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The elegantly delineated anatomy of the hippocampus has long served as a substrate for
theories of memory formation and recall. Principally, the Dentate Gyrus (DG) has been proposed
to be important in the encoding and formation of new memories through a process known as
pattern separation, while downstream CA3 has been proposed to play a role in memory recall
through a process known as pattern completion. /n vivo optical methods have provided access to
study computation within the DG and the activity of dentate granule cells (DGCs) has been
associated with hippocampus-dependent behavioral pattern separation and pattern completion.
Increasing evidence supports the idea that a rare population of immature adult-born DGCs

(abDGCs) 4-6 weeks of age support pattern-separation in the DG by enhancing feedback
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inhibition onto mature DGCs. These studies rely almost exclusively on recominant Adeno-
associated Virus (rAAV) for transgene delivery, however the toxic effects of rAAV on this
circuit were not been assessed.

Herein, we demonstrate that neural progenitor cells (NPCs) and immature DGCs within
the adult murine hippocampus are particularly sensitive to rAAV induced cell-death. Cell loss is
dose-dependent and nearly complete at experimentally relevant viral titers. rAAV induced cell-
death is rapid and persistent, with loss of BrdU labeled cells within 18 hours post-injection and
no evidence of recovery of adult neurogenesis when assessed at 3 months post-injection. The
remaining mature DGCs appear hyperactive 4 weeks post-injection based on immediate early
gene expression, consistent with previous studies investigating the effects of attenuating adult
neurogenesis. This rAAV-induced toxicity is intrinsic to the rAAV viral vector. Finally, efficient
transduction of the DG is achieved by injection of rAAV2-retro serotyped virus into CA3 and
permits in vivo 2-photon calcium imaging of dentate activity while leaving adult neurogenesis
intact. Using this method we demonstrate functional changes to mature DGC activity 2-weeks
following abDGC ablation using rAAV. These findings expand on recent reports implicating
rAAV linked toxicity in stem cells and other cell types and suggests future work using rAAV in

the DG should be carefully evaluated.
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INTRODUCTION

For nearly 50 years theorists have attempted to understand how computations underlying
memory formation and retrieval arise from the elegantly delineated anatomy of the hippocampus
(Marr, 1971; Treves and Rolls, 1994). However, a clear proof of these theories has remained
elusive. Memory involves the complex interplay between forming representations of new events
and generalizing those representations to similar experiences. Distinct but similar memories must
be discriminated—for example, being able to find your car at work despite parking in a different
spot each day. At the same time, memories must be employed to generalize across learning
experiences, despite distinct differences, to permit effective learning—for example, knowing
how to follow a well-known route despite differences in environmental or other conditions. The
interplay between forming distinct memories and generalizing events is conceptualized to
involve two separate processes: pattern separation and pattern completion, respectively.

As the gateway to the hippocampus, the dentate gyrus (DG) plays a crucial role in
hippocampal function. With approximately 5-10 times more neurons in the DG than projection
neurons in upstream entorhinal cortex, neural representations are massively expanded into the
DG, before being condensed again into downstream CA3. This process is thought to subserve
memory formation by providing the representational space for distinct non-overlapping memory
representations through the process of pattern separation. The hippocampus is all the more
unique in that it is home to one of two pools of neural stem cells that give rise to functional
neurons throughout the adult life adult mammals.

Adult-born DGCs (abDGCs) undergo a lengthy process of morphological and
physiological maturation before they fully integrate into the local hippocampal network

(Espésito et al., 2005). Each immature DGC enters a period of enhanced plasticity approximately



4 to 6 weeks after it is born. These immature DGCs exhibit greater excitability (Schmidt-Hieber
et al., 2004), receive less inhibition from local interneurons (Li et al., 2012), are more broadly
tuned to input stimuli (Marin-Burgin et al., 2012), and exhibit greater synaptic plasticity (Ge et
al., 2007) than mature cells. Therefore, immature abDGCs are thought to uniquely contribute to
learning and memory through their own activity and by modulating population activity within
the DG (Fig. 0.1; Gongalves et al., 2016; Johnston et al., 2016; Sahay et al., 2011)

Immature adult-born neurons improve pattern-separation in the DG by enhancing
feedback inhibition. Two events are encoded in separate but partially overlapping populations of
activated DGCs in the DG (red and green, with overlap in yellow). DGCs receive strong
inhibitory inputs from interneurons (purple) in the hilus and sub-granular zone. It is hypothesized
that hyperactive immature adult-born DGCs (blue) drive these interneurons, enhancing feedback
inhibition from the hilus, which results in decreased overlap of activated DGCs and output to

CAZ3, thereby improving pattern separation
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Fig. 0.1. Immature adult-born neurons improve pattern-separation in the DG by enhancing
feedback inhibition. Two events are encoded in separate but partially overlapping populations of
activated DGCs in the DG (red and green, with overlap in yellow). DGCs receive strong
inhibitory inputs from interneurons (purple) in the hilus and sub-granular zone. It is hypothesized
that hyperactive immature adult-born DGCs (blue) drive these interneurons, enhancing feedback
inhibition from the hilus, which results in decreased overlap of activated DGCs and output to
CAS3, thereby improving pattern separation. Adapted from Gongalves et al. in Poo et al.
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abDGCs have been difficult to study. First, adult-born DGCs are a relatively
heterogeneous population of cells — undergoing a unique maturation process, with their
properties varying over time. Second, abDGCs are relatively rare and difficult to access, more
than 2mm inside the mouse brain. Third, these cells are sensitive to environmental stimuli with
proliferation, survival, and dendritic outgrowth regulated in vivo by experience, stress, and
systemic and local inflammation (Bayer and Altman, 1974; Ge et al., 2006; Gongalves et al.,
2016b; Kempermann, 2006; Song et al., 2013; Vivar et al.). Therefore ex vivo and post-mortem
studies do not fully represent the state of the complex contributions of this population of cells.

Using in vivo optical methods, work begun in this lab as an extension of methods
developed for this dissertation, and later expanded by other labs, the in vivo proliferation and
development of abDGCs was recently structurally resolved (Goncalves et al., 2016b; Pilz et al.,
2018). Preliminary work has also permitted dentate and hilar activity to be quantified (Anacker
et al., 2018; Danielson et al., 2016, 2017; Hayashi et al., 2017; Kirschen et al., 2017; Pilz et al.,
2018). These functional studies represented a step forward in providing access to disambiguate
an otherwise heterogeneous population of cells (Danielson et al., 2017; GoodSmith et al., 2017;
Leutgeb et al., 2007; Nakazawa, 2017; Senzai and Buzsaki, 2017). Crucially, these studies rely
almost exclusively on rAAV for transgene delivery, however the toxic effects of rAAV on this
circuit have not been previously assessed (Danielson et al., 2016; Hayashi et al., 2017; Liu et al.,
2014; Pilz et al., 2016; Ramirez et al., 2013; Swiech et al., 2015; Zhu et al., 2014).

The widespread use rAAV in human and animals studies endorsed the long held belief of
the relative lack of pathogenicity of AAV which has made it ideal for transgene delivery.

However, three recent reports have demonstrated AAV-induced toxicity in stem cells and other



cell types (Hirsch, Hinderer et al., 2018; Hordeaux et al., 2018). Motivated by our own early
efforts to study the role of adult neurogenesis in DG function and hippocampus-dependent
behavior, we discovered that neural progenitor cells (NPCs) in the DG are highly sensitive to
rAAV-induced death at experimentally relevant titers.

We demonstrate that NPCs and immature dentate granule cells (DGCs) within the adult
mouse hippocampus are particularly sensitive to rAAV-induced cell-death. This cell loss is dose-
dependent and nearly complete at experimentally relevant viral titers. rAAV induced cell-death
is rapid and persistent, with loss of BrdU labeled cells and Tbr2+ intermediate progenitors cells
within 18 hours post-injection and no evidence of recovery of adult neurogenesis when assessed
at 3 months post-injection. The remaining mature DGCs appear hyperactive 4 weeks post-
injection based on immediate early gene expression, consistent with previous studies
investigating the effects of attenuating adult neurogenesis. In vitro application of AAV or
electroporation of AAV2 inverted terminal repeats (ITRs) is sufficient to induce cell death;
independent of local inflammation in vivo.

We further demonstrate that efficient transduction of the dentate gyrus (DG)—without
ablating adult neurogenesis—can be achieved by injection of rAAV2-retro serotyped virus into
CA3. rAAV2-retro results in efficient retrograde labeling of mature DGCs and permits in vivo 2-
photon calcium imaging of DG activity while leaving adult neurogenesis intact. This method sets
the stage for future work which will permit the manipulation and visualization of DGCs in vivo
without disrupting the contribution of abDGCs to DG and hippocampal development, activity

and function.
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CHAPTER 1: Paradox of Pattern Separation and Adult Neurogenesis: A Dual Role for New
Neurons Balancing Memory Resolution and Robustness
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Hippocampal adult neurogenesis is thought to subserve pattern separation, the process by which similar
patterns of neuronal inputs are transformed into distinct neuronal representations, permitting the dis-
crimination of highly similar stimuli in hippocampus-dependent tasks. However, the mechanism by
which immature adult-born dentate granule neurons cells (abDGCs) perform this function remains

unknown. Two theories of abDGC function, one by which abDGCs modulate and sparsify activity in the

Keywords:

Dentate gyrus
Adult neurogenesis
Pattern separation
Pattern completion
Memory resolution
Memory robustness

dentate gyrus and one by which abDGCs act as autonomous coding units, are generally suggested to
be mutually exclusive. This review suggests that these two mechanisms work in tandem to dynamically
regulate memory resolution while avoiding memory interference and maintaining memory robustness.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The brain continuously simplifies and integrates sensory expe-
riences in the context of prior memories to generate the percep-
tions through which we interact with the world. We perform this
integration most vividly as we conjure previous memories and
compare and contrast them to our current experience, as is the
case with highly salient episodic memories. On the one hand, we
are able to differentiate between similar experiences, such as
today’s lunch and yesterday's. On the other hand, as with Proust’s
episode of the madeleine, an incomplete stimulus such as a single
bite of a familiar meal allows us to mentally jump to another time
and place, unleashing a flood of memories reconstructed from only
part of the original experience. In reality, however, the brain is per-
petually engaged in a parallel competition between new, discrete
memory formation and generalization across similar experiences.
Adult neurogenesis, the process by which new neurons are added
to the dentate gyrus (DG) of the hippocampus (HC) throughout
the life of an individual, is critical to the encoding and retrieval
of these memories, particularly when the experiences are highly
similar. This review focuses on the contribution of adult neuroge-
nesis to the process of learning and memory and its possible role
in permitting the hippocampus to dynamically and continuously
optimize memory resolution and robustness.

* Corresponding author.
E-mail address: gage@salk.edu (F.H. Gage).

http://dx.doi.org/10.1016/j.nlm.2015.10.013
1074-7427|© 2015 Elsevier Inc. All rights reserved.

2. Pattern separation by the dentate gyrus

The balance between discrimination and generalization is
thought to be subserved by two competing processes: (1) pattern
separation, the process by which distinct, but often overlapping
or highly similar patterns of neuronal inputs are transformed into
distinct neuronal representations, thereby allowing for the accu-
rate formation of a new memory without interference from other
memory representations, and (2) pattern completion, the process
by which a full memory representation is evoked from a partial
set of inputs that are often a subset of a similar but distinct mem-
ory or experience (Figs. 1i and 2i-iii). These computations are per-
formed not through individual neurons but through the concerted
activity of networks of neurons. Growing evidence indicates that
the functionally distinct circuitries of each subregion of the HC dif-
ferentially and simultaneously employ different balances of these
processes to contribute their own degree of discrimination to hip-
pocampal memory formation and retrieval (Fig. 1ii).

First among these subregions, the DG has been proposed as a
“gateway"” to the HC. Receiving non-spatial contextual information
from the lateral entorhinal cortex (LEC) and metric spatial informa-
tion from the medial entorhinal cortex (MEC), the DG compresses
and conjunctively encodes multimodal sensory and spatial repre-
sentations about the environment that are then passed on to the
rest of the HC for processing (Hunsaker, Mooy, Swift, & Kesner,
2007; McClelland, McNaughton, & O'Reilly, 1995). These represen-
tations from the EC are transformed into sparse representations in
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Fig. 1. Neurogenesis dynamically regulates pattern separation, (i) A schematic representation of pattern separation and completion, Pattern separation can be thought of as
the process by which distinct, but often overlapping or highly similar patterns of neuronal inputs (A and A’) are transformed into more distinct neuronal representations,
shown here as a decrease in overlap between A and A’. Pattern completion can be thought of as the process by which a full memory representation is reconstructed from a
similar representation of partially overlapping inputs, represented here as A’ becoming more similar to A (Fig. 2ii), or from a subset of the inputs (Fig. 2iii). (ii) Nonlinear
transformations for DG and CA3 by which each region initially pattern completes for nearby inputs but pattern separates for larger differences in inputs, each component
contributing a different level of discrimination as A input is transformed into A output. The diagonal line represents equal differences in input and output, i.e., 4 input = 4
output. The region above the line represents conditions in which inputs are made more dissimilar (i.e., pattern separation), and the region below the line represents
conditions in which inputs are made more similar (i.e., pattern completion). On the individual cell level, immature abDGCs integrate patterns across a wide range of inputs,
resulting in pattern completion, with the ultimate result of dynamically modulating pattern separation in mature abDGCs on the network level. Adapted from Yassa & Stark,

2011,

the DG, as representations are expanded onto downstream dentate
granule neurons (DGCs) that are 5-10 times more numerous than
their upstream EC pyramidal neuron counterparts. This marked
expansion of the neuronal population, extremely low inter-region
connectivity (i.e., each DGC synapses on ~10 CA3 pyramidal neu-
rons, two to three orders of magnitude less than the number of
EC-DG or EC-CA3 synapses each EC pyramidal neuron makes;
Amaral, Ishizuka, & Claiborne, 1990; Mulders, West, & Slomianka,
1997; Schmidt, Marrone, & Markus, 2012), and low intrinsic activ-
ity of the DGC population (Gothard, Hoffman, Battaglia, &
McNaughton, 2001; Jung & McNaughton, 1993; O'Reilly &
McClelland, 1994) are believed to allow for the formation of a
sparse, distributed code. Traditional ‘connectionist’ or Hopfield-
like network models suggest that the DG uses this sparse coding
to increase the number of available representations by minimizing
overlap between patterns of activity (Amit, Gutfreund, &
Sompolinsky, 1987; Marr, 1971; McClelland et al., 1995; O'Reilly
& McClelland, 1994; Treves & Rolls, 1994). Noting that where rep-
resentations are not orthogonalized the system rapidly breaks
down due to catastrophic interference (McClelland et al., 1995;
McCloskey & Cohen, 1989), others have expanded these models
to include an “error checking” function in CA3-DG feedback to
avoid interference (Lisman, 1999; Renno-Costa, Lisman, &
Verschure, 2010).

While these connectionist models generally do not make strict
distinctions between behavioral phases of encoding and recall, it
has been suggested that, during memory formation, decorrelated
patterns of activity undergo further enhancement before being
transferred with relatively high fidelity from the DG to the CA3
through the mossy fibers to promote memory formation (Henze,
Wittner, & Buzsaki, 2002; Urban, Henze, & Barrionuevo, 2001), In
parallel, the relatively weaker but more active EC-CA3 perforant
path connection provides direct input from the EC to promote

memory recall (Lassalle, Bataille, & Halley, 2000; Lee & Kesner,
2004). It has therefore been proposed that, while the major func-
tions of the HC are to encode and discriminate spatial and contex-
tual events from one another, the sensitivity of the DG to small
changes in input makes it particularly important when encoding
highly similar stimuli and less important in promoting recall
(Kesner, 2007; Lee & Kesner, 2004; though see a dissenting opinion
in Nakashiba et al., 2012). It has been noted, however, that making
a distinction between encoding and retrieval phases may prove dif-
ficult as learning and recall are fundamentally intertwined (Kesner,
2007; Rolls & Kesner, 2006).

These models can be conceptualized as a competition between
the pattern separation of memory formation and pattern comple-
tion of memory recall (Fig. 1). A useful visualization for conceptu-
alizing these attractor networks is a phase space diagram (See
information box “Attractor Networks of Memory” and Fig. 2).
Inputs, even if closely associated in phase space such as those on
opposite sides of a “hill,” can settle into different output states
and be thought of as pattern separation (Fig. 2i). Inputs that settle
into the same output state can be thought of as pattern completion
(Fig. 2ii and iii). In the models above, the CA3 initially pattern com-
pletes, as recurrent activity leads similar inputs to recruit the same
population of output neurons through attractor formation and
thereby allows for the recall of memories (Fig. 1ii). However, the
CA3 pattern separates if incoming inputs are similar but suffi-
ciently distinct, represented here as a smooth phase space of long
hills and troughs (Fig. 3i). On the other hand, the DG rapidly pat-
tern separates as similar inputs are mapped onto distinct popula-
tions of output neurons, represented as a rougher, discrete phase
space of sharp hills and valleys (Fig. 3ii), where only nearly identi-
cal inputs result in the same output (i.e., limited pattern comple-
tion). The DG contributes resolution for highly similar stimuli
because it discriminates between fine details; however, the DG is



S.T. Johnston et al./ Neurobiology of Learning and Memory 129 (2016) 60-68

(i)  pattern separation

(i) pattern completion

:ﬂg

(iii) pattern completion

| AAA LA A AAA
I AA
Hz
L. 4 L
B 1y
S e
[ =
@
S Y \
@
E
o
=
g .
o
panther cat cat
A LA A A A A LA
A i A A A
network configuration

Fig. 2. Hippocampal pattern separation and pattern completion conceptualized in phase space. (i) Schematic of pattern separation where similar but distinct experiences,
depicted by a black panther and a black cat, are encoded by similar patterns of neuronal network activity (network configuration). The network is optimized, presumably
through synaptic plasticity during learning, such that neighboring input states separate and flow downhill to different low energy attractor states that are far apart in network
configuration or “phase” space. These stable states are thought to code for percepts or other behaviorally relevant output of the network, such as “panther” or “cat”. (ii) The
energy landscape of phase space is complex and can also be shaped to encourage pattern completion, where distinct experiences are lumped together and generalized
through convergence of their resulting network activity patterns. (iii) Alternatively, the same process can facilitate another form of pattern completion, where a full memory

representation is evoked from a partial set of inputs.

likely unable to discriminate differences between small changes in
input and large changes in input (Fig. 1ii). Both differences are
already entirely orthogonalized (i.e., increasing the change in input
does not increase the change in output), and the resulting overlap
would not be greater than chance (Deng, Mayford, & Gage, 2013).

Behavioral support for the role of the DG as a pattern separator
of highly similar stimuli first came in the form of lesion studies in
which ablation or blockage of plasticity in the DG resulted in
impaired discrimination of similar spatial and contextual informa-
tion (Gilbert, Kesner, & Lee, 2001; Goodrich-Hunsaker, Hunsaker, &
Kesner, 2008; McHugh et al., 2007; Nakashiba et al., 2012; Saxe
et al., 2007). The mechanism by which the DG actually performs
this function, however, remains unclear. In vivo electrophysiologi-
cal recordings suggest that, while small changes in environmental
cues induce changes in the rate coding of DGCs, they do not result
in the decorrelation of the population of active cells that the con-
nectionist models above are predicated upon (Alme et al., 2010;
Leutgeb, Leutgeb, Moser, & Moser, 2007). However, in agreement
with the above computational theories, results from our lab and
others employing immediate early gene (IEG) quantification as
an alternate method of looking at entire populations of cells in
the DG suggest that the DG rapidly decorrelates representations
into distinct populations of DGCs with limited overlap to represent
small changes in environmental inputs (Chawla et al., 2005; Deng
et al., 2013). The relative strengths and weaknesses of these meth-
ods may make them inherently better suited to detect changes in
rate or population coding. Electrophysiological recordings provide
temporal resolution at the level of individual neuronal spikes,
which can be directly correlated to a behavior as it is being per-
formed. However, it is likely that all but the most active neurons
in the dentate are recorded. Further, they lack the spatial resolu-
tion and cellular identification required to demonstrate population

coding of the sparsely activated DG. In contrast, I[EG methods pro-
vide spatial resolution and cellular identification. However, they
lack temporal resolution, allowing only a single time point to be
investigated, and minimal activity required which results in their
induction remains unknown (Schoenenberger, Gerosa, & Oertner,
2009), preventing IEGs from being used to investigate rate encod-
ing. [EGs also likely underreport total neuronal activity but may be
less prone to neuronal noise. Despite these limitations, the litera-
ture still appears to be in conflict between rate and population
encoding in the DG. It has been suggested that this conflict can
be resolved by dividing the DG into two distinct populations
(Alme et al, 2010; Deng et al., 2013; Neunuebel & Knierim,
2012; Piatti, Ewell, & Leutgeb, 2013). The first population is com-
posed of the majority of DGCs, is sparsely activated, and is engaged
in population coding; representations including these cells rapidly
orthogonalize in response to small changes in environmental
inputs and are missed by electrophysiological recordings. This pop-
ulation is likely mature DGCs. The second population of DGCs is
more active, with signals frequent enough to be recorded in vivo,
and does not rapidly orthogonalize. This second population of
broadly tuned DGCs is proposed to represent hyperactive, imma-
ture adult-born dentate granule cells (abDGCs), and it may be
missed by IEG studies (Huckleberry et al, 2015; Jessberger &
Kempermann, 2003; Snyder, Glover, Sanzone, Kamhi, & Cameron,
2009; Snyder, Choe, et al., 2009). [An alternative explanation may
be that, like CA1 and CA3, the DG uses alternate encoding methods
to represent different types of information (Leutgeb, Leutgeb,
Barnes, et al., 2005); however, these discrepancies may also be
due to differences in behavioral protocols (Leutgeb, Leutgeb,
Treves, et al,, 2005; Wills et al,, 2005). Such transitions between
population and rate coding have not been directly tested in
the DG.]
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Attractor Networks of Memory

The attractor neural network (Poucet & Save, 2005; Wills,
Lever, Cacucci, Burgess, & O'Keefe, 2005) is a theoretical
framework useful for understanding ensemble neural
activity and building intuition about the much theorized
processes of pattern separation and pattern completion.
Adapted from statistical physics, the state of the network
is represented as a location in an abstract multidimen-
sional space that describes all the possible configurations
of the network (Fig 2). This N-dimensional configuration or
“phase” space is perhaps most easily conceptualized as
being bound by N axes, each describing the firing rate
for one of the N neurons within the network®. Each distinct
combination of the N firing rates, or configuration, is rep-
resented by a unique point in phase space. Figs. 2 and 3
show schematics of this conceptualization in which each
pattern of sensory stimuli or upstream neuronal activation
results in a unique network state. However, while the ini-
tial state of the network is unique for a given set of inputs,
the final state is not. Each of these configurations is
assigned an energy describing the stability of the state
of the network. Analogous to a ball rolling on a hilly land-
scape, the configuration of the network tends to flow
toward local valleys that have lower energy. These stable
network states exist in local energy minima and are
thought to code for percepts or other behaviorally relevant
representations of the network. Thus, depending on the
roughness of the landscape, similar inputs eliciting net-
work activity represented by nearby points in configura-
tion space may (pattern completion, Fig. 2ii and iii) or
may not (pattern separation, Fig. 2i) result in the same net-
work representation. Presumably, the topology of the
landscape, including the location of stable states and the
roughness of their surroundings, is shaped through
synaptic plasticity and other cellular and network pro-
cesses in order to optimize computations relevant to the
system (Fig. 3). As we describe below, it appears that
the DG has been optimized to have a relatively rough land-
scape with a bias toward pattern separation, in which
inputs that start off closely associated in configuration
space are driven toward separate final states. In contrast,
other areas of the HC, such as CA3, are smoother, facilitat-
ing pattern completion of similar upstream activity by
driving similar inputs toward the same final state.

*In reality we do not know whether it is firing rate, spike
timing, or other parameters that are truly relevant to the
state of the network.

3. Neurogenesis is critical to pattern separation

Immature abDGCs undergo a critical period of increased
excitability and enhanced plasticity (Esposito et al., 2005; Ge,
Sailor, Ming, & Song, 2008; Ming & Song, 2011; Schmidt-Hieber,
Jonas, & Bischofberger, 2004) as they begin to influence the activity
of the local DG/hilar network and CA3. During this critical period,
abDGCs have been shown to be behaviorally important for the
encoding of new memories in the hippocampus (Dupret et al.,
2008; Garthe, Behr, & Kempermann, 2009; Jessberger et al.,
2009; Shors et al,, 2001; Wojtowicz, Askew, & Winocur, 2008),
with more recent studies demonstrating that, as animals undergo
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Fig. 3. Distinct roles for subfields within the hippocampal formation. Hippocam-
pus-dependent memory formation and recall are constructed through a competi-
tion between pattern completion—driving similar inputs into the same attractor
state—and pattern separation—driving similar inputs into distinct attractor states. (i)
CA3 is represented as a smoother state space by which a large range of inputs leads
to the same local minima, i.e., increased pattern completion. (ii) DG is represented
as a rougher space with more discrete states. Small differences can lead to different
local minima, i.e., increased pattern separation. Even within the DG, some of these
spaces are smoother than others (A vs. B), permitting pattern completion at the cost
of memory resolution (i.e., the fineness of discrete attractor states). (iii) Neuroge-
nesis acts as an additional mechanism to increase resolution in these areas. A
distributed code of overlapping mature DGCs sparsely encodes the input space into
the output attractor space. Hyperexcitable immature DGCs, however, act as signal
integrators to sample the state space and increase discrimination in low resolution
(smooth) areas in an activity-dependent fashion by imposing “roughness” on the
phase space, increasing the number of discrete states and adding local minima by
acting as autonomous coding units and through disynaptic lateral inhibition.
abDGCs may also increase rates of forgetting, conceptualized here as the replace-
ment of one output state by another.

a variety of natural, genetic, and pharmacological manipulations
of neurogenesis rates, their ability to discriminate spatial and con-
textual information is altered. This finding suggests that pattern
separation within the DG is critically dependent upon adult
neurogenesis.

Generally, when animals are subjected to decreases in neuroge-
nesis, they are impaired in fine discrimination pattern separation
tasks (Clelland et al., 2009; Clemenson et al., 2015; Nakashiba
et al., 2012; Tronel et al,, 2012), whereas increasing neurogenesis
is sufficient to improve pattern separation (Creer, Romberg,
Saksida, van Praag, & Bussey, 2010; Sahay, Scobie, et al., 2011).
However, contrary to this simplification, increasing neurogenesis
may also result in a deficit in discrimination for easier tasks, appar-
ently as the animal over-generalizes a response (Clemenson et al.,
2015). Surprisingly, this deficit is rescued, with animals with
increased neurogenesis outperforming controls if a more difficult
task is implemented (Clemenson et al., 2015). These results suggest
a more complex story in which not only the cognitive strategies of
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animals is altered by experience-induced increases in neurogenesis
but also HC connectivity, in which abDGCs have different inputs
depending on the environment in which they matured (Bergami
et al,, 2015; Deshpande et al., 2013).

Techniques for altering neurogenesis rates do vary in magni-
tude and temporal selectivity, with some knockdown strategies
such as focal x-irradiation producing near-complete and perma-
nent loss of abDGCs (Mizumatsu et al., 2003; Monje, Mizumatsu,
Fike, & Palmer, 2002) and others such as inducible transgenic sys-
tems that promote apoptosis sparing some of the newborn popula-
tion (Deng, Saxe, Gallina, & Gage, 2009; Tronel et al., 2012) and
allowing progenitor cell proliferation to rebound after the end of
treatment (Deng et al., 2009). Genetic strategies are gaining popu-
larity, but care must be taken to restrict expression to the desired
population to obtain comparable results [Saxe et al, 2007 for
example, uses a GFAP promoter with the hope of ablating radial
stem cells which give rise to abDGCs, however this method is likely
to have broad effects throughout the brain given extensive expres-
sion of GFAP in glia]. Properly targeted, genetic methods may hold
promise for avoiding off-target effects such as increased inflamma-
tion (Mizumatsu et al., 2003; Monje et al., 2002) or inhibited angio-
genesis (Kurzen, Schmitt, Niher, & Maohler, 2003; Monje et al.,
2002), which accompany both irradiation and pharmacological
knockdown methods. A common thread of behavioral differences
in the ability to discriminate between similar events runs through-
out recent studies of adult neurogenesis despite these variations in
knockdown efficiency and off-target effects.

Taking the above results into consideration, descriptive models
for the role of adult neurogenesis in pattern separation generally
fall within two, often described as mutually exclusive, frameworks
(Aimone, Deng, & Gage, 2010; Becker, 2005; Deng, Aimone, & Gage,
2010; Piatti et al.,, 2013; Sahay, Wilson, & Hen, 2011; Wiskott,
Rasch, & Kempermann, 2006), The first model proposes that imma-
ture abDGCs act as individual coding units. As a consequence of
low input specificity, immature abDGCs act as pattern integrators,
responding to broad input patterns and rate remapping in response
to subtle changes in an animal's environment. In turn, through
their mossy fiber connections, they directly influence encoding in
the CA3 (Aimone et al, 2010). As new neurons mature, they join
mature DGCs as sparse coders in the DG and thereby contribute
to pattern separation by encoding new representations in a new,
orthogonal population of neurons, autonomously maximizing
information while minimizing interference (Aimone, Deng, &
Gage, 2011; Becker, 2005; Wiskott et al., 2006). The second model
proposes a modulatory role whereby new neurons maintain the
sparse activity of mature DGCs within the DG. Immature neurons
mediate this function through their relative sensitivity to weak
inputs. By reactivating for similar environmental stimuli - even if
weak — they recruit feedback inhibition targeted toward mature
DGCs, presumably via direct or indirect connections to local hilar
interneurons (Szhay, Wilson, et al., 2011). This sparsity ensures
minimally overlapping memory representations. Increasingly, evi-
dence suggests a paradoxical dual role for adult-born neurons in
both processes.

4. New neurons are pattern integrators/broad responders

During maturation, abDGCs go through a critical period of
hyperexcitability, enhanced synaptic plasticity, and insensitivity
to GABAergic inhibition (Gu et al., 2012; Li, Aimone, Xu,
Callaway, & Gage, 2012; Marin-Burgin, Mongiat, Pardi, &
Schinder, 2012; Zhao, Deng, & Gage, 2008) while still forming func-
tional connections to CA3 similar to their mature counterparts
(Toni et al.,, 2008; Zhao et al., 2008). During this critical period,
immature abDGCs act as pattern integrators as they are activated
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in response to weak afferent stimulation and continue spiking,
whereas mature abDGCs rapidly attenuate their response (Marin-
Burgin et al., 2012). Behaviorally, new neurons are more likely to
activate to novel stimuli (Kee, Teixeira, Wang, & Frankland, 2007;
see Stone et al., 2011 for a dissenting opinion) but, more impor-
tantly, abDGCs are proposed to undergo stimulus-specific reactiva-
tion for stimuli that the animal experiences while the abDGCs are
maturing (Tashiro, Zhao, & Gage, 2007; Trouche, Bontempi, Roullet,
& Rampon, 2009). Expanding findings from Deng et al. (2013) to
include reactivation of new neurons to enriched environments,
results from our lab suggest the same type of preferential reactiva-
tion of immature abDGCs and preferential inactivation of mature
abDGCs to contexts similar to those in which they matured (Deng
et al.,, unpublished). Mossy fiber synapses further act to filter infor-
mation coming into the CA3 (Henze et al., 2002; Urban et al., 2001),
suggesting that the message hyperactive DGCs convey down-
stream is likely overrepresented (Alme et al., 2010; Gu et al,
2012; Marin-Burgin et al., 2012). As hyperexcitability declines,
abDGCs no longer act as pattern integrators but undergo an abrupt
shift and become physiologically indistinguishable from their spar-
sely activating mature counterparts (Brunner et al., 2014), now
contributing to network function by representing the new infor-
mation states they matured in (Aimone et al, 2011; Becker,
2005; Wiskott et al.,, 2006). Such new or novel states can be con-
ceptualized in the phase space framework by the addition of dis-
crete valleys to the state space (Fig 3iii).

5. New neurons maintain sparsity

Paradoxically, despite the role of hyperactive immature DGCs as
input integrators, manipulations of adult neurogenesis inversely
correlate with activity in the DG. Reductions of neurogenesis result
in hyperactivity of the DG (Ikrar et al., 2013), and increased neuro-
genesis results in a suppression of activity in the DG (lkrar et al.,
2013), surprisingly without a change in activity levels downstream
in CA3. In vivo, findings further suggest that decreasing neurogen-
esis increases coordinated activity in the DG (Lacefield, Itskov,
Reardon, Hen, & Gordon, 2012), manifested at the cellular level
as the recruitment of a larger population of DGCs in response to
an environmental stimulus. The selectivity of DGC populations is
compromised, leading to greater overlap between populations
responsive to distinct contexts and accompanied by an overall
increase in firing rate (Rangel et al., 2014). Overall, ablation of adult
neurogenesis appears to reduce the inhibitory inputs that heavily
suppress activity under normal conditions in the DG (Singer
etal., 2011). Taken together with the behavioral studies mentioned
above, these results are consistent with the theoretical prediction
suggesting that DG sparsity mediates an animal's capacity to dis-
criminate environmental stimuli in pattern separation tasks:
hyperactive immature DGCs paradoxically maintain this sparsity
and push the DG toward a system of greater pattern separation.

The mechanism by which abDGCs mediate this sparsity remains
unclear. However, the balance of excitation to inhibition is likely to
play an important role in this process. Immature and mature DGCs
functionally innervate GABAergic interneurons that heavily sup-
press DG activity through feedback inhibition (Acsady, Kamondi,
Sik, Freund, & Buzsadki, 1998; Li et al., 2013), whereas immature
abDGCs themselves remain partially insensitive to GABA (Li
et al,, 2012; Zhao et al., 2008). In contrast to mature DGCs, recent
work from slice physiology experiments has suggested that imma-
ture abDGCs may be limited in their ability to recruit feedback
inhibition onto neighboring DGCs (Temprana et al, 2015). The
implications of this work in vivo have yet to be clarified. Temprana
and colleagues also showed reduced inhibitory drive to immature
abDGCs via feedback inhibition from mature DGCs. Determining
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whether this reduced feedback inhibition from mature DGCs and
hyperexcitability of immature abDGCs counterbalances the imma-
ture abDGC's apparently reduced ability to recruit feedback inhibi-
tion onto the mature DGC network in vivo will require future
experiments. Another recent study has suggested that immature
abDGCs transiently form strong connections with inhibitory
interneurons in CA3 (Restivo, Niibori, Mercaldo, Josselyn, &
Frankland, 2015). Immediate early gene activation in 4-week-old
abDGCs was also correlated with that of CA3 interneurons, sug-
gesting that these two populations are coupled in vivo. This study
relies heavily on morphological analyses, and physiological valida-
tion will be required to resolve this disconnect between slice and
in vivo paradigms. The parallel maturation of abDGC-controlled
inhibition and abDGC hyperactivity may, therefore, be all the more
critical to ensure a balance between excitation and inhibition bal-
ance to ensure proper circuit function (Aimone, Wiles, & Gage,
2009; Clemenson et al., 2015; Weisz & Argibay, 2009; Weisz &
Argibay, 2012). This balance is most apparent when attempting
to interpret the results of Park, Burghardt, Dvorak, Hen, and
Fenton (2015). X-ray ablation decreases evoked activity in the
DG, suggesting a hyperactive role for abDGCs, but leads to a left-
ward shift in EPSP-spike coupling upon conflict training (a DG-
and adult neurogenesis-dependent task), which the authors use
to suggest an inhibitory role for abDGCs that is experience depen-
dent (Park et al., 2015).

6. A dual role for new neurons: Balancing resolution and
robustness

In the models above, inhibition mediates sparsity, and sparsity
mediates discrimination by avoiding representational overlap. The
DG, however, already has mechanisms to limit its activity. Heavy
feedback inhibition from mature DGCs and mossy cells, as in much
of the rest of the brain, does not have to be dependent on adult
neurogenesis. Rather than merely playing a static role in pattern
separation, adult neurogenesis may provide the DG with a mecha-
nism to dynamically balance memory resolution and memory
robustness by minimizing overlap between memory
representations.

In this model, as the richness of an animal’s experience
increases and memory load becomes more complex, proliferation
and survival of abDGCS might be expected to increase in an
activity-dependent fashion (Park et al., 2015; Piatti et al,, 2011;
Stone et al, 2011). This increase in abDGCs results in an overall
decrease in DG excitability (Ikrar et al.,, 2013) and ultimately
results in increased sparsity via disynaptic inhibition of the DG net-
work. This increased sparsity increases the number of nonoverlap-
ping representations available to the network, in effect sharpening
the state space to allow for increased discrimination and coding of
new experiences. The ultimate result of these reallocations is to
take smooth portions of the state space, in which it is difficult to
discriminate nearby states, and impose roughness to increase
memory resolution (Fig 3iii).

Increased sparsity, however, may come at a cost. As memory
representations are distributed among fewer neurons, they may
become more susceptible to loss through degradation and interfer-
ence (Weisz & Argibay, 2012). Behaviorally, this process is mani-
fested as forgetting. Recently it has been suggested that adult
neurogenesis may mediate a unique form of forgetting (Akers
et al., 2014). In this study, increasing neurogenesis after the forma-
tion of a memory was shown to inhibit recall of the learned expe-
rience, and the authors concluded that forgetting occurred. Adult
neurogenesis may, however, permit increased memory resolution
without sacrificing memory robustness by adding computational
units to the circuit. However, behaviorally differentiating forget-
ting from increased discrimination may not be straightforward;
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that is, it is difficult to verify if an animal is unable to recall a stim-
ulus or if it is now able to discriminate between two stimuli that
the experimenter did not intend to make discriminatable. An ani-
mal may no longer see stimuli as equivalent because, as a product
of increased pattern separation, it has become more sensitive to
minor differences in the environment (Clemenson et al, 2015).
Caution should therefore be used in interpreting results of any
behavioral assay where forgetting and increased discrimination
may lead to the same result. For example, Clemenson et al. used
a fear conditioning discrimination paradigm in which the training
(shock) context differed from each of two testing contexts. The
wire grid floor used to deliver the shock was covered by a plastic
insert in both testing contexts. An animal that has forgotten the
original conditioning event will not freeze when exposed to the
test contexts. However, neither will an animal that notices the
floor has changed if it has specifically associated the foot shock
with the floor. Similarly, performance during the probe trial of
the Morris Water Maze is commonly reported as the percentage
of time spent in the quadrant formerly occupied by the platform
during training. An animal that spends little time in the target
quadrant may have forgotten the original location, or may have
been so certain of that location that it explored it once, found the
platform to be missing, and continued searching the rest of the
maze. To discount this interpretation, some groups report latency
to the old platform location as well, but this is not universal. Alter-
natively, others have viewed these as changes in “cognitive flexi-
bility” (Burghardt, Park, Hen, & Fenton, 2012).

According to the Mixed Coding Hypothesis (Aimone et al,
2011), immature abDGCs initially are low information encoders
for broad content, but as they mature they become tightly tuned
high information encoders, joining extant DGCs in a sparsely acti-
vated distributed code but now encoding novel stimuli, effectively
adding new stable valleys to the phase space. The result is to allow
the encoding of novel representations while avoiding overlap and
interference with the surviving representational network. The task
then becomes to differentiate the direct contribution of immature
abDGCs, as “pattern integrators” heavily affecting learning and
memory downstream, and mature abDGCs, as sparse encoders,
from indirect effects on local network activity that then propagate
downstream to CA3. These alternative models and behavioral out-
comes listed above demonstrate that behavioral assessments of the
role of adult neurogenesis are ambiguous when taken alone.

7. Looking forward

Recent work using opto- and chemogenetic manipulations have
revolutionized our understanding of the substrates of memory “en-
grams” (Cowansage et al., 2014; Denny et al., 2014; Garner et al.,
2012; Liu et al., 2012; Nabavi et al., 2014; Ramirez et al., 2013;
Tonegawa, Liu, Ramirez, & Redondo, 2015). However, these exper-
iments (like IEG experiments before them) have been limited in
that they only label a single memory representation for manipula-
tion. The means by which the patterns of activity are segregated
and encoded remains unknown [though Nabavi et al. (2014) serves
as the greatest evidence supporting a causal role for LTP in memory
formation to date, and excitability at the time of encoding appears
to influence the recruitment of a neuron into a memory represen-
tation; see Han et al., 2007; Han et al., 2009; Sano et al., 2014; Zhou
et al., 2009]. The extension of calcium imaging to study memory in
hippocampal behavioral tasks (Dombeck, Harvey, Tian, Looger, &
Tank, 2010; Rajasethupathy et al., 2015; Ziv et al., 2013) is promis-
ing in that it may be the first technique to bridge the gaps between
electrophysiological records and IEG experiments, in vivo, as an
animal’s memory is tested. It provides both the spatial and tempo-
ral resolution necessary to rigorously verify computational theo-
ries of pattern separation and completion while elucidating
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questions about learning and memory as simple as, “What is the
minimal unit of a memory?” However, basic questions such as
these will not likely yield simple answers. Instead they will
undoubtedly uncover complex dynamics as the brain attempts to
balance anatomical, physiological, and environmental pressures
to produce accurate predictions about, and generate appropriate
actions to interact with, the world. A greater question for this sys-
tem then becomes one of understanding the mechanisms and con-
straints under which these processes balance encoding and
retrieval, discrimination and generalization, and remembering
and forgetting. The role of adult neurogenesis, as a critical compo-
nent of plasticity in the hippocampus when dealing with highly
similar stimuli, is likely to yield interesting conclusions about the
dynamic regulation of these forces.

Imaging alone, however, is likely insufficient and underscores a
greater need for the development of complementary behavioral
tasks. Ideal approaches will possess both the capacity to investi-
gate how changes in sparsity contribute to memory resolution
and robustness and the ability to target specific populations of
abDGCs to further elucidate their direct and indirect contributions
to network function. Further development in this area will, in turn,
likely require a return to computational theories of pattern separa-
tion and completion to generate predictions about the circuit and
network level activity that subserves these functions. “Behavior-
free” passive imaging paradigms may also prove valuable, as minor
network fluctuations may not be behaviorally observable. Future
findings could lead to interesting questions such as “Does the ani-
mal or the dentate forget first?,” as behavioral pattern separation
and computational pattern separation, as performed through con-
certed network activity in the DG and HC, can be directly corre-
lated (for differences between these two types of “pattern
separation,” see Santoro, 2013). This direction of study may prove
all the more interesting as a tractable method to understand more
generally how the brain tolerates variation in activity and how
coordinated mass action gives rise to behavioral discrimination
vis-a-vis pattern separation and completion. These findings will
prove computationally relevant in many areas of the brain
(Barnes, Hofacer, Zaman, Rennaker, & Wilson, 2008; Bartko,
Winters, Cowell, Saksida, & Bussey, 2007a, 2007b; Burke,
Wallace, Nematollahi, Uprety, & Barnes, 2010; Gilbert & Kesner,
2002; Gilbert & Kesner, 2003; Marr, 1983; Sahay, Wilson, et al.,
2011; Wilson, 2009).
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Glossary

Adult neurogenesis: the process by which new neurons are continually generated
from neural stem cells throughout adulthood. Known to occur in the subven-
tricular zone (giving rise to olfactory bulb neurons) and in the subgranular zone
(giving rise to dentate granule cells)

Attractor network: a recurrently connected network whose dynamics give rise to
stable patterns (attractor states). Different initial states will settle into a final
state that is a local energy minimum (for greater detail see Information
Box “Attractor Networks of Memory™)

Interference: the disruption or complete elimination of prior learning resulting from
new learning. In networks, this results from the rapid adjustment of connec-
tions used for encoding the prior learning to accommodate the new learning

Pattern separation: the process by which distinct, but often overlapping or highly
similar patterns of neuronal inputs are transformed into distinct neuronal
representations

Pattern completion: the process by which a full memory representation is evoked
from a partial set of inputs. A corollary of this idea is that similar neuronal
inputs will result in the same neural representation

Resolution: the extent of information (or details) encoded by a network of neurons.
Increased resolution increases the capability of the system to distinguish, find,
or encode details

Robustness: the resistance of a memory representation to being lost, often through
degradation and interference

Chapter 1, in full, is a reprint of the material as it appears in: Johnston ST, Shtrahman M, Parylak S,
Gongalves JT, Gage FH. (2016) Paradox of pattern separation and adult neurogenesis: A dual role for new
neurons balancing memory resolution and robustness. Neurobiology of Learning and Memory, 129 60-68,
https://doi.org/10.1016/j.nlm.2015.10.013 . The dissertation author was the primary investigator and author of

this paper.
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CHAPTER 2: AAV-Induced Toxicity in Neural Progenitor Cells within the Adult Murine
Hippocampus
ABSTRACT
Recombinant AAV (rAAV) has been proposed as a safe genetic tool for use in human

gene therapy and has seen wide use as a viral vector across nearly all fields of experimental
mammalian biology. We demonstrate that neural progenitor cells (NPCs) and immature dentate
granule cells (DGCs) within the adult murine hippocampus are particularly sensitive to rAAV-
induced cell-death. Cell loss is dose-dependent and nearly complete at experimentally relevant
viral titers. rAAV-induced cell-death is rapid and persistent, with loss of BrdU labeled cells
within 18 hours post-injection and no evidence of recovery of adult neurogenesis when assessed
at 3 months post-injection. The remaining mature DGCs appear hyperactive 4 weeks post-
injection based on immediate early gene expression, consistent with previous studies
investigating the effects of attenuating adult neurogenesis. In vitro application of AAV or
electroporation of AAV2 inverted terminal repeats (ITRs) is sufficient to induce cell death.
Efficient transduction of the dentate gyrus (DG)—without ablating adult neurogenesis—can be
achieved by injection of rAAV2-retro serotyped virus into CA3. rAAV2-retro results in efficient
retrograde labeling of mature DGCs and permits in vivo 2-photon calcium imaging of dentate
activity while leaving adult neurogenesis intact. These findings expand on recent reports
implicating rAAV linked toxicity in stem cells and other cell types and suggests future work

using rAAYV in the DG should be carefully evaluated.

Johnston ST 2, Parylak SL?, Kim S?, Mac N2, Lim CK?, Gallina IS?, Bloyd CW?, Newberry A2,

Saavedra CD?, Novék O°, Gongalves JT*, Gage FH! 2, Shtrahman M3
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INTRODUCTION

The subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) is one of only a few
regions of the mammalian brain which continues to exhibit neurogenesis into adulthood. These
adult-born neurons (abDGCs) are a heterogeneous population of cells continuously generated
from a pool of neural stem cells that progress from quiescence to proliferation, fate specification,
and differentiation before maturing into neurons which are indistinguishable from the population
of developmentally derived, mature dentate granule cells (DGCs) extant within the DG
(Gongalves et al., 2016a; Kempermann et al., 2015). These cells are sensitive to environmental
stimuli with proliferation, survival, dendritic outgrowth and synapse formation regulated in vivo
by experience, stress, and inflammation (Gongalves et al., 2016b; Kempermann et al., 2015;
Monje et al., 2003; Snyder et al., 2009; Vivar et al.). Numerous studies have demonstrated the
contribution of abDGCs to hippocampus-dependent behaviors (Akers et al., 2014; Clelland et al.,
2009; Clemenson et al., 2015; Deng et al., 2009, 2010, Ikrar et al., 2013, 2013; Ko et al., 2009;
Lacefield et al., 2012; Nakashiba et al., 2012; Sahay et al., 2011; Saxe et al., 2007; Singer et al.,
2011; Tronel et al., 2012).

Experimentally identifying abDGCs in vivo has proven difficult due to their rarity, the

limited time window of maturation, and the lack of a single, universally-accepted marker protein
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to distinguish the population. Many studies have thus relied upon post-mortem or ex vivo tissues.
In a few studies, in vivo optical methods have recently permitted the proliferation and
development of abDGCs to be structurally resolved (Gongalves et al., 2016b; Pilz et al., 2018)
and dentate and hilar activity to be quantified (Anacker et al., 2018; Danielson et al., 2016, 2017,
Hayashi et al., 2017; Kirschen et al., 2017; Pilz et al., 2016). These functional studies represented
a step forward to disambiguate an otherwise heterogeneous population of cells (Danielson et al.,
2017; GoodSmith et al., 2017; Leutgeb et al., 2007; Nakazawa, 2017; Senzai and Buzsaki, 2017).
A key tool enabling recent in vivo optical imaging studies is recombinant adeno-
associated virus (rAAV). Adeno-associated virus is an endemic human and primate virus
previously proposed to have no known pathogenicity, despite increasing and widespread use
(Blining and Schmidt, 2015; Choudhury et al., 2017; Hocquemiller et al., 2016; Hudry and
Vandenberghe, 2019). Recombinant AAV allows delivery of target genes, including calcium
sensors for in vivo imaging, to specific brain regions. However, rAAV has increasingly been
reported to have its own intrinsic toxicity in some tissue types (Hinderer et al., 2018; Hirsch et
al., 2011; Hordeaux et al., 2018). The toxic effects of rAAV on this circuit have not been
assessed (Danielson et al., 2016; Hayashi et al., 2017; Liu et al., 2012; Pilz et al., 2016; Ramirez
et al., 2013; Swiech et al., 2015; Zhu et al., 2014). Motivated by our own efforts to study the role
of adult neurogenesis in DG function and hippocampus-dependent behavior, we discovered that
neural progenitor cells (NPCs) in the DG are highly sensitive to rAAV-induced death at
experimentally relevant titers. We further introduce a method using the rAAV2-retro serotype
(Tervo et al., 2016) which permits in vivo 2-photon calcium imaging of mature DGCs while

leaving adult neurogenesis intact.
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RESULTS

rAAV attenuates hippocampal adult-neurogenesis

Driven by our own attempts to perform 2-photon calcium imaging on DGCs and our
interest in the modulation of DG activity by adult-born DGCs (abDGCs) we found that the
delivery of calcium indicators using AAV at doses equivalent to or below previously reported
doses resulted in ablation of adult neurogenesis (Fig. S2.1A). This effect was robust regardless
of vector production facility (Salk Viral Vector Core, U Penn Vector Core, Addgene),
purification method (iodixanol, CsCl), capsid serotype (AAV1 & AAV8-shown; AAV9-not
shown), promoter (CAG, Syn, Camklla), and protein expression (GFP (Fig. 2.1), JRGECO,
mCherry — shown; Gecamp3, Gecamp6 (variants), tdTomato— not shown) at doses typically
required for the functional manipulation or visualization of DGCs in vivo.

To systematically quantify the effect of rAAV transduction on abDGCs, we chose to
inject a widely available, minimally-expressing cre-recombinase dependent virus (AAV1-CAG-
flex-eGFP, U. Penn. & Addgene) in non-cre-expressing C57BL/6 mice to mitigate contributions
from toxicity that might be attributed to protein expression. Mice received daily injections of 5-
bromo-2'-deoxyuridine (BrdU) for 3 days to label abDGCs, then 1uL of 3E12 GC/mL rAAV was
injected unilaterally into the DG immediately (0d), one week, or two weeks later (schematic in
Fig. 2.1A). Cells three days old and younger are almost completely eliminated within 48 hours
(-83.9% £ 6.7%, p <0.0001). Cells that are 8 to 10 days old are partially protected (-41.3% =
6.3%, p <0.0001), while cells that are 15 to 17 days old are largely protected with variable but
non-significant loss (15.4% + 6.3%, p= 0.0731; Fig. 2.1B).

We then assessed the effect of titer on rAAV-induced cell loss by labeling abDGCs for

three days with BrdU and injecting 1pL 312 GC/mL, 1 E12 GC/mL, or 3 E11 GC/mL rAAV
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Fig. 2.1. rAAYV attenuates hippocampal adult-neurogenesis A) Experimental design of rAAV
injection into DG immediately following labeling of adult-born DGCs with BrdU. B) Cells birth-
dated with BrdU 3 days immediately preceding viral injection show near complete elimination
following rAAV injection, cells born 1 week before viral injection are reduced ~50%, and cells
born 2 weeks before rAAYV injection are modestly diminished. C) Experimental design of dose-
dependent attenuation of abDGCs by rAAV. D) Immediately following birth-dating of BrdU+
abDGCs, a near complete ablation of BrdU+ cells is seen in DG injected with 1uL 312 GC/mL
rAAV, partial ablation of BrdU+ cells results from the injection of 1pL 1E12 GC/mL rAAV, and
a small but significant reduction of adult neurogenesis results from injection of 1uL 3E11
GC/mL rAAV. This pattern is matched by DCX expression (Fig. S2.1B). E) Mature DGCs are
hyperactive following rAAV-induced cell loss in a dose-dependent manner for injected titers
between 3E12 and 3E11 4 weeks after rAAV injection. abDGC knockdown efficiency is
significantly correlated with cFOS activation in mature DGCs (Fig. S2.1C). Data are represented
as mean + s.e.m.
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diluted in sterile saline on the final day (schematic in Fig. 2.1C). A nearly complete ablation of
BrdU+ cells is seen in the DG injected with 1uL 3E12 GC/mL rAAV (-84.3% + 6.7%, p
<0.0001), while partial ablation of BrdU+ cells results from the injection of 1uL 1E12 GC/mL
rAAV (-52.1% + 6.7%, p <0.0001), and a small but significant reduction of adult neurogenesis
results from injection of 1pL 3E11 GC/mL rAAV (-23.4% + 7.2%, p=0.012). This pattern is
matched by reductions of immature neuron marker DCX expression (Fig. S2.1B). To determine
if the loss of ~4 week old abDGCs had functional consequences for DG activity, animals were
given a Novel Environment (NE) exposure prior to sacrifice, and expression of the immediate
early gene (IEG) cFOS was assessed. Consistent with previous studies examining the effects of
manipulating adult neurogenesis on DG activity, mature DGC cFOS activation showed an
inverse relationship with the level of attenuation of adult neurogenesis. DG injected with 1pL
3E12 GC/mL rAAYV resulted in increased mature DGC cFOS activation (+81.6£13.6 cells per
section, p <0.0001), IuL 1E12 GC/mL rAAYV resulted in a moderate and more variable increase
(+40.0 + 13.6 cells per section, p=0.24), and 1uL 3E11 GC/mL rAAV demonstrated no
measurable effect (+13.3 + 14.5 cells per section, n.s.). cFOS activation and loss of BrdU+ cells

are significantly correlated (slope =0.26, R2=0.59, p<0.0001; Fig. S2.1C).

Impact of neurogenesis stage on susceptibility to rAAV-induced cell loss.

To determine the population of cells susceptible to rAAV-induced loss we undertook a
series of experiments altering post-injection interval and measuring canonical early, middle, and
late histological markers associated with NPC development in the DG. Following labeling with
BrdU, mice were unilaterally injected with 1uL 3812 GC/mL rAAV and sacrificed at 2 days, 1

week, or 4 weeks post-injection (schematic in Fig. 2.2A). Sox2+ cells within the SGZ and hilus
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were modestly decreased (treatment -14.4% =+ 3.7%, p<0.0001; interaction n.s.) at 2 days (-
18.9% + 6.5%, p=0.026) and 1 week (-21.9% =+ 6.1%, p= 0.006) following rAAYV injection, but
not at 4 weeks post-injection (-2.5% =+ 6.5%, n.s.; Fig. 2.2B,C). Tbr2+ intermediate progenitor
cells are almost entirely lost (treatment -75.5% + 6.6%, p<0.001; interaction n.s.) within 2 days
of rAAV injection and do not recover by 4 weeks post-injection (2 days: -80.2% + 11.8%

, p<0.0001; 1 week: 76.9% + 11%, p<0.0001; 4 weeks: -69.4% + 11.8%, p<0.0001; Fig. 2.2B,
D). Intensity of the late premitotic and immature neuronal marker DCX shows progressive
decline until complete loss at 4 weeks post-injection (treatment: 59.5% + 4.5%, p<0.0001;
interaction: p<0.0001; 2 days: -27.7% = 8.0%, p=0.0077; 1 week: 58.7% = 7.5%, p<0.0001; 4
weeks: -92.0% + 8.0%, p<0.0001; Fig. 2.2B, E), and does not recover by 3 months post-injection
(Fig. S2.1D). Taken together this suggests initial sensitivity of some Sox2+ cells to rAAV
transduction, but the progenitor pool remains largely intact. Instead, a rapid loss of Tbr2+
intermediate progenitors by 2 days largely drives rAAV-induced toxicity. The decline of the
DCX+ immature neuron population over time suggests that loss of the Tbr2+ progenitor pool
prevents neurogenesis from progressing beyond intermediate progenitors to the neuroblast stage
(mirroring the loss seen in Fig. 2.1A, S1B).

Given the extensive and rapid loss of BrdU+ (Fig. 2.1B) and Tbr2+ (Fig. 2.2B,D) cells,
we designed an acute time-course experiment to determine the mechanism of rAAV-induced cell
loss (schematic Fig. 2.2G). Following labeling with BrdU animals were injected bilaterally, with
1uL 3E12 rAAYV into one dorsal DG and 1pL saline into the contralateral DG to control for the
acute effect of surgery-induced inflammation and cell-loss. rAAV-injected DGs had fewer

BrdU+ cells at 12 and 18 hours relative to their contralateral saline control treatment: -27.9% +
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Fig. 2.2 Impact of neurogenesis stage on susceptibility to rAAV-induced cell loss (A)
Experimental design to assess the effect of rAAV post-injection interval on cell-loss — following
labeling with BrdU, mice are injected unilaterally with 1pL 3E12 GC/mL rAAYV and sacrificed at
2 days, 1 week, or 4 weeks. (B) Representative histological staining of neural progenitor and
immature neuronal markers Sox2 (white, upper panels), DCX (red, upper panels), and Tbr2
(white, lower panels) following rAAYV injection. (C) Sox2+ neural stem cells within the SGZ are
slightly reduced 2 days and 1 week following rAAV injection, but not at 4 weeks post-injection.
(D) Tbr2+ intermediate progenitor cells are lost within 2 days of rAAYV injection and do not
recover by 4 weeks post-injection. (E) Immature neuronal marker DCX intensity shows
progressive decline until complete loss at 4 weeks post-injection. (F) Injection of 1uL of an
equivalent number of empty AAV capsids does not result in loss of Tbr2+ intermediate
progenitors 2 weeks post-injection. (G) Experimental design for acute timeline of rAAV-induced
cell loss — following labeling with BrdU, 1uL 3E12 GC/mL rAAV or saline control are injected
into contralateral sides of DG, mice are sacrificed at 12 and 18 hours, Tbr2 immunoreactivity
and DNA condensation and nuclear fragmentation (pyknosis and karyorrhexis, white arrow) is
assessed with BrdU (green) & Caspase 3 activation (red). 10um scale bar (white, lower right).
(H) BrdU+ cells show variable decline 12 hours after rAAV injection and significant decline at
18 hours relative to saline control. (I) Tbr2+ intermediate progenitors show significant decline by
18 hours following rAAV injection. (J) BrdU+ cells exhibit a significant increase in pyknosis 12
hours after rAAV injection. An increase in pyknotic and Caspase 3+ pyknotic cells is seen at 12
hours (Fig. S2.2F-H). Data are represented as mean + s.e.m.
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7.5%, p=0.003; treatment: n.s., Fig. 2.2H), whereas the number of Tbr2+ cells was only
decreased 18 hours post injection (treatment: -28.3 £ 6.961, p=0.001; interaction: p=0.09; Fig.
2.21I). Cell loss was preceded by an increased number of Caspase-3+ apoptotic cells relative to
saline injected controls at 12 hours (treatment: +100.1% + 19.21%, p<0.001; interaction:
p<0.001; 12h: +188.6% + 29.8%, p <0.0001; 18h:+11.7% + 24.3%, n.s.; Fig. S2.2F). Therefore
we determined 12 hours would be a suitable time point to investigate dying cells, before
extensive cell loss had occurred. Condensed and fragmented chromatin (pyknosis and
karyorrhexis) was identified, in conjunction with BrdU and Caspase-3 (Fig. 2.2G, inset). A
modest increase in pyknotic and karyorrhexic cells was identified in rAAV-injected DGs relative
to their saline injected contralateral controls (+14.7 + 6.0 cells/section, p= 0.0581, Fig. S2.2G).
However, a significant increase in pyknosis is seen in BrdU+ proliferating cells (+2.3 £ 0.7
cells/section, p=0.019; Fig. 2.2J). BrdU+ Caspase-3+ double labeled pyknotic cells were rare
(n=4 of 887 cells, all in rAAV injected DG), however pyknotic cells were more likely to show
Caspase 3 activation following rAAV injection relative to saline controls (+7.7 = 1.4
cells/section, p=0.003; Fig. S2.2H). Taken together this suggests that rAAV injection increases
programed cell death of dividing and recently divided cells in the DG.

To determine the effect of viral attachment and penetration in rAAV-induced toxicity we
injected 1uL of an equivalent number of empty AAV viral particles (capsid) in DG (Fig. S2.2E).
Two weeks post-injection there was no effect on Tbr2+ cells relative to the contralateral control
(6.8% =+ 24.7%, n.s.; Fig. 2.2F). We also found that rAAV-induced toxicity was not Sting
mediated (BrdU:-90.2% + 14.2, p<0.001; Tbr2: -88.7% + 12.9%, p=0.0002; Fig. S2.2I).
Additionally, while environmental enrichment was sufficient to increase BrdU+ cells, it was

insufficient to overcome rAAV-induced toxicity: both BrdU+ cells (Housing: +34.8% = 11.8%,
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p=0.010; Treatment:-109.7% + 9.9%, p=<0.0001; Interaction: p=0.008; Fig. S2.2J) and Tbr2+
cells (Housing: -7.0 + 8.0, n.s.; Treatment: 95.4 = 7.9, p<0.0001; Interaction: n.s.; Fig. S2.2K)
were fully eliminated, suggesting rAAV-induced cell death is not a proportional effect but
absolute.

Both systemic and local inflammation are known to negatively impact adult neurogenesis
(Ekdahl et al., 2003; Monje et al., 2003). Thus, we investigated whether rAAV-induced cell loss
could be explained by inflammation resulting from rAAV infection. In contrast to the rapid loss
of NPCs (Fig. 2.2), GFAP intensity in the SGZ and hilus is unaffected at 2 days post-injection,
slightly increased at 1 week, and greatly increased at 4 weeks (Interaction: p<0.0001; 2 days:
+21.6% + 8.7%, p=0.066; 1 week:+25.2% =+ 8.1%, p=0.018; 4 weeks: +165.5% = 8.7%,
p<0.0001, Fig. S2.2A,B). Similarly, Ibal intensity is not increased until 4 weeks post-injection
(Interaction: p<0.0001; 2 days:+18.6% = 10.3%, p=0.243; 1 week: +9.0% + 9.7%, p=0.739; 4
weeks: +132.4% + 10.34%, p<0.0001; Fig. S2.2 B,C), and no obvious change in microglial
morphology was observed at 2 days or 1 week relative to contralateral control. At 4 weeks,
microglia exhibit activated amoeboid morphology. Moreover, 30nL nanoinjections of S5E12
GC/mL AAV1-Syn-NES-JRGECO into DG demonstrates incomplete loss of DCX labeling
which faithfully follows the boundaries of transgene expression, where cells microns away are
spared (Fig. 2.2D). These findings suggest that AAV induced toxicity may be cell autonomous
and is not likely mediated by astrocyte- or microglial-activated immune responses, or

inflammatory signals and other changes within the niche (Ekdahl et al., 2003).

rAAV toxicity in vitro

To determine if rAAV-mediated toxicity is a cell-autonomous phenomenon, we

developed an in vitro assay to study rAAV-induced elimination of NPCs . Mouse NPCs were
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plated, administered with AAV with a multiplicity of infection (MOI) of 1E4 TO 1E7 or water
control, and chronically imaged to examine cell survival and proliferation. Dose-dependent
inhibition of NPC proliferation and cell death was seen most strongly in NPCs infected with
rAAV 1E7 MOI and to a moderate amount in NPCs infected with 1E6 MOI. Within 24 hours of
rAAV application, NPCs infected with 1E7 MOI had ceased to proliferate, whereas application
of 1E6 MOI resulted in slower proliferation, and 1E5 &1E4 MOI were not different from H20
control (Fig. 2.3A,C). Dying cells, visualized by permeability to propidium iodide, increase most
significantly in NPCs infected with 1E7 MOI, with an intermediate increase in cell death in
mNPCs infected with 1E6 MOI (Fig. 2.3B,C). 1E5 and 1E4 MOI infected NPCs were
indistinguishable from H2O control.

We then examined whether the minimal AAV genome required for viral encapsulation,
two 145bp ITRs, was sufficient to induce cell death, as previously reported in embryonic cells
(Hirsch et al., 2011). NPCs were electroporated with “high” (5E6 copies/cell) and “low” (1E6
copies/cell) doses of 145bp rAAV ITR ssDNA, scrambled control, or water and were plated for
imaging (as above) or for FACS analysis (schematic in Figure3D). In the high dose ITR
condition, mNPCs were significantly decreased by 6 hours post-electroporation (-8.1% + 2.5%,
p=0.005) and had ceased expansion by 40 hours (Fig. 2.3E). Low dose ITR and high and low
dose scramble were indistinguishable from H20 control. Dying cells increased in all groups in
the first 24 hours following electroporation (Fig. 2.3F). The proportion of the dying, propidium
iodide+, cells decreased as confluence increased. However, this proportion was greatly increased
in the high ITR condition relative to H20 control (15h: SE6 v H20 +24.2% + 0.6%, p<0.0001;

1E6 v H20 +5.5% + 0.6%; p<0.0001). FACS analysis at 12, 24, and 36 hours shows the
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Fig. 2.3. rAAY toxicity in vitro (A) Dose-dependent inhibition of mouse NPC proliferation by
encapsulated rAAV. Initial multiplicity of infection (MOI) of 1E7 viral particles/cell arrests NPC
proliferation by 24 hours, MOI of 1E6 results in slower proliferation relative to H>O control,
MOI of 1ES and lower are comparable to H,O control. (B) Dose-dependent rAAV-induced-
death. MOI of 1E7 and 1E6 result in an increased proportion of propidium iodide+ NPCs. (C)
Representative images showing confluence (brightfield) and propidium iodide penetration (red)
into NPCs 12 and 48 hours post-viral transduction for MOI of 1E7, 1E6, and for H20 control. (D)
Experimental design for AAV ITR electroporation. NPCs are electroporated with 5SE6 or 1E6
copies of 145bp ssDNA AAV ITR or scrambled control per cell and plated for FACS analysis or
with propidium iodide for imaging on an Incucyte S3. (E) Dose-dependent cell loss.
Electroporation of high dose 5E6 copies/cell of ITR is sufficient to result in cell loss within hours
of electroporation and arrest of proliferation by 40 hours, high dose of SE6 copies/cell of
scrambled ITR shows slight decrease in confluence relative to H>O control, doses of 1e6/cell of
ITR or scrambled ITR is indistinguishable from H>O control. (F) Electroporation of ITR is
sufficient to induce greater levels of cell death at higher concentration of 5E6 copies/cell. (G)
FACS analysis demonstrates a dose-dependent effect of ITR on replicating mNPCs whereby
cells electroporated with 5E6 copies/cell of ITR are more susceptible ITR-induced cell death in
S- and G2- phase and thus are more permeable to UVZombie at 12 hours post-electroporation.
(H) a substantial number of NPCs in G1 are not permeable to UVZombie regardless of
treatment. Data are represented as mean + s.e.m.
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proportion of cells in S/G2 phase that are dying (UVZombie+) is greatly increased at 12 and 24
hours in the high ITR condition, but not in other treatments relative to control (12h: +12.0% +
2.0%, p <0.0001, Fig. 2.3G). The proportion of non-replicating cells that are dying is <1% (Fig.

2.3H).

AAV retro serotype permits visualization of dentate granule cells without ablating adult

neurogenesis

Given the importance of adult neurogenesis in regulating population activity in the DG,
we sought a method that would permit 2-photon calcium imaging of network activity within the
DG without ablating neurogenesis. AAV retro is a designer AAV variant, optimized to be taken
up by axonal projections (Tervo et al., 2016). We used AAV retro to deliver JRGECO1a to the
DG in a retrograde fashion, avoiding infection of immature DGCs whose mossy fiber projections
do not reach CA3 until at least 2 weeks of age. Two injections, 400nL each, of AAVretro-
CamklIla::NES-JRGECO1a were made into dorsal CA3 to infect DGCs, and 1pL of either 3812
AAV1-CAG::flex-eGFP or saline was co-injected into the ipsilateral DG to test the effect of
AAV-induced knockdown of neurogenesis.A cranial window to permit 2-photon calcium
imaging was implanted to assess the effects of rAAV injection into the DG on DGC activity
(schematic in Fig. 2.4A). Two weeks after surgery AAV1-CAG::flex-eGFP, but not saline, co-
injected animals had reduced adult neurogenesis (BrdU: -41.6% + 29.3%, p=0.2055, Fig.
2.4B,C; DCX -55.6% + 11.9%, p=0.003, Fig. 2.4B,D; Tbr2: -39.2% =+ 16.8%, p=0.0806, Fig.
S2.3A,B). Spontaneous calcium activity was recorded and extracted from these animals from
awake implanted mice (Fig. 2.4E,F; S3C) and a similar number of active and inactive DGCs
was seen across treatment groups (6.9 = 17.9 cells, n.s. Fig. 2.4G). Activity in the DG was

decreased in AAV1 injected animals (-135.3 & 62.4 events/minute, p=0.055, Fig. 2.4H). This
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Fig. 2.4. AAVretro permits visualization of dentate granule cells without ablating adult
neurogenesis (A) Experimental design for 2-photon imaging of DG utilizing AA Vretro. 800nL
of 3E12 GC/mL AAVretro-Syn-JRGECO and 1uL 3E12 AAV1-CAG-flex-eGFP or Saline are
injected into CA3 and DG, respectively. Mice are implanted with a cranial window and undergo
2-photon calcium imaging 2 weeks later. (B) Representative images show BrdU+ and DCX+
cells are intact in animals injected with AAVretro in CA3 when saline is injected into DG but not
when AAV1 is injected into DG. (C) Quantification of BrdU+ cell survival. Adult neurogenesis
is intact in saline co-injected animals, knockdown of adult neurogenesis is variable in AAV1 co-
injected animals. (D) Quantification of DCX staining demonstrates adult neurogenesis is intact in
saline co-injected animals and not intact in AAV1 co-injected animals. This finding is supported
by the loss of Tbr2+ intermediate progenitors in AAV1, but not saline, co-injected animals (Fig.
S2.3A,B). (E) Representative maximum projection image for 2-photon calcium imaging showing
cytoplasmic expression of JRGECO in >200 DGCs within a field of view. (F) Representative
calcium traces of 10 randomly selected neurons from the same animal shown above. (G) Total
number of identified DGCs in each animal is not-different between saline and AAV1 injected
treatment groups. (H) AAV1 co-injected animals have fewer total spontaneous calcium
transients 2-weeks after injection than saline co-injected controls. (I) AAV1 co-injected animals
have fewer active cells than saline co-injected controls, and (J) though these active cells are not
significantly more active (also see Fig. S2.3D,E). Data are represented as mean + s.e.m.
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was reflected in a decrease in the average number of active cells per minute (-19.9 + 9.0 active
cells/minute, p=0.05, Fig. 2.41, S2D) but not to the same degree in the firing rate of individual
active cells (-0.6 £ 0.3 events/minute/cell, p=0.098; Fig. 2.4J, S2E). The size of the calcium
transients, measured by amplitude (Fig. S2.2F,G) or area under the curve (Fig. S2.2H), were not
different between treatments. This suggests that the elimination of 2-3 weeks old abDGCs
modulates activity in the DG by changing the number of mature DGCs which contribute to DG
activity, without drastically changing the firing properties of individual DGCs.

DISCUSSION

Sensitivity of dividing NPCs to rAAV

Based on stable transgene expression in post-mitotic cells, low risk of insertional mutagenesis,
and diminished immunogenicity, AAV has seen widespread use as a genetic tool for the
visualization and manipulation of cellular processes in vivo (Samulski and Muzyczka, 2014).
Current recombinant AAV (rAAV) technology allows for the production of replication
incompetent viral vectors, with only two 145bp ITRs as the sole viral sequences supplied with
the transgene in cis. Further development and engineering of new AAV capsids has permitted
tissue and cell-type specific expression. Most exciting has been the proposal of rAAV for gene
therapy in which a corrective gene is expressed by direct injection of the virus into a tissue of
choice (Bartus et al., 2013; Christine et al., 2009; Mandel, 2010) or injected systemically (Bevan
et al., 2011; Bryant et al., 2013; Deverman et al., 2016; Foust et al., 2009; Mendell et al., 2017)
to compensate for genetic dysfunction and ameliorate disease phenotypes (Biining and Schmidt,
2015).

Despite high rates of infection among humans (Thwaite et al., 2015), AAV infection has

not been associated with illness or pathology (Biining and Schmidt, 2015). More than 100
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clinical trials using AAV vectors have claimed vector safety (Choudhury et al., 2017,
Hocquemiller et al., 2016; Hudry and Vandenberghe, 2019), with transient hepatitis as the most
severe side effect. Recently, an AAV2 vector (Luxturna) was the first FDA approved in vivo
gene therapy (Smalley, 2017).

However, recent reports have suggested rAAV may have some intrinsic toxicity. First,
AAV is known to preferentially insert into the AAVSI1 locus (Kotin et al., 1990; Samulski et al.,
1991) in a rep dependent fashion. While the majority of preclinical trials have found rare
insertions outside the AAVSI locus, and argue against insertion-induced genotoxicity (Inagaki et
al., 2007; Kaeppel et al., 2013; Nakai et al., 2003, 2005; Nault et al., 2015; Paneda et al., 2013),
several studies have linked insertions of rAAV in open-chromatin to genotoxicity in the liver and
hepatocellular carcinoma (Chandler et al., 2015; Donsante et al., 2007; Nault et al., 2015; Rosas
et al., 2012). Second, Hirsch et al. (Hirsch et al., 2011) demonstrated rapid induction of cell-
death in human embryonic stem cells following rAAV transduction, in which AAV2 ITRs are
sufficient to induce death in a p53-dependent manner, independent of rep. Third, recent reports
from Wilson and colleagues have found severe toxicity in multiple tissue types following
systemic injection of rAAV and extended support for claims of hepatotoxicity in NHPs
(Hinderer et al., 2018; Hordeaux et al., 2018). These reports further demonstrated sensory and
motor neuron degeneration in the dorsal root ganglia and spinal cord of piglets and NHPs, with
measurable sensory-motor behavioral deficits in piglets 14 days after systemic injection of
AAV9, requiring premature euthanasia (Flotte and Biining, 2018; Hinderer et al., 2018). This
toxicity is independent of viral serotype, promoter, and transgene expression; but dependent on
viral genome packaging and titer, suggesting an intrinsic mechanism for toxicity of AAV in

some cell types.
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We have demonstrated dose-dependent rAAV-induced ablation of abDGCs up to 1 week
of age in the dentate gyrus (Fig. 2.1). Doses used to ablate abDGCs are within and below the
range of experimentally relevant titers commonly used for hippocampus research (Anacker et al.,
2018; Castle et al., 2018; Danielson et al., 2016, 2017; Gong and Zhou, 2018; Hashimotodani et
al., 2017; Hayashi et al., 2017; Kaspar et al., 2002; Kirschen et al., 2017; Liu et al., 2012;
McAvoy et al., 2016; Ni et al., 2019; Pilz et al., 2016; Ramirez et al., 2013; Raza et al., 2017;
Redondo et al., 2014; Senzai and Buzsaki, 2017; Swiech et al., 2015; Zetsche et al., 2017).
rAAV-induced cell-death is rapid and persistent. BrdU-labeled cells and Tbr2+ intermediate
progenitors begin to die by 12 and 18 hours post-injection, are almost completely eliminated by
48 hours, and do not recover (Fig. 2.2B-J). The initial loss of Tbr2+ intermediate progenitors
appears to drive the progressive loss of DCX labeled immature neurons, with no evidence of
recovery when assessed at 3 months post-injection (Fig. S2.2L). Interestingly, largely quiescent
Sox2+ NPCs do not appear equally affected, particularly after 1 week (Fig. 2.2 B,C).

In vitro application of rAAV or electroporation of AAV2 ITRs is sufficient to induce
arrest of proliferation and cell death (Fig. 2.3). This is consistent with the finding that rAAV-
induced toxicity the peak in inflammation is not commensurate with (Fig. S2.2A-D), is
independent of transgene expression and capsid exposure (Fig. S2.1A, 2F), and cell-autonomous
(Fig. S2.2D). Analysis with FACS demonstrates that the high ITR dose results in a
disproportionate loss of dividing cells (Fig. 2.2G,H). Taken with the above, this suggests the
transition from quiescent, slowly dividing Sox2+ Type 1 progenitors to faster dividing Tbr2+
Type 2 progenitors represents a critical junction. The persistence of Sox2 expression in dividing
Type 2a progenitors may account for the initial modest decrease seen in Sox2+ cells (Gongalves

et al., 2016a; Kempermann et al., 2015). The preservation of Type 1 progenitors therefore may
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not be inconsistent with the findings of (Song et al., 2012) who were able to visualize GABA
induced Nestin-GFP+ radial glial cell proliferation even in the presence of AAV titers greater
than those reported here.

Dividing cells are implicated in previous reports of AAV-induced toxicity, which were
also shown to be independent of immune response to capsid or transgene expression (Hinderer et
al., 2018; Hirsch et al., 2011; Hordeaux et al., 2018). Reported liver toxicity is likely derived
from increased viral load due to the liver selective tropism of AAV9 (Pulicherla et al., 2011).
AAV4 has been similarly described as targeted to quiescent neural stem cells in the DG at low
titers, but more widely infective at higher titers (Crowther et al., 2018), suggesting a preferential
tropism for stem cells in the DG. Schaffer and colleagues labeled progenitors in the DG and SVZ
at relevant titers using other AAV serotypes (Kotterman et al., 2015; Ojala et al., 2018), however
the effect of cell-loss was not investigated. Neural progenitor sensitivity may be similarly
derived from a broader sensitivity to viral infection (Li et al., 2016; Nowakowski et al., 2016;
Tang et al., 2016) and taken together with the above might provide deeper insights into stem cell

biology.

2-week old abDGCS contribute to DG activity

Through in vivo electrophysiological recordings and optogenetic silencing, the activity of
dentate granule cells has been associated with hippocampus-dependent behavioral pattern
separation and pattern completion (Danielson et al., 2016; Leutgeb et al., 2007; Nakashiba et al.,
2012; Neunuebel and Knierim, 2012). Further, DG computation appears to depend on the
addition of abDGCs (Clelland et al., 2009; Ikrar et al., 2013; Sahay et al., 2011). The
contribution of abDGCs to DG activity has traditionally focused on cells 4-6 weeks of age, while

these cells undergo a critical period of hyper-excitability and enhanced plasticity, after the
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formation of mossy fiber terminals in CA3. As described above, in vivo optical methods have
provided access to study heterogenous and rare populations of cells within the DG (Anacker et
al., 2018; Danielson et al., 2016, 2017; Gongalves et al., 2016b; GoodSmith et al., 2017; Hayashi
et al., 2017; Kirschen et al., 2017; Nakazawa, 2017; Pilz et al., 2016, 2018; Senzai and Buzsaki,
2017). However, in studies in which rAAV was injected into DG, neurogenesis was not assessed
following viral transduction. Danielson et al. 2016 reported in vivo calcium imaging of adult-
born and mature DGCs using rAAV for delivery of Gecamp6. In this paradigm abDGCs were
labeled with Tamoxifen in a Nestin-CreER x tdTomato reporter mouse 3 weeks before rAAV
injection. Imaging took place 3 weeks later, when tdTomato labeled cells would have been ~6
weeks of age, but ongoing neurogenesis was not assessed. This paradigm would permit
tdTomato labeled abDGCs 3 weeks of age at rAAV injection, and 6 weeks old at imaging, to
largely escape rAAV-induced toxicity. However the loss of abDGCs ~4 weeks old and younger,
and their contribution to activity in the DG, might be missed. The methods for AAVretro
injection to CA3 described here provide an important advance for future studies of the DG, as
granule cells can now be imaged with adult neurogenesis intact.

While abDGCs are believed to be electrophysiologically “silent” up to 1 week of age,
they begin receiving functional excitatory GABAergic inputs at 1 week of age and excitatory
glutamatergic inputs by 2 weeks of age (Esposito et al., 2005; Ge et al., 2006). These cells,
younger than 4 weeks of age, are presumed to play a role modulating DG activity through
feedback inhibition and excitation from the hilus, as synapses are formed en passent onto hilar
interneurons by 1 and 2 weeks post-mitosis (Gu et al., 2012; Ide et al., 2008; Restivo et al., 2015;

Toni et al., 2008). These synapses are stably formed by 2 weeks and do not appear to change at
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later time points. However, these synapses have not been functionally tested; even the exact
contribution of abDGCs at 4-weeks old remains unknown.

Despite a variety of literature on the role of 4-6 week old abDGCs and explicit behavioral
evidence that silencing this population of cells at 4 weeks of age disrupts memory retrieval in
(Gu et al., 2012), electrophysiological recordings failed to strongly recruit feedback onto the DG
at 4 weeks (Temprana et al., 2015), and the same behavioral report failed to find an effect of
silencing abDGCs at 2 weeks of age(Gu et al., 2012). Given that these synapses do not appear to
change after 2 weeks, if this weak feedback is sufficient to affect DG activity at 4 weeks of age
then presumably abDGCs play a role in modulating DG activity at 2 weeks of age. Findings in
this paper offer first evidence that 2-3 week old abDGCs cells play a role maintaining the tone of
DG activity before strong direct connections to CA3 are established (Fig. 2.4, S3). The loss of

these cells results in a decrease in mature DG activity.

Caveats for Gene Therapy

rAAV technologies offer tremendous hope for treating a variety of genetically derived
illnesses. Systemically injected rAAVs are unlikely to reach the MOI described above that result
in rAAV-induced toxicity. However, our results identify particular cases that require added
caution. First, high titers may still be achieved in studies injected intrathecally or directly into
brain tissue (Bartus et al., 2013; Castle et al., 2018; Christine et al., 2009; Hammond et al., 2017;
Mandel, 2010; Nagahara et al., 2013; Tuszynski et al., 2015). Second, while the preferential
targeting of current systemically injected rAAVs to neurons and astrocytes permit reduced viral
load in off-target tissues (Bevan et al., 2011; Deverman et al., 2016; Foust et al., 2009) it is
important to remember MOI calculations in these preferentially targeted tissues might not be

straightforward without detailed examination, particularly if stem biology is particularly
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susceptible to viral infection. We also demonstrate the late contribution of inflammation, not
commensurate with earlier cell loss. The relative costs and benefits of these systems should be

weighed where significant gain of life might be conferred (Mendell et al., 2017).

METHODS

Animal use

All animal procedures were approved by the Institutional Animal Care and Use
Committees of the Salk Institute and the University of California San Diego, and all experiments
were conducted according to the US Public Health Service guidelines for animal research. Wild-
type male C57BL/6J mice (Jackson Laboratories), 6 to 7 weeks of age at the time of surgery,
were used in this study. Unless otherwise noted, mice were group housed with up to 5 mice per
cage in regular cages (RC; 4.7" L x 9.2" W x 5.5" H, InnoVive, San Diego, CA) under standard
conditions, on a 12h light—dark cycle, with ad libitum access to food and water. BrdU (Sigma)

was administered i.p. at 50mg/kg/day for 3 days.

Viral injection

Mice were anesthetized with isoflurane (2% via a nose cone, vol/vol), administered with
dexamethasone (2.5 mg/kg, i.p.) to decrease inflammation, and placed in a stereotaxic frame.
One microliter of virus solution diluted in sterile saline or saline control, unless otherwise
specified, was delivered to the hippocampus through stereotaxic surgery using a microinjector
(Nanoject III, Drummond Science). Specifically, the difference between bregma and lambda in
anteroposterior coordinates was determined. From bregma, DG injection coordinates were

calculated as follows:
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Table 1. DG Injection coordinates Injection coordinates as measured from bregma adjusted for
measured distance between lambda & bregma (A-B): anterior-posterior (A/P), medial-lateral
(M/L); and dorsoventral depth from dura (D/V).

A-B | AP | M/L | DIV
[mm] | [mm] | [mm] | [mm]
3.0 | -1.5 | £1.5 | -1.8
32 | -1.6 | +1.55]| -1.8
34 | -1.7 | #1.6 | -1.9
3.6 | -1.8 | +1.65| -1.9
3.8 | -1.9 | £1.7 | -1.95
40 | 20 [+1.75] 2.0

, CA3 injection coordinates were calculated as follows: anteroposterior (A/P) -1.8mm, lateral
(M/L) -1.8mm, ventral (V/L; from dura) -1.6mm & -1.8-2.0mm, with 400nL injected at each
stop. Following completion of the surgery, carprofen (5 mg/kg, i.p.) and buprenorphine (0.1
mg/kg, s.c.) were administered for inflammation and analgesic relief. Mice were allowed to
recover and then returned to their cages. The following viral vectors were used: AAV1-
CAG::flex-eGFP-WPRE-bGH (Zeng — Addgene Plasmid #51502, U Penn Vector Core &
Addgene), AAVretro-CaMKIIa::NES-JRGECO1a-WPRE-SV40 (Gage, Salk), AAVS-
CaMKIIa::NES-JRGECO1a-WPRE-SV40 (Gage, Salk), AAV1-Syn::NES-JRGECO1la-WPRE-
SV40 (Kim — Addgene Plasmid# 100854, U Penn), AAV8-CaMKiia::mCherry-WPRE-bGH

(Deisseroth — Addgene Plasmid #114469, Salk), AAVS capsid (Salk).
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Enriched/Novel environments

Mice assigned to enriched environments (EE) were housed in regular caging (RC) then
moved to an EE cage while matched RC controls remained in RC. The EE cage (36” L x 36” W
x 12” H) contained a feeder, 2-3 water dispensers, a large and a small running wheel and
multiple plastic tubes and domes, paper huts, on a 12h light—dark cycle. Objects in the EE cage
were kept constant throughout the experiment, placement of the objects was altered only to the
extent that the mice moved them within the cages. Mice were kept in EE or RC for 13 days and
injected with BrdU on the final three days. On the final day of BrdU, mice were also unilaterally
injected with 1uL 3E12 GC/mL AAV1-CAG-flexGFP into the DG. Following surgery, animals
were returned to EE or RC and sacrificed 2 days post-injection. Mice that received Novel
Environment (NE) exposure for cFOS activation experiments remained in RC until NE exposure
and were then transferred to EE cages (as described above) for 15-minutes. Animals were
sacrificed and tissue collected 1 hour later.

Cranial window placement

For 2-photon calcium imaging experiments, ~1 hour after receiving viral injections as
described above, a ~3 mm diameter craniotomy was performed, centered around the DG viral
injection site. The underlying dura mater was removed and the cortex and corpus callosum were
aspirated with a blunt tip needle attached to a vacuum line. Sterile saline was used to irrigate the
lesion and keep it free of blood throughout the surgery. A 3-mm diameter, 1.4-mm deep titanium
window implant with a glass coverslip bottom was placed on the alveus of the hippocampus. The
implant was held in place with dental cement. A small titanium headbar was attached to the skull
to secure the animal to the microscope stage. Following completion of the surgery, carprofen (5

mg/kg, i.p.) and buprenorphine (0.1 mg/kg, s.c.) were administered (as previously mentioned,
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animals only received 1 dose of each at the end of the final surgery) for inflammation and
analgesic relief. Mice were allowed to recover and then returned to their cages. We have
previously found surgical implant and imaging procedures do not affect adult neurogenesis

(please see Gongalves et al. 2016, Fig. S2.8 & S9).

Two-photon calcium imaging of DG activity

Mice were acclimated to head-fixation beginning 1 week after surgery. At time of
imaging, each mouse was secured to a goniometer-mounted head-fixation apparatus and a
custom-built interferometer was used to level the plane of the cranial window coverslip
perpendicular to the imaging path of the microscope objective. Imaging of dorsal DG was
performed with a two-photon laser scanning microscope (MOM, Sutter Instruments) using a
1070nm femtosecond-pulsed laser (Fidelity 2, Coherent) and a 16x water immersion objective
(0.8 NA, Nikon). Images were acquired using the Scanlmage software implemented in
MATLAB (MathWorks). Imaging sessions were performed intermittently from 10-18dpi to
determine optimal viral expression and imaging window. Analyzed activity videos were acquired

at ~14dpi in successive 5-minute intervals (512 x 128 pixels; ~3.91Hz).

Analysis and quantification of calcium activity

Custom software was written in Matlab to extract neuronal activity from 2-photon
calcium imaging videos. Calcium traces were extracted by first performing image stabilization
for each video using a rigid alignment between frames to maximize the correlation coefficient
between frames. Distortion and wobble effects were then corrected using a line-by-line
alignment, with distortion prediction informed by the mouse’s running data. Automated cell

segmentation was then achieved by scanning a ring shape of variable thickness and size across a
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motion corrected reference image. When the correlation metric exceeds a user-adjustable
threshold, a ring shaped ROI is generated and the signal extracted. User input was then taken for
each video to remove false positives and label cells that evaded automatic classification. Once
each cell is labeled and the intensities are recorded, the delta fluorescence over the baseline
fluorescence (%AF/F) is calculated and fit to an exponential curve (is this whole video
fluorescence?) to eliminate photo-bleaching effects. Spiking activity for each cell is then inferred
from by maximum height of recorded spikes relative to the standard deviation of the signal and

the shapes of the spikes. Activity metrics are then generated from the calculated cell activity.

Tissue collection

Mice were anesthetized with a lethal dose of ketamine and xylazine (130 mg/kg, 15
mg/kg; i.p.) and perfused transcardially with 0.9% phosphate buffered saline followed by 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4). Brains were dissected and post-

fixed in 4% PFA overnight then equilibrated in 30% sucrose solution.

Immunohistochemistry

Fixed brains were frozen and sectioned coronally on a sliding microtome at 40-pm
thickness, spanning the anterior-posterior extent of the hippocampus,, then stored at =20 °C until
staining.

Brain sections were blocked with 0.25% Triton X-100 in TBS with 3% horse serum and
incubated with primary antibody in blocking buffer 3% overnight at 4°C. Sections were washed
and incubated with fluorophore-conjugated secondary antibodies for 2 hr at RT. DAPI was
applied in TBS wash for 15 min at RT. Sections were washed and mounted with PVA-Dabco or

Immu-Mount mounting media. For BrdU staining, brain sections were washed 3% in TBS for 5
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minutes, incubated in 2N HCL in a 37°C water bath for 30min, rinsed with 0.1M Borate buffer
for 10min at RT, washed 6% in TBS for five minutes, then the above staining procedure was
followed.

Primary antibodies used were: rat aBrdU (OBT0030, Accurate; NB500-169, Novus;
AB6326, Abcam), rabbit acleaved-CASPASE3 (9661, Cell Signaling), goat aCFOS (sc-52-G,
Santa Cruz), rabbit aCFOS (226003, Synaptic Systems), goat aDCX (sc-8066, Santa Cruz),
guinea pig aDCX(AB2253, Millipore), chicken aGFAP (AB5541, Millipore), chicken aGFP
(GFP-1020, Aves Labs), rabbit aPROX1 (ab101851, Abcam), rabbit aSOX2 (2748, Cell
Signaling), rabbit aTBR2 (ab183991, Abcam). Secondary antibodies used were: donkey
achicken-AlexaFlour647 (703-605-155), donkey achicken-AlexaFluor488 (703-545-155),
donkey arat-AlexaFluor647 (712-605-153), donkey arabbit-Cy5 (711-175-152) , donkey
arabbit-Cy3 (711-165-152), donkey arabbit-AlexaFluor488 (711-545-152) donkey aguinea pig-
AlexaFluor488 (706-545-148), donkey aguinea pig-Cy3 (706-165-148), donkey aguinea pig-
AlexaFlour647 (706-175-148), donkey agoat — AlexaFlour647(705-175-147), donkey agoat —
Cy3 (705-165-147), donkey agoat AlexaFlour488 (705-545-147) — (Jackson Immuno Research

Laboratories).

Histology acquisition and analysis

Images for analysis of neurogenesis and inflammation markers were acquired using a
Zeiss laser scanning confocal microscope (LSM 710, LSM 780, or Airyscan 880) using a 20x
objective or an Olympus VS-120 virtual slide scanning microscope using a 10x objective. For
confocal images, Z-stacks were obtained through the entirety of the dentate granule cell layer,
tiles were stitched using Zen software, and images were maximum projected for quantification.

Slide scanner images were obtained from a single plane. For markers quantified by cell counts
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(BrdU, TBR2, SOX2, CASPASE3), counting was performed manually. For markers quantified
by fluorescent intensity (DCX, IBA1, GFAP), a region of interest was drawn in Zen software,
and the average intensity over that region was recorded. For DCX, the region of interest included
the full dentate granule cell layer and subgranular zone. Background autofluorescence was
corrected by recording the intensity of a neighboring region of CA3 or CA1 devoid of DCX+
cells. For IBA1 and GFAP, the region of interest was the subgranular zone and hilus, bounded by
the inner edge of the granule cell layer and a line drawn between the endpoints of the two blades.
No background correction was performed for inflammation markers due to the relatively
complete tiling of glia throughout the hippocampus. For each brain, 2-5 images were quantified
per side. A blinded observer quantified all images.

Images for analysis of pyknosis and karyorrhexis were obtained on an Airyscan 880
microscope using a 40x objective. Z-stacks were obtained through the entirety of the dentate
granule cell layer, tiles were stitched using Zen software, and each individual slice of the z-stack
was examined. Nuclei were considered abnormal if the DAPI channel showed condensed,
uniform labeling throughout the nucleus instead of the typical variation in intensity observed in
healthy cells or if nuclei appeared to be fragmenting into uniformly-labeled pieces (Cahill 2017,
Bayer and Altman). Two blinded observers quantified these images. The first observer began by
identifying abnormal nuclei, then examined that subset of cells for the presence of BrdU or
CASPASE3. The second observer began by identifying cells expressing BrdU or CASAPSE3,
then examined that subset of cells for nuclear abnormalities. Counts were merged by the first

observer for final quantification.
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AAV empty capsid

rAAVS8 empty capsid were synthesized and purified using standard CsCl rAAV
production protocols by Salk Viral Core, without the addition of any ITR containing plasmids or
sequences.

Electron microscopy quantification was performed at the Salk Institute’s Waitt Advanced
Biophotonics Center. 3.5 uL of 3% diluted rAAV empty capsid stock or positive control using
viral stock of known concentration (AAV1-CAG-flexGFP) was applied to plasma etched carbon
film on 200 mesh copper grids (Ted Pella, 01840-F), 4 grids per stock. Samples were washed
three times for 5 seconds, stained with 1% Uranyl Acetate for 1 minute, wicked dry with #1
Whatman filter paper, and air dried before TEM exam. For each grid, 4 fields were selected in
each of 4 grid squares, for a total of 16 micrographs per grid, 20000x magnification on a Libra
120kV PLUS EF/TEM (Carl Zeiss), 2kx2k CCD camera. A blinded observer quantified all

images.

Cell Culture

Mouse NPCs were obtained from embryonic female C57BL/6 mouse hippocampus and
cultured as described previously (Toda et al., 2017). NPCs were cultured in DMEM/F-12
supplemented with N2 and B27 (Invitrogen) in the presence of FGF2 (20 ng/ml), EGF
(20 ng/ml), laminin (1 pg/ml) and heparin (5 pg/ml), using poly-ornithine/laminin (Sigma)-
coated plastic plates. Media was changed every 2 days, and NPCs were passaged with Accutase

(StemCell Tech) when plates reached confluence.
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in vitro TAAV transduction imaging

NPCs were seeded onto 96-well plates at a density of 10k cells/well for 24 hours. At 24h
media was changed and supplemented with propidium iodide (1pg/mL). To serve as baseline,
two sets of images were acquired 4 hours apart in bright field and red-fluorescence: 5 images per
well, 8 wells per treatment, for 5 treatments, on an IncuCyte S3 Live Cell Analysis System
(Essen Biosciences, Salk Stem Cell Core and UCSD Human Embryonic Stem Cell Core).
AAV1-CAG-flex-eGFP was added with an initial MOI at 1E7, 1E6, 1ES5, 1E4, or H20 control.
MOIs are calculated by dividing total viral particles added per well (1E12, 1E11, 1E10, & 1E9
viral particles, respectively) divided by the initial seeding density of 10k cells/well — this
estimate for MOI overestimates the number of viral genomes per cell for two reasons. First, cells
were allowed to proliferate for 28h (approximately a 2-3% increase in cells, Fig. 2.3B) before
adding virus. Second, viral particles are distributed throughout the growth media and rely on
stochastic diffusion for attachment and viral entry into the cells. Images were then acquired

every 4 hours for 60 hours. Data was extracted using IncuCyte Analysis software.

In vitro ITR electroporation imaging and FACS analysis

NPCs were collected in nucleofection solution (Amaxa Mouse NSC Nucleofector Kit,
Lonza) and electroporated with SE6 or 1E6 copies/cell of 5’ biotinylated 145bp AAV ITR
ssDNA or scrambled control (ITR: 5’-Biotin- AGGAACCCCTAGTGATGGAGTTGGCCACTC
CCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCC
CGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCC
AA-3’, scramble: 5’-Biotin-CCACATACCGTCTAACGTACGGATTCCGATGCCCAGATAT

ATAGTAGATGTCTTATTTGTGGCGGAATAGCGCCAGAGCGTGTAGGCCAACCTTAGT
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TCTCCATGGAAGGCATCTACCGAACTCGGTTGCGCGGCCAAATTGGAT-3’, Integrated
DNA technologies) or with H20, in triplicate, then plated onto 24-well plates (see schematic in
Fig. 2.3D). AAV2 ITR sequences were obtained from NCBI Viral Genome database,

NC 001401.2 (Brister et al., 2015). AAV2 ITRs or a sequence largely homologous with the
AAV2 ITR sequence, are used in the vast majority of rAAV plasmids. 24-well plates were
segregated for imaging and FACS experiments. Imaging plates were supplemented with
propidium iodide and images were acquired on an IncuCyte S3 Live Cell Analysis System as
follows: 16 images per well, 4 wells per replicate, 3 replicates per treatment, for 5 treatments,
every 3 hours for 60 hours. Data was extracted using Incucyte Analysis software using the same
mask definition obtained above. NPCs from FACS plates were collected in PBS at 12, 24, and 36
hours using Accutase. After incubation for 30 minutes at RT with Vybrant DyeCycle Green
Stain (ThermoFischer, 1:2000), Zombie UV Fixable Viability Kit (BioLegend, 1:1000) and
CountBright Absolute Counting Beads (~5000 beads/sample, Thermofisher), cells were filtered
into polypropylene FACS collection tubes and FACS analysis was performed on an LSRFortessa
X-20 (BD Biosciences, UCSD Human Embryonic Stem Cell Core). Samples were collected by
gating on 1000 CountBright Counting Bead counts per well, 1 well per replicate, 3 replicates per
treatment, for the 5 treatments, interleaved, at 3 time points. Populations of live and dead cells
(UV Zombie negative and positive cells, respectively), and G1-phase and replicating (S- & G2-
phase) cells (Vybrant DyeCycle Green low and high, respectively) were determined using

FlowJo software.

Statistical analysis

All data are presented as mean + s.e.m. To compare histology data across experiments,

counts and intensity measures for the injected side of the DG are presented as a percentage of
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that group’s mean counts or intensity on the control side. Statistical comparisons were performed
in Prism 8.0 (GraphPad Software) using paired t-test (paired data, one independent variable:
treatment), repeated measures two-way ANOVA using either the Tukey or Sidak multiple
comparison test (two independent variables: treatment and time) or 2-way ANOV A using
Dunnett’s multiple comparison test (in vitro rAAV transduction and ITR electroporation relative
to H20 control). Linear Regression was performed for BrdU vs cFOS activation. K-S tests were
performed for cumulative distributions. All statistical tests were two-tailed. Threshold for
significance (o) was set at 0.05, * is defined as p<0.05, ** is defined as p<0.01, *** is defined as

p<0.001, n.s. is not significant.
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Fig. S2.1. rAAYV dependent toxicity (A) rAAV-induced reduction of DCX expression is
variable at two weeks post injection, but independent of viral core, purification method, serotype,
promoter, and protein expressed. (B) Consistent with Fig. 2.1C,D, injected titers of 3E12 result in
nearly complete abolition of DCX expression, injected titers of 1E12 GC/mL result in partial
abolition of DCX expression, injected titers of 3e11GC/mL result in small loss of DCX
expression. (C) From Fig. 2.1E, cFOS activation in mature DGCs is significantly correlated with
knockdown efficiency of adult neurogenesis.
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Fig. S2.2. Inflammation & cell loss (A) Extending experiments from Fig. 2.2A-E, GFAP
intensity is increased in SGZ & hilus 1 week following rAAV injection and greatly increased 4
weeks following injection. (B) Ibal intensity is slightly increased in SGZ & hilus 2 days
following rAAV injection and greatly increased 4 weeks following injection. (C) Representative
images of GFAP and Ibal histology, increases in GFAP and Ibal activation are not
commensurate with rAAV-induced toxicity. No obvious change in microglial morphology was
observed at 2 days or 1 week relative to uninjected contralateral control, at 4 weeks microglia
exhibit activated amoeboid morphology. (D) Following 30nL injections of 5SE12 GC/mL AAV1-
Syn-NES-JRGECO, loss of DCX labeling is incomplete and follows boundaries of viral spread.
(E) Representative image of empty AAV viral particles (“empty capsid”) from cryo-electron
microscopy used to count effective number of viral particles. (F) From Fig. 2.1G, Caspase 3+
cells are increased relative to saline-injected control 12 hours following rAAYV injection but
match controls at 18 hours. (G) Pyknotic and karyorrhexic cells show a non-significant increase
in rAAV-injected DG 12 hours post-injection relative to saline control. (H) Casp3+ pyknotic
cells are significantly increased 12h post-rAAV injection relative to saline controls. (I) Injection
of 1pL 5E12 GC/mL AAV1-Syn-NES-jRGECO into Sting-KO mice results in BrdU+ and Tbr2+
cell loss. (J) Environment enrichment is sufficient to increase adult neurogenesis and increase
BrdU labeling, but insufficient to protect against rAAV-induced cell loss. (K) Enriched
Environment is sufficient to increase Tbr2+ intermediate progenitors, but insufficient to protect
against rAAV-induced cell loss. (L) Total cells counts using FACS analysis and BrightCount
quantification beads show ITR high (5E6 copies/cell) are significantly reduced by 12 hours post
electroporation and remain significantly reduced at measured time points. (M) Percentage of
cells that are replicating at 12 hours is consistently in all groups at 12 hours and 36 hours, but
ITR electroporated cells show delay in increasing proliferation and do not represent the same
proportion of cells relative to scramble and H»0 electroporated controls.(N) Proportion of
replicating cells that are dying is increased at 12 hours in ITR electroporated cells but not
scramble or H20 electroporated controls, and return to control levels b 36 hours post-
electroporation.
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Fig. S3. AAVretro 2-photon calcum imaging (cont’d). (A) Consistent with Figure4A-D,
Tbr2+ intermediate progenitor cells are intact in saline, but not AAV1, co-injected animals at the
time of sacrifice. (B) Representative images of Tbr2 staining 2 weeks after co-injection of
AAVretro-JRGECO and AAV1 or saline in DG. (C) Representative raster plot showing data
extracted from calcium imaging transients. (D) rAAV co-injected DG have fewer active cells per
minute than saline injected animals two weeks post-injection. (E) Active DGCs have similar
firing rates between rAAV and saline co-injected animals. (F) Average event amplitude is not
different, and (G) the distribution of events amplitudes is not different between saline and rAAV
co-injected DGCs. (H) Size of events is not different between saline and rAAV conditions. Data
are represented as mean + s.e.m.
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CONCLUSION

New in vivo optical methods have provided access to study the computations which
subserve memory formation and recall within the hippocampal dentate gyrus (DG), and activity
of dentate granule cells (DGCs) has been associated with hippocampus-dependent behavior.
These computations are further subserved by a rare population of immature adult-born dentate
granule cells (abDGCs). Crucially, these studies rely almost exclusively on rAAV for transgene
delivery.

We have demonstrated that neural progenitor cells (NPCs) and immature DGCs within
the adult murine hippocampus are particularly sensitive to rAAV induced cell-death. Cell loss is
dose-dependent and nearly complete at experimentally relevant viral titers. rAAV induced cell-
death is rapid and persistent, with loss of BrdU labeled cells within 18 hours post-injection and
no evidence of recovery of adult neurogenesis when assessed at 3 months post-injection. This
rAAV-induced toxicity is intrinsic to the rAAYV viral vector and affects the activity of the
remaining mature DGCs at 2 and 4 weeks post-injection. This rAAV induced toxicity further
extends an emerging body of work which suggests rAAV may be more toxic than previously
believed. Stem cells may be particularly sensitive.

However, we additionally introduce a method that permits efficient transduction for the
visualization and manipulation of the DG using rAAV2-retro serotyped virus that does not result
in the ablation of abDGCs; leaving adult neurogenesis and its effects on hippocampal network
activity intact. This method sets the stage for future work which will permit the manipulation and
visualization of DGCs in vivo and the contribution of DGC activity to hippocampal computation

and hippocampus-dependent to be determined.
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