THE JOURNAL OF COMPARATIVE NEUROLOGY 406:207-220 (1999)

Differential Cellular Expression of
Isoforms of Inositol 1,4,5-Triphosphate
Receptors in Neurons and Glia in Brain

ALAN H. SHARP,}2%* FREDERICK C. NUCIFORA, JR.,%2® OLIVIER BLONDEL,* CAROL
A. SHEPPARD,®> CHUANYI ZHANG,*?® SOLOMON H. SNYDER,3%” JAMES T. RUSSELL,®
DAVID K. RYUGO,%8 anD CHRISTOPHER A. ROSS236
1Laboratory of Cellular Neurobiology, Johns Hopkins University School of Medicine,
Baltimore, Maryland 21287
2Laboratory of Molecular Neurobiology, Johns Hopkins University School of Medicine,
Baltimore, Maryland 21205
3Department of Psychiatry, Johns Hopkins University School of Medicine,
Baltimore, Maryland 21287
4Laboratory of Molecular Biology, NINDS, NIH, Bethesda, Maryland 20892
SLaboratory of Cellular and Molecular Neurophysiology, NICCHD, NIH,
Bethesda, Maryland 20892
6Department of Neuroscience, Johns Hopkins Univeristy School of Medicine,
Baltimore, Maryland 21205
“Department of Pharmacology and Molecular Sciences, Johns Hopkins University
School of Medicine, Baltimore, Maryland 21205
8Department of Otolaryngology/Head and Neck Surgery, Johns Hopkins Univeristy
School of Medicine, Baltimore, Maryland 21205

ABSTRACT

Inositol 1,4,5-trisphosphate receptors (IP3;R) are mediators of second messenger-induced
intracellular calcium release. Three isoforms are known to be expressed in brain, but their
regional distributions and cellular localizations are little known. In order to better under-
stand the roles of IP; receptor isoforms in brain function, a first step is to define their
distributions. We have used affinity-purified antibodies directed against peptides unique to
each isoform to determine their sites of expression in rat brain. Type 1 IP3R (IP3R1) is
dramatically enriched in Purkinje neurons in cerebellum and neurons in other regions,
consistent with previous studies. By contrast, IP3R2 is only detected in glia, whereas IP;R3 is
predominantly neuronal, with little detected in glia. IP3R3 is enriched in neuropil, especially
in neuronal terminals (which often contain large dense core vesicles) in limbic and basal
forebrain regions including olfactory tubercle, central nucleus of the amygdala, and bed
nucleus of the stria terminalis. In addition, IP3R1 and I1P3R3 have clearly distinct time courses
of expression in developing brains. These data suggest separate roles for inositol 1,4,5-
trisphosphate receptor isoforms in development, and for glial and neuronal function. The
IP3R3 may be involved in regulation of neurotransmitter or neuropeptide release in terminals
within specific nuclei of the basal forebrain and limbic system. J. Comp. Neurol. 406:207-220,
1999.  © 1999 Wiley-Liss, Inc.

Indexing terms: Ca?* release; electron microscopy; synapse; second messengers; neuropeptides;
limbic system

Intracellular calcium is an important messenger mol-
ecule in neurons and other cells (Ross et al., 1990; Ber-
ridge, 1993; Bootman and Berridge, 1995; Clapham, 1995;
De Camilli et al., 1996; Striggow and Ehrlich, 1996).
Intracellular calcium signaling is especially important in
the brain and is believed to be involved in long-term
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modulation of neuronal excitability and plasticity (Ber-
ridge, 1993; Simpson et al., 1995). One source of intracellu-
lar calcium is release from intracellular stores via the
second messenger inositol trisphosphate (IP5; Ferris and
Snyder, 1992; Berridge, 1993; Furuichi and Mikoshiba,
1995; Striggow and Ehrlich, 1996). Hormone, neurotrans-
mitter, or growth factor stimulation of cell surface recep-
tors leads to the generation of IP; and gating of calcium
from these stores via IP; receptors (IP3R).

The IP3R has been purified from rat cerebellum (Supat-
tapone etal., 1988) and localized primarily to the endoplas-
mic reticulum (ER; Mignery et al., 1989; Ross et al., 1989)
though nuclear, plasma membrane and neurotransmitter
vesicle localizations have also been described (Khan et al.,
1992; Furuichi et al., 1994; Furuichi and Mikoshiba, 1995;
Petersen, 1996). Molecular cloning reveals three different
isoforms encoded by different genes, IP3;R1, 2, and 3
(Furuichi et al., 1989; Mignery et al., 1989; Sudhof et al.,
1991; Ross et al., 1992; Blondel et al., 1993; Maranto, 1994;
De Smedt et al., 1997). Regulation of IP5; receptors is
complex with alternative splicing of at least IP;R1 (Mign-
ery et al., 1990; Nakagawa et al., 1991; Danoff et al., 1991;
Schell et. al., 1993; Nucifora et al., 1995) and post-
translational modification of 1P3R by phosphorylation (Dan-
off etal., 1991; Ferris et al., 1991; Furuichi et al., 1994). In
addition, there is regulation by adenine nucleotides (Ferris
et al., 1990), calcium (Finch et al., 1991; Bezprozvanny et
al., 1991; lino and Endo, 1992), and the immunophilin
FK506 binding protein (FKBP-12; Cameron et al., 1995).
Different isoforms of the receptor may have different
affinities for 1P; and different forms of regulation (Sudhof
etal., 1991; Blondel et al., 1993; Maranto, 1994; Newton et
al., 1994; Sugiyama et al., 1994a,b; Joseph et al., 1995;
Wojcikiewicz, 1995; DelL.isle et al., 1996). Receptors in a
number of cell lines appear to be heterotetramers com-
posed of more than one isoform (Joseph et al., 1995;
Monkawa et al., 1995; Wojcikiewicz and He, 1995; Nuci-
fora et al., 1996), and there is evidence for homotetramers
of the 1P3R3 isoform in some cultured cells (Nucifora et al.,
1996) with the possibility that homotetramers of other
isoforms could also exist. Among tissues, only liver has so
far been demonstrated to contain IP3;R heterotetramers
(Monkawa et al., 1995).

The separate isoforms of IP;Rs have different tissue
distributions, with 1P3R1 being most highly expressed in
brain, 1P;R2 apparently being highly expressed in spinal
cord, and IP3;R3 highly expressed in intestine (Ross et al.,
1992; Maranto, 1994; Newton et al., 1994). Different
isoforms also predominate in different culture cell types
(Blondel et al., 1993; De Smedt et al., 1994; Sugiyama et
al., 1994a,b; Parys et al., 1995; Nucifora et al., 1996).

Within the brain, the distribution of radiolabeled IP5
binding and IP;R immunoreactivity has been described
(Worley et al., 1989; Otsu et al., 1990; Satoh et al., 1990;
Sharp et al., 1993a,b; Ryugo et al., 1995), but most studies
did not distinguish among IP3R isoforms. The distribution
of IP;R1 mRNA throughout the brain has been described
by using in situ hybridization (Mailleux et al., 1992;
Furuichi et al., 1993), and two studies have examined the
distribution of IP3R1 receptor protein in the brain by using
isoform-specific antibodies (Nakanishi et al., 1991; Dent et
al., 1996). IP3R1 is expressed at high levels in cerebellar
Purkinje cells and at lower levels in other regions. Al-
though IP3;R1 is the most abundant isoform in the brain,
other isoforms are present (Sudhof et al., 1991; Ross et al.,
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1992; Blondel et al., 1993). A study of IP3 binding in brains
of mice homozygous for IP;R1 gene deletions detected
residual 1P3; binding in most regions of brain (Matsumoto
et al., 1996), implying widespread distribution of other
receptor isoforms. One study reported the presence of
IP;R3 ingliain rat brain (Yamamoto-Hino et al., 1995), but
used an antibody raised against a peptide differing signifi-
cantly from the rat sequence and has not been confirmed.
Besides regional and cellular variations, 1PsR isoforms
may differ in neuronal compartmentalization. IP;R1 oc-
curs in dendrites, dendritic spines, cell bodies, axons, and
axonal terminals of cerebellar Purkinje cells, but appears
to be more compartmentalized in most other neurons with
highest levels generally in cell bodies and proximal den-
drites (Nakanishi et al., 1991; Ryugo et al., 1995; Dent et
al., 1996). Little is known of the intracellular compartmen-
talization of other isoforms in the brain.

We have now examined the expression of the relatively
uncharacterized IP;R2 and 1P3R3 isoforms in rat brains by
Western blot and immunohistochemistry, including experi-
ments on the well-characterized IP;R1 for comparison. We
have found that IP;R1 and IP3;R3 have differing time
courses of expression in development and have demon-
strated differing localizations of IP3;Rs 1, 2, and 3 in
populations of neurons and glia in adult brains. In contrast
to a previous study of IP3R3 in the brain (Yamamoto-Hino
et al., 1995), we detect IP3R3 predominately in neuronal
structures, especially neuronal terminals, and we de-
scribe, for the first time, the distribution of IP;R2 in the
brain.

MATERIALS AND METHODS
Animals

All work involving animals was approved by the animal
care and use committees of the institutions where the
work was performed and was in accordance with NIH
guidelines.

Preparation of antibodies

Antisera were raised in rabbits (Cocalico Biologicals,
Reamstown, PA) against synthetic peptides corresponding
to unique portions of IP;R1, 2, and 3 as described previ-
ously (Nucifora et al., 1995). Three peptides GHPPHMN-
VNPQQPA, GSNTPHENHHMPPH, and RRQRLGFVD-
VQNCMSR, corresponded to the C-termini of IP3R1, 2, and
3, respectively, whereas a fourth peptide, VSEVSVPEI-
LEED, corresponded to a unique internal portion (amino
acids 2432-2444) of IP3R3. Antibodies were affinity-
purified by using the peptide immunogen immobilized on a
solid support as previously described (Nucifora et al.,
1995). Affinity-purified antibodies specific for IP;R1, 2, and
3 C-termini were prepared from the sera of rabbits 41, 42,
and 75 and were respectively termed AP41, AP42, and
AP75. Affinity-purified antibodies specific for the internal
type 3 IP3R peptide were prepared from the serum of
rabbit 45 and were termed AP45.

Because the C-terminal 1P;R3 peptide used to generate
antibodies (AP75) was not freely soluble at pH 7.4, another
peptide corresponding to this region was synthesized
(DDDLGFVDVQNCMSR) with three aspartates added in
place of the N-terminal RRQR to increase solubility. This
peptide eliminated immunoreactivity in preadsorption con-
trols with antibody AP75.
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Western blot analysis

For characterization of antibodies and analysis of pro-
tein distribution by immunoblot, 6- to 8-week-old Sprague-
Dawley white rats (Harlan, Indianapolis, IN) were decapi-
tated and the brains removed, dissected, and homogenized
in ice-cold buffer (50 mM Tris-HCI [pH 7.4], 1 mM EDTA, 1
mM 2-mercaptoethanol, 0.4 mM phenylmethylsulfonylfluo-
ride [PMSF], 1 mM benzamidine, 1 pg/ml leupeptin, 0.5
pg/ml antipain, 1 pg/ml aprotinin, 1 pg/ml chymostatin, 1
Hg/ml pepstatin A) using a Brinkmann Polytron (Brink-
mann, Westbury, NY). Protein was assayed with the
Coomassie Plus reagent (Pierce, Rockford, IL). For develop-
mental studies, timed pregnant female Sprague-Dawley
white rats were decapitated and embryos harvested. Tis-
sues were homogenized and protein assayed as above.
Primary cultures of rat cortical astrocytes were prepared
and harvested as described below. Protein (200 pg per
lane) was subjected to electrophoresis on sodium dodecyl-
sulfate (SDS)-polyacrylamide gels (3-12% gradients).
Prestained molecular weight standards (Gibco-BRL, Gai-
thersburg, MD) were run in adjacent lanes. Apparent
molecular masses are reported as indicated by the manu-
facturer. Proteins were transferred electrophoretically to
nitrocellulose membranes. Blots were preincubated for 1
hour at room temperature in 5% nonfat dry milk in
phosphate-buffered saline (PBS, pH 7.4) before incubation
overnight at 4°C with antibody diluted in 3% bovine serum
albumin (BSA) in PBS. AP41 was used at 1-2 pg/ml, AP42
was used at 2 pg/ml, and AP75 was used at 3 pug/ml. For
preblockade controls, antibodies were preincubated over-
night at 4°C with the appropriate peptide immunogens (10
png/ml). After incubation in antibody, blots were washed for
15 minutes in 5% nonfat dry milk in PBS, followed by three
more washes of 5 minutes each in the same solution. Blots
were then incubated with secondary antibodies (peroxidase-
linked, affinity-purified goat anti-rabbit from Boehringer-
Mannheim, Indianapolis, IN) at a dilution of 1:10,000 for 1
hour at room temperature. After three washes (1 X 15
minutes and 2 X 5 minutes) in 5% nonfat dry milk in PBS,
the blots were washed two times more in PBS. Blots were
then developed by using the Lumi Glo chemiluminescence
reagents (Kirkegaard and Perry, Gaithersburg, MD). Im-
ages of Western blots (Figs. 1 and 2) were digitized by
using a flat-bed scanner, adjusted slightly by using bright-
ness and contrast controls (Adobe Photoshop 3.0), labeled
with text and printed in a high-resolution format with a
color printer (Fuji Pictography 3000).

Primary culture of rat cortical astrocytes

Cultures were prepared from 2-day-old rats according to
methods previously described (McCarthy and de Vellis,
1980). Briefly, cells were grown in plastic flasks until
reaching confluence (9 days in culture). The flasks were
placed on an orbital shaker and vigorously agitated for 3
hours to remove microglia, and the medium was discarded
and replaced with fresh medium. The flasks were then
shaken vigorously overnight. The type 1 astrocytes, which
remain firmly attached to the culture flasks, were har-
vested as follows. Culture plates were rinsed three times
with ice-cold PBS. Cells were then scraped into cold PBS,
pelleted by centrifugation, resuspended in a small volume
of cold homogenization buffer with protease inhibitors (50
mM Tris-HCI [pH 7.4], 1 mM EDTA, 1 mM 2-mercaptoeth-
anol, 0.4 mM PMSF, 1 mM benzamidine, 1 pg/ml leupep-
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tin, 0.5 pg/ml antipain, 1 pg/ml aprotinin, 1 pg/ml chy-
mostatin, 1 pg/ml pepstatin A) and homogenized with
several brief bursts from a probe sonicator. Soluble and
particulate fractions were prepared by centrifugation of
the homogenates at 100,000 X g for 1 hour at 4°C. Protein
was assayed by using the Coomassie Plus reagent (Pierce).
Alternatively, cells were rinsed three times with cold PBS
and then scraped on ice into a small volume of 50 mM
Tris-HCI (pH 7.4), 5% SDS, 10 mM benzamidine, 0.8 mM
PMSF. In this case, protein was assayed using the BCA
reagent (Pierce).

Immunohistochemistry

Light microscopy. Immunoperoxidase localization in
rat brain sections. Rats (6- to 8-week-old, Sprague-Dawley
white; Harlan) were deeply anesthetized with pentobarbital
(130 mg/kg) and perfused with 25-50 ml of PBS followed by
200-300 ml of 4% paraformaldehyde in 100 mM sodium
phosphate (pH 7.3). Tissue was then removed and further
fixed by immersion in the same fixative solution for 2-4 hours
at 4°C. Tissue was then cryroprotected by overnight incuba-
tion in 20% glycerol in PBS. After freezing the tissue under
powdered dry ice, sections (40-um-thick) were cut into PBS
with a sliding microtome. Some sections were stored at -20°C
in an antifreeze solution (10% [w/v] polyvinylpyrrolidone
[PVP-40], 30% [w/Vv] sucrose, 10% [wi/v] ethylene glycol, and 50
mM sodium phosphate [pH 7.4]). Before staining, sections
were rinsed in 50 mM Tris, (pH 7.4), 1.5% NaCl (TBS), and
permeabilized by incubation in 0.3% Triton X-100 in TBS for
20-30 minutes at room temperature with gentle agitation.
Sections were then blocked by incubation in 5% normal goat
serum (NGS) in TBS for 30 minutes at room temperature.
Affinity-purified antibodies were diluted in 1% NGS in TBS.
AP41 (IP3R1) was used at a concentration of 1-2 pg/ml, AP42
(IP3R2) was used at 0.5-2 pg/ml, and AP75 (IP3R3) was used
at 3 pg/ml. For preadsorption controls, diluted antibodies
were preincubated overnight with 10 pg/ml of the appropriate
peptide immunogen at 4°C before use. Sections were incu-
bated with antibody solutions overnight at 4°C with gentle
agitation, washed three times for 10 minutes each, and then
processed with the Vectastain Elite avidin/biotinylated peroxi-
dase reagents (Vector Labs, Burlingame, CA) as follows.
Sections were incubated 1 hour with biotinylated goat anti-
rabbit secondary antibody (1:200) in 1% NGS in TBS at room
temperature, washed 10 minutes in 1% NGS in TBS, followed
by three washes of 7 minutes each in TBS alone and then
incubated with avidin-biotinyl peroxidase complex (1:50 dilu-
tion of each reagent in TBS) for 1 hour at room temperature.
After washing three times for 10 minutes each, sections were
developed using 0.5 pg/ml diaminobenzidine (DAB) and 0.1%
H,0, in TBS. Sections were rinsed, mounted on glass slides,
dehydrated in graded ethanol solutions, cleared with xylene, and
coverslipped. Anatomical localizations were determined by com-
parison of stained sections with the rat brain atlas of Paxinos and
Watson (1986) and by consultation with other experts in rat brain
anatomy (see ACKNOWLEDGMENTS).

Immunoperoxidase localization of IP;R3 in COS-7 cells.
A full-length cDNA clone, pPCMV-1P3;R3, was prepared and
inserted into the EcoRI site of the expression vector
pCMV6b (Blondel et al.,, 1993). COS-7 (African green
monkey fibroblast) cells were transfected with pCMV-
IP;R3 and pCMV6b DNA by electroporation (GenePulse,
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Fig. 1. Western blot characterization of isoform-specific anti-
inositol 1,4,5-trisphosphate receptors (IP3R) antibodies. Soluble (S)
and particulate (P) fractions were prepared from rat olfactory bulb
tissue (A and B) and cultured cortical astrocytes (C), and proteins (200
ug per lane) were resolved on 3-12% sodium dodecylsulfate (SDS)
polyacrylamide gels and transferred to nitrocellulose membranes. The
blots were stained with affinity-purified antibodies against IP;R1 (A,
AP41), IP3R3 (B, AP75), and IP3R2 (C, AP42). A single band of
approximately 260-kDa in the particulate fractions was stained by
each of the IP;R1- and IP3R3-specific antibodies (A, AP41 and B, AP75,
respectively). In addition to a band of approximately 260 kDa, another
band of approximately 100 kDa was labeled with the IP;R2-specific
antibody (C, AP42). All immunoreactivity was eliminated by preincu-
bation of the antibodies with 10 pg/ml of the corresponding peptide
immunogens (blots labeled +Pep). The 100-kDa band labeled by the
IP3R2-specific antibody varied in intensity among preparations and
was nearly absent in a crude homogenate prepared by scraping the
cells directly into a solution containing 5% SDS, 50 mM Tris-HCI (pH
7.4), 10 mM benzamidine, and 0.8 mM PMSF (H), suggesting that this
band is a proteolytic fragment of the 1P;R2.

Bio-Rad, Hercules, CA). Expression of IP;R activity was
measured after 65 hours by ligand binding and immuno-
blotting. Transfected cells were cultured for 65 hours on
glass coverslips and then fixed with 4% paraformaldehyde.
Cells were stained for IP3;R3 with antibody AP75 as
described for sections.

Immunofluorescent colocalization of 1P;R2 and S100-8
in brain sections. Rats were deeply anesthetized with
pentobarbital (as indicated above) and perfused with 4%
paraformaldehyde plus 0.1% glutaraldehyde in phosphate
buffer. Brains were removed, postfixed in 4% paraformalde-
hyde for 2—4 hours, cryoprotected, sectioned on a sliding
microtome (35-pm-thick), and stored in antifreeze solution
at -20°C until use. Sections were then washed in PBS,
permeabilized and blocked as for immunoperoxidase label-
ing and then incubated overnight at 4°C in the absence
(control) or presence of antibody AP42. After four washes
in PBS, sections were incubated for 1.5 hours in anti-
S100-B monoclonal antibody (1:10,000; Sigma, St. Louis,
MO) and washed again. The sections were then incubated
with the appropriate fluorescent secondary antibodies
(fluorescein isothiocyanate [FITC]-labeled goat anti-
mouse and/or indocarbocyanine [Cy3]-labeled goat anti-
rabbit, Jackson Immunoresearch, West Grove, PA), washed
in PBS, mounted on glass slides, and coverslipped with a
buffered medium containing Mowiol (Calbiochem, San
Diego, CA) and glycerol with DABCO (1,4 diazabicyclo-
[2.2.2]octane; Sigma) added as an anti-fade agent (Osborn
and Weber, 1982).

Sections were imaged with a fluorescence microscope
equipped with a cooled charge coupled device digital
camera as described previously (Sheppard et al., 1997).
Images were processed with a digital confocal restoration
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Fig. 2. Western blot analysis of inositol 1,4,5-trisphosphate recep-
tors (IP3R)1 and IP3R3 expression in adult (A) and developing (B and
C) rat brains. Crude membranes were prepared from adult rat brain
regions (A) and analyzed by Western blot. Lanes each contained 200
ug protein. In adult brain, expression of the IP;R1 was highest in
cerebellum, low in pons/medulla, midbrain and olfactory bulb, and at
intermediate levels in the striatum, cortex, hippocampus, and dien-
cephalon, whereas IP3;R3 was more evenly distributed with enrich-
ment in the olfactory bulb. Western blot analysis of homogenates
prepared from rat head or brain at various stages in development (B
and C) showed that IP3R1 and IP3R3 had strikingly different patterns
of expression during development. IP;R1 increased relatively late in
development, whereas IP;R3 was detected at earlier times. The blots
in C were stained with different aliquots of antibody and were exposed
to film somewhat longer that those in B. E, embryonic day; P, postnatal
day.

algorithm developed by Dr. Frederick Fay and colleagues
at the University of Massachusetts (Carrington et al.,
1992; Carter et al., 1993) as described previously (Shep-
pard et al., 1997). This algorithm was implemented by
using the software system Cell Scan (CSPI-Scanalytics
Inc., Billarica, MA). Cellscan, the integrated software/
hardware system (CSPI-Scanalytics, Billarica, MA) con-
trolled both the CCD camera and a piezoelectric micro-
scope fine focus controller such that optical sections of
specimens (0.25 um) could be obtained. We first character-
ized blurring due to the optics by measuring the point-
spread function of the imaging system by acquiring a
series of optical sections of a latex bead filled with the
same fluorophore (diameter = 0.2 pm). Sections were
imaged under identical conditions and routinely 53 optical
sections were obtained 0.25 um apart. The Cellscan soft-
ware was then utilized to computationally reverse the
blurring resulting from out-of-focus plane light. The proto-
col was experimentally tested using the fluorescent beads
that were previously used for acquiring the point-spread
function of the microscope. The axial resolution of our
microscope under these measurement conditions was 0.75
pm. Restored images were displayed as reconstructed
volume views. Omission of anti-IP;R2 (AP42) gave no
signal in the red channel, indicating specificity of label and
lack of bleed-through of green label into the red channel.
Similarly, red label did not bleed into the green channel.
Images of S100-B and IP;R2 staining (Fig. 6) were pseudo-
colored green and red, respectively. The images were
imported into Adobe Photoshop 5.0 and merged to test for
colocalization (yellow). Images were then printed in CMYK
color to a dye sublimation printer (Tektronix Phaser) or
displayed in RGB color on a high-resloution monitor.
Electron microscopy. Rats were deeply anesthetized
and then perfused with freshly prepared 4% paraformalde-
hyde in 120 mM sodium cacodylate buffer (pH 7.4) with
0.008% CacCl, at 37°C. Afew other rats were perfused with
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Fig. 3. Immunohistochemical distribution of IP;R1 (A) and IP3R 3
(B) in sagittal rat brain sections. Sections taken within 80 um of each
other were stained with antibodies specific for IP3R1 (AP41) (A) or
IP;R3 (AP75) (B) using an indirect immunoperoxidase method. In
these dark field views dense label appears bright against a dark
background. Immunoreactivity was abolished by preincubation of the

a buffered solution containing 4% paraformaldehyde and
2% acrolein. Brains were removed and postfixed for 2—4
hours in the perfusion fixative. Sections were then cut at
50-um thickness with a Vibratome and processed for
immunoperoxidase staining as above with the omission of
the Triton X-100 permeabilization step. Adjacent or nearly
identical control sections were identically processed with
antigen-preadsorbed antibody as above. Immunostained
and control sections were rinsed in TBS, washed six times
for 5 minutes each in a solution containing 120 mM sodium
phosphate (pH 7.4), 8% dextrose, and 0.008% CacCl, and
then placed in 1% osmium tetroxide for 15 minutes. The
sections were then washed five times for 10 minutes each
in 100 mM maleate buffer (pH 5.2), stained en block in 1%
uranyl acetate overnight at 4°C, and washed again. The
sections were dehydrated in increasing concentrations of
ethanol, infiltrated with Epon and flat-embedded between
two sheets of Aclar (Ted Pella, Inc., Redding, PA). Relevant
parts of sections were identified under a light microscope,
dissected out, and reembedded in BEEM capsules for
sectioning. Ultrathin sections were collected onto Formvar-
coated slotted grids, stained with 7% uranyl acetate, and
examined with a JEOL 100CX electron microscope. Meth-
ods have been previously described in more detail (Ryugo
et al., 1991). Electron microscopy negatives were scanned
and digitized (Leafscan 45), optimized by using only

antibodies with the appropriate peptide immunogen (C and D). BS,
brainstem; Cb, cerebellum; Ctx, cerebral cortex; CP, caudate putamen;
H, hippocampus; OB, olfactory bulb; OT, olfactory tubercle; T, thala-
mus; SN, substantia nigra; TN, caudal spinal trigeminal nucleus.
Scale bar = 5 mm.

brightness and contrast features (Adobe Photoshop 3.0),
and printed in high-resolution format with a color printer
(Fuji Pictography 3000).

RESULTS

Isoform-specific antisera were generated against syn-
thetic peptides corresponding to the unique C-terminal
portions of IPzR1, 2, and 3 and specific antibodies were
affinity-purified. Their characterization and use in endo-
crine cell lines for Western blots and immunofluorescence
have been described (Nucifora et al., 1996). To determine
the specificity of the antibodies in brain tissue, we per-
formed Western blots on soluble and particulate fractions
prepared from rat brain homogenates. Both affinity-
purified anti-IP;R1 (AP 41) and IP;R3 (AP 75) antibodies
labeled single bands in the particulate fractions (Fig. 1A
and B, lanes P) but no bands in the soluble fractions (Fig.
1A and B, lanes S) with IP;R1 running at about 260 kDa
and IP3R3 slightly smaller. These results are consistent
with the known properties of the IP;R1 and 3 (Supatta-
pone et al., 1988; Furuichi et al., 1989; Sudhof et al., 1991;
Blondel et al., 1993; Joseph et al., 1995; Wojcikiewicz,
1995). Western blots on membranes from various regions
of rat brain did not yield any specific signal with the
anti-IP3R2. However, because immunohistochemistry



212

Fig. 4. Immunohistochemical detection of IP3R3 in transfected
COS cells. To more closely examine the suitability of 1PzR3-specific
antibody (AP75) for immunohistochemistry, COS-7 cells transfected
with pCMV- IP;R3 were fixed with 4% paraformaldehyde (the same
fixative used for brain sections) and stained for IP3R3 using the

showed enrichment of 1P;R2 in glial cells (see below), we
performed Western blot analysis of soluble and particulate
fractions prepared from primary cultures of type 1 as-
troglial cells. In this preparation, the anti-1P3R2 yielded a
band in the particulate fraction running slightly smaller
than IP3;R1, but stained no bands in the soluble fraction
(Fig. 1C, lane S). In addition, the anti-IP;R2 detected a
prominent band at around 100 kDa in the particulate
fraction (Fig. 1C, lane P). This band varied in intensity in
different preparations and was almost eliminated in a
homogenate prepared by rapidly harvesting the cells di-
rectly into denaturing buffer containing SDS (Fig. 1C, lane
H). These results suggest that the 100-kDa band is due to
proteolytic breakdown of the receptors, consistent with
previous evidence that proteolysis of 1PsR during homog-
enization gives rise to a fragment of this size (Mourey et
al., 1989). Immunoreactivity of each antibody was elimi-
nated by preincubation of the antibody with the peptide
immunogen indicating specificity (Fig. 1, +PEP). In addi-
tion, incubation of the antibodies with the peptides for the
other receptors did not alter reactivity (Nucifora et al.,
1996; and data not shown). Together, these data suggest
that the affinity-purified antibodies AP41, AP42, and AP75
can specifically detect IP3R1, 2 and 3, respectively.

We compared regional distributions of IP;R1 and 1P3R3
by Western blot analysis (Fig. 2A). IP3R1 localizations fit
well with previous reports of very high densities in the
cerebellum and low densities in the olfactory bulb (Nakani-
shi et al., 1991; Dent et al., 1996). By contrast, IP3R3 was
enriched in the olfactory bulb. IP;R1 levels varied greatly
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immunoperoxidase method. Transfected cells stained intensely with
type 3-specific antibody (AP75) (A) and immunoreactivity was blocked
by preincubation with the peptide immunogen (B), indicating that
AP75 can specifically recognize IP3R3 under these conditions. Scale
bars = 20 pum.

in different brain regions, whereas 1P;R3 levels were more
uniform throughout the brain.

IP;R3 and IP3R1 also differed markedly in expression
during development. On Western blots (lanes loaded for
equal protein), IP3R1 levels were low but just detectable at
embryonic day (E)14, E16, and postnatal day (P)2, began
to increase in P9 forebrain and, by P17, attained adult
levels in forebrain and hindbrain (Fig. 2B). By contrast,
the substantial I1P;R3 levels in E14 and E16 heads were at
least as high as in adult brain. Levels appeared lower in
E19 brain but thereafter increased, although not nearly as
sharply as IP;R1. In the olfactory bulb, IP;R3 already
attained adult levels at P2.

In a separate experiment, brains were isolated from
embryos and assayed by Western blot for IP;R1 and 3 (Fig.
2C). IP3R1 levels appeared undetectable in E16, E19, and
P1 brains (Fig. 2C), although a very long exposure re-
vealed faint bands at all three points (not shown). By
contrast, 1P3;R3 was readily detectable in E16 brain. The
level appeared lower in E19 brain and by P1 was similar to
that of adult whole brain samples. The 1P;R3 level in E16
brain (Fig. 2C) appeared lower, relative to adult brain,
than in a whole head sample (Fig. 2B), suggesting that
there is significant expression in the embryo head outside
the brain. The data in Figure 2 show that IP;R1 and 3
expressions are clearly distinctly regulated according to
brain region and developmental period.

Immunohistochemical mapping in adult brain con-
firmed and extended the Western blot analysis (Fig. 3). In
much of the brain, IP3R1 distribution (Fig. 3A) grossly
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Fig. 5. Localization of IP3R2 in rat brain sections. Specific immunoperoxidase label for IP3R2 (using
antibody AP42) appeared only in scattered small cells resembling glia (A, examples indicated by arrows,
and B). Staining was abolished when antibodies were preincubated with the peptide immunogen (C).

Scale bar = 20 um.

resembled autoradiographic localizations of [2H]IP; bind-
ing (Worley et al., 1989; Matsumoto et al., 1996), reflecting
the relative abundance of this isoform in many parts of the
brain. ([*H]IP; binding was not previously examined in the
olfactory bulb). The distribution was also in general agree-
ment with previous studies using IP3;R1-specific antibodies
(Nakanishi et al., 1991; Dent et al., 1996). By contrast, the
distribution of 1P3R3 by immunohistochemistry (Fig. 3B)
was quite different, with relatively high levels in the
olfactory bulb and tubercle, and modest labeling in the
cerebellar cortex, the cerebral cortex, the hippocampus,
the caudate-putamen, the amygdala, and regions of the
basal forebrain. This distribution corresponds well to that
seen in the Western blot experiments (Fig. 2A). Staining
for both isoforms of the receptor was abolished when the
antibodies were pretreated with the appropriate peptide
immunogen (Fig. 3C and D).

Because our results on IP;R3 distribution differed signifi-
cantly from a previously published report (Yamamoto-
Hino et al., 1995; see DISCUSSION), we sought to confirm
the specificity of the anti-1P;R3 for immunohistochemistry
on formaldehye-fixed tissue. Accordingly, we stained COS-7
cells, transfected with the cDNA for IP;R3, after preserv-
ing with the same fixative and using the same immunoper-
oxidase method as used for tissue sections (Fig. 4). In this
experiment, approximately 1% of the cells were strongly

labeled, corresponding well with the transfection efficiency
of approximately 1% in this experiment (data not shown).
The label appeared to be distributed similarly to the
pattern of endoplasmic reticulum (Fig. 4A) as previously
reported for COS-7 cells transfected with the 1P3R3 cDNA
(Blondel et al., 1993). When AP75 was preincubated with
the peptide immunogen (Fig. 4B) or omitted (not shown),
no cells were labeled. Staining with the other antibody to
IP3R3 (AP45) gave a pattern generally similar to that of
AP75 (data not shown). Thus, anti-IP;R3 antibody AP75
can specifically detect 1P3;R3 in formaldehyde-fixed mate-
rial.

The antibodies against IP;R2 (AP42) labeled only scat-
tered cells in brain sections as seen with the aid of a light
microscope (Fig. 5A and B). These cells had multiple small
processes and morphology consistent with that of glial
cells. Specific label in other cell types was not detectable.
The labeled cells were somewhat enriched in white matter
but also present in gray matter with no marked enrich-
ment in any particular brain region. Immunoreactivity
was blocked by preincubation with the peptide immuno-
gen (Fig. 5C). The immunoperoxidase label appeared to be
perinuclear and extended into the processes (Fig. 5A and
B). To identify the IP;R2-immunoreactive cells, we per-
formed immunofluorescent colocalization experiments (Fig.
6). IPz;R2-immunoreactive cells (Fig. 6C, red fluorescence
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Fig. 6.
phate receptors (IP3R)2 to S100-B-immunoreactive astrocytes in rat
brain sections. Sections were incubated with monoclonal anti-S100-B
and affinity-purified anti-IP;R2 antibodies (AP42). After washing,
S100-B immunoreactivity was detected with fluorescein isothiocya-
nate (FITC)-labeled anti-mouse secondary antibody (A, green channel)

Immunofluorescent colocalization of inositol 1,4,5-trisphos-

label) did not colabel with antibodies against glial fibril-
lary acidic protein (GFAP), a marker of astrocytes (not
shown), but did colabel with antibodies against another
astrocyte marker, S100-B (Fig. 6B, same field, green label)
as indicated by the yellow in the merged images indicating
overlap of the two labels (Fig. 6A). The punctate red label
not colocalizing with S100-B may be due to a differential
distribution of S100-B and IPsR2 in neuropil of S100-B-
positive cells, as 1P3R2 label is generally punctate and
S100-B label is weaker in the processes than in the cell
soma. Alternatively, IP;R2 could also be selectively ex-
pressed in neuropil of other, unidentified cells. These data
indicate that IP3R2 is present in a population of astrocytes
which is GFAP-negative, but S100-B3-positive.

Label for IP;R3 in gray matter was generally suggestive
of neuropil. Only faint 1P3;R3 label was present in most
white matter. In the corpus callosum, for example, this
labeling appeared to represent fibers and weakly labeled
glial-like cells. Label for 1P3R1 was generally neuronal,
consistent with previous reports (Nakanishi et al., 1991,
Dent et al., 1996). In white matter, weakly labeled struc-
tures appeared to represent only fibers.

Striking differential localizations between the IP3;R1
and the IP3;R3 could be demonstrated in several regions of
the brain. For instance, in the bed nucleus of the stria
terminalis (BST), the medial portion was enriched in cell
bodies labeled for IP;R1 (Fig. 7A, BSTM), whereas the
lateral portion was highly enriched in granular I1P3;R3
labeling suggestive of neuropil (Fig. 7D, BSTL). In this
area, the labeled neuropil often appeared to surround
unlabeled cell bodies (Fig. 9A). In the central nucleus of
the amygdala (Ce), the medial portion had cell bodies
clearly labeled for IP;R1 (Fig. 7B, CeM), whereas the
lateral portion had IP;R3 labeling in neuropil, which again
often appeared to outline unlabeled cell bodies (Fig. 7E,
Cel). The BST and Ce quite closely resembled each other
in their patterns of labeling for the distinctly distributed

and IP3;R2 was detected with indocarbocyanine (Cy3)-labeled anti-
rabbit secondary (B, same field, red channel). IP;R2 was present in
cells labeled for S100-B, a marker of astrocytes (C, merged images,
overlap appears yellow). Omission of either primary antibody gave no
signal. Scale bars = 10 pum.

IPsR1 and IP3;R3. These similarities are consistent with
similar patterns of labeling for other substances between
these two areas noted previously (for example for various
neurotransmitters, Martin et al., 1991).

In the cerebellum, Purkinje cells and their dendrites as
well as their axons in the white matter were densely
labeled for IP3;R1 (Fig. 7C). By contrast, label for 1P3;R3
was not enriched in Purkinje cells, but the granule cell
layer contained numerous labeled cell bodies and the
molecular layer contained a fine granular staining sugges-
tive of a neuropil distribution (Fig. 7F).

In many areas, the neuropil was lightly labeled for
IPsR3 but punctuated by relatively sparsely distributed,
intensely labeled structures which appeared to be beaded
axons. Examples of this pattern of staining are illustrated
for the cortex (Fig. 8A) and caudal spinal trigeminal
nucleus (Fig. 8B, for example see asterisk). In the caudal
spinal trigeminal nucleus, a deeper layer also contained
many labeled fibers with intense punctate staining (Fig.
8B), probably axonal varicosities.

In most regions of the brain, labeling for IP;R1 appeared
to have a predominantly somatic and dendritic appear-
ance, whereas labeling for IP;R3 was granular or punc-
tate, consistent with labeling of fibers and neuronal termi-
nals, sometimes with a distribution suggestive of
perisomatic and peridendritic terminals (for example, Fig.
9A). To determine more precisely the nature of the struc-
tures intensely labeled by anti-1P;R3, we performed immu-
noelectron microscopy. Because darkly labeled structures
were densely clustered in the laterodorsal division of the
BST (BSTLD) as seen in light level views (low magnifica-
tion in Fig. 7 and higher magnification in Fig. 9A), electron
microscopic studies focused on this area (Fig. 9B-D). In
low magnification electron micrographs, many intensely
labeled structures abutted neuronal somata and dendrites
(Fig. 9B). Higher magnification (Fig. 9C) showed that the
label was present in synaptic terminals characterized by
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Fig. 7. Distribution of IP3R1 and IP3R3 in various regions of rat
brain. Nearly adjacent sagittal (A and D, C and F) and coronal (B and
E) rat brain sections were stained by an immunoperoxidase method
with antibodies against IP;R1 (Top panels, A, B, C) or IP3R3 (Bottom
panels, D, E, F). IP3R1 was expressed predominantly in cell bodies and
dendrites in the medial portions of the bed nucleus of the stria
terminalis (BSTM) (A) and central nucleus of the amygdala (CeM) (B),
whereas IP;R3 was expressed predominantly in neuropil in the lateral

prominent presynaptic densities. The most distinctive of
these were the large axosomatic terminals that were
apparent even at the light microscopic level (Fig. 9A). In
the neuropil, the labeled fibers and terminals were small
(Fig. 9B). The terminals exhibited round synaptic vesicles,
obvious presynaptic densities, and presumably arose from
the labeled axons. Control sections which were incubated
with antibody preblocked with the peptide antigen, showed
no staining. In the control tissue (unobscured by label), the
large axosomatic terminals could be seen to contain dense
core vesicles, whereas small terminals in the neuropil
having distinctive presynaptic densities do not. These data
imply that large and small labeled terminals arise from
different neuronal sources. Sections processed for optimal
morphology (Fig. 9D) also showed that the large pericellu-
lar terminals in the BSTLD, structurally identical to the
immunolabeled endings, were characterized by the pres-
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portions of these structures (D, BSTL and E, CeL). In the cerebellar
cortex (Cb), IP3R1 (C) was expressed prominently in Purkinje cell
bodies in the Purkinje cell layer (P), dendrites in the molecular layer
(M), and axons in the granule cell (G) and white matter (W) layers
whereas IP;R3 (F) was expressed in granule cells and in apparent
neuropil in the molecular layer (M). CPu, caudate putamen; V, lateral
ventricle. Scale bar = 100 pum.

ence of large dense core vesicles. It is not possible by this
method to precisely determine on what membrane the
IP3R3 resides in these terminals. These data show that
IP3R3 is present within some neuronal terminals in the
brain, some of which are characterized by the presence of
large dense core vesicles.

DISCUSSION

In this study, we have described the differential expres-
sion of IP3R isoforms in the brain. Several considerations
indicate that our antibodies specifically recognize the
different isoforms. The individual antibodies each yielded
single bands on Western blots and the bands for the
different isoforms had slightly different migrations in the
gels (Fig. 1). Immunoreactivity was abolished by preincu-
bation of the antibodies with the appropriate peptide



Fig. 8. Expression of IP;R3 in the rat cerebral cortex (Ctx) and
caudal spinal trigeminal nucleus (TN). Intense immunoperoxidase
label for IP3R3 occurred in structures resembling beaded axons
scattered through the cortex (A, Ctx) and other parts of the brain
including the caudal spinal trigeminal nucleus (B, TN, see asterisk).
The trigeminal tract (TT) did not label. In a deeper layer of the TN
many labeled fibers displayed intense punctate label along their
lengths. Scale bar = 20 pm.

immunogens. The distributions of IP;R1 and IP3R3 in the
brain by Western blot analysis differed (Fig. 2A) consis-
tently with the differences detected by immunohistochem-
istry (Fig. 3). The immunohistochemical label was blocked
by preincubation with the appropriate peptides (Figs. 3C
and D; 5C), but not by peptides corresponding to the other
isoforms. These data demonstrate the specificity of the
antibodies used in this report.

Our results, showing the presence and distribution of
isoforms other than IP;R1, are consistent with those of
Matsumoto et al. (1996) demonstrating that residual
[BH]IP3 binding, in animals with disruption of IP;R1 gene,
was widespread in the brain. However, in contrast to the
primarily neuronal localization of IP;R3 we observe, Yama-
moto-Hino et al. (1995) reported IP;R3 expression only in
astrocytes, ependymal cells, and Bergmann glia in rat
brain. In our preparations, labeling of glia for 1P;R3 was
virtually absent in comparison to the moderate to dense
labeling of neuronal structures. However, the previous
study used an antibody raised against a peptide correspond-
ing to human 1P;R3 which differs from the rat sequence.
Moreover, the authors introduced another significant alter-
ation, substituting a serine for an internal cysteine to
facilitate coupling to carriers via another added cysteine at
the N-terminus of the peptide (Sugiyama et al., 1994a).
Thus, the antibody may not have appropriate specificity in
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rat. In addition, we find that the most intensely 1P;R3-
immunoreactive terminals are concentrated in relatively
small, discrete regions of the brain that might conceivably
be overlooked, especially in the presence of a glial back-
ground. Our immunohistochemical localizations of 1P;R3
agree well with the distribution of IP3R3 in the brain by
Western blot analysis, suggesting that the same epitopes
are recognized in each method. This comparison was not
made by Yamamoto-Hino et al. (1995). Moreover, the
anti-1P;R3 antibody, AP75, selectively labeled cells trans-
fected with the IP;R3 cDNA and prepared with the same
fixative used for immunohistochemistry in the brain
(Fig. 4), showing that the antibody can recognize IP;R3
under these conditions.

The ontogeny of IP;R1 and IP3;R3 differs, with relatively
high expression of 1P3;R3 during embryonic development,
whereas IP3R1, consistent with previous studies (Nakani-
shietal., 1991; Dent et al., 1996), is expressed highly only
postnatally (Fig. 2). What role IPsR3 might play in develop-
ment is not yet clear. However, studies in lymphocytes
(Khan et al., 1996) have suggested a role for IP;R3 in
apoptosis. Extensive programmed cell death is known to
occur during development of the brain (Bredesen, 1995).
For example, in mice, there is evidence that massive
numbers of cells in the developing cortex may be undergo-
ing programmed cell death around E14 (Blaschke et al.,
1996), a stage of development roughly comparable to E16
in the rat, when IPsR3 is clearly detected in the brain. It is
conceivable that IP;R3 could be involved in programmed
cell death in the brain during embryonic development.

We find striking differences in cellular expression of the
isoforms. IP3R2 is expressed predominantly in glial cells
with negligible levels detected in neurons (Figs. 5 and 6).
In accord with these results, IP;R2 has been detected at
relatively high levels in cultured glial cells (Sheppard et
al., 1997; Oberdorf et al., 1997). Glial cells in culture
express a variety of neurotransmitters and are capable of
producing Ca?* waves through IP;R activation (Verkh-
ratsky and Kettenmann, 1996; Sheppard et al., 1997). In
culture and in hippocampal slices, these Ca?" waves are
propagated through glial networks via gap junctions and
this process may serve to transmit long-distance signals in
the brain (Dani et al., 1992; Verkhratsky and Kettenmann,
1996). Our finding that IP3R2 is the principal isoform
expressed in S100-B astrocytes suggests that, at least in
these cells, IP3R2 is critical in the generation and propaga-
tion of Ca2?* wave signals. Finally, although we detect
IP3R2 primarily in S100-B-positive cells, it is possible that
lower levels are also present in other cells but are undetect-
able with the present anti-1P;R2 antibody (AP42).

There were also marked differences between the neuro-
nal patterns of expression of IP;R1 and IP;R3. For in-
stance, Purkinje cells in the cerebellum and cartwheel
cells of the dorsal cochlear nucleus are highly enriched in
IPsR1, but have low or undetectable levels of IP3R3.
Moreover, granule cells of the cerebellum and many re-
gions of the medulla display moderately high levels of
IP3R3, but IP3R1 is virtually undetectable in these regions
(Figs. 3and 7).

The intracellular distributions of IP;R1 and IP3;R3 also
vary. There is precedent for 1Ps;Rs within multiple subcel-
lular compartments (Sharp et al., 1992, 1993a; Bush et al.,
1994) as well as for differential distribution of IPs;R and
other molecules involved in calcium function in the ER
(Otsu et al., 1990; Walton et al., 1991; Takei et al., 1992;
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Fig. 9. Localization of inosi-
tol 1,4,5-trisphosphate recep-
tors (IP3R)3 to neuronal termi-
nals. Strongly labeled structures,
often adjacent to unlabeled so-
mata and dendrites, were char-
acteristic of the laterodorsal di-
vision of the bed nucleus of the
stria terminalis (light micro-
scopic view, A, arrows; low
power electron microscopic
view, B). C: A higher power
view of the area boxed in B
showed that these labeled struc-
tures are large neuronal termi-
nals with prominent pre- and
postsynaptic densities (arrow)
and many small round vesicles.
Unlabeled endings are indi-
cated by asterisks. Similar sec-
tions, fixed for optimal morphol-
ogy (4% paraformaldehyde, 2%
acrolein) showed that many of
the pericellular terminals in this
area contain large dense core
vesicles (D, thin arrows) that are
obscured in the labeled endings
by the immunoperoxidase reac-
tion product. Thick arrow indi-
cates prominent synaptic density.
Control sections, treated with an-
tigen-preadsorbed antibody were
blank. Scale bars = 20 pm in A; 5
pmin B;and 0.5 umin Cand D.

Villa et al., 1992). 1P3Rs have previously been localized to
terminals in retinal neurons by using an antibody which
does not distinguish among the different isoforms (Peng et
al.,, 1991). In the brain, IP3R1 occurs in terminals in
restricted locations, including deep cerebellar nuclei (Mign-
ery et al., 1989; Sharp et al., 1993a, b; Ryugo et al., 1995)
and the substantia nigra, pars reticulata (SNR; Worley et
al., 1989; and present study). In most regions, IP3R1 is
predominantly localized in perikarya and dendrites. By
contrast, IP3R3 is enriched in neuropil and in some regions
is clearly present in terminals. For instance, in the BST

and Ce, IPsR1 occurs in cell bodies and proximal dendrites,
whereas IP3R3 is expressed primarily in perisomatic and
peridendritic neuronal terminals (Figs. 7 and 9). In many
other regions, besides moderate expression in fine neuro-
pil, there is prominent IP;R3 expression in scattered
structures resembling beaded axons (for example, Fig. 8).
The immunoperoxidase methods using DAB in the pres-
ent study are not of sufficient resolution to determine the
compartment(s) expressing IP;R3 within neuronal termi-
nals. To address this question will require more extensive
studies using immunogold localization techniques. In other
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tissues, besides endoplasmic reticulum, there is some
evidence for the presence of IP3;Rs in plasma membrane
and transmitter vesicles (Furuichi and Mikoshiba, 1995;
Petersen, 1996) although these localizations are controver-
sial (for example, see Nucifora et al., 1996; Yule et al.,
1997).

In the BST, the large axosomatic terminals that are
immunoreactive for IP;R3 also frequently contain dense
core vesicles, suggesting that they may be peptidergic (Fig.
9D). The appearance of IP;R3-immunoreactive structures
in the Ce is strikingly similar to those in the BST. There is
a dense innervation of both the lateral Ce and the lateral
division of the BST by peptide-containing terminals, with
peptides including somatostatin, neurotensin, and leu-
enkephalin (Gray et al., 1982; Martin et al., 1991; Arluison
et al., 1994). The BST and Ce are recognized by many as
parts of a single continuous structure in the mammalian
telencephalon (for example, Martin et al., 1991). Precise
roles for nerve terminal IP;R3 are unclear. Release of
intracellular calcium is believed to regulate secretion in
endocrine cells (Kasai and Petersen, 1994), and may have
a similar role in neurons as well. IP3R3 might modulate
transmitter release or neuronal plasticity in response to
presynaptic receptors, such as neuropeptide receptors and
certain isoforms of metabotropic glutamate receptors which
activate phosphoinositide turnover (Sladeczek et al., 1985;
Herrero et al., 1992; Ueda et al., 1996). A role for the
phosphoinositide system in synaptic vesicle recycling has
been suggested by the discovery of synaptojanin, a presyn-
aptic inositol-5-phosphatase (De Camilli et al, 1996; Mc-
Pherson et al., 1996). A role for IP3R has been shown in the
regulation of nuclear vesicle fusion during formation of the
nuclear membrane in Xenopus eggs (Sullivan et al., 1993)
raising the possibility that IP; receptors might also regu-
late other membrane fusion events. Obviously, 1P; recep-
tors play widespread and variable roles in the develop-
ment and function of the central nervous system, and
much more research is needed to clarify these issues.

Because all of our antibodies were raised in rabbits, we
have not been able to perform double-label experiments to
definitively determine whether differing 1PsR isoforms
colocalize in some structures. In some regions, for ex-
ample, deep cerebellar nuclei and SNR, it is possible that
IP;R1 and IP3;R3 colocalize to the same structures, i.e.,
neuronal terminals in these regions. In deep cerebellar
nuclei, IP3R3 is only weakly detectable, whereas IP;R1
label is strong and qualitatively appears somewhat differ-
ent from the IP3R3 label. In the SNR, IP3R3 is present at
low levels in smooth neuropil, possibly terminals (Fig. 3).
IP;R1 is strongly expressed in similar structures. How-
ever, whereas IP3R1 is also strongly expressed in descend-
ing striatonigral fibers, 1P3R3 is completely undetectable
in these fibers. Thus, it seems plausible that IP;R1- and
IP;R3-stained structures may be distinct in the SNR.
Moreover, in this region, prominent IP3;R3 staining is
present in scattered, beaded terminal-like structures (simi-
lar to those in Fig. 8), which have undetectable IP3;R1
levels (not shown).

Alack of colocalization, at least in most regions, suggests
that mixing of IP3;R isoform subunits to form heterotetram-
ers may not occur so extensively in the brain as previously
observed in cultured cells (Joseph et al., 1995; Monkawa et
al., 1995; Wojcikiewicz and He, 1995; Nucifora et al., 1996).
Interestingly, in tissues, IPsR heterotetramers have only
been demonstrated in liver (Monkawa et al., 1995). The
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extent to which K* channel subunits form heterotetramers
in vivo has also been questioned (Mi et al., 1995). In the
case of IP3Rs, lack of colocalization could be explained by
selective expression in differing cells or by targeting to
differing subcellular compartments in the same cells. More
studies will be required to fully address these questions,
including double label experiments, immunoprecipita-
tions, and possibly colchicine injections to help identify the
cells expressing IP3R3. We have previously attempted in
situ hybridization to localize 1P3R2 and 1P;R3 mRNAs in
the brain without success, presumably because of their
relatively low levels in the brain.

Variations in regional localizations of types 1 and 3 IP3
receptors may reflect different roles in control of behavior.
IP3R3 is most highly expressed in several basal forebrain
and limbic system-associated regions including olfactory
tubercle, bed nucleus of the stria terminalis, and central
nucleus of the amygdala (Figs. 3, 7, and 9). These regions
are involved in endocrine, motivational, and autonomic
regulation, and receive dopamine and peptide afferents
which may be important in regulation of mood (Hilton and
Zbrozyna, 1963; Cottle and Calaresu, 1975; Hokfelt et al.,
1977; Beckstead et al., 1979; Aggleton and Passingham,
1981; Price and Amaral, 1981; Martin et al., 1991; Aggle-
ton, 1993). The effectiveness of lithium in bipolar affective
disorder may relate to actions on the phosphoinositide
cycle (Atack et al., 1995; Maniji et al., 1995; Warsh and Li,
1996). Accordingly, type 3 IP3R may be involved in thera-
peutic effects of lithium on IP5 turnover in limbic regions.
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