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A longstanding goal in neuroscience has been to understand
mechanisms of synaptogenesis. In the central nervous system,
this question extends to dendritic spines because the vast major-
ity of excitatory synapses occur on these tiny protrusions from
dendrites1,2. Several studies explored dendritic spine formation
on developing neurons3,4. Spine number can either increase or
decrease depending on the degree of synapse activation in disso-
ciated neuronal cultures5–8, in organotypic slices9–13 and in
vivo14–16. Immature neurons also increase synaptic strength in
compensation for lost synaptic activity17. It is not known if this
increase in synaptic strength is coupled to the formation of new
synapses, nor if spines emerge in direct response to synapse acti-
vation. Alternatively, spines and synapses may form indepen-
dently of activation and then be preserved or eliminated by
specific patterns of synaptic activity.

Spine number also changes on mature neurons. For example,
the number of hippocampal spines in the adult female rat is
modulated over a couple of days with changes in hormonal sta-
tus18,19. More spines occur in the cortex after exposure to an
enriched environment20,21, and in the hippocampus after spatial
learning22 in adult rats. Neurons do not obtain an adult comple-
ment of dendritic spines and synapses in dissociated cell cul-
tures23 or in organotypic slices24,25; hence, little is known about
the role of activation in synaptogenesis and spine formation on
mature neurons26. To address this question, dendrite spininess
was assessed in hippocampal slices from mature rats in which
synaptic activity was pharmacologically blocked and in those
with low or high levels of synaptic activation.

RESULTS
Small clusters of pyramidal neurons were labeled at the begin-
ning of each experiment by inserting DiI-coated microelectrodes
into the CA1 pyramidal cell layer of hippocampal slices at 3 loca-
tions about 200 µm apart for approximately 2 minutes27 (Fig.
1a). In the first set of experiments, four different slice conditions
were prepared (Fig. 1b). One of the four slices in each experi-

ment was maintained in normal control media (see Methods)
and received high synaptic activation via sequential tetani (100
Hz for 1 second at half-maximal stimulation) between 2 path-
ways at 10-minute intervals for 3–4 hours (Fig. 1b, Tetanus).
These tetanized slices had potentiated synaptic responses rela-
tive to the pretetanus baseline recordings. Control slices, also
maintained in normal control media, received low-frequency
stimulation (once per 30 seconds) and were tested with increas-
ing stimulus intensities to generate an input–output curve (Fig.
1b, Control). Tetanus and control slices had equal maximal fEPSP
slopes and stable baseline responses. Blocked slices were main-
tained in a nominally calcium-free media with 8 mM Mg2+ plus
the activity antagonists TTX, nimodipine, CNQX, APV and
MCPG and had no evoked responses (Fig. 1b, Block). Other slices
were maintained in nominally calcium-free media, and generat-
ed a fiber volley but no synaptic response upon extracellular
stimulation (Fig 1b, 0 Ca2+/8 Mg2+).

Slices were fixed in mixed aldehydes using a microwave-
enhanced procedure28. Well-isolated secondary branches of the
apical dendrites were located about 100–300 µm from stratum
pyramidal in the middle of stratum radiatum of hippocampal area
CA1 (Fig. 1c). Each branch was photographed with confocal
microscopy at its tip and along the middle of its length (Fig. 1d).

Two strategies were used to assess the spininess of dendrites in
each condition (Fig. 2). The first strategy was to obtain relative
spine densities by counting the visible dendritic spines, measur-
ing the length of the dendritic segment and computing the num-
ber of spines per unit length of dendrite (Fig. 2, left column). All
protrusions from the dendrites were treated as 'spines', though
with confocal microscopy it was not possible to know if they had
synapses, or if some of them were filopodia4,5. In the second strat-
egy, a rank score was assigned by comparing dendrites in all four
conditions from a single experiment to a 'proband' dendrite with
approximately average spininess for that experiment. All other
dendrites in the same experiment were scored relative to the
proband dendrite as less (score 1), equally (score 2) or more spiny
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(score 3; Fig. 2, right column). All photography and analyses were
done blind with regard to experimental conditions.

In the first set of experiments, a total of 870 dendritic seg-
ments from 6 animals (4 slices per animal) were analyzed with
both methods. In Figs. 3a and 4a, respectively, the tips and mid-
dles of the dendrites are arranged from low to high spine densi-
ty, and matched for percentile rank in spine density across each
condition. These figures show pictorially that dendrites are spinier
in the two conditions with blocked synaptic activity than in the
control or tetanus conditions. Quantitatively, the dendritic tips
were spinier in the block and 0 Ca2+/8 Mg2+ conditions than in
the control or tetanus conditions (F3,434 = 16.57, p < 0.001;
Fig.3b), with the spine densities increasing 33.8 ± 4.9% for the
block (p < 0.001) and 23.0 ± 5.7% for the 0 Ca2+/8 Mg2+

(p < 0.001) conditions relative to the control condition. Dendrite
middles were also more spiny in the block and 0
Ca2+/8 Mg2+ conditions (F3,434 = 26.63, p < 0.001;
Fig. 4b), increasing 22.9 ± 4.5% for the block
(p < 0.001) and 21.1 ± 5.2% for the 0 Ca2+/8 Mg2+

(p < 0.001) conditions relative to the control condi-
tion. Dendritic tips (Fig. 3c) and middles (Fig. 4c)
from slices maintained in the block or 0 Ca2+/8 Mg2+

conditions also had higher spine rank scores than den-
drites from slices maintained in control or tetanus
conditions (both χ2 and ANOVA on ranks; p < 0.001).

There were no significant differences in spine densities or spine
rank scores between the control and tetanus conditions, nor
between the block and 0 Ca2+/8 Mg2+ conditions.

The absolute spine density measured from confocal microscopy
was less than half the value obtained from serial EM analyses in
slices26,29. This difference can be attributed to two factors30,31. Only
spines emerging from the lateral edges of the dendrites were read-
ily distinguished with confocal microscopy; spines emerging from
the back and front were hidden. Second, fluorescence from closely
spaced spines made them difficult to resolve, especially when spine
density was high, as was true for the mature dendrites. Although
confocal microscopy revealed lower absolute values for the spine
densities, the relative differences in densities and scores were valid
and proved useful in analyzing large numbers of dendrites.

The purpose of a second set of experiments was to determine if

Fig. 1. Imaging and electrophysiological recording in
hippocampal slice preparations. (a) Position of the stim-
ulating (S) and recording (Rec) electrodes and sites of
DiI application into the CA1 pyramidal cell layer (red
spots). (b) Summary of physiological responses. Top
three panels are fEPSPs before (small potential) and
after (large potential) tetanic stimulation, in the block
condition, and with high stimulus intensity in the
0 Ca2+/8 Mg2+ condition. The tetanus graph illustrates
the percent change in the mean fEPSP slope during
repeated tetanic stimulation starting after time zero
(mean ± s.e.; n = 5 slices from five animals; squares,
orthodromic stimulation from S electrode on the CA3
side; triangles, antidromic stimulation from the S elec-
trode on the subicular side). Control graph shows the
input–output function (mean ± s.e.) for both stimulus
pathways (n = 6 slices from six animals). (c) Small clus-
ter of pyramidal neurons labeled with DiI in a control
slice. Scale bar, 100 µm. (d) An extended-focus, higher
magnification image of the boxed region in (c), made by
combining a stack of 28 optical sections spanning 14 µm
in the z dimension. Scale bar, 10 µm.

a
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d

Fig. 2. Two strategies for assessing dendrite spininess. The
left column (Density) illustrates the spine density method.
All spine-like protrusions (red dots) on dendritic tips (top
three rows) and middles (bottom three rows) were
counted, and the lengths of dendritic segments were mea-
sured (green lines). Spine densities are indicated to the left
of each dendrite. The right column (Score) of dendrites
demonstrates the method for rank scoring the dendrite
spininess. The same dendrites are illustrated for each
method. Scale bar, 5 µm.
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selective blocking of different components of synaptic and neuronal
responses also affected spine density. Slices were maintained in con-
trol media with 2.5 mM Ca2+ and 1.3 mM Mg2+, control media with
APV and CNQX, control media with TTX or in a reduced-block,
nominally calcium-free media with 8 mM Mg2+, APV and CNQX
(Fig. 5). The same procedures for imaging and analyzing the den-
drites were used as described above, with all photography and analy-
ses done blind with regard to experimental conditions.

Dendrites were more spiny in slices maintained in APV and
CNQX, in TTX or in reduced block conditions as compared with
the control condition (F3,815 = 15.55, p < 0.001; Fig. 5a). Spine den-
sity increased 10.4 ± 5.0% with TTX (p < 0.005, n = 6), 14.5 ± 4.9%
with APV/CNQX (p < 0.05, n = 4) and 14.0 ± 3.1% under reduced
block (p < 0.001, n = 4). Similarly, dendrites from the three block
conditions had significantly higher spine rank scores than dendrites
from control slices (Fig. 5b; χ2 and ANOVA on ranks, p < 0.001).
There were no significant differences in spine densities or scores

among the slices treated with APV/CNQX, TTX or reduced block.
Electron microscopy was used to assess whether structurally

healthy dendrites and synapses occurred under the different con-
ditions of synapse inactivation. Healthy dendrites had intact
membranes, uniformly spaced microtubules, clear cytoplasm
and intact subcellular organelles. Well-preserved synapses had
postsynaptic dendritic spines with a thickened postsynaptic den-
sity and presynaptic axonal varicosities with evenly distributed
synaptic vesicles26,29. The dendrites and synapses were structurally
intact in all conditions (Fig. 6).

DISCUSSION
These findings show that new spines formed when synapses on
mature hippocampal neurons were inactivated. The upward
adjustment in spine number occurred at multiple locations, and
not just at the tips, where new dendrites might have been added.

Fig. 3. Dendrite tips were spinier in slices with blocked synaptic
transmission than in those under control or tetanus slice conditions.
(a) Sets of high-magnification single-focal-plane images of the tips of
five dendritic segments obtained in slices maintained in control or one
of three experimental conditions. From left to right within each condi-
tion, spine density for these dendritic segments increases from the
fiftieth to the ninetieth percentile in increments of ten. Scale bar, 5 µm.
(b) Dendritic tips with higher spine densities occur more frequently in
the block and 0 Ca2+/8 Mg2+ conditions than in the control and tetanus
conditions. (c) Spine rank scores were also higher in the block and 0
Ca2+/8 Mg2+ conditions. Numbers of dendritic segments in each condi-
tion are indicated in parentheses within each bar. A total of 435 den-
dritic tips in 24 slices from six animals, that is six slices per
experimental condition, are included. Asterisks indicate significant dif-
ferences from the control and tetanized slice conditions (*p < 0.05;
***p < 0.001). Data are presented as mean ± s.e.

Fig. 4. Dendrite middles are spinier in slices with blocked synaptic
transmission than in control or tetanus slice conditions. (a) High-magni-
fication single-focal-plane images of the middle dendritic segments
obtained in slices from control or experimental conditions indicated at
the bottom of each condition. Spine density of dendritic segments
within each condition increases from the fortieth (left) to the eightieth
percentile (right) in increments of ten for each condition. Scale bar, 5
µm. (b) Spine densities and (c) spine rank scores across different slice
conditions. The total number of dendritic segments in each condition is
indicated within the parentheses in each bar, where 435 dendrite mid-
dles from 24 slices from six animals (six slices per experimental condi-
tion), are included. Asterisks indicate significant differences from the
control and tetanus slice conditions (*p < 0.05; ***p < 0.001). Data are
presented as mean ± s.e.
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It has long been postulated that spine number should increase
to meet the demand of enhanced activity32. However, no consis-
tent increase in spine or synapse number is detected on mature
neurons with enhanced synaptic activation, such as long-term
potentiation (LTP)29,33,34. Instead, mature neurons upregulate
spine and synapse number when there is insufficient synaptic
input, perhaps compensating for the lost input. It remains to be
determined if all of the new spines have synapses under condi-
tions of blocked synaptic activity, or if their number might
decrease with the reinstatement of optimal activity.

Fewer spines occur in the hippocampus in vivo than in slices26.
Thus, blocking synaptic activity does not merely preserve existing
spines by protecting them from excitotoxicity in the slices35, but
leads to the induction of more spines. Ultrastructural observations
showed that many intact synapses occurred under all of the differ-
ent block conditions used here. Relative to neurons in vivo, neu-
rons in control slices have more short and stubby, or
mushroom-shaped, spines, which form synapses with pre-existing
axonal boutons26. In addition to spines, long filopodia-like struc-
tures4 occur in blocked slices.

The mechanisms by which reduced synaptic activity induces
dendritic spines are unknown. All our experimental treatments
that reduced activity also reduced postsynaptic calcium. In three

of the block conditions, the extracellular calcium was nomi-
nally zero. The effect of the remaining extracellular calcium was
minimized by high extracellular magnesium, ionotropic and
metabotropic glutamate receptor antagonists, and/or nimodip-
ine, the L-type calcium-channel blocker. The high extracellu-
lar magnesium would have stabilized the fixed negative charges
of the plasma membrane36, thereby preventing any epileptiform
activity37,38. In other block conditions, where extracellular cal-
cium was normal (2.5 mM), the calcium-permeable NMDA
receptor was blocked by APV, and/or voltage-dependant influx
of calcium was reduced with CNQX and TTX. Such a reduc-
tion in postsynaptic calcium permits enhanced actin polymer-
ization39,40, thereby supporting outgrowth of spine-like
protrusions. Further study is required to determine if this per-
missive low-calcium environment is sufficient to trigger spine
formation, or if other signaling cascades are responsible.

How long does it take for new spines to form on adult neurons?
In dissociated cell culture, dendritic spines are highly motile struc-
tures, changing shape over minutes depending on the state of actin
polymerization41. In organotypic slice cultures, dendritic protru-
sions appear and disappear in minutes27, apparently in relationship
to local activity12. Local potentiation of immature synapses in organ-
otypic slice cultures leads to an outgrowth of spine-like protrusions
30 minutes later13. These observations suggest that new spines or
filopodia can form quite rapidly on immature neurons. More spines
occurred in mature slices within a couple of hours of making the
slices26, though shorter times have not yet been investigated.

How long can new spines last before they must be incorpo-
rated into a functional synaptic network? This is an intriguing
question, because both anatomical and physiological evidence
suggest that young, developing synapses have only NMDA glu-
tamatergic receptors42–45 and thus should be functionally silent.

Fig. 5. Dendrites are also spinier with the selective block of presynap-
tic or postsynaptic activity. (a) Spine densities and (b) rank scores
across different slice conditions. Data are from combined measures of
dendrite tips and middles (mean ± s.e.) and the total number of den-
dritic segments are indicated within parentheses in each bar. Asterisks
indicate significant increases from the control (*p < 0.05; **p < 0.005;
***p < 0.001).

Fig. 6. Electron micrographs from neuropil in area CA1 of adult hip-
pocampal slices. Morphologically healthy dendrites, spines, axons and
synapses occur in (a) control (b) 0 Ca2+/8 Mg2+ (c) block and (d) TTX
slice conditions. Examples of well-preserved dendrites (den) and spines
with synapses (→) are indicated. Scale bar, 1 µm.
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Spine number remained elevated during eight hours of blocked
synaptic activity, suggesting that new dendritic spines on mature
hippocampal dendrites can persist for many hours in the absence
of functional activity.

No global change in spine number was detected when synaps-
es were activated with low-frequency control stimulation or
repeated tetanic stimulation. In contrast, dendritic spines are lost
after excessive activation, such as that which occurs after epilep-
tic seizure46–49. Similarly, spines shorten50 or immediately disap-
pear8 when cultured hippocampal neurons are exposed for only
a few minutes to high concentrations of NMDA, which presum-
ably causes excessive activity.

These findings suggest that mature neurons regulate total
spine number according to the level of activity. Thus, spines and
their synapses may be rapidly removed from an overly active net-
work when the neuron is at risk of excitotoxicity. Conversely,
inactive dendritic spines may persist for many hours, possibly
providing a structural basis for the subsequent formation of func-
tional synaptic networks.

METHODS
Preparation and maintenance of hippocampal slices in vitro. Our pro-
cedures follow National Institutes of Health guidelines and undergo year-
ly review by the Animal Care and Use Committee at Children’s Hospital.
Mature male rats of the Long Evans strain, aged 60–82 days, were deeply
anesthetized (at ~11:30 A.M., 4.5 h into their light cycle) with metofane
(methoxyflurane) and decapitated. The right hippocampus was dissect-
ed from the rest of the brain and mounted on an agar block in a slicing
chamber with partially frozen, oxygenated saline containing 234 mM
sucrose, 5.3 mM KCl, 26 mM NaHCO3, 1 mM NaH2PO4, 8 mM MgSO4
and 10 mM glucose, pH 7.4. Transverse slices (400 µm) were cut from
the middle third of the hippocampus with a vibrating-blade microtome
(VT1000 S, Leica Instruments GmbH, Nussloch, Germany).

Two sets of experiments were performed, with six animals in each set.
In the first set, slices were placed into each of three different ice-cold
solutions equilibrated with 95% O2/5% CO2 at pH 7.4. The normal con-
trol medium contained 117 mM NaCl, 5.3 mM KCl, 26 mM NaHCO3, 
1 mM NaH2PO4, 2.5 mM CaCl2, 1.3 mM MgSO4 and 10 mM glucose.
The nominally calcium-free medium contained this same solution except
that it had 0 mM Ca2+ and 8 mM Mg2+. The block medium also had 0
mM Ca2+ and 8 mM Mg2+, as well as the activity antagonists tetrodotox-
in (TTX, 1 µM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20
µM), D,L-2-amino-5-phosphonovaleric acid (APV, 50 µM), nimodip-
ine (5 µM) and (S)-α-methyl-4-carboxyphenylglycine (MCPG, 
500 µM). In the second set of experiments, slices were placed into one of
the four ice-cold solutions equilibrated with a 95% O2/5%CO2 at pH
7.4. In addition to the normal control media, two solutions also con-
tained ionotropic glutamate receptor antagonists CNQX (20 µM) and
APV (50 µM) or the sodium channel blocker TTX (1 µM). The reduced
block condition had 0 Ca2+ and 8 mM Mg2+, CNQX (20 µM) and APV
(50 µM).

Slices were transferred immediately into the recording chamber (Stoelt-
ing, Wood Dale, Illinois), placed onto nets positioned over one of four wells
containing one of the media conditions, and maintained at the interface of
humidified 95% O2/5% CO2 atmosphere at 32ºC. The average delay between
removal of the brain and placing the last slice into the recording chamber
was about 15 minutes. CNQX and nimodipine were acquired from Research
Biochemicals, (Natick, Massachusetts), TTX from Calbiochem (La Jolla,
California), and MCPG from Tocris Cookson (Bristol, UK). All other drugs
and chemicals were from Sigma Chemical (St. Louis, Missouri). MCPG was
solubilized at 100× final concentration in 1.1 M NaOH. All other drugs
were prepared at 1000× concentration in stock solutions.

DiI electrodes. Phenyl-substituted DiI (1,1′-dioctadecyl-5,5′-diphenyl-
3,3,3′,3′-tetramethylindocarbocyanine chloride; Molecular Probes, Eugene,
Oregon) was dissolved in N,N-dimethyformamide (0.5% weight per vol-
ume) and dried onto the tips of glass microelectrodes overnight at 60ºC.

Physiological recordings. Slices were incubated in a recording chamber
for about 3 hours. Two concentric bipolar stimulating electrodes (Ultra-
small, 25 µm pole separation; Fred Haer, Brunswick, Maine) were posi-
tioned 600–800 µm apart in the middle of stratum radiatum on either
side of a single extracellular recording electrode (glass micropipet filled
with 120 mM NaCl; Fig. 1a). Alternating stimuli (100 µs duration) were
delivered at one per 15 s at an intensity that evoked field excitatory post-
synaptic potentials (fEPSPs) with slopes of approximately 1 mV per ms.
The fEPSPs were recorded with a microelectrode amplifier (Model 1800,
A-M Systems, Carlsborg, Washington), filtered at 5 kHz, digitized at 29
kHz using an interface board (RC Electronics, Santa Barbara, Califor-
nia) and analyzed online with the Scope software (RC Electronics). The
slope function (mV per ms) of the fEPSP was measured from the steep-
est 400 µs segment of the negative field potential.

Confocal microscopy. After a total of 8 h, slices were immersed in mixed
aldehydes (0.1% glutaraldehyde, 4% paraformaldehyde in 0.1 M phosphate
buffer) and brought to a final temperature of less than 37ºC during 8 sec-
onds of microwave irradiation28. Optimal preservation of CA1 pyramidal
cells and their dendritic arbors occurred in the middle of the slices, as judged
previously by EM28,29 . The fixed slices were resectioned parallel to their
surfaces at 100 µm with the Leica vibrating blade microtome. The two mid-
dle sections were mounted in buffer on glass slides, coverslipped, sealed
with nail polish and coded. The dendrites were imaged by confocal scan-
ning laser microscopy using the Noran OZ Confocal System (Noran, Mid-
dleton, Wisconsin) on a Nikon Diaphot 200 Inverted Microscope with a
100× oil objective (Nikon, n.a. 1.4). DiI fluorescence was excited by the
568 nm emission of a krypton-argon ion laser. Digital images were created
by averaging 128 or 256 frames collected at a single focal plane at a resolu-
tion of 512 × 479 (8 bits per pixel). Each high magnification scan (1.5× elec-
tronic zoom) covered an area of 28.5 µm × 26.6 µm.

Image analysis. The imaging software entitled IGL Trace was used to
compare images of the dendrites, and to position spine counts and
measure dendritic lengths. This software is available at website:
http://synapses.tch.harvard.edu/.

Several approaches for evaluating dendrite spininess were tested
before settling on the two strategies used in this paper. In three of the
experiments, we compared the spine density and rank scoring proce-
dures with three-dimensional approaches by counting all spines occur-
ring on each individual confocal section through a z-series of the
dendrite, or counting all spines on a three-dimensional reconstruction
made from the z-series (Intervision 3-D module, Noran). The percent
increase in detectable spine density was less than 20% for the three-
dimensional approaches, and the outcome of the experiments was iden-
tical for all four approaches. Thus, even with the three-dimensional
approaches, the spine density of the mature neurons was too high to
obtain accurate counts. We further attempted to overcome this prob-
lem by optically resectioning the dendrites perpendicularly; however,
even with minimum separation, the z dimension was too great, and
many spines either became disconnected from the parent dendrite or
were still obscured by one another. In addition, it was much more time
consuming to use any of the three-dimensional methods than to use
spine density and rank scoring procedures.

Electron microscopy. Slices were fixed in mixed aldehydes containing
6% glutaraldehyde, 2% paraformaldehyde, 1 mM CaCl2, and 2 mM
MgCl2, in 0.1 M cacodylate buffer at pH 7.4 during 8 s of microwave
irradiation to ensure rapid fixation28. Tissue was processed for EM with
osmium, uranyl acetate, dehydration and embedding in LX112 using
standard microwave-enhanced procedures4,26.

Statistical analysis. Control slices from different animals can have sig-
nificantly different spine densities29. Hence, this potential bias was avoid-
ed by using within-animal scoring procedures. A two-way ANOVA,
followed by Tukey's post-hoc method, was used to evaluate what part of
the spine-density variance between dendrites arose from different exper-
imental conditions and what part was due to differences between ani-
mals. The χ2-test and Kruskal-Wallis ANOVA on ranks, followed by
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Dunn's post-hoc test, were used for the spine rank scoring procedure.
The significance criterion was set at p < 0.05.
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