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Neuroprotective effect

of indomethacin in normal
perfusion pressure breakthrough
phenomenon
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Loss of cerebral autoregulation in normal perfusion pressure breakthrough (NPPB) phenomenon
has been reported in other Central Nervous System diseases such as neonatal intraventricular
haemorrhage. Several studies have demonstrated that low-dose indomethacin prevents this latter
condition. A previous rat model was used to resemble NPPB phenomenon. Study animals were
distributed in 4 groups that received 3 doses of indomethacin at different concentrations prior to
fistula occlusion 60 days after its creation. Control animals received saline solution. Intracranial
pressure (ICP) increased in all groups following fistula creation, whereas mean arterial pressure (MAP)
and cerebral perfusion pressure (CPP) decreased as a manifestation of cerebral hypoperfusion and
intracranial hypertension. The administration of indomethacin was associated with raised MAP and
CPP, as well as decreased ICP. Sodium fluorescein extravasation was slight in study animals when
comparing with control ones. Histological analysis evidenced diffuse ischaemic changes with signs
of neuronal apoptosis in all brain layers in control animals. These findings were only focal and slight
in study animals. The results suggest the usefulness of indomethacin to revert, at least partially, the
haemodynamic effects of NPPB phenomenon in this experimental model, as well as to reduce BBB
disruption and histological ischemia observed in absence of indomethacin.

Normal perfusion pressure breakthrough (NPPB) phenomenon is a theoretical explanation that tries to clarify
the clinical observation of the development of massive brain swelling and/or diffuse cortical brain haemorrhages
following intracranial arteriovenous malformation (AVM) occlusion"* This comorbidity is usually observed
during the ending stages of the closure procedure and/or the early postoperative period, in absence of any other
cause that may explain the phenomenon'->. The incidence has been estimated at 3-6% of all treated cases®=.

The theory was first proposed by Spetzler et al.!, who considered that the cerebral hemisphere harbour-
ing an AVM, particularly large-size ones, suffers hypoperfusion and ischemia as a result of a “vascular steal”
phenomenon that the AVM exerts on cerebral blood flow (CBF). As this phenomenon becomes chronic, the
adaptive ability of vascular autoregulation of normal brain tissue surrounding the AVM would be affected and
reflected on the permanent arterial dilation in the brain tissue marginal to the AVM, a condition that attempts
to increase arterial contribution to counteract vascular steal and, therefore, chronic hypoperfusion™®”. Moreover,
structural changes in small capillaries, such as the absence of astrocytic foot process layer, would also appear as
a consequence of chronic hypoperfusion®. However, contralateral hemisphere changes have been observed both
in clinical and experimental studies®.

Disorders in cerebral vascular autoregulation property and its adaptive ability (both in capillaries and abnor-
mal vessels) have also been described in other diseases that affect the Central Nervous System, such as intra-
ventricular haemorrhage (IVH) in the preterm newborn. The pathophysiology of IVH in premature infants is
considered multifactorial: the intrinsic fragility of the germinal matrix, the structural changes in the basal lamina
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of brain vasculature and the disturbance in maturation of astrocytes-endfeet or podocytes (which develop a dou-
ble function: they are an element of the blood brain barrier (BBB) as well as a structural support of vessels)”°.
When IVH reaches enough size, a dehiscence in the ventricular ependyma appears and so haemorrhage extends
and becomes periventricular-intraventricular'!.

Cerebral vessels are affected in those two diseases due to immaturity during development or to the loss of the
adaptive autoregulation. As a result, vessels are unable to adequately respond to sudden changes in the systemic
arterial pressure, a fact that also affects intracranial pressure (ICP) and, therefore, cerebral perfusion pressure
(CPP). These mechanisms have been studied and proposed as the most probable primary physiopathogenic
ones in the development of NPPB phenomenon (what involves risk of secondary oedema and haemorrhage)
or IVH in the treatment of intracranial AVMs or preterm newborn respectively. In this context, several studies
have demonstrated low-dose indomethacin to be useful to prevent severe grades of IVH in extremely low birth
weight premature newborns!®!213,

Considering the physiopathogenic similarities described between NPPB phenomenon and preterm IVH, it is
hypothesized the effect of indomethacin on the prevention of the former taking into account the results obtained
in the prevention of the latter. Thus, the aim of the study is, in the first place, to assess the neuroprotective effect
of indomethacin in the prevention of primary physiopathogenic mechanisms involved in the development of
NPPB phenomenon following intracranial AVM occlusion and then if such effect could depend on the drug dose.

Methods

The research was based on a previous experimental model'*. The study was approved by the Animal Care and
Use Committee (CEBA) of “Puerta de Hierro” University Hospital (reference CEBA 016/2012; date April 16th
2012). The care and handling of the animals were performed in accordance with the European Directive and
National Regulations and Guidelines for Animal Research. All invasive procedures (except drug administration)
were performed under general anaesthesia (intramuscular injection of ketamine 75 mg/kg + xylazine 12 mg/kg,
with rescue dose of 1/3 when needed in order to achieve adequate anaesthetic depth). Thirty male Wistar rats,
250-350 g in weight, were distributed in 5 groups of 6 animals each. All animals underwent a surgical procedure
under general anaesthesia on day 0 which was divided in two consecutive stages: a minor-initial one and a major-
final one. Minor procedure involved the placement of a sensor for ICP registration in the left-brain hemisphere by
means of a post-coronal trepanation and durotomy. Major procedure entailed the creation of a left arteriovenous
fistula (AVF) by means of an end-to-side anastomosis between the external jugular vein and the common carotid
artery, similar to the one described in the previous model'. Bilateral external carotid arteries were also ligated.

Baseline (weight, temperature and heart rate) and haemodynamic variables (ICP, mean arterial pressure
(MAP) and CPP) were recorded at the different stages of the experiment (Fig. 1). A non-invasive blood pressure
measuring device (Harvard Apparatus, PanLab) and an intracranial catheter (Camino Intraparanchymal Sensor,
Integra) were used for this purpose. Both MAP and ICP were registered for 5 min (in 6 different measurements)
and mean values were calculated. Cerebral perfusion pressure resulted from the difference between MAP and
ICP. All parameters were compared in study and control groups.

Anastomosis permeability was also checked with a doppler ultrasound device (Mizuho 20 Hz Doppler system;
Mizuho Medical Corporation) postoperatively and on day 60 of the experiment.

A single daily dose of indomethacin was administered in the study group by subcutaneous injection in the
left thigh of the rat. Up to three doses were administered in each animal; the first dose was administered on day
57 of the experiment and the last dose was administered 24 h prior to euthanasia. The study group was divided
in 4 subgroups (each of which consisted of 6 animals) depending on the drug dose administered. Categorization
of subgroups was named in order according to ascending dose administered. Total daily dose was calculated in
accordance with each animal’s weight (Table 1).

Control group (formed by 6 animals) was also inoculated by subcutaneous injection in the left thigh of each
rat. A comparable volume of 0.9% saline solution was administered instead of indomethacin, following the same
pattern. A total of three doses were provided in each animal; the first dose was administered on day 57 and the
last dose was administered on day 59 of the experiment.

At the end of the experiment (day 60) and under general anaesthesia AVF was ligated during 60 min in all
animals in order to resemble NPPB phenomenon'*. Thereafter, and with the aim of evaluating BBB integrity, three
animals of each group were perfused with fluorescein sodium (10% NaFl—0.6 mL/kg) via transcarotid injection.
A thoracotomy was then performed and perfusion with saline solution was achieved until complete clearance
in the right ventricle was confirmed. Euthanasia of all animals was held by decapitation and brain samples were
collected for analysis. Staining pattern was documented by digital photography.

At this same point, and after AVF closure for 60 min, the remaining three animals in each group underwent
transcardial perfusion with 4% paraformaldehyde solution in phosphate buffered and were euthanized follow-
ing a previous model'*. Brain samples were collected and fixed in formalin. Subsequently they were paraffin-
embedded for haematoxylin and eosin stain evaluation. An independent observer analysed the samples and
described pathological findings.

The neuroprotective effect of indomethacin was evaluated through hemodynamic response, BBB integrity
and histological assessment.

Quantitative data collection was prospectively accomplished in an individual registration form, which was
transferred to a database for analysis. Figure 1 describes the flow chart of the invasive procedures and meas-
urements performed in all groups during the experiment. Statistical analysis was accomplished by Stata v 15.1
(StataCorp. 2017. Stata Statistical Software: Release 15. College Station, TX: StataCorp LLC).

Variables distribution followed an asymmetrical function. A descriptive analysis was performed using cen-
tral tendency (median) and dispersion parameters (range; interquartile range). All parameters were compared
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Figure 1. Flow chart of surgical procedures and variable measurements in study and control groups during the
experiment.

1 Indomethacin 0.5 mg/kg
2 Indomethacin 1 mg/kg
3 Indomethacin 2 mg/kg
4 Indomethacin 4mg/kg
Control | 0.9% saline solution | 0.5 mL

Table 1. Experiment groups.
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‘ Group 1 (0.5 mg/kg) ‘ Group 2 (1 mg/kg) ‘ Group 3 (2 mg/kg) ‘ Group 4 (4 mg/kg) ‘ Control group
Day 0, preop
Weight (g) 315 (305-330) 315 (310-320) 307.5 (300-315) 317.5 (295-335) 297.5 (290-315)
T2 (°C) 34.55 (34.2-35.9) 35.5(34.9-35.9) 34.55 (34-35.2) 34.9 (34.8-35.9) 35.65 (34.8-36.2)
BPM 344 (321-357) 365.5 (317-428) 390.5 (357-417) 362 (342-375) 450 (403-465)
MAP (mmHg) | 112.5 (107-117) 104 (97-107) 118 (107-129) 1245 (115-127) 126 (122-127)
ICP (mmHg) 9.5 (6-11) 7 (5-8) 9 (8-9) 5 (6-11) 9.5 (7-11)
CPP (mmHg) 104 (95-109) 95.5 (90-101) 109 (98-121) 114.5 (108-118) 114.5 (114-117)
Day 0, postop
Ta (°C) 33.05 (32.7-33.1) 33.45(33.1-33.8) | 33.85 (33.8-34) 34.2 (33.4-34.4) 33.35 (32.8-33.8)
BPM 386.5 (360-403) 381 (340-428) 386 (338-414) 387.5 (372-390) 407 (385-428)
MAP (mmHg) 91.5 (84-101) 88.5 (80-93) 94 (92-101) 102.5 (90-110) 97 (92-99)
ICP (mmHg) 11 (10-14) 1(7-12) 13 (11-14) 9.5 (9-14) 13.5 (12-16)
CPP (mmHg) 81 (69-87) 79 (68-84) 82.5 (78-91) 90.5 (76-101) 83 (79-83)
Day 7
Peso (g) 262.5 (255-285) 230 (230-260) 282.5 (250-295) 247.5 (205-310) 262.5 (255-270)
Ta (°C) 33.9 (32.7-34.5) 33.75 (32.7-34.2) 34.2 (33.6-35.8) 34.2 (33.9-34.7) 34.15 (33.7-35.6)
BPM 374 (367-424) 367 (342-415) 351 (323-389) 396.5 (366-411) 374 (324-399)
MAP (mmHg) 91 (76-96) 82 (81-87) 88 (83-99) 93.5 (82-111) 97.5 (92-106)
ICP (mmHg) 13.5 (11-14) 11 (9-14) 12.5 (12-14) 12 (10-14) 12 (9-15)
CPP (mmHg) 78.5 (62-83) 69 (67-75) 75.5 (67-85) 82 (68-103) 89 (80-92)
Day 60
Peso (g) 382.5 (350-400) 327.5(270-375) 342.5 (300-345) 277.5 (215-365) 340 (255-400)
Ta (°C) 34.25 (34-34.6) 35.2 (34.7-36.2) 35.2 (33.9-36) 34.95 (34.7-35.1) 35.1 (34-35.9)
BPM 362 (298-377) 348 (325-371) 387 (346-424) 373.5 (348-424) 372 (335-415)
MAP (mmHg) 107 (95-108) 96.5 (90-100) 104.5 (98-119) 110.5 (106-123) 98.5 (97-109)
ICP (mmHg) 11.5 (8-13) 9.5 (8-12) 10 (10-10) 7.5 (7-13) 14.5 (11-17)
CPP (mmHg) 95.5 (82-100) 87 (80-89) 94.5 (89-109) 100.5 (99-110) 86 (80-92)

Table 2. Baseline and hemodynamic variables in all experiment groups. Values expressed as median (IQR).

between each of the different study subgroups and the control group. Considered level of significance was 5%.
The evolution of different variables along the time was also evaluated. Since each animal was evaluated several
times during the experiment, regression models were used in order to consider the correlation between data in a
same animal. For this purpose, coeflicients were obtained for each variable by means of mixed models (random
effect). Besides that, regression coefficients, lineal predictions and their respective 95% confidence intervals were
obtained to provide a better understanding of the different considered parameters evolution.

Ethics approval. The study was approved by the Animal Care and Use Committee (CEBA) of “Puerta de
Hierro” University Hospital (reference CEBA 016/2012; date April 16th 2012).

Results

A total of 39 animals were needed to achieve the experiment. Eight of them presented early mortality (first 48 h
of the experiment) and 1 presented delayed mortality, so 30 animals where considered for final analysis. In addi-
tion to fistula permeability corroboration by means of cervical Doppler ultrasound, surgical exploration on day
60 evidenced fistula patency in all cases, showing varicose, dilated and tortuous external jugular veins as well as
hypoplastic common carotid arteries distal to the anastomosis. Retrograde flow from the carotid artery to the
anastomosed jugular vein was also confirmed.

At the beginning of the experiment, all groups were homogeneous regarding control group when comparing
weight and temperature. Heart rate was significantly higher in control group and MAP was only significantly
different in study group 2. All groups were also homogeneous when considering ICP and CPP (Tables 2, 3).

All animals (study and control) showed a similar pattern regarding weight during the research development.
According to the previous model'*, weight significantly decreased at an early stage, with a subsequent recovery
up to basal situation on day 60 (Table 2).

Temperature ranged from 32.7 to 36.5 °C during the development of the experiment. Overall median was
34.8 °C. The behaviour of this variable was homogeneous in all groups.

An overall slightly upward trend was observed in study groups regarding heart rate following AVF creation,
in absence of any statistically significant differences when comparing with control group (Tables 2, 3). Stable
values were registered on days 7 and 60 of the experiment among all groups, with an overall median value of
374 and 364 bpm, respectively.
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‘ Group 1 (0.5 mg/kg) ‘ Group 2 (1 mg/kg) ‘ Group 3 (2 mg/kg) ‘ Group 4 (4 mg/kg)
Day 0, preop
BPM 0.002 0.028 0.182 0.011
MAP (mmHg) 0.077 0.006 0.573 0.838
ICP (mmHg) 0.965 0.230 0.829 0.081
CPP (mmHg) 0.590 0.072 0.613 0.960
Day 0, postop
BPM 0.097 0.335 0.756 0.189
MAP (mmHg) 0.101 0.044 0.290 0.223
ICP (mmHg) 0.446 0.446 0.799 0.374
CPP (mmHg) 0.087 0.039 0.291 0.183
Day 7
BPM 0.096 0.07 0.449 0.098
MAP (mmHg) 0.491 0.596 0.634 0.958
ICP (mmHg) 0.075 0.057 0.099 0.127
CPP (mmHg) 0.763 0.9 0.436 0.725
Day 60
BPM 0.118 0.252 0.264 0.16
MAP (mmHg) 0.009 0.005 0.064 0.016
ICP (mmHg) 0.052 0.253 0.005 0.011
CPP (mmHg) 0.004 0.004 0.021 0.005

Table 3. Comparison of haemodynamic variables between each study group and control group (p value). Bold
values when p <0.05.

Haemodynamic measurement. Mean arterial pressure. Overall preoperative MAP value on day 0
ranged from 95 to 136 mmHg (median 116.5 mmHg). No difference was observed at this point among groups
except in study group 2, which showed a significant reduced value regarding control animals. Postoperative
value on day 0 registered a decline in median values in all groups when comparing with the preoperative status.
The most significant decrease was recorded in study group 3 with a decrease of 24 mmHg, and the less significant
decrease was recorded in study group 2, with a decrease of 15.5 mmHg. A slight decrease was also observed on
day 7 in the study group. However, it was less intense than the one observed postoperatively. This trend was more
pronounced in study group 4, where the median decreased in 9 mmHg comparing with the previous measure-
ment. On the other hand, the value was stable in the control group (97.5 mmHg). Thus, no statistically significant
difference was observed on MAP values on day 0 postoperatively and on day 7 when comparing groups, except
for study group 2, which remained significantly decreased postoperatively (p =0.044). Such difference was not
present on day 7 (Tables 2, 3).

A generalized increase in MAP was observed on day 60, after indomethacin administration, in the study
groups. The most important increase was recorded in study group 4 (17 mmHg) and the less important one in
study group 2 (14.5 mmHg). These findings were statistically significant when comparing study groups 1, 2 and 4
to control group (p=0.009, 0.005 and 0.016, respectively). No difference could be related to indomethacin dose.
Figure 2A,B resume MAP pattern during the experiment.

Intracranial pressure. Overall preoperative median value was 8.5 mmHg (range 4-13 mmHg). All study groups
were homogeneous at the beginning of the experiment. Postoperative value increased in all groups. The most
significant increase was recorded in the control group (4 mmHg with regard to the previous condition). The
differences observed among groups were not statistically significant both preoperatively and postoperatively
on day 0. Values were stable in all groups on day 7, with an overall median of 12.5 mmHg (range 5-17 mmHg).
However, a mild upward trend was observed in study groups 1 and 4 with higher values comparing with the
previous condition; on the other hand, a mild downward trend was recorded in study group 3 and control group.
The differences observed were, again, not statistically significant (Tables 2, 3).

At the end of the experiment (day 60) prior to the fistula occlusion and after drug administration, widespread
values in the different groups were registered (range 6-18 mmHg). However, values registered in the 4 study
groups were significantly lower than those in the control group, except for study group 2 (p=0.253). Again, no
dose relationship was evidenced. Figure 2C,D resume ICP pattern along the experiment.

Cerebral perfusion pressure. Overall preoperative median value was 108.5 mmHg (range 88-128 mmHg).
Higher values were observed in control and study 4 groups (114.5 mmHg); lower median corresponded to study
group 2 (95.5 mmHg). All groups were homogenous at this stage. Postoperative value decreased in all groups,
with an overall median of 83 mmHg (range 59-103 mmHg). However, this decline was only significant in study
group 2 (p=0.039). Values were stable in almost all groups on day 7, with an overall median of 77.5 mmHg. The
differences observed among groups were not statistically significant (Tables 2, 3).
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Figure 2. (a,c,e) Distribution of MAP, ICP and CPP in all groups, represented as the median. (b,d,f) Linear
predictions of MAP, ICP and CPP in accordance to time with their respective 95% confidence interval.

CONTROL 0.5 MG/KG 1 MG/KG

2 MG/KG

4 MG/KG

Figure 3. Rat brain photograph of control and study groups. Sodium fluorescein extravasation is evidenced.
Staining is lighter in those specimens that had previously received indomethacin when comparing with control
specimen.

At the end of the experiment (day 60) and after indomethacin administration, all study groups showed a
more pronounced increase in CPP when comparing with the control group. Theses differences reached statisti-
cal significance (Tables 2, 3) and were not dependent on indomethacin dose. Figure 2E,F resume CPP pattern
during the experiment.

Blood brain barrier permeability assessment. NaFl extravasation was evidenced in all animals of control and
study groups following the restoration of CPP after arteriovenous fistula closure. The staining distribution was
homogeneous and affected both hemispheres. However, staining was lighter in those specimens that had previ-
ously received indomethacin when comparing with control specimens. No differences could be attributed to the
drug dose administered in each case (Fig. 3).

Histological exam. Light microscopy evaluation (haematoxylin and eosin staining) did not evidence foci of
oedema and/or haemorrhage. Both control and study specimens showed morphological changes in neurons
related to cell necrosis (reduced cytoplasm size together with pyknotic neuronal nuclei). The extent of this find-
ing was wide in the control group, with presence of such changes in all analysed layers of the brain cortex. On the
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Figure 4. Light microscopy (haematoxylin and eosin staining): comparison between control and study groups
(labelled by indomethacin dose received) at different augmentation.

contrary, the presence of these morphological changes was only localized and focal—patch-characterized—in
the study group. No difference could be attributed to indomethacin dose (Fig. 4).

Discussion

Several therapies have been proposed to prevent NPPB phenomenon, a complication that involves high mor-
bidity and mortality. However, no therapy has been clearly demonstrated to prevent it up to date. A progressive
increase in blood perfusion of the ischemic hemisphere was initially proposed. Gradual and staged obliteration
of the AVM by means of sequential closure of feeding arteries was achieved?. Endovascular and/or surgical
procedures (vascular clips or ligature) were used for this purpose>'>16. Staged resection of the AVM has also
been suggested"!”. However, new cases of this complication have been reported despite these existing measures?.

Systemic arterial hypotension has also been considered to prevent NPPB, particularly in the early postopera-
tive period"'®-*". On the contrary, it is a controversial measure during the surgical procedure, since it may worsen
pre-existing ischemia??2. Other authors, however, defend it'>!”. Local hypotension has also been attempted by
means of a gradual and reversible closure of ipsilateral carotid artery in its cervical segment, and during a variable
period of time. This procedure was described both intraoperatively (during AVM resection) and postoperatively,
but no conclusive recommendation could be reached®*.

Indomethacin has been previously considered in the treatment of raised ICP in patients with traumatic brain
injury, due to a vasoconstrictor effect and a decrease in CBF?. Similarly, it has been used in the treatment of
established NPPB phenomenon, but it was not recommended since early signs of brain ischemia were detected?.
Other postoperative recommendations include intensive care unit surveillance during at least 24 h'’, negative
fluid balance (osmotherapy and diuretics)'”?**, control of ICP'”?*?* and/or even barbiturate coma therapy
when needed*>.

Immunohistochemistry studies based on the detection of glial (glial fibrillary acidic protein—GFAP- and
aquaporin 4) and vascular markers (laminin) have determined that podocyte density is similar in the whole brain
tissue regardless of gestational age. However, podocytes differentiation at the germinal matrix is less numerous
when compared with the rest of the encephalon (less concentrated GFPA in spite of similar aquaporin 4 with
regard to any other location)?. This finding has also been considered a possible marker of fragility associated
with potential risk of secondary haemorrhage®. Other studied factors involved in CBF regulation during brain
development are cyclooxygenase enzymes expression and subsequent production of prostaglandin®*. Further-
more, microglia reacts against hypoxia by releasing free radicals (which are known to damage the endothelium,
alter haemostasis and increase anaerobic metabolism when they are not well cleared)***!. Central Nervous System
in extremely low birth weight premature newborns is more likely to suffer free radical damage due to clearance
system immaturity'®. A significant increase in CBF occurs as a result of the following variations: sudden arterial
pressure changes (mainly hypotension); states of arterial-blood gas concentration (hypoxemia e hypercapnia)®;
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or changes in blood pH (acidosis)?**>*. This fact initially favours haemorrhage in the germinal matrix but may
subsequently extend to the ventricular system'.

Indomethacin is widely accepted in the preterm newborn to prevent patent ductus arteriosus*. It has also been
proven to prevent severe grades of IVH in the preterm newborn!®'>!%. Thus, both incidence and severity of IVH
may be reduced with indomethacin administration, according to experimental and clinical studies'>!*. However,
long-term benefits are controversial'>!*. Prevention of IVH would be achieved by means of a double mechanism.
On one hand, by the effect on CBF; on the other hand, by promoting basal membrane maturation?3>3*3>3_1,ow-
dose administration of indomethacin in extremely low birth weight premature newborns has been demonstrated
to associate neuroprotective characteristics such as: the reduction of sudden increases in CBF temporarily in cases
of hypoxia/hypercapnia, with subsequent recovery of basal values to widen the range where CBF autoregulation
acts, specially in cases of increased CPP such as severe hypoxia in preterm newborn!*?#3%37-3%; to the increase in
cerebral vascular resistance in absence of changes in heart function®’; the achievement of structural maturation
of vessels involved in periventricular germinal matrix by means of laminin and collagen store®; the reduction
of BBB permeability*’; the prevention of free radicals formation such as superoxide anion, (which is well known
to contribute in reperfusion damage)*!.

Changes related to cerebral perfusion disorder, such as hypoxia, hypercapnia and arterial hypotension usu-
ally occur following labour of extremely low birth weight premature newborns'>*2. Thus, IVH in these infants
has been attributed to changes in CBF in the periventricular germinal matrix, due to the particular structure of
the matrix and micro vessels immaturity'’. Indomethacin administration during the first day of life has been
proven as an effective measure to prevent IVH, particularly severe grades'>**-*. Thus, indomethacin may reduce
the hyperemic response favouring cerebral autoregulation®>**, promoting microvascular maturation in the
germinal matrix***%#!, and inhibiting changes in BBB permeability*.

In the model hereby described indomethacin administration pattern was discussed and decided based on its
effect on intraventricular haemorrhage in the preterm newborn. It was administered prior to AVF occlusion since
we were looking for a preventive effect, rather than a therapeutic effect. Extending indomethacin administration
after AVF closure would imply more interventional procedures that would need anaesthesia administration in
the rat and may increase mortality rate'*. However, we do not discard to test it in further investigations.

The present study represents the first one that analyses the usefulness of indomethacin in the prevention of
NPPB phenomenon in an experimental animal model that resemble primary physiopathogenic phenomena
involved in it. Prophylactic and therapeutic measures employed in NPPB phenomenon do not have evidence
enough to be widespread recommended up to date">!17:2>244 Indomethacin administration prior to fistula
occlusion reduced ICP and improved CPP. Sodium fluorescein extravasation was used for a qualitative assessment
of BBB damage. Staining distribution was bilateral and symmetrical in all specimens, which shows a not only
a focal but global disorder. These findings are similar to previous observations*-*. However NaFl staining was
macroscopically fainter in animals from all study groups rather than in animals from the control group in absence
of dose-related differences. Neuronal degeneration and cellular necrosis have been previously described*. These
findings were also attenuated when indomethacin was used in the experiment.

This study comprises also some limitations to be mentioned. Conclusions are based on an experimental
model that although reproduces the primary physiopathogenic events involved in the subsequent development
of NPPB phenomenon, it does not resemble the final and dreaded complications associated to it (oedema and/
or haemorrhage). However, the opportunity to know and understand such physiopathogenic mechanisms is
essential to consider indomethacin as a prophylactic alternative in the management of intracranial AVMs. This is
a preliminary study that will be implemented with added measurements in further experiments, such as cortical
cerebral blood flow (by a laser speckle flowmetry imaging system) or ICP pulse amplitude.

Sodium fluorescein extravasation entails a qualitative but not quantitative assessment of BBB integrity. A dif-
ferent method that allows a deeper and more exact knowledge of distribution patterns in NPPB phenomenon,
such as polarized light, should be tested.

Despite light microscopy evidenced neuronal degeneration and pyknosis*, it was not able to show haemor-
rhage or apoptosis. Further studies with more specific techniques, such as electronic microscopy, flow cytometry,
and TUNEL assay may help assess the effect of indomethacin in NPPB phenomenon more accurately.

Conclusions

Indomethacin administration prior to AVF closure was related to a non dose-dependent significant increase in
MAP and CPP. Besides that, ICP showed a drop after indomethacin administration that was significant in most
of the study groups. Indomethacin employment also allowed to a partial weaken BBB disruption related to NPPB
phenomenon as well as the restriction of neuronal degeneration and pyknosis, according to fluorescein staining
and histological assessment, respectively.

Thus, the results obtained in this study show that the use of indomethacin prior to AVF closure was related
with the partial prevention of primary mechanisms of NPPB phenomenon, mainly due to its effect on hemody-
namic variables and, in a lesser extent, due to its effect on BBB disruption and neuronal degeneration. Further
studies including more specific techniques and testing other indomethacin administration patterns are needed
to confirm such observations.

Received: 7 April 2020; Accepted: 31 August 2020
Published online: 22 September 2020

References
1. Spetzler, R. F et al. Normal perfusion pressure breakthrough theory. Clin. Neurosurg. 25, 651-672 (1978).

SCIENTIFIC REPORTS |

(2020) 10:15466 | https://doi.org/10.1038/s41598-020-72461-1



www.nature.com/scientificreports/

11.
12.
13.
14.

15.
16.

17.
18.

19.
. Day, A. L., Friedman, W. A, Sypert, G. W. & Mickle, J. P. Successful treatment of the normal perfusion pressure breakthrough

21.
22.

23.
24.

25.

26.
27.

28.
29.

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.

. Gutiérrez-Gonzalez, R., Gil, A., Serna, C., Lopez-Ibor, L. & Boto, G. R. Normal perfusion pressure breakthrough phenomenon:

What still remains unknown. Br. J. Neurosurg. 26, 403-405 (2012).

. Young, W. L. et al. Cerebral hyperemia after arteriovenous malformation resection is related to “breakthrough” complications but

not to feeding artery pressure. The Columbia University Arteriovenous Malformation Study Project. Neurosurgery. 38, 1085-1093
(1996).

. Morgan, M. K, Johnston, I., Besser, M. & Baines, D. Cerebral arteriovenous malformations, steal, and the hypertensive break-

through threshold. An experimental study in rats. J. Neurosurg. 66, 563-567 (1987).

. Chyatte, D. Normal pressure perfusion breakthrough after resection of arteriovenous malformati on. J. Stroke Cerebrovasc. Dis. 6,

130-136 (1997).

. Kader, A. et al. The influence of hemodynamic and anatomic factors on hemorrhage from cerebral arteriovenous malformations.

Neurosurgery 34, 801-807 (1994).

. Spetzler, R. E et al. Relationship of perfusion pressure and size to risk of hemorrhage from arteriovenous malformations. J. Neu-

rosurg. 76, 918-923 (1992).

. Sekhon, L. H., Morgan, M. K. & Spence, I. Normal perfusion pressure breakthrough: The role of capillaries. J. Neurosurg. 86,

519-524 (1997).

. Ballabh, P. Intraventricular hemorrhage in premature infants: Mechanism of disease. Pediatr. Res. 67, 1-8 (2010).
. McCrea, H. J. & Ment, L. R. The diagnosis, management, and postnatal prevention of intraventricular hemorrhage in the preterm

neonate. Clin. Perinatol. 35, 777-792 (2008).

Ballabh, P, Braun, A. & Nedergaard, M. Anatomic analysis of blood vessels in germinal matrix, cerebral cortex, and white matter
in developing infants. Pediatr. Res. 56, 117-124 (2004).

Schmidt, B. et al. Long-term effects of indomethacin prophylaxis in extremely-low-birth-weight infants. N. Engl. . Med. 44,
1966-1972 (2001).

Ment, L. R. et al. Low-dose indomethacin and prevention of intraventricular hemorrhage: A multicenter randomized trial. Pediatrics
93, 543-550 (1994).

Revuelta, J. M. et al. Experimental rat model of chronic cerebral hypoperfusion-reperfusion mimicking normal perfusion pressure
breakthrough phenomenon. Neurocirugia (Astur) https://doi.org/10.1016/j.neucir.2019.11.002 (2020).

Nornes, H. & Grip, A. Hemodynamic aspects of cerebral arteriovenous malformations. J. Neurosurg. 53, 456-464 (1980).
Mullan, S., Brown, F. D. & Patronas, N. J. Hyperemic and ischemic problems of surgical treatment of arteriovenous malformations.
J. Neurosurg. 51, 757-764 (1979).

Deruty, R. et al. Complications after multidisciplinary treatment of cerebral arteriovenous malformations. Acta Neurochir. (Wien)
138, 119-131 (1996).

Barnett, G. H,, Little, J. R,, Ebrahim, Z. Y., Jones, S. C. & Friel, H. T. Cerebral circulation during arteriovenous malformation
operation. Neurosurgery 20, 836-842 (1987).

Leblanc, R. & Little, J. R. Hemodynamics of arteriovenous malformations. Clin. Neurosurg. 36, 299-317 (1990).

syndrome. Neurosurgery 11, 625-630 (1982).

Zabramski, J., Henn, J. & Coons, S. Pathology of cerebral vascular malformations. Neurosurg. Clin. N. Am. 10, 395-410 (1999).
Morgan, M. K. & Sundt, T. M. Jr. The case against staged operative resection of cerebral arteriovenous malformations. Neurosurgery
25, 429-435 (1989).

Bonnal, J., Born, J. D. & Hans, P. One-stage excision of high-flow arteriovenous malformations. J. Neurosurg. 62, 128-131 (1985).
Tamaki, N. et al. Modulation of blood flow following excision of a high-flow cerebral arteriovenous malformation. Case report. J.
Neurosurg. 72, 509-512 (1990).

Jensen, K., Ohrstrom, J., Cold, G. E. & Astrup, J. The effects of indomethacin on intracranial pressure, cerebral blood flow and
cerebral metabolism in patients with severe head injury and intracranial hypertension. Acta. Neurochir. (Wien) 108, 116-121
(1991).

Hansen, P. A., Knudsen, E, Jacobsen, M., Haase, J. & Bartholdy, N. Indomethacin in controlling “normal perfusion pressure
breakthrough” in a case of large cerebral arteriovenous malformation. J. Neurosurg. Anesthesiol. 7, 117-120 (1995).

El-Khoury, N. et al. Astrocyte end-feet in germinal matrix, cerebral cortex, and white matter in developing infants. Pediatr. Res.
59, 673-679 (2006).

Leffler, C. W. et al. Effects of indomethacin upon cerebral hemodynamics of newborn pigs. Pediatr. Res. 19, 1160-1164 (1985).
Ment, L. R,, Stewert, W. B., Duncan, C. C,, Scott, D. T. & Lambrecht, R. Beagle puppy model of intraventicular haemorrhage. Effect
of indomethacin on cerebral blood flow. J. Neurosurg. 58, 857-862 (1985).

Chao, C. C,, Hu, S., Molitor, T. W, Shaskan, E. G. & Peterson, P. K. Activated microglia mediate neuronal cell injury via a nitric
oxide mechanism. J. Immunol. 149, 2736-2741 (1992).

Possel, H., Noack, H., Putzke, J., Wolf, G. & Sies, H. Selective upregulation of inducible nitric oxide synthase (INOS) by lipopoly-
saccharide (LPS) and cytokines in microglia: In vitro and in vivo studies. Glia 32, 51-59 (2000).

Van Bel, E et al. The influence of indomethacin on the autoregulatory ability of the cerebral vascular bed in the newborn lamb.
Pediatr. Res. 34, 178-181 (1993).

Pourcyrous, M. et al. Cerebrovascular responses to therapeutic dose of indomethacin in newborn pigs. Pediatr. Res. 45, 582-587
(1999).

Van Overmeire, B. et al. A comparison of ibuprofen and indomethacin for closure of patent ductus arteriosus. N. Engl. J. Med. 343,
674-681 (2000).

Macik, B. G. et al. Safety and initial clinical efficacy of three dose levels of recombinant activated factor VII (rFVIIa): Results of a
phase I study. Blood. Coagul. Fibrinolysis 4, 521-527 (1993).

Ment, L. R,, Stewert, W. B., Ardito, T. A, Huang, E. & Madri, J. A. Indomethacin promotes germinal matrix microvessel maturation
in the newborn beagle pup. Stroke 23, 1132-1137 (1992).

Yanowitz, T. D. et al. Effects of prophylactic low-dose indomethacin on hemodynamics in very low birth weight infants. J. Pediatr.
132, 28-34 (1998).

Evans, D. H., Levene, M. I, Shortland, D. B. & Archer, L. N. J. Resistance index, blood flow velocity, and resistance area product
in the cerebral arteries of very low birth weight infants during the first week of life. Ultrasound. Med. Biol. 14, 103-110 (1988).
Coyle, M. G., Oh, W. & Stonestreet, B. S. Effects of indomethacin on brain blood flow and cerebral metabolism in hypoxic newborn
piglets. Am. J. Physiol. 264, H141-149 (1993).

Zuckerman, S. L., Mirro, R., Armstead, W. M., Shibata, M. & Leffler, C. W. Indomethacin reduces ischemia-induced alteration of
blood- brain barrier transport in piglets. Am. J. Physiol. 266, H2198-2203 (1994).

Pourcyrous, M., Leffler, C. W,, Bada, H. S., Korones, S. B. & Busija, D. W. Cerebral blood flow responses to indomethacin in awake
newborn pigs. Pediatr. Res. 35, 565-570 (1994).

Ment, L. R. et al. Prevention of intraventricular hemorrhage by indomethacin in male preterm infants. J. Pediatr. 145, 832-834
(2004).

Fowlie, P. W. & Davis, P. G. Prophylactic indomethacin for preterm infants: A systematic review and meta-analysis. Arch. Dis.
Child. Fetal. Neonatal. Ed. 88, F464-466 (2003).

SCIENTIFIC REPORTS |

(2020) 10:15466 | https://doi.org/10.1038/s41598-020-72461-1


https://doi.org/10.1016/j.neucir.2019.11.002

www.nature.com/scientificreports/

44. Mirza, H. et al. Indomethacin prophylaxis to prevent intraventricular hemorrhage: Association between incidence and timing of
drug administration. J. Pediatr. 163, 706-710 (2013).

45. Belayev, L., Busto, R., Zhao, W. & Ginsberg, M. D. Quantitative evaluation of blood-brain barrier permeability following middle
cerebral arteryocclusion in rats. Brain. Res. 739, 88-96 (1996).

46. Morgan, M. K., Anderson, R. E. & Sundt, T. M. Jr. A model of the pathophysiology of cerebral arteriovenous malformations by a
carotid-jugular fistula in the rat. Brain. Res. 496, 241-250 (1989).

47. Hai, J., Ding, M., Guo, Z. & Wang, B. A new rat model of chronic cerebral hypoperfusion associated with arteriovenous malforma-
tions. J. Neurosurg. 97, 1198-1202 (2002).

48. Attia, W. et al. Microvascular pathological features of immediate perinidal parenchyma in cerebral arteriovenous malformations:
Giant bed capillaries. J. Neurosurg. 98, 823-827 (2003).

Acknowledgements

The authors thank Cristina Ruiz Quevedo for assistance in the translation of the manuscript and the staff of the
Experimental Lab of the Health Research Institute (IIS-FJD) for their invaluable help. This study has been sup-
ported by the Spanish Ministries of Economy and Competitiveness in collaboration with the European Regional
Development Fund (FEDER) under Grant FIS PI 12/02901.

Author contributions

R.G.G., MD, PhD, has conceived and designed the research, has accomplished the experiment, and has drafted
the manuscript. M.R., MD, PhD has acquired the data and contributed to draft the manuscript. A.Z., MD, has
conceived and designed the research, has accomplished the experiment and has made critical revision of the
manuscript for important intellectual content. J.E, MD, PhD has conceived and designed the research, has
accomplished the experiment and has made critical revision of the manuscript for important intellectual content.
G.R.B., MD, PhD, has conceived and designed the research, and has made critical revision of the manuscript for
important intellectual content.

Funding
This study has been supported by the Spanish Ministries of Economy and Competitiveness in collaboration with
the European Regional Development Fund (FEDER) under Grant FIS PI 12/02901.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.G.-G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:15466 | https://doi.org/10.1038/s41598-020-72461-1


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Neuroprotective effect of indomethacin in normal perfusion pressure breakthrough phenomenon
	Anchor 2
	Anchor 3
	Methods
	Ethics approval. 

	Results
	Haemodynamic measurement. 
	Mean arterial pressure. 
	Intracranial pressure. 
	Cerebral perfusion pressure. 
	Blood brain barrier permeability assessment. 
	Histological exam. 


	Discussion
	Conclusions
	References
	Acknowledgements


