Cell Reports

Functional Distinctions between Spine and Dendritic
Synapses Made onto Parvalbumin-Positive

Interneurons in Mouse Cortex

Graphical Abstract

PV IN spine synapse Il NMDARS

J\

Il cP-AMPARSs

}\ uEPSP

After

j\Before

PV IN dendritic synapse

synapse
Before After HEaR
C influx
ﬁ supra-
linearity
vCa Caé S_Ub' _
linearity
Highlights

e Spines on PV INs contain glutamatergic synapses
e NMDARSs are biased toward spine synapses

e Dendritic CP-AMPARs and NMDARs are bidirectionally
modulated by somatic activity

e Local dendritic depolarization generates spine Ca supra-
linearities via NMDARs

Sancho & Bloodgood, 2018, Cell Reports 24, 2075-2087
August 21, 2018 © 2018 The Author(s).
https://doi.org/10.1016/j.celrep.2018.07.070

Authors

Laura Sancho, Brenda L. Bloodgood

Correspondence
blbloodgood@ucsd.edu

In Brief

Sancho and Bloodgood demonstrate that
in the mouse cortex, spines on PV
interneurons contain glutamatergic
synapses. Spine and dendritic synapses
have CP-AMPARs and NMDARs, but
spines are enriched for NMDARs. These
synapses are functionally distinct.
Dendritic synapses are modulated by
action potentials, while spine synapses
are sensitive to local activity.
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SUMMARY

Dendritic spines influence synapse function by
boosting synaptic potentials and sequestering syn-
aptically generated second messengers. Spines
have been extensively studied in densely spiny prin-
cipal neurons, but little is known about how they
expand the information-gathering capabilities of
sparsely spiny interneurons (INs). We find in the
mouse primary visual cortex, parvalbumin-positive
INs have a low density of spines that enclose func-
tional glutamatergic synapses. Both spine and
dendritic synapses contain calcium-permeable
AMPA receptors (CP-AMPARs) and NMDA receptors
(NMDARs), but NMDARs are enriched at spine synap-
ses. Glutamate-receptor-mediated Ca influx at prox-
imal dendritic sites is bidirectionally modulated by
the timing of action potentials (APs). Surprisingly,
spine synapses are largely insensitive to APs,
but coincident activity originating in the adjacent
dendrite strongly influences spine NMDAR-mediated
calcium influx. Thus, while glutamate receptors on
spines and dendrites are modulated by the activity
of the neuron, they are distinctive in the type of coin-
cident activity detected.

INTRODUCTION

Excitatory synapses are formed onto dendritic spines and
directly onto the dendritic shaft. A synapse that is enclosed
within a spine head can produce a local synaptic potential that
is tens of millivolts in amplitude (Yuste, 2013; Jayant et al.,
2017; Kwon et al., 2017), while a similar current originating
from a dendritic shaft synapse may be an order of magnitude
smaller (Gulledge et al., 2012; Kawato and Tsukahara, 1984;
Araya et al., 2006). The large synaptic potentials produced at
spine synapses can engage an array of local voltage-dependent
receptors and channels (Bloodgood et al., 2009; Sabatini and
Svoboda, 2000; Sobczyk et al., 2005; Bloodgood and Sabatini,
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2007), which shape the amplitude and kinetics of synaptic cal-
cium (Ca) signals. Thus, the signaling repertoire of a synapse is
a function of both its physical location and the complement of re-
ceptors and channels present.

The consequences of housing a synapse within a spine have
been extensively explored in densely spiny principle neurons
(PNs), where the overwhelming majority of excitatory synapses
are made onto spines. However, many inhibitory interneurons
(INs) are sparsely spiny with spine densities that vary based on
IN subtype (Peters and Regidor, 1981; Kawaguchi et al., 2006;
Azouz et al., 1997). In INs where spines have been studied, these
spines contain functional synapses and undergo experience-
driven structural plasticity (Keck et al., 2011; Guirado et al,,
2014; Pérez-Rando et al., 2017; Gilabert-Juan et al., 2011), as
observed for spines on PNs. Nonetheless spine synapses are
interspersed among and often outnumbered by those formed
directly onto the dendrites, raising the question of how spine syn-
apses expand the information gathering capabilities of sparsely
spiny INs.

Parvalbumin-positive (PV) INs are a compelling cell type in
which to study the operations performed by spine versus den-
dritic synapses. First, the dendrites of PV INs are densely inner-
vated, receiving up to three excitatory synaptic inputs per micron
(Gulyas et al., 1999). While this cell type is often described as
having smooth dendrites, spines have been observed on the
dendrites of PV INs in many brain regions, at various develop-
mental stages, and in several species (Kawaguchi et al., 2006;
Gulyas et al., 1999; Kubota et al., 2011). However, it has not
been established whether spines on PV INs enclose synapses,
let alone whether they are functionally distinct from synapses
made onto the dendrites.

Second, excitatory synapses on PV INs contain both Ca-
permeable AMPA receptors (CP-AMPARs) and NMDA receptors
(NMDARSs) (Goldberg et al., 2003a; Geiger et al., 1997; Matta
et al., 2013). Both of these receptor types are Ca permeable
and highly voltage dependent (Kamboj et al., 1995; Nowak
et al., 1984; Jonas et al., 1994) with inverse sensitivities to mem-
brane potential. Thus, the versatility of synaptic Ca signaling
executed by PV INs may be expanded by variability in the gluta-
mate receptor composition of individual synapses in conjunction
with whether or not the synapse is enclosed by a spine or made
directly onto the dendrite.
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Finally, there is evidence that CP-AMPARs and NMDARs are
not uniformly distributed among all synapses made onto PV
INs. In comparison to other cell types, the AMPAR to NMDAR
current ratio is large in PV INs (Matta et al., 2013; Camiré and
Topolnik, 2014; Nissen et al., 2010). In the hippocampus, only
a subset of synapses is capable of expressing NMDAR-depen-
dent plasticity (Le Roux et al., 2013). In the somatosensory
cortex, glutamatergic transmission from thalamic afferents pro-
duces NMDAR currents (Bagnall et al., 2011), while in the visual
cortex, this is not the case (Kloc and Maffei, 2014). However,
dendritic synapses produce Ca signals that are an amalgamation
of Ca influx through CP-AMPARs and NMDARs (Goldberg et al.,
2003a, 2003c). Thus, when categorically considering PV INs,
NMDARs are expressed at low levels, yet are nevertheless func-
tionally significant at subsets of synapses and absent from
others. This led us to ask if NMDARs are biased to spine synap-
ses on PV INs, where the biophysical properties of the spine may
specifically enhance NMDAR signaling while minimizing Ca
influx through CP-AMPARS.

Wefind thatin layer II/11l of the mouse primary visual cortex (V1),
spines on PV INs enclose functional glutamatergic synapses.
Using two-photon glutamate uncaging in combination with elec-
trophysiology, Ca imaging, and pharmacology, we find that CP-
AMPAR-mediated Ca signals are similar in spines and dendrites,
while NMDAR-mediated Ca influx is larger in spines. Additionally,
we find that dendritic glutamate receptors are bidirectionally
modulated by the timing of coincident action potentials (APs),
whereas spine synapses are insensitive to APs yet highly influ-
enced by excitatory postsynaptic potentials (EPSPs) originating
in the adjacent dendritic shaft. Together, these characteristics
imbue dendritic and spine synapses with distinct sensitivities to
the ongoing activity of the neuron.
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Figure 1. PV INs Are Sparsely Spiny

(A) Confocal image of V1 from a Pvalb'™CreAmbr x
Gt(ROSA)26Sor™m4CAG-tdTomatolHze 4 1se, Scale
bar, 100 pm.

(B) Layer I/l PV INs in V1. Scale bar, 20 um.

(C) Two-photon image of a tdTomato-expressing
PV IN filled with Alexa Fluor-594. Scale bar, 20 um.
(D) Left: representative trace in response to so-
matic current injection (1 s, 400 pA). Scale bars,
10 mV and 100 ms. Right: AP full width at half
maximum (FWHM; n = 24 neurons, 16 mice).

(E) PV IN dendrites. Scale bars, 10 um.

(F) Spine density from P15to P19 (n =17 branches,
11 neurons, 6 mice), P20 to P30 (n = 13 branches,
10 neurons, 4 mice), and P46 to P56 (n = 13
branches, 6 neurons, 3 mice). p = 0.077, Kruskal-
Wallis test.

(G) Spine density in proximal (first 50 pum) and distal
(remaining length) dendrites. Proximal versus
distal: P15-P19, p = 0.62; P20-P30, p = 0.15; P46~
P56, p = 0.016 (Wilcoxon signed ranks test). Prox-
imal versus proximal: p = 0.0040; P15-P19 versus
P20-P30, p = 0.030; P15-P19 versus P46-46,
p = 0.0070. Distal versus distal: p = 0.97. Kruskal-
Wallis test for three-way comparisons, pairwise
comparisons adjusted by Bonferroni correction.
Red circles indicate individual branches. Data are
shown as mean + SEM.
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RESULTS

PV INs in Layer Il/Ill of V1 Are Sparsely Spiny

We quantified spine density in PV INs of Pvalb™!CreAbr
GHROSA)26Sor ™! 4CAG-tdTomatoHze mice \Whole-cell recordings
were obtained from tdTomato-expressing INs in layer II/1ll of V1
(Figures 1A-1C). AP and membrane properties were consistent
with fast-spiking, PV-positive INs (Figure 1D; full width at half
maximum [FWHM], 1.0 + 0.04 ms; input resistance [R;.],
113.1 £ 9.3 MQ; membrane capacitance [C.)], 36.4 + 2.0 pF;
spike rate, 83.9 + 6.2 Hz; Azouz et al., 1997). We detected
approximately one spine per 10 um, and spine densities were
similar in tissue from mice before, during, and after the critical
period (Figure 1F; post-natal day 15 [P15] to P19: 1.2 + 0.1,
P20-P30: 0.85 + 0.1, P45-P56: 0.69 + 0.054 spines/10 pm).
In younger mice, spine density was comparable along the length
of the dendrite (Figure 1G; P15-P19, <50 ym: 1.4 £ 0.2, >50 pm:
1.2 £ 0.3 spines/10 um). With age, there was a significant
decrease in the spine density on the proximal dendrites, while
density on distal dendrites was stable (Figure 1G; P20-
P30, <50 um: 0.7 + 0.1, >50 um: 1.4 + 0.5; P46-P56, <50 um:
0.52 + 0.083, >50 um: 0.83 + 0.085 spines/10 um). These data
suggest that spines are a consistent yet dynamic anatomical
feature of PV INs in the mouse visual cortex.

Spines on PV INs Enclose Functional Glutamatergic
Synapses

Spine-like protrusions have been previously described in PV
INs (Gulyas et al., 1999; Peters and Regidor, 1981), but it is
unknown if these spines enclose functional synapses. Whole-
cell voltage-clamp recordings were obtained from PV INs,
and local axons were stimulated with an extracellular (EC)



electrode placed near a dendrite or spine (Figure 2A). At low
stimulus intensities, an evoked excitatory postsynaptic current
(EPSC) was recorded at the soma, but no Ca transient was de-
tected locally (Figures 2C and 2G; see Experimental Proced-
ures). The EC stimulus strength was gradually increased until
an all-or-nothing Ca transient was observed in the dendrite or
spine (Figures 2D, 2E, and 2H). In a fraction of trials for both
dendritic and spine events, the stimulus failed to produce a
Ca transient. This could be due to a failure in evoking an AP
or of synaptic transmission, precluding the strict interpretation
of failures as a reflection of release probability. Ca transients
measured in spines had rapid rise times (20%-80%: 4.6 +
0.6 ms), suggesting that they originated locally, and the evoked
Ca transients were similar in amplitude and kinetics at den-
drites and spines (Figure 2I).

To determine if the Ca transients were due to glutamatergic
transmission and not direct depolarization of the membrane,
NMDAR and AMPAR antagonists were sequentially applied to
the bath (3-((R)-2-Carboxypiperazin-4-yl)-propyl-1-phosphonic
acid [CPP] and 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzolf]
quinoxaline-7-sulfonamide disodium salt [NBQX], respectively),
and the evoked Ca transients were compared to control condi-
tions. Blocking NMDARSs significantly reduced the peak Ca
transients in dendrites and spines; subsequent antagonism of
AMPARs eliminated the remaining Ca signal (Figures 2J-2L).
Thus, spines on PV INs contain functional glutamatergic
synapses.

While CP-AMPARs contribute to dendritic synaptic Ca
signals in PV INs (Goldberg et al., 2003a, 2003c), it is
unknown if CP-AMPARs are also at spine synapses. Wash in
of philanthotoxin-433 (PhTx) to block CP-AMPARSs significantly
reduced the evoked Ca transient at dendritic and spine synap-
ses. The Ca signal was further reduced by the subsequent
application of NBQX (Figures 2M-20), leaving a small residual
Ca transient, attributable to NMDARs. While evoked Ca tran-
sients measured at both dendrite and spine synapses are
sensitive to NMDAR and CP-AMPAR blockers, the synapse-
to-synapse variability was high, particularly for spine synapses
(Figures 2L, 20, and S1A). Thus, dendritic and spine synapses
can contain both CP-AMPARs and NMDARs, but the gluta-
mate receptor composition of individual synapses is variable,
most notably for spines where synapses may lack either CP-
AMPARs or NMDARs.

Two-Photon Glutamate Uncaging and Ca Imaging

Reveals NMDARs Are Enriched at Spine Synapses

EC stimulation activates many synapses that are distributed
throughout the neuron’s dendrites, preventing concomitant
analysis of synaptic potentials and Ca transients. In order to
dissect the contributions of the two Ca-permeable glutamate
receptor subtypes to the electrical and Ca signals produced
by individual dendritic and spine synapses, we performed
simultaneous two-photon 4-Methoxy-7-nitroindolinyl (MNI)-
glutamate uncaging and Ca imaging, in combination with elec-
trophysiology and pharmacology, in both voltage and current
clamp (Figure 3A; Bloodgood and Sabatini, 2007). Glutamate
was uncaged at putative dendritic synapses, defined as current
hotspots (Figures 3B and 3D), or at spine heads (Figures 3F and

S2A-S2D; see Experimental Procedures). Uncaging glutamate
at dendritic hotspots resulted in Ca transients that were similar
to those produced in response to EC stimulation (Figure 3C),
indicating that uncaging at dendritic sites is comparable to syn-
aptic transmission. Analogous experiments conducted in
the presence of CPP resulted in uncaging-evoked EPSCs and
EPSPs (UEPSC and uEPSP) that were similar to those
measured in control experiments. However, the peak of the
UEPSP-associated Ca transient was 26% smaller in CPP than
in control conditions (Figures 3E and 3H-3K). Thus, NMDARs
are activated by glutamate presented at discrete dendritic sites
and contribute significantly to the resulting Ca signal, but not
UEPSP.

Uncaging over spines produced uEPSCs that were similar
to those produced at dendritic sites, although the uEPSPs
were significantly smaller, and the corresponding Ca transients
were larger (Figures 3F-3K). Repeating these experiments with
NMDARs antagonized resulted in uEPSCs, uEPSPs, and
UEPSP-evoked Ca transients that were nearly 50% smaller
than in control experiments (Figures 3G-3l), with a notable
reduction in the early and late phases of the uEPSC. The differ-
ence of the average UEPSC recorded in CPP from control
conditions revealed a biphasic current consistent with early
AMPAR-mediated boosting of NMDAR opening followed by
the slower kinetics of NMDARSs alone (Figure 3G; Lester et al,,
1990; Bloodgood et al., 2009). It is unlikely that the difference
in current amplitude in these two conditions results from differ-
ential activation of AMPARs, since glutamate uncaging was
standardized by photobleaching and small-amplitude UEPSCs
can produce large Ca transients in control conditions (Fig-
ure S2G). In stark contrast to dendrites, NMDARs at individual
spines contribute significantly to both the depolarization and
the associated Ca signal.

Is the larger contribution of NMDARs to signals originating
from spines due to the biophysical properties of spines, or are
there more NMDARSs in spines than in dendrites? To evaluate
receptor densities, NMDARs were pharmacologically isolated
and the voltage dependence of the receptors eliminated by
excluding magnesium (Mg) from the EC solution. Glutamate
was uncaged at the spine head and then at multiple locations
over the adjacent dendrite to get an average dendritic response
(Figure 3L). With AMPARSs blocked, it was not possible to identify
putative dendritic synapses by UEPSC hotspots, but by sampling
several locations, we were able to assess the general dendritic
receptor density. Considering all nine spine-dendrite clusters,
the uncaging-evoked Ca transient was 40% larger in the spine
than in the dendrite (Figure 3M). Moreover, of the 31 individual
dendritic sites probed, 29 produced a smaller Ca transient
than the corresponding spine (Figure 3N). These data suggest
spines have more NMDARs or NMDARs that flux more Ca than
the neighboring dendrite (Monyer et al., 1992; Bloodgood and
Sabatini, 2009).

CP-AMPAR-Mediated Ca Influx and Depolarization Are
Similar in Dendrites and Spines

To determine if CP-AMPARs are also unevenly distributed be-
tween dendrites and spines, we probed both locations in the
presence of PhTx. Blockade of CP-AMPARSs resulted in uEPSPs
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Figure 2. Spines on PV INs Enclose Functional Glutamatergic Synapses

(A) Schematic depicting a recording from a PV IN, the stimulating electrode, and two-photon Ca imaging.

(B) Representative dendritic segment. Dashed yellow line indicates line scans. Red, Alexa Fluor-594; green, Fluo-5F. Stimulating electrode is schematized in
white. Scale bar, 1 um.

(C) Stimulation intensity evoking an EPSC but no Ca transient in the dendritic region of interest (ROI). Left: line scans through the dendrite in (B). Right:
accompanying Ca transients (n = 15 trials; top). Ca transients: individual trials (gray) and mean (black). Bottom: average EPSC. Scale bars, 25 ms (left),
5% AG/Ggat and 50 pA (right).

(D) As in (C), but stimulation intensity evokes both an EPSC and a Ca transient in the ROI. n = 25 trials. Ca transients: individual trials (gray), mean of the successes
(black), and mean of the failures (dashed). Scale bars, 25 ms (left), 5% AG/Ggat and 50 pA (right).

(E) AG/Ggat measured from “Ca transient” versus “no Ca transient.”

(F) As in (B), but for spines. Scale bar, 1 um.

(G) As in (C), but for spines. n = 8 trials. Scale bars, 25 ms (left), 10% AG/Gsat and 50 pA (right).

(H) As in (D), but for spines. n = 23 trials. Scale bars, 25 ms (left), 10% AG/Ggat and 50 pA (right).

(I) Population average of Ca transients. Top: average Ca transient including failures (number of trials: dendrites [Den] = 18 + 2, spines [Sp] = 23 + 2; number of
successes: dendrites = 13 + 2, spines = 15 + 1). Scale bars, 5% AG/Gs,t and 25 ms. Bottom: Ca peak including failures; individual cells: open gray circles.
Dendrites = 8.8 + 1.7 (n = 17, 9 mice), spines = 7.1 + 9.3 (n = 19, 9 mice); p = 0.79. Successes only (not shown): dendrites = 10.9 + 1.9, spines = 10.5 + 1.9.
(J) Evoked Ca transients measured at dendritic hotspots in control conditions (cont; 10.8 + 3.0) followed by wash-in of CPP (3.5 + 1.2) and NBQX (0.2 +0.1;n=8
dendrites, 8 neurons, 6 mice).

(K) As in (J) but in spines. Control = 8.0 + 1.4; CPP = 3.1 + 0.8; CPP + NBQX = 0.5 £ 0.2 (n = 10 spines, 10 neurons, 7 mice). Scale bars: 5% AG/Gsat
and 25 ms.

(L) Ca peak as a percent of control with sequential wash-in of CPP and NBQX. Individual sites, thin lines; average, thick lines. p values for dendrite and spine.
Control versus CPP: p = 0.012/ 0.0093. Control versus CPP + NBQX: p = 0.012/ 0.0051.

(M) Evoked Ca transients measured at dendritic hotspots in control conditions (7.0 + 1.4) followed by wash-in of PhTx (4.2 + 1.0) and NBQX (1.4 + 0.5;n =9
dendrites, 9 neurons, 3 mice).

(legend continued on next page)
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and associated Ca transients that were significantly smaller than
those measured in control experiments, and the magnitude of
the decrease was comparable at dendritic sites and spines (Fig-
ures 4A and 4C—4E). This suggests that in contrast to NMDARSs,
CP-AMPARs have similar distributions between dendrites and
spines.

Rectification of CP-AMPARs Is Similar in Dendrites and
Spines

Depolarization drives intracellular polyamines into the pore of
CP-AMPARs (Geiger et al., 1995; Kamboj et al., 1995; Bowie
and Mayer, 1995), resulting in an inward rectification of CP-
AMPAR-mediated currents. As the biophysical properties of
spines allow small currents to produce relatively large local de-
polarizations, we sought to determine if CP-AMPARs at spine
synapses are susceptible to polyamine block during uEPSPs.
Whole-cell recordings were made from PV INs with an internal
solution lacking spermine, and intracellular polyamines were dia-
lyzed out of the cell. In the absence of polyamines, uEPSPs and
Ca signals were similar to those measured in control experi-
ments for both dendrites and spines (Figures 4B-4E). Thus, it
is unlikely that depolarization originating from individual spine
or dendritic synapses is sufficient to engage the polyamine block
of CP-AMPARs.

The affinity of polyamines for CP-AMPARs, and consequently
the rectification of AMPAR-mediated currents, is also influenced
by the receptor subunit composition (Washburn et al., 1997) and
association with specific transmembrane AMPAR regulatory
proteins (TARPSs), such as stargazin, which is expressed in PV
INs (Soto et al., 2007; Pelkey et al., 2015). Rectification curves
obtained by uncaging at dendritic and spines sites (Figure S3)
showed no difference in the rectification index (Rl; Figure 4F).
The current-voltage relationship for dendritic sites was near
linear when spermine was excluded from the intracellular solu-
tion, confirming that rectification was due to polyamines. Thus,
AMPARSs at both locations have similar affinities for polyamines
and are unlikely to be systematically different in composition or
TARP interaction.

Ca Signaling Through Glutamate Receptors on
Dendrites, but Not Spines, Is Bidirectionally Modulated
by Back-Propagating APs

In PNs, NMDAR-mediated Ca signals are enhanced when an
EPSP is paired with back-propagating action potentials
(bAPs) (Nevian and Sakmann, 2006; Yuste and Denk, 1995;
Magee and Johnston, 1997), and the precise timing of bAPs
can lead to synaptic potentiation or depression (Markram
et al.,, 1997; Froemke and Dan, 2002). While the dendrites of
PV INs do not support the active back propagation of APs
(Hu et al., 2010; Goldberg et al., 2003b), the proximal dendrites
do depolarize tens of millivolts as the AP invades (Hu et al.,
2010). Moreover, bAP-triggered Ca transients can be measured

in proximal dendrites and spines (Figures 5A-5D; Goldberg
et al., 2003b) and are equivalent in both compartments. Since
excitatory synapses made on PV INs contain both CP-AMPARs
and NMDARs, it is unclear if bAPs would reduce or enhance
synaptic Ca signals.

To examine the effects of pairing synaptic activation with
bAPs, glutamate was uncaged at dendritic sites or spines within
50 um of the soma in conjunction with a burst of five somatically
evoked bAPs that came either 10 ms before or after uncaging
(Figure 5E; see Experimental Procedures), timing intervals
that are optimal for spike-timing-dependent plasticity in PNs
(Froemke and Dan, 2002). The impact on uncaging-evoked Ca
transients was calculated as a nonlinearity index (NI; Figure 5E;
see Experimental Procedures). Uncaging at dendritic sites re-
sulted in Ca transients that were sub-linear when preceded by
a burst of bAPs (Nlpefore) and supra-linear when the uEPSP
was followed by bAPs (Nlafer; Figures 5F and 5G). Nearly all of
the dendritic sites showed consistent bidirectional modulation
of the uncaging-evoked Ca transient (Figure 5H), and Nls were
not correlated with the amplitude of the Ca transient, indicating
that sub-linearities were not due to saturation of the indicator
(Figure S4). Reducing the latency between the dendritic UEPSP
and bAPs to 2 ms selectively eliminated the sub-linearity when
bAPs preceded the uEPSP (Figure 5H), suggesting that this
sub-linearity is particularly timing dependent. Thus, proximal
dendritic sites are sensitive to the relative timing of the PV IN’s
firing.

To test the dependence of the modulation of the uncaging-
evoked Ca transient on different receptors, we repeated the
above experiments in the presence of CPP or PhTx and focused
on the 10-ms pairing condition as both sub- and supra-linearities
were detected with this timing interval. Antagonizing NMDARs
selectively eliminated the supra-linearity observed when bAPs
followed the uEPSP (Figure 5I); blocking CP-AMPARSs or omitting
polyamines from the intracellular solution selectively abolished
the sub-linearity observed when the bAPs preceded the uEPSP
(Figures 5J and 5K). Thus, at dendritic sites, when spikes pre-
cede a UEPSP, synaptic Ca influx is reduced via modulation of
CP-AMPARs, and when spikes follow a uEPSP, NMDAR-medi-
ated Ca transients are enhanced.

Since spines have more NMDARSs than dendrites, we hypoth-
esized that spine synapses may be more sensitive to bAPs. Un-
expectedly, when bAPs were paired with spine UEPSPs, neither
timing resulted in a significant nonlinearity (Figures 6A-6C).
Moreover, while the difference between when bAPs came before
or after the uEPSP was significant, it was substantially smaller
than that observed when uncaging at dendritic sites (dendrites,
31%; spines, 12%). Reducing the latency to 2 ms (Figure 6C),
antagonizing NMDARSs, or blocking CP-AMPARs did not reveal
any significant changes in Nls (Figures 6D and 6E). In all condi-
tions, the NI was uncorrelated with the amplitude of the Ca
signal, again indicating these measurements are not obscured

(N) As in (M), but in spines. Control = 6.5 = 1.2; PhTx = 2.2 + 0.4; PhTx + NBQX = 1.2 £ 0.4 (n = 9 spines, 9 neurons, 2 mice). Scale bars, 5% AG/Ggat

and 25 ms.

(O) Asiin (L), but with PhTx and NBQX. p values for dendrite and spine. Control versus PhTx: p =0.0077/0.0077. Control versus PhTx + NBQX: p = 0.0077/0.0077.
Data are shown as mean + SEM. A Mann-Whitney U test was used for unpaired data and Wilcoxon signed ranks test for paired data.
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Figure 3. Spines Are Enriched for NMDARs

(A) Schematic depicting a recording from a PV IN, two-photon glutamate uncaging, and Ca imaging.

(B) Hotspot localization in dendritic shafts. Left: (1) uncaging power set at spine head, and (2-5) uncaging at multiple dendritic sites. Right: UEPSCs in response to
uncaging at the corresponding sites. Scale bars, 1 um (left), 10 pA and 25 ms (right).

(C) Dendritic Ca transient in voltage clamp in response to UEPSCs and to EC stimulation. Scale bars, 5% AG/Gga and 25 ms.

(D) Uncaging-elicited dendritic responses. Left: representative dendritic segment. Right: line scans through the region indicated by the dashed yellow line with
example UEPSP inset in white. Yellow arrowhead indicates the location (left) or time (right) of the uncaging pulse. Scale bars, 1 um (left) and 25 ms (right).

(E) Dendritic population average: uEPSC (top), uEPSP (middle), and Ca transient (bottom) in control conditions (cont, n = 17 sites, 11 neurons, 9 mice) or in CPP
(n = 20 sites, 10 neurons, 8 mice). Inset in the top panel is the UEPSC difference (control - CPP). Scale bars, 10 pA (top), 0.5 mV (middle), 5% AG/Ggat (bottom),
and 25 ms.

(F) As described in (D), but with uncaging at a spine.

(G) As described in (E), but for spine population averages. Control conditions (n = 22 spines, 17 neurons, 16 mice) and CPP (n = 18 spines, 13 neurons, 9 mice).
(H-K) Responses to uncaging over dendrites and spines for control and CPP conditions. Open gray circles denote individual dendrites and spines. (H) Average
UEPSCpeak. Dendrites: cont = —29.4 + 3.0, CPP = —25.3 + 4.5; p = 0.18. Spines: cont = —23.6 + 3.2, CPP = —14.4 + 2.1; p = 0.035. Dendrite versus spine, cont;
p = 0.080. (I) UEPSCate. Dendrites: cont = —2.4 + 0.4, CPP = —3.3 + 0.7; p = 0.43. Spines: cont = —5.4 + 1.1, CPP = —1.6 + 0.4; p = 0.011. Dendrite versus spine,
cont; p = 0.11. (J) UEPSPpcqx. Dendrites: cont = 1.6 + 0.2, CPP = 1.3 + 0.3; p = 0.13. Spines: cont = 1.0 + 0.1, CPP = 0.6 + 0.07; p = 0.022. Dendrite versus
spine, cont; p = 0.0083. (K) Capeak. Dendrites: cont = 8.8 + 1.1, CPP=5.6 + 1.1; p=0.014. Spines: cont =13.9 + 1.9, CPP = 7.3 = 1.7; p = 0.0088. Dendrite versus
spine, cont; p = 0.023.

(L) Left, image of a spine and dendrite. Yellow arrowheads indicate uncaging sites. Right, uncaging-evoked Ca transients in the spine (spine) or each of three
dendritic sites (dendrite 1-3). Scale bars, 1 um (left), 10% AG/Gga: and 25 ms (right).

(M) Capeax measured in the spine and average of the adjacent dendrite (dendrite, average of 2—4 sites). Individual spine/dendrite comparisons, thin lines; average,
thick lines (n = 9 clusters, 6 neurons, 5 mice). Spine: 16.8% + 2.5% AG/Ggat, dendrite: 10.0% + 2.5% AG/Gggat; p = 0.0051.

(N) Comparison of spine and dendritic Ca normalized to the spine Ca,ax (Cluster average, filled gray circle; individual site, open gray circle).

Data are shown as mean + SEM unless otherwise indicated. A Mann-Whitney U test was used for unpaired data and Wilcoxon signed ranks test for paired data.
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(A) Population average uEPSC (top), uEPSP (mid-
dle), and Ca (bottom) measured in response to
uncaging at dendritic sites (left) or spines (right) in
control conditions (replotted from Figure 3) or in
PhTx (dendrite: n = 11 sites, 8 neurons, 5 mice;
spine: n = 19 spines, 11 neurons, 8 mice). Inset in
the top panel is the uEPSC difference. Scale bars,
10 pA and 25 ms (top). 0.5 mV and 25 ms (middle),
and 5% AG/Ggat and 25 ms (bottom).

(B) As described in (A), but with no spermine in the
patch pipette (dendrite: n = 10 sites, 5 neurons,
4 mice; spine: n = 10 spines, 5 neurons, 2 mice).
Scale bars, 10 pA and 25 ms (top), 0.5 mV and
25 ms (middle), and 5% AG/Ggy;; and 25 ms
(bottom).

(C-E) Average uncaging responses in (A) and (B).
Open circles denote individual dendrites and
spines. Horizontal shaded area indicates SEM
range from control conditions. Comparisons
against control experiments in Figure 3. (C)
Average UEPSCpeax. Dendrites: PhTx = —21.0 =
2.6, p = 0.057; no spermine (sper.) = —33.5 + 5.0,
p =0.29. Spines: PhTx = —15.3 + 2.1, p=0.029; no
spermine = —25.4 + 5.8, p = 0.89. (D) UEPSPcq.
Dendrites: PhTx = 1.0 £ 0.2, p = 0.020; no sper-
mine = 1.3 + 0.2, p = 0.55. Spines: PhTx = 0.6 +
0.07, p = 0.018; no spermine = 1.1 £ 0.3, p = 1.0.

Q & &
) 6Q00 QQQ'
K

(E) Capeak- Dendrites: PhTx = 5.7 + 1.0, p = 0.046; no spermine = 8.0 + 1.2, p = 0.62. Spines: PhTx = 8.3 + 1.4, p = 0.025; no spermine = 10.6 + 2.5, p = 0.33.
(F) Average Rls for dendritic and spine UEPSCs. Dendrites: Rl = 0.63 + 0.23 (n = 9, 9 neurons, 4 mice), spines: RI=0.78 £ 0.17 (n =9, 9 neurons, 4 mice); p = 0.44.
Dendrites, no spermine: Rl = 1.2 + 0.21 (n = 11, 11 neurons, 5 mice), p = 0.025 (versus dendrites).

Data are shown as mean + SEM. Mann-Whitney U tests were used.

by saturation of the indicator (Figure S5). Thus, proximal spine
synapses, unlike their dendritic counterparts, are largely insensi-
tive to somatic activity.

Spine Synapses Are Sensitive to the Co-activation of
Neighboring Dendritic Synapses

If spine synapses are insensitive to bAPs, are they sensitive to
EPSPs originating in the adjacent dendrite? Glutamate was
uncaged at an individual spine alone or in combination with
five uncaging pulses delivered at a nearby dendritic site,
mimicking the depolarization that would be produced by a
barrage of synaptic inputs (Figure 7A). Dendritic uncaging
occurred either 2 ms before or after spine stimulation, timing
intervals that are efficacious in PNs (Losonczy and Magee,
2006; Branco and Hausser, 2011), and nonlinearities in the
spine Ca signal were calculated (Figure 7B; see Experimental
Procedures). We observed that spine Ca signals were
enhanced by dendritic uUEPSPs, regardless of whether the den-
dritic UEPSPs preceded or followed the spine UEPSP (Figures
7C-7E), and the NIs were not correlated with the amplitude
of the Ca signal (Figure S6A). While the dendritic UEPSPs re-
sulted in supra-linear Ca influx, the uEPSPs summated linearly
(Figure S6D). Moreover, comparing the magnitude of the paired
UEPSP with the NI of the Ca signal revealed a strong positive
correlation (Figure 7F). These data indicate that the supra-line-
arity in the Ca signal is mediated by a voltage-dependent
mechanism.

The enhancement of Ca influx through NMDARs may underlie
the supra-linearity measured. We repeated the above experi-
ment with NMDARs antagonized and found that the spine Ca
transients were no longer boosted by the dendritic uEPSP (Fig-
ures 7G and 7H). In contrast to control conditions, the NI was
negatively correlated with uEPSP amplitude, possibly due to
larger uEPSPs reducing the driving force through AMPARs lead-
ing to a Ca sub-linearity (Figure 7I). Reinforcing this idea, the
UEPSPs summated sub-linearly with NMDARs blocked in both
timing paradigms (Figure S6E). Finally, we repeated these exper-
iments in voltage clamp and saw no significant nonlinearities
(Figures 7J-7L and S6F), as expected for the voltage-dependent
relief of Mg block of NMDARs. Thus, NMDARs at spine synap-
ses, while insensitive to bAPs, are highly modulated by local den-
dritic depolarization.

DISCUSSION

Spines on PV INs Enclose Functional Glutamatergic
Synapses Enriched with NMDARs

Little is known about how spines expand the information gath-
ering capabilities of synapses on sparsely spiny INs. Our findings
demonstrate that the dendrites of PV INs, while often described
as smooth, have ~1 spine per 10 um and that these spines
enclose functional glutamatergic synapses. Spines have compa-
rable CP-AMPARSs but are enriched for NMDARs in comparison
to dendritic sites. The similarities and distinctions between spine
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Figure 5. Ca Signaling through Glutamate Receptors on Dendrites Is Bidirectionally Modulated by bAPs
(A) Left: schematic showing 1 or 5 bAPs elicited by somatic current injection with simultaneous Ca imaging in the dendrite and spine. Right: Z stack of a PV IN
dendrite. Yellow lines (1-4) indicate approximate regions imaged. Scale bar, 20 um.

(legend continued on next page)
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and dendritic synapses allude to receptor trafficking or turnover
mechanisms that discriminate between these two compart-
ments, perhaps through differential handling of receptors with
a particular subunit composition, the selective sequestration or
stabilization of NMDARs at spine synapses, or the removal and
degradation of NMDARSs in the dendrites.

Differences in the Modulation of Synaptic Ca by bAPs
We found that Ca influx at proximal dendritic sites is bidirection-
ally modulated by the coincident spiking of the neuron,
indicating that dendritic synapses are highly sensitive to the
neuron’s integrated activity. Moreover, bAPs enhance or sup-
press synaptic Ca influx through modulation of NMDARs and
CP-AMPARSs, respectively. Thus, dendritic synapses on PV
INs may use the relative timing of spikes to variably engage
NMDAR- and CP-AMPAR-dependent signaling pathways,
providing a platform for triggering different forms of plasticity
at these synapses.

We were surprised to see that bAPs had minimal impact on
glutamate-receptor-mediated Ca influx at spine synapses, since
bAPs readily invade spines and the biophysical properties of
spines have been shown to boost synaptic depolarization and
engage voltage-dependent receptors and channels. Perhaps
spines are enriched for voltage-gated potassium channels that
counteract bAP depolarization of the spine head, akin to their
role in reducing back propagation in general (Hu et al., 2010).
Irrespective of the mechanism, in our analysis spine synapses
are insensitive to bAPs. Thus, it is unlikely that they are capable
of undergoing plasticity that is coordinated with the output of the
neuron, perhaps underlying the age-dependent loss of proximal
spines.

Spines Are Sensors of Local Activity

While spine synapses are relatively insensitive to bAPs, their
NMDARs are highly sensitive to depolarization that originates
in the parent dendrite. This suggests spine synapses may
engage NMDAR-dependent signaling pathways as synaptic ac-

tivity in the adjacent dendrite increases. It is also interesting to
consider the density of spines on PV IN dendrites, as this may
reflect the distance over which spine synapses sample dendritic
activity (Lee et al., 2016) or signaling molecules that originate
from spines exert their influence (Murakoshi et al., 2011;
Nishiyama and Yasuda, 2015; Colgan and Yasuda, 2014). More-
over, this distance may be dynamically regulated by active con-
ductances in the dendrites, such as Kv3.1 channels, which have
been shown to modulate the spatial and temporal window of
EPSP summation in PV INs (Hu et al., 2010).

Synaptic Plasticity in PV INs

We find that the location of a synapse, the specific receptor
composition, and the timing and type of coincident activity all
contribute to the repertoire of Ca signals produced by a synapse
on a PV IN. Contextualizing these results, previous work has
shown that both NMDARs and CP-AMPARs can induce long-
term plasticity (Le Roux et al., 2013; Lamsa et al., 2007; Szabo
et al., 2012), albeit with different induction protocols. Addition-
ally, Ca nonlinearities, measured in the dendrites and produced
by the activation of many synapses, can switch the direction of
plasticity (Camiré and Topolnik, 2014). Furthermore, synaptic
Ca signals are highly compartmentalized, either by the spine, re-
ceptor kinetics, or the precise localization of Ca pumps in the
dendrites (Goldberg et al., 2003a), creating boundaries that
can impose synapse-specific plasticity. It will be interesting to
determine if spine synapses readily express NMDAR-mediated
plasticity, while those formed on the dendrites may be subject
to an ongoing competition between CP-AMPAR and NMDAR-
initiated signaling pathways. The identification of the presynaptic
neurons that synapse on spines or will be likewise illuminating for
our understanding of the specific operations performed by spine
and dendritic synapses.

Role of NMDARs in Regulating PV IN Function
NMDARSs are expressed at low levels in PV INs in comparison to
other INs and PNs (Matta et al., 2013) yet are essential for PV IN

(B) Ca transient measured at spine and adjacent dendrite indicated in (A) in response to 1 (black) or 5 bAPs (gray). Scale bars, 5% AG/Gsyt and 50 ms.
(C) bAPs evoked Ca transients plotted against distance from soma for dendrites (left) and spines (right). 1 bAP, black; 5 bAPs, gray (n = 40 sites, 14 neurons, 11

mice).

(D) Ca peak measured for 1 bAP (left; spine versus dendrite, p = 0.98) or 5 bAPs (right; p = 0.70) in the spine compared to the adjacent dendrite. Mean + SEM are

shown in black.

(E) Left: schematic depicting the experimental setup. Middle: 5 bAPs (100 Hz) were evoked 10 ms before or after uncaging over the dendrite. Right: schematic of

example nonlinearity indexes (NIs).

(F) Average Ca transients measured from the dendrite in response to 5 bAPs (3.0 + 0.8) or uncaging at the dendrite alone (7.0 + 1.2) and in before and after
(before = 10.6 + 1.4, after = 12.1 + 1.6) pairing configurations. Scale bars, 5% AG/Gs,t and 50 ms.

(G) Measured versus sum of the Ca transients produced by bAPs and uEPSP alone (n = 13, 9 neurons, 4 mice).

(H) Control, 10 ms (black) and 2 ms (gray). Left: Nis for each dendritic site (10 ms: n =13, 9 neurons, 4 mice; 2 ms: n= 10, 6 neurons, 3 mice). 10 Ms, Nlpetore = —8.8% + 1.8%
(p = 8.6E-04), Nlager = 24.0% + 4.0% (p = 0.00014); 2 ms, Nlpgfore = 0.7% + 2.7% (p = 0.80); Nlager = 30.2 + 10.6 (p = 0.013; Wilcoxon signed ranks test, measured
versus sum). Right: cumulative probability distributions of the Nis. 10 ms: Nlpefore VErsus Nlager, P = 4.5E-07; 2 ms: Nlpgfore VErsus Nler, p = 0.0096. 10 ms versus 2 ms:

Nlpefores P = 0.010; Nlagrer, p = 0.59.

(I-K) Within-condition comparisons done as in (G). Between-condition comparisons done against control, 10 ms data (dotted lines).
() CPP, 10 ms (n = 12, 8 neurons, 4 mice). Left: Nlpefore = —9.0% + 2.8%, p = 0.023; Nlager = —2.4% + 4.7%, p = 0.31 (Wilcoxon signed ranks test). Right: Nlpefore

versus Nlager, P = 0.17. Nlpefores P = 0.95; Nlagter, p = 0.00026.

(J) PhTx, 10 ms (n = 11, 6 neurons, 3 mice). Left: Nlpefore = —1.7% + 1.7%, p = 0.91; Nlaster = 18.4% + 2.6%, p = 0.0021. Right, Nlpefore VErsus Nlaser, p = 0.000059.

Nlpefore; P = 0.0094; Nlaster, p = 0.25.

o spermine, ms (n = 14, 9 neurons, 4 mice). Left: Nlpetore = —2.6% = 2.9%, p = 0.16; Nlapter = 13.7% + 3.7%, p = 0.047. Right: Nlpefore VErsus Nlasier,
N i 10 14,9 4 mi Left: NI 2.6% + 2.9% 0.16; NI 13.7% + 3.7% 0.047. Right: NI NI

p = 0.0012. Nlpefores P = 0.031; Nlafter, p = 0.19.
t tests were run unless otherwise specified.
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Figure 6. Spine CP-AMPARs and NMDARs Do Not Exhibit Modula-
tion by Somatic Activity

(A) Average Ca transients measured from the spine in response to 5 bAPs
(3.8 £ 1.4) or glutamate uncaging alone (18.4 + 2.4) and in the before (21.6 + 3.5)
and after (21.3 + 8.2) pairing configurations. Scale bars, 5% AG/Gg,and 50 ms.
(B) Measured versus sum of the Ca transients produced by bAPs and uEPSP
alone (n = 12, 10 neurons, 6 mice).

(C) Control, 10 ms (black) and 2 ms (gray). Left: NIs for each spine (10 ms:
n = 12, 10 neurons, 6 mice; 2 ms: n = 10, 7 neurons, 4 mice). 10 ms:
Nlpetore = —7.9% + 6.1% (p = 0.11), Nlagrer = 4.3% = 6.6% (p = 0.85);
2 ms: Nlpgfore = —1.3% + 2.8% (p = 0.51), Nlapter = 5.1% + 3.6% (p = 0.11;
measured versus sum). Right: cumulative probability distributions of the Nls.
10 ms: Nlpefore VErsus Nlgger, p = 0.032; 2 ms: p = 0.24. 10 ms versus 2 ms:
Nlpefores P = 0.065. Nlagier, p = 0.90.

(D and E) Between- condition comparisons done against control, 10 ms data
(dotted lines). (D) Cumulative probability distributions of the Nis as in (C), but in
CPP (n = 11, 7 neurons, 4 mice). Nlpefore = —1.5% + 7.3%, p = 0.51.
Nlaster = —12.4% + 7.5%, p = 0.11. (E) Cumulative probability distributions of
the Nis as in (C), but in PhTx (n = 8, 6 neurons, 2 mice). Nlpefore = —2.4% +
5.1%, p = 0.49. Nlypter = 11.0% + 6.7%, p = 0.48.

t tests were run.

function within a circuit. Selective deletion of NMDARs in PV INs
leads to the dysregulation of gamma oscillations in the cortex,
reduction of the spatial coherence of place cells in the hippo-
campus, and a host of behavioral abnormalities (Carlén et al.,

2084 Cell Reports 24, 2075-2087, August 21, 2018

2012; Korotkova et al., 2010; Cardin et al., 2009). Indeed,
NMDAR hypofunction is a leading hypothesis for the etiology
of schizophrenia. Despite the low expression levels of NMDARs
in PV INs, these receptors are critical for dynamic synaptic re-
sponses to different kinds of cellular activity. Deeper under-
standing of the distinct functions of NMDARSs at spine and den-
dritic synapses will provide insight into PV IN function in healthy
states and dysfunction in psychiatric disorders.

EXPERIMENTAL PROCEDURES

Animal Use and Handling

Animals were handled according to protocols approved by the UC San
Diego Institutional Animal Care and Use Committee (IACUC) and were in accor-
dance with NIH guidelines. Male and female Pvalb™€®4™®" x GtROSA)
26Sorm14(CAG-tdTomato)Hze mice in a C57B/6 background (Jackson Labora-
tories, Pvalb™!€®Abr: 008069, Gt(ROSA)26Sor ™! #CAG-tdTomatolHze, (n7914)
were used. Mice were housed in a standard, temperature-controlled vivarium
on a 12 hr:12 hr light/dark cycle and received water and food ad libitum. For
a subset of experiments (n = 2—4 for each condition in Figures 3 and 4), wild-
type C57B/6 mice were used and fast-spiking INs were identified by
morphology and electrophysiology. All experiments were performed on
P15-P19 mice, except for spine density quantification, which was performed
in mice up to P56.

Immunostaining and Confocal Imaging

A Pvalbt™1CroA®r . GHROSA)26Sor ™ 4(CAGtdTomatoHze gyse (P25) was
perfused and 100 um coronal sections cut using a Leica VT1000s vibratome.
Sections were immunostained with rabbit anti-RFP (Abcam, ab62341) and
imaged by confocal microscopy. See Supplemental Experimental Procedures
for the perfusion and staining protocol used.

Acute Slice Preparation
Sagittal slices (300 um) from V1 were prepared from mice as described in Xue
et al. (2014). See Supplemental Experimental Procedures for details.

Spine Quantification

Whole-cell recordings were made from PV INs, cells were filled with 100 uM
Alexa Fluor-594, and morphology was visualized under two-photon micro-
scopy using 800-nm light. Images were stitched together using an ImageJ
pairwise Stitching plugin (Preibisch et al., 2009), and spines were manually
counted.

Electrophysiology

tdTomato-expressing INs in layer Il/Ill of V1 were visualized using epifluores-
cence, and targeted recordings were made under infrared differential inter-
ference contrast (IR-DIC) on an Olympus BX51 microscope. Whole-cell
patch-clamp recordings were performed using a Multiclamp 700B amplifier
(Molecular Devices, Sunnyvale, CA). For all Ca imaging experiments, neurons
were filled with the Ca-sensitive green fluorophore Fluo-5F (300 uM) and Ca-
insensitive red fluorophore Alexa Fluor-594 (15 uM). Spermine (100 uM) was
included in the intracellular solution unless stated otherwise. For voltage-
clamp experiments, neurons were held at —70 mV. For current-clamp exper-
iments, a resting membrane potential of approximately —70 mV was
maintained by current injection (approximately <150 pA). See Supplemental
Experimental Procedures for details.

EC Stimulation Experiments

Synaptic currents were evoked with a theta-glass stimulating electrode placed
10-15 um away from a spine or dendrite as described in Goldberg et al.
(2003a). EPSCs were recorded at the soma, and Ca transients were measured
in the region of interest. For details, see Supplemental Experimental
Procedures.
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Figure 7. Spines on PV INs Produce
NMDAR-Dependent Supra-linear Ca Signals
in Response to Local Dendritic Activity

(A) Schematic depicting 5 dendritic UEPSPs (at
100 Hz; 10-15 pm away) either 2 ms before or after
a spine UEPSP. Scale bar, 1 um.

(B) Average Ca transients from different para-
digms: spine uEPSPs only (“Sp uEPSP”; 13.5 +
1.6), dendritic uUEPSPs only (“Den uEPSP”; 3.8 +
0.6), before (20.7 + 2.6), and after (22.9 + 3.2).
Scale bars, 5% AG/Gsat and 25 ms.

(C) Measured versus sum of the Ca transients
produced by bAPs and uEPSP alone (n = 14, 10
neurons, 6 mice).

(D) Nls for each spine (n = 14, 10 neurons, 6 mice).
Nlpefore =27.3% +9.0%, p =0.022; Nlafter =37.7% +
10.7%, p = 0.0033 (measured versus sum).

(E) Control, cumulative probability distributions of
the NIs. Nlpefore VErsus Nlgger, p = 0.14.

(F) NI versus peak uEPSP. Before: slope = 12.8 +
6.2, > = 0.262; after: slope = 12.3 + 7.9, * = 0.167.
(G) As in (D), but for CPP (n = 11, 6 neurons,
4 mice). Nlpefore = —9.4% = 3.2%, p = 0.012;

cum. prob.

Nlaster = —21.0% + 1.6%, p = 0.0080.

(H) Cumulative probability distributions of the Nis
as in (E), but in CPP. Nlpefore Versus Nlagier, P =
0.12. Dotted lines: control in (E). Nlpefore; p = 0.014;
Nlatter, P = 0.00086 (CPP versus control).

(I) NI versus peak UEPSP. Before: slope = —4.8 +
2.4, r* = —0.309; after: slope = —5.4 + 3.1,
r? = —0.255.

(J) As in (D), but for the voltage (V)-clamp condition
(n = 14, 8 neurons, 5 mice). Nlpefore = 0.18% =+
6.0%, p = 0.47; Nlaser = 1.2% + 3.4%, p = 0.83.
(K) As in (E), but in V-clamp. Nlyefore VErsus Nlagier,
p = 0.88. Nlpetore; P = 0.015; Nlagier, p = 0.0050

cum. prob.

(V-clamp versus current [[]-clamp).

(L) NI versus peak uEPSC. Before: slope = 0.038 +
0.23, r? = 0.0022; after: slope = —0.096 + 0.11,
r? = 0.057. t tests were run.

Pharmacology

Pharmacology was used as indicated in the text with final concentrations
of 10 uM CPP (#0247, Tocris, Ellisville, MO), 10 uM NBQX (#1044, Tocris,
Ellisville, MO), 10 uM PhTx-433 (sc-255421, Santa Cruz Biotechnology, Dal-
las, TX), 0.2 uM TTX (tetrodotoxin citrate; ab120055, Abcam, Cambridge,
UK), and 50 uM picrotoxin (#1128, Tocris). All agents were dissolved in
double distilled water and added to the artificial cerebrospinal fluid (aCSF)
on the day of the experiment. First ~10 trials after wash-in or use were
excluded.

Two-Photon Imaging and Uncaging
Combined two-photon imaging and MNI-glutamate uncaging was per-
formed using a custom-built two-photon laser-scanning microscope (as

- Before
- After
o
1) © 00 described in Bloodgood and Sabatini, 2007;
0 @%J%LS Carter and Sabatini, 2004). Uncaging laser
o 0© power was set to bleach 30%-40% of the red
o fluorescence across all conditions (Bloodgood
T T T and Sabatini, 2007; Figures S2A-S2C and
0 -50 -100 S2F; Supplemental Experimental Procedures).
UEPSC (pA) For probing synapses formed directly on the

dendritic shaft, the laser power was set

by photobleaching a neighboring spine located

within the same z-plane. All experiments
were performed using Scanimage software (Pologruto et al., 2003). Uncag-
ing produced uEPSCs that were similar in amplitude and rise times to
miniature EPSCs (MEPSCs) recorded in these cells (Figures S2D and
S2E; Supplemental Experimental Procedures).

Data Analysis

Offline data analyses were performed using custom software in Igor Pro
(WaveMetrics) and MATLAB. Briefly, trials were averaged, baselined to the
period immediately preceding the stimulus, and smoothed. The Rl (Figures
4F and S3) was calculated as previously described (Soto et al., 2007), and
the NlIs (Figures 5, 6, and 7) as the difference between the sum and the
experimental pairing was divided by the experimental pairing and multiplied
by 100.
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Statistics

Datasets were tested for normality and appropriate statistical tests were con-
ducted using IBM SPSS; specific tests used are noted in the figure legends. In
all cases, significance was set at p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at https://doi.org/10.
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