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The hippocampal theta rhythm (4-10
Hz) is among the most widely studied
brain rhythms. Theta rhythmic activity
has been associated with cognitive perfor-
mance in humans (Kahana, 2006) and
spatial navigation and other memory
tasks in rats (Huxter et al., 2008). Rhyth-
mic activity in theta range reflects syn-
chronous oscillations in the membrane
currents of local dendrites and synapses
(Buzsdki, 2002). Contemporary models of
theta generation in the hippocampus
posit that rhythmic input from the medial
septum and other sources such as intra-
hippocampal recurrent collaterals and
hippocampal voltage-gated ion channels
are responsible (Bland and Oddie, 2001;
Buzséaki, 2002). In this review, we discuss a
recent study (Montgomery et al., 2009)
that provides a compelling revision to
these models and presents evidence for
multiple local theta generators through-
out the hippocampus. The authors report
that theta oscillations varied between the
different layers of the hippocampus and
that these differences were, to a large ex-
tent, a result of local independent theta
dipoles. In addition, they show that layer-
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specific modulation of theta may be
linked to behavioral and cognitive
operations.

Neural oscillations are typically de-
tected from local field potential (LFP) re-
cordings from the extracellular space.
Waveform recordings of LFPs depend on
conductivity (or resistivity) of the extra-
cellular medium, local anatomy of neu-
rites and synapses, and the electrode ge-
ometry in the extracellular space
(Montgomery et al., 2009); interpreting
which activity is related to local synaptic
events, therefore, requires modeling of
these multiple variables. Current-source
density (CSD) analysis identifies the loca-
tion and temporal dynamics of mem-
brane current fluctuations and thus can
serve to dissociate some of these variables
(Leung, 1990). By electrically stimulating
the tissue of interest from afferent regions,
one can estimate the resistivity of the local
extracellular space (near the recording
electrode) through a simple ohmic rela-
tionship. This stimulation imposes cur-
rent sources (where current flows into ex-
tracellular space) and sinks (current flows
out of extracellular space) at recording
sites such that the sum of membrane cur-
rents within a small volume (hence the
“density”) represents the CSD. The CSD
profile, then, reflects extracellular current
accumulation without volume conduc-
tion effects from nearby recording sites.

To make their measurements, Mont-
gomery et al. (2009) implanted high-
density 96-site silicon probes in the dorsal

hippocampus of behaving rats. The
probes spanned almost the entire hip-
pocampus in the dorsal-ventral axis and
enabled the simultaneous recording of
slow-wave signals and single-unit activity
throughout the layers of regions CAl,
dentate gyrus (DG), and CA3. This tech-
nique has been used before for studies of
hippocampal and cortical laminar func-
tion (Montgomery and Buzsaki, 2007)
but rarely for such a systematic survey of
theta across hippocampal layers. In paral-
lel to measuring the LFP, the authors also
recorded local source and sink currents by
CSD analysis. For both of these measures,
they analyzed and compared power, fre-
quency, coherence, and phase between
different recording locations across the
hippocampus under general conditions
and when rats were either running on an
elevated maze in a hippocampus-
dependent delayed spatial alternation task
or in control tasks that were not dependent
on the hippocampus (e.g., running back
and forth on a track to get food reward).
Coherence of theta LFPs and currents
were higher within a specific layer
(>0.98) than between layers (>0.7)
[Montgomery et al. (2009), their Fig. 1].
Analysis of phase differences of LFP theta,
local theta currents, and single-unit activ-
ity between the different layers produced
similar results: phase differences within a
layer were much lower than differences
between layers. The DG showed relatively
high intralayer variability in both phase
and coherence, likely attributable to the



7112 - ). Neurosci., June 3, 2009 - 29(22):7111-7113

convergence of multiple cortical and in-
trahippocampal inputs [Montgomery et
al. (2009), their Fig. 1F] and their Fig.
2D]. These data suggest that each hip-
pocampal layer is independent, to a cer-
tain degree, in terms of theta expression
(as reflected by the LFP) and generation
(as reflected by CSD analysis). These find-
ings are also consistent with single-unit
recording studies showing distinct coding
properties of different hippocampal layers
(Lee et al., 2004; Leutgeb et al., 2004) and
extend these data to include slow-wave
activity.

To assess the functional role of local
theta activity, Montgomery et al. (2009)
tested the influence of cognitive task de-
mands on theta activity in the different
hippocampal layers. Theta power, fre-
quency, coherence, and phase were com-
pared between layers as rats performed a
hippocampus-dependent delayed spatial
alteration task and hippocampus-
independent control tasks. Employing a
general linear model, the authors tested
the relative influence of running speed,
acceleration, and maze region on theta
modulations (LFP and CSD) within and
between layers. In the alteration task, dif-
ferent maze regions contributed substan-
tially more to the variance of theta power
between layers than different speeds and
accelerations [Montgomery et al. (2009),
their Fig. 4 A—C]. Specifically, theta power
in CA1 was selectively increased when rats
were running in the central arm of the
maze compared with other maze regions
[Montgomery etal. (2009), their Fig. 4 D, E].
Moreover, a significant increase in theta co-
herence in the DG was also observed in the
central arm of the maze [Montgomery et al.
(2009), their Fig. 6 A—C]. Just like power and
coherence, theta frequency increased when
rats were running in the central arm, but this
effect was more global and not restricted toa
particular layer.

During  hippocampus-independent
tasks, the authors also report an increase
in theta power in CAl and theta coher-
ence in the DG when rats occupied the
initial physical sections of the running
track [Montgomery et al. (2009), their Fig.
5 and their Fig. 6 D]. Unlike the alterna-
tion task, theta frequency was not in-
creased in any location of the control
tasks. The layer-specific increase of theta
power and theta coherence exclusively on
the central arm may suggest that it is re-
lated to cognitive operations performed at
this location. These may include memory
retrieval (e.g., where did I go in the previ-
ous trial) and decision making (e.g.,
where should I go now). However, the fact

that modulations of theta parameters
were also observed in tasks that do not
demand such cognitive operations (the
control tasks) confounds the former in-
terpretation. In contrast, the global in-
crease in theta frequency only during the
hippocampus-dependent alternation task
may reflect faster information processing
during periods of cognitive demand.

By combining LFP and CSD analysis,
Montgomery et al. (2009) demonstrate
that theta rhythmic activity in the hip-
pocampus originates from multiple ana-
tomically distributed current generators.
What drives these current generators re-
mains an open question. Hippocampal
oscillations emerge from the recurrent or-
ganization of intrahippocampal net-
works, such as CA3, and from extra-
hippocampal structures, such as different
layers of the entorhinal cortex and the me-
dial septum. To investigate the multiple
sources of theta oscillations, it will be nec-
essary to record simultaneously from dif-
ferent locations within the hippocampus
and in the entorhinal cortex, as well as
other brain regions. Although voltage-
gated ion channels of hippocampal neu-
rons have been implicated in local theta
rhythms as well (Buzsaki, 2002), it is un-
clear whether they are required for behav-
ior. Specific inhibition of voltage-gated
channels in the context of behavior would
clarify the role of these channels in infor-
mation processing.

There is ample evidence that the theta
phase of CA1 pyramidal cell spikes carries
more information than firing rate alone
(Huxter et al., 2008). The relative inde-
pendence of both spiking and theta activ-
ity in other hippocampal layers, as shown
by Montgomery et al. (2009), raises the
question whether theta phase of spiking
activity is equally informative in other
hippocampal layers. Although the rela-
tionship between spikes and theta rhythm
are clearly important in CAl, phase rela-
tions between theta and other types of
slow waves may also be informative. The
theta rhythm has been proposed to func-
tion as a carrier wave associated with
gamma slow-wave activity (30-50 Hz). In
a recent model of episodic memory en-
coding and retrieval proposed by Jensen
and Lisman (2005), it was suggested that
individual theta cycles “bind” together
multiple components of a single memory;
these “memory components” are repre-
sented by spikes on successive gamma
rhythm cycles. Because it is likely that in-
formation processing is heterogeneous
across the layers of the hippocampus,
these findings together with previous re-
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ports on the layer and task specificity of
hippocampal gamma rhythm (Montgom-
ery and Buzsaki, 2007) suggest that
gamma rhythmic activity may interact
with theta in a local manner to guide be-
havior. If so, memory retrieval and encod-
ing may be coordinated by cell assemblies
whose axons and dendrites show layer-
dependent organization.

Montgomery et al. (2009) only par-
tially support a role for layer-specific theta
modulation in cognitive processes,
mainly because similar modulations were
observed during behaviors that were inde-
pendent of the hippocampus. It is notable
that hippocampal place fields, which are
fundamental to hippocampal function,
were discovered when animals were en-
gaged in a hippocampal-independent task
(O’Keefe and Dostrovsky, 1971). This is
probably because hippocampal activity
can be correlated with behavior even if it
does not control it. With this in mind, the
results of Montgomery et al. (2009), more
than answering a particular question re-
lated to hippocampal function and cogni-
tive operations, open a new perspective on
the details of hippocampal function and
call for further detailed investigations of
the role of layer-specific theta in hip-
pocampal information processing. One
way of addressing this issue would be to
increase cognitive demands imposed on
the hippocampus while monitoring local
theta activity; this can be achieved, for ex-
ample, by letting the animal perform the
familiar hippocampus-dependent task in
a novel room. Successful performance in
the novel environment would require the
flexible association of novel and familiar
information, the kind of operations sug-
gested to depend on the hippocampus
(Eichenbaum, 2004).

Although the functions of theta oscil-
lations have been long debated, there is
still no clear consensus on what informa-
tion processing roles they serve in the hip-
pocampus. Proceeding from the assump-
tion that theta rhythm is not a monolithic
phenomenon, we may now be able to ask
better questions about its function in pro-
cesses of learning and memory.
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