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Abstract

Evidence indicates that erythrocyte-derived iron and inflammation both play a role in
intraventricular hemorrhage-induced brain injury including hydrocephalus. Many immune-
associated cells, primarily stromal macrophages, reside at the choroid plexus where they are
involved in inflammatory responses and antigen presentation. However, whether intraventricular
iron impacts those stromal cells is unknown. The aim of this study was to evaluate the relationship
between choroid plexus stromal macrophages and iron-induced hydrocephalus in rats and the
impact of minocycline and clodronate liposomes on those changes.

Aged (18-month-old) and young (3-month-old) male Fischer 344 rats were used to study

choroid plexus stromal macrophages. Rats underwent intraventricular iron injection to induce
hydrocephalus and treated with either minocycline, a microglia/macrophage inhibitor, or
clodronate liposomes, a macrophage depleting agent. Ventricular volume was measured using
magnetic resonance imaging and stromal macrophages were quantified by immunofluorescence
staining. We found that stromal macrophages accounted for about 10% of the total choroid plexus
cells with more in aged rats. In both aged and young rats, intraventricular iron injection resulted in
hydrocephalus and increased stromal macrophage number. Minocycline or clodronate liposomes
ameliorated iron-induced hydrocephalus and the increase in stromal macrophages.

In conclusion, stromal macrophages account for ~10% of all choroid plexus cells, with more
in aged rats. Treatments targeting macrophages (minocycline and clodronate liposomes) are
associated with reduced iron-induced hydrocephalus.
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Introduction

The choroid plexus is highly vascularized with a dense network of fenestrated capillaries
surrounded by a monolayer of cuboidal epithelial cells with intervening stroma [1]. Cells
and substances in blood can traverse the vascular endothelium and enter the stroma [2, 3]
but entry into cerebrospinal fluid (CSF) is inhibited by the blood-cerebrospinal fluid barrier
(BCSFB) at the epithelium [4, 5]. The choroid plexus is the primary site of CSF production.
In the classic model, CSF normally flows through the ventricular system, but obstructed
flow, limited CSF reabsorption or CSF overproduction can cause hydrocephalus [6].

The choroid plexus is also an important site in brain immune responses [1]. There are

large numbers of OX-6 positive (+) cells. These are primarily macrophages with a small
percentage attributable to other cell types, such as dendritic cells (DCs) [7]. Choroid plexus
macrophages include both cells in the stroma and epiplexus (Kolmer) cells at the epithelial
apical surface [1, 8]. The role of choroid plexus macrophages is still unclear but they are
hypothesized to be involved in immune inflammatory responses and antigen presentation
[9, 10]. In some pro-inflammatory conditions such as multiple sclerosis, choroid plexus
macrophages are activated and increase in number [11]. However, more research is needed
to further elucidate their roles.

Intraventricular hemorrhage (1\VVH) and associated hydrocephalus are major neurological
issues in both neonates and adults [12]. In adults, IVH can follow both intracerebral

and subarachnoid hemorrhage. Intracerebral hemorrhage is particularly a disease of the
elderly and the occurrence of IVH and hydrocephalus is associated with worse outcomes
[13-15]. While mechanisms of brain injury after cerebral hemorrhage are multifactorial,
including a sudden increase in intracranial pressure, decreased cerebral blood flow and
increased cerebral edema, evidence implicates iron and inflammation as potent mediators
[15]. Iron is a major erythrocyte component and, after a cerebral hemorrhage, lysis of
erythrocytes and hemoglobin degradation lead to iron release. Animal experiments indicate
iron is important in IVH-induced neuronal damage and hydrocephalus [16, 17]. Our prior
studies found lateral ventricle dilation and periventricular iron deposition in rat IVH and
subarachnoid hemorrhage models [18-20] and intraventricular injection of iron itself caused
hydrocephalus that was blocked by deferoxamine, an iron chelator [21, 22]. Whether

iron might impact choroid plexus immune cells and whether this might contribute to
hydrocephalus is unknown.

The current study examines choroid plexus histology in aged Fischer 344 (F344) rats to
describe the normal morphological structure, distribution, and number of OX-6 (+) cells.
Aged F344 rats also underwent intraventricular iron injection and were observed for OX-6
(+) cell activation and hydrocephalus development with MRI. Similar studies were carried
out in young rats to examine the impact of aging. To potentially mitigate the effects of
intraventricular iron injection, minocycline and clodronate liposomes were used.

Minocycline inhibits macrophages/microglia [23] and it is protective in multiple animal
stroke models, including cerebral hemorrhage [24]. Our prior studies found it alleviated
iron overload [25] and reduced macrophage activation [18] and it can reduce gliosis,
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brain edema and hydrocephalus in some models of hydrocephalus [23, 26]. In addition,

a recent study demonstrated that minocycline can protect against brain injury in a minipig
ICH model, reducing lesion volume, ventricle enlargement and white matter injury [27].
Clodronate liposomes can induce macrophage depletion [28-30]. Polfliet et al. found that

a single intraventricular injection of 50 pl of clodronate liposomes depleted perivascular

and meningeal macrophages [31]. Based on that study, we hypothesized that intraventricular
injection of clodronate liposomes will deplete choroid plexus macrophages.

Materials and Methods

Animal preparation and intraventricular injection

The University of Michigan Committee on the Use and Care of Animals approved the
animal use protocols. A total of 28 male aged (18-month-old) F344 rats (National Institutes
of Health, Bethesda, MD) and 32 male young (3-month-old) F344 rats (ENVIGO) were
used. Animals were anesthetized with pentobarbital (50 mg/kg intraperitoneally) and body
temperature maintained at 37.5°C with a heating pad. In a stereotactic frame (Kopf
Instruments, Tujunga, CA), a cranial burr hole (1 mm) was drilled and a 26-gauge needle
stereotactically inserted into the right lateral ventricle (coordinates: 0.6 mm posterior, 4.5
mm ventral, and 1.6 mm lateral to the bregma). A microinfusion pump (World Precision
Instruments Inc., Sarasota, FL) was used for intraventricular injections (14 ul/min). The
needle was left in place for an additional one minute after completion of the injection, the
burr hole sealed with bone wax and the skin incision sutured closed.

Experimental groups

This study was subdivided into four parts with animals randomized into each group. First,
normal aged F344 rats were euthanized and baseline specimens were collected (n=6).
Second, aged F344 rats underwent intraventricular injection of saline (50 ul, n=6), FeCl3
(2 mmol/L, 50 pl, n=8) or FeClz+minocycline (final concentration 2 mmol/L, 0.5 mmol/L
respectively, 50 ul, n=8) into the right lateral ventricle at a rate of 14 pl/min. At 24 hours
after injection, the rats underwent MRI scanning and were euthanized. Third, young F344
rats underwent saline intraventricular injection (50 pl, n=7), FeCl3 (2 mmol/L, 50 pl, n=7)
or FeClz+minocycline (final concentration 2 mmol/L, 0.5 mmol/L respectively, 50 ul, n=7)
into the right lateral ventricle at a rate of 14 pl/min. At 24 hours after injection, the

rats underwent MRI scanning and were euthanized. Finally, young F344 rats underwent
intraventricular injection of FeCls+clodronate liposome (final concentration 2 mmol/L, 3.5
g/L respectively, 50 pl, n=6) or FeClz+control liposome (final concentration 2 mmol/L, 3.5
g/L respectively, 50 pl, n=6) into the right lateral ventricle. At 24 hours after injection,

the rats underwent MRI imaging and were euthanized. One rat in the FeCls+clodronate
liposome group was excluded due to the development of IVH and large periventricular
hematoma following injection.

MRI scanning and ventricle volume measurement

For MRI scanning, rats were anesthetized with 2% isoflurane. MRI was obtained ina 7.0-T
Varian MR scanner (Varian Inc.). The imaging protocol for all rats included a T2 fast
spin-echo sequence (TR/TE=4000/60 msec). The field of view was 35 mm x 35 mm, and
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the matrix was 256 mmx128 mm. Twenty-five coronal slices (0.5 mm thick) were acquired
to cover the lateral ventricle system. Ventricular volumes were calculated as previously
validated [16, 19]. Briefly, bilateral lateral ventricles were outlined and the area on each
slice was measured. Ventricular volume was calculated by multiplying the ventricular area
by section thickness. A blinded observer performed the image analyses using Image J.

Immunohistochemistry and immunofluorescence staining

Cell Counts

Rats euthanized with pentobarbital (100 mg/kg intraperitoneal) underwent transcardiac
perfusion with 4% paraformaldehyde in 0.1 mol/L phosphate-buffered saline (pH 7.4).

The brains were stored in 4% paraformaldehyde for one day followed by immersion

in 30% sucrose for 3 days at 4°C. They were then embedded in optimal cutting
temperature compound (Sakura Finetek USA) prior to sectioning (18-pm) on a cryostat.
Immunofluorescence studies were performed as previously described[32]. Briefly, primary
antibodies were added and incubated overnight at 4°C followed by a phosphate buffered
saline wash and incubation at room temperature for 2 hours with secondary antibodies.
Primary antibodies were monoclonal mouse anti-OX-6 (1:200 dilution; BIO-RAD),
polyclonal goat anti-Iba-1 (1:200 dilution; Abcam), and monoclonal rabbit anti-beta catenin
(1:200 dilution; Abcam). Secondary antibodies were Alexa Fluor 488 donkey anti-goat 1gG
(1:500, Invitrogen), Alexa Fluor 594 donkey anti-mouse 1gG (1:500, Invitrogen) and Alexa
Fluor 488 donkey anti-rabbit 1gG (1:500, Invitrogen). Fluoroshield™ with DAPI (F6057)
was used for nuclear labeling.

Immune-associated cells were assessed on high-power images (x40 magnification) taken by
a digital camera. The brain section (~0.4 mm posterior to the bregma) with two choroid
plexuses in bilateral lateral ventricles was chosen to count cells. The percentage of immune-
associated cells was calculated as a percentage of total choroid plexus cell number. Choroid
plexus cells from bilateral lateral ventricles were counted. Cell counts were performed using
Image J. All measurements were repeated three times by a blinded observer and the mean
value was used.

Statistical Analysis

Results

Values are given as means * standard deviation (SD). Student t-test or one-way ANOVA
with a Tukey’s multiple comparisons test were used to analyze the data. Differences were
considered significant at p<0.05.

OX-6 (+) cells, the majority of which are macrophages, are primarily located in the choroid
plexus stroma

Initial experiments were geared towards describing the baseline state of OX-6 (+) cells in
the choroid plexus. This was achieved by immunofluorescence double-staining of OX-6
and beta-catenin in normal aged F344 rats. Most OX-6 (+) cells were found to be located
between the choroid plexus vasculature and epithelium, a region that is described as the
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choroid plexus stroma. The cellular morphology of these OX-6 (+) cells was variable and
included elongated, dendriform or amoeboid appearances (Figure 1A).

OX-6 (+) cells in the choroid plexus were further sub-classified by immunofluorescence
double-staining for OX-6 and Iba-1 in normal aged F344 rats. As in the prior experiment, the
majority of the OX-6 (+) cells were located in the choroid plexus stroma and, interestingly,
they were Iba-1(+). These OX-6(+)Iba-1(+) cells accounted for the majority of the Iba-1(+)
cells, but a small number of OX-6(+) cells were Iba-1(-). Almost all OX-6(-)Iba-1(+)

cells were located outside the epithelium and had a cap-shaped appearance, reminiscent

of epiplexus cells (e.g. Kolmer cells) (Figure 1B). It is worth noting that OX-6(+)Iba-1(+)
cells located in the stroma, in contrast to OX-6 antigen, showed lower fluorescence intensity
of Iba-1. In normal aged F344 rats, the number of OX-6(+) cells as a percentage of all
choroid plexus cells was 11.0 + 1.3%, while the percentage of OX-6(+)Iba-1(+) cells was
8.5 £ 1.7%. The percentage of OX-6(+)Iba-1(-) cells was also calculated as (total OX-6(+)
cells minus OX-6(+)Iba-1(+) cells)/(all choroid plexus cells) and was 2.5 + 0.5%, which
may represent another subtype of macrophages or other immune-associated cells such as
dendritic cells (Figure 1C). Overall, the OX-6(+) cells represent a large proportion of
choroid plexus cells and are primarily located within the stroma. OX-6(-)Iba-1(+) cells

are located outside the epithelial cells and may represent epiplexus cells based on the
similarities in staining and morphology.

Minocycline mitigated iron-induced hydrocephalus and increases of OX-6(+) cells in aged

rats

To determine the role of OX-6(+) cells in the development of hydrocephalus, an iron
intraventricular injection model was utilized. Twenty-two aged F344 rats were divided

into three groups: saline, iron and iron+minocycline. MRI scans completed at 24 hours
post-injection showed that the ventricular volume of the iron group (36.0 + 9.2 mm3, n=8)
was significantly increased compared to the saline group (11.0 + 2.6 mm3, n=5; p<0.001,
Figure 2A-B). Minocycline significantly reduced ventricular dilation (21.4 + 4.8 mm3, n=8;
p<0.01, Figure 2A-B).

As found in the prior experiments, almost all OX-6(+) cells were located in the choroid
plexus stroma (Figure 2C). Interestingly, there was a significant increase in OX-6(+) cell
number in the iron group compared to the saline group (13.8 + 2.3% of all cells, n=8

in iron group vs. 10.2 £1.3%, n=6 in saline group, p<0.01, Figure 2D). Co-injection of
minocycline with iron led to reduction of OX-6(+) cells back to baseline (10.6 + 1.2% of
all cells n=8; p<0.01, Figure 2D). The OX-6(+)lba-1(+) cells were also increased in the iron
group compared to the saline group (11.3 + 2.1%, n=8 in iron group vs. 7.8 £1.2%; n=6 in
saline group, p<0.01, Figure 2E), an effect negated by the co-administration of minocycline
(9.0 £ 1.3%, n=8; p<0.01, Figure 2E). The OX-6(+)Iba-1(-) cells were also increased in the
iron group compared to the saline group and minocycline attenuated this effect (Figure 2F).
However, OX-6(+)Iba-1(-) cell number has no significant difference between these three
groups.
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Minocycline alleviated iron-induced hydrocephalus and increases of OX-6(+) cells in young

rats

Similar to the experiments carried out with aged F344 rats, young F344 rats were
randomized into the three groups and underwent intraventricular injections followed by MRI
scans at 24 hours. Ventricular volume and cell numbers were calculated. Intraventricular
injection of iron increased the ventricular volume (33.4 + 15.0 mm3, n=7) compared to
saline injection (7.4 + 6.4 mm3, n=7; p<0.01, Figure 3A-B). This dilation was significantly
alleviated by minocycline though not back to baseline (17.0 + 7.4 mm3, n=7; p<0.05, Figure
3A-B). The number of OX-6(+) cells as a % of all cells was again increased after iron
injection (10.6 + 1.4%, n=7) compared to saline injection (8.0 £1.6%, n=7; p<0.01, Figure
3D). Though co-administration of minocycline appeared to reduce the number of OX-6(+)
cells, this was not statistically significant (Figure 3D). The number of OX-6(+)Iba-1(+)
cells also increased in the iron group (9.2 = 1.6%, n=7) compared to the saline group (6.7
+1.9%, n=7; p<0.05, Figure 3E). Again, though minocycline appears to reduce these effects,
this was not statistically significant (Figure 3E). When comparing the OX-6(+)Iba-1(-) cell
number between these three groups, OX-6(+)Iba-1(-) cells were increased in the iron group
compared to the saline group without statistical difference. Meanwhile, minocycline didn't
affect this population of cells apparently.

Aged rats have a higher percentage of choroid plexus stromal macrophages

Aged and young rats were compared to examine if aging affects the characteristics of
stromal macrophages. When the percentage of OX-6(+) cells in the saline injection groups
was compared, aged rats had more choroid plexus OX-6(+) cells (10.2 +£1.3% of all cells,
n=6) than young rats (8.0 £1.6%, n=7; p<0.05, Figure 4A). In the iron-injected groups, aged
rats also had more OX-6(+) cells in the choroid plexus (13.8% + 2.3%, n=8) than young rats
(10.6 + 1.4%, n=7; p<0.05, Figure 4B). While there was no significant difference in the total
number of OX-6(+)Iba-1(+) cells between young and aged saline groups, after iron injection
there was a significantly higher OX-6(+)Iba-1(+) percentage in aged rats (11.3 +2.1%, n=8)
compared to young animals (9.2 £1.6%, n=7; p<0.05, Figure 4D). When comparing the
percentage of OX-6(+)Iba-1(-) cells in the saline injection groups, aged rats had more
OX-6(+)Iba-1(-) cells (2.4 £0.67%, n=6) than young rats (1.2 £0.6%, n=7; p<0.05, Figure
4E). In the iron-injected groups, aged rats also had more OX-6(+)Iba-1(-) cells (2.4 + 0.8%,
n=8) than young rats (1.5 = 0.5%, n=7; p<0.05, Figure 4F).

Clodronate liposomes attenuated iron-induced hydrocephalus

To evaluate the effect of macrophage depletion on hydrocephalus development, clodronate
liposomes were co-administered with iron injection. The ventricular volumes were
decreased in the iron+clodronate group (11.6 + 1.6 mm3, n=5) compared with the
iron+vehicle group (25.6 = 5.1 mm3, n=6; p<0.001, Figure 5A-B). The number of OX-6(+)
cells (as a % of all cells) was also decreased in the iron+clodronate group (8.6 + 0.7%,

n=5) compared with the iron+vehicle group (11.1 + 1.2%, n=6; p<0.01, Figure 5C-D).
Unlike minocycline, clodronate liposomes failed to statistically significantly influence the
number of OX-6(+)Iba-1(+) cells (Figure 5E). It, however, significantly reduced the number
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of OX-6(+)Iba-1(-) cells in the iron+vehicle group (3.4 + 1.6%, n=6) compared with the
iron+clodronate group (0.9 + 0.5%, n=5; p<0.05, Figure 5F).

Discussion

The choroid plexus is not only a site of the BCSFB, it is also an environment that is rich

in immune cells and is now recognized as an immune organ of the brain. The immune cells
present within the choroid plexus include macrophages, dendritic cells and T lymphocytes
[33, 34]. Macrophages are the predominant cell type and they can be visualized with OX-6
and Iba-1 staining [11]. The data described above show that about 10% of all cells within
the choroid plexus are OX-6(+). These cells are primarily located within the stroma, with a
small percentage on the choroid plexus epithelium apical surface (epiplexus cells). Almost
all OX-6(+) cells are also Iba-1(+) and have a morphologically elongated, dendriform or
amoeboid appearance. Based on the staining pattern and morphology, OX-6(+) cells within
the stroma are thought to represent choroid plexus macrophages. In this study, we divided
OX-6(+) CP immune cells into two groups after iron injection. (1) OX-6(+)/1ba-1(+) cells,
which are considered to be macrophages, including epiplexus macrophages and stromal
macrophages. (2) OX-6(+)/Iba-1(-) cells, which are considered to be dendritic cells (DCs)
but may also contain other antigen-presenting cells such as activated T cells.

Iron is a major component of erythrocytes and its release after erythrolysis plays an
important role in IVH-induced brain injury and hydrocephalus [16]. Intraventricular iron
injection (e.g. FeCly) itself can induce hydrocephalus [21]. In IVH-induced injury, there is
evidence of the importance of toll-like receptors (TLRs), which activate the inflammatory
pathways (e.g. TLR4-NFxB pathway [35, 36]). Choroid plexus inflammatory signaling can
also induce CSF hypersecretion [6]. In our experiments, after intraventricular injection of
iron, rats showed ventricular dilatation and an increase in OX-6(+) cells in the choroid
plexus. To be more specific, macrophages (defined as OX-6(+)/Iba-1(+) cells) increased
significantly after intraventricular injection of iron in both young and aged F344 rats,

not DCs (defined as OX-6(+)/Iba-1(-) cells). Though a direct cause-effect relationship

has not been established, this correlation may represent stromal macrophages playing a

role in regulating CSF dynamics, possibly through inflammatory pathways or some other
mechanism. Approximately 80% of CSF is secreted by choroid plexus epithelial cells.
Choroid plexus stromal macrophages may potentially mediate inflammatory pathways
within epithelial cells that can induce CSF hypersecretion[36], eventually leading to
hydrocephalus. This inflammatory mechanism and resultant secondary injury may correlate
clinically with post-hemorrhagic chronic hydrocephalus occurring in a delayed manner over
days, rather than acutely following the initial hemorrhage.

It is possible that the increase in OX-6(+) cells at the choroid plexus after iron injection is
a response to brain injury or the hydrocephalus rather than being involved in propagating
those changes. We, therefore, explored the effects of trying to block the changes in the
inflammatory cells and whether it would block hydrocephalus induction. Minocycline has
anti-inflammatory as well as anti-apoptotic capabilities. It inhibits proteolysis immune
cell activation and proliferation in several CNS disease models [37, 38]. Minocycline

can also inhibit the activation of microglia/macrophages [23]. Our prior work showed
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that minocycline can reduce iron overload and associated brain damage after intracerebral
hemorrhage [25]. It has also been shown to alleviate hydrocephalus and a consequent
increase in Iba-1(+) cells in some pathological states [18]. Other studies suggest that
minocycline attenuates periventricular reactive gliosis and hydrocephalus in several animal
models of hydrocephalus [23, 26]. The current study shows that minocycline can reduce
ventriculomegaly caused by iron injection and that it also leads to a decrease in the
percentage of OX-6(+) cells. The underlying mechanisms may be connected to the ability
of minocycline to inhibit microglia/macrophage activation, alleviate neuroinflammation and
chelate iron.

Clodronate liposome can selectively lead to macrophage depletion [29, 39]. This occurs
by macrophage phagocytosis of liposomes and subsequent disruption of the liposome
phospholipid bilayers leading to apoptosis [39]. It has been described that a single
intraventricular injection of clodronate liposome can lead to complete depletion of
perivascular and meningeal macrophages [31]. Other studies have demonstrated that
clodronate liposome, when given intrathecally, can inhibit spinal microglial activation [40].
The data in the current study show that clodronate liposome significantly reduced the
ventricular dilation caused by iron injection and reduced OX-6(+) cells. OX-6(+)/Iba-1(-)
cells are probably DCs or T-cells. Those cells decreased dramatically after clodronate
liposome therapy which may indicate that they have a certain degree of phagocytosis.
Interestingly, however, there was no significant change in the number of OX-6(+)Iba-1(+)
macrophages, leading to the speculation that other macrophage subtypes may be involved.

Age is a primary risk factor for intracerebral hemorrhage, a primary cause of adult IVH.

It is, therefore, important to assess how the effects of 1\VH-derived iron on choroid plexus
including inflammatory cells might be impacted by aging. The morphology of the choroid
plexus changes with age due to irregular fibrosis of the stroma, thickening of the epithelial
basement membrane and epithelial atrophy [41]. Choroid plexus function also deteriorates
with age with a decline in CSF secretion and BCSFB damage [42]. A study in aged

sheep suggests that normal aging alters CSF protein content, CSF secretion, and BCSFB
integrity [43]. With age, immune cells of peripheral origin significantly increase in the
central nervous system [44, 45]. In this study, aged rats had more choroid plexus OX-6(+)/
Iba-1(+) and OX-6/Iba-1(-) cells than younger rats with similar dosing of FeCls. The data
also showed that the responses tended to be greater in aged rats than young rats. This might
be due to a higher number of baseline choroid plexus immune cells and the impact of aging
on choroid plexus function making it more sensitive to inflammation. These findings of
increased inflammation in the aged rat model may explain the known worse outcomes noted
in the elderly population.

There are several limitations to this study. The first of these is that only male rats were
utilized so results cannot be generalized to both sexes. Another limitation is that this study
does not elucidate the mechanistic relationship between OX-6(+) cells and hydrocephalus
but rather only identifies an association. Further studies will be required to understand the
molecular mechanisms. That includes specifically blocking the immune response in the
choroid plexus. In addition, in this proof-of-concept study, iron-induced hydrocephalus was
only determined at 24 hours and intracranial pressure was not measured.
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In conclusion, this study quantified the number of choroid plexus stromal macrophages,
which is around 10% of all choroid plexus cells. It also reveals that ventricular volume
and choroid plexus stromal macrophages increase after intraventricular injection of iron,
effects which were counteracted by minocycline or clodronate liposome co-administration.
Though there is a correlation between OX-6(+) cells and the hydrocephalus development,
the mechanism is still unclear. It may be that inflammatory mediators from these stromal
macrophages may impact BCSFB function including CSF secretion but this needs further
investigation. The current data also suggest that aging increases the number of choroid
plexus stromal macrophages, which may be linked to the increased susceptibility of aged
rats for developing hydrocephalus.
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Figure 1. Baseline characteristics of choroid plexus stromal macrophagesin aged rats.
(A) Immunofluorescence double-staining of OX-6 and beta-catenin in choroid plexus of

normal aged F344 rat. Note the presence of many OX-6 positive cells within the choroid
plexus stroma (below the epithelium). (B) Immunofluorescence double-staining of OX-6
and Iba-1 in choroid plexus of normal aged F344 rat. White arrow shows OX-6(+)1ba-1(-)
cells, green arrow shows OX-6(=)Iba-1(+) cells, yellow arrow shows OX-6(+)lba-1(+) cells.
(C) The number of OX-6(+) cells, OX-6(+)Iba-1(+) cells and OX-6(+)Iba-1(-) cells as a
percentage of the total number of choroid plexus cells. Values are mean + SD, n=6.
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Figure 2. Intraventricular iron injection increases ventricular volume and the number of
OX-6(+) in aged rats, effects mitigated by minocycline.

(A) Examples of T2-weighted MRI scans at 24 hours after intraventricular injection of
saline, iron (FeCls) or iron (FeCl3) + minocycline (mino) in aged F344 rats. Note the dilated
ventricles in the iron-injected rats. (B) Quantification of ventricular volume. Values are
mean + SD, n=5 in saline group, n=8 in iron group and n=8 in iron+mino group. p<0.001
when comparing the three groups by one-way ANOVA-test, ##p<0.001 for iron vs. saline
group and #p<0.01 for iron vs. iron+mino group by Tukey’s multiple comparisons test.

(C) Immunofluorescence double-staining of choroid plexus OX-6 and Iba-1 in saline, iron
and iron+mino group at 24 hours. White arrows show OX-6(+)Iba-1(+) co-labeled cells.

(D) The number of OX-6(+) cells was calculated as a percentage of the total number of
choroid plexus cells. Values are mean + SD, n=6 in saline group, n=8 in iron group and

n=8 in iron+mino group. p<0.05 when comparing the three groups by one-way ANOVA-test,
#p<0.01 for iron vs. saline group and #p<0.01 for iron vs. iron+mino group by Tukey’s
multiple comparisons test. (E) The percentage of OX-6(+)Iba-1(+) cells were calculated
relative to the total number of choroid plexus cells. Values are mean + SD, n=6 in

saline group, n=8 in iron group and n=8 in iron+mino group. p<0.01 when comparing

the three groups by one-way ANOVA-test, #p<0.01 for iron vs. saline group and *p<0.05
for iron vs. iron+mino group by Tukey’s multiple comparisons test. (F) The percentage of
OX-6(+)Iba-1(-) cells were calculated relative to the total number of choroid plexus cells.

Transl Stroke Res. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bian et al.

Page 14

Values are mean = SD, n=6 in saline group, n=8 in iron group and n=8 in iron+mino group.
P>0.05 when comparing the three groups by one-way ANOVA-test.
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Figure 3. Intraventricular iron injection increases ventricular volume and the number of
OX-6(+) in young rats, effects mitigated by minocycline.

(A) Examples of T2-weighted MRI scans at 24 hours after intraventricular injection

of saline, iron (FeCls) or iron (FeCls) + minocycline (mino) in young F344 rats. (B)
Quantification of ventricular volume. Values are mean + SD, n=7 in saline, n=7 in iron

and n=7 in iron+mino groups. p<0.01 comparing the three groups by one-way ANOVA-test,
#p<0.01 for iron vs. saline group and *p<0.05 for iron vs. iron+mino group by Tukey’s
multiple comparisons test. (C) Immunofluorescence double-staining of choroid plexus
OX-6 and Iba-1 in saline, iron and iron+mino groups at 24 hours. White arrows show
OX-6(+)Iba-1(+) co-labeled cells. (D) The number of OX-6(+) cells was calculated as a %
of the total number of choroid plexus cells. Values are mean = SD, n=7 in saline, n=7 in iron
and n=7 in iron+mino groups. p<0.05 comparing the three groups by one-way ANOVA-test,
*p<0.05 for iron vs. saline group by Tukey’s multiple comparisons test. (E) The percentage
of OX-6(+)Iba-1(+) cells were calculated relative to the total number of choroid plexus cells.
Values are mean + SD, n=7 in saline, n=7 in iron and n=7 in iron+mino groups. p<0.05
when comparing the three groups by one-way ANOVA-test, *p<0.05 for iron vs. saline
group by Tukey’s multiple comparisons test. (F) The percentage of OX-6(+)lba-1(-) cells
were calculated relative to the total number of choroid plexus cells. Values are mean + SD,
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n=7 in saline, n=7 in iron and n=7 in iron+mino groups. P>0.05 when comparing the three
groups by one-way ANOVA-test.
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Figure 4. Aged rats have more OX-6(+) cellsthan young rats.
(A) Comparison of the number of OX-6(+) cells (expressed as a % of total choroid plexus

cells) in young and aged saline groups. Aged saline group n=6, young saline group, n=7.
*p<0.05 by t-test. (B) Comparison of the percentage of OX-6(+) cells between young and
aged iron groups. Aged iron group n=8, young iron group, n=7. *p<0.05 by t-test. (C)
Comparison of the percentage of OX-6(+)Iba-1(+) cells between young and aged saline
groups. Aged saline group n=6, young saline group n=7. p>0.05 by t-test. (D) Comparison
of the percentage of OX-6(+)Iba-1(+) cells between young and aged iron groups. Aged
iron group n=8, young iron group, n=7. *p<0.05 by t-test. Values are mean + SD. (E)
Comparison of the percentage of OX-6(+)Iba-1(-) cells between young and aged saline
groups. Aged saline group n=6, young saline group n=7. *p<0.05 by t-test. (F) Comparison
of the percentage of OX-6(+)Iba-1(-) cells between young and aged iron groups. Aged iron
group n=8, young iron group, n=7. *p<0.05 by t-test. Values are mean + SD.
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Figure5:
(A) Examples of T2-weighted MRI scans at 24 hours after intraventricular injection of

iron (FeCls) + control liposome (veh) or iron (FeCls) + clodronate liposome (clo) in

young F344 rats. (B) Quantification of ventricular volume. Values are mean = SD, n=6

in iron+veh group, n=5 in iron+clo group. ##p<0.001 by t-test. (C) Immunofluorescence
double-staining of choroid plexus OX-6 and Iba-1 in iron+veh and iron+clo groups at 24
hours. White arrows show OX-6(+)1ba-1(+) co-labeled cells. (D) The number of OX-6(+)
cells as a percentage of the total number of choroid plexus cells. Values are mean + SD,
n=6 in iron+veh group, n=5 in iron+clo group. #p<0.01 by t-test. (E) The percentage of
OX-6(+)Iba-1(+) cells were calculated relative to the total number of choroid plexus cells.
Values are mean + SD, n=6 in iron+veh group, n=5 in iron+clo group. p>0.05 by t-test.

(F) The percentage of OX-6(+)Iba-1(-) cells were calculated relative to the total number of
choroid plexus cells. Values are mean + SD, n=6 in iron+veh group, n=5 in iron+clo group.
*p<0.05 by t-test.
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