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Our work has advanced the understanding of how brains organize and store information in a
distributed network. Further, we have identified mechanisms for the selection and prioritization of
specific memory traces, both during consolidation and recall.

Over the 4 years of funding provided we produced 9 research papers and 2
review articles directly related to the aims of the project. For the first 2 aims these include of
an influential invited Perspectives commentary published in Neuron, a research manuscript on how
memory encoding neurons are impacted by stress, and papers detailing the impact of both
environmental manipulations (stress; Tomar et al, 2021a, 2021b) and genetic manipulations (He et al,

2021; Guan et al 2021, He et al 2022, Adaikkan et al 2024) on local and global memory circuit
function. Related to the third aim our 2019 Makino et al study was the first study to establish a
physiological signature of behaviorally relevant memory recall based on memory age, as well as the
first to lend experimental support to a multistage model of remote memory recall. Under the scope of

aim 4 we have published one international collaborative study (Robert et al 2021) in addition to
our 2021 He et al Neuron study addressing this topic
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The hippocampus plays a key role in the formation, consolidation and recall of memory and has
been best characterized in the rodent as a center for spatial learning. In vivo recordings in freely
behaving genetically modified mice have been central in understanding how individua neurons
in this structure encode spatial memory (‘place cells’) and how oscillations in the loca field
potential (LFP) impact communication and information transfer both within and outside the
circuit. The HPC has two distinct and well-characterized oscillatory states, a robust ~8 Hz theta
oscillation, accompanied by underlying gamma oscillations (slow gamma~40 Hz and fast gamma
~80H2z) observed during exploration/encoding and a second state, defined by the appearance of
sharp-waveripples (SWRs), short ~140Hz oscill ations seen during rest. Disrupting thetaor SWRs
impairs spatial learning and the stability of neuronal activity. However, previous experiments have
lacked the tools to selectively disrupt information content without also disrupting the oscillatory
activity itself, making it impossible to disambiguate their contributions to the mechanisms and
dynamics of memory.

Recent technological and conceptual advances allow us to now conduct experiments that will
disambiguate information (spiking) and oscillations in the encoding, consolidation and recall of
a specific memory. First, we have recently combined our expertise in physiology with the
emerging technology of memory engram labeling, based on the combination of immediate early
gene expression and optogenetics, to functionally tag, identify & manipulate neuronsinvolved in
the encoding of a specific memory (Tanaka et a, Science, 2018). In that project we found that
while the cFos+ ‘engram’ neurons, cells necessary and sufficient for a specific memory, are place
cells, they only make up ~25% of the active ensemble. Further, they could be distinguished by
firing repetitive bursts paced at the theta frequency and an increase in the responsiveness to fast
gamma oscillations- suggesting a neural signature of a cell participating in memory based on its
temporal dynamics Crucially, our data demonstrates that we can now physiologically identify and
manipulate a small subset of neurons necessary and sufficient for memory- effectively
manipulating the ‘information’ content of a specific memory- with a precision that will leave the
overall population activity oscillations intact- a breakthrough in the field. Finally, my laboratory
is a world leader in collecting and analyzing high-density recording of hippocampa neuronal
activity, allowing us to decode information content during SWR ‘replay’ events (Middleton et al,
Nature Neuro, 2018) and during theta and gamma oscillations (Middleton & McHugh, Nature
Neuro, 2016). These advances leave us in a unique position to investigate the mechanisms of
integration of information and oscillations and reveal their individual rolesin memory, aswell as
yield insight to treatments of disordersinvolving aberrant neural dynamics.

Information in the brain is conveyed by the spiking of neurons and the computations underlying

memory require these spikes are organized, both spatially and temporally. This organization is



achieved through rhythmic oscillations, a fundamental mechanism of communication and
organization throughout the brain. In this project we build on our recent technological and
conceptual advancesin the control and decoding of the physiology of memory to investigate how
oscillations in hippocampal/cortical circuits organize the information required for memory and
how temporally organized information is atered by dysfunction and disease. Combining novel
genetic techniques with in vivo physiology and computational and analytica approaches we will

address several fundamenta aims:

¢ A0l How general isthe physiological signature of a neuron encoding a memory?

e AQ02: Are neurons encoding a memory interconnected between brain regions and
how istheir communication coordinated?

e AQ03: How doesthe dynamics of memory recall evolve with time and experience?

e A04: Can memory loss due to disease and aging be improved by controlling
synchrony?

Overal, the research methods employed in our experiments are based on our genetic access to
specific neuronal subtypes using transgenic mice and viral approaches, including neurons active
in the encoding of specific memories, and on our expertise in in vivo physiology in the freely
behaving mouse. In vivo recordings in geneticdly modified mice have been central in
understanding how individual neurons in this structure encode spatial memory (‘place cells’;
McHugh et al, Cell 1996) and how oscillations in the local field potential (LFP) impact
communication and information transfer both within and outside the circuit (Middleton &
McHugh, Nature Neuro. 2016, Middleton et al, Nature Neuro 2018). To achieve the aims of this
project we have added severa important features to our experimenta approaches over the last
year, including the incorporation of custom hardware and software which allows real-time
detection of physiological eventson-line (such asripples, 120-180Hz oscillation in the CA1 LFP)
and subsequent milli-second lag triggering of lasersfor time-locked optogenetic intervention with
high temporal precision, aswell asthe further development of transgenic and viral-based methods
for activity-dependent cell labeling using both the cFos and Npas4 promoter systems. As
described in the research results below, these advances, in combination with our established
expertise in specific neuronal and circuit manipulations and high-density activity monitoring,
have alowed us to identify populations of neurons involved in the encoding or modulation of
memories or behaviors and analyze their circuit connectivity and function.

We have aso incorporated emerging high-density recording techniques, specifically the
neuropixe 2.0 probes (Jun et al 2017) for data collection in addition to the use of our established
tetrode recording approaches. With these approaches we have examined the information
represented by population activity of neurons both with and without manipulations of activity in
the hippocampal circuit. pattern will be affected by photoinhibition of the CA1 engram cells
during SWRs.



Over thefour years of funding provided we have produced 9 research papersand 2 review articles
directly related to the aims of the project. Of the four aims, the first [AO1: How general is the
physiological signature of a neuron encoding a memory?] was the most chalenging, as the
hardware and personnel required were the most impacted by the COV1D-19 pandemic (see section
4-2 above). However, the preliminary data and goals of this project formed the backbone of an
influential invited Perspectives commentary that we published in Neuron. In thistop-rated journal,
Perspectives cover new, emerging ideas, with the goal of informing the readership and to provide
insights and ideas that will help push the field forward. In addition, we published a research
manuscript on how memory encoding neurons are impacted by stress, directly related to thisaim.
Under the scope of Aim 2 [A02: Are neurons encoding a memory interconnected between brain
regions and how is their communication coordinated?], we have been very successful in
publishing important findings, detailing the impact of both environmental manipulations (stress;
Tomar et al, 2021a, 2021b) and genetic manipulations (He et al, 2021; Guan et a 2021, He et a
2022, Adaikkan et a 2024) on local and global memory circuit function.

Related to the third aim [A03: How does the dynamics of memory recall evolve with time and
experience?] our 2019 Makino et a study wasthefirst study to establish a physiologica signature
of behaviorally relevant memory recall based on memory age, as well as the first to lend
experimental support to a multistage model of remote memory recall. Moreover, using machine
learning based classification approaches we demonstrated in the work the first across subject
application of unbiased memory-age determination based on physiology aone; a highly novel
and impactful discovery. This work serves as the basis for ongoing experiments focused on the
identification and manipulation of engram neurons in this memory task, as well as work soon to
be submitted using more sophi sticated machine learning approachesto classify memory age based
on physiology. In addition, we touched on thisthemein our 2021 Tomar et al paper looking at the
impact of stress on memory consolidation over time.

Finally, under the scope of aim 4 [A04: Can memory loss due to disease and aging be improved
by controlling synchrony?] we have published one international collaborative study (Robert et a
2021) in addition to our 2021 He et al Neuron study addressing thistopic.

Overall, the published and ongoing research funded with this project has advanced the
cellular and millisecond resolution quantification of how our brains organize and store
information distributed acrossthe neural circuits of memory. Further, our ability to combine
specific circuit manipulations with high-density observation of neuronal dynamics has
identified hitherto unknown mechanisms for the selection and prioritization of specific
memory traces, both during periods of consolidation, such as sleep, as well as during active

recall. In total, the published research studies and reviews, as well as the ongoing



research related to the project position our laboratory as a leader in the field of
hippocampal neuronal dynamics and memory.

Additionally, the Chen et a study, published in Nature in late 2020, began outside of the
scope of the original plan, but due to technology development spurred by the project, has
proven highly synergistic to the ongoing work. The main finding in that study is the
identification of parallel hypothalamic circuits that can signal novelty to the dorsal
hippocampus. This identification of a hitherto unidentified novelty circuit in the
mammalian brain has motivated us to understand the impact of these circuits on
hippocampal physiology and memory dynamics in our future experiments and has
already been featured in high profile commentaries (Oliva, 2020 Trends in Neuroscience)
and reviews (Walsh et al, Current Opinion in Neurobiology 2021; Watarai et al Current
Opinion in Neurobiology 2021; Lee et al, Cell 2021, Goode et al, Neuron 2020),
receiving 122 citations since being published and being accessed over 31,000 times on
the Nature website. As stated above, although this study began prior to the adoption of
the project, the technology developed as part of this project was instrumental in
completing this work and has opened new synergistic avenues of investigation
concerning how novelty and novelty signaling impacts the dynamics of memory

representations.
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