fig. 1b). This represents a 21.5 and 25 mm2

reduction in mean infarct volume in HP-CD-treated rats

compared with control and DSE-treated rats (i.e. 28.5

and 30.6% reduction in infarcts). The reduction in

infarction areas in HP-CD-treated rats was greatest in

the striatum and adjacent cortex and was least in the

hippocampus and adjacent cortex. Ventricular enlarge-

ment was also more pronounced in the striatal sections of

control and DCE-treated rats.

In hippocampal slices, HP-CD treatment caused a time-

dependent decrease in neuronal excitability (Fig. 1c)

in terms of both stimulated PS amplitudes (Fig. 1d)

and areas under the curve (Fig. 1e). Linear regression

Fig. 1
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(a) Mean infarction areas and SEM for sequential sections 1 mm apart starting at the rostral end of the striatum, comparing control rats (n = 8)
with DCE-treated rats (n = 8) and HP-CD-treated (1 g/ml) rats (n = 7). Inset shows total infarct volumes for the three groups; (b) representative
stimulated population spikes from the CA1 region in isolated hippocampi, showing the reduction in spike amplitude and after 1 h of treatment
with 1 mg/ml HB-CD; (c) percentage changes in spike amplitudes in isolated hippocampi over 1 h of treatment with 1, 10, 100, or 1000mg/ml of
HP-CD data points are the means of changes from baseline taken from four to six rats, plotted as a mean of 11 measurements for each minute.
Error bars are SEM; (d) population spike areas in isolated hippocampi over 1 h of treatment. Conventions are as for C above. DCE, a combination
of 5% dimethyl sulfoxide, 5% cremophor, and 5% ethanol in 0.01 M PBS; HP-CD, 2-hydroxypropyl-b-cyclodextrin.
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analysis with analysis of covariance showed that in both

cases the linear regression slopes for all series were

significantly nonzero (P < 0.001) and were significantly

different between concentrations (P < 0.001). For both

outcome measures, the slope for the 1-mg/ml-treated

slices was greatest, such that after 1 h of treatment PS

amplitude and area had both decreased to less than

85% of baseline measurements. PS area represents the

total recruitment of synapses, and for this outcome

measure a dose response was particularly clear, with

100 mg/ml HP-CD causing an intermediate level of

inhibition of neuronal excitability between 1 mg/ml and

the lower doses.

Discussion
Present treatment for hypoxic-ischemia is focused on

managing symptoms in long-term care [3,4]. There are

very few treatments available for the acute stages of

hypoxic-ischemia; the most successful has been induced

hypothermia [17]. Pharmacological intervention with

neuroprotectants has been most successful in preclinical

research, when the drug is given before the induction of

neural injury [18]. However, this does not model clinical

reality, in which the first warning of cerebral injury is

often the event itself. Drugs that are neuroprotective

when given before injury are not necessarily protective

when given soon after injury [18]. In addition, drugs

that appear neuroprotective when brain infarctions are

assessed at 1–3 days following treatment are not ne-

cessarily neuroprotective when infarctions are measured

weeks later. Therefore, the finding that HP-CD provides

substantial neuroprotection up to 15 days after treatment

that follows 30 min after Variable hypoxic-ischemia

suggests a promising strategy for treatment of neonatal

hypoxia.

Our finding that HP-CD reduced neuronal excitability in

hippocampal slices is consistent with the results reported

by Frank et al. [13] for other b-cyclodextrins, in particular

methyl-b-cyclodextrin. Frank et al. [13] also reported that

methyl-b-cyclodextrin treatment caused disruption of

NMDA and AMPA receptor-dependent glutamate trans-

mission, which they suggested is because of the ability of

cyclodextrins to sequester cholesterol from postsynaptic

densities. We propose that this may also explain the

neuroprotective properties of HP-CD. The results of the

experiments carried out by Abulrob et al. [6] and by Rufini

et al. [7] suggest that by altering the distribution of

synaptic ion channels, including NMDA receptor sub-

units, delayed excitotoxicity may be ameliorated, thereby

resulting in reduced long-term damage.

The absence of any effect of an acute dose of HP-CD on

performance in standard behavioral and motor function

tests [5] suggests that the mechanism has a specific

effect immediately following injury, but with minimal or

no effects on normal neuronal function. In addition,

HP-CD is used as a deodorizing agent for which, to

our knowledge, no incidents of toxicity have been

reported.

Conclusion
Systemic delivery of hydroxypropyl-b-cyclodextrin 30 min

after Variable hypoxic-ischemia caused a significant

reduction in brain injury in rats. Protection was robust

up to at least 15 days after treatment and was most

pronounced in the striatum, a key brain area in motor

function. Hydroxypropyl-b-cyclodextrin has proven to have

low toxicity, and our experiments only provide evidence

for activity at high doses (particularly at 100 mg/ml and

above in vitro and at 1 g/kg in vivo), making it a promising

candidate for cyclodextrin-based treatment for cerebral

ischemic injury.
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