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Effects of cold narcosis on memory acquisition, consolidation and retr-
ieval in honeybees (Apis mellifera)
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Abstract: In learning and memory studies on honeybees (Apis mellifera), cold-induced narcosis has been widely used to temporarily
immobilize honeybees. In this study, we investigated the effects of cold narcosis on the associative memories in honeybees by using
the proboscis extension response (PER) paradigm. Severe impairments in memory acquisition was found when cold narcosis was
performed 30 min, instead of 1 h before training. Locomotor activities were reduced when honeybees were tested 15 min, instead of
30 min after cold narcosis. These results indicate that cold narcosis impairs locomotor activities, as well as memory acquisition in a
time-dependent manner, but by comparison no such effects on memory retrieval have yet been observed.[0]
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Since the 1970s, honeybees (Apis mellifera) have
become a useful model in the studies of learning and
memory (Menzel, 1999, 2001, 2012). Bees respond
reflexively to sucrose when a drop of solution is applied
to the antennae, which is called proboscis extension
reflex (PER) (Giurfa, 2003). PER conditioning is a well-
established paradigm for investigating the mechanisms
underlying associative memory processing in bees (Page
& Erber, 2002). However, in this paradigm, the honeybee
should be firstly harnessed to avoid flying away (Batson
et al, 1992). Thus, the cold induced narcosis by putting
honeybees on ice is frequently used to temporarily
immobilize them for harnessing. It is shown that cold
narcosis not only anaesthetizes bees, but also masks,
blocks, or bypasses the putative effects of handling stress
on bees (Pankiw & Page, 2003). However, the effects of
cold narcosis on learning and memory of bees have
received little attention.

The effects of anesthesia on learning and memory
have been tested by many studies, e.g. short-term
impairment of cognitive and psychomotor performance
is common after general anesthesia (Moller et al, 1993);
in isoflurane-treated rats, object recognition and reversal
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learning are significantly impaired (Zhu et al, 2010);

sustained learning impairment is observed after
anesthesia in aged rats (Culley et al, 2003), which is
consistent with the cognitive impairment in elderly pati-
ents after anesthesia and surgery (Moller et al, 1998).

By comparison, studies on the effects of cold
treatment in honeybees are very limited. Ebadi et al
(1980) reported that short time chilling affects neither
mortalities nor fecundity in honeybees. However,
Robinson & Visscher (1984) found that the hoarding
activities in bees decrease when they have being exposed
to =20 C for 3 min in laboratory setting. Moreover,
Erber et al (1976, 1980) found that cooling leads to a
retrograde amnesia if the treatments are applied between
30 s to 7 min after single trial learning in free flying bees,

whereas, the whole body cooling impairs memory
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formation if it is performed within 5 min after
conditioning. While all these studies were only focused
on memory consolidation, the effects of cold treatment
on memory acquisition and retrieval are to be elucidated.
Memory processes include acquisition, consolidation and
retrieval and during which many signaling molecules or
pathways are involved or have selectively been recruited
during certain memory stages (Abel & Lattal, 2001;
Makkar et al, 2010).

In the present study, honeybees were trained to
learn to respond to an odour associated with sucrose
solution, meanwhile, to avoid responding to another
odour associated with saturated NaCl solution in a two-
odour discrimination PER paradigm (Fu et al, 2013;
Maleszka & Helliwell, 2001; Si et al, 2004). Then, the
retention tests were performed 1 h later to assess the mid-
term olfactory memory. While, to evaluate the effects of
cold narcosis on memory acquisition, consolidation and
retrieval, honeybees were given cold treatment 30 min
before and immediately after the training, as well as 30
min before the retention test, respectively. Meanwhile,
honeybees were also given cold treatment 1 h prior to
training to determine the time dependence of these effects.
Moreover, due to the anesthesia induced by acute chilling,
their locomotor activities 15 min and 30 min after cold
treatment were evaluated.

MATERIALS AND METHODS
Animals

A colony of honeybees was obtained from the
breeding center of Eastern Bee Research Institute of
Yunnan Agricultural University, Kunming, Yunnan,
China. Individual frames of brood combs containing
pupae (sealed in cells) were removed from the experi-
mental hives and placed in an incubator (3233 °C, 65%
relative humidity, with good ventilation). Newly emerged
honeybees were collected from the frame every day,
ensuring that the experiment was performed only on
honeybees of a known age. Honeybees of the same age
were housed in an individual wooded cage covered with
wire inside of the incubator (3.5 cmx20 cmx16.5 cm:
widthxlengthxheight) and were fed ad libitum with 50%
sugar solution. Freshly prepared solutions were supplied
every the other day. All experiments were performed
according to the National Care and Use of Animals
Guideline approved by the National Animal Research
Authority and were conformed within international
guidelines for the ethical use of animals.
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PER conditioning

Nine days old (which is a proper age for learning
and memory tests) honeybees were collected from the
incubator cage, cooled on ice until immobile (within 90
s—2 min), and then were mounted in thin-walled plastic
tubes (5 mm in diameter) by using a thin strip of
rubberized fabric tape between head and thorax with
antennae and proboscis moving freely. After revival,
each honeybee was fed with 30% sucrose solution via a 1
mL syringe without needle. After feeding, honeybees
were arranged in a wooden board holder and were then
placed in an incubator overnight (29°C). The PER
conditioning was performed on the following day.

The performance of honeybees on a two-odor
discrimination learning task was evaluated by PER
conditioning (Si et al, 2004; Maleszka & Helliwell, 2001).
Bees were trained to associate the odour of limonene
(Guangzhou Flower Flavour & Fragrances Co., Ltd,
Guangdong, China) with sucrose (Shantou Xilong
Chemical Factory, Guangdong, China) reward (CS+) and
the odor of menthene (Guangzhou Flower Flavour &
Fragrances Co., Ltd, Guangdong, China) with saturated
NaCl (Tianjin Bodi Chemical Corporation, Tianjin,
China) punishment (CS—). Limonene and menthene
were mixed with 30% sucrose or saturated NaCl
solution respectively into a proportion of 1:200, which
is consistent with previous reports (Si et al, 2004;
Hammer & Menzel, 1995).

The training session was consisted of two trials.
Firstly, a drop of sucrose solution with limonene (CS+)
was presented in front of the honeybee for 6 s, and then
was applied to one antenna to lead a proboscis extension.
Then the honeybee was fed with sucrose solution for 1s
(95% of the honeybees had extended their proboscis at
the presence of the odor of limonene, and the 2% of
honeybees did not respond with sucrose solution were
excluded from the experiment). Secondly, after a short
interval (1-2 min), a drop of salt solution with menthene
(CS—) was applied to another antenna after being
presented in front of the honeybee for 6 s. Then, if the
proboscis extended, honeybees were fed with NaCl
solution for 1 s. Approximately, 90% of the honeybees
had extended their proboscis when the odor of menthene
was presented, slightly less than the odor of lemonene.
However, all honeybees shrunk back their antennae once
touched with the salt solution.

The testing session was performed 1 h later after the
conditioning. Honeybees were presented with the puni-
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shing stimulus (menthene) followed with the rewarding
stimulus (limonene). Meanwhile, their proboscis activ-
ities were recorded. When a honeybee extended its
proboscis at the presence of a stimulus, it was recorded
as “right”, otherwise, it was recorded as “wrong”.
Honeybees that extended their proboscis only at the
presence of rewarding stimulus but not at the presence of
non-rewarding stimulus were scored as having responded
correctly, whereas, honeybees that did not respond to
either of the stimuli or were unable to extend their
proboscis when stimulated with sucrose were regarded as
abnormal individuals and were not included in data
analysis.

During the conditioning and testing, a mini exhaust
fan (Deepcool, Beijing, China) was positioned behind
honeybees to help air flow as well as to eliminate odours
after stimulation.

Experimental procedures

The entire experimental procedure (three sets) was
performed double-blinded with separated cohorts of
honeybees.

Experiment 1 was to investigate the effects of cold
narcosis on acquisition, consolidation and retrieval of
olfactory memory. Honeybees received cold-induced
narcosis 30 min before training (acquisition, »n=34),
immediately after training (consolidation, n=33) or 30 min
before testing (retrieval, n=32), respectively. The control
group (n=22) was not under any treatment (Figure 1).

PER training Testing
1h
4+—30 min — * 4—30min—"
Acquisition Consolidation Retrieval

Figure 1 Flow diagram of experiment 1
Solid arrow: the time points of PER training and testing; Dotted arrow: the
time points of cold narcosis.

In experiment 2, honeybees were given cold
narcosis 1 h prior to the PER training (n=21), and the
testing was performed 1 h later after training. Control
honeybees (n=22) were not under any treatment.

To investigate the effects of cold narcosis on the
locomotor activities in honeybee, in experiment 3,
their locomotor activities were monitored 15 min
(n=24) and 30 min (n=23) later after cold narcosis,
respectively. Control bees (n=23) was not under any
treatment.
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Cold narcosis

Individual harnessed honeybee was cooled on ice for
90 s by being placed on a piece of tinfoil to avoid getting
wet. They usually were immobilized within 1 min and got
revived 3 min after being moved away from the ice.

Locomotor activity testing

Cold-treated honeybees were individually housed in
a small glass vial (2 cmx4 cm : diameterxheight) and
then were put onto ice for 90 s, whereas, their controls
were kept in the small vials without cooling. Cold-treated
honeybees usually revived from the immobile state
within 3 min. Locomotor activity test was carried out in
12 petri dishes (8.5 cm in diameter) in 3x4 arrays, with
each dish accommodating one honeybee. The behaviors
of honeybees were monitored for 5 min with a ceiling-
mounted CCD camera (Tikal, Shenzhen, Guangdong,
China). Video signals were then displayed and saved by
video recording software (Smart Lab software). Video
recordings were later analyzed and the ambulation paths
and distances (cm) of honeybees were measured.

Data analysis

In PER conditioning, data were represented as the
percentage of honeybees that responded correctly to
limonene and menthene in testing session. Cold narcosis
(30 min before, immediately after training, or 30 min
before testing) was considered as a between-group factor.
Data were analyzed by using SPSS statistical soft
package (version 13.0). Between-group comparisons
were completed with chi-square test (y’-test). One-way
ANOVA was used to analyze the locomotor activities of
control and cold-treated honeybees.

RESULTS

Effects of cold narcosis on acquisition, consolidation
and retrieval of mid-term olfactory memory in
honeybees

Figure 2A showed that compared with the control
group, cold narcosis administrated either 30 min prior to
training (Acqu) (Ctrl: 81.8% (18/22); Acqu: 41.2%
(14/34); °=9.01, P=0.005) or immediately after training
(Cons) (Ctrl: 81.8% (18/22);Cons: 45.5% (15/33); y'=
7.27, P=0.011) reduced the correct responding percen-
tages of honeybees to conditioned stimuli, whereas, no
significant differences were found when cold narcosis was
administrated 30 min before testing (Retr: 75% (24/32);
2’=0.35, P=0.742). However, when cold narcosis was
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administrated 1 h before training, honeybees were
showed with intact memories in discriminating the
rewarding and punishing stimuli (Ctrl: 80.1% (17/22);
Acqu 1 h: 90.5% (19/21); y’=1.37, P=0.412) (Figure 2B).

Effects of acute cooling on the locomotor activities of
individually isolated bees
Ambulation paths and distances of honeybees were
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monitored and measured by the video analysis system
developed in our lab (Figure 3). One-way ANOVA
showed that compared with the control group, 15 min
after the cold narcosis, the 5 min ambulation distances of
honeybees decreased significantly (Ctrl: 346.65+27.1 cm;
15 min: 212.46+36.4 cm; F(, 45=8.65, P=0.005).
However, 30 min after the cold treatment, no difference
was found (30 min: 358+39.9 cm) (Figure 4)

100

60

20

0 1
Retr Ctrl

Acqu (1 h)

Figure 2 Effects of cold narcosis on the percentage of correct responses of honeybees in the associative olfactory tasks
A: Cold narcosis was administrated 30 min before training (Acqu), immediately after training (Cons) or 30 min before testing (Retr); B: Cold narcosis was

administrated 1 h before training (Acqu 1h); Control honeybees received no cold treatment; Numbers of honeybees tested in each group are shown above the

bars. " P<0.05; "": P<0.01.

AcCtl 1 #1

Ambulation distance = 390 cm
B Ctrl 2 #2

Ambulation distance = 419 cm

C15min 1 #1

Ambulation distance = 127 cm
D15 min_11_#2

Ambulation distance = 46 cm

E30min 1 #1

Ambulation distance = 273 cm
F30min 2 #2

Ambulation distance = 473 cm

Figure 3 Effects of cold narcosis on the ambulation paths of honeybees
Cold narcosis was performed 15 min and 30 min prior to the test. Paths of two honeybees in each group and their ambulation distances were shown. In the
heading of each figure, the numbers between the two “ ” represent the numbers of the honeybees used in each group; the numbers after “#” indicate the

numbers of the monitoring cage accommodated honeybee.
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Figure 4 Effects of cold narcosis on ambulation distances of
honeybees
Honeybees were ice cooled for 90 s and then their ambulation paths were
monitored; the numbers above the bars represent the number of honeybees

in each group. " P<0.01

DISCUSSION

Memory is a complex process involving three
different stages: acquisition, consolidation, and retrieval.
In the present study, we found that cold narcosis
significantly impaired the memory acquisition and
consolidation but not retrieval in honeybees.

Cold narcosis impairs memory acquisition in bees,
which is consistent with previous studies showing that
anesthesia destroys memory acquisition in mice and rats,
e,g, ketamine treated rats need more time to reach the
hidden platform in Morris Watermaze (Moosavi et al,
2012); Culley et al (2003) observed impaired acquisition
of spatial memory in aged rats and mice, which were
administrated with isoflurane anesthesia two weeks earlier.

In the present study, the impairing effects of cold
narcosis on memory acquisition in honeybees were time-
dependent and short-termed. Cold narcosis administrated
1 h before training did not affect the olfactory memory,
which may be due to the fact that brain temperature
could go back to normal after cold treatment, therefore
the impairing effects of cold narcosis were reversed.
These results also suggested that when using honeybees
as an animal model, at least 1 h was necessary for them
to revive from harnessing before any training trial.

Moreover, we also found the impairing effects of
cold narcosis on memory consolidation in the present
study. Fresh memories are sensitive to disruption. Cons-
olidation starts after training and may need hours to
stabilize. The effects of cold treatment on memory
consolidation in honeybees have been reported in
previous studies, e.g, the reversible block of neural
activities induced by the localized cooling of mushroom
bodies in honeybee brain impairs its memory formation
within 3—10 min after training (Erber et al, 1980).

In the present study, memory retrieval was not
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significantly affected by cold narcosis, suggesting that it
was more resistant to cold treatment than memory
acquisition and consolidation were. Previous studies
demonstrated that memory acquisition and consolidation
shared with many molecular mechanisms while memory
retrieval might recruit different ones (Abel & Lattal,
2001; Carlini et al, 2010). Our study supported this view
and showed that cold narcosis impaired acquisition and
consolidation, but not memory retrieval of mid-term
olfactory memory in harnessed honeybees.

Besides of the anesthetic effects, brain activity is
also temperature-dependent. In human beings, significant
decrements have been observed in several types of
cognitive measurements following cold stress, including
vigilance, reaction time, reasoning skills, and short-term
memory (Coleshaw et al, 1983; Patil et al, 1995). In rats
that performed on a delayed matching-to-sample (DMTS)
task at ambient temperatures of 23 °C and 2°C, matching
accuracy was significantly decreased during exposure to
2°C (Ahlers et al, 1991; Steele & Morris, 1999). Studies
have found that temperature fluctuations in brain
significantly affect the electrophysiological responses in
many brain areas (Winter, 1973). The amplitude of action
potentials in neurons could be reduced by cooling
(Andersen & Moser, 1995). Stimulus-elicited neuron
transmitter release was slower and less synchronized in
cold conditions (Barrett et al, 1978). Furthermore, cold
treatment as a stressor could affect learning and memory
as reported in many researches (Zheng et al, 2008;
Gunstad et al, 2009).

Since the time interval between training trial and
testing trial was 1 h, the retrieval group received cold
treatment 30 min after training. This finding was
consistent with studies showing that signals were held in
a long-term storage which was no longer sensitive to
impairment 15 min after conditioning (Erber et al, 1980).
These also indicated that post-acquisition cold stress
could disrupt early consolidation process.

Fifteen min after the cold narcosis, the locomotor
activities of honeybees decreased severely compared
with those of control honeybees. However, 30 min after
the treatment, their locomotor activities revived to the
normal level. Thus, the impairments of olfactory memory
acquisition and consolidation were not due to the cold
induced locomotor activity decreasing. The intact
memory retrieval in this study also supports this view.

In conclusion, the PER paradigm applied in this study
is widely used to test learning and memory in honeybees,
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through which, we found that the mid-term olfactory
memory acquisition and consolidation in honeybees could
be sensitively affected by cold-induced narcosis, whereas
memory retrieval might be cold resistant.
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