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I. INTRODUCTION

Interest in dendritic spine and synaptic structure has been motivated by
the effect that changes in their number, location, composition, and dimen-
sions can have on interneuromal communication. Cajél first described
dendritic spines as Stacheln and Dornen, which refer to the longer spic-
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ule-like spines and shorter thornlike spines, using light microscopy of
Golgi-impregnated neurons (Ramén Y Cajal, 1893, p. 343). It required
electron microscopy (EM), however, to establish unequivocally that den-
dritic spines are the major postsynaptic targets of excitatory synapses in
the central nervous system (Gray, 1959). Although fortuitous sections and
viewing angles have allowed the shape of spines to be identified as
*‘stubby,” **mushroom,” or ‘‘thin,”” depending on the constriction of
their necks and the size of their heads (Peters and Kaiserman-Abramof,
1962; Jones and Powell, 1969), most spines cannot be recognized by shape
on a single EM section or in light microscopy (Harris et al., 1992). Fur-
thermore, neither fortuitous thin sections nor light microscopy reveals the
elaborately branched dendritic spines that have multiple heads and syn-
apses; reconstruction through serial EM has always been required to
elucidate the complex geometry and subcellular constituents of these
spines (Hamlyn, 1962; Blackstad and Kjaerheim, 1961; Harris and
Stevens, 1988, 1989; Chicurel and Harris, 1989).

Since the days of Cajdl, it has been widely believed that learning and
memory may require anatomical changes in neurons (Ramén Y Cajél,
1893; Tanzi, 1893; Wallace et al., 1991). Modern theoretical models have
focused this interest on how changes in the morphology of synapses and
dendritic spines could alter synaptic function (Rall, 1970, 1974, 1977,
1978; Diamond et al., 1970; Kawato and Tsukahara, 1983; Brown et al.,
1988; Wickens, 1988; Coss and Perkel, 1985; Segev and Rall, 1988;
Turner, 1988; Koch and Poggio, 1983; Gamble and Koch, 1987; Wilson,
1984; Baer and Rinzel, 1991). There are essentially two categories of
morphological change that could modulate physiological properties at
synapses: either existing synapses could be modified pre- and/or post-
synaptically, or new synapses and spines could be formed. Presynapti-
cally, a change in the number or size of neurotransmitter-containing vesi-
cles or in the number or location of release sites could affect the quantity
or availability of neurotransmitter for release on activation of the presyn-
aptic axon. Modifications in the size or shape of the postsynaptic recep-
tive area could alter the number and density of receptors and other mole-
cules involved in synaptic transmission. Changes in spine neck
dimensions could alter their resistance to charge transfer from the syn-
apse to the postsynaptic cell (Rall, 1970, 1974; Coss and Perkel, 1985;
Brown et al., 1988). The degree of spine neck constriction could also
modulate transient calcium concentrations occurring near to synapses on
spine heads following synaptic transmission (Gamble and Koch, 1987;
Zador et al., 1990; Muller and Connor, 1991). Spine neck constriction
may determine whether the potential reached in the head of the spine is
sufficient to activate voltage-dependent channels such as the calcium
channel associated with the NMDA receptor (Gamble and Koch, 1987;
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Wickens, 1988; Zador et al., 1990). In addition, changes in the frequency
and distribution of spines with different geometries could alter the post-
synaptic integration of multiple synaptic inputs. Thus, quantitative de-
scriptions of changes in synaptic number and location, vesicle number,
position, or size, postsynaptic density (PSD) morphology, and spine di-
mensions are crucial for understanding the properties of synaptic trans-
mission and quantal events at central synapses (Redman, 1990).

Indeed, several results suggest that the number and structure of den-
dritic spines change during development, learning, memory, and long-
term potentiation; furthermore, spines appear distorted in pathological
conditions associated with seizures, impaired memory, and mental retar-
dation (for review, see Scheibel and Scheibel, 1968; Purpura, 1974,
1975a,b; Schuz, 1978; Greenough and Bailey, 1988; Harris et al., 1989;
Desmond and Levy, 1990; Wallace et al., 1991). To discern whether
individual spines undergo remodeling requires that all parts of their three-
dimensional structure be monitored throughout the period of study, which
as yet is impossible. Improvements in confocal microscopy may facilitate
this process such that changes in the gross morphology of dendritic spines
might be followed during the treatments (Keenan et al., 1988; Deitch et
al., 1991; Turner et al., 1991; Fine et al., 1991). However, only large
spines and those spines with an optimal orientation with respect to the
plane of optical sectioning will be suitable for this type of analysis.

Even with improvements in confocal microscopy, reconstruction from
serial EM will be required, to obtain accurate measurement of spine di-
mensions, many of which are below the theoretical limit for resolution by
light microscopy. Serial EM is also required to visualize and to measure
the dimensions of subcellular constituents and synaptic areas. Finally, no
approach yet available substitutes for serial EM to elucidate the complex
interrelationships between neurons, glia, and synapses of the brain (Pe-
ters et al., 1976).

It has long been recognized that sampling synaptic structure in the
inhomogeneous neuropil is fraught with serious ambiguities (Braendgaard
and Gundersen, 1986). The relative densities of synapses can be grossly
distorted by the presence of different neuronal and glial elements even in
neighboring fields of the same tissue section. The pre- and postsynaptic
elements often cannot be identified on single sections. In many brain
regions there is a large variability in nearly every aspect of synaptic and
dendritic spine morphology. This variability makes it impossible to deter-
mine the size, shape, or relative distributions of synapses and spines
having different morphologies on single thin sections (Hamlyn, 1962;
Westrum and Blackstad, 1962; Andersen et al., 1987a,b; Harris and
Stevens, 1989; Harris et al., 1989, 1992). Therefore, the labor-intensive
approach involving serial EM is required to obtain accurate identification
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of synapses, quantitation of their relative frequencies in the neuropil, and
complete measurement of their dimensions.

Serial EM of individual structures in the neuropil by itself is also not
adequate because there is no way to determine whether the structures
chosen for reconstruction are representative of the population in the
neuropil, or are chosen because their unusual characteristics ‘‘catch the
eye’ of the electron microscopist. Therefore, a new approach has been
developed, the series sample analysis, which combines serial EM with
unbiased sampling and corrections for neuropil inhomogeneities to over-
come these ambiguities (Harris et al., 1992).

In the next section of this chapter we describe methods of serial EM
and the steps of the series sample analysis. We developed the series
sample analysis so that an unbiased sample of structures from the neuro-
pil could be obtained for reconstruction in three dimensions. The second
section of this chapter discusses caveats associated with the accuracy of
measurements obtained from the three-dimensional reconstructions uti-
lizing serial EM. In both sections we summarize some of the results that
have been obtained through the combination of the series sample analysis
and three-dimensional reconstructions. Although this chapter focuses pri-
marily on an analysis of synapses and dendritic spines, the same approach
can be used more generally to evaluate the relative frequencies, distribu-
tions, and three-dimensional structure of any constituent in the neuropil
of the brain or more generally of any other subject studied by EM.

II. SERIES SAMPLE ANALYSIS

A. Serial Electron Microscopy

Preparation of the tissue for electron microscopy should be optimized
for the structure that will be studied (e.g., Jensen and Harris, 1989; Harris
et al., 1992). Blocks with embedded tissue are trimmed to contain the
entire region of interest, for example, hippocampal CAl field from the
pyramidal cells through the entire apical dendritic arbor (Fig. 18.1a). The
trapezoids are serially thin sectioned and the sections are mounted on
Formvar-coated or pioliform-coated slot grids (SPI, and Synaptek, Pella)
and stained for 5 min with Reynolds’ lead citrate. Each grid of each series
is then mounted into a gimbal that has been designed specifically for the
rotational side entry holder of the JEOL (Tokyo, Japan) 1200EX electron
microscope (JEOL SRH-10Mod), and stored in a numbered gelatin cap-
sule.

At the time of photography at the electron microscope, the gimbals are
mounted on the rotating stage to obtain consistent orientation of sections
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Fig. 18.1. Approach for obtaining serial photographs of a well-specified region of neuro-
pil and an unbiased sample from that neuropil: (a) Position the trapezoid relative to known
landmarks. (b) Orient the section at the electron microscope and measure from the landmark
(e.g., cell bodies) to the region that will be sampled. Divide the sample region into equal
sample areas and consult a random number table to determine which region to photograph
through serial sections. (c) Photograph through enough serial sections to obtain the largest of
the subjects of interest.

on adjacent grids. The sections are rotated to position the bottom of the
trapezoid parallel to the edge of the EM photographic screen. The photo-
graphic screen is measured at the desired magnification with a calibration
grid. Then the region of interest is located by measuring the distance from
a known anatomical landmark, such as a cell body layer, with the cali-
brated photographic screen (Fig. 18.1b). The region of interest is divided
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into an equal number of photographic fields and a random number table is
consulted to determine which field to photograph through serial sections
(Fig. 18.1c). The photographic field is 500 um? and the sample area is 200
um?, located in the middle of the photographic field on a central reference
section. The sample field is smaller than the photographic field to allow
for slight shifts in the positioning of the sections while photographing
at the electron microscope. These shifts could result in loss of sample
structures at the edge of some serial micrographs if all 500 um? was
analyzed.

A test series of the largest subjects of interest is done to determine the
maximum number of sections that must be photographed to contain them.
Because the structures transected by the central reference section con-
tinue on sections either preceding it and/or following it in the series, a
sufficient number of sections must be photographed on both sides of the
reference section to contain the subject of interest. For example, in our
first study (Harris et al., 1992) we found that 27 serial sections were
sufficient to make an unambiguous identification of all but 2 dendritic
spines in the sample fields. However, 35 serial sections were required to
contain the largest dendritic spines.

B. Quantitative Series Sample Analysis

A series sample analysis of synapses and dendritic spines involves
three steps.

1. Determine the area of homogeneous neuropil by eliminating the sec-
tioned areas of elements in the neuropil that occur nonuniformly (e.g.,
neuronal and glial cell bodies, large dendritic processes, myelinated ax-
ons, and artifacts).

2. Identify every synapse transected by the middle reference section as
axodendritic, axospinous, or axosomal, and as asymmetric or symmetric,
by viewing them through serial sections. Dendritic spines are further
classified into four shape categories that are distinguished by dimensions
that could alter their electrotonic effect on synaptic transmission or mo-
lecular compartmentalization.

3. Compute the synaptic densities per unit area of homogeneous neuro-
pil and then adjust for differences in the size or shape of the synapses that
would influence the probability of viewing them on the reference section.
A similar approach could be used to evaluate the relative proportion of
the neuropil containing any structure of interest ranging from the cellular
to the subcellular to the frequency of structures labeled for a specific
molecule.
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1. Homogeneous Neuropil Area Calculations

Adjacent sample fields in the neuropil often have different structural
components occupying the neuropil (Fig. 18.2). Where possible, cell
bodies and blood vessels are excluded from the photographic field. The
areas of myelinated axons (MAs) and portions of cell bodies (CBs) not
originally recognized in the electron microscope are traced and subtracted
from the total sample area. Most of the remaining neuropil contains struc-
tures that are part of the synaptic complex, including axons, dendritic
spines, and dendritic processes. However, dendritic processes cut paral-
lel or obliquely to their longitudinal axis occur nonuniformly across differ-
ent sample fields. To establish which of these dendritic processes contrib-
ute to the inhomogeneity of the neuropil, the area of every dendritic
process on ecach sample field is measured. Then dendritic process areas
are excluded from the total populations of dendrites until all sample fields
have a normal distribution of dendritic process areas and homogeneity of
variance in this distribution. The homogeneous neuropil area (HN) can be
calculated for each sample field:

HN = Total area of the sample field — areas of the excluded dendritic
processes, MA, CB

To obtain HNs when comparing PNDI1S and adult rat hippocampus,
dendritic segment areas greater than 0.94 um? needed to be excluded from
the sample area (Harris et al., 1992).

2. Identification of Postsynaptic Elements in Sample Fields

Every synapse with a portion of its PSD located on the sample field of
the reference section is viewed through adjacent serial sections. The post-
synaptic element (dendritic shaft, dendritic spine, or cell body) associated
with each synapse is identified by viewing it through adjacent serial sec-
tions. The asymmetric, presumably excitatory, synapses are identified by
a thickened postsynaptic density and round, clear presynaptic vesicles.
The symmetric, presumably inhibitory, synapses are identified by a thin
pre- and postsynaptic density and pleomorphic vesicles, that is, vesicles
with round or flattened shapes. As indicated above, only in the rare fortui-
tous sections are dendritic spines transected along their longitudinal axis
such that a good guess regarding their three-dimensional shapes can be
made (Fig. 18.3). However, most dendritic spines on the reference sec-
tions cannot be identified until they are viewed through serial sections.
For a series sample analysis, each dendritic spine with a PSD on the
reference section is followed through serial sections to their origins and
classified by the criteria of Fig. 18.4 into one of four shape categories;
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Fig. 18.3. Fortuitous section revealing longitudinally sectioned dendritic spines and
their subcellular constituents. S, Stubby spine; T, thin spine with a tube of smooth endoplas-
mic reticulum (ser); M, mushroom spine with a well-laminated spine apparatus (sa); pf,
perforated postsynaptic density at the head of a mushroom spine.

thin, mushroom, stubby, or branched. Each dendrite associated with a
sample synapse is also identified as spiny or nonspiny by viewing it
through adjacent serial sections. Two mushroom-shaped spines from a
day-15 rat hippocampus are visualized through serial sections in Fig. 18.5
(Color Section 4). One of these spines was reconstructed. Serial sections
were required to identify the spine shapes and distinguish their character-
istics. If they had been viewed only on the reference section (section 21),
the shape of the yellow spine might have been called either stubby or
mushroom, whereas the shape of the pink spine might have been thought
to be thin.

3. Correction for Differences in Sizes and Shapes of Synapses
That Can Alter Relative Probability of Their Being Transected
and Observed on Reference Section

It has been recognized that the probability of observing part of a PSD
on the reference section is proportional to the number of sections that the
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Fig. 18.4. Categories and criteria by which dendritic spines are assigned to specific
shape classes after viewing them on serial thin sections of the series sample.

PSD actually occupies through serial sections (Braendgaard and Gunder-
sen, 1986; Harris et al, 1989, 1992). If PSDs have different sizes, shapes,
or orientations relative to the plane of section, the probability of viewing
them on the reference section also differs proportionately to the differ-
ences in the number of sections they occupy (Fig. 18.6). For example, if
an elliptical PSD were sectioned at 0.07-um thickness, perpendicular to
its short axis with a diameter of 0.21 um, three sections of the PSD would
be obtained (ellipse labeled 3 in Fig. 18.6). In a 10-section series, with
random placement of this PSD in the series, the probability of viewing the
PSD on any 1 of the 10 sections is 3 in 10, or 0.3. If the same PSD were
sectioned perpendicular to its long axis with a diameter of 0.42 wm, six
sections of the PSD would be obtained (ellipse labeled 6 in Fig. 18.6).
Random placement of this PSD in the 10-section series would give a
probability of 0.6 of viewing this same PSD in any 1 section, a 100%
increase in the probability of counting the same PSD on the reference
section. A PSD of the same size as the elliptical PSD, but having an
irregular elongated shape that was sectioned across its long axis, could
have a probability of being viewed on any 1 section of 10 in 10, or |
(irregular area labeled 10 in Fig. 18.6). Thus, for the same PSD area there
could be a huge range in the probability of counting it on a reference
section, depending on its orientation and shape. Furthermore, if the PSD
were to decrease in size by a factor of 10, the probability of counting it on
the reference section would also be decreased to 0.1, and may be errone-
ously ascribed to a loss of the synapse rather than to a decrease in its size
(Fig. 18.6, small PSD).
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Fig. 18.6. Effect of size, shape, and orientation with respect to the plane of sectioning
on the number of sections of an object (in this case, postsynaptic densities) sampled. Objects
3, 6, and 10 have the same area, whereas object 1 is one-tenth the area of the other 3 objects.
The vertical lines represent equally spaced sections through the objects.

To adjust for these differences in viewing probability, the number of
serial sections occupied by each PSD occurring on the reference section is
counted. The average number of sections is computed for the PSDs in
each synaptic or spine shape category by age, type, and/or experimental
condition. Then the following formulas are used to adjust the relative
synaptic densities when comparing among the groups.

USD (unadjusted synaptic density) = number of synapses/neuropil area
(NA; um?) x 100
NA = neuropil area as calculated above
ASD (adjusted synaptic density) = USD (s'/s)

where s’ is the mean number of sections in the categories with the fewest
sections and s is the mean number of sections in the other categories with
more sections.

C. Summary of Results That Have Benefited from Either Partial or
Complete Series Sample Analysis

1. Dendritic Spines on Spiny Branchlets of Cerebellar
Purkinje Cells

In (Harris and Stevens, 1988) we began by reconstructing all 64 den-
dritic spines occurring along 2 dendritic segments from Purkinje spiny
branchlets. The dimensions of each spine, its PSD, and presynaptic axo-
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nal bouton and vesicles were analyzed. The PSD areas were found to be
well correlated with other spine and axon dimensions. To determine that
the reconstructed spines were representative of a larger population of
dendritic spines in the cerebellum, a series sample analysis of an addi-
tional 152 PSDs from 4 reference sections was used. This analysis greatly
enhanced our confidence that the spines that were reconstructed and
measured in three dimensions were not unusual among Purkinje spiny
branchlets.

2. Dendritic Spines of Pyramidal Cells in Hippocampal
Area CAl

A similar approach was used to reconstruct 100 dendritic spines along 7
dendritic segments in hippocampal area CA1 (Harris and Stevens, 1989).
The dimensions of an additional 465 PSDs obtained through a series sam-
ple analysis (Harris et al., 1987, 1992) confirmed that these dendritic
spines from young adult hippocampus were not unusual among CA1 den-
dritic spines.

3. Branched Dendritic Spines at Synapses between Mossy Fibers
of Hippocampal CA3 Pryamidal Cells

In this study (Chicurel and Harris, 1992), a series sample approach was
utilized to characterize the subcellular constituents of these complex den-
dritic spines, to determine the frequency of spines with different numbers
of heads, and to evaluate the frequency with which the mossy fibers
synapse on different spine heads. Representative dendritic spines with 1,
7, or 12 heads were then randomly selected for complete three-dimen-
sional reconstructions.

4. Comparison of Immature and Mature Dendritic Spines in
Hippocampal Area CAl

The series sample analysis has revealed multiple changes in synaptic,
spine, and dendritic structure in stratum radiatum of hippocampal area
CA1 between day 15 and adult ages (Harris e? al., 1992). The total density
of synapses doubles between these ages. However, this doubling does not
occur uniformly across spine and synapse morphologies. The number of
thin dendritic spines and mushroom dendritic spines with perforated syn-
apses increases four fold, contrasting with the stubby spines that decrease
by more than half. The mushroom spines with macular synapses and
dendritic shaft synapses have no change in number, and the initially rare
branched spines increase in number, and represent about 10% of the total
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synapse population in the adult. At day 15 the mushroom and some of the
stubby spines had a *‘prespine apparatus’’ associated with the spines and
sometimes with their synapses. This prespine apparatus consisted of a
flattened sheet of smooth endoplasmic reticulum, which in the adults
becomes a laminated structure of multiple interconnected cisternae of
smooth endoplasmic reticulum (SER) and dense staining material. Three-
dimensional reconstructions of individual dendrites coursing through the
same neuropil showed that on average the dendritic segments have a
similar distribution of different spine shapes along their lengths. Prelimi-
nary results from a series sample analysis at day 7 showing most synapses
to occur on dendritic shafts (Harris ez al., 1989) suggest that spines may
differentiate from shaft and stubby spine synapses.

III. THREE-DIMENSIONAL RECONSTRUCTION FROM
SERIAL ELECTRON MICROSCOPY

From the series sample analyses, a subpopulation of dendritic spines
can be randomly selected for three-dimensional reconstruction to repre-
sent all classes of spines, synapses, dendrites, and so on observed in the
neuropil. This random selection eliminates potential selection biases of
the investigator. There are, however, other sources of error that could
contribute to an invalid estimate of spine, synapse, dendritic, axonal, or
other structural dimensions obtained through reconstruction from serial
EM. Two of the main sources of error, section thickness and chemical
fixation, are addressed here.

A. Sources of Error in Three-Dimensional Reconstructions

1. Section Thickness

For a given section, the thickness can vary considerably even across a
section of uniform color when floating on the surface of the water
{Peachey, 1958). Therefore, it was important to establish a procedure for
estimating the section thickness in the region of the section from which
the subjects were reconstructed. The section thickness dial is set to be-
tween 70 and 100 nm on the ultramicrotome at the time of sectioning, to
given an interference color of platinum, that is, between silver and gold,
to minimize section folds that occur frequently at silver (~70 um), and to
minimize overlapping of adjacent structures, which occurs frequently at
gold (~90-100 um). The range in mechanical setting reflects the sensitiv-
ity of this process to air temperature, humidity, and other factors in the
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environment. The estimate of section thickness in the field that is photo-
graphed is obtained from the electron micrographs by measuring the di-
ameters of the longitudinally sectioned cylindrical mitochondria at their
maxima in single sections, and comparing the measured diameter to the
number of sections in which the mitochondria appear (Harris and
Stevens, 1988, 1989). Section thickness is then calculated:

Thickness (um/section) = measured diameter (um)/number of sections

We have had no evidence that a significant amount of material is lost
“‘between’’ adjacent sections. There is no buildup of Epon or other sub-
stances in the water of the boat, on the diamond knife edge, or between
adjacent sections on the grid (Fig. 18.7). On reconstruction, all spines and
synapses appear complete when traced throughout the series, further
suggesting that no significant material is lost during sectioning. We sug-
gest that this approach provides the best estimate of section thickness that
can be readily obtained from each set of serial sections, and that the
potential error due to this factor has been minimized.

2. Changes in Tissue Volume Due to Process
of Chemical Fixation

With the present methods, it is impossible to determine whether tissue
processing itself alters dendritic spines and their synapses. In one study,

Fig. 18.7. Adjacent serial sections reveal no significant loss of material between sec-
tions. The open arrow is at the junction between the adjacent sections and the two black
arrows point to the same cell on the adjacent sections.
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we have compared the cross-sectional areas of mitochondria obtained
from perfusion-fixed rats [using 2% (v/v) paraformaldehyde and 2.5%
(v/v) glutaraldehyde] with mitochondria in hippocampal slices prepared
by rapid immersion fixation in fixative containing 2% (v/v) paraformalde-
hyde and 6% (v/v) glutaraldehyde and microwave irradiated for 8 sec
(Jensen and Harris, 1989). In this procedure, the tissue is exposed to the
fixative for less than 1 min, although the concentration of the fixative is
much higher than in standard procedures. Even so, no significant differ-
ences were found in the cross-sectional areas of the mitochondria under
the two conditions, suggesting that at least there is not a generalized
swelling response correlated with fixative concentration.

We have also observed the process of fixation in 2% paraformaldehyde
and 2.5% glutaraldehyde of hippocampal neurons maintained in vitro
(K. M. Harris, S. Fischel, and P. A. Rosenberg, unpublished observa-
tions). No measurable changes were detected in the dimensions of den-
drites or dendritic spinelike processes before, during, or for 1 hr after
immersion in the fixative (Fig. 18.8). Confocal microscopy could be used
to determine whether these processes undergo changes in their dimen-
sions in the Z dimension, which is not well visualized by video-enhanced
light microscopy. Until there is specific evidence, however, to suggest
that spines and synapses are altered by the tissue processing, we have not
introduced a ‘‘correction’’ factor to account for this potential artifact.

B. Three-Dimensional Reconstructions of Individual Dendritic
Spines and Synapses

1. Reconstruction Methods

Subsequent to a series sample analysis, spines in each shape class are
randomly selected from the sample fields and reconstructed and graphi-
cally edited into neck and head compartments, using the methods de-
scribed in Harris and Stevens (1988, 1989). The reconstructions involve
positioning the EM negatives under a video camera, capturing the posi-
tive image in the frame grabber, and then microaligning the adjacent
sections by switching between the stored image and the live image and
rotating the live image until concurrent X, Y, and rotational motion is
minimized. The perimeter of the plasmalemma of each dendritic spine
is traced through serial sections. For sections in which the spines are
connected to the parent dendrite, the dendrite is also traced but sub-
sequently removed graphically to ensure the spine origin is properly
positioned.
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2. Quantitation of Dimensions

Volumes are calculated by summing enclosed areas of the cytoplasm
across serial sections and multiplying by section thickness. Surface areas
are calculated by summing perimeters and multiplying by section thick-
ness across serial sections, and then adding the enclosed areas of tangen-
tially sectioned surfaces of the spine or the postsynaptic density seen on
individual sections as gray shadows. The diameters are measured on indi-
vidual sections of cross-sectioned spines, and along the lengths of longitu-
dinally sectioned spines. The lengths of longitudinally sectioned spine
necks and heads are obtained on the section where they are attached to
the parent dendrite. For obliquely or cross-sectioned spines, their lengths
are computed across serial sections by positioning a length to center a
point in the contour, and computing the hypotenuse of a right triangle
with the base equal to section thickness and the height equal to the length
in each section. These hypotenuses are then summed over adjacent sec-
tions. For obliquely sectioned spines, the length at the origin and connec-
tion to the head are then added to this sum of hypotenuses. Similar calcu-
lations are made for total head length, and/or to the PSD if the PSD is at
the side of the head.

For cross-sectioned asymmetric synapses, the area of the PSD is deter-
mined by measuring its length through adjacent sections, multiplying the
lengths by section thickness, and then adding across sections. For
obliquely or tangentially sectioned PSDs, the enclosed area is measured
on each section where it appears. If two or more adjacent sections contain
oblique or tangential sections of the PSD, a connector is drawn where the
contours overlap, and its length is multiplied by section thickness to
account for PSD area traversing the sections. The total area of the oblique
or tangential PSDs is computed by adding the areas of the closed contours
to the area computed through section thickness of the connectors.

C. Three-Dimensional Reconstructions of Dendritic Segments
Coursing through Neuropil

Complete reconstructions of dendritic segments have been obtained to
determine the mean density of differing spine and synapse morphologies
occurring along individual dendrites in both hippocampus and cerebellum
(Harris and Stevens, 1988, 1989; Harris ez al., 1992). Following a series
sample analysis, all spines and synapses originating from a subpopulation
of dendritic segments randomly selected from the reference section are
viewed through serial sections to determine their shape and characteris-
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tics. The dendritic diameter is measured in each section, and its length
measured across serial sections.

To measure the length of cross sectioned or obliquely sectioned den-
drites across serial sections, a graphics editor is used to position a point in
the center of the dendritic trace on section 1. On subsequent sections
lengths are added to maintain a central location for the point. Then the
hypotenuse of a right triangle is computed with its base equal to section
thickness, and the height equal to the length required to maintain the
connecting point in the center of the dendritic trace. Wherever the den-
dritic segment is perfectly cross sectioned the hypotenuse equals the
base, that is, 1 section in thickness. The total length of the dendritic
segment equals the sum of the hypotenuses across all of the serial sec-
tions.

Complete reconstructions of dendritic segments have been obtained to
determine if the mean density of the different types of synapses occurring
along these dendrites is reflected accurately in a series sample analysis of
the neuropil. Alternatively, dendrites from a particular age or treatment
group could be heterogeneous in spine and synapse densities. Then the
mean differences in the sample fields would not accurately reflect differ-
ences along the individual dendrites. On both day 15 and young adult ages
in the rat hippocampal area CAl, the series sample analysis usually re-
flects the relative distribution of spines along the individual dendrites
coursing through the neuropil. However, isolated dendrites could be
found that had a predominance of one spine shape over others (Harris er
al., 1992).

These complete dendritic reconstructions reveal the number of spines,
distribution of spine shapes, and whether spines tend to cluster or be
uniformly distributed along the dendrites (Fig. 18.9, Color Section 4).
Depending on the orientation of the dendrite with respect to the optical
sectioning plane, the presence of the large dendritic shaft and near-neigh-
bor overlap of dendritic spines, not to mention possible incomplete filling
of the small spines, could confound interpretation of the images from
confocal microscopy. In addition, the accuracy of reconstructions ob-
tained from confocal images through dendritic spines will be proportional
to the number of sections that can be obtained, just as it is with serial EM.
Using serial EM and section thicknesses of around 0.07 pm, spines rang-
ing from 0.5 to 2 um in length can be sampled in 7 to 28 serial sections.
With current methods, the sampling rate from confocal microscopy would
be from one or two sections to four sections for the same spine. If the
spines have complex morphologies, this low sampling rate could easily
miss important variation in spine geometry and dimensions, and therefore
images from confocal microscopy should be interpreted with great
caution.
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D. Summary of Results from Three-Dimensional Reconstructions
of Dendritic Spines and Synapses

To distinguish the features that are common from those that are unusual
among spines with different functions, the complete three-dimensional
reconstructions from serial EM have been used to compare the dendritic
spines in the cerebellum and hippocampal areas CA1 and CA3 (Harris and
Stevens, 1988, 1989; Chicurel and Harris, 1989, 1992). Some of the find-
ings from these studies are summarized in Table I. Note that for the
purposes of this summary the term synapse comprises the presynaptic
axonal bouton, its postsynaptic partner, and the dense-staining material
of the synaptic cleft and postsynaptic densities.

For most spines one set of axonal vesicles apposes a single postsynap-
tic density, although sharing of vesicles in a presynaptic varicosity is not
uncommon. In hippocampal area CA1l, for example, about 25% of the
CA3 axonal boutons are shared by at least two dendritic spines (Sorra and
Harris, 1991). In the cerebellum, 27% of the axonal boutons of the parallel
fibers are shared by more than one dendritic spine, and most of this
sharing occurs among neighboring spines of the same dendritic segment
(Harris and Stevens, 1988). In hippocampal area CA3, the mossy fiber
boutons always synapse with more than one spine head, and we have
encountered as many as 37 spine heads from 7 different branched spines
synapsing with 1 mossy fiber bouton (Chicurel and Harris, 1989, 1992).

The PSD occupies about 10% of the spine head surface area and usually
there is one PSD per spine head. In contrast, some heads of branched

TABLE I
Structural Features of Dendritic Spines
Feature Typical appearance Unusual appearance
Axonal vesicles One set per synapse; number propor- One set shared by >1 synapse
tional to size of synapse
PSD One asymmetric on spine head Some branches with none, some sym-
Macular, continuous area proportional metric on necks; irregular, perforated

to number of axonal vesicles; 10-15%
of head area
Head One per spine neck, small and spherical; Branched, large and irregular
size proportional to number of axonal
vesicles, PSD, and subcellular constit-

uents
Neck Cylindrical; do not reduce charge Absent or branched
transfer
Subcellular constituents Single or branched tube of SER Spine apparatus, ribosomes, microtu-

bules, multivesicular bodies, mito-
chondria, spinules
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spines have no synapse on them, and some spines in other brain regions
frequently have symmetric, presumably inhibitory, synapses on the spine
neck in addition to the asymmetric PSDs on the spine heads (Colonnier,
1968; Peters et al., 1976; DiFiglia et al., 1982). The PSD of most spines is
continuous and its size is proportional to the number of vesicles in the
presynaptic axonal varicosity.

Most spines have a small, nearly spherical head with a volume that is
proportional to the area of the PSD. It is not uncommon, however, for
spine heads to assume a large, irregular shape with a highly irregular PSD
containing perforations that can cause the PSD to be segmented into
discrete islands on the spine heads. The necks of most spines are approxi-
mately cylindrical and are not long or constricted enough to alter the
transfer of charge from the synapse to the postsynaptic dendrite. Nearly
all spines contain some smooth endoplasmic reticulum with a volume that
is proportional to the spine volume. Unusually complex spines contain a
spine apparatus, mitochondria, ribosomes, and microtubules.

E. Implications of Spine Dimensions and Three-Dimensional

Characteristics for Spine Function

These three-dimensional studies combined with standard biophysical
models of spine geometry in the cerebellum and hippocampus have led to
several viable hypotheses about the functions of dendritic spine geometry
in these brain regions (Fig. 18.10). Although most of the excitatory syn-
apses in the CNS occur on dendritic spines, it is unlikely that excitatory
synaptic transmission is modulated through local inhibition of the spines
in cerebellum or hippocampal areas CA1 and CA3, because symmetric
inhibitory synapses rarely occur on their spine necks (Fig. 18.10a; Harris
and Stevens, 1988, 1989; Chicurel and Harris, 1992; Sorra and Harris,
1991; Harris et al., 1992).

From both an ontogenetic and an evolutionary viewpoint, dendritic
spines could conserve brain volume and allow more synapses to interdigi-
tate in a restricted brain volume (Fig. 18.10b). Alternatively, the dendrites
could have just become thinner to pack more synapses in a given brain
volume without the formation of dendritic spines. Two lines of evidence
support the first hypothesis. First, as dendrites elongate and dendritic
spines form during hippocampal maturation, the parent dendritic shafts
become thinner, suggesting that the original dendritic cytoplasm was used
to create the dendritic spines (Harris ef al., 1989, 1992). Second, in all the
brain regions from which spines have been reconstructed to date, the
synapse, as delineated by the PSD, consistently occupies only about 10%
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Electrotonic Voltage Biochemical
Resistance Amplification Compartmentation

Fig. 18.10. Possible functions of dendritic spines in hippocampal area CA1 and cerebel-
lar cortex. For detailed explanations see text.

of the spine head surface area (Harris and Stevens, 1988, 1989; Chicurel
and Harris, 1989; Spacek, 1983; Wilson er al., 1983). This roughly 10%
occupancy by the PSD is also true for developing dendritic spines (Harris
et al., 1989, 1992). Thus, synapses may require a minimum area of non-
synaptic membrane to accommodate other important molecules that are
not found in the PSD. Conservation of brain volume through reduction in
the dendritic component, without loss of nonsynaptic membrane area,
could be achieved only by forming dendritic spine-like projections.

Two lines of evidence suggest that dendritic spines do not modulate
synaptic efficacy by altering electrotonic resistance to charge transfer
through their necks (Fig. 18.10c). First, adult cerebellar and hippocampal
dendritic spine necks are not sufficiently thin to reduce charge transfer,
and thus widening their necks is unlikely to enhance charge transfer
(Harris and Stevens, 1988, 1989; Chicurel and Harris, 1989). Second,
spine necks constrict, not widen, with the maturation of enhanced synap-
tic efficacy (Mates and Lund, 1983; Harris ez al., 1989, 1992). Spine neck
constriction is consistent with a role for voltage amplification at the syn-
apse (Fig. 18.10d) and with an enhanced compartmentalization of specific
molecules at the synapse (Fig. 18.10e; Wilson et al., 1983; Wilson, 1984;
Harris and Stevens, 1988, 1989; Brown et al., 1988; Wickens, 1988; Zador
et al., 1990).
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IV. SUMMARY AND CAUTIONS

We have illustrated the power of serial EM to elucidate the dimensions
of dendritic spines and the relative frequencies of spines and synapses
with different morphologies in a random sample of the neuropil. This
approach is extremely useful in providing the detailed descriptions about
the interrelationships between spine geometry, synaptic morphology, and
their subcellular constituents; all features that are necessary to make
accurate predictions about the effect of spine structure on synaptic func-
tion. However, this approach does not allow the life history of an individ-
ual dendritic spine to be monitored. Confocal microscopy may allow for
some of the gross changes in spine geometry to be monitored. If properly
combined with serial EM it could hold promise for understanding how
changes in spine morphology might modulate synaptic function, and vice
versa.
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COLOR SECTION 4

Fig. 18.5. Serial sections through two dendritic spines that are in the same shape category (mushroom), but that have dif-
ferent appearances in some of the sections. The reconstruction is of the spine whose cut portions are colored yellow on a
subset of the serial sections that contain it. The second spine, colored pink, shares the presynaptic axonal bouton (colored
green) with the first spine. Section numbers arc labeled on the right side of each micrograph. The arrow in section 24 points
to a portion of a tube of smooth endoplasmic reticulum. The arrow in section 23 points to a tiny perforation in the PSD. The
row of small arrows in section 22 indicates polyribosomes in the neck of the “pink™ spine, and the large arrow in section 20
indicates an obliquely sectioned PSD on the “pink” spine.



Fig. 18.9. Reconstruction of a dendritic segment in hippocampal area CA1. (a) A viewing angle of the dendritic segment
whose spines are obscured by the parent dendrite and each other. Were this viewing angle obtained in the light microscope
only one dendritic spine would be accurately discerned. (b) A different viewing angle of the same dendritic segment reveals
three or four spines at their optimal viewing angles. (¢) Each dendritic spine is displayed in yellow, with the location of the
synapse identified by a complete reconstruction in blue of the postsynaptic densities. (d) The same dendritic segment with
the spines and dendritic segment transparent so that the distribution of the smooth endoplasmic reticulum within the spine
and dendrite can be seen. Bar: 1 pm.





