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Abstract

Pericytes are small cells that are apposed to brain and meningeal microvasculature and control
capillary contraction, thereby regulating local cerebral perfusion. Pericytes respond to
exogenously applied glutamate /n vitro and express metabotropic glutamate receptors. However, it
is unclear if pericytes have the capacity to release glutamate. We therefore determined whether
pericytes express vesicular glutamate transporters (VGLUTS), which are considered to be
unambiguous markers of cells that use glutamate as an intercellular signaling molecule.
Leptomeningeal and brain microvasculature-associated pericytes of the adult rat, as defined by the
presence of NG2 proteoglycan, expressed both VGLUT2- and VGLUT3-immunoreactivity, but
did not express VGLUTL. Consistent with the hypothesis that pericytes release glutamate,
VGLUT2- and VGLUT3-immunoreactivities appeared to be localized to secretory vesicles. These
results suggest that glutamate is released from pericytes of the leptomeninges and brain
microvasculature, and demonstrate for the first time the co-localization of VGLUT2 and
VGLUTS3.
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Pericytes reside within the basal lamina of microvasculature, adhering to arterioles, venules,
and capillaries. Within the microvasculature of brain parenchyma and the leptomeninges,
where these cells are referred to as central nervous system (CNS) pericytes, they perform a
variety of functions, including the regulation of local cerebral blood flow and macrophage
activity. The phagocytotic immune function of CNS pericytes is subserved by numerous
lysosomes located within the cytoplasm, leading to a granular appearance of pericytes [5].
CNS pericytes are also replete with plasmalemmal and cytoplasmic vesicles [6,10], but the
function of these organelles is unknown.

CNS pericytes have ovular to oblong cell bodies spaced along brain parenchymal blood
vessels at intervals of ~50 um [27]. Protruding from the cell body are processes that extend
along and wrap around microvasculature. A recent report [18] demonstrated that the
processes of CNS pericytes, which express both actin and myosin filaments [3,12], contract

© 2008 Elsevier Ireland Ltd. All rights reserved.

"Corresponding author at: Psychiatric Hospital at Vanderbilt, Suite 313, 1601, 23rd Avenue South, Nashville, TN 37212, United
States. Tel.: +1 615 327 7080; fax: +1 615 322 1901. ariel.deutch@vanderbilt.edu (A.Y. Deutch).

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at doi:10.1016/j.neulet.2008.01.082.


http://dx.doi.org/10.1016/j.neulet.2008.01.082

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mathur and Deutch

Page 2

and relax to bidirectionally control capillary diameter. Consistent with this observation are
data showing that electrical stimulation of the cortex causes arteriolar dilation not only at the
site of stimulation but also in upstream arterioles that branch to supply the cortical area that
was stimulated [14]. Moreover, electrical stimulation of a CNS pericyte in cerebellar slice
cultures elicits contractile responses from upstream and downstream CNS pericytes along
the same microvessel [18]. Taken together, these data suggest the presence of bidirectional
communication between spatially segregated CNS pericytes, and thus some form of
“paracrine” intercellular signaling between these cells.

A growing body of evidence indicates that CNS pericytes respond to signaling molecules,
including neurotransmitters. Upon exogenous application, certain signaling molecules elicit
CNS pericyte-induced capillary constriction or dilation [18]. Among these is glutamate,
which reverses norepinephrine-induced CNS pericyte constriction of capillaries. It has also
been demonstrated that adult rat CNS pericytes express the metabotropic glutamate
receptors mGluR1a, mGIluR2/3, mGluR4a, and mGIuR7 [11]. This observation bolsters the
notion that CNS pericytes respond to paracrine cues from other cells, including glutamate-
containing neurons and glia. It is not known, however, if CNS pericytes express the
molecular machinery necessary to store and release glutamate for intercellular signaling. We
therefore determined if CNS pericytes express any of the three known vesicular glutamate
transporters (VGLUTS), the proteins required for vesicular storage and exocytotic release of
glutamate.

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) were group housed ona 12 h
light—dark cycle with lights on at 0700, and provided with food and water ad /ibitum. All
studies were performed in accordance with the National Institutes of Health Guide for Care
and Use of Laboratory Animals and under the oversight of the VVanderbilt University Animal
Care and Use Committee.

Adult male rats were perfused with room temperature 0.1 M phosphate buffer, pH 7.3,
followed by ice-cold 4% paraformaldehyde in phosphate buffer. Brains were postfixed in
4% paraformaldehyde, cryoprotected, and stored in a solution of phosphate buffer with 30%
sucrose and 30% ethylene glycol at —20 °C. Frozen coronal sections were subsequently cut
at 40 pm through the forebrain on a sliding microtome. Using our previously described dual
immunofluorescence method [4], we determined if the pericyte marker NG2 proteoglycan
[13] was co-expressed with one of the three known VGLUTS. Primary antibodies included
rabbit anti-NG2 chondroiton sulfate proteoglycan (1:250; Chemicon, Temecula, CA), rabbit
anti-VGLUT1 (1:1000; Mab Technologies, Stone Mountain, GA), mouse anti-VGLUT1
(1:100; Antibodies, Inc., Davis, CA), guinea pig anti-VGLUT2 (1:1000; Chemicon), rat
anti-VGLUT2 (1:50; Mab Technologies), guinea pig anti-VGLUT3 (1:10,000; Chemicon),
and rabbit anti-von Willebrand factor (1:500; Chemicon). Secondary antibodies included
AlexaFluor 488-conjugated donkey anti-rabbit 1gG (1:400; Invitrogen, Carlsbad, CA),
cyanine-2 (Cy2)-conjugated donkey anti-rat (1:400; Jackson ImmunoResearch Laboratories,
West Grove, PA), cyanine-3 (Cy3)-conjugated donkey anti-rabbit and donkey anti-guinea
pig 1gGs (1:1000; Jackson ImmunoResearch). Images of immunoreactive cells were
acquired using an LSM Meta confocal laser scanning microscopy system (Carl Zeiss)
equipped with a 63 x 1.4 NA objective and using a 2.5 digital zoom factor.

In order to determine if VGLUTSs expressed in CNS pericytes are localized to functional
vesicles, we examined the co-localization of the transporters with the anterograde tract tracer
biotinylated dextran amine (BDA), which when applied extracellularly is taken up by cells
through vesicles that dock with plasma membrane and release contents [1]. Similarly, we
determined if VGLUTS in CNS pericytes are present in functional lysosomes by determining
co-localization of the transporters with the retrograde tracer FluoroGold (FG), which upon
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uptake by cells is accumulated into lysosomes [16]. This approach provided for an
unambiguous identification of lysosomes and secretory vesicles based on their function.
Briefly, rats were deeply anesthetized with isoflurane and a 20 um (outside tip diameter)
glass micropipette was used to iontophoretically deposit a 3% solution of FG
(Fluorochrome, Inc., Englewood, CO) in 0.1 M cacodylic acid into the nucleus reuniens of
the thalamus, or a 15% solution of the anterograde tracer BDA (10,000 MW; Invitrogen,
Carlsbad, CA) in 0.1 M phosphate buffer into the prefrontal cortex. FG and BDA were
iontophoresed using pulsed positive 1.5 YA current (7 s on/off) for 10 and 15 min,
respectively. Animals were allowed to recover for 12 days before being sacrificed. The
presence of BDA was revealed by incubation in Cy3-conjugated streptavidin (1:1000;
Jackson ImmunoResearch), while FG was detected using rabbit-anti-FG (1:4000;
Chemicon) and subsequent Alexa 488-conjugated donkey anti-rabbit 1gG (1:400;
Invitrogen).

NG2-proteoglycan-immunoreactive (-ir) pericytes were observed in the leptomeninges (Fig.
1A) as well as associated with brain microvasculature (data not shown). These NG2-positive
pericytes had a mean (+S.E.M.) cross-sectional area of 64.23 + 1.77 um2. NG2-positive
pericytes were uniformly immunoreactive for VGLUT2 (Fig. 1D-F) and for VGLUT3 (Fig.
1G-I). However, we did not observe any pericytes that displayed VGLUT1-ir (Fig. 1A-C).

In addition, we observed that single CNS pericyte expressed both VGLUT2- and VGLUT3-
ir (Fig. 1J-L). VGLUT2- and VGLUT3-ir were prominent along the cytoplasmic surface of
the cell membrane, and could be seen in both the soma and processes. In addition, using
VGLUT2 or VGLUTS3 antibodies, we observed the orthogonal first order branching of
processes that is typical of CNS pericytes [25]. It should be noted that two different
VGLUT?2 antibodies were used, but these antibodies did not differ in their ability to reveal
VGLUT?2 protein in CNS pericytes. Two different VGLUTL1 antibodies were also used,
neither of which were able to detect the presence of VGLUTL1 protein in CNS pericytes.

In order to verify the specificity of the VGLUT2 and VGLUT3 antibodies, we performed a
control in which the primary antibodies were omitted (Suppl. Fig. 1D-F); no staining was
seen. In addition, to examine possible cross-reactivity, we incubated sections in a solution
containing the VGLUT3 primary antibody, but not the VGLUT?2 antibody, with both
secondary antibodies present; only VGLUT3-ir CNS pericytes were observed (Suppl. Fig.
1A-C). Thus, no nonspecific immunofluorescence was observed with either the VGLUT2 or
VGLUT3 primary antibodies.

To distinguish CNS pericytes from endothelial cells, double immunofluorescence was
performed using guinea pig anti-VGLUT3 and a rabbit antibody directed against the
epithelial cell marker von Willebrand Factor (VWF). The vWF antibody revealed capillaries
as well as larger vessels. VGLUT-ir CNS pericytes did not co-localize with endothelial cells
(Suppl. Fig. 1G-I).

Double staining for VGLUT3-ir and FG revealed that the transporter was not expressed in
lysosomes, which accumulate FG (Fig. 1IN-O). In contrast, BDA, which is accumulated by
vesicles, was co-localized with VGLUTS3 (Fig. 1P-R), consistent with a functional vesicular
localization of the VGLUTSs 2 and 3.

We observed that CNS pericytes express VGLUT2 and VGLUT3 but not vGLUT1.
VGLUT2- and VGLUT3-ir profiles mainly appeared as aggregates of spherical bodies
approximately 0.5-1 um in diameter along the cell membrane. This pattern of localization is
consistent with ultrastructural studies of pericyte vesicles [9,10] that noted that vesicles
appeared aggregated and continuous in their association with the inner surface of the cell
membrane.
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We also demonstrated that BDA and VGLUT3 were co-localized in CNS pericytes, but that
FG and the transporter were not co-localized. Because BDA when applied extracellularly to
cultured cells is taken up by synaptic vesicles as they fuse with the plasma membrane to
release their contents, it has been used as an indicator of synaptic vesicle release and re-
incorporation [1]. Thus, our observation of BDA in CNS pericytes and the co-localization of
BDA and VGLUT3 suggest that release and recycling of glutamate may be occurring in
these cells. This suggestion is buttressed by the finding that pericytes of human foreskin
venules express synaptobrevin, a protein required for vesicular docking and release [6].

Although there are indirect data that suggest that VGLUT3-containing vesicles release
glutamate from cortical pyramidal cell dendrites [7,26], direct evidence supporting
VGLUT3-mediated exocytotic glutamate release from neurons is lacking [22]. The relative
dearth of information concerning VGLUT3 function makes the generalization of the
functional significance of CNS pericyte expression of VGLUT3 difficult. However, our
observation that BDA is incorporated into VGLUT3-containing vesicles of CNS pericytes
suggests that these vesicles are undergoing exocytosis of, presumably, glutamate. In contrast
to VGLUTS3, far more is known about the functional role of VGLUT2. Takamori and co-
workers [23,24] demonstrated that heterologous expression of VGLUT2 is sufficient to
confer a glutamatergic phenotype in neurons and endocrine cells. This suggests that CNS
pericytes release glutamate, at least through VGLUT2-mediated exocytosis.

Our demonstration that VGLUT2 and VGLUT3 are co-expressed in CNS pericytes differs
from previous studies of the adult CNS, where glutamatergic neurons typically express just
one VGLUT isoform [8,21]. Although a relatively small number of neurons in the adult
brain co-express VGLUT1 and VGLUT2 [15,17,19], we are not aware of any studies of any
organ, including the brain, in which co-expression of VGLUT2 and VGLUTS3 has been
reported. Accordingly, CNS pericytes, which can readily be cultured, appear to be ideal
candidates for the study of the functional differences between VGLUT2 and VGLUT3
isoforms in a natively expressing cell type.

Why do CNS pericytes express both VGLUT2 andVGLUT3? The subcellular localization of
VGLUT1 and VGLUT?2 in neurons is restricted to presynaptic terminals, whereas VGLUT3
is localized to neuronal cell bodies and dendrites as well as presynaptic terminals [21]. Thus,
because CNS pericytes have distinct vesicle populations defined by VGLUT isoform
expression, these vesicles may be functioning in different subcellular compartments.
Although the staining pattern for both VGLUT2 and VGLUT3 appear to be very similar
when examined separately, we cannot rule out the existence of two distinct subpopulations
of vesicles defined by VGLUT2- or VGLUT3-ir under confocal microscopic examination;
future electron microsopic studies of immunogold labeling will be required to conclusively
resolve this issue.

To our knowledge, this is the first report demonstrating that CNS pericytes contain the
cellular machinery necessary for exocytotic release of glutamate. A logical extension of our
observations is that CNS pericytes may communicate with one another through a
glutamatergic mechanism. It is also possible that glutamate-dependent pericyte-neuron,
pericyte-endothelial cell, or pericyte-astrocyte communication also exists, considering the
close apposition of CNS pericytes and neurons, astroctyes, and endothelial cells, all of
which express glutamate receptors [2,20]. The dual expression of VGLUT2 and VGLUT3 in
CNS pericytes may allow new avenues of research into the functional differences between
VGLUT2 and VGLUT3 isoforms. Moreover, these findings clearly add to the growing list
of complex and highly varied functions of CNS pericytes, and provide insight into the roles
of these cells in health and disease.
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Fig. 1.

Leptomeningeal CNS pericytes co-express VGLUT2 and VGLUTS3 in vesicles. VGLUTL1 is
not expressed in CNS pericytes (revealed by NG2 proteoglycan (NG2)-ir) (A-C). However,
both VGLUT2 (D-F) and VGLUT3 (H-J) are expressed in CNS pericytes, where they
appear to be co-localized (J-K). VGLUTSs were not seen in lysosomes as revealed using
FluoroGold (FG) as a functional marker of these organelles (M-0). Instead,VGLUT3 was
localized to secretory vesicles as revealed by the co-localization of the transporter with
biotinylated dextran amine (BDA), which is taken up into vesicles from the extracellular
environment during exocytosis (P-R). Antibodies: (A—C) mouse anti-VGLUT1; (D-F)
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guinea pig anti-VGLUTZ2; (J-L) rat anti-VGLUT2. Scale bars: (C, L) 20 um; (F, 1, O, R) 5
pum. *Blood vessel.
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