Synaptic evidence for the efficacy of spaced learning
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The superiority of spaced vs. massed training is a fundamental
feature of learning. Here, we describe unanticipated timing rules
for the production of long-term potentiation (LTP) in adult rat
hippocampal slices that can account for one temporal segment of
the spaced trials phenomenon. Successive bouts of naturalistic
theta burst stimulation of field CA1 afferents markedly enhanced
previously saturated LTP if spaced apart by 1 h or longer, but were
without effect when shorter intervals were used. Analyses of F-
actin-enriched spines to identify potentiated synapses indicated
that the added LTP obtained with delayed theta trains involved
recruitment of synapses that were “missed” by the first stimula-
tion bout. Single spine glutamate-uncaging experiments con-
firmed that less than half of the spines in adult hippocampus are
primed to undergo plasticity under baseline conditions, suggesting
that intrinsic variability among individual synapses imposes a re-
petitive presentation requirement for maximizing the percentage
of potentiated connections. We propose that a combination of
local diffusion from initially modified spines coupled with much
later membrane insertion events dictate that the repetitions be
widely spaced. Thus, the synaptic mechanisms described here pro-
vide a neurobiological explanation for one component of a poorly
understood, ubiquitous aspect of learning.
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An extensive body of experimental work indicates that periodic
exposure to the same material results in better retention than
a single “cramming” session. Although this distributed practice
effect was first recognized in late 19th century (1-3), and has since
been the subject of a very large psychological literature (4), the
neurobiological processes that give rise to the phenomenon are
poorly understood. Activity-dependent synaptic plasticity, and, in
particular, long-term potentiation (LTP) of glutamatergic trans-
mission, is thought to underlie rapid storage of new information
(5, 6). Therefore, it is surprising that little experimental attention
has been given to the possibility that specialized features of LTP
may contribute to the spaced trials (distributed practice) effect.
This likely reflects the lack of data indicating that the substrates
of the potentiation effect include properties that are engaged, or
enhanced, only by widely spaced stimulation episodes. Specifically,
several types of studies point to the conclusion that the elaborate
processes yielding fully developed LTP reach completion within
1015 min (5, 7, 8); these findings do not include results suggestive
of a delayed capacity for triggering additional changes to already
potentiated synapses. There is considerable evidence for a later
LTP stabilization step involving protein synthesis (9), but the
effects of this on subsequent plasticity involve inputs other than
those already expressing potentiation (10).

Here, we describe a set of mechanisms and timing rules in
hippocampus that result in widely spaced episodes of theta burst
stimulation (TBS) generating a much greater degree of LTP than
is obtained with shorter delays. Surprisingly, the added potentia-
tion occurs in synapses that were left unchanged by the initial theta
train and undergo enhancement only when a second round of TBS
is applied to the same afferents after a long delay. This result
strongly suggests that synapses with very different thresholds for
stable potentiation are colocalized on individual hippocampal
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dendrites, a prediction we have confirmed using stimulation of
single spines. We, therefore, propose mechanisms that impose
a requirement for long delays between the delivery of learning-
related afferent activity in order to produce maximal synaptic
changes and thus to optimally encode new memory.

Results

To test for a neurobiological analog of the spaced training effect,
we used two trains of TBS (TBS1/TBS2), an afferent activity
pattern that mimics neuronal firing during learning (11), sepa-
rated by different intervals. TBS was applied to Schaffer—com-
missural afferents of field CA1b in adult rat hippocampal slices.
TBS2 caused short-term, but not additional long-term, response
facilitation when delivered at 10 or 30 min after TBS1. However,
the same stimulation doubled the level of potentiation when
delayed by 60 min (Fig. 1 4 and B). Within-train facilitation of
theta burst responses was not detectably different at the 10-20-
min vs. 60-90-min delays, indicating that the renewed capacity for
inducing potentiation found at the latter time point does not re-
flect slowly developing changes to release or receptor character-
istics (Fig. 1C). A third train delayed by 60 min after TBS2 again
increased potentiation, whereas a fourth and fifth had no effect
(Fig. 1D). Three trains each separated by 1 h, thus, fully saturate
LTP within a given population of synapses. Next, we increased the
interval between TBS1 and TBS2 to test whether a “window of
opportunity” exists regarding additional potentiation. TBS2 de-
livered 90 min after TBS1 resulted in the same degree of LTP as
obtained with a 60-min delay (Fig. 1E). Other studies using var-
iable stimulation intensities suggest that additional potentiation
can be induced four hours after induction of LTP1 (10, 12). In all,
the present results show that LTP has a previously undetected
refractory period, lasting for 30-60 min, which creates an analog
of the behavioral spaced trials effect (13).

The relevance of these spacing results to long-term memory
depends on the extent to which the increments in potentiation are
stable. Low-frequency (5-Hz) stimulation erases LTP1 if applied
shortly after TBS but then becomes progressively less effective
over the following 30 min (8, 14); similarly, 1-min trains of 5-Hz
pulses fully reversed LTP2 when delivered 60 s, but not 60 min,
after TBS2 (Fig. 1F).

The LTP2 effect suggests that either (i) potentiation of in-
dividual synapses has multiple steps or (i) TBS2 engages synap-
ses that failed to reach LTP threshold during TBS1. The second
hypothesis predicts that TBS2 will substantially increase the
number of spines containing LTP-stabilizing processes. Actin
polymerization is an essential step of this kind (9, 15-17), and we,
therefore, used infusions of Alexa Fluor 568—phalloidin at 15 or
75 min post-TBS to label spines containing high concentrations of
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Fig. 1.

Timing determines the efficacy of a second theta train in eliciting additional potentiation. (A) A second theta burst train (TBS2) does not produce

additional potentiation when applied 10 min (Left) or 30 min (Center) post-TBS1 but is effective when applied after a 60 min delay (Right) [y axis: fold change

in the slope of field (f)EPSP relative to the pre-TBS1 baseline: means + SEMs].
sequential fEPSPs) responses triggered by theta bursts 2-5 delivered at the

(B) Traces for LTP1 and LTP2. (C) Percentage facilitation of the composite (four
indicated times after TBS1. The y axis summarizes the areas of the responses

expressed as a percent increase above the area of the first burst response in the train (P = 0.92). (D) Using 60-min intertrain intervals, TBS3 elicits further
potentiation, whereas TBS4 does not. (E) Mean potentiation at 60 min after TBS2 applied at indicated post-TBS1 intervals (**P < 0.01). (F) LTP2 is reversed by
low-frequency (5-Hz) stimulation applied 60 s (Left), but not 60 min (Right), after TBS2.

filamentous (F)-actin (Fig. 24). Automated counting showed that
TBS1 causes a marked increase in densely F-actin-positive spines
that is of comparable size at 15 and 75 min after stimulation (Fig.
2 A and B). The persistence of the F-actin increase made it pos-
sible to compare the number of labeled spines at 75 min post-
TBS1 with that found at the same time point after TBS1 plus
TBS2. The second stimulation train doubled the population of
densely F-actin positive spines above that caused by TBS1 alone,
supporting the idea that a new population of synapses was po-
tentiated by TBS2 (Fig. 2B). In all, these results suggest that (i)
subpopulations of synapses have different thresholds for LTP and
(i) TBS1 lowers the threshold at synapses where it does not ini-
tially induce stable potentiation. If so, then amplifying theta burst
responses could allow TBS1 to induce LTP machinery in the high
threshold cases. We tested this using a positive allosteric modu-
lator of AMPA-type glutamate receptors (18, 19) to increase the
composite depolarization produced by TBS1 (Fig. 2C). TBS1 in
the presence of the drug triggered actin polymerization in a much
larger than normal population of spines (Fig. 2D) and, as ex-
pected from this, substantially increased the size of LTP1 at the
expense of LTP2 (Fig. 2F).

We next asked if properties of individual spines might contribute
to a population of synapses being ‘missed’ by the first stimulus train.
This involved a direct test of the hypothesis that dendritic spines in
adult hippocampus exist in either a low or high induction threshold
state. Uncaging glutamate near the tip of a single dendritic spine
[single spine glutamate uncaging (SSGU)] results in a coordinated
increase in spine volume and enhanced synaptic function lasting
for more than an hour (20, 21). This form of plasticity shares many
properties with Schaffer collateral LTP, including dependence
on N-methyl-p-aspartate receptors (NMDARs), Rho GTPase
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signaling, Ca**/calmodulin-dependent protein kinase IT (CaMKIT)
phosphorylation, F-actin polymerization and synaptic AMPAR
insertion (20-24). Uncaging glutamate near small spines in young
and adult slices caused an increase in head volume that remained
elevated above baseline levels for at least 45 min (Fig. 34). Head
volume changes did not occur in neighboring spines, confirming
that the stimulation protocol produces plasticity at a single synapse.
Spine volume changes were similar between young and adult slices
(Fig. 3B). However, only ~40% of targeted spines enlarged after
SSGU in adult slices (Fig. 3C), indicating that individual spines of
the same general type do not respond to stereotyped postsynaptic
stimulations in the same way. Note that the percentage of resistant
cases (~60%) is close to that for the densely F-actin positive spines
added by TBS2 (Fig. 2B). The low success rate in adults was un-
likely related to technical issues because we used a strong induction
protocol (20) that caused structural plasticity in >80% of young
spines (Fig. 3C), a value in good agreement with previous studies
(20, 21). Indeed, the enlargement probability was significantly
greater in young than in adult slices (P < 0.005) even though the
targeted spines were of similar volume and the same induction
protocol was used (Fig. 3D). We next tested the idea that individual
spines from adult slices have a limited capacity for structural
plasticity. Spines that enlarged after glutamate uncaging were re-
fractory to successive attempts at induction, even when the timing
between uncaging events was extended beyond one hour (Fig. 3E,
Left). The induction probability was not dependent on the time that
the slice was in the recording chamber (Fig. 3E, Right). These data
support a model where only a minority of adult dendritic spines can
respond to plasticity-inducing stimuli, and that once a synapse
reaches threshold for stable plasticity, it does not contribute to
further potentiation induced by subsequent stimulations.
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Fig. 2. A second theta burst train expands the pool of F-actin-enriched
spines. (A) Fluorescent phalloidin labeling in CA1 stratum radiatum follow-
ing control stimulation (CON) (three test pulses per min) or TBS2 (reverse
contrast). (Scale bar = 10 um). (B) Counts of densely phalloidin-positive spines
in slices collected 15 or 75 min after TBS1 (gray bars) or 15 min after TBS2
delayed by 60 min (black bar). (C) Traces show responses to two successive
bursts separated by 200 ms (red for second response) delivered in the
presence or absence of AMPA receptor modulator CX614. (D) Counts of
TBS1-induced phalloidin labeling for vehicle (gray) and CX614-treated (blue)
slices. (E) Pretreatment with CX614 (blue line) caused an ~70% increase in
the magnitude of LTP induced by TBS1; this was accompanied by a loss of
TBS2-induced potentiation. (***P < 0.001; **P < 0.01.)

Collectively, the above findings suggest that TBS1 has two
distinct effects: (i) induction of LTP in low threshold spines; and
(i) conversion of TBS1-resistant spines into the low threshold
state, which provides a refreshed pool of synapses capable of
responding to TBS2. What type of mechanism could implement
the second proposition? Recent studies have shown that in-
duction of plasticity at a single spine transiently lowers the
plasticity threshold at adjacent spines (20). The mechanism un-
derlying this phenomenon involves local spreading of signaling
cascades from the activated spine to its neighbors, and some of
these spreading signals are potent drivers of F-actin dynamics
(24-26). Therefore, we asked if TBS2 induces F-actin polymer-
ization in spines neighboring the synapses potentiated by TBSI.
Alexa Fluor-tagged phalloidin was applied 75 min after delivery
of TBS1 in slices prepared from GFP-expressing mice and sec-
tions were evaluated by confocal microscopy (Fig. 44). Counts
showed that after TBS1 about 10% of all spines had high con-
centrations of F-actin, whereas the value after TBS2 was 18%
(P < 0.04) (Fig. 4B, Left). The percentage of 5-um dendritic
segments with two or more labeled spines after TBS2 was double
that found after TBS1 (P < 0.005) (Fig. 4B, Right). Frequency
distribution plots of the clustering data confirmed that (i) TBS1
“misses” spines on the majority of dendritic segments and (i)
most of the densely F-actin positive spines occur in clusters after
TBS2 (Fig. 4C). These points indicate that the actin polymeri-
zation induced by TBS?2 is largely restricted to dendritic branches
that already have potentiated synapses. From this, it follows that
promiscuous spreading of spine signaling events could contribute
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Fig. 3. Induction of single spine enlargement (SSE) in acute hippocampal
slices. (A) All targeted spines from young and adult eGFP-expressing (47)
mice showed significant enlargement following SSGU (arrow). Neighboring
(nontargeted) spine volumes were stable for the entire experiment [young:
F(1,27) = 12.6; P = 0.001 (n = 23 targeted, n = 5 neighboring); adult: F(; 3;) =
6.8; P = 0.014 (n = 28 targeted, n = 5 neighboring)]. (Scale bar, 1 pm.) (B)
Comparison of enlarged spine volumes at 2 and 45 min after uncaging.
Spines were persistently enlarged relative to their preuncaging baseline in
young (n = 19) and adult (n = 12) spines (P < 0.01; one-sample t test). The
magnitude of enlargement between groups was not different at either time
point. (C) Single spine enlargement occurs at a higher frequency in slices
from younger animals (young: 19 spines enlarged out of 23 targeted spines;
adult: 12 spines enlarged out of 28 targeted spines; P < 0.005; Fisher exact
test). (D) Relative volumes were compared for young (n = 23) and adult (n =
28) spine populations by taking the spine head-to-shaft intensity for each
targeted spine at the indicated time points and expressing this value relative
to that obtained immediately preceding SSGU (P > 0.05). (E) Left, After
initial induction, a second SSGU applied 60 min later does not produce ad-
ditional enlargement (P > 0.05, paired t test; n = 12). Right, As a control,
SSGU was performed following a 60-min delay. Error bars are SEMs.

to the conversion of TBS1-resistant synapses into a state capable
of responding to TBS2.

Left unaddressed by the above experiments is the critical
question of why a delay of ~1 h is needed for TBS2 to become
effective. One possibility is that high threshold spines lack ele-
ments necessary for LTP and that theta bursts trigger the produc-
tion, transport, and/or insertion of these into synapses processes
that might require considerable time. We tested this idea using
brefeldin A, a selective toxin that targets a subset of Sec7-type
GTP exchange factors, and thereby disrupts formation of trans-
port vesicles (27) and protein delivery to the plasma membrane
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Fig. 4. Spine actin polymerization after TBS2 occurs on the same dendritic
segments as after TBS1. (A) 3D reconstructions of GFP-labeled dendrites (47)
(green) show the localization of phalloidin-labeled F-actin aggregates (red)
after TBS1. (B) Left, Percentage of all spines that were phalloidin-positive
after TBS1 alone or after TBS2 applied 60 min after TBS1 (*P < 0.05). Right,
Percentage of 5-um dendritic segments that contained two or more phal-
loidin-positive spines was greater after TBS2 than after TBS1 (**P < 0.005).
(C) Frequency distribution for dendritic segments containing zero to six la-
beled spines after TBS1 or TBS2; after TBS2, more of the labeling occurred in
clusters. (D) Left, Brefeldin A had no effect on LTP induced by TBS1. Right,
Brefeldin applied after TBS1 caused LTP1 to decay to baseline and com-
pletely blocked induction of LTP2.

(28, 29). Forty-minute treatments that immediately preceded
TBS1, or that ended 10 min before the theta bursts, had no effect
on baseline physiology or the induction of LTP1 (Fig. 4D, Left). In
striking contrast, post-TBS1 infusions completely blocked the
production of additional LTP by TBS2 (Fig. 4D, Right). The dif-
ferential effect of brefeldin agrees with the prediction that slowly
developing membrane insertion events initiated by TBS1 prepare
high threshold spines for the arrival of TBS2. However, as shown
in Fig. 4D, brefeldin administered after TBS1 also produced
a dramatic and unexpected result: it caused LTP1 to gradually
decay back to baseline, again without affecting responses to
a control input. The latter finding points to a hypothesis in which
similarly delayed events set in motion by TBS1 serve to anchor
LTP in one set of spines and to provide ingredients needed for
potentiation in a second.

Discussion

The spaced-trial effect operates across multiple time frames,
ranging from a few seconds to weeks (30). The work reported
here describes LTP phenomenology, arising from previously un-
detected synaptic properties, that is logically related to those
aspects of the effect occurring over the course of hours. Previous
efforts to find neurobiological explanations for the advantages of
distributed practice obtained evidence that spaced trials can off-
set memory defects in mice lacking two variants of the tran-
scription factor CREB (31, 32). The genomic effects suggested by
these kinds of results could provide another route whereby
spacing in the hours domain facilitates strong encoding. Whether
the transcriptional mechanisms interact with the synapse specific
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processes described above is an important issue for future re-
search. Studies are also needed on the likelihood that cell bi-
ological variables of an unknown type contribute to the improved
retention found with much longer (days, weeks) between trial
intervals. More broadly, progress in defining brain systems me-
diating the competition between a conditioned stimulus and ir-
relevant cues provides network level insights into the spaced trials
effect (33, 34) because learning theory (35, 36) predicts that
spacing reduces the competitive strength of background signals.

The current findings provide evidence that adult spines have
different thresholds for plasticity induction. Uncaging experiments
indicated that intrinsic factors operating within individual spines of
the same general morphological type are responsible for this dis-
tinction. Our results also describe an interaction between spines in
which induction of LTP in low threshold cases primes their initially
unresponsive neighbors so that later stimulation of the same
afferents initiates actin polymerization and stable potentiation.
Notably, induction of additional LTP only occurs when the second
train is delayed by about one hour. We propose that events occur-
ring within minutes after TBS1 combine with a much later mem-
brane insertion step to produce this unique form of spine crosstalk.

Regarding the cellular bases for the distinction between low and
high threshold spines, we found that brief treatments with a drug
that selectively enhances AMPA receptor-gated synaptic currents
markedly increases both the number of spines in which TBS1
triggers actin polymerization and the magnitude of LTP1. Under
these conditions TBS2 produced little, if any, additional potenti-
ation, as expected if the second theta episode modified contacts
missed by TBS1. A plausible interpretation of the findings is that
the high threshold cases have too small a population of AMPA
receptors to produce the depolarization (during a theta burst)
needed to generate an NMDAR response sufficient to trigger
reorganization of the subsynaptic cytoskeleton. The number of
AMPA receptors scales positively with the size of synapses (37),
and so the above hypothesis can be reduced to an anatomical
argument: the low vs. high threshold distinction reflects the area
of the postsynaptic component of the apposition zone.

The above conclusion, although having the virtue of simplicity,
faces two compelling problems. First, it implies that the delayed
membrane insertion step indicated by the brefeldin experiments
involves delivery of AMPA receptors to synapses. Such an event
would necessarily increase excitatory postsynaptic potentials
(EPSPs) at 30-60 min after TBS1 and this is not observed.
Whereas a normally present mechanism that decreases LTP
could, in principle, mask EPSP increases resulting from receptor
insertion, the observed constant level of potentiation would re-
quire an almost-perfect balancing of the opposing processes. This
seems unlikely. Second, the glutamate-uncaging experiments were
designed to produce maximal stimulation of NMDARs and yet
detected two classes of spines in the proportions expected from
the LTP studies. Notably, uncaged glutamate is known from past
work to produce robust, NMDAR-dependent excitatory respon-
ses at nearly all spines (20, 21) under the conditions used in our
experiments. We, therefore, assume that the priming effect of
TBS1 on nonresponsive spines occurs at a stage located between
the transmitter receptors and the multiple steps leading to the
assembly and stabilization of actin filaments. Prior work suggest-
ing that strong stimulation of single synapses causes the spread of
active GTPases to neighboring spines (24, 25) is of interest in this
regard because these enzymes play critical roles in the production
of stable LTP. It is also possible that TBS1 initiates a persistent
change in nonresponsive spines that prepares them for the
delayed arrival of TBS2. Reports that induction of LTP is ac-
companied by prolonged activation of CaMKII (38), a kinase lo-
calized to synapses, suggest a candidate for this role. These ideas
can be tested using dual immunofluorescence microscopy to
compare the number of synapses containing high levels of an
active GTPase or phospho-CaMKII following TBS1 vs. TBS2.

Kramar et al.
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Neither of the above proposals makes a clear prediction about
the late step in priming. However, past research suggests some
interesting possibilities. For example, several studies have shown
that the kinase PKMC is engaged at >1 h after induction and
then contributes to maintenance of LTP (39). Although bre-
feldin is not likely to block the operation of PKM, it could serve
to disrupt the delivery of the extrasynaptic AMPA receptors used
by the enzyme. However, this would be expected to interfere with
any contributions of the perisynaptic pool to the maintenance of
baseline synaptic responses and we saw no evidence of this at
control inputs. TBS, in addition to its actions on kinases, causes
the breakdown of actin crosslinking proteins in the subsynaptic
cytoskeleton; the relevant proteases also cleave transmembrane
adhesion receptors that play a critical role in LTP-related actin
polymerization (40-42). Replacing the degraded elements might
well require the 45-60 min needed to prepare primed high
threshold spines for the arrival of TBS2.

Finally, the demonstration that appropriately spaced, repeated
stimulations of the same neural circuits markedly improves en-
coding over the time course of a classroom session has important
implications for theories of why distributed practice produces
better retention. One aspect of our data links the requirement for
long delays to machinery that also serves to stabilize previously
induced LTP and, thereby, supports consolidation explanations
(43) for the behavioral effects. The spine threshold component of
the present results implies that spaced trials capture a greater
percentage of the information carried by activated afferent sys-
tems, something that would allow for easier cue recognition
during retention tests. This idea accords with deficient processing
and cue-variability theories of the distributed practice phenom-
enon (4,43, 44). Thus, previously undetected cellular mechanisms
impose temporal spacing requirements for synaptic plasticity and,
thereby, provide a neurobiological explanation for one temporal
segment of a ubiquitous feature of learning.

Materials and Methods

All animal procedures were conducted in accordance with the National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals and with
protocols approved by the local Institutional Animal Care and Use Committees.

Hippocampal Slice Electrophysiology and Treatments. Acute hippocampal sli-
ces were prepared from young adult male Sprague-Dawley rat or C57BL/6
mouse hippocampus and established in an interface recording chamber
maintained at 31 + 1 °C with constant artificial cerebrospinal fluid (aCSF)
perfusion (16). Electrodes placed in CAla and CA1c were used to activate
synapses in CA1b stratum radiatum (16). TBS consisted of a single train of 10
bursts (4 pulses at 100 Hz) separated by 200 ms. Baseline and test responses
were collected at 3 pulses/min. Brefeldin A and the ampakine CX614 (45)
were applied via the aCSF infusion line for bath concentrations of 20 uM for
brefeldin and 20 pM for CX614. Alexa Fluor 568-phalloidin (Invitrogen) was
locally applied, and punctate labeling within the CA1b stratum radiatum
sample field (between the stimulating electrodes) was quantified using
automated systems as described (16, 46).

Combined GFP-Phalloidin Labeling. Slices from eGFP-expressing mice (47)
received TBS1 or the combination of TBS1 followed 60 min later by TBS2;
AlexaFluor 568-phalloidin was applied locally at 75 min after TBS1. Sections
through the slices were processed for localization of phalloidin in GFP filled
dendrites. A Zeiss LSM710 NLO confocal microscope was used to collect
image z-stacks (63%; 0.13-pm z-steps through 25 pm, emitted light collected
at 493-537 nm for EGFP and 591-621 nm for Alexa Fluor 568). Images were
deconvolved in Volocity 5.0 and postacquisition processing and analysis was
performed in Imaris (Bitplane).
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Wiederholungen (Leopold Voss, Hamburg).
3. Thorndike EL (1912) Education, a first book (Macmillan, New York).
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Uncaged Glutamate Preparations. Acute hippocampal brain slices (350-um
thick) from eGFP mice (30) (line M; 2-3 or 8-10 wk of age). Mice were killed
by cervical dislocation, and following decapitation, the brain was rapidly
removed and placed in choline chloride-based ice-cold cutting solution
composed of the following (in mM): 110 choline-chloride, 25 NaHCO3, 1.25
NaH,PO,, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 25 p-glucose, 11.6 ascorbic acid, and 3.1
pyruvic acid, equilibrated with 95% O,/5% CO,. The tissue was then
mounted on a Vibrating microtome (Leica VT1200S), and 350-pm thick
horizontal sections were cut. The slices were then warmed to 33 °C for
30 min in standard aCSF composed of the following (in mM): 124 Nacl, 3 KCl,
24 NaHCOs3, 2 CaCly, 1.25 NaH,PO,4, 1 MgSO,, and 10 p-glucose, equilibrated
with 95% O, and 5% CO,. Then, slices were maintained in gassed aCSF at
room temperature until being transferred to submerged-type recording
chambers (volume, ~1 mL). During experiments, slices were constantly
superfused (2 mL/min) with room temperature gassed (95% O, and 5% CO,)
zero Mg2+ and high Ca?* aCSF composed of the following (in mM): 119 Nadl,
2.5 KCI, 26.2 NaHCO3;, 4 CaCl,, 1 NaH,PO4, 0 MgSO,4, 11 p-glucose, 0.001
tetrodotoxin, and 0.2 Trolox. MNI-caged-L-glutamate was added to a final
concentration of 2.5 mM. MNI-caged-L-glutamate and tetrodotoxin were
purchased from Tocris; Trolox was purchased from Sigma.

Imaging and Glutamate Uncaging. Two-photon imaging and glutamate
uncaging were performed using an Olympus FV1000MPE-TWIN multiphoton
microscope with two Ti:sapphire lasers [895 nm for imaging eGFP using
a MaiTai DeepSee laser (Spectraphysics); 720 nm for uncaging MNI-Glutamate
using a Chameleon Vision Il laser (Coherent)]. In brief, coarse alignment of the
two independently scanned beams was first performed to center the beams
at the back focal plane of the objective (ULTRA 25x; 1.05 NA). For fine
alignment at the sample plane, 1-um fluorescent beads were imaged si-
multaneously with both beams until the images overlapped. Precise align-
ment of the stimulation scanner to the image scanner was confirmed by
ablation of a 0.5-um tetraspec bead (Invitrogen) with a high-energy pulse of
720-nm light. For glutamate uncaging, spines on secondary and tertiary
dendrites that were a minimum distance of 4 um from neighboring spines
were selected. The depth of targeted spines in the slice was restricted to 25—
50 um from the surface. Individual spines were imaged while an uncaging
laser was targeted ~0.5 um from the spine head. Imaging and uncaging
parameters are based on a previous study (20). Imaging parameters were as
follows: excitation, 895 nm; power at sample, ~10 mW; pixel dwell time, 2.0
ps; and x-y scaling, 0.075 um/pixel. Uncaging parameters were as follows:
excitation, 720 nm; stimulus duration, 4 ms; frequency, 0.5 Hz for 1 min in 4
mM Ca®*, 0 mM Mg?*, and 1 uM TTX; and power at sample,~18 mW. Before
and following uncaging, z-stacks were acquired and spines were analyzed
from z-projections for volume changes over time.

Spine Volume Analysis. Relative spine volume was determined as described
previously (20). Briefly, the fluorescence intensity of the spine head was
normalized to shaft intensity. Volume changes at nearby spines were also
analyzed to ensure that laser targeting of individual spines was specific. A
spine was deemed “enlarged” if the volume change 2 min after uncaging
was >50%. This threshold was chosen before the experiments were con-
ducted and was based on prior studies (21).

Statistics. For electrophysiological analyses, illustrations show group means +
SEM values and n indicates the number of slices tested. Two-tailed Student
t tests were used to compare groups unless otherwise noted. The level of sig-
nificance was assessed at P < 0.05. For the spine volume analysis (with gluta-
mate uncaging), statistics were computed in SPSS and Microsoft Excel. P values
for one- and two-tailed t test, one-way ANOVA, and repeated-measures
ANOVA are specified per experiment. All data are presented as means + SEM
and n indicates the number of spines analyzed.
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