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Roles of particular proteins in synaptic organization and function are commonly studied by knock-out,
knock-down or overexpression strategies. Such approaches are typically protracted, associated with
adaptive changes and challenge the ability to observe acute consequences at individual synapses.
Here we describe the use of Auxin-Inducible Degron 2 (AID2) technology and coexpressed reporters to
study real-time effects of rapidly degrading postsynaptic density proteins at individual synapses. We
establish the capacity of AID2 technology to rapidly degrade postsynaptic scaffold fusion proteins in
cultured neurons and in vivo. We show that acute PSD-95 or gephyrin degradation leads to
concomitant loss of AMPA or GABAA receptors from the same synapses. Unexpectedly, we find that
acute GKAP, but not PSD-95 degradation, is associated with scaffold size reductions at the same
synapses. Our findings demonstrate the utility of approaches based on acute degradation and live
imaging for studying the roles of select proteins in synaptic organization.

Mammalian synapses are minute cellular specializations composed of
hundreds of protein species that play myriad, often overlapping roles in
neurotransmitter secretion and reception, functional regulation and in
maintaining synaptic organization in face of incessant protein dynamism
and turnover'. Among the most powerful approaches for elucidating the
importance and functions of such proteins are subtractive (eliminative) and
additive approaches, that is, examining how the loss or excess of a protein of
interest (POI) affect the organization, function and stability of synaptic
multimolecular complexes, organelles and synapses.

Where subtractive approaches are concerned, constitutive or condi-
tional knock-out approaches that act at the genome level are considered the
gold standard. These approaches, however suffer from several inherent
drawbacks, the main being the protracted time course of POI elimination.
Put differently, the time interval between the manipulation and its mani-
festation or assessment is typically long, due to the time course of organism
development, in the case of constitutive knock-outs, or the long lifetimes
and consequential protracted degradation time courses of most synaptic
proteins’ in the case of conditional knock-outs. These protracted time
courses leave ample time for slow compensatory and adaptive processes that

often obfuscate the direct consequences of POI loss to synaptic organization,
function and properties and thus complicate interpretations of such
experiments. Other drawbacks include the complexity of genomic level
manipulations and their typically irreversible nature. Consequently, alter-
native technologies were developed for eliminating mRNAs encoding for
the POI (RNA interference, or ‘knock-down™). But here again, POI loss is
typically drawn-out for the same reasons, that is, dependence on slow,
endogenous clearance pathways. Moreover, off-target effects are not
uncommon’. Finally, from an experimental viewpoint, the aforementioned
protracted time scales severely challenge the ability to record the con-
sequences of POI loss to the properties of individual synapses, cells or
networks throughout the POI removal process.

A different set of subtractive approaches aim to target the POI itself
through degradation or inactivation. Such approaches typically involve the
expression of fusion proteins of POIs with highly specific degrons or clea-
vage sites, which enable experimentally timed, rapid degradation or inac-
tivation of the fusion proteins. Although the utility of this approach haslong
been recognized™, its application to synaptic biology has been rare’”, and
almost never included measurements made at the same synapses.
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Where additive approaches are concerned, a common approach is to
overexpress a synaptic POI and examine how this affects synaptic organi-
zation and function. In common with knockout and knockdown approa-
ches, overexpression kinetics are protracted and often associated with slow
reorganization processes, during which synapses, neurons and networks
react to POI excess and gradually settle at new steady states. Importantly,
these steady states are dictated by the properties of the POI and those of
proteins it interacts with, and are thus informative. The reactive processes
and their protracted time scales, however, complicate interpretations and
the ability to separate direct effects from indirect consequences of POI
overexpression.

A radically different additive approach for studying the roles of specific
POlIs in synaptic organization involves in-vitro, biochemical reconstitution
of synaptic multimolecular complexes using mixtures of purified proteins or
protein fragments, often fused to fluorescent proteins. This approach, most
recently carried out within a framework positing that many synaptic mul-
timolecular complexes (both pre and postsynaptic) are effectively con-
densates formed through liquid-liquid phase separation (LLPS), has
recently proved to be enormously informative'*’ (reviewed in refs. 21-24).
Furthermore, by omitting particular proteins from such mixtures, clues as to
which synaptic proteins might act as ‘drivers’ of synaptic organization (i.e.
induce condensate formation) or join as relatively passive ‘clients” have been
obtained'’. While this approach is highly informative, these biochemical
assays are typically performed using truncated proteins or fused protein
fragments within greatly simplified environments, devoid of hundreds of
other synaptic molecules and the complex intracellular settings of intact
synapses and neurons.

A potentially useful synthesis of the aforementioned approaches
would be to 1) overexpress, in living neurons, synaptic proteins at
combinations guided by biochemical reconstitution experiments,
among others, allowing ample time for the overexpressed POIs to
impose new steady states that accentuate their roles and interactions
with other synaptic proteins; 2) use targeted synaptic protein degrada-
tion to rapidly degrade an overexpressed POI; and 3) follow the acute
consequences in situ - at the same synapses and cells, using coexpressed
synaptic proteins as real-time reporters.

Here we demonstrate the utility of this approach in combination with
Auxin-Inducible Degron 2 (AID2) technology™ for studying the roles of
specific postsynaptic scaffold proteins in synaptic organization and their
capacity to act as drivers in this regard - a topic explored historically using
knockout (e.g. refs. 26-29), knockdown (e.g. refs. 26,30-33) and over-
expression (e.g. refs. 34-41) approaches, among others. Given recent bio-
chemical reconstitution studies pointing to the unique capacities of the
postsynaptic density (PSD) proteins GKAP'*" and gephyrin*** to serve as
drivers of postsynaptic organization, we expressed, in cortical neurons,
combinations of PSD-95, GKAP (excitatory synapses), and Gephyrin
(inhibitory synapses) as well as subunits of their cognate neurotransmitter
receptors (GluA2 and GABAjRa,, respectively) fused to fluorescent
reporters. After allowing ample time for steady states to be reached, we drove
the rapid degradation of each of the PSD fusion molecules using AID2
technology, and measured the acute, real-time consequences at individual
synapses. We first demonstrate the robust capacity of AID2 technology to
acutely and reversibly degrade postsynaptic scaffold proteins fused to GFP
variants or HaloTags in cultured neurons and in vivo. We then show that
rapid degradation of PSD-95 and Gephyrin fusion proteins results in the
loss of glutamate and GABA receptors, respectively, from the same post-
synaptic sites, even in the presence of endogenous variants of the same
proteins. We then explore the degree to which the rapid degradation of PSD-
95 or GKAP fusion proteins affects PSD size, finding, that the acute loss of
PSD-95 does not appear to reduce PSD size and, in fact, is associated with an
influx of other PSD molecules into the same postsynaptic sites. Conversely,
rapid degradation of GKAP causes significant PSD shrinkage and is asso-
ciated with PSD-95 efflux from the same postsynaptic sites. Our findings
highlight the reliability and robustness of the AID2 system for targeting
synaptic POIs, and demonstrate the utility of approaches based on acute

POI degradation and live imaging for studying the roles of select proteins in
synaptic organization.

Results

PSD proteins are degraded rapidly by the AID2 system

AID2 technology™ is based on three components taken from a ubiquitous
signaling cascade in plants, induced by plant Auxin hormones: (i) the
Arabidopsis-derived mini-AID (mAID) degron, which is fused to the POI,
(ii) a modified E3 ubiquitin ligase from rice (Oryza sativa transport inhibitor
response 1, or OsTIR1), which forms a Skpl-Cull-F-box (SCF) E3 ligase
complex with endogenous components, and (iii) the Auxin derivative 5-
phenyl-indole-3-acetic acid (5-Ph-IAA). In the presence of 5-Ph-IAA, the
E3 complex binds to the mAID degron and ubiquitinates it, resulting in
proteasomal degradation of the fusion protein. AID2 is a second-generation
AID technology”, based on mutation of OsTIR1 (F74G) and modification
of its ligand, which resolved prior problems such as leaky degradation and
dependence on high inducer concentrations. Although potentially powerful,
the use of AID2 technology in the field of neuroscience has been sparse™***,
and to the best of our knowledge, has not been used yet to study synapses,
possibly due to the leakiness exhibited by the first-generation system®.

We first validated published mAID2 tools that had previously been
tested in cultured mouse hippocampal neurons™. We obtained the original
PAAV-hSyn-OsTIR1(F74G) plasmid from a public repository (see Meth-
ods), and moved the coding region from an AAV to a lentiviral backbone.
This vector codes for OsTIR1(F74G) and, separated by a P2A sequence,
EGFP fused on its N-terminal to the mAID degron and on it C-terminus toa
nuclear export signal (OsTIR1-P2A-mAID:EGFP:NES; Supplementary
Fig. 1A). When this construct is expressed in cultured rat cortical neurons,
exposure to 200 nM 5-Ph-IAA is followed by the rapid (<2 h) disappearance
of EGFP, in agreement with the original report” (two separate experiments,
13 and 17 neurons, control and 5-Ph-IAA-treated, respectively; Supple-
mentary Fig. 1B, C).

To test the functionality of the AID2 system for degradation of synaptic
proteins, we generated a lentiviral vector encoding a fusion protein of PSD-
95, the fluorescent protein mTurquoise2*’, and a C-terminus mAID tag
(PSD-95:mTurq2:mAID; Fig. 1A). PSD-95 is a prototypical PSD scaffold
protein of glutamatergic synapses, which plays a crucial role in organizing
synaptic components, in particular the confinement of multiple classes of
glutamate receptors to postsynaptic membranes’™*"™ (reviewed in
refs. 50,51). When expressed in cultured rat cortical neurons, PSD-
95:mTurq2:mAID localized to postsynaptic sites along dendrites as pre-
viously observed for a PSD-95:mTurq?2 variant lacking the mAID degron™.
To follow the 5-Ph-IAA induced degradation of PSD-95:mTurq2:mAID
and the corresponding kinetics, cortical neurons were cotransduced with
lentiviruses coding for PSD-95:mTurq2:mAID and lentiviruses coding for
OsTIR1-P2A-mAID:EGFP:NES, to introduce the essential OsTIR1(F74G)
ubiquitin ligase and serve as positive controls. The preparations were
mounted on a confocal microscope, connected to a slow perfusion system,
and maintained at ~37 °C in an atmospheric environment of 5% CO,. After
collecting baseline images at 1-2h intervals for a few hours, 5-Ph-IAA
(200 nM) was added to the preparations and the neurons were imaged at 1 h
intervals. As shown for one neuron in Fig. 1B, C, and for individually
followed synapses (n=570, 19 neurons, 3 independent experiments;
Fig. 1D), exposure to 5-Ph-IAA was followed by the nearly complete
degradation of PSD-95:mTurq2:mAID over 8-16h, with PSD-
95:mTurq2:mAID fluorescence exhibiting an approximately exponential
decay curve with a time constant of ~3.7 h (see Methods).

A second excitatory synapse PSD protein we tested here is GKAP (also
known as SAPAP1, DLGAP1 and DAP1). GKAP” is thought to bridge a
membrane-proximal layer of scaffold proteins, including glutamate recep-
tors and PSD-95, and a membrane distal layer, including SHANKSs/Pro-
SAPSand cytoskeletal linkers™. Importantly, GKAP was reported to be akey
organizer of the glutamatergic synapse PSD'*"*™*. As a previous study
showed that GKAPs function is maintained following N-terminal tagging™,
we created a N-terminus fusion protein of mAID, mTurquoise2 and GKAP
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Fig. 1 | Rapid degradation of postsynaptic scaffold proteins fused to mTur-
quoise2 and a mAID degron. A Illustration of the PSD:95, mTurquoise2 and mAID
fusion protein (PSD-95:mTurq2:mAID). B A rat cortical neuron in culture
expressing PSD-95:mTurq2:mAID as well as OsTIR1-P2A-mAID:EGFP:NES (see
Supplementary Fig. 1A). C Region in yellow rectangle in (B) at greater detail, before,
after addition of 5-Ph-IAA, and after washing out the 5-Ph-IAA. Note the nearly
complete loss of PSD-95:mTurq2:mAID fluorescence, and its recovery after several
days. D PSD-95:mTurq2:mAID fluorescence measured at 30 synapses of each
neuron tracked throughout the experiments. Each thin gray line is the average

Time from 5-ph-IAA exposure (h)

Time from 5-ph-IAA exposure (h)

fluorescence measured for the synapses of one neuron. Fluorescence values for each
neuron were normalized to the fluorescence measured at the last time point before 5-
Ph-TAA was added. Thick red line - population average (19 neurons from 3 inde-
pendent experiments, 570 synapses in total). E-H As in A-D for mAID:m-
Turq2:GKAP. 14 neurons from 2 independent experiments, 10-19 synapses per
neuron, 199 in total). I-L As in (A-D) for mAID:mTurq2:Gephyrin. 24 neurons
from 3 independent experiments, 30 synapses per neuron, 720 synapses in total.
Scale bars: 20 um (B, F, J) and 10 um (C, G, K).
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(mAID:mTurq2:GKAP), which also provided an opportunity to test the
utility of N-terminal mAID tags for AID2-based synaptic POI degradation.
When mAID:mTurq2:GKAP was expressed in cortical neurons (together
with OsTIR1-P2A-mAID:EGFP:NES), mAID:mTurq2:GKAP assumed a
postsynaptic localization (Fig. 1F, G), as previously seen with EGFP- and
YFP-tagged GKAP**”. The addition of 5-Ph-IAA led to the rapid degra-
dation of mAID:mTurq2:GKAP (Fig. IE-H). When mAID:mTurq2:GKAP
fluorescence was followed at individual synapses, it was observed to follow
an approximately exponential decay with a time constant similar to that
observed for PSD-95:mTurq2:mAID (~3.7 h; 199 synapses from 14 neurons
from two independent experiments).

PSD-95 and GKAP are well established components of excitatory
glutamatergic synapses. Analogously, Gephyrin is considered to be the main
organizer of the postsynaptic specialization at inhibitory GABAergic and
glycinergic synapses, confining ionotropic GABA and Glycine receptors to
postsynaptic sites”* . To examine if AID2 technology can be used to
target Gephyrin as well, we tested a fusion protein of mAID, mTurquoise2
and Gephyrin, with the mAID and mTurquoise2 fused to the N-terminus of
Gephyrin (mAID:mTurq2:Gephyrin; Fig. 1I), in accordance with prior
studies”**. When expressed in cortical neurons, mAID:mTurq2:Gephyrin
assumed a punctate, dendritic expression pattern (Fig. 1]), identical to that
observed for the same fusion protein lacking mAID®. Again, in neurons
coexpressing OsTIR1-P2A-mAID:EGFP:NES, 5-Ph-IAA induced very
rapid degradation of mAID:mTurq2:Gephyrin (Fig. 1I-L) with an
approximate time constant of 1.6 h (720 synapses from 24 neurons from
3 separate experiments).

Given the expanding use of HaloTag (HT) Technology® to visualize
POIs, we examined whether mAID2 technology can also be used to rapidly
degrade HT-labeled synaptic scaffold POIs, particularly when the HT is
bound to fluorescent HT ligands, which could potentially interfere with
proteasomal degradation. To that end we substituted mTurq2 with HT in
PSD-95:mTurq2:mAID, obtaining PSD-95:HT:mAID (Fig. 2A). In this
case, neurons expressing PSD-95:HT:mAID together with OsTIR1-P2A-
mAID:EGFP:NES were first exposed to the fluorescent ligand JF635-HT*,
which led to the highlighting of postsynaptic sites (Fig. 2B). Exposure to 5-
Ph-TAA led to the striking disappearance of ligand fluorescence, indicating
that the fusion protein was degraded. The time constant of the fluorescence
loss (~8.5 h; Fig. 2D), was somewhat longer than that observed for PSD-
95:mTurq2:mAID (443 synapses from 24 neurons from 3 separate
experiments).

Similarly, we generated a fusion protein of Gephyrin and a HaloTag,
but decided to insert the mAID:HT sequence at a different site, after
observing examples in which an antibody against gephyrin failed to
recognize the N-terminal fusion protein variants described above (Sup-
plementary Fig. 2A). We therefore inserted the mAID:HT sequence
between Asparagine 29 and Leucine 30 (GephyrinA29:mAID:HT; Fig. 2E),
following the strategy used to create an mRFP-tagged Gephyrin knock-in
mouse”. As shown in Fig. 2F-H, GephyrinA29:mAID:HT assumed a
dendritic, punctate expression pattern, similar to that observed with the
original fusion proteins. Moreover, GephyrinA29:mAID:HT was now
recognized by the anti-gephyrin antibody mentioned above (Supplemen-
tary Fig. 2B). Exposure of neurons co-expressing GephyrinA29:mAID:HT
and OsTIR1-P2A-mAID:EGFP:NES caused the loss of ligand fluorescence,
indicative of rapid degradation of the Gephyrin fusion protein (530 synapses
from 19 neurons from 3 separate experiments). Here too, the kinetics of
fluorescence loss were somewhat slower that those observed for gephyrin
fused to mTurq2 (time constant of ~2.5 h).

One major advantage of AID2 technology over most knockout and
knockdown approaches is the inherent reversibility of elimination it allows,
realized simply by removing 5-Ph-IAA®. Indeed, when 5-Ph-IAA was
washed out at the end of experiments, and the preparations were examined
again after several days, clear recovery was observed for all the fusion pro-
teins tested (Figs. 1C, G, K, and 2C, G; Note that JF635-HT was re-added to
the dish to visualize the HT fusion proteins). The time course of recovery
was not followed systematically due to the slow turnover rates of synaptic

proteins, and was sampled at single time points. Recovery, however, was
very robust for all fusion proteins examined.

Analyses of spatial protein degradation patterns for all fusion proteins
did not reveal notable spatial gradients beyond a tendency of somatic, dif-
fuse fluorescence loss to slightly precede fluorescence loss at synapses, and
only minor, if any differences between fluorescence loss from proximal and
distal synaptic sites. The spatial uniformity, as well as the abruptness and
completeness of fluorescence loss, are demonstrated qualitatively in Sup-
plementary Movie 1 and quantified in Supplementary Fig. 3.

In summary, mAID fusion proteins of excitatory and inhibitory
synapse PSD POIs, labeled with either GFP variants or HT, and fused N-
terminally, C-terminally, or intramolecularly, are rapidly and reversibly
degraded in the presence of OsTIR1(F74G) and 5-Ph-TIAA.

Degradation of mAID fusion proteins in-vivo

In their original study™, Yesbolatova and colleagues demonstrated the utility
of the AID2 system to drive mAID-EGFP degradation in various organs of
transgenic mice following intraperitoneal 5-Ph-IAA injection. mAID-EGFP
degradation was also observed in whole brains, albeit to a somewhat lesser
extent (~50%) than that observed in other organs (see also refs. 45,68). To
examine the in-vivo efficacy of this system at the single neuron level and over
time, we first packaged the OSTIR1-P2A-EGFP:mAID vector from the
original study into an AAV capsid (see Methods) and then stereotaxically
injected it into the auditory cortex of wildtype mice together with a second
AAV vector, coding for Histone 2B fused to mCherry (H2B:mCherry). This
combination led to the expression of a cytosolically expressed mAID:EGEFP,
together with a stably expressed nuclear reference marker (Fig. 3A, B). After
arecovery period, we implanted the injected mice with a cranial window and
conducted longitudinal two-photon imaging, which allowed a detailed
assessment of the time course of the degradation and recovery over time in
the same neurons. Specifically, we imaged immediately before (—1, —0.5 h)
and repeatedly after (1, 3, 6, 9, 24, 48 and 72 h) intraperitoneal adminis-
tration of 10 mg/kg 5-Ph-IAA (5-Ph-IAA group; 3 mice) or saline (sham
group; 2 mice). In line with the original study reporting a decrease of GFP
fluorescence by ~50% after sacrificing mice 6 h after injection”, we observed
a substantial decrease of cytosolic mAID:EGFP fluorescence after injection
of 5-Ph-IAA, but not with saline (Fig. 3B; 91 and 111 neurons, respectively).
In our experiments, the loss of mAID:EGFP fluorescence in cell bodies and
the neuropil became apparent already within one hour and reached a
maximal reduction of ~90% after 6 h (p < 0.001; ¢ =1, 3, 6, 24 h). Moreover,
following this initial reduction, a recovery of fluorescence was observed over
the course of about three days (Fig. 3C). These observations demonstrate the
efficient yet reversable depletion of a cytosolic protein using the
AID2 system in individual neurons in-vivo.

We then set out to explore the utility of the AID2 system to degrade a
synaptic protein in-vivo. Specifically, we injected wild type mice with a
mixture of three AAV vectors in the auditory cortex: (i) hSyn-
PSD95:HT:mAID to express a degradable PSD-95 variant, similar to that
used for the cell culture experiments of Fig. 2A-D; (ii) hSyn-OsTIR1-P2A-
NLS:tagBFP2 to allow the OsTIRI-dependent depletion of the mAID-
tagged PSD-95, and (iii) hSyn-PSD95.FingR:EGFP-CCR5TC to label the
exogenous as well as the endogenous PSD-95%. This set of vectors allowed
FingR-mediated labeling of overall PSD-95 and a specific HT-mediated
labeling of the exogenous, potentially degradable PSD-95 variant. After a
period of three to four weeks to reach stable expression labels, mice were
either injected intraperitoneally with saline (sham group, n=3) or with
10 mg/kg 5-Ph-IAA (5-Ph-IAA group, n=4). Six hours after treatment,
animals were sacrificed, their brains were extracted and fixed. Subsequently,
brain slices were prepared, stained with the HaloTag ligand JF635-HT*° and
mounted for confocal imaging (Fig. 4A; see Methods). As shown in Fig. 4B,
all fluorescent markers showed robust expression. As expected, in slices
from the sham group, PSD-95-associated FingR and HaloTag fluorophores
exhibited punctate expression patterns with substantial overlap, likely cor-
responding to excitatory synapses. Importantly, in slices from the 5-Ph-IAA
treated animals, JF635-HT fluorescence was significantly reduced to
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Fig. 2 | Rapid degradation of postsynaptic scaffold
proteins fused to HaloTag protein and a mAID
degron. A Illustration of the PSD-95 - HaloTag -
mAID fusion protein (PSD-95:HT:mAID). B A rat
cortical neuron in culture expressing PSD-
95:HT:mAID as well as OsTIR1-P2A-mAI-
D:EGFP:NES. PSD-95:HT:mAID was rendered
visible by labeling with JE635-HT (100 nM).

C Region in yellow rectangle in (B) at greater detail,
before, after addition of 5-Ph-IAA, and after wash-
ing out 5-Ph-IAA. Note the nearly complete loss of
JF635-HT fluorescence, and its recovery after several
days (following a second labeling with JF635-HT).
D JF635-HT fluorescence measured at

11-30 synapses of each neuron (443 in total) tracked
throughout the experiments. Each thin gray line is
the average JF635-HT fluorescence measured for the
synapses of one neuron. Fluorescence values for
each neuron were normalized to the fluorescence
measured at the last time point before 5-Ph-IAA was
added. Thick red line is the population average (24
neurons from 3 independent experiments). E-H As
in (A-D) for GephyrinA29:mAID:HT. 18 neurons
from 3 independent experiments. Scale bars: 20 um
(B, F) and 10 um (C, G).
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approximately 60% of the signal intensity of the fluorescence range between
sham treated and non JF635-HT stained control slices (p < 0.01; Fig. 4B, C).
This drop in fluorescence concurs with the ~50% reduction in PSD-
95:HT:mAID observed in culture after 6 h (Fig. 2D). In contrast, treatments
with 5-Ph-TAA only modestly affected the PSD-95 FingR signal (Fig. 4D),
indicating that endogenous PSD-95 levels were largely unaltered.

These experiments thus confirmed the effective depletion of a cytosolic
protein and a synaptic protein in neurons in vivo using AID2 technology.

POI degradation kinetics: dependence on expression levels
The variability of POI and OsTIR1 expression levels among neurons
provided an opportunity to evaluate degradation rate dependence on
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Fig. 3 | AID2-mediated degradation and recovery of a soluble protein in vivo. after sham treatment and vastly reduced mAID:EGFP fluorescence after auxin
A Flow of experiment. C57BL/6] mice (n = 3) were injected with AAV vectors to treatment. C Quantification of the normalized cytosolic mAID:EGFP fluorescence
cytosolically express mAID:GFP, OsTIR1 and a stable nuclear reference marker (see Methods) over the course of imaging (# = 91 sham neurons from 3 mice vs. 111
(H2B:mCherry) in the auditory cortex. Animals underwent cranial window 5-Ph-IAA treated neurons from 2 mice), showing a swift reduction of fluorescence

implantation and longitudinal two-photon imaging after sham (PBS) or 5-Ph-IAA  over the course of few hours and a subsequent recovery after approximately three
treatment. B Exemplary fields of view, showing stable mAID:EGFP fluorescence days (***p < 0.001, Wilcoxon rank sum test of sham vs. 5-Ph-IAA).
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Fig. 4 | AID2-mediated degradation and recovery of a synaptic scaffold fusion
protein in vivo. A Flow of experiment. After stereotaxic injection and stable
expression of the exogenous proteins, mice were treated with (sham) or 5-Ph-IAA
(auxin). After 6 h, mice were sacrificed and their brains were extracted, fixed and
stained with the HaloTag ligand JF635-HT before starting confocal imaging

(n=3 sham mice vs. 4, 5-Ph-IAA mice). B Exemplary fields of view, showing all
three imaging channels in a sham and 5-Ph-IAA treated animal. Right: Magnified
image, showing the punctate pattern of PSD-95 signals, expected to correspond to
excitatory synapses. The PSD-95:HT:mAID signal is decreased after the 5-Ph-IAA

treatment compared to the sham treatment. C Quantification of the normalized
PSD-95:HT:mAID fluorescence in the neuropil, showing a significant signal
depletion after 5-Ph-IAA injection (n indicates the number of FOV per condition;
**p < 0.01, ¥**p < 0.001 in Wilcoxon rank sum test). Note that degradation of PSD-
95:HT:mAID may not have reached its maximum at this six hours observation
period (see Fig. 2D). D Equivalent quantification for the PSD-95:FingR:EGFP signal,
showing a slight, but not statistically-significant drop in intensity after 5-Ph-IAA
treatment.

mAID fusion protein and OsTIRI expression levels. For these and
subsequent experiments (see below) we created a new OsTIR1(F74G)
expression vector (OsTIR1-P2A-mCherry) in which mAID:EGFP was
replaced with mCherry (without the mAID degron, but still separated
from OsTIR1 by a P2A sequence) which was coexpressed with PSD-
95:mTurq2:mAID and exposed to 5-Ph-IAA as described above. We
then measured, on a neuron by neuron basis, the initial rate of synaptic
PSD-95:mTurq2:mAID degradation as a function of (i) initial PSD-
95:mTurq2:mAID fluorescence, and (ii) mCherry fluorescence, the
latter serving as a proxy for OsTIR1 expression levels. Initial rates of
synaptic PSD-95:mTurq2:mAID degradation were estimated as linear
fits to PSD-95:mTurq2:mAID fluorescence during the first 5 time
points following 5-Ph-IAA addition. As shown in Supplementary
Fig. 4A, PSD-95:mTurq2:mAID degradation rates (in absolute fluor-
escence units per h) correlated well with PSD-95:mTurq2:mAID
expression levels (r = 0.75), as might be expected, and also with OsTIR1
expression levels (r = 0.65; Supplementary Fig. 4B). This sensitivity to
OsTIRI expression levels probably explains some of the variability in
the degradation curves of individual neurons. It also indicates that
OsTIR1 expression level is a limiting factor that dictates POI degra-
dation rates. Finally, the linear dependence of PSD-95:mTurq2:mAID
loss rate on PSD-95:mTurq2:mAID expression levels argues against a
saturation of degradation capacity at the expression levels reached
here. Consequently, the extent of POI loss effects might be expected to
scale with the ratio of exogenous to endogenous POI copy numbers.

Acute degradation of synaptic scaffold proteins leads to receptor
loss at the same synapses

The fusion proteins of PSD-95, GKAP and Gephyrin described above were
expressed over a background of endogenous variants of the same proteins. It
thus remains possible that the presence of this endogenous population will
mask potential consequences of (exogenous) POI loss, questioning the
utility of the slow additive, rapid subtractive approach offered here for
investigating synaptic POI function. We thus first considered the well-
documented roles of PSD-95’' and Gephyrin® in retaining neuro-
transmitter receptors at postsynaptic membranes, examining whether the
rapid degradation of exogenous PSD-95 and Gephyrin is followed by sub-
stantial receptor loss from the same synapses.

We first examined whether and to what degree the acute degradation of
exogenous PSD-95 is followed by a loss of AMPA type ionotropic glutamate
receptors (AMPARs) from the same synapses. To visualize AMPARs, we
expressed a fusion protein of GluA2 and Super Ecliptic pHluorin (SEpH; e.g.
refs. 70,71) previously used in our hands” (SEpH:GluA2). Such fusion
proteins effectively report outward facing AMPARs located in the neuronal
membrane, as the fluorescence of SEpH within typically acidic intracellular
organelles is quenched. For these experiments, we used OsTIRI-P2A-
mCherry instead of OsTIR1-P2A-mAID:EGFP:NES to avoid spectral
overlap with SEpH. We then triple expressed PSD-95:mTurq2:mAID,
SepH:GluA2 and OsTIR1-P2A-mCherry in cortical neurons in primary
culture, and followed individual postsynaptic sites as described above, before
and after addition of 5-Ph-IAAPh-IAA. As shown in Fig. 5A, PSD-
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95:mTurq2:mAID and SepH:GluA2 puncta exhibited excellent colocaliza-
tion, with comparisons of PSD-95:mTurq2:mAID and SepH:GluA2 on a
synapse to synapse basis revealing a high correlation between the two
(r=0.64; p = 7.6¥10>; 455 synapses from 18 neurons from 3 experiments).
The addition of 5-Ph-IAAPh-IAA and the consequential loss of PSD-
95:mTurq2:mAID was associated with a ~25% loss of SepH:GluA2
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fluorescence on average (Fig. 5C, E), with loss kinetics closely following
those of PSD-95:mTurq2:mAID. As SepH:GluA?2 tends to photobleach, we
also measured SepH:GluA2 (and PSD-95:mTurq2:mAID) in some neurons
only once every 12 h; the degree of SepH:GluA2 fluorescence loss, however,
was nearly identical (Fig. 5B-D). Moreover, comparison with neurons in the
same experiments that expressed SepH:GluA2 but not PSD-
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Fig. 5 | Acute degradation of PSD-95:mTurq2:mAID is followed by loss of
AMPARSs at the same synapses. A Top panels: A rat cortical neuron in culture co-
expressing PSD-95:mTurq2:mAID, SEpH:GluA2 and OsTIR1-P2A-mCherry.
Bottom panels: Region in yellow rectangle at greater detail, before, and after addition
of 5-Ph-IAA. Note that the near complete loss of PSD-95:mTurq2:mAID fluores-
cence is associated with a noticeable reduction in SEpH:GluA2 fluorescence. Scale
bars: 10 um. B PSD-95:mTurq2:mAID fluorescence measured at 16-41 synapses of
each neuron (455 in total) tracked throughout the experiments. Each thin gray line is
the average fluorescence measured for the synapses of one neuron (18 neurons from
3 experiments). Fluorescence was normalized to fluorescence measured at time
point just before 5-Ph-IAA addition. Thick magenta line is the population average. A
subset of neurons was imaged only once every 12 (instead of 3) h to minimize

potential confounds related to photobleaching (open diamonds; 10 neurons from
the same 3 experiments). C Changes in SEpH:GluA2 fluorescence at the same
synapses and neurons of (B). Thick brown line is the population average.

D SEpH:GluA2 fluorescence measured at 14-30 synapses of neurons positive for
SEpH:GluA2 and OsTIR1-P2A-mCherry but negative for PSD-95:mTurq2:mAID
(222 in total). Each thin gray line is the average fluorescence measured for the
synapses of one neuron (10 neurons from 3 experiments). Thick gray line is the
population average. Open diamonds represent measurements made in a subset of
cells imaged only once every 12 h (5 neurons from the same experiments). E Pooled
data. All error bars are standard deviations, not SEM. Test for difference between
PSD-95:mTurq2:mAID positive and negative cells — unpaired ¢-test, without
assuming equal variances; applied to data obtained at last time point.

95:mTurq2:mAID (Fig. 5D) confirmed that the loss of SepH:GluA2 fluor-
escence associated with PSD-95:mTurq2:mAID degradation was statisti-
cally significant (p=1.8%10"% 18 and 10 neurons, respectively).
Interestingly, exposure to 5-Ph-IAA was also associated with a loss of
SepH:GluA2 puncta (Supplementary Fig. 5A-C; 3% at 4 h; p = 0.04; 14% at
24 h; p=0.0002; 15 and 11 neurons, respectively) suggesting that quantifi-
cation of receptor loss based on measurements made at persistent SepH:-
GluA2 puncta might have underestimated the full extent of PSD-
95:mTurq2:mAID degradation-associated receptor loss.

In these experiments, PSD-95:mTurq2:mAID was expressed in the
presence of endogenous PSD-95, possibly explaining substantial AMPAR
confinement at most of synaptic sites (Fig. 5A, C, E) following PSD-
95:mTurq2:mAID degradation. To quantify the impact of PSD-
95:mTurq2:mAID degradation on total PSD-95 pools, we used quantitative
immunocytochemistry. We first compared synaptic PSD-95 levels in PSD-
95:mTurq2:mAID expressing and naive neurons finding that PSD-95 levels
at PSD-95:mTurq2:mAID positive synapses were ~3-fold higher than those
of naive neurons (24 and 31 fields of view from 2 separate experiments;
Supplementary Fig. 6). We then repeated the experiments of Fig. 5, fol-
lowing the 24 h period of 5-Ph-IAA exposure with fixation and immuno-
cytochemistry, using SepH:GluA2 to locate the same synapses imaged
before fixation (see Supplementary Fig. 7A, B for further details). Here we
found that total synaptic PSD-95 levels following PSD-95:mTurq2:mAID
degradation were not significantly different from those of naive neurons
(Supplementary Fig. 7C; 3 separate experiments; 23 and 52 fields of view,
PSD-95:mTurq2:mAID expressing and naive, respectively). Thus, even in
the presence of normal complements of endogenous PSD-95, rapid
degradation of exogenous PSD-95 led to readily resolvable and significant
loss of AMPARs from the same synapses.

The ability to resolve concomitant changes in PSD-95:mTurq2:mAID
levels (~75% of total synaptic PSD-95) and SepH:GluA2 at individual
synapses, allowed us to test two alternate possibilities. 1) Degradation of
PSD-95:mTurq2:mAID is followed by uniform, fractional loss of AMPARs
from all synapses; 2) Receptor loss differs greatly from one synapse to
another, in accordance with prior suggestions based on knockout and
knockdown approaches, that AMPAR loss occurs at individual synapses in
all-or-none fashion”. To address this question, we compared, on a synapse
by synapse basis, the loss of SepH:GluA2 fluorescence to the loss of PSD-
95:mTurq2:mAID fluorescence after a 15h 5-Ph-IAAPh-IAA exposure
period, using non-normalized fluorescence values, as these are expected to
scale linearly with fusion protein quantity. At the population level, SepH:-
GluA2 fluorescence loss was positively correlated with PSD-95:mTurq2:-
mAID loss (r=0.43, 455 synapses from 18 neurons from 3 experiments;
Supplementary Fig. 8A). A similar result was obtained when the correlation
was calculated separately for each neuron (0.39 + 0.22; mean * standard
deviation, respectively). Yet at the individual synapse level, the ratio of
SepH:GluA2 loss to PSD-95:mTurq2:mAID loss was quite variable, with a
considerable number of synapses showing no relative loss and even some
gain of SepH:GluA2 fluorescence (Supplementary Fig. 8A, D). Comparisons
with PSD-95:mTurq2:mAID fluorescence signals of similar magnitude
indicate that this variability is not merely measurement noise (see

Supplementary Fig. 8A-C for further details). Although we observed no
overt bimodality in SepH:GluA2 loss to PSD-95:mTurq2:mAID loss ratios
(Supplementary Fig. 8D), these findings argue against uniform receptor loss,
even at relatively short time scales.

Similarly, Gephyrin plays key, possibly singular roles in confining
GABA receptors to postsynaptic sites of inhibitory synapses*>™ . We thus
examined whether and to what degree the acute loss of exogenous Gephyrin
is associated with GABA receptor loss at the same synapses. To that end we
triple expressed GephyrinA29:mAID:HT, OsTIR1-P2A-mCherry, and a
fusion protein of GABA 4 receptor subunit a, and Super Ecliptic pHluorin
(SEpH:GABAARa,) previously shown to localize well to GABAergic
synapses in cultured neurons and in vivo™*’’. As shown in Fig. 6A,
GephyrinA29:mAID:HT and SEpH:GABA ,Ra,, colocalized extremely well
at individual synapses. Quantitatively, comparing GephyrinA29:mAID:HT
and SEpH:GABA sRa, on a synapse to synapse basis revealed a high cor-
relation between the two (r=0.64; p = 1.75¥10"'">; 900 synapses from 18
neurons from 3 experiments). We then followed individual synapses as
described above, before and after addition of 5-Ph-IAA. The consequential
loss of GephyrinA29:mAID:HT was associated with a ~20% reduction of
SEpH:GABAARa, fluorescence (Fig. 6A-D). Here too, comparison with
neurons that did not express GephyrinA29:mAID:HT, revealed that
receptor loss was statistically significant (p = 0.003). Moreover, in common
with the observations made above for glutamatergic synapses, exposure to 5-
Ph-TAA was associated with reductions in SEpH:GABA sRa, puncta counts
(Supplementary Fig. 5D-F; 14% at 1.5 h; p = 0.002; 40% at 15 h; p = 0.04; 18
and 3 neurons, respectively) suggesting that quantification of receptor loss at
persistent SEpH:GABA sRa, puncta might have underestimated the full
extent of GephyrinA29:mAID:HT degradation-associated receptor loss.

As for PSD-95:mTurq2:mAID, GephyrinA29:mAID:HT, was
expressed in the presence of endogenous Gephyrin, possibly explaining
substantial GABA 4R confinement at most of synaptic sites (Fig. 6A, C, E)
following GephyrinA29:mAID:HT. Here too we used quantitative immu-
nocytochemistry to quantify the impact of GephyrinA29:mAID:HT
degradation on total Gephyrin pools. Here we found that total Gephyrin
levels at GephyrinA29:mAID:HT positive synapses were ~1.8-fold higher
than those of naive neurons (16 fields of view in each condition, 2 separate
experiments; Supplementary Fig. 9). We then repeated the experiments of
Fig. 6, following the 12 h period of 5-Ph-IAA exposure with fixation and
immunocytochemistry, using SEpH:GABA sRa, to locate the same synap-
ses (see Supplementary Fig. 10A, B for further details), finding that here too,
total synaptic Gephyrin levels following GephyrinA29:mAID:HT degra-
dation were not significantly different from those of naive neurons (Sup-
plementary Fig. 10C; 3 separate experiments; 19 and 20 fields of view,
GephyrinA29:mAID:HT expressing and naive, respectively). Thus, even in
the presence of normal complements of endogenous Gephyrin, rapid
degradation of exogenous Gephyrin led to resolvable and significant loss of
GABARs from the same synapses.

Interestingly, here too, when GephyrinA29:mAID:HT and
SEpH:GABA zRa, loss were compared on a synapse by synapse basis, we
note a positive correlation between the loss of SEpH:GABA sRa, and the
loss of GephyrinA29:mAID:HT (Supplementary Fig. 8E). The correlation
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was lower, however, in comparison to that observed for excitatory synapses
(Supplementary Fig. 8A), possibly due to lower overexpression levels and
the use of a HT label (as compared to a fused fluorescent protein) for
quantification.

Similar experiments were carried out using the N-terminally tagged
Gephyrin variant mAID:mTurq2:Gephyrin. mAID:mTurq2:Gephyrin and
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SEpH:GABA sRa, also colocalized extremely well, with a very high corre-
lation of fluorescence at individual synapses (r=0.86; p=4.3%¥10"%
900 synapses from 18 neurons from 3 experiments). The loss of
mAID:mTurq2:Gephyrin was associated with a ~40% reduction of
SEpH:GABA sRa, fluorescence (Supplementary Fig. 11A-D) which closely
followed the time course of mAID:mTurq2:Gephyrin degradation. Given
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Fig. 6 | Acute degradation of GephyrinA29:mAID:HT is followed by loss of
GABARs at the same synapses. A Top panels: A rat cortical neuron in culture co-
expressing GephyrinA29:mAID:HT (labeled with JE635-HT), SEpH:GABA sRa,
and OsTIR1-P2A-mCherry. Bottom panels: Region in yellow rectangle at greater
detail, before, and after addition of 5-Ph-IAA. Note that the near complete loss of
JF635-HT fluorescence (presumably reflecting GephyrinA29:mAID:HT degrada-
tion) is associated with a detectable reduction in SEpH:GABA sRa, fluorescence.
Scale bars: 10 um (top panels) 5 um (bottom panels). B JF635-HT fluorescence
measured at 50 synapses of each neuron tracked throughout the experiments. Each
thin gray line is the average JF635-HT fluorescence measured for the synapses of one

neuron (900 synapses from 18 neurons from 3 experiments). Thick magenta line is
the population average. C changes in SEpH:GABA sRa, fluorescence at the same
synapses and neurons of (B). Thick brown line is the population average.

D SEpH:GABA sRa, fluorescence measured at 150 synapses of neurons positive for
SEpH:GABA sRa, and OsTIR1-P2A-mCherry but negative for Gephyr-
inA29:mAID:HT. Each thin gray line is the average fluorescence measured for the
synapses of one neuron (3 neurons from 2 experiments). Thick gray line is the
population average. E Pooled data. Error bars are standard deviations. Test for
difference between GephyrinA29:mAID:HT positive and negative cells - unpaired t-
test, without assuming equal variances; applied to data of last time point.

the similar residual fractions of GephyrinA29:mAID:HT and mAID:m-
Turq2:Gephyrin, the greater influence of mAID:mTurq2:Gephyrin degra-
dation on residual SEpH:GABA,Ra, fluorescence would seem to be
indicative of a greater exogenous to endogenous variant ratio for this fusion
protein. Unfortunately, this could not be verified through quantitative
immunocytochemistry due to the aforementioned limitations of anti-
gephyrin antibodies (Supplementary Fig. 3).

These experiments thus demonstrate that even in the presence of
endogenous variants of synaptic POIs, abrupt AID2-mediated degradation
of overexpressed POI variants can lead to clearly detectable effects that are
fully congruent with their known functions, receptor retention in this case.

GKAP, but not PSD-95 degradation is associated with reductions
in PSD sizes
As explained above, the protracted time scales of knockout, knockdown and
overexpression approaches severely challenge their capacity to resolve direct
influences of particular POIs on PSD organization. Conceivably, acutely
degrading a particularly influential POI (a driver) would lead to PSDs
shrinkage or elimination, whereas degrading less influential POIs will not.
As a proof of principle, we set out to examine, in living neurons, whether
rapidly reducing the synaptic contents of two prototypical PSD proteins
would lead to PSD shrinkage at the same synapses. Specifically, and
informed by biochemical reconstitution experiments'”"”, we examined the
consequences of rapidly degrading mAID tagged PSD-95 and GKAP.
Starting with PSD-95, we triple expressed PSD-95:mTurq2:mAID (the
target), OsTIR1-P2A-mCherry and a fusion protein of GKAP and mCitrine
(mCit:GKAP; the reporter) in cultured rat cortical neurons. Under baseline
conditions, the correlation of mCit:GKAP and PSD-95:mTurq2:mAID
fluorescence on a synapse-to-synapse basis was very high (r=0.82;
p=7.6%10""%; 422 synapses from 17 cells in 3 experiments). As shown in
Fig. 7, exposure to 5-Ph-IAA and the consequential loss of PSD-
95:mTurq2:mAID were not associated with concomitant loss of mCit:G-
KAP from the same synapses (see also”). Instead, and somewhat unex-
pectedly, PSD-95:mTurq2:mAID loss was accompanied by a ~26% increase
in mCit:GKAP content at the same synapses (303 synapses from 12 neurons
from 2 experiments). Comparisons with neurons in the same preparations
expressing mCit:GKAP but not PSD-95:mTurq2:mAID revealed that the
increase in mCit:GKAP fluorescence was highly significant (p = 1.0%107% 12
and 6 neurons, respectively). Similar observations were made in a separate
set of experiments, using synapses segmented automatically at each time
point, rather than individually tracked ones (Supplementary Fig. 12; 13
neurons and 9 control neurons, from 3 experiments, >8000 synapses
measured at each time point). These data indicate that in these experiments,
PSD-95 was not the sole factor setting the size of these PSDs, and that its loss
was followed by an influx of other scaffold proteins, in particular GKAP into
PSDs. Indeed, when we co-expressed a fusion protein of PSD-95 and
mCitrine (PSD-95:mCit) as a reporter instead of mCit: GKAP, we observed a
nearly identical phenomenon, namely the influx and coalescence of cyto-
solic PSD-95:mCit at sites vacated of PSD-95:mTurq2:mAID (Supple-
mentary Fig. 13). This influx was associated with a notable decrease in
cytosolic PSD-95:mCit fluorescence (compare Supplementary Fig. 13A, B).
Interestingly, the correlation at individual synapses of PSD-95:mTurq2:-
mAID and PSD-95:mCit fluorescence - identical proteins that differ only in

the GFP variant they are fused to - was nearly identical (r=0.82;
p =4.6%107""; 450 synapses from 22 neurons in 3 experiments) indicating
that this value is near the ceiling of such measurements in our experiments.

Although PSD-95 is commonly viewed as a central organizer of PSD
size and properties, other studies™”, including the biochemical recon-
stitution studies mentioned above'®", pointed to the unique importance of
GKAP in this regard. We thus performed the reverse experiment, that is,
rapidly degraded mAID-tagged GKAP and followed the consequences to
PSD-95 contents at the same synapses. To that end we triple expressed
mAID:mTurq2:GKAP (the target), PSD-95:mCit (the reporter) and
OsTIR1-P2A-mCherry. Here too, the correlation of mAID:mTurq2:GKAP
and PSD-95:mCit fluorescence at individual synapses was maximal
(r=0.85; p=5%10""" 478 synapses from 21 cells in 3 experiments). Unlike
what was observed for PSD-95, acute degradation of mAID:mTurq2:GKAP
was associated with a marked reduction (~30%) of PSD-95:mCit contents at
the same synapses, which closely followed the time course of mAID:m-
Turq2:GKAP loss (Fig. 8A-E, H; 1723 synapses from 40 neurons from 5
experiments, p=9.5%10""* when compared to 18 neurons that expressed
PSD-95:mCit but not mAID:mTurq2:GKAP). Strikingly, the loss of
synaptically associated PSD-95:mCit was associated with a parallel increase
in cytosolic PSD-95:mCit levels (by ~35% when measured at the cell body;
Fig. 8A, B, F-H; 31 neurons from 5 experiments, p = 1*10 " when compared
to 14 neurons that expressed PSD-95:mCit but not mAID:mTurq2:GKAP).
Thus, and unlike the effects of acute PSD-95:mTurq2:mAID degradation,
acute mAID:mTurq2:GKAP degradation drove an efflux of PSD-95 out of
postsynaptic densities and apparent PSD shrinkage.

Comparisons on a synapse to synapse basis revealed a positive corre-
lation between the loss of mAID:mTurq2:GKAP and PSD-95:mCit fluor-
escence after 15 h of exposure to 5-Ph-IAA (r = 0.41, 1723 synapses from 39
neurons from 5 experiments; correlations determined for each neuron
separately: 0.43 £ 0.17; mean + standard deviation, respectively). Here too,
PSD-95:mCit fluorescence loss was quite variable, with some synapses
exhibiting no loss and even some gain (Supplementary Fig. 8F), possibly
reflecting some PSD remodeling that occurred during this time frame™.

These experiments demonstrate the utility of a slow additive, rapid
AID2-based subtractive approach for determining the acute influences of
specific postsynaptic scaffold POIs on PSD organization at individual
synapses, even in the presence of endogenous variants of the same proteins.

Discussion

Here we set out to examine the utility of an approach for studying real-time
consequences of acute synaptic POI degradation at individual synapses
based on AID2 technology, the coexpression of synaptic reporters and live
imaging. We first established that upon expression in cortical neurons in
culture, exogenous fusion proteins of PSD-95, GKAP, and gephyrin, with N-
terminally, C-terminally, or intramolecularly mAID as well as a fluorescent
protein (mTurq2) or a HaloTag protein, localize correctly to synapses and
are rapidly degraded upon exposure to sub-micromolar concentrations of
the small, membrane permeable inducer 5-Ph-IAA. Degradation was rapid,
uniform and nearly complete, yet reversible upon inducer removal. We
further established that the AID2 technology also allows for the rapid and
reversable degradation of cytosolic and synaptic proteins in vivo, with
kinetics comparable to those observed in cell culture. We found that even in
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Fig. 7 | Acute degradation of PSD-95:mTurq2:-
mAID is followed by GKAP influx into the same
synapses. A A rat cortical neuron in culture co-
expressing PSD-95:mTurq2:mAID (left) and
mCit:GKAP (middle) as well as OsTIR1-P2A-
mCherry. B 5-Ph-IAA induced nearly complete loss
of PSD-95:mTurq2:mAID, and increased synaptic
levels of mCit:GKAP at the same synapses. Scale bar:
20 pm. C Changes in mCit:GKAP fluorescence
measured at 13-40 synapses of each neuron tracked
throughout the experiments (303 in total). Each thin
gray line is the average normalized fluorescence

Before 5-ph-IAA

measured for the synapses of one neuron (12 neu-
rons from 2 experiments). Thick brown line is the
population average. D PSD-95:mTurq2:mAID
fluorescence measured at the same synapses and

neurons of C. Thick magenta line is the population B
average. E mCit:GKAP fluorescence measured at
18-33 synapses of neurons positive for mCit: GKAP
and OsTIR1-P2A-mCherry but negative for PSD-
95:mTurq2:mAID (147 in total). Each thin gray line é
is the average fluorescence measured for the -
synapses of one neuron (6 neurons from 2 experi- <
ments). Thick gray line is the population average. o ;
F Pooled data. Error bars are standard deviations. LS
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the presence of endogenous variants of the same proteins, rapid degradation
of exogenous PSD-95 and Gephyrin were associated with loss of AMPA and
GABA, receptors from the same synapses, respectively, in line with the
known roles of these scaffold proteins. We then used this approach to
compare the relative dominance of the two scaffold proteins PSD-95 and
GKAP in determining PSD size, finding that rapid degradation of

exogenous PSD-95 was associated with GKAP influx into the same PSDs
and was not associated with PSD shrinkage, whereas rapid degradation of
exogenous GKAP was followed by concomitant PSD shrinkage and PSD-95
efflux from the same PSDs. Altogether, these findings show that rapid
degradation of exogenous variants of synaptic proteins using AID2 tech-
nology is a potentially powerful approach for studying the roles of such
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proteins in living neurons in situ, even in the presence of endogenous
variants of the same proteins.

The main advantage of the AID2-based approach described here is
found in the rapid kinetics of synaptic POI degradation, and the ability to
follow the manner by which POI loss affects interacting proteins at the same
synapses and at the same temporal resolution. The dramatic reduction of

POI degradation times from days (knockout and knockdown approaches)
to a few hours creates time windows within which direct consequences of
POl loss can be studied with minimal contamination from slow adjustment/
compensation processes that often complicate interpretations (e.g.
refs. 26,73). The coexpression of fluorescently labeled interacting proteins
provides real-time readouts and the full time course of consequential effects.
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Fig. 8 | Acute degradation of mAID:mTurq2:GKAP is followed by concomitant
loss of synaptic PSD-95 and elevated levels of cytosolic PSD-95. A A rat cortical
neuron in culture co-expressing PSD-95:mCit (left) mAID:mTurq2:GKAP (middle)
as well as OsTIR1-P2A-mCherry. B 5-Ph-IAA induced nearly complete loss of
mAID:mTurq2:GKAP fluorescence, loss of PSD-95:mCit fluorescence from the
same synapses and elevated levels of cytosolic PSD-95:mCit. Scale bar: 20 um.

C Changes in mAID:mTurq2:GKAP fluorescence measured at 24-78 synapses of
each neuron tracked throughout the experiments (1723 synapses in total). Each thin
gray line is the average normalized fluorescence measured for the synapses of one
neuron (40 neurons from 5 experiments). Thick brown line is the population
average. D PSD-95:mCit fluorescence measured at the same synapses and neurons of
(C). Thick magenta line is the population average. E PSD-95:mCit fluorescence
measured at 21-64 synapses of neurons positive for PSD-95:mCit and OsTIR1-P2A-

mCherry but negative for mAID:mTurq2:GKAP (752 synapses in total). Each thin
gray line is the average fluorescence measured for the synapses of one neuron (18
neurons from 5 experiments). Thick gray line is the population average. F Changes
in cytosolic levels of PSD-95:mCit measured at the cell soma (31 neurons from 5
experiments). Dashed thick magenta line is the population average. G Changes in
cytosolic PSD-95:mCit measured in the cell bodies of neurons positive for PSD-
95:mCit and OsTIR1-P2A-mCherry but negative for mAID:mTurq2:GKAP (14
neurons from 5 experiments). Dashed thick gray line is the population average.

H Pooled data. Dashed lines with filled triangles represent cytosolic PSD-95:mCit
levels. Error bars are standard deviations. Tests for difference between PSD-
95:mTurq2:mAID positive and negative cells — unpaired f-tests, without assuming
equal variances; applied to data of last time points.

Finally, the compressed time scales offer practical advantages in the sense
that they greatly reduce the technical challenges associated with following
synaptic POI degradation and consequential phenomena in situ.

The AID2 technology™ used here offers particular advantages. One of
these lies in its simplicity: While other systems have been developed for
rapidly degrading POIs, including ProTACs, molecular glue degraders’™,
GFE3’, PFE3’ and peptide-directed lysosomal degradation”’, these typically
involve specific molecules tuned to target specific POIs. Unfortunately, the
identification of such molecules is non-trivial, usually involving combina-
tions of rational design and screening. Moreover, their molecular specificity
can be imperfect. Thus, for example, PFE3’ is based on FingRs (Fibronectin
intrabodies generated with mRNA display) that bind to PSD-95, but
probably also to other PSD molecules (SAP-97, SAP-102) with relatively
high affinity”. In contrast, AID2 involves a generic degron that can be used
to selectively and reliably target diverse proteins, with our data indicating
that degron location along the polypeptide chain is quite flexible. We note,
however, that this is also a potential disadvantage, as the same generic
degron, in common with other modifications to the amino-acid sequence of
a protein, could have unexpected consequences on POI function.

A second advantage is the inherent reversibility of AID2-based
degradation. In this respect, new genetic approaches (e.g. ref. 78) also offer
reversable gene manipulation. Yet, the simplicity of the AID2 system
induction (and termination) mechanism - a small molecule that is easily
introduced and removed or cleared, both in culture and in vivo, would seem
advantageous compared to the complex molecular machineries of rever-
sable genetic approaches. A final, although not exclusive, advantage is the
systems three component composition, with each component potentially
controlling a separate experimental dimension: the mAID fusion protein
(what), OsTIR1 (where) and 5-Ph-IAA (when).

While AID2-based POI degradation kinetics are rapid in comparison
to typical turnover rates of proteins involved in synaptic organization,
(exogenous) POI loss is not instantaneous. Time constants of synaptic POI
degradation in these experiments were on the order of a few hours, which
might be too long for studying short-lived proteins that act on much shorter
time scales. Our findings suggest, however, that kinetics can be tuned by
controlling the expression levels of OsTIR1 (Supplementary Fig. 4B) and by
the choice of fluorescent reporter fused to POIs, given our observation that
degradation kinetics of HaloTag fusion proteins (conjugated to fluorescent
ligands) were slower than those of comparable GFP-based fusion proteins.

In the experiments described here, mAID-POI fusion proteins were
expressed on a background of endogenous variants of the same proteins,
and thus, while exogenous POI variants were nearly completely degraded
upon exposure to 5-Ph-IAA, endogenous variants remained present at
more or less normal levels (Supplementary Figs. 7, 10). Estimates based on
immunolabeling indicated that PSD-95 and gephyrin overexpression levels
were ~3 and 1.8-fold as compared to untreated neurons indicating that
exposure to 5-Ph-IAA resulted in the loss of ~75% and ~45% of total levels
of these POIs. Yet, their high initial expression levels in absolute terms,
undoubtedly had some impact on PSD composition as shown by many
prior studies™ . It is important to note, however, that this impact is a
manifestation of slow reorganization processes that take place over

>2 weeks, mediated by proteins that interact with the overexpressed POI,
dictated in turn, by the specific properties of the POI in question. Accord-
ingly, the consequences of its acute degradation would be expected to expose
these very same interactions. Indeed, the rapid degradation of exogenous
PSD-95 and gephyrin was associated with loss of AMPA and GABA,
receptors from the same synapses, in accordance with their known roles in
this regard.

In principle, the optimal manner to use this approach and avoid the
aforementioned overexpression issues would be to create knock-in animals
in which the genomic loci encoding for both the POI and the reporter
protein are modified to include the degron and the fluorescent proteins,
crossing these with animals expressing OsTIR1 from specific promotors, or
introducing OsTIR1 using viral vectors, for example. Indeed, this possibility
was very recently demonstrated">”. Unfortunately, even with the advanced
genome editing tools available today, creating suitable mammalian models
is slow, challenging the utility of such genetic models for studying diverse
sets of synaptic POIs, in particular when wishing to additionally express
real-time reporters consisting of known interacting proteins. Furthermore,
the creation of such animals does not negate potential confounds related to
POI modifications (e.g. adding degrons and fluorescent reporters). Thus, in
common with all experimental approaches involving interventions (e.g.
knockin, knockout, knockdown, overexpression, fusion proteins, fluor-
escent and affinity tags) the approach offered here has both advantages and
caveats that need to be considered. In this respect, testing in cell culture the
utility of this approach for studying particular POIs and optimizing
tagging (e.g. tag insertion sites) is a logical, necessary and informative pre-
requisite to the creation of genetically modified animals.

The consequential loss of AMPA and GABA receptors, following the
rapid degradation of mAID-tagged variants of PSD-95 and Gephyrin,
respectively (Figs. 5, 6, Supplementary Figs. 5, 7, 10, 11) was expected, and is
in line with prior studies using photoinactivation of PSD-95” and elimina-
tion of gephyrin® and PSD-95° using fusion proteins of FingRs and E3
ligases. As mentioned above, receptor loss was incomplete, possible due to
the presence of endogenous variants of the same proteins. This might
indicate that receptor sequestration by endogenous scaffold proteins is
already quite close to saturation (but see e.g. refs. 26,30,35,37,79-82). It
cannot also be ruled out that the fluorescent tags and/or the exogenous
degron affect scaffold protein function, which might have been the case for
mAID:mTurq2:Gephyrin. We note, however, that knock-in mice expres-
sing PSD-95-EGFP, PSD-95-HaloTag™" as well as Gephyrin-RFP¥,
fusion proteins similar to those used here, are viable and do not exhibit overt
phenotypical defects.

Alternatively, the degeneracy of PSD proteins, in particular at excita-
tory synapses”®”, might limit the impact of removing a single PSD scaffold
protein species on receptor sequestration at postsynaptic membranes, in
particular when this impact is studied following slow manipulations.
Indeed, genetic elimination of PSD-95 reduces, but does not abolish the
presence of AMPARs at synapses™”’~"***, By contrast, the aforementioned
study using a FingR based approach to rapidly degrade endogenous PSD-
95’ reported a ~90% loss of synaptic GluA1 within 48 h. In spite of some
uncertainties regarding the specificity of this manipulation (see above), it
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signifies the importance of acute approaches for uncovering roles of parti-
cular proteins in synaptic organization and function.

In contrast to the expected loss of AMPA and GABA receptors,
the differential consequences of exogenous PSD-95 and GKAP
degradation were less expected. While these findings are generally in
line with biochemical reconstitution experiments pointing to the
unique role of (phosphorylated) GKAP in condensate formation and
fusion'®"”, the observation that acute degradation of exogenous of
PSD-95 was associated with the influx of GKAP (and degron-free
PSD-95) into the same PSDs (Fig. 7, Supplementary Fig. 11) is not an
obvious corollary of such biochemical experiments. One possible
explanation is that scaffold size is determined collectively by a large
number of synaptic protein species and that the loss of one of these
does not necessarily reduce scaffold size, only its structure and
composition, creating ‘openings’ for the binding of other proteins
(see for example’). Indeed, complete knock out of PSD-95 does not
impact dendritic spine volume in the mouse hippocampus®. Alter-
natively, competition among mutually exclusive forms of PSD-95-
containing condensates (e.g. SynGAP-PSD95 and Stargazin-PSD-
95") might break down upon exogenous PSD-95 degradation,
allowing incorporation of GKAP or GKAP containing condensates
into these same PSDs". Finally, these observations may reflect the
temporal order of the manipulations, that is, the fact that AID2-
mediated PSD-95 (or GKAP) degradation followed a protracted
process of PSD growth driven by PSD-95 (or GKAP) overexpression.
It is quite possible that this protracted growth is associated with
‘consolidation’ processes that stabilize synaptic sizes such that these
no longer strongly depend on the original driving force (over-
expression). By way of comparison, dendritic spine enlargement
driven by glutamate uncaging was shown to first drive the formation
of elaborate actin-based cytoskeletal scaffolds that set the stage for
delayed, apparently passive incorporation of PSD-95 and other
scaffold molecules (see for example® ™). If similar mechanisms also
act during slow postsynaptic growth, rapid PSD-95 loss would not be
expected to reduce postsynaptic size, at least not immediately.
Interestingly, PSD protein condensates were reported to directly
promote actin network formation (via Homer family members),
which, in turn, would be expected to stabilize enlarged synapses'*'".
This would be in line with the possibility that synaptic enlargement
driven by scaffold protein overexpression also undergoes a con-
solidation process of sorts mediated by cytoskeletal remodeling. In
this regard, GKAP seems to exhibit unique properties in comparison
to other PSD molecules, not only because of its distinct importance
to PSD protein condensate formation'’ but also to the crucial role it
plays in coupling membrane proximal PSD layers to distal,
cytoskeleton-associated ones'”. Regardless of mechanistic details, the
rapid influx (Fig. 7, Supplementary Fig. 12) and efflux (Fig. 8) of PSD
scaffold proteins following selective degradation of other scaffold
proteins demonstrates that PSD reorganization can also occur on
time scales of hours, reinforcing the notion that synapses are not so
much structures as they are multimolecular assemblies, possibly
organized as phase-separated condensates, made of dynamic
molecules that move in, out and between synaptic sites'.

In sum, the current study illustrates the utility of a slow additive, rapid
subtractive approach based on AID2 technology in combination with
fluorescent reporters and live imaging to study the roles played by specific
scaffold proteins in synaptic organization, and potentially for deciphering
the specific roles many other synaptic proteins play in synaptic function,
plasticity and tenacity.

Methods

Animals and cell culture preparations

Primary cultures of cortical neurons were prepared from newborn Wistar
rats (either sex), in compliance with all relevant ethical regulations for
animal use and following protocols approved by the Technion Israel

Institute of Technology’s Committee for the Supervision of Animal
Experiments (approval IL-105-08-20). In brief, cortices from 0 to 1-day-old
rats were dissected and dissociated using trypsin, followed by gentle tri-
turation with a siliconized Pasteur pipette. Approximately 5 x 10° of dis-
sociated cells were then plated on polyethylenimine-coated 29 mm glass-
bottom dishes (MatTek) to promote adherence. The neurons were initially
grown in a medium consisting of Eagle’s minimal essential medium (Sigma-
Aldrich), 25pg/mL insulin (Sigma-Aldrich), 20mM glucose (Sigma-
Aldrich), 2 mM L-glutamine (Sigma-Aldrich), and 10% NuSerum (Becton
Dickinson Labware). Cultures were maintained in a humidified incubator at
37 °C with 95% air and 5% CO,. From day 7, half of the culture media was
replaced three times a week with feeding medium, similar to the media
described above, except for the absence of NuSerum, a reduced con-
centration of L-glutamine (0.5 mM), and the addition of 2% B-27 supple-
ment (Gibco).

For the in-vivo experiments (Figs. 3, 4), wildtype C57BL/6] mice were
used. At the time of starting the experiments, all animals were at ages of six to
eight weeks. For the experiments of Fig. 3 a total of 3 mice were used (each
iteratively underwent multiple treatment conditions). For the experiment of
Figs. 4, 7 mice were used that were split into two groups receiving different
treatment (n = 4, 5-Ph-IAA, n = 3 sham treatment). We have complied with
all relevant ethical regulations for animal use: All animal experiments were
performed in accordance with the German laboratory animal law guidelines
for animal research and had been approved by the Land-
esuntersuchungsamt Rheinland Pfalz (Approval # G 17-1-051 and G 22-
1-091).

DNA constructs

For experiments carried out in cell culture, fusion proteins were introduced
using third-generation lentiviral expression vectors based on a modified
FUGW (FUGWm) backbone” in which an Xhol restriction site was moved
to a downstream position. Full, annotated sequences of all lentiviral plas-
mids used here are provided as supplementary materials. Gene synthesis
and cloning were done by Genscript (Piscataway NJ, USA).

Lentiviral vectors for expressing OsTIR1(F74G) in neurons in culture
were created as follows: pAAV-hSyn-OsTIR1(F74G) plasmid™ was
obtained from Addgene (Addgene #140730). Then, the Synapsin promotor
and the coding region were cut out of pAAV-hSyn-OsTIR1-F74G with
Mlul and Bdll. Pacl (5°) and Xhol (3’) sites were added to the excised
segment which was then inserted into FUGWm at its Pacl and Xhol sites,
resulting in OsTIR1-P2A-mAID:EGFP:NES. OsTIR1-P2A-mCherry was
created by full length synthesis of mCherry flanked by BsmBI and BstBI and
replacing the mAID:EGFP segment in OsTIR1-P2A-EGFP:mAID with this
insert.

The vector encoding for SEpH:GluA2 was described previously””. All
other plasmids used here (PSD-95:mCit, mCit:GKAP, PSD95:mTurq2:-
mAID, mAID:mTurq2:GKAP, SEpH:GABA Ra2, mAID:mTurq2:Ge-
phyrin, PSD-95:HT:mAID, GephyrinA29:mAID:HT) were made by large
scale gene synthesis of the POI followed by insertion into the modified
FUGWm backbone described above using appropriate restriction sites. All
inserts as well as at least 200 flanking base pairs were sequenced and checked
for correctness.

Lentivirus production and transduction

Lentiviral particles were generated by transfecting HEK293T cells with a
plasmid mixture containing essential HIV packaging genes and a hetero-
logous viral envelope gene (MISSION® Lentiviral Packaging Mix, Sigma).
Transfection was carried out using Lipofectamine 2000 (Invitrogen), with
HEK293T cells raised on 10 cm plates at ~90% confluence. The supernatant
was collected 48-72h post-transfection, filtered through 0.45-um filters,
aliquoted, and stored at —80 °C. Neurons were infected with either one or
more of the constructs mentioned earlier. For double or triple infections, the
viral particles were mixed before they were added to the plates. The infection
was done for most experiments on 9-10 post-plating, except for the
experiments of the triple expression of mAID-mTurq2-GKAP1 with PSD-
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95:mCit and OsTIR1-P2A-mCherry in which the neurons were infected on
day 3 post-plating.

AAV production
For AAV production 6 x 107 HEK 293 cells were seeded in a 16-layer
Celldisc (Greiner; Cat. no. 678916) with 1L complete growth media
(DMEM, Gibco; Cat. No. 52100-047), supplemented with 10% heat-
inactivated FBS (Sigma; Cat. No. F7524), 2 mM L-glutamine (Sigma; cat. no.
G7513) and 1% Penicillin Streptomycin (Sigma-Aldrich Cat. No. P0781-
100ML) and cultured for 48 h in CO, incubator (37 °C temperature, 95%
relative humidity and 5% CO,). For chemical transfection plasmid pAD-
DeltaF6 (Addgene Cat. No. #112867), pAAV8 (Addgene Cat. No. # 112864)
and the respective expression vector plasmid were mixed at equimolar ratio
to a total of 2.069 mg DNA. 69 ml of 300 mM CaCl, was added to the
plasmid DNA. The entire CaCl,/DNA mixture was slowly added to 69 ml
2xHBS solution (Aesar; Cat. No. #J62623). After 5 min. incubation the
mixture was added to 500 ml DEMEM supplemented with 5% FCS (no
antibiotics). Culture media was then carefully decanted from the Celldisc
and replaced with the transfection media. After 6 h incubation (37 °C, 95%
relative humidity and 5% CO,) transfection media was carefully decanted
and replaced with 1L of fresh complete growth media. Transfected cells
were incubated for 72 h (37 °C, 95% relative humidity and 5% CO,).

To harvest the cells growth media was carefully decanted and collected.
500 ml of kept growth media was supplemented with 7 ml 0.5 M EDTA
(Invitrogen; Cat. No. #15575-020) and 400 ml out of it was put back into the
Celldisc. After 5 min incubation at room temperature cells detached from
the surface. Cell suspension was transferred to a 500 ml centrifugation flask
(Corning; Cat. No. 431123). The remaining 100 ml Growth media/EDTA
mix was used to wash the Celldisc and added to the centrifugation flask.

After centrifugation at 800 x g for 15min at 4 °C, supernatant was
carefully discarded. The cell pellet was resuspended in 10 ml PBS, trans-
ferred to a 50 ml Falcon tube and centrifuged again for 15 min at 800 x g, at
4 °C. PBS was then discarded and the pellet resuspended in 24 ml lysis buffer
(50 mM Tris, 1M NaCl, 10 mM MgCL2) supplemented with 0,001%
Pluronic F-68: (Invitrogen #24040032), 1300U Salt Active Nuclease (SAN;
Sarstedt #83.1803) and 100x HALT Protease Inhibitor Cocktail, (EDTA-
free Thermo scientific #78439). Cell suspension was then subjected to three
freeze/thaw cycles in liquid nitrogen and a 37 °C water bath, respectively. To
assure that the suspension does not contain any remaining plasmid DNA, it
was again supplemented with 1300U of SAN afterwards, and incubated at
37 °Cfor 1 h, while shaking at 150 rpm. Following centrifugation at 2500 x g
for 15 min at r.t, cell debris was discarded, and the supernatant was trans-
ferred to a new 50ml Falcon tube. 40% PEG-8000 solution (Poly-
ethyleneglycol, Sigma #89510, in H2O, supplemented with 0.001%
Pluronic) was added to a final concentration of 8%, mixed and incubated on
iceat4 °Cfor 16 h to 24 h. After centrifugation at 2500 x g for 30 minat4 °C,
supernatant was discarded, any residual PEG was carefully removed and
14.5 ml resuspension buffer (50 mM TRIS, 1 M NaCl, 0.001% Pluronic,
pH8.0) was added to the pellet and the pellet was resuspended by vortexing
and pipetting before it was incubated for at least 24 h at 4 °C, while shaking
at 350-400 rpm. It was found crucial to resuspend the pellet completely. The
suspension was then centrifuged at 2500 x g for 30 min at 4°C and the
supernatant was transferred to an ultra-centrifugation tube (Quickseal
Tubes, Beckman Coulter #342414). AAV purification was performed by
ultra-centrifugation over a discontinuous Iodixanol density gradient
(OptiPrep Density Gradient Medium, Sigma #D-1556, 60% solution in
H20), with Iodixanol phases of 15%, 25%, 40% and 54%, respectively. After
centrifugation, ~3.5 ml of the Iodixanol phases containing the filled AAV
capsids were collected (2.5 ml of 40% and 1 ml of 54% phase). Special care
was taken not to touch the 25% phase, since it contains empty capsids. For
buffer exchange and concentration, AAV purification buffer (1x PBS, 1 mM
MgCl2, 2.5 mM KCL, 0.001% Pluronic, pH 7.4) was added to the virus
containing fraction, to a total volume of 12 ml and transferred to a 15 ml
AMICON ULTRA-15 column; (MWCO 100 kDa, Millipore #UFC910024).
Centrifugation was performed according to the manufacturers protocol.

After concentration of the virus solution to ~1.5 ml, fresh AAV purification
buffer was added to a total volume of 12 ml, and centrifugation was repeated.
At a volume of 0.5 ml to 1 ml, virus solution was resuspended thoroughly,
transferred to a new tube and stored at —80°C. The genomic titer was
determined by qRT-PCR.

Stereotaxic injection

All surgical equipment was sterilized with 70% ethanol before use. Animals
were deeply anesthetized with isofluorane (Abbott Animal Health, IL, USA;
IsoFlo) and positioned in a stereotaxic frame (Kopf Instruments, Tujunga,
CA, USA; Stereotaxic System Kopf 1900). The eyes were protected from
dehydration and intensive light exposure using Vaseline and a piece of
aluminum foil. The anesthesia was maintained by delivery of a 1.5-2.4%
isoflurane/air mixture with a vaporizer (High Precision Instruments, MT;
Univentor 400 Anaesthesia Unit) at a flow rate of around 200 ml/min to the
snout. Lidocaine was applied as local anesthetic subcutaneously before
exposure of the skull. The scalp was washed with a 70% ethanol solution and
a cut along the midline revealed the skull. A small hole was drilled into the
skull above the auditory cortex using a motorized dental drill, leaving the
dura mater intact. Injections were performed perpendicular to the surface of
the skull. Virus solutions were specific for each experiment and consisted of
a mixture of different AAV viruses in PBS: For the in-vivo experiments of
Fig. 3, a 1:1 mix of AAV8-hSyn-OsTIR1(F74G)-P2A-mAID:EGFP:NES”
Addgene #140730, titer: 1.4 10" VG/mL) and AAVS8-phSyn-
H2B:mCherry (titer: 1.8 10" VG/mL) was injected. For the in-vivo
experiments of Fig. 4, a 1:1:1 triple-mix of AAV8-hSyn-PSD-95:HT:mAID
(approx. titer: 10"* VG/mL), AAVS- hSyn-OsTIR1-P2A-NLS:tagBFP2
(approx. titer: 10" VG/mL) and AAV8-hSyn-PSD-95.FingR:EGFP-
CCR5TC (titer: 1,0 * 10 VG/mL) was injected. The virus mixture was
loaded into a thin glass pipette and 170 nl were injected at a flow rate of
20 nl/min (World Precision Instruments, Sarasota, FL, USA; Nanoliter 2000
Injector) in five locations of the right auditory cortex, resulting in a total
injection volume of 850 nl. Stereotactic coordinates were: 4.4, —2.5/—2.75/
—3/—3.25/—3.5, 2.5 (in mm, lateral, caudal, and ventral in reference to
Bregma). Glass pipettes (World Precision Instruments, Sarasota, FL, USA;
Glass Capillaries for Nanoliter 2000; Order# 4878) had been pulled with a
long taper and the tip was cut to a diameter of 20-40 pm. After the injection,
the pipette was left in place for three minutes, before being slowly withdrawn
and moved to the next coordinate. After completion of the injection pro-
tocol, the skin wound was sealed using tissue adhesive (3 M Animal Care
Products, St. Paul, MN, USA; 3 M Vetbond Tissue Adhesive), and anes-
thesia was terminated. Mice were monitored daily and intraperitoneal
injections of carprofen (0.2 ml of 0.5 mg/ml stock) were applied on the first
days after surgery.

Cranial window implantation

Four to eight weeks after stereotactic injections, animals were anesthetized
using isoflurane (Abbott Animal Health, IL, USA; IsoFlo). All surgical
equipment and glass cover slip were sterilized with 70% ethanol before use.
Anesthesia was initialized in a glass desiccator filled with an isoflurane/air
mixture. Anesthetized animals were mounted on a stereotaxic frame (Kopf
Instruments, Tujunga, CA, USA; Stereotaxic System Kopf 1900) and the
head was positioned using ear, teeth, and a custom-made V-shaped head
holder. Anesthesia was maintained by delivery of a 1.5 to 2.4% isoflurane/air
mixture with a vaporizer (High Precision Instruments, MT; Univentor 400
Anaesthesia Unit) at a flow rate of around 200 ml/min to the snout. 0.02 ml
dexamethasone (4 mg/ml) was administered intramuscularly to the quad-
riceps, as well as 0.02 ml carprofen (0.5 mg/ml) intraperitoneally. The eyes
were protected from dehydration and intensive light exposure using
Vaseline and a piece of aluminum foil. Lidocaine was applied sub-
cutaneously before exposure of the skull. The scalp was washed with a 70%
ethanol in water solution and a flap of skin covering temporal, both parietal
regions and part of the occipital bone was removed. All following surgery
steps were conducted unilaterally on the right side of the animal: The
temporal muscle was partly removed with a surgical scalpel and forceps to
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expose the right temporal bone. Using a fine motorized drill, the bones of the
skull were smoothened, and part of the zygomatic process was removed. The
surface was cleaned using cortex buffer and covered with a thin layer of one
component-instant glue (Carl Roth, Germany; Roti coll). A thin layer of
dental cement (Lang Dental, IL, USA; Ortho-Jet) was applied onto the skull,
sparing the area of the temporal bone above the auditory cortex. An elliptic
groove of about 3 mm diameter was carefully drilled into the skull above the
auditory cortex, and the bone was carefully lifted using scalpel and forceps.
The exposed area was carefully cleaned and kept moist using sterile sponge
(Pfizer, NY, USA; Gelfoam) and cortex buffer. The craniotomy was covered
with a small circular cover glass (Electron Microscopy Sciences, PA, USA;
five mm diameter, catalogue #72195-05. The cover glass was finally set in
place with one component-instant glue and dental cement. In order to
position the animal under the microscope with the objective facing the
window plane perpendicularly, a custom-made titanium head post was
mounted on the implant above the window and embedded with dental
cement. After dental cement had dried, animals were placed back in a pre-
warmed cage. After the surgical procedure, animals recovered for at least
one week before continuing the experiments.

Confocal imaging (cell culture experiments)
Glass-bottom dishes containing cortical neurons expressing one or more of
the previously mentioned fusion proteins were imaged on a custom-built
confocal laser scanning (inverted) microscope based on the Zeiss Axio
Observer Z1, equipped with a 40x, 1.3 N.A. Plan-Fluar objective. The sys-
tem, controlled by custom software, was designed to allow automated,
multisite time-lapse microscopy. Dishes were fitted with a custom-designed
cap featuring inlet and outlet ports for perfusion and air exchange. Neurons
were continuously perfused with feeding media (described above) starting
24 h before imaging commenced and continuing until the conclusion of the
experiment. The perfusion feeding media was supplemented with 7-10%
distilled water to compensate for evaporation and delivered to the dish at a
flow rate of ~3 ml/day. This was achieved using custom perfusion systems
based on ultraslow-flow peristaltic pumps (Instech Laboratories, Inc.) and
silicone tubing, connected to the dish via ports in the cap. A sterile gas
mixture of 95% air/5% CO, was delivered into the dish at low rates, regu-
lated by a high-precision flow meter (Gilmont Instruments), either directly
to the dish through a dedicated inlet in the cap or using a closed chamber
above the dish. The objective of the microscope and the base of the headstage
were heated to 37 °C using resistive elements with separate temperature
sensors and controllers, maintaining the culture medium at 35-36 °C.
Time-lapse imaging was typically performed by averaging five frames
at 10-15 focal planes, spaced 0.8 um apart. Images were captured at a
resolution of 640 x 480 pixels, and 12 bits per pixel. Images were collected
sequentially from multiple sites using a motorized stage that cycled auto-
matically through locations at predetermined intervals. Focal drift was
automatically corrected using the autofocus system of the microscope.
Fluorescent proteins and labels were imaged using the following
excitation sources and emission filter combinations: mTurquoise2 - 457 nm
excitation (Argon laser, National Laser Company), FF01-475/20 or FF01
483/32 (Semrock), emission; EGFP and pHluorin - 488 nm excitation
(Argon laser), ET 525/50 (Chroma) or FF03 525/50 (Semrock), emission;
mCitrine — 514 nm excitation, (Argon laser), HQ545/50 (Chroma), emis-
sion; mCherry - 594 nm excitation (DPSS laser; Cobolt), BLPOI 594R
(Semrock), emission; JE552-HT- 552 nm excitation (DPSS laser; Coherent),
ET 590/50 (Chroma), emission; JF635-HT and Alexa 647/Cy5
decorated (secondary) antibodies - 632 nm excitation (Helium Neon laser;
JDS Uniphase/Thorlabs), RET 638 (Chroma) or LP02-633RU (Semrock),
emission.

Two-photon imaging (in vivo experiments)

The two-photon microscope (Prairie Technologies, WI, USA; Ultima IV)
was comprised of a 20x-objective (Olympus, Tokyo, Japan; XLUMPlan Fl,
NA =0.95) and a pulsed laser (Coherent, CA, USA; Chameleon Ultra). All
fluorophores (EGFP and mCherry) were co-excited at 920 nm wavelength,

and separated by emission using a fluorescence filter cube (filter one: BP
480-550 nm; filter two: LP 590 nm; dichromatic mirror: DM 570 nm;
Olympus, Tokyo, Japan; U-MSWG2). For the recordings, mice were lightly
anaesthetized with isoflurane (flow from 0.9 to 1.6% isoflurane/air as
described above) in order to avoid movement artifacts. Line scan imaging
was performed using a field of view of 367 x 367 pm (1024 x 1024 pixels) at
a sampling period of 3.024 s per frame. For each mouse, and imaging ses-
sion, one to three spots from the cortical surface were imaged, where for each
spot a z-stack of 70 images was recorded with a step size of 2 um in between.
For each spot, the z-level of the dura mater was identified and then, the
image stack was recorded at a depth of 50-190 pm below the dura. For
longitudinal tracking of the same cortical spots, the microscopic blood vessel
patterns on the brain surface and the neuronal fluorescence patterns on
superficial image planes were identified and matched to the reference
recording from the first baseline time point. Animals were imaged on two
baseline time points prior to any treatment (—1 and —0.5 h). Then, animals
were randomly assigned to be injected with 10 mg/kg 5-Ph-IAA or PBS. In
the following, the same set of cortical spots were imaged repeatedly at
intervalsof 1, 3,6, 9, 24,48 and 72 h post injection. Between imaging periods,
animals were placed back in their home cages. All mice repeatedly under-
went both treatments (sham and 5-Ph-IAA) with intervals of ~1 week,
where we ensured that before starting a new recording round the mAI-
D:EGFP fluorescence had fully recovered, matching the baseline conditions
from the initial recording.

5-Ph-1AA preparation and treatment

For cell culture experiments, 5-Ph-IAA (MedChemExpress, # HY-134653)
was dissolved in DMSO and stored as 100 mM aliquots at —80 °C. For use,
the 5-Ph-TAA was diluted in feeding medium to a final working con-
centration of 200 nM.

For in vivo experiments, 5-Ph-IAA was dissolved in PBS. For the
treatment, mice were injected with 120 pl of the solution intraperitoneally,
corresponding to 10 mg/kg body weight. For the sham treatment, mice were
intraperitoneally injected with 120 pl PBS.

HaloTag ligands preparation, labeling and staining

The Halotag ligands used in this study were Janelia Fluor® 635 HaloTag®
Ligand (JF635-HT) and Janelia Fluor® 552 HaloTag® Ligand (JF552-HT)*,
both were provided as generous gifts by Luke Lavis, Janelia Research
Campus.

For the cell culture experiments, the ligands were dissolved in DMSO
and kept as 100 uM aliquots stocks at —20 °C. The ligands were added to the
dishes 1 h before the beginning of the experiment, at a final concentration of
100 nM. To assess the recovery of the tagged proteins following the wash, a
second labeling with the ligands was performed.

For labeling brain slices, a stock solution of JE635-HT with DMSO,
(D2650, Sigma Aldrich), Pluronic F-127, and sterile PBS* was prepared.
From this stock solution, a diluted working solution of 400 nM JF635-HT in
PBS was prepared just prior to addition to slices. This dye solution was
added to the brain slices, followed by incubation at RT for 2 h. Finally, the
dye was removed and the slices were washed two times for 15 min with PBS.
Sections were mounted with Fluoromount-G.

Preparation and imaging of histological samples

For the experiments of Fig. 4, mice were sacrificed via cervical dislocation 6 h
after treatment with 5-Ph-IAA or PBS respectively. The brains were
extracted, briefly cleaned in PBS and then transferred in 4% paraf-
ormaldehyde (PFA) in PBS. The brains stored in 4% PFA at 4 °C for 24 h,
before re-transferring them into PBS. Slices of 70 pum (coronal section) were
obtained using a Leica VT1000S vibratome.

Images of the cortical regions were acquired with a 100x oil objective
(Leica; HC PL APO CS2, NA =1.4) using Stellaris 8 FALCON confocal
microscope (Leica; funded by the Deutsche Forschungsgemeinschaft, pro-
ject number 497669232). Field of views of 116.25 x 116.25 um (1664 x 1664
pixels) at layer2/3 of cortex are taken. Lasers 405, 488, and 640 were used to
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excite tagBFP, eGFP, and JF635 signals respectively. All channels were
acquired in counting mode using line accumulations at speed of 400.

Immunocytochemistry

Cultures of cortical neurons (naive or infected) were stained as follows: Cells
were washed with Tyrode’s physiological solution (119 mM NaCl, 2.5 mM
KCl, 2 mM MgCl,, 25 mM HEPES; 30 mM Glucose and 2 mM CaCl,, pH
7.4) and exposed to a fixative solution (4% formaldehyde and 4% Sucrose in
PBS) for 20 min at room temperature. This was followed by adding fixative
solution supplemented with Triton X-100 (0.25%) for an additional 20 min,
followed by washing with PBS. Fixed cells were then incubated with 10%
bovine serum albumin (BSA) in water for 1h at 37 °C. Following this
blocking step, the cells were stained overnight at 4 °C with FluoTag®-X2
anti-PSD95 Alexa 647 (NanoTag Biotechnologies # N3702-AF647-L;
1:200), or exposed to a mouse anti gephyrin primary antibody (Synaptic
Systems anti gephyrin #147 111 or #147 011; 1:500 and 1:1000, respectively)
overnight at 4 °C, followed by washing with PBS and labeling with a sec-
ondary antibody (Cy™5 AffiniPure conjugated polyclonal Donkey Anti-
Mouse IgG; Jackson ImmunoResearch Laboratories, #715-225-150) (1:200)
1 hat 37 °C. Cells expressing GephyrinA29:mAID:HT were labeled with the
HT ligand JF552-HT prior to fixation.

Image processing and analyses

All imaging data collected in cell culture were analyzed using custom soft-
ware (‘OpenView’), which offers both automated and manual tracking of
individual objects as well as measurements of fluorescent intensities over
time. For fluorescence intensity measurements of synapses, regions of
interest (ROIs; 9 x 9 pixels) were programmatically placed on fluorescent
punctate objects at the initial time point and then semi-automatically
tracked over time, focusing only on synapses that persisted throughout the
experiment (synapses that split, morphed, merged, formed or disappeared
were excluded from the analysis). Mean pixel intensities within these ROIs
were calculated from maximal intensity projections of Z-stack sections. To
assess cytosolic fluorescence levels, ROIs were manually positioned at initial
time points over cell bodies, and mean pixel intensities were measured for
each time point using Z-stack projections. Fluorescence values were cor-
rected for background fluorescence by subtraction of values measured at
cell-free regions, in some cases supplemented by spectral unmixing when
fields of view contained substantial non-specific fluorescent objects.

In most cases, data collected from individual synapses were normalized
by dividing fluorescence values collected from synapses (and somata) by
values collected at the time point prior to the addition of 5-Ph-IAA.

Time constants for degradation curves were derived using a program
written in Visual Basic for Applications within Microsoft Excel. The
application attempts to fit the data to a sum of two exponentials, each with its
own time constant, with a third parameter representing the relative fraction
of each component. The application systematically explores a wide range of
parameter and returns the values that result in a minimal sum of squared
residuals. Time constants stated in the manuscript are for the large pools
(78-98%). Time constants derived for minor pools were typically an order of
magnitude longer, probably reflecting secondary processes such as
photobleaching.

For the experiments of Fig. 3, the recorded image stacks from each
cortical spot were fed into a custom standardized MATLAB processing
pipeline”” that enabled us to track the same set of neurons from multiple
defined image plains (syn. fields of view, FOV) of a stack and assess their
cytosolic fluorescence signal over time (see Supplementary Fig. 14A). (i) We
first defined a selection of 13 FOV to analyze per stack. Specifically, we used
the initial baseline recording to select the FOV on a z-level of 60 pm below
the dura mater as well as the following twelve deeper FOV in steps of 10 um.
(ii) For each recording time point, we identified the image planes that best
matched these initial FOVs in respect to their nuclear H2B:mCherry signal.
For this, we calculated key points on the images using a SIFT algorithm
(scale-invariant feature transform) and cross-checked the key points with a
brute force matching strategy (Euclidean distance-based match-validation).

(i) We then automatically identified regions of interest from the
H2B:mCherry images (ROIs corresponding to nuclei). For this, images were
equalized with a Gaussian blur filter, binarized (Otsu threshold) and blob
detection was applied, using a Laplacian-of-Gaussian algorithm. (iv) Each
FOV was then aligned to the reference image from the initial time point,
applying an xy-translation and tracking the ROIs with a local affine trans-
formation. (v) Lastly, we quantified the cytosolic fluorescence signal by
defining a ring-shaped area around the centroid of each ROI (between
4-8px radius) and averaging the green fluorescence from these areas,
obtaining a single-cell read-out of EGFP expression. To account for
recording noise from session to session, this measure was normalized to the
mean nuclear fluorescence of the H2BmCherry (see Supplementary
Fig. 14A). For the analyses of the signal stability after sham/5-Ph-IAA
treatment, we only included neurons with a least distance of 3px and a
minimal initial normalized green fluorescence >0.3.

For the experiments of Fig. 4, for each image (FOV) we used a custom-
written MATLAB software to manually identify representative circular
ROIs on the PSD-95.FingR:EGFP and the PSD-95:HT:mAID+ JF635-HT
images. Specifically, we separately estimated ROIs for neuropil areas of the
image (showing no nuclei and a punctate PSD-95 signal) and background
areas of the image (blood vessel areas with very low signal intensity; see
Supplementary Fig. 14B). For neuropil and background respectively, we
computed the mean fluorescence from all ROIs of a given FOV in both
channels, PSD-95.FingR:EGFP and PSD-95:HT:mAID+ JF635-HT. Lastly,
we divided the mean neuropil fluorescence by the mean background
fluorescence, yielding a normalized read-out of bulk synaptic PSD-95 sig-
nals (see Supplementary Fig. 14B). We separately compared the bulk
fluorescence values of the PSD-95.FingR:EGFP and the PSD-95:HT:mAID
+ JF635-HT channel.

Ilustrations in Figs. 3A and 4A were created in-house using Inkscape
with no use of images from external repositories.

Statistics and reproducibility

Cell culture replicates are described explicitly in the main text and figure
legends as experiments (separate cell culture dishes) from separate cell
culture preparations, carried out independently of each other), neurons
(individual neurons within cell culture dishes) and synapses. In vivo repli-
cates are described in the main text and figure legends explicitly in terms of
individual mice, neurons and fields of view.

Comparison between pairs of experimental groups of experiments
carried out in cell culture were tested using two-tailed t-tests without
assuming identical variances using Microsoft Excel. Group differences
between the auxin and sham treated animals in the in-vivo experiments
were tested by applying two-sided Wilcoxon rank sum tests using the
Matlab statistics toolbox software.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Source data underlying graphs and charts presented in main figures are
provided as Supplementary Data 1 (cell culture experiments) and Supple-
mentary Data 2 (in-vivo experiments). Additional data are available from
the corresponding author on reasonable request. Annotated sequences of all
plasmids used here are provided in Supplementary Data 3.

Received: 24 June 2025; Accepted: 3 October 2025;
Published online: 17 November 2025

References

1. Ziv, N. E. & Fisher-Lavie, A. Presynaptic and postsynaptic scaffolds:
dynamics fast and slow. Neuroscientist 20, 439-452 (2014).

2. Cohen,L.D.&Ziv, N. E. Neuronal and synaptic protein lifetimes. Curr.
Opin. Neurobiol. 57, 9-16 (2019).

Communications Biology | (2025)8:1589

18


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08996-8

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hammond, S., Caudy, A. & Hannon, G. Post-transcriptional gene
silencing by double-stranded RNA. Nat. Rev. Genet. 2, 110-119
(2001).

Goel, K. & Ploski, J. E. RISC-y business: limitations of short hairpin
RNA-mediated gene silencing in the brain and a discussion of
CRISPR/Cas-based alternatives. Front. Mol. Neurosci. 15, 914430
(2022).

Hermann, A., Liewald, J. F. & Gottschalk, A. A photosensitive degron
enables acute light-induced protein degradation in the nervous
system. Curr. Biol. 25, R749-R750 (2015).

Vevea, J. D. & Chapman, E. R. Acute disruption of the synaptic vesicle
membrane protein synaptotagmin 1 using knockoff in mouse
hippocampal neurons. eLife 9, 56469 (2020).

Yudowski, G. A., Olsen, O., Adesnik, H., Marek, K. W. & Bredt, D. S.
Acute inactivation of PSD-95 destabilizes AMPA receptors at
hippocampal synapses. PLoS One 8, 53965 (2013).

Gross, G. G. et al. An E3-ligase-based method for ablating inhibitory
synapses. Nat. Methods 13, 673-678 (2016).

Bareghamyan, A. et al. A toolbox for ablating excitatory and inhibitory
synapses. eLife 13, RP103757 (2025).

Zeng, M. et al. Reconstituted postsynaptic density as a molecular
platform for understanding synapse formation and plasticity. Cell 174,
1172-1187 (2018).

Zeng, M. et al. Phase separation-mediated TARP/MAGUK complex
condensation and AMPA receptor synaptic transmission. Neuron
104, 529-543.e6 (2019).

Wu, X. et al. RIM and RIM-BP form presynaptic active-zone-like
condensates via phase separation. Mol. Cell 73, 971-984.e5 (2019).
Wou, H. et al. Phosphorylation-dependent membraneless organelle
fusion and fission illustrated by postsynaptic density assemblies. Mol.
Cell 84, 309-326.e7 (2024).

McDonald, N. A, Fetter, R. D. & Shen, K. Assembly of synaptic active
zones requires phase separation of scaffold molecules. Nature 588,
454-458 (2020).

Vistrup-Parry, M. et al. Site-specific phosphorylation of PSD-95
dynamically regulates the postsynaptic density as observed by phase
separation. iScience 24, 103268 (2021).

Emperador-Melero, J. et al. PKC-phosphorylation of Liprin-a3
triggers phase separation and controls presynaptic active zone
structure. Nat. Commun. 12, 3057 (2021).

Liang, M. et al. Oligomerized liprin-a promotes phase separation of
ELKS for compartmentalization of presynaptic active zone proteins.
Cell Rep. 34, 108901 (2021).

Chen, X., Jia, B., Zhu, S. & Zhang, M. Phase separation-mediated
actin bundling by the postsynaptic density condensates. eLife 12,
84446 (2023).

Cai, Q., Chen, X., Zhu, S., Nicoll, R. A. & Zhang, M. Differential roles of
CaMKIl isoforms in phase separation with NMDA receptors and in
synaptic plasticity. Cell Rep. 42, 112146 (2023).

Zhu, S. et al. Demixing is a default process for biological condensates
formed via phase separation. Science 384, 920-928 (2024).

Chen, X., Wu, X., Wu, H. & Zhang, M. Phase separation at the synapse.
Nat. Neurosci. 23, 301-310 (2020).

Hayashi, Y., Ford, L. K., Fioriti, L., McGurk, L. & Zhang, M. Liquid-liquid
phase separation in physiology and pathophysiology of the nervous
system. J. Neurosci. 41, 834-844 (2021).

Zhu, S., Shen, Z., Wu, X. & Zhang, M. Phase separation in the multi-
compartment organization of synapses. Curr. Opin. Neurobiol. 90,
102975 (2025).

Wu, X., Shen, Z. & Zhang, M. Phase separation-mediated
compartmentalization underlies synapse formation and plasticity.
Annu. Rev. Neurosci. 48, 149-168 (2025).

Yesbolatova, A. et al. The auxin-inducible degron 2 technology
provides sharp degradation control in yeast, mammalian cells, and
mice. Nat. Commun. 11, 5701 (2020).

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Elias, G. M. et al. Synapse-specific and developmentally regulated
targeting of AMPA receptors by a family of MAGUK scaffolding
proteins. Neuron 52, 307-320 (2006).

Hung, A. Y. et al. Smaller dendritic spines, weaker synaptic
transmission, but enhanced spatial learning in mice lacking Shank1. J.
Neurosci. 28, 1697-1708 (2008).

Coba, M. P. et al. Digap1 knockout mice exhibit alterations of the
postsynaptic density and selective reductions in sociability. Sci. Rep.
8, 2281 (2018).

Coley, A. A. & Gao, W. J. PSD-95 deficiency disrupts PFC-associated
function and behavior during neurodevelopment. Sci. Rep. 9, 9486
(2019).

Ehrlich, ., Klein, M., Rumpel, S. & Malinow, R. PSD-95 is required for
activity-driven synapse stabilization. Proc. Natl. Acad. Sci. USA 104,
4176-4181 (2007).

Chen, X. et al. PSD-95 is required to sustain the molecular
organization of the postsynaptic density. J. Neurosci. 31, 6329-6338
(2011).

Chen, X. et al. PSD-95 family MAGUKSs are essential for anchoring
AMPA and NMDA receptor complexes at the postsynaptic density.
Proc. Natl. Acad. Sci. USA 112, E6983-E6992 (2015).

Shin, S. M. et al. GKAP orchestrates activity-dependent postsynaptic
protein remodeling and homeostatic scaling. Nat. Neurosci. 15,
1655-1666 (2012).

Sala, C. et al. Regulation of dendritic spine morphology and synaptic
function by Shank and Homer. Neuron 31, 115-130 (2001).

Béique, J. C. & Andrade, R. PSD-95 regulates synaptic transmission
and plasticity in rat cerebral cortex. J. Physiol. 546, 859-867 (2003).
Stein, V., House, D. R., Bredt, D. S. & Nicoll, R. A. Postsynaptic density-
95 mimics and occludes hippocampal long-term potentiation and
enhances long-term depression. J. Neurosci. 23, 5503-5506 (2003).
Ehrlich, I. & Malinow, R. Postsynaptic density 95 controls AMPA
receptor incorporation during long-term potentiation and experience-
driven synaptic plasticity. J. Neurosci. 24, 916-927 (2004).

Schnell, E. et al. Direct interactions between PSD-95 and stargazin
control synaptic AMPA receptor number. Proc. Natl. Acad. Sci. USA
99, 13902-13907 (2002).

Claiborne, N., Anisimova, M. & Zito, K. Activity-dependent
stabilization of nascent dendritic spines requires nonenzymatic
CaMKlla function. J. Neurosci. 44, e1393222023 (2024).
Kalashnikova, E. et al. SynDIG1: an activity-regulated, AMPA-
receptor-interacting transmembrane protein that regulates excitatory
synapse development. Neuron 65, 80-93 (2010).

Howard, M. A,, Elias, G. M., Elias, L. A., Swat, W. & Nicoll, R. A. Therole
of SAP97 in synaptic glutamate receptor dynamics. Proc. Natl. Acad.
Sci. USA 107, 3805-3810 (2010).

Bai, G., Wang, Y. & Zhang, M. Gephyrin-mediated formation of
inhibitory postsynaptic density sheet via phase separation. Cell Res
31, 312-325 (2021).

Nishimura, K., Fukagawa, T., Takisawa, H., Kakimoto, T. & Kanemaki,
M. An auxin-based degron system for the rapid depletion of proteinsin
nonplant cells. Nat. Methods 6, 917-922 (2009).

Nakano, R. et al. Auxin-mediated rapid degradation of target proteins
in hippocampal neurons. Neuroreport 30, 908-913 (2019).
Yamashita, M. et al. Cell-type specific, inducible and acute
degradation of targeted protein in mice by two degron systems. Nat.
Commun. 15, 10129 (2024).

Goedhart, J. etal. Bright cyan fluorescent protein variants identified by
fluorescence lifetime screening. Nat. Methods 7, 137-139 (2010).
Cho, K. O., Hunt, C. A. & Kennedy, M. B. The rat brain postsynaptic
density fraction contains a homolog of the Drosophila discs-large
tumor suppressor protein. Neuron 9, 929-942 (1992).

Kistner, U. et al. SAP90, a rat presynaptic protein related to the
product of the Drosophila tumor suppressor gene dig-A. J. Biol.
Chem. 268, 4580-4583 (1993).

Communications Biology | (2025)8:1589

19


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08996-8

Article

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Béique, J. C. et al. Synapse-specific regulation of AMPA receptor
function by PSD-95. Proc. Natl. Acad. Sci. USA 103, 19535-19540
(2006).

Won, S, Levy, J. M., Nicoll, R. A. & Roche, K. W. MAGUKSs:
multifaceted synaptic organizers. Curr. Opin. Neurobiol. 43, 94-101
(2017).

Bessa-Neto, D. & Choquet, D. Molecular mechanisms of AMPAR
reversible stabilization at synapses. Mol. Cell. Neurosci. 125, 103856
(2023).

Dvorkin, R. & Ziv, N. E. Relative contributions of specific activity
histories and spontaneous processes to size remodeling of
glutamatergic synapses. PLoS Biol. 14, 1002572 (2016).

Kim, E. et al. GKAP, a novel synaptic protein that interacts with the
guanylate kinase-like domain of the PSD-95/SAP90 family of channel
clustering molecules. J. Cell Biol. 136, 669-678 (1997).

Rasmussen, A. H., Rasmussen, H. B. & Silahtaroglu, A. The DLGAP
family: neuronal expression, function and role in brain disorders. Mol.
Brain 10, 43 (2017).

Zhu, J. et al. Synaptic targeting and function of SAPAPs mediated by
phosphorylation-dependent binding to PSD-95 MAGUKSs. Cell Rep.
21, 3781-3793 (2017).

Kuriu, T., Inoue, A., Bito, H., Sobue, K. & Okabe, S. Differential control
of postsynaptic density scaffolds via actin-dependent and
-independent mechanisms. J. Neurosci. 26, 7693-7706 (2006).

Yao, |., lida, J., Nishimura, W. & Hata, Y. Synaptic localization of
SAPAP1, a synaptic membrane-associated protein. Genes Cells 8,
121-129 (2003).

Kirsch, J., Wolters, I., Triller, A. & Betz, H. Gephyrin antisense
oligonucleotides prevent glycine receptor clustering in spinal
neurons. Nature 366, 745-748 (1993).

Essrich, C., Lorez, M., Benson, J. A., Fritschy, J. M. & Lischer, B.
Postsynaptic clustering of major GABAA receptor subtypes requires
the gamma 2 subunit and gephyrin. Nat. Neurosci. 1, 563-571 (1998).
Kneussel, M. et al. Loss of postsynaptic GABA(A) receptor clustering
in gephyrin-deficient mice. J. Neurosci. 19, 9289-9297 (1999).
Choii, G. & Ko, J. Gephyrin: a central GABAergic synapse organizer.
Exp. Mol. Med. 47, €158 (2015).

Bai, G. & Zhang, M. Inhibitory postsynaptic density from the lens of
phase separation. Oxf. Open Neurosci. 1, kvac003 (2022).

Calamai, M. et al. Gephyrin oligomerization controls GlyR mobility and
synaptic clustering. J. Neurosci. 29, 7639-7648 (2009).

Rubinski, A. & Ziv, N. E. Remodeling and tenacity of inhibitory
synapses: relationships with network activity and neighboring
excitatory synapses. PLoS Comput. Biol. 11, 1004632 (2015).
England, C. G., Luo, H. & Cai, W. HaloTag technology: a versatile
platform for biomedical applications. Bioconjug. Chem. 26, 975-986
(2015).

Grimm, J. B. et al. A general method to fine-tune fluorophores for live-
cell and in vivo imaging. Nat. Methods 14, 987-994 (2017).
Machado, P. et al. Heat shock cognate protein 70 regulates gephyrin
clustering. J. Neurosci. 31, 3-14 (2011).

Makino-Itou, H. et al. Establishment and characterization of mouse
lines useful for endogenous protein degradation via an improved
auxin-inducible degron system (AID2). Dev. Growth Differ. 66,
384-393 (2024).

Gross, G. G. et al. Recombinant probes for visualizing endogenous
synaptic proteins in living neurons. Neuron 78, 971-985 (2013).
Ashby, M. C. et al. Removal of AMPA receptors (AMPARs) from
synapses is preceded by transient endocytosis of extrasynaptic
AMPARSs. J. Neurosci. 24, 5172-5176 (2004).

Kopec, C. D, Li, B., Wei, W., Boehm, J. & Malinow, R. Glutamate
receptor exocytosis and spine enlargement during chemically
induced long-term potentiation. J. Neurosci. 26, 2000-2009 (2006).
Zeidan, A. & Ziv, N. E. Neuroligin-1 loss is associated with reduced
tenacity of excitatory synapses. PLoS One 7, €42314 (2012).

73. Levy, J. M., Chen, X., Reese, T. S. & Nicoll, R. A. Synaptic
consolidation normalizes AMPAR quantal size following MAGUK loss.
Neuron 87, 534-548 (2015).

74. Tretter, V. et al. The clustering of GABA(A) receptor subtypes
at inhibitory synapses is facilitated via the direct binding of
receptor alpha 2 subunits to gephyrin. J. Neurosci. 28, 1356-1365
(2008).

75. Nakamura, Y. et al. Proteomic characterization of inhibitory synapses
using a novel pHluorin-tagged y-aminobutyric acid receptor, type A
(GABAA), a2 subunit knock-in mouse. J. Biol. Chem. 291,
12394-12407 (2016).

76. Tsai,J. M., Nowak, R. P., Ebert, B. L. & Fischer, E. S. Targeted protein
degradation: from mechanisms to clinic. Nat. Rev. Mol. Cell Biol. 25,
740-757 (2024).

77. Fan, X, Jin,W.Y., Lu, J., Wang, J. &Wang, Y. T. Rapid and reversible
knockdown of endogenous proteins by peptide-directed lysosomal
degradation. Nat. Neurosci. 17, 471-480 (2014).

78. Shi, H. et al. CIRKO: a chemical-induced reversible gene knockout
system for studying gene function in situ. bioRxiv https://doi.org/10.
1101/2022.08.31.506064 (2022).

79. El-Husseini, A. E., Schnell, E., Chetkovich, D. M., Nicoll, R. A. & Bredt,
D. S. PSD-95 involvement in maturation of excitatory synapses.
Science 290, 1364-1368 (2000).

80. Futai, K. et al. Retrograde modulation of presynaptic release
probability through signaling mediated by PSD-95-neuroligin. Nat.
Neurosci. 10, 186-195 (2007).

81. Kim, M. J. et al. Synaptic accumulation of PSD-95 and synaptic
function regulated by phosphorylation of serine-295 of PSD-95.
Neuron 56, 488-502 (2007).

82. Schliter, O. M., Xu, W. & Malenka, R. C. Alternative N-terminal
domains of PSD-95 and SAP97 govern activity-dependent regulation
of synaptic AMPA receptor function. Neuron 51, 99-111 (2006).

83. Zhu, F. et al. Architecture of the mouse brain synaptome. Neuron 99,
781-799 (2018).

84. Bulovaite, E. et al. A brain atlas of synapse protein lifetime across the
mouse lifespan. Neuron 110, 4057-4073 (2022).

85. Mohar, B. et al. DELTA: a method for brain-wide measurement of
synaptic protein turnover reveals localized plasticity during learning.
Nat. Neurosci. 28, 1089-1098 (2025).

86. Migaud, M. et al. Enhanced long-term potentiation and impaired
learning in mice with mutant postsynaptic density-95 protein. Nature
396, 433-439 (1998).

87. Araki, Y. et al. SynGAP regulates synaptic plasticity and cognition
independently of its catalytic activity. Science 383, eadk1291
(2024).

88. Bosch, M. etal. Structural and molecular remodeling of dendritic spine
substructures during long-term potentiation. Neuron 82, 444-459
(2014).

89. Meyer, D., Bonhoeffer, T. & Scheuss, V. Balance and stability of
synaptic structures during synaptic plasticity. Neuron 82, 430-443
(2014).

90. Lois, C.,Hong, E. J., Pease, S., Brown, E. J. & Baltimore, D. Germline
transmission and tissue-specific expression of transgenes delivered
by lentiviral vectors. Science 295, 868-872 (2002).

91. Muller, S. Characterization of a c-Fos reporter system for in vivo
imaging in the mouse auditory cortex. Thesis https://doi.org/10.
25358/openscience-9595 (2023).

92. Eppler, J. B. 2-photon data preprocessing pipeline. Zenodo https://
doi.org/10.5281/zenodo.5822485 (2022).

Acknowledgements

We are grateful to Tamar Galateanu, Leonid Odesski and for their invaluable
assistance and to all members of the Ziv, Rumpel and Brose labs for their
support and assistance. The project was supported by grants from the
Deutsche Forschungsgemeinschaft German-Israeli Project Cooperation

Communications Biology | (2025)8:1589

20


https://doi.org/10.1101/2022.08.31.506064
https://doi.org/10.1101/2022.08.31.506064
https://doi.org/10.1101/2022.08.31.506064
https://doi.org/10.25358/openscience-9595
https://doi.org/10.25358/openscience-9595
https://doi.org/10.25358/openscience-9595
https://doi.org/10.5281/zenodo.5822485
https://doi.org/10.5281/zenodo.5822485
https://doi.org/10.5281/zenodo.5822485
www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08996-8

Article

(DIP) to SR (#RU 900/5-1), NB and NEZ (ZI 1039/1-1), the Israel Science
Foundation (1470/18; 2322/23), the Rappaport Institute and the Allen and
Jewel Prince Center for Neurodegenerative Disorders of the Brain to NEZ,
and the Deutsche Forschungsgemeinschaft CRC1080-C05, Deutsche
Forschungsgemeinschaft SPP 2041 Project #347573108 and Deutsche
Forschungsgemeinschaft/Agence nationale de la recherche Project
#431393205 to SR.

Author contributions

Project conceptualization: L.E-M., Na.B.,N.B., S.R., N.E.Z; Experimentation:
L.E-M.,,W.Y.,J.P.S.,Na.B., Y-C.C.and A.H.B.; Dataanalyses: L. E-M., W.Y.,
J.P.S, Y-C.C., AH.B. and N.E.Z; Funding acquisition: S.R., N.B., N.E.Z;
Method development: L. E-M., Na.B., W.Y., J.P.S, S.R., N.E.Z.; Writing L.
E-M.,W.Y.,J.P.S, S.R.,N.E.Z.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-025-08996-8.

Correspondence and requests for materials should be addressed to
Noam E. Ziv.

Peer review information Communications Biology thanks, Professor Anne-
Sophie Hafner who co-reviewed with Mr Wouter Droogers and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.
Primary Handling Editor: Ophelia Bu.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Communications Biology | (2025)8:1589

21


https://doi.org/10.1038/s42003-025-08996-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Revealing acute consequences of rapid degradation of synaptic fusion proteins at individual synapses using Auxin-Inducible Degron 2 technology
	Results
	PSD proteins are degraded rapidly by the AID2 system
	Degradation of mAID fusion proteins in-vivo
	POI degradation kinetics: dependence on expression levels
	Acute degradation of synaptic scaffold proteins leads to receptor loss at the same synapses
	GKAP, but not PSD-95 degradation is associated with reductions in PSD sizes

	Discussion
	Methods
	Animals and cell culture preparations
	DNA constructs
	Lentivirus production and transduction
	AAV production
	Stereotaxic injection
	Cranial window implantation
	Confocal imaging (cell culture experiments)
	Two-photon imaging (in vivo experiments)
	5-Ph-IAA preparation and treatment
	HaloTag ligands preparation, labeling and staining
	Preparation and imaging of histological samples
	Immunocytochemistry
	Image processing and analyses
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




