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The discovery of the ‘glymphatic’ pathway has shed new light on the cerebrospinal (CSF)-
brain interstitial fluid (ISF) exchange process (lliff et al., 2012). In new anatomically
defined terms, the glymphatic pathway now represents a brain-wide pathway where CSF
flows through the brain and spinal cord parenchyma and exchanges with ISF from
periarterial to perivenous spaces in a route interconnected by aquaporin 4 water channels
present on glial cells (Iliff et al., 2012). The new concept of the glymphatic pathway has
evolved from the older concept of bulk flow of ISF from brain parenchyma to the ventricular
CSF referred to as the “ependymal pathway” (Brightman, 1965a,b). The glymphatic
pathway is important for detoxification of the brain (and spinal cord), a cleaning process that
appears to be driven by adrenergic tone (Xie et al., 2013), arterial pulsatility (Iliff et al.,
2013b), level of arousal (Xie et al., 2013), and aging (Kress et al., 2014). For decades, brain
pulsations have been observed directly during neurosurgical procedures. Pulsation of the
CSF was first qualitatively described in vivo using fluoroscopy (Du Boulay, 1966) and then
validated using non-invasively using magnetic resonance imaging (MRI) (Sherman and
Citrin, 1986; Sherman et al., 1986). A comprehensive review of this topic by Wagshul and
coworkers was recently published (Wagshul et al., 2011). Phase-contrast MRI was later used
to quantify CSF pulsation in selected parts of the ventricular CSF spaces, followed by
quantitative flow visualization in the entire subarachnoid and ventricular spaces through
computational flow reconstruction from phase-contrast MRI data (Gupta et al., 2010; Cheng
etal., 2012; Siyahhan et al., 2014). Major aspects of CSF flow dynamics and outflow
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pathways are now more fully characterized (Wagshul et al., 2006; Oreskovic and Klarica,
2010; Bulat and Klarica, 2011). All of these experimental and mathematical modeling
studies have led the conclusion that for example “pressure pulsatility” in the brain functions
as an internal biosensor of intracranial compliance (Wagshul et al., 2011) which is
heightened in chronic hydrocephalus (Greitz, 2004). CSF reabsorption via the arachnoid villi
into the dural sinuses to the blood or through the nasal lymphatics have been previously
documented in seminal papers (Boulton et al., 1996; Abbott, 2004; Johnston et al., 2004).
Nevertheless, important questions pertaining to CSF drainage remain unanswered. For
example, the exact anatomy of the subarachnoid spaces along cranial and spinal nerves, the
functional (quantitative and directional) relationship between influx of CSF into the brain
and lymphatic drainage of CSF-ISF, and the potentially fluctuating outflow volumes at the
various exit points along the complex outflow pathways, which under normal conditions
may be dependent on posture, activity and state of consciousness. The influence of body
posture and respiration on CSF outflow and transport has been characterized; and continues
to be investigated using MRI techniques with improved temporal resolution (Bradbury et al.,
1981; Bradbury and Westrop, 1983; Alperin et al., 2005; Yamada et al., 2013). However,
another exceedingly important area that is only partially understood is how physiological
movement and various motor activities affects CSF movements and outflow patterns. This
lack of information is paradoxical because the influence of motor activity is clearly playing
a prominent role on CSF-ISF exchange and clearance (Bechter, 2011). For example, local
muscle tone change associated with yawning changes CSF dynamics (Walusinski, 2014). To
our knowledge, one of the best studies on CSF flow and outflow pathways have been
performed by Heinrich Quincke and described in a paper he published in “Archiv fir
Anatomie, Physiologie und wissenschaftliche Medicin” in 1872 (Quincke, 1872). In his
studies, Quincke experimented with freely moving animals, injecting the particulate dye
cinnabar (Mercury(I1) sulfide, HgS) into the intrathecal spaces of dogs, cats, and rabbits, all
animals with high motor activity, and analyzed the dye’s distribution throughout the body
after days, weeks or months postmortem.

It is well established that the CSF not only represents a means for removing waste products
from the brain and spinal cord but also serves a role as an important medium for signaling,
which is mediated by free molecules (such as neuropeptides, neurotransmitters), exosomes
and microparticles, and not the least, cells (Rodriguez, 1976). In addition, proteomics studies
have also shed light on the functional role of CSF and revealed a wide range of biomarkers
including proteins involved in AB transport and proteolytic inhibition, as well as
extracellular matrix factors important for neuronal migration (Zappaterra et al., 2007; Roche
et al., 2008). The CSF is also in constant exchange with the ISF of the central nervous
system (CNS), summarized well in the so-called “volume transmission hypothesis” (Fuxe et
al., 1989; Agnati et al., 2006; Fuxe et al., 2007) and as such may constitute a ‘wireless’
circuitry influencing cognitive and behavioral processes. Thus, the pathways of CSF flow
and signaling are of interest to understand CNS functions in general better. Interestingly, in
recent years, the outflow pathways of CSF were mainly studied at the level of the cribriform
plate (Johnston and Papaiconomou, 2002; Johnston et al., 2004) and only lately CSF cell
trafficking has also proven to take place via this process (Bechmann et al., 2001), which was
also established to occur along lumbar nerves (Schmitt et al., 2011). The cells in CSF seem
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to have important yet poorly understood functions in physiological and pathological
situations: immune cells recruited from the blood into the CSF spaces directly support CNS
functions (Baruch and Schwartz, 2013). It is therefore not surprising, that the CSF itself and
CSF pathways are gaining an increasing general research interest in many clinical
disciplines.

In the so-called “peripheral CSF outflow pathway” (PCOP) hypothesis (Bechter, 2011) a
possible role of CSF signaling was proposed even at sites downstream from the
subarachnoid space along cranial and peripheral nerves. Given that CSF signaling extends
physiologically so far away from the CNS, research in this area is likely to have an
unprecedented importance for better understanding the pathogenesis in neuroinflammatory
disorders of the peripheral nervous system, including polyneuropathy, and for pain research
in general (Bechter, 2011; Maxeiner et al., 2014). Therefore, the physiological patterns and
variances of CSF flow and outflow would be important to characterize in more detail. Also
these CSF outflow patterns appear to be of interest for oncology, as tumor cells (as well as
chemotherapeutic agents) can apparently follow the PCOP (Schmitt et al., 2011). For
example, so-called chloromas along peripheral nerves were more frequently observed since
the introduction of effective antitumor treatments with antibodies, which however seem less
effective within the intrathecal spaces (Sandhu et al., 1998; Colella et al., 2005; Thakar et
al., 2012).

We attempted to translate the original Quincke’s paper by remaining as faithful to the
original text, which is written in an old-fashioned form of scientific German, and nowadays
appears constructed and at times difficult to interpret. Quincke’s studies were clearly serious
research (Bechter et al., 2015), and we should not forget his contribution (Quincke, 1891) to
the procedure of lumbar puncture that revolutionized medicine and anesthesiology (an area
of medicine not yet developed into a separate discipline in 1872).

The historical studies by Quincke are unique and a translation into English is therefore not
only timely but will be of great interest to many researchers in the growing field of CSF
physiology and CSF flow dynamics. Quincke’s studies appear to be performed in a very
systematic and judicious manner and he described his experiments in minute detail although
his paper is published without accompanying drawings. What Quincke observed in his
experiments is of interest beyond a simple historical perspective, because observations in
freely moving animals surviving weeks after injection of particulate dye into the intrathecal
spaces were implemented in his experimental design, providing invaluable insights in
understanding the CSF outflow pathways. Most importantly, Quincke took care to preserve
as much as possible the normal physiological conditions during dye injection of into the
CSF. For instance, he used a tiny needle to inject the dye into the lumbar subarachnoid space
and did not remove bone therefore preserving the pressure conditions within the vertebral
column; for the subarachnoid injections at the level of the skull he used a small diameter
trocar and immediately sealed the opening with a ‘wooden pin’ again being careful not to
disturb the intracranial pressure gradients and/or cause continued CSF leakage; and the
injected volume of dye was relatively small so that it did not overpressurize the CSF spaces,
which would have resulted in reflux of dye material into the ventricles or into the spinal
canal. Quincke was clearly aware that his own manipulations could alter the movement of
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CSF: small CSF leaks can reduce pressure and thereby CSF flux, whereas injection of large
volume of fluid in the subarachnoid space potentially creates non-physiological patterns of
CSF flow. The same concerns still apply to studies of CSF fluxes today.

The major findings of Quincke’s studies can be summarized as follows:

A subdural space only exists in the brain (described as a ‘capillary fluid layer’, Fig.
1A), whereas in the spinal cord such a space is not present (Fig. 1B). If the dye is
injected into the subdural space, the CSF currents flow preferentially towards the
subarachnoid space and the dye will quickly disappear from the subdural space.

The subarachnoid dye injection studies show that fluid in the subarachnoid spaces
of the brain and the spinal cord communicates.

The distribution pattern of dye when injected into the lumbar subarachnoid space
and/or the brain subarachnoid space is largely the same. However, more dye is
transported to the brain when it is injected in to the lumbar subarachnoid space, and
vice versa.

Outflow pathways of CSF tagged with cinnabar (Fig. 2):

o Along intercostal nerves

o Along lumbar and sacral nerves — as far as to the lumbar and sacral plexi

° Olfactory nerve (however not beyond the cribriform plate)

o Always along the optic nerve (a consistent finding)

o Pacchioni’s granulations at the superior sagittal sinus and transverse sinus

° Along trigeminal nerve but not beyond the exit points from the skull

o Carotid sheet

o Large cervical and submaxillary lymphatic glands

° Within lymphocytes and rounded cells (macrophages?) along nerve
trunks

o Along the azygos vein

° In lymph nodes along the aorta

Locations at which cinnabar was not (or rarely) observed:

o Within the brain parenchyma or within the nerve trunks

° Never in the trigeminal ganglion or in the spinal ganglia

o Never in the spleen or the nasal mucosa

o Rarely found in the ventricles; and if so mostly in the epithelium
0 Never in the retina
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»  The wide distribution of dye within the subarachnoid space of spinal cord and brain
is considered to be caused by respiratory movement and pressure propagated from
the arteries.

» Inafew experiments, he injected dye into the ventricles and found that they are
connected to subarachnoid spaces but these connections are not clearly defined.

The information from Quincke’s seminal paper has in some aspects to be considered with
caution, as some assumptions are now disproved; for example, CSF production in the
choroid plexus had not yet been discovered when he wrote his paper. However, such lack of
proper physiological and anatomical knowledge is not surprising given that these studies
represent the first ones on the subject. Furthermore, considering the seminal work by
Johnston and colleagues demonstrating that CSF absorption into nasal lymphatics is
observed in all mammals including humans (Johnston et al., 2004), it is noteworthy that
Quincke did not observe cinnabar in the nasal mucosa, which might be related to the size of
the cinnabar granules that he used (see below for more details on this topic). The paper was
written about 20 years before Quincke introduced lumbar puncture into medicine (Cozanitis,
2013). Important open questions in psychiatry and neurology were solved with this new
method of CSF access. For example, availability of CSF for diagnostics contributed to end
debates about the causes of general paralysis, which were solved with the advent of lumbar
puncture and antibody detection (Wassermann reaction; Bechter et al., 1995; Cozanitis,
2013). We believe that Quincke’s studies were the first to reveal fundamental concepts
about the pathogenesis of neuropsychiatric disorders, and especially of neuroinflammatory
states.

Recent in vivo analysis of the glymphatic system show that CSF flows in the perivascular
space and is rapidly pumped along penetrating arteries in rodents (Iliff et al., 2012; Iliff et
al., 2013a; Nedergaard, 2013; Iliff et al., 2014), while earlier work have documented the
existence of the same influx path in larger animals such as dogs and cats (Rennels et al.,
1985; Rennels et al., 1990). The perivascular space is interposed between the endothelial
cells and the perivascular astrocytic end-feet; and this compartment surrounds the entire
vasculature in CNS. Arterial pulsations drive CSF from the perivascular space into the brain
parenchyma where it mixes with the ISF. The excess CSF-ISF mix collects around the deep
penetrating veins (and in the olfactory bulb) from where it drains out along vasculature into
lymphatic vessels that empty out into the general circulation. Given what we now know
about CSF flow, penetrating arteries and CSF-ISF exchange, why, then, did Quincke not
observe influx of cinnabar into the brain or spinal cord in his experiments? To address this
question, we conducted a few experiments with cinnabar injections into the cisterna magna
of mice. The analysis showed that a 10% aqueous solution of cinnabar (10 QI, injected over
5 min with 30 min circulation prior to perfusion-fixation) was needed to visualize cinnabar
by brightfield microscopy (Fig. 3A). These experiments were conducted in 7 adult male
mice. The animals were deeply anesthetized with a mixture of ketamine (80-100 mg/kg) and
xylazine (5-10 mg/kg) ip and perfusion-fixed at the end of the experiments. All experiments
were conducted at the University of Rochester Medical Center, and adhered to the NIH
guidelines for care and use of laboratory animals, and were approved by the relevant
institutional ethical committee. Cinnabar was only found in the cisterna magna when
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artificial cerebrospinal fluid (aCSF) containing 2—10% cinnabar was injected. Inspection of
brain and spinal cord revealed small aggregates of cinnabar sticking to the pia at interfaces
between brain and cerebellum or pons, and particularly around the large basal vessels (Fig.
3A). Cinnabar crystals were also observed on the surface of the spinal cord (Fig. 3B).
Preparation of vibratome sections showed that cinnabar never entered the perivascular
spaces and remained at the surface of the brain. In contrast, ovalbumin-tagged with Texas
Red (MW 42.7 kDa, 1% solution, in 10 pl aCSF injected over 5 min with 30 min circulation
prior to perfusion-fixation) entered the brain along the largest penetrating vessels as well as
along the pial surface (Fig. 3C). Microscopic imaging of cinnabar revealed that it remained
as large red crystals (>20 um-wide) even after extensive vortexing to get it into solution. It is
therefore not surprising that cinnabar did not enter brain or spinal cord along the glymphatic
pathway as it is too large and remains in CSF around the brain and spinal cord. This explains
why Quincke (1872) did not observe cinnabar within the brain parenchyma itself. It remains
that Quincke’s pioneering experiments uncovered the physiology of CSF and provided
seminal observations that today find their application in many domains of neurology and
psychiatry.
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Figure 1.
Schematic drawings of the anatomy described by Quincke pertaining to the organization of

the dura mater, arachnoid, and pia mater at the level of the skull (A) and spinal cord (B).
Quincke described that a subdural space only exists in the brain (described as a “capillary
fluid layer’, A), whereas in the spinal cord no such space is present (B).
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Figure 2.
Ilustrations of where Quincke described the presence of cinnabar deposits along the cranial

nerves (A), and spinal cord, nerve roots, peripheral nerves, and brain (B). The illustrations
are based on a ‘generic’ humanoid skeleton although the actual experiments were done on
dogs, cats, and rabbits. Quincke clearly articulated that the cinnabar was never observed
within the brain or peripheral nerve parenchyma. However, he observed cinnabar on the
surface of the brain and spinal cord, along intercostal nerves, along lumbar and sacral nerves
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(B), and always along the optic nerve all the way to “close to the entrance of the optic nerve
into the eye” (A).
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Figure 3.
Comparison of ovalbumin-Texas Red (OA555, 1% in aCSF) and cinnabar (10% in aCSF)

CSF transport in adult male mice. (A) Fluorescence microscopy of OA555 (left panels) and
brightfield (BF) microscopy of cinnabar (right panels) showing the distribution of the two
tracers 30 min after injection into the cisterna magna. The brain is visualized from the top
and the bottom. (B) Comparison of OA555 and cinnabar distribution in two spinal cord
whole-mounts. Two spinal cords displaying the distribution of OA555 are shown in the
middle whereas cinnabar is shown on either side, with high-power images of a few cinnabar
crystals. (C) Coronal brain sections showing the distribution of OA555 (left panels are
counterstained with DAPI) and cinnabar (right panels). Cinnabar did not enter the brain in
any of the 7 mice analyzed and the BF images are negative for cinnabar. Scale bars = 2 mm
(A), 4 mm (B), and 1 mm (C).
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