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It is well known that the hippocampus plays
an important role in learning and memory.
In the fear conditioning procedure, whereas
the amygdala is central to tone–shock asso-
ciation, the hippocampus is critical for con-
textual associations (Calandreau et al., 2005;
Trifilieff et al., 2006). In particular, the den-
tate gyrus is critical for contextual memory
formation and retrieval (Drew et al., 2013;
Clemenson et al., 2015). Numerous molec-
ular and cellular mechanisms underlie the
role of the dentate gyrus in learning and
memory. These include NMDA receptor
activation, spinogenesis, and neurogenesis
(Tsien et al., 1996; Hamilton et al., 2012;
Drew et al., 2013; Kempermann et al., 2015).
Notably, these processes may be linked:
NMDA receptor activation in neural pro-
genitor cells promotes neurogenesis (Deis-
seroth et al., 2004), and the survival of these
newly generated neurons is competitively
regulated by their levels of NMDA receptor
activation as compared with the surround-
ing mature neurons. (Tashiro et al., 2006).
Moreover, NMDA activation and the
downstream activation of the transcription
factor CREB contribute to maturation and

spinogenesis in newborn neurons (Silva et
al., 1998; Vadodaria and Gage, 2014).

Microtubules play an essential role in
many cellular processes, including trans-
porting mRNA, organelles, and proteins
(including NMDA receptors), and thus it is
not surprising that proteins that regulate
microtubule dynamics play critical roles in
spine plasticity, neurogenesis, and memory
formation. One such protein is a cytosolic
phosphoprotein, stathmin, whose unp-
hosphorylated form binds to tubulin
heterodimers and prevents their polymer-
ization. (Belmont and Mitchison, 1996;
Shumyatsky et al., 2005; Uchida et al., 2014).
When phosphorylated, stathmin releases
tubulin, allowing microtubule formation
(Belmont and Mitchison, 1996). Consistent
with a role in memory, stathmin is ex-
pressed in neurons in the cortex, hippocam-
pus, and amygdala, with little expression in
glia (Shumyatsky et al., 2005). Mice lac-
king stathmin exhibit impaired long-
term potentiation (LTP) at cortico- and
thamalo-amygdala synapses, as well as im-
paired amygdala-dependent fear memory
(Shumyatsky et al., 2005). However, these
stathmin knock-out mice show normal hip-
pocampus-dependent spatial memory,
possibly because of low expression of en-
dogenous stathmin in hippocampus
(Shumyatsky et al., 2005). In addition, a
nonphosphorylatable form of stathmin,
Stat4A, (Kuntziger et al., 2001), has a very
high affinity for tubulin heterodimers and
destabilizes microtubules. Given the LTP
impairments of stathmin knock-out mice, it
is interesting that Stat4A knock-in mice ex-

hibit normal amygdala-dependent fear
memory but have impaired hippocampus-
dependent LTP and memory formation.
The latter impairment involves reduced
synaptic targeting of GluA2 after learning
(Uchida et al., 2014).

In a recent article in The Journal of Neu-
roscience, Martel et al. (2016) proposed a
mechanism that links NMDA receptor sub-
unit trafficking, neurogenesis, spinogenesis,
and specific aspects of learning to microtu-
bule dynamics. The authors used an induc-
ible bitransgenic mouse in which Stat4A was
expressed only in the absence of the antibi-
otic doxycycline (Kuntziger et al., 2001;
Uchida et al., 2014). Importantly, Stat4A ex-
pression was restricted to neurons in the
dentate gyrus, lateral amygdala, and ante-
rior cingulate cortex (Martel et al., 2016,
their Fig. 2). The authors focused on effects
in the dentate gyrus because it is a major site
of adult neurogenesis (Kempermann et al.,
2015).

Critically, Martel et al. (2016) demon-
strated that Stat4A-expressing and control
dentate gyrus had equivalent numbers of
DCX� neurons, neurons that presumably
have the ability to proliferate (Martel et al.,
2016, their Fig. 4B). However, using BrdU
staining to label actively dividing neurons,
the authors found that proliferation into the
subgranular zone, survival in dentate gyrus,
and dendritic complexity of immature
(DCX�) neurons were reduced in Stat4A-
expressing mice (Martel et al., 2016, their
Figs. 3D,E, 4C,D). These data support the
idea that the decrease in neurogenesis was
not likely a result of depleted reserves of

Received March 19, 2016; revised April 25, 2016; accepted April 26, 2016.
This work was supported by Stanford Graduate Fellowships in Science

and Engineering (K.K. and C.Y.W.). We thank Dr. Aaron Gitler for insightful
comments.

The authors declare no competing financial interests.
* K.K. and C.Y.W. contributed equally to this work.
Correspondence should be addressed to either Konstantin Ka-

ganovsky or Cosmos Yuqi Wang, Stanford University School of Medi-
cine, 1215 Welch Road, Modular B, #42, Stanford, CA 94305-5420,
E-mail: kkaganovsky@gmail.com or cosmosyw@stanford.edu.

DOI:10.1523/JNEUROSCI.0920-16.2016
Copyright © 2016 the authors 0270-6474/16/365911-03$15.00/0

The Journal of Neuroscience, June 1, 2016 • 36(22):5911–5913 • 5911



neurons with the ability to proliferate but
rather a decrease in the ability of these
neurons to survive, proliferate, and mature.

Given that NMDA receptor signaling
modulates aspects of neurogenesis (Deisse-
roth et al., 2004; Tashiro et al., 2006), Martel
et al. (2016) tested whether Stat4A knock-in
alters the composition of NMDA receptor
subtypes. Compared with controls, Stat4A-
expressing mice exhibited decreased
GluN2A and GluN2B expression in the mi-
crotubule and synaptosomal fractions but
no differences in whole-cell extracts, consis-
tent with a role of microtubule dynamics in
regulating NMDA receptor subunit trans-
port to synaptic sites, but not in regulating
subunit expression. Finally, the authors
showed that Stat4A decreased CREB-
dependent gene transcription. Importantly,
doxycycline administration, effectively sup-
pressing Stat4A transgene expression, in a
separate group of mice reversed all of the
alterations mentioned above.

Martel et al. (2016) verified that the
molecular and cellular phenotypes pro-
duced by Stat4A expression were behavior-
ally relevant by demonstrating deficits in
hippocampus-, NMDA-, and neurogenesis-
dependent fear conditioning in Stat4A-
expressing mice (Fig. 1). More specifically,
these transgenic mice exhibited normal
cued fear memory (amygdala-dependent)
but impaired contextual fear memory
(dorsal hippocampus and NMDA receptor-
dependent). In addition, hippocampus-
dependent, NMDA-independent memory

was spared in these mice (Hardt et al., 2009).
However, the mice were unable to learn to
discriminate two similar contexts: a deficit
in pattern separation that critically depends
on neurogenesis. Importantly, direct infu-
sion of doxycycline into the dentate gyrus,
but not into the lateral amygdala, rescued
the impaired contextual discrimination
(Martel et al., 2016, their Fig. 8).

One important consideration for in-
terpreting these data are the nonphysi-
ological role of Stat4A. Martel et al.’s
(2016) Stat4A overexpression effectively
reduced microtubule dynamics while
leaving endogenous levels of stathmin un-
changed. Therefore, the data reflect the
role of microtubule dynamics in learning
and memory rather than the role of stath-
min per se. Under normal conditions, the
four phosphorylation sites on stathmin
are differentially regulated; for example,
the level of stathmin phosphorylation in-
creases on serine 16 and decreases on ser-
ines 25 and 28 after fear conditioning
(Uchida et al., 2014). It would be interest-
ing to explore the phosphorylation dy-
namics of stathmin during proliferation
and survival of adult born dentate granule
cells, dynamics that are surely regulated
by a multitude of kinases and phospha-
tases in response to intracellular signals.

Martel et al.’s (2016) discoveries
prompt further investigation into the
molecules causally linking microtubule
dynamics to learning and memory. In
particular, Martel et al. (2016) show that

Stat4A knock-in leads to decreased synap-
tosomal GluN2A and GluN2B expression
(without affecting the obligatory GluN1
subunit; Martel et al., 2016, their Fig. 10);
however, it is known that GluN2B dele-
tion in adult born dentate granule cells
impairs contextual fear discrimination in-
dependent of neuronal proliferation and
survival (Kheirbek et al., 2012). There-
fore, Stat4A knock-in affects proliferation
and survival through GluN2A or a mech-
anism independent of NMDA receptors,
such as through cell-cycle arrest (Cas-
simeris, 2002). Furthermore, microtubule
dynamics could regulate a multitude of
downstream molecules. Rescue experi-
ments of neurogenesis and of specific
GluN2 subunits in adult born dentate
granule cells in the same bitransgenic
Stat4A mouse line used by Martel et al.
(2016) could further elucidate the precise
mechanisms by which Stat4A expression
leads to the distinct cellular and learning
phenotypes demonstrated by Martel et al.
(2016).

The authors showed that Stat4A
knock-in mice exhibit learning deficits asso-
ciated with hippocampus rather than
amygdala (Uchida et al., 2014; Martel et al.,
2016). But global stathmin knock-out mice
have impaired amygdala-associated mem-
ory with spared hippocampus-associated
memory (Shumyatsky et al., 2005). These
seemingly contradictory results may be due
to differences between the gene expression
profile of amygdala and hippocampus.

Figure 1. A summary of Martel et al. (2016) findings published in The Journal of Neuroscience. Mice that overexpress a constitutively active form of stathmin, Stat4A, exhibit changes
from the molecular to behavioral levels. Stat4a expression destabilizes microtubules, therefore reducing synaptic targeting of NMDA receptors, spinogenesis, and neurogenesis. These
mice also exhibit learning and memory impairments in contextual fear conditioning, NMDA-dependent memory tasks, and memory discrimination tasks. WT, Wild-type mouse; abDGC,
adult born dentate granule cells.
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Hence, detailed analysis of brain-region-
specific differences in protein expression
and baseline kinase activity may supplement
our understanding, complementing the im-
portance of differential anatomical connec-
tivity, of the mechanisms by which a given
brain region (ie, amygdala, hippocampus,
etc) specializes in a specific form of learning.

Martel et al. (2016) demonstrated a role
for stathmin-mediated microtubule dy-
namics in GluN2A and GluN2B synaptic
expression, neurogenesis, spinogenesis,
and specific forms of fear conditioning (Fig.
1). Critically, suppressing the Stat4A trans-
gene in the dorsal hippocampus rescues fear
conditioning deficits. Moreover, the use of
behavioral procedures to support the hip-
pocampal, NMDA, and neurogenesis de-
pendent nature of the learning deficits, and
therefore molecular manipulation, can
serve as a model for future phenotypical
characterizations.
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