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Presynaptic Calcium/Calmodulin-Dependent Protein Kinase Il
Regulates Habituation of a Simple Reflex in Adult Drosophila
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On repetitive stimulation, the strength of a reflex controlling leg
position in Drosophila decreased, and this response decrement
conformed to the parametric features of habituation. To study
the presynaptic function of CaMKIl in this nonassociative form
of learning, we used a P[Gal4] insertion line to target the
expression of mutant forms of CaMKIl to the sensory neurons
controlling the reflex. Targeted expression of a calcium-
independent CaMKII construct (T287D) in the sensory neurons
eliminated habituation. Targeted expression of a mutant CaMKII
incapable of achieving calcium independence (T287A) reduced

the initial reflex response, but a strong facilitation then oc-
curred, and this eliminated most of the habituation. Finally,
when a CaMKIl inhibitory peptide (ala) was expressed in sen-
sory neurons, the initial response was reduced, followed by
facilitation. These results suggest that basal CaMKIl levels in
the presynaptic neurons set the response level and dynamics of
the entire neural circuit.
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The study of the molecular basis of learning and memory is
focused on a variety of biochemical pathways and second mes-
senger systems. One that is strongly implicated as a molecular
substrate for learning and memory is CaMKII (Silva et al,
1992a,b; Griffith et al., 1993; Mayford et al., 1995, 1996; Giese et
al., 1998). On activation by calcium/calmodulin, CaMKII can
phosphorylate a variety of substrates, including itself (for review,
see Braun and Schulman, 1995), and this autophosphorylation
converts the kinase to a calcium-independent protein kinase for
which the activity can last much longer than the original calcium
signal (Hanson et al., 1989; Hanson and Schulman, 1992). This
switch from calcium dependence to calcium independence and
the rather long survival of the calcium-independent form suggest
the hypothesis that CaMKII is a molecular memory device
(Miller and Kennedy, 1986; Lisman and Goldring, 1988).
Mutational studies of CaMKII function in both mice and flies
supported the idea that this molecule was crucial to learning.
Knock-out mice, lacking CaMKII, exhibited impaired spatial
learning (Silva et al., 1992a) and hippocampal long-term potentia-
tion (LTP) (Silva et al., 1992b). Similarly, mutation of the CaM KII
gene or inhibition of CaMKII by expressing a peptide that blocked
kinase function in Drosophila impaired performance in a courtship
conditioning test and altered larval neuromuscular transmission
(Griffith et al., 1993; Wang et al., 1994; Joiner and Griffith, 1997).
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The relative role of CaMKII in pre- versus postsynaptic cells is
of great interest, and a variety of studies is concerned with
determining the locus of CaMKII function. Strong evidence
points to the postsynaptic neurons in the hippocampus, where
postsynaptic injection of a CaM KII inhibitor blocks the induction
of LTP (Malinow et al., 1989). Other results demonstrate that one
of the substrates of CaMKII, the AMPA receptor, is phosphor-
ylated after LTP induction and that the phosphorylation can last
as long as 1 hr (Barria et al., 1997). Finally, genetic manipulation
of CaMKII in the postsynaptic neurons demonstrates a postsyn-
aptic function of CaMKII in learning (Mayford et al., 1996).
Thus, much of the work on the hippocampus argues for a postsyn-
aptic site of action for CaMKII and direct modification of
postsynaptic proteins in producing LTP.

In contrast to the strong evidence for a postsynaptic role, the
presynaptic role of CaMKII in the regulation of synaptic plastic-
ity is less well understood. Early studies in which CaMKII was
injected presynaptically into the squid giant synapse demon-
strated that transmitter release was increased, possibly via the
phosphorylation of synapsins (Llinas et al., 1985). However, syn-
aptic plasticity was not explored in this preparation. To examine
the role of CaMKII in presynaptic plasticity, we have examined
habituation in the thoracic nervous system of Drosophila. Habit-
uation in Drosophila has been studied in a number of behavioral
and electrophysiological preparations, including the proboscis
extension reflex (Duerr and Quinn, 1982), the landing response
(Asztalos et al., 1993), and the visual escape jump (Engel and Wu,
1996). However, in each of these cases the neural circuit under-
lying the behaviors is relatively complex, and it is difficult to
analyze the specific synapses underlying the behavioral plasticity.
For example, habituation of the visually evoked escape jump
response involves one of the best known neural circuits in Dro-
sophila, in which the circuitry postsynaptic to the giant interneu-
ron is well characterized and each cell and each synapse in the
circuit is uniquely identified. However, the synaptic modification
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Table 1. Statistical analyses of the role of CaMKII in habituation

Comparison of Test for nonzero Paired com-

First peak first peaks” Slope slope® parison” n?
287D 191 + 11.8 0.00028 p =052 7
Control® 184 + 10.6 p = 0.67 0.0088 p < 0.0001 p < 0.0001 7
287D stong 165 + 5.5 0.00038 p =032 5
287D weak 110 + 8.5 p < 0.0001 0.0016 p = 0.09 p < 0.0001 5
287A 212 + 114 0.0019 p = 0.05 7
Control® 148 + 6.8 p < 0.0001 0.0083 p < 0.0001 p < 0.0001 7
ala 119 + 6.8 0.000063 p =094 7
Control® 214 + 6.9 p < 0.0001 0.011 p < 0.0001 p < 0.0001 7

The formula for exponential decay: y = a exp[—bt], where a is the intercept and b the slope.

“Repeated measures A NOVA.

bWald y? statistic with two degrees of freedom.

“Wald test of the null hypothesis that the rate of decay is zero (two-tailed values).
9Bach specimen was tested with 10 series of 15 flexion movements at 2 Hz.

“The control specimens were descendents of a cross between the appropriate CaMKII construct and Canton-S flies. Control specimens resulting from a cross of the

P[Gal4]-c362 line and CS gave similar results.

during habituation of the escape response apparently occurs
presynaptic to the giant fiber, and the relevant synapses therefore
are effectively hidden from the electrophysiologist (Engel and
Wu, 1996). To overcome the difficulties associated with the com-
plexity of these neural circuits and study specific synapses, we
identified a simple proprioceptive reflex controlling leg position
in adult flies. We used a P[Gal4] enhancer trap to target lacZ to
the sensory neurons and thereby described the anatomy of a
subset of femoral chordotonal neurons and their axonal projec-
tions to the CNS. Using the same P[Gal4] insertion to target
expression of the tetanus toxin light chain, we demonstrated that
this set of sensory neurons was necessary for normal function of
the reflex (Reddy et al., 1997; Trimarchi et al., 1998).

The present study uses the same P[Gal4] insertion lines to
target the expression of mutant CaMKII transgenes to the sen-
sory neurons in this reflex circuit to study habituation. Expression
of various mutant CaMKII genes in the sensory neuron synapses
eliminated habituation. In addition, our results demonstrate that
calcium-independent activity and calcium-dependent activity of
CaMKII play different roles in regulating the dynamics of this
reflex. Expression of the calcium-dependent form lowers the
initial responsiveness of the reflex and enhances facilitation. Ex-
pression of the calcium-independent form dramatically upregulates
the response, and no facilitation or depression can be detected.

MATERIALS AND METHODS

Fly stocks. All flies were raised on standard Drosophila medium. The
Gal4 line, ¢362, was maintained as a homozygous stock and was used to
express CaMKII transgenes in the feCO sensory neurons (Reddy et al.,
1997). The construction of the ala gene (Griffith et al., 1993) and the
T287D and T287A mutants has been described previously (Wang et al.,
1998). For the production of transgenic flies, cDNAs were cloned into the
pUAST vector (Brand and Perrimon, 1993) at the polycloning site.
Transgenic flies were made by using the jump-start method (Robertson et
al., 1988). Three lines of upstream activating sequences fused to
CaMKII (UAS-CaMKII) transgenic flies were maintained as homozy-
gous stocks: (1) UAS-T287D (10A) (on chromosome 3), which has a
T287—D287 mutation, making the kinase calcium-independent; (2)
UAS-T287A (1C3D) (on chromosome 1), which has a T287—A287
mutation, making the CaMKII incapable of becoming calcium-indepen-
dent; and (3) a transgene coding for a peptide (UAS-ala on chromosome
3), which is an inhibitor of CaMKII. These UAS transgenic flies were
generated in the w-CS genetic background. The experimental flies were
the F1 flies generated by crossing homozygous male P[Gal4]-c362 flies
(insert on chromosome 3) to virgin female UAS-CaMKII flies of one of

the above stocks. There were three types of control fly: (1) the wild-type
Canton-S flies, (2) UAS-CaMKII flies crossed to Canton-S flies, and (3)
the P[Gal4]-c362 line crossed to Canton-S. The statistical analysis com-
pared each mutant CaMKII construct with the appropriate UAS-
CaMKII construct crossed to CS to minimize differences in genetic
background. However, all three control stocks gave similar habituation
responses to repetitive stimuli (Table 1).

Histology. To examine the sensory axon projection, we crossed a
recombinant ¢362 line carrying the Gal4 insert and the lacZ gene on the
same chromosome to the UAS-CaMKII lines. The tissue-specific expres-
sion of p-galactosidase was revealed by using antibodies to
B-galactosidase, as previously described (Reddy et al., 1997). To examine
the chordotonal organ, we processed legs according to the protocol of
Reddy et al. (1997). The femur was embedded in LR White (hard)
methacrylate resin at room temperature and sectioned length-wise at 3
um thickness on a rotary microtome with a steel blade. Sections were
mounted on glass slides coated with 2% Formvar and counterstained
with hematoxylin and eosin.

Behaviors. Headless flies perform a number of behaviors that can be
used to assay the general function of the thoracic nervous system. We
routinely observed the following behaviors in the headless flies: (1)
righting reflex: when flies were placed on their backs, the headless flies
could right themselves and maintain an upright position; (2) cleaning
reflex: with tactile stimulation to the thoracic bristles, the decapitated fly
cleans, with a patterned leg movement, the position covered by the
stimulated bristles (Vandervorst and Ghysen, 1980).

Electrophysiology. Adult flies 2-5 d old, male or female, were anesthe-
tized on ice for 5-10 min and decapitated. The flies were left in a moist
Petri dish for at least 1 hr to allow for recovery from surgery. A fly was
mounted at the edge of a wax platform, with the tibia and tarsi of the
mesothoracic leg hanging free over the edge of the platform. The femur
was stabilized by waxing its distal end to the platform, and a ground
electrode was inserted into the abdomen of the fly. To stimulate the
femoral chordotonal organ, we moved the tibia by a metal loop that was
placed around it and that was driven by a small speaker. The initial FT
joint angle was 138.6 * 1.08° (mean * SEM), and the movement
amplitude was 25.7 + 1.26°.

To record the excitatory junction potentials (EJPs) from the tibial
extensor muscle, we inserted a sharpened tungsten recording electrode or
a glass electrode filled with modified Drosophila saline (Trimarchi and
Murphey, 1997) into the tibial extensor muscle from the dorsal aspect of
the femur. Data were recorded with a Getting amplifier (Getting Instru-
ments, lowa City, IA), digitized on-line, and stored on a computer with
the pClamp 6.02 program (Axon Instruments, Foster City, CA).

To induce habituation, we applied 15 cycles of sine wave stimulation at
2 Hz to the tibia. For each preparation the 15 cycle stimulus was repeated
10 times, with an intertrial interval of 60 sec. To quantify the reflex
response, we set a spike detector threshold approximately three times
larger than the background level (see Fig. 1B, third myogram trace) and
counted the number of EJPs per 50 msec. Control and treated specimens
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Figure 1. Habituation of the resistance
reflex. A, Schematic of the recording situ-
ation. A decapitated fly was waxed to a
small platform, with the femur of the mid-
dle leg immobilized and the tibia ex-
tended over a ledge and free to move
about the tibiofemoral joint. The tibia was
flexed and extended rhythmically by a
movement generator at a frequency of 2
Hz. Myograms were recorded from the
tibial extensor muscle. B, Three represen-
tative examples of the myograms from a
single preparation are shown, and the cor-
responding movement is shown in the bot-
tom trace (2 Hz sine wave). A spike detec-
tor threshold was set as illustrated in the
third myogram trace. C, Schematic of the
neural circuit underlying the resistance
reflex. The synapses of the flexion-
sensitive units in the chordotonal organ
are altered by the CaMKII constructs
(filled symbols). This circuit is based on
our work in Drosophila (Reddy et al.,
1997) and work in other insects (Burrows,
1987; Field and Pfluger, 1989; Bassler,
1993). D, Graphic representation of the
average frequency of EJPs per 50 msec
interval. Ten trials consisting of 15 flexion
movements were obtained from each spec-
imen, and then the frequency of EJPs was
averaged over all specimens; the error bars
indicate SEM from 32 wild Canton-S flies.

Time (sec)

were alternated throughout this work to control for variables such as
room temperature.

Data analysis and statistics. Statistical analysis of the habituation of the
resistance reflex focused on variations in the peak responses over time.
The values of the peaks used in the modeling of exponential decay were
extracted from the averages of the replicate profiles within the control
and experimental groups, respectively. We used a first-derivative ap-
proach in which a change in the slope of the profile over time from
positive to negative identified a peak. Occasionally, the first peak could
not be identified in this way, and we then chose the maximum of the five
points. Group differences were assessed for statistical significance with
ANOVA and the simple exponential decay model (see Fig. 3). In our
formulation of the exponential decay function,y = « exp [—p ¢ ], where
t was time, y was peak EJP frequency, B was the rate of decay, and a was
the y intercept. Nonlinear least-squares estimation was used to obtain the
estimates of both @ and B. Adequacy of the simple exponential decay
model in explaining the observed variation was reported by using the R
statistic, defined as the percentage of variance explained. For each
comparison of control versus experimental we tested three hypotheses:
(1) overall equality of the two fitted curves of exponential decay, using a
2° of freedom Wald x* statistic; (2) equality of the mean of the first
extracted peak, using ANOVA; and (3) equality of mean of the plateau
of the last five peaks, using ANOVA. All analyses were performed with
the SAS statistical software for personal computers (SAS Institute, 1989).

RESULTS

Habituation of the resistance reflex

Flexing the femorotibial joint elicited a resistance response from
the tibial extensor motor neurons, and this reflex response de-
cayed on repetition (Fig. 1). The frequency of EJPs was moni-
tored throughout a repetitive series of sinusoidal flexion—exten-
sion movements, and the data were collected in 50 msec bins (the
average and SEM are shown as the vertical bars in Fig. 1D). The
data for 32 wild-type specimens demonstrated that the peak
response corresponded to the flexion phase of the movement.

The peak junction potential rates corre-
sponding to each flexion were determined
and fit with a single exponential function
(see Figs. 3-5 and Materials and Methods).

With 2 Hz of stimulation the peak response decayed smoothly,
with a time constant of 1 sec in these examples (the range for
various groups of control specimens was 1-2 sec) to a plateau of
~40% of the initial response (Figs. 1D, 3B, filled symbols). This
response was readily fit with a single exponential decay function,
as is the case for many other examples of habituation.

This response decrement conformed to other features of ha-
bituation as well (Jin et al., 1998). When the 2 Hz stimulus was
terminated, the initial response recovered spontaneously to
~75% of the initial amplitude in 2 sec and was fully recovered
within 60 sec. As is the case for most other examples of habitu-
ation, the rate of decrement in this reflex was dependent on the
frequency and amplitude of the stimulus. For example, decreasing
the rate of flexion from 2 to 0.5 Hz increased the time constant of
decay from 1 to 22 sec. The time constant also was correlated with
stimulus strength. In one group of experimental animals a 25°
flexion led to a time constant for decay of 1.9 sec. Reducing the
stimulus strength by reducing the flexion movement to 20° pro-
duced a time constant of 1.3 sec. Finally, the response could be
dishabituated by tactile stimuli to the abdomen. When an animal
was stimulated with 15 successive flexion movements and a tactile
stimulus was provided during the ninth and tenth stimulus, the
response recovered to ~60% of the initial response; this recovery
was statistically significant.

The myograms were obtained from the tibial extensor muscle,
which appeared to be innervated by two motor neurons: the well
characterized fast extensor of the tibia (FETi) (Trimarchi and
Schneiderman, 1993; Trimarchi et al., 1998) and the smaller slow
extensor of the tibia (SETi). The FETi seldom reached threshold
in our experiments, and most, if not all, of the data could be
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Figure 2. The anatomy of the sensory
neurons that drive the resistance reflex.
A, The anatomy of the femoral chor-
dotonal organ. This section, parallel to
the long axis of the leg, demonstrates
that the P[Gal4]-c362 insert is ex-
pressed only in a subset of the feCO
somata. The brown label is the DAB
reaction product in the expressing cells
(arrowheads), and the purple staining of
somata immediately to the right is the
unlabeled portion of the feCO (arrow).
A few muscle fibers of the tibial exten-
sor muscle are seen to the left of the
feCO. B, The axonal arborizations of
the feCO axons in the thoracic nervous
system of a wild-type fly. The axons
enter the CNS from each leg nerve
(arrowheads), divide, and terminate in
three collaterals in each neuromere
(filled arrows). The recordings of Fig-
ure 1 were obtained from the leg con-
trolled by the axons in the second tho-
racic segment (72). C, Wild-type feCO
sensory axon projection in the first tho-
racic neuromere. The feCO sensory
axons from the first leg project into the
corresponding first thoracic neuromere
and make a characteristic three-
branched projection pattern (anterior,
posterior, and lateral branches; ar-
rows). Expression of CaMKII does not
disrupt sensory axon projections in the
transgenic flies. D, UAS-ala. E, UAS-
T287A. F, UAS-T287D.

attributed to SETi (Jin, 1998; Trimarchi et al., 1998). This was
consistent with data on this reflex in other insects in which only
the smaller postural motor neuron was actively involved in this
reflex (Field and Pfluger, 1989; Bassler, 1993).

We visualized the sensory neurons that drive this reflex, using
a P[Gal4] insertion (P[Gal4]-c362) that was expressed in a subset
of the neurons in the femoral chordotonal organ. When this
P[Gal4] insertion was used to drive a UAS-lacZ construct and the
lacZ was revealed with an antibody, a subgroup of the cell bodies
in the femoral chordotonal was labeled (Fig. 24). We estimated
that fewer than one-half of the 140 cell bodies (Shanbhag et al.,
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1992) of the feCO were labeled and that the labeled group of
somata is homologous to the distal component of the feCO in
other insects (Field and Pfluger, 1989; Reddy et al., 1997). The
somata from each leg projected axons from the leg to the corre-
sponding leg neuropil of the CNS, where they terminate in three
collaterals (Fig. 2B, filled arrows). Targeted expression of the
tetanus toxin light chain (Sweeney et al., 1995) to these sensory
neurons demonstrated that these axons were necessary for normal
reflex function (Reddy et al., 1997; Trimarchi et al., 1998).

The enhancer trap (P[Gal4]-c362) shown in Figure 2 labeled
very few central cell bodies. In some specimens a few cell bodies
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in the thoracic neuromeres are labeled (Fig. 2C-F). Based on
their location and size, none of the cell bodies appears to be the
extensor motor neurons. In addition, driving tetanus toxin light
chain with the ¢362 line has no affect on the spontaneous activity
recorded from the muscle. Our conclusion is that Gal4 expression,
and thereby the CamKII transgene expression, is confined to the
presynaptic sensory neurons underlying the reflex.

The role of presynaptic CaMKII in habituation
Targeted expression of a constitutively active CaMKII

Replacement of the threonine at position 287 with an aspartate
(T287D) in the Drosophila CaMKII made the kinase calcium-
independent and increased the basal level of the active kinase
(Wang et al., 1998). Targeted expression of this mutant CamKII
(T287D) to the feCO sensory neurons led to a strong response
that was maintained, without decrement, throughout the stimulus
presentation. As shown in the representative examples from a
single preparation in Figure 34, a strong burst of junction poten-
tials was elicited by nearly every stimulus, and the phase of the
response was correlated with flexion just as is seen in control
specimens. The quantified data from seven specimens showed no
apparent response decrement and demonstrated a statistically
significant difference between the experimental flies and the
control flies (Fig. 3B; Table 1). For a quantitative comparison
between mutant and control flies we used flies resulting from a
cross between Canton-S and the line carrying the appropriate
UAS-CaMKII construct as a control (Figs. 3B, filled symbols). As
an added control we tested flies resulting from a cross of the
P[Gal4]-c362 line and CS flies and showed that they too habitu-
ated normally with a decay constant of ~1.9 sec. The results
suggest that habituation was eliminated by increasing the calcium-
independent CaMKII activity in the presynaptic sensory neurons.

There was a ceiling effect in these data, because a maximum
motor neuron firing rate of ~120 Hz was observed. We could see
no significant difference between the first burst for the experi-
mental and control flies. However, in the experimental flies the
motor neuron firing rate remained at this apparent ceiling
throughout the stimulus. To assess this ceiling effect further, we
used two different stimulus strengths in another group of seven
T287D animals (Fig. 3C). Each animal was tested with a series of
26° flexion movements, and then the stimulus strength was de-
creased to 20°. With the weaker stimulus the overall response
shifted downward and was significantly different from the strong
stimulus [the slope was significant for the weak stimulus (p =
0.09), but not for the strong stimulus (p = 0.32)]. These results
with the T287D construct suggested that CaMKII adjusts the
basal level of transmitter release, and this adjustment is affecting
the dynamics of the sensory synapses (see Discussion).

Expression of CaMKII is incapable of

becoming calcium-independent

We tested the role of CaMKII autophosphorylation in habitua-
tion by targeting the expression of a mutant CaMKII transgene
that was incapable of autophosphorylation at position 287 (a
threonine-to-alanine substitution, T287A) to the sensory neurons.
The reflex was modulated in three ways when this construct was
expressed in sensory neurons. As shown by the representative
examples, the first response was reduced dramatically (Fig.
4A1,B, asterisks). We determined the average peak firing rates
during the first movement for each animal and then compared the
treated and the control groups; they were significantly different
(Table 1). This low initial response was followed by a dramatic
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sensitization of the reflex response after the initial burst (Fig. 4B,
open symbols). Analysis of the data for the control flies showed
that the decrement could be described as an exponential decay
(Fig. 4B, filled symbols), and the data for the experimental spec-
imens were significantly different from this (p < 0.0001). When
we analyzed the plateau levels in the T287A transgenic flies, they
were significantly greater than the plateau levels for wild-type
flies (p < 0.01). Our interpretation of these results is that expres-
sion of the calcium-dependent form of CaMKII decreased the
basal activity level of CaMKII, and this decrease altered the
initial response. However, the addition of CaMKII by targeted
expression increased the overall response plateau and decreased
the response decrement (see Discussion).

Inhibiting CaMKII in the sensory neurons

To assess the effects of CaMKII on habituation further, we
targeted the expression of a peptide inhibitor of CaMKII (ala) to
the sensory neurons. Habituation effectively was eliminated in
these animals, although the overall response plateau was higher
than with controls (Fig. 5, Table 1). The sample myograms also
showed that targeted expression of ala significantly reduced the
initial response to a flexion stimulus (Fig. 54, asterisk; p <
0.0001). The low initial response was followed by an immediate
sensitization between the first and second stimuli. This early
sensitization of the response also was seen in other contexts.
Animals carrying the T287D construct exhibited a similar sensi-
tization when they were stimulated weakly (see Fig. 3C), as did
wild-type animals (Jin, 1998).

Normal axon projection of the feCO sensory neurons in the
CaMKII mutant flies

We considered the possibility that the altered habituation of the
resistance reflex was a secondary consequence of altered axonal
growth caused by interfering with the CaMKII signal transduc-
tion pathway during metamorphosis. To assess the anatomical
structure of the sensory neurons, we drove a UAS-lacZ construct
in parallel with the CaMKII constructs. Each of the mutant
constructs was tested, and we observed no anatomical change of
the sensory neuron axon projection; the characteristic tripartite
branching pattern of the wild-type sensory neurons was present in
all three strains of the CaMKII transgenic flies (see Fig. 2C-F,
filled arrows). Our interpretation of the light microscopic data was
that no change in structure was induced by these various CaM KII
constructs. Because the P[Gal4]-c362 construct was activated af-
ter the axons had grown into the CNS (R. Murphey, unpublished
data), we wondered whether earlier activation would have a
different effect. Using a Gal4 insert that was expressed during the
growth of these axons, we drove the various CaMKII constructs
earlier in the development of the reflex circuit, and this also failed
to alter the sensory axon projection (data not shown). In sum-
mary, we could find no change in the anatomy of the afferent
projections caused by the various manipulations, and we con-
cluded that the physiological results illustrated in Figures 3-5
were attributable to changes in synaptic function per se.

Normal cleaning reflex in the CaMKII transgenic flies

As a control for the overall health of the flies and to assess other
aspects of thoracic ganglion function in these flies, we examined
an easily assayed cleaning reflex. It has been shown that headless
flies are able to maintain a normal posture and perform reflexes,
including a cleaning reflex (Vandervorst and Ghysen, 1980; Cor-
fas and Dudai, 1989). We examined the CaMKII transgenic flies
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Figure 3. Targeted expression of the constitutively active CaMKII (T287D) in the presynaptic sensory neurons increased the reflex response and
blocked habituation. A4i, Representative recordings of the resistance reflex in flies expressing the T287D transgene. Note the continuous bursting pattern
seen throughout the series of rhythmic flexion movements. 4ii, Sample myograms from the genetic control flies (7287D X CS). Note that the later bursts
tend to be weaker. B, The average peak response to each movement showed the complete blockade of habituation in the T287D flies (open symbols). The
control specimens, obtained from a cross of the UAS-T287D line with Canton-S, showed the normal habituation ( filled symbols). (Figure legend continues)
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Figure 4. Targeted expression of a CaMKII construct incapable of autophosphorylation (T287A) in the presynaptic sensory neurons. Ai, Sample
myograms from a specimen expressing the T287A transgene in the sensory neurons resulted in a reduction of the first response (asterisk), followed by
a dramatic facilitation; the habituation was nearly absent. Aii, The genetic control flies showed a normal first response and normal habituation. B, The
averaged data from seven T287A specimens (open symbols) showed a significant decrease of the first response (asterisk) as well as a much stronger than
normal response on the remaining trials. The control specimens ( filled symbols) showed the usual response decrement (see Table 1).

for the cleaning reflex to test the idea that the targeted expression
was relatively specific and did not affect the cleaning response.
The bristles on the tegula of the fly were stimulated 10 times
every 5 sec. In the CaMKII transgenic flies >95% of the stimuli
were effective in triggering the cleaning reflex, and these re-
sponses were no different from wild-type flies. This suggests that
the function of the thoracic nervous system was primarily normal.
An additional control was to assay the righting reflex in these
transgenic flies. If headless wild-type flies are inverted, they
immediately right themselves. The transgenic flies behaved simi-
larly, righting themselves quickly when inverted. We conclude
that the altered habituation of the resistance reflex was specific to
the targeted sensory neurons and was not attributable to a more
general change in nervous system function.

DISCUSSION

The results showed three main points. First, alteration of sensory
neuron function in Drosophila by targeted expression of
CAMKII transgenes disrupted habituation of a simple reflex.

«

This suggested a presynaptic locus for habituation. Second, ex-
pression in the presynaptic sensory neurons highlighted an im-
portant role for presynaptic CaMKII in controlling short-term
synaptic plasticity. Third, mutant forms of the kinase distin-
guished a role for the calcium-dependent and calcium-
independent forms of the kinase. It appeared that the basal level
of the calcium-independent form set the overall transmitter re-
lease levels and thereby determined the rate of habituation.

A presynaptic role for CaMKIl

Previous studies of CaMKII and learning could not distinguish
between pre- and postsynaptic effects because of the nature of the
genetic manipulation. In mice, a complete knock-out of the gene
meant no cells expressed the kinase (Silva et al., 1992a,b); in flies,
heat—shock induction of a CaMKII inhibitor targeted the inhib-
itor to all tissues (Griffith et al., 1993). Recently, the use of more
sophisticated targeting systems has allowed a clear demonstration
of the role of CaMKII in the postsynaptic cells. Spatially con-
trolled expression of a constitutively active CaMKII in the

The control and treated curves are significantly different (p < 0.0001). C, In a separate group of specimens the strength of the stimulus was adjusted
by changing the angle of the movement in T287D specimens. The stronger stimulus (26° movements) showed no habituation, the weaker stimulus (20°)
revealed an underlying habituation of the response, and the curves were significantly different (p < 0.0001). Note the similarity in the shape of the
response between the weak response seen here and the shapes of the curves for T287A (see Fig. 4) and the ala specimens (see Fig. 5, Table 1).
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Figure 5. Targeted expression of a CaMKII inhibitory peptide (ala) decreased reflex response and blocked habituation. Shown are examples of the
myograms in treated (4i) and control specimens (A4ii). Note the decreased first burst in the experimental animals (asterisks). B, The averaged peak
response from seven experimental preparations (open symbols) showed reduced reflex response and lack of habituation as compared with controls ( filled
symbols). The initial response was only 33% of the response in the control flies. Note that the plateau level of peak junction potential rate was ~80 Hz
significantly above the wild-type data (p < 0.0001). The wild-type data are shown as filled symbols (see Table 1).

postsynaptic pyramidal neurons in the hippocampus altered the
frequency response at the CA3-CAl synapses. The synapses
became more prone to long-term depression at intermediate
frequencies (Mayford et al., 1995, 1996). This postsynaptic
change was associated with an impaired ability in a spatial learn-
ing task (Bach et al., 1995).

The presynaptic function of CaMKII has been studied in
relatively few preparations, and none of these studies has exam-
ined the dynamics of transmitter release. In the squid, injection of
pharmacological agents disrupted CaMKII function and altered
neurotransmitter release (Llinds et al., 1985). Subsequent studies
led to the proposal that phosphorylation of synapsins by CaM KII
frees synaptic vesicles from a reserve pool and thus increases
vesicular release (Greengard et al., 1993). Finally, ongoing studies
at the Drosophila larval neuromuscular junction involving expres-
sion of a mutant CaMKII presynaptically demonstrate a role for
CaMKII in transmitter release at this synapse (M. Coleman and
L. Griffith, unpublished data).

In the present study the genetic manipulation of CaMKII was
restricted to the presynaptic sensory neurons, and habituation was
severely disrupted. We assumed that, as in many other prepara-
tions (Castelluci et al., 1970; Zucker, 1972), habituation was the
result of homosynaptic depression of transmitter release at the
sensory synapses, and our analysis of habituation was consistent
with this idea (Jin, 1998). The results for targeted expression of
CaMKII supported this idea because expressing various
CaMKII constructs only in the sensory neurons changed habitu-
ation rates.

An accurate interpretation of our results depended on the
selectivity of the targeting system. The Gal4 line we used to target
transgenes was expressed primarily in sensory neurons of the
femoral chordotonal organ (see Fig. 2). Targeted expression of
tetanus toxin light chain in these sensory neurons blocked the
resistance reflex and thereby demonstrated the crucial role of
these neurons in the reflex (Reddy et al., 1997). Reflexes that
depended on other sensory neurons such as the scratch reflex
were unaffected, attesting to the selectivity of the targeting system
(Trimarchi et al., 1998). In addition, the temporal profile of
expression of the targeting element showed that it was activated
after the sensory neurons had established their characteristic
branches within the CNS (R. Murphey, unpublished data). Con-
sistent with this late expression, our anatomical analysis at the
light microscope level indicated that the anatomical connectivity
diagram was normal, although we could not eliminate the possi-
bility of ultrastructural changes in the presynaptic sensory axon
terminals.

The targeting system did not affect the postsynaptic cells and
did not appear to be expressed there. There was no indication of
lacZ expression in motor neurons (see Fig. 2), and expression of
the tetanus toxin light chain by the same Gal4 enhancer trap did
not block spontaneous myogram activity in the extensor muscle,
indicating that the motor neurons were functioning normally,
although the sensory neurons were blocked (Reddy et al., 1997).
In summary, the selectivity of the P[Gal4] insertion allowed us to
express the CaMKII transgenes in the relevant sensory neurons,
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leaving CaMKII undisturbed in the other sensory neurons and
the motor neurons.

The role of calcium-independent and calcium-
dependent CaMKIl in reflex response and

reflex habituation

Autophosphorylation renders CaMKII calcium-independent,
thereby prolonging its activation well beyond the duration of the
original calcium signal (Hanson and Schulman, 1992). A
threonine-to-aspartate mutation at position 287 (286 in mam-
mals) mimics autophosphorylation at that position. The T287D
mutant CaMKII expresses 30—-80% of wild-type maximal activ-
ity in the absence of calcium (Braun and Schulman, 1995). This
property led to the proposal that CaMKII can serve as a molec-
ular memory device (Miller and Kennedy, 1985; Lisman and
Goldring, 1988). Subsequent experimental evidence indicated a
correlation between long-lasting synaptic modification and pro-
longed calcium-independent CaMKII activity. In the hippocam-
pus, LTP-inducing stimuli were shown to increase calcium-
independent CaMKII activity and T286 autophosphorylation
(Fukunaga et al., 1993; Barria et al., 1997; Ouyang et al., 1997).
Direct evidence for a role for autophosphorylation at T286 in the
synaptic plasticity associated with learning was provided recently
by showing that a point mutation at Thr286 blocked LTP in the
hippocampus and affected learning (Giese et al., 1998).

We sought to determine the mechanism for CaMKII activity
on synaptic dynamics by comparing the targeted expression of the
calcium-dependent and calcium-independent transgenes in the
presynaptic terminal. Increasing the total CaMKII activity with
either a calcium-independent kinase (T287D) or calcium-
dependent kinase (T287A) reduced or eliminated habituation.
The manner in which each of these manipulations eliminated
habituation differed and may indicate one aspect of CaMKII
action in these presynaptic neurons. Increasing the amount of
calcium-independent kinase activity with the T287D construct
eliminated habituation, and the response level remained at its
maximum throughout the stimulus trial (see Fig. 3B). This im-
plies that the additional kinase activity was able to mobilize
transmitter release and relieve the presynaptic depression that
was normally responsible for habituation. Even with reduced
stimulus strength that enhances depression in most habituation
paradigms, we saw only a weak depression. An increased amount
of calcium-dependent activity with the T287A construct had a
similar effect, slowing the rate of depression and supporting the
idea that additional CaMKII activity can relieve habituation.

There was one important difference between the calcium-
dependent and the calcium-independent constructs; the initial
response was much weaker than normal for the calcium-
dependent construct (T287A; see Fig. 4, asterisks). This weak first
burst was followed by a rapid sensitization phase that brought the
response up to the very high levels seen with the calcium-
independent form. The initial weak response seen with expression
of the calcium-dependent kinase (T287A) may be attributable to
an induced change in the basal level of calcium-independent
activity in the presynaptic neuron. Calcium-independent activity
of CaMKII is generated by autophosphorylation of T287. This
phosphorylation of T287 is an intersubunit reaction within the
CaMKII holoenzyme, meaning that the activity of the neighbor
of a particular subunit is of critical importance in its phosphory-
lation (Hanson et al., 1994; Wang et al., 1998). The incorporation
of the T287A subunit into the CaMKII holoenzyme is likely to
reduce this basal level of calcium-independent kinase activity
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(Molloy and Kennedy, 1991). In flies expressing T287A the auto-
phosphorylation of wild-type subunit could be compromised by
the presence of the mutant subunit in the holoenzyme. In this way
the basal level of calcium-independent activity would decrease
even if the level of endogenous wild-type kinase was unchanged,
and this would decrease the initial response. This idea is consis-
tent with the lowered initial response that is seen when the
inhibitory peptide ala is expressed presynaptically. Because the
ala construct directly inhibits the catalytic activity of CaMKII, we
suggest that the lowered initial response is attributable to a
decrease in basal CaMKII activity (see Fig. 5).

We considered the possibility that overexpression of CaMKII
could lead to these effects. However, overexpression per se cannot
be used to explain the dramatic difference between 287A and
287D. Both are presumed to be “overexpressed” on the wild-type
background, but they give very different responses at the begin-
ning of stimulation, as described above. The 287A construct
decreased the initial response, but the 287D construct did not.
This difference between targeted expression of the two different
constructs strongly suggests that the constructs are working in
distinct ways, and the results cannot be explained in a manner
simply attributable to overexpression. A wild-type transgene is
being constructed and could be used to confirm this idea.

Taken together, the data are consistent with a model in which
the basal level of calcium-independent CaMKII in the presynap-
tic neuron sets the response level of the synapse and controls the
expression of appropriate response dynamics according to the
activity history of the synapse. Existing biochemical data suggest
that the basal level of calcium-independent CaMKII activity is
crucial to basal synaptic function. If the basal level of kinase is
correlated with the size of the immediately releasable pool, then
transmitter release might be adjusted upward as a function of
active kinase concentration. When the basal level is lowered by
T287A, the size of the immediately releasable pool will decrease
and the first burst will be lowered. Similarly, in the presence of the
inhibitor (ala), the initial response will be suppressed. The low-
release synapses created by expressing T287A or ala now might
exhibit facilitation such as is seen at many low-release synapses
(Hill and Jin, 1998). However, the sustained response will still be
enhanced as compared with that seen in controls because of the
increase in calcium-dependent kinase activity.

Previous studies of response decrement at identified synapses
in other insects are consistent with this model. At identified
synapses in the cricket giant fiber system, response decrement
occurs more readily at synapses where spontaneous activity is
low. In contrast, spontaneously active sensory synapses, and the
interneurons they drive, do not habituate as readily (Chiba et al.,
1992; Hill and Jin, 1998). In addition, experimentally increasing
the sensory afferent activity during development reduced habit-
uation of the interneuron (Murphey and Matsumoto, 1976). Our
results suggest a model whereby recent activity of the sensory
neurons adjusts the basal levels of the autophosphorylated form
of CaMKII, and this in turn adjusts transmitter release levels and
the gain and the dynamics of these synapses. Such a mechanism
would provide the circuit with a “memory” of recent activity
levels and set the gain of the circuit.
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