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LTP Enhances Synaptogenesis in the Developing Hippocampus

Deborah J. Watson,1 Linnaea Ostroff,2 Guan Cao,1 Patrick H. Parker,1 Heather Smith,1 and
Kristen M. Harris1*

ABSTRACT: In adult hippocampus, long-term potentiation (LTP) pro-
duces synapse enlargement while preventing the formation of new
small dendritic spines. Here, we tested how LTP affects structural syn-
aptic plasticity in hippocampal area CA1 of Long-Evans rats at post-
natal day 15 (P15). P15 is an age of robust synaptogenesis when less
than 35% of dendritic spines have formed. We hypothesized that LTP
might therefore have a different effect on synapse structure than in
adults. Theta-burst stimulation (TBS) was used to induce LTP at one
site and control stimulation was delivered at an independent site, both
within s. radiatum of the same hippocampal slice. Slices were rapidly
fixed at 5, 30, and 120 min after TBS, and processed for analysis by
three-dimensional reconstruction from serial section electron micros-
copy (3DEM). All findings were compared to hippocampus that was
perfusion-fixed (PF) in vivo at P15. Excitatory and inhibitory synapses on
dendritic spines and shafts were distinguished from synaptic precursors,
including filopodia and surface specializations. The potentiated response
plateaued between 5 and 30 min and remained potentiated prior to fixa-
tion. TBS resulted in more small spines relative to PF by 30 min. This
TBS-related spine increase lasted 120 min, hence, there were substan-
tially more small spines with LTP than in the control or PF conditions. In
contrast, control test pulses resulted in spine loss relative to PF by 120
min, but not earlier. The findings provide accurate new measurements of
spine and synapse densities and sizes. The added or lost spines had small
synapses, took time to form or disappear, and did not result in elevated
potentiation or depression at 120 min. Thus, at P15 the spines formed fol-
lowing TBS, or lost with control stimulation, appear to be functionally
silent. With TBS, existing synapses were awakened and then new spines
formed as potential substrates for subsequent plasticity. VC 2015 The
Authors Hippocampus Published by Wiley Periodicals, Inc.

KEY WORDS: synapses; ultrastructure; 3DEM; postnatal day 15; the-
taburst stimulation

INTRODUCTION

Appropriate synaptogenesis and dendritic spine forma-
tion during development are necessary for normal cogni-
tive function. Many neurological disorders are
characterized by abnormalities that retain juvenile dendri-
tic spines and filopodia (Fiala et al., 2002b; Lin and
Koleske, 2010; Penzes et al., 2011; Kuwajima et al.,
2013b). Characterizing processes that underlie normal
developmental synaptogenesis is vital to understanding
the impact of abnormal structure in neurological diseases.

Long-term potentiation (LTP) is a cellular mecha-
nism of learning and memory that is readily induced
by theta-burst stimulation (TBS), a pattern that
mimics naturally occurring neuronal firing patterns
(Staubli and Lynch, 1987; Nguyen and Kandel, 1997;

Morgan and Teyler, 2001; Buzsaki, 2002). Synaptic

scaling is a homeostatic process that enhances or

reduces global synaptic strength after periods of weak

or strong activity, respectively (Turrigiano, 2008; Tur-

rigiano, 2012). In adult hippocampal area CA1, the

enlargement of some synapses following induction of

LTP by TBS is balanced by concurrent suppression of

the formation of small dendritic spines (Bourne and

Harris, 2011; Bell et al., 2014). These results were

the first to show that mature dendrites have a maxi-

mal capacity for total synaptic input; they support

fewer, larger, and more effective synapses, or more,

smaller, and less effective synapses. This balancing of

total synaptic input has been named structural synap-

tic scaling, as it suggests interactions between LTP

and homeostatic mechanisms at the structural level.
In hippocampal area CA1 of Long-Evans rats, P12 is

the onset age for LTP induced by TBS that lasts for more
than 3 h (Cao and Harris, 2012). Consistent with the first
appearance of dendritic spines in this brain region, we
and others have hypothesized that spine structure facili-
tates changes in signaling processes leading to enduring
LTP (Fiala et al., 1998; Kirov et al., 2004; Bourne and
Harris, 2008; Colgan and Yasuda, 2014). By P15, spine
density along oblique dendritic branches has reached only
33% of adult levels, whereas by P21 spine density is
�80% of adult levels (Harris et al., 1992; Fiala et al.,
2003; Kirov et al., 2004). Thus, P15 is an age of robust
synaptogenesis and an important developmental stage to
determine whether the structural effects of LTP differ
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from adults (Bourne and Harris, 2011). For example, LTP induced
in the developing hippocampus might facilitate spine formation
(unlike adults) or trigger active elimination of redundant synapses
(Oh et al., 2015).

Reconstruction in three dimensions through serial section elec-
tron microscopy (3DEM) was used to distinguish nonsynaptic filo-
podia from synaptic dendritic spines, and to measure accurately the
spine and synapse densities and dimensions. The results provide
new 3DEM data at P15 in vivo, and in acute slices following induc-
tion of LTP or control test pulse stimulation. The findings show
profound contrasts between P15 and mature hippocampus suggest-
ing a basis for new understanding about how the same treatments
could result in opposing effects, depending on age.

MATERIALS AND METHODS

All animal use procedures were approved by the Institutional
Animal Care and Use Committee at the University of Texas at
Austin and complied with the NIH requirements for the
humane use of laboratory rats. At the time animals were taken
for experimentation, they were all of comparable age (P15-16)
and had similar features (weights, open eyes, behaviorally
responsive, full bellies, and clean bodies, indicating good
maternal care).

Hippocampal Slice Preparation, Stimulation, and
Recording

Hippocampal slices (400 lm) were rapidly prepared from
P15-16 male Long-Evans rats (n> 100, including the initial
test experiments), and 2–3 of the very best experiments at each
time point were subsequently chosen for 3DEM analyses
(n 5 7, see statistics below). Animals were decapitated, the
brain was removed, and the left hippocampus was dissected.
Slices were taken from the middle third of the left hippocam-
pus at an angle 708 transverse to the long axis on a tissue
chopper (Stoelting, Wood Dale, IL) at room temperature
(�258C) in oxygenated aCSF containing (in mM) 117 NaCl,
5.3 KCl, 26 NaHCO3, 1 NaH2PO4, 2.5 CaCl2, 1.3 MgSO4,
and 10 D-glucose at pH 7.4. Within 5 min, the slices were
transferred to a static–pool interface chamber and were recov-
ered for at least 1 h at 33–348C on a supporting net at the
interface of humidified 95% O2 and 5% CO2 atmosphere
until recordings began.

Next, a single glass extracellular recording pipette (filled with
120 mM NaCl) was placed in the middle of s. radiatum in
area CA1 between two concentric bipolar stimulating electrodes
(100 mm outer diameters, Fredrick Haer, Brunswick, ME).
Prior work showed that a total separation of �300–400 mm
between the two stimulating electrodes was sufficient to ensure
independent activation of subpopulations of synapses (Sorra
and Harris, 1998; Ostroff et al., 2002; Bourne and Harris,
2011). Thus, the separation between the two stimulating elec-
trodes was roughly doubled (Fig. 1a).

Stable baseline recordings were obtained from both sites for at
least 40 min following the initial recovery period. Extracellular field
excitatory postsynaptic potentials (fEPSPs) were estimated by linear
regression over 400 ms along the maximal initial slope (mV/ms) of
the test pulses consisting of 100 ls of constant, biphasic current.
The stimulus intensity was set to evoke a 1/2 maximal fEPSP slope,
based on a stimulus/response curve for each experiment, and was
then held constant for the entire experiment. The stimulation data
acquisition protocols were administered using custom designed
Igor software (WaveMetrics, Lake Oswego, OR). Then, TBS (8
trains of 10 bursts at 5 Hz of 4 pulses at 100 Hz delivered 30 s apart
over a total of 3.5 min, Fig. 1b) was administered to one of the two
stimulating electrodes. Following TBS, test pulse stimulations
resumed, alternating between the control and LTP sites once every
2 min at a 30 s interval between electrodes. Physiological responses
were monitored for 5 min (Fig. 1c), 30 min (Fig. 1d), or 120 min
(Fig. 1e) after the first train of TBS and then rapidly fixed as
described below. The stimulating electrode assigned to deliver TBS
was counter-balanced for side of the recording electrode (towards
CA3 or subiculum) within times and across experiments.

Tissue Preparation and Processing for 3DEM

Within a few seconds of the end of the experiment, electro-
des were removed and each slice was transferred still on its net
to 5 ml of mixed aldehydes (6% glutaraldehyde, 2% parafor-
maldehyde in 100 mM cacodylate buffer with 2 mM CaCl2,
and 4 mM MgSO4) and microwaved at full power (700W
microwave oven) for 10 s to enhance penetration of the fixative
through the depth of the slice with a final temperature of
<358C (Jensen and Harris, 1989). Slices were left overnight in
the same fixative and then rinsed with 0.1M cacodylate buffer
(33 for 10 min), embedded in 7% low melting temperature
agarose and trimmed to the region of interest. They were then
mounted in agarose and vibrasliced at 70 mm (Leica VT
1000S, Leica, Nusslock, Germany). The vibraslices were placed
into a 24-well tissue culture dish (to keep track of position rel-
ative to area CA3) and viewed under a dissecting microscope
(to determine which vibraslices contained the �50–100 lm
indentations from the two stimulating electrodes).

The two reference and four adjacent vibraslices, two on
either side of each stimulating electrode indentation, were
processed for 3DEM (Harris et al., 2006; Kuwajima et al.,
2013a). First, they were immersed in 1% osmium and 1.5%
potassium ferrocyanide in 0.1M cacodylate buffer for 10 min,
rinsed in buffer (53), immersed in 1% osmium and micro-
waved (1 min on, 1 min off, 1 min on), cooled to 208C,
microwaved again (1 min on, 1 min off, 1 min on), and rinsed
in buffer (53 for 2 min) and then water (23). Next, they
were immersed in ascending concentrations of ethanol (50, 70,
90, and 100%) containing 1–1.5% uranyl acetate and micro-
waved for 40 s after each transfer. Finally, they were quickly
rinsed in acetone or propylene oxide (PO) at room tempera-
ture, immersed overnight in a 50:50 mixture of acetone or
PO:LX112, and then embedded in coffin molds in LX112 and
cured for 48 h at 608C in an oven (Harris et al., 2006).
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A small trapezoid was trimmed in the middle of stratum radia-
tum and 120–150 mm beneath the air surface. From this trapezoid,
150–200 serial sections were cut and mounted on Pioloform-
coated slot grids (Synaptek, Ted Pella). Ultrathin sections were

counterstained with saturated aqueous uranyl acetate, followed by
Reynolds lead citrate (Reynolds, 1963) for 5 min. Sections were
photographed, blind as to condition, on a JEOL 1230 electron
microscope with a Gatan digital camera at 5,0003 magnification
along with a diffraction grating replica for later calibration (0.463
lm cross line EMS Catalog #80051 Hatfield, PA or Ernest Fullam,
Latham, NY). All image series were assigned distinct 5-letter codes
to mask the experimental condition.

Perfusion Fixation Procedure

Two P15 male Long-Evans rats (R88 and R89) were deeply
anesthetized with pentobarbital (80 mg/kg) and perfused
through the heart with fixative (2.5% glutaraldehyde, 2% para-
formaldehyde in 100 mM cacodylate buffer with 2 mM
CaCl2, and 4 mM MgSO4). Whole brains were removed after
at least 1 h and postfixed overnight in the same fixative, but
with 6% glutaraldehyde to match the slice postfixation condi-
tion. Brains were rinsed in buffer and cut into 400 lm slabs
and processed for 3DEM as described above.

Three-Dimensional Reconstructions

Electron micrographs were aligned, and dendrites, spines,
and synapses were reconstructed using the Reconstruct software
[freely available at http://www.synapseweb.clm.utexas.edu (Fiala
and Harris, 2001b; Fiala and Harris, 2002; Fiala, 2005; Harris
et al., 2015)]. Pixel size was calibrated in reconstruct from sev-
eral 10 mm lines on the calibration grid. Section thickness was
set at 45 nm on the ultramicrotome. However, the actual sec-
tion thickness can be influenced by uncontrollable parameters
(e.g., subtle variations in knife edge, room temperature, air

FIGURE 1. Within-slice design and physiological outcomes.
(a) Representative acute slice from P15 rat hippocampus illustrat-
ing the recording electrode (R, arrow) positioned in the middle of
s. radiatum and two bipolar stimulating electrodes (S1 and S2)
placed with a separation of ~300–400 lm on either side of the
recording electrode (scale 5 500 mm). (b) TBS protocol used to
produce LTP at S1 or S2, alternating between experiments. (c)
Color coding and scale bar (2.5 mV by 5 ms) is for the representa-
tive waveforms from CON (blue) and LTP (red) sites above each
of the graphs in (d–e). Each representative waveform is an average
of responses to each stimulating electrode obtained for the last 20
min prior to the delivery of TBS at time 0 (light blue or light red)
and for the entire recording period following TBS (dark blue or
dark red). Points on each graph are expressed as a percentage of
the average baseline slope obtained for 20 min prior to TBS that
was delivered at time 0. The responses were recorded for (d) 5
min (n 5 2 slices), (e) 30 min (n 5 3 slices), or (f ) 120 min (n 5 2
slices) after the first TBS train and then fixed and processed for
3DEM as described in “Methods”. Since it takes 3.5 min to com-
plete all 8 trains of TBS in this paradigm, only one pulse could be
obtained for each experiment at a 30 s interval, in order to dem-
onstrate potentiation, and then fix the slice within 5 min after the
first train of TBS. The post-TBS waveforms in (e) and (f ) show a
positive deflection at ~3–4 ms reflecting the synchronous firing of
the pyramidal cells with this strong level of potentiation. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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currents, etc.), all of which we have established parameters to
minimize (Harris et al., 2006). As a further control, section
thickness was determined by measuring mitochondrial diame-
ters and counting the number of sections they traversed as
described for the cylindrical diameters method (Fiala and Har-
ris, 2001a). The calculated section thicknesses ranged from 44
to 63 nm across all conditions (Table 1). This variation in sec-
tion thickness had no effect on the ability to detect spine ori-
gins. In addition, section thickness was included as a
parameter, and found not to have any influence on the relative
or absolute statistical outcomes. All of the data values are pre-
sented in terms of the calculated section thicknesses because
they are more accurate than the ultramicrotome setting.

Synapse areal reconstructions

Asymmetric, excitatory synapses (with a thickened postsy-
naptic density (PSD) and round presynaptic vesicles) were dis-
tinguished from symmetric, presumably inhibitory synapses
(with thin PSDs and flattened, irregular presynaptic vesicles).
Cross-sectioned synapse areas were calculated by multiplying
their traced lengths by section thickness and summing across
the sections they spanned. Synapses that were cut parallel to
the sectioning plane (i.e., en face) were measured by the area
on the single section in which they appeared. Obliquely sec-
tioned PSDs often spanned multiple sections and had cross-
sectioned, en face, and obliquely sectioned portions. Total syn-
aptic input was determined by summing the areas of all excita-

tory synapses and dividing by the dendritic segment length
(RPSD area/lm).

Z-trace lengths

The Z trace tool is described in the Reconstruct manual and
was used to compute the shortest length along a trajectory
through the center of the object being measured. In practice, to
measure dendritic segment length the cursor was placed in the
center of the dendritic shaft and then the user paged through the
series, only adjusting the center point as the dendrite’s trajectory
turned and the cursor’s position moved outside the dendritic pro-
file. Similarly, the z lengths were measured for spine dimensions.
Then, a 3D reconstruction was viewed from all angles to ensure
that the z trace followed the actual internal trajectory of the object
(dendritic shaft, spine neck, spine head, or spine length). Z traces
were adjusted and reviewed in 3D as needed.

Sample dendrites

Prior work showed a positive correlation between dendrite
cross-sectional area and spine density with microtubule (MT)
number in the hippocampus (Fiala et al., 2003; Harris et al.,
2007; Bowden et al., 2008). To avoid this bias, only cross-
sectioned dendritic segments containing 5–25 MTs were selected
for analysis, blind as to condition. Some of the reconstructed seg-
ments were substantially longer than others; hence their lengths
were shortened to a common average length (4.00 6 0.07 lm)
and were analyzed separately. We used unbiased stereological
lengths to estimate the longest length available per dendrite in

TABLE 1.

Sample Sizes (counts) of Dendrites, Synapses, and Potential Synaptic Precursors Under Each Condition

Condition

Perfused 5 min 30 min 120 min

R88 R89 CON LTP CON LTP CON LTP

Section thickness (nm) 43 53 53–54 53–60 46–50 48–50 56–63 46–55

# Dendrites 9 8 19 20 23 28 24 46–55

Avg length (lm) (6SD) 4.3 (1.2) 41 (1.1) 4.1 (0.5) 3.8 (0.7) 41 (1.0) 43 (1.0) 40 (0.6) 3.5 (0.4)

Synaptic structures

sp (single) 32 32 98 85 128 195 72 112

sp (multi) 11 15 33 27 66 55 6 33

sp (br) 2 4 22 12 14 49 2 21

sp (sym) 6 0 1 0 1 0 0 1

sh (sym) 4 2 7 3 9 8 3 5

sh (asym) 9 8 14 14 17 5 10 18

Potential synaptic precursors

ss (sh) 3 3 0 1 4 1 2 4

ss (single) 1 1 0 3 5 7 2 3

ss (multi) 2 2 1 1 2 2 0 0

ss (filo) 5 0 3 0 3 4 4 1

filo (sh) 8 1 9 10 8 15 20 18

filo (sp) 9 1 6 11 4 6 8 4

The analyzed dendritic segments spanned at least 100 serial sections. There were no statistically significant effects of segment length for any of the results reported
in this paper. Abbreviations: Avg—average; Sp—spine; Sh—shaft; ss—surface specialization; filo—filopodium; single—one synapse; multi—multisynaptic; br—
branched; sym—symmetric; asym—asymmetric. By definition, all dendritic spines had at least one asymmetric synapse.
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each series, without double counting spines (Fiala and Harris,
2001b). The number of dendritic segments available in each
image series that met these criteria ranged from 17 (perfused) to
28 (30 min LTP) across conditions (Table 1). This variation in
dendritic segments was tested and shown to have no significant
effect on the statistical analyses.

Statistical Analyses

The statistical package STATISTICA (StatSoft, Tulsa, OK)
was used for all analyses. There were seven groups: perfusion-
fixed in vivo (PF), and control (CON) and LTP conditions at
5, 30, and 120 min following TBS. At each time point, the
CON and LTP groups were evaluated separately relative to the
PF condition to determine effects of time in vitro, and then
relative to each other to establish the LTP effects. Separate hier-
archical nested ANOVAs (hnANOVAs) were run with dendrite
nested in condition (CON vs. LTP vs. PF) for each measure
and at each time point. Since spine and synapse dimensions
were highly skewed, all hnANOVAs were performed on natural
log transforms of the measured values. Since all density (#/lm)
data involved one measurement per dendrite, hnANOVAs were
unnecessary; therefore, separate condition (CON vs. LTP vs.
PF) one-way ANOVAs were performed at each time point.
Results of the hnANOVAs and one-way ANOVAs are reported
as (F(df condition, df observations) 5 F value, P value) where df is
degrees of freedom. All comparisons were then tested with post
hoc Tukey analyses to determine which groups within a time
point were significantly different from one another.

Data in bar graphs are plotted as the observed mean 6 SEM
from the untransformed data. Significant P values determined
by the post hoc Tukey’s analyses of log-transformed data are
indicated by asterisks above the bars or as specific values in the
figure legends. None of the reported findings were carried by
individual dendrites in any condition or time point. Individual
raw data points are also plotted in graphs to illustrate correla-
tions analyzed with analyses of covariance (ANCOVA) where
appropriate. The specific statistical results are indicated in the
associated figure legends, and significance was set at P< 0.05.

RESULTS

Only slices with input-specific LTP (Fig. 1) and excellent tis-
sue quality (Fig. 2) were used for 3DEM analyses. Synapses
and dendritic spines were characterized by a variety of geomet-
rical and synaptic characteristics [Table 1, Supporting Informa-
tion Figure (S)1]. Most dendritic spines had a single
asymmetric synapse with a thickened PSD (Fig. 2a–e,g). The
rare multisynaptic spines had 2–3 PSDs (Fig. 2f ). Each branch
of a branched dendritic spine had a separate synapse (Fig. 2h).
Synapses on single synaptic spines accounted for most of the
contacts, followed by multisynaptic and branched spines (Sup-
porting Information Fig. S1). These three categories of dendri-
tic spines were analyzed separately from excitatory and

inhibitory shaft synapses, surface specializations, and filopodia.
To determine whether spine dimensions were altered during
LTP or control stimulation relative to PF hippocampus, we
used 3DEM to measure features (neck diameter, total spine
length, and head diameter) that are critical to the biophysical
and biochemical functions of dendritic spines (Fig. 2a, inset).

Late Addition of Small Dendritic Spines Had
Little or No Effect on Magnitude of LTP

Changes in the density of spines (Fig. 3a) required time to
manifest after TBS, as there were no changes at 5 min either at
the CON or LTP sites relative to PF hippocampus (Fig. 3b).
By 30 min, there was a higher spine density with LTP relative
to PF hippocampus (Fig. 3b). By 120 min, the spine density
remained elevated during LTP, but the control stimulation
alone reduced spine density relative to PF (Fig. 3b). These
effects were carried primarily by single dendritic spines (Fig.
3c), although branched spines (Fig. 3d), and multisynaptic
spines (Fig. 3e) showed smaller, but statistically significant
increases at 120 min in the LTP condition.

Biophysical properties of individual dendritic spines can be
affected by their lengths and diameters. As such, the high neck
resistance of dendritic spines can serve to passively amplify
local depolarization at the synapse (Harnett et al., 2012).
Recent models suggest that spines with constricted necks could
also serve to equalize the strength of synaptic input throughout
the dendritic arbor (Gulledge et al., 2012). Furthermore, suffi-
cient shortening or widening of spine necks could facilitate
potentiation. Here, we tested for changes in spine dimensions
following induction of LTP with TBS versus time-matched
control stimulation at different synapses of the same slices
(Figs. 4 and Supporting Information S2).

Since the magnitude of potentiation did not change between
30 and 120 min (Fig. 1d, e), the sustained increase in synapse
density raised the question of whether the added spines might
be small and effectively silent. Average spine neck diameters
were unaffected by LTP across time, although there was a
subtle decrease at 30 min relative to PF that was gone by 120
min (Fig. 4a). Spines were longer (Fig. 4b) and had wider
heads (Fig. 4c) at 5 min after induction of LTP, but these aver-
age changes did not last. Average spine head diameters were
larger under CON than LTP conditions at 120 min, but nei-
ther differed significantly from PF hippocampus (Fig. 4c).

Analysis of spine densities by dimension at 120 min revealed
that most of the added spines in the LTP condition were
smaller than those in the time-matched controls, having thin
necks (Fig. 4d), long lengths (Fig. 4e), and thin heads (Fig.
4f ). These changes in the relative densities of spines with dif-
ferent dimensions were not observed at 5 or 30 min (Support-
ing Information Fig. S2).

Spine dimensions were highly variable among spines in all
conditions. Nevertheless, longer spines were found to have
thinner necks at all times and conditions (Supporting Informa-
tion Fig. S3a–c). At 5 min, the relationship between neck
diameter and length did not change after the induction of LTP

564 WATSON ET AL.
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(Fig. 4g). However, head diameter was significantly wider
across all neck diameters at 5 min after induction of LTP (Fig.
4h) and among the shortest spines (Fig. 4i). Interestingly, more

of the shorter spines had thinner necks at 120 min after the
induction of LTP versus the time-matched controls (Fig. 4j).
The head diameters were significantly narrower across the range

FIGURE 2. Representative electron micrographs from
perfusion-fixed hippocampus and control and LTP conditions at
each time following TBS. High quality of tissue preservation in
perfused-fixed hippocampus of (a) R88 and (b) R89 is comparable
to all of the acute slices in the 5 min (c) CON and (d) LTP condi-
tions; the 30 min (e) CON and (f) LTP conditions; and the 120
min (g) CON and (h) LTP conditions. Portions of sample den-
drites and spines (yellow) in each EM are illustrated with example

asymmetric, presumed excitatory (red) synapses. The reconstructed
spine inset in (a) illustrates representative z traces in 3DEM of the
total spine length (red) and the head (blue) and neck (green)
diameters. The branched spine in 2 h has a wide base containing
SER and polyribosomes. Scale bar in (a) is 500 nm for (a–h), and
the 3D cube 5 500 nm per side. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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of spine neck diameters by 120 min after the induction of LTP
versus the time-matched controls (Fig. 4k), but this relation-
ship was uncorrelated at 5 and 30 min (Supporting Informa-
tion Fig. S3g–i). Furthermore, at 120 min, the spines in the
LTP condition had narrower head diameters across all spine
lengths than the time-matched controls (Fig. 4l).

Overall these findings suggest that spine necks did not
shorten and widen following induction of LTP at P15. In fact,
there were no significant changes in neck diameter with condi-
tion or across time. Instead, the spine heads initially swelled
and spines elongated on average by 5 min after the induction
of LTP with TBS. Later, the dendritic spines that were added
in the LTP condition had similarly thin necks as the CON
spines and were of the smallest dimensions. As such, they
would not have made significant contributions to the potenti-
ated response.

Added Spines Had Small Synapses During LTP

We determined the size of synapses as a proxy for synaptic
strength to test the hypothesis that the sustained increase in
spine density during LTP involved addition of functionally less
effective or silent synapses. The surface apposition area of each
PSD was measured for every spine with a single synapse and
for each synapse on a branched or multisynaptic dendritic
spine (Fig. 5a–c). The frequency distributions of spines were
not uniform, either in number or size; hence, computing the

overall averages in PSD area was not meaningful. Instead, we
analyzed for changes in density, per length of dendrite, of
PSDs of different sizes (Fig. 5d–f ). At 5 min after the induc-
tion of LTP, a couple large synapses occurred that were not
found in the CON or PF conditions; otherwise, the differences
were not significant among conditions at this time (Fig. 5d).
By 30 min, dendrites from both CON and LTP conditions
had higher densities of the smallest PSDs relative to PF (Fig.
5e). At 120 min, the density of the smallest PSDs decreased in
the CON group relative to PF, but increased with LTP relative
to both the CON and PF conditions, while the density of
larger synapses was unchanged (Fig. 5f ). That only small syn-
apses were added suggests they could be functionally ineffec-
tive, which would explain why potentiation was not further
enhanced at 30 or 120 min after TBS.

Next, we determined whether the new small synapses were
also on the small dendritic spines. PSD area and spine head
diameter had a strong positive correlation across all times and
conditions (Fig. 5g–i), and their covariance increased slightly at
5 min after LTP induction, consistent with the transient
increase in head diameter and total length (compare Fig. 4b,c).
PSD areas were also well-correlated with spine neck diameter
such that spines with larger PSDs had wider necks, providing
for greater charge transfer and efficacy at larger synapses (Fig.
5j–l). For this analysis, we excluded spines with equal neck and
head diameters as this shape would not have an impact on

FIGURE 3. Changes in spine density during LTP. (a) Repre-
sentative 3D reconstruction of a dendrite (from 30 min LTP con-
dition) illustrating the z length (black) used to calculate spine or
synapse (red) densities. Scale cube is 500 nm per side. (b–e) Statis-
tical findings from ANOVAs compared CON, LTP, and PF within
time points and are presented as (F(df condition, df observations) 5 F
value, P value). Significant post hoc Tukey’s results have stars
above columns (*P < 0.05, **P < 0.01, ***P < 0.0001) showing dif-
ferences from PF with gray stars, and differences between LTP and

CON in red stars and top brackets (see “Methods”). (b) Changes
in total spine density at 30 min (F(2,65) 5 8.28, P < 0.001) and 120
min (F(2,60) 5 26.45, P < 0.0001). (c) Changes in single spine den-
sity at 30 min (F(2,65) 5 5.30, P 5 0.007) and 120 min
(F(2,60) 5 11.41, P < 0.0001). (d) Change in branched spine density
at 120 min (F(2,60) 5 7.27, P < 0.001). (e) Change in multisynaptic
spine density at 120 min (F(2,60) 5 5.34, P 5 0.007). [Color figure
can be viewed in the online issue, which is available at wileyonli-
nelibrary.com.]
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charge transfer without the neck constriction. At both 30 and
120 min, PSD areas were smaller across the full range of spine
neck diameters (Fig. 5k,i, respectively).

Finally, we assessed whether there was a change in the distri-
bution or size of macular (Fig. 5a) versus perforated (Fig. 5b)
synapses. Over all asymmetric synapses, 92% were macular and
8% were perforated (Supporting Information Fig. S4a, Sup-
porting Information Tables S1, S2). For the few synapses with
PSD areas greater than 0.2 mm2 (total 27 for all conditions),

22% were macular, and 78% were perforated (Supporting
Information Fig. S4b and Table S3). There was a small increase
in the density of perforated synapses in the 30 min LTP condi-
tion relative to PF and CON (F(2,65) 5 5.70, P 5 0.005), but
this effect was not present at 5 min and was not sustained at
120 min. In addition, there were no significant differences in
the dimensions of the perforated PSD areas across times or
conditions.

These findings are consistent with the unchanged level of
potentiation across time following TBS. They support the
hypothesis that induction of LTP causes a rapid strengthening
of synapses by 5 min. Then new synapses added by 30 min
and sustained for at least 120 min by LTP, or subsequently lost
during test pulse stimulation, were small, weak, or silent
synapses.

Spine Branching was not a Result of Synapse
Splitting During LTP

To test whether branched or new spines arose from the split-
ting of pre-existing spine synapses, we followed branched spine
heads to determine if they shared the same presynaptic part-
ners, a necessary intermediate state of splitting (Sorra et al.,
1998; Fiala et al., 2002a). Each spine branch was followed
through serial sections to identify their presynaptic partners.
The spine branches shared the same presynaptic axon in only
one case out of the 57 branched spines, with a total of 111
branches across all conditions. Thus, the addition of single or
branched spines was not accounted for by synapse splitting.

Effects of LTP on Asymmetric Shaft Synapses

In addition to spinogenesis there is also a small burst of
shaft synaptogenesis during the second postnatal week that
might support new spine formation (Harris, 1999). To test this
hypothesis, we computed the density of asymmetric shaft syn-
apses across conditions and time in vitro. Asymmetric shaft
synapses were identified by the presence of a thickened PSD
on the dendritic shaft (Fig. 6a,b). The presynaptic vesicles were
characteristically round and the axonal boutons were similar to
those synapsing on dendritic spine heads in the same field.
Only �45% of the sampled dendrite segments had asymmetric
shaft synapses, and their frequency was unchanged with LTP,
except for a transient decrease relative to CON and PF at 30
min that recovered by 120 min (Fig. 6c). The average PSD
area was comparable to the average small spine synapses and
not significantly changed across conditions or relative to PF
(Fig. 6d). Thus, the transient decrease in the small shaft syn-
apse density suggests that the conversion of shaft synapses into
spines could contribute to spine proliferation during LTP.
However, to account for the dramatic increase in spine num-
ber, there would also need to be a robust increase in the forma-
tion and conversion of shaft synapses. We conclude that
conversion from shaft synapses to dendritic spines makes only
a small contribution to spinogenesis during LTP at P15.

Plasticity of Potential Synaptic Precursors

Other potential sources of new dendritic spines include sur-
face specializations and filopodia [Fig. 7, see also Supporting
Information Fig. S1 and (Fiala et al., 1998)]. Surface specializa-
tions are characterized by pre- and postsynaptic densities with
fewer than three presynaptic vesicles and they occurred on den-
dritic shafts (Fig. 7a), filopodia (Fig. 7b), and dendritic spines
that also had an excitatory synapse (Fig. 7c). Nonsynaptic filo-
podia (Fig. 7d) occasionally emerged from the dendritic shaft
(Fig. 7e) or from spine heads (Fig. 7f ), but neither of these
potential precursor sites changed significantly in frequency
between the PF, CON, nor LTP conditions (Fig. 7e, f ). Simi-
larly, changes in the relative proportions of surface

FIGURE 4. Changes in spine dimensions during LTP. (a) Aver-
age spine neck diameter decreased transiently at 30 min in both
CON and LTP conditions relative to PF (F(2,467) 5 7.66, P <
0.001). (b) Average spine length increased transiently at 5 min
during LTP vs. CON and PF conditions (F(2, 313) 5 11.13,
P < 0.0001). (c) Average head diameter increased transiently at 5
min during LTP vs. CON and PF conditions (F(2,313) 5 6.14,
P 5 0.002) and decreased at 120 min in LTP versus CON, but not
PF, conditions (F(2,299) 5 8.25, P < 0.001). At 120 min a higher
density of spines (#/mm) occurred in the LTP vs. CON: (d) for
thin neck diameters (0.1–0.2 mm, F(1, 42) 5 11.33, P 5 0.002), (e)
for long lengths (0.75–1.0 lm, F(1,42) 5 9.25, P 5 0.004; and
1.75–2.0 lm (F (1, 42) 5 10.02, P 5 0.003)), and (f ) for thin head
diameters (0.3–0.35 lm, F(1,42) 5 30.53, P < 0.0001). There were
no effects of experiment unless otherwise noted (§—the LTP effect
was negated because there was a significant condition 3 experi-
ment interaction). At 5 min after the induction of LTP: (g) there

was no change in spine neck versus length (F(1, 245) 5 0.72), (h)
spine heads were larger across all neck diameters (F(1,245) 5 7.66)
and (i) spine heads were larger across the shorter lengths
(F(1,245) 5 5.85). At 120 min after induction of LTP: (j) short
spines had thinner necks (F(1,231) 5 4.56), (k) heads were narrower
across spines of all neck dimensions (F(1, 231) 5 9.79). (l) Heads
were narrower across all spine lengths with LTP (F(1,231) 5 16.37).
(a–c) Statistical findings are hnANOVAs and (d–f) ANOVAs with
post hoc Tukey’s results, presented as in Figure 3. (g–l) Color-
coded correlations show Pearson’s r with stars for *P < 0.05,
**P < 0.01, ***P < 0.0001. ANCOVA results show actual P values
(red if significance is P < 0.05) at base of each graph; see Support-
ing Information Figures S2 and S3 for additional density by
dimensional analyses at all of the time points. [Color figure can
be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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FIGURE 5. Effects of LTP on synapse sizes. (a) Representative
EMs and 3Ds from synapses on a single synapse spine in the LTP
condition at 5 min, (b) a branched spine in the LTP condition at
30 min, and (c) a multisynaptic spine in the CON condition at 5
min. Scale bar in (a) is 500 nm, and 3D cube 5 250 nm per side.
(d–f) Density of all spines (#/mm) binned for PSD area: (d) at 5
min, for areas >0.20 lm2 (F(2, 53) 5 4.19, P 5 0.020), (e) at 30
min, for PSD areas <0.05 mm2 (F(2, 65) 5 5.71, P 5 0.005) and
<0.01 mm2 (F(2,65) 5 5.04, P 5 0.009), and (f ) at 120 min for PSD
areas <0.05 lm2 (F(2, 60) 5 27.68, P < 0.0001). (g–i) Scatterplots
illustrate relationships between spine head diameter vs. PSD area:

(g) at 5 min (F(1,277) 5 10.59), (h) at 30 min (F(1,490) 5 0.49), and
(i) at 120 min (F(1,250) 5 0.44). (j–l) Scatterplots illustrate rela-
tionships between PSD area vs. spine neck diameter: (j) at 5 min
(F(1,241) 5 1.37), (h) at 30 min (due to nonparallel slopes, a hnA-
NOVA was performed [F(1,387) 5 8.20, P 5 0.0004)], and (i) at 120
min post-TBS (F(1,250) 5 0.44). (statistical findings are presented
as hnANOVAs and post hoc Tukey’s results in (d–f, k) as in Figure
3 or as correlations and ANCOVAs (g–l) as in Figure. 4. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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specializations in different locations did not reach statistical sig-
nificance (Fig. 7g). Overall, there was a decrease in the density
of surface specializations in both CON and LTP conditions rel-
ative to PF, an effect that was most pronounced at 5 min (Fig.
7h). These subtle changes in surface specializations and filopo-
dia may contribute to, but do not account for, new spine and
synapse formation and preservation during LTP at P15.

Plasticity of Symmetric Synapses

Symmetric synapses typically are inhibitory and/or neuromo-
dulatory (Kisvarday et al., 1990; Nusser et al., 1996; Somogyi
et al., 1996; Harris and Weinberg, 2012) and were positioned

on dendritic shafts amongst the origins of dendritic spines (Fig.
8a,b) where they might alter the effects of excitatory input.
The density of symmetric synapses was low in all conditions
and was further diminished during 120 min of control stimula-
tion relative to PF hippocampus (Fig. 8c). The apparent
decreases in their average synaptic area did not reach statistical
significance (Fig. 8d). However, the combination of subtle
changes in density and synapse area revealed a significant
decrease in the summed area of inhibitory synapses in both the
CON and LTP conditions by 120 min, relative to PF hippo-
campus (Fig. 8e). The correlation between summed inhibitory
synapse area and total number of inhibitory synapses per den-
dritic segment length was retained at 120 min (Fig. 8f ). Only
�25% of the dendritic segments in our samples had symmetric
synapses, hence analyses of longer dendritic segments may be
needed to understand their role in LTP. Nevertheless, the find-
ings suggest that a subtle decrease in inhibition from test pulses
occurs under both CON and LTP conditions relative to PF in
P15 hippocampus.

Effect of Synaptogenesis on Total Synaptic Input
per Dendrite during LTP

In adult hippocampal area CA1, small spines recovered to
PF levels during control test pulse stimulation, whereas LTP
curtailed small spine formation and produced larger synapses.
This dramatic structural remodeling was balanced and total
excitatory synaptic input, expressed as the summed PSD area
per micron length of dendrite, was equal across all conditions
in adult hippocampus (Bourne and Harris, 2011; Bell et al.,
2014).

Here, we tested whether this structural synaptic scaling
occurs in P15 hippocampus following the induction of LTP.
Total excitatory synaptic input (RPSD area/mm) was evaluated
relative to excitatory synapse density (#asym syn/mm) per
micron length of dendrite across all conditions (Fig. 9). There
was a significant positive correlation between the density of
excitatory synapses and summed PSD area in PF R89 (Fig.
9a,b), and under both CON and LTP conditions at 5 min
(Fig. 9c,d) and 30 min (Fig. 9e,f ). Since P15 is an age of
robust synaptogenesis, it is not surprising that the variation
amongst PF dendrites was sufficient in R88 that the correlation
did not reach significance. By 120 min, the correlation in the
CON condition also broke down with the loss of spines during
test pulse stimulation, such that the summed areas were equally
distributed across the full range of spine densities from �0.3
to 2 synapses/mm (Fig. 9g,h). In contrast, at 120 min following
the induction of LTP with TBS, the increase in spine density
that had been sustained since 30 min resulted in a greater
summed PSD area (0.11 6 0.01 mm2/mm) relative to the con-
trol test pulse stimulation in the same slices (0.084 6 0.01
mm2/mm) (Fig. 9h). This increase was still less than about 30%
of the total summed PSD area (averaging 0.3 6 0.02 mm2/mm)
found in adult hippocampus (Bourne and Harris, 2011). These
findings suggest that when developing dendrites add new
spines, structural synaptic scaling is not triggered because the

FIGURE 6. Effects of LTP on asymmetric shaft synapses. Rep-
resentative EMs and 3Ds of asymmetric shaft synapses in (a) CON
at 30 min after TBS and (b) LTP conditions at 120 min after
TBS. Scale bar is 500 nm and 3D cube is 250 nm per side. (c)
The density of asymmetric shaft synapses increased at 30 min (F(2,

65) 5 7.39, P 5 0.001), but this increase was not sustained at 120
min (F(2,60) 5 2.91, P 5 0.06). (d) Changes in average PSD areas
per unit length were not significant [statistical findings are pre-
sented as one-way ANOVA with (F(df condition, df observations) 5 F
value, P value) for (c) and hnANOVAs for (d). Post hoc Tukey’s
results have stars above columns as in Fig. 3)]. [Color figure can
be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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FIGURE 7. No LTP-related changes in the emergence of non-
synaptic surface specializations or filopodia. Representative EMs
and 3D reconstructions of surface specializations on (a) the den-
drite shaft, (b) nonsynaptic protrusions, (c) a multisynaptic spine.
(d) EM and 3D of a filopodia emerging from a dendritic shaft.
Scale bar is 500 nm and the 3D cube is 250 nm per side. (e) Den-
sity of filopodia emerging from dendritic shaft, and (f) spines
with filopodia did not undergo statistically significant changes
across conditions or time. (g) Changes in the percentage of all sur-
face specializations at different locations did not reach statistical

significance between PF and acute slice conditions (v2 5 4.91, P 5
0.18). (h) There were too few surface specializations to test LTP
vs. CON based on location; however, the overall density of surface
specializations pooled across locations was greater in PF relative to
both 5 min conditions (F(2, 53) 5 5.87, P 5 0.005) and to the 120
min CON condition (F(2,60) 5 3.63, P 5 0.03). [Statistical findings
are presented as ANOVAs with (F(df condition, df observations) 5 F
value, P value) for e, f, h, and the post hoc Tukey’s results have
stars above columns as in Fig. 3.]. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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added input can be accommodated along the immature poten-
tiated dendrites.

DISCUSSION

These are the first 3DEM analyses of dendritic spines and
synapses following the induction of LTP in the developing hip-
pocampus. They demonstrate a rapid increase, by 5 min after
TBS, in spine lengths and head diameters, but not neck diame-
ters. By 30 min, there was a marked increase in the density of
spines with small synapses that was sustained for at least 120
min. In contrast, control test pulses resulted in the loss of
spines with small synapses. Both the addition of spines follow-
ing TBS and their loss with test pulse stimulation appear to be
silent processes as there was no consistent elevation or decre-
ment in potentiation or control responses, respectively. Interest-
ingly, the addition of small spines following the induction of
LTP resulted in an increase in total synaptic area per unit
length of dendrite by 120 min. This elevation was still much
less than the total synaptic input found along mature dendrites.
Thus, unlike adults where structural synaptic scaling is trig-
gered to balance total input along dendrites (Bourne and Har-
ris, 2011; Bell et al., 2014), the immature P15 dendrites were
able to accommodate substantial synaptogenesis following the
induction of LTP by TBS.

The initial enlargement of spines at 5 min following TBS is
consistent with results from glutamate-uncaging and other
forms of local activation that rapidly increase spine head size
and AMPAR number (Matsuzaki et al., 2004; Park et al., 2004;
Kopec et al., 2006; Park et al., 2006; Kopec et al., 2007; Ehr-
lich et al., 2007; Lee et al., 2009; Meyer et al., 2014). Similarly,
the sustained increase in spine density following TBS is consist-
ent with the delayed increase in small dendritic protrusions seen
following glutamate-uncaging and local activation of cultured
hippocampal neurons (Maletic-Savatic et al., 1999; Engert and
Bonhoeffer, 1999; Toni et al., 1999; Tominaga-Yoshino et al.,
2008). As with our study, spine necks did not shorten or widen
with glutamate-uncaging in acute hippocampal slices from
developing mice imaged with super-resolution light microscopy
(Takasaki and Sabatini, 2014). In contrast, spine necks became
wider and shorter after glutamate-uncaging in organotypic slices
that were also imaged with super-resolution light microscopy
(Tonnesen et al., 2014). Spine neck widths were all of a compa-
rable range (i.e., 0.05 to 0.34 mm) despite methodological dif-
ferences between these two studies and the 3DEM results
reported here. More research is clearly needed to understand
the full impact of diversity in spine neck dimensions on synap-
tic plasticity.

Our 3DEM analyses revealed no changes in the potential
spine precursors, nonsynaptic filopodia or surface specializa-
tions. However, the additional spines had smaller heads and
synapses than CON spines. The number of excitatory and
inhibitory shaft synapses per micron length of dendrite was not

FIGURE 8. Effects of test pulses and TBS on inhibitory syn-
apses. (a, b) Representative EMs and 3D reconstructions of sym-
metric synapses on dendritic shafts. Scale bar is 500 nm and 3D
cube is 250 nm per side. (c) Density of symmetric spine and shaft
synapses decreased by 120 min in the CON condition relative to
PF (F(2, 60) 5 3.69, P 5 0.03). (d) Differences in the average syn-
apse area for symmetric shaft synapses did not reach statistical sig-
nificance across conditions or time. (e) Summed symmetric
synaptic input per micron dendrite length decreased significantly
for both CON and LTP conditions relative to PF by 120 min (F(2,

60) 5 4.86, P 5 0.01). (f ) Although summed symmetric area per
micron of analyzed dendritic length vs. symmetric synapse density
were well-correlated, they did not differ significantly across LTP
and CON conditions at any time; 120 min is shown here (F(1,

43) 5 1.05, P 5 0.31). (Statistical findings are presented as
ANOVAs for (c), (e) or hnANOVA for (d) as in Figs. 3 and 4.).
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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altered following LTP. Thus, both local activation of a single or
few spines and co-activation of many synapses with TBS ini-
tially enlarges individual synapses and later enhances spine for-
mation in developing hippocampus. In contrast, TBS at
multiple synapses in adults causes enlargement of existing syn-
apses at the expense of ongoing spinogenesis (Bourne and Har-
ris, 2011; Bell et al., 2014). Interestingly, strong activation of a
single spine along young dendrites in organotypic slice cultures
results in the loss of neighboring dendritic spines (Oh et al.,
2015). It remains to be determined whether this difference can
be explained by dendrites being cultured since birth versus
acute slices, where dendrites first grew to their P15 age in vivo
before slicing. Alternatively, intense activation of a single syn-
apse may trigger different mechanisms from the coordinated
activation of multiple inputs.

In previous work from P15 hippocampal slices the density
of spines was unchanged at 120 min following the induction
of LTP by tetanic stimulation (Ostroff et al., 2002). The pres-
ent results suggest that the more naturalistic TBS protocol pro-
duced new spines that had not been triggered by the weaker
tetanic stimulation protocol (2 times at 100 Hz for 1 s at a
20 s interval). In support of this hypothesis, TBS and tetanic
stimulation also differ in the onset age of enduring LTP.
Whereas tetanic stimulation first produced enduring LTP at
P15 (Harris and Teyler, 1984; Harris et al., 1992; Jackson
et al., 1993), TBS produced enduring LTP by P12, coincident
with the onset age of dendritic spine formation in rat hippo-
campus (Kirov et al., 2004; Cao and Harris, 2012). Tetanic
stimulation and TBS both activate NMDA receptors and ele-
vate postsynaptic calcium via that route. TBS also engages
voltage-dependent calcium channels, back-propagating action
potentials, and calcium stores, as well as growth factors like
BDNF (Staubli and Lynch, 1987; Nguyen and Kandel, 1997;
Morgan and Teyler, 2001; Buzsaki, 2002; Raymond and Red-
man, 2002; Raymond and Redman, 2006). Hence, TBS could
enhance postsynaptic Ca21 and stabilize more AMPARs (Iso-
mura and Kato, 1999; Kramar and Lynch, 2003; Yasuda et al.,
2003; Abrahamsson et al., 2007, 2008; Yang et al., 2009).

Control test pulse stimulation alone resulted in spine loss by
120 min, relative to PF hippocampus in vivo. This loss was
evenly distributed across single, branched, and multisynaptic
spines, and did not account for the LTP-induced spinogenesis,
which reached a greater level than PF at P15. Responses to test
pulses also differed between P15 and more mature animals
where at P55-70 the test pulse stimulation had an opposite
effect, resulting in the recovery of small dendritic spines to
their in vivo levels by 120 min (Bourne and Harris, 2011; Bell
et al., 2014). Test pulse stimulation had no effect on response
amplitude in adults; however, in developing animals even very
low rates of stimulation can result in depressed responses
within several minutes, relative to na€ıve responses (Abrahams-
son et al., 2007; Cao and Harris, 2012). For these experiments,
it was not possible to obtain strictly na€ıve responses because
input/output curves were needed to establish uniform response
magnitudes prior to TBS. Hence, it cannot be ruled out that
the control test pulses produced response decrement relative to

FIGURE 9. Total PSD area per unit length of dendrite com-
pared across conditions within times. (a, b) Perfused animals R88
and R89 (F(1,15) 5 0.69), and (c, d) at 5 min (F(1,36) 5 0.10), (e, f )
at 30 min (F(1, 48) 5 2.12), and (g, h) at 120 min (F(1, 42) 5 4.17).
Means are plotted with error bars for both axes in the center of
each scatterplot. Statistical findings are presented as ANCOVAs
with P values (d, f ) or one-way ANOVAs for RPSD areas only
when the slopes were nonparallel (b, h), and with stars for correla-
tions as in Figure 4. The 3Ds of dendritic segments are from the
~50th percentile (range: 37–57) of asymmetric synapse density
(both spine and shaft synapses are included). Asymmetric synapses
(red) and symmetric synapses (blue) are illustrated. Scale cube in
(a) is 500 nm on a side for all these 3D reconstructions. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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na€ıve and then the ongoing test pulse stimulation eliminated
weak or silent synapses.

Spinogenesis induced by TBS was not likely the result of
perforation and splitting of pre-existing spine synapses (Toni
et al., 1999; Luscher et al., 2000) for multiple reasons (Fiala
et al., 2002a). First, the majority of spines at P15 had macular
synapses and only a few of the largest synapses had perforated
PSDs (i.e., fenestrated, horseshoe, or segmented shapes) (Gei-
nisman et al., 1987). The large perforated synapses have more
AMPA receptors and hence greater efficacy than macular syn-
apses (Geinisman et al., 1987; Desmond and Weinberg, 1998).
In the dentate gyrus of adult rats, more segmented PSDs
occurred when high frequency stimulation, which elicited LTP,
was delivered repeatedly for 4 days (Geinisman et al., 1991).
In contrast, there were no sustained changes in perforated syn-
apses following TBS in adult hippocampal area CA1 (Bourne
and Harris, 2011). Similarly, at P15, there were no sustained
changes in the density or sizes of perforated synapses following
TBS-induced LTP. Second, branched spines with two heads
sharing the same presynaptic axonal bouton were extremely
rare, suggesting they also arose from spine outgrowth, not split-
ting. Third, if large synapses were splitting during LTP, their
density should have decreased in parallel with the increase in
spine number, which did not occur.

Induction of LTP results in the rapid conversion of silent
synapses, with NMDA only responses, to active synapses (Liao
et al., 1995; Isaac et al., 1995). These observations are consist-
ent with the results at 5 min following the induction of LTP,
where some spine heads enlarged and some spines elongated at
P15. Enhanced stabilization of the AMPA receptors might
explain why the new dendritic spines first detected at 30 min
were sustained for 120 min. However, such spine stabilization
probably did not result in further synaptic strengthening,
because the potentiation was not elevated at 120 min, beyond
the 5 min level. The small size of the new spines and synapses
supports this hypothesis, because AMPA receptor density is
well-correlated with total synapse area (Baude et al., 1995;
Nusser, 2000; Nicholson and Geinisman, 2009). Further work
is needed to determine whether the added spines between 30
and 120 min are also silent synapses.

Maintenance of net synaptic input by homeostatic synaptic
scaling occurs in a variety of systems (Turrigiano, 2012). Com-
pensatory synaptogenesis and LTP provide classic examples of
homeostatic structural synaptic scaling. In hippocampal slices
from mature but not developing hippocampus, compensatory
synaptogenesis occurs when all synaptic transmission is blocked
(Kirov et al., 1999; Kirov and Harris, 1999; Kirov et al., 2004;
Petrak et al., 2005). Such regulation has also been observed in
other systems suggesting that homeostatic synaptic scaling is
intrinsic to the level of network activity at particular times dur-
ing development (Desai et al., 2002; Turrigiano and Nelson,
2004; Maffei and Turrigiano, 2008a; Maffei and Turrigiano,
2008b). In adult hippocampus, the enlargement of some syn-
apses following induction of LTP was balanced by disruption
of test pulse-induced synaptogenesis (Bourne and Harris, 2011;
Bell et al., 2014). In adults, neither the synapse enlargement

nor the test pulse-induced synaptogenesis were evident until
120 min. Instead, presynaptic vesicles were recruited to nascent
zones (portions of the PSD areas previously without presynap-
tic vesicles), converting them to active zones by 30 min after
LTP induction. Subsequent growth of nascent zones occurred
as synapses enlarged by 120 min after induction of LTP,
despite no change in the level of potentiation (Bell et al.,
2014). Thus, LTP-induced synaptic enlargement and test
pulse-induced recovery of synapse number in adults, and con-
versely LTP-induced addition and test pulse-induced loss of
synapses at P15, must all be silent processes. Furthermore, the
absence of homeostatic compensation at P15 suggests LTP
accelerates ongoing synaptogenesis because overall connectivity
has not reached an adult, steady-state level.

Our data demonstrate that dendrites from developing and
mature hippocampus respond to the same TBS protocol differ-
ently. At adult ages, when total synaptic density has plateaued,
structural synaptic scaling is apparently accomplished by redis-
tributing core dendritic resources to enlarged synapses, thereby
preventing new spine formation. At a time when synaptogene-
sis is still prominent along developing dendrites, resource dis-
tribution could favor synaptogenesis instead of synapse
enlargement. Polyribosomes, smooth endoplasmic reticulum,
Golgi apparati, and endosomal compartments are highly
dynamic in dendrites, and future investigations of their contri-
butions to synaptogenesis versus synapse enlargement would
provide valuable insights into the basic mechanisms of synapse
regulation (Ostroff et al., 2002; Park et al., 2006; Bourne
et al., 2007; Bourne and Harris, 2011; Cui-Wang et al., 2012).
Like the enlarged synapses in adults, which have added nascent
zones (i.e., quiet PSD area) during LTP (Bell et al., 2014), the
new spines added following the induction of LTP by TBS at
P15 also appear to have silent or weak synapses, because the
level of potentiation was stable. Whether the newly enlarged
(adult) or newly formed (P15) synapses are capable of recruit-
ing dendritic resources during subsequent augmentation of
LTP (Cao and Harris, 2012; Cao and Harris, 2014) is also an
exciting prospect for future investigation.
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