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Monoclonal antibody Cat-307 identifies a 165 kDa neuronal
protein expressed in the cat visual cortex during the period of
sensitivity to alterations in visual experience (Kind et al., 1994).
Dark-rearing, which prolongs the sensitive period, also pro-
longs the expression of the Cat-307 protein. The Cat-307 pro-
tein localizes to an organelle, here called the botrysome (from
the Greek botrys, cluster of grapes), that is located between the
endoplasmic reticulum (ER) and Golgi apparatus. The botry-
some is composed of small ring-shaped profiles with electron-
dense coats. The size and morphology of the rings and their
coats are similar to those described for ER to Golgi transport
vesicles. Biochemically, the Cat-307 protein cofractionates
with microsomes and partitions with subunits of the coatomer

proteins that coat ER-to-Golgi transport vesicles. Partial amino
acid sequencing reveals that the Cat-307 protein is phospho-
lipase C-b1, the G-protein-dependent phosphodiesterase that
hydrolyses phosphatidylinositol 4,5 biphosphate into inositol
1,4,5 triphosphate and diacylglycerol after the stimulation of a
variety of neurotransmitter receptors at the cell surface. These
results suggest a role for phospholipase C-b1 and the botry-
some in developmental plasticity and provide a possible link
between receptor activation at the cell surface and protein
transport during neuronal development.
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Neurons in the developing cat visual cortex pass through a sensi-
tive period, during which their physiological and anatomical prop-
erties can be modified by alterations in visual experience (Hubel
and Wiesel, 1970; Olson and Freeman, 1980; Mitchell and Tim-
ney, 1984; Blakemore, 1991; Antonini and Stryker, 1993a,b). In
the cat, the sensitive period for the ocular dominance organization
of the visual cortex begins at 3 weeks of age, peaks at 4–5 weeks,
and is primarily over by the end of the fourth postnatal month
(Olson and Freeman, 1980), with some residual plasticity remain-
ing in the extragranular layers until 10–12 months of age (Daw et
al., 1992). The time course of the sensitive period can be altered
by rearing animals in complete darkness. Dark-rearing from birth
delays both the onset and the close of the sensitive period for
cortical ocular dominance (Cynader and Mitchell, 1980; Cynader,
1983; Mower, 1991), disrupts the normal segregation of geniculo-
cortical afferents in primary visual cortex (Swindale, 1981, 1988;
Mower et al., 1985; Stryker and Harris, 1986), and disrupts the
regulation of the expression of a number of neuronal proteins
(Sur et al., 1988; Guimaraes et al., 1990; Reid and Daw, 1995).
Numerous neurotransmitters and their receptors have been

demonstrated to participate in developmental plasticity. Both the
NMDA and the metabotropic subfamilies of glutamate receptors
(mGluR) play a role in synaptic plasticity in the hippocampus and
the visual cortex (Kleinschmidt et al., 1987; Collingridge and

Davies, 1989; Bashir and Collingridge, 1992; Bashir et al., 1993;
Kato, 1993; Bolshakov and Siegelbaum, 1994; Bortolotto et al.,
1994; Kirkwood and Bear, 1994, 1996; Hensch and Stryker, 1996).
In addition, blockade of the serotonin (5-HT) receptor can reduce
the monocular deprivation-induced shift in ocular dominance (Gu
and Singer, 1995), and acetylcholinergic receptors (AChR) and
noradrenergic receptors may function to facilitate plastic modifi-
cations in response to activity (Kasamatsu and Pettigrew, 1976;
Bear and Singer, 1986). Despite these insights into the receptors
involved in synaptic plasticity, very little is known of the effector
molecules that directly alter neuronal phenotype.
In an attempt to identify gene products that may play a role in

the cellular mechanisms of developmental plasticity, we used a
tolerization and rapid immunization strategy (Hockfield, 1987;
Kind and Hockfield, 1995) to generate monoclonal antibodies to
proteins that are downregulated after the close of the sensitive
period in the cat visual cortex (Kind et al., 1994). One of these
antibodies, Cat-307, recognizes a 165 kDa protein that is present
in neurons of the cat visual cortex from birth, peaks in expression
at 5 weeks of age, and is downregulated by 15 weeks of age. Here
we report several findings that further implicate the Cat-307
protein in the cellular mechanisms of developmental plasticity.
First, dark-rearing prevents the normal developmental downregu-
lation in Cat-307 immunoreactivity in area 17 but not in other
primary sensory cortical areas. Second, the Cat-307 protein is
found within cortical neurons in association with an unusual
organelle, which we have named the botrysome (from the Greek
botrys, meaning cluster of grapes). The botrysome is located
between the endoplasmic reticulum (ER) and the Golgi apparatus
and is composed of small vesicles that resemble ER to Golgi
transport vesicles, suggesting a role in protein transport. Such a
role is supported further by the observation that Cat-307 immu-

Received Sept. 18, 1996; revised Nov. 18, 1996; accepted Dec. 2, 1996.
This work was supported by National Institutes of Health Grants EY06511 (S.H.)

and EY06606 (P.K.). We thank Drs. Pietro DeCamilli, Ira Mellmann, and David
Sheff for helpful advice in the course of this work, and Dr. Donald Mitchell for
providing brain tissue. We also thank members of the Hockfield Laboratory for
critical readings of this manuscript.
Correspondence should be addressed to Dr. Peter Kind, Section of Neurobiology,

Yale University School of Medicine, 333 Cedar Street, New Haven, CT 06511.
Copyright q 1997 Society for Neuroscience 0270-6474/97/171471-10$05.00/0

The Journal of Neuroscience, February 15, 1997, 17(4):1471–1480



noreactivity copurifies with microsomes and ER to Golgi trans-
port vesicle proteins. Third, purification and partial amino acid
sequence analysis of the Cat-307 protein identify it as phospho-
lipase C-b1 (PLC-b1), a G-protein-activated phosphodiesterase
that hydrolyses phosphatidylinositol 4,5 biphosphate into the two
second messengers diacylglycerol (DAG) and inositol 1,4,5
triphosphate (IP3). The association of PLC-b1 with the botrysome
raises the possibility that mGluR activation at the cell surface
could lead to changes in protein transport during neuronal
development.

MATERIALS AND METHODS
Animals and rearing paradigms. Cats of 4, 5, and 15 weeks of age and
ferrets 3–6 weeks of age were used in this study. The pattern of Cat-307
immunoreactivity on tissue sections and Western blots is identical in
ferret and cat. To determine whether the expression of the Cat-307
protein was regulated by visual experience, two cats from separate litters
were reared in complete darkness from birth until 15 weeks of age. Two
normally reared animals served as controls. In addition, the brain from a
17-week-old dark-reared cat was generously provided by Dr. Donald
Mitchell (Dalhousie University).
Histological tissue preparation. Cats were deeply anesthetized with an

overdose of Nembutal and perfused through the ascending aorta with
sodium PBS, pH 7.4, followed by 4% paraformaldehyde in 0.1 M sodium
phosphate buffer for light microscopy and with 4% paraformaldehyde/
0.075% glutaraldehyde in 0.1 M sodium phosphate buffer for electron
microscopy. For light microscopy, primary visual, somatosensory, and
auditory cortices and the dorsal lateral geniculate nucleus (dLGN) were
dissected, equilibrated in 30% sucrose, and frozen sectioned at 50 mm.
The sections were reacted for Cat-307 as described previously (Kind et
al., 1994). For electron microscopy, sections of the visual cortex were cut
on a vibratome at 50 mm and reacted with the Cat-307 antibody. The
DAB reaction product was intensified with 1% osmium tetroxide in 0.1 M
phosphate buffer for 0.5–2 hr. Sections used for electron microscopy were
subsequently dehydrated into propylene oxide and embedded in either
Epon or Durcupan (Polysciences, Warrington, PA). Ultrathin sections
were counterstained with lead citrate and uranyl acetate and viewed on a
Jeol-JEM 1010 electron microscope. For colloidal gold immunohisto-
chemistry, the sections were incubated in Cat-307 antibody overnight at
room temperature and then incubated in a 1:50 dilution of goat anti-
mouse IgM antibody coupled to a 1 nm gold particle (Amersham,
Arlington Heights, IL). The reaction was intensified using a silver en-
hancement kit (Amersham).
Microsome preparation. Microsomal fractions were prepared from one

4-week-old cat cortex and six 5-week-old ferret cortices. Cortices were
homogenized in a 10 mM HEPES buffer containing 320 mM sucrose
solution, 1 mM dTT, 2 mM EGTA, and protease inhibitors (10 mM
leupeptin, 2 mM e-amino-n-caproic acid). The homogenate (H) was
subjected to a series of centrifugations to separate different organelles
based on their mass. The crude H was first centrifuged for 10 min at 600
rpm on a JA 18.1 rotor to remove nuclei and unbroken cells. The
resulting supernatant was then centrifuged at 11,500 rpm on a JA 18.1
rotor for 30 min to pellet Golgi and mitochondria. The supernatant from
this fraction was subsequently centrifuged at 30,000 rpm on a SW41 rotor
to pellet microsomes. The microsomal fraction was resuspended in 1.5 M
sucrose in HEPES buffer containing 1 mM dTT, 2 mM EGTA, and
protease inhibitors (10 mM leupeptin, 2 mM e-amino-n-caproic acid). The
microsomes were overlaid with 1.2 M and 0.8 M sucrose in HEPES buffer
(with additions as above) and centrifuged at 30,000 rpm on a SW41 rotor
for 20 hr. Eleven 1 ml fractions were collected per gradient, and 10 ml of
each fraction was analyzed by SDS-PAGE, as described previously (Kind
et al., 1994). Under these conditions, microsomes migrate to the interface
between the 1.2 and 0.8 M sucrose, corresponding to fractions 5 and 6. In
the Triton-treated condition, all of the above sucrose solutions contained
1% Triton X-100.
Purification of the Cat-307 protein. The Cat-307 protein was purified

from ferret cortex. The first step of the Cat-307 purification relied on the
mechanism by which Cat-307 associates with membranes. Three-week-
old ferret cortex was homogenized in 10 mM HEPES buffer containing
320 mM sucrose, 1 mM dTT, 2 mM EGTA, and protease inhibitors (10 mM
leupeptin, 2 mM e-amino-n-caproic acid). The H was centrifuged at
30,000 rpm in a SW41 swinging bucket rotor and separated into super-
natant (S1) and pellet (P1) fractions. The P1 fraction was resuspended in

PBS containing protease inhibitors and recentrifuged at 100,000 3 g for
1 hr and separated into supernatant (S2) and pellet (P2) fractions. Equal
volumes of each fraction were subjected to SDS-PAGE analysis and
immunoblotted for Cat-307 immunoreactivity. The supernatant fraction
(S2) from samples in which the cortex was homogenized in 320 mM
sucrose contained much higher levels of Cat-307 immunoreactivity than
did the S2 fraction from samples in which the cortex was initially homog-
enized in PBS. Measurements of integrated density confirmed the qual-
itative assessment, with densities of 945 in the S2 fraction of the sucrose
H and 168 in the S2 fraction of the PBS H (see Fig. 6A).
The Cat-307 protein was purified further and concentrated by subject-

ing the S2 fraction to ammonium sulfate (NH3SO4) precipitation.
NH3SO4 (20%) is ineffective in precipitating the Cat-307 protein. The S2
fraction was first subjected to 20% NH3SO4 precipitation, and the
precipitated proteins were discarded. The sample was subsequently sub-
jected to 35% NH3SO4, a concentration that is effective in precipitating
the majority of the Cat-307 protein, and the pellet fraction was resus-
pended in 50 mM TBS, pH 7.2, and dialyzed against the same buffer. The
resulting sample was subjected to two rounds of FPLC on a monoQ
column. The first column was eluted with a 50 M Tris-buffered 0 M to 2 M
NaCl gradient, and the fractions containing Cat-307 immunoreactivity
were pooled. The pooled fractions again were subjected to FPLC using a
monoQ column and eluted using a 50 mM Tris-buffered 0 M to 800 mM
NaCl gradient. The fractions containing Cat-307 immunoreactivity were
pooled and concentrated by TCA precipitation according to standard
methods. The resulting samples were subjected to SDS-PAGE analysis,
and the gels were either stained with Coomassie blue or transferred to
nitrocellulose and Western blotted for Cat-307 immunoreactivity. Under
these conditions, the Cat-307 immunoreactive band was clearly distin-
guishable from any other protein. Coomassie-stained bands correspond-
ing to the Cat-307 immunoreactive protein were excised from the gel,
digested with trypsin, and subjected to N-terminal amino acid sequence
analysis by the William Keck Foundation Biotechnology Resource Lab-
oratory at Yale University.
Immunoprecipitations. Cat-307 (an IgM) and anti-PLC-b1 (an IgG;

Upstate Biotechnology, Lake Placid, NY) were adsorbed to goat anti-
mouse IgM or IgG agarose beads (Sigma, St. Louis, MO), respectively, by
incubation at 48C overnight. The beads were washed with TBS and
incubated with a soluble fraction of 5-week-old cat visual cortex. The
bound antigens were eluted by boiling in SDS-PAGE sample buffer
containing 5% b-mercaptoethanol for 5 min. The samples were then
subjected to SDS-PAGE analysis, transferred to nitrocellulose, and im-
munostained for either Cat-307 or PLC-b1 immunoreactivity.

RESULTS
Monoclonal antibody Cat-307 identifies a 165 kDa protein that is
present in the cat visual cortex from birth, increases until 5 weeks
of age, and is subsequently downregulated in the cortex at 15
weeks. In the 5-week-old cat, the Cat-307 protein is expressed in
all cortical areas examined but is absent from all cortical areas in
the adult. Cat-307 immunoreactivity is seen as small, intensely
stained dots in neurons; based on the fine structure of these dots
(see below), they have been named botrysomes, from the Greek
botrys, meaning cluster of grapes. Cat-307 immunoreactive botry-
somes are seen in neurons, but not in glial cells, and are present
in all layers of the cortical plate, in both nonpyramidal and
pyramidal neurons, and in GABAergic and non-GABAergic neu-
rons (Kind et al., 1994).

Expression of the Cat-307 protein is prolonged
by dark-rearing
We have demonstrated previously that Cat-307 immunoreactive
botrysomes are present throughout area 17 of 5-week-old, but not
15-week-old, cats (Kind et al., 1994). The regulation of the Cat-
307 protein over the course of development suggested that its
expression might correlate with periods of developmental plastic-
ity. To pursue this possibility, Cat-307 immunoreactivity was ex-
amined in the cortex of dark-reared cats. Cats were raised in total
darkness from birth to 4 months of age, an age at which Cat-307
can no longer be detected in the visual cortex of normally reared
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Figure 1. Dark-rearing prevents the normal downregulation of the Cat-307 protein in primary visual, but not in primary auditory, cortex. Sections through
layers IV and V of primary visual (A, B, C) and primary auditory (D, E, F ) cortex from a 5-week-old normally reared (A,D), a 15-week-old normally reared
(B, E), and a 17-week-old dark-reared (C, F ) cat immunoreacted with Cat-307. Immunoreactive botrysomes are present in both the visual (A) and the
auditory (D) cortices in the 5-week-old cat but absent from both areas by 15 weeks of age (B, E). Botrysomes are present in the visual cortex (C ) after
dark-rearing, but are not present in the auditory cortex (F ) of dark-reared animals. Immunoreactive botrysomes can be found in all layers of area 17 of
dark-reared animals in a pattern that is very similar to that observed in 5-week-old normal animals. Scale bar, 30 mm.

Figure 2. Cat-307 identifies a cytoplasmic structure in neurons that is often located near a major dendrite. A–C, Three layer V neurons containing
Cat-307 immunoreactive botrysomes. In 50-mm-thick sections, Cat-307 immunoreactive profiles are observed in the cytoplasm of neurons and are most
often found within, or just below, the apical dendrites of pyramidal cells. A, Two botrysomes, one located at the base of the large apical dendrite of a layer
V pyramidal neuron (arrow) and the other in the basal portion of a neuron (arrowhead). The apical dendrite of the pyramidal neuron (arrow) contains
a small botrysome farther from the cell body. B, A layer V pyramidal cell with a botrysome located just below the apical dendrite and very close to the
nucleus. C, A large layer V pyramidal cell containing three immunoreactive botrysomes within its cell body and apical dendrite. Two of the botrysomes
are associated with the apical dendrite (arrows), one located within and the other at the base of the dendrite. The third is located in the basal portion
of the cell body (arrowhead). Such a basally located botrysome would have been classified as not associated with a dendrite; however, the basal dendrites
of the cell are out of the plane of section, and this botrysome may also be at the base of a dendrite. The largest botrysomes are seen in layer V neurons,
where they can reach a diameter of 4 mm. The diameter of botrysomes varies; even within a single cell, botrysome size does not correlate with neuronal
size, although the smallest botrysomes are usually found within dendrites. Scale bar, 20 mm.
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Figure 3. Cat-307 identifies a neuronal organelle, the botrysome, that is located between the ER and the cis-Golgi and that can be identified independently
of Cat-307 immunoreactivity. A, B, Electron micrographs showing two examples of Cat-307 immunoreactivity in botrysomes located between the ER (ER) and
the cis-Golgi (cG). Cat-307 immunoreactivity has never been observed within the Golgi stack (GS) or on the trans face of the Golgi (tG). The immunoreactive
botrysome (arrowheads) is a compact, ovoid structure that is a conglomeration of small, ring-shaped profiles. The DAB reaction product, however, prevents a
detailed analysis of the substructure of the organelle. Scale bars: A, B, 350 nm. C, Another example of an immunoreactive botrysome (large arrowheads) showing
that the internal structure is not uniform (see also B). Figure legend continues.
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animals. Previous reports have demonstrated that the sensitive
period, during which the physiological properties of neurons of
the visual cortex can be altered by monocular deprivation, is
prolonged by rearing animals in complete darkness (Cynader,
1983; Mower et al., 1985; Mower, 1991). Dark-rearing to 4 months
of age attenuated the normal downregulation of the Cat-307
protein in the cat visual cortex (Fig. 1), but not in any other
cortical area examined. As shown in Figure 1, numerous Cat-307-
immunoreactive botrysomes were observed in the visual cortex
(Fig. 1E), but not in the auditory cortex (Fig. 1F), of dark-reared
animals. Cat-307 immunoreactive botrysomes were not observed
in the visual (Fig. 1C) or auditory (Fig. 1D) cortex of age-
matched, normally reared animals. The pattern of Cat-307 stain-
ing in area 17 of dark-reared animals was qualitatively similar to
that observed in young kittens (compare Fig. 1, E with A and B)
and was seen in both of the animals examined. Cat-307 immuno-
reactive botrysomes were present in neurons throughout area 17.
Botrysomes were also found in all layers of the visual cortex of
dark-reared animals, with a distribution essentially indistinguish-
able from that seen in 5-week-old animals.

Cat-307 immunoreactivity is located in the
somatodendritic domain of cortical neurons
Light microscopic analysis of Cat-307-labeled cortical sections
showed that Cat-307 immunoreactive botrysomes were not ran-
domly distributed throughout the cell body, but resided near the
proximal portions of dendrites (Fig. 2). Many neurons appeared
to have only one botrysome, but up to three botrysomes were seen
within a single neuron. The intraneuronal distribution of the
botrysomes in the 5-week-old cat visual cortex was more closely
examined using antibody-stained sections that were post-fixed
with osmium tetroxide. This procedure not only intensified Cat-
307 immunoreactivity, but also permitted the visualization of
neuronal cell bodies and dendrites. In 100 neurons in which at
least a single dendrite and one Cat-307-positive botrysome could
be identified, 77 botrysomes were located either at the base of, or
within, the proximal part of a dendrite. The remaining 23 botry-
somes did not appear to be associated with a visible dendrite, but
most of these were located in the basal portion of the cell body
and thus may have been close to basal dendrites that were not
within the plane of section. Therefore, the majority of botrysomes
were located in or near dendrites.

Cat-307 identifies a novel cortical organelle, the
botrysome, associated with the ER and Golgi complex
The unusual appearance and location of Cat-307 immunoreactiv-
ity at the light microscopic level prompted us to examine the
subcellular localization of the antigen by immunoelectron micros-
copy (Fig. 3). Cat-307 identified an organelle, the botrysome, that
has not been described previously in cortical neurons. Botrysomes

appeared as compact, ovoid structures with an immunohisto-
chemically dense central core and less dense flanking regions (Fig.
3B–D). The organelle had no limiting membrane. A large con-
glomeration of ring-shaped profiles surrounded the core. The size
of the organelle ranged from 1 to 4mm along its long axis;
however, there was no obvious correlation between neuronal size
or type and botrysome size. Serial reconstructions of single bot-
rysomes demonstrated the Cat-307-labeled structure to be located
between the ER and the cis-Golgi (Fig. 4). To date, four botry-
somes have been partially reconstructed and all showed a close
association with both the ER and Golgi apparatus. Whereas the
botrysome was always seen juxtaposed to both the ER and Golgi
apparatus, the Golgi network was observed to be far more widely
distributed and was not always associated with botrysomes. Figure
5 shows an example of three cortical neurons, only one of which
contained a botrysome. A large pyramidal cell that did not contain
a botrysome contained several Golgi complexes in the cell body
that extended into the proximal portion of the apical dendrite.
To reveal the ultrastructure of the botrysome without the dis-

tortions in membrane density that attend HRP labeling, a colloi-
dal gold conjugated secondary antibody was also used to visualize
Cat-307 immunoreactivity (Fig. 3E). Cat-307 immunoreactivity
visualized with a gold-conjugated antibody identified the same
organelle that was identified with an HRP-conjugated antibody.
The gold conjugate allowed for better visualization of the or-
ganelle and permitted the identification of the unstained or-
ganelle in deep regions of the tissue into which the gold-
conjugated secondary antibody could not penetrate (Fig. 3E,F).
No unlabeled botrysomes were observed in HRP-labeled tissue or
in the superficial regions of gold-labeled sections. In addition,
gold immunohistochemistry confirmed our initial observations
from HRP-stained sections that the botrysome was comprised of
many small, ring-shaped elements. Not all of the ring-shaped
subunits were complete circles; many were crescent-shaped or
otherwise incomplete circles (Fig. 3F). The rings had a moder-
ately electron-dense wall with a clear center. The size of individual
rings was ;70 nm. In addition, the rings appeared to be coated
with an electron-dense material that was ;15 nm in thickness.

The Cat-307 protein cofractionates with microsomes
The position of the botrysome between the ER and Golgi appa-
ratus, as well as the similarity in structure of the small vesicles of
the botrysome to transport vesicles, suggested an association with
microsomes. To determine whether the Cat-307 protein is asso-
ciated with microsomal membranes, we isolated microsomes and
associated proteins by subcellular fractionation using differential
centrifugation (Fig. 6). This method has been used previously to
demonstrate a membrane association for a group of proteins,
called coatomers or COPs, that coat transport vesicles between

4

The center of the botrysome has a dense core (small arrowheads) with less dense flanking regions (asterisks). The ring-shaped elements surround the core
and are the major components of the botrysome. Although the example in C does not demonstrate an association with the Golgi complex,
three-dimensional reconstructions of single botrysomes suggest that all botrysomes are associated with the Golgi complex. Scale bar, 350 nm. D, Electron
micrographs of Cat-307 immunoreactivity visualized with a gold-conjugated secondary antibody enhanced with silver demonstrate that the immunore-
active botrysome (arrowheads) is an organelle that can be identified independent of HRP histochemistry. Scale bar, 140 nm. E, F, Low- (E ) and
high-power (F ) electron micrographs of a botrysome (arrowheads in E) that was deep in the section, inaccessible to the gold-conjugated antibody. (In
tissue in which an HRP-conjugated secondary antibody was used, we have never seen an unlabeled botrysome.) The low-power micrograph (E) clearly
demonstrates the location of the botrysome between the Golgi apparatus and the ER. Higher magnification (F ) of this unlabeled botrysome confirms it
to be a conglomeration of small ring-shaped profiles. The diameter of an individual ring is ;70 nm, similar to the size of COP-coated vesicles. The rings
have a moderately electron dense wall with a clear center. Not all of the rings are complete; many are c-shaped. The rings are covered with an
electron-dense material with a thickness of 15 nm, similar to the protein coat of transport vesicles between the ER and Golgi apparatus. Scale bars: E,
650 nm; F, 100 nm.
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the ER and Golgi apparatus (Malhotra et al., 1989). The micro-
somes and their associated proteins were then purified further by
floatation in a step sucrose gradient.
The Cat-307 protein fractionated with the microsomes (Fig. 6A,

no triton) and behaved identically to members of both the COP I
(Fig. 6B, no triton) and the COP II (data not shown) protein
complexes. To ensure that the migration of the Cat-307 protein
within the step sucrose gradient was not simply attributable to the
formation of macromolecular complexes that could also float in
the sucrose gradient, the microsomes were pretreated with 1%
Triton X-100 to disrupt membranes (Fig. 6A, triton). The Cat-307
protein did not float in the step sucrose gradient after membranes
had been extracted with detergent. As a control for extraction of
membrane components, we also assayed the behavior of b-COP,
a subunit of the COP I complex (Fig. 6B), which similarly did not
float in the step sucrose gradient after detergent treatment (Fig.
6B, triton).

Cat-307 recognizes PLC-b1
The Cat-307 protein was purified and subjected to amino acid
sequence analysis. The first step of the purification relied on the
fact that the Cat-307 protein is a noncovalently linked, peripheral
membrane protein with an association dependent on osmolarity
(Fig. 7A), and final purification was achieved by FPLC and SDS-
PAGE. Two tryptic peptides (8 and 17 amino acids in length) were
sequenced and showed 100% identity with PLC-b1 isolated from
bovine (Suh et al., 1988) and rat brain (Katan et al., 1988). Four
isoforms of PLC-b (PLCb-1–4) have been isolated. The four
isoforms share two highly conserved regions, called the X domain
and the Y domain. One of the sequenced peptides was located in
the conserved Y domain (representing amino acids 552–560), and
the other was located in a less conserved region closer to the C
terminal, representing amino acids 1016–1028. The identity be-
tween the Cat-307 protein and PLC-b1 was confirmed by immu-
noprecipitation (Fig. 7B). Supernatant fractions from 5-week-old
cat visual cortex were immunoprecipitated with either Cat-307 or
a mixture of monoclonal antibodies specific for bovine PLC-b1.
The Cat-307 antibody immunoprecipitated a doublet at 150 and
165 kDa that was recognized by both Cat-307 (Fig. 7B, lane 5) and
antibodies to PLC-b1 (Fig. 7B, lane 6). Furthermore, antibodies
to PLC-b1 immunoprecipitated a doublet with the same electro-
phoretic mobility that was also recognized by antibodies to both
PLC-b1 (Fig. 7B, lane 4) and Cat-307 (Fig. 7B, lane 3). Together,
these data indicate that the Cat-307 protein is PLC-b1.

DISCUSSION
The cellular and molecular mechanisms underlying the ability of
immature neurons to undergo alterations in morphology in re-
sponse to activity are beginning to be elucidated. We reported
previously the isolation of the Cat-307 monoclonal antibody,
which identifies a neuronal protein that is present in the 5-week-
old kitten visual cortex, but is absent from the 15-week-old visual
cortex (Kind et al., 1994). The possibility that this protein may
participate in cellular mechanisms used during developmental
neuronal plasticity is raised by the observation that the normal
reduction in Cat-307 protein expression over the course of devel-
opment is attenuated by dark-rearing. The subcellular localization
of the Cat-307 protein to an intermediate compartment-like struc-
ture, the botrysome, and its identification as PLC-b1, a phospho-
diesterase that hydrolyzes phosphatidylinositol 4,5 biphosphate
(PIP2) into IP3 and DAG, together suggest that receptor activa-
tion at the cell surface during periods of developmental plasticity
may lead to alterations in protein transport and, ultimately, to
changes in neuronal morphology.

The expression of the Cat-307 protein is regulated by
visual experience
The development of many of the physiological and anatomical
properties of visual cortical neurons is known to be dependent on
the nature of an animal’s early visual experience. Dark-rearing
from birth disrupts the normal development of orientation and
direction-selective cells (Buisseret and Imbert, 1976; Czepita et
al., 1994). Furthermore, dark-rearing attenuates geniculocortical
segregation in layer IV of primary visual cortex (Swindale, 1981,
1988; Mower et al., 1985; Stryker and Harris, 1986); and prevents
the normal age-dependent decline in ocular dominance plasticity
to monocular deprivation in the visual cortex, but not in the dorsal
lateral geniculate nucleus. In addition, dark-rearing has been
shown to extend the period of ocular dominance plasticity in
response to monocular deprivation. Dark-rearing from birth to

Figure 4. The botrysome is always associated with the ER and Golgi
complex. Sections from a serial reconstruction of a single botrysome
(arrowheads). In A, the botrysome is not closely associated with the Golgi
complex (G); however, the micrograph in B of a subsequent section clearly
demonstrates the close approximation of the botrysome and the Golgi
apparatus. Scale bar, 200 nm. We have partially reconstructed four bot-
rysomes, all of which were associated with both the ER (ER) and Golgi
apparatus. Scale bar, 800 nm.
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15–17 weeks of age prolonged the expression of the Cat-307
protein in the visual cortex, but not in nonvisual cortical areas,
strongly suggesting a role for the protein in developmental
plasticity.
The association of Cat-307 immunoreactivity with dendrites

suggests that the Cat-307 protein may play a role in dendritic
plasticity. Dendritic development can be affected by visual expe-
rience, as evidenced by studies showing that dark-rearing prevents
the normal formation of laterally extending dendrites (Coleman
and Riesen, 1968) and decreases the length and complexity of
laterally projecting dendrites (Reid and Daw, 1995). The time
course of dendritic plasticity after dark-rearing has not been
examined; however, the location and expression of Cat-307 im-
munoreactivity indicate that dendritic fields of neurons in all
cortical layers may remain plastic after dark-rearing from birth to
4 months of age.

Localization of PLC-b1 to the botrysome suggests a
role in protein trafficking
Immunoelectron microscopic analysis of Cat-307-labeled neurons
revealed a neuronal organelle whose location, between the ER
and Golgi apparatus, is suggestive of a role in protein transport
between these structures. Studies over the last several years have
described many features of the molecular machinery of ER to
Golgi trafficking. Two groups of proteins, called COPs, that coat
transport vesicles and mediate vesicle budding from donor mem-
branes have been described (Malhotra et al., 1989; Waters et al.,
1991; Rothman, 1994). Newly synthesized proteins are packaged
into COP I- and COP II-coated vesicles that transport the pro-
teins from the ER to the cis-Golgi for additional post-translational
modifications (Rothman, 1994). The morphological and biochem-
ical properties of the botrysome are very similar to those of
transport vesicles. The small, ring-shaped profiles that make up
the botrysome are 70 nm in diameter, corresponding closely in
size to ER-to-Golgi transport vesicles (Rothman, 1994). In addi-
tion, the rings have an electron-dense coat with a thickness of 15

Figure 6. The Cat-307 protein cofractionates with microsomal mem-
branes and with b-COP. A crude microsomal fraction prepared by differ-
ential centrifugation (Malhotra et al., 1989) contains the Cat-307 protein
(A, lane S). The microsomal fraction was then further purified in a step
sucrose gradient (A, lanes 1-10, B). A, Western blot analysis shows that the
protein recognized by Cat-307 comigrates on a step sucrose density gra-
dient with microsomes (no triton, fractions 5 and 6 ). Little immunoreac-
tivity is detected at the bottom of the gradient (B, no triton). However,
after treatment of the microsomes with Triton X-100 before centrifuga-
tion, the Cat-307 protein is retained in the bottom fraction of the gradient
(B, triton). Triton X-100 solubilizes microsomal membranes; thus, the lack
of floatation of the Cat-307 protein in the presence of Triton X-100
indicates that the floatation in the gradient in the absence of Triton X-100
is attributable to an association of the protein with intact microsomal
membranes. B, Western blot analyses of b-COP shows an identical frac-
tionation pattern to that observed for the Cat-307 protein; that is, in the
absence of Triton X-100, immunoreactivity for b-COP is seen in fractions
5 and 6, thereby confirming the association of the Cat-307 protein with the
microsomal membrane fractions. Furthermore, pretreatment of the mi-
crosomal membranes with 1% Triton X-100 prevents the floatation of
b-COP in the sucrose density gradient; thus, immunoreactivity for b-COP
is no longer detected in fractions 5 and 6 but is seen exclusively at the
bottom of the gradient.

Figure 5. The Golgi apparatus is not always associated with
the botrysome. Low-power electron micrograph of three neu-
rons (outlined in dotted lines) in layer V of kitten visual cortex.
One neuron contains a Cat-307 immunoreactive botrysome
(arrowheads) labeled with HRP, located adjacent to a Golgi
apparatus (G). The adjacent neuron contains numerous Golgi
apparati but no botrysomes. Golgi apparati are much more
numerous than botrysomes and can be seen throughout the
cell body. The botrysome appears to be associated with a
specialized region of the Golgi apparatus located near the
base of dendrites. Scale bar, 3 mm.
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nm, very similar in thickness to the coated vesicles between the
ER and Golgi apparatus. The location of the botrysome suggests
that it may be a specialized form of the intermediate compart-
ment; however, the large size and general appearance of the
organelle is unlike any previous descriptions for the intermediate
compartment.
Although the small rings of the botrysome are similar in size

and overall structure to transport vesicles, they do not exhibit a
trilaminar structure typical of coated vesicles. The cofractionation
of Cat-307 immunoreactivity with a microsomal preparation pre-
viously used to purify COP I (Malhotra et al., 1989) definitively
demonstrates an association of the Cat-307 protein with microso-
mal membranes. Like the COPs, the association of the Cat-307
protein with membranes is dependent on the osmolarity of the
homogenization solution. These data indicate that the Cat-307
protein is a peripheral membrane protein of transport-like vesi-
cles that is noncovalently associated with membranes.
To our knowledge, a structure like the botrysome has only been

observed previously in the unipolar brush cell of the adult cere-
bellum of cats (Mugnaini, 1972) and rats (Mugnaini et al., 1994);
these anatomical studies did not include any biochemical or
developmental analysis of the organelle. Interestingly, the botry-
some is similar to a structure found in neurons of the hypothala-
mus and is referred to as a nematosome (Leranth et al., 1991).
The nematosomes appear in hypothalamic neurons of ovariecto-
mized animals that have been treated with estrogen, a procedure
that induces synaptic rearrangements on the dendrites of these
neurons (Naftolin et al., 1985; Leranth et al., 1991). It will be
interesting to determine whether the Cat-307 antibody recognizes
the nematosomes of hypothalamic neurons and whether the or-
ganelle in the unipolar brush cell also reflects a capacity for
synaptic plasticity.
It is difficult to know with certainty whether the normal loss of

Cat-307 immunoreactivity with age represents a disappearance of
the botrysome itself or simply a loss of the protein from an
organelle that is present at all ages; however, several observations
make the former a more likely possibility. First, we have observed
the botrysome in unstained tissue from kitten, but not from adult,
visual cortex. Second, although it may be surprising that this
organelle has not been described previously outside of the cere-
bellum, it is more understandable if it is restricted to young
neurons. Most of the detailed electron microscopic studies of
neuronal structure in the visual cortex have been carried out on
tissue from mature animals, whereas those studies done in young
animals have been largely restricted to the examination of
synapses.

The Cat-307 protein is PLC-b1
Amino acid sequence analysis of purified Cat-307 protein re-
vealed 100% identity to PLC-b1 over the 25 amino acids obtained.
Cross-immunoprecipitation experiments using Cat-307 and anti-
bodies to PLC-b1 confirmed that the protein identified by Cat-307
is PLC-b1. PLC-b1 is a phosphodiesterase that when activated by
a receptor-stimulated G-protein, Gq/11, hydrolyzes PIP2 into the
two second messenger molecules, DAG and IP3. DAG in turn
activates protein kinase C, and IP3 binds to receptors on the ER
causing the release of Ca21 into the cytoplasm (Rhee, 1994).
PIP2 hydrolysis takes place in cortical neurons in response to
stimulation of several neurotransmitter receptors (Sarri et al.,
1995), including the group I mGluRs (mGluR1 and mGluR5), the
5-HT2 (Peroutka et al., 1994), and the muscarinic ACh receptor
(mAChR) (Carter et al., 1990; Bernstein et al., 1992; Zhou et al.,
1994); however, only the mGluRs and the mAChR have been
demonstrated to specifically stimulate PLC-b1. In addition, in cat
visual cortical neurons, IP3 turnover after mGluR, but not after
mAChR, stimulation is maximal at the peak of the critical period

Figure 7. The Cat-307 protein is PLC-b1. A, Cortical tissue
was homogenized in either 320 mM sucrose (lanes 1-5) or PBS
(lanes 6–10). The homogenates (H, lanes 1 and 6 ) were spun
at 100,000 3 g for 1 hr and separated into supernatant (S1,
lanes 2 and 7 ) and pellet fractions. The pellet fraction was
washed in an equal volume of the appropriate buffer and spun
at 100,000 3 g. The supernatant fraction was removed (W,
lanes 3 and 8) and the pellet rehomogenized in an equal
volume of PBS. The H was allowed to sit for 20–30 min at 48C
and was then centrifuged for 1 hr. The supernatant (S2, lanes
4 and 9) and pellet (P2, lanes 5 and 10) fractions were
collected, and all fractions were subjected to Western blot
analysis for the Cat-307 protein. The large amount of Cat-307
protein in the S2 fraction of the sucrose homogenates com-
pared with the PBS homogenates indicates that the Cat-307
protein is associated with the microsomal membranes in a
noncovalent manner that is dependent on the osmolarity of
the homogenizing solution. This type of membrane associa-
tion is characteristic of peripheral membrane proteins and is
identical to that shown previously for the COPs. The Cat-307
protein was further concentrated and purified from the S2
fraction by ammonium sulfate precipitation and FPLC using a
monoQ column (data not shown). Amino acid sequence anal-
ysis identified the Cat-307 protein as PLC-b1. B, Immunoblot
of purified Cat-307 protein stained with antibodies to Cat-307
(lane 1) or PLC-b1 (lane 2). One lane of the purified protein
was transferred to nitrocellulose, cut in half, and stained for
the two antibodies. Cat-307 and antibody to PLC-b1 each
identifies an exactly comigrating protein doublet. Proteins
immunoprecipitated with either PLC-b1 (lanes 4 and 6 ) or
Cat-307 (lanes 3 and 5) are immunoreactive for both Cat-307
(lanes 5 and 6 ) and PLC-b1 (lanes 3 and 4 ). Each antibody
immunoprecipitates a protein recognized by the other anti-
body, indicating that the Cat-307 protein is PLC-b1.
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and declines with age, leading to the conclusion that the group I
mGluRs and the IP3 second messenger pathway play a role in
developmental plasticity (Dudek and Bear, 1989).
A role for mGluRs in several forms of synaptic plasticity has

been suggested by studies in both the hippocampus and the
cerebral cortex. Most notably, the mGluRs appear to play a
critical role in the establishment of long-term depression in both
the hippocampus and the visual cortex. Blockade of the mGluRs
prevents the induction of long-term depression in cortical neurons
in the mouse visual cortex, but does not affect ocular dominance
plasticity to monocular deprivation in the cat visual cortex
(Hensch and Stryker, 1996). Whereas the group I mGluRs un-
dergo some degree of downregulation over the course of devel-
opment, the level of expression in the adult cortex remains rela-
tively high (Reid et al., 1995). In contrast, the expression of
PLC-b1 in the botrysome parallels neuronal plasticity, with max-
imal expression during the peak of neuronal plasticity and a
subsequent decrease, mimicking the developmental regulation of
mGluR-stimulated IP3 turnover (Dudek and Bear, 1989). Regu-
lation of PLC-b1 expression could play a role in the regulation of
IP3 turnover.
Both the 5-HT2 receptors and the NMDA receptor are also

known to affect PLC activity (Dixon et al., 1994; Peroutka et al.,
1994). 5-HT2 receptors activate PLC directly through heterotri-
meric G-proteins, although the isotype of PLC that is activated in
response to 5-HT2 stimulation has yet to be determined. NMDA
receptor stimulation can also lead to IP3 accumulation in mouse
and monkey cortical slices, presumably also through PLC activa-
tion (Dixon et al., 1994). The activity of PLC is known to be
dependent on the level of free calcium; therefore, NMDA recep-
tor activation could influence PLC activity by increasing the level
of calcium in the cytoplasm.
Phosphoinositides and inositolphosphates also are likely to

participate in protein trafficking (De Camilli et al., 1996). For
example, PIP2 can promote, whereas IP3 can inhibit, vesicle
budding. PLC-b1 could, by controlling the levels of PIP2 and IP3,
regulate vesicle trafficking. PLC-b1 has been detected in coated
vesicle preparations from bovine brain (Litosch et al., 1993; Mar-
tin et al., 1995). This observation agrees well with our ultrastruc-
tural and biochemical characterization of the botrysome and
PLC-b1. The botrysome has an ovoid shape and is comprised of
smaller ring-shaped profiles that are very similar in size and shape
to the ER to Golgi transport vesicles. Furthermore, Cat-307
copurifies with members of both the COP I and COP II in
microsomal preparations from both cat and ferret cortices.
PLC-b1, therefore, may serve a dual role in developing cortical

neurons. First, the classical role of PLC-b1 is as a signaling
molecule in response to neurotransmitter stimulation. Second,
our observations suggest that PLC-b1 may also regulate protein
trafficking between the ER and Golgi apparatus by controlling the
levels of phosphoinositides and inositol polyphosphates. In sup-
port of this hypothesis, heterotrimeric G-proteins have been dem-
onstrated to play a major role in protein transport (Schwaninger
et al., 1992; Bauerfeind and Huttner, 1993), including regulating
apical versus basal transport in epithelial cells (Pimplikar and
Simons, 1993; Le Gall et al., 1995). Furthermore, it has been
suggested that G-proteins can translocate from the cell surface to
intracellular organelles (Ibarrondo et al., 1995), and both Gq and
Gi3 proteins have been demonstrated in the Golgi apparatus
(Wilson et al., 1994; Denker et al., 1996). This potential dual role
for PLC-b1 in both signal transduction and protein trafficking
raises exciting possibilities for the elucidation of the mechanisms

by which receptor stimulation at the cell surface leads to alter-
ations in neuronal morphology during critical periods in
development.
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