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Abstract

Neurovascular coupling has been well-defined in the adult brain, but variable and inconsistent responses have been
observed in the neonatal brain. The mechanisms that underlie functional haemodynamic responses in the developing
brain are unknown. Synchrotron radiation (SR) microangiography enables in vivo high-resolution imaging of the cerebral
vasculature. We exploited SR microangiography to investigate the microvascular changes underlying the cerebral hae-
modynamic response in preterm (n = 7) and 7—10-day old term lambs (n = 4), following median nerve stimulation of 1.8,
4.8 and 7.8 sec durations.

Increasing durations of somatosensory stimulation significantly increased the number of cortical microvessels of
<200 um diameter in 7—10-day old term lambs (p < 0.05) but not preterm lambs where, in contrast, stimulation
increased the diameter of cerebral microvessels with a baseline diameter of <200 pm. Preterm lambs demonstrated
positive functional responses with increased oxyhaemoglobin measured by near infrared spectroscopy, while 7—10-day
old term lambs demonstrated both positive and negative responses. Our findings suggest the vascular mechanisms
underlying the functional haemodynamic response differ between the preterm and 7—10-day old term brain. The pre-
term brain depends on vasodilatation of microvessels without recruitment of additional vessels, suggesting a limited
capacity to mount higher cerebral haemodynamic responses when faced with prolonged or stronger neural stimulation.
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Introduction

Increases in local neuronal activity result in localised
increase of cerebral blood flow (CBF), a process known
as neurovascular coupling.! The influx of oxygenated,
arterial blood temporarily exceeds the consumption of
oxygen by the tissue, leading to localised increases in
oxygenation which can be detected as an increase in
oxy-haemoglobin (oxyHb) and a decrease in deoxy-
haemoglobin (deoxyHb) by functional near-infrared
spectroscopy (fNIRS), or as a positive blood oxygen
level-dependent (BOLD) signal by functional magnetic
resonance imaging (fMRI). This typical haemodynamic
response in the adult brain is called ‘functional hyper-
aemia’, which implies an increased CBF presumably
due to cerebral vasodilatation.

Interestingly, in early postnatal life, whether after
preterm or term birth, some neonatal haemodynamic
functional studies have reported the adult-like positive
responses,” ° but other studies suggest somatosensory
stimulation induces a decrease in BOLD signal (often
termed ‘negative BOLD’) during early human infan-
cy.”? Similarly, negative responses have been reported
using fNIRS in newborn rodents and human neonates,
with decreases in cerebral oxyHb and variable changes
in the deoxyHb wupon neural stimulation.'"?
Interpretation of results is often confounded by the
different study protocols, methods used for neuronal
stimulation, heterogeneity of patients and their clinical
conditions. The physiological origin of the variable and
negative responses in the immature brain remain con-
troversial, including: increase in neuronal activity and
cerebral oxygen consumption without a compensatory
increase in CBF; a decrease in CBF due to the normal
redistribution and so-called ‘haemodynamic steal’ of
blood towards an adjacent activated cortical region;
or vasoconstriction in the area of neuronal activity.'*!

Notably, both the fNIRS and fMRI signals are
based on changes in the amount of oxygenated and
deoxygenated haemoglobin i.e., the balance between
cerebral oxygen delivery and consumption, however
neither are an actual assessment or measurement of
vascular conductance or CBF. The underlying mecha-
nisms of the functional haemodynamic response in the
developing brain where angiogenesis is still ongoing
and much of the vascular bed is structurally immature,
are still unclear. Apart from changes in vessel calibre
(vasodilation/vasoconstriction), recruitment of under-
perfused microvessels may also contribute to CBF
changes.'® Nevertheless, in vivo assessments of the
intracerebral vasculature and vascular control of CBF
remain challenging, especially at the level of the small-
est intracerebral arterioles within the brain parenchyma
which control the regional haemodynamic response.!’
Conventional cerebral angiography can detect vessels

with diameters as small as 200 um.'® However, adult
post-mortem analysis has revealed the diameters of
cortical arteries and arterioles to be between 20—
750 um,"'® though these measurements may not be com-
parable to in vivo vessel diameters given that vessels
collapse significantly upon cessation of cardiac output
and blood flow, and there is significant shrinking of
tissue due to histological processing.

Synchrotron radiation (SR) microangiography
offers novel non-invasive high-resolution imaging in
live animals that can detect dynamic changes in region-
al vascular networks. SR microangiography is useful
for in vivo repeated real-time imaging of microvessel
internal diameter and numbers under different physio-
logical or pathological conditions.'”** In general, high-
resolution SR microangiography has routinely been
attainable for small imaging fields-of-view, visualizing
cerebral microvessels down to 20-30 pm in diameter in
small animal investigations.'® We recently demonstrat-
ed the use of SR microangiography to study cerebral
haemodynamics in the preterm lamb where the brain
size is relatively small,?! and comparable in size and
structure to the human neonatal brain.** Indeed, pre-
term sheep have been used extensively to define the
pathophysiology of the preterm cerebral circulation,*
and we have previously used the NIRS technique in
fetal, preterm and term lambs to study cerebral haemo-
dynamic responses provoked by somatosensory stimu-
lation.'®*2 In this study, we exploited the potential of
monochromatic SR microangiography together with
NIRS to study functional cerebral haemodynamics in
preterm and 7—10-day old term lambs for the first time.
We aimed to investigate the microvascular changes
underlying the cerebral haemodynamic responses in
the immature brain. Through analyses of cerebral
vessel internal diameter and vessel counts in the SR
microangiograms, we assessed the acute perfusion
changes in intraparenchymal cerebral vasculature in
preterm and 7-10-day old term lambs during median
nerve stimulations.

Methods

Animal ethics

All experiments were performed at the Imaging and
Medical beamline of the Australian Synchrotron,
(IMBL) in Melbourne, Australia. Merino-Border
Leicester cross pregnant ewes and newborn lambs
were supplied by the Monash Animal Research
Platform. Experiments were approved by the Monash
Medical Centre and Australian Synchrotron Animal
Ethics Committees (AS 2016-005, proposals M 11046,
M12906 & M12664). Experiments were conducted in
accordance with the Australian Code of Practice for
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the care and use of Animals for Scientific Purposes
established by the National Health and Medical
Research Council of Australia. All animal experiments
complied with the ARRIVE guidelines.*®

Surgery and lamb instrumentation

Preterm and 7-10-day old term lambs were used in this
study and all surgery preparations and instrumenta-
tions were performed under clean but not aseptic con-
ditions. Food was withdrawn ~16hours prior to
surgery, with ad-libitum access to water.

Preterm lambs. Pregnant ewes were administered intra-
muscular betamethasone (12mg; Celestone, Merck
Sharp & Dohme, Australia) 48 and 24 hours prior to
caesarean section at 126—128 days of gestational age to
deliver the preterm lambs. General anaesthesia was
induced via maternal intravenous injection of 5%
sodium thiopentone (20 mg/kg; Pentothal). The ewe
was intubated, placed in a prone position and anaes-
thesia was maintained via inhaled 1-2.5% isoflurane
with mechanical ventilation and fractional inspired
oxygen to keep peripheral arterial oxygen saturation
(SpO,) >95%. Preterm lambs were partially exterior-
ized via a maternal midline abdominal incision and
hysterotomy for fetal instrumentation as described pre-
viously,?! whilst maintaining the placental-umbilical
circulation. Briefly, a nonocclusive polyvinyl catheter
was inserted into the fetal right carotid artery with the
catheter tip at the level of the mandibular angle, before
the carotid bifurcation, for administration of iodine
contrast agent. The fetal left median nerve was exposed
at the cubital fossa of the forelimb and a small silicon
cuff containing two multi-stranded copper wire electro-
des approximately 1cm apart was placed around the
median nerve.?> The fetal lamb was then intubated (size
4.0 endotracheal tube) and lung liquid passively
drained for 2 mins. The lamb was then fully exterior-
ized from the uterus onto the maternal abdomen, with
the umbilical cord still attached and functioning, for
positive pressure ventilation with humidified air in
volume-guaranteed mode at tidal volumes of ~5ml/
kg using a (Babylog8000+, Draeger; Germany).
Surfactant was administered via the endotracheal
tube (100 mg/kg Curosurf; ChiesiPharma; Italy) after
I min of ventilation. Delayed cord clamping was
achieved with the umbilical cord clamped and cut
after a total of 3min of ventilation. The preterm
lamb was then transferred to a robot-operated surgical
trolley in the Optics hutch 3B of the IMBL and
mechanical ventilation continued. General anaesthesia
was maintained with 1 — 1.5% inhaled isoflurane. An
oxygen saturation probe was placed around the lamb’s
shaved right forelimb to measure SpO, (Radical 4,

Masimo, French’s Forest NSW, Australia). Single-
lumen catheters (5 Fr, 1270.05 polyurethane catheter,
Vygon, Paris; France) were inserted into the umbilical
artery for continuous measurement of mean arterial
blood pressure (MABP), heart rate (HR) (DTX Plus
Transducer; Becton Dickinson) and blood gas sam-
pling (pH, PaO,, PaCO,, lactate; ABL30;
Radiometer, Copenhagen, Denmark); and into the
umbilical vein for fluid maintenance (10% glucose at
3ml/kg/h).

Seven-to-ten-day old term lambs. Lambs at 7-10days of
age were induced for general anaesthesia using inhaled
4-5% isoflurane via facemask. The lamb was then intu-
bated (size 5.0 endotracheal tube), and general anaes-
thesia was maintained by inhaled 1-1.5% isoflurane
with mechanical ventilation. Instrumentation of the
7-10-day old term lambs with carotid arterial catheter
and left median nerve stimulation cuff was the same as
preterm lambs (described above). However instead of
umbilical vessel catheterization, the 7-10-day old term
lamb’s left femoral artery was catheterized for MABP,
HR and blood gas sampling, and the left femoral vein
was catheterized for administration of 10% glucose (at
3ml/kg/h) for fluid maintenance. Similar to the pre-
term lamb, the 7-10-day old term lamb was transferred
to the IMBL and mechanical ventilation continued
with minimal isoflurane anaesthesia.

Near infrared spectroscopy (NIRS)

The light emitters and detector optodes of a two-
channel tissue oxygenation probe (NIRO-200,
Hamamatsu Photonics, Japan) were placed bilaterally
on the shaved scalp of the lamb, over the somatosen-
sory cortex.”*?> Measurement of changes in AoxyHb,
AdeoxyHb  and  total  haemoglobin  (Atotal
Hb = AoxyHb+ AdeoxyHb) (uM.cm) in both hemi-
spheres were recorded continuously.

Experimental protocol and data recording

All physiological recordings (MABP, HR, NIRS out-
puts (Atotal Hb, AoxyHb, AdeoxyHb)) were digitally
acquired continuously at a sampling rate of 1000 Hz
(Powerlab; ADInstruments, Castle Hill, NSW,
Australia) and recorded using LabChart
8 (ADInstruments).

The copper wire electrodes placed around the left
median nerve were connected to an isolated constant-
current electrical pulse generator (ISOLATOR-11 stim-
ulator isolation unit; Axon Instruments Inc., Foster
City, CA, USA) that delivered pre-programmed
trains of 2 msec pulses generated by the LabChart
8 software. The amplitude of the stimulus for each
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lamb was set to the minimum required to evoke a just-
visible twitch of the left forelimb (usually 2-5mA).

To elicit and record a cerebral haemodynamic
response in the contralateral cortex in each animal,
the median nerve was stimulated with a train of 2-
msec electrical pulses at a repetition rate of
3.3Hz.'%?! In preterm lambs, stimulus trains of short
(1.8 secs), medium (4.8 secs), or long (7.8 sec) durations
were conducted, while 7-10-day old term lambs were
subjected to only 4.8 and 7.8 sec stimulus trains as we
have previously reported that the responses to 1.8 sec
stimulation were minimal or absent in 7-10-day old
term lambs.** The beginning of each stimulus train trig-
gered the recording of all physiological signals over a
60-sec window, always preceded by Ssec of pre-
stimulus recording which was used as the baseline to
determine the relative magnitude of change of the
NIRS signals, MABP and HR following median
nerve stimulation.

Fifteen repeats of each stimulus train were con-
ducted at intervals of 66sec, and a signal-averaged
output of physiological signals (MABP, HR and
NIRS) was calculated wusing Scope software
(ADInstruments, Australia). The stimulus train dura-
tions (1.8, 4.8 and 7.8 sec) were delivered in random
order in all lambs. A rest period of 15 min was allowed
between stimulus trains of different durations.

Synchrotron radiation microangiography

SR cerebral microangiography in the lambs was per-
formed as previously described.?’ In brief, the lamb
was put in the prone position, facing and in line with
the horizontal path of the X-ray beam. The lamb’s
head was then rotated anti-clockwise in the horizontal
plane with the nose pointing at the 10—11 o’clock posi-
tion (Figure 1(a)). This position allows optimal imag-
ing of the right cerebral fronto-parietal hemisphere
which encompasses the somatosensory cortex (contra-
lateral to the left median nerve stimulation), as the
iodine contrast was injected into the right carotid
artery (Figure 1(b)).

SR microangiography was performed with mono-
chromatic X-rays at 34keV, above the iodine absorp-
tion K-edge energy (33.17 keV), for maximal contrast.
A flux of 6 x 10"" photons/mm?/s passed through the
lamb’s head and were recorded intermittently for brief
periods on the Ruby X-ray detector (50 mm Nikon 1:1.4
lens). A bolus (1 ml/kg) of iodinated contrast medium
(320mg iodine/ml; Visipaque, GE Healthcare, with
20U/kg heparin) was administered via the non-
occlusive catheter in the right carotid artery at 10—
20mL/min using a syringe pump (PHD22/2000;
Harvard Apparatus, Holliston, MA). High resolution
cine images with 2560 x 1258pixel format were recorded

at 16 frames per second at 16-bit resolution and stored
in a digital frame memory system. Image acquisition
was initiated immediately before injection of the
iodine contrast agent, and for each angiography scan,
~1000 frames were recorded with continuous x-ray
exposure (62.5 msec/frame, shutter open time). The
input field (field of view) of the X-ray detector was
24 mm x 13 mm with a pixel size equivalent to 29.6 um.

The SR cerebral microangiography was performed
at baseline (prior to median nerve stimulations). The
time taken for the iodine contrast agent to travel
through the arterial phase and appear in transition to
the capillary and venous compartments was noted.
Median nerve stimulation (with 15 repeats of the stim-
ulus train) was then performed with the physiological
recording (NIRS measurements, MABP and HR). The
time taken for the AoxyHb in the contralateral cortex
(Table 2) to reach its peak/nadir following the nerve
stimulation was recorded. SR microangiography was
then performed during one of the repeats of the stimu-
lus train, with the iodine contrast bolus injection timed
manually so that the contrast transit time to end of
arterial phase on the angiogram coincided with the
time for peak/nadir AoxyHb response following the
nerve stimulation. This optimises the microvessel visu-
alisation at the peak of the haemodynamic functional
response. Notably, due to the SR radiation creating an
electric current that damages the NIRS optodes, the
optodes were removed temporarily and NIRS measure-
ments ceased during the angiography scan.

At the end of experiment, the lambs were euthanised
by intravenous injection of pentobarbital at 100 mg/kg.

Image analysis (vessel counts and vessel lumen
diameter measurements)

Analysis of vessel counts and vessel diameter measure-
ments were performed as described previously.?!
Briefly, image analysis was performed using Imagel
software  (version  2.0.0-rc-69/1.52p,  National
Institutes of Health). Images were processed by first
enhancing image contrast achieved using temporal sub-
traction. Flat-field correction was achieved by subtract-
ing an averaged summation of 5 consecutive frames
taken prior to contrast injection from each raw image
taken after injection, to remove superimposed back-
ground. Images were then median filtered (2-pixel
radius) for clarity.

Five frames from each processed cine-angiogram
sequence (~0.5 sec apart) recorded at the end of arterial
phase were selected, before iodine contrast agent trans-
ited into the capillary and venous compartments, for
image vessel counts and vessel diameter measurements
(Figure 1(f)). Vessel counts were categorised according
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(a) X-Ray Emitter (b)

Ruby Detector

Figure |. Correlation between the 3D anatomical vessel visualisation derived from microCT and the 2D microangiography in the
right hemisphere of a preterm lamb. In figure panels A-D, blue dashed line indicates the sagittal plan and yellow arrows indicate the
direction of synchrotron radiation beam utilised during 2D angiography. (a) Schematic diagram showing the 2D view (x—y plane) from
above, with the sagittal line of the lamb’s head pointing at the 10—11 o’clock position and the synchrotron radiation beam in the
direction of the y-axis (yellow arrow). Solid lines denote the boundaries of the field-of-view (pink shaded region). (b) Schematic
diagram showing the 3D view of the region of interest imaged by the synchrotron radiation (pink shaded region). Note that the lamb
head position corresponds with that in the microCT images in panels (c and d). (c). MicroCT volume (with the lamb head position
same as in panel B) illustrating the right hemisphere imaged by the synchrotron radiation beam (yellow arrows) in relation to the
sagittal plane. (d). MicroCT cerebral vascular cast in relation to surrounding cranium (as seen in panel C, now semi-opaque). Green
arrows indicate the left and right internal carotid artery. The vessels in the right cerebral hemisphere are imaged by the synchrotron
radiation beam, as illustrated in panel (b). (¢) The cranium is now transparent and left cerebral hemisphere is digitally removed to
reveal barium filled vessels in the right cerebral hemisphere, corresponding with vessels identified on the 2D angiography (panel F).
Letters a to e indicate landmark vessels across right cerebrum seen in both panels (e) and (f). (f) In vivo dynamic angiogram recorded
from the same lamb following temporal subtraction (see methods for details) where black vessels indicate radiopaque iodine contrast
agent filled arterial vessels. Contrast agent delivery was made through a catheter placed in the right internal carotid artery (green
arrow).

to vessel lumen diameter (0-200, 201-400, 401-600, (1 pixel =29.6 um). Three measurements of each
601-800, >800 pm) in each lamb. vessel were taken and averaged in each frame, then

Vessel internal diameter measurements were per- the averaged vessel diameter across all 5 frames was
formed on Image] and corrected for pixel size calculated, at baseline and following each stimulation
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duration. The spatial point of measurement was con-
sistent across baseline and stimulation images for each
animal to calculate percentage change in vessel diame-
ter from baseline. Vessels were classified into vessel size
classes (0-200 pm, 201-500 um, >500 um) according to
their internal diameters at baseline (Figure 3).

Ex vivo micro-computed tomography (micro-CT)
with 3D volume reconstruction

To verify location of the vessels visualised on the 2D
microangiography, ex-vivo micro-CT with 3D recon-
struction of the cerebral vasculature was performed in
a preterm lamb. Following euthanasia, barium sulfate
contrast (20% w/v, gelatine 5% w/v) was infused into
the cerebral circulation via the right carotid artery
catheter. The lamb neck was tied distally to the right
carotid artery to prevent efflux of barium and allow the
barium to firm. The lamb head was then removed and
fixed in 10% formalin.

The CT scans were conducted at IMBL, using
33.8keV X-ray photon energy and the facility’s Ruby
detector (50 mm lens, 20 pm phosphor scintillator) with
a 2.5m sample-to-detector distance. The X-ray system
was tuned to produce 2D images for a field of view of
75 x 36 mm with 29.6 um pixel size. CT data acquisi-
tion for the lamb head consisted of 3 overlapping scans,
each containing 1800 projections over a 180° axis.
Multiple scans were required to accommodate the full
image of the head. The exposure was 55 msec per pro-
jection with an accumulated time of ~5 mins to scan
the lamb head. Each image projection was then proc-
essed to subtract electronic noise and background by
subtracting the median of 50 background and 50 dark-
field images taken without the sample (the lamb head).
Reconstruction of a 3D rendered series of CT cross-
sectional slices, including cropping, stitching and flat
field subtraction, was performed using the CTAS pack-
age (https://github.com/antonmx/ctas), and the pre-
processed data were then piped into the CSIRO’s
Xtract software?’) to perform actual CT computation.
The results were post-processed (noise reduction,
downsizing, 8-bit conversion) in Fiji (https://image;j.
net/Fiji). These steps were automated using custom
IMBLproc scripts and user interfaces (https://github.
com/AustralianSynchrotron/imblproc). Reconstructed
slices were stored as 8-bit TIFF volumetric images.
Three dimensional visualisation and manipulation of
the lamb head, including digital removal of tissue
layers, i.e. skin and cranium to reveal the vasculature,
was performed using Drishti (version 2.6, github.com/
AjayLimaye/drishti) (Figure 1(c) to (e)). The 3D micro-
CT cerebral vascular cast confirms that vessels in the
right somatosensory cortex were imaged in the in vivo
2D microangiograms (Figure 1(d) to (f)).

Physiological data analyses

The MABP and NIRS data from the 60-sec post-
stimulus window of recording were averaged as consec-
utive 1-sec duration bins and expressed as changes
from the pre-stimulus baseline.

Analysis and classification of the NIRS response
patterns in the contralateral cortex (the right hemi-
sphere) were based on AoxyHb, as it presents a more
robust signal-to-noise ratio than AdeoxyHb as reported
previously by us'® and elsewhere.”® A ‘positive’ or ‘neg-
ative’ response was defined as an increase or decrease
of oxyHb in the contralateral hemisphere, of more than
2 standard deviations from the baseline data values
recorded over 5sec immediately before the onset of
the median nerve stimulation.

Statistical analyses

Statistical analyses were performed using SigmaPlot
14.5 (Systat Software) and GraphPad Prism 7
(GraphPad Software, La Jolla; USA). Normality was
assessed by the Shapiro-Wilk test. Physiological
parameters and arterial blood gas measurements were
compared between those at the start and the end of the
experiment, using the Student’s paired t-test for
parametric data or Wilcoxon signed-rank test for
non-parametric data. For cerebral vessel numbers and
percentage change in vessel diameter, one way repeated
measures ANOVA was used to compare between dura-
tions of stimulations and between vessel diameter cat-
egories with Tukey’s post hoc analysis, whereas the
differences between preterm and 7-10-day old term
lambs were compared using a Welch’s t-test which
does not assume equal variance in the 2 groups.
Effects of the 3 durations of stimulation on MABP
and NIRS parameters in the preterm lambs were com-
pared using one-way repeated measures ANOVA, with
Tukey’s post hoc analysis for parametric data and
Friedman test for non-parametric data. All results are
expressed as mean +SD, and P value <0.05 was con-
sidered significant.

Results

Preterm and 7—10-day old term lamb characteristics

Seven preterm lambs and four 7-10-day old term lambs
were subjected to general anaesthesia and mechanical
ventilation for 4-5h. There were no significant differ-
ences in weight, arterial blood gas parameters or heart
rate between the start and end of the experiment in
both preterm and 7-10-day old term lambs
(Supplementary Table 1). Blood pressure decreased in
preterm lambs between the start and end of the
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Seven-to-Ten-Day Old Term Lambs

(@) . (b)

Number of Vessels

0-200 201-400 401-600 601-800 >B00

Vessel Diameter at Baseline (um)

Preterm Lambs

Baseline
+ 1.8 sec stimulation

+ 4.8 sec stimulation
7.8 sec stimulation

0-200 201-400 401-600 601-800

>800

Figure 2. Cerebral vessel counts.

Number of microvessels categorised according to vessel diameters in (A) 7—10-day old term (n =4) and (B) preterm lambs (n =7) at
baseline (black) and following 1.8 sec (green), 4.8 sec (red) and 7.8 sec (blue) stimulation. Seven-to-ten-day old term lambs were
subjected to 4.8 and 7.8 sec stimulus trains and preterm lambs to 1.8, 4.8 and 7.8 sec stimulus trains. Values are shown as mean 4 SD.
*p < 0.05 between vessel counts with different stimulation durations.

experiment, however it remained within the normal
physiological range under these experimental
conditions.

Using 3D microCT to localise the vessels seen on 2D
SR microangiography

A preterm lamb’s head was prepared for 3D microCT
imaging in order to verify locations of the vessels seen
on the 2D SR microangiography. An example is shown
in Figure 1. The brain region imaged by the 2D SR
microangiography is shown schematically in Figure 1
(a) and (b). The microCT of the lamb head (Figure 1
(c)) allowed 3D anatomical visualization of the blood
vessels in the right cerebral hemisphere of the lamb, as
seen after digitally removing the cranium (Figure 1(d))
and the left cerebral hemisphere (Figure 1(¢)).
Landmark vessels identified on the in vivo 2D SR
microangiography could be correlated with the vessels
seen on the 3D microCT image in the right somatosen-
sory cortex (Figure 1(e) and (f)), confirming that
appropriate regional vessels were used for analyses on
the SR angiography after left-sided somatosensory
nerve stimulations.

Changes in number of cerebral vessels following
somatosensory stimulation

SR cerebral microangiography was obtained in all 7-
10-day old term lambs following stimulus trains of 4.8
and 7.8 sec durations. In preterm lambs, SR microan-
giography was obtained in 6/7 lambs following 1.8 sec
stimulations, in 7/7 lambs following 4.8 sec stimulation
and 5/7 lambs following 7.8sec stimulation. The
number of cerebral microvessels visible in angiography
images were counted, categorised according to vessel

diameters, and compared between baseline (before
median nerve stimulations) and following the nerve
stimulations (Figure 2).

Seven-to-ten-day old term lambs (Figure 2(a)): The
number of the small microvessels (<200 um diameter)
following 7.8 sec stimulations was increased to 188.5 +
86.4 compared to baseline (125.8 £41.5, p<0.05).
There was no change in the number of vessels of
larger diameters (>200pum) after the median nerve
stimulations.

At baseline and following median nerve stimulation
for 7.8 sec, the number of vessels of <200 um in diam-
eter was significantly greater compared to vessel cate-
gories of diameters >800pum (p <0.05). Following
4.8 sec stimulation, the number of vessels with a diam-
eter <200 um was significantly greater compared to
vessel of diameters 601-800pum and >800um
(p<0.09).

Preterm Lambs (Figure 2(b)): There was no signifi-
cant change in the number of vessels in any vessel
diameter categories after stimulation for any of the
1.8, 4.8 or 7.8 sec durations, compared to the baseline.
At baseline, and following 1.8, 4.8 and 7.8 sec stimula-
tions respectively, the number of the smallest micro-
vessels (<200 um diameter) were significantly greater
than the number of vessels with diameters between
601-800 pm and >800 um (p < 0.05).

Change in diameter of cerebral vessels

The relative (percentage) changes in the internal diam-
eter of cerebral vessels in the contralateral somatosen-
sory cortex following median nerve stimulations were
categorised according to their baseline diameters and
averaged for each lamb (Figure 3). Cerebral vessels as



322

Journal of Cerebral Blood Flow & Metabolism 42(2)

Seven-to-Ten-Day
Old Term Lambs gy Lamby
(a) . (b)
. |
5 \
g 75 4 p=0.052
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Figure 3. Categorised vessel diameter change of lambs following median nerve stimulation. Percentage change of vessel diameters of
(A) 7-10-day old term lambs (n = 4) following 4.8 sec (red) and 7.8 sec (blue) stimulations; (B) preterm lambs (n = 7) following 1.8 sec

(green), 4.8 sec (red) and 7.8 sec (blue) stimulations. Values are sh
preterm lambs at the same stimulation duration.

small as ~90um diameter could be visualised and
measured.

Seven-to-ten-day old term lambs (Figure 3(a)). There were
no significant differences in the diameter changes
between the 4.8sec and 7.8sec stimulations within
any vessel diameter category. Following 4.8 sec and
7.8 sec stimulations respectively, percentage changes
in diameter of the smallest vessels (<200 pm) were sig-
nificantly greater compared to changes in the largest
vessels (>500 um) (p < 0.05).

Preterm lambs (Figure 3(b)). Cerebral microvessels with
diameters <200 um showed increased vessel diameters
following all stimulation durations. There was a strong
trend for higher percentage increase in vessel diameter
following the longer stimulation durations of 4.8 and
7.8sec (36.6£21.0% and 35.0£11.3% respectively),
compared to the 1.8sec stimulation (17.1+£18.9%,
p=0.052). No difference in percentage diameter
changes was seen between the 3 stimulation durations
in vessels of larger diameters (>200 pm).

Following median nerve stimulations of 1.8, 4.8 and
7.8 sec respectively, the percentage increase in the diam-
eter of the smallest vessels (<200 pum diameter) was sig-
nificantly greater compared to vessels with diameters
>500 um (p < 0.05).

Comparison between preterm and 7—10-day old term lambs.

Compared to 7-10-day old term lambs, the preterm
lambs showed significantly higher percentage increases
in vessel diameters of microvessels with diameters

own as mean =+ SD. #p < 0.05 between 7—10-day old term and

<200 um during 4.8 and 7.8 sec stimulations respective-
ly (Figure 3, p <0.05).

NIRS measurement of cerebral haemodynamic
responses to somatosensory stimulation

Table 1 summarises the incidence, and Table 2 summa-
rises the amplitude and timing of the cerebral haemo-
dynamic response patterns measured by NIRS
following different stimulation durations, based on
changes in AoxyHb signal in the contralateral cortex.
NIRS data could not be obtained for 1 seven-to-ten-
day old term lamb and 1 preterm lamb due to technical
difficulties (Table 1).

One out of 3 seven-to-ten-day old term lambs had a
positive (increased) AoxyHb response and 2 lambs had
a negative (decreased) AoxyHb response following
4.8 sec stimulations. However, 2 out of 3 seven-to-ten-
day old term lambs had a positive AoxyHb response
and 1 lamb had a negative AoxyHb response following
7.8 sec stimulations (Table 1, Figure 4(a), (c), (e), (g)).
All preterm lambs had a positive AoxyHDb response fol-
lowing 1.8, 4.8 and 7.8 sec stimulations (Table 1, Figure
4(b), (d), (f), (h)). These observations are consistent
with our previous studies demonstrating that somato-
sensory stimulation evokes variable responses in 7-10-
day old term lambs®* and mostly positive cerebral
hemodynamic responses in preterm lambs.*

Changes in blood pressure and cerebral AHb dfter
somatosensory stimulation (Table 2)

Mean arterial blood pressure. Combining the 7-10-day
old term lambs with positive and negative responses,
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Table |I. Contralateral AoxyHb response pattern in preterm and 7—10-day old term lambs.

Contralateral AoxyHb response pattern

Duration of No. of lambs Positive Negative NIRS recording
stimulation studied (n) (n) (n) not available (n)
Seven-to-ten-day old term lambs 4.8 sec 4 | 2 |
7.8sec 4 2 | |
Preterm lambs |.8sec 6 5 0 |
4.8sec 7 6 0 |
7.8sec 5 4 0 |

Note: Incidence of positive, negative or no response pattern, based on changes in oxyhaemoglobin (AoxyHb) recorded by NIRS from the contralateral
hemisphere, in 7-10-day old term lambs following median nerve stimulation at 3.3 Hz for 4.8 or 7.8 sec and preterm lambs following median nerve

stimulation at 3.3 Hz for 1.8, 4.8 or 7.8 sec.

Table 2. Changes in physiological parameters in preterm and 7—10-day old term lambs.

1.8 sec 4.8 sec 7.8 sec

Seven-to-ten-day old term lambs - - Positive Negative Positive Negative
(n=4) (n=1) (n=2) (n=2) (n=1)
AMABP Time to peak (sec) - - 8 8, 8 10, 10 29

Peak amplitude (mmHg)  — - 0.9 1.0, 0.7 3.1, 2.69 04
Contralateral Time to peak/nadir (sec) — - 9 13, 14 12,7 I5
AoxyHb Peak amplitude (uM.cm)  — - 54 -11.5,-62 79,70 —4.2
Preterm Lambs Positive Negative  Positive Negative Positive Negative
(n=7) =5 (=0 (=6  (n=0) (=4  (1=0)
AMABP Time to peak (sec) 62+£1.6 - 8+0.6 - [.3+1.00 -

Peak amplitude (mmHg)  3.5+26 - 59+39 - 4.1+1.3 -
ContralateralAoxyHb  Time to peak/nadir (sec) 108+28 - 123+69 - 13.8+1.9 -

Peak amplitude (uM.cm) 6.6 +2.9 - 93+114 - 78+4.0 -

Note: Changes in physiological parameters in preterm lambs with positive or negative contralateral AoxyHb response, following median nerve
stimulation for 4.8 sec and 7.8 sec in 7—10-day old term lambs and 1.8 sec, 4.8 sec and 7.8 sec in preterm lambs (values are mean =+ SD; individual values
are shown where n < 3 available). Values are shown as mean = SD. * indicates significant difference between 7.8 sec and 4.8 sec (p < 0.05).

there is no difference in their mean peak AMABP com-
pared to that in preterm lambs following 4.8 or 7.8 sec
stimulations. In 7-10-day old term lambs, the peak
AMARBP following stimulation and the times taken to
reach the peak MABP were similar in all lambs follow-
ing 4.8 sec and 7.8 sec stimulations, except the 1 lamb
with a negative AoxyHDb response after 7.8 sec stimula-
tion which responded with a delayed and minimal
change in MABP.

In preterm lambs, the time taken to reach peak
MABP was significantly greater following 7.8 sec com-
pared to 4.8 sec stimulations (p < 0.05). No significant
differences in peak AMABP were seen between differ-
ent stimulation durations in preterm lambs.

Cerebral OxyHb. The amplitudes of or time to reach the
peak AoxyHb were similar between preterm and 7-10-
day old term lambs with positive responses. In preterm
lambs, there were no significant differences between the

3 stimulation durations in the amplitude of or time to
reach peak AoxyHb.

Cerebral vessel dilation and constriction

A representative example of the SR microangiography
is shown in Figure 5 illustrating that cerebral vessels in
different areas can show dilation or constriction during
a 7.8 sec stimulation. The NIRS optode placed over the
somatosensory cortex recorded increased AoxyHb
(positive response) with the stimulation, corresponding
to some of the dilated vessels near the optode (Figure 5;
green circles).

Discussion

We have previously utilised synchrotron microangiog-
raphy to investigate cerebral haemodynamics in the
preterm newborn lamb which has a brain size compa-
rable to that of the human newborn.?' The current
study has explored and extended the use of synchrotron
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Figure 4. Changes in oxy-, deoxy- and total haemoglobin (AoxyHb; A, B, AdeoxyHb; C, D and Atotal Hb; E,F) recorded from the
contralateral hemispheres, and mean arterial blood pressure (AMABP; G,H), following a 3.3 Hz stimulus train of 7.8 sec duration in 7—
10-day old term (A, C, E, G) and preterm lambs (B, D, F, H). Individual lambs are shown by different colours. Shaded area in each graph

shows the period of stimulation.

microangiography in functional brain imaging for the
first time and has characterised the functional haemo-
dynamic response based on changes in microvessels in
the immature brain. We found that in response to
somatosensory stimulation of increasing durations in
the 7-10-day old term lambs, more cerebral microves-
sels were recruited as indicated by vessel contrast tran-
sit and visualisation, but there was no overall change in
the vessel diameters of the visibly perfused vessels at
different durations of stimulation. In contrast, the

preterm brain responded to increasing durations of
neural stimulations with further dilatation of the cere-
bral microvessels (i.e., increasing vessel diameter).
Importantly, these increases in vessel diameter in pre-
term lambs occur without the recruitment of additional
vessels. Our findings suggest different vascular mecha-
nisms underly the cerebrovascular response in the 7-10-
day old brain vs. preterm brain.

Functional imaging studies of the development of
the cerebrovascular response from early postnatal life



Inocencio et al.

325

Figure 5. Cerebral vessels dilatation and constriction in a rep-
resentative image of cerebral micro-angiography with iodine
contrast injected via the right carotid arterial catheter. The NIRS
optodes on the right parietal region could be seen. Cerebral
vessels are schematically indicated to show those with increased
diameter (vasodilation, green) or decreased diameter (vasocon-
striction, red) during a 7.8 sec stimulation. Vessels shown are
those that consistently displayed clear contrast entry and vessel
wall in all 5 image frames used for analysis at baseline and during
the stimulation.

have reported dramatically different developmental
trajectories that fall into two broad categories: (i) a
positive response (i.e., a localised increase in oxyHb
and/or decrease in deoxyHb, or a positive BOLD
fMRI signal) which increases in amplitude and
decreases in latency from newborn to adults®*%; or
(i1) a negative response (localised decrease in oxyHb
and/or increase in deoxyHb) in early postnatal life,
which then switches to a positive response at a later
age.”'"'? Mechanisms that underlie these developmen-
tal changes in the neurovascular coupling response
from newborn to adulthood is unclear, but is likely
due to the maturation and development of key compo-
nents of the neurovascular unit.®

Between the preterm and 7-10-day old term lambs, we
did not identify any differences in the peak amplitude or
latency of the positive AoxyHb response in this current
cohort or our published data of newborn lambs.>**
Nevertheless, our current SR findings suggest the under-
lying vascular mechanisms are evidently different
between the 7-10-day old term brain and preterm brain.

Interestingly, studies in newborn rodents failed to
record a BOLD fMRI signal prior to postnatal day
13 of age,® suggesting that the functional cerebrovas-
cular response develops with maturation. Notably, the
rodent brain development at postnatal age of 7-10 days
is considered comparable to the term human infant in
terms of glial, vascular and synaptic growth.?' Several
processes which occur around this age may underlie the
appearance of a measurable cerebral haemodynamic

response in human-term-equivalent rodent brain.
These include vascular sprouting around postnatal
day 10 and the development of arterial or venous char-
acteristics; a rise in CBF to near-adult levels; astrocyte
proliferation (which do not mature in rats until ~day
21) and its gap-junction coupling®***; increased synthe-
sis of prostanoids in the brain; synaptogenesis with
development of sensory stimulus—evoked potentials;
and increased sensitivity of the cerebral microcircula-
tion to vasoactive stimuli.’ In the human fetal cortex,
microvasculature develops radially from the superficial
leptomeningeal vessels, with muscularization of the
extra-striatal arterioles and capillary beds not estab-
lished until close to term equivalent age.***> All these
factors are likely also vital to the ability to ‘recruit’ or
open up additional cerebral microvessels following
neural stimulations, which may explain our observa-
tions in the 7-10-day old term lamb brain compared
to preterm lambs. The increased recruitment of cere-
bral vessels may also underlie the higher amplitude and
shorter latency of the cerebral haemodynamic response
with increasing age, as reported in humans and rats.®>°

The increase in MABP following somatosensory
stimulation is likely to be due to activation of the sym-
pathetic nervous system from recruitment of segmental
spinal reflexes, which is associated with involvement of
the ascending nociceptive pathways.’® We previously
have reported no correlation between the cerebral
AoxyHb and AMABP in larger cohorts of fetal'® and
newborn preterm lambs> at the same gestational age
and exposed to the same experimental protocol as in
the current study, suggesting that the cerebral haemo-
dynamic response is not driven by the increase in
MARBP.

Despite the increased number of visible cerebral ves-
sels, NIRS measurements in some 7-10-day old term
lambs showed the negative response with decreased
AoxyHb, consistent with our published data** and is sug-
gestive of local arterial vasoconstriction as observed in
neonatal rodents'™'" and human neonates.'? This vaso-
constriction phase was proposed to be driven by inner-
vation of the cerebral vessels®” and was also observed in
the adult rat'® where it was proposed that it served to
return hyperaemia to baseline. Accordingly, this vaso-
constriction may also cause CBF to decrease below the
basal (normal) level of perfusion in brain tissue sur-
rounding the responding region, potentially explaining
the ‘vascular steal’ reported in other studies.*®* We
also noted regional differences in the cerebral haemody-
namics on the SR microangiography (Figure 5).

Utility of SR microangiography

A variety of techniques have been developed for func-
tional neuroimaging in both human and animal studies
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to investigate the cerebral response to neural activity,
including different MR techniques, positron emission
tomography (PET), magnetoencephalography/magnet-
ic source imaging, transcranial doppler ultrasound and
NIRS, or local brain tissue pO, *° Many of these tech-
niques rely on measuring the haemodynamic responses
as indicated by the changes in cerebral oxy and deoxy-
haemoglobin, rather than the actual vascular changes.
Optical coherence tomography*' and ultrafast ultra-
sound localization microscopy* mostly apply to
small rodent brains due to the limited imaging depth
(<10 mm).

Our study demonstrates the utility of SR microan-
giography in direct measurements of the intraparenchy-
mal cerebral vasculature, which has previously been
difficult due to methodological constraints.
Transcranial Doppler measures blood flow velocity of
main cerebral arteries in human studies, but not region-
al intraparenchymal changes. Similarly, studies of new-
born rodents use optical spectral imaging to directly
measure calibres of upstream vessels on the cortical
surface (e.g., pial arterioles),'” or use laser Doppler
placed on the cortical surface to measure the upstream
CBF."" While the pial circulation is responsible for a
sizable fraction of the total resistance (and hence, with
a potential for flow control), a larger component of the
overall resistance is attributable to downstream intra-
cerebral vessels.*> We have previously shown in new-
born lambs that the neurovascular coupling response
may differ between upstream and downstream vessels,
such that even when the superficial cortical blood flow
(measured by laser Doppler) increases in response to
somatosensory stimulation, the intraparenchymal
response measured by NIRS could show reduced
total- and oxy-Hb, indicating the importance of down-
stream vasoconstriction.”* Indeed, there is also emerg-
ing evidence of functional segmentation of the
cerebrovascular tree in various cortical regions, with
gradual phenotypic change (zonation) and different
signalling mechanisms responsible for vasodilation
along the continuum of the arteriovenous network.***°
There is also structural diversity of the neurovascular
unit along the cerebrovascular tree suggesting differen-
ces in the role of each vascular segment in the overall
regulation of CBF. For example, pial arterioles have
multiple layers of smooth muscle cells and are richly
innervated, while the intraparenchymal arterioles have
a single or discontinuous layer of smooth muscle cells,
lack perivascular nerves and are encased by astrocytic
end-feet.*® Nevertheless, the different signalling mech-
anisms responsible for vasodilation at different levels of
the cerebrovascular tree are not yet fully
understood.*>4¢

To address some of these issues, we used SR angi-
ography to directly measure intraparenchymal vessels.

We use the preterm sheep model as it offers significant
advantages in studying cerebrovascular development
due to its similarities to the human neonatal brain in
size, structure and cerebrovascular reactivity.”> While
SR microangiography can detect dynamic intraparen-
chymal microvascular changes in the lamb brain, the
method has several limitations. The images are two-
dimensional and require contrast administration. We
also had to balance between the compromise of spatial
resolution and size of the field-of-view for the micro-
angiograms. To achieve higher resolution with a
smaller pixel size for measuring smaller microvessels,
the field of view would have to be reduced in size and
restricted to a smaller brain region. This could result in
an inability to capture the vessels of interest, especially
given the overall size of the lamb brain. Our post-
mortem 3D microCT (Figure 1) confirmed that with
our selected spatial resolution and size of field-of-
view, the SR microangiography clearly captured the
cerebral microvessels within our region of interest
(the contralateral somatosensory cortex). Using
images selected at the end of the arterial phase before
the iodine contrast transited to the capillary and
venous compartments, the vessels we analysed were
small arteries and arterioles (capillaries are not visible
on the microangiogram except as a “blush”). However,
we are unable to reliably differentiate between small
arteries and arterioles. Also, while our study has
described the vascular changes, further studies are
clearly required to investigate the mechanisms underly-
ing the age-related changes in neurovascular responses
at the cellular and molecular level.

Significance/conclusion

To our knowledge, this is the first study to use SR
microangiography to characterise the cerebral haemo-
dynamic functional response in the developing brain.
Our results have revealed an important mechanistic dif-
ference between the 7-10-day old term brain and pre-
term brain in their cerebrovascular responses to
somatosensory stimulations. In the preterm brain cere-
bral vessels dilate but there is no recruitment or ‘open-
ing’ of minimally perfused vessels, while the 7-10-day
old term brain recruits more vessels without further
dilation of the vessels visible at resting condition. The
lack of vessel recruitment in the preterm brain may
suggest a potentially limited capacity to mount higher
cerebral haemodynamic responses when faced with
prolonged or stronger neural stimulations.
Neurovascular interactions have emerged as essen-
tial contributors to brain development and vital for
maintaining the homeostasis of the brain internal
milieu.*® Notably, preterm brain injury is largely attrib-
utable to cerebrovascular lesions,*” but the role of
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neurovascular coupling was traditionally not consid-
ered and its pathogenic impact remains to be estab-
lished. The development of cerebrovascular responses
to neural stimulations may underlie important mecha-
nisms of preterm brain injury and provide therapeutic
targets. In addition, oxidative stress and inflammation,
major causes of neurovascular dysfunction in adult
neurological diseases,*® are also recognised as major
contributors of preterm brain injury.* These factors
could also drive neurovascular dysfunction in the pre-
term brain, amplifying the pathogenic impact.
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