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Sheldon: “You ever wonder how humans would be different
if they evolved from lizards instead of mammals?”
Leonard: “Okay, let’s talk about that.”
Sheldon: “As you know, lizards, cold-blooded animals, lack the ability to sense temperature. But
they do move more sluggishly when it’s cold.
So, lizard weathermen would say things like, ‘Bring a sweater, it’s slow outside’.
I love my mind.”
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Summary
Temperature has a crucial impact on all biochemical and biophysical processes. Species
specific adaptations in physiological processes for different temperature conditions led to
distinct tolerances and preferences for temperatures across animal species.
Behavioral assays in social insects revealed that ants are very precise in detecting steady
temperatures and show very fine-tuned temperature guided brood care behavior
Former studies of the sensory system in ants revealed cold-sensitive neurons in the
antennae that detect temperature changes. Sensory neurons coding for steady temperature
were not found, urging the question: How are steady temperature detected in ants?
This was the starting point for my investigations on the sensillum coelocapitulum in the ant
species Camponotus rufipes. Sensory neurons associated with this sensillum type in
different insect species are thermo- and/or hygro-sensitive. The S. coelocapitulum in ants
was not investigated in detail.
My study on the external morphology and the ultrastructure allocates this sensillum as a
peg-in-pit sensillum. Former studies across different insect species often confused this
inconspicuous sensillum with the sensillum campaniform aggravating the comparison of
sensory systems across insect species. The morphological investigations of the S.
coelocapitulum and the comparison with proprioceptive S. campaniform allow a clear
classification of these sensilla types.
I discovered two cold-sensitive neurons associated with the S. coelocapitulum and analyzed
their physiological properties very detailed. While one of the sensory neurons detects
transient temperature exclusively, the other neuron codes for steady temperature in a very
narrow working range. The narrow working range of the second neuron type matches the
preference temperature during brood care.
Finally, I directly compare the physiological properties of cold-sensitive neurons across
different insect species. This comparison revealed that species specific tolerance and
preference temperatures seem to be reflected already on the level of single sensory
neurons. My comparative analysis of cold-sensitive neurons across insect species allows the
interpretation of sensory systems regarding ecological and behavioral relevant temperatures.

6

Zusammenfassung

7

Zusammenfassung
Temperaturen haben einen entscheidenden Einfluss auf alle biochemischen und
biophysikalischen Prozesse. Artspezifische Anpassungen physiologischer Prozesse an
verschiedene Temperaturbedingungen haben dazu geführt, dass verschiedene Tierarten
unterschiedliche Temperaturen tolerieren und bevorzugen.
Verhaltensstudien an sozialen Insekten haben gezeigt, dass insbesondere Ameisen
Umgebungstemperaturen präzise detektieren können und ein äußerst feingesteuertes
temperaturabhängiges Brutpflegeverhalten zeigen.
Bisherige

Studien

am

sensorischen System

von

Ameisen haben gezeigt, dass

kälteempfindliche Neurone in der Antenne Änderungen der Umgebungstemperatur
detektieren. Sensorische Neurone, zuständig für die Detektion absoluter Temperaturen,
konnten bisher nicht nachgewiesen werden und es bleibt somit die Frage: Wie werden
absolute Temperaturen von Ameisen detektiert?
Diese Fragestellung war Grundlage für die Untersuchung des Sensillum coelocapitulum in
der Ameisenart Camponotus rufipes. Sensorische Neurone in diesem Sensillum detektieren
in anderen Insektenarten Temperatur- und Feuchtereize. In Ameisen ist das Sensillum
coelocapitulum bisher allerdings wenig beschrieben.
Meine Untersuchungen der äußeren Struktur und der Ultrastruktur bestätigen, dass das
Sensillum coelocapitulum zu der Klasse der „peg-in-pit“- („Zapfen-in-Grube“-) Sensillen
gehört. Frühere Studien an verschiedenen Insektenarten, hatten dieses unauffällige
Sensillum oftmals fälschlicherweise als Sensillum campaniform beschrieben, was einen
artübergreifenden

Vergleich

sensorischer

Systeme

erschwert.

Die

morphologische

Untersuchung der S. coelocapitulum und der Vergleich mit proprioceptiven S. campaniform
ermöglichen eine klare Klassifizierung dieser beiden Sensillen.
Ich fand zwei kälteempfindliche Neurone, die mit diesem Sensillum assoziiert sind, und
untersuchte deren physiologischen Eigenschaften sehr detailliert. Während eines der
Neurone ausschließlich Temperaturänderungen detektiert, kodiert das zweite Neuron
absolute Temperaturen in einem sehr schmalen Temperaturbereich. Dieser schmale
Arbeitsbereich des zweiten sensorischen Neurons umfasst Temperaturen die von den
Ameisen für die Aufzucht der Brut bevorzugt werden.
Abschließend erstellte ich einen direkten Vergleich der physiologischen Eigenschaften
kälteempfindlicher Neurone verschiedener Insektenarten. Die Gegenüberstellung ergab,
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dass die artspezifische Toleranz für Temperaturen und Vorzugstemperaturen im
sensorischen System selbst auf der Ebene einzelner Neuronentypen reflektiert zu sein
scheinen. Anhand der direkten Vergleichsmöglichkeit können Anpassungen sensorischer
Systeme

im

Bezug

interpretiert werden.

auf

ökologische

und

verhaltensrelevante

Temperaturbereiche
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Introduction
Temperature tolerance, preference, and thermoregulation
Temperature influences all biochemical and biophysical processes. Thus, living organisms
depend critically on temperature and the temperature range in which they operate is often
very narrow. As insects are small animals with low body mass, the surface to volume ratio
predicts a body temperature close to environmental conditions. Therefore, temperature
tolerance and preference play a crucial role in their ecology and speciation by local
adaptations that increase fitness (Herter, 1953).
In general, the temperature range in which insects are living can be roughly subdivided into
tolerated and preferred temperatures. Whereas the tolerance for temperature describes the
temperature range in which an individual survives at least a certain time span, the
preference covers a more narrow temperature range that the animal prefers and actively
tries to reach (Herter, 1953). Temperatures at the limit of the tolerance range are avoided
and might be perceived as noxious (Martinez and de la Peña García, 2013; Neely et al.,
2011). Thus, insects are very sensitive to temperature changes in the environment and
various strategies have evolved to cope with temperature fluctuations that may cause severe
detractions (Heinrich, 1996).
In addition to physiological needs, temperature has very task specific uses in some insect
species, like firebugs and -beetles for oviposition (Evans, 2010; Schmitz et al., 2015) or
hematophagous insects for host finding (Herter, 1953; Lazzari and Núñez, 1989).
Furthermore, insects increase their fitness using temperature for pathogen and parasite
defense (Boorstein and Ewald, 1987; Müller and Schmid-Hempel, 1993; Zimmer, 2001) or in
social insects for predator defense (Ken et al., 2005; Ono et al., 1987; Sugahara et al.,
2012).
The impact of temperature on fitness is very important, in particular, during development.
Insect larvae are less mobile than the adult and thermal experience has a severe influence
on brain anatomy, behavioral performance, and thermal preferences in the adult (Groh et al.,
2004; Jones et al., 2005; Koeniger, 1978; Tautz et al., 2003; Weidenmüller et al., 2009).
Social insects became partially independent from harsh environments by building elaborate
nest structures that provide stable climatic conditions detached from the physical constraints
of the external environment. Additionally, thermoregulatory behaviors in social insects are
extended as workers of the colony not only regulate climatic conditions for themselves, but
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additionally care for brood to increase colony growth and thereby their inclusive fitness
(Porter and Tschinkel, 1993; Porter, 1988).
As for all insects, temperature has a strong impact on developmental time in ants (Elmes
and Wardlaw, 1983). The rate of development increases with temperature until it reaches an
optimum after which developmental rate drops drastically (Calabi and Porter, 1989;
Kipyatkov and Lopatina, 2015; Porter, 1988; Roces and Núñez, 1989). In Camponotus
rufipes the time for development is halved when pupae are reared at 32 °C compared to
pupae reared at 22 °C (Weidenmüller et al., 2009).
Besides the impact on developmental time and rate, temperature conditions determine the
sex ratio within a colony which is often inter-dependent with the social context
(presence/absence of fertile sexuals), seasons and/or nutrition (Banschbach and Levit,
1997; Brian, 1973; Frouz and Finer, 2007; Goesswald and Bier, 1957; Goesswald, 1955;
Petersen-Braun, 1975).
Two questions arise: Which proximate mechanisms are involved in temperature guided
behaviors on the individual level and how are those mechanisms extended or modified in a
social context?

Proximate mechanisms of thermoregulation and further
temperature guided behaviors
The picture of an exclusively ectothermic insect does not hold true anymore. For example
the honey bee (Apis mellifera) is endothermic during motor activity and ectothermic during
rest (Crailsheim et al., 1999; Heinrich, 1980a, 1979a; Roberts and Harrison, 1999, 1998).
Most winged insects can overcome small temperature changes because they are able to
regulate their body temperature to some extent. An increase in body temperature by
increasing the metabolism rate is only known for flying insects like the honeybee (Crailsheim
et al., 1999; Heinrich and Casey, 1978; Heinrich, 1980a, 1980b, 1979a, 1979b; Roberts and
Harrison, 1999, 1998).
Thermoregulation in flying insects can partially be achieved by using flight muscles for
shivering. Thereby heat is produced via increased muscle metabolism (Crailsheim et al.,
1999; Heinrich, 1980a, 1980b, 1979a, 1979b). Heat transfer to the less insulated abdomen
is achieved by increasing haemolymph circulation (Heinrich, 1976; Schmaranzer and
Stabentheiner, 1988). As temperature regulation also involves the reduction of high
temperatures (reviewed in Neven, 2000) blood circulation can also be used to decrease
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body temperature (Heinrich and Casey, 1978; Heinrich, 1976). While insects increase
temperature during flight quite quickly and to a thermal limit the animal can stand, they use
evaporative cooling by regurgitating crop contents onto the head and thorax surface
(Heinrich, 1980a, 1980b).
A more common strategy of thermoregulation in winged and wingless insects is the
exposure to the sun and perching on heated surfaces using energy provided by solar
radiation or heated objects (Heinrich, 1996; Strathdee and Bale, 1998). Cooling is commonly
achieved by hiding in shaded areas or convective cooling during movement (Heinrich, 1996).
The hide and seek mechanisms are commonly designated as passive thermoregulation.
Passive thermoregulation by that is also dependent on morphological adaptations like long
legs to increase the distance from the surface or the surface area of wings (Heinrich, 1996).
These active and passive thermoregulatory mechanisms are used by social insects
additionally on the colony level, in particular, to control for the climatic conditions of their
virtually immobile brood.
As flying social insects regulate temperature inside their hives by using their flight muscles
(increasing temperature) or fanning (evaporative cooling), wingless social insects built
elaborate nest structures that provide suited climatic conditions and brood items are
frequently translocated between nest sites with most suitable conditions and preferences
can be assessed by behavioral assays (Bollazzi and Roces, 2002; Herter, 1953; Penick and
Tschinkel, 2008; Pranschke and Hooper-Bui, 2003; Roces and Nunez, 1996; Roces and
Núñez, 1995, 1989; Roces, 1995; reviewed in Jones and Oldroyd, 2006).
Temperature is therefore a limited resource in ants since they are not able to produce
energy like winged insects. Temperature levels inside the nest are closely linked to sun
exposure of the nest surface (Scherba, 1962; Steiner, 1929). Thus, temperature gradients
are present and change in space and over time. Brood items are translocated inside the nest
accordingly to the changes of climatic conditions inside the nest (Penick and Tschinkel,
2008; Pranschke and Hooper-Bui, 2003).
On the other hand, temperature preferences during brood care are not fixed and depend on
multiple factors that contribute to individual behavioral responses during brood translocation
(Weidenmüller et al., 2009). Different mechanisms might determine the flexible temperature
preference during brood care and contribute to division of labor within a colony.
The availability of temperature as resource is rather predictable over the course of the day.
Ants show an endogenous circadian rhythmicity in thermal preferences during brood care
(Kipyatkov, 1995; Roces and Nunez, 1996; Roces and Núñez, 1995, 1989; Roces, 1995;
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Weidenmüller et al., 2009) and the overt rhythm seems to be locked rather to the
temperature cycle than to the light-dark cycle (Roces and Nunez, 1996; Roces and Núñez,
1989). This might allow the ants to cope with upcoming daily fluctuations in steady state
temperatures rather than prevailing conditions.
The unpredictable availability of resources (like the availability of food) can be compensated
by adjusting the growth rate of the colony by modulating of temperature preferences during
brood care and thus the rearing temperature of brood items. The decrease in rearing
temperature when food is restricted decreases the developmental rate of the brood and
might be a mechanism to adapt colony growth when environmental conditions are
suboptimal (Porter and Tschinkel, 1993; Porter, 1988).
Besides the limitation of external resources (like nutrition and water) that have an impact on
temperature preferences, intrinsic factors like thermal experience during development and
recent temperature experience as adult of the single worker determine the behavioral
responses of ant workers to thermal fluctuations during brood care (Bollazzi and Roces,
2002; Weidenmüller et al., 2009).
As the individual response threshold is assumed to be crucial for division of labor among
workers (reviewed in Beshers and Fewell, 2001) experience and circadian rhythmicity would
have a great impact on labor division in social insects. Thermal preferences in ants are
flexible with respect to the experience of external factors and change in order to match the
needs of the colony.
The described mechanisms for thermoregulation and temperature guided behaviors rely on
the information about environmental climatic conditions provided by the sensory system. The
question arises if correlates in the sensory system exist that might explain or reflect
differences and changes in temperature guided behavior.

Ecological niche partitioning in insects by temperature needs and
tolerance
Taken together, the temperature needs for individuals as well as in a social context are
highly species specific. How does temperature contribute to niche partitioning and ecology in
insects? If climatic conditions are stable and close to physiological needs, co-existence
depends more on other abiotic or biotic factors than temperature. In habitats with extreme
climatic conditions like artic regions or deserts, temperature can play a crucial role in
ecological niche partitioning and selective pressure might act on temperature tolerances
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(Strathdee and Bale, 1998). The consequence of selective pressure could lead to
physiological adaptations resulting in a broadening/narrowing or a shift in temperature
ranges that are tolerated (Strathdee and Bale, 1998; Ward and Stanford, 1982). Those
species specific and local adaptations could lead to ecological niche partitioning and finally
in co-existence of insect communities (competitive exclusion theory, Alley, 1982; Klomp,
1964; Ward and Stanford, 1982).
In Cataglyphis and Ocrymyrmex species, ambient temperature triggers foraging in a bimodal
rhythm in summer and unimodal or complete ceasing in winter (Marsh, 1985; Wehner R.
Marsh, 1992; Wehner and Wehner, 2011). Different temperature tolerances might cause the
partially overlapping foraging bouts of different dessert ant species and the resulting
temporal niche partitioning (Wehner and Wehner, 2011). Another example of ecological
niche partitioning influenced by temperature conditions can be found in the desert ant-plant
mutualism. The least effective ant species (Forelius pruinosus) shows the highest
temperature tolerance and occupies cactuses that more dominant species (Crematogaster
opuntiae, Solenopsis aurea, Solenopsis xyloni) abandon at temperatures above 45.3 °C
(Fitzpatrick et al., 2014).
In other ant communities temperature has a crucial impact on chemical communication and
finally leads to co-existence of different ant species. Ant species that depend less on
chemical communication strategies are less sensitive to high temperatures (Ruano et al.,
2000). As the thermal decay of pheromones affects dominant species rather than
subordinates, this might be one of the mechanisms that allows co-existence of a high
number of ant species (van Oudenhove et al., 2011). Interestingly, the dominant ant species
in Mediterranean habitats are less tolerant to heat stress and thermal stress might add to
changes in the dominance hierarchy (Cerda et al., 1997; Santini et al., 2007).
However, if temperature tolerance is similar, the differences in the temperature preference
because of physiological optima might contribute to ecological niche partitioning, but to a
lesser extent than other factors (El Rayah, 1970).
Do we find adaptations in the sensory system that might reflect thermal ecology like
temperature tolerances or preferences?
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Adaptation of the sensory system to biological relevant physical
parameters
In general, animal species differentially exploit and utilize physical energies from the
environment. As I am not focusing on chemical senses in my study, I will only cover sensory
senses involved in physical stimuli detection.
Only parts of the physical information provided by different physical energies (modalities) are
transduced into information and results in species specific coding of physical parameters
(Mausfeld, 2013).
Sensory systems transduce physical information into electrochemical signals (Action
potentials, APs), converting analog signals into neuronal codes. The neuronal code is
consisting of discrete events (APs) and their temporal dynamics (Mausfeld, 2013).
In thermosensation, discrete rates of APs correlate with either the temperature change
(transient temperature) or with the steady temperature levels (Martinez and de la Peña
García, 2013). Some sensory systems show a double dependency on both parameters, and
a distinct rate of APs will represent different combinations of both parameters (CorbièreTichané and Loftus, 1983; Loftus, 1969; Nishikawa and Ishibashi, 1985; Nishikawa et al.,
1992).
However, the range in which sensory neurons can code for certain parameters of a modality
is defined as the working range of the system. Thermosensation can roughly be divided into
(1) a physiological range in which temperature changes and steady temperature information
are encoded in the sensory system (working range), and (2) the increasing or decreasing
temperature out of the working range at which temperature stimuli become noxious. In some
animal species nociception is accomplished by specialized nociceptive sensory neurons and
the degree of nociception is encoded by population responses (Martinez and de la Peña
García, 2013). In other animal species, thermosensation and nociception might be combined
within single neurons and the rate coding by APs reflects either information of moderate
temperature (working range) and changes in the time code carry information about noxious
temperature (Almaas et al., 1991; Dhaka et al., 2006; Martinez and de la Peña García, 2013;
Must et al., 2010).
Thus, the working range of thermo-sensitive neurons coding for discrete information about
temperature conditions might get replaced by the rather simple information about
harmfulness. Does the working range of the sensory system correlate with the tolerated
temperature range we observe in behavior?
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As the tolerance is shifted or broadened across species, the sensory systems might follow
the behavioral measures and working ranges might be shifted or broadened accordingly.
The sensitivity range of the sensory system therefore might reflect behavioral sensitivity
during temperature guided behaviors, too.

Modulation of sensory systems by modifications in morphology or
molecular transduction mechanisms?
Changes in the working range and/or sensitivity of thermo-sensitive neurons might be
caused by morphological or molecular adaptations
The common bauplan of a sensillum on the antenna in insects is characterized by at least
one bipolar sensory neuron, a cuticular apparatus (sensory peg) and two or more supporting
cells associated with one sensillum (reviewed in Altner and Prillinger, 1980; Keil, 1999;
Schneider, 1964).
The dendrite of the sensory neuron located in the sensory peg receives and transduces
information from the environment into neuronal signals. The axon of the sensory neuron
conveys the information to the first processing center in the insect`s brain or ganglia.
Sensilla as sensory units are adapted to the received information in morphological and
functional aspects. Still, the external structure of sensilla only allows speculation about the
received modalities.
For the reception of chemicals the sensory peg has to be multi-porous (mp) either by pore
tubules or spoke channels, or a single terminal pore (tp) has to be present. The perforation
allows the diffusion of chemicals into the sensilla lymph that surrounds the sensory neurons
inside (Altner et al., 1981, 1972; Hunger and Steinbrecht, 1998; Keil, 1999; Steinbrecht,
1997).
Consequently, non-porous (np) sensilla are dedicated to non-chemical modalities like
humidity, temperature and mechanical forces. Indeed, hygro-sensitive neurons have so far
only been found in np-sensilla with an inflexible socket (is) (Altner and Loftus, 1985; Altner
and Prillinger, 1980; Altner et al., 1983; Steinbrecht, 1989). The classical combination in npis sensilla, are two antagonistically hygro-sensitive neurons (moist/dry) and a single coldsensitive neuron, termed a “sensory triad” (Altner et al., 1981; Iwasaki et al., 1995;
Nishikawa and Ishibashi, 1985; Piersanti et al., 2011).
Mechanosensation occurs in np-sensilla with a single sensory neuron (e.g. Sensillum
campaniform, see Chapter 2) or can be found in tp-sensilla combined with gustatory sensory
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neurons. Essential findings for a mechano-sensitive sensillum are the flexible socket (fs) that
allows deflections of the sensory peg by mechanical forces and a tubular body (tb) in the
outer dendritic segment essential for mechano-transduction processes (Liang et al., 2013,
2011).
Thermosensation takes places at different parts of the insects’ body and a variety of sensory
structures are described that house thermo-sensitive neurons. At the antenna of insects
thermo-sensitive neurons are either combined with chemo- or hygro-sensitive neurons
(Nishikawa et al., 1992).
The external morphology of a sensillum can therefore not be used to predict temperature as
putative received modality. Still, ultrastructural characteristics were used to relate and predict
putative thermosensation for sensory neurons (Altner and Prillinger, 1980; Altner et al.,
1983, 1981; Corbière and Bermond, 1972).
A comparison of physiological properties of thermo-sensitive neurons across distinct sensilla
morphologies has not been made. Different hypotheses can be formulated relating
morphological characteristics to sensory physiology:
1) The surface-to-volume ratio of different sensilla types could function as low or high pass
filters for thermal stimuli due to heat conductance properties.
2) The same function might be assumed for peg-in-pit sensilla and their sensory pegs
located in a pit below the antennal surface, where the pit is connected to the environment
only via a small aperture (Jaisson, 1969; Kleineidam et al., 2000; Nakanishi et al., 2009;
Ruchty et al., 2009). The shielded location of the sensory peg might function as insolation
from harsh and highly dynamic environmental conditions (Jaisson, 1969; Kleineidam et al.,
2000; Nakanishi et al., 2009; Ruchty et al., 2009).
3) The transduction mechanisms might differ in thermo-sensitive neurons across different
sensilla types because of the possibly different transduction mechanisms related to their
evolutionary origin. This will determine the physiological properties of the sensory neurons
fundamentally as molecular substrates like temperature activated (channel) proteins differ
greatly in their properties as well as in their capacities for intracellular modulations (Dhaka et
al., 2006; Fowler and Montell, 2013; Montell, 2005; Shen et al., 2011; Venkatachalam and
Montell, 2007; Wei et al., 2015). A change in the expression pattern and molecular
composition of temperature activated channel proteins can lead to a change of physiological
properties as underlying mechanism for adaptations in the sensory system.

Chapter I: Cold-sensitive neurons in the ant Camponotus rufipes
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I. Two cold-sensitive neurons within one sensillum
code for different parameters of the thermal
environment in the ant Camponotus rufipes
Abstract
Ants show high sensitivity when responding to minute temperature changes and are able to
track preferred temperatures with amazing precision. As social insects, they have to detect
and cope with thermal fluctuations not only for their individual benefit but also for the
developmental benefit of the colony and its brood. In this study we investigate the sensory
basis for the fine-tuned, temperature guided behaviors found in ants, specifically what
information about their thermal environment they can assess. We describe the doseresponse curves of two cold-sensitive neurons, associated with the sensillum coelocapitulum
on the antenna of the carpenter ant Camponotus rufipes.
One cold-sensitive neuron codes for temperature changes, thus functioning as a thermal
flux-detector. Neurons of such type continuously provide the ant with information about
temperature transients (TT-neuron). The TT-neurons are able to resolve a relative change of
37 % in stimulus intensity (ΔT) and antennal scanning of the thermal environment may aid
the ant’s ability to use temperature differences for orientation.
The second cold-sensitive neuron in the S. coelocapitulum responds to temperature only
within a narrow temperature range. A temperature difference of 1.6 °C can be resolved by
this neuron type. Since the working range matches the preferred temperature range for
brood care of Camponotus rufipes, we hypothesize that this temperature sensor can function
as a thermal switch to trigger brood care behavior, based on absolute (steady state)
temperature.

Introduction
Insects are small animals and consequently, their body temperature is close to
environmental conditions. Since environmental temperature conditions have a crucial impact
on individual fitness, many different strategies evolved to cope with temperature fluctuations
and temperature regulation. Adaptations for temperature regulation in insects comprise
physiological and/or behavioral responses in order to increase or decrease body
temperature (Heinrich, 1996). One example of thermoregulatory behavior is warming-up in
flying insects at suboptimal temperature conditions. Flying insects require high thoracic
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temperature for proper function of their flight muscles. Whereas some species (e.g. bees,
dragonflies) increase thoracic temperature by shivering and hence producing heat actively
with their flight muscles before lifting up, other species(e.g. butterflies, dragonflies) select
temperature conditions for passive temperature increase by sunbasking (Heinrich and
Casey, 1978; Heinrich, 1975, 1974). Superoptimal temperature conditions, e.g. high
temperatures can cause serious impairments or even become lethal (reviewed in Neven,
2000). Insects can cool down by seeking cooler areas, by increasing evaporative cooling
during flight and by adjusting the flow of the haemolymph (Heinrich and Casey, 1978;
Heinrich, 1975; Prange, 1996; Roberts and Harrison, 1998).
In social insects, thermoregulatory behaviors evolved that allow controlling temperature
inside their hives or nests. Such nest thermoregulation allows social insects to successfully
cope with thermal fluctuations for their direct individual benefit and to provide favorable
conditions for the development of their virtually immobile brood. Ultimately, collective thermal
homeostasis promotes colony growth and inclusive fitness (Porter and Tschinkel, 1993).
Social insects with wings, like bees and wasps, use their flight apparatus to control
temperature. They can incubate the brood by heating up their thoracic temperature or start
fanning to decrease temperature in their hives through evaporative cooling (Heinrich, 1981;
Jones and Oldroyd, 2006; Kronenberg and Heller, 1982). Wingless social insects like ants
control nest temperature passively by isolation and absorption of solar radiation at the nest
site, and actively by sun basking individuals that transfer heat from outside to the nest
interior (Goesswald and Kneitz, 1964; Kneitz, 1966). Elaborate nest structures with
sophisticated ventilation properties and many different nest chambers provide diverse
microclimatic conditions. Ants translocate their brood to chambers with favorable
microclimatic conditions (reviewed in Jones and Oldroyd, 2006). During this brood care
behavior, ants show remarkable sensitivity and precision in detecting the preferred
temperature.
In the carpenter ant Camponotus rufipes, workers prefer temperatures around 30 °C
(Weidenmüller et al., 2009). Throughout the day, temperature preferences change, and the
ants deposit brood at 28 °C in the early morning and at 32 °C in the evening. Additionally,
the individual response threshold for brood translocation depends on the ant’s thermal
experience during development and as adults (Weidenmüller et al., 2009). It is unknown,
which sensilla and their associated sensory neurons provide the information, necessary for
such fast and fine-tuned behaviors.
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The most prominent sensory organ in insects is the antenna that is equipped with different
types of sensilla. Most thermo-sensitive neurons in insects described so far are associated
with peg-in-pit sensilla. The common bauplan of these sensilla consists of a cuticular pit
containing a sensory peg. Three different types of peg-in-pit sensilla are described in ants:
the S. ampullaceum, the S. coeloconicum, and the S. coelocapitulum (Kleineidam and Tautz,
1996; Kleineidam et al., 2000; Nakanishi et al., 2009; Ruchty et al., 2009). The cuticular pits
of the S. ampullaceum and S. coeloconicum are connected to the environment only by a
small aperture (Kleineidam et al., 2000; Nakanishi et al., 2009; Ruchty et al., 2009). This
suggests an adaptive function of the peg-in-pit structure like shielding the sensory neurons
from turbulences in the environment.
A variety of thermo-sensitive neurons are described for the S. coeloconicum and S.
ampullaceum in insects, either combined with chemo-sensitive neurons (Altner et al., 1981,
1977; Davis, 1977; Kleineidam and Tautz, 1996; Lacher, 1964; Pophof, 1997) or forming a
sensory triad with two hygro-sensitive neurons (Altner and Loftus, 1985; Altner et al., 1981;
Piersanti et al., 2011; Tichy, 1979; Waldow, 1970). In ants, thermo-sensitive neurons are
known to be associated with the S. coeloconicum and S. ampullaceum (Kleineidam and
Tautz, 1996), and a phasic-tonic cold-sensitive neuron associated with the S. coeloconicum
was described in great detail (Ruchty et al., 2010a, 2010b, 2009). This cold-sensitive neuron
is highly sensitive for transient temperatures and adapts to steady state temperature. The
adaptation property increases the temperature range in which thermal changes can be
detected, but information about steady state temperature is not encoded (Ruchty et al.,
2010b). In contrast to the above described coeloconic and ampullaceal sensilla, the S.
coelocapitulum is characterized by a mushroom like protrusion of the sensory peg at the
antennal surface within a less prominent cuticular pit, compared to the S. coeloconicum or S.
ampullaceum (Dietz and Humphrey, 1971; Esslen and Kaissling, 1976; Nakanishi et al.,
2009; Tichy and Kallina, 2014; Yokohari, 1983; Yokohari et al., 1982). In the honey bee, one
of the associated sensory neurons of the S. coelocapitulum has been identified as being
thermo-sensitive but this neuron was not further characterized (Yokohari, 1983; Yokohari et
al., 1982). In ants, the function of the S. coelocapitulum and the physiological properties of
the associated sensory neurons are unknown. Based on the previous reports, we
hypothesize that the S. coelocapitulum in ants also contains at least one thermo-sensitive
neuron.
In the present study, we investigated the S. coelocapitulum in the carpenter ant Camponotus
rufipes, using extracellular recordings (single sensillum recording). The single sensillum
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recordings were performed during fast and slow gradual temperature changes. The neuronal
activity profiles of two cold-sensitive sensory neurons are described by distinct doseresponse curves, showing parallel parameter extraction within one sensory modality
(temperature). The different temperature parameters extracted by each type of neuron are
discussed in the context of the elaborate temperature guided behavior in ants.

I.2 Material and Methods
I.2.1 Animals and preparation
Workers were obtained from a mature colony of Camponotus rufipes. The colony was
collected in 2011 from La Coronilla, Uruguay, by Oliver Geißler and kindly provided by F.
Roces (University of Würzburg). The colony was kept at 25 °C and 50 % rH at the University
of Konstanz with a 12h:12 h L/D-cycle. Honeywater and cockroaches or locusts were
provided twice a week. Workers were collected from the colony and immobilized on a
glasslide with adhesive tape. The mandibles and the scape were mounted in dental wax
(Surgident, Heraeus Kulzer, Germany). The flagellum of the antenna was mounted under
visual control (Leica S8AP0, Leica, Microsystems, Wetzlar, Germany) with water based
white-out correction fluid (Tipp-Ex, Bic, France) exposing the lateral-ventral side upwards.
I.2.2 Morphological Investigation by SEM, FIB-FESEM, cLSM, light microscopy and TEM
The correct identification under light microscopic conditions, as used for the single sensilla
recordings was confirmed by using scanning electron microscopy (SEM) and confocal laser
scanning microscopy (cLSM). The morphological characteristics described by SEM-Images
were used to identify the S. coelocapitulum in preparations investigated by cLSM.
Specimens in which S. coelocapitula were identified by cLSM were subsequently
investigated under light microscopic conditions. The peg-in-pit morphology of the S.
coelocapitulum causes specific light refraction that allows the identification on the antennae
of live animals for electrophysiological recordings.
The microscopic investigations were done with bisected antennal tips. For bisection, the
animals were fixed as described above, and the tip of the antenna was covered with wax.
The embedded antennal tips were then cut with a broken razorblade parallel to the glass
slide. After bisecting the distal segments, the two halves were transferred in 1 M KOH for
15 min and then washed in 70 % ethanol (two times, five minutes each) and cleansed in an
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ultrasonic bath for 2 minutes. The tip-cuts were washed and dehydrated in 100 % ethanol
(two times 10 min).
For scanning electron microscopy (SEM, n= 21 (sensilla)) and focus ion beam (FIB-FESEM,
n= 2) investigations the antennal tip-cuts (n= 4) were gold sputtered (Sputtercoater SCD
030, Balzers, Germany). The SEM-images of the antennal surface and the FIB-FESEMinvestigations were taken at a resolution of 1024x768 pixels with a SE2-detector at the
AURIGA-system (Zeiss, Jena, Germany).
For cLSM investigations, the dehydrated tip-cuts were embedded in DPX-Mountant for
histology (No. 44581, Sigma-Aldrich, Germany). The embedded tip cuts were investigated
with cLSM (LSM 510 Meta system Zeiss, Germany) using a 63X/1.4 oil objective and an
Argon/Neon-laser with 488 nm. The image stacks were analyzed, using AMIRA 5.2 (Mercury
Computer Systems, Berlin, Germany) and a projection view of the antennal tip allowed the
identification of the S. coelocapitulum. We used a transmission light microscope
(Examiner.A1, Zeiss, Germany) and a 500fold magnification (LD EC Epiplan-Neofluar
50x/0.55 DIC, Zeiss, Germany) for light microscopic investigation and visual control during
extracellular recordings.

I.2.3 TEM procedure
The fine-structure of the S. coelocapitulum (n= 2) was investigated using transmission
electron microscopy (TEM). Identification of the S. coelocapitulum under TEM conditions
was achieved using cLSM prior to the ultrathin sections for TEM. For the TEM preparation,
the two distal segments of the antenna were cut with a razor blade, transferred in 0.1 M Nacacodylat-saline with 2.5 % glutaraldehyde and 2.5 % glucose and incubated over night at
4 °C. The prepared segments were rinsed in 0.1 M Na-cacodylat-saline (3 times
10 minutes), transferred into Na-cacodylat-solution with 1 % osmiumtetroxid and incubated
at 4 °C for 12 h. The segments were again rinsed in Na-cacodylat-solution (3 times
10 minutes), dehydrated in a graded ethanol series (30 %, 50 %, 70 %, 80 %, 90 %, 100 %),
and embedded in Spurr-Epon-Araldit. The embedded segments were cut into 5 µm thick
sections, placed on a glass slide and covered with a cover slide. The sections were
investigated under cLSM conditions as described for the tip-cuts. Subsequent to a
successful identification of S. coelocapitula in single sections, those sections were cut in
sections of 850 nm and investigated with a TE-microscope (TEM Omega 912, Zeiss,
Germany).
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I.2.4 Temperature stimulation set-up
Temperature stimulation was achieved with a temperature-controlled airstream of 1l/min.
Filtered and dried air (4 - 7 %rH at 25 °C) was split into two separate airstreams. The two
separate airstreams were controlled by proportional flow meters (SLPM 35831, Analyt-MTC,
Germany), using instrument control of LabView (LabView 2011, National Intstruments, USA).
The airstreams were cooled down or heated, respectively, with a waterbath-based counter
flow heat exchange system (workshop built, University of Konstanz). After cooling/heating,
the two separate airstreams were fused close to the recording side. The ratio of the mixture
allowed the application of different temperatures and different temperature changing rates at
a constant flowrate. At the beginning of each stimulation, the steady state temperature was
set to 25 °C, matching the rearing temperature of the animals and experiments were
conducted at room temperature between 24 °C and 27 °C.
The temperature stimulation protocol started either with a cold- or a heat-stimulus at a given
temperature changing rate to a plateau phase of steady state temperature for 500s followed
by a temperature increase or decrease, respectively, back to 25 °C. The same temperature
changing rate was applied for the two temperature transition-phases, but with different
arithmetic signs. The temperature changing rates in the first second after stimulus onset
ranged from -0.43 °C/s to +0.43 °C/s, and the smallest temperature changing rate we used
was 0.01 °C/s. We calculated the actual temperature, using the average measure in 1s
windows, and in order to compensate for noise, we applied a Gauss-filter to the temperature
measurements. In order to achieve temperature recordings that correspond to the stimulus
intensities, the thermocouple was placed right behind the recording site.

I.2.5 Recording of sensory neuron activity and temperature stimulus
The neuronal activity of the sensory neurons associated with the S. coelocapitulum was
investigated by extracellular recordings. The precise positioning of the reference and the
recording electrode was controlled by two digital micromanipulators (NanoControlNC40,
Kleindiek, Germany). As reference electrode, an electrolytically sharpened tungsten
electrode was inserted deep into the last segment of the flagellum. As recording electrode, a
glass capillary (1B100F-3, Precision Instruments, USA) was used and two electrodes were
produced by a micropipette-puller (P- 97 Flaming/Brown, Sutter Instrument, USA). The
recording electrodes had a resistance of 7-60 MΩ when filled with 1 M KCl. The recordings
were band passed filtered (100 Hz - 3 kHz) and amplified 1000x (BA-03X amplifier, npi,
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Germany). Additionally, a digital filter (Humbug, Quest Scientific, Canada) was used to
reduce the electrical noise. The voltage signals of the sensory neurons were sampled at a
frequency of 25 kHz.
Temperature was recorded with a PFA-insulated T/C-thermocouple (5TC-TT-TITI, Omega,
US and Canada), positioned 0.2 - 0.5 cm behind the recording side. The thermocouples
were connected to a Thermocouple input module (NI9214, National Instruments, USA) at a
sampling rate of 4 Hz in high-resolution mode. This configuration resulted in an accuracy of
temperature measures of 0.01 °C. The voltage of the neuronal signals and temperature were
recorded simultaneously.
The neuronal activity of the sensory neurons was recorded by placing the electrode in close
proximity to a S. coelocapitulum. The temperature-controlled airstream was directed onto the
antennal tip along the longitudinal axis of the antenna. The recording electrode was inserted
in an off-axis angle into the shallow depression next to the mushroom like protrusion of the
S. coelocapitulum. This arrangement of the recording electrode with respect to the airstream
ensures minimal impact of the electrode to the stimulus application, and the very sharp tip of
the electrode may only have a small impact on additional heat-flow from the electrode to the
sensillum or vice versa. The stereotyped positioning of the electrode may be one reason why
we measured in most cases only two of the probably three neurons of the S. coelocapitulum
(Nakanishi et al., 2009).
I.2.6 Data analyses and statistics
The extracellular recordings with sharp glass electrodes allowed measuring small voltage
changes (spikes), corresponding to action potentials (APs) of the neurons. The amplitude
and the shape of the spikes depend on physical properties of the sensillum, size of the
neurons and also the vicinity of the recording electrode to the sensory neurons. The spikes
of different sensory neurons can be discriminated based on shape and amplitude, and
thereby activity can be assigned to different sensory neurons. In those cases where more
than one sensory neuron was recorded, the signal-to-noise ratio was good for one of the
sensory neurons, whereas the spike-amplitude of a second neuron was close to noise level
and segregated from noise by the shape of its spikes. The spikes were sorted using Spike2software (Spike2 v7.03, Cambridge Electronic Design, UK) and further analyses were done
using R-software (RDC-Team, 2012). If not otherwise stated, all calculations on the
temperature stimulus and the neuronal activity were done in 1 second windows.
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Analysis of a cold-sensitive neuron, coding for temperature changes (TT-neuron)
In all recordings, the spikes with high amplitude can be assigned to a cold-sensitive neuron,
responding to temperature changing rates (TT-neuron), and adaptations during steady state
temperature conditions. We quantified the response properties using the instantaneous
frequency (IF, reciprocal of the inter spike interval) for describing the neuronal response and
the temperature changing rate as the adequate stimulus.
Even without temperature stimulation, the IF of the TT-neurons is variable, and in order to
compensate for this variability, we calculated the median IF in a 1 second bin. The average
of the activity at steady state condition (10 seconds before stimulus onset) was used to
normalize the neuronal activity during one recording and resulted in a normalized
instantaneous frequency (nIF in %). This normalization of the median IF allows the
comparison of different TT-neurons across animals. We averaged the nIF ten seconds
before the stimulus onset and calculated the corresponding SD. The 2fold SD was used as a
measure of noise.
The response of the sensory neurons followed the Weber-Fechner-law, therefore we logtransformed the temperature changing rate (stimulus intensity) and described the doseresponse curve, using a linear regression. We calculated a linear regression on the nIFs that
were above the noise level of the resting activity during stimulation. Only measurements with
a significant linear regression (p < 0.05) and a Pearson`s correlation index above 0.3
(moderate positive relationship) or below -0.3 (moderate negative relationship) were used for
further analyses. We calculated the noise level of the nIF during temperature stimulation by
calculating the 2fold SD-value with respect to the linear regression.
The two parameters defining the response properties of the neuron are the smallest
temperature change that elicits a neuronal response to temperature changes above noise
level (detection threshold) and the slope of the regression (differential sensitivity). The
differential sensitivity can further be described by the resolving power for temperature
changing rates, which is calculated based on the standard deviation of each nIF to the
respective linear regression (Ameismeier and Loftus, 1988; Loftus and Corbière-Tichané,
1981a; Loftus, 1968).
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The equation used for the calculation is

√2𝜎 −1
Φ(𝛾)
|𝑏|

∆𝑥 =

(I)

in which |b| is the absolute slope of the linear regression, σ2 the variance of nIFs with respect
to the linear regression, and γ a required probability for detecting differences. We set the
required probability to 90 %, following common consensus (Ameismeier and Loftus, 1988;
Zopf et al., 2014). The inverse of the distribution function (Φ-1 (0.9) ) of a standardized, normally
distributed, random variable results in a value of Φ-1 (0.9) = 1.28 (adapted from Geigy et al.,
1968)The variance in the case of the linear regression is estimated by

𝜎2

=

∑ 𝜀2
𝑛−𝐼

(II)

where ε is the deviation for each nIF to the linear regression. The degree of freedom for
linear regressions is calculated by the number of curves I and n the number of
measurements.
Analysis of a cold-sensitive neuron, coding temperature only around 30 °C (ST-neuron)
A second cold-sensitive neuron with smaller spike-amplitudes can be identified during
gradual temperature increase. The neuronal activity changed in a very limited temperature
range (working range). As it was not possible to test different steady state temperatures in
this narrow working range, we tested the neurons response following very slow temperature
increases, close to steady state temperature conditions. Based on our conclusions drawn
from the neuron’s properties, we refer to it as ST-neuron (steady temperature neuron) in the
following.
Since the ST-neuron lacked a phasic response in our measurements, we quantified the
neuronal response by the mean rate of the neuron in 1 second windows. The mean rate was
stable around starting conditions (25 °C) and decreased with increasing temperature until it
reached a significantly lower activity level at higher temperatures. A sigmoidal regression
model based on a Gauss-Newton iteration was applied on the mean rate of the ST-neurons
(Sarkar and Andrews, 2013). The slope of the regression describes the neuron’s sensitivity.
We described the neuron’s temperature working range by its neuronal activity that is 10 %
lower than the high activity level at low temperatures and 10 % higher than the low activity
level at high temperatures. We assessed the resolving power of ST-neurons for steady state
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temperature with the formula for linear regression (equation I). A close approximation was
done using a linear regression on the measurements in a temperature range of ±1 °C
around the turning point (highest sensitivity).

I.3 Results
I.3.1 External and internal morphology and location of the S. coelocapitulum
The S. coelocapitula are clustered at the most distal antennal segment of the flagellum. In C.
rufipes workers, about 10-12 S. coelocapitula are located ventral-lateral and more distal than
the cluster of S. coeloconica and S. ampullacea (Figure I-1a, c). These two clusters of pegin-pit sensilla do not overlap.
The overall morphological characteristics comprise a mushroom-like protrusion centrally in a
shallow, oval depression on the antennal cuticle (Figure I-1a, b). We investigated the
external morphology of the S. coelocapitula (n= 15) in ten antennae obtained from six
different individuals. The average length of the oval depression measures 5.47 µm
(SD= 0.25 µm, n= 15) and the width 3.07 µm (SD= 0.27 µm, n= 15). The surface of the
central protrusion is of irregular texture and corresponds to the tip of the sensory peg. On
average, the protrusion is 1.25 µm (SD= 0.07 µm, n= 15) long and 0.90 µm (SD= 0.06 µm,
n= 15) wide. At the antennal surface, the blunt peg is surrounded by a cleft of 0.29 µm in
width (SD= 0.08 µm, n= 15, Figure I-1b).
Often, two S. coelocapitula appear in close vicinity on the antennal surface (Figure I-1b).
This typical arrangement of the two sensilla and the classification as peg-in-pit sensilla
(Nakanishi et al., 2009; Yokohari et al., 1982) allows the identification of the pit structures at
the internal cuticular surface (Figure I-1d). We used the most prominent peg-in-pit sensilla
(S. coeloconica; Figure I-1c) for orientation. The cuticular pits of the S. coeloconica are
clearly visible (Figure I-1c) and clustered on one side of the antenna. The inner surface of
the pits is smooth and the base of the inserted peg can be seen as a small hole at the base
of the pit. The cuticular pits of the S. coeloconica allowed the identification of the cluster of
the smaller S. coelocapitula, located more distally (Figure I-1c). The internal cuticular
morphology of S. coelocapitula (n= 6) was investigated in four antennae obtained from three
different individuals.
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Figure I-1: SEM-images of the external and internal cuticular morphology of the S. coelocapitulum a)
Overview of the distal part of the ventral-lateral side of the 10th antennal segment. The external morphology of
the S. coelocapitulum is characterized by an oval depression with a central, mushroom-like protrusion
(arrowheads). b) Close-up of a pair of S. coelocapitula. c), d) Images of the internal side of the antennal cuticle
after tissue removal. c) Overview of the internal cuticular structures of the distal end of the antennal tip. The
prominent pits of the S. coeloconica are visible as a cluster on the ventral-lateral side of the antenna. The smaller
cuticular pits (arrowheads) are the S. coelocapitula. d) Close-up of the base of the pit and peg with an irregular,
donut-like surface. Scale in a) ,c): 20 µm. Scale in b), d): 2 µm.
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The S. coelocapitulum have the smallest cuticular pit of all peg-in-pit sensilla, and the pit is
embedded in a dome shaped cavity within the antennal cuticle. The dome has an average
length of 5.75 µm (SD= 0.77 µm, n= 6) and an average width of 4.28 µm (SD= 0.59 µm,
n= 6). The cuticular inner surface of the pit is irregular, and the pit is on average 2.44 µm
long (SD= 0.13 µm, n= 6) and 2.19 µm wide (SD= 0.19 µm, n= 6). The opening at the base
of the peg is on average 0.51 µm (SD= 0.03 µm, n= 6). The depth of the pit and its structure
was identified using the FIB-FESEM-technique. The distal part of the pit reached 2.5 µm and
the proximal part only 1 µm into the antennal lumen (Figure I-2a, b). Thus, the sensillum is
embedded oblique in the antennal cuticle. The peg extends from the pit to the surface of the
antennal cuticle, and is separated from it by a surrounding cleft (Figure I-2a, b). The distal
part of the pit is hollow and air filled, whereas the proximal part of the pit is reduced, and
almost fused with the antennal cuticle (Figure I-2a, b). The sensory peg has a cone shaped
cavity and since most of the cellular tissue was removed, only remnants of the dendritic
sheath remained in the cavity (Figure I-2b).
A dendritic sheath surrounds the outer dendritic segments of the sensory neurons, and the
sensillum lymph cavity extends proximal of the pit (Figure I-2c, d). Two outer supporting cells
(tormogen, trichogen) surround the cuticular pit, forming the sensillum lymph cavity (Figure
I-2d). The inner supporting cell (thecogen) surrounds the dendritic sheath and the inner
dendritic segment (Figure I-2c).
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Figure I-2: FIB-FESEM- and TEM-images of the S. coelocapitulum a), b) Sagittal view of the cuticular pit of
one S. coelocapitulum. The distal part of the pit is enlarged compared to the proximal part. b) The compact
proximal part of the pit reaches 1 µm and the hollow distal part reaches 2.5 µm deep into the antennal lumen.
The insertion of the dendritic outer segments of the sensory neurons into the sensory peg is tilted. c), d) Sagittal
TEM-Images of two different S. coelocapitula. c) The cuticular pit (p), the dendritic outer segment (dos), the
dendritic sheath (ds), and three supporting cells (tormogen (to), trichogen (tr), thecogen (th)) are visible. d) The
lamellation of the trichogen cell and the proximal end of the pit define the sensillum lymph cavity (slc). Scale in a),
b): 1 µm, scale in c): 0.5 µm, scale in d): 0.1 µm
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Figure I-3: Identification of the
S.
coelocapitulum
and
extracellular recordings of the
associated sensory neurons. a)
Projection-view of the antennal
tip after confocal laser scanning
microscopic investigation. The
autofluorescence of the cuticle
was used to identify the S.
coelocapitula on the distal,
ventral-lateral
side
of
the
antenna. The cuticular pit and
cuticular-dense
mushroom-like
protrusion
of
the
S.
coelocapitulum is indicated by a
higher autofluorescence signal
(arrowheads) b) Transmission
light microscopy of the S.
coelocapitulum. The mushroomlike protrusion and the cuticular
pit below the antennal surface
cause different light refraction.
The circular structure with a
central cuticular protrusion shows
no extruding hair structure when
focused through different levels
(arrowheads). c), d) Extracellular
recording (bottom line) of the
sensory neurons associated with
the S. coelocapitulum. The
neuronal signals of two different
sensory
neurons
can
be
distinguished after spike sorting
and template matching (upper
line). Scale in a), b): 10 µm

The S. coelocapitulum can also be identified under light microscopic and cLSM conditions.
Using cLSM, the autofluorescence of the mushroom-like protrusion and the cuticular
depression allows unambiguous identification (Figure I-3a). The pit and the mushroom-like
protrusion of the S. coelocapitulum cause characteristic light refraction (Figure I-3b) that
allows the identification of the mushroom-like protrusion. Under light microscopic conditions,
as we used for extracellular recordings of the associated sensory neurons (Figure I-3c),
characteristic structures are visible. After spike sorting of the recordings, two distinct sensory
neurons can be identified by template matching (Figure I-3d).
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I.3.2 The TT-neuron encodes transient temperature
For temperature changes, the phasic response characterizes the TT-neurons as transient
temperature detectors (flux-detectors; Figure I-4a, b). Across different steady state
temperature conditions, the resting activity of the TT-neurons was comparable. At the
average steady state temperature of 24.98 °C ±0.53 °C (range: 23.66- 26.34 °C,
median= 25.04 °C, n= 47) the resting activity was in a range between 10.66 Hz and
116.29 Hz (mean= 36.77 Hz, SD= 22.68 Hz, median= 32.03 Hz, n= 47).
The resting activity at the starting temperature (around 25 °C) was used to normalize the
resting activity at different steady temperatures in the range of 16 - 48 °C (Figure I-4c). Each
neuron was measured in one or up to all six temperature categories that were presented
randomly, and repeated measurements within one category were omitted. Since we
obtained independent and paired data across the temperature categories, we did not
conduct any statistical analysis. The median nIF of TT-neurons was very similar for steady
state temperatures in the range between 21 °C and 35 °C, and at temperatures below 21 °C
and above 38 °C the resting activity of the TT-neurons ceased. The latter temperatures may
indicate the limits of the working range of the TT-neurons (Figure I-4c). The adaptation
property of the TT-neurons to distinct steady state temperatures does not allow the encoding
of absolute temperature.
The TT-neurons of the S. coelocapitulum varied in their detection threshold and their
differential sensitivities to temperature stimulation. For a total of 20 TT-neurons, we
investigated the correlation between the temperature changing rate (stimulus intensity) and
the phasic response of the neurons in a time-window of 240s after stimulus onset. All the TTneurons differ considerably in their response characteristics (Figure I-5).
However, irrespective of these differences, we calculated mean values for the detection
threshold, the differential sensitivity and the resolving power during cooling (Figure I-5a-c)
and heating (Figure I-5d-f), respectively.
The detection threshold of the recorded TT-neurons for a temperature decrease ranged
from -0.003 °C/s to -0.102 °C/s (mean= 0.047 °C/s, SD= 0.031 °C/s, n= 20, Figure I-5a-c).
Neurons with a higher resting activity had a higher noise level, e.g. a higher detection
threshold (n= 20, Pearson`s correlation index for unpaired data: 0.80, p: <0.05).
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During heating, the activity decreased in most cases (n= 16) to complete inactivity. However,
in some TT-neurons (n= 4) the activity dropped to a nIF of about 20 % and the activity level
was maintained for several seconds. This period of reduced activity was used for calculating
the dose-response curve of the TT-neurons for increasing temperature (Figure I-5d-f).

Figure I-4: Neuronal response (top) of transient temperature detectors (TT-neurons) and temperature
stimulation (bottom). a) Phasic increase of neuronal activity in a TT-neuron during cold stimulation (blue). b)
Reduced neuronal activity of a second TT-neuron during heat stimulation (red). c) The normalized instantaneous
frequency (nIF) during steady state temperature conditions was stable in a temperature range from 21 °C to
35 °C, indicating a working range of TT-neurons of at least 14 °C.
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The detection threshold for a temperature increase ranged from 0.006 °C/s to 0.124 °C/s
(mean= 0.029 °C/s, SD= 0.029 °C/s, median= 0.020 °C/s, n= 15, Figure I-5d-f). Based on
our linear regressions, the differential sensitivity during cold stimulation ranged from 25.05 %
to 298.95 % (mean= 105.58 %, SD= 86.07 %, median= 60.80 %, n= 20) when stimulus
intensity changed an order of magnitude (e.g. from 0.01 to 0.1 °C/s). The differential
sensitivity during temperature increase ranged from -11.42 % to -89.38 % (mean= -32.33 %,
SD= 18.24 %, median= -27.26 %, n= 15). The differential sensitivity (slope of linear
regression) was not dependent on noise level (Pearson`s correlation index for unpaired
data: -0.32, p: 0.17, n= 20).
The resolving power for temperature changes was stable across individual neurons. The
resolving power of the single TT-neurons was calculated as a factor describing the
difference in stimulus intensity needed to elicit a different NIF with a probability of 90 %. For
decreasing temperatures, the resolving power of TT-neurons ranged from 0.019 to 0.837
(mean= 0.372, SD= 0.260, median= 0.314, n= 20). For example, a TT-neuron excited at a
temperature changing rate of -0.1 °C/s will change its nIF significantly when stimulus
intensity changes by 0.037 °C/s (e.g. -0.063 °C/s or 0.137 °C/s). The resolving power of the
TT-neurons during temperature increase was between 0.083 and 0.506 (mean= 0.275,
SD= 0.133, median= 0.240, n= 15).
Since TT-neurons differed in their physiological properties, we asked whether resting activity
of the neurons correlates with the detection threshold and the differential sensitivity. The
detection threshold and the differential sensitivity did not correlate (Pearson`s correlation,
p= 0.77, n= 20), thus TT-neurons seem to have a neuron specific combination of detection
threshold and differential sensitivity. We further investigated the same parameters for
temperature decreases after adaptation to higher and lower temperatures (adaptation-time:
500s). This allowed us to address the question, if the physiological properties depend on
steady state temperature conditions. We measured the neurons' responses to temperature
decrease starting at rearing temperature (25 °C) and once more starting between 27 °C and
38 °C. The latter we classified as heat-adapted. We found no significant differences in
physiological properties when TT-neurons were heat-adapted (Mann-Whitney-U-Test:
p=0.25 for detection threshold, p= 0.95 for differential sensitivity, p= 1 for resolving power,
n=8).

34

Chapter I: Cold-sensitive neurons in the ant Camponotus rufipes

Additionally, the physiological properties for increasing temperature were investigated after
adaptation to a temperature between 18 °C and 23 °C (cold-adapted). The detection
threshold and the differential sensitivity of the TT-neurons were not significantly different
under different ambient temperature conditions (p=0.84 for detection threshold, p=0.84 for
resolving power, n= 6). Only the differential sensitivity showed a significant increase for coldadapted TT-neurons (p= 0.03, n= 6).

Figure I-5: Examples of dose-response curves (red) of six TT-neurons. The neuronal activities of the coldsensitive neurons 240s after stimulus onset are represented in grey and black. The noise level of the resting
activity is indicated by the gray line and that of the neuronal response during temperature stimulation in blue. a-c:
Three TT-neurons stimulated with cold air stimulus with a) low differential sensitivity and low detection threshold,
b) intermediate differential sensitivity and low detection threshold, and c) high differential sensitivity and high
detection threshold. d-f: Three TT-neurons stimulated with increasing temperature with d) low differential
sensitivity and low detection, e) intermediate differential sensitivity and low detection threshold, and f) high
differential sensitivity and high detection threshold.
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I.3.3 The ST-neuron has a narrow working range
The second cold-sensitive neuron with smaller spike-amplitudes could be described when
temperature was gradually increased (Figure I-6). Increasing the temperature revealed a
narrow working range in which the neurons are sensitive to temperature. No change in the
neuronal activity was observed when temperature was further decreased below 25 °C or
increased above 32° (Figure I-6).
In comparison to the TT-neurons, the ST-neurons were much more homogeneous, with an
average resting activity of 50.0 APs/s (range: 35.4 - 75.3 APs/s, SD= 14.8 APs/s, n= 7) at a
temperature of 25 °C (SD= 0.4 °C, n= 7). Compared to the activity levels at 25 °C, a
significantly lower resting activity (mean= 29.5 APs/s, SD= 9.4 APs/s, n= 7) was found for
temperatures above 32 °C (mean= 33.3 °C, SD= 1.0 °C, n= 7; Mann-Whitney-U-Test for
paired data: p < 0.004). The difference between the two levels of resting activity was on
average 40.42 % (SD= 15.92 %, range: 16 - 69 %, n= 7). We assessed the working range of
the ST-neurons by fitting a sigmoidal curve to the activity data (Figure I-6). The working
range of ST-neurons was between 26.9 °C (SD= 2.5 °C, range: 22.4 - 30.5 °C, n= 7) and
33.2 °C (SD= 2.5 °C, range: 28.4 - 35.9 °C, n= 7, Figure I-7).

Figure
I-6:
Neuronal
response of a steady
temperature detector (STneuron)
to
gradual
temperature increase. The
neuronal response shows
two distinct activity levels at
the beginning and the end
of
the
temperature
stimulation. a), b): The
activity level at higher
temperatures
is
characterized by a mean
activity that does not
change when temperature
was increased further (Note
that this is the case even at
sudden
temperature
changes, e.g. around 600s
in a). a), c): A sigmoidal fit
describes the activity of the
neuron during temperature
increase (red).
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We evaluated the differential sensitivity of the neurons to temperature increase by the slope
of the sigmoidal fit at the turning point. The mean of highest sensitivity was -6.5 APs/°C
(SD= 3. 3 APs/°C, range: 3.1 - 11.5 APs/°C, n= 7, Figure I-7), at an average temperature of
30.0 °C (SD= 1.8 °C, range: 27.2 - 32.0 °C). We conclude that the neurons are insensitive to
temperature changes below 26.9 °C and above 33.2 °C, but are sensitive to steady state
temperatures in between. The resolving power was calculated for each ST-neuron, based on
a linear regression in the range of 1 °C around the turning point of the sigmoidal fit,
respectively, and resulted in a range from 0.31 °C to 2.90 °C (mean= 1.58 °C, SD= 0.99 °C,
n=7). Thus, the ST-neurons differ greatly in their ability to code for different steady state
temperatures.
Figure I-7: Extrapolated dose-response
curves for seven ST-neurons. Sigmoidal
regressions were calculated for seven STneurons (color-coded), based on their
activity profile during gradual temperature
increase. The working range of ST-neurons
was between 26.87 °C (SD= 2.51, range:
22.4 - 30.5 °C) and 33.2 °C (SD= 2.47,
range:
28.4 - 35.9 °C).
The
highest
differential sensitivity (slopes at the turning
points)
range
from
3.08 AP/°C
to
11.49 AP/°C
(SD= 3.29,
mean: -6.48 AP/°C).
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I.4 Discussion
The S. coelocapitulum in the carpenter ant Camponotus rufipes houses two cold-sensitive
neurons that encode distinct information about the thermal environment. One of the sensory
neurons is a flux-detector providing information about temperature changes over a wide
working range (TT-neuron). The second cold-sensitive neuron has a narrow thermosensitive working range which covers the temperature range preferred by C. rufipes workers
during brood care (Weidenmüller et al., 2009). TT-neurons and ST-neurons provide
information about temperature transients and steady state temperature, respectively. We
propose that the TT-neurons provide information suited to orient in inhomogeneous thermal
environments, whereas the ST-neuron provides the ant information about preferable
temperatures for e.g. brood depositing.
I.4.1 Morphological characteristics of the S. coelocapitulum
The S. coelocapitulum is a rarely described sensillum type, especially in ultrastructural and
physiological terms. Although it can be found in many different insect species, earlier reports
focused mainly on the external morphological characteristics and the location on the antenna
in Hymenoptera (Ågren and Hallberg, 1996; Ehmer and Gronenberg, 1997; Gnatzy and
Jatho, 2006; Nakanishi et al., 2009; Ramirez-Esquivel et al., 2014; Ravaiano et al., 2014;
Yokohari, 1983; Yokohari et al., 1982). S. coelocapitula have also been described in other
insect families like Mantodea and Coleopteran as well (Carle et al., 2014a; Giglio et al.,
2008). Fine-structural investigations and physiological examinations of this inconspicuous
sensillum are very limited (Tichy and Kallina, 2014; Yokohari, 1983). By combining SEM,
light microscopy and sensory physiology, we present an approach for unambiguous
identification and provide a comprehensive description of the S. coelocapitulum in ants.
The sensillum can be identified by its mushroom-like protrusion within a shallow depression
of the antenna, and our findings of the outer morphology are very much comparable to
descriptions of the S. coelocapitulum in other Hymenoptera (Dietz and Humphrey, 1971;
Nakanishi et al., 2009; Yokohari, 1983; Yokohari et al., 1982). In Apis mellifera, the S.
coelocapitulum houses a sensory triad of two hygro- and one thermo-sensitive neuron
(Yokohari, 1983). The physiological properties of the two hygro-sensitive neurons, one moistand one dry-sensitive neuron were described recently but the detailed investigation of the
thermo-sensitive neuron is still missing (Tichy and Kallina, 2014). The number of S.
coelocapitula on the antenna of ants is low and they are localized in two distinct clusters,
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one at the most distal and one at the most proximal segment of the antenna (Nakanishi et
al., 2009). Whether there are few, scattered S. coelocapitulum on the other segments of the
flagellum, as described for Camponotus japonicus (Nakanishi et al., 2009) is unknown and
was not investigated in this study. In beetles, a very comparable sensillum type is located at
the tip of the flagellum. Its external morphology consists of a cuticular dome with a central,
mushroom-like protrusion; however, it is named “S. campaniform” (Merivee et al., 2003,
1999, 1998; Must et al., 2006a, 2006b).
The annotation in beetles is misleading, since campaniform sensilla are stimulated by
mechanical forces and assigned to proprioception (Schmidt and Gnatzy, 1971; Spinola and
Chapman, 1975; Zill and Moran, 1981). Additionally, the morphological characteristics of the
“S. campaniform” in beetles are more similar to the S. coelocapitulum of the honey bee (Di
Giulio et al., 2012; Giglio et al., 2008). The “S. campaniform” in Coleopteran house three
sensory neurons, of which one is cold-sensitive (Merivee et al., 2003; Must et al., 2006a,
2006b), therefore the sensillum has to be considered as being a S. coelocapitulum with
coleopteran-specific morphological modifications, e.g. cuticular dome instead of a
depression around the sensory peg. The fine-structure of the S. coelocapitulum in C. rufipes
verifies the sensillum as a non-porous (np) sensillum, similar to the S. coelocapitulum in
honey bees (Yokohari, 1983). The combined investigation by TEM and by FIB-FESEM
resulted in a detailed analysis of the cuticular apparatus. The peg is attached within the
antennal cuticle at an oblique orientation. The distal part of the pit is air-filled, and might
insulate the sensory peg from the antennal lumen.
Thermo-sensitive neurons have not been described for single walled (sw) sensilla with
porous walls and a combination of olfactory and thermo-sensitive neurons is only described
for double walled (dw) sensilla with spoke channels (Altner and Loftus, 1985; Schaller,
1978). In some sensilla with thermo-receptive function, the outer dendritic segments of the
thermo-sensitive neurons are lamellated, and this trait has been discussed as being
indicative for thermo-sensitive neurons where increased membrane area at the dendrites
may support increased sensitivity, an idea that has never been investigated specifically
(Steinbrecht et al., 1989). Large membrane areas at the outer dendritic segments can also
arise by multiple branches, and indeed this has been described for other thermo-sensitive
neurons associated with S. coeloconica in ants (Ruchty et al., 2009). Based on our finestructural investigations, we found no indication of lamellation or branching at the outer
dendritic segment, however, we cannot rule out this possibility.
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It remains an open question, why thermo-sensitive neurons with similar physiological
properties are associated with very different sensilla across insects. One possible
explanation is that morphological structures of thermo-sensitive sensilla evolved to serve
other functions than thermosensation, e.g. olfaction or hygrosensation by other sensory
neurons being present in the same sensillum. For example, olfactory neurons require
sensilla with pores or spoke channels as described for the S. coeloconica in leaf-cutting ants
(Ruchty et al., 2009). In the cockroach Periplaneta americana, two cold-sensitive neurons
are located in two different types of sensilla, encoding information about temperature
changes and steady state temperature. One of the thermo-sensitive neurons is associated
with a dw-sensillum that additionally contains olfactory neurons, encoding temperature
changes comparable to the TT-neuron described in our study. The other one, encoding
temperature changes and steady state temperatures, is located in a np-sensillum that
additionally contains hygro-sensitive neurons (Nishikawa et al., 1992). Comparable to the
latter case, we described a similar neuron (ST-neuron) also in a np-sensillum type, and it
remains to be investigated whether and how the measurement of steady state temperature
is improved in non-porous sensilla.
The cryptic structure and the simple organization of the S. coelocapitulum are possibly
advantageous for thermosensation. A plausible selective pressure is on the low mass of the
S. coelocapitula, leading to fast stimulus transduction by reducing thermal hysteresis. Nonporous sensilla are always single walled and previously sw-sensilla were considered as
being basal to dw-sensilla (Altner and Prillinger, 1980; Keil, 1999). However, the expression
of ancient IR-receptors in dw-sensilla coeloconica of Drosophila is challenging this
hypothesis (Benton et al., 2009), and possibly dw-sensilla are basal with respect to swsensilla.
Irrespective of the origin of dw/sw-sensilla, the variety we find in other, more prominent and
highly organized dw-sensilla with thermo-sensitive neurons seems to be the result of
adaptations to neurons tuned to other sensory modalities than thermosensation. Thermosensitive neurons remained in these sensilla throughout the evolution of sensilla types or
were ‘recruited’ at a later stage, and the latter might be true also for neurons/receptors for
other sensory modalities.
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I.4.2 The physiological properties of the thermo-sensitive neurons
Cold-sensitive neurons that respond to temperature changes with a phasic-tonic response
dynamic were found in various insect species (Lacher, 1964; Loftus, 1968; Merivee et al.,
2003; Must et al., 2006a, 2006b; Nishikawa et al., 1992; Ruchty et al., 2010b, 2009; Tichy,
1979; Waldow, 1970). The phasic response of cold-sensitive neurons relates to a change in
temperature (temperature changing rate), however, the resolving power of the different
systems was rarely quantified (Ameismeier and Loftus, 1988; Loftus and Corbière-Tichané,
1981b; Zopf et al., 2014). The tonic-phase of the response of phasic-tonic cold-sensitive
neurons

may

change

at

prolonged

steady

state

temperature

conditions

(P.

oblongopunctatus, (Must et al., 2006b); A. mellifera, (Lacher, 1964); L. migratoria,
(Ameismeier and Loftus, 1988; Waldow, 1970); A. aegypti, (Davis and Sokolove, 1975);
Platynus assimilis, (Must et al., 2006a); Periplaneta americana, (Loftus, 1968; Nishikawa et
al., 1992)). Such response properties led several author to conclude that this type of neuron
may code for two parameters of thermal information: temperature changes and steady state
temperatures. However, the classification of tonic and phasic responses in these systems is
inconsistent, since even slowly adapting tonic responses are unsuited to code for steady
state conditions. Cold-sensitive neurons that transiently code for temperature changes with
same resting activities at different temperatures had been described for several insects (P.
cupreus, (Must et al., 2006b); P. americana, (Loftus, 1968; Nishikawa et al., 1992);
Anchomences dorsalis and Agonum muelleri, (Must et al., 2006a)). The only cold-sensitive
neuron described in detail in ants is associated with the S. coeloconicum in the leaf-cutting
ant Atta vollenweideri (Ruchty et al., 2010a, 2010b, 2009). The adaptation property
increases the temperature range in which thermal changes can be detected, but information
about steady state temperatures is not maintained, and the orientation of the pit and the peg
of the sensory neurons implies a direction sensitivity of the sensory neurons used for
orientation (Ruchty et al., 2010b, 2009). The sensitivity of these neurons was described by
the k-value (exponent) of the Steven’s power function that allows comparison within and
across modalities (Ruchty et al., 2009). The mean k-value for the cold-sensitive neurons in
Atta vollenweideri is 0.52 (range: 0.26 - 0.71, n= 24; Ruchty et al., 2010b). The TT- neurons
of C. rufipes change their activity for a temperature change of -0.1 °C/s by a factor between
0.25 and 2.99. Thus, for small temperature changes, the k-values measured in A.
vollenweideri correspond well to our measure of differential sensitivity in C. rufipes, and we
find a similar or even higher sensitivity to temperature changes.
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Surprisingly, the resolving power of individual TT-neurons is similar across neurons and
treatments. Our analysis, including the detection threshold and the resolving power provides
a detailed estimate of the sensitivity of this sensory system. For a given detection threshold
of a TT-neuron (mean= -0.047 °C/s) and an average resolving power of 0.372, the smallest
noticeable difference of a stimulus is -0.017 °C/s (negative temperature stimulation). For
positive temperature stimulation with an average detection threshold of 0.029 °C/s (resolving
power: 0.275), the smallest noticeable difference is only 0.008 °C/s.
In contrast to the S. coeloconicum in A. vollenweideri, the morphological characteristics of
the S. coelocapitulum do not indicate direction sensitivity. Although the direction sensitivity in
S. coelocapitulum remains an open question, the distal location of the S. coelocapitulum
indicates that temperature differences in the environment can be detected during locomotion
and scanning movements of the antennae. This would allow fast detection of temperature
gradients, which might be used for orientation (Kleineidam et al., 2007).
The working range of the TT-neuron covers most of the temperature range C. rufipes will
experience in their nests throughout the year (Weidenmüller et al., 2009). The low detection
thresholds and the high sensitivities of the TT-neurons provide the ant with information about
temperature changes at a high temporal resolution. The measured variability in detection
thresholds of the TT-neurons may reflect the sensory equipment of an individual. In that
case, the range for thermosensation is broadened by diverse but overlapping dose-response
curves.
Alternatively, each of the TT-neurons we measured may represent one of several neurons
within an individual, which all have similar sensitivities, resulting in a much smaller individual
sensitivity range than the sensitivity range we measured across individuals. In that case,
inter-individual differences in detection thresholds can explain differences in behavioral
sensitivity, e.g. thresholds for behavioral responses to temperature changes that have been
described

for

individuals

with

different

thermal

experience

during

development

(Weidenmüller et al., 2009). We propose that the properties of such a thermo-sensory
system may contribute to division of labor in social insects. As stated by the ‘response
threshold models’, inter-individual variability in intrinsic behavioral response thresholds can
cause variation in individual task preference (reviewed in Beshers and Fewell, 2001).
The other cold-sensitive neuron (ST-neuron) within the S. coelocapitulum responds to
temperature only within a narrow working range. The narrow working range of the STneurons between 26.87 °C and 33.2 °C matches the previously described temperature
range C. rufipes worker prefer for their brood (Weidenmüller et al., 2009). This leads us to

42

Chapter I: Cold-sensitive neurons in the ant Camponotus rufipes

hypothesize that this cold-sensitive ST-neuron may act as a thermal switch, triggering
directly the temperature guided brood care behavior. Behavioral tests revealed a modulation
of behavioral thresholds during brood care when pupae were reared at different steady state
temperature conditions (Weidenmüller et al., 2009). Experience dependent modulation of the
working range of ST-neurons is a possible proximate mechanism to adjust individual brood
care behavior in C. rufipes. In this study, we show that different parameters of temperature
information are extracted in parallel by two cold-sensitive neurons, both associated with the
S. coelocapitulum. The resolving power of the TT-neurons for transient temperature is very
high and in combination with the steady state temperature information of the ST-neurons the
animals can assess the necessary information for fine-tuned thermal guided behavior.
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II. The Sensillum campaniform and Sensillum
coelocapitulum: Mechanosensation vs. thermo/hygrosensation
Abstract
Insect sensilla occur with a great diversity of shape and function. External morphology is
often the basis for a conclusive nomenclature of sensilla and used to predict function. Still,
predicting function across insect species using morphological criteria is only possible to
some extent.
The sensillum campaniform and the peg-in-pit sensillum coelocapitulum were confused in
different studies focusing on morphological criteria both within and across insect species.
However, physiological investigations on function associate the S. campaniform with
mechanosensation and the S. coelocapitulum with hygro-/thermosensation. Hence,
morphological and physiological findings may aid an unambiguous classification.
We investigated the external morphology of the S. coelocapitulum and the S. campaniform in
workers of the carpenter ant Camponotus rufipes to provide a clear distinction between
these sensilla types.
However, the morphological similarities that led to inconclusive nomenclature might still
indicate closely related transduction mechanisms of mechano- and thermosensation in the
antennae of insects.

II.1 Introduction
The sensory systems, e.g. antennal sensilla, in insects are closely linked to the life-histories
of species: associated neurons provide the sensory basis for many behaviors e.g. intraspecific communication, host and/or oviposition finding, foraging, thermal homeostasis. As a
consequence, the sensory structures for different modalities are under selective pressure,
which has led to morphological adaptations of the sensilla and high diversity of shapes and
structures (Keil, 1999).
Distinction of different sensilla based on morphology is often challenging and allows only
speculation about function (Altner et al., 1981; Schneider, 1964). The external structure of
the sensory peg was used to predict sensory modalities received by these sensilla, in
particular, if physiological evidence was missing (Keil, 1999; Li et al., 2014; Shanbhag et al.,
1995; Shields and Hildebrand, 1999; Steinbrecht and Müller, 1991).
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The perforation of the sensory peg by either spoke channels, pore tubules (multi-porous
sensilla, mp-sensilla) or a single terminal pore (tp-sensilla) connecting the sensillum lymph
and/or the outer dendritic segments of the sensory neurons to the environment were
dedicated to chemical signal reception (olfaction, gustation) (Pellegrino et al., 2010;
Steinbrecht, 1997). A direct contact of either the outer dendritic segments of the sensory
neuron or the sensillum lymph to the environment is essential for transduction mechanisms
initiated by chemical signals. The mp/tp-sensilla were not exclusively chemo-sensitive as
combination of chemo-/thermo- and chemo-/mechano-sensitive sensilla were found across
insect species (Altner et al., 1981, 1977; Davis, 1977; Hansson et al., 1996; Nishikawa et al.,
1992).
On the other hand, non-porous (np) sensilla were dedicated to non-chemical modalities like
humidity, temperature and mechanical forces. Indeed, hygro-sensitive neurons were found in
np-sensilla with an inflexible socket (is-sensilla) (Steinbrecht and Müller, 1991; Yokohari,
1981; Yokohari et al., 1982). The common combination of two antagonistically hygrosensitive neurons (moist/dry) and a single cold-sensitive neuron, were termed a “sensory
triad” (Altner and Loftus, 1985; Altner, 1977; Altner et al., 1983; Iwasaki et al., 1995; Loftus,
1976; Nishikawa et al., 1992; Piersanti et al., 2011; Tichy, 1979).
Nevertheless, over the last decades many different types of sensilla were classified and their
nomenclature was used all across the vast number of insects in the focus of research (Carle
et al., 2014a, 2014b; Dumpert, 1972; Keil, 1999; Nakanishi et al., 2009; Ramirez-Esquivel et
al., 2014; Ravaiano et al., 2014; Renthal et al., 2003; Schneider, 1964; Walther, 1983).
The most diverse types of sensilla are found for chemical senses (gustation and olfaction) as
chemical signals are the most complex signals found in nature. Diversity in chemical signals
is also related to a high number in chemical receptors on the molecular level. Olfactoryreceptor genes (ORs) and gustatory-receptor genes (GRs) expanded over the course of
evolution and species specific adaptations are often explained by variations in receptor
genes and their expression patterns (Missbach et al., 2014).
In comparison to chemical sense, temperature and humidity sensation are less complex in
terms of signal parameters. Sensilla that house thermo- and hygro-sensitive neurons are
less diverse in their morphology (Altner and Loftus, 1985; Altner and Prillinger, 1980; Altner
et al., 1983, 1981; Haug and Altner, 1984; Steinbrecht, 1989) and it is assumed that
associated molecular transduction mechanisms are quite conserved.
A strong indication therefore are the members of the transient receptor potential channel
(TRP-channels) identified as molecular substrates for hygro- and thermosensation

Chapter II: Morphology of the S. coelocapitulum and S. campaniform

45

conserved across the animal kingdom and additionally involved in multiple transduction
processes (Montell, 2005; Peng et al., 2015; Saito and Tominaga, 2015).
They play a crucial role in mechano-, hygro-, thermo- and chemosensation in the antennal
sensory system of insects (Dhaka et al., 2006; Matsuura et al., 2009; Montell, 2005; Peng et
al., 2015; Venkatachalam and Montell, 2007). It was shown, that the expression of
homologous TRP-channels can restore the functionality of thermosensation across species
to some extent (Kohno et al., 2010). Besides direct activation of TRP-channels and other
(channel) proteins by temperature or temperature activated intracellular ligands (Barbagallo
and Garrity, 2015; Kohno et al., 2010; Martinez and de la Peña García, 2013; Ni et al., 2013;
Saito and Tominaga, 2015; Shen et al., 2011; Wang et al., 2009), indirect photo-mechano
transduction was proposed for infra-red-(IR)-sensitive sensilla in the fire-beetles (Schmitz et
al., 2007). Although the molecular bases are still unclear, the involvement of TRP-channels
in the IR-transduction process might be similar to IR-transduction processes in snakes and
bats (Gracheva et al., 2011, 2010; Saito and Tominaga, 2015).
Another member of the TRP-family is expressed in mechano-sensitive sensilla on the halters
of Drosophila: NompC. In S. campaniform of the fly’s halters (Chevalier, 1969)
mechanosensory transduction might be mediated by a spring gating mechanism which relies
on the NompC-protein. Furthermore, mechanosensation was impaired in knockout mutants
(Liang et al., 2013). TRP-channels are also involved in hygrosensation (Water witch,
Nanchung) shown for Drosophila (Liu et al., 2007; reviewed in Barbagallo and Garrity, 2015;
Montell, 2005).
The question remains open, if transduction processes for physical stimuli (mechano-, hygro-,
and thermosensation) are closely related across insects. Are species specific adaptations
reflected in the molecular and/or morphological traits of sensory structures?
One group of sensilla, the peg-in-pit sensilla, is found across insect species and their
morphological characteristics seem quite conserved (Ramirez-Esquivel et al., 2014). In
addition to hygro- and thermosensation, olfactory sensory neurons are found in doublewalled (dw) multi-porous (mp) peg-in-pit sensilla (Altner et al., 1981; Pophof, 1997; Waldow,
1970). Mechanosensation is not described for this sensillum type in any investigated
species.
The high degree of morphological similarity and the association with thermo- and
hygrosensation makes the peg-in-pit sensilla (S. ampullaceum, S. coeloconicum, and S.
coelocapitulum) promising candidates to investigate morphological-functional relationship in
the light of evolution.
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Peg-in-pit sensilla comprise a group of sensilla whereby the sensory peg is located centrally
in a cuticular pit below the surface (Jaisson, 1969; Kleineidam et al., 2000; Nakanishi et al.,
2009; Ruchty et al., 2009). Three different peg-in-pit sensilla have been distinguished
according to morphology: the sensillum ampullaceum, the sensillum coeloconicum and the
sensillum coelocapitulum (Dumpert, 1972; Jaisson, 1969; Keil, 1999; Kleineidam et al.,
2000; Nakanishi et al., 2009; Renthal et al., 2003; Ruchty et al., 2009; Yokohari, 1983;
Yokohari et al., 1982). The pits of the S. ampullaceum and S.coeloconicum are connected to
the environment by a small aperture. In the case of the S. coelocapitulum, the sensory peg
protrudes through the aperture and the blunt tip of the sensory peg terminates on the level of
the surrounding antennal surface (Nagel and Kleineidam, 2015; Nakanishi et al., 2009;
Yokohari, 1983). The S. ampullaceum is the peg-in-pit sensillum with the largest pit below
the surface and a long bottle-necked tube connects the pit to the aperture at the antennal
surface (Dumpert, 1972; Jaisson, 1969; Kleineidam et al., 2000; Renthal et al., 2003). The S.
coeloconicum is characterised by a prominent cuticular pit close to the antennal surface
(Dumpert, 1972; Jaisson, 1969; McIver, 1973; Nagel and Kleineidam, 2015; Nakanishi et al.,
2009; Pophof, 1997; Renthal et al., 2003; Ruchty et al., 2009). The S. coelocapitulum bears
a small, inconspicous pit below the surface and the mushroom-like protrusion of the sensory
peg is one characteristic feature of this sensillum type (Carle et al., 2014a; Giglio et al.,
2008; Nagel and Kleineidam, 2015; Ramirez-Esquivel et al., 2014; Yokohari, 1983).
The morphological characteristics of the peg-in-pit sensillum S. coelocapitulum have been
often confused with the external appearance of the S. campaniform and the localization of
both sensilla types on the antenna is still controversial (see also Ramirez-Esquivel et al.,
2014; Yokohari, 1983).
In literature, reports of the S. coelocapitulum and S. campaniform within one individual are
scarce. In honeybees the S. coelocapitulum was found on the antenna (Yokohari, 1983;
Yokohari et al., 1982). In contrast, the S. campaniform in honeybees was only described for
the head and the wings (Dietz and Humphrey, 1971; Thurm, 1964). The records of both
sensilla types on the antennal surface are provided for the mantis species Tenodera
aridifolia and the ant species Odontomachus bauri (Carle et al., 2014a, 2014b; Ehmer and
Gronenberg, 1997). For the carpenter ant Camponotus rufipes both types of sensilla were
mentioned, but not described in detail (Ehmer and Gronenberg, 1997).
We investigated the external morphology of the S. coelocapitulum and S. campaniform in the
ant species Camponotus rufipes by scanning electron microscopy. Our results show that
both sensilla types are found on the antenna and we provide a detailed description of the
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two different sensilla types in ants. Our aim is to provide a basis for the clear identification of
the two distinct sensilla types by morphological characteristics for further comparative
investigations and studies of sensilla evolution.

II.2 Materials and Methods
II.2.1 Animals and preparation
Workers were obtained from the mature colony of Camponotus rufipes. The colony was
collected in 2011 from La Coronilla, Uruguay, by Oliver Geißler and kindly provided by F.
Roces (University of Würzburg). The colony was kept at 25 °C and 50 % rH at the University
of Konstanz with a 12h:12 h L/D-cycle. The animals were fed with honey water and dead
cockroaches/locusts twice a week.
II.2.2 SEM preparations
Scanning electron microscopy (SEM) provided information for the clear description and
distinction of the morphological characteristics of the S. coelocapitulum and the S.
campaniform.
Workers were collected from the colony and immobilized on a glass slide with adhesive tape.
The mandibles and the scape were mounted in dental wax (Surgident, Heraeus Kulzer,
Germany). The antenna was cut at the articulatory bulb and air dried for the investigation of
the pedicel of the antenna.
For the investigation of sensilla on the flagellum, the antennae were mounted under visual
control (Leica S8AP0, Leica, Microsystems, Wetzlar, Germany). The tip was covered with
wax and then cut parallel to the glass slide using a razorblade.
After bisecting the distal segments, the two halves were transferred in 1M KOH for 15 min
and then washed in 70 % ethanol (2 times, five minutes each) and cleansed in an ultrasonic
bath for 2 minutes. The tip-cuts were washed two times 10 min and dehydrated in 100 %
ethanol.
For scanning electron microscopy the antennal tip-cuts and the air dried antennae were
sputtered with a 5 nm gold layer (Sputter coater SCD 030, Balzers, Germany). The SEMimages were taken with a resolution of 1024x768 pixels and a SE2-detector at the AURIGAsystem (Zeiss, Jena, Germany) for the tip-cuts and at the EVO-system (EVO MA10, Zeiss,
Jena, Germany) for the investigation of the scape and pedicel.
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II.3 Results
The pedicel of the antenna in the carpenter ant Camponotus rufipes is equipped with
prominent hair-like structures (Figure II-1). On the distal edge of the pedicel, two S.
campaniform are identified in Figure II-1a. The depression of the cuticle and a cuticular collar
distinguishes the S. campaniform from the overall imbricated surface of the pedicel (Figure
II-1b).

Figure II-1: The S. campaniform on the pedicel of a Camponotus rufipes worker. a) Two S. campaniform
are visible at the distal edge of the pedicel (arrowheads). b) Close-up on the external cuticular structure of the S.
campaniform. A round cuticular collar surrounds a saucer-like depression of the cuticle. Notice the small
demarcated cuticle (ip) at the distal side of the cuticular collar; ip= insertion point, co=collar. Scale in a) 10 µm,
Scale in b) 2 µm

The width of the cuticular collar was calculated from the difference between the outer and
inner diameter for each S. campaniform measured. The oval cuticular collar had an average
length of 6.57 µm (SD= 0.68 µm, n= 13) and an average width of 4.11 µm (SD= 0.79 µm,
n= 13). The surface curvature of the collar had a width of 1.09 µm (SD= 0.22 µm, n= 13).
The surface of the cuticular cupola enclosed by the collar had an average surface area of
13.73 µm2 (SD= 4.65 µm2, n= 13) (Table II-1).
On the distal side of the oval cupola, a demarcated cuticle indicated the insertion point of the
scolopale from below (Figure II-1, Zacharuk and Shields, 1991). On average, the insertion
point was located 0.44 µm from the collar (SD= 0.14 µm, n= 13) and 0.20 µm in diameter
(SD= 0.09 µm, n= 13).
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Figure II-2: The S. coelocapitulum on the antennal tip of a Camponotus rufipes worker. a) Three S.
coelocapitula are visible the most distal antennal segment (arrowheads). b) Close-up on the external cuticular
structure of two S. coelocapitula. A depression of the cuticle is present with a mushroom-like protrusion in a
central aperture. Notice the irregular texture of the protrusion. Scale in a) 10 µm; Scale in b) 1 µm

The S. coelocapitula clustered at the most distal antennal segment of the flagellum and
10 - 12 of them were located ventral-lateral (Figure II-2a).
The external morphology of the S. coelocapitulum was identified based on SEM-Images.
The morphological characteristics were described in detail in Nagel and Kleineidam (2015)
and their morphometries are summarized in Table II-1.
The overall morphological characteristics comprised a mushroom-like protrusion centrally in
a shallow, oval depression on the antennal cuticle (Figure II-2, Nagel and Kleineidam, 2015).
The spatial measures of both sensilla were similar, but the area putatively crucial for sensory
transduction might be reduced in the S. coelocapitulum to the surface of the blunt sensory
peg (Table II-1).
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Table II-1: Morphometries of the S. campaniform and S. coelocapitulum with respect to the external
characteristics. The length and the width of the cupola was measured inside the cuticle collar and used for the
calculation of the surface area of the S. campaniform (n= 13). The length and the width of the depression were
measured for the S. coelocapitulum (n= 15). The surface area for the depression was calculated based on the
measured length/width and the surface area of the protruding sensory peg was subtracted.
Length of
cupola

Width of
cupola

Surface area of cupola

5.48 ±0.73 µm

3.13 ±0.73 µm

13.73 ±4.65 µm

Length of

Width of

Surface area of

Surface area of

depression

depression

depression

protruding peg

5.47 ±0.25 µm

3.07 ±0.27 µm

11.73 ±1.24 µm

S. campaniform

S. coelocapitulum

2

2

2

0.89 ±0.10 µm

II.4 Discussion
We have described the S. coelocapitulum and S. campaniform in the carpenter ant
Camponotus rufipes by their external morphology. A shallow depression with a mushroomlike protrusion in a central aperture clearly distinguishes the S. coelocapitulum from the S.
campaniform which exhibits a cuticle cupola without any indication of an aperture (Figure
II-3).
The S. campaniform is a very inconspicuous sensillum only found close to joints or hair-like
sensilla (Renthal et al., 2003; Romero and Heraty, 2010). The close association with setae
and hair-like sensilla was thought to mediate and/or facilitate information about the direction
of mechanical forces (Schmidt and Gnatzy, 1971). A round cuticular collar within a shallow
depression on the surface is the only external feature that could be identified by SEM
(Romero and Heraty, 2010). The external morphology of the S. campaniform in Camponotus
rufipes resembles the external morphology of the same sensillum type described in the
mantis Tenodera aridifolia (Carle et al., 2014a, 2014b), in the green lacewing Chrysopa
carnea (Schmidt, 1969) and in the stonefly Paragnetina media (Kapoor, 1985).
In Camponotus rufipes, the S. coelocapitula cluster at the very distal end of the flagellum.
Whether there are few, scattered S. coelocapitula at the other segments of the flagellum, as
described for Camponotus japonicus (Nakanishi et al., 2009), was not investigated, but none
were observed on the pedicel.
In the case of the S. campaniform and S. coelocapitulum a clear distinction of these two
sensilla types can be made because of the cuticular shape and their location on the
antenna.
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Figure II-3: Schema of the S. coelocapitulum and the S. campaniform. a) The proposed schematic of the S.
coelocapitulum on the antenna of the carpenter ant Camponotus rufipes was adapted from Nagel and Kleineidam
(2015), and Yokohari (in Apis mellifera, 1983). The cuticular peg is located in a pit below the surface. The peg
protrudes through a small aperture and terminates in a blunt, mushroom-like protrusion. The peg houses the
outer dendritic segments of two sensory neurons surrounded by a dendritic sheath. A third sensory neuron
terminates at the proximal end of the dendritic sheath (Yokohari, 1983). The inner dendritic segments are
surrounded by the inner sensilla lymph-cavity restricted by the thecogen cell. The two outer supporting cells
(tormogen; trichogen) restrict the extra sensilla lymph-cavity. b) The proposed schematic of the S. campaniform
was adapted from a similar sensillum found at the pedicel in the green lacewing Chrysopa carnea (Schmidt,
1969). The outer dendritic segment of the single scolopidial like sensory neuron is inserted in a cuticular cupola
below the antennal surface and a tubular body is located in the distal part. A joint membrane connects the cupola
with the inner cuticle of the antenna. The arrangement of the three supporting cells and the sensory neuron
resemble the common bauplan of insect sensilla. p= cuticular pit, cp= cupola, jm= joint membrane, tb= tubular
body, esl= extra sensilla lymph, ds= dendritic sheath, ods=outer dendritic segment, isl= inner sensilla lymph,
ids= inner dendritic segment, sn= sensory neuron, to=tormogen cell, tr= trichogen cell, the= thecogen cell

The location at the pedicel and similar occurrence of the S. campaniform in Camponotus
compared to the same sensillum type in Chrysopa led us hypothesize a similar ultrastructure
(Figure II-3, Schmidt, 1969).
The internal structure of the S. coelocapitulum qualifies it as a peg-in-pit sensillum (Figure
II-3, Nagel and Kleineidam, 2015; Yokohari, 1983). The cuticular pit is less prominent than
those found for the S. ampullaceum or S. coeloconicum (Nagel and Kleineidam, 2015;
Nakanishi et al., 2009).
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The supporting cells and the dendritic sheath of the S. coelocapitulum in ants are arranged
similarly to the S. coelocapitulum in honeybees (Figure II-3a, Nagel and Kleineidam, 2015;
Yokohari, 1983).
The sensory neurons tightly enclosed in the dendritic sheath are hygro- and thermo-sensitive
in the honeybee and thermo-sensitive in ants (Nagel and Kleineidam, 2015; Tichy and
Kallina, 2014; Yokohari, 1983; Yokohari et al., 1982). Whether the dendritic sheath is
permeable for ions (Keil and Thurm, 1979; Thurm and Küppers, 1980; cited in Shanbhag et
al., 2000) or the inner and extra sensilla lymph cavities are connected at the terminals of the
dendritic sheath remains an open question.

II.4.1 Origin of S. campaniform
The hypothesis about the origin of the S. campaniform proposed the reduction of a hair-like
sensory peg (housing a mechano-sensitive neuron) to a flat cupola (Lees, 1942). The origin
from mechano-sensitive hair-like sensillum is highly plausible as gene-mutations in S.
campaniform in wings resulted in morphological changes resembling intermediate hair-like
sensilla (Lees, 1942). The selective forces might rather act on the parameter of encoded
information (proprioception vs. mechanical forces like wind, touch, etc.) than on protection
for disturbances as proposed for the peg-in-pit sensilla.
The cuticle cupola connects via a joint membrane to the surrounding cuticular collar below
the surface mediates proprioception (Figure II-3, Moran and Varela, 1971; Pringle, 1938;
Spinola and Chapman, 1975). In the past, the S. campaniform were interpreted to be
analogous to the slit sensilla (lyriform organs) found across arachnid species (Pringle, 1955).
Ultrastructural and physiological investigations of the S. campaniform in several species
revealed a single sensory neuron (Chevalier, 1969; Keil, 1997; McIver, 1975; Moran and
Varela, 1971; Moran, 1971; Moran et al., 1971; Pringle, 1938; Romero and Heraty, 2010;
Schmidt, 1972, 1969; Schneider, 1964; Steinbrecht and Müller, 1976; Thurm, 1964; Uga and
Kuwabara, 1967). This single sensory neuron is mechano-sensitive and forces on the
surrounding cuticle are adequate stimuli to provide information that might be used for
proprioception (Moran, 1971; Pringle, 1938; Spinola and Chapman, 1975). In D.
melanogaster, the transduction mechanism of shear forces is mediated via a joint
membrane, the tubular body and involves the NompC-receptor, which might be the
molecular substrate for the proposed spring gating mechanism (Liang et al., 2013).
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II.4.2 Origin of S. coelocapitulum
Thermo-/hygro-sensitive np-sensilla in immature insects often house three to four sensory
neurons (Altner and Prillinger, 1980; Altner, 1977; Altner et al., 1983; Haug and Altner, 1984;
Yokohari, 1983; Zacharuk and Shields, 1991). If only three are present, two sensory neurons
extend to the very tip of the hair shaft and the third terminates below the cuticular apparatus
(Altner and Loftus, 1985; Loftus and Corbière-Tichané, 1981b; Yokohari, 1983; Zacharuk
and Shields, 1991). In the case of four sensory neurons the fourth neuron terminates at the
proximal end of the dendritic sheath and resembles scolopidial-like characteristics, dedicated
to mechanosensation (Zacharuk and Shields, 1991). This kind of “sensory tetrad” might
resemble the monogenic organization of np-sensilla.
The morphology of the S. coelocapitulum seems to be closely related to the S. capitulum
found in cockroaches (Tominaga and Yokohari, 1982; Yokohari and Tateda, 1976; Yokohari,
1981, 1978) and intermediate structures have been described for more basal insects like
the stoneflies or fireflies (Iwasaki et al., 1995; Kapoor, 1985).
Characteristic of the S. capitulum is a short hair-like sensory peg lacking wall-pores (npsensillum). The tip of the sensory peg increases like a pinhead and eponymously for the
S.capitulum (latin: capitulum; “head-like structure”) (Tominaga and Yokohari, 1982;
Yokohari, 1981). The peg-in-pit sensillum coelocapitulum is named by the mushroom-like
occurence of the tip of the sensory peg. The sensory peg of the S. coelocapitulum is located
in a pit below the surface (“coelo-“: Ancient Greek: κοίλωμα (koílōma); “hollow, cavity”)
(Nagel and Kleineidam, 2015; Yokohari, 1983; Yokohari et al., 1982).
In the firefly Luciola cruciata, electrophysiological investigations of the S. capitulum
(nomenclature again from Tominaga and Yokohari, 1982; Yokohari, 1981) revealed a
sensory triad of hygro- and thermo-sensitive neurons additionally confirming the correct
nomenclature (Iwasaki et al., 1995).
The transduction mechanism for humidity information was sensitive to inadequate irritation
by mechanical forces on the hair-like peg associated with the S. capitulum (Yokohari, 1978).
A peg-in-pit structure could prevent the sensory peg from inadequate stimulation and the
length of the sensory peg might have adapted to frequent mechanical irritations caused by
the velocity of an insect (e.g. air movement, flying) or frequent encounters with objects in the
habitat (e.g. dense vegetation, narrow funnels, or loose substrates).
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The distinct morphology of the S. coelocapitulum and S. capitulum with a similar function
might indicate a common ancestor and differences in morphology might result from species
specific adaptations to their environment and life-style.
II.4.3 Reports of miss-termed sensilla
The S. coelocapitulum was described in different insect species and has been misleadingly
named as S. coeloconicum or S. campaniform. In the following, a correction for miss-named
sensilla will be done based on morphology. Eponymous morphological characteristics will be
complemented by functional findings since the S. campaniform is exclusively associated with
mechanosensation (Zacharuk and Shields, 1991) and the S. coelocapitulum with hygro/thermosensation.
The nomenclature of sensilla resembles morphological characteristics and differences in the
morphology might indicate adaptations of similar sensory structures to the life-history within
insect clades or species. A (re-)naming of sensilla may facilitate identifications of possible
adaptations in the light of ecology and/or evolution.
In solitary bees, bumble bees, ants, and parasitoid wasps, the S. campaniform have been
described only by external characteristics (Ågren and Hallberg, 1996; Ågren, 1978, 1977;
Marques-Silva et al., 2006; Olson and Andow, 1993; Zhang et al., 2015, 2012; Zhou et al.,
2011), but further morphological or functional investigations are missing.
The S. campaniform described in the mentioned hymenopterans comprises a mushroom-like
blunt peg protruding through an aperture centrally in a cuticular depression. The blunt tip of
the sensory peg is separated from the surrounding cuticle by a cleft and further structures
that mediate mechanical forces are not described (Ågren and Hallberg, 1996; Ågren, 1978,
1977; Marques-Silva et al., 2006; Olson and Andow, 1993; Zhang et al., 2015, 2012; Zhou et
al., 2011). Thus the external morphology matches with the S. coelocapitulum and not the S.
campaniform.
The same characteristics and external morphology were described for the “S. coeloconicum
II” in the hemipteran Aphidius rhopalosiphi (Bourdais et al., 2006) and for consistency in
nomenclature these sensilla should be affiliated to the group of S. coelocapitulum.
For the following examples of miss-termed sensilla, evidence is not only provided by the
external morphology, but also by the ultrastructure of the investigated sensilla that allows a
clear separation of S. campaniform and S. coelocapitulum.
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The “Sensillum campaniform” in the myrmecophilous beetles (Paussus favieri) appears as a
cuticular dome in which a non-porous peg centrally protruded through a small aperture.
Sections revealed the peg-in-pit structure with a cavity below the dome. Two sensory
neurons are tightly packed in the peg. A third sensory neuron terminates at the base of the
pit. It has already been mentioned that the “Sensillum campaniform” in this beetle species
(following Merivee et al., 2002) is more similar to the S. coelocapitulum in the honey bee (Di
Giulio et al., 2012).
The same morphological characteristics apply to the sensilla that will hereby be discussed.
Additional similarities in ultrastructural and physiological properties have been provided for
correct nomenclature.
The S. coeloconicum in the Heteropteran Rhodnius prolixus is characterized by a blunt peg
at the center of a cuticular depression, with a smooth surface at the sensory peg and
physiological investigations revealed thermosensation by a warm-sensitive neuron (McIver
and Siemicki, 1985; Zopf et al., 2014).
In Coleopteran, the so called S. campaniform are located at the distal end of the flagellum.
The external morphology of the S. campaniform is characterized by a cuticular dome with a
central mushroom-like protrusion (Merivee et al., 2003, 2001, 1999; Must et al., 2006a,
2006b; Nurme et al., 2015). Across the investigated Coleopteran species, the external
morphology of the S. campaniform seems to be highly similar (Platynus dorsalis (Merivee et
al., 2001); Limonius artuginosus (Merivee et al., 1998); Bembidion lampros (Merivee et al.,
2000); Bembidion properans (Merivee et al., 2002); Melantus villosus (Merivee et al., 1999);
Typlocharis prima (Pérez-González and Zaballos, 2013); Pterostichus aethiops (Merivee et
al., 2003); Bembidion lampros, Bembidion properans, Platynus dorsalis (Ploomi et al.,
2003)). Although the “Sensillum campaniform” in Coleopteran show an elevation instead of a
cuticular depression around the sensory peg, it appears to be more similar to the S.
coelocapitulum.
Commonly, one of the three sensory neurons is a phasic-tonic cold-receptor that codes for
transient temperature (Merivee et al., 2003; Must et al., 2006a, 2006b; Nurme et al., 2015).
The external morphology and the number of sensory neurons already contradict the
classification as S. campaniform. A proprioceptive function that would allow for classification,
at least by functional properties, is missing.
The term of “Sensillum campaniform” has been questioned previously (Di Giulio et al., 2012;
Giglio et al., 2008), but was still avoided in more recent studies (Nurme et al., 2015).
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Therefore the mentioned sensilla closely resemble the morphological and, if provided,
physiological properties of the S. coelocapitulum and in order to achieve consistency we
recommend a re-naming for future investigations.
II.4.4 Three independent thermo-transduction mechanisms?
Thermosensation in insects could be derived from proprioception as some sensory
structures resemble ultrastructural similarities to proprioceptive sensory neurons and
sometimes housed in bimodal innervated sensory organs (Schmitz, 2000; Schneider and
Schmitz, 2013; Vondran et al., 1995).
The mechanical-transduction of thermal information was proposed for the IR-organ in fire
beetle of the tribe Merimna. The IR-organ in Merimna beetles comprised a multipolar neuron
without cuticular accessory structures (Schmitz et al., 2007, 2002, 2000). The IR-organ in
beetles located at the abdomen and housed a sensory neuron showing reminiscent to the
IR-sensitive pit organs in snakes (Bleichmar and De Robertis, 1962; Bullock and Fox, 1957;
Schmitz et al., 2002, 2000), but description of molecular mechanism and detailed
physiological properties are still missing for the IR-organ in beetles.
In mp-dw sensilla on the antenna, where a combination of olfactory and thermal sensory
neurons have been described, no morphological structures have been present that could
function with a similar mechanism (Altner et al., 1981; Nishikawa et al., 1992; Pophof, 1997;
Ruchty et al., 2009; Waldow, 1970).
Bimodality of sensory neurons and co-existence of olfaction and thermosensation within one
sensillum might indicate an independent evolution of thermosensation derived from
chemosensation (Afroz et al., 2013; Altner et al., 1981, 1977; Davis, 1977; Glendinning and
Hills, 1997; Hansson et al., 1996; Kim et al., 2010; Kwon et al., 2010; Nishikawa et al.,
1992). Temperature dependent transduction mechanism in chemosensation might have led
to a separation of thermo- and chemo-sensitive neurons. This scenario might explain the
combination of thermo- and chemosensation within mp-dw sensilla (Altner et al., 1981, 1977;
Davis, 1977; Hansson et al., 1996; Nishikawa et al., 1992). That thermosensation is derived
from bimodal thermo- and chemo-sensitive neurons might be additionally indicated by the
thermo-sensitive gustatory receptor GR28b.d in D. melanogaster (Ni et al., 2013).
Furthermore, thermosensation in combination with hygrosensation has been described for
non-porous sensilla with inflexible socket (np-is) on the antenna of insects like the S.
capitulum in cockroaches (Altner and Loftus, 1985; Altner and Prillinger, 1980; Altner, 1977;
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Altner et al., 1983; Ameismeier and Loftus, 1988; Loftus and Corbière-Tichané, 1981b;
Nishikawa et al., 1992; Piersanti et al., 2011; Steinbrecht et al., 1989). The combination of
two antagonistically active hygro-sensitive neurons and a single cold-sensitive neuron, so
called a sensory triad, is common across different insect species (Altner et al., 1981; Iwasaki
et al., 1995; Nishikawa and Ishibashi, 1985; Piersanti et al., 2011).
In cockroaches the increased blunt tip of the S. capitulum mediates humidity information by
mechanical forces on the outer dendritic segment of the associated sensory neurons
(Yokohari, 1978). The irregular surface of the blunt sensory peg of the S. coelocapitulum
might indicate sensitivity to dehydration (Ågren and Hallberg, 1996; Yokohari, 1983;
Yokohari et al., 1982). Thus, a similar transduction mechanism for hygrosensation could be
proposed for the S. coelocapitulum, in which hygro-sensitive neurons were found (Tichy and
Kallina, 2014; Yokohari, 1983; Yokohari et al., 1982).
If this picture holds true, a temperature-mechanical transduction mechanism in the sensory
triad is very unlikely while mechanical forces are caused by humidity stimuli (Zacharuk and
Shields, 1991). Therefore, mechanical transduction of temperature information would lead to
inadequate signal transduction in the hygro-sensitive neurons. In this scenario, when
mechanical forces are associated with a different sensory modality e.g. humidity, a direct
activation by temperature of channel proteins like TRP-channels becomes very likely (Kohno
et al., 2010; Matsuura et al., 2009; Montell, 2005; Wei et al., 2015). The hymenopteran
specific TRPA (HsTRPA) seems to be closely related to the water witch TRP in D.
melanogaster (Kohno et al., 2010; Matsuura et al., 2009). While water witch is involved in
hygrosensation in D. melanogaster (Liu et al., 2007), the HsTRPA is activated by
temperature above 34°C (Kohno et al., 2010). It might be worth noting that no hygrosensitive neuron was associated with the S. coelocapitulum in C. rufipes. Hygro-sensitivity
was excluded for TT Cr -neurons (data not shown) and further investigated sensory neurons
that could neither be identified as TT Cr - nor as ST Cr -neurons did not show obvious
responses to sudden changes in humidity levels (data not shown).
In the past, it was concluded that highly lamellated sensory neurons were thermo-sensitive
and that the lamellated sensory neurons resemble morphological characteristics of
photoreceptors (Altner et al., 1978; Corbière and Bermond, 1972; Loftus and CorbièreTichané, 1981a; Steinbrecht, 1989). In the sensory triad (moist-, dry-, cold-sensitive) found
in np-is sensilla, two unbranched and smooth sensory neurons extended to the very tip of
the sensory peg and one highly lamellated neuron with a shorter dendrite terminated
proximal to the dendritic sheath (Altner and Prillinger, 1980; Altner et al., 1983; Haug and
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Altner, 1984; Hull and Cribb, 1997; Shanbhag et al., 1995; Zacharuk and Shields, 1991). The
electrophysiological evidence of two hygro- and one thermo-sensitive neurons led to the
assumption that the modalities were reflected in non-lamellated (hygrosensation) and
lamellated (thermosensation) structures of the outer dendritic segments (Altner and Loftus,
1985; Corbière-Tichané and Loftus, 1983). On the other hand, highly lamellated sensory
neurons were found in exclusively chemo-sensitive neurons (Lee et al., 1985) and nonlamellated neurons were identified to be thermo-sensitive (Ruchty et al., 2009). The
variability of sensory structures with different ultrastructural characteristics and the nonspecific association of thermo-sensitive neurons with distinct sensilla morphologies might be
an indication that thermosensation evolved several times independently in different sensilla.
Recently, an alternative pathway of temperature transduction had been described.
Chowdhury and colleagues (2014) could show that manipulation of hydrophobic residues in
a thermo-insensitive channel protein led to warm- or cold-activation of the protein. By
altering the heat capacity of a channel protein the channel can either be activated by cold or
warm temperatures (Chowdhury et al., 2014; Tsai and Miller, 2014). A single domain for
thermosensation would thereby not be needed (Chowdhury et al., 2014; Tsai and Miller,
2014). The findings were only related to TRP-channels and the property of activation by
temperature for the sake of voltage sensitivity could be explained by changes in heat
capacity (Chowdhury et al., 2014; Tsai and Miller, 2014). If this principle can be proven true
for TRP-channels in vivo, this mechanism might be a more general motif that could explain
the variety of thermo-sensitive (channel) proteins found in different super-families
(Barbagallo and Garrity, 2015; Kohno et al., 2010; Martinez and de la Peña García, 2013; Ni
et al., 2013; Peng et al., 2015; Saito and Tominaga, 2015; Wang et al., 2009; Wei et al.,
2015). Based on this assumption that any channel protein could becom thermo-sensitve, it
might not be surprising, that ultrastructural and morphological features cannot predict
thermo-sensitivity of single sensory neurons. We will find thermo-sensitve neurons that kept
their thermo-sensitivity over the course of evolution and we will find sensory neurons that are
derived from different modalities by modulation of the heat capacity of the ancient receptor
proteins expressed.
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III. Sensory ecology of temperature guided behavior
in insects
Abstract
Sensory systems provide filtered information from the environment that is the basis for a
percept of the environment, the so called “umwelt” of an organism. Species specific
adaptations in the properties of sensory systems are expected as adaptations to the ecology
and life-style of the species.
Here we compare the physiological properties of cold-sensitive neurons of four different
insect species and show how the thermal environment is reflected by single neurons. In
solitary insects (Locusta migratoria, Periplaneta americana, Speophyes lucidulus (larvae)),
information about steady and transient temperature is encoded within the same coldsensitive neuron in the antenna (ST/TT-neurons). In the ant Camponotus rufipes, information
for steady temperature and transient temperature is encoded by distinct cold-sensitive
neurons within the same sensillum (ST-neuron and TT-neuron). We normalized the
physiological data provided in literature for the respective cold-sensitive neurons of each
species and show that the working ranges of TT-neurons match the ecological temperature
range experienced by each species. The differential sensitivity for steady temperature was
highest for the cave beetle larvae (Speophyes lucidulus) exploiting the smallest temperature
range in its habitat. Ants were most sensitive to transient temperature. Additionally, ants
seemed to invest more energy in their cold-sensitive neurons based on the absolute spiking
activity of the cold-sensitive neurons than the solitary insects.
It is the first time, to our knowledge, that a direct comparison of the physiological properties
of cold-sensitive neurons, with respect to ecology, was done across different insect taxa.

III.1 Introduction
Insects have evolved different strategies to cope with unbeneficial steady temperature by
either passive or active thermoregulation (Heinrich, 1996, 1980b, 1979a; Roberts and
Harrison,

1999,

1998;

Stabentheiner

and

Crailsheim,

1999).

In

social

insects

thermoregulatory mechanisms are used to maintain thermal homeostasis or trigger
translocation of brood to suited climatic conditions (Bollazzi and Roces, 2002; Herter, 1953;
Jeanson and Weidenmüller, 2014; Jones and Oldroyd, 2006; Penick and Tschinkel, 2008;
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Pranschke and Hooper-Bui, 2003; Roces and Núñez, 1995, 1989; Weidenmüller, 2004;
Weidenmüller et al., 2002).
Fine-tuned temperature guided behavior depends on a highly sensitive sensory system that
provides information about climatic conditions. The precise detection of steady temperature
in combination with information about transient temperature is necessary for such fine-tuned
behavior (Dreisig, 1985). Steady temperature detection allows individuals to evaluate
beneficial or noxious conditions and information about transient temperature is necessary to
assess the stability of climatic conditions. The integration of both parameters of temperature
information might be used for orientation within a temperature gradient.
Thermosensation of insect species should be adapted to the life-history and ecology of an
insect and individual variability in temperature guided behaviors might be reflected in
sensory physiology. Thus, thermosensation in the antennal thermo-sensitive sensilla should
match thermal ecology and species specific adaptations would be expected.
Behavioral tests revealed the maximum thermal tolerance by assessing species specific
lethal low and high temperature (avoidance range limits, Figure III-1, following Mazek-Fialla,
1941 cited in Herter, 1953). The ecologically and behaviorally relevant temperature range
(tolerance range), within the boundaries of the avoided temperatures, spans temperatures
that do not elicit an aversive behavioral response and individuals will experience frequently
in their habitat (tolerance range, Figure III-1 following Mazek-Fialla, 1941 cited in Herter,
1953). The preference range is defined by the narrowest temperature interval that individuals
try to reach depending on their momentary thermal needs (Figure III-1, following MazekFialla, 1941 cited in Herter, 1953). The boundaries for each temperature range are not rigid
and when applied to different animal species inter-individual variability with multifactorial
modulations must be taken into account. In D. melanogaster larvae, a similar scenario was
observed: larvae preferred temperatures around 18 °C, but temperatures between 19 °C and
24 °C were tolerated and interpreted as being “comfortable” (Minke and Peters, 2011; Shen
et al., 2011).
In adult D. melanogaster, two alternative hypotheses were formulated that would allow an
animal to assess the preferred temperature range and avoid noxious temperatures.
The first suggests that processing of information in higher brain centers is needed to elicit
temperature guided behavior. The information from two separate and, in this case,
antagonistically sensory neurons (warm-/cold-sensitive) is integrated in higher brain areas
and a temperature read out triggers temperature guided behavior (Gallio et al., 2011; Liu et
al., 2015).
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The alternative hypothesis assumes that the preference temperature range is already
assessed by independent sensory systems and their distinct information. As a result, a pushpush mechanism of two independent sensory systems mediates aversive behavior for cold
and hot temperatures without processing in higher brain areas and determines the
temperature preference range (Frank et al., 2015; Gallio et al., 2011; Neely et al., 2011).
This definition for preferred temperatures more accurately describes the tolerated
temperature, however, since it only describes aversion, not preference.
The warm- and cold-sensitive sensory neurons indeed influence the boundaries of the
“preferred” temperature range and support the hypothesis of the push-push mechanism
(Frank et al., 2015; Gallio et al., 2011), but the two hypotheses are not mutually exclusive.
While the boundaries of the tolerance range might be set by antagonistically thermosensitive neurons, the coding of discrete temperature information within this range would be
necessary for precise temperature guided behavior and active seeking behavior for preferred
temperature.
Consequently, the push-push mechanism would determine the tolerated temperature range
and the continuous coding of discrete temperature information might be the basis for
assessing the preferred temperature range (Figure III-1).
In addition to the aforementioned hypotheses above, it was proposed that discrete
temperature information and its valence could be encoded within a single sensory neuron. In
cold-sensitive neurons of Coleopterans the dynamics of AP-trails change from tonic rhythms
to bursting patterns when temperature increases. The change in spiking pattern dynamics
could be an indication of a negative valence of high temperatures (Must et al., 2010).
We hereby compare the thermal ecology and thermosensation in the migratory locust
(Locusta migratoria), the American cockroach (Periplaneta americana), the carpenter ant
(Camponotus rufipes), and the larvae of the cave beetle (Speophyes lucidulus). These four
insect species were selected based on their thermal ecology and the availability of
appropriate physiological data assessed by investigation of cold-sensitive neurons in the
antenna (Ameismeier and Loftus, 1988; Ameismeier, 1985; Corbière-Tichané and Loftus,
1983; Loftus and Corbière-Tichané, 1987, 1981b; Loftus, 1969, 1968; Nagel and
Kleineidam, 2015; Nishikawa et al., 1992).
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Figure III-1: Schematic of temperature ranges reflected in sensory physiology (red) and behavior (green).
Temperature information is encoded over a wide range of temperatures (temperature coding). Below or above a
certain range, temperature becomes noxious and discrete temperature information is not encoded (noxious
coding). Note: The information about discrete temperature and noxious temperature might be encoded by
different populations of sensory neurons. Temperature ranges that can be described by behavioral experiments
are the avoidance ranges that are restricted by lethal temperatures and aversive behavior. The tolerance range
describes the temperature range that is determined by a push-push mechanism of noxious experience. Within
the tolerance range a preference range might be observed that is characterized by active seeking behavior of
individuals and depends on instantaneous thermal needs of an organism. Schematic of behavioral/ecological
temperature range is adapted from Mazek-Fialla (1941) cited in Herter (1953).

Locusta migratoria
The migratory locust Locusta migratoria can be found across the globe living in the open and
sandy grassland. This habitat provides fewer shelters resulting in frequent exposure to harsh
climatic conditions and temperature fluctuations.
The temperature range, in which locusts can survive, spans from -10 °C (Wang and Kang,
2003) to 50 °C (Herter, 1953). The temperature tolerance range in which locusts are active
is 18 - 45 °C (Herter, 1953) and the mean of temperature preference is around 29 °C
(Herter, 1953), but can reach values up to 35 °C (Makings, 1987). The preferred
temperature range is plastic and depends on body size, developmental stage and is conjunct
to nutrition absorption (Chapman, 1955; Clark, 2014; Herter, 1953) or pathogen infection
(Ouedraogo et al., 2003; Zimmer, 2001).
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Locusts rarely use shelters and are exposed frequently to a wide range of steady
temperatures and temperature transients. As locusts do not shuttle between shelters and
open field, they will be defined as “sitter” with regards to ecology and behavior.
Periplaneta americana
The Americana cockroach Periplaneta americana is a “cosmopolitan” insect as it has been
introduced all across the globe by its synanthropic life-style (hemerophile species) (Herter,
1953). The American cockroach is common in buildings and sewers, therefore climatic
conditions are quite stable and harsh fluctuations are scarce (Herter, 1953).
Cockroaches survival has been observed at temperatures between -9 °C and 41 °C (Gunn
and Noteley, 1936; Herter, 1953). The tolerance range of cockroaches is between 23 °C and
38.5 °C and preference temperature is around 33 °C (Gunn, 1935; Herter, 1953).
In contrast to the migratory locust, cockroaches are less frequently exposed to a harsh
environment as they use shelters and leave into the open field only if needed (e.g., foraging,
mate finding, escaping). In the following, animals that move between shelters and the open
field are defined as “shuttler” in contrast to “sitter” like the locusts.

Camponotus rufipes
Camponotus rufipes is a dominant ant species in the tropical and subtropical South America
(Kusnezov, 1963, 1951 cited in Roces and Núñez, 1995). As social insects, ants build
elaborate nest structures and consequently temperature conditions in the nest fluctuate less
than in the outside environment. Still, nest temperatures do change over the year and
temperatures between 0° and 50°C might be experienced by C. rufipes workers
(Weidenmüller et al., 2009).
Lethal temperatures, the tolerance range and the preferred temperature of single, adult ants
have not yet been assessed by behavioral experiments, but there have been detailed
investigations on temperature guided brood care behavior. Those are useful in addressing
whether the properties of cold-sensitive neurons match with the thermal requirements during
brood care.
We took the temperatures recorded in the nest as a rough estimation for the ecologically
relevant range (Figure III-1). The temperature preferences of C. rufipes workers for brood
location alternate in a daily rhythm between 28 °C and 32 °C (Weidenmüller et al., 2009) and
those temperatures were taken as the limits of the preference range during brood care.
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During brood care tolerance for increasing temperature in C. rufipes workers alternates
between 1.9 °C and 6.8 °C according to their circadian rhythm (Roces and Núñez, 1995).
The limit of the tolerance range was estimated by adding the highest temperature tolerance
(6.7 °C) to the upper limit of the preferred temperature range. The lower limit of the tolerance
range was estimated by subtracting the same temperature tolerance from the lower limit of
the preference range.
Ants build elaborate nests as shelters and individual workers leave the nest to accomplish
tasks like foraging, nest defense, scouting etc. Thus, as with cockroaches, we define ants as
“shuttler”.

Speophyes lucidulus
In contrast to the three aforementioned species, cave beetle larvae are found in habitats with
quite low and narrow temperature range. Temperature guided behavior in cave beetle larvae
has not been investigated and classification as “sitter” or “shuttler” is not applicable.
The larvae of the cave beetle Speophyes lucidulus inhabit natural caves where temperature
fluctuations are less than ±0.1°C/s (Corbière-Tichané and Loftus, 1983). Changes in steady
temperatures are slow and might need days or weeks to change climatic conditions to a
significant extend (Corbière-Tichané and Loftus, 1983).

Based on the ecological background of each species the following hypotheses are
formulated.
Insects that are exposed to a wide temperature range, independent of their classification as
shuttler or sitter species (locusts, cockroaches, ants), will exhibit a wider working range of
cold-sensitive neurons than insects experiencing in a narrow temperature range (cave
beetle).
If the sensitivity to code for steady temperatures is correlated with the width of the working
range of cold-sensitive neurons (ST-neurons), sensitivity might be determined by the
interplay of the dynamic range and the working range of single sensory neurons. The
dynamic range of a neuron is limited by energetic and neurobiological constraints. Assuming
a fixed dynamic range and an increasing stimulus range, the dynamic range has to cover a
higher number of different stimulus intensities and the sensitivity decreases. One possible
mechanism to overcome this interdependency could be an increased investment of energy
to increase the dynamic range.
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The sensitivity of neurons detecting transient temperature (TT-neurons) might be higher in
shuttling insects (ants, cockroaches) because of their active orientation within temperature
gradients. Alternatively, high sensitivity could be expected for insect species that are
confronted with less thermal fluctuations and a narrow dynamic range of stimulus intensities
and conjoined a high sensitivity to temperature changes.
The sensitivity of TT-neurons can be best described by analyzing the neuronal responses to
the temperature changing rate (Nagel and Kleineidam, 2015). For all four species the
temporal information about temperature stimuli are available and we analyzed the
physiological properties of the cold-sensitive neurons with respect to steady and transient
temperature. We normalized the data and compared the sensory systems with respect to the
thermal ecology of each species.
To our knowledge this is the first time that thermosensation across insect species is
compared with regards to sensory physiology and ecology.

III.2 Material and Methods
A comparison of the physiological properties of cold-sensitive neurons across four insect
species requires t normalization of physiological data. Based on past publications (Table
III-1), data was extracted using WebPlotDigitizer-software (WebPlotDigitizer 3.9, Ankit
Rohatgi, http://arohatgi.info/WebPlotDigitizer, Austin, Texas, USA).

III.2.1 Data acquisition via WebPlotDigitizer-software
Graphs of respective publications were converted into pixel based images. The
WebPlotDigitizer-software enables manual or automatic tracking of data points from a 2Daxis coordinate system. The obtained data was subsequently stored as text-file and
analyzed with R-software (R Core Team, 2014).
III.2.2 Dose-response curves for ST-neurons
We compared the dose-response curves of steady temperature detecting neurons (STneurons) of all four insect species. The comparison focused on the dynamic range, the
working range, differential sensitivity and resolving power of the different species specific
ST-neurons.
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The dynamic range of the neurons was estimated by calculating an exponential or
logarithmic regression and additionally a sigmoidal regression on the mean rate and the
correlating temperatures (Figure III-2a).
(I) Logarithmic regression

(II) Exponential regression

𝒚 = 𝒃 + 𝒂 ∗ 𝒍𝒍𝒍(𝒙)

𝒚 = 𝒕 − 𝒙𝒌

(III) Sigmoidal regression

𝒚 = 𝒍𝟏 +

𝒍𝟐 + 𝒍𝟏
𝟏 + 𝒆𝒎∗(𝑻𝑻−𝒙)

In all the three formulae (I, II, III), x was the steady temperature and y was the respective

neuronal activity of the ST-neuron (mean rate of APs). For the logarithmic regression, I
calculated a linear regression on the log-transformed temperature values whereby b was the

intercept with the y-axis (neuronal activity) and a the slope of the regression. The results of

the regression was applied on the steady temperature without log-transformation and could

only be applied when correlation of neuronal activity and increasing temperature was
positive (locust; Figure III-2a). In formula II, t was the maximum activity (upper limit of activity

range) and k the constant decay rate. The exponential decay could only be applied when

correlation of neuronal activity with increasing temperature was negative (cockroach, ant,
cave beetle larva; Figure III-2b-d). The sigmoidal regression was used independent from the
sign of correlation between temperature and neuronal activity. The application on positive
correlated data was possible when l 1 and l 2 were the lower and upper limit of neuronal
activity, respectively. For negative correlated data l 1 became the upper and l 2 the lower limit

of neuronal activity. In both cases m was a neuron specific constant and TP the turning point
of the sigmoidal regression.

Only in locusts, ST Lm -neurons showed a positive correlation of neuronal activity and
increasing temperature. Thus, we applied logarithmic (II) and sigmoidal (III) regressions
(Figure III-2a). The estimation of an extrapolated dynamic range of the ST Lm -neurons was
based on the biological relevant temperature limits and an upper limit for the dynamic range
was calculated for a temperature of 60 °C. The ST-neurons of cockroaches, ants, and the
cave beetle larvae exhibit a negative correlation with increasing temperatures and the
highest limit of the dynamic range was calculated for a temperature of 0 °C by an
exponential and sigmoidal regression (Figure III-2b-d).
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The exponential regression, and similarly the logarithmic regression, overestimated the
upper limit of dynamic range. On the other hand, the upper limit of dynamic range was
underestimated by the sigmoidal regression.
In locusts, we took the mean of the respective upper limits extrapolated from the logarithmic
and sigmoidal regression at 60 °C. The mean of the upper limits extrapolated from the
exponential and sigmoidal regression at 0 °C was the approximated upper limit of the
dynamic range in ST-neurons of cockroaches, ants and cave beetle larvae, respectively.
In Camponotus the dynamic range of ST-neurons was neuron specific (Nagel and
Kleineidam, 2015), but for consistency in argumentation we pooled the data of ST-neurons
(n=7) and calculated an exponential and sigmoidal regression as described. The data of 7
ST-neurons from Periplaneta extracted from Nishikawa et al. (1992) was pooled and
analyzed similarly.
The extrapolated working range of the ST-neurons was estimated by the interception point of
the exponential/logarithmic regression with the dynamic range boundaries (illustrated in
Figure III-2a).
The turning point of the sigmoidal regression indicated the temperature at which sensitivity
was highest. The slope at the turning point was normalized using the mean activity of the
dynamic range (illustrated in Figure III-2a).
The resolving power for ST-neurons in Periplaneta and Speophyes was calculated as
described in Nagel and Kleineidam (2015). The data of the 7 ST Pa -neurons were pooled and
the resolving power was calculated without discrimination by neuron identity, as this
information was not obtained from Nishikawa et al. (1992).
The rate of action potentials described by the extrapolated dynamic range, additionally gave
an estimate of how costly temperature coding might be for each species.

III.2.3 Sensitivity of TT-neurons
The direct comparison of the property to encode for transient temperature was achieved by
normalizing the differential sensitivity provided from literature. The differential sensitivity of
transient temperature encoding neurons (TT-neurons) was normalized using the mean
activity aforementioned for the normalization of the sensitivity of ST-neurons. The sensitivity
of the TT-neurons of C. rufipes (TT Cr -neuron) was calculated for a 10fold temperature range
(log-transformed stimuli, see Nagel and Kleineidam, 2015) and consequently we calculated
for each species the sensitivity to a 10fold change in temperature changing rate (Table III-1).
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III.3 Results

Figure III-2: Linear and non-linear dose-response curve of steady temperature encoding cold-sensitive
neurons (ST-neurons) of four insect species. The extrapolated dynamic range (grey) and the extrapolated
working range (blue) were estimated based on logarithmic (yellow) or exponential (purple) regressions.
Additionally a sigmoidal regression was fitted (green). The mean activity (light blue) was used to normalize the
highest differential sensitivity (slope of the turning point of the sigmoidal fit). a) Locusta migratoria (data obtained
from Ameismeier and Loftus, 1988; mean of 4 ST Lm -neurons) b) Periplaneta americana (data obtained from
Nishikawa et al., 1992; n= 7), c) ST-neurons of Camponotus rufipes (n=7), d) Speophyes lucidulus (data
obtained from Corbière-Tichané and Loftus, 1983; n= 1).

Locusta migratoria
One cold-sensitive neuron of the np-sensillum coeloconicum has been described in Locusta
migratoria (Ameismeier and Loftus, 1988; Ameismeier, 1985). In the tested temperature
range of 14 - 41 °C, this neuron coded for steady and transient temperature (ST/TT Lm neuron) (Ameismeier and Loftus, 1988).
The extrapolated dynamic range of the ST/TT Lm -neuron comprises neuronal activities
between 0 AP/s and 40.2 AP/s with a mean activity of 20.1 AP/s (Table III-1, Figure III-2a).
The extrapolated working range covers temperatures from 13.2 °C to 51.4 °C (38.2 °C)
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resembling temperatures experienced by locusts in open field (Table III-1, Figure III-2a).
Steady temperatures are encoded with a differential sensitivity of 6.4 % for a difference in
temperatures of 1 °C (Table III-1, calculated from Ameismeier and Loftus, 1988) and the
highest differential sensitivity is calculated at 24 °C. The resolving power as a measure for
the precision of the neuronal activity coding for different stimulus intensities is 4.7 °C (Table
III-1, Ameismeier and Loftus, 1988). Within its working range, the ST/TT Lm -neuron encodes
transient temperature with an increase in neuronal activity of 15 % for a 10fold change in
temperature changing rates (Table III-1).

Periplaneta americana
The physiological properties of two different cold-sensitive neurons in distinct sensilla on the
antenna have been investigated in P. americana (Loftus, 1969, 1968; Nishikawa et al.,
1992).
One of the cold-sensitive neuron (CH-cell) is associated with the non-porous (np) sensillum
S. capitulum together with a moist- and a dry-sensitive neuron (Loftus, 1969, 1968;
Nishikawa et al., 1992; Yokohari, 1981, 1978). The CH-cell codes for steady and transient
temperature (Nishikawa et al., 1992) and in the following we will refer to as ST/TT Pa -neuron.
Steady temperatures are encoded by a differential sensitivity of -14.5 % activity change for a
temperature difference of 1 °C (Table III-1, calculated Nishikawa et al., 1992) in a working
range spanning 13 °C from 16 °C to 29 °C (Nishikawa et al., 1992). The lower limit was not
assessed by physiological experiments, but the dose-response curve implies reduced
temperature sensitivity for temperatures below 16 °C (Nishikawa et al., 1992). We calculated
an extrapolated dynamic range of 0 - 30.8 AP/s (Figure III-2b, Table III-1). Thus, the
extrapolated working range spans from 8.9 °C to 31.3 °C (22.4 °C) and highest differential
sensitivity to steady temperatures is calculated at 24 °C.
Additionally, transient temperatures are encoded by an increase of neuronal activity of 59 %
for a 10fold temperature changing rate (Table III-1, calculated from Nishikawa et al., 1992).
A second cold-sensitive neuron is associated with a multi-porous sensillum (mp) also
housing olfactory sensory neurons (CO-cell; Nishikawa et al., 1992). The cold-sensitive
neuron codes for temperature transients (Nishikawa et al., 1992) and we will refer to as
TT Pa-neuron in the following.
Transient temperatures are encoded with a differential sensitivity of 41 % change of
neuronal activity for a 10fold temperature changing rate. The bell-shaped correlation of
resting activities to steady temperatures does not allow to code for steady temperatures
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except when activity is highest in the crest of the regression curves in a temperature range
between 22 °C and 27 °C (Nishikawa et al., 1992). Only marginal effect of steady
temperatures was shown in previous studies in which the working range between 7 °C and
40 °C of this neuron was assessed (Loftus, 1969, 1968).
Camponotus rufipes
In the ant Camponotus rufipes two different cold-sensitive neurons have been described for
the np-sensillum coelocapitulum (Nagel and Kleineidam, 2015). One of the cold-sensitive
neurons codes for transient temperature (TT Cr -neurons) and the second cold-sensitive
neuron codes for steady temperature (ST Cr -neuron), respectively.
The working range of the ST Cr -neurons between 27 °C and 33 °C in C. rufipes was
estimated by sigmoidal regressions on the neuronal activity (Nagel and Kleineidam, 2015).
The estimation of an extrapolated dynamic range and subsequently a extrapolated working
range was calculated to compare the sensory systems across insects and is in accordance
with the more detailed description of the physiological properties (Nagel and Kleineidam,
2015).
The extrapolated dynamic range predicts activity limits of 0 - 68.5 AP/s. An extrapolated
working range between 14.2 °C and 50.1 °C (35.9 °C) was calculated based on the dynamic
range (Figure III-2c). The ST Cr -neurons code steady temperature in this working range with
a differential sensitivity of -13.4 % for a temperature difference of 1 °C (Table III-1).
The extrapolated working range covers temperatures higher than estimated by
electrophysiological investigations as the neuronal activity of the ST Cr -neuron ceases on
average by 40 % (Nagel and Kleineidam, 2015). The resolving power for steady temperature
is on average 1.6 °C, and ST Cr -neurons vary greatly in their resolving power (Nagel and
Kleineidam, 2015).
The extrapolated working range of TT Cr -neurons spans 15 °C (22 °C – 37 °C) and steady
temperature did not change the sensitivity to transient temperature (Nagel and Kleineidam,
2015). The normalized differential sensitivity is on average 105 % (decreasing temperature)
and -32.33 % (increasing temperature) for a 10fold change in temperature changing rate.
Additionally, the detection threshold of the TT Cr -neurons has been determined in ants. This
value describes the minimum of temperature change that elicits a response above noise
level. Based on the detection threshold and the resolving power of a single neuron, the
smallest noticeable difference was calculated for decreasing temperatures (-0.017 °C/s) and
for increasing temperatures (0.008 °C/s) (Nagel and Kleineidam, 2015).
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Speophyes lucidulus
The encoding of steady and transient temperature (ST/TT Sl -neuron) was combined within
one cold-sensitive neuron in the so called “black-hair” sensillum. This np-sensillum in the
larvae housed additionally a warm- and a hygro-sensitive neuron (Corbière-Tichané and
Loftus, 1983; Loftus and Corbière-Tichané, 1987, 1981b).
The extrapolated dynamic range predicts mean rates between 0 - 18.9 AP/s and the
extrapolated working range covers temperatures of 5.6 - 15.1 °C (9.5 °C). The mean activity
of 9.45 AP/s was used for normalization of the differential sensitivities (Figure III-2d, Table
III-1).
The normalization resulted in a differential sensitivity for steady temperature of -24.5 % for a
temperature difference of 1 °C (calculated from Corbière-Tichané and Loftus, 1983). The
resolving power is 1.7 °C and indicates similar discrimination ability for steady temperature
as in the ant C. rufipes (Table III-1). The differential sensitivity to transient temperature
normalized to the same mean activity results in 48 % change in neuronal activity for a 10fold
temperature changing rate (calculated from Corbière-Tichané and Loftus, 1983).
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Table III-1: Morphology of thermo-sensitive sensilla and physiological properties of cold-sensitive
neurons across four representative insect species. Data was obtained directly from the mentioned
publications or extracted via WebPlotDigitizer-software and subsequent analyses with R-software (italic). The
extrapolated working range was calculated based on the extrapolated dynamic range for each species. The
normed sensitivity for steady temperatures was based on the sigmoidal regression and the mean activity
obtained for each data set. The same mean activity was used to normalize the differential sensitivity to negative
temperature transients. The values of the resolving power for steady temperature were taken from respective
publications or calculated (italic) following the formula from Ameismeier and Loftus (1988).
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III.4 Discussion
In general, the sensory system matched the ecologically and behaviorally relevant
temperature range in all four species. The extrapolated working range of the ST-neurons
reflected the bandwidth of temperature the different species experience in their habitat in the
wild and might be used to predict thermal demands of the species. It further provides the
basis for illustrating the thermal umwelt an insect perceives.

Figure III-3: Comparison of the temperature ranges by behavioral and physiological responses in four
different insect species. The working range of cold-sensitive neurons (intermediate red) covered the tolerance
range (intermediate green) in each species. In ST/TT Pa -neuron and ST Cr -neuron the extrapolated working range
(light red) showed the tendency to overestimate the experimentally assessed working range (intermediate red).
Bars in dark red represent the temperature at which sensitivity of ST-neurons was highest. The avoidance ranges
(dark green) were limited by lethal temperature, the tolerance range (intermediate green) was limited by observed
aversive behavior, and preferred temperature (light green) was defined by active seeking behavior. Note: In C.
rufipes the classification of behavioral temperature ranges was based on brood care behavior and the tolerance
range was estimated by adding the highest tolerance of 6.8 °C to upper bound and subtracting 6.8 °C from the
lower bound of the preference range. Due to the lack of data, a classification of behaviorally relevant temperature
by behavioral responses of S. lucidulus is not possible.
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The comparison of the physiological properties across the four species shows that locusts
exhibit the broadest working range of ST-neurons and are less sensitive and precise in
coding steady temperature conditions. The working range is most narrow and the sensitivity
for steady temperature is highest in the larvae of the cave beetle. The sensitivity of STneurons in cockroaches and ants is intermediate.
Our estimation of the extrapolated dynamic range and the normalized sensitivities allows for
the comparison of cold-sensitive neuron across species and a rough estimate of the costs
for temperature encoding in the neuronal system. The dynamic range is broader for steady
and transient temperature in ants compared to solitary insects. The question remains open if
a social context prerequisites a higher sensitivity and/or costs for temperature coding.

III.4.1 Representation of thermal environment by single cold-sensitive neurons
The extrapolated working range calculated for each of the four species matches the species
specific temperature range experienced in their respective habitat. The broadest
extrapolated working range was calculated for locusts (38.2 °C) an insect species living in
the open grassland. The extrapolated working range of cold-sensitive neurons in of Locusta
is similar to the extrapolated working range calculated for ants, 1.7fold broader than for
cockroaches and 4fold broader than for cold-sensitive neurons in the cave beetle larvae
(Table III-1).
The extrapolated working ranges of shuttling insects, like ants and cockroaches, differ from
their experimentally determined working range (Table III-1). In ants, the extrapolated working
range is close to the extrapolated working range of locusts. The experimentally determined
dynamic range only partially matches the extrapolated dynamic range (Figure III-3). On
average ST Cr -neurons cease only by 40 % of the upper limit of the dynamic range which
results in operating working range of 6 °C (27 - 33 °C; Nagel and Kleineidam, 2015) which is
6.3fold smaller than the extrapolated working range in locusts.
The working range of the cold-sensitive neurons match temperatures experienced in the
species specific habitats and might provide the basis for temperature guided behavior for
individual benefits like sunbasking and orientation on thermal landmarks. The ST-neuron in
ants rather matches the temperature range preferred during brood care (Weidenmüller et al.,
2009). The working range of the TT-neuron in Camponotus rufipes that was experimentally
determined (Nagel and Kleineidam, 2015, Table III-1), matches the temperature range
workers might tolerate during brood care (Figure III-3).
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The results might support the hypothesis that insects inhabiting a highly dynamic thermal
environment are adapted to code for a wide range of different temperatures occurring in the
open field on the sake of sensitivity (Locusta migratoria). Cold-sensitive neurons of insects
shuttling between stable and fluctuating environments have an intermediate working range
and sensitivity for steady temperature (Periplaneta americana, Camponotus rufipes). Coldsensitive neurons of insects living in stable thermal environment with a narrow temperature
range exhibit the narrowest working range and are most sensitive (Speophyes lucidulus). If
the high sensitivity is related to fitness benefits in a low and narrow temperature range in
their habitat, or a consequence of the smaller working range remains an open question.
In general, the working range of TT-neurons seems to represent the tolerated temperature
range in which insect species are active. In solitary insects, the detection of transient
temperature and steady temperature is combined within the same cold-sensitive neuron.
Interestingly, steady temperature conditions are only encoded unambiguously in np-sensilla
(Table III-1) which are common sensilla across arthropod. The fact that encoding of steady
temperature is only found in np-sensilla might point to a highly conserved transduction
mechanism.
The working range and the encoded information about steady temperatures by the ST/TT Pa neuron might correlate with the temperature preference of single cockroaches and trigger
behavioral responses during temperature seeking and orientation in thermal gradients.
The working ranges of the ST/TT Pa -neuron and TT Pa -neuron overlapped and small
temperature changes are detected by both neuron types. The integration of information
about transient temperature might increase the detection of small temperature changes and
allow for orientation within a thermal gradient. The information about transient temperature
might be used to detect the gradient of environmental temperature and information about
steady temperature is used to detect distinct temperature levels.
If temperature in the environment is below or above the working range of the ST/TT Pa neuron, only the TT Pa-neuron provides information about transient temperature. The
combined information of the ST/TT Pa-neuron and TT Pa-neuron might encode the valence of
temperature (activity level of ST/TT Pa -neuron) and still provide information for orientation
(transient temperature encoding by TT Pa -neuron).
Whether temperature preference is correlated with the temperature at the crest of the bell
shaped dose-response curve of the TT Pa -neuron like in the camel cricket (Nishikawa and
Ishibashi, 1985), has not been investigated.
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The separation of information about steady temperature and temperature transient in ST/TTneurons can only be achieved over time. Whereas the instantaneous phasic response is
elicited by transient temperature, the tonic frequency (following the phasic response)
correlates with the steady temperature. Consequently, the rate of action potentials only
codes for steady temperature when thermal conditions are not fluctuating. Aggravatingly, in
most ST/TT-neurons the sensitivity to transient temperature depends on steady
temperatures e.g. in locusts (Ameismeier and Loftus, 1988).
Only in ants, distinct cold-sensitive neurons code for different parameters of temperature
within the same sensillum. This separation might allow the extraction of parameters of the
thermal environment already at the periphery for specific tasks.
If the parallel extraction of distinct temperature information is characteristic for ants or rather
associated with a social life-style of insect species remains an open question.
It might be less important to code separately for different parameters of temperature
information if steady and transient temperature information are needed for distinct behavioral
patterns like orientation in the environment or sunbasking (Evans, 2010; Heinrich, 1996;
Herter, 1953; Lazzari and Núñez, 1989; Schmitz et al., 2015; Strathdee and Bale, 1998).
In solitary insects, the detection for suited temperature conditions might be assessed by
integrating sensory information from the thermal environment and internal sensors e.g. for
metabolism rate or body temperature (Frank et al., 2015; Gallio et al., 2011; Liu et al., 2015;
Tang et al., 2013). The decision for thermoregulatory behavior to increase or decrease body
temperature would be made on the basis of such integrated external and internal
information.
In social insects, the same principle might apply for adult ants, but the need for precise
temperature detection is extended as they take care for their immobile brood (Bollazzi and
Roces, 2002; Jones and Oldroyd, 2006; Roces and Núñez, 1995, 1989; Steiner, 1929;
Weidenmüller et al., 2009). Internal information about the thermal needs of single brood
items might not accessible and the behavioral responses during brood care might therefore
require exclusive coding of steady and transient temperature to allow immediate and
adequate responses for the benefit of the brood. Further investigations of thermosensation in
insects might reveal if the parallel extraction of temperature information is correlated with a
social life-style across insect species.
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III.4.2 Transient temperature encoding
Ants show a remarkable differential sensitivity to temperature changing rates (Nagel and
Kleineidam, 2015) and are most sensitive when compared to other insect species (Table
III-1). It has been proposed that stable climatic conditions inside the nest might increase
performance of thermosensation in social insects (Herter, 1953). The results for the ST- and
in particular for the TT-neurons in C. rufipes support this hypothesis.
Still, the reasons for such a high sensitivity of the sensory neurons are unclear. Do we find
evidence for the hypothesis, that a narrower working range allows the exploitation of the
dynamic range on finer scales?
It would be expected that insects living in a stable temperature environment show a higher
differential sensitivity in TT-neurons due to the narrow intensity range of stimuli. This would
allow exploitation of the dynamic range over smaller range of stimulus intensities. Therefore,
TT-neurons could be highly sensitive to transient temperature, because amplitudes and
temporal dynamics of transient temperature are low. The working range of ST- and TTneurons is highly divers across insects (Table III-1), and differential sensitivities do not show
obvious correlation to the width of the working range. Thus, the first hypothesis, that the
combination of the dynamic range and the working range might determine the differential
sensitivity of cold-sensitive neurons seems to be unsubstantiated.
Is the higher sensitivity to transient temperature an adaptation to the needs of detecting
minute temperature changes because of fitness benefits? The differential sensitivity of TT Cr neurons is almost double compared to solitary insects. Their putative role in orientation
during brood care supports the idea that differential sensitivity is higher because of fitness
benefits. Ants might use information about minute temperature changes for orientation when
translocating brood items to the most suitable places inside their nest. As ants build
elaborate nest structures to improve climatic conditions in their nest, minute temperature
changes might also trigger (re)-construction of nest architecture.

III.4.3 Costs of neuronal activity encoding steady temperature
The costs of spike generation and thus neuronal activity was estimated in cortical neurons of
rats and humans (Attwell and Laughlin, 2001; Lennie, 2003). The overall costs of neuronal
activity in cortical neurons are a combination of the costs for generating action potential,
postsynaptic potentials, propagating action potentials, neurotransmitter release/uptake, and
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restoring/maintaining the neurons` resting potential by Na/K-pump activity (Attwell and
Laughlin, 2001; Lennie, 2003).
Although postsynaptic processes are not applicable in sensory neurons, principals of
neuronal mechanisms hold true for sensory neurons in insect and costs of signal
transduction at the outer dendritic segment have to be taken into account.
Taken together, an increasing neuronal activity reflected by the rate of action potential
correlates with increased energy consumption (Attwell and Laughlin, 2001; Lennie, 2003).
The absolute activity of cold-sensitive neurons across insect species varies greatly. In the
ant ST Cr -neurons the upper limit of the experimental assessed dynamic range is about
70 AP/s and the lower limit about 10 AP/s (Nagel and Kleineidam, 2015, Table III-1). On the
other hand, neuronal activity in ST Sl -neurons (cave beetle larva) does not exceed 10 AP/s
by the estimation of the extrapolated dynamic range (Table III-1). The extrapolated dynamic
ranges of ST Lm -neurons (Locusta) and ST Pa -neurons (Periplaneta) are intermediate based
on absolute mean rates (Table III-1). Consequently, ants invest more energy in the neuronal
activity of ST-neurons than cave beetle larvae, migratory locusts or cockroaches.
The question arises, why ants can afford a costly neuronal activity level and what could be
advantageous of exhibiting a broad dynamic range.
Nutrition provides energy that is used by an organism to maintain function and successful
reproduction. As social insects, ants live in colonies and reproduction is achieved by queens
and males. As single workers usually do not reproduce, a single ant increases its inclusive
fitness only by rearing sexuals of the next generation.
Most ant species are central place forager and food is stored in their nests. The storage of
food enables the access to nutrition when conditions outside the nest are harsh and
availability of food becomes unpredictable. Ants might afford high costs for their sensory
system because of the reliable access to nutrition as energy supply.
Cave beetle larvae show the lowest activity levels, whereas the cockroach and the migratory
locusts have an intermediate costly sensory system. This supports the hypothesis that the
availability of food and nutrition are restricting the upper limits of neuronal activity.
The advantage of a broad dynamic range might be that the working range stays plastic and
could be modulated due to the instantaneous needs. In ants, the dynamic range of STneurons in foragers and scouts outside the nest might be different than the dynamic range in
individuals operating inside the nest. Investigations of individuals performing distinct tasks
might reveal if task allocation is reflected in the ST-neurons in C. rufipes.
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ST Sl -neurons are most sensitive to steady temperature. As the larvae of cave beetles are
adapted to their cold environment, we assume that their overall physiology and development
is adapted to cold temperatures. Still, temperature will play a crucial role in their
development as in all insect species. The need to detect steady temperature and code for
fine scale differences are maybe most important in larval stage, or in the case of ants, during
brood care. The needs to detect steady temperatures for development might be reflected in
the increased differential sensitivity in worker ants and cave beetle larvae compared to other
solitary and adult insects.
A high resolution and discrimination ability for distinct steady state temperature would be
needed to assess most suitable temperature conditions for development. The ability to
discriminate temperatures might be based on the resolving power of the ST-neurons. Most
critical parameter for the calculation of the resolving power is the differential sensitivity and
the noise of the neuronal activity.
As we find similar resolving power in cave beetles and ants, differential sensitivity alone
does not predict the resolution ability of single cold-sensitive neurons. Cave beetle STneurons are more sensitive to steady temperature than ST-neurons in C. rufipes, but the
noise level seems to be increased resulting in a similar resolving power. If the neuronal
network upstream of ST-neurons might cope with the noise level and therefore improve the
discrimination ability in Speophyes larvae by computational processing remains an open
question.
Taken together the working range might be directly linked to the dynamic range, but
sensitivity is not predicted by the width of the dynamic range. Cave beetle ST-neurons have
a much smaller dynamic range as other insects, but outcompete other ST-neurons by their
high differential sensitivity.

III.4.4 Modulation of individual behavior reflected by modulation of sensory physiology?
The valence of temperature conditions can be roughly divided into noxious, neutral and
preferred temperature (following Mazek-Fialla, 1941 cited in Herter, 1953). The distinction by
behavioral and ecological means is a rough estimation of the valence of different
temperature conditions for different insect species. The valence of temperatures depends on
multiple factors like nutritional state, humidity levels, developmental state etc. (Chapman,
1955; Clark, 2014; Herter, 1953; Makings, 1987; Wang and Kang, 2003).
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Do modulations in behavior correlate with modifications in the sensory system? Changes in
the sensory system will have an impact on the percept of temperatures and might lead to
changes in behavior. Alternatively, if no modifications in sensory system will be observed,
changes in behavior are mainly mediated by information processing and behavioral patterns
generation in higher brain centers. Temperature experience during development changes
the tolerance and preference range for temperature (Wang and Kang, 2003; Weidenmüller
et al., 2009).
In L. migratoria, the survival at low temperature was increased when eggs were exposed to
critical low temperature (cold hardening effect) (Wang and Kang, 2003). This cold hardening
effect might have a crucial impact on the valence of different temperatures in the adult. The
tolerance range and preference range for temperatures might be shifted or broadened and
corresponding changes in the sensory system would be expected.
In locusts, the infection with pathogenic fungi shifted the temperature preference to higher
temperature eliciting a so called “behavioral fever” (Boorstein and Ewald, 1987; Ouedraogo
et al., 2003; Zimmer, 2001). Do the physiological properties of cold-sensitive neurons
change accordingly to the manifestation of the behavioral fever? The comparison of coldsensitive neurons of infected and uninfected individuals might reveal neuronal correlates in
the sensory system reflecting differences in temperature preferences. If so, the temporal
analyses of behavioral changes and changes in the sensory system might reveal if the
sensory system is modulated prior or posterior to behavioral changes.
In C. rufipes, temperature experience during development has a crucial impact on
temperature guided behavior in later life (Weidenmüller et al., 2009). The temperature
preference and the behavioral response threshold during brood care were altered when
pupae of C. rufipes were exposed to different temperature (Weidenmüller et al., 2009). If the
ST Cr -neuron triggers brood care behavior, corresponding changes in the physiological
properties of the ST Cr -neurons are expected.
In ants, the temperature preference is alternating in a circadian rhythm (Roces and Nunez,
1996; Roces and Núñez, 1995, 1989; Roces, 1995). The changes in temperature preference
might be mediated by circadian changes in the sensory system as it was observed in other
sensory systems (Flecke et al., 2006; Merlin et al., 2007).
We found first indication of changes in the detection threshold of TT Cr -neurons over the
course of the day. We analyzed the physiological properties of the TT Cr -neurons with respect
to daytime and found that the detection threshold for decreasing temperature is decreased
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around 2pm (data not shown). The decreased detection threshold reflects a higher
(absolute) sensitivity of the TT Cr -neurons to negative temperature changes.
Over the course of the day the temperature preference during brood care is changing in C.
rufipes with an approximately sinusoidal rhythmicity (Weidenmüller et al., 2009, A. Falibene,
personal communication). This sinusoidal rhythmicity of temperature preference seems to be
interrupted by a sudden shift to higher temperatures around 2pm (A. Falibene, personal
communication).
The increased absolute sensitivity for negative transient temperature in TT Cr -neurons might
be a “push”-mechanisms to higher temperatures around 2pm mediated by increased
sensitivity to decreasing temperature. Such a push-push mechanism was described for D.
melanogaster where antagonistically active warm- and cold-sensitive neurons are assumed
to mediate the boundaries of the preferred temperature range (Frank et al., 2015; Gallio et
al., 2011). It will be interesting to see to which extend cold-sensitive neurons match and/or
might be the basis for modulations in temperature guided behavior in individuals.
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Discussion
The aim of this thesis was to examine the relationship between the physiological properties
of thermo-sensitive neurons in the antenna and temperature guided behavior in the ant
Camponotus rufipes.
The investigation of the S. coelocapitulum in C. rufipes revealed two sensory neurons that
increase their activity with decreasing temperature (cold-sensitive neurons). This is the first
time that two sensory neurons sharing the same stimulus but encoding for distinct
parameters were found for thermosensation. In other cold-sensitive neurons, steady
temperature and transient temperature had an impact on the neuronal responses and
unambiguous coding for either steady temperature or transient temperature were not
observed (Ameismeier and Loftus, 1988; Corbière-Tichané and Loftus, 1983; Loftus and
Corbière-Tichané, 1987, 1981b; Loftus, 1969, 1968, 1966; Merivee et al., 2003; Must et al.,
2006a, 2006b; Nishikawa and Ishibashi, 1985; Nishikawa et al., 1992).

Two cold-sensitive neurons code for distinct parameters of
temperature information
The elaborate analyses used for the ST Cr - and the TT Cr -neuron in the aforementioned study
have only rarely been used in the past (Ameismeier and Loftus, 1988; Loftus and CorbièreTichané, 1981b; Zopf et al., 2014). Most studies on sensory systems, irrespective of the
modality, assumed an instant stimulus. Such a sudden change in stimulus intensities is only
possible for mechanical stimuli like touch or in acoustics. In other senses, stimulus
intensities more often change with an exponential/logarithmic decay (e.g. see Chapter 1).
Phasic-responses of sensory neurons correlate with the change in stimulus intensities and,
therefore, the instantaneous frequencies were used for calculating the phasic responses
(e.g. see Chapter 1). As the instantaneous frequency is used as a measure for neuronal
responses to transient stimuli, a correct correlation of neuronal activity and the respective
stimulus requires incorporating the instantaneous stimulus dynamics. Simultaneous
monitoring of stimulus dynamics depends critically on the measuring devices for different
stimuli and modalities, which often makes it challenging.
The assumption that temperature changes happen in an instant has led to an overestimation
of the instantaneous temperature change that acts on TT-neurons. Consequently, the
differential sensitivity for transient temperature was overestimated in various species.

84

Discussion

In my study, I describe the physiological properties of ST Cr - and TT Cr -neurons with direct
incorporation of the stimulus dynamics. This results in a better understanding of the
effectively encoded stimulus and the performance of the sensory system.
The detection threshold (absolute sensitivity), the differential sensitivity (coding of intensities)
and the resolving power (precision of sensory information coding) that might allow a better
understanding of the percept of animals and to draw conclusions for their behavioral
significance. It will be interesting how the different information parameters provided by single
sensory neurons will be integrated in decision making during orientation behavior.
The detailed description of the sensory physiology in vivo will also help to better interpret the
results of in vitro analyses of receptor proteins and transduction mechanisms.

Do np-sensilla fill the gap in dw-, sw-sensilla phylogeny?
Non-Porous (np) sensilla can be found all across arthropod species. The received modalities
are either mechanical forces (including proprioception) or information about humidity and
temperature (Altner and Prillinger, 1980; Altner, 1977; Altner et al., 1983; Haug and Altner,
1984; Moran, 1971; Pringle, 1955, 1938; Spinola and Chapman, 1975; Yokohari, 1983;
Zacharuk and Shields, 1991). In crustaceans mp-sensilla are missing and np-sensilla are
associated with chemosensation, possibly by diffusion of molecules through the cuticle of the
aesthetasc sensilla (Groh-Lunow et al., 2015; Hallberg et al., 1997, 1992).
General features of np-sensilla are transduction mechanisms that involve a mechanical
signal transduction found for proprioception (S. campaniform; Liang et al., 2013) and
hygrosensation (S. capitulum; Yokohari, 1978). Whether thermo-sensation in np-sensilla is
linked to thermo-mechanical transduction mechanisms is still an open question, but seems
rather unlikely (chapter 2). It will be interesting to see how molecular and morphological
adaptations interact for species and modality specifics needs.
The investigation of the transduction mechanisms for thermosensation in np-sensilla might
additionally provide the evidence for the phylogenetic origin of mp-sensilla.
The origin and phylogenetic relationship of porous sensilla types are still under debate. At
least two alternative hypotheses of the evolution of dw-mp and sw-mp sensilla in insects can
be formulated (Figure D-1, Altner et al., 1983; Benton et al., 2009; Keil, 1999). One
hypothesis proposes the sw-sensilla as ancient type of mp-sensilla as dw-sensilla were not
described in more basal insects and their sister taxon, the Entognatha (Hypothesis I; Altner
et al., 1983; Keil, 1999). On the other hand, molecular findings in D. melanogaster revealed,
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that ancient IR-receptor (ionotropic glutamate receptor) proteins are associated with dwsensilla and might be an indication that dw-sensilla are ancient (Hypothesis II; Benton et al.,
2009).

Figure D-1: Schematic of sensilla phylogeny. “Hypothesis I” proposes sw-sensilla as ancient and dw-sensilla
as derived mp-sensillum type. Indications are the lack of dw-sensilla in basal insects and their sister taxon
(Entognatha) (Altner et al., 1983; Keil, 1999).” Hypothesis II” supposes the dw-sensilla as ancient because of the
expression of ancient ionotropic glutamate receptor proteins (IR-receptor proteins) in D. melanogaster (Benton et
al., 2009). Bottom: Sensilla in the focus of this study are allocated below the respective sensilla types. The S.
coeloconicum and S. ampullaceum are dw-mp sensilla with a peg-in-pit morphology. The S. coelocapitulum is an
np-sensillum with a peg-in-pit morphology. The S. campaniform is an np-fs sensillum lacking any peg-in-pit
structure. Dw= double-walled, sw= single-walled, fs= flexible socket, is= inflexible socket, tp= terminal pore,
mp= multi-porous, np=non-porous.

Irrespective of the origin of chemo-sensitive sensilla in insects, np-sensilla associated with
detection of physical modalities are scarce on insect antennae and quite conserved in their
morphological traits. Interestingly, np-sensilla of D. melanogaster are only described within
the sacculus of the antenna (Shanbhag et al., 1995). Expression of IR-receptor proteins in
the sacculus at the site of np-sensilla location (Benton et al., 2009) might indicate a further
receptor-protein family involved in hygro-/thermosensation.
The arista is a second non-porous sensory structure at the periphery and its associated
sensory neurons are involved in temperature sensation (Gallio et al., 2011; Shanbhag et al.,
1999). Although D. melanogaster is a suited model organism for a variety of interesting
research, including sensory transduction mechanisms, electrophysiological investigations of
np-sensilla are not accomplished yet because of their location in the sacculus.
If we find conserved transduction mechanisms for thermosensation in np-sensilla and dwsensilla in different insect species, a close relationship of the two distinct sensilla types might
support the hypothesis that sw-sensilla are derived from dw-sensilla (Figure D-1, Benton et
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al., 2009). Opposite findings will support the alternative hypothesis, that dw-sensilla are
derived from sw-sensilla (Figure D-1, Altner et al., 1983; Keil, 1999). Molecular investigations
of the transduction mechanisms of np-sensilla might therefore reveal a phylogenetic link
between mechano-sensitive and hygro/thermo-sensitive neurons in np-sensilla.

In my study, I could show how cold-sensitive neurons in ants code for distinct parameters of
environmental temperature. Additionally, I compared it directly with cold-sensitive neurons of
different insect species. Such a comparison reveals possible adaptations or extraordinary
abilities of sensory systems.
Ants and larvae of solitary insects showed the highest differential sensitivity for steady
temperature and the precision of their cold-sensitive neurons are very similar. This higher
sensitivity might therefore be an adaptation for the developmental needs of larvae (cave
beetle) and in brood tending adults (ants).
The working range of the cold-sensitive neurons in each species correlates with the
tolerance range for temperatures and they might function as matched sensory filters. Such a
comparative approach allows interpreting sensory information coding with respect to
ecological and behavioral relevance of temperatures.
It will be interesting to investigate how matched sensory filters are manifested by molecular
transduction mechanisms and morphological traits.
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wurden und werden nur ermöglicht durch den unermüdlichen Einsatz von Mäggie HieberRuiz und Daniel Piechowski. Ihr beide seid/wart einfach großartige Begleiter, mit denen
man über Alles reden konnte und ihr habt Probleme stets aus dem Weg geräumt haben.
Einen Herzlichen Dank den Mitarbeitern des EMC (Elektronenmikroskopie Center) der
Universität Konstanz: Michael Laumann, Lauretta Nejedli und Jochen Hentschel. Die
Zusammenarbeit und euer Einsatz waren einfach großartig, auch wenn die Datenerhebung
zur Sensillenmorphologie manchmal unerreichbar schien. An dieser Stelle möchte ich mich
auch bei Lasse King und Anna Rist für ihre Hilfe bei der Datenerfassung am FIB-FESEM
und TEM bedanken.
Meinen besonderen Dank möchte ich „einer Gruppe von einer Person“ ausdrücken. Kristina
K. K. N. A. V. G. E. K. Dylla, deine Leidensbereitschaft scheint keine Grenzen zu kennen.
Viel Spaß (Entweder ich trink jetzt `nen Liter Milch - ), Beistand (Schaffst du`s noch nach
Hause? Deine Augen sind so rot.) und wissenschaftliche Diskussionen (Gnus und Zebras)
haben unsere Beziehung in den letzten Jahren geprägt. Vielleicht sollte Namika deiner
Namenssammlung beigefügt werden.
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Meine gesamte wissenschaftliche Arbeit und mein Aufenthalt in Würzburg/Konstanz wären
nicht möglich gewesen, ohne meine Eltern Ursula und Günther Nagel. Es soll mir
verziehen werden, dass ich hier nicht die richtigen Worte dafür finde, wie sehr ich euch
danke. Daher in einfachen Worten: Meinen tiefsten Dank und meine größte Wertschätzung
gegenüber den besten Eltern, die ich mir vorstellen kann!
Und wenn ich schon dabei bin... Meiner Schwester Daniela Nagel danke ich für die
Leihgabe ihres Teddys vor etwa 30 Jahren, der mich seitdem überallhin begleitet (auch nach
Konstanz). Deinen (un)gewollten Zuspruch und deine bedingungslose Zuneigung werde ich
wohl nie missen müssen. Und das ist auch gut so!

Die letzten Zeilen widme ich meinem Fels in der Brandung, Axel Fischer. Ich könnte hier
weitere Seiten füllen, um deine Qualitäten hervorzuheben und meinen Dank dir gegenüber
auszudrücken. Das lass ich mal lieber. Besonders dankbar bin ich aber für deinen Gleichmut
gegenüber meinen Launen und dafür, dass du mir immer wieder den Kopf gerade rückst
wenn es mal wieder nötig ist. Danke, dass es dich gibt und für die wundervollen Zeiten mit
dir.
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