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Visual Input to the Efferent Control System 
of a Fly's 'Gyroscope" 

Wai Pang Chan, Frederick Prete, Michael H. Dickinson* 

Dipterous insects (the true flies) have a sophisticated pair of equilibrium organs called 
halteres that evolved from hind wings. The halteres are sensitive to Coriolis forces that 
result from angular rotations of the body and mediate corrective reflexes during flight. 
Like the aerodynamically functional fore wings, the halteres beat during flight and are 
equipped with their own set of control muscles. It is shown that motoneurons innervating 
muscles of the haltere receive strong excitatory input from directionally sensitive visual 
interneurons. Visually guided flight maneuvers of flies may be mediated in part by efferent 
modulation of hard-wired equilibrium reflexes. 

Flies are amone the most maneuverable of ., 
all flying animals and generate elaborate 
flight behaviors under visual control (1 1. For - 
example, a male housefly initiates a correc- 
tive tracking maneuver within 30 ms of de- 
tecting a deviation in the flight trajectory of 
a female that it is chasing (2). Flies have 
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several unique specializations that enable 
them to detect and respond to moving tar- 
gets with such rapidity. These specializations 
include a visual system with a flicker fusion 
rate of 300 Hz (3) and wings capable of 
achieving an aerodynamic performance that 
is two to three times greater than that gen- 
erated by conventional steady-state mecha- 
nisms (4). Perhaps the most remarkable spe- 
cialization of the flight system of flies is the 
evolutionary transformation of the hind 
wings into equilibrium organs called hal- 
teres, tiny club-shaped organs that beat an- 

tiphase to the wings during flight (5). Al- 
though the halteres have lost their aerody- 
namic role through evolution, the sensory 
fields at their base have hypertrophied rela- 
tive to their homologs at the base of the 
wings (6). In the blow fly Calliphora wicina, 
the haltere is equipped with about 335 
strain-sensitive campaniform sensilla orga- 
nized in five distinct fields on the haltere 
base (7). Sensory cells innervating a sub- 
population of these sensilla encode Coriolis 
forces that result from the cross product of 
the haltere's linear velocity with the angular 
velocity of the fly's body around the yaw, 
pitch, or roll axes (8). Through their strong 
connections with steering motoneurons of 
the wing, the haltere afferents mediate sta- 
bilizing flight control reflexes (9, 10). With 
their halteres removed, flies are unstable and 
quickly crash to the ground (1 1). 

In many animals, efferent regulation 
modulates the sensitivity of sensory systems. 
In mammals, mechanical feedback mediated 
through efferent control of the outer hair 
cells within the cochlea is responsible for the 
sharp tuning of the primary auditory recep- 
tors (1 2). In vertebrate muscle spindles, fusi- 
motor efferents can adjust the length of in- 
trafusial fibers to set the sensitivity of the 
spindle sensory afferents ( 13). Similarly, in 
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Fig. 1. (A) Lateral view of a blow fly show- 
ing the haltere (in black) and the anterior 82 
(right) and posterior (left) spiracles. The 
arrows in this and subsequent figures in- 
dicate the haltere hinge. (B) Internal view WM 
of the right metapleural region showing 
the origin and insertion of the haltere con- 
trol muscles. The mesothoracic phragma 
was trimmed to expose the muscle inser- 
tion sites at the base of the haltere. (C) 
Close-up view of the haltere base show- 
ing the insertion sites of the direct control melathoracic coxa 
muscles. The first pterale (PTI) lines the 
dorsal posterior margin of the haltere 
base. The second pterale (PT2) is located 
medially at the haltere base and bridges 
thedorsal and ventral margin of the haltere's articulation with the rnetathorax. anterior and ventral to the haltere. These four sclerites are surrounded ante- 
The third pterale (PT3) forms the posterior comer of the haltere base. The riorly and dorsally by the anterior notal process, posteriorly by the posterior 
largest sclerite, the basalare, is fused to the pleural process and sits just notal process, and ventrally by the pleural process. 
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decapod crustaceans, centrifugal control of 
muscle tension is used to regulate the sensi- 
tivity and operating range of stretch recep- 
tors (14). In this report, we provide anatom- 
ical and physiological evidence that the hal- 
teres of flies are also equipped with an effer- 
ent control system composed of the serial 
homologs of the steering muscles of the 

wing. By recording from motor units within 
identified haltere control muscles, we show 
that this efferent system is under the direct 
control of motion-sensitive visual intemeu- 
rons. Thus, the haltere control muscles pro- 
vide a means by which visual information 
can modify mechanosensory feedback. 

The haltere is situated in the metatho- 

Table 1. Comparison of muscles associated with wing (mesothorax) and haltere (metathorax). 

TY pe Origin Insertion Mesothorax (34) Metathorax 

Power muscle 
Power muscle 
Control muscle 

Direct 
Direct 
Direct 
Direct 
Direct 
Direct 
Indirect 
Indirect 

Notum 
Notum 

Thoracic phragma 
Pleuron 
Notum 
Pleural apophysis 
Pleural apophysis 
Pleural apophysis 
Pleural apophysis 
Pleural apophysis 

Notum 
Ventral pleuron 

Basalare 
Basalare 
Basalare 
Pterale I 
Pterale Ill 
Posterior notal process 
Sternum 
Notum 

DLM1 to DLM6 
DVMl to DVM7 

B1 
B2 
B3 
11, 12 
1111 to 1114 
Hgl to Hg4 
PSI , PS2 
TP1, TP2 

None 
DVM 

B1 
B2 
None 
11, 12 
1111, 1112 
Hgl , Hg2 
PSI , PS2 
TP 

- haltere 

pleural 
process 

basalar 
apodeme 
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Fig. 2. (A) The lateral view of the metapleural 
region is superimposed on the two muscles 
82 and I1 to show the recording sites (open 
c~rcles). (B) 82 shows a robust and slowly 
adapting response to grating motion in its pre- 
ferred orientation (212") and no response 
when the grating moves in the opposite direc- 
tton (0") (C) The average responses (mean + 
SE) from the female (filled circles: n = 11) and 
male (open circles: n = 10) flies are similar with 
a peak response at 157.5". (D and E) The firing 
rateof I1 increases with motion in the preferred 
direction in a female (90") (0) and a type II male 
(1 12") (E). The presence of spontaneous activ- 
ity uncovers an inhibitory response in I1 to 
motion opposite the preferred direction (270") 
(D). In type II males, motion opposite the pre- 
ferred direction elicits a weak excitatory re- 
sponse in I1 (E). (F) The average response in 
females (filled circles; n = 8) and males (open 
circles; n = 12) shows maximum responses at 
45" and 67.5", respectively. (G) Type 1 males 
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(open circles; n = 6) have average responses similar to those of the females, whereas type II males (open 
triangles: n = 6) exhibit a second response peak at 225". 
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racic segment behind the posterior spiracle 
(Fig. 1A). As with the wing, the haltere is 
attached to the thorax by a complex articu- 
lation consisting of four hard sclerites 
[basalare and pteralae (PT) 1 to 3; Fig. lC] 
interconnected by more flexible membra- 
nous cuticle. Collectivelv. these cuticular el- 

- 

, . 
ements make up a complex hinge that allows 
the stalk of the haltere to rotate over a 180" 
arc with respect to the thorax. The muscles 
of the haltere insert on various element 
within this hinge (Fig. 1, B and C) ,  provid- 
ing a means of controlling haltere kinemat- 
ics during flight (15). The mesothoracic 
wing muscles of flies may be divided into 
three functionally, physiologically, and ana- 
tomically distinct classes: large indirect asyn- 
chronous muscles that provide the power to 
move the wings back and forth, small direct 
svnchronous muscles that adiust kinematics 
&ring steering maneuvers, and small indi- 
rect synchronous muscles that are thought to 
regulate the tension of the thorax (1 6). Al- 
though greatly reduced in size, the small 
metathoracic segment contains members of 
all three flight muscle groups (Table 1). 

The metathorax contains only a single 
pair of indirect asynchronous muscles com- 
pared with 13 pairs in the mesothorax. As 
first described by Pringle (17), activity in 
this single dorsal ventral muscle (DVM) is 
sufficieit to oscillate the haltere 'back and 
forth within its stroke plane. Compared 
with the power muscles, the reduction in 
the number of direct control muscles asso- 
ciated with the haltere is less extreme. from 
13 in the mesothorax to 8 in the metatho- 
rax, most of which originate on the meta- 
pleuron (Table l) .  Two of the muscles (B1 
and B2) insert through a common tendon 
on the basalar apode6e. The six remaining 
direct haltere control muscles insert on pte- 
rale I (I1 and I2), pterale I11 (I111 and IIIZ), 
and the posterior notal process (Hgl and 
Hg2) (Fig. 1, B and C). The metathorax 
contains three indirect control muscles 
compared with four in the mesothorax: a 
single tergo-pleural muscle (TP) and two 
pleurosternal muscles (PSI and PS2) (Fig. 
1, B and C). The gross morphology of the 
haltere muscles in Callibhora is similar. but 
not identical, to that previously described 
in a crane fly (18) and a horse fly (1 9). 

To examine the effect of descending vi- 
sual information on the activity of the hal- 
tere control muscles, we presented animals 
with visual gratings while recording from 
identified muscles with glass microelectrodes 
(20). Although the haltere muscles are tiny 
and their insertions overlap, by careful elec- 
trode placement, we were able to make un- 
ambiguous identification of two muscles (I1 
and B2) (Fig. 2A) whose activities are mod- 
ulated by descending visual input (21). 
Movement of a visual grating elicited a ro- 
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bust, slon-ly adapt~ng Increase in the firing 
rate of B2 (Fig. 2B). This response rvas dl- 
rect~onally sensit~ve, n-ith a peak response at 
157.5' (Fig. 2C), correspond~ng to motloll 
downward and sl~ghtly toward the  psil lateral 
sicle. In al~iruals 111 nhich the backoround 

i t~d~ca ted  that visual stiln~lli moclulate the thev act to counteract voluntarv behav~ors. 
activity of wing-steering ln~~scles  d u r ~ n g  
flight (25, 26). In  the  course of our experl- 
merits, we also examined the  responses of 
~ d e n t i f ~ e d  \\ring control ~nuscles to the same 
visual s t~muli  that activated the haltere con- 

For example, the vestibular-ocular circ~utry 
in vertebrates must ignore retinal slip n-hen 
an  individual act~vely turns its head (31 ). 
T h e  haltere motor system prov~des tn-o pos- 
sible inechan~sms bv n-hich the srabilitv re- 

activity in B2 n-as high, n-e observed an  
inhibitory response to stripes moving oppo- 
site to the preferred direction. T h e  response 
of B2 \vas identical in lnales (n  = 10) and 
females (11 = 1 I ) .  The  directional sensitivity 
of B2 is silnilar to that of lobula plate inter- 
n e ~ ~ r o n s  n-ithin the vertical svstem 122). 

trol muscles. W e  found n o  evidence for 
threshold resvonses in any of the wino nus -  

flexes \\rould not iilterfere n-it11 volulitary 
commands: reflex desensitization and con- 

cles to the presentation of visual stimuli in 
cl~~iescent animals. This negative result can- 
not be explained by a general inability to 

trol-loop manipulation. By changing kine- 
matics or altering the lnechanics of the hal- 
tere base. the control lnuscles could attenuate 
the sensitivity of the haltere afferent5 clurillg 
voluntary flight maneuvers and thereby in- 
hibit corrective responses. Altemat~vely, 
rather than disabling the haltere reflexes, the 
fly might actively manipulate the reflex loop 
to generate \~oluntary maneuvers (Fig. 3). By 
activating control muscles, the Jescending 
interneurons could alter haltere k~neinatics 
in a way that n-ould mimic the changes that 
occur during externally ilnposecl flight pertur- 
bat~ons. T h e  resulting coinpensatory activa- 
t ~ o n  of n-ino lnuscles In the absence of exter- 

record from the \\ring muscles, because we 
routinely recorded from the sanle ~nuscles 

Muscle I1 also responded to the lnotion of a 
v~sual  grating (Fig. 2D), although its Jirec- 
tional tuning is roughly orthogonal to that of 
B2, nit11 a preferred direction of 45" corre- 
sponding to motion uvward and ton-ard the  

during steering responses in tethered flying 
animals. T h ~ s  failure of visual  notion to 
elicit responses in the wing-steering muscles 
while generating robust responses in the hal- 
tere control muscles of the  saine animals has 

ips~lateral side (Fig. 2F). In most prepara- 
tions, I1 f~ red  spontaneously in the  absence 
of visual motion. In females (n  = 8), motion 

tn70 possible explanations. First, the mo- 
toneurons of the  ning control muscles might 
be neurally gated such that descending visual 
input does not e l~c i t  threshold evet~ts  unless 
the  animal is flying. Context-dependent gat- 
ing of visual i n f o r ~ n a t ~ o ~ l  is \\,ell character- 
ized in the f l~gh t  control system of locusts 
(27).  However, ~f such a gating mecha~lisrn 
were in effect, it is pec~lliar that it should 
operate to  uncouple the descending input 
fro111 the  lying lnotoneurons but not from 
serially llomologous haltere motoneurons. 
Perhaps because of their small size, there are 
n o  deleterious consequences fro111 maintain- 
ino the  connections with haltere muscles, 

opposite to the preferred ~lirection resulted 
111 an  ~ n h ~ b i t i o t ~  of t h ~ s  backgro~~nd activity 
(Fig. 2D). T h e  directional tunlng of I1 in 
felnales was s ~ ~ n i l a r  to that of the horizontal 
system visual ~ntemeurons in the lobula 
plate (23).  T h e  directiot~al sensitivity of I1 
In nlales a-as more complex, suggesting a 
peculiar sexual diinorphism (24).  

Experiments o n  tethered an~mals  have 

" 

rial perturbations \\rould result in a change in 
the animal's f l~ght  trajectory. 

A t  present, n e  favor the reflex-loop ma- 
nipulation hypothesis over the reflex desen- 
sitization hypothes~s for several reasons. First, 
this architecture could explain the apparent- 
ly neak connections betn-een descending vi- 
sual input and the steerillg tnuscles of the 
n-ing. Visual illput might influence wing ki- 
nematics during flight, not through direct eve " 

whereas the ning ~nuscles are required for 
groonlillg and courtship behaviors \\'hen the 
animals are not flying. A seconcl, nonexclu- 

connections nit11 n-ing motoneurons, but 
rather through their input to the haltere mus- 
cle svstem. T h e  resultino visuallv mediated 
changes in haltere kinelnYatics .il.o;~ld 111 turn 
influence \\ino kinematics t h r o u ~ h  the con- 

sive inte~pretation 1s that the descending 
visual interneurons do indeed make stronoer " 
connections w ~ t h  haltere control motoneu- 
rons than \\rith \vine control motoneurons. 

- 
nections bet\veen ca~llratliforill afferents and 
n-~ng-steering inotoneurons. Second, phys~o- 
logical ev~dence indicates that the steering 
lnuscles of the n71ng fire at preclse tinles 
ni th in  the wingbeat cycle and that this phase 

41 wing control 
nn muscles 

T h e  anatolnical and physiological evi- 
dence presented here ~ndicates that the 11al- 
teres of f l~es  are equ~pped n-it11 a n  efferent 
control system that is under the it~fluence of 
descendine visual interneurons. This path- 

tut~itlg is due in part to the input of haltere 
afferent5 (26). This haltere-devendent phase 

way, together n-1t11 the known connectiotls 
between haltere afferent5 and neck moto- 

tuning would be lost during voluntary steer- 
ing maneuvers if the control muscles acted to 
desensitize the haltere afferents. Third, dur- 
ing any time in n-hich they disabled or de- 
sensitized their eiluilibrium reflexes, flies 

neurons (2d), might explain \vhy optok~netic 
head turns in- \\'alking animals are absent 
after haltere ablation (9).  During flight, the 
haltere efferent system might serve a number 
of f~~nct ions .  Extensive behavioral evidence 

) ( - ( ( haltere control 
muscles 

n-ould be especially susceptible to flight per- 
turbations. With  the control-loop strategy, 
the equilibrium reflexes ~vould remain oper- 
ational at all times so that the a t ~ ~ m a l  could 
compensate for flight perturbations that oc- 
curred during voluntary maneuvers. W e  at- 
te~npted to test the control-loop hypothesis 
by record~ng from haltere ~nuscles during 
steerit~g responses in tethered flight. Unfor- 
tunatelv. n-e have not vec been able to un- 

campaniforms suggests that the mecl~anosensory afferents at 
the base of the haltere act to initiate com- 
pensatory reflexes in flying animals ( d , 9 , 2 8 ) .  

Fig. 3. Carioon ustrat~ng the control-loop hy- 
pothess by whch the vlsual system can actively 
manpulate the haltere equbrum reflex loop. Mo- 
toneurons are indicated by heavy Ilnes. The de- 
scendlng vlsual Interneuron activates the haltere- 
steerng muscles (bottom hatched box) to change 
haltere kinematics durlng flight. Thls change In 
haltere beating would In turn actlvate hatere cam- 
paniform neurons that feed fotward to wng-steer- 
ing motoneurons. By such a mechanism, vlsual 
nterneurons could nfluence wing-steer~ng mus- 
cles (top hatched box) without any direct connec- 
tlons (dotted lne) wlth wlng motoneurons. 

In at least some cases, these reflexes result 
fro111 strong monosynaptic contlections be- 
tn-een haltere afferet~ts and wing-steering 
lnototleurons consisting of both chemical 
and electrical colnponents (29, 30). T h e  
speed and accuracy of these reflexes are in, 
large part responsible for the re~narkable sta- 
bility of flies, as evidenced by their instability 
after haltere ablation. O n e  potential problem 
with equilibrium reflexes, hon.ever, is that 

, , 
ambiguously identify muscles spikes in I1 or 
B2 during flight because of the background 
activity in the nearby DVM, leg muscles, and 
afferent5 ni th in  the haltere sensory nerve. 
Similarly, it has proven difficult to electrical- 

iencemag.org * SCIENCE * \'OL. 282 * 11: APF 



1y stimulate the haltere control muscles n-ith- 
out also directly activating afferents n-ithin 
the adjacent haltere nerve. 

T h e  haltere efferent control pathnay is 
base'{ o n  a neural architecture that may be 
common alnollg insects and provi'{es a par- 
simonious explanation for the evolution of 
halteres from aerodynamically functional 
hill'{ \\rings. In locusts, hind ning mechano- 
receptors make strong connections n-ith fore 
wing lnotoneurolls and function to maintain 
a correct phase relation between the meta- 
thoracic and mesothoracic \\ring pairs (32). 
Although the  hind wings of flies have lost all 
aerodynamic function, they have retained 
and elaborated mechanoreceptors capable of 
entraining motoneurons of the fore n-ing. 
Wings, like halteres, are susceptible to Co- 
riolis forces. Ho\vever, nithout using a so- 
phisticated ~nultiplexing strategy, it would be 
difficult for the nervous system to distinguish 
betn-een aerodynanlic forces and Coriolis 
force acting o n  wings. T h e  reduction of the 
halteres' aerodynamic role may have resulted 
from disruptive selection acting to specialize 
the fore wing as an  aerodynamic organ and 
the hind wing as a Coriolis force-sensitive 
ecluilibrium organ. Although the haltere ef- 
ferent system provides a sophisticated means 
of integrating visual and mechanosensory in- 
formation, the underlyil~g circuitry probably 
arose froin a general pattern of segmentally 
repeated sensory-motor reflexes. 
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A Marine Natural Product Inhibitor 
of Kinesin Motors 

Roman Sakowicz, Michael S. Berdelis, Krishanu Ray, 
Christine L. Blackburn, Cordula Hopmann, 

D. John Faulkner, Lawrence S. 6. Goldstein* 

Members of the kinesin superfamily of motor proteins are essential for mitotic and meiotic 
spindle organization, chromosome segregation, organelle and vesicle transport, and 
many other processes that require microtubule-based transport. A compound, adocia- 
sulfate-2, was isolated from a marine sponge, Haliclona (also known as Adocia) species, 
that inhibited kinesin activity by targeting its motor domain and mimicking the activity of 
the microtubule. Thus, the kinesin-microtubule interaction site could be a useful target 
for small molecule modulators, and adociasulfate-2 should serve as an archetype for 
specific inhibitors of kinesin functions. 

Eukaryotic cells depend o n  dynamic micro- ous kinesins are necessary for cell division 
tubule (MT)-mediated events executed by ( 1 )  and for vesicle ( 2 )  and organelle (3) 
members of the kinesin suuerfamilv. Vari- transuort. More than 100 kinesin suuerfam- 

ily members are currently known. Different 
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