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A large body of evidence supports a key role
for medial temporal lobe (MTL) structures
in declarative memory. Initial theories as-
signed specific cognitive processes to partic-
ular subregions and suggested a hierarchical
serial processing stream that converges
in the hippocampus (Eichenbaum et al.,
2007). Two main independent processing
streams were proposed: the “what” stream,
which encodes item features in the perirhi-
nal cortex (PRC) and reaches the hip-
pocampus through the lateral entorhinal
cortex (LEC), and the “where” pathway,
which encodes position and spatial context
in the postrhinal cortex (POR) and reaches
the hippocampus via the medial entorhinal
cortex (MEC). In this framework, the role of
the hippocampus is to integrate “what” and
“where” information into conjunctive rep-
resentations of “what happened where” and
also “when,” the basic components of epi-
sodic memory (Fig. 1).

This simple framework has been chal-
lenged by recent results showing mixed ob-
ject and spatial coding in MEC and LEC
(Knierim et al., 2013). Additionally, numer-

ous anatomical interconnections exist at
every level of the circuit and there are nu-
merous bidirectional parallel pathways
between hippocampal and entorhinal sub-
regions. These findings suggest a more com-
plex functional organization. Is the model of
serial processing by independent functional
modules still tenable or have enough evi-
dence accumulated to support a theory in
which “what” and “where” information is
intermingled throughout distributed MTL
networks?

A recent report (Keene et al., 2016)
shines new light on this question. The au-
thors recorded in MEC, LEC, and PRC re-
gions as rats learned specific object-context
associations that predicted reward. Animals
learned to dig in two terra cotta pots with
different texture and odor. In each of two
contexts only one of the pots was always
rewarded (different pot for each context),
regardless of its position. Keene et al. (2016)
found that all task dimensions (object posi-
tion, object identity, context, and object-
position within context) were encoded in
the three different areas, albeit to different
degrees. This mixed representation was
even present at the single-cell level. Cells that
are traditionally considered purely spatial-
coding cells (e.g., grid cells) showed strong
selectivity for object identity in some cases,
just as so-called “place cells” in the hip-
pocampus encode objects under some cir-
cumstances. In tasks in which keeping track
of elapsed time is important for reward,
hippocampal and MEC cells show temporal
coding as well (Kraus et al., 2013). These re-

sults can be interpreted as an evidence of a
more general phenomenon: associative cor-
tical areas can flexibly support multiple
representations according to behavioral de-
mands. Keene et al. (2016) also raise a cau-
tionary note: laboratory tasks are usually
designed to test specific hypothesis about
the function of a particular area and thus
bias neuronal representations to those as-
pects that are task-relevant in a narrow
context.

Keene et al. (2016) used population anal-
ysis to unveil ensemble representations of
task dimensions. Although MEC, LEC, and
PRC represented all relevant dimensions of
the task at the population level, MEC en-
sembles displayed a stronger position cod-
ing than LEC and PRC ensembles, which
preferentially encoded object identity. The
authors also showed a qualitative difference
in the nature of representational organiza-
tion across the MTL. In the MEC, popula-
tion representations of different positions
within the same context were strongly
segregated, whereas in LEC and PRC, the
separation was stronger for object identity
representations. These results illustrate that
the organizing principle for information
coding in MEC and PRC/LEC differ. MEC
representations are organized primarily
based on path integration mechanisms and
self motion cues, whereas representations in
LEC (and PRC) are organized based on local
landmarks and individual item features
(Knierim et al., 2013). These different com-
putational mechanisms result in a stronger
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position coding in MEC and stronger object
identity in LEC and PRC.

The present study illustrates the useful-
ness of population analysis of neuronal
representations (McKenzie et al., 2015).
However, one caveat is that all analyses re-
lied exclusively on firing rates. Although rate
is a useful measure, much information is
also stored in the temporal code of spikes.
Investigating spike timing in relation to
the concurrent theta and gamma rhythms
would offer a deeper insight into the tempo-
ral organization of cells assemblies encoding
different aspects of the task. For example,
are MEC and LEC cells encoding position
and object information firing during the
same theta cycle in a specific sequence? Such
“theta sequences” could offer a potential
mechanism to integrate different informa-
tion into a coherent representation. It has
been shown that theta–gamma coupling in
entorhino-hippocampal networks is essen-
tial for memory recall (Schomburg et al.,
2014). Thus, it is likely that, in a similar way,
local gamma oscillations synchronize the
firing of cells encoding the same informa-
tion while the global theta rhythm coordi-
nate the activation of these cell assemblies
across structures. Theta sequences and the-
ta–gamma coupling could play a comple-
mentary role to the rate coding of object,
position, and context shown by Keene et al.
(2016).

If the representation of objects, context,
and position is distributed across parahip-
pocampal cortices, how is this information
integrated into coherent episodic memo-
ries? The temporal analysis of Keene et al.
(2016) suggest that position is first encoded
in MEC and then sent to LEC, whereas the

representation of objects follows the oppo-
site path. Another possibility is that dentate
granular cell ensembles that receive inputs
from both LEC and MEC store these com-
bined representations. In favor of this hy-
pothesis, it has been shown that selective
reactivation of granular cells active during a
fear experience is sufficient to induce mem-
ory recall (Liu et al., 2012).

Nonetheless, the anatomical and experi-
mental evidence suggest that the integration
of different information modalities does not
occur at only one level of the circuit. Both
DG and CA3 integrate MEC and LEC in-
puts; however, they perform different com-
putational operations on them. Others have
found that the output of the DG rapidly
decorrelates entorhinal inputs that reflect
changes in the environment, whereas CA3
representations remain largely coherent,
supporting a pattern separation function of
DG and pattern completion function of
CA3 (Neunuebel and Knierim, 2014). In
contrast to CA3 and DG, MEC and LEC in-
puts do not overlap in CA1 (Amaral and
Lavenex, 2007). MEC axons selectively in-
nervate proximal CA1 (closer to CA3) and
LEC axons distal CA1. This organization
suggests that representations in proximal
CA1 follow organizing principles similar to
MEC (i.e., preferential spatial coding) and
those in distal CA1 are similar to LEC/PRC.
This hypothesis is supported by reports
showing more precise spatial coding by
proximal CA1 place cells (Henriksen et al.,
2010) and stronger modulation by objects
of distal CA1 place cells (Burke et al., 2011).
However, CA1 cells also integrate conjunc-
tive representations from CA3, so the infor-
mation encoded in their firing patterns is

likely more complex that those in the ento-
rhinal cortex, as evidenced by the flexible
expression of place and “time” cells in this
region (Kraus et al., 2013). A possible recon-
ciliation of these findings may be found in
the temporal organization of the inputs
arriving to CA1. Indeed, CA3 input domi-
nates the first half of the theta cycle (de-
scending phase) and entorhinal input the
second (Schomburg et al., 2014), and the
two halves of the theta cycle have been pro-
posed to serve different functions, reflecting
two coding modes of the CA1 network
which serve respectively navigational and
memory functions of the area (Sanders et
al., 2015). According to this framework,
during the descending phase of the theta cy-
cle CA3 input drive CA1 place cells, repre-
senting current position of the animal,
and update MEC grid cell representation.
During the ascending theta phase, entorhi-
nal input drive the firing of place cells repre-
senting possible future trajectories. This
latter process could be useful to determine
whether good or bad outcomes (i.e., finding
reward) have been previously associated
with potential upcoming positions.

The report by Keene et al. (2016) sets the
stage for new work testing those hypotheses,
although simultaneous recordings in all
the implicated regions are required. Only
such experiments can elucidate the cellular
mechanisms of episodic memory formation
and spatial coding in the temporal lobe.
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Figure 1. Schematic representation of information flow in the parahippocampal region. Black arrows indicate direction and strength of anatomical connections. Different processing streams are
marked by different colored areas (gray for objects, yellow for position), with an overlapping surface (green) indicating conjunctive representations shown by Keene et al. (2016). In the hippocampus
a complex multimodal pattern is formed.
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