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Using confocal microscopy in conjunction with microdrop
application of Dil, we have imaged and measured individual
dendritic spines of living hippocampal CA1 pyramidal neu-
rons in acute brain slices, before and approximately 3 hr
after induction of long-term potentiation by chemical
means. Statistical analysis of changes in the length of in-
dividual spines, and comparison with results of Monte Car-
lo simulations, suggests that two forms of structural
change occur in chemically induced long-term potentia-
tion: growth of a subpopulation of small spines, and an-
gular displacement of spines. These changes could pro-
vide a structural basis for the expression of long-term po-
tentiation.

[Key words: long-term potentiation, synaptic plasticity,
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Dendritic spines receive the majority of excitatory synaptic con-
nections in the mammalian CNS (Colonier, 1968). Since Ramon
y Cajal’s first description of dendritic spines more than a century
ago (1891), evidence has accumulated that the shape or density
of spines may be altered by a range of developmental, patho-
logical and experimental influences. Thus, for example, dendritic
spines are known to regress and regrow in response to deaffer-
entation and reinnervation (Kemp and Powell, 1971; Parnavelas
et al., 1974; Matthews et al., 1976; Caceres and Steward, 1983;
Ingham et al., 1989) or to the onset and cessation of epileptic
seizures (Scheibel et al., 1974; Isokawa and Levesque, 1991;
Miiller et al., 1993). Modulation of dendritic spine number and
morphology has also been observed in response to exogenous
gonadal steroids (Gould et al., 1990) and throughout the normal
estrous cycle (Wooley et al., 1990).

Ramon y Cajal (1911), Hebb (1949), Eccles (1965), and oth-
ers since have suggested that alterations in spine number or
shape could provide a mechanism for the storage of memories,
by strengthening or weakening particular synaptic connections
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in response to experience. Evidence of such alterations has been
found in fixed CNS tissue from animals of several species reared
in complex versus simple environments, or exposed to various
training or stimulation regimens (reviewed by Globus, 1975;
Greenough and Bailey, 1988; Bailey and Kandel, 1993; Horner,
1993; Harris and Kater, 1994). Changes in dendritic spines after
induction of long-term potentiation (LTP), a widely studied ex-
perimental model of learning (Bliss and Lgmo, 1973; Bliss and
Collingridge, 1993), have been reported by a number of inves-
tigators (e.g., Van Harreveld and Fifkova, 1975; Fifkova and Van
Harreveld, 1977; Lee et al., 1979, 1980; Desmond and Levy,
1983, 1986a,b; Chang and Greenough, 1984; Petukhov and Po-
pov, 1986; Schuster et al., 1990; Geinisman et al., 1991, 1992b;
Wallace et al., 1991). Indeed, the long duration of LTP (Bliss
and Gardner-Medwin, 1973; Racine et al., 1983) suggests a
structural basis for its maintained expression.

Until now, it has not been possible to visualize individual
CNS synapses throughout the course of learning or potentiation:
all previous studies of changes in synaptic morphology have
been correlational, comparing average numbers and dimensions
of spines in potentiated and unpotentiated brain tissue after fix-
ation. Interpretation of such studies has been complicated by the
great variability of synaptic morphologies, with attendant prob-
lems of sampling, as well as by potential artifacts stemming from
fixation and sectioning; as remarked by Lisman and Harris
(1993), “it would clearly be of great interest to visualize indi-
vidual synapses as they undergo LTP and ask directly whether
both pre- and postsynaptic growth occurs.”

With this objective in mind, we developed methods for the
repeated imaging of dendritic spines in living, electrically mon-
itored brain slices. Small groups of neurons can be stained by
brief application of lipophilic fluorescent dyes in oil-microdrops,
rapidly yielding Golgi-like staining of dendritic spines and pre-
synaptic terminals. With the use of confocal microscopy (Min-
sky, 1957; Fine et al. 1988), these labeled synaptic structures
can be clearly and unambiguously visualized even tens of mi-
crometers within the living slice, during concurrent electrophys-
iological recording. By successively imaging the same living
cells, we previously demonstrated the persistence of individual
spines of hippocampal neurons over periods of 5 hr or longer
(Hosokawa et al., 1992). We have now used these optical meth-
ods to determine whether the dimensions of individual spines
change over time; here, we report increases in spine reorientation



and in the length of a specific population of spines following
chemically induced LTP.

Preliminary aspects of this research have been presented in
abstract form (Fine et al., 1991).

Materials and Methods

Tissue preparation. Hippocampal slices were prepared from male
Sprague-Dawley rats between 3 and 4 weeks of age. Rats were anes-
thetized with ketamine and then decapitated. Brains were removed rap-
idly and submerged briefly in ice-cold oxygenated calcium-free artificial
cerebrospinal fluid (0Ca-ACSF) containing 120 mmM NaCl, 3 mm KCl,
1.2 mm NaH,PO,, 23 mM NaHCO,, 2.4 mm MgCl,, and 11 mm D-glu-
cose, pH 7.3. The brain was then quickly blocked, glued to the stage
of a vibrating microtome (Campden Instruments) and again covered
with ice-cold 0Ca-ACSE Transverse hippocampal slices, 400 pm thick,
were cut and transferred to a glass-bottomed controlled-temperature re-
cording chamber on the mechanical stage of an upright compound mi-
croscope (Leitz Ortholux) mounted beneath a confocal laser scanning
and imaging head (Bio-Rad MRC-500 modified with high-reflectivity
mirrors). Within the chamber, the slices were continuously superfused
at 35°C with standard ACSF (120 mMm NaCl, 3 mm KCl, 1.2 mm
NaH,PO,, 23 mMm NaHCO,, 1.2 mm MgCl,, 2.4 mM CaCl,, and 11 mm
D-glucose, pH 7.3) or potentiation medium (see below) saturated with
95% 0O,, % CO,. Unless otherwise indicated, all chemicals were sup-
plied by Sigma, Canada.

Labeling of dendritic spines. Mono-unsaturated Dil (1,1'-dioleyl-
3,3,3',3'-tetramethylindocarbocyanine methanesulfonate) (Honig and
Hume, 1986; Thanos and Bonhoeffer, 1987; O’Rourke and Fraser, 1990)
was applied to the surface of the hippocampal slice via oil microdrops
(Hosokawa et al., 1992). Dil (Molecular Probes, Oregon) was dissolved
in fresh cod liver oil (Westcan, Canada) to a final concentration of 10
ug/pl by heating in a boiling water bath with agitation. The tip of a
blunt (5-10 pm tip diameter) micropipette was back-filled with this
solution, after which the micropipette was connected to a 10 ml syringe
via polyethylene tubing and a three-way stopcock, and mounted in a
micromanipulator fixed to the confocal microscope stage. Using a 2.5X
objective with transmitted light, the pipette tip was positioned over the
stratum pyramidale of arca CAl, and a droplet of dye, 50-100 pm
diameter, was expressed under pressure. The pipette was advanced until
the droplet contacted the tissue surface; the pipette was then withdrawn,
leaving the adherent droplet in place. This procedure was repeated at
several sites approximately 200 wm apart along the CAl stratum pyr-
amidale (Fig. 1A). After approximately 20 min, excess dye was removed
by suction with a larger micropipette (30-50 wm tip diameter), or was
dispersed by momentarily lowering the fluid level in the chamber (Fig.
1B).

Electrical recording. Evoked field responses in area CA1 were re-
corded prior to Dil application; slices displaying abnormal responses
(e.g., continued afterdischarges, compound spikes) at any time during
the experiment were discarded. Brief biphasic constant-current stimuli
(50 psec duration) were applied via an insulated, sharpened tungsten
electrode (A-M Systems, Everett, WA) in stratum radiatum; responses
were recorded via an ACSF-filled extracellular micropipette also posi-
tioned within the stratum radiatum of CAl. Both electrodes were
mounted on hydraulic micromanipulators attached to the microscope
mechanical stage. Electrodes were removed during Dil application and
while searching for suitably labeled cells (see below), and then replaced
close to the area selected for imaging. Stimulus strength was adjusted
to yield half-maximal response amplitudes, and stimuli were delivered
once each 30 sec. Slope and amplitude of the field excitatory postsyn-
aptic potential (fEPSP) were calculated and displayed on line using
A/DVANCE software (FST, Vancouver); slices with unstable fEPSPs were
rejected.

Confocal microscopy of fluorescent cells. Labeled cells and processes
within 75 pm of the upper surface of the slice were imaged by laser-
scanning confocal microscopy as previously described (Hosokawa et
al., 1994), using a 40X water-immersion objective (Zeiss, n.a. 0.75). To
identify non-viable cells, ethidium bromide (2 pg/ml) was present in
the ACSF at all times; this fluorescent nuclear marker is excluded from
healthy cells (Fig. 1C). Dendritic images were used for subsequent anal-
ysis only if the dendrites could be unambiguously traced to cells that
excluded ethidium bromide and displayed no pathological changes (den-
dritic blebbing, swelling, etc.) throughout the duration of the experi-
ment. Satisfactory dendrites were generally located at least 25 um be-
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neath the surface of the slice. Fluorescence of both Dil and ethidium
bromide was excited by the 514 nm emission of a 25 mW argon ion
laser. To minimize dye bleaching and phototoxicity, the laser intensity
was reduced by 97% using a neutral density filter, and images were
collected in photon-counting mode; 16 or 32 frames were averaged for
each image to improve signal:noise. The confocal aperture was mini-
mally opened, and serial optical sections were collected at 0.5 pm in-
tervals through the region of interest (usually 20 serial sections). With
6X electronic zoom, the width of 1 pixel in the image corresponded to
0.08 pm in the object plane; images were 512 X 512 eight-bit pixels.
In any one slice, serial optical sections were obtained from only one
segment of secondary apical dendrite, 50-100 wm from its cell body.

Induction of long-term potentiation. Because electrical stimulation
affects an indeterminate subset of synapses, we induced LTP by briefly
exposing slices to a superfusate containing elevated Ca®*, reduced
Mg?*, and tetracthylammonium (Turner et al., 1982; Bliss et al., 1984;
Aniksztejn and Ben-Ari, 1991) in an effort to affect all potentiable
synapses in the slice. Occlusion experiments and similarities of time
course and pharmacological sensitivity indicate that such chemically
induced LTP and electrically induced LTP share similar mechanisms
(Bliss et al., 1986; Reymann et al., 1986; Cheng et al., 1994; Hanse
and Gustafsson, 1994). After obtaining a first stack of serial optical
sections through the selected dendritic segment, recording and stimu-
lating electrodes were replaced on either side of the imaged area, and
extracellular field potentials monitored. After 30 min of recording, long-
term potentiation was induced in half of the slices by changing the
superfusate from standard ACSF to a modified medium (“potentiation
medium’: 124 mmM NaCl, 5 mm KCl, 1.25 mm KH,PO,, 24 mM Na-
HCO,, 0.1 mm MgCl,, 5 mm CaCl,, 10 mM D-glucose and 25 mm
tetracthylammonium chloride, pH 7.2) for 10 min, after which standard
ACSF superfusion was continued for the remainder of the experiment.
After 2.5 hr of electrical recording, and approximately 3.75 hr after
obtaining the first images, a second stack of serial optical sections was
obtained through the same dendritic segment, without changing the x-y
position of the microscope stage. Slices exposed to potentiation medium
were excluded from analysis if they did not sustain a stable increase in
fEPSP slope that remained at least 20% above baseline at the end of
the experiment.

Spine measurement and analysis. Pairs of image stacks were given
coded labels to permit measurement by an observer without knowledge
of whether a stack was from a first (“pre”) or second (“‘post’’) imaging,
or from a hippocampal slice exposed to potentiation medium (‘“‘poten-
tiated’”) or only to standard ACSF (““control’’). By moving up and down
through the image stacks, dendritic spines could be unambiguously dis-
tinguished from dendritic branches, twists or kinks. Spine lengths were
measured interactively on unprocessed confocal optical sections, using
the Bio-Rad MRC-500 soMm program; three-dimensional reconstructions
were not used for this purpose in order to avoid possible biases and
nonlinear transformations implicit in the reconstruction procedure. For
each spine, the optical section in each stack with the highest-contrast
image of the extremity of that spine was identified; using that optical
section, the cursor was then positioned alternately at the midpoint of
the spine base and at the most distant margin of the spine. The distance
between these points was taken as the “observed length” of the spine
in that image stack. Thus, four groups of observed lengths (control
“pre” and “post,” and potentiated ‘“‘pre” and ‘‘post”) comprised a
randomized blocks ANOVA design (Sokal and Rohlf, 1981).

“True,” or three-dimensional, spine lengths were estimated by an
unfolding analysis. The observed length of the spine represents a two-
dimensional projection of the spine in the plane of section; the thickness
of optical section, approximately 1.5 pm (full width at half-maximum)
with the water-immersion objective used in these experiments, is suf-
ficient to include the entire length of virtually all observed spines. (This
section thickness is larger than the 0.5 wm interval between successive
optical sections, so that all structures appeared in more than one sec-
tion.) It is reasonable to assume that spines are randomly oriented with
respect to the observer; it is then possible to estimate the distribution
of true (3D) spine lengths, F, from the distribution of observed 2D
projection) lengths, f, according to methods described previously (Ru-
sakov, 1993; Rusakov and Stewart, 1995). Briefly, consider the distri-
butions F and f as histograms having N length classes of width w, with
true lengths denoted by H(j) = jw (j = 1,N) and observed lengths
denoted by A(i) = iw (i = 1,N). For each individual spine, # = Hsina,
where o is the angle between the spine axis and the line of sight. Then
the chance of observing a given 2D projection length, iw, is the chance
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Figure 1. Focal application of Dil to a hippocampal brain slice via oil microdrops. Top left, Four microdrops have been placed along CALl stratum
pyramidale. Top right, The same slice, approximately 20 min later, after removal of dye microdrops from the brain slice. Remaining fluorescence
at the prior locations of the microdrops is from small clusters of labeled cells. Bottom, Higher magnification confocal image a focally labeled CA1
site such as those in Top right. Numerous spine-laden dendrites emanate from the cluster of labeled cells. Ethidium bromide has entered a small




that some spine of true length jw is oriented at an angle of o = arcsin(i/
/). Because the chance of observing each 2D projection length is known
from the experimental histogram f, and « is assumed to take values
from O to 7 purely at random and independent of H, then estimating
the frequency histogram F of 3D lengths represents a common inverse
stereological problem (Coleman, 1989; Rusakov, 1993). The chance of
observing each projection length is the sum of all possible 3D “‘events”
that would give rise to it, that is, all possible true lengths and the cor-
responding values of sina = i/

N
iy =A 2 F()oG, ), i=1,..,N, (1)

where A is a normalizer and ¢(i, j) denotes the frequency distribution
(i.e., the relative probabilities) of sina, Because the frequency distri-
bution of « is a constant (i.e., values of o are assumed to be uniformly
distributed between O and ), the frequency distribution of sina, that is
&(, j), can be found numerically:
&G, j) = jw' {aresin(ifj) — arcsin(li — 1))}

Then, given known experimental f(i), and &(, j), Equation 1 can be
solved for F(i) using a “‘direct’” recurrent formula as demonstrated pre-
viously (Rusakov, 1993):

Fo) = |f) ~ 2 F) G| G D i=4 - 1., 1. (2

j=it1

Thus, the corresponding unknown distributions of 3D spine lengths,
F(i), were estimated from ‘“‘pre” and “‘post” observations of control
and potentiated groups. Further analysis was provided by Monte Carlo
methods as described below.

Results

Analysis of observed spine lengths

Representative confocal optical sections through CA1 pyramidal
cell dendritic segments from 15 potentiated and 11 control slices
are shown in Figures 2 and 3, respectively, at the beginning and
end of electrical recording sessions. Upon exposure to potentia-
tion medium, fEPSP slope decreased slightly (79.8 * 12.6%
compared to baseline). When, after 10 min, slices were returned
to standard ACSE the fEPSP slope increased significantly be-
yond baseline levels (148.2 = 0.6% compared to baseline, P <
0.001); this potentiation persisted in a stable manner throughout
the remaining 2.5 hr of recording (Fig. 2). The slope of the
fEPSP was unchanged in control slices maintained in standard
ACSF throughout (Fig. 3).

Measurements were made before and after the induction of
LTP (“pre” and “post” measurements, respectively) on 304
spines in the 15 slices that sustained LTP, and at corresponding
intervals on 277 spines in the 11 control slices. The uncorrected
mean spine density (visible spines per unit dendrite length,
*SEM) in the sample under study was 0.86 * 0.07 spines/wm,;
there was no significant difference between potentiated and con-
trol slices. This value compares well with mean visible spine
densities for CA1 apical dendrites measured by light microscopy
in Golgi-impregnated material (Boublikova et al., 1991), indi-
cating that our methods stain essentially all spines. The mean
spine length in “pre” images did not significantly differ between
potentiated (1.01 = 0.25 pm variance) and control (1.06 = 0.24
pm) groups. These values agree reasonably with previous mea-
surements on fixed tissue (e.g., Horner and Arbuthnott, 1991),
indicating that spines stained by our method are visible in their
entirety.

—
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New spines appeared infrequently along the dendritic seg-
ments over the 4 hr period of observation: we encountered only
three instances of apparent spine formation among the 581
spines observed. These new spines appeared both in potentiated
(n = 1) and control (n = 2) slices. No spines disappeared. The
rarity of these events may be an artifact of our identification
criteria: a spine that was small (and therefore difficult to dis-
criminate) in one of the two image stacks and absent from the
other would have been excluded from our counts. At the same
time, it may be remarked that this rate, which corresponds to
the emergence of approximately 0.03 new spines/pwm/d, is com-
patible with observed increases in spine density during postnatal
development (Juraska, 1982; Harris et al., 1992; Horner, 1993).

The results of Randomized Blocks ANOVA (paired compar-
ison ¢ test; Sokal and Rohlf, 1981) of observed spine lengths are
summarized in Table 1. Small decreases in mean spine length
from “pre” to ‘“post” images were observed in the control
group as well as in the potentiated group; these decreases were
not statistically significant, nor was there a significant difference
between the magnitude of these changes in the two groups.
Equal means, however, do not imply the absence of significant
differences between corresponding subpopulations of the two
groups, since the component subpopulations of a group may
display distinct behaviors. To examine this possibility, we per-
formed more detailed statistical analyses.

Using the unfolding algorithm described in Materials and
Methods, we estimated the “‘pre” and *‘post” distributions of
true spine lengths, F(i), for control (Fig. 4C) and potentiated
(Fig. 4D) groups on the basis of the known distributions of ob-
served spine lengths, f(i) (Fig. 4A,B). Changes (‘“post” —
“pre”’) in the relative frequencies of spines of each true length
class could then be determined, and compared in potentiated
versus control groups. The results of such a comparison (Fig. 5)
suggest that potentiation is associated with a significant increase
in the frequency of medium-length (1.0-1.4 pwm) spines at the
expense of smaller (0.6-0.8 wm) spines; such a shift can most
easily be accounted for by growth of some of the smaller spines.

Changes in spine length versus initial spine length

Because in our experiments individual spines could be followed
through time, change in spine length could be investigated di-
rectly. The plots in Figure 6 demonstrate explicitly the change
in length of each spine versus its observed “pre” length. These
plots reveal an unexpected phenomenon: the smallest spines ap-
parently tend to grow, and large ones apparently tend to shrink,
which is reflected in highly significant linear regressions (Fig.
6) that differ significantly between control and potentiated
groups (P < 0.04, regression comparison according to Sokal and
Rohlf, 1981).

These regression patterns might have reflected combinations
of growth of smaller spines and a shrinkage of larger spines due
to extensive deafferentation during slice preparation: reductions
in overall spine density with increased numbers of short stubby
spines, interpreted as evidence of spine shrinkage, have been
seen by light microscopy of Golgi-impregnated material within
2 d of deafferenting lesions in hippocampus (Caceres and Stew-

number of cells, rendering their nuclei intensely fluorescent (arrow); most cells, including a majority of the Dil-labeled cells, are viable, showing
only pale nuclear autofluorescence. This and all subsequent images were obtained with a 40X n.a. 0.75 water immersion objective. Scale bars: Top

left and Top right, 1.0 mm; Bottom, 25 pm.
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Figure 2. Evoked field excitatory postsynaptic potentials (fEPSPs) from slices undergoing potentiation, recorded in hippocampal CAl stratum
radiatum close to the imaging site. The graph at bottom shows the mean fEPSP slope for all potentiated preparations (n = 15), as a function of
time; the stable increase in EPSP slope caused by 10 min exposure (heavy bar) to potentiation medium is apparent. Averaged, but otherwise
unprocessed, confocal images of the same dendritic region, obtained at the beginning and end of a recording session, are shown above as a and b,
respectively; scale bar is 5 wm. These images suffer from the unavoidable degradation associated with printed reproduction, but are otherwise

typical of the resolution obtained in this study.

ard, 1983). However, the overall distributions of observed and
3D spine lengths (see above and Fig. 4) are not readily consis-
tent with this hypothesis. Alternatively, the observed regression
might result from small changes in spine orientation that could
have occurred in the interval between obtaining the “pre’ and
“post™ images. Because the observed length of a spine depends
upon the angle between its axis and the observer’s line of sight,
changes in that angle would appear as changes in the spine’s
observed length, even if its true length remained constant (Fig.
7). To test whether such movement could account for the ob-
served pattern of length changes, a Monte Carlo simulation was
performed as follows.

Monte Carlo studies

Initially, 360 unitary segments (a number chosen to be compat-
ible with the real experimental numbers) were oriented randomly
with respect to an observer, and their observed (projection)
lengths were determined. Then, the orientation of each segment
was randomly deviated within a defined angular range (‘‘rotation
sector”), for example, £5°, and the new projection length de-
termined. Changes in projection length were plotted against ini-
tial projection length, as in Figure 6. The results of such simu-
lations carried out for different rotation sectors (Fig. 8) clearly
demonstrate that as permitted deviations increase, projection
(“observed™) length exhibits significant and increasingly steep

linear regression with its own change. This regression resembles
that of observed spine length in the experimental populations
(Fig. 6), suggesting that random fluctuations in orientation of the
spines are the main cause of the observed regression.

Since observed length data from control and potentiated
groups yielded significantly different linear regression slopes
(Fig. 6), we sought to determine whether this difference was due
to differences in the range of angular deviations sustained by
spines in control versus potentiated slices during the inter-im-
aging interval. To test this possibility, again Monte Carlo sim-
ulations were performed. Control and potentiated cases were
modeled separately. In each case, initially 350 segments were
generated, oriented randomly with respect to the viewer and with
true lengths corresponding to the estimated distributions of true
(three-dimensional) *“‘pre” lengths for control or potentiated
groups as in Figure 4, C and D. Observed lengths (i.e., projec-
tions) of the segments were calculated, yielding good fits, as
expected, with the distributions of experimentally observed
spine lengths. Then, in both groups, each segment underwent
(1) a deviation in orientation, evenly randomly within a defined
range, as described previously for the model in Figure 8; and
(2) a change in length in order to fit the estimated distribution
of true “post’ length for that group as in Figure 4. Projections
of the segments were then recalculated, and changes plotted as
in Figure 6. For each group in each simulation experiment, the
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Confocal images and fEPSP analysis of control slices not exposed to potentiation medium. Representative “‘pre” and “‘post” confocal

images and graph of fEPSP slope over time (mean of all control preparations, n = 11) are as in Figure 2.

rotation sector (i.e., the range of permitted deviation) was
changed until the linear regression of modeled data and that of
the experimental data (Fig. 6) achieved the best fit. The results
of this simulation study are shown in Figure 9, and indicate that
spines in potentiated slices undergo significantly greater angular
deviations than control spines over similar periods.

Discussion

By use of confocal optics and oil microdrop application of Dil,
fine details of neuronal structure can be imaged repeatedly in
living brain slice preparations over periods of many- hours with-
out loss of cell viability. Dil and related carbocyanine dyes are
well tolerated by cells, and fluorescent-labeled cells have normal
physiological properties including synaptic transmission (Honig
and Hume, 1986). These dyes have previously been microin-
Jjected in organic solvents to achieve discrete labeling of living
nonmammalian neurons in situ (Liu and Westerfield, 1990;
O’Rourke and Fraser, 1990; Danks et al., 1994), but such organic
solvents, in our experience, cause unsatisfactory pathological
changes in mammalian neurons. Using the present methods, we
have previously established that individual dendritic spines per-
sist and can be recognized over periods of hours (Hosokawa et

al., 1992), a condition necessary if modulation of the strength
of particular synapses serves as a basis for preservation of mem-
ories. The results reported here confirm those observations, and
extend them by revealing changes in the length and motility of
spines over such periods of time. Thus dendritic spines are dy-
namic, as well as persistent, structures. However, it is notewor-
thy that these morphological changes associated with LTP are
small in magnitude. It should be borne in mind in this context
that observing small dimensional changes of fluorescent struc-
tures presents a detection problem, and as such is information-
limited rather than resolution-limited (Slayter and Slayter, 1992);
with our system, changes as small as 0.1 pm can be detected,
the significance of which must then be validated by statistical
measures.

Our evidence that individual small dendritic spines increase
in length in association with LTP (Fig. 5) is consistent with
results of several electron microscopic analyses of fixed mate-
rial. In their pioneering investigations of morphological corre-
lates of LTP, Van Harreveld and Fifkova (1975; Fifkové and Van
Harreveld, 1976) observed increases in the mean cross-sectional
area of dentate granule cell dendritic spines in the distal molec-
ular layer of potentiated rats; at poststimulation intervals equiv-

Table 1. ANOVA-Randomized-Blocks (paired comparison) of the observed spine lengths

Group of Observed Observed Observed length

spines prelength (pum) postlength (pm) change (pm) N P
Control 1.062 = 0.236 1.056 * 0.265 —0.006 = 0.067 277 >0.39
Potentiated 1.013 + 0.251 0.988 + 0.223 —0.025 = 0.074 304

Means and variances are shown; N, total of spines in groups; P, significance level of the difference between spine

length changes in control and potentiated groups (F test).
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Figure 4. Frequency distribution histograms of observed spine lengths (A, B), and the estimated distributions of true (3D) spine lengths (C, D),
for control (4, C) and potentiated (B, D) groups. Solid lines denote histograms of the initial (“pre””) lengths, while dotted line denote histograms

of spine lengths in “post” images.

alent to those in our experiments, spine area was increased by
more than 35% compared to controls, and remained more than
20% above control values after 23 hr. Desmond and Levy (1983,
1986a) found a significant increase in the number of large spine
profiles in the activated region of the rat dentate molecular layer
in association with LTP. As in our study, the increase in number

of large spine profiles was at the apparent expense of small spine
profiles, leading Desmond and Levy to propose that potentiating
stimulation causes growth (“‘interconversion’) of existing, ac-
tivated, spines. Desmond and Levy (1986b, 1988) also observed
an increase in the apposed membrane surface area (including,
but not limited to, an increase in the area of the postsynaptic

Figure 5. Histogram showing changes 0.1

in relative frequency of spines of differ- i
ent initial 3D lengths, in potentiated ver- i
sus control slices. The histogram was ob- :
tained by linear superposition of frequen- 0.05

cy histograms in Figure 4: (“post” po-
tentiated — “pre” potentiated) — (“‘post”
control — “pre” control). Dashed line
marks the line representing the null hy-
pothesis that there is no change, which is
rejected for the histogram peaks labeled
with asterisks (¥*¥*, P < 0.001; **, P <
0.007; *, P < 0.015; determined by x?
analysis for the seven histogram bins that
contained more than 10 spines in each of
the four categories, as indicated by

change in relative frequency
(Potentiated minus Control)

ik

dashed arrows). Spines 1.0-1.4 pm in
length become relatively more frequent 0
after potentiation, mainly at the expense

of smaller spines 0.6-0.8 wm in length,

as compared to control slices.

3D spine length, um
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Figure 6. Change in observed length of individual CA1l pyramidal cell apical dendritic spines during the observation period, plotted against
observed length of the spine measured at the beginning of experiments (pre-length). Control (A) and potentiated (B) hippocampal slices are plotted
separately. Increases in observed length of smaller spines and decreases in observed length of larger spines are evident in both groups. Dashes
mark zero-change lines; solid lines are linear regression fits of the data clouds. The regression equations and their significance levels are shown in

the plots; the regression slopes in A and B differ significantly (P < 0.04).

density) in the subpopulation of spines whose frequency was
increased by potentiating stimulation. All of these studies were
based on individual thin sections, and therefore could not ad-
dress spine length per se. However, Andersen et al. (1987a) and
Trommald et al. (1990), on the basis of three-dimensional re-
constructions from serial sections, found LTP in the dentate gy-
rus to be associated with elongation of spines, including both
thickening and lengthening of the spine neck.

In contrast to these results in the dentate gyrus, Lee et al.
(1979, 1980) and Chang and Greenough (1984) found no LTP-
associated changes in spine area or postsynaptic density length
in thin sections from rat CAl stratum radiatum stimulated in
vitro (although Chang and Greenough did observe significant
rounding of spine heads at 10 min and 2 hr, but not 8 hr, after
LTP, and not after nonpotentiating control stimulation). Rather,

near-horizontal spines

'pre' image

‘post’ image

both groups reported a persistent increase in the number of syn-
apses on dendritic shafts or small spines [*“‘stubby” or “sessile”
spines in the nomenclature of Jones and Powell (1969) and Har-
ris et al. (1992)] per unit area of section. Chang et al. (1993)
have, on this basis, inferred that “LTP in the hippocampus is
related to synapse formation in CA1 and synapse shape change
in the dentate gyrus.”

In the present study, we found no association between poten-
tiation and spine formation in CAl. Indeed, the formation of
new spines appeared to be extremely rare events over our inter-
val of observation. In addition, in contrast to previous sugges-
tions (Nieto-Sampedro et al., 1982; Carlin and Siekevitz, 1983;
Dyson and Jones, 1984; Trommald et al., 1990; Geinisman,
1991), we observed no splitting or bifurcation of preexisting
spines with LTP. Nevertheless, our observations do not rule out

near-vertical spines

Figure 7. The observed length of
spines will change between “pre” and
“post” imaging sessions if the angle be-
tween the line of sight and the spine axis
changes during that interval. Note that
angular changes will generally cause
those spines initially oriented perpendic-
ular to the line of sight to appear to
shrink (leff) while causing spines ini-
tially oriented parallel to the line of sight
to appear to grow (right).
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Figure 8. Results of Monte Carlo experiments in which a viewer mea-
sures the observed length (two-dimensional projections) of 360 seg-
ments of unit length having random initial orientations, and then mea-
sures the segments again after each has changed orientation randomly
(with respect to the viewer) within a range (*“‘rotation sector”) of +5°
(A), £10° (B), £20° (C) or +40° (D) of its initial orientation. Changes
in observed length are plotted as in Figure 6. The data clouds in C and
D exhibit significant linear regression (straight lines; equation shown
in the plots), with D steeper than C.

the possibility of such potentiation-associated splitting or prolif-
eration of spines or spine synapses. The spine size/transition
frequency histogram (Fig. 5) that we observe implies that, under
potentiating conditions, small spines are transformed into longer
spines. However, our methods neglect shaft synapses and spines
less than 0.2 wm long. Thus, potentiation-associated increases
in numbers of shaft synapses such as reported by Lee et al.
(1979, 1980) and by Chang and Greenough (1984) would be
beyond our limit of detection. In addition, counts of spine syn-
apses based on electron microscopic observations of single sec-
tions may increase if spines previously not in contact with pre-
synaptic terminals (and thus not initially contributing to synapse
counts) grow to contact nearby terminals (see below).

It has been suggested that similar growth of small spines may
occur during development (Jones and Powell, 1969; Chang and
Greenough, 1984; Steward et al., 1988; Harris et al., 1992). This
raises the question of whether spine growth is an autonomous
developmental process, or a consequence of learning during de-
velopment. It may be relevant in this context that several reports
based on Golgi staining suggest spine numbers are decreased by
sensory deprivation, and are increased by exposure to enriched
environments (reviewed by Horner, 1993); small spines may be
undercounted in light microscopic studies of Golgi-impregnated
material, so that shrinkage or growth of such spines may appear,
respectively, as a decrease or increase in spine number. Our in-
dications that LTP induction selectively lengthens small spines

may also bear upon the observation that the extent of LTP ob-
tainable in CA1 of rats peaks at 15 d of age (Teyler et al., 1989):
at this age, a larger fraction of synapses are upon sessile (pre-
sumably small) spines than in adult animals (Harris et al., 1992);
thus, if growth of this subset of spines contributes to expression
of LTP, their greater relative abundance at 15 d could account
for the developmental peak in LTP amplitude.

The growth of spines reported here appears to increase the
proportion of large spines, but not to produce giant spines. Thus,
whereas Andersen et al. (1987a), on the basis of three-dimen-
sional reconstructions from serial electron microscopic sections,
found that about 15% of dendritic spines of dentate granule cells
in potentiated animals were longer than any in the control group,
we observed no significant difference in the frequencies of the
longest spines (>1.5 pum) between CAl pyramidal neurons of
potentiated versus control slices.

Our measurements, made before and 3.75 hr after induction
of LTP, do not indicate how rapidly the observed changes in
spine length occur; however, measurements on fixed material
have suggested that activity-associated structural changes in-
volving dendritic spines occur within the first 10 min—and pos-
sibly as early as the first 2 min—after stimulation (Van Harrev-
eld and Fifkova, 1975; Fifkovad and Van Harreveld, 1976; Lee
et al., 1979; Chang and Greenough, 1984; Desmond and Levy,
1986a; Chang et al., 1993).

Problems of interpretation. Interpretation of our results de-
pends upon the relationship between chemically induced LTP
and more common forms of LTP such as that induced by tetanic
electrical stimulation of the afferent pathway. In separate exper-
iments using methods identical to those used here (Hosokawa et
al., unpublished observations), we have determined that tetanic
stimulation (three trains, 1 sec X 100 Hz, inter-train interval 5
sec) applied 60 min affer inducing LTP by exposure to the chem-
ical potentiation medium yielded no significant further potentia-
tion at the CA3—CA1 synapse (EPSP slope 193.18 + 16.44%
of baseline after chemical potentiation, versus 233.22 £ 39.43%
of baseline after further, tetanic, stimulation; n = 4, P = 0.21,
paired ¢ test); identical tetanic stimulation applied after similar
delays to control slices not exposed to the chemical potentiation
medium yielded significant LTP (EPSP slope 188.97 * 21.45%
of baseline; n = 4, P < 0.01). Such occlusion between chemi-
cally and electrically induced potentiation strongly suggests that
both phenomena depend upon the same saturable mechanisms.

Our data suggest that in preparations undergoing potentiation,
spine orientation changes to a significantly greater extent than
in control preparations over similar intervals (see Fig. 9). The
statistical analysis as well as the Monte Carlo simulations indi-
cate that these changes and changes in spine length are not due
to measurement errors but to real changes in the spines. The
magnitude of the changes we report are likely to underestimate
the actual changes at potentiated synapses, since even with
chemical stimuli not all synapses in the slice are necessarily
potentiated. Such changes could be artifacts of the experimental
model (e.g., due to time-dependent changes in the mechanical
properties of tissue slices, which may be enhanced by exposure
to the potentiation medium independent of its effects on synaptic
transmission). However, exposure to the potentiation medium in
these experiments had no effect on somatic morphology, cell
viability, or spontaneous activity; moreover, the significant dif-
ference in spine reorientation between control and potentiated
preparations and the restriction of length changes to particular
subsets of spines suggest that these spine changes reflect specific
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Figure 9. Monte Carlo simulation experiments in which the viewer measures the observed length (projection) of 350 different segments with
uniformly random initial orientations, distributed in true length and rotated to fit the experimental data. In A, the segment lengths at the beginning
of the experiment were distributed according to the estimated distribution of control-group three-dimensional spine “pre” lengths shown by the
solid line histogram in Figure 4C; each segments then underwent a change in lengths to fit the distribution of control-group “post” lengths (dashed
line histogram, Fig. 4C), and a random deviation in orientation within different ranges (rotation sectors) until the resulting regression fit the
experimental regression of Figure 6A. The best-fit rotation sector is indicated in the plot, along with its 95% confidence interval in parentheses. In
B, the same procedure has been carried out, using the potentiated-group data; the rotation sector best fitting the experimental regression of Figure

6B is shown. Dashes mark zero-change lines.

physiological effects of the potentiating stimulus. Biochemical
mechanisms triggered by potentiating stimuli, such as protease
activation (see below), would be expected to facilitate these
changes. Furthermore, angular displacement may at least in part
be a consequence of spine growth if such growth is constrained
by adjacent structures.

We have interpreted our results as indicating that exposure to
the potentiation medium causes changes both in spine length and
orientation. We believe this to be the simplest and most plausible
interpretation. However, it is in principle possible to explain our
observations by orientation changes alone, if exposure to the
potentiation medium induces orientational changes that are a
particular function of spine length.

Mechanisms by which stimulation may induce postsynaptic
morphological changes. Biochemical correlates of hippocampal
LTP have been recently reviewed (Otani and Ben-Ari, 1993).
Activity-dependent accumulation of calcium in dendritic spines
has been observed in rapidly-frozen tissue by electron probe
x-ray microanalysis (Andrews et al., 1988) and in living brain
slice using fluorescent calcium indicators (Miiller and Connor,
1991; Regehr and Tank, 1992). These intradendritic elevations
in Ca?* reflect calcium entry via synaptically activated NMDA -
type glutamate receptors (Alford et al., 1993; Perkel et al.,
1993), possibly amplified by influx through voltage-gated cal-
cium channels and/or calcium-induced release of calcium from
internal stores (Alford et al., 1993; Jaffe et al., 1994) such as
the spine apparatus (Wilson et al., 1983). Siman et al. (1984)
observed that brain spectrin (fodrin), a major component of the
submembrane cytoskeleton and an actin- and calmodulin-bind-
ing protein, is degraded by the synaptosomal calcium-activated
protease calpain I, and proposed that postsynaptic activity-in-

duced calcium accumulation could, through this mechanism, al-
ter the cytoskeleton leading to long-lasting changes in the shape
of dendritic spines. By decreasing the rigidity of the spine, such
cytoskeletal proteolysis could facilitate changes in spine orien-
tation, such as those described here, that may be associated with
modification of synaptic connections.

Spine reorientation and growth would also be facilitated by
release or activation of extracellular proteases that could cleave
the proteins stabilizing synaptic connections. Indeed, expression
of one such protease, tissue plasminogen activator, has recently
been found to increase early after LTP induction (Qian et al.,
1993). Furthermore, levels of two membrane-spanning glyco-
proteins associated with maintenance of intercellular bonds, neu-
ral-cell adhesion molecule (NCAM) and amyloid precursor pro-
tein (APP), increase in push—pull superfusate of the dentate gy-
rus 90 min after induction of LTP (Fazeli et al., 1994).

Activity-dependent elevation of spine calcium levels would
also be expected to activate two protein kinases that are com-
ponents of the postsynaptic density, protein kinase C (PKC) and
calcium/calmodulin dependent protein kinase II (CaMKII). Both
kinases have been implicated in the induction of LTP (Lovinger
et al., 1986, 1987; Silva et al., 1992). Among these enzymes’
substrates are several cytoskeletal proteins found in dendritic
spines, including the actin-binding proteins MAP-2 and myosin
light chain. Changes in the spine actin network, resulting from
phosphorylation of these proteins, have also been proposed as a
basis for activity-dependent changes in spine morphology (Coss
and Perkel, 1985; Fifkova, 1987; Fifkova and Morales, 1991).
PKC appears to mediate the rapid and reversible growth of den-
dritic spinules associated with light adaptation in the mature ret-
ina (Weiler et al., 1991).
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Figure 10. Spine growth from before
(A) to after (B) induction of LTP may
influence both “postsynaptic” and “*pre-
synaptic” quantal parameters. Such
growth may be associated with insertion
of additional postsynaptic receptors,
and/or may be coupled to presynaptic
changes such as addition of release sites
and release apparatus. Alternatively,
spine growth and/or displacement could

permit receptor-bearing membrane to
come into close contact with preexisting
but ineffectual release sites, rendering
them functional.

Several groups have obtained evidence for the selective ac-
cumulation of particular mRNAs in dendrites. Chicurel et al.
(1993) found mRNA encoding GAP-43 and RC3 (both PKC
substrates and calmodulin-binding proteins) to be selectively
concentrated in a subcellular fraction enriched in dendritic spines
(CA3 thorny excrescences). Kleiman et al. (1990), studying hip-
pocampal cells in dissociated cell culture, found mRNA for the
microtubule associated protein MAP-2, which is also an actin-
binding protein, distributed throughout distal dendrites, although
in these cultured cells GAP-43 mRNA appeared largely restrict-
ed to the soma and proximal dendrites. [Although GAP-43 pro-
tein is largely concentrated in axons, it has been detected im-
munohistochemically in the tips of dendritic spines (DiFiglia et
al., 1990).] mRNA encoding the a-subunit of CaMKII has also
been detected in distal dendrites (Burgin et al., 1990).

Synthesis of dendritic proteins, including components of the
postsynaptic membrane, can be carried out locally in the den-
drite (Rao and Steward, 1991; Torre and Steward, 1992) in a
manner contributing to activity-dependent plasticity (Steward
and Banker, 1992). Recently, it has been found that such den-
dritic protein synthesis may be activated by afferent stimulation:
*H-leucine incorporation in CAl dendrites is induced immedi-
ately after high frequency, but not low frequency, stimulation of
Schaffer collaterals in the presence of carbachol (Feig and Lip-
ton, 1993); label incorporation is blocked by p-aminophosphon-
ovalerate and also by atropine.

Physiological consequences of spine plasticity. It has been
suggested that dendritic spines serve to increase the available
surface for synaptic contact, thereby permitting higher levels of
neuronal connectivity (Ramon y Cajal, 1911; Swindale, 1981),
or that they serve to restrict and amplify activity-induced cal-
cium changes (Brown et al., 1988; Holmes, 1990). Although the
dynamic LTP-associated changes in spine morphology described
here are not-incompatible with these proposed functions, they
support the notion that structural plasticity of the dendritic spine
serves as a basis for the maintained changes in synaptic strength
necessary for lasting memories. Rall and Rinzel (1971) intro-
duced the idea that changes in spine neck dimensions, leading
to increased charge transfer from the synapse to the soma, could
contribute to learning and memory; this possibility was consid-
ered in the original description of LTP (Bliss and Lgmo, 1973).
Computational studies suggest that such changes in spine neck

dimensions, which are beyond the resolution of the present in-
vestigation, could indeed modulate quantal size if the spine
membrane is excitable (Coss and Perkel, 1985; Perkel and Per-
kel, 1985; Shepherd et al., 1985; Brown et al., 1988; Koch et
al., 1992); very recently, voltage-dependent calcium channels
that could confer such excitability have been visualized on den-
dritic spines by confocal microscopy of fluorescent ligands
(Mills et al., 1994). However, the equal sensitivity of potentiated
and control synapses to experimental reduction in synaptic con-
ductance has been taken as evidence against the hypothesis that
changes in spine neck resistance are responsible for the expres-
sion of LTP (Jung et al., 1991).

Quantal analyses (Bekkers and Stevens, 1990; Malinow and
Tsien, 1990; Larkman et al., 1992; Liao et al., 1992; Manabe et
al., 1992; Voronin, 1993; Kullmann, 1994) have indicated that
all of the statistical parameters of quantal transmission—quantal
size, g; number of available release units, #; and probability of
quantal release, P—may be altered in LTP. Morphological
changes in dendritic spines could in principle affect any of these
parameters (Carlin and Siekevitz, 1983; Harris and Stevens,
1989; Calverley and Jones, 1990; Edwards, 1991; Lisman and
Harris, 1993; McNaughton, 1993; Bailey and Kandel, 1993).
Thus, for example, if quantal release saturates available recep-
tors at central synapses (Redman, 1990; Korn and Faber, 1991;
Tong and Jahr, 1994), spine growth incorporating more postsyn-
aptic receptors could yield increased g. Indeed, larger spines
generally have larger postsynaptic densities and, presumably,
more receptors and ion channels (Harris and Stevens, 1989; Lis-
man and Harris, 1993); increased size of the postsynaptic density
has been reported by Desmond and Levy (1986b), as remarked
earlier, in the subpopulation of large spines whose frequency is
increased by LTP at the apparent expense of smaller spines.
Alternatively, an increase in n or P—both widely considered
presynaptic measures—might result from spine growth, if such
growth lead to perforation of the postsynaptic density (Gree-
nough et al., 1978) and/or coordinated changes in the presyn-
aptic bouton (Desmond and Levy, 1986b; Schuster et al., 1990;
Geinisman et al., 1992b; Lisman and Harris, 1993), or to recep-
tor access to previously ineffectual transmitter release sites (Fig.
10). Tt has been suggested that the number and size of functional
vesicular release sites increases in proportion with the size of
the terminal bouton (Pierce and Lewin, 1994), and there is ev-



idence from fixed tissue of activity-dependent presynaptic struc-
tural changes in the hippocampus (Fifkova and Van Harreveld,
1977; Chang and Greenough, 1984; Applegate et al., 1987; Me-
shul and Hopkins, 1990; Represa and Ben-Ari, 1992). Note that
physical coupling of pre- and postsynaptic membranes (postsyn-
aptic densities are commonly observed bound to isolated syn-
aptosomes) could obviate an obligatory role for diffusible ret-
rograde messengers in triggering presynaptic expression of LTP
(Lisman and Harris, 1993).

Implications for aging and dementia. The marked loss of den-
dritic spines in Alzheimer’s disease and Down syndrome is well
documented (Mehraein et al., 1975; Coleman and Flood, 1987,
DeRuiter and Uylings, 1987; El Hachimi and Foncin, 1990; Fer-
rer and Gullotta, 1990; Baloyannis et al., 1992). Aging in rats,
which is accompanied by impairments in learning, is also char-
acterized by a substantial decrease in the frequency of axospi-
nous synapses (Geinisman et al., 1992a). Some aspects of LTP-
associated synaptic structural plasticity can still be observed in
aged rats despite their reduced synaptic density (Geinisman et
al., 1992b); in that study, however, no distinction was made re-
garding learning ability of the aged rats (Gage et al., 1984). It
will be of interest to determine whether the ability to sustain
activity-dependent spine growth is lost in aged, memory-im-
paired animals, thereby contributing to their functional impair-
ment.
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