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CHAPTER I 

INTRODUCTION 

An equilibrium receptor system provides an animal with 

information pertaining to its movement and position relative 

to gravity, and parts of the system can be designed struc-

turally to measure one or two out of three possible physical 

parameters. These parameters are static and dynamic position, 

angular and linear velocity, and angular and linear accel-

eration. For instance, an animal moved from. a static position 

to a new position at a constant velocity will receive input 

from receptors responsive to the acceleration or the velocity 

of the m.ovement. Movement to a new position can be accora-

plished in a linear or angular fashion. 

Sensory structures monitoring equilibrium are generaily 

mechanoreceptors that are stimulated by movement of a special-

ized structure, such as a hair, connected to one or more 

sensory neurons. Movement evokes sensory responses relevant 

to the animal's spatial orientation, and this information 

travels to the central nervous system (CNS). 

In vertebrates the classic example of an equilibrium 

mechanoreceptor is that of the acoustico-lateralis system. 

The receptor involved has a long kinociiiura and associated 

sterocilia which project into a gelatinous substance, called 

the cupula. Movem,ent of the cupula wiil either increase or 

decrease the frequency of firing from the spontaneous fre-

quency level, depending on the direction of the movement 

(Aidley, 1971). 



Nerve fibers frora the maculae relay to the brain infor-

mation about static position and linear acceleration (Horridge, 

1968). The macula consists of densely packed receptors 

whose cilia are embedded in a gelatinous mass containing 

dense otoconia (Jenson, 1976). In the fishes the otoconia 

are fused to form an otolith. Move.ment of the ani.mal from 

its primary orientation (P.O.) displaces the receptor cilia 

as the otoconia or otolith remains towards the gravity force 

vector. The hair displacement changes the basal receptor 

discharge, thus informing the CNS of the positional change 

and the direction of the change during the movement. 

The semicircular canals measure angular acceleration. 

They consist of bony holiow rings which are dilated at one 

end to form an ampulla. Within the ampulla lies a sensory 

organ, the crista ampullaris, which consists of mechanorecep-

tors whose kinocilia project into a cupuia that spans the 

transverse axis of the canal. Rotary movement in the plane 

of the canal produces movement of the endolymphatic fluid 

within and a movement of the cupula in the opposite direction. 

The consistency of the cupula is such that it returns rela-

tively slowly to its original positicn. This causes a long 

after-discharge from the receptors following stimulus term-

ination (Jenson, 1976; Sandeman, 1976). 

The most widely distributed organ of the equilibrium. 

among invertebrates is the statocyst, a hollow sphere with 

a statoiith in the center and mechanoreceptive hairs around 

the periphery. As in the case of the vertebrate otolirh and 



otoconia, the statolith dispiaces the hairs attached to it 

which code for position and linear acceleration. Free ended 

thread hairs of the statocyst respond to rotary fluid move-

ment and code angular acceleration. 

Among the invertebrates, the crustaceans provide excel-

lent examples of statocyst structure and function. In mysid 

shrimp a pair of statocysts are located in the uropods, one 

on each side of the telson. Removal of one statocyst changes 

the swimming behavior, causing the animal to swim spirally 

in the direction of the missing organ (Neil, 1975). In 

crayfish and lobsters a statocyst is located in each basal 

antennuiar segment. Recordings from the sensory neurons in 

the lobster Homarus show that when the animal is displaced 

from P.O., receptor hairs associated with the statocyst 

exhibit a limited response range known as range fractionation 

(Cohen, 1960). In the Australian mud crab, each statocyst 

contains a horizontal and a vertical semicircular canal 

(Sandeman, 1975). The free ended thread hairs in these canals 

respond to angular acceleration and drive a monosynaptic 

sensory neuron to motoneuron compensatory eyestalk reflex 

(Silvey and Sandeman, 1976 a and b). 

Insects seem to lack specific organs for monitoring 

equilibrium and most employ indirect means for obtaining 

orientational information. For example, walking sticks use 

differential limb loading .(Wendler, 1975), and bees use 

proprioceptive hair plates between the Joints of the body 

Horn, 1975). Some insects, however, possess direct means f^r., 



for ascertaining their orientation. Of the direct means, 

flies use the halteres to monitor changes in the yaw axis 

(angular acceleration) during flight (Sandeman, 1976), and 

the domestic cricket apparently uses clavate or club-shaped 

hairs to obtain orientational information. Recordings frora 

field cricket sensory neurons show that they respond to 

positional changes of the clavate hairs in the field of 

gravity (Bischof, 1975), while Murphey (pers. comm.. ) has 

implicated interneurons in the ventral nerve cord, which 

are driven by the clavate hairs, as responding to orientational 

changes of the animal. 

The cockroach Arenivaga possesses spheroid shaped sen-

silla on the ventrobasal surface of each cercus (Roth and 

Slifer, 1973; Bennett and Hartraan, 1978). These sensilla, 

naraed tricholiths, are equilibrium receptors monitoring both 

dynamic and static spatial position (Walthall and Hartman, 

1978; Hartman e_t _al, 1979). The equilibriura systera of 

Arenivaga consists of two rows, a lateral and a medial, of 

six to eight tricholiths on each adult cercus whose sensory 

neurons synapse upon four interneurons in the terminal ab-

dominal ganglion. Each interneuron is connected to the 

brain where the equilibrium information may become integrated 

with visual information (Northrup, pers. comm.). A lateral 

row of tricholiths drives a positional interneuron whose 

axon is located in the contralateral connective, and is 

called a PIC. Each medial row drives a positional interneuron 

whose axon is located in the ipsilateral connective (PII). 



Recordings from the connectives of the ventral nerve 

cord show that upon roll to the left, two interneurons in 

the right connective, one PIC and one PII, are active. Upon 

roll to the right the PIC and the PII in the left connective 

are active. Pitching the animal forward evokes responses 

from both PIC's, one in each connective. Pitch backward 

elicits responses from a PII in each connective. Note that 

the same four interneurons are active, but in a different 

combination. Of the three stimulus parameters (direction, 

magnitude or displacement angle from P.O., and rate), the 

direction is determined by which pair of interneurons is 

responding, the displacement angle by their frequency of 

firing, and the rate by the rise time of the response. 

Walthall and Hartman (1978) demonstrated by sequential 

ablation studies a singular association between one row of 

tricholiths and one interneuron. The principle question 

of this thesis concerns their finding. Does one row of 

tricholiths that sends its input to one interneuron contri-

bute any input to the other three interneurons? The reason 

for posing this question is to determine all the normal 

interactions between rows of tricholiths and the four inter-

neurons so that physiological changes resulting from depri-

vation can be appropriately interpreted. 



CHAPTER II 

MATERIALS AND ÎETHODS 

Alale and female Arenivaga sp. were collected from caves 

and under overhanging rock formations aiong the Rio Grande 

near Langtry, Texas. In the laboratory they were maintained 

in an environmental chamber at 24°C and provided Purina 

Rabbit Chow and water a^ libitum. 

Experiments determining the response characteristics 

of the interneurons and experiments involving the .manipula-

tion of a row of tricholiths required the animal to be mounted 

ventral side up. The cercal reflection, long term variability, 

and response decline experiments were done with the animal 

dorsal side up. Whether the animal was dorsal or ventral 

side up, it was secured with U-shaped insect pins in a 

depression in a wax block. A rectangular wax moat was formed 

around the abdomen to hold the saline (Fielden, 1960) or 

insect tissue culture medium (4 parts Eagie's and 5 parts 

Schneider's) , and to keep the cerci dry. The saline contained, 

in addition to the Fielden's stock solution, two railliliters 

of Tris (Trizma acid 7.02 g/1, Trizma base 0.67 g/1) and 

one gram of dextrose for every fifty milliliters. The add-

ition of the Tris maintained the pH near 7.4 at 20 C, while 

the dextrose produced a 250 mEq saline closely matching the 

hemolymph osmolarity of Arenivaga tonkawa (Hebard) and Arenivaga 

rothi (Davidson, pers. comm.). 



With the insect mounted ventral side up, we removed a 

patch of cutical along the midline of the ventral abdominai 

sclerites, located the nerve cord, separated the connectives 

between A1-A2 or A2-A3, and attached glass suction electrodes 

to each of the two connectives for detection of action poten-

tials. A more extensive dissection was necessary for animals 

mounted dorsal side up. For this mounting, the wings of the 

males and the dorsal abdorainai sclerites were removed along 

with the mid-and hindgut. Then, the ventral nerve cord 

was isolated, the connectives separated, and suction elec-

trodes attached to the connectives. 

After attachment of the glass suction electrodes and 

placement of the insect on the tilt table, the signals de-

tected by the electrodes were fed to tv/o Grass P15 prearap-

lifiers which boosted and shaped the signals. The prearap-

lifier output from the left connective went to the channel 

A input of the Philips PM 3232 oscilloscope, while the right 

connective signai frora the second preamplifier went to the 

channel B input. The Philips amplifier output A was led to 

the left Grass AM7 audio monitor and channel i of the Tand-

berg Series 115 D FM tapedeck. Amplifier output 3 went to 

the right audio monitor and channel 2 of the tapedeck. 

The adequate stimulus for the tricholiths is a change 

in the animal's position from prim.ary orientation (P.O.) 

about the pitch and roll axes (Hartman £t al̂ , 1979). To 

accomplish this in a controlled and repeatable manner, table 

moveraents were controlled by a Bodine DC motor (Type NSH-12RH) 
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connected via a chain to the tilt table (Fig. 1). A Bodine 

DC Motor Speed Control Unit was used to regulate the table 

tilt direction, rate, and magnitude. In addition to the 

control unit regulation of the direction, the tilt table 

could be positioned around the yaw axis in 15° increments 

beginning at 0° and ending at 360°. The stimulus is rep-

resented as a vector where the direction of the movement 

is 9, the magnitude or displaceraent angle á, and the rate 

$. This vector will be presented in the following raanner 

(9, é, é). The displaceraent angle and the direction of the 

displaceraent are illustrated in Figure 2A and 2B, respectively 

The raagnitude of the table displacement angle é was 

monitored with a Kewlett-Packard DC Displacement Transducer 

whose output was displayed on channel 3 of a second Philips 

PM 3232 oscilloscope. The Philips am.plifier output B was 

connected to channel 4 input of the Tandberg tapedeck, 

stored on magnetic tape (Ampex 407 Audio Mastering Tape), 

and used as a reference against which to compare the inter-

neuron responses. 

Analysis of the tape recorded data was done in the 

following manner: Channels 1 and 2 outputs were connected 

to an Ace Noise Reducer, when necessary, whose output went 

to the Tektronix 565 oscilloscope 3A3 amplifier channels 

1 and 2. The stimulus recorded on channel 4 of the tapedeck 

was fed into the Tektronix 565 3A72 ampiifier channel 1. 

Time marks of 1/sec were introduced to channel 2 of the 

3A72 amplifier by a Grass SD9 stimulator. The data were 





Fig. 1. Ink drawing of the tilt tab 
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Fig. 2. Illustration of two of the stimulus parameters 
In A, the displacement angle <$ is shown following a tilt 
from primary orientation. 1: tilt table 2: wa.x block 
containing the animal. In B. the directions of displacement 
are shown where 9 = 0 is pitch forward, 9 = 90 is roll 
right, 9 = 180° is pitch backward. and 9 = 270 is roll 
left. 3: cockroach dorsal side up. 
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filmed with a Nihon-Kohden Continuous Recording Oscillo-

scope Camera on Kodak Linagraph 1930 paper film. 

The totai number of action potentials produced by a 

PII and/or PIC in five seconds after reaching the displace-

ment angle 5 were counted directly from the filmed data. 

In most experiments this was the method of determining PI 

responsiveness. However, in one series of experiments the 

frequency one second after reaching the displacement angle 

S was determined by passing the recorded data through a 

window discriminator (Frederick Haer & Co.) to select the 

desired PII or PIC, feeding the discriminated data through 

an instantaneous frequency module, displaying the data on 

the Tektronix 565 oscilloscope and then filming. Frequency 

counts were taken directly from the filmed data. 



CHAPTER III 

RESULTS 

Before attempting the connectivity experiments, I had 

to first answer questions concerning the response character-

istics of the PI's. Firstly, what are the response char-

acteristics of the PI's to displacements of the insect when 

it is .mounted ventral side up instead of dorsal side up? 

Secondly, how much variability in response is there from 

one sti.mulus to the next during an experiment involving 

repetitive stimuli? Thirdly, how much does the preparation 

deteriorate during the course of these lengthy three hour 

experiments? 

A. Ventral side up PI response characteristics 

Experiments involving the removal, immobilization, or 

movement of tricholiths in a row required the insect to be 

mounted ventral side up. Are the response characteristics 

of the PI's different when the insect is mounted ventral 

side up as compared to when it is mounted dorsal side up? 

Two types of experimxent were done to determine if, indeed, 

ventral side up was different from dorsal side up. The 

first experiment was to determine the receptive field of 

each interneuron, which was expressed in a polar coordinate 

plot. Secondly, the spike frequency of a PII and a PIC was 

determined as a function of the displace-ment angle ã. 

Walthall and Kartman (1978) expressed the dorsal side 

14 
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up response characteristics of the four PI's as a polar 

coordinate plot. In this polar plot each PI responded in 

roughly one quadrant with regions of overlap at 9 = 0° for 

the PIC's, 9 = 180° for the PII's, 9 = 90° for the PIC-LC 

and the PII-LC, and 9 = 270° for the PIC-RC and PII-RC. 

The PIC's response ranges were mirror images of one another, 

as were the PII's response ranges. Maximum spike production 

occurred at 45 off the X and Y axes. The results of our 

receptive field experiment are shown in the polar plot in 

Figure 3. The response ranges for all the units were similar 

to the dorsal side up polar plot, although in the experiment 

figured, the PII-LC did not respond as vigorously as the 

PII-RC. Note that the PII-LC response range was si.milar 

to the PII-RC's, but comparatively fewer spikes were pro-

duced at each angle 9 by the PII-LC. We concluded from 

this experiment that mounting the insect ventral side up 

would not influence our interpretation of the connectivity 

experiments. 

Walthall and Hartman (1978) compared the peak output 

of a PII and a PIC to increasing angles of tabie displace-

me nt with the insect mounted dorsal side up. In their 

experiment, the PIC responded at $ = 5 , increased linearly 

to é = 45 °, and then saturated at é = 45 ; the ? I, on the 

otherhand, did not respond until 5 = 15 , and increased 

linearly to á = 70° without a change in the slope of the 

line. What affect does turning the insect over to ventral 

side up have on the frequency versus á relationship? In 
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the experiment shown in Figure 4, the P C showed a steep 

linear increase frora 0° (0 Hz) up to 15°(41 Kz) with a 

gradual increase in the slope up to 70° (63 Hz). The PII, 

however, was active at $ = 0° (29 Hz), increased linearly 

to 15° (52 Hz), leveled off between é = 15° to 30°, and 

then decreased linearly to í = 70° (61 Hz). In these ex-

periraents the frequency counts were obtained for a 0.2 second 

period starting at one second after reaching the displaceraent 

angle é. The stimuli were (9 = 45° for the PIC and 9 = 

225° for the PII; é = 5°, 10°, 15°, 30°, 45°, 60°, 70°; 

é = 14 /sec). Frora these data I recommend that for exper-

iments in which the insect is mounted ventral side up, the 

displacement angle should not exceed 30°. 

B. Variability in the responses of the P 's 

I found during my first recordings from the insect that 

the responses of the PI's decreased when the time allowed 

for the PI's to recover before the next stimulus was be-

tv/een thirty and forty-five seconds. I reasoned that if 

the PI responses in a series of experiments needed to be 

quantified, such as in the connectivity experiments, and 

comparisons made between control groups of responses and 

experimental groups, then this source of variability would 

have to be reduced or eliminated. With this in mind, I 

decided to determine the interstimulus interval (ISI) that 

would most effectively reduce the decline in the response. 

To do this, I subjected both a PII and a PIC to groups of 

six sti.muli, each group with a different ISI; the ISI's 
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Fig. 4. Comparison of the peak output of a ?II and a 
PIC to increasing angles of table displacement. Zach datum 
point is the mean of two displacement trials. Zach trial's 
frequency is the instantaneous frequency deterr:ined for a 
0.2 second period one second after reaching the maintamed 
displacement angle. The solid Ime is the linear regression 
for the PIC, while the dashed line is the linear regression 
for the PII. Stimuli: (45'\ é. 14 /sec) for the ?IC and 
(225 
60°, 70 

o' .4 /sec) for the PII. 5 = 5' 10 15 30 
-O 

40 
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were 3, 2.5, 2, 1.5, 1, and .75 minutes. I allowed five 

minutes to pass between each group of six stimuli. The 

mean with the standard deviation (S.D.) of the PI responses 

and the linear regression were deterrained for each group 

of six stimuli. The ISI with the smaliest S.D. and a slope 

near zero was selected for use in the remainder of the 

experiments. 

The results of the response decline to repetitive stim-

uli experiments are shown in Table 1. The sti.muii were 

(135°, 45°, 14°/sec) for the PII in A, (45°, 45°, i4°/sec) 

for the PII in B and the PIC in C, and (225°, 45°, 14°/sec) 

for the PII in D. In A, 1.5 minutes had the lowest S.D. 

and slope closest to zero. In B, 2 minutes had the lowest 

S.D., but 2.5 minutes had the slope closest to zero; the 

results were similar in C. The data in A, B, and C were 

obtained from the same preparation. In D, 3 minutes had 

the smallest S.D., while 2 minutes had the slope nearest 

zero. From these data, I chose to use SI's between 2 and 

3 minutes for the rest of the experiments. 

In my first attempts at determining the connectivity 

between the rows of tricholiths and the PI's, I noticed 

that after an hour or two of recording from the insect the 

responses of the PI's diminished significantly, even though 

up to thirty minutes had elapsed since the last group of 

stimuli and the insect had not been manipulated in any way. 

.\ote that this type of response decline occurred between 

crroups of responses and not within a group as in the ISI 
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Table I. The response declme of tne ?I's m exper-
iments involving repetitive sti.muli. In these e.xperi.T.ents 
the interstimulus mterval (ISI) was varied to determme 
the optimum ISI for the connecti"ity experi.T.ent series. 
That is, the ISI that produced the smallest standard devii-
tion (S.D.) and a slope closest to zero was determmed. 
The means were derived for eacn oi t.:e six displace.Tent 
trials at a given ISI. r = correlation coefficient cz tne 
linear regression. 
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v=260-3.26x 
y=267-6.83x 

Linear reg 

y= 86+0.57x 
y= 95-1.08x 
y= 86-0.43x 
y= 83-3.17x 
y= 74-1.71x 
y= 65-2.OOx 

r=-0.63 
r= 0.21 
r= 0.68 
r= 0.40 
r= 0.69 
r=-0.79 

ression 

r= 0.56 
r=-0.53 
r=-0.14 
r=-0.92 
r=-0.S5 
r=-0.85 
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experiments. Again, I could not determine the connectivity 

with such a iarge, unknov/n source of variability. What 

was the source of this decline in the PI responses between 

groups of stirauli? It could be that the preparation simply 

dies at a specific rate. It could be a result of damage 

to the tracheal system during the dissection or possibly 

the saline used in the experiment. To answer these questions 

and elirainate possibilities for the decline in P respons-

iveness, we did two experiraents. For both, we minimaliy 

dissected the insect making sure as .much of the tracheal 

system as possibie remained intact. We then determ.ined 

the responses of the PI's over a two hour period when the 

saline was changed infrequently (first experiment) and when 

it was changed at regular intervals and weil aerated (second 

experiment). If the PI responses decline in the first 

experiment, then the saline might be the source of the 

decline. If, however, we aerate and change the saline 

at regular intervals, as in the second experim.ent, and the 

PI responses still decline with time, then the saline 

might not be the source oi the response decline. Conversely, 

if the responses of the P 's do not decline, then the 

saline is the source of the deciine. 

In the first experiment, in which the saline was sel-

dora changed, the insect was presented twenty-five consecutive 

stimuli (0° and 180°, 45°, 14°/sec) with ISI's of five 

minutes. The insect was pitched forward 45 and neid there 

for five seconds, brought back towards ?.0., through P.O. 
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to 45 pitch backwards, held there for five seconds, and 

finally returned to P.O. The results of this experiment 

are illustrated in Figure 5 where the ordinate represents 

the total number of spikes/5 sec and the abscissa tirae in 

rainutes. Each solid line represents the linear regression 

for the PIC-LC (top line), the PII-RC (middle iine), and 

the PIC-RC (bottom line). To determine the decrease in 

the response of the PI's, each PI's response at 125 m.inutes 

was subtracted from its response at 0 minutes. After 125 

minutes, the PIC-LC response decreased by 44 spikes and 

the slope of the line was (-2.04). The negative slope 

indicates the rate of decline of the response. The PII-RC 

responses declined 62 spikes and the slope of the line was 

(-1.96), while the PIC-RC responses decreased 26 spikes 

with a slope of (-1.23). 

In the second experiment, in which the saline was well 

aerated and changed at regular intervals, the only celi 

examined, the P C-LC, did not show a response decline over 

the 130 minute test period. The results of this experiment 

are shown in Figure 6. The mean response of the PI with 

the S.D. was (115+6) spikes, and the slope of the response 

decline was (-0.13). The stim.uli were (0 , 45 , 14 /sec). 

Thus, it appears that not changing the saline at regular 

intervals was the cause of the response decline of the ?I's. 

As an added precaution, we began using cuiture mediura (4 

parts Eagle's and 5 parts Schneider's) , instead of the 

Fielden's saline, for the connectivity experiments involving 
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the reraoval, iramobilization, or movement oi tricholiths 

in a row. In these experiments, we did not observe a 

response decline that was due to preparation deterioration. 

C. The connectivity experiments 

Walthall and Hartman (1978) and Hartman et_ al_ (1979) 

showed that a row of tricholiths drives a single positional 

interneuron (PI). Is it possible that one row of tricho-

liths might contribute input whether excitatory or inhibitory 

to more than one PI? To answer this question three exper-

imental strategies were employed. 

1. The cercal reflection experiment 

In the first experiment, I reasoned that if the left 

cercus were positioned anteriorly and posteriorly from the 

control or normal position, then the only PI's to be in~ 

fluenced by the altered position shouid be those driven by 

the left cercus and not the right one. For this experiment 

the stimuli (9, é, $) were (0° - 360°, 45°, 14°/sec) and the 

saline used was Fielden's. In Figure 7A and 73 the ?I 

responses driven by the right cercus were expressed as a 

polar plot, and each datum point is the mean of three stiraulus 

trials. The P responses driven by the left experi.mentai 

cercus are shown in 7C and 7D. For all the polar plots, 

the solid lines represent the responses v/hen the left 

cercus was reflected posteriorly for 7A and 7C and 30 

anteriorly for 73 and 7D. Comparing the control polar 

Diots of 7A and 73 to the experimental plots shows no 

obvious changes in the right cercus driven FI's vvhen the 
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left cercus was reflected anteriorly and posteriorly. 

These results support those of Walthall and Hartm.an (1978) 

and Hartman ejt al̂  (1979). 

2. Tricholith reraoval and iramobilization experiments 

In the second type of experiments, the iogic was that 

if a row of tricholiths was either removed or immobilized, 

then the only PI to be affected should be the one driven by 

that row. For these experiemnts, four series of five 

displaceraents each were performed. The first tv/o series 

were control series, and the last two v/ere experim.ental; 

each series was run about thirty minutes apart. After the 

second control series, a row of tricholiths was either 

removed or glued. The second control and experimental 

series were done to determine the preparation viability, 

that is, to deterraine if the raean output of the four PI's 

was significantly different from the first control and 

experimental series. 

In Table lA the PI's mean spike production is shown 

for an experiraent where the LMR with the exception of the 

#8 lith* was reraoved. The stimulus was (90 and 270 , 45 , 

i2°/sec). The interstimulus interval (ISI) was 2.5 minutes. 

Following removal of all but one lith, the PII-LC spike 

output was reduced 82% (249+ in the second control series 

to 46 + 7 in the first experimiental series). This indicates 

that, indeed, the LMR does excite the P I-LC. However, 

*Each tricholith in a row has been numbered proxiraally (-1) 
to distally (í^8). 



34 

iin 
«e: 

4 

r 



Table II. Results of the row removal and imm.obili-
zation experiments. Each number is the mean of five dis-
placeraent trials with the standard deviation (S.D.). Ci 
is the first control series. C2 is the second controi 
series thirty rtinutes after the first. The re.T.oval or 
iraraobilization was performed after the second control series. 
El is the first experimental series thirty .minutes after 
the C2. E2 is the second experimental series run thirty 
minutes after the first. For each ?I, the LMR was removed 
except for the most distai -8 iith in experi.Tient A. In 
experiment 3, the LLR was removed. In experiments C, D, 
and E, the LMR was immobilized with El.Ter's glue. Note 
that in experiment C the proximal liths -"̂i and -2 m the 
LLR were also imraobilized. Decreasing the LMR input to 
the terminal ganglion. decreased le output of the PII-LC 
in A, C, D, and E as expected. The PIC-RC output decreased 
when the LLR was removed or iramobilized as shown in B and 
C. Observe the PIC-LC between C2 and El. If the L.VR input 
was reduced, then the PIC-LC response decreased in A, C, 
and D, but not in E. This indicates a cossible excitation 
of^the PIC-LC by the L.MR. StiTuli: (90 and 270 , 45°. 
12 /sec). ISI: 2.5 minutes. 

/T 
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A 

B 

C 

D 

E 

Cl 
176+8 

PIC-LC 

C2 
171+5 

El 
116+8 

E2 
124+5 

297+12 299+17 277+1 276+4 

173+4 177+10 159+7 163+4 

348+23 333+19 267+14 277+19 

177+10 179+9 178+8 172+9 

LMR removed except for the 8th lith 

LLP. reraoved 

LMP- and LLR #1 & #2 liths glued 

LMR glued 

LMR glued 

A 

B 

C 

D 

E 

Cl 
264+19 

89+9 

283+9 

145+18 

150+13 

P.II-LC 

C2 
249+9 

101+7 

258+8 

130+19 

152+8 

El 
46+7 

228+8 

21+6 

21+9 

10+3 

E2 
36+7 

233j:5 

25+4 

22+4 

9+5 

PIC-RC 

A 

B 

/-< \^ 

D 

E 

Cl C2 El E2 

220+9 213+11 243+8 254+10 

143+3 146+3 71+5 77+7 

329+14 315+4 203+9 211+9 

162+22 152+16 149+14 156+4 

157+8 158+8 147+5 149+1 

PII-RC 

A 

3 

C 

D 

El E2 Cl C2 

127+18 117+12 99+3 96+9 

26+4 23+4 28+4 30+9 

192+14 165+8 175+8 185+10 

173+25 155+18 179+11 160+14 

183+5 182+4 178+8 184+5 
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both PIC's showed changes in their spike output. The 

PIC-RC, which is excited by the LLR, increased its spike 

output 12% (213+11 to 243+8); this increase is possibly 

interpretable as release from inhibition. The PIC-LC de-

creased 32% in spike production (171+5 to 116+8); this 

decrease could possibly indicate excitation of the PIC-LC 

by the LMR. The PII-RC decreased 15% (117+12 to 99+3). 

In Table 13, the LLR was removed with the exception 

of the #1 lith. The stimiUlus parameters were the same 

as in A. After removing the LLR, the P C-RC spike output 

dropped 51% (146+3 to 71+5). No change was seen in the 

PII-RC output. The PIC-LC number of action potentials 

decreased 7% (299+17 to 277j^l), while the PII-LC increased 

56% (101+̂ 7 to 228+9). Again, the slight decrease for the 

PIC-LC and the increase for the PII-LC suggests possible loss 

of excitation and release of inhibition from. the LLR. 

At this point we asked v/hether the changes observed 

in the PI's output following row removal couid be due to 

deformation and damage of the cercal cuticie during the 

act of removal. The row removal required using a giass 

probe to actually push the lith against the cuticie which 

dislodged the shaft or the bulbous sphere. Which part was 

removed, the shaft and sphere or the sphere alone, couid 

not be controiled, although judging from the SSM photographs 

of the cup, the former seems to be true (Bennett and Eartman, 

1978). We opted, instead, to immobilize the trichoiiths 

with Elmer's glue diluted with water. The giue was dispensed 
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from a .micropipette and could be placed fairly accurately 

upon the cercus, so that specific trichoiiths were prevented 

from moving. The next series of experiments uses this 

technique to immobilize the LMR. 

For the first gluing experiment (Table IC), the LMR 

and the #1 and #2 liths in the LLR were giued. The stimiUlus 

was (90° and 270°, 30°, 12°/sec), and the interstim.ulus 

interval (ISI) was 3.0 rainutes. As expected, the PII-LC 

was raost affected. Its output decreased 92%(258j^S to 21+6), 

and not surprisingly the PIC-RC output decreased by about 

36% (315+4 to 203+9). The PIC-LC showed a m.odest 10% 

decrease (177+10 to 159+7). Lastly, the PII-RC did not show 

a change that was larger than the S.D. liraits (165ĵ 8 to '.ij 

îii> 

iir 

175+8). 

In Table ID, the stiraulus was the same as in C, but 

in this case only the LMR was immobilized. The PII-LC 

was raost affected. Its output decreased 34% (130ĵ l9 to 

21^8). No changes were observed for the PIC-RC and the 

PII-RC. The output of the PIC-LC on the otherhand signifi-

cantly decreased 20% (333+19 to 267+14). 

In Table lE, immobilization of the LMR produced no change 

in the PIC-LC, PIC-RC, or the PII-RC. The numbers represent 

the means of five displaceraent trials, where the nuraber for 

each individual trial was the total nur/oer of spikes produced 

in a 2.5 sec period after reaching é = 30 . The stiraulus 

was the same as in C. From these last three experiments 

we concluded that the LMR has no influence upon the PI -RC 

'ir 
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or the PIC-RC. Whether the LMR contributes input to the 

PIC-LC is unclear. 

3. The tricholith moveraent experiments 

In the experiraents in sections 1 and 2, not finding a 

connection between a row of tricholiths and a PI does not 

mean that the connection does not exist. It might raean that 

the method of testing was not sensitive enough to detect 

sraall changes in PI output. We, therefore, wanted to use 

a raore sensitive miethod to reveal the connections. We 

reasoned that movement of two to three tricholiths in a row 

should drive only the PI excited by the row, if the connec-

tions are as simple as suggested by V̂ althall and Kartm.an 

(1978) and Hartraan et_ _al̂  (1979). A 15p probe mounted on a ;;J 

Diezoelectric crystal was used to move the tricholiths, i* 

while the insect was at P.O. or after the insect was displaced I 

to a particular angle Q. 

Figure 8A illustrates four PIC-RC responses (second 

trace) when the piezoelectric crystai m.oved two to three 

liths in the LLR. The top trace represents the spontaneous 

firing of the PII-LC. The duration of the probe deflection 

was é second. The difference between the number of PII-LC 

spikes occurring during the i second period of the P C-RC 

response and those occurring during the i second period 

prior to the PIC-RC response was deternined for each stimulus. 

The PII-LC showed a decrease in spike output of about one 

spike -0.64+2 spikes (n = 59) . The Tean difference with 

the standard deviation is in brackets; the mean was determ.ined 

»1» 

I*' 
ii' 

•1» •1» 

I 
JH 
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from fifty-nine responses. These data couid indicate a 

slight inhibition of the PII-LC by the LLR of tricholiths. 

One problem, however, with using the piezoelectric crystal 

was the large stimulus artefact detected by the eiectrode 

attached to the left connective. The mean one spike de-

crease seen in the PII-LC response might be due to a masking 

of action potentials in the rising phase of the artefact. 

That is, the artefact was so large in amplitude that the 

action potentials did not appear on the filmed record or 

on the magnetic tape. Another point to consider is the 

standard deviation; it was +2 which is much larger than 

the mean spike difference (-0.64). Thus, the mean decrease 

in the action potentials can be considered insignificant. 4 
H 
c We, therefore, do not believe from these data that the LLR 

inhibits the PII-LC. I 

In Figure 83, the LMR's liths 6-8 were moved with the •f 

insect in P.O. The moveraent produced a response from the 
:• 

PII-LC, and upon closer scrutiny, the PIC-LC appeared to i 
III 

be excited by the LMR as well. These data indicate that 

the LMR provides weak excitation to the PIC-LC. 

In another experiraent, the RLR was stimulated in order 

to drive the PIC-LC. As seen in Figure 9A, during the PIC-

LC burst of action potentials, the PII-LC decreased or ceased 

firing, indicating possible RLR inhibition. No RLR influence 

upon the PII-RC couid be discerned consistently. The stimuius 

was (25°, 16°, - ) . * 

*No velocity parameter was obtained for these experiments. 
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Fig. 8. Neural acti 
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In yet another experiraent, tricholiths in the RMR 

were raoved towards the cercal raidline. In this and the 

previous experiraent, the stiraulus (25̂ ', 16°, - ) * v/as such 

that the PII-RC fired continuously. In this experiment, 

moving the liths in the RMR towards the cercai midline 

stopped the firing of the PII-RC. A record of this experi-

ment is shown in Figure 93. Notice that when the PII-RC 

stopped firing the PIC-RC did also. :;.oving the probe away 

from the cercal midline, thus allowing the liths in the 

RMR to assume their former position, produced once again a 

continuous firing of the PII-RC and a concomitant weak 

firing of the P C-RC. These data indicate weak excitation 

of the PIC-RC by the RMR. jj 
e: 

4. Evidence frora the long terra variability experiments •' 

Further evidence for no influence of the LLR upon the |l 
I 
II 

PIC-LC carae frora the long terra variability experiment » 

illustrated in Figure 6. At the beginning of this experiment 

only the PIC-LC responded to pitch forward, while a displace-

ment of pitch backward elicited a response from only the 

PII-RC. We concluded frora this observation that equilibriura 

information frora the left cercus was not entering the 

terminal ganglion, perhaps because of damage to the cercai 

nerve. However, after 90 rainutes the PIC-RC and the FII-LC 

began to respond. The PIC-RC response is plotted in Figure 

6 as a dashed line. The response at 90 minut-s was 20 spikes/ 
5 sec and increased at 115 minutes to a maxium of 150 spikes/ 

*::o velocity parameter was obtained for these experiments. 



5 sec. No change due to the LLR input was seen in the spike 

production of the PIC-LC throughout the entire 8xperi.ment. 

The mean and S.D. for the first 90 minutes for the "̂ IC-LC 

responses were 114.5+6.8, while for the last 45 minutes 

they were 115.0+5.0. From these data we concluded that the 

LLR did not contribute input to the PIC-LC. 

In summary, the connectivity experiments established 

that a medial row of tricholiths provides weak excitation 

to the PIC whose axon is found in the ipsilateral connective 

and that a lateral row possibly inhibits the ipsilateral 

PII. Many of the experiments showed that connections did 

not exist or, more than likely, that the experiment used 

was not sensitive enough to detect s.mall changes in ?I •• 
Í: 

restonses, The mam conclusion was that these experiments v 

cast douct ut;on the simplicity of the wiring ^resented cy |t 
|i 

Walthall and Hartraan (1978). j! 

»• 

í 
f 

I 



CKAPTER IV 

DISCUSSION 

Coraparing the response characteristics of the ?I's when 

the insect was mounted ventral side up versus mounted 

dorsal side up, showed that, indeed, the response charac-

teristics were different. For example, the receptive fields 

and sensitivities of both PII's in the dorsal side up poiar 

coordinate plot were mirror images of one another, while 

in the polar coordinate plot experiraent with the insect 

raounted ventral side up, the sensitivity or spike output 

for the PII-LC was considerably less than the PII-RC's; 

the receptive fields, however, were similar. This was the 
II 

only difference between the two experiments. !; 

In another experiment, the peak output of a PII and a '* 
II 

P C to increasing angles of displaceraent, with the insect ^' 

raounted dorsal side up, was drastically different from the 

peak output with the insect mounted ventral side up. In the 

experiment v/ith the insect mounted dorsal side up, the ?II 

did not respond frora é = 0 -15 . It began responding at 

15° and increased linearly frora 15 -70 . The PIC, on the 

otherhand, responded at 5 , increased linearly in frequency 

up to 45°, and then saturated at 45 ; that is, the frequency 

response of the PIC showed a decrease in its slope from 

45°-70°, as corapared to the frequency response from 5°-45°. 

3ennett and Hartm.an (1978) explained anatomically the inact-

ivity of the PII from á = 0°-15° and the saturation of the 

46 



47 

- IC at í = 45 . Their explanation was that each cercus 

was rotated 25° dorsoiaterally, and that the rotation placed 

the lateral rows in a more depolarized position (Nicklaus, 

1965) at P.O. than the medial rows; thus, the saturation 

of the PIC due to limited moveraent of the tricholiths in 

their cups and thus, the insensitivity of the PII from 

0 -15 . Turning the insect to ventral side up reversed 

this relationship. It placed the medial row in a more 

depolarized position than the lateral, so much so, that the 

PII was active atO°. Displacing the insect frora P.O. to 

15 raoved the raedial row to an even raore depolarized position, 

while between cB = 15 -30° the frequency reraained the sarae 

because the receptors were up against the ri.ms of their 'j 
*; 

cups and could not depolarize any further. 3eyond 30° •' 

the tricholiths reversed their direction towards hyDerDolari- |I 
1 

zation (Nicklaus, 1965), and the frequency decreased. The í 

frequency response of the other PI, a PIC, increased linearly 

the frequency) decreased frora 15 -70 . It is possible that 

the tricholiths in the lateral row began, one by one, to 

reach the riras of their cups. After reaching the rim, 

the tricholith, through its sensory neuron, could not 

contribute more input to the PIC; thus, the decrease in 

the rate of increase in the frequency. 

In the response decline experiments, it was determined 

that an ISI between two to three minutes was sufficient 

to reduce the decrease in the ?I responses to repetitive 

r 
frora 0 -15 and then the slope (rate of the increase in ' 
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stimuli. These results are consistent with what other 

investigators had found. Zilber-Gachelin and Chartier 

(1973) showed in Periplaneta araericana (Linnaeus) that 

an ISI between three to five rainutes prevented habituation 

of the trichobothria driven GI's to wind puffs directed 

at the cerci, while in Aplysia an IS of four minutes 

produced no habituation of the gill withdrawal reflex 

(3runer and Xehoe, 1970). 

There are several possible sources of the response 

decline observed in Arenivaga. One source was the lack 

of frequent saline changes which was in later experi.ments 

corrected. Another source could be sensory adaptation 

occurring at the receptor transduction site near the socket. 

Leander (1979) deterrained that the tricholith sensory 

neurons are bipolar with a single short (13)i) dendrite 

about 1̂1 in diaraeter extending frora the cell body to the 

cup. A raeans for testing this hypothesis wouid be to 

record frora the cercal nerves and see if the receptors 

adapt to a repeated stiraulus with an ISI of less than two 

minutes. 3ecause of the small diameter of the sensory 

axons, however, we have not been able to detect the 

receptor responses in the cercal nerves and cannot elim-

inate sensory adaptation as a reason for the PII response 

decline. Kandel (1976) showed in the gill withdrawai reflex 

in Aplysia that the habituation seen was not due to receptor 

adaptation. Instead, he found that the presynaptic 
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terminals released less transraitter to the postsynaptic 

membrane. We cannot reject this hypothesis either. Another 

possibility could be the postsynaptic ?I membrane and could 

involve changes in membrane resistance and/or transmitter 

receptor sensitivity. 

The cercal raanipulation experime.nt was used to deter-

mine if movement to a new position of the ieft cercus would 

affect the PI's driven by the right one. Because each point 

on the polar plot was the mean of only three displacement 

trials, analysis would not reveai statisticaily reliable 

differences between control and experimental trials. This 

type of experimient might reveal more about the connectivity, 

if the number of trials could be increased to between six '! 
l! 
1» 

and ten, then slight differences in the responses might be '| 

detected. However, increasing the numiber of triais v/ould !l 

increase the timie required to do the experiment to v/ell over 

3 hours and v/ould mandate decreasing the number of angles 

of 9 to only 0°, 90°, 180°, 270°. 

In the second type of connectivity experiemnt, removal 

of one row of trichoiiths enhanced the output of the re-

maining row's PI suggesting a possible rem.oval of inhibition. 

However, i.mj iobilization of the same row produceá no signif-

icant change in the PI driven by the rem.aining rov; on that 

cercus. Our explanation is that during the removal of the 

tricholiths the csrcal cuticle was da.maged and som.ehow al-

tered the responsiveness of the remiaining row. One árawback 
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of the immobiiization experiraents was that I was only able 

•to glue the LMR, as the LLR was not as accessible and could 

not be glued without gluing liths in the LMR. 3ecause of 

this inaccessibility I could not test, by gluing the LLR, 

the results of the experiraent in which the LLR had been 

removed. 

The lith raoveraent experiments were the most powerful 

in establishing connections between the rows of tricholiths 

and the PI's. The only problem with this method was the 

stiraulus artefact present in the recording from the left 

connective when the piezoelectric crystal was used. The 

artefact obscured some of the PII-LC action potentials 

(AP's) and was most likely the reason for the one spike 

decrease seen in the PII-LC response. Another point we 

considered was that the standard deviation, which indicated 

the amount of variability, was much larger than the mean 

one spike decrease in the PII-LC response. We thus used 

these two points to argue against LLR inhibition of the 

PII-LC. 

The best v/ay to determine the connectivity is to record 

intracellularly frora the dendrites in the neuropile of 

the A6 ganglion. Penetrating a PI in this manner would 

allow one to see the incoming inhibitory postsynaptic poten-

tials (IPSP's) and the excitatory postsynaptic potentials 

(EPSP's) frora the tricholith sensory neurons and possibly 

from other interneurons. 

The GI's in Arenivaga, of which four are the PI's, 
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appear to be simiiar raorphologically to those found in P. 

americana. Ongoing research in our lab, using cobalt chloride 

staining and the subsequent silver intensification, has re-

vealed that the cell body and neurite locations are similar 

to those in P. americana. The axon diameters of the G 's 

in Arenivaga range from 3.Ou to 7.5u (Anderson, personal 

communication), which are considerably smaller than the 

GI' s of P. americana whose diameters range from 20u to 60u 

(Harris and Srayth, 1971). Which four of the fourteen GI's 

are the PI's is not known at this tirae. 

Leander (1979) determined the morphology of the tricho-

lith sensory neurons by staining them v/ith horseradish 

peroxidase. He found that each tricholith, trichobothrium, ^ 
• 

and bristle hair is innervated by a single bipolar sensory > 

neuron. The tricholith dendrite and cell body diameters 

are lu and 13u, respectively; the other sensory neurons 

being somewhat smaller in diameter. Afferents from the 

medial half of a cercus, which includes the medial row of 

tricholith neurons, coalesced to form the medial branch of 

the cercal nerve, while afferents from the laterai half 

formed the lateral branch; these two branches then joined 

at the base of the cercus and continued, as one, to the 

A6 gangiion. 

From the data presented here and from. the data of 

Walthail and Hartman (1978) and Hartm.an e^ a^ (1979), the 

connections appear as follows: A PII receives strong 

excitation frora the ipsiiateral, medial row of trichoiiths 

I 
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and possibly inhibition frora the contralateral, lateral row; 

a PIC receives strong excitation frora the contralateral, 

lateral row and weak excitation from the ipsilateral, .medial 

row. 

There is evidence frora other work that the connectivity 

is as we have indicated here. In a similar systera in the 

cricket involving cercal hairs and GI's, Matsuraoto and 

Murphey (1977) described the types of input to the raedial 

giant interneuron (MGI) whose ceil body is found in the 

terminal ganglion of the ventrai nerve cord. While recording 

intracellularly frora the MGI, .MGI responses were evoked 

with sound pulses directed at the cerci. Each cercus 

contains T- and L- hairs which respond to sound pulses 

directed at the cercal transverse and longitudinai axes, 

respectively. T-hairs frora the ipsilateral cercus were 

found to evoke strong excitation in the MGI, while the 

contralateral L-hairs evoked v/eak excitation, and the 

contralateral T-hairs produced inhibition. 

A hypothetical wiring diagrara for a PI is illustrated 

in Figure 10. The raorphology of the interneuron was drawn 

frora GI(1) of P. araericana (unpublished data). 3ased on 

parsiraony of the nuraber of neurons invoived, the PII-LC 

would receive strong excitation (indicated by the three 

x's) frora the LMR and weak inhibition (indicated by the 

negative sign) frora the RLR. The RLR's sensory neurons 

wouid not cross the midline in the posterior portion of the 

ganglion (Murphey et_ al., 1976), but wouid simply synapse 
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^Pon the dendrites found on the neurite. An alternate and 

n:iore complex picture for the RLR inhibition could involve 

an intraganglionic interneuron. If this is the case, then 

the RLR's afferents would synapse upon the intraganglionic 

interneuron which would then synapse upon the neurite. 

The hypothetical connectivity for the PIC-RC is shown 

in Figure 11. The interneuron depicted in this diagram 

is GI(7) of P. araericana (Camhi, in preparation). GI(7) 

has dendritic trees on both sides of the ganglion, and could, 

thus, receive strong excitation (indicated by the three x's) 

from the LLR's sensory neurons upon the dendritic tree 

contralateral to the PIC's axon and weak excitation (indicated 

by the single x) frora the RMR's sensory neurons upon the 

ipsilateral dendritic tree. 

Giant interneurons in cockroaches have been under 

investigation for raany years. The .main thrust of this 

research has been centered on the American cockroach, P. 

americana, a highly agiie, terrestrialinsect. Pumphrey 

and Rawdon-Sraith (1937) postulated that the GI' s miediated 

sound reception in P. araericana because sound pulses played 

at the cerci evoked responses frora the Gi's. V/ind puffs 

to the cerci also stimulate GI activity; this activity 

was claimed by Roeder (1948) to elicit an escape behavior 

from the cockroach. These findings were refuted by Harris 

(1977), and Fraser (1977) showed that cercal ablation 

modified tethered flight behavior. Westin e^ aĵ  (1977), 

Ritzraann and Cam.hi (1978), and Camhi et_ a_l (1978 a and b) 
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Fig. 11. Connectivity diaj:ra.m of the PIC-RC. The ?IC 
shown in this diagram was dravvn from GI(7) of ?. americana 
and is the only GI with dendritic aborizations on both sides 
of the terminal ganglion. The 'hree x's depict the s*rong 
excitation of the PIC by :he LLR of tricholiths. The smgie 
X depicts the weak excitation of :he ?IC by the R.'/R of 
tricholiths. LC and RC: left and right connectives. L_R 
and RLR: left and right lateral rows, LMR and RMR: left 
and right medial rows. 



57 

LCRC 

LLR 

LMR 



58 

confirmed Roeder's original observations by demonstrating 

that 1) all fourteen GI's respond to wind puffs, 2) the 

GI's drive leg raotoneurons involved with depression of the 

legs, 3) wind puffs do elicit escape behavior, and 4) escape 

behavior can be elicited by a natural predator. 

From these collected works, it appears that as long 

as the cockroach maintains tarsal contact with the substrate, 

then the GI's in P. araericana drive the evasive response. 

If, however, there is a loss of tarsal contact and initiation 

of flight, then the cerci and GI's possibly become involved 

with flight equilibrium. Delcomyn and Daley (1979) further 

coraplicated the picture by showin.g that the ventral group 

of GI's (1, 2, 3, 4) were inhibited during walking and 

the dorsal group (5, 6, 7) v/ere activated. Recordings raade 

by me frora the nerve cord of another cockroach, Groraphadorhina 

portentosa (Sehaura), a v/ingless, lethargic species not 

having an evasive response, reveal GI responsiveness to wind-

puffs (unpublished observations). Furtherm-ore, cobalt 

chloride staining of the A6 ganglion reveals the sam.e nuraber 

of GI's as found in P. americana (unpublished data). In 

Arenivaga sp., four of the fourteen GI's convey orientational 

information necessary for burrowing. Thus, the GI's raay 

have functions which are quite different when various species 

of cockroaches are corapared. 

In sumjnary, the results of the connectivity experiraents 

cast doubt on the siraplicity of the wiring as Walthall and 

Hartraan (1978) and Hartman et̂  al (1979) presented it. I 
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recommend that the connectivity be determined conciusiveiy 

using intracellular recording techniques. For these re-

Gordings or any other for that m̂ atter, it would be advisabie 

to use culture medium (4 parts Eagie's and 5 parts Schnei-

der's) that is weil aerated and changed every ten to fifteen 

miinutes. In experiments involving repetitive stimuii, the 

ISI should be no less than 2^ minutes; three minutes or 

greater would be preferred. For experim.ents in v/hich the 

insect is mounted ventral side up, the insect shouid be 

mounted 5° to 10° towards pitch forward; this, in effect, 

would establish a nev/ P.O. where the PIC is more active, 

but the activity of the PII is reduced. Lastly, for any 

ventral side up experiment, the dispiacement angle should 

not exceed á = 30 . 
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