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Abstract 

Dendritic spines of rat neostriatal neurons were examined by light microscopy and high voltage 
stereo electron microscopy (HVEM) following selective staining by intracellular microinjection of 
horseradish peroxidase. Conventionally prepared material also was used for quantitative analysis of 
dendritic spines from serial thin sections of neostriatum. Stereo electron microscopy of semithin 
sections from rat neostriatum fixed using a protocol designed to preserve cytoskeletal integrity was 
employed to examine the organization of the dendritic spine cytoplasm. 

Light microscopic and HVEM examination of spiny dendrites and quantitative analysis of serial 
thin sections from normal material revealed no distinct spine types but rather continuous and 
independent variation of spine head diameter, stalk diameter, and stalk length. Likewise, there was 
no systematic relationship between any of these spine dimensions and dendritic diameter. Spine 
head membrane surface area was directly related to the area of the synaptic junctional membrane 
of the spine head. In semithin sections, the cytoplasm of the spine contained membranous saccules 
of spine apparatus and a delicate cytoskeletal network composed of microfilaments and a set of finer 
and more variable cytoskeletal filaments. It is proposed that this cytoskeletal network together with 
the spine apparatus is responsible for the maintenance and alteration of spine shape and in this way 
controls the effectiveness of axospinous synapses. 

Dendritic spines are a common form of postsynaptic 
specialization found on many types of neurons in wide- 
spread regions of the central nervous system. In certain 
brain structures, most noticeably in cerebral and cere- 
bellar cortices, hippocampus, and neostriatum, axospi- 
nous synaptic contacts are highly concentrated on one or 
more particular populations of neurons and may repre- 
sent the predominant type of interneuronal junction on 
those cells. Likewise, certain afferent fiber systems in 
these brain regions tend to contact dendritic spines pref- 
erentially, while others are excluded from making such 
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synapses. This rigid arrangement of synapses has sug- 
gested to many investigators that dendritic spines may 
play a functional role in the integration of afferent activ- 
ity in those neuron types characterized by a high density 
of axospinous contacts (Chang, 1952; Diamond et al., 
1970; Llinas and Hillman, 1969; Rall, 1974; Ramon y 
Cajal, 1911; Shepherd and Brayton, 1979). Supportive 
evidence for the functional importance of dendritic spines 
has come from descriptive studies of alterations in spine 
morphology upon changes in environmental conditions 
(Coss and Globus, 1978; Globus and Scheibel, 1967; Val- 
Verde, 1967), central nervous system pathology (Purpura, 
1974), or experimentally induced alteration of axospinous 
synaptic transmission (Fifkova and Van Harreveld, 1977; 
Van Harreveld and Fifkova, 1975). The possibility that 
dendritic spine shape and size may directly determine 
the effectiveness of synaptic transmission at individual 
synapses has been proposed from theoretical considera- 
tion of the passive electrical properties expected to result 
from such geometrical arrangements of neuronal mem- 
brane (Diamond et al., 1970; Jack et al., 1975; Rall, 1974; 
Shepherd and Brayton, 1979). Observations of morpho- 
logical changes accompanying experimentally produced 
long-term synaptic potentiation in the hippocampus have 
demonstrated a temporal coincidence of spine shape 
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alteration and changes in the strength of synaptic trans- 
mission (F&ova and Anderson, 1981; Fifkova and Van 
Harreveld, 1977; Van Harreveld and Fifkova, 1975). (For 
an alternative view, however, see Lee et al., 1980.) 

Regardless of whether changes in dendritic spine size 
or shape do occur under normal circumstances, it is 
possible that rather small constant differences in spine 
geometry could influence the effectiveness of transmis- 
sion at individual synapses on a neuron. Systematic 
differences in spine distribution and geometry have been 
reported for different regions of dendritic trees of some 
neurons in the hippocampus (Laatch and Cowan, 1966), 
cerebral cortex (Jones and Powell, 1969; Peters and Kai- 
serman-Abramof, 1970), and optic tectum of fish (Coss 
and Globus, 1978). In all of these cases, however, the 
dendritic trees of the spiny neurons cross through the 
axonal fields of different afferent systems. Thus differ- 
ences in the geometry of spines placed on small distal 
dendrites and those on larger proximal portions of the 
dendritic tree might be related to position on the neuron, 
dendritic diameter, or the nature of the afferent inner- 
vation at that level. 

A less complicated arrangement for the study of axo- 
spinous synapses is available in the mammalian neostri- 
atum. This region is characterized by the preponderance 
of a single morphological cell type possessing a high 
density of dendritic spines. The three largest sources of 
extrinsic afferents to neostriatum, the cerebral cortex, 
intralaminar thalamic nuclei, and substantia nigra, form 
most of their contacts with the spines of this neuron 
(Chung et al., 1977; Groves, 1980; Hassler, et al., 1978; 
Hattori et al., 1973; Kemp and Powell, 1971c, d). At least 
the cortical and thalamic afferents appear to share a 
common distribution along the dendrites of the cells 
(Kemp and Powell, 1971d), which themselves have no 
preferred orientation (DiFiglia et al., 1976; Fox et al., 
1971/1972; Kemp and Powell, 1971a; Preston et al., 1980; 
Ramon y Cajal, 1911; Wilson and Groves, 1980). The 
dendritic spines of the neurons apparently are identical 
in structure to those of the more elaborate spiny neurons 
found in the cerebral cortex (Kemp and Powell, 1971b; 
Pasik et al., 1976; Tarrant and Routtenberg, 1977). 

In the experiments reported here, the distribution 
shape, shape variations, synaptic arrangements, and cy- 
toplasmic components of dendritic spines have been ex- 
amined in material prepared from rat neostriatum using 
a variety of techniques. Variation of shape and size 
parameters which could affect synaptic transmission was 
analyzed quantitatively, and a possible cellular mecha- 
nism for the maintenance and alteration of spine shape 
is presented. 

Materials and Methods 

Intracellularly labeled neurons, Rat neostriatal neu- 
rons were stained intracellularly with horseradish per- 
oxidase (HRP) in the course of intracellular.recording of 
their spontaneous and evoked electrical activity (Chang 
et al., 1981; Wilson and Groves, 1980, 1981). Brains from 
these animals were fixed by intracardial perfusion with 
a mixture of aldehydes in 0.15 M phosphate buffer (pH 
7.4) and Vibratome sections through the neostriatum 

were collected and processed for demonstration of per- 
oxidase activity. Sections containing injected neurons 
were postfixed in osmium tetroxide and section em- 
bedded in Spurr’s resin for sequential light and electron 
microscopy as described elsewhere (Chang et al., 1981; 
Wilson and Groves, 1979). 

Light microscopic analyses of dendritic spine distri- 
butions were performed on a Leitz Orthoplan microscope 
using a x100 oil immersion objective and a X10 measur- 
ing eyepiece. Slides and coverslips were removed from 
sections intended for high voltage electron microscopy. 
Areas containing intracellularly stained neurons were 
remounted on blocks of plastic and sectioned on an 
ultramicrotome at 3 to 5 pm using a dry glass knife 
(Favard and Carasso, 1973). Sections containing spiny 
dendritic processes were mounted on 50 mesh folding 
copper grids and coated on both sides with carbon. They 
were examined unstained at 1000 kV on the high voltage 
electron microscope at the University of Colorado at 
Boulder. 

Serial sections. Serial thin sections were obtained from 
blocks of rat neostriatum fixed in 4% formaldehyde/l% 
glutaraldehyde in 0.15 M phosphate buffer (pH 7.4), post- 
fixed in 1% osmium tetroxide, stained en bloc in 0.5% 
aqueous uranyl acetate, and embedded in Epon/Araldite. 
Ribbons of from 30 to 100 consecutive sections were 
mounted on Formvar-coated slotted grids and stained 
with lead citrate (Venable and Coggeshall, 1965). Den- 
dritic spines to be used in the quantitative analysis were 
analyzed from photographs printed with a final magnifi- 
cation of ~25,000 and were required to be completely 
contained within a series of photographs from consecu- 
tive sections. Profile cross-sectional areas, synaptic ap- 
positional lengths, and perimeters were measured using 
a digitizing tablet connected to a PDP-11 computer. 
Volumes and surface areas were calculated using an 
average section thickness for the series determined by 
using section interference colors. 

Semithin sections. For analysis of the organization of 
the dendritic spine cytoplasm, rats were heavily anesthe- 
tized with sodium pentobarbital and perfused intracar- 
dially with warm (37°C) Krebs-Ringer solution contain- 
ing 135 mM NaCl, 5 InM KCl, 1 mM MgCl, 1.25 mM 

Na2HP04, 15 mM NaHC03, 11 mM glucose, 2 mM EDTA, 
and 0.1% hydrogen peroxide and 0.33 gm/liter of GTP 
added just before use. The solution was brought to pH 
7.2 just before use by bubbling with 95% oxygen/5% 
carbon dioxide and was perfused for a period of from 1 to 
5 min prior to fixation. This solution was followed by 
perfusion with 2% glutaraldehyde/2% formaldehyde in 
the same solution for 15 to 20 min, after which the brain 
was removed and left in fixative overnight at 4°C. Blocks 
from neostriatum were removed and postfixed for 1 hr in 
a solution of 1% osmium tetroxide/l.5% potassium ferri- 
cyanide in 0.15 M cacodylate buffer (pH 7.2) (Langford 
and Coggeshall, 1979). Blocks then were stained en bloc 
with 0.5% aqueous uranyl acetate for 12 to 16 hr, dehy- 
drated in ethanol and propylene oxide, and embedded in 
Epon/Araldite. Sections ranging from 100 to 250 nm in 
thickness were mounted on uncoated 300 mesh grids, 
stained in aqueous uranyl acetate and lead citrate, and 
examined at 100 or 1000 kV. 
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Results 

Distribution of dendritic spines. The characteristic 
features of spiny neostriatal neurons as observed after 
intracellular HRP injection have been described else- 
where (Chang et al., 1981; Preston et al., 1980; Wilson 
and Groves, 1980). The most useful single characteristic 
for identification of these neurons is the very heavy 
investment of dendritic spines on the distal dendrites and 
their absence on the most proximal dendrites and somata. 
An example showing this characteristic distribution of 
dendritic spines is shown in Figure la. The photomon- 
tage in that figure shows a smooth dendrite arising from 
the soma of an injected neuron and bifurcating within 
the first few micrometers of its course. One of the result- 
ing branches, which is maintained in focus in the photo- 
montage, is unbranched over the remainder of its length. 
As indicated in that example, the dendrites of spiny 
neurons generally were between 0.5 and 1.0 pm in diam- 
eter, tapered very gradually with length, and underwent 
their major diameter changes at branch points and near 
the end of the dendrites. In contrast to dendritic diame- 
ter, spine density was very sensitive to distance from the 
soma, increasing rapidly over the initial spiny portion of 
the dendrite to reach a peak value, after which there was 
a steady decline. This pattern of dendritic spine density 
is the same qualitatively as that reported previously for 
spiny neostriatal neurons in the cat (Kemp and Powell, 
1971d) and monkey (Pasik et al, 1976). Quantitative 
measurement of dendritic spine densities at various parts 
of the dendritic field was performed on five spiny neurons 
for which at least four dendrites were completely con- 
tained in a single 50-pm section containing the soma. 
Although possibly introducing some bias in favor of short 
dendrites, this restriction made it possible to measure 
spine densities with only occasional small corrections for 
dendritic foreshortening due to variation in depth within 
the plane of the section. Spine heads were counted for 
lo-pm segments beginning from the soma and continuing 
to the end of the dendrite. At least four dendrites were 
studied for each neuron included in the sample to allow 
assessment of variation in spine density along individual 
dendrites, across dendrites on the same neuron, and 
among neurons. Because of the small diameter of the 
dendrites of striatal neurons and because the HRP-la- 
beled dendrites used for these measurements were not 
entirely opaque, spines arising from all angles appeared 
to be visible, suggesting that correction for the proportion 
of spines obscured by the dendrite might not be required. 
The extent to which spine densities are underestimated 
due to the silhouette of the dendrite in tissue sections 
depends upon dendritic diameter and on the length and 
diameter of the spines (Feldman and Peters, 1979). Since 
these all may vary systematically with distance from the 
soma, the extent to which such errors of estimation occur 
is of importance for quantitative studies. Examples show- 
ing the appearance of the dendrites and spines as ob- 
served through focus are shown in Figure 1, b to d. Figure 
lb shows micrographs taken at three focal planes through 
a dendritic termination. Several dendritic spines of var- 
ious morphology arise from the final, sharply tapered 
portion of the dendrite. The dendritic segment shown in 
Figure lc was located at a distance of approximately 70 

pm from its cell body of origin and illustrates the ap- 
pearance of a dendrite at its region of maximal spine 
density. Although the dendrite at this level is of some- 
what larger diameter than the one shown in Figure 1 b 
(about 1 pm), the micrographs taken at focal levels on 
both sides of the dendritic shaft reveal dendritic spines 
arising at all angles around the dendrite. In Figure Id, 
the appearance of a dendrite near its origin is shown. In 
this initial spine-sparse region of the dendrite, dendritic 
diameter and opacity are both high and the accuracy of 
spine density estimates is much more doubtful. Spine 
densities approach zero in this region, however, making 
such an error relatively insignificant for the overall dis- 
tribution of dendritic spines (Fig. 2). 

The results of spine density measurements for five 
neurons are shown in Figure 2. In all cells, the same basic 
pattern of spine distribution was obtained. Spine densi- 
ties were extremely low (0 to 4/10 pm) over the first 20 
pm of dendritic length for all cells, with an overall mean 
of 0.5/10 pm of dendrite. Dramatic increases always were 
observed in the region of from 20 to 60 pm from the 
soma, with peak spine density occurring at a distance of 
from 50 to 100 pm. The overall shape of the spine distri- 
bution was simple and unimodal, and spine densities 
always decreased with distance from the soma in the 
distal portions of the dendritic field. 

Variation among dendrites on individual neurons and 
variation among neurons can also be seen in Figure 2. 
Variation among dendrites on single neurons was sur- 
prisingly small. In contrast, variation in overall spine 
density was quite marked among neurons, with peak 
spine densities varying from 22 to 40/10 ,um of dendritic 
length (Fig. 2f). 

Spine shape and shape variation. Light microscopic 
examination of dendritic spines revealed no systematic 
variation of spine shape or size along the dendrites of the 
neurons. While there were occasional spines observed on 
the usually spine-free portions of the neurons (somata, 
axon initial segments, and proximal dendrites) and these 
were smaller and more sessile than those found in spiny 
regions of the dendrites, spines of all sizes and shapes 
were found at all positions along the heavily spine-laden 
portion of the dendrites (e.g., Fig. la). Most spines ap- 
peared to be simple and pedunculated in shape with 
clearly defined rounded heads and relatively long, thin 
stalks. The sizes of both stalk and head regions varied 
noticeably from spine to spine, but the resolution of the 
light microscopic preparation was insufficient for a quan- 
titative analysis of spine shape. 

To obtain the necessary resolution in HRP-injected 
neurons, some labeled spiny dendrites were examined in 
3- to 5-pm-thick sections prepared for high voltage elec- 
tron microscopy. Because the material used for this 
purpose had been postfixed in osmium tetroxide, the 
HRP reaction product was heavily impregnated with 
osmium black and the HRP-labeled cell processes were 
strongly electron dense. Unlabeled tissue surrounding 
the selectively stained elements showed a moderate den- 
sity due to osmium fixation, but only the most heavily 
osmiophilic tissue landmarks could be recognized (e.g., 
myelinated fibers) due to the section thickness and the 
absence of other electron-dense stains. Examples of spiny 



Figure 1. Light microscopic appearance of dendritic spines on intracellularly stained neostriatal spiny neurons. a, Photomontage 
showing the entire length of one dendrite from an HRP-injected neuron. The characteristic distribution of dendritic spines and 
the variety of spine shapes and sizes are apparent. b, Photomicrographs taken at three focal planes through the tip of a dendrite, 
showing the dramatic tapering of the dendrite and the appearance of dendritic spines at high magnification (~2000). c, A similar 
series from the midregion of a dendrite at the region of highest spine density. d, The proximal region of a spiny dendrite at the 
level of the first spines. 
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dendrites prepared for stereo HVEM analysis are shown 
in Figures 3 and 4. Stereo HVEM of intracellularly la- 
beled neurons provided an accurate and convenient 
means for the assessment of linear spine dimensions (i.e., 
head diameter, neck diameter, and neck length). Analysis 
of these dimensions of spine geometry required the use 
of stereoscopic measurements but was relatively unaf- 
fected by the irregular shape of the spines. The semi- 
transparent appearance of labeled dendrites allowed vis- 
ualization of spines arising from all angles to the direction 
of view (Figs. 3 and 4). 

With the improved resolution of the three-dimensional 
structure of the spines, an unexpected variety of spine 
morphology was encountered. Branched spines and tor- 
tuously curved spines were seen to be relatively common 
(Fig. 3). Spine necks with diameters ranging from slightly 
less than 0.1 pm to about 0.5 pm and lengths ranging 
from 0.35 to 3.80 pm were seen. Spine heads ranged in 
diameter from 0.11 to 0.95 pm. Although direct measure- 
ment of distance from the soma was not made for these 
dendritic segments, no systematic variation in spine mor- 
phology could be seen to be associated with indirect 
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indicators of distance from the soma, such as dendritic 
diameter or spine density. Maximal spine densities could 
be measured with great accuracy from these high reso- 
lution three-dimensional images and ranged as high as 
46/10 pm, in agreement with the results obtained from 
the light microscopic analysis. 

Spine types. Three distinct spine types have been 
described from light and electron microscopic observa- 
tions of spines in cerebral cortex (Peters and Kaiserman- 
Abramof, 1970) and monkey neostriatum (Pasik et al., 
1976). These types, thin or pedunculated, sessile, and 
mushroom-shaped, are distinguished primarily on the 
basis of the length and diameter of the stalk in compar- 
ison with the size of the head. Further classification may 
be made on the basis of head shape (Jones and Powell, 
1969). While clear examples of each of these spine types 
could easily be found in stereo HVEM or thin section 
images of striatal spiny dendrites (illustrated in Fig. 5), 
there was a variety of spines of intermediate morphology. 
It could not be determined from these qualitative obser- 
vations whether spines of neostriatal neurons are best 
considered as belonging to one of three discrete catego- 
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Figure 2. Spine density measurements for five intracellularly stained spiny neurons (A through E). Individual curves represent 
separate dendrites sampled from each neuron to assess variation within neurons. The mean distributions for each of the neurons 
shown are superimposed in F. 
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Figures 3 and 4. High voltage stereo electron micrographs of spiny dendrites from intracellularly stained neurons. The 
increased resolution of surface morphology obtained in these images allows identification of branched spines (arrow) and reveals 
a wide variety of spine shapes. Magnification X 10,000, section thickness, 5 pm; tilt, +4O. Intracellular staining is somewhat 
nonuniform, due to the exclusion of HRP from the interior of membrane-bound organelles. Especially visible are mitochondria, 
which appear as elongated, lightly stained areas in the dendrites. 

ries or whether these categories represent extremes of a 
continuous variation of spines along more than one geo- 
metrical dimension. This question is easily addressed 
quantitatively, however. For example, the existence of 
sessile and thin spines as discrete types implies both a 
bimodality in the distribution of spine lengths and an 
inverse relationship between spine length and stalk di- 
ameter. Discrete categories are one of a number of pos- 
sible schemes which might be useful in describing the 
variation among spines, however. A particularly simple 
and attractive alternative set of schemes are those in- 
volving geometrical invariance relationships. For exam- 
ple, membrane surface area of spines might always be 
constant (or at least much less variable than other pa- 

rameters such as stalk diameter or spine volume). Vari- 
ations among spines then would represent alternate dis- 
tributions of membrane between the head and stalk and 
constant surface area distortions of each compartment. 
This scheme is of special interest because it suggests that 
all spines would have about the same amount of plasma 
membrane, but other invariance relationships, such as 
constant volume or constant volume-to-surface area ra- 
tio, are also possible candidates for general schemes of 
spine geometry. All of these simple hypotheses, including 
discrete spine types, predict either multimodal distribu- 
tions of spine shape parameters or correlations between 
shape parameters or both. In the absence of these, each 
independently varying parameter of spine shape must be 
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Figure 5. Variety of spine morphology observed in conventional thin sections from rat neostriatum. a, Short sessile (SZ) and 
longer (S I) dendritic spines contacted by boutons containing small, round synaptic vesicles and forming asymmetrical synaptic 
junctions (sr) . b, A long, pedunculated dendritic spine (Sp) with a pronounced and flattened head and a larger synaptic apposition 
of the san ne type. c, A large mushroom-shaped dendritic spine with a pronounced spine apparatus (sa) . A large bouton (sr) forms 
both sym optic and desmosome-like junctions with the spine. 
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considered separately and all spines must be members of 
a multidimensional continuum of spine morphology. 

Quantitative analysis of spine shape. Quantitative 
estimates of spine membrane area and volume were best 
obtained from analysis of serial thin sections. The surface 
area, perimeter, and length of synaptic apposition were 
measured from each section through 46 serially recon- 
structed dendritic spines. From such measurements and 
the average section thickness for the series, estimates of 
spine head volume and surface area, spine neck volume 
and surface area, and synaptic membrane surface area 
were obtained. Also measured were average dendritic 
diameters, average neck diameter, and neck length. 

An example from a part of a series used for quantitative 
analysis is shown in Figure 6. A dendrite (D) shown in 
that figure gives rise to two spines (SI and Sz). Each of 
these receives a synaptic contact onto the spine head 
region (from boutons bl and b3). The boundaries used to 
define the spine head and neck are shown. For tangen- 
tially or obliquely sectioned synaptic appositions, such as 
the ones shown in Figure 6, a trigonometric correction 
for inclination in the section was employed. 

Total dendritic spine surface area varied from 0.61 to 
3.14 pm” with a mean surface area of 1.46 pm2 for the 
total sample. Spine volume ranged from 0.04 to 0.33 pm3 
(mean = 0.12 pm3). There was a strong linear correlation 
between spine volume and surface area (r = 0.92, df = 
90, p < 0.01). Because of the compound geometry of the 
spine, this relationship was more meaningfully examined 
by separate analysis of the volume-to-surface area rela- 
tionship of the spine head and stalk. 

For spine heads, the relationship between volume and 
membrane surface area was even more precise than that 
obtained for the entire spine. This relationship was non- 
linear and is shown in Figure 7A. In that figure, individual 
spines are represented by points. The solid line repre- 
sents the relationship between surface area and volume 
expected for spheres of various diameters ranging from 
0 to 1 pm. The excellent fit of the spine head data to this 
curve for spheres confirms the impression gained by 
HVEM examination of thick sections and suggests that 
estimates of head diameter may be gained from meas- 
urements of head membrane surface area or volume 
using the simple mensuration formulae for spheres. When 
calculations of this type were performed, the diameter 
estimates were in close agreement with those gained by 
measurement of the diameter of the spine head in the 
single section of the series in which it was the largest. 
Spine head size, whether measured by volume, surface 
area, or maximal diameter, was distributed in a continu- 
ous fashion with no indication of bimodality or the exist- 
ence of separate classes of spines based on head diameter. 

Spine stalks, considered in isolation from the heads, 
also contributed to the correlation between volume and 
surface area of spines (r = 0.78, df = 90, p < 0.01). 
Because both the volume and surface area of cylinders 
are dependent upon both their length and diameter, such 
variability would be expected even if the spine stalks 
were perfect cylinders of variable length and diameter. 
The extent to which spine stalks can be treated as 
cylinders was tested by comparison of the volume-to- 
surface area ratio (which for cylinders is dependent only 
upon cross-sectional diameter) and the measured diam- 

eters of spine stalks. This comparison is shown in Figure 
7B. The slope of the linear relationship obtained differed 
considerably from that predicted for uniform cylinders 
(solid line). This deviation is in the direction expected 
for distortions which produce variation in diameter along 
the length of a cylinder, as of course does occur along 
spine necks (e.g., Figs. 3 and 4). These observations 
indicate that spine stalks cannot be treated as cylinders 
for purposes of measurement, and variables such as stalk 
diameter and volume must be measured independently 
rather than derived from each other. There was likewise 
no significant correlation between stalk length and di- 
ameter, measured either from stereo HVEM or serial 
thin section images (for the sample from serial sections 
shown in Fig. 7E, r = 0.21, df = 90, p > 0.01). 

The above data indicate that no simplification of spine 
morphology based either on spine types as described 
above or on geometrical invariance schemes can be fit to 
the variation observed for neostriatal dendritic spines. 
The lack of an inverse relationship between stalk length 
and diameter indicates that all possible combinations of 
stalk diameters and lengths occur with likelihoods deter- 
mined simply by the individual distributions of these 
spine shape parameters. Thus, long spine stalks do not 
tend to be thinner than short stalks. Furthermore, no 
geometrical parameter of the spines can be considered 
less variable than the others. Spine volume and surface 
area both increase with increases in head diameter, stalk 
diameter, and stalk length, and these increases are, on 
the average, as expected from simple expansion of the 
stalk and/or head compartments of the spine with no 
change in overall shape. Finally, there was no systematic 
covariance of spine head and stalk parameters. A scatter 
diagram for head and stalk membrane area is shown in 
Figure 70 and is typical of the results obtained in the 
comparison of spine heads and stalks along any of the 
measure dimensions. 

In the absence of any simple set of dendritic spine 
types, quantitative comparison of spines located in var- 
ious parts of the dendritic tree required comparison along 
each of the independent parameters of dendritic spine 
morphology obtained from serial thin sections. Distance 
from the soma was estimated using dendritic diameter. 
In no case was there any indication of a systematic 
variation of spine shape or size in relation to position in 
the dendritic field or to dendritic diameter. A represent- 
ative example showing the comparison of dendritic di- 
ameter and spine length is shown in Figure 7F. 

A striking positive correlation was obtained in com- 
parisons of synaptic appositional area with various meas- 
ures of spine head size. An example showing the linear 
relationship between synaptic membrane area (defined 
as the area of the junctional membrane specialization) 
and total head membrane is shown in Figure 7C (r = 
0.90, df = 90, p < 0.01). For the entire sample of 46 spines, 
the synaptic membrane on the spine head accounted for 
approximately one-eighth of the total head membrane 
and this ratio was maintained despite an approximately 
20-fold variation in both variables. Positive correlations 
also were obtained with other measures of spine head 
size. The relationship between spine head size and syn- 
aptic membrane area can easily be seen in individual 
examples, such as those shown in Figures 5 and 6. The 
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Figure 6. Selected sections from a series used for quantitative analysis of spine morphology. Boundaries used for head and stalk 
measurements are marked for two spines (SI and S2), arising from the same dendrite (II). Both spines receive synaptic contacts 
from boutons with small round vesicles ( bl and b3). One spine (S,) also receives a symmetrical contact from a bouton containing 
larger, more pleomorphic synaptic vesicles (by). This contact is made onto the stalk of the spine. 
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Figure 7. Relationships between spine shape parameters measured from serial sections through a sample of 46 dendritic spines 
examined in material such as that shown in Figure 6. A, A plot of membrane surface area versus enclosed volume for spine heads. 
The solid line is the locus of points expected for spherical bodies of various diameters. B, A plot of volume-to-surface area ratio 
versus neck diameter for spine stalks. The solid line shows the relationship expected for cylinders. The deviation of the spine 
stalks from this relationship can be seen. C, A plot comparing synaptic membrane surface area and surface area of the spine head 
membrane. The solid line is the best fitting regression line for these data. The slope of the line yields a ratio of l/8 for synaptic 
membrane versus total head membrane area. D to F, Scatter plots showing the absence of any detectable relationship between 
head and stalk membrane surface areas, stalk length and diameter, and stalk length and dendritic diameter, respectively. 
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dependence of synaptic membrane area on spine size was 
entirely restricted to the spine head, however. No rela- 
tionship between synaptic membrane area and any spine 
stalk or dendritic parameter could be established (e.g., 
for the stalk membrane area and synaptic appositional 
area, r = 0.09, df = 90, p > 0.01). 

Synaptic arrangements. A synaptic contact from a 
single bouton containing small round vesicles and form- 
ing an asymmetrical junctional specialization was ob- 
served on the head of every serially reconstructed den- 
dritic spine in the present sample. This type of synapse 
has been shown to be characteristic of contacts made by 
extrinsic afferent fibers in neostriatum (Arluison et al., 
1978; Groves, 1980; Hassler et al., 1978; Hattori et al., 
1973; Kemp and Powell, 1971c). No spine received syn- 
aptic contacts from more than one bouton of this type, 
although a single bouton occasionally made contacts of 
irregular shape which might be interpreted in single 
sections as arising from more than one axon. On the 
largest spine heads, perforated synaptic contacts of the 
type described by Peters and Kaiserman-Abramof (1969) 
were sometimes observed. In 4 (8%) of 46 spines examined 
in serial thin sections, a second synapse was present. In 
all cases, and in agreement with previous reports (Kemp 
and Powell, 1971a, b, d; Wilson and Groves, 1980), these 
contacts were not of the type formed by striatal afferents 
but contained pleomorphic synaptic vesicles and formed 
symmetrical junctional specializations. They made syn- 
apses on more proximal regions of the spine, either on 
the head near its junction with the stalk or onto the neck 
itself. An example is shown in Figure 6 (synapse made by 
by). In no case was a bouton of this type the only 
innervation of a dendritic spine, nor did any spine receive 
contacts from more than one element of each of these 
morphological types. There were no obvious differences 
in morphology between spines receiving only one syn- 
aptic contact and those receiving two. 

Intracellular organization of the spine. Thin sections 
through dendritic spines in the rat neostriatum exhibited 
the characteristic cytoplasmic appearance of dendritic 
spines, containing only membranous saccules and tubules 
of spine apparatus and a seemingly random network of 
wispy filamentous material distributed throughout the 
cytoplasm. The spine apparatus, although present in all 
dendritic spines, va.ried greatly in degree of elaboration 
and position in the spine. In small, very thin spines, it 
was usually simple and tubular in form (e.g., Fig. 5a, 
spine S,), while spines with large heads often exhibited 
large and elaborate laminar arrangements of saccules in 
the spine head and stalk (e.g., Fig. 5~). In serial sections, 
the spine apparatus usually could be traced to the tubular 
smooth endoplasmic reticulum of the dendrite. In the 
spine head, the spine apparatus often approached the 
postsynaptic membrane in the form of fine tubular pro- 
files as described by Tarrant and Routtenberg (1979). In 
the spine stalk, the spine apparatus often appeared to 
nearly occlude the intracellular space. Because of the 
delicate, thin appearance of the spine apparatus mem- 
brane in comparison to the plasma membrane of the 
spine, portions of the complex not directly involved in 
the formation of parallel saccules were often difficult to 
identify in thin sections. 

The three-dimensional structure of the spine cyto- 
plasm was most clearly observed in stereo electron mi- 
crographs of semithin sections such as those seen in 
Figures 8 to 10. In Figure 8, a spine head is shown with 
a cross-sectioned asymmetrical synaptic contact from a 
bouton with small, round synaptic vesicles. The postsyn- 
aptic membrane specialization is very pronounced and 
consists of a dense feltwork of filamentous and granular 
dense material which becomes gradually less tightly 
woven with distance from the postsynaptic membrane. 
Attached to this and radiating from it is a delicate lattice 
of filaments which corresponds to the wispy material 
seen in thin sections. These filaments range in thickness 
from about 3 to 10 nm and are attached both among 
themselves and to the surfaces of plasma and spine 
apparatus membranes (Figs. 8 to 10). Within the network 
can be seen at least two apparently different filamentous 
components. Some relatively straight and uniform fila- 
ments, 5 to 7 nm in diameter (e.g., Fig. lo), are identical 
to microfilaments observed elsewhere in the neurons and 
glia. Other strands are finer caliber and more variable, 
both in length and diameter. They are similar in appear- 
ance to cross-bridging structures observed in the cyto- 
plasm of nearby axons and dendrites (e.g., Fig. 8). These 
two cytoplasmic components share a common organiza- 
tion in the spine. In the spine head, filaments have a 
primarily radial orientation, filling the head of the spine. 
The predominantly radial organization is shown most 
clearly in oblique sections through the synaptic speciali- 
zation such as that shown in Figure 9. The synaptic 
contact in that figure is shown at an oblique angle. Spine 
head filaments attach to the membrane of the spine 
apparatus and to the plasma membrane of the spine over 
its entire length. Occasionally, filaments may be seen to 
course longitudinally into the spine stalk, but the pre- 
dominant orientation is normal to the plasma membrane 
of the stalks. Thus, the networks of filaments present in 
the spine head and stalk are interconnected, but only at 
the junction of these two spine compartments, and not 
by a longitudinally oriented bundle of cytoskeletal ele- 
ments running the entire length of the spine. Similarly, 
the cytoskeletal network of the spine stalk often is con- 
nected to filaments, tubules, and the membrane of the 
dendritic cytoplasm, but only near the junction of the 
spine and dendrite. In Figure 10 a junction of this type is 
seen in a semithin section. A dendritic microtubule is 
seen entering the dendritic spine and coursing partly into 
the spine stalk. Tubular elements of endoplasmic retic- 
ulum in the dendrite are continuous with the spine ap- 
paratus. 

Discussion 

A variety of indirect and theoretical considerations 
have led to general acceptance of the view that dendritic 
spines passively attenuate transmission at individual syn- 
apses by virtue of their high longitudinal resistance (Jack 
et al., 1975). In mammalian neostriatum, as in some 
other forebrain structures, the majority of excitatory 
afferent synapses are made onto dendritic spines of spiny 
projection neurons, while most axodendritic and axoso- 
matic synapses subserve inhibitory intranuclear interac- 
tions (Frotscher et al., 1981; Kemp and Powell, 1971a, b, 
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Figures 8 to 10. Stereo electron micrographs of semithin sections showing the organization of cytoskeletal elements within the 
dendritic spine cytoplasm. Figure 8. A spine head with synaptic contact is visible. The fine network of filaments associated with 
the postsynaptic web is apparent. A less tightly woven network of filaments is visible throughout the spine head cytoplasm, and 
these interconnect with postsynaptic membrane, spine plasma membrane, and spine apparatus. A portion of the spine apparatus 
is seen connected to both synaptic and nonsynaptic portions of the spine membrane by fine cytoplasmic filaments (arrow). 
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c, d; Somogyi et al., 1981; Wilson and Groves, 1980). The and as likely to be due to differences in spine counting 
distribution of dendritic spines on the dendrites, the technique employed by the different authors as to differ- 
shapes of the spines, and the relationship between spine ences between species (Feldman and Peters, 1979). The 
geometry and synaptic location of presynaptic fiber ori- shape of the spine density distribution along the den- 
gin thus may represent major influences on the integra- drites of neostriatal neurons is in contrast to the complex 
tion of afferent activity in these structures. The overall distribution reported for apical dendrites of layer V py- 
sizes of spines and the spine shapes observed in the ramidal neurons in cerebral cortex (Marin-Padilla and 
present study could partly be due to the procedures used Stibitz, 1968). That distribution along the pyramidal 
in preparing them for visualization. A number of varia- neuron has been proposed to reflect the superimposition 
tions in those procedures have been examined and found of a number of simple distributions centered upon differ- 
to produce no measurable variation in the result. In all ent layers and presumably representing inputs from dif- 
cases, however, anesthetized animals were perfused with ferent sources (Marin-Padilla and Stibitz, 1968; Marin- 
chemical fixatives and the effects of these treatments on Padilla et al., 1969). Because the major neostriatal affer- 
cell sizes and shapes have not been determined com- ents do not appear to terminate in a differential manner 
pletely. Nonetheless, the range of spine sizes and shapes along the dendrites of the neostriatal spiny neuron, such 
observed with these techniques suggests that spine ge- complexities should perhaps not be expected in the dis- 
ometry is highly variable. Furthermore, the observed tribution of spines on these neurons, and the distribution 
variation is of a type which would be expected to produce of dendritic spines should be identical in shape to the 
major differences in the potency of otherwise identical distribution of synaptic contacts from any of the major 
synapses. afferents. 

The wide range of spine head diameters observed in 
the present material may appear to be of questionable 
functional importance, since the high input impedance of 
the spine head in comparison to the stalk-dendritic com- 
bination gives changes in head diameter only a very small 
influence on the electrotonic properties of the spine (Rail, 
1974). The finding that synaptic appositional area is very 
strongly correlated with spine head diameter suggests a 
functional relationship of a different type. The area of 
synaptic apposition has been suggested to be directly 
related to the amount of transmitter released by a pre- 
synaptic action potential (Kuno et al., 1971,1973). If such 
a relationship were to hold for the neostriatum, it would 
imply that the effectiveness of axospinous synapses could 
be predicted accurately from the diameter of the spine 
head. Such an influence of synaptic junctional size could 
be quite large, since an approximately 20-fold variation 
in spine head and synaptic junctional area has been 
observed in the present sample. 

Both the length and diameter of spine stalks are of 
critical importance in determining the input resistance of 
dendritic spines and, presumably, the current injected 
into the dendrite by a given synaptic conductance 
change. Both of these exhibited considerable variation in 
the present sample. 

The simple distribution of dendritic spines on the 
dendrites of rat neostriatal neurons described here is in 
agreement with previous findings from cats (Kemp and 
Powell, 1971d) and monkeys (Pasik et al., 1976). To the 
extent that comparable published data from these species 
are available, they in fact suggest that the size and shape 
of the neurons, lengths of dendrites, and distribution of 
dendritic spines are indistinguishable across the three 
species. Apparent species differences in the overall den- 
sity (but not distribution) of dendritic spines are small 

Similarly, the absence of a clear spatial distribution of 
spines with different shapes would seem at variance with 
the situation described for other spiny neurons in the 
neocortex (Jones and Powell, 1969; Peters and Kaiser- 
man-Abramof, 1970) and hippocampus (Laatch and 
Cowan, 1966). In these cases, dendritic spines have been 
reported to be smaller on large proximal dendrites and 
large on the most distal small dendrites. Rall (1974) has 
suggested that this relationship may act to maintain a 
constant ratio of dendritic spine to dendritic shaft input 
resistance and thus maintain equivalency of spine func- 
tion in proximal and distal regions. This proposal relies 
on the importance of dendritic diameter in the relation- 
ship between spine shape and position in the dendritic 
tree. In neocortical and hippocampal spiny neurons, den- 
dritic diameter, distance from the soma, cytoarchitec- 
tonic layer, and origin of afferent fibers are confounded. 
In neostriatum, the absence of any systematic variation 
of spine shape along the dendrites would seem to be 
inconsistent with any functionally necessary relationship 
between spine shape and dendritic diameter or distance 
from the soma. Instead it would appear most likely that 
the shape and size of dendritic spines is either random or 
determined by an interaction with individual afferent 
fibers making contacts on those spines. The observed 
variation in spine shapes on neostriatal neurons might 
thus represent differences between afferents of different 
origin (e.g., between spines receiving cortical versus tha- 
lamic fibers), or may represent variation among fibers of 
a common origin but differing history of activity, or both. 

If the shape and size of dendritic spines are determined 
by some interaction with presynaptic fibers, more than 
one aspect of the presynaptic element must be expressed 
in the interaction, since different aspects of the dendritic 
spine vary independently of each other. The most con- 

Figure 9. A nearly longitudinal section through a dendritic spine showing the radial organization of filaments in the dendritic 
spine cytoplasm. The synapse is shown in oblique section and the connection of the cytoskeleton to the postsynaptic web is 
visible. Figure 10. A longitudinal section through a dendritic spine. The synaptic contact is not included in this section, but a 
prominent spine apparatus is seen to advantage. The spine apparatus nearly fills the spine stalk near the junction with the spine 
head. Both very fine (4 to 5 nm) filaments and larger microfilaments (arrow) can be seen in the spine head and stalk. The spine 
apparatus is continuous with the dendritic endoplasmic reticulum via a tubular element which runs parallel to a microtubule 
which enters the proximal portion of the spine from the dendrite (arrowhead). 
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vincing case for such an interaction in the present ma- 
terial is presented by the strict relationship between the 
size of spine heads and the area of the synaptic junction. 
Since no relationship between any of the spine stalk 
parameters could be linked to the synaptic junctional 
area or to the size of the spine head, however, it is likely 
that spine stalks are shaped by influences at least par- 
tially independent of those determining the dimensions 
of the head. Uncoupled variation in spine head and stalk 
morphology recently has been reported to accompany 
long-term synaptic potentiation of transmission in the 
perforant pathway of the dentate gyrus (F&ova and 
Anderson, 1981). 

The ultrastructural appearance of dendritic spines in 
the neostriatum and in other forebrain structures has 
been described by numerous authors using a variety of 
fixation techniques (Fifkova and Van Harreveld, 1977; 
Gray, 1959; Jones and Powell, 1969; Kemp and Powell, 
1971a; Mori, 1966; Pasik et al., 1976; Peters and Kaiser- 
man-Abramof, 1969; Tarrant and Routtenberg, 1979; 
Westrum et al., 1980). In agreement with those studies, 
the cytoplasm of the neostriatal dendritic spine exhibits 
a remarkably stereotyped and specialized structure. Al- 
though in rare instances ribosomes, microtubules, and 
coated vesicles may be observed in dendritic spines, only 
three cytoplasmic structures are visible consistently: the 
spine apparatus, the postsynaptic junctional specializa- 
tion, and a network of delicate wispy material of mostly 
undetermined composition. 

The morphology of the spine apparatus is highly rem- 
iniscent of the smooth surfaced endoplasmic reticulum 
of the dendrite with which it can often be seen to be 
continuous. The elaboration into parallel flattened cis- 
ternae which occurs in many spines is a high surface area 
configuration which might, as suggested by Tarrant and 
Routtenberg (1979), represent a store of membrane avail- 
able for changes in the surface area of the spine plasma 
membrane during dynamic changes in spine shape. No 
observations of intermediate stages in membrane ex- 
change between spine apparatus and plasma membrane 
have been reported, however, and no evidence of ex- 
change could be obtained in the present material. Fur- 
thermore, the most elaborate spine apparatuses generally 
are associated with spines possessing a large surface of 
plasma membrane, which does not suggest that the spine 
apparatus is depleted of membrane in large spines. The 
spine apparatus and its connection to the smooth endo- 
plasmic reticulum also have been proposed as a route for 
the transfer of protein between spine and dendrite (Fif- 
kova and Van Harreveld, 1977). The spine apparatus also 
occupies a considerable proportion of the volume of the 
spine stalk and probably contributes substantially to the 
longitudinal resistance of the cytoplasm. Variation in 
spine apparatus position and volume might thus have an 
effect on the electrotonic properties of the spine. Finally, 
the similarity between the spine apparatus and the 
smooth endoplasmic reticulum suggests the possibility 
that it may act as a reservoir for calcium (Henkart et al., 
1978). If dendritic spines do undergo dynamic changes in 
shape as a result of changes in synaptic input, such 
changes are most likely to involve calcium-dependent 
mechanisms similar to those generally held responsible 
for the control and maintenance of cell shape (Porter et 

al., 1979). The absence of mitochondria in dendritic 
spines in neostriatum is consistent with an exclusive role 
for the spine apparatus in the control of free calcium 
concentration in the cytoplasm of the spine. The spine 
apparatus, in conjunction with the other components of 
the dendritic spine cytoplasm, may thus function to 
control the size and shape of the spine. 

The wispy filamentous component of the dendritic 
spine cytoplasm has been noted in most descriptions of 
spines based on examination of ultrathin sections. Occa- 
sionally, the presence of microfilaments also has been 
described, and in one report these were identified as actin 
on the basis of heavy meromyosin staining (Le Beaux 
and Willemot, 1975a, b). The combination of the calcium- 
free stabilization buffer used in the present experiments 
and stereo electron microscopy of semithin sections has 
provided a three-dimensional view of the organization of 
this network in the spine cytoplasm. There are at least 
two cytoskeletal components participating in the forma- 
tion of the delicate latticework filling the intracellular 
space of the spine. One of these is the microfilamentous 
network described by Le Beaux and Willemot (1975a, b). 
Microfilaments radiating from the postsynaptic density 
are seen throughout the spine head and connect to mem- 
branes in the spine. Although probably only a fraction of 
the total number of actin filaments present in the spine 
are visible in these preparations due to the destructive 
effects of osmium (Maupin-Szamier and Pollard, 1978), 
the radial organization of filaments observed in the pres- 
ent experiments is unlikely to be artifactual on this basis 
and thus probably represents an accurate image of the 
spatial organization of this cytoplasmic component. Mi- 
crofilaments in the spine stalk likewise have a primarily 
radial rather than longitudinal orientation. Contraction 
along the directions of orientation of microfilaments in 
the dendritic spine thus would not be likely to produce 
a simple shortening of the spine or rounding up of its 
contours. Instead, an overall contraction of part or all of 
the spine would be more likely to occur, necessitating 
changes in both volume and surface area of the spine. 
Likewise, the orientation of microfilaments in the den- 
dritic spine suggests no necessary mechanical linkage of 
head and stalk cytoskeleton. Also present in the dendritic 
spine cytoplasm and connecting both to membrane sur- 
faces and to the microfilaments are finer filamentous 
structures of the type described as cross-linking micro- 
tubules and other organelles in neurons and other cells 
(Ellisman and Porter, 1980; Le Beaux and Willemot, 
1975a, b; Metuzals et al., 1981; Porter et al., 1979; Wolo- 
sewick and Porter, 1978). In the absence of other organ- 
elles and in the constrained intracellular space of the 
dendritic spine, these elements connect microfilaments, 
spine apparatus, and plasma membrane to each other. 
Like the microfilaments, however, they appear more 
densely anchored in the postsynaptic density than other 
portions of the membrane. The preferential association 
of cytoskeletal components of the cytoplasm with post- 
synaptic membrane specialization has been reported pre- 
viously (Cohen et al., 1980; Gulley and Reese, 1981; Le 
Beaux, 1973). In the dendritic spine, at least, this asso- 
ciation may reflect a functional connection between cel- 
lular mechanisms involved in reception of synaptic sig- 
nals and those responsible for cell shape. 
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