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Refinement of neural circuits in the mammalian cerebral cortex
shapes brain function during development and in the adult. However,
the signaling mechanisms underlying the synapse-specific shrinkage
and loss of spiny synapses when neural circuits are remodeled remain
poorly defined. Here, we show that low-frequency glutamatergic
activity at individual dendritic spines leads to synapse-specific synaptic
weakening and spine shrinkage on CA1 neurons in the hippocampus.
We found that shrinkage of individual spines in response to low-
frequency glutamate uncaging is saturable, reversible, and requires
NMDA receptor activation. Notably, shrinkage of large spines addi-
tionally requires signaling through metabotropic glutamate receptors
(mGluRs) and inositol 1,4,5-trisphosphate receptors (IP3Rs), supported
by higher levels of mGIuR signaling activity in large spines. Our results
support a model in which signaling through both NMDA receptors and
mGluRs is required to drive activity-dependent synaptic weakening
and spine shrinkage at large, mature dendritic spines when neural
circuits undergo experience-dependent modification.

two-photon microscopy | long-term depression | synaptic plasticity |
spine dynamics

Structural plasticity of neurons, such as the growth and re-
traction of dendritic spines, is thought to contribute to the ex-
perience-dependent changes in brain circuitry that mediate learning
and memory (1, 2). In particular, the destabilization and loss of
spiny synapses plays a critical role in the refinement of neural cir-
cuits during development and during learning. Indeed, spine elim-
ination occurs more frequently than does spine formation in young
rodents between the first and the third month of age (3-5), a period
when experience-dependent refinement of neural circuitry is in
its peak. Furthermore, several in vivo studies demonstrate that
manipulations leading to experience-dependent circuit plasticity
also increase the rate of spine shrinkage and loss (6-9). However,
it remains unclear how neural activity drives the selective
shrinkage and loss of individual dendritic spines in response to
sensory experience.

Dendritic spines occur in a wide variety of shapes and sizes (10,
11), and their stability is strongly correlated with spine size (3, 12,
13). Small spines are in general more motile and thought to serve as
substrates for plasticity, or “learning” spines; large spines are more
stable and thought to serve as components of functioning neural
circuits, or “memory” spines (12, 14). It is the selective shrinkage
and loss of individual circuit-incorporated, persistent spines that
underlies experience-dependent circuit refinement (6, 9, 15). Thus,
experience-dependent circuit remodeling requires an activity-de-
pendent mechanism that selectively induces shrinkage and re-
traction of those specific individual dendritic spines that are no
longer useful for circuit function.

Previous studies have established that low-frequency gluta-
matergic stimulation (LFS), which causes long-term depression
(LTD) of synaptic transmission in the hippocampus (16), also leads
to dendritic spine shrinkage and retraction (17-20). In these
studies, however, LTD was induced using local electrical stimula-
tion at multiple, unidentified synapses simultaneously and resulted
in shrinkage and retraction of a population of dendritic spines,
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leaving the mechanisms underlying the induction of synapse-
specific spine shrinkage unresolved. In contrast, the input-specificity
of spine enlargement associated with long-term potentiation (LTP)
has been established for almost a decade (21), leading to specula-
tion that spine shrinkage simply may not occur via an input-specific
mechanism. Instead, shrinkage and retraction of individual den-
dritic spines could be initiated as a result of cooperation among or
competition between neighboring spines.

Here we use two-photon glutamate uncaging, time-lapse im-
aging, and whole-cell recordings to address the mechanisms by
which neural activity drives the shrinkage and loss of individual
dendritic spines. We show that prolonged, low-frequency gluta-
mate uncaging at individual spines on hippocampal CA1 pyra-
midal neurons leads to input-specific and long-lasting synaptic
weakening and spine shrinkage. NMDA receptors are upstream
regulators of activity-dependent shrinkage for all spines. In-
triguingly, we found that shrinkage of individual large spines
additionally requires group I metabotropic glutamate receptor
(mGluR) and inositol 1,4,5-trisphosphate receptor (IP;R) acti-
vation, which is supported by more extensive group I mGluR
signaling activity in large spines. Our data support a model in
which low-frequency neural activity at individual dendritic spines
selectively drives weakening and shrinkage of spine synapses by
input-specific and size-dependent mechanisms.

Results

Low-Frequency Uncaging Induces Synapse-Specific LTD and Spine
Shrinkage. To identify glutamatergic activity patterns that lead to
synapse-specific LTD, focal photolysis of 4-methoxy-7-nitro-
indolinyl (MNI)-caged glutamate (22) was used to stimulate in-
dividual dendritic spines. We rationally designed an uncaging
paradigm to induce synapse-specific LTD (SI Materials and
Methods). In brief, we adjusted established protocols that induce
LTP at individual dendritic spines (21) to reduce the magnitude
and prolong the duration of calcium influx according to the
Bienenstock, Cooper, and Munro (BCM) model (23). Our low-
frequency uncaging (LFU) stimulus consisted of 90 pulses at 0.1 Hz
paired with depolarization to 0 mV (Fig. 14). Uncaging-evoked
postsynaptic currents (WUEPSCs) were recorded from one target
spine and one or two neighboring spines at 5-min intervals before
and after LFU at the target spine. LFU at individual spines suc-
cessfully induced depression of uEPSCs that lasted at least 30 min
after the start of uncaging (P < 0.01; Fig. 1 B and C). Importantly,
uEPSCs of unstimulated neighboring spines did not show any de-

Author contributions: W.C.O. and K.Z. designed research; W.C.O. performed research; T.C.H.
contributed new reagents/analytic tools; W.C.O. analyzed data; and W.C.O. and K.Z. wrote
the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

"To whom correspondence should be addressed. E-mail: kzito@ucdavis.edu.
See Author Summary on page 1154 (volume 110, number 4).

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1214705110/-/DCSupplemental.

PNAS | Published online December 26, 2012 | E305-E312



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214705110/-/DCSupplemental/pnas.201214705SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214705110/-/DCSupplemental/pnas.201214705SI.pdf?targetid=nameddest=STXT
mailto:kzito@ucdavis.edu
http://www.pnas.org/content/110/4/E305/1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214705110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214705110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1214705110

B C .
_I 5 pA OO baseline
20 ms EE 30min
150 4 —®— Target spines 150- *
™ —e— Neighboring spines - " ns.
c c 1251 — —_—
3 125 - =
@ & 100t -—---- -
DT U Ko}
uncaging stim 1 R 1009::-- 2 757
. 200 ms 8 T 8 50
postsynaptic & 75 1 i i *‘ i o 25
depolarization S 'y 1
50 LR, . ' 0
x 90 repetitions, 0.1 Hz 0 10 20 30 Targets  Neighbors
Time (min)
D E F ,
—8— Target spines | Mo_ck-stlm
—e— Neighboring spines B Neighbors
o 1507 —e— Mock-stimulated spines o 150- B Targets
E ET _**
9 = 125 g g 1 n.s.
o C ° e}
B8 oo d Biiio.-- c%w
G 100g—B:zzzzaa: -
- 2 Tl o=
% é ) -‘\'/i\i o 8
& 7 %
50 J LFU . . 8=

5 0 10 20 30
Time (min)

Fig. 1. LFU atindividual dendritic spines leads to synapse-specific LTD and spine shrinkage. (A) A target spine (red cross) was stimulated with LFU (90 pulses at 0.1 Hz)
while the cell was stepped from —65 to 0 mV. Neighboring unstimulated spines (blue cross) served as controls. (B) LFU decreased the uEPSC amplitude of target spines
(red circles; n = 15 spines, 15 cells) compared with unstimulated neighboring spines (blue circles; P < 0.05 at all post-LFU time points; n = 16 spines). (Inset) Repre-
sentative UEPSC traces (average of 8-10 trials) during baseline (gray) and 30 min after LFU (target in red; neighbor in blue). (C) uEPSC amplitude of the target spines
(red bar) was significantly decreased 30 min after the start of LFU compared with baseline (open red bar) and also to neighboring spines (blue bar). Neighboring
spines were not depressed compared with baseline (open blue bar; P = 0.47). (D) Images of dendrites from EGFP-transfected CA1 neurons. A target spine exposed to
LFU (Upper) in nominal Mg2+ shrank (yellow arrowheads); a mock-stimulated spine (Lower) did not (open yellow arrowheads). (E) LFU decreased the volume of
target spines compared with baseline (red circles; P < 0.01 at all post-LFU time points; n = 42 spines, 42 cells). In contrast, the volume of neighboring spines (blue
circles; n = 230 spines) and mock-stimulated spines (black circles; n = 18 spines, 18 cells) did not decrease. (F) LFU significantly decreased the size of target spines (red
bar) relative to neighboring spines (blue bar) and mock-stimulated spines (black bar) at 30 min. *P < 0.05; **P < 0.01. Error bars are SEM; n.s., not significant.

crease in amplitude (P = 0.47; Fig. 1 B and C). These results
demonstrate that depolarization alone did not induce any func-
tional plasticity and that LFU-induced depression is synapse-
specific.

Shrinkage of dendritic spines has been associated with LTD
(18). However, in these studies, the association between physi-
ological and morphological plasticity could not be resolved at the
single-spine level; because many synapses were stimulated si-
multaneously, it could not be determined whether spine shrink-
age occurred only at stimulated synapses in an input-specific
manner. Therefore, to address whether spine shrinkage is tightly
coupled to synaptic depression at the level of single spines, we
used time-lapse imaging to examine the effect of LFU on the
volume of stimulated target spines and unstimulated neighboring
spines (Fig. 1D). We found that LFU led to a significant and stable
decrease in the size of target spines (P < 0.01) but not of neigh-
boring spines (P = 0.78; Fig. 1 D-F). In addition, spines that were
exposed to a mock-LFU stimulus (identical conditions except
without MNI-glutamate) did not decrease in size (P = 0.85; Fig. 1
D-F). Together, these results demonstrate that LFU not only leads
to synapse-specific LTD but also induces shrinkage of individual
spines in an input- and synapse-specific manner.
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LFU-Induced Spine Shrinkage Is Long-Lasting, Saturable, and Reversible.
When targeted toward entire dendritic segments, LTD-inducing
synaptic stimulation can lead to both spine shrinkage and
elimination of a population of spines (17, 18). To address
whether LFU-induced spine shrinkage at individual dendritic
spines is long-lasting and eventually leads to spine elimination, we
performed extended time-lapse imaging up to 60 min after LFU
stimulation (Fig. 24, Top). We found that LFU caused a stable,
long-lasting (>60 min) decrease in spine size (P < 0.01) rather than
complete spine elimination (Fig. 2 B and C), suggesting that a sin-
gle episode of LFU at an individual spine is not sufficient to trigger
complete spine loss within this time period. Notably, individual
spines shrank to varying extents in response to LFU; however, there
was no discernable subgroup of spines that were resistant to LFU-
induced shrinkage (Fig. S1). We next tested whether repeated LFU
could induce spine elimination (Fig. 24, Middle). Again, we found
that double LFU led to a stable spine shrinkage (P < 0.05), in-
dicating that the additional LFU stimulus was ineffective at in-
ducing further shrinkage (Fig. 2 B and C). Mock-stimulated spines
(Fig. 24, Bottom) were also examined and did not show any sig-
nificant changes in size during 60 min of imaging session (P > 0.3 at
all post-LFU time points; Fig. 2 B and C). Thus, LFS of individual
dendritic spines causes long-lasting and saturable spine shrinkage.

Oh et al.
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To confirm that LFU-induced spine shrinkage does not re-
flect excitotoxicity, we examined whether shrunk spines were
functionally intact and still able to undergo repotentiation at the
end of the imaging session. To this end, LFU-induced destabilized
target spines were stimulated with a high-frequency glutamate
uncaging protocol (HFU, 200 pulses at 10 Hz). As expected, LFU-
induced shrunk spines were significantly enlarged after the HFU
stimulus (P < 0.05; Fig. 2 D and E), demonstrating that spine
shrinkage was reversible and not due to deterioration of individual
spines. Our data demonstrate that individual spines can undergo
bidirectional structural modifications such as decrease and in-
crease in size, depending on the activity patterns they receive.

Activity-Dependent Shrinkage of Individual Spines Requires NMDAR
Activation. What signaling mechanisms drive synapse-specific
spine shrinkage? NMDA receptor (NMDAR) inhibition sig-
nificantly decreases spine elimination rates both in vitro (13)
and in vivo (15). In addition, NMDAR activation is required for
LFS-induced spine shrinkage and retraction (17, 18). Thus, we
examined whether input- and synapse-specific, LFU-induced
spine shrinkage also depends on NMDAR activation (Fig. 34).
Indeed, we found that pharmacological blockade of NMDAR
with (RS)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid

Oh et al.

0.05; **P < 0.01. Error bars are SEM; ns., not significant.

(CPP) (10 uM) completely prevented LFU-induced spine
shrinkage (P = 0.45; Fig. 3 B and C). Bath application of CPP
did not influence spine morphology by itself because unstimu-
lated neighboring spines did not show any significant change in
size (Fig. 3 A-C). This result demonstrates that NMDAR acti-
vation is necessary for LFU-induced spine shrinkage.

In addition to NMDAR, involvement of mGluR signaling
pathway in the regulation of spine morphology is suggested by
the fact that stimulation of group I mGluRs by (RS)-3,5-dihy-
droxyphenylglycine (DHPG) (group I mGluR agonist) causes
morphological changes in dendritic spines, with a shift toward
a thinner and immature morphology (24). We therefore exam-
ined the role of mGluRs in activity-dependent spine shrinkage
using a competitive antagonist of mGluRs [(RS)-alpha-methyl-
4-carboxyphenylglycine (MCPG), 0.25 mM] (Fig. 34). In-
terestingly, we found that blocking mGluRs using bath-applied
MCPG resulted in a partial inhibition of LFU-induced spine
shrinkage (P = 0.19) without affecting neighboring unstimulated
spines (Fig. 3 B and C). This partial inhibition was not due to lack
of efficacy of MCPG on mGluRs (Fig. S2). These results support
that activation of intracellular pathways by group I mGluRs
could also play some role in triggering spine shrinkage.

PNAS | Published online December 26, 2012 | E307
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Group | mGluR Activation Is Required for Shrinkage of Large Spines.
We wondered whether the partial inhibition of spine shrinkage by
MCPG might reflect a heterogeneous population of spines that
included subpopulations with different mGluR-dependency for
shrinkage. Indeed, recent work demonstrated that only the largest
endoplasmic reticulum-containing spines can undergo long-term
synaptic depression mediated exclusively by mGluR activation
(25). Therefore, we examined whether activity-dependent shrink-
age of large spines was more sensitive to mGIuR antagonists than
that of small spines. Spines were categorized into two groups
according to their relative size compared with other spines on the
same dendritic segment: “small” (relative size < mean) vs. “large”
(relative size > mean). Remarkably, we found that inhibition of
mGluR activation with MCPG completely blocked (P = 0.48)
LFU-induced shrinkage of large spines, even though small spine
shrinkage was unaffected (P < 0.05; Fig. 4 A-C). We further
examined the role of group I mGluRs (mGluR1 and mGluRS)
using group I-specific antagonists, 7-(hydroxyimino)cyclopropa
[b]chromen-1a-carboxylate ethyl ester (CPCCOEt, 45 pM) and
2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP, 15 uM).
Consistent with results using MCPG, group I mGluR antagonists
completely blocked (P = 0.79) LFU-induced destabilization of
large, but not small, spines (P < 0.05; Fig. 4 A-C). In contrast,
NMDAR inhibition completely abolished spine shrinkage for
both groups (Fig. S3). Thus, our data demonstrate that activity-
dependent shrinkage of large spines requires both NMDAR and
group I mGIuR activation.

The role of group I mGluRs in LFU-induced large spine shrink-
age raised an exciting question about the extent of mGluR signaling
activity in different sizes of spines. To examine mGluR activity in
individual spines, we used an electrophysiological readout of group
I mGluR activation (26): reduced amplitude of AMPA receptor
(AMPAR)-uEPSCs after DHPG application (Fig. 4D). Consistent
with other DHPG-induced mGIuR-LTD studies (27), we found
that 5 min wash-in of 100 pM DHPG rapidly induced depression of
the AMPAR-uEPSCs at the single-spine level (P < 0.01). Moreover,
analysis of the uEPSCs from different sizes of spines revealed that
only large spines exhibited a significant decrease in the magnitude of

E308 | www.pnas.org/cgi/doi/10.1073/pnas.1214705110
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Fig. 3. Activity-dependent spine shrinkage re-
quires NMDAR activation. (A) LFU-induced spine
shrinkage was blocked in the presence of CPP (open
yellow arrowheads) but not in the presence of
MCPG (yellow arrowheads). (B) Target spine
shrinkage in response to LFU was completely
blocked in the presence of CPP (blue circles; P> 0.19
at all post-LFU time points; n = 21 spines, 21 cells)
and partially, but nonsignificantly, blocked in the
presence of MCPG (green circles; P> 0.18 at all post-
LFU time points; n = 18 spines, 18 cells). Data
without drug (gray circles) are from Fig. 2. (C) In the

O[O neighbors
B W targets presence of CPP, the volume of stimulated target
spines (blue bar; n = 21 spines) at 60 min after LFU
ns. was indistinguishable (P = 0.45) from that of
X% unstimulated neighbors (open blue bar; n = 143
ns. n.s. spines). In the presence of MCPG, the volume of
stimulated target spines (green bar; n = 18 spines)
i - - at 60 min after LFU showed a nonsignificant trend
k%

(P = 0.19) toward decreasing relative to that of
unstimulated neighbors (open green bar; n = 108
spines). The volume of control spines without drug
(gray bar; n = 21 spines) at 60 min was significantly
smaller compared with that of target spines in CPP
(blue bar) but not to that in MCPG (green bar; P =
0.20). Data without drug (gray bars) are from Fig. 2.
**P < 0.01. Error bars are SEM; n.s., not significant.

AMPAR-uEPSCs (P < 0.01; Fig. 4 D and E), demonstrating that
large spines undergo greater group I mGluR-mediated synaptic
depression in response to DHPG than small spines. Importantly,
LFU (Fig. 1 A-C) significantly decreased the uEPSC amplitudes of
both large and small spines (Fig. S4), indicating that the lack of
effect of DHPG on small spines was not due to technical limitation
of detecting decreases in small uEPSCs. Thus, we propose that
group I mGluR signaling plays an essential role in modulating the
structure and function of large synapses during activity-dependent
plasticity.

Activity-Dependent Large Spine Shrinkage Requires IP;R Activation.
What signaling mechanisms act downstream of the mGluRs to
shrink large spines? Glutamate binding to group I mGluRs leads to
activation of phospholipase Cp (PLCP) (28). When activated, PLCp
leads to activation of PKC due to the production of diacylglycerol.
Mpyristoylated alanine-rich C-kinase substrate (MARCKS), a sub-
strate of PKC, plays a role in maintaining the stability and shape of
dendritic spines in mature neurons (29). To test a possible role for
PKC activity in activity-dependent large spine shrinkage, we in-
vestigated whether GF109203X (1 pM), an inhibitor of PKC,
blocked the large spine shrinkage induced by LFU stimulus (Fig.
5A4). Bath-application of GF109203X at least 15 min before LFU
stimulation did not prevent LFU-induced shrinkage of large spines
(P < 0.01; Fig. 5 B and C). The effectiveness of GF109203X as
a PKC inhibitor was verified electrophysiologically in our hippo-
campal culture system (Fig. SS5). We therefore conclude that PKCis
not involved in LFU-induced large spine shrinkage.

Activation of PLCP also generates IP5, which stimulates calcium
release from intracellular stores (28). It has been shown that large
mushroom-shaped spines are more likely to contain endoplasmic
reticulum (10), which could contribute to calcium signaling during
structural plasticity. We therefore investigated the role of calcium
release from intracellular stores in the activity-dependent large
spine shrinkage. We found that LFU-induced shrinkage of large
spines was completely abolished in the presence of bath-applied
Xestospongin C (1 pM), a selective IP;R inhibitor (P = 0.3; Fig. 5
A-C). Importantly, neither GF109203X nor Xestospongin C

Oh et al.
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Open circles represent individual spines; horizontal bars represent the group mean. *P < 0.05; **P < 0.01. Error bars are SEM; n.s., not significant.

affected the volume of unstimulated neighboring spines (Fig. 5 B
and C). Together, our data strongly support an important role for
calcium release from IP;R-dependent intracellular stores in activ-
ity-dependent shrinkage of large spines.

Discussion

Considerable physiological and biochemical evidence supports
LTD as a key cellular mechanism that underlies synaptic weak-
ening during adaptive plasticity (30, 31). LTD has been associated
with various forms of structural plasticity in neurons, including
increased turnover of presynaptic boutons (32), reduced contact
between presynaptic boutons and dendritic spines (33), and spine
shrinkage and retraction (17-20). In each of these cases, LFS was
implemented using local electrical stimulation and therefore led
to changes in populations of spines or synapses. Because our
experiments used low-frequency glutamate uncaging at individual
dendritic spines, we were successfully able to address the input-
and synapse-specificity of spine shrinkage. Our study demonstrates
that activity-dependent synaptic weakening and spine shrinkage
can occur at individual dendritic spines via an input- and synapse-
specific mechanism. Such a mechanism would be critically impor-
tant for the selective weakening of individual synapses during
experience-dependent neural circuit refinement.

Oh et al.

We rarely observed that our uncaging stimulus led to complete
spine elimination. However, total elimination of established spines
in vivo is not infrequent; and this rate is increased in response to
experience-dependent plasticity (6, 8), suggesting that activity-de-
pendent mechanisms drive total spine elimination in vivo. Why then
do we not observe more cases of LFU-induced spine elimination?
One possibility is that activity-dependent spine elimination may
occur over longer periods of time (several hours to days). Another
possibility could be that complete spine elimination is not exclusively
driven by glutamatergic signaling. Because we used glutamate
uncaging rather than synaptic stimulation, it is possible that some key
presynaptic cofactor is lacking. Alternatively, complete spine loss
may not occur via synapse-specific mechanisms; instead, local syn-
aptic competition between spines could drive spine elimination (34).

Our experiments define a critical role for group I mGIuR sig-
naling in the regulation of activity-dependent structural plasticity
of large, presumably mature spines. Why might large spines require
mGluRs in addition to NMDARs? Several studies have identified
cofilin, a calcium-dependent F-actin-severing protein, as a critical
downstream mediator of NMDARs promoting spine shrinkage
and loss in response to LTD (18, 35). Because functional NMDAR
numbers are relatively constant between spines (36), larger spines
have lower densities of NMDAR:s. It is therefore plausible to pro-
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pose that large spines require contributions of both NMDAR- and
group I mGluR-dependent mechanisms to reach a critical “thresh-
old” level of calcium required to support activity-dependent spine
shrinkage. Indeed, we define a downstream signaling pathway in-
volving IP;Rs, which initiate Ca>* release from intracellular stores,
in LFU-induced large spine shrinkage.

We show that large spines have higher group I mGluR activity
than small spines. What might form the basis for this enhanced
mGluR signaling in large spines? One possibility could be that there
is a higher concentration of mGluRs in large spines, leading to
enhanced signaling. However, despite numerous studies at the
ultrastructural level (37-39), differential localization of mGluRs
between large and small spines has not been reported. Alternatively,
the concentration of mGluRs could be the same between large and
small spines, but small spines may lack key downstream signaling
molecules that mediate mGluR-dependent synaptic plasticity.

We observed that global stimulation of mGluRs by DHPG led
to synaptic weakening at large spines. However, LFU-induced
shrinkage of large spines required both mGluR and NMDAR
activation. This could suggest that DHPG-induced synaptic
weakening is not accompanied by shrinkage of large spines, or
that NMDARs are specifically required for the structural, but
not the functional depression at large spines. Alternatively, be-
cause our LFU stimulation was synapse-specific and less pro-
longed than bath application of DHPG, and thus likely to have
activated a more physiological number of mGluRs, LFU-induced
mGluR activity could be insufficient to induce spine shrinkage
and synaptic weakening in the absence of NMDAR activation at
large spines.

Do mGluRs contribute to experience-dependent structural
plasticity of large dendritic spines in vivo? Several studies dem-
onstrate key roles for mGluRs in regulating experience-dependent
circuit plasticity in response to visual experience (40, 41), fear
conditioning (42), and somatosensory experience (9, 43). More-
over, recent studies of mGluR-dependent synaptic plasticity have
led to the discovery of novel cellular and molecular mechanisms
with implications for diseases such as Fragile X syndrome and
Alzheimer’s disease (26, 44, 45). The role of abnormal spine
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Fig. 5. Activity-dependent shrinkage of large spines
requires activation of IPsR but not PKC. (A) The presence
of the PKC inhibitor GF109203X did not interfere with
LFU-induced large spine shrinkage (Upper, yellow
arrowheads); in contrast, the IPsR inhibitor Xesto-
spongin C blocked LFU-induced shrinkage of a large
spine (Lower, open yellow arrowheads). (B) In the pres-

O neighbors ence of GF109203X, LFU persistently shrank large spines
W targets (light green circles; n = 12 spines, 12 cells), whereas

Xestospongin C blocked LFU-induced large spine
*% n.s shrinkage (dark green circles; n = 12 spines, 12 cells). No

change in size was observed for unstimulated neigh-
boring spines in GF109203X (open light green circles; n =
80 spines) or Xestospongin C (open dark green circles;
n = 88 spines). (C) Inhibition of PKC with GF109203X did
not block LFU-induced shrinkage of large spines (light
green bar) relative to unstimulated neighbors (open
light green bar). In contrast, inhibition of IPsRs with
Xestospongin C blocked LFU-induced shrinkage of large
spines (dark green bar) relative to neighboring spines
(open dark green bar; P=0.3). **P < 0.01. Error bars are
SEM; n.s., not significant.

GF Xesto C

plasticity in driving these phenotypes awaits future in vivo imaging
experiments of dendritic spines under these paradigms.

Materials and Methods

Preparation and Transfection of Organotypic Slice Cultures. Organotypic hip-
pocampal slice cultures were prepared from P6-P7 Sprague-Dawley rats, as
previously described (46). Genes were delivered 2-3 d before imaging using
biolistic gene transfer (180 psi), as previously described (47), except that
20 pg of EGFP (Clontech) was coated onto 6-8 mg of gold particles.

Time-Lapse Two-Photon Imaging. EGFP-transfected CA1 pyramidal neurons
[14-18 d in vitro (DIV)] at depths of 20-50 pm were imaged using a custom
two-photon microscope with a pulsed Ti::sapphire laser (Mai Tai, Spectra
Physics) tuned to 930 nm (0.5-1.5 mW at the sample). The microscope and
data acquisition were controlled with Scanlmage (48). For each neuron,
image stacks (512 x 512 pixels; 0.02 um per pixel) with 1-um z-steps were
collected from one segment of secondary or tertiary basal dendrites 40-80
pum from the soma. Slices were imaged at 5- to 6-min intervals at 30 °C in
recirculating artificial cerebrospinal fluid (ACSF; in mM: 127 NaCl, 25
NaHCOs, 1.2 NaH,PO,4, 2.5 KCl, 25 p-glucose, aerated with 95%0,/5%CO,,
~310 mOsm, pH 7.2). All images shown are maximum projections of 3D
image stacks after applying a median filter (3 x 3) to the raw image data.

LFU Stimulus. Uncaging of MNI-glutamate was achieved as previously de-
scribed (49). In brief, the LFU stimulus consisted of 90 pulses (720 nm; 6-8 mW
at the sample) of 1-ms duration delivered at 0.1 Hz by parking the beam at
a point ~0.5 pm from the center of the spine head. Imaging-only experiments
to assess spine shrinkage were carried out at 30 °C in ACSF containing (in
mM): 0.3 Ca®*, 0 Mg®*, 2.5 MNI-glutamate, and 0.001 TTX. Electrophysio-
logical experiments to assess single-spine LTD were carried out at 25 °C in
ACSF containing (in mM): 0.3 Ca®*, 1 Mg?*, 2.5 MNI-glutamate, and 0.001 TTX.
The mock stimulus was identical in parameters to the LFU stimulus, except
carried out in the absence of MNI-glutamate. One target spine per cell was
targeted with LFU or mock stimulation.

Image Analysis. Estimated spine volume was measured from background-
subtracted green fluorescence using the integrated pixel intensity of a boxed
region surrounding the spine head, as previously described (50). Relative
spine volume was determined by dividing the estimated volume of an in-
dividual spine by the mean estimated volume of all spines on the same
dendritic segment. One dendritic region of interest was analyzed per cell,
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including the target spine and all clearly visible neighboring spines that were
well isolated from each other (average of six neighboring spines per cell).

Electrophysiology. Whole-cell recordings (electrode resistances 5-7 MQ; series
resistances 20-40 MQ) were performed at 14-18 DIV on visually identified
CA1 pyramidal neurons within 40 pm of the slice surface. uEPSCs were
recorded at 25 °C in ACSF containing 2.5 mM MNI-glutamate and 1 pM TTX.
Uncaging test pulses (1-ms duration, 10-12 mW at the sample) at individual
spines (40-80 pm from the soma on secondary or tertiary basal dendrites)
elicited an average response of ~8 pA at the soma.

For electrophysiological LTD and group | mGIuR activation experiments,
CA1 neurons were patched in voltage-clamp configuration (Vo4 = =65 mV)
using cesium-based internal solution (in mM: 135 Cs-methanesulfonate, 10
Hepes, 10 Na, phosphocreatine, 4 MgCl,, 4 Na,-ATP, 0.4 Na-GTP, 3 Na L-
ascorbate, 0.2 Alexa 488, and ~300 mOsm, ~pH 7.25) in ACSF at 25 °C. For
single-spine LTD experiments, UEPSCs were acquired in ACSF (0.3 mM Ca®*, 1
mM Mg>*) from one target and one or two neighboring spines. After a short
baseline, LTD was induced at the target spine by pairing the LFU stimulus
with postsynaptic depolarization to 0 mV (200-ms step starting 100 ms be-
fore uncaging pulse). For group | mGIuR activation experiments, 10 pM CPP
was added to the ACSF (2 mM Ca®*, 1 mM Mg?*) and UEPSCs were acquired
from two spines (one large and one small, 3-10 pm apart). After a short
baseline, mGIuR-LTD was induced by a 5-min wash-in of 100 puM DHPG.
UEPSC amplitudes from individual spines were quantified as the average (8-
10 test pulses at 0.2 Hz) from a 2-ms window centered on the maximum
current amplitude within 50 ms after pulse delivery.

To monitor spiking properties and excitatory postsynaptic potential (EPSP)
frequency, whole-cell properties were recorded in current-clamp mode using
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potassium-based internal solution (in mM: 136 KMeSOs, 10 Hepes, 17.5 KCl,
9 NaCl, 1 MgCl,, 4 Na,-ATP, 0.4 Na-GTP, 0.2 EGTA, and ~300 mOsm, ~pH 7.3)
at 25 °C in ACSF containing 2 mM Ca®* and 1 mM Mg?*. To examine spiking
properties, the minimum amount of current required to elicit action po-
tential firing was measured by injecting depolarizing current steps. Action
potentials evoked by the minimum step current injections (150-200 pA, 0.6 s)
were recorded before and after DHPG application (4 pM, 5 min) from neu-
rons preincubated with mGluR inhibitor(s) or vehicle(s). EPSP frequency was
measured before and after phorbol 12-myristate 13-acetate (PMA) applica-
tion (1 nM, 3 min) from neurons preincubated with GF109203X or vehicle.

Pharmacology. Stocks were prepared at 1,000x (or greater) by dissolving TTX
(Calbiochem), CPP (Sigma), DHPG, and MPEP in water; CPCCOEt, GF109203X,
PMA, and Xestospongin C in DMSO; and MCPG in 1 N NaOH. All drugs were
from Tocris unless otherwise noted. Vehicle controls were matched in
identity and volume to that in which the drug was dissolved.

Statistics. Data from a minimum of 6 independent culture preparations
(average of 10) were used for each experimental comparison. All statistics
were calculated across cells. Error bars represent SEM, and significance was set
at P = 0.05 (Student’s two-tailed t test).
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S| Materials and Methods

Design of Low-Frequency Glutamate Uncaging Stimulus. To design
a glutamate uncaging stimulus that would mimic a conventional
low-frequency synaptic stimulation (900 pulses at 1 Hz) (1),
which induces long-term depression (LTD) of a population of
spines proximal to the stimulating electrode (2), the stimulation
rate was reduced 10-fold [low-frequency glutamate uncaging
(LFU); 90 pulses at 0.1 Hz] to account for the average release
probability of glutamate at Schaffer collateral synapses, which
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is less than 0.2 (3). In addition, as suggested by the Bienen-
stock, Cooper, and Munro (BCM) model (4, 5), which pre-
dicts that a modest but prolonged rise in postsynaptic calcium
induces LTD (6, 7), lower extracellular Ca** concentration
(0.3 mM) was used. Last, to remove the Mg** blockade of the
NMDA receptor (NMDAR) during whole-cell recordings, each
uncaging pulse was paired with a 200-ms depolarization to
0 mV, and imaging-only experiments were carried out in
nominal Mg+,
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LFU-induced spine shrinkage is synapse specific and long lasting. (A) LFU persistently decreased the volume of target spines. Open gray circles

represent individual target spines (n = 21 spines, 21 cells), and red circles represent the group mean (P < 0.01 relative to baseline at all post-LFU time points).
(Right) Final post-LFU time point relative to baseline (mean of two baseline time points). (B) In contrast, the size of neighboring spines did not change over
time. Open gray circles represent the average size of neighboring spines of individual targets (n = 132 neighboring spines, 21 cells; average of 6.3 + 0.3
neighboring spines per target) and blue circles represent the group mean. (Right) Final post-LFU time point relative to baseline. Error bars are SEM.
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Fig. S2. Metabotropic glutamate receptor (mGIluR) inhibitors block DHPG activation of mGluRs. (A) Example traces showing voltage responses to step current
injections of 180 pA or 200 pA for 0.6 s. Black traces are baseline responses in CA1 of rat hippocampal slices preincubated with vehicle (NaOH) or mGIuR
inhibitor (MCPG) before the onset of 4 uM DHPG perfusion. Red traces are responses to the same current injection after a 5-min DHPG application. (B) Step
current injections (150-200 pA, just above threshold for action potential firing) in vehicle controls (water for DHPG; NaOH for MCPG; water + DMSO for MPEP +
CPCCOET) elicited increased action potential firing in response to DHPG. In contrast, 10-min preincubation with MCPG (0.25 mM) or MPEP (15 pM) + CPCCOEt
(45 uM) rapidly and completely blocked DHPG activation of group | mGluRs (DHPG vehicle, five cells; MCPG, five cells; MCPG vehicle, five cells; MPEP + CPCCOEt,
six cells; MPEP + CPCCOEt vehicles, five cells). **P < 0.01. Error bars are SEM; n.s., not significant.
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Fig. S3. NMDAR blockade completely abolishes shrinkage of both small and large spines. (A) Images of dendritic spines from EGFP-transfected CA1 pyramidal
neurons at 14-18 DIV. Both small and large spines were targeted and stimulated with LFU (red cross) in the presence of CPP (10 pM), and the effect of LFU on
spine volume was examined for up to 60 min (open yellow arrowheads). (B) In the presence of CPP, no LFU-induced decrease in spine size was observed for the
stimulated small (filled black circles; n = 10 spines, 10 cells) or large (filled gray circles; n = 11 spines, 11 cells) spines over baseline or relative to unstimulated
neighboring spines of small (open black circles; n = 71 spines, 10 cells) and large (open gray circles; n = 72 spines, 11 cells) target spines. (C) 60 min after LFU, in the
presence of CPP, the volume of small target spines (solid black bar) was not significantly different from that of neighboring spines (open black bar; P = 0.13). In
addition, LFU did not shrink large spines (solid gray bar) compared with neighboring spines (open gray bar; P = 0.47). Error bars are SEM; n.s., not significant.
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Fig. S4. LFU leads to depression of uEPSCs from both small and large spines. (A) LFU decreased the amplitude of uEPSCs from large (n = 17 spines, 17 cells) and
small (n = 6 spines, 6 cells) spines. Open circles represent individual spines and horizontal bars represent the group mean. (B) For both large and small target
spines, UEPSCs of the targets (red bars) were decreased in response to LFU compared with baseline (open red bars) and also to neighboring spines (blue bars).
Neither neighbors of the large targets (P = 0.42; n = 19 spines, 17 cells) nor neighbors of the small targets (P = 0.29; n = 7 spines, 6 cells) were depressed
compared with baseline (open blue bars). *P < 0.05; **P < 0.01. Error bars are SEM; n.s., not significant.
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Fig. S5. GF109203X blocks PKC-mediated increase in EPSP frequency. (A) Recordings were made from pyramidal neurons in the CA1 region of hippocampal
slices at 14-18 DIV. Black and red traces show EPSPs before and after a 3-min PMA application in the presence of vehicle (DMSO) or GF109203X, respectively. (B)
Brief bath application of a low concentration of PKC activator, PMA (1 nM), significantly increased EPSP frequency in DMSO control (n = 6 cells), whereas
preincubation with GF109203X (1 pM) for 10 min completely abolished PMA-induced increase in EPSP frequency (P = 0.43, n = 5 cells). Preincubation of
hippocampal slices with DMSO or GF109203X alone for 10 min did not alter EPSP frequency over baseline (DMSO, P =0.97, n = 6 cells; GF109203X, P=0.48, n=5
cells). **P < 0.01. Error bars are SEM; n.s., not significant.
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