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The pond snail Lymnaea stagnalis learns conditioned taste aversion (CTA) and consolidates it into long-term
memory (LTM). One-day food-deprived snails (day 1 snails) show the best CTA learning and memory, whereas
more severely food-deprived snails (5d) do not express good memory. However, previous studies showed
that CTA-LTM was indeed formed in 5-d food-deprived snails (day 5 snails), but its recall was prevented by
the effects of food deprivation. CTA-LTM recall in day 5 snails was expressed following 7d of feeding and
then 1d of food deprivation (day 13 snails). In the present study, we thus hypothesized that memory recall oc-
curs because day 13 snails are in an optimal internal state. One day of food deprivation before the memory
test in day 13 snails increased the mRNA level of molluscan insulin-related peptide (MIP) in the CNS. Thus, we
further hypothesized that an injection of insulin into day 5 snails following seven additional days with access
to food (day 12 snails) activates CTA neurons and mimics the food deprivation state before the memory test in
day 13 snails. Day 12 snails injected with insulin could recall the memory. In addition, the simultaneous injec-
tion of an anti-insulin receptor antibody and insulin into day 12 snails did not allow memory recall. Insulin in-
jection also decreased the hemolymph glucose concentration. Together, the results suggest that an optimal

(s )

When snails are trained for conditioned taste aversion (CTA) in a relatively long food-deprived state, they ex-
press long-term memory (LTM) if food is deprived again before the memory test. We hypothesized that
there is an optimal state, such as increased insulin levels and reduced glucose levels in the hemolymph, in
shails that allows memory recall. An insulin injection instead of food deprivation before the memory test
caused the optimal internal state to occur in the snails that initially did not express CTA-LTM. Insulin directly
kmodulates synaptic transmission in CNS neurons and alters learning and memory. /
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internal state (i.e., a spike in insulin release and specific glucose levels) are necessary for LTM recall following

CTA training in snails.

Key words: conditioned taste aversion; food deprivation; glucose; insulin; Lymnaea

Introduction

Nutrition affects cognitive function not only in humans
(Gailliot and Baumeister, 2007; Morley, 2014) but also in
other animals (Xia et al., 1997; Swinton et al., 2018).
Insulin and insulin-like peptides decrease circulating glu-
cose levels in blood and hemolymph (Horn et al., 1998;
Kim and Rulifson, 2004; Zheng and Greenway, 2012).
Further, insulin signaling is a candidate for sensing nutri-
tional status (Sjeberg et al., 2017). Moreover, recent stud-
ies have revealed that insulin and related peptides are
strongly involved in cognitive functioning (Cholerton et al.,
2013; Sasakura and Mori, 2013; Akinola, 2016).

The pond snail Lymnaea stagnalis can learn conditioned
taste aversion (CTA) and consolidate it into long-term
memory (LTM; Kojima et al., 1996, 1998; Aonuma et al.,
2018a,b). To produce CTA in Lymnaea, an appetitive
stimulus (e.g., sucrose) is used as the conditioned stimu-
lus (CS). Application of the CS to the lips increases the
feeding response. An aversive stimulus (e.g., KCI or elec-
tric shock) is used as the unconditioned stimulus (US).
Application of the US to the snails inhibits feeding behav-
ior. After repeated pairings of the CS with the US, the CS
no longer elicits a feeding. CTA-LTM persists for more
than a month (Kojima et al., 1996). Nutritional status sig-
nificantly affects CTA learning and memory in snails and
insulin plays an important role in this (Hatakeyama et al.,
2013; Kojima et al., 2015; Totani et al., 2019). One-day
food-deprived snails (i.e., day 1 snails) show the best CTA
learning and memory-forming ability, whereas more se-
verely food-deprived snails (i.e., 5-d food-deprived snails:
day 5 snails) do not express the CTA memory phenotype
(Sugai et al., 2007; Mita et al., 2014a,b). However, the
ability to recall the CTA memory in day 5 snails occurred
following feeding for 7 d and then being placed into the
day 1 state. That is, when day 5 snails were fed and then
food deprived for 1d, they recalled the memory. Thus,
day 5 snails following training need to eat and then
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undergo the 1-d food deprivation before the memory test
to recall CTA-LTM (lto et al., 2015).

During CTA training, it was previously shown that the ex-
pression of some of molluscan insulin-related peptide (MIP)
genes were upregulated (Azami et al., 2006). Additionally,
when either MIPs or mammalian insulin were superfused
over the isolated CNS, long-term synaptic enhancement oc-
curred between neurons mediating CTA (Murakami et al.,
2013a). Finally, the injection of insulin into freely behaving
Lymnaea enhances CTA-LTM (Murakami et al., 2013b; Mita
et al., 2014a,b). We thus hypothesized that when insulin
is administrated to day 5 snails which were then given
7d of ad libitum access to food (day 12 snails) before
the memory test, insulin activates CTA-related neurons
and reduces the hemolymph glucose concentration to
create an internal state conducive for LTM recall. That
is, LTM was formed in day 5 snails but could not be re-
called due to a non-optimal internal state. Thus, for
CTA-LTM to be expressed, an optimal internal state
must be achieved to allow recall.

Materials and Methods

Snails

Specimens of L. stagnalis with a 20- to 25-mm shell
length obtained from our snail-rearing facility (original
stocks from Vrije Universiteit Amsterdam) were used in
the present study. All snails were maintained in dechlori-
nated tap water (i.e., pond water) under a 12/12 h light/
dark cycle at 20-23°C and fed ad libitum on turnip leaves
(Brassica rapa var. peruviridis known as Komatsuna in
Japanese). Food deprivation was conducted for 1d (re-
ferred to as day 1 snails) or 5 d (referred to as day 5 snails)
before the CTA training. Day 12 snails first followed the
day 5 snail procedure, and they were then given 7 d of ad
libitum access to food before being tested on day 12. Day
13 snails were similar to day 12 snails, except they were
food deprived for 1d following 7d of food access. It
needs to be noted that when a cohort of snails received
two sets of the 5-d food-deprivation procedure, the death
ratio increased significantly. Thus, such a sever state of
food deprivation leads to an extreme stressful state in
these snails.

Protocol of CTA training

We used an automatic training apparatus (Takigami et
al., 2016; Sunada et al., 2017), with slight modifications
(Totani et al., 2020). The main difference from the previous
studies was the US used. In the present study, we used a
KCI solution instead of electric shock. The experimental
system consisted of five independent training chambers
with a 50-ml test chamber flowing continuous water
stream (3.3 ml/s), and a snail placed in each of the test
chambers was physically fixed at the anterior and poste-
rior parts of a shell with a hand-made clip not to change
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their positions. Snails were stimulated with 100 mm su-
crose (the CS) and 200 mm KCI (the US) by flowing it into
the test chambers for 15 s. Fluids were drained from the
chamber via an overflow pathway.

The number of bites was recorded as a pretest in the 1-
min interval in the test chamber after the 15-s application
of the CS. After the pretest, 10 paired CS-US were ap-
plied with the intertrial interval (ITl) of 90 s. Immediately
after the CS presentation (15 s), the US was applied for 15
s. Control experiments were performed in a backward-
conditioned (US-CS) group and a naive group to demon-
strate that associative learning occurred. For the naive
group, only tap water was flowed on the snails instead of
the CS and US. In the post-test sessions (i.e., the memory
test), snails were again challenged with the CS, and the
number of bites was counted in the 1-min interval in the
test chamber after the 15-s application of the CS. After
the 10 min post-test, snails were returned to their home
aquarium and allowed ad libitum access to food. All the
behavioral experiments were done in the morning
(Wagatsuma et al., 2004). The time schedule of these pro-
tocols is shown in Figure 1A,C.

We defined the food-deprivation status of the snails in
the following manner: (1) snails that are eating food are
called “eating”; (2) the day when snails begin food depri-
vation is called “day 0”; (3) “day —1” snails are thus fed
snails but they are not eating food; (4) “day 1” snails are
the snails which were deprived of food for 1 d; (5) “day 5”
snails were food deprived for 5d; (6) “day 12” snails are
food deprived for 5d followed by an ad libitum access to
food for 7 d; and (7) “day 13” snails are food deprived for
5d followed by an ad libitum access to food for 7d and
then food deprived for 1d (Fig. 1B).

Based on previous findings, a performance boundary in
the memory test sessions was set to distinguish between
good and poor learners (Sugai et al., 2007; Mita et al.,
2014a,b). A snail possessing good learning and good LTM
does not bite following the presentation of CS. However,
some snails open their mouths by chance in the absence of
any delivered stimulus (Kojima et al., 1996). Such spontane-
ous openings occur at a rate of about one per minute. Thus,
a good learner following the CS-US pairings was defined as
a snail that made zero to one bite per minute during the
post-test sessions in response to the presentation of CS.
Poor learners were defined as snails that made more than or
equal to two bites per minute in response to the CS during
the post-test sessions (Mita et al., 2014a,b).

Real-time PCR

Total RNA was isolated from snails’ CNS using the
RNeasy mini kit including RNase-free DNase set (QIAGEN).
cDNA was generated by using Quantitect Reverse Trans-
cription kit (QIAGEN) or ReverTra Ace (Toyobo) according
to the reaction protocol. The comparative quantification
method of real-time PCR for mRNAs of MIP |, MIP Il, and
MIP receptor (MIPR) in Lymnaea were performed using a
BrightGreen 5x gPCR MasterMix-ROX (Applied Biological
Materials). The mRNA levels were normalized to those of
heat shock protein 40 (HSP40) and glutathione peroxidase
(GPx). The primer sequences are shown in Table 1.
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Figure 1. The CTA training procedures and time lines of food
deprivation. A, All snails were first given a pretest 10 min before
the training. In this observation period (1 min), the feeding re-
sponses (i.e., number of bites) were counted following a 15-s
application of 100 mm sucrose (the CS) to the lip of the snail.
For taste aversion training, the 100 mm sucrose CS was paired
with the 200 mm KCI US. The interstimulus interval was 15 s be-
tween the onset of the CS and US. A 90-s ITl was interposed
between each pairing of the CS-US. Snails received 10 paired
CS-US trials on a single day. Controls included a backward-
conditioned (US-CS) group and a naive group to validate asso-
ciative learning. For the naive control group, only water was ap-
plied to the lips instead of the CS and US. In the post-test
sessions, snails were again challenged with the CS, and the
number of bites was recorded in the 1-min interval after a 15-s
application of the CS. B, Food-deprivation status was defined
in the following manner: (1) the day when snails began food de-
privation is called day 0O; (2) day —1 snails had ad libitum access
to food (AF), that is, they were not food deprived (FD); (3) day 1
and day 5 snails were food deprived for 1 and 5d, respectively,
after food deprivation, had ad libitum access to food (AF); (4)
day 12 snails had ad libitum access to food for 7d following
training on day 5; and (5) day 13 snails were food deprived for
an additional 1d following 7d of ad libitum access to food. C,
Snails were first placed in the test chamber for 10 min to accli-
mate to the training apparatus. Following the acclimatization, a
pretest session was performed, and 10 min after the pretest,
CTA training was performed. After CTA training, several post-
test sessions were performed to verify the memory expression.

Efficiency values for the real-time PCR primers ranged be-
tween 90% and 110% (R® = 0.95-0.99). The PCR condi-
tions were as follows: one cycle at 95°C for 20 s, followed
by 40 cycles of denaturation at 95°C for 3 s; annealing at
60°C for 30 s. Melting curve analysis was performed from
60°C to 95°C with a heating rate of 0.3°C/s. Data were re-
corded on a StepOnePlus Instrument using StepOne
Software version 2.3 (ThermoFisher Scientific).

Drug injection

Instead of 1-d food deprivation in some day 13 snails,
snails were injected with either bovine insulin prepared
(Sigma-Aldrich), mouse monoclonal [47-9] antibody to
human insulin receptor a-subunit (ab982; Abcam) or
Lymnaea saline with HCI (vehicle control group), whose
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Table 1: The primer sequences for real-time PCR amplification of specific Lymnaea stagnalis genes

Gene name Accession number

MIP | X06983.1 Forward
Reverse

MIP Il X59302.1 Forward
Reverse

MIPR X84994.1 Forward
Reverse

HSP40 DQ278442.1 Forward
Reverse

GPx FJ418796.1 Forward
Reverse

Primer sequence Product size (bp)

AGCGCTTTGACCTACCTGAC 81
ACTCAGTGTGCACGGTTTCA
AGAGGGCCAATCATCTTGCAG 77
GGAAGCCAGCCAAATTCGAG
TGACCAGACTGGAACCTGGA 106
GGTGGACGTGGCACTATGAA
GGTCTTGAATCCTGATGGACA 104
CTTTGGGGAAGGTTATTTTGG
TGTAAACGGGACGGAGATTC 118
GATCTCGTTTTCCCCATTCA

final concentration in the body was estimated as 100 nw,
2.56 pg/ml (17.5 nm), or 120 nm, respectively. To examine
the effect of MIPs on hemolymph glucose concentration,
MIPs purified partially by Murakami et al. (2013a), were
used at the final concentration of 50 nm. Drugs were in-
jected into abdominal cavity of the snail using a microliter
syringe (Hamilton Company). The mouse monoclonal [47-
9] antibody blocks the binding between insulin and insulin
receptors (Soos et al., 1986; Taylor et al., 1987).

Previous experiments demonstrated that this insulin re-
ceptor antibody can bind Lymnaea MIPR (Murakami et al.,
2013a,b; Mita et al., 2014b). This is because the binding
site of Lymnaea MIPR is well conserved across phyla. For
example, in comparison with mammalian insulin receptors
(accession numbers: CAA59353 for Lymnaea, AAA59174
for humans, and AAA39318 for mice; Jonas et al., 1996)
the homology is 34% for the whole amino acid sequen-
ces; 56% for the ligand-binding domain 1 (L1 domain);
and 33% for the ligand-binding domain 2 (L2 domain) be-
tween Lymnaea, humans, and mice. Although the three-
dimensional structures of MIPs have not yet been eluci-
dated, previous studies using another mollusk, Aplysia,
have also demonstrated that application of bovine insulin
activated the bag cell-neuron insulin receptor by stimulat-
ing its autophosphorylation on tyrosine residues (Jonas et
al., 1996) and evoked egg-laying hormone secretion
(Jonas et al., 1997).

In the procedure of drug application, the total volume of
injection solution was 40 ul. The calculated volume of he-
molymph in a snail with a 20-mm shell length was 0.4 ml
(Sugai et al., 2006). One hour after injection of the insulin
or antibody, the post-test for LTM was performed.

Measurement of hemolymph glucose concentration
To measure the hemolymph glucose concentration,
the pond water surrounding the snail was blotted up with
absorbent paper. The snail was then given a poke with a
needle, causing it to retract into its shell and expel hemo-
lymph through its renal pore. The glucose hemolymph
concentration was measured using a mutarotase-glu-
cose oxidase assay kit (Glucose C2; Fujifilm Wako Pure
Chemical Corporation). The measurements were per-
formed according to the manufacturer’s manual with
slight modification. We used 10 times the amount of
sample solution compared with the original procedure to
increase the sensitivity. R? value of the calibration curve

March/April 2020, 7(2) ENEURO.0088-20.2020

was 0.99 or more and the spike-recovery-test ratio was
102% (n=3, SEM = =2.0).

Statistics

The data are expressed as mean * SEM, with statisti-
cally significant at p <0.05. Comparison between two
groups was analyzed using Welch’s t test. Data from
multiple groups were analyzed using one-way ANOVA or
two-way ANOVA followed by a post hoc Holm’s test. The
computer software used was R (version 3.3.1; https://
www.r-project.org/).

Results

Memory retrieval in severely food-deprived snails

Previous studies showed that the feeding response to
the CS was significantly suppressed in CTA-trained snails
(Ito et al., 2017). The memory scores of CTA depended on
the feeding status of the snails before the CTA training (Ito
et al., 2015). Here, we examined the relationship between
CTA behavioral changes and feeding status again. This is
necessary because the training procedure used here was
somewhat different from the previous one used (i.e., Ito et
al., 2015). Snails with 1-d food deprivation (i.e., day 1
snails) showed the best learning score (p <0.0001; Fig.
2A). However, snails that were food deprived for 5d (i.e.,
day 5 snails) did not express memory when tested 24 h
after CTA training (Fig. 2B). Additionally, if day 5 snails
were then given access to food for 7 d following the 24 h
memory test, LTM was not observed on the memory test
on day 12 (i.e., day 12 snails, 7-d post-test in Fig. 2B).
Finally, if the procedure used in Figure 2B was modified
by food-depriving day 12 snails for 1 d following 7 d of ad
libitum feeding, LTM was observed on day 13 (Fig. 2C).
These snails expressed CTA-LTM compared with those
observed for the backward-conditioned and naive con-
trol snails (p =0.031 for forward vs backward; p =0.024
for forward vs naive; i.e., day 13 snails, 8-d post-test in
Fig. 2C).

Upregulation of MIP Il during short food deprivation
before memory test

To examine the relationship in day 5 snails between the
snails that had 1 d of food deprivation that followed 7 d of
ad libitum feeding (i.e., day 13 snails) and those that did
not have the additional day of food deprivation (i.e., day

eNeuro.org
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Figure 2. Memory formation in day 1, day 5, and day 13 cohorts of snails. The experimental schedule for each cohort of snails is
shown at the top of figures. A, The number of bites elicited by the CS (a 100 mm sucrose solution) in 1 min in the pretest session
and the post-test sessions for day 1 snails are shown. The feeding response to the CS in the forward conditioned group was signifi-
cantly reduced at the three memory test sessions (10 min, 1d, and 7 d), compared with those observed for the backward-condi-
tioned and naive control snails (two-way ANOVA, n=10 each, Fgg1) = 8.79, p <0.0001 for interaction, F g1y = 29.5, p <0.0001 for
conditioning, F(sg1) = 11.6, p <0.0001 for test, Holm post hoc test #xp <0.01). B, As in A except the training and testing were per-
formed on the day 5 snails (5 d of food deprivation before CTA training). Learning and memory are not expressed on the three post-
training tests (10 min, 1d, and 7 d; two-way ANOVA, n = at least 6, Fg 57 = 0.50, p=0.80 for interaction, F» 57y = 1.18, p=0.33 for
conditioning, F3 57y = 1.47, p=0.23 for test). C, As in A, B except that after the 10-min memory test snails were given ad libitum ac-
cess to food for 7 d. Snails were thus tested for memory following this 7-d period. No LTM was observed. Finally, snails were given
a single day of food deprivation, and memory was tested the following day. LTM was now observed (i.e., day 13 snails; two-way
ANOVA, n=10 each, Fgg1) = 2.27, p=0.045 for interaction, F g1) = 4.29, p =0.024 for conditioning, F(3 g1y = 2.41, p=0.073 for test,
Holm post hoc test #p =0.031 for forward vs backward; #p = 0.024 for forward vs naive). The error bars indicate SEM.

12 snails), we measured the mRNA expression levels of
MIPs and MIPR in the CNS collected from these three
groups of snails. Real-time PCR analysis (Fig. 3A) showed
that there was a significantly higher expression of MIP I
mRNA in day 13 good learners (i.e., snails that express
LTM) compared with day 12 snails and day 13 poor learn-

(Hatakeyama et al., 2013). The results above suggest that
the ability to retrieve memory in day 13 snails may depend
on an increase in insulin levels in the CNS.

Insulin and the recovery of memory
Insulin modulates synaptic plasticity at synapses be-

ers, which did not express LTM (p =0.013 for day 13 good
vs day 12; p=0.0133 for day 13 good vs day 13 poor).
There were no significant differences for MIP | (Fig. 3B) or
MIPR (Fig. 3C; MIP I: p=0.081, MIPR: p =0.58) between
the three groups of snails (i.e., day 12 vs day 13 snails).
The results showing no change in MIPR expression due to
CTA training are consistent with the previous data

tween neurons that play key roles in CTA learning and
LTM (Murakami et al., 2013b). We hypothesized that in
day 5 food-deprived snails the injection of insulin would
cause changes in synaptic activity important for CTA
learning and memory formation; and as well reduce the
hemolymph glucose concentration (Floyd et al., 1999).
These changes would mimic the changes seen in day 1

20 - 12 1 n.s. 75 -
n.s.
s * 5 10 { 5
E 15 z l £
o s 08 1 & 50 -
a < a € s e
S 210 - S 206 A 23
£9 cd .E 4
5 504 - S 25
£ £ 02 - 5
2 ]
= k)
s 0" § 0 o 0

Day 12 Day 13 Day13
poor good

Day 12 Day 13 Day13

Day 12 Day 13 Day13

poor  good poor  good

Figure 3. Real-time PCR of MIP I, MIP I, and MIPR mRNA expression in the CNS of day 12 and day 13 good and poor snails. The
data were normalized by the mRNA amounts of HSP40 and GPx. A, MIP Il mRNA level was significantly increased in day 13 good
learner CNS (one-way ANOVA, n=5 each, F 15 = 7.95, p=0.0063, Holm post hoc test #p=0.013 for day 13 good vs day 12;
p=0.0133 for day 13 good vs day 13 poor). B, C, There was no significant difference in the MIP | and MIPR mRNA levels among
day 12, day 13 poor learners, and day 13 good learners (one-way ANOVA, n=5 each, MIP I: F5 15 = 3.11, p=0.081, MIPR: F3 15 =
0.56, p =0.58). The error bars indicate SEM. n.s., not significant.
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Figure 4. Insulin injection into day 12 snails and LTM. The experimental schedules are shown at the top of the figures. A, Number of
bites elicited by the CS in 1 min in the pretest session and the post-test sessions in day 5 snails following 7 d of ad libitum access to
food and 1 h after drug injections in the day 12 snails. LTM was only expressed in day 12 snails that were injected with bovine insu-
lin. Importantly, note that the simultaneous injection of insulin plus the antibody to the insulin receptor did not allow memory to be
recalled (two-way ANOVA, n =40 for insulin injected group and n =20 for vehicle-injected control and simultaneous injection group,
Fe.231) = 3.51, p=0.0024 for interaction, F »31) = 2.97, p =0.056 for conditioning, Fs31) = 8.70, p <0.0001 for test, Holm post hoc
test #xp =0.0031 for insulin vs vehicle; p =0.0049 for insulin vs simultaneous injection). B, The insulin injection did not alter feeding
behavior in day 12 naive snails (one-way ANOVA, n=10 each, F5 »7) = 0.09, p =0.91). The error bars indicate SEM.

snails, which show the best CTA learning and memory.
The changes would also mimic what we believe to be the
state of day 13 snails. Day 13 snails learn and form LTM,
while day 12 snails do not. Thus, we injected day 12 snails
with bovine insulin and then determined whether the insu-
lin-injected day 12 snails retrieve memory. That is, will the
insulin injection be equivalent to the 1-d food deprivation
experienced in day 13 snails?

Snails given a 5-d food deprivation followed by CTA
training (i.e., day 5 snails) did not show CTA (p=0.0031
for insulin vs vehicle; p =0.0049 for insulin vs simultane-
ous injection; see the data of 10-min post-test in Fig. 4A).
Then the snails got an ad libitum access to food for 7 d (i.
e., day 12 snails), and these day 12 snails did not express
CTA-LTM (see the data of 7-d post-test in Fig. 4A).
Following to this protocol, we injected bovine insulin for 1
h to day 12 snails and tested whether the snails ex-
pressed CTA-LTM. These snails expressed CTA memory
as a phenotype (see the data of 7-d post-test after injec-
tion in Fig. 4A). We conclude that insulin injection into day
12 snails caused them to perform as day 13 snails. That
is, they were able to express CTA-memory.

Further, this insulin-induced expression of memory phe-
notype was blocked by a simultaneous application of anti-
insulin receptor antibody (Fig. 4A). We have confirmed that
the drug injections did not affect the feeding behaviors in
day 12 snails without any conditionings (p =0.91; Fig. 4B).
Thus, suppression of feeding responses to the CS seen in
day 12 snails receiving the insulin injection was caused by
the ability of insulin to alter the internal state of the snails
such that the already formed LTM could be recalled (i.e., the
CTA-LTM phenotype was observed).

Change in hemolymph glucose concentration

Food deprivation in Lymnaea alters the hemolymph
glucose concentration (Mita et al., 2014a). Here, we com-
pared the glucose concentrations in snails with different
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durations of food deprivation that were injected with vehi-
cle (HCI, 1.1 um), partially purified MIPs (50 nm) and bovine
insulin (100 nwv; Fig. 5). Each of these drugs was injected
into the four separate cohorts of snails (eating, day —1,
day 1, and day 5). In all the food-deprived states, bovine
insulin had a similar effect to MIPs, decreasing the hemo-
lymph glucose concentration in Lymnaea (Fig. 5A).

We then measured the glucose concentration in hemo-
lymph collected from day 1, day 5, day 12, day 13, and
insulin-injected day 12 snails (Fig. 5B). Day 5 snails,
which indeed learn CTA but which do not express mem-
ory after CTA training, had a significantly lower hemo-
lymph glucose concentration (p=0.0042), compared
with day 1 snails, which express CTA memory after train-
ing. Day 12 snails, which do not express CTA memory, had
a significantly higher hemolymph glucose concentration
(p =0.0185) compared with day 1 snails. Day 13 snails and
insulin-injected day 12 snails also had a significantly lower
concentration (day 13: p=0.0193, insulin-injected day 12:
p =0.0053) than day 12 snails. Moreover, the glucose lev-
els in day 13 and day 12 snails injected with insulin were
statistically not different and were similar to the level seen
in day 1 snails. These data are consistent with the hypothe-
sis that there is an optimal level of circulating glucose that
is well correlated with good CTA memory. These data fur-
ther suggest that 1d of food deprivation (i.e., day 1 and
day 13 snails) results in the optimal levels of insulin and glu-
cose in the snails allowing CTA memory to be recalled.

Discussion

Together, the data presented here are consistent with
the hypothesis that the ability to recall CTA-LTM following
CTA training requires both optimal insulin (i.e., MIP Il) and
glucose levels. These levels can be achieved by a 1-d
food-deprivation procedure either occurring initially be-
fore CTA training (i.e., day 1 snails) or in day 13 snails.
Moreover, we could mimic the results in day 13 snails by
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Figure 5. The effects of insulin on hemolymph glucose concentration. A, The experimental procedure is shown above the data.
Bovine insulin and MIPs injections significantly reduce hemolymph glucose concentrations in eating, day —1, day 1, and day 5
snails. Notice that MIPs also significantly reduce glucose levels but not on the day 5 snails (two-way factorial ANOVA, n=3 each,
Fe,24) = 2.38, p=0.060 for interaction, F4) = 6.20, p <0.0029 for food deprivation, F 24 = 52.8, p < 0.0001 for treatment, Holm
post hoc test #p < 0.05, *#p < 0.01). B, Changes in hemolymph glucose concentration in day —1, day 1, day 5, day 12, day 13, and
day 12 snails with an insulin injection. There is a significant difference between glucose levels between day 1 and day 5 snails.
There are also significant differences in glucose levels between day 12 and day 13 and day 12 insulin-injected snails (one-way
ANOVA, n=10 each, F5 54y = 13.7, p <0.0001 Holm post hoc test #p < 0.05, =xp < 0.01). The error bars indicate SEM.

the injection of day 12 snails with insulin. Finally, further
support of our hypothesis comes from the experiments
showing that CTA memory was not recalled when a simul-
taneous injection of insulin plus its receptor antibody to
the insulin receptor occurred.

Previous studies revealed that an insulin spike in the
CNS caused by the CS plays an important, and maybe a
necessary role, for the CTA-LTM phenotype (Mita et al.,
2014a,b). The previous findings are consistent with the
data shown here. Only snails with a 1-d food-deprivation
procedure (i.e., day 1 and day 13 snails) or day 12 snails
injected with insulin express CTA-LTM. In these cohorts,
similar insulin and glucose levels are observed. The ability
to recall CTA-LTM appears to require a specific internal
state of the snail resulting from a release of insulin (insulin
spike) caused by a short (1-d) food restriction procedure,
coupled to an optimal level of hemolymph glucose.

Insulin signaling is known to modulate synaptic plastic-
ity by acting on glutamatergic and GABAergic receptors
(Zhao et al., 2004). Insulin exposure potentiates the activ-
ity of NMDA receptor in Xenopus oocytes and rat hippo-
campus (Liu et al., 1995) by recruiting NMDA receptors to
the membrane surface (Skeberdis et al., 2001). In cultured
differentiating neurons, insulin promotes the functionali-
zation of AMPA synapse (Plitzko et al., 2001). Insulin also
causes rapid translocation of the GABA, receptors to the
membrane surface in HEK 293 cells transfected with the
GABA, receptor (Wan et al.,, 1997). In addition, insulin
also increases plasma membrane expression of glucose
transporter-4 (GluT4) in the rat hippocampal neurons dur-
ing memory formation (Pearson-Leary et al., 2018). It is
hypothesized that insulin effects on synaptic plasticity
and the increased glucose utilization in neurons by the
translocation of receptors and transporters to the plasma
membrane are importantly involved in memory formation
and its ability to be recalled.

We need to consider the downstream molecular events
of what happens when insulin interacts with its receptor
(Spinelli et al., 2019). Insulin receptors are tyrosine kinase
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receptors (Belfiore et al., 2009). Activation of insulin receptor
results in activity of the phosphoinositide-3-kinase-protein
kinase B/Akt (PIBK/Akt) pathway. This may target molecules
such as target of rapamycin (mTOR), glycogen synthase ki-
nase 3 B (GSK3p), and the transcription factors cAMP re-
sponse element-binding protein (CREB) and the forkhead
box O (FoxO) family (Fernandez and Torres-Aleman, 2012).
PI3K is activated for glutamate receptor insertion at plasma
membranes during synaptic plasticity (Man et al., 2003).
mTOR complex 1 (MTORC1) functions for protein synthesis
involved in the regulation of long-term synaptic plasticity
(Stoica et al., 2011). GSK3B regulates neuroplasticity
(Salcedo-Tello et al., 2011). Activation of CREB has been ex-
amined in Lymnaea and plays a necessary role in LTM for-
mation (Ribeiro et al., 2003; Sadamoto et al., 2004, 2010).
Thus, our next study will be focused on the inhibitors for
these pathways and molecules.

Presently, we do not understand why the 1-d food-depri-
vation procedure (i.e., day 1 and day 13 snails) results in an
insulin spike. The followings are our speculation. Insulin
spike is evoked as an anticipation of food. Snails have been
fed daily before CTA training, we may think that this rhythm
was learned by snails (Aonuma et al., 2020). Thus, they ex-
pected to get fed, and insulin is released in advance, before
the food and to an increase in the glucose concentration. In
day —1 snails, food arrives and glucose level is kept normal
due to the previous release of insulin. However, in day 1 and
day 13 snails, there is no food, so the release of insulin may
be a “mistake” which leads to a decrease in the glucose
level. Not only does this insulin spike alter synaptic transmis-
sion in neurons mediating CTA but the spike also has an in-
fluence on stabilizing an optimal level of hemolymph
glucose. That is, the hemolymph glucose concentrations of
day 1 snails, day 13 snails, and day 12 snails with an insulin
injection were statistically the same. Only these three co-
horts expressed CTA-LTM. Control cohorts injected with ve-
hicle or with insulin and the insulin receptor antibody failed
to express LTM. As well, day 12 snails also failed to express
CTA-LTM.
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Our data show that spontaneous changes in MIP lev-
els occur. Insulin sensitivity in humans is circadian-
rhythm dependent (Jarrett and Keen, 1969; Van Cauter
et al., 1997; Mattson, 2019). Circadian rhythmicity is
also present in Lymnaea that affects CTA learning and
memory (Wagatsuma et al., 2004), although the rhyth-
mic changes in MIP levels have not yet been examined.
Thus, MIP levels can change regardless of food uptake.
However, it is important to state that the optimal inter-
nal state for CTA is brought by 1-d food deprivation.
Further, we should note that a short-term food depriva-
tion makes Drosophila the good learners (Hirano and
Saitoe, 2013).

We measured the mRNA levels of MIP | (Fig. 3B) and
MIPR (Fig. 3C), and as can be seen in the poor learners,
there are large variations in the respective mRNA levels
measured compared with those measured in the good
learners. There are two main reasons for this. First,
these data were obtained from the whole Lymnaea
CNS. The neurons, such as the light green cells (LGCs)
and canopy cells (CCs) in the CNS, are included, and
these cells contain MIP mRNAs (Hatakeyama et al.,
2000). In addition, the neurons located in the CNS con-
tain MIPR mRNAs ubiquitously (Murakami et al.,
2013a). The fact that the mRNA levels vary largely in
each individual snail (Fig. 3) means that the function of
these neurons varies, resulting in the poor learners. In
other words, because the good learners have the stable
mRNA levels, the function seems stable. On the other
hand, as we hypothesize here, the central state in good
learners is dependent on the MIP levels compatible with
memory formation. Thus, we would expect that the
large variations in mRNA levels exert a bad influence on
learning and memory. Second, previous experiments
showed that at the electrophysiological level there were
large variances in synaptic transmission in poor versus
good learners (Kojima et al., 1997). For example, the in-
hibitory postsynaptic potential recorded in the N1M
cells after activation of the cerebral giant cell varied
larger in the poor learners than in the good learners
after CTA training. Together, these data show that to
have memory there must be consistent with the central
state (i.e., little variation in MIP levels).

In conclusion, we show here snails express a CTA
memory only when an optimal internal state involving an
insulin spike and appropriate levels of hemolymph glu-
cose is achieved. It also is apparent that, for example,
LTM forms in day 5 snails but cannot be recalled until
such time as the necessary insulin spike and optimal
glucose hemolymph levels are reached. This may be
one of the first indications that an inability to show LTM
in an invertebrate model system is not the result of fail-
ure to form LTM following training but failure to be able
to recall the already formed LTM. That is, if LTM was
not already formed, the injection of insulin into day 12
snails or the presence of LTM in day 13 snails (i.e., no
further CS-US training occurred but only 1 d of food de-
privation) should not have been possible. Thus, we con-
clude that there is a necessary internal state that is
required for the ability to recall CTA-LTM.
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