10554 - The Journal of Neuroscience, November 1, 2017 - 37(44):10554 —10566

Cellular/Molecular

The Long 3'UTR mRNA of CaMKII Is Essential for
Translation-Dependent Plasticity of Spontaneous Release in
Drosophila melanogaster
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A null mutation of the Drosophila calcium/calmodulin-dependent protein kinase II gene (CaMKII) was generated using homologous
recombination. Null animals survive to larval and pupal stages due to a large maternal contribution of CaMKII mRNA, which consists of
ashort 3'-untranslated region (UTR) form lacking regulatory elements that guide local translation. The selective loss of the long 3’ UTR
mRNA in CaMKII-nulllarvae allows us to testits role in plasticity. Development and evoked function of the larval neuromuscular junction
are surprisingly normal, but the resting rate of miniature excitatory junctional potentials (mE]JPs) is significantly lower in CaMKII
mutants. Mutants also lack the ability to increase mEJP rate in response to spaced depolarization, a type of activity-dependent plasticity
shown to require both transcription and translation. Consistent with this, overexpression of miR-289 in wild-type animals blocks
plasticity of spontaneous release. In addition to the defects in regulation of mE]JP rate, CaMKII protein is largely lost from synapses in the
mutant. All phenotypes are non-sex-specific and rescued by a fosmid containing the entire wild-type CaMKIIlocus, but only viability and
CaMKII localization are rescued by genomic fosmids lacking the long 3'UTR. This suggests that synaptic CaMKII accumulates by two
distinct mechanisms: local synthesis requiring the long 3' UTR form of CaMKII mRNA and a process that requires zygotic transcription
of CaMKIT mRNA. The origin of synaptic CaMKII also dictates its functionality. Locally translated CaMKII has a privileged role in
regulation of spontaneous release, which cannot be fulfilled by synaptic CaMKII from the other pool.

Key words: activity-dependent plasticity; calcium/calmodulin-dependent protein kinase II; Drosophila; local translation; microRNA;
synaptic localization

~

Asaregulator of synaptic development and plasticity, CaMKII has important roles in both normal and pathological function of the
nervous system. CaMKII shows high conservation between Drosophila and humans, underscoring the usefulness of Drosophila in
modeling its function. Drosophila CaMKII-null mutants remain viable throughout development, enabling morphological and
electrophysiological characterization. Although the structure of the synapse is normal, maternally contributed CaMKII does not
localize to synapses. Zygotic production of CaMKII mRNA with a long 3’-untranslated region is necessary for modulating spon-
taneous neurotransmission in an activity-dependent manner, but not for viability. These data argue that regulation of CaMKII
localization and levels by local transcriptional processes is conserved. This is the first demonstration of distinct functions for
Drosophila CaMKII mRNA variants. j

fSigniﬁcance Statement

Introduction
CaMKII is both ubiquitous and abundant. In mammals, CaMKII
constitutes ~1% of total brain protein (Erondu and Kennedy,
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1985), and it is also highly expressed in fly heads (Cho et al.,
1991). Unsurprisingly, CaMKII has been shown to have a pleth-
ora of important functions in the nervous system, including roles
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in multiple stages and forms of learning and memory (for review,
see Giese and Mizuno, 2013). At the Drosophila neuromuscular
junction (NMJ), the roles of CaMKII encompass both develop-
ment of the synapse and its activity-dependent plasticity. To date,
these functions have been revealed using transgenes encoding
CaMKII inhibitors or RNAI to decrease kinase activity or acti-
vated forms of the kinase to increase activity.

Early studies at the larval NM]J showed that global inhibition
of CaMKII with a heat shock-inducible inhibitor peptide trans-
gene (hs-ala lines) increased branching and bouton number
(Wang et al., 1994). This same manipulation also increased the
amplitude of evoked currents and blocked paired pulse facilita-
tion. Global inhibition of CaMKII was also associated with
increased presynaptic excitability (Griffith et al., 1994), whereas
expression of constitutively active CaMKII in motor neurons
suppressed excitability (Park et al., 2002). Subsequent studies
looking at postsynaptic inhibition of CaMKII with both ala pep-
tide and another inhibitor (CaMKIINtide) showed that muscle
CaMKII activity could stimulate a retrograde signaling pathway,
which increased quantal content without changes in miniature
excitatory junctional potential (mEJP) amplitude (Haghighi et
al., 2003). The larger quantal content correlated with an increase
in morphologically identified release sites and, for high levels of
CaMKIINtide expression, an increase in mini-frequency. More
recently, presynaptic expression of either ala peptide or CaMKIIT
RNAi was shown to block activity-dependent bouton sprouting
(Nesler et al., 2016). The abundance of roles is consistent with the
presence of the kinase at high levels on both sides of the NMJ, and
in multiple cellular compartments.

The use of genetics to investigate the role of signal transduction
molecules in neuronal function has been standard practice for many
years in Drosophila. Although Drosophila CaMKII was cloned >20
years ago, the location of the gene on heterochromatin-rich chro-
mosome 4 complicated standard mutational approaches. To be-
gin genetic analysis of CaMKII, we generated a null mutation in
the CaMKII gene by homologous recombination (Maggert et al.,
2008; Staber et al., 2011), inserting two stop codons into the
N-terminal coding sequence. In this study, we show that this
mutation is completely lethal before adulthood in the homozy-
gous state.

Homozygous mutant animals survive into late larval and pu-
pal stages, due to a large amount of maternally contributed
CaMKII mRNA which has a short 3’-untranslated region (UTR)
lacking regulatory information, including binding site for miR-
289, which are present in the long form. The fact that null animals
survive to pupate, and show essentially normal morphological
development of the NM]J, implies that maternally-derived short
3’UTR CaMKII is able to support the majority of basic processes.
Indeed, transgenic expression of the short 3"UTR form can par-
tially rescue viability, indicating that lack of CaMKII protein is
the cause of lethality rather than some critical role of the long
3'UTR form of the mRNA.

Third instar null animals, however, lack the synaptic enrich-
ment of CaMKII seen in wild-type (WT) animals. They also show
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very specific defects in mEJPs and do not exhibit transcription/
translation-dependent plasticity of mEJP frequency. We show
that CaMKII derived from newly transcribed mRNA can rescue
synaptic localization and viability independent of the 3’ UTR, but
plasticity of mEJPs requires the long 3'UTR mRNA. Consistent
with this, suppression of CaMKII translation in WT animals by
overexpression of miR-289 also blocks mEJP plasticity. These
results argue that synaptic localization of CaMKII can occur via
multiple mechanisms, and that locally translated kinase has a
special role in plasticity.

Materials and Methods

Fly strains. w'''%; PBac{EGFP-1V}eIF4G*°'*? (Kyoto DGRC) was used as
a fourth chromosome GFP marker. w[*]; Df(4)C3/In(4)ci[D], ci[D]
pan[ciD] sv[spa-pol] (Bloomington Drosophila Stock Center) contains a
deletion that removes the CaMKII locus. OK6-GAL4 and C57-GAL4
were obtained from David Van Vactor (Harvard University). nsyb-GAL4
was obtained from Bloomington Drosophila Stock Center. The UAS-
GFP-CaMKII line was constructed in pUAST (Brand and Perrimon,
1993) using the R3 cDNA reported by Griffith and Greenspan (1993).
This cDNA contains 183 bp of 5'UTR and 156 bp of 3'UTR, and is
missing the putative miR-289 binding site and the long UTR polyadenyl-
ation site.

Homologous recombination. Null mutations in the CaMKII locus were
engineered using ends-out recombination following the protocol out-
lined by Staber et al. (2011). In the exon 2 region of the homology arms,
the start ATG (Met) was mutated to TAG (Stop), and an additional stop
was added ata Cys codon (see Fig. 1A). DNA was purified using QIAGEN
kits and mutations induced using a QuikChange Site-Directed Mutagen-
esis Kit (Stratagene). Primers were ordered from IDT. Homology arms
were inserted into the P[w25.2], and four independent transgenic donor
lines were established. A total of 157 recombinants were screened, and 8
lines were isolated. All were homozygous lethal and confirmed to contain
the stop codons by sequencing and/or PCR. Experiments were per-
formed with lines 76, 31, and 147 with equivalent results. Data are shown
for alleles 76 and 147.

Primers used are as follows. Mutagenic primers WT cassettes: forward,
(LwtSTOP42) 5'-GCCATCGCGATGGCTGCACCAGCAGCCTGTACG
CGTTTTTCG-3'; reverse, (RwtSTOP42) 5'-CGAAAAACGCGTACAG
GCTGCTGGTGCAGCCATCGCGATGGC-3'. Mutagenic primers stop
codoncassettes:forward, (L2stops42) 5’ -GCCATCGCGtaGGCTGCACCA
GCAGCCTGaACGCGTTTTTCG-3'; and reverse, (R2stops42) 5'-CGA
AAAACGCGTtCAGGCTGCTGGTGCAGCCtaCGCGATGGC-3'. Vali-
dation PCR primers for left arm: (L1971) 5'-TGCCAATTTTAATCGGTA
CGCCAGA-3" and (pW-Asc2) 5'-GCTTGGCTGCAGGTCGACTCTAG
AGG-3'. Validation primers for right arm: (L9240) 5'-GTCGACGAAGCG
CCTCTATTTAT-3" and (R12295) 5'-GGATGAAATGCCGTTGGTTT-3'.

Construction of rescue fosmid lines. Genomic rescues were performed
using CaMKII fosmid (FlyFos025846) containing the complete gene with
introns, exons, and UTRs expressed under endogenous native regulatory
elements. The detailed description of FlyFos025846 construction is de-
scribed by Ejsmont et al. (2009). In brief, the authors created and cata-
logued a library of large genomic fragments in an attB sequence
containing fosmid vector derived from pCC2fos (Epicenter). From this
published library (https://transgeneome.mpi-cbg.de), we obtained the
FlyFos025846, which contains ~42.5kb of Drosophila melanogaster
genomic DNA (sequence data file attached) that contains the entire
CaMKII transcript with ~20 kb of upstream and ~3.3 kb of downstream
genomic sequence. For the AUTR fosmid, 344-2069 bp of the exon 14
sequences were deleted. This preserves the proximal polyadenylation site
but deletes everything that follows it, including the distal polyadenylation
site and the miR-289 binding elements. Site-specific genome integration
for the fosmids was guided by a#tP landing site and $C31 integrase.
Recombinant flies were selected using dominant selectable eye promoter
driven dsRed marker (Berghammer et al., 1999).

CaMKII 3' UTR RACE. RNA was prepared from 2-h-old embryos and
adult heads (Canton S WT) using a QTAGEN RNeasy kit and 3’ Rapid
Amplification of cDNA Ends (3'RACE) was performed. RACE-ready
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c¢DNAs were generated using a SMART RACE c¢DNA amplification kit
(Clontech) with Superscript Reverse Transcriptase III. The CaMKII
cDNA prepared with the oligo-dT primers in the kit had an additional
SMART sequence (as part of the oligo-dT primer). A gene-specific for-
ward primer close to the 3’ end was used with the universal reverse
primer provided in the kit to amplify cDNA ends allowing UTR varia-
tions to be identified. Outer and inner forward primers were designed to
enable nested PCRs. The primers were designed with a T,,, of 70°C so that
a touchdown PCR could be done to aid specificity. The PCR products
were separated on 0.8%—1.2% agarose gels, then cloned and sequenced to
confirm identity.

Immunohistochemistry. To visualize NMJs, third instar larvae were
dissected in Modified A solution (in mm as follows: 118 NaCl, 2 NaOH, 2
KCI, 4 MgCl,, 5 trehalose, 45.5 sucrose, 5 HEPES, adjusted with 1N
NaOH to 295 mOsm and pH 7.1-7.2) (Schaefer et al., 2010), then fixed in
4% PFA for 5-7 min, washed in PBS, and brains cut off. For null mutants,
larvae were checked for the presence of GFP to confirm genotype. Body
pelts were stained with anti-DIg (1:50 mouse monoclonal 4F3, Develop-
mental Studies Hybridoma Bank; see Figs. 3 A, B, 6F; or 1:200 rabbit from
V. Budnik, see Fig. 4C) and Alexa594-conjugated goat anti-HRP (1:200
Jackson ImmunoResearch Laboratories). Anti-CaMKII 88 was used at
1:500, and anti-Brp (mouse monoclonal nc82) was used at 1:100. Second-
ary antibodies were AlexaFluor-488, goat anti-rabbit (1:200 Invitrogen),
AlexaFluor-488, goat anti-mouse 1:200 (Invitrogen), AlexaFluor-635
goat anti-rabbit IgG (Invitrogen), and AlexaFluor-633 goat anti-mouse
(1:200 Invitrogen). Images of the NM]Js were taken on a Leica TCS SP5
confocal microscope LAS AF version 2.7.3 at 20X using 488 and 594 nm
lasers sequentially for DIg (mouse) and HRP, and 488 and 633 lasers for
Brp, CaMKII 88, and Dlg.

Embryos were staged and collected to be 13 h 30 min to 14 h 30 min
old. They were dechorionated for 3 min in 50% bleach and then washed
in water. Embryos were fixed in a 4% PFA and heptane mix 1:1 for 30 min
in a glass vial covered with foil. Devitillinizing was done by replacing the
PFA fraction with methanol + 10% 0.5 M EGTA and vortexing. Embryos
were rinsed 3X with methanol and washed 3X with 0.5% PBT. Anti-
CaMKII (88; 1:10,000) was applied at 4°C for 2 nights; then preparations
were washed in PBT, stained in AlexaFluor-635 anti-rabbit IgG (1:200
Invitrogen) at 4°C for 1 night, then washed in PBS and mounted using
Vectashield (Vector Laboratories). Images of the embryos were taken on
Leica TCS SP5 confocal microscope LAS AF version 2.7.0 at 20X using
488 and 633 nm lasers sequentially.

For larval brain double staining, third instar larva were dissected in
Modified A solution, fixed in 4% PFA for 10 min, washed in PBS, and
then blocked in 10% NGS for 1 h at room temperature. Samples were
stained in Anti-CaMKII (88; 1:10,000) and anti-Brp mAb nc82 (Devel-
opmental Studies Hybridoma Bank, 1:100) at 4°C for 1-2 nights, washed
in PBT, incubated in AlexaFluor-555 goat anti-rabbit IgG (1:200 Invit-
rogen) and Alexa-680 goat anti-mouse (1:200 Invitrogen) for 2 h at room
temperature, then washed in PBT and mounted using Vectashield (Vec-
tor Laboratories). Images of the brains were taken sequentially on Leica
TCS SP5 confocal microscope LAS AF version 2.7.0 at 20X using 488,
543, and 633 nm lasers sequentially.

For pupal staining, cages of pupae at P6-P7 stages were cut and pupae
were fixed in 4% PFA in 0.2% PBT for 1 h on a rotator in a glass vial
covered with foil. Pupae were then washed in PBT and dissected in PBS.
Samples were washed in PBT, blocked in 10% NGS, stained in Anti-
CaMKII (88; 1:10,000) at 4°C for 2 nights, washed in PBT, stained in
AlexaFluor-635 anti-rabbit 1gG (1:200 Invitrogen) at 4°C for 1 night,
then washed in PBT and mounted using Vectashield (Vector Laborato-
ries). Images of the brains were taken on Leica TCS SP5 confocal micro-
scope LAS AF version 2.7.0 at 20X using 488 and 633 nm lasers
sequentially.

Immunoblots. Third instar larvae were dissected in Modified A or
Hemolymph-Like saline solution 3.1 (HL3) buffer. Guts, imaginal discs,
and brains were removed. Dissected fillets (3 per sample) were frozen on
dry ice and then crushed in loading buffer (Laemmli Sample Buffer,
Bio-Rad with 5% B-mercaptoethanol added) and heated for 10 min.
Proteins were separated by SDS-PAGE (NuPAGE Bis-Tris Protein Gels,
Invitrogen) and transferred to nitrocellulose membranes (GE Health-
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Table 1. Descriptive statistics for CaMKIF*®*™ and sibling control recordings”

+/+ sibling

control N CaMKIFPPYr N
Resting membrane potential (mV) —624*£19 9 —612%£23 1N
Input resistance (M{2) 81+05 9 7804 1
Quantal content (EJP/mEJP) 44324 10 48626 10
Facilitation/depression index (1st to 4th) ~ 0.94 0 093 10
Facilitation/depression index (1st to 7th) 091 10 093 10
Facilitation/depression index (1st to 10th) ~ 0.88 10 092 10

“Sibling control and CaMKIF™"* baseline parameters were compared using one-way ANOVA and Kruskal-Wallis
comparison tests. No significant differences were found. Quantal content was calculated as the ratio between
average EJP amplitude and mEJP amplitude in mV. EJP facilitation/depression indices were obtained by calculating
the ratio between respective spikes (spikes 4, 7, and 10 shown in this table) in 5V, 10 Hz stimulus train and the first
evoked potential.

care). Membranes were blocked (Blocking Buffer for Fluorescent West-
ern Blotting, Rockland Immunochemicals) and then incubated with
Anti-CaMKII (88; 1:10,000) and anti-actin mAb C4 (1:1000, Millipore).
Secondary antibodies were as follows: DyLight 680 mouse and DyLight
800 rabbit Conjugated Pre-Adsorbed antibodies (1:5000, Rockland Im-
munochemicals). Membranes were scanned on an Odyssey Imager
(LI-COR Biosciences). Intensity of bands was calculated using “trim sig-
nal” and “background subtraction” features of the software, and the
intensity of CaMKII band was normalized to that of actin in the same
lane. Statistics were done using Excel.

Determination of lethal phase. CaMKIF'P"* /ci® and CaMKIT"™* /ci”
were crossed to w;CantonS WT flies to eliminate the ¢i chromosome and
replace it with a WT chromosome 4. Virgins and males of the genotypes
CaMKIF"P™** and CaMKII"™"/* were collected using the w+
marker to follow the mutated fourth chromosome. Crosses were set up
for each genotype, and eggs were collected on molasses agar plates.

Electrophysiology. All larval dissections were conducted as in Brent et
al. (2009) using third instar larvae in HL3 at a pH of 7.1-7.4, containing
the following (in mm): 70 NaCl, 5 KCl, 4 MgCl,, 10 NaHCO, 5 trehalose,
115 sucrose, and 5 HEPES (300 Osm). Body wall muscles were pinned to
stretched positions to optimize electrode placement and recording effi-
cacy at NMJ.

mEJPs were recorded intracellularly from muscle of abdominal seg-
ments 3-5 at 20°C-23°C in low Ca** (0.8 mm CaCl, in HL3 at a pH of
7.1-7.4). All recordings were analyzed at a sampling rate of 10 kHz, for a
duration of 2 min. Recordings were discarded if baseline was >*10 mV
of average membrane voltage (—60 mV) or varied by >5 mV during 2
min recording.

EJPs were recorded intracellularly from muscle of abdominal seg-
ments 3-5 at 20°C-23°C in low Ca** (0.8 mm CaCl, in HL3 at a pH of
7.1-7.4), immediately following mEPSP recordings. A suction pipette with a
tip opening of ~10 wm was used to stimulate the segmental nerve (stimula-
tion duration = 0.1 ms, strength = 5V, rate = 10 Hz). Baseline membrane
voltage was recorded for 1 s before stimulation; total stimulation lasted 1s;3 s
of responses was recorded. Recordings were discarded if baseline varied by
>5 mV during stimulation. Only recordings with resting membrane poten-
tials (RMPs) <—55mV, and input resistances >5 m{) were used for analysis.
Table 1 shows descriptive statistics for the recordings.

Spaced depolarization paradigm. Spaced depolarization protocol was
adapted from Ataman et al. (2008). Third instar larvae were dissected as
previously described without body wall muscle stretching. High K™
(90 mm) HL3 containing the following (in mm): 40 NaCl, 90 KCl, 20
MgCl,-6H,0, 1.5 CaCl,, 10 NaCOs, 5 sucrose, 5 trehalose, 5 HEPES, pH
7.2, was applied to larval preparations in 2, 2, 2, 4, and 6 min pulses,
respectively, each separated by a 15 min incubation in normal HL3.
Experimental preparations were maintained in normal HL3 for 15 min
after the last high K™ pulse and then prepped for recording protocol (as
described above). Control larvae underwent all of the same protocols, except
perfusion was performed with normal HL3. Actinomycin (5 mm) or cyclo-
heximide (100 mm) to block transcription or translation, respectively, was
included in the normal and high K™ saline in indicated experiments.

Experimental design and statistical analyses. For all experiments, N in-
dicates the number of animals. All mEJP and EJP recordings were



Kuklin, Alkins et al. @ New Synthesis of CaMKII Drives Miniplasticity

23 45 6 789 10 1

J. Neurosci., November 1, 2017 - 37(44):10554 10566 * 10557

12 13 141516

1
A {———+HHEm———

WT

Cys Ala lle Ala

mut

Cys Ala lle Ala . Ala

loxP-mini w*-loxP

) I

TGT GCC ATC GCG ATG GCT GCA CCA GCA GCCTGT ACG CGTTTT TCG GAC AAT
Met Ala Ala Pro Ala Ala
e——

Cys Thr Arg Phe Ser Asp Asn

TGT GCC ATC GCG taG GCT GCA CCAGCA GCCE ACG CGTTTT TCG GAC AAT
Ala Pro Ala Ala

Thr Arg Phe Ser Asp Asn

loxP-mini w*-loxP

il bl

| [}
loxP

il bl

L} ]

——-1 = CaMKIFr+
—+—M +— CaMKI"™+
—+— = CaMKIF*r

Figure 1.

Generation of CaMKIF™ null alleles used in this study. A, Strategy for generation of a null mutant. Top, Diagram of the exon organization of the CaMKIl locus and the location of

recombination arms (gold boxes) and point mutation targets (indicated by red arrow). Green represents coding exons. White represents noncoding. Bottom, Sequence of locus and point mutations

induced by homologous recombination. Two stop codons were introduced at Met1 and Cys7. B, Alleles used in this study. The CaMKIf

F19P% allele was generated after homologous recombination

and retains the mini-white selection cassette, which can be used to follow the engineered chromosome in adults. Induced stop codons are denoted by a red “X.” The CaMKI™™* control allele was
generated by recombination with arms containing the fully WT CaMKIl sequence and also contains the mini-white cassette. The CaMKIFP®” fully recombined null allele was generated by removing

the mini-white cassette using Cre recombinase. It retains a 79 bp loxP site between exons 4 and 5.

analyzed using custom scripts in MATLAB R2016b. Frequency and
amplitudes were measured via modified scripts and functions. All
analysis code is freely available at https://github.com/Griffith-Lab/
2017-Alkins-camkinasemutantpaper. Minimum amplitude for mEJP =
0.4 mV. Post hoc Jarque—Bera tests were performed to test for normal
distributions of datasets. Subsequent Kruskal-Wallis and two-sample ¢
tests of significance were performed between experimental conditions
and genotypes (a = 0.05).

Morphological metrics were analyzed by Leica TCS SP5 quantification
software, Image] Fuji, JMP (SAS), and Excel (Microsoft). Boutons were
counted at muscles 6/7 in abdominal segment A2 and A3. Muscles and
Dlg-stained regions in boutons were measured from an outlined region
of interest. Brp/nc82 puncta were counted from a single z section in the
middle of boutons. One-way ANOVA, unpaired two-tailed Student’s ¢
test, or x2 test was done where appropriate.

Statistics for immunoblot quantification were done using the ¢ test
function in Excel.

Electrophysiology figures are presented with mean * SEM for clarity.
For single comparisons, Student’s  test was used, and an asterisk indi-
cates a significant difference between experimental and control groups.
Spaced depolarization mEJP recordings were analyzed with SPSS Statis-
tics 24 software (IBM 2016) using a two-way ANOVA with genotype and
treatment as main effects. Pairwise comparisons were completed with
post hoc Bonferroni correction and Holm—Sidak tests. Significance level
for all electrophysiological data statistical tests was a = 0.05.

Results

Null mutations at the CaMKII locus are lethal

Figure 1A shows the strategy we used to generate CaMKII mu-
tants. Ends-out homologous recombination (Rong and Golic,
2000; Staber et al., 2011) was used to introduce two in-frame stop
codons at the beginning of the CaMKII coding region in exon 2.
Both mutant lines and WT revertant control lines, which had

recombined proximal to the mutation, were established. Lines
retaining the mini-white gene cassette (which is intronic and
efficiently spliced out) and lines where only a 76 bp residual loxP
site was present were generated (Fig. 1B).

In the null mutant lines, only heterozygous adults were ob-
served, whereas in WT revertant lines, there was no significant
lethality (see Table 3). To determine whether the lethality was due
to loss of CaMKII, we generated genomic rescue constructs. The
lethality of the null could be rescued by reintroduction of the WT
CaMKII genomic region in a fosmid transgene (Fs*'") inserted
on the third chromosome (Table 2). Rescue was complete, mean-
ing that homozygous null progeny were recovered in a normal
Mendelian ratio in the presence of the WT fosmid transgene.

To determine the lethal phase of the null mutation, we did
timed embryo collections from crosses between virgin and male
flies of the control CaMKIF"*""/+ genotype and crosses between
virgin female and male flies of the null mutant CaMKITF"?"*/'*
genotype. w+ lines were used to facilitate identification of the
engineered chromosomes. Progression through development
was assessed for the progeny. Table 3 shows that there was little
embryonic lethality in either cross. Animals from the null/+
cross died in substantial numbers during both the larval and
pupal stages, and no null/null adults were recovered. This pattern
of lethality suggests that CaMKII is not required for a specific
developmental transition before pupation but rather that it has
ongoing functions at all stages. The total amount of lethality is
consistent with complete loss of homozygous animals, but little
dominant lethality in heterozygotes. This may be due to an up-
regulation of CaMKII in heterozygotes because immunoblots of
heterozygotes do not show obvious reductions in protein (E.A.K.,
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Table 2. Genomic rescue of CaMKIF®P** lethality”

Kuklin, Alkins et al. @ New Synthesis of CaMKII Drives Miniplasticity

Parental cross

FS"T/ESYT-CaKI P+ /ci® X
FSWT/EsWT-CaMKII©oP = /ci®

FSYT/ET-CaKI ™+ /ci® X
FsWT/EsT-CaMki™ ™ /ci®

FsAVT/Es ST CaMKIF P i X
FSAUTR/FSAUTR,.(GMK”stapw+/a- D

Genotype of FsWT/FSWT: Fs"T/FSWT: Fs"T/FSWT: FsWT/FSWT: FsAUTR/FGAVTR. FsAUTR/SAUTR.

FlProgeny  CaMKI™"/G®  CaMKIP™™*/CaMKIF™+  CaMKI"™*/c®  CaMKIP™* /CaMlIP™ Gk /G CaMkII**P™ /CaMkII o+
No. 119 60 585 290 79 25

Ratio 1.98 2.02 3.16

“The effect of a genomic fosmid containing the entire WT CaMK[l gene (Fs"") on the viability of CaMKII*"°?* null and control CaMKII"™ " strains is shown in the first two crosses. The CaMKil null mutation was fully viable in the presence
ofthe Fs T transgene. The ci” marker chromosome is lethal in the homozygous state so that the expected ratio of i” to non-ci flies is 2.00. Two independent Fs V" transgenes were tested with equivalent results. x2, p << 0.05. The effects

of rescue with a genomic fosmid that does not contain long 3’ UTR sequences (Fs*")

Table 3. Lethal phase of the CaMKI/**°”** mutant”
% total mortality

CaMKII* P /4 X

CaMKI"™* /4 %

Phase CaMKIF" "™ /+ (%) CaMKIM™* /+ (%)
Embryo to hatching 2.9 1.7
Hatching to pupation 16.1 3.6
Pupation to adult 10.1 2.0
Total death 29.1 73

9Progression through development was assessed for the CaMKlI ** null and control CaMKII"™* strains. CaMKil
null animals die in both the larval and pupal stages. Death rate in the null strain is consistent with complete preadult
lethality for homozygous mutant animals. Collections were done from 16 plates per genotype. N = 1965 fertilized
eqgs for CaMKII*** " null and 694 for the control CaMKII*™* strain. Full lethality was also observed with an
independent allele of CaMKI/ " and in transheterozygotes of the two alleles (data not shown).

data not shown). The nature of this apparent compensation re-
mains to be investigated.

CaMKII-null animals have significant amounts of CaMKII
protein due to maternal mRNA

The ability of null animals to survive into pupation was surpris-
ing given the important roles of CaMKII in development. The
likely reason for this is that maternally contributed CaMKII
mRNA is found in oocytes at high levels (Griffith and Greenspan,
1993). To determine whether this maternal mRNA leads to the
presence of CaMKII protein in null animals, we stained the
progeny of a cross between virgins and males heterozygous for
CaMKIF"P™* over a GFP-marked fourth chromosome (see Ma-
terials and Methods). Null animals could be unambiguously
identified at all developmental stages by their lack of GFP. Figure
2A shows null and WT embryos stained for GFP and CaMKII.
There is no quantitative difference in CaMKII levels between
genotypes in embryos.

Figure 2B shows a WT (GFP ™) third instar larval brain and a
CaMKII-null (GFP ~) brain stained for CaMKII. Levels of the
protein are reduced in the null, and there was a significant
amount of variability between animals, probably due to differ-
ences in the starting amount of maternal mRNA (for clarity,
brains with relatively high levels of staining were selected for this
and other figures). By pupal stages, average CaMKII levels are
even lower than in larvae. P6-P7 brains show low, abnormally
distributed, amounts of CaMKII and a grossly altered brain mor-
phology (Fig. 2C). At P13-P15, the few surviving pupae have no
CaMKII and the head cavity is liquid-filled, with no discernable
brain structures (Fig. 2D). These data indicate that, as maternal
mRNA diminishes, CaMKII protein levels fall and postlarval
brain development is catastrophically disrupted.

CaMKII distribution is abnormal in null mutants

Although it is clear that overall CaMKII levels fall as development
proceeds, Figure 2B also illustrates an apparent change in the
distribution of CaMKII, with less neuropil staining in null brains

is shown by the third cross. This fosmid provides only partial rescue (ratio of ¢i°/non-ci® > 2.00).

compared with controls. To determine whether this was due to a
loss of neuropil integrity or due to a change in the synaptic local-
ization of CaMKII, we costained null third instar larval brains to
visualize both CaMKII and Bruchpilot (Brp), an ELKS/CASTS
protein that is a presynaptic marker. Neuropil structure in these
brains was not obviously disrupted, but there was clearly less
CaMKII in that region compared with sibling controls (data not
shown). This suggests that maternally derived CaMKII is not
effectively localized to synaptic regions in the CNS.

CaMKII is present both presynaptically (Wang et al., 1994;
Chapman et al., 1995; Shakiryanova et al., 2011; Nesler et al.,
2016) and postsynaptically (Kennedy et al., 1983; Koh etal., 1999) in
mammals and Drosophila. To determine whether CaMKII localiza-
tion defects reflected loss of presynaptic, postsynaptic, or both
pools of CaMKII, we examined the NM]J. Costaining of control
NMJs with anti-Dlg, a postsynaptic marker, and anti-CaMKII
demonstrates the previously observed enrichment of CaMKII in
both the presynaptic terminal (middle of boutons) and the sub-
synaptic reticulum, the DIg-positive postsynaptic structure of the
fly NMJ (Fig. 3A, right panels). Examination of single confocal
sections confirmed that CaMKII was present in both presynaptic
and postsynaptic compartments in WT animals (data not
shown). Significantly, there is almost no synaptic CaMKII in the
null animals (Fig. 3A, left panels), despite having easily detectable
levels in both the muscle and the motor neuron axon. This indi-
cates that both presynaptically and postsynaptically localized
pools of CaMKII are reduced in the mutants, which only have
maternal mRNA and lack zygotic transcription of the CaMKII
gene.

Third instar larval NM]Js are morphologically normal in
CaMKII-null animals

While CaMKII is clearly mislocalized, Figure 3A showed a rela-
tively normal-looking NMJ in the null mutant. To ask whether
there were less obvious defects in the developmental program, we
assessed the NM]J quantitatively. Previous work using inhibitors
of CaMKII had suggested that CaMKII’s enzymatic activity has
multiple roles in morphological development of the glutamater-
gic NMJ (Wang et al., 1994; Haghighi et al., 2003; Morimoto et
al., 2010; Wangetal., 2011; Timmerman et al., 2013). We stained
null and sibling control larval fillets with anti-Dlg to mark the
postsynaptic apparatus and with anti-HRP to visualize presynap-
tic boutons. Figure 3B shows that NMJ structure is grossly nor-
mal. Quantitative analysis shows that there are no significant
differences in bouton number or postsynaptic area between con-
trol and null animals (Fig. 3C,D). There is a slight decrease in
muscle area in the null animals compared with siblings (Fig. 3E).
These animals have more fragile muscles, and fillets cannot be
stretched as easily (E.A.K., unpublished observation), suggesting
that they are generally less healthy. Overall, these results imply
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Figure2.  CaMKllis supplied maternally, and levels decline through development. A, Embryonic
CaMKIllevels are not reduced in the null mutant. Late-stage embryos from a w'’"%;;:PBac{EGFP-
IV3elF4G*733 /CaMKIF' P stock were stained for CaMKIl with rabbit anti-CaMKIl 88 at
1:10,000. The presence of the GFP chromosome allows identification of homozygous null,
heterozygous, and WT animals from the same cross. Left, GFP visualization with a null animal
(*) on the left and a WT animal (sibling control) on the right. Right, The same embryos have
similar levels of CaMKIl. Scale bar, 100 p.m. B, Third instar larval CaMKIl levels are reduced in
null mutants and have an abnormal distribution. Top panels, WT sibling control animal with two
copies of the GFP chromosome. Bottom panels, Homozygous null animal. GFP visualization
(left) and anti-CaMKII 88 staining (right) are shown for both. Samples were dissected, pro-
cessed, and imaged concurrently. Scale bar, 50 pm. Levels of CaMKIl were variable between
individual third instar larvae, likely due to differences in maternal mRNA levels. Images shown
are for animals with relatively high levels of CaMKII. ¢, Stage P6—P7 pupal brains from null
animals have a small amount of abnormally distributed CaMKIl and appear to be structurally
disrupted compared with GFP sibling control. Samples were dissected, processed, and imaged
concurrently. Scale bar, 50 wm. D, Stage P13-P15 pupal brains from CaMKIF"** -null ani-
mals (right) have no detectable CaMKIl compared with CaMKIM™™+ sibling controls (left).
Brains were stained with mouse monoclonal anti-CaMKII 18 at 1:10,000. Samples were dis-
sected, processed, and imaged concurrently. Scale bar, 50 m.
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that synapticlocalization of CaMKII is not required for its roles in
the development of the basic structure of the NMJ.

CaMKII-null animals have reduced mEJP frequency

The apparently normal morphology of the NMJ was a bit unex-
pected given the important role of CaMKII’s enzymatic activity in
structural aspects of development of the synapse. CaMKII has
also been shown to be involved in regulation of synaptic trans-
mission at this synapse (Griffith et al., 1994; Wang et al., 1994;
Haghighi et al., 2003; Chun-Jen Lin et al., 2011; Wang et al,,
2014). To assess the functional development of the NM]J, we per-
formed current-clamp recordings of spontaneous and evoked
activity in muscles 6/7. Figure 4 reveals surprisingly normal NMJ
function. The response to repetitive stimulation of the NM]J is
normal both in terms of the amplitude of EJPs and their dynamics
(Fig. 4A) with no changes in facilitation/depression index (Table
1). The amplitude of spontaneous activity is not significantly
affected by genotype (Fig. 4B, middle), nor is quantal content
(data not shown). The one abnormal feature of the CaMKITF"P"™*
NM]J is the mEJP frequency, which is significantly reduced (Fig.
4B, right).

Reduced mEJP frequency of CaMKIF**?** mutants is not due

to a loss of synaptic release sites

The frequency of spontaneous vesicle fusion is controlled by two
factors: the number of release sites and the probability of release.
At the fly NM]J, each bouton has multiple active zones for neu-
rotransmitter release. Although the number of boutons was not
changed in the CaMKII mutant, it was possible that the number
of release sites per bouton was reduced. To assess the number of
release sites, we examined the localization and amount of Brp,
which is a marker for active zones (Wagh et al., 2006). Figure 4C
shows boutons double-stained for Dlg and Brp. The number of
Brp puncta/pm* of bouton was not significantly different for null
animals compared with sibling controls. This suggests that the
reduction in mEJP frequency is due to a change in the probability
of spontaneous release, not the number of available sites.

CaMKIF*?** animals are defective for transcription/
translation-dependent plasticity of spontaneous release
Neuronal activity is known to regulate evoked release in many
systems, but it can also regulate spontaneous release. At the em-
bryonic Drosophila NMJ, four closely spaced 100 Hz tetani were
shown to produce a large (up to 100X) increase in the rate of
spontaneous release, which lasted for a few minutes (Yoshihara et
al., 2005). The same protocol at the third instar NM]J produces a
qualitatively similar, but smaller (1.5-2X) increase (Barber et al.,
2009; Cho et al., 2015). In contrast to this acute, short-lived reg-
ulation of mEJP rate by a single train of stimuli, long-lasting
(hours) increases in mEJP frequency can be produced by apply-
ing multiple spaced stimuli with 15 min intervals. This long-term
change in mEJP rate was shown to require both transcription and
translation (Ataman et al., 2008), suggesting that it may depend
on mechanisms similar to those that differentiate long-term from
short-term memory (Sweatt, 2016).

To determine whether maternally transcribed CaMKII
mRNA was sufficient for this type of plasticity, we subjected third
instar larval fillets with the CNS intact to a spaced depolarization
protocol. Five washes of saline containing 90 mm K™ were ap-
plied with 15 min interstimulation intervals (schematic in Fig.
5D). In sibling control larva, this protocol induced an increase in
mEJP frequency of similar magnitude to previous reports (Fig.
5A) (Ataman et al., 2008). The increase in mEJPs in control ani-
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Figure3.

Maternal CaMKII does not localize normally in CaMKIF*?** null mutants, but overall morphology is normal. Levels of CaMKIl were variable between individual third instar larvae, likely

due to differences in maternal mRNA levels. A, B, Images are for animals with relatively high levels of CaMKII. A, CaMKI/ mutants lack synaptic CaMKII. Confocal stacks of mutant (left) and WT (right)
third instar NMJs stained with anti-CaMKIl (1:500 88) and anti-DIg (1:50 mouse monoclonal 4F3). Samples were dissected, processed, and imaged concurrently with identical settings. Scale bar,
20 um. Mutant animals have normal axonal levels of CaMKII but have no synaptic kinase. B, NMJ morphology is normal in CaMKIF*?** -null mutants. Third instar larval NMJs were stained with
anti-Dlg and anti-HRP, and muscles 6/7 in segment A2 were visualized using a confocal microscope. Left panels, Mutant NMJ. Right panels, Sibling control animal homozygous for the GFP marker
chromosome. Scale bar, 25 wm. €, Bouton number is not altered in CaMKll-null animals. D, Postsynaptic area, as assessed by the measuring the extent of DIg immunoreactivity, is unchanged in
CaMKil-null animals. E, Muscle area s slightly decreased in CaMKll-null animals. The areas of muscles 6 and 7 were assessed using Image Fiji. N = 18 muscles for CaMKIF®** and 16 for WT sibling

controls. *p << 0.05 (Student’s ¢ test).

mals was abolished by incubation of the preparation with either
100 mM cycloheximide or 5 mM actinomycin. Spaced depolariza-
tion was completely unable to induce a change in mEJP rate in
CaMKIF"P"* larvae (Fig. 5B). Notably, the basal mini-rate was
significantly lower in CaMKIT**?"* larvae compared with sibling
controls (p < 0.05, two-way ANOVA, Bonferroni post hoc test).
None of the treatments affected mEJP amplitude in a statistically
significant manner (p > 0.05, two-way ANOVA, Bonferroni post
hoc test; data not shown). These data suggest that new synthesis of
CaMKII may be critical to plasticity of spontaneous release.

It was still possible, however, that the failure of null animals to
show mEJP plasticity could be due to their overall lower level of
CaMKII activity rather than a specific requirement for newly

synthesized kinase. To determine whether the absolute level of
enzymatic activity was critical for this type of plasticity, we per-
formed the spaced depolarization protocol on ala2 larvae. These
animals express a CaMKII inhibitor peptide under control of a
heat shock promoter, which results in a significant but incom-
plete inhibition of CaMKII (~25% decrease), and they have de-
fects in CaMKII-dependent physiology and behaviors, even at
room temperature (Griffith et al., 1993). As previously reported
(Griffith et al., 1994), these animals had spontaneous synaptic
activity, indicating that the ala peptide was expressed (data not
shown). Spaced depolarization was able to elicit a significant in-
crease in mEJP frequency in ala2 animals (Fig. 5C). Together,
these results demonstrate that a global reduction of CaMKII
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Figure 4. CaMKIF*”" ™ -null mutants have decreased mEJP frequency. 4, EJPs are normal in the CaMKIF“”** mutant. A 1

10 Hz stimulus delivered to the segmental nerve produces a train of EJPsin both WT and CaMKIF*? * larvae. Left, Data are average
of 50 traces per genotype. Facilitation/depression indices were not affected by genotype (data not shown). Right, Amplitude of the
first EJPin the train was not affected by genotype. Data are mean == SEM and were analyzed using Student’s t test (p > 0.05); N =
10. B, mEJP frequency is decreased in the CaMKIl mutant. Left, Example traces of mEJPs recorded from muscle 6. Middle, mEJP
amplitude was not affected by genotype. Right, mEJP frequency is significantly decreased in CaMKll-null larvae. Average RMP:
—62.37 (for sibling control animals); —61.18 (for CaMKIF©** animals). Data are mean + SEM. *p << 0.05 (Student’s t test).
N = 10. C, Release site number is not changed in the CaMKIl mutant. Third instar larval NMJs were stained with mAb nc82, which
recognizes Brp, and anti-DIg to visualize synapses. Left panels, Sibling control NMJ. Right, CaMKIF®?** mutant NMJ. Scale bar,
5 jum. The number of nc82 ™ puncta per wm 2 of Dig staining was assessed and data tested for significance using Student’s ¢ test

(p>0.05). N = 16 for CaMKIF””** and 14 for WT sibling controls.

activity is not sufficient to block mEJP plasticity. Thus, the reduc-
tion of total CaMKII in the mutant is not likely the source of the
mEJP phenotype. The loss of some other feature of zygotically
expressed CaMKII is the key factor.

Maternal and zygotic CaMKII mRNAs have different 3'UTRs
Although CaMKII levels in our mutant were reduced, and vari-
able between animals, the ability of ala2 animals to increase mEJP
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rate argued that the failure of mutants to
show this plasticity was not linked to the
absolute level of CaMKII activity. Inter-
estingly, developmental profiling shows
that CaMKII mRNA from very early em-
bryos lacks the long 3'UTR found in zy-
gotically transcribed mRNA (Attrill et al.,
2016). Using 3" RACE PCR, we confirmed
that early embryos have only the short
3'UTR form, whereas adult heads have
both short and long forms (Fig. 6B). In
mammals, the 3’UTR of the CAMK2A
gene has been shown to regulate localization
and translation of the mRNA (Mayford et
al., 1996; Steward and Halpain, 1999; Rook
et al., 2000), raising the possibility that the
fly 3"UTR might be regulatory.

* To test the idea that the long 3'UTR
I form of mRNA was required for normal
development and function, we generated
a mutant genomic rescue fosmid (Fs AUTR)
lacking the long UTR sequences (Fig. 6A).
This fosmid still contains the proximal
polyadenylation site and is capable of gen-
erating a zygotic short 3'UTR mRNA.
Larval CaMKII levels in this genotype,
as assessed by immunoblotting, were
not significantly different from Fs™'
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h.s. (Fig. 6C). This transgene can rescue vi-

| ability of the null mutant, but not to the
level of the WT fosmid. The number of
null animals in the presence of Fs*V™® is
~60% of the Mendelian expectation
(Table 2).

Because CaMKII is expressed in
many tissues in Drosophila (Griffith and
Greenspan, 1993), we were also inter-
ested in whether exclusively neuronal
expression of a short 3'UTR form could
rescue viability. Driving expression of a
CaMKII-GFP ¢DNA with a truncated
3'UTR in neurons using nsyb-GAL4 also
partially rescues viability (data not
shown). Together, these results indicate
that lethality of the null mutant is pri-
marily due to lack of new synthesis of
the CaMKII protein. Production of
CaMKII protein in the nervous system
alone with a short 3"UTR mRNA is suf-
ficient for viability, suggesting that the
long 3'UTR form has a specialized func-
tion. This specialized function likely
contributes to the overall health of the
animal, but it is not required for pro-
gression through metamorphosis.

The long 3'UTR form of CaMKII mRNA is required for basal
and regulated spontaneous release

To determine whether the long 3'UTR contributed to the setting
of basal mini-rates and activity-dependent plasticity of minis, we
recorded spontaneous activity from Fs " and Fs*V"™™ NMJs. Fig-
ure 6D shows that basal mE]JP frequency was reduced in animals
rescued with Fs2Y™®, mEJP rates in animals rescued with the WT
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fosmid were comparable with those found
in +/+ sibling control animals (compare
Fig. 6D and Fig. 4B), indicating that add-
ing back the normal CaMKII gene can re-
store mini-rates to WT levels.

To test the role of the long 3'UTR in
plasticity, we applied the spaced depolar-
ization protocol to the two rescue geno-
types. Whereas rescue with the WT
genomic transgene completely restored
plasticity to CaMKII-null animals, addi-
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tion of a fosmid lacking long 3'UTR se-
quences did not (Fig. 6E). These data
demonstrate that the long 3'UTR of the
CaMKII mRNA is essential for regulation
of spontaneous activity.
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The long 3’ UTR form of CaMKII
mRNA is not essential for

synaptic localization

In mammals, concentration of CaMKII at
synapses can occur as a result of multiple
processes, including local translation of
mRNA, which requires UTR sequences
(Mayford et al., 1996; Aakalu et al., 2001),
and activity-dependent translocation of
CaMKII protein, requiring both cytoskel-
etal and synaptic binding partners (Shen
et al., 1998; Shen and Meyer, 1999; Dose-
meci et al, 2001). In adult fly brain,
3'UTR sequences appear to be sufficient
to target mRNA to dendrites where it can
be translated locally, but do not have a
role in presynaptic localization of the ki-
nase (Ashraf et al., 2006). In larva, local-
ization of CaMKII to presynaptic terminals does not require the
3'UTR, but it is used to regulate activity-dependent local trans-
lation in that compartment (Nesler et al., 2016). To determine
whether the localization defect in the null animals was due to a
3'UTR-dependent process, we stained NMJs from null mutant
animals rescued with the full-length CaMKII gene (Fs"") and
null animals rescued with the form lacking the long 3'UTR
(Fs*V™) for CaMKIL

Figure 6F shows single confocal sections of third instar NM]Js
stained with antibodies to Dlg, a postsynaptic marker, and anti-
CaMKIL In both Fs"" and Fs*Y™ animals, there is clear colo-
calization. Two examples are shown for each genotype. Figure 6G
shows single sections of NMJs stained with antibodies against Brp
(a presynaptic marker) and CaMKII. As with the postsynaptic
staining, Fs*V™® completely restored presynaptic CaMKII accu-
mulation. The fact that CaMKII can be found both presynapti-
cally and postsynaptically in Fs*“™ NM]Js suggests that the long
3'UTR is not required for synaptic protein localization at the
NM]J. Ventral ganglion neuropil CaMKII levels also appeared
normal in Fs*Y"™® animals (data not shown), indicating that lar-
val central neurons also do not require the long 3"UTR to basally
localize CaMKII to synapses or to produce normal levels of
CaMKII (Fig. 6C).

These data indicate that the localization of CaMKII protein to
larval synapses must have multiple levels of regulation in Dro-
sophila, as it does in mammals. Proper synaptic accumulation in
larvae appears to correlate more strongly with new transcription
of the CaMKII gene than with mRNA structure. There are a num-
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CaMKIF P~ -null mutants fail to show activity-dependent increases in mEJP frequency. 4, Spaced depolarization of
WT sibling control animals increases mEJP frequency in a transcription- and translation-dependent manner. Inclusion of 5 mm
actinomycin (ACT) to block transcription or 100 mm cycloheximide (CHX) to block translation completely prevented activity-
dependent increases in mEJP frequency in WT animals. N = 5 per condition. B, CaMKIF*
mEJP frequency in response to depolarization. N = 5 per condition. €, ala2 animals, which globally express a CaMKll inhibitor
peptide, show normal mEJP plasticity. N = 5. D, Schematic of experimental procedure, as modified from Ataman et al. (2008).
Five pulses of high K * were delivered over the course of 1.5 h with rest intervals of 15 min between pulses (5 K ™). The control
treatment (Con) consisted of the same protocol but with pulses of normal HL3. Drugs were delivered in normal HL3 with the control
protocol. RMP for 4/ sibling animals (Con, 5X K ™, ACT, ACT5X K ™, CHX, CHX 5 K *) inmV as follows: —61.25, —63.58,
—62.16, —65.85, —64.24, —62.37, respectively. Average RMP for CaMKIF®** animals (Con, 5< K, ACT, ACT5X K, CHX,
CHX5X)inmV as follows: —66.68, —64.52, —62.88, —61.33, —62.08, —65.19, respectively. Data were analyzed by two-way
ANOVA with genotype and treatment as main effects and pairwise comparisons made using Bonferroni and Holm—Sidak post hoc
tests with o = 0.05. Data are mean == SEM. * p << 0.05, significant difference from all other conditions for that genotype. mEJP
amplitude was unchanged by genotype or condition (data not shown).

P+ animals do not exhibit increased

ber of possible reasons for this, which center around mRNA pro-
cessing and transport (see Discussion), but it is important to note
that we do not yet know where or how the mRNA for CaMKII is
localized in the larva, and this information will be critical for
formulation of models for CaMKII distribution. In any case,
these results strongly imply that simply localizing the kinase pro-
tein to the synapse is insufficient to support plasticity of sponta-
neous release and that some other property of the 3'UTR is
required.

Regulation of translation of zygotic CaMKII mRNA is critical
for plasticity
Translation is known to be required for plasticity of spontaneous
release (Ataman et al., 2008) (Fig. 5A). Recently, it has been
shown that activity can induce local increases in CaMKII levels at
the NMJ in a translation-dependent manner (Nesler et al., 2016).
This is thought to occur by release of CaMKII mRNA from trans-
lational suppression by miR-289 (Nesler et al., 2013). Interest-
ingly, the maternal short 3'UTR form of CaMKII mRNA does
not contain an miR-289 binding site, suggesting that activity-
dependent regulation of local translation acts exclusively on zy-
gotically transcribed CaMKII mRNA. To examine the possibility
that miR-289 regulation of the long UTR form of CaMKII is
required for plasticity of spontaneous release, we overexpressed
miR-289 presynaptically using OK6- or c¢380-GAL4 and postsyn-
aptically using C57-GAL4. In these experiments, all animals have
an intact CaMKII gene.

Figure 7 shows that postsynaptic overexpression of miR-289
completely blocks activity-dependent increases in mini-rate
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Figure 6. Thelong 3'UTRis required for normal mEJP rates but is not required for CaMKII synaptic localization. A, Diagram of
the3” end of the CaMKll gene. B, 3’ RACE of the CaMKII 3" UTR from 0 —2 h embryonic and adult head mRNA. Both along and a short
3'UTR are found in adult (arrows), whereas the form containing the long 3'UTR is not expressed in maternal RNA. Bands were
cloned and sequenced to confirm identity. €, CaMKIl levels from Fs ™" and Fs 2™ larvae are not significantly different. Blots from
extracts of 10 independent biological replicates were probed with anti-CaMKIl (1:1000, rabbit 88) and anti-actin (1:1000 mouse
mAb (4). Total CaMKII signal was normalized to actin and compared. p > 0.5 (Student’s ¢ test). D, Spontaneous activity was
recorded from homozygous CaMKIF*?* mutants with chromosome 3 rescue fosmid transgenes containing either the WT CaMKil
gene (Fs"'") or a CaMKIl gene lacking long 3’ UTR sequences (Fs “™). Fs U™ fails to rescue the CaMKIF©”+ mEJP phenotype
(Fig. 48). n = 15 for both Fs"'" and Fs2U™®. Data are mean = SEM. *p << 0.05, significant difference (Student’s t test). mEJP
amplitude was not significantly different (data not shown). Average RMPs for Fs " and Fs “U™ were not significantly different, in
mV as follows: —63.52, —62.92, respectively. E, A spaced depolarization protocol was applied to Fs " and Fs 2U™® lines. Fs AUT®
fails to rescue mEJP plasticity. n = 6 for each genotype. Data are mean == SEM. *p << 0.05, significant difference from all other
conditions for that genotype (Student’s ¢ test). Basal and spaced depolarization-induced mEJP amplitudes were not significantly
changed by genotype or condition (data not shown). Average RMPs were not significantly different between control and 5 K
conditions for either genotype. In mV after protocol: —64.17, —63.84 for Fs T and Fs U™ respectively. F, Postsynaptic CaMKI|
localizes normally in animals rescued with a fosmid transgene lacking long 3"UTR sequences. Single confocal sections of mutant
animals rescued with a WT fosmid transgene (Fs"", top) and a fosmid lacking long UTR sequences (Fs U™, bottom). Two
examples of each genotype are shown. Third instar NMJs were stained with anti-CaMKII and anti-DIg. Samples were dissected,
processed, and imaged concurrently with identical settings. Scale bar, 10 um. G, Presynaptic CaMKIl localizes normally in animals
rescued with a fosmid transgene lacking long 3" UTR sequences. Single confocal sections of mutant animals rescued with a WT
fosmid transgene (Fs ", top) and a fosmid lacking long UTR sequences (Fs““T®, bottom). Two examples of each genotype are
shown. Third instar NMJs were stained with anti-CaMKIl and anti-Brp. Samples were dissected, processed, and imaged concur-
rently with identical settings. Scale bar, 10 wm.

compared with GAL4/+ and UAS/+ controls (p < 0.5, two-way
ANOVA with Bonferroni post hoc test). Presynaptic expression of
miR-289 with OK6-GAL4 significantly reduces the ability of ac-
tivity to increase mEJP rate (p < 0.05) compared with Canton S
WT and GAL4 and UAS controls, whereas c380-GAL4, a very strong
driver, completely blocks plasticity. These data are consistent
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with translational regulation of synaptic
CaMKII long 3'UTR mRNA being a crit-
ical component of the mechanism of
mEJP plasticity.

Discussion

Maternal CaMKII mRNA allows
initiation of normal development in

null larvae but cannot support
metamorphosis

Given the numerous and important func-
tions of CaMKII, it is not unexpected that
loss of CaMKII is lethal by adulthood.
Surprisingly, however, these mutants ap-
pear to be fairly normal with respect to the
structure and function of the nervous sys-
tem in larval stages. This is likely because
Drosophila embryos receive large amounts of
mRNA from maternally derived support
cells in the ovary. Because the maternal
genotype is CaMKITF"?"* /4, this means
that even genetically null oocytes will
contain mRNA encoding CaMKII. This
mRNA is able to provide normal initial
levels of the protein (Fig. 2A4); and accord-
ingly, there is no lethality during embry-
onic development (Table 3).

By late larval stages, the amount of
CaMKII falls, reflecting either degrada-
tion or dilution of maternally encoded ki-
nase. By the time animals reach third
instar, functional problems can be seen at
the NMJ, and there is significant lethality.
The severely reduced CaMKII level in pupal
stages blocks the ability to complete meta-
morphosis. Production of new CaMKII
mRNA is clearly necessary for continued vi-
ability as the animal enters this stage.

One major difference between the ma-
ternal and zygotic mRNAs is that the
maternal message has a truncated 3'UTR
(Fig. 6A,B) and lacks sequences known
to confer post-transcriptional regulation
(Ashraf et al., 2006; Nesler et al., 2016).
Interestingly, viability does not seem to
require the long 3'UTR. Animals contain-
ing either a rescue fosmid lacking long
UTR sequences or expressing a neuronal
transgene with a truncated UTR are able
to reach adulthood and reproduce. This
suggests that producing new protein is
sufficient for survival through metamor-
phosis and that the long UTR form has a
specialized role. This underscores the
need for future studies to use cell-specific
and temporally controlled genetic manip-
ulations of kinase protein and mRNA
structure.

The CaMKII-null NMJ phenotype differs from that of animals
expressing CaMKII inhibitors

The ability to obtain CaMKII-null third instar larvae allowed us
to characterize both the structure of the NM]J and its function in
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Figure 7. miR-289 overexpression attenuates activity-dependent increases in mEJP fre-

quency. Spaced depolarization protocol was performed with Canton S control animals, and
animals overexpressing miR-289 presynaptically (B) in motor neurons (0K6- and (380-GAL4)
and postsynaptically (A) in muscles (C57-GAL4). RMPs for Canton S Con, Canton S5 K *, Pre
GAL4 Con, Pre GAL4 5% K *, Post GAL4 Con, Post GAL4 5X K ™, UAS Con, UAS5X K ™, Pre
miR-289 Con, Pre miR-289 5< K ™, Post miR-289 Con, PostmiR-289 5 K *,inmV as follows:
—63.87, —62.39, —65.41, —64.68, —63.93, —64.45, —66.46, —64.94, —62.78, —64.56,
—63.77, —66.31, respectively. Data were analyzed by two-way ANOVA with genotype and
treatment as main effects and pairwise comparisons made using Bonferroni post hoc test with
o = 0.05. Data are mean = SEM. Control condition was not significantly different across
genotypes. *Significant difference from the other condition for that genotype. *Significant
difference from WT, UAS, and GAL4 controls for that condition. mEJP amplitude was not signif-
icantly changed by genotype or condition (data not shown). RMPs were not significantly differ-
ent between control and 5 K * conditions.

the absence of zygotic transcription. What was immediately ob-
vious was that the phenotypes of the null animals did not resem-
ble the phenotypes reported for animals expressing CaMKII
inhibitors or RNAi, manipulations that should affect CaMKII
activity levels regardless of the mRNA template. Null animals had
no obvious morphological defects or changes in excitability or
evoked release (Figs. 3, 4), only a decrease in the rate of sponta-
neous release (Fig. 4B). In contrast, in animals with strong post-
synaptic inhibition of CaMKII, an increase in mini-rate was
reported, likely due to an increase in the number of presynaptic
release sites (Haghighi et al., 2003). In the CaMKII-null, the num-
ber of release sites, as assessed by staining for Brp, is unchanged
(Fig. 4C), indicating that the decrease in minis is due to an alter-
ation in release probability. These qualitatively distinct pheno-
types suggest that inhibition of CaMKII enzymatic activity is not
the same as loss of zygotic transcription on a background of ma-
ternally provided kinase.

On the face of it, these differences are surprising because both
types of manipulation (transgenic inhibition of CaMKII and loss
of new transcription of the gene) should produce animals with
reduced CaMKII enzyme activity. What might account for these
differences? One possibility is that the absolute levels of CaMKII
activity might be different. This would imply that different mag-
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nitudes of activity loss have qualitatively distinct effects. This
possibility seems unlikely, however, given previous findings with
the heat shock-driven ala lines where different levels of peptide
inhibitor were tested: high and low levels of ala expression did not
differ qualitatively, only in severity (Griffith et al., 1994). A sec-
ond possibility is that the time window in which CaMKII activity
is lost is the key difference between the two manipulations. Ex-
pression of inhibitors using GAL4 lines that turn on early in
development could reduce activity earlier than slow depletion of
maternal mRNA does. This would imply that early loss of
CaMKII activity has qualitatively different effects than later loss.
A third possibility is that RNAi and inhibitor peptides have off-
target effects, perhaps on CaMK]I, a poorly studied enzyme in the
fly. A fourth possibility, and one we favor, is that inhibition and
mutation might be different because they disrupt distinct pools of
CaMKII, which are specified by both transcriptional and transla-
tional mechanisms.

How is CaMKII from newly transcribed mRNA distinct from
that encoded by maternal mRNA?

Maternal CaMKII mRNA differs in two ways from zygotic
mRNA. First, it differs in structure. Drosophila CaMKII has mul-
tiple polyadenylation sites and can have either a short or long
3’UTR. Based on publicly available RNA seq datasets (Attrill et
al., 2016) and 3" RACE PCR (Fig. 6B), mRNA from 0-2 h em-
bryos (which reflects maternal contribution) contains exclusively
the short 3'UTR. The RNA seq data also suggest that it originates
from a distinct transcription start site and differs in its 5'UTR.
The second difference is that zygotic mRNA has a different his-
tory. Maternal mRNA is synthesized in the nuclei of ovarian
nurse cells and never sees the inside of a neuronal nucleus. For
CaMKII (Hillebrand et al., 2010) and other mRNAs (Packard et
al., 2015), the association with mRNA transport machinery oc-
curs in the nucleus. Newly transcribed nuclear mRNAs therefore
have preferential access to the machinery that mediates RNA
localization. This machinery can be cell type-specific and change
over development, meaning that maternal mRNA, even if it has
the correct regulatory sequences, may not be competent to local-
ize correctly. Thus, although maternal and zygotic CaMKII
mRNAs encode the same protein, they do not contain the same
regulatory information and may not have the same access to lo-
calization or processing factors.

How do these two differences influence neuronal structure
and function? CaMKII-null mutants have two obvious defects:
(1) a decrease in basal and stimulated mE]JP rate and (2) a lack of
synaptically localized CaMKII. These two deficits appear to be
mechanistically distinct. Rescue of synaptic localization was seen
with both the WT gene and a fosmid lacking long UTR sequences
(Fig. 6F,G). Localization is therefore 3"UTR-independent but
appears to require newly transcribed mRNA. Whether this is due
to an mRNA-based mechanism (transport of mRNA to synaptic
sites and local translation), or whether it is due to preferential
transport or diffusion of protein synthesized in the soma from
new mRNA templates, will require further investigation.

In contrast to synaptic CaMKII localization, the presence of
the long 3'UTR is absolutely required for establishing a normal
basal level of spontaneous release, and for activity-dependent
increases in mEJP rate (Fig. 6 D, E). This plasticity is translation-
dependent and is suppressed by miR-289 (Fig. 7), which has been
previously shown to regulate activity-dependent presynaptic syn-
thesis of CaMKII at the NMJ (Nesler et al., 2016). The partial
suppression we see with presynaptic miR-289 could be due to
relative expression levels of the mRNA and miR or to a require-
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ment for other regulators. The postsynaptic suppression of plas-
ticity points to involvement of CaMKII-dependent retrograde
signaling in spontaneous release. Together, however, these data
imply that there is a population of synaptic long 3"UTR CaMKII
mRNA that is locally translated and acts to increase the probabil-
ity of release. Why newly translated CaMKII is required is un-
known, but in rodent neurons, synaptically synthesized CaMKII
has preferential access to certain binding partners (Walikonis et
al., 2001).

These results also revealed differences between the NMJ and
adult olfactory system synapses. In adult projection neurons, the
3’UTR was required for both localization and activity-dependent
regulation of CaMKII translation in dendrites (Ashraf et al.,
2006). Further investigation of the mechanisms of RNA and pro-
tein localization will be required to resolve these differences, but
itis likely that there will be multiple mechanisms for regulation of
synaptic CaMKII levels.

Regulation of spontaneous release by local CaMKII
Activity-dependent synthesis of CaMKII is clearly a critical
feature of the enzyme and is conserved across species and devel-
opmental stages. Previous work in the adult fly brain has shown
that CaMKII mRNA contains sequences that regulate activity-
dependent translation (Ashraf et al., 2006; Hillebrand et al., 2010;
Sudhakaran et al.,, 2014). Importantly, this was conserved in
mammals where 3'UTR sequences in the CAMK2A gene have
been shown to drive localization (Mayford et al., 1996; Rook et
al., 2000) and activity-dependent translation, although it has
been suggested that there may also be a role for 5'UTR sequences
(Aakalu et al., 2001). The fly will provide a powerful model sys-
tem for understanding how and why CaMKII is targeted to mul-
tiple subcellular compartments.

The discovery that local translation of CaMKII is a key driver
of plasticity of mini-rate also provides a foothold for obtaining an
understanding of this process. Spontaneous release is increas-
ingly being recognized as mechanistically and functionally dis-
tinct from evoked release. The regulation of spontaneous release,
and even the sites at which it occurs, is separate from action
potential-evoked activity (Sara et al., 2005; Sutton and Schuman,
2009; Peled and Isacoff, 2011; Melom et al., 2013; Choi et al.,
2014). These miniature events can regulate nuclear gene expres-
sion (Wheeler and Cooper, 2004) and local translation (Sutton et
al., 2006) and participate in developmental processes, such as
circuit wiring (Zucker, 2005; Kavalali et al., 2011). The depen-
dence of activity-dependent plasticity of spontaneous release on
local translation of CaMKII on both sides of the synapse suggests
that there are complex mechanisms for fine-tuning this impor-
tant type of synaptic activity.
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