summary

Overview and central question

According to a paper published in 2020, the authors argue that astrocytes in hippocampal area
CA1 actively participate in systems consolidation by regulating communication between the
hippocampus and the anterior cingulate cortex, or ACC, during learning. Their central claim is
that this astrocyte-mediated regulation determines whether a memory will later be accessible at
remote time points, weeks after it was formed. Rather than viewing astrocytes as passive
support cells, the paper positions them as active gatekeepers that shape long-term memory
organization at the systems level.

Background and conceptual gap

The classical view of memory consolidation distinguishes between recent and remote memory.
Recent memory, measured over hours to days after learning, is known to depend strongly on
the hippocampus. Remote memory, assessed weeks or months later, gradually becomes less
dependent on the hippocampus and more reliant on cortical areas, particularly frontal regions
such as the anterior cingulate cortex. This transition is referred to as systems consolidation and
is traditionally described as a gradual reorganization of memory traces across brain regions.
However, most models of systems consolidation are neuron-centric and focus almost
exclusively on neuronal plasticity and activity. The key gap addressed by this paper is what
controls whether cortical regions, specifically the ACC, are successfully recruited during
learning in a way that later supports remote memory. The authors propose that astrocytes,
rather than neurons alone, may act as a selective gate that regulates hippocampal-to-cortical
interactions during memory formation.

Key concepts and experimental framework

In this study, recent memory is defined as recall tested approximately 24 hours after learning,
while remote memory refers to recall tested roughly 20 to 21 days later, with some experiments
extending beyond 60 days. The hippocampal subregion CA1 is treated as a critical output node
of the hippocampus that communicates learned information to downstream cortical targets. The
ACC is emphasized as a cortical region consistently implicated in remote memory retrieval and
long-term memory storage. The authors focus specifically on the functional interaction between
CA1 and ACC.



To manipulate astrocyte signaling, the study uses a chemogenetic approach. Astrocytes are
targeted using a GFAP-driven viral vector expressing the inhibitory Gi-coupled DREADD
receptor hM4Di. Activation of this receptor using the ligand clozapine-N-oxide, or CNO,
engages Gi signaling selectively in astrocytes. Astrocytes are glial cells known to regulate
synaptic transmission, extracellular ion concentrations, and metabolic support, and can
influence neuronal communication in an activity-dependent manner. The Gi pathway in
astrocytes is hypothesized to modulate their interaction with synapses rather than directly
silencing neurons. To assess neural recruitment and circuit function, the authors use c-Fos
expression as a proxy for neuronal activation, field excitatory postsynaptic potentials to
measure synaptic strength, and optogenetic stimulation of Schaffer collateral inputs using
channelrhodopsin-2.

Overall experimental logic

The experimental logic of the paper follows a clear causal chain. First, the authors manipulate
astrocyte signaling in CA1 during the learning phase by activating Gi signaling through hM4Di
and CNO. They then ask whether this manipulation affects recent and remote memory
differently. When they find that remote memory is selectively impaired, they test whether
recruitment of the ACC, as well as functional coupling between CA1 and ACC, is altered. Next,
they examine whether these effects are specific to CA1 neurons that project to the ACC rather
than reflecting a global suppression of hippocampal output. Finally, they directly inhibit CA1-to-
ACC projection neurons during learning to determine whether this manipulation alone is
sufficient to reproduce the selective remote-memory deficit. This progression from behavior to
neural recruitment, circuit physiology, projection specificity, and causal manipulation makes the
argument internally coherent and mechanistically grounded.

Methods: astrocyte targeting and validation

To target astrocytes in CA1, the authors inject an AAV8 virus carrying GFAP-driven hM4Di
fused to mCherry. This strategy results in high penetrance and specificity, with more than 85
percent of GFAP-positive astrocytes expressing hM4Di, more than 95 percent of hM4Di-
expressing cells being astrocytes, and less than 1 percent overlap with neuronal markers. This
validation is critical because it establishes that behavioral and physiological effects cannot be
attributed to direct neuronal expression of the chemogenetic receptor.

An important nuance addressed by the authors is how Gi activation affects astrocyte activity.
Although CNO administration robustly increases astrocytic c-Fos expression in hM4Di mice, the
authors caution that astrocytic c-Fos is not a reliable indicator of the nature of astrocyte activity,



because c-Fos can be induced by different intracellular pathways. To address this limitation,
they use two-photon calcium imaging in acute slices from mice expressing both hM4Di and the
calcium indicator GCaMP6f in CA1 astrocytes. These experiments show that CNO induces a
moderate decrease in baseline intracellular calcium levels, suggesting that Gi activation alters
astrocyte signaling dynamics in a manner consistent with reduced modulatory output.

Behavioral paradigm and circuit physiology

Memory is assessed using contextual fear conditioning, which includes a learning phase
followed by recall tests at recent and remote time points. Crucially, CNO or saline is
administered before the acquisition phase, ensuring that astrocyte Gi activation affects learning
and encoding rather than memory retrieval. This timing is central to the authors’ argument that
remote memory deficits arise from disrupted processes during learning.

To assess functional connectivity between CA1 and ACC, the authors express
channelrhodopsin-2 in CA3 neurons and stimulate Schaffer collateral axons optogenetically in
CA1. In anesthetized mice, they record both local CA1 responses and downstream ACC
responses. CA1 responses are quantified using fEPSP amplitude relative to baseline, while
ACC responses, which are temporally broader and more complex, are quantified using the
mean absolute signal magnitude over a defined post-stimulation window.

Results: selective disruption of remote memory

The first major result shows that activating Gi signaling in CA1 astrocytes during acquisition
selectively impairs remote memory while leaving recent memory intact. In contrast, direct
inhibition of CA1 neurons during acquisition impairs both recent and remote memory. This
dissociation suggests that remote memory formation relies on additional processes beyond
those required for recent memory, and that astrocytes can selectively modulate those
processes. The fact that the behavioral deficit appears weeks after learning supports the idea
that astrocyte manipulation disrupts the initial establishment of a systems-level memory trace
rather than immediate encoding.

Reduced CA1 and ACC recruitment during remote recall

The second major finding comes from c-Fos mapping after memory recall. When animals are
tested at the recent time point, both behavior and c-Fos expression in CA1 and ACC are similar
between control and astrocyte-manipulated groups. However, during remote recall, animals that



experienced astrocyte Gi activation during learning show impaired freezing behavior along with
significantly reduced c-Fos expression in both CA1 and ACC. This pattern is also observed in
experiments conducted more than 60 days after learning, indicating a long-lasting disruption of
the hippocampal—cortical network normally engaged during remote recall. These results
suggest that astrocyte manipulation prevents the normal recruitment of both hippocampal and
cortical components of the remote memory network.

Disrupted ACC recruitment and CA1-ACC coupling during learning

A critical mechanistic insight emerges from experiments examining neural activity during the
acquisition phase itself. While fear conditioning increases c-Fos expression in multiple regions,
including CA1, ACC, and the basolateral amygdala, astrocyte Gi activation selectively reduces
learning-induced c-Fos expression in the ACC without substantially affecting CA1 neuronal
activation. This effect is not observed in several other brain regions, indicating regional
specificity. Complementing this finding, optogenetic stimulation experiments reveal that
astrocyte Gi activation only modestly reduces local CA1 responses but dramatically attenuates
downstream ACC responses. Together, these data indicate that astrocytes in CA1 regulate how
effectively hippocampal activity propagates to the ACC, acting as a functional gate for
hippocampal—cortical communication during learning.

Projection specificity: CA1—ACC neurons

The authors next demonstrate that the effect of astrocyte Gi activation is projection-specific.
Using retrograde labeling, they identify CA1 neurons that project to the ACC and show that
these neurons are exceptionally strongly recruited during learning, as indicated by c-Fos
expression. Astrocyte Gi activation markedly reduces recruitment of this specific population. In
contrast, CA1 neurons projecting to another target, such as the nucleus accumbens, are only
moderately recruited by learning and are not affected by astrocyte manipulation. This specificity
argues against a global suppression of hippocampal output and instead supports the idea that
astrocytes bias which hippocampal output channels are engaged during learning.

Causal confirmation: inhibiting CA1—ACC neurons

In the final experiment, the authors directly inhibit CA1 neurons that project to the ACC using an
intersectional chemogenetic strategy. When these projection-specific neurons are inhibited
during acquisition, animals show normal learning, normal recent memory, and intact baseline



behavior, but exhibit a clear deficit in remote memory tested weeks later. This manipulation
recapitulates the behavioral phenotype produced by astrocyte Gi activation, providing strong
causal evidence that activity in the CA1—ACC pathway during learning is necessary for the
formation of remote memory.

Central conclusion and interpretation

Taken together, the paper demonstrates that remote memory formation is not simply a passive,
later-stage transfer of information from hippocampus to cortex. Instead, a critical component of
systems consolidation occurs during learning itself, when hippocampal activity must
successfully engage cortical regions such as the ACC. Astrocytes in CA1 regulate this
engagement by modulating hippocampal output and selectively controlling recruitment of
CA1—ACC projection neurons. When this gating mechanism is disrupted, recent memory can
still form, but remote memory fails.

Strengths, limitations, and discussion points

The study is strengthened by its high specificity of astrocyte targeting, its convergence of
behavioral, molecular, and physiological data, and its circuit-level precision. At the same time,
the authors acknowledge limitations common to chemogenetic approaches, including potential
off-target effects of CNO, and limitations of c-Fos as an indirect measure of neural activity.
While the paper convincingly demonstrates a gating role for astrocytes, the precise molecular
mechanisms by which astrocytes modulate synaptic transmission remain to be fully defined. For
presentation purposes, it is best to describe the mechanism as modulation of effective
hippocampal-cortical transmission rather than attributing it to a single astrocytic process.
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