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Abstract

Evidence for morphological substrates of long-term changes in synaptic efficacy is controversial,

partly because it is difficult to employ an unambiguous control. We have used a high-frequency

stimulation protocol in vivo to induce long-term potentiation (LTP) in the hippocampal dentate

gyrus of aged (22-month-old) rats and have found a clear distinction between animals that sustain

LTP and those that fail to sustain it. The “failure group” was used as a specific/“like-with-like”

control for morphological changes associated with the expression of LTP per se. Quantitative

optical and electron microscopy was used to analyze large populations of dendritic spines and

excitatory perforant path synapses; LTP was found to be associated with an increase in numbers of

segmented (perforated) postsynaptic densities in spine synapses. In contrast, an increase in the

number of branched spines appears to result from high-frequency stimulation alone. These data

shed light on the current controversy about the expression mechanism of LTP.
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INTRODUCTION

Since the early 1970s, long-term potentiation (LTP) of synaptic transmission in the

hippocampus (Bliss and Lomo, 1973) has been used widely to study the basic mechanisms

believed to underlie memory formation (Bliss and Collingridge, 1993). A number of studies

have shown links between LTP and memory formation. Xu et al. (1998) demonstrated that

spatial exploration induced a persistent reversal of LTP in rat hippocampus, while Moser et

al. (1998) reported that spatial learning was impaired after saturation of LTP. Fear

conditioning was shown to occlude LTP-induced presynaptic enhancement of synaptic

transmission in the cortical pathway to the lateral amygdala (Tsvetkov et al., 2002), and

Bozon et al. (2002) demonstrated that the gene Zif268 plays a critical role both in initial

triggering of the genetic machinery for maintenance of the later phases of LTP, and also in
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spatial memory formation. The suggestion that LTP meets one of the principal criteria for

long-term memory storage was made recently by Abraham et al. (2002), who demonstrated

that stable long-lasting LTP can be disrupted by exposure of rats to an enriched

environment.

Because consolidation of long-term memories is believed to involve structural changes,

morphological correlates of LTP have been investigated intensively with a variety of

preparations, most frequently from rat, using acute slices in vitro (Chang and Greenough,

1984), organotypic hippocampal culture (Muller et al., 2000), and stimulation in vivo

(Desmond and Levy, 1986, 1988, 1990; Geinisman et al., 1991, 1994; Rusakov et al., 1997;

Stewart et al., 2000; Weeks et al., 2000, 2001). While the finding that LTP is associated with

an increased number of segmented perforated synapses appears to be unchallenged

(Geinisman et al., 1996), disagreement continues as to whether LTP results in the formation

of new synapses.

A confocal imaging study by Hosokawa et al. (1995) showed only subtle changes in

morphology of living dendritic spines after LTP induction, but a reduction in spine densities

was shown 24 h after LTP induction in vivo (Rusakov et al., 1995). Real-time imaging data

using in vitro preparations, however, demonstrated rapid morphological changes (Engert and

Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Toni et al., 1999, 2001) 1–2 h after LTP

induction. In contrast, studies with acute slices showed a remarkable stability of synapse

density in potentiated tissue (Sorra and Harris, 1998), and three-dimensional (3D)

reconstruction data argued against rapid formation of functional synapses on branched

spines (Fiala et al., 2002). In cultured hippocampal neurons, both pruning and formation of

spines occur (Goldin et al., 2001), and spines can actually retract after back-propagating

action potentials (Korkotian and Segal, 2001).

Taken together, however, these findings do not show convergence of agreement on

structural correlates of LTP induction. Interestingly, comparison of physiological protocols

shows that while many investigators use similar methods for LTP induction, the choice of

control varies, even though it is critical to ensure that an observed structural change is

specific to the enhancement of synaptic transmission. The most common form of LTP is N-

methyl-D-aspartate (NMDA) receptor-dependent; thus, blockade of NMDA receptors allows

the same stimulation protocol without induction of LTP. However, both normal functioning

of NMDA receptors and Ca2+ homeostasis are intimately involved in morphogenic

mechanisms inherent in nerve cells, whether or not morphogenesis is associated with LTP

(Murase et al., 2002; Nimchinsky et al., 2002). Consequently, suppressing these mechanisms

could suppress morphogenesis triggered by the LTP induction protocol. Moreover, Weeks et

al. (2003) have shown that while most changes observed after the induction of LTP in vivo

are LTP-specific, and not simply the result of tetanic stimulation, blockade of NMDA

receptors alone can induce structural changes, including a decrease in the length of

perforations in concave perforated synapses, a reduction in the number of convex perforated

synapses, and an increase in synaptic length compared with controls.

To overcome these difficulties, one would ideally prefer identical induction protocols,

physiological conditions, and pharmacological manipulations across all animals. However,

is such an approach feasible? In fact, LTP induction does not always achieve 100% success,

a rate that reduces sharply with age (deToledo-Morrell et al., 1988; Barnes et al., 2000;

Stephan et al., 2002). This gave us the opportunity to use aged animals and select test and

control groups on the basis of successful, or unsuccessful LTP induction, with all other

conditions identical. Unbiased stereological techniques were then employed to analyze large

numbers of synapses and dendritic spines in these groups. Our data show that high-

frequency stimulation alone produces a dramatic increase in numbers of branched spines,
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but not synapses, whereas LTP is specifically associated with an increased number of

segmented synapses with perforated active zones.

MATERIALS AND METHODS

Induction of LTP

All electrophysiological experiments were conducted in the Department of Physiology at

Trinity College, Dublin. To ensure unbiased morphological analysis, animals were coded

and the codes were not released until all the data were acquired and ready for statistical

analysis.

Aged male Wistar rats (~22 months) were anesthetized with urethane, secured in a

stereotactic frame with recording and stimulating electrodes placed in the dentate gyrus and

perforant path of the right hemisphere, as described previously (McGahon and Lynch,

1996). Test shocks (1/30 s) were delivered unilaterally for 10 min before and 45 min after

tetanic stimulation (three trains of high-frequency stimulation; 250 Hz for 200 ms; intertrain

interval 30 s). At the end of the recording period, animals were perfused transcardially with

a phosphate-buffered solution (PBS, 0.1 M) of 2% glutaraldehyde and 2% paraformaldehyde

at pH 7.4, and brains were removed from the rats and kept overnight in the same fixative.

After coding, the brains were transferred to The Open University, United Kingdom, where

the hippocampus was dissected and four 1-mm slabs were taken from the septohippocampal

axis of each hemisphere of each animal. Two of these slabs were processed for rapid Golgi

staining, and two were processed for electron microscopy. Golgi impregnation was carried

out using a modified rapid Golgi protocol (Fairen et al., 1977; Patel and Stewart, 1988);

serial sections perpendicular to the septotemporal axis (~80 μm thick) were then cut using a

tissue chopper. The sections were dehydrated in graded series of alcohol and embedded with

DPX mountant on a glass slide.

Tissue sections for electron microscopy were collected into (0.1 M) phosphate buffer for

epoxy resin processing. The sections were postfixed in 0.1% (w/v) osmium tetroxide (Sigma

Chemical Co. Ltd, UK) in 0.1 M phosphate buffer for 1 h and were then dehydrated and flat

embedded in epoxy resin (Agar 100; Agar Scientific, UK). The resin block with the tissue

was allowed to polymerize for 48 h at 60°C. Excess resin was trimmed away, and semithin

serial sections were cut using a Leica ultra microtome and stained with 0.1% toluidine blue

(Sigma, UK), in order to observe the granule cell layer. Serial ultrathin sections of silver-

gold interference color (80 nm) were cut and collected in pairs of two on carbon-coated slot

grids (2 × 1 mm; Agar Scientific, UK) and stained using uranyl acetate (5% w/v distilled

water) and lead citrate (0.3% w/v in 0.1 M sodium hydroxide). Finally, the sections were

examined in a JEOL 1010 electron microscope at an accelerating voltage of 80 kV. Digital

images from serial sections of the middle molecular layer of the dentate gyrus were acquired

using a Kodak Megaplus CCD camera attached to the microscope.

Quantification of Dendritic Spines Using Image Analysis and Tilting Disector Technique

A semiautomated image analysis technique was used for quantification of dendritic spines.

This method is based on skeletonized images of dendritic profiles and allows quantification

of large populations of dendritic fragments acquired using a CCD camera mounted on a

Nikon Microscope (for technical details, see Rusakov et al., 1995, 1997). One dendritic

fragment is illustrated as an original image (Fig. 1C) and one with a superimposed skeleton

(Fig. 1E); another dendritic fragment is illustrated with the generated profile image (Fig. 1D)

and an overlap of the original and skeletonized image (Fig. 1F). Two parameters, spine

length and inter-spine distances along a dendrite, were acquired and assessed using this

procedure. An unbiased stereological technique, the “tilting disector,” was used to assess the
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true (3D) numerical density of spines along the dendrites (Rusakov et al., 1995). This

technique uses the same principle as the disector technique (Sterio, 1984; Gundersen, 1986)

and is based on counting spines profiles that are present at one angular position of the

dendrite but are not present in the other angular position (Fig. 5 in Rusakov et al., 1997).

The only assumption required in estimating the true spine density along the dendrites is that

the distribution of spines around the longitudinal axis of a dendritic stem is uniform, which

is very likely in most cases. The total number of spines n, which are scored within a sector

of β degrees around the dendrite axis, will therefore give the estimated total number of

spines (i.e., within a “sector” of 360°) N:

These counts, carried out for a representative group of dendrites, generate a stereological

correction factor for the dendritic population of interest. For the dentate granule cell

dendrites, this factor was determined in our previous study as 1.62 (Rusakov et al., 1997).

This implies that the numbers of spines counted in profile images have to be multiplied by

1.62 to obtain a stereological estimate of total (3D) spine numbers/ densities along dendrites.

Quantification of Synapses Using the Disector Technique

Synapses can vary in shape and can be classified as curved, segmented, or perforated, and

the probability of any given synapse appearing in a plane more than once is high, leading to

difficulties in deciding whether they belong to a single synapse. Unbiased stereological

techniques, such as the “double disector” (Sterio, 1984) and the “fractionator” (Gundersen,

1986), help overcome these problems. The mean synapse density NVsyn was calculated as:

where t is the thickness, A is the sampling frame area (35 μm2) and (Nsyn) is the number

synapses that appear in the counting frame of one slice (the reference), but not on the

adjacent section (the lookup). A grating replica (2,160 lines/mm) was used for calibration

purposes.

From each aged rat, 24 serial ultrathin disector images were acquired from the left and right

hemispheres. Electron micrographs were taken at a magnification of ×8000 and stored

digitally on magneto-optical discs. The synapse density (NVsyn, calculated in μm3) was

estimated without discrimination between individual synaptic types. Regardless of whether

they were spine or shaft synapses, 90% of the total visible synapses comprised asymmetric

synapses.

3D Reconstruction From Serial Ultrathin Sections

Serial sections of gray-white color (60 –70 nm), 50 – 80 μm from granular cell bodies were

collected on Pioloform-coated slot grids and counterstained with saturated ethanolic uranyl

acetate, followed by Reynolds lead citrate, and were then placed in a rotating grid holder to

obtain uniform orientation of sections on adjacent grids. Sections were photographed at

×6000, in a JEOL 1010 electron microscope. Digitally scanned electron micrograph

negatives with a resolution of 900 dpi were aligned as JPEG images using IGL Alignment

and Trace software developed by Dr. J. Fiala and Dr. K. Harris (http://synapses.bu.edu).

Alignments were done for full-field images Contours of individual dendrites, axons,

dendritic spines, postsynaptic density (PSD), and mitochondria were traced digitally and a

segment of dendrite was reconstructed.
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Statistical Analysis

The unbiased estimation of interhemispheric alterations in spine density, spine length,

branched spines, synapse density, spine synapses, and perforated synapses in the middle

molecular layer of the dentate gyrus was studied using analysis of variance (ANOVA;

Statistica); pairwise comparison was made using t-tests. Significance was taken at P < 0.05.

RESULTS

LTP Induction

High-frequency stimulation of the perforant path was applied to the right hemisphere of

eight aged rats (Fig. 1A). Four rats exhibited potentiation of the synaptic response that was

≥20% above the pre-tetanus level, while four aged rats did not sustain LTP. As the

entorhinal cortex-dentate granule (EC-DG) system is largely unilateral (Steward and

Vinsant, 1983), the left hemisphere of each animal served as its own control. The population

excitatory postsynaptic potential (EPSP) slopes obtained for each aged animal were recorded

and mean values computed; for comparison, mean EPSP slopes are shown for six 4-month-

old rats. These are similar to those of the four aged rats that exhibited LTP (Fig. 1A).

Spine Density and Spine Length

Morphological changes in dendritic spines and synapses were quantified in the middle

molecular layer of the dentate gyrus. A characteristic section of Golgi-impregnated dentate

gyrus containing three granule cell bodies and their dendritic arborizations is shown in

Figure 1B. A representative dendritic fragment is shown in Figure 1C and a thresholded

image of this fragment is shown in Figure 1D. Figure 1E shows a line skeleton from the

thresholded image with the dendrite and spines, and Figure 1F shows a line skeletonized

image of another dendrite fragment. Lengths of spines are computed from these skeletonized

images, from the center of the dendrite. Figure 1G shows a high-magnification image of a

fragment of dendrite with a branched spine (asterisk) that appears blurred as it is just out of

the plane of vision. Figure 1H shows an example of another small dendrite fragment with a

branched spine (asterisk), on this occasion clearly visible in the plane of vision. 9,302 spines

from Golgi impregnated tissue were examined in this study: 1,983 spines in the stimulated

hemisphere of aged rats that did not potentiate, and 2,511 spines in the control hemisphere

of these rats; while 2,249 were in the stimulated hemisphere of the aged rats that did

potentiate and 2,559 in the control hemisphere.

To assess qualitatively whether such counts in Golgi preparations were compatible with the

precise data provided by 3D reconstructions from serial ultrathin sections, we reconstructed

one dendritic fragment in the middle molecular layer of the dentate gyrus, ~100 μm from the

granule cell layer, in a stimulated rat that showed sustained LTP. The selection of this

fragment was arbitrary (as it is not possible to choose between dendrites in ultrathin

sections) and its reconstruction is illustrated in Figure 2A–C. This fragment contained 30

spines, two of which accommodated two PSDs on two separate branches. To make a visual

comparison with the typical profile images of dendrites of the same order seen in Golgi

preparations, we rotated the reconstructed fragment along its longitudinal axis and recorded

its profile image at each rotation angle. These profiles are depicted in Figure 2A and appear

consistent with Golgi profiles shown in Figure 1C–F. Nine ultrathin sections from the series

of 150 sections, which comprised the reconstruction, are shown in Figure 2B (labeled 42–

50); the dendrite is shown in rotation in Figure 2C (II), with the mitochondria (blue)

appearing in filamentous form, and in Figure 2C (III) with only the external skin of the

reconstruction. Spines with PSDs (red) are shown in Figure 2C (I–IV), with an example of

bifurcating spines (Sp1 and Sp2) on Figure 2C (I). The branched spines are outlined in the

box in Figure 2C (III) and are shown at high magnification in Figure 2C (IV).
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Table 1 presents mean values for spine density and length in the hippocampus prepared from

two groups of rats: aged potentiated and sustaining LTP, and aged but nonpotentiated

(failing to sustain LTP). There were no significant differences between spine density in the

stimulated hemisphere of rats that sustained LTP and the unstimulated hemisphere

(0.96+0.09 and 0.95+0.12 spines/μm, respectively). Mean spine density was slightly lower

(by 18%) in the stimulated hemispheres of aged rats that sustained LTP (0.95 spines/μm)

compared whose that failed to sustain LTP (1.13 spines/μm). Mean spine length was slightly

greater (16%) in the stimulated hemisphere of aged rats that sustained LTP (0.94 μm−1),

compared with the stimulated hemisphere of aged rats that did not sustain LTP (0.812

μm−1); however, none of these differences was significant.

Branched Spines

A twofold increase in the percentage of branched spines was observed in the stimulated

hemisphere after 45 min (Table 1), whether or not the rats sustained LTP. The percentage of

branched spines increased from 3.94% to 6.57% of the total spine number in the stimulated,

compared with the unstimulated hemisphere of aged rats that sustained LTP (P < 0.02); the

corresponding increase in aged rats that did not sustain LTP was from 2.53 to 6.37% (P <

0.02). Interestingly, the percentage of branched spines from the 3D reconstruction sample

taken from a stimulated rat that sustained potentiation was 6.7%.

Synapse Density

The mean densities of synapses—spine, shaft, and total—are presented in Table 1. Mean

values for total synapse density were 1.497 per μm3 (P < 0.88) and 1.46 per μm3 (P < 0.42)

in the stimulated, compared with the unstimulated, hemisphere of rats that sustained LTP

and did not sustain LTP, respectively. These changes represented decreases in synapse

density of 25% and 22% in the stimulated, compared with unstimulated, hemispheres of rats

that sustained, and did not sustain, LTP respectively. These differences did not reach

statistical significance and, similarly, analysis of the data obtained for axospinous synapses

(the great majority in the molecular layer) failed to show any statistically significant changes

(Table 1). In the control hemisphere of potentiated rats synapse density was 1.67 per μm3,

while in the potentiated hemisphere the values fell to 1.31 per μm3, and in contrast in the

rats that failed to sustain potentiation synapse density was 1.48 per μm3 in the stimulated

hemisphere and 1.24 per μm3 in the unstimulated hemisphere. No significant differences

were seen in synapse densities for shaft synapses whether between hemispheres of rats that

had potentiated, or those that failed to sustain potentiation.

Postsynaptic Density Measurements

The branched spines shown in the reconstruction in Figure 2C are contacted by macular

synapses (unperforated PSDs), and the thin sections in Figure 2 (42–50) show several

unperforated PSDs with continuous profiles, These are clearly visible in the branched spines

in Figure 2C (IV) as continuous PSDs.

Perforated PSDs are defined in the present study as those that contain one discontinuous

PSD profile in serial sections, while segmented synapses (as described by Geinisman et al.,

1992a) are those containing two or more discontinuous PSD profiles, as shown in the series

of thin sections in Figure 3A. The five electron micrographs in Figure 3A (labeled 17–21)

are part of a series of 140 serial sections of a large spine (mushroom shaped), contacted by a

synapse with a segmented PSD. The 3D reconstruction from the 140 sections is shown in

Figure 3B, with the segmented PSD indicated by arrows. A macular synapse is formed on a

thin spine adjacent to the mushroom spine and is also present in the thin section in Figure

3A (labeled 17). Figure 3C shows a thin section from a separate area of the molecular layer
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of the dentate with an axodendritic synapse (shaft synapse), and below it an unperforated

(macular) synapse on a stubby spine.

The perforated synapses (both simple perforated and segmented), as a percentage of the total

number of synapses, comprised 82% in the stimulated hemisphere of rats that sustained

potentiation and 44% in the control hemisphere. For rats that did not sustain potentiation, the

percentage of perforated synapses was 42% in the stimulated hemisphere and 60% in the

unstimulated hemisphere. These data were analyzed in terms of the differences in perforated

or segmented synapse in rats in which LTP was sustained and in the second group that did

not sustain LTP (Fig. 4).

There is a significant increase (P < 0.01) in the percentage of perforated segmented synapses

in the stimulated hemisphere of rats that sustained potentiation compared to the control

(unstimulated) hemisphere (Fig. 4), but there are no significant differences in the percentage

of segmented synapses between hemispheres of the rats that failed to sustain potentiation

(Fig. 4). Nor were there any significant differences between the proportions of simple

perforated synapses (those with a single perforation) in the stimulated hemisphere of rats

that sustained LTP compared with the control (unstimulated) hemisphere, nor between

hemispheres of rats that failed to sustain LTP.

DISCUSSION

The primary objective of this study was to determine spine and synapse density parameters

in rats that could sustain LTP and compare the data with those from aged rats that were

stimulated but that failed to sustain LTP. In the present case, 45 min after high-frequency

stimulation of the perforant path, one-half of a group of aged (22 month old) rats exhibited

LTP whilst the other half failed to show LTP. The level of LTP sustained in the aged group

was similar to that of a group of 4-month-old rats (all of which sustained LTP after 45 min).

While synapse density was estimated in the present study using unbiased stereological

techniques at the electron microscopic level, dendritic spine density was assessed from

Golgi-impregnated sections. One criticism of the Golgi technique is that silver impregnation

may not always fill all spines. Our estimates for visible spine density (from 0.95 to 1.13/μm

from the stimulated hemispheres) are within the same range as we found previously

(Rusakov et al., 1997). Although we cannot rule out that this is an underestimation, these

values, corrected by the stereological factor (1.62), are actually higher than the longitudinal

spine density (1.0/μm) reported by Trommald et al. (1996) using electron microscopic

examination of serial sections from granule cell dendrites. In any case, our conclusions are

based on comparison between samples of data (control vs test) obtained in a similar way,

and the likelihood that these samples might have inherently differential biases during Golgi

impregnation is small. The Golgi technique has a major advantage, however, in that it allows

one to observe and analyze, in each animal, a large number of dendritic fragments and,

correspondingly, thousands of dendritic spines belonging to different cells from the

population of interest. Only very detailed 3D reconstruction methods (e.g., Sorra and Harris,

1998, 2000; Fiala et al., 2002; see also Fig. 2C) would allow precise morphometric

reconstruction of spines and the synapses they accommodate, but at the expense of time

permitting only a limited number of constructions.

Previous studies reported several types of transformations in dendritic spines and synapses

during the first hour of LTP induction, ranging from growth to collapse, and elongation to

shortening and these dynamic morphological activities take place rapidly (Smart and

Halpain, 2000). An increase in spine density was observed 30 min after LTP induction in

young rats (Trommald et al., 1996). In contrast, serial section EM studies by Harris et al.
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(1992) showed no significant changes in synapse density in the CA1 region, and Desmond

and Levy (1986, 1990) concluded that there was no change in spine density in the dentate

gyrus after LTP induction. In an in vitro study at 2 h poststimulation, Sorra and Harris

(1998) observed no change in synapse density and suggested the occurrence of synapse

stability at this time poststimulation.

In the present study, 45 min after acute high-frequency stimulation in vivo, no significant

changes in dendritic spine density or length, or in synapse density, were observed in the

dentate gyrus of potentiated rats. While our data also indicate a stability in synapse numbers,

more subtle changes in existing synapses occur, notably the formation of segmented

perforated synapses that have multiple completely partitioned transmission zones. The

percentage of these increased significantly, by two- to threefold, in the stimulated dentate

gyrus of aged potentiated rats compared with both the unstimulated hemisphere and

stimulated but nonpotentiated aged rats (i.e., rats that did not sustain LTP). These data

support those of Geinisman et al. (1992b, 1993), which showed that induction of LTP in

aged rats is followed by a selective increase only in the number of perforated axospinous

synapses that exhibit a PSD consisting of separate segments (segmented PSDs), which we

analyzed. However, there was a marked difference in the stimulation protocol used to induce

LTP in the present study compared to that of Geinisman et al. (1992b, 1993); in the latter,

chronically implanted rats received daily stimulation for 4 days; it can be concluded that the

increase in segmented synapses represents a persistent change. The findings in the present

study indicate that this change occurs rapidly. From a functional point of view, perforated

synapses might play a role in increasing synaptic strength by expressing larger PSDs and

perhaps accommodating expression of additional receptors (Malenka and Nicoll, 1999). In

addition, the PSDs in segmented synapses are separated by transmission zones and have

corresponding presynaptic boutons (Harris and Stevens, 1989; Harris and Kater, 1994). One

possible conclusion that can be drawn from our data is that the ability of aged rats to sustain

LTP is dependent on the formation of segmented perforated synapses or axospinous

synapses with multiple transmission zones for the same presynaptic bouton. However, it

may not simply be a case that larger PSDs express more receptors. If one examines models

of neurotransmitter release, it appears that two distinct active zones in close spatial

approximation to each other are actually more efficient than a single isolated active zone of

equivalent area (Cooper et. al., 1996). Thus formation of synapses with segmented

perforations may owe more to increasing synaptic efficacy than formation of new synapses

via splitting of preexisting spines (Fiala et al., 2002).

A number of previous studies have found an increase in the number of branched spines and

perforated synapses after LTP induction (Geinisman et al., 1991, 1992b, 1993; Buchs and

Muller, 1996; Toni et al., 1999), and a remodeling of synaptic membranes (Toni et al.,

2001). Branched or bifurcating spines are a subset of spines that divide the stem into two

branches at variable points from the origin (Sorra and Harris, 1998). In most cases, the

branched spines terminate into an active zone containing both postsynaptic densities from

the same presynaptic bouton. Moser et al. (1994), Trommald et al. (1996), and Rusakov et

al. (1995) have shown that learning and LTP are associated with an increase in the

proportion of branched spines; one of the most striking results is the direct observation by

Engert and Bonhoeffer (1999), using two-photon confocal microscopy of the formation of

new spines 30–60 min after application of an LTP-inducing protocol, a mechanism that

requires NMDA receptor activation. Using precise 3D electron microscopic reconstruction

of spines and synapses, Fiala et al. (2002) cast doubt on these data, by showing that spines

do not split during LTP. However, Fiala et al. (2002) carried out their studies 2 h

poststimulation in vitro on acute hippocampal slices, although they also examined the

possibility of spine splitting during maturation by examining multiple synapse boutons from

perfusion-fixed rat hippocampus at day 21 postnatal and in mature rats. This showed no
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difference in bouton number between the two ages, suggesting strongly that spine splitting

did not occur even during maturation. In contrast, our study has shown that a small

proportion of spines in the dentate gyrus do branch significantly 45 min after potentiation

induced by high-frequency stimulation in vivo. However, branched spines were also found

to increase in the stimulated but nonpotentiated rats, so it would appear that even if one

accepts that spine branching occurs, they do not represent functional synapses at this time

point and are not necessarily a requirement for LTP per se. This raises the possibility that the

de novo branched spines could indeed disappear at a later time in animals that do not sustain

LTP. In contrast, it may indicate that LTP requires both pre- and postsynaptic processes, but

that in the nonpotentiated rats only part of that process has occurred and without the

presynaptic element (in this case, the formation of segmented perforated synapses), LTP is

not sustained. Geinisman et al. (1989) suggested that perforated synapses on double-headed

dendritic spines might be a possible substrate of synaptic plasticity. The present data would

imply that it is the combination of perforation and splitting of spines, not splitting per se,

which is the indicator of sustained synaptic plasticity after LTP induction.
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FIGURE 1.
Quantification of dendritic spine populations. Representative excitatory postsynaptic

potential (EPSP) slopes (percentage) of aged rats that sustained long-term potentiation

(LTP) (●) and rats that did not sustain LTP (◯), during the course of the experiment. For

comparison, EPSPs of six young (4-month-old) rats that sustained LTP are shown (◻). B:

Golgi-impregnated section from the dentate gyrus of an aged rat showing three granule cells

with dendritic arborizations. C, E: One dendritic fragment as an original image (C) and one

with a superimposed skeleton (E). D, F: Another dendritic fragment with the generated

profile image (D) and an overlap of the original and skeletonized image (F) G: Short

segment of Golgi impregnated dendrite at high magnification showing simple and branched

spines (*), and H shows more clearly a branched spine (*). B, × 40; C–F, × 200;G&H, ×

1000. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com].
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FIGURE 2.
A–C: To determine whether our counts in Golgi preparations were compatible with the

precise data that can be provided from 3D reconstructions of serial ultrathin sections, a

dendritic segment was reconstructed from the middle molecular layer of the dentate gyrus,

~100 μm from the granule cell layer. A series of 150 sections was prepared and the dendritic

segment (reconstructed with software from Dr. J. Fiala and Dr. K. Harris: http://

synapses.bu.edu), is shown in A at different rotational angles. Nine of the 150 ultrathin

sections used to prepare the reconstruction are shown in B (section numbers 42–50). A

dendrite (den) can be seen in each section; two spines (Sp1 and Sp2) are indicated by the

small arrow in sections 45–50, a spine stalk is evident in section 46. C: The reconstructed

segment (I)) contains 30 spines. B: The two spines (Sp1 and Sp2) are actually a single spine

with two branches, each contacted by a postsynaptic density (PSD), indicated by the red

color. The two separate branches (Sp1 and Sp 2) comprise 6.7% of the total spines in the

segment. Mitochondria are present in the electron micrographs (B) as separate entities but

are actually a single elongated filamentous structure as seen in blue in 2C (II). To make a

visual comparison with the typical profile images of dendrites of the same order seen in

Golgi preparations, the reconstructed segment was rotated along its longitudinal axis and its

profile image recorded at each rotation angle. These profiles (C) appear consistent with the

Golgi profiles shown in Fig. 1C–F. An example of bifurcating spines (Sp1 and Sp2) in C (I)

is outlined in C (III) and is shown at high magnification in C (IV) with two separate heads

and a common stalk. Scale bar = 1 μm in B. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com].
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FIGURE 3.
A: Five electron micrographs from the middle molecular layer of the hippocampus (labeled

17–21), which are part of a series of 140 sections of a large spine (mushroom shaped),

contacted by a synapse with a segmented postsynaptic density (PSD) (i.e., with a

discontinuous PSD profile). No. 17, a spinule, is shown in the synaptic bouton above the

segmented PSD, and endoplasmic reticulum (ER) is visible in the spine forming a spine

apparatus. A thin spine is on the right of the micrograph with a macular PSD (mPSD). The

presynaptic bouton is more clearly visible in A (19), where it is labeled as axon terminal

(axon) and the segmented PSD is labeled in A (21). B: A 3D reconstruction from the 140,

with the segmented PSD indicated by arrows. A macular synapse that was present in the thin

section in A (17), is formed on a thin spine adjacent to the mushroom spine. C: A thin

section from a separate area of the molecular layer of the dentate with an axodendritic

synapse (shaft synapse), which has a macular PSD (mPSD), and below it an unperforated

mPSD on a stubby spine. Scale bar = 1 μm in A–C.
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FIGURE 4.
Relative percentage changes in segmented perforated synapses (segmented as described in

Fig. 3) in the middle molecular layer of the dentate gyrus of aged rats. There are significant

differences between control and stimulated hemispheres in rats that sustained long-term

potentiation (LTP) (potentiated) (P < 0.01), but not between hemispheres of rats that did not

sustain LTP (nonpotentiated).
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