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Inhibitory interneurons and network oscillations
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euronal networks in the brain
oscillate in various frequency
bands, and such oscillations
can be detected by observing
local field potential or EEG activity (1).
Oscillations in the gamma frequency
band (30-80 Hz) have drawn special
attention because of their link to a vari-
ety of cognitive processes including sen-
sory binding (2), attention selection (3),
and memory (4, 5). Of particular physio-
logical interest are questions of how
gamma oscillations are generated and
synchronized across brain regions. The
study by Middleton et al. in this issue of
PNAS (6) provides novel insights into
these questions: it identifies 2 subcircuits
within the entorhinal cortex (EC) that
are capable of generating gamma oscil-
lations at different frequencies. More-
over, it presents data implying that these
generators recruit different neuronal
pathways in their communication with
the hippocampus. Their study points out
for the first time the specialized role of
inhibitory interneuron types in generat-
ing oscillatory patterns at different fre-
quencies. Given that both the hippocam-
po—-EC system and gamma oscillations
are linked to memory processing, the
temporal interactions between the EC
and the hippocampus at these distinct
gamma frequencies could be involved in
different aspects of mnemonic processes.
The report by Middleton et al. (6)
examines the mechanism behind how
gamma oscillations are generated in the
EC with an emphasis on the effect of
the NMDA receptor activation: a key
glutamatergic receptor for synaptic plas-
ticity and memory formation. Using an
in vitro preparation of the EC, they
demonstrate that gamma oscillations
slow down when NMDA receptors
(NMDARs) are blocked by ketamine
(an NMDAR antagonist). They then
show that NMDA-dependent (fast, ~40
Hz) and NMDA-independent (slow,
~30 Hz) gamma rhythms are generated
by functionally distinct subcircuits (Fig.
1). Both subcircuits consist of EC excita-
tory principal cells and inhibitory inter-
neurons whose reciprocal interactions
lead to oscillations. However, Middleton
et al. find that these subcircuits include
2 distinct types of interneurons. The in-
terneurons participating in the first sub-
circuit are the basket cells whose cell
bodies are located in the layer II of the
EC. NMDAR activation leads to a
prominent tonic excitation of these bas-
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Schematic illustration of the gamma-generating EC microcircuit described in Middleton et al.’s

study (6). The circuit is composed of 2 subcircuits: the principal cell (Pc)-basket cell (Bc) and the principal
cell-goblet cell (Gc) loops. These 2 subcircuits generate mutually exclusive ~40- and ~30-Hz gamma
oscillations. (Upper) lllustration of the microcircuit. (Lower) Raster plots illustrate the firing of the
different cell types during gamma oscillations. (A) Fast (=40 Hz) gamma oscillations are generated
through the recurrent interactions between basket cells and principal cells. Such interaction requires
NMDAR-mediated depolarization of basket cells. Basket cells inhibit goblet cells, preventing the activa-
tion of the pyramidal cell-goblet cell loop. (B) Slow (=30 Hz) gamma oscillations are generated similarly
by goblet cells and principal cells. In the absence of NMDAR-mediated excitation, the spiking activity of
basket cells is reduced, releasing goblet cells to interact with principal cells.

ket cells that interact with principal cells
to generate ~40-Hz gamma rhythm
(Fig. 1A4). These basket cells, however,
have another function: they suppress the
activity of interneurons in the second
subcircuit. The cell bodies of these latter
interneurons are located in layer III of
the EC and are called “goblet” cells,
newly-discovered by the Middleton et al.
study (6). In the absence of NMDAR-
mediated excitation in the EC, the de-
creased spiking activity of the basket
interneurons reduces the inhibition they
exert on goblet cells. The release of
goblet cells from inhibition allows them
to participate in the reciprocal interac-
tion with principal cells (Fig. 1B), lead-
ing to the generation of the second
gamma rhythm at a lower frequency
(=30 Hz). Based on the results of the
experiments, a biophysical model was
created that confirmed that these 2
types of gamma oscillations can be gen-
erated by using the microcircuit archi-
tecture described above. Finally, the
Middleton ez al. study (6) shows that
hippocampal regions in vitro have a se-
lective preference for slow or fast
gamma oscillations: whereas the CA1
region preferentially oscillates with
~40-Hz oscillations, the CA3 region

prefers slower ~30-Hz oscillations.
Hence NMDA-dependent EC gamma
oscillations may preferentially synchro-
nize with the CA1 region, whereas
NMDA-independent EC gamma oscilla-
tions may recruit coherent oscillations
with the CA3 region.

The surprising finding in the Middle-
ton et al. study (6) is that 2 gamma pat-
terns are generated locally by 2 different
types of interneurons. Previous work in
vivo has demonstrated that hippocampal
GABAergic interneuron types exhibit
differentiable firing patterns in relation
to network oscillations, indicating that
they have specialized roles in controlling
various oscillations in the brain (7).
Similarly, previous work in vitro has
demonstrated that both interneuron—
interneuron and pyramidal cell-
interneuron interactions can generate
the gamma rhythm in the hippocampus,
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a result predicted by modeling work
(8-12). The important finding of
Middleton et al.’s study is the demon-
stration that certain interneurons have a
specialized role in generating an oscilla-
tion at a certain frequency band. More-
over, their work also highlights that
interneuron-interneuron interactions
could regulate which rhythm generator
subcircuit is activated at a given time.
Because gamma patterns described in
slice studies have been shown to share
the same features as the ones present in
vivo (12, 13), Middleton et al.’s study
lays the foundation for future work in
behaving animals.

In behaving animals, previous
work has identified 2 distinct gamma-
generating circuits in the hippocampus—
EC system: one in the CA3-CAl re-
gions generating gamma oscillations
locally, and another one in dentate gy-
rus driven by the EC (13). It is quite
likely that the mechanisms by which
gamma oscillatory patterns are gener-
ated in vivo are more complex than
have been described so far. More de-
tailed analysis will require simultaneous
recordings in different subfields of the
hippocampus and the EC to examine
the details of gamma synchronization
across these regions. Moreover, further
investigation is needed to test whether
gamma subbands (e.g., =30 and ~40
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Hz) exhibit differences in network syn-
chronization and whether 2 distinct
gamma patterns occur during in vivo
physiological conditions within the EC.
What could be the functional signifi-
cance of the 2 distinct EC gamma
rhythms? Learning and memory are
known to emerge from complex interac-

Hippocampal regions in
vitro have a selective
preference for slow or

fast gamma oscillations.

tions among distributed brain networks.
As the interface between the hippocam-
pus and the neocortex, the EC occupies
a critical gateway for the processing and
transfer of information related to epi-
sodic and spatial memories. In this con-
text Middleton et al.’s study (6) proposes
that NMDAR activation could control
the nature of the temporal interaction
between the EC and the hippocampus
by switching from one gamma pattern to
another. Thus, NMDAR activation may
govern the proportion by which each
pathway is recruited to process informa-
tion during, for example, the rapid ac-
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quisition of new information versus the
retrieval of previously learned ones. In-
deed, there are both human and animal
studies suggesting that gamma oscilla-
tions in the hippocampus have such a
role in memory processing, particularly
in short-term memory (4, 5, 14). Inter-
estingly, gamma oscillations are often
nested within slower theta-band (4-12
Hz) oscillations (15). Thus, it has been
proposed that memory sequences can be
encoded by the firing patterns of cells in
successive gamma cycles nested within
each theta cycle (16). Recently, it was
revealed in the hippocampus of behav-
ing animals that gamma-related firing
during theta oscillations can support the
formation of such a temporal code (17).
However, 2 distinct populations of hip-
pocampal principal cells were differenti-
ated in the CAl region, representing
movement trajectories and places, which
each support different types of popula-
tion codes within a theta cycle. Al-
though the coding of movement trajec-
tories may require the CA3 region (18),
location representations could originate
directly from the EC (19). Thus, the
dual gamma generators described in the
EC by Middleton et al. (6) and their
differential communication with the
CA3 and CALl regions could support the
2 forms of coding observed.
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