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ABSTRACT

Recombinant adeno-associated virus (rAAV) has been widely used as a viral vector across
mammalian biology and has been shown to be safe and effective in human gene
therapy. 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 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
suggest that future work using rAAV as an experimental tool in the DG and as a gene therapy for
diseases of the central nervous system (CNS) should be carefully evaluated.

INTRODUCTION

The subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) is one of only a few
regions of the mammalian brain that continues to exhibit neurogenesis into adulthood. Adult-born
dentate granule cells (abDGCs) are continuously generated from a pool of largely quiescent neural
stem cells that undergo proliferation, differentiation, and fate specification before maturing into
neurons that are indistinguishable from developmentally derived dentate granule cells (DGCs)
(Brunner et al., 2014; Esposito et al., 2005; Gu et al., 2012; Marin-Burgin et al., 2012; Temprana
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et al., 2015). These stem cells and their immature progeny are sensitive to environmental stimuli;
their proliferation, development, and survival are regulated by multiple intrinsic and extrinsic
factors, including experience, stress, and inflammation (Gongalves et al., 2016a; Kempermann et
al., 2015; Monje et al., 2003; Snyder et al., 2009; Vivar et al.). Numerous studies demonstrate that
abDGC:s are critical for maintaining the physiological activity of mature DGCs and contribute 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., 2011a; Saxe et al., 2007; Singer et al., 2011; Tronel et al.,
2012). While the specific role that immature DGCs play in hippocampal function, including the
formation of memories, is not fully established, progress has been achieved through recent work
focused on precisely modulating and measuring the activity of immature and mature DGCs within
the DG of animals during behavior (Anacker et al., 2018; Danielson et al., 2016, 2017; GoodSmith
et al., 2017; Hainmueller and Bartos, 2018; Hayashi et al., 2017; Kirschen et al., 2017; Leutgeb et
al., 2007; Nakazawa, 2017; Pilz et al., 2016; Senzai and Buzséki, 2017).

A key tool enabling many of these and other advances in in vivo neurophysiology is
recombinant adeno-associated virus (rAAV). Wild-type AAV is a non-enveloped, single stranded
DNA virus endemic to humans and primates and has been previously proposed to have no known
pathogenicity. This replication-defective virus contains a 4.7 kb genome that includes the Rep and
Cap genes and a pair of palindromic 145 bp inverted terminal repeats (ITRs). The Rep and Cap
genes can be supplied in trans to create space for incorporating transgenes of interest, yielding the
widely used rAAV, which retains only the ITRs from the original wild-type genome. In
experimental neuroscience, rAAV is often used to deliver a variety of genetically encoded tools,
including actuators and sensors of neuronal function, to specific cell types and brain regions. In
addition, rAAV’s minimal viral genome and limited immunogenicity and toxicity have made it the
vector of choice for human gene therapy (Buning and Schmidt, 2015; Choudhury et al., 2017;
Hocquemiller et al., 2016; Hudry and Vandenberghe, 2019), including two FDA-approved
therapies for disorders of the CNS (Hoy, 2019; Smalley, 2017).

Despite its safety profile, rAAV has increasingly been reported to demonstrate toxicity in
some cell types (Bockstael et al., 2012; Hinderer et al., 2018; Hirsch et al., 2011; Hordeaux et al.,
2018). However, the toxic effects of rAAV on abDGCs have previously not been assessed.
Motivated by our own efforts to study the role of adult neurogenesis and the DG in learning and
memory, we discovered that neural progenitor cells (NPCs) and immature neurons in the DG are
highly susceptible to rAAV-induced death at a range of experimentally relevant titers (3 e11 gc/mL
and above). This process appears to be cell autonomous and mediated by rAAV ITRs. Consistent
with previous ablation studies, elimination of 4-week-old abDGCs by rAAV alters the activity of
mature DGCs, resulting in DG hyperactivity (as indicated by cFOS expression). To circumvent
this problem, we used the rAAV2-retro serotype (Tervo et al., 2016) to label DGCs in a retrograde
manner, which avoids infection of susceptible cells and preserves adult neurogenesis. We
demonstrate the utility of this delivery method by measuring the activity of mature DGCs in vivo
using 2-photon calcium imaging.
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RESULTS

rAAV eliminates abDGCs in a dose-dependent manner

We found that the delivery of calcium indicators using rAAV at doses equivalent to or
below previously reported doses resulted in ablation of adult neurogenesis (Fig. S1A). This effect
was robust regardless of vector production facility (Salk Institute Viral Vector Core, University of
Pennsylvania Vector Core, Addgene), purification method (iodixanol, CsCl), capsid serotype
(AAV1 & AAV8-shown; AAV9-not shown), promoter (CAG, Syn, CaMKIla), and protein
expression (GFP (Fig. 1), JRGECO1a and mCherry) at doses (>1 E12 gc/mL) 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 #51502) in non-cre-expressing wild type C57BL/6J mice to mitigate
any contributions from toxicity that might be attributed to protein expression. Mice received daily
intraperitoneal injections of 5-bromo-2'-deoxyuridine (BrdU) for 3 days to label dividing cells;
then 1uL of 312 gc/mL rAAV was injected unilaterally into the DG immediately (0d), or 1 or 2
weeks later (schematic in Fig. 1A). Cell survival on the virus-treated side depended on the age of
the cells when virus was delivered (Fireatment x time(3,27)=29.0, p<0.001; Fig. 1B last 4 columns).
Cells that were 2 days old and younger at the time of injection were almost completely eliminated
within 48 hours (-83.9% * 6.7%, p <0.001, all textual results reported as change relative to non-
injected contralateral DG +/- standard error of the mean difference, unless stated otherwise). Cells
that were 7-9 days old were partially protected (-41.3% * 6.3%, p <0.001), whereas cells that were
14-16 days old were largely protected with variable but non-significant loss (-15.4% + 6.3%, n.s.).
Mature abDGCs approximately 8 weeks old also did not demonstrate significant loss (4.5% +
6.3%, n.s.; Fig. 1B last column). In the same tissue, Tbr2+ intermediate progenitors were lost even
when mature BrdU+ cells were spared, demonstrating that the virus did not lack toxicity in these
animals (Fireatment x time(3,27)=3.0, p < 0.05; 0 weeks: -80.2% =+ 9.1%, p<0.001; 1 weeks: -76.9%
+ 8.5%, p<0.001; 2 weeks: -82.6% + 8.5%, p<0.001; 8 weeks: -50.8% =+ 8.5%, p<0.001; Fig.
S1B). To determine the effect of viral attachment and penetration in rAAV-induced toxicity, we
injected 1uL of high titer (3.7 E13 capsids/mL) empty AAV viral capsid into the DG (Fig. 1B first
column, Fig S1C). At 1week post-injection, there was no effect on BrdU+ cells (2 days old at the
time of empty capsid injection) relative to the contralateral control DG (Fireatment x time(1,14)=6.5,
p<0.05; 1 week post-injection: 6.2% + 3.2%, n.s., Fig. 1B first column; although there was a mild
decrease 4 weeks post-injection: -14.5% * 7.4%, p<0.05, which did not recapitulate the severe loss
observed with intact virus; Fig S1C).

We then assessed the effect of titer on rAAV-induced cell loss. We labeled abDGCs for 3
days with BrdU and injected 1pL of either 3 E12 gc/mL, 1 E12 gc/mL, or 3 E11 gc/mL rAAV on
the final day of BrdU labeling (schematic in Fig. 1C). Cell loss increased with increasing titer of
virus injected (Fireatment x titer(2,20)=19.2, p<0.001). A nearly complete ablation of BrdU+ cells was
seen in the DG injected with 3 E12 gc/mL rAAV (-84.3% £ 6.7%, p <0.001), whereas partial
ablation of BrdU+ cells resulted from the injection of 1 12 gc/mL rAAV (-52.1% * 6.7%, p
<0.001), and a small but significant reduction of adult neurogenesis resulted from injection of 3e11
gc/mL rAAV (-23.4% % 7.2%, p <0.05; Fig 1D). This dose-dependent pattern was matched by
reductions in immature neuron marker DCX expression (Fig. S1D).
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Figure 1. rAAV eliminates abDGCs in a dose-dependent manner. (A) Experimental design of rAAV injection into
DG following indelible labeling of adult-born DGCs with BrdU. (B, left) Representative images showing Prox1 and
BrdU used for quantification. (B, right) abDGCs 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%.
Cells born 2 weeks or more, or injection of empty AAV viral capsid, demonstrate no reduction. (C) Experimental
design of dose-dependent attenuation of abDGCs by rAAV. (D, left) Representative images showing Prox1 and BrdU
used for quantification. (D, right) Immediately following birth-dating of BrdU+ abDGCs, a near complete ablation of
BrdU+ cells is seen in the DG injected with 1uL 3 E12 GC/mL rAAV, partial ablation of BrdU+ cells results from the
injection of 1uL 1 12 GC/mL rAAV, and a small but significant reduction of adult neurogenesis results from injection
of 1 uL 3 11 GC/mL rAAV. This pattern is matched by Thr2 expression (Figure S1B). All data are presented as
mean + s.e.m, significance reported as: * p < 0.05, *** p < 0.001.
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Developmental stage determines susceptibility to rAAV-induced cell loss.

After determining the differential response of abDGCs to rAAV based on post-mitotic age,
we determined which population of NPCs was susceptible to rAAV-induced loss. To accomplish
this, we varied the post-injection interval and measured canonical early (Sox2), middle (Thr2), and
late (DCX) histological markers associated with abDGC development. Mice were unilaterally
injected with 1uL of 3 E12 gc/mL rAAV and sacrificed at 2 days, 1 week, or 4 weeks post-injection
(schematic in Fig. 2A). The number of Sox2+ cells within the SGZ was modestly decreased
(Ftreatment(l,lg):15.5, p<0001, Ft|me(2,19):16, n.s.; Ftreatmentxtime(z,lg):2.7, n.s.; Flg ZB,C) In
contrast, Thr2+ intermediate progenitor cells were almost entirely lost and did not show signs of
recovery by 4 weeks post-injection (Fireatment(1,19)=129.2, p<0.001; Ftime(2,19)=0.1, n.S.; Ftreatment
xtime(2,19)=0.2, n.s.; Fig. 2B, D). Injection of empty AAV viral capsid (Fig. 2E) did not result in
a similar reduction of Tbr2+ cells at 1 or 4 weeks post-injection (Fireatment(1,10)=6.4E-5, n.s.
Ftime(1,10)=0.3, n.s.; Ftreatment x time(1,10)=1.8, n.s; Fig. 2F). Expression of the late premitotic and
immature neuronal marker DCX showed progressive decline until near complete loss at 4 weeks
post-injection ( Fireatmentx time(3,27)=12.8, p<0.001; 2 days: -27.7% + 9.0%, p<0.01; 1 week: -58.7%
+ 8.4%, p<0.001; 4 weeks: -92.0% + 9.0%, p<0.001; Fig. 2B, G) and did not show signs of
recovery 3 months post-injection (-68.7% * 8.0%, p<0.001; Fig. 2G, last column). DCX
expression was not altered following injection of empty AAV viral capsid (Freatment(1,14)=3.9, n.s.;
Ftime(l,14):0.7, n.s.; Ftreatmentxtime(l,l4):1.3, n.s.; F|g SZA)

These findings suggest that, despite an initial sensitivity of some Sox2+ cells to rAAV
transduction, this largely quiescent neural progenitor pool remains mostly intact. Instead, a rapid
loss of proliferating Thr2+ intermediate progenitors by 2 days drives much of the rAAV-induced
toxicity, including the progressive loss of the DCX+ population that is observed as these cells
differentiate into DCX- neurons and decline in number over time. To test the effect of increasing
the size of the proliferating NPC population on rAAV-induced toxicity, we housed mice in an
enriched environment with running wheels (van Praag et al., 1999). Nearly all of the BrdU+
dividing cells gained from enrichment and exercise were eliminated by rAAV (Fhousing(1,14)=8.7,
p<001, Ftreatment(l,14):124.0, p<0001, Fhousingxtreatment (1,14):94, p<001, home CaQEZ '795% +
13.9%, p<0.001; enriched environment: -139.9% = 13.9%, p<0.001; Fig. S2B). Thr2+ cells were
unaffected by enrichment and eliminated by rAAV regardless of housing type (Fhousing(1,14)=0.8,
n.s.,; Ftreatment(l,14):147.1, p<0001, Fhousing X treatment(1,14):0.5, n.s.,; Flg SZC) These reSUItS
indicate that proliferating cells are the primary target of the virus.

Given the extensive and rapid loss of BrdU+ (Fig. 1B,C) and Thr2+ (Fig. 2B,D) cells, we
designed an acute time-course experiment to determine the mechanism of rAAV-induced cell loss
(schematic Fig. 2H,I). Following labeling with BrdU, animals were injected with 1uL of 312
rAAV into one dorsal DG and 1pL saline into the contralateral DG to control for the acute effect
of surgery- and injection-induced inflammation and tissue damage. rAAV-injected DGs had a
modest decrease in BrdU+ cells at 12 and 18 hours relative to their contralateral saline-injected
control (Ftreatment(1,13):13.9, p<001, Ftime(1,13):0.04, n.s.,; Ftreatmentxtime(1,13):0.07, n.s., F|g 2\])
The same decrease was seen in Thr2+ cells (Freatment(1,13)=16.5, p<0.001.; Ftime(1,13)=0.4, n.s.;
Ftreatment x time(1,13)=3.3, n.s.; Fig. 2K). Cell loss was accompanied by an increased number of
Caspase-3+ apoptotic cells relative to saline-injected controls at 12 hours (Ftreatment x
time(1,13)=21.2, p<0.001; 12h treatment: +188.6% + 29.8%, p <0.001; 18h treatment: 11.7 *
24.3%, n.s.; Fig. 2L). Therefore, we determined that 12 hours would be a suitable time point to
investigate nuclear changes in dying cells, before extensive cell loss had occurred. Condensed and
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Figure 2. Developmental stage
determines susceptibility to rAAV-
induced cell loss. (A) Experimental
design to assess the effect of rAAV
post-injection interval on the
survival of different NPC types.
Following labeling with BrdU, mice
are injected unilaterally with 1 pL of
3 E12 GC/mL rAAV and sacrificed
at 2 days, 1 week, and 4 weeks. (B)
Representative histological staining
of progenitor and immature neuronal
markers Sox2 (white, upper panels),
DCX (red, upper panels), and Thr2
(white, lower panels) following
rAAV injection. (C) Sox2+ neural
stem cell numbers within the SGZ
are reduced by ~20% 2 days and 1
week following rAAV injection but
not at 4 weeks post-injection. (D)
The majority of immediate early
progenitor Thr2+ cells are lost within
2 days of rAAV injection and do not
recover by 4 weeks post-injection.
(E) Representative image of empty
AAV particles  (“empty
capsid”) from cryo-electron
microscopy used to quantify the
number of viral particles. (F) Thr2+
intermediate progenitors are
preserved following injection of
empty viral capsid. (G) Immature
neuronal marker DCX intensity
shows progressive decline until
complete loss at 4 weeks post-
injection. DCX intensity shows no
recovery at 3 months post-injection.
(H) Experimental design for acute
time-line of rAAV-induced cell loss.
Following labeling with BrdU, 1 pL

viral

3 E12 GC/mL rAAYV and saline control are injected into opposite sides of the DG; mice are sacrificed at 12 and 18
hours. (I) DNA condensation and nuclear fragmentation (pyknosis and karyorrhexsis, white arrowheads) are assessed
with BrdU (green), Caspase 3 activation (red), and DAPI. (J) BrdU+ cells show variable decline 12 hours after rAAV
injection and significant decline at 18 hours relative to saline control. (K) Thr2+ intermediate progenitors show
significant decline by 18 hours following rAAV injection. (L) Caspase-3+ apoptotic cells were increased relative to
saline-injected controls at 12 hours. (M) BrdU+ cells exhibit a significant increase in pyknosis 12 hours after rAAV
injection. Increase in Caspase 3 activation of pyknotic cells is seen at 12 hours. All data are presented as mean * s.e.m,
significance reported as: * p < 0.05, ** p < 0.01, *** p < 0.001.
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fragmented chromatin (pyknosis and karyorrhexis) was identified in conjunction with BrdU and
Caspase-3 (Fig. 21). Increased numbers of pyknotic and karyorrhexic cells were identified in
rAAV-injected DGs relative to their saline-injected contralateral controls (14.7 + 6.3 additional
cells/section, p<0.05, Fig. S2D). A significant increase in pyknosis was also seen in BrdU+
proliferating cells (2.3 £ 0.7 additional cells/section, p<0.05; Fig. 2M). Pyknotic cells were more
likely to be Caspase 3+ following rAAYV injection relative to saline controls (7.7 + 1.4 additional
cells/section, p<0.01; Fig. S2E); though BrdU+ Caspase-3+ pyknotic cells were particularly rare
(n=4 of 887 cells, all in rAAV-injected DG). Taken together, these findings suggest that rAAV
increases programmed cell death of dividing and recently divided cells in the DG.

Both systemic and local inflammation are known to negatively impact adult neurogenesis
(Ekdahl et al., 2003; Monije et al., 2003). Therefore, 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), expression of the microglial marker, Ibal was not increased until 4 weeks
post-injection (Fireatment x time(2,19)=54.6, p<0.001; 2 days:18.6% * 10.3%, n.s.; 1 week: 9.0% =+
9.7%, n.s.; 4 weeks: 132.4% + 10.34%, p<0.001; Fig. S2 F,H), and no obvious change in
microglial morphology was observed at 2 days or 1 week relative to contralateral control. At 4
weeks, microglia exhibited an amoeboid morphology, indicative of active inflammation. Similarly,
expression of the astrocyte marker GFAP was unchanged in the SGZ and hilus at 2 days post-
injection, slightly increased at 1 week, and greatly increased at 4 weeks (Fireatment x time(2,19)=91.0,
p<0.001; 2 days: 21.6% = 8.7%, n.s.; 1 week:25.2% =+ 8.1%, p<0.05; 4 weeks: 165.5% = 8.7%,
p<0.001; Fig. S2G,H). To further rule out a bystander effect, we injected 30 nL of 5 E12 gc/mL
AAV1-Syn-NES-JRGECOla into the DG. Histology demonstrated incomplete loss of DCX
labeling that faithfully followed the boundaries of transgene expression, where uninfected cells
located microns away from those expressing JRGECO1a were spared (Fig. S21). These findings
suggest that AAV-induced toxicity may be cell autonomous and is unlikely to be mediated by
astrocyte- or microglia-activated immune responses or by inflammatory signals and other changes
within the niche (Ekdahl et al., 2003). Additionally, we found that rAAV-induced toxicity was not
altered in Sting knockout mice and, therefore, likely not dependent on foreign nucleic acid
detection through Sting-mediated pathways (BrdU: -90.2% + 14.2, p<0.001; Thr2: -88.7% =+
12.9%, p<0.001; Fig. S2J).

rAAYV induces toxicity in NPCs in vitro

To further explore whether rAAV-mediated toxicity is cell-autonomous, we developed an
in vitro assay to study rAAV-induced elimination of NPCs. Mouse NPCs were plated,
administered rAAV with a multiplicity of infection (MOI) of 1 4 T0 1 E7 or water control, and
chronically imaged to examine cell survival and proliferation. Dose-dependent inhibition of NPC
proliferation and cell death was most profound in NPCs infected with rAAV 1 7 MOI and
moderate in NPCs infected with 1 E6 MOI. Within 24 hours of rAAV application, NPCs infected
with 1 7 MOI had ceased to proliferate, whereas application of 1 E6 MOI resulted in
comparatively slower proliferation compared to H20 control. Infections with 1 5 and 1 4 MOI
were nearly indistinguishable from H20O control  (Fireatment(4,665)=1039, p<0.001,;
Ftime(18,665)=1341, p<0.001; Freatment x time(72,665)=52.7, p<0.001; Fig. 3A,C). Cell death,
visualized by permeability to propidium iodide, also showed a dose-dependent increase. NPCs
infected with 1 7 MOI showed the most significant increase in cell death, whereas NPCs infected
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with 1 6 MOI showed an intermediate increase. NPCs infected at 1 5 and 1 e4 MOI were
indistinguishable from H20 control (Fireatment(4,665)=9256, p<0.001; Ftime(18,665)=1127,
p<0001, Ftreatmentxtime(72,665):323.5, p<0001, Flg BB,C)

We then examined whether the minimum components of the AAV genome required for
viral encapsulation, the 145bp ITRs, were sufficient to induce cell death as previously reported in
embryonic stem cells (Hirsch et al., 2011). NPCs were electroporated with “high” (5 E6
copies/cell) and “low” (1 E6 copies/cell) doses of 145bp rAAV ITR ssDNA, scrambled ITR
sequence control, or water and plated for imaging (as above) or for FACS analysis (schematic in
Fig. 3D). In the high-dose ITR condition, NPCs were significantly decreased by 6 hours post-
electroporation (Ftreatment(4,200):630.2, p<0001, Ftime(19,200)2635.0, p<0001, Ftreatment x
time(76,200)=6.0, p<0.001; 6 hour ITR 5 E6 vs H20: -8.1% + 2.5, p<0.05) and had ceased expansion
by 40 hours (Fig. 3E). Low-dose ITR and low-dose scramble groups were indistinguishable from
H20. Although a transient decrease in the high-dose scrambled condition relative to H20 was
observed, this decrease was minimal compared to the effect of high-dose ITR (Fig. 3E and Table
S1). The number of dying propidium iodide+ cells increased in all groups in the first 24 hours
following electroporation (Ftreatment(4,200)=3729, p<0.001; Ftime(19,200)=1219, p<0.001; Fireatment
xtime(76,200)=19.3, p<0.001; Fig. 3F), with the proportion of dying cells decreasing as confluence
increased during the experiment. This proportion was substantially greater in the high ITR
condition relative to H20 (Fig. 3F and Table S1). Both low- and high-dose scrambled groups had
a slight increase in cell death relative to H20 that was minimal compared to the effect of high-dose
ITR. FACS analysis at 12, 24, and 36 hours showed the proportion of cells in S/G2 phase that were
dying (UVZombie+) was greatly increased at 12 and 24 hours in the high ITR condition but not in
the other experimental groups relative to H20 control (Fieament(4,30)=9.5, p<0.001;
Ftime(2,30)=23.4, p<0.001; Fireatment x time(8,30)=2.2, p<0.05; 12h ITR 56 vs H20 +12.0% + 2.0%,
p <0.001, Fig. 3G). The proportion of non-replicating cells that were dying was <1% in all groups
(Fig. 3H).

AAV retro serotype permits studies of DGC activity in vivo without ablating adult neurogenesis

To determine the functional consequence of AAV-induced ablation of neurogenesis on DG
activity, animals were injected with 1uL of 3 E12 gc/mL, 1 E12 gc/mL, or 3 E11 gc/mL rAAV and
exposed 4 weeks later to a novel environment (NE) prior to sacrifice. DGC expression of the
immediate early gene cFOS was used to quantify the effect of AAV on DG activity. Consistent
with previous studies examining the effects of manipulating adult neurogenesis on DG activity
(Ikrar et al., 2013), mature DGC cFOS activation showed an inverse relationship with the level of
adult neurogenesis (Ftreatment x time(2,20)= 11.4, p<0.001; Fig. 4A,B). Injection with 1uL 3 E12
gc/mL rAAV, which ablates over 80% of BrdU+ cells (Fig. 1D), resulted in the largest increase in
mature DGC cFOS activation (81.6+13.6 additional cells per section, p<0.001); 1uL 1 E12 gc/mL
rAAV injection resulted in a moderate and more variable increase (40.0 = 13.6 additional cells per
section, p<0.05), and 1uL 3 11 gc/mL rAAV injection demonstrated no significant change on
average (13.3 + 14.5 additional cells per section, n.s.). cFOS activation and loss of BrdU+ cells
were significantly correlated (slope =0.26, R?=0.59, p<0.001; Fig. S3A). These results
demonstrate that, while viral titers producing severe ablation of neurogenesis have the most severe
effect on DG activity, titers that do not completely eliminate neurogenesis still have an impact on
the network.
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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 in vivo network activity within
the DG without ablating neurogenesis. AAV retro is a designer AAV variant capsid optimized to
be taken up by axonal projections (Tervo et al., 2016). We used AAV retro (AAVretro-
CaMKIlla::NES-JRGECO1a) to deliver the red calcium indicator JRGECOla to DGCs in a
retrograde fashion by injecting virus into the dorsal CA3, where their axons (“mossy fibers”)
terminate. This delivery method allowed us to avoid infecting immature DGCs whose mossy fiber
projections do not reach CA3 until after 2 weeks of age, a time point when these neurons also
demonstrate decreased susceptibility to rAAV-induced toxicity (Fig. 1B). Following viral
injection, a cranial window was implanted to permit visualization of DGC activity via 2-photon
calcium imaging (schematic in Fig. 4C).

Histology performed following 2-photon calcium imaging confirmed that adult
neurogenesis was intact 2 weeks after injection relative to the uninjected contralateral
hippocampus (Tbr2: +4.7% + 7.0%, t(5)=0.7, n.s. Fig. 4D,E; DCX +14.3 £ 6.3%, t(5)=4.3, p<0.01,
Fig. 4D,F). Spontaneous calcium activity was recorded in DGCs and quantified in these mice
under head fixation on a cylindrical treadmill in the dark (Fig. 4G,H). A similar number of DGCs
was identified across animals (255.3 £ 20.5 cells/DG; Fig. 4 1). Total activity of these cells was
demonstrated to be sparse (282.9 £104.5 events/minute; Fig. 4J). Approximately one quarter of
the cells were active in any given minute during imaging (24.3% + 7.6% cells active/minute; Fig
4K), with a small number of calcium transients per active cell observed per minute (2.0 = 0.4
events/active cell/minute; Fig. 4L). The limited activity of DGCs measured in our study with AAV
retro is consistent with previous imaging studies in the DG (Danielson et al., 2016; Pilz et al.,
2016). Due to the extensive inflammation that arises 4 weeks after viral injection (Fig. S1A, Fig
S2G-1), we were unable to image the DG at 4-weeks post-viral injection, when abDGCs are highly
active and known to contribute to DG activity (Fig. 4A). Despite this limitation, a small
suppressive effect of AAV1 injection on DG activity was already evident by 2-photon imaging 2-
weeks post injection (Fig. S3), when DG imaging is often initiated (Danielson et al., 2016;
Hainmueller and Bartos, 2018; Pilz et al., 2016). No change in cFOS expression due to AAV1 was
observed at this earlier time point (Fig. S3K). Collectively, these findings demonstrate that 1)
delivery of AAV directly into the DG ablates neurogenesis and influences activity in this network,
particularly at time points when abDGCs make a strong contribution to DG function, and 2) AAV
retro enables delivery of transgenes to the DG, permitting studies of DGC function in vivo while
leaving adult neurogenesis intact.

DISCUSSION

A developmental window for sensitivity to rAAV-induced toxicity

We demonstrate that adult murine NPCs and immature neurons up to approximately 1 week
of age are eliminated by rAAV in a dose-dependent fashion (Fig. 1). The doses demonstrated to
ablate neurogenesis are within or below the range of experimentally relevant titers commonly
injected into the mouse DG, 1.5 E12 to 3.6 E13 gc/mL (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
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Buzsaki, 2017; Swiech et al., 2015; Zetsche et al., 2017). This rAAV-induced cell death is rapid
and persistent; BrdU-labeled cells and Tbr2+ intermediate progenitors begin to die within 12 to 18
hours post-injection and are eliminated by 48 hours (Fig. 2). Under physiological conditions, the
Tbr2+ population replenishes DCX+ progenitors and immature neurons, which can retain
expression of the DCX protein in the mouse for more than 3 weeks post mitosis (Kempermann et
al., 2003). Upon administration of rAAV, many of the DCX+ neurons are postmitotic and initially
spared but are not replenished by the ablated Tbhr2+ population, explaining the delayed and
progressive loss of the DCX+ pool in response to rAAV infection. Neither of these populations
showed evidence of recovery when assessed several months post-injection (Fig. 1B, 2G).
Interestingly, the total number of Sox2+ cells, composed of Type | and lla NPCs, was relatively
unaffected by rAAV, consistent with this population being largely quiescent (Fig. 2 B,C). The fact
that Sox2+ cells were mostly preserved in our experiments might explain why Type | cells are
visualized in studies utilizing a large range of AAV titers, including titers greater than those
reported here (Crowther et al., 2018; Kotterman et al., 2015; Ojala et al., 2018; Pulicherla et al.,
2011; Song et al., 2012).

In vitro application of rAAV or electroporation of AAV2 ITRs is sufficient to induce arrest
of proliferation and cell death, pointing toward a cell autonomous process (Fig. 3). This is
consistent with our findings that the timing of rAAV-induced apoptosis and cell loss (hours to
days) is not commensurate with the time course or spatial extent of inflammation (Fig. S2G-1) and
is independent of exposure to empty capsids (Fig. 1B, S1A, 2F, S2A). Analysis with FACS
demonstrated that administration of high-dose ITR oligonucleotides resulted in a disproportionate
loss of dividing cells (Fig. 3G,H). To a large extent, this seems to recapitulate in vivo experiments,
which demonstrate that a developmental window exists where actively dividing Type 11 NPCs and
recently post-mitotic immature neurons are sensitive to rAAV-induced cell death, whereas rarely
dividing neural stem cells and mature neurons flanking this window are significantly less affected.
Note that the persistence of Sox2 expression in dividing Type 2a progenitors may account for the
initial modest decrease seen in the number of Sox2+ cells (Goncalves et al., 2016b; Kempermann
et al., 2015). Why these cells do not replenish the Thr2+ pool following rAAV infection remains
unknown. One possibility is that Type | cells infected with rAAV undergo delayed apoptosis upon
entering the cell cycle, precluding the recovery of neurogenesis after infection.

rAAV as a model system for viral toxicity in the developing CNS

Infections involving a number of viruses, including cytomegalovirus (CMV), rubella,
varicella-zoster, herpes simplex, human immunodeficiency virus (HIV), and Zika, have been
implicated in the pathogeneses of microcephaly, the abnormal development of the cerebral cortex
resulting in small head size. There is evidence that these viruses cause microcephaly through the
elimination of NPC populations (Devakumar et al., 2018) in HIV (Balinang et al., 2017; Evans et
al., 2016; Lawrence et al., 2004; Rothenaigner et al., 2007; Schwartz et al., 2007), CMV (Luo et
al., 2010; Rolland et al., 2016; Teissier et al., 2014), and Zika virus (Garcez et al., 2016; Qian et
al., 2016; Wen et al., 2017) among others. However, the complex biology of these viruses and their
neural progenitor targets has precluded elucidation of a precise mechanism. Perhaps the best
studied among these is Zika virus, which, similar to rAAV, attenuates proliferation and
neurogenesis in the adult mouse DG, demonstrating a marked loss of EdU+ cells following
infection (Li et al., 2016). These findings resemble the loss of proliferating cells in brain organoids
and other models of the developing nervous system in response to Zika infection (Cugola et al.,
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2016; Dang et al., 2016; Garcez et al., 2016; Qian et al., 2016). Collectively, these studies have
focused on Zika virus’ selective tropism for Sox2+ and Nestin+ NPCs over Thr2" and other
immature cell types in the brain. However, these studies typically measure the fraction of Zika-
infected cells that expresses Sox2, Tbr2, and other immature markers but do not track changes in
the total size of these populations resulting from Zika infection. These measurements could have
missed a rapid elimination of Thr2 cells, which in our measurements was apparent within 48 hours
of rAAYV infection (Fig 2D,K). Alternatively, the proliferative capacity and thus the susceptibility
of the Sox2+ population to viral infection could differ between developmental models and the
adult DG, where in adult neurogenesis Sox2+ cells are largely quiescent and perhaps less sensitive
to viral-induced cell death (Wu et al., 2018). Further studies are needed to discern the downstream
events that lead to viral toxicity and whether this heterogeneous collection of viruses kills dividing
NPCs through a common pathway. rAAV, with its exceedingly simple genome, broad tropism,
and inability to replicate, offers a tractable model system to dissect the molecular events underlying
this important phenomenon.

Implications for DG and hippocampal function

Both theoretical and experimental studies indicate that the DG is involved in hippocampus-
dependent behavioral pattern separation and pattern completion (Chawla et al., 2005; Deng et al.,
2013; Lacy et al., 2011; Leutgeb et al., 2007; Marr, 1971; McClelland et al., 1995; Treves and
Rolls, 1994; Yassa and Stark, 2011). More recent studies implementing genetically encoded tools,
often delivered via rAAV, provide striking evidence for the role of memory engram
representations in behavioral pattern separation and completion in the DG (Bernier et al., 2017;
Danielson et al., 2016; Liu et al., 2012; Ramirez et al., 2013; Redondo et al., 2014) and highlight
the role of this circuit in affective disorders and stress responses (Anacker et al., 2018; Li et al.,
2017; Ni et al., 2019; Ramirez et al., 2015; Shuto et al., 2018; Wang et al., 2017). Moreover, DG
activity and computations appear to depend on the addition of abDGCs (Clelland et al., 2009; Ikrar
et al., 2013; Sahay et al., 2011a), which attenuate the activity of mature DGCs. This net inhibition
on mature DGCs is thought to enhance pattern separation by selectively suppressing competing
engrams (Espinoza et al., 2018; Johnston et al., 2016; Luna et al., 2019; McAvoy et al., 2016;
Sahay et al., 2011b). Consistent with this idea, rAAV-induced ablation of neurogenesis results in
a dose-dependent increase in immediate early gene activation 4 weeks after infection (Fig. 4A,B,
S3A).

In the majority of studies in which rAAV was injected into the DG, neurogenesis was not
assessed following viral transduction. However, 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 via Tamoxifen administration in a Nestin-CreER x tdTomato reporter mouse
3 weeks before rAAV injection into the DG at titers of ~1 e13 gc/mL. Imaging took place 3 weeks
later, when tdTomato-labeled cells were ~6 weeks of age. This paradigm would permit tdTomato-
labeled abDGCs that were 3 weeks of age at the time of 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 have been missed.

The retrograde labeling of DGCs by injecting AAV retro into CA3 provides an important
advance for future studies of the DG, as DGCs can now be imaged and manipulated using genetic
tools while leaving adult neurogenesis intact (Fig 4). Relatively few studies have performed
calcium imaging of the DG in vivo (Danielson et al., 2016, 2017; Hainmueller and Bartos, 2018;
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Pilz et al., 2016). Variability in experimental approaches used to deliver genetically encoded
calcium indicators to DGCs and inevitable differences in segmentation routines and analysis of
calcium traces make direct comparison with these published results difficult. The results described
above do not differ substantially with previous findings of ~40-50% of cells being active during
recording (Danielson et al., 2016; Pilz et al., 2016) and producing only a few calcium transients
per minute (Danielson et al., 2016). However, given the ability of abDGCs to modulate activity
within the DG (lIkrar et al., 2013; Lacefield et al., 2012; Luna et al., 2019), viral methods used to
deliver calcium indicators and other genetic tools into the DG should be carefully evaluated in
future studies.

Caveats for gene therapy

Based on its stable transgene expression, low risk of insertional mutagenesis, and
diminished immunogenicity, rAAV has become the most widely used viral vector for human gene
therapy. More than 100 clinical trials using AAV vectors have claimed vector safety (Choudhury
et al., 2017; Hocquemiller et al., 2016; Hudry and Vandenberghe, 2019), resulting in two FDA-
approved therapies for treating genetic diseases of the CNS (Smalley, 2017, Hoy, 2019). Despite
high rates of infection among humans (Thwaite et al., 2015), AAV infection has not been
associated with illness or pathology (Buning and Schmidt, 2015). However, recent reports have
suggested rAAV may exhibit intrinsic toxicity in multiple tissues (Bockstael et al., 2012; Flotte
and Buning, 2018; Hinderer et al., 2018; Hirsch et al., 2011; Hordeaux et al., 2018). Given the
steep dose response of rAAV-induced cell death measured in our study, intravenous administration
of rAAVs at clinically relevant titers is less likely to cross the blood-brain barrier (BBB) and reach
the SGZ of the DG with sufficient MOI to ablate neurogenesis. However, the protective capacity
of the BBB does not preclude AAV-induced toxicity in other progenitor and dividing cells
throughout the body. Further studies are needed to characterize rAAV-induced toxicity to stem
and progenitor cells in other tissues. Also, high MOI may reach the SGZ in CNS studies where
rAAV is injected intrathecally (see STRONG trial) 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). While attenuation of neurogenesis likely occurs in patients
undergoing other treatments such as chemotherapy (Hodge et al., 2008) or radiation treatment
(Santarelli et al., 2003; Saxe et al., 2007), the extent of ablation induced by rAAV is striking and
shows no signs of recovery throughout the duration of our experiments. This study serves as an
additional reminder that rAAV and other viral gene therapies may be associated with significant
side effects, particularly during development. Careful consideration of viral titer, delivery method,
and viral engineering should be exercised to mitigate side effects where viral therapy may
substantially alleviate morbidity or extend life (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

29


https://clinicaltrials.gov/ct2/show/NCT03381729?term=STRONG&cond=SMA&draw=2&rank=1
https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

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 50 mg/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 I11,
Drummond Science). Specifically, the difference between bregma and lambda in anteroposterior
coordinates was determined. From bregma, DG injection coordinates were calculated as indicated
in Table 1.

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 |[ML |DNV
[mm] | [mm] | [mm] | [mm]
30 |-15 [#15 |-1.8
32 |-16 |+155]-18
34 [-17 [#16 |-19
36 |-18 |+1.65-1.9
38 [-19 [#17 |-1.95
40 [-20 [+1.75][-20

CA3 injection coordinates were calculated as follows: anteroposterior (A/P) -1.8 mm, lateral (M/L)
-1.8 mm, ventral (V/L; from dura) -1.6 mm and -2.0 mm, with 400 nL injected at each depth.
Following completion of the surgery, carprofen (5 mg/kg, i.p.) and Buprenorphine SR LAB (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-CaMKlla::NES-JRGECO1a-WPRE-SV40 (Gage, Salk), AAV8-CaMKIla::NES-
jRGECO1a-WPRE-SV40 (Gage, Salk), AAV1-Syn::NES-jRGECO1a-WPRE-SV40 (Kim —
Addgene Plasmid# 100854, U Penn), AAV8-CaMKIlla::mCherry-WPRE-bGH (Deisseroth —
Addgene Plasmid #114469, Salk), AAV8 capsid (Salk).

Enriched/novel environments

Mice assigned to enriched environments (EE) were housed in regular caging (RC) and then
moved to an EE cage, whereas 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, and paper huts, with a 12-hour light—dark cycle. Objects in the
EE cage were kept constant throughout the experiment; placement of the objects was altered only
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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 3 days. On the final day of BrdU, mice were also unilaterally
injected with 1 uL 3 E12 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 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 brain tissue collected
1 hour after NE exposure.

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 custom 3-mm diameter, 1.4-mm deep
titanium window implant with a 3-mm glass coverslip (Warner Instruments) bottom was placed
on the intact alveus of the hippocampus. The implant was held in place with UV-cured dental
adhesive (Kerr Dental, Optbond All-In-One) and dental cement (Lang Dental, Ortho-Jet). A small
custom titanium head bar 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 SR LAB (0.1
mg/kg, s.c.) were administered (as previously mentioned, animals 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 that surgical implant and imaging
procedures do not affect adult neurogenesis (see Gongalves et al. 2016, Fig. S2.8 & S9).

2-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 laser
alignment tool 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 2-photon
laser scanning microscope (MOM, Sutter Instruments) using a 1070 nm 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, maximizing the correlation coefficient between each frame of the
movie with an average reference frame constructed from 20-30 frames acquired when the mouse
was not running. Alignment was further improved using a line-by-line alignment. Portions of the
movie with excessive movement artifact, defined by cross-correlation coefficients below a defined
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threshold, were discarded. Mice were not trained or rewarded for running on the treadmill and
thus were stationary during the majority of the presented calcium imaging data. Automated cell
segmentation was achieved by scanning a ring shape of variable thickness and size across a motion
corrected reference image. When the cross-correlation metric exceeded a user-adjustable
threshold, a circular shaped ROI was generated and the signal extracted. User input was then taken
for each video to remove a small number of false positives and labeled cells that evaded automatic
classification. Once each cell was labeled and the intensities were recorded, the baseline
fluorescence (F) was fit to an exponential curve to eliminate photo-bleaching effects. The change
in fluorescence (AF) over the baseline fluorescence (F) was then calculated to yield %AF/F.
Spiking-related calcium events for each cell were defined as fluorescence transients whose
amplitude exceeded 7 standard deviations of the negative fluctuations of the %AF/F trace. Active
cells were defined as having at least 1 spike during a single movie.

Tissue collection

Mice were deeply anesthetized with 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-pum
thickness, spanning the anterior-posterior extent of the hippocampus, and 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 for 3 nights at 4°C. Sections were washed and
incubated with fluorophore-conjugated secondary antibodies for 2h 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 minutes,
incubated in 2N HCL in a 37°C water bath for 30 minutes, rinsed with 0.1M Borate buffer for 10
minutes at RT, washed 6x in TBS for 5 minutes, and then the above staining procedure was
followed.

Primary antibodies used were rat aBrdU (OBTO0030, 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 tPROX1 (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 oguinea 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).
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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 (DCX, IBA1, GFAP, SOX2), Z-stacks were obtained through the entirety of the DGC
layer, tiles were stitched using Zen software (Zeiss), and images were maximum projected for
quantification. Slide scanner images (BrdU, TBR2) were obtained from a single plane. For markers
quantified by cell counts (BrdU, TBR2, SOX2, CASPASES3), 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 DGC layer and SGZ. 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 SGZ 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 DGC 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 (Bayer and Altman, 1974; Cabhill
etal., 2017). Two blinded observers quantified these images.

AAV empty capsid

rAAV8 empty capsids were synthesized and purified using standard CsCl rAAV
production protocols by the 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 puL 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 3
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, 20,000x magnification on a Libra 120kV PLUS
EF/TEM (Carl Zeiss), 2kx2k CCD camera. Two blinded observers each quantified all images and
the ratio of empty to control virus was calculated.

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
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plastic plates. Medium was changed every 2 days, and NPCs were passaged with Accutase
(StemCell Tech) when plates reached confluence.

in vitro rAAV transduction and time lapse imaging

NPCs were seeded onto 96-well plates at a density of 10k cells/well for 24 hours. At 24
hours, medium was changed and supplemented with propidium iodide (1 pug/mL). To serve as
baseline, 2 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 MOl at 1 7, 1 E6, 1 E5, 1 €4, or H20 control.
MOIs were calculated by dividing total viral particles added per well (1 12, 1 11, 1 €10, and 1
E9 viral particles, respectively) divided by the initial seeding density of 10k cells/well; the in vitro
estimate for MOI inflates the number of viral genomes per cell comparted to the in vivo estimate
for two reasons. First, cells were allowed to proliferate for 28 hours (approximately a 2-3x increase
in cells, Fig. 3B) before adding virus. Second, in vitro viral particles were distributed throughout
the growth media and stochastic diffusion was likely to act as a rate-limiting step to viral entry,
whereas in vivo viral adsorption was more likely to act as the rate-limiting step to viral entry.
Images were then acquired every 4 hours for 60 hours. Data were 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 56 or 16 copies/cell of 5’ biotinylated 145bp AAV ITR ssDNA
or scrambled control (ITR: 5’-Biotin- AGGAACCCCTAGTGATGGAGTTGGCCACTC
CCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCC
CGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCC
AA-3’, scramble: 5’-Biotin-CCACATACCGTCTAACGTACGGATTCCGATGCCCAGATAT
ATAGTAGATGTCTTATTTGTGGCGGAATAGCGCCAGAGCGTGTAGGCCAACCTTAGT
TCTCCATGGAAGGCATCTACCGAACTCGGTTGCGCGGCCAAATTGGAT-3’, Integrated
DNA technologies) or with H20, in triplicate, then plated onto 24-well plates (see schematic in
Fig. 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
were used in the vast majority of rAAV plasmids. Twenty-four-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 were 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,
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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.d. when describing data between individual samples,
and as mean = s.e.m when comparing between groups. To compare histology data across
experiments, counts and intensity measures for the injected side of the DG are presented as a
percentage of 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 2-way ANOVA using either the Tukey or Sidak multiple
comparison test (two independent variables: treatment and time) or 2-way ANOVA using
Dunnett’s or Tukey’s multiple comparison test (in vitro rAAV transduction relative to H20 control
and electroporation, respectively) when interaction was significant. 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.

Acknowledgments

We thank Dr. Matt Hirsch, Dr. Jude Samulski, Dr. Tomo Toda, Dr. Simon Schafer, Dr.
Carol Marchetto, Lynne Moore, Ruth Keithley for experimental advice, and Mary Lynn Gage and
Dr. Marianna Alperin for comments on the manuscript. This work was made possible by our
funding sources: NIH R01 MH090258, NIH R01 MH095741 NIH R01 AG056306, NIH KO8
NS093130, The McKnight Endowment Fund for Neuroscience, JPB Foundation, Annette Merle-
Smith, James S. McDonnell Foundation, Mathers Foundation, the Leona M. and Harry B.
Helmsley Charitable Trust grant # 2012-PG-MEDO002, Ray and Dagmar Dolby Family Fund, Salk
Innovation Grant, and the Dan and Martina Lewis Biophotonics Fellows Program. Special thanks
to Salk Cores: Waitt Advanced Biophotonics Core with funding from NIH-NCI CCSG: P30
014195 and the Waitt Foundation, STEM Core, Viral Vector Core supported by Salk Cancer
Center, NCI P30 CA014195; and UCSD Human Embryonic Stem Cell Core.

35


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

REFERENCES

Akers, K.G., Martinez-Canabal, A., Restivo, L., Yiu, A.P., Cristofaro, A.D., Hsiang, H.-L. (Liz),
Wheeler, A.L., Guskjolen, A., Niibori, Y., Shoji, H., Ohira, K., Richards, B.A., Miyakawa, T.,
Josselyn, S.A., and Frankland, P.W. (2014). Hippocampal Neurogenesis Regulates Forgetting
During Adulthood and Infancy. Science 344, 598-602.

Anacker, C., Luna, V.M., Stevens, G.S., Millette, A., Shores, R., Jimenez, J.C., Chen, B., and
Hen, R. (2018). Hippocampal neurogenesis confers stress resilience by inhibiting the ventral
dentate gyrus. Nature 559, 98.

Balinang, J.M., Masvekar, R.R., Hauser, K.F., and Knapp, P.E. (2017). Productive infection of
human neural progenitor cells by R5 tropic HIV-1: opiate co-exposure heightens infectivity and
functional vulnerability. AIDS Lond. Engl. 31, 753-764.

Bartus, R.T., Baumann, T.L., Brown, L., Kruegel, B.R., Ostrove, J.M., and Herzog, C.D. (2013).
Advancing neurotrophic factors as treatments for age-related neurodegenerative diseases:
developing and demonstrating “clinical proof-of-concept” for AAV-neurturin (CERE-120) in
Parkinson’s disease. Neurobiol. Aging 34, 35-61.

Bayer, S.A., and Altman, J. (1974). Hippocampal development in the rat: cytogenesis and
morphogenesis examined with autoradiography and low-level X-irradiation. J. Comp. Neurol.
158, 55-79.

Bernier, B.E., Lacagnina, A.F., Ayoub, A., Shue, F., Zemelman, B.V., Krasne, F.B., and Drew,
M.R. (2017). Dentate Gyrus Contributes to Retrieval as well as Encoding: Evidence from
Context Fear Conditioning, Recall, and Extinction. J. Neurosci. 37, 6359-6371.

Bockstael, O., Melas, C., Pythoud, C., Levivier, M., McCarty, D., Samulski, R.J., De Witte, O.,
and Tenenbaum, L. (2012). Rapid Transgene Expression in Multiple Precursor Cell Types of
Adult Rat Subventricular Zone Mediated by Adeno-Associated Type 1 Vectors. Hum. Gene
Ther. 23, 742—-753.

Brunner, J., Neubrandt, M., Van-Weert, S., Andrési, T., Borgmann, F.B.K., Jessberger, S., and
Szabadics, J. (2014). Adult-born granule cells mature through two functionally distinct states.
eLife 3, e03104.

Buning, H., and Schmidt, M. (2015). Adeno-associated Vector Toxicity—To Be or Not to Be?
Mol. Ther. 23, 1673-1675.

Cahill, S.P., Yu, R.Q., Green, D., Todorova, E.V., and Snyder, J.S. (2017). Early survival and
delayed death of developmentally-born dentate gyrus neurons. Hippocampus 27, 1155-1167.

Castle, M.J., Cheng, Y., Asokan, A., and Tuszynski, M.H. (2018). Physical positioning markedly
enhances brain transduction after intrathecal AAV9 infusion. Sci. Adv. 4, eaau9859.

36


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Chawla, M.K., Guzowski, J.F., Ramirez-Amaya, V., Lipa, P., Hoffman, K.L., Marriott, L.K.,
Worley, P.F., McNaughton, B.L., and Barnes, C.A. (2005). Sparse, environmentally selective
expression of Arc RNA in the upper blade of the rodent fascia dentata by brief spatial
experience. Hippocampus 15, 579-586.

Choudhury, S.R., Hudry, E., Maguire, C.A., Sena-Esteves, M., Breakefield, X.O., and Grandi, P.
(2017). Viral vectors for therapy of neurologic diseases. Neuropharmacology 120, 63—-80.

Christine, C.W., Starr, P.A., Larson, P.S., Eberling, J.L., Jagust, W.J., Hawkins, R.A.,
VanBrocklin, H.F., Wright, J.F., Bankiewicz, K.S., and Aminoff, M.J. (2009). Safety and
tolerability of putaminal AADC gene therapy for Parkinson disease. Neurology 73, 1662—-1669.

Clelland, C.D., Choi, M., Romberg, C., Clemenson, G.D., Fragniere, A., Tyers, P., Jessberger,
S., Saksida, L.M., Barker, R.A., Gage, F.H., and Bussey, T.J. (2009). A Functional Role for
Adult Hippocampal Neurogenesis in Spatial Pattern Separation. Science 325, 210-213.

Clemenson, G.D., Lee, S.W., Deng, W., Barrera, V.R., Iwamoto, K.S., Fanselow, M.S., and
Gage, F.H. (2015). Enrichment rescues contextual discrimination deficit associated with
immediate shock. Hippocampus 25, 385-392.

Crowther, A.J., Lim, S.-A., Asrican, B., Albright, B.H., Wooten, J., Yeh, C.-Y., Bao, H., Cerri,
D.H., Hu, J,, Shih, Y.-Y.l., Asokan, A., and Song, J. (2018). An Adeno-Associated Virus-Based
Toolkit for Preferential Targeting and Manipulating Quiescent Neural Stem Cells in the Adult
Hippocampus. Stem Cell Rep. 0.

Cugola, F.R., Fernandes, I.R., Russo, F.B., Freitas, B.C., Dias, J.L.M., Guimarées, K.P.,
Benazzato, C., Almeida, N., Pignatari, G.C., Romero, S., Polonio, C.M., Cunha, I., Freitas, C.L.,
Branddo, W.N., Rossato, C., Andrade, D.G., Faria, D. de P., Garcez, A.T., Buchpigel, C.A,,
Braconi, C.T., Mendes, E., Sall, A.A., Zanotto, P.M. de A., Peron, J.P.S., Muotri, A.R., and
Beltrdo-Braga, P.C.B. (2016). The Brazilian Zika virus strain causes birth defects in
experimental models. Nature 534, 267-271.

Dang, J., Tiwari, S.K., Lichinchi, G., Qin, Y., Patil, V.S., Eroshkin, A.M., and Rana, T.M.
(2016). Zika Virus Depletes Neural Progenitors in Human Cerebral Organoids through
Activation of the Innate Immune Receptor TLR3. Cell Stem Cell 19, 258-265.

Danielson, N.B., Kaifosh, P., Zaremba, J.D., Lovett-Barron, M., Tsai, J., Denny, C.A., Balough,
E.M., Goldberg, A.R., Drew, L.J., Hen, R., Losonczy, A., and Kheirbek, M.A. (2016). Distinct

Contribution of Adult-Born Hippocampal Granule Cells to Context Encoding. Neuron 90, 101-
112.

Danielson, N.B., Turi, G.F., Ladow, M., Chavlis, S., Petrantonakis, P.C., Poirazi, P., and

Losonczy, A. (2017). In Vivo Imaging of Dentate Gyrus Mossy Cells in Behaving Mice. Neuron
93, 552-559.e4.

37


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Deng, W., Saxe, M.D., Gallina, I.S., and Gage, F.H. (2009). Adult-born hippocampal dentate
granule cells undergoing maturation modulate learning and memory in the brain. J. Neurosci.
Off. J. Soc. Neurosci. 29, 13532-13542.

Deng, W., Aimone, J.B., and Gage, F.H. (2010). New neurons and new memories: how does
adult hippocampal neurogenesis affect learning and memory? Nat. Rev. Neurosci. 11, 339-350.

Deng, W., Mayford, M., and Gage, F.H. (2013). Selection of distinct populations of dentate
granule cells in response to inputs as a mechanism for pattern separation in mice. eLife 2.

Devakumar, D., Bamford, A., Ferreira, M.U., Broad, J., Rosch, R.E., Groce, N., Breuer, J.,
Cardoso, M.A., Copp, A.J., Alexandre, P., Rodrigues, L.C., and Abubakar, I. (2018). Infectious
causes of microcephaly: epidemiology, pathogenesis, diagnosis, and management. Lancet Infect.
Dis. 18, e1l-el3.

Ekdahl, C.T., Claasen, J.-H., Bonde, S., Kokaia, Z., and Lindvall, O. (2003). Inflammation is
detrimental for neurogenesis in adult brain. Proc. Natl. Acad. Sci. 100, 13632-13637.

Espinoza, C., Guzman, S.J., Zhang, X., and Jonas, P. (2018). Parvalbumin+ interneurons obey
unique connectivity rules and establish a powerful lateral-inhibition microcircuit in dentate
gyrus. Nat. Commun. 9, 4605.

Esposito, M.S., Piatti, V.C., Laplagne, D.A., Morgenstern, N.A., Ferrari, C.C., Pitossi, F.J., and
Schinder, A.F. (2005). Neuronal Differentiation in the Adult Hippocampus Recapitulates
Embryonic Development. J. Neurosci. 25, 10074-10086.

Evans, C., Chasekwa, B., Ntozini, R., Humphrey, J.H., and Prendergast, A.J. (2016). Head
circumferences of children born to HIV-infected and HIV-uninfected mothers in Zimbabwe
during the preantiretroviral therapy era. AIDS Lond. Engl. 30, 2323-2328.

Flotte, T.R., and Bining, H. (2018). Severe Toxicity in Nonhuman Primates and Piglets with
Systemic High-Dose Administration of Adeno-Associated Virus Serotype 9—Like Vectors:
Putting Patients First. Hum. Gene Ther. 29, 283-284.

Garcez, P.P., Loiola, E.C., Madeiro da Costa, R., Higa, L.M., Trindade, P., Delvecchio, R.,
Nascimento, J.M., Brindeiro, R., Tanuri, A., and Rehen, S.K. (2016). Zika virus impairs growth
in human neurospheres and brain organoids. Science 352, 816-818.

Gongcalves, J.T., Bloyd, C.W., Shtrahman, M., Johnston, S.T., Schafer, S.T., Parylak, S.L., Tran,
T., Chang, T., and Gage, F.H. (2016a). In vivo imaging of dendritic pruning in dentate granule
cells. Nat. Neurosci. 19, 788—791.

Gongalves, J.T., Schafer, S.T., and Gage, F.H. (2016b). Adult Neurogenesis in the Hippocampus:
From Stem Cells to Behavior. Cell 167, 897-914.

Gong, Z., and Zhou, Q. (2018). Dnmt3a in the dorsal dentate gyrus is a key regulator of fear
renewal. Sci. Rep. 8, 5093.

38


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

GoodSmith, D., Chen, X., Wang, C., Kim, S.H., Song, H., Burgalossi, A., Christian, K.M., and
Knierim, J.J. (2017). Spatial Representations of Granule Cells and Mossy Cells of the Dentate
Gyrus. Neuron 93, 677-690.e5.

Gu, Y., Arruda-Carvalho, M., Wang, J., Janoschka, S.R., Josselyn, S.A., Frankland, P.W., and
Ge, S. (2012). Optical controlling reveals time-dependent roles for adult-born dentate granule
cells. Nat. Neurosci. 15, 1700-1706.

Hainmueller, T., and Bartos, M. (2018). Parallel emergence of stable and dynamic memory
engrams in the hippocampus. Nature 558, 292—-296.

Hammond, S.L., Leek, A.N., Richman, E.H., and Tjalkens, R.B. (2017). Cellular selectivity of
AAV serotypes for gene delivery in neurons and astrocytes by neonatal intracerebroventricular
injection. PloS One 12, e0188830.

Hashimotodani, Y., Nasrallah, K., Jensen, K.R., Chavez, A.E., Carrera, D., and Castillo, P.E.
(2017). LTP at Hilar Mossy Cell-Dentate Granule Cell Synapses Modulates Dentate Gyrus
Output by Increasing Excitation/Inhibition Balance. Neuron 95, 928-943.e3.

Hayashi, Y., Yawata, S., Funabiki, K., and Hikida, T. (2017). In vivo calcium imaging from
dentate granule cells with wide-field fluorescence microscopy. PLOS ONE 12, e0180452.

Hinderer, C., Katz, N., Buza, E.L., Dyer, C., Goode, T., Bell, P., Richman, L.K., and Wilson,
J.M. (2018). Severe Toxicity in Nonhuman Primates and Piglets Following High-Dose
Intravenous Administration of an Adeno-Associated Virus Vector Expressing Human SMN.
Hum. Gene Ther. 29, 285-298.

Hirsch, M.L., Fagan, B.M., Dumitru, R., Bower, J.J., Yadav, S., Porteus, M.H., Pevny, L.H., and
Samulski, R.J. (2011). Viral single-strand DNA induces p53-dependent apoptosis in human
embryonic stem cells. PloS One 6, €27520.

Hocquemiller, M., Giersch, L., Audrain, M., Parker, S., and Cartier, N. (2016). Adeno-
Associated Virus-Based Gene Therapy for CNS Diseases. Hum. Gene Ther. 27, 478-496.

Hodge, R.D., Kowalczyk, T.D., Wolf, S.A., Encinas, J.M., Rippey, C., Enikolopov, G.,
Kempermann, G., and Hevner, R.F. (2008). Intermediate Progenitors in Adult Hippocampal
Neurogenesis: Tbr2 Expression and Coordinate Regulation of Neuronal Output. J. Neurosci. 28,
3707-3717.

Hordeaux, J., Wang, Q., Katz, N., Buza, E.L., Bell, P., and Wilson, J.M. (2018). The Neurotropic
Properties of AAV-PHP.B Are Limited to C57BL/6J Mice. Mol. Ther. 26, 664—668.

Hoy, S.M. (2019). Onasemnogene Abeparvovec: First Global Approval. Drugs 79, 1255-1262.

Hudry, E., and Vandenberghe, L.H. (2019). Therapeutic AAV Gene Transfer to the Nervous
System: A Clinical Reality. Neuron 101, 839-862.

39


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Ikrar, T., Guo, N., He, K., Besnard, A., Levinson, S., Hill, A., Lee, H.-K., Hen, R., Xu, X., and
Sahay, A. (2013). Adult neurogenesis modifies excitability of the dentate gyrus. Front. Neural
Circuits 7, 204.

Johnston, S.T., Shtrahman, M., Parylak, S., Gongalves, J.T., and Gage, F.H. (2016). Paradox of
pattern separation and adult neurogenesis: A dual role for new neurons balancing memory
resolution and robustness. Neurobiol. Learn. Mem. 129, 60—68.

Kaspar, B.K., Vissel, B., Bengoechea, T., Crone, S., Randolph-Moore, L., Muller, R., Brandon,
E.P., Schaffer, D., Verma, .M., Lee, K.-F., Heinemann, S.F., and Gage, F.H. (2002). Adeno-
associated virus effectively mediates conditional gene modification in the brain. Proc. Natl.
Acad. Sci. U. S. A. 99, 2320-2325.

Kempermann, G., Gast, D., Kronenberg, G., Yamaguchi, M., and Gage, F.H. (2003). Early
determination and long-term persistence of adult-generated new neurons in the hippocampus of
mice. Development 130, 391-399.

Kempermann, G., Song, H., and Gage, F.H. (2015). Neurogenesis in the Adult Hippocampus.
Cold Spring Harb. Perspect. Biol. 7.

Kirschen, G.W., Shen, J., Tian, M., Schroeder, B., Wang, J., Man, G., Wu, S., and Ge, S. (2017).
Active Dentate Granule Cells Encode Experience to Promote the Addition of Adult-Born
Hippocampal Neurons. J. Neurosci. 37, 4661-4678.

Ko, H.-G., Jang, D.-J., Son, J., Kwak, C., Choi, J.-H., Ji, Y.-H., Lee, Y.-S., Son, H., and Kaang,
B.-K. (2009). Effect of ablated hippocampal neurogenesis on the formation and extinction of
contextual fear memory. Mol. Brain 2, 1.

Kotterman, M.A., Chalberg, T.W., and Schaffer, D.V. (2015). Viral Vectors for Gene Therapy:
Translational and Clinical Outlook. Annu. Rev. Biomed. Eng. 17, 63-89.

Lacefield, C.O., Itskov, V., Reardon, T., Hen, R., and Gordon, J.A. (2012). Effects of adult-
generated granule cells on coordinated network activity in the dentate gyrus. Hippocampus 22,
106-116.

Lacy, J.W., Yassa, M.A., Stark, S.M., Muftuler, L.T., and Stark, C.E.L. (2011). Distinct pattern
separation related transfer functions in human CA3/dentate and CA1 revealed using high-
resolution fMRI and variable mnemonic similarity. Learn. Mem. 18, 15-18.

Lawrence, D.M.P., Durham, L.C., Schwartz, L., Seth, P., Maric, D., and Major, E.O. (2004).
Human immunodeficiency virus type 1 infection of human brain-derived progenitor cells. J.
Virol. 78, 7319-7328.

Leutgeb, J.K., Leutgeb, S., Moser, M.-B., and Moser, E.I. (2007). Pattern Separation in the
Dentate Gyrus and CA3 of the Hippocampus. Science 315, 961-966.

40


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Li, H., Saucedo-Cuevas, L., Regla-Nava, J.A., Chai, G., Sheets, N., Tang, W., Terskikh, A.V.,
Shresta, S., and Gleeson, J.G. (2016). Zika Virus Infects Neural Progenitors in the Adult Mouse
Brain and Alters Proliferation. Cell Stem Cell 19, 593-598.

Liu, X., Ramirez, S., Pang, P.T., Puryear, C.B., Govindarajan, A., Deisseroth, K., and Tonegawa,
S. (2012). Optogenetic stimulation of a hippocampal engram activates fear memory recall.
Nature 484, 381-385.

Luna, V.M., Anacker, C., Burghardt, N.S., Khandaker, H., Andreu, V., Millette, A., Leary, P.,
Ravenelle, R., Jimenez, J.C., Mastrodonato, A., Denny, C.A., Fenton, A.A., Scharfman, H.E.,
and Hen, R. (2019). Adult-born hippocampal neurons bidirectionally modulate entorhinal inputs
into the dentate gyrus. Science 364, 578-583.

Luo, M.H., Hannemann, H., Kulkarni, A.S., Schwartz, P.H., O’Dowd, J.M., and Fortunato, E.A.
(2010). Human cytomegalovirus infection causes premature and abnormal differentiation of
human neural progenitor cells. J. Virol. 84, 3528-3541.

Mandel, R.J. (2010). CERE-110, an adeno-associated virus-based gene delivery vector

expressing human nerve growth factor for the treatment of Alzheimer’s disease. Curr. Opin. Mol.
Ther. 12, 240-247.

Marin-Burgin, A., Mongiat, L.A., Pardi, M.B., and Schinder, A.F. (2012). Unique Processing
During a Period of High Excitation/Inhibition Balance in Adult-Born Neurons. Science 335,
1238-1242.

Marr, D. (1971). Simple Memory: A Theory for Archicortex. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 262, 23-81.

McAvoy, K.M., Scobie, K.N., Berger, S., Russo, C., Guo, N., Decharatanachart, P., Vega-
Ramirez, H., Miake-Lye, S., Whalen, M., Nelson, M., Bergami, M., Bartsch, D., Hen, R.,
Berninger, B., and Sahay, A. (2016). Modulating Neuronal Competition Dynamics in the Dentate
Gyrus to Rejuvenate Aging Memory Circuits. Neuron 91, 1356-1373.

McClelland, J.L., McNaughton, B.L., and O’Reilly, R.C. (1995). Why there are complementary
learning systems in the hippocampus and neocortex: insights from the successes and failures of
connectionist models of learning and memory. Psychol. Rev. 102, 419-457.

Mendell, J.R., Al-Zaidy, S., Shell, R., Arnold, W.D., Rodino-Klapac, L.R., Prior, T.W., Lowes,
L., Alfano, L., Berry, K., Church, K., Kissel, J.T., Nagendran, S., L’Italien, J., Sproule, D.M.,
Wells, C., Cardenas, J.A., Heitzer, M.D., Kaspar, A., Corcoran, S., Braun, L., Likhite, S.,
Miranda, C., Meyer, K., Foust, K.D., Burghes, A.H.M., and Kaspar, B.K. (2017). Single-Dose
Gene-Replacement Therapy for Spinal Muscular Atrophy. N. Engl. J. Med. 377, 1713-1722.

Monje, M.L., Toda, H., and Palmer, T.D. (2003). Inflammatory Blockade Restores Adult
Hippocampal Neurogenesis. Science 302, 1760-1765.

41


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Nagahara, A.H., Mateling, M., Kovacs, I., Wang, L., Eggert, S., Rockenstein, E., Koo, E.H.,
Masliah, E., and Tuszynski, M.H. (2013). Early BDNF treatment ameliorates cell loss in the
entorhinal cortex of APP transgenic mice. J. Neurosci. Off. J. Soc. Neurosci. 33, 15596-15602.

Nakashiba, T., Cushman, J.D., Pelkey, K.A., Renaudineau, S., Buhl, D.L., McHugh, T.J.,
Barrera, V.R., Chittajallu, R., Iwamoto, K.S., McBain, C.J., Fanselow, M.S., and Tonegawa, S.
(2012). Young Dentate Granule Cells Mediate Pattern Separation, whereas Old Granule Cells
Facilitate Pattern Completion. Cell 149, 188-201.

Nakazawa, K. (2017). Dentate Mossy Cell and Pattern Separation. Neuron 93, 465-467.

Ni, S., Huang, H., He, D., Chen, H., Wang, C., Zhao, X., Chen, X., Cui, W., Zhou, W., and
Zhang, J. (2019). Adeno-associated virus-mediated over-expression of CREB-regulated
transcription coactivator 1 in the hippocampal dentate gyrus ameliorates lipopolysaccharide-
induced depression-like behaviour in mice. J. Neurochem. 149, 111-125.

Ojala, D.S., Sun, S., Santiago-Ortiz, J.L., Shapiro, M.G., Romero, P.A., and Schaffer, D.V.
(2018). In Vivo Selection of a Computationally Designed SCHEMA AAV Library Yields a
Novel Variant for Infection of Adult Neural Stem Cells in the SVZ. Mol. Ther. 26, 304-3109.

Pilz, G.-A,, Carta, S., Stduble, A., Ayaz, A., Jessberger, S., and Helmchen, F. (2016). Functional
Imaging of Dentate Granule Cells in the Adult Mouse Hippocampus. J. Neurosci. Off. J. Soc.
Neurosci. 36, 7407-7414.

van Praag, H., Kempermann, G., and Gage, F.H. (1999). Running increases cell proliferation and
neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci. 2, 266—270.

Pulicherla, N., Shen, S., Yadav, S., Debbink, K., Govindasamy, L., Agbandje-McKenna, M., and
Asokan, A. (2011). Engineering Liver-detargeted AAV9 Vectors for Cardiac and
Musculoskeletal Gene Transfer. Mol. Ther. 19, 1070-1078.

Qian, X., Nguyen, H.N., Song, M.M., Hadiono, C., Ogden, S.C., Hammack, C., Yao, B.,
Hamersky, G.R., Jacob, F., Zhong, C., Yoon, K.-J., Jeang, W., Lin, L., Li, Y., Thakor, J., Berg,
D.A., Zhang, C., Kang, E., Chickering, M., Nauen, D., Ho, C.-Y., Wen, Z., Christian, K.M., Shi,
P.-Y., Maher, B.J., Wu, H., Jin, P., Tang, H., Song, H., and Ming, G.-L. (2016). Brain-Region-
Specific Organoids Using Mini-bioreactors for Modeling ZIKV Exposure. Cell 165, 1238-1254.

Ramirez, S., Liu, X., Lin, P.-A., Suh, J., Pignatelli, M., Redondo, R.L., Ryan, T.J., and
Tonegawa, S. (2013). Creating a False Memory in the Hippocampus. Science 341, 387-391.

Ramirez, S., Liu, X., MacDonald, C.J., Moffa, A., Zhou, J., Redondo, R.L., and Tonegawa, S.
(2015). Activating positive memory engrams suppresses depression-like behavior. Nature 522,
335-3309.

Raza, S.A., Albrecht, A., Caliskan, G., Miiller, B., Demiray, Y.E., Ludewig, S., Meis, S., Faber,
N., Hartig, R., Schraven, B., Lessmann, V., Schwegler, H., and Stork, O. (2017). HIPP neurons

42


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

in the dentate gyrus mediate the cholinergic modulation of background context memory salience.
Nat. Commun. 8, 189.

Redondo, R.L., Kim, J., Arons, A.L., Ramirez, S., Liu, X., and Tonegawa, S. (2014).
Bidirectional switch of the valence associated with a hippocampal contextual memory engram.
Nature 513, 426-430.

Rolland, M., Li, X., Sellier, Y., Martin, H., Perez-Berezo, T., Rauwel, B., Benchoua, A.,
Bessiéres, B., Aziza, J., Cenac, N., Luo, M., Casper, C., Peschanski, M., Gonzalez-Dunia, D.,
Leruez-Ville, M., Davrinche, C., and Chavanas, S. (2016). PPARYy Is Activated during
Congenital Cytomegalovirus Infection and Inhibits Neuronogenesis from Human Neural Stem
Cells. PL0S Pathog. 12, e1005547.

Rothenaigner, 1., Kramer, S., Ziegler, M., Wolff, H., Kleinschmidt, A., and Brack-Werner, R.
(2007). Long-term HIV-1 infection of neural progenitor populations. AIDS Lond. Engl. 21,
2271-2281.

Sahay, A., Scobie, K.N., Hill, A.S., O’Carroll, C.M., Kheirbek, M.A., Burghardt, N.S., Fenton,
A.A., Dranovsky, A., and Hen, R. (2011a). Increasing adult hippocampal neurogenesis is
sufficient to improve pattern separation. Nature 472, 466-470.

Sahay, A., Wilson, D.A., and Hen, R. (2011b). Pattern Separation: A Common Function for New
Neurons in Hippocampus and Olfactory Bulb. Neuron 70, 582-588.

Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., Weisstaub, N., Lee, J.,
Duman, R., Arancio, O., Belzung, C., and Hen, R. (2003). Requirement of hippocampal
neurogenesis for the behavioral effects of antidepressants. Science 301, 805-809.

Saxe, M.D., Malleret, G., Vronskaya, S., Mendez, |., Garcia, A.D., Sofroniew, M.V., Kandel,
E.R., and Hen, R. (2007). Paradoxical influence of hippocampal neurogenesis on working
memory. Proc. Natl. Acad. Sci. U. S. A. 104, 4642-4646.

Schwartz, L., Civitello, L., Dunn-Pirio, A., Ryschkewitsch, S., Berry, E., Cavert, W., Kinzel, N.,
Lawrence, D.M.P., Hazra, R., and Major, E.O. (2007). Evidence of human immunodeficiency
virus type 1 infection of nestin-positive neural progenitors in archival pediatric brain tissue. J.
Neurovirol. 13, 274-283.

Senzai, Y., and Buzsaki, G. (2017). Physiological Properties and Behavioral Correlates of
Hippocampal Granule Cells and Mossy Cells. Neuron 93, 691-704.e5.

Singer, B.H., Gamelli, A.E., Fuller, C.L., Temme, S.J., Parent, J.M., and Murphy, G.G. (2011).
Compensatory network changes in the dentate gyrus restore long-term potentiation following
ablation of neurogenesis in young-adult mice. Proc. Natl. Acad. Sci. U. S. A. 108, 5437-5442.

Smalley, E. (2017). First AAV gene therapy poised for landmark approval. Nat. Biotechnol. 35,
998-999.

43


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Snyder, J.S., Glover, L.R., Sanzone, K.M., Kamhi, J.F., and Cameron, H.A. (2009). The effects
of exercise and stress on the survival and maturation of adult-generated granule cells.
Hippocampus 19, 898-906.

Song, J., Zhong, C., Bonaguidi, M.A., Sun, G.J., Hsu, D., Gu, Y., Meletis, K., Huang, Z.J., Ge,
S., Enikolopov, G., Deisseroth, K., Luscher, B., Christian, K.M., Ming, G., and Song, H. (2012).
Neuronal circuitry mechanism regulating adult quiescent neural stem-cell fate decision. Nature
489, 150-154.

Swiech, L., Heidenreich, M., Banerjee, A., Habib, N., Li, Y., Trombetta, J., Sur, M., and Zhang,
F. (2015). In vivo interrogation of gene function in the mammalian brain using CRISPR-Cas9.
Nat. Biotechnol. 33, 102-106.

Teissier, N., Fallet-Bianco, C., Delezoide, A.-L., Laquerriere, A., Marcorelles, P., Khung-
Savatovsky, S., Nardelli, J., Cipriani, S., Csaba, Z., Picone, O., Golden, J.A., Van Den Abbeele,
T., Gressens, P., and Adle-Biassette, H. (2014). Cytomegalovirus-induced brain malformations
in fetuses. J. Neuropathol. Exp. Neurol. 73, 143-158.

Temprana, S.G., Mongiat, L.A., Yang, S.M., Trinchero, M.F., Alvarez, D.D., Kropff, E.,
Giacomini, D., Beltramone, N., Lanuza, G.M., and Schinder, A.F. (2015). Delayed coupling to
feedback inhibition during a critical period for the integration of adult-born granule cells. Neuron
85, 116-130.

Tervo, D.G.R., Hwang, B.-Y., Viswanathan, S., Gaj, T., Lavzin, M., Ritola, K.D., Lindo, S.,
Michael, S., Kuleshova, E., Ojala, D., Huang, C.-C., Gerfen, C.R., Schiller, J., Dudman, J.T.,
Hantman, A.W., Looger, L.L., Schaffer, D.V., and Karpova, A.Y. (2016). A Designer AAV
Variant Permits Efficient Retrograde Access to Projection Neurons. Neuron 92, 372-382.

Thwaite, R., Pages, G., Chillén, M., and Bosch, A. (2015). AAVrh.10 immunogenicity in mice
and humans. Relevance of antibody cross-reactivity in human gene therapy. Gene Ther. 22, 196—
201.

Toda, T., Hsu, J.Y., Linker, S.B., Hu, L., Schafer, S.T., Mertens, J., Jacinto, F.V., Hetzer, M.W.,
and Gage, F.H. (2017). Nup153 Interacts with Sox2 to Enable Bimodal Gene Regulation and
Maintenance of Neural Progenitor Cells. Cell Stem Cell 21, 618-634.e7.

Treves, A., and Rolls, E.T. (1994). Computational analysis of the role of the hippocampus in
memory. Hippocampus 4, 374-391.

Tronel, S., Belnoue, L., Grosjean, N., Revest, J.-M., Piazza, P.-V., Koehl, M., and Abrous, D.N.
(2012). Adult-born neurons are necessary for extended contextual discrimination. Hippocampus
22, 292-298.

Tuszynski, M.H., Yang, J.H., Barba, D., U, H.-S., Bakay, R.A.E., Pay, M.M., Masliah, E.,
Conner, J.M., Kobalka, P., Roy, S., and Nagahara, A.H. (2015). Nerve Growth Factor Gene
Therapy: Activation of Neuronal Responses in Alzheimer Disease. JAMA Neurol. 72, 1139-
1147.

44


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.18.911362. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

Vivar, C., Peterson, B.D., and van Praag, H. Running rewires the neuronal network of adult-born
dentate granule cells. Neurolmage.

Wen, Z., Song, H., and Ming, G.-L. (2017). How does Zika virus cause microcephaly? Genes
Dev. 31, 849-861.

Wu, X., Dao Thi, V.L., Huang, Y., Billerbeck, E., Saha, D., Hoffmann, H.-H., Wang, Y., Silva,
L.A.V., Sarbanes, S., Sun, T., Andrus, L., Yu, Y., Quirk, C., Li, M., MacDonald, M.R.,
Schneider, W.M., An, X., Rosenberg, B.R., and Rice, C.M. (2018). Intrinsic Immunity Shapes
Viral Resistance of Stem Cells. Cell 172, 423-438.e25.

Yassa, M.A., and Stark, C.E.L. (2011). Pattern separation in the hippocampus. Trends Neurosci.
34, 515-525.

Zetsche, B., Heidenreich, M., Mohanraju, P., Fedorova, 1., Kneppers, J., DeGennaro, E.M.,
Winblad, N., Choudhury, S.R., Abudayyeh, O.0., Gootenberg, J.S., Wu, W.Y., Scott, D.A.,,
Severinov, K., van der Oost, J., and Zhang, F. (2017). Multiplex gene editing by CRISPR-Cpfl
using a single crRNA array. Nat. Biotechnol. 35, 31-34.

45


https://doi.org/10.1101/2020.01.18.911362
http://creativecommons.org/licenses/by-nc-nd/4.0/

