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ABSTRACT 
The role of adult hippocampal neurogenesis in memory formation and retrieval 

 
Christine Ann Denny  

 

The role of adult hippocampal neurogenesis in behavior, especially contextual fear 

conditioning (CFC), is debated. Several studies demonstrated that blocking adult 

hippocampal neurogenesis in rodents impairs CFC, while several other studies failed to 

observe impairment. We sought to determine whether different CFC methods vary in 

their sensitivity to the arrest of adult neurogenesis. Adult neurogenesis was arrested in 

mice using low-dose, targeted x-irradiation, and the effects of x-irradiation were assayed 

in conditioning procedures that varied in the use of a discrete conditioned stimulus, the 

number of trials administered, and the final level of conditioning produced. We 

demonstrate that x-irradiation impairs CFC in mice when a single-trial CFC procedure is 

used but not when multiple-trial procedures are used, regardless of the final level of 

contextual fear produced. In addition, we show that the x-irradiation-induced deficit in 

single-trial CFC can be rescued by providing pre-exposure to the conditioning context. 

These results indicate that adult hippocampal neurogenesis is required for CFC in mice 

only when brief training is provided.  

 We next sought to determine the age at which adult-born hippocampal neurons 

contribute to behaviors such as CFC and novel object recognition (NOR).  NOR was 

assessed in mice after neurogenesis was arrested using focal x-irradiation of the 

hippocampus, or a reversible, genetic method in which glial fibrillary acidic protein-

positive neural progenitor cells are ablated with ganciclovir. Arresting neurogenesis did 

not alter general activity or object investigation during four exposures with two constant 



 

objects. However, when a novel object replaced a constant object, mice with 

neurogenesis arrested by either ablation method showed increased exploration of the 

novel object when compared with control mice. The increased novel object exploration 

did not manifest until 4–6 weeks after x-irradiation or 6 weeks following a genetic 

ablation, indicating that exploration of the novel object is increased specifically by the 

elimination of 4- to 6-week-old adult born neurons. The increased novel object 

exploration was also observed in older mice, which exhibited a marked reduction in 

neurogenesis relative to young mice. Mice with neurogenesis arrested by either ablation 

method were also impaired in one-trial contextual fear conditioning (CFC) at 6 weeks but 

not at 4 weeks following ablation, further supporting the idea that 4- to 6-week-old adult 

born neurons are necessary for specific forms of hippocampus-dependent learning, and 

suggesting that the NOR and CFC effects have a common underlying mechanism. These 

data suggest that the transient enhancement of plasticity observed in young adult-born 

neurons contributes to cognitive functions.   

Finally, we sought to understand how a memory trace is formed and retrieved in 

the DG and in CA3, and whether adult hippocampal neurogenesis modulates these 

events.  Our hypothesis is that the cells reactivated during recall of a memory are a 

component of the memory trace.  We have designed a novel tool to test this hypothesis 

not just in a short time period but also on a longer timescale. We, therefore, created an 

ArcCreERT2 BAC transgenic mouse that allows for the permanent labeling of cells 

expressing the IEG Arc/Arg3.1 and allows for a comparison between the cells that are 

activated during the encoding of an experience and those that are activated during the 

retrieval of the corresponding memory. To test our hypothesis of the memory trace, we 



 

have performed various manipulations that affect hippocampus-dependent memory: 1) 

contextual differences (fearful versus non-fearful context), 2) time (recent versus remote 

memory), and 3) arrest of adult hippocampal neurogenesis (x-irradiation and social 

defeat). We find that levels of reactivation in CA3, both in the presence and in the 

absence of neurogenesis, are correlated with the strength of the memory, which suggests 

that the cells reactivated in CA3, are a component of the memory trace. 
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The hippocampus  
The elegant structure of the hippocampus (HPC) first led to its comparison to the horns of 

a ram, and its Latin name Cornu Ammonis. Between 1564 and 1587, this structure was 

named “hippocampus” by anatomists Giulio Cesare Aranzi and Arantius after its 

resemblance to the sea horse (Hippocampus leria).  

The basic anatomy of the HPC was first described by Ramón y Cajal (1901) and 

Lorente de Nó (1934) (Lorente de Nó, 1934; Ramon y Cajal, 1901), and the circuitry of 

the trisynaptic circuit was first described by Per Andersen (Andersen et al., 1971). The 

HPC is part of the hippocampal formation, which includes the dentate gyrus (DG), HPC, 

subiculum, presubiculum, parasubiculum, and entorhinal cortex. In the trisynaptic circuit 

(Figure 1.1), sensory input first comes in from the entorhinal cortex to the DG of the HPC 

(perforant pathway) (Andersen, 1975; Swanson, 1983). DG granule neurons then project 

to CA3 pyramidal cells, which then project to CA1. The projection from CA3 to CA1 is 

called the Schaffer collateral projection (Andersen, 1975). Finally, CA1 pyramidal cells 

project to the subiculum and to the deep layers of the entorhinal cortex, which project 

back to many of the same cortical areas that originally projected to the entorhinal cortex 

(Kohler, 1986).  
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Figure 1.1. The hippocampal trisynaptic circuit.  The perforant path to dentate gyrus to CA3 to CA1 was 
first called the trisynaptic circuit by Per Andersen (1971).  DG: dentate gyrus; Sub: subiculum; EC V: 
entorhinal cortex layer V; EC II: entorhinal cortex layer II.  
 

Although the concept of the trisynaptic circuit has great significance in the history 

of hippocampal studies, there are other powerful, disynaptic loops that must be 

mentioned.  The entorhinal cortex does not only project to the DG, but layer II of the 

entorhinal cortex also projects to CA3.  Moreover, layer III of the entorhinal cortex 

projects to CA1, also bypassing the trisynaptic circuit.  

It was recently shown that a disynaptic loop exists to bypass the trisynaptic loop 

(Chevaleyre and Siegelbaum, 2010). This study identified a disynaptic loop mediated by 

CA2 neurons between the cortex and hippocampal CA1 neurons (Chevaleyre and 

Siegelbaum, 2010). CA2 consists of a small population of neurons between CA3 and 

CA1, and was first characterized by Lorente de Nó in 1934 (Lorente de Nó, 1934). 

Chevaleyre and Siegelbaum found that CA2 neurons receive strong convergent excitation 

from layer II and layer III entorhinal neurons and make strong excitatory synapses with 

CA1 neurons. Entorhinal inputs onto CA2 show strong LTP, and thus, possibly 

implicating CA2 in learning and memory. Although most studies have described the flow 
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of information in terms of the trisynaptic loop, futures studies must now also reference 

this potent disynaptic loop linking the EC with CA1 through CA2.  

 

The dentate gyrus 
The DG, whose name means tooth-like infolded structure, is the primary afferent 

pathway into the HPC, and is considered to play a crucial role in transforming similar 

representations into discrete, non-overlapping patterns, a process known as pattern 

separation (Marr, 1971). The DG is composed of three layers. The top layer, which is 

closest to the CA field, is a relatively cell-free layer called the molecular layer. In this 

layer resides the dendrites of the dentate granule cells and perforant path fibers from the 

entorhinal cortex. Next, the granule cell layer is where the granule cells of the DG are 

located. The molecular layer and granule cell layer form a V-shape that encloses the 

polymorphic cell layer, where mossy cells and interneurons are located.  

It has been suggested that the DG orthogonalizes information to disambiguate 

similar patterns via sparse, strong mossy fiber projections from the granule cells to CA3. 

Firstly, lesions restricted to dorsal DG (but not dorsal CA1) produce deficits in spatial 

memory on a matching to place task when the two spatial locations that were to be 

discriminated were close together, and thus, maximizing the need for pattern separation 

(Gilbert et al., 2001). Secondly, Leutgeb et al. (2007) showed that slight changes in the 

shape of an environment in which rats are exploring could alter activity patterns of place 

cells in the DG (Leutgeb et al., 2007). Moreover, deletion of the NMDA receptor subunit 

1 (NR1) in the DG led to impaired pattern separation in a contextual fear conditioning 

(CFC) task in which the mouse had to distinguish between two similar contexts (McHugh 

et al., 2007). Finally, pattern separation was also shown to occur in the DG of humans 
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that had to distinguish between two pictures of very similar objects by using fMRI 

(Bakker, 2008).  

 

CA3 
The DG projects to CA3 via unmyelinated axons called the mossy fibers, terminating 

below (infrapyramidal), within (intrapyramidal), and above (suprapyramidal, in stratum 

lucidum) the CA3 pyramidal cell layer (Blackstad et al., 1970). These fibers have large 

presynaptic boutons, known as en passant terminals, which contact cells in the 

polymorphic layer (such as mossy cells) and CA3 pyramidal cells. Each granule cell in 

the DG has the potential to contact 15 CA3 cells while each CA3 cells receives input 

from approximately 70 granule cells. In contrast to the DG, because of their abundant 

recurrent collaterals, pyramidal cells of CA3 have been proposed to be involved in 

pattern completion (Treves and Rolls 1992). 

 

Involvement of the hippocampus in learning and memory  
The HPC was shown to be important for spatial learning and memory (Scoville and 

Milner, 1957) as well as emotion (Papez, 1937). The first evidence that the HPC was 

involved in memory and emotion was from Brown and Schä fer (1888).  A large 

bilateral temporal lobe lesion changed the emotional responses and impaired memory 

processes in a rhesus monkey (Brown and Schä fer, 1888).  

Neuropsychological studies of the amnesic patient H. M. (Scoville and Milner, 

1957) demonstrated that memory depends on the function of the medial temporal lobe 

(Milner, 1966). In order to treat severe epilepsy, H. M. developed amnesia following 

bilateral removal of the medial temporal lobe. The medial temporal lobe, however, 

includes the HPC, amygdala, and adjacent cortical areas. Only after lesion studies in non-
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human primates and in rodents, were researchers able to identify the adjacent and cortical 

structures in the medial temporal lobe (e.g. entorhinal, perirhinal, and parahippocampal 

cortex) that also participate in memory functions (Squire, 1992). Declarative and spatial 

memories are especially HPC-dependent, while procedural and implicit tasks are HPC-

independent (Cohen et al., 1997; Cohen and Squire, 1980; O'Keefe and Nadel, 1978).  

In terms of time, memory storage and retrieval is dependent on the HPC initially, 

but its role diminishes as a more permanent memory is established elsewhere, most likely 

in the neocortex (Kim and Fanselow, 1992). Most animal studies have suggested a time-

limited role for the HPC in remote memory recall, in that lesions of the HPC impair 

recent memory but do not impair remote memory (Frankland et al., 2004; Kim and 

Fanselow, 1992; Kitamura et al., 2009: Wang et al., 2009; Winocur et al., 2009). 

 

Dorsal versus ventral hippocampus 
In addition to segregating the HPC into different subregions, the HPC differs as well 

along the dorsal-ventral (septo-temporal) axis.  The dorsal HPC has a preferential role in 

learning and memory; the ventral HPC is involved in affective behaviors due to the 

differential connectivity (Bannerman et al., 2004; Sahay and Hen, 2007; Sahay and Hen, 

2008). Cytotoxic lesions of the dorsal HPC impair spatial learning but have no effect on 

anxiety (Moser et al., 1993; Moser et al., 1995), while lesions of the ventral HPC reduce 

anxiety but have no effect on spatial memory (Bannerman et al., 2003; Maren, 1999; 

Maren et al., 1997; Richmond et al., 1999).  

 
Neurogenesis 
It was long believed that neurons in the adult brain were irreplaceable and had little or no 

capacity for renewal. The inability to recover injured nervous tissue and the permanence 
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of neurons when compared with other cell types appeared to support the notion that 

neurons did not have the ability to renew. However, the idea that the adult brain might 

have the capacity to add new neurons in adulthood and thus, be capable of a process 

termed neurogenesis, was not fully accepted until relatively recently.  

 

Detection of adult neurogenesis 
The first evidence to dispute this dogma was generated in the 1950s to 1960s.  In 1958, 

Messier and colleagues utilized tritiated (3H-) thymidine autoradiography to label DNA 

replication and thus, describe newly divided cells in the brains of young adult mice 

(Messier et al., 1958). Altman and colleagues then reported mitotic cells in the brains of 

rats, guinea pigs, and cats (Altman, 1969; Altman and Das, 1965; Altamn and Das, 1967; 

Das and Altman, 1971). Neurogenesis was then confirmed in not only mammals but in 

adult fish (Kranz and Richter, 1975) and birds (Asenjo et al., 1976).  Finally, in 1977, 

using electron microscopy, Kaplan and Hinds confirmed that the 3H-thymidine labeled 

cells developed features of mature neurons in adult rats (Kaplan and Hinds, 1977).  

Although it was then accepted that adult neurogenesis did occur, the brain regions 

allowing neurogenesis were defined as few.  

 A newer approach of utilizing immunohistochemistry to detect DNA-bound labels 

rapidly excelled the field of adult neurogenesis. 5’-bromo-2’-deoxyuridine (BrdU) is a 

thymidine analogue that is incorporated within DNA during the S-phase of the cell cycle 

(Cameron and McKay, 2001).  Moreover, generation of monoclonal antibodies that bind 

to BrdU allowed for faster and safer experiments (Gratzner, 1982).  

 Finally, in recent years, numerous antibodies have been developed against cell-

specific antigens that are transiently expressed during neuronal migration and 
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differentiation.  By combining antibodies against BrdU and cell-specific proteins, 

researchers have generated a specific temporal and spatial expression pattern for markers 

of young neurons at all stages of development (Kuhn et al., 1996; Seki and Arai, 1995).   

  

Detection of adult neurogenesis in primates 
Gould and colleagues first utilized BrdU immunohistochemistry to visualize new cells in 

the adult brains of adult primates (Gould et al., 1999; Gould et al., 1998), and Kornack 

and Rakic soon confirmed this finding (Kornack and Rakic, 1999).  

 Eriksson and colleagues examined the brains of deceased cancer patients who had 

received an injection of BrdU to monitor tumor growth (Erkisson et al., 1998). The 

authors found that humans also had the ability to generate new neurons, specifically in 

the DG of the HPC.  This finding generated a surge in the study of adult hippocampal 

neurogenesis, mainly due to the potential therapeutic applications of regenerative cells in 

the adult human brain.  

 

Detection of adult neurogenesis in rodents 
Mice and rats have been indispensable for defining the regions of adult neurogenesis. 

Many regions of the murine brain remain under debate as sites of adult neurogenesis. 

However, two sites of adult neurogenesis that are readily accepted and detected are: 1) 

the olfactory bulb, including the rostral migratory stream and subentricular zone (SVZ), 

and 2) the subgranular zone (SGZ) of the DG of the HPC.  For olfactory neurogenesis, 

progenitor cells lining the lateral ventricles give rise to new neurons in the olfactory bulb.  

These neurons ultimately become periglomerular and granule interneurons (Doetsch and 
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Hen, 2005).  However, the work presented in this thesis will exclusively focus on adult 

hippocampal neurogenesis.  

 

Adult hippocampal neurogenesis  
Adult hippocampal neurogenesis occurs in the DG of the HPC.  The DG, a subfield of the 

tri-synaptic circuit of the HPC, is comprised of several densely packed rows of cells 

(granule cell layer, GCL).  Adult-born hippocampal neurons are derived from progenitor 

cells located within the SGZ, a thin cellular lamina between the GCL and hilus.  Post-

mitotic adult-born hippocampal neurons characteristically migrate a short distance into 

the GCL, where they differentiate and sprout afferent and efferent processes similar to 

those of mature granule cells (Cameron et al., 1993; Kaplan and Hinds, 1977).  

 

Maturation and integration of adult-born hippocampal neurons 
Neural stem cells must progress through a number of developmental stages: proliferation, 

differentiation, survival, migration, maturation, and integration in order to produce a 

mature neuron (Figure 1.2). Although this process is similar to what occurs in 

developmentally generated granule neurons, it is much slower in adulthood, as it requires 

approximately 4 weeks (Overstreet-Wadiche et al., 2006; Zhao et al., 2006). Briefly, 

approximately 1 week after birth, adult-born neurons receive GABAergic input. At 2-3 

weeks of age, they receive glutamatergic input approximately and begin to elaborate their 

dendrites and form spines. At 4 weeks of age, they form functional outputs to hilar cells 

and CA3 neurons.  

Retrovirus-mediated, enhanced green fluorescent protein (GFP) expression has 

allowed for an accurate morphological and electrophysiological analysis of this process 
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(Li et al., 2009; van Praag et al., 2002; Zhao et al., 2006). Firstly, excitatory GABAergic 

input is observed at 3 days post injection (dpi) of the retrovirus-mediated GFP and 7 dpi. 

At 3 dpi, most of the GFP+ cells are located at the border of the granule cell layer. At 7 

dpi, most of the cells have processes spanning the granule cell layer. As early as 10 dpi, 

mossy fibers begin to project toward CA3 (Hastings and Gould, 1999; Zhao et al., 2006). 

At 14 dpi, adult-born cells migrate further into the granule cell layer. At this time 

point, their apical dendrites reach into the middle molecular layer and becoming more 

elaborate. At 2 – 3 weeks post injection, the first glutamatergic synapses onto dendritic 

spines appear. In addition, multiple basal dendrites begin projecting towards the hilus, but 

eventually retract. At 17 dpi, these neurons synapse on CA3 pyramidal cells.  

Between 2 and 4 weeks, adult-born hippocampal neurons undergo many changes 

in order to become mature hippocampal neurons. GABA transitions from being 

excitatory to inhibitory most likely because these adult-born hippocampal neurons 

display a lower threshold for long-term potentiation (LTP) induction (Schmidt-Hieber et 

al., 2004). By 28 dpi, adult-born hippocampal neurons have a round soma; glutamatergic 

synaptic inputs are detected; have an axonal projection extending toward the hilus to 

CA3; and they have spiny dendrites that reach the outer molecular layer.  

As stated above, the progression from neural stem cell to mature adult-born 

hippocampal neuron involves multiple intermediate stages that are each defined by 

distinct properties. The work in this thesis utilized these previous studies to identify an 

age at which these adult-born hippocampal neurons impact behavior.  
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Figure 1.2. A schematic summary of neuronal differentiation in the DG. At 4-6 weeks of age, adult-born 
neurons have unique features that enhance plasticity, such as elevated expression of NR2B-containing 
NMDA receptors (Ge et al., 2007). NR2B-containing NMDA receptors are denoted as red and black 
subunits.  
 

Influence of environmental factors on adult hippocampal neurogenesis  
There have been a number of manipulations that have been reported to affect adult 

hippocampal neurogenesis.  Stress, aging, glucocorticoids, and isolation have been shown 

to be negative regulators of adult hippocampal neurogenesis in rodents and primates 

(Cameron et al., 1998; Gould et al., 1998; Seki and Arai, 1995).  Environmental 

enrichment, exercise (e.g. voluntary running), antidepressants, and learning have been 

shown to be positive regulators of adult hippocampal neurogenesis in rodents and 

primates (Brown et al., 2003; Kempermann et al., 1998; van Praag et al., 1999; van Praag 

et al., 2005; Kronenberg et al., 2006).  

A variety of studies have consistently demonstrated a substantial age-related 

reduction in neurogenesis in laboratory and wild animals (Kuhn et al., 1996; Seki and 

Arai, 1995).  Aging is often associated with a decrease in cell proliferation, but not in cell 

survival.  An age related decline in cell proliferation has been shown to occur in rats 

ing. First, while the majority of other studies used C57Bl/6J
mice, our experiments mainly used 129SvEv/Tac mice, which
have a significantly weaker exploratory drive (Smith et al.,
2009). However, when our NOR paradigm is administered to
C57Bl/6J mice, we do not detect an impact of ablation of hip-
pocampal neurogenesis, possibly because these mice never fully
cease investigation and exploring during the habituation expo-
sures (Supporting Information Fig. 2). Therefore, in a strain
exhibiting high exploration, we do not observe a further
increase in NOR investigation after ablation of hippocampal
neurogenesis. Second, in the majority of our experiments, mice
were not given pre-exposure to the NOR arena. In mice, pre-
exposure appears to greatly enhance novel object preference
(Stefanko et al., 2009), and, as a result, this is a common fea-
ture of NOR protocols. However, when sham- and x-irradiated
mice were given pre-exposure to our NOR arena, overall inves-
tigation of the objects increased, but this did not enhance novel
object preference in our 129SvEv strain. Irrespective of the
underlying cause, the low level of preference exhibited by our
control mice was advantageous because it maximized the ability
to detect an increase in the treatment groups.

The importance of the hippocampus (HPC) in object recog-
nition processes has been debated. Many studies have focused
on the importance of parahippocampal regions of the temporal
lobe, namely the perirhinal cortex (PRC) (Murray et al., 2000;
Gilbert and Kesner, 2003). Lesions of the PRC disrupt object
recognition memory (Aggleton et al., 1997; Bussey et al.,
1999; Liu and Bilkey, 2001; Warburton et al., 2003; Winters
et al., 2004; Winters and Bussey, 2005), whereas hippocampal
lesions sometimes impair object recognition (Murray and Mis-
hkin, 1998; Mumby et al., 1999; Baxter and Murray, 2001;
Mumby, 2001; Zola and Squire, 2001) and sometimes do not

FIGURE 10. GCV treatment impairs one-trial contextual fear
conditioning in GFAP-TK TG mice. (A) Schematic diagram of the
experimental time-course. GFAP-TK TG and WT mice were treated
with GCV for 4 weeks and then fear conditioned 2 weeks later. Con-
textual fear conditioning was produced by placing a mouse in the
conditioning chamber and delivering one footshock at 180 s or at
360 s later. In the test of context-elicited fear 24 h following train-
ing, GFAP-TK TG mice exhibited significantly less freezing than
WTmice when the placement to shock interval (PSI) was 180 s (B)
[F(1,66) 5 4.0, P 5 0.0498]. However, when the PSI was 360 s (C),
GFAP-TK TG and WT mice exhibited similar levels of freezing in
the test of context-elicited fear conducted 24 h following training
[F(1,15) < 1, P 5 0.8,682]. *P < 0.05. Error bars represent6 SEM.

FIGURE 11. A schematic summary of neuronal differentiation
in the DG. Cells aged 4- to 6-weeks old modulate NOR and CFC
performance. At this time point, adult-born neurons have unique
features that enhance plasticity, such as elevated expression of

NR2B-containing NMDA receptors (Ge et al., 2007). NR2B-con-
taining NMDA receptors are denoted as red and black subunits.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

NEUROGENESIS, NOVEL OBJECT, AND FEAR CONDITIONING 11

Hippocampus



!

 

12 

(Seki and Arai, 1995; Kuhn et al., 1996; Lichtenwalner et al., 2001; Rao et al., 2005) and 

in mice (Kempermann et al. 1998; Bondolfi et al., 2004, Kronenberg et al., 2006). During 

the second postnatal week of life, cell proliferation initially peaks and then decreases 

throughout the life of the animal (Kuhn et al., 1996; Cameron and McKay, 1999; Heine et 

al., 2004).  

 

Strain differences in adult hippocampal neurogenesis  
Alterations in neurogenesis have been observed in a variety of species, but the magnitude 

of the effects has varied vastly not only between species but between different strains 

within a species. Genetic influences on neurogenesis in mice have been previously 

reported (Kempermann et al. 1997).  To address genetic influences on hippocampal 

neurogenesis, the authors compared C57BL/6, BALBc, CD1(ICR), and 129/SvJ mice and 

examined proliferation, survival, and differentiation of newborn cells in the DG.  The 

authors found that the largest difference in hippocampal neurogenesis was found between 

C57BL/6 and 129/SvJ mice, which unfortunately are two most commonly used strains. 

These results suggest that different aspects of adult hippocampal neurogenesis are 

differentially influenced by the genetic background. In our own studies in the laboratory, 

we have found the biggest difference in neurogenesis between C57Bl/6J and 129SvEv 

mice (Figure 1.3).  
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Figure 1.3. Doublecortin (DCX) staining in the DG of C57Bl/6J and 129SvEv mice.  

 
 
Ablation studies: Anti-mitotic drugs 
Numerous studies have shown to be effective in ablating neurogenesis in the adult brain 

by utilizing anti-mitotic agents such as MAM (Doetsch et al., 1999; Seri et al., 2001; 

Shors et al., 2001).  These drugs can be delivered either peripherally or be infused 

directly onto the brain surface, but are not restricted to just the DG and most likely 

disrupt neurogenesis in other areas of the brain.  MAM treatment has been shown to 

impair trace fear conditioning, a HPC-dependent task, but did not impair the Morris water 

maze (MWM) (Shors et al., 2002).  

 

Ablation studies: X-irradiation 
A second method of suppressing adult hippocampal neurogenesis utilizes ionizing 

irradiation.  One of the first published reports utilizing irradiation was performed in adult 

rats.  X-irradiation of adult rats produced deficits in a T-maze when administered 8 or 21 

days post x-irradiation (Madsen et al., 2003).  One of the first published reports utilizing 

irradiation in mice showed that x-irradiation produced deficits in the Barnes maze, but 

not the MWM, when administered three months later (Raber et al., 2004).  However, a 

following report showed the opposite results in that x-irradiated mice were impaired in 
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the MWM but not in the Barnes maze (Rola et al., 2004).  However, with these initial 

studies, the methods of irradiation were not restricted to just the HPC.  

The Hen laboratory developed a method to selectively block adult hippocampal 

neurogenesis to avoid these issues (Santarelli et al., 2003; Saxe et al., 2006). In this 

procedure, mice are x-irradiated three times (5 Gy per dose) in the course of one week, 

for a cumulative dose of 15 Gy. Sham mice are treated identically but do not receive 

irradiation. Mice were initially anesthetized with ketamine and xylazine (105 mg/kg, 6 

mg/kg IP), placed in a stereotaxic frame, and exposed to cranial irradiation. A lead shield 

covers the entire body but is left unshielded a treatment field above the hippocampus.  

Mice are x-irradiated over one week because a previous study had shown a decrease in 

cell proliferation beginning approximately 2 days after x-irradiation (Tada et al., 2000).  

The Hen laboratory reasoned that in order to create a permanent ablation of adult 

hippocampal neurogenesis, treatment spaced apart by a few days would allow quiescent 

progenitor cells to begin dividing, and thus, be ablated by a subsequent x-irradiation dose.  

 The x-irradiation procedure is still performed in the Hen laboratory; however, we 

now have a new x-irradiation machine, so the procedure has changed slightly.  Mice 

receive a more concentrated dose of x-irradiation in that they receive three doses of 2.5 

Gy per dose.  With this procedure, ablation of adult hippocampal neurogenesis is 

permanent and no toxicity is seen following the treatment.  

 

Ablation studies: GFAP-TK and hGFAP-TK mice 
A third method of ablating hippocampal neurogenesis utilizes a genetic strategy.  Mice 

expressing herpes simplex thymidine kinase (TK) under the mouse glial acidic fibrillary 

protein (GFAP) promoter were generated in the laboratory of Michael Sofroniew 
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(Johnson et al., 1995; Bush et al., 1998).  In this line, male transgenic mice are sterile, so 

female mice are bred with wild-type males of the same background.  Since GFAP is 

expressed in the brain and in the periphery, TK is expressed in numerous cells. 

Cell death can be induced by delivery of the antiviral pro-drug ganciclovir 

(GCV).  GCV, a nucleoside analog, can be enzymatically phosphorylated to an active 

triphosphate analog by TK to create toxic nucleotide analogs.  In the GFAP-TK line, 

since progenitor cells express GFAP, neurogenesis can be ablated by chronic delivery of 

GCV in an osmotic mini-pump or by valganciclovir, the valine (L-valyl) ester of 

ganciclovir, in standard chow (Figure 1.4). VGCV has a high bioavilability and after oral 

administration is rapidly converted into GCV by intestinal and hepatic esterases.   

 

 

Figure 1.4. Valganciclovir pathway of cell death. Valganciclovir is converted to ganciclovir via hydrolysis.  
Three phosphates are then added onto ganciclovir, making it toxic to cells expressing TK.  
 
 

As shown above, the levels of adult hippocampal neurogenesis vary dramatically 

between strains.  We, therefore, crossed the GFAP-TK mice onto two separate 

backgrounds (C57Bl/6J and 129SvEv), allowing for a number of behavioral and 

molecular studies. Work presented in this thesis has utilized both strains of mice for 

behavioral and molecular testing.  
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 Prior to arriving in the laboratory, GFAP-TK mice were placed on GCV using 

multiple mini-osmotic pumps for approximately 3 months.  Although this procedure was 

relatively successful, we made some critical changes, allowing for an increase in the 

survival of the GFAP-TK transgenic (Tg) mice.  Mortality is thought to occur in these 

mice because cells in the GI tract express GFAP.  Therefore, following GCV treatment, 

there is inflammation in the GI tract.   

Firstly, we decreased the amount of time mice were exposed to GCV treatment 

from 8 weeks to 4 weeks (Denny et al., 2011).  We obtained full ablation with this 

method and mice were much healthier.  Secondly, we rotated the osmotic mini-pumps 

under the skin twice a week. This procedure essentially eliminated the lesions that 

occurred from the GCV flowing out of the pump.  The health of the animals was 

dramatically better. Finally, we have recently obtained a modified TK line in the 

laboratory in which there is no TK expression in the GI tract.   

 We obtained female mice expressing herpes-simplex virus TK under the control 

of the human GFAP promoter on a C57Bl/6J background from Schloesser and colleagues 

(Schloesser et al., 2010).  These mice do not express TK in the GI tract and therefore, the 

issue of inflammation is removed.  Furthermore, since TK is not in the GI tract, these 

mice can be administered a chow with VGCV in it.  By placing the mice on chow, they 

do not have to undergo surgery or multiple handling procedures to rotate the pumps.  We 

have modified this procedure to also work in our previous two strains by placing the mice 

on chow from Monday to Friday and removing the VGCV on the weekends.  This 

procedure also results in complete ablation.  
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 Both of these lines have an advantage over the x-irradiation procedure, since 

removal of GCV or VGCV permits a recovery of neurogenesis.  Therefore, experiments 

can be performed in which neurogenesis has been selectively turned off, and then 

subsequently re-examined weeks later when neurogenesis has returned.   

 

Involvement of adult hippocampal neurogenesis in learning and memory  
With neurogenesis, thousands of new adult-born hippocampal cells are added to the HPC 

daily, a region integral for learning and memory. However, what is the function of these 

new cells? Many have suggested that with new units being added to the HPC, the 

previous information stored in the mature granule cells will not be interfered with, as the 

young adult-born granule cells can process new information.  Therefore, this new 

population of adult-born neurons with unique properties may be the substrate for this 

behavioral task.  

Ablation of adult hippocampal neurogenesis has been shown to result in deficits 

in contextual fear conditioning (CFC) (Imayoshi et al., 2008; Saxe et al., 2006; Warner-

Schmidt et al., 2008; Winocur et al., 2006; Drew et al., 2010; Denny et al., 2011), spatial 

long-term memory (Snyder et al., 2001), trace memories (Shors et al., 2001; Shors et al., 

2002), spatial relational memory (Dupret et al., 2008), and pattern separation (Clelland et 

al., 2009). Moreover, levels of adult hippocampal neurogenesis in aged rats have been 

shown to predict spatial memory performance (Drapeau et al., 2003).  

Conversely, increasing adult hippocampal neurogenesis by environmental 

enrichment or voluntary running (Kempermann and Gage, 2002; Kempermann et al., 

1998; van Praag et al., 1999b; van Praag et al., 2005) improved recognition memory 

(Bruel-Jungerman et al., 2005), and pattern separation (Creer et al., 2010).  
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Although these data seem relatively straight forward, many reports are 

inconsistent with these above-mentioned results. Many studies did not find deficits in the 

Morris water maze (MWM) (Jessberger et al., 2009; Madsen et al., 2003; Saxe et al., 

2006; Shors et al., 2002; Snyder et al., 2005) or in CFC (Clark et al., 2008; Dupret et al., 

2008; Shors et al., 2002; Zhang et al., 2008) after ablation of adult hippocampal 

neurogenesis.  It is important to note though, that suppression of adult hippocampal 

neurogenesis was performed differently in all of these experiments. Furthermore, Saxe et 

al. (2007) found that ablating adult hippocampal neurogenesis using two ablation 

methods improved performance in a radial maze task (Saxe et al., 2007). Taken together, 

the involvement of adult hippocampal neurogenesis is not as straightforward as once 

thought.  The data in this thesis begin to explain these discrepancies and identify a 

possible mechanism by which mice with ablated hippocampal neurogenesis have altered 

behaviors.   

 

Contextual fear conditioning  
The HPC has been shown to be important for CFC (Anagnostaras et al., 1999; Kim and 

Fanselow, 1992; Lehmann et al., 2007; Phillips and LeDoux, 1992; Quinn, 2006; Selden 

et al., 1991). CFC is a form of Pavlovian conditioning in that fear is acquired in contexts 

that are associated with aversive events (Fanselow, 2000).  

During the training day, an initial period of exploration is given in order to allow 

the mouse to form a memory of the contextual features before conditioning takes place. 

The HPC is critical role in this process (Fanselow, 2000). During the CFC, when a 

conditioned stimulus (CS) (such as a tone) is paired with an unconditioned stimulus (US) 

(a shock), the context becomes a background stimulus. The context becomes the 
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foreground stimulus (Odling-Smee, 1975a, b) if conditioning occurs in the absence of a 

CS (e.g. no tone).  The biochemical processes involved in consolidation of foreground 

CFC differ from those that support the consolidation of background CFC (Stiedl et al., 

1999). For example, post-training HPC lesions impair freezing to the context but do not 

impair freezing to the tone in cued fear conditioning (Kim et al., 1993; Phillips and 

LeDoux, 1992).  

The work presented in this thesis assesses the contribution of adult hippocampal 

neurogenesis in various CFC paradigms.  Although the involvement of the HPC is solidly 

established, it was debatable whether adult-born hippocampal neurons were involved. 

Some studies using ablation techniques found deficits in CFC (Imayoshi et al., 2008; 

Saxe et al., 2006; Warner- Schmidt et al., 2008; Winocur et al., 2006) while others 

studies did not find deficits (Dupret et al., 2008; Shors et al., 2001; Zhang et al., 2008).  

 

Immediate early genes 
Immediate early genes (IEGs) are genes, which are activated transiently and rapidly in 

response to a variety of cellular stimuli. The term IEG was taken from the field of 

virology in which viral genes are described as early or late genes, depending on whether 

or not they are expressed before or after replication of the viral genome. IEGs are 

typically expressed in generally low levels in non-stimulated cells. Following stimulation, 

their transcription is rapidly and transiently then activated (Cole et al, 1989). They 

represent a response mechanism that is activated as the first round of response to stimuli 

and thus, IEGs have been called the "gateway to the genomic response".  

About 40 IEGs have been identified so far; the earliest and best characterized 

include: c-fos, c-myc and c-jun, genes, which were found to be homologous to retroviral 
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oncogenes. IEGs encode numerous proteins including: transcription factors, structural 

and scaffolding proteins, signal transduction proteins, growth factors, proteases, and 

enzymes (Lanahan and Worley, 1998).  

Gene targeting and knockdown studies have shown the IEG expression is critical 

in stabilizing recent changes in synaptic efficacy and is important for memory 

consolidation (reviewed in Guzowski, 2002). Therefore, not only is IEG expression 

critical for the activity induced with learning, but also for the stabilization of the neural 

circuitry involved in consolidation and storage of the previously learned memories. In the 

Hen laboratory, we primarily utilize the IEG Arc but also utilize IEG c-fos to map 

neuronal populations in the HPC engaged in learning various behavioral task (Figure 

1.5).  

Figure 1.5. Arc and c-fos immunoreactivity in the HPC.  

 

Arc/Arg3.1 
Arc/Arg3.1 (activity-regulated cytoskeleton-associated protein/activity regulated gene 

3.1) was first characterized in 1995 (Link et al, 1995; Lyford et al., 1995) and has been 

widely implicated in synaptic plasticity. Arc mRNA is localized to activate synaptic sites 

in an NMDA receptor-dependent manner (Steward and Worley, 2001; Wallace et al., 

1998) (Figure 1.6). Arc is widely considered to be an important protein in neurobiology 
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because of its activity regulation, localization, and utility as a marker for plastic changes 

in the brain.  

Figure 1.6. Arc mRNA expression throughout the HPC and cortex after exposure to a 
novel environment.  
 

 

The Arc gene is located on chromosome 15 in the mouse (Lyford et al., 1995) and 

chromosome 8 in the human (Wallace et al., 1998) and is conserved across vertebrate 

species. A number of enhancer regions have been identified that mediate Arc 

transcription: 1) a serum response element (SRE) approximately 1.5 kb upstream of the 

initiation site (Waltereit et al., 2001); 2) a SRE at approximately 6.5 kb upstream of the 

initiation site (Pintochovski et al., 2009); and 3) a synaptic activity response element 

(SARE) sequence at approximately 7 kb upstream of the initiation site (Kawashima et al., 
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2009). Conversely, the 3' UTR of the mRNA contains: 1) two exon junction complexes 

(EJCs) that make Arc a natural target for nonsense mediated decay (NMD) (Giorgi et al., 

2007; Tange et al., 2004) and 2) a cis-acting element required for the localization of Arc 

to neuronal dendrites (Kobayashi et al., 2005). Interestingly, while the Arc mRNA is 

degraded by NMD, the translated Arc protein contains a peptide sequence, which is rich 

in proline (P), glutamic acid (E), serine (S), and threonine (T) (PEST sequence), which 

allows for proteasome-dependent degradation (Rao et al., 2006).  

Following transcription, Arc mRNA is transported out of the nucleus and 

localized to neuronal dendrites and activated synapses (Steward et al., 1998). This process 

is highly dependent on the 3' UTR, polymerization of actinand ERK phosphorylation 

(Huang et al., 2007; Kobayashi et al., 2005). Arc is then carried along microtubules out 

from the nucleus by kinesin and is translocated into dendritic spines. This synaptically 

localized Arc then interacts with dynamin and endophilin, proteins involved in clathrin-

mediated endocytosis, and facilitates the removal of AMPA receptors from the plasma 

membrane (Chowdhury et al., 2006).   

Since Arc is critical in early embryonic life (Liu et al., 2000), the first knockouts 

did not survive. By producing homozygous knockout mice that targeted the entire Arc 

gene, the mice proved viable (Plath et al., 2006). They expressed higher levels of the 

GluR1 subunit, deficits in long-term memory, and increases in surface AMPA expression 

(Plath et al., 2006; Shepard et al., 2006).  

Changes in Arc mRNA and/or protein are correlated with a number of behaviors 

to include: CFC (Huff et al., 2006; Monti et al., 2006), long-term memory (Guzowski et 

al., 2000), inhibitory avoidance (McIntyre et al., 2005), and operant conditioning (Kelly 
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and Deadwyler 2002). The greatest changes seen in Arc mRNA though are following 

electrical stimulation and following a maximal electroconvulsive shock (MECS) (Lyford 

et al., 1995; Wallace et al., 1998).   

In the Hen laboratory, we have utilized Arc in a home cage environment and 

following various tasks such as novel object recognition to map the hippocampal 

neuronal populations engaged in such tasks (Figure 1.7).  

 

Figure 1.7. Arc mRNA and protein expression following home cage (HC) and novel object recognition 
(NOR) paradigm.  
 

Furthermore, since Arc expression is sparse within the DG, it is a useful tool to identify 

very quickly the activated cells following a behavioral task.  However, this is not true for 

other regions of the HPC where expression is primarily dendritic (e.g. CA3) or 

expression is dense (e.g. CA1) (Figure 1.8).  
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Figure 1.8. Arc protein expression following CFC. Expression within the DG is sparse and clear, while 
expression in CA3 is primarily dendritic.  Moreover, expression in CA1 is extremely dense.  
 

The Cre/LoxP and CreERT2 Systems 
The Cre/LoxP technique was first reported by Rajewsky and colleagues to 

knockout the pol ß gene that encodes the DNA polymerase beta in T lymphocytes (Gu et 

al., 1994). In order for this system to work, two mice must be crossed together; one 

transgenic mouse must carry a Cre recombinase transgene driven by a cell type-specific 

promoter and the second floxed (flanked by loxP) mouse must have two LoxP sites that 
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are knocked-in to the regions flanking the gene of interest (Sauer and Henderson, 1988; 

Tsien et al., 1996). In the absence of Cre recombinase, the floxed mice should display a 

wild-type phenotype.  

Cre recombinase is an enzyme that catalyzes a site-specific, irreversible cleavage 

of DNA segments flanked by loxP sequences. Each loxP site consists of two 13-bp 

palindromic sequences around an 8-bp core sequence and border exon(s) of the target 

gene to in order to preserve gene transcription prior to deletion. 

Although the Cre/LoxP system is very useful, it is often difficult to achieve 

temporal control since the expression pattern relies on the promoter driving Cre 

recombinase. The system has been modified in order to allow for such temporal control. 

One modification involves fusing the Cre protein with a modified estrogen receptor (ER) 

to create a number of Cre-ER molecules (Metzger et al., 1995). The ER moiety keeps Cre 

in the cytoplasm, but treatment with the ER ligand tamoxifen (TAM) allows the Cre to 

translocate into the nucleus and recombine the floxed alleles.  
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Hypotheses 
When embarking upon this thesis, the main question was what is the impact of adult-born 

hippocampal neurons on specific forms of learning. The results that we obtained showed 

not only which behaviors were specific to ablation of adult hippocampal neurogenesis but 

what was the mechanism by which these adult-born hippocampal neurons contributed to 

hippocampus-dependent learning. The following hypotheses were tested: 

1. Different contextual fear conditioning methods vary in their sensitivity to the 

arrest of adult hippocampal neurogenesis.  

2. Adult born hippocampal neurons have a specific age at which they contribute to 

hippocampus-dependent learning.  

3. Adult hippocampal neurogenesis impacts the memory trace in the hippocampal 

circuit.  
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Chapter 2 

Arrest of Adult Hippocampal Neurogenesis in Mice Impairs Single- But Not 

Multiple-Trial Contextual Fear Conditioning 
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The dentate gyrus (DG) is one of a small number of brain regions that retains the 

ability to generate neurons in adulthood. Adult-born neurons in the DG become granule 

cells that form functional synapses (Toni et al., 2008; Toni et al., 2007) and exhibit 

activity-related plasticity (Ge et al., 2007; Schmidt-Hieber et al., 2004; Wang et al., 

2000). There is a growing consensus that adult-born hippocampal neurons make 

functionally significant contributions to hippocampal physiology and behavior, based on 

evidence that these cells are activated in situations that evoke hippocampus-dependent 

learning (Kee et al., 2007; Ramirez-Amaya et al., 2006), reports that arresting adult 

hippocampal neurogenesis impairs performance in some hippocampus-dependent 

behavioral tasks (e.g., Clelland et al., 2009; Saxe et al., 2006; Shors et al., 2001; Snyder 

et al., 2005; Zhang et al., 2008), and neural network models positing plausible 

mechanisms through which adult-born neurons might contribute to learning and memory 

(Aimone et al., 2009; Becker, 2005; Becker et al., 2009; Meltzer et al., 2005; Wiskott et 

al., 2006). Despite the consensus that adult-born neurons are functionally significant, 

there is little or no agreement on which behavioral tasks are sensitive to the disruption of 

adult neurogenesis and on which underlying psychological processes are altered when 

adult neurogenesis is arrested.  

The literature on contextual fear conditioning (CFC) is characteristic of the 

disagreement in the field. CFC is a form of learning produced by pairing an aversive 

stimulus, such as a footshock, with a distinctive context. Several studies in mice and rats 

demonstrated that blocking adult hippocampal neurogenesis with low-dose irradiation 

(Hernandez-Rabaza et al., 2009; Ko et al., 2009; Saxe et al., 2006; Warner-Schmidt et al., 

2008; Winocur et al., 2006; Wojtowicz et al., 2008) or inducible genetic systems 
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(Imayoshi et al., 2008; Saxe et al., 2006) impairs CFC. When neurogenesis was arrested 

prior to conditioning in these studies, mice exhibited less conditioned fear of the shock-

paired context than did control mice in a post-conditioning test session. However, several 

other studies failed to observe any effect of arresting adult neurogenesis on CFC (Clark et 

al., 2008; Dupret et al., 2008; Pollak et al., 2008; Shors et al., 2002; Zhang et al., 2008). 

Some of the discrepancies between studies may be attributable to differences in the 

ablation methods, which vary in the extent of the ablation, the cell types targeted, and the 

side effect profile. However, differences in the ablation method do not explain all of the 

inconsistencies, as conflicts exist even among studies using the same method. For 

instance, several studies reported that arresting neurogenesis with low-dose irradiation 

impaired CFC (Saxe et al., 2006; Warner-Schmidt et al., 2008; Winocur et al., 2006; 

Wojtowicz et al., 2008), whereas another study found no effect of irradiation (Clark et al., 

2008).  

Another critical variable is likely to be the CFC methodology, which has varied 

considerably in the neurogenesis literature. For instance, some studies (Farioli-Vecchioli 

et al., 2008; Imayoshi et al., 2008; Saxe et al., 2006; Warner-Schmidt et al., 2008; 

Winocur et al., 2006; Wojtowicz et al., 2008; Zhang et al., 2008) trained subjects with 

pairings between a discrete stimulus and a footshock (a procedure sometimes termed 

“background” context conditioning), while other studies (Clark et al., 2008; Hernandez-

Rabaza et al., 2009; Ko et al., 2009) used context-shock pairings without a discrete cue 

(sometimes termed “foreground” context conditioning). Studies have also differed in the 

number of conditioning trials administered, the shock intensity, and the final level of 

conditioned fear produced.  
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We sought to determine whether different CFC methods vary in their sensitivity 

to the arrest of adult neurogenesis. We arrested adult neurogenesis using low-dose, 

targeted x-irradiation, and then assayed the effects of irradiation in conditioning 

procedures that varied in the use of a discrete conditioned stimulus, the number of trials 

administered, and the final level of conditioning produced. Irradiation was selected 

because it is a common method of arresting neurogenesis employed by several 

laboratories, produces a complete and permanent arrest of adult neurogenesis, and leaves 

other neurogenic niches intact when applied focally (Meshi et al., 2006; Santarelli et al., 

2003). Although side effects of low-dose x-irradiation have been identified (e.g., Monje 

et al., 2002), behavioral or physiologic correlates of these side effects have not been 

detected (Wojtowicz, 2006). Moreover, in studies employing multiple ablation strategies, 

the behavioral effects of irradiation have been identical to those of inducible genetic 

strategies (Clelland et al., 2009; Saxe et al., 2006; Saxe et al., 2007).  

Here, we demonstrate that irradiation impairs CFC in mice when a single-trial 

CFC procedure is used but not when multiple-trial procedures are used, regardless of the 

final level of contextual fear produced. In addition, we show that the irradiation-induced 

deficit in single-trial CFC can be rescued by providing pre-exposure to the conditioning 

context. These results indicate that adult neurogenesis is necessary in mice for CFC only 

when brief training is provided.  
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Materials and Methods 
Subjects  
A total of 345 male 129S6/SvEvTac mice were purchased from Taconic (Germantown, 

NY) and arrived at 7–9 weeks of age. Mice were housed five per cage with ad libitum 

food and water. Irradiation was performed at 9–10 weeks of age and behavior testing 

occurred between 15 and 21 weeks of age.  

 

Apparatus  
Fear conditioning was conducted in chambers obtained from Med Associates (St. Albans, 

VT), with internal dimensions of approximately 20 cm wide x 16 cm deep x 20.5 cm 

high. The chambers had metal walls on each side, clear plastic front and back walls and 

ceilings, and stainless steel bars on the floor. A house light (CM1820 bulb, 28v, 100mA) 

mounted directly above the chamber provided illumination. Each chamber was located 

inside a larger, insulated, plastic cabinet that provided protection from outside light and 

noise. Each cabinet contained a ventilation fan that was operated during the sessions. A 

paper towel dabbed with mint solution was placed underneath the chamber floor. Mice 

were held outside the experimental room in their home cages prior to testing and 

transported to the conditioning apparatus individually in standard mouse cages. 

Chambers were cleaned with 70% ethanol between each set of mice.  

The training and context test sessions were conducted with the conditioning 

chambers configured exactly as described above. For the tone test sessions (described 

below), the chambers and handling procedure were changed in several ways so fear of the 

tone CS could be assessed in the absence of contextual cues associated with shock. The 

floor and walls of the chamber were covered by plastic inserts; the chamber was scented 

with lemon; the ventilation fan was not operated; chambers were cleaned with a 
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nonalcoholic disinfectant between runs; the room lighting was altered; and mice were 

transported to the apparatus in a different type of cage.  

The behavior of mice was recorded with digital video cameras mounted above the 

conditioning chamber. Video recordings were analyzed using FreezeFrame software from 

Actimetrics (Evanston, IL). This software assesses freezing by measuring changes in the 

intensity of each pixel between successive frames of the video file. Each file was 

examined individually, and statistical analysis of the pixel-change distribution was used 

to detect motion and distinguish it from background pixel noise. We have determined that 

the scores obtained with this software are highly correlated with the scores assigned by 

human observers.  

To assess the unconditioned response to shock, we measured the distance traveled 

by mice during the shock. Videos of the shock response (filmed from above the 

conditioning chamber) were converted to a sequence of still frames using VirtualDub 

software (http://www.virtualdub.org/), and then imported into ImageJ 

(http://rsb.info.nih.gov/ij/) as a stack. The path of the mouse was traced manually using 

the segmented line tool, and the length of the path in centimeters was obtained using the 

“measure” function.  

 

X-irradiation 
X-irradiation was performed as described previously (Meshi et al., 2006; Santarelli et al., 

2003; Saxe et al., 2006). Briefly, mice were x-irradiated three times (5 Gy per dose) in 

the course of one week, for a cumulative dose of 15 Gy. Sham mice were treated 

identically but did not receive irradiation. Mice were anesthetized with ketamine and 

xylazine (105 mg/kg, 6 mg/kg IP), placed in a stereotaxic frame, and exposed to cranial 
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irradiation. A lead shield covered the entire body but left unshielded a treatment field 

above the hippocampus.  

 

Experiment 1: Tone-shock fear conditioning. The fear conditioning procedure took 

place over three consecutive days. On Day 1, mice (Sham n =15, Irrad. n = 15) were 

placed in the conditioning chamber and received 3 pairings between a tone (20 s, 80 dB, 

2 KHz) and a coterminating shock (1 s, 0.5 mA). The tones commenced at 120, 290, and 

400 s after the start of the session.  

The tone test was conducted on Day 2. Mice were placed into the altered 

conditioning chambers (described above), and the tone was presented twice for 20 s at 

120 and 290 s into the session. No shocks were administered. Freezing was scored for the 

1 min prior to the first tone presentation (pretone freezing) and during each tone 

presentation (tone-elicited freezing).  

On Day 3, mice were tested for conditioned fear of the training context. The 

testing procedure and context were identical to those used on Day 1, except the CS and 

shocks were not given. Mice were placed into the chambers for 3 min. The entire session 

was scored for freezing.  

 

Experiment 2: Context-shock conditioning. The procedure was based on that of 

Wiltgen et al. (2006). Mice receiving the delayed shock (Sham n = 17, Irrad. n = 13) were 

placed in the conditioning chambers and 3 min later received one shock (2 s, 0.75 mA). 

Mice were removed 15 s following the shock. Mice in the no-shock condition (Sham n = 

7, Irrad. n = 7) were placed in the chamber for 197 s and no shocks were delivered. Mice 
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in the immediate shock condition (Sham n = 7, Irrad. n = 6) received a shock 10 s after 

placement in the chamber and were removed 15 s after the shock ended. The next day all 

mice were returned to the conditioning chamber for 3 min for a test of context-elicited 

fear.  

 

Experiment 3: Tone-shock fear conditioning with varying shock intensities. 

Conditioning was conducted as described in Experiment 1, except the shock intensity was 

varied between groups: 0.3 mA (Sham n = 25, Irrad. n = 25), 0.4 mA (Sham n = 31, Irrad. 

n = 33), or 0.7 mA (Sham n = 13, Irrad. n = 12).  

 

Experiment 4: Effect of additional context exposure or shocks. One group of mice 

(Sham n = 15, Irrad. n =17) received context-shock conditioning as described above 

(shock at 180 s, 2 s duration, 0.75 mA). A second group of mice (Sham n = 24, Irrad. n = 

24) also received context-shock conditioning except they received two shocks 

commencing at 90 and 180 s after the start of the session. A third group of mice (Sham n 

= 13, Irrad. n = 14) received context-shock training as described above (one shock at 180 

s) but were given preexposure to the conditioning context 24 h prior to conditioning. For 

the preexposure, mice were trans- ported to the chambers as on the conditioning day, 

placed in the conditioning chamber for 197 s, and then returned to their home cages. To 

control for possible effects of context exposure on freezing, we included a fourth group 

of mice (Sham n = 6, Irrad. = 6) that was treated the same as the previous group except 

that no shock was delivered. All mice received a 3-min context test session 24 h after 

conditioning.  
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Immunohistochemistry 
Doublecortin (DCX) immunohistochemistry was used to confirm the irradiation-induced 

arrest of neurogenesis. Mice (n = 12) were killed by transcardial perfusion following fear 

conditioning 6.5 or 12.5 weeks after irradiation. Immunohistochemistry was conducted as 

described previously (Meshi et al., 2006), and sections were counterstained with Harris 

hematoxylin.  

 

Data Analysis  
The primary measure of interest was percent time freezing. Freezing data from the tone 

test sessions were subjected to a 2 (Treatment: Irrad. v. Sham) x 2 (Period: Pre-Tone v. 

Tone) analysis of variance (ANOVA) with Period as a repeated measure. The freezing 

score for the tone period was a mean taken across the two 20-s tone presentations. Data 

from the context test sessions were initially subjected to 2 (Treatment) x 3 (Minute) 

ANOVA with Minute as a repeated measure, and with additional factors as  

described below. Although the effect of Minute reached significance in some analyses, it 

never interacted significantly with other variables. Therefore, to simplify reporting of the 

results, we removed Minute from the analyses reported below; the analyses were thus 

performed on mean freezing across Minutes 1 through 3. Interactions were probed using 

t-tests with the Bonferroni correction. Alpha was set to .05 for all analyses.  
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Results and Figures 
Experiment 1: No effect of irradiation on tone-shock fear conditioning.  
Immunohistochemical labeling of DCX was completely absent in the DG of irradiated 

mice at 6 and 12 weeks post irradiation (Figure 2.1), indicating that neurogenesis was 

halted for the duration of behavioral testing.  

 

Figure 2.1. X-irradiation produces a complete and lasting arrest of adult hippocampal neurogenesis. 
Doublecortin (DCX) immunohistochemistry labels immature neurons lining the inner granule cell layer of 
sham mice. DCX- labeled cells are absent in irradiated mice, indicating that neurogenesis was ablated. 
Nuclei are counterstained in blue with Harris hematoxylin.  
 

We began by testing the effects of irradiation on CFC by using a tone-shock 

conditioning protocol. We previously reported that irradiation impairs CFC produced via 

multiple tone-shock pairings (Saxe et al., 2006). However, another recent study found no 

effect of arresting neurogenesis in this procedure (Zhang et al., 2008). We trained 

irradiated and sham mice as described by Saxe et al. (2006; Figure 2.2A): mice were 

given 3 tone-shock pairings, and then context- and tone-elicited fear were assayed 

separately. Nevertheless, both irradiated and sham mice acquired robust conditioned fear 

of the tone and context (Figure 2.2B and 2.2C). In the tone test session, freezing during 

the tones was significantly higher than during the pretone period [F(1, 28) = 102.8, p = 

.001]. There was no effect of irradiation [F(1, 28) = 1.3, p = .267] or of the interaction 

[F(1, 28) = 1.84, p = .186] on freezing during the tone test. Context-elicited freezing was 

shocks were administered. Freezing was scored for the 1 min prior
to the first tone presentation (pretone freezing) and during each
tone presentation (tone-elicited freezing).

On Day 3, mice were tested for conditioned fear of the training
context. The testing procedure and context were identical to those
used on Day 1, except the CS and shocks were not given. Mice
were placed into the chambers for 3 min. The entire session was
scored for freezing.

Experiment 2: Context-shock conditioning. The procedure
was based on that of Wiltgen, Sanders, Anagnostaras, Sage, and
Fanselow (2006). Mice receiving the delayed shock (Sham n ! 17,
Irrad. n ! 13) were placed in the conditioning chambers and 3 min
later received one shock (2 s, 0.75 mA). Mice were removed 15 s
following the shock. Mice in the no-shock condition (Sham n ! 7,
Irrad. n ! 7) were placed in the chamber for 197 s and no shocks
were delivered. Mice in the immediate shock condition (Sham n !
7, Irrad. n ! 6) received a shock 10 s after placement in the
chamber and were removed 15 s after the shock ended. The next
day all mice were returned to the conditioning chamber for 3 min
for a test of context-elicited fear.

Experiment 3: Tone-shock fear conditioning with varying
shock intensities. Conditioning was conducted as described in
Experiment 1, except the shock intensity was varied between
groups: 0.3 mA (Sham n ! 25, Irrad. n ! 25), 0.4 mA (Sham n !
31, Irrad. n ! 33), or 0.7 mA (Sham n ! 13, Irrad. n ! 12).

Experiment 4: Effect of additional context exposure or
shocks. One group of mice (Sham n ! 15, Irrad. n ! 17)
received context-shock conditioning as described above (shock at
180 s, 2 s duration, 0.75 mA). A second group of mice (Sham n !
24, Irrad. n ! 24) also received context-shock conditioning except
they received two shocks commencing at 90 and 180 s after the
start of the session. A third group of mice (Sham n ! 13, Irrad. n !
14) received context-shock training as described above (one shock
at 180 s) but were given preexposure to the conditioning context
24 h prior to conditioning. For the preexposure, mice were trans-
ported to the chambers as on the conditioning day, placed in the
conditioning chamber for 197 s, and then returned to their home
cages. To control for possible effects of context exposure on freezing,
we included a fourth group of mice (Sham n ! 6, Irrad. ! 6) that was
treated the same as the previous group except that no shock was
delivered. All mice received a 3-min context test session 24 h after
conditioning.

Doublecortin (DCX) immunohistochemistry was used to con-
firm the irradiation-induced arrest of neurogenesis. Mice (N ! 12)
were killed by transcardial perfusion following fear conditioning
6.5 or 12.5 weeks after irradiation. Immunohistochemistry was
conducted as described previously (Meshi et al., 2006), and sec-
tions were counterstained with Harris hematoxylin.

Data Analysis

The primary measure of interest was percent time freezing.
Freezing data from the tone test sessions were subjected to a 2
(Treatment: Irrad. v. Sham) " 2 (Period: Pre-Tone v. Tone)
analysis of variance (ANOVA) with Period as a repeated measure.
The freezing score for the tone period was a mean taken across the
two 20-s tone presentations. Data from the context test sessions
were initially subjected to 2 (Treatment) " 3 (Minute) ANOVA
with Minute as a repeated measure, and with additional factors as

described below. Although the effect of Minute reached signifi-
cance in some analyses, it never interacted significantly with other
variables. Therefore, to simplify reporting of the results, we re-
moved Minute from the analyses reported below; the analyses
were thus performed on mean freezing across Minutes 1 through 3.
Interactions were probed using t tests with the Bonferroni correc-
tion. Alpha was set to .05 for all analyses.

Results

Experiment 1: No effect of irradiation on tone-shock fear
conditioning. Immunohistochemical labeling of DCX was com-
pletely absent in the DG of irradiated mice at 6 and 12 weeks post
irradiation (Figure 1), indicating that neurogenesis was halted for
the duration of behavioral testing. We began by testing the effects
of irradiation on CFC by using a tone-shock conditioning protocol.
We previously reported that irradiation impairs CFC produced via
multiple tone-shock pairings (Saxe et al., 2006). However, another
recent study found no effect of arresting neurogenesis in this
procedure (Zhang et al., 2008). We trained irradiated and sham
mice as described by Saxe et al. (2006; Figure 2A): mice were
given 3 tone-shock pairings, and then context- and tone-elicited
fear were assayed separately. Nevertheless, both irradiated and
sham mice acquired robust conditioned fear of the tone and context
(Figure 2B and 2C). In the tone test session, freezing during the
tones was significantly higher than during the pretone period [F(1,
28) ! 102.8, p # .001]. There was no effect of irradiation [F(1,
28) ! 1.3, p ! .267] or of the interaction [F(1, 28) ! 1.84, p !
.186] on freezing during the tone test. Context-elicited freezing
was also robust in both groups of mice. Although context- and
tone-elicited freezing appeared to be slightly lower in irradiated
mice, these effects did not approach statistical significance [F(1,
28) # 1].

Experiment 2: Irradiation impairs context fear conditioning
produced via a single context-shock pairing. Next, we trained
mice using a context-shock (“foreground”) conditioning protocol
(Figure 3A) that was reported to be highly sensitive to pretraining
hippocampal lesions (Wiltgen et al., 2006) and to the arrest of
adult hippocampal neurogenesis (Hernandez-Rabaza et al., 2009;

Figure 1. X-irradiation produces a complete and lasting arrest of adult
hippocampal neurogenesis. Doublecortin (DCX) immunohistochemistry labels
immature neurons lining the inner granule cell layer of sham mice. DCX-
labeled cells are absent in irradiated mice, indicating that neurogenesis was
ablated. Nuclei are counterstained in blue with Harris hematoxylin.
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also robust in both groups of mice. Although context- and tone-elicited freezing appeared 

to be slightly lower in irradiated mice, these effects did not approach statistical 

significance [F(1, 28) < 1].  

 

Figure 2.2. Arrest of hippocampal neurogenesis does not impair contextual fear conditioning (CFC) 
produced via tone-shock pairings. (A) Irradiated and sham mice were given three tone-shock pairings. 
Tone-elicited fear was assessed by presenting the tones in an alternate context. Context-elicited fear was 
tested by returning mice to the shock-paired context. Irradiation failed to affect freezing in the tone test 
session (B) or in the context test session (C).  
 

Experiment 2: Irradiation impairs context fear conditioning produced via a single 
context-shock pairing 
Next, we trained mice using a context-shock (“foreground”) conditioning protocol 

(Figure 2.3A) that was reported to be highly sensitive to pretraining hippocampal lesions 

(Wiltgen et al., 2006) and to the arrest of adult hippocampal neurogenesis (Hernandez-

Rabaza et al., 2009; Ko et al., 2009). Mice were placed in the conditioning chamber and 

given a single footshock 180 s later. Context-elicited fear was tested on the following 

day. We included two control groups: an immediate shock group, which received a 

footshock 10 s after being placed in the chamber; and a no-shock group, which was 

placed in the chamber for the same amount of time as the conditioned group but did not 

Ko et al., 2009). Mice were placed in the conditioning chamber
and given a single footshock 180 s later. Context-elicited fear was
tested on the following day. We included two control groups: an
immediate shock group, which received a footshock 10 s after
being placed in the chamber; and a no-shock group, which was
placed in the chamber for the same amount of time as the condi-
tioned group but did not receive a footshock. The immediate shock
condition was included to control for possible unconditioned ef-
fects of shock. An immediate shock typically does not produce fear
conditioning, putatively because subjects do not have adequate time to
acquire a mental representation of the context prior to receiving the
shock (Fanselow, 1986; Landeira-Fernandez, DeCola, Kim, &
Fanselow, 2006). As expected, both control groups showed very
little freezing in the context test session (Figure 3B), indicating
that exposure to an immediate shock or to the context alone was
not sufficient to generate conditioned fear of the context. Because
two control groups did not differ in their levels of context-elicited
freezing [Effect of procedure: F(1, 24) ! 1] or in their sensitivity
to irradiation [Procedure " Treatment interaction: F(1, 24) ! 1],
the groups were combined into single control group in the follow-
ing analyses.

To test for an effect of irradiation in this procedure, we sub-
jected the context test data to 2 (Treatment) " 2 (Procedure:
Control v. Conditioned) ANOVA, which yielded a significant
interaction effect [F(1, 58) # 5.1, p # .028]. The interaction was
probed by separately testing for effects of irradiation in the con-
ditioned (shock at 180 s) and control groups. Among conditioned
mice, irradiated mice exhibited significantly less context-elicited
freezing than did sham mice [F(1, 32) # 6.0, p # .020]. Among
control mice, there was no effect of irradiation [F(1, 26) ! 1].
These results indicate that irradiation impairs CFC produced by a
single context-shock pairing, and the impairment is not explained
by unconditioned effects of context exposure or shock alone.

One advantage of the tone-shock training protocol over the
context-shock protocol is that tone-elicited freezing can serve as an

embedded positive control. That is, tone-elicited freezing can
demonstrate that a deficit in context-elicited fear is not caused by
changes in unconditioned processes such as shock sensitivity.
Because the context-shock protocol does not offer such an embed-
ded positive control, we explicitly assessed the unconditioned
response to shock in this experiment. We measured the distance
traveled by the mice during the shock, and used this information to
calculate the mouse’s velocity, which has been previously shown
to be a measure of shock sensitivity (Wiltgen et al., 2006). As
shown in Figure 3C, velocity was similar in all groups of mice.
The data were subjected to a 2 (Treatment) " 2 (Shock Latency:
10s or 180s) ANOVA. There was no effect of Treatment [F(1,
43) ! 1], Shock Latency [F(1, 43) ! 1], or the interaction [F(1,
43) # 1.2, p # .286], indicating that differences in shock sensi-
tivity do not explain the reduced context fear in irradiated mice or
in mice receiving the immediate shock.

Experiment 3: Altering the shock intensity does not increase
the sensitivity of tone-shock fear conditioning to irradiation.
Our tone-shock conditioning procedure produced somewhat more
conditioned fear than did our context-shock conditioning proce-
dure. In this experiment, we asked whether the final level of context
fear affects the sensitivity of tone-shock fear conditioning to irradia-
tion. To manipulate the level of context fear, we used the same
tone-shock conditioning procedure as in Experiment 1 but varied the
shock intensity between subjects (0.3, 0.4, or 0.7 mA). As shown in
Figure 4, shock intensity affected the overall levels of conditioned fear
in the tone and context test sessions, but did not affect the sensitivity
to irradiation. Data from the tone test sessions were subjected to a 2

Figure 3. Irradiation impairs CFC produced via a single context-shock
pairing. (A) Fear conditioning was produced by placing the mouse in the
conditioning chamber and delivering one footshock 180 s later (Delayed
shock). One control group received context exposure but no shock. The
other control group received a footshock within 10 s of being placed in the
chamber (Immed. shock). Mice were returned to the conditioning chamber
on the following day to assess context-elicited fear. The two control groups
exhibited negligible levels of freezing in the context test (B) and did not
differ from each other, and, therefore, were combined as one control group.
There was no effect of irradiation in the control groups, but among mice
receiving the delayed shock, irradiated mice exhibited significantly less
context-elicited fear than sham mice. Neither irradiation nor the shock
latency (immediate vs. delayed) affected the unconditioned response to
shock, operationalized as the mouse’s velocity of locomotion during the
shock (C). ! p ! .01.

Figure 2. Arrest of hippocampal neurogenesis does not impair contextual
fear conditioning (CFC) produced via tone-shock pairings. (A) Irradiated
and sham mice were given three tone-shock pairings. Tone-elicited fear
was assessed by presenting the tones in an alternate context. Context-
elicited fear was tested by returning mice to the shock-paired context.
Irradiation failed to affect freezing in the tone test session (B) or in the
context test session (C).
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receive a footshock. The immediate shock condition was included to control for possible 

unconditioned effects of shock. An immediate shock typically does not produce fear 

conditioning, putatively because subjects do not have adequate time to acquire a mental 

representation of the context prior to receiving the shock (Fanselow, 1986; Landeira-

Fernandez et al., 2006). As expected, both control groups showed very little freezing in 

the context test session (Figure 2.3B), indicating that exposure to an immediate shock or 

to the context alone was not sufficient to generate conditioned fear of the context. 

Because two control groups did not differ in their levels of context-elicited freezing 

[Effect of procedure: F(1, 24) < 1] or in their sensitivity to irradiation [Procedure x 

Treatment interaction: F(1, 24) < 1], the groups were combined into single control group 

in the following analyses.  

To test for an effect of irradiation in this procedure, we subjected the context test 

data to 2 (Treatment) x 2 (Procedure: Control v. Conditioned) ANOVA, which yielded a 

significant interaction effect [F(1, 58) = 5.1, p = .028]. The interaction was probed by 

separately testing for effects of irradiation in the conditioned (shock at 180 s) and control 

groups. Among conditioned mice, irradiated mice exhibited significantly less context-

elicited freezing than did sham mice [F(1, 32) = 6.0, p = .020]. Among control mice, 

there was no effect of irradiation [F(1, 26) < 1]. These results indicate that irradiation 

impairs CFC produced by a single context-shock pairing, and the impairment is not 

explained by unconditioned effects of context exposure or shock alone.  

One advantage of the tone-shock training protocol over the context-shock 

protocol is that tone-elicited freezing can serve as an embedded positive control. That is, 

tone-elicited freezing can demonstrate that a deficit in context-elicited fear is not caused 
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by changes in unconditioned processes such as shock sensitivity. Because the context-

shock protocol does not offer such an embedded positive control, we explicitly assessed 

the unconditioned response to shock in this experiment. We measured the distance 

traveled by the mice during the shock, and used this information to calculate the mouse’s 

velocity, which has been previously shown to be a measure of shock sensitivity (Wiltgen 

et al., 2006). As shown in Figure 2.3C, velocity was similar in all groups of mice. The 

data were subjected to a 2 (Treatment) x 2 (Shock Latency: 10s or 180s) ANOVA. There 

was no effect of Treatment [F(1, 43) < 1], Shock Latency [F(1, 43) < 1], or the interaction 

[F(1, 43) = 1.2, p = .286], indicating that differences in shock sensitivity do not explain 

the reduced context fear in irradiated mice or in mice receiving the immediate shock.  

 

Figure 2.3. Irradiation impairs CFC produced via a single context-shock pairing. (A) Fear conditioning was 
produced by placing the mouse in the conditioning chamber and delivering one footshock 180 s later 
(Delayed shock). One control group received context exposure but no shock. The other control group 
received a footshock within 10 s of being placed in the chamber (Immed. shock). Mice were returned to the 
conditioning chamber on the following day to assess context-elicited fear. The two control groups exhibited 
negligible levels of freezing in the context test (B) and did not differ from each other, and, therefore, were 
combined as one control group. There was no effect of irradiation in the control groups, but among mice 
receiving the delayed shock, irradiated mice exhibited significantly less context-elicited fear than sham 
mice. Neither irradiation nor the shock latency (immediate vs. delayed) affected the unconditioned response 
to shock, operationalized as the mouse’s velocity of locomotion during the shock (C). * p < .01.  
 

 

Ko et al., 2009). Mice were placed in the conditioning chamber
and given a single footshock 180 s later. Context-elicited fear was
tested on the following day. We included two control groups: an
immediate shock group, which received a footshock 10 s after
being placed in the chamber; and a no-shock group, which was
placed in the chamber for the same amount of time as the condi-
tioned group but did not receive a footshock. The immediate shock
condition was included to control for possible unconditioned ef-
fects of shock. An immediate shock typically does not produce fear
conditioning, putatively because subjects do not have adequate time to
acquire a mental representation of the context prior to receiving the
shock (Fanselow, 1986; Landeira-Fernandez, DeCola, Kim, &
Fanselow, 2006). As expected, both control groups showed very
little freezing in the context test session (Figure 3B), indicating
that exposure to an immediate shock or to the context alone was
not sufficient to generate conditioned fear of the context. Because
two control groups did not differ in their levels of context-elicited
freezing [Effect of procedure: F(1, 24) ! 1] or in their sensitivity
to irradiation [Procedure " Treatment interaction: F(1, 24) ! 1],
the groups were combined into single control group in the follow-
ing analyses.

To test for an effect of irradiation in this procedure, we sub-
jected the context test data to 2 (Treatment) " 2 (Procedure:
Control v. Conditioned) ANOVA, which yielded a significant
interaction effect [F(1, 58) # 5.1, p # .028]. The interaction was
probed by separately testing for effects of irradiation in the con-
ditioned (shock at 180 s) and control groups. Among conditioned
mice, irradiated mice exhibited significantly less context-elicited
freezing than did sham mice [F(1, 32) # 6.0, p # .020]. Among
control mice, there was no effect of irradiation [F(1, 26) ! 1].
These results indicate that irradiation impairs CFC produced by a
single context-shock pairing, and the impairment is not explained
by unconditioned effects of context exposure or shock alone.

One advantage of the tone-shock training protocol over the
context-shock protocol is that tone-elicited freezing can serve as an

embedded positive control. That is, tone-elicited freezing can
demonstrate that a deficit in context-elicited fear is not caused by
changes in unconditioned processes such as shock sensitivity.
Because the context-shock protocol does not offer such an embed-
ded positive control, we explicitly assessed the unconditioned
response to shock in this experiment. We measured the distance
traveled by the mice during the shock, and used this information to
calculate the mouse’s velocity, which has been previously shown
to be a measure of shock sensitivity (Wiltgen et al., 2006). As
shown in Figure 3C, velocity was similar in all groups of mice.
The data were subjected to a 2 (Treatment) " 2 (Shock Latency:
10s or 180s) ANOVA. There was no effect of Treatment [F(1,
43) ! 1], Shock Latency [F(1, 43) ! 1], or the interaction [F(1,
43) # 1.2, p # .286], indicating that differences in shock sensi-
tivity do not explain the reduced context fear in irradiated mice or
in mice receiving the immediate shock.

Experiment 3: Altering the shock intensity does not increase
the sensitivity of tone-shock fear conditioning to irradiation.
Our tone-shock conditioning procedure produced somewhat more
conditioned fear than did our context-shock conditioning proce-
dure. In this experiment, we asked whether the final level of context
fear affects the sensitivity of tone-shock fear conditioning to irradia-
tion. To manipulate the level of context fear, we used the same
tone-shock conditioning procedure as in Experiment 1 but varied the
shock intensity between subjects (0.3, 0.4, or 0.7 mA). As shown in
Figure 4, shock intensity affected the overall levels of conditioned fear
in the tone and context test sessions, but did not affect the sensitivity
to irradiation. Data from the tone test sessions were subjected to a 2

Figure 3. Irradiation impairs CFC produced via a single context-shock
pairing. (A) Fear conditioning was produced by placing the mouse in the
conditioning chamber and delivering one footshock 180 s later (Delayed
shock). One control group received context exposure but no shock. The
other control group received a footshock within 10 s of being placed in the
chamber (Immed. shock). Mice were returned to the conditioning chamber
on the following day to assess context-elicited fear. The two control groups
exhibited negligible levels of freezing in the context test (B) and did not
differ from each other, and, therefore, were combined as one control group.
There was no effect of irradiation in the control groups, but among mice
receiving the delayed shock, irradiated mice exhibited significantly less
context-elicited fear than sham mice. Neither irradiation nor the shock
latency (immediate vs. delayed) affected the unconditioned response to
shock, operationalized as the mouse’s velocity of locomotion during the
shock (C). ! p ! .01.

Figure 2. Arrest of hippocampal neurogenesis does not impair contextual
fear conditioning (CFC) produced via tone-shock pairings. (A) Irradiated
and sham mice were given three tone-shock pairings. Tone-elicited fear
was assessed by presenting the tones in an alternate context. Context-
elicited fear was tested by returning mice to the shock-paired context.
Irradiation failed to affect freezing in the tone test session (B) or in the
context test session (C).
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Experiment 3: Altering the shock intensity does not increase the sensitivity of tone-shock 
fear conditioning to irradiation 
Our tone-shock conditioning procedure produced somewhat more conditioned fear than 

did our context-shock conditioning procedure. In this experiment, we asked whether the 

final level of context fear affects the sensitivity of tone-shock fear conditioning to 

irradiation. To manipulate the level of context fear, we used the same tone-shock 

conditioning procedure as in Experiment 1 but varied the shock intensity between 

subjects (0.3, 0.4, or 0.7 mA). As shown in Figure 2.4, shock intensity affected the 

overall levels of conditioned fear in the tone and context test sessions, but did not affect 

the sensitivity to irradiation. Data from the tone test sessions were subjected to a 2 

(Treatment) x 3 (Shock Intensity) x 2 (Period: Pre-Tone v. Tone) ANOVA with Period as 

a repeated measure. There was a significant effect of shock intensity [F(2, 133) = 44.8, p 

< .001] and a significant Intensity x Period interaction [F(2, 133) = 17.3, p = .001], 

indicating that the variation in shock intensity affected freezing in the tone test session. 

However, there was no main effect of irradiation treatment [F(1, 133) = 3.2, p = .077], 

and irradiation treatment did not interact with any other variable (F’s < 1). Data from the 

context sessions were subjected to a 2 (Treatment) x 3 (Shock Intensity) ANOVA. Again, 

there was a significant effect of shock intensity [F(1, 133) = 31.0, p < .001], but no effect 

of irradiation [F(1, 133) < 1] or of the interaction [F(2, 133) < 1]. The results indicate that 

the tone-shock conditioning procedure is insensitive to irradiation across a broad range of 

conditioned fear levels.  
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Figure 2.4. Manipulating the final level of conditioned fear via changes in shock intensity fails to increase 
the sensitivity of tone-shock fear conditioning to irradiation. The figures depict freezing during the tone and 
context test sessions for mice given tone-shock fear conditioning with shocks of 0.7, 0.4, or 0.3 mA. Shock 
intensity strongly influenced tone- and context-elicited freezing, and irradiation failed to affect tone- or 
context- elicited fear at any shock intensity level.  
 

Experiment 4: The irradiation-induced impairment in context-shock fear conditioning is 
rescued by context pre-exposure or by an additional shock.  
The differential sensitivity to irradiation of tone-shock versus context-shock conditioning 

might be explained by the different amounts of training provided in each procedure. In 

the tone-shock procedure, mice were given three tone-shock pairings, but in the context-

shock procedure mice were given only a single context-shock pairing. If the amount of 

training affects the sensitivity to irradiation, the deficit in context-shock conditioning 

should be rescued by additional training. We hypothesized that additional training could 

be provided in two ways: through additional shocks or through additional pre-shock 

(Treatment) ! 3 (Shock Intensity) ! 2 (Period: Pre-Tone v. Tone)
ANOVA with Period as a repeated measure. There was a significant
effect of shock intensity [F(2, 133) " 44.8, p # .001] and a
significant Intensity ! Period interaction [F(2, 133) " 17.3, p #
.001], indicating that the variation in shock intensity affected
freezing in the tone test session. However, there was no main
effect of irradiation treatment [F(1, 133) " 3.2, p " .077], and
irradiation treatment did not interact with any other variable
(F’s # 1). Data from the context sessions were subjected to a 2
(Treatment) ! 3 (Shock Intensity) ANOVA. Again, there was a
significant effect of shock intensity [F(1, 133) " 31.0, p # .001],
but no effect of irradiation [F(1, 133) # 1] or of the interaction
[F(2, 133) # 1]. The results indicate that the tone-shock condi-
tioning procedure is insensitive to irradiation across a broad range
of conditioned fear levels.

Experiment 4: The irradiation-induced impairment in
context-shock fear conditioning is rescued by context preexpo-
sure or by an additional shock. The differential sensitivity to
irradiation of tone-shock versus context-shock conditioning might
be explained by the different amounts of training provided in each
procedure. In the tone-shock procedure, mice were given three
tone-shock pairings, but in the context-shock procedure mice were

given only a single context-shock pairing. If the amount of training
affects the sensitivity to irradiation, the deficit in context-shock
conditioning should be rescued by additional training. We hypoth-
esized that additional training could be provided in two ways:
through additional shocks or through additional preshock exposure
to the conditioning context. In this experiment, we asked whether
these manipulations would rescue the CFC deficit in irradiated
mice.

Mice were given either (1) context-shock fear conditioning as
described in Experiment 2 (shock at 180 s), (2) context-shock fear
conditioning with two shocks rather than one shock (shocks at 90
and 180 s), or (3) context-shock fear conditioning (one shock) with
preexposure to the conditioning chamber prior to conditioning
(Figure 5A). Because activity tends to habituate over time in an
environment, and the absence of activity can be confused with
freezing, we included a control group that received the same
amount of context exposure as Group 3, but with no shock.

Figure 5B shows mean percent time freezing in the context test
sessions. Data were analyzed using planned comparisons (t tests),
which were justified by the a priori predictions derived from the
results of Experiments 1 through 3. The predictions were as
follows: (1) irradiated mice will display less context-elicited freez-
ing than sham mice after a single context-shock pairing; (2)
additional context exposure or (3) an additional shock will abolish
the difference between sham and irradiated mice; and (4) freezing
levels will not differ between sham and irradiated mice given

Figure 4. Manipulating the final level of conditioned fear via changes in
shock intensity fails to increase the sensitivity of tone-shock fear condi-
tioning to irradiation. The figures depict freezing during the tone and
context test sessions for mice given tone-shock fear conditioning with
shocks of 0.7, 0.4, or 0.3 mA. Shock intensity strongly influenced tone- and
context-elicited freezing, and irradiation failed to affect tone- or context-
elicited fear at any shock intensity level.

Figure 5. The irradiation-induced impairment in context-shock fear con-
ditioning is rescued by context preexposure or by an additional shock. (A)
Mice were given context-shock fear conditioning with one or two shocks,
or with one shock plus preexposure to the conditioning context. A control
group received context exposure but no shock. (B) Freezing during the
context test session. Irradiation impaired CFC in mice given a single
context-shock pairing but had no effect in mice that received two shocks or
that received context preexposure. Freezing was minimal and unaffected by
irradiation after context-alone exposure. ! p # .05.
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exposure to the conditioning context. In this experiment, we asked whether these 

manipulations would rescue the CFC deficit in irradiated mice.  

Mice were given either (1) context-shock fear conditioning as described in 

Experiment 2 (shock at 180 s), (2) context-shock fear conditioning with two shocks rather 

than one shock (shocks at 90 and 180 s), or (3) context-shock fear conditioning (one 

shock) with pre-exposure to the conditioning chamber prior to conditioning (Figure 

2.5A). Because activity tends to habituate over time in an environment, and the absence 

of activity can be confused with freezing, we included a control group that received the 

same amount of context exposure as Group 3, but with no shock.  

Figure 2.5B shows mean percent time freezing in the context test sessions. Data 

were analyzed using planned comparisons (t-tests), which were justified by the a priori 

predictions derived from the results of Experiments 1 through 3. The predictions were as 

follows: (1) irradiated mice will display less context-elicited freezing than sham mice 

after a single context-shock pairing; (2) additional context exposure or (3) an additional 

shock will abolish the difference between sham and irradiated mice; and (4) freezing 

levels will not differ between sham and irradiated mice given context-alone exposure. All 

four predictions were confirmed. Irradiated mice froze less than sham mice after a single 

context- shock pairing [t(30) = 3.3, p = .003]. However, the difference between irradiated 

and sham mice was abolished in the groups receiving context pre-exposure [t(25) = 0.2, p 

= .735] or an additional shock [t(46) = 0.5, p = .594]. Among mice given only context 

exposure, freezing levels were very low, and there was no effect of irradiation [t(9) = 1.8, 

p = .103].  
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Figure 2.5. The irradiation-induced impairment in context-shock fear conditioning is rescued by context 
pre-exposure or by an additional shock. (A) Mice were given context-shock fear conditioning with one or 
two shocks, or with one shock plus pre-exposure to the conditioning context. A control group received 
context exposure but no shock. (B) Freezing during the context test session. Irradiation impaired CFC in 
mice given a single context-shock pairing but had no effect in mice that received two shocks or that 
received context pre-exposure. Freezing was minimal and unaffected by irradiation after context-alone 
exposure. *p < .05.  
 

(Treatment) ! 3 (Shock Intensity) ! 2 (Period: Pre-Tone v. Tone)
ANOVA with Period as a repeated measure. There was a significant
effect of shock intensity [F(2, 133) " 44.8, p # .001] and a
significant Intensity ! Period interaction [F(2, 133) " 17.3, p #
.001], indicating that the variation in shock intensity affected
freezing in the tone test session. However, there was no main
effect of irradiation treatment [F(1, 133) " 3.2, p " .077], and
irradiation treatment did not interact with any other variable
(F’s # 1). Data from the context sessions were subjected to a 2
(Treatment) ! 3 (Shock Intensity) ANOVA. Again, there was a
significant effect of shock intensity [F(1, 133) " 31.0, p # .001],
but no effect of irradiation [F(1, 133) # 1] or of the interaction
[F(2, 133) # 1]. The results indicate that the tone-shock condi-
tioning procedure is insensitive to irradiation across a broad range
of conditioned fear levels.

Experiment 4: The irradiation-induced impairment in
context-shock fear conditioning is rescued by context preexpo-
sure or by an additional shock. The differential sensitivity to
irradiation of tone-shock versus context-shock conditioning might
be explained by the different amounts of training provided in each
procedure. In the tone-shock procedure, mice were given three
tone-shock pairings, but in the context-shock procedure mice were

given only a single context-shock pairing. If the amount of training
affects the sensitivity to irradiation, the deficit in context-shock
conditioning should be rescued by additional training. We hypoth-
esized that additional training could be provided in two ways:
through additional shocks or through additional preshock exposure
to the conditioning context. In this experiment, we asked whether
these manipulations would rescue the CFC deficit in irradiated
mice.

Mice were given either (1) context-shock fear conditioning as
described in Experiment 2 (shock at 180 s), (2) context-shock fear
conditioning with two shocks rather than one shock (shocks at 90
and 180 s), or (3) context-shock fear conditioning (one shock) with
preexposure to the conditioning chamber prior to conditioning
(Figure 5A). Because activity tends to habituate over time in an
environment, and the absence of activity can be confused with
freezing, we included a control group that received the same
amount of context exposure as Group 3, but with no shock.

Figure 5B shows mean percent time freezing in the context test
sessions. Data were analyzed using planned comparisons (t tests),
which were justified by the a priori predictions derived from the
results of Experiments 1 through 3. The predictions were as
follows: (1) irradiated mice will display less context-elicited freez-
ing than sham mice after a single context-shock pairing; (2)
additional context exposure or (3) an additional shock will abolish
the difference between sham and irradiated mice; and (4) freezing
levels will not differ between sham and irradiated mice given

Figure 4. Manipulating the final level of conditioned fear via changes in
shock intensity fails to increase the sensitivity of tone-shock fear condi-
tioning to irradiation. The figures depict freezing during the tone and
context test sessions for mice given tone-shock fear conditioning with
shocks of 0.7, 0.4, or 0.3 mA. Shock intensity strongly influenced tone- and
context-elicited freezing, and irradiation failed to affect tone- or context-
elicited fear at any shock intensity level.

Figure 5. The irradiation-induced impairment in context-shock fear con-
ditioning is rescued by context preexposure or by an additional shock. (A)
Mice were given context-shock fear conditioning with one or two shocks,
or with one shock plus preexposure to the conditioning context. A control
group received context exposure but no shock. (B) Freezing during the
context test session. Irradiation impaired CFC in mice given a single
context-shock pairing but had no effect in mice that received two shocks or
that received context preexposure. Freezing was minimal and unaffected by
irradiation after context-alone exposure. ! p # .05.
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Discussion  
We found that CFC with a single context-shock pairing was sensitive to the arrest of 

neurogenesis via irradiation, whereas conditioning with multiple tone-shock pairings was 

not. The difference in sensitivity to irradiation was not related to differences in the final 

level of conditioned fear produced, as tone-shock fear conditioning was insensitive to 

irradiation even when the final level of conditioned fear was equated with that produced 

by a single context-shock pairing. The difference in sensitivity to irradiation was instead 

attributable to the number of conditioning trials or to the amount of context exposure. 

The irradiation-induced impairment in context-shock conditioning was rescued when 

mice were given an additional shock or pre-exposure to the conditioning context. These 

results suggest that, in mice, adult neurogenesis is necessary for CFC only when brief 

training is provided.  

The learning that underlies CFC is typically thought to include two distinct 

processes: the acquisition of a mental representation of the context and of an association 

between the context representation and the unconditioned stimulus representation (e.g., 

Rudy et al., 2004). Our finding that the irradiation-induced deficit in context conditioning 

could be rescued by extra context exposure would seem to argue that arresting adult 

hippocampal neurogenesis impedes the acquisition of the context representation. 

However, the rescue by an additional shock suggests that arresting neurogenesis impedes 

the acquisition of the context-shock association. It may be that both of these learning 

processes are impeded, but not altogether halted, by the arrest of neurogenesis, and the 

extra context exposure or additional shock permits normal levels of memory strength to 

accrue. An alternative explanation is that arresting neurogenesis impedes only the 

acquisition of the context representation, and this acquisition process is ameliorated by 
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extra context exposure or by the emotional arousal produced by the additional shock. 

Arousing stimuli can promote acquisition and consolidation of weak memories that might 

otherwise be forgotten (Anderson et al., 2006; McGaugh, 2006). Multiple shocks 

presumably produce greater arousal than a single shock, and this greater arousal may 

further strengthen context memory and thereby alleviate the deficit in irradiated mice.  

These results begin to explain discrepancies in the neurogenesis literature. In the 

mouse, single-trial CFC is often impaired by manipulations that interfere with 

hippocampal neurogenesis (Farioli-Vecchioli et al., 2008; Ko et al., 2009), whereas 

multiple- trial CFC is usually not impaired (Clark et al., 2008; Dupret et al., 2008; Pollak 

et al., 2008; Zhang et al., 2008). Yet there are exceptions to this generalization. Two 

mouse studies, including one of our own, reported that neurogenesis-arrested mice are 

impaired in multiple-trial CFC (Imayoshi et al., 2008; Saxe et al., 2006). If arresting 

neurogenesis impedes acquisition of CFC but does not altogether stop it, as our data 

suggest, study-to-study variability could originate from at least two sources. First, a 

residual deficit may be present even after multiple conditioning trials, and this deficit 

may be detected on occasion due to sampling variability. Second, acquisition speed is 

likely to vary according to the particulars of the conditioning protocol. We predict that 

multiple-trial CFC procedures will be sensitive to the arrest of neurogenesis under 

conditions that prolong acquisition, such as increased task difficulty. For instance, 

acquiring a mental representation of a complex context likely requires more time and/or 

trials than does acquiring a representation of a simple context. When the conditioning 

context is complex, arresting neurogenesis may thus impair context conditioning even 

when more than one conditioning trial is given. Consistent with this hypothesis, two 
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studies (albeit in rats) reporting effects of irradiation on multiple-trial CFC used 

conditioning chambers with transparent walls permitting views of a complex surrounding 

environment (Winocur et al., 2006; Wojtowicz et al., 2008). Finally, mouse strains differ 

considerably in their rates of neuronal proliferation and survival (Kempermann et al., 

1997), cognitive ability, and behavioral performance (Crawley et al., 1997), and these 

factors are likely to modulate the behavioral effects of arresting neurogenesis (e.g., 

Holick et al., 2008).  

An alternative view is that multiple-trial CFC is usually insensitive to the arrest of 

neurogenesis because the hippocampus is not recruited in this version of the procedure. 

Indeed, pretraining lesions of the hippocampus often fail to affect CFC when multiple 

context-shock (Wiltgen et al., 2006) or tone-shock pairings are used (Frankland et al., 

1998; Maren et al., 1997). However, these studies likely underestimate the role of the 

hippocampus in these learning paradigms, because when the hippocampus is lesioned 

prior to training, alternative learning systems can become engaged, masking the effect of 

the lesion. Post-training lesions preclude these compensatory processes and reliably 

impair CFC (Anagnostaras et al., 1999; Frankland et al., 1998; Maren et al., 1997). 

Furthermore, subtle pre-training manipulations (e.g., NMDA blockade; Bast et al., 2003; 

Young et al., 1994) can more strongly impair CFC than do gross lesions, which has 

prompted the hypothesis that the intact hippocampus actively inhibits contextual learning 

by extrahippocampal structures, namely the neocortex (Rudy et al., 2004). When the 

hippocampus is completely inactivated, this inhibitory function is compromised and 

extrahippocampal structures can compensate. More subtle hippocampal manipulations 

may fail to block the inhibition of compensatory processes, and, as a result, the 
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hippocampal contribution to behavior is more plainly revealed. In summary, the 

hippocampus appears to be recruited in multiple-trial CFC, even though traditional 

hippocampal lesions sometimes fail to produce a behavioral effect.  

The dissociation between single- and multiple-trial CFC procedures that we 

observed in the mouse does not appear to generalize to the rat. In the rat, arrest of 

hippocampal neurogenesis impairs both single- (Hernandez-Rabaza et al., 2009) and 

multiple-trial CFC (Hernandez-Rabaza et al., 2009; Snyder et al., 2009; Warner- Schmidt 

et al., 2008; Winocur et al., 2006; Wojtowicz et al., 2008). This apparent species 

difference may reflect species differences in the functional integration of adult-generated 

neurons. It appears that a considerably larger proportion of young, adult-generated 

neurons are activated by spatial learning in the rat than in the mouse (Snyder et al., 2009), 

which suggests that young adult- generated neurons may have greater functional 

significance in rats than in mice. Based on this evidence, one might predict that adult-

generated neurons are recruited under a broader range of conditions in the rat than in the 

mouse. If, as our data suggest, additional training precipitates a switch from 

neurogenesis-dependent to neurogenesis-independent processing mechanisms, then this 

switch may require more training in the rat than in the mouse.  

The finding that adult hippocampal neurogenesis is necessary for single-trial CFC 

is consistent with research on the role of DG and CA3 in memory acquisition. CA3, the 

major target of DG granule cell projections, is thought to be specialized for rapid 

acquisition of spatial information. Blocking NMDA-mediated plasticity in CA3 impairs 

the acquisition of single-trial spatial learning, but does not impair multiple-trial learning 

(e.g., Nakazawa et al., 2003). Although blocking NMDA-mediated plasticity within DG 
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does not impair single-trial acquisition of CFC, CFC acquired under this condition is less 

precise than in control animals, in that conditioned fear more readily generalizes to an 

alternate context (McHugh et al., 2007). This discrimination impairment is rescued with 

continued discrimination training, suggesting that the DG is particularly important for the 

rapid formation of precise spatial memories. Consistent with this hypothesis, it was 

recently shown that a DG-specific genetic manipulation is sufficient to accelerate 

acquisition of spatial information (Saab et al., 2009). Our data suggest that arresting 

neurogenesis impairs the DG-CA3 circuits that are involved in rapid memory acquisition.  

Recent literature suggests several ways in which adult neurogenesis might contribute to 

mnemonic processes. One idea is that the addition of cells to the DG helps preserve the 

structure’s ability to continually encode new memories without interfering with previous 

ones (Meltzer et al., 2005; Wiskott et al., 2006). According to this view, arresting 

neurogenesis might reduce the fidelity of new memories, because encoding would need 

to be mediated by cells whose plasticity is constrained to preserve older memories. An 

alternative view emphasizes the increased excitability and plasticity exhibited by young 

neurons relative to mature neurons. A characteristic feature of the DG is its sparse 

representation of input stimulation, meaning that relatively few DG granule cells become 

active in response to a given pattern of stimulation (e.g., Jung & McNaughton, 1993; 

Leutgeb et al., 2007). Highly excitable and plastic young neurons presumably reduce the 

sparseness of DG activity, increasing the degree to which different stimuli excite 

overlapping populations of cells. This decrease in sparseness may allow 

contemporaneous events to be integrated into temporally specific episodic memories 

(Aimone et al., 2006; Aimone et al., 2009). According to this view, arresting 
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neurogenesis might impair the ability of the hippocampus to bind together multiple 

percepts (e.g., contextual stimuli, footshock) into a single episodic memory.  

A third hypothesis is based on the view that the DG acts a gate that limits or slows 

hippocampal activation by cortical input stimulation (Hsu, 2007). The DG gate tends to 

favor persistent or repeated patterns of stimulation, in that brief stimuli are halted at the 

level of the DG, whereas prolonged or repeated stimuli activate the DG as well as 

downstream hippocampal subfields (e.g., Iijima et al., 1996). It is possible that arresting 

neurogenesis, and thereby removing a population of highly excitable young granule 

neurons, further slows the gating of cortical inputs, meaning that even more sustained 

patterns of stimulation are required before hippocampal processing mechanisms become 

engaged. Thus, in the absence of neurogenesis, very brief training episodes, such as a 

single context-shock pairing, may fail to recruit hippocampal memory networks. More 

sustained training episodes, such as multiple tone- shock pairings or extended exposure to 

a context, open the DG gate and initiate plasticity in CA3, a subfield believed to mediate 

rapid encoding of spatial memories (Nakazawa et al., 2003; Steele & Morris, 1999).  

In summary, we found that arresting adult hippocampal neurogenesis via targeted, 

low-dose irradiation impairs CFC in mice when a single-trial conditioning procedure is 

used but not when multiple-trial procedures are used. The irradiation-induced deficit in 

single-trial CFC can be rescued by providing pre-exposure to the conditioning context. 

The data indicate that the contribution of adult neurogenesis to CFC in mice is revealed 

only when brief training is provided, suggesting that adult-generated hippocampal 

neurons may be integral for rapid acquisition of context memories.  
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Chapter 3 

4- to 6-Week-Old Adult-Born Hippocampal Neurons Influence Novelty-Evoked 

Exploration and Contextual Fear Conditioning 
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The hippocampus (HPC) is integral to novelty processing, which includes the 

detection of novelty, the deployment of attention, and memory encoding, all of which are 

critical for adaptive behavior (Sokolov, 1963; O’Keefe and Nadel, 1978; Brown and 

Aggle- ton, 2001). Functional imaging studies indicate that the HPC is one of a small 

number of brain regions that exhibits novelty-related activation (Tulving et al., 1994; 

Stern et al., 1996; Kirchhoff et al., 2000; Yamaguchi et al., 2004). In humans and 

primates, hippocampal lesions have been shown to impair aspects of novelty processing 

(Cave and Squire, 1991; Reed and Squire, 1997; Beason-Held et al., 1999; Zola et al., 

2000), and to attenuate the autonomic response to novel stimuli as well as a characteristic 

novelty-evoked event-related potential, the P300 (Knight, 1996). In rodents, the effects of 

HPC lesions on novelty detection are debated, but the balance of evidence suggests that 

these lesions impair novelty detection when novelty has a spatial or contextual 

component (Forwood et al., 2005; Goodrich-Hunsaker et al., 2005; Clelland et al., 2009; 

cf. McTighe et al., 2009) or when the retention interval is long (> 24 h) (Vnek and Roth- 

blat, 1996; Clark et al., 2000; Gaskin et al., 2003; Hammond et al., 2004), but may fail to 

impair novelty detection that is purely object-based (Winters et al., 2004).  

Within the HPC, neurons are continuously generated throughout adulthood from 

progenitor cells in the subgranular zone of the dentate gyrus (DG) (Gage, 2000; Ming and 

Song, 2005). There is growing evidence that adult-born hippocampal neurons make a 

functionally significant contribution to learning, memory, and mood regulation 

(Kempermann et al., 2004; Doetsch and Hen, 2005; Lledo et al. 2006; Drew and Hen, 

2007). These neurons develop functional synapses, exhibit synaptic plasticity, and are 

activated in situations that evoke hippocampal-dependent learning (Wang et al., 2000; Ge 
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et al., 2006; Kee et al., 2007). Although ablation of hippocampal neurogenesis has been 

shown to impair performance in some HPC-dependent tasks, the literature contains many 

inconsistencies, which suggest that adult-born neurons are not required for all forms of 

HPC-dependent learning and may instead be required for some tasks only under 

particular conditions (Shors et al., 2002; Meshi et al., 2006; Saxe et al., 2006).  

Several lines of evidence suggest that young adult-born neurons may respond 

differently to novelty than their mature counterparts. Exposure to a novel environment 

increases the firing rate of inhibitory neurons in the DG (Nitz and McNaughton, 2004), 

and, perhaps as a result of this, exploration of a novel environment is associated with 

increased dendritic inhibition of dentate granule cells (Moser, 1996). Because young 

adult-born neurons are insensitive to or excited by GABA during the first weeks after 

their terminal division (Ge et al., 2006), exploration of a novel environment, and the 

concomitant increase in inhibitory tone, may magnify their contribution to DG 

information processing. Consistent with this idea, the rate of neurogenesis in the DG is 

negatively correlated with locomotor reactivity to novelty (Lemaire et al., 1999). 

However, from these correlational data, it is unclear whether the rate of neurogenesis has 

a causal role in novelty processing or whether neurogenesis rates are secondary to other 

processes that control the novelty response.  

Here, we investigate the contribution of adult-generated neurons to novelty 

processing by examining how the arrest of adult hippocampal neurogenesis affects novel 

object recognition (NOR). We report that mice with arrested neurogenesis show a 

surprising increase in exploration of a novel object when compared with control mice. 

This increase in novel object exploration does not manifest until 4–6 weeks after the 
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arrest of neurogenesis, suggesting that the behavioral effect depends on the depletion of 

highly plastic 4- to 6-week-old neurons. We further demonstrate that an impairment in 

contextual fear conditioning has a similar time-course after the arrest of neurogenesis, 

suggesting that this impairment and the NOR phenotype share a common underlying 

mechanism.  
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Materials and Methods 
Mice  
129/SvEv age-matched adult male mice were purchased from Taconic (Hudson, NY) at 7 

weeks of age and x-irradiated at either 9, 13, or 15 weeks of age. Transgenic (TG) mice 

expressing herpes simplex virus thymidine kinase from the mouse glial fibrillary acidic 

protein (GFAP-TK) promoter (line 7.1) were generated as previously described (Johnson 

et al., 1995; Bush et al., 1998). We backcrossed the GFAP-TK transgene onto a 

129/SvEv background for at least six generations and used ~ 6-week-old male littermates 

derived from heterozygote x wild-type matings. Mice were housed four or five per cage 

in a 12-h (06:00–18:00) light-dark colony room at 22ºC. Food and water were provided 

ad libitum. Behavioral testing was performed during the light phase. The procedures 

described herein were conducted in accordance with National Institutes of Health 

regulations and approved by the Institutional Animal Care and Use Committees of 

Columbia University and the New York State Psychiatric Institute.  

 

X-Irradiation  
This procedure was performed as previously described (Santarelli et al., 2003) with the 

exception that mice used for novel object recognition paradigm experiments were 

anesthetized with pentobarbital sodium (Nembutal sodium solution) (6 mg kg-1).  

 

Drugs  
Ganciclovir sodium (GCV) (Cytovene1-IV, Roche, Indianapolis, IN) was dissolved in 

sterile saline at a concentration of 25 mg ml-1 and delivered through Alzet osmotic 

minipumps (0.25 µl h-1, 28 days) (Palo Alto, CA) implanted subcutaneously under 
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isoflurane anesthesia. Osmotic minipumps were rotated under the skin two to three times 

per week.  

 

Novel Object Recognition Paradigm  
We used a modified version of the novel object recognition (NOR) task described by 

Ennaceur and Delacour (1988). The testing room was lit with two 60-W light bulbs and 

behavior sessions were recorded with a video camera affixed to a tripod above the testing 

arena. The testing arena was a white, plastic transport box (55 x 40 x 15 cm3) and was 

divided into two equal halves so that two sessions could occur simultaneously (Figure 

3.1). The divider was made of the same white plastic as the transport box and measured 

15 cm in height. Mice could not contact or see one another during the exposures. The 

transport box was filled with wooden bedding. The light intensity was equal in all parts of 

the arena (~ 20 lx). When the arena was superimposed with a grid, mice explored all parts 

of the arena in equal amounts of time (Figure 3.2).  

Figure 3.1. Novel object testing arena.  
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Figure 3.2. Mice explored all parts of the arena in equal amounts of time.  

We used three different objects; each object was available in triplicate. The 

objects were (1) a blue, ceramic shoe (diameter 9.5 cm, maximal height 6 cm); (2) a 

black, plastic box (8 x 3 x 9.5 cm3); and (3) a clear, plastic funnel (diameter 8.5 cm, 

maximal height 8.5 cm). The objects elicited equal levels of exploration as determined in 

pilot experiments (Figure 3.3). A mouse could not displace the objects. The objects and 

the placement of the objects were fully randomized.  

 

Figure 3.3. Objects elicited equal investigation time.  

Mice were transported to the testing room in their home cages. NOR paradigm 

consisted of five 5-min exposures with 3-min interexposure intervals (Fig. 3.4A). Mice 

were placed in the center of the arena at the start of each exposure. Between exposures, 

mice were held individually in standard cages, the objects and arenas were cleaned using 
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PDI Sani-Cloth HB Germicidal Disposable Wipes (Orangeburg, NY), and the bedding 

was replaced. Exposures 1–4 were habituation sessions with two objects placed 

symmetrically on either end of the arena ~ 5 cm away from the wall. In exposure 5, one 

of the objects was replaced with a novel object. All mice were returned to their home 

cages at the end of the 5th exposure.  

For the pre-exposure experiment, mice were pre-exposed to the NOR arena for 5 

min, given a 3-min interexposure interval, and then given a 5-min exposure of the arena 

plus objects. A 3-min interexposure interval followed and a novel object replaced a 

constant object in the 3rd exposure.  

Behavior was scored on videos by an observer blind to treatment or to genotype 

using the Stopwatch1 program (Center for Behavioral Neuroscience, Atlanta, GA). Each 

test session was scored continuously in its entirety. As a proxy for locomotor activity, a 

grid of six boxes was superimposed over the arena, and grid crossings were counted. 

Object investigation was defined as orientation of the head toward the object with the 

nose within 1 cm of the object. Investigation was not scored if the mouse was on top of 

the object or completely immobile.  

 

Contextual Fear Conditioning  
The procedure was based on those of Wiltgen et al. (2006) and Drew et al. (2010). The 

fear conditioning procedure took place over two consecutive days. On day 1, mice were 

placed in the conditioning chamber, received a shock 180 s later (2 s, 0.75 mA), and were 

removed 15 s following the shock. Mice were returned to the conditioning chamber on 

the following day for 240 s for a test of context-elicited freezing. (Data from the 6 weeks 

group only were previously published in Drew et al., 2010).  
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Variations of the 1-shock procedure were used for the GFAP- TK TG mice. 

GFAP-TK mice received a shock at 180 s or at 360 s (2s, 0.75 mA), and were removed 

15 s following the shock. As with the previous 1-shock procedure, mice were returned to 

the conditioning chamber on the following day for 240 s for a test of context-elicited 

freezing.  

 

BrdU Injections  
129SvEv mice were injected with 5’-bromo-2’-deoxyuridine (BrdU) (Roche, 

Indianapolis, IN) (150 mg kg-1) twice a day intraperitoneally (i.p.) for 2 d (300 mg kg-1 

per day in 0.9% NaCl) at 1 day, or 1, 2, 4, or 6 weeks before the start of x-irradiation (n = 

5 mice/group). Mice were sham- and x-irradiated as previously described (Santarelli et 

al., 2003). Mice were deeply anesthetized and brains were collected for 

immunohistochemistry 1 week following the last day of x-irradiation treatment.  

 

Immunohistochemistry  
Mice were deeply anesthetized with ketamine (100 mg kg-1) and transcardially perfused 

with cold 0.1 M phosphate buffer saline [phosphate buffered saline (PBS)], followed by 

cold 4% paraformaldehyde (PFA)/0.1 M PBS. Brains were postfixed overnight in 4% 

PFA at 48°C, then cryoprotected in 30% sucrose/0.1 M PBS, and stored at 4ºC. Serial 

coronal section (35 µm) were cut through the entire hippocampus on a cryostat, and 

stored in 0.1 M PBS with 0.1% NaN3.  

For doublecortin (DCX) immunohistochemistry, sections were washed in 0.1 M 

PBS and then quenched in 0.3% H2O2 in 0.1 M PBS/CH3OH (1:1) for 15 min at room 

temperature. Sections were then washed and blocked in 10% normal donkey serum in 0.1 
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M PBS with 0.5% Triton X-100 for 2 h at room temperature. Incubation with primary 

antibody was performed at 4ºC overnight (goat anti-doublecortin, 1:500, Santa Cruz 

Biotechnology, Santa Cruz, CA, #SC8066) in 0.1 M PBS with 0.5% Triton X-100. 

Sections were then washed in 0.1 M PBS and incubated with a biotinylated secondary 

antibody (donkey anti-goat; 1:250, Jackson ImmunoResearch, West Grove, PA) for 2 h at 

room temperature. For all experiments, excluding the time course DCX analysis, sections 

were then washed in 0.1 M PBS and treated next with avidin-biotin-peroxidase complex 

(ABC Elite Kit, Vector Labs, Burlingame, CA) followed by a 3,3’diaminobenzidine as a 

substrate for staining (Vector, Burlingame, CA). For the time course analysis (Figure 

3.6), sections were then washed in 0.1 M PBS and incubated with avidin-Cy3 (1:125, 

Jackson ImmunoResearch, West Grove, PA) and Hoechst (1:1,000) for 1 h at room 

temperature.  

For BrdU immunohistochemistry in sham and x-irradiated mice, sections were 

first adhered to slides. Slides were soaked in 10 mM citrate buffer (pH 6.0) for 2 h at 

95ºC and then rinsed in 0.1 M PBS. Incubation with primary antibody was performed at 

room temperature overnight (mouse anti-BrdU, 1:100, Becton Dickinson, San Jose, CA, 

347580) in 0.1 M PBS with 0.1% Triton X-100. Slides were then washed in 0.1 M PBS 

and incubated with a biotinylated secondary antibody (goat anti-mouse; 1:200, Jackson 

ImmunoResearch, West Grove, PA) for 1 h at room temperature. Slides were washed in 

0.1 M PBS and treated next with avidin-biotin-peroxidase complex (ABC Elite Kit, 

Vector Labs, Burlingame, CA) followed by a 3,3’diaminobenzidine as a substrate for 

staining (Vector, Burlingame, CA). Finally, slides were counterstained using Nuclear fast 

red.  
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Cell Quantification  
DCX+ and BrdU+ cells were counted on Axioplan-2 upright microscope. Every sixth 

section throughout the entire extent of the DG was counted. Throughout the experiment, 

the investigator was blind to the treatment status.  

 

Statistical Analysis  
Data were analyzed using StatView 5.0 software (SAS Institute, Cary, NC). The 

measures of interest were number of grid crossings (general activity) and duration of 

object investigation. For exposures 1 through 4, we analyzed the mean duration of 

investigation taken across the two objects. The data for exposures 1 through 4 were 

subjected to an Exposure X Treatment (x-irradiated v. sham) or Exposure X Genotype 

(GFAP-TK transgenic (TG) vs. wild-type (WT)) analysis of variance (ANOVA), with 

exposure as a repeated measure. For exposure 5, investigation times were subjected to an 

Object (constant vs. novel) X Treatment ANOVA, with Object as a repeated measure, 

and grid crossing data were subjected to t tests with treatment as the independent 

variable. In the initial experiment (Figures 3.4C–E), interactions were probed using t-tests 

with a Bonferroni-corrected alpha level. In subsequent experiments, planned comparisons 

were performed using t-tests as described below. Alpha was set to 0.05 for all analyses.  
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Results and Figures 
Targeted Hippocampal X-Irradiation Increases Novel Object Investigation  
Mice were tested in the novel object recognition (NOR) paradigm (Figure 3.4A) 8 weeks 

after x-irradiation (Figure 3.4B). General activity (grid crossings) (Figure 3.4C) and 

object investigation (aver- aged across the two objects) (Figure 3.4D) were assessed 

during exposures 1–5. General activity and object investigation declined across exposures 

1–4. An exposure 3 treatment (x- irradiation vs. sham) ANOVA yielded a significant 

effect of exposure on general activity [F(3,57) = 54.1, P < 0.01] and on investigation 

[F(3,57) = 18.0, P < 0.01]. There was no effect of treatment on either variable [Fs (1,19) 

< 1], nor was there a significant exposure X treatment interaction [Fs (3,57) < 1.1, Ps > 

0.38], indicating that x-irradiation did not affect behavior prior to the introduction of the 

novel object. For exposure 5, we compared the investigation durations for the constant 

and the novel objects (Figure 3.4D). X-irradiated mice investigated the novel object more 

than sham mice, but x-irradiated and sham mice investigated the constant object for 

similar amounts of time. The treatment 3 object ANOVA on the investigation durations 

yielded a significant interaction effect [F(1,19) = 4.9, P = 0.04]. Post hoc (Bonferroni) 

tests confirmed that x- irradiated mice investigated the novel object more than sham mice 

(P = 0.02), but the groups did not differ in investigation of the constant object (P = 0.42). 

General activity in exposure 5 was not affected by x-irradiation [t(19) = 1.7, P = 0.11].  

Sham mice investigated the novel object and constant object in approximately equal 

amounts, suggesting that these mice failed to detect the novel object. This result is 

perplexing because WT mice typically exhibit a preference for novel objects (Dodart et 

al., 1997; Tang et al., 1999; Sik et al., 2003). We thus asked whether another measure of 

performance would provide evidence that sham mice detected the novel object. We 
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examined the latency to the first bout of investigation for both the constant and the novel 

object in exposure 5 (Figure 3.4E). Both x-irradiated and sham mice tended to investigate 

the novel object earlier than the constant object, and the latency to investigate the novel 

object did not differ between groups. The data were subjected to a 2 (treatment) X 2 

(object) ANOVA, which yielded a significant effect of object [F(1,48) = 8.9, P = 0.0044] 

but no effect of treatment [F(1,48) = 0.9, P = 0.36] or the interaction [F(1,48) = 0.5, P = 

0.48]. We subjected the latency analysis data to planned comparisons (paired t-tests 

comparing the latencies to the novel and constant objects). The analysis showed that both 

sham and x-irradiated mice approached the novel object earlier than the constant object 

(Ps <0.031, one-tailed). This result indicates that both sham and x-irradiated mice 

detected the novel object.  

 
Figure 3.4. X-irradiation increases novel object investigation. (A) Schematic diagram of the NOR 
paradigm. Mice received four exposures to two objects. For exposure 5, one of the objects was replaced 
with a novel object. (B) Mice were x-irradiated or sham- irradiated at 9 weeks of age and the NOR 
paradigm was administered 8 weeks later at 17 weeks of age. (C,D) General activity and investigation 
(habituation; averaged across both objects) declined across exposures 1–4 for both x-irradiated and sham 
mice. There was no effect of x-irradiation on either variable [Fs(1,19) < 1]. In exposure 5 (replacement), x-
irradiated mice investigated the novel object more than sham mice (P = 0.02), but the groups did not differ 
in exploration of the constant object (P = 0.42). General activity during exposure 5 was not affected by x-
irradiation (P = 0.11). (E) The latency to investigate the novel object was shorter than the latency to 

objects was replaced with a novel object. All mice were
returned to their home cages at the end of the 5th exposure.

For the pre-exposure experiment, mice were pre-exposed to
the NOR arena for 5 min, given a 3-min interexposure inter-
val, and then given a 5-min exposure of the arena plus objects.
A 3-min interexposure interval followed and a novel object
replaced a constant object in the 3rd exposure.

Behavior was scored on videos by an observer blind to treat-
ment or to genotype using the Stopwatch1 program (Center for
Behavioral Neuroscience, Atlanta, GA). Each test session was
scored continuously in its entirety. As a proxy for locomotor ac-
tivity, a grid of six boxes was superimposed over the arena, and
grid crossings were counted. Object investigation was defined as
orientation of the head toward the object with the nose within 1
cm of the object. Investigation was not scored if the mouse was
on top of the object or completely immobile.

Contextual Fear Conditioning

The procedure was based on those of Wiltgen et al. (2006)
and Drew et al. (2010). The fear conditioning procedure took
place over two consecutive days. On day 1, mice were placed
in the conditioning chamber, received a shock 180 s later (2 s,
0.75 mA), and were removed 15 s following the shock. Mice
were returned to the conditioning chamber on the following
day for 240 s for a test of context-elicited freezing. (Data from

the 6 weeks. group only were previously published in Drew
et al., 2010).

Variations of the 1-shock procedure were used for the GFAP-
TK TG mice. GFAP-TK mice received a shock at 180 s or at
360 s (2s, 0.75 mA), and were removed 15 s following the
shock. As with the previous 1-shock procedure, mice were
returned to the conditioning chamber on the following day for
240 s for a test of context-elicited freezing.

BrdU Injections

129SvEv mice were injected with 50-bromo-20-deoxyuridine
(BrdU) (Roche, Indianapolis, IN) (150 mg kg21) twice a day
intraperitoneally (i.p.) for 2 days (300 mg kg21 per day in
0.9% NaCl) at 1 day, or 1, 2, 4, or 6 weeks before the start of
x-irradiation (n 5 5 mice/group). Mice were sham- and
x-irradiated as previously described (Santarelli et al., 2003).
Mice were deeply anesthetized and brains were collected for
immunohistochemistry 1 week following the last day of x-irra-
diation treatment.

Immunohistochemistry

Mice were deeply anesthetized with ketamine (100 mg kg21)
and transcardially perfused with cold 0.1 M phosphate buffer
saline [phosphate buffered saline (PBS)], followed by cold 4%

FIGURE 1. X-irradiation increases novel object investigation.
(A) Schematic diagram of the NOR paradigm. Mice received four
exposures to two objects. For exposure 5, one of the objects was
replaced with a novel object. (B) Mice were x-irradiated or sham-
irradiated at 9 weeks of age and the NOR paradigm was adminis-
tered 8 weeks later at 17 weeks of age. (C,D) General activity and
investigation (habituation; averaged across both objects) declined
across exposures 1–4 for both x-irradiated and sham mice. There
was no effect of x-irradiation on either variable [Fs(1,19) < 1]. In

exposure 5 (replacement), x-irradiated mice investigated the novel
object more than sham mice (P 5 0.02), but the groups did not
differ in exploration of the constant object (P 5 0.42). General
activity during exposure 5 was not affected by x-irradiation (P 5
0.11). (E) The latency to investigate the novel object was shorter
than the latency to investigate the constant object for both groups
of mice (P < 0.01), and the latencies did not differ between
groups (P 5 0.36). *P < 0.05. **P < 0.01. Error bars represent 6
standard error of mean (SEM).
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investigate the constant object for both groups of mice (P < 0.01), and the latencies did not differ between 
groups (P = 0.36). *P < 0.05. **P < 0.01. Error bars represent + standard error of mean (SEM).  
 

The Irradiation-Induced Increase in Novel Object Investigation Has a Delayed Onset  
Next, we examined the time-course with which the NOR phenotype manifests after x-

irradiation. Irradiation kills dividing cells and very young neurons (Mizumatsu et al., 

2003), but many immature neurons are spared after x-irradiation. These spared immature 

neurons are presumably depleted only gradually through maturation. Because of the 

dynamic nature of the ablation, we hypothesized that examination of the time-course with 

which the NOR phenotype manifests after x-irradiation should reveal the cell-age at 

which adult-generated neurons influence behavioral performance in NOR.  

The NOR procedure was conducted 2, 4, and 6 weeks after x-irradiation in 

different groups of mice (Figure 3.5A). To confirm that the irradiation-induced arrest of 

neurogenesis lasted for the full duration of behavioral testing, we assayed doublecortin 

(DCX) immunoreactivity in x-irradiated and sham mice at 2 and 8 weeks post x-

irradiation (Figure 3.5, Figure 3.6). DCX immunoreactivity was absent at all time points.  

At 2 weeks post x-irradiation (Figures. 3.5C,D), sham and x-irradiated mice 

performed similarly. Although there appeared to be a modest effect of x-irradiation on 

investigation during exposures 1 to 4, evidenced by a significant Treatment X Exposure 

interaction effect [F(3,42) = 2.9, P = 0.05], post hoc comparisons (x-irradiated vs. sham) 

did not reach significance in any individual time bin (Ps >0.09). In exposure 5, neither 

sham nor x-irradiated mice showed a preference for the novel object [F(1,14) < 1], and 

there was no effect of x-irradiation on investigation (P = 0.55) or on activity (P = 0.83). 

At 4 weeks post x-irradiation, x-irradiated and sham mice again performed similarly in 

exposures 1 through 4. There was no effect of x- irradiation on crossings or investigation 
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(Fs <1). In exposure 5, both x-irradiated and sham mice investigated the novel object 

more than the constant object [F(1,20) = 12.1, P < 0.01], but the preference was not 

significantly enhanced in x-irradiated mice; neither the effect of Treatment [F(1,20) = 

2.95, P = 0.10] nor the interaction effect [F(1,20) = 1.1, P = 0.32] reached significance. 

At 6 weeks post x-irradiation, there was again no effect of x-irradiation during exposures 

1 through 4 [Fs <1]. However, in exposure 5, x-irradiated mice investigated the novel 

object more than sham mice. Planned comparisons (t-tests) confirmed that x-irradiated 

mice investigated the novel object more than sham mice [t(13) = 2.2, P = 0.047], but x-

irradiated and sham mice did not differ in investigation of the constant object (P = 0.718).  
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Figure 3.5. The x-irradiation-induced increase in novel object investigation has a delayed onset. (A) 
Schematic diagram of the experimental time-course. (B) DCX immunoreactivity is absent 2 and 8 weeks 
following x-irradiation, demonstrating that neurogenesis was arrested at all points during behavioral 
testing. (C,D) At 2 weeks post x-irradiation, there was no effect of x-irradiation on any parameter. At 4 and 
6 weeks post x-irradiation, x-irradiated and sham mice exhibited similar levels of general activity and 
object investigation in exposures 1–4 [Fs <1]. At 4-weeks post x-irradiation, x-irradiated mice appeared to 
investigate the novel object more than sham mice during exposure 5, but the effect did not reach 
significance [F(1,20) = 2.95, P = 0.10]. At 6 weeks following x-irradiation, x-irradiated mice explored the 
novel object significantly more than sham mice during exposure 5 ([t(13) = 2.2, P = 0.047]). *P < 0.05. 
Error bars represent + SEM. 

(object) ANOVA, which yielded a significant effect of object
[F(1,48) 5 8.9, P 5 0.0044] but no effect of treatment
[F(1,48) 5 0.9, P 5 0.36] or the interaction [F(1,48) 5 0.5,
P 5 0.48]. We subjected the latency analysis data to planned
comparisons (paired t tests comparing the latencies to the novel
and constant objects). The analysis showed that both sham and
x-irradiated mice approached the novel object earlier than the
constant object (Ps <0.031, one-tailed). This result indicates
that both sham and x-irradiated mice detected the novel object.

The Irradiation-Induced Increase in Novel
Object Investigation Has a Delayed Onset

Next, we examined the time-course with which the NOR
phenotype manifests after x-irradiation. Irradiation kills divid-
ing cells and very young neurons (Mizumatsu et al., 2003), but
many immature neurons are spared after x-irradiation. These
spared immature neurons are presumably depleted only gradu-
ally through maturation. Because of the dynamic nature of the
ablation, we hypothesized that examination of the time-course
with which the NOR phenotype manifests after x-irradiation
should reveal the cell-age at which adult-generated neurons
influence behavioral performance in NOR.

The NOR procedure was conducted 2, 4, and 6 weeks after
x-irradiation in different groups of mice (Fig. 2A). To confirm
that the irradiation-induced arrest of neurogenesis lasted for the
full duration of behavioral testing, we assayed doublecortin
(DCX) immunoreactivity in x-irradiated and sham mice at 2
and 8 weeks post x-irradiation (Fig. 2B, Supporting Information
Fig. 1). DCX immunoreactivity was absent at both time points.

At 2 weeks post x-irradiation (Figs. 2C,D), sham and x-irra-
diated mice performed similarly. Although there appeared to be
a modest effect of x-irradiation on investigation during expo-
sures 1 to 4, evidenced by a significant Treatment X Exposure
interaction effect [F(3,42) 5 2.9, P 5 0.05], post hoc compar-
isons (x-irradiated vs. sham) did not reach significance in any
individual time bin (Ps >0.09). In exposure 5, neither sham
nor x-irradiated mice showed a preference for the novel object
[F(1,14) < 1], and there was no effect of x-irradiation on
investigation (P 5 0.55) or on activity (P 5 0.83). At 4 weeks
post x-irradiation, x-irradiated and sham mice again performed
similarly in exposures 1 through 4. There was no effect of x-
irradiation on crossings or investigation (Fs <1). In exposure 5,
both x-irradiated and sham mice investigated the novel object
more than the constant object [F(1,20) 5 12.1, P < 0.01],
but the preference was not significantly enhanced in x-irradi-
ated mice; neither the effect of Treatment [F(1,20) 5 2.95, P
5 0.10] nor the interaction effect [F(1,20) 5 1.1, P 5 0.32]
reached significance. At 6 weeks post x-irradiation, there was
again no effect of x-irradiation during exposures 1 through 4
[Fs <1]. However, in exposure 5, x-irradiated mice investigated
the novel object more than sham mice. Planned comparisons
(t tests) confirmed that x-irradiated mice investigated the novel
object more than sham mice [t(13) 5 2.2, P 5 0.047], but
x-irradiated and sham mice did not differ in investigation of
the constant object (P 5 0.718).

FIGURE 2. The x-irradiation-induced increase in novel object
investigation has a delayed onset. (A) Schematic diagram of the ex-
perimental time-course. (B) DCX immunoreactivity is absent 2 and
8 weeks following x-irradiation, demonstrating that neurogenesis
was arrested at all points during behavioral testing. (C,D) At 2
weeks post x-irradiation, there was no effect of x-irradiation on any
parameter. At 4 and 6 weeks post x-irradiation, x-irradiated and
sham mice exhibited similar levels of general activity and object
investigation in exposures 1–4 [Fs <1]. At 4-weeks post x-irradia-
tion, x-irradiated mice appeared to investigate the novel object more
than sham mice during exposure 5, but the effect did not reach sig-
nificance [F(1,20) 5 2.95, P 5 0.10]. At 6 weeks following x-irradi-
ation, x-irradiated mice explored the novel object significantly more
than sham mice during exposure 5 ([t(13) 5 2.2, P 5 0.047]). *P <
0.05. Error bars represent 6 SEM. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3.6. DCX immunoreactivity is absent following arrest of hippocampal neurogenesis. (A) DCX+ 
young neurons were significantly reduced in x-irradiated mice when compared with sham mice at 2, 6, 8 
weeks, and 5 mths following x-irradiation, demonstrating that neurogenesis was arrested at all points 
during behavioral testing. (B) Representative images of the DG processed for DCX immunoreactivity. ** p 
< 0.01, *** p < 0.001. Error bars represent + SEM.  
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To confirm that the onset of the NOR phenotype was related to the amount of 

time after x-irradiation and not to the absolute age of the mice, we x-irradiated a group of 

mice at 15 weeks of age and tested it in the NOR paradigm 2 weeks later (17 weeks of 

age) (Figure 3.7A). Performance was similar to that of the group that was x-irradiated at 

9 weeks of age and tested 2 weeks later. In exposures 1 through 4, there was a significant 

effect of Exposure on crossings [F(3,54) = 121.5, P < 0.001] and overall investigation 

[F(3,54) = 28.6, P < 0.001] but no effect of Treatment [Fs(1,18) < 2.4, Ps > 0.14] or of 

the interaction [Fs(3,54) < 1.6, Ps >0.20] (Figures 3.7B,C). In exposure 5, both groups of 

mice investigated the novel object more than the constant object [F(1,22) = 24.3, P < 

0.001], but there was no effect of the x-irradiation treatment [Fs(1,22) < 1] (Fig. 3.4C).  

 

Figure 3.7. NOR performance is related to the length of time after x-irradiation rather than the absolute age 
of the mouse. (A) Schematic diagram of the experimental time-course. (B,C) X-irradiated and sham mice 
did not differ in general activity or investigation (habituation) during exposures 1 through 4 [Fs(1,18) < 2.4, 
Ps > 0.14]. Both groups of mice investigated the novel object more than the constant object [F(1,22) = 24.3, 
P < 0.001], and there was no effect of the x-irradiation treatment [Fs(1,22) < 1]. Error bars represent + 
SEM.  
 

To confirm that the onset of the NOR phenotype was related
to the amount of time after x-irradiation and not to the absolute
age of the mice, we x-irradiated a group of mice at 15 weeks of
age and tested it in the NOR paradigm 2 weeks later (17 weeks
of age) (Fig. 3A). Performance was similar to that of the group
that was x-irradiated at 9 weeks of age and tested 2 weeks later.
In exposures 1 through 4, there was a significant effect of Expo-
sure on crossings [F(3,54) 5 121.5, P < 0.001] and overall
investigation [F(3,54) 5 28.6, P < 0.001] but no effect of Treat-
ment [Fs(1,18) < 2.4, Ps >0.14] or of the interaction [Fs(3,54)
< 1.6, Ps >0.20] (Figs. 3B,C). In exposure 5, both groups of
mice investigated the novel object more than the constant object
[F(1,22) 5 24.3, P < 0.001], but there was no effect of the x-
irradiation treatment [Fs(1,22) < 1] (Fig. 3C).

The control mice in these NOR experiments showed only a
modest preference for the novel object, which may be due to the
weak exploratory drive of the 129SvEv mice. Since pre-exposure
to the arena appears to greatly enhance novel object preference
(Stefanko et al., 2009), and, as a result, is a common feature of
NOR protocols, sham and x-irradiated mice were given
pre-exposure to the arena before introduction to the objects (Fig.
4A). When sham- and x-irradiated mice were given pre-exposure
to the NOR arena, overall investigation of the objects increased,
but this did not enhance novel object preference in either group
of mice (Figs. 4B,C).

In summary, although x-irradiation produces an immediate
arrest of neuronal proliferation, the behavioral effect of x-irradia-
tion in the NOR paradigm has a delayed onset. The NOR behav-

ioral effect appears to depend on the gradual depletion of young
adult-generated neurons as a function of time after x-irradiation.

Cells Killed by X-Irradiation are Less Than
4-Weeks Old

To more precisely identify the age of the cells that were directly
ablated by hippocampal x-irradiation, mice were injected with
BrdU 6, 4, 2, or 1 week(s), or 1 day before the start of x-irradia-
tion (Fig. 5A). The mean number of BrdU1 cells was most greatly
reduced in x-irradiated mice injected with BrdU 1 day prior to
irradiation (7568% reduction in x-irradiated mice when com-
pared to sham mice; P < 0.01) (Fig. 5C). BrdU1 cell counts were
reduced to a lesser extent in mice injected with BrdU 1 or 2 weeks
prior to x-irradiation (47% 6 19% and 47% 6 7%, respectively;
Ps <0.05) (Fig. 5B), indicating that the ablation is not strictly lim-
ited to dividing cells. Finally, there was no reduction in BrdU1
cells in x-irradiated mice that were injected with BrdU at 4 weeks
(P5 0.75) and 6 weeks (P5 0.81) before x-irradiation, indicating
that cells 4 weeks and older are spared by x-irradiation. These
results indicate that cells 1 day old and younger are the most likely
to be killed by x-irradiation, but cells between 1- and 28-days old
are also killed by x-irradiation, thereby limiting the precision with
which the age of cells ablated by x-irradiation can be identified.

Aging is Associated With a Decline in
Hippocampal Neurogenesis and an Increase in
Novel Object Investigation

Neurogenesis rapidly declines with age in adults of numerous
species, including mice and rats (Seki and Arai, 1995; Kuhn

FIGURE 3. NOR performance is related to the length of time
after x-irradiation rather than the absolute age of the mouse. (A)
Schematic diagram of the experimental time-course. (B,C) X-irra-
diated and sham mice did not differ in general activity or investi-
gation (habituation) during exposures 1 through 4 [Fs(1,18) <
2.4, Ps >0.14]. Both groups of mice investigated the novel object
more than the constant object [F(1,22) 5 24.3, P < 0.001], and
there was no effect of the x-irradiation treatment [Fs(1,22) < 1].
Error bars represent 6 SEM.

FIGURE 4. Pre-exposure to the NOR arena fails to increase
novel object preference. (A) Schematic diagram of the experimental
time-course. Mice were pre-exposed to the arena before introduc-
tion of the objects. (B,C) Pre-exposure to the arena increased over-
all levels of object investigation in both groups of mice when a
novel object was introduced; however, both groups explored the
constant and novel object similarly (n 5 6–8 mice/group). Error
bars represent 6 SEM.
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The control mice in these NOR experiments showed only a modest preference for 

the novel object, which may be due to the weak exploratory drive of the 129SvEv mice. 

Since pre-exposure to the arena appears to greatly enhance novel object preference 

(Stefanko et al., 2009), and, as a result, is a common feature of NOR protocols, sham and 

x-irradiated mice were given pre-exposure to the arena before introduction to the objects 

(Figure 3.8A). When sham- and x-irradiated mice were given pre-exposure to the NOR 

arena, overall investigation of the objects increased, but this did not enhance novel object 

preference in either group of mice (Figures 3.8B,C).  

In summary, although x-irradiation produces an immediate arrest of neuronal 

proliferation, the behavioral effect of x-irradiation in the NOR paradigm has a delayed 

onset. The NOR behavioral effect appears to depend on the gradual depletion of young 

adult-generated neurons as a function of time after x-irradiation.  

 

Figure 3.8. Pre-exposure to the NOR arena fails to increase novel object preference. (A) Schematic 
diagram of the experimental time-course. Mice were pre-exposed to the arena before introduction of the 
objects. (B,C) Pre-exposure to the arena increased over- all levels of object investigation in both groups of 
mice when a novel object was introduced; however, both groups explored the constant and novel object 
similarly (n = 6–8 mice/group). Error bars represent + SEM.  
 

To confirm that the onset of the NOR phenotype was related
to the amount of time after x-irradiation and not to the absolute
age of the mice, we x-irradiated a group of mice at 15 weeks of
age and tested it in the NOR paradigm 2 weeks later (17 weeks
of age) (Fig. 3A). Performance was similar to that of the group
that was x-irradiated at 9 weeks of age and tested 2 weeks later.
In exposures 1 through 4, there was a significant effect of Expo-
sure on crossings [F(3,54) 5 121.5, P < 0.001] and overall
investigation [F(3,54) 5 28.6, P < 0.001] but no effect of Treat-
ment [Fs(1,18) < 2.4, Ps >0.14] or of the interaction [Fs(3,54)
< 1.6, Ps >0.20] (Figs. 3B,C). In exposure 5, both groups of
mice investigated the novel object more than the constant object
[F(1,22) 5 24.3, P < 0.001], but there was no effect of the x-
irradiation treatment [Fs(1,22) < 1] (Fig. 3C).

The control mice in these NOR experiments showed only a
modest preference for the novel object, which may be due to the
weak exploratory drive of the 129SvEv mice. Since pre-exposure
to the arena appears to greatly enhance novel object preference
(Stefanko et al., 2009), and, as a result, is a common feature of
NOR protocols, sham and x-irradiated mice were given
pre-exposure to the arena before introduction to the objects (Fig.
4A). When sham- and x-irradiated mice were given pre-exposure
to the NOR arena, overall investigation of the objects increased,
but this did not enhance novel object preference in either group
of mice (Figs. 4B,C).

In summary, although x-irradiation produces an immediate
arrest of neuronal proliferation, the behavioral effect of x-irradia-
tion in the NOR paradigm has a delayed onset. The NOR behav-

ioral effect appears to depend on the gradual depletion of young
adult-generated neurons as a function of time after x-irradiation.

Cells Killed by X-Irradiation are Less Than
4-Weeks Old

To more precisely identify the age of the cells that were directly
ablated by hippocampal x-irradiation, mice were injected with
BrdU 6, 4, 2, or 1 week(s), or 1 day before the start of x-irradia-
tion (Fig. 5A). The mean number of BrdU1 cells was most greatly
reduced in x-irradiated mice injected with BrdU 1 day prior to
irradiation (7568% reduction in x-irradiated mice when com-
pared to sham mice; P < 0.01) (Fig. 5C). BrdU1 cell counts were
reduced to a lesser extent in mice injected with BrdU 1 or 2 weeks
prior to x-irradiation (47% 6 19% and 47% 6 7%, respectively;
Ps <0.05) (Fig. 5B), indicating that the ablation is not strictly lim-
ited to dividing cells. Finally, there was no reduction in BrdU1
cells in x-irradiated mice that were injected with BrdU at 4 weeks
(P5 0.75) and 6 weeks (P5 0.81) before x-irradiation, indicating
that cells 4 weeks and older are spared by x-irradiation. These
results indicate that cells 1 day old and younger are the most likely
to be killed by x-irradiation, but cells between 1- and 28-days old
are also killed by x-irradiation, thereby limiting the precision with
which the age of cells ablated by x-irradiation can be identified.

Aging is Associated With a Decline in
Hippocampal Neurogenesis and an Increase in
Novel Object Investigation

Neurogenesis rapidly declines with age in adults of numerous
species, including mice and rats (Seki and Arai, 1995; Kuhn

FIGURE 3. NOR performance is related to the length of time
after x-irradiation rather than the absolute age of the mouse. (A)
Schematic diagram of the experimental time-course. (B,C) X-irra-
diated and sham mice did not differ in general activity or investi-
gation (habituation) during exposures 1 through 4 [Fs(1,18) <
2.4, Ps >0.14]. Both groups of mice investigated the novel object
more than the constant object [F(1,22) 5 24.3, P < 0.001], and
there was no effect of the x-irradiation treatment [Fs(1,22) < 1].
Error bars represent 6 SEM.

FIGURE 4. Pre-exposure to the NOR arena fails to increase
novel object preference. (A) Schematic diagram of the experimental
time-course. Mice were pre-exposed to the arena before introduc-
tion of the objects. (B,C) Pre-exposure to the arena increased over-
all levels of object investigation in both groups of mice when a
novel object was introduced; however, both groups explored the
constant and novel object similarly (n 5 6–8 mice/group). Error
bars represent 6 SEM.
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Cells Killed by X-Irradiation are Less Than 4-Weeks Old  
To more precisely identify the age of the cells that were directly ablated by hippocampal 

x-irradiation, mice were injected with BrdU 6, 4, 2, or 1 week(s), or 1 day before the start 

of x-irradiation (Figure 3.9A). The mean number of BrdU+ cells was most greatly 

reduced in x-irradiated mice injected with BrdU 1 day prior to irradiation (75+8% 

reduction in x-irradiated mice when compared to sham mice; P < 0.01) (Figure 3.9C). 

BrdU+ cell counts were reduced to a lesser extent in mice injected with BrdU 1 or 2 

weeks prior to x-irradiation (47% + 19% and 47% + 7%, respectively; Ps <0.05) (Figure 

3.9B), indicating that the ablation is not strictly limited to dividing cells. Finally, there 

was no reduction in BrdU+ cells in x-irradiated mice that were injected with BrdU at 4 

weeks (P = 0.75) and 6 weeks (P = 0.81) before x-irradiation, indicating that cells 4 

weeks and older are spared by x-irradiation. These results indicate that cells 1 day old and 

younger are the most likely to be killed by x-irradiation, but cells between 1- and 28-days 

old are also killed by x-irradiation, thereby limiting the precision with which the age of 

cells ablated by x-irradiation can be identified.  
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Figure 3.9. Hippocampal x-irradiation targets adult-born neurons 2-weeks old and younger. (A) Schematic 
diagram of the experimental BrdU injection protocol. (B) Representative images of the DG of sham and x-
irradiated mice injected with BrdU at 2 weeks before x-irradiation and processed for BrdU 
immunoreactivity. (C) Mean number BrdU+ cells expressed as percent of sham mice. Mean number of 
BrdU+ cells is significantly lower in x-irradiated mice when compared with sham mice at 2 weeks, 1 week, 
and 1 day before x-irradiation. *P < 0.05, **P < 0.01. Error bars represent + SEM. 
 

et al., 1996; Kempermann et al., 1998; Rao et al., 2005; Ben
Abdallah et al., 2010). Therefore, we conducted NOR in aged
mice, hypothesizing that the NOR phenotype should be pres-
ent in mice in which neurogenesis is naturally reduced by
aging. Mice were x-irradiated at 9 weeks of age and NOR was
performed 5 months later (Fig. 6A). Interestingly, while DCX
immunoreactivity is present in sham mice 6 weeks following
sham-irradiation, it is absent in sham mice 5 months following
sham-irradiation (Fig. 6B, Supporting Information Fig. 1).
DCX immunoreactivity is absent in x-irradiated mice at both
time points. There was no effect of Treatment on general activ-
ity (Fig. 6C) or on object investigation (Fig. 6D) [Fs (1,18) <
1]. In exposure 5, both sham and x-irradiated mice explored
the novel object more than the constant object [F(1,18) 5
34.9, P < 0.0001]; neither the effect of Treatment [F(1,18) <
1, P 5 0.9,957] nor the interaction effect [F(1,18) < 1, P 5
0.8027] reached significance. Performance in both groups was
similar to that of the x-irradiated mice at 6 and 8 weeks post
x-irradiation. These results are in accordance with our data sug-
gesting that the NOR behavioral effect appears after a deple-
tion of young adult-generated neurons. Here, the depletion
occurred as a function of age rather than as a function of time
after x-irradiation.

Genetic Arrest of Adult Neurogenesis Increases
Novel Object Investigation

To confirm that the NOR phenotype is related to the arrest
of adult neurogenesis rather than to some other effect of the
x-irradiation procedure, we assessed NOR performance in
GFAP-TK TG mice in which adult neurogenesis was
suppressed with ganciclovir (GCV) for 4 weeks.

GCV treatment for 4 weeks (Fig. 7A) did not alter body
weight in either WT or GFAP-TK TG mice (Fig. 7B). The
number of DCX1 neurons was significantly reduced in GFAP-
TK TG mice both at the termination of the GCV treatment
and 2 weeks later at the time of behavioral testing. (Ps <0.05)
(Figs. 7C,D), indicating that GCV had significantly reduced
neurogenesis. This observation suggests that neurogenesis was
arrested in GFAP-TK TG mice.

WT and GFAP-TK TG mice were given a 4-week GCV
treatment and then tested in the NOR procedure 2 weeks later
(Fig. 7A). NOR performance of GFAP-TK TG mice was simi-
lar to that of x-irradiated mice. There was no effect of genotype
on general activity (Fig. 7E) [F(1,44) 5 1.4, P 5 0.250] or on
object investigation (Fig. 7F) [F(1,44) 5 1.3, P 5 0.255] dur-
ing exposures 1–4, and the genotype 3 exposure interactions
were nonsignificant [Fs(3,132) < 1.1, Ps >0.38]. However, in
exposure 5, GFAP-TK TG mice explored the novel object
more than WT mice (Fig. 7F). Planned comparisons confirmed
that the GFAP-TK TG mice investigated the novel object more
than WT mice [t(44) 5 2.1, P 5 0.041], but the groups did
not differ in investigation of the constant object (P 5 0.453).
General activity in exposure 5 did not differ significantly by ge-
notype (P 5 0.098).

FIGURE 5. Hippocampal x-irradiation targets adult-born neu-
rons 2-weeks old and younger. (A) Schematic diagram of the ex-
perimental BrdU injection protocol. (B) Representative images of
the DG of sham and x-irradiated mice injected with BrdU at 2
weeks before x-irradiation and processed for BrdU immunoreactiv-
ity. (C) Mean number BrdU1 cells expressed as percent of sham
mice. Mean number of BrdU1 cells is significantly lower in x-irra-
diated mice when compared with sham mice at 2 weeks, 1 week,
and 1 day before x-irradiation. *P < 0.05, **P < 0.01. Error bars
represent 6 SEM. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Aging is Associated With a Decline in Hippocampal Neurogenesis and an Increase in 
Novel Object Investigation  
Neurogenesis rapidly declines with age in adults of numerous species, including mice and 

rats (Seki and Arai, 1995; Kuhn et al., 1996; Kempermann et al., 1998; Rao et al., 2005; 

Ben Abdallah et al., 2010). Therefore, we conducted NOR in aged mice, hypothesizing 

that the NOR phenotype should be present in mice in which neurogenesis is naturally 

reduced by aging. Mice were x-irradiated at 9 weeks of age and NOR was performed 5 

months later (Figure 3.10A). Interestingly, while DCX immunoreactivity is present in 

sham mice 6 weeks following sham-irradiation, it is absent in sham mice 5 months 

following sham-irradiation (Figure 3.7B). DCX immunoreactivity is absent in x-

irradiated mice at both time points. There was no effect of Treatment on general activity 

(Figure 3.10C) or on object investigation (Figure 3.10D) [Fs (1,18) < 1]. In exposure 5, 

both sham and x-irradiated mice explored the novel object more than the constant object 

[F(1,18) = 34.9, P < 0.0001]; neither the effect of Treatment [F(1,18) < 1, P = 0.9957] nor 

the interaction effect [F(1,18) < 1, P = 0.8027] reached significance. Performance in both 

groups was similar to that of the x-irradiated mice at 6 and 8 weeks post x-irradiation. 

These results are in accordance with our data suggesting that the NOR behavioral effect 

appears after a depletion of young adult-generated neurons. Here, the depletion occurred 

as a function of age rather than as a function of time after x-irradiation.  
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Figure 3.10. Aging is associated with a decline in hippocampal neurogenesis and an increase in novel 
object exploration. (A) Schematic diagram of the experimental time-course. (B) While DCX 
immunoreactivity is present in sham mice at 6 weeks post x-irradiation, DCX immunoreactivity is absent in 
sham mice at 5-months post x-irradiation. DCX immunoreactivity is also abolished in x- irradiated mice at 
6 weeks and 5 months post x-irradiation. (C,D) In exposures 1 through 5, x-irradiated and sham mice 
exhibited similar levels of general activity [F(1,18) < 1, P = 0.596] and investigation [F(1,18) < 1, P = 
0.39]. Both groups of mice investigated the novel object more than the constant object, and there was no 
effect of x-irradiation on investigation of either object. Error bars represent + SEM. 
 

Genetic Arrest of Adult Neurogenesis Increases Novel Object Investigation  
To confirm that the NOR phenotype is related to the arrest of adult neurogenesis rather 

than to some other effect of the x-irradiation procedure, we assessed NOR performance in 

GFAP-TK TG mice in which adult neurogenesis was suppressed with ganciclovir (GCV) 

for 4 weeks.  

GCV treatment for 4 weeks (Figure 3.11A) did not alter body weight in either WT 

or GFAP-TK TG mice (Figure 3.11B). The number of DCX+ neurons was significantly 

reduced in GFAP- TK TG mice both at the termination of the GCV treatment and 2 

Similar to the sham mice in the x-irradiation experiments,
WTmice investigated the novel and constant objects in approx-
imately equal amounts, suggesting that these mice failed to
detect the novel object. Therefore, we examined the latency to
the first bout of investigation for both objects in exposure 5, as
we did with sham and x-irradiated mice. WT and GFAP-TK
TG mice tended to investigate the novel object earlier than the
constant object (Fig. 7G). The latency data were subjected to a
2 (treatment) 3 2 (object) ANOVA, which yielded a significant
effect of object [F(1,30) 5 10.2, P 5 0.0033] but no effect of
Treatment [F(1,30) 5 0.03, P 5 0.87] or of the interaction
[F(1,30) 5 1.6, P 5 0.22]. We subjected the latency analysis
data to planned comparisons (paired t tests comparing the
latencies to the novel and constant objects). The analysis
showed that both WT and GFAP-TK TG mice approached the
novel object earlier than the constant object (Ps <0.045, one-
tailed). These data indicate that both WT and GFAP-TK TG
mice are capable of detecting the novel object.

The Effect of X-Irradiation on 1-Trial Contextual
Fear Conditioning Has a Delayed Onset

To assess the generality of the time-course of the NOR pheno-
type, we asked whether another hippocampal-dependent task
would reveal a similar cell-age at which adult-generated hippocam-
pal neurons influence learning. We used a one-trial contextual fear
conditioning (CFC) paradigm that has been previously shown by
our lab to be sensitive to the arrest of adult hippocampal neuro-
genesis (Drew et al., 2010).

The CFC procedure was conducted 2, 4, and 6 weeks after
x-irradiation in different groups of mice (Fig. 8A). At 2 and 4
weeks post x-irradiation (Fig. 8B), sham and x-irradiated mice
did not differ in their levels of (post-training) context-elicited
freezing [Fs(1,18) < 1]. At 6 weeks post x-irradiation, x-irradi-
ated mice exhibited significantly less context-elicited freezing
than did sham mice [F(1,32) 5 7.1, P 5 0.012].

To confirm that the onset of the CFC phenotype was related
to the amount of time after x-irradiation and not to the absolute
age of the mice, we x-irradiated a group of mice at 13 weeks of
age and tested it in the CFC paradigm 2 weeks later (15 weeks
of age) (Fig. 9A). Performance was similar to that of the group
that was x-irradiated at 9 weeks of age and tested 2 weeks later
(Fig. 8B). Sham and x-irradiated mice did not differ in their lev-
els of context-elicited freezing [F(1,27) < 1] (Fig. 9B).

GCV Treatment Impairs 1-Trial Contextual Fear
Conditioning in GFAP-TK TG Mice

To confirm that the CFC phenotype is related to the arrest
of adult neurogenesis rather than to some other effect of the x-
irradiation procedure, we assessed CFC performance in GFAP-
TK TG mice in which adult neurogenesis was suppressed with
GCV for 4 weeks.

WT and GFAP-TK TG mice were given a 4-week GCV
treatment and then tested in the CFC procedure 2 weeks later
(Fig. 10A). Fear conditioning was produced by placing a mouse
in the conditioning chamber and delivering one footshock at
180 or 360 s later. In the test of context-elicited fear 24 h fol-
lowing training, GFAP-TK TG mice exhibited significantly less
freezing than WT mice when the initial placement to shock
interval (PSI) was 180 s [F(1,66) 5 4.0, P 5 0.0498] (Fig.
10B). However, GFAP-TK TG mice exhibited similar levels of
freezing as WTmice when the initial PSI was 360 s [F(1,15) <
1, P 5 0.8682] (Fig. 10C). These data suggest that ablation-
induced deficit in single-trial CFC can be rescued by providing
increased exposure during the conditioning to the context.

DISCUSSION

This series of experiments yielded two main results: (1) mice
with arrested neurogenesis showed a surprising increase in the
exploration of a novel object relative to control mice, and (2)
this behavioral phenotype, as well as an impairment in contex-

FIGURE 6. Aging is associated with a decline in hippocampal
neurogenesis and an increase in novel object exploration. (A) Sche-
matic diagram of the experimental time-course. (B) While DCX
immunoreactivity is present in sham mice at 6 weeks post x-irradi-
ation, DCX immunoreactivity is absent in sham mice at 5-months
post x-irradiation. DCX immunoreactivity is also abolished in x-
irradiated mice at 6 weeks and 5 months post x-irradiation. (C,D)
In exposures 1 through 5, x-irradiated and sham mice exhibited
similar levels of general activity [F(1,18) < 1, P 5 0.596] and
investigation [F(1,18) < 1, P 5 0.39]. Both groups of mice investi-
gated the novel object more than the constant object, and there
was no effect of x-irradiation on investigation of either object.
Error bars represent 6 SEM.
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weeks later at the time of behavioral testing. (Ps <0.05) (Figures 3.11C,D), indicating that 

GCV had significantly reduced neurogenesis. This observation suggests that neurogenesis 

was arrested in GFAP-TK TG mice.  

WT and GFAP-TK TG mice were given a 4-week GCV treatment and then tested 

in the NOR procedure 2 weeks later (Figure 3.11A). NOR performance of GFAP-TK TG 

mice was similar to that of x-irradiated mice. There was no effect of genotype on general 

activity (Figure 3.11E) [F(1,44) = 1.4, P = 0.250] or on object investigation (Figure 

3.11F) [F(1,44) = 1.3, P = 0.255] during exposures 1–4, and the genotype X exposure 

interactions were nonsignificant [Fs(3,132) < 1.1, Ps >0.38]. However, in exposure 5, 

GFAP-TK TG mice explored the novel object more than WT mice (Figure 3.11F). 

Planned comparisons confirmed that the GFAP-TK TG mice investigated the novel 

object more than WT mice [t(44) = 2.1, P = 0.041], but the groups did not differ in 

investigation of the constant object (P = 0.453). General activity in exposure 5 did not 

differ significantly by genotype (P = 0.098).  

Similar to the sham mice in the x-irradiation experiments, WT mice investigated 

the novel and constant objects in approximately equal amounts, suggesting that these 

mice failed to detect the novel object. Therefore, we examined the latency to the first 

bout of investigation for both objects in exposure 5, as we did with sham and x-irradiated 

mice. WT and GFAP-TK TG mice tended to investigate the novel object earlier than the 

constant object (Figure 3.11G). The latency data were subjected to a 2 (treatment) X 2 

(object) ANOVA, which yielded a significant effect of object [F(1,30) = 10.2, P = 

0.0033] but no effect of Treatment [F(1,30) = 0.03, P = 0.87] or of the interaction 

[F(1,30) = 1.6, P = 0.22]. We subjected the latency analysis data to planned comparisons 
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(paired t tests comparing the latencies to the novel and constant objects). The analysis 

showed that both WT and GFAP-TK TG mice approached the novel object earlier than 

the constant object (Ps <0.045, one- tailed). These data indicate that both WT and GFAP-

TK TG mice are capable of detecting the novel object.  

 

 

Figure 3.11. GCV treatment increases novel object exploration in GFAP-TK TG mice. (A) Schematic 
diagram of the experimental time-course. Mice were treated with GCV for 28 days and then were tested in 
the NOR paradigm 2 weeks later. (B) GCV treatment did not induce body weight loss as indicated by 
comparable body weights between GFAP-TK TG and WT mice before and after GCV treatment. (C) 
DCX+ young neurons were significantly reduced in GFAP-TK TG mice treated with GCV when compared 
with WT mice, indicating that GCV had significantly reduced neurogenesis. (D) Representative images of 
the DG processed for DCX immunoreactivity. (E,F) During exposures 1 through 4, WT and GFAP-TK TG 

tual fear conditioning (CFC), did not manifest until 4–6 weeks
after the arrest of neurogenesis. Both behavioral phenotypes
were produced by two independent methods of arresting neuro-
genesis, suggesting that both phenotypes are due to the arrest
of neurogenesis, not side effects of the manipulations. More-
over, increased novel object exploration was also observed in
older mice that exhibited a marked reduction in neurogenesis
relative to young mice. These data suggest the arrest of adult

hippocampal neurogenesis alters novel object recognition
(NOR) and CFC specifically because of the loss of 4- to 6-
week old neurons (Fig. 11).

Immature, adult-generated granule cells have unique proper-
ties relative to mature granule cells. A recent study has found
that cells between 1 and 3 weeks of age showed excitatory
GABAergic responses, but that their GABA response changes
from excitatory to inhibitory after about 3 weeks of age (Ge

FIGURE 7. GCV treatment increases novel object exploration
in GFAP-TK TG mice. (A) Schematic diagram of the experimental
time-course. Mice were treated with GCV for 28 days and then
were tested in the NOR paradigm 2 weeks later. (B) GCV treat-
ment did not induce body weight loss as indicated by comparable
body weights between GFAP-TK TG and WT mice before and af-
ter GCV treatment. (C) DCX1 young neurons were significantly
reduced in GFAP-TK TG mice treated with GCV when compared
with WT mice, indicating that GCV had significantly reduced neu-
rogenesis. (D) Representative images of the DG processed for
DCX immunoreactivity. (E,F) During exposures 1 through 4, WT

and GFAP-TK TG mice exhibited similar levels of general activity
[F(1,44) 5 1.4, P 5 0.25] and investigation [F(1,44) 5 1.3, P 5
0.255]. In exposure 5, GFAP-TK TG mice explored the novel
object more than WT mice [t(44) 5 2.1, P 5 0.041], but the
groups did not differ in investigation of the constant object (P 5
0.453). (G) The latency to the novel object was shorter than that
to the constant object for both groups of mice (P < 0.01). There
was no effect of genotype on the latency to either object (P 5
0.87). *P < 0.05. **P < 0.01. Error bars represent 6 SEM. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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mice exhibited similar levels of general activity [F(1,44) = 1.4, P = 0.25] and investigation [F(1,44) = 1.3, P 
= 0.255]. In exposure 5, GFAP-TK TG mice explored the novel object more than WT mice [t(44) = 2.1, P 
= 0.041], but the groups did not differ in investigation of the constant object (P = 0.453). (G) The latency to 
the novel object was shorter than that to the constant object for both groups of mice (P < 0.01). There was 
no effect of genotype on the latency to either object (P = 0.87). *P < 0.05. **P < 0.01. Error bars represent 
+ SEM.  
 

The Effect of X-Irradiation on 1-Trial Contextual Fear Conditioning Has a Delayed 
Onset  
To assess the generality of the time-course of the NOR phenotype, we asked whether 

another hippocampal-dependent task would reveal a similar cell-age at which adult-

generated hippocampal neurons influence learning. We used a one-trial contextual fear 

conditioning (CFC) paradigm that has been previously shown by our lab to be sensitive to 

the arrest of adult hippocampal neurogenesis (Drew et al., 2010).  

The CFC procedure was conducted 2, 4, and 6 weeks after x-irradiation in 

different groups of mice (Figure 3.12A). At 2 and 4 weeks post x-irradiation (Figure 

3.12B), sham and x-irradiated mice did not differ in their levels of (post-training) 

context-elicited freezing [Fs(1,18) < 1]. At 6 weeks post x-irradiation, x-irradiated mice 

exhibited significantly less context-elicited freezing than did sham mice [F(1,32) = 7.1, P 

= 0.012].  
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Figure 3.12. The effect of x-irradiation of one-trial contextual fear conditioning has a delayed onset. (A) Schematic 
diagram of the experimental time-course. Mice were fear conditioned 2, 4, or 6 weeks after x-irradiation. Contextual 
fear conditioning was produced by placing a mouse in the conditioning chamber and delivering one footshock 180 s 
later. Mice were returned to the conditioning chamber 24 h later to assess for context-elicited freezing. (B) Context-
elicited freezing was significantly reduced in x-irradiated mice when compared with sham mice at 6 weeks following x- 
irradiation [F(1,32) = 7.1, P = 0.0119] but not at 2 or 4 weeks following x-irradiation [Fs(1,18) < 1]. *P < 0.05. Error 
bars represent + SEM.  
 

To confirm that the onset of the CFC phenotype was related to the amount of time 

after x-irradiation and not to the absolute age of the mice, we x-irradiated a group of mice 

at 13 weeks of age and tested it in the CFC paradigm 2 weeks later (15 weeks of age) 

et al., 2006). However, it appears that young neurons older
than 3 weeks of age are still less sensitive to GABA than their
more mature counterparts (Ge et al., 2008). Several studies
have identified a second developmental window between 4- to
6- weeks old after mitosis during which neurons exhibit
enhanced synaptic plasticity, evidenced by increased long-term
potentiation (LTP) amplitude, decreased LTP induction thresh-
old, and increased immediate-early gene expression during be-

havioral tasks (Ge et al., 2007; Kee et al., 2007). This is the
time window during which these young neurons express
NR2B-containing NMDA receptors at high levels, a character-
istic thought to contribute to enhanced plasticity (Ge et al.,
2007). Our results provide evidence that immature neurons in
the 4- to 6-week old range modulate information processing
and suggest, therefore, that the unique properties of immature
neurons may be critical for mediating NOR and CFC
performance.

Our birthdating experiment (Fig. 5) reveals some impreci-
sion in the use of x-irradiation to estimate cell ages. Although
the prepotent effect of x-irradiation is the killing of cells 1-day
old and younger, x-irradiation kills some cells older than 1 day.
Thus, from the x-irradiation experiments alone, it is conceiva-
ble that the elimination of cells older than 6 weeks contributes
to the NOR and CFC effects. However, the additional infor-
mation provided by our GFAP-TK experiments argues against
a role for these older cells. In GFAP-TK transgenic (TG) mice,
ganciclovir (GCV) halts neuronal proliferation but does not
kill quiescent cells such as neurons (Garcia et al., 2004). The
presence of behavioral effects 6 weeks after the onset of GCV
treatment indicates that the elimination of cells 6 weeks old or
younger is sufficient to produce our behavioral effects. How-
ever, it is also possible that the behavioral delay reflects the
gradual increase in the total number of missing neurons until a
threshold is reached. Another possibility we cannot exclude is
that compensating changes in mature granule cells contribute
to the observed phenotype.

In contrast to numerous other studies, control mice in our
experiments showed only a modest preference for the novel
object. There are two likely explanations for this peculiar find-

FIGURE 8. The effect of x-irradiation on one-trial contextual
fear conditioning has a delayed onset. (A) Schematic diagram of
the experimental time-course. Mice were fear conditioned 2, 4, or
6 weeks after x-irradiation. Contextual fear conditioning was pro-
duced by placing a mouse in the conditioning chamber and deliv-
ering one footshock 180 s later. Mice were returned to the condi-
tioning chamber 24 h later to assess for context-elicited freezing.
(B) Context-elicited freezing was significantly reduced in x-irradi-
ated mice when compared with sham mice at 6 weeks following x-
irradiation [F(1,32) 5 7.1, P 5 0.0119] but not at 2 or 4 weeks
following x-irradiation [Fs(1,18) < 1]. *P < 0.05. Error bars repre-
sent 6 SEM.

FIGURE 9. One-trial contextual fear conditioning perform-
ance is related to the length of time after x-irradiation rather than
the absolute age of the mouse. (A) Schematic diagram of the ex-
perimental time course. Mice were x-irradiated at 13 weeks of age
and then fear conditioned 2 weeks later. (B) X-irradiated and
sham mice did not differ in the test of context-elicited fear con-
ducted 24 h following fear conditioning [F(1,27) < 1, P 5 0.77].
Error bars represent 6 SEM.
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(Figure 3.13A). Performance was similar to that of the group that was x-irradiated at 9 

weeks of age and tested 2 weeks later (Figure 3.12B). Sham and x-irradiated mice did not 

differ in their levels of context-elicited freezing [F(1,27) < 1] (Figure 3.13B).  

 

Figure 3.13. One-trial contextual fear conditioning performance is related to the length of time after x-
irradiation rather than the absolute age of the mouse. (A) Schematic diagram of the experimental time 
course. Mice were x-irradiated at 13 weeks of age and then fear conditioned 2 weeks later. (B) X-irradiated 
and sham mice did not differ in the test of context-elicited fear con- ducted 24 h following fear 
conditioning [F(1,27) < 1, P = 0.77]. Error bars represent + SEM.  
 

GCV Treatment Impairs 1-Trial Contextual Fear Conditioning in GFAP-TK TG Mice  
To confirm that the CFC phenotype is related to the arrest of adult neurogenesis rather 

than to some other effect of the x- irradiation procedure, we assessed CFC performance 

in GFAP- TK TG mice in which adult neurogenesis was suppressed with GCV for 4 

weeks.  

WT and GFAP-TK TG mice were given a 4-week GCV treatment and then tested 

in the CFC procedure 2 weeks later (Figure 3.14A). Fear conditioning was produced by 

placing a mouse in the conditioning chamber and delivering one footshock at 180 or 360 

s later. In the test of context-elicited fear 24 h following training, GFAP-TK TG mice 

exhibited significantly less freezing than WT mice when the initial placement to shock 

et al., 2006). However, it appears that young neurons older
than 3 weeks of age are still less sensitive to GABA than their
more mature counterparts (Ge et al., 2008). Several studies
have identified a second developmental window between 4- to
6- weeks old after mitosis during which neurons exhibit
enhanced synaptic plasticity, evidenced by increased long-term
potentiation (LTP) amplitude, decreased LTP induction thresh-
old, and increased immediate-early gene expression during be-

havioral tasks (Ge et al., 2007; Kee et al., 2007). This is the
time window during which these young neurons express
NR2B-containing NMDA receptors at high levels, a character-
istic thought to contribute to enhanced plasticity (Ge et al.,
2007). Our results provide evidence that immature neurons in
the 4- to 6-week old range modulate information processing
and suggest, therefore, that the unique properties of immature
neurons may be critical for mediating NOR and CFC
performance.

Our birthdating experiment (Fig. 5) reveals some impreci-
sion in the use of x-irradiation to estimate cell ages. Although
the prepotent effect of x-irradiation is the killing of cells 1-day
old and younger, x-irradiation kills some cells older than 1 day.
Thus, from the x-irradiation experiments alone, it is conceiva-
ble that the elimination of cells older than 6 weeks contributes
to the NOR and CFC effects. However, the additional infor-
mation provided by our GFAP-TK experiments argues against
a role for these older cells. In GFAP-TK transgenic (TG) mice,
ganciclovir (GCV) halts neuronal proliferation but does not
kill quiescent cells such as neurons (Garcia et al., 2004). The
presence of behavioral effects 6 weeks after the onset of GCV
treatment indicates that the elimination of cells 6 weeks old or
younger is sufficient to produce our behavioral effects. How-
ever, it is also possible that the behavioral delay reflects the
gradual increase in the total number of missing neurons until a
threshold is reached. Another possibility we cannot exclude is
that compensating changes in mature granule cells contribute
to the observed phenotype.

In contrast to numerous other studies, control mice in our
experiments showed only a modest preference for the novel
object. There are two likely explanations for this peculiar find-

FIGURE 8. The effect of x-irradiation on one-trial contextual
fear conditioning has a delayed onset. (A) Schematic diagram of
the experimental time-course. Mice were fear conditioned 2, 4, or
6 weeks after x-irradiation. Contextual fear conditioning was pro-
duced by placing a mouse in the conditioning chamber and deliv-
ering one footshock 180 s later. Mice were returned to the condi-
tioning chamber 24 h later to assess for context-elicited freezing.
(B) Context-elicited freezing was significantly reduced in x-irradi-
ated mice when compared with sham mice at 6 weeks following x-
irradiation [F(1,32) 5 7.1, P 5 0.0119] but not at 2 or 4 weeks
following x-irradiation [Fs(1,18) < 1]. *P < 0.05. Error bars repre-
sent 6 SEM.

FIGURE 9. One-trial contextual fear conditioning perform-
ance is related to the length of time after x-irradiation rather than
the absolute age of the mouse. (A) Schematic diagram of the ex-
perimental time course. Mice were x-irradiated at 13 weeks of age
and then fear conditioned 2 weeks later. (B) X-irradiated and
sham mice did not differ in the test of context-elicited fear con-
ducted 24 h following fear conditioning [F(1,27) < 1, P 5 0.77].
Error bars represent 6 SEM.

10 DENNY ET AL.

Hippocampus



!

 

78 

interval (PSI) was 180 s [F(1,66) = 4.0, P = 0.0498] (Figure 3.14B). However, GFAP-TK 

TG mice exhibited similar levels of freezing as WT mice when the initial PSI was 360 s 

[F(1,15) < 1, P = 0.8682] (Figure 3.14C). These data suggest that ablation- induced 

deficit in single-trial CFC can be rescued by providing increased exposure during the 

conditioning to the context.  

 

Figure 3.14. GCV treatment impairs one-trial contextual fear conditioning in GFAP-TK TG mice. (A) 
Schematic diagram of the experimental time-course. GFAP-TK TG and WT mice were treated with GCV 
for 4 weeks and then fear conditioned 2 weeks later. Con- textual fear conditioning was produced by 
placing a mouse in the conditioning chamber and delivering one footshock at 180 s or at 360 s later. In the 
test of context-elicited fear 24 h following training, GFAP-TK TG mice exhibited significantly less 
freezing than WT mice when the placement to shock interval (PSI) was 180 s (B) [F(1,66) = 4.0, P = 
0.0498]. However, when the PSI was 360 s (C), GFAP-TK TG and WT mice exhibited similar levels of 
freezing in the test of context-elicited fear conducted 24 h following training [F(1,15) < 1, P = 0.8,682]. *P 
< 0.05. Error bars represent + SEM.  
 

ing. First, while the majority of other studies used C57Bl/6J
mice, our experiments mainly used 129SvEv/Tac mice, which
have a significantly weaker exploratory drive (Smith et al.,
2009). However, when our NOR paradigm is administered to
C57Bl/6J mice, we do not detect an impact of ablation of hip-
pocampal neurogenesis, possibly because these mice never fully
cease investigation and exploring during the habituation expo-
sures (Supporting Information Fig. 2). Therefore, in a strain
exhibiting high exploration, we do not observe a further
increase in NOR investigation after ablation of hippocampal
neurogenesis. Second, in the majority of our experiments, mice
were not given pre-exposure to the NOR arena. In mice, pre-
exposure appears to greatly enhance novel object preference
(Stefanko et al., 2009), and, as a result, this is a common fea-
ture of NOR protocols. However, when sham- and x-irradiated
mice were given pre-exposure to our NOR arena, overall inves-
tigation of the objects increased, but this did not enhance novel
object preference in our 129SvEv strain. Irrespective of the
underlying cause, the low level of preference exhibited by our
control mice was advantageous because it maximized the ability
to detect an increase in the treatment groups.

The importance of the hippocampus (HPC) in object recog-
nition processes has been debated. Many studies have focused
on the importance of parahippocampal regions of the temporal
lobe, namely the perirhinal cortex (PRC) (Murray et al., 2000;
Gilbert and Kesner, 2003). Lesions of the PRC disrupt object
recognition memory (Aggleton et al., 1997; Bussey et al.,
1999; Liu and Bilkey, 2001; Warburton et al., 2003; Winters
et al., 2004; Winters and Bussey, 2005), whereas hippocampal
lesions sometimes impair object recognition (Murray and Mis-
hkin, 1998; Mumby et al., 1999; Baxter and Murray, 2001;
Mumby, 2001; Zola and Squire, 2001) and sometimes do not

FIGURE 10. GCV treatment impairs one-trial contextual fear
conditioning in GFAP-TK TG mice. (A) Schematic diagram of the
experimental time-course. GFAP-TK TG and WT mice were treated
with GCV for 4 weeks and then fear conditioned 2 weeks later. Con-
textual fear conditioning was produced by placing a mouse in the
conditioning chamber and delivering one footshock at 180 s or at
360 s later. In the test of context-elicited fear 24 h following train-
ing, GFAP-TK TG mice exhibited significantly less freezing than
WTmice when the placement to shock interval (PSI) was 180 s (B)
[F(1,66) 5 4.0, P 5 0.0498]. However, when the PSI was 360 s (C),
GFAP-TK TG and WT mice exhibited similar levels of freezing in
the test of context-elicited fear conducted 24 h following training
[F(1,15) < 1, P 5 0.8,682]. *P < 0.05. Error bars represent6 SEM.

FIGURE 11. A schematic summary of neuronal differentiation
in the DG. Cells aged 4- to 6-weeks old modulate NOR and CFC
performance. At this time point, adult-born neurons have unique
features that enhance plasticity, such as elevated expression of

NR2B-containing NMDA receptors (Ge et al., 2007). NR2B-con-
taining NMDA receptors are denoted as red and black subunits.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Discussion  
This series of experiments yielded two main results: (1) mice with arrested neurogenesis 

showed a surprising increase in the exploration of a novel object relative to control mice, 

and (2) this behavioral phenotype, as well as an impairment in contextual fear 

conditioning (CFC), did not manifest until 4–6 weeks after the arrest of neurogenesis. 

Both behavioral phenotypes were produced by two independent methods of arresting 

neurogenesis, suggesting that both phenotypes are due to the arrest of neurogenesis, not 

side effects of the manipulations. Moreover, increased novel object exploration was also 

observed in older mice that exhibited a marked reduction in neurogenesis relative to 

young mice. These data suggest the arrest of adult hippocampal neurogenesis alters novel 

object recognition (NOR) and CFC specifically because of the loss of 4- to 6- week old 

neurons (Figure 3.15).  

 

Figure 3.15. A schematic summary of neuronal differentiation in the DG. Cells aged 4- to 6-weeks old 
modulate NOR and CFC performance. At this time point, adult-born neurons have unique features that 
enhance plasticity, such as elevated expression of NR2B-containing NMDA receptors (Ge et al., 2007). 
NR2B-containing NMDA receptors are denoted as red and black subunits.  
 

ing. First, while the majority of other studies used C57Bl/6J
mice, our experiments mainly used 129SvEv/Tac mice, which
have a significantly weaker exploratory drive (Smith et al.,
2009). However, when our NOR paradigm is administered to
C57Bl/6J mice, we do not detect an impact of ablation of hip-
pocampal neurogenesis, possibly because these mice never fully
cease investigation and exploring during the habituation expo-
sures (Supporting Information Fig. 2). Therefore, in a strain
exhibiting high exploration, we do not observe a further
increase in NOR investigation after ablation of hippocampal
neurogenesis. Second, in the majority of our experiments, mice
were not given pre-exposure to the NOR arena. In mice, pre-
exposure appears to greatly enhance novel object preference
(Stefanko et al., 2009), and, as a result, this is a common fea-
ture of NOR protocols. However, when sham- and x-irradiated
mice were given pre-exposure to our NOR arena, overall inves-
tigation of the objects increased, but this did not enhance novel
object preference in our 129SvEv strain. Irrespective of the
underlying cause, the low level of preference exhibited by our
control mice was advantageous because it maximized the ability
to detect an increase in the treatment groups.

The importance of the hippocampus (HPC) in object recog-
nition processes has been debated. Many studies have focused
on the importance of parahippocampal regions of the temporal
lobe, namely the perirhinal cortex (PRC) (Murray et al., 2000;
Gilbert and Kesner, 2003). Lesions of the PRC disrupt object
recognition memory (Aggleton et al., 1997; Bussey et al.,
1999; Liu and Bilkey, 2001; Warburton et al., 2003; Winters
et al., 2004; Winters and Bussey, 2005), whereas hippocampal
lesions sometimes impair object recognition (Murray and Mis-
hkin, 1998; Mumby et al., 1999; Baxter and Murray, 2001;
Mumby, 2001; Zola and Squire, 2001) and sometimes do not

FIGURE 10. GCV treatment impairs one-trial contextual fear
conditioning in GFAP-TK TG mice. (A) Schematic diagram of the
experimental time-course. GFAP-TK TG and WT mice were treated
with GCV for 4 weeks and then fear conditioned 2 weeks later. Con-
textual fear conditioning was produced by placing a mouse in the
conditioning chamber and delivering one footshock at 180 s or at
360 s later. In the test of context-elicited fear 24 h following train-
ing, GFAP-TK TG mice exhibited significantly less freezing than
WTmice when the placement to shock interval (PSI) was 180 s (B)
[F(1,66) 5 4.0, P 5 0.0498]. However, when the PSI was 360 s (C),
GFAP-TK TG and WT mice exhibited similar levels of freezing in
the test of context-elicited fear conducted 24 h following training
[F(1,15) < 1, P 5 0.8,682]. *P < 0.05. Error bars represent6 SEM.

FIGURE 11. A schematic summary of neuronal differentiation
in the DG. Cells aged 4- to 6-weeks old modulate NOR and CFC
performance. At this time point, adult-born neurons have unique
features that enhance plasticity, such as elevated expression of

NR2B-containing NMDA receptors (Ge et al., 2007). NR2B-con-
taining NMDA receptors are denoted as red and black subunits.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Immature, adult-generated granule cells have unique properties relative to mature 

granule cells. A recent study has found that cells between 1 and 3 weeks of age showed 

excitatory GABAergic responses, but that their GABA response changes from excitatory 

to inhibitory after about 3 weeks of age (Ge et al., 2006). However, it appears that young 

neurons older than 3 weeks of age are still less sensitive to GABA than their more mature 

counterparts (Ge et al., 2008). Several studies have identified a second developmental 

window between 4- to 6- weeks old after mitosis during which neurons exhibit enhanced 

synaptic plasticity, evidenced by increased long-term potentiation (LTP) amplitude, 

decreased LTP induction threshold, and increased immediate-early gene expression 

during behavioral tasks (Ge et al., 2007; Kee et al., 2007). This is the time window during 

which these young neurons express NR2B-containing NMDA receptors at high levels, a 

characteristic thought to contribute to enhanced plasticity (Ge et al., 2007). Our results 

provide evidence that immature neurons in the 4- to 6-week old range modulate 

information processing and suggest, therefore, that the unique properties of immature 

neurons may be critical for mediating NOR and CFC performance.  

Our birthdating experiment (Figure 3.9) reveals some imprecision in the use of x-

irradiation to estimate cell ages. Although the prepotent effect of x-irradiation is the 

killing of cells 1-day old and younger, x-irradiation kills some cells older than 1 day. 

Thus, from the x-irradiation experiments alone, it is conceivable that the elimination of 

cells older than 6 weeks contributes to the NOR and CFC effects. However, the 

additional information provided by our GFAP-TK experiments argues against a role for 

these older cells. In GFAP-TK transgenic (TG) mice, ganciclovir (GCV) halts neuronal 

proliferation but does not kill quiescent cells such as neurons (Garcia et al., 2004). The 
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presence of behavioral effects 6 weeks after the onset of GCV treatment indicates that the 

elimination of cells 6 weeks old or younger is sufficient to produce our behavioral 

effects. However, it is also possible that the behavioral delay reflects the gradual increase 

in the total number of missing neurons until a threshold is reached. Another possibility 

we cannot exclude is that compensating changes in mature granule cells contribute to the 

observed phenotype.  

In contrast to numerous other studies, control mice in our experiments showed 

only a modest preference for the novel object. There are two likely explanations for this 

peculiar finding. First, while the majority of other studies used C57Bl/6J mice, our 

experiments mainly used 129SvEv/Tac mice, which have a significantly weaker 

exploratory drive (Smith et al., 2009). However, when our NOR paradigm is 

administered to C57Bl/6J mice, we do not detect an impact of ablation of hippocampal 

neurogenesis, possibly because these mice never fully cease investigation and exploring 

during the habituation exposures (Figure 3.16). Therefore, in a strain exhibiting high 

exploration, we do not observe a further increase in NOR investigation after ablation of 

hippocampal neurogenesis. Second, in the majority of our experiments, mice were not 

given pre-exposure to the NOR arena. In mice, pre-exposure appears to greatly enhance 

novel object preference (Stefanko et al., 2009), and, as a result, this is a common feature 

of NOR protocols. However, when sham- and x-irradiated mice were given pre-exposure 

to our NOR arena, overall investigation of the objects increased, but this did not enhance 

novel object preference in our 129SvEv strain. Irrespective of the underlying cause, the 

low level of preference exhibited by our control mice was advantageous because it 

maximized the ability to detect an increase in the treatment groups.  
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Figure 3.16. Arrest of hippocampal neurogenesis in C57Bl/6J mice does not alter novel object 
investigation. (A) Schematic diagram of the experimental time-course. (B-C) X- irradiated and sham mice 
did not differ in general activity or investigation (habituation). Both groups of mice investigated the novel 
object more than the constant and there was no effect of the x-irradiation treatment (n = 5 mice / group). 
(D) Schematic diagram of the experimental time course for the GCV treatment. Mice were implanted with 
two 28 d GCV pumps and the NOR paradigm was administered following 8 wk of GCV treatment. (E) WT 
and GFAP-TK TG mice investigated the novel object more than the constant object, and there was no 
effect of the GCV treatment. Error bars represent + SEM.  
 

The importance of the hippocampus (HPC) in object recognition processes has 

been debated. Many studies have focused on the importance of parahippocampal regions 

of the temporal lobe, namely the perirhinal cortex (PRC) (Murray et al., 2000; Gilbert 

and Kesner, 2003). Lesions of the PRC disrupt object recognition memory (Aggleton et 
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al., 1997; Bussey et al., 1999; Liu and Bilkey, 2001; Warburton et al., 2003; Winters et 

al., 2004; Winters and Bussey, 2005), whereas hippocampal lesions sometimes impair 

object recognition (Murray and Mishkin, 1998; Mumby et al., 1999; Baxter and Murray, 

2001; Mumby, 2001; Zola and Squire, 2001) and sometimes do not (Cave and Squire, 

1991; Vnek and Rothblat, 1996; Reed and Squire, 1997; Beason-Held et al., 1999; Clark 

et al., 2000; Gaskin et al., 2003). It has been suggested that NOR paradigms taking place 

within a complex spatial environment may be more sensitive to hippocampal lesions than 

NOR paradigms taking place in an impoverished environment (Winters et al., 2004). In 

the complex environment, the HPC may generate holistic or conjunctive memory 

representations of the objects within their larger context, whereas in the impoverished 

environment, the PRC may be sufficient to represent objects independently of context. 

Our NOR paradigm is sensitive to hippocampal manipulations possibly because the 

apparatus offered visual access to the complex extra-maze environmental cues.  

It is conceivable that the arrest of neurogenesis increases novel object 

investigation because it alters the balance between hippocampal- and PRC-mediated 

information processing. The impairment in CFC after x-irradiation or transgenic arrest of 

neurogenesis adds to the growing body of evidence that the arrest of adult hippocampal 

neurogenesis impairs aspects of spatial and/or contextual processing (Shors et al., 2002; 

Saxe et al., 2006; Drew et al., 2010). Because the HPC often competes with other 

memory systems for dominance (Poldrack and Packard, 2003), the impairment in 

hippocampal processing caused by the arrest of neurogenesis may increase reliance on 

extra-hippocampal processing resources, such as the PRC. Increased reliance on the 

PRC’s object-centered encoding may, in turn, render mice more sensitive to object 
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novelty. Indeed, recent evidence shows that hippocampal activity can interfere with 

object memory in NOR. Oliveira et al. (2010) found that deactivating the HPC after NOR 

training improved subsequent NOR performance. Interestingly, this improvement was 

only present in mice that did not receive pre-exposure to the NOR environment (like our 

mice), perhaps because the pre-exposure reduced the amount of hippocampal context 

processing occurring at the time of object encoding and/or consolidation. The increased 

novel object investigation in our neurogenesis-arrested mice may thus stem from an 

impairment in hippocampal context encoding, which reduces contextual interference with 

object processing. The notion of decreased interference is something we already observed 

in a working memory paradigm where mice without neurogenesis were performing better 

than controls (Saxe et al., 2007).  

An alternate view is that the increased novel object exploration represents an 

impairment in acquisition efficiency. The cessation of object investigation is presumably 

controlled, at least in part, by the satiation of object encoding processes. If so, then a 

slowing of encoding processes would increase the duration of object investigation. There 

is evidence that DG manipulations can alter the rate of hippocampal encoding processes. 

It was recently shown that overexpression of the gene NCS-1 in the DG is sufficient to 

speed acquisition in the NOR paradigm (Saab et al., 2009). In rodents, the rate of 

acquisition of the trace eyeblink conditioning is positively correlated with the amount of 

hippocampal neurogenesis (Leuner et al., 2004). We have recently shown that single but 

not multiple-trial CFC is impaired in neurogenesis-arrested mice, suggesting that 

hippocampal neurogenesis is necessary for the rapid acquisition of one-trial CFC but is 

not necessary for the more gradual acquisition that takes place with multiple-trial CFC 
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(Drew et al., 2010). Furthermore, our current CFC data suggest that neurogenesis-

arrested mice are impaired in single-trial CFC when the training interval is short but 

perform as well as WT mice if exposure to the training context is sufficiently long. The 

increased novel object investigation in neurogenesis- arrested mice may therefore reflect 

a slowing of memory encoding rather than an enhancement of NOR.  

In summary, our studies demonstrate that the arrest of neurogenesis increases the 

response to novel objects and impairs CFC, and that both of these effects depend on the 

elimination of 4- to 6-week old adult-born hippocampal neurons. Adult-born 

hippocampal neurons of this age may participate in these behavioral processes through 

their engagement in context learning (thereby modulating the balance between context 

and object processing) or by facilitating rapid memory acquisition. We further 

hypothesize that the enhanced plasticity of these young neurons is critical for their 

contribution to these behavioral processes.  
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Chapter 4 

Reactivation in CA3 predicts the strength of a memory and is modulated by adult 

hippocampal neurogenesis 
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The hippocampal circuit has been shown to be essential for episodic and 

contextual memory formation, storage, and retrieval.  Many models have stressed the 

importance of the hippocampus (HPC) subregions in distinguishing similar patterns 

(pattern separation) and in completing partial patterns (pattern completion) (Marr 1971; 

O’Reilly and McClelland 1994; Treves and Rolls 1992).  It has been suggested that the 

DG orthogonalizes information to disambiguate similar patterns via sparse, strong mossy 

fiber projections from the granule cells to CA3.  In contrast, because of their abundant 

recurrent collaterals, pyramidal cells of CA3 have been proposed to be involved in 

pattern completion (Treves and Rolls 1992). 

Neurogenesis, a process in which new neurons are continuously generated and 

integrate within circuits in adulthood, occurs in the subgranular zone (SGZ) of the DG 

and in the subventricular zone (SVZ) of the olfactory bulb.  In the DG, these adult-born 

hippocampal neurons functionally integrate into the hippocampal circuit, are activated in 

situations of HPC-dependent learning, and exhibit heightened synaptic plasticity (Wang  

2008; Ge et al., 2006; Kee et al., 2007).   A variety of studies have assessed the influence 

of adult hippocampal neurogenesis on behavior by utilizing loss-of-function models (e.g. 

irradiation or genetic models) (David et al., 2009; Deng et al., 2009; Denny et al., 2011; 

Drew et al., 2010; Zhang et al., 2008) and gain-of-function models (e.g. enrichment, 

exercise, or genetic models) (Kempermann et al., 1998; Sahay et al., 2011; Van der 

Borght et al., 2007).  Many of these studies have shown that neurogenesis is required for 

contextual fear conditioning (CFC) (Denny et al., 2011; Drew et al., 2010), novel object 

recognition (Denny et al., 2011), Morris water maze (Deng et al., 2009; Jessberger et al., 

2009; Snyder et al., 2005; Zhang et al., 2008), and pattern separation (Clelland et al., 
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2009; Sahay et al., 2011).  While the literature contains many inconsistencies, the 

published data (Denny et al., 2011; Drew et al., 2010; Sahay et al., 2011), as well as the 

data presented here, suggest that the contribution of adult-born neurons is most visible 

when the task is difficult or when the training given is brief. 

Within the DG and CA3, immediate early genes (IEGs) are typically expressed in 

a sparse pattern.  One particular IEG Arc/Arg3.1 (activity-regulated cytoskeleton-

associated protein/activity-regulated gene 3.1) (Link et al., 1995; Lyford et al., 1995), has 

been widely implicated in synaptic plasticity. In vivo studies have shown that 

intrahippocampal infusion of Arc antisense oligodeoxynucleotides in the DG impairs the 

maintenance of LTP (Guzowski et al., 2000), and in vitro studies have established a 

requirement for Arc in long-term memory for a variety of hippocampus-dependent tasks 

(McIntyre, 2005; Plath et al., 2006).  Furthermore, many studies have utilized its rapid 

expression to map neuronal populations engaged in various learning paradigms 

(Guzowski et al., 1999; Montag-Sallaz et al., 1999; Soulé et al., 2008). 

In this study, we sought to understand how a memory trace is formed and 

retrieved in the DG and in CA3, and whether adult hippocampal neurogenesis modulates 

these events.  Our hypothesis is that the cells reactivated during recall of a memory are a 

component of the memory trace.  We have designed a novel tool to test this hypothesis 

not just in a short time period (e.g. Guzowski et al., 1999; Reijmers et al., 2007) but also 

on a longer timescale (indefinitely). We, therefore, created an ArcCreERT2 BAC 

transgenic mouse that allows for the permanent labeling of cells expressing the IEG 

Arc/Arg3.1 and allows for a comparison between the cells that are activated during the 

encoding of an experience and those that are activated during the retrieval of the 
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corresponding memory. To test our hypothesis of the memory trace, we have performed 

various manipulations that affect hippocampus-dependent memory: 1) contextual 

differences (fearful versus non-fearful context), 2) time (recent versus remote memory), 

and 3) arrest of adult hippocampal neurogenesis (x-irradiation and social defeat). We find 

that levels of reactivation in CA3, both in the presence and in the absence of 

neurogenesis, are correlated with the strength of the memory, which suggests that the 

cells reactivated in CA3, are a component of the memory trace. 
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Materials and Methods 
Generation of BAC transgene and transgenic animals 
A BAC clone (RP23-429N15) that contained the entire mouse Arc/Arg3.1 gene was 

obtained from the BACPAC Resources Center (BPRC, http://bacpac.chori.org).  The 

pBADTcTypeG plasmid (a gift from Dr. Manabu Nakayama, Kazusa Institute, Japan) 

was transferred into DH10B cells contained the BAC clone, enabling Red/ET 

homologous recombination system.  A DNA fragment containing a Rpsl-Zeo cassette (a 

gift from Dr. Hisashi Mori, Toyama University, Japan), with 50 bp homology arms, was 

electroporated into cells and the Rpsl-Zeo cassette was then inserted into the translation 

initiation site of the Arc/Arg3.1 gene, resulting in Zeocin resistant and streptomycin 

sensitive cells.  A DNA fragment containing the CreERT2-SV40 polyA cassette (a gift 

from Pierre Chambon) with 300 bp homology arms was electroporated and streptomycin 

resistant clones were selected.  The Rpsl-Zeo cassette was replaced with CreERT2-SV40 

polyA cassette, resulting in CreERT2 being expressed under the control of the Arc 

promoter.    

 To remove LoxP sites that were present in the BAC backbone, which, if present, 

could result in inter-chromosomal recombination between loxP sites in the reporter allele 

and BAC transgene upon activation of CreERT2, an additional modification of the Arc 

BAC was made.  The loxP site in the pBACe3.6 was replaced with a Zeo cassette 

(p23loxZeo) (a gift from Kousuke Yusa, Osaka University, Japan) by recombination.  

After a targeting procedure was completed, removal of the LoxP site was confirmed by 

PCR.  

For generation of transgenic animals, ArcCreERT2 BAC DNA was linearlized by 

PI-SceI enzyme digestion (New England Biolabs Inc., Ipswich, MA, USA) and injected 
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into fertilized eggs from CBA / C57Bl/6J mice.  Two founders (1 female and 1 male) 

resulted from injection and both lines have been maintained.  Mice derived from the M 

line are described within this text. 

 
Mouse lines  
Transgenic (Tg) mice generated using ArcCreERT2 BAC DNA are hereafter referred to as 

ArcCreERT2 mice. Gt(ROSA)26Sortm1(EYFP)Cos/J mice [R26R-STOP-floxed-enhanced 

yellow fluorescent protein (EYFP) mice] (Srinivas et al., 2001) were a gift of Dr. Stephen 

Rayport.  Mice were maintained on a mixed background consisting of mostly 

129SvEv/Tac, C57Bl/6J, and CBA.     

 CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA) 

at 8-10 weeks of age and housed individually.   

 
Genotyping 
Founders and subsequent offspring were genotyped using the following primer sets. Cre: 

5’-GCC TGC ATT ACC GGT CGA TGC AAC G-3’; 5’-AAA TCC ATC GCT CGA 

CCA GTT TAG TTA CCC-3’.  R26R 5’-GGA GCG GGA GAA ATG GAT ATG-3’; 5’-

AAA GTC GCT CTG AGT TGT TAT-3’; 5’-AAG ACC GCG AAG AGT TTG TC-3’. 

The Cre and R26R genotyping were performed separately.  The R26R genotyping was 

performed according to The Jackson Laboratory genotyping protocol (The Jackson 

Laboratory, Bar Harbor, ME).  

 
Standard Housing 
Mice were housed four to five per cage in a 12-h (06:00-18:00) light-dark colony room at 

22°C.  Food and water were provided ad libitum. Behavioral testing was performed 

during the light phase.  The procedures described herein were conducted in accordance 
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with National Institutes of Health regulations and approved by the Institutional Animal 

Care and Use Committees of Columbia University and the New York State Psychiatric 

Institute. 

 
Drugs 
Recombination in ArcCreERT2 x R26R-STOP-floxed-EYFP double transgenic mice was 

induced using tamoxifen (TAM) (Sigma, St. Louis, MO, T5648).  TAM was dissolved by 

sonication in 10% EtOH / 90% corn oil at a concentration of 10 mg/ml.  One injection of 

200 µl (2 mg) was injected intraperitoneally (i.p.) into adult mice.  

Mice were injected with 5’-bromo-2’-deoxyuridine (BrdU) (Roche, Indianapolis, 

IN) (150 mg/kg) twice a day intraperitoneally (i.p.) for 5 d (300 mg/kg per d in 0.9% 

NaCl).  

 
X-irradiation 
This procedure was performed as previously described (Denny et al., 2011; Santarelli et 

al., 2003) with the exception that the ArcCreERT2 mice were x-irradiated with an X-RAD 

320 Biological Irradiator (Precision X-ray Inc, N. Branford, CT).  Briefly, male 

ArcCreERT2 x R26R-STOP-floxed-EYFP mice (approximately 9 weeks of age) were x-

irradiated three times (approximately 2.5 Gy per dose) in the course of 1 week, for a 

cumulative dose of 7.5 Gy.  Sham mice were treated identically but did not receive x-

irradiation.   Mice were anesthetized with pentobarbital sodium (Nembutal sodium 

solution) (6 mg/kg), placed in a stereotaxic frame, and exposed to cranial x-irradiation. 

 
Social Defeat  
Repeated social defeat (SD) was used to induce a depressive-like phenotype in intruder 

mice during the SD induction phase.  Adult aggressor CD-1 male mice were single-
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housed in a Macrolon® polycarbonate resin cages (15.25 in. x 7.8 in x 9.5 in) (Animal 

Care Systems, Inc., Centennial, CO).  Male ArcCreERT2 x R26R-STOP-floxed-EYFP 

(approximately 8.5 weeks of age) were subsequently placed into the resident CD-1 

mouse’s cage.  Three antagonistic encounters were allowed between the CD-1 mouse and 

the intruder.  Following the encounters, a polished stainless steel cage divider (Animal 

Care Systems, Inc., Centennial, CO, P/N C79171), which allowed for olfactory and 

auditory communication, but not visual or tactile contact to occur, was placed down the 

middle to separate the two mice.  The partition was removed daily for 2 weeks and 3 

antagonistic encounters were allowed between the mice each day.  This procedure 

consistently yielded a submissive phenotype in the experimental intruder mice.  Control 

(Ctrl) mice were group housed in the same cages.  

 
Contextual Fear Conditioning  
The 1- shock CFC procedure was based on those of Wiltgen et al. (2006), Drew et al. 

(2010), and Denny et al. (2011). For the 3-shock CFC procedure, mice were placed in the 

conditioning chamber, received 3 shocks at 180 s, 240 s, and 300 s later (2 s, 0.75 mA), 

and were removed 15 s following the last shock. For the 4-shock procedure, mice were 

placed in the conditioning chamber, received 4 shocks at 180 s, 240 s, 300 s, and 360 s 

later (2 s, 0.75 mA), and were removed 15 s following the last shock.  

 
Apparati  
Context A was a chamber obtained from Coulbourn (Coulbourn Instruments, Whitehall, 

PA) with internal dimensions of 7 in wide x 7 in deep x 12 in high.  The chambers had 

clear plastic front and back walls, stainless steel walls on each side, and stainless steel 

bars on the floor.  A house light was mounted directly above the chamber.  Each chamber 
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was located inside a larger, insulated, plastic cabinet that provided protection from 

outside light and noise.  Each cabinet contained a ventilation fan that was operated during 

the sessions.  A paper towel dabbed with lemon solution was placed under the stainless 

steel bars.  The scent was refreshed every fourth run.  Mice were held outside the 

experimental room in their home cages prior to testing and transported to the 

conditioning apparatus in standard mouse cages.  Chambers were cleaned with 70% 

ethanol between each run.  

Context B was a modified context A.  The stainless steel bars were covered with a 

white plastic insert, the walls of the chambers were covered with colored plastic inserts 

so as to change the shape of the chamber, and the chamber was then filled with bedding.  

The chamber was scented with anise, the room lighting was much dimmer, and the mice 

were transported to the apparatus in a white bucket.  

Context C was a clear plastic container (Sterilite, #1758, Townsend, MA, 

http://www.sterilite.com/) with internal dimensions of 12 ¼ in height x 16 ¼ in width x 

23 1/2 in length.  The container was filled with bedding to a height of approximately 1 in.  

Context C was in a completely different room than context A or B, consisted of a 

different handler, different transport container, extremely low lighting conditions, and 

had no detectable scent associated with it.  Between runs, context C was cleaned using 

PDI Sani-Cloth® HB Germicidal Disposable Wipes (Orangeburg, NY) 

 

Novel Object Recognition  
Novel object recognition (NOR) was performed as previously described (Denny et al., 

2011).  
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Open Field 
Exploration in response to a novel open field (OF) was measured as previously described 

(Richardson-Jones et al., 2010).   

 
Tail Suspension Test 
Mice were suspended by the tail using tape to secure them to a horizontal bar as 

previously described (Richardson-Jones et al., 2010).  

 
Dominant Interaction 
Dominant interaction was performed as previously described (Schloesser et al., 2010) 

with the exception that mice were allowed to explore for 30 min and the first 10 min were 

later analyzed.  

 
Elevated Plus Maze 
The elevated plus maze was performed as previously described (Saxe et al., 2006).  
 
 
Seizure Induction Protocol 
A kainic acid seizure induction protocol was used (Zagulska-Szymczak et al., 2001). 

Mice were injected with kainic acid (30 mg/kg; Sigma-Aldrich; K-0250) and sacrificed 1 

h after the start of a seizure.  

 
Immunohistochemistry  
Mice were deeply anesthetized and brains were processed as previously described 

(Denny et al., 2011). For Arc, c-fos, Cre-recombinase, and YFP single 

immunohistochemistry, floating sections were used.  Sections were rinsed three times in 

1X PBS and blocked in 1X PBS with 0.5% Triton X-100 and 10% normal donkey serum 

for 2 h at room temperature (RT).  Incubation with primary antibody was performed at 

4°C overnight (mouse anti-Arc, 1:1000, Santa Cruz, Santa Cruz, CA, sc-17839; rabbit 

anti-c-fos, 1:5000, Calbiochem; rabbit anti-Cre-recombinase, 1:1000, Covance, 
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Emeryville, CA; or chicken anti-GFP, 1:500, Abcam, Cambridge, MA, ab13970) in 1X 

PBS with 0.5% Triton X-100. Sections were then washed in 1X PBS and incubated with 

a biotinylated secondary antibody (donkey anti-mouse; donkey anti-rabbit, donkey anti-

chicken, 1:500, Jackson ImmunoResearch, West Grove, PA) for 2 h at RT.  Sections 

were then washed three times in 1X PBS and treated with avidin-biotin-peroxidase 

complex (ABC Elite Kit, Vector Labs, Burlingame, CA) followed by a 

3,3’diaminobenzidine as substrate for staining (Vector, Burlingame, CA).   

For Arc and Cre-recombinase double immunohistochemistry, floating sections 

were used. Sections were first rinsed three times in 1X PBS and then blocked in 1X PBS 

with 0.5% Triton and 10% normal donkey serum (NDS) for 30 min at RT.  Incubation 

with primary antibody was performed at 4°C overnight (rabbit anti-Arc, 1:1000, SySy, 

Göttingen, Germany, 156 003) in 1X PBS.  The next day, sections were then washed 

three times in 1X PBS and incubated with secondary antibody (donkey anti-rabbit Cy3; 

1:500, Jackson ImmunoResearch, West Grove, PA) for 2 h at RT.  Sections were washed 

three times in 1X PBS and blocked in 1X PBS with 10% normal rabbit serum (NRS) for 

2 h at RT to saturate the open binding sites on the first secondary antibody with IgG.  

Sections were then washed three times in 1X PBS and incubated with an excess of 

unconjugated AffiniPure Fab Fragments (donkey anti-rabbit IgG (H+L), 0.16 mg/ml, 

Jackson ImmunoResearch, West Grove, PA) for 2 h at RT.  Sections were again washed 

three times in 1X PBS.  Incubation with the second primary antibody was performed at 

4°C overnight (rabbit anti-Cre-recombinase, 1:1000, Covance, Emeryville, CA) in 1X 

PBS.  On the following day, sections were washed three times in 1X PBS and incubated 

with the second secondary antibody (donkey anti-rabbit Cy2, 1:500, Jackson 
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ImmunoResearch, West Grove, PA) for 2 h at RT. Sections were washed three times in 

1X PBS, mounted on slides, and cover slipped with ProLong Gold (Invitrogen, Carlsbad, 

CA).  Control tissue without the primary antibody to Cre-recombinase was included.   

For Arc and YFP double immunohistochemistry, or c-fos and YFP double 

immunohistochemistry, floating sections were used. Sections were first rinsed three times 

in 1X PBS and then blocked in 1X PBS with 0.5% Triton and 10% normal donkey serum 

(NDS) for 2 h at RT.  Incubation with primary antibodies was performed at 4°C 

overnight (rabbit anti-Arc, 1:1000, SySy, Göttingen, Germany, 156 003; chicken anti-

GFP 1:500, Abcam, Cambridge, MA, ab13970, rabbit anti-c-fos, 1:5000, Calbiochem, 

Darmstadt, Germany) in 1X PBS with 0.5% Triton X-100.  Sections were then washed 

three times in 1X PBS and incubated with secondary antibodies (donkey anti-rabbit Cy3; 

biotinylated donkey anti-chicken; 1:500, Jackson ImmunoResearch, West Grove, PA) for 

2 h at RT.  Sections were then washed three times in 1X PBS and incubated with a 

tertiary antibody (avidin-Cy2, 1:250, Jackson ImmunoResearch, West Grove, PA) and 

Hoechst (1:1000) for 1 h at RT.  Sections were washed three times in 1X PBS, mounted 

on slides, and cover slipped with ProLong Gold (Invitrogen, Carlsbad, CA).  

Doublecortin (DCX) immunohistochemistry was performed as previously 

described (Denny et al., 2011). 

BrdU immunohistochemistry was performed as previously described (Denny et 

al., 2011).  

 

Brightfield Microscopy  
The number of YFP+, Arc+, and c-fos+ cells were counted throughout the entire rostro-

caudal axis of the DG, and CA3 using a Zeiss Axioplan-2 upright microscope.  Bright-
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field images were analyzed using QCapture Pro Ver 5.1.1.14  (QImaging, Surrey, BC, 

Canada).  Average YFP+, Arc+, and c-fos+ cells per section are presented throughout the 

text.  Throughout the experiment, the investigator was blind to the treatment status.  

 
Confocal Microscopy 
Fluorescent confocal micrographs were captured with an Olympus Fluoview™ FV1000 

confocal microscope with the aid of Olympus Fluoview 1000v1.5 software.  Phenotyping 

of co-expressing cells in the DG (YFP+/Arc+, YFP+/c-fos+, Cre-recominbase+/Arc+) 

entailed scanning approximately 24 sections throughout the HPC of each mouse at 20X.  

Phenotyping of co-expressing cells in CA3 (YFP+/c-fos+) entailed scanning 

approximately 10 sections throughout CA3 of each mouse at 20X.  All individual panels 

were acquired at thickness of 1.41 µm. Split-panel and z-stack analysis was performed 

using Olympus Fluoview Ver 2.0c Viewer to determine ratios of YFP+/Arc+, YFP+/c-

fos+, or Cre-recombinase+/Arc+ double-labeled cells. Throughout the experiment, the 

investigator was blind to the treatment status. Representative images were edited using 

Adobe Photoshop CS4.  

 
Statistical analysis.  
Data were analyzed using StatView 5.0 software (SAS Institute, Cary, NC).  Statistical 

analyses were performed using two-way ANOVA or two-tailed t-tests. Alpha was set to 

0.05 for all analyses.  Data are reported as mean + SEM.  
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Results and Figures 
Generation of ArcCreERT2 transgenic mouse  
With the previous work implicating Arc and the HPC in memory formation, our objective 

was to generate a BAC transgenic mouse to elucidate the mechanisms underlying 

memory formation and retrieval in the hippocampal circuit. We had two stipulations 

while generating this mouse: (1) to create an indelible label of the cells that are activated 

upon training in a particular behavioral task; and (2) to allow for a direct comparison 

between the permanently labeled cells that are activated upon training and the recently 

activated cells following memory retrieval.  We therefore created an ArcCreERT2 mouse 

as shown in Figure 4.1A.  This construct resulted in two founders (M and F line), which 

had similar baseline expression of Arc and Cre-recombinase in the DG (Figure 4.2A).  

Approximately 99% of Arc+ cells express nuclear Cre-recombinase following 

CFC paradigms utilizing 1 or 4 shocks (Figures 4.1B-4.1C), indicating high fidelity 

between the expression pattern of the endogenous Arc protein and the ArcCreERT2 

transgene. Since the CreERT2 fusion protein is inactive while sequestered in the 

cytoplasm by heat shock protein complexes, binding of tamoxifen releases CreERT2 from 

this complex, allowing ligand-dependent translocation to the nucleus where it can direct 

recombination between loxP sites.  Therefore, in a vehicle (Veh)-injected mouse, 

CreERT2 is sequestered in the cytoplasm (Figure 4.1D) but in a tamoxifen (TAM)-

injected mouse, CreERT2 has moved from the cytoplasm into the nucleus (Figure 4.1D).  

ArcCreERT2 mice were bred to an enhanced yellow fluorescent protein (EYFP) 

reporter line (Srinivas et al., 2001), allowing for an indelible labeling of the Arc+ cells 

after administration of TAM (Figure 4.1O).  Low recombination occurred in the absence 

of TAM (Figures 4.1B-4.1G).  
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Figure 4.1.  Indelible labeling of Arc+ cells following learning.  (A) Administration of tamoxifen (TAM) to 
ArcCreERT2 x R26R-STOP-floxed-EYFP mice results in an indelible YFP label in the initially activated 
Arc+ cells. (B) To assess recombination efficiency, confocal microscopy was then used to assess co-
localization of Arc and Cre-recombinase. Over 99% of Arc+ cells expressed Cre recombinase, regardless of 
the CFC protocol used. (C) Representative image of Cre recombinase and Arc. (D) Binding of TAM 
releases CreERT2 from heat shock complexes in the cytoplasm, allowing for ligand-dependent translocation 
to the nucleus, where it can direct recombination between the loxP sites. (E) Experimental design.  Mice 
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were either: administered 2 mg of TAM and remained in their home cage (HC), dark housed (DH) 
preceding the TAM injection, administered 2 mg of TAM, remained in their HC, and DH for an additional 
day, or (D) DH preceding the TAM injection, administered 2 mg of TAM, remained in their HC, and DH 
for 3 d. A separate cohort was DH preceding the TAM injection, administered 2 mg of TAM, placed in 
context A, and then either re-exposed to context A. (F-H) Mice given 2 mg of TAM, remained in their HC, 
and DH for 3 d had significantly fewer YFP+ cells than mice in the preceding HC experiments. (I) The 
number of YFP+ cells and (J) the number of Arc+ cells in the DG following re-exposure to context A.  (K) 
Mice exhibit a relatively low percentage of co-labeled cells in the DG. (L) As with the DG, there is very 
little CA3 activation, as indicated by YFP+ cells. (M) The number of c-fos+ cells in CA3. (N) There is an 
extremely low percentage of overlap in CA3 following two exposures to context A. (O) Representative 
images of the Hoechst, YFP, and Arc labeling in the dentate gyrus. (n = 3-11 mice/group). (n = 3-5 mice 
per group).  Error bars represent + SEM.  
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Figure 4.2. ArcCreERT2 x R26R-STOP-floxed-EYFP mice display low recombination in the absence of 
TAM (low leakage). (A) Mice from both lines (F and M lines) were killed directly from their home cages.  
The expression pattern of Arc and Cre-recombinase protein levels is similar in both lines and is 
representative of a control mouse killed directly from their home cage. F1 = Filial 1. F2 = Filial 2 (B) Mice 
were administered vehicle (Veh) and then the novel object recognition (NOR) paradigm 5 h later.  Mice 
were killed 5 d later and tissue was processed for YFP.  (C) ArcCreERT2 x R26R-STOP-floxed-EYFP 
exhibit low recombination in the dentate gyrus, both dorsally and ventrally (dorsal average: 4.994 YFP+ 
cells per section; ventral average: 4.611 YFP+ cells per section).  (D-G) Representative images of YFP+ 
cells following a Veh injection.  Arrows indicate YFP+ cells.  (n = 3 male mice, M line). Error bars 
represent + SEM.  
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Figure 4.3. Cre-recombinase is reliably expressed in the induced Arc+ cells following CFC. (A) Mice were 
injected with TAM, CFC 5 h later, and then sacrificed 1 h later. (B) CreERT2 expression does not affect Arc 
expression immediately following CFC. ArcCreERT2(+) and ArcCreERT2(-) mice have comparable levels 
of Arc, suggesting the transgene does not affect Arc expression. (p = 0.5393). (C) The Cre-recombinase 
pattern is similar to the Arc induction pattern in an ArcCreERT2(+) mouse. (D-E) Representative images of 
the Arc pattern in ArcCreERT2(+) and ArcCreERT2(-) mice. (n = 3-5 mice/group).  Error bars represent + 
SEM.  
 

Dark housing reliably limits the number of YFP+ cells to the behavioral experience  
To examine whether the YFP label is a reliable marker of the behavioral experience, we 

performed a variety of experiments to control the stimuli before and after the TAM 

injection, in order to limit any extraneous YFP label (Figure S1E). In the protocol that 

resulted in the lowest background YFP label, mice were dark housed the night before the 

TAM injection, and then for 3 days following the TAM injection.  In this experiment, 

YFP+ cells were extremely low in the DG of mice that received 2 mg of TAM  (Figures 

4.1F-H).  The background YFP+ levels were similar to Arc+ levels seen in mice 

sacrificed directly from their home cages (Denny & Drew, unpublished data).  These data 

indicate that dark housing before and for 3 days after the TAM injection limits Arc 

activity and thus, allows for a more specific YFP label.  
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Figure 4.4. YFP expression throughout the brain following recombination.  (A) Mice were injected with 
TAM and CFC was administered 5 h later.  Mice were sacrificed 5 d following the CFC session.  (B-M) 
Representative images throughout the brain of YFP expression.  S: subiculum, VC: visual cortex, AC: 
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auditory cortex, DMC: dorsomed hypothal nu, compact, CPu: caudate putamen, DP: dorsal peduncular 
cortex, IL: infralimbic cortex, PrL: prelimibic cortex, CE: central amygdaloid. 
 

 

Figure 4.5. Kainic acid–induced seizures dramatically upregulate Arc expression.  (A) Schematic of 
induction protocol.  Mice were placed in a novel cage to induce typical levels of YFP and then given kainic 
acid (KA) seizures to induce widespread activation.  (B-E) Representative images of Arc and YFP 
following KA-induced seizures. KA-induced seizures induced widespread activation throughout the 
hippocampus and cortex, including in CA3, a region that usually does not exhibit high levels of YFP+ cells 
in the ArcCreERT2 mice.   
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Recent exposure to a fearful context reactivates a subpopulation of cells that initially 
encoded the fearful context  
To assess if the same population of cells that encodes an environment is reactivated upon 

retrieval in the HPC, we first assessed YFP+/Arc+ co-localization in the DG of 

ArcCreERT2 mice that were trained using a 4-shock CFC protocol (Figure 4.6A).  CFC 

was produced by delivering four footshocks at 180, 240, 300, and 360 s following placing 

a mouse in a conditioning chamber.  Mice were then either returned to the training 

context (A) or a novel context (B) 5 days later and sacrificed 1 h following context 

exposure.  

 In the test of context-elicited fear following training, freezing data were initially 

subjected to a 2 (Context) x 4 (Minute) ANOVA with Minute as a repeated measure.  

ArcCreERT2 mice froze significantly more in the training context A than in a novel 

context B [F(1,17) = 22.4398, p = 0.0002] (Figure 4.6B). The number of YFP+ (Figure 

4.6C) (p = 0.8868), Arc+ (Figure 4.6D) (p = 0.8936), or c-fos+ (Figure 4.6E) (p = 

0.5786) cells in the DG did not differ between mice exposed to either context A or B.  

YFP+ and Arc+ co-localization in the DG was then assessed using confocal microscopy.  

The percent of co-labeled YFP+/Arc+ cells was significantly greater in mice re-exposed 

to context A (5.0%) than in mice exposed to context B (1.7%) (Figure 4.6F) (p < 0.0001).  

We confirmed these results by using another IEG c-fos to label the activated cells.  

Again, the percent of co-labeled YFP+/c-fos+ cells was significantly greater in mice re-

exposed to context A (5.8%) than in mice exposed to context B (2.7%) (Figure 4.6G) (p = 

0.0114).  

In a control experiment, we assessed reactivation in the HPC of ArcCreERT2 mice 

that were exposed to context A without a foot shock and then were re-exposed 5 days 
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later to context A (Figures 4.1E, 4.1I-N). The percent of co-labeled YFP+/Arc+ cells in 

mice exposed to context A twice (2.9%) (Figure 4.1K) was significantly lower than in the 

previous experiment where the context was paired with a foot shock and where the 

strength of the memory was presumably stronger. These data suggest that: 1) a small 

percentage of DG cells activated during memory retrieval (approximately 5%) may 

contribute to the memory trace, and 2) the majority of cells activated in the DG after re-

exposure to a fearful context are not the initial population of cells activated during 

encoding. 

Co-localization was next assessed in CA3, the target region of the DG granule 

cells.  In CA3, Arc labeling is primarily dendritic whereas c-fos labeling is primarily 

somatic.  Thus, using c-fos as a marker of activity in CA3 allows for much clearer co-

localization studies (Figure 4.7). The total number of YFP+ cells per section (Figure 

4.6H) (p = 0.5248) and the number of c-fos+ cells per section (Figure 4.6I) (p = 0.4716) 

were similar between the groups.  However, the percent of co-labeled YFP+/c-fos+ was 

significantly greater in mice re-exposed to the context A (4.0%) than in mice exposed to 

context B (1.2%) (Figure 4.6J) (p = 0.0308). As previously, we performed a control 

experiment where we exposed mice to context A twice and never paired the context 

exposures with a footshock (Figure 4.1). There was a very low percentage of co-labeled 

YFP+/c-fos+ cells in CA3 following re-exposure to context A (0.38%) (Figure 4.1N).  

These data suggest that as in the DG, a small percentage of cells in CA3 may 

contribute to the initial memory trace. Interestingly, the number of reactivated cells in 

CA3 appears closely related to the retrieval of the memory as assessed by freezing level: 

a high number when the memory is fully retrieved (context A after footshock in A); an 
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intermediate number when the memory is partially retrieved (context B after foot shock 

in A); and a low number when the memory is absent or weak (context A after context A 

without footshock).  Interestingly, levels of Arc/c-fos are higher in CA3 than in the DG, 

and conversely, levels of YFP are higher in the DG than in CA3, which may be related to 

the preferential roles of CA3 in retrieval and of the DG in encoding (Lee and Kesner, 

2004).  

 

 
Figure 4.6. Re-exposure to a fearful environment reactivates a sub-population of cells in the dentate gyrus 
and CA3. (A) Mice were injected with TAM, administered a 4-shock CFC paradigm, dark housed for 3 d, 
and then re-exposed to either the training context (A) or a novel context (B). (B) Context-elicited freezing 
was significantly greater in mice exposed to context A than mice exposed to context B [F(1,17) = 22.4398 
p = 0.0002]. (C) In the DG, the number of YFP+ cells (p = 0.8868), (D) the number of Arc+ cells (p = 
0.8936), or (E) the number of c-fos+ cells (p = 0.5786) did not differ between mice exposed to context A or 
context B.  (F) Mice re-exposed to context A had a greater percentage of co-labeled YFP+/Arc+ cells in the 
DG than mice exposed to context B (p < 0.0001).  (G) Moreover, mice re-exposed to context A had a 
greater percent of co-labeled YFP+/c-fos+ cells in the DG than mice exposed to context B (p = 0.0114).  
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(H) The number of YFP+ cells per section (p = 0.5248) and (I) the number of c-fos+ cells per section (p = 
0.4716) was similar between the groups in CA3.  (J) The percent of co-labeled YFP+/c-fos+ was 
significantly greater in mice re-exposed to context A than in mice exposed to context B (p = 0.0308). (K) 
Representative image of YFP and Arc immunohistochemistry in the DG.  (L) Representative image of YFP 
and c-fos in CA3.  * p < 0.05, ** p < 0.01, *** p < 0.001. (n = 9-10 mice per group).  Error bars represent + 
SEM.  

 

Figure 4.7. Arc and c-fos patterns differ dramatically in CA3. (A-B) 10X and 20X images, respectively, of 
YFP and Arc expression in the HPC.  While Arc labeling in the DG is relatively somatic, the labeling 
becomes primarily dendritic in CA3. (C-D) 10X and 20X images, respectively, of YFP and c-fos 
expression in the HPC.  c-fos labeling is relatively somatic not only in the DG but in CA3 as well, making 
co-localization studies in CA3 much easier by using c-fos as a marker of activity.  
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Remote exposure following contextual fear conditioning results in generalization  
Mice were trained using a 4-shock CFC protocol but now exposed to the training context 

(A) or a novel context (B) 30 days later to test for context-elicited fear (Figure 4.8A).  

Data from the context test was subjected to 2 (Context) x 6 (Minute) ANOVA with 

Minute as a repeated measure (Figure 4.8B).  Mice showed a significant amount of 

freezing not only in the training context (A), but also in the novel context (B).  The two 

groups did not differ in their levels of context-elicited freezing [F(1,9) = 1.217, p = 

0.2986], indicating generalization as previously described (Frankland et al., 2006; 

Goshen et al., 2011; Wiltgen and Silva, 2007).  

 The two groups did not differ in the number of YFP+ (Figure 4.8C) (p = 0.9048), 

Arc+ cells (Figure 4.8D) (p = 0.4425), or c-fos+ cells (Figure 4.8E) (p = 0.8134) 

following the remote test for context-elicited fear. YFP+ and Arc+ co-localization in the 

DG was then assessed using confocal microscopy.  The percent of co-labeled YFP+/Arc+ 

cells was similar in mice exposed to context A (3.2%) and in mice exposed to context B 

(3.5%) (Figure 4.8F) (p = 0.8265). Co-localization was again assessed in CA3 using c-fos 

as a marker of activity.  The total number of YFP+ (Figure 4.8G) (p = 0.2865) and c-fos+ 

cells per section (Figure 4.8H) (p = 0.9695) was similar between the groups.  Moreover, 

the percent of co-labeled YFP+/c-fos+ was again similar in both groups of mice (1.6% 

for both groups) (Figure 4.8I) (p = 0.9577) and was much lower than the percent of co-

labeled YFP+/c-fos+ cells at the recent time point (5.0% for group A). These data suggest 

that when the memory trace has been redistributed to other cortical areas, and has become 

less precise (e.g. Frankland et al., 2006; Goshen et al., 2011; Wiltgen and Silva, 2007), 

reactivation in the DG and CA3 decreases. 
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Figure 4.8. Remote exposure following contextual fear conditioning results in generalization.  (A) Mice 
were injected with TAM, administered a 4-shock CFC paradigm, dark housed for 3 d, and then re-exposed 
to either the training context (A) or a novel context (B) 30 d later to test for context-elicited fear. (B) Mice 
showed a significant amount of freezing not only in the training context (A), but also in the novel context 
(B), indicating generalization.  The two groups did not differ in their levels of context-elicited freezing 
[F(1,9) = 1.217, p = 0.2986].  The two groups did not differ in (C) the levels of YFP+ cells per section (p = 
0.9048), (D) the levels of Arc+ cells (p = 0.4425), or (E) the levels of c-fos+ cells (p = 0.8134) in the DG 
following the remote test for contest-elicited fear.  (F) The percent of co-labeled YFP+/Arc+ cells in the 
DG was similar in mice exposed to context A and in mice exposed to context B (p = 0.8265).  (G) The 
number of YFP+ cells per section (p = 0.2865) and (H) the number of c-fos+ cells per section (p = 0.9695) 
was similar between the groups in CA3.  (I) The percent of co-labeled YFP+/c-fos+ was similar in both 
groups of mice in CA3 (p = 0.9577). (J) Representative image of YFP and Arc immunohistochemistry in 
the DG.  (K) Representative image of YFP and c-fos in CA3. * p < 0.05, ** p < 0.01, *** p < 0.001. (n = 5-
6 mice per group).  Error bars represent + SEM.  
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Figure 4.9. Control counts for 4-shock recent and remote experiments. The number of Arc+ cells (A) 
imaged in the dentate gyrus (DG) did not differ between A and B mice (p = 0.2178) .  The total number of 
YFP+/Arc+ cells (B) was significantly greater in A mice than in B mice (p = 0.0027). The number of c-
fos+ cells (C) imaged in DG did not differ between A and B mice (p = 0.8985).  The total number of 
YFP+/c-fos+ cells (D) was significantly greater in A mice than in B mice (p = 0.0005). The number of c-
fos+ cells (E) (p = 0.5342) imaged in CA3 did not differ between A and B mice but the number of co-
labeled YFP+/c-fos+ cells (F) (p = 0.0513) imaged in CA3 trended to be greater in A mice than in B mice.  
The number of Arc+ cells imaged (G) (p = 0.5818) and the number of YFP+/Arc+ cells counted (H) (p = 
0.8913) did not differ between the remote A and B mice. The number of c-fos+ cells imaged (I) (p = 
0.7004) and the number of YFP+/c-fos+ cells (J) (p = 0.2287) did not differ between remote A and B mice. 
Error bars represent + SEM. 
 
 
X-irradiation impairs 1-shock contextual fear conditioning in ArcCreERT2 mice 
To assess the role of hippocampal neurogenesis in encoding and retrieval, ArcCreERT2 

mice were x-irradiated.  X-irradiation was performed in a similar manner as we have 

previously described (Denny et al., 2011; Drew et al., 2010; Meshi et al., 2006; Santarelli 

et al., 2003; Saxe et al., 2006; see also Methods section). ArcCreERT2 mice were first 
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trained in a one-trial CFC paradigm that has been previously shown to be sensitive to the 

arrest of adult hippocampal neurogenesis (Denny et al., 2011; Drew et al., 2010).  

ArcCreERT2 x R26R-STOP-floxed-EYFP mice were x-irradiated at 9 weeks of age and 

the CFC paradigm was administered 6 weeks later (Figure 4.10A). The 6-week time point 

was chosen because this is the critical period for the contribution of adult-born granule 

cells to behavior (Denny et al., 2011). Mice were then re-exposed to the training context 

(A) 5 days later and sacrificed 1 h later.  At 6 weeks post x-irradiation, x-irradiated 

ArcCreERT2 mice exhibited significantly less context-elicited freezing than sham 

ArcCreERT2 mice [F(1,22) = 4.509, p = 0.0452] (Figure 4.10B).  

 To confirm that x-irradiation induced an arrest of neurogenesis in the ArcCreERT2 

mice, we assayed doublecortin (DCX) immunoreactivity in sham and x-irradiated mice 

(Figure 4.10C). DCX immunoreactivity in the DG was dramatically reduced in the x-

irradiated mice when compared with the sham mice (Figure 4.10D) (p < 0.0001), 

indicating a complete ablation of hippocampal neurogenesis.  

 In the DG, neither the number of YFP+ cells (Figure 4.10E) (p = 0.265) nor the 

number of Arc+ cells (Figure 4.10F) (p = 0.4388) differed between sham and x-irradiated 

mice.  The percent of co-labeled YFP+/Arc+ cells was also similar between the groups 

(Figure 4.10G) (p = 0.4148), suggesting the DG encodes and retrieves contextual 

information in a similar manner with or without neurogenesis, at least as measured with 

Arc immunoreactivity.  

Finally, we assessed if altered CA3 activity could explain the impairment in 1-

shock CFC exhibited by x-irradiated ArcCreERT2 mice.  Sham and x-irradiated mice had 

similar levels of YFP+ cells (Figure 4.10H) (p = 0.6212) and c-fos+ cells (Figure 4.10I) 
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(p = 0.7557) in CA3.  However, when reactivation was assessed in CA3 by using 

confocal microscopy, the percentage of YFP+/c-fos+ cells was significantly less in x-

irradiated ArcCreERT2 mice when compared with sham ArcCreERT2 mice (Figure 4.10J) 

(p = 0.0026).  These data suggest that altered reactivation in CA3 activity, as measured 

by YFP+/c-fos+ co-localization, could explain the impairment in 1-shock CFC exhibited 

by x-irradiated mice. These data are also consistent with the notion that the level of 

reactivation in CA3 is related to the strength of the memory trace. 

 
Figure 4.10. X-irradiated ArcCreERT2 x R26R-STOP-floxed-EYFP mice are impaired in 1-shock CFC and 
exhibit impaired reactivation in CA3.  (A) Mice were sham- and x-irradiated at approximately 9 weeks of 
age and were administered a CFC paradigm 6 weeks later. Sham and x-irradiated mice were injected with 
TAM, administered a 1-shock CFC paradigm, dark housed for 3 d, and then re-exposed to context A. (B) 
Context-elicited freezing was significantly reduced in x-irradiated mice when compared with sham mice 
[F(1,22) = 4.509, p = 0.0452)].  (C) Representative images of DCX immunoreactivity in sham and x-
irradiated mice.  (D) The number of DCX+ cells was significantly reduced in x-irradiated mice when 
compared with sham mice, indicating x-irradiation had significantly reduced neurogenesis.  In the DG, (E) 
the number of YFP+ cells (p = 0.2650) and (F) the number of Arc+ cells (p = 0.4388) did not differ 
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between sham and x-irradiated mice.  (G) Sham and x-irradiated mice had a comparable percentage of co-
labeled YFP+/Arc+ cells in the DG (p = 0.4148). In CA3, (H) the number of YFP+ cells per section (p = 
0.6212) and (I) the number of c-fos+ cells per section (p = 0.7557) did not differ between the groups.  (J) 
However, x-irradiated mice exhibited a significantly smaller percentage of co-labeled YFP+/c-fos+ cells in 
CA3 than sham mice (p = 0.0026).  (K-L) Representative images of the immunohistochemistry in the DG 
and CA3.  * p < 0.05, ** p < 0.01, *** p < 0.001. (n = 5-13 mice per group).  Error bars represent + SEM.  
 

X-irradiation has no effect on 3-shock contextual fear conditioning in ArcCreERT2 mice 
As we previously reported, mice with ablated neurogenesis are impaired in single-trial 

CFC but not in multiple-trial CFC, suggesting that hippocampal neurogenesis is required 

for CFC only when brief training is provided (Drew et al., 2010).  Therefore, we sought 

to understand the mechanism by which x-irradiated mice are able to perform comparably 

to sham mice in a multiple-trial CFC paradigm.  

ArcCreERT2 x R26R-STOP-floxed-YFP mice were x-irradiated at 9 weeks of age 

and a 3-shock CFC procedure was conducted 6 weeks later (Figure 4.11A).  Mice were 

then re-exposed to the training context (A) 5 days later and sacrificed 1 h later.  At 6 

weeks post x-irradiation, sham and x-irradiated ArcCreERT2 mice acquired robust 

conditioning  [F(1,25) = 1.063, p = 0.3124] (Figure 4.11B).  

 In the DG, neither the number of YFP+ cells (Figure 4.11C) (p = 0.3709) nor the 

number of Arc+ cells (Figure 4.11D) (p = 0.4160) differed between sham and x-irradiated 

mice.  The percent of co-labeled YFP+/Arc+ cells was also similar between the groups 

(4.7% for both groups) (Figures 4.11E-F) (p = 0.9698). Finally, we assessed if increased 

CA3 reactivation could explain the improvement in 3-shock CFC exhibited by x-

irradiated ArcCreERT2 mice.  Sham and x-irradiated mice had similar levels of YFP+ 

cells (Figure 4.11G) (p = 0.7928) and c-fos+ cells (Figure 4.11H) (p = 0.3160) in CA3.  

However, when reactivation was assessed in CA3 by using confocal microscopy, the 

percentage of YFP+/c-fos+ cells was now comparable between both groups of mice 
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(4.7% sham, 4.5% x-irradiated) (Figure 4.11I-J) (p = 0.9191).  These data suggest that the 

increased reactivation in CA3 activity, as measured by YFP+/c-fos+ co-localization, 

could explain the improvement in 3-shock CFC exhibited by x-irradiated mice. Again, 

these data are in agreement with the fact that the level of reactivation in CA3, rather than 

in the DG, is related to the strength of the memory trace. 

 

Figure 4.11. X-irradiated ArcCreERT2 x R26R-STOP-floxed-EYFP mice are not impaired in 3-shock CFC 
and exhibit normal reactivation in CA3.  (A) Mice were sham- and x-irradiated at approximately 9 weeks 
of age and were administered a CFC paradigm 6 weeks later.  Sham and x-irradiated mice were injected 
with TAM, administered a 3-shock CFC paradigm, dark housed for 3 d, and then re-exposed to context A. 
(B) Context-elicited freezing was comparable in sham and x-irradiated mice [F(1,25) = 1.063, p = 0.3124)].  
In the DG, (C) the number of YFP+ cells (p = 0.3709) and (D) the number of Arc+ cells (p = 0.4160) did 
not differ between sham and x-irradiated mice. (E) Sham and x-irradiated mice had a comparable 
percentage of co-labeled YFP+/Arc+ cells in the DG (p = 0.9698). (F) Representative image of the 
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immunohistochemistry in the DG. (G) In CA3, the number of YFP+ cells per section (p = 0.4458) and (H) 
the number of c-fos+ cells per section (p = 0.3160) did not differ between the groups.  (I) In CA3, sham 
and x-irradiated mice exhibited a similar percentage of co-labeled YFP+/c-fos+ cells (p = 0.9191).  (J) 
Representative image of the immunohistochemistry in CA3.  (n = 7-14 mice per group).  Error bars 
represent + SEM.  
 

Social Defeat impairs 1-shock contextual fear conditioning  in ArcCreERT2 mice  
To show if the cognitive deficits we previously have seen in x-irradiated and GFAP-TK 

mice (Denny et al., 2011; Drew et al., 2010) have ethological relevance, we performed 

social defeat (SD) on the ArcCreERT2 mice.  As most SD studies utilize C57Bl/6J mice 

(Berton, 2006; Krishnan et al., 2007; Schloesser et al., 2010), we first confirmed that SD 

was effective in ArcCreERT2 mice, as they are on a predominantly 129SvEv background.  

When compared with control (Ctrl) mice, SD mice were impaired in dominant interaction 

(Figures 4.12C-4.12D), exhibited increased time with a novel object in a NOR paradigm 

(Figure 4.12G), spent less time in the open arms of the elevated plus maze (Figure 

4.12H), and displayed increased immobility in the tail suspension test (Figure 4.12M). 

Furthermore, the number of BrdU+ cells was significantly reduced in SD mice when 

compared with Ctrl mice in the most ventral section (p = 0.0051) (Figure 4.12O).  These 

data suggest that SD is able to produce a robust submissive and depressive-like 

phenotype in the ArcCreERT2 mice.  
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Figure 4.12.  Social defeat in ArcCreERT2 x R26R-STOP-floxed-EYFP mice. (A) Body weight was similar 
in both cohorts of mice before the start of social defeat (SD) and (B) was not altered following SD.  (C) In 
the dominant interaction (DI) paradigm, SD mice exhibited significantly less approaches to the CD-1 
aggressor (p = 0.0437) and significantly more approaches to the empty enclosure (p = 0.0050) when 
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compared with control (Ctrl) mice.  (D) The interaction quotient was significantly less in SD mice when 
compared with Ctrl mice (p = 0.0212). (E-F) In the novel object recognition (NOR) paradigm, general 
activity and investigation (habituation; averaged across both objects) declined across exposures 1-4 for both 
Ctrl and SD mice.  There was no effect of SD on either variable [F’s < 1].  (G) In exposure 5 (replacement), 
SD mice investigated the novel object more than Ctrl mice (p = 0.0157) but the groups did not differ in 
exploration of the constant object (p = 0.7637).  General activity during exposure 5 was not affected by SD 
(p = 0.2986).  (H) In the elevated plus maze (EPM) paradigm, SD mice spend less time in the open arms 
than Ctrl mice (p = 0.0146).  (I-L) In the open field (OF), no differences were detected between Ctrl and 
SD mice whether the OF was administered in the dark or in the light.  (M) In the tail suspension test (TST), 
SD mice displayed increased immobility when compared with Ctrl mice across the first 2 minutes of the 
task [F(1,18) = 8.614, p = 0.0089].  (N) Tamoxifen does not alter the one-trial CFC impairment in SD mice 
when compared with Ctrl mice. Both groups of mice did not receive a TAM injection. Context-elicited 
freezing was significantly reduced in SD mice when compared with Ctrl mice. [F(1,17) = 4.593, p = 
0.0469]. (O) The number of BrdU+ cells was significantly less in the SD group when compared with the 
Ctrl group in the most ventral section of the DG [both hemispheres combined] (p = 0.0051). (n = 4-13 mice 
/ group).  * p < 0.05.  ** p < 0.01.  Error bars represent + SEM.   
 

ArcCreERT2 x R26R-STOP-floxed-EYFP mice were subjected to SD for 2 weeks 

(Figure 4.13A).  A number of behavioral paradigms were administered following SD.  

Finally, 10 days after the cessation of SD, Ctrl and SD mice were administered the 1-

shock CFC paradigm.  Mice were then re-exposed to the training context (A) 5 days later 

and sacrificed 1 h later.  SD ArcCreERT2 mice exhibited significantly less context-elicited 

freezing than Ctrl ArcCreERT2 mice [F(1,18) = 11.717, p = 0.0030] (Figure 4.13B). 

 In the DG, neither the number of YFP+ cells (Figure 4.13C) (p = 0.8991) nor the 

number of Arc+ cells (Figure 4.13D) (p = 0.0994) differed between Ctrl and SD mice.  

The percent of co-labeled YFP+/Arc+ cells was also similar between the groups (Figures 

4.13E-F) (p = 0.6296), suggesting the DG is capable of encoding and retrieving 

contextual information in a similar manner following stressful conditions such as SD at 

least as measured with Arc immunoreactivity. In contrast, when reactivation was assessed 

in CA3 by using confocal microscopy, the percentage of YFP+/c-fos+ cells was 

significantly less in SD ArcCreERT2 mice when compared with Ctrl ArcCreERT2 mice 

(Figures 4.13I-J) (p = 0.0476).  These data suggest that altered reactivation in CA3, as 

measured by YFP+/c-fos+ co-localization, could explain the impairment in 1-shock CFC 
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exhibited by SD mice and are again consistent with the notion that reactivation in CA3 

rather than in the DG is related to the strength of the memory trace. 

 
Figure 4.13. SD ArcCreERT2 x R26R-STOP-floxed-EYFP mice are impaired in 1-shock CFC and exhibit 
impaired reactivation in CA3.  (A) Mice SD for 2 weeks and then underwent numerous behavioral tests.  
Ten days following the end of SD, mice were administered a CFC paradigm. Ctrl and SD mice were 
injected with TAM, administered a 1-shock CFC paradigm, dark housed for 3 d, and then re-exposed to 
context A. (B) Context-elicited freezing was significantly reduced in SD mice when compared with Ctrl 
mice [F(1,18) = 11.717, p = 0.0030)].  In the DG, (C) the number of YFP+ cells (p = 0.6941) and (D) the 
number of Arc+ cells (p = 0.0994) did not differ between Ctrl and SD mice. (E) Ctrl and SD mice had a 
comparable percentage of co-labeled YFP+/Arc+ cells in the DG (p = 0.6296). (F) Representative image of 
the immunohistochemistry in the DG. (G) In CA3, the number of YFP+ cells per section (p = 0.4458) and 
(H) the number of c-fos+ cells per section (p = 0.3294) did not differ between the groups.  (I) However, in 
CA3, SD mice exhibited a significantly smaller percentage of co-labeled YFP+/c-fos+ cells than Ctrl mice 
(p = 0.0476). (J) Representative image of immunohistochemistry in CA3.  * p < 0.05, ** p < 0.01, *** p < 
0.001. (n = 4-10 mice per group).  Error bars represent + SEM.  
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Figure 4.14. Control counts for neurogenesis and SD studies. (A) The number of Arc+ cells (p = 0.4736) 
and (B) the number of co-labeled YFP+/Arc+ cells (p = 0.2043) imaged in the dentate gyrus (DG) did not 
differ between sham and x-irradiated mice. (C) The number of c-fos+ cells (p = 0.5342) imaged in CA3 did 
not differ between the sham and x-irradiated mice but (D) the number of co-labeled YFP+/c-fos+ cells (p = 
0.0370) imaged in CA3 was significantly less in x-irradiated mice when compared with sham mice. (E) The 
number of Arc+ cells (p = 0.2867) and (F) the number of co-labeled YFP+/Arc+ cells (p = 0.4637) imaged 
in the DG did not differ between sham and x-irradiated mice. (G) The number of c-fos+ cells (p = 0.3188) 
and (H) the number of co-labeled YFP+/c-fos+ cells (p = 0.5207) imaged in CA3 did not differ between the 
sham and x-irradiated mice. (I) The number of Arc+ cells (p = 0.0676) and (J) the number of co-labeled 
YFP+/Arc+ cells (p = 0.5127) imaged in the DG did not differ between Ctrl and SD mice. (K) The number 
of c-fos+ cells (p = 0.6737) and (L) the number of co-labeled YFP+/c-fos+ cells (p = 0.1394) imaged in 
CA3 did not differ between Ctrl and and SD mice. Error bars represent + SEM. 
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Discussion 
In this study, our working hypothesis is that the cells that are reactivated during 

retrieval of a memory are part of the memory trace. We have created a novel tool to test 

this hypothesis not just on a short time scale, but also on a longer time such as days to 

months. Using this technique, we are able to assess the extent of neuronal reactivation in 

the DG and in CA3 in HPC-dependent tasks during retrieval of a memory.  

Mice exposed to a fearful training context (A) freeze significantly more than in a 

novel context (B) indicating that they remember that A is fearful and can distinguish it 

from B. In addition, these same mice display significantly more reactivation in context A 

in both the DG and CA3 than mice exposed to a novel context (B). Together, these results 

are consistent with the idea that the cells reactivated in the DG and CA3 are a component 

of the memory trace for the fearful context (A).  Another indication that the reactivated 

cells are a component of the memory trace comes from our control experiment where 

mice were exposed to context A without pairing it with a shock. Mice re-exposed to 

context A exhibit a low level of reactivation in the DG and CA3. In these conditions 

where 5 days separate exposures to context A, there is little memory of context A as 

indicated by the robust exploratory activity displayed by the mice during re-exposure to 

context A, rather than the low levels of exploratory activity typically seen when mice are 

re-exposed to A within a few hours. Together, these data suggest that the number of 

reactivated cells during memory retrieval is related to the strength of the memory and are 

consistent with the notion that these cells contribute to the memory trace.  

In a remote training task, where the training-to-exposure interval is increased to 

30 days, mice remotely exposed to a novel context (B) freeze at comparable levels to 

mice remotely re-exposed to a fearful training context (A), and both groups of mice 
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exhibit equal levels of reactivation in the DG and CA3. These data indicate that with time 

the memory becomes less precise and are in agreement with the notion of generalization, 

which is observed in CFC experiments when the training to exposure interval is more 

than 30 days (Frankland et al., 2004). Interestingly, reactivation in CA3 and in the DG at 

a remote time point (30 days) is less than reactivation at a recent time point (7 days) 

although freezing remains high. This decrease in reactivation may be related to the fact 

that at this remote time point, the memory has moved out of the HPC to other cortical 

areas; most animal studies have suggested a time-limited role for the HPC in remote 

memory recall, in that lesions of the HPC impair recent memory but do not impair remote 

memory (Frankland et al., 2004; Kim and Fanselow, 1992; Kitamura et al., 2009: Wang 

et al., 2009; Winocur et al., 2009).  However, recently, it was shown that long-term 

memory retrieval in normal situations (e.g. without lesions) still relies on the HPC but 

can shift to alternate structures if the HPC is inactivated (Goshen et al., 2011).  Our 

results suggest that remote memories: (1) become less precise with time and thus, 

generalization occurs, and (2) rely less on the HPC with time possibly because alternate 

structures have become engaged.  

We previously showed that mice without adult hippocampal neurogenesis are 

impaired in single- but not multiple-trial CFC paradigms, indicating that adult 

hippocampal neurogenesis is required for CFC in mice only when brief training is 

provided (Denny et al., 2011; Drew et al., 2010).  Our current data begin to elucidate a 

mechanism that might underlie the differential requirement of adult hippocampal 

neurogenesis between these two training paradigms. When a weak CFC paradigm is 

given, mice without neurogenesis display less freezing and less reactivation in CA3 but 



!

 

124 

surprisingly no change is detected in the DG. A number of studies have looked at the 

recruitment of young neurons versus mature neurons during encoding (Kee et al., 2007; 

Snyder et al., 2009; Stone et al., 2010). Although earlier studies suggested a preferential 

recruitment of young neurons (Kee et al., 2007), more recent and better-controlled studies 

suggest that young neurons are not preferentially recruited (Stone et al., 2010). Since 

young neurons represent only 5-10% of the total granule cell population, it is, therefore, 

not surprising that in our studies, the total number of YFP+ cells in the DG is not 

significantly different between sham and x-irradiated mice. During retrieval, the number 

of Arc+ cells in the DG and the number of c-fos+ cells in CA3 are also similar between 

sham and x-irradiated mice. What is more surprising is that the percentage of reactivated 

cells does not change in the DG while it does in CA3 in both x-irradiated and socially 

defeated mice when compared to their respective controls. These results indicate that 

levels of reactivation in CA3, rather than in the DG, are related to the strength of the 

memory. 

The DG/CA3 circuit has been proposed to be involved in pattern separation and 

completion. Experimental evidence for a role of the DG in pattern separation first came 

from lesion studies in rodents showing that ablation of the DG impaired discrimination of 

two spatial locations based on distal environmental cues (Gilbert et al., 2001). More 

recent studies relying on genetic approaches to specifically manipulate DG functions 

have yielded similar results (McHugh et al., 2007). Collectively, these studies suggest 

that the DG is required to minimize interference between overlapping spatial or 

contextual information. Multielectrode recordings of hippocampal ensemble activity have 

begun to identify the neuronal correlates of pattern separation in the DG.  Subtle 



!

 

125 

morphing of a rat’s environment is sufficient to elicit remapping of firing rates of place 

cells in the DG suggesting that small changes in spatial input can produce highly 

divergent output (Leutgeb et al., 2007). Interestingly, the same DG cells appear to be 

used in similar environments (Leutgeb et al., 2007).   This may explain why the 

percentage of reactivated cells only changes when the environment is significantly altered 

(e.g. A versus B) but does not change in the neurogenesis experiments where the context 

remains constant. In contrast, levels of reactivation in CA3 appear to be closely related to 

the strength of the memory, as indicated by the fact that the deficit observed in x-

irradiated mice can be rescued by a strong training paradigm which results in comparable 

high levels of freezing and reactivation when compared to controls.  Changes in the DG 

that are not captured by Arc immunoreactivity may be responsible for an increased 

strength in the connection between the DG and CA3 in the 3-shock CFC paradigm. For 

example, changes in spatial patterns of firing of place cells or in synchrony between cells 

are unlikely to be captured by Arc activity. It is also possible that with a strong CFC 

paradigm, the direct information flow from the entorhinal cortex to CA3 is sufficient to 

produce a strong memory trace. This latter hypothesis is consistent with the proposed role 

of the EC to CA3 direct pathway in retrieval versus the role of the DG in encoding 

(Gilbert et al., 2001; Lee and Kesner, 2004).  

While we demonstrate that a small percentage (~5%) of the cells in the DG and 

CA3 are reactivated upon recall of a fearful memory, many of the initially activated cells 

are not reactivated upon recall, indicating that of a given collection of activated cells, 

only a small percentage may be dedicated to a particular memory trace. These results are 

somewhat surprising given the reported stability usually observed in place field 
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recordings even over long times (Leutgeb et al., 2007; Muller et al., 1987). There are 

several possible explanations to explain the discrepancy between our Arc data and 

previous electrophysiological findings. Firstly, the Arc immunoreactivity following 

memory retrieval does not just result from 6 min of context exposure but from 1 hour 

following the start of re-exposure.  Animals are sacrificed 1 hour after context exposure 

to allow for Arc to accumulate to detectable levels, and therefore, the Arc 

immunoreactivity does not just capture the brief 6-minute context experience. Secondly, 

Arc expression might not equate electrical activity. Arc may not be able to capture the 

spatial pattern of firing or more subtle changes in physiology that would be detectable 

using electrophysiology. Finally, it is also possible that ensembles of cells activated 

during memory retrieval are different from the cells recruited during encoding because 

they are a composite of multiple reactivated memories (Bartlett, 1932). 

In summary, our data suggest that the strength of the memory trace is related to 

the amount of reactivation in CA3, at least during a limited time frame (Figure 4.15). In 

contrast, the precision of the memory trace requires the DG in keeping with the proposed 

role of the DG in pattern separation. Neurogenesis, although it occurs in the DG, 

influences the strength of the memory trace in CA3 possibly because of the unique 

properties of young adult-born granule cells (Sahay et al., 2011; Marín-Burgin et al., 

2012). Variable levels of neurogenesis are found in different environments: stressful 

situations such as social defeat decrease levels of neurogenesis while enriched 

environments increase levels of neurogenesis. The ability of neurogenesis to modulate the 

strength of the memory trace may be adaptive in a changing environment that exerts 

variable levels of cognitive demands on hippocampal function. 
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Figure 4.15. A schematic of the contribution of the DG and CA3 to encoding and retrieval with or without 
neurogenesis.  With neurogenesis, mice are able to encode a fearful context when a weak training paradigm 
is given. There is approximately 5% of the initially encoded cells reactivated in the DG and approximately 
5% of the initially encoded cells reactivated in CA3.  With a strong training paradigm, again, mice are able 
to encode a fearful context but now exhibit significantly more freezing.  This is paralleled by a greater 
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number of reactivated cells in CA3.  Without neurogenesis, mice are impaired in encoding a fearful context 
when a weak training paradigm is given.  There is still normal reactivation in the DG following re-exposure 
to the training context but mice with altered neurogenesis exhibit impaired reactivation in CA3, resulting in 
less freezing. When a strong training paradigm is given, mice without neurogenesis are now able to encode 
a fearful context.  There is still normal reactivation in the DG following re-exposure to the training context 
but now mice without neurogenesis have increased reactivation in CA3, resulting in more freezing.  
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Chapter 5 

Overall Conclusions and  

Future Directions 
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Data Summary 
The work presented in this thesis provides evidence for the mechanism by which 

adult hippocampal neurogenesis impacts behavior.  In the first study (Chapter 2), we 

demonstrate that x-irradiation impairs CFC in mice when a 1-shock CFC procedure is 

used but not when multiple-trial procedures are used, regardless of the final level of 

contextual fear produced. These results indicate that adult hippocampal neurogenesis is 

required for CFC in mice only when brief training is provided. The contribution of adult 

hippocampal neurogenesis to CFC in mice is revealed only when brief training is 

provided, suggesting that adult-generated hippocampal neurons may be integral for rapid 

acquisition of context memories.  

The finding that adult hippocampal neurogenesis is necessary for single-trial CFC 

is consistent with research on the role of the DG and CA3 in memory acquisition. CA3, 

the major target of DG granule cell projections, is thought to be specialized for rapid 

acquisition of spatial information. Blocking NMDA-mediated plasticity in CA3 impairs 

the acquisition of single-trial spatial learning, but does not impair multiple-trial learning 

(e.g., Nakazawa et al., 2003). Although blocking NMDA-mediated plasticity within DG 

does not impair single-trial acquisition of CFC, CFC acquired under this condition is less 

precise than in control animals, in that conditioned fear more readily generalizes to an 

alternate context (McHugh et al., 2007). This discrimination impairment is rescued with 

continued discrimination training, suggesting that the DG is particularly important for the 

rapid formation of precise spatial memories. Consistent with this hypothesis, it was 

recently shown that a DG-specific genetic manipulation is sufficient to accelerate 

acquisition of spatial information (Saab et al., 2009). Moreover, recent studies have 

shown that adult hippocampal neurogenesis is required for pattern separation (Clelland et 
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al., 2009; Sahay et al., 2011), suggesting that the contribution of adult-born neurons is 

most visible when the task is complex. Our initial data suggested that arresting 

neurogenesis impairs the DG-CA3 circuits that are involved in rapid memory acquisition.  

In the second study (Chapter 3), we utilized this 1-shock CFC paradigm and a 

NOR paradigm to assess the age at which adult-born hippocampal neurons influence 

behavior. Mice with arrested neurogenesis showed a surprising increase in the 

exploration of a novel object relative to control mice in the NOR paradigm.  The 

increased novel object exploration did not manifest until 4–6 weeks after x-irradiation or 

6 weeks following a genetic ablation, indicating that exploration of the novel object is 

increased specifically by the elimination of 4- to 6-week-old adult born neurons. Mice 

with neurogenesis arrested by either ablation method were also impaired in 1-shock CFC 

at 6 weeks but not at 4 weeks following ablation, further supporting the idea that 4- to 6-

week-old adult born neurons are necessary for specific forms of HPC-dependent learning, 

and suggesting that the NOR and CFC effects have a common underlying mechanism. 

These data suggest that the transient enhancement of plasticity observed in young adult-

born neurons (e.g. expression of NR2B, Chapter 3) contributes to cognitive functions.  

As with the CFC data presented in Chapter 2, a possible explanation for the 

increased novel object exploration is that it represents an impairment in acquisition 

efficiency. The cessation of object investigation is presumably controlled, at least in part, 

by the satiation of object encoding processes. If so, then a slowing of encoding processes 

would increase the duration of object investigation. There is evidence that DG 

manipulations can alter the rate of hippocampal encoding processes. It was recently 

shown that overexpression of the gene NCS-1 in the DG is sufficient to speed acquisition 
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in the NOR paradigm (Saab et al., 2009). In rodents, the rate of acquisition of the trace 

eyeblink conditioning is positively correlated with the amount of hippocampal 

neurogenesis (Leuner et al., 2004). Our CFC data suggest that neurogenesis-arrested mice 

are impaired in single-trial CFC when the training interval is short but perform as well as 

WT mice if exposure to the training context is sufficiently long or if there are multiple-

shocks provided. The increased novel object investigation in neurogenesis-arrested mice 

may therefore reflect a slowing of memory encoding rather than an enhancement of 

NOR.  

In the final study (Chapter 4), we investigated the mechanism by which adult 

hippocampal neurogenesis impacts the memory trace in the hippocampal circuit. In this 

study, our working hypothesis is that the cells that are reactivated during retrieval of a 

memory are part of the memory trace. We created a novel tool to test this hypothesis not 

just on a short time scale, but also on a longer time such as days to months. We, 

therefore, created an ArcCreERT2 BAC transgenic mouse that allows for the permanent 

labeling of cells expressing the IEG Arc/Arg3.1 and allows for a comparison between the 

cells that are activated during the encoding of an experience and those that are activated 

during the retrieval of the corresponding memory. To test our hypothesis of the memory 

trace, we performed various manipulations that affect HPC-dependent memory: 1) 

contextual differences (fearful versus non-fearful context), 2) time (recent versus remote 

memory), and 3) arrest of adult hippocampal neurogenesis (x-irradiation and social 

defeat). We find that levels of reactivation in CA3, both in the presence and in the 

absence of neurogenesis, are correlated with the strength of the memory, which suggests 

that the cells reactivated in CA3, are a component of the memory trace. 
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These data begin to elucidate a mechanism that might underlie the differential 

requirement of adult hippocampal neurogenesis between these 1-shock and 3-shock 

training paradigms, as shown in Chapters 2 and 3. When a weak CFC paradigm is given, 

mice without neurogenesis display less freezing and less reactivation in CA3 but 

surprisingly no change is detected in the DG. A number of studies have looked at the 

recruitment of young neurons versus mature neurons during encoding (Kee et al., 2007; 

Snyder et al., 2009; Stone et al., 2010). Although earlier studies suggested a preferential 

recruitment of young neurons (Kee et al., 2007), more recent and better-controlled studies 

suggest that young neurons are not preferentially recruited (Stone et al., 2010). Since 

young neurons represent only 5-10% of the total granule cell population, it is, therefore, 

not surprising that in our studies, the total number of YFP+ cells in the DG is not 

significantly different between sham and x-irradiated mice. During retrieval, the number 

of Arc+ cells in the DG and the number of c-fos+ cells in CA3 are also similar between 

sham and x-irradiated mice. What is more surprising is that the percentage of reactivated 

cells does not change in the DG while it does in CA3 in both x-irradiated and socially 

defeated mice when compared to their respective controls. These results indicate that 

levels of reactivation in CA3, rather than in the DG, are related to the strength of the 

memory. Adult hippocampal neurogenesis, although it occurs in the DG, influences the 

strength of the memory trace in CA3 possibly because of the unique properties of young 

adult-born granule cells (Sahay et al., 2011; Marín-Burgin et al., 2012). Variable levels of 

neurogenesis are found in different environments: stressful situations such as social 

defeat decrease levels of neurogenesis while enriched environments increase levels of 

neurogenesis. The ability of neurogenesis to modulate the strength of the memory trace 
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may be adaptive in a changing environment that exerts variable levels of cognitive 

demands on hippocampal function. 

Taken together, these three studies: 1) identify a role for adult hippocampal 

neurogenesis in behavior; 2) identify an age at which these adult-born hippocampal 

neurons contribute to behavior; and 3) identify a mechanism by which adult hippocampal 

neurogenesis modulates the strength of a memory trace.  The fact that neurogenesis 

modulates the strength of a memory trace explains the deficits seen in the x-irradiated, 

GFAP-TK Tg, and SD mice because in all three cases the behavioral impairments (CFC 

and NOR) could be explained by the fact that the memory is weaker in CA3 in the 

absence of adult hippocampal neurogenesis.  

 
Why adult neurogenesis in the hippocampus?  
The HPC has a major role involved in memory to include spatial memory, emotional 

memory, declarative memory, and episodic memory.  In general, memory is thought to 

originate in the HPC and eventually move to the neocortex. The HPC is thought to be 

responsible for the encoding and consolidation, while the neocortex is thought to be 

responsible for eventually housing long-term memories. Encoding memories requires a 

mechanism for capturing events as they happen and recording a relevant memory trace so 

that it can later be retrieved. Increased plasticity due to the presence of 4-6 week old 

adult-born hippocampal neurons in the DG may facilitate this memory encoding. The 

persistence of adult-born hippocampal neurons throughout the life of an animal, as 

reported in this thesis, speaks to their importance in overall hippocampal function. Adult 

hippocampal neurogenesis is not thought to occur in the cortex under normal conditions, 

although this is controversial. However, a cortex without neurogenesis is consistent with 
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a stable structure storing memories long-term. Adult hippocampal neurogenesis is likely 

an advantageous process and may be present in the HPC because of the benefits that this 

type of plasticity has in the early stages of memory encoding and retrieval.  Furthermore, 

adult hippocampal neurogenesis provides a mechanism by which environmental changes 

can impact memory encoding in a bigger way and on a longer time scale than traditional 

forms of plasticity such as spine formation and withdrawal.  

 

Future Experiments 
 We have only begun to utilize the ArcCreERT2 mice outlined in Chapter 4. This 

versatile system allows us to answer a variety of questions regarding the function of 

hippocampal regions in memory recall as well as the function of adult-born hippocampal 

neurogenesis in behavior. I will outline below a few experiments aimed at addressing 

both of these questions.   

 Firstly, to determine if reactivation of the previously activated neurons in the DG 

and CA3 during encoding is necessary for expression of the CFC memory, we have 

crossed the ArcCreERT2 mice with an inducible diphtheria toxin receptor (DTR) reporter 

line (Figure 5.1).   

 

Figure 5.1. ArcCreERT2 x C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J mice. These mice have the simian 
Diphtheria Toxin Receptor (DTR; from simian Hbegf) inserted into the Gt(ROSA)26Sor (ROSA26) locus. 
Widespread expression of DTR is blocked by an upstream loxP-flanked STOP sequence. When bred to Cre 
recombinase-expressing mice, the STOP sequence is deleted in tissues where Cre is present, permitting 
DTR expression. Cells expressing DTR are rendered susceptible to ablation following Diphtheria toxin 
(DT) administration. 
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As with the previous experiments described, we have bred bigenic mice (Figure 

5.2) to allow for DTR expression.   

 

Figure 5.2. ArcCreERT2 x C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J mice. Representative image of DTR 
expression.  
 
We will then inject TAM, administer a CFC paradigm, and then wait a period of time in 

order to allow for DTR expression.  Through a cannula, we will locally infuse diphtheria 

toxin (DT) into the DG or CA3 in order to selectively kill the initially activated cells in 

either area. Behavior will then be assessed in the original training context and animals 

will be sacrificed 1 hour later. We predict that selectively ablating the cells in CA3 will 

impair the CFC behavior in the training context.  Secondly, we predict that selectively 

ablating the cells in the DG will impair discrimination of contextual cues (e.g. A context 

v. B context).  

Secondly, to determine if reactivation of the previously activated neurons in the 
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DG and CA3 during encoding is sufficient for expression of the CFC memory, we have 

crossed the ArcCreERT2 mice with R26R-STOP-floxed-channelrhodopsin (ChR2)-

tdTomato line (Figure 5.3).   

 

 

Figure 5.3. ArcCreERT2 x R26R-CAG-STOP-floxed-ChR2-tdTomato mice. When bred to Cre 
recombinase-expressing mice, the STOP sequence is deleted in tissues where Cre is present, permitting 
ChR2 expression. Cells expressing ChR2 are activated by a blue light at 470 nm.  
 

 We again have bred bigenic mice, but in order to get sufficient expression of the 

ChR2, we must maintain these mice in a homozygous manner (Figure 5.4).  

 

Figure 5.4. ArcCreERT2 x R26R-CAG-STOP-floxed-ChR2-tdTomato mice. A representative image of 
ChR2 expression in the DG.   
 

We can manipulate these neurons by stereotactically implanting a cannula and an optical 
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fiber coupled to a solid state laser into the HPC, which will allow for delivery of blue 

light at 470 nm in freely moving animals to specifically activate only the neurons 

expressing ChR2.  We predict that activation of the ChR2+ cells in CA3 will induce a 

significant amount of freezing in a novel context, suggesting that the initially encoded 

Arc+ neurons in CA3 contain the memory trace.  Other experiments are also possible 

using this line; for example, we can assess the impact of activation of DG neurons in 

different contexts or entrain a population a neurons to encode a context by preferentially 

activating them during the training.  

Thirdly, we have crossed the ArcCreERT2 mice with R26R-STOP-floxed- 

halorhodopsin (eNpHR3.0) line in order to inhibit the cells activated during learning 

(Figure 5.5). 

   

Figure 5.5. ArcCreERT2 x R26R-CAG-STOP-floxed-eNpHR3.0 mice. When bred to Cre recombinase-
expressing mice, the STOP sequence is deleted in tissues where Cre is present, permitting eNpHR3.0 
expression. Cells expressing ChR2 are inhibited by a yellow light at 589 nm.  
 

We again have bred bigenic mice, but in order to get sufficient expression of 

halorhodopsin, we must maintain these mice in a homozygous manner. Using the same 

optogenetic methods as mentioned above, we will inhibit the population of initially 

activated Arc+ neurons by emitting yellow light at 589 nm to hyperpolarize the cells 

expressing eNpHR3.0.  We predict that inhibition of the Arc+ neurons in CA3 will 

significantly decrease the amount of freezing in the training context, suggesting that the 

initially encoded neurons in CA3 contain the memory trace.  
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Finally, we have bred triple transgenic mice in order to further elucidate the 

mechanisms by which adult hippocampal neurogenesis contributes to behavior.  We have 

crossed the ArcCreERT2 mice with reporter lines, and then crossed these bigenic mice 

with female GFAP-TK Tg mice.  The triple transgenic mice will allow for us to 

selectively ablate hippocampal neurogenesis and then study the mechanisms of altered 

behavior as we had done in Chapter 4. A number of experiments can be performed using 

theses lines. We predict that by selectively manipulating a population of neurons in CA3 

of GFAP-TK Tg mice, we can rescue some of the impairments in behavior such as seen 

in CFC.  

 

Figure 5.6. ArcCreERT2 x GFAP-TK mice x reporter lines. By creating triple transgenics utilizing the TK 
line in the laboratory, we can selectively ablate hippocampal neurogenesis. (A) By crossing these lines with 
a YFP reporter line, the mechanisms underlying behavior with or without neurogenesis can be studied.  (B) 
By crossing with a rhodopsin reporter line, such as the ChR2 line shown here, we can begin to study the 
mechanisms by which adult hippocampal neurogenesis contributes to behavior.   
 

With the experiments outlined above, we can begin to discover the biological 
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correlate of a memory trace by exogenously activating or inhibiting the cellular activation 

pattern that corresponds with learning.  These findings would profoundly contribute to 

our current understanding of the biology underlying learning and memory.  Elucidating 

the mechanisms of the DG and CA3 in memory storage and retrieval would greatly 

inform our overall understanding of HPC-dependent learning. Moreover, by further 

probing the system in mice with or without adult hippocampal neurogenesis, we will 

potentially identify a novel therapeutic target, as impaired neurogenesis and memory 

deficits are hallmarks of many neurological and psychiatric disorders.  These experiments 

would represent a significant advancement in the current understanding of the 

mechanisms underlying learning and memory. 

 

Concluding Remarks  
 The ArcCreERT2 line utilized in this thesis are a useful tool not only to study the 

mechanisms underlying memory formation and retrieval, but also to the study the role of 

adult hippocampal neurogenesis in behavior.  If utilized correctly, the mice will allow 

future work to shed light on these mechanisms not only in the HPC, but also in other 

areas of the brain. With a greater understanding of the mechanisms underlying behavior, 

the therapeutic potential of harnessing the cells contributing to memory formation and 

retrieval may eventually help treat psychiatric or memory-related disorders.  
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SUMMARY

Although conditioned inhibition of fear (or learned
safety) is a learning process critical for preventing
chronic stress, a predisposing factor for depression
and other psychopathologies, little is known about
its functional purposes or molecular mechanisms.
To obtain better insight into learned safety, we inves-
tigated its behavioral and molecular characteristics
and found that it acts as a behavioral antidepressant
in two animal models. Learned safety promotes the
survival of newborn cells in the dentate gyrus of
the hippocampus, while its antidepressant effect is
abolished in mice with ablated hippocampal neuro-
genesis. Learned safety also increases the expres-
sion of BDNF in the hippocampus and leads to
downregulation of genes involved in the dopaminer-
gic and neuropeptidergic but not the serotonergic
system in the basolateral amygdala. These data
suggest that learned safety is an animal model of
a behavioral antidepressant that shares some neuro-
nal hallmarks of pharmacological antidepressants
but is mediated by different molecular pathways.

INTRODUCTION

Instinctive and learned fear are essential for survival and are
evolutionarily conserved in organisms ranging from simple inver-
tebrates to mammals. In humans, pathological forms of learned
fear are hallmarks of severe psychopathologies such as anxiety
disorders, posttraumatic stress disorders, and depression. The
fact that fear can be enhanced through learning and can become
a symptom of psychopathology in humans suggests that this
form of learning may not always be appropriate and might, in
certain situations, lead to unfavorable consequences. Therefore,
it seems likely that effective inhibitory constraints exist that
prevent the inappropriate expression of learned fear.

In search for such a mechanism, Robert Rescorla extended
the early work of Ivan Pavlov and delineated ‘‘conditioned
inhibition’’ as a learning paradigm whereby a neutral CS

develops the ability to inhibit responses to learned predictors
of aversive or rewarding stimuli (Pavlov, 1927; Rescorla, 1969).
Fear conditioning results from a positive correlation (pairing) of
a previously neutral CS and an aversive US. During conditioned
inhibition, by contrast, a CS that is negatively correlated (explic-
itly unpaired) with an aversive US becomes a positive signal
(predictor) for safety and reduces the expression of conditioned
fear. Since the animal associates the target signal with protec-
tion from an impending aversive event, conditioned inhibition
has been thought to represent a form of learned safety, a process
by which the animal learns to take advantage of sources of safety
and security in the environment (Candido et al., 2004; Dinsmoor,
2001; Wiertelak et al., 1992). The term ‘‘safety signal’’ generally
refers to a stimulus that is inversely or negatively correlated to
an aversive event (Candido et al., 2004). In our previous study,
we referred to learned safety as the learning and memory result-
ing from a conditioned inhibition training procedure (Rogan et al.,
2005). We here attempt to first characterize some of the behav-
ioral consequences of learned safety and then to go on to
explore it at the molecular level.

The ability to identify events that afford relief from ongoing
strain is thought to be crucial for the prevention of chronic stress,
a precipitating factor for the development of anxiety disorders
and depression (Chan et al., 2001; Davis and Shi, 1999; LeDoux,
1993; Rogan et al., 2001). This led us to investigate whether
learned safety, as a predictor of a break from continuously immi-
nent, stress-producing danger, may have antidepressant ef-
fects. We tested this idea in mice using the forced-swim test and
the unpredictable chronic mild stress (UCMS) paradigm. We
then assessed whether learned safety could also share some
major neuronal characteristics of pharmacological antidepres-
sant treatments, specifically modulation of neurogenesis and the
expression of BDNF in the dentate gyrus of the hippocampus
(Warner-Schmidt and Duman, 2006; Dranovsky and Hen, 2006;
Malberg and Duman, 2003).

The amygdala is a key structure for the pathogenesis of the
dominant emotional symptoms in major depression. To examine
the molecular mechanisms contributing to learned safety using
Affymetrix high-density oligonucleotide arrays, we focused on
the basolateral nucleus, the subregion of the amygdala where
we have previously described distinct electrophysiological
features of learned safety (Rogan et al., 2005).
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RESULTS

The Safety Signal Is a Conditioned Inhibitor that Leads to
Reduction of Conditioned Contextual Fear and Retards
Subsequent Fear Conditioning
Safety conditioning is carried out over 3 days, one session per
day, and comprises a simple conditioned inhibition of fear para-
digm consisting of several explicitly unpaired presentations of
the aversive US and the tone CS (see Figure 1A). After safety
training, freezing (the endogenous defense response of rodents)
to the experimental context in the presence of the CS is signifi-
cantly reduced in safety-trained mice and significantly increased

in fear-conditioned mice, while remaining unchanged in tone
controls (Figure 1B). This observation provides evidence for
summation, one of the two defining criteria of a conditioned
inhibitor (Rescorla, 1971). The second test that a true condi-
tioned inhibitor needs to pass is retardation. Indeed, we found
that, when mice were fear conditioned to the same CS used
beforehand in safety training, they do not show freezing to the
tone after 1 day of fear training (Figure 1C). However, with an
additional day of fear training, previously safety-conditioned
animals also learn to freeze to the CS (Figure 1D).

To further rule out nonspecific excitatory effects of the safety
signal, we tested whether a different tone (CS*) that has not

Figure 1. Learned Safety Induces Reduction of Contextual Fear and Retards Subsequent Fear Conditioning to the Same Stimulus
(A) Safety conditioning consists of a simple conditioned inhibition of learned fear paradigm in which the delivery of four shock US is followed by the presentation of

four tone CS. In the fear conditioning protocol, the number of CS and US presentations is matched to the safety conditioning paradigm (four paired CS-US).

Training is conducted over a period of 3 days, one session per day. A memory recall test, consisting of a single CS presentation, is carried out 24 hr after the

last training day.

(B) Contextual freezing in the presence of the CS (n = 10–14 per group) (main effect of type of training [i.e., learned safety, learned fear, or tone-alone control]:

F(2,31) = 34.813, p < 0.001; effect of interaction between type of training and phase of testing [i.e., pre-CS or CS]: F(2,31) = 24.715, p < 0.001; Tukey-Kramer post hoc

test for type of training [CS phase]: safety versus fear and safety versus tone p < 0.001; fear versus tone p < 0.001). Separate paired Student’s t tests (pre-CS

versus CS) within each group reveal the ‘‘CS effect’’ (learned safety, p < 0.001; learned fear, p < 0.01; tone alone, p > 0.05).

(C) CS response after 1 day of fear conditioning in previously naive control and previously safety conditioned mice (n = 7 per group) (effect of interaction between

phase of testing and type of training: F(1,14) = 255.462, p < 0.001). ‘‘CS effect’’ (learned safety, p < 0.001; naive control, p < 0.001). Student’s t test between CS

phases (p < 0.001).

(D) CS response after 2 days of fear conditioning in previously naive control and previously safety conditioned mice (n = 7 per group) (main effect of phase of

testing F(1,14) = 47.245: p < 0.001). ‘‘CS effect’’ (learned safety, p < 0.01; naive control, p < 0.001).

(E) Contextual freezing in response to the conditioned CS and an unconditioned tone CS* (n = 7 per group) (main effect of phase of testing F(1,14) = 14.763: p < 0.01;

main effect of type of CS F(1,14) = 6.995: p < 0.05; effect of interaction F(1,14) = 21.086: p < 0.001). ‘‘CS effect’’ (CS, p < 0.001; CS*, p > 0.05). Student’s t test

between CS phases (p < 0.001).

All data are depicted as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.0001, n.s. (not significant) p > 0.05.
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been explicitly unpaired with the US would reduce freezing to the
context in the memory recall test. We found that the CS, but not
the CS*, reduced contextual freezing in safety-trained mice
(Figure 1E).

Learned Safety Reduces Innate Fear in the Elevated
Plus Maze
Using a within-subject control design, we tested whether the
presence of the conditioned stimulus would act to modulate
behavioral measures associated with reduced anxiety in the
elevated plus maze. We found significantly increased numbers
of open arm entries in safety-conditioned mice in the presence
of the CS (Figure 2A). Closed arm entries were significantly
decreased in safety-conditioned mice and increased in fear-
conditioned mice during delivery of the CS (Figure 2B). Moreover,
safety-conditioned mice spent significantly more time in the open
arms in the CS than in the no-CS period, whereas the opposite
effect was observed in fear-conditioned mice (Figure 2C).

Learned Safety Can Serve as a Behavioral
Antidepressant
Delivery of the Safety Signal Reduces Immobility
in the Forced-Swim Test
Immobility in the forced-swim test, interpreted as a form of be-
havioral despair, was significantly reduced in safety-conditioned
mice in the presence of the safety signal (Figure 3A). We then
evaluated, in safety-trained mice, the effect of fluoxetine on
immobility in the forced-swim test, in order to validate the antide-
pressant activity of the safety signal with respect to a widely used

pharmacological antidepressant. Vehicle- and fluoxetine-
treated mice were either exposed to the safety signal during
the forced-swim test (CS groups) or served as control (no-CS
groups). We found that the percentage of time spent immobile
in the vehicle-treated CS group and the fluoxetine-treated
no-CS group was not different, suggesting that the reduction in
immobility induced by the safety signal is comparable to the
effect seen with the antidepressant fluoxetine. Immobility was
even further decreased in the presence of the safety signal in
fluoxetine-treated safety-trained mice (Figure 3B).

Learned Safety Reduces Anhedonia Brought
on by Unpredictable Chronic Mild Stress
We found that a 4 week exposure to unpredictable chronic mild
stress induced a significantly increased response for learned
safety in the memory recall test (Figure 3C). The depressive state
induced by UCMS is associated with anhedonic behavior that
can be assessed in the sucrose preference test. As expected,
all mice showed abolished sucrose preference following
UCMS treatment. In UCMS-treated safety-trained mice, sucrose
preference was restored to levels of unstressed controls when
assessed in the presence of the safety signal. The safety signal
had no effect on sucrose preference in tone-alone controls
(Figure 3D).

Safety Learning Promotes the Survival of Newborn Cells
in the Hippocampal Dentate Gyrus
To determine whether safety learning has an effect on adult-
generated hippocampal neurons, we examined the number

Figure 2. Learned Safety Exerts Anxiolytic
Effects in the Elevated Plus Maze
(A) Open arm entries (main effect of phase of test-

ing F(1,15) = 27.668: p < 0.001; main effect of type of

training F(2,15) = 18.428: p < 0.001); effect of inter-

action between phase of testing and type of train-

ing F(2,15) = 9.354: p < 0.01; Tukey-Kramer post

hoc test for type of training (CS phase): safety

versus fear and safety versus tone p < 0.001; fear

versus tone p > 0.05). ‘‘CS effect’’ (learned safety:

p < 0.001, learned fear and tone-alone: p > 0.05).

(B) Closed arm entries (main effect of phase of test-

ing F(1,15) = 102.552: p < 0.001; main effect of type

of training F(2,15) = 6.665: p < 0.01; effect of interac-

tion between phase of testing and type of training

F(2,15) = 8.274: p < 0.01; Tukey-Kramer post hoc

test for type of training (CS phase): safety versus

fear and versus tone p < 0.001; fear versus tone

p < 0.01). ‘‘CS effect’’ (learned safety: p < 0.001,

learned fear: p < 0.01 and tone-alone: p > 0.05).

(C) Time in open arms (main effect of type of type of

training F(2,15) = 21.635: p < 0.001; effect of interac-

tion between phase of testing and type of training

F(2,15) = 65.768: p < 0.001; Tukey-Kramer post hoc

test for type of training (CS phase): safety versus

tone and versus fear p < 0.001; fear versus tone

p < 0.001). ‘‘CS effect’’ (learned safety, p < 0.001;

learned fear, p < 0.01; tone alone, p > 0.05)

(n = 7–8 per group in each case).

All data are depicted as mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.0001, n.s. (not significant)

p > 0.05.
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and the fate of newborn cells using labeling with the thymidine
analog bromodeoxyuridine (BrdU). We employed two para-
digms: the ‘‘survival paradigm’’ and the ‘‘proliferation paradigm’’
(Figure 4A) (Gould et al., 1999; Malberg et al., 2000). We found
that learned safety significantly enhanced the number of new-
born cells surviving 2 weeks after BrdU administration (Figures
4B–4E). Results from the proliferation paradigm indicate that
learned safety did not affect the rate of neurogenesis.

Ablation of Hippocampal Neurogenesis Retards Safety
Learning
We used x-irradiation of the dentate gyrus to ablate hippocampal
neurogenesis in mice and verified the absence of newly gener-
ated cells by doublecortin immunohistochemistry (a marker for
neurons younger than 1 month of age) 6 weeks later (Figure S1
available online). We then tested the effect of ablated hippocam-
pal neurogenesis on learned safety and found that x-irradiated
mice showed no evidence of safety learning after 1 day of

training, in contrast to sham-irradiated control mice (Figure 5A).
However, after an additional 2 days of training, both x-irradiated
and sham mice displayed significant reduction of contextual
freezing when exposed to the safety signal (Figure 5B). In
contrast to learned safety, fear conditioning was not affected
by ablation of hippocampal neurogenesis on either day.

Ablation of Neurogenesis Inhibits the Antidepressant
Action of Learned Safety
When evaluating the potential of learned safety to reduce de-
pression-like behaviors, we found that safety trained x-irradiated
mice did not show reduced immobility in the presence of the
safety signal, which was observed in the controls (Figure 5C).
Moreover, UCMS-induced enhancement of the safety response
was absent (Figure 5D), and the ability of learned safety to rescue
the UCMS-induced reduction of sucrose preference was
abolished in x-irradiated safety-trained mice (Figure 5E).

Figure 3. Learned Safety Acts to Induce Antidepressant-like Behaviors
(A) Immobility in the presence of the CS (n = 10 per group) (main effect of phase of testing F(1,30) = 10.076: p < 0.01; interaction between phase of testing and type of

training F(1,30) = 27.243: p < 0.001). Tukey-Kramer post hoc test for type of training (CS phase): safety versus tone p < 0.05 and versus fear p < 0.001; fear versus

tone p > 0.05). ‘‘CS effect’’ (learned safety, p < 0.001; learned fear and tone alone, p > 0.05).

(B) Immobility during the CS delivery period and the corresponding time period in the no-CS groups (n = 8–9 per group) in fluoxetine- and vehicle-treated groups

(main effect of phase of testing F(1,33) = 61.190: p < 0.001; main effect of drug F(1,33) = 154.928: p < 0.001; main effect of CS delivery F(1,33) = 32.696: p < 0.001);

effect of interaction between phase of testing and drug F(1,33) = 3.859: p < 0.05; effect of interaction between phase of testing and CS delivery F(1,33) = 142.242:

p < 0.001; effect of interaction between phase of testing and drug and CS delivery F(1,33) = 5.791: p < 0.05. ‘‘CS effect’’ (vehicle CS and fluoxetine CS, p < 0.001;

vehicle no-CS and fluoxetine no-CS, p > 0.05). Student’s t test between CS phases of vehicle CS and fluoxetine no-CS p > 0.05.

(C) Safety response in the memory recall test following 4 weeks of unpredictable chronic mild stress (UCMS) (n = 9–10 per group) (main effect of phase of testing

F(1,19) = 135.903: p < 0.001; effect of interaction with UCMS exposure F(1,19) = 10.057: p < 0.01). ‘‘CS effect’’ (learned safety unstressed and learned safety UCMS:

p < 0.001). Student’s t test between CS phases of learned safety unstressed and learned safety UCMS p < 0.05).

(D) Sucrose preference 24 hr after the last day of training (values above 50% [horizontal line] indicate sucrose preference above chance) in the presence of the CS

(n = 7 per group) (main effect of UCMS exposure F(1,28) = 20.085: p < 0.001; main effect of type of training F(1,28) = 5.356: p < 0.05; effect of interaction between

UCMS exposure and type of training F(1,28) = 6.663: p < 0.05). Tukey-Kramer post hoc test: tone control UCMS versus all other groups: p < 0.01).

Data are depicted as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.0001, n.s. (not significant) p > 0.05.
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Safety Learning Increases Expression of BDNF
in the Dentate Gyrus of the Hippocampus
BDNF is known to be induced by antidepressant treatment in the
hippocampus, particularly in the dentate gyrus (Nibuya et al.,
1995; Russo-Neustadt et al., 2004), and could be responsible
for the increase in and survival of hippocampal neurons following
antidepressant drug treatment (Duman, 2004a, 2004b). This led us
to analyze the expression of BDNF in the dentate gyrus in mice fol-
lowing safety and fear training together with tone-alone controls.
Using immunohistochemical analysis, we found increased BDNF
expression in safety-conditioned mice, whereas the expression
of BDNF in fear-conditioned mice was reduced as compared to
tone-alone controls (Figure 6).

Genes Differentially Expressed in the Basolateral
Amygdala of Safety-Conditioned and Fear-Conditioned
Mice
To characterize the molecular mechanisms involved in safety
learning, we searched for genes whose mRNAs were differen-
tially regulated in safety- and fear-conditioned mice in the
basolateral nucleus of the amygdala. We isolated the basolateral
nucleus of the amygdala using laser-capture microdissection
(LCM), which permits for rigorously controlled and precise isola-
tion of the target nucleus without contamination from surround-
ing areas (Figure 7A). Using a combination of hypothesis-free
and hypothesis-driven approaches, we examined all significant

changes (80 specific probe sets) (Figure 7B and Table S1) but
thereafter also focused on certain candidate genes that have
been implicated in the literature to be involved in stress, anxiety,
and depression (Table S2).

We found differential regulation of four genes (dopamine D2
receptor, substance P, prodynorphin, and preproenkephalin 1)
that have been highly implicated in the response to endogenous
and exogenous stressors and depression (McLaughlin et al.,
2003; Sinchak et al., 2000). To independently verify the observed
changes and to relate them to benchmark values, we carried out
RT-PCR analyses for two of these genes—dopamine D2 recep-
tor (D2R) and substance P (SP)—those on which we focused
more in subsequent experiments. In addition, RNA isolated
from LCM samples of handled-only mice as naive baseline
controls was included (Figures 7C and 7D).

Blocking D2 Receptors Facilitates the Memories
for Learned Safety
To evaluate the importance of the gene expression findings
in vivo, we examined the effects of blockade of D2R on the
memory for learned safety. We found that the treatment with
the D2R antagonist sulpiride before the memory recall test led
to a significant enhancement of the safety response (Figure 8A).
When sulpiride was administered before the training sessions
and mice were tested drug free, no effect in either safety- or
fear-trained mice was observed (Figure S2A).

Figure 4. Learned Safety Promotes the Survival of Newborn Cells in the Dentate Gyrus of the Hippocampus
(A) In the ‘‘survival paradigm,’’ BrdU was injected 3 days prior to behavioral training. Mice were sacrificed 14 days after the first BrdU injection. In the ‘‘proliferation

paradigm,’’ BrdU was injected starting 2 hr after the last behavioral training, and mice were sacrificed 24 hr later. (B) Number of BrdU-labeled cells in the dentate

gyrus in the survival paradigm. Confocal laser-scanning microscopic images (103) of BrdU-labeled cells (light blue) reveal a significant difference in number

between (C) tone-alone control, (D) fear-conditioned, and (E) safety-conditioned mice (n = 4 per group) (F(2,15) = 5.650: p < 0.01, Tukey-Kramer post-hoc test

safety versus tone p < 0.01, safety versus fear p < 0.05). (F) The vast majority of BrdU-labeled cells (red-yellow) were immunoreactive for the neuronal marker

NeuN (603). Data are depicted as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.0001, n.s. (not significant) p > 0.05.
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Application of the D2R agonist quinprinole before the memory
recall test (Figure 8B) but not before the training sessions
(Figure S2B) abolished the safety response in the memory recall
test. Quinprinole treatment did not affect learned fear under
either condition.

A significant interaction between CS delivery and drug admin-
istration was revealed when we trained mice drug free in the
learned safety paradigm and administered sulpiride before the
forced-swim test. This result suggests that dopaminergic trans-
mission is an important, although not the exclusive, mediator of
learned safety (Figure 8C).

Blocking NK-1 Receptors Facilitates the Acquisition
of Learned Safety
To determine the importance of Substance P in vivo, we first
tested the effect of blockade of the preferred receptor for Sub-
stance P, the NK-1 receptor, using L-703,606. We found that

the response to the safety CS was not different in L-703,606-
treated and vehicle-treated mice in both safety- and fear-
conditioned mice when mice were trained drug free and NK-1
receptors were blocked only during the memory recall test (Fig-
ure S2C). However, when we trained mice under the influence of
L-703,606 and then tested them drug free, we observed a signif-
icantly enhanced safety response in L-703,606-treated mice
whereas the response to the CS was not altered in fear-condi-
tioned mice. NK-1 inhibition during training did not affect the
CS response in the memory recall test (Figure 8D). Application
of the NK-1 agonist ([Sar9, Met(O2)11]-Substance P) before
the memory recall test did not affect learned safety (Figure S2D).
However, when we exposed the animals to the NK-1 agonist
before each training session, we observed a reduced safety
response during the memory recall test (Figure 8E). The learned
fear response was not affected by drug treatment under either
condition.

Figure 5. Ablation of Hippocampal Neurogenesis Retards Safety Learning and Inactivates the Antidepressant Effect of the Safety Signal
(A) Safety response in x-irradiated mice and sham-irradiated controls after 1 day of training (n = 7 per group) (main effect of phase of testing F(1,32) = 5.477: p <

0.05; effect of interaction between phase of testing and type of training F(1,32) = 58.152: p < 0.001 and phase of testing and x-irradiation F(1,32) = 8.863: p < 0.01 and

phase of testing and of type of training and x-irradiation F(1,32) = 4.957: p < 0.05). ‘‘CS effect’’ (learned safety sham and learned fear X-ray: p < 0.001; learned fear

sham: p < 0.01; learned safety X-ray: p > 0.05).

(B) Safety response in x-irradiated mice and sham-irradiated controls after 3 days of training (n = 7 per group) (effect of interaction between phase of testing and

type of training F(1,32) = 58.152: p < 0.001 and phase of testing and x-irradiation F(1,28) = 59.917: p < 0.001). ‘‘CS effect’’ (all groups: p < 0.001).

(C) Immobility during the presentation of the CS compared to the time period without the CS (no-CS) (n = 8–9 per group) (main effect of type of training F(1,35) =

5.877: p < 0.05; effect of interaction between phase of testing and type of training F(1,35) = 16.311: p < 0.001 and phase of testing and type of training and x-ir-

radiation F(1,35) = 4.220: p < 0.05). ‘‘CS effect’’ (learned safety sham: p < 0.001: all other groups p > 0.05).

(D) Safety response in x-irradiated and sham-irradiated control mice after 4 weeks of UCMS (n = 7–8 per group) (main effect of phase of testing F(1,22) =

149.976: p < 0.001; interaction between phase of testing and x-irradiation F(1,22) = 6.469: p < 0.05; interaction between phase of testing and x-irradiation

and UCMS exposure F(1,22) = 7.707: p < 0.05; interaction between UCMS exposure and x-irradiation F(1,22) = 5.257: p < 0.05). ‘‘CS effect’’ (all groups:

p < 0.001). Student’s t test between CS phases of unstressed sham and UCMS sham: p < 0.05; CS phases of unstressed X-ray and UCMS X-ray:

p > 0.05.

(E) Sucrose preference in the presence of the CS in x-irradiated and sham-controls after UCMS or no-stress control (n = 5–7 per group) (main effect of UCMS

treatment F(1,43) = 33.988: p < 0.01; interaction between type of training and UCMS treatment F(1,43) = 12.088: p < 0.01; interaction between type of training and

UCMS treatment and x-irradiation F(1,43) = 6.027: p < 0.05). Student’s t test between CS phases of safety UCMS sham and safety UCMS X-ray: p < 0.01. Data are

depicted as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.0001, n.s. (not significant) p > 0.05.
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Blocking Serotonin Receptors Does Not Affect Safety
Learning
Several lines of evidence support an important role of 5-HT1A

receptors in depressive illness (Bowen et al., 1989; Drevets et al.,
1999) and in the response to antidepressants (Li et al., 1998;
Singh and Lucki, 1993). However, blockade of 5-HT1A receptors
affected learned safety neither in the acquisition nor in the
memory recall phase (Figures 8F and 8G).

DISCUSSION

We find that learned safety reduces depression-like behavior in
mice. Consistent with its behavioral antidepressant effects,
learned safety enhances the survival of newborn cells and leads
to increased expression of BDNF in the hippocampal dentate
gyrus. In the amygdala, learned safety strongly modulates the
expression of key components of the dopaminergic and
neuropeptidergic system while having no effect on elements of
the serotonergic transmission. Learned safety thus exerts its an-
tidepressant activity through cell-biological steps also recruited
by conventional, serotonergically based antidepressants but
triggers these through different molecular pathways.

Learned Safety Reduces Learned Contextual
and Unlearned, Innate Fear
We produced learned safety by a conditioned inhibition of fear
protocol in which the animal learns about a stimulus—the safety
signal—that indicates the absence of impending aversive
events. We and others have found that the behavioral response
triggered by the safety signal can become independent from the
context in which it has been acquired and might even be effec-
tive to control a different, unconditioned response (Denniston
et al., 1998; Rogan et al., 2005). We now find that the safety sig-
nal in itself contains an autonomous informational content that
can be transferred and lead to reduction in unlearned, innate
fear in the elevated plus maze.

Learned Safety Reduces Depression-like Behavior
in Two Animal Models
We used two animal models of depression to test the idea that
the safety signal may come to indicate a general ‘‘relief period’’
from ongoing stress and thus may counteract depressive states.
We found an antidepressant effect in the forced-swim test
(similar and in magnitude comparable to pharmacological
treatment with fluoxetine) and complemented this result by the
rescue of chronic mild stress-induced reduction in sucrose
preference by the safety signal, similar to that obtained with
pharmacological antidepressants (Gittos and Papp, 2001;
Moreau et al., 1996).

Antidepressant pharmacotherapy is more effective in patients
with depressive disorders than in healthy controls. The enhance-
ment of the learned safety response in mice, in which a depres-
sive state has been induced by chronic mild stress, resembles
this situation in humans and supports learned safety as an animal
model of behavioral antidepressant treatment with good face
and content validity.

Learned Safety Shares Neurobiological Hallmarks
of Pharmacological Antidepressants
Many pharmacological antidepressants and other interventions
achieving antidepressant effects increase neurogenesis,
whereas, conversely, stress typically reduces neurogenesis
(Warner-Schmidt and Duman, 2006; Dranovsky and Hen, 2006;
Malberg and Duman, 2003). We found that in the ‘‘survival para-
digm’’ learned safety enhances the number of BrdU-positive
cells in the dentate gyrus 14 days after BrdU labeling. The num-
ber of new cells in the dentate gyrus increases between 2 hr and
1 week after DNA synthesis and then declines rapidly by the 2
week time point (Cameron et al., 1993). The ability of learned
safety to rescue cells that were generated shortly before the
training procedure provides a direct link between newborn cells
in the adult hippocampus and this behavioral paradigm. These
results on neurogenesis add further significance to the

Figure 6. Learned Safety Leads to In-
creased Expression of BDNF in the Dentate
Gyrus of the Hippocampus
Dentate gyrus BDNF immunohistochemistry in

mice sacrificed 4 hr after the last day of behavioral

training. Representative sections (103) are shown

for each group.

(A) Learned safety.

(B) Learned fear.

(C) Tone alone.

(D) Statistical analysis revealed increased levels of

BDNF in safety-conditioned and decreased levels

in fear-conditioned mice (n = 4 per group) (F(2,15) =

42.423: p < 0.001; Tukey-Kramer post hoc test;

safety versus fear and tone p < 0.001; fear versus

tone p < 0.01).

Data are depicted as mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.0001, n.s. (not significant)

p > 0.05.
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behavioral results suggestive of an antidepressant activity of
learned safety. The fact that we observed an enhanced survival
of those cells that were generated before training but did not ob-
serve an effect when BrdU was injected after training suggests
that the effect of learned safety on newborn cells may occur
only during a specific ‘‘sensitive period’’ following the generation
of these cells. Interestingly, it is precisely within this time frame
(between 1 and 2 weeks after mitosis) that adult-generated gran-
ule cells of the dentate gyrus appear to be forming connections
with the CA3 region (Gould et al., 1999). Learned safety, thus,
may facilitate the integration of these cells into an established
circuitry and promote their survival.

Another factor potentially contributing to enhanced cell sur-
vival following learned safety may be the increased neurotrophic
support by BDNF. BDNF has been shown to be regulated by
antidepressant and is thought to oppose the effects of stress
on neuronal cells (e.g., inhibiting excitotoxic damage, blocking
neuronal atrophy, etc.) by helping to make neurons more resilient
to stress and by maintaining basal levels of hippocampal neuro-
genesis (Nibuya et al., 1995).

The delayed acquisition of learned safety in mice with ablated
hippocampal neurogenesis shows that neurogenesis is impor-
tantly involved in, although not the only process required for, the
acquisition of learned safety. For the behavioral antidepressant
effects, however, neurogenesis seems to be more essential, since
the response to the antidepressant activity of the safety signal in
the forced-swim test and the sucrose preference test was blunted
in mice with ablated hippocampal neurogenesis. This result is also
in agreement with other studies demonstrating ineffectiveness of
pharmacological antidepressants in mice with ablated hippocam-
pal neurogenesis (Manev et al., 2001; Santarelli et al., 2003).

Learned Safety Acts through Molecular Mechanisms
Distinct from Conventional Pharmacological
Antidepressants
In the search for the molecular basis for the behavioral character-
istics and functional properties of learned safety, we turned
toward the amygdala, where we have previously identified dis-
tinct neural changes in safety-trained mice (Rogan et al., 2005).
We focused on two candidate systems: the dopaminergic and

Figure 7. Laser-Capture Microdissection Enables Precise Isolation of the Mouse Basolateral Amygdala for Subsequent Gene Expression
Analysis
(A) Firing an infrared laser through a thermoplastic cap leads to the melting of the target tissue with the cap. When the cap is lifted, the tissue is removed from the

tissue section and remains attached to the cap from where RNA can be isolated and used for molecular analysis. (B) Hierarchical clusters of genes regulated by

learned safety in the mouse basolateral amygdala (in comparison to fear conditioning controls). Relative expressional changes are colored coded using a heat

map with red-to-blue gradient depicting an up- to downregulation (R2-fold increase / %2-fold decrease). mRNA expression of (C) D2R, (D) SP in basolateral

amygdala samples of safety-trained, fear-trained, and handled-only (naive control) mice as evaluated by RT- PCR. Values normalized to the expression of GAPDH

are displayed (n = 5–6 per group). (D2R: F(2,16) = 7.623: p < 0.01, Tukey-Kramer post hoc test safety versus handled only and safety versus fear p < 0.01; SP:

F(2,16) = 5.088: p < 0.01, Tukey-Kramer post hoc test safety versus handled only and safety versus fear p < 0.05). All data are depicted as mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.0001, n.s. (not significant) p > 0.05.
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neuropeptidergic Substance P system. The amygdalae are mod-
ulated by dopaminergic inputs, which are central for mediating
physiological and pathological responses to positive and nega-
tive stimuli. Moreover, in animal models of depression, stress
has been found to activate the midbrain dopaminergic system

by stimulating dopaminergic transmission from the ventral teg-
mental area (VTA) to its limbic targets, including the amygdala
(Di Chiara et al., 1999; Horger and Roth, 1996). Our finding that
sulpiride reduces behavioral despair in the forced-swim test is
in agreement with reports on the antidepressant effects of

Figure 8. Dopamine D2 Receptor and Substance P but Not 5-HT1A Receptors Are Critically Involved in Learned Safety
(A) Effect of sulpiride administration before the memory recall test (n = 7–9 per group) (main effect of phase of testing F(1,35) = 5.223: p < 0.05; main effect of type of

training F(1,35) = 17.430: p < 0.001; interaction between phase of testing and type of training F(1,35) = 181.482: p < 0.001; interaction between phase of testing and

drug F(1,35) = 5.018: p < 0.05; interaction between phase of testing and type of training and drug F(1,35) = 5.163: p < 0.05). ‘‘CS effect’’ (all groups: p < 0.001).

Student’s t test between CS phases of learned safety vehicle versus learned safety sulpiride: p < 0.05).

(B) Effect of quinprinole administration before the memory recall test (n = 7–9 per group) (interaction between phase of testing and type of training F(1,36) = 22.276:

p < 0.001; interaction between phase of testing and drug F(1,36) = 5.113: p < 0.05; interaction between phase of testing and type of training and drug F(1,40) = 8.445:

p < 0.01). ‘‘CS effect’’ (learned safety vehicle: p < 0.001; learned safety quinprinole: p > 0.05; learned fear vehicle: p < 0.01, learned fear quinprinole: p < 0.05).

(C) Effect of treatment with sulpiride prior to the forced-swim test (n = 7–8 per group) (effect of phase of testing F(1,15) = 44.176: p < 0.001; interaction between

phase of testing and drug F(1,15) = 5.932: p < 0.05). ‘‘CS effect’’ (learned safety vehicle, p < 0.05; learned safety sulpiride, p < 0.001). Student’s t test between CS

phases of learned safety vehicle versus learned safety sulpiride: p < 0.001.

(D) Effect of blockade of NK-1 receptors by L703,606 during safety training on response to the CS in the memory recall test (n = 8–9 per group) (main effect of

phase of testing F(1,35) = 5.734: p < 0.05; main effect of type of training F(1,35) = 8.899: p < 0.01; effect of interaction between phase of testing and type of training

F(1,35) = 118.869: p < 0.001; effect of interaction between phase of testing and drug F(1,35) = 4.692: p < 0.05; effect of interaction between phase of testing and type

of training and drug F(1,35) = 5.644: p < 0.05). ‘‘CS effect’’ (learned safety vehicle: learned safety L703,606, learned fear L703,606: p < 0.001; learned fear vehicle:

p < 0.01). Student’s t test between CS phases of learned safety vehicle versus learned safety L703,606: p < 0.001.

(E) Effect of administration of a NK-1 agonist ([Sar9, Met(O2)11]-Substance P) during training on the CS response in the memory recall test (n = 8 per group) (effect

of interaction between phase of testing and type of training F(1,32) = 8.357: p < 0.01; effect of interaction between phase of testing and type of training and drug F(1,32) =

26.249: p < 0.001). ‘‘CS effect’’ (learned safety vehicle, learned fear vehicle, learned fear ([Sar9, Met(O2)11]: p < 0.001; learned safety ([Sar9, Met(O2)11]: p > 0.05).

(F) Effect of blockade of 5-HT1A receptors by WAY-100635 during training on the response to the CS in the memory recall test (n = 8 per group) (main effect of

phase of testing F(1,32) = 8.887: p < 0.01; effect of interaction between phase of testing and type of training F(1,32) = 18.873: p < 0.001). ‘‘CS effect’’ (learned safety

vehicle, learned fear WAY-100635: p < 0.01; learned safety WAY-100635, learned fear vehicle: p < 0.001).

(G) Effect of administration of WAY-100635 before the memory recall test (n = 8 per group) (main effect of phase of testing F(1,32) = 10.098: p < 0.01; effect of

interaction between phase of testing and type of training F(1,32) = 43.337: p < 0.001). ‘‘CS effect’’ (learned safety vehicle, learned safety WAY-100635, learned

fear WAY-100635: p < 0.001; learned fear vehicle: p < 0.01). All data are depicted as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.0001, n.s. (not significant) p > 0.05.
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amisulpiride in rats (Papp and Wieronska, 2000) and in humans
(for review see Jarema, 2007). Downregulation of D2R in the
course of safety training may act to reduce or relieve the experi-
ence of stress and thereby contribute to the antidepressant
potential of learned safety.

The parallel regulation of Substance P together with D2R is
consistent with a bidirectional feedback mechanism between
the two neurotransmitter systems that is thought to be important
in mediating associative learning and emotional responses has
been recently demonstrated (Kovacs et al., 2006).

We propose a model in which the stress-reducing and antide-
pressant effects of learned safety are mediated through the
interaction of (at least) two different transmitter systems, leading
to neuronal modifications typical of pharmacological antidepres-
sant treatment. Stress relief, as a consequence of learned safety,
may reduce the firing of dopaminergic cells of the VTA, which in
turn leads to downregulation of D2R in the basolateral amygdala.
Reduction of dopamine may then inhibit the expression of
Substance P mRNA (Kovacs et al., 2006). Reduced levels of
Substance P may then feed back to further reduce the activation
of the midbrain dopaminergic system (Renoldi and Invernizzi,
2006) and in part, indirectly through increased expression of
BDNF, provide enhanced neurotrophic support to promote the
survival of newborn cells in the hippocampus (Morcuende et al.,
2003).

In summary, our findings make three main points. One, learned
safety represents an animal model of a behavioral intervention
for depression that leads to behavioral outcomes similar to
pharmacological interventions. Two, learned safety induces cell-
biological changes known to result from antidepressant pharma-
cotherapy but is mediated through different molecular pathways.
Three, learned safety may provide a paradigm for the screening
of pharmacological targets for the treatment of depressive
disorders and their interaction with behavioral antidepressant
strategies.

EXPERIMENTAL PROCEDURES

Animals
Male C57BL6/N mice (10–12 weeks old) (Charles River Laboratories, Willing-

ton, MA) were used for all experiments. Mice were kept in clear plastic cages

with ad libitum food and water, unless otherwise described. All animal proce-

dures described were executed in accordance with National Institute of Health

regulations and approved by the institutional Animal Care and Use Commit-

tees of Columbia University and the New York State Psychiatric Institute.

Behavioral Training and Testing
Animals were handled daily for 3 days prior to the safety- or fear-training

procedure. In case of the pharmacology experiments, mice were injected

i.p. with saline in the course of each of these handling sessions. All behavioral

conditioning paradigms and control protocols were carried out over 3 days,

followed by a test day 24 hr after the last training day. Training for all animals

occurred in behavioral chambers (MED Associates, VT) housed within a

soundproof box.

Safety conditioning consisted of four explicitly unpaired US and CS presen-

tations (one session per day for 3 days). The fear conditioning protocol was

matched to the number of auditory CS and shock US presentations of the

safety conditioning paradigm and thus constituted four paired CS-US presen-

tations per day (see Figure 1A for details). In tone-alone controls, four CS were

delivered at the same time points as in the safety conditioning protocol. The

precise timing of stimuli varied within session and across days. A memory

recall test, consisting of the sole presentation of one CS (20 s), was carried

out 24 hr after the last training day. In any instance, the behavior during the

CS period (20 s) was compared to the corresponding length of time (20 s) prior

to the onset of the CS (pre-CS period). For the fear conditioning retardation

test, previously safety-conditioned mice were trained in a simple fear condi-

tioning paradigm (consisting of three CS-US pairings) starting 24 hr after the

last day of safety training. Control mice were naive (handled only) prior to

fear conditioning. Freezing to the tone was evaluated on the following day in

a novel context. In each instance, the US was a scrambled footshock

(0.6 mA) delivered for 2 s through the bars of the conditioning chamber. The

CS was a software-generated 350 Hz pulsed tone (2 ms rise time, 2% duty

cycle) at 72 dB with a total duration of 20 s. For the differential tone testing,

the second, unconditioned tone was a software-generated 50 Hz steady

tone at 72 dB with a total duration of 20 s. For this experiment, mice were

exposed to four presentations of the CS* after the handling period (day 4).

All freezing behavior was evaluated by digital video recordings analyzed with

FreezeFrame software (Actimetrics, Evanston, IL).

Forced-Swim Test

The forced-swim test was carried out as described elsewhere (Dulawa et al.,

2004). The last 4 min of the 6 min test were scored by analysis of videotapes

for immobility. To evaluate the effects of the delivery of the auditory CS on

immobility in conditioned mice, the CS was presented during minutes 4 and

5. The time spent immobile during these 2 min was averaged and compared

to the average of the time spent immobile during minutes 3 and 6.

Unpredictable Chronic Mild Stress

The protocol to induce UCMS was adapted from Goshen et al. (2007).

X-irradiated and sham control mice were allowed a 5 week recovery period

before being subjected to the UCMS protocol.

Sucrose Preference Test

The sucrose preference test was modified from Yu et al. (2007). Twelve hours

after exposure to the last stressor of the UCMS regime, animals were deprived

of food and water and tested for sucrose preference 23 hr later. Testing was

carried out in the home cage in the form of a two bottle choice paradigm

(2% sucrose versus water) in the presence of the CS for 1 hr. Sucrose prefer-

ence rate was calculated according to the formula: % preference = [(sucrose

intake/total intake) 3 100%].

Elevated Plus Maze

The elevated plus maze test was carried out as described (Shumyatsky et al.,

2002). During the 5 min of testing, the auditory CS was delivered during

minutes 3 and 4, and the time spent (in seconds) and entries in the different

compartments (closed and open arms) were averaged and compared to the

average of the no-CS period (minutes 2 and 5).

Pharmacology
Chemicals

All drugs were purchased from Sigma Aldrich (Sigma, St. Louis, MO). Sulpiride

was dissolved in 0.9% physiological saline and was adjusted to a neutral pH.

L703,606 was dissolved in 0.9% physiological saline and 0.5% v/v DMSO.

Fluoxetine was dissolved in distilled water. WAY100635, quinprinole, and

[Sar9, Met(O2)11]-Substance P were dissolved in 0.9% physiological saline.

Drug Administration

Sulpiride (20 mg/kg) was injected 45 min, L703,606 (1 mg/kg), WAY100635

(1 mg/kg), and quinprinole (0.1 mg/kg) were injected 30 min, and [Sar9,

Met(O2)11]-Substance P (0.5 mg/kg) was injected 20 min prior behavioral

experiments. For the forced-swim test, fluoxetine (15 mg/kg) was injected in

a repeated-injection schedule at 24 hr, 5 hr, and 1 hr prior to the forced-

swim test. All drugs were injected i.p., and the final injection volume was

5 ml/kg in each case.

X-Ray Irraditation Procedure
Mice received fractionated low-dose x-irradiation to the head, as previously

described (Santarelli et al., 2003).

Doublecortin Immunohistochemistry
Doublecortin immunohistochemistry was performed as previously described

(Holick et al., 2008).
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Analysis of Neurogenesis
Mice were administered BrdU (50 mg/kg i.p.) [(+)-50 bromo-20-deoxyuridine;

97%; Sigma, St. Louis, MO] twice per day (8 hr interval) for 3 days prior to

safety or fear conditioning and sacrificed 14 days after the first BrdU injection

for assessment of survival of the newborn cells (‘‘survival paradigm’’). For

assessment of stimulation of neurogenesis, BrdU was administered four times

(every 2 hr) starting 2 hr after termination of safety or fear conditioning, and

mice were sacrificed 24 hr after the last BrdU injection (‘‘proliferation

paradigm’’). After anesthesia with ketamine/xylazine, mice were transcardially

perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline

(PBS; pH 7.4). Brains were collected and postfixed overnight in 4% PFA at 4!C.

The following day, serial coronal sections (30 mm) along the entire rostrocaudal

extension of the hippocampus were cut on a vibratome and stored in a cryo-

protective solution (30% ethylene glycol, 30% glycerol in 0.1 M PBS) at"20!C

until further processed. BrdU immunohistochemistry was performed on every

tenth free-floating section (n = 4 per group), essentially as described elsewhere

(Wojtowicz and Kee, 2006).

BDNF Immunofluorescence
Animals were sacrificed 4 hr after the last day of training, and brains were pro-

cessed as described above for BrdU analysis. BDNF immunohistochemistry

was performed on every sixth section from each animal (n = 4 per group). Sec-

tions were rinsed in 0.1 M PBS (at pH 7.4) before incubating for 1 hr in blocking

solution (0.1 M PBS, 0.3% Triton X-100, 10% fetal bovine serum). Sections

were then incubated with a monoclonal anti-human BDNF antibody (Promega,

Madison, WI) overnight at 4!C on a shaker. The following day, sections were

rinsed in 0.1 M PBS (at pH 7.4) and incubated for 1 hr with a secondary anti-

body (Alexa Fluor 647 goat anti-human IgG [H+L]; Molecular Probes, Invitrogen

Corporation, Carslbad, CA). After rinsing in 0.1 M PBS, sections were dried

and coverslipped (Fluorosave; Calbiochem, La Jolla, CA).

Imaging and Quantification of BrdU, BrdU/NeuN, and BDNF
Immunofluorescence
Hippocampal BrdU labeling was quantified according to a modified unbiased

stereology protocol by an experimenter blind to the experimental condition

(Gould et al., 1999; West et al., 1991). Confocal images were acquired using

an Olympus Fluoview FV1000 scanning module with an Olympus IX81

microscope (Olympus America, Center Valley, PA). BrdU/NeuN double

labeling was carried out essentially as described elsewhere (Meshi et al.,

2006). Quantification of BDNF immunofluorescence intensity was performed

according to a published method (Gazzaley et al., 1996).

Gene Expression Analysis
Brain Dissection

Animals were sacrificed by cervical dislocation 4 hr after the last training day.

Brains were rapidly dissected out, snap-frozen, and stored at "80!C until

needed. Eight micrometer brain sections were sliced with a cryostat and

immediately stored at "80!C in a dry container.

Laser Capture Microdissection

A total of three coronal sections of the amygdala per animal (n = 5 per group)

were subjected to LCM. The left and right basolateral nucleus of the amygdala

of sections from the rostral (Bregma "0.82 mm), medial (Bregma "1.34 mm),

and caudal (Bregma "1.82 mm) amygdala were used for LCM. Brain sections

were removed from "80!C and immediately dehydrated in a gradient alcohol

series and a final incubation in xylene for clearance. Sections were then air-

dried under a laminar flow and immediately used for LCM. LCM was carried

out using a PixCell II system (Arcturus Bioscience Inc., Mountain View, CA).

Selected regions were lifted onto CapSure LCM plastic caps (Arcturus Biosci-

ence Inc.) using a spot size of 15 mm, a laser power of 50 mV, and a duration of

2 ms. Caps with transfer films with the microdissected tissue were immediately

placed into Eppendorf tubes containing lysis buffer, incubated at 37!C for

30 min, and stored in "80!C before RNA isolation. Total RNA was extracted

from samples collected by LCM caps using RNAqueous-Micro Kit (Ambion

Inc., Austin, TX) including DNase treatment to remove potential genomic

DNA contamination according to the manufacturer’s instructions.

Microarray Experiments

Two rounds of linear amplification were carried out using the GeneChip Two-

Cycle Target Labeling kit (Affymetrix Inc., Santa Clara, CA) according to the

supplier’s instruction. cRNA samples derived from single animals were hybrid-

ized in recommended buffers to microarrays (Affymetrix GeneChip Mouse

Genome 430A 2.0 Array). The samples were stained and washed according

to the manufacturer’s protocol on a Fluidics Station 400 (Affymetrix Inc.) and

scanned on a GeneArray Scanner (Affymetrix Inc., Santa Clara, CA). Primary

data extraction was performed with Microarray Suite 5.0 (Affymetrix Inc.,

Santa Clara, CA). Data were filtered and sorted by a sequential analysis using

GeneSpring GX 7.3 software (Affymetrix Inc., Santa Clara, CA). Briefly, raw

values were normalized using the GCRMA algorithm (Lim et al., 2007), filtered

for 2-fold expressional changes, and subjected to statistical analysis using

a nonparametric using two-way analysis of variance. Genes with significant

effects were selected by adjusting the resulting p values for multiple testing

by means of the false discovery rate using the linear step-up procedure (BH)

of Benjamini and Hochberg (Reiner et al., 2003).

Reverse Transcriptase-PCR

Total RNA was diluted to a final concentration of 100 ng/ml and reverse

transcribed using the SuperScript First-Strand synthesis system for RT-PCR

(Invitrogen Corporation, Carlsbad, CA) following the supplier’s manual. Two

microliters of the RT reaction was subjected to PCR amplification using the

AccuPrime DNA polymerase system (Invitrogen Corporation, Carlsbad, CA)

following the supplier’s manual. The primer pairs for the dopamine D2 recep-

tor, substance P, and GAPDH and respective amplification conditions were

based upon published protocols (Ding et al., 2007; Mutiara et al., 2006; Silva

et al., 2006). PCR products were separated by electrophoresis on a 1.5% aga-

rose gel and stained with ethidium bromide. Band signals were analyzed and

quantified by densitometry analysis using the Kodak Gel Logic 100 imaging

system and software. Relative intensities were calculated by normalization

to the band intensity levels of GAPDH.

Data Analysis
For analyses of all behavioral experiments involving comparisons between the

CS and the pre/no-CS period, repeated-measures ANOVAs were used, with

phase of testing as the repeated measure (within-subject factor). Type of

training, drug, or UCMS were between-subject factors. Significant main

effects or interactions were followed by Tukey-Kramer post hoc tests or paired

or unpaired two-tailed Student’s t tests where appropriate. For the sucrose

preference test, 2 (X-ray: sham or x-irradiated) 3 2 (type of training: safety

or control) 3 2 (stress: UCMS or control; for the experiment involving x-irradi-

ated mice) ANOVAs were performed. Histological and RT-PCR data were

analyzed using one-way ANOVA followed by Tukey-Kramer post hoc tests

for pair-wise comparisons for significant ANOVA results. A a level of 0.05

was adopted in all instances. All analyses were carried out using StatView

software (SAS Institute, Cary, NC).

SUPPLEMENTAL DATA

The Supplemental Data include figures and tables and can be found with this

article online athttp://www.neuron.org/supplemental/S0896-6273(08)00746-0.
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Arrest of Adult Hippocampal Neurogenesis in Mice Impairs Single- But
Not Multiple-Trial Contextual Fear Conditioning

Michael R. Drew, Christine A. Denny, and Rene Hen
Columbia University

The role of adult hippocampal neurogenesis in contextual fear conditioning (CFC) is debated. Several
studies demonstrated that blocking adult hippocampal neurogenesis in rodents impairs CFC, while
several other studies failed to observe an impairment. We sought to determine whether different CFC
methods vary in their sensitivity to the arrest of adult neurogenesis. Adult neurogenesis was arrested in
mice using low-dose, targeted x-irradiation, and the effects of irradiation were assayed in conditioning
procedures that varied in the use of a discrete conditioned stimulus, the number of trials administered, and
the final level of conditioning produced. We demonstrate that irradiation impairs CFC in mice when a
single-trial CFC procedure is used but not when multiple-trial procedures are used, regardless of the final
level of contextual fear produced. In addition, we show that the irradiation-induced deficit in single-trial
CFC can be rescued by providing preexposure to the conditioning context. These results indicate that
adult hippocampal neurogenesis is required for CFC in mice only when brief training is provided.

Keywords: dentate gyrus, memory, learning, hippocampus, postnatal neurogenesis, contextual fear
conditioning

The dentate gyrus (DG) is one of a small number of brain
regions that retains the ability to generate neurons in adulthood.
Adult-born neurons in the DG become granule cells that form
functional synapses (Toni et al., 2008; Toni et al., 2007) and
exhibit activity-related plasticity (Ge, Yang, Hsu, Ming, & Song,
2007; Schmidt-Hieber, Jonas, & Bischofberger, 2004; Wang,
Scott, & Wojtowicz, 2000). There is a growing consensus that
adult-born hippocampal neurons make functionally significant
contributions to hippocampal physiology and behavior, based on
evidence that these cells are activated in situations that evoke
hippocampus-dependent learning (Kee, Teixeira, Wang, & Frank-
land, 2007; Ramirez-Amaya, Marrone, Gage, Worley, & Barnes,
2006), reports that arresting adult hippocampal neurogenesis im-
pairs performance in some hippocampus-dependent behavioral
tasks (e.g., Clelland et al., 2009; Saxe et al., 2006; Shors et al.,
2001; Snyder, Hong, McDonald, & Wojtowicz, 2005; Zhang, Zou,
He, Gage, & Evans, 2008), and neural network models positing
plausible mechanisms through which adult-born neurons might

contribute to learning and memory (Aimone, Wiles, & Gage, 2009;
Becker, 2005; Becker, Macqueen, & Wojtowicz, 2009; Meltzer,
Yabaluri, & Deisseroth, 2005; Wiskott, Rasch, & Kempermann,
2006). Despite the consensus that adult-born neurons are function-
ally significant, there is little or no agreement on which behavioral
tasks are sensitive to the disruption of adult neurogenesis and on
which underlying psychological processes are altered when adult
neurogenesis is arrested.

The literature on contextual fear conditioning is characteristic of
the disagreement in the field. Contextual fear conditioning (CFC)
is a form of learning produced by pairing an aversive stimulus,
such as a footshock, with a distinctive context. Several studies in
mice and rats demonstrated that blocking adult hippocampal neu-
rogenesis with low-dose irradiation (Hernandez-Rabaza et al.,
2009; Ko et al., 2009; Saxe et al., 2006; Warner-Schmidt, Madsen,
& Duman, 2008; Winocur, Wojtowicz, Sekeres, Snyder, & Wang,
2006; Wojtowicz, Askew, & Winocur, 2008) or inducible genetic
systems (Imayoshi et al., 2008; Saxe et al., 2006) impairs CFC.
When neurogenesis was arrested prior to conditioning in these
studies, mice exhibited less conditioned fear of the shock-paired
context than did control mice in a postconditioning test session.
However, several other studies failed to observe any effect of
arresting adult neurogenesis on CFC (Clark et al., 2008; Dupret et
al., 2008; Pollak et al., 2008; Shors, Townsend, Zhao, Kozoro-
vitskiy, & Gould, 2002; Zhang et al., 2008). Some of the discrep-
ancies between studies may be attributable to differences in the
ablation methods, which vary in the extent of the ablation, the cell
types targeted, and the side effect profile. However, differences in
the ablation method do not explain all of the inconsistencies, as
conflicts exist even among studies using the same method. For
instance, several studies reported that arresting neurogenesis with
low-dose irradiation impaired CFC (Saxe et al., 2006; Warner-
Schmidt et al., 2008; Winocur et al., 2006; Wojtowicz et al., 2008),
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whereas another study found no effect of irradiation (Clark et al.,
2008).

Another critical variable is likely to be the CFC methodology,
which has varied considerably in the neurogenesis literature. For
instance, some studies (Farioli-Vecchioli et al., 2008; Imayoshi et
al., 2008; Saxe et al., 2006; Warner-Schmidt et al., 2008; Winocur
et al., 2006; Wojtowicz et al., 2008; Zhang et al., 2008) trained
subjects with pairings between a discrete stimulus and a footshock
(a procedure sometimes termed “background” context condition-
ing), while other studies (Clark et al., 2008; Hernandez-Rabaza et
al., 2009; Ko et al., 2009) used context-shock pairings without a
discrete cue (sometimes termed “foreground” context condition-
ing). Studies have also differed in the number of conditioning trials
administered, the shock intensity, and the final level of conditioned
fear produced.

We sought to determine whether different CFC methods vary in
their sensitivity to the arrest of adult neurogenesis. We arrested
adult neurogenesis using low-dose, targeted x-irradiation, and then
assayed the effects of irradiation in conditioning procedures that
varied in the use of a discrete conditioned stimulus, the number of
trials administered, and the final level of conditioning produced.
Irradiation was selected because it is a common method of arrest-
ing neurogenesis employed by several laboratories, produces a
complete and permanent arrest of adult neurogenesis, and leaves
other neurogenic niches intact when applied focally (Meshi et al.,
2006; Santarelli et al., 2003). Although side effects of low-dose
x-irradiation have been identified (e.g., Monje, Mizumatsu, Fike,
& Palmer, 2002), behavioral or physiologic correlates of these side
effects have not been detected (Wojtowicz, 2006). Moreover, in
studies employing multiple ablation strategies, the behavioral ef-
fects of irradiation have been identical to those of inducible genetic
strategies (Clelland et al., 2009; Saxe et al., 2006; Saxe et al.,
2007).

Here, we demonstrate that irradiation impairs CFC in mice when
a single-trial CFC procedure is used but not when multiple-trial
procedures are used, regardless of the final level of contextual fear
produced. In addition, we show that the irradiation-induced deficit
in single-trial CFC can be rescued by providing preexposure to the
conditioning context. These results indicate that adult neurogenesis
is necessary in mice for CFC only when brief training is provided.

Method

Subjects

A total of 345 male 129S6/SvEvTac mice were purchased from
Taconic (Germantown, NY) and arrived at 7–9 weeks of age. Mice
were housed five per cage with ad libitum food and water. Irradi-
ation was performed at 9–10 weeks of age and behavior testing
occurred between 15 and 21 weeks of age.

Apparatus

Fear conditioning was conducted in chambers obtained from
Med Associates (St. Albans, VT), with internal dimensions of
approximately 20 cm wide ! 16 cm deep ! 20.5 cm high. The
chambers had metal walls on each side, clear plastic front and back
walls and ceilings, and stainless steel bars on the floor. A house
light (CM1820 bulb, 28v, 100mA) mounted directly above the

chamber provided illumination. Each chamber was located inside
a larger, insulated, plastic cabinet that provided protection from
outside light and noise. Each cabinet contained a ventilation fan
that was operated during the sessions. A paper towel dabbed with
mint solution was placed underneath the chamber floor. Mice were
held outside the experimental room in their home cages prior to
testing and transported to the conditioning apparatus individually
in standard mouse cages. Chambers were cleaned with 70% eth-
anol between each set of mice.

The training and context test sessions were conducted with the
conditioning chambers configured exactly as described above. For
the tone test sessions (described below), the chambers and han-
dling procedure were changed in several ways so fear of the tone
CS could be assessed in the absence of contextual cues associated
with shock. The floor and walls of the chamber were covered by
plastic inserts; the chamber was scented with lemon; the ventila-
tion fan was not operated; chambers were cleaned with a nonal-
cohol disinfectant between runs; the room lighting was altered; and
mice were transported to the apparatus in a different type of cage.

The behavior of mice was recorded with digital video cameras
mounted above the conditioning chamber. Video recordings were
analyzed using FreezeFrame software from Actimetrics (Evanston,
IL). This software assesses freezing by measuring changes in the
intensity of each pixel between successive frames of the video file.
Each file was examined individually, and statistical analysis of the
pixel-change distribution was used to detect motion and distin-
guish it from background pixel noise. We have determined that the
scores obtained with this software are highly correlated with the
scores assigned by human observers.

To assess the unconditioned response to shock, we measured the
distance traveled by mice during the shock. Videos of the shock
response (filmed from above the conditioning chamber) were
converted to a sequence of still frames using VirtualDub software
(http://www.virtualdub.org/), and then imported into ImageJ
(http://rsb.info.nih.gov/ij/) as a stack. The path of the mouse was
traced manually using the segmented line tool, and the length of
the path in centimeters was obtained using the “measure” function.

Procedure

Irradiation was performed as described previously (Meshi et al.,
2006; Santarelli et al., 2003; Saxe et al., 2006). Briefly, mice were
x-irradiated three times (5 Gy per dose) in the course of one week,
for a cumulative dose of 15 Gy. Sham mice were treated identi-
cally but did not receive irradiation. Mice were anesthetized with
ketamine and xylazine (105 mg/kg, 6 mg/kg IP), placed in a
stereotaxic frame, and exposed to cranial irradiation. A lead shield
covered the entire body but left unshielded a treatment field above
the hippocampus.

Experiment 1: Tone-shock fear conditioning. The fear con-
ditioning procedure took place over three consecutive days. On
Day 1, mice (Sham n " 15, Irrad. n " 15) were placed in the
conditioning chamber and received 3 pairings between a tone (20
s, 80 dB, 2 KHz) and a coterminating shock (1 s, 0.5 mA). The
tones commenced at 120, 290, and 400 s after the start of the
session.

The tone test was conducted on Day 2. Mice were placed into
the altered conditioning chambers (described above), and the tone
was presented twice for 20 s at 120 and 290 s into the session. No
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shocks were administered. Freezing was scored for the 1 min prior
to the first tone presentation (pretone freezing) and during each
tone presentation (tone-elicited freezing).

On Day 3, mice were tested for conditioned fear of the training
context. The testing procedure and context were identical to those
used on Day 1, except the CS and shocks were not given. Mice
were placed into the chambers for 3 min. The entire session was
scored for freezing.

Experiment 2: Context-shock conditioning. The procedure
was based on that of Wiltgen, Sanders, Anagnostaras, Sage, and
Fanselow (2006). Mice receiving the delayed shock (Sham n ! 17,
Irrad. n ! 13) were placed in the conditioning chambers and 3 min
later received one shock (2 s, 0.75 mA). Mice were removed 15 s
following the shock. Mice in the no-shock condition (Sham n ! 7,
Irrad. n ! 7) were placed in the chamber for 197 s and no shocks
were delivered. Mice in the immediate shock condition (Sham n !
7, Irrad. n ! 6) received a shock 10 s after placement in the
chamber and were removed 15 s after the shock ended. The next
day all mice were returned to the conditioning chamber for 3 min
for a test of context-elicited fear.

Experiment 3: Tone-shock fear conditioning with varying
shock intensities. Conditioning was conducted as described in
Experiment 1, except the shock intensity was varied between
groups: 0.3 mA (Sham n ! 25, Irrad. n ! 25), 0.4 mA (Sham n !
31, Irrad. n ! 33), or 0.7 mA (Sham n ! 13, Irrad. n ! 12).

Experiment 4: Effect of additional context exposure or
shocks. One group of mice (Sham n ! 15, Irrad. n ! 17)
received context-shock conditioning as described above (shock at
180 s, 2 s duration, 0.75 mA). A second group of mice (Sham n !
24, Irrad. n ! 24) also received context-shock conditioning except
they received two shocks commencing at 90 and 180 s after the
start of the session. A third group of mice (Sham n ! 13, Irrad. n !
14) received context-shock training as described above (one shock
at 180 s) but were given preexposure to the conditioning context
24 h prior to conditioning. For the preexposure, mice were trans-
ported to the chambers as on the conditioning day, placed in the
conditioning chamber for 197 s, and then returned to their home
cages. To control for possible effects of context exposure on freezing,
we included a fourth group of mice (Sham n ! 6, Irrad. ! 6) that was
treated the same as the previous group except that no shock was
delivered. All mice received a 3-min context test session 24 h after
conditioning.

Doublecortin (DCX) immunohistochemistry was used to con-
firm the irradiation-induced arrest of neurogenesis. Mice (N ! 12)
were killed by transcardial perfusion following fear conditioning
6.5 or 12.5 weeks after irradiation. Immunohistochemistry was
conducted as described previously (Meshi et al., 2006), and sec-
tions were counterstained with Harris hematoxylin.

Data Analysis

The primary measure of interest was percent time freezing.
Freezing data from the tone test sessions were subjected to a 2
(Treatment: Irrad. v. Sham) " 2 (Period: Pre-Tone v. Tone)
analysis of variance (ANOVA) with Period as a repeated measure.
The freezing score for the tone period was a mean taken across the
two 20-s tone presentations. Data from the context test sessions
were initially subjected to 2 (Treatment) " 3 (Minute) ANOVA
with Minute as a repeated measure, and with additional factors as

described below. Although the effect of Minute reached signifi-
cance in some analyses, it never interacted significantly with other
variables. Therefore, to simplify reporting of the results, we re-
moved Minute from the analyses reported below; the analyses
were thus performed on mean freezing across Minutes 1 through 3.
Interactions were probed using t tests with the Bonferroni correc-
tion. Alpha was set to .05 for all analyses.

Results

Experiment 1: No effect of irradiation on tone-shock fear
conditioning. Immunohistochemical labeling of DCX was com-
pletely absent in the DG of irradiated mice at 6 and 12 weeks post
irradiation (Figure 1), indicating that neurogenesis was halted for
the duration of behavioral testing. We began by testing the effects
of irradiation on CFC by using a tone-shock conditioning protocol.
We previously reported that irradiation impairs CFC produced via
multiple tone-shock pairings (Saxe et al., 2006). However, another
recent study found no effect of arresting neurogenesis in this
procedure (Zhang et al., 2008). We trained irradiated and sham
mice as described by Saxe et al. (2006; Figure 2A): mice were
given 3 tone-shock pairings, and then context- and tone-elicited
fear were assayed separately. Nevertheless, both irradiated and
sham mice acquired robust conditioned fear of the tone and context
(Figure 2B and 2C). In the tone test session, freezing during the
tones was significantly higher than during the pretone period [F(1,
28) ! 102.8, p # .001]. There was no effect of irradiation [F(1,
28) ! 1.3, p ! .267] or of the interaction [F(1, 28) ! 1.84, p !
.186] on freezing during the tone test. Context-elicited freezing
was also robust in both groups of mice. Although context- and
tone-elicited freezing appeared to be slightly lower in irradiated
mice, these effects did not approach statistical significance [F(1,
28) # 1].

Experiment 2: Irradiation impairs context fear conditioning
produced via a single context-shock pairing. Next, we trained
mice using a context-shock (“foreground”) conditioning protocol
(Figure 3A) that was reported to be highly sensitive to pretraining
hippocampal lesions (Wiltgen et al., 2006) and to the arrest of
adult hippocampal neurogenesis (Hernandez-Rabaza et al., 2009;

Figure 1. X-irradiation produces a complete and lasting arrest of adult
hippocampal neurogenesis. Doublecortin (DCX) immunohistochemistry labels
immature neurons lining the inner granule cell layer of sham mice. DCX-
labeled cells are absent in irradiated mice, indicating that neurogenesis was
ablated. Nuclei are counterstained in blue with Harris hematoxylin.
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Ko et al., 2009). Mice were placed in the conditioning chamber
and given a single footshock 180 s later. Context-elicited fear was
tested on the following day. We included two control groups: an
immediate shock group, which received a footshock 10 s after
being placed in the chamber; and a no-shock group, which was
placed in the chamber for the same amount of time as the condi-
tioned group but did not receive a footshock. The immediate shock
condition was included to control for possible unconditioned ef-
fects of shock. An immediate shock typically does not produce fear
conditioning, putatively because subjects do not have adequate time to
acquire a mental representation of the context prior to receiving the
shock (Fanselow, 1986; Landeira-Fernandez, DeCola, Kim, &
Fanselow, 2006). As expected, both control groups showed very
little freezing in the context test session (Figure 3B), indicating
that exposure to an immediate shock or to the context alone was
not sufficient to generate conditioned fear of the context. Because
two control groups did not differ in their levels of context-elicited
freezing [Effect of procedure: F(1, 24) ! 1] or in their sensitivity
to irradiation [Procedure " Treatment interaction: F(1, 24) ! 1],
the groups were combined into single control group in the follow-
ing analyses.

To test for an effect of irradiation in this procedure, we sub-
jected the context test data to 2 (Treatment) " 2 (Procedure:
Control v. Conditioned) ANOVA, which yielded a significant
interaction effect [F(1, 58) # 5.1, p # .028]. The interaction was
probed by separately testing for effects of irradiation in the con-
ditioned (shock at 180 s) and control groups. Among conditioned
mice, irradiated mice exhibited significantly less context-elicited
freezing than did sham mice [F(1, 32) # 6.0, p # .020]. Among
control mice, there was no effect of irradiation [F(1, 26) ! 1].
These results indicate that irradiation impairs CFC produced by a
single context-shock pairing, and the impairment is not explained
by unconditioned effects of context exposure or shock alone.

One advantage of the tone-shock training protocol over the
context-shock protocol is that tone-elicited freezing can serve as an

embedded positive control. That is, tone-elicited freezing can
demonstrate that a deficit in context-elicited fear is not caused by
changes in unconditioned processes such as shock sensitivity.
Because the context-shock protocol does not offer such an embed-
ded positive control, we explicitly assessed the unconditioned
response to shock in this experiment. We measured the distance
traveled by the mice during the shock, and used this information to
calculate the mouse’s velocity, which has been previously shown
to be a measure of shock sensitivity (Wiltgen et al., 2006). As
shown in Figure 3C, velocity was similar in all groups of mice.
The data were subjected to a 2 (Treatment) " 2 (Shock Latency:
10s or 180s) ANOVA. There was no effect of Treatment [F(1,
43) ! 1], Shock Latency [F(1, 43) ! 1], or the interaction [F(1,
43) # 1.2, p # .286], indicating that differences in shock sensi-
tivity do not explain the reduced context fear in irradiated mice or
in mice receiving the immediate shock.

Experiment 3: Altering the shock intensity does not increase
the sensitivity of tone-shock fear conditioning to irradiation.
Our tone-shock conditioning procedure produced somewhat more
conditioned fear than did our context-shock conditioning proce-
dure. In this experiment, we asked whether the final level of context
fear affects the sensitivity of tone-shock fear conditioning to irradia-
tion. To manipulate the level of context fear, we used the same
tone-shock conditioning procedure as in Experiment 1 but varied the
shock intensity between subjects (0.3, 0.4, or 0.7 mA). As shown in
Figure 4, shock intensity affected the overall levels of conditioned fear
in the tone and context test sessions, but did not affect the sensitivity
to irradiation. Data from the tone test sessions were subjected to a 2

Figure 3. Irradiation impairs CFC produced via a single context-shock
pairing. (A) Fear conditioning was produced by placing the mouse in the
conditioning chamber and delivering one footshock 180 s later (Delayed
shock). One control group received context exposure but no shock. The
other control group received a footshock within 10 s of being placed in the
chamber (Immed. shock). Mice were returned to the conditioning chamber
on the following day to assess context-elicited fear. The two control groups
exhibited negligible levels of freezing in the context test (B) and did not
differ from each other, and, therefore, were combined as one control group.
There was no effect of irradiation in the control groups, but among mice
receiving the delayed shock, irradiated mice exhibited significantly less
context-elicited fear than sham mice. Neither irradiation nor the shock
latency (immediate vs. delayed) affected the unconditioned response to
shock, operationalized as the mouse’s velocity of locomotion during the
shock (C). ! p ! .01.

Figure 2. Arrest of hippocampal neurogenesis does not impair contextual
fear conditioning (CFC) produced via tone-shock pairings. (A) Irradiated
and sham mice were given three tone-shock pairings. Tone-elicited fear
was assessed by presenting the tones in an alternate context. Context-
elicited fear was tested by returning mice to the shock-paired context.
Irradiation failed to affect freezing in the tone test session (B) or in the
context test session (C).
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(Treatment) ! 3 (Shock Intensity) ! 2 (Period: Pre-Tone v. Tone)
ANOVA with Period as a repeated measure. There was a significant
effect of shock intensity [F(2, 133) " 44.8, p # .001] and a
significant Intensity ! Period interaction [F(2, 133) " 17.3, p #
.001], indicating that the variation in shock intensity affected
freezing in the tone test session. However, there was no main
effect of irradiation treatment [F(1, 133) " 3.2, p " .077], and
irradiation treatment did not interact with any other variable
(F’s # 1). Data from the context sessions were subjected to a 2
(Treatment) ! 3 (Shock Intensity) ANOVA. Again, there was a
significant effect of shock intensity [F(1, 133) " 31.0, p # .001],
but no effect of irradiation [F(1, 133) # 1] or of the interaction
[F(2, 133) # 1]. The results indicate that the tone-shock condi-
tioning procedure is insensitive to irradiation across a broad range
of conditioned fear levels.

Experiment 4: The irradiation-induced impairment in
context-shock fear conditioning is rescued by context preexpo-
sure or by an additional shock. The differential sensitivity to
irradiation of tone-shock versus context-shock conditioning might
be explained by the different amounts of training provided in each
procedure. In the tone-shock procedure, mice were given three
tone-shock pairings, but in the context-shock procedure mice were

given only a single context-shock pairing. If the amount of training
affects the sensitivity to irradiation, the deficit in context-shock
conditioning should be rescued by additional training. We hypoth-
esized that additional training could be provided in two ways:
through additional shocks or through additional preshock exposure
to the conditioning context. In this experiment, we asked whether
these manipulations would rescue the CFC deficit in irradiated
mice.

Mice were given either (1) context-shock fear conditioning as
described in Experiment 2 (shock at 180 s), (2) context-shock fear
conditioning with two shocks rather than one shock (shocks at 90
and 180 s), or (3) context-shock fear conditioning (one shock) with
preexposure to the conditioning chamber prior to conditioning
(Figure 5A). Because activity tends to habituate over time in an
environment, and the absence of activity can be confused with
freezing, we included a control group that received the same
amount of context exposure as Group 3, but with no shock.

Figure 5B shows mean percent time freezing in the context test
sessions. Data were analyzed using planned comparisons (t tests),
which were justified by the a priori predictions derived from the
results of Experiments 1 through 3. The predictions were as
follows: (1) irradiated mice will display less context-elicited freez-
ing than sham mice after a single context-shock pairing; (2)
additional context exposure or (3) an additional shock will abolish
the difference between sham and irradiated mice; and (4) freezing
levels will not differ between sham and irradiated mice given

Figure 4. Manipulating the final level of conditioned fear via changes in
shock intensity fails to increase the sensitivity of tone-shock fear condi-
tioning to irradiation. The figures depict freezing during the tone and
context test sessions for mice given tone-shock fear conditioning with
shocks of 0.7, 0.4, or 0.3 mA. Shock intensity strongly influenced tone- and
context-elicited freezing, and irradiation failed to affect tone- or context-
elicited fear at any shock intensity level.

Figure 5. The irradiation-induced impairment in context-shock fear con-
ditioning is rescued by context preexposure or by an additional shock. (A)
Mice were given context-shock fear conditioning with one or two shocks,
or with one shock plus preexposure to the conditioning context. A control
group received context exposure but no shock. (B) Freezing during the
context test session. Irradiation impaired CFC in mice given a single
context-shock pairing but had no effect in mice that received two shocks or
that received context preexposure. Freezing was minimal and unaffected by
irradiation after context-alone exposure. ! p # .05.
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context-alone exposure. All four predictions were confirmed. Ir-
radiated mice froze less than sham mice after a single context-
shock pairing [t(30) ! 3.3, p ! .003]. However, the difference
between irradiated and sham mice was abolished in the groups
receiving context preexposure [t(25) ! 0.2, p ! .735] or an
additional shock [t(46) ! 0.5, p ! .594]. Among mice given only
context exposure, freezing levels were very low, and there was no
effect of irradiation [t(9) ! 1.8, p ! .103].

Discussion

We found that CFC with a single context-shock pairing was
sensitive to the arrest of neurogenesis via irradiation, whereas
conditioning with multiple tone-shock pairings was not. The dif-
ference in sensitivity to irradiation was not related to differences in
the final level of conditioned fear produced, as tone-shock fear
conditioning was insensitive to irradiation even when the final
level of conditioned fear was equated with that produced by a
single context-shock pairing. The difference in sensitivity to irra-
diation was instead attributable to the number of conditioning trials
or to the amount of context exposure. The irradiation-induced
impairment in context-shock conditioning was rescued when mice
were given an additional shock or preexposure to the conditioning
context. These results suggest that, in mice, adult neurogenesis is
necessary for CFC only when brief training is provided.

The learning that underlies CFC is typically thought to include
two distinct processes: the acquisition of a mental representation of
the context and of an association between the context representa-
tion and the unconditioned stimulus representation (e.g., Rudy,
Huff, & Matus-Amat, 2004). Our finding that the irradiation-
induced deficit in context conditioning could be rescued by extra
context exposure would seem to argue that arresting adult hip-
pocampal neurogenesis impedes the acquisition of the context
representation. However, the rescue by an additional shock sug-
gests that arresting neurogenesis impedes the acquisition of the
context-shock association. It may be that both of these learning
processes are impeded, but not altogether halted, by the arrest of
neurogenesis, and the extra context exposure or additional shock
permits normal levels of memory strength to accrue. An alternative
explanation is that arresting neurogenesis impedes only the acqui-
sition of the context representation, and this acquisition process is
ameliorated by extra context exposure or by the emotional arousal
produced by the additional shock. Arousing stimuli can promote
acquisition and consolidation of weak memories that might other-
wise be forgotten (Anderson, Wais, & Gabrieli, 2006; McGaugh,
2006). Multiple shocks presumably produce greater arousal than a
single shock, and this greater arousal may further strengthen con-
text memory and thereby alleviate the deficit in irradiated mice.

These results begin to explain discrepancies in the neurogenesis
literature. In the mouse, single-trial CFC is often impaired by
manipulations that interfere with hippocampal neurogenesis
(Farioli-Vecchioli et al., 2008; Ko et al., 2009), whereas multiple-
trial CFC is usually not impaired (Clark et al., 2008; Dupret et al.,
2008; Pollak et al., 2008; Zhang et al., 2008). Yet there are
exceptions to this generalization. Two mouse studies, including
one of our own, reported that neurogenesis-arrested mice are
impaired in multiple-trial CFC (Imayoshi et al., 2008; Saxe et al.,
2006). If arresting neurogenesis impedes acquisition of CFC but
does not altogether stop it, as our data suggest, study-to-study

variability could originate from at least two sources. First, a
residual deficit may be present even after multiple conditioning
trials, and this deficit may be detected on occasion due to sampling
variability. Second, acquisition speed is likely to vary according to
the particulars of the conditioning protocol. We predict that
multiple-trial CFC procedures will be sensitive to the arrest of
neurogenesis under conditions that prolong acquisition, such as
increased task difficulty. For instance, acquiring a mental repre-
sentation of a complex context likely requires more time and/or
trials than does acquiring a representation of a simple context.
When the conditioning context is complex, arresting neurogenesis
may thus impair context conditioning even when more than one
conditioning trial is given. Consistent with this hypothesis, two
studies (albeit in rats) reporting effects of irradiation on multiple-
trial CFC used conditioning chambers with transparent walls per-
mitting views of a complex surrounding environment (Winocur et
al., 2006; Wojtowicz et al., 2008). Finally, mouse strains differ
considerably in their rates of neuronal proliferation and survival
(Kempermann, Kuhn, & Gage, 1997), cognitive ability, and be-
havioral performance (Crawley et al., 1997), and these factors are
likely to modulate the behavioral effects of arresting neurogenesis
(e.g., Holick, Lee, Hen, & Dulawa, 2008).

An alternative view is that multiple-trial CFC is usually insen-
sitive to the arrest of neurogenesis because the hippocampus is not
recruited in this version of the procedure. Indeed, pretraining
lesions of the hippocampus often fail to affect CFC when multiple
context-shock (Wiltgen et al., 2006) or tone-shock pairings are
used (Frankland, Cestari, Filipkowski, McDonald, & Silva, 1998;
Maren, Aharonov, & Fanselow, 1997). However, these studies
likely underestimate the role of the hippocampus in these learning
paradigms, because when the hippocampus is lesioned prior to
training, alternative learning systems can become engaged, mask-
ing the effect of the lesion. Posttraining lesions preclude these
compensatory processes and reliably impair CFC (Anagnostaras,
Maren, & Fanselow, 1999; Frankland et al., 1998; Maren et al.,
1997). Furthermore, subtle pretraining manipulations (e.g.,
NMDA blockade; Bast, Zhang, & Feldon, 2003; Young, Bohenek,
& Fanselow, 1994) can more strongly impair CFC than do gross
lesions, which has prompted the hypothesis that the intact hip-
pocampus actively inhibits contextual learning by extrahippocam-
pal structures, namely the neocortex (Rudy et al., 2004). When the
hippocampus is completely inactivated, this inhibitory function is
compromised and extrahippocampal structures can compensate.
More subtle hippocampal manipulations may fail to block the
inhibition of compensatory processes, and, as a result, the hip-
pocampal contribution to behavior is more plainly revealed. In
summary, the hippocampus appears to be recruited in multiple-trial
CFC, even though traditional hippocampal lesions sometimes fail
to produce a behavioral effect.

The dissociation between single- and multiple-trial CFC proce-
dures that we observed in the mouse does not appear to generalize
to the rat. In the rat, arrest of hippocampal neurogenesis impairs
both single- (Hernandez-Rabaza et al., 2009) and multiple-trial
CFC (Hernandez-Rabaza et al., 2009; Snyder et al., 2009; Warner-
Schmidt et al., 2008; Winocur et al., 2006; Wojtowicz et al., 2008).
This apparent species difference may reflect species differences in
the functional integration of adult-generated neurons. It appears
that a considerably larger proportion of young, adult-generated
neurons are activated by spatial learning in the rat than in the
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mouse (Snyder et al., 2009), which suggests that young adult-
generated neurons may have greater functional significance in rats
than in mice. Based on this evidence, one might predict that
adult-generated neurons are recruited under a broader range of
conditions in the rat than in the mouse. If, as our data suggest,
additional training precipitates a switch from neurogenesis-
dependent to neurogenesis-independent processing mechanisms,
then this switch may require more training in the rat than in the
mouse.

The finding that adult hippocampal neurogenesis is necessary
for single-trial CFC is consistent with research on the role of DG
and CA3 in memory acquisition. CA3, the major target of DG
granule cell projections, is thought to be specialized for rapid
acquisition of spatial information. Blocking NMDA-mediated
plasticity in CA3 impairs the acquisition of single-trial spatial
learning, but does not impair multiple-trial learning (e.g., Naka-
zawa et al., 2003). Although blocking NMDA-mediated plasticity
within DG does not impair single-trial acquisition of CFC, CFC
acquired under this condition is less precise than in control ani-
mals, in that conditioned fear more readily generalizes to an
alternate context (McHugh et al., 2007). This discrimination im-
pairment is rescued with continued discrimination training, sug-
gesting that the DG is particularly important for the rapid forma-
tion of precise spatial memories. Consistent with this hypothesis, it
was recently shown that a DG-specific genetic manipulation is
sufficient to accelerate acquisition of spatial information (Saab et
al., 2009). Our data suggest that arresting neurogenesis impairs the
DG-CA3 circuits that are involved in rapid memory acquisition.

Recent literature suggests several ways in which adult neuro-
genesis might contribute to mnemonic processes. One idea is that
the addition of cells to the DG helps preserve the structure’s ability
to continually encode new memories without interfering with
previous ones (Meltzer et al., 2005; Wiskott et al., 2006). Accord-
ing to this view, arresting neurogenesis might reduce the fidelity of
new memories, because encoding would need to be mediated by
cells whose plasticity is constrained to preserve older memories.
An alternative view emphasizes the increased excitability and
plasticity exhibited by young neurons relative to mature neurons.
A characteristic feature of the DG is its sparse representation of
input stimulation, meaning that relatively few DG granule cells
become active in response to a given pattern of stimulation (e.g.,
Jung & McNaughton, 1993; Leutgeb, Leutgeb, Moser, & Moser,
2007). Highly excitable and plastic young neurons presumably
reduce the sparseness of DG activity, increasing the degree to
which different stimuli excite overlapping populations of cells.
This decrease in sparseness may allow contemporaneous events to
be integrated into temporally specific episodic memories (Aimone,
Wiles, & Gage, 2006; Aimone et al., 2009). According to this
view, arresting neurogenesis might impair the ability of the hip-
pocampus to bind together multiple percepts (e.g., contextual
stimuli, footshock) into a single episodic memory.

A third hypothesis is based on the view that the DG acts a gate
that limits or slows hippocampal activation by cortical input stim-
ulation (Hsu, 2007). The DG gate tends to favor persistent or
repeated patterns of stimulation, in that brief stimuli are halted at
the level of the DG, whereas prolonged or repeated stimuli activate
the DG as well as downstream hippocampal subfields (e.g., Iijima
et al., 1996). It is possible that arresting neurogenesis, and thereby
removing a population of highly excitable young granule neurons,

further slows the gating of cortical inputs, meaning that even more
sustained patterns of stimulation are required before hippocampal
processing mechanisms become engaged. Thus, in the absence of
neurogenesis, very brief training episodes, such as a single
context-shock pairing, may fail to recruit hippocampal memory
networks. More sustained training episodes, such as multiple tone-
shock pairings or extended exposure to a context, open the DG
gate and initiate plasticity in CA3, a subfield believed to mediate
rapid encoding of spatial memories (Nakazawa et al., 2003; Steele
& Morris, 1999).

In summary, we found that arresting adult hippocampal neuro-
genesis via targeted, low-dose irradiation impairs CFC in mice
when a single-trial conditioning procedure is used but not when
multiple-trial procedures are used. The irradiation-induced deficit
in single-trial CFC can be rescued by providing preexposure to the
conditioning context. The data indicate that the contribution of
adult neurogenesis to CFC in mice is revealed only when brief
training is provided, suggesting that adult-generated hippocampal
neurons may be integral for rapid acquisition of context memories.

References

Aimone, J. B., Wiles, J., & Gage, F. H. (2006). Potential role for adult
neurogenesis in the encoding of time in new memories. Nature Neuro-
science, 9, 723–727.

Aimone, J. B., Wiles, J., & Gage, F. H. (2009). Computational influence of
adult neurogenesis on memory encoding. Neuron, 61, 187–202.

Anagnostaras, S. G., Maren, S., & Fanselow, M. S. (1999). Temporally
graded retrograde amnesia of contextual fear after hippocampal damage
in rats: Within-subjects examination. Journal of Neuroscience, 19,
1106–1114.

Anderson, A. K., Wais, P. E., & Gabrieli, J. D. (2006). Emotion enhances
remembrance of neutral events past. Proceedings of the National Acad-
emy of Sciences of the United States of America, 103, 1599–1604.

Bast, T., Zhang, W. N., & Feldon, J. (2003). Dorsal hippocampus and
classical fear conditioning to tone and context in rats: Effects of local
NMDA-receptor blockade and stimulation. Hippocampus, 13, 657–675.

Becker, S. (2005). A computational principle for hippocampal learning and
neurogenesis. Hippocampus, 15, 722–738.

Becker, S., Macqueen, G., & Wojtowicz, J. M. (2009). Computational mod-
eling and empirical studies of hippocampal neurogenesis-dependent mem-
ory: Effects of interference, stress and depression. Brain Research, 1299,
45–54.

Clark, P. J., Brzezinska, W. J., Thomas, M. W., Ryzhenko, N. A., Toshkov,
S. A., & Rhodes, J. S. (2008). Intact neurogenesis is required for benefits
of exercise on spatial memory but not motor performance or contextual
fear conditioning in C57BL/6J mice. Neuroscience, 155, 1048–1058.

Clelland, C., Choi, M., Romberg, C., Clemenson, G., Fragniere, A., Tyers,
P., . . . Bussey, T. (2009). A functional role for adult hippocampal
neurogenesis in spatial pattern separation. Science, 325, 210–213.

Crawley, J. N., Belknap, J. K., Collins, A., Crabbe, J. C., Frankel, W.,
Henderson, N., . . . Paylor, R. (1997). Behavioral phenotypes of inbred
mouse strains: Implications and recommendations for molecular studies.
Psychopharmacology (Berl), 132, 107–124.

Dupret, D., Revest, J., Koehl, M., Ichas, F., De Giorgi, F., Costet, P., . . .
Mayeux, R. (2008). Spatial relational memory requires hippocampal
adult neurogenesis. PLoS ONE, 3, e1959.

Fanselow, M. S. (1986). Associative vs topographical accounts of the
immediate shock freezing deficit in rats—implications for the response
selection-rules governing species-specific defensive reactions. Learning
and Motivation, 17, 16–39.

Farioli-Vecchioli, S., Saraulli, D., Costanzi, M., Pacioni, S., Cinà, I., Aceti,
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4- to 6-Week-Old Adult-Born Hippocampal Neurons Influence
Novelty-Evoked Exploration and Contextual Fear Conditioning

Christine A. Denny,1,2 Nesha S. Burghardt,2,4 Daniel M. Schachter,2 René Hen,2,3,4*
and Michael R. Drew2,5

ABSTRACT: To explore the role of adult hippocampal neurogenesis
in novelty processing, we assessed novel object recognition (NOR) in
mice after neurogenesis was arrested using focal x-irradiation of the
hippocampus, or a reversible, genetic method in which glial fibrillary
acidic protein-positive neural progenitor cells are ablated with ganci-
clovir. Arresting neurogenesis did not alter general activity or object
investigation during four exposures with two constant objects. How-
ever, when a novel object replaced a constant object, mice with neu-
rogenesis arrested by either ablation method showed increased explo-
ration of the novel object when compared with control mice. The
increased novel object exploration did not manifest until 4–6 weeks
after x-irradiation or 6 weeks following a genetic ablation, indicating
that exploration of the novel object is increased specifically by the
elimination of 4- to 6-week-old adult born neurons. The increased
novel object exploration was also observed in older mice, which
exhibited a marked reduction in neurogenesis relative to young mice.
Mice with neurogenesis arrested by either ablation method were also
impaired in one-trial contextual fear conditioning (CFC) at 6 weeks
but not at 4 weeks following ablation, further supporting the idea that
4- to 6-week-old adult born neurons are necessary for specific forms
of hippocampal-dependent learning, and suggesting that the NOR and
CFC effects have a common underlying mechanism. These data sug-
gest that the transient enhancement of plasticity observed in young
adult-born neurons contributes to cognitive functions. VVC 2011 Wiley-
Liss, Inc.

KEY WORDS: dentate gyrus; hippocampus;
neurogenesis; novel object recognition; learning

INTRODUCTION

The hippocampus (HPC) is integral to novelty
processing, which includes the detection of novelty,
the deployment of attention, and memory encoding,
all of which are critical for adaptive behavior (Sokolov,
1963; O’Keefe and Nadel, 1978; Brown and Aggle-
ton, 2001). Functional imaging studies indicate that
the HPC is one of a small number of brain regions
that exhibits novelty-related activation (Tulving et al.,
1994; Stern et al., 1996; Kirchhoff et al., 2000; Yama-
guchi et al., 2004). In humans and primates, hippo-
campal lesions have been shown to impair aspects of
novelty processing (Cave and Squire, 1991; Reed and
Squire, 1997; Beason-Held et al., 1999; Zola et al.,
2000), and to attenuate the autonomic response to
novel stimuli as well as a characteristic novelty-evoked
event-related potential, the P300 (Knight, 1996). In
rodents, the effects of HPC lesions on novelty detec-
tion are debated, but the balance of evidence suggests
that these lesions impair novelty detection when nov-
elty has a spatial or contextual component (Forwood
et al., 2005; Goodrich-Hunsaker et al., 2005; Clelland
et al., 2009; cf. McTighe et al., 2009) or when the
retention interval is long (> 24 h) (Vnek and Roth-
blat, 1996; Clark et al., 2000; Gaskin et al., 2003;
Hammond et al., 2004), but may fail to impair nov-
elty detection that is purely object-based (Winters
et al., 2004).

Within the HPC, neurons are continuously gener-
ated throughout adulthood from progenitor cells in the
subgranular zone of the dentate gyrus (DG) (Gage,
2000; Ming and Song, 2005). There is growing
evidence that adult-born hippocampal neurons make a
functionally significant contribution to learning, mem-
ory, and mood regulation (Kempermann et al., 2004;
Doetsch and Hen, 2005; Lledo et al. 2006; Drew and
Hen, 2007). These neurons develop functional synap-
ses, exhibit synaptic plasticity, and are activated in
situations that evoke hippocampal-dependent learning
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(Wang et al., 2000; Ge et al., 2006; Kee et al., 2007). Although
ablation of hippocampal neurogenesis has been shown to impair
performance in some HPC-dependent tasks, the literature con-
tains many inconsistencies, which suggest that adult-born neu-
rons are not required for all forms of HPC-dependent learning
and may instead be required for some tasks only under particular
conditions (Shors et al., 2002; Meshi et al., 2006; Saxe et al.,
2006).

Several lines of evidence suggest that young adult-born neu-
rons may respond differently to novelty than their mature
counterparts. Exposure to a novel environment increases the fir-
ing rate of inhibitory neurons in the DG (Nitz and McNaugh-
ton, 2004), and, perhaps as a result of this, exploration of a
novel environment is associated with increased dendritic inhibi-
tion of dentate granule cells (Moser, 1996). Because young
adult-born neurons are insensitive to or excited by GABA dur-
ing the first weeks after their terminal division (Ge et al.,
2006), exploration of a novel environment, and the concomi-
tant increase in inhibitory tone, may magnify their contribution
to DG information processing. Consistent with this idea, the
rate of neurogenesis in the DG is negatively correlated with
locomotor reactivity to novelty (Lemaire et al., 1999). How-
ever, from these correlational data, it is unclear whether the
rate of neurogenesis has a causal role in novelty processing or
whether neurogenesis rates are secondary to other processes that
control the novelty response.

Here, we investigate the contribution of adult-generated neu-
rons to novelty processing by examining how the arrest of adult
hippocampal neurogenesis affects novel object recognition
(NOR). We report that mice with arrested neurogenesis show a
surprising increase in exploration of a novel object when com-
pared with control mice. This increase in novel object explora-
tion does not manifest until 4–6 weeks after the arrest of neu-
rogenesis, suggesting that the behavioral effect depends on the
depletion of highly plastic 4- to 6-week-old neurons. We fur-
ther demonstrate that an impairment in contextual fear condi-
tioning has a similar time-course after the arrest of neurogene-
sis, suggesting that this impairment and the NOR phenotype
share a common underlying mechanism.

MATERIALS AND METHODS

Mice

129/SvEv age-matched adult male mice were purchased from
Taconic (Hudson, NY) at 7 weeks of age and x-irradiated at ei-
ther 9, 13, or 15 weeks of age. Transgenic (TG) mice express-
ing herpes simplex virus thymidine kinase from the mouse glial
fibrillary acidic protein (GFAP-TK) promoter (line 7.1) were
generated as previously described (Johnson et al., 1995; Bush
et al., 1998). We backcrossed the GFAP-TK transgene onto a
129/SvEv background for at least six generations and used
! 6-week-old male littermates derived from heterozygote x
wild-type matings. Mice were housed four or five per cage in a

12-h (06:00–18:00) light-dark colony room at 228C. Food and
water were provided ad libitum. Behavioral testing was per-
formed during the light phase. The procedures described herein
were conducted in accordance with National Institutes of
Health regulations and approved by the Institutional Animal
Care and Use Committees of Columbia University and the
New York State Psychiatric Institute.

X-Irradiation

This procedure was performed as previously described (San-
tarelli et al., 2003) with the exception that mice used for novel
object recognition paradigm experiments were anesthetized
with pentobarbital sodium (Nembutal1 sodium solution) (6
mg kg21).

Drugs

Ganciclovir sodium (GCV) (Cytovene1-IV, Roche, India-
napolis, IN) was dissolved in sterile saline at a concentration of
25 mg ml21 and delivered through Alzet osmotic minipumps
(0.25 ll h21, 28 days) (Palo Alto, CA) implanted subcutane-
ously under isoflurane anesthesia. Osmotic minipumps were
rotated under the skin two to three times per week.

Novel Object Recognition Paradigm

We used a modified version of the novel object recognition
(NOR) task described by Ennaceur and Delacour (1988). The
testing room was lit with two 60-W light bulbs and behavior
sessions were recorded with a video camera affixed to a tripod
above the testing arena. The testing arena was a white, plastic
transport box (55 3 40 3 15 cm3) and was divided into two
equal halves so that two sessions could occur simultaneously.
The divider was made of the same white plastic as the transport
box and measured 15 cm in height. Mice could not contact or
see one another during the exposures. The transport box was
filled with wooden bedding. The light intensity was equal in all
parts of the arena (! 20 lx).

We used three different objects; each object was available in
triplicate. The objects were (1) a blue, ceramic shoe (diameter
9.5 cm, maximal height 6 cm); (2) a black, plastic box (8 3 3
3 9.5 cm3); and (3) a clear, plastic funnel (diameter 8.5 cm,
maximal height 8.5 cm). The objects elicited equal levels of ex-
ploration as determined in pilot experiments (data not shown).
A mouse could not displace the objects. The objects and the
placement of the objects were fully randomized.

Mice were transported to the testing room in their home
cages. NOR paradigm consisted of five 5-min exposures with
3-min interexposure intervals (Fig. 1A). Mice were placed in
the center of the arena at the start of each exposure. Between
exposures, mice were held individually in standard cages, the
objects and arenas were cleaned using PDI Sani-Cloth1 HB
Germicidal Disposable Wipes (Orangeburg, NY), and the bed-
ding was replaced. Exposures 1–4 were habituation sessions
with two objects placed symmetrically on either end of the
arena ! 5 cm away from the wall. In exposure 5, one of the
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objects was replaced with a novel object. All mice were
returned to their home cages at the end of the 5th exposure.

For the pre-exposure experiment, mice were pre-exposed to
the NOR arena for 5 min, given a 3-min interexposure inter-
val, and then given a 5-min exposure of the arena plus objects.
A 3-min interexposure interval followed and a novel object
replaced a constant object in the 3rd exposure.

Behavior was scored on videos by an observer blind to treat-
ment or to genotype using the Stopwatch1 program (Center for
Behavioral Neuroscience, Atlanta, GA). Each test session was
scored continuously in its entirety. As a proxy for locomotor ac-
tivity, a grid of six boxes was superimposed over the arena, and
grid crossings were counted. Object investigation was defined as
orientation of the head toward the object with the nose within 1
cm of the object. Investigation was not scored if the mouse was
on top of the object or completely immobile.

Contextual Fear Conditioning

The procedure was based on those of Wiltgen et al. (2006)
and Drew et al. (2010). The fear conditioning procedure took
place over two consecutive days. On day 1, mice were placed
in the conditioning chamber, received a shock 180 s later (2 s,
0.75 mA), and were removed 15 s following the shock. Mice
were returned to the conditioning chamber on the following
day for 240 s for a test of context-elicited freezing. (Data from

the 6 weeks. group only were previously published in Drew
et al., 2010).

Variations of the 1-shock procedure were used for the GFAP-
TK TG mice. GFAP-TK mice received a shock at 180 s or at
360 s (2s, 0.75 mA), and were removed 15 s following the
shock. As with the previous 1-shock procedure, mice were
returned to the conditioning chamber on the following day for
240 s for a test of context-elicited freezing.

BrdU Injections

129SvEv mice were injected with 50-bromo-20-deoxyuridine
(BrdU) (Roche, Indianapolis, IN) (150 mg kg21) twice a day
intraperitoneally (i.p.) for 2 days (300 mg kg21 per day in
0.9% NaCl) at 1 day, or 1, 2, 4, or 6 weeks before the start of
x-irradiation (n 5 5 mice/group). Mice were sham- and
x-irradiated as previously described (Santarelli et al., 2003).
Mice were deeply anesthetized and brains were collected for
immunohistochemistry 1 week following the last day of x-irra-
diation treatment.

Immunohistochemistry

Mice were deeply anesthetized with ketamine (100 mg kg21)
and transcardially perfused with cold 0.1 M phosphate buffer
saline [phosphate buffered saline (PBS)], followed by cold 4%

FIGURE 1. X-irradiation increases novel object investigation.
(A) Schematic diagram of the NOR paradigm. Mice received four
exposures to two objects. For exposure 5, one of the objects was
replaced with a novel object. (B) Mice were x-irradiated or sham-
irradiated at 9 weeks of age and the NOR paradigm was adminis-
tered 8 weeks later at 17 weeks of age. (C,D) General activity and
investigation (habituation; averaged across both objects) declined
across exposures 1–4 for both x-irradiated and sham mice. There
was no effect of x-irradiation on either variable [Fs(1,19) < 1]. In

exposure 5 (replacement), x-irradiated mice investigated the novel
object more than sham mice (P 5 0.02), but the groups did not
differ in exploration of the constant object (P 5 0.42). General
activity during exposure 5 was not affected by x-irradiation (P 5
0.11). (E) The latency to investigate the novel object was shorter
than the latency to investigate the constant object for both groups
of mice (P < 0.01), and the latencies did not differ between
groups (P 5 0.36). *P < 0.05. **P < 0.01. Error bars represent 6
standard error of mean (SEM).
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paraformaldehyde (PFA)/0.1 M PBS. Brains were postfixed
overnight in 4% PFA at 48C, then cryoprotected in 30% su-
crose/0.1 M PBS, and stored at 48C. Serial coronal section (35
lm) were cut through the entire hippocampus on a cryostat,
and stored in 0.1 M PBS with 0.1% NaN3.

For doublecortin (DCX) immunohistochemistry, sections
were washed in 0.1 M PBS and then quenched in 0.3% H2O2

in 0.1 M PBS/CH3OH (1:1) for 15 min at room temperature.
Sections were then washed and blocked in 10% normal donkey
serum in 0.1 M PBS with 0.5% Triton X-100 for 2 h at room
temperature. Incubation with primary antibody was performed
at 48C overnight (goat antidoublecortin, 1:500, Santa Cruz
Biotechnology, Santa Cruz, CA, #SC 8,066) in 0.1 M PBS
with 0.5% Triton X-100. Sections were then washed in 0.1 M
PBS and incubated with a biotinylated secondary antibody
(donkey antigoat; 1:250, Jackson ImmunoResearch, West
Grove, PA) for 2 h at room temperature. For all experiments,
excluding the time course DCX analysis, sections were then
washed in 0.1 M PBS and treated next with avidin-biotin-per-
oxidase complex (ABC Elite Kit, Vector Labs, Burlingame, CA)
followed by a 3,30diaminobenzidine as a substrate for staining
(Vector, Burlingame, CA). For the time course analysis (Sup-
porting Information Fig. 1), sections were then washed in 0.1
M PBS and incubated with avidin-Cy3 (1:125, Jackson Immu-
noResearch, West Grove, PA) and Hoechst (1:1,000) for 1 h at
room temperature.

For BrdU immunohistochemistry in sham and x-irradiated
mice, sections were first adhered to slides. Slides were soaked in
10 mM citrate buffer (pH 6.0) for 2 h at 958C and then rinsed
in 0.1 M PBS. Incubation with primary antibody was per-
formed at room temperature overnight (mouse anti-BrdU,
1:100, Becton Dickinson, San Jose, CA, 347580) in 0.1 M
PBS with 0.1% Triton X-100. Slides were then washed in 0.1
M PBS and incubated with a biotinylated secondary antibody
(goat antimouse; 1:200, Jackson ImmunoResearch, West Grove,
PA) for 1 h at room temperature. Slides were washed in 0.1 M
PBS and treated next with avidin-biotin-peroxidase complex
(ABC Elite Kit, Vector Labs, Burlingame, CA) followed by a
3,30diaminobenzidine as a substrate for staining (Vector, Burlin-
game, CA). Finally, slides were counterstained using Nuclear
fast red.

Cell Quantification

DCX1 and BrdU1 cells were counted on Axioplan-2
upright microscope. Every sixth section throughout the entire
extent of the DG was counted. Throughout the experiment,
the investigator was blind to the treatment status.

Statistical Analysis

Data were analyzed using StatView 5.0 software (SAS Insti-
tute, Cary, NC). The measures of interest were number of grid
crossings (general activity) and duration of object investigation.
For exposures 1 through 4, we analyzed the mean duration of
investigation taken across the two objects. The data for expo-
sures 1 through 4 were subjected to an Exposure X Treatment

(x-irradiated v. sham) or Exposure 3 Genotype (GFAP-TK
transgenic (TG) vs. wild-type (WT)) analysis of variance
(ANOVA), with exposure as a repeated measure. For exposure
5, investigation times were subjected to an Object (constant vs.
novel) 3 Treatment ANOVA, with Object as a repeated mea-
sure, and grid crossing data were subjected to t tests with treat-
ment as the independent variable. In the initial experiment
(Figs. 1C–E), interactions were probed using t tests with a
Bonferroni-corrected alpha level. In subsequent experiments,
planned comparisons were performed using t tests as described
below. Alpha was set to 0.05 for all analyses.

RESULTS

Targeted Hippocampal X-Irradiation Increases
Novel Object Investigation

Mice were tested in the novel object recognition (NOR) par-
adigm (Fig. 1A) 8 weeks after x-irradiation (Fig. 1B). General
activity (grid crossings) (Fig. 1C) and object investigation (aver-
aged across the two objects) (Fig. 1D) were assessed during
exposures 1–5. General activity and object investigation
declined across exposures 1–4. An exposure 3 treatment (x-
irradiation vs. sham) ANOVA yielded a significant effect of ex-
posure on general activity [F(3,57) 5 54.1, P < 0.01] and on
investigation [F(3,57) 5 18.0, P < 0.01]. There was no effect
of treatment on either variable [Fs (1,19) < 1], nor was there a
significant exposure 3 treatment interaction [Fs (3,57) < 1.1,
Ps >0.38], indicating that x-irradiation did not affect behavior
prior to the introduction of the novel object. For exposure 5,
we compared the investigation durations for the constant and
the novel objects (Fig. 1D). X-irradiated mice investigated the
novel object more than sham mice, but x-irradiated and sham
mice investigated the constant object for similar amounts of
time. The treatment 3 object ANOVA on the investigation
durations yielded a significant interaction effect [F(1,19) 5
4.9, P 5 0.04]. Post hoc (Bonferroni) tests confirmed that x-
irradiated mice investigated the novel object more than sham
mice (P 5 0.02), but the groups did not differ in investigation
of the constant object (P 5 0.42). General activity in exposure
5 was not affected by x-irradiation [t(19) 5 1.7, P 5 0.11].

Sham mice investigated the novel object and constant object
in approximately equal amounts, suggesting that these mice
failed to detect the novel object. This result is perplexing
because WT mice typically exhibit a preference for novel
objects (Dodart et al., 1997; Tang et al., 1999; S! ik et al.,
2003). We thus asked whether another measure of performance
would provide evidence that sham mice detected the novel
object. We examined the latency to the first bout of investiga-
tion for both the constant and the novel object in exposure 5
(Fig. 1E). Both x-irradiated and sham mice tended to investi-
gate the novel object earlier than the constant object, and the
latency to investigate the novel object did not differ between
groups. The data were subjected to a 2 (treatment) 3 2
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(object) ANOVA, which yielded a significant effect of object
[F(1,48) 5 8.9, P 5 0.0044] but no effect of treatment
[F(1,48) 5 0.9, P 5 0.36] or the interaction [F(1,48) 5 0.5,
P 5 0.48]. We subjected the latency analysis data to planned
comparisons (paired t tests comparing the latencies to the novel
and constant objects). The analysis showed that both sham and
x-irradiated mice approached the novel object earlier than the
constant object (Ps <0.031, one-tailed). This result indicates
that both sham and x-irradiated mice detected the novel object.

The Irradiation-Induced Increase in Novel
Object Investigation Has a Delayed Onset

Next, we examined the time-course with which the NOR
phenotype manifests after x-irradiation. Irradiation kills divid-
ing cells and very young neurons (Mizumatsu et al., 2003), but
many immature neurons are spared after x-irradiation. These
spared immature neurons are presumably depleted only gradu-
ally through maturation. Because of the dynamic nature of the
ablation, we hypothesized that examination of the time-course
with which the NOR phenotype manifests after x-irradiation
should reveal the cell-age at which adult-generated neurons
influence behavioral performance in NOR.

The NOR procedure was conducted 2, 4, and 6 weeks after
x-irradiation in different groups of mice (Fig. 2A). To confirm
that the irradiation-induced arrest of neurogenesis lasted for the
full duration of behavioral testing, we assayed doublecortin
(DCX) immunoreactivity in x-irradiated and sham mice at 2
and 8 weeks post x-irradiation (Fig. 2B, Supporting Information
Fig. 1). DCX immunoreactivity was absent at both time points.

At 2 weeks post x-irradiation (Figs. 2C,D), sham and x-irra-
diated mice performed similarly. Although there appeared to be
a modest effect of x-irradiation on investigation during expo-
sures 1 to 4, evidenced by a significant Treatment X Exposure
interaction effect [F(3,42) 5 2.9, P 5 0.05], post hoc compar-
isons (x-irradiated vs. sham) did not reach significance in any
individual time bin (Ps >0.09). In exposure 5, neither sham
nor x-irradiated mice showed a preference for the novel object
[F(1,14) < 1], and there was no effect of x-irradiation on
investigation (P 5 0.55) or on activity (P 5 0.83). At 4 weeks
post x-irradiation, x-irradiated and sham mice again performed
similarly in exposures 1 through 4. There was no effect of x-
irradiation on crossings or investigation (Fs <1). In exposure 5,
both x-irradiated and sham mice investigated the novel object
more than the constant object [F(1,20) 5 12.1, P < 0.01],
but the preference was not significantly enhanced in x-irradi-
ated mice; neither the effect of Treatment [F(1,20) 5 2.95, P
5 0.10] nor the interaction effect [F(1,20) 5 1.1, P 5 0.32]
reached significance. At 6 weeks post x-irradiation, there was
again no effect of x-irradiation during exposures 1 through 4
[Fs <1]. However, in exposure 5, x-irradiated mice investigated
the novel object more than sham mice. Planned comparisons
(t tests) confirmed that x-irradiated mice investigated the novel
object more than sham mice [t(13) 5 2.2, P 5 0.047], but
x-irradiated and sham mice did not differ in investigation of
the constant object (P 5 0.718).

FIGURE 2. The x-irradiation-induced increase in novel object
investigation has a delayed onset. (A) Schematic diagram of the ex-
perimental time-course. (B) DCX immunoreactivity is absent 2 and
8 weeks following x-irradiation, demonstrating that neurogenesis
was arrested at all points during behavioral testing. (C,D) At 2
weeks post x-irradiation, there was no effect of x-irradiation on any
parameter. At 4 and 6 weeks post x-irradiation, x-irradiated and
sham mice exhibited similar levels of general activity and object
investigation in exposures 1–4 [Fs <1]. At 4-weeks post x-irradia-
tion, x-irradiated mice appeared to investigate the novel object more
than sham mice during exposure 5, but the effect did not reach sig-
nificance [F(1,20) 5 2.95, P 5 0.10]. At 6 weeks following x-irradi-
ation, x-irradiated mice explored the novel object significantly more
than sham mice during exposure 5 ([t(13) 5 2.2, P 5 0.047]). *P <
0.05. Error bars represent 6 SEM. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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To confirm that the onset of the NOR phenotype was related
to the amount of time after x-irradiation and not to the absolute
age of the mice, we x-irradiated a group of mice at 15 weeks of
age and tested it in the NOR paradigm 2 weeks later (17 weeks
of age) (Fig. 3A). Performance was similar to that of the group
that was x-irradiated at 9 weeks of age and tested 2 weeks later.
In exposures 1 through 4, there was a significant effect of Expo-
sure on crossings [F(3,54) 5 121.5, P < 0.001] and overall
investigation [F(3,54) 5 28.6, P < 0.001] but no effect of Treat-
ment [Fs(1,18) < 2.4, Ps >0.14] or of the interaction [Fs(3,54)
< 1.6, Ps >0.20] (Figs. 3B,C). In exposure 5, both groups of
mice investigated the novel object more than the constant object
[F(1,22) 5 24.3, P < 0.001], but there was no effect of the x-
irradiation treatment [Fs(1,22) < 1] (Fig. 3C).

The control mice in these NOR experiments showed only a
modest preference for the novel object, which may be due to the
weak exploratory drive of the 129SvEv mice. Since pre-exposure
to the arena appears to greatly enhance novel object preference
(Stefanko et al., 2009), and, as a result, is a common feature of
NOR protocols, sham and x-irradiated mice were given
pre-exposure to the arena before introduction to the objects (Fig.
4A). When sham- and x-irradiated mice were given pre-exposure
to the NOR arena, overall investigation of the objects increased,
but this did not enhance novel object preference in either group
of mice (Figs. 4B,C).

In summary, although x-irradiation produces an immediate
arrest of neuronal proliferation, the behavioral effect of x-irradia-
tion in the NOR paradigm has a delayed onset. The NOR behav-

ioral effect appears to depend on the gradual depletion of young
adult-generated neurons as a function of time after x-irradiation.

Cells Killed by X-Irradiation are Less Than
4-Weeks Old

To more precisely identify the age of the cells that were directly
ablated by hippocampal x-irradiation, mice were injected with
BrdU 6, 4, 2, or 1 week(s), or 1 day before the start of x-irradia-
tion (Fig. 5A). The mean number of BrdU1 cells was most greatly
reduced in x-irradiated mice injected with BrdU 1 day prior to
irradiation (7568% reduction in x-irradiated mice when com-
pared to sham mice; P < 0.01) (Fig. 5C). BrdU1 cell counts were
reduced to a lesser extent in mice injected with BrdU 1 or 2 weeks
prior to x-irradiation (47% 6 19% and 47% 6 7%, respectively;
Ps <0.05) (Fig. 5B), indicating that the ablation is not strictly lim-
ited to dividing cells. Finally, there was no reduction in BrdU1
cells in x-irradiated mice that were injected with BrdU at 4 weeks
(P5 0.75) and 6 weeks (P5 0.81) before x-irradiation, indicating
that cells 4 weeks and older are spared by x-irradiation. These
results indicate that cells 1 day old and younger are the most likely
to be killed by x-irradiation, but cells between 1- and 28-days old
are also killed by x-irradiation, thereby limiting the precision with
which the age of cells ablated by x-irradiation can be identified.

Aging is Associated With a Decline in
Hippocampal Neurogenesis and an Increase in
Novel Object Investigation

Neurogenesis rapidly declines with age in adults of numerous
species, including mice and rats (Seki and Arai, 1995; Kuhn

FIGURE 3. NOR performance is related to the length of time
after x-irradiation rather than the absolute age of the mouse. (A)
Schematic diagram of the experimental time-course. (B,C) X-irra-
diated and sham mice did not differ in general activity or investi-
gation (habituation) during exposures 1 through 4 [Fs(1,18) <
2.4, Ps >0.14]. Both groups of mice investigated the novel object
more than the constant object [F(1,22) 5 24.3, P < 0.001], and
there was no effect of the x-irradiation treatment [Fs(1,22) < 1].
Error bars represent 6 SEM.

FIGURE 4. Pre-exposure to the NOR arena fails to increase
novel object preference. (A) Schematic diagram of the experimental
time-course. Mice were pre-exposed to the arena before introduc-
tion of the objects. (B,C) Pre-exposure to the arena increased over-
all levels of object investigation in both groups of mice when a
novel object was introduced; however, both groups explored the
constant and novel object similarly (n 5 6–8 mice/group). Error
bars represent 6 SEM.
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et al., 1996; Kempermann et al., 1998; Rao et al., 2005; Ben
Abdallah et al., 2010). Therefore, we conducted NOR in aged
mice, hypothesizing that the NOR phenotype should be pres-
ent in mice in which neurogenesis is naturally reduced by
aging. Mice were x-irradiated at 9 weeks of age and NOR was
performed 5 months later (Fig. 6A). Interestingly, while DCX
immunoreactivity is present in sham mice 6 weeks following
sham-irradiation, it is absent in sham mice 5 months following
sham-irradiation (Fig. 6B, Supporting Information Fig. 1).
DCX immunoreactivity is absent in x-irradiated mice at both
time points. There was no effect of Treatment on general activ-
ity (Fig. 6C) or on object investigation (Fig. 6D) [Fs (1,18) <
1]. In exposure 5, both sham and x-irradiated mice explored
the novel object more than the constant object [F(1,18) 5
34.9, P < 0.0001]; neither the effect of Treatment [F(1,18) <
1, P 5 0.9,957] nor the interaction effect [F(1,18) < 1, P 5
0.8027] reached significance. Performance in both groups was
similar to that of the x-irradiated mice at 6 and 8 weeks post
x-irradiation. These results are in accordance with our data sug-
gesting that the NOR behavioral effect appears after a deple-
tion of young adult-generated neurons. Here, the depletion
occurred as a function of age rather than as a function of time
after x-irradiation.

Genetic Arrest of Adult Neurogenesis Increases
Novel Object Investigation

To confirm that the NOR phenotype is related to the arrest
of adult neurogenesis rather than to some other effect of the
x-irradiation procedure, we assessed NOR performance in
GFAP-TK TG mice in which adult neurogenesis was
suppressed with ganciclovir (GCV) for 4 weeks.

GCV treatment for 4 weeks (Fig. 7A) did not alter body
weight in either WT or GFAP-TK TG mice (Fig. 7B). The
number of DCX1 neurons was significantly reduced in GFAP-
TK TG mice both at the termination of the GCV treatment
and 2 weeks later at the time of behavioral testing. (Ps <0.05)
(Figs. 7C,D), indicating that GCV had significantly reduced
neurogenesis. This observation suggests that neurogenesis was
arrested in GFAP-TK TG mice.

WT and GFAP-TK TG mice were given a 4-week GCV
treatment and then tested in the NOR procedure 2 weeks later
(Fig. 7A). NOR performance of GFAP-TK TG mice was simi-
lar to that of x-irradiated mice. There was no effect of genotype
on general activity (Fig. 7E) [F(1,44) 5 1.4, P 5 0.250] or on
object investigation (Fig. 7F) [F(1,44) 5 1.3, P 5 0.255] dur-
ing exposures 1–4, and the genotype 3 exposure interactions
were nonsignificant [Fs(3,132) < 1.1, Ps >0.38]. However, in
exposure 5, GFAP-TK TG mice explored the novel object
more than WT mice (Fig. 7F). Planned comparisons confirmed
that the GFAP-TK TG mice investigated the novel object more
than WT mice [t(44) 5 2.1, P 5 0.041], but the groups did
not differ in investigation of the constant object (P 5 0.453).
General activity in exposure 5 did not differ significantly by ge-
notype (P 5 0.098).

FIGURE 5. Hippocampal x-irradiation targets adult-born neu-
rons 2-weeks old and younger. (A) Schematic diagram of the ex-
perimental BrdU injection protocol. (B) Representative images of
the DG of sham and x-irradiated mice injected with BrdU at 2
weeks before x-irradiation and processed for BrdU immunoreactiv-
ity. (C) Mean number BrdU1 cells expressed as percent of sham
mice. Mean number of BrdU1 cells is significantly lower in x-irra-
diated mice when compared with sham mice at 2 weeks, 1 week,
and 1 day before x-irradiation. *P < 0.05, **P < 0.01. Error bars
represent 6 SEM. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Similar to the sham mice in the x-irradiation experiments,
WTmice investigated the novel and constant objects in approx-
imately equal amounts, suggesting that these mice failed to
detect the novel object. Therefore, we examined the latency to
the first bout of investigation for both objects in exposure 5, as
we did with sham and x-irradiated mice. WT and GFAP-TK
TG mice tended to investigate the novel object earlier than the
constant object (Fig. 7G). The latency data were subjected to a
2 (treatment) 3 2 (object) ANOVA, which yielded a significant
effect of object [F(1,30) 5 10.2, P 5 0.0033] but no effect of
Treatment [F(1,30) 5 0.03, P 5 0.87] or of the interaction
[F(1,30) 5 1.6, P 5 0.22]. We subjected the latency analysis
data to planned comparisons (paired t tests comparing the
latencies to the novel and constant objects). The analysis
showed that both WT and GFAP-TK TG mice approached the
novel object earlier than the constant object (Ps <0.045, one-
tailed). These data indicate that both WT and GFAP-TK TG
mice are capable of detecting the novel object.

The Effect of X-Irradiation on 1-Trial Contextual
Fear Conditioning Has a Delayed Onset

To assess the generality of the time-course of the NOR pheno-
type, we asked whether another hippocampal-dependent task
would reveal a similar cell-age at which adult-generated hippocam-
pal neurons influence learning. We used a one-trial contextual fear
conditioning (CFC) paradigm that has been previously shown by
our lab to be sensitive to the arrest of adult hippocampal neuro-
genesis (Drew et al., 2010).

The CFC procedure was conducted 2, 4, and 6 weeks after
x-irradiation in different groups of mice (Fig. 8A). At 2 and 4
weeks post x-irradiation (Fig. 8B), sham and x-irradiated mice
did not differ in their levels of (post-training) context-elicited
freezing [Fs(1,18) < 1]. At 6 weeks post x-irradiation, x-irradi-
ated mice exhibited significantly less context-elicited freezing
than did sham mice [F(1,32) 5 7.1, P 5 0.012].

To confirm that the onset of the CFC phenotype was related
to the amount of time after x-irradiation and not to the absolute
age of the mice, we x-irradiated a group of mice at 13 weeks of
age and tested it in the CFC paradigm 2 weeks later (15 weeks
of age) (Fig. 9A). Performance was similar to that of the group
that was x-irradiated at 9 weeks of age and tested 2 weeks later
(Fig. 8B). Sham and x-irradiated mice did not differ in their lev-
els of context-elicited freezing [F(1,27) < 1] (Fig. 9B).

GCV Treatment Impairs 1-Trial Contextual Fear
Conditioning in GFAP-TK TG Mice

To confirm that the CFC phenotype is related to the arrest
of adult neurogenesis rather than to some other effect of the x-
irradiation procedure, we assessed CFC performance in GFAP-
TK TG mice in which adult neurogenesis was suppressed with
GCV for 4 weeks.

WT and GFAP-TK TG mice were given a 4-week GCV
treatment and then tested in the CFC procedure 2 weeks later
(Fig. 10A). Fear conditioning was produced by placing a mouse
in the conditioning chamber and delivering one footshock at
180 or 360 s later. In the test of context-elicited fear 24 h fol-
lowing training, GFAP-TK TG mice exhibited significantly less
freezing than WT mice when the initial placement to shock
interval (PSI) was 180 s [F(1,66) 5 4.0, P 5 0.0498] (Fig.
10B). However, GFAP-TK TG mice exhibited similar levels of
freezing as WTmice when the initial PSI was 360 s [F(1,15) <
1, P 5 0.8682] (Fig. 10C). These data suggest that ablation-
induced deficit in single-trial CFC can be rescued by providing
increased exposure during the conditioning to the context.

DISCUSSION

This series of experiments yielded two main results: (1) mice
with arrested neurogenesis showed a surprising increase in the
exploration of a novel object relative to control mice, and (2)
this behavioral phenotype, as well as an impairment in contex-

FIGURE 6. Aging is associated with a decline in hippocampal
neurogenesis and an increase in novel object exploration. (A) Sche-
matic diagram of the experimental time-course. (B) While DCX
immunoreactivity is present in sham mice at 6 weeks post x-irradi-
ation, DCX immunoreactivity is absent in sham mice at 5-months
post x-irradiation. DCX immunoreactivity is also abolished in x-
irradiated mice at 6 weeks and 5 months post x-irradiation. (C,D)
In exposures 1 through 5, x-irradiated and sham mice exhibited
similar levels of general activity [F(1,18) < 1, P 5 0.596] and
investigation [F(1,18) < 1, P 5 0.39]. Both groups of mice investi-
gated the novel object more than the constant object, and there
was no effect of x-irradiation on investigation of either object.
Error bars represent 6 SEM.
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tual fear conditioning (CFC), did not manifest until 4–6 weeks
after the arrest of neurogenesis. Both behavioral phenotypes
were produced by two independent methods of arresting neuro-
genesis, suggesting that both phenotypes are due to the arrest
of neurogenesis, not side effects of the manipulations. More-
over, increased novel object exploration was also observed in
older mice that exhibited a marked reduction in neurogenesis
relative to young mice. These data suggest the arrest of adult

hippocampal neurogenesis alters novel object recognition
(NOR) and CFC specifically because of the loss of 4- to 6-
week old neurons (Fig. 11).

Immature, adult-generated granule cells have unique proper-
ties relative to mature granule cells. A recent study has found
that cells between 1 and 3 weeks of age showed excitatory
GABAergic responses, but that their GABA response changes
from excitatory to inhibitory after about 3 weeks of age (Ge

FIGURE 7. GCV treatment increases novel object exploration
in GFAP-TK TG mice. (A) Schematic diagram of the experimental
time-course. Mice were treated with GCV for 28 days and then
were tested in the NOR paradigm 2 weeks later. (B) GCV treat-
ment did not induce body weight loss as indicated by comparable
body weights between GFAP-TK TG and WT mice before and af-
ter GCV treatment. (C) DCX1 young neurons were significantly
reduced in GFAP-TK TG mice treated with GCV when compared
with WT mice, indicating that GCV had significantly reduced neu-
rogenesis. (D) Representative images of the DG processed for
DCX immunoreactivity. (E,F) During exposures 1 through 4, WT

and GFAP-TK TG mice exhibited similar levels of general activity
[F(1,44) 5 1.4, P 5 0.25] and investigation [F(1,44) 5 1.3, P 5
0.255]. In exposure 5, GFAP-TK TG mice explored the novel
object more than WT mice [t(44) 5 2.1, P 5 0.041], but the
groups did not differ in investigation of the constant object (P 5
0.453). (G) The latency to the novel object was shorter than that
to the constant object for both groups of mice (P < 0.01). There
was no effect of genotype on the latency to either object (P 5
0.87). *P < 0.05. **P < 0.01. Error bars represent 6 SEM. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

NEUROGENESIS, NOVEL OBJECT, AND FEAR CONDITIONING 9

Hippocampus



!

 

196 

et al., 2006). However, it appears that young neurons older
than 3 weeks of age are still less sensitive to GABA than their
more mature counterparts (Ge et al., 2008). Several studies
have identified a second developmental window between 4- to
6- weeks old after mitosis during which neurons exhibit
enhanced synaptic plasticity, evidenced by increased long-term
potentiation (LTP) amplitude, decreased LTP induction thresh-
old, and increased immediate-early gene expression during be-

havioral tasks (Ge et al., 2007; Kee et al., 2007). This is the
time window during which these young neurons express
NR2B-containing NMDA receptors at high levels, a character-
istic thought to contribute to enhanced plasticity (Ge et al.,
2007). Our results provide evidence that immature neurons in
the 4- to 6-week old range modulate information processing
and suggest, therefore, that the unique properties of immature
neurons may be critical for mediating NOR and CFC
performance.

Our birthdating experiment (Fig. 5) reveals some impreci-
sion in the use of x-irradiation to estimate cell ages. Although
the prepotent effect of x-irradiation is the killing of cells 1-day
old and younger, x-irradiation kills some cells older than 1 day.
Thus, from the x-irradiation experiments alone, it is conceiva-
ble that the elimination of cells older than 6 weeks contributes
to the NOR and CFC effects. However, the additional infor-
mation provided by our GFAP-TK experiments argues against
a role for these older cells. In GFAP-TK transgenic (TG) mice,
ganciclovir (GCV) halts neuronal proliferation but does not
kill quiescent cells such as neurons (Garcia et al., 2004). The
presence of behavioral effects 6 weeks after the onset of GCV
treatment indicates that the elimination of cells 6 weeks old or
younger is sufficient to produce our behavioral effects. How-
ever, it is also possible that the behavioral delay reflects the
gradual increase in the total number of missing neurons until a
threshold is reached. Another possibility we cannot exclude is
that compensating changes in mature granule cells contribute
to the observed phenotype.

In contrast to numerous other studies, control mice in our
experiments showed only a modest preference for the novel
object. There are two likely explanations for this peculiar find-

FIGURE 8. The effect of x-irradiation on one-trial contextual
fear conditioning has a delayed onset. (A) Schematic diagram of
the experimental time-course. Mice were fear conditioned 2, 4, or
6 weeks after x-irradiation. Contextual fear conditioning was pro-
duced by placing a mouse in the conditioning chamber and deliv-
ering one footshock 180 s later. Mice were returned to the condi-
tioning chamber 24 h later to assess for context-elicited freezing.
(B) Context-elicited freezing was significantly reduced in x-irradi-
ated mice when compared with sham mice at 6 weeks following x-
irradiation [F(1,32) 5 7.1, P 5 0.0119] but not at 2 or 4 weeks
following x-irradiation [Fs(1,18) < 1]. *P < 0.05. Error bars repre-
sent 6 SEM.

FIGURE 9. One-trial contextual fear conditioning perform-
ance is related to the length of time after x-irradiation rather than
the absolute age of the mouse. (A) Schematic diagram of the ex-
perimental time course. Mice were x-irradiated at 13 weeks of age
and then fear conditioned 2 weeks later. (B) X-irradiated and
sham mice did not differ in the test of context-elicited fear con-
ducted 24 h following fear conditioning [F(1,27) < 1, P 5 0.77].
Error bars represent 6 SEM.
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ing. First, while the majority of other studies used C57Bl/6J
mice, our experiments mainly used 129SvEv/Tac mice, which
have a significantly weaker exploratory drive (Smith et al.,
2009). However, when our NOR paradigm is administered to
C57Bl/6J mice, we do not detect an impact of ablation of hip-
pocampal neurogenesis, possibly because these mice never fully
cease investigation and exploring during the habituation expo-
sures (Supporting Information Fig. 2). Therefore, in a strain
exhibiting high exploration, we do not observe a further
increase in NOR investigation after ablation of hippocampal
neurogenesis. Second, in the majority of our experiments, mice
were not given pre-exposure to the NOR arena. In mice, pre-
exposure appears to greatly enhance novel object preference
(Stefanko et al., 2009), and, as a result, this is a common fea-
ture of NOR protocols. However, when sham- and x-irradiated
mice were given pre-exposure to our NOR arena, overall inves-
tigation of the objects increased, but this did not enhance novel
object preference in our 129SvEv strain. Irrespective of the
underlying cause, the low level of preference exhibited by our
control mice was advantageous because it maximized the ability
to detect an increase in the treatment groups.

The importance of the hippocampus (HPC) in object recog-
nition processes has been debated. Many studies have focused
on the importance of parahippocampal regions of the temporal
lobe, namely the perirhinal cortex (PRC) (Murray et al., 2000;
Gilbert and Kesner, 2003). Lesions of the PRC disrupt object
recognition memory (Aggleton et al., 1997; Bussey et al.,
1999; Liu and Bilkey, 2001; Warburton et al., 2003; Winters
et al., 2004; Winters and Bussey, 2005), whereas hippocampal
lesions sometimes impair object recognition (Murray and Mis-
hkin, 1998; Mumby et al., 1999; Baxter and Murray, 2001;
Mumby, 2001; Zola and Squire, 2001) and sometimes do not

FIGURE 10. GCV treatment impairs one-trial contextual fear
conditioning in GFAP-TK TG mice. (A) Schematic diagram of the
experimental time-course. GFAP-TK TG and WT mice were treated
with GCV for 4 weeks and then fear conditioned 2 weeks later. Con-
textual fear conditioning was produced by placing a mouse in the
conditioning chamber and delivering one footshock at 180 s or at
360 s later. In the test of context-elicited fear 24 h following train-
ing, GFAP-TK TG mice exhibited significantly less freezing than
WTmice when the placement to shock interval (PSI) was 180 s (B)
[F(1,66) 5 4.0, P 5 0.0498]. However, when the PSI was 360 s (C),
GFAP-TK TG and WT mice exhibited similar levels of freezing in
the test of context-elicited fear conducted 24 h following training
[F(1,15) < 1, P 5 0.8,682]. *P < 0.05. Error bars represent6 SEM.

FIGURE 11. A schematic summary of neuronal differentiation
in the DG. Cells aged 4- to 6-weeks old modulate NOR and CFC
performance. At this time point, adult-born neurons have unique
features that enhance plasticity, such as elevated expression of

NR2B-containing NMDA receptors (Ge et al., 2007). NR2B-con-
taining NMDA receptors are denoted as red and black subunits.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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(Cave and Squire, 1991; Vnek and Rothblat, 1996; Reed and
Squire, 1997; Beason-Held et al., 1999; Clark et al., 2000;
Gaskin et al., 2003). It has been suggested that NOR para-
digms taking place within a complex spatial environment may
be more sensitive to hippocampal lesions than NOR paradigms
taking place in an impoverished environment (Winters et al.,
2004). In the complex environment, the HPC may generate
holistic or conjunctive memory representations of the objects
within their larger context, whereas in the impoverished envi-
ronment, the PRC may be sufficient to represent objects inde-
pendently of context. Our NOR paradigm is sensitive to hip-
pocampal manipulations possibly because the apparatus offered
visual access to the complex extra-maze environmental cues.

It is conceivable that the arrest of neurogenesis increases
novel object investigation because it alters the balance between
hippocampal- and PRC-mediated information processing. The
impairment in CFC after x-irradiation or transgenic arrest of
neurogenesis adds to the growing body of evidence that the
arrest of adult hippocampal neurogenesis impairs aspects of
spatial and/or contextual processing (Shors et al., 2002; Saxe
et al., 2006; Drew et al., 2010). Because the HPC often com-
petes with other memory systems for dominance (Poldrack and
Packard, 2003), the impairment in hippocampal processing
caused by the arrest of neurogenesis may increase reliance on
extra-hippocampal processing resources, such as the PRC.
Increased reliance on the PRC’s object-centered encoding may,
in turn, render mice more sensitive to object novelty. Indeed,
recent evidence shows that hippocampal activity can interfere
with object memory in NOR. Oliveira et al. (2010) found
that deactivating the HPC after NOR training improved subse-
quent NOR performance. Interestingly, this improvement was
only present in mice that did not receive pre-exposure to the
NOR environment (like our mice), perhaps because the pre-ex-
posure reduced the amount of hippocampal context processing
occurring at the time of object encoding and/or consolidation.
The increased novel object investigation in our neurogenesis-
arrested mice may thus stem from an impairment in hippo-
campal context encoding, which reduces contextual interference
with object processing. The notion of decreased interference is
something we already observed in a working memory paradigm
where mice without neurogenesis were performing better than
controls (Saxe et al., 2007).

An alternate view is that the increased novel object explora-
tion represents an impairment in acquisition efficiency. The
cessation of object investigation is presumably controlled, at
least in part, by the satiation of object encoding processes. If
so, then a slowing of encoding processes would increase the du-
ration of object investigation. There is evidence that DG
manipulations can alter the rate of hippocampal encoding proc-
esses. It was recently shown that overexpression of the gene
NCS-1 in the DG is sufficient to speed acquisition in the
NOR paradigm (Saab et al., 2009). In rodents, the rate of ac-
quisition of the trace eyeblink conditioning is positively corre-
lated with the amount of hippocampal neurogenesis (Leuner
et al., 2004). We have recently shown that single but not mul-
tiple-trial CFC is impaired in neurogenesis-arrested mice, sug-

gesting that hippocampal neurogenesis is necessary for the rapid
acquisition of one-trial CFC but is not necessary for the more
gradual acquisition that takes place with multiple-trial CFC
(Drew et al., 2010). Furthermore, our current CFC data sug-
gest that neurogenesis-arrested mice are impaired in single-trial
CFC when the training interval is short but perform as well as
WTmice if exposure to the training context is sufficiently long.
The increased novel object investigation in neurogenesis-
arrested mice may therefore reflect a slowing of memory encod-
ing rather than an enhancement of NOR.

In summary, our studies demonstrate that the arrest of neu-
rogenesis increases the response to novel objects and impairs
CFC, and that both of these effects depend on the elimination
of 4- to 6-week old adult-born hippocampal neurons. Adult-
born hippocampal neurons of this age may participate in these
behavioral processes through their engagement in context learn-
ing (thereby modulating the balance between context and
object processing) or by facilitating rapid memory acquisition.
We further hypothesize that the enhanced plasticity of these
young neurons is critical for their contribution to these behav-
ioral processes.
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Appendix D:  
 
Reactivation in CA3 predicts the strength of a memory and is modulated by adult 
hippocampal neurogenesis. (2012) Christine A. Denny, Kenji F. Tanaka, Rebecca A. 
Brachman, Kimberly B. Laughman, Eva L. Alba, and René Hen. Submitted to Cell.  
 


