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Introduction

All living organisms are driven by their need to survive, 
and many come equipped with mechanisms to integrate 
information into adaptive decisions that will foster sur-
vival. These decisions often involve trade-offs between the 
value of a potential resource, such as food or mate, against 
other risks, including a predatory or conspecific attack 
(e.g., Lima and Dill 1990). Since decisions are made in 
the nervous system and activation of discrete neural cir-
cuitry determines behavioral action, there is great urgency 
to better understand the underlying neural basis. Specifi-
cally concerned with value-based decisions, this has led to 
a new research field termed “neuroeconomics” (Glimcher 
and Rustichini 2004; Camerer et  al. 2005). Mechanisms 
related to decision making in humans have been uncov-
ered using functional magnetic resonance imaging (fMRI), 
and some studies have linked both intrinsic factors such as 
current emotional state, sleep deprivation, and perceived 
social status (Harrison and Horne 2000; Sanfey et al. 2003; 
Heekeren et al. 2004; Marsh et al. 2009), as well as extrin-
sic factors, such as risk, time, and reward quality to deci-
sion making (Doya 2008). In addition, in human studies 
it was found that activity in certain decision-related brain 
areas correlates not only with the presence of a reward, but 
it scales with its magnitude (Sanfey et al. 2006), while yet 
other brain areas are associated with decision making under 
uncertainty (Platt and Huettel 2008).

However, studies in humans are limited to noninvasive 
methodology, which restricts the quality and amount of 
information that can be gathered (Logothetis 2008), and 
since evidence suggests that risk assessment and decision-
making processes are produced in similar fashion across 
taxa, non-human primates, rodents, birds, and other ver-
tebrate species have been used to study neuroeconomics 
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(Glimcher et  al. 2004). However, the neuronal pathways 
that connect decision-making neurons to other brain areas 
and to motor neurons that drive behavior often remain elu-
sive (Kristan 2008).

Thus, using invertebrate models to better understand 
decision making provides many unique advantages. The 
nervous systems are of lower complexity and contain large, 
accessible, and individually identified neurons that link 
directly to behavioral output (Herberholz and Marquart 
2012; Gaudry and Kristan 2012; Dickinson et  al. 2015; 
Crossley et al. 2016). When threatened, crayfish often acti-
vate escape tail-flips that propel the animals away from 
the danger signal and are mediated by well understood 
neural circuits, two of which are controlled by identified 
giant interneurons (Wine and Krasne 1972; Edwards et al. 
1999; Herberholz et al. 2004). Tail-flips in response to sali-
ent visual danger signals are generated by the medial giant 
(MG) interneurons, which upon activation, are sufficient to 
generate the entire behavioral escape sequence (Liden and 
Herberholz 2008). During a shadow-evoked tail-flip, the 
MG neurons produce an action potential large enough to 
be detected outside the animal by a pair of bath electrodes 
located in the water, which permits simultaneous behavio-
ral and neuronal analysis in freely behaving juvenile cray-
fish (Herberholz et al. 2001; Liden and Herberholz 2008).

Studies of escape behavior produced in response to mov-
ing shadows are relatively sparse. However, different insect 
and crustacean species have been productive models for 
identifying discrete visual pathways for perception of loom-
ing danger signals (e.g., a fast-expanding disk presented on 
a monitor), and in some cases individual “trigger” neurons 
and their downstream connections to motor control units 
for escape (e.g., Fotowat and Gabbiani 2007; Oliva et  al. 
2007; Card and Dickinson 2008; Herberholz and Mar-
quart 2012). Moreover, the internal state of the animal (i.e., 
arousal) and the biochemistry involved in the behavior have 
been investigated in a few studies (e.g., Rind et al. 2008), 
and more naturalistic predator signals have been used in 
both the laboratory and the field (Hemmi and Tomsic 2012; 
Santer et al. 2012). In mice, it has been shown that loom-
ing stimuli displayed above the animals elicit either flight 
or freezing and this was dependent on the parameters (e.g., 
speed) of the stimulus (Yilmaz and Meister 2013). In addi-
tion, it has recently been reported that a looming stimulus 
(simulating an attacking predator) reliably induced flight 
responses into a refuge in the cage, whereas a black disk 
sweeping across an overhead screen (simulating an aerial 
predator cruising above the mouse) primarily evoked freez-
ing behavior; thus, the animals made discrete behavioral 
decisions depending on the significance of the perceived 
threat (De Franceschi et al. 2016). It has also been reported 
that fruit flies (Drosophila) exposed to overhead shadows 
produced freezing behavior, and flies exposed to multiple 

shadow repetitions were slower to return to a food source 
than animals exposed to only a few shadow repetitions 
(Gibson et al. 2015).

Crayfish have many predators, including birds, fish, and 
mammals, all of which attack from above and are likely to 
cast shadows (Englund and Krupa 2000; Davis and Huber 
2007; Tablado et al. 2010; Wolff et al. 2016). We recently 
demonstrated that foraging juvenile crayfish that approach 
an expected food reward will respond to an approaching 
shadow (that moves within a certain velocity range) with 
only one of two discrete and incompatible behaviors: They 
will either freeze in place, or produce an escape tail-flip, 
a rapid flexion of the tail that propels the animal back-
wards, away from both the approaching shadow and the 
expected food reward (Liden and Herberholz 2008). Alter-
ing extrinsic environmental factors, such as the velocity 
of an approaching shadow and the quality of the expected 
food reward influenced escape decisions, i.e., freezing or 
tail-flipping (flight) in crayfish (Liden et  al. 2010). Cray-
fish were less likely to tail-flip away from faster shad-
ows and selected freezing instead, and once the shadow 
speed exceeded their reaction time for a successful tail-
flip escape, they almost never activated this behavior and 
defaulted to freezing instead. In addition, when a stronger 
food reward was presented (a higher concentrated food 
odorant in the water), crayfish also decided to freeze more 
and suppress tail-flipping. When the shadow signal was 
made more dangerous by adjusting its velocity, however, 
animals reversed to more tail-flipping despite the presence 
of higher food value (Liden et al. 2010). Freezing keeps the 
animal closer to the expected food, while tail-flipping pro-
pels it away, and it takes animals much longer to eventually 
reach the food source in the tank after a tail-flip. Because 
freezing is hypothesized to be the more risky option, these 
results support the notion that crayfish carefully balance 
costs (predation risk) and benefits (food reward) before 
selecting the most adaptive behavioral action, suggesting 
that they are capable of economic decision making (Liden 
et al. 2010). Thus, our earlier work has shown that crayfish 
make fast decisions based on the integration of multimodal 
sensory information, and they adjust their decisions based 
on calculating the values of different behavioral outcomes. 
The current paper expands on this concept.

Our new research presented here for the first time inves-
tigates the combined effects of altering crayfish food sati-
ation levels, an intrinsic state, and varying levels of food 
quality, an extrinsic factor, on crayfish decision making 
in response to threatening shadows. We found that sati-
ated animals were more likely to exhibit tail-flip escape 
responses when exposed to shadows, propelling them far-
ther away from the food source, while unfed animals were 
more likely to freeze and stay close to the food. When we 
increased the value of the expected food reward, we found 
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that animals tail-flipped less, though this effect was only 
mildly affected by their hunger levels. Together this sug-
gests that under our experimental conditions, energy state 
of the animal is the dominating factor in regulating behav-
ioral decisions.

Materials and methods

Animals

Juvenile crayfish (Procambarus clarkii), sized 3–4cm in 
length from rostrum to telson, were obtained from a com-
mercial supplier (Atchafalaya Biological Supply Co.). 
They were housed in large aquaria (H: 31  cm, L: 32  cm, 
L: 76 cm) in groups of up to 50 animals. Animals were fed 
every Monday and Thursday, scattering approximately one 
food pellet (Ocean Nutrition Formula One) per animal into 
the aquarium. All animals spent a minimum of one week 
in communal aquaria and experienced a minimum of two 
communal feedings before they were used in experiments. 
Temperature in the room was controlled, and the light/dark 
cycle was set for 12h/12h. Each animal was only used once, 
and no animal was injured in any of the experiments.

One day before the experiments, animals were taken 
from communal aquaria, measured and sexed, and isolated 

in smaller plastic tanks (H: 10.5 cm, W: 11 cm, L: 17.5 cm), 
which were filled with 1L of water and covered with a plas-
tic lid. Each tank contained an air stone, which was con-
nected to an air pump to provide oxygenation. Upon isola-
tion, animals were assigned to one of two groups (“fed” or 
“unfed”). Animals belonging to the fed group were given 
three food pellets (mass = 50 mg) at the time of isolation, 
while the unfed animals were not given any food. Animals 
were kept in isolation overnight and then tested the next 
day. Animals were tested either two or three days after their 
last communal feeding, which did not affect the experimen-
tal results.

Experimental setup

The shadow experimental setup was identical to the version 
previously described (Liden and Herberholz 2010; Fig. 1a). 
The experimental tank (H: 22 cm, L: 36.5 cm, W: 21.5 cm) 
was separated into a tunnel chamber (H: 3.5 cm, L: 24 cm, 
W: 5.5 cm), which was covered by a clear plastic lid, and 
a starting chamber (H: 10 cm, L: 6.5 cm, W: 10 cm). The 
starting chamber was separated from the tunnel by a remov-
able door (H: 7.8  cm, W: 7.5  cm, L: 0.6  cm), which was 
made of a translucent plastic with a hole drilled through the 
center of the top of the door. A string was tied through the 
hole as a handle to remove the door. In the tunnel, opposite 

Fig. 1   Experimental setup 
and design. a Schematic of the 
experimental tank. The crayfish 
is depicted in a location that 
would initiate the release of the 
shadow. b Five still images from 
a video recording illustrating 
an exemplary trial. The animal 
leaves the start compartment 
and begins foraging (b1), 
the animal reaches the bath 
electrodes (b2), the shadow 
sweeps across the tank (b3), the 
animal tail-flipped and is in a 
more rearward position before 
it re-initiates foraging (b4), the 
animal reaches the food odorant 
release point at the end of the 
tank (b5)

a

Inflow
(food odorant  
mixed in water)

Bath electrodes

Start 
compart-

mentTunnel

Ground

Photodiodes
(175 mm)

80 mm

Shadow

b
b1 b2 b3

b4 b5



226	 J Comp Physiol A (2017) 203:223–232

1 3

from the starting chamber, was an opening in the plastic lid 
where a polyethylene inflow tube (0.5  cm diameter) was 
attached.

A “regular” (1×) stock solution of food odorant was cre-
ated by dissolving 1  g of food pellets in 1L of deionized 
(DI) water for one hour using a stir plate (Corning Inc.) and 
subsequently filtering the water using filter paper to remove 
any particulates. A stronger concentration of stock solution 
was prepared by using 4 g of food pellets dissolved in 1L 
of DI water (= high food odorant; 4 × concentration). The 
experimental solution of food odorant was always created 
by mixing 400  mL of the stock solution with 9.6  Lof DI 
water in a large reservoir (H: 33.5 cm, W: 24 cm. L: 24 cm). 
An inflow tube led from the reservoir into the experimental 
tank, and the flow was regulated by a flow meter (Cole Par-
mer Instrument Company) which was set to 190 mL/min. 
The solution entered into the tunnel via the inflow tube, 
moved along the tunnel toward the starting chamber, and 
exited via an outflow tube (1.5 cm diameter), located at the 
back of the starting chamber. The outflow tube emptied into 
a plastic bucket, placed on the floor, which kept the volume 
of water in the tank constant and at a consistent flow rate.

The side of the tank containing the outflow tube, the 
starting chamber floor, and the tunnel walls and floor were 
all painted white. The sides of the experimental tank to the 
left of and behind the inflow tube were painted black. The 
side of the tank to the right of the inflow tube (and facing 
the light source; see below) was unpainted and covered 
with a translucent piece of paper (21.6 cm × 35.6 cm, 92 
brightness) in order to prevent the crayfish from seeing out-
side of the tank.

The experimental tank was placed inside a metal frame 
(H: 61 cm, W: 5 cm L: 51 cm). In order to block any possi-
ble external light, a large piece of cardboard (H: 94 cm, L: 
93 cm) was affixed to the front of the frame. A window was 
cut out of the cardboard (H: 20 cm, L: 33 cm) in order to 
allow the light source to reach the tank, without any extra 
light passing through to other areas around the tank. Two 
photodiodes (Allied Electronics) were mounted to the card-
board just above the tank, spaced exact1y 175  mm apart. 
The first diode captured the shadow when it first appeared 
in the tank (and became visible to the animal), while the 
second diode captured the leading edge of the shadow at a 
position in the tank where bath electrodes were placed for 
neuromuscular recordings when the animal tail-flipped.

Bath electrodes were used as described in earlier publi-
cations (e.g., Herberholz et al. 2001; Liden and Herberholz 
2008). A pair of copper wire bath electrodes (24 AWG, 
0.25 mm insulation except for the tips; Belden CDT Inc.) 
was attached on opposite sides inside the tunnel to record 
field potentials generated during tail-flips. The electrodes 
were located 80 mm distance from the tunnel entrance and 
160 mm from the end of the tunnel. The bath was grounded 

using a ground wire. The bath electrodes were connected to 
an extracellular amplifier (A-M Systems), and the amplified 
signals (1000×) were filtered, digitized, and recorded with 
Axoscope software (Axon Instruments) on a personal com-
puter. MG tail-flips can be readily identified with bath elec-
trode recordings (due to their initial large and phasic mus-
cle potentials and preceding giant neuron action potentials), 
and the response latency can be determined by measuring 
the time between activation of the first photodiode signal 
and the signal from the bath electrodes (Liden et al. 2010).

The light source was a gooseneck illuminator (Fiber-
Light MI-150) placed 65  cm away from the tank. This 
allowed light to evenly illuminate the entire side of the 
tank that was covered with the white sheet of paper. Using 
a Luxmeter (Milwaukee SM700) to measure light levels 
inside of the tank, the lighting was set to 25  Lux when 
pointing toward the ceiling, and 75  Lux when pointed 
directly toward the light source.

The shadow was generated by passing a rectangular 
piece of black plastic (H: 18  cm, W: 9  cm) through the 
focused light beam directed at the experimental tank. The 
plastic sail was moved along a track parallel to the longer 
side of the tank using a single-axis programmable stepper 
motor control system (OES Inc., Allegra 1-10). The sail 
was set to move along the track at a speed that produced 
a constant shadow of 2  m/s inside the experimental tank. 
The shadow velocity was measured and confirmed before 
experiments were performed using the measurements from 
the two photodiodes located immediately above the tank. 
Shadows of 2 m/s were visible to the animals for 87.5 ms 
before they reached the animal’s position in the tank (where 
the bath electrodes are located).

A GoPro Hero3 Black edition video camera was used to 
record the animal’s behavior during each trial. The GoPro 
was attached to a monitor (Dell), placed to the side of the 
experimental tank to allow observation of the animal’s 
behavior throughout the experiment. Digital files were 
downloaded onto a personal computer and analyzed on a 
large TV (Sony WEGA) screen.

Experimental procedure

Immediately prior to placing the animal in the experimental 
tank, the tank was filled with DI water until water started to 
trickle out of the outflow tube. An animal was removed from 
its isolation tank and placed into the starting chamber of the 
experimental tank. The animal was given 10 min to acclimate 
before the flow of food odorant was turned on, AxoScope 
recordings and GoPro video recordings were started, and the 
door was removed from the starting chamber. In a typical 
trial (Fig. 1b), the animal would leave the start compartment 
after some delay and move along the tunnel toward the end 
where the highest concentration of food odorant was present. 
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Once the animal’s eyes passed the bath electrodes, the com-
puter program was triggered that advanced the plastic sail 
and produced the shadow. The animal either tail-flipped or 
froze in response to the shadow. Tail-flips were easily identi-
fied because they propelled the animal backwards, sometimes 
into the start compartment. Freezing was also unambiguously 
identified because animals immediately stopped forward 
locomotion and remained motionless for a few seconds. All 
animals independent of their response to the shadow eventu-
ally resumed forward walking. The trial ended when the ani-
mal had reached the end of the tunnel where the food odorant 
release point was located, or after ten minutes from the start 
of the trial, whichever occurred first.

Animals were excluded from data analysis if they were 
not moving when the shadow was released, their eyes were 
more than 10 mm past the bath electrodes when the shadow 
was released, or if they were turned more than 45° toward 
one side of the tunnel when the shadow was released. All 
parts of the experimental tank were washed in between 
trials.

Each animal was used only once and exposed to only 
one shadow. A total of 133 animals were used in all experi-
ments, 15 of which were excluded because of the above cri-
teria, leaving 118 animals for analysis.

Data analysis

Video recordings from the GoPro camera were carefully 
analyzed for the following behavioral measurements: (a) 
behavioral frequencies of freezing and tail-flipping, (b) 
time to enter the tunnel (in seconds), i.e., how long it took 
animals to leave the start compartment and begin foraging, 
(c) time to reach bath electrodes (in seconds); how long 
it took the animals to walk to the bath electrodes, and (d) 
time to reach end (in seconds); how long it took the animals 
to walk to the end of the tunnel after shadow exposure. 
Response latencies (in milliseconds) for tail-flips were cal-
culated from photodiode and bath electrode measurements 
as the duration between the signal of the photodiode that 
recorded the first appearance of the shadow in the tank and 
the neuromuscular response.

Unless otherwise stated, data are presented as means 
with standard deviation (mean ± SD). Statistical software 
(IBM SPSS version 23.0; SPSS Inc.) was used for analysis, 
and each applied statistical test is specified in the text.

Results

Behavioral latencies of foraging activity

We first looked at the effects that feeding status has on 
foraging activity. We measured two time points that give 

indication of the animals’ motivation to reach the food 
odorant release point: time to leave the start compartment 
after the beginning of the trial, and time to reach the pair of 
bath electrodes in the tank, at which time the shadow signal 
is released. After the animals leave the start compartment, 
they must walk a distance of 8 cm to reach the bath elec-
trodes (Fig. 1).

We first analyzed the foraging behavior of fed (N = 29) 
and unfed animals (N = 30) in the regular concentration of 
food odorant (Fig. 2a). The average time for fed animals to 
enter the tunnel was 76.9 ± 84.1 s, whereas unfed animals 
entered the tunnel and started approaching the food odorant 
release point more quickly (55.13 ± 45.19  s) although not 
significantly (Mann–Whitney U Test: p = 0.638). The aver-
age time for fed animals to reach the bath electrodes was 
123.9 ± 117.3  s and unfed animals also reached this point 
more quickly (91.2 ± 70.8 s) although the difference did not 
produce statistical significance (Mann–Whitney U Test: 
p = 0.321). It is notable that unfed animals reached the bath 
electrodes earlier than fed animals not only because they 
started foraging earlier, but also because they walked more 
quickly. It took fed animals on average 47.0 ± 92.4 s from 
entering the tunnel to reaching the bath electrodes, while 
it took unfed animals only 36.1 ± 41.7 s to cover the same 
distance in the tank (Mann–Whitney U Test: p = 0.371).
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When we analyzed behavioral latencies for fed (N = 29) 
and unfed (N = 30) animals in the higher food odorant con-
centration, we found a very similar pattern; however, the 
differences between the two groups were more pronounced 
(Fig.  2b). Fed animals started foraging activity (i.e., left 
the start compartment) after 73.8 ± 93.5 s, but it took unfed 
animals only 51.2 ± 56.4  s, a difference that approached 
statistical significance (Mann–Whitney U Test: p = 0.081). 
Moreover, while fed animals needed 108.7 ± 93.5 s to reach 
the bath electrodes, unfed animals arrived at this point 
in the tank much earlier (68.4 ± 56.0  s), a significant dif-
ference between the two groups (Mann–Whitney U Test: 
p = 0.038). Unfed animals also moved more quickly than 
fed animals once they started foraging. It took fed animals 
34.9 ± 36.3 s from entering the tunnel to reaching the bath 
electrodes, while it took unfed animals only 17.2 ± 9.7 s to 
walk the same distance in the tank (Mann–Whitney U Test: 
p = 0.005).

Next, we combined the two groups (fed and unfed) and 
looked for differences between the two food odorant con-
centrations across all animals (Fig. 3). Irrespective of feed-
ing status, we found that animals in the regular odorant 
concentration (N = 59) started foraging after 65.8 ± 67.8  s 
and reached the bath electrodes after 107.3 ± 97.1  s, 
whereas animals in the higher food odorant concentration 
(N = 59) started foraging slightly earlier (62.3 ± 77.1  s), 
and they reached the bath electrodes sooner (88.2 ± 86.5 s). 
Thus, animals initiated foraging activity with similar laten-
cies (Mann–Whitney U Test: p = 0.471) in both concentra-
tions of food odorant, but they reached the bath electrodes 
sooner in the higher concentration although the difference 
was not significant (Mann–Whitney U Test: p = 0.187). 
The earlier arrival at the bath electrodes in the higher food 
odorant concentration is due to the animals’ higher walk-
ing speed in this condition. In regular food odorant, ani-
mals needed 41.4 ± 70.8  s to walk to the bath electrodes 
after they started foraging, but they covered this distance 
in 25.9 ± 27.6  s when exposed to the higher food odorant 

concentration, which is significantly faster (Mann–Whitney 
U Test: p = 0.026).

Behavioral responses to shadow signals

The frequency of tail-flips was highest in the animals that 
were fed during isolation. This was found to be true for ani-
mals tested using both the regular (1×) and the increased 
(4×) food odorant concentration (Fig.  4). Fifty-nine per-
cent of the fed animals (N = 29) in the regular food odorant 
concentration group tail-flipped and 41% froze in response 
to the shadow stimulus, while only 27% of the unfed ani-
mals (N = 30) tail-flipped and 73% displayed freezing 
behavior instead. There is a significant difference in behav-
ioral frequencies between the two groups (Fisher Exact 
Test: p = 0.018; Fig.  4a). For animals tested in the higher 
concentration of food odorant (4×), 55% of the fed ani-
mals (N = 29) tail-flipped and 45% froze, while only 23% 
of the unfed animals (N = 30) tail-flipped and 77% froze 
instead. As before, the measured frequencies between the 
two groups are significantly different (Fisher Exact Test: 
p = 0.017; Fig. 4b).

Since we monitored feeding activity by counting how 
many food pellets were consumed before the shadow 
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experiment, we were able to compare food intake between 
animals that tail-flipped and animals that did not. We found 
that fed animals that tail-flipped (across both regular and 
high odorant concentrations; N = 33) had consumed on 
average more pellets (2.30 ± 0.85) than animals that froze 
(1.94 ± 0.99; N = 25); however, this difference was not sta-
tistically significant (Mann–Whitney U Test: p = 0.155).

Next, we analyzed the effect of food odorant concentra-
tion across all animals (fed and unfed). Fewer tail-flips and 
more freezing behavior were observed in animals tested 
in the higher concentration (4×) compared to the regular 
concentration (1×), and this was true independent of the 
animals’ feeding status (Fig. 5). When we combined both 
fed and unfed animals, we found that 42% of animals tail-
flipped in regular food odorant concentration and 58% 
froze in response to the shadow danger signal (N = 59). 
In higher food odorant concentration, only 39% of ani-
mals tail-flipped and 61% froze when they responded to 
the shadow (N = 59). Thus, fewer tail-flips were observed 
in higher food odorant, which is what we expected, but the 
difference in behavioral frequencies between the two food 
odorant concentrations was fairly small and nonsignificant 
(Fisher Exact Test: p = 0.851).

Neural responses to shadow signals

Lastly, we determined latencies for tail-flip responses by 
measuring the difference (in milliseconds) between the 
signal recorded by the first photodiode, which was acti-
vated by the moving shadow when it first became visible 
to the animal, and the animal’s neuromuscular response 
during the tail-flip, which was recorded by the bath elec-
trodes. We found no difference in escape latencies between 
fed animals (81.22 ± 11.22 ms; N = 21) and unfed animals 
(81.75 ± 23.38 ms; N = 10) across both odorant concentra-
tions (Mann–Whitney U Test: p = 0.268), indicating that 
although fed animals produced a significantly higher fre-
quency of tail-flips, they did not produce faster tail-flips 
in response to the shadow signal. Since the shadow was 

programmed to take approximately 87.5 milliseconds to 
reach the animals’ position in the tank (velocity = 2  m/s), 
both fed and unfed animals produced tail-flips that were 
on average fast enough to escape the approaching shadow. 
However, 33% of the fed animals (7/21) and 30% of the 
unfed animals (3/10) initiated tail-flips after the shadow 
reached their position in the tank.

Discussion

The three escape behaviors that can be witnessed across the 
animal kingdom are freezing, fleeing, and defensive attack 
(Eilam 2005). In response to a moving shadow stimu-
lus, juvenile crayfish will display two of these behaviors, 
freezing or fleeing, in a robust and discrete manner (Liden 
and Herberholz 2008). Fleeing is expressed as a power-
ful tail-flip, which is produced by a pair of medial giant 
(MG) interneurons. The MGs, if excited, will consistently 
result in a fixed motor output, the MG-mediated tail-flip 
(Edwards et al. 1999). In the presence of a natural preda-
tor (i.e., a dragonfly nymph), MG-mediated tail-flips are a 
highly effective escape response to predator attacks, mak-
ing their use a desirable motor action that ensures survival 
(Herberholz et al. 2004). However, tail-flipping (like other 
forms of fleeing) is an energetically costly behavior and, 
importantly, in foraging animals it adds critical distance 
between the animal and its next meal. Thus, freezing, while 
potentially more risky, is an alternative behavioral choice 
that allows preserving important needs such as feeding 
opportunities.

Satiation level affects motivation to forage

Our current study shows that the crayfish’s decisions 
are strongly affected by the internal (energy) state of the 
animal. The first significant finding of our study is the 
observed difference in foraging activity between fed and 
unfed animals. Animals that received food the night before 
the experiment initiated foraging activity later and walked 
slower toward the food odorant release point. This indicates 
that our manipulation of food satiation level was success-
ful because fed animals displayed a lower motivation to 
find food than unfed animals, and this was most apparent 
when the food odorant concentration, i.e., the food value, 
was high. This is an important result as it sets the stage for 
the behavioral frequencies measured in response to shadow 
exposure. Animals that were fed large amounts of food 
before the experiment tail-flipped significantly more and 
froze significantly less than animals that were not given 
any food. This shows that crayfish integrate internal hun-
ger level into the decision on how to respond to the shadow 
danger signal, and when staying close to the expected food 
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reward becomes a less desirable option for satiated animals, 
they choose the safer strategy and tail-flip away from both 
the approaching shadow and nearby food source. A hungry 
crayfish, however, makes an entirely different and poten-
tially more risky choice in response to the same danger 
signal: Because food is now much more desirable, it sup-
presses tail-flipping and selects freezing instead to stay near 
the food. Riskier foraging decisions are common among 
hungry animals because of their immediate energy needs. 
This shifts the trade-off between finding a meal and becom-
ing a meal toward the more risky behavior. For example, 
in insects, fish, and mammalian species, it was found that 
hungry individuals will be less vigilant, spend less time in 
a refugee, and/or occupy more risky habitats (Lima 1998).

Neural underpinnings of behavioral choice

In the present study, the decision to abandon the expected 
food reward in favor of safety is based on the threshold of 
a single neuron. Although activation of the MG-mediated 
tail-flip is extremely fast (within tens of milliseconds after 
the shadow becomes visible), the decision process that 
determines whether it becomes activated depends on the 
integration of multiple internal and external factors. Alter-
ing the properties of external stimuli such as shadow speed 
and quality of the expected food reward can change the 
behavioral frequencies for freezing or tail-flipping, imply-
ing that the animal is integrating multiple sensory modali-
ties before the desired motor pattern is selected (Liden et al. 
2010). In addition, as we have now shown, selection of the 
appropriate behavioral choice is shaped by internal energy 
states, which must be integrated into the neural machinery 
that determines the behavioral action.

A study by Krasne and Lee (1988) tested the threshold 
of the lateral giant (LG) interneurons in feeding and non-
feeding crayfish. The LG neurons are homologues of the 
MG neurons, and while the MGs are activated by mecha-
nosensory and visual stimuli to the front of the animal and 
drive the animal backward, the LGs are activated by strong, 
phasic mechanosensory stimuli to the tail; once activated 
the LGs propel the animal upwards and forward away from 
the point of stimulation (Edwards et al. 1999). In actively 
feeding crayfish, the excitability of the LGs decreases 
compared to animals that are not feeding, indicating that 
the animal actively suppresses escape when a valuable 
resource is encountered (Krasne and Lee 1988). Although 
the study did not test the effect of hunger on LG excitabil-
ity, it made some important suggestions about the underly-
ing mechanism for the recorded changes in LG threshold. 
The LG circuit, which is located in the abdomen, receives 
GABAergic tonic inhibition from descending interneurons 
that originate in the crayfish brain (Vu and Krasne 1993). 
Tonic inhibition, which is common to many species, acts 

on LG’s dendrites and allows subtle up- and down-regula-
tion of LG’s excitatory state (Vu et al. 1993). In the exam-
ple of the feeding crayfish, the animal’s experience of feed-
ing may cause an increase in tonic inhibition that reduces 
the probability for a tail-flip. In our current study, a similar 
mechanism can be suggested. Although we measured the 
excitability of the MG neurons, which produce tail-flips in 
response to shadows, it seems plausible that tonic GABAe-
rgic inhibition onto MG neurons increases or decreases in 
parallel with an increase or decrease in energy level. In 
other words, in a hungry crayfish approaching a potential 
meal, MG’s excitability to danger signals could be down-
regulated via GABAergic modulation to avoid escape tail-
flipping in favor of freezing. Of course, further research is 
needed to understand if suppression of MG tail-flipping 
automatically leads to freezing and what relationship exists 
between the neural circuits that control these two discrete 
behavioral choices. In addition, the involvement of other 
neurotransmitters such as serotonin and octopamine (the 
invertebrate homologue of norepinephrine) must be con-
sidered given their prominent role in modulating crayfish 
behavior and neural function (Krasne and Edwards 2002).

Although tail-flip frequencies were strongly affected by 
satiation level, latencies for activating the MGs and cor-
responding behavior were not. Both fed and unfed animals 
exhibited almost identical tail-flip latencies, which were 
fast enough (on average) to escape from collision with the 
approaching shadow. The measured latencies are in line 
with previously reported values (Liden et  al. 2010), and 
also similar to escape latencies measured in copepods, 
another aquatic crustacean, in response to shadows that 
appeared almost instantly (Buskey and Hartline 2003). Fast 
shadows, such as the one used in the current study, produce 
escape latencies that are probably close to the minimum 
time it takes to process visual information and activate the 
MG neurons. Alternatively, this result may suggest that 
excitability of visual input pathways to the MG neurons 
is unaffected by hunger state, and MG firing threshold is 
regulated postsynaptically, maybe via the above mentioned 
tonic GABAergic inhibition.

Interplay between satiation level and expected food 
reward

Increasing the concentration of food odorant in our study 
did not significantly change the frequencies of tail-flip-
ping and freezing; it did, however, produce a small reduc-
tion in tail-flips and a small corresponding increase in 
freezing as we would have expected. The reduction in 
tail-flipping was not different for fed and unfed animals. 
Previous work using a similar manipulation of food qual-
ity resulted in a significant change in behavior of animals 
that were somewhat similar to our unfed group (Liden 
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et al. 2010). However, the increase in food odorant con-
centration was 2.5 times higher compared to our cur-
rent study, and animals did not receive any food during 
a longer isolation period (one week). Thus, it is possible 
that greater changes in food odorant concentration and/
or longer periods of starvation would have caused a more 
pronounced effect in our current study.

It is certainly notable that the observed changes in 
neural and behavioral threshold must be based not only 
the animal’s current hunger state, but also the qual-
ity of the chemical food signal, and the properties of 
the shadow. Thus, before crayfish decide to tail-flip or 
freeze, they integrate their current physiological state 
with environmental cues of multiple sensory modalities, 
and they make cost-benefit calculations that lead to the 
most adaptive and desirable behavioral output. Given the 
accessibility of the MG neurons for neurophysiological 
and neuropharmacological investigation (Liu and Her-
berholz 2010), this opens up exciting new avenues for 
future research into the cellular and circuit-level mecha-
nisms underlying value-based decision making. Together 
with recent demonstration of binary decisions (fleeing vs. 
freezing) in response to visual danger signals in mam-
mals (De Franceschi et  al. 2016), this could ultimately 
lead to a better understanding of neuronal processes that 
govern economic behavior in many species, including 
humans.
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