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Summary

Aging is often associated with locomotor deficits.
Behavior in aged Blaberus discoidaliscockroaches was
analyzed during horizontal walking, climbing, righting
and inclined walking. Adult animals showed a decrease in
spontaneous locomotion with increasing age. Tarsal
abnormalities, termed ‘tarsus catch’, were often present in
aged individuals. In ‘tarsus catch’, the prothoracic leg

catches on the mesothoracic leg during the swing phase.

This deficit causes alterations of the gait, but animals are
able to regain a tripod gait after the perturbation. The
tibio-tarsal joint angle in individuals with ‘tarsus catch’
was significantly less than in intact animals. Structural
defects were consistently associated with ‘tarsus catch’.
The tracheal tubes in the tarsus and around the tibio-

with ‘tarsus catch’ take longer to right than aged intact
individuals. Old cockroaches have difficulty climbing an
incline of 45°, and leg slipping is extensive. Slipping may
be caused by tarsal degeneration, but animals that are
unsuccessful in inclined walking often show uncoordinated
gaits during the attempt. Escape behavior was examined
in aged American cockroaches Reriplaneta americana
They do not show normal escape. However, after
decapitation, escape movements return, suggesting that
degeneration in head ganglia may actually interfere with
escape. These findings provide evidence for age-related
changes both in the periphery and in the central nervous
system of cockroaches and stress the importance of multi-
level approaches to the study of locomotion.

tarsal joint were often discolored and the tarsal pads were
hardened in aged cockroaches. All aged individuals were
able to climb. However, prior to climbing, some animals
with ‘tarsus catch’ failed to show postural changes that
are normally seen in young animals. Aged individuals can
right as rapidly as 1-week-old adults. However, animals

Movies available on-line.

Key words: senescence, walking, arthropod, central nervous system,
kinematics.

Introduction

In all animals, the aging process is accompanied by Locomotor deficits in aged individuals can also be caused
physiological and behavioral changes. Physiological changeBy non-neural degeneration in the musculoskeletal system.
such as those associated with the nervous and musculoskelétging is frequently associated with weakness and decreased
systems, often result in decreased or impaired locomotion imass in the muscles (Anderson, 2003). Muscle weakness in the
aged individuals (Fernandez et al., 1999; Hilleras et al., 199@]derly has been attributed to a reduction in the sliding speed
Le Bourg, 1987; Minois et al., 2001; Scimonelli et al., 1999;0f cross-bridging elements (Hook et al., 2001; Lowe et al.,
Siwak et al., 2002). 2002). Muscle atrophy with aging is the result of a loss in the

Age-related locomotor deficits are often the result ofhumber of muscle fibers, rather than a reduction in fiber size
degeneration in the central and/or peripheral nervous systenisexell, 1993). Stiffness at the joints and ligaments, which can
In mammals, loss of neurons and neurotransmitters in cortde caused by increases in collagen fiber cross-linkages and loss
and cerebellum can be associated with aging and motof elastic fibers, can also result in a decrease in the range of
impairment (Hilber and Caston, 2001; Kaasinen et al., 2000notion in aged individuals (Aigner and McKenna, 2002; Kerin
Volkow et al., 1998). Sensory information from the limbs iset al., 2002).
important in postural control and reactions to perturbations Insects provide a useful model system for aging studies
(Maki and Mcllroy, 1996; Mcllroy and Maki, 1996). because they are short-lived compared with mammals.
Degeneration in the peripheral nervous system could result Decreases in spontaneous activity with increasing age have
loss of vibration or cutaneous sense in the limbs and a decredseen well documented in fruitflies and honeybees (Fernandez
in the response time of reflexes (Shumway-Cook anét al., 1999; Minois et al., 2001; Parkes et al., 1999; Tofilski,
Woollacott, 2000; Ulfhake et al., 2002). 2000). However, none of these papers have examined changes
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in leg kinematics and joint movement in aged insectsmass (COM) were digitized using motion analysis software
Furthermore, past studies have only looked at simple walkin@VINanalyse; Mikromak, Berlin, Germany). The COM was
and have not studied more complex locomotion, such asstimated as a point 46% of the body length along the fore—aft
‘transitional behaviors’ that alter an animal's path ofaxis from the tail point of the animal (Jindrich and Full, 1999;
movement (Watson et al., 2002). Transitional behaviors ofteliram et al., 1997). Digitized points were used to calculate the
require altered leg movements and/or posture to complete tléstance from the end of the tibia to the COQMand the angle
task. Examination of these types of locomotion is important if the end of the tibia relative to the fore—aft axis through the
order to understand how an animal alters behavior in differelf@OM (®; terminology from Jindrich and Full, 1999). The
environmental situations. angle of the tibio-tarsal joint was calculated during the first
In the present study, we documented the adult lifespan dfame of stance by digitizing the end of the tarsus and a point
Blaberus discoidalisndPeriplaneta americanaockroaches. on the distal end of the tibia. Angles and distances were
We then examined behavioral and kinematic changes ilnearly smoothed with an ®s time constant using Data-Pac
locomotion with age irBlaberusduring horizontal walking software (Run Technologies, Mission Viego, CA, USA) and
and transitional behaviors including righting, climbing andplotted as polar coordinates @). Stride length was calculated
inclined walking. In addition, we studied the effect of advanceds the length of the distance between the anterior extreme
age on the kinematics of escape behavidPéniplanetaand  position (AEP) and posterior extreme position (PEP) during
compared these findings with those observed in youngach stance phase. Gait pattern and the speed of walking were
individuals and decapitated animals. Locomotor deficits werdetermined by calculating the number of frames in which the
present in both species of cockroaches older thame@Bs legs were in stance and swing.
post-adult molt and the behavior of these animals was often

different from that seen in younger animals. Our findings show Tarsal anatomy studies
that age-related deficits in locomotion are present in senescentThe external and internal morphology of the tarsi was
cockroaches. examined under a dissecting microscope, and images were

captured with a Nikon Coolpix 950 digital camera. To test the
flexibility of the tarsal pads, the tarsus was secured, tarsal pads
up, in a wax dish with insect pin staples so that it would not
Animal care move. A single nylon filament attached to a glass rod and a
Male and femald@laberus discoidalisServille (Blaberidae; micromanipulator was used to indent the most proximal pad
death-head cockroach) and mdderiplaneta americand.. until the filament buckled. The maximum force of the filament
(Blattidae; American cockroach) were collected upon adul29 mN) was determined by pushing it against aglforce
ecdysis and placed into plastic containers on a weekly bastsansducer until it buckled. The force transducer was calibrated
Animals were maintained at 26°C on att22h light:dark  with small weights.
cycle. Fragments of egg cartons were added for shelter. In

Materials and methods

addition, food (chicken chow) and water were proviaed Block climbing, inclined walking and righting
libitum. To examine climbing in aging animals, acrylic blocks were
placed across the path of the treadmill (Watson et al., 2002).
Spontaneous locomotion Blocks of 5.5mm, 11mm and 16.35nm height were used to

Animals were placed into a Z8nx30cmx10cm plastic  test each individual. High-speed video images were taken with
container without any shelter. Spontaneous locomotion waa single camera at 12&mess L. Videos were examined and
defined as the amount of time an individual spent walkinggompared with previous studies (Watson et al., 2002).
tunneling or climbing the walls within a Xin period (60Gs). The ability of aged individuals to successfully walk on an
Tunneling was defined as the time in which an animal wamcline was tested by using a track with an acetate belt that was
moving the legs in a walking motion but the head was itilted to 45°. Two high-speed video cameras were used to
contact with the wall. Climbing was defined as the time irnvisualize the animal from below and from the side. Foot
which one or more of the legs were in contact with the wall oplacement was calculated as described above. Leg slipping was
the arena and the legs were moving in a walking motiordefined as a change in the position of the foot on the substrate
Grooming and standing were not scored as locomotion. lduring the stance phase and was tallied in all six legs in four
order to maintain the novelty of the testing arena, animals wemnsecutive steps. Within each animal, the probability of leg

tested only once in each trial. slipping was calculated as the number of slips per step in all
_ _ trials. Probability values for slipping for each individual were
Horizontal walking used to calculate the mean @l across the population.

Animals were placed in a treadmill that allowed for Righting was examined by placing animals on their backs in
observation from the side and from beblai@a mirror mounted a 23cmx30cmx10cm plastic container that was lined with a
at 45° (Watson and Ritzmann, 1998). High-speed video imaggsece of Styrofoam. The duration of righting was measured
(125framess™1) were taken with a single camera. The positionwith a stopwatch. Each individual was tested four times and
of the tarsus, the end of the tibia on each leg and the centertdgls were averaged.
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Escape behavior A

To examine the effect of aging on escape behavior, w 100 » Blaberus
switched our focus t®eriplaneta americanaThe reason for o Periplaneta
this change is that most of the previous work, by far, or 901
cockroach escape has been performe@eniplaneta(Camhi, o 80+
1988; Ritzmann, 1993; Ritzmann and Eaton, 1997). Indeed, -C_EU 70+
an earlier study (Simpson et al., 1986), a related blaberi  «» 60+
speciesBlaberus craniiferfailed to escape from a live predator E 50 -n
or move away from a synthetically generated puff of wind a 'E 40 ™
room temperature. AlthougB. discoidalisdoes make escape S 30l N
movements, they are not as vigorous as thogeoplaneta -l

For escape studies, animals were tethered above a glass p 201 Am%
covered with microtome oil (Nye and Ritzmann, 1992; Trybe 10+
and Ritzmann, 2000). Two large pins were attached to a gla 0 - - - - - T -

tube mounted on a manipulator and placed through th
pronotum from the ventral surface on either side of the hea
Animals were induced to escape using tactile stimulation, in B

random order, to the left and right edges of the 3rd abdomin 600+
tergite (Schaefer and Ritzmann, 2001). Stimulation wa ~
delivered with a hand-held solenoid that moved a glass rc @ 500 _
with a bent insect pin at the end. The stimulator was hel s -
approximately Inm above the cuticle, and activation of the =~ G 4004

. . . IS >l\
solenoid produced a stimulus with a force of ONL8Each 8 "
individual was stimulated four times, and then the animal: < 300-
were decapitated and stimulated several more times. Escay 3
were recorded with a Redlake Motionscope camera ¢ g 2007
250framess™l. Leg joint angles were analyzed with S
Videoblaster card and Motion TV motion analysis software & 100
(DataCrunch Systems, San Clemente, CA, USA).

0 : . . T T )

0 10 20 30 40 50 60 70
Results Weeks post-adult molt
Cockroaches are relatively long-lived insects. The_ , .
. . . . Fig. 1. Adult lifespan of cockroaches and spontaneous locomotion.
maximum adult lifespan (period after last molt)Biéberusin lab discoidali€N=73) andPerio| . -3
tudies Ni=63) was 8@veeks. Only 11% of thlaberus (A) Blaberus discoidaligN=73) andPeriplaneta americand=31)
Qur S - ) . o cockroaches were placed in plastic containers immediately after
lived to 73weeks after the adult molt (FigA). However, 50%  moiting to the adult stage. Containers were inspected weekly, and
féfl tge 'nd|V|dl:ﬁ|5 dle'ddb'y'z{veelkggé. Thekrefore,th dl?fme If;‘@]edead animals were counted and remoidberusdid not begin to
apberus as those Individua weeks post-adult molt. die until week 36 post-adult molt, whilPeriplaneta showed a
Although we did not systematically compare the lifespan ogradual dying-offPeriplanetasurvived up to 64veeks buBlaberus
male versusfemale cockroaches, all of the individuals thatcould live up to 8@eeks postadult molt. 11% of theBlaberus
lived more than 78veeks were femal®eriplaneta(N=31) did  discoidalislived to 73weeks after the adult molt. However, by week
not survive as long aBlaberus (Fig.1A). The maximum 61, 50% of the individuals were dead. (B) Spontaneous locomotion
lifespan of Periplaneta was 64weeks, and 50% of the was dgfined as the total time spent Walking, climbing or_bu_rr'owing in
population was dead by éeeks. a 1Cmin period. Spontaneous Iocpmotlon dgcreased significantly as
adult cockroaches aged (regression analysis, slope=r23@L839,
In adult Blaberus cockroaches, we measured a gradualP<0 01)
but significant, decrease in spontaneous locomotion wit 7
increasing age (regression analysis, slope=—&40.839,
P<0.01; Fig.1B). Aged animals walked more slowly than examined the kinematics of walking on a horizontal surface
young individuals and spent more time grooming or standingN=21 animals; age range, 60-W&eks post-adult molt). A
still. In addition, they showed less climbing and tunnelingnumber of differences in behavior between young and aged
behavior than young adults. YouRgriplanetareadily showed adults were measured. First, the mean speed of walking in 1-
walking movements on a tether, but old individuals showegveek-old animals was 4.6+1sfepss? (N=6 animals, 26

little spontaneous movement while tethered. trials). By contrast, walking speed was significantly slower
) _ (2.7+0.7stepss ™) in 60-week-old adults (independertest,
Horizontal walking P<0.05, N=7 animals, 13 trials). Second, an unexpected

To characterize locomotor deficits in agBthberus we  pathology, which we termed ‘tarsus catch’, was detected in
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Fig.2. ‘Tarsus catch’ in aged animals.
(A) Video image (from the side and below)

of a 63-week-old adult with ‘tarsus catch’.
Note that the right prothoracic tarsus
catches on the tibia of the right
mesothoracic leg. Inset: close-up of the
tarsus catching on the mesothoracic leg.
(B) ‘Tarsus catch’ is not evident until
60weeks post-adult molt, and the
percentage of animals exhibiting this
behavior increases up to @&eks.
However, this percentage decreases in
animals that live more than &%eeks. (C) Gait pattern in an animal
with ‘tarsus catch’ in the right prothoracic leg. The swing phase is
shown as filled boxes. Prior to ‘tarsus catch’, this animal walks in an
alternating tripod gait. The vertical line represents the time when the
right prothoracic tarsus catches on the mesothoracic tibia. The ellipse
illustrates the absence of swing in the left prothoracic and

metathoracic leg due to ‘tarsus catch’. In addition, the length of the
= swing phase is reduced in the other legs to compensate for the
% 80 4 absence of support by the left prothoracic leg. The animal recovers
§ within one leg cycle.
Q
£ 601
IS ‘Tarsus catch’ regularly results in an increase in the length
= of the swing phase in the prothoracic leg and a subsequent
g 407 alteration of the gait pattern in the other legs. Prior to tarsus
g catch, 73% of aged individual®£8 of 11) walked with an
< 20 alternating tripod gait (phase0.5 for all neighboring legs).
> Fig. 2C shows an example of a gait pattern in which the right
0l prothoracic tarsus catches on the right mesothoracic leg (shown
55 55 57 58 59 60 61 62 63 64 65 66 67 68 69 by vertical line). While the prothoracic tarsus is caught on the
Weels post-adult molt mesothoracic leg, the tripod gait is disrupted, because the left
front and left rear legs fail to swing (shown by circle).
C However, the alternating tripod gait quickly returns after the
R3 [ [ m ' front leg tarsus is released. In the majority of individusts1Q
of 11), only a single prothoracic leg showed ‘tarsus catch’. In
R2 [ | | N | these trials, the right and left prothoracic tarsi were affected
equally (50% left leg, 50% right leg). However, one individual
RI. _H NN = = exhibited ‘tarsus catch’ in both prothoracic legs.
‘Tarsus catch’ was predominantly found only in prothoracic
L3 [ | || . . . .
—@—-—L legs. Although it may be physically impossible for the
L2 = B u metathoracic tarsi to catch on anterior legs, mesothoracic tarsi
can catch. However, it is a rare occurrence. In one animal, the
L1 mm [ H¢ )] | ] mesothoracic tarsus caught the ipsilateral metathoracic leg.

. . . . . That animal also showed prothoracic catch.
0 500 1000 1500 2000 2500 We studied leg placement during walking in aged animals
Time (ms) to determine if ‘tarsus catch’ is caused by an alteration of leg
kinematics. Specifically, we looked for changes in anterior
extreme position (AEP) or posterior extreme position (PEP) of
many of the aged animals. In these individuals, the tarsus die legs in aged animals before and after ‘tarsus catch’ was
the prothoracic leg regularly catches on the spines of the fempresent. These values are important because they denote the
or at the femur—tibia joint on a metathoracic leg (2@, see  beginning and end of the swing phase of walking. Alteration
Movie). ‘Tarsus catch’ was detectable in 90% of the animali the PEP position of the front legs or the AEP of the middle
observed at 6%eeks post-adult molt (Fig@B). The legs could contribute to tarsus catch. We digitized the end of
percentage of animals that showed ‘tarsus catch’ decreaste tibia in all six legs and the COM (FRA). We then
after 65weeks because the majority of individuals showingcalculated the distance from the end of the tibia to the COM
this pathology died shortly after that time. (r) and the angle of the end of the tibi@) (relative to the
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Fig. 3. Analysis of tibia placement in horizontal walking. (A) The end of the tibia (dark gray dots) and the center of mass (iBOddtwh
were digitized using motion analysis software. These points were used to calculate the distance of the end of the thxestamceyphase to
the COM ¢; white line) and the angle of the tibia relative to the C@N gngle of white line and black line). (B) Leg placement values were
plotted in a polar graphr(®) for three successive steps in an intact aged animal€6Rs post-adult molt). The start of the arrow shows the
anterior extreme position (AEP), and the arrowhead represents the posterior extreme position (PEP). (C) As a compajiscioyies) fior
steps of the same animal shown in B were plotted after ‘tarsus catch’ was evident (week 63). This graph shows that &énigiplaiterad
slightly in trials with ‘tarsus catch’. (D) Leg placement values in a 1-week-old adult. (E) Summary polar plot. Valaesl &f during the
AEP and PEP were averaged in the same-aged animals in trials before and after ‘tarsus catch’ developed. AEP ealdeREH the left
legs were converted to values between 0° and 180° for statistical analysis. Dotted lines between the AEP and PEP are dinky theed to
points within a single leg. Subtle differences between trials before and after ‘tarsus catch’ has developed are presget)semwWaver,
these differences could not be the cause of ‘tarsus catch’.

fore—aft axis (represented by a line from the head to the tadirrowhead denotes the PEP. B@. is a polar plot from the
and through the COM in Fi@A). We chose to digitize the end same animal, at week 63, after ‘tarsus catch’ is present. Leg
of the tibia because the orientation of the tarsus was oftgslacement in young adults is similar to that observed in old
altered in aged animals (see H. Fig.3B shows a polar plot intact animals (Fig3D).

of the distance and angle values in all six legs during the stanceln an attempt to establish if changes in foot placement with
phase of an aged animal before ‘tarsus catch’ developeajying are consistent within a population, we compared the
(60weeks post-adult molt). Each line represents a successiveean values of and @ at the AEP and PEP in the same
step and indicates the direction of leg movement relative to tremimals N=4 animals, 8 trials, 56—64 steps) before and after
fore—aft axis. The arrow originates at the AEP and terminatabey developed ‘tarsus catch’ (FRE). In trials after animals

at the PEP; the beginning of the arrow is the AEP, while thdeveloped ‘tarsus catch’, we only analyzed steps before ‘tarsus
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Tarsus angle (intact) Table 1.Statistical summary of changes in anterior extreme
, position (AEP) and posterior extreme position (PEPandr
values after ‘tarsus catch’ has developed in aged animals
(independent-test,P<0.05)

Left Right

0} r 0} r
T1 AEP ! - - -
PEP ! i - -

T2 AEP ! 1 1 -
PEP ! - - 1

T3 AEP ! - - 1
PEP ! - ! -

joints were flexible and white in color (FigA). By contrast,

in aged animals, the joints were stiff and the tarsal pads were
brown in color (Fig5B). Furthermore, the tarsal pads in young
individuals were flexible and easily deformed with a nylon
filament that produced 28N of force (Fig5C). Tarsal pads

in aged individuals were hardened and did not deform when
compressed with the nylon filament (FdD). The internal
morphology of the tarsi was consistent with the external
Fig. 4. Orientation of the tibio-tarsal joint in aged animals. (A) A 60- appearance. The_ trachea and_ tendon inside _the tarsus of young
week-old intact animal. The arrow shows the tibio-tarsal joint of theammals were silver and. shiny (FiE), while there was
right prothoracic leg. (B) The same animal as in A aiv68ks with hardening and degeneration of the trachea and tendon in aged

‘tarsus catch’. The angle of the joint is decreased in the animals wigPckroaches (FigF).
‘tarsus catch’.

Climbing
In light of the deficits seen in the horizontal walking trials,

catch’ occurs. Overall, there were minor differences in footve tested the ability of aged animals to perform transitional
placement among trials (Talle independent-test,P<0.05).  behaviors such as climbing, righting and inclined walking.
These changes were not consistent from the left to the riglihese types of behaviors often require altered gaits, body
side. The AEP® and the PERD of all three legs (T1, T2 posture and leg positions to complete the task (Watson et al.,
and T3) on the left side significantly decreased in trials afte?2002).
‘tarsus catch’ was present. However, only the RER the We examined block climbing (5fm, 11mm and 16.%5nm
metathoracic leg was reduced. In addition, slight changes in height) in both aged and 1-week-old adults. Young
the PEP and AEPwere present but not consistent among legsndividuals were easily able to surmount all blocké=§
or among segments. Differences in the valuesapid® at the  animals, 33 trials). Although old animals often show ‘tarsus
AEP and PEP are subtle and result in a slight decrease in tbatch’, they were also able to successfully climb blobksl6
horizontal position of the tarsi relative to the body (sprawl) inanimals, 90 trials). Generally, all animals were able to climb a
the front legs and an increase in the sprawl of the rear legs "5 mm block without alteration of gait or posture. Climbing
individuals with ‘tarsus catch’. Nevertheless, these changes astrategies for larger obstacles (hin and 16.3nm) were
not sufficient to cause ‘tarsus catch’ in these animals. categorized as (1) ‘rear up’ (FigA,B) or (2) ‘head butt’

While examining videos of horizontal walking, we noticed (Fig. 6C) according to the terminology of Watson et al. (2002).
that the angle of the tibio-tarsal joint was altered in individual§’he most prominent strategy of all aged individuals (78% of
with ‘tarsus catch’ (Fig4). The angle of the tibio-tarsal joint trials of ‘tarsus catch’; 100% of trials of ‘no catch’) was to
was 115+15.3° in animals with ‘tarsus catcN=(2 animals, change the body angle before placing the front legs on the
32 trials) and 155.3+£20.8° in intact cockroachésy animals, block (Fig.6D; rear up). This is consistent with previous
14 trials). The decrease in the angle of this joint in individualseports (Watson et al., 2002). Cockroaches with ‘tarsus catch’
with ‘tarsus catch’ is highly significant (independeriest, sometimes climb the obstacle by pushing the head against the
P<0.01). To determine the changes in the morphology of thklock, thereby forcing the body over the obstacle (head butt).
tarsus with age, we examined the condition of the tarsal pads,There were additional differences in climbing behavior
trachea, tendons, nerves and muscles in young and ageetween intact aged cockroaches and those with ‘tarsus catch’.
animals. In young cockroaches, the tarsal pads and the tar&dme animals with ‘tarsus catch’ appeared to use the
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Young arsal pads Aged tarsal pads Fig.5. Tarsus morphology in young and
L : . . W . aged animals. (A) The tarsal pads of a 1-
week-old adult are white in color (arrow),
and the joints between the tarsal segments
are flexible (not shown). (B) By contrast,
the tarsal pads of an animal with ‘tarsus
catch’ are brown in color (arrow) and the
joints are often stiff. (C) A nylon filament,
producing a force of 2&N, readily
deformed the tarsal pads in young animals.
(D) Pads of old individuals were hardened
and were not deformed by the nylon
filament. (E) The cuticle of tibia was
removed to examine the internal
morphology of these leg segments. The
trachea and tendon (arrow) in the tarsal
segments were healthy and silver in color.
(F) The trachea and tendon in the tarsus of
aged cockroaches are discolored, hardened
and degenerated.

cockroaches. Righting in cockroaches
involves rotation about the fore—aft
axis of the body while using the rear leg
as an anchoring point and often
includes dorsal flexions of the body
(Camhi, 1977; Full et al., 1995). Aged
individuals (59weeksN=4 animals, 16
trials; 6Cweeks N=8 animals, 24 trials;
63weeks,N=5 animals, 20 trials) are
readily able to right themselves as
rapidly as 1l-week-old adultsN€9
animals, 36 trials; Figr). However,
more variability in the duration of
righting is present among aged
individuals. Furthermore, there was a
significant increase in the duration of
righting in old adults with ‘tarsus catch’
prothoracic legs to pull the body onto the block instead 0f4.96+3.7s, 60 and 63veeks oldN=5 animals, 20 trials) when
extending the metathoracic legs to lift the COM over thecompared with intact aged animals (3.6722.M=6 animals,
obstacle (28% of the trials). However, they often had troubl@4 trials; independertttest,P<0.05). These results show that
grasping the top of the block with the prothoracic tarsiold animals are able to right themselves, but cockroaches with
Animals with ‘tarsus catch’ showed leg slipping in 85% of the'tarsus catch’ are slower at accomplishing this task.

trials (N=47) as compared with 18% of trials in intact aged

individuals (N=28). The inability of these cockroaches to grasp Inclined walking

the surface often results in the animals becoming ‘high- Aged animals=13 individuals, 27 trials) were placed in
centered’ on the corner of the block. However, in all cases, thefie arena, and trials were deemed successful if the animal

were able to recover and continue over the obstacle. moved the caudal end of the abdomen forward from the start
o of the incline (Start; FigBA) to a point approximately one
Righting body length from the start (End; F8B). Young animals have

Righting behavior in cockroaches occurs when an animal iso difficulty in performing this task. Only 58% of aged
placed on its back and leg-to-ground contact is lost. With losanimals were able to climb the incline in at least one of the
of ground contact, load receptors on the legs would not beials. However, the presence of ‘tarsus catch’ was not
activated as they are in standing or walking. In order tsufficient to determine if animals would fail in the inclined
examine locomotory behavior under altered sensorglimbing task. Inclined walking was successful in 62.5% of
conditions, we recorded the duration of righting in aged (59-the animals =5 of 8) that showed ‘tarsus catch’. However,
60- and 63-week-old individuals) and 1-week-old adultonly 40% of individualsN=2 of 5) without ‘tarsus catch’ were
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Righting time (s)

.

1 59 60
Weeks post-adult molt

Fig. 7. Righting duration in agedersus young animals. Aged
animals are readily able to right themselves, and righting duration is
not significantly different from that recorded in 1-week-old adults.
However, the variability in timing of righting is increased as animals
increase in age.

Aged animals showed extensive leg slipping while walking

on the inclined treadmill. In a few animals=5 of 13), the

1001 D caudal end of the abdomen did not reach the start point. These

90 Aged (tarsus catch) trials were not used in the leg slipping analysis. Differences in
@ 80- M Aged (no catch) the probability of leg slipping between intact animai&3
E 70| CYoung animals, 6 trials, 24 steps) and those with ‘tarsus caéb (
g 60- animals, 10 trials, 40 steps) were not detectable 8&y.
% 504 Generally, the prothoracic legs slipped on the inclined acetate
£ 40- surface more often than the mesothoracic or metathoracic legs.
o However, there was significantly more leg slipping in the
B 301 mesothoracic legs during failing trialsl£3 animals, 6 trials,

207 24 steps) than during successful tridds§ animals, 10 trials,

10+ 40 stepsP<0.05; Fig.8D). Individuals that were able to climb

0

the incline generally walked in a metachronal gait (BE).

By contrast, individuals that failed during inclined walking

Fig. 6. Block climbing in aged and young cockroaches. (A) Postur@ften showed uncoordinated gait patterns during the attempt

of aged animal when approaching a three-block obstacle. (B) Aftdfig. 8F). However, all aged animals that failed on the incline

detecting the obstacle, animals often change their body posture byalked with a tripod gait on a horizontal surface.

rotating the mesothoracic legs forward and ‘rearing up’ the front of

the body. (C) Some aged individuals do not alter their body angle Escape behavior

and run into the side of the block (‘head butt). (D) Summary of The escape behavior Briplaneta americani one of the

climbing behaviors in aged and young cockroaches. In most of thg,qst characterized behaviors in cockroaches and in arthropods

trials, aggd animals rear up before regchlng the block (as seen ;| general (Ritzmann and Eaton, 1997; Comer and Robertson,

young animals). However, in a few trials, aged cockroaches witl L . . .

‘tarsus catch’ run into the side of the block before climbing over it. 001)_' The_ neura_l circuit underlying this behaV|or_ has_ been
described in detail. Most of the neural control resides in the
thoracic and abdominal ganglia. However, a descending

able to climb the incline. By contrast, all younger animaldnfluence has recently been demonstrated (Schaefer and

were successfulN=13 animals; A. J. Pollack, personal Ritzmann, 2001). Given this background information, we
communication). Failure to climb the incline in ageddecided to compare escape responses in young and aged
cockroaches may simply be due to deterioration of the tarsabckroaches and to examine whether deficits were attributed to
pads (see Figh). ‘Tarsus catch’ may simply represent anthe basic thoracic circuitry or to the influences found in the
extreme condition. However, these findings do not rule out thiigher centers (brain and subesophageal ganglia).

possibility that changes in the central nervous system (CNS) Tactile stimulation of the dorsal abdominal cuticle readily

or muscular system in aging may also contribute to failure ievokes escape responses in tethered American cockroaches

inclined walking. (Schaefer and Ritzmann, 2001; Schaefer et al., 1994).

Head butt Rear up
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Fig. 8. Inclined walking in aged animals. (A) Animals were placed in a treadmill with an acetate belt that was tilted at a 4Bieaaglysis was
started when the caudal end of the animal reached the beginning of the incline (START). (B) Trials were recorded asvetéssfahimal walked

up the incline approximately one body length from the START point (END). (C) Leg slipping, defined as a change in thefgbsitfontmn the
substrate during the stance phase, was often present during inclined walking in aged animals. The probability of slipjungiedsas the number of
slips per step for each animal. Probabilities for each individual were averaged across the population. There were ne idiffleecac®unt of leg
slipping between animals with and without ‘tarsus catch’. However, prothoracic legs slipped more often than the mesothetatioi@cic legs.

(D) Data from the inclined walking trials were reorganized into successful and unsuccessful trials. Significantly morengemsliygpmiddle legs was
present in failing trials than in successful triaB<0.05). (E) Gait pattern in an aged individual that successfully climbed the incline. Although the front
legs often took multiple steps during inclined walking, these animals used a metachronal gait to surmount the inclingpati§riGait an aged
individual that did not successfully climb the incline. Leg movements were not coordinated in this trial and leg slippitensias.e
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However, similar stimulation of aged animals (@deks post-

adult molt) failed to evoke any escape responses 9FN=3 100- N Aged intact
animals, 12 trials). Interestingly, the capacity of aged animal N 1 Decapitated
to escape returned after decapitation, suggesting that tl @ 80+ X Young intact
deficit associated with aging was, in fact, primarily focusec k= ]

within the head ganglia. After decapitation of aged S 604

cockroachesN=3 animals, 22 trials), escape behavior was 2

elicited in 72.7% of the trials. Of the evoked escapes pos § 404

decapitation, 25% were non-directional and one involvec b

what appeared to be a turn towards the direction ¢ 204

the stimulus. Consistent with previous observations ol

decapitated cockroaches (Schaefer and Ritzmann, 2001), ’_lw
subsequent runs were observed following escape behavior 0 Esclape Hlinch Rh:w None

decapitated individuals. However, uncoordinated and errati.
leg movements occurred after the escape in two trials. TFig.9. Responses evoked by tactile stimulation of the lateral edge of
examine leg kinematics during escape behavior in agethe abdomen in 61-week-old tethered cockroaches under intact and
animals, we measured joint angle excursions in thdecapitated conditions and young intact animals. Young intact
metathoracic and mesothoracic legs of decapitated 61-weeanimals readily show escape behavior when stimulated (data from

old cockroaches. Robust movements of the metathoracic leSchaefer and Ritzmann, 2001). By contrast, intact 61-week-old
were observed. with smaller excursions for the mesothoraccockroaches did not escape when stimulated. Following decapitation,

legs. These findings are similar to that observed in yc)ung(however, forward directional escape responses (Schaefer et al., 1994)

decapitated animals (Schaefer and Ritzmann, 2001). The"'®"® easily elicited in aged individuals.
data show that escape behaviors are disrupted in ag
cockroaches and suggest that these deficits may be causec _,
age-related degeneration in the brain or subesophagealAmerican and death-head cockroaches have similar adult
ganglia. lifespans and show reduced activity levels with increasing age
Our results are similar to other studies that have recorded
the lifespan of adult cockroaches (Griffiths and Tauber, 1942;
Discussion Pope, 1953; Willis and Lewis, 1957; Willis et al., 1957). There
In the present study, we have examined age-related deficise a number of factors that could influence the lifespan
in a range of locomotor behaviors. The strategy can bef cockroaches including temperature, diet, reproductive
powerful in understanding the complex effects of agingexperience, and degree of isolation (Griffiths and Tauber,
resulting from pathologies in the CNS, peripheral nervoud942; Pope, 1953; Willis and Lewis, 1957; Willis et al., 1957).
system, muscles, cuticle and other skeletal elements. Whiléowever, we have limited this variability by raising each of
behaviors such as horizontal walking may clearly emphasizthese cohorts under the same environmental conditions
some locomotor difficulties, others will be subtle. By (temperature and diet).
examining a full range of locomotor behaviors, these subtle Our findings that cockroaches show a decrease in
effects will be clearly brought forward. spontaneous motor activity with age are consistent with studies
We have shown that aged cockroaches have reduc&uotherinsects (Fernandez etal., 1999; Le Bourg, 1987; Parkes
activity levels and often have difficulty in complex locomotor et al., 1999; Tofilski, 2000) and mammals (Godde et al., 2002;
tasks. Many of these animals also develop ‘tarsus catch’ iHilleras et al., 1999; Scimonelli et al., 1999; Siwak et al.,
the prothoracic legs, which can temporarily disrupt normaR002). In light of this study and others, the degree of
walking activity. Old age does not limit the animals’ ability spontaneous locomotion seems to provide an accurate measure
to climb obstacles or right themselves. However, agedf age in a number of animals.
cockroaches show deficits in inclined walking and escape
behavior. Reduction in motor activity in aged animals couldAged animals walk normally but often develop ‘tarsus catch’
be the result of deterioration in the musculature (Anderson, Although gait disruption was often present in aged animals,
2003; Rantanen, 2003), sensory neurons (Bergman arudividuals were able to recover the tripod gait within one leg
Ulfhake, 1998; Ulfhake et al., 2002) and/or motor neurongycle. In the stick insectCarausius morosys it has been
(Parkes et al., 1999). Deficits in each of these areas may hasteown that coordinating influences at the level of the CNS are
a significant or negligent effect during different behaviorssufficient to regain normal coordination in the step directly
Our goal in this paper was to examine behavioral changdsllowing an interrupted step (Cruse and Schwarze, 1988).
with age during many different types of locomotion in anTherefore, degeneration at the level of the CNS could reduce
effort to ultimately address physiological and anatomicathe ability of the animal to recover the tripod gait after the
changes that may be occurring in the nervous angerturbation (Pearson, 2000). Furthermore, changes in the
musculoskeletal systems. placement of the legs during horizontal walking could be the
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result of degeneration in the CNS of aged animals. Differences Leg movements during righting are often uncoordinated and
in leg placement were subtle and do not appear to contributepredictable (Camhi, 1977; Full et al., 1995). Although we
to tarsus catch. These changes might simply be the result @il not systematically look at leg movements in aged animals
stiff and inflexible joints. In elderly humans, alterations of gaitduring righting, previous studies (Sherman et al., 1977) have
often occur as a result of arthritis in the leg joints (Elble et alshown that cycle frequency of leg muscle activity and inter-leg
1991; Mesure et al., 1999). However, further analysis is needetordination are similar during walking and righting.
to determine whether changes in the CNS with aging arelowever, tactile and load feedback from the legs is altered
contributing to these gait changes. from that of standing (Camhi, 1977; Sherman et al., 1977).
Cockroaches with ‘tarsus catch’ also have hardening of thBifferences in sensory feedback result in shorter burst duration
tarsal pads. These animals often have difficulty grasping thef leg muscles and decreased spike frequencies during righting
walking surface. The tarsi of insects provide friction with the(Sherman et al., 1977). Studies by Camhi (1977) showed that
substrate and are important in the generation of propulsivenimals in which all six legs were amputated at the mid-coxal
forces (Betz, 2002; Dai et al., 2002; Frazier et al., 1999). Itevel did not show righting behavior. These findings illustrate
order to generate sufficient adhesion on inclines, the tarsal patfgt sensory information from the periphery is important for
exude adhesive materials and also deform their surface tmrmal righting behavior. Our behavioral experiments showed
expand over the substrate (Jiao et2000). The hardening of that aged animals are able to right, although the duration of
the tarsal pads seen in aged cockroaches might be associatgtiting is longer when compared with that of younger
with decreases in the amount of adhesive that is released asmimals. Therefore, either these aged animals do not have
most certainly reduces the capacity of the pad to deform on tlextensive sensory degeneration at the periphery or some types
surface. However, this deficit only causes temporary changesafi peripheral degeneration do not have significant effects on
gait and does not seem to affect the animals’ ability to walk othe success of righting behavior.
a horizontal surface. These findings suggest that ‘tarsus catch’
is most likely to be the result of degeneration at the periphery. Success in inclined walking is limited in aged individuals
On a horizontal surface, cockroaches generally walk with a
Aged cockroaches are able to climb an obstacle, but posturakipod gait. However, our studies have shown that aged and
changes are sometimes absent young cockroaches use a metachronal gait to successfully
When young and old cockroaches climb over smaltlimb an incline of 45°. By contrast, aged animals that were
obstacles (less thanném), the front legs reach the top of the unable to climb the incline often had uncoordinated gaits. In a
block during normal swing movements of the leg (Watson etmetachronal gait, more legs are on the ground at one time. This
al., 2002). However, successful climbing of larger obstaclesould increase the frictional forces between the legs and the
requires that the COM is raised to the height of the obstackurface and help to compensate for increases in load on the
(Watson et al., 2002). Aged cockroaches are able to climénimals from the steeper slope (Pelletier and Caissie, 2001).
obstacles of up to 16Bm in height. The majority of aged Similar alterations of gait in sloped walking have been reported
animals show rearing behavior when climbing blocks greaten potato beetlesLéptionotarsa decemlinegtdelletier and
than Bmm. However, a small percentage of aged animals raBaissie, 2001) and cafsglis domesticysCarlson-Kuhta et al.,
into the side of the block (head butt) before surmounting it1998). During inclined walking, gravitational forces that
Cockroaches assess an obstacle, using visual or antenogpose uphill movement are acting on the body. Therefore,
inputs, in order to accurately change the body posture aralterations of posture and gait are often required to move an
place the foot on top of the block (Watson et al., 2002)animal forward (Carlson-Kuhta et al., 1998; Pelletier and
Preliminary studies in our laboratory have suggested that th@aissie, 2001). In insects, force receptors on the legs would be
antennae play the primary role in the detection of the obstaclmportant in the detection of changing gravitational forces
during climbing. Age-related structural changes in the insealuring inclined walking (Duysens et al., 2000; Noah et al.,
brain, including loss of nerve cells, alteration in cell structur&2001).
and decreased metabolic rate, have been documented (Kernln our analysis, the presence of ‘tarsus catch’ was not a good
1986). Therefore, it is possible that old animals that run intpredictor of failure in inclined walking. However, leg slipping
the obstacle have degeneration in the antennae detectinas extensive in trials in which animals failed to climb
system. the incline. Slipping could simply be due to age-related
degeneration of the tarsal pads. Several studies have shown
Aged cockroaches are able to right, but animals with ‘tarsusthat pad deformation and tarsal secretion are of vital
catch’ take longer importance in attachment on smooth surfaces (Betz, 2002; Jiao
Stiffness in the leg joints and reduced mobility couldet al., 2000). Adhesive properties of the tarsal pads are
negatively affect righting. However, degeneration in the highemaximal when the contact area of the pad is large (Jiao et al.,
CNS of aged animals would not necessarily affect rightin@000). Indeed, the expansion of the pad is critical for
behavior. Decapitated cockroaches are readily able to riglieveloping sufficient adhesive force for climbing. Therefore,
themselves, and the mean duration of righting was only 12%ardening of the tarsal pads may severely limit the ability of
greater than in intact cockroaches (Camhi, 1977). aged animals to grasp the surface. ‘Tarsal catch’ may well be
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an extreme condition of tarsal degeneration that begins at This work was supported by NIH T32-AG00105-17 and
earlier ages. Thus, even those individuals that do not exhibiF Grant FO8630-01-C-0023. We thank Dr Mark Willis and
‘tarsal catch’ may have more limited pathologies in tarsal patvo anonymous reviews for helpful comments on the
structure that would lead to slipping. manuscript.

Degeneration of leg proprioceptors could also contribute to
problems in incline walking. Leg slipping could certainly be
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