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SUMMARY

Synaptic excitation mediates a broad spectrum of structural changes in neural circuits across the
brain. Here, we examine the morphologies, wiring, and architectures of single synapses of
projection neurons in the murine hippocampus that developed in virtually complete absence of
vesicular glutamate release. While these neurons had smaller dendritic trees and/or formed fewer
contacts in specific hippocampal subfields, their stereotyped connectivity was largely preserved.
Furthermore, loss of release did not disrupt the morphogenesis of presynaptic terminals and
dendritic spines, suggesting that glutamatergic neurotransmission is unnecessary for synapse
assembly and maintenance. These results underscore the instructive role of intrinsic mechanisms
in synapse formation.

INTRODUCTION

Wiring of the brain is strongly influenced by experience. Neurons in activated ensembles can
dynamically change their morphologies, connectivity, and architectures of individual
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synapses (Bourne and Harris, 2012; Espinosa and Stryker, 2012; Holtmaat and Svoboda,
2009; Sudhof and Malenka, 2008; Tonegawa et al., 2015). Nonetheless, animals and humans
have innate behaviors (Kimchi et al., 2007; Papes et al., 2010), suggesting that many
synaptic pathways are genetically predetermined. Such hardwiring has been documented in
sensory systems (Pecho-Vrieseling et al., 2009), but the extent of intrinsic assembly of
circuits essential for high order processing of sensory information, learning and memory
storage remains poorly understood.

The importance of neuronal activity for brain development has been demonstrated by
numerous studies that relied on sensory deprivation, pharmacological suppression of ion
channels, or silencing of specific cell types (Chen et al., 2012; De Marco Garcia et al., 2011,
Espinosa and Stryker, 2012; Hensch, 2005; Hubel and Wiesel, 1962; Huberman et al., 2006;
Kerschensteiner et al., 2009; Kozorovitskiy et al., 2012; Lendvai et al., 2000; Liu et al.,
2012; Lu et al., 2013; Maffei et al., 2006; Shatz and Stryker, 1988; Sretavan et al., 1988; van
Versendaal et al., 2012; Wang et al., 2007; Wiesel and Hubel, 1963; Yu et al., 2004). While a
given neuron can be excited by signals from multiple sources, structural plasticity of circuits
in higher brain regions is predominantly driven by synaptic release of glutamate.
Glutamatergic inputs regulate synapse numbers and properties of persistent synapses via
mechanisms that involve transcription, local protein synthesis, trafficking, and
posttranslational modifications (Anggono and Huganir, 2012; Citri and Malenka, 2008; Tom
Dieck et al., 2014; West and Greenberg, 2011). However, several genetic experiments have
also supported the notion that synapses do not need to be active to form. First, asymmetric
contacts with vesicle pools have been found in cortices of Munc13 and Munc18 mouse
mutants that completely lacked transmitter release in all neurons, albeit these mice could
only be analyzed at birth, when connectivity in the forebrain is still rudimental (\arogueaux
et al., 2002; Verhage et al., 2000). Subsequently, exocytosis of neurotransmitter vesicles has
been shown to be unnecessary for gross synaptic differentiation in vitroand in several
neuron types /n vivo (Deak et al., 2004; Harms and Craig, 2005; Imig et al., 2014; Lopez et
al., 2012; Pieraut et al., 2014; Schoch et al., 2001; Shimojo et al., 2015; Yu et al., 2004;
Zhang et al., 2008). Lastly, ionotropic glutamate receptors have been recently found to be
dispensable for morphogenesis of dendritic trees and spines of pyramidal cells in the CAl
(Lu et al., 2013), although this conclusion was based on sparse gene knockouts, and the
contribution of metabotropic receptor signaling could not be ruled out (Dore et al., 2016).

Here, we extend these observations by examining the morphologies, wiring, and ultra-
structural organization of synapses of excitatory neurons in the postnatal hippocampus that
developed in nearly complete absence of vesicular glutamate release. Our results highlight
an instructive role of intrinsic programs in several key aspects of circuit and synapse
formation.

Broad silencing of excitatory pathways in the developing forebrain

To study intrinsic assembly of excitatory synapses in circuits essential for learning and
memory, we permanently suppressed vesicular release in glutamatergic neurons in the
developing mouse forebrain. This was accomplished via Cre-inducible expression of Tetanus
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toxin (TeNT), a protease that blocks the exocytosis of neurotransmitter vesicles by cleaving
SNARE, Synaptobrevin/VAMP2 (Syb2) (Link et al., 1992; Schoch et al., 2001). We crossed
the R2670XS10pTeNT g|lele (Zhang et al., 2008) with Emx1/RES-CTe which drives
recombination in progenitors that give rise to >95% of principal neurons in the dorsal
telencephalon (Gorski et al., 2002) (Figures 1A, 1B and S1). Under these conditions, TeENT
was broadly and irreversibly expressed starting from mid gestation, before synapses begin to
form. While progenitors of the Emx1 lineage also generate glia (Gorski et al., 2002), we
reasoned that cleavage of TeNT-sensitive SNARES in astrocytes could alleviate
compensatory effects of glutamate secreted from non-synaptic sources.

We confirmed a widespread loss of Syb2 in forebrains of neonatal offspring of
Emx1/RES-Cre| p2gfloxstopTeNT mice (which we refer to as Emx1/TeNT) by immunoblotting
and immunofluorescent microscopy (Figures 1C and 1D). In the cerebral cortex and the
hippocampus, the SNARE was absent in virtually all nascent synapses that recruited the
vesicular glutamate transporter, VGlutl (Figures 1E, 1F, S2A-C and data not shown).

Neurotransmitter vesicles contain up to 70 copies of Syb2, but their fusion with plasma
membrane is catalyzed by as few as 3 ternary SNARE complexes (Mohrmann et al., 2010;
Takamori et al., 2006). To address the concern that incompletely degraded Syb2 supports
residual exocytosis, we first monitored neurotransmission in primary cultures. In agreement
with earlier studies of Syb2-deficient neurons cultured /n vitro (Deak et al., 2004; Harms and
Craig, 2005; Schoch et al., 2001; Shimojo et al., 2015), neurons dissociated from cortices of
Emx1/TeNT pups formed synapses but failed to generate evoked and spontaneous excitatory
postsynaptic currents (EPSCs), indicating that release of glutamate was suppressed (Figures
S2D-F and Table S1).

Unlike previously described mutants that lacked essential secretory proteins in the entire
nervous system (Schoch et al., 2001; Varoqueaux et al., 2002; Verhage et al., 2000), Emx1/
TeNT mice could survive for weeks (see Methods). These animals had markedly reduced
body weights and exhibited aberrant behavior in the standard laboratory environment.
However, their brains were only slightly smaller and had undistorted anatomies with
appropriate lamination of cellular layers, no apparent increase in apoptosis, and preserved
expression of many synaptic proteins (Figures 1G-I, S3A-I; Movies S1 and S2). To ensure
that Emx1-driven TeNT irreversibly blocks synaptic transmission early in development, we
sampled EPSCs from CAL pyramidal cells in acute slices. No evoked AMPA- and NMDA
currents could be detected in the CA1 of Emx1/TeNT mice at p3 and p30, even when the
Schaffer collateral path was stimulated at high frequency. Spontaneous vesicle fusion events
were negligible in the normal CAL at p3, yet, recordings from older animals showed that
miniature neurotransmission was also abolished by TeNT (Figures 1J-L and Table S1).
These results validate the Emx1/TeNT mouse model for analysis of synaptic connectivity in
circuits comprised of release-deficient glutamatergic neurons.

differentiation of excitatory neurons in the hippocampus

Despite widespread expression of TeNT, the cerebral cortex of Emx1/TeNT mice may be
excited by thalamic afferents (Viaene et al., 2011). Indeed, staining for VGlut2, which is
enriched in terminals of thalamic axons (Bopp et al., 2017), and recordings of EPSCs from
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layer 1V of the somatosensory cortex suggested that thalamic inputs onto Syb2-deficient
cortical neurons formed (Figure S3J and Table S1). We therefore primarily focused on the
hippocampus, which is comprised of and largely innervated by glutamatergic neurons of the
Emx1 lineage (Gorski et al., 2002). All subsequent studies were performed at postnatal week
4, when de novo synaptogenesis normally reaches a plateau and experience-dependent
refinement of connectivity is nearly complete (Espinosa and Stryker, 2012).

The main excitatory hippocampal trisynaptic pathway relays information from the entorhinal
cortex (EC) to the DG and areas CA3/CA1 (Forster et al., 2006). To determine how this
pathway assembles in Emx1/TeNT mice, we examined long-range projections and
presynaptic boutons using immunohistochemistry and viral tracing. Neither approach
revealed defects in lamination of the hippocampus. The appropriate targeting of entorhinal
axons and granule cell (GC) mossy fibers was particularly evident when these projections
were selectively tagged with membrane-bound GFP, expressed in a Cre-inducible manner
from an AAV (AAVDJ DIO-mGFP) (Figures 2A-D and S5A-G). Staining for VGlutl and a
GC-enriched presynaptic protein, Synaptoporin (SPO) (Pieraut et al., 2014; Williams et al.,
2011), showed that axons of release-deficient neurons formed abundant connections whose
distribution across different axes also appeared normal (Figures 2E-G). These observations
were not merely attributed to inefficient cleavage of Syb2 and/or silencing of release. Just
like newborn Emx1/TeNT pups, 4 weeks old animals lacked Syb2 in virtually all boutons
containing SPO and VGlutl. The remaining Syb2 puncta colocalized with synapses of
spared GABAergic interneurons that recruit VGAT (Figures 2F-H and S4). Furthermore,
recordings of EPSCs from CA3 pyramidal cells and dentate GCs in acute slices confirmed
that glutamatergic neurotransmission was suppressed throughout the pathway (Table S1).

While broad silencing did not perturb the overall organization of excitatory circuits, synapse
numbers were affected to different extents in specific hippocampal subfields. We detected a
~30-50% decrease in the density of VGlutl puncta in striatum radiatum of CA3/CA1 and
striatum oriens of the CA3 with no significant changes in the molecular layer of the DG and
stratum lucidum of the CA3 (Figure 21). The total numbers of SPO-positive large mossy
fiber terminals (LMTSs) as well as their linear densities along individual axons were also
unaffected (Figure S5D).

Postsynaptic differentiation of excitatory neurons

To explore how these changes, or lack thereof, in wiring of the hippocampus correlate with
postsynaptic differentiation of projection neurons, we inspected the dendrites and spines of
single cells that were tagged with AAVDJ DIO-mGFP. Mice were injected to achieve sparse
expression of the reporter in the CAL or DG, neurons were imaged at p30, and their
morphologies were reconstructed from 3D stacks (Figures 3A and 3B). Both pyramidal cells
and dentate GCs of Emx1/TeNT mutants possessed fully polarized dendrites. However,
arborization was significantly reduced in the CAL1, but not in the DG, mainly at the expense
of branch tips (Figures 3C-E). Likewise, both neuron subtypes had abundant spines, but
linear spine densities were reduced by ~40% in the CAL, consistent with counts of VGlut1-
positive presynaptic boutons (Figures 3F and 3G). Curiously, tracing pyramidal cells in
superficial layers of the somatosensory cortex revealed morphological defects that were
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nearly identical to CA1 (Figures SSH-K). The latter implies that thalamic excitation alone
cannot fully support the development of cortical circuits.

Considering that dendritic protrusions have heterogeneous shapes and their growth may be
affected by network activity (Bourne and Harris, 2012; Holtmaat and Svoboda, 2009;
Sudhof and Malenka, 2008), we assessed the distributions of morphologically distinct
spines. Loss of neurotransmission did not prevent the formation of common spine types,
including mushroom spines that recruit new glutamate receptors during long-term
potentiation (LTP) and learning (Makino and Malinow, 2011; Malenka and Bear, 2004;
Matsuo et al., 2008). The fractions of mushroom spines remained unchanged in all examined
areas, despite nonuniform effects of synaptic activity deprivation on total terminal/spine
numbers (Figures 3G and S5L).

Because we were unable to achieve reliable viral infection in the CA3, we interrogated
proximal dendrites of pyramidal cells in this region by serial block-face scanning electron
microscopy (SBEM). 3D reconstruction analysis demonstrated that complex spines, whose
structures likely reflect the sizes and complexity of presynaptic LMTS, also formed in
stratum lucidum of Emx1/TeNT mice (Figure 3H). In fact, release-deficient CA3 neurons
had a ~30% increase in spine density, and their volumes and surfaces areas were
significantly larger (Figure 3I).

Architectures of single glutamatergic synapses

Our results highlight a limited role of glutamatergic neurotransmission in development of
connectivity between projection neurons in the hippocampal pathway. Furthermore, the
counterintuitive preservation of spinogenesis in the absence of vesicular release raises the
possibility that permanently silenced, intrinsically formed, synapses are structurally mature.
We tested this hypothesis by using serial electron microscopy (SEM). Tomographic images
were acquired from 300 nm sections, and terminals with opposed spines that contain
characteristic postsynaptic densities (PSDs) were reconstructed for 3D view from serial
stacks.

Previous studies have shown that, in cultured neurons from Syb2 knockout mice, synaptic
vesicles have irregular shapes (Deak et al., 2004). This abnormality could be attributed to
prolonged lifetime of trafficking organelles due to lack of recycling, or alternatively,
distortion of protein networks on a vesicle surface. We found that /n7 vivo expression of
TeNT also affects vesicle volumes and spherisity, permitting identification of release-
deficient synapses with nearly a 100% accuracy in samples of undisclosed genotypes
(Figures 4B, 4C and S6). We thus collected 3D image sets from stratum radiatum of the
CAL, molecular layer of the DG and layer 11 of primary somatosensory cortex where
terminals of cortical neurons carrying TeNT could be easily distinguished from intact
terminals of thalamic axons.

Similar to lower-resolution SBEM imaging of uncommonly branched spines on CA3 neuron
dendrites (Figure 3H), SEM showed that conventional excitatory synapses were larger in all
three brain regions of Emx1/TeNT mice. Yet, these synapses resembled connections in the
normal brain with terminals containing docked and reserved vesicle pools, defined clefts,

Neuron. Author manuscript; available in PMC 2018 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sando et al.

Page 6

and well-developed PSDs (Figures 4D and S6). Moreover, the increase in synapse sizes was
not due to asymmetrical swelling of particular structures. Rather, we detected a proportional
expansion of presynaptic boutons, spines, and PSDs with no differences in densities of
vesicles tethered to active zones and volumes of PSDs relative to total spine volumes
(Figures 4D, 4E and Table S2).

DISCUSSION

We have shown that projection neurons in the hippocampus differentiate, develop
stereotyped connectivity, and form structurally mature synapses independently of vesicular
release of glutamate. Our work extends the earlier findings that global inactivation of
synaptic vesicle exocytosis does not preclude synaptogenesis /77 vitro and in the embryonic
brain, as well as the recent study of cell-autonomous functions of ionotropic glutamate
receptors in the CA1l (Deak et al., 2004; Harms and Craig, 2005; Imig et al., 2014; Lu et al.,
2013; Schoch et al., 2001; Shimojo et al., 2015; Varoqueaux et al., 2002; Verhage et al.,
2000). Taken together, these experiments highlight the key role of intrinsic genetic programs
in circuit and synapse assembly.

Tetanus toxin has been previously used for presynaptic silencing in several parts of the
nervous system including spinal cord, retina, olfactory epithelium, cerebral cortex, and the
hippocampus (Kerschensteiner et al., 2009; Lopez et al., 2012; Okawa et al., 2014; Pieraut et
al., 2014; Wang et al., 2007; Yu et al., 2004; Zhang et al., 2008). Some of these studies have
supported the model that neurotransmission is essential for refinement of connectivity in a
competitive environment; however, silencing had different outcomes in different circuits. For
instance, targeted expression of TeNT interfered with synapse formation in retinal bipolar
cells, disrupted arborization of callosal axons in the somatosensory cortex, but had no
apparent effect on GC mossy fibers (Kerschensteiner et al., 2009; Lopez et al., 2012; Pieraut
et al., 2014; Wang et al., 2007). Though activity-dependent competition in the hippocampus
of Emx1/TeNT mice is unlikely, our results also exemplify how capacities for hardwiring
differ among diverse neuron types. The non-uniform changes in dendrite morphologies and
synapse numbers across hippocampal axes may be attributed to cell-specific mechanisms
that stabilize nascent contacts formed during experience and learning, or promote pruning
(Holtmaat and Svoboda, 2009; Mikuni et al., 2013; Moser et al., 1994; Trachtenberg et al.,
2002; Tsai et al., 2012; Wiegert and Oertner, 2013; Xu et al., 2009). While dentate GCs
appear to be especially tolerant to loss of glutamatergic input/output, fine-scale miswiring of
their connections could still occur. In addition, DG-dependent tasks require gradual
integration of adult-born neurons (Aimone et al., 2014; Nakashiba et al., 2012), which has
not been examined herein.

Suppressing all signals that elicit neuronal activity in a whole animal is technically
challenging. It is conceivable that, at a circuit level, the phenotypes of Emx1/TeNT mice are
partially attributed to compensatory mechanisms that augment intrinsic excitability of
glutamatergic neurons and/or mediate calcium influx in response to extrinsic cues from non-
synaptic sources. Indeed, spontaneous wave-like activities have been shown to play critical
roles during initial stages of circuit formation (Espinosa and Stryker, 2012; Katz and Shatz,
1996; Shatz and Stryker, 1988). Also, GABA is thought to act as a depolarizing
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neurotransmitter early in development (Khakhalin, 2011) and, although synaptic strengths of
GABAergic interneurons is generally proportional to excitation (Isaacson and Scanziani,
2011), the contribution of spontaneous GABA release cannot be ruled out. Nonetheless, we
can conclude that vesicular release of glutamate per se is unnecessary for morphogenesis
and maintenance of individual nerve terminals and dendritic spines. The ability of principal
neurons to form mushroom spines and pronounced PSDs without presynaptic input is
particularly noteworthy, considering that sensory experience and glutamate-induced
excitation affect the numbers and architectures of spines /n vitroand in vivo (Alvarez and
Sabatini, 2007; Anggono and Huganir, 2012; Colgan and Yasuda, 2014; Collin et al., 1997,
Gomperts et al., 2000; Holtmaat and Svoboda, 2009; Holtmaat et al., 2006; Kwon and
Sabatini, 2011; Matsuo et al., 2008; McKinney et al., 1999; Moser et al., 1994; Richards et
al., 2005). Moreover, synaptic excitation promotes the SNARE-dependent exocytosis of
peptidergic vesicles that secrete trophic factors implicated in spine plasticity, such as BDNF
(Harward et al., 2016; Matsuda et al., 2009; Park et al., 2014; Shimojo et al., 2015). The
proportional increase in terminal/spine volumes in our mouse model is reminiscent of
heterogeneity of synapse sizes in the normal brain, and can be explained by lack of
membrane recycling or homeostatic response, since transient changes in synaptic strength
produce opposite effects: spines shrink with LTD and expand during LTP and associative
learning (Bourne and Harris, 2011; Holtmaat and Svoboda, 2009; Ostroff et al., 2010;
Ramiro-Cortes and Israely, 2013; Sudhof and Malenka, 2008; Zhou et al., 2004).

Synaptogenesis is orchestrated by secreted, transmembrane and intracellular proteins that
guide axons to receptive fields, mediate surface adhesion, and recruit numerous molecules to
active zones and opposed postsynaptic sites (Kolodkin and Tessier-Lavigne, 2011; Krueger
et al., 2012; Shen and Scheiffele, 2010; Sudhof, 2012; Tada and Sheng, 2006). Although
these molecules can be regulated by excitatory neurotransmission at many levels and the
contribution of experience to structural plasticity has been proven beyond any doubt, our
results imply that assembly of basic building blocks of glutamatergic synapses is controlled
by developmental programs that do not require transmitter release and subsequent activation
of postsynaptic receptors.

STAR METHODS
CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Anton Maximov (amaximov@scripps.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Emx1/RES-Cre. AjgtdTomato Cre reporter, and R2670XStopTeNT g|leles were
described previously (Gorski et al., 2002; Madisen et al., 2010; Zhang et al., 2008). Mice
carrying these alleles were mated to produce conditional lines, housed, and analyzed
according to protocols approved by the Institutional Animal Care and Use Committee.
Stains were maintained in mixed C56BL/6 and 129/Sv backgrounds. In all experiments,
R26T10xstopTeNT] Emy 1/RES-Cre mutants (heterozygous for each allele) and their control
TeNT-negative littermates were examined in parallel. Studies were performed with animals
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of both sexes. Ages are indicated in the main text and figure legends. Housing conditions are
described in method details.

Cell culture—Neurons and glia were isolated from the cortices of p1 pups of both sexes.
The cells were dissociated by trypsin digestion and plated on circle glass coverslips
(Carolina Biological Supply) coated with Matrigel (Collaborative Biochemical Product,
Inc). Primary cultures were maintained at 37C in MEM (Invitrogen) supplemented with
B-27 (Invitrogen), glucose, transferrin and Ara-C (Sigma). Recombinant adeno-associated
viruses were produced in HEK293 cells (ATCC) that were maintained at 37C in MEM and
fetal bovine serum.

METHOD DETAILS

Mice—Newborn Emx1/TeNT pups suckled but were unable to survive for more than 2-3
days in standard housing environment, perhaps due to competition with normal littermates
for mother’s milk and, subsequently, inability to find solid food and water. To alleviate this
problem, we kept Emx1/TeNT mice with mothers until experiments and placed food and
gels with water directly on cage floors for easy access. Under these conditions, Emx1/TeNT
mice could survive for weeks, albeit at a much lower than expected Mendelian ratio. We
assume that progressive delay in body growth is associated with abnormal metabolism rather
than food intake, but the exact mechanisms are unclear. We also noted that survival of Emx1/
TeNT mice is background dependent: we were unable to obtain any offspring older that 2—-3
days from crosses of R2670xs1PTeNT and E£mx1/RES-Cre founders of a pure C56BL/6
background.

Electrophysiology—Spontaneous and evoked synaptic currents were monitored in whole-
cell voltage clamp mode using a Multiclamp 700B amplifier (Molecular Devices, Inc.).
Evoked release was triggered by 1 ms current injections trough the local extracellular
stimulating electrode (FHC, Inc. CBAECT5). The frequency, duration, and magnitude of
extracellular stimuli were controlled by Model 2100 Isolated Pulse Stimulator (A-M
Systems, Inc.). Currents were sampled at 10 kHz and analyzed offline with pClamp10
(Molecular Devices, Inc.) and Origin8 (Origin Lab) software packages. For recording from
cultured neurons, the whole-cell pipette solution contained 135 mM CsCly, 10 mM HEPES-
NaOH pH 7.4, 1 mM EGTA, 1 mM Na-ATP, 0.4 mM Na-GTP, and 1 mM QX-314. The
resistance of filled pipettes varied between 3-5 mOhm. The bath solution contained 140 mM
NaCl, 5 mM KCI, 2 mM CacCl,, 0.8 mM MgCl,, 10 mM HEPES-NaOH pH 7.4, and 10 mM
glucose. eEPSCs and elPSCs were separated pharmacologically by addition of 100 pM
picrotoxin or 50 uM APV and 10 uM CNQX, respectively, to the bath solution. SEPSCs
were monitored in the presence of 1 UM tetrodotoxin.

For acute slice physiology, mice were anesthetized with isoflurane and the brains were
removed and placed into ice-cold oxygenated 95%0,/5%CO, buffer containing 110 mM
Sucrose, 87 mM NaCl, 2.5 mM KCI, 0.5 mM CaCl,, 7 mM MgCl,, 25 mM NaHCOs3, 1.25
mM NaH,PO,4 and 20 mM Glucose. Transverse, 350 um thick slices were cut with a
vibratome and initially stored at 32°C in oxygenated artificial cerebrospinal fluid (ACSF)
containing 125 mM NacCl, 2.5 mM KCI, 2 mM NaH,POy4, 25 mM NaHCO3, 1.3 mM
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MgCl,, 2 mM CaCl,, 10 mM Glucose, pH 7.4. Slices were then allowed to recover for ~1
hour in oxygenated 95%0,/5%C0, ACSF at 24°C prior to recording. The whole-cell
recordings were performed at room temperature. The whole-cell pipette solution contained
122.5 mM CgH1,07, 122.5 mM CsOH, 10 mM CsCl, 1.5 mM MgCl,, 5 mM NaCl, 1 mM
EGTA, 5 mM HEPES, 3 mM MgATP, 0.3 mM NaGTP, 5 mM QX-314, and 10 mM
Nayphosphocreatine (pH 7.4, adjusted with CsSOH to 280-290 mOsm). EPSCs and IPSCs
were separated pharmacologically, as described above. eEPSCs were sampled from mature
granule cells in the upper GCL of the DG and pyramidal neurons in the CA3 and CA1
following local extracellular stimulation of the perforant path, mossy fibers and schaffer
collateral axons, respectively. For recordings from cortical neurons, evoked responses were
triggered by placing an electrode near dendritic fields of cells with attached pipettes. For all
areas, input-output relationships were determined in slices from wildtype mice to prevent
failures. To further minimize the variance, eEPSC amplitudes were calculated for each cell
after averaging 5-10 responses that were collected during repetitive low-frequency
stimulation at 0.1 Hz.

Virus production and injection—Adeno-associated viruses (AAVS) were produced with
shuttle vectors containing inverted terminal repeats, the WPRE element, and the hGH
polyadenylation signal. To achieve cell type-specific, Cre-inducible expression of
fluorescent reporters, coding sequences were flanked by two pairs of loxP sites (DIO) and
inserted downstream of a 1.26 kb EF1a promoter ina3’-5" orientation. These vectors were
packed in house into AAV serotype DJ using published protocols (McClure et al., 2011). p3
pups were injected with 0.5pl of viral stocks via glass micropipettes (10 um tip diameter)
and returned to home cages until experiments (p30). Recombination was driven with
Emx1'RES-CTe or, in some cases, previously characterized AAV2.2 Syn:Cre that was co-
injected with tracer viruses (Pieraut et al., 2014). For analysis of entorhinal axons and mossy
fibers, undiluted viruses (5 x 1011 — 1012 GC/ml) were injected into cerebral lateral
ventricles and ENT layers 11/111, respectively. Appropriate targeting was confirmed by
imaging GFP-positive cell bodies, and a consistent infection density across animals was
confirmed by calculating the ratio of GFP-labeled cells to DAPI. For reconstruction of
dendritic trees, stocks were diluted to achieve sparse labeling of principal neurons in the
cortex, DG and CAL. The targeting specificity was confirmed by staining with antibodies to
excitatory neuron-specific markers. Stellate cells were excluded from analyses of neuronal
morphologies in superficial cortical layers. In the DG, we exclusively analyzed fully
differentiated GCs that reside in the upper granule cells layer.

Immunohistochemistry—Mice were anesthetized with isofluorane and perfused with 4%
PFA. The brains were incubated overnight in 0.5% PFA, and sliced on vibratome in ice cold
PBS. The 90 um thick, free-floating coronal sections (Bregma —1.4 to —2.5) were briefly
boiled in 0.1 M citrate buffer for antigen retrieval. Sections were then washed 3 times in
PBS, blocked for 1 hour in 4% BSA, 3% donkey serum, 0.1% Triton, and incubated
overnight with primary antibodies diluted in blocking solution, followed by brief washes in
PBS and 3 hour incubation with corresponding fluorescently labeled secondary antibodies.
Samples were washed again and mounted on glass slides.
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Acquisition and analysis of confocal images—Specific brain regions were annotated
using Allen Brain Atlas as a reference (http://mouse.brain-map.org/static/atlas). Images were
collected under the Nikon C2 confocal microscope with 10x, 20x and 40x or 60x objectives.
Thresholds and laser intensities were established for individual channels and equally applied
to the entire dataset. Conventional image analysis was conducted with Nikon Elements, FIJI,
and Adobe Photoshop software packages. Digital manipulations were equally applied to all
pixels. For binning analysis of immunolabeled synapses, grids were constructed in FIJI at 10
pm intervals and puncta was counted in each bin. 3D images of dendritic trees of single
virally-labeled neurons were collected from 200 um coronal sections at 0.2 um Z intervals.
Neurons were subsequently reconstructed from serial stacks and analyzed in Neurolucida, as
we have previously described (Pieraut et al., 2014).

Electron microscopy—Mice were transcardially perfused with Ringer’s solution
followed by perfusion with 150 mM cacodylate, 2.5% glutaraldehyde, 2% paraformaldehyde
and 2 mM CaCl,. The brains were fixed overnight in the same buffer at 4 °C and cut into
100 pm coronal sections on vibratome. The slices were fixed overnight at 4 °C and then
washed for 1 hour in 150 mM cacodylate/2 mM CaCl, on ice. 300 nm thick sections were
cut from the SBEM-stained specimens and collected on 50 nm Luxel slot grids (Luxel Corp.,
Friday Harbor, WA). The grids were coated with 10 nm colloidal gold (Ted Pella, Redding,
CA) and imaged at 300 keV on a Titan TEM (FEI, Hillsboro, OR). Double-tilt tilt-series
were collected with 0.5 degree tilt increments at 22,500X magnification on a 4k x 4k Gatan
Ultrascan camera. Tomograms were generated with an iterative scheme in the TxBR
package (Chen et al., 2014). Segmentation of synaptic structures and vesicle pools were
performed in IMOD. For analysis of vesicle volumes and shapes, histograms were fitted
with the following functions in Origin8: Gaussian: y=y0+(A/(w*sqrt(P1/2)))*exp(-2*((x-xc)/
w)"2); Asym2Sig: y=y0+A*(1/(1+exp(-(x-xc+w1/2)/w2)))*(1-1/(1+exp(-(x-xc-wl1/2)/w3))).

QUANTIFICATION AND STATISTICAL ANALYSIS

Means and standard errors were calculated in Origin8. P values were determined with
Student’s #test. Quantifications of dendrite morphologies, synapse densities, and EM
analyses of synapse structure were performed in a “blind” manner by investigators who were
unaware of genotypes. Details, including sample sizes, can be found in figure legends.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NeuN Millipore Cat#MAB377, RRID: AB_2298772
Cuxl Santa Cruz Cat#SC-13024, RRID:AB_2261231
Ctip2 Abcam Cat#AB18465, RRID:AB_2064130
Tbrl Abcam Cat#AB31940, RRID:AB_2200219
Cleaved caspase-3 Cell Signaling Cat#9661, RRID:AB_2341188
VGlutl Synaptic Systems Cat#135303, RRID:AB_887875
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REAGENT or RESOURCE SOURCE IDENTIFIER

Calbindin D-28k Swant Cat#CB38, RRID:AB_10000340
GFP AVES Cat#GFP1010, RRID:AB_2307313
GFAP Millipore Cat#MAB360, RRID:AB_2109815
Tujl Sigma Cat#T2200, RRID:AB_262133
NR1 Synaptic Systems Cat#114011, RRID:AB_887750
NR2A Invitrogen Cat#32-0600, RRID:AB_86918
GluR1 Millipore Cat#AB1504, RRID:AB_2113602
GABAar Millipore Cat#06-868, RRID:AB_310272
Sybh2 Synaptic Systems Cat#104211C3, RRID:AB_887808
Synaptoporin (SPO) Synaptic Systems Cat#102002, RRID:AB_887841
c-Fos Millipore Cat#PC38, RRID:AB_2106755
VGAT Synaptic Systems Cat#131003, RRID:AB_887869
Vglut2 Synaptic Systems Cat#135421, RRID:AB_2619823
All other antibodies were homemade and were a kind

gift from Dr. Thomas C. Stidhof

Bacterial and Virus Strains

AAVDJ DIO-mGFP Maximov lab Pieraut et al., PMID: 25277456
AAV2.2 Syn:Cre Maximov lab Pieraut et al., PMID: 25277456
Chemicals, Peptides, and Recombinant Proteins

APV Tocris Cat#01061

CNQX Tocris Cat#01045

Picrotoxin Tocris Cat#1128

Tetrodotoxin Tocris Cat#4368289

Experimental Models: Cell Lines

HEK293t ATCC

Primary neuronal cultures This paper

Experimental Models: Organisms/Strains

Emx1'RES-Cre moyse allele JAX Gorski et al., PMID: 12151506
A9 Cre reporter mouse allele JAX Madisen et al., PMID:20023653

R. 25ﬂoxstap TeNT mouse allele

Dr. Martyn Goulding

Zhang el al., PMID:18940590

Software and Algorithms

pCamp10 Molecular Devices
Origin8 Origin Lab
Nikon Elements Nikon

Neurolucida

MBF Bioscience

FLI

ImageJ

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of Emx1/TeNT mice
(A) Emx1'RES-Cre_inducible expression of TeNT from the R2670XSIPTENT g||ele,

(B) Recombinase activity of £mx1/RES-CTe yas assessed with A7/9tdTomato Cre reporter in
brains of e14 embryos and p1 pups. See also Figure S1.

(C) Protein extracts from different brain regions of p1 control and Emx1/TeNT mice were
tested by immunoblotting for Syb2 and pTubulin.

(D to F) Brain sections from p1 control and Emx1/TeNT mice were labeled with antibodies
against Syb2 and VGlutl.

(D) Low-magnification confocal images show a loss of Syb2 in projections of excitatory
neurons carrying TeNT (arrows).

(E) Individual presynaptic boutons in the CAL.

(F) Colocalization of VGIlutl and Syb2 in stratum oriens of the CA1. Pseudo colored pixel
intensity graphs and Person’s correlation coefficients (r) demonstrate the extent of overlap of
two fluorophores in 1002 um image frames. See also Figure S2.
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(G to I) Control and Emx1/TeNT mice were examined at 4 weeks of age. See also Figure
S3.

(G) Intact animals and brains. Mice of both genotypes also carried the A/9allele.

(H and 1) Brain sections were imaged after labeling with indicated antibodies.

(H) Staining for pan-neuronal marker, NeuN.

(1) Distribution of layer-specific excitatory neurons in somatosensory cortex. Top: Cux1
(layers 11/111) and Ctip2 (layer V). Bottom: Tbrl (layer VI).

(J to L) Glutamatergic neurotransmission in the hippocampus at p3 and p30. EPSCs were
monitored from CA1 pyramidal cells in acute slices.

(J) Superimposed traces of evoked NMDA (outward) and AMPA (inward) EPSCs that were
sampled at +40 and —=70 mV, respectively. Schaffer collaterals were stimulated at 0.1 Hz
(top) or 10 Hz (bottom, averaged traces from 10 consecutive sweeps are shown). Note the
differences in scales.

(K) Spontaneous EPSCs at p30.

(L) Averaged EPSCs amplitudes and frequencies of spontaneous events. p3: Control, n=2
mice/6 neurons; TeNT, n=2/6. p30: Control, n=3/4; TeNT, n=3/5. *P< 0.05; ***P<
0.001 (Student’s #test). See also Table S1.

Neuron. Author manuscript; available in PMC 2018 April 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sando et al.

[ Control ][ TeNT |

EF1a loxP

Cre EF1a loxP
>
ATG

v
B  awipiomere

loxP

olv

C
y
&

>oe

Page 19

0
a [[Jcas

MF
Axons

D [ Control

TeNT |

mGFP

|m[ BTubulin/Calbindin ] [ BTubulin/DAPI ] >

[ Control ] [ TeNT | F
= (o]
3
o Al '
=
L | 0.5 MM s L]
G [ Control ][ TeNT | H
<
PL &}
] 1 r=0.86|( CA3 200 um
= g ~ PO st SR
<< 5 =
=100
S = S| =4 00 +
2 2l s (2 . / *
<[ =20 3]
> 3 \
@ Sl S 2 2 e\
< > r=-0.01 S| & \, (
E] E g 904] O\ § #
Q 3| 3 d
; 5 > - 000¢¢
L 0 L 0 1
1 =0.7|[_ - DG 100 um
2 GCL ML
[
8 - o,
-
¢ o
1 =o0.07|[ ][8] |100 b ¢
=
z
<
L L 00 L
Syb2 100 pm

Figure 2. Presynaptic differentiation of excitatory neurons

Axons and presynaptic terminals of glutamatergic neurons in hippocampi of 4 weeks old

animals.

(A) Sections were stained with antibodies against pTubulin and Calbindin. CC = corpus
callosum; MF = GC mossy fibers; ENT = axons of layer Il entorhinal cortical neurons that

terminate in the CA3.

(B to D) Mossy fibers were tagged /n vivo with AAVDJ DIO-mGFP.
(B) Schematic diagram of reporter induction in excitatory neurons.
(C) Sites of mGFP expression and location of inspected axons.

(D) GC axons and large mossy fiber terminals (LMTSs) in the CA3. SL = stratum lucidum;

PL = pyramidal cell layer. See also Figure S5.
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(E and F) Glutamatergic terminals were labeled with antibodies against VGlutl (E) or a
marker of LMTs, SPO (F). Single LMTs in samples co-stained for Syb2 are shown in
inserts.

(G) Images of the CA1, CA3 and DG in sections that were stained for VGlutl and Syb2. SO
= stratum oriens; SR = stratum radiatum; SL = stratum lucidum; PL = pyramidal cell layer;
GCL = granule cell layer; ML = molecular layer.

(H) Colocalization of VGlutl and Syb2 in indicated areas. See also Figure S4.

(1) Densities of VGlutl-positive boutons in different sites of the hippocampus. Values from 3
pairs of mice are plotted as mean + S.E.M. *P < 0.05 (Student’s #test).
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Figure 3. Dendrites and postsynaptic spines of excitatory neurons
(A to G) Pyramidal neurons in the CA1 and dentate GCs were sparsely labeled with AAVDJ

DIO-mGFP. Neuronal morphologies were analyzed at p30. Data are annotated as shown in
panel B.

(A and B) Schematics of experimental design with sites of AAV expression.

(C) Dendritic trees reconstructed from 3D image stacks. Branches of different order are
color-coded.

(D) Averaged length of branches of different order (um * 100).

(E) Mean numbers of branch orders (NBQO), trees, nodes, ends, tree length (TL, um * 100),
and complexity indexes (Com, a.u. *1000). CA1: Control, 7= 3 mice/24 neurons; TeNT, n=
3/20. DG: Control, 7= 3/13; TeNT, n= 3/26. See also Figure S5.
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(F) Images of spines on proximal dendrites of pyramidal cells in the CAL.

(G) Linear densities of different spine types on dendrites of CA1 pyramidal and dentate GC
neurons. M = mushroom; T = thin; S = stubby; F = filopodia; M/T = ratio of mushroom to
total. Dorsal CA1 (D): Control, /7= 3 mice/15 neurons; TeNT, 7= 3/20. Ventral CA1 (V):
Control, n=3/15; TeNT, n=3/15. DG: Control, n=3/21; NFB, n= 3/20.

(H and 1) Spines on proximal dendrites of pyramidal cells in the CA3 were analyzed at p30
by SBEM.

(H) Dendritic shafts and spines in stratum lucidum of the CA3.

(1) Quantifications of shaft volumes (* 101 nm3) and surface areas (* 1010 nm?2), spine
volumes (* 1010 nm3) and surface areas (* 108 nm?2), spine numbers, and ratios of spines to
dendrite surface, dendrite surface to spine, and dendrite volume to spine (all a.u.). n=3
mice/9-10 reconstructions per genotype.

Graphs are plotted as mean £ S.E.M. *P< 0.05; **P< 0.01; ***P< 0.001 (Student’s #test).
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Figure 4. Architectures of glutamatergic synapses
Structures of single excitatory synapses in the CA1, DG, and somatosensory cortex of p30

mice were analyzed by SEM.

(A) Simplified diagrams of connectivity in examined areas. P = pyramidal neuron; GC =
granule cell; C/I = callosal or ascending layer IV afferents; ENT = entorhinal axons; SC =
Schaffer collaterals.

(B) 2D EM images of synapses (left) and neurotransmitter vesicles (right) in the CAL.

(C) Vesicle volumes and spherisity. Histograms were fitted with Gaussian and asymmetric
sigmoidal functions, respectively. n= 270 vesicles/genotype. xc = center of the distribution;
w = width of the distribution. w values are shown for left-skewed slope.

(D) 3D views of terminals with opposed spines. Structures are color-coded, as indicated on
the right. SV = synaptic vesicle; RRP readily-releasable pool of SVs adjacent to presynaptic
active zones (AZ); PSD = postsynaptic density.

(C) Quantifications of terminal/spine volumes and tethered pools of SVs, displayed as
absolute numbers or normalized to AZ length. Data from 3 mice, 9-12 3D-reconstructions
per area/genotype are represented as mean = S.E.M. *P< 0.05; **£< 0.01; ***P< 0.001
(Student’s £test). See also Figure S6 and Table S2.
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