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As key functional units in neural circuits, different types of neuronal synapses play distinct roles in brain information processing,
learning, and memory. Synaptic abnormalities are believed to underlie various neurological and psychiatric disorders. Here, by combin-
ing cryo-electron tomography and cryo-correlative light and electron microscopy, we distinguished intact excitatory and inhibitory
synapses of cultured hippocampal neurons, and visualized the in situ 3D organization of synaptic organelles and macromolecules in their
native state. Quantitative analyses of �100 synaptic tomograms reveal that excitatory synapses contain a mesh-like postsynaptic density
(PSD) with thickness ranging from 20 to 50 nm. In contrast, the PSD in inhibitory synapses assumes a thin sheet-like structure �12 nm
from the postsynaptic membrane. On the presynaptic side, spherical synaptic vesicles (SVs) of 25– 60 nm diameter and discus-shaped
ellipsoidal SVs of various sizes coexist in both synaptic types, with more ellipsoidal ones in inhibitory synapses. High-resolution tomo-
grams obtained using a Volta phase plate and electron filtering and counting reveal glutamate receptor-like and GABAA receptor-like
structures that interact with putative scaffolding and adhesion molecules, reflecting details of receptor anchoring and PSD organization.
These results provide an updated view of the ultrastructure of excitatory and inhibitory synapses, and demonstrate the potential of our
approach to gain insight into the organizational principles of cellular architecture underlying distinct synaptic functions.
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Introduction
Chemical synapses are basic functional units in neural circuits for
information transmission, processing, and storage (Eccles, 1964;

Südhof and Malenka, 2008; Mayford et al., 2012). The brain’s
remarkable computational power and cognitive capacity stem
from the enormous number of synapses in the brain, the plastic-
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Significance Statement

To understand functional properties of neuronal synapses, it is desirable to analyze their structure at molecular resolution. We
have developed an integrative approach combining cryo-electron tomography and correlative fluorescence microscopy to visu-
alize 3D ultrastructural features of intact excitatory and inhibitory synapses in their native state. Our approach shows that
inhibitory synapses contain uniform thin sheet-like postsynaptic densities (PSDs), while excitatory synapses contain previously
known mesh-like PSDs. We discovered “discus-shaped” ellipsoidal synaptic vesicles, and their distributions along with regular
spherical vesicles in synaptic types are characterized. High-resolution tomograms further allowed identification of putative
neurotransmitter receptors and their heterogeneous interaction with synaptic scaffolding proteins. The specificity and resolution
of our approach enables precise in situ analysis of ultrastructural organization underlying distinct synaptic functions.
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ity of each synapse, and the molecular and functional diversity
across these synapses (Milner et al., 1998; Bi and Poo, 2001).
Glutamatergic and GABAergic synapses, the two main types of
central synapses, play opposite roles in excitation and inhibition.
They have been shown by biochemical and electrophysiological
studies to contain different sets of molecular and cellular compo-
nents and to exhibit distinct functional properties and plasticity
rules (Craig and Boudin, 2001; Südhof and Malenka, 2008; Vo-
gels and Abbott, 2009; Sassoè-Pognettoet al., 2011). How are
these different components organized into the intricate machin-
ery to perform distinct synaptic functions? Electron microscopy
(EM) has been a primary tool for addressing this question by
enabling the visualization of the ultrastructure of various syn-
apses (Siksou et al., 2007; Harris and Weinberg, 2012).

Classical EM uses chemical fixation, dehydration, and plastic
embedding, followed by sectioning and heavy-metal staining to
image brain tissues and cultured neurons. Such meticulous pro-
cessing has enabled the use of electron beams to image various
biological specimens at high contrast. Indeed, classical EM obser-
vations have shaped much of our current knowledge about
synaptic ultrastructure (Sorra and Harris, 2000; Harris and
Weinberg, 2012). For example, prominent subcellular features,
such as the postsynaptic density (PSD) and synaptic vesicles
(SVs), are well documented, especially for excitatory synapses
(Gray, 1959; Colonnier, 1968; Schikorski and Stevens, 1997; Har-
ris and Weinberg, 2012). The 3D resolving capability of electron
tomography (ET) has yielded better views of synaptic ultrastruc-
ture (Harlow et al., 1998; Ress et al., 2004; Burette et al., 2012).
The improved structural preservation provided by high-pressure
freezing with freeze substitution (HPF-FS; Tatsuoka and Reese,
1989) combined with ET (Rostaing et al., 2006) has allowed stud-
ies of the organization and dynamics of SVs (Siksou et al., 2007;
Watanabe et al., 2013; Imig et al., 2014; Jung et al., 2016) and the
3D organization of macromolecular complexes in individual syn-
apses, such as the PSD-95/glutamate receptor complex at the PSD
(Chen et al., 2008, 2015).

It remains challenging to characterize the structure and orga-
nization of cellular and molecular machinery of specific synaptic
types at higher resolution (Hurbain and Sachse, 2011; Tao et al.,
2012), because damage or deformation from sample preparation
procedures can complicate structural interpretation (Hurbain
and Sachse, 2011). Cryo-electron tomography (cryo-ET), which
aims to overcome this limitation, has been used to visualize dis-
tribution of SVs and other ultrastructural features in isolated
synaptosomes and cryo-sections of brain tissues (Fernández-
Busnadiegoet al., 2010; Shi et al., 2014; Wilhelm et al., 2014; Perez
de Arce et al., 2015). However, cryo-ET alone cannot unambig-

uously identify synapse types due to a lack of specific labeling,
such as immunogold staining or photoconversion of diamino-
benzidine for classical EM (Megías et al., 2001; Schikorski and
Stevens, 2001; Rostaing et al., 2006; Harris and Weinberg, 2012).
One way to overcome this shortcoming is to take advantage of the
molecular specificity of fluorescence labeling and sample preser-
vation of cryo-ET in cryo-correlative light microscopy (LM) and
EM (cryo-CLEM), as suggested previously (Lucić et al., 2007),
although the ability of this approach to distinguish different syn-
apse types is yet to be realized. In the current study, we developed
an efficient cryo-CLEM platform to identify different types of
synapses in cultured hippocampal neurons, and to define presyn-
aptic and postsynaptic ultrastructural features of excitatory and
inhibitory synapses in their native state. By high-resolution
cryo-ET with cutting-edge direct electron detection (Li et al.,
2013), Volta phase plate (VPP; Danev et al., 2014; Fukuda et al.,
2015), and electron energy filter (Verbeeck et al., 2004) technol-
ogies, we could also visualize putative glutamate receptors and
GABAA receptors (GABAARs) and their organization at the post-
synaptic membrane of excitatory and inhibitory synapses.

Materials and Methods
The overall workflow of experimental procedures is illustrated in Figure
1A. Primary neuronal cultures were grown on EM grids and then plunge-
frozen for cryo-ET imaging followed by 3D reconstruction. For some
cultures transfected with constructs of fluorescent protein-tagged
synaptic proteins, cryo-fluorescence microscopy was performed before
cryo-ET for correlative imaging. All animal procedures were performed
following the guidelines of the Animal Experiments Committee at the
University of Science and Technology of China.

Primary culture of hippocampal neurons. Low-density cultures of dis-
sociated embryonic rat hippocampal neurons were prepared as previ-
ously described (Bi and Poo, 1998) with modifications. Quantifoil R2/2
gold EM grids (200 mesh with holey carbon film of 2 �m hole size and 2
�m spacing) or Quantifoil R2/2 gold NH2 finder grids (100 mesh with
holey carbon film of 2 �m hole size and 2 �m spacing) were plasma-
cleaned with H2 and O2 for 10 s using a plasma cleaning system (Gatan),
and sterilized with UV light for 30 min. These grids were then coated with
poly-L-lysine (Sigma-Aldrich) overnight, followed by washing with
HBSS and double-distilled H2O for �12 h each. Hippocampi were re-
moved from embryonic day 18 rats (without distinguishing sex differ-
ences) and were treated with trypsin for 15 min at 37°C, followed by
washing and gentle trituration. The dissociated cells were plated on the
poly-L-lysine-coated EM grids in 35 mm Petri dishes at a density of
40,000 – 60,000 cells/ml, and maintained in incubators at 37°C in 5%
CO2. The culture medium was NeuroBasal (Invitrogen) supplemented
with 5% heat-inactivated bovine calf serum (PAA Laboratories) plus 5%
heat-inactivated fetal bovine serum (HyClone), 1� Glutamax (Invitro-
gen), and 1� B27 (Invitrogen). Twenty-four hours after plating, half of
the medium was replaced by serum-free culture medium. Subsequently,
one-third of the culture medium was replaced with fresh culture medium
twice a week. For correlative microscopy, cultures were coinfected with
lentiviruses encoding PSD-95-EGFP and mCherry-gephyrin constructs
(see below) for 5–7 d in vitro (DIV) before vitrification of the grid. Twelve
hours after the infection, half of the culture medium was replaced by
fresh medium.

To prevent overgrowth of glial cells, the cultures were treated with
cytosine arabinoside (Sigma-Aldrich) at various stages. Cultures were
used for cryo-EM imaging at 14 –18 DIV, when healthy, low-density
cultures formed patches of monolayer neuronal processes (Fig. 1B1). We
judge whether the culture is healthy based on morphological criteria, e.g.,
smooth soma and dendrites with multiple branches viewed under phase-
contrast LM, and �1 probable synapse each few micrometers along the
dendrites of transfected neurons, as viewed under fluorescence micros-
copy. According to our experience, such criteria predict retention of
functional properties of synaptic transmission and plasticity evaluated
with patch-clamp recording and calcium imaging.
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DNA constructs and lentivirus preparation. The PSD-95 cDNA was
amplified from GW-PSD-95-EGFP plasmid (a generous gift from Dr.
Weidong Yao) and subcloned into pLenti-CaMKII-mKate2 vector to
produce pLenti-CaMKII-PSD-95-mKate2. The EGFP cDNA was
amplified from the pEGFPN1 plasmid, and then subcloned into
pLenti-CaMKII-PSD-95-mKate2 to produce the pLenti-CaMKII-
PSD-95-EGFP plasmid. The mCherry-gephyrin lentiviral construct
(Dobie and Craig, 2011) was a generous gift from Dr. Ann Marie Craig.
Both PSD-95-EGFP and mCherry-gephyrin lentiviral constructs were

packaged into lentivirus following a protocol from Dr. Karl Deisseroth’s
laboratory (Zhang F et al., 2010).

Frozen-hydrated sample preparation. After being removed from the
CO2 incubator, low-density neuronal cultures (14 –18 DIV) on EM grids
were first placed in extracellular solution (ECS; containing 150 mM NaCl,
3 mM KCl, 3 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, and 5 mM glucose,
pH 7.3), then mounted on a Vitrobot IV (FEI). Protein A-coated colloidal
gold beads (15 nm; CMC) were added to the grid (4 �l each, stock solution
washed in ECS and diluted 10 times after centrifugation) as fiducial markers.
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Figure 1. Imaging primary rat hippocampal neurons with cryo-ET/cryo-CLEM. A, Illustration of the workflow of cryo-ET/cryo-CLEM imaging of neurons grown on gold EM grids. B, Representative
results from different stages of the workflow. B1, LM image of cultured neurons (red arrows indicate cell bodies). B2, Cryo-EM image of neuronal processes in one grid square. B3, A single cryo-EM
projection image of the boxed area in B2 showing a synapse-like structure with a presynaptic bouton (Bouton) containing a dense population of SVs (green circles), a postsynaptic spine (Spine), and
a relatively uniform cleft (yellow arrow). Inset shows a zoomed-in view of the synaptic bouton area with a dense population of SVs. B4, A tomographic slice showing fine structure of the same synapse
in B3, which was identified as a spine synapse by following through the tomogram in 3D, with mitochondrion (Mit), microtubules (MT), and SVs (green circles) and superposed with segmented
presynaptic membrane (green) and postsynaptic membrane (red). Inset shows a zoomed-in view of the synaptic cleft area with transcleft structures. C, Schematics depicting main components of
cryo-fluorescence light microscope with an EM cryo-holder. D, Pipeline of imaging synapse with cryo-CLEM. D1, Merged cryo-fluorescence and cryo-bright-field light images. D2, Low-magnification
cryo-EM image including the same grid square. D3, Merged images of boxed area in D1 and D2 after fine alignment. D4, Tomographic slice of the boxed area in D3 superimposed with aligned
fluorescence image showing the structure of a synapse with a green fluorescent punctum.
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The grids were then plunged into liquid ethane for rapid vitrification of the
samples, which were then stored in liquid nitrogen until use.

Cryo-ET imaging. Cryo-ET data were collected with single-axis tilt
using either a Tecnai F20 transmission electron microscope (FEI)
equipped with an Eagle 4K � 4K multiport CCD camera (FEI), or a Titan
Krios (FEI) with a K2 Summit direct electron detector (K2 camera, Ga-

tan). The Tecnai F20 was operated at an acceleration voltage of 200 kV.
Tilt series were collected from �60 to �60° at of 2° intervals using FEI
Xplore 3D software, with the defocus value set at �12 to �18 �m, and
the total electron dosage of �100 e �/Å 2. The final pixel size was 0.755
nm. The Titan Krios was operated at an acceleration voltage of 300 kV,
with or without VPP and Gatan image filter (GIF). In either configura-
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Figure 2. Synapses of various sizes, shapes, and ultrastructural details imaged with cryo-ET. A–C, Three tomographic slices showing structures of different synapses. In the synapses, structures,
such as SVs and dense core vesicle in presynaptic boutons (Bouton), microtubules (MT) in boutons and dendritic shaft (Shaft), mitochondria (Mit) in presynaptic bouton and postsynaptic spine
(Spine), are clearly visible. A1–C1, Zoomed-in views of corresponding boxed areas from A–C showing thick (A1, B1, dashed parallel lines) and thin (C1, dashed parallel lines) PSDs, as well as SVs
attached (A1, cyan arrowhead) or fused (B1, pink arrowheads) to the presynaptic membrane. D, E, Two synapses sharing the same presynaptic axon (determined by following through their
tomograms in 3D), both with thick PSDs (D1 and D2) or both with thin PSDs (E1 and E2), respectively. F, G, Two synapses sharing the same postsynaptic spine, both with thick PSDs (F1 and F2), or
one with thin PSD (G1) and the other with thick PSD (G2).
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tion, images were collected by the K2 camera in counting mode. In the
absence of VPP and GIF, tilt series were acquired from �64 to �64° at 2°
intervals using Leginon (Suloway et al., 2005), with the defocus value
maintained at �10 �m, and the total accumulated dose of �120 e �/Å 2.
The final pixel size was 0.765 nm. When VPP and GIF were used, the
energy filter slit was set at 20 eV, and VPP was conditioned by preirra-
diation for 60 s to achieve an initial phase shift of �0.3� (Fukuda et al.,
2015). Tilt series were acquired from �66 to �60° at an interval of 2 or 3°
using SerialEM (Mastronarde, 2005) with the defocus value maintained
at �1 �m and the total accumulated dose of �150 e �/Å 2. The final pixel
size was 0.435 nm.

For this study, we examined 78 grids, of which 12 were used for data
collection. The rest were discarded because the grids were damaged dur-
ing transfer or freezing, cultures were too dense and/or too thick, or
cultures appeared not healthy with few or no synapses found. Usually 3–5
grid squares (each �100 � 100 �m 2) per grid were selected for imaging.
To obtain high-quality cryo-ET images, it is critical to choose thin culture
areas with healthy yet relatively low-density dendrites (Fig. 1B2). Gener-
ally, areas ��500 nm thick were ignored. At this thickness, subcellular
structures, such as mitochondria, microtubules, and SVs, could not be
distinguished in single-projection images.

Cryo-correlative light and electron microscopy imaging. The hardware of
our cryo-light microscope system includes a custom-built cryo-chamber
with liquid nitrogen supply, a Gatan 626 EM cryo-holder, and an Olym-
pus IX71 inverted fluorescence microscope (Fig. 1C). The inside channel
of the cryo-chamber was precooled to �190°C by liquid nitrogen, and
maintained below �180°C, as monitored by a thermoelectric sensor.
Nitrogen gas flowed through the objective lens and light-source windows
during the experiment to prevent frost accumulation. Then, an EM grid
with frozen-hydrated sample was loaded onto an EM cryo-holder, which
was subsequently inserted into the cryo-chamber.

For cryo-CLEM imaging, fluorescence images were taken using a 40�
air-objective lens (Olympus LUCPLFLN 40�; numerical aperture, 0.6)
and an ANDOR NEO sCMOS camera (Andor) attached to the fluores-
cence microscope. For each field of view, three images were collected, one
in bright field, another in the EGFP channel [exciter (Ex): 470/40; di-
chroic mirror (DM): 495; emitter (Em): 525/50; Chroma, 49002], and
the third in the mCherry channel (Ex: 562/40; DM: 593; Em: 641/75;
Semrock, mCherry-B-000). Typically, �10 sets of images were sufficient
to cover all good areas (�40 squares) on each grid, which took �20 min
to complete; a “good area” was defined as a grid square (�100 � 100
�m 2) of appropriate sample thickness that displayed multiple dendritic
branches, usually containing dozens of PSD-95-EGFP puncta or multiple
mCherry-gephyrin puncta under fluorescence microscopy (Fig. 1D1).

Immediately after the LM imaging, the EM cryo-holder with grid was
directly transferred into a Tecnai F20 scope. Areas of the sample imaged
in cryo-light microscope were identified in the EM using the indexes of
the finder grids (Fig. 1D1,D2). Low-magnification (330�) EM images
were collected and approximately aligned with bright-field LM images
using Midas program in the IMOD package (RRID:SCR_003297; Kre-
mer et al., 1996). After rough alignment, a set of holes on the carbon layer
of the grid were picked from both the low-magnification EM images and
their corresponding fluorescence images using 3dmod in the IMOD
package. Transformation functions between the EM and LM images were
calculated based on the selected positions by minimizing the mean
squared error.

When the low-magnification EM image and LM image were optimally
aligned (Fig. 1D3), �15 holes on carbon (in one square) in the low-
magnification EM image were selected, with their pixel positions re-
corded. The same holes were identified at 5000� magnification and the
mechanical coordinates were recorded. Afterward, the transformation
function from the pixel positions to EM mechanical coordinates was
determined using similar linear regression methods. With the transfor-
mation functions, positions of selected fluorescent puncta (putative ex-
citatory or inhibitory synapses) were converted into corresponding EM
mechanical coordinates, which were used to guide EM-image acquisi-
tion. Tilt series were collected on the area with selected fluorescent sig-
nals. Finally, tomographic slices were fine-aligned and merged with the
fluorescence images to identify each synapse (Fig. 1D4 ) using Midas and

ImageJ (RRID:SCR_003070). Python scripts (RRID:SCR_008394) to in-
tegrate the correlation procedures are available to interested readers
upon request.

Three-dimensional reconstruction and rendering. Tilt series were
aligned and reconstructed using IMOD. Gold beads added to the sample
before plunge freezing were used as fiducial markers to align the tilt
series. Reconstruction was performed using a simultaneous iterative re-
construction technique with 5 or 15 iterations. A fraction of the data
collected was discarded during reconstruction for technical reasons: for
Tecnai F20, �50% of the data were discarded because of such issues as
stage drift, beam blockade at high tilt angles, and occasional autofocus
failure; for Titan Krios, �25% of the data were discarded, usually because
of issues with beam blockade or autofocus failure at high tilt angle, GIF
mistuning, or errors in VPP charging.

Cellular structures, including membranes, actin filaments, microtu-
bules, mitochondria, endoplasmic reticulum, and putative membrane
proteins in the tomograms were segmented by manually selecting
areas containing corresponding structures in UCSF Chimera (RRID:
SCR_004097; Pettersen et al., 2004) and filtered to make the densities
smooth and continuous. The volume of each structure was displayed
according to the intensity value. The human 80S ribosome structure
(Electron Microscopy Data Bank accession code EMD-5224; Brandt et
al., 2010), after low-pass filtering and scaling to the same pixel size as the
tomograms, was used as the template to localize ribosomes in the syn-
apses using PyTom (Hrabe et al., 2012). The template structures were
then placed in the final segmentation using UCSF Chimera. SVs were
identified as described below and rendered based on their size. The receptor-
like structures and their interactions with other structures on the cytoplas-
mic or the cleft side (see Figs. 8G, 9G) were manually segmented in the Amira
software package (RRID:SCR_014305).

Quantitative analyses of PSD and synaptic cleft. To analyze PSD pro-
files, we extracted a 10-nm-thick (z) subvolume containing a PSD from
each synapse (the z-axis is parallel with the direction of the electron
beam; y-axis is along the tilt axis; and x-axis is the direction perpendicular
to the xz plane). Virtual slices within the slab were averaged along the
z-axis using the Slicer tool in 3dmod to create a 2D projection (x, y).
Then, a contour line was manually drawn to trace the postsynaptic mem-
brane in this projection using 3dmod, and a set of virtual lines parallel to
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B B1

500 nm 50 nm

500 nm 50 nm

SV

SV

SV
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Figure 3. Identification of excitatory and inhibitory synapses with cryo-CLEM. A, B, Tomo-
graphic slices of an excitatory (A) and inhibitory (B) synapse colocalized with PSD-95-EGFP and
mCherry-gephyrin puncta, respectively. A1, B1, Zoomed-in views of the boxed area in A and B
showing the synapse with thick and thin PSD, respectively. Red dashed lines indicate the range
of the PSD.
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this contour line were defined at different dis-
tances from the contour line. Averaging along
each virtual line yields a cross-sectional mean
density value; the mean density values corre-
sponding to different distances from the post-
synaptic membrane constitute the density
profile for the synapse. To compensate for vari-
ability in imaging conditions, the density pro-
file was normalized by subtracting the mean
value corresponding to a “flat” region 100 to
200 nm from the postsynaptic membrane, and
then dividing by the SD of this “flat” region.

The density profile typically consists of dis-
tinct peaks corresponding to the presynaptic
and postsynaptic membranes as well as the part
of PSD with highest density (hereafter referred
to as the PSD peak); the positions of these com-
ponents were measured by Gaussian fitting
around the corresponding peaks in the profile
(see Fig. 4A2,B2). Synaptic cleft width was
defined as the distance from the center of
the postsynaptic membrane to the center of
the presynaptic membrane. The position of the
PSD peak (i.e., its distance from the postsynap-
tic membrane) was defined as d1. From the
PSD peak to the flat background into the post-
synaptic side, the density profiles varied widely.
A simple, objective approach to quantify this
was to fit it with an exponential decay function,
as follows: v � Ae �d / � � B, where d is the
distance to PSD peak, � is density value, and �
is the length constant of the fitted curve. Com-
bined with the distance of the PSD peak from
the postsynaptic membrane, we define d2 �
d1 � �, and consider d2 as a measure of the
thickness of the PSD.

Quantitative analysis of SVs. Size range and
shape variation of all SVs were initially ana-
lyzed in two steps. First, we used template
matching to identify vesicles. To do this, a set of
featureless spherical shells 5 nm thick with di-
ameter ranging from 25 to 70 nm at 1 nm
intervals were designed as templates. These
templates were Gaussian low-pass filtered to 10 nm resolution with
EMAN2.1, and used for template matching of SVs in the tomograms
using PyTom. The results of template matching were evaluated by visual
inspection, and mismatches were discarded. Second, we performed
shape analysis by 2D fitting. For each template-matched vesicle, the cen-
tral tomographic slice was extracted and the vesicular membrane was
masked using a donut-shaped mask. Then the coordinates of the pixels in
the masked vesicle, whose density value was higher than the average pixel
density of the masked vesicle, were used for 2D elliptic fitting (least-
square solution of the ellipse’s implicit polynomial representation in
Python implementation; Fitzgibbon et al., 1999). A few vesicles (mostly
ellipsoidal) could not be detected using template matching. For those
vesicles, we manually picked points on the SV membrane on the central
slice of those vesicles using the contour tool in 3dmod, and used those
points for 2D elliptic fitting.

For 3D fitting analysis of selected vesicles, we first manually picked
�18 points on the membrane of each vesicles in 3D using the contour
tool in 3dmod. These picked points were fitted to an ellipsoid using
least-square solution of the ellipsoid’s implicit polynomial representa-
tion in a Matlab implementation (RRID:SCR_001622). The lengths of all
axes in each vesicle were recorded. Note that the tomograms had non-
isotropic resolution (the resolution along z direction of the reconstructed
3D tomogram is much lower than the x/y resolution) because of missing-
wedge effect due to the limited range of tilt angles. This causes the EM
density along z direction to be blurred, but does not bias the shape of
fitted vesicles.

Analysis of receptor-like structures. To analyze receptor-like structures,
two high-quality synaptic tomograms, which were collected using a Titan
Krios equipped with K2 camera, VPP, and GIF, were selected. One of
them contained an excitatory spine synapse and the other an inhibitory
shaft synapse. We extracted subvolumes (x, y, z) containing particles on
the cleft side of the postsynaptic membrane of the excitatory and the
inhibitory synapse and performed the following analyses. Each subvol-
ume was averaged (9.6 and 6.5 nm for the excitatory and inhibitory
synapse, respectively) along the z-axis (parallel to the direction of the
electron beam) to create a 2D projection (x, y; multiple virtual slices
averaging using the Slicer tool in 3dmod). Particles with shape and size
similar to those of known receptor structures were visually classified as
putative receptors, and the rest were classified as putative nonreceptor
structures. The length and width of each particle were also measured
manually in a blind manner (independent of the visual classification).
After that, projections of all particles classified as glutamate receptors or
GABAARs were aligned by matching the postsynaptic membrane-end of
all these particles, and rotating the long axis of the particles to the vertical
direction. Aligned projections were averaged subsequently using the
Slicer tool in 3dmod.

To obtain the sizes (length and width) of specific transmitter receptors
based on the known crystal structures, density maps of AMPA receptors
(AMPARs), NMDA receptors (NMDARs), and GABAARs were stimu-
lated and low-pass filtered to 27 Å resolution using e2pdb2mrc.py pro-
gram in EMAN2.1 from their atomic models [NMDAR, PDB: 4TLL (Lee
et al., 2014); AMPAR, PDB: 4U2P (Dürr et al., 2014); GABAAR, PDB:
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4COF (Miller and Aricescu, 2014)], respectively. The low-pass-filtered
density maps were projected using the Slicer tool in 3dmod with 9°
spacing of the projection angles perpendicular to the longest axis of the
receptor density, generating 20 projections from each density map. We
measured the sizes of each projection to get mean length and width with
SDs for each receptor’s extracellular domain.

Experimental design and statistical analysis. We used 10 pregnant rats at
gestational day 18 (each had 8 –10 fetuses), including seven pregnant rats
for direct cryo-EM imaging, and three for cryo-CLEM imaging. Ninety
tomograms containing 101 synapses from eight grids were collected us-
ing cryo-ET without CLEM. Among them, 49 tomograms (55 synapses)
in six grids were collected using a Tecnai F20 equipped with a CCD
camera (including all examples in Figs. 1B, 2B–G, 4 A, B, 5A). Later in the
study, a Titan Krios equipped with a K2 camera became available and was
used to collect 31 tomograms (36 synapses) in one grid (including the
example shown in Fig. 2A). Additionally, a Titan Krios equipped with K2
camera, VPP, and GIF was used to collect 10 tomograms (10 synapses) in
one grid (including the examples in Figs. 6 A, B,G, 7–9, Movies 1–5). For
cryo-CLEM imaging, only the Tecnai F20 was used to collect 22 tomo-
grams (22 synapses) from four grids (including the examples in Figs. 1D,
3 A, B, 5 B, C).

To differentiate excitatory and inhibitory synapses, we collected cor-
relative tomograms containing 14 identified excitatory synapses and
eight inhibitory synapses for PSD characterization. An additional 90
synapses with clear PSD from noncorrelative tomograms were pooled
together with the identified synapses for cluster analysis of PSD charac-
teristics. For analysis of vesicle shapes, 16,476 vesicles in 35 excitatory
synapses, and 4766 vesicles in 15 inhibitory synapses were used for 2D
analysis, and 38 selected vesicles in five excitatory synapses and 102 ves-
icles in five inhibitory synapses were used for 3D analysis. For identifying
putative receptors, 145 particles on the postsynaptic membrane of an
excitatory synapse and 252 particles on an inhibitory synapse, both ob-
tained with a Titan Krios equipped with K2 camera, VPP, and GIF, were
analyzed.

All measurements are presented in the text as mean 	 SD. The two-
sample Kolmogorov–Smirnov test was used to compare the distributions
of the fraction of ellipsoidal vesicles in excitatory versus inhibitory syn-
apse populations.

Results
Cryo-ET of synapses in intact primary
neurons grown on EM grids
To observe the in situ ultrastructure of in-
tact hippocampal synapses, we directly
grew hippocampal neurons on gold EM
grids, which were plunge-frozen in liquid
ethane at 14 –18 DIV. This method pre-
served the structure of vitrified neuronal
synapses near their native form, as evi-
denced by the smooth membranous and
cytoskeletal structures (Fig. 1B2–B4).
Structural deformations commonly seen
in conventional EM (Korogod et al., 2015)
were not detected in these frozen-
hydrated samples.

To find synapses in these samples at
low electron dosage (to minimize radia-
tion damage), we usually started from se-
lected grid squares covered by thin ice that
contained many neurites (Fig. 1B2). We
then took a series of single-projection im-
ages at high magnification along dendrites
to look for synapse-like structures with
characteristic features, including closely
apposed membranes, with one of which
containing a dense population of vesicles

of similar sizes, and a relatively uniform cleft in between (Fig.
1B3). These membranous structures are easily identifiable under
cryo-EM, likely due to higher phase contrast of phospholipids
than amorphous background water. In our experiments, only
synaptic contacts with approximately normal orientation (i.e.,
the presynaptic and postsynaptic compartment do not overlap in
the single-projection image) were selected for further study, as
other contacts could not be easily identified as synapses. These
features would become more distinct, along with other fine struc-
tural details, in the 3D tomogram reconstructed based on the tilt
series collected for each synapse (Fig. 1B4). Besides the above
characteristic features, the synaptic cleft also contains transcleft
filaments and an electron-dense intercleft band similar to the
“intermediate band” described previously (Gray, 1959; Fig. 1B4,
inset).

Based on the above criteria, we identified 101 synapses of
various sizes, shapes, and ultrastructural details in 90 tomograms
(Fig. 2). Some of the synapses were formed directly on dendritic
shafts, with microtubules readily visible in the postsynaptic com-
partment (Fig. 2A). More synapses were formed onto probable
spines (Fig. 2B,C), with a mushroom-like postsynaptic compart-
ment containing no microtubules and a thin neck linking it to the
dendrite, as more clearly viewed in 3D tomograms (Fig. 1B4). In
most synapses, a thick electron density was observed near the
postsynaptic membrane (Fig. 2A,B), analogous to the PSDs of
excitatory synapses described in previous studies using conven-
tional EM (Colonnier, 1968; Peters and Palay, 1996). Intrigu-
ingly, we also found that �18% (18 of 101) of synapses had no
“typical” thick PSD structure, but a distinct thin sheet-like struc-
ture near the postsynaptic membrane (Fig. 2C). This thin sheet-
like structure, which has not been reported previously, is
reminiscent of the thickened postsynaptic membrane observed in
some “symmetric” inhibitory synapses (Colonnier, 1968; Peters
and Palay, 1996), as well as the postsynaptic specialization in the
glycinergic synapses in the anteroventral cochlear nucleus (Tat-
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Figure 5. Synapses without visible PSDs. A, A 15-nm-thick tomographic slice of an unidentified synapse imaged by cryo-ET
only. B, C, A 15-nm-thick tomographic slice of an excitatory (B) and an inhibitory (C) synapse identified by cryo-CLEM superposed
with the fluorescence image of colocalized PSD-95-EGFP and mCherry-gephyrin, respectively. A1–C1, Zoomed-in views of the
boxed area in A–C respectively showing that no PSD structures are visible in these synapses.
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suoka and Reese, 1989). We suspected that such thin sheets were
PSDs of inhibitory hippocampal synapses. Indeed, in the few
tomograms that captured multiple spines forming synapses onto
the same presynaptic bouton or different boutons of the same
axon, the seven pairs of spines we observed sharing the same
presynaptic cell were always the same type, with either “thick”

PSDs (four pairs; Fig. 2D) or “thin sheet-like” PSDs (three pairs;
Fig. 2E). In contrast, when separate boutons formed synapses on
the same postsynaptic spine, the corresponding PSDs could be
the same or different types (Fig. 2F,G). This suggests that
cryo-ET reveals distinct PSD features of intact excitatory and
inhibitory synapses in their native state.
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Identification of excitatory and inhibitory synapses
by cryo-CLEM
To unambiguously identify the types of individual synapses visu-
alized by cryo-ET, we developed a cryo-CLEM system (Fig. 1A)
that took advantage of the specificity of fluorescent protein tag-
ging. In this system, a cryo-chamber built to fit on a light micro-
scope (Fig. 1C) can accept an EM cryo-holder through a side port
to position the EM grid above the objective lens of the light mi-
croscope. This design makes it possible to shuttle the EM cryo-
holder between light and electron microscopes without repeated
sample transfer, thus minimizing ice contamination and grid
damage. For fiducial markers, we used the patterned carbon holes
on Quantifoil EM grids that can be visualized by both bright-field
LM and EM. Based on these patterns, accurate correlation be-
tween LM and EM was obtained using a custom-developed pro-
gram (see Materials and Methods). This approach differs from
existing cryo-CLEM methods that rely on the use of large (100 –
200 nm) fluorescent beads (Schorb and Briggs, 2014; Liu et al.,
2015), which may interfere with sample imaging.

We used lentivirus-mediated overexpression of PSD-95-
EGFP and mCherry-gephyrin to specifically label glutamatergic
and GABAergic synapses, respectively. LM and EM images ob-
tained from different stages of cryo-CLEM are shown in Figure
1D. The contrast of the fluorescence images was adjusted for
easier visualization of putative synapses seen as fluorescent
puncta. Note that the size of a fluorescent punctum does not
reflect the true size of a synapse because of limited optical reso-
lution. Using this system, we collected 14 excitatory and eight
inhibitory synapses that were identified based on their colocal-
ization with PSD-95-EGFP fluorescence (Fig. 3A) and mCherry-
gephyrin fluorescence (Fig. 3B), respectively. The EM images of

these synapses were virtually indistinguishable from those with-
out fluorescent protein labeling, indicating that the overexpres-
sion of these tagged scaffolding molecules did not significantly
alter synaptic ultrastructure.

Among the 22 synapses identified by fluorescence, and the 101
synapses obtained by cryo-ET only, we observed docked and
sometimes partially fused vesicles at the presynaptic membrane
(Fig. 2A,B), but no distinctive high-density “active zone” struc-
ture in the presynaptic area (Fig. 2), as described in previous
studies using conventional EM (Phillips et al., 2001; Südhof,
2012). By contrast, the postsynaptic sides contained distinctive
densities (Figs. 2, 3). Thick (�20 nm) PSD structures next to the
plasma membrane were easily identifiable in 13 of the 14 excit-
atory synapses (Fig. 3A) and spanned nearly the entire area of the
uniform synaptic cleft (Fig. 3A1). The existence of such thick
PSDs is consistent with the common belief that excitatory syn-
apses are “asymmetric,” with dense molecular scaffolds on the
postsynaptic side (Colonnier, 1968; Peters and Palay, 1996). In
contrast, nearly all (seven of eight) inhibitory synapses identified
by cryo-CLEM (Fig. 3B) had distinct thin sheet-like PSD (thin
PSD for short) positioned in parallel and close to the postsynaptic
membrane (Fig. 3B1). Thus, the previously termed “symmetric”
inhibitory synapses are in fact asymmetric under cryo-ET.

Quantitative analyses of PSD structures in excitatory and
inhibitory synapses
By plotting the mean pixel density as a function of its distance to
the postsynaptic membrane, we quantified the PSD profiles of the
above 20 identified synapses together with 90 additional synapses
with visible PSDs from the 101 synapses obtained with cryo-ET
but not CLEM (Fig. 4A,B). The curve contains two major peaks
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Figure 7. High-resolution cryo-ET of synapses obtained using VPP, electron energy filter, and direct electron detection. A, B, Single-projection cryo-EM images of an excitatory and inhibitory
synapse respectively. A1, Zoomed-in view of the white boxed area in A showing three bands of increased density (red arrows) at the junctional area: presynaptic membrane, intercleft band, and
postsynaptic membrane. The two leaflets of membrane bilayer can be distinguished (paired magenta arrows). B1, Zoomed-in view of the white boxed area in B showing five density bands (red
arrows) at the junction: presynaptic membrane, two intercleft bands, postsynaptic membrane, and postsynaptic density. Two leaflets of membrane bilayer can also be distinguished (paired magenta
arrows). C, Two leaflets of membrane bilayer (paired arrowheads) at SVs and synaptic membrane were evident in the reconstructed tomographic slice. D, E, Tomographic slices showing
macromolecular structures, such as microtubule protofilaments (D, yellow arrows) and proteasome-like particle (E, red circle) in different synapses.
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representing the presynaptic and postsyn-
aptic membranes. There are also two
smaller peaks on the curve, one between
the presynaptic and postsynaptic mem-
brane, representing an electron-dense
band within the synaptic cleft reported
previously as an intermediate band (Gray,
1959), and the other to the right of the
postsynaptic membrane defined as “PSD
peak,” presumably indicating a postsyn-
aptic proteinaceous layer. This quantita-
tive approach allowed us to identify d1,
the peak position of the PSD, and d2,
which provides a measure of the thickness
of the PSD (Fig. 4A2,B2). Scatter plot of
PSD thickness and PSD peak positions of
all synapses that contain visible PSDs
shows two well-defined clusters, thick and
thin, which overlap with the two distinct
populations formed by the CLEM-
identified excitatory and inhibitory syn-
apses, respectively (Fig. 4C). Thus, the
distinct PSD patterns detected by cryo-ET
can be used as hallmarks to distinguish
between the two types of synapses.

With the PSD pattern as an unequivo-
cal criterion, we systematically character-
ized presynaptic and postsynaptic features
in all 110 synapses with visible PSDs ana-
lyzed above, including 85 excitatory syn-
apses and 25 inhibitory synapses. Their
postsynaptic densities exhibit distinct
PSD peak positions (14.7 	 3.0 nm, n � 85 for excitatory syn-
apse; 9.1 	 1.1 nm, n � 25 for inhibitory synapse) and thickness
(32.7 	 7.7 nm, n � 85 for excitatory synapse; 12.3 	 1.8 nm, n �
25 for inhibitory synapse). Compared with the uniformly thin
PSDs of inhibitory synapses, the thick PSDs of excitatory syn-
apses exhibit substantial variability (Fig. 4C,D). By averaging all
density profiles for excitatory and inhibitory synapses, respec-
tively, we found that the two types of synapses have similar cleft
width (�26 nm; Fig. 4E), in contrast to the previous report of
narrower cleft for inhibitory synapses (Peters and Palay, 1996).
Inside the cleft, distinctive band-like structures are visible in all
synapses (Fig. 4A,B), as reported previously (Gray, 1959; Zuber
et al., 2005). We speculate that these structures are protein com-
plexes involved in cell adhesion (Missler et al., 2012). Intrigu-
ingly, the density profile around the presynaptic membrane peak
is asymmetric; the density values on the cytoplasmic side are
slightly higher than that on the cleft side, especially in excitatory
synapses. This presumably reflects extra proteins on the cytoplas-
mic side of the presynaptic membrane, forming a weak version of
the active zone commonly observed in conventional EM (Phillips
et al., 2001; Südhof, 2012).

In addition to synapses with visible PSD, we also observed 13
structures that met our criteria for synapses but exhibited no
visible PSD (Fig. 5A). They differ from the more frequently ob-
served nonsynaptic boutons similar to those reported previously
(Bourne et al., 2013), because they had distinct uniform synaptic
cleft structures that were absent in the latter. These “PSD-free
synapses” could be either excitatory or inhibitory as evidenced
from the cryo-CLEM data (Fig. 5B,C). They might reflect a spe-
cial transient stage, e.g., at an early phase of synaptogenesis or on
the way toward elimination (Klemann and Roubos, 2011). The

variation in the existence and thickness of PSDs reflects poten-
tially diverse synaptic subtypes and associated signaling and
structural mechanisms.

Quantitative analyses of synaptic vesicles in excitatory and
inhibitory synapses
On the presynaptic side, we found that in both excitatory and inhib-
itory synapses most SVs are spherical (Fig. 6A–C), with an average
diameter of �40 nm (40.9 	 5.0 nm, 16,476 vesicles in excitatory
synapses; 41.3 	 6.6 nm, 4766 vesicles in inhibitory synapses; Fig.
6D). This differs from the classical EM observation that inhibitory
vesicles tend to be smaller than excitatory vesicles (Peters and
Palay, 1996), but is consistent with findings using HPF-FS
(Tatsuoka and Reese, 1989; Korogod et al., 2015), and with
measurements from synaptosomes using cryo-EM (Fernández-
Busnadiegoet al., 2010). Intriguingly, we also observed some
apparently ellipsoidal vesicles in both types of synapses (Fig.
6 A, B). To quantify the shape of different vesicles, we first
performed 2D analysis, based on the maximal cross section of
each SV in the x–y plane, of 19,056 SVs in both excitatory and
inhibitory synapses. This analysis identified a relatively small
population of ellipsoidal vesicles with major/minor axis ratio
significantly �1 (Fig. 6E). Interestingly, although ellipsoidal
vesicles were found in both excitatory and inhibitory synapses,
more were found in the latter (8.5 	 9%, n � 35 in excitatory
synapses; 16.9 	 11%, n � 15 in inhibitory synapses; p �
0.006, two-sample Kolmogorov–Smirnov test). Indeed, 5 of 15
inhibitory synapses analyzed (in contrast to 3 of 35 excitatory
synapses) had �20% vesicles that were ellipsoidal (Fig. 6F ).

The true 3D shape of the vesicles cannot be determined by 2D
analysis alone. For example, if the 2D cross section of a vesicle is

Movie 1. Tilt series of an excitatory synapse. This movie shows the tilt series of an excitatory synapse
(same data as in Fig. 8A) obtained using VPP, and electron filtering and counting technologies. Structural
features, such as SVs, mitochondria, microtubules, and the endoplasmic reticulum in the synapse, can be
visualized directly. Black dots of 15 nm diameter are gold beads used as fiducial markers for image
alignment.
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circular, its 3D shape can be either spherical, “discus-shaped”
(i.e., oblate spheroid), or “olive-shaped” (i.e., prolate spheroid;
Fig. 6G). Therefore, we measured the three principal axes of each
vesicle using a 3D fitting program (see Materials and Methods)
similar to a method described previously (Kukulski et al., 2012).
Measurements of axes with this program on 70 ellipsoidal vesicles
and 70 of their neighboring spherical vesicles in five excitatory
and five inhibitory synapses (in high-resolution tomograms ob-
tained with VPP, electron filtering, and counting) revealed that
most ellipsoidal vesicles were discus-shaped rather than olive-
shaped for both excitatory and inhibitory synapses (Fig. 6H). The
ellipticity of the ellipsoidal vesicles varied widely (Fig. 6H), which
may reflect their different compositions and functional roles in
synaptic transmission.

Visualization of putative receptors and scaffolding proteins in
individual synapses
New tools that enable cryo-ET to achieve higher resolution, includ-
ing direct electron detection, VPP, and electron energy filter, have
facilitated characterization of molecular complexes, such as protea-
some in intact cultured neurons (Asano et al., 2015). Using these
tools, we obtained high-quality tilt series (Fig. 7A,B; Movie 1) and
tomograms with high contrast and high resolution, permitting visu-
alization of features, such as the two leaflets of the membrane bilayer,
microtubule protofilaments, and putative proteasomes (Fig. 7C–E).
Two high-quality synaptic tomograms obtained using VPP and elec-
tron filtering and counting, were selected for further study. One is a
spine excitatory synapse with thick PSD structure. The other is a
shaft inhibitory synapse with thin sheet-like PSD.
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the postsynaptic membrane either superposed on a 1.54-nm-thick (gray) tomographic slice (E) or 90°-rotated (F ) to reveal their deposition on the postsynaptic membrane (cyan).
Structures were colored as follows: putative glutamate receptors, red; putative nonreceptor structures on the cleft side, yellow; putative scaffolding proteins on the cytoplasmic side,
blue. G, Four types of glutamate receptor-like particles with their interactions on the cytoplasmic side. G1, NMDAR-like structure (extracellular domain: red) had a �10 nm globular
cytoplasmic domain (pink), which linked to one filamentous structure (blue). G2, G3, AMPAR-like structures (extracellular domain; red) linked to one and two filamentous structures
(blue). G4, AMPAR-like structure with no associated filamentous structure. The postsynaptic membrane in all four panels is shown in cyan.
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In the excitatory synapse (Fig. 8A),
large features, such as membranous or-
ganelles and ribosomes, as well as actin
and microtubule filaments with ultra-
structural details, were readily identified
and segmented (Fig. 8B; Movie 2). Fur-
thermore, numerous particles and fila-
mentous structures of various sizes and
shapes were visualized within and across
presynaptic and postsynaptic compart-
ments (Fig. 8C). These structures were
presumably individual protein molecules
and complexes. Of special interest were
particles near the postsynaptic mem-
brane, some of which have shapes similar
to that known for glutamate receptors, in-
cluding NMDARs and AMPARs, which
constitute a major fraction of the postsyn-
aptic membrane proteins (Valtschanoff
and Weinberg, 2001; Chen et al., 2008;
Dani et al., 2010; Jacob and Weinberg,
2015). We thus visually classified these
particles as putative “glutamate recep-
tors,” and defined the remaining particles
visible on the cleft side of the postsynaptic
membrane as “nonreceptor” particles
(Fig. 8C). Plotting the length and width of
all these particles reveals that the visually
identified putative glutamate receptors
form a cluster, although not well sepa-
rated from the nonreceptor particles (Fig.
8D). The average length (12.1 	 1.4 nm,
n � 81) and width (8.6 	 1.4 nm, n � 81)
of particles in this cluster are similar to
those of the extracellular domain of AM-
PARs (length: 12.0 	 0.2 nm; width: 10.5 	 2.4 nm) and
NMDARs (length: 10.5 	 0.2 nm; width: 10.3 	 1.4 nm) based on
their crystal structures (see detailed calculation of averaged di-
mensions in Materials and Methods; Fig. 8D–D2). In total, this
synapse contained 81 putative glutamate receptors, intermingled
with other membrane proteins to occupy the surface of the post-
synaptic membrane area (Fig. 8E,F; Movie 3). This number
agrees with estimates of the total number of AMPARs and
NMDARs in a glutamatergic synapse based on quantitative
immuno-EM (Nusser et al., 1998b; Takumi et al., 1999), quanti-
tative mass spectrometry (Sheng and Hoogenraad, 2007; Lo-
wenthal et al., 2015), and visual identification with ET after
HPF-FS (Chen et al., 2008, 2015).

Among the 81 receptor-like structures in the excitatory syn-
apse, 16 displayed a clear globular density (�10 nm in diameter)
on the cytoplasmic side (Fig. 8G1). Such globular densities are
unlikely to belong to the MAGUK (membrane-associated guan-
ylate kinase)-family proteins, which have filamentous shapes
(Nakagawa et al., 2004; Chen et al., 2008, 2011). We thus suspect
that these 16 structures are likely NMDARs, known to have much
larger cytoplasmic domains than AMPARs (Chen et al., 2008). Of
the remaining 65 receptor-like structures, 11 had relatively low
image quality and thus prevented classification based on their
cytoplasmic structures, whereas 54 structures could be visually
identified as AMPAR-like structures based on the lack of high
globular density. Among them, 44 were found to each link to one
or two filamentous structure that might represent PSD-95 or
similar MAGUK-family proteins (Fig. 8G2,G3). These putative

scaffolding structures appeared to contact the cytoplasmic side of
AMPAR-like structures (Fig. 8G2,G3), reminiscent of PSD-95
anchoring AMPAR through its interaction with stargazin, which
binds to the side of the AMPAR (Meyer et al., 2004; Nakagawa et
al., 2006). We also observed 10 AMPAR-like structures not asso-
ciated with any PSD-95-like structures (Fig. 8G4). Most of these
PSD-95-like structures linking to AMPAR-like structures were in
near-perpendicular orientation with respect to the postsynaptic
membrane (Fig. 8G). Together with �200 similar filaments con-
necting directly to the membrane, they form a set of “vertical
pillars” to shape an overall core structure of the PSD (Movie 3), as
also seen by ET of samples prepared using HPF-FS (Chen et al.,
2008).

A high-resolution tomogram of an inhibitory synapse also
revealed rich ultrastructural details (Fig. 9A–C; Movie 4). On the
cleft side of the postsynaptic membrane, many particles (Fig. 9C)
were found with shapes similar to that of the type-A GABAARs,
the primary inhibitory transmitter receptor in these hip-
pocampal neurons (Bi and Poo, 1998; Nusser et al., 1998a).
With visual inspection, we provisionally identified �143 parti-
cles as GABAAR, and �109 other particles visible on the extracel-
lular side of the postsynaptic membrane as “nonreceptor”
particles that likely represent other synaptic proteins, such as
adhesion molecules. Plotting the length and width of all these
particles revealed that the visually identified putative GABAARs
formed a cluster, and that the sizes of these putative GABAARs
(length: 7.1 	 0.9 nm; width: 5.9 	 0.9 nm, n � 143) were similar
to those of the extracellular domain of GABAAR based on its

Movie 2. Structures of an excitatory synapse. This movie shows the tomogram of the same synapse as in
Figure 8A,B, displayed as z-stack and 3D surface rendering of the segmented structures, including presyn-
aptic (light yellow) and postsynaptic (cyan) membrane, mitochondrial membrane (outer membrane, gold;
inner membrane, light pink), endoplasmic reticulum or endosomes (orange), microtubules (yellow),
ribosome-like structures (cyan), putative actin filaments (red), presynaptic putative adhesion molecules
(magenta), postsynaptic putative adhesion molecules (yellow), glutamate receptor-like particles (red),
PSD filaments attached to the postsynaptic membrane (blue), and PSD filaments away from the postsynaptic membrane (purple).
Except for dense core vesicles (purple), all other spherical and ellipsoidal shapes are SVs and their varied colors reflect their varying
sizes as shown in Figure 8B.
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crystal structure (length: 6.2 	 0.1 nm; width: 6.4 	 0.1 nm; Fig.
9D–D2). Note that the averaged putative GABAAR, similar to the
averaged putative glutamate receptor, is surrounded by a “halo”
(Figs. 8D1, 9D1), which could be partially due to fringes arising

from uncorrected contrast transfer func-
tion. However, for individual particles,
such effects appeared to be minimal and
did not affect the measurements of parti-
cle sizes. Most putative nonreceptor par-
ticles were uniformly skinny but with
variable lengths (Fig. 9D). Within this
inhibitory synapse, the 143 putative
GABAARs lying amid 109 nonreceptor
membrane protein molecules covered the
entire �0.1 �m 2 postsynaptic membrane
(Fig. 9E,F; Movie 5). The number and
density of GABAAR-like particles are con-
sistent with a previous estimate of 30 –200
GABAARs per GABAergic synapse (1250
receptors/�m 2; Nusser et al., 1997).

Most GABAAR-like particles were as-
sociated with one or two “hammer-
shaped” structures on the cytoplasmic
side, each with a dense “head” and a thin
“neck” (Fig. 9G). The heads of these
hammer-shaped structures were consis-
tently located �12 nm from the postsyn-
aptic membrane, and the necks bridged
the transmembrane domain between the
GABAAR-like structure and the dense
head (Fig. 9G1–G3). We speculate that
these hammer-shaped structures are pro-
tein complexes containing gephyrin mol-
ecules, the major postsynaptic scaffolding
component of the inhibitory synapse
(Tretter et al., 2012). Some of the
GABAAR-like structures had only thin
necks on their cytoplasmic side and thus
lacking the head density (Fig. 9G4), sug-
gesting that the neck might be the cytoso-
lic domain of GABAARs. These putative
receptor-linked gephyrin-like structures,
together with similar particles not linked
to receptor-like particles but also lying
�12 nm from the postsynaptic mem-
brane, appeared to form a cross-linked
matrix, which could provide anchoring
sites and structural support for GABAARs,
as previously proposed (Tyagarajan and
Fritschy, 2014). Interestingly, we also
found many GABAAR-like structures also
linked to densities on the cleft side (Fig.
9G3,G4). These densities might represent
the cell adhesion molecule neurexin, pre-
viously reported to bind directly to
GABAARs (Zhang C et al., 2010).

Discussion
The complex and highly organized molec-
ular machinery inside neuronal synapses
provides the structural basis for synaptic
transmission and plasticity. In this study,
we have developed an approach of cryo-
correlative microscopy to distinguish be-

tween excitatory and inhibitory synapses in intact neurons in
culture and to visualize their 3D structures in their native state. By
quantifying ultrastructural features of �100 hippocampal syn-

Movie 3. Molecular organization of putative membrane proteins in the excitatory synapse. This movie
shows the subvolume tomogram (same data as in Fig. 8E,F) of the synapse as a z-stack, and segmentation
of its structures, including presynaptic membrane (light yellow), postsynaptic membrane (cyan), presyn-
aptic putative adhesion molecules (magenta), postsynaptic putative adhesion molecules (yellow), putative
glutamate receptors (red), PSD filaments attached to the postsynaptic membrane (blue), and away from
the postsynaptic membrane (purple). Putative proteins (deep cyan) that link synaptic vesicles (green or
cyan) with presynaptic membrane were also rendered.
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apses, we have characterized the ultrastructural features across
excitatory and inhibitory central synapses. Because the neurons
we used were from the embryonic brain and cultured for only a
couple weeks, their synapses may not be as mature as those in the
adult brain. Nonetheless, such cultured neurons have been
shown to exhibit basic physiological properties of synaptic trans-
mission and plasticity similar to those in more intact prepara-
tions, such as brain slices. Thus, it is likely that the basic
ultrastructural features we observed also reflect synaptic architec-
ture in the brain, at least during its early development.

Our approach allows for unequivocal differentiation of the
ultrastructure of excitatory and inhibitory synapses in hippocam-
pal neurons. Our results show that excitatory synapses have dis-
tinct thick PSDs, and inhibitory synapses have more uniformly
thin PSDs. These corroborate classic findings regarding the ultra-
structure of excitatory and inhibitory synapses (Colonnier, 1968;
Gray, 1969), while providing an updated description of different
PSD types in their native state. Quantitative analysis reveals that
excitatory PSDs have a broad distribution of thickness. This is
consistent with the idea that the dynamically interacting PSD
molecules may be in a mixed gel/liquid phase (Zeng et al., 2016),
and suggests the existence of multiple structural configurations,

perhaps reflecting different states of their activation (Dosemeci et
al., 2001) and plasticity (Bi and Poo, 1998; Montgomery and
Madison, 2004). The existence of multiple functional and plas-
ticity states in excitatory synapses could be critical for optimal
learning and memory storage in neuronal circuits, as suggested
by theoretical studies (Fusi et al., 2005; Fusi and Abbott, 2007). In
contrast, inhibitory PSDs are much more uniformly and regu-
larly organized, consistent with the meager evidence for struc-
tural plasticity in such synapses. Intriguingly, there is a “gap” area
with relatively lower electron density between the postsynaptic
membrane and the PSD peak in both excitatory and inhibitory
synapses (see the density profiles of Fig. 4A2,B2). We suspect that
much of this gap reflects the relatively lower protein content here,
compared with the PSD peak where more extensive interactions
between protein molecules may occur.

High-resolution cryo-ET has allowed visualization of the dis-
tinct molecular organization underlying the different functional
properties of excitatory and inhibitory synapses. In the excitatory
synapse, a set of PSD-95-like filamentous structures formed “ver-
tical pillars” immediately underneath the postsynaptic mem-
brane to organize the thick PSD meshwork. These filaments have
not been observed in classic studies with conventional EM (Gray,
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dimensions of the structures on the postsynaptic membrane at the synaptic cleft side. Red dots are putative GABAARs, and yellow dots are putative nonreceptor structures identified by visual
inspection. The mean sizes of putative receptors (length: 7.1 	 0.9 nm; width: 5.9 	 0.9 nm, n � 143) are close to those of the extracellular domain of the crystal structures of GABAARs (green;
length: 6.2 	 0.1 nm; width: 6.4 	 0.1 nm; see detailed calculation of averaged dimensions in Materials and Methods). D1, Averaged 2D image of all particles in the red cluster in D. D2, D1 with
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(magenta) in the extracellular side (G3, G4 ).
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1959; Colonnier, 1968; Peters and Palay, 1996) or in later studies
by ET with brain slices prepared using HPF-FS (Rostaing et al.,
2006; Siksou et al., 2007), but is consistent with more recent
observation using HPF-FS and ET in cultures (Chen et al., 2008).
The discrepancies could be due to differences in image resolu-
tion, or could reflect differences between synapses in slices and
cultures. Consistent with previous observations (Chen et al.,
2008, 2015), we also found that some of the vertical filaments
were linked to putative NMDA-type and AMPA-type glutamate
receptors. However, the cytoplasmic domains of the putative re-
ceptors we observed are much smaller. We speculate that the
previously seen large cytoplasmic domains were due to heavy-
metal staining.

In the inhibitory synapse, the thin sheet-like PSD is likely to
represent putative gephyrin complexes forming a layer of inter-
acting “heads,” which connect to putative GABAARs and the
postsynaptic membrane through filamentous thin “necks.” This
is consistent with the hypothesis that gephyrin molecules form a
single layer comprising a hexagonal planar lattice that provides
docking sites of GABAARs (Tretter et al., 2012; Heine et al., 2013).
Such interactions could provide a stable structural matrix to en-
sure efficient synaptic transmission.

On the presynaptic side, fine details of synaptic vesicle orga-
nization were revealed, including filamentous structures tether-
ing vesicles to the presynaptic membrane, as observed previously
in slices using ET with HPF-FS (Siksou et al., 2007), as well as in
slices and isolated synaptosomes using cryo-ET (Fernández-
Busnadiegoet al., 2010, 2013). Of considerable interest is the

presence of discus-shaped ellipsoidal ves-
icles in both excitatory and inhibitory syn-
apses. “Pleomorphic” vesicles have been
observed since early EM studies of the
synapse, and were generally considered an
indicator of inhibitory synapses (Uchi-
zono, 1965). The nature of such vesicles
has been debated as more recent studies
indicated that their occurrence was asso-
ciated with specific conditions of sample
processing (Tatsuoka and Reese, 1989;
Peters and Palay, 1996; Korogod et al.,
2015). Although synapses of cultured hip-
pocampal neurons may have different
characteristics compared with mature
synapses in brain slices, our results suggest
that ellipsoidal vesicles could exist in both
excitatory and inhibitory native synapses,
but their existence may not be used as a
definitive criterion to classify synapse
types.

A technological advantage of our ap-
proach was the ability to use cryo-CLEM
for unambiguous identification of excit-
atory and inhibitory synapse types. This is
potentially extendable to broader applica-
tions, especially in light of functional
heterogeneity of synapses in neuronal cir-
cuits (Dobrunz and Stevens, 1997; Bi and
Poo, 2001; Craig and Boudin, 2001; Vo-
gels and Abbott, 2009; Letellier et al.,
2016). Compared with immuno-EM la-
beling, the use of fluorescent protein tag-
ging ensured high label density, while
avoiding additional staining steps that can

cause significant structural distortions and artifacts. The plat-
form we developed here uses the same EM cryo-holder for shut-
tling the sample between the light and electron microscopes.
Besides being more convenient for reliable correlation between
LM and EM, this method also avoids repeated grid transfers, thus
protecting the sample from potential damage and contamina-
tion. This, together with our method for accurate correlation
between LM and EM, greatly improved the efficiency of our ap-
proach, and was key to the success of our cryo-CLEM experi-
ments.

Another advantage of our approach is that direct plunge-
freezing of neurons cultured on EM grids at low density prevents
unwanted disturbance to the synapses, which was unavoidable in
the synaptosome preparations previously used for cryo-ET stud-
ies (Fernández-Busnadiego et al., 2010; Shi et al., 2014; Perez de
Arce et al., 2015). Therefore, the ultrastructure of intact synapses
can be preserved near their physiological state. However, plunge-
freezing is limited to monolayer cultured neurons and synapses
no more than a few hundred nanometers thick. High-pressure
freezing and cryo-sectioning could provide an appropriate tool to
extend cryo-ET to native circuits in brain tissue (Zuber et al.,
2005). By implementing the latest cryo-ET technologies, includ-
ing VPP, electron energy filter, and direct electron detection,
which greatly improve resolution and signal-to-noise ratio
(Danev et al., 2014; Fukuda et al., 2015), we were able to visualize
synaptic ultrastructural features. Individual molecules in the syn-
apses, such as GABAARs previously not accessible, could be iden-
tified, localized, and counted, thus providing a straightforward

Movie 4. Structures of an inhibitory synapse. This movie shows the tomogram of an inhibitory synapse
(same data as in Fig. 9A,B) displayed as z-stack and 3D surface rendering of the segmented structures,
including presynaptic membrane (light yellow), postsynaptic membrane (cyan), mitochondrial membrane
(outer membrane, gold; inner membrane, light pink), endoplasmic reticulum or endosomes (orange),
microtubules (yellow), ribosome-like structures (cyan), putative actin filaments (red), presynaptic putative
adhesion molecules (magenta), postsynaptic putative adhesion molecules (yellow), GABAAR-like particles
(red), PSD particles on the postsynaptic membrane (blue), and postsynaptic vesicles (beige). Additionally, except for dense core
vesicles (purple), all other spherical and ellipsoidal shapes are SVs and their varied colors reflect their varying sizes as shown in
Figure 8B.
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way to study key synaptic proteins in individual synapses. With
further technical improvements along the lines outlined here,
future studies with 3D classification and subtomogram averaging
could identify additional synaptic proteins more confidently, and
reveal finer structural details of protein complexes in situ.
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