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540 Dendritic spines

gated) are accompanied by an increase in citosolyc Ca*.
Part of this ion, sometimes to a large extent, comes from
intracellular stores (where it is originally in a bound form).
And what is more fascinating is that these Ca>* seem to move
away from the site of the synapses, thus possibly forming
some kind of dendritic gradient (we don’t know yet if this
is done by an active or passive process). Since an increase
in intracellular Ca?* will affect the properties of synaptic
receptors as well as the electrical properties of the membrane,
these findings obviously implicate the citosol in what has
been considered up to now basically a membrane process,
i.e., Neuronal Integration. On the other hand, due to the
enormous and complementary interaction of active membrane
properties and synaptic processes, it is obvious one cannot talk
here of “hard-wiring” but that dendritic properties will bring
instead a considerable amount of “plasticity” to this part of
the neuron. Furthermore, the overwhelming complexity implied
by these experimental facts indicates that some radically new
theoretical ideas will be needed before a formal approach is
again attempted.

Another important aspect of dendritic physiology is its rela-
tion to the electroencephalogram. Although the intimate mech-
anism of the latter is far from being clearly understood, it has
been accepted for some time that PSPs, rather than spikes, are
the main electrical events behind its genesis. One should add,
in the light of what has been said about dendritic responses,
that most of these “dendritic PSPs” should be considered the
result of active dendritic responses and not just simple cable
propagated potentials. The great wealth of dendritic electrical
responses and the variety of dendrodendritic contacts that have
been described (e.g., chemical synapse, tight junction, recipro-
cal synapses, dendritic bundles), raise the possibility of den-
dritic ensembles working together. In this context it is im-
portant to state that the role of extracellular current fields in
the functioning of dendrites is still an open question, but it
would seem to be the obvious mechanism in operation for the
case of dendritic bundles. It is known that artificially applied
weak DC fields can affect dendritic potentials without neces-
sarily changing spike discharges. On the other hand, changes
in firing patterns of neocortical mammalian cells, produced
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1. Introduction

Around the turn of the century Ramon y Cajal (1893) first
discovered the tiny protrusions called “dendritic spines” that
stud the surfaces of neurons throughout the brain. He and his
contemporary, Tanzi, postulated that changes in spine structure
or number would be important factors in synapse formation
during development and synapse modification during learning
and memory in the mature nervous system. Later, Gray (1959)
discovered with electron microscopy (EM) that dendritic spines
are indeed the key postsynaptic targets of excitatory axons
in most brain regions. Results from numerous studies are
beginning to show evidence for alterations in dendritic spines
during development, with learning and memory, and also with
long-term potentiation, a physiological model that is widely
studied as a candidate cellular mechanism of some forms of
learning and memory.

by stronger fields, can become long-lasting (sometimes longer
than 3 h) when the DC field is applied for some time (10 to
20 min). A long-lasting dendritic gradient of some type is per-
haps the mechanism behind these otherwise puzzling phenom-
ena. Whether these field effects occur under normal conditions
is not known, but the extracellular current values needed to ob-
tain them are likely to be produced in physiological conditions
requiring a degree of synchronization, as is the case for some
stages of learning.
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2. Structure and composition of dendritic spines
2.1. Spine shapes

Dendritic spines assume striking differences in size, shape, and
subcellular composition both within and across brain regions
(Figure 1). Most spines are unbranched protrusions that can be
classified by their stubby, thin, or mushroom shapes (Figure 2).
Branched spines have multiple heads which in some brain
regions are all innervated by a single axonal bouton (e.g.,
hippocampal area CA3) (Chicurel and Harris, 1992); in other
brain regions the different heads of a branched spine are
innervated by different axons (e.g., hippocampal area CAl
(Harris et al., 1992), Figure 2); and in rare cases some of
the heads have no presynaptic partners while other heads are
innervated by different axons (e.g., cerebellar Purkinje spiny
branchlets) (Harris and Stevens, 1988).
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Figure 1. Electron micrograph of a section through dendritic spines in stratum radiatum of hippocampal area CAl. In this fortuitous section,

three spines were sectioned parallel to their longitudinal axis revealing spines of the stubby (S), mushroom (M), and thin (T) morphologies. The

postsynaptic density (PSD) occurs on the spine head (see T) immediately adjacent the synaptic cleft (c) and the to a presynaptic axonal bouton that is

filled with round vesicles (v). This T spine contains a small tube of smooth endoplasmic reticulum (ser) in its neck. In the M spine a spine apparatus

(SA) is visible. A perforated postsynaptic density (pf) is evident on the head of another mushroom spine. Near to this spine is a large astrocytic
process (A) identified by the glycogen granules and clear cytoplasm.

2.2. Synapses

Usually an asymmetric synapse with a thick postsynaptic den-
sity (PSD) occurs on the spine head across from the presynap-
tic axon which contains round clear vesicles (Figure 1). Serial
EM reconstruction reveals macular PSDs on all of the different
spine shapes while perforated PSDs are specifically associated
with larger mushroom-shaped dendritic spines. Some spines
also have a symmetric, inhibitory synapse located on the spine
neck, though the presence of this second synapse is not univer-
sal and in several brain regions, none of the spines have a second
synapse. Over 30 proteins have been identified (Kennedy et al.,
1983; Walsh and Kuruc, 1992) in subcellular fractions from the
brain that are highly enriched in PSDs including: neuroreceptor
glycoproteins, protein kinases, structural and mechanochemi-
cal proteins, proteins involved in endocytosis, and proteins in-
volved in the glycolytic pathway.

2.3. Organelles

Most spines contain smooth endoplasmic reticulum (SER in
Figure 1), an organelle that is likely to be involved in membrane
synthesis and sequestering of calcium. The volume of the SER
is proportional to spine volume and PSD area, and occupies
about 10-20% of the total spine volume. The larger and more
complex spines contain sacs of SER laminated with dense-
staining material into a structure known as the spine appara-
tus (sa in Figure 2). Three-dimensional reconstructions have
revealed polyribosomes in 80-90% of dendritic spines. Mito-
chondria rarely occur in dendritic spines and are typically re-
stricted to the very complex or very large or highly branched
dendritic spines. Similarly, multivesicular bodies, are restricted
to large spines or the dendritic shafts at the base of dendritic
spines (KH, personal observations). Coated vesicles are occa-

sionally found in dendritic spines of the normal brain and their
frequency increases during synaptogenesis.

2.4. Cytoskeleton and cytoplasm

The cytoskeleton of dendritic spines is characterized by a loose
network of filaments. It is distinguished from the dendritic
cytoskeleton by the near absence of microtubules, except for an
occasional microtubule in the largest and most complex spines.
The filamentous network of spine cytoplasm is comprised of
actin and many actin-regulating proteins. The actin filaments
of the spine neck are longitudinally situated while those in the
head are organized into a dense lattice surrounding the SER
or spine apparatus. This organization of the actin filaments
suggests that they provide the scaffolding for the basic spine
structure. Other molecules found in the spine cytoplasm which
may interact with the actin cytoskeleton, usually in a calcium
dependent manner, include: calmodulin, myosin, brain spectrin
(fodrin) and MAP-2.

2.5. Presynaptic vesicles

The boutons associated with dendritic spines have numerous
round clear vesicles which contain glutamate and their mem-
branes are likely to contain specific molecules involved in vesi-
cle formation, docking and release. On the presynaptic mem-
brane, is the presynaptic grid that is characterized by dense-
staining projections on the cytoplasmic side of the membrane.
These projections may be the equivalent of the actin-like fila-
ments seen in rapid-frozen material and are thought to be the
“vesicle docking” sites. The presynaptic vesicles congregate in
the vicinity of the presynaptic grid though many also occur
throughout the bouton (Figure 2). The total number of vesi-
cles. in completely reconstructed axonal boutons ranges from






