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Introduction

The choroid plexus (CP) is located in the brain ventricles 
and forms important structural and immune barriers between 
the cerebrospinal fluid (CSF) and the blood. The blood-cerebro-
spinal fluid barrier (BCSFB) is found on the apical face of the 
CP and contacts the CSF. The BCSFB is comprised of a single-
layer of polarized cuboidal epithelial cells with tight junctions 
that restrict the flow of substances between the blood and the 
CSF.1,2 In addition to this physical barrier, there are also resident 
native immune cells on the CP surface that are called epiplexus 
or Kolmer cells.3 Together, the BCSFB and the epiplexus cells 
constitute the local immune system of the CP, which is likely 
important during infection, or autoimmune and inflammatory 
diseases.3,4 The mechanisms by which epiplexus cells commu-
nicate with the epithelial cells of the choroid plexus are poorly 
understood.

Epiplexus cells were first described in 1921 by Kolmer3 and have 
been extensively imaged with electron microscopy and immuno-
histochemistry.3,5,6 They express markers of macrophages, den-
dritic cells, and microglia, but have enough unique features to 
be classified as resident immune cells of the CP.3,7-10 Like most 
immune cells, epiplexus cells have been proposed to function in 
phagocytosis of foreign bodies,11 antigen presentation,12,13 iron 

accumulation,14 and NO production,12,15 suggesting they act as a 
ready pool of immune cells in the brain ventricles.12-17

Cells of innate immunity detect pathogen associated patterns 
(PAMPs) of foreign microorganism, and damage associated molecu-
lar patterns (DAMPs),18,19 such as the purine nucleotide, adenosine-
5′-triphosphate (ATP).20 Purinergic receptors are expressed on most 
immune cell types,20-27 but this has not been investigated for epi-
plexus cells. Inflammatory responses mediated by P2X4 and P2X7 
ionotropic purinergic receptors can be augmented by ATP released 
by pannexin-1 (Panx1) channels.28-30 This suggests that a central 
component of Panx1’s role in immune responses is potentiation of 
purinergic receptor currents and possibly ATP-induced release of 
signaling molecules (reviewed in ref. 31). For example in microglia 
of the leech, innexins, orthologs of pannexins, appear permissive for 
directed movements in response to injury.32,33

The CP is a unique environment compared with most tissues 
because it ‘floats’ in the ventricles and is entirely bathed in CSF. 
This suggests that immune or damage signals during infection or 
injury could arise from all directions simultaneously. To inves-
tigate the responses of epiplexus cells to DAMPS, we developed 
a new approach for imaging epiplexus cell behavior in live and 
intact CP. Here we show that exogenous ATP activates motility 
of epiplexus cells and that this requires epithelial Panx1, and pos-
sibly P2X4 receptors.
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epiplexus cells are a population of innate immune cells in the choroid plexus of the brain ventricles. They are thought 
to contribute to the immune component of the blood-cerebrospinal-fluid-barrier (BCSFB). Here we have developed a 
novel technique for studying epiplexus cells in acutely isolated, live and intact choroid plexus. We show that epiplexus 
cells are potently activated by exogenous aTP, increasing their motility within the tissue. This aTP-induced chemokinesis 
required activation of pannexin-1 channels, which are expressed by the epithelial cells of the choroid plexus and not the 
epiplexus cells themselves. Furthermore, aTP acts at least in part through the P2X4 ionotropic purinergic receptor. Thus, 
the resident immune cells of the choroid plexus appear to be in communication with the epithelial cells through pan-
nexin-1 channels.
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Figure 1. Identification of epiplexus cells as immune cells. (A) Scheme of the experimental approach. (B) CPs are located in all four brain ventricles. (C) 
an acutely isolated and intact CP from the lateral ventricle. Scale bar is approximately 1 mm. (D) a living epiplexus cell resting on the choroidal epithe-
lium, visualized with transmitted light (left) or by labeling with alexa Fluor 488 isolectin B4 conjugate from Griffonia simplicifolia (center); eC – epiplexus 
cell, eP – choroidal epithelium, BV – blood vessel, LV – lumen of the lateral ventricle. Scale bar is 20 μm. (E) Immunofluorescent staining for immune cell 
markers, Iba1 and IB4 in the CP. Note the significant co-localization (yellow cells in the merge image). Scale bar is 20 μm.
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Results

To understand the physiology of epiplexus cells, we developed 
an acutely isolated, intact CP preparation (Fig. 1A-C). The CP 
was rapidly removed from rat brain and submerged in artificial 
CSF (aCSF). The CP was then labeled with Alexa Fluor 488 
isolectin B4 conjugate (IB4), a fluorescent marker for microg-
lia and macrophages.21,34-36 IB4 labeled a population of cells that 
were evenly distributed across the apical surface (Fig. 1D and E). 

The IB4-positive cells had large 
visible processes. To identify these 
IB4-positive cells as putative epi-
plexus cells, we fixed and co-labeled 
the CP with antibodies against Iba1 
(ionized calcium binding adaptor 
molecule 1), a specific marker for 
cells of the monocytic lineage.37,38 
All IB4 positive cells in the CP co-
labeled with Iba1 (Fig. 1E), con-
firming their identity as epiplexus 
cells. We then took advantage of 
the IB4-fluorescence to investigate 
epiplexus cell responsiveness to 
exogenous purines by imaging their 
motility in response to purinergic 
receptor agonists and antagonists.

Epiplexus cells are activated by 
ATP

To test the responsiveness of 
epiplexus cells to purinergic sig-
naling, we bath applied ATP. We 
reasoned that unlike focal applica-
tions, bath exposure to ATP would 
more closely mimic an infection or 
injury. The movement of epiplexus 
cells was first determined under 
baseline conditions (without exog-
enously applied ATP) by manually 
tracking the movement of somas 
at 5 min intervals (Fig. 2A and B; 
Video 1). Over a 95 min imaging 
period epiplexus cells were largely 
quiescent (Figs. 2 and 3; Video 1) 
with a mean normalized (i.e., base-
line subtracted) movement of 0.05 ± 
0.15 μm/5 min (n = 124 cells from 
5 CPs). Note that in Figure 2C and 
F the summative distance (i.e., run-
ning sum of distance traveled at 5 
min intervals) could appear nega-
tive if the cells were active during 
the early baseline but became sub-
sequently quiescent (see Materials 
and Methods).

Exogenous 100 µM ATP, a con-
centration known to trigger a maxi-

mal rise in intracellular Ca2+ in human alveolar macrophages,23 
induced “crawling” of the epiplexus cells over the surface of the 
CP (Fig. 2D, E, and F; Video 2). ATP significantly (P < 0.0001) 
increased epiplexus cell movement to 0.93 ± 0.12 μm/5 min (n 
= 293 cells from 9 CPs). Cells traveled varying distances, rang-
ing from tens to more than 100 μm in an hour (Figs. 2 and 
3). Enhanced movement of these cells mimicked that of classical 
chemokinesis, which is an undirected movement in response to a 
chemical stimulus.39

Figure 2. extracellular aTP triggers chemokinesis of epiplexus cells. (A and D) representation of the tracked 
paths superimposed on the original image under control conditions and in the presence of exogenous 100 
µM aTP. Labels in the top right of the images represent the time relative to the start of the experiment (0 
min). Note the 25 min was the end of the baseline and 120 min was the end of the experiment. Scale bar is 
50 µm. raw data showing the distance traveled by individual epiplexus cells in control (B) and in the pres-
ence of aTP (E). each colored line represents an individual epiplexus cell. (B and E) raw distance traveled 
during 5 min intervals; (C and F) normalized summative distance traveled.
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Pannexin-1 is required for epiplexus cell activation
Panx1 channels are important for ATP-induced-ATP-release 

from multiple cell types,40,41 ATP-mediated activation of macro-
phages and T cells,28-30 and release of “find-me” signals from dying 
cells to attract phagocytes.25,42 We first evaluated the expression 
of Panx1 in the CP by immunohistochemistry and western blot-
ting. Panx1 labeling was clearly visible in the epithelial cells that 
comprise the CP (Fig. 3A). However, there was almost no detect-
able Panx1 in the IB4 positive epiplexus cells (Fig. 3A and B). 

Epithelial Panx1 appeared punctate, 
similar to that observed in neural pre-
cursor cells.43

Panx1 is known to have several gly-
cosylated isoforms (Gly0, Gly1, and 
Gly2). Even though all three of them 
can potentially traffic to the plasma 
membrane, the fully mature glycosyl-
ated species, Gly2, is readily found at 
the cell surface while the Gly0 and 
Gly1 forms are primarily intracel-
lular.44 The punctate labeling of the 
CP epithelia could suggest that Gly0 
and Gly1 are predominantly expressed 
and that Panx1 is largely retained 
within the cell. We evaluated this by 
western blot and detected all 3 gly-
cosylated forms of Panx1 (Fig. 3C). 
Interestingly, the plasma membrane 
localized Gly2 was the predominant 
species of Panx1 in the CP (Fig. 3C). 
For comparative purposes, we inves-
tigated the distribution of Panx1 iso-
forms in the hippocampus, where it 
plays important roles in pyramidal 
cells.45-47 Interestingly, the hippocam-
pus did not show significant expres-
sion of the Gly0 isoform (Fig. 3C).

Two different Panx1 antagonists, 
probenecid and 10panx were tested for 
their ability to alter the activation of 
epiplexus cells by ATP. Both proben-
ecid (500 μM) (0.29 ± 0.14 μm/5 
min, P = 0.0001, n = 165 cells from 
5 CPs) and 10panx (100 μM) (0.14 ± 
0.04 μm/5 min, P < 0.0001, n = 382 
cells from 11 CPs) prevented activation 
of epiplexus cells by exogenous 100 
μM ATP (Fig. 3D–F). Motility of the 
epiplexus cells in the presence of pro-
benecid only (500 μM) was not signif-
icantly different from control (-0.42 ± 
0.11 μm/5 min, P = 0.19, n = 151 cells 
from 4 CPs). This suggests that ATP 
may act upon purinergic receptors in 
epithelial cells, which then recruit 
Panx1 to signal to epiplexus cells.

P2X4 receptors are involved in chemokinesis of epiplexus 
cells

Block of chemokinesis by Panx1 antagonists suggests that 
purinergic receptors on the epithelial cells may be involved, 
because this is the identified site of Panx1 expression in the CP. 
Several ionotropic purinergic receptors have been reported to be 
linked to Panx1, including P2X7 and P2X4.29,30 Furthermore, 
both P2X7 and P2X4 are expressed in monocytic cells and can 
facilitate their activation.24,48 We first examined the expression 

Figure 3. Panx1 channels are involved in epiplexus cells activation by exogenous 100 µM aTP. Panx1 
channels are robustly expressed on choroidal epithelium, but were rarely detected in epiplexus cells. 
Western blotting analysis confirmed presence of Panx1 in the CP. The Panx1 blockers, 500 µM probenecid 
and 100 µM 10panx significantly decreased aTP-triggered chemokinesis. (A and B) Immunofluorescent 
staining for Panx1 in the CP and on an individual IB4-positive epiplexus cell. (C) Detection of Panx1 
protein by western blotting. (D) Normalized average distance and statistical analysis, each symbol rep-
resents a single cell and all cells from the experiments are shown; (E) normalized summative distance; (F) 
slope of normalized summative distance where each symbol represents a single isolated CP. Scale bars 
are 50 μm (A) and 5 μm (B).
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of P2X7 and P2X4 in the CP by immunohistochemistry. P2X7 
strongly co-labeled with IB4, but did not convincingly label the 
epithelial cells above background (Fig. 4B). In contrast, P2X4 
was detected in both the epithelial cells and in IB4 positive epi-
plexus cells (Fig. 4A). Based on this pattern of labeling we pre-
dicted that P2X4, and not P2X7, is important for activation of 
epiplexus cells by ATP.

As a first step to explore the roles of P2X receptor involve-
ment, we modulated P2X7 receptor activity by bath applying the 
antagonist, BBG, or the agonist, BzATP. Application of 1 µM 
BBG (Fig. 4C–E) with ATP did not significantly alter (P > 0.99) 
epiplexus cell motility (1.22 ± 0.11 μm/5 min; n = 177 cells from 
7 CPs) compared with ATP alone (0.93 ± 0.12 μm/frame; n = 
293 cells from 9 CPs). Directly activating P2X7 receptors with 

Figure 4. P2X7 and P2X4 receptors are both expressed on epiplexus cells, but only P2X4 is involved in chemokinesis. (A) Immunofluorescent staining for 
P2X4 receptors in epiplexus cells and CP epithelium. Note that both the epithelial and the epiplexus cells are positive for P2X4. (B) Immunofluorescent 
staining for P2X7 receptors is evident only in epiplexus cells. (C, D, and E) The P2X7 receptor blocker 1 µM BBG did not prevent activation of epiplexus 
cell by aTP, and the P2X7 receptor agonist BzaTP did not trigger an increase in epiplexus cell activity. Thirty µM 5-BDBD, a P2X4 receptor antagonist, 
alone or in combination with probenecid significantly decreased aTP-triggered chemokinesis. (C) Normalized average distance and statistical analysis 
where each symbol represents an individual cell; (D) normalized summative distance; (E) slope of normalized summative distance where each symbol 
represents the average of all cells in a given CP. Scale bars are 50 μm.
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100 µM BzATP did not initiate chemokinesis (mean movement 
was -0.26 ± 0.10μm/5 min; n = 150 cells from 5 CPs; P > 0.99 
compared with control). Thus, P2X7 receptors do not appear to 
be involved in chemokinesis of epiplexus cells induced by ATP.

The P2X4 receptor-specific antagonist, 5-BDBD (30 μM), 
was used to test whether P2X4 receptors contribute to chemo-
kinesis (Fig. 4C–E). When 5-BDBD was co-applied with ATP, 
epiplexus cell chemokinesis decreased to 0.35 ± 0.13 μm/5 min 
(n = 154 cells from 5 CPs), which was significantly (P = 0.0002) 
different than ATP alone, and not significantly different (P > 
0.99) from the control rate. This suggests that P2X4 receptors 
could be involved in ATP-mediated epiplexus cell activation. 
Co-application of 5-BDBD and probenecid decreased ATP 
induced chemokinesis to 0.17 ± 0.04 μm/5 min (n = 275 cells 
from 9 CPs). Comparison of 5-BDBD alone, probenecid alone 
and 5-BDBD + probenecid indicated that their effects were not 
summative. DMSO with ATP was used as the vehicle control for 
5-BDBD and probenecid. Importantly, application of ATP plus 
DMSO (0.1%) did not significantly (P > 0.99) affect activation 
of epiplexus cells (0.81 ± 0.14 μm/5 min; n = 162 cells from 5 
CPs), compared with ATP alone (Fig. 3D–F).

Involvement of Ca2+ in ATP activation of epiplexus cells
Ionotropic purinergic receptors signal via the influx of Ca2+.23 

To investigate if ATP is mediating the chemokinesis of epiplexus 

cells via Ca2+ influx through P2X receptors, 
we used a Ca2+-free aCSF. Removal of extra-
cellular Ca2+ did not change baseline motil-
ity (0.23 ± 0.08 μm/5 min without Ca2+; P 
> 0.99 compared with control, n = 161 cells 
from 5 CPs). However, the absence of Ca2+ 
significantly altered ATP-induced chemoki-
nesis of epiplexus cells to 0.62 ± 0.08 μm/5 
min (n = 276 cells from 6 CPs), which was 
significantly different from ATP in regular 
aCSF (P = 0.04), but also from the rate in 
control conditions (P = 0.004) (Fig. 5).

An alternative strategy to investigate 
the role of intracellular Ca2+ is the use of 
BAPTA-AM, a membrane permeable Ca2+ 
chelator. Pre-incubation of the CP with 10 
μM BAPTA-AM decreased ATP-induced 
chemokinesis to 0.39 ± 0.07 μm/5min (n 
= 182 cells from 5 CPs), which was signifi-
cantly smaller than ATP (without BAPTA; 
P = 0.0003) and not different from control 
(P = 0.46).

Discussion

The choroid plexus plays important 
roles in brain homeostasis. It produces CSF 
and distributes neuropeptides, growth fac-
tors and cytokines.1 The CP functions as a 
critical component of the blood-CSF-barrier 
(BCSFB) that regulates movement of mol-
ecules in and out of the brain.1,2 The CP is 

thought to be an important site for immune defense and resident 
immune cells are likely critical for this role. Here we developed 
a novel method for studying the CP’s resident immune cells, the 
epiplexus cells, in acutely isolated and intact live CP. We report 
that similar to other immune cells of the monocyte lineage, epi-
plexus cells are potently activated by exogenous ATP. The pres-
ence of Panx1 channels in the epithelial cells of the CP appears 
critical for this activation. Epiplexus cell activation required 
P2X4, but not P2X7, ionotropic purinergic receptors. Finally, 
ATP-induced chemokinesis of epiplexus cells required increased 
intracellular Ca2+ (Fig. 6).

Chemokinesis of epiplexus cells in intact isolated CP
Without exogenously applied ATP epiplexus cells were 

mainly quiescent. To investigate if purines could activate epi-
plexus cells we bath applied 100 μM ATP, which initiated 
active movements that were characteristic of chemokinesis: 
the undirected movements of cells in response to a chemical 
stimulus. While the undirected nature likely reflects an inabil-
ity of the cells to determine a focal source of ATP, we chose 
this paradigm because it would closely mimic conditions of 
CSF infection or brain injury. Chemotaxis toward focally 
applied ATP is possible and a concept that we will investigate 
in the future. In some instances, several epiplexus cells would 
cluster together and move through the CP tissue as a single 

Figure  5. Ca2+ is involved in mediating chemokinesis. absence of extracellular Ca2+ and che-
lation of intracellular Ca2+ significantly decreased aTP-triggered chemokinesis. (A) Normalized 
average distance and statistical analysis, each symbol represents an individual cell; (B) normal-
ized summative distance; (C) slope of normalized summative distance where each symbol rep-
resents the average of all cells in a given CP.
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group, but the significance of this to CP function and defense of 
the BCSFB is not yet known.

How does the chemokinesis of epiplexus cells fit with our 
current knowledge of central nervous system immune cells? 
The characteristic feature of brain microglial activation is that 
microglial cells very rapidly send fine processes into the site of 
injury or ATP application to create a barrier between damaged 
and healthy tissue,49 and then exhibit features of whole-cell 
migration.32,33 In contrast, macrophages move their cell bod-
ies in response to the signal.22 Our results show that epiplexus 
cells rapidly respond to ATP with movement of their cell bodies. 
However, IB4 is a poor label of fine cellular processes. Thus, we 
are not able to rule out the possibility that there is also increased 
activity in the fine processes of epiplexus cells upon ATP expo-
sure. Interestingly, formation of a protective network of epiplexus 
cell’s sheet-like membranes on the ventricular surface of epithelial 
cells in the presence of a toxic agent has been reported.17 When all 
of our data are taken together, this suggests that epiplexus cells 
are indeed resident immune cells with functional features of both 
microglia and macrophages.

Interestingly, even though all IB4-labeled cells also expressed 
Iba1, the detected IB4 positive cells were only about two-thirds 
of the Iba1-positive population. The difference in the IB4 label-
ing pattern is likely because IB4 was applied to live tissue and 
anti-Iba1 after fixation and permeabilization. Thus, the live 
and intact CP likely had a functioning BCSFB that prevented 
IB4 from reaching the deeper cells. This notion is supported by 
our observation (not shown) that the endothelial cells lining the 
blood vessels of the CP also did not label with IB4.50

Pannexin-1 and P2X4 receptors are important for 
chemokinesis

ATP is a ligand for purinergic receptors and it has been sug-
gested that ionotropic purinergic receptors are linked to activa-
tion of immune cells.20-26 In several cases, the Panx1 ion channel 

is thought to mediate this activation either directly, or through 
release of signaling molecules.25,28,29,32,33,42 We found Panx1 
expression in the epithelial cells that comprise the bulk of the 
CP, and almost no detectable Panx1 in epiplexus cells. Two 
blockers of Panx1 potently inhibited ATP-induced chemokinesis 
of the epiplexus cells. This suggests that ATP acts on the epithe-
lial cells, which release an as yet unidentified molecule to acti-
vate the epiplexus cells (Fig. 6). Interesting candidates for this 
molecule include arachidonic acid, which can direct movement 
of leech microglia by acting on innexins (orthologs of Panx1),33 
and ATP-induced-ATP release.40 Since Panx1 is not likely acti-
vated directly by ATP, and may actually be blocked by it,51 it 
suggests that a purinergic receptor is present on epithelial cells 
that is functionally coupled to Panx1. We tested if either P2X4 
or P2X7 were involved because they have both been linked to 
Panx1.29,30

The ionotropic P2X4 receptors are expressed on most immune 
cells where they are functional (mediate ionic current) and partic-
ipate in cellular activation.24,29 Application of the P2X4R antago-
nist, 5-BDBD, together with 100 μM ATP decreased epiplexus 
cell activation. Immunohistochemistry confirmed expression 
of P2X4 receptors on both epithelial and epiplexus cells in the 
choroid plexus. This demonstrates that P2X4 receptors may be 
involved in epiplexus cell activation and suggests that epithelial 
P2X4 are important. While we cannot exclude a role for P2X4 
on the epiplexus cells, our observation that epithelial cell Panx1 is 
required for chemokinesis supports a role for epithelial purinergic 
receptors (Fig. 6).

P2X7 receptors participate in activation of macrophages, 
microglia and other immune cells.30,52,53 The P2X7 receptor 
antagonist, BBG did not prevent ATP-induced chemokinesis of 
epiplexus cells. Application of the P2X7 receptor agonist, BzATP, 
did not result in increased motility of the cells. This suggests 
that P2X7 receptors are not involved in activation of epiplexus 
cell chemokinesis, even though they are expressed (Fig. 6). It is 
possible that P2X7 receptor activation acts as a “stop signal” to 
migrating immune cells, since these receptors are activated by 
very high concentrations of extracellular ATP which is usually 
present in the center of inflammation or injury. Another possibil-
ity is that these receptors participate in activation of epiplexus 
cells in some alternative way that is not related to chemokinesis, 
such as increasing projections of fine processes in a manner simi-
lar to that reported for microglia.49

Calcium influx is required for chemokinesis of epiplexus 
cells

The absence of extracellular Ca2+ reduced ATP-triggered 
chemokinesis of epiplexus cells. Chelation of intracellular Ca2+ 
with BAPTA-AM completely inhibited ATP-mediated activa-
tion of epiplexus cells. These experiments indicate that influx 
of extracellular Ca2+ and/or release of Ca2+ from intracellu-
lar stores is responsible, at least in part, for the activation of  
epiplexus cells (Fig. 6). This may occur at several points in 
the activation mechanism. Increase in intracellular Ca2+ could 
directly activate Panx1.54 Alternatively, Ca2+ increases in the 
epiplexus cells themselves may be critical for activation of cell 
motility.

Figure  6. a model of a proposed cascade for aTP-triggered chemoki-
nesis of epiplexus cells. P2X4 receptors on the epithelial cells may be 
functionally coupled to Panx1 channels. In this way, activation of P2X4 
receptors by aTP would cause a release of an unidentified signaling 
molecule though Panx1 channels to activate chemokinesis of epiplexus 
cells. Our current data cannot exclude the possibility that P2X4 receptors 
on the epiplexus cells may contribute to the activation process.
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Conclusions

The current knowledge of the physiology of epiplexus cells is 
very limited. To our knowledge, this is the first live cell imaging 
of motility of these cells, as well as the first report of the action 
of ATP. While it was not surprising that ATP could activate 
the epiplexus cells, the critical involvement of Panx1 despite its 
absence in epiplexus cells was. In the future, we will test for roles 
of metabotropic purinergic receptors, probe for an endogenous 
source of ATP and focus on identifying the signal between the 
epithelial and epiplexus cells.

Materials and Methods

All chemicals were obtained from Sigma Aldrich unless oth-
erwise noted. Sprague-Dawley rats were housed on a 12 h light / 
dark cycle and given food and water ad libitum according to the 
guidelines of the Canadian Council for Animal Care.

The isolated and intact CP preparation
Postnatal (P) 21–40 d old Spague-Dawley rats were anaesthe-

tized by inhalation of isofluorane in air. Animals were killed by 
decapitation and brains were quickly removed and placed in ice-
cold aCSF consisting of (in mM) NaCl (120), NaHCO

3
 (26), 

KCl (2.5), NaH
2
PO

4
 (1.25), MgSO

4
 (1.3), CaCl

2
 (2), and glu-

cose (10). Osmolarity was carefully maintained at 291 ± 3 mil-
liosmole. The frontal and medial cortices were resected to expose 
the corpus callosum and 2 additional incisions along the hip-
pocampus were used to remove the remaining cortex and expose 
the lateral ventricles. The CP was gently extracted with forceps 
and a suction pipette, and was placed into a chamber filled with 
aCSF at 30–33 °C to recover for 30 min (Fig. 1A–C). The CP 
from the third and fourth ventricles could also be easily obtained, 
but experiments were performed on CP from the lateral ventricles 
because it tended to be flat and rested on the cover glass making 
it suitable for live cell imaging.

Live cell fluorescent imaging
Alexa Fluor 488 isolectin B4 conjugate (IB4) from Griffonia 

simplicifolia (Invitrogen) was used to label live epiplexus cells. 
IB4 has been shown to selectively label immune cells, such as 
macrophages and brain microglia.21,34-36 A 1 mg/ml stock solu-
tion of IB4 was prepared in phosphate buffered saline (PBS) 
(pH 7.4) and 0.5 mM CaCl

2
. The isolated CP was placed into 

a 10 µg/ml solution of IB4 in modified Hank’s Balanced Salt 
Solution (HBSS, 4 mM MgCl

2
, 1 mM CaCl

2
, 1 mM pyruvic 

acid, 1 mM kynurenic acid, 0.005 mM glutathione, pH 7.4)46 
for 15 min at room temperature.

The IB4 labeled CP was placed onto cover glass type 0 
(Fisher Scientific) and imaged with a Zeiss Axioimager inverted 
microscope equipped with f luorescence. IB4 was excited by a 
470 nm light emitting diode (LED; Zeiss Colibri) and emission 
was filtered through a high efficiency GFP filter set with single 
band pass 550/25 nm and collected by CCD camera. Baseline 
f luorescence was collected with a 40x air objective (NA = 0.6) 
for 25 min while the CP was perfused with oxygenated (95% O

2
 

/ 5% CO
2
) aCSF and then switched to the experimental solu-

tion for up to 95 min. The experimental solutions contained 

agonists adenosine-5′-triphosphate (ATP), 3′-benzoylbenzoyl 
adenosine 5′-triphosphate (BzATP) and antagonists of Panx1 
(probenecid, 10panx (WRQAAFVDSY, custom synthesized by 
AnaSpec and New England Peptide)) and of purinergic recep-
tors (brilliant blue G (BBG) and 5-(3-bromophenyl)-1,3-di-
hydro-2H-benzofuro[3,2-e]-1,4-diazepin-2-one (5-BDBD, 
from Tocris)), dissolved at the final concentration in aCSF. For 
experiments determining a role of Ca2+, CPs were pre-incubated 
in 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid 
tetrakis (acetoxymethyl ester) (BAPTA-AM, from Molecular 
Probes) at 30–33 °C for 30 min, or perfused with Ca2+-free 
aCSF containing ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N’-tetraacetic acid (10 µM EGTA), with or without 
ATP. When co-applied, antagonists or Ca2+-free aCSF were 
introduced 10 min prior to agonist application. If necessary, 
0.1% solution of dimethyl sulfoxide (DMSO) (from VWR) was 
used as a vehicle. The temperature of all solutions was main-
tained at 30–33 °C with an in-line heater (Warner) placed close 
to the microscope chamber.

AxioVision Multidimensional Acquisition software (Zeiss) was 
used to acquire four adjacent images in the xy plane (using the 
MosaiX module; Zeiss) and each xy image was comprised of 4 to 6 
z-stacks collected in 0.5–0.7 µm steps. Images were taken every 5 
min. Adjacent images were stitched using the Convert Tile Images 
parameter of AxioVision and image stacks were collapsed into a 
single plane using the maximum projection method. This allowed 
for time series analysis of cellular motility.

Images were processed and analyzed with ImageJ v.1.46 
software (National Institutes of Health). The StackReg plug-in 
was used to align the images to the original position if the xy 
axes drifted during the course of the experiment. The Manual 
Tracking plug-in for ImageJ was used to measure the distance 
traveled by cells for each frame, and generated representations 
of the tracked path superimposed on the original image.

Cells had 3–5 measurements in the baseline (25 min total) 
or they were excluded from further analysis. This typically 
occurred when a cell moved out of or in the field of view during 
the baseline period. To obtain normalized distance data, the 
5 baseline values (in μm) were averaged and then subtracted 
from the distance at each subsequent time. The mean ± stan-
dard error of the mean (SEM) of the normalized difference 
was taken as the average distance traveled by an individual cell 
over the course of an experiment, typically 95 min. Population 
averages were calculated and reported as “normalized average 
distance.”

To compare the rates of movement of epiplexus cells, we first 
determined the summative distance for each cell by adding the 
normalized distance traveled in a cumulative way throughout the 
course of the experiment. This was plotted as the mean ± SEM 
for all cells under a given experimental treatment. Slopes (change 
in distance traveled in 5 min intervals) were determined by lin-
ear regression of normalized summative distance. The summa-
tive distance of all cells in a given CP were averaged and used to 
calculate a slope for each CP. These slopes were then averaged to 
determine population means for a given experiment.
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Data were organized and normalized in Microsoft Office 
Excel 2007, and GraphPad Prism 6 software was used for all 
statistical analysis. One-way analysis of variance (ANOVA) and 
Bonferroni’s test for post-hoc analysis were used to compare 
means. Means were considered significantly different when prob-
ability (P) was lower than 0.05. Error bars in all plots represent 
the standard error of the mean (SEM). Both GraphPad Prism 6 
and Microsoft Office Excel 2007 software were used for graphic 
representations of the data.

Immunohistochemistry
The CP was isolated and labeled with IB4 (20 µg/ml for 30 

min at room temperature) as described above and subsequently 
fixed in 1 or 4% paraformaldehyde (PFA), or 95% ethanol/5% 
acetic acid. PFA-fixed samples were stored in 30% sucrose in PBS 
at 4 °C. Alcohol-fixed samples were immediately used for immu-
nolabeling. In all cases, the CP was washed in PBS 3 times for 
10 min. Nonspecific binding of the antibodies was blocked by a 
2-h exposure to a BSA-based blocking solution (1% BSA, 0.2% 
Triton X-100, 0.5% sodium azide, 0.4% sodium ethylenediami-
netetraacetate (EDTA) in PBS) at room temperature.

Primary antibodies from rabbit were dissolved in blocking 
solution and applied to the fixed CP tissue for 17–24 h at room 
temperature. The CP was washed with 0.2% Triton X-100 in 
PBS 3 times for 10 min. Subsequent incubation in secondary 
antibody (secondary antibody AF donkey anti-rabbit 555 IgG 
(A-31572) from Invitrogen at 1:100 and 100 ng/ml 4’,6-diamid-
ino-2-phenylindole (DAPI) dissolved in blocking solution) was 
for 2 h. Secondary antibodies were removed by washing with 
0.2% Triton X-100 in PBS 3 times for 10 min, mounted onto 
chrome alum (chromium (III) potassium sulfate)-coated super-
frost white slides (from VWR) in Vectashield (from Vector Lab), 
and covered with a coverslip type 0 (from Fisher Scientific). 
Appropriate autofluorescence and negative controls for second-
ary antibody specificity were performed.

There were some modifications of the procedure for each pri-
mary antibody to achieve the best labeling. The CP used for anti–
Iba1 labeling (1:500 dilution, 019–19741 from Wako) was fixed 
overnight in 4% PFA. For anti-Panx1 labeling (1:100, C-Term, 
488100 antibody from Invitrogen), the CP was fixed in 1% PFA 
for 2 h at room temperature. Antigen retrieval was performed by 
submerging whole CP into a heated (80 °C) sodium citrate buffer 
containing 10 mM trisodium citrate dihydrate (Fisher Scientific) 
and 0.05% polyoxyethylenesorbitanmonolaurate (Tween 20, 
from BioRad, pH 6.0) for 30 min. The CPs were then cooled for 
30 min and washed with 0.2% Triton X-100 in PBS 3 times for 
10 min and blocked in a BSA-based blocking solution with 10% 
donkey serum. Primary and secondary antibodies solutions con-
tained 2.5% of donkey serum. For anti-P2X7R (APR-004) and 
anti-P2X4R (APR-002 from Alomone at 1:200) labeling, CPs 
were fixed in 95% ethanol/5% glacial acetic acid (from BDH) 
at -20 °C for 17 min, and blocked in a BSA-based blocking 
solution with 5% donkey serum. Z-stack images were acquired 
with AxioVision Multidimensional Acquisition software (Zeiss), 

deconvolved, and the image stacks collapsed using Extended 
Focus parameter to create a single image. Brightness and contrast 
were manually adjusted. Co-expression of markers was quanti-
fied manually in the Cell Counter plug-in for ImageJ on the col-
lapsed stack images encompassing a depth of 20 μm from the 
CP surface.

Western blotting
Western blot analysis of Panx1 expression in CP and hippo-

campus was performed on rats anesthetized by IP injection of 
pentobarbital and intracardial perfusion with ice-cold PBS. CPs 
from the lateral ventricles and/or hippocampi were then dissected 
and lysed in cold lysis buffer (97% NP-40, 1% phenylmethylsul-
fonyl fluoride (PMSF), 1% Proteinase Inhibitor Cocktail, and 
1% Phosphatase Inhibitor Cocktail from Thermo Scientific) 
and centrifuged (at 4 °C for 10 min at 12817 rcf). The super-
natant was collected and stored at −20 °C until use. Total pro-
tein concentration was determined by Bradford assay. Samples 
containing 25 µg of total protein were mixed in a 1:1 ratio with 
2X Laemmli buffer (125 mM tris-HCl, 20% glycerol, 4% SDS, 
10% 2-mercaptoethanol, 0.004% bromophenol blue) and boiled 
for 5 min. Samples were resolved by PAGE  in an 8% resolving 
gel and a 5% stacking gel. The proteins were then transferred to 
polyvinylidenedifluoride (PVDF) membrane in transfer buffer 
(25 mM tris-HCl, 0.35 mM SDS, 190 mM glycine, 20% metha-
nol) and run at 0.25 A for 1 h. To block nonspecific binding, the 
PVDF membrane was agitated in 5% non-fat dry milk in 1X 
tris-buffered saline and 0.1% Tween 20 (TBST, 10 mM Tris pH 
7.5, 100 mM NaCl, 0.1% Tween 20) at 4 °C overnight. Rabbit 
anti-Panx1 (C-Term, 488100) primary antibody from Invitrogen 
at 1:1000 was added with the blocking agent and incubated for 
1.5 h with gentle agitation. The membranes were washed 3 times 
for 5 min in TBST and incubated with goat anti-rabbit, horse-
radish peroxidase secondary antibody at 1:10000 for 2 h. The 
membrane was washed again 3 times for 5 min with TBST. The 
bands were detected using Amersham electrochemiluminescence 
kit (GE Healthcare) and visualized with an UVP BioSpectrum 
imaging system.
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