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Recent studies have shown high levels of calcium in activated
dendritic spines, where the smooth endoplasmic reticulum
(SER) is likely to be important for regulating calcium. Here, the
dimensions and organization of the SER in hippocampal spines
and dendrites were measured through serial electron microscopy and three-dimensional analysis. SER of some form was
found in 58% of the immature spines and in 48% of the adult
spines. Less than 50% of the small spines at either age contained SER, suggesting that other mechanisms, such as cytoplasmic buffers, regulate ion fluxes within their small volumes.
In contrast, .80% of the large mushroom spines of the adult
had a spine apparatus, an organelle containing stacks of SER
and dense-staining plates. Reconstructed SER occupied
0.001– 0.022 mm3, which was only 2–3.5% of the total spine
volume; however, the convoluted SER membranes had surface
areas of 0.12–2.19 mm2, which were 12 to 40% of the spine

surface area. Coated vesicles and multivesicular bodies occurred in some spines, suggesting local endocytotic activity.
Smooth vesicles and tubules of SER were found in continuity
with the spine plasma membrane and margins of the postsynaptic density (PSD), respectively, suggesting a role for the SER
in the addition and recycling of spine membranes and synapses. The amount of SER in the parent dendrites was proportional to the number of spines and synapses originating along
their lengths. These measurements support the hypothesis that
the SER regulates the ionic and structural milieu of some, but
not all, hippocampal dendritic spines.

The neuronal endoplasmic reticulum (ER), like that in most
non-neuronal cells, represents a principal part of the inner membrane system (Alberts et al., 1983; Broadwell and Cataldo, 1983,
1984; Lindsey and Ellisman, 1983a,b,c; Peters et al., 1991; Villa
and Meldolesi, 1994). In this system, the granular or rough endoplasmic reticulum is usually associated with ribosomes and synthesizes proteins and lipids. Transitional elements including the
Golgi complex, smooth endoplasmic reticulum (SER), and endocytotic and exocytotic shuttle vesicles are involved in the transfer
and export of membrane material, enzymes, and secretory vesicles. The end products of the internal membrane system include
the plasma membrane, synaptic and other secretory vesicles, mitochondria, peroxisomes, lysosomes, vacuoles, and other
membrane-bound organelles. In the nerve cell body and proximal
dendrites, the rough endoplasmic reticulum is prominent, whereas
in the distal parts of dendrites and dendritic spines, the SER
predominates. In various cells of different tissues, the SER is
thought to play important roles in the regulation of calcium and
chloride ions; in the transport of lipids and circulation of mem-

brane phospholipids and glycoproteins; in the metabolism of
lipids, lipoproteins, and glycogen; in the synthesis of steroid hormones; and in detoxification (Ghadially, 1982).
In neuronal dendrites, the regulation of calcium and transport
of materials constituting the plasma membrane and synapses are
likely to be the most crucial functions of the SER (Fifkova et al.,
1983; Broadwell and Cataldo, 1984; Villa and Meldolesi, 1994).
From a continuous network in the dendritic shafts, extensions of
SER enter dendritic spines and form a single tubule in some or a
specialized cisternal derivative called the spine apparatus in others (Gray, 1959; Peters et al., 1991). It has long been known that
dendritic spines come in rather distinct classes based on their
shapes (stubby, thin, mushroom, and branched) as well as on the
character of their synapse and subcellular organelles (Jones and
Powell, 1969; Peters and Kaiserman-Abramof, 1970; Peters et al.,
1991). Previous studies in cerebellum and visual cortex have also
shown a good correlation between the dimensions of SER and the
dimensions of dendritic spines or synapses (Spacek and Hartmann, 1983; Harris and Stevens, 1988; Martone et al., 1993).
Functional subcompartments of the ER system also have a heterogeneous distribution of specific receptors, pumps, and markers
for different parts of the protein synthesis and transport pathways
(Takei et al., 1992; Krijnse-Locker et al., 1995). Together, these
observations suggest that different spine types might perform
different subcellular functions depending on their subcellular
composition.
The present study was motivated by the current intense efforts
to understand the mechanisms of calcium regulation during synaptic transmission, synaptic plasticity, and second messenger sig-
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Figure 1. SER and spine apparatus in dendritic spines of hippocampal area CA1 at postnatal day 15. a, Cistern of SER (arrowhead) and b, vesicles of
SER (arrow) in stubby dendritic spines. (This image is a bit soft, because it was enlarged from the edge of a negative that was photographed at 4K.) c,
d, Adjacent serial sections through a spine apparatus (short thick arrow) in an emerging stubby-shaped dendritic spine with a perforated PSD on the spine
head. It is likely that this spine represents the precursor of mushroom-shaped spines in the adults. Scale bar (shown in d): 1.0 mm.

naling and in the pathophysiology of glutamate toxicity (Guthrie
et al., 1991; Muller and Connor, 1991; Choi, 1995; Clapham, 1995;
Murphy et al., 1995; Petrozzino et al., 1995; Rosen et al., 1995;
Yuste and Denk, 1995; Segal, 1995a,b; Svoboda et al., 1996; Yuste
and Tank, 1996). Although many of the functional studies have
been conducted on hippocampal CA1 neurons, to our knowledge,
no three-dimensional or quantitative studies of the SER have
been done in this brain region. Hence, the goal of this study was
to provide a quantitative analysis of the SER in dendritic spines
and the parent dendrites as a basis for understanding how this
organelle could be involved in the elevation and regulation of
calcium at hippocampal synapses. Preliminary results have been
presented in abstract form elsewhere (Harris and Spacek, 1995).

MATERIALS AND METHODS
Tissue processing. Serial electron micrographs (EM) were obtained in an
earlier study from the middle of stratum radiatum in hippocampal area
CA1 (Harris and Stevens, 1989; Harris et al., 1992). Three male rats of
the Long–Evans strain, two aged between postnatal day 14 –15 (referred
to as day 15) and one ;77 days old (referred to as adult), were used in
this study. Briefly, an intracardiac perfusion was performed under deep
pentobarbital anesthesia, with fixative containing 2% paraformaldehyde,
2.5% glutaraldehyde, and 2 mM CaCl2 in 0.1 M cacodylate buffer, pH 7.35,
378C, and 4 psi backing pressure from compressed gas (95% O2/5% CO2),
and then processed by our standard protocols for transmission electron
microscopy at a JEOL 1200EX electron microscope (Harris and Stevens,
1989; Harris et al., 1992; Harris, 1994). A combination of uranyl acetate
and lead citrate applied to the grids enhanced the staining of dense plates

and postsynaptic densities (PSDs); however, this combination of grid
stains was also prone to random areas of splotchy precipitate on the
sections. As a compromise, lead staining alone was used on the serial
sections that were analyzed quantitatively, including a total of three sets
of serial sections from day 15 and two sets from the young adult. These
were supplemented with shorter series having both grid stains for selective photography and to confirm observations made with lead staining
alone.
Chemical substances and several pathological conditions are associated
with variation in the appearance of the SER (Ghadially, 1982). Thus, the
dilation, vesiculation, and elaboration of the SER may reflect variation in
the functional state of specific dendritic spines and their synapses. The
SER is also one of the membranous organelles most sensitive to variation
in preparation. Its tubules may be artificially dilated or broken into
vesicles due to mechanical damage or hypotonic fixation; hence, care was
exercised to handle the tissue gently during all stages of processing, and
the fixative was slightly hypertonic. In addition, we used a mixture of
buffered osmic acid and potassium ferrocyanide to obtain optimal preservation of membranes (Karnovsky, 1971; Langford and Coggeshall,
1980). Our observations were made in brains that were perfused within 30
sec after death, suggesting that the spine apparatus is different from the
stacks of SER observed in Purkinje cells when prolonged periods (8 min)
of hypoxia precede perfusion (Takei et al., 1994).
Criteria for including and classifying dendritic spines in the unbiased
sample populations. All dendritic spines with their PSDs occurring on a
central, reference section of each series were included in the day 15 and
adult samples (See Harris et al., 1992). Dendritic spines were viewed
through serial sections and classified according to Peters and KaisermanAbramof (1970) into the four shape categories of thin, mushroom, stubby,
and branched spines. Spines were considered thin if their length was
greater than the neck diameter, and the diameters of the head and neck
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adjacent sections, and then outlines of the plasma membrane, postsynaptic densities, mitochondria and SER were traced and morphometric
data were determined using PC-based software developed at the Children’s Hospital Image Graphics Laboratory. Section thickness was determined previously, and volumes, surface areas, and lengths were computed
with the V8 software as described in Harris and Stevens, 1989; Harris et
al., 1992; and Harris, 1994. Three-dimensional visualization of dendritic
spines and their associated SER, spine apparatuses, and in some cases,
dendritic segments was achieved with ICAR software (ISG Technologies,
Ontario, Canada) or a PC-based Design CAD–3D software system
(American Small Business Computers) (Spacek, 1994). The threedimensional reconstructions from serial EMs enabled us to obtain a
detailed analysis of SER distribution and to calculate volumes and
surface areas as indicated in Results.

RESULTS
Ultrastructural appearance of the SER and
spine apparatus

Figure 2. Tubules and vesicles of SER in thin dendritic spines of the adult
hippocampus (CA1). a, Cistern of SER (arrowhead) entering from the
dendritic shaft into a short spine with a thin neck and ending at a free
vesicle of SER (arrow) in the spine head. b, Cistern of SER (arrowhead) in
the neck of a thin spine and free smooth vesicle (arrow) in the spine head.
c, Thin tubule of SER (arrowhead) ending in a flat cistern (open arrow) in
the spine head. Scale bar (shown in c): 1.0 mm.
were similar. For mushroom-shaped spines, the diameter of the head was
much greater than the diameter of the neck. Stubby spines had neck
diameters that were similar to the total spine length. Branched spines had
more than one head emerging from a single neck originating from the
dendrite.
Three-dimensional reconstructions and computations. Serial EMs, or
outlines of structures redrawn from them, were placed under a video
camera, and their images were captured in a PC-based frame grabber
(Vision-8, Insync Technologies, San Leandro, CA). The images were
microaligned by rapid switching between the stored and “live” images of

The day 15 spines usually contained some cisterns or vesicles of
SER (Fig. 1a,b). Rarely, a spine apparatus having two or more
cisterns of SER laminated with a dense-staining material was
found in a large stubby or mushroom-shaped dendritic spine with
a perforated PSD (Fig. 1c,d).
In the adult hippocampus, different spines contained more or
less SER depending on the spine size and shape. Thin tubules of
SER turned from the dendritic shafts and entered thin dendritic
spines where the SER either ended inside the neck or traversed
the neck up into the spine head and ended in a tubule, one or
more smooth vesicles (Fig. 2a,b), or a flat cistern (Fig. 2c). These
thin spines typically had macular PSDs characterized by a continuous surface when viewed through serial sections (see below).
Some segments of SER tubules were thinned down to the diameter of the microtubules (Fig. 2b,c), and they were detectable both
by the darker appearance of the SER when compared with the
microtubules and by the eventual connectivity of the SER tubule
with the SER network of the parent dendrite.
A dendritic spine apparatus is distinguished by the lamination
of cisterns or tubules of SER with dense staining material usually
called the inner and outer dense plates. The mature dendritic
spine apparatus was usually elaborated from a single narrow
tubule of SER (Fig. 3a) that then branched to form two or more
cisterns during its course along the neck or into the spine head
(Fig. 3b). The large spines containing a spine apparatus had
perforated PSDs, which are characterized by electron lucent regions separating portions of the PSD (Fig. 3b,d,g). The cisterns of
the spine apparatus were separated by dense-staining material
called dense plates (Fig. 3b). The length and diameter of the spine
neck were related to the character of the spine apparatus, such
that the shorter and wider the neck, the more proximal was the
first branching point and dense plate of the spine apparatus. In
some spines, the spine apparatus occupied much of the neck (Fig.
3c), whereas in others, a single tube traversed the neck and
elaborated into a spine apparatus in the head of the spine (e.g.,
see Fig. 8 below). In some of the mushroom spine heads, the spine
apparatuses were associated with a cluster of smooth vesicles (Fig.
3d). Mature spine apparatuses could also be observed beneath
wide stubby spines with perforated PSDs, which appeared to be
the precursors of the larger mushroom-shaped spines (Fig. 3e,g).
The cisterns of SER and/or the dense plates of most mature spine
apparatuses were found in close apposition to the side margins of
the PSD (Fig. 4a) or just beneath the edge of the PSD (Fig. 4b).
A thin projection of spine cytoplasm, called a spinule, often arises
from the perforation in the PSD and invaginates the presynaptic
axon (Figs. 3d, 4c). A PSD was never found on the spinule. When
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Figure 3. Mature dendritic spine apparatus. a, Spine apparatus (thick short arrow) elaborating from a single tubule of SER (arrowhead) in the dendritic
shaft. A coated vesicle (open arrow) occurs at the membrane of the spine head, and a double-walled coated vesicle (curved arrow) occurs in the presynaptic
bouton. See also Figure 5 for more discussion of this feature. b, Longitudinal section through a different spine apparatus clearly illustrating the lamination
of SER (straight arrows) with dense staining plates (wavy arrows). c, Cross section of a spine apparatus (thick arrow) in a spine neck. d, Cluster of smooth
vesicles (open arrow) in the head of a mushroom-shaped spine. This spine also contains a spine apparatus (thick filled arrow) and a spinule (wavy arrow)
projecting toward the presynaptic bouton. A coated vesicle occurs in the presynaptic axon at the tip of the spinule (wavy arrow). e– g, Alternate serial
sections through a spine apparatus (thick arrow) at the base of an emergent stubby dendritic spine that has a perforated PSD (two long arrows in g illustrate
two portions of the PSD). In the dendritic shaft, microtubules surround the cross-sectioned mitochondrion clearly delimiting the cytoplasm of the shaft
from the emerging spine, which has no microtubules, but instead contains only a web of filamentous material. Scale bars: a– g (shown in b and f ), 1.0 mm.
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Although mitochondria were extremely rare in CA1 dendritic
spines, the two we did see were in large spines that were not part
of the unbiased sample discussed below and in both cases, the
SER was closely associated with the mitochondrion as is typically
seen in the dendritic shafts (see also Spacek and Lieberman, 1980).

Evidence for endocytosis and exocytosis in
dendritic spines
Coated vesicles, double-walled vesicles, smooth vesicles, and multivesicular bodies (MVBs) are all part of the endosomal system
that is involved in membrane cycling in neurons and other cells.
Clathrin-coated pits occur at the plasma membrane and indicate
a site where endocytosis begins. Both coated vesicles and coated
pits were found in the dendritic spines and their presynaptic
boutons. The coated vesicles or pits were found in all spine types,
adjacent to the PSDs (e.g., Fig. 3a, open arrow) or at the side
opposite from the PSD budding into the dendritic spine heads
(Fig. 5a). Coated vesicles or pits were also found budding from
the plasma membrane of the presynaptic axon across from the tips
of spinules (Figs. 3d, 4c). In addition to the typical spinules found
in the perforations of PSDs located on mushroom-shaped dendritic spines, a reciprocal spinule was observed emerging from the
presynaptic bouton into the spine at the tip of which was a coated
vesicle into the spine. The frequent occurrence of coated vesicles
on the spinules is consistent with the hypothesis that spinules are
also involved in the processes of endocytosis and exocytosis.
Surprisingly, spinules were found on the heads of many thin spines
next to the macular PSD either projecting into the presynaptic
bouton or into an adjacent astrocytic process.
Double-walled vesicles occur when endocytosis involves the
incorporation of the plasma membrane from an adjacent process
into the vesicle created by the plasma membrane of the engulfing
process. Double-walled vesicles were observed both presynaptically (Fig. 3a, curved arrow) and along the necks of dendritic
spines (see Harris and Stevens, 1989, their Figs. 2e, 3e).
MVBs are considered to be secondary lysosomes involved in
digesting intracellular organelles or fused single- or double-walled
vesicles (Alberts et al., 1983). MVBs occurred in some of the adult
mushroom-shaped spines, where they appeared in close association with the spine apparatus (Fig. 5b). MVBs were also occasionally found in continuity with tubules of SER in the dendritic shaft
at the bases of spines.
Smooth vesicles could result from pinocytosis, uncoating of
endocytic vesicles, or budding from the SER. Smooth vesicles
occurred in the cytoplasm of the spine head (Figs. 1b, 2a,b, 3d),
adjacent to the spine plasma membrane (Fig. 5c), and fusing with
the plasma membrane (Fig. 5d). Together, these observations
provide strong evidence for considerable endocytotic and exocytotic activity in dendritic spines.

Figure 4. Association of spine apparatus with the PSD. a, b, A tubule of
SER from the spine apparatus is directed to the outer edge of the PSD
(arrows). c, The spine apparatus was never seen to be directed toward the
spinule separating the two portions of the PSD. The presynaptic axon
contains a coated vesicle at the tip of the spinule (arrow). Scale bar (shown
in c): 1.0 mm.

24 spinules were observed through serial sections (20 on adult
mushroom spines and 4 on day 15 mushroom spines), no SER was
ever observed immediately beneath or within the spinule (Fig. 4c).

Quantification of different types of SER in unbiased
samples of dendritic spines from area CA1
A total of 203 dendritic spines were analyzed through serial
sections (Table 1; see also Harris et al., 1989, 1992, for a description of the unbiased series sample method that was used previously to compare spine numbers by type across these two ages).
Thin, mushroom, and stubby spines occurred in approximately
equal proportions in the day 15 sample, whereas thin spines
predominated in the adult sample. The proportion of mushroomshaped spines was similar at both ages, but the stubby spines were
more frequent in the day 15 sample than in the adult sample. Five
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Figure 5. Ultrastructural evidence for local endocytosis and exocytosis in the spine heads. a, Coated vesicle invaginating the plasma membrane of a spine
head located away from the vicinity of the PSD. b, Membrane delimited MVB associated with the spine apparatus in the spine head. c, Smooth vesicle
in the spine head adjacent to the plasma membrane. d, Smooth vesicle fusing with the plasma membrane of the spine head. (This image is somewhat soft
because of enlargement from the side of a negative that was part of a longer series.) Scale bar (shown in d): 1.0 mm.

branched spines occurred in the adult, but none occurred in the
day 15 sample. At both ages, most of the spines had a macular
PSD. In the day 15 sample, 13 of the spines in the mushroom and
stubby categories had a perforated PSD; 4 of these PSDs had
spinules in the perforations. In the adult sample, 22 of the spines,
mostly in the mushroom category, had perforated PSDs, and 10 of
these also had spinules. All heads of the five branched spines in
the adult sample had macular PSDs.
The SER could be categorized according to varying degrees of
complexity as forming one or more smooth vesicles, one or more
tubules, or a fully elaborated spine apparatus. At day 15, 58% of all
dendritic spines contained at least one smooth vesicle or tubule of
SER, and in the adult, 48% of all spines contained some type of SER
(Fig. 6a). SER was found in 50% of the day 15 thin spines but in only
24% of the adult thin spines. SER was found in 77% of the day 15

mushroom spines and 93% of the adult mushroom spines. At day 15,
51% of the stubby spines had SER, whereas only one of the four
stubby spines in the adult sample contained SER.
In the day 15 sample, 28% of the spines contained one or more
smooth vesicles and 29% contained at least one tubule of SER. In
the mushroom and stubby categories, some spines had more than
one tubule, and occasionally (2%), a large stubby spine contained
a spine apparatus (Fig. 6b).
In the adult sample, 15% of the thin spines contained one or
more smooth vesicles, and ;9% contained a tubule of SER that
connected to the shaft SER (Fig. 6c). Of the 28 adult mushroomshaped spines, 82% contained a mature spine apparatus; all but 2
of these had perforated PSDs. Most of the mature mushroomshaped spines had a spine apparatus that traversed both the head
and the neck (57.1%), although 11% had the spine apparatus in

Table 1. Number of synapses analyzed in each category at each age
Day 15

Spine numbers
Macular PSDs
Perforated PSDs
Spinules

Adult

Total

Thin

Mushroom

Stubby

Total

Thin

Mushroom

Stubby

Branched

112
99
13
4

42
42
0
0

31
24
7
2

39
33
6
2

91
69
22
10

54
53
1
0

28
7
21
10

4
4
0
0

5
5
0
0
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Figure 7. Correlation between total PSD surface area and the number of
cisternae in the spine apparatus of mushroom-shaped dendritic spines in
the adult hippocampus (CA1). Linear regression analysis: r 5 0.6, SD 5
0.16, p , 0.003, n 5 22 different spines.

between the immature and mature samples, because, owing to the
labor-intensive nature of this work, we limited the quantitative
analyses to a single adult animal that had perfect tissue preservation. In this way, too, we could be sure that the differences
between spine types in the adult were not a consequence of
variations among animals, because all the spines came from a
single rat. We have also examined serial sections from hippocampal area CA1 of two other mature rats, and qualitatively, a similar
pattern occurred whereby spine apparatuses were observed in the
larger spines that had perforated synapses, whereas many of the
small thin spines had no SER.

Larger PSDs are associated with larger and more
complex spine apparatuses
The number of cisterns of the spine apparatus increased with the
total reconstructed area of the PSD (Fig. 7). Most adult spine
apparatuses had three cisterns and, as indicated above, 91% of the
mushroom spines with spine apparatuses also had perforated
PSDs. The highest number of cisterns we saw was eight, although
the spine containing this apparatus was not part of the unbiased
sample and, therefore, is not plotted in Figure 7.

Three-dimensional measurement of spine SER and
spine apparatus
Figure 6. Quantification of dendritic spines containing smooth vesicles,
tubules of SER, and/or a spine apparatus. a, Percentage of dendritic spines
containing SER in any form at both ages. b, Different forms of SER in
dendritic spines at day 15. c, Different forms of SER in the adult spines.
(There was a numerical error for the SER in thin spines in Harris and
Spacek, 1995; the data in these graphs are correct.)

the spine head only, and 14% had the spine apparatus in the spine
neck only. Approximately 39% of the adult mushroom spines also
had smooth vesicles, and 7% contained only one or more tubules
of SER but no dense plates. The one adult stubby spine contained
a single tubule of SER. Two of the adult branched spines contained smooth vesicles, two contained tubules of SER, and one
did not have any SER in it (for simplicity these data are not
graphed in Fig. 6).
It was obviously not possible to make statistical comparisons

Three-dimensional reconstructions (Fig. 8) and volumetric measurements were obtained for representative dendritic spines and
the SER or spine apparatus they contained (Table 2). At both
ages, the cisterns and vesicles of SER occupied only 2–3.5% of the
total spine volume. The volume of the dense plate material
measured only 0.001 mm3 in the adult mushroom-shaped spine
(M1 in Table 2); however, because of the difficulty of tracing this
component, it was not measured in the other spines. The convoluted membranes of the SER had total surface areas ranging from
0.12 mm2 in the adult thin spine to 2.19 mm2 for the largest spine
apparatus in the adult mushroom-shaped spine (M3 in Table 2).
This membrane area was substantial and ranged from 12 to 40%
of the value found for the entire plasma membrane of the spines
(Table 2).
The cross-sectional areas of SER profiles were measured in the
spine necks where they averaged 7–9% for the fully reconstructed
spines (Table 2). The cross-sectional area of SER profiles were

Spacek and Harris • Endoplasmic Reticulum in Hippocampal Dendritic Spines

J. Neurosci., January 1, 1997, 17(1):190 –203 197

Figure 8. Three-dimensional reconstructions of dendritic spines, dendrites, and the SER they contained. a, An adult mushroom-shaped spine with a perforated
PSD, which is adult spine M1 in Table 2. b, The reconstructed spine apparatus of the spine in a is oriented to illustrate three forks of “purple” SER interdigitating
with “red” dense plates. This spine apparatus originates from a thin tubule of SER near the base of the spine. The spine apparatus traverses the top half of the
spine neck as well as part of the enlarged spine head. In addition, there are a couple of free smooth vesicles in the spine head. c, d, Day 15 dendritic segment
where the top thin spine was graphically removed from the dendrite to obtain the quantitative values for the day 15 spine T in Table 2. Figure legend continues.
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Table 2. Spine, SER, and spine apparatus (SA) dimensions

Age and
spine shape
Day 15
T
S
M
Adult
T
M1
M2
M3
M1 neck
M2 neck
M3 neck

PSD
area
(mm2)

Spine
volume
(mm3)

SER or SA
volume
(mm3)

%
Spine
volume

Spine
membrane
area (mm2)

SER or SA
membrane
area (mm2)

% Spine
membrane
area

0.05
0.19
0.48

0.10
0.24
0.43

0.0032
0.0083
0.0093

3.2
3.5
2.2

0.98
1.95
2.98

0.22
0.38
0.62

23
20
21

0.13
0.25
0.50
0.79
n/a
n/a
n/a

0.06
0.25
0.38
0.64
0.03
0.01
0.10

0.0014
0.0070
0.0110
0.0220
0.0028
0.0008
0.0080

2.4
2.8
2.9
3.4
8.6 6 5.2
7.0 6 4.7
9.4 6 3.6

0.98
2.48
3.71
5.42
0.56
0.34
1.20

0.12
0.90
1.27
2.19
0.34
0.10
0.64

12
36
34
40
61
28
53

At each age, the values are arranged down the table in the order of increasing PSD area. Some of these spines are visualized in Figure 8, as indicated in its legend.

also measured in the cross-sectioned necks of 15 additional
mushroom-shaped spines and expressed as the percent of the neck
profile area. In these spines, SER profiles occupied from 7%,
where a single thin tubule occurred, up to 21%, where the cisterns
of spine apparatus were located in the spine neck. When the
intercisternal dense plates were also added to the cisterns of SER,
the spine apparatus occupied up to 36% of the spine neck crosssectional area (e.g., see Fig. 3c).

Relationship of the SER in the dendritic shafts to
spines and synapses along their lengths
Representative reconstructions were obtained from portions of
day 15 and adult hippocampal dendritic segments. On visualization, it appeared that the amount of SER in the parent dendritic
shaft was elevated in regions where dendritic spines originated
from the shaft (e.g., Fig. 8d,f ). To test this hypothesis, the SER
was quantified by summing the areas of its profiles in each section
of six dendritic segments from the adult hippocampus (Table 3,
Fig. 9). Each dendritic segment was then divided into discrete
segments with and without spines. Dendritic spines were found to
cluster, ranging from one to eight spines per cluster with sections
having no spine origins delimiting each cluster. The correlation
between spine number and the cumulative amount of SER in the
dendritic shaft beneath each cluster or delimiting region was
determined using Lotus 1,2,3 software. For example, in Table 3,
dendrite 1 (D1) was 0.5 mm in diameter and had 14 thin spines, 3
mushroom spines, and 1 shaft synapse along its length of 3.1 mm
(42 serial sections, each 0.073 mm thick). On average, 8.2 6 3.5%
of the area of each cross-sectioned profile of D1 was filled with
SER. Dendrite 1 had 12 discrete spine clusters and delimiting
regions, and the amount of SER in the dendritic shaft correlated
with the number of spines in the cluster or 0 spines in the
delimiting region (r 5 0.87, p , 0.0005) (Table 3, Fig. 9a). For five
of the six dendritic segments, the correlations were high and
reached statistical significance (Table 3). The distribution of the
percentage of the dendritic shaft occupied by the SER paralleled

the areal measurements of the SER in each section, because the
dendritic segments were of relatively uniform diameter along their
lengths. In fact, Figure 9b illustrates dendrite 6, which was twice as
wide as dendrite 1, yet the amount of SER in dendrite 6 was less.
Nevertheless, the correlation between the nonuniform distribution of SER and number of spine/synapse origins along the length
of dendrite 6 was just as good (0.94, p , 0.001) as for dendrite 1.
These observations suggest that the nonuniform distribution of
the SER in the dendritic shaft is influenced by synaptic activity
originating at the spine heads.

DISCUSSION
The dimensions of the SER and spine apparatuses were proportional to overall spine and synapse size. The highly convoluted
membranes of the SER tubules both in the spine and in the parent
dendrite provide significant area for modifying spine and synaptic
structure (Jones and Harris, 1995), for elevating and regulating
calcium in spine heads and dendrites, for preventing calciuminduced excitotoxicity in the dendrites (Harris and Kater, 1994;
Segal, 1995a), and for initiating a calcium signal that might ultimately regulate gene expression at the nucleus (Rosen et
al., 1995).

Evidence that spine apparatuses are associated
primarily with perforated PSDs
As in other brain regions, the spine apparatus in hippocampal
area CA1 appeared in large dendritic spines that possessed perforated PSDs and was absent in small spines with macular PSDs
(Gray, 1959; Jones and Powell, 1969; Peters and KaisermanAbramof, 1970; Spacek and Hartmann, 1983; Spacek, 1985; Harris and Stevens, 1989; Harris et al., 1992). This association was
also valid in branching spines of the hippocampal CA3 region
(Chicurel and Harris, 1992) and in the thalamic nuclei (Spacek
and Lieberman, 1974). The SER and/or dense plates of the spine
apparatus occurred in close apposition to the margins of the PSD
and, thus, may serve to expand its surface during synaptic plastic-

4
Similarly, the bottom large spine was graphically edited, and it is day 15 spine S in Table 2. e, f, Adult dendritic segment where the top left mushroom
spine has an elaborate spine apparatus that both traverses the spine neck and expands into the enlarged head. This spine was graphically edited from the
dendrite and is adult spine M3 in Table 2. The dendritic segments and spines are illustrated in gray, the PSDs are red, the SER is light purple, and the
mitochondria are large yellow organelles in the center of the dendritic shafts. The SER occurred in continuity with the mitochondria within the dendritic
shafts. Scale bars: a, b, 1 mm; c–f, 1 mm (between the reconstructed dendrites).
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Figure 9. Relationship of SER cross-sectional areas to the distribution of dendritic spines and synapses along (a) dendrite 1 and (b) dendrite 6 from Table
3. The y-axes are the section number, and the thickness of each bar is adjusted to match the relative difference in section thickness. The x-axes are the
summed cross-sectional areas of SER in each section of dendritic shaft. The three-dimensional reconstruction of SER in dendrite 1 also shows the
nonuniform distribution along the dendritic shaft. Figure legend continues.
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Table 3. Correlation between SER in segments of reconstructed dendritic shafts and the number of spine or synapse origins occurring in discrete
locations along their lengths

Dendrite

Segment
diameter
(mm)

Segment
length
(mm)

Types of spines
or synapses
(no.)

% Dendritic
shaft filled
with SER
(mean 6 SD)

Spine clusters
and delimiting
regions
(no.)

Correlation (r) between
shaft SER and spine
or synapse number in
a cluster

D1
D2
D3
D4
D5
D6

0.5
0.5
0.5
0.5
0.5
1

3.1
3.2
1.5
3
3.1
3.6

14T, 3M, 1Sh
11T, 2M
5T, 1Br
14T, 1M, 1Br
9T, 1S, 1Sh
20T, 3M

8.2 6 3.5
5.2 6 2.6
2.4 6 1.2
5.1 6 2.1
6.6 6 3.8
4.4 6 2.5

12
12
4
18
10
14

0.87, p , 0.0005
0.68, p , 0.01
0.93, p , 0.05
0.38, p 5 0.06
0.92, p , 0.0005
0.94, p , 0.001

df equaled the number of discrete spine clusters and delimiting regions minus 2. T, Thin; M, mushroom; S, stubby, Br, branched spines; Sh, shaft synapse. Section thickness
for D1 5 0.073 mm, and section thickness for D2–D6 5 0.055 mm.

ity (Jones and Harris, 1995). When a spine apparatus occurred in
a CA1 dendritic shaft, the emerging stubby spine found near to it
had a perforated PSD. In some brain regions, dendritic spines
contain a reticular network of SER but no spine apparatus [e.g.,
Purkinje spiny branchlets (Harris and Stevens, 1988; Martone et
al., 1993)]. All of these Purkinje spines had macular PSDs (Harris
and Stevens, 1988), which supports the hypothesis that spine
apparatuses are not associated with nonperforated PSDS.
Whereas the association between perforated PSDs and spine
apparatuses seems to be obligatory (or nearly so) in adult hippocampus and neocortex (Spacek and Hartmann, 1983), this
relationship may not hold for all sites on the neuron nor during
development. For example, a “cisternal organelle,” which is morphologically identical to the spine apparatus, occurs in the axonal
hillock of cortical pyramidal neurons beneath axo-axonic synapses
that have symmetrically thin presynaptic and postsynaptic densities that are not perforated (Peters et al., 1991; Benedeczky et al.,
1994). Conversely, perforated PSDs on dendritic shafts of hippocampal dentate granule cells had no spine apparatuses (Geinisman et al., 1987). During development in both hippocampal area
CA1 and neocortex, the perforated PSDs were usually not associated with spine apparatuses (Westrum et al., 1980; Harris et al.,
1989, 1992; Itarat and Jones, 1992). These results suggest that
perforated PSDs can form before the spine apparatus, but once
the spine emerges from the dendrite, the apparatus goes with it or
is elaborated within the spine head.

Involvement of the SER and spine apparatus in
endocytosis and exocytosis and synaptic remodeling
Endocytic activity was demonstrated in spines by the presence of
coated vesicles, double-walled vesicles, and MVBs. Synaptic
spinules (Westrum and Blackstad, 1962; Tarrant and Routtenberg, 1977) frequently had coated vesicles on their tips and appeared to be involved in endocytosis on the presynaptic side.
Exocytosis was suggested by smooth vesicles fusing with the
plasma membrane, although these might have been pinocytotic.
The first interpretation is favored, because it provides a postsynaptic mechanism for insertion of receptors and other transmembrane molecules in an activity-dependent manner (Alberts et al.,
1983; Maletic-Savatic et al., 1995). Whether the small smooth

vesicles also contain releasable signals in their lumen remains to
be determined. In addition, the SER and/or dense plates of the
spine apparatus, found in close apposition with the edge of the
PSD, might also serve to expand the PSD during synaptic plasticity (Jones and Harris, 1995).

Impact of the SER and spine apparatuses on the
electrotonic properties of spine necks
Theoretical considerations of dendritic spines have emphasized
that one key to understanding their function is to determine the
resistance of the spine neck. This resistance will depend on neck
length, cross-sectional area, cytoplasmic resistivity, and internal
organelles (Wickens, 1988). The SER in CA1 spines occupied
,4% of the spine volume. Mushroom spine necks had the most
SER, with up to 36% of the cross-sectional area filled by a spine
apparatus. Nevertheless, realistic models suggest that even this
occupancy would have a small or transient impact on electrotonic
charge transfer from the synapse to the parent dendrite (Wilson,
1984; Brown et al., 1988; Harris and Stevens, 1988; Wickens, 1988).

Regulation of calcium in dendritic spines and
parent dendrites
Calcium can reach 20 – 40 mM in CA1 spine heads during tetanic
stimulation of their synapses (Petrozzino et al., 1995). After a
single synaptic event, the calcium remained high in the CA1 spine
heads for at least 100 msec before shaft levels also became
elevated above the baseline concentration of much less than 1 mM
calcium (Segal, 1995b; Svoboda et al., 1996). After repeated
synaptic activation, calcium remained high in the spine heads for
seconds (Petrozzino et al., 1995). These results show that calcium
is compartmentalized in CA1 spine heads after synaptic activation. The peak calcium occurring in a particular spine head will be
sensitive to spine dimensions, cytoplasmic buffering, and the modulation of calcium via release from the SER, via sequestration into
the SER, or from extrusion, via the Na1/Ca21 exchange on the
plasma membrane (Holmes and Levy, 1990; Zador et al., 1990;
Gold and Bear, 1994; Woolf and Greer, 1994).
The volume percentage of SER in spines ranged from 2 to 4%,
which is consistent with other cell types in which the SER is also

4
On the left is a schematic illustration of where the origins occurred for thin spines (thin line for the neck and filled black circle for the head), mushroom
spines (hatched neck and filled oval head), a branched spine (at the top of dendrite 6), and a shaft synapse (thin vertical line between sections 22 and 26
of dendrite 1). For simplicity, all thin spines were positioned on the left, and all mushroom spines and shaft synapses were positioned on the right of the
illustration. The hourglass-shaped spine necks spanned from 1 to 10 sections at their origins with the parent dendrite.
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thought to regulate calcium (Alberts et al., 1983; Bundgaard,
1991). Several approaches have found calcium or its precipitates
to be high in SER and spine apparatuses (Burgoyne et al., 1983;
Fifkova et al., 1983; Andrews and Reese, 1990; Buchs et al., 1994).
Receptors for IP3 have been located along the SER membranes in
cerebellar dendrites and spines (Mignery et al., 1989; Villa et al.,
1992), and ryanodine receptors occurred on SER in the dendrites
only (Ellisman et al., 1990). Activation of these receptors leads to
release of calcium from intracellular stores. The SER membranes
in cortical dendritic spines have calcium ATPases, which mediate
reuptake of calcium (Cohen and Kriho, 1991), and cerebellar
spine SER contains calsequestrin, a low-affinity, high-capacity
calcium buffer (Takei et al., 1992). Similarly, the large CA1 spines
could release and sequester calcium via their intracellular stores
of SER.
Only 24% of the adult thin spines contained any form of SER,
suggesting that calcium is regulated by some mechanism not
involving the SER. A candidate mechanism is cytoplasmic buffers,
such as calbindin (Ellisman et al., 1990). If calcium buffers are
affective in small hippocampal spine heads, then free calcium is
unlikely to diffuse .;0.1 mm (Allbritton et al., 1992). Because
thin spines are usually .0.5 mm long, it is unlikely that synaptic
calcium will leave the thin spine heads.
Local elevation of calcium at one point on a cell can result in a
propagating wave of calcium throughout the cell (Cornell-Bell et
al., 1990; Clapham, 1995). The site where calcium is first elevated
has been called the elementary point source (Bootman and Berridge, 1995). In neurons, it will be important to identify whether
elementary point sources of calcium are found in the dendrites,
because calcium is required to initiate gene expression in response
to synaptic activity (Rosen et al., 1995; Finkbeiner and Greenberg,
1996). It seems likely that calcium released from intracellular
stores will be needed to overcome the cytoplasmic buffering.
Calcium entry during synaptic activation on spine heads might
initiate release of calcium from the SER if IP3 is also generated
via activation of G-proteins, such as those associated with the
metabotropic glutamate receptors (Baude et al., 1993; Nusser et
al., 1994). Because IP3 can diffuse up to 24 mm (Allbritton et al.,
1992), it could readily activate release of calcium stores either in
the spine head or from the SER in the parent dendritic shafts. We
suggest that the large hippocampal spines are the best candidates
to be sources of calcium, because they contain large stores of
intraspine SER.
When calcium reaches moderately high concentrations, which
should be easy to achieve in the limited volume of even a relatively
large spine head (,0.2 mm3) (Harris and Stevens, 1989), second
messenger systems principally involving protein kinases lead to
the phosphorylation of specific proteins (Rosen et al. 1995). The
local effect can be a modification of synaptic strength, for example, by changing the properties of specific glutamatergic receptors
(Kennedy, 1989). Structural changes in the spine could also occur
rapidly, because the spines contain an abundance of actin (Fifkova
and Morales, 1989; Morales and Fifkova, 1989). At higher concentrations, reuptake into SER or extrusion via the plasma membrane would return calcium to its normally low levels in the spine
cytoplasm, thus ending the synaptic event. This exquisite control
of calcium in dendritic spines can protect the dendrites from high
calcium, which could detubulate microtubules and devastate dendritic structure (Harris and Kater, 1994; Segal, 1995a) while
facilitating the moderate elevation in calcium needed during normal synaptic transmission and plasticity.
If the calcium released from the SER in the spine head could
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initiate release of calcium in the dendritic SER, then a calcium
signal might ultimately spread to the nucleus via the SER, which
is known to be contiguous with the nucleus. In this way, the
elevation of calcium during synaptic potentiation might be sufficient to alter gene expression of the neuron, even though free
calcium is unlikely to diffuse .0.1 mm (Allbritton et al., 1992;
Rosen et al., 1995; also see Deisseroth et al., 1996).

Concluding remarks
These measurements of the SER and the spine apparatus show
how well suited they are to modulate the intracellular milieu of
hippocampal dendritic spines and their synapses. The continuity
between SER in the spines and SER of the dendrites provides a
simple mechanism whereby a calcium signal generated at the
synapse could induce new gene expression at the soma, hundreds
of microns away. Future work should determine whether large
spines are elementary point sources of synaptic calcium, whether
these organelles are affected by synaptic plasticity, and whether
the composition of synapses and SER or spine apparatuses is
similar, to determine their role in the structural modification of
spines and synapses. Continued efforts along these lines will be
important for understanding how each component of the dendritic spine modulates synaptic function.
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