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Going against the flow: Interstitial solute transport in brain is
diffusive and aquaporin-4 independent
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The water channel aquaporin-4 (AQP4) is heavily enriched at glial barriers in the CNS,
including at the glia limitans, the basolateral membrane of ependymocytes, and the
perivascular face of astrocyte endfeet. Despite the impressive density of AQP4 at these sites,
where it can occupy as much as 50% of the total membrane surface, the neurological
phenotypes of Agp4 deficient mice are surprisingly mild (Papadopoulos and Verkman,
2013). Some evidence points to a role for AQP4 in regulating brain extracellular space
(ECS) structure, including increased ECS volume fraction in Agp4 deficient mice (Yao et
al., 2008), and altered diffusion of large molecules in the parenchyma (Binder et al., 2004).
Additionally, a role for AQP4 in clearing edema fluid from the brain interstitium was
suggested by experiments that showed more rapid intracranial pressure increase in Agp4
deficient mice during parenchymal fluid infusion (Papadopoulos et a/., 2004).

Building on these observations, and a longstanding body of work indicating that perivascular
spaces constitute a critical route for solute transport through the interstitium (Rennels et a.,
1985; Rennels et al., 1990; Abbott, 2004), 1liff and colleagues (lliff et a/., 2012) introduced
the concept of an AQP4-dependent ‘glymphatic’ system of trans-astrocytic, convectional
fluid flow through the brain interstitium from peri-arterial to peri-venous spaces (Figure
1A). It was proposed that this system plays an important role in clearing extracellullar A
and tau aggregates particularly during sleep (Xie et al., 2013), is enhanced by running (von
Holstein-Rathlou ef a/., 2018) or moderate alcohol use (Lundgaard et a/., 2018), and
impaired following brain injury due to AQP4 mislocalization away from endfeet (liff ef al.,
2014). The glymphatic concept has been greeted with considerable enthusiasm in the
popular press (Sample, 2013, Konnikova, 2014, Kohn, 2017); however, amongst researchers
in the field of brain extracellular transport and AQP4 biology it has proved highly
controversial (Hladky and Barrand, 2014, Spector et al., 2015, Smith and Verkman, 2017,
Abbott et al., 2018).

As the importance of the peri-arterial route for pulsation-driven fluid transport in the brain is
well-established (Abbott, 2004), the controversy has focused on the two novel and
unconventional aspects of the glymphatic hypothesis — that convective flow clears interstitial
fluid to the peri-venous spaces, and that this flow requires perivascular localization of AQP4.
Independent experimental studies of brain clearance routes have shown that interstitially
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injected solutes are cleared to the ventricles (Bedussi et a/., 2015) or peri-arterial spaces
(Albargothy et al., 2018), but have not found evidence for clearance via the peri-venous
route. Analysis of the size-dependence of solute transport into the parenchyma has
demonstrated that solutes move at rates consistent with their diffusional mobility (Smith et
al., 2017, Pizzo et al., 2018). Experiments to directly measure convective flow by
multiphoton spot photobleaching of parenchymal fluorescent dextrans, with sensitivity down
to 1 pm/min, could not find evidence for directional movement; additionally, parenchymal
solute transport was not altered over a few minutes after sudden cessation of cardiac and
respiratory pulsation (Smith et a/., 2017).

These experimental studies are supported by structure-based fluid transport models that
attempt to simulate the proposed glymphatic convection in brain ECS. We initially
demonstrated that significant convection was implausible, even under very favorable
assumptions, in a 2D model taking into account endfoot and parenchymal geometry (Jin ef
al., 2016). This conclusion was supported by subsequent modeling performed on a 3D
reconstruction of the ECS from serial section electron micrographs (Holter et al., 2017),
which found that the hydraulic resistance was much too large to permit significant
convective flow. One study suggested that intracellular fluid flow through the astrocytic
syncytium might provide a theoretically possible route for fluid transport (Asgari et al.,
2015); however, this seems unlikely due to the high hydraulic resistance of the gel-like
cytosol (Charras et al., 2005). While questions may persist regarding the extent to which low
velocity (<1 um/min) convective flow might occur in the parenchymal extracellular space,
pericapillary space, or even astrocytic intracellular space, it is important to note that none of
these possibilities are supported by the existing experimental data. A more plausible and
conventional model supported by the experimental data and modeling is parenchymal
diffusion coupled to dispersive mixing in the peri-arterial space (Figure 1B).

The second area of major controversy relates to the proposed role of AQP4 in the
glymphatic system. Vascular pulsation-driven, AQP4-dependent, trans-astrocytic flow
appears unlikely, given that AQP4 transports only water; however, a broader question
remains about whether AQP4 has any role in CSF/ISF exchange. Iliff et al (2012) reported
that following bolus injection interstitial uptake of CSF-delivered fluorescent albumin was
decreased at 30 min but not at 60 min in Agp4 deficient mice and that Agp4 deletion did not
alter solute transport in the peri-arterial spaces. We performed similar experiments, but
found that the extent of interstitial tracer uptake in the cortex was substantially less than that
observed by Iliff et al, and insensitive to Agp4 deletion (Smith et a/., 2017). In response to
this, a consortium of authors (Mestre et al., 2018) variously found: (i) a much more limited
parenchymal albumin uptake with some sensitivity to Agp4 deletion (URMC group); (ii)
that tracer uptake that was sensitive to deletion of a-syntrophin (OHSU); (iii) alterations in
paravascular uptake of Texas Red 3 kDa dextran (NMU); (iv) failure of intrathecally injected
dyes to reach the cortical surface in AQP4 deficient animals (UNC); and (v) a small effect of
Aqp4 deletion on tracer penetration in the cortex (Riken). Notably, none of the
accompanying images reproduce the dramatically reduced tracer accumulation originally
reported (Iliff et al,, 2012) and instead document much more subtle, limited tracer uptake in
the parenchyma in both genotypes. Additionally, while results in a-syntrophin deficient
mice have been attributed to loss of perivascular AQP4, it should be noted that a-syntrophin
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is widely expressed and has been implicated in a number of physiological processes
including regulation of cardiac rhythm (Ueda et a/., 2008).

Differences in results between labs are potentially attributable to a number of factors. Mestre
et al. (2018) have suggested that the use of ketamine/xylazine (rather than avertin as used by
Smith et al. (2017) as an anesthetic is required for CSF tracers to enter the interstitium.
However, the importance of ketamine/xylazine was not supported by an independent study
that found inhibition of tracer uptake into parenchyma by ketamine/xylazine (Gakuba et al.,
2018). Intrathecally injected solutes must cross significant serial barriers before reaching the
endfoot/parenchyma, including entering the peri-arterial spaces, then exiting across the pial
cells and their basement membrane that surround descending arterioles, dispersal in the
subpial space, and crossing the astrocyte basement membrane. It remains to be determined if
AQP4-mediated endfoot structural plasticity, or local osmotic pumping, facilitate interstitial
uptake of perivascular solutes on the faster time scales associated with neuronal excitation.
The astrocyte endfeet may act as a reversible diffusion barrier under some circumstances
(Nuriya et al., 2013, Kutuzov et al., 2018); however, AQP4 does not appear to play a
significant role in endfoot structural plasticity (Rosic et al., 2019).

A reasonable conclusion from these studies is that only a small fraction of CSF solutes enter
the parenchyma, and that measurement of fluorescent solute transfer to the interstitium is
extremely sensitive to experimental conditions such as choice of anesthetic, injection
method, fixation rate, and analysis details. Tissue autofluorescence may also be a significant
confounding factor when experiments are done using visible wavelength dyes. The pitfalls
associated with interpreting tracer accumulation in fixed tissue were well-illustrated by a
recent study showing that the degree to which bolus-injected CSF solutes are delivered to the
parenchyma is highly sensitive to changes in the rate of clearance from the sub-arachnoid
space to the dural lymphatics, and occurs mostly during fixation (Ma et a/., 2019). This view
is supported by quantitative MRI measurements of small paramagnetic tracers infused into
the CSF of live rats demonstrating slow parenchymal uptake that is mostly confined to the
ventral surface of the brain (Lee et al., 2017). With regards to clearance from the
interstitium, the advocates of the glymphatic hypothesis recently proposed that
intraparenchymal injection disrupts the putative glymphatic flow (Mestre et a/., 2018); how
this new finding can be reconciled with the AQP4-dependent clearance of intra-
parenchymally injected Ap, reported as a key function of the glymphatic system in their
original paper (lliff et al., 2012), remains to be determined.

The glymphatic hypothesis originally proposed that AQP4 mediates a brain-wide directional
clearance pathway that removes toxic protein aggregates from the interstitium. The evidence
reviewed here demonstrate that long-range, convective transport through the parenchymal
grey matter, as proposed in the glymphatic hypothesis, is unlikely to occur. Parenchymal
uptake of CSF delivered solutes is determined by the rates of pial penetration and clearance
from the subarachnoid space and is largely insensitive to AQP4 removal. Further work is
needed to investigate possible roles of AQP4 in glial barrier function and to optimize routes
for therapeutic macromolecule delivery to the CNS.
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Figure 1:

Mechanisms of tracer accumulation in brain parenchyma following bolus injection into the
CSF. A. According to the ‘glymphatic’ hypothesis, CSF flows into the brain via the peri-
arterial spaces of descending arterioles and is cleared via the peri-venous spaces toward the
dural lymphatics. Tracer accumulation in the parenchyma is determined by the AQP4
content of the glial barrier at the parenchymal boundary, which promotes directional solute
flow into, through and out of the parenchyma. B. A conventional and more plausible model
of tracer accumulation proposes that some fraction of tracer enters the periarterial space and
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moves across the pial layer, basement membranes and astrocyte endfeet before reaching the
parenchyma. Transport in the perivascular spaces is by facilitated diffusion (dispersion), and
transport in the parenchyma is diffusional and non-directional. The extent of tracer
accumulation in the parenchyma is determined by how much crosses the pial membrane
before it is cleared from the sub-arachnoid space and is insensitive to AQP4 removal.

J Physiol. Author manuscript; available in PMC 2020 September 01.



	References
	Figure 1:

