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Abstract

Therapeutic hypothermia is well established as a standard treatment for infants with hypoxic-ischemic (HI) encephalop-
athy but it is only partially effective. The potential for combination treatments to augment hypothermic neuroprotection
has major relevance. Our aim was to assess the effects of treating newborn rats following HI injury with cannabidiol
(CBD) at 0.1 or 1mg/kg, i.p., in normothermic (37.5°C) and hypothermic (32.0°C) conditions, from 7 d of age (neonatal
phase) to 37d of age (juvenile phase). Placebo or CBD was administered at 0.5, 24, and 48 h after HI injury. Two sen-
sorimotor (rotarod and cylinder rearing) and two cognitive (novel object recognition and T-maze) tests were conducted
30d after HI. The extent of brain damage was determined by magnetic resonance imaging, histologic evaluation, mag-
netic resonance spectroscopy, amplitude-integrated electroencephalography, and Western blotting. At 37d, the HI
insult produced impairments in all neurobehavioral scores (cognitive and sensorimotor tests), brain activity (electroence-
phalography), neuropathological score (temporoparietal cortexes and CA1 layer of hippocampus), lesion volume, mag-
netic resonance biomarkers of brain injury (metabolic dysfunction, excitotoxicity, neural damage, and mitochondrial
impairment), oxidative stress, and inflammation (TNFa). We observed that CBD or hypothermia (to a lesser extent than
CBD) alone improved cognitive and motor functions, as well as brain activity. When used together, CBD and hypother-
mia ameliorated brain excitotoxicity, oxidative stress, and inflammation, reduced brain infarct volume, lessened the ex-
tent of histologic damage, and demonstrated additivity in some parameters. Thus, coadministration of CBD and
hypothermia could complement each other in their specific mechanisms to provide neuroprotection.
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Significance Statement

Cannabidiol and hypothermia act on some common processes related to hypoxic-ischemic brain damage,
modulating excitotoxicity, inflammation, and oxidative stress. The two therapies in combination do not com-
pete against each other in modulating these processes, but rather produce additive neuroprotective effects.
Furthermore, in the instances where there was not an additive effect, the combination of cannabinoid with
hypothermia often resulted in a significantly superior profile compared with hypothermia alone, being a
promising observation for the clinic. These results justify interest in cannabidiol for developing a combined
treatment with hypothermia to increase the number of hypoxic-ischemic infants that benefit from treatment.
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Introduction
Management of newborn hypoxic-ischemic encephalop-

athy (HIE) is determined by its complex pathophysiology,
and any neuroprotective strategy must act on several fac-
tors, mainly excitotoxicity, oxidative stress, and inflamma-
tion (Drury et al., 2014). Therapeutic hypothermia (HT)
demonstrated these properties, being the only approved
therapy with neuroprotective efficacy in human newborns
(Edwards et al., 2010; Jacobs et al., 2013; Heursen et al.,
2017). However, these benefits are partial (Jacobs et al.,
2013), and the evidence from 11 randomized controlled tri-
als (.1500 infants) showed that therapeutic hypothermia
provided some benefit to newborns with moderate HIE,
but hypothermia was ineffective in infants with severe en-
cephalopathy (Edwards et al., 2010; Heursen et al., 2017).
Although there is considerable evidence that some infants
with moderate encephalopathy can benefit overall from
therapeutic hypothermia, current clinical practice means
that no routine treatment is effective in severe cases. On
this basis, current investigation is focused on combination
therapies with hypothermia (Hobbs et al., 2008; Lafuente et
al., 2016; Barata et al., 2019).
Cannabidiol (CBD) has been shown to reduce brain

damage in experimental neonatal HIE models (Alvarez et
al., 2008; Castillo et al., 2010; Lafuente et al., 2011; Pazos
et al., 2012, 2013). Some of the properties associated
with the use of CBD, which may underlie these effects in
models of HIE, include, among others, antioxidant and
anti-inflammatory properties, and reductions of Ca21 in-
flux and glutamate release, but a direct effect of CBD on
these parameters has not been proven yet (Alvarez et al.,
2008; Castillo et al., 2010; Lafuente et al., 2011; Pazos et
al., 2012, 2013). Also, the neuroprotective action of CBD
was not associated with significant side effects in these
animal models, and extracerebral additional benefits were
associated with cardiac, hemodynamic, and ventilatory
effects (Alvarez et al., 2008).

After HI insult, neonatal neuroprotection induced by
CBD has been demonstrated in different animal models:
1mg/kg, s.c., in neonatal mice (Mohammed et al., 2017),
1mg/kg, s.c., in neonatal rats (Pazos et al., 2012), and 0.1
or 1mg/kg, i.v., in piglets (Alvarez et al., 2008; Lafuente et
al., 2011, 2016; Pazos et al., 2013; Garberget al., 2016).
However, higher doses from 5 to 50mg/kg, i.v., in global
HI piglets did not offer neuroprotection in the first hours
after severe global hypoxia-ischemia (Garberg et al.,
2017), but, moreover, a positive correlation between the
degree of hypotension and the plasma concentrations of
CBD was observed at these high doses (Garberg et al.,
2017). In contrast, a well tolerated dose of CBD 1mg/kg,
i.v., did not produce unwanted cardiovascular effects
in HI piglets (Pazos et al., 2013; Garberg et al., 2016;
Lafuente et al., 2016). Taken as a whole, these studies
support the neuroprotective role of CBD at low doses
(,5mg/kg) as a pharmacological agent for newborns with
HIE.
However, there are limited data on how CBD might work

together with hypothermia. Two studies demonstrated that
combining 1mg/kg, i.v., CBD with hypothermia in short-
term studies (6 or 72 h) was safe and provided neuropro-
tection in HI piglets (Lafuente et al., 2016; Barata et al.,
2019). The combined effect of hypothermia and CBD to re-
duce excitotoxicity, inflammation, and oxidative stress, as
well as cell damage, was greater than either that of hypo-
thermia or CBD alone, indicating additivity. However, be-
fore considering the combination of both therapies for
clinical use, it is important to test this in more than one
species and to determine whether these adjuvant thera-
pies remain effective throughout the secondary deterio-
ration period, which will require additional experiments
extending the monitoring neonatal period beyond 72 h
after hypoxia-ischemia, at least to a juvenile phase (Juul
and Ferriero, 2014). The current study is the first one to
investigate the effects of combining CBD (two doses)
with HT in neonatal rats (7 d old) and on long-term out-
comes in juvenile rats (37 d old).

Materials and Methods
Ethical approval
The experimental protocol satisfies European and

Spanish regulations for the protection of experimental
animals (86/609/EEC and RD 53/2013). The study pro-
tocol was evaluated by the Animal Welfare Body from
the University of the Basque Country and was per-
formed in its experimental surgical theatres (permit no.
M20/2015/055).
All experimental procedures were designed and con-

ducted by personnel qualified in Laboratory Animal Science,
following the Federation of European Laboratory Animal
Science Associations (FELASA) recommendations on cate-
gories B and C. All surgery was performed under adequate
anesthesia and analgesia, and all efforts were made to mini-
mize suffering and to reduce the number of animals used.
Also, all experimental procedures on animal welfare (anes-
thesia and analgesia, drug and substance administration)
and the humane killing of the animals were conducted in
compliance with FELASA recommendations.
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Animals
Twenty-five pregnant-specific pathogen-free female

Wistar rats (Harlan) of identical age (8weeks; weight,
149–191 g) at the start of the study were used. Seven
days after birth [postnatal day 7 (P7)], rat pups were used
for the experimental procedure (N= 262; Table 1). At
P21, male and female rats were separated into small sin-
gle-sex social groups (6 rats/cage) to avoid space re-
striction and inbreeding.
Animals were housed at a constant temperature of

226 1°C, relative humidity of 606 5%, and under a 12 h
light/dark cycle with the lights turned on at 8:00 A.M.
Food and water was supplied ad libitum, and no differen-
ces were observed in the amount of standard food eaten
by the different groups of rats during the study period.
Control welfare-related assessments were conducted daily
during each trial. All animals were weighed and rectal tem-
perature determined once a week.

Experimental protocol
The protocol was based on the model developed by

Vannucci’s group (1980), which has been extensively de-
scribed previously (Fernández-López et al., 2007). Briefly,
P7 is an age that is representative of a human infant born
at preterm or near term (32–36weeks) and has commonly
been used in NHIE studies in the literature, so P7 rat pups
were used in all experiments; however, since 2015 it has
now been shown that P10 is the most appropriate age at
which to use rat pups (Patel et al., 2015). Only litters with
11 or 12 pups were used to obtain 10 animals for random
treat assignment as well as 1 or 2 sentinel pups for tem-
perature control (Dubovický et al., 2008; Chahoud and
Paumgartten, 2009). The pups were weighed on the day
of the experiment to determine the correct dose of drug
treatment.
Pups were anesthetized by inhaled isoflurane (5% in-

duction, 1.5% maintenance). The neck skin of the animal
was cleaned with 0.5% chlorhexidine before surgery,
which was conducted in aseptic conditions. The left com-
mon carotid artery was exposed, carefully isolated from
surrounding tissues, and cut by electrocautery (Low
Temperature Micro Fine Tip 454 Cautery Pen, Stoelting).
Silk 3–0 sutures were used to close the skin wound. After
recovery from anesthesia, pups were returned to their
dams for 3-4 h.

Pups were placed into 1000 ml airtight glass containers
(five animals each) in a water bath at 36.5°C, and then ex-
posed to 10% O2 1 90% N2 (hypoxic atmosphere) for
120min. After the HI insult, pups were resuscitated when
needed by cardiorespiratory stimulation for a maximum of
10min. Pups not resuscitating within 10min were not in-
cluded in the study (total number entering procedure,
260; number of decedents, 2). Although treatment with
10% O2 could induce a mild insult compared with what is
reported in the literature, increased hypoxic interval, from
75 or 90min to 120min, are related to a more severe injury
(Fernández-López et al., 2007; Pazos et al., 2012).
Rat pups were randomly assigned to bemaintained in in-

dividual chambers in an incubator at 37.5°C [normothermia
(NT)] or 32.0°C (HT), based on previous studies (Thoresen
et al., 1996; Wagner et al., 2002). Moreover, the “normo-
thermic” temperature of 37.5°C measured rectally was se-
lected by corresponding to the actual clinical practice in
human newborns.
Pups were maintained under HT conditions for 48 h and

rewarmed for 12 h (at ;0.5°C/h). Core temperatures were
recorded in each chamber in “sentinel pups” (“probe ani-
mals”) carrying a rectal temperature probe to monitor the
temperature during the whole experimental period, and
they were later excluded (K thermistor, Xindar; probe di-
ameter, ,1 mm) during previously related phases (HT
treatment for 48 h and the rewarming phase for 12 h).
Rectal temperature was maintained within 60.2°C of the
target using a servo-controlled water bath (Precisdig, JP
Selecta) inside the chamber. In P7 rats, rectal temperature
correlates within 0.1°C with brain temperature (Thoresen
et al., 1996). In all animals, rectal temperature was meas-
ured during a few seconds every 12 h during the first 3 d.
Similarly, NT pups were maintained in individualized

cages for similar time periods (48 h). All pups were fed
every 6 h with a puppy milk replacer (10 ml/kg; Esbilac,
PetAg) by orogastric gavage (20 ga plastic feeding tubes,
Instech Lab). Then, all pup rats were returned to their dams
and weaned at P21, as above described.

Treatment
Thirty minutes after HI insult, rat pups were first

randomized by sealed envelope to normothermia or hypo-
thermia treatment. Then, HI-injured pups treated with NT
or HT were again randomized for drug administration by

Table 1: Total number of animal used for pharmacokinetic and pharmacodynamic studies as well as sex assignment (male/
female) per groupa

P7 animals assigned to
PKSb total, n (male/female)

P14 animals assigned to NS and
NIS total, n (male/female)

P37 animals assigned to NFS, NS, NIS,
and BS total, n (male/female)

SHAM 0 (0/0) 10 (6/4) 10 (6/4)
VEH-NT 0 (0/0) 10 (4/6) 10 (7†/4)
VEH-HT 0 (0/0) 10 (6/4) 10 (6†/5)
CBD 0.1-NT 30 (14/16) 10 (5/5) 10 (6/4)
CBD 0.1-HT 30 (16/14) 10 (6/4) 10 (4/6)
CBD 1-NT 30 (17/13) 10 (5/5) 10 (5/5)
CBD 1-HT 30 (16/14) 10 (5/5) 10 (6/4)
Total 120 (63/57) 70 (37/33) 70 (38/32)

PKS, PK studies; NS, neuropathological studies; NIS, neural injury studies; NFS, neurologic functional studies; BS, biochemical studies.
aOne animal excluded by sudden unexpected death.
bFive additional animals used as a reference for analytical purposes are not included in the table.
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sealed envelope. All neonatal rats received placebo solu-
tion, 0.1 or 1mg/kg CBD (GW Research, now part of Jazz
Pharmaceuticals) by intraperitoneal injection, 30min,
24 h, and 48 h after insult. Brain damage and neuropro-
tective effects were assessed by histologic, neuroimag-
ing, biochemical, and neurobehavioral studies. A sham-
operated group of animals without hypoxia-ischemia or
drug treatment was included as reference.
For the pharmacokinetic (PK) analysis of CBD in normo-

thermia and hypothermia, rats received CBD 0.1 or 1mg/kg,
i.p., 30min after hypoxia-ischemia. Pups were humanely
killed by decapitation at 0.5, 1, 6, 12, 24, or 36 h after initial
drug administration. Brain and plasma samples were col-
lected and immediately frozen to determine drug concentra-
tion by liquid chromatograph with liquid chromatography-
tandem mass spectrometry (analysis conducted at LGC).
Brains from five animals without HI insult or drug treatment
were used as reference for analytical purposes.

Neurologic functional tests
All animals were acclimatized to the test room before

trials during previous days. P37 animals underwent two
motor and two cognitive tests, with 1 h latency between
two consecutive tests.
The rotarod test assesses locomotor deficit in neurode-

generative disease models in rodents. The accelerating
protocol provides a more discriminative test to correlate
locomotor deficits against lesion size (Monville et al.,
2006). Rats were placed on a cylinder with linear accelera-
tion from 4 to 40 rpm for 5min. The time until falling down
was recorded. Motor coordination was assessed by com-
paring the latency to fall in seconds on the first trial be-
tween treatment groups.
The cylinder rearing test (CRT) examines lateral bias of

sensorimotor deficits (Grow et al., 2003). Rats were placed
into a glass cylinder for 5min, and the number of times the
left and/or the right forepaw was placed on the cylinder
inner surface was recorded. Right deficit (left preference)
was assessed as follows: ([no. left forepaw placements] –
[no. right forepaw placements])/(no. left, right, and both
forepaw placements)� 100.
The novel object recognition test explores nonspatial

working memory (Dere et al., 2007; Broadbent et al.,
2010). Rats were exposed to two identical objects for
5min. One hour later, one of the objects was replaced for
a new one (different in shape, color, and size), and all ani-
mals were recorded for 5min. The time spent by each ani-
mal to explore the novel and the familiar object was used
to calculate the discrimination index (DI). DI uses the dif-
ference in exploration time for familiar objects (TF) and
time for novel objects (TN), divided by the total amount of
exploration of both types of objects, as follows: DI = (TN –

TF)/(TN 1 TF) (Dere et al., 2007). This result can vary be-
tween 11 and �1, where a positive score indicates more
time spent with the novel object, a negative score indi-
cates more time spent with the familiar object, and a zero
score indicates a null preference (Antunes and Biala,
2012).
Spontaneous alternation in a T-maze is used to study

spatial learning and memory (Deacon and Rawlins, 2006).

The full experiment consisted of the following three parts
during 3 consecutive days: habituation, training, and test-
ing. Two hours before the training and testing phases,
daily food rationing was performed and replaced by
50mg of goodie rewards (Fruit Crunchies, Bioserv) as in-
dicated by protocol (Deacon and Rawlins, 2006). The data
obtained from the T-maze consists of the number of cor-
rect versus incorrect arm entries in each trial (at least a
first free run and five runs per animal), for no longer than
15min. The percentages of correct arm choices were
graphed and compared across control and treated dis-
ease groups (Deacon and Rawlins, 2006).

Amplitude-integrated electroencephalography
Brain activity was monitored using a two-channel bed

electroencephalography (EEG) monitor (EEG-SMT, Olimex)
with five needle electrodes placed in frontal and posterior
biparietal placements for four recording electrodes and
one reference electrodes (Tucker et al., 2009). The “raw”

EEG signal was performed at 100Hz sampling frequency
and in the frequency domain from 0 to 60Hz (low-pass fil-
ter, 0.2 Hz; high-pass filter, 59Hz; Zayachkivskyet al.,
2013). The raw EEG signal was registered only at P37,
under general anesthesia with isoflurane, as described
above, for a duration of 30min. The amplitude integrated
EEG signal was obtained via a step-by-step signal-proc-
essing method (Zhang et al., 2011). Six steps were ap-
plied to calculate a compact amplitude-integrated EEG
(aEEG) tracing and the upper/lower margin using raw
EEG data: (1) asymmetrical data filtering (to provide
equal weight to the energy of nonrhythmic components
at each frequency); (2) absolute value evaluation (to ac-
quire the amplitude information of EEG data with a bi-
phasic nature); (3) envelope detection (to monitor the
brain function by displaying the amplitude trend of brain
activity); (4) tracing compression (to obtain a bird’s-eye-
view of the cerebral function over a long duration); (5)
segmentation and terminal point extraction (to obtain a
compact aEEG, simplifying the full tracing into a series of
vertical lines); and (6) margin calculation (to obtain a
smooth and representative margin, the median ampli-
tude of every successive 20 terminal points was used).
Furthermore, raw EEG traces were manually reviewed
for the presence of seizures, which are described as pe-
riods of a sudden increase in voltage, accompanied by a
narrowing of the band of aEEG activity, and followed by
a brief period of suppression (Alvarez et al., 2008).

Brain samples
Animals were killed by decapitation at P14 and P37.

The brains of the animals were immediately removed from
the skull, and the brains of half of the animals in each
group were frozen with liquid nitrogen (,1min), while the
brains of the other half were fixed by immersion in para-
formaldehyde 4%. All brains were stored individually. The
paraformaldehyde-fixed brains (N=5/group at P14 and
P37) were used for histologic studies, and the frozen
brains (N=5/group at P14 and P37) were used for both
magnetic resonance imaging (MRI) and proton magnetic
resonance spectroscopy (H1-MRS).
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Histologic studies
The brains were embedded in paraffin, and coronal sec-

tions (4mm) were cut and mounted on glass slides for he-
matoxylin-eosin and Nissl staining. Three consecutive
sections corresponding to coordinates in the rat brain
atlas (from bregma, �4.44; interaural, 4.56; Paxinos and
Watson, 2007, their Figure 70) were selected for analysis
by an examiner blinded to the experimental group of the
animal. The degree of brain damage (neuropathological
score) in the CA1 area of the ipsilateral hippocampus and
the ipsilateral temporoparietal cortex were scored as fol-
lows (Mohammed et al., 2017; Barata et al., 2019):
0 = normal; 1 = few neurons damaged (1–5%); 2 = several
neurons damaged (6–25%); 3 =moderate number of neu-
rons damaged (26–50%); 4 =more than half of neurons
damaged (51–75%); and, 5 =majority of neurons dam-
aged (.75%) or absent hippocampus. The mean of three
sections from each animal was determined. The temporo-
parietal cortex includes the following areas: parietal cor-
tex, posterior area, dorsal part; parietal cortex, posterior
area, rostral part; primary somatosensory cortex; primary
auditory cortex; secondary auditory cortex, dorsal area;
and secondary auditory cortex, ventral area.

Protonmagnetic resonance spectroscopy
Ipsilateral samples (temporoparietal cortex and hippocam-

pus) from frozen brains of the seven groups (N=5 animals/
group) at P14 and P37 were analyzed in the Biomedical
Research Institute Alberto Sols (Autónoma University,
Madrid) as previously described (Pazos et al., 2012). H1-
MRS was performed at 500.13MHz using an 11.7 T
spectrometer (AMX500, Bruker) operating at 4°C on fro-
zen samples (3mg) placed within a 50-l zirconium oxide
rotor with a cylindrical insert and spun at 4000Hz. All spec-
tra were processed using TOPSPIN software, version 1.3
(Bruker). Spectra were phased, baseline corrected, and ref-
erenced to the sodium (3-trimethylsilyl)�2,2,3,3-tetradeuter-
iopropionate singlet at d 0ppm. Lactate/N-acetylaspartate
(Lac/NAA; metabolic dysfunction), glutamate/NAA (Glu/
NAA; excitotoxicity), NAA/choline (NAA/Cho; neural
damage), and lactate/creatine (Lac/Cr; mitochondrial
impairment) ratios were calculated.

Magnetic resonance imaging
Whole fixed brains of the seven groups (N=5 animals/

group) at P14 and P37 were transferred to the Biomedical
Research Institute Alberto Sols (Autónoma University,
Madrid), where an MRI scan was performed on an MRI
(BioSpec BMT 47/40, Bruker-Medical) operating at 4.7 T,
equipped with an avoid actively shielded gradient insert
with 11.2cm bore, a maximal gradient strength of 200mT/m
and 80 ms rise time, and a home-made 4cm surface coil, as
previously described (Pazos et al., 2012). T2-weighted
images (T2WIs) were acquired with a multislice rapid ac-
quisition (TR = 3.4 s; rapid acquisition with relaxation
enhancement factor = 8; interecho interval = 30ms; ef-
fective TE = 120ms; matrix size, 256� 256; pixel dimen-
sions, 117� 117 mm; FOV=3 cm2).The slice package
consisted of 13 consecutive slices of 1.0 mm slice

thickness in the axial plan interleaved by a 0.2 mm gap,
covering the entire brain. The fractional extent of brain in-
farction was calculated from MR images (Pazos et al.,
2012), using ImageJ version 1.43u software (NIH). In each
slice, the area of each hemisphere was manually outlined,
and the size of this area calculated by mean values from
ImageJ. The combined area of the 13 consecutive slices
was used to calculate the overall volume. A relationship of
0.97 between left hemisphere volumes (LHVs; ipsilateral)
and right hemisphere volumes (RHVs; contralateral) in
sham animals was used as previously reported (Pazos et
al., 2012). In HI animals, the volume of lesion was calcu-
lated by subtracting the volume of intact brain tissue in the
left hemisphere (ipsilateral) from the theoretical LHV, calcu-
lated as RHV� 0.97. The boundary of each lesion was iden-
tified by a well defined hyperintense and/or infarcted area.
The lesion volume was expressed as a percentage of the the-
oretical overall brain volume, calculated as RHV1 theoretical
LHV (= RHV� 0.97). Therefore, the final formula volume of le-
sion (%)=49.23 – 100� intact left volume/(RHV� 1.97).

Biochemical studies
Levels of oxidized proteins were quantified by Western

blot analysis to assess protein carbonylation in ipsilateral
temporoparietal cortexes. A detection kit (Millipore Ibérica)
was used according to the manufacturer protocol. Oxidized
protein levels were quantified via measurement of the opti-
cal density, using the NIH ImageJ analysis software. Results
were normalized by total protein loading (Red Ponceau
staining) and expressed as the OXYBLOT/Red Ponceau
ratio.
TNFa Western blot assays were performed with brain

samples from ipsilateral temporoparietal cortexes, con-
taining 20 mg of total protein. The protocol used was as
previously described (Lafuente et al., 2016). Protein levels
(1:1000; rabbit anti-TNFa; Abcam) were quantified using
densitometry analysis normalized by b -actin (1:500;
Abcam).

Statistics
The sample size was calculated using G*Power 3.1

(Faul et al., 2007) to provide .80% power to detect a re-
duction in behavioral outcomes of 45% (range, 40–50%) be-
tween the groups. JMP version 6.0 software (SAS Institute)
was used for all statistical analyses. Results were compared
with a Brown–Forsythe test to confirm the homogeneity of
variance between the different treatments, and the distribu-
tion of data was assessed using the Shapiro–Wilk test,
with the outcome for each dataset described in the figure
legends. Normal data are presented by histograms (mean 6
SEM), and non-normal histograms are presented as box
plots (median with interquartile range).
For normal data, comparisons between the groups

were analyzed using one-way ANOVA with Bonferroni–
Dunn’s correction as function of group, disease, or treat-
ment. Two-way ANOVA (time vs group) followed by
Bonferroni–Dunn’s post hoc test was applied to the
growth curve (weight vs time). For non-normal data, com-
parisons were tested with the Kruskal–Wallis test and
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Dunn’s test for multiple comparisons, as a function of
group, disease, or treatment. A p value,0.05 was ac-
cepted as significant.

Results
Although an overall mortality rate of 10% (62 of 631)

was measured on previous trials or experiments, only two
animals in normothermic and hypothermic vehicle-treated
groups (one per group) died during the HI insult or during
HT treatment (Table 1). Only surviving animals at P37
were included in the study. At P7, all groups demon-
strated similar weight (Fig. 1A). At P37, growth curves
were observed with significant differences (Fig. 1B).
Basal rectal temperature was 37.760.1°C in all pups

(N=10, F(6,63) = 0.413, p=0.868), which was maintained in
normothermic animals after the equivalent interval of HT
treatment [at 48 h: VEH, 37.56 0.2°C; HI CBD 0.1mg/kg
(CBD0.1)-treated group, 37.66 0.2°C; CBD 1mg/kg
(CBD1)-treated group, 37.56 0.2°C; N=10, F(2,27) = 0.133,
p=0.876] and the rewarming phase (at 60 h: VEH group,
37.66 0.2°C; CBD0.1 group, 37.56 0.2°C; CBD1 group,
37.56 0.2°C; N=10, F(2,27) = 0.062, p=0.940). In hypother-
mic groups, the target temperature (32.16 0.2°C) was
reached after 18.46 6.5min. Temperature remained stable
throughout HT treatment (48 h) in all groups without differen-
ces (VEH group, 32.16 0.1°C; CBD0.1 group, 32.06 0.2°C;
CBD1 group, 32.06 0.2°C; N=10, F(2,27) = 0.082, p=0.921).
After the rewarming phase (60 h), the hypothermic groups did
not demonstrate differences in temperature (VEH group,
37.76 0.2°C; CBD0.1 group, 37.86 0.2°C; CBD1 group,
37.76 0.2°C; N=10, F(2,27) = 0.154, p=0.858). The SHAM
group was maintained at constant temperature during all ex-
perimental phases (37.16 0.1°C).

Neurologic functional studies
The HI insult caused ipsilateral (left) brain damage, re-

sulting in right motor deficit as well as cognitive impair-
ments (Fig. 2A). Vehicle-treated animals demonstrated a
preference for the ipsilateral forepaw (injured side), a

deficit that was not altered by HT treatment (Fig. 2A). CBD
treatment significantly attenuated this asymmetry at all
doses tested to an extent that was also significantly great-
er than that achieved with HT (Fig. 2A).
The HI insult caused a significant reduction in time

spent exploring the new objects (Fig. 2B), a deficit that
was improved by HT treatment alone and 1mg/kg CBD
alone. Furthermore, rats treated with 1mg/kg CBD spent
significantly more time exploring the novel object than did
rats treated with HT1 VEH (Fig. 2B).
Locomotor function was impaired as a consequence of

hypoxia-ischemia (Fig. 2C), and this was significantly im-
proved in all treatment groups (Fig. 2C). Animals treated
with CBD 1mg/kg demonstrated a twofold increase of the
latency to fall in relation to vehicle-treated animals, and
showed a significantly superior motor coordination com-
pared with HT 1 VEH-treated rats. In the groups treated
with 0.1mg/kg CBD, the combined use with hypothermia
significantly increased the latency to fall compared with
normothermic groups receiving a similar dose, but was
not significantly different from HT1 VEH (Fig. 2C).
In relation to the ability to choose the correct response

in the T-maze, hypoxia-ischemia resulted in significantly
more errors (Fig. 2D). Hypothermia alone did not affect
performance, but CBD 1mg/kg treatment significantly im-
proved the percentage of correct responses in both nor-
mothermia and hypothermia (Fig. 2D).
At P37, the aEEG mean values of juvenile rats showed a

significant impairment in the VEH-NT group (Fig. 3). All
treated groups showed an improvement of mean aEEG val-
ues, and 1mg/kg CBD combined with HT was significantly
superior to hypothermic vehicle-treated rats (Fig. 3). At P37,
neither hypoxic-ischemic nor sham animals demonstrated
convulsive patterns (seizures) based on the raw EEG traces.

Histologic studies
Hypoxia-ischemia led to an ipsilateral area of infarction

with severe damage to the surrounding tissues, including
the ipsilateral temporoparietal cortex at P14 (Fig. 4A) or P37

Figure 1. Body weights. A, B, Graph represents the mean body weights at P7 (A) and P37 (B) of the following three NT and HT
groups: HI VEH-treated group (VEH); CBD0.1 group; and HI CBD1 group. The SHAM group was used as a reference. Data are pre-
sented by histograms (mean 6 SEM) and one-way ANOVA as a function of group, disease or treatment was used. For each group,
N=10. JMP version 6.0 was used for all statistical analyses. A p value,0.05 was considered to be significant. At P7, all groups
demonstrated similar weight (N=10; one-way ANOVA: F(6,63) = 0.7142, p=0.6395). At P37: *p, 0.05 versus VEH-NT; #p,0.05 ver-
sus VEH-HT; ¶p, 0.05 versus CBD0.1-NT; ‡p, 0.05 versus CBD0.1-HT; §p, 0.05 versus CBD1-NT.
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(Fig. 4B) and the hippocampus at P14 (Fig. 4C) or P37 (Fig.
4D). Thus, many neurons in the brains of VEH animals ap-
peared severely damaged (neuropathological score exceed-
ing 3 points), both at P14 (Fig. 4A,C) and P37 (Fig. 4B,D).
Histologic evaluation demonstrated that treatment with
CBD reduced the extent of brain damage in almost all
groups at P37 in a dose-dependent manner. Overall, there
was a mean neuropathological score reduction of 1 point
when compared with the brains of the respective VEH
groups. Hypothermic vehicle-treated animals did not display
benefit over normothermic vehicle animals. Additive effects
were observed in the combination of 1mg/kg CBD with HT
at P37 in the hippocampus (Fig. 4D). Representative images
of ipsilateral temporoparietal cortexes and CA1 hippocam-
pal layers are shown in Figures 5 and 6.

MRI
Rats exposed to hypoxia-ischemia had detectable le-

sion volumes of ;25% at P14 and P37. At P14, the only
treatment that significantly reduced the lesion volume

was CBD 1mg/kg combined with HT (Fig. 7A). At P37, ani-
mals treated with CBD 1mg/kg significantly decreased the
volume of lesion. Combination of CBD 1mg/kg with HT re-
sulted in significantly superior effects compared with HT
alone (Fig. 7B). Representative images of all groups at this
developmental age are included in Figure 8.

H1-MRS
Rats exposed to hypoxia-ischemia showed increased

Lac/NAA ratios (metabolic dysfunction), which were evi-
dent at P14 and P37 (Table 2). At P14, this effect was not
altered by treatment with CBD or HT, but CBD 1mg/kg 1
HT had significantly lowered Lac/NAA ratios compared
with HT alone (Table 2). At P37, treatment with HT or CBD
1mg/kg significantly reduced the Lac/NAA ratio. (Table 2).
Exposure to HI injury increased the Glu/NAA ratio (exci-

totoxicity) at P14 and P37. At P14, the HT and CBD treat-
ments alone did not alter the Glu/NAA ratio, but the
combination of CBD and HT reduced this ratio at both
doses, indicating additive effects (Table 2). At P37, all

Figure 2. Neurologic functional studies. A–D, Cylinder rearing test (A), discrimination index of novel object recognition test (B), rotar-
od test (C), and spontaneous alternation in a T-maze test (D). Graphs represent the mean or median values of the following NT and
HT three groups at P37 postnatal age: HI VEH-treated group; HI CBD0.1 group; and HI CBD1 group. The SHAM group was used as
a reference. Data in A and D are presented as box plots (median with interquartile range), and the Kruskal–Wallis test was used as a
function of group, disease, or treatment. Data in B and C are presented by histograms (mean 6 SEM), and one-way ANOVA was
used as a function of group, disease, or treatment. For each group, N =10. JMP version 6.0 was used for all statistical analyses. A p
value,0.05 was considered to be significant. *p, 0.05 versus VEH-NT; #p, 0.05 versus VEH-HT; ¶p, 0.05 versus CBD0.1-NT;
‡p, 0.05 versus CBD0.1-HT; §p, 0.05 versus CBD1-NT.
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treatment groups demonstrated significant reductions in
excitotoxicity compared with vehicle (Table 2).
Also, we observed that hypoxia-ischemia reduced the

NAA/Cho ratio (neural damage) at both P14 and P37 (Table
2). At P14, this effect was significantly ameliorated in all
treatment groups. Combination of HT with CBD 0.1mg/kg
resulted in significantly superior effects to HT alone (Table
2). At P37, the NAA/Cho ratio was significantly increased
with CBD 0.1 mg/kg and CBD 1mg/kg, but to a lesser ex-
tent than HT alone. When HT was combined with CBD
1mg/kg there was an additive effect (Table 2).
The Lac/Cr ratio (mitochondrial impairment) was in-

creased in HI animals at P14 and P37 (Table 2). At P14,
this effect was not significantly altered in CBD-treated
groups. Indeed, treatment with hypothermia resulted in an
exacerbation of this, an effect that was significantly re-
duced when given in combination with CBD 1mg/kg
(Table 2). At P37, all treatment groups significantly re-
duced the Lac/Cr ratio (Table 2).

Biochemical studies
Exposure to hypoxia-ischemia significantly elevated

TNFa levels (Fig. 9A). HT and CBD 1mg/kg treatment
led to a reduction of TNFa content in the ipsilateral

Figure 3. Amplitude-integrated electroencephalography: the
graph represents the mean values following NT and HT for
three groups at P37: HI VEH-treated group; HI CBD0.1 group;
and HI CBD1 group. The SHAM group was used as a reference.
Data are presented by histograms (mean 6 SEM), and one-way
ANOVA was used as a function of group, disease, or treatment.
For each group, N =10. JMP version 6.0 was used for all statis-
tical analyses. A p value,0.05 was considered to be significant.
*p,0.05 versus VEH-NT; #p, 0.05 versus VEH-HT; ¶p, 0.05
versus CBD0.1-NT; ‡p, 0.05 versus CBD0.1-HT; §p, 0.05
versus CBD1-NT (Extended Data Fig. 3-1).

Figure 4. Neuropathological score. A–D, Graph represents the neuropathological scores in the temporoparietal cortex at P14 (A)
and P37 (B), and in the CA1 area of the hippocampus at P14 (C) and P37 (D), of three groups following NT and HT: HI VEH-treated
group, HI CBD0.1 group, and HI CBD1 group. The SHAM group was used as a reference. Data are presented as box plots (median
with interquartile range), and Kruskal–Wallis test was used as a function of group, disease, or treatment. For each group, N=5. JMP
version 6.0 was used for all statistical analyses. A p value,0.05 was considered to be significant. *p, 0.05 versus VEH-NT;
#p, 0.05 versus VEH-HT; ¶p, 0.05 versus CBD0.1-NT; ‡p, 0.05 versus CBD0.1-HT; §p,0.05 versus CBD1-NT.
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Figure 5. Representative images of ipsilateral temporoparie-
tal cortexes at P37. On top, the SHAM group was used as a
reference (neuropathological score, 0). The left column cor-
responds to NT groups, and the right column corresponds
to HT groups, respectively. A–F, HI vehicle groups [VEH-NT
(A) and VEH-HT (B), neuropathological scores 4 and 2, re-
spectively]; HI CBD0.1-NT (C) and CBD0.1-HT (D) (neuro-
pathological scores 1 and 2, respectively); and CBD1-NT (E)
and CBD1-HT (F) groups (neuropathological scores 1 and 1,
respectively). Many neurons in the brains of VEH-treated an-
imals appeared severely damaged. Animals treated with
CBD (both 0.1 and 1mg/kg) reduced the extent of brain
damage. Hypothermic VEH group did not significantly dis-
play reduction over the normothermic VEH one. However,
additive improvement was observed in the combination of
1mg/kg CBD and HT. Original magnification: 100� (scale
bar, 50 mm); insets, 400� (scale bar, 10 mm).

Figure 6. Representative images of the CA1 area of the ipsi-
lateral hippocampus at P37. On top, the SHAM group was
used as a reference (neuropathological score, 0). The left
column corresponds to NT groups, and the right column cor-
responds to HT groups, respectively. A–F, HI VEH groups [VEH-
NT (A) and VEH-HT (B) (neuropathological scores 4 and 2, re-
spectively); HI CBD0.1-NT (C) and CBD0.1-HT (D) groups (neuro-
pathological scores 1 and 1, respectively); and CBD1-NT (E) and
CBD1-HT (F) groups (neuropathological scores 0 and 1, respec-
tively). Neurons in CA1 hippocampal layer of the brains of VEH
animals appeared damaged. The damaged area of the hippo-
campi of CBD-treated animals (both 0.1 and 1mg/kg concen-
trations) was reduced. The hypothermic VEH group did not
significantly display reduction over the normothermic VEH
group. However, additive improvement was observed in the
combination of 1mg/kg CBD and HT. Original magnification:
100� (scale bar, 50 mm); insets, 400� (scale bar, 10 mm).
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temporoparietal cortex compared with the normother-
mic-vehicle group (Fig. 9A). Rats treated with CBD 1mg/kg
in combination with HT had significantly lower TNFa levels
than those treated with HT alone (Fig. 9B).
An increased mean value of OXYBLOT/Red Ponceau

ratio in the analyzed proteins from the temporoparietal
cortex was observed following hypoxia-ischemia (Fig.
9C), which was reduced in all treatment groups (Fig.
9C), indicating a reduction of protein carbonylation.
Furthermore, treatment with CBD 1mg/kg was signifi-
cantly superior to that with HT alone, and the combina-
tion therapy of CBD with HT reduced oxidative stress
to an extent that was significantly superior to treat-
ment with HT alone (Fig. 9D).

Pharmacokinetic studies
The CBD concentrations in brain tissue and plasma, the

maximum t value (tmax), maximum concentration (Cmax),
and the area under the curve (AUC), in normothermic and
hypothermic conditions, at 0.5, 1, 6, 12, 24, and 36 h, are
shown in Table 3.
At a CBD dose of 0.1mg/kg, CBD was not detected in

brain samples. In plasma samples, CBD Cmax in normo-
thermic hypoxic-ischemic animals was 12 ng/ml at 0.5 h
(tmax), but in hypothermic hypoxic-ischemic animals it
was 11ng/ml at 1 h (tmax).
At a CBD dose of 1mg/kg in plasma samples, CBD

Cmax values in normothermic and hypothermic hypoxic-
ischemic animals were 102 and 328 ng/ml, respectively,
at the same tmax (0.5 h). However, in brain samples, the
CBD Cmax in normothermic hypoxic-ischemic animals
was 123ng/ml at 0.5 h (tmax) but in hypothermic hypoxic-
ischemic animals it was 126 ng/ml at 1 h (tmax). Brain and
plasma levels were significantly higher in HT-treated com-
pared with NT-treated rats following administration of
1mg/kg CBD.
Also, it was demonstrated that after 12 and 24 h of the

last CBD dose, no residual levels in brain or plasma were
detected at 0.1 and 1.0mg/kg CBD, respectively.

Discussion
We found that hypothermia or CBD treatments im-

proved brain activity, cognitive, and motor functions in HI
animals, although CBD 1mg/kg was superior to HT treat-
ment in rotarod and CRT tests. Rats treated with 1mg/kg
CBD1 HT were superior to those treated with HT alone in
all parameters, with additivity present for excitotoxicity
amelioration at P14, and reductions in neural damage and
neuropathological score at P37. CBD administration after
neonatal hypoxia-ischemia recovered the sensorimotor per-
formance tests to sham-like levels at P37. This is important
since well recognized neuroprotective strategies, such as hy-
pothermia, improve performance several weeks after hy-
poxia-ischemia with behaviors not returning to control levels
(Lee et al., 2010). Hypothermia treatments in rodents are lim-
ited to a duration of up to 6 h (Thoresen et al., 1996; Mueller-
Burke et al., 2008; Rocha-Ferreira et al., 2018), with positive
results. Using a treatment duration of 48 h, the same efficacy
of hypothermia was observed, but with reduced efficacy
compared with the combination of hypothermia and CBD, or
CBD alone.
Hypoxia-ischemia led to memory deficits in both sensori-

motor tests, as indicated by a 30% reduction in preference
for new objects, as well as a 10% increase of preference
for ipsilateral forepaw in the VEH group, which are similar
to other studies (Simola et al., 2008; Lee et al., 2010; Pazos
et al., 2012; Duran-Carabali et al., 2019). This deficit may
be explained by extensive damage in the hippocampus
and cerebral cortex. The hippocampus and its connections
to the cerebral cortex are responsible for recognition mem-
ory (Dere et al., 2007; Broadbent et al., 2010). Impairments
in reference and working memory evaluated in the T-maze
performance have been demonstrated in previous studies
following neonatal hypoxia-ischemia (Simola et al., 2008;
Pazos et al., 2012). We observed similar results, showing
that 1mg/kg CBD and hypothermia improved the percent-
age of correct responses. CBD improved memory deficits
(preference for ipsilateral forepaw and for new objects)
caused by hypoxia-ischemia, reducing hippocampal and
cortical damage. Few studies have explored the effect of

Figure 7. Residual lesion volume. A, B, Graph represents the median values of the following three NT and HT groups at P14 (A) and
P37 (B): HI VEH-treated groups; HI CBD0.1 group, and HI CBD1 group. SHAM group was used as a reference. Data are presented
as box plots (median with interquartile range), and the Kruskal–Wallis test was used as a function of group, disease, or treatment.
For all groups N=5. JMP version 6.0 was used for all statistical analyses. A p value,0.05 was considered to be significant.
*p,0.05 versus VEH-NT; #p, 0.05 versus VEH-HT; ¶p, 0.05 versus CBD0.1-NT; ‡p,0.05 versus CBD0.1-HT; §p, 0.05 versus
CBD1-NT.

Research Article: New Research 10 of 15

May 2023, 10(5) ENEURO.0417-22.2023 eNeuro.org



long-term neuroprotective strategies on memory deficits in
this neuropathology (Lee et al., 2010; Pazos et al., 2012).
Hypothermia treatment has been shown to reduce, but not
prevent, spatial memory deficits after hypoxia-ischemia in
newborn rats (Wagner et al., 2002), demonstrating only a
5% reduction of preference for ipsilateral forepaw in hy-
poxic-ischemic P37 rats (Lee et al., 2010).
Our results demonstrate an improvement in neurocog-

nitive and neuromotor functions, preserving brain activity,
when rats were administered both CBD and hypothermia.

Hypoxia-ischemia in newborn rats resulted in long-lasting
brain damage. The ipsilateral brain hemisphere volume
was reduced by 40%, similar to results in other studies
(Wagner et al., 2002; Lee et al., 2010). The tissue sur-
rounding the cortical infarcted area appeared damaged,
which is typical in this experimental model (Wagner et al.,
2002; Hobbs et al., 2008; Rocha-Ferreira et al., 2018).
However, CBD reduced histologic brain damage, and
neuropathological scores were lower in both hippocam-
pus and cerebral cortex compared with VEH-treated ani-
mals. Furthermore, CBD promoted functional recovery
since neurobehavioral measures approached normal levels.
Existing studies described a partial recovery of brain func-
tion after CBD administration in HI-injured piglets at short
term (Alvarez et al., 2008; Lafuente et al., 2011, 2016; Pazos
et al., 2013; Barata et al., 2019). This study shows, for the
first time, the long-term efficacy of CBD in HIE neonatal and
juvenile rats. The determination of the aEEG in P7 neona-
tal rat is complicated because of their small size and
the motor activity of the unrestrained animals interfer-
ing with the recording of the raw EEG signal (Tucker et
al., 2009; Zayachkivsky et al., 2013). Despite this, we
quantified brain activity in unconscious P37 juvenile
animals under inhaled anesthesia. Thus, in addition to
having a more suitable size of juvenile animals for
measurements and correct recording of the EEG sig-
nal, we avoided signal disturbance by movement arti-
facts. Even under these conditions, recovery of brain
activity was evident in animals receiving either hypo-
thermia or CBD, but a combination of both showed a
greater aEEG improvement.
At P14, the brain damage volume assessed by MRI was

similar in VEH and CBD groups, while it was reduced in CBD-
treated animals at P37. This difference between P14 and P37
is likely because hyperintense areas in T2WI shortly after hy-
poxia-ischemia correspond to areas of brain edema, includ-
ing necrotic tissue and injured but recoverable tissue, the
so-called “penumbral” area (Fernández-López et al., 2007).
CBD exerted a protective effect on brain tissue surrounding
the cortical infarcted area at P14, showed by histologic and
Western blot results. These findings suggest that CBD ad-
ministration recovers the penumbral area, preventing necro-
sis and reducing the damage in the neonatal HI model, as
previously shown in other neonatal models (Lafuente et al.,
2011; 2016; Ceprián et al., 2017; Barata et al., 2019). The final
reductions of brain damage volume and neuropathological
score by CBDwere greater than hypothermia alone.
Excitotoxicity, inflammation, and oxidative stress damage

the immature brain (Johnston et al., 2011; Drury et al., 2014;
Juul and Ferriero, 2014). The high concentration and activity
of glutamate receptors aggravates the deleterious effects of
excitatory amino acids in immature brains (Johnston et al.,
2011; Drury et al., 2014; Juul and Ferriero, 2014). The Glu/
NAA ratio has been observed to be closely related to excito-
toxicity (Dang and Wang, 2020). Antioxidants and excess of
pro-oxidant substances determine the susceptibility of the
immature brain to oxidative stress (Johnston et al.,
2011). HI-induced increases in oxidative stress can be
determined by protein carbonylation, leading to brain
functional loss after ischemia/reperfusion (Oikawa et al.,

Figure 8. Representative MRI images at P37. On top, the
SHAM group was used as a reference. The left column corre-
sponds to NT groups, and the right column corresponds to HT
groups, respectively. A–F, HI VEH groups [VEH-NT (A) and
VEH-HT (B)]; HI CBD0.1-NT (C) and CBD0.1-HT (D) groups; and
CBD1-NT (E) and CBD1-HT (F) groups. In the vehicle-treated
normothermic animals (A), a great defect can be observed in
the left hemisphere (white arrow) as well as an infarcted hyper-
intense area located near the hippocampus (dashed arrow).
Infarcted hyperintense areas (dashed arrows) are also shown in
B–D. All images are shown at the same scale. White scale bar,
5 mm.
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2009) and detectable early after hypoxia-ischemia (Mueller-
Burke et al., 2008; Pazos et al., 2013). Inflammation in acute
brain damage and its long-lasting impact on the immature
brain after HI insults plays a crucial role in neuropatho-
physiology (Johnston et al., 2011; Drury et al., 2014;

Juul and Ferriero, 2014; DeFrancesco-Lisowitz et al.,
2015). TNFa increase after hypoxia-ischemia occurs as
early as 1 h after HI insult, correlating with the extent of
tissue injury and clinical outcomes (DeFrancesco-
Lisowitz et al., 2015).

Table 2: Brain metabolites measured by proton magnetic resonance spectroscopy of the following three NT and HT groups
at P14 and P37 postnatal age: HI VEH, HI CBD0.1, and HI CBD1

Lac/NAA Glu/NAA NAA/Cho Lac/Cr
NT HT NT HT NT HT NT HT

P14
SHAM 1.6 (1.9, 1.4)* 1.0 (1.4, 0.8)* 5.3 (5.7, 5.0)* 1.3 (1.5, 1.1)*
VEH 2.7 (3.4, 2.2) 2.9 (3.0, 2.7) 1.4 (1.6, 1.3) 1.5 (1.7, 1.4) 2.0 (2.2, 1.9) 4.2 (4.4, 3.9)* 1.9 (2.0, 1.7) 2.1 (2.4, 2.0)*
CBD0.1 2.4 (2.6, 2.3) 2.5 (3.0, 2.3) 1.4 (1.6, 1.2) 1.3 (1.4, 1.1)*#¶§ 5.3 (5.8, 5.0)*# 5.4 (5.9, 5.1)*# 1.8 (2.1, 1.6)# 2.0 (2.3, 1.7)
CBD1 2.8 (3.0, 2.6) 2.0 (2.3, 1.7)# 1.6 (1.7, 1.3) 1.3 (1.4, 1.1)*#¶§ 4.8 (5.7, 4.2)*# 4.2 (4.4, 3.8)*¶‡ 1.5 (1.8, 1.2)#‡ 1.5 (1.7, 1.4)#

P37
SHAM 1.9 (2.2, 1.8)* 1.2 (1.3, 1.0)* 8.5 (8.9, 8.2)* 2.4 (2.5, 2.2)*
VEH 3.4 (3.6, 2.7) 1.8 (2.0, 1.6)* 1.7 (1.9, 1.6) 1.0 (1.1, 0.9)* 2.8 (3.5, 2.4) 8.3 (8.4, 8.1)* 2.8 (3.0, 2.6) 2.3 (2.7, 2.2)*
CBD0.1 2.9 (3.1, 2.7)# 1.9 (2.2, 1.8)*¶ 1.2 (1.2, 1.1)* 1.0 (1.2, 0.9)* 3.8 (4.4, 3.1)# 8.5 (9.0, 8.3)*¶ 2.4 (2.6, 2.2)* 2.5 (2.7, 2.2)*
CBD1 2.0 (2.8, 1.5)*¶ 1.8 (2.0, 1.6)*¶ 1.2 (1.5, 1.0)*# 1.0 (1.1, 0.8)* 4.4 (5.1, 3.7)#‡ 9.9 (10.0, 9.7)*#§¶ 2.2 (2.6, 2.1)* 2.3 (2.5, 2.1)*

Values are the median (interquartile range). The Kruskal–Wallis test was used as a function of group, disease or treatment. For each group, N=5. JMP version 6.0
was used for all statistical analyses. The SHAM group was used as a reference.
*p, 0.05 versus VEH-NT; # p,0.05 versus VEH-HT; ¶ p, 0.05 versus CBD0.1-NT; ‡ p, 0.05 versus CBD0.1-HT; § p,0.05 versus CBD1-NT.

Figure 9. Western Blot. A, B, Graphs represent the median values (A) and an illustrative image of TNFa (B) of the following three NT
and HT groups at P37: HI VEH-treated groups, HI CBD0.1 group, and HI CBD1 group. C, D, Mean values of protein carbonyl forma-
tion (Oxyblot; C) and an illustrative image of the same groups are also included (D). The SHAM group was used as a reference. Data
in A are presented as box plots (median with interquartile range), and the Kruskal–Wallis test was used as a function of group, dis-
ease, or treatment. Data in C are presented by histograms (mean 6 SEM), and one-way ANOVA was used as a function of group,
disease, or treatment. For all groups, N=10. JMP version 6.0 was used for all statistical analyses. A p value,0.05 was considered
to be significant. *p,0.05 versus VEH-NT; #p, 0.05 versus VEH-HT; ¶p, 0.05 versus CBD0.1-NT; ‡p, 0.05 versus CBD0.1-HT;
§p, 0.05 versus CBD1-NT.
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Our results show that CBD treatment is associated with
reductions in HI damage from excitotoxicity (blocking the
HI-induced increase in Glu/NAA ratio), oxidative stress
(preventing the HI-induced increase in carbonylation pro-
tein), and inflammation (reducing the HI-induced increase
in TNFa production). CBD is a strong antioxidant because
of its molecular properties (Zou and Kumar, 2018) and
also because it modulates inducible nitric oxide synthase
expression, a major source of free radicals after hypoxia-
ischemia (Johnston et al., 2011; Drury et al., 2014; Juul
and Ferriero, 2014), as demonstrated in forebrain slices of
newborn mice after oxygen-glucose deprivation (Castillo
et al., 2010). Furthermore, it reduces the release of cyto-
kines (IL-1, IL-6, and TNFa) after an HI insult, as demon-
strated in newborn rodents ex vivo (Castillo et al., 2010)
and in vivo (Pazos et al., 2012).
The combination of hypothermia and CBD led to a better

modulation of excitotoxicity and inflammation than that ob-
tained with either treatment alone; suggesting that the
mechanisms by which CBD and hypothermia modulate
those factors are different. Thus, CBD might be a suitable
partner for hypothermia in excitotoxic and inflammatory
cascades. Additional studies are needed to clarify the role
of other elements that influence these cascades, such us,
membrane pump function, glutamate release, inflamma-
tory cytokines, nitric oxide activation, or free radicals. CBD
showed a very similar profile to hypothermia regarding
its effects on excitotoxicity, inflammation, and oxidative
stress. Some cannabinoid drugs, such as tetrahydrocan-
nabinol or cannabinol, interfere with thermoregulation and
could augment the hypothermia treatment. However, CBD
did not demonstrate an effect on body temperature in rats
at intraperitoneal doses of 10 or 30mg/kg (Taffe et al.,
2015; Javadi-Paydar et al., 2019). Only the vapor inhalation
route has produced hypothermia in rats exposed to vapor-
generated CBD (Javadi-Paydar et al., 2019). The current
study demonstrates that CBD has no long-term hypother-
mic effects. PK plasma data showed that HT-treated rats
had a higher area under curve values than NT treated when

coadministered CBD 1mg/kg. This altered PK profile could
be a consequence of kinetics retardation that occurs in HT
animals, and the higher levels could be explained by the
fact that genuine tmax in NT animals occurred before the
first reading (30min). It has been previously reported that
healthy rat pups showed a CBD Cmax of 13.96 2.6ng/g at
3 h (tmax) in brain tissue (Pazos et al., 2012). We determined
the PK curve of CBD in HI rat pups with normothermia or
hypothermia. Comparison of PK values between these
studies is difficult based on the different formulations, sam-
pling times, and administration routes.
The neuroprotective efficacy of hypothermia is based on

the decrease and/or slowdown of neuronal metabolism,
with the consequent decrease in oxygen consumption
rates and energy needs. Metabolic changes associated
with hypothermia include decreased brain glucose levels,
decreased lactate release, and increased plasma levels of
glycerol, free fatty acids, and ketoacids (Schaller and Graf,
2003). Thus, hypothermia induces beneficial metabolic
changes for the maintenance of neuronal ATP, favoring
brain homeostasis (Kuffler, 2010). Although the mechanism
of action of hypothermia is still largely unknown, it is be-
lieved to involve multiple targets and to participate in the
suppression of different inflammatory pathways, inhibiting
proinflammatory cytokines, and promoting anti-inflamma-
tory cytokines (Okazaki et al., 2023), and would reduce ex-
citotoxicity (Drury et al., 2014) and programmed cell death
associated with the caspase family (Shamas-Din et al.,
2011). CBD possesses affinity and functional activity at
many molecular targets (Ibeas Bih et al., 2015), and thus
the mechanisms by which CBD exerts its neuroprotective
effects after neuronal damage are not fully understood.
CBD prevents excitotoxicity caused by excessive accumu-
lation of glutamate, microglial activation, neurovascular re-
activity, inflammatory response, and cell death (Johnston
et al., 2011; Juul and Ferriero, 2014; Martínez-Orgado et
al., 2021). In addition, CBD can reduce neuronal excitability
and transmission by modulating intracellular Ca11 levels
through different membrane receptors (Zou and Kumar,

Table 3: Pharmacokinetic of CBD for plasma and brain samples obtained from P7 rats that have been exposed to HJI and
administered CBD130min post-HI insult, in either NT or HT environment

Time after treatment
tmax

(h)
Cmax

(ng/ml)
AUC
(ng/ml.min-1)

0.5 h
(ng/ml)

1 h
(ng/ml)

6 h
(ng/ml)

12 h
(ng/ml)

24 h
(ng/ml)

36 h
(ng/ml)

CBD dose at 0.1 mg/kg
Plasma

NT 12 (13, 12) 8 (10, 7) n.d. n.d. n.d. n.d. 0.5 12 (13, 12) 29 (33, 27)
HT 8 (13, 4) 11 (12, 10) n.d. n.d. n.d. n.d. 1.0 11 (12, 10) 33 (36, 31)

Brain
NT n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
HT n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

CBD dose at 1mg/kg
Plasma

NT 102 (111, 98) 52 (59, 41) 14 (16, 12) 5 (6, 4) n.d. n.d. 0.5 102 (111, 98) 292 (347, 242)
HT 328 (436, 296)* 192 (212, 161)* 37 (50, 28)* 6 (9, 5) n.d. n.d. 0.5 328 (436, 296)* 1010 (1680, 896)*

Brain
NT 123 (164, 88) 72 (80, 60) 0 (4, 0) 0 (4, 0) n.d. n.d. 0.5 123 (164, 88) 265 (368, 206)
HT 72 (81, 64)* 126 (130, 110) 8 (17, 0) n.d. n.d. n.d. 1.0 126 (130, 110) 401 (440, 363)

Values are the median (interquartile range). Samples were taken at 0.5, 1, 6, 12, 24, or 36 h after the drug administration. N=5 per each time interval. n.d., Not de-
tectable. JMP version 6.0 was used for all statistical analyses.
*p, 0.05 normothermic versus hypothermic groups by the Mann–Whitney test.
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2018). Although both therapies modulate their neuropro-
tective functions on some common pathways, the retarda-
tion of metabolic pathways induced by hypothermia could
partially explain the delayed effect exerted by CBD. In fact,
the response is very similar when comparing the results of
the groups that received only CBD and that of the com-
bined hypothermia plus CBD therapy.
In conclusion, CBD administration after HI injury to new-

born rats leads to long-lasting neuroprotective effects. In con-
trast to other studies, CBD was more effective in recovering
functional parameters than restoring histologic markers. CBD
and hypothermia act on the same processes related to HI
brain damage. The two therapies in combination do not com-
pete against each other in modulating these processes, but
increase the neuroprotective effects, resulting in greater over-
all benefit in some parameters. Furthermore, the combination
of CBD with hypothermia often resulted in a significantly
superior profile compared with hypothermia alone, being a
promising observation for the clinic. Our results justify the in-
terest in CBD for developing a translational strategy combin-
ing treatments with hypothermia to improve outcome in
asphyxiated infants.
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