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and T807 and T808; and ultimately (6)
validation of tau quantification in corre-
lative imaging-postmortem studies as
have been done for several AB-imaging
tracers. While much work remains to be
accomplished in future investigations,
the initial in vivo tau imaging studies with
[''C]PBBS3 presented by Maruyama et al.
(2013) are promising in many respects.
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The subventricular zone (SVZ) continuously supplies new interneurons that incorporate into pre-existing
olfactory bulb circuitry. Khodosevich et al. (201 3) show that connective tissue growth factor (CTGF) regulates
a multicellular signaling cascade determining the number of postnatally born inhibitory interneurons in odor-

activated glomeruli.

Robust neurogenesis takes place in the
subventricular zone (SVZ) of the adult
mouse brain (Luskin, 1993). The neuro-
blasts, generated in the SVZ, travel along
the rostral migratory stream, arrive at the
core of the olfactory bulb (OB), and
migrate radially until their appearance in
either the granule cell layer or the glomer-
ular layer (Lois and Alvarez-Buylla, 1994;
Luskin, 1993). Subsequently, the neuro-
blasts differentiate in their respective
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layers into the two major interneurons:
granule cells and periglomerular cells.
Each day, thousands of neuroblasts
migrate to the OB and integrate into pre-
existing circuits after differentiating.
The majority end up in the granule layer,
while the rest end their journey in
the glomerular layer based on their
fate that was established in the SVZ
(Luskin, 1993; Merkle et al., 2007). This
continual flux of cells provides the sub-

Neuron 79, September 18, 2013 ©2013 Elsevier Inc.

strate to selectively incorporate new
cells and remodel the olfactory circuitry
that processes sensory input. In this
issue of Neuron, Khodosevich et al.
(2013) show that odorant-activated
expression of the previously character-
ized connective tissue growth factor,
CTGF, controls the survival of periglomer-
ular cells by potentiating TGFB2 activity
and activating an apoptotic pathway in
periglomerular cells in selective glomeruli.
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This regulation is important in
odorant-mediated behaviors.

Olfactory stimuli are trans-
duced by the sensory neu-
rons (OSNs) located in the ;
sensory epithelium of the
nasal cavity. Each OSN ex-
presses exactly one allele
from a repertoire of ~1,000
olfactory receptor (OR) genes
(Buck and Axel, 1991). Axons
from OSNs that choose the
same OR converge into a
common glomerulus located
in the glomerular layer of the
OB. These sensory pro-
cesses make excitatory syn-
apses with mitral and tufted cells, the ma-
jor excitatory neurons of the OB. Within
the glomerulus, OSNs also synapse with
periglomerular cells, the major glomerular
layer inhibitory interneuron (Lledo et al.,
2008; Mombaerts, 2006).

CTGF was initially highlighted in micro-
array studies in which the authors
observed high expression of CTGF in the
OB but low or undetectable levels in the
SVZ and the rostral migratory stream lead-
ing to the OB (Khodosevich et al., 2007,
2009). While the role of CTGF in wound
healing and fibrosis is established, little is
known about its role under normal physio-
logical conditions (Shi-Wen et al., 2008). In
the OB, CTGF is detected in the glomer-
ular layer at postnatal day 3 (P3), peaks
at P5, and continues to be expressed in
into adulthood (Khodosevich et al.,
2013). This coincides with a time of rapid
cellular and anatomical expansion of the
sensory epithelium. The CTGF-positive
cells coexpress cholecystokinin (CCK)
and are glutamatergic, characteristic of
external tufted cells (Liu and Shipley,
1994; Ohmomo et al., 2009). Although
CTGF was detected primarily postnatally,
the external tufted cells are primarily born
embryonically during bulb development.
Consistent with their identification as
external tufted cells, CTGF-positive neu-
rons were generated during the peak
of OB development (E16-18), and their
birth completed by PO. Together these
observations suggest that earlier-born
external tufted cells adopt a new and
selective role that involves CTGF in the
postnatal and adult animal.

Rather than depend on tissue-specific
conditional knockouts, the authors uti-
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Figure 1. Schematic of the Cells and Molecules Contributing to
Regulation of Periglomerular Survival

lized adeno-associated virus (AAV) that
robustly infects all cell types—dividing
and nondividing in the OB. Their ex-
periments have revealed an interesting
intercellular control mechanism that
modulates the number of inhibitory inter-
neurons. The authors combined expres-
sion manipulations that decreased CTGF
expression with retroviral EGFP reporter-
marking of SVZ neuroblasts at P3 and
observed an increase in the number of
EGFP-positive cells in the glomerular
layer. This effect was reversed when a
shRNA-resistant form of CTGF was in-
jected. Morphological analysis identified
EGFP-positive cells in the glomerular
layer as periglomerular neurons. Why
were more periglomerular cells present
in the CTGF knockdown brains? During
the first few weeks after the newborn
neurons reach the OB, roughly half of
them undergo apoptosis. The authors
hypothesized that knockdown of CTGF
selectively altered apoptosis of periglo-
merular but not granule cells. The number
of apoptotic cells in the glomerular layer
but not the granule cell layer decreased
in the CTGF knockdown mice. Injecting
shRNA-resistant CTGF increased the
number of apoptotic cells. Thus, CTGF
seemed to play a role in promoting
apoptosis of periglomerular cells.
Although the role of CTGF in inhibitory
interneuron survival was clear, the
signaling pathway that mediated the
effects of the tufted cell-derived factor
was more enigmatic. In particular, the
receptors for canonical CTGF signaling
are not expressed in the maturing
neuroblasts of the olfactory bulb. CTGF
is also known to bind to other growth fac-
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tors and modulate their activ-
ity (Cicha and Goppelt-
Struebe, 2009). The authors
beautifully demonstrate this
ligand complex mechanism
) and identified TGFB2 as a
potential candidate involved
in the CTGF downstream
signaling. Each of the proteins
in this putative pathway,
CTGF, TFGB2, and its recep-
tors TGFBRI and TGFBRII,
were expressed in the glo-
merular layer. TFGB2 was
secreted by GFAP-positive
astrocytes, while its recep-
tors—TGFBRI and TGFBRII—
were expressed in a subpopulation of
newly born GAD-positive periglomerular
neurons. In vivo evidence for CTGF/
TGFB2 interaction was provided by
knocking down TGFBRI selectively in
postnatally born neuroblasts via viral
injection. TGFBRI knockdown led to an
increase in the number of neurons located
in the glomerular layer, indicating a reduc-
tion in apoptosis. Furthermore, the effect
of knocking down CTGF in OB, shown
in the initial experiments to effect cell
survival, could be abrogated by the
simultaneous knockdown of TGFBRI
receptor in the target neuroblasts.
Together, these data indicated that
CTGF acts in a complex with TGFB2 to
activate a TGFp signaling pathway in
postnatally born periglomerular cells that
leads to activation of apoptosis in these
cells (Figure 1).

Knockdown of CTGF led to an
increased number of periglomerular cells.
Did this affect olfactory information
processing at the level of OB circuitry
and electrophysiology? In the CTGF
knockdown OB, the frequency but not
the amplitude of spontaneous inhibitory
postsynaptic currents (sIPSC) increased
in both prenatally and postnatally gener-
ated populations of periglomerular inter-
neurons. The frequency and the amplitude
of spontaneous excitatory postsynaptic
current (SEPSC) in these cells, however,
did not change significantly. Therefore,
the sEPSC:sIPSC (excitation:inhibition
ratio) decreased in postnatally and
prenatally born CTGF-knockdown peri-
glomerular cells. These results indicated
that CTGF expression level impacts local
circuit activity and the presence of an
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increased number of periglomerular
neurons resulted in stronger inhibition on
the mitral cells.

Do the alterations in the number of
inhibitory cells have a consequence in
mouse olfactory behavior? To understand
its role, odorant detection, discrimination,
and long-term memory were examined in
mice that were subject to CTGF knock-
down in the olfactory bulb. Compared to
control mice, CTGF knockdown mice dis-
played a decrease in odorant detection
threshold, i.e., the CTGF knockdown
mice were more sensitive to odors than
control mice. In the odorant discrimina-
tion test, CTGF knockdown mice per-
formed better than control mice. The
only test in which CTGF knockdown and
control mice performed equally was the
long-term memory test using suprathres-
hold odorant stimuli.

The mammalian olfactory bulb is sub-
ject to dynamic and variable changes
throughout adult life. New OSNs are
continually reinnervating the OB as a
result of normal turnover of these cells
and traumatic or pathogenic lesions
in the sensory epithelium. Furthermore,
the odor environment is constantly
changing in intensity and quality. The
authors therefore tested whether the
expression of CTGF was dependent on
olfactory experience. OSNs were chemi-
cally ablated, and CTGF expression was
examined at various time points postabla-
tion (during regeneration of OSNs). CTGF
expression was the lowest in the glomer-
ular layer when sensory input was lacking
and expression gradually increased with
OSN reinnervation of the OB. Conversely,
lack of sensory input led to a strong
increase in TGFB2 expression. Since
lack of sensory input led to a decrease in
CTGF expression, the authors wondered

whether olfactory enrichment could in-
crease CTGF expression. Elucidating the
effects of individual odors or even simple
mixtures on the entire population of
olfactory glomeruli is problematic. The
authors took advantage of genetically
modified mice where the target glomeruli
for a well characterized olfactory receptor
(MOR23) could be visualized. Exposure to
the odorant lyral, which activates the
MOR23-IRES-tauGFP OSNs, resulted in
decreased periglomerular neuronal sur-
vival in the two glomeruli activated by
the odor. Adjacent glomeruli were unaf-
fected. Additionally, after CTGF knock-
down in MOR23-IRES-tauGFP mice, lyral
was unable to decrease neuronal survival
in these glomeruli. Taken together, their
observations indicate that olfactory
activity modulates number of inhibitory
interneurons present in the odorant-
specific glomeruli through a CTGF-
dependent mechanism.

The maintenance of olfactory bulb
organization and function requires the
exquisite balance of inhibitory cells and
connections in the face of dynamic
changes in excitatory inputs and stimuli.
On one hand, homeostasis is essential
to provide appropriate signal processing
and output. In contrast, when the odor
environment is modulated over short
time spans, the novelty of the resulting
signals in the bulb could provide addi-
tional cues to drive sensory behaviors.
How these two opposing processes are
regulated and resolved remains largely
unanswered.

In their paper, the authors identified a
new and exciting role of CTGF under
physiological conditions. CTFG acts as a
regulator of survival of postnally born peri-
glomerular cells in the OB. In addition,
they identified a pathway that is involved

Neuron 79, September 18, 2013 ©2013 Elsevier Inc.

in the neuronal survival process. The
model that they propose is that CTGF,
derived from prenatally born external
tufted cells, potentiates the activity of
astrocyte-derived TGFB2. TGFB2 binds
to its receptors TGFB2RI and TGFp2RlII,
expressed by postnatally-born periglo-
merular, and activates SMADS to turn on
the apoptotic pathway in periglomerular
cells. The overall modest decrease in
number of periglomerular cells leads to
greater olfactory sensitivity and selective

changes in OB circuitry in specific
glomeruli.
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