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Caz+release from inositol 1,4,5-trisphosphate (IP,)-sensitive
and ryanodine-sensitive intracellular Ca?* stores is medi-
ated by distinct proteins identified as IP, receptors (IP,R)
and ryanodine receptors (RyR), respectively. We have com-
pared the immunohistochemical localizations of IP,R and
RyR in the brain at the light and electron microscopic levels
and have also evaluated the distribution of the major brain
intracellular Ca2+-pumping ATPase.

IP;R and RyR occur in overlapping populations of neurons
in widespread areas of the brain, but labeling is distinct in
a number of areas. For example, IP,R is enriched in cere-
bellar Purkinje cells and hippocampal CA1 pyramidal cells,
while RyR is present at relatively low levels in these cells.
RyR is most enriched in the dentate gyrus and CA3/4 areas
of the hippocampus, where IP;R levels are low. In the cortex,
IP;R is found in pyramidal cell bodies and proximal dendrites,
whereas RyR is located predominantly in fong, thin apical
dendrites of pyramidal cells. In deep cerebellar nuclei, RyR
is located in cell bodies that appear devoid of IP,R, whereas
IP;R is enriched in terminals surrounding cell bodies. Elec-
tron microscopy in the hippocampus reveals RyR in axons,
dendritic spines, and dendritic shafts near dendritic spines
while IP,R is primarily identified in dendritic shafts and cell
bodies. These results suggest that the IP,- and ryanodine-
sensitive Ca?* pools have largely distinct roles in controlling
intracellular Ca?+ levels, though in some sites they may in-
teract to varying degrees.
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Ca?+ release from endoplasmic reticulum (ER) stores is critical
for the function of a wide variety of cells throughout the body,
including neurons. Ca?* uptake and release from intracellular
stores have been best characterized in skeletal muscle. The Ca?+
storage organelle of skeletal muscle, the sarcoplasmic reticulum,
contains a high-affinity Ca?* uptake mechanism (Ca?*-pumping
ATPase), a low-affinity, high-capacity Ca2*-binding protein
(calsequestrin), and a Ca?* release channel that is sensitive to
caffeine and the plant alkaloid ryanodine (Fleischer and Inui,
1989). *H-ryanodine binding assays have been used to identify
and purify the ryanodine receptor (RyR) from several tissues
(Imagawa et al., 1987; Inui et al., 1987a,b; McPherson et al.,
1991). The RyR has been cloned (Takeshima et al., 1989; Nakai
etal., 1990; K. Otsu et al., 1990; Zorazto et al., 1990) and shown
to function as a Ca2* channel (Imagawa et al., 1987; Anderson
et al., 1989; McPherson et al., 1991). Although the exact mech-
anism by which the striated muscle RyR is activated is un-
known, in cardiac muscle, Ca2* release from the sarcoplasmic
reticulum through RyR is believed to be triggered by Ca?+ itself
in a process termed Ca?*-induced Ca** release (CICR) (Endo,
1977, Fabiato, 1983; Nabauer et al., 1989).

The nature of Ca2* stores in neurons remains unclear in terms
of their distribution, intracellular location, and biochemical
composition (Burgoyne and Cheek, 1991). Neurons contain a
nonmuscle form of ER Ca?*-pumping ATPase (Plessers et al.,
1991), as well as calsequestrin (Volpe et al., 1990) and a second
Ca?+-binding protein, calreticulin (Treves et al., 1990), which
likely function as components of releasable Ca?+ pools. Ca2+
release from ER in neural tissues was originally characterized
in relation to inositol 1,4,5-trisphosphate (IP,) acting through
a specific receptor protein, the IP, receptor (IP,R), which has
been purified (Supattapone et al., 1988) and cloned (Furuichi
et al., 1989; Mignery et al., 1989, 1990). A second Ca?* pool,
sensitive to ryanodine and caffeine, has also been identified in
neurons (Palade et al., 1987; Thayer et al., 1988; Glaum et al.,
1990) leading to the purification of the brain RyR and the dem-
onstration of its role as a caffeine-sensitive Ca?* release channel
(McPherson et al., 1991).

The relative roles of Ca?* pools associated with IP,R and
RyR in regulating Ca?* dynamics are unclear. In tissues that
express both Ca?* release channels, interactions between IP,-
sensitive and ryanodine/caffeine-sensitive Ca?* pools may play
a role in phenomena such as Ca2+ waves and Ca2* oscillations



3052 Sharp et al. » Ryanodine- and iP,-sensitive Ca?+ Release Channels

(Berridge, 1990). The CNS distribution of the IP;R has been
well characterized (Ross et al., 1989; Worley et al., 1989; H.
Otsu et al., 1990; Satoh et al., 1990; Nakanishi et al., 1991;
Sharp et al., 1993; Takei et al., 1992), and recent studies aimed
at characterizing the distribution of the RyR in the CNS have
been performed (Padua et al., 1992; Zupanc et al., 1992). How-
ever, the distribution of the RyR has not been determined with
cellular and subcellular resolution in the mammalian brain, and
the comparative localizations of the two receptors have not been
well characterized except in chicken Purkinje cells (Walton et
al,, 1991). In an initial study to clarify the relative roles of IP;R-
and RyR-associated Ca?* pools in the brain, we observed dif-
ferential localizations of ER Ca?* pools regulated by caffeine
and IP,; (Verma et al., 1992). In the present study, utilizing
immunohistochemistry, we compare in detail at the light and
electron microscopic level the localizations of IP,R and RyR in
the rat brain. In addition, we have compared the distributions
in the brain of these Ca2* release channels with the distribution
of the major Ca?*-pumping ATPase, SERCA 2.

Materials and Methods

Preparation of antibodies

Affinity-purified rabbit anti-IP,R (AP2A) was prepared exactly as de-
scribed previously (Sharp et al., 1993). Antibody GP-561 was prepared
by immunizing a guinea pig with purified brain RyR (approximately 10
ug/injection) prepared as described (McPherson et al., 1991) and mixed
1:1 with Freund’s complete adjuvant. The animal was boosted on days
14, 28, and 56 with purified receptor in Freund’s incomplete adjuvant.
Serum was monitored for anti-RyR antibodies by immunoblot analysis
using purified brain RyR. Anti-RyR antibodies were affinity purified
against cardiac RyR purified from cardiac microsomes as described for
purification of brain RyR (McPherson et al., 1991) except that the
DEAE-agarose step was omitted. The purified cardiac RyR was sub-
jected to SDS-PAGE and transferred to polyvinylidinedifluoride (PVDF)
membranes (Towbin et al., 1979). A strip of PVDF membrane con-
taining the cardiac RyR was cut from the blot and used for affinity
purification. The serum was incubated for 16 hr at 4°C with blot strips
containing 750 ug of cardiac RyR. The PYDF membrane strips were
washed 4 x 10 min in 50 mM Tris-HCl (pH 7.4) containing 500 mm
NaCl followed by a 10 min wash in 50 mm Tris-HC1 (pH 7.4), 100 mm
NaCl. Antibody was eluted by incubating the strips for 15 min in 100
mM glycine (pH 2.5), followed by pH neutralization with Tris. Anti-
bodies were then dialyzed for 12 hr against PBS containing 20% sucrose,
1 mMm EDTA, and 0.001% sodium azide. Monoclonal antibody I11D8
against the canine cardiac ATPase was prepared as previously described
(Jorgenson et al., 1988).

Membrane preparation and Western blot analysis

To prepare membranes for immunoblots, whole rat brains were cut into
small pieces and placed in 10 vol of 20 mMm HEPES (pH 7.4), containing
0.32 M sucrose and a cocktail of protease inhibitors (McPherson and
Campbell, 1990). The tissue was homogenized using 10 strokes by hand
in a glass—Teflon homogenizer. The homogenate was centrifuged at 1000
x gfor 10 min and the pellet discarded. The supernatant was centrifuged
for 13 min at 26,000 x gand the pellet again discarded. The supernatant
was centrifuged for 45 min at 186,000 x g, and the microsomal mem-
branes were collected and resuspended in the same buffer used for ho-
mogenization. Membrane proteins were resolved on 3—12% SDS-poly-
acrylamide gels (Laemmli, 1970) and transferred to nitrocellulose paper
(Towbin et al., 1979). The blots were blocked with 3% bovine serum
albumin (BSA) in 50 mm Tris-HC! (pH 7.4), 1.5% NaCl (TBS) for 1 hr
before overnight incubation with antibodies. The blots were then washed,
incubated for 1 hr with horseradish peroxidase-labeled secondary anti-
bodies, washed again, and developed using 4-chloro-1-naphthol and
H,0, for AP2A and the Visi-Blot immunodetection system (U.S. Bio-
chemicals) for GP-561.

Immunocytochemistry

Light microscopy. Rats were anesthetized deeply with sodium pento-
barbital and perfused with 50 ml of ice-cold 50 mm sodium phosphate

(pH 7.4), 0.9% NaCl (PBS) followed by 200-300 ml of cold 4% para-
formaldehyde, 0.1% glutaraldehyde in 100 mm sodium phosphate (pH
7.4). Tissue was then removed and further fixed by incubation in the
same solution without glutaraldehyde for 4 hr at 4°C. Tissue was then
cryoprotected by overnight incubation in 20% glycerol in 100 mMm so-
dium phosphate (pH 7.4). After freezing the tissue with dry ice, sections
(40 pm thick) were cut into cold TBS using a sliding microtome. The
free-floating sections were stored at —20°C in an antifreeze solution
[10% (w/v) PVP-40, 30% (w/v) sucrose, 10% (v/v) ethylene glycol, and
50 mm sodium phosphate (pH 7.4)]. Before staining, sections were rinsed
in TBS and permeabilized with 0.2% Triton X-100 in TBS for 30 min.
Sections were then blocked by incubation in TBS containing 5% normal
serum from the same species as the secondary antibodies. The sections
were incubated overnight at 4°C, with gentle agitation with primary
antibodies in TBS containing 1.5% normal serum from the same species
as the secondary antibody. Affinity-purified anti-IP,R (AP2A) was used
at approximately 1 ug/ml, affinity-purified anti-RyR (GP561) was used
at 1:50 dilution, and monoclonal anti-Ca?+ pump (IID8) culture super-
natant was used at a dilution of 1:10. The sections were then washed 3
x 10 min in TBS containing 1% normal serum and incubated for 1 hr
at room temperature with the appropriate biotin-conjugated secondary
antibody (goat anti-rabbit IgG at 1:200 dilution, goat anti-guinea pig
IgG at 1:200 dilution, or rat-adsorbed horse anti-mouse at 1:100 dilution
from Vector Laboratories) in TBS containing 1.5% normal serum from
the appropriate species. After three 10 min washes in TBS, sections
were incubated with an avidin-biotin—peroxidase complex (Vector Elite,
1:50 dilution; Vector Laboratories) in TBS for 45 min at room tem-
perature. The sections were then washed 3 x 10 min in TBS before
development with a substrate solution consisting of 0.01% H,O, and
0.5 mg/ml diaminobenzidine in TBS. Sections were rinsed with TBS
and mounted on subbed glass slides. After dehydration in graded alcohol
solutions, the sections were coverslipped with Permount (Fisher). For
fluorescence immunocytochemistry, the sections were treated as above
through the primary incubations except that the primary incubation
mixture contained both AP2A and GP561 at the same dilutions used
above. Sections were then incubated for 1 hr at room temperature in a
1:100 dilution of rhodamine-conjugated donkey anti-rabbit IgG (Jack-
son Immunoresearch) plus 1:200 biotinylated anti-guinea pig IgG in
TBS plus 1.5% normal goat serum. After washing 3 x 10 min in 1%
normal goat serum, the sections were incubated for 1 hr at room tem-
perature in fluorescein-conjugated avidin-cell sorter grade (DCS) (Vec-
tor Laboratories) in TBS plus 1.5% normal goat serum. Sections were
then washed as above, incubated for 1 hr in a 1:200 dilution of goat
anti-avidin (Vector) in the same medium used above, washed again,
and incubated again for 1 hrin a 1:100 dilution of fluorescein-conjugated
avidin DCS. Sections were then washed in TBS, rinsed briefly in distilled
water, and mounted in Mowiol mounting medium (Heimer and Taylor,
1974) containing 7.5 ug/ml n-propyl gallate (Giloh and Sedat, 1982)
before viewing with the appropriate filters on a Zeiss Axioplan micro-
scope.

Electron microscopy. Adult (200-300 gm) Sprague-Dawley male rats
were deeply anesthetized with sodium pentobarbital, and then perfused
transcardially with heparinized saline followed by 50 ml of 3.75% acro-
lein, 2% paraformaldehyde (King et al., 1983), 100 mm sodium phos-
phate (pH 7.3), and then with 200 ml of 2% paraformaldehyde in 100
mm sodium phosphate (pH 7.4). Alternatively, anesthetized rats were
perfused with 500 ml of 4% paraformaldehyde in 100 mM sodium
phosphate (pH 7.4). Brains were removed from the skull and sliced into
2-mm-thick coronal slabs. The slabs were postfixed by immersion for
another 30 min in 2% or 4% paraformaldehyde in 100 mM sodium
phosphate (pH 7.4). Sections (40 um thick) were cut from a slab of tissue
containing the dorsal hippocampus using a Vibratome and collected
into 100 mm sodium phosphate (pH 7.4). The cross-linking action of
acrolein was terminated by immersing the sections for 30 min in 1%
NaBH, in 100 mm sodium phosphate (pH 7.4) and then rinsing re-
peatedly in 100 mm sodium phosphate (pH 7.4) alone until bubbles
ceased to emerge from the sections. Sections were then transferred to
buffer consisting of 100 mm Tris-HCl (pH 7.4) and 0.9% NaCl and
immersed for 30 min in the same buffer containing 1% BSA. Free-
floating sections were incubated overnight at room temperature with
continuous agitation in the anti-IP;R or anti-RyR antibody solutions
in 1% BSA in 100 mm Tris-HCl (pH 7.4), 0.9% NaCl. This and all other
incubations were terminated by rinsing for 10 min in 100 mm Tris-
HCI, 0.9% NaCl. On the following day, sections immersed in anti-IP,R
antibodies were incubated for 30 min in biotinylated goat anti-rabbit
IgG antibody (Vector Laboratories) diluted 1:200 in 100 mmM Tris, 0.9%
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NaCl, 1% BSA. Sections immersed in the anti-RyR antibodies were
incubated for 30 min in biotinylated donkey anti-guinea pig IgG anti-
body (Jackson InmmunoResearch) diluted 1:50 in the same buffer. Upon
completion of this incubation, sections were immersed for 30 min in
100 mm Tris-HCI (pH 7.4) containing avidin—biotin—peroxidase com-
plex (Vector Laboratories), and then reacted for 6 min in peroxidase
substrate solution consisting of 22 mg of 3,3'-diaminobenzidine tetra-
hydrochloride and 10 ul of 30% H,0, in 100 ml of 100 mm Tris-HCI
(pH 7.4). After rinsing with 100 mwm Tris-HCI, 0.9% NaCl, sections were
immersed in 100 mm sodium phosphate (pH 7.4) and then prepared
for electron microscopic analyses as follows.

Paraformaldehyde-fixed sections were postfixed for 10 min in 2.5%
glutaraldehyde buffered with 10 mm sodium phosphate, 0.9% NaCl. All
sections were further postfixed for 1 hr in 2% OsO, in 100 mm sodium
phosphate (pH 7.4), and then dehydrated using increasing concentra-
tions of ethanol. Sections were then immersed for 2 x 10 min in acetone,
infiltrated overnight with Epon 812 (Electron Microscopy Sciences) di-
luted 1:1 with acetone, and then infiltrated for 2 hr with 100% Epon.
Sections were sandwiched between two sheets of Aclar plastic (Masu-
rovsky and Bunge, 1968) and cured overnight at 60°C. On the following
day, the flat-embedded sections were examined under the light micro-
scope to choose areas for electron microscope sampling, cut out with
scissors, and reembedded in capsules. Half of the ultrathin sections were
counterstained with uranyl acetate and lead citrate while the others were
left uncounterstained. Sections capturing the Epon-tissue interface of
all regions of the hippocampus were examined using the JEOL 1200XL
electron microscope at magnifications ranging from 2000x up to
30,000 x . Further details of electron microscopic immunocytochemical
methods have been described previously (Chan et al., 1990).

Results

Specificity of antisera

To ascertain the specificity of the antisera employed, we con-
ducted Western blot analysis of whole-brain microsomal frac-
tions (Fig. 14). Both anti-IP,R and anti-RyR antibodies stain
single immunoreactive bands at the approximate molecular
masses of 260 kDa for IP;R and 565 kDa for RyR. Immuno-
peroxidase staining of rat brain sections with affinity-purified
GP561 antibodies against the RyR (Fig. 1B, RyR) shows re-
gional heterogeneity and the staining is eliminated by pread-
sorption with highly purified RyR (Fig. 1 B, Ctl.) demonstrating
specificity of the antibodies. The affinity-purified polyclonal rab-
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Figure 1. Specificity of affinity-puri-
fied antibodies against RyR and IP,R.
A, Brain microsome proteins (250 ug)
were resolved on 3-12% SDS-poly-
acrylamide gels. Proteins were trans-
ferred to nitrocellulose paper and stained
with affinity-purified antibodies against
the brain ryanodine receptor (RyR) or
IP, receptor (/P,R) as described in Ma-
terials and Methods. The positions of
the molecular weight standards are in-
dicated on the left. B, Dark-field pho-
tomicrographs illustrating the specific-
ity of the antibodies to RyR. In this
reproduction, dense labeling appears
bright against a dark background. The
left panel (RyR) shows staining with an-
tibodies against RyR while the right
panel (Ctl., control) shows staining after
preadsorption of anti-RyR antibodies
with immobilized RyR. 4, amygdala;
CAI, CAl field of Ammon’s horn of
the hippocampus; CP, caudate puta-
men; DG, dentate gyrus.

bit anti-IP,R antibodies (AP2A) have been previously charac-
terized (Sharp et al., 1993). The monoclonal antibody IID8
against the Ca2+ pump used in this study has also been exten-
sively characterized and used for immunoblot and immuno-
histochemical studies on brain cerebellar tissue (Jorgenson et
al., 1988; Plessers et al., 1991; Spencer et al., 1991).

Immunohistochemical localization of IP,R, Ca’* pump, and
RyR

Clear differences in the localization of IP,R and RyR are evident
both in sagittal and in coronal sections (Figs. 2, 3). For instance,
in the hippocampus IP,R is most concentrated in pyramidal
cells of CA 1, with substantially lesser densities in CA3 and only
moderate levels in the granule cells of the dentate gyrus (see also
Fig. 4). By contrast, RyR staining is much greater in CA3 than
CAl and is particularly prominent in the granule cell layer of
the dentate gyrus. The thalamus is enriched in IP,R except for
the anterior dorsal nucleus, which is notably deficient. On the
other hand, RyR density is very low in the thalamus. The corpus
striatum, on the other hand, displays similar levels of RyR and
IP;R staining. The substantia nigra displays much higher levels
of IP,R than RyR.

Some brain regions possess high levels of both IP,R and RyR
but in different locations. For instance, the entire lateral septum,
including the dorsal and intermediate divisions, is enriched in
RyR, while IP,R levels are high only in a select population of
cells in the intermediate lateral septum. In the olfactory bulb,
RyR is densest in the dendrites of mitral cells in the external
plexiform layer, a zone that is relatively devoid of IP,R. Granule
cells and their dendrites also stain positive for the RyR. On the
other hand, IP,R is concentrated in periglomerular cells in the
glomerular layer and in granule cells in the mitral cell and gran-
ule cell layers (Fig. 2; Sharp et al., 1993).

The anterior olfactory cortex possesses high densities of IP,R
with very low levels of RyR. By contrast, the islands of Calleja
are devoid of IP,R but possess moderate levels of RyR. In the
retrosplenial cortex, marked differences in the layering of RyR



Figure 2. Serial sagittal sections demonstrating the overall distribution of RyR (4), Ca** pump (B), and IP,R (C) in rat brain. In these dark-field
photomicrographs, dense labeling appears bright against a dark background. OB, olfactory bulb; Cx, cortex; CAJ—CA3, fields of Ammon’s horn of
the hippocampus; DG, dentate gyrus; Tu, olfactory tubercle; Th, thalamus; Pn, pontine nuclei; Cb, cerebellum; SNR, substantia nigra pars reticulata.




and IP,R are evident in coronal sections (Fig. 3D, F; see Fig.
64,B).

Ca?+ pump immunoreactivity throughout the brain labels sites
of both RyR and IP;R, although in general the pattern of Ca2+
pump immunoreactivity tends to match the distribution of IP,R
better than RyR.

High-power light microscopic comparison of IP,R and RyR

Differences in IP,R and RyR localization at the cellular level
are evident under high-power magnification (Figs. 4, 5). In the
cerebellum both IP;R and RyR as well as the Ca?* pump are
localized to Purkinje cells and their dendritic trees, with IP,R
being especially prominent. Marked differences in the locali-
zations of IP;R and RyR are evident in deep nuclei of the
cerebellum. As reported previously, IP,R immunoreactivity is
concentrated in punctate nerve terminals surrounding large cell
bodies (Fig. 4; Mignery et al., 1989; Sharp et al., 1993). On the
other hand, RyR is localized exclusively to neuronal cell bodies.
Ca?* pump immunoreactivity occurs most prominently in cells
with only weak staining visible in neuropil in the deep cerebellar
nuclei.

In the hippocampus, high-power views confirm the striking
differences in RyR and IP;R that were evident at lower mag-
nifications (Fig. 4). Specifically, IP,R is highly concentrated in
pyramidal cells of CA1 with much lower densities in CA3 and
the dentate gyrus. RyR displays an inverse pattern in that the
highest concentrations are in the dentate gyrus and CA3 regions.
Ca?* pump immunoreactivity is evident throughout the hip-
pocampus but is highest in the CA3 region and is comparatively
less dense in the dentate gyrus than RyR and lcss dense in the
CAl region that the IP;R.

High-power microscopy of the substantia nigra shows sub-
stantial differences in the cellular distribution of RyR and IP;R.
IP;R is concentrated in terminals, consistent with earlier studies
(Worley et al., 1989), while RyR is densest in cell bodies of
interneurons within the zona reticulata.

High-power evaluation of the cerebral cortex differentiates
cellular patterns for IP;R and RyR (Fig. 5). In the motor cortex
IP,;R immunoreactivity is most prominent in cell bodies and
their proximal dendrites in superficial, intermediate, and deeper
layers. By contrast, in all of these layers RyR is most evident
in long, thin dendritic processes, with little immunoreactivity
in cell bodies. The pattern of Ca’>* pump immunoreactivity
tends to resemble most that of IP,R, though for the Ca2+ pump,
immunoreactivity is greatest in cells in the intermediate layers.

In the posterior parietal cortex similar differences in IP,R and
RyR are evident. In superficial layers IP,R is concentrated in
the perikarya and proximal dendrites of pyramidal cells while
in deeper cells very intense staining is evident in a population
of nonpyramidal cells. On the other hand, RyR is most evident
in long, thin dendrites with much less cellular immunoreactiv-
ity. Ca?* pump immunoreactivity closely resembles IP,R in the
pyramidal cells in more superficial layers with less staining than
IP;R in the nonpyramidal cells of deeper layers.

To ascertain whether IP;R and RyR might be colocalized in
the same cells in certain areas, we conducted some double-
labeling studies (Fig. 6). In the CAl layer of the hippocampus
IP;R and RyR appear to be localized to many of the same
pyramidal cells with virtually identical patterns of immuno-
reactivity in dendrites. On the other hand, in the retrosplenial
cortex distinct differences are evident. Thus, RyR is concen-
trated in pyramidal cells and their dendrites in a relatively deep
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layer, while IP,R is evident in a different population of pyra-
midal cells in a more superficial layer.

Electron microscopic analysis

Light microscopic immunocytochemistry revealed high levels
of IP,R in the CA1l region of the hippocampus while RyR la-
beling was enriched in the CA3 region and the dentate gyrus.
Thus, electron microscopic analysis focused upon the hippo-
campal formation (Fig. 7). IP;R immunolabeling occurs in a
subpopulation of dendritic profiles throughout the various regions
of the hippocampus, while immunolabeling within axons and
axon terminals is weak or not detectable. Figure 74 shows rep-
resentative IP;R immunoperoxidase labeling in dendrites of the
CA1 region. Within dendrites, IP;R labeling occurs most prom-
inently in dendritic shafts, but labeled dendritic spines are also
occasionally observed. Labeling of spines is usually weak rela-
tive to labeling in dendritic shafts. RyR labeling occurs in den-
drites (Fig. 7B), axons (Fig. 7C), and a number of small-diameter
profiles that are not readily identified as dendritic, axonal, or
glial. RyR labeling is notable in dendritic spines in various
regions of the hippocampus including the dentate gyrus, CAl,
CA3, and hilar regions. Prominent RyR labeling is observed in
spines that are contiguous with unlabeled dendritic shafts (Fig.
7B). Dendritic shafts are mostly unlabeled except for patches at
points of emergence of spines. Within dendrites, intense RyR
immunoreactivity is associated with saccules near the plasma
membrane.

Discussion

The most striking finding of the present study involves the con-
trasting localizations of IP;R and RyR. The regional differences
we have observed by light microscopic immunochistochemistry
correspond well with similar differences observed in our earlier
studies labeling ER pools of Ca?+ with +Ca?* and monitoring
differential release of radiolabel by IP, and caffeine, which se-
lectively influence the IP,-sensitive Ca?* pool and the ryano-
dine-sensitive CICR pool of Ca?*, respectively (Verma et al.,
1992). The regional localization of the RyR is also in general
agreement with the results of Padua et al. (1992), who recently
localized RyR to various regions of the rat brain by autoradio-
graphic methods. Thus, the relative prominence of the two types
of Ca?* release appears to vary in different brain regions. Dif-
ferent localizations of IP,R and RyR are evident both for rel-
atively large brain areas such as the CA1-CA4 fields and lamina
of the hippocampus as well as at a cellular level, such as differ-
ences in relative labeling of perikarya and dendrites in the ce-
rebral cortex.

In the hippocampus, using double labeling, we show that some
cells possess both IP,R and RyR. This finding fits with obser-
vations of others (Walton et al., 1991) who demonstrated both
RyR and IP;R immunoreactivity in the same Purkinje cells of
the chicken cerebellum. It has been suggested that in many cells
the IP, and CICR processes of Ca?* release operate in close
coordination with IP, releasing Ca?+ to trigger the CICR process
via the RyR (Berridge and Galione, 1988; Goldbeteretal., 1990;
Harootunian et al., 1991; Randriamampita et al., 1991; Tsun-
oda, 1991). These interactions can lead to a variety of phenom-
ena including Ca?+ waves and Ca?* oscillations. However, in
vertebrate eggs, Ca2* oscillations and waves can be generated
by a mechanism involving IP,-sensitive Ca?* stores in the ab-
sence of RyR (Miyazaki et al., 1992; Parys et al., 1992). In
neurons, including hippocampal pyramidal neurons, most ev-



Figure 3 Low -power dark-field photomicrographs of serial sections of rat brain stained with antibodies for RyR (4, D, G, J, M), Ca** pump (B,

", N), and IP,R (C, F, I, L, O) presenting an alternate view of the relative distributions and density of the three proteins throughout the rat

s corlex ¢c, corpus callosum; CP, caudate putamen; LS, lateral septum; Tu, olfactory tubercle; VDB, vertical limb of the diagonal band

of Broca: CI, claustrum; CAI-CA3, fields of Ammon’s horn of the hippocampus; A, amygdala; 7, thalamus; DG, dentate gyrus; MH, medial

habenula; Hy, hvpothalamus EP, entopeduncular nucleus; SC, superior colliculus; ic, internal capsule; Arc, arcuate nucleus; , medial geniculate;

Ent, entorhinal cortex; MMn, medial mammillary nucle , cerebral aqueduct; SN, substantia nigra pars reticulata; CG, central gray; Cb,
cerebellum; 5, cranial nerve 5; DcN, deep cerebellar nucler; , medial vestibular nucleus; IO, inferior olive.
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Figure 4. Bright-field photomicrographs demonstrating the pattern of immunoreactivity of RyR (4, D, G, J), Ca** pump (B, E, H, K), and IP,R
(C, F, I, L) in various regions of the rat brain. Note the contrast in the distribution and relative intensity of labeling of RyR (4), and IP,R (C) in
the hippocampal formation. In the cerebellum (Cb), all three antibodies have a similar pattern, but vary in intensity (D-F). IP,R (/) in the deep
cerebellar nuclei (DCBN) is primarily localized to the neuropil and there is a relative lack of staining of perikarya. This contrasts with the staining
of cell bodies by RyR (G) and Ca** pump (/) in the deep cerebellar nuclei. A similar pattern of staining to that in the deep cerebellar nuclei for
all three antibodies is present in the substantia nigra reticulata (SNR) (J-L). CAI-CA3, fields of Ammon’s horn of the hippocampus; DG Mol,
molecular layer of the dentate gyrus; Gr, granule cell layer of the dentate gyrus; LD, lateral dorsal thalamic nucleus; LMo/, lacunosum moleculare
of the hippocampus; Or, stratum oriens of the hippocampus; Py, pyramidal cell layer of the hippocampus; Rad, stratum radiatum of the hippocampus;
M, molecular layer of the cerebellum; P, Purkinje cell layer of the cerebellum; G, granule cell layer of the cerebellum.

idence suggests that the two Ca®* pools are functionally distinct
(Thayer et al., 1988; Murphy and Miller, 1989; Glaum et al.,
1990), although cerebellar granule cells are an apparent excep-
tion (Irving et al., 1992). In addition, there is evidence that in
neurons oscillations of internal Ca** can be generated from a
single caffeine-sensitive store (Friel and Tsien, 1992a,b). Our
data show that if interactions between the two stores do occur,
then the relative roles of the two systems must differ substan-

tially in various brain regions and cell types as well as within
individual cells.

While Scatchard analysis showed that the B, for IP,R is
nearly 10 times the B, for RyR in the brain (data not shown;
McPherson and Campbell, 1990; Padua et al., 1991), it should
be emphasized that the unit conductance for RyR channels is
about 10 times the unit conductance for IP,R channels (Ehrlich
and Watras, 1988; McPherson et al., 1991). Thus, the overall
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Figure 5. High-power reproductions of the staining pattern for antibodies to IP,R (4, B), Ca** pump (C, D), and RyR (E, F) in the hindlimb
(HL) motor cortex and in the parietal cortex (Par). Note the contrasting pattern of staining of all three antibodies within the various layers (/I-

IV) of the cortices.

amount of Ca** release associated with IP, and CICR processes
may be fairly similar. This would fit with our observations that
45Ca?+ release in brain slices by IP, and the CICR processes is
approximately the same (Verma et al., 1992).

At the electron microscopic level, RyR is detected in both
dendrites and axons. Interestingly, RyR appears to be relatively
enriched in dendritic spines in the hippocampus while IP;R
labeling in spines appears to be weak relative to labeling in

dendritic shafts (Fig. 7). This finding contrasts with observations
in the chicken cerebellum, where the IP,R, but not RyR, were
found to be present in dendritic spines of Purkinje cells, although
both proteins were localized to dendritic shafts and perikarya
of these cells (Ellisman et al., 1990; Walton et al., 1991). Recent
observations in gymnotiform fish have also shown the absence
of RyR in spines of cerebellar Purkinje cells (Zupanc et al.,
1992). Because of the unique features of Ca’* disposition in the
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Figure 7. Ultrastructural localization of IP,R (4) and ryanodine receptors (B, C) in hippocampal formation of the rat. All electron micrographs
were taken from noncounterstained ultrathin sections so as to facilitate visualization of immunoperoxidase labeling. A, The electron micrograph
shows immunolabeling of the IP;R in the stratum radiatum of the hippocampal CA1 region. Immunoreactivity is prominent in one dendritic
profile, LD, but is also apparent in others (D; arrowheads point to postsynaptic membranes). Dendrites with no apparent labeling are indicated as
UD within the cytoplasm. Terminals in the vicinity are unlabeled (UT) except for one that shows slight labeling around vesicles (arrow). A spine
that is postsynaptic to the lefimost UT (to the left of LD) appears lightly labeled. B, RyR immunoreactivity is prominent in a dendritic spine of
the hilus. Arrowhead points to the plasma membrane that is postsynaptic to an unlabeled terminal (UT) while the two small arrows point to one
end of the spine apparatus and where the spine emerges from the dendritic shaft (D). C, RyR labeling is present within an axon (LA). Small arrows
within LA point to immunoreactive vesicles. A dendrite (D) in its vicinity also shows a discrete cluster of immunoreactivity near the plasma

membrane (arrow).

Purkinje cells, it is not surprising that the intracellular loci of
IP;R and RyR in these cells differ from intracellular loci in other
parts of the brain.

It was recently demonstrated that free cytosolic Ca?* concen-
trations in individual dendritic spines of hippocampal pyra-
midal cells can be regulated somewhat independently (Guthrie
et al., 1991; Muller and Connor, 1991). In response to stimu-
lation of the associative~commissural pathway, Ca®* in den-
dritic spines of CA3 pyramidal neurons rose to higher levels
than in the dendritic shaft and stayed elevated for longer periods
of time (Muller and Connor, 1991). Moreover, the results of
others (Friel and Tsien, 1992a,b) have shown that a caffeine-
sensitive CICR process can produce regenerative Ca?* oscilla-
tions in neurons. Thus, our data support the suggestion (Miller,
1992) that a CICR process, preferentially localized to the den-
dritic spine, may boost the magnitude and duration of the spine
Ca2+ signal during such processes as long-term potentiation of

synaptic efficacy in the hippocampus. A preference for an RyR-
based process in these spines might be explained by the findings
that the diffusion coefficient of intracellular Ca?*, as determined
in Xenopus oocytes, is much slower than that of IP, (Meyer,
1991; Allbritton et al., 1992). This suggests that a CICR process
might be better suited to produce highly localized increases in
Ca2* levels over extended time periods than an IP,-based sys-
tem.

In general, the localizations of Ca?* pump immunoreactivity
resemble both those of IP,R and RyR, consistent with the ER
Ca?* pump providing the Ca?* stores released both by IP, and
by the CICR process. There is a tendency for Ca?* pump lo-
calizations to fit better with IP,R than RyR localizations, which
might reflect the greater density of IP,R than RyR that we
observed in binding studies for the whole brain (not shown).
However, in a number of areas, where IP;R density is quite
high, levels of Ca?* pump are relatively low. These areas include



deep layers in the cerebral cortex, terminals in the deep cere-
bellar nuclei and, to a lesser extent, terminals in the substantia
nigra. The reason for these apparent discrepancies is not pres-
ently clear, but might be accounted for by the presence of Ca?*
pump isoforms not detected by the monoclonal anti-Ca?* pump
antibody used in these studies. Known isoforms of the intra-
cellular Ca?+ pump have been designated SERCAs 1, 2A, 2B,
and 3 (Burk et al., 1989). We showed that the SERCA 2B isoform
accounts for the bulk of the intracellular Ca2+ pump in the brain
and localized SERCA 2B mRNA by in situ hybridization (Miller
et al., 1991). The anti-Ca2+ pump antibody that we have used,
monoclonal antibody IID8, reacts with both the SERCA 2A and
2B isoforms (Plessers et al., 1991), but it may not recognize
other minor isoforms of the Ca2* pump. The gross distribution
of Ca2* pump immunoreactivity closely resembles the previous
localization of Ca?* pump mRNA by in situ hybridization and
Caz* uptake in brain sections (Miller et al., 1991; Verma et al,,

100 N M
1Y524). Other minor Ca**

the regions where discrepancies between Ca** release channels
and Ca?+ pumps were noted. Alternatively, our antibodies against
the IP,R might recognize inactive IP;R or a plasma membrane
form of the receptor in the areas mentioned such as that iden-
tified in olfactory neurons (Ronnett and Snyder, 1992; Cun-
ningham et al., 1993) and T-lymphocytes (Kuno and Gardner,
1987; Khan et al., 1992) and suggested in liver (Guillemette et
al., 1988; Rossier et al., 1991; Sharp et al., 1992) and pancreas
(Sharpetal., 1992). A plasma membrane form of the IP,R would
not be expected to be associated with intracellular Ca?+ pumps.

Recently, a number of new isoforms of the IP,R have been
identified by molecular cloning techniques and shown by use of
the PCR to be present in the brain (Sudhof et al., 1991; Ross
etal., 1992). These isoforms are apparently of much lower abun-
dance than the form originally identified (Sudhof et al., 1991;
Ross et al., 1992). Two genes for the RyR were originally iden-
tified as the skeletal muscle and cardiac RyR genes (Takeshima
et al., 1989; Nakai et al., 1990; K. Otsu et al., 1990; Zorazto et
al., 1990). Northern blot analysis revealed the presence of car-
diac-like RyR mRNA in the brain (Nakai et al., 1990). Recently,
a new gene encoding an RyR-like protein has been cloned (Gi-
annini et al., 1992; Hakamata et al., 1992). Northern blot anal-
ysis showed that mRNA encoded by the new gene is present in
the brain, especially in the corpus striatum, thalamus, and hip-
pocampus but is undetectable in cerebellum and cerebral cortex,
while the cardiac-like RyR mRNA has a more even distribution
in the brain (Hakamata et al., 1992). The relative abundance of
the two gene products in the brain has not been determined.
Since we detect RyR in all these brain regions and the relative
intensity of staining of various regions corresponds closely to
relative levels of RyR detected in membranes of the same regions
by radioligand binding techniques (not shown), it is unlikely
that a major isoform of the RyR has gone undetected in our
present work. In addition, our results are generally consistent
with a recent autoradiographic study (Padua et al., 1992). Sim-
ilar arguments hold for the IP;R in the brain (Worley et al.,
1986; Sharp et al., 1993).

In conclusion, our results, along with those of others, suggest
similarly important roles for caffeine- and IP,-sensitive Ca2*
pools in the regulation of neuronal intracellular Ca+. The dis-
tinct localization of the IP;R and RyR at both regional and
subcellular levels suggests that the roles of the two pools in
controlling intracellular Ca?* in neurons are largely distinct.
However, the coexistence of the two receptors in the same parts
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of some cells suggests that, in some instances, the two pools
might interact in different ways depending on the predominance
of a given release mechanism and how closely the two release
channels are located.
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