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Abstract  42 

Perisynaptic astroglia provide critical molecular and structural support to regulate synaptic 43 

transmission and plasticity in the nanodomain of the axon-spine interface. Three-dimensional 44 

reconstruction from serial section electron microscopy (3DEM) was used to investigate 45 

relationships between perisynaptic astroglia and dendritic spine synapses undergoing plasticity 46 

in the adult hippocampus. Delta-burst stimulation (DBS) of the medial perforant pathway 47 

induced long-term potentiation (LTP) in the middle molecular layer and concurrent long-term 48 

depression (cLTD) in the outer molecular layer of the dentate gyrus in awake male rats. The 49 

contralateral hippocampus received baseline stimulation as a within-animal control. Brains were 50 

obtained 30 minutes or 2 hours after DBS onset. An automated 3DEM pipeline was developed 51 

to enable unbiased quantification of astroglial coverage at the perimeter of the axon-spine 52 

interface. Under all conditions, >85% of synapses had perisynaptic astroglia processes within 53 

120 nm of some portion of the perimeter. LTP broadened the distribution of spine sizes while 54 

reducing the presence and proximity of perisynaptic astroglia near the axon-spine interface of 55 

large spines. In contrast, cLTD transiently reduced the length of the axon-spine interface 56 

perimeter without substantially altering astroglial apposition. The postsynaptic density was 57 

discovered to be displaced from the center of the axon-spine interface, with this offset 58 

increasing during LTP and decreasing during cLTD. Astroglial access to the postsynaptic 59 

density was diminished during LTP and enhanced during cLTD, in parallel with changes in spine 60 

size. Thus, access of perisynaptic astroglia to synapses is dynamically modulated during LTP 61 

and cLTD alongside synaptic remodeling. 62 

Significance Statement 63 

Perisynaptic astroglia provide critical molecular and structural regulation of synaptic plasticity 64 

underlying learning and memory. The hippocampal dentate gyrus, a brain region crucial for 65 

JN
eurosci

 Acce
pted M

an
uscr

ipt



   

 

   

 

learning and memory, was found to have perisynaptic astroglia at the axon-spine interface of 66 

>85% of excitatory synapses measured. Long-term potentiation triggered the retraction of 67 

perisynaptic astroglia processes selectively from large synapses. This retraction decreased 68 

access of perisynaptic astroglia to the postsynaptic density, which was discovered to be located 69 

off-center in the axon-spine interface. Concurrent long-term depression temporarily (< 2 h) 70 

decreased spine perimeter and thus increased access of synapses to perisynaptic astroglia. 71 

These findings provide new insights into how the structural dynamics of spines and synapses 72 

shape access to perisynaptic astroglia. 73 

  74 
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Introduction 75 

 76 

Astroglia are complex cells that play essential roles in synaptic information processing 77 

(Semyanov and Verkhratsky, 2021). During development, they shape neuronal connectivity by 78 

participating in synapse formation and pruning (Risher et al., 2014; Chung et al., 2015; Allen 79 

and Eroglu, 2017; Lee et al., 2021; Tan et al., 2021; Saint‐Martin and Goda, 2023). In the adult 80 

brain, astroglia support synaptic communication by maintaining ion homeostasis, removing 81 

excess glutamate, and supplying glutamine to neurons (Allen and Eroglu, 2017; Saint‐Martin 82 

and Goda, 2023). Astroglial N-methyl-D-aspartate (NMDA) receptors regulate presynaptic 83 

strength (Letellier et al., 2016; Chipman et al., 2021), while calcium elevations (Shigetomi et al., 84 

2013; Bindocci et al., 2017; Arizono et al., 2020) trigger the release of gliotransmitters, 85 

(including glutamate, ATP, and D-serine, that modulate synaptic activity) (Sahlender et al., 86 

2014; Bazargani and Attwell, 2016; Fiacco and McCarthy, 2018; Lim et al., 2021; Letellier and 87 

Goda, 2023). These mechanisms are critical for synaptic function and position astroglia as key 88 

contributors in long-term potentiation (LTP) (Henneberger et al., 2010; Liu et al., 2022) and 89 

long-term depression (LTD) (Durkee et al., 2021)—cellular processes widely considered to 90 

underlie learning and memory. 91 

 Astroglial influence on synaptic activity is shaped by their structural relationship with pre- 92 

and postsynaptic components (Saint‐Martin and Goda, 2023). Their highly branched 93 

morphology includes perisynaptic astroglial processes (PAPs), which comprise over 60% of the 94 

astroglial volume (Aboufares El Alaoui et al., 2021; Salmon et al., 2023). PAPs predominantly lie 95 

beyond the diffraction limit of conventional light microscopy (Rusakov, 2015) and display 96 

alternating constrictions and expansions (Salmon et al., 2023) that compartmentalize 97 

intracellular calcium transients (Bindocci et al., 2017; Arizono et al., 2020; Denizot et al., 2022). 98 
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Computational modeling indicates that PAP proximity impacts ionic homeostasis and rates of 99 

extracellular neurotransmitter diffusion (Kinney et al., 2013; Toman et al., 2023). Hence, a 100 

comprehensive analysis of astroglia-neuron structural relationships is essential for 101 

understanding the functional roles of astroglia during LTP and LTD. 102 

The structural relationship between astroglia and neurons is dynamic over time and 103 

heterogeneous across brain regions. PAPs exhibit spontaneous motility and can undergo 104 

morphological changes in response to circuit-wide perturbations in neuronal activity (Hirrlinger 105 

et al., 2004; Bernardinelli et al., 2014; Perez-Alvarez et al., 2014). For example, in the 106 

hippocampal CA1 region, PAPs retract from excitatory synapses during LTP (Henneberger et 107 

al., 2020), whereas whisker stimulation increases astroglial coverage at synapses in the mouse 108 

somatosensory cortex (Genoud et al., 2006). Connectomic analyses suggest that astroglial 109 

coverage decreases at small, same-axon-same-dendrite synapse pairs with low size variance—110 

features indicative of LTD (Yener et al., 2025). In parallel, single-cell RNA sequencing studies 111 

have identified 5-7 subtypes of protoplasmic astroglia across the hippocampus, striatum, and 112 

cortex (Batiuk et al., 2020; Endo et al., 2022). Marked morphological and molecular differences 113 

distinguish astroglia across cortical layers (Lanjakornsiripan et al., 2018). Thus, clarifying 114 

astroglial contributions to learning and memory also requires examining their structural 115 

relationships with neurons during synaptic plasticity in different brain areas.  116 

In this study, we investigated astroglial apposition at the axon-spine interface (ASI) 117 

during LTP and LTD in the dentate gyrus—a hippocampal region critical for pattern separation 118 

and episodic memory, and one of the few areas where adult neurogenesis persists (Aimone et 119 

al., 2011; Hainmueller and Bartos, 2020; Denoth-Lippuner and Jessberger, 2021). Previous 120 

work using randomly selected photomicrographs demonstrated that astroglial coverage of 121 

synapses increases during LTP in the dentate gyrus molecular layer (Wenzel et al., 1991). 122 
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However, more recent studies have revealed that key features of astroglial nanostructure are 123 

lost with even moderate sectioning intervals in electron microscopy (Salmon et al., 2023). To 124 

overcome this limitation, we employed three-dimensional reconstruction from serial section 125 

electron microscopy (3DEM) coupled with a novel, automated method to measure PAP 126 

apposition at the ASI perimeter. Our results reveal that in the dentate gyrus, astroglial 127 

processes selectively withdraw from the ASI of large synapses during LTP, while maintaining 128 

close apposition to most synapses during LTD, regardless of synapse size. 129 

Materials and Methods 130 

 131 

Surgery  132 

 133 

Data were collected from six adult male Long-Evans rats aged 121-185 days. In the 134 

experimental hemisphere of each animal, wire stimulating electrodes were surgically 135 

implanted into the medial and lateral perforant pathways of the angular bundle. In the 136 

contralateral control hemisphere, a single stimulating electrode was implanted into the 137 

medial perforant pathway only. Bilateral wire electrodes were also implanted into the 138 

dentate gyrus hilus to record field excitatory postsynaptic potentials (fEPSP). Full details 139 

of the surgical procedures can be found in Bowden et al. (2012). 140 

 141 

Electrophysiology  142 

 143 

Two weeks following surgery, 30-minute-long baseline recording sessions were 144 

commenced and carried out every two days until a stable baseline was achieved. 145 
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Baseline recording sessions (which were conducted during the animals’ dark cycle and 146 

while the animals were in a quiet, alert state) consisted of constant-current biphasic 147 

square-wave test pulses (150 µs half-wave duration) delivered at a rate of 1 per 30 148 

seconds. Test pulses were administered alternating between the three stimulating 149 

electrodes. Test pulse intensity was set to evoke medial path waveforms with fEPSP 150 

slopes ≥3.5 mV/ms in association with population spike amplitudes between 2 and 4 151 

mV, at a stimulation current ≤500 µA. Once baseline recordings stabilized and following 152 

30 minutes of test pulses, delta-burst stimulation (DBS) was delivered to the ipsilateral 153 

medial perforant path of the experimental hemisphere to induce LTP in the middle and 154 

cLTD in the outer molecular layer of the dentate gyrus (Bowden et al., 2012). The DBS 155 

protocol consisted of five trains of 10 pulses (250 µs half-wave duration) delivered at 156 

400 Hz at a 1 Hz inter-train frequency, repeated 10 times at 1-minute intervals. The 157 

contralateral hemisphere received test pulses only to serve as within-subject control 158 

recordings. Following DBS, test pulse stimulation was resumed until the animal was 159 

sacrificed at either 30 min or 2 h following DBS onset depending on the experimental 160 

group (3 animals per group). The initial slopes of the medial and lateral path fEPSPs 161 

were measured for each waveform and expressed as a percentage of the average 162 

response during the last 15 min of recording before DBS (Fig. 1A-C). 163 

 164 

Perfusion and Fixation 165 

 166 

Animals were perfusion-fixed under halothane anesthesia and a tracheal supply of 167 

oxygen (Kuwajima et al., 2013a). The perfusion protocol consisted of a brief (~20 s) 168 
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wash with oxygenated Krebs-Ringer Carbicarb buffer (concentration (in mM): 2.0 CaCl2, 169 

11.0 D-glucose, 4.7 KCl, 4.0 MgSO4, 118 NaCl, 12.5 Na2CO3, 12.5 NaHCO3; pH 7.4; 170 

Osmolality: 300-330 mmol/kg), followed by 2% formaldehyde and 2.5% glutaraldehyde 171 

in 0.1 M cacodylate buffer (pH 7.4) containing 2 mM CaCl2 and 4 mM MgSO4 for 172 

approximately 1 hour (∼2 L of fixative per animal). Brains were removed from the skull 173 

around 1-hour post-perfusion, wrapped in layers of cotton gauze, and then shipped by 174 

overnight delivery (TNT Holdings B.V.) in the same fixative from the Abraham 175 

Laboratory in Dunedin, New Zealand to the Harris Laboratory in Austin, Texas.  176 

 177 

Tissue Processing and Serial Sectioning 178 

 179 

The fixed tissue was sliced using a vibrating blade microtome (Leica Microsystems) 180 

along the parasagittal plane into 70 µm thick slices (Fig. 1D). The slice containing the 181 

recording electrode and its two neighboring slices were processed for electron 182 

microscopy as described previously (Harris et al., 2006; Kuwajima et al., 2013a; Bromer 183 

et al., 2018). In summary, the tissue was treated with reduced osmium (1% osmium 184 

tetroxide and 1.5% potassium ferrocyanide in 0.1 M cacodylate buffer with 2 mM Ca2+ 185 

and 4 mM Mg2+) followed by microwave-assisted incubation in 1% osmium tetroxide 186 

under vacuum. Next the tissue was subjected to microwave-assisted dehydration and 187 

en bloc staining with 1% uranyl acetate in ascending concentrations of ethanol. The 188 

dehydrated tissue was embedded into LX-112 epoxy resin (Ladd Research) at 60°C for 189 

48 h. Then the tissue-containing resin blocks were cut into ultra-thin sections at the 190 

nominal thickness of 45 nm with a 35° diamond knife (DiATOME) on an ultramicrotome 191 
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(Leica Microsystems). For 4 of the 6 animals, the MML and OML regions were 192 

sectioned ~125 µm and ~250 µm from the top of the granule cell layer in the dorsal 193 

blade of the hippocampal dentate gyrus (Fig. 1D, di). For the remaining 2 animals, the 194 

tissue was sectioned at a 26.6° angle relative to the granule cell layer, allowing many 195 

MML and OML dendrites to be cut in cross-section. This new sectioning approach was 196 

developed to capture both layers within the same set of ultra-thin serial sections  (Fig. 197 

1D, dii). This new approach was more efficient but did not introduce any sampling 198 

biases as both dentate molecular layers were sampled. The ultra-thin tissue sections 199 

were collected onto Synaptek Be-Cu slot grids (Electron Microscopy Sciences or Ted 200 

Pella), coated with Pioloform (Ted Pella), and finally stained with a saturated aqueous 201 

solution of uranyl acetate followed by lead citrate (Reynolds, 1963).  202 

 203 

Imaging 204 

 205 

The ultra-thin serial tissue sections were imaged, blinded as to experimental condition 206 

(Fig. 1D). Tissue from 4 of the 6 animals was imaged with a JEOL JEM-1230 TEM to 207 

produce 16 EM image series (2 series per condition). Tissue from the remaining 2 208 

animals was imaged with a transmission-mode scanning EM (tSEM) (Zeiss SUPRA 40 209 

field-emission SEM with a retractable multimode transmitted electron detector and 210 

ATLAS package for large-field image acquisition), to produce 8 EM image series (1 211 

series per condition) (Kuwajima et al., 2013a, 2013b). Sections imaged with TEM were 212 

captured in two field mosaics at 5,000x magnification with a Gatan UltraScan 4000 CCD 213 

camera (4,080 pixels × 4,080 pixels) controlled by Digital Micrograph software (Gatan). 214 
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These mosaics were then stitched together post-hoc using the Adobe Photoshop 215 

Photomerge function. On the tSEM, each section was imaged with the transmitted 216 

electron detector from a single field encompassing up to 32.768 µm × 32.768 μm 217 

(16,384 pixels × 16,384 pixels at 2 nm/pixel resolution). The scan beam dwell time was 218 

set to 1.3-1.4 ms and the accelerating voltage was set to 28 kV in high-current mode. 219 

 220 

Alignment 221 

 222 

Serial TEM images were first manually aligned in legacy Reconstruct (Fiala, 2005). 223 

Then the initial round of automatic alignment for all image volumes was completed 224 

using the TrakEM2 Fiji plugin (Cardona et al., 2012; Saalfeld et al., 2012; Schindelin et 225 

al., 2012). Images underwent rigid alignment, followed by affine alignment, and then 226 

elastic alignment. These new alignments were applied permanently to the images. Next 227 

the TrakEM2 aligned image volumes were automatically aligned again using AlignEM 228 

SWiFT, a software that aligns serial section images using Signal Whitening Fourier 229 

Transform Image Registration (SWiFT-IR) (Wetzel et al., 2016). Finally, image volumes 230 

were subjected to further regional, by-dendrite alignments to overcome local artifacts 231 

(stretches, tears, or folds) using Reconstruct’s modern replacement PyReconstruct, an 232 

open-source Python-based software for serial EM analysis 233 

(https://github.com/SynapseWeb/PyReconstruct). All image series in the dataset were 234 

given a five-letter code to blind investigators as to the experimental condition. The 235 

grating replica (0.463 μm per square; Ernest Fullam, Inc., Latham, New York) image 236 

was acquired along with serial sections and used to calibrate pixel size for each series. 237 
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In addition, the section thickness was estimated using the cylindrical diameters method 238 

and found to be 42-55 nm, close to the nominal setting (45 nm) on the ultramicrotome 239 

(Fiala and Harris, 2001a). 240 

 241 

Unbiased Annotation of Tripartite Synapses 242 

 243 

Previous work has demonstrated that the average number of dendrite microtubules 244 

scales linearly with dendrite diameter and the number of spines per micron length of 245 

dendrite (Fiala and Harris, 2001b; Harris et al., 2022). Therefore, in each image volume 246 

from every layer of the dentate gyrus in each animal, three dendrites of comparable 247 

caliber were chosen based on the average microtubule count for that layer (average 248 

microtubule count per dendrite: OML – 20-25; MML – 30-35). A total of 72 dendrites and 249 

2,083 excitatory synapses were analyzed for the 24 series in this dataset.  250 

Object annotations were completed while masked to condition using legacy 251 

Reconstruct (Fiala, 2005) and PyReconstruct. Annotation files (.ser) created using 252 

legacy Reconstruct were updated to the PyReconstruct file format (.jser). Dendritic 253 

spine contours were manually traced from each selected dendrite. Postsynaptic 254 

densities (PSD) of excitatory synapses were identified based on their asymmetric, high-255 

contrast electron densities and the presence of clear, round presynaptic vesicles in the 256 

presynaptic axonal bouton (Harris and Weinberg, 2012). The PSD area was measured 257 

in PyReconstruct according to the specific sectioning orientation, as previously 258 

described in Harris et al. (Harris et al., 2015). PAPs, characterized by their tortuous 259 

morphology, relatively clear cytoplasm (Fig. 2A), and glycogen granules on serial 260 
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sections (Witcher et al., 2007), were traced if they fell within 1 µm of a synaptic profile 261 

center. Given that synapses can interact with all astroglial compartments (Aten et al., 262 

2022), the annotated PAPs consisted of both thick astroglia branches and terminal 263 

leaflets (Semyanov and Verkhratsky, 2021; Salmon et al., 2023). Along the z-axis, both 264 

PAPs and presynaptic axons were traced throughout the range of sections where the 265 

ASI was visible, plus an additional 1-2 sections beyond the ASI in both directions. In the 266 

x-y plane, axons were traced until the bouton tapered into a vesicle-free region. 267 

Rare dually innervated spines (with both excitatory and inhibitory synapses) were 268 

excluded from analyses (Villa et al., 2016; Kleinjan et al., 2023). Likewise, synapses 269 

were omitted if local section flaws or proximity to image volume boundaries prevented 270 

accurate and complete PAP segmentations. 271 

 272 

3D Reconstruction: Mesh Generation and Processing 273 

 274 

3D watertight mesh analysis was completed using Blender, a free, open-source 275 

computer graphics tool with a Python interface. Spine and axon objects were 276 

reconstructed from serial section traces using Neuropil Tools 277 

(https://github.com/mcellteam/neuropil_tools), a Blender add-on, in the 278 

MCell/CellBlender v4.0.6 bundle for Blender 2.93. Any incorrectly meshed objects were 279 

manually fixed using native Blender mesh editing tools before being exported in the 280 

Polygon File Format (PLY) for 3D objects. Exported meshes were re-meshed using the 281 

isotropic re-meshing function within the Computational Geometry Algorithms Library 282 

(CGAL) 5.0.2 Polygon Mesh Processing package (https://www.cgal.org). This tool 283 
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converts faulty meshes into manifold and watertight meshes with outward-facing normal 284 

vectors. For the re-meshing routine, the number of iterations was set to 3 and the target 285 

edge length parameter was set to 0.04. All object meshes were then smoothed using 286 

GAMer2, a 3D mesh processing software that conditions surface meshes to correct for 287 

artifacts such as jagged boundaries and high aspect ratio faces (Lee et al., 2020). All 288 

axon meshes met a face density threshold of at least 10,000 faces per volume (Fig. 2B). 289 

The spine volumes were estimated in Blender using the Blender add-on, 3D Print 290 

Toolbox (https://extensions.blender.org/add-ons/print3d-toolbox). 291 

PAPs and synapses were reconstructed using PyReconstruct, which uses 292 

trimesh to generate triangulated meshes with watertight surfaces (https://trimesh.org). 293 

Synapses were reconstructed from contact traces, drawn around each PSD area trace, 294 

and extended just beyond the spine membrane contour to enable visualization (Fig. 2A). 295 

All astroglial and synapse meshes were imported into Blender in the correct by-dendrite 296 

alignment as PLY files.  297 

Linear tissue shrinkage can occur with chemical fixation for electron microscopy, 298 

which is thought to be accounted for by the loss of extracellular space (Kalimo, 1976; 299 

Kirov et al., 1999; Kinney et al., 2013; Korogod et al., 2015; Tønnesen et al., 2018). 300 

Since it is not possible to quantify the effects of fixation and all tissue samples 301 

underwent the same fixation and processing protocols, the 3D reconstructions were 302 

evaluated without arbitrary correction for potential swelling or shrinkage. 303 

 304 

Automated 3D Analysis of Astroglial Apposition at the ASI Perimeter 305 

 306 
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An automated analysis pipeline was developed to measure astroglial apposition at the 307 

ASI perimeter. The algorithm was developed in Blender 3.6.5, using Blender’s Python 308 

API.  309 

 310 

Stage 1: ASI Identification  311 

 312 

Since the axon mesh was more uniformly shaped than the spine mesh, the ASI was 313 

identified from the axon mesh faces based on two criteria (Fig. 2C, D). First, the 314 

projected normal vector from a given axon face (fai) had to intersect a face (fsi) on the 315 

apposing spine mesh. Second, the Euclidean distance between the fai center and 316 

apposing fsi center had to be less than a pre-determined maximum distance threshold 317 

(dASI). For this study, dASI ≤ 45 nm was used (Fig. 2C).  318 

 319 

Stage 2: Measurement of the ASI area and Perimeter  320 

 321 

The set of edges surrounding the triangulated ASI faces was extracted (Fig. 2E, F). 322 

Then the Relax function from the Loop Tools Blender add-on 323 

(https://extensions.blender.org/add-ons/looptools/) was used to smooth the boundary 324 

loop of edges over 10 iterations. The ASI perimeter was calculated by summing the 325 

lengths of each edge comprising the final ASI boundary (Fig. 2D-F). Similarly, the ASI 326 

area was determined by summing the areas of each face enclosed by the final ASI 327 

boundary. 328 

 329 
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Stage 3: Measurement of Astroglial apposition at the ASI perimeter 330 

 331 

The Euclidean distance from each ASI boundary edge midpoint to the nearest point on 332 

the PAP mesh (dag) was measured. Then the lengths of all ASI edges with dag less than 333 

or equal to a pre-determined distance threshold were summed to give the length of the 334 

ASI perimeter surrounded by astroglia (lag) (Fig. 2G). Astroglial proximity to the ASI 335 

perimeter was quantified by averaging dag across all ASI perimeter edges with dag ≤ 120 336 

nm. The upper limit of dag ≤ 120 nm was chosen to ensure that the PAPs had an 337 

unobstructed extracellular diffusion path to the ASI perimeter (Fig. 2H, I).  338 

For this study, lag measurements were made based on distance thresholds 339 

ranging from dag ≤ 10 to 120 nm, in 10 nm increments (Fig. 2G, J), balancing spatial 340 

resolution limitations and functional relevance. With an x-y resolution of ~2 nm per pixel 341 

and an axial resolution of ~45 nm, a lower limit of dag ≤ 10 nm minimized anisotropy-342 

related errors.  343 

 344 

Categorizing the Location of Astroglial Apposition  345 

 346 

Synapses with astroglia within the 120 nm (upper limit discussed above) of the ASI perimeter 347 

were assigned to the ASIag+ category. All remaining synapses (ASIag-) were  categorized based 348 

on astroglial apposition present at both pre- and postsynaptic elements but not at the ASI (Pre-349 

Post), only at the presynaptic bouton (Pre), only at the postsynaptic spine (Post), or absent from 350 

all these locations (None). This subsequent classification was determined by examining the 351 
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serial EM images to identify astroglial contact with the postsynaptic spine, the presynaptic 352 

bouton, or both. 353 

 354 

Measurement of PSD Offset  355 

 356 

For each synapse, the ASI faces were duplicated, separated from the axon object, and 357 

converted into a new ASI surface mesh. Each PSD object was also duplicated and 358 

conformed to the axon surface using Blender’s native shrink-wrap mesh modifier (ax-359 

PSD object). Then the geometric centroids of the ASI surface and ax-PSD meshes were 360 

calculated by averaging the coordinates of their respective vertices. PSD offset was 361 

defined as the Euclidean distance between these centroids. 362 

For ASIag+ synapses only, the average distance from astroglial apposition at the ASI to 363 

the nearest PSD edge (dagASI-PSD) was estimated by averaging the Euclidean distances from 364 

each ASI perimeter edge midpoint with dag ≤ 120 nm to the nearest point on the ax-PSD object. 365 

Meanwhile, the overall ASI perimeter-to-PSD distance (dASI-PSD) was calculated by averaging the 366 

Euclidean distances from all ASI perimeter edge midpoints to the nearest point on the ax-PSD 367 

object. Synapses were classified as ag-proximal (dagASI-PSD < dASI-PSD) or ag-distal (dagASI-PSD ≥ 368 

dASI-PSD). Additionally, the ratio of dagASI-PSD to dASI-PSD served as an alternative measure of PSD 369 

offset, incorporating directional information relative to astroglial apposition at the ASI. 370 

 371 

Unit Conversion 372 

 373 
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For each EM image series, a reference circle with a known, calibrated radius of 1 µm was 374 

stamped in PyReconstruct and imported into Blender as a two-dimensional object. The 375 

reference circle’s radius was measured in Blender (rb), and all subsequent Blender 376 

measurements were multiplied by a factor of 1 µm/rb to ensure accurate scaling to microns.  377 

 378 

Experimental Design  379 

 380 

As described above for Fig. 1, 3 animals were prepared for serial EM analysis at each 381 

of the two time points after the induction of LTP and cLTD. For each time point and 382 

condition, 3 dendrites of comparable caliber were selected for 3D reconstruction and 383 

analysis. To avoid introducing variance related to the correlation between spine density 384 

and dendrite caliber, we used the unbiased dendritic length (length of the dendritic 385 

segment extending from the first spine origin to the beginning of the last spine origin) to 386 

sample dendrites instead of randomly sampling the neuropil (Fiala and Harris, 2001b). 387 

To assess differences between LTP and control or cLTD and control, a mixed model 388 

was used with random effects for animal and dendrite included to account for inter-389 

animal and inter-dendrite variability.  390 

 391 

Statistical Analyses 392 

 393 

All statistical analyses and graphical plots were completed in RStudio using R version 394 

4.4.1. All kernel density estimate (KDE) plots showing the probability density function 395 

(PDF) for parameters of interest were generated using geom_density()(ggplot2 package 396 
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in R) with the default bandwidth calculated by stats::density()(adjust = 1). The PDF 397 

represents the distribution of the variable such that the area under the curve sums to 1. 398 

Thus, the y-axis of the corresponding KDE plot reflects density values that vary with the 399 

shape and spread of the data, and do not necessarily range from 0 to 1.  400 

Data clustering was conducted based on ASI perimeter and spine volume with 401 

conditions and time points pooled, but separately for MML and OML data. The 402 

silhouette method determines the optimal number of clusters (k) by measuring object 403 

similarity to its cluster compared to other clusters, with values ranging from -1 to 1 404 

indicating bad to good data clustering. Iterating over k = 2 to 20, we determined that the 405 

optimal number of clusters was k = 2 for both layers using the silhouette function from 406 

the cluster package (version 2.1.6) in R. Then, we performed k-means clustering to 407 

separate the data into two clusters: cluster 1 (c1) and cluster 2 (c2). For the clustering 408 

algorithm, the maximum number of iterations allowed was set to 10 and the number of 409 

random sets to be chosen was set to 25.  410 

Relative synapse percentages in each astroglia-ASI apposition category 411 

(ASIag+/ASIag-) or cluster category (c1/c2) were compared using Pearson's Chi-squared 412 

(χ2) test with Yates' continuity correction applied. Variable sample distributions were 413 

compared using a Kolmogorov-Smirnov (KS) test with a two-sided alternative 414 

hypothesis. Comparisons of means and linear regressions were conducted using the 415 

lmerTest package for R (Kuznetsova et al., 2017). 416 

 417 

Linear mixed models (LMM) were fitted to the data with additive random intercepts for 418 

animal and dendrite included to account for variability at these group levels. To meet 419 
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LMM assumptions of normality and homoscedasticity, the following data transformations 420 

were applied during analysis: log-transformations (applied to spine volume, average dag, 421 

PSD area, ASI area, PSD offset, PSD-to-ASI area ratio, average dagASI-PSD, and average 422 

dASI-PSD data) and square-root transformations (applied to ASI perimeter and lag data). 423 

Transformations of ASI perimeter data were applied only when ASI perimeter served as 424 

the response variable, not as a covariate predictor in the model. To limit data-based 425 

multicollinearity, numerical covariates were mean-centered. For comparisons across 426 

astroglia-ASI apposition categories, condition, clusters, PSD offset direction, and layer, 427 

the reference categories were defined as ASIag-
,
 control, cluster 1, ag-distal, and MML 428 

synapses, respectively. Model goodness-of-fit was assessed using the marginal 429 

coefficient of determination (R²), which represents the ratio of explained variance (Sum 430 

of Squares Regression, SSR) over total variance (Sum of Squares Total, SSTO). R2 431 

was calculated using the r.squaredGLMM function from the MuMIn package in R. Effect 432 

sizes of individual predictors were quantified using partial eta² (ηp
2). All p-values from 433 

multiple comparisons were adjusted using the Benjamini-Hochberg (BH) procedure to 434 

control the False Discovery Rate (FDR). 435 

The significance level was set at α = 0.05. Potential outliers were identified as 436 

values falling more than 1.5 times the interquartile range below the first quartile or 437 

above the third quartile. However, outliers were only excluded from analyses if manual 438 

inspection confirmed they were due to measurement errors.  439 

 440 

Code Accessibility 441 

 442 
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All code for the automated ASI detection and assessment of astroglial apposition is 443 

hosted on GitHub (code available at: https://github.com/ajnam03/asi_blender.git). 444 

 445 

Results 446 

 447 

Apposition of perisynaptic astroglial processes (PAPs) at MML synapses 448 

 449 

MML synapses were reconstructed from serial EM images (Fig. 3A, B), and an automated 3D 450 

analysis method was developed to evaluate astroglial coverage within 10 to 120 nm of the ASI 451 

perimeter (Methods). Synapses were categorized based on the presence (ASIag+) or absence 452 

(ASIag-) of astroglia within 120 nm of the ASI perimeter. Then ASIag- synapses were further 453 

subdivided by the astroglial location beyond the ASI perimeter (Fig. 3C). The percentage of 454 

ASIag+ synapses varied depending on the specific distance threshold used (Fig. 3D, insets). 455 

However, approximately 60% of MML synapses had astroglial apposition within 10 nm of the 456 

ASI, 70-80% had astroglial apposition within 30 nm, and more than 90% had astroglial 457 

apposition within 120 nm at both time-points in both control and LTP hemispheres (Fig. 3D). 458 

Thus, synapses with astroglial apposition within 10, 30, or 120 nm were assessed in all 459 

subsequent analyses. No synapses were entirely devoid of astroglial contact at all locations. 460 

These findings indicate that most MML synapses were tripartite at some portion of their ASI 461 

perimeter under control and LTP conditions. 462 

 463 
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Enlargement of spines and expansion of ASI during LTP 464 

 465 

At 30 minutes and 2 hours during LTP, a shift toward larger spine volumes was observed, 466 

regardless of whether astroglia occurred within 10, 30, or 120 nm of some portion of the ASI 467 

(Fig. 3E). Similarly, the distribution of the ASI perimeter—the specific length of the interface 468 

accessible to PAP—shifted rightward at 2 hours (Fig. 3F). Both the mean spine volume and ASI 469 

perimeter were also significantly elevated at 2 hours compared to control (Fig. S1A, B; Table 470 

S2). Interestingly, synapses with astroglial apposition had larger spine volumes and ASI 471 

perimeters than those without astroglial contact at 30 minutes in control and at both time points 472 

during LTP (Fig. S1A, B). Together, these results suggest that both spine volume and ASI 473 

perimeter—two measures of spine size—increased during LTP at MML tripartite synapses.  474 

 475 

K-means clustering based on spine volume and ASI perimeter in MML 476 

 477 

It is notable that the spine volume and ASI perimeter distributions showed distinct bimodal 478 

shapes during LTP, suggesting that LTP could preferentially affect sub-populations of spines 479 

(Fig. 3E, F). Using the silhouette method and k-means clustering, two clusters of MML ASIag+ 480 

synapses were identified based on spine volume and ASI perimeter (Fig. 3G). Cluster 2, which 481 

accounted for 27% of MML ASIag+ synapses, had larger spine volumes and ASI perimeters than 482 

cluster 1 synapses (Table S1). The proportion of cluster 2 synapses significantly increased at 30 483 

minutes and 2 hours during LTP. Spine volume and ASI perimeter were positively correlated 484 

across synapse clusters under both experimental conditions (Fig. 3G). Hence, in all subsequent 485 
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work, regression analyses were done independently for these distinct clusters of small and large 486 

spines. 487 

 488 

Sustained spine enlargement displaces PSD from ASI center during LTP 489 

 490 

The PSD—an electron-dense region enriched with proteins critical for synaptic transmission and 491 

plasticity—was displaced from the ASI center by 47-57 nm under control conditions (Fig. 4A, B). 492 

During LTP, the distribution of PSD areas broadened and remained elevated for at least 2 hours 493 

(Figs. 4C, S1C), and the PSD’s offset increased significantly at 2 hours (Figs. 4D, S1D). Both 494 

PSD area and offset were positively correlated with ASI area, and after controlling for spine 495 

size, no direct effect of LTP on either measure was detected (Fig. 4E, F). In contrast, PSD area 496 

and offset showed only weak and inconsistent relationships with the extent of astroglial 497 

coverage (Fig. S2A, C), astroglial distance from the ASI perimeter (Fig. S2B, D), and with each 498 

other (Fig. S2E). These findings suggest that LTP increased the prevalence of both small and 499 

large synapses, and that the associated spine enlargement contributed to greater PSD offset 500 

from the ASI center. 501 

 502 

Decrease in astroglial surround at ASI perimeter of large synapses during LTP 503 

 504 

To assess the impact of LTP on astroglial apposition, the length of the ASI perimeter 505 

surrounded by astroglia was measured as depicted in Figures 2G and 5A. On average, astroglia 506 

surrounded only 50% of the ASI perimeter and did not fully envelop any MML synapses (Fig. 507 
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S3A). The mean length of astroglial surround was positively correlated with total ASI perimeter 508 

for both small and large spine clusters (Fig. 5B, C). By 30 minutes and 2 hours after LTP 509 

induction, the extent of astroglia surrounding the ASI perimeter was reduced for cluster 2 510 

synapses across all distance thresholds from 10-120 nm, but not for cluster 1 synapses (Fig. 511 

5B, C). Therefore, these results indicate that as spines and their ASI perimeters enlarged during 512 

LTP, a smaller proportion of their interface remained in contact with surrounding astroglial 513 

processes. 514 

 515 

Increase in minimum astroglial distance to the ASI perimeter at large synapses during 516 

LTP 517 

 518 

To evaluate changes in astroglial proximity during LTP, the minimum distance from the ASI 519 

perimeter to the nearest astroglial process was measured for all vertices with dag ≤ 120 nm (see 520 

Figs. 2J, 5D; Methods). Astroglia processes were 46-48 nm from the ASI perimeter, and this 521 

minimum distance did not differ between control and LTP when all MML synapses were 522 

analyzed together (Fig. S3B). For cluster 2 synapses, however, the mean minimum astroglial 523 

distance remained unchanged at 30 minutes (Fig. 5E) but was significantly increased at 2 hours 524 

during LTP across all distance thresholds (10-120 nm) (Fig. 5F). This suggests that in addition 525 

to reducing their length of surround, astroglial processes gradually withdrew from the ASI 526 

perimeter of large synapses during LTP. 527 

 528 

Decrease in PSD access to PAPs due to ASI enlargement during LTP 529 

 530 
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PAPs rarely, if ever, have direct physical access to the PSD itself because the ASI surrounds 531 

the PSD. Therefore, to examine whether LTP affects PSD access to perisynaptic astroglia, we 532 

measured the average distance from the PSD to the region of the ASI perimeter contacted by 533 

PAPs within 120 nm (dagASI-PSD; Fig. 5G; Methods). This PSD-to-astroglia distance significantly 534 

increased by 2 hours during LTP (Fig. 5H) and was positively correlated with both the PSD-to-535 

overall ASI perimeter distance (dASI-PSD, Fig. 5I) and ASI area (Fig. 5J). Notably, the PSD-to-536 

astroglia distance scaled nearly one-to-one with the PSD-to-ASI perimeter distance under both 537 

control and LTP conditions, suggesting no preferential displacement toward or away from 538 

astroglial apposition (Fig. 5I). After controlling for ASI area, the effect of LTP on the PSD’s 539 

distance to astroglial apposition was no longer observed (Fig. 5J). Approximately 33-35% of all 540 

MML ASIag+ synapses had dagASI-PSD < dASI-PSD (ag-proximal, Fig. S3C), but no significant 541 

differences were found between control ag-proximal and ag-distal (dagASI-PSD ≥ dASI-PSD) synapses 542 

in mean spine volume (Fig. S3D), ASI perimeter (Fig. S3E), or PSD area (Figs. S3F). Together, 543 

these results indicate that, in addition to increasing PSD offset, spine enlargement during LTP 544 

also reduced astroglial access to the PSD. 545 

 546 

PAP apposition at OML synapses 547 

 548 

By applying the same strategies in the OML as used to analyze MML synapses (Fig. 6A-C; 549 

Methods), we found that more than 85% of synapses had astroglia within 120 nm of some 550 

region of the ASI perimeter, with around 60% having astroglia within 10 nm (Fig. 6D). Hence, 551 

like in the MML, the majority of OML synapses showed close astroglial apposition under control 552 
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and cLTD conditions, and synapses with astroglial apposition within 10, 30, or 120 nm were 553 

included in all subsequent analyses. 554 

 555 

Transient increase in relative frequency of synapses with shorter ASI perimeters during 556 

cLTD 557 

 558 

Both spine volume and the length of the ASI perimeter were greater at synapses with astroglia 559 

present along some portions of the ASI perimeter under control and cLTD conditions (Fig. S4A, 560 

B). Although cLTD did not significantly affect spine volume (Figs. 6E, S4A), the distribution of 561 

ASI perimeter lengths shifted leftward at 30 minutes—but not at 2 hours—reaching statistical 562 

significance when astroglia located within 120 nm were included (Fig. 6F). These results 563 

suggest that while spine volume remained stable during cLTD, there was a transient increase in 564 

the relative prevalence of synapses with shorter ASI perimeters.  565 

 566 

K-means clustering based on spine volume and ASI perimeter in the OML 567 

 568 

Similar to the MML, OML ASIag+ synapses were grouped into two clusters based on spine 569 

volume and ASI perimeter (see Methods). Cluster 2 synapses, comprising 15% of OML ASIag+ 570 

synapses, had larger spine volumes and ASI perimeters compared to cluster 1 synapses (Fig. 571 

6G). The relative proportion of cluster 2 synapses remained stable between control and cLTD 572 

conditions (Table S1). Spine volume and ASI perimeter were also positively correlated across 573 

synapse clusters, with no observed effect of cLTD on this relationship (Fig. 6G). Therefore, once 574 
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again, in all subsequent regression analyses of OML synapses, these unique clusters of small 575 

and large spines were analyzed separately. 576 

 577 

Transient ASI perimeter shrinkage temporarily decreases PSD offset from the ASI center 578 

during cLTD 579 

 580 

Although cLTD had minimal effect on PSD area (Figs. 7A-C, S4C), PSD offset from the ASI 581 

center—47-54 nm under control conditions—was significantly reduced at 30 minutes during 582 

cLTD (Figs. 7D, S4D). As in the MML, both PSD area and offset were positively correlated with 583 

ASI area (Fig. 7E, F). Moreover, after controlling for spine size, the effect of cLTD on PSD 584 

displacement was no longer evident (Fig. 7F). Neither PSD area nor PSD offset showed 585 

consistent relationships with the length of astroglial surround (Fig. S5A, C), the astroglial 586 

distance to the ASI perimeter (Fig. S5B, D), or with each other (Fig. S5E). Taken together, these 587 

findings suggest that during cLTD, the transient decrease in ASI perimeter coincided with a 588 

higher prevalence of synapses with more centrally located PSDs within the ASI, independent of 589 

the extent of astroglial apposition. 590 

 591 

Stable amount of PAP surrounding the ASI perimeter during cLTD 592 

 593 

Evaluation of OML ASIag+ synapses revealed that most had about 50% of the length of their ASI 594 

perimeters surrounded by astroglial processes (Figs. 8A, S6A). Additionally, the length of the 595 

apposition correlated positively with ASI perimeter across synapse clusters (Fig. 8B, C). At 2 596 
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hours during cLTD, significant interactions between condition and ASI perimeter influenced the 597 

mean length of astroglial surround for cluster 2 synapses across all distance thresholds from 10-598 

120 nm (Fig. 8C). However, no cLTD-related effects were found at 30 minutes, nor for cluster 1 599 

synapses at either time point. These results indicate that the extent of astroglial apposition at 600 

the ASI perimeter remained largely unchanged during cLTD.  601 

 602 

Transient decrease in minimum PAP distance to the ASI perimeter during cLTD 603 

 604 

On average, astroglial processes apposed OML synapses at a minimum distance of 49 nm (Fig. 605 

8D). No significant differences in the mean PAP apposition distance were observed between 606 

control and cLTD conditions when OML synapses were analyzed collectively (Fig. S6B), and 607 

this minimal distance did not correlate with ASI perimeter across synapse clusters (Fig. 8E, F). 608 

Nonetheless, for cluster 1 synapses with astroglia within 30 nm of the ASI, the mean minimum 609 

PAP distance to the ASI was significantly decreased at 30 minutes during cLTD (Fig. 8E). 610 

Significant interactions between condition and ASI perimeter were also observed for cluster 1 611 

synapses with astroglia within 10 nm at both 30 minutes and 2 hours, and within 30 nm at 30 612 

minutes (Fig. 8E, F). Therefore, the transient spine morphology changes associated with cLTD 613 

were accompanied by modest but specific increases in astroglial proximity, particularly at 614 

distances close to the ASI. 615 

 616 

Transient increase in astroglial access to the PSD during cLTD 617 

 618 
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At 30 minutes during cLTD, the average distance from the PSD to the region of the ASI 619 

perimeter apposed by astroglia was transiently reduced (Fig. 8G, H). As observed in the MML, 620 

this distance correlated positively with the PSD’s offset from the overall ASI perimeter, with a 621 

slope close to one under both control and cLTD conditions—indicating that astroglial positioning 622 

does not bias the direction of PSD displacement (Fig. 8I). After controlling for ASI area, the 623 

effect of cLTD on the PSD-to-astroglia distance was no longer significant (Fig. 8J). 624 

Approximately 34-35% of OML ASIag+ synapses had their PSD positioned closer to the astroglia-625 

apposed region of the ASI perimeter (dagASI-PSD < dASI-PSD; Fig. S6C). However, no significant 626 

differences in mean spine volume (Fig. S6D), ASI perimeter (Fig. S6E), or PSD area (Fig. S6F) 627 

were observed between ag-proximal versus ag-distal (dagASI-PSD ≥ dASI-PSD) OML synapses under 628 

either control or cLTD conditions. Overall, these findings suggest that spine morphology 629 

changes associated with cLTD temporarily enhanced astroglial access to the PSD. 630 

 631 

Comparable amount of perisynaptic astroglia at MML and OML control synapses  632 

 633 

To test whether inherent baseline differences between control MML and OML layers were 634 

responsible for the observed differences between effects of LTP and cLTD at dentate gyrus 635 

synapses, we repeated all the analyses by comparing MML and OML ASIag+ synapses under 636 

control conditions, with the 30 minute and 2 hour time points pooled.  637 

The proportion of synapses with astroglial apposition at the ASI did not differ between 638 

the dentate gyrus layers (Fig. 9A). However, the MML had a higher relative percentage of 639 

cluster 2 synapses compared to the OML (Fig. 9B). ASI perimeters were comparable between 640 

layers (Fig. 9C), whereas PSD areas were larger in the MML than in the OML (Fig. 9D). An 641 
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interaction between layer and ASI perimeter influenced the mean minimum PAP distance to the 642 

ASI for cluster 1 synapses (Fig. 9E). In contrast, this distance for cluster 2 synapses (Fig. 9E), 643 

as well as the average fraction of astroglial surround for either cluster (Fig. 9F), did not 644 

significantly differ between layers. No significant differences were observed for the distributions 645 

of PSD offset (Fig. 9G) and astroglial distance to the PSD (Fig. 9H). 646 

Finally, the ASI perimeter (Fig. 10A) and PSD area (Fig. 10B) distributions differed 647 

significantly during LTP versus cLTD. However, condition and layer did not interact to influence 648 

either the mean length of astroglial surround (Fig. 10C) or PAP distance to the ASI perimeter 649 

(Fig. 10D). LTP and cLTD conditions also showed significant differences in PSD offset (Fig. 650 

10E) and average PAP distance to the PSD (Fig. 10F). Together, these results suggest that, 651 

while some baseline differences exist between molecular layers, they are unlikely to explain the 652 

different LTP- and cLTD-related changes observed in this study.  653 

Discussion  654 

We found that most dendritic spines in the dentate gyrus have perisynaptic astroglia at 655 

their ASI perimeter. While the proportion of tripartite synapses remained stable during LTP or 656 

cLTD, PAP proximity to synapses was modulated by synaptic plasticity (Figs. 11, 12). LTP 657 

expanded the range of spine volumes, resulting in a net increase in large spines and PSD 658 

areas, the latter noted for the first time as an offset from the ASI center (Fig. 11A). Reduced 659 

astroglial proximity to the ASI perimeter of enlarged synapses decreased astroglial access to 660 

the PSD (Fig. 12A). Meanwhile, cLTD produced subtle reductions in spine volume, PSD area, 661 

and PAP proximity to the ASI (Figs. 11B, 12B). During cLTD, there was a transient decrease in 662 
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ASI perimeter length, possibly reflecting reduced spine complexity that would enhance 663 

astroglial-PSD access (Fig. 12B). 664 

 We developed a novel 3D approach to establish reliable criteria to investigate astroglial-665 

synapse relationships on dendritic spines. Application of this or similar approaches will be 666 

needed to compare astroglial coverage across brain regions. For example, in the dentate gyrus, 667 

we showed that the percentage of tripartite synapses varied substantially depending on the 668 

apposition criteria used, ranging from 60% of synapses with astroglia within 10 nm of the ASI 669 

perimeter to 85% within 120 nm. This latter value surpasses prior estimates from single-section 670 

analyses, which reported < 40% of dentate gyrus synapses with astroglia at their ASI perimeters 671 

(Wenzel et al., 1991). Single-section sampling fails to capture that most synapses are 672 

surrounded by astroglia, inadvertently misclassifying those with partial apposition as lacking 673 

PAP coverage.  674 

To define a functionally relevant threshold for astroglial apposition, we restricted our 675 

analyses to synapses with astroglia ≤120 nm from the ASI perimeter. Mathematical models 676 

indicate that astroglial apposition within 150 nm increases glutamate uptake, diminishing AMPA 677 

receptor currents by 50% (Pannasch et al., 2014). Chemical fixation can cause shrinkage of 678 

extracellular space (Korogod et al., 2015). The 150 nm threshold did not account for this 679 

shrinkage, nor did it account for the intervening neuropil structures that limit PAP apposition. 680 

Accordingly, our 120 nm threshold reflects a conservative functional estimate of astroglial 681 

access to synapses.Our findings in the dentate gyrus contrast with previous 3DEM studies in 682 

hippocampal area CA1, where PAP apposed approximately 62% of synapses (Ventura and 683 

Harris, 1999; Witcher et al., 2007). Reports of astroglial coverage exceeding 80% of CA1 684 

synapses may reflect less stringent criteria for apposition, potentially including PAPs separated 685 

from the ASI by surrounding structures (Chai et al., 2017; Gavrilov et al., 2018). Additionally, the 686 
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fraction of neuropil occupied by astroglia is often higher near smaller synapses (Medvedev et 687 

al., 2014; Gavrilov et al., 2018). Thus, differences in spine and synapse size may underlie the 688 

disparity in astroglial coverage between the smaller synapses in the dentate gyrus and those 689 

spanning a broader size range in area CA1 (Harris and Stevens, 1989). 690 

 In the dentate gyrus, both LTP and cLTD led to significant morphological changes at 691 

tripartite synapses. LTP expanded the range of spine and PSD sizes, consistent with prior 692 

findings (Bromer et al., 2018). Meanwhile, cLTD in the OML did not produce the spine shrinkage 693 

previously observed with LTD in CA1 (Okamoto et al., 2004; Zhou et al., 2004). Instead, we 694 

observed more spines with shorter ASI perimeters but not necessarily smaller volumes, 695 

suggesting a temporary shift toward less complex spine morphologies during cLTD.  696 

Our findings suggest that astroglia maintain a delicate balance between insufficient and 697 

excessive synapse coverage to establish a permissive environment for synaptic plasticity. LTP 698 

and cLTD-associated changes occurred primarily at synapses with astroglial apposition. 699 

Furthermore, consistent with previous findings (Witcher et al., 2007; Bellesi et al., 2015), mean 700 

spine and synapse size were larger for synapses associated with PAP. In contrast, no dentate 701 

gyrus synapse exhibited 100% PAP coverage. Moreover, cLTD did not impact astroglia-ASI 702 

apposition, but LTP led to selective astroglial withdrawal from large spine synapses. Rats reared 703 

in complex environments show increased astroglia-synapse contact (Jones and Greenough, 704 

1996). Meanwhile, greater astroglial apposition can inhibit synapse growth during memory 705 

consolidation (Ostroff et al., 2014), and PAP retraction is associated with enhanced fear 706 

memory (Badia-Soteras et al., 2023). Together, these findings suggest that non-uniform PAP 707 

coverage at dentate gyrus synapses helps fine-tune synaptic efficiency. 708 

 In area CA1, PAPs withdraw from synapses following LTP induction, increasing NMDA 709 

receptor-dependent extrasynaptic communication without spine-size selectivity (Henneberger et 710 
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al., 2020). Astroglia also organize synapses into astroglia-defined synaptic clusters (Salmon et 711 

al., 2023), and model predictions suggest that processes farther away from synapses are better 712 

able to maintain calcium microdomains (Toman et al., 2023). Thin spines are often transient, 713 

while larger mushroom-shaped spines are generally more stable, leading to their proposed 714 

designations as "learning" and "memory" spines, respectively (Bourne and Harris, 2007). 715 

Astroglial withdrawal reduces glutamate uptake (Gavrilov et al., 2018; Henneberger et al., 716 

2020), likely enhancing synaptic transmission (Pannasch et al., 2014). However, it also 717 

diminishes the synaptic availability of astroglia-derived D-serine and glycine (Le Bail et al., 718 

2015), potentially impairing further LTP at large spines (Perez-Alvarez et al., 2014), as 719 

astrocytic glycine is important for LTP in the dentate MML (Sateesh and Abraham, 2025). 720 

Therefore, LTP-associated retraction of astroglial processes from large dentate gyrus synapses 721 

may represent a mechanism tailored to this region’s role in pattern separation, possibly 722 

enhancing the network contribution of stable “memory” spines (Aimone et al., 2011; Hassanpoor 723 

and Saidi, 2020). 724 

 Adding complexity to our understanding of tripartite synapses, we found that the PSD 725 

center is, on average, ~50 nm from the ASI center. LTP increased PSD offset and the distance 726 

between PAP-ASI apposition and the nearest PSD edge, whereas cLTD decreased both. PSD 727 

offset showed a stronger positive correlation with ASI area than PSD area. The offset direction 728 

was not biased toward or away from astroglia-ASI apposition. Hence, changes in spine rather 729 

than PSD size likely contributed to the altered PSD offset during synaptic plasticity. These 730 

changes, alongside shifts in PAP proximity, may have shaped astroglial access to the PSD and 731 

highlight that astroglial-ASI coverage alone does not fully capture astroglia-synapse dynamics.   732 

Although dentate gyrus astroglia exhibit both functional and morphological diversity 733 

(Kosaka and Hama, 1986; Savtchouk et al., 2019; Di Castro and Volterra, 2022; Karpf et al., 734 
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2022; Viana et al., 2023), we found no differences between the MML and OML in the proportion 735 

of synapses with PAP apposition, nor in the extent of astroglial surround or proximity to the ASI 736 

perimeter. The uniform coverage we observed aligns with findings that molecular-layer 737 

boundaries do not directly shape astroglial morphology (Bushong et al., 2003) and provides 738 

novel ultrastructural evidence that astroglia-synapse relationships are consistent between the 739 

MML and OML. 740 

Contrasting Mezey et al. (2004), who reported no difference based on a subset of single 741 

EM sections, we found using 3DEM that under control conditions, mean PSD area in the MML 742 

was significantly larger than in the OML. Medial perforant path inputs to the MML preferentially 743 

exhibit homosynaptic LTP, whereas lateral path inputs to the OML favor LTD (Collitti‐Klausnitzer 744 

et al., 2021). Still, Hanse and Gustafsson (1992) reported no differences in LTP induction 745 

mechanisms or early temporal profiles between these pathways, and total spine density 746 

appears consistent across layers (Desmond and Levy, 1985; Gallitano et al., 2016). Direct 747 

comparisons of LTD induction between the MML and OML remain limited, although some 748 

evidence suggests that the medial and lateral perforant paths differ in their ability to induce 749 

heterosynaptic LTD (Doyère et al., 1997). Hence, baseline interlaminar differences are unlikely 750 

to account for the LTP- and cLTD-associated changes observed in this study.  751 

 In this study, we showed that during LTP and cLTD in the dentate gyrus, PAPs undergo 752 

morphological changes that both mirror and diverge from ultrastructural plasticity observed in 753 

other brain regions. Astroglial proximity to inhibitory synapses is also dynamic; for example, 754 

showing increased apposition in the dorsolateral ventral pallidum following drug-seeking 755 

behavior (Kruyer et al., 2022). However, inhibitory synapses are rare in MML and OML, and 756 

they exhibit less extensive astroglial coverage (Gavrilov et al., 2018; Yener et al., 2025). 757 

Astroglia variability has been demonstrated across sex and developmental stages (Mouton et 758 
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al., 2002; Conejo et al., 2003; Johnson et al., 2008; Rurak et al., 2022), hence our conclusions 759 

are limited to the dentate gyrus of adult, male rat brains. Given the subtlety of the structural 760 

changes observed, future studies would benefit from larger sample sizes and the inclusion of 761 

both sexes. The efficacy of many astroglial synaptic functions depends on PAP proximity 762 

(Pannasch et al., 2014; Toman et al., 2023). Thus, future research should also examine how 763 

LTP and cLTD uniquely influence astroglial interactions with the  active versus nascent zones—764 

subregions of the PSD distinguished by the presence or absence of apposing presynaptic 765 

vesicles. Finally, the dentate gyrus is one of the few regions where adult neurogenesis persists 766 

(Aimone et al., 2011; Denoth-Lippuner and Jessberger, 2021). Hence, exploring whether similar 767 

PAP coverage between adult-born and pre-existing synapses (Krzisch et al., 2015) is 768 

maintained during synaptic plasticity could clarify astroglial contributions to the dentate gyrus 769 

memory circuitry.  770 
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Data Accessibility 772 

 773 

The original EM images, PyReconstruct files (.jser format), and compiled quantitative 774 

measurements (in .csv format) used for statistical analysis in R will be made available on 775 

3DEM.org via the Texas Data Repository (doi: https://doi.org/10.18738/T8/S8DT5E).  776 
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Figure Legends 1062 

Figure 1. LTP and cLTD outcomes and preparation of dentate gyrus MML and OML tissue 1063 

for 3DEM. A - D: Experimental hemisphere medial perforant pathway (MPP) responses (red, 1064 

LTP), control hemisphere MPP responses (blue, control), and experimental hemisphere lateral 1065 

perforant pathway (LPP) responses (green, cLTD). (A) Graphs of percent change in average 1066 

fEPSP response relative to baseline for (A) animals 1, 2, and 5 sacrificed 30 minutes (min) after 1067 

DBS stimulation (delivered over t = 0-10 mins), and (B) animals 3, 4, and 6 sacrificed 2 hours 1068 

(h) after DBS stimulation (delivered over t = 0-10 mins). (C) Representative smoothed 1069 

waveforms obtained during the times shown as gray vertical bars in the graphs of A and B for 1070 

animals 1-6. Pre-DBS baseline responses (blue, dotted) are superimposed by post-DBS 1071 

responses (solid). Scale bars: 5 mV (vertical), 5 ms (horizontal). (D) (Left) Example parasagittal 1072 

hippocampal tissue section with visible tract from recording electrode positioned in dentate 1073 

gyrus hilus (top) and adjacent tissue section used for EM series preparation (bottom). (Middle) 1074 

Region of dentate gyrus molecular layer isolated for ultra-thin serial sectioning. Horizontal lines 1075 

indicate sectioning planes: OML (grey) and MML (black) at 250 µm and 125 µm from top of 1076 

granule cell layer, respectively. OML and MML were sectioned separately for animals 1-4 (di), 1077 

and on the same tissue section for animals 5 and 6 (white sectioning plane, ⍺ = 26.6º, dii). 1078 

(Right) Stacks of 200-300 serial section EM images were obtained in the OML (top) and MML 1079 

(bottom) using transmission electron microscopy or scanning electron microscopy operating in 1080 

the transmission mode. Scale bars: 500 µm. 1081 
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Figure 2. Automated ASI detection and measurement of astroglia apposition at the ASI 1083 

perimeter. (A) EM image of serial section (S) 38 and (B) corresponding 3D reconstruction 1084 

showing the postsynaptic dendritic spine (sp, yellow), presynaptic axon (ax, dark blue), 1085 

perisynaptic astroglia (ag, light blue), and postsynaptic density (PSD, red). The ASI perimeter 1086 

(peri) is indicated in orange (diamonds, A; outline, B). (C) Detection of ASI facets (black 1087 

triangles, fai) on the axon mesh surface with normal vector projections (orange lines/arrow) from 1088 

the center of each triangular mesh facet (black dot) to the intersecting spine mesh facet (fsi). 1089 

(Right) Zoomed-in view of an example ASI face highlighted with bold black edges and maximum 1090 

dASI. (D) ASI axon facets with corresponding normal vectors (orange). (E) Relative location of 1091 

PSD within the ASI (brown) projected onto the axon surface and (F) the spine surface. The 1092 

computed ASI perimeter, ASI centroid (white star), and PSD centroid (white diamond) are 1093 

shown. For this synapse the centroid ends up in the middle of the perforation. (G) Concentric 1094 

rings around the ASI perimeter indicate the Euclidean distances between the astroglia and ASI 1095 

perimeter (dag). Rings are color-coded by astroglia presence (ag+, green) or absence (ag-, red) 1096 

within a particular dag. The axon and surrounding astroglia are also shown. (Inset) Zoomed-in 1097 

view of distance thresholds (dag ≤ 10-120 nm) tested. (H) Zoomed-in view of EM image from A, 1098 

showing astroglia positioned 10 nm from the ASI perimeter (orange diamond) at one edge (dag = 1099 

10 nm) but 140 nm away at the opposite edge (dag>120 nm, exceeding the maximum distance 1100 

threshold tested), with an intervening axon. (I) EM image of a different synapse on the same 1101 

dendrite as in A, observed on S42, depicting dag = 30 nm. In H and I, insets show an enlarged 1102 

view of the regions indicated by white boxes. (J) Length of the ASI perimeter apposed (ag+, 1103 

green) and not apposed (ag-, red) by astroglia based on dag ≤ 10 nm (left), 30 nm (middle), and 1104 

120 nm (right). The axon and surrounding astroglia are also shown. The same synapse is 1105 

shown in A-H and J, with consistent color coding applied across all panels. Scale bars, scale 1106 

cube edge lengths: 250 nm.  1107 
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Figure 3. Nearly all MML spines have some perisynaptic astroglia and undergo a 1109 

sustained increase in spine volume and ASI length during LTP relative to control 1110 

stimulation. (A) EM image (left) and 3D reconstruction (right) of the spine (sp, yellow), 1111 

postsynaptic density (PSD, red), presynaptic axon (ax, dark blue), and perisynaptic astroglia 1112 

(ag, light blue) for an MML synapse during control (con, top) and LTP (bottom) at 30 min and 1113 

(B) 2 h after LTP induction. The ASI perimeter is indicated by orange diamonds in EM images 1114 

(A-B). (C) Synapse categories based on astroglial presence (ASIag+) or absence (ASIag-) within 1115 

120 nm of the ASI perimeter and specific astroglia location. The spine, axon, PSD, perisynaptic 1116 

astroglia, presynaptic vesicles (small white circles), and ASI (brown oval) are represented using 1117 

the same color scheme as A-B. Panels D-G show data from control (blue) and LTP (red) MML 1118 

synapses at 30 min (left) and 2 h (right) during LTP. (D) Bar graph of overall synapse 1119 

percentage in each synapse category. Numbers below bars indicate synapse count. Dots 1120 

represent dendrite-specific synapse percentages. (Insets) Line plots show ASIag+ synapse 1121 

percentages based on each dag threshold tested. (E) Kernel density estimate plots show the 1122 

probability density functions (PDFs) for spine volume (log-scale axis) and (F) ASI perimeter 1123 

(square-root axis) for synapse subsets based on dag. Synapse counts color-coded by condition 1124 

are shown in bottom left corner in E and apply to E-F (relatively few synapses in cluster 2 had 1125 

dag ≤ 10 nm). (G) Regression plot of spine volume (log-scale y-axis) and ASI perimeter (square-1126 

root x-axis) for synapses in cluster 1 (c1) or cluster 2 (c2) with dag ≤ 10 (lowest opacity), 30 nm 1127 

(medium opacity), and 120 nm (highest opacity). Raw data, R² values, and Benjamini-Hochberg 1128 

(BH)-adjusted p-values (condition effect) for dag ≤ 120 nm are displayed. Synapse counts color-1129 

coded by condition are shown in bottom right corner. Asterisks indicate significant condition 1130 

effects for synapse subsets defined by dag (BH-adjusted **p < 0.01, ***p < 0.001; see Table S1 1131 

for statistical details). Scale bar and cube (edge length = 250 nm) in A apply to A-B.  1132 
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Figure 4. The PSD area range expands, and the PSD offset from the ASI center increases 1134 

during LTP. (A) 3D reconstruction of the postsynaptic density (PSD, red) projected onto the 1135 

axon mesh (ax, dark blue), perisynaptic astroglia (ag, light blue), ASI perimeter color-coded by 1136 

presence (ag+, green) or absence (ag-, red) of astroglia within 120 nm, ASI centroid (white 1137 

star), and PSD centroid (white diamond) for an MML synapse during control (top) and LTP 1138 

(bottom) at 30 min and (B) 2 h following LTP induction. (C) Kernel density estimate (KDE) plots 1139 

show the probability density function (PDF) for PSD area (log-scale axis) and (D) PSD offset 1140 

from the ASI center (log-scale axis) for synapses subset based on dag. (E) Regression plot of 1141 

PSD area (log-scale y-axis) and (F) PSD offset from the ASI center (log-scale y-axis) versus 1142 

ASI area (log-scale x-axis) for c1 or c2 synapses with dag ≤ 10 nm (lowest opacity lines), 30 nm 1143 

(medium opacity lines), and 120 nm (highest opacity lines). Raw data, R² values, and 1144 

Benjamini-Hochberg (BH)-adjusted p-values (condition effect) for dag ≤ 120 nm are displayed. In 1145 

C-F, data are from control (blue) and LTP (red) MML synapses at 30 min (left) and 2 h (right) 1146 

during LTP (see Figure 3G for synapse counts). Asterisks indicate significant condition and 1147 

condition-by-ASI perimeter interaction (int) effects for synapse subsets defined by dag (BH-1148 

adjusted *p < 0.05, **p < 0.01; see Table S1 for statistical details). Scale cube (edge length = 1149 

100 nm) in A applies to A-B. Cluster legend in E applies to E-F.  1150 
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Figure 5. By 2 hours during LTP, PAP coverage length is reduced, and the minimum PAP 1152 

distance to the ASI perimeter is increased selectively at large synapses. Meanwhile, 1153 

astroglial access to the PSD decreases across synapse sizes. (A) Schematic 1154 

representation of the ASI perimeter (orange) and the segment of its length (lag, green) 1155 

surrounded by perisynaptic astroglia (ag, light blue) within a given distance threshold (dag, 1156 

dashed black lines), with key synaptic structures (spine, yellow; PSD, red) also indicated. 1157 

(B) Regression plot of lag (square-root y-axis) versus ASI perimeter (square-root x-axis) for c1 1158 

and c2 synapses with dag ≤ 120 nm at 30 min and (C) 2 h during LTP. In B-C, lag was measured 1159 

using dag thresholds of ≤ 10 nm (lowest opacity lines), 30 nm (medium opacity), and 120 nm 1160 

(highest opacity). Raw data, R² values, and Benjamini-Hochberg (BH)-adjusted p-values 1161 

(condition effect) for dag ≤ 120 nm are displayed. All subsequent regression plots in (E-F, I-1162 

J) were performed separately for c1 and c2 synapses with dag ≤ 10, 30, and 120 nm, using the 1163 

same marker and opacity scheme as in B-C, with statistical results displayed similarly. 1164 

(D) Illustration of the average distance (black dag arrow) from the ASI perimeter to the nearest 1165 

astroglial process, using the same schematic elements as in A. (E) Regression plot of average 1166 

dag (log-scale y-axis) versus ASI perimeter (square-root x-axis) at 30 min and (F) 2 h. 1167 

(G) Illustration of the average distance from astroglia-apposed ASI perimeter (within 120 nm) to 1168 

the nearest PSD edge (black dagASI-PSD arrow), using the same schematic elements as in A. 1169 

(H) Kernel density plots of average dagASI-PSD (log-scale y-axis) for synapses grouped by dag at 30 1170 

min (left) and 2 h (right). (I) Regression plot of average dagASI-PSD (log-scale y-axis) versus 1171 

average distance from all ASI perimeter vertices to the nearest PSD edge (dASI-PSD, log-scale x-1172 

axis), and (J) ASI area (log-scale x-axis), at 30 min (left) and 2 h (right). In all plots (B-C, E-F, H-1173 

J), data are shown for control (blue) and LTP (red) synapses (see Figure 3G for synapse 1174 

counts). Asterisks indicate significant condition effects for synapse subsets defined by dag (BH-1175 
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adjusted *p < 0.05, **p < 0.01, ***p < 0.001; see Table S1 for statistical details). Cluster legend 1176 

in B applies to B-C, E-F, I-J.  1177 
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Figure 6. Nearly all OML spines have some perisynaptic astroglia and undergo a 1179 

transient decrease in ASI perimeter length during cLTD relative to control stimulation. (A) 1180 

EM image (left) and 3D reconstruction (right) of the spine (sp, yellow), postsynaptic density 1181 

(PSD, red), presynaptic axon (ax, dark blue), and perisynaptic astroglia (ag, light blue) for an 1182 

OML synapse during control (top) and cLTD (bottom) at 30 min and (B) 2 h after cLTD 1183 

induction. The ASI perimeter is indicated by orange diamonds in EM images (A-B). (C) Synapse 1184 

categories based on astroglial presence (ASIag+) or absence (ASIag-) within 120 nm of the ASI 1185 

perimeter and specific astroglia location. The spine, axon, PSD, perisynaptic astroglia, 1186 

presynaptic vesicles (small white circles), and ASI (brown oval) are represented using same 1187 

color scheme as A-B. Panels D-G show data from control (blue) and cLTD (green) OML 1188 

synapses at 30 min (left) and 2 h (right) during cLTD. (D) Bar graph of overall synapse 1189 

percentage in each synapse category. Numbers below bars indicate synapse count. Dots 1190 

represent dendrite-specific synapse percentages. (Insets) Line plots show ASIag+ synapse 1191 

percentages based on each dag threshold tested. (E) Kernel density estimate plots show the 1192 

probability density functions for spine volume (log-scale axis) and (F) ASI perimeter (square-root 1193 

axis) for synapse subsets based on dag (*p < 0.01 that control and cLTD distributions differ). 1194 

Synapse counts color-coded by condition are shown in bottom left corner in E and apply to E-F. 1195 

(G) Regression plot of spine volume (log-scale y-axis) and ASI perimeter (square-root x-axis) for 1196 

c1 or c2 synapses with dag ≤ 10 nm (lowest opacity), 30 nm (medium opacity), and 120 nm 1197 

(highest opacity). Raw data, R² values, and Benjamini-Hochberg (BH)-adjusted p-values 1198 

(condition effect) for dag ≤ 120 nm are displayed. Synapse counts color-coded by condition are 1199 

shown in bottom right corner (relatively few synapses in cluster 2 had dag ≤ 10 nm). Asterisks 1200 

indicate significant condition effects for synapse subsets defined by dag (BH-adjusted *p < 0.05; 1201 

see Table S1 for statistical details). Scale bar and cube (edge length = 250 nm) in A apply to A-1202 

B.  1203 
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Figure 7. The PSD area does not change, but the PSD offset from the ASI center 1205 

transiently decreases during cLTD. (A) 3D reconstruction of the postsynaptic density (PSD, 1206 

red) projected onto the axon mesh (ax, dark blue), perisynaptic astroglia (ag, light blue), ASI 1207 

perimeter color coded by presence (ag+, green) or absence (ag-, red) of astroglia within 120 1208 

nm, ASI centroid (white star), and PSD centroid (white diamond) for an OML synapse during 1209 

control (top) and cLTD (bottom) at 30 min and (B) 2 h following cLTD induction. (C) Kernel 1210 

density estimate (KDE) plots show the probability density function (PDF) for PSD area (log-1211 

scale axis) and (D) PSD offset from the ASI center (log-scale axis) for synapses subset based 1212 

on dag. (E) Regression plot of PSD area (log-scale y-axis) and (F) PSD offset from the ASI 1213 

center (log-scale y-axis) versus ASI area (log-scale x-axis) for c1 or c2 synapses with dag ≤ 10 1214 

nm (lowest opacity lines), 30 nm (medium opacity lines), and 120 nm (highest opacity lines). 1215 

Raw data, R² values, and Benjamini-Hochberg (BH)-adjusted p-values (condition effect) for dag 1216 

≤ 120 nm are displayed. In C-F, data are from control (blue) and cLTD (green) OML synapses at 1217 

30 min (left) and 2 h (right) during cLTD (see Figure 6G for synapse counts). Asterisks indicate 1218 

significant condition and condition-by-ASI perimeter interaction (int) effects for synapse subsets 1219 

defined by dag (BH-adjusted *p < 0.05, **p < 0.01, ***p < 0.001; see Table S1 for statistical 1220 

details). Scale cube (edge length = 100 nm) in A applies to A-B. Cluster legend in E applies to 1221 

E-F. 1222 
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Figure 8. During cLTD, there is a minimal change in PAP coverage length and minimum 1224 

distance to the ASI perimeter, but a transient increase in astroglial access to the PSD. 1225 

(A) Schematic representation of the ASI perimeter (orange) and the segment of its length (lag, 1226 

green) surrounded by perisynaptic astroglia (light blue) within a given distance threshold (dag, 1227 

dashed black lines), with key synaptic structures (spine, yellow; PSD, red) also indicated. 1228 

(B) Regression plot of lag (square-root y-axis) versus ASI perimeter (square-root x-axis) for c1 1229 

and c2 synapses with dag ≤ 120 nm at 30 min and (C) 2 h during cLTD. In B-C, lag was 1230 

measured using dag thresholds of ≤ 10 nm (lowest opacity lines), 30 nm (medium opacity), and 1231 

120 nm (highest opacity). Raw data, R² values, and Benjamini-Hochberg (BH)-adjusted p-1232 

values (condition effect) for dag ≤ 120 nm are displayed. All subsequent regression plots in (E-F, 1233 

I-J) were performed separately for c1 and c2 synapses with dag ≤ 10, 30, and 120 nm, using the 1234 

same marker and opacity scheme as in B-C, with statistical results displayed similarly. 1235 

(D) Illustration of the average distance (black dag arrow) from the ASI perimeter to the nearest 1236 

astroglial process, using the same schematic elements as in A. (E) Regression plot of average 1237 

dag (log-scale y-axis) versus ASI perimeter (square-root x-axis) at 30 min and (F) 2 h. 1238 

(G) Illustration of the average distance from astroglia-apposed ASI perimeter (within 120 nm) to 1239 

the nearest PSD edge (black dagASI-PSD arrow), using the same schematic elements as in A. 1240 

(H) Kernel density plots of average dagASI-PSD (log-scale y-axis) for synapses grouped by dag at 30 1241 

min (left) and 2 h (right). (I) Regression plot of average dagASI-PSD (log-scale y-axis) versus 1242 

average distance from all ASI perimeter vertices to the nearest PSD edge (dASI-PSD, log-scale x-1243 

axis), and (J) ASI area (log-scale x-axis), at 30 min (left) and 2 h (right). In all plots (B-C, E-F, H-1244 

J), data are shown for control (blue) and cLTD (green) synapses (see Figure 6G for synapse 1245 

counts). Asterisks indicate significant condition and condition-by-ASI perimeter interaction (int) 1246 

effects for synapse subsets defined by dag (BH-adjusted *p < 0.05; see Table S1 for statistical 1247 

details). Cluster legend in B applies to B-C, E-F, I-J.  1248 
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Figure 9. Postsynaptic ultrastructure and astroglial coverage of synapses in the MML are 1250 

mostly comparable to synapses in the OML under control conditions. (A) Stacked bar 1251 

graphs showing the relative percentage of ASIag- (-, white, dag > 120 nm) versus ASIag+ (+, sky 1252 

blue, dag ≤ 120 nm) synapses and (B) c1 (open) versus c2 (filled) synapses in each layer. 1253 

Numbers above bars represent total synapse counts. (C) Kernel density estimate plots (KDE) 1254 

showing the probability density function (PDF) for ASI perimeter (square-root axis) and (D) PSD 1255 

area (log-scale axis). (E) Regression plots of the length of the ASI perimeter surrounded by 1256 

astroglia within 120 nm (lag, square-root y-axis) and (F) the average astroglia distance to the ASI 1257 

perimeter (avg dag, log-scale y-axis) versus ASI perimeter (square-root x-axis) for c1 or c2 1258 

synapses. Raw data and R² values are displayed. (G) KDE showing the PDF for PSD offset 1259 

from the ASI center (log-scale axis) and (H) average distance between the ASI perimeter 1260 

segment with astroglial apposition within 120 nm to the nearest PSD edge (dagASI-PSD, log scale 1261 

axis). In A-H, data are from control MML (dark blue) and OML (light blue) synapses (time points 1262 

pooled), with only synapses with dag ≤ 120 nm included in analyses plotted in B-H (see Figures 1263 

3G and 6G for synapse counts). Asterisks indicate significant layer and layer-by-ASI perimeter 1264 

interaction (int) effects (*p < 0.05, **p < 0.01; see Table S1 for statistical details). Cluster legend 1265 

in E applies to E-F. 1266 

  1267 

JN
eurosci

 Acce
pted M

an
uscr

ipt



   

 

   

 

Figure 10. Comparison of relative changes in tripartite synapse ultrastructure associated 1268 

with LTP and cLTD in the dentate gyrus. (A) Kernel density estimate (KDE) plots showing the 1269 

probability density function (PDF) for ASI perimeter (square-root axis) and (B) PSD area (log-1270 

scale axis). (C) Bar graphs show the percentage change in the length of the ASI perimeter 1271 

surrounded by astroglia within 120 nm (lag) and (D) the average distance between astroglia and 1272 

the ASI perimeter (dag) during LTP or cLTD relative to control. In C-D, percent changes were 1273 

calculated after controlling for ASI perimeter, and separately for c1 (open bars) and c2 (filled 1274 

bars) synapses. Stars above bars indicate significance levels for condition effects based on 1275 

layer-specific analyses and error bars indicate standard errors. (E) KDE plots show the PDF for 1276 

PSD offset (log-scale axis) and (F) the average distance between astroglia and the nearest PSD 1277 

edge (dagASI-PSD, log-scale axis). In A-F, data are from MML synapses during LTP (red) and OML 1278 

synapses during cLTD (green) with dag ≤ 120 nm, at 30 min (left) and 2 h (right) after LTP or 1279 

cLTD induction (see Figures 3E, 3G, 6E, and 6G for synapse counts). *p < 0.05, ***p < 0.001 1280 

(see Table S1 for statistical details). 1281 
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Figure 11. Summary of main effects on spines and PSDs. Under all conditions and spine 1283 

sizes, the PSD was offset from the center of the ASI perimeter. The distribution of spine 1284 

volumes and PSD areas expanded, increasing the frequency of both smaller and larger 1285 

synapses at both 30 min and 2 h after the induction of LTP (red arrows). The ASI perimeter and 1286 

PSD offset distributions shifted unidirectionally toward larger values at 2 h during LTP. In 1287 

contrast, a shift towards spines with smaller ASI perimeters and less PSD offset from the ASI 1288 

center and perimeter occurred transiently at 30 min during cLTD (green arrow).  1289 

 1290 

Figure 12. Summary of main effects between perisynaptic astroglia and synapses. A) The 1291 

length of astroglia (lag) apposed to the ASI perimeter was reduced by 30 min and further 1292 

reduced by 2 h during LTP as spines and the ASI enlarged. The distances to the astroglia (dag 1293 

and dagASI-PSD) increased, resulting in reduced astroglial access to the PSD. B) In contrast, the 1294 

length of the ASI perimeter and distances to the astroglia (dag and dagASI-PSD) were decreased 1295 

somewhat at small synapses by 30 min during cLTD, providing a transient increase in astroglial 1296 

access to the PSD. C) Summary of effects at 30 min and 2 hr for LTP (red) and cLTD (green). 1297 
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