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Dually innervated dendritic spines develop in the
absence of excitatory activity and resist plasticity
through tonic inhibitory crosstalk
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In brief

Kleinjan et al. demonstrate that formation
of hippocampal dually innervated spines
(DiSs) occurs early in development and
does not require excitatory input. NMDA
receptor function and structural plasticity
are impaired at DiSs. These effects are
mediated through tonic GABAg receptor
signaling and may contribute to long-term
DiS stability.
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SUMMARY

Dendritic spines can be directly connected to both inhibitory and excitatory presynaptic terminals, resulting
in nanometer-scale proximity of opposing synaptic functions. While dually innervated spines (DiSs) are
observed throughout the central nervous system, their developmental timeline and functional properties
remain uncharacterized. Here we used a combination of serial section electron microscopy, live imaging,
and local synapse activity manipulations to investigate DiS development and function in rodent hippocam-
pus. Dual innervation occurred early in development, even on spines where the excitatory input was locally
silenced. Synaptic NMDA receptor currents were selectively reduced at DiSs through tonic GABAg receptor
signaling. Accordingly, spine enlargement normally associated with long-term potentiation on singly inner-
vated spines (SiSs) was blocked at DiSs. Silencing somatostatin interneurons or pharmacologically blocking
GABAgRs restored NMDA receptor function and structural plasticity to levels comparable to neighboring
SiSs. Thus, hippocampal DiSs are stable structures where function and plasticity are potently regulated by

nanometer-scale GABAergic signaling.

INTRODUCTION

A subset of dendritic spines, the primary sites of excitatory syn-
aptic connectivity in the central nervous system, are contacted
by both an excitatory and an inhibitory presynaptic terminal.’+
Dually innervated spines (DiSs) have been observed on principal
neurons throughout the neocortex, where they represent up to
25%-30% of spine synapses and account for approximately
one-third of total dendritic inhibitory inputs.’>® While DiSs are
widely observed, whether they are functionally distinct from
neighboring, singly innervated spines (SiSs) is unclear. DiSs
contain inhibitory and excitatory postsynaptic specializations
responsible for anchoring GABA and glutamate receptors in
closely spaced, but discrete, spine subdomains. Longitudinal
in vivo imaging revealed that DiSs on cortical pyramidal neurons
are larger and more stable than neighboring SiSs.”® A different
study demonstrated that the number of DiSs in the somatosen-
sory cortex increases following whisker stimulation.® Together,
these observations suggest that DiSs may develop from SiSs
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following activity-dependent forms of plasticity such as long-
term potentiation (LTP), hallmarks of which are spine growth
and stabilization.'® " However, it is unclear whether synaptic ac-
tivity and/or plasticity are required for DiS development or
maintenance.

Once formed, DiSs are particularly well suited for synaptic
crosstalk signaling between excitatory and inhibitory synapses.
For example, GABA4 receptors (GABAARs) and GABAg recep-
tors (GABAgRs) can potently modulate excitatory function
through signaling pathways regulating N-methyl-D-aspartic
acid receptor (NMDAR) function.'?~'* While this type of synaptic
crosstalk is likely to be amplified within the femtoliter confines of
a dendritic spine, how spine function and plasticity are influ-
enced by an adjoining inhibitory input remains unclear. Here
we use a combination of three-dimensional reconstruction
through serial section electron microscopy (3DEM), live imaging,
single synapse silencing techniques, and neurotransmitter un-
caging to characterize the development, function, and plasticity
of DiSs.
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Figure 1. DiSs are present in all layers of hippocampus
(A) Shown is a coronal hippocampal brain section from a P45 mouse that was embryonically electroporated with HT-pDisp, Gephringr-mScar, and PSD95¢ingr-

GFP (only HT-pDisp channel is shown).

(B) Image of hippocampal CA1 pyramidal cells expressing postsynaptic reporters Gephgingr-mScar (red) and PSD95g;gr-GFP (green) and morphology reporter
HT rs46-pDisp (gray). Stratum pyramidale, SP; stratum oriens, SO; stratum radiatum, SR; stratum lacunosum moleculare, SLM. Scale bar represents 20 pm.
(C) Zoomed images from (B) showing a dendritic branch with spines positive for both Gephgingg-mScar (red) and PSD95¢ingr-GFP (green) (arrowheads). A
magnified image of a DiS from a different dendrite is shown (bottom row). Scale bars represent 5 um, 1 pm.

(D) Example images of DiSs at different developmental timepoints. Percentages of total spines that are dually innervated are noted above. N = 40-45 neurons
from 10 slices from 6 mice. Scale bar represents 1 um.

(E) Quantification (mean + SEM) of DiSs/10 um of dendrite (left); percent of total spines with both PSD95 and Geph signal (middle); and the fraction of total Geph
puncta in spines (right) are plotted for each layer. Data are taken from P45 mice. N = 35-40 neurons from 5 slices from 2 mice.

(F) (a2 and @) Electron microscopy (EM) image from SR showing two DiSs (DiS1 and DiS2 in a; yellow highlighting in a') making symmetric synapses (red ar-
rowheads in a) with a presynaptic bouton containing pleomorphic vesicles (b1 in a; red in a'). Each DiS makes an asymmetric synapse (green arrowheads in a) with

(legend continued on next page)
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RESULTS

DiSs form in hippocampus early during spinogenesis

in vivo and in vitro

We characterized the development and activity dependence of
DiS formation, focusing on CA1 pyramidal neurons of the hippo-
campus, with their well-defined synaptic connectivity and
plasticity mechanisms. DiSs were visualized by electroporating
embryonic mice (age embryonic day [E]15.5) with intrabody
probes (FingRs) that label endogenous gephyrin (fused to
mScarlet; Gephgingr-mScar) and PSD95 (fused to green fluores-
cent protein [GFP]; PSD95¢,qr-GFP)."® The plasma membrane
marker pDisplay fused to Halotag (HT-pDisp) was used to visu-
alize morphology with JF646 dye. '® Electroporated hippocampal
CA1 pyramidal neurons were imaged by confocal microscopy
in perfusion-fixed sections prepared at different ages (post-
natal day [P]13, 17, 25, and 45) (Figures 1A-1D). At P45, spines
harboring both Gephgingr-mScar and PSD95g,gr-GFP signal
were observed in stratum oriens (SO; 4%-7% of all spines), stra-
tum radiatum (SR; 3%—-6% of all spines), and stratum lacunosum
moleculare (SLM; 6%-9% of all spines) (Figures 1B-1D). DiSs
accounted for a significant proportion of total dendritic gephyrin
puncta (SO, 21%-34%; SR, 9%-16%; SLM, 13%-19%) (Fig-
ure 1E). Surprisingly, a similar fraction of DiSs were observed
at P13, when dendritic spines are just beginning to form
(Figure 1D).

Because fluorescence imaging only reports postsynaptic spe-
cializations, DiSs were also characterized through 3DEM using
datasets from adult rat hippocampal area CA1. Symmetric
synapses (presumably inhibitory) were defined as having
thin pre- and postsynaptic thickenings and pleomorphic presyn-
aptic vesicles. Asymmetric synapses (presumably excitatory)
had a thick postsynaptic density (PSD) and round presynaptic
vesicles. DiSs had both symmetric and asymmetric synapses
(Figures 1Fa—-a’ and 1Ga-a’), although most symmetric synapses
were located on dendritic shafts (Figures 1Fb—b’ and 1Gb-b’).
DiSs accounted for 0.53% + 0.20% of all spines along dendrites
in SR and 4.35% + 1.22% in SLM (Figure 1H). The high total
spine density in SR of adult rat CA1 accounts for the small frac-
tion of DiSs observed in this layer compared to the confocal im-
aging, where total spines are likely undercounted. Nevertheless,
the density of DiSs in SLM and the overall fraction of symmetric
synapses on spines in both SR and SLM are remarkably similar
to the confocal imaging data (Figure 1E). In SR and SLM, asym-
metric synapse size did not differ significantly between SiSs and
DiSs, nor did the size of symmetric synapses located on spines
or shafts (Figures S1A and S1B).

Neuron

We also investigated whether DiSs form in ex vivo prepara-
tions, which allow for more controlled experimental manipula-
tions. Indeed, we observed Geph/PSD95-positive spines in
organotypic hippocampal slices and dissociated cultures.
Geph/PSD95-positive spines were associated with presynaptic
vesicular GABA transporter (vGAT), contained functional
GABAA receptors, and developed over a similar time course as
in vivo. (Figures S1C-S1H).

DiS formation in hippocampus does not require
excitatory synaptic activity

In cortex, DiSs are dynamically regulated by experience,®® but it
remains unknown if excitatory input is required for DiS formation
and/or maintenance. We generated an adeno-associated virus
(AAV) encoding the catalytic light chain of tetanus neurotoxin
(TeNT_c) to constitutively block presynaptic neurotransmitter
release, along with synaptophysin-halotag (Sph-HT) to identify
TeNT_c-expressing terminals. This general approach has been
shown previously to disrupt presynaptic glutamate release but
does not prevent postsynaptic spine development.'”?? The effi-
cacy of our Sph-HT-T2A-TeNT, ¢ AAV was confirmed in rat orga-
notypic slices and primary cultured neurons by VAMP2 staining,
Fei-Mao (FM) dye loading, and whole-cell recordings
(Figures S2A-S2D).

A subset of CA3 principal neurons in rat organotypic hippo-
campal slices was infected with Sph-HT-T2A-TeNT, ¢ AAV
immediately following dissection at P4-5 (Figure 2A). At equiva-
lent post-natal day (EP; postnatal day of slice preparation +
days in vitro) 13-14, slices were biolistically transfected with
Gephringr-GFP along with tdTomato (tdTom). CA1 pyramidal
neurons expressing Gephgingr-GFP/tdTom (the recipients of
excitatory inputs from CA3) were imaged 1-2 days later (Fig-
ure 2A). The low viral titer achieved sparse (<10%) infection of
CA3 neurons such that spines with inactive or unperturbed termi-
nals could be compared on the same cell (Figure 2B). The number
of DiSs was not significantly different in slices infected with
Sph-HT-T2A-TeNT, ¢ AAV vs. uninfected controls (Figure 2Bi).
Surprisingly, silenced terminals appeared directly associated
with DiSs. The fraction of DiSs associated with a silenced presyn-
aptic terminal was not significantly different from the fraction of
total spines contacted by a silenced input (Figure 2Bii). Likewise,
spine Gephringr signal was not significantly different at DiSs
associated with an active or inactive terminal (Figure 2Biii).

To confirm inactivated terminals were directly connected
to visualized postsynaptic spines, we used a modified “enhanced
GFP reconstitution across synaptic partners” (eGRASP)
approach?® (Figure 2C). An AAV was generated that expresses

a bouton (green highlighting in ') containing round vesicles. (b and b’) EM image showing a symmetric synapse (red arrowhead in b) on shaft of another dendrite
(yellow in b’) with the same presynaptic axon asinaand a’ (b2 in b; red in b’). (c) 3D reconstruction of an axon (light red) forming symmetric synapses (red) with five
different dendrites (Sh1-5; light yellow). Insets show 3D reconstructions of DiS1 and DiS2 seen in a and a’. DiS2 is a dually innervated branch of a branched spine
(excitatory PSDs are rendered in green). The shaft (Sh1) symmetric synapse shown in b and b’ is indicated by the gray arrow (b2).

(G) (a and &) EM image from SLM showing a DiS (a; yellow in a’) forming a symmetric synapse (red arrowhead in a) with a presynaptic bouton containing
pleomorphic vesicles (b2 in a; red in a') and an asymmetric synapse (green arrowheads in a) with a bouton containing round vesicles (b1 in a; green in ). (2”) 3D
reconstruction of the DiS shown in a and &'. (b and b’) EM image showing a symmetric synapse (red arrowhead in b) on dendritic shaft (yellow in b’) with a
presynaptic bouton (b3 in b; red in b’). Scale bar in a applies to &', b, and b’. Scale cube in b” also applies to a”.

(H) Quantification (mean + SEM) of DiSs in 3D EM reconstructions plotted as the number of DiSs/10 um of dendrite length (left), DiSs as a fraction of all spines in SR
(0.53% + 0.20%) and SLM (4.35% + 1.22%) (middle), and the fraction of all symmetric synapses located on spines (right). N = 31 (SR) or 36 (SLM) dendrites from
three rats for SR and two for SLM.
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Figure 2. DiS formation does not require excitatory input

(A) Experimental strategy for inactivation of CA3 inputs to CA1. Organotypic hippocampal slices were infected in CA3 with low titer AAV Sph-HT-T2A-TeNT ¢
immediately following preparation on P5. The slices were biolistically transfected on EP13-15 with tdTom and Gephgingr-GFP. Transfected CA1 pyramidal
neurons were imaged to identify DiSs and inactivated terminals.

(B) Representative example of a spine (red) with Geph signal (green) associated with a TeNT-expressing presynaptic terminal (Sph-HT, gray). Graphs (bottom
row) plot (i) the fraction of total or gephyrin-positive spines with an inactivated presynaptic terminal (n.s., not significant, Student’s t test), (ii) the percentage of total
spines that were dually innervated in infected and non-infected slices (n.s., not significant, Student’s t test), (iii) the Gephgingr-GFP intensity at TeNT-inactivated
DiSs normalized to active DiSs from the same neuron (n.s., not significant, paired Student’s t test). n = 5 slices from 2 different animals (Cont.); n = 11 slices from 4
different animals (Inf.). Scale bar represents 1 pm.

(C) Strategy for TeNT-modified eGRASP. Organotypic hippocampal slices were infected in CA3 with eGRASP-T2A-TeNT c AAV immediately following
preparation. Slices were then biolistically transfected on EP13-15 with e GRASP s, Gephringr-mScar, and HT-pDisp to visualize DiSs in CA1 neurons. GFP signal
appears at contacts made between transfected postsynaptic cells and inactivated terminals from infected presynaptic cells.

(D) GFP signal is observed in slices infected with eGRASP,.-T2A-TeNT ¢ and transfected with eGRASP . (top row). No signal was detected in slices not
infected with e GRASP,re-T2A-TeNT, ¢ (bottom row, display was increased to highlight lack of eGRASP signal), ***p < 0.001, Student’s t test. n = 6 neurons from 6

slices from at least 2 different animals. Scale bars represent 20 um, 1 um magnified images.
(E) Examples of eGRASP-labeled and Gephringr-positive spines. Scale bar represents 1 pm.

presynaptic eGRASP (eGRASP,.) along with TeNT. ¢
(6GRASPye-T2A-TeNT | c). CA3 pyramidal neurons were sparsely
infected with eGRASP,.-T2A-TeNT ¢ at P5. At EP13-14, slices
were transfected with Gephgingr-mScar, HT-pDisp, Cre, and post-
synaptic eGRASP (eGRASP 1) and imaged 12-24 h later. Recon-
stituted GFP signal only appears between silenced terminals and
spines from cells expressing Gephgingr-mScar/HT-pDisp/Cre/
eGRASP,s: (Figure 2C). In slices expressing both pre- and post-
synaptic eGRASP, but not controls, reconstituted GFP signal
was observed at gephyrin-containing spines (Figures 2D and
2E). Together, these results indicate that the formation and main-
tenance of DiSs does not require ongoing activity of the associated
excitatory terminal.

Structural plasticity is impaired at DiSs
Previous data indicate cortical DiSs are remarkably stable
compared to neighboring SiSs.® Thus, we tested whether DiSs

are capable of morphological plasticity using a glutamate uncag-
ing protocol.'® Neurons were transfected with tdTom along with
Gephgingr-GFP. Spines with and without Gephgingr-GFP signal
were targeted for single-photon (rat cultures) or two-photon
(2P) (mouse organotypic slices) glutamate uncaging-induced
spine growth (Figure 3A and S3A). These experiments were con-
ducted in the presence of tetrodotoxin (TTX) to avoid possible
dampening of excitatory responses by coincident phasic
GABA release. In both preparations, high-frequency glutamate
uncaging (Glu HFU, 30 pulses at 1 Hz) elicited robust growth of
SiSs (Figures 3A, 3B, and S3A). There was no relationship be-
tween the magnitude of SiS spine growth and distance to the
nearest shaft inhibitory input (Figure 3C). Surprisingly, structural
plasticity did not occur at DiSs in response to the same stimuli
(Figures 3D, 3E, and S3A). Note that we targeted DiS and SiS
groups with similar initial sizes, since the degree of plasticity-
induced growth depends on initial spine size'® (Figures 3F and

Neuron 711, 362-371, February 1, 2023 365
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Figure 3. DiSs resist structural plasticity through attenuated NMDAR function

(A) Time-lapse images of SLM dendrites from CA1 pyramidal neurons co-expressing tdTom (red) and Gephgingr-GFP (green). A SiS or DiS was exposed to high-
frequency glutamate uncaging (Glu HFU) at locations indicated by the red crosses.

(B) HFU triggered robust growth of SiSs (n = 17 spines, 14 cells) compared with unstimulated neighboring spines (n = 106 spines, 14 cells). Transient (left, 2-5 min
post HFU) and sustained (right, 22—-27 min post HFU) increases in SiS volume (but not that of neighboring unstimulated spines) occurred following HFU. **p < 0.01,
Student’s t test.

(C) Growth of SiSs (n = 16 spines, 13 cells) is plotted as a function of distance to the nearest shaft inhibitory input. Structural plasticity was not influenced by
proximity to shaft inhibitory synapses. p = 0.729, Pearson’s correlation.

(D) Time course of DiS size or Gephringr-GFP intensity following HFU. Both transient and sustained structural plasticity were blocked at DiSs (HFU-targeted DiS:
n = 14 spines, 13 cells; neighboring unstimulated control spines: n = 69 spines, 13 cells). n.s. not significant, Student’s t test.

(E) Direct comparison between SiSs and DiSs for transient (2-5 min post HFU) and sustained (22-27 min post HFU) structural plasticity *p < 0.05, **p < 0.01,
Student’s t test.

(F) The initial size of spines targeted for plasticity was indistinguishable between SiS and DiS groups. n.s. not significant, Student’s t test.

(legend continued on next page)
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S3A). These data reveal a specific impairment of structural
plasticity at DiSs.

Because structural plasticity is driven by NMDAR activation,
NMDAR function at DiSs and neighboring SiSs was compared
using simultaneous whole-cell patch-clamp recordings and
two-photon glutamate uncaging in organotypic hippocampal
slices. Uncaging-evoked NMDAR currents were reduced in
amplitude at DiSs compared to nearby SiSs (Figures 3G-3l). In
contrast, alpha-amino 3-hydroxy-5-methyl-4 isoxazole propi-
onic acid receptor (AMPAR) currents were comparable (Fig-
ure 3J). NMDAR-dependent Ca®* entry in response to glutamate
uncaging was directly monitored using the genetically encoded
Ca?* indicator GCaMP6s.2* These experiments were performed
using confocal imaging of dissociated hippocampal cultures,
which also exhibit plasticity impairment selectively at DiSs, to
overcome the challenges of three-color 2P uncaging/imaging
(Figures S3 and S3B). We observed a significant decrease in
1P uncaging-evoked NMDAR-mediated Ca®* transients at
DiSs compared to neighboring SiSs (Figures S3C and S3D). To
test if differences were due to NMDAR subunit composition,
Ca?* influx at individual spines was measured in response to
either glutamate uncaging or spontaneous, quantal neurotrans-
mitter release before and after inhibiting GIuN2B-containing
NMDARs with ifenprodil.?® Ifenprodil blocked a similar fraction
of Ca?* entry at DiSs and SiSs, and Ca2* entry at DiSs remained
significantly impaired relative to neighboring SiSs even in the
continued presence of ifenprodil (Figures S3C-S3F). Therefore,
differences in Ca2* entry are unlikely to arise from differences
in the number or function of GluN2B-containing NMDARs.

NMDARs at DiSs are modulated by inhibitory input and
GABAGgR signaling

We next investigated the origin of the inhibitory inputs onto DiSs.
Somatostatin-expressing interneurons (SST-INs) preferentially
innervate pyramidal cell dendrites. Thus, we infected organotypic
slices from SST-Cre mice with cre-dependent (flip excision, FLEX)
Sph-HT AAV to visualize SST-IN terminals. Slices were subse-
quently transfected with tdTom and Gephgingr-GFP to identify
DiSs on CA1 pyramidal neurons. Sph-HT signal was observed
closely associated with DiSs (Figures S4A and S4B). To assess
whether GABA release from SST-INs was responsible for reduced
NMDAR function at DiSs, organotypic slices from SST-Cre mice
were infected with FLEX TeNT, ¢ AAV (Figure 4A).?° The efficacy
of TeNT¢ silencing was confirmed by co-infecting slices from
SST-Cre mice with high titer FLEX channelrhodopsin-2 (ChR2)
AAV. Light-evoked inhibitory postsynaptic currents (IPSCs) re-
corded from CA1 neurons were nearly eliminated in slices infected
with FLEX ChR2 and TeNT, ¢ AAVs (Figures S4C and S4D). Gluta-
mate uncaging-evoked NMDAR currents were next measured at

¢? CellPress

DiSs and SiSs of CA1 pyramidal neurons in SST-Cre slices in-
fected with FLEX-TeNT, c AAV. With GABA release blocked
from SST interneurons, DiS NMDAR currents were indistinguish-
able from those of neighboring SiSs (Figures 4B and 4C). Impor-
tantly, TeNT_ ¢ expression in SST-interneurons did not affect
NMDAR currents at SiSs (Figure 4C). Next, organotypic slices
were preincubated with either GABAAR antagonist, bicuculline,
or GABAgR antagonist, CGP55845, for varying times before
measuring NMDAR function (Figures 4D and S4E). Uncaging-
evoked NMDAR currents at DiSs remained significantly impaired
relative to SiSs in slices treated with bicuculline (Figure S4E). How-
ever, either long-term (36-48 h; Figure S4E) or short-term (3-4hrs;
Figure 4E) blockade of GABAgRs with CGP55845 rescued
NMDAR currents at DiSs to levels indistinguishable from neigh-
boring SiSs. CGP55845 treatment did not affect NMDAR currents
at SiSs or overall development or morphology of DiSs or SiSs
(Figures S4E-S4H). Blocking GABAgRs with CGP55845 for
shorter times (2-12 min) was ineffective in restoring NMDAR
currents or Ca?* entry at DiSs (Figures 4F and S4l). Thus, reversal
of the GABAgR impact on NMDAR function at DiSs is relatively
slow, taking tens of minutes to hours.

To confirm whether GABAgR activation directly decreases
NMDAR currents at DiSs, two-color, two-photon photolysis of
caged glutamate and GABA was used. Natural GABAergic trans-
mission was blocked with FLEX-TeNT ¢ AAV using SST-Cre
mice to restore NMDAR function at DiSs (Figure 4G). Repetitive
2P GABA uncaging (GABA HFU, 60 pulses at 10 Hz) significantly
reduced uncaging-evoked NMDAR currents at DiSs, but not at
nearby SiSs on the same dendritic segment, even though
GABAgRs were observed by immunostaining at both DiSs and
SiSs (Figures 4H-4J, and S4J). This effect was completely in-
hibited by bath application of CGP55845 (Figure 4J), further
supporting a role for DiS-specific regulation of NMDAR function
by GABAgR signaling. Importantly, inhibiting GABAgRs not only
restored NMDAR function but also rescued structural plasticity
of DiSs with no effect on neighboring SiSs (Figures 4K-4M).
Together, these data demonstrate tonic GABAgR signaling
reduces NMDAR function and plasticity specifically at DiSs,
revealing the importance of inhibitory signaling for DiS structural
stability.

DISCUSSION

While inhibitory synaptic contacts occur directly on dendritic
spines throughout the neocortex, the development and func-
tional properties of DiSs have remained largely uncharacterized.
Why does dual innervation occur to begin with? One possibility is
that inhibition is recruited to mature spines in an activity-depen-
dent manner to dampen overactive sites of excitation. For

(G) Differential interference contrast (DIC) image of an organotypic hippocampal slice culture showing a CA1 pyramidal neuron transfected with tdTom and
Gephringr-GFP targeted for whole-cell recording. Blue crosses indicate two-photon glutamate uncaging spots at DiSs and SiSs on the same dendritic segment.
(H) Uncaging evoked excitatory postsynaptic currents (UEPSCs) from a DiS (green) and neighboring SiS (red) measured in whole-cell voltage-clamp mode at
—65 mV for AMPARs and +40 mV for NMDARSs. Black dotted lines (70 ms post-uncaging) indicate measuring points for NMDAR-uEPSC amplitudes.

(I) Summary graph of NMDAR-uEPSC amplitudes from DiSs (n = 30 spines, 11 cells) and SiSs (n = 30 spines, 11 cells). **p < 0.01, paired Student’s t test. A
scatterplot is shown below for NMDAR-uEPSCs from pairs of DiSs and SiSs from the same dendrite.

(J) Summary graph of AMPAR-UEPSC amplitudes from DiSs (n = 24 spines, 11 cells) and SiSs (n = 25, 11 cells). A scatterplot showing the amplitude of AMPAR-
UEPSCs from pairs of DiSs and SiSs from the same dendrite. n.s. not significant, paired Student’s t test.
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Figure 4. NMDAR function and structural plasticity are attenuated at DiSs through GABAgR signaling

(A) Schematic showing AAV-Flex-TeNT ¢ infection of SST-Cre hippocampal organotypic slices at EP7 and two-photon imaging and recording at EP21.

(B) Two-photon image of a dendrite from a CA1 pyramidal neuron co-expressing tdTom (red) and Gephgingr-GFP (green) in AAV-Flex-TeNT, c-expressing SST-
Cre hippocampal slices. A DiS and a SiS were targeted with glutamate uncaging test pulses (blue crosses).

(C) NMDAR-UEPSCs evoked by glutamate uncaging from DiS (green) and SiS (red). Black dotted lines (70 ms post-uncaging) indicate measuring points for
NMDAR-UEPSC amplitudes. Summary graph of NMDAR-uEPSC amplitudes from DiSs (n = 18 spines, 5 cells) and SiSs (n = 23 spines, 5 cells). SiS data without
TeNT_ ¢ (open red) are from Figure 3l. The scatterplot shows the amplitude of NMDAR-UEPSCs from pairs of DiSs and SiSs from the same dendrites. n.s., not
significant, paired Student’s t test.

(D) Schematic of the experimental timeline of CGP55845 treatment and 2P imaging/uncaging at DiSs and SiSs of CA1 pyramidal neurons in organotypic slices at
EP14-17.

(E) NMDAR-UEPSCs evoked by glutamate uncaging from DiS (green) and SiS (red) in CGP55845 (4 uM, 3-4 h)-treated hippocampal slices. Black dotted lines
(70 ms post-uncaging) indicate measuring points for NMDAR-uEPSC amplitudes. Summary graphs of NMDAR-uEPSC amplitudes (DiS, n = 14 spines, 8 cells;
SiS, n = 14 spines, 8 cells). A scatterplot showing the amplitude of NMDAR-UEPSCs from pairs of DiSs and SiSs. n.s., not significant, paired Student’s t test.

(F) A time course plot of NMDAR-uEPSC amplitudes from DiSs (n = 14-15 spines, 14 cells) and SiSs (n = 14-15 spines, 14 cells) before and during CGP55845 bath
application (4 uM, 2-12 min). 3—-4 h data (gray shade) are from Figure 4E. *p < 0.05, **p < 0.01, n.s., not significant, paired Student’s t test.

(G) Schematic showing AAV-Flex-TeNT ¢ infection at EP7 and two-color, 2P uncaging of glutamate and GABA at EP20-23.

(H) Time-lapse images of dendrites from CA1 pyramidal neurons co-expressing tdTom (red) and Gephgingr-GFP (green). Blue and green crosses indicate
glutamate uncaging test pulses (2P Glu) and high-frequency GABA uncaging (GABA HFU), respectively.

() NMDAR-UEPSC traces from DiS (green) and SiS (red) before and 4-5 min after GABA HFU.

(J) Decreased NMDAR-UEPSCs at DiSs following GABA HFU is mediated through GABAgRs (DiS, n = 14 spines, 10 cells; SiS, n = 19 spines; +CGP bath, n =21
spines, 8 cells; 4 uM CGP55845). *p < 0.05, n.s., not significant, paired Student’s t test.

(K) Schematic showing CGP55845 treatment and two-photon imaging/uncaging in hippocampal organotypic slices at EP15-17. Time-lapse images of dendrites
from CA1 pyramidal neurons co-expressing tdTom (red) and Gephgingr-GFP (green). SiS and DiS (arrowheads) were exposed to glutamate HFU in the presence of
CGP55845 (4 pM).
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example, a recent study in cortex report that DiS excitatory PSDs
are larger than SiS PSDs, suggesting the excitatory input had
been potentiated.” However, in hippocampus no difference
was observed. Their comparable size distribution to neighboring
SiSs is consistent with their resistance to potentiation and
growth. In fact, DiSs in hippocampus form even when glutamate
release from the associated excitatory terminal was blocked.
While excitatory function may not be required for DiS develop-
ment, it could play a role in subsequent DiS dynamics. For
example, in the visual cortex of adult mice, the rate of gephyrin
disassembly and reassembly at DiSs depends on sensory input.®
Whether similar dynamics occur in hippocampus and whether
plasticity could occur during periods of gephyrin disassembly
remain unknown.

While the inhibitory component of dual innervation most
certainly plays a powerful role in dampening plasticity during
coincident GABAAR activation,®'® our experiments reveal an
additional layer of regulation through tonic GABAgR signaling.
This finding was surprising, since DiSs were identified based
on the postsynaptic marker gephyrin, yet GABAgRs do not
appear enriched at the inhibitory postsynaptic membrane.?” Pre-
vious studies demonstrate potent GABAgR regulation of NMDAR
function.'®'* However, these studies relied on global pharmaco-
logical activation of GABAgRs, leaving it unclear precisely where
this regulation naturally occurs and what its functional conse-
quences are. We found that NMDARs are suppressed specif-
ically at DiSs, and this regulation is sufficient to impair structural
plasticity. While GABAgRs may be broadly distributed, our GABA
uncaging data indicate that they play a selective role in regulating
NMDAR function at DiSs, perhaps due to select localization of
specific GABAgR isoforms and/or activation of downstream
signaling molecules only present at DiSs.?®2° Their proximity
to the excitatory PSD, along with spatial boundaries imposed
by the spine membrane, result in highly localized crosstalk
signaling sufficient to impair nearoy NMDARs and structural
plasticity without influencing neighboring SiSs. More experi-
ments are needed to delineate the downstream mechanisms,
but previous studies using global pharmacological activation of
GABAgRs reported reduced NMDAR-mediated Ca®* entry, but
not total current, through regulation of a phosphorylation site
on GIuN2B."**° However, the GABAgR-dependent regulation
of NMDARs that we observed in hippocampus appears distinct.
First, we observed that both Ca?* entry and overall current were
reduced at DiSs compared to neighboring SiSs. Furthermore,
selectively blocking GIuN2B-containing NMDA receptors
reduced Ca2* entry to a similar extent at both DiSs and SiSs
and did not normalize their respective Ca®* responses. Instead,
NMDAR function could be regulated through a distinct signaling
mechanism. Multiple kinase pathways can regulate NMDAR
channel properties, clustering, and localization through direct
phosphorylation or indirect mechanisms.®' =2

While the role of DiSs in circuit function remains unclear, previ-
ous longitudinal in vivo imaging studies in cortex demonstrate

¢? CellPress

DiSs are much less dynamic in shape and size compared to
SiSs, suggesting they could act as stable points of circuit
connectivity in the face of ongoing plasticity and turnover at neigh-
boring singly innervated inputs.”'® A subset of immutable synaptic
connections could maintain a stable thread of circuit connectivity,
which may be especially important in brain regions with high syn-
apse turnover and plasticity. Indeed, complete turnover of den-
dritic spines could take place within weeks on CA1 hippocampal
pyramidal neurons.®* The relatively slow reversal of NMDAR
impairment at DiSs upon GABAgR antagonism suggests these
synapses are unlikely to revert to a plastic state during brief
pauses in GABA release, contributing to their long-term stability.
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Goat anti-Guinea pig IgG H&L Alexa Abcam Cat #; ab150187 RRID:AB_2827756
Fluor 647

Goat anti-Guinea pig IgG H&L Alexa Abcam Cat #; ab175678 RRID:AB_2827755
Fluor 405

Bacterial and virus strains

AAV DJ-Sph-HT-T2A-TeNT, ¢ This paper N/A
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Software and algorithms

Reconstruct Software Fiala, J.C.*° https://synapseweb.clm.utexas.edu/

software-0

Fiji Schindelin, J. et al.*® RRID:SCR_002285

Metamorph Molecular Devices https://www.moleculardevices.com/
systems/metamorph-research-imaging/
metamorph-microscopy-automation-and-
image-analysis-software

ImageJ National Institute of Health https://imagej.nih.gov/ij/

DualSynapse analysis software This paper https://github.com/mjkennedylab/
DualSynapse

TrakEM2 Cardona, A. et al.®’ RRID:SCR_008954

GraphPad Prism http://www.graphpad.com Prism Version 9.0.1

Clampfit 10.3 Molecular Devices https://www.moleculardevices.com/

OriginPro 8.5 OriginLab https://www.originlab.com/

Open Broadcaster Software OBS Studio Contributors https://obsproject.com

Other

1.6 um gold particles Biorad #1652264

RESOURCE AVAILABILITY

Lead contact
Requests for materials and reagents related to this study will be fulfilled by the lead contact, Matthew J. Kennedy (matthew.
kennedy@cuanschutz.edu).

Materials availability
Plasmids generated in this study will be made available through Addgene plasmid repository. Until Addgene catalog numbers are
assigned, plasmids will be made available upon request without restriction.

Data and code availability
e All data necessary to assess the conclusions of this work are available in the text and supplemental materials. Any additional
information or raw data files are available from the lead contact upon request.
® Original Imaged code for automating dually-innervated spine detections has been deposited at: https://github.com/
mjkennedylab/DualSynapse.
o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used wild-type and C57BL/6 mice (Jackson Laboratory), somatostatin-Cre mice (Jackson Laboratory, Sst-IRES-Cre 13,044) and
Sprague-Dawley rats (Charles River). Mice were used at postnatal day 5-7 (organotypic slices) or 13-25 (perfusion fixed brains). In all
experiments, data were obtained from both male and female animals in equal proportions. No influence from sex was determined. All
animals were group-housed with free access to food/water in accordance with the University of Colorado Institutional Animal Care
and Use Committee. 3-dimensional electron microscopy reconstructions and quantifications were performed on tissue samples
prepared for previously published studies using Long-Evans rats (60-170 days old).*®-°

METHOD DETAILS

3D reconstruction from serial section electron microscopy

Animals. All animal procedures for SDEM were performed in accordance with the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The animal protocols were approved by animal care and use committees at Children’s Hospital (Bos-
ton, MA), Medical College of Georgia (Augusta, GA), The University of Texas at Austin, or the Otago University Animal Ethics
Committee.
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All 3DEM data were collected from adult male Long-Evans rats (Charles River or Animal Breeding Station at the University of
Otago). We prepared two acute hippocampal slices from two rats aged 60-61 days old that were anesthetized with halothane
and decapitated. The slices (400 um thickness) were collected from the middle third of the hippocampus and recovered in an inter-
face chamber in artificial cerebrospinal fluid for electrophysiology recordings to induce long-term potentiation (LTP) at Schaffer
collateral synapses in area CA1 as described previously.“® Hippocampal slices were fixed within 1 min of the last recording in fixative
(6% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer with 2 mM CaCl, and 4 mM MgSO,), enhanced by
microwave irradiation for 10 s.*" We obtained and analyzed four 3DEM datasets (two control and two LTP) from these slices. Another
SR dataset was collected from a rat (68 days old) that was perfusion-fixed transcardially with the same fixative under pentobarbital
anesthesia. Three 3DEM datasets were obtained from SLM of two rats that were perfusion-fixed under halothane anesthesia with
2.5% glutaraldehyde and 2% formaldehyde in 0.1 M sodium cacodylate buffer with 2 mM CaCl, and 4 mM MgSO,. One of the
two animals (170 days old) underwent in vivo electrophysiology recordings to induce long-term potentiation in the middle molecular
layer of the hippocampal dentate gyrus in one hemisphere, as described previously.*®° From this animal, we used a dataset ob-
tained from SLM of the control hemisphere that received only test pulses delivered to medial perforant path and did not exhibit
long-term plasticity. The remaining animal (162 days old) did not undergo any prior experiments and was used to generate two
SLM datasets.

Tissue processing and serial sectioning. After vibratome sectioning to 70 um thickness, the fixed tissue containing the regions of
interest underwent staining with reduced osmium (1.5% K4Fe(CN)g and 1% OsQO, in 0.1 M sodium cacodylate buffer), followed by 1%
0s0, in the same buffer. The tissue was then stained en bloc with 1% uranyl acetate and dehydrated in a series of ethanol and
propylene oxide, or in acetone. The dehydrated tissue was infiltrated with and embedded into LX-112 resin or mixture of Epon
and Spurr’s resin. The resin blocks containing the tissue were trimmed to regions of interest in area CA1. Serial ultrathin sections
were cut with a diamond knife (DIATOME Ultra35 or Ultra45) on an ultramicrotome and collected on Synaptek slot grids coated
with Piolo-form or polyetherimide substrate. Sections were stained with uranyl acetate, followed by lead citrate*” for 5 min each.

EM imaging and alignment. The serial ultrathin sections from SR were imaged, blind as to condition, with a JEOL JEM-1230 trans-
mission electron microscope (TEM) with a Gatan UltraScan4000 CCD camera at 5,000x magnification. Serial section series from
SLM were imaged with a transmission-mode scanning electron microscope® (tSEM; Zeiss Supra40) at 1.8-2.0 nm/pixel. A diffrac-
tion grating replica (Ernest Fullam, Inc., Latham, NY or Electron Microscopy Sciences, Hatfield, PA) was imaged along with the serial
section series to calibrate pixel size.

SR dataset from the perfusion-fixed rat was imaged as two-tile mosaics, which were then stitched using Adobe Photoshop. All SR
datasets were imported into and aligned with the Reconstruct software®® (RRID:SCR_002716; https://synapseweb.clm.utexas.edu/
software-0). SLM datasets were aligned first using Fiji with the TrakEM2 plugin®®°"** (RRID:SCR_002285; RRID:SCR_008954;
http://fiji.sc, http://www.ini.uzh.ch/~acardona/trakem2.html) and then imported into Reconstruct for analysis. Mean section thick-
ness was calculated for each serial section series using the cylindrical diameters method by dividing the diameters of longitudinally
sectioned mitochondria by the number of sections they spanned.*®

Unbiased reconstructions and statistical analyses. 3DEM datasets were given a five-letter code to mask the identity of experimental
conditions in subsequent analyses. We used the Reconstruct software to identify and trace manually dendrites and synapses in the
3DEM datasets. Dendrites were sampled from SR and SLM based on microtubule count. We analyzed 31 oblique dendrites from SR
containing 9-48 microtubules and ranging 1.83-21.41 um in length. From SLM, we analyzed 36 dendrites with 6-48 microtubules and
6.34-21.01 um in length. Putative inhibitory axons contacting dendritic spines were confirmed by tracing them to another symmetric
synapse along the same axon. Of the 67 dendrites analyzed, 6 in SR and 12 in SLM contained one or more DiSs and 39 of 48 sym-
metric synapses in SR and 102 of 122 in SLM were located on dendritic shafts.

Statistical analyses were performed with GraphPad Prism, with statistical significance set at p < 0.05. We checked data for
normality with Kolomogorov-Smirnov test and found only the size of symmetric synapses in SLM to be consistent with normal dis-
tribution. Thus, we used unpaired two-tailed t test to compare DiS and shaft in this layer (Figure S1B, SLM - symmetric). Synapse
sizes in other categories were not distributed normally, so we used Kruskal-Wallis test for asymmetric synapses in SR and SLM,
and Mann-Whitney test for symmetric synapses in SR (Figures S1A and S1B). We pooled together the dendrite and synapse size
data from all conditions in SR (i.e., control, LTP, and perfusion-fixed) since DiSs were rare in this layer in adult rat CA1.

Figures and supplemental movie. For 3DEM data in Figure 1, graphs were generated with Microsoft Excel or GraphPad Prism. 3D
reconstructions of the traced objects were generated as Boissonnat surface in Reconstruct. Adobe Photoshop was used to adjust
brightness and contrast, and in some cases sharpness, of EM images. Adobe lllustrator was used to assemble all figures.

Rotating 3D scenes of reconstructed objects (dendrites, spines, synapses, and presynaptic axons) were rendered in Reconstruct,
and screen recordings were made using Open Broadcaster Software (OBS). Recorded clips were then edited together and captions
were added using Adobe Premiere.

In utero electroporation, perfusion, and slice preparation

All animal procedures were carried out in accordance with a protocol approved by the University of Colorado Denver Institutional
Animal Care and Use Committee. Timed pregnant CD-1 IGS mice were ordered from Charles River (Strain Code 022). On gestation
day 15.5, pregnant mice were anesthetized with vaporized isoflurane and administered analgesia (subcutaneous injection of melox-
icam, 2 mg/kg). A small vertical midline incision was made in the skin and peritoneum, approximately 1.5-2.5 cm in length, to expose
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the uterine horns. Beveled glass micropipettes were used to inject 1-2 uL of endotoxin-free plasmid DNA into the embryos’ lateral
ventricles at 1 mg/mL each. For electroporation, 5 pulses separated by 950 ms were applied at 45 V, using tweezer-type electrodes
connected to a square-wave electroporator (BTX ECM 830). Electrodes were oriented to direct the current toward the midline to
target the hippocampal primordium. Embryos were placed back in the dam and the peritoneal and skin incisions were closed
with sterile, single-use sutures (6-0 thread size with P-1 Reverse Cutting needle). Embryos were allowed to develop in utero and post-
natally until the indicated ages. At the indicated ages postnatal mice were anesthetized with vaporized isoflurane and transcardially
perfused with 4% PFA with additional post fix in 4% PFA overnight at 4°C. Brains were cryoprotected in 30% sucrose at 4°C
overnight and sectioned on a cryostat at 20 um.

Organotypic and dissociated culture preparation

Organotypic cultures and dissociated neurons were prepared from Sprague-Dawley rats or mice as previously described.“® Disso-
ciated hippocampal neurons were prepared from P0-P1 pups. Dissociated hippocampal neurons were transfected between 14 and
18 days in vitro (DIV) with lipofectamine 2000 according to the manufacturer’s protocol. Organotypic cultures, prepared from P5-P7
rats or P2-P3 mice, were cultured for 7-18 days before biolistic transfection with plasmids encoding synaptic/morphology markers.
Subsequent imaging/uncaging/whole cell patch clamp recordings were performed within 24-50 h following biolistic transfection (be-
tween 9 and 18 days in vitro). Biolistic transfection and gold particle preparation was carried out as previously described.*” In some
cases, slices were infected with AAV encoding TeNT or presynaptic eGRASP components to (1) silence a subset of CA3 neurons by
introducing 0.5uL of virus directly on CA3 immediately following plating or (2) to abolish GABA release from somatostatin positive
interneurons by injecting 1uL of AAV-Flex-TeNT ¢ (gift from Hiroki Taniguchi, Max Planck Florida Institute for Neuroscience) into
EP7 culture from SST-Cre mice.?® Note that eGRASP,qs: expression is cre-dependent and a plasmid encoding cre recombinase
was included in our biolistic transfections.”® To achieve expression of channelrhodopsin-2, AAV1-EF1-dflox-hChR2(H134R)-
mCherry-WPRE-hGH (gift from Karl Deisseroth; Addgene plasmid # 20297) was used. The age of slice culture is reported as
equivalent postnatal (EP) day; postnatal day at slice culturing + days in vitro.

Adeno-associated virus preparation

Sph-HT-T2A-TeNT, Flex-Sph-HT and eGRASP,.-T2A-TeNT AAV-DJ were generated as previously described.*® Briefly, HEK293T
cells were co-transfected with the AAV vector along with helper plasmids (pDJ and pHelper) using calcium phosphate transfection.
72 h post-transfection cells were harvested, lysed and purified over an iodixanol gradient column (2 h at 63,500 r.p.m. in a Beckman
Type80Ti rotor). Virus was dialyzed to remove excess iodixanol and aliquoted and stored at —80°C until use.

Confocal Ca®* imaging and 1-photon MNI-glutamate uncaging

Live cell imaging of dissociated hippocampal neurons was carried out at 34°C on an Olympus IX71 equipped with a spinning disc
scan head (Yokogawa) with a 60x NA1.4 objective. Standard imaging buffer contained (mM) 10 HEPES, 130 NaCl, 5 KClI,
30 days-glucose, 2 CaCl, and 1 MgCl, supplemented with 1 uM TTX. For uncaging-induced spine growth and Ca2* imaging the
same buffer was used, but lacked Mg?* to relieve NMDAR block. Excitation illumination was delivered from an AOTF controlled laser
launch (Andor) and images were collected on a 1024x1024 pixel Andor iXon EM-CCD camera. Data acquisition and analysis were
performed with Metamorph (Molecular Devices), Andor 1Q and Imaged software. All quantification was performed on raw images,
but some images were expanded, using the smooth function in Imaged for display only. For glutamate uncaging experiments, we
included 2 mM MNI-glutamate in the bath solution and focally stimulated the preparation using galvanometric mirrors (FRAPPA,
Andor technologies) to steer a diffraction-limited 405 nm spot. An AOTF was used to gate a 500 ps pulse of 405 nm light, with the
intensity adjusted to trigger an approximately quantal (10-30pA) AMPAR current. Intensities ranged from 3 to 4% of total laser power
from a 100mW 405 nm laser that was fiber coupled to an FRAPPA laser scanning unit. NMDAR Ca?* responses were monitored with
GCaMP6s (addgene clone #40753). Cells were also transfected with Gephringr-mScar and HT-pDisp labeled with JaneliaFluor 646 to
identify DiSs. For optical quantal analysis, the frequency and amplitude of spontaneous quantal Ca®* transients were measured at
individual DiSs and SiSs as previously described.?” Briefly, neurons were imaged at 5-7Hz for 2 min before and 5 min following ifen-
prodil (5uM, Tocris Bioscience) or at various times (30 s-30 min) following CGP55845 (4uM, Tocris Bioscience) addition. Quantal
events measured at the same spine before and after ifenprodil treatment were averaged (anywhere between 2 and 15 events
were averaged, depending on the event frequency at a given spine). For 1-photon (1P) MNI-glutamate induced spine growth, cells
expressing mCh along with Gephgi,gr-GFP were imaged to identify DiSs and neighboring SiSs. Targeted spines were stimulated with
30 uncaging pulses delivered at 1Hz (in Mg?*-free media). Spine growth was monitored in the GFP channel by imaging z-stacks every
30 s pre- and post-uncaging.

FM dye loading

For FM4-64 experiments, dissociated hippocampal neurons (DIV 17-20) that had been sparsely infected (<50%) with AAV Sph-HT-
2A-TeNT were incubated with 5puM FM4-64FX (fixable FM dye, Molecular Probes/Thermo) for 1-2 min in normal ACSF containing
10uM NBQX and 50uM APV, followed by a 30 s exposure to ACSF containing 50mM KCI, 5uM FM4-64FX, 10uM NBQX and
50uM APV (NaCl was reduced to 80mM in this solution to maintain appropriate osmolarity). Cells were returned to normal ACSF
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containing 10uM NBQX, 5uM FM4-64 and 50uM APV, incubated for 5 min and then washed with ACSF lacking FM4-64FX but con-
taining 1TmM ADVASEP-7 (Sigma). Cells were fixed and processed for VAMP2 staining.

Electrophysiology

Whole-cell recordings (electrode resistance, 5-8 MQ; series resistance, 20-40 MQ) were performed at 30°C on gene-gun-transfected
CA1 pyramidal neurons within 40 pm of the slice surface using a Multi-Clamp 700B amplifier (Molecular Devices). To record uncag-
ing-evoked excitatory postsynaptic currents (UEPSCs), CA1 neurons were patched in voltage-clamp configuration (Vhold of —65 mV
and +40 mV for AMPAR-mediated and NMDAR-mediated uEPSCs, respectively) using a cesium-based internal solution (135 mM
Cs-methanesulfonate, 10 mM HEPES, 10 mM Na2 phosphocreatine, 4 mM MgCl,, 4 mM Na2-ATP, 0.4 mM Na-GTP, 3 mM Na
L-ascorbate, 0.2 mM Alexa Fluor 488, ~300 mOsm, ~pH 7.25) in ACSF containing 2 mM CaCl,, 1 mM MgCl,, 0.001 mM TTX,
and 2.5 mM MNI-glutamate. uEPSC amplitudes from individual spines were quantified as the average (6-10 test pulses of 1 ms dura-
tion at 0.1 Hz) from a 2-ms window centered on the maximum current amplitude after uncaging pulse delivery for AMPA currents and
from a 10-ms window between 70 and 80 ms after stimulus for NMDA currents. Laser pulses for UEPSCs were delivered by parking
the beam at a point ~0.5 um from the center of the spine head (720 nm; 14-15 mW at the sample). Inhibitory postsynaptic currents
evoked by two-photon GABA uncaging (ulPSCs) were recorded by patching CA1 pyramidal neurons in the voltage-clamp configu-
ration (Vhold of +10 mV) using a cesium-based internal solution in ACSF containing 2 mM CaCl,, 1 mM MgCl,, 0.001 mM TTX, and
0.35 mM RuBi-GABA. Two-photon laser (810 nm) was delivered at a distance of ~0.5 um from the center of the spine head at a power
of 18-20 mW for a duration of 3 ms with a pulsed Ti:sapphire laser (MaiTai HP, Spectra-Physics). ulPSC amplitudes were quantified
as the average (6-10 test pulses at 0.1 Hz) from a 2-ms window centered on the maximum current amplitude within 50 ms after
delivery of an uncaging pulse. To assess the role of GABAgRSs in the reduction of NMDAR currents at DiSs, two-color, two-photon
uncaging was employed. NMDAR-uEPSCs were acquired in ACSF (2 mM CaCl,, 1 mM MgCl,, 0.001 mM TTX, 2.5 mM MNI-gluta-
mate, and 0.35 mM RuBi-GABA,; Vhold of +40 mV) from one DiS and one neighboring SiS on the same cell. After a short baseline of
NMDAR-uEPSCs, GABA HFU was delivered at the DiS and SiS while the cell was stepped from +40 to —65 mV. Post-GABA HFU
NMDAR-UEPSCs were recorded at +40 mV from both DiS and SiS 4-5 min after GABA HFU. GABA high-frequency uncaging
(GABA HFU) stimuli consisted of 60 pulses (810 nm; 14-15 mW at the sample) of 2 ms duration delivered at 10 Hz by parking the
beam at a point ~0.5 um from the center of the spine head. Signals were digitized at 10 kHz and responses were analyzed using
Clampfit 10.3 (Molecular Devices) and OriginPro 8.5 software (OriginLab).

Two-photon imaging and high-frequency glutamate uncaging

Imaging was performed at 11-18 days in vitro (DIV) on transfected CA1 pyramidal neurons within 40 pm of the slice surface at 30°C in
recirculating artificial CSF (ACSF) (127 mM NaCl, 25 mM NaHCQ3, 1.25 mM NaH2PO0O4, 2.5 mM KCI, 25 mM D-glucose, aerated with
95% 02/5% CO2) with 2 mM CaCl,, 1 mM MgCl, and 0.001 mM tetrodotoxin (TTX). For each neuron, image stacks (512 x 512 pixels;
0.047 pum/pixel) with 1-um z-steps were collected from one segment of secondary or tertiary distal apical dendrites using a two-
photon (2P) microscope (Bruker Nano, Inc) with a pulsed Ti:sapphire laser (MaiTai HP; Spectra Physics) tuned to 920 nm (4-5
mW at the sample). For time-lapse imaging, slices were imaged at 2 or 5 min intervals at 30°C in recirculating ACSF. Allimages shown
are maximal projections of three-dimensional image stacks after applying a median filter (2 x 2) to the raw image data. Two-photon
uncaging was achieved as described.?® In brief, LTP-inducing high-frequency 2P glutamate uncaging stimulus (Glu HFU) consisted
of 30 pulses (720 nm; 15-18 mW at the sample) of 5 ms duration delivered at 1 Hz by parking the beam at a point ~0.5 um from the
center of the spine head with a pulsed Ti:sapphire laser (MaiTai HP, Spectra-Physics) in at 30°C in ACSF containing (in mM): 3 Ca®*,
0 Mg?*, 0.001 TTX, and 2.5 mM MNI-glutamate.*® No more than two Glu HFU trials were performed from the same neuron.

Optogenetic IPSCs

Optically evoked IPSCs (0lPSCs) were recorded by patching CA1 pyramidal neurons in SST-Cre hippocampal slices infected with
AAV1-EF1-dflox-hChR2(H134R)-mCherry-WPRE-hGH or co-infected with AAV1-EF1-dflox-hChR2(H134R)-mCherry-WPRE-hGH
and AAV-Flex-TeNT ¢. Voltage-clamp configuration (Vhold of +10 mV) was achieved using a cesium-based internal solution in
ACSF containing 2 mM CaCl,, 1 mM MgCl,. olPSCs were evoked by full-field illumination (100ms, 470nm, 7-8mW, Thorlabs) and
quantified as the average (10 pulses at 0.2 Hz) of maximum current amplitude within 50ms after delivery of a blue light pulse.

Pharmacology
Stocks were prepared at 1,000 X (or greater) by dissolving Tetrodotoxin citrate, (R)-CPP, and Bicuculline methochloride in water;
CGP55845 in DMSO. All drugs were from Tocris unless otherwise noted.

QUANTIFICATION AND STATISTICAL ANALYSES
Image analysis and quantification
Estimated spine volume and gephyrin enrichment on dendritic spines were measured in fluorescence images from red (tdTomato)

and green (GFP) channels using Imaged (NIH). Integrated fluorescence intensities were calculated from background-subtracted
and bleed-through-corrected red and green fluorescence using the integrated pixel intensity of a boxed region (ROI) surrounding
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the spine head, as described previously.®?® Gephyrin enrichment in DiS was calculated by normalizing GFP-gephyrin fluorescence
intensities (as described above) for each punctum to the mean GFP fluorescence intensity determined from four background ROls on
the same dendritic shaft. GFP-gephyrin enrichment was considered to be a gephyrin punctum when the ratio of green from a punc-
tum of DiS to green from dendritic background (Gs/Gd) was >1. “DiS” (expression level >mean; Gs/Gd > 1) versus “SiS” (expression
level <mean; Gs/Gd < 1). https://github.com/mjkennedylab/DualSynapse.

Uncaging evoked IPSCs and EPSCs

UEPSC amplitudes from individual spines were quantified as the average (6-10 test pulses of 1 ms duration at 0.1 Hz) from a 2-ms
window centered on the maximum current amplitude after uncaging pulse delivery for AMPA currents and from a 10-ms window be-
tween 70 and 80 ms after stimulus for NMDA currents. ulPSC amplitudes were quantified as the average (6-10 test pulses at 0.1 Hz)
from a 2-ms window centered on the maximum current amplitude within 50 ms after delivery of an uncaging pulse.

Optogenetically evoked IPSCs

olPSCs were evoked by full-field illumination (100ms, 470nm, 7-8mW, Thorlabs) and quantified as the average (10 pulses at 0.2 Hz) of
maximum current amplitude within 50ms after delivery of a blue light pulse. Data from at least three independent slice culture prep-
arations were used for two-photon imaging experiments.

Statistical analyses

All electrophysiology, staining and calcium imaging data were analyzed in Graphpad Prism. Generally, we used Student’s t test for
comparisons between groups unless otherwise noted in figure legends with statistical significance set at p < 0.05. In cases where
data were compared from the same cell/synapse pre/post treatment, we used paired Student’s t test, as noted in the figure legends.
Values for technical and experimental replicates are listed in the figure legends. For serial reconstruction EM data, we checked data
for normality with Kolomogorov-Smirnov test and found only the size of symmetric synapses in SLM to be consistent with normal
distribution. Thus, we used unpaired two-tailed t test to compare DiS and shaft in this layer (Figure S1B, SLM - symmetric). Synapse
sizes in other categories were not distributed normally, so we used Kruskal-Wallis test for asymmetric synapses in SR and SLM, and
Mann-Whitney test for symmetric synapses in SR (Figures S1A and S1B). We pooled together the dendrite and synapse size data
from all conditions in SR (i.e., control, LTP, and perfusion-fixed) since DiSs were rare in this layer in adult rat CA1.
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