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Abstract

Two classic learning mutants in Drosophila, rutabaga (ruf) and dunce (dnc), are defective in
cAMP synthesis and degradation, respectively, exhibiting a variety of neuronal and behavioral
defects. We ask how the opposing effects of these mutations on cAMP levels modify subsets of
phenotypes, and whether any specific phenotypes could be ameliorated by biochemical counter
balancing effects in dnc rut double mutants. Our study at larval neuromuscular junctions (NMJs)
demonstrate that dnc mutations caused severe defects in nerve terminal morphology, characterized
by unusually large synaptic boutons and aberrant innervation patterns. Interestingly, a
counterbalancing effect led to rescue of the aberrant innervation patterns but the enlarged boutons
in dnc rutdouble mutant remained as extreme as those in dne. In contrast to dne, rut mutations
strongly affect synaptic transmission. Focal loose-patch recording data accumulated over 4 years
suggest that synaptic currents in rutboutons were characterized by unusually large temporal
dispersion and a seasonal variation in the amount of transmitter release, with diminished synaptic
currents in summer months. Experiments with different rearing temperatures revealed that high
temperature (29-30 °C) decreased synaptic transmission in rut, but did not alter dncand WT.
Importantly, the large temporal dispersion and abnormal temperature dependence of synaptic
transmission, characteristic of rut, still persisted in drnc rut double mutants. To interpret these
results in a proper perspective, we reviewed previously documented differential effects of dncand
rut mutations and their genetic interactions in double mutants on a variety of physiological and
behavioral phenotypes. The cases of rescue in double mutants are associated with gradual
developmental and maintenance processes whereas many behavioral and physiological
manifestations on faster time scales could not be rescued. We discuss factors that could contribute
to the effectiveness of counter balancing interactions between dncand rut mutations for
phenotypic rescue.
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INTRODUCTION

Among the first learning and memory mutants isolated by forward genetic screening,
rutabaga (rut, Duerr & Quinn, 1982) and dunce (anc, Dudai et al., 1976) turned out to affect
the enzymes that regulate cAMP metabolism. The rut gene encodes Ca2*/calmodulin-
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activated adenylyl cyclase (AC; Levin et al., 1992) and drnc codes for cCAMP specific
phodphodiesterase (PDE; Chen et al., 1986), which are responsible for synthesis (Dudai et
al., 1983; Dudai & Zvi, 1984, Livingstone et al., 1984) and degradation (Byers et al., 1981;
Davis et al., 1981; Kauvar 1982) of CAMP, respectively.

Later studies have shown that altered cAMP levels in these mutants lead to not only memory
deficiencies, but also a wide range of defects in neuronal development and function. In
cultured neurons, dncand rut displayed abnormalities in growth cone motility (Kim & Wu,
1996), neurite arborization (Peng et al., 2007), spike patterning (Zhao & Wu 1997), and
Ca?* signalling (Berke & Wu 2002). In larval neuromuscular preparations, altered
phenotypes include alterations in motor terminal growth (Zhong et al., 1992; Zhong & Wu
2004), synaptic transmission (Zhong & Wu, 1991; Renger et al., 2000; Ueda & Wu, 2009),
and ionic membrane currents (Zhong & Wu, 1993; Bhattacharya et al., 1999). In the adult
CNS, modified habituation in an escape reflex circuit (Engel & Wu, 1996) and altered
developmental processes of mushroom bodies (Technau 1984; Balling et al., 1987) have
been implicated in the mechanisms of learning and memory deficiencies (Dudai et al., 1976;
Tully & Quinn 1985; Gong et al., 1998; Gailey et al., 1984; Aceves-Pina et al., 1979).

Because of the opposing effects on cAMP levels by dncand rut, one might expect that their
phenotypes can be partially compensated and become milder in dhc rut double mutants.
Such counterbalancing effects have been demonstrated between mutations with opposing
effect on membrane excitability. For example, reduction in Na* channel expression caused
by the nap® mutation effectively suppresses leg-shaking (Sh, eag, and Hk) and bang-
sensitive (bss, bas, eas, and knad) hyperexcitability phenotypes through their
counterbalancing effects on nerve membrane excitability (Ganetzky & Wu, 1982a, b;
Budnik et al., 1990). Indeed, rescue of certain phenotypes in double mutants has been
documented. For example, the increased numbers of terminal varicosities and branches in
anc larval neuromuscular junctions (NMJs) can be suppressed by rutin dnc rut double
mutants (Zhong et. al., 1992) and the retarded growth cone motility of dncand rutneurons
in culture is partially restored in double mutants (Kim & Wu, 1996). On the other hand,
many mutant phenotypes remain conspicuously abnormal in cultured neurons and in the
adult giant fiber (GF) escape circuit in dnc rut double mutants. The erratic firing patterns of
cultured neurons in anc rutare as extreme as those in the corresponding single mutants
(Zhao & Wu, 1997) and the altered habituation of adult GF escape circuit becomes even
more extreme in adnc rutflies (Engel & Wu 1996). Similarly, the performance index for
olfactory classical conditioning is further decreased in dnc rut compared to either single
mutant (Tully & Quinn, 1985; Feany, 1990). However, there has been no report on the
effects of combining dncand rut on their physiological phenotypes in the larval preparation
of the double mutants. This gap in the study of dncand rut mutant phenotypes prompted us
to examine previously unexplored interactions between dncand rut at the larval NMJ. A
wealth of background knowledge for development and function of this preparation allows a
detailed investigation into cellular phenotypes exhibited in dnc rut double mutants. Here we
report striking alterations in synaptic structure and transmission at the single-bouton level in
ancand rut mutants and describe phenotype-specific rescuing effects of combining dhnecand
rutmutations in double mutants.

MATERIALS AND METHODS
Drosophila Stocks

The Drosophila melanogaster stocks used include a wild-type (WT) strain Canton-S and
mutant alleles of rutabaga (rutl, ruf, and rut?%4, dunce (anct, dncV*L, and dncV24), and
anc rutdouble mutant combinations (anc! rut, dncM4 rut). Use of independent isolates of
mutant alleles helped exclude the possibility of phenotypic contributions from unidentified
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second-site genetic variations. These lines have been previously described (Renger et al.,
2000; Zhong et al., 1992; Kim & Wu, 1996; Peng et al., 2007). GAD-RFP is a generous gift
from Dr. Paul Salvaterra.

Fly stocks were maintained at room temperature. However, the building room temperature
varied significantly over the seasons between 1997 and 2001, as low as 15 °C during winter
and as high as 30 °C during summer. Focal recording was carried out during this period.
Intracellular excitatory junctional potential (ejp) recording was performed after 2002 when
the building temperature was maintained at 22 to 24 °C throughout the year. To examine the
effect of rearing temperature, we compared the stocks maintained at room temperature with
those reared in 29-30 °C incubators (Fig. 5).

Larval Neuromuscular Preparations and Physiological Solutions

Post-feeding third instar larvae were dissected in Ca2* free HL3 saline (Stewart et al., 1994)
containing (in mM) 70 NaCl, 5 KCI, 20 MgCl,, 10 NaHCOg, 5 Trehalose, 115 Sucrose, and
5 HEPES, at pH 7.2. For physiological recordings, we used either HL3 (focal recording in
Figs. 2, 3, 4, and 6) or HL3.1 (Feng et al., 2004), which have the same ionic conposition
except for a reduced Mg2* concentration (4mM, whole cell excitatory junctional potential
recordings, Fig. 5). The final Ca* concentration in recording saline is specified for each
experiment. To evoke nerve action potentials and ejcs, the segmental nerves were severed
from the ventral ganglion and stimulated with a suction electrode (10 wm inner diameter)
through the cut end. Stimulation amplitude was adjusted to 2.0 to 2.5 times the threshold
voltage to ensure a uniform stimulation condition among experiments. Stimulus duration
was 0.1 or 0.5 ms.

Focal Loose Patch-Clamp Recording

Extracellular focal recordings were performed as described previously (Renger et al., 2000;
Ueda & Wu, 2009). Briefly, fire-polished focal recording electrodes with inner diameter of
4-8 um and outer diameter of 15-20 um were filled with HL3 saline and were placed over
type | boutons on muscle 13. The pipette opening typically covered one type Ib bouton. Ejc
signals were picked up with a loose-patch clamp amplifier (Patch Clamp 8510; Zeitz
Instruments, Munich, Germany) and stored on VCR tapes with a Pulse Code Modulator
(Neuro Data, model Neuro-Corder DR-384, New York, NY). All trials contained a
calibration pulse to determine the electrode series and seal resistance in order to correct for
current leakage at the pipette tip (Renger et al., 2000; Kurdyak et al., 1994). In rare
occasions, biphasic currents have been observed and they were excluded from data analysis.

Whole-cell excitatory junctional potential (ejp) recording

Nerve-evoked neurotransmitter release were also recorded intracellularly from postsynaptic
muscle fibres 6 and 7 for experiments in Figures 5. Intracellular glass microelectrodes were
filled with 3 M KCI and had a series resistance of about 60 MQ. Ejps were picked up with a
direct current pre-amplifier (model M701 micro-probe system, WPI, Conn., USA, and an
additional custom-built amplifier).

Morphological examination of larval NMJs

To examine the morphology of NMJs, we performed immunostaining with anti-HRP
antibodies and also employed the GAD-RFP line, in which red fluorescence protein (RFP) is
expressed in motor neurons under the control of glutamic acid decarboxylase promotor
(Featherstone et al., 2000). We crossed X*X; GAD-RFP with the X-linked dnc, rut, or dnc
rutmutant and WT males, and the male progeny was examined. These approaches produced
comparable results of NMJ morphology in WT and mutant larvae. To quantify bouton size,
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anti-HRP staining images were collected with a high resolution lens to allow more precise
measurements (for data shown in Fig. 1A, B). The FITC conjugated anti HRP antibodies
were obtained from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). The
detailed protocol for anti-HRP staining of nerve terminals has been described previously
(Lee et al., 2008).

Statistical Analysis

RESULTS

As described in the Results, ANOVA, student t-test, and Wilcoxon rank test with sequential
Bonferroni adjustment for multiple comparisons were carried out.

Morphological alterations of nerve terminals caused by dnc and rut mutations

During the course of focal synaptic current recording under the Nomarski optics, we noticed
striking alterations in bouton structures and motor terminal branch morphology not
previously reported in anc mutant larvae. We were prompted to analyze the morphology of
individual boutons and axonal terminal projection patterns in drncand rutsingle and double
mutants in order to extend the previously described defects in gross branching pattern and
bouton number (Zhong et al, 1992; Zhong & Wu, 2004). We focused our analysis on the
identified motor terminals in muscle 13 of abdominal segments 3-5 to obtain uniform
samples across different genotypes (anc, dncM1 ancM4, rut, rutt%4, ruf, ancl rut,
anc"4 rytl),

In our morphological studies, we visualised motor terminals with anti-HRP staining and
RFP expression in GAD-RFP larvae (see Methods). These two protocols produced
consistent results and the data were pooled for the analysis of terminal projection pattern.
The first notable abnormality in drncterminal branches was a higher frequency of
encountering unusually large boutons. Greatly increased bouton diameters were found in
ancMI and dncV4, as measured by the largest bouton in each terminal branch (Fig. 1A, B.
To quantify bouton size, anti-HRP staining images were collected with a high resolution
lens to allow more precise measurements.). Some enlarged boutons were also found in rut
although to a lesser degree of diameter increase (Fig. 1A, B). Another defect was that the
motor axon often bifurcated before reaching the postsynaptic muscle, resulting in multiple,
ectopic nerve entry points (Fig. 1C). Such defects in drncwere restricted to type Ib nerve
terminals whereas their type Is terminals were morphologically indistinguishable from those
in WT, indicating that dnc preferentially affects certain types of motor neurons. Our
observation is consistent with the previous report of an increased higher order branches in
anc (Zhong et al., 1992, defects in type 11 terminals based on their small bouton size and
branch locations).

We also observed another defect possibly derived from altered neuronal path finding in dnc,
as indicated by abnormal projection patterns of Ib in relationship to Is motor terminals. In
WT larvae, Ib motor terminals are closely associated with Is, running in parallel upon
entering the target muscle (Fig. 1A). A similar case of close association of two types of
motor terminal branches (tonic and phasic, homologous to type Ib and Is) has been described
in crayfish muscles (Bradacs et al., 1997). We found that this pattern was not altered in rut
larvae. However, in all three dncalleles, the 1b terminal could run at a large angle away
from the Is projection, resulting in a large separation between Ib and Is terminals. In more
extreme cases, Ib branches entered the muscle cell at distant locations away from the Is
terminal entry point (Fig. 1A). We quantified the degree of Ib-Is separation by measuring
the distance from the tip of the Ib terminal to the Is branch (Ib is generally shorter than Is).
The median distance for WT was 5 um (25 ~ 75 % = 2.5 ~ 13 um; the number of NMJs =
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68) while that for dncwas 13 um (25 ~ 75 % =5 ~ 20 um, N = 59, p < 0.01; rank-test with
sequential Bonferoni correction). In contrast, the median for rutwas 4.5 pm (25 ~ 75 % =
2.5~7.9 um, N = 56) and was indistinguishable for that for WT (p > 0.05). These
characteristic defects observed in adrnc strongly suggest that abnormal levels of cCAMP disrupt
motor nerve terminal path finding and target interaction.

Counterbalancing effects of dnc and rut mutations on NMJ morphology

We asked whether any of the above developmental defects caused by defective cCAMP
degradation in dnc could be counterbalanced by disrupted cAMP synthesis caused by the rut
mutation. Effects of their genetic interaction on specific phenotypes can be evaluated in dnc
rutdouble mutants. The statistics presented in Figure 1 demonstrate that the ectopic multiple
entry points of Ib terminal branches observed in drncbecame less abundant in double
mutants, consistent with a counterbalancing effect of rut (Fig LAC). Furthermore, the
separation between Ib and Is characteristic of dnc mutants became less striking as well in
double mutants (The median of the distance between Ib tip to Is was 7.9 um; 25 ~ 75 % was
5.0 ~ 10 wm; N = 38, p > 0.05 for the comparison with WT). However, not all of the above
morphological defects could be rescued by combining dncand rutin double mutants. The
enlarged bouton size remained in double mutants, to an extent similar to that in dnc larvae
(Fig. 1B).

These results suggest that the regulatory mechanisms of cCAMP for motor axon path finding
during terminal branch formation may be distinct from that for synaptic bouton
differentiation or growth. It should be noted that in Figure 1B, only the size of the largest
bouton in each terminal branch is presented, which displays considerable variability in dnc
and in dnc rut. The overall bouton size distribution within individual terminal branches was
also wide spread in dncand remained so in dnc rut (data not shown). As a whole, altered
cAMP degradation in dncresulted in more severe modifications in synaptic bouton
morphology and axonal terminal projection pattern than disrupted cAMP synthesis caused in
rut, which lead to only mild defects (Fig. 1).

Focal recording of synaptic currents in dnc and rut neuromuscular junctions

Compared to morphological consequences, synaptic function at larval NMJs appeared to be
more severely affected by rutthan dnc mutations. We previously reported altered properties
of synaptic transmission as characterized by focal patch recording in dncand rut larvae
(Renger et al., 2000; Ueda & Wu, 2009). In the present study, we employed patch electrodes
of relatively large bores to monitor local activity of synaptic boutons along presynaptic
terminal branches. This enabled us to detect activities in both 1b and Is terminals that ran in
close parallel (see Methods and Renger et al., 2000; Ueda & Wu, 2009). Thus we were able
to obtain a larger sample size of compound ejcs composed of contributions from both 1b and
Is boutons in proximity. In a few experiments, we used pipets of smaller bores (less than 10
um outside and about 5 um inside diameter) to sample individual boutons along Ib or Is
branches that ran separately. Notably, the conspicuously large, isolated Ib boutons in dnc
were indeed functional but did not produce significantly lager focal ejcs than other Ib
boutons of smaller sizes (data not shown).

For a given genotype, the compound focal ejcs can vary in amplitude to some extent along
the same terminal branches but much greater variability can be observed among different
branches or preparations (Ueda & Wu, 2009). Figure 2 presents ensembles of focal ejcs at a
proximal site of the terminal branch on muscle 13 in abdominal segments 3 to 5 for each
genotype. Data were collected under HL3 saline containing a physiological concentration of
Ca?* (1.5 mM). As previously shown, the most striking phenotypes in rutwere decreased
synaptic transmission (Fig. 2 AB) along with greatly increased temporal dispersion of
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transmitter release (variation in time to peak, Fig. 2 CD). Another aspect of rutejcs was the
relatively high level of variability about the mean amplitude, as demonstrated by
normalizing SD to mean ejc size (CV in Fig. 2F). Note that Figure. 2A shows representative
superimposed traces of consecutive ejcs for each genotype and such data are rescaled and
plotted sequentially in Figure. 2E to illustrate variability about the mean amplitude. By
comparing properties of dncand rutejcs (Fig. 2), it is apparent that decreased cCAMP levels
caused by rutcould lead to far more striking alterations in synaptic transmission than
increased CAMP levels caused by dinc, consistent with the previous reports (Renger et al.,
2000; Ueda & Wu 20009).

Synaptic transmission in dnc rut double mutants and variability in different genotypes
derived from quantal fluctuation

We examined synaptic transmission in anc rut double mutant larvae to reveal potential
interactions of dncand rut mutations. Interestingly, all aspects of rut defects described above
were either restored to the WT level or considerably ameliorated. In double mutant larvae,
ejc amplitudes became comparable to that in WT (Figs. 2AB); dispersion in transmitter
release timing and fluctuation in release amplitude approached WT levels (Figs. 2C-F;
similar results were observed in ancV24 rut! and dnc! rut, and data from both genotypes
were pooled). Presumably, the abnormal cCAMP levels in dncand rut presynaptic terminals
was at least partially restored in double mutants (Livingston et al., 1984), rescuing a
significant portion of defects in transmission properties. However, more detailed statistical
analyses have provided some insights into the sources of the variability in transmitter release
properties.

We examined how variability in the timing and amount of transmitter release could be
correlated with ejc amplitudes in each mutant genotype as compared to WT. To analyse the
ejc amplitude fluctuation across different amplitude ranges, we plot the CV of ejc amplitude
for individual recording sites against mean amplitude in log-log scale (Fig. 3A). We found a
progressive decrease in CV as mean amplitude increases in the WT sample, as predicted
from the quantal nature of transmitter release, i.e. CV is proportional to sqrt (np(1-p))/np, or
sqrt [(1-p)/np], where n is the number of releasing sites covered by the recording electrode
and p is the probability of release per site and thus np is the mean quantal content for each
ejc (Fatt & Katz, 1952; del Castillo & Katz, 1954). In our linear regression analysis, a
predicted slope of 1/2 fits the data satisfactorily (Fig. 3A). Surprisingly, the rutdata could be
fit by the same regression line (Fig. 3A) despite the rut sample consisted a majority of small
ejcs (Fig. 2B). Furthermore, ejc data from both dncand dnc rut did not deviate substantially
from the regression line fit to the WT data, despite their narrower amplitude ranges (Fig.
3A). Therefore the fluctuation in ejc amplitudes was governed by the statistics of the quantal
nature of release, or vesicular exocytosis of transmitter, regardless of genotypes.

In a similar analysis, we plot SD of time to peak against log mean amplitudes for ejcs
collected at individual recording sites (Fig. 3B). We found significant increase in temporal
dispersion of ejcs in rut compared with WT ejcs across different amplitude ranges, as
indicated by the substantially increased slope of the rutregression line than that of WT (Fig.
3B). Although ejcs of dncand dnc rutwere of larger amplitudes than those of rut, their SD
of time to peak was still greater than WT for the respective amplitude range. Notably, the
regression lines for these mutants lie above that for WT control (Fig. 3B).

Therefore, this extended statistical analysis enabled the detection of certain defects of dnc
and dnc rutthat are masked in Figure 2D. For example, the box plot shows increased spread
of ejc timing only in rutbut not in dncor dnc rut. However, these comparisons are based on
populations of different amplitude distributions; WT ejc amplitudes spanned a wider range
whereas larger ejcs dominate in dncand dnc rut data (Fig. 2AB). Thus, the extra
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subpopulation of smaller ejcs (lower quantal contents) in WT, which are composed of fewer
quanta, would in principle contribute to larger SD in time to peak (as compared to larger ejcs
of greater number of quanta, which ensures more stable ejc peaking time). In fact, dncand
anc rutejcs produced greater SDs than WT ejcs of comparable sizes (Fig. 3B). These results
indicate that altered cCAMP metabolisms severely affects processes regulating vesicular
release, causing dispersion in timing of transmission, which remains abnormal in double
mutants. In contrast, the number of quanta released determines the magnitude of ejc
amplitude fluctuations regardless of the cCAMP levels in the various genotypes.

Temperature-dependent expression of rut phenotypes

The unusually large variability of ejc amplitudes in rutlarvae lead us to a re-examination of
the entire data set accumulated over a span of four years. We sought uncontrolled factors
that were not obvious but might contribute to variation of the ejc size. Upon examination of
daily records, we noticed that the smallest focal ejcs in ruttended to occur during summer
times, but ejcs in other genotypes did not show clear seasonal effects (See combined
monthly records in Fig. 4). Since the building temperature during the period of data
collection was not strictly controlled (the room temperature fluctuated between 15 °C
(winter) and 30 °C (summer), it suggests that temperature could have a major effect on rut
phenotype expression.

We therefore examined the rut mutant phenotypes at different rearing temperatures. We
exposed larvae to defined temperatures throughout their development (22-24 °C vs. 29-30
°C), and collected whole-cell ejps from matured 3 instar laevae (wandering stage). We
used HL3.1 saline with low Ca2* (0.2 mM) to limit the amount of transmitter release and to
increase the sensitivity to distinguish amounts of release with intracellular ejp recordings.
Our results demonstrated that ejps in WT and dlnc larvae remained unaltered at different
rearing temperatures in amplitude and time course. Importantly, we found that ru# larvae
reared at 22—24 °C produced ejps of nearly normal amplitude. In contrast, rutlarvae raised at
29-30 °C showed clearly depressed synaptic release, as indicated by significantly smaller
ejps, confirming the temperature-sensitive expression hypothesis (Fig. 5).

Significantly, the mutational effects of dncV24 lead to increased ejp amplitudes at two
different rearing temperatures, consistent with the previous report based on voltage-
clamping measurements of whole-cell ejcs (Zhong & Wu, 1991). We first examined the
effect of interactions between drncand ruton ejp phenotypes at normal rearing temperature
(22-24 °C). When anc"?4was combined with ru, the ejp amplitude in double mutants was
not distinguishable from WT measurements (Fig. 5). This apparent rescue effect was seen in
the focal recording results (Fig. 2A), demonstrating a counterbalancing effect to restore
enlarged dhnc ejps to nearly normal amplitudes. However, when the rearing temperature was
29-30 °C, their interaction did not result in a clear rescue effect. The ejp amplitudes of
anc rut double mutants remained relatively small, closer to those of ru# than WT (Fig.
5). Thus, the rescue of rutdefects at high temperature was less effective than at room
temperature. In other words, the fundamental defects of transmission machineries in rut
cannot be effectively reversed by cAMP level increases in dnc™?4, Presumably, the severely
depressed transmission of ru# at 29-30 °C provided more stringent conditions to evaluate
the rescuing effect of dncand rutinteractions.

It should be noted that ejp recording provides an indicator more relevant than focal ejc
measurements to synaptic function at whole cell level. The failure of rescue of rut
deficiencies in dnc rut ejps at high temperature (Fig. 5) was not reflected in our focal ejc
recordings (Fig. 2AB). The focal recording was not carried out at strict temperature control
and the data collection time periods did not significantly overlap among the three genotypes,
ancM4, ryt, and the double mutant dncV 24 rut (see Fig. 4 and legends).
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DISCUSSION

Differential effects of dnc and rut on synaptic terminal morphology and function

It has been demonstrated that CAMP levels are decreased in rut (Dudai et al., 1983; Dudai &
Zvi 1984; Livingstone et al., 1984; Feany 1990) and increased in adnc (Byers et al., 1981;
Davis & Kiger 1981). Our results clearly contrast the differential effects of disruptions in
synthesis and degradation of cCAMP on synaptic function and nerve terminal morphology.
Mutations in dnc, including ancl, dncML, and dncV?4, can lead to severe defects in nerve
terminal branching and bouton morphology (Fig. 1). Aside from this study, previous reports
(Zhong e al. 1992, Schuster et al. 1996) have documented in identified larval muscles that
total bouton numbers and motor terminal branching pattern are severely affected by ahnc, but
these defects were not detected in rut. A similar situation has been reported in the adult
CNS: axon terminal growth in the mushroom body is enhanced in dnc but is not affected in
rut (Peng et al. 2007). In contrast, rutand dnc mutations both have clear effects on synaptic
transmission but in distinct manners. Increased cCAMP levels in dnc could enhance
transmitter release (as indicated by increased ejp sizes, Fig. 5) with a minimal disturbance in
the temporal precision of the release process (SD of time to peak in focal ejcs, Figs. 2 & 3).
In comparison, rut mutations more severely disrupt temporal control of release (Renger et
al., 2000), regardless of the rearing temperature (Figs. 2 & 3). In addition, the rearing
temperature affects the amplitude of synaptic transmission in rut, with strongly depressed
transmission at high temperature (Figs. 2 & 3). This likely reflects a decrease in vesicle
release because the miniature ejp size was unaltered at different temperatures (data not
shown).

Comparisons of mutant alleles of rut and dnc

A number of mutant alleles of the rutf gene have been described in the literature of
developmental studies, but the alleles frequently used in neurogenetic experiments are
limited to rutl, ruf, rut®, rut!%4 and ru?%9. Furthermore, only three mutant alleles have
been biochemically characterized in Drosophila, rut, ruf, and ruf® (Dudai et al., 1983;
Dudai & Zvi 1984; Livingstone et al., 1984; Feany 1990). It should be mentioned that these
rut mutations can cause significant decrease in total cCAMP synthesis despite the fact that
there are at least 4 adenylyl cyclase (AC) homologous genes that have been identified
molecularly and biochemically in Drosophila (lourgenko et al., 1997; lourgenko & Levin
2000; Cann & Levin 2000). This raises the possibility that rut may represent a major AC
gene but all AC genes may play differential roles in regulating cCAMP levels, depending on
their subcellular localization and conditions to activate their actions. As demonstrated in this
study (Fig. 6B for ejc amplitudes) as well as in earlier reports, a general pattern of relative
severity among several rut mutant alleles is observed across different phenotypes, as
represented in the following sequence: vt >= rutl%4 >= ryf >= rut® >= WT

Table 1 summarizes comparisons among rut alleles, which includes enzyme activity
disruption (Dudai et al., 1983, Dudai & Zvi 1984, Livingstone et al., 1984; Feany 1990),
suppression of high temperature- and hyperexcitability- induced NMJ growth (Zhong et al.,
1992; Zhong & Wu 2004); suppression of increased neurite branching and GC size by high
temperature or hyperexcitability (Peng et al., 2007); reduction of larval muscle Ca2* current
(Bhattacharya et al., 1999) and focal ejcs (Renger et al., 2000; this work), and deficiency in
olfactory associative learning (Feany, 1990). It should be noted that the same sequence of
severity is also observed among these alleles in rescuing egg development in the d7c mutant
background (Bellen & Kiger, 1988).

Compared to the AC genes, there appears to be fewer PDE homologous genes and only two
genes are known for their CAMP degradation action besides drnc (Day et al., 2005).
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However, dnc gene products are represented by more than 10 splicing variants (Qiu et al.,
1991; Davis & Davidson, 1986; as opposed to 2 rutsplicing variants, Levin et al., 1992).
There are a large number of dnc mutant alleles reported in literature but only a small number
of them are frequently used in neurogenetic studies, i.e. dncl, anc?, dncL, and dncM24,
Interestingly, a consistent pattern of phenotypic severity can be observed across different
phenotypes among these four alleles: dncM1 = gncV4 >= dancl = dnc?.

A comparison of their effects on a variety of phenotypes is shown in Table 1, which includes
PDE enzyme activity disruption (Davis & Kiger, 1981; Byers et al., 1981), defective growth
cone motility of cultured neurons (Kim & Wu 1996), enhanced growth of larval NMJ
(Zhong et al., 1992), enhanced K* (Zhong & Wu 1993) and Ca2* (Bhattacharya ey al., 1999)
current in larval muscles, decrease in the larval motorneuron firing frequency upon
depolarization (Baines 2003), increase in whole cell ejps or ejcs (Zhong & Wu, 1991; This
work) and decrease in activity-dependent facilitation of synaptic transmission (Zhong &
Wu, 1991) at larval NMJ, decrease in the habituation rate of olfactory jump response
(Asztalos et al., 2007) and odor-electric shock association (Dudai 1983; Tully & Gold 1993)
in adult flies, and female sterility (Salz et al., 1982; Mohler & Carroll 1984). In a different
approach, overexpression of a UAS-dnct transgene in motor neurons results in reduced NMJ
growth and decreased ejp size even in larvae reared at RT (Cheung et al., 1999). These
phenotypes demonstrated the effects of increased cAMP degradation in contrast to those
caused by anc mutations.

When considering their mechanisms of action, several reported phenotypic effects of dnc
alleles may be complicated by the implications of contributions from the genetic
background. Notably, the anc™Z mutant line has been reported to affect protein kinase C
(PKC) activity in addition to PDE (Devay et al., 1989). In addition, the severity of anc! may
in fact be more extreme than reported (Fig. 1) since anc! has been shown to be female sterile
once a second-site mutation near the anc locus is removed from the original fertile line (Salz
etal., 1982). It is possible that many anc? lines used in neurogenetic investigations contain
this mutation in the background.

Comparisons of rut and dnc mutational effects across a variety of neural and behavioural

phenotypes

A number of experimental paradigms have been used to characterize behavioural and
physiological phenotypes of dncand rut mutants with defined quantitative parameters. As
summarized in Table 1, for a majority of phenotypes examined, dncand rut mutations do not
lead to opposite effects on these quantitative indices, even though they alter the cAMP levels
in opposite directions. Only for certain phenotypes, the dncand rut mutations affect the
parameters in opposite directions. For example, in larval neuromuscular synaptic boutons,
mobilization of synaptic vesicles from the reserve pool to exo/endo cycling pool is
suppressed in rutand enhanced in dne (Kuromi & Kidokoro, 2000). Similarly, the number of
docked vesicles at synapses is decreased in rutand increased in drnc (Renger et al., 2000).
Ca®* current measured in larval muscles is decreased in rutand increased in dnc
(Bhattacharya et al., 1999). Hyperexcitability-induced overgrowth of larval NMJ can be
suppressed by rutbut enhanced by dne (Zhong et al., 1992). Similarly, dncand rut mutations
exert opposite effects on Kenyon cell axon counts in the mushroom body of developing
adult flies (Balling et al., 1987). Finally, habituation rate of the giant fiber escape circuit is
decreased by rutand increased by dnc (Engel & Wu 1996).

In contrast, for some other phenotypes, rutalleles have no apparent effects while dnc

mutants display clear alterations (Table 1). For instance, the larval NMJ terminal projection
pattern (Fig 1; Zhong et al., 1992) and adult mushroom body axonal terminal growth (Peng
et al., 2007) were altered in ancbut not in rut. Moreover, identified K* currents (1A and 1K)
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in larval muscles are increased in dnc but unaltered in rut (Zhong & Wu, 1993). In these
cases, increased CAMP levels can produce abnormalities but underlying mechanisms may be
tolerant to depleted cAMP levels.

For another group of phenotypes, dncand rut mutations can affect separate parameters and
sometimes produce superficially similar effects by altering a parameter in the same direction
(Table 1). Such cases include decreased growth cone motility (Kim & Wu, 1996), irregular
action potential firing pattern (Zhao & Wu 1997), and modified intracellular Ca2* dynamics
(Berke & Wu 2002) in cultured neurons. In larval neuromuscular junctions, both dncand rut
decrease synchronicity of synaptic transmitter release (Renger et al., 2000) and presynaptic
facilitation of neuromuscular transmission (Zhong & Wu 1991). During post-eclosion
development of adult flies, both dncand rut mutations enhance the axon terminal growth of
mechanosensory cells (Corfas & Dudai, 1991) and decrease the structural and functional
adaptation of the olfactory system to odor exposure (Devaud et al., 2001; 2003). Neither dnc
nor rut mutants respond to environmental or social deprivation in modifying Kenyon cell
axon counts of young adults (Balling et al., 1987). Mutations of either dinc or rut decreases
habituation rate of the proboscis extension reflex and olfactory avoidance and jump response
(Duerr & Quinn 1982; Asztalos et al., 2007; Das et al., 2011), and the performance indices
of both classical (Folker 1982; Dudai 1983; Tully & Quinn 1985; Feany 1990; Gailey et al.,
1984) and operant (Wustmann et al., 1998; Gong et al., 1998; Zars, et al., 2000; Liu et al.,
2006; Brembs & Plendl 2008) conditioning. Studies on alcohol response have demonstrated
increased sensitivity in rutalleles but no apparent change in dncalleles (Moore et al., 1998).
While it is reassuring to observe opposite effects of dncand rut mutations on some of the
quantitative parameters, it should be noted that it is not straightforward in associating most
of the indicators with the defective mechanisms directly regulated by cAMP signalling.
Dysfunction in AC and PDE may exert opposite effects on some cell biological mechanisms
or neural circuit components but can still lead to apparently similar deficiencies of a cellular
function or behavioural task (see last section of Discussion).

Counter-balancing interaction between dnc and rut mutations in double mutants: Nature of
rut mutations

Some insights may be gained through examining the genetic interactions between adrncand
rutin double mutants about how rut AC and dnc PDE are involved in particular aspects of
physiological or behavioural plasticity. At the present time, only a limited number of reports
document the resultant phenotypes in dnc rut double mutants (Table 1). Significantly, the
majority of the single-mutant phenotypes of drnc or rut mutations do not become less severe
in dnc rutdouble mutants, even though the overall CAMP levels are largely restored
(Livingstone et al., 1984). The phenotypes that are not rescued in double mutants include
increased bouton size in dnc (Fig. 1) and impaired synchronicity of transmitter release (Fig.
3) in larval NMJs, irregular firing of cultured neurons (Zhao & Wu, 1997), and habituation
(Engel & Wu 1996) and olfactory associative learning (Tully & Quinn 1985; Feany 1990) of
adult flies.

However, a few cases of successful rescue in double mutants have been described (Table 1).
Decreased growth cone motility in dncand rutneurons in culture can be restored by
combining two mutations (Kim & Wu, 1996) and the overgrowth and altered projection
patterns of adnc larval motor terminals is suppressed in dnc rut (Zhong et al., 1992; this
study). Interestingly, none of the above cases of successful rescue involve opposite effects of
ancand rut single-mutant phenotypes (Table 1). Notably, both cases of restoration involve a
particular allele, rutl. The allele rut! is different from other alleles with characterized AC
enzyme activity (su# and ruf) in that the Ca2*/CaM-dependent activation of AC is
eliminated in ru# flies (Dudai & Zvi 1984; Livingstone et al., 1984), but retained in sz# and
rut® (Feany 1990). Unlike rut, the allele ru# is not able to rescue the anc mutational effects
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of enhanced larval NMJ growth (Zhong et al., 1992) and irregular firing in cultured neurons
(Zhao & Wu, 1997). In our present study of NMJ focal recording, it was clears that ru# did
not affect the precision in release timing (ejc peak time) and ejc amplitudes, although ru#!
decreased the temporal precision of release (increased variability in ejc peak time) and the
ejc amplitude significantly (Fig. 6). It will be helpful if further experiments are performed
on additional allele combinations of ancand rutto delineate the role of Ca2*-dependent
regulation of AC in specific phenotypes of interest.

Conditions and factors that could restrict counterbalancing interactions of dnc and rut

In addition to peculiarities of enzymatic properties in mutant alleles, e.g., rutf AC devoid of
Ca?*/calmodulin sensitivity, other factors influencing interactions between ancand rut must
be considered. As summarized above, counterbalancing rescue of dncand rut phenotypes in
double mutants is likely to be exceptions rather than a general rule. Therefore, it would be
desirable to identify the conditions and factors that could facilitate their counterbalancing
interactions, which may provide insights into the orchestration of dnc PDE and rut AC
underlying the phenotype of interest.

First, it is important to consider the temporal and spatial characteristics of expression and
operation of these enzymes. In the temporal domain, their effects on a variety of phenotypes
are mediated through integration among different biochemical pathways and cellular
processes, some of which may function with rapid kinetics, while others may represents
slow accumulation of products through a number of steps. Some of the resultant phenotypes
may require continuous adjustment in response to internal or environmental conditions while
others may appear relatively permanent and irreversible, possibly associated with
developmental events.

The spatial factors to be considered include the cellular expression and subcellular
localization of the enzymes. To the best of our knowledge, there is little information about
whether dnc PDE and rut AC are colocalized in molecular assemblies or aggregates within
certain functional domains in specific neuronal cell types. Close proximity of AC and PDE
localization facilitates local regulation of cAMP levels within a short time. Certain cellular
processes with slower kinetic steps also facilitate integration of dncand rut interactions,
extending their balancing acts to a broader spatial range.

For the few examples of successful counter-balancing rescue, growth cone motility seems to
be a continuous adjustment by cAMP on a time scale of tens of seconds to minutes (Song et
al., 1997). This relatively slow kinetics make it possible to readily manipulate the cAMP
signalling pathway, e.g., bath application of db-cAMP increases rut growth cones motility,
mimicking dnc counter balancing effects in double-mutant growth cones (Kim & Wu 1996).
Some developmental or maintenance processes, such as axonal path finding, branch
formation, target interaction and synaptogenesis, are also slow adjustment processes (in the
order of hours to days). In these cases, restoration of CAMP levels through long-range
interactions of AC and PDE may be sufficient to rescue the single-mutant phenotype. For
example, dnc defects in larval motor terminal growth are suppressed by rut (Zhong et al.,
1992; this paper).

On the other hand, defects in some physiological properties (K* currents, neuronal firing,
and transmitter release timing) and behavioral conditioning (habituation and classical
conditioning) can not be rescued by combining dncand rut, which sometimes leads to even
more extreme deficiencies, e.g., the extremely rapid habituation in anc rut (Engel & Wu
1996). One possibility is the requirement of dynamic cAMP regulation within a short time
period (milli-second to second range) during which a counter-balancing act is difficult to
achieve. Another possible explanation is the requirement of unimpaired cellular machinery
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laid down during development (e.g., proper channel and receptor localization) and
functional connectivity among synaptic partners (inhibitory and excitatory elements in the
circuit) underlying behavioural phenotypes under consideration. Deviation from coordinated
actions of such subcellular machinery or circuit components will make it difficult to obtain
compensatory rescue.

It should be noted that well-defined abnormalities in central fiber projection have been
reported in dncand rutsingle mutants (Corfas & Dudai 1991; Balling et al., 1987; Peng et
al., 2007) that reflect the alterations in peripheral motor terminals in larval NMJs (Fig 1;
Zhong et al., 1992). Furthermore, dncPDE and rut AC are preferentially expressed in
mushroom bodies, which are important in odor-associated learning (Nighorn et al., 1991;
Han et al., 1992). Therefore it is reasonable to speculate that defects in higher functions,
including classical associative learning and habituation, may involve anatomical defects in
the CNS, such as altered dendritic arbors and synaptic connections detectable in certain
defined circuits, in addition to potential changes in synaptic physiology (Engel & Wu,
1996).

Cell-specific expression and subcelular localization of AC and PDE isoforms may affect arnc
and rut single-mutant, as well as double-mutant phenotypes. These include spiclicing
variants of the dncand rut gene as well as the products of their homologous genes. Such
complexity needs to be considered in the interpretation of dncand rutinteractions in order to
appreciate contributions of individual splicing variants and to delineate influence from their
homologous genes.

Finally, cross talk between the cAMP and other signaling pathways can also modify drncand
rut phenotypes. For example, variety of signalling pathways are known to converge onto the
CREB transcription factor (Johannessen & Moens 2007). It is also established that not only
the cAMP cascade but also other signaling pathways, including PKG (Renger et al., 1999)
and CaMKII (Griffith et al., 1994) can modify larval NMJ physiology and morphology as
well as adult habituation (Engel et al., 2000; Engel & Wu 2009 for review), courtship
conditioning (Griffith & Ejima 2009 for review) and classical conditioning (Davis 2005 for
review; Mery et al., 2007). It will be of particular interest to establish the consequences of
such genetic interactions across signaling pathways. Double mutant analysis in conjunction
with transgenic and genomic approaches remains a powerful and profitable direction for
revealing the genetic network underlying neural and behavioral plasticity.
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Neuromuscular junction morphological defects in dnc, rut, and dnc rutlarvae. (A) Anti-HRP

antibody immunostaining in third instar larvae. Note that dncand dnc rut displayed

strikingly large type 1b boutons. Furthermore, the Ib and Is branches were dissociated in
their projection in dnc. Typically Ib and Is branches run in parallel as shown in WT, rut, and
adnc rut. (B) Boutons of larger sizes were more common in dnc larvae, as demonstrated by
the diameter of largest bouton within individual NMJs. This phenotype was not rescued in
the anc rut double mutant. (C) Percentage of NMJs with multiple nerve entry points of Ib
branch. Such abnormal ectopic entry was significantly increased in dnc™?X and dncV'24, but
not in ancl. This was not affected by rutand was partially rescued in the anc rut double
mutant. Groups of a, b, and ¢ in (A) indicate significant differences between the group (p <

0.05; one-way ANOVA). Error bars indicate SD.
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Figure 2.

Amplitude and temporal precision of transmitter release. Focal excitatory junctional current
(ejc) recordings were performed in HL3 saline containing a physiological Ca2*
concentration, 1.5 mM. (A) Typical ejc traces from WT (CS), rut, anc™4, and dncV4 rut.
Three consecutive ejcs are overlayed for each genotype. Note that ejcs in s is significantly
smaller and more variable than WT. (B) The amplitude of ejcs were significantly smaller in
rut, but not in dnc or dnc rut. Note the log scale. (C, D) Variability of the time course of
transmitter release. Three consecutive ejcs are normalized and overlaid to enhance the
visibility of time course variation (C). Ejc time course variation as indicated by the SD of
time to peak (D). Ejc peak time was highly variable in rut, but not in dnc. The defect was not
totally rescued in anc rut double mutants. (E, F) Transmitter release variability as indicated
by ejc fluctuation during repeated nerve stimulation. (E) Consecutive ejcs displayed for each
genotype over 30 seconds of repetitive stimulation (0.5 Hz, dots). Note different scale bars
for different genotypes. (F) CV of ejc amplitudes was significantly increased in rut, but not
in dnc. The rutdefect was only partially rescued in dnc rut. For each box plot, the number of
NMJs examined is indicated. ***, ** and * indicates p < 0.001, 0.01, and 0.05, respectively
(rank-test with Bonferroni correction for multiple comparisons). Genotypes used include
rutl, anc4, ancM4 ry, and anct rutl.
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Figure 3.

Altered release properties in rut, dnc, and dnc rut. (A) CV of focal ejc size is displayed as a
function of averaged ejc amplitude from individual recording sites. In each panel, rut, dnc,
and dnc rut data are plotted against WT data. Note that the slope of the regression lines for
both WT and mutants was about 1/2, as expected from the quantal nature of transmitter
release (see text). Therefore the magnitude of amplitude fluctuation in Fig. 2 could be
predicted by the amount of release in different genotypes. (B) SD of time to peak plotted
against ejc amplitude. Variability in peaking time was larger in rut, dnc, and dnc rut
compared to WT over the range of focal ejc sizes, indicating loose temporal regulation of
vesicle release. The deviation from WT was greatest in ruf, which was partially corrected in
dnc rut double mutants. Regression lines for both WT (dotted) and mutants (solid) are
shown in each panel for comparison. Different symbols indicate data from different periods
of the year (See Fig. 4). Data points represents individual recording sites along different
motor terminal branches. The number of branches in A and B is 82 and 63 (WT CS), 60 and
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19 (rut), 17 and 12 (dncV24), 19 and 17 (dncV'24 rutl), and 12 and 5 (anc! rut?),

respectively. The number of recording sites in A and B is 116 and 86 (WT CS), 105 and 38
(rut?), 31 and 25 (ancM?4), 39 and 31 (adnc"?4 rutt), and 27 and 7 (dnc? rut?), respectively.
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dnc M14
12 3 4 5 6 7 8 9 10 11 12
dnc rut
12 3 4 5 6 7 8 9 10 11 12

Month of the recording

Seasonal variation of focal ejc amplitude in rut. Note that ejcs from the majority of rut
boutons were below 2 nA (dotted line) during the months of May, June, and July (shaded
period) whereas ejcs collected outside of this period was substantially larger. In contrast,
ejcs from WT, dhne, and dnc rut did not show such a seasonal effect. During these months,
room temperature were higher, approaching 30°C. Ejcs were collected from 6/1998 — 8/2001
for WT, from 5/1998 to 10/2001 for rut, from 2/2000 — 5/2000 for dnc, from 5/1999 —
10/2001 for anc™?4 rytl, in 10/2001 for dnc! rut. For double mutants, @: ancV24 rut, O:
dnc! rut. Data points represents individual recording sites along different motor terminal
branches. The number of branches is 102 (WT CS), 68 (rut), 17 (anc"?4), 19 (dncV4 rutl),
and 12 (anc! rut?), respectively. The number of recording sites is 175 (WT CS), 122 (rut),
34 (dncV1%), 39 (dncV4 rutl), and 27 (dnc! rut?), respectively.
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Figureb5.

Effects of rearing temperature on ejp size. (A) Representative ejp traces from larvae reared
at RT (22-24 °C) or at high temperature (HT, 29-30 °C). Ejps were recorded from muscles
6 and 7. Ejps in rut! showed significantly reduced amplitude when larvae were grown at HT
but those in WT and dlnc larvae did not appear to be affected by rearing temperature. This
abnormal temperature response of st was not rescued in anc"?4 rut! double mutants. (B)
Box plot summarizing the statistics of rearing temperature effects for different genotypes.
The number indicates the muscle sample size. * indicates p < 0.05 (rank-test with
Bonferroni correction for multiple comparisons).
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Figure6.

Comparison of neurotransmission in rut and ruf. (A) Moderately increased in ejc
amplitude in ruf as opposed to severely depressed transmission in rutl. *** and * indicates
p < 0.001 and 0.05, respectively (rank-test with Bonferroni correction for multiple
comparison). (B) Severity of the defect in release timing was much less in ru# compared to
rutl. Regression lines are shown for WT, rutl, and ruf. Filled symbols: collected on May -
July. Open symbols: collected on August - April. Data for ru# were collected from 3/2000
to 6/2000. Data for rut are shown but WT data are omitted for clarity (cf. Fig. 3).
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