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Summary 
Memory is incorporated into the brain as physicochemical changes to engram cells. These are 
neuronal populations that form complex neuroanatomical circuits, are modified by experiences to 
store information, and allow for memory recall. At the molecular level, learning modifies synaptic 
communication to rewire engram circuits, a mechanism known as synaptic plasticity. However, 
despite its functional role on memory formation, the 3D molecular architecture of synapses within 
engram circuits is unknown. Here, we demonstrate the use of engram labelling technology and 
cryogenic correlated light and electron microscopy (cryoCLEM)-guided cryogenic electron 
tomography (cryoET) to visualize the in-tissue 3D molecular architecture of engram synapses of 
a contextual fear memory within the CA1 region of the mouse hippocampus. Engram cells 
exhibited structural diversity of macromolecular constituents and organelles in both pre- and 
postsynaptic compartments and within the synaptic cleft, including in clusters of membrane 
proteins, synaptic vesicle occupancy, and F-actin copy number. This ‘engram to tomogram’ 
approach, harnessing in vivo functional neuroscience and structural biology, provides a 
methodological framework for testing fundamental molecular plasticity mechanisms within 
engram circuits during memory encoding, storage and recall. 
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Introduction 

Memory is the process by which the brain encodes, retains, and recalls information to alter future 
behaviour. Engram cells, coined by Richard Semon1, are the hypothetical substrate of memory 
storage. These are operationalized as subsets of neurons that, modified upon experiences, 
underlie physicochemical changes to store information, and are reactivated by relevant cues to 
elicit memory recall and a behavioral response 2–6. 

Within the brain, neurons are wired into complex neuroanatomical circuitry via synaptic 
connections that are dynamically modified by plasticity mechanisms7–10. Plasticity modulates 
synapse formation, synaptic strength, and homeostasis8,9,11–13 to enable learning and 
memory8,9,14. Structural plasticity mediates the enduring modification in synaptic wiring patterns, 
providing a plausible physical substrate for retaining long-term information15,16. 

Engram labelling technology, based on the activity-dependent targeting of neurons associated 
with discrete memories, allows the identification, characterization and in vivo manipulation of 
putative engram cells2,3,17. The use of this set of tools demonstrated that memory encoding is 
associated with cellular structural changes17–21 via plasticity of functional connectivity of engram 
circuits17,22–25.  Increases in synaptic strength of engram cell synapses correlates positively with 

the acquisition and retrievability of memory in learning paradigms17–20,26. 

The structure of synapses and their change of shape after in vitro-evoked synaptic plasticity have 
been described by early pioneering conventional electron microscopy studies27–29. Serial 
sectioning using focused ion beam milling has provided a volumetric reconstruction of neurons, 
revealing, for example, that more synapse-dense regions are found rostrally30. However, these 
approaches are unable to resolve the native structure of individual proteins within the synapse. In 
contrast, cryo-electron tomography (cryoET) can capture the 3D molecular architecture of tissues 
in a native, vitreous state unperturbed by chemical fixation and staining methods. Various sample 
preparations for cryoET have been developed to investigate synapses, such as with 
synaptosomes31–33, tissue homogenate34, cultured neurons35–37 and intact tissue34,38–40. However, 
the molecular architecture of synapses within a neuronal circuit encoding a specific memory has 
not yet been visualized in any fresh brain tissue preparation. 

Here, we developed a workflow integrating engram labelling technology2 with cryogenic 
correlated light and electron microscopy (cryoCLEM)41 and cryoET to determine the in-tissue 3D 
molecular architecture of synapses within neuronal engram circuits. We used genetically encoded 
fluorophores to label pre- and postsynaptic neurons of a contextual fear conditioning engram 
circuit, from CA3 to CA1 in the hippocampus. CryoCLEM-guided cryoET of engram synapses at 
this synaptic junction revealed the molecular architecture of engram synapses, including 
identifying and quantifying organelles and macromolecular constituents. Our study highlights the 
heterogeneity of synapses in engram circuits and offers a readily adaptable workflow to 
investigate specific molecular mechanisms and structural features within engram cells and 
circuits. 
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Results 

CryoCLEM-guided cryoET of engram synapse 

We developed a workflow to determine the in-tissue molecular architecture of engram synapses 
within fresh tissue using engram labelling technology, cryoCLEM and cryoET (Fig. 1). We focused 
on the Schaffer collateral circuit between CA3 and CA1 hippocampal neurons that allow 
contextual learning42. To label an engram encoding an aversive, context-specific fear memory, 
two AAVs cocktails: c-fos-tTA/TRE-ChR2-EYFP and c-fos-tTA/TRE-mCherry were intracerebrally 
injected into the CA3 and contralateral CA1, respectively (Fig. 1A). Upon removal of doxycycline 
from the diet, animals underwent a contextual fear conditioning paradigm (context-associated 
foot-shocks), forming an engram for an aversive contextual fear memory. 

To validate that ChR2-EYFP labels the presynaptic boutons of CA3 neurons, AAV constructs 
encoding ChR2-EYFP under the control of a CaMKII promoter were injected into the CA3 (Supp. 
Fig. 1AB). Immunofluorescence microscopy of CA1 detected ChR2-EYFP colocalized with 
presynaptic markers (Supp. Fig. 1C), as expected43–45. Immunofluorescence also confirmed 
colocalization of mCherry and the postsynaptic density protein 95 (Psd95) (Supp. Fig. 1D). 

To prepare engram-labelled tissue for cryoCLEM and cryoET, acute slices of fresh brain were 
obtained from engram-labelled mice 5-6 days after fear conditioning (Fig. 1B). Fluorescence 
microscopy of fresh acute slices showed presence of ChR2-EYFP-labelled contralateral CA3 
axons and mCherry-labelled dendrites in molecular layers of CA1, corresponding to the 
hippocampal engram-associated to the fear memory (Fig.1C)46–49. Next, engram-labelled 
hippocampi were cryopreserved by high-pressure freezing (Fig. 1D), from which 70-150 nm tissue 
cryo-sections50  were prepared. Cryogenic fluorescence microscopy (cryoFM) of tissue cryo-
sections revealed sparse labelled regions corresponding to ChR2-EYFP-tagged CA3 axons and 
mCherry-tagged CA1 dendrites (Fig. 1E and Supp. Fig. 2). Juxtaposition of ChR2-EYFP-labelled 
axons and mCherry-labelled dendrites indicated locations that could potentially contain engram 
to engram synapses in tissue cryo-sections (Fig. 1E). 

We mapped the location of an engram ChR2-EYFP-tagged CA3 axon and mCherry-tagged CA1 
dendrite by cryoCLEM (Fig. 2A, B) to direct the collection of cryoET data (tilt series with 2° tilt 
increments, +/-60° range, ~110 e/Å2 total dose) corresponding to a 1.2 mm2 field of view of the 
tissue cryo-section with 3 Å pixel size. The reconstructed tomographic volume (Fig. 2C) revealed 
the in-tissue molecular architecture of a circuit-specific engram synapse (Fig 2C, D, E and Supp. 
Table 1), including macromolecular complexes and organelles. The ChR2-EYFP-containing 
region of the tomographic volume corresponded to a membrane bound compartment filled with 
presynaptic vesicles and interspersed with microtubules. In contrast, the mCherry-containing 
region of the tomogram marked a membrane-bound subcellular compartment containing a 
network of branched F-actin cytoskeleton (Fig. 2B, C, D). Within the cleft formed between the 
pre- and postsynaptic compartments, individual protein complexes were observed protruding from 
both the pre- and postsynaptic membranes, as well as transsynaptic complexes that tethered the 
pre- to the postsynaptic membrane (Fig. 2C). These molecular features confirm the capability of 
this engram to tomogram workflow to obtain the in-tissue molecular architecture of a circuit-
specific engram synapse. 
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Quantification of engram-labelled synapses 

To investigate if the composition and molecular architecture of engram synapses was conserved, 
we collected a dataset of fourteen in-tissue engram synapse tomograms. Adjacent engram (TRE-
mCherry+ and TRE-Ch2R-EYFP+) cryoFM puncta were confirmed as engram synapses based 
on the correlation of EYFP to a compartment containing synaptic vesicles and of mCherry to a 
neighboring compartment connected via transsynaptic adhesion molecules spanning a cleft 
(Supp. Table Fig. 1). We cataloged and quantified the identifiable macromolecular and organelle 
constituents in these cryoET datasets (Fig. 2E and Supp. Table 1). Microtubules, mitochondria, 
and other membrane-bound organelles were present in 31%, 85%, and 50% of engram synapses, 
respectively (Fig. 2E). Ribosomes were absent from both the pre- and postsynaptic 
compartments of all engram synapses but were evident in non-synaptic compartments (Supp. 
Table 1). 

Mitochondria were identified with and without calcium phosphate deposits51 (Fig. 3A). A large 
proportion of mitochondria (58%) were found within postsynaptic compartments (Fig. 3B)52. Since 
dendritic spines do not contain mitochondria53,54, it is likely that such synapses with postsynaptic 
mitochondria correspond to dendritic shaft synapses55–58. 

Presynaptic vesicles were indicative of synapses in tomograms (Supp. Table 1), where they play 
a critical role in action potential-evoked neurotransmission59. Synaptic vesicles with 33 ± 1.22 nm 
(mean ± SD) diameter were variously distributed throughout presynaptic compartments, as 
expected34,38,60–62. The distribution of synaptic vesicles could give structural insight into 
presynaptic mechanism contributing to the synaptic strength of each synapse because only 
vesicles proximal to the active zone are thought capable of mediating fast synaptic 
transmission33,61–63. Synaptic vesicle distribution was assessed by measuring the total volume 
occupied by proximal (0-45 nm from presynaptic membrane, Fig. 3C), medial (45 - 75 nm from 
presynaptic membrane) and distal (> 75nm from presynaptic membrane) synaptic vesicles. There 
was no significant difference between the occupancy at these locations (proximal versus 
intermediate and distal vesicle populations) (Fig. 3D), which was comparable to that previously 
reported in primary neurons33. 

F-actin cytoskeleton in postsynaptic compartments plays a central role in structural remodelling 
during synaptic plasticity6,64–67, particularly at dendritic spines68. We mapped cytoskeletal 
networks in each postsynaptic compartment by segmenting and analyzing filaments in each 
engram synapse69 (Fig. 3E, F). These data showed F-actin formed branched networks, with a 3-
fold variation of copy number, and were a conserved constituent of engram synapses34. 

The strength of synaptic transmission is dependent upon multiple factors, including geometric 
parameters of the synaptic cleft70. We measured the cleft height (nearest-neighbour distance 
between the pre- and postsynaptic membrane), revealing the mean cleft height of each engram 
synapse tomogram varied from 12 to 35 nm (Fig. 3G). This range was larger than previously 
reported in analysis of 2D EM images of chemically fixed and heavy metal-stained synapses70,71. 
However, cleft height distribution was comparable to that reported for cryosections of PSD95-
EGFP-labelled glutamatergic synapses34. Some clefts had a bimodal cleft height distribution, 
inferring that there were distinct subregions of synaptic cleft. We measured the height of cleft 
adhesion proteins in the synaptic cleft (Fig. 3H, I), demonstrating a similar distribution to the cleft 
height, suggesting adhesion proteins modulate the local cleft height of engram synapses. 
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To analyze further the distribution of proteins in the synaptic cleft we performed subtomogram 
average analysis72,73. We used an unbiased approach to pick proteins by over-sampling the pre- 
and postsynaptic membrane within the cleft. Alignment and PCA analysis classified those 
subvolumes containing individual proteins into six classes each containing 21-70 subvolumes and 
a copy number of up to 29 membrane proteins per class per synapse tomogram (Supp. Fig2A, 
B). These low-resolution class averages were consistent with the presence of cleft resident 
proteins but were of insufficient resolution to definitively identify constituents (Supp. Fig. 2C-H), 
for which a copy number of at least ~4000 is necessary to resolve the protein fold that identifies 
specific individual proteins within tissue cryo-sections by cryoET74. 

Analysis of non-synaptic subcellular compartments 

Non-synaptic regions adjacent to engram synapses (TRE-ChR2-EYFP+ or TRE-mCherry+ 
cryoCLEM) were also captured within our in-tissue cryoET dataset (Supp. Table 1). Myelinated 
axons accounted for 14% non-synaptic engram-labelled subcellular compartments. mCherry-
labelled axons were absent, consistent with the CA3 (presynaptic) targeting of TRE-ChR2-EYFP 
expression (Supp. Fig. 3A). Filo- or lamellipodia accounted for 16% non-synaptic TRE-ChR2-
EYFP+ subcellular compartments, with 18-46 nm average diameters (Supp. Fig. 3B). These 
subcellular structures could correspond to cellular intermediates of synaptogenesis75–77. The 
remaining 70% of non-synaptic TRE-ChR2-EYFP+ subcellular compartments (Supp. Table 1) 
likely corresponded to unmyelinated axonal processes78. Non-synaptic TRE-mCherry+ 
membrane-bound subcellular compartments likely corresponded to somato-dendritic regions of 
CA1 neurons (Supp. Fig. 3C).   

We also analyzed unlabeled (TRE-ChR2-EYFP- and TRE-mCherry- cryoCLEM) subcellular 
compartments surrounding each synapse that provided in-tissue contextual information in the 
form of multiple membrane-enclosed subcellular compartments (17 to 627 nm diameter) (Supp. 
Table 1). The cellular origin, either neuronal or non-neuronal, for most of these subcellular 
compartments could not be definitively determined. Nonetheless, 15% of engram synapse 
tomographic volumes contained unlabeled filo- or lamellipodia (Supp. Fig. 3A, right), 33% 
tomographic volumes containing synapses also contained unlabeled myelinated axons (Supp. 
Fig. 3B, right), and 19% contained extracellular vesicles (Supp. Fig. 3D and Supp. Table 1)79. 
The proximity of unlabeled to engram-labelled subcellular compartments is consistent with the 
sparse distribution of neurons that form engram circuits2,16,80 and that engram circuits are not 
spatially segregated from other neuronal circuits2,16,80. 

Cell-specific cryoCLEM-guided cryoET  

To test further the general application of targeting genetically labelling subpopulations of neurons 
for cryoET, we collected an additional nine synapse tomograms formed from engram-labelled 
ChR2-EYFP-positive CA3 presynaptic terminals and unlabeled contralateral CA1 postsynaptic 
terminals (Fig. 4A and Supp. Table 1). ChR2-EYFP marked a presynaptic compartment 
containing numerous presynaptic vesicles, confirming the fidelity of cryoCLEM-guided cryoET to 
locate synapses with a single engram cell fluorescent label. To test if this cryoCLEM-guided 
cryoET could identify synapses within larger labeled neuronal ensembles, an additional three 
synapse tomograms were also collected from mice receiving pan-neuronal presynaptic labelling 
in CA3 (with CamKII-ChR2-EYFP AAV) andTRE-mCherry AAV for postsynaptic labelling in CA1. 
Fig. 4B, Supp. Fig. 1A, and Supp. Table 1). Pan-neuronal ChR2-EYFP and mCherry mapped 
to cellular compartments containing presynaptic vesicles and a network of branched F-actin, 
respectively. These data further demonstrate the broad versatility of this workflow to obtain 
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molecular resolution tomographic maps of specific synapses within neuron ensembles in the 
mammalian brain. 
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Discussion 

Here, we developed and applied a novel workflow bridging animal behaviour to proteins within 
neuronal circuits, unveiling the 3D molecular architecture of synapses that underlie engram 
connectivity. We described and quantified the heterogeneity of these synapses, demonstrating 
that diversity exists within engram contacts with regards to organelles, and macromolecular 
complexes. This workflow provides a foundation for further interrogating engram cell connectivity 
in fresh tissue at the subcellular and molecular level by in-tissue cryoET34,74. 

Earlier studies of synapse structure cryopreserved neuronal cultures and brain tissues to analyze 
synapses by cryoET31,34–36,39,81,82 and cryoCLEM labelling has previously been applied to cellular 
and tissue cryoET34,35,39. The recent application of room temperature, volumetric EM of resin-
embedded tissue to the study of engram cells allowed the characterization of the cellular 
morphology and the connectivity of CA1 engram neurons one week after memory acquisition83. 
This elegant, complementary study discovered CA1 engram neurons contained a higher fraction 
of multi-synaptic boutons compared to CA1 neurons in control mice. However, engram synapse 
identification requires pre- and postsynaptic identification of engram circuit components. This 
study was therefore unable to distinguish engram from non-engram synapses per se. While resin-
embedded volumetric EM interrogates overall changes in the extent of connectivity, cryoCLEM-
targeted cryoET additionally gives insight into the native 3D macromolecular architecture of 
engram versus non-engram synapses. 

The 3D architecture, including organelle and macromolecular composition, of engram synapses 
were highly variable, likely reflecting known diversity of synapse types even within the same brain 
region84,85. We also observed variable cleft height within and between synapses34 . This 
heterogeneity could be explained, at least in part, by the fact that both excitatory and inhibitory 
neurons were potentially labelled during memory encoding. Indeed, synapse tomograms included 
those both on dendrites and within dendritic spines. Future studies could further dissect engram 
synapses by incorporating additional cell type-specific genetic reporters or targeting markers of 
structural plasticity67, as well as combining volumetric cryoFIB-SEM imaging with cryoET of FIB-
milled lamella86. 

Learning and memory-related plasticity mechanisms have been reported to affect specific cellular 
protein constituents of neuronal circuits at different times67,83,87,88. Developing engram circuit 
labelling methods to acquire in-tissue cryoET dataset at early versus late time-points following 
memory encoding could determine if structural differences transiently exist or persist at time 
points relevant to plasticity processes. This could resolve specific changes at engram synapses 
relating to different phases of memory encoding, such as recall, consolidation and storage, and 
relating to different brain regions5,21,80,89. Moreover, the combination of our workflow with both 
natural or artificial optogenetic memory recalls could enable the comparison of engram synapses 
between active and inactive memory circuits90–93 . 

The ‘engram to tomogram’ workflow reported here provides a first demonstration that sparse 
engram synapses can be identified and visualized at macromolecular resolution within the mouse 
brain. Larger cryoET datasets of engram synapses could allow direct determination of 
subnanometer resolution in-tissue protein structures by subtomogram averaging74. Additionally, 
the development of in-tissue cryoET methods to collect tomograms from synapses spanning 
several serial cryo-sections could enable a more complete structural interrogation of each engram 
synapse82. Application of these targeted cryoET approaches will necessarily expand the engram 
field to relate behavioural and electrophysiological properties 2,17,94 to their structural counterparts 
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and gain a deeper understanding of plasticity mechanisms that mediate different stages of 
memory encoding. More broadly, defining the synaptic and structural plasticity mechanisms 
behind engram formation and function is key to understanding how the brain computes 
information to adapt to changing environments95 and could also provide insight into the molecular 
changes to engram synapses associated with development, aging, stress, trauma, and models of 
neuropsychiatric and neurodegenerative disorders96–106 . 
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Methods 

Animals 

The experimental subjects employed were male C57Bl6/J mice (Charles River), aged 7 to 14 
weeks. The animal room was maintained at a constant temperature of 22°C, and a 12-hour 
light/dark cycle was established, with all experimental steps conducted during the light phase. 
Mice were housed in groups of five, in cages equipped with a tunnel, with free access to food and 
water. The care and behavioural experiments involving the mice were approved by the Animal 
Ethics Committee of Trinity College Dublin, University of Leeds Animal Welfare and Ethics 
Committee. Experiments were conducted in accordance with the Health Products Regulatory 
Authority of Ireland, European Directive 2010/63/EU, and the UK Animal Scientific Procedures 
Act. 

Stereotactic surgery and engram labelling 

Stereotactic surgery was performed under stereotactic guidance using standard mouse 
stereotactic frames. Mice were anaesthetized using 500 mg/kg avertin (Sigma). During the 
procedure, a bilateral craniotomy using a 0.5 mm diameter drill was carried out and viral cocktails 
were injected through a metal needle attached to a 10 µL Hamilton microsyringe (701LT; 
Hamilton) and an automated microsyringe pump (WPI). To label engram cells, cfos-tTA, TRE-
mCherry and TRE-ChR2-EYFP AAV plasmids were used (gift from S.Tonegawa). For pan-
neuronal labelling, TRE-ChR2-EYFP was substituted for CamKII-ChR2-EYFP (Addgene, 26969). 
Plasmids were AAV9 serotyped and packed into viral particles by Vigene Bioscience (Maryland, 
USA). The needle was placed on appropriate stereotactic coordinates and remained for 5 min 
before the injection commenced. The coordinates used were: CA1 (-2.0 mm AP, +1.3 mm ML, –
1.4 mm DV) and contralateral CA3 (-2.0 mm AP, -2.5 mm ML, –2.3 mm DV); 250 nl or 200 nl (for 
CA1 or CA3 respectively) of cocktail virus were injected at 60 nl/min speed. After the injection, 
the needle stayed for ten additional minutes before it was carefully withdrawn. The incision was 
closed with sutures. Mice were given 1.5 mg/kg metacam (Meloxicam) as an analgesic once per 
day for two days after surgery. Once returned to the home cage, animal health was assessed 
every two-three days. Mice were allowed to recover for ten days prior to engram labelling. Mice 
were fed 40 mg kg-1 doxycycline (DOX) for at least a week before surgery. Animals were 
individually handled for three min each day for three days immediately before the engram 
labelling. On the fourth day, the DOX diet was substituted for regular diet. After 36 hours, animals 
were subjected to Contextual Fear Conditioning. Animals were transported to an experimental 
room where they were allowed to explore a context for 3 minutes, followed by 3 successive 0.75 
mA shocks of 2 s duration spaced by one minute. Contextual cues used were a triangular shape 
inset and Benzhaldehyde 0.25% (Med Associates Contextual Chambers). Immediately after CFC, 
animals were put back on DOX diet. Four adult male mice were used for tomography data 
collection. 

Immunohistochemistry 

Mice were sacrificed 8 days after engram labelling and brains were collected. Whole brains from 
3 adult male mice were flash-frozen in liquid nitrogen. Brains were thawed, flash-frozen in OCT 
and mounted in a cryostat (Leica). At -18°C, 14 μm thick brain slices were cut and attached to 
glass slides. Slices were fixed in ice-cold methanol for 7 minutes and were stained with antibodies 
against Synapsin-1 (Invitrogen cat #A-6442, 1:200) or PSD-95 (Neuromab, cat #75-028, 1:200) 
at 4°C overnight. The next day, slides were washed in PBS. A secondary antibody was applied 
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(ThermoFisher Anti-Rabbit-AF 568, 1:1000, or Anti-IgG2a-AF 594, 1:1000) for 2 hours at room 
temperature. Tissue sections were washed in PBS and mounted in Vectashield mountant with 
DAPI (Vector Laboratories, Burlingame, CA). 

All images were captured using a confocal laser scanning microscope (Zeiss LSM 700) utilising 
a 10x air objective lens (0.45 numerical aperture) and 63x oil objective lens (1.2 numerical 
aperture) with frame size 1024x1024 pixels. Samples were imaged using 405 nm, 488 nm and 
561 nm lasers. Colocalization was measured using the Coloc2 package in Fiji and the Pearson’s 
correlation value was plotted. 

Preparation of acute slices  

Mice were 6 days after engram labelling administered intraperitoneal injection of pentobarbital 
(100 mg/kg) and intracardial perfusion of room temperature NMDG cutting buffer (23.25 mM 
NMDG, 0.625 mM KCl, 0.3 mM NaH2PO4, 7.5 mM NaHCO3, 5 mM HEPES, 6.25 mM C₆H₁₂O₆, 
1.25 mM C6H7O6Na, 0.5 mM CH4N2S, 0.75 mM C3H3NaO3, 2.5 mM MgSO4.7H2O, 0.125 mM 
CaCl2.2H2O; pH 7.2-7.4; 304-310 mOsm; adapted from107. Coronal sections 100 µm thick were 
prepared using a Leica vibratome (0.26mm/s) in ice-cold NMDG cutting buffer. For cryoCLEM 
and cryoET experiments, the slices were recovered in room temperature hACSF buffer (120 mM 
NaCl2, 5 mM KCl, 1.2 mM MgCl2.6H2O, 2 mM CaCl2.2H2O, 25 mM HEPES, 30 mM C₆H₁₂O₆; pH 
7.2-7.4108. 

High-pressure freezing 

Acute slices were incubated in 1 µM Hoechst 33342 (ThermoFisher, cat #62249) in NMDG cutting 
buffer at room temperature to label the cell bodies for subsequent identification of the granular 
layer. Acute slices were imaged on an EVOS Auto2 microscope with a 4x air objective (0.13 Ph 
LWD) and equipped with DAPI (Ex357/44, Em 447/60), GFP (Ex470/22, Em 510/42) and RFP 
(Ex531/40, Em 593/40) filter cubes (Invitrogen). Biopsy punches were taken from regions of 
interest using a 1.2 mm diameter tissue puncher and were incubated in cryoprotectant (20% 
dextran in NMDG cutting buffer38  for 30 mins at room temperature. 100 μm deep wells inside 3 
mm diameter A-type gold carriers were filled with cryoprotectant and tissue. The A- and lipid-
coated B- type carriers were loaded into the cartridge of the Leica EM ICE and were high-pressure 
frozen. Carriers were stored in liquid nitrogen. 

Cryo-ultramicrotomy 

High-pressure frozen carriers were mounted into the specimen holder of the Leica EM FC7 for 
cryo-sectioning. Carriers were trimmed with a diamond knife (Diatome, Trim20) and 100-190 nm 
thick sections were cut at -160 °C using a cutting knife (Diatome, cryo-immuo). Sections were 
pulled into ribbons with a gold eyelash using a micro-manipulator109. Ribbons were transferred 
onto glow-discharged 200 mesh 3.5/1 Cu grids (Quantifoil Micro Tools, Jena, Germany). 

Cryogenic fluorescence microscopy (cryoFM) 

Cryo-sections attached to EM grids were imaged using a cryogenic fluorescence microscope 
(Leica Thunder) with a HC PL APO 50x/0.9 NA cryo-objective, Orca Flash 4.0 V2 sCMOS camera 
(Hamamatsu Photonics), a Solar Light Engine (Lumencor) and GFP (450-490 nm excitation; 500-
550 nm emission), EYFP-ET (500/20 excitation, 535/30 emission), Rhodamine (541-551 nm 
excitation; 565-605 nm emission) and CY5 (608-648 nm excitation; 692-740 nm emission) filter 
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sets. An additional zoom factor of 5 was applied and images with frame size 2048 x 2048 pixels 
were obtained. Tilescans of carriers and grids were acquired using the LASX navigator. Z-stacks 
of areas of interest were acquired with 30 % intensity and 0.2 s exposure time. Images were 
processed using Fiji ImageJ. 

Cryogenic correlated light and electron microscopy and cryo-electron tomography  

EM Grid squares were selected for electron microscopy based on their fluorescent puncta and 
grid orientation using ThermoFisher MAPS 3.0 software. Tomograms were collected using an FEI 
Titan Krios and autoloader (camera: Selectris energy filtered Falcon 4) with 3 Å pixel size. High 
precision correlation was achieved using MatLab scripts110  (Schorb and Briggs, 2014). 
Tomograms were reconstructed from their respective tilt series from +60° to –60° in increments 
of 2° using a dose symmetric tilt-shift using Tomo 5.8 software. Tilt series were collected with 2 s 
exposure at a dose of 0.9 Å2/s and between -5 to -8 µm defocus, resulting in a total dose of ~109 
electrons and pixel size of 3 Å. Dose fractions were aligned, and tomograms were reconstructed 
using patch tracking in IMOD software111. Tomograms were deconvolved in IsoNet112. 

Subtomogram averaging 

To subtomogram average synaptic cleft proteins, membrane oversampling models were 
generated in Dynamo113 . Six iterations of averaging were performed using a 20x20x10 box size 
and a cylindrical mask in PEET73. Classification into six classes was achieved with PCA analysis 
in PEET. ChimeraX 1.6114 was used to visualize classes in 3D. 

Data Handling and Statistical Analysis  

Graphs were produced using GraphPad Prism software. Fluorescence images were analysed in 
Fiji ImageJ. Vesicle analysis was carried out using a combination of IMOD software111 and MatLab 
scripts. Cleft height was measured using Dynamo and MatLab scripts34. Cytoskeletal filament 
number was measured using an ultrastructural analysis toolkit69. Segmentations were prepared 
using a combination of IMOD, Dynamo and ChimeraX 1.6 software. 

Identification of constituents within tomographic volumes 

Constituents were identified (Supp. Table 1) based upon the following criteria. Intracellular versus 
extracellular regions were distinguished by the higher density of cellular cytoplasm and 
characteristic intracellular organelles. Myelinated axons were defined as central compartment 
containing membrane-bound organelles and surrounded by rings of membrane lipid bilayer115. 
Filopodia/lamellapodia were defined as <60 nm diameter membrane-bound protrusions with a 
closed tip within the tomographic volume116. Extracellular vesicles were defined as closed vesicles 
situated within interstitial regions of the tomographic volume79. Mitochondria were defined as 
double membrane-bound organelle with inner membrane forming folded cristae. Calcium 
phosphate deposits were identified as electron-dense granules evident within mitochondria 51. 
Multi-vesicular bodies were identified as a group of two or more vesicles found encompassed by 
a larger membrane within an intracellular space. F-actin was defined as ~7 nm diameter filaments 
composed of a helical arrangement of globular subunits117. Microtubules were defined as 25 nm 
diameter tubes composed of 13 tubulin subunits. Golgi apparatus was identified based on the 
presence of a stack of membranes in an intracellular compartment. Membrane organelles of 
unknown identity (Supp. Fig 3D) were defined as >80 nm diameter intracellular membrane-bound 
compartments. 
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Figure 1. CryoCLEM targeting of engram synapses. 
A. Top and bottom, schematics showing timeline and genetic strategy to label a contextual fear 
memory engram, respectively.  AAV-constructs were delivered into contralateral CA3 and CA1 
regions to allow simultaneous labelling of pre- and post-synaptic neurons, respectively.  
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CA3-CA1 engram was labelled by using a TRE-ChR2-EYFP vector that is activated by tTA, which 
expressed under the control of a c-fos promoter. In the absence of DOX (DOX OFF), engram 
neurons encoding an episodic memory became tagged with ChR2-EYFP (CA3, presynaptic) and 
mCherry (CA1, postsynaptic). Lightning symbol, foot-shock delivery; d, days 
B. Schematic depicting the detection of fluorescent engram-labelled neurons within the acute 
brain slices, high -pressure frozen (HPF) tissue, and cryo-sections. These fluorescent puncta 
were used to direct cryoET data collections of synapses. 
C. Fluorescence microscopy of engram-labelled fresh hippocampus. Green, presynaptic CA3 
engram terminals (ChR2-EYFP). Red, postsynaptic CA1 engram neurons (mCherry). Blue, 
hoechst nuclear label. White dashed circle, area of tissue biopsy. Scale bar, 500 mm. 
D. CryoFM of high-pressure frozen (HPF) engram-labelled tissue biopsy. Colours same as C. 
Scale bar, 500 mm. 
E. CryoFM of engram-labelled mouse brain tissue cryo-section. Colours same as C. White 
arrowhead, adjacent CA3 presynaptic ChR2-YFP-positive and CA1 postsynaptic mCherry-
positive puncta.  Scale bar, 5 mm. 
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Figure 2. 3D molecular architecture of an engram synapse by cryoET 
A. Schematic depicting the labelling of engram cells in the CA3 and contralateral CA1 for 
cryoCLEM and targeted cryoET. 
B. Top left, cryoFM image of engram-labelled mouse cryo-section. Green, TRE-ChR2-EYFP 
labelled presynaptic CA3 engram neuron terminals. Red, TRE-Cherry labelled postsynaptic CA1 
engram neuron. White box corresponds to adjacent ChR2-EYFP and mCherry puncta from which 
a tomographic tilt series was collected. Scale bar, 0.5 mm. 
Bottom left, cryoEM image of the same tissue cryosection. White box corresponds to the region 
from which the tomographic tilt series was collected. Scale bar, 0.5 mm. 
Right, aligned cryoFM and cryoEM (cryoCLEM) image of tissue cryo-section. Colours same as A. 
Region shown corresponds to the tilt series collected. Scale bar, 0.5 mm. 
C. Section from a tomographic slice of engram-labelled synapse. Green filled arrowhead, 
presynaptic membrane. Red arrowhead, postsynaptic membrane. Magenta filled arrowhead, 
postsynaptic membrane protein. Magenta open arrowhead, transsynaptic adhesion protein 
spanning the cleft. Orange arrowhead, F-Actin. Green open arrowhead, presynaptic vesicle. 
Yellow arrowhead, microtubule. White arrowhead, knife damage from cryo-sectioning. Scale bar, 
20 nm. 
D. 3D segmentation of the reconstructed in-tissue tomogram from the location indicated in A. 
Green, ChR2-EYFP-positive presynaptic membrane. Red, mCherry-positive postsynaptic 
membrane. Dark red, cleft protein. Transparent green, presynaptic vesicle. Gold, cytoskeletal 
filament. Yellow, microtubules. Purple, mitochondrion, Light grey, subcellular compartments 
surrounding engram-labelled synapse. Pink, putative filopodia. 
E. Graph showing the prevalence of macromolecular constituents in engram synapses and 
surrounding compartments (n=15). Graph depicts mean per mouse ± SD. 
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Figure 3. Heterogeneity of engram synapse molecular architecture. 
A. Left and right, tomographic slices of mitochondria within engram synapses without and with 
calcium phosphate deposits, respectively. Purple filled arrowhead, outer mitochondrial 
membrane. Purple outlined arrowhead, inner mitochondrial membrane forming cristae. Cyan 
arrowhead, calcium phosphate deposits. Scale bars, 20 nm.  
B. Left, graph showing the prevalence of mitochondria in presynaptic and postsynaptic 
compartments of engram synapses (mean ± SD).  
Right, graph showing the number of mitochondria with calcium phosphate deposits in presynaptic 
and postsynaptic engram-labelled compartments (mean  ± SD). 
C. Tomographic slices of vesicles in an engram-labelled synapses. Green filled arrowhead, 
presynaptic membrane. Red arrowhead, postsynaptic membrane. Green open arrowhead 
presynaptic vesicle. Black arrowhead, protein tethering synaptic vesicle to presynaptic 
membrane. Scale bar, 20 nm. 
D. Quantification of synaptic vesicle distribution based on the ratio of the volume occupied by 
vesicles in proximal, intermediate and distal regions of the presynaptic compartment of engram 
synapses (mean per synapse ± SD). 
E. Left, tomographic slice depicting an engram-labelled synapse. Green arrowhead, presynaptic 
membrane. Red arrowhead, postsynaptic membrane. Yellow arrowhead, F-Actin. 
Right, the same tomographic volume with overlay of F-Actin segmentation indicated in yellow. 
Scale bar, 20 nm. 
F. The number of F-Actin filaments in engram-labelled postsynaptic compartments (mean per 
synapse ± SD).  
G. Distribution of cleft heights (KDE, kernel density estimation) in engram-labelled synapses. 
Distribution of cleft heights in each synapse shown in different colour. 
H. Tomographic slice showing measurement of the length of transsynaptic adhesion proteins. 
Model points (green) were placed on the pre- and post-synaptic ends of cleft adhesion proteins. 
The distance between these coordinate pairs was calculated to measure the length of 
transsynaptic adhesion proteins. Scale bar, 20 nm. 
I. Graph showing the length (mean ± SD) of cleft adhesion proteins in each engram-labelled 
synaptic cleft tomogram. 
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Figure 4. CryoCLEM-guided cryoET of neuronal ensembles. 
A. CryoCLEM-targeted cryoET of a synapse between an engram-labelled cell and an unlabelled 
cell in a tissue cryo-section. 
Left, schematic depicting the labelling of engram cells in the CA3 and contralateral CA1. To survey 
the surrounding synapses, tomograms were collected of synapses between engram-labelled CA3 
neurons and unlabelled CA1 neurons. 
Middle top cryoCLEM. Green, TRE-ChR2-EYFP labelled presynaptic CA3 engram neuron 
terminal. Scale bar, 0.5 mm. 
Middle bottom tomographic slice of a synapse between an engram-labelled cell and a neuron 
outside of the labelled engram circuit. Green filled arrowhead, engram-labelled presynaptic 
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membrane. Cyan arrowhead, unlabelled postsynaptic membrane.  Green open arrowhead, 
presynaptic vesicle. Scale bar, 20 nm. 
Right, segmentation of tomogram shown bottom left. Green, ChR2-EYFP-positive presynaptic 
membrane; Cyan, unlabelled postsynaptic membrane; Dark red, cleft proteins. Transparent 
green, presynaptic vesicle. Gold, cytoskeletal filament. Yellow, microtubule. Dark grey, non-
synaptic vesicle. Light red, extracellular vesicle. Pink, putative filopodia. Purple, mitochondrion. 
Light grey, subcellular compartments surrounding engram-labelled synapse. 
B. CryoCLEM-targeted cryoET of a synapse from a CamKII-ChR2-EYFP/TRE-mCherry-labelled 
mouse cryo-section. 
Left, schematic depicting the labelling of CA3 cells with a pan-neuronal CaMKII marker and 
engram cells in the contralateral CA1. Tomograms of synapses with CA1 engram cells were 
collected. 
Middle top, cryoCLEM. Green, CamKII-ChR2-EYFP labelled presynaptic CA3 neuronal terminal. 
Red, TRE-Cherry engram-labelled postsynaptic CA1 neuron. Scale bar, 0.5 mm. 
Middle bottom, tomographic slice of a synapse between an engram-labelled postsynaptic neuron 
and a pan-neuronal (CamKII)-labelled presynaptic neuron. Green filled arrowhead, pan-neuronal 
presynaptic membrane. Red arrowhead, engram postsynaptic membrane. Green outlined 
arrowhead, presynaptic vesicle. Scale bar, 20 nm. 
Right, segmentation of tomogram in bottom left. Colours same as in A. 
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Supplemental Figures and Table 
 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2025. ; https://doi.org/10.1101/2025.01.09.632151doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632151
http://creativecommons.org/licenses/by-nc-nd/4.0/


   

 

31 
 

Supplementary Figure 1. Confirmation of engram-labelled synapses in the hippocampus. 

A. Constructs were delivered intro contralateral CA3 and CA1 hippocampal regions to allow 
simultaneous labelling of presynaptic and postsynaptic components respectively. Projections into 
CA1 were labelled by contralateral CA3 injection of CaMKII-ChR2-EYFP AAV, whereas engram-
specific labelling was achieved with the doxycycline (DOX)-controled AAV cocktail cFos-tTA; 
TRE-mCherry. In the absence of DOX, engram neurons encoding for an episodic memory 
(contextual fear conditioning) became tagged with mCherry. Lightning symbol represents foot-
shock delivery. 

B. Cryostat sections of CaMKII-ChR2-EYFP AAV-injected brain tissue from the contralateral side, 
indicating the DG, CA1 and CA3 regions. Scale bars, 100 µm. 

C. Left, cryostat sections of CaMKII-ChR2-EYFP AAV-injected brain tissue from the contralateral 
CA1 region labelled with antibodies against PSD95 (left) and Synapsin-1 (right). Scale bar, 1 µm. 
Right, Colocalisation analysis (coloc2, see methods) shown as Pearson’s correlation coefficient, 
indicating negligible correlation of CaMKII-ChR2-EYFP and PSD95 and low-moderate correlation 
of CaMKII-ChR2-EYFP and synapsin-1-alexa-594. * p<0.05 via two-tailed Student’s t-test. Data 
presented as mean per acute slice ± SEM, with at least 3 images taken per slice. N= 3 mice. 

D. Cryostat sections of TRE-mCherry AAV-injected brain tissue from the CA1 region labelled with 
an antibody against PSD95. Scale bar, 1 µm. 
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Supplementary Figure 2. Subtomogram averaging of molecular constituents in the 

synaptic clefts of CA1 region synapses. 

A. Schematic representation of subtomogram averaging, picking subvolumes by membrane 

oversampling, followed by alignment, and PCA/k-means classification in PEET (see methods) to 

generate class averages of synaptic cleft constituents. 

B. Copy number of each class average per tomogram (mean ± SD). 

C. Top, tomographic density of class average ‘3’. Purple and grey tomographic density 

correspond to extracellular region of protein and membrane bilayer of engram synapse, 

respectively. 

Bottom, raw tomographic density of engram synapse showing the distribution of class average ‘3’ 

in cleft membrane. 

D. Top, tomographic density of class average ‘2’. Cyan and grey tomographic density correspond 

to extracellular region of protein and postsynaptic membrane bilayer of engram synapse, 

respectively. 
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Bottom, raw tomographic density of engram synapse showing the distribution of class average ‘2’ 

in cleft membrane. 

E. Tomographic density of class average ‘1’. Orange and grey tomographic density correspond 

to extracellular region of protein and lipid bilayers, respectively. 

F. Same as E but for class ‘4’ in yellow. 

G. Same as E but for class ‘5’ in red. 

H. Same as E but for class ‘6’ in green. 
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Supplementary Figure 3. cryoET of non-synaptic constituents. 

A. CryoCLEM-guided cryoET of myelinated axons. 

Left, cryoCLEM. Green, ChR2-EYFP. White box, region corresponding to tomographic slice 

shown in middle panel. Scale bar, 500 nm. 

Middle, tomographic slice showing ChR2-EYFP+ myelinated axon. Green arrowhead, membrane-

bound organelle. Brown arrowhead, myelin. White arrowhead, cryo-sectioning knife. Scale bar, 

50 nm. 

Right, prevalence of ChR2-EYFP+, mCherry+ and unlabelled (ChR2-EYFP-/mCherry-) 

myelinated axons in cryoET dataset (mean ± SD) (Supp. Table 1). 

B. CryoCLEM-guided cryoET of filo/lamellipodia. Left and middle, tomographic slice of ChR2-

EYFP-/mCherry- filo/lamellapodia. Pink arrowhead, putative filo/lamellapodia. Open pink 

arrowhead, putative filopodia containing microtubules. Green arrowhead, presynaptic membrane. 

Red arrowhead, postsynaptic membrane. Scale bar,100 nm. 

Right, prevalence of ChR2-EYFP+, mCherry+ and unlabelled (ChR2-EYFP-/mCherry-) 

filo/lamellapodia in cryoET dataset (mean ± SD) (Supp. Table 1). 

C. CryoCLEM-guided cryoET of non-synaptic compartment of CA1 labelled engram cell 

(mCherry+). 

Left, cryoCLEM. Green, ChR2-EYFP, Red, mCherry. White box, region corresponding to 

tomographic slice shown in middle panel. Scale bar, 500 nm. 

Right, tomographic slice showing non-synaptic subcellular compartment of engram-labelled 

(mCherry+) CA1 engram cell. Red arrowhead, mCherry+ subcellular compartment. Yellow 

arrowhead, microtubule. Purple arrowhead, mitochondrion. White arrowhead, knife damage from 

cryo-sectioning. Scale bars 100 nm. 

D. CryoET of unlabelled (ChR2-EYFP-/mCherry-) extracellular vesicle in engram-labelled mouse 

brain tissue. 

Top, tomographic slice. Dark red, extracellular vesicle. 

Bottom, ribosomes in a non-synaptic mCherry+ engram-labelled compartment. Cyan arrowhead, 

ribosome. 

E. Membrane-bound organelles within an mCherry+ engram-labelled compartment. Dark blue 

arrowhead, membrane-bound organelle. Scale bar, 20 nm. 
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