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Abstract

Recent studies have shown that protein synthetic machinery consisting of polyribosomes and associated

membranous cisterns is selectively localized beneath synaptic sites on neurons. In the present paper, the role
of this machinery in neuronal function will be considered. We will:

1.

Summarize the studies that characterize the polyribosomes and define their associations with membranous
cisterns. Taken together, these observations suggest the existence of a system for the synthesis and posttrans-
lational processing of proteins at individual synaptic sites;

. Review the evidence that the protein synthetic machinery is particularly prominent during the initial forma-

tion of synaptic contacts (during early development), and during lesion-induced synaptogenesis in mature
animals. These observations have led to the hypothesis that the polyribosomes produce proteins that play
arole in the formation of the synaptic junction;

. Review evidence that supports the hypothesis that there is a local synthesis of protein within dendrites, as

well as local glycosylation;

. Describe the evidence suggesting that at least some of the protein constituents of the synaptic junction itself

are synthesized locally; and

. Descibe our studies that reveal a mechanism for selective dendritic transport of RNA; this transport mech-

anism permits the delivery of RNA to postsynaptic sites throughout the dendritic arbor.
We will advance the hypothesis that neurons position protein synthetic machinery together with the

mRNA's thatare appropriate for particular synapses beneath synaptic contact regions. At thesynaptic site, this
machinery could then direct the synthesis of particular proteins that are critical for synapse formation or
maintenance. The positioning of protein synthetic machinery at postsynaptic sites permits a rapid local regu-
lation of the production of key proteins by events at individual synapses.

Index Entries: Polyribosomes; RNA, dendritic transport of; protein synthetic machinery; synaptogenesis;

dendrites; synaptic junction.
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Introduction

Neurons are unique among cells because
they receive a large number and variety of syn-
aptic contacts, and thus must construct and
maintainan immensely complex mosaic surface
membrane. This is particularly true of neurons
of the CNS. Many CNS neurons elaborate den-
dritic arbors that are hundreds of micrometers
long; these dendrites are contacted by tens of
thousands of individual synapses. Ateachsyn-
aptic site is a postsynaptic membrane specializ-
ation that contains neurotransmitter receptors
and their associated ion channels, molecules to
define the chemical identity of the contact,
adhesion molecules, regulatory proteins such
as calmodulin, calmodulin-binding proteins,
protein kinases, as well as proteins to anchor the
intramembranous molecules at the junctional
region.

It is thought that postsynaptic membrane
specializations contain some molecules that are
general, and some molecules that are unique to
particular classes of synapses. For example,
most postsynaptic membrane specializations
apparently contain structural proteins includ-
ing actin. On the other hand, receptors for par-
ticular neurotransmitters are presumably con-
centrated only at synaptic sites that are
contacted by terminals that contain those
transmitters. This has been established for at
least some neurotransmitter receptors (for
example, the glycine receptor, see Triller et al.,
1985). Thus, synaptic specializations apposed
to different types of presyraptic elements
presumably contain a different complement of
molecules. Since CNS neurons usually receive
many different types of synaptic contacts, each
requiring an appropriate complement of
recognition molecules, receptors, channels,
second messenger systems, and so forth,
neurons must elaborate an immensely complex
receptive surface composed of a large number
of plasma membrane microdomains.
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[tis currently not known how the protein con-
stituents of the neuronal receptive surface are
synthesized and delivered to the different mem-
brane domains. In other cell types, it is thought
that different plasma membrane domains are
constructed as a result of a targeted transport of
proteins to particular destinations. For exam-
ple, epithelial cells of the small intestine have
two principle membrane domains (apical and
basolateral) that contain different enzymes and
permeases. These proteins are synthesized in
the endoplasmic reticulum, and are found to-
gether in the Golgi vesicles, yet they somehow
become segregated so that they can be inserted
specifically into the appropriate plasma mem-
brane domain (for a review, see Simons and
Fuller, 1985). It is thought that this sorting is
accomplished at the stage of formation of trans-
portvesicles, and that the vesicles with different
contents are then targeted to different cellular
destinations on the basis of "address markers."
The actual mechanism of the sorting and differ-
ential targeting are unknown, even in the rela-
tively simple epithelial cell.

Obviously, the problem faced by even the
simplest neuron in establishing its mosaic sur-
face membrane is orders of magnitude more
complex than for an epithelial cell, or indeed for
almost any other cell type. Certainly, neurons
possess elaborate mechanisms for protein sort-
ing and transport (Grafstein, 1977, Hammer-
schlag, 1983; Kelly, 1985). However, if neurons
construct their surface membranes through tar-
geted transport of proteins, the transport ma-
chinery must be even more elaborate and
specific than currently envisioned. It is espe-
cially difficult to envision how the delivery of
proteins to particular sites could be regulated
based on local need, for example, when indivi-
dual synaptic sites undergo long-term plastic
changes in response to local signals (activity), or
when synaptic sites are rebuilt after injury.

In the present paper, we will review the evi-
dence for an alternative mechanism for deliver-
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ing different protein constituents to different
intracellular destinations. Specifically, we will
develop the hypothesis that neurons synthesize
some of the key proteins of their receptive sur-
face locally within cytoplasmic microdomains
beneath the membrane surface that represents
the final destination of the proteins. The hy-
pothesis applies specifically to the synthesis of
proteins for postsynaptic sites, and derives from
our studies revealing a selective positioning of
protein synthetic machinery comprised of poly-
ribosomes and membranous cisterns beneath
synaptic junctions (Steward and Levy, 1982;
Steward, 1983b). We will review studies that:

1. Characterize the protein synthetic machinery po-
sitioned beneath synaptic sites;

2. Reveal that the protein synthetic machinery is par-
ticularly prominent during periods of synapse
growth;

3. Demonstrate that protein synthesis as well as pro-
tein glycosylation occur throughout the dendritic
tree of neurons, ata considerable distance from the
cell body;

4. Provide evidence suggesting that some of the pro-
tein constituents of the postsynaptic membrane
specialization are synthesized on-site; and

5. Define how the machinery itself, specifically
RINA, is delivered as the result of a selective RNA
transport system.

Selective Localization of Protein
Synthetic Machinery
at Postsynaptic Sites
on CNS Neurons

The selective localization of polyribosomes
beneath synaptic sites was initially discovered
through electron microscopic studies of granule
cells of the dentate gyrus (Steward and Levy,
1982). Although it had long been known that
dendrites contain a few polyribosomes (Peters
et al., 1976), the fact that polyribosomes were
concentrated beneath postsynaptic sites had
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been noted only in passing (Bodian, 1965). Our
quantitative analysesrevealed that this localiza-
tion was quite selective. For example, in granule
cells of the dentate gyrus, about 80% of the
polyribosomes in mid-proximodistal dendrites
were precisely positioned justat the base of den-
dritic spines. The polyribosomes were seen un-
der profiles that could unequivocally be iden-
tified as spines in single sections (Fig. 1) or
under mounds in the dendrite; serial section an-
alysis revealed that most of the mounds in fact
represent the base of spines that extend out of
the plane of the section (Steward and Levy,
1982). Quantitative evaluations of other brain
regions revealed similar associations between
polyribosomes and dendritic spines on all types
of neurons (Steward, 1983b). Moreover, poly-
ribosomes are also prominent beneath synaptic
contacts on axon initial segments (Steward and
Ribak, 1986). The presence of polyribosomes
beneath synaptic sites on axon initial segments
is of particular interest, since most of these
synapses do not terminate on spines; moreover,
many of the synapses are presumably inhibi-
tory, since the terminals contacting the initial
segment contain glutamic acid decarboxylase
(Freund et al., 1983; Somogyi et al., 1983). These
observations suggested that polyribosomes are
a ubiquitous component of the subsynaptic
cytoplasm of a variety of different types of syn-
aptic junctions.

Polyribosomes are found in the subsynaptic
cytoplasm at a wide variety of synaptic types,
but they are not present beneath all spines in
mature animals. Quantitative electron micro-
scopic analyses of a variety of cell types in
mature rats revealed that about 10-15% of the
profiles that could be positively identified as
spine bases in single sections have underlying
polyribosomes (Steward and Levy, 1982;
Steward, 1983b). Of course, the actual incidence
of polyribosomes is higher than the relative in-
cidence would suggest, because not all of the
area comprising the spine base is visible in any
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Fig.1. Polyribosomesbeneathdendriticspinesinadultrats. A—C: Examples of polyribosomes (arrows) beneath dendritic
spines on mid-proximodistal dendrites. A illustrates a spine on a granule neuron in the dentate gyrus; B illustrates a spine
on a pyramidal neuron in hippocampus; Cillustrates a spine on a Purkinje cell in the cerebellum. Note the proximity of the
polyribosomes to membranous cisterns beneath the spine. D a spine on a proximal dendritic segment of a granule cell of
the dentate gyrus. Polyribosomes are generally more numerous beneath spines on proximal dendrites. den = dendrite,

$= spine, t = terminal, sa = spine apparatus.

single EM section. Serial section reconstruction
of spines on dentate granule cells revealed that
polyribosomes were actually present under
about 25% of the spines on mid-proximodistal
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dendrites (Steward and Levy, 1982; Steward
and Reeves, 1988). Similar values have been
reported for the incidence of polyribosomes be-
neath synapses on Purkinje cells of the cerebel-
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Fig.2. A stereo photograph of a spineillustrating the association between polyribosomes (arrows) membranous cisterns
beneath the spine base, and a spine apparatus. Adult rat; magnification, x 20,000. From Steward and Reeves, 1983.

lum (Spacek, 1985; Spacek and Hartman, 1983).
In pyramidal neurons of the cerebral cortex, the
incidence may be somewhat higher (Spacek,
1985). However, direct comparisons between
studies are difficult, since the incidence of poly-
ribosomes varies as a function of the proximo-
distal location of the spines (Steward, 1983b),
and Spacek and his colleagues did not specify
the proximodistal location of the spines that
were analyzed.

Association Between
Polyribosomes and Other
Organelles in the
Subsynaptic Cytoplasm

Electron microscopic studies of spine synap-
ses reconstructed from serial sections together
with analyses using relatively thick sections
have revealed that the polyribosomes beneath
synapses are often associated with membra-
nous cisterns (Figs. 1 and 2). Quantitative evalu-
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ations of spines in the dentate gyrus and hippo-
campus revealed that about half of the clusters
of polyribosomes lay close enough to a membra-
nous cistern to suggest an association (Steward
and Reeves, 1988). Polyribosomes in the spine
head were almost never associated with cis-
terns, however. Many of the cisterns with poly-
ribosomes appeared to be in continuity with a
spine apparatus, a stack of membranes that is
present in many but not all spines (for examples
of spine apparatuses, see Figs. 1A and 2). Inter-
estingly, the polyribosomes that were present
beneath spines with a spine apparatus were
more likely to be associated with membranous
cisterns than the polyribosomes beneath spines
without an apparatus.

The quantitative data suggest that there may
be different classes of polyribosomes beneath
synaptic sites, some that are associated with
membranous cisterns and some that are free
polyribosomes. These relationships are of inter-
est because they provide some indication of the
types of proteins that might be synthesized. In
general, membrane proteins and proteins for
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export from cells are synthesized on membrane-
bound ribosomes (rough endoplasmic reticu-
lum), whereas cytoplasmic and cytoskeletal
proteins are synthesized on free polyribosomes
(Palade, 1965). It is not known whether the as-
sociation between polyribosomes and cisterns
is the same type of selective association as be-
tween ribosomes and rough endoplasmic retic-
ulum. If the polyribosomes and associated cis-
terns function as RER, then essentially any type
of protein could be produced at the synapse.

The associations between polyribosomes, cis-
terns, and spine apparatuses suggest that these
organelles may represent different components
of a system for the synthesis and posttransla-
tional processing of proteins (Steward and
Reeves, 1988). On the basis of morphology
alone, the polyribosomes on membranous cis-
terns are reminiscent of the rough endoplasmic
reticulum, whereas the spine apparatus bears
some similarity to the Golgiapparatus in the cell
body. If these structural features do indicate
function, the machinery would be present at the
postsynaptic site not only for protein synthesis,
but also for protein glycosylation. As will be
further described below, studies of incorpora-
tion of radiolabeled sugars into glycoprotein
provide evidence in support of the hypothesis
that there may be local glycosylation of protein
within dendrites.

The Association
Between Polyribosomes
and Growing Synapses

Studies of developing synapses have re-
vealed that polyribosomes are particularly
prominent during periods of synaptogenesis
(see Figs. 3 and 4; Steward, 1983b; Steward and
Falk, 1985,1986). In young animals, there are a
greater number of polyribosomes at individual
synapses, and a higher proportion of synapses
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with underlying polyribosomes than is the case
in matureanimals. Quantitative and qualitative
observations of developing synapses suggest
that the polyribosomes are most prominent at
some time after the initial contact between pre-
and postsynaptic elements. For example, in the
dentate gyrus, the total number of synapses
with polyribosomes is greatest at 7 d of age,
even though synapse formation proceeds at a
relatively constant pace for the first 10 postnatal
days (Fig. 4). Moreover, there appears to be a
greater number of polyribosome clusters per
synapse at this stage. The peak in the number of
polyribosomes appears to coincide with the per-
iod when postsynaptic membrane specializa-
tions thicken and assume their mature form.

Studies of synaptogenesis in the cerebellar
cortex also suggest a special role for synapse-as-
sociated polyribosomes during synaptogenesis.
Indeed, inthe cerebellum, there appears to bean
especially close association between the polyri-
bosomes and the maturing postsynaptic mem-
brane specialization of parallel fiber synapses
(Palacios-Pru et al., 1981,1988). On the basis of
these observations, Palacios-Pru et al. proposed
that postsynaptic membrane specializations are
actually synthesized by the polyribosomes.

Taken together, the data suggest the sequence
of events illustrated in Fig. 5 (see p. 10). At the
early stages of synaptogenesis, when the initial
contact is made between the growing axon and
the dendrite, polyribosomes are present under
the primitive synaptic site, but the accumula-
tions are not as dramatic as at later intervals. As
the synapse begins to mature, polyribosomes
accumulate, reaching a peak during the con-
struction of the postsynaptic membrane special-
ization. The number of polyribosomes then
declines. Because of this temporal sequence, the
hypothesis that the polyribosomes synthesize
protein constituents of the postsynaptic mem-
brane specialization is attractive, although it is
by no means the only possibility.
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Fig. 3. Examples of polyribosomes beneath developing synapses from the molecular layer of the dentate gyrus. A and
Billustrate examples of synapses from 1-d-old rats; Cand D illustrate synapses from 4-d-old rats; E and Fillustrate synapses
from 7-d-old rats; and G illustrates examples of synapses from 10-d-old rats. gc = growth cone; other abbreviations are as
in Fig. 1. From Steward and Falk, 1986b.
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Fig.5. A possible sequence of synaptic maturation indicating the relationship between polyribosomes and synapses at
various stages of synapse maturation. A-F indicate the predominant type of synapse at 1, 4, 7, 10, 15, and 20 d of age,
respectively, in the dentate gyrus. Note that polyribosomes are most prominent during the time that primitive contacts

differentiate into mature appearing synapses.

Alterations in Polyribosomes
Under Synaptic Sites During
Lesion-Induced Synaptogenesis

Studies of synapse replacement following
lesions in adult animals suggest that polyribo-
somes also play a role in a different form of syn-
apse growth. One of the best characterized
examples of lesion-induced synapse growth in-
volves the reinnervation of granule cells of the
dentate gyrus after removal of their principle
input from the entorhinal cortex. Lesions of the
entorhinal cortex lead to the degeneration of
over 90% of the synapses on distal dendrites of
dentate granule cells ipsilateral to the lesion
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(Steward and Vinsant, 1983). Between 6-12 d
postlesion, there is an extensive proliferation of
presynaptic processes within the denervated
zone, and these terminals rapidly form new sy-
napses with the denervated granule cells (Fig.
6A). Quantitative electron microscopic studies
have revealed striking changes in the distribu-
tion of polyribosomes within granule cell den-
drites during the period of postlesion growth; in
particular, the proportion of spines with poly-
ribosomes and the number of polyribosome-
containing synapses increased about threefold
during the period of synapse growth (Fig. 6B;
and see Steward, 1983Db).

The increases in synapse-associated poly-
ribosomes suggest that there may be an increase
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in protein synthesis at postsynaptic sites during
reinnervation. Autoradiographic studies sup-
port this suggestion. When labeled protein pre-
cursors were injected intraveneously, and ani-
mals were prepared for autoradiography 30
minafter the injection, there were substantial in-
creases in labeling within denervated dendritic
laminae during the period of synapse replace-
ment (Fass and Steward, 1983; and see Fig. 6C).
The increases were maximal during the same
postlesion interval as the increases in spine-
associated polyribosomes (compare Figs. 6B and
6C). Similar results were obtained when ani-
mals were prepared for autoradiography 10
min after the intraveneous injections. These re-
sults suggested that the labeling in the dendritic
laminae reflected local protein synthesis within
the neuropile rather than transport of proteins
that had been synthesized in neuronal cell
bodies into the dendritic laminae. Part of the in-
crease in incorporation may be a result of pro-
tein synthesis within glial cells, but the parallels
between the increases in synapse-associated
polyribosomes and the increases in incorpora-
tion suggest that at least part of the increased
labeling reflects an increased synthesis of pro-
tein within dendrites. Direct evidence for local
protein synthesis within dendrites is discussed
below.

Evidence for Synthesis
and Glycosylation of Proteins
Within Dendrites

Autoradiographic studies of protein synthe-
sis in vivo suggest but do not prove that protein
synthesis occurs in dendrites. More direct evi-
dence in support of this hypothesis comes from
studies of neurons grown in culture. Hippo-
campal neurons can be grown in low density
culture, where they elaborate characteristic
dendritic arbors and axonal plexuses that can be
distinguished on the basis of a number of crite-
ria (Bartlett and Banker, 1984a,b). As in hippo-
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campal neurons in vivo, polyribosomes are
present in the dendrites, extending throughout
the dendritic tree (Bartlett and Banker, 1984b),
and are positioned beneath the base of dendritic
spines (Fig.7) (see, p. 13). Mostimportant forthe
present purposes, the dendrites of these neu-
rons are not surrounded by glial or other ele-
ments, and can thus be visualized clearly.

When cultures of hippocampal neurons were
pulse-labeled for 10 min with the protein pre-
cursor 3H-leucine, and were subsequently fixed
and processed for autoradiography in a way
that eliminates free amino acids but retains
recently synthesized protein, there was heavy
labeling of cell bodies as well as dendrites (Fig.
8) (see, p. 14). At the 10-min interval, there was
no evidence of label over axons, yet dendrites
appeared to be labeled throughout their proxi-
modistal extent (Fig. 8A). After a 30-min pulse-
labeling period, dendrites were even more
heavily labeled (Fig. 8C). This incorporation
was almost completely blocked by the protein
synthesis inhibitor puromycin (Fig. 8E). In con-
trast to the pattern of labeling after a 10-min
pulse, neurons that were pulsed for 60 or 90 min
exhibited axonal labeling (data not shown). The
absence of axonal labeling after 10- or 30-min ex-
posures to 3H leucine provides direct evidence
that these times are too short for there to be sig-
nificant transport of recently synthesized
protein from the neuronal cell body, even via the
rapid transport system; thus, the presence of
label in thedendrites after 10- and 30-min pulses
is strong evidence that the protein synthetic
machinery that is present there is actively syn-
thesizing protein.

As noted above, ultrastructural observations
suggest that polyribosomes and associated
membranous organelles may represent a sys-
tem for synthesis and posttranslational process-
ing of protein at synaptic sites (Steward and
Reeves, 1988). On the other hand, electron mi-
croscopic and immunocytochemical evidence
indicates that the Golgi complex, presumably
an obligatory site in the pathway for synthesis of
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Fig. 6. Relationship between reactive growth in the de-
nervated dentate gyrus, changes in polyribosomes under
spines, and changes in incorporation of protein precursors
in the denervated neuropile.

A illustrates the time course of the increase in terminals
and synapses in the denervated neuropile of the dentate
gyrus after unilateral entorhinal cortical lesions. The num-
bers on the ordinate refer to terminal density (numbers
beforeslash) and synapsedensity (numbers after slash) per
100 pum? of neuropile. LT = long-term post-lesion (7 mo);
(redrawn from Steward and Vinsant, 1983).

B. Time course of increases in polyribosome-containing
synapses. The graph plots the total number of spines with
polyribosomes either at the base or within the head of the
spine at various times during the denervation—reinnerva-
tion cycle (a composite of two separate analyses from
Steward, 1983a).

C. Time course of increases in incorporation of protein
precursors (3H-leucine) in the denervated neuropile of the
dentate gyrus after unilateral entorhinal cortical lesions
(from Phillips et al., 1988). Note that the increase in incor-
poration and the increases in polyribosomes occur at about
the same time (peaking at 6-8 d postlesion), corresponding
to the initial period of terminal proliferation and reactive
synaptogenesis.
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Fig. 7. Localization of polyribosomes at the
base of dendritic spines on hippocampal neurons
grown in culture.

A. Axons (ax) and dendrites (den) of hippo-
campal neurons in culture immunostained for
MAP?2. Dendrites can be identified by their heavy
staining for MAP2, whereas axons are unstained.

B. Profiles of the size and shape of dendritic
spines can be seen emerging from thedendrite (s),
and these are often contacted by passing axons.

C. Electron microscopic evaluations reveal the
presence of spines with apposed presynaptic
terminal boutons (t). Asisalso truein vivo, poly-
ribosomes are often localized beneath the spine
base. From Steward et al., 1988.
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Fig.8. Autoradiographicanalysis of sites of protein synthesis in neurons in culture. Neurons in low density cultures were
incubated for 10 or 30 min in a medium containing 125 pCi/mL 3H-leucine (60 Ci/mmol) prior to fixation and processing
for autoradiography. Autoradiographs were exposed for 5 d in the caseof A and C,and 7 d in the case of E. A and B = Dark
field and phase contrast photomicrographs of a neuron fixed after a 10-min incubation. Dendrites and somata were heavily
labeled. Axons visiblein the phase contrast photomicrograph (arrowheads) were unlabeled. Cand D = Darkfield and phase
contrast photomicrographs of a neuron fixed after a 30-min incubation. Occasionally, axons appear to emerge from the tips
of dendrites (arrowheads with asterisks). Usually, these are axons from other neurons that contact, and then grow along the
dendrite. E and F = Darkfield and phase contrast photomicrographs of neurons that were exposed to 3H-leucine in the
presence of puromycin (10-M), and fixed after a 30-min incubation. An unlabeled neuronal somat is indicated by the open
arrow.
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membrane glycoproteins is confined to the cell
body, although the Golgi complex may extend
for a short distance into proximal dendrites (De
Camilli et al., 1987). Thus, the question arises
whether there may be a local glycosylation of
proteins within dendrites. The low density cul-
tures of hippocampal neurons provide an op-
portunity to evaluate this question directly.

To evaluate the possibility that glycosylation
might occur in dendrites, cultures of hippocam-
pal neurons were exposed for 10 min to 3H-sug-
ars such as galactose or fucose. The cells were
then either fixed immediately, or they were
returned to a medium containing an excess of
unlabeled galactose or fucose and maintained
for an additional 15-60 min. Neurons were
fixed so as to retain glycoproteins but not the
free sugars, and then prepared for autoradio-
graphy (Dotti et al., in preparation). Cells that
were prepared for autoradiography immedi-
ately after a 10-min pulse with galactose or fu-
cose exhibited heavy labeling associated with
the Golgi apparatus in the cell body; there was
also light labeling throughout the dendritic tree
(Figs. 9 and 10). There was no evidence of axo-
nal labeling, however. When cells were pulse-
labeled for 10 min, and then maintained in a
medium with excess unlabeled sugars foranad-
ditional 15-60 min, the extent of dendritic label-
ing increased, and axons also became labeled.
To confirm that the processes that were labeled
after a 10-min pulse were dendrites, the auto-
radiographic preparations were also immuno-
stained for MAP2, which is present in cell bodies
and dendrites, but not axons (Caceres et al.,
1984); in such preparations, the restriction of the
autoradiographic labeling to the somato-den-
dritic domain is evident (Figs. 10B and 10C).

Two lines of evidence indicate that the label-
ing seen in these experiments represents N-
linked glycosylation of proteins. First, thelabel-
ing was completely inhibited by tunicamycin
(Fig. 10D), an agent that inhibits protein glyco-
sylation specifically by inhibiting N-acetylglu-
cosaminyl pyrophosphoryl dolicol transferase,
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the enzyme responsible for transferring core
oligosaccharides to asparagine residues (Tkacz
et al,, 1975; Heifetz et al., 1979). Second, the la-
beling persisted following extraction of the un-
fixed cells with chloroform: methanol (Fig. 9).
This treatment quantitatively extracts glyco-
lipids, but does not remove glycoproteins
(Suzuki, 1973).

Since rapid transport could theoretically
move materials from the soma to the tips of the
dendrites within minutes, might some of the
dendritic labeling reflect the transport of pro-
teins that were glycosylated in the cell body?
This possibility seems unlikely because it is gen-
erally accepted that about 20 min are required
for a protein to be processed through the Golgi
complex (Lodish et al., 1983). Moreover, if den-
dritic labeling arose from somatic incorporation
followed by transport, one would expect com-
parable labeling of the proximal portions of the
axon, since glycoproteins are a major constitu-
ent of the material transported via rapid axonal
transport. However, axonal labeling was not
observed at the 10-min interval. Finally, as a di-
rect experimental evaluation of this issue, some
cells were exposed to 3H-fucose in the presence
of monensin, a drug that blocks the export of re-
cently synthesized glycoproteins from the Golgi
complex (Griffiths et al., 1983). In neurons,
monensin prevents newly synthesized proteins
from entering the axonal transport system
(Hammerschlag et al., 1982). As illustrated in
Fig. 10G, treatment of cells in culture with mon-
ensin did not prevent the appearance of dendri-
tic labeling after a 10-min pulse with 3H-fucose.
However, as expected, monensin did inhibit the
increase in labeling of axons and dendrites seen
in cells prepared for autoradiography 60 min
after the pulse.

These results leave little doubt that the label-
ing of dendrites at short intervals reflects a local
incorporation of labeled sugars within the den-
drites, presumably into glycoproteins. Taken
together, these observations strongly suggest
that a mechanism for protein glycosylation ex-
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Fig. 10. Autoradiographic analysis of sites of glycosylation in neurons in culture. Neurons that had been pulse-labeled
with 1 pCi/mL L- [6-3H-fucose, 86. 3 Ci/mmol] for 10 min also exhibit labeling over dendrites. A = phase contrast photo-
micrograph illustrating axons and dendrites of neurons in culture; B = the same neurons were immunostained for MAP2
to distinguish dendrites from axons. MAP2 is a microtubule-associated protein found within dendrites and cell bodies, but
absent from axons; C = darkfield photograph indicating the pattern of labeling. Note that label is found over dendrites, but
not over axons crisscrossing the field. D and E= neurons that were exposed to 3H-fucose in the presence of tunicamycin (an
inhibitor of glycosylation) were unlabeled. F and G= dendritic labeling is still present, when neurons were pulse-labeled
with 3H-fucose in the presence of monensin, which blocks the export of recently synthesized proteins from the Golgi ap-
paratus. This indicates that the label in dendrites reflects local glycosylation.
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ists in dendrites that would permit a posttrans-
lational glycosylation of proteins that were
locally synthesized.

Evidence for Local
Protein Synthesis
in Synaptosome Preparations

As noted above, the selective positioning of
polyribosomes and associated organelles at
individual synaptic sites has suggested the hy-
pothesis that neurons synthesizeat least some of
the protein constituents of their synapses on-
site. Of course the polyribosomes could also
produce other types of proteins; nevertheless,
their proximity to the synaptic membrane
specialization makes the hypothesis that they
produce synaptic constituents particularly
attractive. One way to test this hypothesis
would be to isolate the postsynaptic compart-
ments containing the polyribosomes, and iden-
tify proteins that are synthesized in these
isolates. Indeed, experiments of this sort were
undertaken almost two decades ago, but for a
very different reason.

An issue that received considerable attention
in the late 1960s and early 1970s concerned the
possibility of local synthesis of proteins within
synaptosomes (subcellular fractions containing
pinched-off nerve endings). Of particular inter-
est was the possibility that proteins were syn-
thesized within presynaptic terminals. A num-
ber of studies indicated that isolated synapto-
some fractions were capable of synthesizing
proteins from labeled amino acids (see, for ex-
ample, Morgan and Austin, 1968; Autilio et al.,
1968). Moreover, studies using selective inhibi-
tors of mitochondrial and eukaryotic protein
synthesis (chloramphenicol vs cycloheximide
or puromycin) revealed that only a portion of
the synthesis could be accounted for by the
mitochondria that represent a significant con-
taminant of the fractions.

Molecular Neurobiology
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These early studies were initially interpreted
as indicating a local synthesis of protein by pre-
synaptic elements. However, electron micro-
scopic autoradiographic studies revealed that
labeling of presynaptic elements was light,
whereas ribosome-containing profiles that re-
sembled postsynaptic elements (presumably
pinched-off dendrites) along with other uniden-
tified ribosome-containing profiles were much
more heavily labeled (Cotman and Taylor, 1972;
Gambetti et al., 1972). Indeed, the relative spe-
cific activity of the profiles with ribosomes was
about 10-fold higher than the relative specific
activity of presynapic terminals (Gambetti et al.
1972). Thus, much of the local cycloheximide-
sensitive incorporation was not a result of pro-
tein synthesis within presynaptic terminals, but
rather indicated synthesis within contaminat-
ing elements such as pinched-off dendrites with
ribosomes or resealed membranes containing
cytoplasm from neuronal cell bodies or glial
cells.

More recent studies of synaptosomes isolated
from developing animals have shown that the
greatest cycloheximide-sensitive incorporation
occurred in ribosome-containing structures
having morphologies consistent with postsyn-
aptic elements (Verity et al., 1979,1980). Com-
parisons of synaptosome fractionsisolated from
developing and mature animals revealed that
the protein synthetic activity, as well as the
number of ribosome-containing postsynaptic
profiles, were much greater in synaptosomes
isolated from developing animals. It was also
possible to isolate different subpopulations of
synaptosomes. A "heavy"subfraction was more
active in synthesizing protein, and contained
more ribosomes than a "light" subfraction.
Thus, both developmental age and the methods
of isolation influence the degree to which the
ribosome-containing postsynaptic compart-
ments are preserved in the synaptosome frac-
tions. This fact has important implications for
evaluating the sometimes contradictory results
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from studies using synaptosomes from adult
animals, where separation methods may be dif-
ferent, and where the overall level of synthesis
may be relatively low.

Studies of the classes of proteins synthesized
within synaptosomes using gel electrophoresis,
in combination with fluorography, have re-
vealed that chloramphenicol and cyclohexi-
mide selectively reduce labeling of different
protein species (Irwin, 1985). Chloramphenicol
reduced the labeling of a number of bands in the
low mol wt range (below 50kD). Cyclohexi-
mide, on the other hand, reduced the labeling of
a larger number of protein bands distributed
across the mol wt range, most of which are not
affected by chloramphenicol. We have obtained
very similar results in our own studies using
synaptosomes isolated from young animals
(Fig. 11). These results leave little doubt that the
cycloheximide-sensitive incorporation reflects
something other than mitochondrial protein
synthesis.

Evidence that Some of the Proteins
Synthesized by Synaptosomes
Are Constituents of the Synaptic
Plasma Membrane

Although the studies discussed above indi-
cate that the proteins synthesized by synapto-
somes are not mitochondrial, there are prob-
lems in identifying the elements responsible for
the protein synthesis in the synaptosomal frac-
tions. In particular, synaptosomal preparations
may be contaminated with membrane-bound
particles that contain cytoplasm from the neu-
ronal cell body, which could account for a sub-
stantial proportion of the incorporation in the
synaptosomal fraction. To evaluate the hypoth-
esis that some of the local incorporation reflects
the synthesis of components of the synaptic
junction, we have allowed synaptosomes to
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synthesize proteins from labeled precursors
(355-methionine), and then prepared subcellu-
lar fractions of the junctional region. If the incor-
poration is occurring exclusively in the
contaminants of the synaptosomal fractions
(membrane-bound particles containing cyto-
plasm from the cell body), then the more pure
fractions of the synaptic junction should havea
lower specific activity than fractions of other
cellular membranes that might be contami-
nants. Alternatively, if some of the local incor-
poration within the synaptosomes reflects the
synthesis of proteins of the synaptic region, then
proteins in the fractions of the synaptic junction
should be labeled.

When synaptic plasma membranes and other
cellular membranes (myelin and "light" mem-
branes that band at the 0.8-1.0M sucrose inter-
face) were isolated from synaptosomes that had
been allowed to incorporate 355-methionine
into protein, as described above, we found that
the specific activity (cpm/mg protein) of the
SPM fraction was as high or higher than the
other membrane fractions (data not shown).
The synaptic plasma membranes were further
fractionated by isolating synaptic junctional
complexes (SJC) according to the protocols of
Cotman and Taylor (1972b). These SJC fractions
were prepared by treating SPM fractions with
Triton X-100, which dissolves most of the mem-
brane. The Triton-insoluble residue is highly
enriched in postsynaptic membrane specializa-
tions that are associated with a small amount of
membrane immediately surrounding the junc-
tional region (Fig. 12). These fractions also
exhibited a specific activity that was as high or
higher than the other cellular membrane frac-
tions. As illustrated in Fig. 13, fluorographic
analyses revealed that a number of the protein
constituents of the SJC fractions were heavily
labeled. This labeling was almost completely
eliminated when the synaptosomes were pulse-
labeled in the presence of cycloheximide, indi-
cating that the labeled bands are not likely to be
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Fig.11. SDS-PAGE analysis of protein synthesis in synaptosomes. Synaptosomes were prepared from 32-d-old rat fore-
brains, and incubated for 30 min in a Tris buffered medium containing 355-methionine (200 uCi/mL). Parallel preparations
wereincubated with chloramphenicol (50 ug /mL)or cycloheximide (500 ng/mL)to inhibit mitochondrial or general cellular
protein synthesis, respectively. At the end of the incubation, synaptosomal proteins were precipitated by adding an equal
volumeof 10% trichloroaceticacid, the protein pellets were washed inacetone, and the dried pellet was dissolved in Laemmli
buffer for SDS-PAGE. 15 ug of protein (about 700,000 cpm for the control) was loaded onto each lane of a 10% gel. The gel
was stained with Coomassie blue, photographed, and then dried onto paper. Fluorographs were prepared by apposing the
gel to Kodak film (4 d exposure). The Coomassie stained gel is indicated on the left (COM); the corresponding fluorograph
isontheright(F1). CON =control; CYC =cycloheximide; CAP = chloramphenicol. Thearrow indicates oneofthelow molec-
ular weight proteins that is labeled in the CYC-treated sample, and unlabeled in the CAP-treated sample (presumably a pro-
tein synthesized by mitochondria). Most of the other mitochondrial proteins are in a lower molecular weight range that has
run off this gel.
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Fig.12. Synaptic junctional complexes (SJC). The figure illustrates the composition of the SJC fraction isolated according
to the protocol of Cotman and Taylor (1972b). Arrows indicate electron dense material of the size and shape of postsynaptic
densities (psds). The other electron dense material in the field presumably represents psd fragments, on the basis of cyto-

chemical studies (Cotman and Taylor, 1972a).

of mitochondrial origin. The proteins that arela-
beled have not yet been identified with cer-
tainty. These results are thus consistent with the
hypothesis that some of the protein species of
the synaptic junctional complex are synthesized
locally, with local being defined in this case as
within the isolated particles that provide the
source of the SPM and SJC fractions. One possi-
bility that cannot be excluded, however, is that
the incorporation is occurring in only a small
subfraction of the synaptosomes that derive
from positions near the cell body, and which
contain "cell body" cytoplasm.

Molecular Neurobiology

Time Course of Appearance
of Recently Synthesized Proteins
in Subcellular Fractions
of the Synaptic Junction

Another way to test the hypothesis that syn-
aptic membrane proteins are synthesized loc-
ally is to evaluate the time course of appearance
of recently synthesized proteins in synaptic
junctional fractions. If some of the protein con-
stituents of the synaptic junction are synthe-
sized locally, one would predict that they could
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Fig. 13. Evidence that proteins synthesized by synaptosomes are constituents of the synaptic junctional complex. Syn-
aptosomes from 17-d-old animals were incubated for 45 min in 355-methionine containing media with or without cyclohexi-
mide or chloramphenicol, as described in Fig. 11. The synaptosomes were then subfractionated in order to obtain synaptic
junctional complexes, and the protein constituents of these fractions were prepared for SDS-PAGE and fluorography, as de-
scribed in Fig. 11. Theresulting fluorograph isillustrated. Note that many protein species are labeled, although it is difficult
to resolve individual protein bands in this deliberately overexposed fluorograph. The labeling is almost completely elim-

inated when the incubation medium included cycloheximide.

become assembled into the junction very soon
after their synthesis. On the other hand, pro-
teins that were synthesized in and transported
from the cell body would become assembled
into the junction only aftera delay. Even assum-
ing rapid transport, a delay of 20-30 minutes
would seem to be a reasonable expectation

Molecular Neurobiology

because most rapidly transported proteins must
first be glycosylated.

To evaluate this question, we have again used
pulse-labeling techniques in conjunction with
subcellular fractionation. These experiments
were also carried out in semi-intact tissue
(hippocampalslices), to be sure that we were not
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inadvertantly eliminating some of the polyribo-
somes beneath the synaptic site, as might be the
case with the synaptosome fractions. Hippo-
campal slices were used rather than carrying
out the studies in intact animals in order to
obtain sufficiently high levels of labeling of
recently synthesized protein constituents of SJC
fractions. The slices were pulse exposed to 3H-
protein precursors for varying periods of time,
and synaptic junctional complexes were iso-
lated in order to define the time course of
appearance of the recently synthesized proteins
in the fractions.

We found that there was essentially no delay
in theaccumulation of recently synthesized pro-
teins in SJC fractions, as would be expected if the
protein constituents in those fractions were
transported from a distant cell body (Fig. 14).
Instead, there was a steady increase in label in
the fractions over time. These results are consis-
tent with the hypothesis that some of the pro-
teins of the synaptic junctional complex are
synthesized on-site. Studies of the turnover of
identified protein constituents of the synaptic
junction have suggested a similar conclusion
(Sedman et al., 1986). Of course, the results do
not prove that the proteins of the SJC are synthe-
sized by the polyribosomes positioned beneath
the synaptic sites, although the polyribosomes
certainly seem the most likely site of synthesis.
One cannot exclude the possibility that the la-
beled proteins derive from synaptic junctions
that are very close to the neuronal cell body. If
this were true, one could argue that there would
be little delay in the appearance of recently
synthesized protein in SJC fractions even if the
synthesis occurred in the neuronal cell body.

Isolation of mMRNA
from Synaptosome Preparations

In pursuing the story of local synthesis of pro-
tein within synaptosomes, a number of authors
have also attempted to isolate mRNA from syn-
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aptosomal preparations. For example, Cupello
and Hyden (1975) compared RNA from synap-
tosomes and cytoplasmic subcellular fractions;
they report that two synaptosome-specific RNA
bands were found, and that these did not cor-
respond to mitochondrial RNA species. How-
ever, DeLarco et al. (1975), reported that the
RNA isolated from synaptosomes was quite
similar to that of mitochondria. Inthese studies,
even if the issue of mitochondrial vs nonmito-
chondrial RNA could be resolved, there is the
problem of contamination by membrane-
bound particles containing "cell body" cyto-
plasm, or glial cytoplasm. Indeed, the ways of
evaluating the nature of the proteins produced
(i.e., by evaluating whether proteins of the SPM
or SJC are among the proteins that are locally
synthesized) are not available in the case of the
RNA isolations.

More recent studies have focused on devel-
oping tissue, where the number of polyribo-
somes beneath synapses is much greater. In an
interesting study, Palacios-Pru et al. (1988) dealt
with the problem of contamination by mem-
brane particles containing "cell body" cyto-
plasm by first isolating a dendritic fraction by
physical dissection, thus removing most of the
neuronal cell bodies. This wasaccomplished by
using cerebellar cortex, where the laminated or-
ganization makes it possible to dissect neuro-
pile layers containing dendrites from the cell
body laminae. Synaptosomes that were puri-
fied from these dendritic laminae contained
mRNA; moreover, the concentration of the
mRNA was highest during the period of syn-
apse formation. These results strongly suggest
that mRINA is present in dendrites, and that the
levels of mRNA are highest during the same
period that the polyribosomes are most prom-
inent. The two stage approach combining phy-
sical separation with subcellular fractionation
should provide a means of obtaining relatively
enriched fractions of dendritic mRNA for fur-
ther characterization in future studies.
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Fig. 14. Time course of appearance of recently synthesized protein in SJC fractions. Hippocampal slices were pulse-
labeled with 3H-leucine for 15, 30, 45, 60, and 90 min, and SJC fractions were prepared. The graph indicates the time course
of the increase in labeling of the SJC fractions. Each experiment analyzed three time points including the 30 min point, and
the data from different experiments are expressed as a percentage of the 30 min value.

Selective Transport of RNA
into Dendrites

The selective positioning of polyribosomes
beneath synaptic sites raises the question of
how this localization comes about. There are
really two issues: how ribosomes and mRNA
are translocated into the dendrite from their site
of synthesis in the nucleus, and how the machin-
ery comes to be positioned precisely beneath sy-
napses. To date, informationisavailable on only
the first of these two questions.

Studies of the transport of recently synthe-
sized RNA in hippocampal neurons grown in
culture have revealed a selective transport sys-
tem that moves RNA into dendrites but not ax-
ons. As noted above, hippocampal neurons in
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low density culture elaborate dendrites and ax-
ons that can be distinguished on the basis of a
number of criteria. One of the distinguishing
features of dendrites is the presence of poly-
ribosomes (Bartlett and Banker, 1984b; and see
Fig. 7).

The presence of polyribosomes within den-
drites of neurons in culture provides an oppor-
tunity to study how the protein synthetic mach-
inery is delivered to dendrites. In neurons, as in
other cells, RNA and ribosomes are synthesized
exclusively within the nucleus; thus, one can
trace the migration of labeled RNA from its site
of synthesis in the nucleus following pulse-
labeling with an RNA precursor such as 3H-uri-
dine. When hippocampal neurons in low den-
sity cultures were exposed to 3H-uridine for 1h,
and were fixed immediately, label was found
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only over the nucleus and to a lesser extent over
the cytoplasm of the cell body (see Fig. 15 and
Davis et al., 1987). When the neurons were
pulse-labeled, and then returned to a medium
with an excess of unlabeled uridine for a chase
period to allow for transport of labeled RNA,
the label migrated progressively into the cyto-
plasm and then the dendrites. The label reached
the most distal dendritic processes of most neu-
rons by about 12h. Atno time was there any evi-
dence of labeling within axons, even when neu-
rons were continuously exposed to 3H-uridine
for 24 h.

To obtain a quantitative measure of the rate of
transport, we measured how far out the label ex-
tended at different times after pulse labeling.
Calculations based on measurements from all
dendrites revealed an apparent rate of about 0.2
mm/d (Fig. 16A). However, label reaches the
tips of the shortest dendrites relatively quickly;
as a result, estimates of the rate of transport
based on all labeled dendrites are low because
of the inclusion of the shortest dendrites. Inan
attempt to provide a more accurate measure-
ment of transport rate, we analyzed only the
longest dendrites of each neuron. As illustrated
in Fig. 16B, the apparent rate of migration in the
longest dendrites is about 0.4-0.5 mm/d, a
value that is similar to that reported for slow
axonal transport.

To begin to explore the cellular mechanisms
of the transport, we evaluated whether the den-
dritic transport system for recently synthesized
RNA exhibited a sensitivity to metabolic
poisons similar to that of the rapid axonal
transport system. Neurons were pulse-labeled
with 3H-uridine as above, and then transferred
into the chase medium with an excess of cold
uridine for 1.5 h. During the 1.5-h chase, re-
cently synthesized RNA appeared in the cyto-
plasm and in the initial portion of the dendrites.
Then, the neurons were transferred into a chase
medium containing either sodium azide or di-
nitrophenol (DNP) at concentrations sufficient
to block oxidative phosphorylation (10 mM in
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both cases). Cultures were fixed 4.5 h after
transfer to the medium with DNP or azide,
which was 6 h after the end of the pulse. The ex-
tent of dendritic transport in these cells was then
compared with the extent of transport in cells
maintained in normal media during a 6 h chase.
As illustrated in Fig. 17 (see p. 28), treatment
with either of the metabolic poisons effectively
blocked the dendritic transport of recently syn-
thesized RNA. The extent of dendritic labeling
4.5 h after transfer to the media containing DNP
or azide was substantially less than a control
group of neurons that were untreated. Indeed,
the distance of labeling in treated neurons was
approximately comparable to neurons har-
vested 1.5 h after the end of the pulse, at the time
that the treated cells were transferred to the
DNP or azide-containing media. Control stud-
ies demonstrated that neurons that failed to ex-
hibit dendritic transport were still capable of
protein synthesis, and were thus viable, indicat-
ing that the metabolic poisons were not simply
killing the neurons (Davis et al., 1987b; and in
preparation).

At this time, the composition of the labeled
RNA that is transported is not known. If it is
mRNA that is transported at the rate of slow
transport, the question of mRNA stability
arises. At the rate of 0.5 mm/d, it would take
hours for the mRNA to reach the tips of long
dendrites. However, most mRINA molecules
have relatively short half-lives (on the order of a
few hours). Thus, it would seem that the mRNA
that is transported must have a longer half-life
than the average mRNA. It is possible that the
mRNAs that are transported are of a type that
normally has a short- half-life, butare somehow
protected from normal turnover. Alternatively,
there may be separate classes of mRINA that are
inherently longer-lived. In this regard, it is of
interest that mRNAs with half-lives on the order
of 12 h have been described in brain (Appel,
1967). It also remains possible that the bulk of
the material that is transported is not mRNA,
and that the message itself is transported via a
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Fig.15. Selective transport of 3H-labeled RNA into the dendrites of hippocampal neurons grown in culture after pulse-
labeling with 3H-uridine. A illustrates the pattern of labeling at theend of a 1 h pulse. B-D illustrates the migration of label
into dendrites at 3, 6, and 12 h after the pulse. Note that at 1 h, labeling is found only over the nucleus. At 6 h, proximal
dendrites are labeled, and by 12 h, the label extends nearly to the tips of the dendrites. After Davis et al., 1987.
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Fig.16. Rate of dendritic transport of recently synthesized RNA. Neurons in culture were pulse-labeled with 3H-uridine
for 1h. One group of cells was fixed immediately, and prepared for autoradiography (0 h chase). Other groups of cells were
placed in a chase medium containing unlabeled uridine for 3, 6, 9, 12, or 24 h to permit the transport of recently synthesized
RNA from the nucleus and throughout the cell. Attheend of the chase, cells were fixed and prepared for autoradiography.
To calculate the average distance of transport at each interval, 25 neurons were randomly chosen for analysis. The average
distance of dendritic labeling was defined by determining the point along each dendrite where grain density decreased to
fewer than 3 grains in a template circle 10 um in diameter. The average length of the dendrites themselves was determined
in sister cultures that were immunostained for the selective dendritic marker MAP2. A illustrates the average distance of
labeling on the basis of all dendrites. B illustrates the average distance of labeling when measuring only the longest den-
driteof each cell (to correct for the presenceof very short dendrites that would skew theaverage). Note thatthelabel migrates
out the dendrite at a rate that is similar to the rate of slow axonal transport. From Davis et al., 1987.
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Fig. 17. Dendritic transport of recently synthesized RNA is blocked by metabolic poisons. Cultures were pulse-labeled
with 3H-uridine (40 uCi/ml) for 1 h, washed twice in unlabeled medium to remove excess radioactivity, and then trans-
ferred to media with an excess of unlabeled uridine for 1.5 h to allow transport to be initiated. The neurons were then
transferred into chase media with: 1) sodium azide (at 10 mM); or 2) 2,4,dinitrophenol (DNP) (at 10 mM) and allowed to
transport for an additional 4.5 h. Control neurons were left in the chase medium without metabolic inhibijtors. Atthe end
of the chase period, the neurons were fixed and processed for autoradiographty. A = in control neurons, labeling extended
about halfway out the dendritic tree. In neurons treated with either DNP (B) or sodium azide (C) only the most proximal
dendrites were labeled. Quantitative analyses revealed that the distance of labeling in the treated neurons was significantly
less than the control, and in fact was no greater than in neurons that were prepared for autoradiography 1.5 h after the pulse
(when the treated neurons were transferred into the media with the metabolic inhibitors). For the quantitative analyses, fif-
teen neurons from each condition were photographed in darkfield illumination (final magnification, 475X) and the photo-
graphs were scored for the distance of labeling in each dendrite, as described in Fig. 16.
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rapid transport system. Until the composition
of the material that is transported at the slow
rate is defined, this question will remain open.

Is There a Differential Distribution
of Different mRNAs in Neurons?

If our hypothesis is correct that different
types of proteins are synthesized at different
intracellular locations, then there should be a
differential distribution of mRNAs within the
neurons. Indeed, one would expect that certain
mRNAs will be selectively transported into
dendrites, whereas others will remain in the
neuronal cell body. At present, there is only lim-
ited evidence bearing on this question. As
would be expected, most of the mRNAs that
have been evaluated are most abundant in cell
bodies. For example, in our own in situ hybridi-
zation studies, labeling following exposure to
probes for actin and tubulin mRNA is certainly
most dense over cell bodies. This is true when
evaluating the distribution of mRNAs in vivo in
laminated structures where cell body and den-
dritic laminae can be distinguished, or in vitro,
where the distribution of mRNA can be evalu-
ated within the processes of individual cells
(Trimmer et al., 1987). Interestingly, in the case
of the probes for actinmRNA, thereisa low level
of labeling in dendritic laminae, and the level of
labeling increases during times of synapse
growth (Phillips et al., 1987). Thus, actin may be
one of the molecules synthesized within den-
drites, but if so, it is also synthesized to a much
greater extent within the cell body. This is
certainly not a surprise, since actin is found
throughout the neuron as a major component of
the cytoskeleton.

There has been one report, however, of an
mRNA that appears to be relatively abundant in
dendritic laminae in the cerebellar cortex
(Levinthal et al., 1987). This mRNA codes for a
protein (termed L7) that appears to be specific to
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Purkinje cells, and which is thought to be a
marker for the terminal differentiation of these
cells. In situ hybridization studies have revealed
that the mRINA for this protein is present in Pur-
kinje cell bodies and in the molecular layer that
contains the Purkinje cell dendrites. Indeed, at
certainages, the mRINA for L7 is almost as abun-
dant in the molecular layer as in the cell body
laminae. Since this protein is apparently spe-
cific to Purkinje cells, it is not likely that the
mRNA in the molecular layer is present in cells
other than Purkinje cells (including interneu-
rons and glia). Thus, the label that is present in
the molecular layer presumably reflects the
presence of mRNA for L7 in the dendrites of
Purkinje cells. It will be important to be vigilant
for other mRNAs that may be relatively more
abundant in dendrites.

Discussion

Elegant studies of transport phenomena
within neurons have led to the conception that
virtually all neuronal protein synthesis takes
place in the cell body; it has been presumed that
such transport systems deliver the molecules
required for the structural specializations of
axons, dendrites, and their synapses from the
cell body to their final destination. It is rela-
tively easy to envision how selective transport
mechanisms could be sufficient for relatively
simple cell types with only a few different types
of membrane surfaces. However, the construc-
tion and maintenance of synaptic junctions on
CNSneurons is more problematic because of the
complexity of neuronal form, the multiplicity of
different membrane domains that neurons must
construct and maintain, and the fact that these
domains are presumably modifiable through-
out the life of the organism. The modifiability
of individual synaptic connections presents a
particular problem for spatially complex cells;
selective growth of synapses would presuma-
bly require that new protein constituents be
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made available at the individual synaptic sites
undergoing modification.

The present observations suggest a mecha-
nism that would permit local synthesis and
posttranslational processing of key protein con-
stituents of the postsynaptic junctional region.
Local synthesis and processing of proteins
would provide an opportunity for local regula-
tion, including regulation by synaptic activity.
Indeed, it is possible to conceive of a richness
and specificity of regulation that would be com-
pletely impossible if all of the protein synthesis
of the neuron took place in the cell body.

Such a mechanism fits well with prevailing
notions of the nature of synapse maintenance
and modification. There is a growing body of
evidence that dramatic modifications of synap-
tic structure and function occur as a conse-
quence of certain types of physiological activa-
tion. The establishment of synaptic connections
during development often involves a selective
stabilization of certain synaptic connections
coupled with a selective elimination of others.
In mature animals, patterns of physiological ac-
tivity can induce very long-lasting changes in
synapse function (long-term potentiation, see
Bliss and Lomo, 1973). The increases are restric-
ted to the synapses that are active during the
stimulation and do not generalize to other syn-
apses on the postsynaptic cell (Andersen et al.,
1977; Lynchetal.,, 1977, McNaughtonetal., 1978;
Levy and Steward, 1979). This suggests a
modification at the level of the individual syn-
aptic contact. These changes in efficacy are ac-
companied by changes in spine shape (Fifkova
and Van Harreveld, 1977; Desmond and Levy,
1983), increases in the number of certain types of
synapses (Lee et al,, 1977; Greenough et al,
1985), and increases in the size and configura-
tion of the junctional specialization (Desmond
and Levy, 1983, 1988). Moreover, long-term po-
tentiation may be accompanied by changes in
protein metabolism (Duffy et al., 1981), and
under certain circumstances, protein synthesis
inhibitors block the structural changes that ac-

Molecular Neurobiology

Steward et al.

company LTP (Fifkova et al., 1982), and the in-
creases in synaptic efficacy (Stanton and Sarvey,
1983; and Deadwyler et al., 1987). All of these
observations suggest that synapses can be indi-
vidually modified as a result of functional activ-
ity, and that the modifications depend upon on-
going protein synthesis. If this is so, it would
certainly not be surprising if the polyribosomes
under the postsynaptic site played some role in
the modification.

Local synthesis could also help to govern
whether particular synapses would be retained
or eliminated during early development. It is
well known that there are adjustments in syn-
apses during the developmental period. Often
these adjustments involve eliminating some
types of synapses, and stabilizing others. The
elimination or selective stabilization of synap-
ses obviously must occur on a synapse by syn-
apse basis, since these processes apparently
depend upon differential activity. Local regula-
tion of the production of proteins of the junc-
tional region could contribute to this selection
process. Inthisregard, it is of considerable inter-
est that there is an increase in the number of
synapses with polyribosomes in the visual cor-
tex in animals that had been exposed to an en-
riched environment during the stage in devel-
opment when such exposure leads to increases
in synapses on cortical neurons (Greenough et
al., 1985).

The prominence of polyribosomes at post-
synaptic sites during developmental and le-
sion-induced synaptogenesis strongly suggests
that local synthesis is particularly important
during periods of synapse growth. Because
polyribosomes are most prominent sometime
after the formation of the initial contact, it seems
most likely that the proteins that are produced
are important for the maturation of the junction.
Indeed, as noted above, the biochemical evi-
dence suggests that the polyribosomes beneath
synapses may synthesize some of the protein
constituents of the junctional specialization. If
this is true, local synthesis may actually contri-
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bute to the construction of different types of syn-
naptic junctions at different locations. By regu-
lating the positioning of different mRNAs at
particular sites, the postsynaptic cell could
synthesize proteins that are unique to particular
types of junctions on site. Such differential lo-
calization of mRNAs could come about in re-
sponse to the presence or activity of particular
types of terminals, or could be regulated inde-
pendently by the postsynaptic cell so that the
siteis defined prior to the arrival of the terminal,
and is only receptive to particular types of ter-
minals.

The notion that there might be a differential
distribution of different types of mRNA in neu-
rons is in accord with a growing body of evi-
dence from studies of other cell types. For ex-
ample, in myoblasts and fibroblasts, mRNA for
actin is concentrated near the cell periphery,
especially within lamellipodia, whereas mRNA
for vimentin is localized near the nucleus
(Lawrence and Singer, 1986). In oligodendro-
cytes, there is evidence that mRNA for myelin
basic protein is concentrated in the processes of
the cell that are involved in myelin formation,
whereas mRINA for proteolipid protein is large-
ly confined to the oligodendrocyte cell body
(Colman et al, 1982). Finally, in muscles,
mRNAs for the different subunits of the ACh
receptor are concentrated beneath the synaptic
junction. Indeed, the concentration of ACh re-
ceptor mRNA is 50-fold higher in the junctional
portion of themuscle fiber than in nonjunctional
regions, whereas mRNA for actin is uniformly
distributed (Merlie and Sanes, 1985). Thus,
there is ample precedent from differential dis-
tribution of different types of mMRNA ina variety
of cell types.

If there is an intracellular sorting of mRNA
within neurons, it would seem that the routing
would require some sort of molecular address
marker (for a discussion of molecular address
markers, see Hammerschlag, 1983). One could
imagine molecular address markers that medi-
ate the binding of mMRNAs to the dendritic trans-
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port machinery, which would then determine
whether the mRNA would enter the dendrite or
be restricted to the cell body. Similarly, the se-
lective docking of mRNAs beneath particular
types of synapses could be mediated by differ-
ent markers. We can envision three possible
types of molecular address marker:

1. A signal contained within the mRNA sequence it-
self may serve as the molecular address marker for
intracellular routing;

2. The mRNA may direct the synthesis of a recogni-
tion sequence that is part of the nascent polypep-
tide, which would then serve as a molecular ad-
dress marker; or

3. A signal within the mRNA sequence may bind a
protein intermediate (not directly synthesized by
the RINA) that would then serve asa molecular ad-
dress marker.

The first mechanism discussed above is ap-
pealing because many mRNAs have sequences
ateitherthe3'end, the5'end, orboth, which are
not part of the coding region. The functionalsig-
nificance of these noncoding regions is not
known, but these sequences could well code for
intracellular sorting. The second mechanism is
appealing because it is already known to oper-
ate in directing particular mRNAs to the endo-
plasmic reticulum (for reviews, see Walter and
Lingappa, 1986; Colman and Robinson, 1986;
Dingwall and Laskey, 1986). Thus, mRNAs that
encode intrinsic membrane proteins exit the
nucleus, engage a ribosome, and begin transla-
tion. A "signal sequence" present near the N-
terminal end of the nascent polypeptide binds
to a signal recognition particle (SRP), which
freezes translation until the SRP encounters and
then binds to an appropriate receptor on the
endoplasmic reticulum. One could imagine
analogous "signal recognition particles”" that
mediate the binding of mRNAs and their nas-
cent peptides to the dendritic transport machin-
ery. Finally, the third mechanism is of interest
because there are a number of RNA binding
proteins, and again, the function of most of these
is not known.
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The above speculations make it clear that se-
lective intracellular routing of mRNA requires
mechanisms that are certainly no less complex
than would be required for selective transport
of protein. Indeed, two of the possible sorting
mechanisms discussed above postulate that
mRNA sorting actually occurs via protein sort-
ing. Thus, theadvantage provided to the neuron
by a mechanism for intracellular sorting of
mRNA and local synthesis of proteins is not
simplicity. Instead, it is the opportunity for the
local regulation of the levels of particular pro-
teins, the timing and site of synthesis of pro-
teins, and the blend of different types of proteins
within specific cytoplasmic microdomains.

Conclusion

The selective positioning of polyribosomes
under postsynaptic sites reveals a microcom-
partmentation of the protein synthetic machin-
ery of neurons that has not been observed in
othercells. The existence of such microcompart-
mentation will necessitate new approaches to
the molecular biology of neurons. It may be
impossible to understand gene expression in
neurons without understanding the interac-
tions between the machinery for gene expres-
sion and the complex form of the neuron. It may
be that neurons will be especially useful for
studying intracellular sorting because the
mechanisms may be more highly developed
and thus more easily recognized in comparison
with other less complex cell types.
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