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How newly formed memories are preserved while brain plasticity is ongoing has been a
source of debate. One idea is that synapses which experienced recent plasticity become
resistant to further plasticity, a type of metaplasticity often referred to as saturation. Here,
we probe the local dendritic mechanisms that limit plasticity at recently potentiated syn-
apses. We show that recently potentiated individual synapses exhibit a synapse-specific
refractory period for further potentiation. We further found that the refractory period
is associated with reduced postsynaptic CaMKII signaling; however, stronger synaptic
activation fully restored CaMKII signaling but only partially restored the ability for
further plasticity. Importantly, the refractory period is released after one hour, a timing
that coincides with the enrichment of several postsynaptic proteins to preplasticity
levels. Notably, increasing the level of the postsynaptic scaffolding protein, PSD95, but
not of PSD93, overcomes the refractory period. Our results support a model in which
potentiation at a single synapse is sufficient to initiate a synapse-specific refractory period
that persists until key postsynaptic proteins regain their steady-state synaptic levels.

dendritic spine | synaptic plasticity | metaplasticity | PSD-95 | two-photon imaging

Learning and memory are thought to rely upon long-term changes in neural circuit con-
nections, both via alterations in the strength of existing synapses and through formation of
new synapses (1-3). One challenge for synaptic models of learning and memory has been
how synapses can be both plastic, in order to encode new memories, and stable, in order to
retain old memories (4—11). A prominent hypothesis posits that synaptic connections that
have recently been strengthened during learning are protected from further modification
(12—14). Indeed, there is evidence that when animals learn two distinct tasks over a close
period of time, nonoverlapping populations of synapses encode the two distinct tasks (2, 15).

An important component of synaptic learning models therefore would be mechanisms
that support selection of nonoverlapping sets of labile synapses to encode distinct tasks
learned close in time. One such mechanism could be through the existence of a period of
time in which recently potentiated synapses are unable to undergo further potentiation;
this type of metaplasticity has often been referred to as saturation of plasticity (12, 16,
17). Indeed, in vitro studies at the circuit level have shown that recently potentiated
hippocampal circuits are unable to undergo further potentiation within the first few hours
after potentiation (18-21). Furthermore, in vivo studies have shown that after inducing
saturation of potentiation in the hippocampus of live rats, learning is impaired compared
to control animals (16). However, the cellular and molecular mechanisms that inhibit
further plasticity at recently potentiated individual synapses, and the spatial and temporal
scales over which they act, are not well understood.

Here, we show that prior potentiation at individual dendritic spines on dendrites of
hippocampal CA1 neurons is sufficient to initiate a refractory period that prevents addi-
tional structural and functional plasticity. We further show that the refractory period is
limited to synapses receiving prior potentiation, and that it is postsynaptically initiated
and accompanied by reduced postsynaptic activation of CaMKII. Increasing the strength
of the potentiating stimulus at 30 min is not sufficient to fully overcome the refractory
period at individual synapses; however, it is fully released within 60 min. Finally, we show
that increasing levels of the postsynaptic scaffolding protein PSD95, but not of PSD93,
is sufficient to release the refractory period, such that previously potentiated synapses are
again able to exhibit robust plasticity at a time when they would typically be refractory.

Results

Individual Potentiated Spine Synapses are Refractory to Further Plasticity. To test
whether recently potentiated individual synapses on hippocampal CA1 neurons are
restricted from further plasticity, our strategy was to induce long-term potentiation
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A refractory period in which
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connections are unable to
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(LTP) at a single target spine and then test whether further =~ EGFP-expressing CA1 neurons in slice cultures were stimulated
potentiation could be induced at the same target spine 30 min ~ with high-frequency uncaging of MNI-glutamate (HFU), which
later (Fig. 1A4). After two baseline images, individual spines on has been shown to induce concurrent long-term increases in
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Fig. 1. Asingle LTP-inducing stimulus initiates a refractory period for long-term growth and synaptic strengthening at individual dendritic spines (A) Schematic
of the experimental approach. An individual dendritic spine (target) was stimulated (yellow crosses) to induce LTP and then imaged every 5 min. At 30 min,
the target spine was stimulated again along with a previously unstimulated, size-matched control spine (control) on a different dendrite of the same cell. (B)
Images of dendrites from an EGFP-transfected hippocampal CA1 pyramidal neuron directly prior to and 25 min after HFU, and HFU,, at target (Left images) and
control (Right images) spines. (C-E) The initial HFU stimulus (HFU,) resulted in long-term growth of target spines (filled blue circles/bars; n = 8 spines/cells), but
an identical HFU at 30 min (HFU5,) did not drive additional growth. A size-matched control spine on the same cell grew in response to HFU5, (gray circles/bar;
n = 8 spines/cells). Target spine data in D are from C renormalized to the new baseline. (F) Images of dendrites from a CA1 pyramidal neuron transfected with
SEP-GIUA2 (green) and tDimer-dsRed (magenta) directly prior to and 25 min after HFU, and HFU5, at target (Left images) and control (Right images) spines. (G-/)
An initial HFU stimulus (HFU,) resulted in a long-term increase in surface expression of SEP-GIUA2 in target spines (filled green circles/bars; n = 7 spines/cells),
but an identical HFU at 30 min (HFU5,) did not drive an additional increase. In contrast, HFU5, drove a long-term increase in surface SEP-GIUA2 on a size-matched
control spine on the same cell (gray circles/bar; n = 7 spines/cells). Target spine data in H are from G renormalized to the new baseline. Data are represented
as mean + SEM. Statistics: two-way ANOVA with the Bonferroni test. **P < 0.01, ***P < 0.001. See also S/ Appendix, Fig. S1.
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synaptic strength and spine size (22, 23). As expected, following
an initial HFU at time 0 (HFU,), we observed that stimulated
target spines exhibited a long-term increase in size (Fig. 1 B, C,
and £; 210% + 20%; P < 0.001). Notably, an identical HFU
stimulus at the same target spine 30 min later (HFU,) induced
no further long-term growth (Fig. 1 B-E and SI Appendix,
Fig. S1 A-Cand Table S1; 102% + 12%; P> 0.99). Importantly,
previously unstimulated, size-matched (SI Appendix, Fig. S1D)
control spines on different dendrites of the same cells exhibited
a robust long-term increase in size in response to HFU, (Fig. 1
B, D, and E; 170% + 18%; P < 0.01), supporting that the lack of
plasticity observed in the restimulated target spine was not due
to either i) a decay in ability to undergo plasticity after 30 min
in the bath chamber and/or ii) the increased spine size following
the first round of plasticity. Our results demonstrate that prior
potentiation initiates a refractory period for further plasticity at
individual dendritic spines.

In addition to a long-term increase in spine size, potentiation
at single spines also drives a long-term increase in surface AMPARs
(22-24). To examine whether insertion of surface AMPARs also
exhibits a refractory period following potentiation at single den-
dritic spines, we transfected CA1l neurons with super ecliptic
pHluorin (SEP)-tagged GluA2 to monitor surface expression of
AMPARs (24-26) along with tDimer-dsRed as a red cell fill
(Fig. 1F). Importantly, by monitoring the red cell fill, we observed
that the presence of SEP-GluA2 did not alter establishment of the
refractory period for plasticity (S Appendix, Fig. S1 G-L). By
monitoring the SEP-GluA2 fluorescence, we observed that an
initial HFU (HFU,) drove a long-term increase in surface GluA2
compared to baseline, as expected (Fig. 1 F, G, and [; 142 + 9%,
P <0.001). An identical HFU stimulus at the same target spine
30 min later (HFUj) induced no further GluA2 insertion (Fig. 1
F-I;102 £ 4%, P> 0.99), despite that a second previously unstim-
ulated, size-matched (SI Appendix, Fig. S1F) control spine on a
different dendrite of the same cell exhibited a robust long-term
increase in GluA2 insertion in response to HFU,, (Fig. 1 F, H,
and /; 139 + 11%, P < 0.001). Thus, prior potentiation initiates
a refractory period for both long-term spine growth and insertion
of surface AMPARs.

Refractory Period for Plasticity Is Synapse-Specific. We
demonstrated that the refractory period for plasticity does not
spread across the neuron to synapses on nearby dendrites; however,
it remained unclear whether the refractory period is synapse-
specific. As several studies demonstrate signaling interactions that
influence plasticity on local dendritic segments (24, 27), we next
tested whether the HFU-induced refractory period for plasticity
at the target spine affected induction of plasticity at neighboring
spines on the same dendritic segment (Fig. 24). We stimulated a
target spine with HFU to initiate long-term spine growth (Fig. 2
B-FE and SI Appendix, Fig. S2 A-C and Table S1; 176 + 22%;
P =0.002). At 40 min after the original HFU,, we stimulated
a nearby neighboring spine (within 10 pm of the target spine;
average 2.9 + 0.6 pm). We found that the nearby neighboring
spine grew in response to HFU,, (Fig. 2 D and £; 171 + 21%; P=
0.004), similarly to a size-matched (S/ Appendix, Fig. S2D) control
spine on different dendrites of the same cell (Fig. 2 D and £;
171 + 21%; P = 0.048), demonstrating that the refractory period
at target spines does not affect plasticity at nearby neighboring
spines. Importantly, target spines were still fully saturated at 45
min post-HFU,, (8] Appendix, Fig. S2 F-]). Furthermore, we did
not find any correlation between the magnitude of spine growth
and the distance from the HFU| target (S Appendix, Fig. S2E;
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P> 0.05). These results demonstrate that the plasticity-induced
refractory period at individual spines is synapse-specific.

CaMKiIl Activation Is Reduced in Recently Potentiated Spines. To
probe the molecular mechanisms underlying the refractory period
following prior potentiation, we first focused on whether CaMKII
signaling is altered in recently potentiated spines. CaMKII is a
key integrator of synaptic activity and plays a key regulatory role
in both TP and LTD (28-30). Using two-photon fluorescence
lifetime imaging (FLIM) of Camui-a, a genetically encoded
CaMKII activity reporter that exhibits increased lifetime with
CaMKII activation (31), we imaged CaMKII activation (Fig. 34)
during and immediately following potentiation and saturation
(SI Appendix, Fig. S3 A—Cand Table S1) of an individual dendritic
spine. In response to the initial potentiating stimulation (HFU)),
we saw a robust CaMKII activation, as detected by an increase
in sensor lifetime (Fig. 3 A-D; 109 + 27 ps). Notably, CaMKII
activation in response to a second identical potentiating stimulus
30 min later (HFU,;) was robustly decreased, as evidenced by a
~60% smaller increase in CaMKII sensor lifetime (Fig. 3 Cand D;
44 1 9 ps). Peak sensor lifetime change (Fig. 3 Cand D; 90 + 14
ps) of size-matched control spines (S Appendix, Fig. S3D) was not
different than the initial response (P = 0.54 compared to HFU,)).
Importantly, red fluorescence (S Appendix, Fig. S3E) and donor
photon counts (S Appendix, Fig. S3F) in the target spines 25 to
30 min after HFU were not different from that of size-matched
control spines. A comparable decrease in CaMKII signaling 30
min after HFU was observed using a stronger stimulus that has
typically been used with this sensor (31) (SI Appendix, Fig. S3
G-L). In sum, our results show that CaMKII activation is robustly
reduced in recently potentiated spines.

Increased Stimulus Strength only Partially Recovers the Refractory
Period for Plasticity at Previously Potentiated Spines, but Fully
Recovers CaMKIl Activation. We found that CaMKII activation
was decreased in recently potentiated spines; therefore, we tested
whether plasticity could be recovered by increasing the strength of
the second stimulus to drive stronger activation of CaMKII. We
therefore increased the strength of the HFU, stimulus by increasing
the duration of glutamate uncaging pulses from our standard 2 ms to
alonger 4 ms (HFUj") or 5 to 6 ms (HFU,;™). In response to the
stronger 4 ms HFUj," stimulation at 30 min, target spines showed
a trend toward growth (Fig. 4 A and B and SI Appendix, Table S1;
136 + 6% P = 0.17). Further increasing the strength of the second
stimulation to the even stronger 5 to 6 ms HFU,,"" stimulation
resulted in a nonsignificant further increase of this trend toward
long-term growth (Fig. 4 A and B; 144 + 12%, P= 0.06). Increasing
the stimulus beyond 6 ms was not possible without damaging cell
health. Notably, despite the increase in stimulus strength with
HFU,," and HFU,,"", the size increase of the target spine did not
reach the magnitude expected from a previously unstimulated control
spine receiving standard stimulation (Fig. 1, reproduced in gray
in Fig. 4B). Our results show that increasing the strength of second
potentiating stimulus can partially overcome the refractory period;
however, it does not fully recover plasticity to the level of spines which
had not experienced prior stimulation.

Because we observed only a partial recovery of single spine
plasticity with a strong stimulus, we speculated that we would
see a similar partial recovery of CaMKII activation. To test this,
we imaged CaMKII activity in our target spine during the first
regular HFU stimulus (HFU) and then again at 30 min during
our stronger stimulus (HFU,,") (Fig. 4C). We found that our
stronger HFUj" stimulus was sufficient to fully recover the peak
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Fig. 2. Refractory period for plasticity is synapse-specific (A) Schematic of the experimental approach. An individual dendritic spine (target, blue) was stimulated
(yellow crosses) to induce LTP and then imaged every 5 min. At 40 min, a neighbor spine (red) on the same dendrite within 10 um of the target spine was
stimulated along with a previously unstimulated, size-matched control spine (control, gray) on a different dendrite of the same cell. (B) Images of dendrites
from an EGFP-transfected hippocampal CA1 pyramidal neuron directly prior to and 25 min after HFU, at target (Left) and HFU,, at neighbor (Middle) and control
(Right) spines. (C-E) The initial HFU stimulus (HFU,) resulted in long-term growth of target spines (filled blue circles/bars; n = 9 spines/cells), (D) Neighbor spine
(red circles/bar; n = 9 spines/cells) and size-matched control spines (gray circles/bar; n = 9 spines/cells) grew in response to HFU,,. Target spine data in D are
from C renormalized to the new baseline. Data are represented as mean + SEM. Statistics: two-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05,

**P < 0.01. See also S/ Appendix, Fig. S2.

activation of CaMKII in previously stimulated spines to levels
indistinguishable from those observed in the target spine during
HFU, and in size-matched (SI Appendix, Fig. S4D; P = 0.29)
control spines receiving a standard HFU, stimulus (Fig. 4 C-£;
HFU, target: 98.0 + 21 ps, HFU;" target: 106 + 21 ps, HFUs;,
control: 127 + 27 ps; P = 0.61 and P = 0.99). Importantly, only
partial recovery of target spine saturation was observed
(ST Appendix, Fig. S4 A-C) and red fluorescence (SI Appendix,
Fig. S4F) and donor photon counts (S/ Appendix, Fig. S4F) in
the target spines 25 to 30 min after HFU was not different from
that of size-matched control spines. Together, these results show
that the full recovery of CaMKII activation is not sufficient to
fully recover long-term spine growth, and indicate that additional
mechanisms beyond CaMKII contribute to establishing the
refractory period.

Refractory Period for Single Spine Plasticity Is Released within
60 min. Because a stronger stimulus was unable to fully recover
plasticity of spines during the refractory period, we wondered
whether full recovery from the refractory period relied on a time-
dependent restoration of a vital signaling process at individual
spine synapses. Prior studies at the circuit level have shown
recovery of saturation of plasticity within 1 to 2 h (18, 20, 21),
but some have attributed recovery to time-dependent alterations
is synaptic ultrastructure (32), while others have suggested that
recovery does not occur at individual synapses, but instead can
be attributed to the addition of new synapses (20). We therefore
examined whether recovery of plasticity could be observed at
individual hippocampal CA1 synapses with a longer time interval.

40f 10 https://doi.org/10.1073/pnas.2410433122

To test whether increasing the time interval between the first
HFU and the second HFU would permit recovery of plasticity,
we repeated our experiments now with a 60 min interval between
the two HFU stimuli (Fig. 5). As expected, target spines exhibited
a long-term increase in size in response to the HFU, stimulus
(Fig. 5 A-D and SI Appendix, Fig. S5 A-C and Table S1; 171%
+ 13%, P < 0.001). In contrast to the lack of additional plasticity
observed at 30 min, a second identical HFU stimulus at 60 min
(HFUy) resulted in an additional long-term increase in size of
target spines (Fig. 5 A-D; 135% + 11%, P < 0.01). Importantly,
recovery of plasticity was not due to secondary effects caused by
a decay in size of target spines back toward their initial value over
the 60 min interval, as the long-term increase in size induced by
HFU, was maintained for the full 60 min prior to HFUy, (20 to
30 min: 171 % + 13%; 55 to 60 min: 166% + 17%; P = 0.8).
Furthermore, previously unstimulated, size-matched (S/ Appendix,
Fig. S5D) control spines on a different dendrite of the same cells
grew to a comparable magnitude in response to HFU, (Fig. 5 4,
C, and D; 137% + 9%, P < 0.01), supporting complete recovery
of plasticity in the target spine at 60 min. Together with our prior
data, our results support that the target spine was completely
released from the refractory period for further plasticity between
45 to 60 min.

Increased PSD95 Expression Level Is Sufficient to Release the
Refractory Period for Plasticity at Previously Potentiated
Spines. Our data support the existence of a refractory period for
plasticity at single spines that is released between 45 and 60 min
after potentiation. In addition, because our glutamate uncaging

pnas.org
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HFU stimulus (HFU) was reduced in previously potentiated target spines, but not in size-matched control spines (gray circles/bars; n = 9 spines/cells). Target
spine data in C are from B renormalized to the new baseline. Data are represented as mean + SEM. Statistics: paired Student’s t test used in D. *P < 0.05, **P

< 0.01. See also S/ Appendix, Fig. S3.

stimulus bypasses presynaptic vesicle release, our results support
that the refractory period is initiated via postsynaptic mechanisms.
Ultrastructural studies have demonstrated that the PSD of
potentiated spines does not increase in size for the first 30 min
after LTP induction, but does so within 2 h (33), suggesting that
delayed PSD enlargement at potentiated synapses could contribute
to limiting plasticity (32). Furthermore, live imaging studies have
shown that the synaptic expression level of several GFP-tagged
postsynaptic scaffolding proteins does not increase within 30 min
of LTP induction, despite a rapid increase in spine volume (34).
We therefore hypothesized that acceleration of the post-LTP PSD
expansion through increasing the availability of key PSD proteins
might allow for faster recovery from the refractory period. To test
our hypothesis, we manipulated the expression level of PSD95,
one of the most abundant PSD scaffolding proteins (35, 36) with
important roles in regulating spine stabilization (37-41), and
which increases at newly potentiated spines only after a delay (42).

To determine whether increased expression of PSD95 would
accelerate recovery from the refractory period, we selected a 45
min time interval between the two plasticity-inducing HFU stim-
uli—a time at which the refractory period persisted, but such that
synaptic molecular configuration would be close to recovered, and
therefore increasing the expression of a single PSD protein might
expedite the recovery of plasticity. CAl neurons were transfected
with GFP-tagged PSD95a (43) (PSD95-GFP) and a red cell fill
(Fig. 6A4, 1op row). As expected, target spines exhibited a long-term
increase in size in response to HFU; (Fig. 6 B and C and
SI Appendix, Fig. S6A and Table S1; 180 + 19%, P < 0.001).
Notably, target spines with excess PSD95 exhibited an additional
long-term increase in size in response to the second HFU at 45
min (Fig. 6 Band C; 136 + 10%, P < 0.05) that was comparable
to that of previously unstimulated, size-matched (SI Appendix,
Fig. S6B) control spines (Fig. 6 A and C; 140% + 13%, P < 0.05),
suggesting complete recovery of plasticity in the target spine.
Importantly, the magnitude of long-term spine growth in response
to HFU,, (8] Appendix, Fig. S6C) was not altered in cells with
excess PSD95. Furthermore, increased synaptic AMPAR currents

PNAS 2025 Vol. 122 No.2 2410433122

associated with excess PSD95 (44, 45) did not contribute to over-
coming the refractory period, because even in the presence of
NBQX to block AMPAR currents, target spines exhibited
long-term growth in response to HFU 5 (Fig. 6D; 148 + 14%, P
< 0.05), comparable to that of previously unstimulated,
size-matched (87 Appendix, Fig. S6D) control spines. Thus,
increased expression of PSD95 is sufficient to shorten the refractory
period for plasticity induced by prior potentiation at single spines.

Increased PSD93 Expression Level does not Release the
Refractory Period for Plasticity at Previously Potentiated
Spines. Because PSD95 and PSD93 have extensive sequence
identity [~70% overall (46)], especially in the 3 PDZ binding
motifs (86%), but have distinct functional roles (47, 48), we asked
whether increased PSD93 levels would also shorten the refractory
period for plasticity at single spines. We therefore repeated the
experiment with GFP-tagged PSD93a (44) (PSD93-GFP; Fig. 6A,
Bottom row). In contrast to the rescue of plasticity observed with
PSDI95-GFD, spines from cells with excess PSD93-GFP failed to
exhibit long-term growth in response to a second HFU stimulus
at 45 min (Fig. 6 £ and F and SI Appendix, Fig. SGE; 109 + 7%;
P > 0.99), despite that previously unstimulated, size-matched
(SI Appendix, Fig. S6F) control spines exhibited robust growth
(Fig. 6F; 164 + 20%, P < 0.05). Importantly, spine expression of
GFP-tagged proteins and initial size of the target spines were not
different between PSD95- and PSD93-expressing spines (Fig. 6G
and S7 Appendix, Fig. S6 G-I). Altogether, our data show that
increased expression of PSD95, but not PSD93, overcomes the
refractory period for plasticity at single spines.

Discussion

That synapses which have experienced recent plasticity become
temporarily resistant to further plasticity has been proposed as a
mechanism through which newly formed memories can be pre-
served at the synaptic level while brain plasticity is ongoing (4—12).
Here, we provide insights into the cellular and molecular
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mechanisms that regulate the establishment and duration of a
refractory period for plasticity on dendrites of hippocampal CA1
neurons. We show that potentiation at single synapses is sufficient
to establish a refractory period for further potentiation that is
synapse-specific, lasts between 45 to 60 min, is initiated postsyn-
aptically and accompanied by reduced postsynaptic CaMKII sig-
naling, and is regulated by the expression level of the postsynaptic

scaffolding protein, PSD95, but not by PSD93.

Initiation, Time-Course, and Synapse-Specificity of Refractory
Period for Potentiation. We demonstrate that a single LTP-
inducing glutamatergic stimulus at an individual spine is
sufficient to initiate a refractory period for further structural and
functional potentiation. Earlier studies established that this type
of metaplasticity, or “saturation of plasticity” is observed at the
circuit level (18-21). Here, we show that the signaling mechanisms
needed to establish the refractory period can be activated locally
at single synapses, and do not require activating multiple axons as
in circuit-level studies using a variety of protocols to induce LTP,

https://doi.org/10.1073/pnas.2410433122

including tetanic, theta-burst, and pairing stimulation (18-21).
Importantly, because our glutamate uncaging stimulation bypasses
presynaptic vesicle release, our results point to a postsynaptic
locus of initiation for the refractory period. We further show that
the refractory period for further potentiation is restricted to the
potentiated spine; it is not observed at previously unstimulated,
size-matched control spines within 10 pm of the target spine on
the same dendritic segment, supporting that the refractory period
is synapse-specific.

Because our experimental paradigm focused on single synapses,
we were able to distinguish that full recovery can occur at these
hippocampal CA1 synapses without the need to recruit additional
naive synapses (18), although our results do not exclude that such
mechanisms are in operation. It is likely that the success of induc-
tion and duration of the refractory period will be dependent on
the pattern, strength, and extent of synaptic activity at single syn-
apses. Indeed, it has been recently reported that different natural-
istic patterns of activity influence the duration of long-term
synaptic structural plasticity (49).
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Molecular Mechanisms of Refractory Period for Potentiation. We
show that CaMKII activation is reduced in recently potentiated
spines, relative both to initial activation in the same spines
following induction of LTP, and to activation in size-matched
control spines on different dendrites of the same neuron. How
might CaMKII activation levels be reduced specifically in recently
potentiated spines? It is possible that the reduction in CaMKII
activity is due to the local upregulation of endogenous CaMKII
inhibitors, such as CaMKII inhibitor 1 (CaMK2N1), which
has been shown to be upregulated after the induction of LTP
(50). Another possibility would be through mechanisms that
drive reduced calcium influx following LTP. For example, a
local feedback loop between the NMDA receptor and the Ca®*-
activated small conductance potassium channel, SK2, could
lead to a local reduction in the NMDAR Ca** currents (51). In
addition, spine calcium handling is influenced by changes in the
ER that can regulate the efficacy of spine structural plasticity (52,
53). Alternatively, activity (54-56) and the induction of LTP
(57) have been shown to drive a rapid change from GluN2B- to
GluN2A-containing NMDARs, which carry less Ca>* current
and are less favorable to induction of LTP (57, 58). This switch
is likely to occur also at single synapses, as prolonged inactivation
of synaptic transmission at individual synapses on cultured
hippocampal neurons induces the opposite switch from GIuN2A
to GIuN2B (59). However, in at least some reports (59), the
LTP-induced subunit switch shows no recovery within one hour
and it is not observed in slices from older animals comparable
in age to those used for our experiments. Regardless of the
cause of reduced CaMKII activation, we show that recovery of
CaMKII activation in spines during the refractory period is not
sufficient to drive plasticity, consistent with studies showing that
a photoactivatable CaMKII cannot further induce long-term
spine growth in recently potentiated spines (60).

We found that increased levels of the postsynaptic scaffolding
protein PSD95 restored plasticity to recently potentiated synapses
in the refractory period. Our results suggest that lower levels of
PSD95 in recently potentiated synapses contribute to establishment
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or maintenance of the refractory period. Indeed, ultrastructural
studies following the induction of LTP have demonstrated that the
PSD takes between 30 min and 2 h to grow (33), and molecular
imaging studies have established that PSD-scaffolding molecules,
including PSD95, accumulate to steady-state levels only after a
delay of more than 30 min (34). Intriguingly, we show that increased
expression of PSD93, which is also at low levels following LTD, is
not sufficient to restore plasticity to recently potentiated synapses.
This might be viewed as surprising, as these two PSD-MAGUKSs
have a high degree of sequence identity, and share 3 PDZ domains,
an SH3, and a GK domain with 2 palmitoylation sites (61), and
both have demonstrated roles in spine stabilization (37-41).
However, despite the similarities, PSD95 and PSD93 have many
distinct physiological roles. For example, homeostatic upscaling of
synaptic currents requires both PSD95 and PSD93, while scaling
down does not require PSD93 (47). In addition, loss of PSD95
prevents maturation of silent synapses, while loss of PSD93 has the
opposite effect, instead leading to accelerated maturation of silent
synapses (48). Furthermore, in nascent dendritic spines, PSD93 is
enriched to mature levels within several hours, whereas PSD95 takes
over 12 h to reach mature levels, suggesting sequential roles in
nascent spine stabilization (62).

How might PSD95 levels regulate the refractory period? Our
results provide experimental evidence in support of models based
on ultrastructural studies positing that delayed expansion of the
PSD limits further potentiation at recently potentiated synapses
(32). In these models, it has been proposed that the refractory
period ends via the expansion of nascent zones, regions of the
presynaptic bouton that lack glutamate release machinery but are
apposed to the PSD (32). Our results are consistent with a model
in which excess PSD95 is sufficient to drive expansion of the PSD
and addition of nascent zones, and thus recovery of plasticity.
Alternatively, PSD95 could rescue the refractory period by inhib-
iting signaling that leads to the refractory period. Molecularly,
reduced PSD95 levels following TP would be expected to permit
increased levels of STEP,, a tyrosine phosphatase that targets
GIuN2B for endocytosis (63), and thus would act to reduce the
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efficacy of LTP until the return of PSD95, exclusion of STEP;
and subsequent return of GIuN2B levels (54).

Implications for Learning of Refractory Period for Plasticity.
A refractory period for plasticity during learning at recently
potentiated synapses would serve an important role to exclude
those synapses from incorporation into distinct subsequently
learned tasks, thus preventing overwriting of recently established
memories still in the labile phase (4-8, 12). It could also play a role
in preventing runaway plasticity, in which potentiated synapses
drive increased action potential firing and thus generate a feedback
loop of potentiation (64). Another consequence of a refractory
period on learning would be to temporarily prevent synapses from
undergoing further potentiation related to the same task. Indeed,

https://doi.org/10.1073/pnas.2410433122

there is considerable evidence that repeated learning bouts activate
the same sets of synapses (2, 65, 66). Several have proposed that
a refractory period for plasticity could be the basis for increased
success of a type of learning known as spaced learning, in which
breaks are incorporated into learning sessions (20, 32). Such
breaks during spaced learning could serve to allow synapses to
recover their ability to undergo plasticity. Indeed, spaced learning
approaches have been shown to improve learning outcomes over
traditional learning in which repetitions are temporally clustered
in both humans and rodents (65, 67, 68), and to improve learning
under conditions where learning is challenged in disease (69, 70). It
follows that manipulation of the molecular signaling mechanisms
that regulate the refractory period could serve to improve learning
outcomes associated with disease.
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Materials and Methods

Preparation and Transfection of Organotypic Hippocampal Slice Cultures.
Cultured hippocampal slices (300 to 400 um) were prepared from P6-P8
C57BL/6 mice of both sexes, as described (71), and as approved by the UC Davis
Institutional Animal Care and Use Committee. Slices were transfected at 9 to 15
DIV using biolistic gene transfer (180 to 210 psi), as described (72). 6 to 8 mg of
1.6 um gold beads (BioRad) were coated with 15 ug of EGFP-N1 (Clontech), or
10 pg of tDimer-dsRed together with 16 ug SEP-GIuA2 (26), or 30 ug of green-
Camui-ar(Addgene #26933) together with 10 g of CyRFP1 (Addgene #84356),
or 10 ug of DsRedExpress (Clontech) alone or 10 ug DsRedExpress together with
110 2 ug of GFP-tagged PSD95a: (43) or PSD93ax (44). Slices were transfected 2
to 3 d (EGFP or green-Camui-o/CyRFP), 3 to 4 d (SEP-GluA2/tDimer-dsRed), or
24 h (PSD95/93/DsRedExpress) prior to imaging.

Time-Lapse Two-Photon Imaging. Transfected CA1 pyramidal neurons at depths
of 10 to 50 um in slice cultures (11 to 17 DIV) were imaged using a custom two-
photon microscope (73) controlled with Scanimage (74). Image stacks (512 x 512
pixels; 0.02 um/pixel) with 1 um z-steps were collected. For each neuron, one
segment of secondary or tertiary basal dendrite was selected under epifluorescence
and imaged at 5 min intervals at 29 °Cin recirculating ACSF (in mM): 127 NaCl, 25
NaHCO;, 1.2NaH,P0,, 2.5 KCl, 25 D-glucose, aerated with 95% 0,/5% CO,, 310
mOsm, pH 7.2, with 0.001 TTX, 0 Mg?*, and 2 Ca”*. MNI-glutamate (2.5 mM; Tocris)
was added at least 15 min prior to uncaging stimulation.

High-Frequency Uncaging (HFU) of Glutamate. HFU consisted of 60 pulses (720
nm; ~7.5 t0 9.5 mW at the sample) of 2 ms duration (4 ms for HFU", 5 to 6 ms for
HFU**) at 2 Hz delivered in ACSF containing (in mM): 2 Ca**, 0 Mg”*, 2.5 MNI-
glutamate, and 0.001 TTX. Because earlier studies established that spine size can
influence the magnitude of potentiation (22), we selected target spines with aninitial
size range in the 25 to 50% quartile of sizes. The laser beam was parked at a point
~0.5t0 1 um from the spine head in the direction away from the dendrite. Cells with
no noticeable transients in response to HFU, were discarded and not further pursued.

Image Analysis. Images were analyzed using a custom MATLAB software,
as described (73). In brief, following application of a 3 x 3 median filter,
background-subtracted integrated green and/or red fluorescence intensity
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was calculated from a boxed region surrounding the spine head. Spine vol-
ume was estimated using fluorescence from a cell fill (EGFP, tDimer-dsRed, or
DsRedExpress) (75). Bar graphs show the average values from the three time
points occurring at 20 to 30 min after the most recent HFU (HFU: 20 to 30
min; HFU34: 50 to 60 min; HFU,,: 60 to 70 min; HFU,5: 65 to 75 min; HFU,:
80 to 90 min). Relative spine size was calculated by normalizing the individual
spine fluorescence to the mean for all spines on the same dendrite using the
two time points immediately prior to HFU.

Two-Photon FLIM. Fluorescence lifetime was measured using a custom two-
photon microscope with time-correlated single photon counting (Becker-Hickl)
and GaAs(P) detectors (H7422PA-40; Hamamatsu). Images (24 frame scans;
128 x 128; 0.7 um per pixel) were acquired and data was analyzed using
custom MATLAB software developed in the laboratory of Dr. Ryohei Yasuda,
as previously described (76). CaMKII activity was measured as the lifetime
change of the sensor from baseline (average of 6 min prior to HFU) at each
time point (AlLifetime).

statistics. All data are represented as mean = SEM. All statistics were calculated
across cells using GraphPad Prism. Statistical significance level () was set to P
< 0.05 for all tests. When comparing only two groups, paired or unpaired (as
appropriate) Student's t-tests were used. When multiple comparisons were made,
a one or two-way ANOVA with the Bonferroni post hoc test was performed. All P
values are in the text and n values are in the figure legends.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix. All raw image files and analysis files are available at
Dryad (DOI: 10.5061/dryad.ghx3ffc0b) (77).
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