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In Drosophila, calcium/calmodulin-dependent protein kinase II
(CaM kinase) has been shown to be important in the expres-
sion of both learning and memory for the associative behavior
courtship conditioning. In this study we examine the role of
visual input in producing this behavior and the effects of mod-
ifying visual input on CaM kinase-dependent memory forma-
tion. Inhibition of CaM kinase blocked apparent learning re-
gardless of visual input. Visual input selectively affected the
memory phase of courtship conditioning: normal visual input
masked the memory effects of inhibition of CaM kinase result-
ing in generation of memory without apparent learning, whereas

disruption of visual input revealed the CaM kinase-dependence
of memory. Visual input was found to be important only during
the training period, which implies that vision and CaM kinase
are interacting in the formation rather than the retrieval of
memory. Our results suggest a model for courtship conditioning
in which multiple sensory inputs are integrated at a CaM-
kinase-dependent neuronal switch to modulate courtship
behavior.
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The generation of behavioral plasticity involves integration of
inputs to produce changes in a specific output. The complete set
of inputs and the mode and site of integration are often more
difficult to determine than the change in output that defines the
behavior. Using the powerful array of genetic methods available
in Drosophila, it is possible to investigate the molecular mecha-
nisms of behavior. In this study we define a role for visual input
in courtship conditioning. Manipulation of visual input in a con-
text of normal chemosensory input reveals CaM kinase-
dependent memory formation and suggests that multiplicity in
sensory inputs for this behavior may be an important modulator
of memory formation.

When presented with a female fly, male flies perform a mating
ritual that includes orientation toward the female, wing extension
and vibration to produce a courtship song, licking and eventually
copulation (Spieth, 1974). These behaviors occur sequentially,
and steps are not skipped. This courtship behavior was thought
for many years to be “hard-wired”: a behavioral program that
could be turned on or off but with no plastic features. This
assumption was challenged by the finding of Siegel and Hall
(1979) that courtship could be modulated by experience. Specif-
ically, it was shown that male flies could be conditioned to
suppress courtship by exposure to a mated female. The effects of
this conditioning could be seen for 2–3 hr. Presentation of either
a mated female or a virgin female during this time period elicits
a subnormal amount of courtship. Subsequent studies suggested
that this was an associative behavior in which courtship by the
male and an aversive pheromonal signal produced by the mated

female were both required to get courtship suppression (Acker-
man and Siegel, 1986; Tompkins et al., 1983). Production of this
aversive signal is stimulated by courtship, and the strength of the
signal increases with time (Gailey and Siegel, 1989; Tompkins and
Hall, 1981; Tompkins et al., 1983).

Multiple sensory pathways are thought to contribute to male
courtship behavior. Courtship is known to be modified by vision,
olfaction, and tactile chemosensory inputs, but no single sensory
input has been shown to be absolutely required for courtship (for
review, see Tompkins, 1984). Flies that cannot see and cannot
smell will court and copulate (Tompkins et al., 1980; Gailey et al.,
1986). Flies that are in visual and olfactory, but not tactile,
contact with a female will court (Gailey et al., 1986). Elimination
of all three sensory modalities virtually abolishes mating (Gailey
et al., 1986). These studies suggest that it is an integration of these
multiple sensory cues that is important for generation of the
behavior.

As a first step toward understanding the neuronal and biochem-
ical substrates of plastic behavior in Drosophila, we have used
genetic and environmental manipulation to dissect the roles of
visual input and calcium/calmodulin-dependent protein kinase II
(CaM kinase) in courtship conditioning. As we have reported
previously (Griffith et al., 1993), inhibition of CaM kinase can
affect both learning and memory. We have now found that the
strength and quality of visual inputs can selectively affect the
memory phase of this CaM kinase-dependent plastic behavior.
Disruption of visual input enhances the effects of inhibition of
CaM kinase on memory, but it does not alter the disruption of
apparent learning produced by decreases in CaM kinase activity.
Visual input masks the effects of CaM kinase inhibition on
memory, resulting in animals that express memory without ap-
parent learning. Our results suggest a model for courtship condi-
tioning in which visual and chemosensory inputs are integrated at
a CaM kinase-dependent neuronal switch that regulates male
courtship behavior.
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MATERIALS AND METHODS
Drosophila strains
Fly cultures were kept at 25°C with a 12 hr light /dark cycle on autoclaved
cornmeal, yeast, sucrose, and agar food. The genetic background used for
the behavior experiments was either from Canton-S or the line
w 1118(isoCJ1) a w, Canton-S isogenic stock (Yin et al., 1995). In the text
w refers to this allele. Unless stated otherwise, genotypes are as de-
scribed in Lindsley and Zimm (1992). All females used in the study were
of the genotype C(1)DX, y w f. The learning and memory response to
these y w f females was found to be equivalent to that obtained with
Canton S wild-type females (M. A. Joiner, unpublished observations).
The CaM kinase mutant CaMKII is described elsewhere (L. C. Griffith,
M. A. Joiner, N. Kupiec, N. Marwaha, and M. Pla). Mutation at the
CaMKII locus leads to a 40% decrease in CaM kinase activity and a 50%
loss of CaM kinase protein by Western blot in heterozygotes. The ala
inhibitor peptide is a synthetic peptide based on the sequences of the rat
a CaM kinase autoregulatory domain (Griffith et al., 1993). Two meth-
ods of expression of ala are used in experiments presented in this paper:
the hsp70-ala transgenic line (ala2), which is used without heat shock,
and a UAS line that has the upstream activator sequences linked to the
gene for the ala peptide. The GAL4/UAS system is described by Brand
and Perrimon (1993). A new chromosome 1 neural GAL4 line (MJ85b)
was generated by mating FM7a females with a GAL4 insert on the
balancer chromosome to w; MKRS, D2–3/TM2, D2–3 males.
FM7a,GAL4;MKRS, D2–3 or FM7a,GAL4;TM2, D2–3 virgin females
were individually crossed to w 1118(isoCJ1) males. MKRS is an inversion-
containing balancer chromosome. w 1, non-FM7a, nonmottled-eyed
progeny, which represent new stable mobilizations of the GAL4 trans-
poson, were singly crossed to w 1118(isoCJ1) flies. MJ85b was chosen for
this study because of its high level of expression in the central brain and
low level of photoreceptor expression. F1 males that were tested in the
learning assay resulted from crossing virgin females, homozygous for the
GAL4 insert, to males homozygous for the UAS-ala insert. F1 males that
were sectioned and stained resulted from crossing virgin females, ho-
mozygous for the GAL4 insertion, to males homozygous for a UAS-lacZ
insert (Fischer et al., 1988), which expresses cytoplasmic b-galactosidase.

Sectioning and staining
GAL4;UAS-lacZ flies were put into a fly collar (Jager and Fischbach,
1987) so that their heads were aligned and facing the same way. Heads
were frozen in Tissue Tek, and 12 mm frontal cryostat sections were
loaded onto Superfrost Plus slides. After the tissue was dried onto the
slides, it was fixed [1.5% (w/v) glutaraldehyde, 2.0% (w/v) formaldehyde,
38.0% (w/v) sucrose, 1.0% (w/v) CaCl2 , 1.0% (w/v) gum arabic, and 0.05
M cacodylic acid, adjusted to pH 7.3] for 10 min at room temperature, and
then washed twice in 13 PBS (0.02 M sodium phosphate, 0.5 M NaCl) for
10 min at room temperature. The slides were incubated overnight in the
X-gal staining solutions [8% X-gal in DMSO diluted 1:30 in Fe/NaP
buffer, pH 7.2, 1.8 ml of 0.2 M Na2HPO4 , 0.7 ml of 0.2 M NaH2PO4 , 1.5
ml of 5 M NaCl, 50 ml of 1 M MgCl2 , 3.05 ml of 50 mM K3(Fe(CN)6 ), 3.05
ml of 50 mM K4(Fe(CN)6 ), distilled water to 50 ml] at 37°C. After they
were stained, the slides were rinsed twice for 10 min in distilled water
and mounted (Crystal Mount, Biomeda Corporation, and Permount,
Fisher Scientific, Houston, TX). Photographs were taken using Ko-
dachrome T160 slide film using phase-contrast or Nomarski optics, and
then scanned into Adobe Photoshop software on a Power Macintosh
using a Polaroid Sprintscan.

Behavior assays
Courtship conditioning assay. Singly housed, 5-d-old test males were
placed with 4-d-old C(1)DX, y w f females, mated the previous day, in
single-pair-mating chambers (8 mm diameter 3 3 mm high) for 1 hr. For
each of the 10 min periods observed, a courtship index (CI ) was mea-
sured for each male tested. The fraction of time a male spends courting
in a 10 min interval constitutes the CI. The first and last 10 min of this
conditioning period were videotaped; 2–5 min after conditioning, the
males were paired in a clean mating chamber with anesthetized virgin
females collected that day, and the pairs were videotaped for the 10 min
test period (CIt ). Learning was calculated by dividing the CI for the final
10 min of the training hour (CIf ) by CI for the initial 10 min of the
training hour (CIi ). As a control, sham tests were performed in which the
males were kept alone in the mating chamber for the first hour and then
paired with anesthetized virgin females for the 10 min test period
(CIsham ). Because males used for the test period were not the same as

those in the sham test, memory was measured as a comparison of CIt with
CIsham. In some cases, to assess the response to a mated female tester, we
then placed the test male with a mated female for an additional 10 min
test period. The CI calculated (CIt2 ) was compared with CIf. Experi-
ments were performed at 25°C and 75% humidity in a Harris Environ-
ment Room. Two 52 W light bulbs, not pointed directly at the mating
chamber, constituted white light conditions. Unless indicated otherwise,
all behavior experiments were performed under red light (two lamps with
25 W red photographic light bulbs were placed 20 cm from the mating
wheel). n $ 20 for all genotypes.

Locomotor activity assay. Spontaneous locomotor activity was mea-
sured by counting the number of times a fly crosses a line drawn across
an 8-mm-diameter, 3-mm-high circular chamber in a 4 min period.

Statistics
Each CI was subjected to arcsine, arcsine squared, or arcsine square root
transformation to effect approximation of normal distributions (Sokal
and Rohlf, 1995; Villella and Hall, 1996) ANOVA with genotype or light
condition as the main effect and subsequent Dunnett’s test (a 5 0.05)
were then performed on the transformed data using JMP software
(version 3.1 for the Macintosh: SAS Institute, Inc.). Locomotor data were
distributed normally and analyzed without transformation.

RESULTS
Light, but not CaM kinase, modulates basal
courtship behavior
A number of investigators have noted that light and visual com-
petence of the male have significant effects on mating success in
flies as measured by sperm in the female reproductive tract or the
number of females producing progeny (Geer and Green, 1962;
Grossfield, 1966; Connolly et al., 1969; DeJianne et al., 1981;
Tompkins et al., 1982; Markow, 1987; Chatterjee and Singh, 1988;
Stocker and Gendre, 1989). To determine whether we could
modulate baseline courtship behavior by changing visual input
and whether modulation of basal courtship was affected by inhi-
bition of CaM kinase, we assessed the amount of courtship
performed by males with varying eye pigment levels and varying
amounts of CaM kinase activity under normal white light and dim
red light. Eye pigment levels were decreased by using flies carry-
ing a mutation at the white (w) locus, which eliminates all eye
pigment and decreases visual acuity (Wehner et al., 1969). CaM
kinase levels were modulated by expression of an autoinhibitory
domain peptide inhibitor specific for CaM kinase (Griffith et al.,
1993) under control of the hsp70 promoter at 25°C (ala2/1) or by
heterozygosity for a mutation at the CaMKII locus. At 25°C, the
temperature at which all of our assays were performed, ala2/1
flies produce levels of inhibitor peptide sufficient to inhibit 15–
25% of endogenous CaM kinase activity (Griffith and Greenspan,
1993). Mutation at the CaMKII locus leads to a 40% decrease in
CaM kinase activity and a 50% loss of CaM kinase protein by
Western blot in heterozygotes (L. C. Griffith, unpublished obser-
vations). Visual input was modulated by using dim red light. Flies
are insensitive to light with wavelength .650 nm (Frank and
Zimmerman, 1969), so this condition is equivalent to assaying the
flies in darkness but allows the experimenter to observe the
behavior (Gailey et al., 1986; Stocker and Gendre, 1989; Hing and
Carlson, 1996).

Figure 1 shows CI for Canton-S (wild type), w, w; CaMKII/1,
and w; ala2/1 males assayed either in white or dim red light. CI
is the fractional amount of time spent in courtship activity during
a 10 min observation period (Siegel and Hall, 1979; Griffith et al.,
1993). Data for all experiments were compared using one-way
ANOVA with either genotype or light condition as the main
effect as indicated. Wild-type males with full eye pigmentation
have a higher mean CI than males with less eye pigment in white
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light ( p , 0.05 for all genotypes using Dunnett’s test comparison
to Canton-S). When the same comparison is made in dim red
light, which decreases visual input for all genotypes, Canton-S
males do not perform significantly better than flies with decreased
eye pigment and/or inhibited CaM kinase ( p . 0.05 for all
genotypes compared with Canton-S using Dunnett’s test). This
result is based on changes in the behavior of both the pigmented
and hypopigmented flies. Males with no eye pigment (w or w;
CaMKII/1) and males carrying a mini-w1 transgene that express
subnormal amounts of eye pigment (w; ala2/1) are all inhibited
by white light, showing significant increases in CI under dim red
light ( p , 0.001 for w, w; CaMKII/1 and w; ala2/1). Canton-S
flies, in contrast, are inhibited by dim red light, showing a de-
crease in CI ( p , 0.0001). Thus for pigmented flies, CI goes down
in darkness, but for hypopigmented animals, CI increases. These
results are consistent with results of mating competition studies
(Geer and Green, 1962; Connolly et al., 1969) and also demon-
strate that inhibition of CaM kinase or decreased CaM kinase
levels do not change the effect of visual input on basal male
courtship behavior. This indicates that even animals with de-
creased CaM kinase activity can respond normally to the modu-
latory effects of light and suggests that the effects of CaM kinase
are not simply mediated by a change in the visual inputs that
enhance courtship behavior. The apparently contradictory effects
of light on pigmented versus unpigmented animals may be partly
the result of changes in female behavior that allow increased
success for visually impaired males in the dark; that is, the
absence of visual input to courted females enhances their recep-
tivity (Tompkins et al., 1982; Markow, 1987).

Inhibition of CaM kinase blocks apparent learning, but
not memory, in visually competent flies
To study the plastic aspects of male courtship, we used a courtship
conditioning paradigm. Apparent learning was measured by the
decrement of courtship behavior displayed by the male during a 1
hr exposure to a mated female. The decrement is expressed as a
ratio of the CI for the final 10 min of the training period (CIf ) to
the CI for the initial 10 min of training (CIi ). For all lines tested,
CIin was between 0.350 and 0.888. The mean for control lines was
0.615, and the mean for experimental lines was 0.704. Because

baseline courtship values will be understandably variable depend-
ing on genotype (Fig. 1 and see legends to Figs. 3 and 4), a ratio
is used as a baseline-independent indicator of the magnitude of
learning. For wild-type males this ratio is ;0.5 (see Fig. 3).
Memory of conditioning was assessed by measuring the amount of
courtship toward a virgin female after training with the mated
female. A CI (CIt ) was calculated for a 10 min test with a virgin
female immediately after conditioning. This value was compared
with that obtained with a male that was “sham”-conditioned, i.e.,
spent 1 hr in a chamber with no mated female (CIsham). For
wild-type males, CIt was significantly less than CIsham.

Previous studies on the role of CaM kinase in courtship con-
ditioning were performed using a transgene coding for a CaM
kinase inhibitor peptide under control of the hsp70 promoter at
25°C under normal lighting conditions (Griffith et al., 1993, 1994).
Both experimental and control lines had less than normal eye
pigmentation and were therefore visually abnormal. To further
study the role of CaM kinase in courtship conditioning, we sought
additional methods for disrupting or decreasing enzyme activity
in the adult nervous system in a context of normal visual function.
We used three methods to achieve global decreases in CaM
kinase activity: mutation of the endogenous CaMKII locus, ex-
pression of ala peptide at 25°C under hsp70 promoter control, and
global brain expression of the ala peptide under control of a
GAL4 enhancer trap element. The expression pattern of the
GAL4 line that we generated and used, MJ85b, is shown in Figure
2. GAL4 is expressed throughout the central brain and optic lobes
but not in the photoreceptor cells. The intensity of b-
galactosidase staining is high throughout the brain, being appar-
ently highest in mushroom bodies, optic lobes, and antennal lobes.
Because all of our transgenic animals were made using mini-w1

as a P-element transformation marker, we replaced the mutant w
chromosome 1 in these lines by outcrossing to Canton-S, which is
w1, to generate visually competent males with full eye pigmen-
tation for behavioral assays.

Figure 3A shows data for apparent learning of visually compe-

Figure 1. Light affects basal male courtship. The courtship index (CI ),
the fractional amount of the 10 min observation spent in courtship
activity, for the initial 10 min of exposure of males of the indicated
genotypes to mated females is shown. For each genotype, CI was mea-
sured in white light (white bars) and dim red light ( gray bars). Data are
expressed as mean 6 SEM. n $ 20 for all genotypes and conditions. For
each genotype there is a statistically significant difference in courtship in
the two light conditions.

Figure 2. Expression pattern of GAL4 in line MJ85b. Expression of
GAL4 was visualized by mating homozygous MJ85b virgin female flies to
a line homozygous for UAS-lacZ. Frontal sections (12 mm) of adult heads
were stained with X-gal to mark cells that contain b-galactosidase activity.
The MJ85b line expresses in all neurons of the adult head, with the
exception of photoreceptors of the retina ( r). Expression is most intense
in the optic lobe (ol ), antennal lobe (al ), mushroom body lobe (mb), and
calyx (c) neuropils. A, Anterior brain; B, schematic diagram of anterior
brain. Antennal lobe (al ) and lobes of the mushroom bodies (a, b, and g)
are indicated. Shaded area indicates X-gal staining. C, Posterior brain.
Scale bar, 50 mm. D, Schematic diagram of posterior brain. Medulla (me),
calyx (c), and lobula (lo) are indicated. Shaded area indicates X-gal
staining.
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tent flies with full eye pigmentation in normal white light. UAS-
ala/1 and MJ85b controls were not significantly different from
Canton-S ( p . 0.05 using Dunnett’s test), indicating that there is
no insertional effect of these P-elements in this assay. Males that
have reduced CaM kinase activity (MJ85b; UAS-ala/1 and
CaMKII/1) show poor apparent learning compared with
Canton-S (using Dunnett’s test; p , 0.05 for all genotypes).

Memory of conditioning in white light for visually competent
flies is shown in Figure 3B. Memory was measured as a difference
between courtship of a virgin female after exposure to a mated

female (dark bars) or after sham conditioning in a chamber with
no female (light bars). Sham conditioning produces equivalent
results in all genotypes in white light ( p . 0.05 using Dunnett’s
test for all genotypes compared with Canton-S). For Canton-S
wild type, there is a significant difference ( p , 0.0001) between
conditioned and sham-treated males. UAS-ala/1 and MJ85b con-
trols also show normal memory ( p , 0.0001 for both). Surpris-
ingly, males with reduced CaM kinase activity also have fairly
normal memory ( p , 0.02 for ala2/1, CaMKII/1 and MJ85b;
UAS-ala/1) even in the apparent absence of learning (Fig. 3A).
The absolute difference between sham and conditioned CI, how-
ever, suggests that CaMKII/1 and ala2/1 have a partial memory
phenotype. Although there is a statistically significant difference
between sham and trained flies, the magnitude of this difference
is less than the difference seen with control animals. Thus for flies
with normal vision, inhibition of CaM kinase blocks apparent
learning but leaves memory formation intact. The memory
formed under these conditions is less robust.

Lack of visual input unmasks the memory effects of
inhibition of CaM kinase
To assess the importance of vision we assayed flies in dim red
light. Conditioning in dim red light (Fig. 3C) was not significantly
different from conditioning in white light (Fig. 3A) for any of the
genotypes ( p $ 0.1 for all genotypes except UAS-ala/1 for which
p 5 0.002). Memory of conditioning in dim red light, which blocks
visual input for visually competent flies, is shown in Figure 3D.
Sham conditioning was equivalent in all genotypes ( p , 0.05
using Dunnett’s test comparing all genotypes to Canton-S). For
Canton-S, UAS-ala/1, and MJ85b controls, memory was still
normal ( p , 0.0001 for both), although perhaps not as strong as
that seen in white light. For animals with inhibited CaM kinase,
however, memory was much more affected when assayed in dim
red light, with the effect being largest for the MJ85b; UAS-ala/1
animals (ala2/1, p , 0.01; MJ85b; UAS-ala/1, p . 0.1). Memory
remained intact in CaMKII/1 animals ( p , 0.0001). Thus for
animals that are visually competent, turning off the lights in-
creases the sensitivity of memory to CaM kinase inhibition.
Interestingly, visual input had no effect on the learning phase of
the assay. CaM kinase inhibition blocks apparent learning in both
white and dim red light.

Visual mutations unmask CaM
kinase-dependent memory
The above results suggested that in flies with subnormal vision as
a result of mutations that affect the visual pathway, inhibition of
CaM kinase should produce significant effects on memory in
addition to effects on apparent learning. Furthermore, these ef-
fects should be light-independent. To genetically disrupt vision
we used mutations in two genes: white (w) and optomotor blind
(ombH31). Figure 4A,C shows data for conditioning of visually
impaired flies in normal and dim red light, respectively. Lines that
are visually defective but have normal CaM kinase activity (w-
Canton-S and ombH31) conditioned normally, with CIf /CIi being
close to 0.5. In this study, and in previous ones (Siegel and Hall,
1979), light did not significantly affect conditioning for any line
( p . 0.01 for all lines).

Figure 4B,D shows data for memory of visually impaired flies
in normal and dim red light, respectively. Memory was intact for
flies with impaired vision but normal levels of CaM kinase
(w-Canton-S and ombH31; p , 0.0001). However, flies that have
both reduced CaM kinase activity and impaired vision showed

Figure 3. Learning and memory for flies with intact vision. Males of the
indicated genotype (all of which have normal eye pigmentation) were
trained by exposure to a mated female for 1 hr and then immediately
placed with an anesthetized virgin female. For sham training, flies of the
same genotype were manipulated identically, except that no female was
present in the chamber during training. All manipulations were per-
formed at 25°C, 75% relative humidity. A, Conditioning in white light.
Apparent learning was measured by calculating a courtship index (CI ) for
the first (CIi ) and last (CIf ) 10 min of the conditioning period. Data are
expressed as the ratio of means, CIf /CIi 6 SEM. For wild-type flies
(Canton-S) this value is ;0.5. Values .0.5 indicate defects in apparent
learning, with a failure to decrease courtship during the training period.
CIi for each genotype was Canton-S, 0.82 6 0.23; UAS-ala/1, 0.71 6 0.23;
MJ85b, 0.79 6 0.26; ala2/1, 0.71 6 0.23; MJ85b; UAS-ala/1, 0.86 6 0.18;
CaMKII/1, 0.89 6 0.19. B, Memory in white light. Memory was tested by
measuring a CI for the initial 10 min of exposure to an anesthetized virgin
female after training with a mated female (dark bars) or sham training
(light bars). Data are expressed as mean 6 SEM. C, Conditioning in dim
red light. Learning was measured as in A, with the exception that all
procedures were performed in dim red light. Apparent learning in dim red
light was not significantly different from that measured in white light. CIi
for each genotype was Canton-S, 0.56 6 0.26; UAS-ala/1, 0.69 6 0.21;
MJ85b, 0.74 6 0.23; ala2/1, 0.80 6 0.17; MJ85b; UAS-ala/1, 0.71 6 0.25;
CaMKII/1, 0.82 6 0.21. D, Memory in dim red light. Memory was
assessed as in B, with the exception that training and testing were
performed in dim red light. n $ 20 for all genotypes and conditions.
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partial memory decrements in both normal (w; ala2/1, p . 0.8;
ombH31; ala2/1, p . 0.4; w; CaMKII/1, p . 0.02) and dim red
light (w; ala2/1, p . 0.001; ombH31; ala2/1, p . 0.07; w;
CaMKII/1, p . 0.004). These results are consistent with the idea
that disruption of visual input can unmask CaM kinase-
dependent memory formation.

The counterintuitive effects of manipulation of CaM kinase on
the learning and memory phases of the assay (memory without
apparent learning) are not attributable to differential effects on
responses to mated as opposed to virgin females. If mated females
are used in the memory test, results are similar to those obtained
with virgin testers (Kane et al., 1997). Even in the absence of
apparent learning, w; ala2/1 flies expressed significant memory
during the test phase if assayed with virgins (Fig. 4B) or if
subsequently tested with mated females (CI 5 0.20 6 0.08; n 5
13; p , 0.002 compared with sham test of same genotype).

Locomotor defects are also not the basis of these phenotypes.
Assessment of spontaneous locomotor activity in these lines
reveals no significant differences ( p . 0.05 using Dunnett’s test
compared with Canton-S wild type) (Table 1).

Visual input is important for memory formation,
not retrieval
In each of the above experiments, conditioning and testing were
performed in identical light conditions. To determine when visual
input was important, during conditioning (for formation of mem-
ory) or during the virgin test (for retrieval of the memory), we
performed an experiment in which MJ85b; UAS-ala/1 males were
trained in one light condition and tested in the other. This
genotype is visually intact and shows significant differences in
memory, depending on the light conditions (Fig. 3). As shown in
Figure 5, animals trained in white light and then tested in dim red
light (W 3 R) behaved identically to animals trained and tested
in white light, and they had intact memory ( p , 0.0001 for
comparison of CIt to CIsham). Animals trained in dim red light
and then tested in white light (R 3 W) behaved identically to
animals trained and tested in dim red light, showing significant
memory impairment ( p . 0.3 for comparison of CIt to CIsham).
This demonstrates that visual input is important only during the
conditioning period for memory formation and is not relevant
during expression of the memory.

DISCUSSION
The major conclusions of this study allow us to begin to formulate
a model of how sensory inputs are integrated to achieve behav-
ioral plasticity in male courtship. First, in visually intact animals,
inhibition of CaM kinase predominantly affects the learning
phase, resulting in a failure of the male to exhibit a decrement in
courtship. This failure to “express” learning is not equivalent to
an absence of actual learning as measured by the response to the
subsequently presented virgin or mated female. This type of
effect has also been reported for animals with inhibited protein
kinase C (Kane et al., 1997). Second, visual input and CaM
kinase activity interact to allow formation of memory. In the
absence of normal visual input, inhibition of CaM kinase is much
more effective in blocking memory formation. Third, the effects
of visual input are specific to memory formation and not retrieval,
because light conditions during training determine the outcome
of the memory assay in cases where there are light-dependent

Figure 4. Learning and memory for visually impaired flies. Conditions
for training and testing are described in the legend for Figure 3. A,
Conditioning in white light. Apparent learning was measured by calculat-
ing a courtship index (CI ) for the first (CIi ) and last (CIf ) 10 min of the
conditioning period. Data are expressed as the ratio of means, CIf /CIi 6
SEM. CIi for each genotype was w; Canton-S, 0.35 6 0.15; omb H31, 0.47 6
0.21; w; ala2/1, 0.40 6 0.23; omb H31; ala2/1, 0.84 6 0.11; w; CaMKII/1,
0.46 6 0.24. B, Memory in white light. Memory was tested by measuring
a CI for the initial 10 min of exposure to an anesthetized virgin female
after training with a mated female (dark bars) or sham training (light bars).
Data are expressed as mean 6 SEM. C, Conditioning in dim red light.
Learning was measured as in A, with the exception that all procedures
were performed in dim red light. Apparent learning in dim red light was
not significantly different from that measured in dim white light. CIi for
each genotype was w; Canton-S, 0.52 6 0.24; omb H31, 0.42 6 0.19; w;
ala2/1, 0.67 6 0.19; omb H31; ala2/1, 0.64 6 0.15; w; CaMKII/1, 0.71 6
0.22. D, Memory in dim red light. Memory was assessed as in B, with the
exception that training and testing were performed in dim red light. n $
20 for all genotypes and conditions.

Table 1. Spontneous locomotor activity

Genotype Line crossing

Canton S 128 6 10
w; Canton-S 105 6 7
ombH31 117 6 6
UAS-ala/1 151 6 6
MJ85b 99 6 9
ala2/1 130 6 10
w; ala2/1 160 6 8
ombH31; ala2/1 156 6 4
CaMKII/1 124 6 10
w; CaMKII/1 123 6 14
MJ85b; UAS-ala/1 130 6 5

Locomotor activity was measured by the number of times flies cross a line drawn
across the middle of an 8 mm chamber during a 4 min observation period. Assay
was performed in dim red light; n 5 10 for all genotypes. Data are presented as
mean 6 SEM.
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memory phenotypes. Fourth, the effects of CaM kinase are at an
integration step in the circuit, not in the visual input pathway
itself, because inhibition of CaM kinase does not disrupt the
nonplastic response to light. These conclusions have bearing on
both the role of vision in courtship conditioning and the role of
CaM kinase in plasticity.

The role of vision in male sexual behavior
Vision has been shown to increase the amount of courtship
(Gailey et al., 1986) and the success rate of courtship (Markow,
1987). A modulatory role for vision has also been noted for
courtship conditioning. Darkness or mutations in the visual trans-
duction cascade decreased the robustness of the response, but
males were still able to be conditioned (Siegel and Hall, 1979). All
of these results are consistent with our findings that in normal and
CaM kinase-deficient animals, light can modulate basic courtship
behavior (Fig. 1).

In this study we use three independent methods of modulating
visual input: dim red light, mutation at the w locus, and mutation at
the omb locus. Neither w nor omb flies are completely blind. Both
have visual impairments that decrease acuity (Wehner et al., 1969;
Heisenberg et al., 1978). Our results suggest that light detection
itself may not be the integrating factor, but rather processed visual
information that triggers optomotor behaviors may be what is
important. This is supported by studies showing that female move-
ment increases courtship over that seen with immobile females
(Tompkins et al., 1982), even with visually competent males. Male

“tracking,” a courtship-specific visual behavior, may be the critical
determinant. Males with decreased acuity (e.g., w or ombH31)
cannot track accurately, even though light is being sensed (Cook,
1980), and consequently compete less well for females (Geer and
Green, 1962) and give a lower CI (Fig. 1).

The White protein is a tryptophan/guanine transporter that is
important for localization of eye pigment precursors that may also
be important for neurotransmitter synthesis (Pepling and Mount,
1990). This raises the possibility that in w flies, the defects we
have seen are developmental. However, when tested in the dark
or under conditions that decrease visual input (dim red lights),
the courtship advantage of males with normal eye pigmentation
over w males is nullified (Fig. 1) (Isono, 1993). This suggests that
there is no developmental effect on courtship by the w mutation
itself, but that it is acting primarily via its acute role in vision. All
visual disruptions have the same effect on memory, unmasking
the ability of CaM kinase inhibition to decrease memory. None of
the visual manipulations, however, modulate the inhibition of
apparent learning produced by decreased CaM kinase.

The role of CaM kinase in courtship conditioning
Disruption of CaM kinase activity was also accomplished in three
independent ways: an hsp70-driven ala inhibitory peptide gene
(ala2), heterozygosity for a mutation at the CaMKII locus, and
GAL4-driven brain expression of the ala inhibitory peptide gene.
The ala2 transgene has been extensively characterized (Griffith et
al., 1993, 1994; Wang et al., 1994). At 25°C it produces inhibitor
peptide at levels capable of inhibiting only 15–25% of the endog-
enous CaM kinase activity (Griffith et al., 1993). This level of
peptide is not high enough to appreciably inhibit either cAMP-
dependent protein kinase or protein kinase C. In the case of
MJ85b; UAS-ala/1, the memory phenotype is similar to that
produced by the ala2 transgene, with no additional features. All
three strategies for decreasing CaM kinase activity produce de-
fects in expression of learning that are independent of light (Figs.
3, 4). Interestingly, only peptide inhibition of the kinase has
significant effects on memory. Decreasing the amount of kinase
by mutating one copy of the gene (CaMKII/1) does not affect
memory, even in the absence of visual input.

Why does the CaMKII/1 mutant behave differently than the
inhibitor flies? One possibility is that the ala peptide is inhibiting
an additional kinase. One potential target is protein kinase C.
This seems unlikely, however, because measured levels of peptide
in ala2 are not high enough to inhibit protein kinase C (Griffith et
al., 1993). Another possible target would be other members of the
CaM kinase family. To date there have been no indications that
there are other CaM kinase II homologs in Drosophila. By South-
ern blot only one gene has been seen (Cho et al., 1991), and
low-stringency screening of head cDNA libraries did not identify
any other CaM kinase II homologs (L. C. Griffith, unpublished
observations). As yet, CaM kinase I and IV have not been cloned
from Drosophila. Another family member, the product of the caki
gene, has been reported to be involved in locomotor behavior
(Martin and Ollo, 1996). It seems unlikely that the peptide is
inhibiting this kinase, however, because locomotor behavior of
the lines used in this study appears normal (Table 1) (Griffith et
al., 1993).

A second interesting possibility for the difference in effects seen
between inhibition of the kinase and mutation at the CaMKII
locus is that kinase protein level is also important in some way
that is not correlated with catalytic activity. CaMKII/1 animals
have both reduced kinase activity and reduced protein levels as

Figure 5. Visual input during conditioning determines memory pheno-
type in flies with inhibited CaM kinase. MJ85b; UAS-ala/1 males were
trained by exposure to a mated female for 1 hr in either white or dim red
light and then immediately placed with an anesthetized virgin female in
the opposite light condition. For sham training, flies and lights were
manipulated identically, except that no female was present in the chamber
during training. All manipulations were performed at 25°C, 75% relative
humidity. A, Conditioning in white light for flies tested in dim red light
(W3R) and conditioning in dim red light for flies tested in white light
(R3W ). Data are expressed as the ratio of means, CIf /CIi 6 SEM. For
wild-type flies (Canton-S) this value is ;0.5. Values .0.5 indicate defects
in the apparent learning. B, Memory for flies conditioned in white light
and then tested in dim red light (W3R) and for flies conditioned in dim
red light and then tested in white light (R3W ). Memory was tested by
measuring a CI for the initial 10 min of exposure to an anesthetized virgin
female after training with a mated female (dark bars) or sham training
(light bars). Data are expressed as mean 6 SEM. n $ 20 for all genotypes
and conditions.
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measured by Western blotting (Griffith, unpublished observa-
tions). CaM kinase II may have nonenzymatic roles in neuronal
function. It can act as a “calmodulin trap” after autophosphory-
lation (Meyer et al., 1992), and this may be important for fre-
quency detection of calcium spikes (Hanson et al., 1994). Knock-
out of the a-CaM kinase II gene in mice produces effects on
plasticity that can be explained by a model invoking nonenzy-
matic properties of the kinase (Chapman et al., 1995). Decreasing
the amount of kinase not only decreases activity, but it may be
changing the distribution of kinase-binding proteins.

A model for courtship conditioning
Our results rule out certain classes of models for courtship con-
ditioning (Fig. 6). A “serial” model in which the decrement of
courtship of the mated female is required for memory formation
is ruled out by the results of this study and that of Kane et al.
(1997), showing memory without apparent learning. A “parallel”
model in which the association forms and controls two separate
output pathways for response to mated females and virgin fe-
males is also unlikely. Even when the male does not exhibit a
decrement in his courtship of the trainer mated female, he can
still respond normally to a mated female used as a tester.

Slightly more complicated circuits can be built that will repro-

duce the essential features of the behavior. These models can be
configured in a number of different ways, but all feature CaM
kinase-dependent plasticity in a single circuit that has multiple
output states. In the network model, courtship is turned on by
signaling through a positive pathway responsive to both visual
and stimulatory pheromonal cues. The decrement in courtship
during exposure to a mated female is driven by the increase in
strength of signal through an inhibitory pathway responsive to the
aversive pheromone given off by mated females. The increase in
strength of this pathway is attributable to a time- and courtship-
dependent increase in production of the aversive pheromone by
the mated female (Tompkins and Hall, 1981; Tompkins et al.,
1983) and a CaM kinase-dependent heterosynaptic facilitation of
the connection between this pathway and the courtship motor
center (this synapse is indicated by gray shading in the negative
pathway, Fig. 6). This pathway also modulates the positive path-
way by causing a CaM kinase-dependent heterosynaptic inhibi-
tion of the connection between the positive pathway and the
courtship motor center (this synapse is indicated by gray shading
in the positive pathway, Fig. 6). Thus, over the course of the
conditioning period, the wild-type male goes from a high level of
courtship to a low level of courtship. Memory for conditioning is
encoded in the weakening of the connection between the positive
pathway and the motor center. When a virgin female is presented
to a conditioned male, the positive pathway is too weak to turn on
the courtship motor program.

Disruption of visual input has several effects on the circuit in
wild-type flies. First, courtship stimulated by a virgin female is
less robust because there is less positive input (Fig. 1). Second,
the strength of the memory formed is decreased in the absence of
visual input (compare memory in white and dim red light in Fig.
3B,D). This result implies that the amount of activity in the
stimulatory pathway can modulate the strength of heterosynaptic
inhibition induced by the negative pathway.

Decreased CaM kinase activity produces impaired apparent
learning in all cases tested. In this model, the decrease is pro-
duced by impairment of both the heterosynaptic inhibition and
the facilitation of the circuit. The learning phenotype seen with
inhibition of CaM kinase is not affected by visual input, suggest-
ing that the negative pathway (which does not have a direct visual
input) may be most important for apparent learning.

The effects of decreased CaM kinase activity on memory are
more complicated and depend on the amount of activity in the
positive pathway. If there is normal visual input, even in condi-
tions in which CaM kinase activity is decreased, there is enough
activity in the positive pathway to allow some memory formation
(Fig. 3B). If vision is disrupted, the amount of activity in the
positive pathway decreases, and consequently there is less het-
erosynaptic inhibition and no memory formation (Figs. 3B, Fig.
4B,D).

The mechanisms invoked by this model have been elegantly
demonstrated in vivo for the Aplysia gill- and siphon-withdrawal
reflexes. Serotonergic input onto the presynaptic terminal of the
sensory neuron causes facilitation of the connection between the
sensory neuron and its motor neuron target, increasing neuro-
transmitter release (for review, see Byrne and Kandel, 1996).
Application of FMRFamide to the presynaptic terminal causes
inhibition of the sensory connection to the motor neuron and
reduced transmitter release (Small et al., 1992). In Aplysia, both
heterosynaptic facilitation and heterosynaptic inhibition have
short- and long-term forms. The duration of the plasticity is
determined by the strength of the stimulus and its temporal

Figure 6. Models of courtship conditioning. Previous and current models
of courtship conditioning are depicted. In the network model, a positive
pathway responsive to both visual input and stimulatory pheromone and
a negative pathway responsive to aversive pheromone are connected to
the output center controlling male courtship. —u indicates an excitatory
connection; —F indicates an inhibitory connection. Gray shading indi-
cates connections at which CaM kinase-dependent heterosynaptic plas-
ticity is expressed in the positive and negative pathways. Rules for
synaptic strength modulation are as follows: (1) concurrent activity in the
negative pathway and the courtship motor center leads to strengthening of
the connection between the negative pathway and the motor center, and
(2) concurrent activity in the positive pathway and the negative pathway
leads to weakening of the connection between the positive pathway and
the motor center.
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pattern. The network model for courtship conditioning also has
this feature, and modification of the training paradigm for court-
ship conditioning can produce long-term memory (A. Uhimov
and L. Tompkins, Temple University, personal communication;
Joiner, unpublished observations).

In summary, we have shown that courtship conditioning in
Drosophila has an important visual component. Manipulation of
vision affects both basal courtship and memory formation. Visual
input is important only during conditioning, indicating that its
effect on memory is attributable to changes in the ability to form
memory rather than defects in retrieval. Decreases in CaM kinase
levels affect both the learning and memory phases of courtship
conditioning. Memory defects are more apparent in visually de-
fective flies, suggesting that CaM kinase is involved in memory
formation and that visual inputs are integrated via a CaM kinase-
dependent process in courtship conditioning.
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