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Adult Hippocampal Neurogenesis Modulates Fear Learning
through Associative and Nonassociative Mechanisms
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Adult hippocampal neurogenesis is believed to support hippocampus-dependent learning and emotional regulation. These putative
functions of adult neurogenesis have typically been studied in isolation, and little is known about how they interact to produce adaptive
behavior. We used trace fear conditioning as a model system to elucidate mechanisms through which adult hippocampal neurogenesis
modulates processing of aversive experience. To achieve a specific ablation of neurogenesis, we generated transgenic mice that express
herpes simplex virus thymidine kinase specifically in neural progenitors and immature neurons. Intracerebroventricular injection of the
prodrug ganciclovir caused a robust suppression of neurogenesis without suppressing gliogenesis. Neurogenesis ablation via this
method or targeted x-irradiation caused an increase in context conditioning in trace but not delay fear conditioning. Data suggest that
this phenotype represents opposing effects of neurogenesis ablation on associative and nonassociative components of fear learning.
Arrest of neurogenesis sensitizes mice to nonassociative effects of fear conditioning, as evidenced by increased anxiety-like behavior in
the open field after (but not in the absence of) fear conditioning. In addition, arrest of neurogenesis impairs associative trace condition-
ing, but this impairment can be masked by nonassociative fear. The results suggest that adult neurogenesis modulates emotional learning
via two distinct but opposing mechanisms: it supports associative trace conditioning while also buffering against the generalized fear and
anxiety caused by fear conditioning.
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Therole of adult hippocampal neurogenesis in fear learning is controversial, with some studies suggesting neurogenesis is needed
for aspects of fear learning and others suggesting it is dispensable. We generated transgenic mice in which neural progenitors can
be selectively and inducibly ablated. Our data suggest that adult neurogenesis supports fear learning through two distinct mech-
anisms: it supports the ability to learn associations between traumatic events (unconditioned stimuli) and predictors (condi-
tioned stimuli) while also buffering against nonassociative, anxiogenic effects of a traumatic experience. As a result, arrest of
neurogenesis can enhance or impair learned fear depending on intensity of the traumatic experience and the extent to which it
recruits associative versus nonassociative learning. j

ignificance Statement

Introduction
There is growing evidence that adult hippocampal neurogenesis
contributes to both cognition and emotional regulation. Selective
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suppression of adult neurogenesis impairs performance on some
hippocampus-dependent cognitive tasks (Shors et al., 2002; Clelland
et al., 2009; Deng et al., 2009; Drew et al., 2010; Sahay et al., 2011;
Tronel etal., 2012; Swan et al., 2014), abrogates the behavioral effects
of antidepressant medications (Santarelli et al., 2003; Airan et al.,
2007; David et al., 2009), and impairs feedback regulation of the
hypothalamic-pituitary-adrenal (HPA) axis (Schloesser et al., 2010;
Snyder et al., 2011). The roles in cognition, mood, and anxiety have
typically been studied in isolation, and it is unknown to what extent
they reflect functionally distinct contributions of adult neurogenesis to
behavior versus a common perturbation of information processing.
One mechanism through which neurogenesis may influence
both cognition and emotional regulation is Pavlovian condition-
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ing. In Pavlovian conditioning, an animal learns to anticipate
motivationally and emotionally salient events, managing its be-
havioral and physiological responses to them. When there is a
simple relation between a discrete predictor (conditioned stimu-
lus; CS) and an unconditioned stimulus (US), learning can be
accomplished by subcortical mechanisms. However, the hip-
pocampus is typically required when the predictor is a context
(Rudy et al., 2004) or the CS and US are temporally discontigu-
ous, such as in trace conditioning (Solomon et al., 1986). Adult
neurogenesis has been implicated in both of these hippocampus-
dependent forms of conditioning, but the literature also contains
studies that failed to support a role for neurogenesis (Leuner et
al., 2006a; Castilla-Ortega et al., 2011). Literature on trace condi-
tioning is a representative example. Trace conditioning rescues
newborn hippocampal neurons from death (Gould et al., 1999;
Leuner et al., 2004, 2006b), but the suppression of neurogenesis
has been reported to impair, enhance, or have no effect on trace
conditioning (Cuppini et al., 2006; Achanta et al., 2009; Jahol-
kowski et al., 2009; Guo et al., 2011). Differences in the specificity
or penetrance of the methods of suppressing neurogenesis almost
certainly contribute to the conflicts among studies. Most existing
methods of neurogenesis ablation target multipotent progenitors
and affect the genesis of neurons and non-neuronal cell types to
varying extents (Monje et al., 2002; Imayoshi et al., 2011).

It is also likely that emotional factors modulate the effects of
neurogenesis ablation on Pavlovian conditioning. If, as recent
studies suggest, adult-born neurons have a role in buffering the
hormonal and behavioral responses to stress (Hayashi et al., 2008;
Schloesser et al., 2010; Castilla-Ortega et al., 2011; Snyder et al.,
2011), then in aversive tasks, such as trace fear conditioning, the
behavioral effects of arresting adult hippocampal neurogenesis
may reflect a complex interaction between emotional and cogni-
tive phenotypes.

Here, we investigate the role of adult hippocampal neuro-
genesis in trace and delay fear conditioning using a new, highly
specific method of neurogenesis ablation. We created trans-
genic mice in which herpes simplex virus thymidine kinase
(HSV-TK) is expressed under the doublecortin (DCX) pro-
moter (DCX-TK). Administration of the prodrug ganciclovir
(GCV) to DCX-TK mice rapidly suppresses neurogenesis
without ablating quiescent DCX-expressing neurons or im-
pairing the production of glia. We show that arrest of adult
hippocampal neurogenesis can enhance or impair aspects of
trace fear conditioning depending on the nature of the condi-
tioning protocol. When the procedure engenders robust non-
associative changes in fear expression, neurogenesis-arrested
mice display elevated fear behavior; in a trace-conditioning
procedure that minimizes nonassociative plasticity,
neurogenesis-arrested mice display impaired associative fear.
These data suggest that arrest of adult neurogenesis affects fear
conditioning through opposing associative and nonassocia-
tive mechanisms.

Materials and Methods

DCX-TK transgenic mice

A BAC clone (RP23-462G16) that contained the entire mouse dcx gene,
plus at least 50 kb of upstream and downstream flanking sequences, was
obtained from the BACPAC Resources Center (http://bacpac.chori.org).
The DCX promoter was selected because DCX is expressed in lineage-
restricted neural progenitor cells and immature adult-born neurons
(Brown et al., 2003). The pBADTcTypeG plasmid (Dr. Manabu Na-
kayama, Kazusa Institute, Japan) was transferred into DH10B cells con-
taining the BAC clone, enabling Red/ET homologous recombination
(Nakayama and Ohara, 2005). The HSV-TK-polyA cassette was PCR
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amplified from the GFAP-HSV-TK plasmid (Addgene pTGB008, and
described in Bush et al., 1998) and inserted at the translation initiation
site of the dcx gene via homologous recombination. Correct clones were
verified with PCR. The BAC clone contained a second gene, Calp6. To
avoid transgene-mediated overexpression of Calp6, the Calp6 coding
sequence was replaced with Neo cassette in reverse orientation using
homologous recombination. The recombinant BAC was purified, and
the circular BAC was injected into C57BL/6 X DBA (F2) embryos. Ten
transgenic DCX-TK founders were identified by PCR and confirmed by
Southern blot. One transgenic line (line A) was used for further analysis.
Copy number for line A was estimated by Southern blot to be 10.

DCX-TK mice were backcrossed onto the C57BL/6] background. Mice
used for histology studies were from N2 to N4 generations. Mice used for
behavioral tests were from N3 to N6 generations. Approximately equal
numbers of male and female DCX-TK and WT littermates were used in
the DCX-TK experiments. Mice were housed at a maximum of five per
cage under a standard 12 h light/dark cycle with ad libitum access to food
and water. All procedures involving animals were approved by the Uni-
versity Committee on the Use and Care of Animals of the University of
Texas at Austin.

GCV administration

GCV was administered continuously for 2 weeks via an intracerebroven-
tricular cannula. Osmotic mini pumps (Alzet, model 1002) were filled
with GCV (12.5 mg/ml in PBS) or PBS and connected to the cannula via
avinyl catheter (Brain Infusion Kit 3; Alzet). The cannula was implanted
into the lateral ventricle and delivered drug at a rate of 0.25 ul/h. The
devices were primed in saline at 37°C overnight before the cannula
implantation.

Cannula implantation surgery was performed on 8-week-old
DCX-TK transgenic mice and their WT littermates. Mice were anesthe-
tized with isoflurane and fixed to a stereotaxic frame. An incision was
made on the scalp and a small subcutaneous pocket was opened on the
back of the body using a hemostat. The pump was inserted into the
pocket, and the connected intracerebroventricular cannula was im-
planted into the lateral ventricle (tip targeted to 0.22 mm posterior, ] mm
lateral, and 2.5 mm ventral to bregma). The cannula and skull were
covered with dental cement.

BrdU administration
BrdU was dissolved in sterile saline (10 mg/ml) and injected into mice
(300 mg/kg, i.p.) twice per day for 2 d, 1 week before mice were killed.

Tissue collection and immunohistochemistry

The mice were overdosed with a mixture of ketamine (150 mg/kg) and
xylazine (15 mg/kg) and perfused with 20 ml of PBS followed by 15-20
ml of 4% PFA. Brains were postfixed overnight in 4% PFA, immersed in
30% sucrose for 2—4 d at 4°C, and then flash frozen and sectioned coro-
nally at 35 um thickness on a cryostat.

For immunofluorescence labeling, sections were incubated in block-
ing solution (PBS with 5% normal donkey serum and 0.25% Triton
X-100) for 1 h with gentle agitation before incubation with primary
antibodies: rabbit anti-DCX (1:4000; Abcam), goat anti HSV-TK (1:
1000; Santa Cruz Biotechnology), mouse anti-NeuN (1:250; Millipore),
rabbit anti-GFAP (1:2500; Dako), rat anti-BrdU (1:100; Accurate Chem-
ical and Scientific), and rabbit anti-Ibal (1:2000; Wako). Sections were
incubated with primary antibodies at room temperature overnight and
rinsed for 5 min in three changes of PBS. Secondary antibodies (Alexa
Fluor 488-conjugated donkey anti-rabbit, Cy3-conjugated donkey anti-
goat, and Alexa Fluor 647-conjugated donkey anti-mouse; Jackson Im-
munoResearch) and DAPI (Invitrogen) were diluted in PBS (secondary
antibodies at 1:250; DAPI at 300 nm) with 5% normal donkey serum and
0.25% Triton X-100. Sections were incubated for 2 h at room tempera-
ture with gentle agitation, and then rinsed in PBS, mounted, and
coverslipped.

For BrdU immunohistochemistry, DNA denaturation was performed
before application of the primary antibody using a procedure modified
from Leuner et al. (2009). Floating sections were incubated in 2 N hydro-
chloric acid for 30 min at room temperature and then neutralized in 0.1
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M boric acid, pH 8.5, for 10 min. Sections were rinsed in PBS twice for 5
min each before application of primary antibodies, as described above.

Cell quantification

Labeled cells were counted in every 12th section throughout the dentate
gyrus (DG; six sections in total) by an experimenter blind to experimen-
tal condition. BrdU+ cells were counted exhaustively under fluorescent
illumination (Zeiss Axio Imager M2) using a 20X objective (Plan-
Neofluar 0.5 NA). All BrdU+ cells located in the GCL or the subgranular
zone (SGZ) were counted. DCX cells in the SGZ were quantified using an
optical fractionator (Stereo Investigator; MBF Bioscience). Counting was
performed using a 40X objective (Plan-Neofluar 0.75 NA), counting
frame of 60 X 60 wm, sampling grids of 360 X 100 wm, and 1 um guard
zones. At least 166 cells were counted per WT mouse. Cell counts are
reported separately for the anterior and posterior DG. Anterior was de-
fined as approximately —0.94 to —2.54 mm relative to bregma and com-
prised sections 1-4 of the six-section series (Paxinos, 2001). Posterior
DG was defined as —2.70 to —3.40 mm and comprised sections 5—-6 of
the six-section series. Iba-1 cells in the DG were also quantified using the
optical fractionator. Counting was performed using a 40X objective
(Plan-Neofluar 0.75 NA), counting frame of 100 X 100 wm, sampling
grids of 350 X 200 wm, and 1 um guard zones. At least 174 cells were
counted per mouse.

To assess colocalization of BrdU/NeuN and BrdU/GFAP, 20 BrdU+
cells were imaged per mouse. Z-stacks were collected for each cell using a
63X oil-immersion objective (Plan-Apochromat 1.4 NA) and a Zeiss
ApoTome structured illumination module. The total number of double-
labeled cells was estimated for each mouse by multiplying the proportion
of double-labeled BrdU+ cells (in the 20 cell analysis) by the total num-
ber of BrdU+ cells (counted as described above).

X-ray irradiation

X-irradiation was performed as described previously (Santarelli et al.,
2003; David et al., 2009; Denny et al., 2012). Male mice were anesthetized
with sodium pentobarbital (6 mg/kg), placed in a stereotaxic frame, and
exposed to cranial irradiation using a Siemens Stabilopan x-ray system
operated at 300 kVp and 20 mA. Mice were protected with a lead shield
that covered the entire body, but left unshielded a 3.22 X 11 mm treat-
ment field above the hippocampus (interaural 3.00 to 0.00). The dose
rate was ~1.8 Gy/min at a source to skin distance of 30 cm. Three 5 Gy
doses were administered over 8 d.

Open field test

The mouse was placed in a 40 X 40 cm arena for 30 min. The walls were
35 c¢m high of opaque plastic. A light bulb mounted above provided 85
lux illumination, measured in the center of the arena. Sessions were
recorded via a digital camera, and videos were analyzed off-line using
video-tracking software (ANY-Maze; Stoelting). The center was defined
as an 18.5 X 18.5 cm zone in the center of the arena.

Elevated plus maze

The mouse was placed in the center of the plus-shaped maze for 5 min.
Each arm was 30 cmin length and 5 cm in width. Two were “closed” arms
with walls 13 cm in height while the other two were “open” arms. Light
bulbs mounted above the apparatus provided a 55 lux illumination on
the open arms. The maze was on a stand, ~130 cm above the floor.
Traveled time and distance in each arm and center zone were analyzed
off-line using video-tracking software (ANY-Maze; Stoelting). The maze
was cleaned with 70% ethanol after each run.

Fear conditioning

Fear conditioning took place in Med Associates conditioning chambers
(30 cm wide X 24 cm deep X 22 c¢m high). The chambers could be
configured as two distinct contexts, A and B. Context A was rectangular,
had floors made of stainless steel rods (2 mm diameter, spaced 5 mm
apart), had walls of aluminum and acrylic, was scented with acetic acid,
and was cleaned with 70% ethanol between runs. Context B had a white
acrylic floor, had an acrylic A-frame roof, and was cleaned with antiseptic
wipes (Clorox Fresh Scent). The training session and context test oc-
curred in context A. The tone test occurred in context B. All sessions were
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recorded from the side using a digital camera. Freezing behavior was
scored using a pixel-change algorithm (Video Freeze; Med Associates).

Protocol 1A (DCX-TK experiments). Training consisted of four condi-
tioning trials during a 440 s session in context A (Figs. 5-7, 9). The
conditioned stimulus was a tone (85 dB, 5000 Hz). The unconditioned
stimulus was footshock (2 s, 0.8 mA). The tone was presented at 120, 200,
270, and 360 s into the session. In delay conditioning, the footshock
occurred at tone offset. In trace conditioning, the footshock commenced
20 s after tone offset. In “foreground” contextual conditioning, foot-
shock was presented at 160, 240, 310, and 400 s into the session, and the
tone was not presented.

On the day following training, the mouse was returned to context A for
5 min for a test of context-elicited fear. Neither tones nor shocks were
presented. Freezing behavior was scored throughout the session. On the
third (trace and shock-alone conditioning) or fourth (delay condition-
ing) day, the mouse was placed into context B for a test of tone-elicited
fear. The tone was presented four times for 20 s each at 120, 200, 270, and
360 s into the session. Delay fear-conditioned mice received a test session
in context B to a novel auditory stimulus, a white noise, on the third day.

Protocol 1B (X-irradiation experiments). Context A was as described
above (Fig. 8). Context B was created by covering the walls with curved
plastic inserts and covering the floor with bedding material. Context B
was scented with lemon extract and cleaned with nonalcohol disinfectant
wipes. On the day before training, mice received 3 min pre-exposures to
context A and B. Training consisted of five pairings between a 20 s tone
(85 dB, 2000 Hz) and a footshock (2 s, 0.65 mA) in context A. The tones
were presented at 190, 465, 690, 990, and 1190 s into the session. The
shocks occurred at tone offset (delay conditioning) or 20 s after tone
offset (trace conditioning). The test of tone-elicited fear occurred in
context B on the day after training. The tone was presented for 20 s each
at 190 and 330 s into the session. The context test occurred on the fol-
lowing day. Mice were placed in context A for 5 min with no tones or
shocks presented.

Protocol 2 (DCX-TK experiments). Mice were handled for 2 min per
day for 5 d before conditioning (Fig. 12). Training occurred in Context A
and consisted of five tone-shock pairings during a 1280 s session. In trace
conditioning, the tone (20 s, 75 dB) was presented at 180, 370, 620, 900,
and 1060 s into the session. The shock (0.5 mA, 2 s) occurred 20 s after
tone offset. In foreground context conditioning, the shock occurred at
220, 410, 660, 940, and 1100 s into the session, and the tone was not
presented. For unpaired training, the tone (20 s, 75 dB) was presented at
180, 370, 620, 900, and 1060 s into the session, and the shock occurred at
120, 300, 500, 820, and 1160 s into the session.

The test for context-elicited fear occurred on the following day and
consisted of a 5 min exposure to context A. Neither the tone nor shock
was presented. The test for tone-elicited fear occurred in context B on the
following day. The tone was presented for 20 s at 180, 280, 390, 510, and
620 s into the session.

Shock reactivity

The unconditioned response to footshock was assessed by estimating
horizontal distance traveled during the shock and by quantifying the
frequency of four behaviors commonly exhibited during footshock: run-
ning, jumping, backward shuffling, and forward shuffling. Shuffling was
defined as locomotion without full limb extension. Horizontal distance
was estimated by quantifying crossings of a four-cell grid superimposed
over the conditioning chamber.

Statistical analysis

Cell counts and body weights were analyzed with Prism6 (GraphPad)
using Student’s ¢ test for two-condition analyses and one-way ANOVA
for analyses including more than two conditions. Tukey’s test was used
for post hoc pairwise comparisons. Body weight data were analyzed with
repeated-measures ANOVA (RM-ANOVA).

Behavioral data were analyzed with JMP11 Pro (SAS institute). Stu-
dent’s t test and one-way or two-way ANOVAs were used to analyze
between-subjects designs. Repeated-measures designs were analyzed us-
ing the mixed-effects restricted maximum likelihood (REML) model.
The null hypothesis was rejected at the p < 0.05 level.
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HSV-TK expression in DCX-TK transgenic mice. 4, Transgenic mice express HSV-TK under control of the dcx gene promoter. HSV-TK catalyzes the formation of GCV-triphosphate (tri-P),

which prevents DNA replication and kills dividing cells. B—D, DCX-TK mice expressed HSV-TKin DCX+ cellsin the DG (B, €) and around the lateral ventricle (D). E, Percentage of DCX+ cells expressing
HSV-TK in the SGZ and SVZ. F, Percentage of HSV-TK+ cells expressing DCX. Scale bars: B, D, 100 wm; €, 10 wm.

Results

Generation and characterization of DCX-TK transgenic mice
We generated transgenic mice that express HSV-TK under the
DCX promoter. HSV-TK catalyzes the conversion of a prod-
rug, GCV, into a toxic intermediate that terminates DNA syn-
thesis, killing diving cells (Fig. 1A; Beltinger et al., 1999). Thus,
administration of GCV to DCX-TK transgenic mice sup-
presses hippocampal neurogenesis, while leaving the produc-
tion of other cell types intact.

Ten transgenic DCX-TK founders were obtained and con-
firmed using Southern blot. Of these four were fertile. One
line, line A, was maintained and used for further analysis. The
mice appeared healthy and exhibited normal growth. In
DCX-TK mice, TK+ cells were abundant in the SGZ (Fig.
1B,C) and SVZ (Fig. 1D). In both regions, HSV-TK-
expression was largely confined to DCX+ cells. The percent-
age of DCX+ cells expressing HSV-TK was >80% (Fig. 1E),
and the percentage of HSV-TK cells expressing DCX was
>90% (Fig. 1F). Consistent with evidence that DCX is ex-
pressed at low levels outside of these canonical neurogenic
niches, sparse HSV-TK expression was also observed in other
cortical regions (see below).

To characterize the ablation efficiency and specificity, we
treated the DCX-TK and WT mice with GCV or PBS for 2
weeks via intracerebroventricular infusion. The mice were in-
jected with BrdU 1 week before being killed (Fig. 2A). Body
mass increased over time during GCV administration and was
not affected by genotype or drug (Fig. 2B; RM-ANOVA:
Group, F, ;) = 0.69, p = 0.52; Time, F(,,,) = 14.59, p <
0.001; Group X Time, F(4,,) = 0.70, p = 0.60). To assess the
effect of the treatments on neurogenesis, we quantified DCX+
cells in the SGZ. The number of DCX+ cells was greatly re-

duced (80-85%) in the anterior DG of DCX-TK/GCV mice as
compared with the DCX-TK/PBS and WT/GCV groups (Fig.
2C,G; Fioiy) = 76.29, p < 0.001; Tukey: DCX-TK/GCV vs
WT/GCV or DCX-TK/PBS, p < 0.001). The control groups
(WT/GCV or DCX-TK/PBS) did not differ from each other
(p = 0.26). In posterior DG, the reduction of DCX+ cells in
DCX-TK/GCV mice was somewhat smaller (60—-65%) than
that seen in the anterior GCL. Nevertheless, the reduction was
significant (Fig. 2D, H; F(, ;,, = 9.07, p = 0.005; Tukey: DCX-
TK/GCV vs WT/GCV or DCX-TK/PBS, p < 0.001).

Next, we sought to determine whether HSV-TK-expressing cells in
non-neurogenic regions had been ablated by GCV administration.
Consistent with evidence for DCX expression in neurons of the piriform
cortex, DCX+/HSV-TK+ double-labeled cells were found in layer IT of
piriform cortex (Fig. 2 E, F). In contrast to DCX+ cells in the SGZ, these
cells are not proliferative (Klempin et al., 2011) and, thus, should not be
ablated by GCV treatment. Consistent with this hypothesis, the density
of TK+ cells in piriform cortex did not differ between DCX-TK/GCV
and DCX-TK/PBS mice (Fig. 2L ;) = 0.12, p = 0.430).

We confirmed that the reduction in DCX+ cells in DCX-
TK/GCV mice reflected a suppression of neurogenesis by
quantifying BrdU+ cells. The number of BrdU+ cells was
greatly reduced in the GCL of DCX-TK/GCV mice as com-
pared with controls (Fig. 3A). In the anterior DG, the number
of BrdU+ cells was reduced by ~80% in DCX-TK mice as
compared with controls (Fig. 3C; one-way ANOVA: F, |, =
11.82, p = 0.002; Tukey: DCX-TK/GCV vs WT/GCV or DCX-
TK/PBS, p < 0.01) and, in posterior DG, there was ~70%
reduction (Fig. 3C; one-way ANOVA: F,,;, = 9.50, p =
0.004; Tukey: DCX-TK/GCV vs WT/GCV, p < 0.01; DCX-TK/
GCV vs DCX-TK/PBS, p < 0.05). The number of BrdU+ cells
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Figure2.  GCV administration to DCX-TK transgenic mice depletes DCX+ immature neurons in the DG but does not deplete putative quiescent DCX+ cells in the piriform cortex. A, DCX-TK and
WT mice were treated with GCV or vehicle (PBS) for 2 weeks. Mice were injected with BrdU and killed 1 week later. B, Body mass during the 2 weeks of GCV administration did not differ among
DCX-TK/GCV, DCX-TK/PBS, and WT/GCV mice. C, D, Representative images of DCX immunohistochemistry in the DG. E, Immunohistochemistry against HSV-TK in the piriform cortex of DCX-TK
transgenic mice. F, Representative image of an HSV-TK+/DCX + double-labeled cell in the piriform cortex. Most HSV-TK + cellsin the piriform cortex also expressed DCX. G, H, The number of DCX +
cellsinanterior and posterior DG was greatly reduced in DCX-TK/GCV mice relative to controls. E, /, In contrast, HSV-TK+ cells in the piriform cortex were not ablated by GCV treatmentin DCX-TK mice.
Scale bars: ¢, D, 100 wm; E, F, 10 wm. *p << 0.05, **p << 0.01, ***p < 0.001. CTX, cortex; .C.V., intracerebroventricular.

was also greatly reduced in the SVZ of DCX-TK/GCV mice as
compared with controls (data not shown).

Next, we examined ablation specificity in the DG by assessing
colocalization of BrdU with markers of neuronal (NeuN) and
glial (GFAP) identity (Fig. 3B). Because DCX is expressed in

neuronal-committed progenitor cells, but not in multipotent
stem-like cells (Brown et al., 2003; Kempermann et al., 2004;
Wang et al., 2005), we predicted that GCV administration to
DCX-TK mice would arrest neurogenesis but not gliogenesis.
Consistent with this prediction, the number of BrdU+/NeuN+
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GCV administration to DCX-TK mice suppresses DG neurogenesis but not gliogenesis. 4, Representative images of BrdU immunohistochemistry in the DG. B, Examples of BrdU + cells

colabeled with NeuN or GFAP. C, In both anterior and posterior DG, the number of BrdU+ cells was greatly reduced in DCX-TK/GCV mice relative to controls D, E, Quantification of BrdU/GFAP and
BrdU/NeuN double-labeled cells. The proportion of BrdU+ cells expressing NeuN was reduced in DCX-TK/GCV mice relative to WT/GCV controls (D). However, the proportion of BrdU+ cells
expressing GFAP did not differ between DCX-TK/GCV and WT/GCV mice (E). Scale bars: A, 100 wm; B, 5 wm. *p << 0.05, **p << 0.01.

adult-born neurons was greatly reduced in DCX-TK/GCV mice
as compared with controls (Fig. 3D; ¢4, = 4.23, p = 0.004), but
the number of BrdU+/GFAP+ newborn glia did not differ
among groups (Fig. 3E; t5) = 0.19, p = 0.596). This result sug-
gests that the DCX-TK/GCV system specifically arrests adult
neurogenesis.

To determine whether GCV treatment to DCX-TK mice
evoked an inflammatory response, we performed immunohis-
tochemistry against Iba-1, a marker of microglia upregulated
with microglial activation associated with inflammation (Ito
etal., 2001). Animals were treated with either GCV or PBS for
2 weeks (Group: WT/GCV, DCX-TK/PBS, or DCX-TK/GCV)
and then killed immediately (WT/GCV, n = 5; DCX-TK/PBS,
n = 4; DCX-TK/GCV, n = 5) or 2 weeks (n = 3 in each group)
after the end of drug treatment. Iba-1 expression intensity was
measured in DG. No significant effects of Group or interaction
were detected (two-way ANOVA: Group, F, ;) = 2.05,p =
0.160; Group X Recovery Interval, F, ;) = 0.14, p = 0.870).
However, the main effect of Recovery Interval was significant
(F(1,17) = 82.24, p < 0.001), indicating that the microglial
activation declines over time after surgery. We further ana-
lyzed DG inflammatory markers 1 week after the end of GCV
treatment, which correspond to the time of behavioral testing
(WT/GCV n = 4; DCX-TK/GCV n = 4). There were no sig-
nificant differences between genotypes in Iba-1 intensity (Fig.
4A,C; ty) = 1.12, p = 0.306) or the number of Iba-1+ cells
(Fig. 4D; t) = 0.49, p = 0.638). We also measured GFAP
immunoreactivity as a marker of astrogliosis and astroglial

activation (Brahmachari et al., 2006). GFAP fluorescence in-
tensity did not differ between genotypes (Fig. 4B, E; t (¢, = 0.28,
p = 0.791). These results suggest microglial activation was
induced by surgery, not by GCV treatment or genotype per se.

Effect of DCX-TK-mediated arrest of neurogenesis on delay
and trace fear conditioning
We predicted that arrest of adult neurogenesis would impair
hippocampus-dependent trace fear conditioning but have no ef-
fect on delay fear conditioning, which typically does not require
hippocampal integrity. Delay and trace fear conditioning were
assessed in separate groups of WT and DCX-TK mice treated
with GCV (Fig. 5A). Fear conditioning occurred 1 week after the
end of 2 weeks of GCV treatment. Mice received four pairings
between a tone and shock using a delay (shock occurred at tone
offset) or trace (shock occurred 20 s after tone offset) protocol.
On the training day (Day 1), freezing levels were measured in
10 s bins across the entire session. All groups reached ~80%
freezing after the last training trial. The freezinglevels in time bins
were analyzed using REML. During delay training, freezing levels
increased more rapidly in WT/GCV than in DCX-TK/GCV mice
(Fig. 5B; Genotype X Time, F 43 1075 = 1.82, p = 0.001). The
opposite pattern was observed in trace training (Fig. 5C; Geno-
type X Time, F 43116y = 2.09, p < 0.001). However, freezing
levels after the final shock were equivalent between the two geno-
types in both trace (¢,,) = —1.89, p = 0.07) and delay (.5, =
—0.56, p = 0.58) conditioning.
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On the next day, mice were placed into
the training context for a test of context-
elicited fear. Consistent with our previous
data (Clark et al., 2008; Drew et al., 2010),
in delay conditioning there was no effect
of genotype on the level of context-
elicited freezing (Fig. 5D; Genotype, F(; ,s)
= 0.01). After trace conditioning, how-
ever, DCX-TK/GCV mice froze signifi-
cantly more than WT/GCV mice
throughout the context test (Fig. 5E;
F2p) = 7.10, p = 0.013).

On the third day, mice were placed
into a novel context for a test of tone-
elicited fear. Freezing was compared dur-
ing the baseline period (20 s before the
first tone) to the mean freezing during the
CS and the post-CS periods (20 s after
tone-off). These data were analyzed using
Period (Baseline, CS, and Post-CS) X Ge-
notype REML. Based on evidence that the
hippocampus controls fear generalization
in auditory fear conditioning (Quinn et
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Figure4.  Markers of brain inflammation in DCX-TK and WT mice treated with GCV. A, B, Representative images of Iba-1 (A) or

or Post-WN, p < 0.001; WN vs Post-WN,
p = 0.949) or the tone (Genotype, F(, ,s)
= 0.46, p = 0.504; Period, F, 5, = 38.75,
p < 0.001;Tukey: Baseline vs CS or Post-
CS, p <0.001; CS vs Post-CS, p = 0.014).

Trace-conditioned mice also exhibited
freezing in response to the tone (Fig. 5G,I), and there was no
effect of genotype during the baseline, CS, or post-CS periods
(Genotype, F(; 57y = 2.36, p = 0.137; Period, F, 54 = 40.94,p <
0.001; Tukey: Baseline vs CS or Post-CS, p < 0.001; CS vs Post-
CS, p = 0.851). However, when the entire baseline period was
analyzed (2 min before the first CS presentation), DCX-TK/GCV
mice froze significantly more than WT/GCV mice (t,;) = —3.59,
p<0.01).

To determine whether the increased context-elicited freezing
in trace-trained DCX-TK/GCV mice related to a change in shock
sensitivity, we assessed the behavioral response to shock during
trace training. Figure 6A shows general activity (number of grid
crossings) during each of the four shock presentations during the
training. The number of grid crossings did not differ by genotype
(two-way ANOVA: Genotype, F(, ,;, = 0.96, p = 0.943; Trial,
F381y = 5.25, p = 0.002; Genotype X Trial interaction, F(; ;) =
0.39, p = 0.760). We also quantified the frequency of four behav-
iors commonly displayed during shock across the four-trial ses-
sion (running, jumping, shuffling, and backward shuffling).
There was no effect of genotype on the relative frequency of each
behavior (Fig. 6B; two-way ANOVA: Genotype, F(; 103y = 0.49,
p = 0.488; Genotype X Trial interaction, F(; jog) = 0.33, p =
0.807).

GFAP (B) immunohistochemistry in the DG. The insets show the high-magnification images. Tissue samples were collected T week
after a 2-week GCV treatment. C, D, There was no significant difference in microglial activity DCX-TK/GCV and WT/GCV mice as
indicated by Iba-11intensity (€) and the number of Iba-1 expression cells (D). E, Intensity of the astroglial marker GFAP also did not
differ between DCX-TK/GCV and WT/GCV mice. Scale bars: 4, B, 100 pum; insets, 10 pm.

To confirm that the increased fear in trace-conditioned
DCX-TK mice was caused by neurogenesis ablation rather
than an extraneous effect of the transgene (e.g., a site-of-
integration effect), PBS-treated DCX-TK and WT mice were
subjected to trace fear conditioning using the procedure de-
scribed above.

In the training session there was no effect of Genotype or of
the Genotype X Time interaction (Fig. 7A; REML: Genotype,
F(1 50y = 0.85, p = 0.365; Genotype X Time, F(43 1590, = 0.82,p =
0.796). On the day following training, contextual fear was as-
sessed in the training context. There were no effects of Genotype
or the Genotype X Time interaction (Fig. 7B; REML: Genotype,
F 30y = 0.12, p = 0.73; Genotype X Time, F; 49y = 1.10, p =
0.355). On the third day, tone fear was assessed in a novel context.
Both groups displayed freezing in response to the tone, and there
was no effect of Genotype or the Genotype X Period (Baseline,
CS, and Post-CS) interaction (Fig. 7C,D; REML: Genotype, F; 3
= 1.27,p = 0.269; Period, F, o) = 61.20, p < 0.001; Genotype X
Period, F, 40, = 0.06, p = 0.942; Tukey: Baseline vs CS, p < 0.001;
Baseline vs CS, p = 0.01; Baseline vs Post-CS, p < 0.001; CS vs
Post-CS, p < 0.001).

In summary, arrest of adult neurogenesis was associated with
enhanced context fear in trace but not delay conditioning. The
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Figure5. Effects of DCX-TK-mediated arrest of adult neurogenesis on trace and delay fear conditioning. A, DCX-TK and WT mice

were trained in delay or trace fear conditioning 1 week after a 2 week GCV treatment. B, During delay training, WT mice displayed
amore rapid acquisition of freezing behavior than DCX-TK mice. €, In contrast, during trace training DCX-TK mice displayed a more
rapid acquisition of freezing behavior. However, freezing levels in the final minute of the training session (after the final shock)
were equivalent between the two genotypes in both Delay and Trace conditioning. D, E, Freezing during the context test. In trace
(E) but not delay (D) conditioning, DCX-TK/GCV mice displayed significantly higher freezing than WT/GCV mice. F-I, Freezing in
response to the tone CS in a novel context. H, I, Mean freezing during the baseline (20 s before tone presentation), during tone
presentation, and during the 20 s after tone presentation. In delay conditioning (H), WT/GCV and DCX-TK/GCV displayed freezing
inresponse to the tone, and there was no effect of genotype on freezing. Similarly, in trace conditioning (), mice displayed freezing

in response to the tone, and there was no genotype effect. *p << 0.05, ***p < 0.001. 1.C.V., intracerebroventricular.
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enhancement was not caused by increased
shock sensitivity or by a nonspecific effect
of the DCX-TK transgene.

Effect of targeted cranial irradiation on

delay and trace fear conditioning

To confirm that the unexpected pheno-
type in trace fear conditioning was caused
by the arrest of adult hippocampal neuro-
genesis rather than another effect of the
ablation system, we assessed trace and de-
lay fear conditioning using an alternate
neurogenesis ablation method. Fear con-
ditioning was conducted 6 weeks after
hippocampus-targeted x-irradiation (Fig.
8A). We confirmed that the x-irradiation
greatly reduced the number of DCX+
cells in the SGZ (Fig. 8 B,C) compared
with the sham-irradiated mice in both the
anterior () = 4.41, p < 0.01) and poste-
rior DG (t) = 4.17, p < 0.01).

Mice received five pairings between a
tone and shock using a delay or 20 s trace
protocol. In the tone test session (Fig.
8D,E), we compared freezing during the
baseline period to the mean freezing dur-
ing the CS and the post-CS periods. These
data were analyzed using a Period (Base-
line, CS, and Post-CS) X Treatment
ANOVA. In each protocol there was a sig-
nificant effect of Period (Fs ;¢ > 12,
ps <0.001), confirming that freezing dur-
ing the CS and Post-CS periods exceeded
that during the Baseline period. The ef-
fects of Treatment (Fs(, 14y < 1) and the
interaction (Fs(, 35, < 2.25, ps > 0.12)
were not significant. Arrest of neurogen-
esis via x-irradiation failed to impair trace
fear conditioning.

Consistent with the DCX-TK experi-
ments, in the context test session, there was
an effect of neurogenesis ablation in the
trace protocol but not the delay protocol
(Fig. 8F). In delay conditioning there was no
effect of x-irradiation on context-elicited
freezing. A Time X Treatment ANOVA
confirmed no effect of Treatment (F, ;5, <
1) or of the interaction (F354) = 1.4, p =
0.26). In trace conditioning, however,
x-irradiated mice displayed significantly
stronger context-elicited freezing (Main ef-
fect of Treatment: F(; ;5 = 5.2, p = 0.035).
Thus, ablation of adult neurogenesis by ei-
ther DCX-TK/GCV or x-irradiation caused
enhanced context fear in trace but not delay
fear conditioning.

Evidence for nonassociative freezing
after fear conditioning

The increased contextual fear in mice lack-
ing neurogenesis is puzzling but may reflect
an impaired ability to associate the tone with
shock. Various models of classical condi-
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Figure 6.  Shock reactivity during trace fear conditioning. A, The number of crossings of the
conditioning chamber did not differ between genotypes. B, The two genotypes showed similar
behaviors during the shock-induced activity burst.

tioning assume that stimuli compete for a limited supply of associa-
tive strength, with better predictors acquiring associative strength at
the expense of weaker predictors (Urushihara and Miller, 2009; Ur-
celay and Miller, 2014). In tone fear conditioning, the tone and con-
text compete for associative strength. As a result, manipulations that
impair the ability to form an association between tone and shock
may cause a compensatory increase in the strength of the context-US
association (Marlin, 1981). We asked whether the increased context
fear in mice lacking neurogenesis reflects an impaired ability to as-
sociate the tone with shock in trace conditioning.

Before addressing this question, it was necessary to determine the
extent to which tone-elicited freezing reflects a tone-shock associa-
tion. In addition to producing associative fear of a trained CS, fear
conditioning can cause nonassociative emotional changes, such as
generalized fear and anxiety-like behavior expressed even in the ab-
sence of conditioned stimuli. For example, exposure to footshock
can cause mice to display freezing responses to a tone that was never
paired with shock (Kamprath and Wotjak, 2004). We sought to de-
termine whether our trace-conditioning procedure induced nonas-
sociative behavioral phenotypes. Experimentally naive groups of
DCX-TK and WT mice were treated with GCV for 2 weeks. One
week after the conclusion of GCV, mice received “foreground” con-
textual fear conditioning, in which the footshocks were presented
alone without being preceded by a tone. The conditioning parame-
ters (e.g., number, intensity, and timing of the shocks) were other-
wise identical to those in the DCX-TK trace fear-conditioning
procedure described above.

For the training session, we assessed freezing behavior in 10 s
bins across the entire session. There were no effects of Genotype
or of the Genotype X Time interaction (Fig. 9A, REML: Geno-
type, F(, 57y = 1.04, p = 0.313; Genotype X Time, F43 5451) =
0.84, p = 0.760). On the day following training, mice were placed
into the training context to test for contextual fear. There were no
significant effects of Genotype or the Genotype X Time interac-
tion (Fig. 9B; REML: Genotype, F(, 5,y = 1.04, p = 0.364; Geno-
type X Time, F4 556) = 0.08, p = 0.988). On the third day, mice

Seo et al. @ Adult Neurogenesis and Fear Conditioning

= WT/PBS (n = 16)
- DCX-TK/PBS (n = 16)

Tone _|_|_

Shock
A 100-
8) o 80 -
= N 60
‘T O
L -
= 5 40
20 -
0 = | T T T T
60 120 180 240 300 360 420
Time (Sec.)
B 100 ~
® 80
[ Ne)]
= %1 60 4
%3
QT 40-
(SRS
8 2] ¥ :
0 1 T 1 T 1
1 2 3 4 5
Time (Min.)
C 100-
80 A
2
N 60 -
o
L 40 4
k7] >
o 20 -
-
o} = T T T T T T T
S 60 120 180 240 300 360 420
— Time (Sec.)
D 100+ mm WT/GCV
80 - I DCX-TK/GCV
2
£ 60 -
o
i 40
20 -
0 -
Baseline CS Post-CS
I I |
* kK *kk
*kk
Figure7. Tracefear conditioninginvehicle-treated DCX-TKand WT mice. DCX-TK or WT mice

were given trace conditioning 1 week after the 2 week PBS treatment. 4, In the training session
there was no effect of genotype on freezing. B, Freezing during the test of context-elicited fear.
There was no effect of genotype on freezing. C, Freezing during the test for tone-elicited fear in
a novel context. D, Mean freezing during the tone test. Both genotypes displayed freezing in
response to the tone, and there was no effect of genotype on freezing; ***p << 0.001.
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Figure 8.  Effect of x-irradiation-induced ablation of adult neurogenesis on delay and
trace fear conditioning. A, Fear conditioning was conducted 6 weeks after the first of three
doses of x-irradiation. B, ¢, DCX immunohistochemistry confirmed that DCX+ immature
neurons were greatly reduced in x-irradiated mice. D, Freezing as a function of time during
the tone test session. E, Mean freezing during the baseline period (20 s before presenta-
tion of the first tone), the tone presentations, and the 20 s following each tone presenta-
tion. In both delay and trace training, there was a significant effect of period but no effect
of x-irradiation treatment or the interaction. F, Consistent with the DCX-TK experiments,
in the context test, there was an effect of neurogenesis ablation in trace conditioning but
not delay conditioning. In trace conditioning, x-irradiated mice displayed more context-
elicited freezing than sham controls, but in delay conditioning the groups did not differ;
*p << 0.05, **p < 0.01.
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were placed into the novel context to measure nonassociative
freezing to the tone. Although mice had not received tone-shock
pairings, both WT/GCV and DCX-TK/GCV mice exhibited
freezing during and after the tone at levels comparable with those
produced by trace conditioning (Fig. 9C). As in the previous
experiments, we analyzed freezing during three periods (Fig. 9D):
baseline (20 s before tone), tone, and post-tone (20 s after tone).
There was a significant main effect of Period (F(, 1,4y = 16.47,p <
0.001). Tukey’s test confirmed that freezing during the post-tone
period was significantly higher than that during the baseline and
the tone periods (baseline vs post-tone, p < 0.001; tone vs post-
tone, p < 0.001). As shown in Figures 5B, C and 7A, mice exhib-
ited little or no freezing in response to the first tone presentation
during delay and trace fear conditioning. This indicates that post-
tone freezing was caused by prior shock exposure and does not
occur in unshocked mice. DCX-TK/GCV mice significantly froze
more than WT/GCV mice on the whole (Genotype, F, 4 =
4.19, p = 0.045; Genotype X Period, F(, ;14 = 0.61, p = 0.544).
These data were further analyzed as a function of trial during the
tone or post-tone periods. In the tone periods (Fig. 9E), there was
significant Genotype effect (Genotype, F(, 5,) = 4.18, p = 0.045;
Genotype X Trial, F5 ;) = 1.99, p = 0.117). In the post-tone
periods (Fig. 9F), there was significant interaction of Genotype X
Trial (F(3,,,) = 3.41, p = 0.019). These results indicate that
shock-alone fear conditioning induces nonassociative freezing,
and freezing is exaggerated in mice lacking adult neurogenesis.

Arrest of neurogenesis potentiates the nonassociative effects
of fear conditioning

These results suggest that fear conditioning may induce a nonasso-
ciative change in emotional responsiveness that causes mice to ex-
hibit fear in response to a tone stimulus that was never paired with
shock. If fear conditioning, in fact, induces generalized changes in
emotionality, these changes should be evident in another assay of
emotional function. To test this hypothesis, we assessed open field
behavior in WT and DCX-TK treated with GCV as described above.
One subgroup of mice was subjected to fear conditioning (using the
delay or shock-alone protocols described above) before open field
testing. The other subgroup was tested in the open field without
prior exposure to fear conditioning.

Consistent with earlier studies (David et al., 2009; Jaholkowski
et al., 2009), in mice that were not fear conditioned there was no
significant effect of neurogenesis ablation on open field activity
(Fig. 10A-D; REML: Center Time: Genotype, F(, ,5) = 0.30, p =
0.588, Genotype X Time, Fs 1,5y = 0.84, p = 0.527; Center Dis-
tance: Genotype, F(, 55y = 2.97, p = 0.097, Genotype X Time,
F(s.155) = 1.14, p = 0.341; Marginal Distance: Genotype, F(, ,5) =
0.03, p = 0.873, Genotype X Time, F 55 = 1.33, p = 0.256).
However, among mice that were previously fear conditioned,
DCX-TK/GCV mice displayed reduced time and distance in the
center zone and a small reduction in marginal distance (Fig.
10E-H; REML: Center Time: Genotype X Time, Fs 55 = 4.86,
p < 0.001; Center Distance: Group, F 55 = 6.30, p = 0.019;
Marginal Distance: Genotype X Time, F s ;,5) = 3.25, p = 0.009).
After fear conditioning, neurogenesis-arrested DCX-TK/GCV
mice displayed elevated anxiety-like behavior in the open field
compared with WT mice.

Next we asked whether generalized changes in emotionality
after fear conditioning could be detected in another classic test of
anxiety-like behavior, the elevated plus maze (EPM). A separate
group of mice was treated with GCV for 2 weeks. Beginning 1
week after GCV, the mice were tested in the EPM, then given
shock-alone fear conditioning (data included in Fig. 9), and then
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tested a second time in the EPM. We pre-
dicted that DCX-TK/GCV mice would
display higher anxiety behavior compared

& WT/GCV (n = 27)
-~ DCX-TK/GCV (n = 32)
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neurogenesis is dispensable for associative
trace fear conditioning. First, fear condi-
tioning produced significant nonassociative
fear, which could mask an impaired trace
CS-US association. Second, after trace con-
ditioning mice lacking adult neurogenesis
showed increased context fear compared
with control mice, which is suggestive of an impaired ability to asso-
ciate the trace CS with shock. If the increased context fear in
neurogenesis-arrested mice indeed reflects an impaired trace CS-US
association, then a revised trace fear conditioning procedure that
minimizes nonassociative plasticity should reveal a trace condition-
ing deficit in mice lacking neurogenesis.

Based on evidence that shock intensity, tone intensity, inter-
trial interval (ITI) length, and animal handling influence the
prevalence of nonassociative plasticity in fear conditioning
(Kamprath and Wotjak, 2004; Smith et al., 2007; Burman et al.,
2014), we developed an alternate trace fear-conditioning proce-
dure (Protocol 2) that minimized nonassociative tone-elicited
fear. Relative to the original protocol, shock and tone intensity
were reduced, ITI was increased, and mice were given additional
handling before training. Using WT mice, we confirmed that the
alternate trace fear-conditioning protocol minimized nonasso-
ciative tone freezing. Separate groups of WT mice were trained
with trace, unpaired, or shock-alone protocols (data not shown).
In the tone test session, the REML model revealed significant

ground”) contextual fear conditioning. 4, B, There was no effect of genotype on freezing during the training session () or the
context test (B). C, During the tone testin a novel context, both DCX-TK/GCV and WT/GCV mice displayed freezing in response to the
tone. D, Mean freezing during the post-tone period exceeded that during the baseline and tone periods. DCX-TK/GCV
mice significantly froze more than WT/GCV mice in general. £, F, Further analysis as a function of trial revealed that the DCX-TK/GCV
mice significantly froze more than WT/GCV mice during the tone period (E). In the trace periods (F), there was a Genotype X Trial
interaction, but the genotype effect did not reach significance; *p << 0.05; ***p < 0.001.

main effects of Protocol and Period (Protocol, F, 5 = 10.32,
p = 0.002; Period, F, 5, = 21.14, p < 0.001). There was no effect
of conditioning protocol on freezing during the baseline period
(one-way ANOVA: F, ;) = 2.64, p = 0.104). However, the
trace-trained mice froze significantly more than the unpaired
or shock-alone groups during the CS (F, ,;) = 5.37,p = 0.017;
Tukey: Trace vs Unpaired or Shock alone, p < 0.05) and the
Post-CS periods (F(, 7y = 10.80, p = 0.001; Tukey: Trace vs
Unpaired or Shock alone, p < 0.01). These data confirm that
this protocol produces tone-elicited fear that is largely
associative.

Next, we trained WT and DCX-TK mice in the alternate trace-
conditioning protocol 3 weeks after the start of a 2 week GCV
treatment. On the training day, both DCX-TK/GCV and WT/
GCV groups reached ~80% freezing after the last trial of training
(data not shown). The freezing levels in time bins (10 s) were
analyzed using REML. There was no effect of Genotype or the
Genotype X Time interaction (Genotype, F(, ;o) = 1.14, p =
0.299; Genotype X Time, F(y 9,61y = 1.13, p = 0.172). On the
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arrest of adult neurogenesis impaired as-
sociative trace fear conditioning.

Recent studies have reached different
conclusions about the time course of
memory deficits arising from the arrest of
neurogenesis. Denny et al. (2012) re-
ported that effects in context fear condi-
tioning and novel object recognition arise
4—6 week after x-irradiation. In contrast,
Deng et al. (2009) reported that water
maze impairments arise within 3—4 weeks
after TK-mediated ablation and that nor-
mal performance is restored 5— 6 weeks af-
ter the ablation. To determine whether
trace-conditioning impairments in DCX-
TK mice are transient or permanent, we
trained WT/GCV and DCX-TK/GCV
mice in the alternate trace conditioning
protocol 6 weeks after the start of a 2 week
GCV infusion (Fig. 12F-J). On the train-

DCX-TK
>

ing day (data not shown), freezing levels
increased more rapidly in DCX-TK/GCV
mice than in WT/GCV mice (Genotype X
Time, F(1 19,1904y = 1.33,p = 0.011). How-
ever, freezing levels after the final shock
were equivalent between the two geno-
types (t,6 = —1.33, p = 0.20). On the
next day, mice were placed into the orig-
inal training context for a test of
context-elicited fear. The genotypes did
not differ significantly (Fig. 12F; Geno-

type, F1,16) = 1.36, p = 0.260; Geno-
type X Time, F(y 40 = 0.43, p = 0.783).
On the third day, mice were placed into
the novel context to test tone-elicited
fear (Fig. 12G). The freezing responses
during the CS, post-CS, and ITI periods
were analyzed as a function of trial. In
the CS periods (Fig. 12H), the Geno-
type X Trial interaction reached signif-
icance (F(4¢4) = 2.94, p = 0.027). Post
hoc tests confirmed that DCX-TK/GCV
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Figure10.  Effect offear conditioning (FC) on behaviorin the open field. Separate groups of DCX-TK/GCV and WT/GCV mice were

tested in the open field without prior fear conditioning or 3 d after fear conditioning. A, E, Occupancy plots for representative
individual mice. A-D, Among mice without prior fear conditioning, there was no effect of genotype on open field behavior. E-H,
In contrast, after fear conditioning, DCX-TK/GCV mice displayed reduced center time (F), center distance (G), and marginal distance

(H) as compared with WT/GCV mice; *p << 0.05, **p << 0.01.

next day, mice were placed into the original training context for a
test of context-elicited fear. The genotypes did not differ signifi-
cantly (Fig. 12A; Genotype, F(, ;5 = 0.22, p = 0.644; Genotype X
Time, F(, ;) = 0.55, p = 0.670). On the third day, mice were
placed into the novel context to test tone-elicited fear (Fig. 12B).
The freezing responses during the CS, post-CS, and ITI periods
were analyzed as a function of trial. In both the CS (Fig. 12C) and
post-CS periods DCX-TK/GCV mice exhibited significantly
lower freezing than WT/GCV mice. (Genotype, Fs(; 10y > 7, ps <
0.02). The effect of genotype during the ITI periods (Fig. 12E) did
not reach significance (F, ;5 = 4.21, p = 0.054). In summary,

mice exhibited lower freezing than WT
mice during the final tone presentation.
There was no significant effect of Geno-
type in the post-CS periods (Fig. 12
Genotype, F, ) = 2.322, p = 0.147;
Genotype X Trial, F(, 54 = 1.347, p =
0.263). In the ITI periods (Fig. 12]),
there was a strong Genotype effect
(F116) = 10.402, p = 0.005).

To confirm that neurogenesis was
suppressed in DCX-TK mice 4 weeks after termination of
GCV, we quantified DCX+ cells in the SGZ. The number of
DCX+ cells was greatly reduced in both the anterior DG (Fig.
12K,L; t(s) = 6.41, p < 0.001) and the posterior DG (Fig. 12M;
te) = 4.39, p = 0.004) of DCX-TK mice as compared with WT
mice.

In summary, neurogenesis-arrested DCX-TK mice dis-
played impaired performance in a trace-conditioning proce-
dure that minimized nonassociative learning. The impairment
in DCX-TK transgenic mice was somewhat smaller 6 weeks
after neurogenesis ablation than 3 weeks after the ablation.



11342 - ). Neurosci., August 12,2015 + 35(32):11330-11345

Seo et al. @ Adult Neurogenesis and Fear Conditioning

Because neurogenesis was still sup- A Open Time B Closed Time
pressed at 6 weeks after ablation, the
apparent recovery of behavioral perfor- 801 400+ m WT/GCV (n=8)
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arrest of adult neurogenesis, consistent o o
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neurogenesis on trace fear conditioning
were dependent on the conditioning pro- 0.0- 0-
tocol. When the protocol produced sig- Before FC After FC Before FC After FC

nificant nonassociative fear, arrest of
adult neurogenesis potentiated fear be-
havior; with a procedure that minimized
nonassociative plasticity, arrest of neuro-
genesis impaired associative fear. Finally,
the effects of neurogenesis ablation on
anxiety-like behavior were modulated by the fear-conditioning
protocol. Consistent with previous studies (David et al., 2009;
Jaholkowski et al., 2009), arrest of neurogenesis had no effect on
anxiety-like behavior in mice not subjected to fear conditioning.
However, after fear conditioning, neurogenesis-arrested mice
displayed increased anxiety-like behavior in the open field and
elevated plus maze. The results suggest that adult neurogenesis
modulates emotional learning via two distinct but opposing
mechanisms: it supports associative trace conditioning while also
buffering against the generalized, nonassociative fear and anxiety
caused by fear conditioning.

Although fear conditioning is usually studied as a model of
associative learning, it can induce changes in behavior that are
not readily explained via associative mechanisms. For instance,
mice previously exposed to footshock display increased anxiety-
like behavior in the open field and display fear responses to a tone
never paired with shock. There is debate about whether these
behaviors are truly nonassociative (Davis, 1989; Hitchcock, 1989;
Richardson, 2000), but recent evidence indicates that such be-
haviors can be induced even when the conditioning procedure
fails to produce associative fear (Sauerhofer et al., 2012). In the
current study, exposure to footshocks caused generalized changes
in behavior similar to those reported previously (Kamprath and
Wotjak, 2004). Fear-conditioned mice displayed reduced center
exploration in the open field as compared with mice that were not
fear conditioned. In addition, mice exposed to footshock dis-
played freezing responses to a tone that was never paired with
shock. Arrest of neurogenesis appeared to potentiate the nonas-
sociative effects of fear conditioning. In the absence of fear con-
ditioning, arrest of neurogenesis had no effect on open field
behavior. However, among mice that were fear conditioned,
neurogenesis-arrested mice displayed reduced exploration in the

Figure 11.

Effect of fear conditioning on behavior in the elevated plus maze. DCX-TK/GCV and WT/GCV mice were tested in the
elevated plus maze before fear conditioning (FC) and after fear conditioning. A-D, Before fear conditioning, there was no effect of
genotype on activity in the open or closed arms. 4, C, However, after fear conditioning, mice lacking neurogenesis exhibited less
time (4) and traveled distance on the open arms (C); *p << 0.05.

open field. The results suggest that arrest of neurogenesis sensi-
tized mice to the anxiogenic effects of fear conditioning.

This observation is consistent with recent data suggesting that
adult-born neurons buffer the behavioral and endocrine response to
acute stressors. Acute restraint or novel environment stress causes a
larger corticosterone surge and more severe induction of anxiety-
like behavior in neurogenesis-arrested than control mice (Schloesser
et al., 2010; Snyder et al., 2011). The circuit mechanisms for these
effects are not well understood, but it is thought that suppression of
adult neurogenesis impairs hippocampal feedback regulation of
HPA axis. Corticosterone and its upstream modulator cortic-
otropin-releasing factor (CRF) appear to be necessary for acute stress
to induce long-term increases in anxiety-like behavior (Adamec et
al.,, 20105 Clay et al., 2011; Jakovcevski et al., 2011). Thus, fear con-
ditioning may be more anxiogenic to neurogenesis-arrested mice
because these mice experience a more pronounced induction of cor-
ticosterone and/or CRF by fear conditioning.

An unanswered question is whether the increased anxiety-like
behavior in neurogenesis-arrested mice after fear conditioning itself
represents a cognitive impairment. One possibility is that the in-
creased anxiety-like behavior by neurogenesis-arrested mice in the
open field reflects overgeneralization of associative context fear, sim-
ilar to that reported in context fear discrimination experiments (T1-
onel etal.,2010; Sahayetal., 2011; Niibori etal.,2012). These data are
not fully consistent with this hypothesis. Neurogenesis-arrested and
control mice displayed similar levels of context-elicited fear in both
the training and alternate contexts in delay conditioning, indicating
that arrest of neurogenesis does not cause a general increase in con-
text fear generalization. Similarly, in the reduced-intensity trace-
conditioning protocol, alternate-context fear was comparable in WT
and neurogenesis-arrested mice. The only procedure yielding an un-
ambiguous increase in fear generalization in neurogenesis-arrested
mice was shock-alone conditioning (Fig. 9). The pattern of data
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Figure 12.  Effect of DCX-TK-mediated ablation in an alternate trace fear-conditioning procedure that minimized nonassocia- ity during the retention interval in work-

tive tone freezing. DCX-TK and WT mice were treated with GCV for 2 weeks and subjected to trace fear conditioning either 3 weeks
(A-E) or 6 weeks (F-M) after the start of GCV. A, F, Freezing during the test of context-elicited fear. There was no effect of
genotype in 3 week (A) or 6 week (F) experiments. B—E, G-J, Freezing during the test for tone-elicited fear in a novel context. The
freezing responses were analyzed as a function of trial during the CS, post-CS, and [Tl periods. In the 3 week conditioning, DCX-TK
mice displayed reduced fear during the CS and post-CS periods (C, D). In the 6 week condition, DCX-TK mice displayed reduced fear
during the final CS presentation (H) and during the Tl periods (/). K~M, Depletion of DCX+ immature neurons in DCX-TK mice 6
weeks after the start of GCV. K, Representative images of DCX immunohistochemistry in the DG. The number of DCX+ cells in
anterior (L) and posterior DG (M) was greatly reduced in DCX-TK/GCV mice relative to WT/GCV mice. Scale bars: 100 wm. *p <

0.05,%%p < 0.01, ***p < 0.001.

indicates that the effects of neurogenesis arrest on fear generalization
are highly procedure dependent. Specifically, effects on fear general-
ization appear to be most profound in procedures involving strong
aversive stimulation that cannot readily be predicted using discrete
CSs.

With an intensive trace fear-conditioning procedure
neurogenesis-arrested mice displayed elevated context fear com-
pared with WT controls. We propose a cue competition mechanism
to explain this phenotype. Context and discrete cues can compete for
associative strength (Urushihara and Miller, 2009; Urcelay and
Miller, 2014). As a consequence, manipulations that degrade the
contingency between a discrete CS and US sometimes increase the
strength of context conditioning (Detert et al., 2008; Urcelay and
Miller, 2010). We hypothesize that the increased context condition-

ing memory tasks (Young et al., 1997;
Axmacher et al., 2007). An alternate but
not mutually exclusive idea is that hip-
pocampus plays a discriminative role.
Successful trace conditioning requires
that subjects distinguish between the trace
interval and the ITI (Bolles et al., 1978).
Distinguishing between these two
stimulus-free periods appears to require
the hippocampus, because deficits in trace
conditioning caused by hippocampus lesions can be rescued by
providing a cue to help subjects differentiate between the trace
and ITT (Bangasser et al., 2006). Recent evidence that adult neu-
rogenesis supports behavioral pattern separation—the ability to
discriminate between complex stimuli with shared or similar fea-
tures (Clelland et al., 2009; Tronel et al., 2010; Sahay et al., 2011;
Swan et al., 2014)—suggests the possibility that adult neurogen-
esis contributes to trace conditioning by supporting the discrimina-
tion between the trace and ITL

Ablation of adult neurogenesis by DCX-TK/GCV or
x-irradiation caused increased context fear in trace conditioning.
The consistency of the phenotype across two ablation methods sug-
gests that the phenotype was caused by ablation of neurogenesis
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rather than a side effect of either procedure. Furthermore, because
the targeted x-irradiation procedure arrests neurogenesis in hip-
pocampus but not SVZ (Santarelli et al., 2003 ), the increased context
fear can be attributed to the loss of hippocampal neurogenesis. Nev-
ertheless, the phenotypes of DCX-TK/GCV and x-irradiated mice
were not identical. DCX-TK mice displayed elevated pretone fear in
the novel context as compared with controls, whereas in x-irradiated
mice pretone fear was not significantly elevated. The difference may
relate to differences in the conditioning protocol. In the irradiation
experiment, mice were pre-exposed to the conditioning and alter-
nate contexts before training, whereas in the DCX-TK experiments
mice were not pre-exposed. Context pre-exposure can affect the
strength of context conditioning and modulate context generaliza-
tion (Urcelay and Miller, 2010; Iordanova and Honey, 2012). Per-
haps more important, the training and novel contexts were more
different in the x-irradiation experiment than DCX-TK experi-
ments. In the DCX-TK experiments, both contexts had hard floors,
whereas in x-irradiation experiments the novel context floor was
covered with bedding. Across a variety of learning paradigms, the
effects of neurogenesis manipulations on generalization/discrimina-
tion tend to become more pronounced as the discriminability of the
stimuli decreases (Creer et al., 2010; Sahay et al., 2011; Nakashiba et
al., 2012; Niibori et al., 2012; Bekinschtein et al., 2014). Thus, the
DCX-TK conditioning protocol may be been more sensitive to ef-
fects of neurogenesis ablation on context generalization, because of
the use of more similar contexts.

The role of adult neurogenesis in behavior continues to be a
subject of debate, due, in part, to a literature that includes inconsis-
tent and sometimes contradictory findings (Castilla-Ortega et al.,
2011). The conflicts among studies raise the possibility that the con-
tribution of adult neurogenesis to behavior is modulated by experi-
ential factors. One implication of the current experiments is that the
effects of neurogenesis ablation depend on the stress history of the
animal. In particular, exposure to strong aversive stimuli can induce
an anxiety-like phenotype in neurogenesis-arrested mice that can
mask associative deficits in fear conditioning. More generally, the
results suggest that adult neurogenesis modulates emotional learn-
ing via dual mechanisms: it supports the ability to learn predictive
contingencies involving aversive events while buffering against the
generalized anxiogenic effects of those events.
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