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Summary

Although the effects of cerebral ischemia on the blood-brain
barrier have been extensively studied, the effects on the blood-
cerebrospinal fluid barrier (BCSFB) at the choroid plexuses have re-
ceived much less attention. This paper reviews evidence on the effects
of cerebral ischemia on the choroid plexus, particularly focusing on
the degree of blood flow reduction required to damage the lateral
ventricle choroid plexuses during transient forebrain ischemia, and
whether disruption of the BCSFB might affect nearby tissues.

Studies have shown that 2 common models of forebrain ischemia
(4-vessel and 2-vessel with hypotension) cause damage to the lateral
ventricle choroid plexus via necrosis and apoptosis. We have found
that bilateral common carotid artery occlusion with hypotension
causes an 87% reduction in lateral ventricle choroid plexus blood
flow during ischemia and an approximate tripling of the permeability
of the BCSFB to inulin after 6 hours of reperfusion. Interestingly,
evidence suggests that this disruption of the BCSFB rather than dis-
ruption to the blood-brain barrier is the major cause of enhanced
inulin entry into the hippocampus. The hippocampus undergoes se-
lective delayed neuronal loss in that model of forebrain ischemia and
the BCSFB disruption may participate in or modulate that delayed
injury.
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Introduction

Two barrier systems serve as an interface between
blood and brain. The blood-brain barrier (BBB),
formed by cerebral endothelial cells and their linking
tight junctions, and the blood-cerebrospinal fluid bar-
rier (BCSFB), formed by the choroid plexus (CP) epi-
thelial cells with their linking tight junctions and the
arachnoid membrane. The effects of cerebral ischemia
(focal or global) on the BBB have been extensively
studied. Thus, ischemia causes BBB disruption with
the extravasation of plasma proteins and vasogenic
edema formation. In addition, ischemia triggers
changes in the endothelium that result in the migration
of leukocytes into the injured brain, contributing to in-

flammation and brain injury. The effects of cerebral is-
chemia on CP and BCSFB function has been much less
studied [6], even though the early studies of Pulsinelli
et al. [9] found that transient forebrain ischemia caused
CP necrosis after 6 hours of reperfusion. This pattern
of injury contrasts to nearby brain parenchyma where
there is delayed cell death. We review the evidence of
the effects of forebrain ischemia on the CP with a par-
ticular focus on what degree of CP ischemia is neces-
sary to cause CP injury, and the effect of CP injury on
tissues bordering the cerebrospinal fluid (CSF) system.

Forebrain ischemia-induced CP injury in rat

Pulsinelli et al. [9] first examined the effects of tran-
sient forebrain ischemia (bilateral carotid and verte-
bral artery occlusion, 4VO, with reperfusion of the
carotid arteries after 10, 20, or 30 minutes) on lateral
ventricle CP morphology in the rat. They found evi-
dence of necrosis after 6 hours. Johanson et al. [5], us-
ing bilateral carotid occlusion (2VO) with hypotension
in the rat, also found early damage to the epithelial
brush border, organelles, and nucleus following reper-
fusion (and restoration of blood pressure) with rapid
necrosis. Although there is evidence of necrosis in
these models, Ferrand-Drake and Wieloch [3] have
also reported evidence supporting CP apoptosis after
18—24 hours of reperfusion in the rat 2VO with hypo-
tension model, and Kitagawa et al. [7] found evidence
of apoptosis as a result of reperfusion after 5 minutes
of 2VO in the gerbil.

We have examined the effects of ischemia on CP ep-
ithelial function by measuring CP glutamine transport,
a sodium-dependent process which indirectly utilizes
adenosine triphosphate. CP glutamine transport was
reduced by 45% and 72% after 10 and 30 minutes of
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Table 1. Changes in blood flow during ischemia and the influx of [H ] inulin during reperfusion in different regions of the brain [2]

Blood flow (ml/g/min) Inulin K (nl/g/min)

Control Ischemia Control Ischemia + reperfusion
CSF - - 0.15 4+ 0.01 0.43 + 0.10* (287%)
Choroid plexus 2.46 +0.22 0.33 4+ 0.06%** (13%) - -
Anterior cortex 0.94 + 0.08 0.07 £ 0.03%** (7%) 0.041 + 0.002 0.077 £ 0.014* (188%)
Hippocampus 0.92 +0.05 0.19 + 0.05%*%* (21%) 0.048 + 0.002 0.16 + 0.035%* (333%)

Measurements of blood flow were made in control rats and animals subjected to 10 minutes of ischemia. Measurements of the influx rate
constant (K;) for inulin were made in control rats and animals subjected to 30 minutes of ischemia with 6 hours of reperfusion. Values are
mean + SE, n = 7-8 for the influx rate constants, and n = 4 for blood flows.

* %% and *** indicate a difference from control at p < 0.05, p < 0.01, and p < 0.001 levels, respectively. Numbers in parentheses are the
ischemia or ischemia with reperfusion values expressed as a % of control. CSF cerebrospinal fluid.

permanent 2VO with hypotension in the rat [2]. Al-
though CP glutamine transport returned to control
values if the brain was reperfused after 10 minutes of
ischemia, there was a residual deficit following reperfu-
sion after 30 minutes [2]. Dienel [1] also found a long-
term derangement in CP calcium homeostasis after 30
minutes of 4VO with reperfusion in the rat.

CP blood flow during ischemia

The levels of CP blood flow required to induce in-
jury have received little study. Ten minutes of 2VO
with hypotension caused a marked reduction in blood
flow to the lateral ventricle CPs in the rat (~ 87%; [2]).
By contrast, in the brain parenchyma, there was a 93%
reduction in the anterior cortex and a 79% reduction in
the hippocampus (Table 1; [2]).

BCSFB disruption during reperfusion

The effects of CP injury on BCSFB function merit
further investigation. Ikeda et «l. [4] found increased
blood to CSF calcium flux after 5 minutes of 2VO
with reperfusion in the gerbil. In our studies, rats
receiving 6 hours of reperfusion after 30 minutes of
2VO with hypotension showed a marked increase in
the influx rate constant for [*H] inulin entry into CSF
(to ~300% of control; [2]). Those animals also showed
a marked increase of entry into hippocampus and a
more modest increase into anterior cortex (Table 1).

Discussion

A number of studies have now shown that the lateral
ventricle CPs are damaged by forebrain ischemia (re-

viewed in greater detail in [6]), and a number of
these papers have also shown a fairly rapid recovery
in CP function following the ischemic event [6].
Although not the subject of this review, an understand-
ing of those mechanisms may be important for under-
standing BBB as well as BCSFB function after a
stroke.

Studies on the CP blood flows necessary to induce
such injury have been few. We have found that 2VO
occlusion with hypotension induces a very marked
87% reduction in lateral CP blood flow [2]. This model
of ischemia has been shown to induce apoptosis and
necrosis in the CP [6]. The percentage reduction in
blood flow that induced CP injury is similar to that
which is known to induce parenchymal damage. It
should be noted, however, that because control CP
blood flows are much higher than in other brain re-
gions like cerebral cortex, the absolute blood flows
(~33 ml/100 g/min) that induced CP injury would
likely not induce injury in the brain parenchyma.
Thus, in terms of absolute blood flows, the CP may
actually be selectively vulnerable to ischemia. This is
also suggested by the work of Pulsinelli et al. [9], who
found that forebrain ischemia caused early CP injury
but much later damage in the hippocampus.

The lateral ventricle CPs receive blood from both
the anterior and posterior choroidal arteries. This
raises the question of whether blood flows from both
sources would have to be compromised (such as in a
heart attack) to reach the flows necessary to cause CP
injury. Recently, however, Liebeskind and Hurst [§]
have reported infarction of a lateral CP following a
posterior choroidal artery stroke in man.

Ischemic damage to the CP might affect parenchy-
mal injury by a number of different mechanisms [6].
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For example, the CP may produce growth factors that
would normally protect periventricular tissues from is-
chemic damage [5]. Another mechanism by which CP
damage might affect parenchymal damage is by allow-
ing the entry of blood components into the CSF. For
this to be relevant pathophysiologically, however, the
entry of such compounds across the damaged BCSFB
would have to be greater than across the BBB. Recent
evidence from our laboratory suggests that this is the
case for the hippocampus following 2VO with hypo-
tension [2]. In that model, despite the hippocampus
blood flows being less affected than those of the ante-
rior cortex (a 79% reduction in flow vs. a 93% reduc-
tion), there was a greater uptake of inulin into hippo-
campus from blood than into the anterior cortex
(Table 1). The likely cause of this disparity is not dif-
ferences in the degree of BBB disruption within the 2
tissues, but rather differences in proximity to the CSF
system. For the hippocampus, which has close proxim-
ity to the CSF system, tissue inulin entry closely fol-
lowed that into CSF [2]. In contrast, for the anterior
cortex, which is seldom influenced by CSF, there was
no correlation between tissue inulin entry with that
into CSF [2].

In conclusion, the CP may be selectively vulnerable
to ischemia in terms of absolute blood flows required
to induce ischemic damage. In addition, ischemia-
induced disruption of the CP may impact tissues adja-
cent to the ventricular system and may be a major
cause of increased entry of blood-borne solutes into
those tissues.
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