
L E T T E R  TO  T H E  E D I TO R Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, 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 licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence 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 licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Siegenthaler and Betsholtz Fluids and Barriers of the CNS           (2024) 21:69 
https://doi.org/10.1186/s12987-024-00568-y

Fluids and Barriers of the CNS

*Correspondence:
Julie Siegenthaler
Julie.Siegenthaler@cuanschutz.edu
1Department of Pediatrics, Section of Developmental Biology, University 
of Colorado, Anschutz Medical Campus, 12800 East 19th Ave, MS-8313, 
Aurora, CO 80045, USA
2Department of Immunology, Genetics and Pathology, Rudbeck 
Laboratory, Uppsala University, Uppsala, Sweden
3Department of Medicine-Huddinge, Karolinska Institutet, Huddinge, 
Sweden

Abstract
For centuries, the meninges have been described as three membranes: the inner pia, middle arachnoid and 
outer dura. It was therefore sensational when in early 2023 Science magazine published a report of a previously 
unrecognized — 4th — meningeal membrane located between the pia and arachnoid. Multiple features were 
claimed for this new membrane: a single cell layer marked by the transcription factor Prox1 that formed a 
barrier to low molecular weight substances and separated the subarachnoid space (SAS) into two fluid-filled 
compartments, not one as previously described. These features were further claimed to facilitate unidirectional 
glymphatic cerebrospinal fluid transport. These claims were immediately questioned by several researchers as 
misinterpretations of the authors’ own data. The critics argued that (i) the 4th meningeal membrane as claimed 
did not exist as a separate structure but was part of the arachnoid, (ii) the “outer SAS” compartment was likely an 
artifactual subdural space created by the experimental procedures, and (iii) the 4th membrane barrier property was 
confused with the arachnoid barrier. Subsequent publications in late 2023 indeed showed that Prox1 + cells are 
embedded within the arachnoid and located immediately inside of and firmly attached to the arachnoid barrier 
cells by adherens junctions and gap junctions. In a follow-up study, published in this journal, the lead authors of 
the Science paper Kjeld Møllgård and Maiken Nedergaard reported additional observations they claim support the 
existence of a 4th meningeal membrane and the compartmentalization of the SAS into two non-communicating 
spaces. Their minor modification to the original paper was the 4th meningeal membrane was better observable 
at the ventral side of the brain than at the dorsal side where it was originally reported. The authors also claimed 
support for the existence of a 4th meningeal membrane in classical literature. Here, we outline multiple concerns 
over the new data and interpretation and argue against the claim there is prior support in the literature for a 4th 
meningeal membrane.
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In a recent paper in FBCNS [1], Kjeld Møllgård, Maiken 
Nedergaard and colleagues report new data that they 
claim provides additional support for a 4th meningeal 
membrane, originally reported by the same correspond-
ing authors in Science in January 2023 [2] as a membrane 
distinct from the pia, arachnoid and dura maters. The 4th 
membrane, called SLYM (for subarachnoid lymphatic-like 
membrane), was claimed to be a Prox1 + mesothelium that 
subdivides the SAS into inner and outer compartments by 
holding a molecular barrier allowing unidirectional glym-
phatic CSF transport [2]. All of these claims were called 
into question by post- publication comments by several 
scientists that study the meninges (https://www.sci-
ence.org/doi/10.1126/science.adc8810#elettersSection), 
including the authors of this commentary. We and others 
argued that meningeal Prox1 + cells were instead constitu-
ents of the arachnoid, and the reported barrier proper-
ties unrelated to Prox1 + cells but instead mediated by the 
adjacent arachnoid barrier cell layer (ABCL). Two papers 
[3, 4] published later in 2023 provided evidence that 
Prox1 + cells are located immediately inside the arach-
noid barrier cell layer(s), part of what has classically been 
referred to as the inner arachnoid amongst other names 
[5–8]. In their FBCNS paper [1], the authors acknowledge 
that SLYM is likely identical to the previously described 
inner arachnoid. Nevertheless, the authors insist their 
data show inner arachnoid/SLYM regionally detached 
from the arachnoid and forming a membrane of its own 
causing subdivision of the SAS into two compartments. 
We scrutinized the new data and identified multiple prob-
lems in experimental design and interpretations summa-
rized below. We provide alternative interpretations of the 
data and suggest further experiments to test the alterna-
tives. The authors’ figures are referred to as Fig. X [1] and 
ours are Figure/Table Y.

Based on data in Fig. 1 [1], the authors argue that tis-
sue fixation and dehydration cause shrinkage of the 
skull-enclosed mouse brain with resulting displacement 
of the meningeal membranes. They argue that this could 
explain why others (including us) consistently find the 
ABCL and inner arachnoid layers adherent to each other, 
not separated by an outer SAS. While tissue fixation may 

indeed artificially cross-link tissue structures, the pres-
ence of adherens junctions and gap junctions between 
arachnoid barrier and inner arachnoid cells as demon-
strated by transmission electron microscopy (TEM) in 
multiple species [4, 7, 9–11] provide evidence that these 
layers are naturally linked, without an intervening space, 
in a live animal. Junctions of these types do not form 
between non-contacted cells. The relevant transcripts 
such as Gja1 (encoding the gap junction protein con-
nexins 43) and Cdh5 (VE-Cadherin) are highly expressed 
in arachnoid cells [4, 12–14]. Two papers cited by the 
authors in support of their model [7, 11] both describe 
cell- cell junctions between arachnoid barrier cells and 
inner arachnoid cells in detail.

In Fig. 1D [1], the authors claim to show ABCL adher-
ent to the skull bone, while the inner arachnoid/SLYM 
is adherent to the brain surface, the two separated by an 
outer SAS. The authors’ use of claudin-11 (referred to 
as Cld-11 in Fig. 1D [1]) as a marker for ABCL has sig-
nificant limitations, since its cognate mRNA, Cldn11, is 
expressed also in dural fibroblasts [4]. The claudin- 11 
immunoreactive structure indicated by arrowheads in 
Fig. 1D [1] is interpreted by the authors as ABCL, but we 
believe its morphology, thickness and location is consis-
tent with the dura. The authors’ own results indicate that 
the dura is indeed claudin-11 IHC-positive in Fig. 4A [1]. 
The thin, weak claudin-11 staining also observed coincid-
ing with the Prox1-GFP signal at the brain surface could 
well represent the ABCL, which is substantially thinner 
than the dura (Figure 1). Our concerns with the data in 
Fig.  1 [1] and their interpretations, including additional 
experiments that we believe would resolve the issues are 
summarized in Table 1.

Fig. 2 [1] shows whole mount preparations of brain and 
skull doubly labeled by the transgenic reporter Prox1-
GFP and dipeptidyl peptidase-4 (Dpp4). The authors 
conclude that Prox1-GFP + inner arachnoid/SLYM and 
Dpp4 + ABCL separate when the brain is removed from 
the skull, leaving inner arachnoid/SLYM at the brain sur-
face and ABCL at the inside of the calvarium (Fig.  2D 
[1]). This contrasts with observations by us and oth-
ers that Dpp4 + and Dpp4- CreERT-labeled cells remain 

Figure 1  Illustration of the discrepant interpretations of Cldn11 and Prox1-GFP immunohistochemistry analyses presented in Fig. 1D ref. [1]
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at the brain surface after removal of the skull [4, 19]. 
The observation of Dpp4 signal in the dura-calvarium 
may correspond to Dpp4 + dural leukocytes [4] and 
Dpp4 + osteoclasts in the calvarium [20, 21]. On closer 
examination of Fig. 2D [1], Dpp4 is observable also on the 
brain surface albeit weaker than in the dura-calvarium 
whole mount, consistent with ABCL being thinner than 
the dura. The divergent interpretations of the authors’ 
data are schematically illustrated in Figure 2.

Unlike Claudin-11 and Dpp4, E-cadherin is a specific 
marker of ABCL not expressed by any other meningeal 
cells [4]. E-cadherin-positive cells consistently remain 
attached to the brain as part of the leptomeninges regard-
less of whether fresh or fixed specimen are analyzed (see 
[2, 4, 12, 15–18]). Adherence of ABCL to the brain surface 
is also evident in publicly available in situ hybridization 
data from the Allan Brain Atlas, which show continuous 
Cdh1 (mRNA encoding E-cadherin) signal in the lepto-
meninges in all regions of the brain (http://developing-
mouse.brain-map.org/experiment/show/100042112). 
Our concerns with authors’ interpretations of their data 
in Fig. 2 [1] are summarized in Table 2.

Figs.  3–7 [1] show paraffin sections of brain enclosed 
in the demineralized skull. Demineralization allows 
for visualization of all meningeal layers (pia, arachnoid, 
dura) without brain extraction from the skull, but dispro-
portional shrinkage of the brain creates artificial split-
ting of the meninges resulting in widening of the SAS. 
Using specific markers and immunostaining techniques 
is therefore essential to correctly identify the meningeal 
layers. The authors used several markers to visualize the 
meninges in a few different areas; however, as summa-
rized in Table 3, the lack of complete cell type-specificity 
for any of the markers limits interpretations. The authors 
claim that a Prox1 + membrane separates from ABCL at 
the basal part of the brain. We question this conclusion 
because the reagents used are not specific and because 
double labeling for cell-type specific markers on the 
same section was not performed. The authors rely almost 
exclusively on claudin-11 antibody for identification of 
ABCL in Figs. 3–7 [1], but Cldn11 is not ABCL-specific, 
as discussed above. E-cadherin staining (ABCL-specific) 
is shown in a single panel (Fig. 7C, [1]) but it is negative 
and lacks a positive control, hence a reliable landmark 
for ABCL is missing. Our concerns over the authors 

Table 1  Concerns with data in Fig. 1 [1] and their interpretations and suggestions for alternative explanations and experiments
Authors’ claims and reported data Data-Analysis- Interpretation Concerns Alternative Explanations and 

Experiments
Fig. 1 • Tissue shrinkage during fixation and post-fixation-

processing collapses meningeal spaces, causes 
artifactual adhesion of Prox1 + SLYM to ABCL in some 
regions, giving the false appearance that the ABCL 
and SLYM are connected.
• Immunohistochemistry for claudin-11 or GFP (a 
proxy for Prox1) on adjacent paraffin sections from 
perfusion-fixed brains shows claudin-11 signal in 
meningeal tissue near bone (interpreted as ABCL) and 
GFP on meningeal tissue on brain. Authors conclude 
that “the SLYM membrane is not always fused with the 
ABC layer”.

• Non-specific claudin-11 IHC signal in 
bone, a structure that does not express this 
protein.
• Claudin-11 marks a several cell layers thick 
membrane directly adherent to the bone. 
This morphology is consistent with the 
known anatomy of the dura and Cldn11 
mRNA is also expressed in dura.
• Low-magnification imaging and IHC for 
single marker on adjacent sections limits 
interpretation.

• Claudin-11 IHC specificity is ambigu-
ous due to high background in bone.
• Weak claudin-11 IHC- positive signal 
in meninges near brain shows ABCL.
• Claudin-11 IHC-positive layers 
adhered to bone are dura.
• Alternative Experiments: 
E-cadherin labeling would unam-
biguously identify ABCL, and TEM 
immunogold-GFP would distinguish 
ABCL and Prox1-GFP from each other 
and from dura.

Figure 2  Illustration of the discrepant interpretations of Dpp4 immunofluorescence and Prox1-GFP reporter expression in tissue whole mounts shown 
in Fig. 2, ref [1]
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interpretations of their data in Figs. 3–7, [1] are summa-
rized in Table 3.

Concerns over the data and interpretations aside, 
we also question the claim that the inner arachnoid/
SLYM has barrier properties independent of the ABCL 
[1, 2]. Even if the inner arachnoid were regionally sepa-
rated from ABCL, the inner arachnoid’s lack of canoni-
cal tight junction gene transcripts [4, 19] argues against 
it being able to form a barrier to low molecular weight 
compounds. Absence of a size-restrictive barrier at the 
inner arachnoid is also supported by older literature [8] 
and by a recent study showing passage of cisterna magna-
injected horseradish peroxidase (40 kDa) through all lep-
tomeningeal layers except the ABCL [19].

Concerns with the authors’ placement of the ‘SLYM’ 
in context of prior studies of the meninges
We do not agree with their interpretation of the graphics 
reproduced from Nabeshima et al., 1975, and Orlin et al., 
1991 [5, 11] shown with pseudo-coloring of the original 
diagram and image (Fig. 8 [1]). Our expert opinion, and 
we also believe the original authors’ interpretations of the 
green-colored layer in Fig. 8 [1] is that this represents the 
pia (see Figure 3 for a comparison between the authors’ 
and our placement of Prox1 + cells within the classical 
Nabeshima cartoon).

The diagram in Nabeshima et al., 1975 [5] summarizes 
the meningeal ultrastructural features of several mam-
malian species, whereas the image in Orlin et al., 1991 
[11] shows porcine meninges. As the subpial space and 
other features of the meninges in larger species are larger 
than in mice, images and summary diagrams of mouse 
meninges cannot be meaningfully aligned with those of 

Table 2  Concerns with data in Fig. 2 [1] and their interpretations and suggestions for alternative explanations and experiments
Authors’ claims and reported data Data-Analysis- Interpre-

tation Concerns
Alternative Explanations and Experiments

Fig. 2 • Light and fluorescence microscopy (confocal and 
2- photon) imaging of Prox1- GFP + brains infused 
with tracers into the CSF via the cisterna magna. Using 
Dpp4 as a marker for the ABCL, the authors report 
Dpp4 + cells attached to the calvarium but not to the 
brain. Prox1 + GFP signal is detected on brain above 
tracer.
• Authors argue that ABCL and the Prox1 + cells (SLYM) 
are separable, implying that the Prox1 + cell layer forms 
an outer barrier for tracers placed in the CSF.

• The origin of the weak 
Dpp4 staining on the 
brain surface is not ad-
dressed by the authors.
• Low magnification 
imaging of whole brain 
and calvarium with dura 
attached is insufficient 
to identify which cells 
express Dpp4.

• The strong Dpp4 signal in calvarium reflects other cells 
besides ABCL known to express Dpp4 (osteoclasts and 
immune cells) or could be autofluorescence from bone.
• The weak Dpp4 signal on brain surface likely repre-
sents ABCL as no other cell type at the brain surface is 
known to express Dpp4.
• Alternative Experiments: Vibratome sections of 
brain and calvarium with higher magnification imaging. 
Co-staining of brain and calvarium wholemounts with 
E-cadherin to mark ABCL and Dpp4 to label multiple 
cell types in the arachnoid and dura.

Table 3  Concerns with data in Figs. 3–7 [1] and their interpretations and suggestions for alternative explanations and experiments
Authors’ claims and reported data Data-Analysis- Interpretation 

Concerns
Alternative 
Experiments

Fig. 3 • GFP + cells by IHC staining of paraffin sections from whole decalcified adult mouse heads. 
GFP + layer is variably stuck to the calvarium, brain surface or neither (i.e. free floating) with-
in the artifactually enlarged space between calvarium and brain caused by brain shrinkage.
• The presence of a non-adhered Prox1 + layer supports that it is a separate meningeal 
membrane.

• Given the shrinkage of the 
brain after fixation, and the 
lack of co-staining of GFP with 
other definitive markers of 
other meningeal cell types, it is 
difficult to know which, if any, of 
the described attachments and 
thicknesses are real or artifacts.
• Many markers used such as 
Crabp2, plectin and ER-TR7 are 
not specific for a single menin-
geal cell type or layer.
• Lack of demonstrated specific-
ity of the claudin-11 antibody.
• No identification of E-cadherin 
and GFP on the same section, 
prevents assessment of the 
proximity of Prox1- GFP + cells 
and ABCL.
• The “negative” E- cadherin stain-
ing in Fig. 7 is not validated by a 
positive control.

• Need for 
unam-
biguous 
identification 
of ABCL by 
E-cadherin 
staining or 
TEM.
• Co-labeling 
of E-cadherin 
with other 
markers on 
the same 
section is 
needed 
and can be 
achieved 
by antibody 
multiplexing 
or fluores-
cent in situ 
hybridization.

Fig. 4 • A, B shows IHC staining for claudin-11 and Crabp2 (a meningeal marker not expressed in 
the pia) in paraffin sections from ventral brain. Here, Crabp2 + membrane appears as a sepa-
rate membrane interpreted as SLYM without ABCL surrounded by inner and outer SAS. C, D 
shows a region where SLYM and ABCL are unattached to each other and other structures.

Fig. 5 • GFP, Prox1 and collagen type 6 (ER-TR7) IHC of membranes at the basilar artery (A-C) and 
cisterna ambiens (D) suggest that SLYM and ABCL are separate layers at the basilar artery 
but adhered in the wall of cisterna ambience (D).

Fig. 6 • Sagittal sections show a continuous GFP + membrane variably attached to the brain 
surface, the calvarium, or “free floating” in an artifactually widened space between the brain 
and the bone. A second, GFP-weak, membrane close to the bone is marked as ABCL.

Fig. 7 • Coronal adjacent sections stained individually for claudin-11, E-cadherin, podoplanin, col-
lagen type 6 (ER-TR7), LYVE1, Raldh2, plectin and Prox1.
• The authors conclude that the membrane surrounding the internal carotid artery contains 
Prox1 + cells (SLYM) as a middle layer in a triple-layered membrane. Based on negative E-
cadherin staining, they conclude that ABCL is absent in this structure.
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larger animals as the authors have done in Fig. 8 [1]. To 
make species appropriate-comparison of the location of 
SLYM in the context of prior literature, we aligned their 
image in Fig. 8 [1] of Prox1-GFP after injection of trac-
ers into the blood vasculature (red) or cisterna magna 
(SAS, cyan) with TEM images of mouse [4] and rat [8] 
cerebral leptomeninges (Figure  4). In the TEM image, 
the inner arachnoid (containing Prox1 + arachnoid cells), 
SAS and blood vessel lumen are pseudo-colored green, 
cyan and red, respectively, to match the authors’ image. 
Figure  4 better enables evaluation of the authors’ claim 
of the SLYM location in the context of neighboring 

structures by using a blood vessel as a reference in all 
three images. In comparing their image with aligned 
TEM images that show the cellular complexity of the 
leptomeninges, the green Prox1-GFP cells of the inner 
arachnoid form the roof of a single SAS and, based on 
the TEM, are connected to the arachnoid barrier layer 
without an intervening space. As we suggest above, use 
of TEM with Prox1-GFP mice in which GFP is detected 
with immunogold would permit unambiguous identifica-
tion of the location of Prox1 + arachnoid cells within the 
leptomeninges.

Figure 4  Where is SLYM in rodent meninges? We aligned TEM images reproduced from [4] and [8] using the brain and blood vessels as reference land-
marks: the inner arachnoid that contains Prox1 + cells is pseudo-colored green, the subarachnoid or perivascular space is blue and pial blood vessel lumen 
is red. To align this with an image containing the proposed SLYM, we used the lumen of the pial blood vessel and the Prox1-GFP (image reproduced from 
Fig. 8 [1]) to approximate the sizing and positioning

 

Figure 3  Illustration of the discrepant interpretations of structure and location of pia and arachnoid in relation to Prox1 + cells
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Conclusion
Use of single-cell RNA-seq, in situ identification of newly 
identified enriched genes, and transgenic mouse reporter 
lines for intravital imaging is enabling the definition and 
location of meningeal cell subtypes of the pia, arachnoid, 
and dura by combinations of molecular markers. These 
markers also make it possible to link new information on 
meningeal cell molecular identity to previous TEM-based 
anatomic studies of the meninges. Although Prox1 is a 
new marker of a subset of meningeal cells, we disagree 
with the interpretations of evidence for Prox1 + cells as a 
4th meningeal membrane with the properties claimed by 
the authors of the Plá and Møllgård papers [1, 2]. From 
our own data [4], we conclude that Prox1 + cells are scat-
tered amongst other cells in the inner arachnoid and do 
not form a separate meningeal membrane. The inner 
arachnoid also contains at least one additional cell type 
lacking Prox1 and is distinct in other ways [4]. Currently, 
the function of the Prox1 transcription factor in some of 
the inner arachnoid cells is not known. These cells have 
no resemblance to lymphatics beyond the expression of 
Prox1, which they share with numerous other non-lym-
phatic cells. Also, the properties ascribed to Prox1 + cells 
in the inner arachnoid, including handling CSF in a way 
that is unique from other meningeal layers and forming a 
continuous connected layer [1, 2] are lacking convincing 
evidence. Therefore, the name SLYM is misleading. Other 
functional properties attributed to the inner arachnoid/
SLYM are not supported by the evidence (ex: barrier to 
low molecular weight molecules) or are not specific to 
these meningeal cells. Other studies have identified inter-
actions between leptomeningeal and immune cells (mac-
rophages and T cells) [3, 22–27] but whether Prox1 + cells 
contribute uniquely to these interactions is currently 
unknown. With new knowledge of meningeal cell molec-
ular identity and location in hand, an important goal for 
the field now is to generate and use tools to target specific 
meningeal cell types to learn their functions, facilitate 
comparisons across species, and generate discoveries that 
will advance our understanding of the meninges in health 
and disease.
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