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Ventilatory Mechanism and Control in Grasshoppers1

JON F. HARRISON

Dept. of Zoology, Arizona State University, Tempe, Arizona 85287-1501

SYNOPSIS. Grasshoppers exhibit a diversity of ventilatory patterns depend-
ing on activity status. For each pattern, the mechanism and control of gas
exchange is analyzed in terms of a two-step model, consisting of tracheolar
and trans-spiracular steps in series. During the intermittent gas exchange that
characterizes the most quiescent grasshoppers, spiracles open and close in
response to changing carbon dioxide, and trans-spiracular resistance controls
gas exchange. In resting but alert grasshoppers, abdominal pumping occurs,
and gas exchange is controlled equally by tracheolar and trans-spiracular re-
sistances; tracheal oxygen and carbon dioxide are regulated by variation in
abdominal pumping and spiracular opening. During hopping, abdominal
pumping does not occur, and bulk gas flow is driven by cuticular deforma-
tions associated with locomotion. Increased cellular oxygen consumption de-
pends on use of internal oxygen stores and increased partial pressure gradi-
ents. After hopping ceases, abdominal pumping increases dramatically and
restores tracheal gas composition; however, the rise in abdominal pumping
after hopping is not affected by tracheal gas levels. During flight, bulk flow
to the flight muscles is driven by tidal thoracic auto-ventilation, while the
remainder of the body is ventilated by abdominal pumping. During both hop-
ping and flight, the greatest resistances to gas transport exist in the tracheo-
lar rather than the trans-spiracular step.

INTRODUCTION

The tracheal system is one of the defin-
ing physiological characteristics of insects.
Tracheae provide insects with a light-weight
respiratory system which allows them to
achieve the highest mass-specific metabolic
rates in the animal kingdom. However, de-
spite the ecological, agricultural, and medi-
cal importance of insects, the increasing use
of insects as model organisms for evolution-
ary studies, and the central role of the tra-
cheal system in insect physiology, many of
the most basic functional aspects of the tra-
cheal system are unknown. This is partly
due to technical difficulties imposed by the
small size of insects, and perhaps partly due
to the perception that the tracheal system is
a relatively simple diffusion system. Recent
research has overcome many of the techni-
cal difficulties associated with the study of

1 From the Symposium Control of Arterial Blood
Gases: Cardiovascular and Ventilatory Perspectives
presented at the Annual Meeting of the Society for In-
tegrative and Comparative Biology, 26-30 December
1995, at Washington, D.C.

insect respiratory physiology, and has dem-
onstrated that tracheal systems are tightly
regulated, complex, and diverse.

The significance of the great diversity in
the morphology of tracheal systems has
not been explored, and tracheal physiology
been studied in depth in only a very few
insect groups, including lepidopteran pu-
pae, and adult ants and grasshoppers. Due
to extensive work on both the neural con-
trol of ventilation and on tracheal gas
exchange mechanisms by a number of
authors, especially Peter Miller and Torkel
Weis-Fogh, the physiology of the tracheal
system is certainly best understood in
grasshoppers. Only for grasshoppers has
data been presented which unequivocally
demonstrate regulation of tracheal oxygen
and carbon dioxide. I will focus in this
review on the mechanisms and control of
gas exchange in grasshoppers. Detailed
studies of respiratory function in this rela-
tively primitive group may provide a
model generalizable to many insects, and a
basis for comparison for studies of more
derived species.
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74 JON F. HARRISON

MECHANISMS OF GAS EXCHANGE

Tracheal morphology
Weis-Fogh (\964a,b) has provided excel-

lent diagrams of the gross morphology of
the tracheal system in Schistocerca gre-
garia. My dissections of S. americana, Ro-
malea guttata, Melanoplus bivittatus, M.
differentialis, and Taeniopoda eques suggest
that the general pattern of tracheal morphol-
ogy described by Weis-Fogh for 5. gregaria
can be applied to grasshoppers generally.
Grasshoppers have eighteen spiracles, nine
to a side. On each side, a longitudinal trunk
(the primary trachea) connects all ipsilateral
spiracles. Anastomoses connect the two
sides of the system. In resting grasshoppers
exhibiting abdominal pumping, inspiration
occurs via the thoracic spiracles, and expi-
ration occurs via the abdominal spiracles,
primarily the most caudal pair (Weis-Fogh,
1967). Secondary tracheal branches de-
scend to the various tissues, followed by di-
vision into tertiary trachea and the trache-
oles. The other obvious feature of the tra-
cheal system in grasshoppers are air sacs,
which connect to the secondary and primary
trachea, and are most numerous surround-
ing the flight muscle and in the abdomen.

Respiratory pattern and mechanism
in relation to activity levels

The gas exchange mechanisms used by
grasshoppers depend on their level of activ-
ity and metabolism. In very undisturbed
states {i.e., 12 hr in the dark at low tempera-
tures), grasshoppers commonly exhibit dis-
continuous ventilation, in which periods of
gas exchange are separated by many min-
utes of spiracular closure and near-zero car-
bon dioxide emission and oxygen uptake
(Hadley and Quinlan, 1993; Quinlan and
Hadley, 1993; Harrison et ah, 1995). The
mechanism of gas exchange (diffusive or
convective) during discontinuous ventila-
tion in grasshoppers is not known.

Quiescent, alert grasshoppers (between
meals in the field, or undisturbed in the lab
for minutes to hours) usually exhibit ab-
dominal pumping, with the rate of this
pumping depending on temperature (Miller,
1966). Abdominal pumping is driven by
contractions of muscles connecting the ab-
dominal sclerites. Expiratory muscles pull
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FIG. 1. Tracheal pressures (top) and carbon dioxide
emission (bottom) for a Schistocerca americana exhib-
iting intermittent abdominal pumping (ap) and minia-
ture ventilations invisible to the naked eye (mv). The
95% equilibration time for the respirometry system
was approximately 1.1 min. Note that abdominal
pumping increased the release of carbon dioxide, but
only slightly above that observed during miniature ven-
tilations.

the stemites (abdominal sclerites) dorsally
(Hustert, 1975; Lewis et al., 1973). De-
creasing abdominal volume causes the he-
molymph to compress portions of the tra-
cheal system, particularly the air sacs. At
this time, thoracic spiracles close and expi-
ratory air flow occurs via the open abdomi-
nal spiracles. During inspiration, increases
in tracheal volume cause bulk flow inward
via the thoracic spiracles. Inspiration is
partly passive, due to the natural elasticity
of the abdomen, but is assisted by inspira-
tory muscles (Hustert, 1975; Lewis et al.,
1973). In non-flying grasshoppers, about
80% of the air moved by abdominal pump-
ing flows into the thorax and out via the ab-
domen spiracles; the remaining flow is
tidal convection (McCutcheon, 1940; Weis-
Fogh, 1967). Convection becomes more
tidal during exposure to high ambient car-
bon dioxide (Weis-Fogh, 1967; Henderson
and Prange, 1995).

In many cases, quiescent grasshoppers in-
tersperse bouts of abdominal pumping with
miniature ventilations (Hustert, 1975).
These miniature ventilations are invisible to
the naked eye, so the grasshoppers appear
to be completely motionless. However, tra-
cheal pressure changes and tiny abdominal
pumps are detectable (Hustert, 1975; Fig.
1). During miniature ventilations, carbon di-
oxide emission remains at 50-90% of the
level during abdominal pumping (Fig. 1).
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FIG. 2. A schematic model of the mechanisms of gas exchange in a grasshopper exhibiting abdominal pump-
ing, with putative pathways for control of gas exchange (dashed lines). Gas exchange is modeled as a two-step
process, having a trans-spiracular step and a tracheolar step. During abdominal pumping for a resting animal,
most of the trans-spiracular gas exchange is convective and uni-directional. During flight, hopping, and minia-
ture ventilations, trans-spiracular convection is probably mostly tidal. Tracheal Pco2 affects spiracular opening
directly and indirectly via the central nervous system; tracheal Po2 affects spiracular opening via a central mecha-
nism and tracheolar fluid levels by an unknown mechanism. Tracheal Po2 and Pco2 also affect the rate and
intensity of abdominal pumping via the central nervous system. Hemolymph pH affects neither spiracular open-
ing nor abdominal pumping.

Abdominal pumping is not visible in
hopping grasshoppers, but hopping is ac-
companied by erratic pressure fluctuations,
possibly due to cuticular deformations as-
sociated with locomotion (Krolikowski and
Harrison, 1996). During a several minute
bout of hopping, much of the oxygen is
consumed from internal tracheal stores,
and increased gas exchange depends on
increased partial pressure gradients (Harri-
son et at., 1991). High-frequency abdomi-
nal pumping commences immediately after
cessation of hopping (Harrison et al.,
1991; Krolikowski and Harrison, 1996).
During flight, the primary ventilatory
mechanism for the flight muscles is au-
toventilation, in which changes in thoracic
volume created by the flight muscles cre-
ate tidal flow equivalent to about 7% of
the volume of the tergo-pleural air sacs per
wing stroke (Weis-Fogh, 1967). Abdominal
pumping also increases during flight, and
serves to ventilate the central nervous sys-
tem and remainder of the body (Miller,
1960ft; Weis-Fogh, 1967).

A two-step model for gas exchange
in grasshoppers

A simple, two-step model of gas ex-
change for a grasshopper exhibiting ab-
dominal pumping is presented in Figure 2.
The total respiratory conductance between
cells and air consists of trans-spiracular and
tracheolar steps in series. The mechanisms
for gas exchange at the trans-spiracular step
depend on the respiratory pattern, poten-
tially ranging from pure diffusion during
discontinuous ventilation to primarily uni-
directional, bulk air flow during abdominal
pumping. During abdominal pumping, the
conductance of the trans-spiracular step is
primarily affected by the rate of flow of air
through the spiracles, which is a function of
the rate and intensity of abdominal pump-
ing, and the degree of spiracular opening.
Trans-spiracular conductance may also be
affected by the proportion of the bulk flow
which is uni-directional.

The tracheolar step in gas exchange is be-
tween the primary tracheal trunks and the
cells via the secondary and tertiary tracheae
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76 JON F. HARRISON

and tracheoles. Most, but not all, of this step
will occur in the gas phase. The final dis-
tance in the liquid phase within the trache-
oles and cells could potentially provide the
majority of the resistance to gas exchange
(Wigglesworth, 1983; Kestler, 1985). Gas
exchange during the tracheolar step may be
primarily diffusive given the blind-ended
morphology of the tracheoles. However, he-
molymph pressure pulsations associated
with abdominal or other muscular activity
may drive some bulk flow in the tracheoles.
Over short time periods, within an indi-
vidual, the conductance of the tracheolar
step will be affected by the fluid levels in
the tracheoles (Wigglesworth, 1983), and
the amount of bulk flow. Between individu-
als, and within individuals over periods of
time long enough for developmental
changes in the tracheoles to occur, tracheal
morphology will also affect tracheolar con-
ductance.

Pressures, flows and resistances
associated with trans-spiracular bulk flow

The relationships between pressures and
flow are quite different in insects than in
lung-breathers, partly because the tracheo-
lar system (1) can have uni-directional flow,
(2) has multiple apertures, and (3) can
modulate the resistance to flow over a wide
range. Just as blood pressures are quite low
in "open" relative to "closed" circulatory
systems due to the relatively low resistance
to blood flow in open circulatory systems,
the pressures generated within tracheal sys-
tems appear to be quite low yet are accom-
panied by relatively high rates of flow.

Resting grasshoppers at 25°C use ab-
dominal pumping to move a volume of air
approximately equal to one tracheal volume
per minute. Weis-Fogh (1967) estimated the
volume of air moved by abdominal pump-
ing in resting S. gregaria as 0.7 ml g~'
min"1 by measuring the rate of flow via the
caudal spiracles with all the other abdomi-
nal spiracles sealed. Ventilatory flow could
be increased about eight-fold by exposing
the animal to elevated carbon dioxide. We
(Harrison and Krolikowski, unpublished)
have recently measured ventilation volumes
by an optical method for animals with all
spiracles intact, and found similar values for

the closely related and similarly-sized S.
americana.

For resting grasshoppers, the pressures ac-
companying each abdominal stroke are a
few kPa or less. McCutcheon (1940) and
Watts (1951) have both reported that tra-
cheal pressures can increase 7-10 fold with
"forced ventilation." However, Weis-Fogh
(1967) reported only small increases in he-
molymph pressures when S. gregaria were
exposed to elevated carbon dioxide. Simi-
larly, we have found that either post-activity
(Krolikowski and Harrison, 1996), or during
exposure to high carbon dioxide or low oxy-
gen (Harrison, Krolikowski, and Waclawski,
unpublished data), increases in ventilation
rate and volume are accompanied by con-
stant or decreasing tracheal pressures.
Therefore, relative increases in spiracular
convective conductance and tidal volume
are likely to be similar, allowing greater bulk
flow at similar pressures per breath.

Relative conductances of the
trans-spiracular and tracheolar gas
exchange steps

Understanding the relative conductances
of the trans-spiracular and tracheolar steps
is essential to understanding gas exchange
and its control in insects. Conductance (in-
cluding diffusive plus convective conduc-
tances) can be defined as the magnitude of
gas exchange achieved for a given partial
pressure gradient. At steady state, the gas
transport rates of the trans-spiracular and
tracheolar steps will be similar. Under these
conditions, the ratio of the conductance of
the trans-spiracular step relative to the tra-
cheolar step (/?) can be calculated from:

R = (Pco2 trunk - Pco2 air)
• (Pco2 cell - Pco2 trunk)

where Pco2 trunk represents the Pco2 mea-
sured in the primary tracheal trunks, Pco2
air the Pco2 of ambient air, and Pco2 cell
the average cellular Pco2.

I have estimated R for quiescent and post-
hopping grasshoppers from:

R = (Pco2 trunk - Pco2 air)
• (Pco2 hemo — Pco2 trunk)"1

where Pco2 hemo is the Pco2 of hemo-
lymph. I have also estimated R for gas ex-
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REGULATION OF VENTILATION IN INSECTS 77

change to the leg muscle during jumping,
by substituting the Pco2 measured within
the leg for Pco2 hemo. With a R value
greater than one, the spiracles offer the ma-
jority of the resistance to gas exchange;
with a R value below one, the tracheoles of-
fer the major resistance to gas exchange.

The first potential technical problem in
the estimation of R is the assumption that
hemolymph Pco2 is similar to cellular
Pco2. Obviously, cellular Pco2 should ex-
ceed hemolymph Pco2 to some extent, be-
cause the cells are the source of most car-
bon dioxide production. To the extent that
equilibrium between cellular and hemo-
lymph Pco2 is violated, R will be overesti-
mated. However, because carbonic anhy-
drase is found in cells but not hemolymph
for most insects (Darlington et al., 1985),
the majority of carbon dioxide exchange be-
tween hemolymph and trachea probably oc-
curs via the cells, ensuring a close match be-
tween hemolymph and cellular Pco2.
Across a range of temperatures, the average
whole body Pco2 is similar to that calcu-
lated for hemolymph in quiescent grasshop-
pers (Harrison, 1988), providing empirical
support for the assumption used here that
hemolymph Pco2 approximates cellular
Pco2. A second potential problem with this
measure of R is that tracheal air is sampled
via an inspiratory spiracle (Gulinson and
Harrison, 1996; Krolikowski and Harrison,
1996), so it is possible that this measure of
the Pco2 of the tracheal trunks underesti-
mates expiratory Pco2, producing an under-
estimate of the true R. However, the expi-
ratory Pco2 calculated from the metabolic
rate and ventilation volume of S. ameri-
cana, are quite similar (within 0.4 kPa) to
those measured by sampling tracheal gases
via the metathoracic spiracle, suggesting
that this error is small (Harrison, unpub-
lished data).

During the long spiracular closures of
discontinuous ventilation, trans-spiracular
conductance must be very low, R very high,
and gases must approach equilibration
within the insect. During the spiracular open
phase of discontinuous ventilation, the
spiracles open widely and R must fall. How-
ever, washout patterns of inert gases during
discontinuous ventilation for diapausing pu-

TABLE 1. The Pco2 at three internal sites and the cal-
culated ratio of spiracular conductance to tracheolar
conductance (R) measured at rest, after two min of
forced hopping, and after two min of recovery from
hopping in grasshoppers at 37°C*

Hemolymph Pco2

Metathoracic tracheal Pco2
Leg tracheal Pco2
R (whole body)
R (leg)

Rest

3.3
1.9
3.7
1.35
1.06

Hopping

4.9
1.9
9.5
0.63
0.25

Two min
recovery

3.5
1.9
NM
1.18
NM

* (Harrison et al., 1991; Krolikowski and Harrison,
1996). NM = not measured.

pae suggest that internal resistances are mi-
nor and that R remains above one under
these conditions (Scheid et al., 1981). In
contrast, for resting and post-active locusts
exhibiting abdominal pumping, whole-body
R has been estimated as 0.6—1.4, suggest-
ing that tracheolar and trans-spiracular re-
sistances are similar (Table 1). For the leg,
R decreases from 1 at rest to 0.3 post-
activity (Table 1), indicating that the pri-
mary resistance to gas exchange occurs in
the tracheolar rather than the trans-
spiracular step during hopping. This finding
is consistent with the long diffusion path for
this enlarged limb and the dependence of
hopping on anaerobic metabolism in grass-
hoppers (Zebe and McShaw, 1957; Harrison
et al., 1991). In flying S. gregaria, tracheal
Pco2 is 5 kPa, and the partial pressure gra-
dient across the tracheolar step calculated
from tracheal morphology is 10 kPa (Weis-
Fogh, 1964ft/ Weis-Fogh, 1967), suggesting
a R of about 0.5 ([5-0]/[15-5]). The limited
data to date support the hypothesis that R
varies with ventilatory pattern and activity,
with complete control of gas exchange by
the spiracles during discontinuous ventila-
tion, and the tracheoles providing the pri-
mary resistance to gas exchange during ac-
tivity.

VENTILATORY CONTROL

Neural control of gas exchange
The rhythm that drives abdominal pump-

ing is initiated by the metathoracic and cra-
nial abdominal ganglia in grasshoppers
(Miller, 1960a, 1966; Lewis et al., 1973;
Hustert, 1975). It can be modified by feed-
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78 JON F. HARRISON

back from stretch receptors in the abdomen
(Hughes, 1952; Farley and Case, 1968).

Spiracular opening can be controlled lo-
cally or by the central nervous system. In
general, control of each spiracle resides in
the local ganglia (Miller, 1960c, 1966). In
spiracles with single control muscles, i.e.,
the metathoracic spiracle which has only a
closer muscle, local control by carbon di-
oxide levels dominates, and central control
of spiracular opening serves to grade the re-
sponse of the spiracle to carbon dioxide
(Hoyle, 1960; Miller, 1960c). In spiracles
with two control muscles {i.e., the protho-
racic and first abdominal spiracles), periph-
eral control by carbon dioxide is unimpor-
tant, and the frequency of action potentials
to the opener and closer muscles determines
spiracle behavior. In these nerves, response
to carbon dioxide depends on central effects
of this gas (Miller, 1960c, 1966).

Synchronization of spiracular action with
abdominal pumping is brought about by in-
terneurons between the local ganglia and
the metathoracic ganglia (Miller, 1966).
As carbon dioxide increases, all spiracles
tend to open, and spiracular opening and
abdominal pumping may become less
synchronized (Miller, 1960c; Weis-Fogh,
1967).

Potential mechanisms for the control
of internal gases

A schematic of some of the possible
mechanisms for the control of internal gases
is presented in Figure 2. If metabolic rate
is constant, any mechanism that increases
respiratory conductance will decrease inter-
nal carbon dioxide and increase internal
oxygen. Because both the trans-spiracular
and tracheolar steps appear to influence res-
piratory conductance under most condi-
tions, levels of internal gases could poten-
tially be affected by regulation of either step
in the gas exchange process.

Short-term regulation of tracheolar con-
ductance could potentially occur by varia-
tion of fluid levels in the tracheoles, or by
variation in the amount of convection oc-
curring in the secondary tracheoles. Fluid
levels in the tracheoles decrease in response
to decreasing oxygen tensions (Wiggles-
worth, 1983), and this is potentially an im-

portant mechanism for regulation of cellu-
lar oxygen levels. Control of fluid levels
is generally thought to be controlled by lo-
cal metabolic effects of oxygen or pH
(Wigglesworth, 1983), but could also be af-
fected by circulating or local neurohor-
mones.

The conductance of the trans-spiracular
step could be affected by the degree of
spiracular opening, the rate and magnitude
of pressure generation from abdominal
pumping, and the degree of synchronization
between the spiracles and the abdominal
pump. As noted above, the degree of
spiracular opening is affected by carbon di-
oxide and to a lesser extent by oxygen
(Wigglesworth, 1935; Case, 1957; Miller,
1960c). High ambient carbon dioxide or
low ambient oxygen increase the rhythmic
output of the metathoracic ganglia and the
rate and depth of abdominal pumping
(Miller, 1960a).

Control of the spiracles during
discontinuous ventilation

In lepidopteran pupae, the end of the pe-
riod of complete spiracular closure (closed
phase) is triggered by a fall in tracheal oxy-
gen levels to less than 5 kPa, with oxygen
deprivation acting directly on the ganglia
(Levy and Schneiderman, 1966; Burkett
and Schneiderman, 1974). The subsequent
flutter phase is ended when a rise in inter-
nal carbon dioxide to approximately 8 kPa
triggers the spiracular open phase, with car-
bon dioxide acting directly on the spiracu-
lar muscle (Levy and Schneiderman, 1966;
Burkett and Schneiderman, 1974). De-
creases in oxygen to a threshold value also
appear to regulate the duration of the closed
phase in ants (Lighton and Garrigan, 1995).

The relationship between tracheal gases
and discontinuous ventilation differs in sev-
eral respects between lepidopteran pupae
and grasshoppers, at least based on studies
of Taeniopoda eques, the western lubber
grasshopper (Harrison et al., 1995). In T.
eques, hemolymph Pco2 increases from 1.8
kPa immediately after spiracular closing to
2.3 kPa immediately preceding the next
spiracular opening. Changes in internal car-
bon dioxide levels are less than 10% of
those observed in pupae. Elevation of am-
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REGULATION OF VENTILATION IN INSECTS 79

bient carbon dioxide to 3 kPa or above abol-
ishes periods of spiracular closure, while
grasshoppers exposed to ambient carbon di-
oxide levels of 2 kPa or below continue to
exhibit discontinuous ventilation. Thus, de-
spite the relatively small changes in inter-
nal gases, elevation of carbon dioxide lev-
els to a threshold appears to trigger the spi-
racular open phase. In contrast, increasing
ambient oxygen to 30 kPa, or decreasing it
to 10 kPa, has no effect on the duration of
the discontinuous ventilatory cycle, indicat-
ing that internal oxygen levels do not de-
crease sufficiently to trigger a change in spi-
racular behavior during discontinuous ven-
tilation in grasshoppers. Gas exchange in
discontinuously ventilating T. eques may be
independent of ambient oxygen because: (1)
the low threshold level at which Pco2 trig-
gers spiracular opening ensures that oxygen
levels stay high relative to pupae, and (2)
the higher mass-specific tracheal volume
(3-4 fold greater than in lepidopteran pu-
pae or ants) cause similar changes in
tracheal carbon dioxide to be accompanied
by smaller changes in tracheal oxygen.

Ventilation and the regulation
of extracellular pH

Extra-cellular pH does not affect ventila-
tion in grasshoppers as it does in air-
breathing vertebrates. Manipulation of he-
molymph pH by injections of HCl or NaOH
(changing hemolymph pH by 0.3 to 0.5 pH
units) does not affect ventilation rate in rest-
ing or post-active grasshoppers (Gulinson
and Harrison, 1996; Krolikowski and Har-
rison, 1996). Decreasing pH could poten-
tially increase tracheal conductance by
some mechanism other than by affecting
ventilation rate. However, S. gregaria in-
jected with HCl recover from the induced
acidosis without reducing hemolymph Pco2
indicating that acidosis does not affect res-
piratory conductance in grasshoppers (Har-
rison et al., 1992). In grasshoppers, the ex-
cretory system appears to be completely re-
sponsible for recovery from non-volatile
acid-base challenges (Harrison and Phillips,
1992; Phillips et al., 1994; Harrison, 1995).

The relationship between hemolymph
Pco2 or [HCO3 —] and ventilation is less

clear. Ventilation rate increases after
NaHCO3 injection, but depression of hemo-
lymph bicarbonate (HCl injection) has no
effect (Gulinson and Harrison, 1996). Pos-
sibly extracellular bicarbonate affects the
respiratory centers. Alternatively, the stimu-
latory effect of the NaHCO3 injection may
be due to elevation of tracheal Pco2. Be-
cause we (Gulinson and Harrison, 1996)
were not been able to independently ma-
nipulate hemolymph and tracheal Pco2, we
cannot eliminate the possibility of chemo-
receptors which sense hemolymph Pco2.

Regulation of tracheal oxygen and carbon
dioxide levels

Resting grasshoppers regulate oxygen
and carbon dioxide levels in their longitu-
dinal trunks at approximately 18 kPa and 2
kPa respectively (Gulinson and Harrison,
1996). This can be demonstrated by perfus-
ing the tracheal system with gases with
varying carbon dioxide at constant oxygen
level, or vice versa. Under these conditions,
ventilation rate is positively correlated with
tracheal Pco2 and negatively correlated
with tracheal Po2. Because decreasing tra-
cheal Pco2 below normal levels, or elevat-
ing tracheal Po2 above normal levels de-
creases ventilation rate, we conclude that
both tracheal Pco2 and Po2 stimulate venti-
lation in normal, resting grasshoppers, and
that there is a true setpoint for regulation of
tracheal oxygen and carbon dioxide.

Why grasshoppers regulate their tracheal
oxygen levels at such a high level is unclear,
since metabolic rates of resting grasshop-
pers do not decrease until atmospheric oxy-
gen levels fall to 5 kPa (Arieli and Lehrer,
1988). High internal oxygen stores might be
important in enhancing jump performance
during burst locomotion. In M. bivittatus,
40% of the oxygen used during a few min-
utes of burst locomotion is consumed di-
rectly from air within the tracheae rather
than from freshly inspired air (Harrison et
al., 1991).

In contrast to the situation observed at
rest, active (hopping) grasshoppers do not
regulate tracheal Po2 or Pco2 (Krolikowski
and Harrison, 1996). Manipulations of tra-
cheal Po2 and Pco2 in post-active grasshop-
pers have no systematic effect on ventila-
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80 JON F. HARRISON

tion rate. Although tracheal gases change
substantially during hopping (Krogh, 1913;
Harrison et al., 1991), tracheal Po2 and
Pco2 do not appear to be used as a signal
to match ventilation to metabolic need in
grasshoppers. Changes in tracheal Po2 and
Pco2 near the respiratory control ganglia are
very small relative to those occurring in the
metathoracic leg (Krolikowski and Harri-
son, 1996), and therefore would serve as a
poor signal of muscle activity level. The
mechanism responsible for the rise in ven-
tilation after hopping is unknown, but may
be a feed-forward neural mechanism as
shown for the control of abdominal pump-
ing during flight (Ramirez and Pearson,
1989a, 1989&).

Future directions
Many important questions remain con-

cerning the mechanisms of gas exchange in
grasshoppers and other insects. The finding
that tracheolar conductance is similar in
magnitude to spiracular conductance in ac-
tive insects indicates that variation in tra-
cheolar fluid levels might be important in
the regulation of gas exchange, but no di-
rect test of this possibility has been made.
In general, the relative importance of con-
vection and diffusion in gas exchange re-
main unclear. How do tracheolar and trans-
spiracular conductances compare when ana-
lyzed for oxygen rather than carbon diox-
ide? Why do grasshoppers exhibit such a
diversity of respiratory patterns, ranging
from discontinuous ventilation to miniature
ventilations to abdominal pumping? What is
the significance of variation in the degree
of uni-directional bulk flow during abdomi-
nal pumping?

Similarly, a variety of fundamental infor-
mation is required to arrive at a basic un-
derstanding of ventilatory control. Studies
of the regulation of oxygen and carbon di-
oxide setpoints need to be performed with
identified chemosensory cells to determine
the neuronal mechanism of homeostatic
regulation. The finding that the degree of
spiracular opening matches the intensity of
abdominal pumping to allow relatively con-
stant tracheal pressures raises many ques-
tions about how the spiracular and ventila-
tory control systems are integrated. Is tra-

cheal or hemolymph pressure regulated? Fi-
nally, why is the setpoint for tracheal
oxygen so high, and do the setpoints vary
with physiological state or among animals
in different environments?
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