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Cerebrospinal fluid leakage after posterior fossa surgery may impair brain metabolite clearance
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a b s t r a c t

The discovery of the important role of cerebrospinal fluid (CSF) drainage of cerebral metabolite waste, known as the glymphatic system, has changed our view of brain waste clearance. We recently performed experiments to evaluate the glymphatic system in non-human primates (NHP). Here, we report the case of an NHP with iatrogenic CSF leakage. In this animal, solute transport through the brain, assessed by gadolinium injection in the CSF, was severely impaired by iatrogenic pseudomeningocele. This observation raises an important question: does brain surgery, and particularly posterior fossa surgery, lead to chronic impairment of parenchymal CSF circulation and solute transport?

© 2018 Elsevier Masson SAS. All rights reserved.

The important role of cerebral metabolite waste drainage through the cerebrospinal fluid (CSF) has now been demonstrated in several studies. This phenomenon, known as the glymphatic system, has changed our view of brain waste clearance [START_REF] Iliff | A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid ␤[END_REF]. Parenchymal CSF circulation is an active flow within the cerebral ventricles, cisterna and subarachnoid spaces, providing interstitial drainage [START_REF] Iliff | A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid ␤[END_REF]. The CSF is finally drained out of the brain via cerebral sinus veins, cranial nerves and the recently described cerebral lymphatic vessels located in the dura mater alongside the sinus veins [START_REF] Louveau | Structural and functional features of central nervous system lymphatic vessels[END_REF]. This system is involved in several pathophysiological processes such as ischemic or hemorrhagic stroke, chronic post-traumatic encephalopathy and amyloid-␤ protein clearance in Alzheimer's disease [START_REF] Iliff | A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid ␤[END_REF][START_REF] Arbel-Ornath | Interstitial fluid drainage is impaired in ischemic stroke and Alzheimer's disease mouse models[END_REF][START_REF] Gaberel | Impaired glymphatic perfusion after strokes revealed by contrast-enhanced MRI: a new target for fibrinolysis?[END_REF][START_REF] Iliff | Impairment of glymphatic pathway function promotes tau pathology after traumatic brain injury[END_REF].

We recently published proof-of-concept experiments using gadolinium injection in the CSF followed by MRI, which demonstrated the existence of an equivalent glymphatic system in the non-human primate (NHP) brain, and its impairment after subarachnoid hemorrhage (SAH) [START_REF] Goulay | Subarachnoid hemorrhage severely impairs brain parenchymal cerebrospinal fluid circulation in nonhuman primate[END_REF]. In the present study, male cynomolgus monkeys were used, following European (EU Directive 2010/63/EEC) and French (French Rural Code R 214-87-131) regulations. The animal facility was approved by local veterinarian authorities (authorization no. B 92-032-02) and complied with the Office of Laboratory Animal Welfare Standards for Humane Care and Use of Laboratory Animals (OLAW -#A5826-01).

To inject gadolinium into the CSF, we first planned to insert a ventricular catheter into the cisterna magna, connected to an Omaya reservoir placed subcutaneously in the interscapular space, intended to provide easy access to the CSF (Fig. 1). However, this exploratory experiment was not successful: severe CSF leakage prevented reproducing the parenchymal CSF circulation described in rodents [START_REF] Gaberel | Impaired glymphatic perfusion after strokes revealed by contrast-enhanced MRI: a new target for fibrinolysis?[END_REF]. We therefore tried injecting gadolinium directly into the cisterna magna, using a 0.5 mL syringe bearing a 30-gauge needle (Fig. 1); this technique enabled parenchymal CSF gadolinium circulation as described in our previous article [START_REF] Goulay | Subarachnoid hemorrhage severely impairs brain parenchymal cerebrospinal fluid circulation in nonhuman primate[END_REF].

The first failed experiment nevertheless revealed an important unexpected consequence of CSF leakage following surgery. This is a common complication, particularly after posterior fossa surgery, and may or may not be symptomatic. The present MRI findings were very close to those observed after posterior fossa surgery. In our macaca, the catheter was positioned in the cisterna magna, and the gadolinium was effectively injected in the CSF, as seen To prove the existence of a glymphatic system in NHP, gadolinium was injected in the CSF of 4 Macaca fascicularis monkeys. The injection site was the cisterna magna, approached through the C0-C1 space (as shown on the MRI image). Sequential MR imaging was then performed to investigate circulation of gadolinium in the subarachnoid spaces and within the brain parenchyma. The first macaque (Exp. 1, left part of figure) had a ventricular catheter connected to an Omaya Reservoir inserted in the cisterna magna after exposure of the C0-C1 space. Unfortunately, this procedure led to CSF leakage around this large catheter, and gadolinium was found in the muscular and subcutaneous planes (blue arrow). In the other 3 animals (Exp. 2, right part of figure), gadolinium was directly injected through a 30-gauge needle, and no CSF leakage was observed. Fig. 2. CSF leakage decreases solute transport through the brain. A. To prove the existence of a glymphatic system in NHP, gadolinium was injected in the CSF of 4 Macaca fascicularis monkeys, followed by sequential MR imaging. B. The first macaque had CSF leakage. On MRI, gadolinium appeared first in the CSF of the basal cistern, and then was visible alongside the incision, in muscles and conjunctive tissue. C. In the other 3 animals, there was no CSF leakage. A T1-hyperintense signal was detected first in the basal cisterna then in the ventricles. Interestingly, the contrast agent began to penetrate the most superficial part of the brain as early as 20 minutes after injection. Over time, gadolinium was found in deeper structures of the brain. (In the animal with CSF leakage, no such penetration of CSF and gadolinium was observed). D. Measurements of the volume of brain in which the gadolinium had penetrated showed a gradual increase in the whole brain over time (31.79 ± 5.4 cm 3 at 20 min to 60.78 ± 7.44 cm 3 at 132.5 min; P < 0.05) for the three macaques with intact CSF system. Gadolinium did not diffuse in the brain of the macaque with CSF leakage (2.04 cm 3 at 20 min, and 2.02 cm 3 at 132.5 min). by major hyperintensity in the basal cisterns (Fig. 2A,B).However, the gadolinium remained within the posterior fossa, and did not circulate in the whole brain as in the 3 animals without CSF leakage (Fig. 2C). Subsequent solute (gadolinium) transport through the brain was severely impaired by iatrogenic pseudomeningocele (Fig. 2D).

This observation is of utmost importance: does brain surgery, and particularly posterior fossa surgery, lead to chronic impairment of parenchymal CSF circulation and solute transport? And, considering the role played by parenchymal CSF circulation, can brain surgery thus impair brain clearance? The present data suggest only a potential impact of posterior fossa surgery on gadolinium transport through the brain, and do not shed light on brain waste clearance. However, they do raise several questions, based on previous reports:

• Could such impairment increase the risk of Alzheimer's disease by decreasing amyloid-␤ protein clearance [START_REF] Iliff | A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid ␤[END_REF][START_REF] Kress | Impairment of paravascular clearance pathways in the aging brain[END_REF]? • Could it worsen the outcome of traumatic brain injury by increasing the risk of chronic traumatic encephalopathy [START_REF] Iliff | Impairment of glymphatic pathway function promotes tau pathology after traumatic brain injury[END_REF]? Traumatic brain injury is associated with an increased risk of late-onset Alzheimer's disease, through and amyloid-␤ pathology [START_REF] Dekosky | Acute and chronic traumatic encephalopathies: pathogenesis and biomarkers[END_REF]. It often requires surgical evacuation of an intracranial hematoma or decompression craniectomy [START_REF] Hutchinson | RESCUEicp trial collaborators. Trial of decompressive craniectomy for traumatic intracranial hypertension[END_REF], which could lead to a chronic pseudomeningocele. It seems important to know whether chronic pseudomeningocele can increase the long-term risk of Alzheimer's disease. • Could it increase the risk of delayed cerebral ischemia after SAH?

In animal models, SAH decreases the parenchymal CSF circulation [START_REF] Gaberel | Impaired glymphatic perfusion after strokes revealed by contrast-enhanced MRI: a new target for fibrinolysis?[END_REF][START_REF] Goulay | Subarachnoid hemorrhage severely impairs brain parenchymal cerebrospinal fluid circulation in nonhuman primate[END_REF], which in turn leads to accumulation of several metabolites involved in delayed cerebral ischemia [START_REF] Luo | Paravascular pathways contribute to vasculitis and neuroinflammation after subarachnoid hemorrhage independently of glymphatic control[END_REF]. Moreover, it is interesting to note that aneurysm exclusion by craniotomy (clipping) is associated with a higher risk of delayed cerebral ischemia than exclusion without craniotomy (coiling) [START_REF] Gross | Treatment modality and vasospasm after aneurysmal subarachnoid hemorrhage[END_REF].

These questions remain open and merit further investigation; but they remind us that brain physiology is complex, that solute transport through the brain is essential to brain homeostasis, and that we must acknowledge the potential long-term impact of neurosurgery.
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 1 Fig. 1.To prove the existence of a glymphatic system in NHP, gadolinium was injected in the CSF of 4 Macaca fascicularis monkeys. The injection site was the cisterna magna, approached through the C0-C1 space (as shown on the MRI image). Sequential MR imaging was then performed to investigate circulation of gadolinium in the subarachnoid spaces and within the brain parenchyma. The first macaque (Exp. 1, left part of figure) had a ventricular catheter connected to an Omaya Reservoir inserted in the cisterna magna after exposure of the C0-C1 space. Unfortunately, this procedure led to CSF leakage around this large catheter, and gadolinium was found in the muscular and subcutaneous planes (blue arrow). In the other 3 animals (Exp. 2, right part of figure), gadolinium was directly injected through a 30-gauge needle, and no CSF leakage was observed.
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