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Abstract

Basal ganglia injury after hypoxia-ischemia remains common in preterm infants, and is closely
associated with later cerebral palsy. In the present study we tested the hypothesis that a highly
selective neuronal nitric oxide synthase (nNOS) inhibitor, JI-10, would improve survival of striatal
phenotypic neurons after profound asphyxia, and that the subsequent seizure burden and recovery
of EEG are associated with neural outcome. 24 chronically instrumented preterm fetal sheep were
randomized to either JI-10 (3 ml of 0.022 mg/ml, n=8) or saline (n=8) infusion 15 min before 25
min complete umbilical cord occlusion, or saline plus sham-occlusion (n=8). Umbilical cord
occlusion was associated with reduced numbers of calbindin-28k-, GAD-, NPY-, PV-, Calretinin-
and nNOS-positive striatal neurons (p < 0.05 vs. sham occlusion) but not ChAT-positive neurons.
JI-10 was associated with increased numbers of calbindin-28k-, GAD-, nNOS-, NPY-, PV-,
Calretinin- and ChAT-positive striatal neurons (p < 0.05 vs. saline+occlusion). Seizure burden was
strongly associated with loss of calbindin-positive cells (p < 0.05), greater seizure amplitude was
associated with loss of GAD-positive cells (p < 0.05), and with more activated microglia in the
white matter tracts (p < 0.05). There was no relationship between EEG power after 7 days
recovery and total striatal cell loss, but better survival of NPY-positive neurons was associated
with lower EEG power. In summary, these findings suggest that selective nNOS inhibition during
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asphyxia is associated with protection of phenotypic striatal projection neurons and has potential
to help reduce basal ganglia injury in some premature babies.
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1. Introduction

Cerebral palsy (CP) of perinatal origin remains a major problem (Committee on
Understanding Premature Birth and Assuring Healthy Outcomes, 2007). There is increasing
evidence that it results from antenatal hypoxia-ischemia (HI) in about 70-80 % of cases
(Graham et al., 2008), particularly in association with premature birth (Robertson et al.,
2007). Although white matter injury (WMI) remains the predominant pattern of brain injury
after HI in preterm infants (Bax et al., 2006), injury to the basal ganglia is very common and
is the second most frequently injured region (Barkovich and Sargent, 1995; Bax et al., 2006;
de Vries et al., 1998; Gilles et al., 1998; Leijser et al., 2004; Logitharajah et al., 2009;
Paneth et al., 1990). The presence of basal ganglia injury is much more predictive of CP and
other motor problems, as well as subsequent epilepsy and learning difficulties problems than
injury in other regions such as a ‘watershed’ distribution (Harteman et al., 2013; Martinez-
Biarge et al., 2011), and WMI (Himmelmann and Uvebrant, 2011). Thus, it is important to
find new therapies that specifically protect the basal ganglia from HI injury.

Consistent with the clinical patterns, asphyxia induced by complete umbilical cord occlusion
in preterm fetal sheep is associated with significant basal ganglia and white-matter injury,
but not cortical injury after 3 and 7 days recovery (Bennet et al., 2007; Drury et al., 2014).
We have recently shown that prophylactic therapy with a novel and potent inhibitor of
neuronal nitric oxide synthase (nNOS) was associated with protection of neurons in the
caudate nucleus (Drury et al., 2013). This supports previous findings in rabbit kits that
selective nNOS inhibition during profound prenatal asphyxia was associated with reduced
CP (Jietal., 2009; Yu et al., 2011). There is some evidence that the basal ganglia is highly
active during seizures (Clozel et al., 1985) and that seizures are associated with striatal
injury at term (Brambrink et al., 1999). It is unclear whether basal ganglia damage is
associated with seizures following hypoxia-ischemia in the very immature brain.

In the present study, we tested the hypothesis that prophylactic selective inhibition of nNOS
with a highly specific agent (JI-10) (Drury et al., 2013) would protect phenotypic striatal
neurons following profound asphyxia in 0.7 gestation preterm fetal sheep, when brain
development is broadly consistent with 28 to 32 weeks in humans, before the development
of cortical myelination (Mclntosh et al., 1979). We examined the secondary hypothesis that
reduced seizure activity would be associated with improved neural outcome.
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All procedures were approved by the Animal Ethics Committee of The University of
Auckland following the New Zealand Animal Welfare Act, and the Code of Ethical Conduct
for animals in research established by the Ministry of Primary Industries, Government of
New Zealand. All efforts were made to minimize animal suffering and to reduce the number
of animals used.

Twenty-four Romney/Suffolk fetal sheep were operated on at 98-99 days of gestation (term
= 147 days). Food, but not water was withdrawn 18 h before surgery. Ewes were given 5 ml
of Streptocin (procaine penicillin (250,000 1U) and dihydrostreptomycin (250 mg/ml);
Stockguard Labs Ltd, Hamilton, N.Z.) intramuscularly 30 min prior to the start of surgery.
Maternal weight was recorded. Anesthesia was induced by i.v. injection of propofol (5
mg/kg; AstraZeneca Limited, Auckland, New Zealand), and general anesthesia maintained
using 2—-3% isoflurane (Medsource, Ashburton, N.Z.) in O,. Under anesthesia, a 20 g i.v.
catheter was placed in a maternal front leg vein and the ewes were placed on a constant
infusion saline drip to maintain maternal fluid balance. Ewes were ventilated, and the depth
of anesthesia, maternal heart rate, SpO,, end-tidal isoflurane and CO», and respiration were
constantly monitored by trained anesthetic staff.

As previously described (Drury et al., 2013), catheters were placed in the left fetal femoral
artery and vein, right brachial artery and vein, and the amniotic sac. A 3S ultrasonic blood
flow probe (Transonic Systems Inc., Ithaca, NY, USA) was placed around the left carotid
artery to measure carotid blood flow (CaBF), as an index of global cerebral blood flow
(Bennet et al., 1999; Gonzalez et al., 2005; van Bel et al., 1994). EEG electrodes
(AS633-5SSF, Cooner Wire Co., Chatsworth, CA, USA) were placed on the dura over the
parasagittal parietal cortex (5 mm and 10 mm anterior to bregma and 5 mm lateral).
Electrodes were placed to measure the fetal electrocardiogram (ECG). An inflatable silicone
occluder was placed around the umbilical cord of all fetuses (In Vivo Metric, Healdsburg,
CA, USA). All fetal leads were exteriorized through the maternal flank and a maternal long
saphenous vein was catheterized to provide access for post-operative care and euthanasia. 80
mg gentamicin (Rousell, Auckland, New Zealand) was administered into the amniotic sac as
the uterus was closed.

Post-operatively all sheep were housed in separate metabolic cages with access to water and
food ad libitum, together in a temperature-controlled room (16 + 1 °C, humidity 50 + 10 %)
with a 12 h light/dark cycle. A period of at least 4 days post-operative recovery was allowed
before experiments commenced, during which time antibiotics were administered i.v. to the
ewe daily for four days (600 mg benzylpenicillin sodium; Novartis Ltd, Auckland, New
Zealand, and 80 mg gentamicin sulphate; Pfizer Pty Ltd, Perth, Australia). Fetal catheters
were maintained patent by continuous infusion of heparinized saline (20 U/ml at 0.2 ml/h)
and the maternal catheter maintained by daily flushing. JI-10 (Ji et al., 2010) was dissolved
with sterile saline (0.022 mg/ml) and a total of 0.066 mg was given, to achieve 100x the Ki
of 0.0077 umol/l determined in previous experiments, with estimated fetal weight 1.5 kg,
and a circulating fetal blood volume of 120 ml/kg (Brace, 1983). All containers and syringes
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for JI-10 were first rinsed with 0.1 % bovine serum albumin in sterile saline, after filtering
through a bacterial filter.

2.2 Recordings

Fetal mean arterial blood pressure (Novatrans |1, MX860; Medex Inc., Hilliard, OH, USA),
fetal heart rate derived from the ECG (Drury et al., 2013), CaBF, and EEG were recorded
continuously from —24 h to 168 h after umbilical cord occlusion. The analogue fetal EEG
signal was low pass filtered with the cut-off frequency set with the —3 dB point at 30 Hz,
and digitized at 256 Hz (using analogue to digital cards, National Instruments Corp., Austin,
TX, USA). The intensity and frequency were derived from the intensity spectrum signal
between 0.5 and 20 Hz. Data from left and right EEG electrodes were averaged. Power in
the Delta (0-3.9 Hz), Theta (4-7.9 Hz), Alpha (8-12.9 Hz), and Beta (13-22 Hz) spectral
bands was calculated as previously described (Keogh et al., 2012a). The continuous EEG
recording was assessed for continuity by quantifying the percentage of time per minute EEG
amplitude was >25 pV.

2.3 Experimental protocol

Experiments were conducted at 103-104 days gestation. Fetuses were randomly assigned to
JI-10+occlusion (n = 8) or saline+occlusion (n = 8). Sham occlusion fetuses received saline
infusions and no occlusion (n = 8). JI-10 was administered to the fetal brachial vein 15 min
prior to umbilical cord occlusion as 0.022 mg/ml in 3 ml, over 10 min. Saline+occlusion
fetuses received the same volume of saline.

Fetal asphyxia was induced by rapid inflation of the umbilical cord occluder for 25 min with
sterile saline of a defined volume known to completely inflate the occluder as determined in
pilot experiments with a flow probe placed around the umbilical cord (Bennet et al., 1999).
Successful occlusion was confirmed by observation of a rapid onset of bradycardia, and by
pH and blood gas measurements. The duration of occlusion was chosen as one that we have
previously reported to represent an acute, severe, near-terminal insult (Bennet et al., 2007).
All occlusions or sham occlusions were undertaken between 0900 and 1000 h.

Fetal arterial blood was taken at 30 min prior to occlusion, 5 and 17 min during asphyxia,
and then 10 min, 1, 2, 4, 6, 24, 48, 72, 96, 120, 144, and 168 h post-asphyxia for pH and
blood gas determination (Ciba-Corning Diagnostics 845 blood gas analyzer and co-
oximeter, MA., USA) and for glucose and lactate measurements (YSI model 2300, Yellow
Springs, Ohio, USA). After the last blood sample, ewes and fetuses were Killed by an i.v.
overdose of pentobarbitone sodium (9 g) to the ewe (Pentobarb 300; Chemstock
International, Christchurch, New Zealand). Fetal brains were perfusion-fixed in situ with
0.9% saline solution followed by 10% phosphate-buffered formalin (500 ml, from 2 m
height), and then removed and fixed for a further three days before processing and paraffin
embedding (Bennet et al., 2007).

2.4 Histopathology

Slices (10 um thick) were cut using a microtome (Leica Jung RM2035). Slides were
dewaxed in xylene and rehydrated in decreasing concentrations of ethanol. Slides were
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washed in 0.1 mol/L phosphate buffered saline (PBS). Antigen retrieval was performed in
citrate buffer (with the exception of EDTA for GAD) using the pressure cooker technique in
an antigen-retrieval system (EMS Antigen 200 Retriever, Emgrid, Australia). Endogenous
peroxidase quenching was performed by incubation in 1 % H»05 in methanol for anti-
neuronal nuclei monoclonal antibody (NeuN), Calbindin-28k, nNOS, GAD, ChAT,
Parvalbumin (PV), Neuropeptide Y (NPY), Calretinin and ionized calcium binding adaptor
molecule-1 (Iba-1). Blocking was performed in 3 % normal horse serum (NHS) for NeuN
and Iba-1 and normal goat serum (NGS) for Calbindin-28k, nNOS, ChAT, GAD, PV, NPY,
and Calretinin for 1 h at room temperature. Sections were labeled with 1:400 mouse anti-
NeuN (Chemicon International, Temecula, CA, USA), 1:200 goat anti-lba-1 (Abcam, via
Sapphire Bioscience, Hamilton, New Zealand), 1:200 rabbit anti-Calbindin-28k (Swant®
Ltd, Rte de I'ancienne Papeterie, Marly, Switzerland), 1:500 rabbit anti-nNOS (Abcam),
1:200 mouse anti-ChAT (Abacus ALS, Auckland, New Zealand), 1:200 rabbit anti-GAD
(Abcam), 1:200 rabbit anti-PV(Swant®), 1:500 rabbit anti-NPY (Abcam), and 1:1000 rabbit
anti-Calretinin(Swant®) overnight (2 nights for GAD) at 4 °C. Sections were incubated in
biotin-conjugated secondary 1:200 horse anti-mouse in 3% NHS (NeuN and ChAT) or
1:200 goat anti-rabbit 1gG (Vector Laboratories, Burlingame, USA) in 3.5% NGS for 2 h at
room temperature. Slides were then incubated in 1:200 ExtrAvidin® (Sigma-Aldrich Pty.
Ltd.) in PBS for 2 h at room temperature and then allowed to react in diaminobenzidine
tetrachloride (DAB) (Sigma-Aldrich Pty. Ltd.). The reaction was stopped by washing in
dH,0, the sections were then dehydrated and mounted.

Brain regions of the forebrain used for analysis included the mid-striatum (comprising the
caudate nucleus and putamen) and the frontal subcortical white matter (comprising the
intragyral, IGWM, and periventricular, PVWM, regions) on sections taken 23 mm anterior
to stereotaxic zero (Gluckman and Parsons, 1983). Neuronal (NeuN) and microglial (Iba-1)
changes were quantified by light microscopy at 40 x magnification (Nikon eclipse 80i,
Scitech Itd, Preston, Victoria, Australia) and NIS Elements Br 4.0 software (Nikon
Instruments Inc., Melville, N.Y., U.S.A.) using seven fields in the striatum (four in caudate
nucleus, three in putamen), and two fields in the white matter (one intragyral, one
periventricular) (Dean et al., 2006). Total microglia were counted as all cells with Iba-1
immunostaining. For assessment of activated microglia Iba-1 cells showing an amoeboid
morphology with no cell processes were counted.

Estimates of total striatal phenotypic neuron density were quantified by light microscopy
using Stereoinvestigator software (Microbrightfield Bioscience (MBF), Williston, VT,
USA). The caudate nucleus and putamen were outlined at 2x magnification and neurons
were counted at 10x magnification. A grid of 1200 x 1200 pm was placed at a random
rotation on the outlined area. Cells touching the bottom and right hand boundaries were
counted whilst those touching the top and left were excluded using a fractionator probe.
Neurons were assessed according to morphological characteristics and were excluded if cells
showed a condensed nucleus or fragmented appearance (Pozo Devoto et al., 2006). For each
animal, average scores across both hemispheres from two sections were calculated for each
region. Counts were made by an assessor blinded to the treatment groups.
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2.5 Data analysis

3. Results

Off-line analysis of the physiological data was performed using customized Labview
programmes. The raw EEG was assessed for epileptiform activity. Seizures were identified
visually and defined as the concurrent appearance of sudden, repetitive, evolving
stereotyped waveforms in the EEG signal lasting more than 10 sec and of an amplitude
greater than 20 pV (Scher et al., 1993b). Seizures were analyzed to determine total number,
mean amplitude, onset, and burden, defined as the total time spent having seizures.

Data were analyzed using SPSS 15.0 for Windows (SPSS, Chicago, Il, USA). For between
group comparisons two-way analysis of variance (ANOVA) for repeated measures was
performed. Multiple regions within one structure (i.e. caudate nucleus and putamen in the
striatum) were tested as a repeated measure. Where significance was found with ANOVA
for group or region*group, Tukey’s pairwise comparisons were used to compare selected
groups. Non-parametric Mann-Whitney U-tests were used where appropriate. Linear or non-
linear regression was used as appropriate to compare total EEG power, alpha power, CaBF
over the 61 hour and the final day of recovery, and seizure activity with histological
outcome as appropriate. Statistical significance was accepted as p < 0.05. Data are presented
as mean + SEM unless otherwise stated.

3.1 Baseline and umbilical cord occlusion

Baseline blood gases, acid-base status and glucose-lactate values were not different between
groups. Umbilical cord occlusion was associated with marked fetal hypoxia, hypercarbia,
and acidosis, bradycardia, hypotension, peripheral vasoconstriction, cerebral hypoperfusion,
EEG suppression, and increased cortical impedance, similarly to our previous report (Drury
et al., 2013). There were no differences during occlusion between the saline and JI-10
groups.

3.2 Recovery

EEG power was suppressed for more than 36 h in both groups, with similar loss of high
frequency activity in both groups, before progressively recovering to baseline values by
approximately 96 h. Electrographic seizures developed 354 (329-403) min (median
(interquartile range)) after saline+occlusion, with a marked further delay after
JI-10+occlusion (588 (453-895) min, p < 0.05). There was no significant difference in the
total number of seizures during the recovery period (saline+occlusion: 58 (48-80) vs.
JI-10+occlusion: 69 (14-81)) or the duration (67 (57-86) vs. 65 (47-81) sec) or peak
amplitude of individual seizures (170 (162-211) vs. 155 (128-188) uV). CaBF was
significantly suppressed below sham occlusion values (31.0 + 4.9 ml/min) in both occlusion
groups (6 hours after asphyxia, saline+occlusion: 18.3 + 1.5 vs. JI-10+occlusion: 21.1 + 3.5
ml/min, N.S.), as previously described in this model (Bennet et al., 2006; Drury et al., 2013).
CaBF was not different to saline control values from day 3 to day 7, with no difference
between occlusion groups (day 7, saline+occlusion: 30.5 + 2.0 vs. JI-10+occlusion: 36.7 £
6.9 ml/min, N.S.).

Neuropharmacology. Author manuscript; available in PMC 2015 August 01.
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3.3 Histopathology

Occlusion was associated with marked loss of NeuN-positive neurons in the caudate nucleus
(sham: 111 £ 2 vs. saline+occlusion: 86 + 5 cells per high power field, p < 0.05) and
putamen (95 = 2 vs. 76 £ 6, p < 0.05) compared to sham occlusion. JI-10+occlusion was
associated with significantly greater overall neuronal survival in the caudate nucleus (105 +
4, p < 0.05), but no significant effect in the putamen (71 £ 7, N.S.).

Iba-1 positive microglia were markedly increased after occlusion in both the IGWM (saline
+occlusion: 84.0 £+ 7.0 vs. sham occlusion: 43.1 £+ 5.3 cells per high power field, p < 0.05)
and the PVWM (89.4 + 7.5 vs. 44.3 + 7.2, p < 0.05). JI-10+occlusion did not affect
microglial induction compared to saline+occlusion in either the IGWM (87.5 + 19.3 cells
per high power field, N.S.) or PVYWM (98.6 = 20.4, N.S.). Similarly, numbers of Iba-1
positive microglia showing an amoeboid morphology were increased after occlusion in both
the IGWM (saline+occlusion; 13.2 + 3.2 vs. sham occlusion: 8.1 + 1.7 cells per high power
field, p < 0.05) and the PVWM (17.0 £ 3.4 vs. 9.3 + 2.3, p < 0.05). There was no significant
change in amoeboid microglia after JI-10+occlusion compared to saline+occlusion in either
the IGWM (22.5 + 11.5 cells per high power field, N.S.) or PVWM (25.2 + 11.3, N.S.).

Occlusion was associated with a significant loss of neurons immunopositive for calbindin,
calretinin, NPY, parvalbumin, GAD and nNOS in both the caudate nucleus and putamen
(Figure 1, p < 0.05 saline+occlusion vs. sham occlusion), but not for ChAT (N.S.). JI-10 was
associated with significant protection in both regions for calbindin, calretinin, NPY,
parvalbumin, GAD and nNOS positive neurons (p < 0.05 compared to saline+occlusion),
and there were significantly more ChAT immunopositive neurons in the caudate nucleus in
the JI-10 group compared to the saline group (p < 0.05). There were no differences between
the sham occlusion and JI-10+occlusion groups for any immunostaining (N.S.).

3.4 Correlations

CaBF at 6 h was positively associated with the number of NeuN-positive neurons in the
caudate nucleus (linear, R2 = 0.33, p < 0.05), but no other region or immunostaining (N.S.
for all). There was a significant relationship between CaBF at 7 d and total and amoeboid
Iba-1 immunostaining (R2 = 0.34 for both total IGWM and PVWM (p < 0.05) but no other
histological measure (N.S.).

Total numbers of seizures was associated with greater total neuronal loss in the putamen
(linear, RZ = 0.37, p < 0.05), and with greater loss of calbindin-positive neurons in the
caudate nucleus (non-linear, RZ = 0.33, p < 0.05), and putamen (non-linear, R? = 0.43, p <
0.05), and with greater loss of NPY in the putamen (non-linear, R2 = 0.34, p < 0.05) but no
other region or immunostaining (N.S.). Seizure burden was inversely associated with total
number of surviving neurons in the caudate nucleus (NeuN positive, linear, R = 0.29, p <
0.05), and with calbindin in the caudate nucleus (non-linear, R? = 0.33, p < 0.05) and
putamen (non-linear, RZ = 0.39, p < 0.05), and with NPY in the putamen (non-linear, R? =
0.35, p < 0.05) but not with any other region or immunostaining (N.S. for all). Seizure
amplitude was positively associated with the number of Iba-1 positive cells with amoeboid
morphology in the IGWM (non-linear, R? = 0.40, p < 0.01) and PVWM (non-linear, R2 =
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0.61, p < 0.001), negatively with GAD positive cells in the putamen (non-linear, R2 = 0.31,
p < 0.05) and PV positive cells in the caudate (non-linear, R? = 0.27, p < 0.05) but not with
total Iba-1 or any other immunostaining. There was no relationship between seizure onset
and any histological outcome.

Total EEG power and alpha EEG power at day 7 were negatively associated with NPY in
the caudate (non-linear, R2 = 0.67 and 0.6 respectively, p < 0.005), and total EEG power
with NPY in the putamen (non-linear, R? = 0.23, p < 0.05). EEG continuity >25 uV at 7 d
recovery was negatively associated with ChAT in the caudate nucleus (non-linear, R% =
0.36, p < 0.05), and with NPY in the caudate and putamen (non-linear, R2 = 0.71 and 0.33
respectively, p < 0.05) There was no other relationship between EEG continuity and
histological outcome (N.S. for all). Consistent with increased seizures, total EEG power at 6
h was negatively associated with calbindin and NPY in the caudate nucleus (non-linear, R?
=0.59 and 0.22 respectively, p < 0.05) and putamen (non-linear, R? = 0.45 and 0.27
respectively, p < 0.05), with GAD, nNOS, and calretinin in the putamen (0.38, 0.23, 0.27
and 0.29 respectively, p < 0.05). Similarly, alpha power at 6 h was negatively associated
with calbindin in the caudate nucleus (non-linear, R2 = 0.42, p < 0.05), with NeuN in the
caudate nucleus (non-linear R? = 0.44, p < 0.01), and with NPY in the putamen (non-linear,
R2=0.31, p < 0.05).

4. Discussion

The present study demonstrates for the first time that potent and selective inhibition of
nNOS during and early after profound asphyxia significantly reduced loss of striatal
phenotypic neurons in the preterm fetus. Greater EEG power at 6 h, reflecting greater
electrographic seizure activity, was associated with worse neural outcome and greater loss of
phenotypic striatal neurons. Interestingly, although there was no relationship between
recovery of EEG power after 7 days recovery and total striatal cell survival, better survival
of NPY-positive neurons was paradoxically associated with lower EEG power, consistent
with a significant role for NPY-expressing interneurons in inhibiting cortical EEG activity.

Basal ganglia injury is highly implicated in the pathogenesis of athetoid CP (Barkovich and
Sargent, 1995; Bax et al., 2006; Bell et al., 2005; de Vries et al., 1998; Gilles et al., 1998;
Graham et al., 2008; Leijser et al., 2004; Logitharajah et al., 2009; Paneth et al., 1990;
Robertson et al., 2007). To our knowledge this is the first study to report the effects of
profound umbilical cord occlusion on phenotypic striatal neurons at 7 d recovery in the
preterm fetus. In previous studies in preterm rabbit kits NNOS inhibition was associated with
a significant reduction in cerebral palsy (Yu et al., 2011). Similar to our previous study at 3
d recovery after asphyxia there was a significant reduction in calbindin-28 k, GAD, and
nNOS immunopositive cells, but no significant effect on ChAT cholinergic interneurons
(George et al., 2007). JI-10 treatment was associated with greater ChAT immunostaining in
the caudate compared to the saline treated fetuses after occlusion.

Previously, we showed that JI-10 was associated with neuroprotection in the caudate nucleus
but not in the putamen (Drury et al., 2013), whereas in the present study we found
significant overall improvement in number of surviving phenotypic neurons in both the
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caudate and the putamen. The difference between the studies may reflect minor differences
in insult or drug treatment as we previously demonstrated a similar trend to the present
study. In contrast with the improvement in neuronal survival, nNOS inhibition did not
modulate overall microglial induction after asphyxia or numbers of amoeboid microglia,
suggesting that nNOS inhibition does not affect the inflammatory reaction to asphyxial brain
injury. Microglia are highly reactive. Similarly to the present study, microglia have been
repeatedly reported to become less ramified after injury, with rounded “amoeboid” cell
bodies (Walker et al., 2014). Although microglial activation is often thought to be damaging,
there is increasing evidence that in the early stages of injury microglia mediate cytotoxic
responses, with release of pro-inflammatory cytokines, but that this is followed by a
phenotypic shift toward immune regulation, and injury resolution (Mallard et al., 2014;
Mosser and Edwards, 2008). In the present study greater total and amoeboid microglial
induction at day 7 was associated with reduced carotid blood flow, consistent with a
phenotypic shift away from production of cytotoxic factors (Mosser and Edwards, 2008).
Strikingly, depletion of microglia before neonatal focal stroke increased injury, suggesting
that microglial activation is an important contributor to the endogenous brain defenses of the
developing brain (Faustino et al., 2011). Thus, the present findings suggest that
neuroprotection can be achieved independent from the microglial reaction.

In terms of neuroprotection, the present study demonstrates a similar effect to post-asphyxial
hypothermia (George et al., 2007), but with additional protection of GAD positive cells with
JI-10. Hypothermia can suppress nitric oxide free radicals (Thoresen et al., 1997), has been
shown to reduce nNOS activity (Karabiyikoglu et al., 2003), and protect calbindin-28k and
nNOS positive striatal neurons (George et al., 2007). The vulnerability of the calbindin-28k
and GAD populations may relate to their susceptibility to pathological calcium exposure
(Freund et al., 1990; George et al., 2007), while the vulnerability of the nNOS population
may relate to excitotoxin vulnerability (Figueredo-Cardenas et al., 1997). There is some
evidence that the ChAT cholinergic interneuron population is relatively resistant to
exogenous glutamate-agonist mediated depolarization (Calabresi et al., 1990). Further,
ChAT-positive interneurons have been shown to have greater expression of superoxide
dismutase (Inagaki et al., 1991; Medina et al., 1996), consistent with no significant reduction
compared to the sham occlusion group. However, there was significantly more ChAT
immunostaining in the JI-10 treated group compared to the saline treated group, suggesting
that the effect of JI-10 may extend beyond prevention of free radical damage. Consistent
with this there was a significant improvement in the GAD population that was not protected
by hypothermia. Hypothermia can suppress excitotoxicity and free radical damage (Drury et
al., 2010), suggesting that either this is required earlier (i.e. before hypothermia is generally
started), or is an additional protective mechanism of JI-10.

Seizures occur in 58-132 per 1000 live births in preterm infants (Lanska et al., 1995; Scher
etal., 1993a). It is unclear whether seizures per se cause new brain injury, or are a
manifestation of evolving injury (Cole et al., 2002; Ferriero, 2004). In preterm neonates with
hypoxic-ischemic encephalopathy 65% of infants with seizures had severe outcome or died,
whereas absence of seizures was associated with good outcome (Logitharajah et al., 2009;
Shah et al., 2010). There is a strong but non-linear relationship between seizures after
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ischemic injury and neural survival at term equivalent (Williams et al., 1992). The
relationship between seizure burden and outcome in preterm infants is unclear, although
seizures are independently associated with an increased risk of CP in <32 week preterm
infants (Murphy et al., 1997).

During seizures, blood flow to the basal ganglia is increased more than to the cortex,
cerebellum, and brainstem, suggesting a high metabolic demand and thus electrical activity
(Clozel et al., 1985). Miller and colleagues showed that in term infants seizures were
associated with increased lactate/choline in the basal ganglia, after adjusting for the severity
of injury, suggesting that seizures per se were associated with metabolic stress (Miller et al.,
2002). In the model used in the present study, electrographic seizures are closely associated
with the onset of secondary mitochondrial deterioration (Bennet et al., 2006), and we
showed in a previous study that JI-10 was associated with a delay in the onset of seizures
and mitochondrial deterioration. Potentially, loss of GABAergic interneurons in the basal
ganglia could mediate disinhibition, facilitating seizures. Consistent with this, there was a
strong negative correlation between seizure amplitude and GAD immunostaining in the
putamen.

In near-term fetal sheep there is a non-linear positive correlation between EEG recovery at 7
d post-insult and cortical neuronal survival (Davidson et al., 2012). Reduced high frequency
EEG activity is associated with reduced neurodevelopment in preterm infants (Scher et al.,
1996), and increased low frequency activity is associated with injury in chorioamnionitis
(Gavilanes et al., 2010), and with increased microglial activation, but no WMI in preterm
fetal sheep (Keogh et al., 2012a). A shift to lower frequency activity but not total power was
associated with WMI in preterm infants (Inder et al., 2003). There was a negative
association between total power and alpha power at +6 h and neural outcome. Presumably
this was related to seizure activity at this time (Dean et al., 2006; Keogh et al., 2012b;
Yawno et al., 2007). Consistent with this, excessive alpha rhythmicity was associated with
seizures and sharp waves in term infants (Hrachovy and O'Donnell, 1999). We have
previously shown a relationship between EEG recovery at 7 d and neural outcome in term
fetal sheep (Davidson et al., 2012), we show in the present study that there was no
relationship between total, low, or high frequency EEG power at 7 d recovery with neural
outcome. This is consistent with limited cortical injury in this paradigm (Drury et al., 2014;
Drury et al., 2013), and that EEG power recovered to baseline by 7 d.

Intriguingly, in contrast, greater loss of NPY-positive interneurons was strongly associated
with lower total and alpha EEG power. This effect appears to be specific since there was no
relationship between EEG power and overall neuronal survival or numbers of calbindin-
positive neurons. NPY inhibits glutamate release and seizure activity in rodents through the
Y2 receptors (EI Bahh et al., 2005) and, similarly, inhibited excitatory responses in slices
from epileptic human dentate gyrii (Patrylo et al., 1999). Further, in adult rats, local NPY
injection in the basal forebrain is associated with suppression of higher frequency EEG
activity (Toth et al., 2005). Thus, these findings strongly suggest that loss of NPY -
expressing interneurons in the present study was associated with loss of normal inhibition of
cortical EEG activity.
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In summary, selective and potent nNOS inhibition during asphyxia and the latent phase was
associated with significant protection of striatal phenotypic neurons. There was a significant
association between seizure activity and greater loss of neurons, and also between greater
EEG power and lower neuronal counts, consistent with seizures at this time. In summary,
these findings suggest that selective nNOS inhibition during asphyxia is associated with
protection of phenotypic striatal projection neurons and has potential to help reduce basal
ganglia injury in some premature babies.

Acknowledgments

Glossary

Funding. This study was supported by NIH grants R21 NS063141-01A1 (ST, AG, LB), R01 GM049725 (RBS),
and HL095973 (A.B.B.), the Health Research Council of New Zealand, the Auckland Medical Research
Foundation and the Lottery Health Grants Board of New Zealand. P Drury was supported by the New Zealand
Neurological Foundation W&B Miller Doctoral Scholarship.

CaBF carotid arterial blood flow
ChAT choline acetyl transferase
CP cerebral palsy

EEG electroencephalography
GAD glutamic acid decarboxylase

hypoxia-ischemia

nNOS neuronal nitric oxide synthase

NPY neuropeptide Y

PV parvalbumin WMI, white matter injury.
References

Barkovich AJ, Sargent SK. Profound asphyxia in the premature infant: imaging findings. AIJNR.
American Journal of Neuroradiology. 1995; 16:1837-1846. [PubMed: 8693984]

Bax M, Tydeman C, Flodmark O. Clinical and MRI correlates of cerebral palsy: the European
Cerebral Palsy Study. JAMA. 2006; 296:1602-1608. [PubMed: 17018805]

Bell JE, Becher JC, Wyatt B, Keeling JW, Mcintosh N. Brain damage and axonal injury in a Scottish
cohort of neonatal deaths. Brain. 2005; 128:1070-1081. [PubMed: 15705606]

Bennet L, Roelfsema V, George S, Dean JM, Emerald BS, Gunn AJ. The effect of cerebral
hypothermia on white and grey matter injury induced by severe hypoxia in preterm fetal sheep.
Journal of Physiology. 2007; 578:491-506. [PubMed: 17095565]

Bennet L, Roelfsema V, Pathipati P, Quaedackers J, Gunn AJ. Relationship between evolving
epileptiform activity and delayed loss of mitochondrial activity after asphyxia measured by near-
infrared spectroscopy in preterm fetal sheep. Journal of Physiology. 2006; 572:141-154. [PubMed:
16484298]

Bennet L, Rossenrode S, Gunning MI, Gluckman PD, Gunn AJ. The cardiovascular and
cerebrovascular responses of the immature fetal sheep to acute umbilical cord occlusion. Journal of
Physiology. 1999; 517:247-257. [PubMed: 10226163]

Brace RA. Blood volume and its measurement in the chronically catheterized sheep fetus. American
Journal of Physiology. 1983; 244:H487-H494. [PubMed: 6340527]

Neuropharmacology. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Drury et al.

Page 12

Brambrink AM, Martin LJ, Hanley DF, Becker KJ, Koehler RC, Traystman RJ. Effects of the AMPA
receptor antagonist NBQX on outcome of newborn pigs after asphyxic cardiac arrest. Journal of
Cerebral Blood Flow and Metabolism. 1999; 19:927-938. [PubMed: 10458600]

Calabresi P, De Murtas M, Mercuri NB, Bernardi G. Kainic acid on neostriatal neurons intracellularly
recorded in vitro: electrophysiological evidence for differential neuronal sensitivity. Journal of
Neuroscience. 1990; 10:3960-3969. [PubMed: 2269894]

Clozel M, Daval JL, Monin P, Dubruc C, Morselli PL, Vert P. Regional cerebral blood flow during
bicuculline-induced seizures in the newborn piglet: effect of phenobarbital. Developmental
Pharmacology and Therapeutics. 1985; 8:189-199. [PubMed: 4006653]

Cole AJ, Koh S, Zheng Y. Are seizures harmful: what can we learn from animal models? Progress in
Brain Research. 2002; 135:13-23. [PubMed: 12143335]

Committee on Understanding Premature Birth and Assuring Healthy Outcomes. Preterm Birth:
Causes, Consequences, and Prevention. Institute of Medicine, The National Academies Press;
2007. http://books.nap.edu//catalog/11622.html#toc

Davidson JO, Green CR, Nicholson LF, O’Carroll SJ, Fraser M, Bennet L, Gunn AJ. Connexin
hemichannel blockade improves outcomes in a model of fetal ischemia. Annals of Neurology.
2012; 71:121-132. [PubMed: 22275258]

de Vries LS, Eken P, Groenendaal F, Rademaker KJ, Hoogervorst B, Bruinse HW. Antenatal onset of
haemorrhagic and/or ischaemic lesions in preterm infants: prevalence and associated obstetric
variables. Archives of Disease in Childhood. Fetal and Neonatal Edition. 1998; 78:F51-F56.
[PubMed: 9536842]

Dean JM, Gunn AJ, Wassink G, George S, Bennet L. Endogenous alpha(2)-adrenergic receptor-
mediated neuroprotection after severe hypoxia in preterm fetal sheep. Neuroscience. 2006;
142:615-628. [PubMed: 16952424]

Drury P, Bennet L, Gunn AJ. Mechanisms of hypothermic neuroprotection. Seminars in Fetal &
Neonatal Medicine. 2010; 15:287-292. [PubMed: 20646974]

Drury PP, Davidson JO, Bennet L, Booth LC, Tan S, Fraser M, van Den Heuij LG, Gunn AJ. Partial
neural protection with prophylactic low-dose melatonin after asphyxia in preterm fetal sheep.
Journal of Cerebral Blood Flow and Metabolism. 2014; 34:126-135. [PubMed: 24103904]

Drury PP, Davidson JO, van den Heuij LG, Tan S, Silverman RB, Ji H, Blood AB, Fraser M, Bennet
L, Gunn AJ. Partial neuroprotection by nNOS inhibition during profound asphyxia in preterm fetal
sheep. Experimental Neurology. 2013; 250C:282-292. [PubMed: 24120436]

El Bahh B, Balosso S, Hamilton T, Herzog H, Beck-Sickinger AG, Sperk G, Gehlert DR, Vezzani A,
Colmers WF. The anti-epileptic actions of neuropeptide Y in the hippocampus are mediated by Y
and not Y receptors. European Journal of Neuroscience. 2005; 22:1417-1430. [PubMed:
16190896]

Faustino JV, Wang X, Johnson CE, Klibanov A, Derugin N, Wendland MF, Vexler ZS. Microglial
cells contribute to endogenous brain defenses after acute neonatal focal stroke. Journal of
Neuroscience. 2011; 31:12992-13001. [PubMed: 21900578]

Ferriero DM. Neonatal brain injury. New England Journal of Medicine. 2004; 351:1985-1995.
[PubMed: 15525724]

Figueredo-Cardenas G, Chen Q, Reiner A. Age-dependent differences in survival of striatal
somatostatin-NPY-NADPH-diaphorase-containing interneurons versus striatal projection neurons
after intrastriatal injection of quinolinic acid in rats. Experimental Neurology. 1997; 146:444-457.
[PubMed: 9270055]

Freund TF, Buzsaki G, Leon A, Baimbridge KG, Somogyi P. Relationship of neuronal vulnerability
and calcium binding protein immunoreactivity in ischemia. Experimental Brain Research. 1990;
83:55-66. [PubMed: 2073950]

Gavilanes AW, Gantert M, Strackx E, Zimmermann LJ, Seeldrayers S, Vles JS, Kramer BW.
Increased EEG delta frequency corresponds to chorioamnionitis-related brain injury. Frontiers in
Bioscience. 2010; 2:432-438.

George S, Scotter J, Dean JM, Bennet L, Waldvogel HJ, Guan J, Faull RLM, Gunn AJ. Induced
cerebral hypothermia reduces post-hypoxic loss of phenotypic striatal neurons in preterm fetal
sheep. Experimental Neurology. 2007; 203:137-147. [PubMed: 16962098]

Neuropharmacology. Author manuscript; available in PMC 2015 August 01.


http://books.nap.edu//catalog/11622.html#toc

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Drury et al.

Page 13

Gilles FH, Leviton A, Golden JA, Paneth N, Rudelli RD. Groups of histopathologic abnormalities in
brains of very low birthweight infants. Journal of Neuropathology and Experimental Neurology.
1998; 57:1026-1034. [PubMed: 9825939]

Gluckman PD, Parsons Y. Stereotaxic method and atlas for the ovine fetal forebrain. Journal of
Developmental Physiology. 1983; 5:101-128. [PubMed: 6343472]

Gonzalez H, Hunter CJ, Bennet L, Power GG, Gunn AJ. Cerebral oxygenation during post-asphyxial
seizures in near-term fetal sheep. Journal of Cerebral Blood Flow and Metabolism. 2005; 25:911—
918. [PubMed: 15729287]

Graham EM, Ruis KA, Hartman AL, Northington FJ, Fox HE. A systematic review of the role of
intrapartum hypoxia-ischemia in the causation of neonatal encephalopathy. American Journal of
Obstetrics and Gynecology. 2008; 199:587-595. [PubMed: 19084096]

Harteman JC, Groenendaal F, Toet MC, Benders MJ, Van Haastert IC, Nievelstein RA, Koopman-
Esseboom C, de Vries LS. Diffusion-weighted imaging changes in cerebral watershed distribution
following neonatal encephalopathy are not invariably associated with an adverse outcome.
Developmental medicine and child neurology. 2013; 55:642—653. [PubMed: 23550687]

Himmelmann K, Uvebrant P. Function and neuroimaging in cerebral palsy: a population-based study.
Developmental medicine and child neurology. 2011; 53:516-521. [PubMed: 21574988]

Hrachovy RA, O’Donnell DM. The significance of excessive rhythmic alpha and/or theta frequency
activity in the EEG of the neonate. Clin Neurophysiol. 1999; 110:438-444. [PubMed: 10363767]

Inagaki S, Suzuki K, Taniguchi N, Takagi H. Localization of Mn-superoxide dismutase (Mn-SOD) in
cholinergic and somatostatin-containing neurons in the rat neostriatum. Brain Research. 1991;
549:174-177. [PubMed: 1680020]

Inder TE, Buckland L, Williams CE, Spencer C, Gunning MI, Darlow BA, Volpe JJ, Gluckman PD.
Lowered electroencephalographic spectral edge frequency predicts the presence of cerebral white
matter injury in premature infants. Pediatrics. 2003; 111:27-33. [PubMed: 12509550]

Ji H, Delker SL, Li H, Martasek P, Roman LJ, Poulos TL, Silverman RB. Exploration of the active site
of neuronal nitric oxide synthase by the design and synthesis of pyrrolidinomethyl 2-
aminopyridine derivatives. Journal of Medicinal Chemistry. 2010; 53:7804-7824. [PubMed:
20958055]

Ji H, Tan S, lgarashi J, Li H, Derrick M, Martasek P, Roman LJ, Vasquez-Vivar J, Poulos TL,
Silverman RB. Selective neuronal nitric oxide synthase inhibitors and the prevention of cerebral
palsy. Annals of Neurology. 2009; 65:209-217. [PubMed: 19235180]

Karabiyikoglu M, Han HS, Yenari MA, Steinberg GK. Attenuation of nitric oxide synthase isoform
expression by mild hypothermia after focal cerebral ischemia: variations depending on timing of
cooling. Journal of Neurosurgery. 2003; 98:1271-1276. [PubMed: 12816275]

Keogh MJ, Bennet L, Drury PP, Booth LC, Mathai S, Naylor AS, Fraser M, Gunn AJ. Subclinical
exposure to low-dose endotoxin impairs EEG maturation in preterm fetal sheep. American Journal
of Physiology. Regulatory Integrative and Comparative Physiology. 2012a; 303:R270-R278.

Keogh MJ, Drury PP, Bennet L, Davidson JO, Mathai S, Gunn ER, Booth LC, Gunn AJ. Limited
predictive value of early changes in EEG spectral power for neural injury after asphyxia in preterm
fetal sheep. Pediatric Research. 2012b; 71:345-353. [PubMed: 22391634]

Lanska MJ, Lanska DJ, Baumann RJ, Kryscio RJ. A population-based study of neonatal seizures in
Fayette County, Kentucky. Neurology. 1995; 45:724-732. [PubMed: 7723962]

Leijser LM, Klein RH, Veen S, Liauw L, Van Wezel-Meijler G. Hyperechogenicity of the thalamus
and basal ganglia in very preterm infants: radiological findings and short-term neurological
outcome. Neuropediatrics. 2004; 35:283-289. [PubMed: 15534761]

Logitharajah P, Rutherford MA, Cowan FM. Hypoxic-ischemic encephalopathy in preterm infants:
antecedent factors, brain imaging, and outcome. Pediatric Research. 2009; 66:222-229. [PubMed:
19390490]

Mallard C, Davidson JO, Tan S, Green CR, Bennet L, Robertson NJ, Gunn AlJ. Astrocytes and
microglia in acute cerebral injury underlying cerebral palsy associated with preterm birth.
Pediatric Research. 2014; 75:234-240. [PubMed: 24336433]

Neuropharmacology. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Drury et al.

Page 14

Martinez-Biarge M, Diez-Sebastian J, Kapellou O, Gindner D, Allsop JM, Rutherford MA, Cowan
FM. Predicting motor outcome and death in term hypoxic-ischemic encephalopathy. Neurology.
2011; 76:2055-2061. [PubMed: 21670434]

Mclintosh GH, Baghurst Kl, Potter BJ, Hetzel BS. Foetal brain development in the sheep.
Neuropathology and Applied Neurobiology. 1979; 5:103-114. [PubMed: 471183]

Medina L, Figueredo-Cardenas G, Reiner A. Differential abundance of superoxide dismutase in
interneurons versus projection neurons and in matrix versus striosome neurons in monkey
striatum. Brain Research. 1996; 708:59-70. [PubMed: 8720860]

Miller SP, Weiss J, Barnwell A, Ferriero DM, Latal-Hajnal B, Ferrer-Rogers A, Newton N, Partridge
JC, Glidden DV, Vigneron DB, Barkovich AJ. Seizure-associated brain injury in term newborns
with perinatal asphyxia. Neurology. 2002; 58:542-548. [PubMed: 11865130]

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nature Reviews.
Immunology. 2008; 8:958-969. [PubMed: 19029990]

Murphy DJ, Hope PL, Johnson A. Neonatal risk factors for cerebral palsy in very preterm babies: case-
control study. BMJ. 1997; 314:404-408. [PubMed: 9040385]

Paneth N, Rudelli R, Monte W, Rodriguez E, Pinto J, Kairam R, Kazam E. White matter necrosis in
very low birth weight infants: neuropathologic and ultrasonographic findings in infants surviving
six days or longer. Journal of Pediatrics. 1990; 116:975-984. [PubMed: 2189978]

Patrylo PR, van den Pol AN, Spencer DD, Williamson A. NPY inhibits glutamatergic excitation in the
epileptic human dentate gyrus. Journal of Neurophysiology. 1999; 82:478-483. [PubMed:
10400974]

Pozo Devoto VM, Chavez JC, Fiszer de Plazas S. Acute hypoxia and programmed cell death in
developing CNS: Differential vulnerability of chick optic tectum layers. Neuroscience. 2006;
142:645-653. [PubMed: 16904833]

Robertson CM, Watt MJ, Yasui Y. Changes in the prevalence of cerebral palsy for children born very
prematurely within a population-based program over 30 years. JAMA. 2007; 297:2733-2740.
[PubMed: 17595274]

Scher MS, Aso K, Beggarly ME, Hamid MY, Steppe DA, Painter MJ. Electrographic seizures in
preterm and full-term neonates: clinical correlates, associated brain lesions, and risk for neurologic
sequelae. Pediatrics. 1993a; 91:128-134. [PubMed: 8416475]

Scher MS, Hamid MY, Steppe DA, Beggarly ME, Painter MJ. Ictal and interictal electrographic
seizure durations in preterm and term neonates. Epilepsia. 1993b; 34:284-288. [PubMed:
8453938]

Scher MS, Steppe DA, Banks DL. Prediction of lower developmental performances of healthy
neonates by neonatal EEG-sleep measures. Pediatric Neurology. 1996; 14:137-144. [PubMed:
8703226]

Shah DK, Zempel J, Barton T, Lukas K, Inder TE. Electrographic seizures in preterm infants during
the first week of life are associated with cerebral injury. Pediatric Research. 2010; 67:102-106.
[PubMed: 19745782]

Thoresen M, Satas S, Puka-Sundvall M, Whitelaw A, Hallstrom A, Loberg EM, Ungerstedt U, Steen
PA, Hagberg H. Post-hypoxic hypothermia reduces cerebrocortical release of NO and
excitotoxins. Neuroreport. 1997; 8:3359-3362. [PubMed: 9351672]

Toth A, Zaborszky L, Detari L. EEG effect of basal forebrain neuropeptide Y administration in
urethane anaesthetized rats. Brain Research Bulletin. 2005; 66:37-42. [PubMed: 15925142]

van Bel F, Roman C, Klautz RJ, Teitel DF, Rudolph AM. Relationship between brain blood flow and
carotid arterial flow in the sheep fetus. Pediatric Research. 1994; 35:329-333. [PubMed: 8190521]

Walker FR, Beynon SB, Jones KA, Zhao Z, Kongsui R, Cairns M, Nilsson M. Dynamic structural
remodelling of microglia in health and disease: A review of the models, the signals and the
mechanisms. Brain, Behavior, and Immunity. 2014; 37C:1-14.

Williams CE, Gunn AJ, Mallard C, Gluckman PD. Outcome after ischemia in the developing sheep
brain: an electroencephalographic and histological study. Annals of Neurology. 1992; 31:14-21.
[PubMed: 1543346]

Neuropharmacology. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Drury et al. Page 15

Yawno T, Yan EB, Walker DW, Hirst JJ. Inhibition of neurosteroid synthesis increases asphyxia-
induced brain injury in the late gestation fetal sheep. Neuroscience. 2007; 146:1726-1733.
[PubMed: 17449186]

Yu L, Derrick M, Ji H, Silverman RB, Whitsett J, Vasquez-Vivar J, Tan S. Neuronal nitric oxide
synthase inhibition prevents cerebral palsy following hypoxia-ischemia in fetal rabbits:
comparison between JI-8 and 7-nitroindazole. Developmental Neuroscience. 2011; 33:312-3109.
[PubMed: 21659718]

Neuropharmacology. Author manuscript; available in PMC 2015 August 01.



Drury et al. Page 16

Neuropharmacology. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Drury et al. Page 17

50

.
# M. [J Sham occlusion
Coumsimr? O Saline+occlusion

20

B JI-10+occlusion

500 800
400
T ; -
Calbindin 300 Calretinin
Positive 3 o~ Positive , 400
Counts/mm Counts/mm
200 ##
200
100
e
e = i3
0 0
Caudate Putamen Caudate Putamen
600 40
T 30
400 Liid
PV GAD
Positive Positive
2 c imm? 20
Counts/mm ounts/mm .
200 " i
T ’l‘ 10
0 0
Caudate Putamen Caudate Putamen
40 20
0 T . 15
nNOS = - ChAT
Positive , 20 Positive , 10
Counts/mm Counts/mm
10 5
0 0
Caudate Putamen Caudate Putamen

o

Caudate Putamen

Figure 1.
Phenotypic striatal neuron density in the caudate nucleus and putamen. Data are mean +

SEM. Compared with repeated measures ANOVA and Tukey’s pairwise comparisons where
significance was found between groups. ChAT showed an interaction between region and
group and thus regions were analyzed separately. # p < 0.05 for sham occlusion vs. saline
+occlusion, # p < 0.005 for sham occlusion vs. saline+occlusion, ## p < 0.001 for sham
occlusion vs. saline+occlusion, * p < 0.05 for saline+occlusion vs. JI-10 +occlusion, ** p <
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0.005 for saline+occlusion vs. JI-10 +occlusion, *** p < 0.001 for saline+occlusion vs. JI-10
+occlusion.
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Representative photomicrographs of phenotypic striatal neurons in the caudate nucleus from
sham occlusion, saline+occlusion and JI-10+occlusion groups at 40x magnification. Arrows

with tail show examples of cells counted and

arrowheads show examples that were not

counted. In addition to overall cell loss, occlusion was associated with regression of spinous
processes, which appeared to be restored by JI-10 treatment. Scale bar is 100 um.
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Figure 3.
Representative photomicrographs of phenotypic striatal neurons in the putamen from sham

occlusion, saline+occlusion and JI-10+occlusion groups at 40x magnification. Arrows with
tail show examples of cells counted and arrowheads show examples that were not counted.
Morphologically, in addition to overall cell loss, occlusion was associated with regression of
spinous processes, which appeared to be restored by JI-10 treatment. Scale bar is 100 pm.
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Figure 4.

Rgpresentative examples of neurophysiological correlations with histopathology. Panel A: 6
h total EEG power with calbindin in the caudate nucleus; Panel B: CaBF over day 7 of
recovery with amoeboid Iba-1 immunostaining in the periventricular white-matter (PVWM);
Panel C: total EEG power on day 7 of recovery with calbindin in the caudate nucleus; Panel
D: total EEG power on day 7 of recovery with NPY in the caudate nucleus; Panel E: EEG
continuity on day 7 of recovery with calbindin in the caudate nucleus; Panel F: EEG
continuity on day 7 of recovery with NPY in the caudate nucleus; Panel G: seizure burden,
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i.e. total duration of seizures with calbindin in the caudate nucleus; Panel H: seizure
amplitude with amoeboid (activated) microglia in the PVWM. Data were analyzed with
linear (Panels E, F and G) or non-linear regression (Panels A-D, and H) as appropriate and
both occlusion groups were combined in the model. Linear regressions lines are shown with
their respective 95% confidence interval. Where significance was found it is shown with the
RZ value on the graph. Open circles: saline+occlusion; closed circles: JI-10 plus occlusion.
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