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Our results suggest that in neonatal mice, theta oscillations integrate various brain regions for

fear learning and memory. Our established EEG/EMG/LFP recording method can be used to study mice
models for developmental disorders in children.

We found that learning and memory are sensitive to age in developing mice.
Mice pups at the age of postnatal day 26 (P26) showed a significant increase in freezing behavior
during fear conditioning and recall (24 h delay) compared to P17. Dreamless mice that exhibit low
strength theta rhythm and less time in REM sleep did not display such age-dependent enhancement of
learning and memory (unpublished results). We developed techniques to measure sleep parameters
(EEG/EMG) and deep brain local field potentials (LFP) in neonatal mouse pups aged starting P17. We
confirmed no effect of surgery on the growth and development of pups.
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1. WFERRREYS A DE B (Background): In mammals, sleep occurs in cycles of rapid eye
movement (REM) and non-REM (NREM) sleep. Each sleep stage is characterized by local and
global synchronous neuronal activities that play critical roles in memory consolidation (review
by Jesse J. Langill, Frontier in cellular Neurosci. 2019). For example, during NREM sleep,
boosting slow oscillations enhances memory (Marshall et al., Nature 2006), whereas in REM
sleep, disrupting theta rhythm impairs long-term memory storage (Boyce et al., Science 2016).
Dreamless is the right mouse model to investigate the REM-dependent memory consolidating
mechanism because they sleep less in the REM stage and show a low theta power during REM
sleep (Funato et al., Nature 2016).

At the neonatal stage, although mice spent most of their time in REM sleep, theta in the
hippocampus mature by P26 (Wills et al., Science 2010). Moreover, hippocampal-dependent
memories formed in the neonatal stage are rapidly forgotten (infantile amnesia). Long-term
memory storage starts at P30 onwards (Akers et al., Learn Mem. 2012). Hence, storing long-term
memory in the hippocampus develops near the theta maturation period in the neonatal stage
suggesting a possible role of theta in establishing memory consolidation mechanism. However,
REM-theta role in establishing a memory consolidating mechanism memory is unknown (Key
specific question).

2. BWF3EMD EHA) (Purpose): An intellectually disabled child typically shows weak memory
storage. This study will recognize the developmental role of theta oscillation during REM sleep
in establishing memory storage mechanisms. The normal development of sleep-dependent
memory consolidation mechanism is unknown.

3. WFFE D ¥ (Methods): All animal experiments were approved by the University of
Tsukuba Institutional Animal Care and Use Committee. Animals were maintained in a home cage,
which was maintained at 23 degrees Celsius ambient temperature and 12h light /dark cycle with
ad libitum access to food and water following institutional guidelines.

Contextual fear conditioning: Experiments were performed on dreamless (NALCNP™*) pups and
their wild-type littermates when they stayed with their mother. The development of contextual
fear memory was assessed at postnatal days P17, P26, P30, P35, and P40. The contextual fear
conditioning protocol was the same as previously used for neonates (Akers et al., 2014). For
strong contextual fear conditioning, five foot shocks (0.5 mA, 2 s duration, 1 min apart) were
delivered after 2 min. Mice were removed from the chamber 30 seconds after the last shock.
During the test, mice were placed in the chamber for 5 min. Behavior was recorded by overhead
cameras. Freezing behavior (i.e., absence of movements except breathing) was measured using
an automated scoring system.

EEG/EMG/LFP electrode implantation in neonates’ brains: From each cage, 2-3 pups were used



for surgery and 2-3 pups from the same cage were used as naive control. Neonatal pups at P10
were chronically implanted with EEG/EMG electrodes and one tetrode under 1-2% isoflurane
anesthesia. A miniature EEG screw connected with a thin copper wire was gently inserted into the
surface of the skull. A thin tetrode made after twisting four platinum-iridium wires was lowered
in the hippocampus and kept above CA1. A pair of thin EMG wires are inserted into the neck
muscle. After surgery, the pups were placed in a heater until they had fully recovered from the
anesthetic and were then returned to the mother and littermates.

Measurement of sleep (EEG/EMG) and LFP: One week later the pups were connected to a
recording cable for measurement of sleep (EEG/EMG) and local field potential (LFP) for 4 hours.
All EEG, EMG, and LFP waveforms were processed offline using a MATLAB-based program.
The sleep-wake stage was scored in 4 second epochs using the criteria mentioned (Kumar et al.,
2015).

Novel object recognition (NOR) task: All mice pups were ear-notched at P10 for identification
purposes. Surgery and naive mice were handled and habituated to the behavioral chamber.
Handling and habituation consisted of 2 min of handling followed by placement into the
behavioral chamber for 5 min. NOR was divided into one training phase followed by a test phase.
The training phase consisted of placing the mouse into the chamber containing two copies of a
single object. The training phase lasted for 10 minutes after that the mouse was removed and
placed back into the home cage. Following a delay period of 24 hours, mice underwent a 5S-minute
test phase where they were placed in a chamber containing one previously encountered object and
a novel object. Total object exploration measurements considered the complete test phase lasting
5 min.

Body weight and brain weight measurement: Surgery and Naive pup's body weight was measured
at P10, P11, P12, P13, P14, P16, P27 and P60. At the end of the study brain weight of surgery and
naive mice were compared.

4. BFERE (Results): We found age-dependent contextual fear learning in neonatal mice.
During fear conditioning, P26/P30 mice displayed an increase in freezing behavior compared to
P17 (Figure 1A and 1B). Also, in memory recall (1-day interval), P26/30 mice performed better
(Figure 1C). These data identify a precise temporal window for the enhancement of fear learning
and memory. However, dreamless mice did not display such enhancement in freezing behavior
(unpublished results, data not shown). It is possible that lower theta spectral power in dreamless
affected fear learning and REM-dependent memory consolidation (Boyce et al., 2016). However,
we did not know whether dreamless neonatal pups show reduced spectral power of theta wave
during REM sleep, previously reported in adults (Funato et al. 2016). Recording sleep and LFP
in neonatal pups remains challenging. Hence, we first established a method to implant EEG/EMG

and LFP electrodes in P10 pups and examine the effect of surgery on the normal growth of the



pups by measuring body weight regularly. Data from the neonatal and adult stage body weight of

surgery and naive mice indicated no significant effect of surgery on body weight (Figure 2 C).

Brain weight of surgery and adult mice also did not significantly differ (Figure 2A and 2B). To

investigate normal learning and memory formation in surgery and naive pups, a novel object

recognition task was performed.
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Fig 1. Fear learning and memory during postnatal
development days P17 to P30. Freezing (A) 1 min bin (B)
total inter shock interval period (5mins) during contextual
fear conditioning (c) Freezing during (5min) recall with 24

hours delay

awake stage is shown in figure (Figure 4.)

Both surgery and naive
pups spent significantly
greater object
interaction time with
novel objects at the P19,
P27, and P31 stages
(Figure 3, upper naive;
bottom, surgery). This
data suggests that there
were no effects of
surgery on the learning
and memory of

neonatal pups.

We also found that
dreamless mice started
exhibiting a change in
EEG spectral power in
the theta and delta
range from neonatal
age

(unpublished  results,

data not shown).

Wild type mice (P17)
EEG/EMG traces
during sleep (NREM
and REM sleep) and
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Fig 4. P17 mouse EEG and EMG traces during NREM, REM sleep and Awake stage
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