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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. In 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 

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

CA3, thereby improving pattern separation 

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 

CA3, thereby improving pattern separation. Adapted from Gonçalves 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; Gonçalves 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 (Gonçalves 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 Buzsáki, 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 
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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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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 rAAV in the DG should be carefully evaluated.  

 

Johnston ST1, 2, Parylak SL2, Kim S2, Mac N2, Lim CK2, Gallina IS2, Bloyd CW2, Newberry A2,  

Saavedra CD2, Novák O3, Gonçalves JT4,  Gage FH1, 2, Shtrahman M2,5 



 17 

1Neurosciences Graduate Program, University of California – La Jolla, CA, USA 

2Laboratory of Genetics, Salk Institute for Biological Studies, La Jolla, CA, USA 

3Laboratory of Experimental Epileptology, Department of Physiology, Second Faculty of 

Medicine, Charles University – Prague, CZ 

4Department of Neuroscience, Albert Einstein College of Medicine, Bronx, NY USA 

5Department of Neurosciences, University of California - La Jolla, CA USA 

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 

(Gonçalves 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 (Gonçalves 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 (Gonçalves 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 Buzsáki, 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  

(Büning 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, CamkIIa), and protein expression (GFP (Fig. 2.1), jRGECO, 

mCherry – shown; Gcamp3, Gcamp6 (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 1µL 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 1µL 3E12 GC/mL, 1 E12 GC/mL, or 3 E11 GC/mL rAAV  
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Fig. 2.1. rAAV 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 rAAV 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 1µL 3E12 GC/mL 

rAAV, partial ablation of BrdU+ cells results from the injection of 1µL 1E12 GC/mL rAAV, and 

a small but significant reduction of adult neurogenesis results from injection of 1µL 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 1µL 1E12 GC/mL 

rAAV (-52.1% ± 6.7%, p <0.0001), and a small but significant reduction of adult neurogenesis 

results from injection of 1µL 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 1µL 

3E12 GC/mL rAAV resulted in increased mature DGC cFOS activation (+81.6±13.6 cells per 

section, p <0.0001), 1µL 1E12 GC/mL rAAV resulted in a moderate and more variable increase 

(+40.0 ± 13.6 cells per section, p=0.24), and 1µL 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 1µL 3E12 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 rAAV 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 

1µL 3E12 rAAV into one dorsal DG and 1µL 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 1µL 3E12 GC/mL rAAV 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 rAAV 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 rAAV 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 1µL 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, 1µL 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). 10µm 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. 

2.2I). 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 1µL 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, Iba1 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 5E12 

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 H2O 

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: 5E6 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. rAAV 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 H2O control, 

MOI of 1E5 and lower are comparable to H2O 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 5E6 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 5E6 copies/cell of 

scrambled ITR shows slight decrease in confluence relative to H2O control, doses of 1e6/cell of 

ITR or scrambled ITR is indistinguishable from H2O 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-

CamkIIa::NES-jRGECO1a were made into dorsal CA3 to infect DGCs, and 1µL of either 3E12 

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 AAVretro. 800nL 

of 3E12 GC/mL AAVretro-Syn-jRGECO and 1µL 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. 2.4I, 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 (Büning and Schmidt, 

2015). 

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

not been associated with illness or pathology (Büning 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 AAVS1 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 AAVS1 locus, and argue against insertion-induced genotoxicity (Inagaki et 

al., 2007; Kaeppel et al., 2013; Nakai et al., 2003, 2005; Nault et al., 2015; Pañeda 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 Büning, 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 Buzsáki, 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 (Gonçalves 

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; Gonçalves et al., 2016b; GoodSmith et al., 2017; Hayashi 

et al., 2017; Kirschen et al., 2017; Nakazawa, 2017; Pilz et al., 2016, 2018; Senzai and Buzsáki, 

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 Gcamp6. 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 (Espósito 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 × 9.2" W × 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 (Λ-B): anterior-posterior (A/P), medial-lateral 

(M/L); and dorsoventral depth from dura (D/V). 

 

 

 

 

 

, 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), AAV8-

CaMKIIa::NES-jRGECO1a-WPRE-SV40 (Gage, Salk), AAV1-Syn::NES-jRGECO1a-WPRE-

SV40 (Kim – Addgene Plasmid# 100854, U Penn), AAV8-CaMKiia::mCherry-WPRE-bGH 

(Deisseroth – Addgene Plasmid #114469, Salk), AAV8 capsid (Salk). 

Λ-B 

[mm] 

A/P 

[mm] 

M/L 

[mm] 

D/V 

[mm] 

3.0 -1.5 ±1.5 -1.8 

3.2 -1.6 ±1.55 -1.8 

3.4 -1.7 ±1.6 -1.9 

3.6 -1.8 ±1.65 -1.9 

3.8 -1.9 ±1.7 -1.95 

4.0 -2.0 ±1.75 -2.0 
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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 × 36” W 

× 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 Gonçalves 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 16× water immersion objective 

(0.8 NA, Nikon). Images were acquired using the ScanImage 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 (%ΔF/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-µm 

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 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dapi
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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 αBrdU (OBT0030, Accurate; NB500-169, Novus; 

AB6326, Abcam), rabbit αcleaved-CASPASE3 (9661, Cell Signaling), goat αCFOS (sc-52-G, 

Santa Cruz), rabbit αCFOS (226003, Synaptic Systems), goat αDCX (sc-8066, Santa Cruz), 

guinea pig αDCX(AB2253, Millipore), chicken αGFAP (AB5541, Millipore), chicken αGFP 

(GFP-1020, Aves Labs), rabbit αPROX1 (ab101851, Abcam), rabbit αSOX2 (2748, Cell 

Signaling), rabbit αTBR2 (ab183991, Abcam). Secondary antibodies used were: donkey 

αchicken-AlexaFlour647 (703-605-155), donkey αchicken-AlexaFluor488 (703-545-155), 

donkey αrat-AlexaFluor647 (712-605-153), donkey αrabbit-Cy5 (711-175-152) , donkey 

αrabbit-Cy3 (711-165-152), donkey αrabbit-AlexaFluor488 (711-545-152) donkey αguinea pig-

AlexaFluor488 (706-545-148), donkey αguinea pig-Cy3 (706-165-148), donkey αguinea pig- 

AlexaFlour647 (706-175-148), donkey αgoat – AlexaFlour647(705-175-147), donkey αgoat – 

Cy3 (705-165-147), donkey αgoat 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 20× 

objective or an Olympus VS-120 virtual slide scanning microscope using a 10× 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 40× 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 

rAAV8 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 μg/ml) and heparin (5 μg/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. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/c57bl-6-mouse
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/laminin
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in vitro rAAV 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 (1μg/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, 1E5, 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 5E6 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 ANOVA 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 (α) 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. rAAV 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) Iba1 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 Iba1 histology, increases in GFAP and Iba1 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 5E12 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 rAAV 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 1µL 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 H20 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 rAAV 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. 




