° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

(<
A 5 Author Manuscript
P repSS

Published in final edited form as:
Hippocampus. 2011 April ; 21(4): 354-373. doi:10.1002/hipo.20768.

COORDINATION OF SIZE AND NUMBER OF EXCITATORY AND
INHIBITORY SYNAPSES RESULTS IN A BALANCED
STRUCTURAL PLASTICITY ALONG MATURE HIPPOCAMPAL
CA1 DENDRITES DURING LTP

Jennifer N. Bournel and Kristen M. Harris1

1Center for Learning and Memory Section of Neurobiology Institute for Neuroscience University of
Texas Austin, TX 78712

Summary

Enlargement of dendritic spines and synapses correlates with enhanced synaptic strength during
long-term potentiation (LTP), especially in immature hippocampal neurons. Less clear is the
nature of this structural synaptic plasticity on mature hippocampal neurons, and nothing is known
about the structural plasticity of inhibitory synapses during LTP. Here the timing and extent of
structural synaptic plasticity and changes in local protein synthesis evidenced by polyribosomes
were systematically evaluated at both excitatory and inhibitory synapses on CA1 dendrites from
mature rats following induction of LTP with theta-burst stimulation (TBS). Recent work suggests
dendritic segments can act as functional units of plasticity. To test whether structural synaptic
plasticity is similarly coordinated, we reconstructed from serial section transmission electron
microscopy all of the spines and synapses along representative dendritic segments receiving
control stimulation or TBS-LTP. At 5 min after TBS, polyribosomes were elevated in large spines
suggesting an initial burst of local protein synthesis, and by 2 hr only those spines with further
enlarged synapses contained polyribosomes. Rapid induction of synaptogenesis was evidenced by
an elevation in asymmetric shaft synapses and stubby spines at 5 min and more nonsynaptic
filopodia at 30 min. By 2 hr, the smallest synaptic spines were markedly reduced in number. This
synapse loss was perfectly counterbalanced by enlargement of the remaining excitatory synapses
such that the summed synaptic surface area per length of dendritic segment was constant across
time and conditions. Remarkably, the inhibitory synapses showed a parallel synaptic plasticity,
also demonstrating a decrease in number perfectly counterbalanced by an increase in synaptic
surface area. Thus, TBS-LTP triggered spinogenesis followed by loss of small excitatory and
inhibitory synapses and a subsequent enlargement of the remaining synapses by 2 hours. These
data suggest that dendritic segments coordinate structural plasticity across multiple synapses and
maintain a homeostatic balance of excitatory and inhibitory inputs through local protein-synthesis
and selective capture or redistribution of dendritic resources.
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Introduction

Structural synaptic plasticity is thought to be an essential feature of long-term potentiation
(LTP), a cellular mechanism of learning and memory (Bliss and Collingridge, 1993; Yuste
and Bonhoeffer, 2001; Bourne and Harris, 2008). Tetanic stimulation consisting of multiple
trains of pulses delivered at 100 Hz for 1 second has often been utilized to elicit ‘saturating’
LTP. Early electron microscopy (EM) studies in mature dentate gyrus showed evidence for
altered synapse number and morphology within an hour after tetanic stimulation of the
perforant pathway (Fifkova and Van Harreveld, 1977; Fifkova and Anderson, 1981;
Desmond and Levy, 1983; Desmond and Levy, 1986a; Desmond and Levy, 1986b;
Trommald et al., 1990; Geinisman et al., 1991; Geinisman et al., 1993; Trommald et al.,
1996), with some spines and synapses remaining enlarged for several hours (Fifkova and
Van Harreveld, 1977; Popov et al., 2004). However, delivery of tetanic stimulation elicited
minimal changes in spine density or size in area CA1 of the mature hippocampus (Lee et al.,
1980; Chang and Greenough, 1984; Sorra and Harris, 1998; Lang et al., 2004).

Recent work suggests that theta-burst stimulation (TBS) better resembles the endogenous
neuronal firing patterns in the hippocampus (Morgan and Teyler, 2001; Buzsaki, 2002;
Hyman et al., 2003), and can be more effective at producing LTP (Staubli and Lynch, 1987;
Abraham and Huggett, 1997; Nguyen and Kandel, 1997; Raymond and Redman, 2002;
Raymond and Redman, 2006). Back-propagating action potentials are an important
component of associative synaptic plasticity (Magee and Johnston, 1997; Magee and
Johnston, 2005) and multiple trains of TBS trigger postsynaptic action potentials that are
necessary and sufficient to coordinate the intracellular signaling needed to sustain enduring
LTP (Raymond, 2008). In contrast, tetanic stimulation results in a sustained depolarization
of tetanized dendrites that prevents action potential back-propagation and reduces the
amplitude and effectiveness of synaptic inputs on the tetanized dendrite (Whittington et al.,
1997; Bracci et al., 1999; Vreugdenhil et al., 2005). TBS also elevates intracellular calcium
from multiple sources and releases BDNF, events not elicited with tetanic stimulation
(Larson et al., 1986; Abraham and Huggett, 1997; Kang et al., 1997; Raymond and Redman,
2002; Raymond and Redman, 2006). Thus, a systematic study of structural plasticity
following TBS should more closely mimic the circumstances of LTP induction under
conditions of learning.

Studies on structural plasticity have mostly targeted individual spines and synapses
(Matsuzaki et al., 2004; Lang et al., 2004; Kopec et al., 2006; Kopec et al., 2007; Tanaka et
al., 2008; Lee et al., 2009; Corera et al., 2009). However, recent neural models predict that a
nonlinear summation of synapses along a dendritic branch would markedly increase storage
capacity (Poirazi and Mel, 2001; Polsky et al., 2004; Magee and Johnston, 2005). If so, then
multiple dendritic spines along a single dendritic segment might function together as a
computational unit. Physiological recordings and functional imaging supports this
hypothesis (Losonczy and Magee, 2006; Tsuriel et al., 2006; Gray et al., 2006; Harvey and
Svoboda, 2007; Losonczy et al., 2008; De Roo et al., 2008; Harvey et al., 2008; Rose et al.,
2009; Zhong et al., 2009). Further support comes from investigations of the intracellular
composition of hippocampal dendrites. For example, polyribosomes occur every 1-2
microns along the lengths of both immature and mature hippocampal dendrites and thus
intersperse among 4-10 dendritic spines (Ostroff et al., 2002; Bourne et al., 2007b).
Recycling and endosomal organelles that are critical for synaptic function occur at a lower
frequency than one per spine, and thus might serve to coordinate structural plasticity along
dendritic segments of about 10 microns in length (Spacek and Harris, 1997; Cooney et al.,
2002; Park et al., 2006). Inhibitory synapses occur on average only once every 5-10 microns
along the shaft of CA1 dendrites (Megias et al., 2001) and therefore could modulate synaptic
function among many dendritic spines. Thus, analysis of whole dendritic segments could
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reveal a coordinated structural change among several synapses along a segment of dendrite
during LTP.

To capitalize on this new understanding of coordinated synaptic plasticity, an important
consideration is the number of synapses that actually undergo potentiation following
induction of LTP. At one extreme, chemical LTP has been used to maximally stimulate all
of the synapses in a slice (Hosokawa et al., 1995; Otmakhov et al., 2004; Kopec et al., 2006;
Kopec et al., 2007). At the other extreme, experiments have aimed to understand whether an
individual dendritic spine can undergo structural plasticity in response to localized chemical
induction (Engert and Bonhoeffer, 1999), glutamate uncaging (Matsuzaki et al., 2004;
Tanaka et al., 2008), or minimal stimulation (Lang et al., 2004). Somewhere between these
extremes lies the probable pattern exhibited during normal activation with learning (Buzsaki
et al., 1987; Buzsaki, 2002). We have developed a paradigm using a concentric bipolar
electrode that can be adjusted to activate most, if not all, of the axons passing beneath it, yet
limit induction of LTP to a circumscribed region (Ouyang et al., 1997; Sorra and Harris,
1998; Ostroff et al., 2002; Bourne et al., 2007b). In this way, segments of dendrites in the
path of TBS stimulation can be compared to those receiving only control stimulation outside
the domain of TBS-LTP.

Analysis of dendritic segments should also reveal whether synaptogenesis occurs during
LTP in the mature hippocampus. Live-imaging in young or cultured hippocampal neurons
has demonstrated rapid spine turnover during LTP (Maletic-Savatic et al., 1999; Engert and
Bonhoeffer, 1999; Nagerl et al., 2004; Nagerl et al., 2007; De Roo et al., 2008), but live
imaging in the mature hippocampus has been more limited and revealed modest changes in
spine dimensions (Hosokawa et al., 1995; Lang et al., 2004). Serial section transmission
electron microscopy (ssTEM) has revealed indicators of synaptogenesis such as filopodia,
stubby spines, and shaft synapses in mature hippocampus following ice-cold slice
preparation (Kirov et al., 1999; Kirov et al., 2004b) and synaptic inactivation (Petrak et al.,
2005). Little is known, however, about whether synaptogenesis occurs on mature dendrites
following the induction of LTP. Previous EM studies in mature hippocampal area CAl
found no changes in spine synapse size or number 1-2 hours following tetanic or chemical
stimulation (Sorra and Harris, 1998; Stewart et al., 2005), suggesting that if synaptogenesis
occurs, it must be balanced by elimination. Therefore, analysis of dendritic segments at
multiple time points is needed to learn more about the sequence of structural plasticity and
whether synaptogenesis and elimination accompany LTP in the mature hippocampus.

Here we set out to understand structural synaptic plasticity in mature CA1 neurons in
response to realistic TBS-LTP using slices that were optimized for outstanding preservation
of structure. We discovered evidence for rapid synaptogenesis following induction of TBS-
LTP in the mature system. We learned that polyribosomes are even more responsive to
structural plasticity following the more realistic TBS-LTP than following tetanic
stimulation. We discovered a nearly perfect coordination of changes in synapse number and
size for both excitatory and inhibitory synapses. Thus, the mature dendrites have a
remarkable capacity for structural synaptic plasticity, rivaling that which occurs in the
developing system.

Materials and Methods

Preparation and recording from acute hippocampal slices

Hippocampal slices 400 um thick were prepared from 8 young adult male Long Evans rats
aged 51-65 days old (weighing 219-361 g). Animals were anesthetized with halothane,
decapitated and slices were rapidly chopped using a Stoelting tissue chopper at room
temperature (~25°C) using artificial cerebrospinal fluid (ACSF) containing (in mM): 116.4
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NaCl, 5.4 KCl, 3.2 CaCly, 1.6 MgSOy, 26.2 NaHCO3, 1.0 NaH,POy4, and 10 D-glucose.
Then slices were transferred immediately to nets positioned over wells containing ACSF at
the interface of humidified O, (95%) and CO, (5%) and were maintained at 32°C for an
average of 3 hours (range: 2.25-3.5 hr) in vitro before the onset of the recordings. Total time
from decapitation to placing slices on the nets ranged from 5 minutes and 21 seconds to 6
minutes and 33 seconds. Two concentric bipolar stimulating electrodes (100 um outside
diameter, Fred Haer, Brunswick, ME) were located 300-400 um on either side of a single
extracellular recording electrode placed in the middle of stratum radiatum (glass
micropipette filled with 120 mM NaCl, Figure 1A, arrow) for a total separation of 600-800
um. We previously demonstrated that a distance of 400 um between stimulating electrodes
was sufficient to stimulate independent populations of inputs to CA1 pyramidal neurons
(Sorra and Harris, 1998; Ostroff et al., 2002).

Extracellular field potentials were recorded using IGOR software (WaveMetrics, Lake
Oswego, OR). The slope (mV per ms) of the field excitatory postsynaptic potential (fEPSP)
was measured for 400 ps along the steepest segment of the negative field potential beginning
170-250 ps after the stimulus artifact and measured at the same position before and after
LTP induction. An input-output (1/0O) curve determined the range of responsiveness of the
slices and the stimulus intensity just below population spike threshold was set and held
constant throughout the remainder of the experiment. Stimulations were alternated between
the control and TBS-LTP electrode once every 2 minutes at a 30 second interval between
electrodes.

TBS-LTP paradigm

One slice was used per animal. A stable baseline was established for 30 minutes and then
theta burst stimulation (TBS) (8 trains of 10 bursts at 5 Hz of 4 pulses at 100 Hz delivered
30 seconds apart (requiring 3.5 min in total)) was delivered to one stimulating electrode
while the control electrode received no stimulation. The positions of the control and TBS-
LTP electrodes were alternated between the CA3 and subicular side of the recording
electrode counterbalancing across experiments. Responses from the control and TBS
stimulating electrodes were monitored for 5 min, 30 min, or 2 hr after the first train of TBS
(i.e. 1.5 min, 26.5 min, or 1 hr 56.5 min after the last train of TBS) (Figure 1B-D).

We fixed and processed for electron microscopy only those slices demonstrating excellent
physiology by the following criteria: 1) a gradually inclining 1/O curve in response to
incremental increases in stimulus intensity for both stimulating electrodes. 2) A stable
baseline recording at both stimulating electrodes that was unchanged at the control site after
induction of TBS-LTP. 3) TBS induced a significant increase in the slope of the field EPSP
which was sustained for the duration of the experiment (Figure 1).

Fixation and Processing for SSTEM

Hippocampal slices with excellent physiology were fixed within a few seconds after the end
of each experiment using a microwave enhanced procedure (Jensen and Harris, 1989), and
processed for sSTEM (Harris et al., 2006). Briefly, the slices were fixed by immersion in
mixed aldehydes (6% glutaraldehyde, 2% paraformaldehyde in 100 mM cacodylate buffer
with 2 mM CaCl, and 4 mM MgSOQ,) during 10 s of microwave irradiation to enhance
diffusion of the fixative to the middle of the slice with a final temperature less than 35 °C,
and then were stored in the same fixative overnight at room temperature (Jensen and Harris,
1989). The slices were rinsed three times for 10 min each in 0.1M cacodylate buffer. Each
slice was embedded in 7% agarose and manually trimmed under a dissecting microscope to
the region of CAL that contained both of the stimulating electrodes.
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The fixed hippocampal slices were then vibra-sliced across their width at 70 um thickness
(Leica VT 1000S, Leica, Nussloch, Germany) and the vibra-slice was identified which
showed a visible surface indentation of ~ 50 um beneath the air surface that was caused by
the stimulating electrode. This reference vibra-slice plus two located on either side were
collected for each stimulating electrode (see black boxes in Figure 1A). The 70 um vibra-
slices were immersed in 1% osmium and 1.5% potassium ferrocyanide in 100 mM
cacodylate buffer for 10 min, rinsed five times in buffer, immersed in 1% osmium and
microwaved (1 min ON-1 min OFF-1 min ON), cooled to 20°C, microwaved again (1 min
ON-1 min OFF-1 min ON), and then rinsed 5 times for 2 min each in buffer and two times
briefly in water. Slices were then transferred to graded ethanols (50%, 70%, 90%, and
100%) containing 2% uranyl acetate and microwaved for 40 s for each transfer. Finally,
slices were transferred through propylene oxide at room temperature and then embedded in
LX112 and cured for 48 hr at 60°C in an oven (Harris et al., 2006).

Definition of ‘high quality’ tissue preservation

Test thin sections spanning the depth of the slice from air to net surface were evaluated from
each experiment. Only those slices with a band of high quality tissue preservation spanning
a depth of at least 100 um were included in these analyses. High quality tissue preservation
was defined by several criteria (See examples in Figure 2): 1) The dendrites had well-
defined microtubules that were relatively evenly spaced when viewed in cross-section. 2)
Mitochondria were not swollen and cristae were discretely defined. 3) Most of the dendritic
and axonal processes had clear cytoplasm and normal organelles indicating that few
processes had been cut at the surface; compact black cytoplasm in shriveled processes or
extremely swollen cytoplasm with distorted organelles were hallmarks of cut processes. 4)
The postsynaptic densities had a compact thickness indicating the slice was not hypoxic at
the time of fixation; excessively thick PSDs with ‘dangling’ translucent lower edges were
hallmarks of hypoxia in perfusion fixed brain (Tao-Cheng et al., 2007). All of these criteria
had to be met in both the control and TBS-LTP sides from the same slice. Of the 24
experiments that met the electrophysiology criteria established above, 16 were excluded
because they did not meet these strict anatomical criteria.

Three dimensional reconstructions and measurements

Serial sections were cut from a small trapezoid positioned in regions located 150-200 um
lateral to each control or TBS-LTP stimulating electrode (see black boxes in Figure 1A) and
120-150 um bheneath the slices' air surface, and mounted on Pioloform-coated slot grids
(Synaptek, Ted Pella Inc.). Sections were counterstained with saturated ethanolic uranyl
acetate, followed by Reynolds lead citrate for 5 min each. Sections were imaged, blind as to
condition, on a JEOL 1230 electron microscope with a Gatan digital camera at 5000x
magnification. Images from a series were given a 5-letter code to mask the identity of
experimental conditions in subsequent analyses.

The serial section images were aligned and dendrites were traced using the
RECONSTRUCT™ software (available for free download at http://synapses.cim.utexas.edu
(Fiala and Harris, 2001b; Fiala, 2005) Figure 2, Figure 3). Section dimensions were
calibrated using a diffraction grating replica (Ernest Fullam, Inc., Latham, NY) imaged with
each series and the cylindrical diameters method was used to compute section thickness by
dividing the diameters of longitudinally sectioned mitochondria by the number of sections
they spanned (Fiala and Harris, 2001a). The calculated section thicknesses ranged from
38-60 nm. Dendrite lengths were measured across serial sections using the z-trace tool in
RECONSTRUCT™,
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Synapse areas were measured taking into account the orientation in which they were
sectioned. The area of a cross-sectioned synapse was calculated by measuring its length on
each section and multiplying by section thickness and the number of sections it traversed.
Enclosed areas of PSDs cut en face were measured on the section they appeared. Obliquely
sectioned PSDs were treated as cross-sectioned if the presynaptic vesicles and pre- and
postsynaptic membranes were clearly visible so that their size would not be over estimated
by inadvertently including the depth of the PSD as surface area. Irregularly shaped synapses
could span many serial sections and have cross-sectioned portions, en face portions, and
portions that were cut obliquely; these were measured independently and then summed
across the entire surface area of the PSD.

Statistical analyses

Results

Statistical analyses were done in the STATICSTICA software package (StatSoft, Tulsa,
OK). The variability between animals was addressed by first comparing TBS-LTP dendrites
to their within slice controls and then combining the values for each condition (control or
TBS-LTP) at each time and using either a two-way ANOVA or a nested hierarchical
ANOVA with dendrite nested in condition and experiment to test whether TBS-LTP had a
significant effect on dendrite, spine, or synaptic structural plasticity (see Supplemental
Tablel for n's in each condition). The number of dendrites and/or synapses analyzed is also
indicated in each figure and figure legend. All data are expressed as mean + S.E.M. or as
described in specific figure legends.

Site specific LTP occurred only at the synapses stimulated by the electrode used to deliver
TBS (see Methods above and Figure 1), referred to as “TBS-LTP” in the text and figures.
The large concentric bipolar stimulating electrodes were used to activate all of the axons in
their immediate vicinity while providing input specificity when separated by more than 400
microns; we used 600-800 um separation. Two hundred or more serial thin sections were cut
in the middle of the optimal region described in the Methods above (see black boxes in
Figure 1A) and 120-150 pum beneath the slices' air surface. These sampling positions were
chosen to maximize the number of axons that received TBS or control stimulation while
minimizing the number of dendrites damaged or directly depolarized by the stimulating
electrodes. Only slices demonstrating high-quality, input-specific LTP and outstanding
tissue preservation were used for these studies (Figure 2, see Methods for criteria).

Sample Dendrites

Cross-sectioned radial oblique dendritic segments that traversed at least 100 serial sections
were selected for analysis based on the criteria of having a diameter ranging from 0.4 pm to
0.8 um to assure that differences in dendrite caliber were not sufficient to impact spine
density in control dendrites (Figure 2 and Figure 3, Supplemental Figure 1). All dendrites
contained 7-22 cross-sectioned microtubules and 1-4 mitochondria along the length of the
reconstructed segments. No spines contained mitochondria or microtubules.

Spine densities at all time points and experimental conditions were within the range of those
measured along oblique CAL dendrites in adult, perfusion-fixed hippocampus (average =
3.49 + 0.31 spines/um and range = 2.55 to 5.25 spines/um). At 5 min, the 20 dendrites from
7 sSTEM series measured 0.56 + 0.004 um in diameter, 9.67 + 0.36 um in length and had
583 excitatory synapses and 40 inhibitory synapses. At 30 min, the 25 dendritic segments
from 6 ssTEM series measured 0.59 + 0.004 um in diameter and 7.89 + 0.25 um in length
and had 672 excitatory synapses and 31 inhibitory synapses. At 2 hr, the 18 dendrites from 4
SSTEM series measured 0.55 + 0.004 um in diameter and 9.42 + 0.76 um in length and had
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636 excitatory synapses and 25 inhibitory synapses. Thus, the sampled dendritic segments
and synapses were of comparable dimensions and quantity and there was no significant
correlation between dendrite diameters or lengths with any of the measured parameters of
spine density, PSD area, or polyribosome frequency reported below.

Rapid synaptogenesis following induction of TBS-LTP

First we tested whether synaptogenesis occurred along mature CA1 dendrites after induction
of TBS-LTP. Synaptogenesis is characterized by the emergence of ‘transitional structures’
which have been found to become spines or to be eliminated in both immature and mature
hippocampus (Fiala et al., 1998; Maletic-Savatic et al., 1999; Engert and Bonhoeffer, 1999).
Transitional structures include asymmetrical shaft synapses on spiny dendritic segments,
stubby spines, nonsynaptic filopodia originating from dendritic shafts or from the heads of
dendritic spines (Richards et al., 2005) and multisynaptic spines (Figure 4A-Dii).
Transitional structures occurred with a frequency of 0 to 0.92 per micron length of dendrite
and constituted 8% of all the synapses. Because of the low frequency of transitional
structures, data were plotted as the change in density between TBS-LTP and control at each
time point to illustrate the direction and magnitude of the change (Figure 4E). Specifically,
more asymmetric shaft synapses and stubby spines appeared transiently at 5 minutes, and
nonsynaptic filopodia were increased at 30 min (Figure 4E). There was no significant
change in multisynaptic spine frequencies (Figure 4E). All transitional structures were equal
to control levels by 2 hours after induction of TBS-LTP (Figure 4E). These findings suggest
that synaptogenesis occurred early after TBS-LTP but was balanced by elimination or
conversion of transitional structures into more typically mature spines by 2 hours as
discussed below.

Changes in Typical Dendritic Spine Density following induction of TBS-LTP

When reconstructed in 3-D, most “typical’ spines in mature hippocampus can been described
as thin (Figure 5A, Supplemental Figure 2A-D), mushroom (Figure 5B, Supplemental
Figure 2E-H), or branched, where different branches could be thin or mushroom shaped and
always synapsed with different axons (Figure 5C, Supplemental Figure 2I-L). The
distribution of spine density for each dendrite varied across time and condition (Figure 3,
Figure 5D).

Smaller spines are thought to be more labile under a variety of developmental and
experimental conditions (Bourne and Harris, 2007). We tested this hypothesis for TBS-LTP
on mature CA1 dendrites by comparing the spine head diameters to determine whether
changes in density were specific to spines of particular sizes. Spine head diameters were
measured at the widest part parallel to the PSD (Figure 5Ai, Bi). Spines were grouped as
‘small thin spines’ with head diameters less than 0.45 microns, ‘medium thin spines’ with
head diameter greater than 0.45 microns but less than 0.6 microns, and ‘mushroom spines’
with head diameters greater than 0.6 um (Harris et al., 1992; Yankova et al., 2001).
Curiously, the density of the smallest thin spines with head diameters <0.45 um was greatest
along the control dendrites at 2 hr (Figure 5E; Supplemental Figure 5A), suggesting an
ongoing spine recovery in the slices. Nevertheless, these small thin spines were selectively
lowered at 2 hr after the induction of TBS-LTP (Figure 5E, p<0.05), supporting the
hypothesis that they were the most labile.

Enlargement of average PSD area by 2 hr after induction of TBS-LTP

One explanation for the reduction in small spines by 2 hr after induction of TBS-LTP is that
an alteration in spine turnover occurred through the stabilization and enlargement of a subset
of spines at the expense of ongoing spine formation. To test this hypothesis, we compared
spine head diameter and PSD areas at all time points (Figure 6A, black line, 6B). The

Hippocampus. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bourne and Harris

Page 8

surface areas of the postsynaptic densities (PSD) were measured across serial sections and
PSDs were categorized as macular or perforated depending on whether an electron lucent

region separated the PSD into one or more parts, or created a hole in the center of the PSD
(Supplemental Figure 2A-H).

We reconstructed the surface area of each PSD on every spine for a total of 1891 synapses.
Although there was a wide range in spine head diameters at each time point, there was no
significant change in average spine head size with TBS-LTP (Figure 6C). The PSDs ranged
in size from 0.01 to 0.86 um? (Figure 6D). There was no significant difference in the relative
frequencies of macular or perforated PSDs at any time point. We found that the average

PSD area was enlarged on spines of all sizes at 2 hr after the induction of TBS-LTP (Figure
6E, p<0.01, p<0.01, p<0.05, respectively), but not on spines at 5 or 30 min. The PSD area on
transitional spines did not differ significantly at any time or condition (Supplemental Figure
3). These data support the hypothesis that the initial increases in synaptic strength are due to
unsilencing of synapses (Kerchner and Nicoll, 2008), trafficking of AMPA receptors into
pre-existing ‘slots’ in the PSD (Lisman and Raghavachari, 2006), or alterations in
presynaptic release probability (Zakharenko et al., 2001; Enoki et al., 2009). Later, by 2 hr
after the induction of TBS-LTP, a fraction of all the synapses on typical spines of all sizes
underwent enlargement.

Association of polyribosomes with sustained excitatory synapse enlargement

Local protein synthesis is required for maintenance of LTP (Frey and Morris, 1997; Aakalu
et al., 2001; Steward and Schuman, 2001; Sutton and Schuman, 2005) and is evidenced
ultrastructurally by polyribosomes (Figure 7A-C, Supplemental Figure 4). Previous work
demonstrated a redistribution of polyribosomes from dendritic shafts into spines with larger
PSDs at 2 hr after induction of LTP by tetanic stimulation (tetanic-LTP) in hippocampal
slices from young (Ostroff et al., 2002) and mature (Bourne et al., 2007b) rats. We wanted to
learn when and where polyribosomes were up-regulated following induction of TBS-LTP.
Polyribosomes were identified by the presence of 3 or more dark round ribosomes, each
approximately 18-25 nm in diameter with a gray fuzz connecting them (Ostroff et al., 2002;
Bourne et al., 2007b). An individual proteasome measures about 20 by 45 nm (Medalia et
al., 2002; Robinson et al., 2007) and a single ribosome might be confused with it or other
similarly sized macromolecular complexes; hence only clusters containing 3 or more
ribosomes were included in these analyses. Polyribosomes assumed a variety of shapes
including spirals, linear strings, or spherical or irregularly shaped clusters. Polyribosomes
usually occupied just one section, although those having more than 10 ribosomes sometimes
spanned 2 or 3 sections; all polyribosomes were followed across serial thin sections to
distinguish them from other dark staining structures, such as membranes (Supplemental
Figure 4).

The frequency of polyribosomes ranged from 0 to 2.2 per micron length of dendrite (Figure
7D). Overall, 4-10% of all spines contained polyribosomes. Under control conditions, there
was a constitutive elevation in polyribosomes in the dendritic shaft and at the base of and in
the heads and necks of dendritic spines across time in vitro (Figure 7E; Supplemental Figure
5B), suggesting that baseline stimulation may recruit local protein synthesis to promote the
ongoing recovery of synapses in hippocampal slices (as discussed above and shown in
Supplemental Figure 5A). TBS-LTP interacted with the formation of polyribosomes in the
dendritic shaft and in spine heads and necks in several interesting ways. First, by 5 min after
TBS there was a marked elevation in the frequency of polyribosomes in spine heads and
necks, relative to the controls at that time point (Figure 7E, p<0.01). At 30 minutes the
control elevation in polyribosomes was unaffected by TBS-LTP. However, by 2 hr, TBS-
LTP resulted in a marked reduction in the polyribosomes in the heads and necks of dendritic
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spines, back to the control levels measured at 5 minutes (Figure 7E, p<0.01). There were
also fewer polyribosomes in dendritic shafts by 2 hr (Figure 7E, p<0.05).

Next we tested whether there was a preferential distribution of polyribosomes to enlarged
spines during TBS-LTP (Figure 7F). Under the control conditions spine size did not differ
significantly whether or not they contained a polyribosome, suggesting that these
polyribosomes were not synthesizing proteins specifically involved in spine enlargement. In
contrast, at all times after induction of TBS-LTP, spines that contained polyribosomes had
significantly larger heads (Figure 7F, p<0.05). These results suggest that a different set of
proteins relative to controls were being synthesized to support spine enlargement following
TBS-LTP.

In addition, we tested whether the average PSD area was larger on spines with
polyribosomes. Again, under the control conditions PSD size did not differ whether or not
the spine contained a polyribosome, suggesting that these polyribosomes were not
synthesizing proteins specifically involved in synapse enlargement. In contrast, at 5 min and
2 hr after induction of TBS-LTP, PSDs were larger on spines that contained polyribosomes
(Figure 7G, p<0.01).

These findings suggest that by 5 min after the induction of TBS-LTP, mRNAS were
immediately ‘unmasked’ in large spines that already had large PSDs. The findings further
suggest that by 30 minutes, newly unmasked mRNAs also appeared in larger spines that did
not yet have larger PSDs. By 2 hr after induction, further enlargement of all PSDs resulted
in the preferential location of polyribosomes in enlarged spines with enlarged PSDs. Since
overall, the density of polyribosomes was decreased at 2 hr relative to earlier time points, the
data suggest that polyribosomes and their associated mRNAs were “used up” by 30 minutes
in the heads of potentiated spines undergoing synapses enlargement and replenished from
the dendritic shafts into spines with further enlarged PSDs by 2 hours. Further work is
needed to determine whether replenishment from the soma is required to sustain local
translation at later times after the induction of TBS-LTP.

Balancing ‘inhibitory’ symmetric synapse size and number

GABAergic synapses have been found to increase in the mature barrel cortex of mice
following prolonged whisker stimulation (Knott et al., 2002). It is not known, however,
whether synaptic structure of inhibitory synapses changes when LTP is produced at
excitatory synapses. We identified presumptive inhibitory synapses by their symmetric pre
and postsynaptic densities and pleiomorphic vesicles in the presynaptic axonal bouton
(Figure 8A, Supplemental Figure 2A-D (Harris et al., 1985; Peters et al., 1991)). Symmetric
synapses displayed some variability in their opacity (Colonnier, 1968), hence as an
additional measure we looked for the consistent appearance of symmetric synapses at other
boutons along the same axon. Symmetric synapse surface areas were measured where the
slightly widened, uniform cleft was obvious across serial sections (Figure 8B).

We quantified the relative frequencies of symmetric synapses along each of the
reconstructed dendrites (Figure 8C and Figure 3 above), and found that there was a
significant drop in the number of symmetric synapses per unit length of dendrite at 2 hr after
the induction of TBS-LTP (Figure 8D, p<0.01). Like the asymmetric synapses discussed
above, there was also a marked increase in the average surface area of these symmetric
synapses at 2 hr after the induction of TBS-LTP (Figure 8F, p<0.001). This decrease in the
frequency of symmetric synapses coupled with enlargement of their size could serve to
maintain a balance in the inhibitory input on a dendritic segment.

Hippocampus. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bourne and Harris

Page 10

Absence of polyribosomes near shaft synapses

We wanted to determine if the increase in the surface area of symmetric synapses at 2 hr
after induction of TBS-LTP was linked to nearby protein synthesis in the dendritic shafts.
Figure 9C illustrates how we performed this analysis. All 63 dendrites were examined for
the locations of symmetric synapses with respect to the shaft polyribosomes. Most of the
polyribosomes in the dendritic shaft were located more than 2 microns away from the
synapse, a distance comparable to spine length (Figure 9A) and only one example was found
where a polyribosome was within 0.1 micron of a symmetric synapse (Figure 9B). To
determine whether the absence of polyribosomes was specific to symmetric synapses or a
feature of all shaft synapses, we performed an identical analysis on asymmetric shaft
synapses. Again, all 63 dendrites were examined for the location of asymmetric synapses
with respect to the shaft polyribosomes. There were no examples of a polyribosome within
0.1 micron of an asymmetric shaft synapse (Figure 9D). These findings suggest that local
protein synthesis in the immediate vicinity of symmetric or asymmetric shaft synapses may
not be as important as for spine synapses. The compartmentalization of synapses located on
dendritic spines may necessitate their capture or recruitment of mMRNAs and polyribosomes.

Balancing synapse size and number

The decrease in small spines and enlargement of PSDs by 2 hr after the induction of TBS-
LTP suggests that dendrites may have a set amount of synaptic resources that are distributed
to spines based on the level of synaptic strength. Synaptic components can be exchanged
between spines along a dendrite, and larger synapses tend to capture more molecules than
smaller synapses (Park et al., 2006; Tsuriel et al., 2006; Gray et al., 2006; Harvey et al.,
2008; Rose et al., 2009; Zhong et al., 2009). If the amount of synaptic components available
within a dendrite remains stable, then the total amount of synapse area should be constant
per length of dendrite.

To test this hypothesis, we summed synaptic areas for all asymmetric or symmetric synapses
along each dendritic segment and divided by segment length (Figure 10A). The summed
PSD area for asymmetric synapses positively correlated with total dendritic length for all
dendrites across conditions and time points (Figure 10B, p<0.001). Furthermore, the
correlation between summed asymmetric PSD area and dendrite length was sustained
despite a marked increase in average PSD size and lower spine number at 2 hr after the
induction of TBS-LTP (Figure 10C, r = 0.8 control, p<0.05; and r = 0.8 TBS-LTP, p<0.01).
In contrast, there was no significant correlation between summed surface area of symmetric
synapses and the length of the analyzed dendritic segments (Figure 10B). Since symmetric
synapses are relatively sparse in s. radiatum, reconstruction of longer segments or more
proximal dendrites where symmetric synapses dominate might be needed to detect such
correlation.

The average summed synaptic surface area per micron length of dendrite remained stable
across conditions and time for both asymmetric and symmetric synapses, indicating a
coordinated response after the induction of TBS-LTP (Figure 10D). These findings suggest
that the overall amount of excitatory and inhibitory input onto a mature dendritic segment is
preserved following induction of TBS-LTP even when the size of individual synapses is
shifted as some synapses are enlarged while others shrink or are lost.

Discussion

Three-dimensional reconstructions of mature CA1 dendrites revealed a remarkable
balancing between synapse size and number for both excitatory and inhibitory synapses
following induction of LTP. Figure 11 illustrates the sequence of structural events. Over all
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conditions, the absolute spine and synapse numbers were within the range found along
mature dendrites from perfusion fixed hippocampus (Kirov et al., 1999; Kirov et al., 2004b;
Bourne et al., 2007a). Synaptogenesis marked by the formation of additional asymmetric
shaft synapses, stubby spines and nonsynaptic filopodia was initiated specifically within 30
minutes after the induction of TBS-LTP (Figure 11A-B’). By 2 hr, the smallest, presumably
most labile synapses were markedly reduced relative to dendrites receiving control
stimulation (Figure 11C-C’). Whether this form of plasticity resulted from elimination of
small spines or prevention of their constitutive formation during 2 hours of control
stimulation remains to be determined.

Polyribosomes were elevated immediately in spines with large heads and PSDs (Figure 11A
). Control stimulation resulted in a constitutive increase in polyribosomes by 2 hours,
perhaps in support of the ongoing formation of small spines. In contrast, TBS-LTP resulted
in a substantial loss of polyribosomes overall, but a significant targeting of those that
remained to large spines with enlarged PSDs (Figure 11C-C’). This finding suggests that
TBS-LTP uses newly synthesized proteins to build larger PSDs and subsequently
replenishes or redirects MRNASs and polyribosomes to those spines with enlarged heads and
PSDs. Excitatory and inhibitory synapses were sufficiently enlarged by 2 hr after induction
of TBS-LTP to counterbalance the lower densities of small spines and inhibitory synapses
(Figure 11C-C’"). These results support a model of clustered synaptic plasticity that involves
coordinated structural plasticity along mature CA1 dendrites which may be mediated by a
redistribution or sharing of resources among neighboring synapses (Govindarajan et al.,
2006; Harvey and Svoboda, 2007; Losonczy et al., 2008; Harvey et al., 2008; Makara et al.,
2009).

Filopodia and other transitional structures such as stubby spines and excitatory asymmetric
shaft synapses are prevalent during synaptogenesis along developing dendrites (Dailey and
Smith, 1996; Fiala et al., 1998; Harris, 1999; Yuste and Bonhoeffer, 2004; Richards et al.,
2005), but have been observed in the mature hippocampus only under conditions of
homeostatic plasticity induced by synaptic inactivation (Petrak et al., 2005) or preparation of
hippocampal slices (Kirov et al., 1999; Kirov et al., 2004b). Potentiation of a single synapse
on a cultured neuronal dendrite lowers the threshold for LTP induction at neighboring
synapses (Harvey and Svoboda, 2007) and encourages local emergence of new spines
(Maletic-Savatic et al., 1999; Engert and Bonhoeffer, 1999; Ostroff et al., 2002; Nagerl et
al., 2004; Nagerl et al., 2007; De Roo et al., 2008) and loss of more distal or non-activated
spines (Engert and Bonhoeffer, 1999; Nagerl et al., 2004; Nagerl et al., 2007; De Roo et al.,
2008). The immediate increase in transitional synaptogenic structures after induction of
TBS-LTP suggests that spine turnover initially favors spinogenesis along mature CA1
dendrites. Since overall spine density did not increase synapse elimination must have also
occurred as LTP was established.

Slicing-induced spinogenesis was less robust in the hippocampal slices prepared at room
temperature in the current study compared to previous slices prepared with ice-cold ACSF
(Kirov et al., 1999; Kirov et al., 2004b). Nevertheless, the small, apparently new and labile
spines continued to increase in number on control dendrites. Thus, the lower density of
small spines 2 hr after TBS-LTP induction could have resulted from selective elimination of
non-potentiated spines or the prevention of ongoing spinogenesis (similar to Bourne et al.,
2007b). However, in contrast with our previous study, the average PSD area was
significantly enlarged across all remaining typical spines, not just those containing
polyribosomes (Bourne et al., 2007b). Small spines also turnover more frequently than large
spines on both young and mature cortical dendrites (Holtmaat et al., 2005; Zuo et al., 2005a;
Zuo et al., 2005b; Majewska et al., 2006). Small spines are selectively lost on basal CAl
dendrites following exposure to novel environments (Kitanishi et al., 2009a; Kitanishi et al.,
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2009b) and on cultured hippocampal dendrites outside the zone of synaptic activation
(Engert and Bonhoeffer, 1999).

Spine loss might be triggered by several factors: secretion of an “elimination” signal from
more effective synapses or surrounding glia (Lichtman and Colman, 2000; Stevens et al.,
2007); insufficient activation to retain receptors (De Roo et al., 2008); a failure to recruit the
mMRNA or proteins needed to stabilize or enlarge the synapse (Frey and Morris, 1997; Martin
and Kosik, 2002); or altered dendritic membrane properties (Losonczy and Magee, 2006;
Losonczy et al., 2008). The spatial resolution of these potential inter-spine effects is not
known, however, our findings show that counterbalancing strength versus number of spine
synapses can occur along mature dendritic segments less than 10 microns long.

Local protein synthesis is required to enlarge dendritic spines on developing neurons
(Tanaka et al., 2008; Yang et al., 2008) and to sustain LTP (Steward and Schuman, 2001).
The increase in polyribosomes in control dendrites over time suggests that local protein
synthesis may also be required to promote synaptic recovery from slicing-induced trauma
during the preparation of hippocampal slices (Fiala et al., 2003). The distribution of free
polyribosomes following induction of TBS-LTP supports recent hypotheses that potentiated
synapses might be “tagged” (Frey and Morris, 1997; Ostroff et al., 2002; Martin and Kosik,
2002; Bourne et al., 2007b), compete for (Fonseca et al., 2004), replenish (Routtenberg and
Rekart, 2005) and recycle proteins (Park et al., 2006) locally during the course of LTP. The
transient elevation of polyribosomes in spines with large synapses at 5 min after TBS-LTP
suggests that local MRNAs were immediately unmasked at existing strong synapses (Wu et
al., 1998; Wells et al., 2000). Initial enlargement of spine heads has been associated with
insertion of glutamate receptors (Grosshans et al., 2002; Matsuzaki et al., 2004; Kopec et al.,
2006; Williams et al., 2007; Kerchner and Nicoll, 2008) which might be available via local
recycling endosomes (Park et al., 2006). Free polyribosomes indicate synthesis of
cytoplasmic proteins, hence candidate molecules might include PSD95 (Gray et al., 2006;
Ehrlich et al., 2007), CAMKII (Otmakhov et al., 2004; Rose et al., 2009) or other PSD-
associated molecules involved in stabilizing receptors (Kennedy, 2000). At 30 minutes after
TBS-LTP the presence of polyribosomes in large spines, but lack of significant change in
average PSD areas, suggests that mRNAs or polyribosomes were targeted to newly enlarged
spines with PSDs that had not yet increased in size. Consistent with this hypothesis, we
found at 2 hr that the subset of spines containing polyribosomes had the largest PSDs,
suggesting that LTP-specific synapse enlargement required and rapidly used local protein
synthesis machinery in spines.

Replenishment of polyribosomes at enlarged synapses by 2 hours after induction of LTP was
accompanied by a loss of polyribosomes from dendritic shafts and neighboring smaller
spines. A decrease in polyribosomes at the base of spines has also been observed in the
mature dentate gyrus at various time points after LTP induced by the delivery of 17.5-msec
trains of pulses at 400 Hz (Desmond and Levy, 1990). Thus, multiple trains of brief stimuli
may be more effective in triggering and quickly translating proteins than the sustained 1 sec
pulse trains commonly used in tetanic stimulation. These observations indicate that
translational machinery can be rapidly redistributed among spines along mature CA1
dendrites to an even greater extent following TBS-LTP than following tetanic-LTP in
immature (Ostroff et al., 2002) or mature CA1 dendrites (Bourne et al., 2006). TBS elevates
calcium in dendrites from multiple sources including influx through NMDA receptors and
voltage dependent calcium channels, as well as release from intracellular stores; whereas
tetanic stimulation primarily elevates calcium through NMDA receptors (Raymond and
Redman, 2002). TBS, but not tetanic stimulation, causes release of brain derived
neurotrophic factor (BDNF), which enhances protein synthesis (Kang et al., 1997; Chen et
al., 1999; Aakalu et al., 2001). Thus, the finding that TBS-LTP utilizes more polyribosomes

Hippocampus. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bourne and Harris

Page 13

than tetanic-LTP could be explained by the different signals triggered by the TBS and
tetanic induction paradigms.

Symmetric shaft synapses also decreased in frequency and increased in size at 2 hr after the
induction of TBS-LTP. We confirmed that like mature CA1 dendrites in vivo (Megias et al.,
2001), the symmetric synapses occurred on average only once every 5-10 microns along
mature CA1 dendrites in hippocampal slices. Therefore, the symmetric synapses could
modulate synaptic function among many dendritic spines before and after induction of TBS-
LTP. These synapses are made by multiple types of interneurons that modulate or inhibit
pyramidal cell excitability (Freund and Buzsaki, 1996; Gaiarsa et al., 2002; Klausberger and
Somogyi, 2008). The axons of some interneurons, such as basket cells and bistratified cells,
span s. radiatum and undergo LTD following high frequency stimulation, consequently
reducing inhibition on neighboring CA1 pyramidal cells in adult hippocampus (Wang and
Stelzer, 1996; McMahon and Kauer, 1997; Lu et al., 2000; Mendoza et al., 2006; Gibson et
al., 2008). The loss of inhibitory synapses observed 2 hr after TBS-LTP might account for
this LTD and also reduce the LTP threshold of neighboring spines (Harvey and Svoboda,
2007). The increase in size of the remaining symmetric synapses could counterbalance
unmitigated excitation that might ultimately become epileptogenic (Gaiarsa et al., 2002).

It is not known which synapses that were exposed to LTP-inducing stimuli were actually
responsible for the expression of LTP. We maximized our ability to detect plasticity related
structural changes by analyzing dendrites that were in the immediate vicinity of Schaffer
collaterals that were stimulated by the bipolar electrodes. LTP is input specific at relatively
long distances along axons (100's of microns), which we confirmed; however, pre- and
postsynaptic organelles, molecules, and electrical signals spread amongst neighboring
synapses for 10's of microns following induction of LTP at an individual synapse (Darcy et
al., 2006; Harvey and Svoboda, 2007; Rose et al., 2009). Hence, whether individual
synapses are visualized in the living state before and after induction of LTP or if a large
number of dendrites and synapses in the path of TBS-LTP versus control stimulation are
evaluated with sSSTEM, one cannot be sure exactly which synapses mediate LTP. Others
have used calcium-oxalate in an attempt to identify where synapse-specific calcium influx
might have occurred following induction of LTP (Buchs and Muller, 1996); however, the
electron dense calcium-oxalate precipitate shows high background and only those spines
containing smooth endoplasmic reticulum accumulated enough precipitate in either the
control or LTP conditions. Hence, this approach to identify specifically the potentiated
synapses is biased because only about 10-15% of hippocampal dendritic spines contain SER
(Spacek and Harris, 1997). Thus, it is not possible with available methods to define
unequivocally which specific synapses were responsible for expressing LTP. Despite these
caveats, it is reasonable to deduce that the enhanced response associated with LTP was
mediated by the enlarged synapses that had captured polyribosomes. Furthermore, the
ultrastructural changes reported here through sSTEM provide an expanded basis for
understanding the timing and extent of ultrastructural mechanisms underlying LTP.

These results support the hypothesis that dendritic segments act as functional units
(Rabinowitch and Segev, 2008). They show the first structural evidence that a loss in
number is balanced by growth in size of the remaining, presumably potentiated, excitatory
and inhibitory synapses by 2 hr after induction of TBS-LTP. Global changes in synaptic
activity that affect whole neurons show complementary effects in the mature hippocampus,
where excessive synaptic activation results in spine loss (Jiang et al., 1998) and silencing all
synaptic activity results in excess spines (Kirov and Harris, 1999; Kirov et al., 2004a). These
findings might also reflect a mechanism of homeostatic regulation that is occurring at a
global level throughout the neuron (Nelson and Turrigiano, 2008) and also can be detected
locally along individual dendrites.. Alternatively, the homeostatic balance of structural
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plasticity may be mediated locally for individual dendrites independent of the rest of the
neuron (Rabinowitch and Segev, 2008). What might constitute a local regulatory mechanism
operating in the less than 10 micron range? Synaptic resources including polyribosomes and
intracellular organelles occur about once every 10 microns along mature dendrites (Spacek
and Harris, 1997; Cooney et al., 2002; Park et al, 2006) and further study is needed to
determine whether their capture serves to regulate which synapses are strengthened during
LTP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Site-specific TBS-LTP in hippocampal slices from adult rats. (A) A single recording
electrode (arrow) was positioned in the middle of s. radiatum midway between two
stimulating electrodes (dark posts). Tissue for analyses was collected immediately adjacent
to the stimulating electrodes (black boxes) after microwave-enhanced fixation. Scale bar =
500 um. Theta burst stimulation (TBS) was delivered to one of the stimulating electrodes at
time 0 to induce LTP (dark gray diamonds) while baseline stimulation was maintained at the
other electrode (light gray diamonds). The responses were monitored for (B) 5 min (n=3
slices from 3 animals), (C) 30 min (n=3 slices from 3 animals), or (D) 2 hr (n=2 slices from
2 animals) after the delivery of the first theta burst stimulation. Example waveforms for each
time (insets) are an average of the pre-TBS and post-TBS responses at the control (light
gray) and TBS-LTP (dark gray) sites. Scale bars = 5mV/5ms.
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Figure 2.

Electron micrographs (EMs) of representative fields of neuropil illustrate high quality of
tissue preservation from each time and condition. Sample dendrites and their spines were
outlined and reconstructed in yellow. Asymmetric excitatory PSDs located on these
dendrites were highlighted and reconstructed in red while symmetric shaft synapses were
highlighted (arrow) and reconstructed in blue. Dendrites and surrounding neuropil in (A) a 5
min control, (B) a5 min TBS-LTP series, (C) a 30 min control, (D) a 30 min TBS-LTP
series, (E) a 2 hr control and (F) a 2 hr TBS-LTP series. Scale bar = 1 micron. Scale cube =
0.5 um on a side.

Hippocampus. Author manuscript; available in PMC 2012 April 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Bourne and Harris

Page 23

N ‘{5\‘-1‘ Q‘* lt‘"
0 50 100
5 min TBS-LTP

- i

30 min TBS-LTP

™. =4,
o S/ 7]

?

e /A

0 50 100
e J
2 hour Control 2 hour TBS-LTP

Figure 3.

Example reconstructed dendritic segments from each condition, ranked according to spine
density and displayed at comparable percentile ranks of 0, 50 and 100 from the Control or
TBS-LTP sites at (A) 5 min, (B) 30 min, or (C) 2 hr after induction of TBS-LTP. All of the
excitatory (red) and inhibitory (blue) synapses were reconstructed on each dendritic
segment. Scale cubes equal 0.5 pm on a side and were matched for all conditions and times.
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Figure 4.

Transitional structures emerged soon after the induction of TBS-LTP. (Ai) EM (arrow) and
(Aii) 3D reconstruction of an asymmetric excitatory shaft synapse, which was
unambiguously identified by comparing the typical PSD thickness with neighboring spine
PSDs and confirming the identity by following the axon until it synapsed on a dendritic
spine. Scale bar and cube = 0.5 pm on a side for A-D. (Bi) EM (arrow) and (Bii)
reconstruction of a stubby spine. Reconstruction of a nonsynaptic filopodia emerging from
(Ci, Cii) a dendritic shaft (arrow), or (Ciii) a dendritic spine (arrow). (D) EM of a spine with
two synapses (arrows) formed by different presynaptic axons. (Di) Reconstruction of the
same multisynaptic spine. (E) To visualize changes in transitional structures, we subtracted
the mean control value from the mean TBS-LTP value for each time (A Number/um) and
plot here the differences relative to the control values which were normalized to zero while
maintaining the error bars from statistical analyses of the absolute mean values for both
control and TBS-LTP. Asymmetric shaft and stubby spine synapses were increased at 5 min
and more nonsynaptic filopodia were present at 30 min (*p<0.05, **p<0.01). There was no
significant change in multisynaptic spines at any time following TBS-LTP induction.
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Figure 5.

A decrease in the smallest thin spines accounted for a TBS-LTP specific reduction in
dendritic spine density at 2 hr. (Ai) EM of a thin spine (arrow). Scale bar = 0.5 um for all
EMs. (Aii) Reconstruction of a dendritic segment where two thin spines were illustrated
with each of their PSDs reconstructed in red. Scale cube = 0.5 um on a side for all
reconstructions. (Bi) EM (arrow) and (Bii) reconstruction of a mushroom spine. Black lines
in (Ai) and (Bi) indicate where the measurements of spine heads were obtained at their
greatest width parallel to the PSD. (Ci) EM of both heads of a branched spine, where the
branch point was visualized on adjacent serial sections (see Supplemental Figure 21-L). (Cii)
Reconstructed branched spines with one mushroom head and one thin head and (Ciii) with
two thin heads. (D) The distribution in spine density of control dendrites (light gray
diamonds) and TBS-LTP dendrites (dark gray diamonds) is plotted for each time. The red
horizontal lines represent the means (n= number of dendrites). (E) Comparison of typical
spine frequency based on head diameters where there was a significant decrease in thin
<0.45 spines at the 2 hr time point (*p<0.05) but no change in larger spines or at other time
points.
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Figure 6.

PSD enlargement by 2 hr after induction of TBS-LTP without significant change in spine
head diameter. (A) EM of a dendritic spine head from the 2 hr TBS-LTP condition, with a
red line along a cross-sectioned PSD length showing a gap where it is perforated by an
electron lucent region. The black line indicates spine head diameter measurements taken at
the widest part of the dendritic spine parallel to the PSD. Scale bar = 0.5 um. (B)
Reconstruction of the perforated PSD (red) on the mushroom spine depicted in (A). Scale
cube = 0.5 um on a side. (C) Distribution of all spine head diameters with red horizontal
lines indicating means for each time point for control (light gray diamonds) and TBS-LTP
(dark gray diamonds) conditions (n=number of spines). Average spine head diameter was
not significantly changed after the induction of TBS-LTP. (D) The PSD area of every
excitatory synapse was plotted at 5 min, 30 min, and 2 hr to visualize the range in size
across control (light gray diamonds) and TBS-LTP (dark gray diamonds) dendrites. Red
horizontal lines indicate the mean for each time and condition (n=number of synapses). (E)
At 2 hr average PSD area was increased for spines of all sizes (h=number of synapses)
(*p<0.05, **p<0.01).
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Figure 7.

Timing of changes in the density and location of polyribosomes after induction of TBS-LTP.
Polyribosomes had 3 or more individual ribosomes with opaque centers (~15-25 nm)
surrounded by lighter irregular edges as illustrated (A) in a dendritic shaft (arrow) and (B) in
a spine head (arrow). (See also Supplemental Figure 4). Scale bar = 0.5 um. (C)
Reconstruction of a mushroom spine with a large perforated PSD (red) and containing a
polyribosome (black spheres) at the base of the spine and a polyribosome in its head. Scale
cube = 0.5 pm on a side. (D) The distribution of total polyribosome density for control (light
gray diamonds) and TBS-LTP (dark gray diamonds) dendrites was plotted for each time and
condition. Red horizontal lines indicate means for each population of dendrites (n=number
of dendrites). (E) Relative to controls, polyribosomes were elevated in spine heads and
necks at 5 min after induction of LTP but were reduced in the dendritic shaft and in spine
heads and necks by 2 hr (*p<0.05; **p<0.01). (F) Spines with polyribosomes had
significantly larger heads at all times after induction of TBS-LTP (p<0.05) (n=number of
spines). (G) At 5 min and 2 hr after the induction of LTP, spines with polyribosomes had
significantly larger PSDs (**p<0.01) whether the polyribosomes were in the head, neck or
base of the spine (n= PSDs on the same spines as in F).
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Figure 8.

Reduced frequency and enlargement of symmetric synapses at 2 hr after TBS-LTP was
produced at excitatory synapses in s. radiatum. (A) EM of a symmetric synapse (blue
bracket) with small pleiomorphic presynaptic vesicles (arrows). Scale bar = 0.5 um. (B)
Reconstructions of symmetric synaptic surface areas (blue) from 2 hr control and TBS-LTP
dendrites. Scale cube = 0.5 um on a side. (C) The distribution of symmetric synapse density
was plotted for every control (light gray diamonds) and TBS-LTP (dark gray diamonds) and
red horizontal lines indicate means for each time point and condition (n=number of
dendrites). (D) Relative to controls, fewer symmetric synapses occurred at 2 hr (**p<0.01)
with no significant change at 5 or 30 min after TBS. (E) The surface area of each symmetric
synapse on control (light gray diamonds) and TBS-LTP (dark gray diamonds) dendrites was
plotted with red lines indicating means for each time point and condition (h=number of
synapses). (F) There was an increase in the surface area of symmetric synapses
(***p<0.001) at 2 hr after the induction of TBS-LTP.
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Figure 9.

Polyribosomes were not associated with symmetric or asymmetric shaft synapses in the
middle of s. radiatum. (A) An EM of a symmetric synapse (blue bracket) with a
polyribosome (arrow) located in the dendritic shaft >0.1 micron away. (B) An EM of the one
symmetric synapse (blue bracket) with a polyribosome (arrow) located <0.1 micron away.
Scale bar = 0.5 um. (C) All dendrites (n=63) were divided into those with symmetric
synapses (n=50) and then further separated into those with symmetric synapses and shaft
polyribosomes (n=38). Dendrites that had polyribosomes within 2 microns of a symmetric
synapse (n=9) were finally parsed down to one dendrite that had a polyribosome within 0.1
micron of a symmetric synapse, the cutoff distance that was used to assign a polyribosome
to a dendritic spine. (D) All dendrites (n=63) were divided into those with asymmetric shaft
synapses (n=12) and then further separated into those with asymmetric shaft synapses and
shaft polyribosomes (n=9). There were 2 dendrites that had polyribosomes within 2 microns
of an asymmetric shaft synapse but there were not any asymmetric shaft synapses that had a
polyribosome within 0.1 micron.
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Figure 10.

Balancing total PSD area along reconstructed dendrites. (A) Reconstructions of control and
TBS-LTP dendrites cropped to approximately equal lengths demonstrate equal summed
asymmetric or symmetric synaptic areas per micron despite large differences in average
synapse size and density. Scale cube = 0.5 um on each side. (B) Summed asymmetric PSD
area was well correlated with dendritic length across all dendrites (red diamonds, n=63
dendrites; r=0.6, p<0.001) but summed surface area of symmetric synapses was not (blue
diamonds; r=0.12, n.s.). (C) This correlation applied also to control (light gray diamonds;
r=0.8, p<0.05) and LTP (dark gray diamonds; r=0.8, p<0.01) dendrites at 2 hr after the
induction of TBS-LTP. (D) Average summed asymmetric or symmetric surface area per
micron length of dendrite was the same for dendrites across all time points in the control and
TBS-LTP conditions (p>0.8).
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Figure 11.

Model of how induction of TBS-LTP results in rearrangement of excitatory and inhibitory
synapses and a redistribution of polyribosomes. (A) Representation of a control dendrite
(yellow) from the 5 min condition has excitatory (red) and inhibitory (blue) synapses and
spines of all sizes, including small thin spines with diameters < 0.45 microns (gray spines).
The frequency of polyribosomes in these dendrites was relatively low (black circles). (A") At
5 min after TBS-LTP induction, asymmetric shaft synapses and stubby spines increased and
polyribosomes were elevated in large spines with large synapses because mRNAs (black
lines) were unmasked. (B) By 30 min, baseline stimulation in control dendrites had recruited
polyribosomes while (B') induction of TBS-LTP resulted in the emergence of nonsynaptic
protrusions and the localization of polyribosomes to spines that had enlarged heads but had
not yet enlarged their PSDs. (C) By 2 hr, control dendrites demonstrated ongoing recovery
of small thin spines, possibly in response to baseline stimulation whereas the (C’) induction
of TBS-LTP either prevented the formation or promoted the elimination of those spines
while enlarging the remaining PSDs. There was also a decrease in the frequency of
inhibitory synapses that was accompanied by an enlargement in their size. In addition,
polyribosomes decreased in number except in spines with large heads and enlarged PSDs by
2 hr after induction of TBS-LTP. At each time point, the average summed synaptic area per
unit length of dendrite for excitatory or inhibitory synapses remained stable across all
conditions.
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