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The activity-dependent plasticity of synapses is believed to be the cellular basis of learning. These synaptic changes are medi-
ated through the coordination of local biochemical reactions in synapses and changes in gene transcription in the nucleus to
modulate neuronal circuits and behavior. The protein kinase C (PKC) family of isozymes has long been established as critical
for synaptic plasticity. However, because of a lack of suitable isozyme-specific tools, the role of the novel subfamily of PKC
isozymes is largely unknown. Here, through the development of fluorescence lifetime imaging-fluorescence resonance energy
transfer activity sensors, we investigate novel PKC isozymes in synaptic plasticity in CA1 pyramidal neurons of mice of either
sex. We find that PKCd is activated downstream of TrkB and DAG production, and that the spatiotemporal nature of its acti-
vation depends on the plasticity stimulation. In response to single-spine plasticity, PKCd is activated primarily in the stimu-
lated spine and is required for local expression of plasticity. However, in response to multispine stimulation, a long-lasting
and spreading activation of PKCd scales with the number of spines stimulated and, by regulating cAMP response-element
binding protein activity, couples spine plasticity to transcription in the nucleus. Thus, PKCd plays a dual functional role in
facilitating synaptic plasticity.
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Significance Statement

Synaptic plasticity, or the ability to change the strength of the connections between neurons, underlies learning and memory
and is critical for brain health. The protein kinase C (PKC) family is central to this process. However, understanding how
these kinases work to mediate plasticity has been limited by a lack of tools to visualize and perturb their activity. Here, we
introduce and use new tools to reveal a dual role for PKCd in facilitating local synaptic plasticity and stabilizing this plasticity
through spine-to-nucleus signaling to regulate transcription. This work provides new tools to overcome limitations in study-
ing isozyme-specific PKC function and provides insight into molecular mechanisms of synaptic plasticity.

Introduction
Learning induces structural and functional changes in subsets
of active dendritic spines to modulate neuronal circuits and

behavior (Hayashi-Takagi et al., 2015; Abdou et al., 2018; Gobbo
and Cattaneo, 2020). These changes require early, local plasticity
of spines that is stabilized later through gene transcription in the
nucleus. Therefore, the complex signaling cascades that mediate
these changes must transduce local and transient inputs (mm and
ms) into long-lasting changes in cell-wide protein expression
(mm and hours). The coordination of early, local events at spine
heads and later changes in the nucleus is not well understood,
but spine-to-nucleus signaling through kinase cascades, which
can extend local, transient signals in both space and time, have
been implicated (Smolen et al., 2019).

One of the first kinase families identified as essential for spine
plasticity, learning, and memory was the protein kinase C (PKC)
family (Farley and Auerbach, 1986; Malenka et al., 1986; Hu et
al., 1987; Olds et al., 1989). Gain-of-function studies demon-
strated that PKC activation induces plasticity (Malenka et al.,
1986; Reymann et al., 1988), and loss-of-function studies dis-
rupted plasticity, including the transition from early to long-
lasting, transcription-dependent potentiation (Wang and Feng,
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1992; Van der Zee and Douma, 1997). It is now evident that
individual isozymes of the PKC kinase family play unique roles
in plasticity. Even single isozymes, whose specificity of signal-
ing is defined primarily by their spatiotemporal activation pat-
tern, likely have complex roles depending on the nature of the
plasticity-inducing stimulus (Mukherjee et al., 2016). This com-
plexity, combined with few existing tools to measure and distin-
guish PKC isozyme activity (Kajimoto et al., 2010), has limited
understanding of the processes by which plasticity is expressed
and stabilized at the molecular level.

The PKC family comprises 12 isozymes grouped into three
subfamilies: classic, novel, and atypical. These subfamilies are
delineated according to their domain structure and activation
mechanisms, largely defining their isozyme-specific differences.
Classic PKC isozymes, which integrate calcium and the lipid sig-
naling molecule diacylglycerol (DAG) have been implicated in
the induction of plasticity. PKCa activates rapidly (ms) and tran-
siently (s) in dendritic spines undergoing plasticity (Colgan et al.,
2018). This rapid and local activation pattern paralleled its
upstream activator, calcium, and was consistent with its critical
role in the early, spine-specific phase of memory formation
(Colgan et al., 2018). On the other hand, atypical isozymes, such
as PKMz , have been proposed to regulate the spine-specific
maintenance of long-lasting forms of memory on the timescale
of hours to days. Although their requirement and mechanisms in
memory maintenance remain unclear (Borodinova et al., 2017),
the proposed plasticity-dependent upregulation of a constitu-
tively active PKMz enzyme through local translation is consist-
ent with a role in long-lasting phases of plasticity maintenance.

The function of the novel subfamily of PKC isozymes (PKCd ,
PKC« , PKCh ) in synaptic plasticity, however, remains largely
unknown. These isozymes, which are recruited by DAG, may be
activated by the plasticity-induced increase of DAG in dendritic
spines (Colgan et al., 2018). Lacking a binding domain for cal-
cium, however, the activation of novel isozymes may be slower,
longer-lasting, and affect a larger spatial area than classic iso-
zymes (Steinberg, 2008; Yasuda, 2017). Thus, novel PKC iso-
zymes may be well positioned to transduce spine-specific inputs
(mm and ms) into long-lasting changes in cell-wide protein
expression to stabilize memory formation.

Here, through loss-of-function studies and the use of newly
developed, isozyme-specific sensors, we explore the functions of
novel PKC isozymes in a robust model of synaptic potentiation
and learning: structural plasticity (sLTP) of dendritic spines
(Matsuzaki et al., 2004; Hayashi-Takagi et al., 2015; Choi et al.,
2018; Goto et al., 2021). We find that, among the novel PKC iso-
zymes, PKCd is uniquely required to induce sLTP of dendritic
spines in hippocampal CA1 neurons. Further, we characterize a
dual functional role of PKCd in the local induction of spine plas-
ticity and the stabilization of this plasticity through spine-to-nu-
cleus signaling.

Materials and Methods
DNA constructs

Isozyme-specific TRAnslocation of C Kinase (ITRACK). Donor plas-
mids using restriction site independent cloning were constructed into
CMV-promotor containing mEGFP C1 vectors such that mEGFP was
fused to the N-terminus of PKCd (mus musculus), PKC« (mus muscu-
lus), and PKCh (mus musculus). The acceptor plasmid, mCh-CAAX,
consisted of mCherry followed by a 14 aa linker and a K-Ras derived
lipid targeting motif (DGKKKKKKSKTKCVIM) driven by a CMV pro-
moter. Negative controls for ITRACK (ITRACK CTL) consisted of the
same donor construct and a control acceptor construct named mCh-

CAAXneg in which a stop codon was introduced before the lipid target-
ing domain to make cytosolic mCh.

Isozyme-specific Docking Of C Kinase Substrate (IDOCKS). Donor
plasmids consisted of PKCd , PKC« , and PKCh , which were tagged on
their C termini with mEGFP driven by CMV promoter. The acceptor
construct, 2mCh-PS, consisted of two copies of mCherry fluorophores sep-
arated by an eight amino acid linker followed by the 18 amino acid pseudo-
substrate region from PKCa/b (19RFARKGALRQKNVHEVKN36) driven
by the CMV promoter. The negative control IDOCKS consisted of the
same acceptor construct with a single point mutation in the pseudosubstrate
domain (R27E, 19RFARKGALEQKNVHEVKN36). GFP-PKCd -AS was
made through a single point mutation in the gatekeeper residue of the ATP
binding pocket (PKCd M425A) in the donor construct of GFP tagged
PKCd (Kumar et al., 2015). PKCd -AS was made by removing GFP from
GFP-PKCd -AS. cAMP response-element binding protein (CREB) and
extracellular signal-regulated kinase (ERK) activity (EKAR) sensors con-
sisted of DNA constructs as previously described (Harvey et al., 2008a;
Laviv et al., 2020).

HeLa cell maintenance, transfection, and imaging
HeLa cells (ATCC CCL-2) were grown in DMEM supplemented with
10% FBS at 37°C in 5% CO2. Plasmids were transfected into HeLa cells
using Lipofectamine 2000 (Invitrogen) at a ratio of donor plasmid to
acceptor plasmid of 1:3 for ITRACK and 1:2 for IDOCKS. Imaging was
performed 24-48 h following transfection in a HEPES-buffered aCSF so-
lution (20 mM HEPES, pH 7.3, 130 mM NaCl, 2 mM NaHCO3, 25 mM D-
glucose, 2.5 mM KCl, 1.25 mM NaH2PO4) with 2 mM CaCl2 and 2 mM

MgCl2 by 2pFLIM as described below. When indicated, cells were stimu-
lated with 1mM phorbol 12,13-dibutyrate (PdBu, Tocris) or DMSO (0.02%)
vehicle, or when comparing with classic isozymes 1 mM PdBu (Tocris) fol-
lowed by 1 mM ionomycin. 1NM-PP1 (Santa Cruz Biotechnology, working
dilution [WD] 1 mM) or (2R)-amino-5-phosphonovaleric acid (APV;
Sigma, WD 50 mM) was added to the HEPES-buffered aCSF at least
10min before stimulation when indicated.

Nontransgenic and transgenic animals
All experimental procedures were approved by the Max Planck Florida
Institute for Neuroscience Animal Care and Use Committee, following
guidelines by the National Institutes of Health. Either nontransgenic or
transgenic P3-P8 mouse pups from both sexes were used for organotypic
slices for imaging studies as indicated. All experiments consisted of neu-
rons in slices made from at least 4 animals from at least 2 different litters.
Nontransgenic animals were used for the initial characterization of the
PKCd sensors in Figure 4. All other figures used transgenic animals and
WT littermates as indicated below. P30-P50 mice of both sexes were
used for acute slices for electrophysiological studies in Figure 2.

Nontransgenic animals (C57Bl/6N Crl) were received from Charles
River Lab. These animals were used in Figure 4.

PKCd KO mice (B6.129X1-Prkcdtm1Msg/J) were obtained from The
Jackson Laboratory (JAX stock #028055) and developed as described
previously (Chou et al., 2004). Mice were backcrossed to Swiss Webster
mouse line (CRL CFW) to improve breeding efficiency, litter size, and
mothering characteristics. Mice were bred het� het to generate WT and
KO littermates. These animals were used for Figures 1C, D, 2, 5A–C, 6-9.

PKC« KO mice (B6.129S4-Prkcetm1Msg/J) were obtained from
The Jackson Laboratory (JAX stock #004189) and were developed as
described previously (Khasar et al., 1999). Mice were bred het 3 het
to generate WT and KO littermates. These animals were used in
Figure 1A.

PKC h KO mice (B6.Cg-Prkchtm1.2Gasc/J) were obtained from The
Jackson Laboratory (JAX stock #018988) and were developed as previ-
ously described (Fu et al., 2011). Mice were bred het � het to generate
WT and KO littermates. These animals were used in Figure 1B.

Double transgenic mice (PKCdKO/TrkB-AS) were generated by
crossing PKCdKO mice with TrkB-AS mutant mice (TrkBF616A C57bl/6).
TrkBF616A C57bl/6 mutant mice were developed and provided by David
Ginty as previously described (Chen et al., 2005). Breeding pairs were KO
on one gene and Het on the other gene. These animals were used in
Figure 5G.
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Organotypic hippocampal slice cultures and transfection
Organotypic hippocampal slices were prepared from nontransgenic or
transgenic postnatal 3- to 8-d-old pups of both sexes as previously
described (Stoppini et al., 1991). In brief, pups were deeply anesthetized
by isoflurane and then killed by decapitation. After removing the brain,
hippocampi were dissected and cut into 350-mm-thick transverse slices
using a McIlwain tissue chopper (Ted Pella). Slices were plated on
hydrophilic PTFE membranes (Millicell, Millipore) and maintained at
37°C and a 5% CO2 environment in culture medium (MEM medium,
Invitrogen), 20% horse serum, 1 mM L-glutamine, 1 mM CaCl2, 2 mM

MgSO4, 12.9 mM D-glucose, 5.2 mM NaHCO3, 30 mM HEPES, 0.075%
ascorbic acid, 1mg/ml insulin) placed beneath the membranes. Seventy-five
percent of the culture medium was exchanged every other day. Organotypic
slices were transfected after 7-10 DIV with biolistic gene transfer (O’Brien
and Lummis, 2006) using 1.6mm gold beads (8mg) coated with plasmids
containing DNA of interest in the following amounts. mEGFP: 15mg,

PKCd _mEGFP: 30 mg, mEGFP- PKCdAS: 30 mg, ITRACK or
ITRACKneg: 15mg donor (mEGFP- PKCd , mEGFP-PKC« , or mEGFP-
PKCh ) and 40mg acceptor (mCh-CAAX or mCh-CAAX_neg), IDOCKS
or IDOCKSneg: 10mg donor (PKCd -mEGFP, PKC« -mEGFP, or PKCh-
mEGFP) and 20mg Acceptor (2mCh-PS or 2mCh-PSmut), PKCd -AS and
EKAR sensor: 20mg each, GFP-PKCd -AS or GFP-PKCd and CREB sen-
sor: GFP-PKCd -AS or GFP-PKCd 15mg and 15mg donor (mEGFP-
CREB) and 30mg acceptor (mCherry-KIX-mCherry). Secondary or terti-
ary apical dendrites in the stratum radiatum of transfected CA1 pyramidal
neurons were imaged 2-7 d after transfection by 2-photon microscopy or
2pFLIM as described below.

2-photon microscopy and 2pFLIM
PKC isozyme activity was measured using 2pFLIM. For quantification of
spine volume change, we monitored the fluorescence intensity change of
mEGFP in the spines using regular two-photon microscopy that was
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Figure 1. PKCd , but not PKC« or PKCh , is required for structural plasticity. A, B, Time course and quantification of glutamate uncaging induced change in volume of stimulated dendritic
spines in hippocampal CA1 neurons from PKC« WT (n (spines/neurons) = 9/6) or KO (n= 8/6) littermates (A) and PKCh WT (n= 6/5) or KO (n= 10/8) littermates (B). Gray shading represents
the time of quantification of mean volume change (right). Two-way, unpaired t test; ns, p. 0.37. C, Representative images of uncaging-induced sLTP in neurons from PKCd WT or KO litter-
mates. White dot indicates the location of uncaging. Scale bar, 1 mm. D, Time course and quantification of change in volume of stimulated spines from PKCd WT (n= 12/6), KO (n= 33/15),
and KO neurons acutely overexpressing GFP-tagged PKCd (n= 13/7). p, 0.0001, one-way ANOVA (F(2,55) = 16.85). ***p, 0.001, comparing indicated groups (Sidak’s post-test). E, Western
blot of hippocampal tissue from 3 PKCd WT and KO animals probed for PKC isozymes shown as well as GAPDH. F, Example images of automatically detected spines G, Network performance
metrics of automated spine segmentation of hippocampal CA1 neurons from PKCd WT (n (spines/images) = 58/7) and KO (n= 63/6) (Sidak’s multiple comparison after two-way ANOVA; ns,
p. 0.79) H, Spine density analysis of dendrites from PKCd WT (n (images/neurons) = 169/14) and KO animals (n= 176/14, two-way, unpaired t test; ns, p= 0.36).
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simultaneous with lifetime measurements. Intensity measurements and
2pFLIM imaging in HeLa cells and slices were performed using a custom
2p microscope. mEGFP and mCherry were excited with a Ti: sapphire
laser (Chameleon, Coherent) at a wavelength of 920 nm and a power of
1.4-1.6 mW measured below the objective. The fluorescence was col-
lected with an objective (60�, 1.0 NA, Olympus), divided with a dichroic
mirror (565nm), and detected with two separated photoelectron multi-
plier tubes placed after wavelength filters (Chroma, 510/70-2p for green
and 620/90-2p for red). Photoelectron multiplier tubes with low transfer
time spread (H7422-40p; Hamamatsu) were used for both red and green
channels. The system was controlled via PCIe 6323, and data are
acquired by TimeHarp 260 pico dual (Picoquant). Software for data ac-
quisition and analysis is FLIMage (Fluorescence Lifetime Imaging).
FLIM images were taken at 64� 64 or 128� 128 resolution with 2, 6, or
12 frames averaged. Intensity images for analysis of sLTP volume change
were collected by 128� 128 pixels as a z stack of three slices with 1mm
separation and averaging 6 frames/slice. Spine volume change was calcu-
lated as the background-subtracted F – F0 where F0 was the average fluo-
rescence intensity before stimulation. In some cases of sLTP volume
imaging of PKC KO neurons and WT littermates, parallel automated
imaging of 2-3 spines per neuron was done using a custom-built inter-
face in MATLAB by using algorithms for autofocusing and drift correc-
tion to maintain position and focus (Smirnov et al., 2017). For these
experiments, a 2min stagger of uncaging events was incorporated to
avoid data loss during uncaging events. Nuclear translocation was calcu-
lated from intensity measurements of the nucleus (nuc) and surrounding
cytoplasmic fluorescence (cyt) in the central cross-section of the nucleus
and calculated as the background-subtracted [Fnuc/Fonuc]/[Fcyt/Focyt],
where Fo was the average fluorescence intensity before stimulation.

Two-photon glutamate uncaging
Structural plasticity of dendritic spines was stimulated through uncaging
of 4-methoxy-7-nitroindolinyl-caged-L-glutamate (MNI-caged glutamate,

Tocris) using a Ti: Sapphire laser tuned at a wavelength of 720nm. The
uncaging laser was focused to a small region ;0.5 mm from the spine
and 2.7-2.9 mW of laser power (measured at the objective) and was
pulsed 30 times in a 0.5Hz train with a 6ms pulse width. Spines
deeper than 50 mm were not selected for uncaging experiments.
Experiments were performed in Mg21 fee aCSF (127 mM NaCl, 2.5
mM KCl, 4 mM CaCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4, and 25
mM glucose) containing 1 mM TTX and 4 mM MNI-caged L-glutamate
aerated with 95% O2 and 5% CO2. Experiments were performed at
room temperature (RT, 24°C-26°C). For multispine stimulation
experiments, 5 spines were stimulated sequentially on 3 or 4 second-
ary or tertiary dendrites. Spines stimulated on the same dendritic
branches were spaced by.25mm.

Western blot
Isolated hippocampi were lysed in ice-cold T-PER Tissue Protein
Extraction Reagent (Fisher Scientific) supplemented with cOmplete
ULTRA EDTA-free Protease Inhibitor Cocktail tablets (Millipore
Sigma). This lysis buffer mixture was added at the ratio of 10 ml per
1mg of tissue, and the tissue was homogenized using hand-held motor
pestle mixer on ice followed by five passages through a 31G needle.
Following 10min incubation on ice, the lysates were centrifuged for
10min at 10,000 � g in 4°C.

Protein concentration was determined using BCA Protein Assay,
and the samples for Western blot were prepared using 4� Laemmli sam-
ple buffer with the addition of b -mercaptoethanol. The samples were
not boiled but incubated at RT for at least 30min; 30 mg of total protein
for each sample was loaded into each well of Any kDa Mini-PROTEAN
TGX Precast Protein gel (Bio-Rad). Following the electrophoresis, the
protein was transferred into the Nitrocellulose membrane using Trans-
Blot Turbo Transfer system (Bio-Rad).

The membranes were blocked in 5% nonfat milk solution for 30min
at RT, and subsequently incubated with appropriate primary antibody in
5% nonfat milk overnight at 4°C. Antibodies used in this experiment
were rabbit anti-PKCd (#2058, Cell Signaling, used at 1:500 dilution),
rabbit anti-PKC« (#2683, Cell Signaling, used at 1:1000 dilution), rabbit
anti-PKC h (#ab179524, Abcam, used at 1:500 dilution), and mouse
anti-PKCa (SC8393, Santa Cruz Biotechnology, used at 1:200 dilution).

Following the incubation, the blots were washed 3 times 5 min
each with 1� TBST buffer, and goat anti-rabbit IgG (H1 L) HRP
conjugate (or, in the case of mouse anti-PKCa primary antibody,
goat anti-mouse IgG (H1 L) HRP conjugate) was added to the
membrane at 1:3000 dilution in 5% nonfat milk and incubated for
30 min at RT. Finally, the membranes were washed 3 times 5 min
each with 1� TBST buffer, and the resulting bands were visualized
using ECL Western Blotting Substrate (Pierce).

Spine density analysis
Spine density was calculated in a blinded and automated fashion using a
trained AI network. A dataset consisting of 2456 labeled images was
used to train a neural network to segment dendritic spines. The labeled
images are a combination of data from an open-source dendritic spine
detection dataset (Smirnov et al., 2018) and manually labeled images
from our own microscopy. Each image was resized to 416 � 416 pixels.
In addition, each training image was augmented with random vertical
flip, zoom, and rotation, giving three distinct images for each individual
labeled training image. With a train/valid/test split of 70-20-10 in the
original dataset, this resulted in a total of 5134 training images, 498 vali-
dation images, and 248 test images.

Network architecture and training
Our network uses a pretrained YOLOv5-L model (Jocher et al., 2022) as a
backbone. The network was trained with an input dimension of 416 �
416 and a batch size of 32. Otherwise, default parameters and loss func-
tions were used. Spine density was calculated as the total number of spines
detected divided by the arc length in pixels, then converted to spines over
micrometer using the entered micrometer-to-pixel scale for the images.
The code is available at https://github.com/ryoheiyasuda/SpineDetector.
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Metrics of performance used included precision: true positives/(true
positives 1 false positives); recall (R): true positives/(true positives 1
false negatives), and mean average precision (mAP): area under the pre-
cision-recall curve as follows:

mAP ¼ 1
jclassesj

X
c2classes

jtrue positivescj
jfalse positivescj þ jtrue positivescj

2pFLIM analysis
Tomeasure the change in fluorescence lifetime, we fit a fluorescence life-
time curve summing all pixels over a whole image with a double expo-
nential function convolved with the Gaussian pulse response function as
follows:

FðtÞ ¼ F0½PDHðt; t0; tD; tGÞ þ PADHðt; t0; tAD; tGÞ�

where tAD is the fluorescence lifetime of the donor bound with the
acceptor, PD and PAD are the fraction of free donor and the donor
undergoing FRET with the acceptor, respectively, and H(t) is a fluores-
cence lifetime curve with a single exponential function convolved with
the Gaussian pulse response function as follows:

Hðt; t0; tD; tGÞ ¼ 1
2
exp

t 2
G

2t 2
D

� t � t0
t i

� �
erfc

t 2
G � tDðt � t0Þp

2tDtG

� �
;

in which tD is the fluorescence lifetime of the free donor, tG is the
width of the Gaussian pulse response function, F0 is the peak fluores-
cence before convolution and t0 is the time offset, and erfc is the comple-
mentary error function.

We fixed tD to 2.65ns and tAD to 1.33ns based on previously pub-
lished work of classic PKC isozyme sensors to obtain stable fitting
(Colgan et al., 2018). To generate the fluorescence lifetime image, we cal-
culated the mean photon arrival time,,t., in each pixel as follows:

,t. ¼
ð
tF tð Þdt=

ð
F tð Þdt;

Then the mean fluorescence lifetime,,t., is calculated as the mean
photon arrival time minus an offset arrival time, to, which is obtained by
fitting the whole image as follows:

,t. ¼ ,t.� t0:

Change in lifetime is calculated as mean fluorescence lifetime, ,t.,
in ROI subtracted by the average lifetime in the ROI before stimulation.

The source code of the software is available online: https://github.
com/ryoheiyasuda/FLIMage_public.

Pharmacology
1NM-PP1 (Santa Cruz Biotechnology, WD 1 mM), PdBu (Tocris, WD 1
mM), MNI Caged Glu (Tocris, 4 mM), APV (Sigma, WD 50 mM), U73122
(Tocris, WD 10 mM), ionomycin (Sigma, 1 mM), and U0126 (Tocris, WD
0.1 mM) were stored as recommended by supplier and diluted into aCSF
to the working dilutions (WD) listed.

Electrophysiology
Acute slice preparation. PKCd WT or KO littermate mice (P30-P50)

were sedated by isoflurane inhalation, and perfused intracardially with a
chilled choline chloride solution. Brain was removed and placed in the
same choline chloride solution composed of 124 mM choline chloride,
2.5 mM KCl, 26 mM NaHCO3, 3.3 mM MgCl2, 1.2 mM NaH2PO4, 10 mM

glucose, and 0.5 mM CaCl2, pH 7.4, equilibrated with 95%O2/5%CO2.
Coronal slices (300mm) containing the hippocampus were cut using a
vibratome (Leica) and maintained in a submerged chamber at 32°C for 1
h and then at RT in oxygenated aCSF.

Extracellular recordings and LTP protocol. Slices were perfused with
oxygenated aCSF containing 2 mM CaCl2, 2 mM MgCl2, and 100 mM pic-
rotoxin. One glass electrode (resistance ;4 MV) containing the same
aCSF solution was placed in the dendritic layer of CA1 area (;100-
200mm away from the soma) while stimulating Schaffer collateral fibers
with current square pulses (0.1ms) using a concentric bipolar stimula-
tion electrode (FHC). The initial slope of the fEPSP was monitored with
custom software (MATLAB). The stimulation strength was set to;50%
saturation. A 20min stable baseline was first recorded before induction
of LTP. LTP was induced by applying 3-5 trains of TBS stimulation.
fEPSP responses were recorded for 1 h after the stimulation protocol. All
data were analyzed with an in-house program written with MATLAB.

In vitro kinase activity assay
HEK293FT cell maintenance, transfection, protein purification.

HEK293FT cells were grown in 175 cm2 vented cell culture flasks with
DMEM supplemented with 10% FBS at 37°C in 5% CO2. Plasmids con-
taining HIS tagged PKCd - or PKCd -AS were transfected into HEK293FT
cells using Lipofectamine 3000 (Invitrogen). At 24 h following transfection,
the maintenance temperature was reduced to 35°C to increase expression
levels. The cells were harvested on day 3 and lysed in Mammalian Protein
Extraction Reagent (Thermo Scientific) containing EDTA-free phosphatase
and protease inhibitor cocktail tablets (Roche) for 20min and centrifuged
at 14,000 rps for 10min. The supernatant was purified in His GraviTrap
Columns (Cytiva) and desalted in PD-10 Columns (Cytiva) in kinase stor-
age buffer (1000 ml ddH2O 300 mM NaCl, 30 mM HEPES, 0.1 mM TCEP
with 20% glycerol). The concentration of harvested proteins was calculated
using a BCA Protein Assay Kit (Fisher Scientific).

ADP-Glo kinase assay. ADP-Glo Kinase Assay (Promega) was used
to determine the titration of PKCd - or PKCd -AS and to compare the ef-
ficacy of 1NM-PP1 on PKCd - or PKCd -AS proteins. All kinase reac-
tions contained Kinase Assay Buffer III (200 mM Tris-HCl, pH 7.4, 100
mM MgCl2, and 0.5mg/ml BSA), PKC Lipid Activator (Signal Chem),
0.01 M DTT, 0.2mg/ml CREBtide, and 5 mM ATP. Equally active PKCd -
and PKCd -AS concentrations were used to determine the IC50 values of
1NM-PP1.The dose–response was created in two replicates for each
group with 8 serial 10-fold dilution of 1NM-PP1 (2 M to 0.2 nM). Both
groups were tested at the same time and in the same microplate at differ-
ent wells to minimize the variability. To stop the reaction, ADP-Glo
Reagent (Promega) was added to each well. Forty minutes following this
step, Kinase Detection Reagent was added to detect the amount of ADP
generated in each well. The luminescence was recorded using Glomax
Multidetection microplate reader (Promega), and IC50 values were deter-
mined by creating a nonlinear inhibitor response curve of the normal-
ized enzyme activity for each group.

Phospho-CREB immunohistochemistry
Hippocampal organotypic slices were fixed with 4% PFA in 0.1 M PB,
pH 7.4, for 30min at RT. The slices were then removed and rinsed with
PBS 3 times and stored in PBS at 4°C. For immunohistochemistry, sec-
tions were permeabilized with 0.3% Triton X-100 in PBS (PBST) for
20min, then blocked with 10% NGS in 0.1% PBST for 3.5 h in RT, and
then incubated at 4°C for 18-20 h with the following primary antibodies:
rabbit anti-pCreb (1:200, MA5-11192; Fisher Scientific), mouse anti-
NeuN (1:300, MAB377; Millipore). After 2 h incubation with AlexaFluor-
conjugated secondary antibodies (Invitrogen or Jackson ImmunoResearch
Laboratories) in 5% NGS in 0.1% PBST, the slices were rinsed with PBST
for 20min and PBS for 1 h and finally mounted in Fluoromount-G
(Southern Biotechnology). The stained slices were imaged using a confocal
laser-scanning microscope (LSM880 with Airyscan, Zeiss). The acquired
images were processed using the Zen (Zeiss) or Adobe Photoshop (Adobe
Systems) and analyzed with the ImageJ (http://rsbweb.nih.gov/ij/).

Analysis of phospho-CREB immunostaining
Analysis was done in a blinded fashion. An ROI was drawn outlining the
nucleus of the GFP-expressing neuron in the GFP channel. Then the
channel was switched to the Neu-N channel, the nuclear NueoN ROI in
the GFP-expressing neurons was refined (ROI 1) and four additional
ROIs were drawn of nuclei surrounding the GFP-expressing neuron

5436 • J. Neurosci., July 26, 2023 • 43(30):5432–5447 Colgan et al. · Dual Functional Role of PKCd in Plasticity

https://github.com/ryoheiyasuda/FLIMage_public
https://github.com/ryoheiyasuda/FLIMage_public
http://rsbweb.nih.gov/ij/


(ROIs 2-5). After ROIs were drawn, the channel was switched to p-
CREB and the signal was quantified in these ROIs. The intensity of the
p-CREB signal in the GFP-expressing neuron (ROI 1) was normalized to
the average of the p-CREB signal in the four surrounding ROIs (average
ROI2-5).

Experimental design and statistical analysis
All values are presented as mean 6 SEM unless otherwise noted. The
number of independent measurements (n) is indicated in the figure
legends. For in vitro studies, neurons were assigned to different groups
to randomly interleave control and experimental groups from slices pre-
pared from the same animals. Experiments from control and experimen-
tal groups were randomly interleaved during experimentation, with the
exception that each block of experiments began with one neuron from
the control group to ensure the technical success of experiments. Data
distribution was assumed to be normal, but this was not formally tested.
Unpaired two-tailed Student’s t test was used for comparing two inde-
pendent samples. One-way ANOVA followed by multiple comparison
tests was used for comparing more than two independent samples. Two-
way ANOVA followed by multiple comparison tests were used to com-
pare grouped datasets. All t tests and one-way ANOVAs included formal
testing for differences in variance (e.g., F test or Bartlett’s test to compare
variances), and appropriate corrections were made and are indicated in
instances where this was relevant. Statistical tests and p values are noted
in each figure legend and were computed using GraphPad Prism for
Windows (GraphPad Software, www.graphpad.com). For in vitro
experiments, data collection and analysis were not performed blind to
the conditions of the experiments except where noted. Neurons in which
there were obvious signs of poor health that developed during the
experiment, such as beading of processes, were excluded before analysis.
FLIM data in which there was.0.06ns variation in the baseline (because
of low photon number) were excluded from further analysis.

Data and reagent availability
Source data are available at https://www.synapse.org/#!Synapse:syn51174506/
wiki/621328.

Results
PKCd, but not PKCe or PKCg activity, is required for
excitatory synaptic potentiation
To assess the potential role of novel PKC isozymes in synaptic
plasticity, we induced sLTP through optical uncaging of gluta-
mate (30 pulses at 0.5Hz) in the presence of TTX in an Mg12-
free aCSF. This approach allows for the precise and robust induc-
tion and quantification of sLTP at single dendritic spines of CA1
pyramidal neurons in the stratum radiatum of organotypic hippo-
campal brain slice. Plasticity was quantified as the uncaging-
induced change in the volume of the stimulated spine. Consistent
with previous literature, glutamate uncaging induced rapid growth
in stimulated spines of WT male and female mice (Matsuzaki et
al., 2004; Harvey et al., 2008b). The growth decayed slightly over
minutes but remained elevated compared with prestimulus spine
size. These changes were both spine-specific and long-lasting.
Spine plasticity was not impaired in CA1 neurons in slices pre-
pared from PKC« or PKCh KO mice (Fig. 1A,B) (Khasar et al.,
1999; Fu et al., 2011). However, PKCd KO mice showed impaired
induction and expression of spine plasticity (Fig. 1C,D). Spine
growth was reduced in the early phases of sLTP; and by 11min after
stimulation, the volume of the stimulated spine was not significantly
larger than its prestimulus size (Dunnett’s multiple comparisons af-
ter mixed model two-way ANOVA). Furthermore, the plasticity
deficit seen in PKCd KO neurons could be fully rescued by sparse,
acute (;24-48 h) overexpression of PKCd -GFP (Fig. 1D).

Loss of PKCd protein in the KO was confirmed through
Western blotting. Other PKC isozyme protein levels did
not show substantial compensatory changes (Fig. 1E). PKCd KO

neurons also did not show any obvious morphologic changes.
To determine whether PKCd KO deficits in plasticity were
associated with differences in spine density, the average spine
density of GFP-transfected hippocampal neurons in PKCdWT
and PKCdKO littermates was calculated in a blinded and auto-
mated manner using a newly developed custom code. This neural
network-based code was trained to segment dendritic spines on a
publicly available labeled dataset (Smirnov et al., 2018), as well as a
small number of manually annotated images from our PKCdWT
and PKCdKO dataset. In order to determine whether the network
performed at similar levels across our two groups, we calculated
the performance metrics of the network across a sample of test
images from PKCdWT and PKCdKO datasets. The network cor-
rectly identified structures as spines;87% of the time and identi-
fied;85% of all spines (Fig. 1F,G). Importantly, across all metrics,
the code performed at comparable levels for images from
PKCdWT and PKCdKO neurons. We therefore used this code
to compare the spine density of neurons from PKCdWT and
PKCdKO animals and found no significant differences (Fig. 1H).
Together, these data suggest an acute, postsynaptic, cellular role
for PKCd in structural plasticity and that deficits in PKCd KO
neurons are not because of changes in neuron health, develop-
mental changes, or circuit-level changes in the KO animals.

As sLTP has been shown to correlate strongly with functional
plasticity (Matsuzaki et al., 2004), our results suggested that this
structural deficit would be concomitant with deficits in func-
tional, electrically induced potentiation. To test this, electrophys-
iological LTP was induced in acute hippocampal slices made
from PKCd KO or WT littermate animals. Field EPSPs were
recorded in the stratum radiatum of the CA1 region before and
after stimulation of Schaffer collaterals with a theta-burst stimu-
lation protocol. While no significant differences were seen in ba-
sal synaptic transmission (Fig. 2A), neurons lacking PKCd had
significantly impaired potentiation (Fig. 2B,C).

Development of isozyme-specific sensors for novel PKC
isoforms
As loss of function experiments demonstrated a critical role of
PKCd in structural and functional plasticity, we sought to inves-
tigate the spatial and temporal activity of PKCd during plasticity.
Therefore, we developed and characterized isozyme-specific sen-
sors for PKCd and the other novel PKC isozymes (PKC« and
PKCh ). To do this, we extended our previously developed and
broadly applicable sensor design for the classic PKC isozymes
(Colgan et al., 2018) to each of the three novel isozymes (Fig. 3A
schematic). This approach measures two aspects of PKC activa-
tion: (1) translocation of the kinase to the plasma membrane and
(2) docking of a pseudosubstrate to the active kinase. These two
approaches are named ITRACK (Isozyme-specific TRAnslocation
of C Kinase, Fig. 3A, left) and IDOCKS (Isozyme-specific Docking
Of C Kinase Substrate, Fig. 3A, right), respectively. ITRACK con-
sists of the novel PKC of interest, N-terminally tagged with a FRET
donor fluorophore, mEGFP, and expressed with a plasma mem-
brane-targeted FRET acceptor fluorophore mCherry. Upon activa-
tion of the PKC isozyme, translocation of the isozyme to membrane
leads to increased FRET between the donor and acceptor fluoro-
phores. This increase in FRET is detected as a decrease in the fluo-
rescence lifetime of the mEGFP-tagged PKC isozyme. Similarly,
IDOCKS consists of an mEGFP-tagged PKC isozyme expressed
with an acceptor construct consisting of a pseudosubstrate sequence
(PKCa/b [19-36]) tagged with two mCherry fluorophores. Upon
activation, the pseudosubstrate construct binds the active PKC iso-
zyme, increasing FRET between the GFP on the novel PKC isozyme
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of interest and the mCherry on the pseudo-
substrate. Therefore, the activation of novel
PKC isozymes is detected as a decrease in
the fluorescence lifetime of the donor fluoro-
phore. These designs provide a robust, iso-
zyme-specific measurement of novel PKC
activity. It should be noted that ITRACK
primarily will measure novel PKC signaling
at the plasma membrane, whereas IDOCKS
will measure PKC signaling throughout sub-
cellular compartments.

ITRACK and IDOCKS for novel PKC
isozymes were first tested in cultured HeLa
cells (Fig. 3) in response to strong activa-
tion of PKC by the pharmacological PKC
activator (PdBu, 1 mM). For each novel iso-
zyme, sensors showed significant reduc-
tion in fluorescence lifetime after phorbol
ester application compared with vehicle
application (Fig. 3B–D). Importantly, con-
trol sensors (Fig. 3A schematic), in which
the acceptor was not targeted to the plasma
membrane (ITRACKCTL, mCherry without
CAAX domain) or in which the pseudosub-
strate contained a single point mutation
that disrupts binding to the PKC kinase
site (IDOCKSCTL, PKCa/b [19-36] R27E),
showed no significant lifetime changes in
response to phorbol ester (Fig. 3D). This
suggests that the lifetime changes observed
by ITRACK and IDOCKS reflect the trans-
location of novel PKCs to the membrane
and binding of the novel PKCs to the pseu-
dosubstrate, respectively. As novel PKC iso-
zymes are calcium-insensitive, sensors for
novel PKCs (PKCd , PKC« , PKCh ) were
activated by PdBu (DAG mimetic) alone
and did not require calcium. On the other
hand, classic isozymes (PKCa, PKCb ,
PKCg ) only responded robustly when
both PdBu and ionomycin (a calcium ion-
ophore) were applied (Fig. 3E) (Colgan et
al., 2018). This result demonstrates that
the sensors retain their isozyme-specific
activation characteristics.

In addition, we tested whether sensor
activation and FLIM imaging is robust to
nonrelevant pharmacological application.
We examined whether applying APV (an
NMDAR antagonist) or 1NM-PP1 (an
inert ATP analog at low concentrations),
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Figure 3. Characterization of FLIM-FRET sensors for novel PKC isozymes in HeLa cells. A, Schematic of ITRACK and IDOCKS
sensors and respective control sensors (ITRACK CTL, IDOCKS CTL). B, Representative lifetime images of IDOCKSd in HeLa cells
before and 15min after PdBu (1 mM) application. Warmer colors represent a shorter lifetime and activation of PKCd . Scale
bar, 10mm. C, Time course and quantification of mean lifetime change of PKCd [n (cells/experiments)= 13/4], PKC« (6/3),
or PKCh (12/4) activity measured by ITRACK in HeLa cells in response to PdBu or DMSO (Veh, 15/4) as indicated. p ,
0.0001 one way ANOVA (F(3,42) = 22.9). ***p , 0.001 comparing indicated groups to Veh (Dunnett’s multiple comparison
test). D, The time course of mean change in the lifetime of ITRACKd (n (cells/experiments) = 13/4) and IDOCKSd (12/3)
and control sensors in HeLa cells in response to bath application of PdBU (1 mM) p , 0.0001 one way ANOVA (F(3,47) =

/

42.02). ***p , 0.001 comparing indicated groups (Sidak’s
post test). E, Response of classic PKC isozyme sensors PKCa
(37) PKCb (29), and PKCg (22) in response to sequential
application of PdBu (1 mM) and ionomycin (1 mM) compared
with Novel PKC isozymes PKCd (13), PKC« (19), and PKCh
(12) in HeLa cells. F, The time course of mean change in the
lifetime of IDOCKSd in HeLa cells in response to bath applica-
tion of PdBU (CTL, 1 mM, n experiments/cells = 3/21) or PdBU
and vehicle (Veh, n= 3/19), APV (n= 3/17), or 1NM-PP1
(n= 4/19).
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neither of which should have a target in
HeLa cells, altered IDOCKSd sensor activa-
tion by the phorbol ester PdBu. As seen in
Figure 3F, neither pharmaceutical dis-
rupted sensor performance. Because of the
isozyme-specific and sensitive nature of these
sensors in HeLa cells, we moved forward to
characterizing the sensors in organotypic hip-
pocampal slices (Fig. 4).

Sensors were introduced into CA1 hip-
pocampal neurons of organotypic slice cul-
tures after 10 DIV and were imaged between
2 and 8d after transfection. Similar to what
was seen in HeLa cells, the application of
PdBu (1 mM) led to robust activation of both
ITRACK and IDOCKS sensors for each of
the novel isozymes (d , e, n) (Fig. 4A–C).
Importantly, this sensor activation was not
seen when control sensors were used (Fig.
4A, D). Moreover, GFP-PKCd , ITRACKd ,
or IDOCKSd were all able to rescue the
PKCd KO plasticity phenotype (Figs. 1D,
4E), suggesting that the sensors functionally
replace the PKC isozyme and do not signifi-
cantly inhibit downstream signaling. In addi-
tion, IDOCKSd sensor activity in response
to pharmacological activation was similar in
WT neurons and PKCd KO neurons (Fig.
4F). Our results suggest that these sensor
approaches enable specific and dynamic
measurements of novel PKC activity in neu-
rons with minimal perturbation to the sys-
tem. As the IDOCKS sensor showed higher
sensitivity in neurons (Fig. 4D) and measures
PKCd signaling throughout various subcel-
lular compartments, we replaced PKCd with
IDOCKSd sensor to further investigate the
role of PKCd in plasticity.

PKCd is activated in stimulated spines
during plasticity induction
Using IDOCKS, we measured the spatial
and temporal activation pattern of PKCd
during the induction of single spine plastic-
ity. To do this, we introduced IDOCKSd
into hippocampal CA1 neurons of organo-
typic slices from PKCd KO animals and
monitored sensor activation during uncaging-
induced sLTP. During plasticity induction,
there was a rapid decrease in the fluorescence
lifetime of IDOCKSd in the stimulated spine
and, to a lesser extent, the underlying dendrite
(Fig. 5A). This activation of PKCd peaked
during uncaging in the stimulated spine
(;1min) and in the underlying dendrite with
a slightly slower time course. Activation
decayed by ;70% over the next several
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mM PdBu). Warmer colors represent lifetime decrease and sensor activation. B, C, Time course and quantification of the change in
the lifetime of ITRACKx (B) or IDOCKSx (C) for PKCd , PKC« , or PKCh , measured in hippocampal CA1 neurons in response to
bath application of PdBu or DMSO vehicle as indicated. Gray shading represents the time over which the average change was
quantified (right). One-way ANOVA (F(3,19) = 54.98; p, 0.0001). *p, 0.05; ****p, 0.001; lowest level of significance between
each PdBu and vehicle group (Sidak’s multiple comparison post-test). n� 5. D, Time course and quantification of mean change
in the lifetime of ITRACK, IDOCKS, and CTL sensors for PKCd in response to PdBu. Gray shading represents the time over which
the average change was quantified (right). One-way ANOVA (F(3,21) = 57.85; p, 0.0001). Asterisks indicate significance between
indicated comparisons tested by Sidak’s multiple comparison post-test. p, 0.001. n� 6 neurons. E, Change in volume of den-
dritic spines 5 min after stimulation by a glutamate uncaging sLTP protocol in hippocampal CA1 neurons expressing ITRACKd ,
IDOCKSd , or GFP-PKCd (n (neurons, spines� 4,13, one-way ANOVA; ns, p. 0.16) F, Time course and quantification of mean

/

change in the lifetime of IDOCKSd expressed in hippocampal CA1
neurons from nontransgenic WT or PKCd KO animals in response
to PdBu (n� 4 neurons, two-way unpaired t test, ns, p = 0.75).
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minutes but did not return completely to baseline within
the time imaged (Fig. 5B). Importantly, in the absence of
glutamate, or when NMDARs were blocked with APV,
IDOCKSd showed no activation (Fig. 5C,D), suggesting
that activation is induced downstream of NMDARs and is
not an artifact of laser stimulation. Moreover, the magni-
tude of sensor activation was not significantly correlated to
the sensor’s basal lifetime or the relative expression ratio of
the donor and acceptor constructs (Fig. 5E). The time
course of PKCd activation was significantly slower than the
activation of the classic PKCa isozyme during sLTP, which
activated in milliseconds and decayed within ;1 s in
response to each uncaging pulse of the sLTP induction pro-
tocol (Colgan et al., 2018). These results demonstrate an
isozyme-specific activation of PKCd in the stimulated spine
and suggest an acute and local role of PKCd in modulating
spine volume and synaptic strength.

PKCd is downstream of TrkB activation
Novel PKC isozymes are primarily activated by the production
and binding to the lipid second messenger DAG. Recently,
increased DAG production during NMDA stimulation or the
induction of sLTP was demonstrated (Codazzi et al., 2006; Colgan
et al., 2018). To test whether in spines PKCd was activated by
acute DAG production, we induced structural plasticity in the
presence and absence of a phospholipase C inhibitor (U73122) to
inhibit DAG production. Blocking DAG production impaired
PKCd activation during spine plasticity, particularly the early
activation of PKCd (Fig. 5F). While there could be multiple
sources of stimulation-induced DAG production, one mechanism
described to support spine plasticity has been through NMDA-
dependent autocrine release of BDNF and subsequent activation
of TrkB (Harward et al., 2016). As we already demonstrated the
requirement of the NMDAR for PKCd activation (Fig. 5C,D), we
tested whether PKCd was also downstream of TrkB activation. To
do this, we monitored IDOCKSd in genetically modified neurons
that contained an analog-sensitive point mutation in TrkB (TrkB-
AS). This mutation is a single-point mutation in the ATP binding
pocket of TrkB (Trkb F616A), which does not alter its kinase
activity but renders it sensitive to inhibition by a synthetic ATP
analog, 1NM-PP1 (Chen et al., 2005). In neurons containing
the TrkB-AS mutation that were untreated or treated only with
vehicle, PKCd activation was normal (Fig. 5G, CTL). However,
TrkB-AS-containing neurons treated with the inhibitor 1NM-PP1
showed impaired PKCd activation (Fig. 5G, 1NM-PP1). These
results demonstrate that TrkB is upstream of PKCd activity dur-
ing plasticity, suggesting that PKCd can monitor levels of BDNF-
mediated activation of TrkB to facilitate plasticity.

PKCd activity is not restricted to stimulated spine
During plasticity induction, the activation of PKCd was highest
in the stimulated spine but was present at a lower level
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throughout the small region of dendrite imaged (Fig. 5B), sug-
gesting that PKCd activity might be able to spread some distance
from the synapse. Consistently, TrkB activation during plasticity
has previously been shown to regulate long-distance signaling in
neurons, including signals from synapses to the nucleus (Harward

et al., 2016; Esvald et al., 2020; Moya-Alvarado and Bronfman,
2023). Therefore, we hypothesized that TrkB activation of PKCd
might be a mechanism to extend local, transient signals in both
space and time. To investigate whether PKCd activity was able to
spread over long distances, IDOCKSd was monitored in the
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primary apical dendrite before and after inducing plasticity in
a single dendritic spine or multiple spines spread across the
dendritic tree (Fig. 6A). The induction of plasticity in multiple
spines was shown previously to enhance long-distance signal-
ing to the nucleus of another kinase, the ERK (Zhai et al.,
2013). In response to plasticity in one spine, there was little
activation of PKCd in the primary dendrite. However, multi-
ple spine stimulation (sequential induction of sLTP in 5 spines
on three dendrites) led to a significant increase in PKCd activ-
ity in the primary dendrite that was long-lasting (Fig. 6B,C).
To monitor the integration of multiple spine stimulation, we
imaged PKCd activity in the primary dendrite during the se-
quential stimulation of three spines on different branches
with more extended time intervals between spine stimulations
(;8min). In response to this spaced stimulation of three spines,
PKCd activity integrated the stimuli in the primary dendrite to
an intermediate level between the activation of 1 and 5 spines
(Fig. 6D,E). This finding suggests that, in addition to a local role
in regulating plasticity in the spine, PKCd may also play a long-
distance signaling role in response to multiple spine plasticity.

Previously, PKCd was found to translocate to the nucleus in
response to apoptotic-inducing stimuli (DeVries et al., 2002). To
determine whether the long-distance spreading of PKCd activity
was because of the directed translocation of PKCd into the soma
or nucleus, we monitored the somatic localization of GFP-tagged
PKCd (Fig. 6F–H). Multispine stimulation did not induce signif-
icant somatic or nuclear translocation of PKCd compared with
mock stimulation, and PKCd remained largely excluded from
the nucleus. Thus, PKCd does not show activity-dependent
translocation to the somatonuclear compartment but, instead, is
activated over long distances.

Acute and long-lasting PKCd signaling have dual functions
To further investigate the potential functional role of this long-
distance and long-lasting PKCd activity, we needed a tool to in-
hibit the long-lasting phase of PKCd activity selectively. Because
of a lack of isozyme-specific pharmacologic PKC inhibitors, we
replaced endogenous PKCd with a previously characterized
PKCd mutant, PKCd -AS (Kumar et al., 2015). The PKCd -AS
mutant consists of a point mutation in ATP binding pocket
(PKCd M425A, analogous to TrkB-AS mutation) that leaves its
kinase activity unaltered but renders it sensitive to inhibition by
a synthetic ATP analog, 1NM-PP1. In vitro analysis of PKCd
kinase activity confirmed that the PKCd -AS significantly left-
shifted the IC50 curve of 1NM-PP1 (Fig. 7A). Importantly, 1NM-
PP1 application to WT neurons does not impair structural
plasticity (Fig. 7B), suggesting that any drug effects would be
because of inhibition of PKCd kinase activity. We therefore
expressed PKCd -AS in a PKCd KO background and induced
sLTP in the presence of vehicle or 1NM-PP1. In the presence of
vehicle, stimulated spines showed normal sLTP (Fig. 7C–E).
However, neurons treated with 1NM-PP1 shortly before the
induction of sLTP showed impaired sLTP (�10min, Fig. 7C–E).
The return of spine size to prestimulus values at 20-30min was
consistent with the PKCd KO plasticity phenotype and confirmed
that PKCd kinase activity is required for the spine plasticity. To
determine whether sustained PKCd activity was necessary to
maintain early phases of sLTP in the spine, we applied 1NM-PP1
10min after spine plasticity was induced. Blocking PKCd kinase
activity after plasticity induction, however, did not impair spine
structural plasticity (10min, Fig. 7D,E). Therefore, unlike early ac-
tivity, long-lasting PKCd activity is not required to maintain early
sLTP of dendritic spines.
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Long-lasting PKCd activity is required for plasticity-
transcription coupling
The ability of PKCd to integrate the plasticity of multiple spines
into a long-lasting and spreading signal suggested that it might
regulate plasticity-dependent transcriptional programs, which are
required for late phases of plasticity and memory formation
(Alberini and Kandel, 2014). Multispine stimulation was previ-
ously shown to induce long-lasting activation and nuclear trans-
location of ERK to regulate spine-to-nucleus signaling (Zhai
et al., 2013). Interestingly, this signaling was reversed by the appli-
cation of bisindolylmaleimide I, a broad-spectrum PKC, PDK, and
GSK3 inhibitor. Therefore, we tested whether ERK was a down-
stream target of long-lasting PKCd activity. To do this, PKCd -AS
was expressed in a PKCd KO background to render it sensitive
to inhibition and expressed together with a previously developed
FLIM sensor for ERK activity (EKAR, Fig. 8A) (Harvey et al.,
2008a). We directly measured ERK activity in the primary den-
drite of neurons during multispine stimulation through the
EKAR sensor. Consistent with previous data, long-lasting sensor
activity was induced (Fig. 8B,C). This activity was blocked by
U0126, an inhibitor of ERK activation by MEK, validating the sen-
sor (Zhai et al., 2013). Next, we inhibited ongoing PKCd activity
by 1NM-PP1 application after uncaging stimulation, so that
the manipulation would not inhibit spine plasticity. This manip-
ulation did not affect ERK activity in the primary dendrite, sug-
gesting that ERK is not a target of long-lasting PKCd .

We therefore tested whether PKCd
might regulate plasticity-induced transcrip-
tion independent of ERK. One potential
downstream target is the activity-depend-
ent transcription factor CREB. CREB is
activated by plasticity-inducing protocols
and learning and plays a critical role
in converting early forms of plasticity
into long-lasting forms (Kandel, 2012).
Moreover, PKCd regulation of CREB has
been demonstrated in vitro and in other
cellular contexts, such as cardiac tissue
(Yamamoto et al., 1988; Zhao, 2007;
Ozgen et al., 2008; Garg et al., 2013;
Morioka et al., 2013). To test whether
long-lasting PKCd activity regulates
CREB activity, we expressed PKCd -AS
and a previously developed sensor for
CREB in PKCd KO neurons (Fig. 9A)
(Laviv et al., 2020). Following multispine
stimulation, CREB was activated robustly
in the nucleus (Fig. 9B–D). However, if
1NM-PP1 was applied after multispine
stimulation to inhibit the long-lasting
phase of PKCd activity, CREB activation
was significantly impaired (Fig. 9B–D). To
confirm the regulation of CREB activation
by PKCd , we also measured nuclear
p-CREB through immunofluorescence.
In a similar experimental design, neurons
expressing GFP-PKCd -AS were stimulated
through multispine glutamate uncaging.
After stimulation, either vehicle or 1NM-
PP1 to inhibit the long-lasting phase of
PKCd was applied. Slices were fixed 1 h af-
ter stimulation and stained for p-CREB.
Stimulated neurons showed increased p-

CREB in the nucleus compared with surrounding nonstimulated
neurons (Veh, Fig. 9E,F). However, the application of 1NM-PP1
blocked this enrichment (one-sample t test, p=0.78 1NM-PP1, Fig.
9E,F). These data suggest that PKCd serves a dual functional role.
In addition to facilitating local spine plasticity, PKCd integrates
multispine plasticity to regulate the magnitude of CREB activity in
the nucleus, an efficient mechanism of spine-to-nucleus signaling.

Discussion
In this study, we have found that PKCd , among the novel iso-
zymes, is uniquely required to induce sLTP. Moreover, by devel-
oping highly sensitive isozyme-specific biosensors, we have
identified a dual functional role for PKCd that is defined by the
spatiotemporal nature of its activation. During the plasticity of a
single spine, NMDA-dependent TrkB activation leads to local
PKCd activity in the stimulated spine within 1min that returns
close to basal levels over ;5min. This early and local activation
is essential for inducing structural and functional spine plasticity.
However, the induction of plasticity at multiple spines across the
dendritic tree leads to long-lasting (.40min) PKCd activation
that spreads throughout the neuron. This long-lasting activity
scales with the number of stimulated spines to couple plasticity
and transcription through the regulation of CREB in the nucleus.
This dual functional role of PKCd in plasticity is an efficient
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mechanism of coordinating the induction of plasticity in spines
with protein synthesis in the nucleus required for long-term plas-
ticity stabilization.

The development of isozyme-specific biosensors of the novel
PKC isozymes has revealed a unique spatiotemporal activation
profile of PKCd during stimulation. The slower and more
widespread activation, compared with classic isozymes during
plasticity (Colgan et al., 2018), confirms that different PKC iso-
zymes have specific roles, even in response to the same stimula-
tion. During plasticity, PKCd extends the local and transient
glutamate input (mm and ms) into kinase activation that lasts
minutes and spreads over tens of microns. This early PKCd ac-
tivity is required for the initial phases of structural and func-
tional plasticity.

PKCd likely has diverse targets, and further study is required
to determine the downstream targets of PKCd in the spine.
However, potential targets likely include upstream actin regulat-
ing factors, such as Rho GTPases, many of which are regulated
by both TrkB and phosphorylation during plasticity (Hedrick et
al., 2016). Other potential sites of PKCd regulation of actin could
be through regulation of the Arp2/3 complex, which, when
knocked out, shows a similar deficit in sLTP to the PKCd KO
(Kim et al., 2013). In other cell types, PKCd phosphorylation of
coronin modulates the actin nucleator complex Arp2/3 and actin
stabilizer cofilin to regulate actin dynamics and structure (Cai et
al., 2008; Usatyuk et al., 2013). However, whether this regulation
occurs during plasticity is unknown. Finally, PKCd has been
found to bind to F-actin directly through its C2-like domain
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(López-Lluch et al., 2001; Smallwood et al., 2005). Further study
is necessary to determine whether PKCd binds to actin in neuro-
nal spines. Consistent with a role in actin regulation, spine volume
growth follows PKCd activation closely. PKC has also been shown
to regulate activity-dependent exocytosis presynaptically and in
other cell types, as well as phosphorylation of AMPAR subtypes.
Therefore, PKCd may play a role in regulating AMPAR exocytosis
and incorporation during plasticity (Summers et al., 2019).

In response to multiple spine stimulation the temporal and
spatial scale of PKCd activity is stretched even longer to a cell-
wide activation that lasts. 40min, effectively coupling early
plasticity of spines to gene transcription. The spatial spread of
PKCd activity requires a large amplification of signaling as diffu-
sion alone would negate activation because of the orders of mag-
nitude difference in volume (;10,000�) between the spine and
the entire neuron. A positive feedback loop is likely playing a
role in the amplification of PKCd activation. Although during
cerebellar LTD a PKC and ERK positive feedback loop has been
described (Tanaka and Augustine, 2008), our results suggest that
ERK is not involved. Amplification may occur at the level of
PKCd directly, at upstream activators, such as TrkB, phospholi-
pase C, or DAG, or at multiple levels. The spatiotemporal nature
of TrkB activation in response to multiple spine stimulation may
provide some insight.

BDNF/TrkB signaling has been previously implicated in the
induction, expression, and consolidation of plasticity as well as
learning (Korte et al., 1995; Figurov et al., 1996; Kang et al., 1997;
Linnarsson et al., 1997; Minichiello et al., 1999; Mu et al., 1999).
One mechanism of this regulation is activating CREB-mediated
transcription (Finkbeiner et al., 1997; Ying et al., 2002). However,
this mechanism has often been hypothesized to occur through
activation of Ras/MAPK/ERK signaling (Impey et al., 1998; Ying
et al., 2002; Zhai et al., 2013). Our study, however, implicates
PKCd in TrkB signaling to CREB and suggests that PKCd regula-
tion of CREB during plasticity induction is independent of ERK
activity (Fig. 8). This finding is consistent with previous work that
generated phospho-site-specific mutations in TrkB to study the
role of specific downstream signaling cascades in plasticity
(Minichiello et al., 2002). Animals with a mutation in the phos-
pho-site that binds phospholipase C to produce DAG and PKC
signaling showed impaired expression and consolidation of LTP
and reduced learning (Minichiello et al., 2002; Gruart et al., 2007).
Moreover, these neurons showed impaired activation of CREB in
response to BDNF application. These deficits were seen despite
ERK signaling remaining intact. Together, the results implicate
PKCd as a necessary mediator of BDNF-TrkB signaling to CREB
during CA1 plasticity and hippocampal learning. These results
also highlight the need for further understanding of plasticity-de-
pendent transcriptional regulation in response to various
stimuli. Given the recent implication of TrkB modulation of
the CREB pathway in the mode of action of diverse antide-
pressants (Rantamäki et al., 2007; Casarotto et al., 2021),
the role of PKCd in antidepressant effects and the detailed sig-
naling mechanisms through which PKCd regulates CREB activ-
ity is warranted.

The development and characterization of isozyme-specific
sensors for novel PKC activity will further the study of the novel
class of PKCs. Particularly, isozyme-specific activity sensors will
clarify the multiple roles of PKC isozymes specified by the spatio-
temporal nature of their activation. The closely related structure
of PKC isozymes and the challenge to develop specific pharma-
cology to activate or inhibit novel PKC isozymes have limited
our understanding of PKC function in dendritic spines and

plasticity. Studies using combinations of activators and inhibitors
with different affinities for various PKC isozymes have demon-
strated that novel PKC isozymes play an important role in spine
morphology and function (Sun et al., 2014; Ly et al., 2020; Ge et
al., 2023). However, the complex pharmacological properties
against different potential targets complicate the interpretation
of pharmacological studies (Singh et al., 2021). Nonetheless,
these studies suggest that different novel PKC isozymes are
involved in unique aspects of cell morphology regulation. For
example, pharmacological studies suggest that PKCepsilon may
be involved in regulating spinogenesis during development and
aging (Hongpaisan et al., 2013; Schaffer et al., 2018). The contin-
ued development of new approaches for temporally controlled,
isozyme-specific inhibition for PKC isozymes, including chemo-
genetic/optogenetic approaches will complement sensor work to
aid in distentangling isozyme-specific roles. As the novel subfam-
ily of PKC isoforms has been implicated in numerous disorders,
including metabolic disease, cardiovascular disease, autoimmune
disorders, and neurodegenerative disorders, these tools will be of
great use for dissecting signaling pathways leading to cellular
phenotypes in these diseases.
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