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ABSTRACT: To test the neuroprotective effects of the nonpsy-
choactive cannabinoid cannabidiol (CBD), piglets received i.v.
CBD or vehicle after hypoxia-ischemia (HI: temporary occlusion
of both carotid arteries plus hypoxia). Nonhypoxic-ischemic
sham-operated piglets remained as controls. Brain damage was
studied by near-infrared spectroscopy (NIRS) and amplitude-
integrated electroencephalography (aEEG) and by histologic as-
sessment (Nissl and FluoroJadeB staining). In HI+vehicle, HI led
to severe cerebral hemodynamic and metabolic impairment, as
reflected in NIRS by an increase in total Hb index (THI) and a
decrease in the fractional tissue oxygenation extraction (FTOE);
in HI+CBD the increase of THI was blunted and FTOE remained
similar to SHAM. HI profoundly decreased EEG amplitude, which
was not recovered in HI+vehicle, indicating cerebral hypofunc-
tion; seizures were observed in all HI+vehicle. In HI+CBD,
however, EEG amplitude recovered to 46.4 = 7.8% baseline and
seizures appeared only in 4/8 piglets (both p < 0.05). The number
of viable neurons decreased and that of degenerating neurons
increased in HI+vehicle; CBD reduced both effects by more than
50%. CBD administration was free from side effects; moreover,
CBD administration was associated with cardiac, hemodynamic,
and ventilatory beneficial effects. In conclusion, administration of
CBD after HI reduced short-term brain damage and was associ-
ated with extracerebral benefits. (Pediatr Res 64: 653—-658, 2008)

everal studies have pointed to cannabinoids as substances
with a high potential as neuroprotective treatments in
ischemic or traumatic brain damage (1,2). Lately, our group
has demonstrated that the cannabinoid receptor agonist
WINS55212-2 induces signs of neuroprotection in both in vitro
and in vivo models of neonatal hypoxic-ischemic encephalop-
athy (NHIE) in rats (3,4). Because the production of psycho-
active effects is likely to limit the therapeutic value of com-
pounds such as WIN55212-2, we have now also performed
experiments with cannabidiol (CBD), a major nonpsychoac-
tive constituent of cannabis. Importantly, CBD has been found
to induce neuroprotective effects in both in vitro and in vivo
studies (5-9). These neuroprotective effects are thought to rely
mainly on the potent antiinflammatory and antioxidant prop-
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erties of CBD (6,9,10), although inhibition of calcium trans-
port across membranes, inhibition of anandamide uptake and
enzymatic hydrolysis, and inhibition of iNOS protein expres-
sion and NF-kB activation (6,9,11) might also account for
CBD-induced neuroprotection.

The aim of the present work was to study the neuroprotec-
tive effect of CBD by using the temporary occlusion of both
carotid arteries combined with hypoxia animal model, consid-
ered as very close to actual perinatal asphyxia in human
neonates (12). In addition, we aimed to test the protective
effect of CBD by using the two best devices available for
actual bedside studies in asphyxiated newborns: near-infrared
spectroscopy (NIRS), a noninvasive optical technique for
assessing circulation and oxygenation in brain, and amplitude-
integrated electroencephalography (aEEG). Neuroprotection
by CBD was also assessed by histologic study. Finally, we
also aimed to test whether CBD administration was free of
significant clinical side effects.

METHODS

Animal preparation. The experimental protocol met European and Span-
ish regulations for animal research (EU 86/609 and RD 1201/2005). Piglets 3
to 5-d old were anesthetized with a perfusion of phentanil, propofol, and
midazolam in dextrose 5% (0.004, 3, and 0.5 mg/kg/h, respectively) and
paralyzed by a perfusion of vecuronium (3 mg/kg/h) administered through an
ear vein. Animals were then intubated and positive pressure ventilated
(Bourns BP200, CA); lung tidal volume (Vt), dynamic compliance (Cyy,,), and
Oxygenation Index [OI: mean airway pressure (cm H,O) X fraction of
inspired oxygen (FiO,)/Pao, (mm Hg)] were monitored by computerized
pneumotacography (Chart5 Powerlab, ADI Instr., CO). Continuous three-lead
ECG was recorded. The right common carotid flow (Q.,.) was measured by
an ultrasonic flow probe (Transonic Systems Inc., NY), as a representation of
cerebral blood flow (CBF) (13). Catheters were inserted into femoral arteries
to record intraarterial oxygen saturation (SaO,) (Oximetric System, Abbott
Laboratories, IL), mean blood pressure (MBP) (Ominare CMS24, HP, Gob-
lingen, Germany) and take blood samples, and into the right jugular vein to
record cardiac output (CO) (PiCCO Plus, Pulsion, Miinchen, Germany).
Rectal temperature was maintained between 37.5 and 38.5°C with heating
lamps.

Abbreviations: aEEG, amplitude-integrated EEG; CBD, cannabidiol; CBF,
cerebral blood flow; CBYV, cerebral blood volume; FJB, FluoroJadeB stain-
ing; FTOE, fractional tissue oxygenation extraction; HI, hypoxia-ischemia;
NIRS, near-infrared spectroscopy; nTHI, normalized total haemoglobin in-
dex; OI, oxygenation index; Q,,,, common carotid artery flow; VEH, vehicle;
Vt, lung tidal volume
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Experimental procedures. Hypoxia-ischemia (HI) was induced by clamp-
ing both carotid arteries with vascular occluders and lowering FiO, to 8—10%
over 20 min. Fifteen and 240 min later, piglets received i.v. 1 mL of saline
(HI+VEH group, n = 8, age 4.3 = 0.3 d h, weight 2.3 = 0.2 kg) or of a
solution containing CBD (Tocris Bioscience, Bristol, UK) 0.1 mg/kg
(HI+CBD, n = 8, age 4.6 = 0.3 d h, weight 2.1 = 0.1 kg). This dose was
selected as it was the lowest tested in previous in vivo studies with CBD (7,8).
CBD was dissolved in emulphor/ethanol/saline 1:1:18 (5). Other piglets were
similarly anesthetized and intubated but were kept normoxemic with their
carotids unclamped (SHAM, n = 3, age 4.5 = 0.4 d, and weight 2.6 = 0.4
kg). Six hours after HI, or the equivalent period in SHAM, the piglets were
euthanized with an i.v. injection of potassium chloride. Then, the brain was
perfused via the carotid arteries with heparin in cold saline, removed, fixed
with 4% paraformaldehide, and then stored at 4°C.

Data acquisition and analysis. Physiologic assessment. Deviations from
acceptable blood gases values (ABLS, Radiometer, Copenhagen, Denmark)
(Pao, 90-110 mm Hg, Paco, 35-45 mm Hg, and pH 7.35-7.45) were
corrected by changing ventilator parameters and/or by adding sodium bicar-
bonate or Tris as needed. MBP was maintained over 50 mm Hg and blood
glucose levels over 40 mg/dL by administering a perfusion of dopamine (0.6
mg/mL in 5% dextrose) or 25% dextrose, respectively, when needed. Blood
samples were collected at baseline and 0, 3, and 6 h postinsult. Cardiac
troponin T (¢TnT), a marker of myocardial ischemia, was measured by ELISA
(Elecsys Analyzer, Roche Diagnostics, Mannheim, Germany).

Neurophysiological assessment. Tissue oxygen index (TOI) and varia-
tions in total Hb index (THI) were continuously monitored using a NIRS-
system (NIRO-200, Hamamatsu Photonics KK, Joko Cho, Japan). The NIRS
sensor was placed on the skull in the midline fronto-parietally and fixed with
bandages. TOI represents the tissue oxygen saturation and is measured in
percent; it was used to calculate the fractional tissue oxygen extraction
(FTOE) (14): FTOE = (SaO, — TOI)/Sa0,. Normalized tissue Hb index
(nTHI) is an absolute figure of the total Hb (tHb) content in brain (15); its
changes from one measuring point to another are measured as a percentage.

Brain activity (integrated amplitude) and impedance were monitored
using a two-channel bed EEG monitor (BRM2, BrainZ Instruments,
Auckland, New Zealand). The “raw” EEG traces were manually reviewed
for seizures (periods of sudden increase in voltage, accompanied by a
narrowing of the band of aEEG activity and followed by a brief period of
suppression).

Histologic study. Fixed brains were cut into sections 5 mm in width and
embedded in paraffin. Coronal sections (4 wm) were cut and mounted on a
glass slide to be stained. To assess brain damage, consecutive pairs of brain
sections were stained by two different methods (16): First, Nissl staining to
determine early neuronal necrosis. Areas of 1 mm? in the central three lobes
of the parietal cortex and in the CAl area of hippocampus were examined
using a light microscope (X400) by an investigator blinded to the experimen-
tal group, using a grid of 50 compartments, calculating the mean of 5
compartments. Parietal cortex and hippocampus are known to be particularly
sensitive to Hl-induced tissue damage (17,18); both were counted at 3.00 mm
in the posterior plane, as shown in a stereotaxic atlas of pig brain (19).
Apparently normal neurons were morphologically identified by the presence
of typical nuclei with clear nucleoplasm and a distinct nucleolus, surrounded
by purple-stained cytoplasm. Neurons were defined as damaged when no
distinction could be made between nucleus and cytoplasm (pyknotic or
necrotic). Second, to determine the presence of degenerating neurones, brain
sections were stained with FluoroJade B (FIB) (16); these sections were
examined using a fluorescence microscope (I3 filter cube for an FITC,
excitation band of 450—-490 nm).

Statistical analysis. SPSS 11.0.0 was used for all statistical analyses. Mean
values have been compared using the Kruskal-Wallis test for unpaired data
and the Wilcoxon signed rank test for paired data. Bonferroni correction for
multiple testing was performed when appropriate. A p value <0.05 was
considered to be significant. All data are presented as means = SE.

RESULTS

Neurophysiological assessment. Hypoxic-ischemic insult
induced a hyperaemic response in brain circulation, as shown
by the dramatic increase of Q. (Fig. 1A). Afterward, QO
remained stable and similar to SHAM. Similarly, an increase
of nTHI just after the HI insult was observed by NIRS (Fig.
1B). In HI4+CBD, nTHI returned to baseline in approximately
30 min, then remaining similar to SHAM, whereas in
HI+VEH, nTHI remained higher than SHAM. In contrast,
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Figure 1. Cerebral hemodynamic and metabolic changes induced by HI in
piglets and its modification by postinsult administration of cannabidiol 0.1
mg/kg i.v. A, changes in carotid blood flow; B, changes in nTHI determined
by NIRS; C, changes in FTOE calculated from NIRS. VEH (@): HI piglets
treated with vehicle (n = 8). CBD (O): HI piglets treated with cannabidiol
(n = 8). SHAM (H): operated piglets without HI. B: baseline. H: HI insult. D:
drug administration. (*) Kruskall-Wallis p < 0.05 vs SHAM; (f) Kruskall-
Wallis p < 0.05 vs VEH.

FTOE fell dramatically during HI, subsequently rising again
in the first hour postinsult (Fig. 1C). In HI+CBD, FTOE
reached values similar to SHAM during the first 3 h, slightly
decreasing afterward; in HI+VEH, in contrast, FTOE re-
mained significantly lower than SHAM from the end of HI
and lower than HI+CBD from 1 h postinsult.

During HI, EEG amplitude was reduced to 14.5 * 4.3% and
16.9 = 2.3% baseline in HI+ VEH and HI+CBD, respectively
(Fig. 2A). This severely depressed activity remained un-
changed in HI+VEH but partially recovered from 1 h post-
insult in HI+CBD (Fig. 2A); thus, at the end of the experi-
ment, amplitude was 20.5 * 4.8% and 46.4 = 7.8% baseline
in HI+VEH and HI+CBD, respectively (p < 0.05). None of
HI+VEH regained an EEG amplitude over 4 wV, whereas
that amplitude was regained in 6/8 HI+CBD (p < 0.05). The
EEQG traces indicate the presence of seizures in all piglets from
HI+VEH but only in 4/8 HI+CBD (p < 0.05).
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Figure 2. Changes in cerebral amplitude (A) and impedance (B) induced by
HI in piglets and its modification by postinsult administration of cannabidiol
0.1 mg/kg i.v., determined by amplitude-integrated EEG. VEH (@): HI piglets
treated with vehicle (n = 8). CBD (O): HI piglets treated with cannabidiol
(n = 8). SHAM (H): operated piglets without HI. B: baseline. H: HI insult. D:
drug administration. (*) Kruskall-Wallis p < 0.05 vs SHAM; () Kruskall-
Wallis p < 0.05 vs VEH.

Cerebral impedance increased 1 h postinsult in HI+VEH,
reaching values 2-fold higher than baseline (Fig. 2B); in
HI+CBD, the increase of impedance was very modest and
only significantly different from SHAM at the end of the
experiment (Fig. 2B).

Histologic analysis. Nissl staining revealed a decrease in
the number of apparently normal neurons in cortex and hip-
pocampus of HI+VEH piglets (Fig. 3) (371 * 21 per mm? in
cortex and 82 + 27 per mm? in hippocampus versus 653 + 6
per mm? and 240 = 5 per mm?, respectively, in SHAM, both
p < 0.05). In addition, a number of pyknotic neurons appeared
in HI+VEH, mainly in the deeper layers of cortex but also in
hippocampus. In HI+CBD, the loss of normal neurons was
blunted and the appearance of pyknotic cells prevented (Fig.
3); thus, normal neurons were 482 * 21 per mm? in cortex and
160 = 25 per mm? in hippocampus in HI+CBD (p < 0.05
versus HI+VEH and versus SHAM). FIB staining revealed
the appearance of a number of degenerating neurons in
HI+VEH in cortex and hippocampus (Fig. 4) (298 % 29 per
mm? in cortex and 260 = 44 per mm? in hippocampus, versus
10 = 3 per mm? in cortex and 5 = 2 per mm? in hippocampus
in SHAM, both p < 0.05). The number of degenerating
neurons was reduced by CBD (96 = 21 per mm? in cortex and
116 = 23 per mm” in hippocampus in HI+CBD, p < 0.05
versus HI+VEH and versus SHAM).

Physiologic data. Blood pressure fell after HI, more se-
verely in HI+VEH than in HI+CBD (Table 1) even though

Figure 3. Representative light microphotographs of Nissl-stained brain sec-
tions, obtained after sham operation (SHAM) or after HI from piglets
receiving VEH or CBD 0.1 mg/kg. C: parietal cortex; H: hippocampus. In
brain from HI+VEH there is a decrease in number of viable neurons and an
increase in number of pyknotic cells (arrows). Administration of CBD

reduced the loss of viable neurons and the presence of pyknotic cells. Original
magnification X200, bar: 100 pwm.

Figure 4. Representative light microphotographs of FluoroJade B stained
brain sections, obtained after sham operation (SHAM) or after HI from piglets
receiving VEH or CBD 0.1 mg/kg. C: parietal cortex; H: hippocampus.

Administration of CBD reduced the number of degenerating—FJB-stained—
cells. Original magnification X200, bar: 100 wm.

the former were receiving at the end of the experiment more
dopamine than the latter (16.9 = 3.8 wg/kg/min versus 8.1 *+
2.2 pg/kg/min, p < 0.05). Decrease of MBP was compensated
for by a significant increase in heart rate, to maintain CO
stable (Table 1). cTnT was undetectable in SHAM and in the
other groups at baseline. HI led to an immediate and sustained
increase in ¢cTnT that was greater in VEH than in CBD, so that
from 3 h after HI cTnT levels were greater in VEH than in
CBD (Table 1).

HI led to a similar decrease of Pao, in HI+VEH and
HI+CBD (31.1 = 2.5 and 28.9 = 1.6 mm Hg, respectively).
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Table 1. Results from physiological monitoring

Time after HI

B D 3h 6 h
Hemodynamic
CcO
S 1.22(0.15) 1.18(0.14) 1.35(0.17)  1.38(0.20)
\% 1.15(0.14)  0.99 (0.06) 1.20(0.18)  1.28(0.15)
C 1.00 (0.10) 1.10(0.11) 1.08 (0.13)  1.14(0.14)
MBP
S 943 (54) 88.7(3.2) 80.3 (2.7)*  78.8 (3.6)*
\% 859 (2.8) 83.1(3.1) 64.1 (2.1) 59.7 2.1)F
C 89.8(4.1) 79.0(2.5) 64.0 (2.7) 64.8 (2.5)*F
HR
S 243 (6) 237 (12) 221 (11) 217 (5)
v 237 (12) 257 (10) 252 (12)F 245 (10)F
C 235 (12) 257 (10) 242 (8)1 236 (10)f
cTnT
S _ _ _ _
\% — 0.012 (0.002) 0.145 (0.03) 0.126 (0.02)
C — 0.022 (0.004)* 0.084 (0.02)* 0.095 (0.02)*
Blood gases
pH
S 7.36 (0.01) 7.41(0.01) 7.39 (0.01)*  7.40 (0.02)
v 7.33(0.01) 7.22(0.03)  7.31(0.02)F 7.39(0.02)
C 7.33(0.03) 7.26(0.03)F  7.43(0.02)* 7.40(0.02)
Pao,
S 99.6 (1.3) 101.8(3.1) 102.3 (4.3) 96.3 (2.5)
\% 104.5(4.1) 104.8 (2.6) 105.6 (5.9) 1024 (4.5)
C 101.4 (3.1)  99.7 (3.8) 103.4 (5.1)  100.1 (2.9)
Paco,
S 39.7(1.0) 363(22) 40.6 (1.2)* 43 (0.5)*
v 40.1 (1.6) 522 (5.7t 48.7 (2.1 502 @3.DT
C 42522) 476497 36.8(3.1)*  41.8(1.9)*
Respiratory
Ol
S 122(1.3) 11.4(1.6) 14.6 (1.7) 16.9 (1.7)*
\% 13.6 (2.2) 15.6 (2.0)f 16.1 (1.9) 20.2 (L.8)7
C 15524) 17.8(1.9)F 14.6 (1.4) 13.6 (1.5)*F
Vt
S 7.1(0.2) 6.9 (0.5) 6.6 (0.5) 6.1(0.5)
v 7.2(0.2) 6.9 (0.4) 7.1(0.4) 6.6 (0.4)
C 7.5(0.4) 7.0 (0.5) 7.4 (0.4) 7.8 (0.4)*
Cd n
é 1.05 (0.02) 1.02 (0.06) 1.00 (0.10)  0.91 (0.03)
v 1.12(0.09) 1.10(0.04) 1.03 (0.04)  0.88 (0.04)
C 1.07 (0.10) 1.06 (0.06) 1.09 (0.05)  1.12(0.08)*f

* ANOVA p < 0.05 vs V; 1 ANOVA p < 0.05 vs S.

Results as mean (ESM). S: sham operated piglets; V: asphyxiated piglets
treated with vehicle; C: asphyxiated piglets treated with cannabidiol; B: basal;
D: drug administration (vehicle or cannabidiol 0.1 mg/kg, i.v.; 15 min
after HI).

CO: cardiac output (L/min); MBP: mean blood pressure (mm Hg); HR:
heart rate (beats per minute); cTnT: cardiac troponin (ng/mL); OI: oxygen-
ation index = mean airway pressure (cm H,0) X FiO,/arterial Po,; Vt: tidal
volume (mL/kg); Cgy,: ratio of dynamic lung compliance.

HI insult induced a profound decrease in pH, similar in
HI+VEH and HI+CBD (Table 1). In all HI+CBD piglets,
normal pH was regained by 1 h postinsult; in HI+VEH,
normal pH was regained only in six of eight piglets beyond 3 h
postinsult. Similarly, Paco, increased after HI in both groups
(Table 1); HI+CBD regained normal levels by 2 h postinsult
whereas in HI+VEH, five of eight piglets were still showing
supra-normal values at the end of the experiment.

The HI insult led to an early increase of O, needs, as
demonstrated by the enhancement of OI in both HI groups

(Table 1). Mechanical ventilation induced lung damage, as
suggested even in SHAM animals by the progressive increase
of OI and decrease of Vt and compliance (Table 1). CBD
demonstrated some lung protective effects, as both Vt and
compliance remained stable throughout the experiment, unlike
HI+VEH piglets, which showed a decrease of both parame-
ters parallel to that observed in CTL animals. Moreover, OI
decreased during the experimental period in HI+CBD to
values even lower than in SHAM, whereas in HI+VEH OI
values increased to reach statistical significance at the end of
the experiment.

DISCUSSION

Our present investigation demonstrated that CBD, admin-
istered after HI in newborn piglets, could display neuropro-
tective activity without inducing significant side effects. To
the best of our knowledge, this is the first study demonstrating
short-term neuroprotection by CBD in newborn animals, and
supports previous studies in adult rodent models of stroke
(5,7,8). Importantly, CBD protected against ischemic brain
injury when administered after the insult, which renders CBD
a feasible tool for clinical use, as NHIE is currently unpre-
dictable (20). Another point favoring a possible clinical use of
CBD is its lack of psychoactive effects because CBD does not
activate CB, receptors (6). In our study, CBD was neuropro-
tectant at a dose (0.1 mg/kg) below that reported for adult
rodents (1-5 mg/kg) (5,7,8). This difference might be due to
species- or age-related differences in sensitivity to CBD and/or
to the use of a different route for drug. The absence of
significant side effects with CBD in our study does, however,
warrant further investigation directed at examining the effects
of higher doses of this cannabinoid.

After the HI episode, we did not observe any difference in
0., between SHAM and HI+VEH piglets, as reported pre-
viously (21), nor between HI+VEH and HI+CBD. Previous
studies indicate that CBD increases CBF in cortex during
ischemia in mice (7), an effect that may reflect the ability of
CBD to dilate cerebral arteries in rodents via the activation of
vanilloid receptors (6). This difference might be due to the low
dose of CBD we used, as CBD has been demonstrated to be a
full vanilloid receptor agonist at concentrations attained after
its administration at doses almost 100 times higher (22).
Nevertheless, changes in regional CBF by CBD cannot be
ruled out in our experiments, as we measured Q... In NIRS,
HI+VEH showed an increase in nTHI. nTHI provides an
absolute measure of tHb in brain (15), changes in which reflect
changes in cerebral blood volume (CBV) (13). Increased CBV
may indicate pronounced vasodilation in cerebral microcircu-
lation due to exhausted autoregulatory vasodilation (14,23).
Another factor influencing the increase in THI is the increase
in oxygenated Hb content that results from decreased cerebral
oxygen utilization caused by increased brain damage (24).
Accordingly, FTOE was decreased in HI+VEH piglets, as
reported previously (14). The association of an increase in
CBV and a decrease in uptake of oxygen by the brain is
considered as particularly ominous for asphyxiated newborns
(23). Administration of CBD prevented that increase in THI to
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occur and blunted the decrease of FTOE. Normal CBV to-
gether with increased uptake of oxygen by the brain reflects
less severe cerebral hemodynamic impairment in human new-
borns and is associated with a more favorable outcome (23).

The pattern of aEEG in piglets after HI resembles best the
situation in the human newborn affected by perinatal asphyxia
(12). The immediate drop in amplitude we observed at the
start of the HI period, similar in VEH and CBD, reflects the
severity of the insult (13,25) and is due to the decrease in
neuronal metabolism that protects the brain cells against fur-
ther injury (12). Sustained severely reduced EEG amplitude
despite oxygenation and hemodynamic recovery, as we ob-
served in HI+VEH, suggests neuronal hypofunction with
lower brain oxygen utilization (12,13). This agrees with the
low FTOE we observed during this period in HI+VEH. None
of HI+VEH piglets did recover EEG amplitude over 4 uV
and all of them showed seizure activity, both effects that signal
an unfavourable outcome in human newborns (26,27). In
contrast, CBD administration led to a significant recovery of
amplitude, with six of eight piglets regaining EEG amplitude
by more than 4 wV at the end of the experiment. Improvement
in aEEG pattern is considered a good predictor of favorable
outcome in newborns (26). In addition, only half of HI+CBD
piglets had significant seizures; a similar reduction of seizures
occurs in HI piglets in response to high doses of the anticon-
vulsant topiramate (18). This finding is in line with previous
reports that CBD is an anticonvulsant (6).

Finally, EEG studies also demonstrated a dramatic postin-
sult increase in impedance in HI+VEH, which indicates the
presence of cerebral edema (28). Impedance increase starts as
early as 10 min postHI and is strongly associated with poor
neurologic outcome (28). Administration of CBD blunted this
progressive increase in impedance. Progressing edema indi-
cates a failure in brain capacity to reestablish cellular ho-
moeostasis (28), being known as cytotoxic edema (20). Anti-
edema activity has been described for other cannabinoids after
close brain injury (1), but to the best of our knowledge, no
data on CBD exist.

The neuroprotective effect of CBD was confirmed by his-
tology. In HI+VEH, the viable cell count was reduced to 57
and 34% of SHAM in cortex and hippocampus, respectively.
Administration of CBD reduced HI-induced viable cell loss by
60% in cortex and by 50% in hippocampus. Also, CBD
reduced the number of neurones undergoing degeneration in
response to HI, as indicated by FJB staining; CBD adminis-
tration reduced the number of FIB-positive cells observed
after HI by 78% in cortex and 56% in hippocampus. Similar
histologic protective effects have been reported in HI piglets
treated with high-dose topiramate (18), but not with other
neuroprotective substances such as the antioxidants deferox-
amine or allopurinol (17).

We did not detect any side effects in piglets treated with
CBD, supporting that CBD is essentially nontoxic and free
from short- or long-term side effects (5-9). CBD at doses up
to 5 mg/kg does not induce changes in blood pressure or
ventilatory parameters in rodents (8,29), whereas in artificially
ventilated anesthetized adult dogs CBD 1 mg/kg i.v decreases
lung compliance and CO (6). Possibly because of the low dose

of CBD used in our experiments or because of species- or
age-related differences in extracerebral sensitivity to CBD, no
negative hemodynamic or ventilatory effects were observed in
HI+CBD. Instead, we observed significant beneficial extra
cerebral effects. After HI, arterial pH fell because of poor
peripheral circulation (20), returning to normal 3 h postinsult
as reported previously (21). Normalization of arterial pH was
quicker in HI+CBD, suggesting a beneficial effect of CBD on
systemic circulation. This is supported by our finding that the
dose of dopamine needed in HI+CBD to maintain MBP was
less than half of that required in HI+VEH. In addition, CBD
showed cardioprotective effects, as suggested by its effect on
cTnT levels, a marker of myocardial damage after HI (20).
Although myocardial ischemia was greater in the CBD than
the VEH group, as indicated by the higher cTnT levels at drug
administration, CBD blunted subsequent rises of ¢TnT at both
3 h and 6 h after HI. Protective effects of CBD against
myocardial ischemic reperfusion injury have also been de-
tected in adult rats (30). Mechanical ventilation progressively
damaged piglet lung, as shown by the decrease in lung com-
pliance observed in SHAM piglets throughout the experiment;
a similar decrease was observed in HI+VEH. In HI+CBD, in
contrast, lung compliance remained stable and Vt improved
throughout the experiment. Although we did not analyze lung
tissue because this was not an endpoint of the study, this effect
of CBD could be attributed to its robust antiinflammatory
effect (6). Thus, in HI+VEH, there was both a progressive
increase in the OI, indicating a progressive impairment of
oxygenation, and an increase in Paco,, indicating an impair-
ment of ventilation. Consequently, it is likely that after HI, gas
diffusion in the lung decreased over time, that this decrease
occurred because the alveolar wall became progressively dam-
aged by inflammation (31) and that CBD acted to reduce this
inflammation. It is worth noting, however, that despite the
aforementioned differences, hemodynamic or gasometrical pa-
rameters in HI+VEH and HI+CBD did not reach values
known to modify CBF (20). Thus, these differences are un-
likely to have a decisive influence on the neuroprotective
effect of CBD.

In conclusion, administration of CBD after a HI insult in
newborn piglets reduced short-term brain damage, in a manner
that can be attributed to a CBD-induced reduction of cerebral
hemodynamic impairment, improvement of brain metabolic
activity postinsult, reduction of brain edema, and reduction of
seizures. These neuroprotective effects were not only free
from side effects but also associated with some cardiac, he-
modynamic, and ventilatory benefits. Consequently, because
other promising compounds with neuroprotective activity that
have been tested in animals, for example topiramate or eryth-
ropoietin, have not displayed such extracerebral benefits
(18,32), and because the simplicity and feasibility of admin-
istering CBD in the clinic has apparent advantages over more
sophisticated and complex strategies such as hypothermia, we
consider CBD to be a serious candidate for future clinical
trials with asphyxiated newborns. However, before any clin-
ical trials with humans are performed, it will be important to
perform further experiments with piglets to establish an opti-
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mal dosing regimen for CBD and to characterize its long-term
effects.
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