CellPress

Beierlein, M., Gibson, J.R., and Connors, B.W.
(2000). Nat. Neurosci. 3, 904-910.

Chen, J.L., Andermann, M.L., Keck, T., Xu, N.L.,
and Ziv, Y. (2013). J. Neurosci. 33, 17631-17640.

Galarreta, M., and Hestrin, S. (1999). Nature 402,
72-75.

Gibson, J.R., Beierlein, M., and Connors, B.W.
(1999). Nature 402, 75-79.

Jorgenson, L.A., Newsome, W.T., Anderson, D.J.,
Bargmann, C.l., Brown, E.N., Deisseroth, K., Do-
noghue, J.P., Hudson, K.L., Ling, G.S., MacLeish,
P.R., et al. (2015). Philos. Trans. R. Soc. Lond. B

Biol. Sci. 370, 20140164, http://dx.doi.org/10.
1098/rstb.2014.0164.

Karnani, M.M., Jackson, J., Ayzenshtat, I., Tucciar-
one, J., Manoocheri, K., Snider, W.G., and Yuste,
R. (2016). Neuron 90, this issue, 86-100.

Kepecs, A., and Fishell, G. (2014). Nature 505,
318-326.

Long, M.A., Cruikshank, S.J., Jutras, M.J., and
Connors, B.W. (2005). J. Neurosci. 25, 7309-7316.

Otsuka, T., and Kawaguchi, Y.
J. Neurophysiol. 770, 795-806.

(2013).

Neuron

Pfeffer, C.K., Xue, M., He, M., Huang, Z.J., and
Scanziani, M. (2013). Nat. Neurosci. 16, 1068-
1076.

Roux, L., and Buzsaki, G. (2015). Neuropharma-
cology 88, 10-283.

Rudy, B., Fishell, G., Lee, S., and Hjerling-Leffler, J.
(2011). Dev. Neurobiol. 71, 45-61.

Swadlow, H.A. (2002). Philos. Trans. R. Soc. Lond.
B Biol. Sci. 357, 1717-1727.

Yoshimura, Y., and Callaway, E.M. (2005). Nat.
Neurosci. 8, 1552-1559.

The Young and the Promiscuous
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It is now well accepted that new neurons continue to be generated in the adult hippocampus. By visualizing
and manipulating new neurons in behaving mice, Danielson et al. (2016) begin to define how new neurons

contribute to hippocampal function.

In the 1960s a young neurobiologist from
MIT discovered a subpopulation of prolif-
erative cells in the dentate gyrus (DG) that
appeared to generate new neurons well
into adulthood (Altman, 1963). Although
Joseph Altman’s claims were initially met
with skepticism (Altman, 2011), the intro-
duction of more definitive methods for la-
beling and phenotyping newborn neurons
in the 1990s led to broad acceptance of
this phenomenon.

With acceptance, attention swiftly
shifted away from whether hippocampal
neurogenesis persists in the adult brain
to how the continued addition of new neu-
rons contributes to hippocampal function.
Given the role of the hippocampus in
memory, initial studies focused largely
on how adult-born granule cells (abGCs)
impact hippocampal memory function:
finding, for example, that global suppres-
sion of neurogenesis impairs encoding
of some hippocampus-dependent mem-
ories (Shors et al., 2001). More recently,
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however, the focus has narrowed. Moti-
vated by the idea that the DG is important
for pattern separation (Leutgeb et al,
2007; Treves and Rolls, 1994)—the pro-
cess of transforming overlapping input
representations into less overlapping or
distinct output representations—current
studies have asked how hippocampal
neurogenesis regulates this process (Sa-
hay et al., 2011b). These studies report
that increasing or decreasing hippocam-
pal neurogenesis, respectively, improves
or worsens rodents’ ability to encode
fine spatial discriminations—a behavioral
analog of pattern separation (Niibori
et al.,, 2012; Sahay et al., 2011a). How-
ever, these types of studies are not
without limitations. First, the interventions
chronically alter levels of hippocampal
neurogenesis, allowing for the possibility
of compensatory circuit-level changes
that may muddy the interpretation. Sec-
ond, while brain slice preparations have
identified unique physiological features

of abGCs (Marin-Burgin et al., 2012), it is
challenging to know how these properties
relate to alterations in behavior following
global alteration of hippocampal neuro-
genesis. In the current issue of Neuron, a
study by Danielson and colleagues begins
to bridge this divide. Combining sophisti-
cated transgenic and imaging strategies,
Danielson et al. (2016) simultaneously
monitor the activity of abGC and mature
granule cell (mGC) populations in the DG
as mice explore virtual contexts and test
whether abGCs are necessary for context
discrimination. Accordingly, the authors
directly compare abGC and mGC activity
in vivo and, in so doing, begin to reveal
how abGCs uniquely contribute to behav-
ioral pattern separation.

Danielson et al. (2016) used two-photon
calcium imaging in awake, behaving mice
to record the activity of DG granule cells
expressing the genetically encoded cal-
cium indicator, GCaMP6f. By using trans-
genic mice in which abGCs were indelibly

-
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labeled with a red fluorophore (tdTomato),
they directly compared calcium signals
emitted from abGCs and mGCs. As these
head-fixed mice traversed virtual linear en-
vironments (composed of different visual,
auditory, and olfactory stimuli), the authors
observed that abGCs were more active
than their more mature counterparts: Cal-
cium transients (a proxy for neuronal firing)
were detected at higher rates in abGCs,
and proportionately fewer abGCs were si-
lent. Previous in vitro studies established
that abGCs are more excitable than their
mature neighbors (Marin-Burgin et al.,
2012). The current study shows that
the same holds true in vivo. Moreover,
it suggests that abGCs—by virtue of
their heightened excitability —more readily
respond to stimuli during encoding.

How might this promiscuous activity in-
fluence how abGCs encode and represent
information? The major subdivisions of the
hippocampus (including CA1, CAS3, and
DG) contain spatially modulated neurons,
or place cells, that preferentially fire in
one or more spatial locations in a given
environment. Although it is clear that
spatial information is carried by DG popu-
lation activity, it is unclear whether imma-
ture and mGCs differentially contribute to
this signal. To answer this question, Dan-
ielson et al. (2016) first examined to what
extent GC activity was modulated by
location in the virtual environments. While
the activity of both abGCs and mGCs
was spatially modulated, this modulation
tended to be less precise in abGCs. New
neurons were less spatially tuned.

Might poorer spatial tuning reduce the
ability of abGCs to discriminate similar en-
vironments? Danielson and colleagues
next monitored GC activity as they altered
the virtual environments. While mGCs
“remapped” when environments were
altered, this remapping appeared to be
less efficient for abGCs (although this
depended to some extent on how spatial
tuning was assessed). Interestingly,
though, the authors noted a subpopula-
tion of abGCs that were as discerning as
their mature counterparts, showing no dif-
ficulty discriminating efficiently between
contexts. A more detailed analysis of this
subpopulation is necessary to determine
what particular properties support their
superior discrimination ability. Neverthe-
less, these findings emphasize the utility
of the imaging techniques employed by

Danielson et al. (2016) in monitoring sub-
population-specific activity in the DG.
The current findings that mGCs more effi-
ciently discriminate contexts than abGCs
extends previous research by allowing re-
searchers to classify neuronal activity by
cell age (Leutgeb et al., 2007).

Although the present study finds that
abGCs are relatively poor discriminators,
paradoxically, elimination of this popula-
tion of cells results in impaired behavioral
pattern separation (Niibori et al., 2012;
Sahay et al., 2011a). Inthese studies, neu-
rogenesis levels were typically manipu-
lated prior to training, making it impos-
sible to dissect the role of abGCs in
distinct memory processes (e.g., encod-
ing, consolidation, retrieval). Using a
transgenic strategy to “tag” abGCs with
the inhibitory opsin Arch, Danielson et al.
(2016) gained temporal control over
when abGCs could be inhibited during
different stages of a contextual fear
discrimination task. In this kind of task,
mice are repeatedly exposed to a fearful
(shock-paired) context and similar neutral
context over the course of several days
and start to show more fearful behavior
(e.g., freezing) in the aversive context.
Optogenetically silencing abGCs during
initial exposures to the neutral, but not
the aversive, context impaired this behav-
ioral discrimination. However, silencing
abGCs after context discrimination was
already acquired, or during exposure to
a neutral but dissimilar context, did not
impair pattern separation.

These data extend previous studies
and suggest that abGC activity is neces-
sary during the initial encoding of conflict-
ing contextual stimuli to support pattern
separation. But how might this happen?
One possibility is that similar contexts
are sparsely encoded by non-overlapping
ensembles of abGCs, and this might help
to reduce interference during memory
retrieval. However, in light of the present
study’s finding that abGCs more ambigu-
ously represent context information (Dan-
ielson et al., 2016), this interpretation
seems unlikely. Instead, abGCs may act
as “pattern integrators.” By virtue of
their increased excitability, information
from distinct experiences might be co-
allocated to ensembles of abGCs that
partially overlap in their spatial distribu-
tions. This idea is supported by computa-
tional modeling that predicts that distinct

events may be encoded by largely over-
lapping ensembles of highly excitable
abGCs but non-overlapping ensembles
of mGCs (Aimone et al., 2009) and would
explain why in the current study neuronal
activity in new neuron population less effi-
ciently disambiguated context experi-
ences. The small percentage of abGCs
that could discriminate contexts may
represent a cohort of neurons on the
cusp of maturity and therefore display
the mGC phenotype, but more temporally
precise labeling of immature granule
cells is needed to test this possibility.
Such experiments will determine whether
a specific cohort of abGCs in the hetero-
geneous immature neuron population
can support pattern separation.

Why would the elimination of a popula-
tion of “pattern integrators” lead to defi-
cits in context discrimination? One idea
is that abGCs help “sparsify” the DG
code. Immature granule cells form con-
nections with hilar and CA3 interneurons
which exert inhibitory drive on mGC and
CA3 pyramidal neuron populations to
effectively constrain principal cell activa-
tion during encoding (Drew et al., 2015; Ik-
rar et al., 2013; Restivo et al.,, 2015).
Consistent with this idea, increased levels
of neurogenesis are associated with
reduced DG activation both in vitro (Ikrar
et al., 2013) and in vivo (Drew et al,
2015). Conversely, reduced levels of neu-
rogenesis are associated with elevated
DG activation both in vitro (lkrar et al.,
2013) and in vivo (Drew et al., 2015).
Therefore, pattern separation deficits
stemming from optogenetic inhibition of
abGCs (Danielson et al., 2016) could be
attributed to unrestrained mGC activity
during encoding of similar environments
and poor separation of memory traces in
CAB3 (see also Niibori et al., 2012).

What new neurons do in the adult
hippocampus has been the subject of
much conjecture and debate (Cameron
and Glover, 2015). However, just as
improved techniques allowed the field
to move on from questioning whether
neurogenesis persists in the adult hippo-
campus to acceptance of this phenome-
non, improved techniques for imaging
new neurons in behaving animals—in
essence allowing researchers to watch
thought in real time at a cellular level of
resolution—will accelerate progress to-
ward defining their function.
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Optogenetics Advances in Primate Visual Pathway
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In this issue of Neuron, Klein et al. (2016) used cell-type-specific optogenetics and electrical microstimulation
to characterize the koniocellular geniculocortical projections in nonhuman primates. Their work offers a
powerful platform for refining our understanding of the mechanisms of visual information processing in the
lateral geniculate nucleus and primary visual cortex.

Optogenetics has revolutionized neuro-
science research in transgenic animal
models and is slowly becoming more
sophisticated in nontransgenic models.
In nonhuman primates (NHPs), the appli-
cation of optogenetics has advanced
from the initial proof of principle (Diester
etal., 2011; Han et al., 2009) to perturbing
behavior (Cavanaugh et al., 2012; Gerits
et al., 2012), evoking percepts (Jazayeri
et al., 2012), and, most recently, projec-
tion-specific targeting in the oculomotor
system (Inoue et al., 2015). Cell-type-
specific targeting, however, has remained
achallenge (but see Lerchner et al., 2014).
In this issue of Neuron, Klein et al. (2016)
use optogenetics and electrical micro-
stimulation to target the koniocellular
cells of the lateral geniculate nucleus
(LGN) in NHPs.

The macaque visual system is among
the most thoroughly characterized model
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systems for thalamocortical processing.
Thalamocortical projections to the pri-
mary visual cortex (V1) originate from
distinct and alternating bands of magno,
parvo, and koniocellular cells in the LGN.
Decades of research have shown that
the magno- and parvocellular projec-
tions terminate in the granule layer of V1,
whereas koniocellular cells (K-cells) proj-
ect to the supragranular layers. In addition
to their distinct anatomical projections,
K-cells are the only cells in the LGN that
express the calcium binding protein
CamKlla. (Hendry and Reid, 2000). The
authors took advantage of this biochem-
ical property and used a viral vector
(rAAV5) with an effective CamKIl promoter
to target the expression of Channelrho-
dopsin-2 (ChR2) to K-cells. The vector
transduced many K-cells with reasonable
(but imperfect) specificity and reliability,
and reporter gene expression was found

throughout the membrane of transduced
cells. In addition to K-cells and nearby
CamKllI-positive cells, the vector was
also able to transduce distant layer 6 py-
ramidal cells of V1 and retinal ganglion
cells, presumably through retrograde
transport mechanisms.

K-cells have heterogeneous visual
response properties and are thus difficult
to identify and characterize with visual
stimuli. Klein et al. (2016) used optoge-
netics as an assay to identify K-cells
based on their responsiveness to optoge-
netic stimulation. Optogenetic stimulation
can activate both cells of interest that
express ChR2 and interconnected cells
that do not express ChR2. Klein et al.
(2016), therefore, focused their analysis
on cells with short-latency responses to
optogenetic stimulation that are more
likely to have been K-cells with ChR2
expression. They characterized K-cells’
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