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During adulthood, new neurons are mainly generated in hippocampal dentate
gyrus. This process is known as adult hippocampal neurogenesis (AHN), during
which neural progenitor cells divide, and mature into adult-born dentate granule
cells. Finally they integrate into hippocampal networks, which are known to take
part in learning and memory. Calcium imaging methods have permitted
studying the cellular level events of learning and memory in vivo. For this, genes
encoding for fluorescent calcium indicators are conveyed to neuronal cells, and
when coupled with micro-optical tools they enable the live monitoring of calcium
activity, reflecting activation of neurons. Adeno-associated virus (AAV) is one of
the most used genetic vectors for calcium indicator expression on the target cells.
AAVs are regarded as safe and effective, and so recombinant AAVs are
developed increasingly to deliver transgenes to target tissues. However, recent
research has revealed AAVs’ potency to induce cell death in many cell types,
including neural progenitor cells and adult-born neurons. In this study, the AAV-
induced effects on AHN were assessed by injecting saline (n=6) or AAV9 vector
carrying GCaMP6s calcium indicator unilaterally to dentate gyri of adult male
mice (n=10). After ca. 33 weeks, the number of adult-born neurons was
determined bilaterally by doublecortin immunolabeling and confocal
microscopy. In addition, the amount of GCaMPé6s-derived green fluorescence
(GF) was measured as a marker for transgene expression. Ipsilaterally to the
injection, AAV reduced the number of adult-born neurons, i.e., neurogenesis, in
comparison to saline-injected control group. The effect was local, since the
number of new neurons in the contralateral hemisphere of AAV injected mice
did not differ from control group. Surprisingly, no association between the GF
intensity and the decrease of neurogenesis was found, and the reason for this lack
of correlation remains unclear. In conclusion, this study shows the harmful effect
of AAV on AHN and agrees with the scarce amount of existing data on this
concern. This issue demands further research since AAVs are among the leading
gene therapy vectors and research tools, also within central nervous system.



JYVASKYLAN YLIOPISTO, Matemaattis-luonnontieteellinen tiedekunta
Bio- ja ympéristotieteiden laitos
Solu- ja molekyylibiologian maisteriohjelma

Adeno-assosioitu virusvektori viahentdd aikuisidn
hermosolujen uusiutumista hiiren hippokampuksessa
Pro gradu -tutkielma: 30s.

Tyon ohjaajat: Dosentti Sanna Lensu ja Professori Jari Yldnne

FT Jonna Nykky ja FM Kimmo Lehtinen

Puumalainen, Veera

Tarkastajat:

Marraskuu 2023
Hakusanat: adeno-assosioitu virus, aivot, hiiri, hippokampus,
kalsiumkuvantaminen, muisti, neurogeneesi, oppiminen, pykéldapoimu

Aikuisidlld uusia hermosoluja syntyy pddosin hippokampuksen pykaldpoimussa,
jossa hermokantasolut jakautuvat ja kypsyvit toiminnallisiksi jyvédissoluiksi,
jotka liittyvat lopulta hippokampuksen hermoverkkoihin. Tamad ilmi6 tunnetaan
aikuisidn =~ hippokampaalisena  neurogeneesind.  Kalsiumkuvantaminen
yhdistettynd mikro-optisiin tyokaluihin mahdollistaa muistille ja oppimiselle
tairkeiden hippokampuksen hermosolujen aktiivisuuden tutkimisen eldvan
eldimen aivoissa. Kuvantamisen mahdollistamiseksi kohdesolu tdytyy saada
ilmentdmadn fluoresoivaa kalsiumindikaattoria. Tédtd varten soluun kuljetetaan
vektorin avulla sitd koodaava geeni. Yksi kdytetyimmistd vektoreista on yleisesti
turvallisena pidetty adeno-assosioitu virus (AAV), ja useita sithen perustuvia
tutkimusmenetelmid ja geeniterapiamuotoja onkin kehitetty ja yha kehitteilld.
AAV:n on kuitenkin vastikddn raportoitu aiheuttavan solukuolemaa useissa
solutyypeissd, mukaan lukien hermokantasolut ja aikuisidlld syntyneet
hermosolut. Tassd tutkielmassa AAV:n vaikutusta uusiin hermosoluihin
tutkittiin  aikuisilla  uroshiirilld (n=10), joiden toisen aivopuoliskon
pykélapoimuihin injektoitiin GCaMP6s-kalsiumindikaattoria koodaavaa AAV9-
vektoria. Noin 33 viikon kuluttua aivot siivutettiin, ja uudet hermosolut varjattiin
kaksoiskortiini-vasta-aineella ja laskettiin molemmista aivopuoliskoista
konfokaalimikroskoopilla. Lisdksi GCaMP6s:n tuottaman fluoresenssin maara
mitattiin hippokampuksista AAV:n ilmentymisen madarittamiseksi. Uusien
hermosolujen lukumédrdd verrattiin saman ryhmaén terveeseen aivopuoliskoon
ja kontrolliryhméén (n=6), joille oli injektoitu AAV:n sijaan suolaliuosta. Uusien
hermosolujen méard viaheni paikallisesti AAV-injektion kohdealueella hiiren
hippokampuksessa. Ylldttden yhteyttd fluoresenssin ja uusien hermosolujen
vahenemisen vililld ei 16ytynyt. Tama tutkielma tukee niitd harvoja tutkimuksia,
jotka ovat raportoineet AAV:n haitoista aikuisidlld syntyneille hermosoluille.
Koska AAV on laajalti kdytossd geeniterapian sekéd aivotutkimuksen tyckaluna,
on erittdin tarkedd huomioida ndma tulokset ja tehdé jatkotutkimuksia AAV:n
mahdollisista haitoista eri solu- ja kudostyypeille, sekd selvittdd ndkyvatko
vaikutukset kidytoksen tasolla esimerkiksi oppimisen yhteydessa.
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ABBREVIATIONS

AAV adeno-associated virus

AHN adult hippocampal neurogenesis
DCX doublecortin

GECI genetically encoded calcium indicator
GF green fluorescence

GFP green fluorescent protein

ITR inverted terminal repeat

PBS phosphate-buffered saline



1 INTRODUCTION

Memory allows individuals to reflect on their past experiences and knowledge,
and subsequently use this information to cope with day-to-day life.
Hippocampus is central to learning and memory, two processes that are widely
intertwined. Particularly dentate gyrus, a part of the hippocampal formation, is
commonly accepted as an important part of memory formation (reviewed in
Aimone et al. 2014, Gongalves et al. 2016). Disrupting the formation of new
neurons impairs hippocampus-related functions of dentate gyrus (Clelland et al.
2009, Kesner et al. 2014, Nakashiba et al. 2012).

The formation of new neurons in adult brain is localized mainly in the
subgranular zone of dentate gyrus, where dividing neural progenitor cells give
rise to adult-born neurons. Through both morphological and physiological
development, neural progenitor cells mature into adult-born dentate granule
cells, which eventually integrate into hippocampal networks. This phenomenon
is termed adult hippocampal neurogenesis (AHN) (reviewed in Aimone et al.
2014). A simplified process of AHN is illustrated in Figure 1. Another neurogenic
niche of adult mammalian brain is in the subventricular zone in the lateral
ventricles, from where new neurons travel to olfactory bulb to mature into local
interneurons (reviewed in Alvarez-Buylla and Garcia-Verdugo 2002). An
ongoing debate surfaced during late 2010’s about the existence of AHN in
humans after Sorrells et al. (2018) had their article published in Nature. They
concluded that only negligible number of new neurons are generated in human
hippocampus after childhood. However, this finding has been contradicted by
histological and functional studies (reviewed in Lucassen et al. 2020). Despite
extensive studies focusing on AHN, the function of adult-born dentate granule
cells is not fully clarified, and therefore research concerning neurogenesis is
fundamental.
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Figure 1.  Simplified illustration of the process of adult hippocampal neurogenesis (AHN)
in subgranular zone of hippocampal dentate gyrus. During AHN, radial glia-
like cells (also known as type 1 cells) divide to produce neural progenitor cells
(type 2a cells). Neural progenitor cells differentiate through an intermediate
stage (type 2b cells) to neuroblasts (type 3 cells). Neuroblasts give rise to
immature granule cells that go through both morphological and physiological
maturation into mature granule cells, that will eventually integrate into
hippocampal networks. Doublecortin (DCX) is expressed from differentiation of
developing granule cells through the maturation of immature granule cells.
Figure is drawn based on Aimone et al 2014, Brown et al 2003, Kempermann
2003, Kempermann et al. 2004 & 2015 and Ming and Song 2005 & 2011.



Multiple non-invasive methods, such as behavioral testing (reviewed in Savage
and Ma 2014) and functional neuroimaging, including functional magnetic
resonance imaging (fMRI) and positron emission tomography (PET) (reviewed
in Cabeza and Nyberg 2000, Reber 2013) are used to study the processes of
learning and memory but acquiring single cell resolution in vivo is not plausible
with such techniques. In order to gain information about cellular level
phenomena, like an activation of a cell, access to the cells is necessary. It can be
achieved with genetically encoded calcium indicators (GECIs) when coupled
with micro-optics. These GECls are able to label a specific neuronal population,
and combined with micro-optical tools they enable the imaging of deep brain
regions and give access to large neuronal populations (Hayashi et al. 2017).
Action potentials generate Ca2* influxes in the neuron terminals, and this
phenomenon is put in use in GECls, that are a fusion of fluorescent proteins and
Ca2*-binding proteins. For example, a fusion of circularly permuted enhanced
green fluorescent protein (GFP) and calmodulin, coupled with calmodulin target
peptide M13, gives rise to specific GECI family termed GCaMP. The imaging of
neuronal activity with GCaMP relies on fluorescence increase which is caused by
Ca2*-dependent conformational change in the calmodulin-M13 complex. Upon
binding Ca2*, calmodulin interacts with M13, which restricts the access of water
molecules to the chromophore. This causes deprotonation of the chromophore,
which fluoresces brightly in this anionic form (Barnett et al. 2017). Engineering
of the GCaMP family has resulted in GCaMP variants that can detect action
potentials of single cells (Ahrens et al. 2013, Sofroniew et al. 2016). GCaMP
variants are developed to yield e.g., better signal-no-noise ratios and fluorescence
signals. GCaMP6 variants, used also in this study, were developed in 2013 and
are divided to three subtypes based on their kinetics (Chen et al. 2013). These
subtypes, GCaMP6s, GCaMP6m and GCaMP6f are named after the speed of the
kinetics, with s standing for slow, m for medium and f for fast. The sensitivity of
these GCaMP6 sensors is higher with slower kinetics and vice versa. GCaMP6s
performs better at detecting single action potentials than the 6m and 6f sensors.
Newer GCaMP variants have been since developed, with the newest (as of
November 2023) being jGCaMP8 sensors with fastest kinetics and highest
sensitivity to date (Zhang et al. 2023). In order to make cells of interest express
fluorescent calcium indicator, the genes encoding given molecules have to be
conveyed to the site. Adeno-associated viruses (AAVs) are among the most
extensively used vectors for gene delivery (Wang et al. 2019).

AAVs belong to Parvoviridae family and are further classified to the
Dependoparvovirus genus (Wu et al. 2006). Dependeparvoviruses are dependent on
helper viruses, such as herpes simplex virus or adenovirus, to accomplish a
successful viral life cycle. In absence of helper virus, AAV infection is latent and
viral genes integrate in the host genome (Chen 2007) or remain in the cell as
episomal forms (Deyle and Russell 2009, Bijlani et al. 2021). Recombinant AAVs
rarely integrate into the host chromosomes, and the long-term expression is
mainly a result of episomal concatemers constructed from intermediate forms of
double-stranded DNA (Ferrari et al. 1996, Nakai et al. 2001, Wang et al. 2007). On



the rare occasions of AAV chromosomal integration, the designated integration
site in human genome is the long arm of chromosome 19 at position 13.3qter,
namely in AAVST locus (Kotin et al. 1992, Dutheil et al. 2000).

Since AAVs do not replicate without helper viruses, and have low
immunogenicity, they are generally regarded as safe, and have become
intriguing genetic vectors (Naso et al. 2017). There are a handful of AAV-based
gene therapy products in clinical use (e.g., U.S. Food and Drug Administration,
2017 and 2019) and multiple going through clinical trials for treating various
diseases in virtually all types of tissues (Mingozzi and High 2011, Naso et al. 2017)
including a myriad of treatments targeting the central nervous system
(Hocquemiller et al. 2016, Ojala et al. 2014). For example, in 2019 U.S. Food and
Drug Administration approved AAV9-based gene therapy (onasemnogene
abeparvovec-xioi, brand name Zolgensma®) for treatment of spinal muscular
atrophy (SMA) in children under the age of two. Patients suffering from SMA
experience loss of voluntary muscle control, which stems from recessive
inherited disorder in the survival motor neuron 1 (SMN1) gene. This disorder
leads to depletion of certain nerve cells that are responsible for relaying
information between spinal cord and skeletal muscle, resulting in motor
impairment. Treatment with Zolgensma has been shown to improve motor
function in children treated with it (for more extensive review, see Yang et al.
2023). However, in 2022 Novartis, the company marketing Zolgensma,
confirmed that two patients had died following an acute liver failure after
treatment with Zolgensma (Philippidis 2022), resulting in the risk/benefit profile
of this gene therapy being called into question.

In recombinant AAVs (rAAVs), the genes to be transduced are packed
between inverted terminal repeats (ITRs), that form the rim of viral genes (Wang
et al. 2019), which are the sole part of wild type AAV present in recombinant
AAVs. For clarity, in this thesis the abbreviation AAV is used when referring to
recombinant AAVs.

In contrary to common belief of non-pathogenic nature of AAVs, some
recent studies have found signs of harm induced by AAV in neural progenitor
cells and immature dentate granule cells (Johnston et al. 2021) as well as other
cell types (Hinderer et al. 2018, Hirsch et al. 2011). Johnston et al. (2021) reported
that reduction of neural progenitor cells and immature dentate granule cells - the
reduction of neurogenesis - induced by AAV transduction appears to be dose-
dependent and happens with commonly used viral titers in experiments in mice
dentate gyrus (= 3 x 10! gc/ml, with injected volume of 1 pul). They studied the
relationship between dose and time, but the longest follow-up time from
injection to tissue collection was three months. In that study, cell death induced
by AAV was not dependent on the used promoter, fluorescent protein or
serotype among other procedures concerning AAV production.

Johnston and their colleagues (2021) also assessed the possible role of
inflammation as the cause for reduction of adult-born neurons by
microglia/macrophage-specific protein Ibal (ionized calcium binding adaptor
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molecule 1) and astrocyte specific GFAP labeling. Microglia are the main immune
cells of the brain, whereas astrocytes support many functions, including
structural and metabolic processes and inflammatory reactivity in response to
injury (reviewed in Freeman and Rowitch 2013). The results that Johnston et al.
(2021) obtained, do not support the idea, that inflammation resulted in reduction
of neurogenesis, since Ibal and GFAP levels rose 4 weeks after AAV-injection,
whereas adult-born neurons were eliminated 48 hours post-injection. Instead,
experiments denoted that ITRs mediated this decrease in neural progenitor cells
and newly generated granule cells. This was studied by introducing ITR
oligonucleotides to mouse neural progenitor cells in vitro. They observed a dose-
dependent cell loss and arrest of proliferation of neural progenitor cells within
hours to days. Given that AAVs rely on ITR-flanked genes, it is essential to
further investigate the potential negative effects of AAV, especially when
keeping in mind that AAVs are commonly used vectors in human gene therapy.

According to Kuzmin et al. (2021), already in early 2020’s there were over
3,000 individuals treated with AAV vectors. Long-term follow-up research
concerning AAV gene therapy durability and its persistent effect are sparse, but
in the few conducted studies the transgene expression achieved with AAV
vectors are shown to last for years (Xiao et al. 1996, Bijlani et al. 2021). In modern
neuroscience, AAV-based research on learning and memory has gained ground
ever since the realization that AAVs can be engineered to target cells in the
central nervous system (for brief review, see Haggerty et al. 2019). These
approaches also include calcium imaging via genetically encoded calcium
indicators. Especially in in vivo models the different methods should not affect
the quality or quantity of the data. Furthermore, given that AAVs are amongst
the most popular vectors for delivering genetically encoded calcium indicators,
the issue with AAV induced cell ablation raises concern.

This study was done to clarify the effect of AAV viral vector on
neurogenesis by conducting immunohistochemical labeling and confocal
microscopy from the brains of adult male CJ57BL/6] mice. Brain sections from
mice, that received either AAV injection or control procedure 33 weeks earlier,
were used to compare the effect of AAV transduction on neurogenesis. The
volume of injection was 1 pl, and the used titer was 3.5 x 10° gc/ml, which is less
than AAYV titers commonly used for injections to the dentate gyrus (1.5 x 1012-3.6
x 1013 gc/ml, injection volume 1 pl) (Johnston et al. 2021). Quantitative indicator
of neurogenesis in this study was the number of doublecortin (DCX) -labeled
newly born neuronal cells in the murine dentate gyrus. DCX is a microtubule-
associated protein widely used as a marker for neurogenesis, especially for
immature neurons (Couillard-Després et al. 2005, Spampanato et al. 2012),
mainly neurons born within the last 12 days (Figure 1) (Rao and Shetty 2004,
Kuipers et al. 2015). Maturing neurons have been observed to express DCX for
up to a month after the generation of new neurons, albeit only in a fraction of the
original DCX-expressing neuroblast population (Brown et al. 2003). DCX is

5



paramount for neuronal migration, and mutations in Dcx gene and DCX
expression level have been shown to affect cell proliferation in addition to
neuronal migration (Pramparo et al. 2010, Filipovic et al. 2012). The AAV9 vector
used in this study carried calcium indicator GCaMP6s with neuron-specific
CAMKII promoter. Even though CAMKII is quite often considered to be
excitatory neuron-specific, Veres et al. (2023) have shown it to target other cell
types, including inhibitory neuronal cells. However, they concluded that in
hippocampus the percentage of the studied inhibitory cells that were targeted by
CAMKII promoter was low, with only a fraction of inhibitory cells expressing
CAMKII-driven transgene. So, it is reasonable to assume that in this study the
transgene-expressing cells were excitatory apart from marginal exceptions.

In this study, the amount of GCaMP6s-derived green fluorescence (GF) in
vicinity of the injection site was evaluated through confocal microscopy as an
estimate of AAV transduction. Green fluorescent protein (GFP) is used as a gene
reporter, and it can be used to quantitatively assess the amount of transgene
expression in eukaryotic cells (see e.g., Anderson et al. 1996, Soboleski et al. 2005).
GCaMPs are based on GFP, and GCaMP-derived GF has also been used as an
estimate of transgene expression (see e.g., Dana et al. 2014). Control group was
predisposed to AAV-lacking phosphate-buffered saline (PBS) injections and
sham operations instead of viral vector and lens implantation. In light of recent
research, it was hypothesized that AAV decreases neurogenesis in hippocampus.
Also, the possible impact of microendoscopy when coupled with AAV injections
in hippocampus was assessed by comparing the amount of neurogenesis in the
two hemispheres of the brain. The hypothesis was that the healthy hemisphere
would have more neurogenesis in comparison to the AAV-injected and lens
implanted side.

2 MATERIALS AND METHODS

The invasive nature of this study requires animal models. For this purpose, 20
male C57BL/6]JRcc/Hsd mice (Envigo, Netherlands) were housed in the animal
facilities of University of Jyvdskyld in groups of two to three animals per cage.
Upon arrival at the age of four weeks, the animals were acclimatized to premises
and handling for two weeks. Water and food were freely available, and the mice
were maintained in 12 h/12 h light-dark cycles. Cardboard tubes were given to
the mice as an enrichment. Animals were randomly assigned to experimental
group that received AAV-injections and lens implantations (n=14) and control
group, that received PBS injections and dummy implantations (n=6). From each
individual, data from both hemispheres were treated individually, with the side
without injection or implant serving as a contralateral inner control. Therefore,
the formed groups were AAV implant, AAV control, PBS implant and PBS
control. The general workflow of the study and the formed groups are depicted
in Figure 2. This thesis is part of a larger research project titled “Dentate gyrus -
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the gateway to memory?, and procedures on mice, i.e. animal maintenance,
injections and implantations, were done by the research group. I cryosectioned
the brains, immunolabeled the sections with DCX-antibody and performed the
counting of adult-born neurons, as well as carried out fluorescence analyses.

StUdy phase L Mouse age (wk)
Acclimatization d°57BU5~'R“’HS" T
— » & s
Injection N=6 (. L T ¢
PBS AAV
Implantation - ) E Q 9 E Q n=13 | [
v v
[ ] .
Control Dummy Control Lens
side side side side
/ | .l \ E
[ ] R N
Sacrifice
Tissue
collection
and analysis
n=6 n=6 n=10 n=10
?*JS\OI\:IJ: PBS control PBS implant AAV control AAV implant

Figure 2.

Flow chart of experiments on mice. Recombinant AAV9 vector was injected
unilaterally to dentate gyri of adult male mice, to express calcium indicator
GCaMP6s under CAMKII promoter. Control group received unilateral sterile
PBS injections instead of AAV (control group designated hence PBS). For
calcium imaging purposes, tiny glass lenses (microendoscopes) were implanted
to injected hemispheres of AAV mice to image GCaMP6s expressing cells.
Comparable cylindrical objects (dummies) were implanted to injected
hemispheres of PBS mice. Contralateral hemispheres were consequently left
intact. Therefore the formed groups were PBS control, PBS implant, AAV control
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and AAV implant. In addition to calcium imaging, GCaMP6s-derived GF was
used as a gene reporter for the amount of AAV transduction. During analysis,
new-born adult neurons were immunolabeled with DCX-antibody to yield a
numeric value to represent the amount of neurogenesis. Illustration depicts the
injected and implanted hemisphere on the right by convention, although the
unilateral injections and implantations were done to either hemisphere.

2.1 Ethical approval

Approval for all the procedures was given by Animal Experiment Board of
Southern Finland (licence ESAVI/24666/2018) and conducted in accordance
with directive 2010/63/EU of the European Parliament. Personnel working with
animals had competence according to the FELASA guidelines.

2.2 Virus injection and lens implantation

Mice belonging to the AAV group (aged 6 weeks at the time, n=14) received AAV
viral injections with a GCaMP6s gene under CAMKII promoter. Injections were
done unilaterally to hippocampus to express GCaMP6s in the granule cells of
hippocampal dentate gyrus. The expression of calcium-controlled fluorescence
coupled with microendoscopy (implantation of small, permanent lens into the
brain tissue) enables the imaging of neuronal activity in real-time. GCaMP6s also
serves as a fluorescent marker for histology studies done with confocal
microscopy. AAV.CamKIL.GCaMP6s.WPRE.SV40 was a gift from James M.
Wilson (Addgene viral prep #107790-AAVY; http://n2t.net/addgene:107790;
RRID:Addgene_107790). AAV9 viral preparation was diluted to sterile PBS to
reach a concentration of 3.5 x 10° gc/ml. During the injections, the mice were
fixed to a manually operated stereotaxic frame. AAV solution was injected to four
sites to ensure the success of injection. 250 nanoliters (100 nl/min) of AAV
solution (3.5 x 10° gc/ml) was injected per injection site under isoflurane
anesthesia. Therefore the total dose of AAV was 3.5 x 10° gc. Injection coordinates
for the four injections were: i) anterior-posterior from bregma (A/P) -2.0,
medial/lateral to midline (M/L) £ 1.4 mm and dorsal/ventral from dura (D/V)
-2.3 mm, ii) A/P -2.0 mm, M/L + 1.4 mm and D/V -2.1 mm, iii) A/P -2.0 mm,
M/L£09mmand D/V -2.3 mm, and iv) A/P -2.0 mm, M/L £ 0.9 mm and D/V
-2.1 mm (Figure 3). The coordinates on Figure 3 are adapted from Paxinos and
Franklin (2004), but because isoflurane anesthesia causes swelling of the brain,
the illustrated injection sites do not align with theoretical stereotaxic coordinates,
which are based on mouse brain under normal physiological conditions.
However, the injection coordinates presented above were the ones used to adjust
the stereotaxic frame. The animals received injections randomly to either left or
right hemisphere of the brain. For control group (n=6) the procedure was done
similarly, but instead of virus solution, sterile PBS was injected. After recovery
period of approximately two to three weeks, chronic glass gradient index (GRIN)
lens (Inscopix nVista™) for AAV mice or dummy (cylindrical object of similar
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size) for control mice was implanted surgically under isoflurane anaesthesia to
area showing GF or the site of control injection. By predisposing only one side of
the brain to injections and lens/dummy implantation, the other side could be
used as an internal reference to compare differences between hemispheres as
well as between groups. One mouse had to be killed during the lens implantation
for failure to express any signal. During the course of the study, three additional
animals were found dead in their premises. All the dead animals belonged to the
AAV group (final n=10).

Figure 3. A schematic illustration of unilateral injection sites and implant placement. The
implant was placed at approximately 300 pm distance from dentate gyrus,
which is illustrated with light grey color. The distance was assessed by GF
intensity recorded with Inscopix nVista™ from GCaMP6s expressing dentate
granule cells. Quadrilaterals with red dots represent injection sites in dentate
gyrus. Blue rectangle represents the implant placement. The coordinates of the
illustration represent the medial/lateral to midline (M/L) direction on
horizontal axis and dorsal/ventral from dura (D/V) on vertical axis. Figure is
drawn based on stereotaxic coordinates from Paxinos and Franklin 2004.



2.3 Histology

At the time of the euthanasia, the animals were approximately 9 months old, and
were considered to be young adults (see Dutta and Sengupta 2016). At this point,
ca. 33 weeks had passed after AAV injections. The animals were killed with an
overdose of sodium pentobarbital (s.c.), and the brains were perfusion fixed.
Brains were washed with 0.9% NaCl-solution for four minutes (10 ml/min), after
which they were perfused with fresh 4% paraformaldehyde solution (pH 7.4) for
nine minutes (10 ml/min). Brains were post-fixed with 4% paraformaldehyde in
PBS (pH 7.4) at +4°C for maximum of 24 hours, after of which the solution was
replaced with 0.1 M PBS (pH 7.4) and the brains were stored at +4°C until
sectioning.

At least 48 h before sectioning, brains were immersed in 30% sucrose to
prevent freezing damage caused by dry ice and to preserve the brain morphology
upon cryosectioning. To cut the brains, they were frozen with dry ice and sliced
coronally into thin 40 pm sections using a sliding microtome (Leica SM2010 R, IL,
USA). Every 12th section was collected to a tube containing cryoprotectant
solution (18.75% w/ v sucrose, 37.5% v /v ethylene glycol (VWR, #85512.290), 62.5%
v/v 0.05 M phosphate buffer (PB), 0.025% w/v sodium azide (Sigma Aldrich,
#52002)). One tube per individual was randomly selected for further staining
procedures.

2.4 Immunolabeling and confocal microscopy

To visualize adult-born neurons, sections were immunohistochemically stained
according to a free-floating method described previously by Nokia et al. (2016)
with modifications, because fluorescent labeling of target proteins was used. The
used procedure is summarized in the next paragraph.

All the immunolabeling procedures were done under constant shaking at
room temperature. The cryoprotectant solution was washed from the sections
(three 10-minute washes) with 1X PBS (pH 7.4). Samples were blocked with
normal goat serum (10% normal goat serum (Biowest, #5200H-500) in 1X PBS,
supplemented with 0.3% Triton X-100 (Electran® Triton X-100, VWR, #437002A))
for 30 minutes. Primary antibody (polyclonal doublecortin produced in rabbit,
Cell Signaling Technology, #4604), was diluted at 1:800 in 1X PBS supplemented
with 1% normal goat serum and 0.3% Triton X-100, added to the samples, and
incubated overnight. On the second day, the sections were washed with 1X PBS
(three washes for 10 minutes each) and incubated 2 hours in secondary antibody
solution (1:200 Alexa Fluor 546 goat anti-rabbit IgG, Invitrogen by Thermo Fisher
Scientific, #A11035; diluted to 1X PBS supplemented with 1% normal goat serum
and 0.3% Triton X-100). Washes were repeated as previously, and sections were
mounted on microscope slides, allowed to dry and coverslipped. 4',6-diamidino-
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2-phenylindole (DAPI) was incorporated into the mounting medium
(VectaShield® HardSet™ Antifade mounting media with DAPI, Vector
Laboratories, #H-1500) to visualize the nuclei in fluorescence microscopy.

The counting of the adult-born dentate granule cells and imaging the
sections for analyzing the expression of GCaMP6s-derived GF intensity were
done by fluorescence microscopy using Zeiss LSM 700 confocal microscope (Carl
Zeiss Microscopy LLC, NY, USA). For imaging, DAPI, GFP and DCX were
sequentially excited by illuminating the sample with 405 nm, 488 nm, and 555
nm lasers, respectively. For GFP, laser power was set to 0.4 mW, gain (voltage)
to 463 V, and offset to 0. DAPI and DCX signals were not used for quantitative
analyses, and therefore the adjustments of the laser scanning system were done
so that it was possible to acquire visually qualifiable images. All the settings were
kept identical between samples. Images were scanned unidirectionally with pixel
dwell time of 1.58 psec, and pinhole diameter of 11.5 um (1.94 AU), 14.5 pm (2.14
AU), and 9.7 pm (1.37 AU) for DAPI, GFP and DCX, respectively. The emission
tilters were short pass 555 for GFP and long pass 490 for DCX. The location of the
implant was assessed with the help of mouse brain atlas with stereotaxic
coordinates (Paxinos and Franklin 2004). To measure GF, corresponding images
were taken from hippocampi of both hemispheres with 10x magnification, and
the lens/dummy was fitted to the obtained image, always with similar settings.
Images of 2048 x 2048 pixels were taken using Zeiss Plan-Apochromat 10x
(numeric aperture, NA=0.45) objective.

Three sections (a 40 pm) from each mouse were selected for counting of the
DCX positive cells and imaging of the GF intensity, with one section from the
position of the implant, one caudally, and one cranially to the implant. Due to the
random sampling and implant dimensions, implant was occasionally visible in
multiple sections. In such case, the section with implant diameter closest to one
millimeter (i.e. midpoint of the implant) was chosen to represent the middle
position of the implant. All cells located in the dentate gyrus with neuron-like
structure were included in the counting of DCX positive cells. The average
number of DCX positive cells in a section within the group was used as a marker
of neurogenesis. The intensity of GF was measured with QuPath® (Bankhead et
al. 2017) version 0.4.2. using the software intensity feature detector. The
maximum and mean intensity values from images of three sections from each
individual were averaged individually to obtain one value to represent each
subject. In addition to mean value, maximum intensity was chosen to estimate
the highest amount of fluorescence in the target area. The whole imaged area
(2048 x 2048 pixels) was included in the intensity measurements in QuPath®.
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2.5 Statistical analysis

Statistical analyses were done with IBM SPSS Statistics (version 29.0.0.0) software.
To study the potential differences in mean values between the groups, a non-
parametric Mann-Whitney U test was used since the distribution of the data
violated the assumptions of parametric t-tests. For contralateral comparisons, i.e.
within-subjects comparisons (PBS/AAV control vs. PBS/AAV implant),
Wilcoxon signed-rank test was used. Spearman correlation was applied to test
the correlation between the number of adult-born dentate granule cells and
GCaMPés-derived GF intensity, which was used as an estimate of AAV
transduction.

3 RESULTS

To study the effect of recombinant AAV vector injection and chronically
implanted lens on AHN, 3.5 x 10° gc of AAV9 vector carrying GCaMP6s calcium
indicator was injected unilaterally to hippocampal dentate gyri of adult male
mice (n =10). Few weeks later, glass gradient index lenses were implanted on the
side of the injection. Control group received PBS injections and sham implants of
similar size to lens instead of experimental procedures. Unilateral operations
allowed the contralateral hemisphere to stay intact and serve as an inner control.
33 weeks after the injections, the mice were euthanized and the number of adult-
born neurons in the dentate gyrus was assessed from three coronal sections
adjacent and at the location of the implant or from corresponding location of the
intact hemisphere by immunolabeling with DCX antibody. Also, GCaMP6s-
derived GF was measured as an estimate of the amount of AAV.

The unoperated hemisphere of AAV group (AAV control) did not
differ in the amount of neurogenesis from either the PBS implant or PBS control
group (Figure 4). The number of new neurons in the AAV implant group (mean
= 8.30) was significantly lower than in the AAV control group (mean = 13.83)
(Wilcoxon signed-rank test, Z = -1.99, p = 0.047). There were 40% less DCX
positive cells in the hippocampus of the AAV implant group in comparison to
contralateral side of the AAV injection (Figure 5).
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Contralateral control Injection + implant

.

Figure4. Representative confocal microscopy images from coronal sections of mouse
brain. Dentate gyri of adult male mice were unilaterally injected with
recombinant AAV9 vector to express calcium indicator GCaMP6s under
CAMKII promoter. Control group received unilateral sterile PBS injections
instead of AAV. Contralateral hemispheres served as controls for both the AAV
and PBS injections. 33 weeks after injections, adult hippocampal neurogenesis
was visualized by immunolabeling with doublecortin (DCX)-antibody. Images
show the cell nuclei in the granule cell layer of the dentate gyrus labeled with
DAPI (blue), GCAMP6s-derived green fluorescence (GF) (green) and DCX
positive cells (red). The images used for quantification were obtained with Zeiss
LSM700 confocal microscope with 10x magnification, whereas these images
were taken with 20x magnification to allow better visualization. Lens position is
indicated with yellow dashed line. Images are otherwise original, but the
brightness and contrast were enhanced for visual purposes. The scalebar is
shown in the lower left panel and is the same in all images.
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Figure5.  To measure neurogenesis, newly generated neurons were immunolabeled with
doublecortin-antibody (DCX) in the brains of AAV-injected (n=10) and PBS-
treated control (n=6) mice. The number of DCX expressing cells (mean +/- SE)
in the granule cell layer of the dorsal hippocampal dentate gyrus was counted
from three representative sections per animal and their average value was used
as an indicator of neurogenesis in each animal. For the statistical comparisons
Wilcoxon signed-rank test was used. * p < 0.05.

The number of adult-born neurons between the two hemispheres of PBS group
correlated positively (r = 0.611, p = 0.007). On the contrary, in the AAV group
there was no correlation in the number of new neurons between the two
hemispheres (r = 0.332, p = 0.073). In other words, there were equal number of
new neurons in the hemispheres of PBS group (Figure 5). However, GF intensity
and the number of DCX positive cells did not correlate in any of the groups
(Spearman correlation; PBS control: r = 0.338, p = 0.512, PBS implant: r = 0.092, p
=0.321, AAV control: r = 0.195, p = 0.590 and AAV implant: r = 0.212, p = 0.556).
Thus, GF intensity, i.e., GCaMP6s expression, did not explain the amount of
neurogenesis in any of the groups. Both the maximum and average intensity of
GF, measured from AAV control side were less than fifth of that on AAV implant
side, whereas only minuscule fluorescence was detected in the PBS group (Figure
6).

14



Avg. GF intensity (AU)

8.0

6.0

4.0

20

0.0

*k K b *k %

* % ¥

[ 5 : hemisphere f

implant

4.0

20

Max. GF intensity (AU)

H

0.0 |

PBS AAV
treatment treatment

PBS

Figure 6. The intensity of GF (arbitrary units, AU), i.e, GCaMP6s expression was
measured with QuPath® software’s intensity feature detector from imaged
sections of hippocampi from AAV-injected (n=10) and PBS-treated (n=6) mice.
The implant was similarly fitted to all images, and the corresponding location
was imaged from contralateral hemisphere. The intensity was defined as a)
average intensity (mean +/- SE), and b) maximum intensity (mean +/- SE).
Statistical comparisons between groups were done with Mann-Whitney U test,
*** p <0.001, and within-subjects comparisons were done with Wilcoxon signed-
rank test, 88 p <0.01.

4 DISCUSSION

Recent research has challenged the long-thought safety of AAV as a gene therapy
vector as it was found that AAV viral vectors cause cell death among adult-born
neurons (e.g., Johnston 2021). In this thesis, this was studied further by
comparing the number of adult-born neurons in the mouse hippocampus
between two groups, one of which received unilateral AAV injections (n=10) and
implantations of calcium imaging-permitting chronic glass lenses to the
hippocampus, and the other served as the control group (n=6) exposed to sterile
PBS injections and dummy implantations. The unilateral injections permitted
using the intact hemispheres as internal controls. The AAV construct encoded
calcium indicator GCaMP6s, carrying GFP gene under neuron-specific CAMKII
promoter, which enables in vivo neuronal imaging when coupled with micro-
optical tools. The main finding of the study was that in the group subjected to
AAV injections and implantation of microendoscopic lens, the neurogenesis was
significantly reduced in contrast to controls, as was originally hypothesized. The
harmful effect of AAV to new neurons expressing DCX was localized on the brain
hemisphere subjected to AAV injections, and the contralateral hemisphere did
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not differ in the amount of neurogenesis from the sham control. In their study,
Johnston et al. (2021) found that the loss of adult-born dentate granule cells
during intermediate progenitor cell stages (see Figure 1, cell types 2a, 2b and 3),
as well as during immature stages (during DCX expression) after AAV injections
did not recover during follow-up time. Intermediate progenitor cells were
quantified up to 4 weeks post-injection, whereas immature cells for 3 months. My
results indicate that recovery of immature adult-born dentate granule cells is not
apparent even after 33 weeks (ca. 7.5 months). In unaffected state, the maturing
dentate granule cells in hippocampus are replaced by progenitor cells, but by
virtue of the results of Johnston et al. (2021), showing the loss of intermediate
progenitor cells, this replacement has not likely happened. That supports the idea
that the AAV-induced neuron loss can be sustained for longer periods of time,
which was observed also here.

In more detail, this thesis demonstrates that injecting 3.5 x 10¢ gc of AAV9
vector carrying GCaMPés into dentate gyrus of mouse reduces adult
hippocampal neurogenesis (Figure 5). Unexpectedly, the number of adult-born
neurons did not correlate with the GCaMP6s expression. Under the assumption
that the expression of AAV would lead to the reduction of neurogenesis, and that
the amount of GCaMP6s-derived GF would reflect AAV-driven transgene
expression, it is counterintuitive to not find correlation between these two. It may
be that the microendoscopy had an impact on the neurogenesis instead of the
viral vector, but this ought to have been registered also in the sham operation
group. On the other hand, the intensity of GF on histological preparations can
possibly have been subjected to decrease of fluorescence intensity due to
prolonged preservation of the samples. This could have affected the measured
intensity, and therefore diminished the correlation. However, comparisons of
immunofluorescently labeled sections from different time points did not support
this explanation. To control this, I measured GF intensity from randomly chosen
sections approximately two months after the first fluorescence measurement and
compared the intensities from different timepoints, and there was no decrease in
the GF. Another alternative is that the AAV expression and fluorescence do not
coincide, i.e., the fluorescence can not be used as a direct measure of AAV
expression, or that moderate variations in GF intensity, reflecting GCaMP6s
expression, do not influence AHN. Regardless of the reason for this lack of
correlation, it is a subject that deserves further research.

Here, I analyzed both average and maximum intensity values, even though
usually, when GFP is used as a gene reporter, it is done with average values (see
e.g., Soboleski et al. 2005). To examine a scenario, in which multiple cells show
high GF intensity, maximum value was used as an alternative unit of measure.
Overexpression of proteins, also reported on GFP, is associated with oxidative
stress on the cell (Ganini et al. 2017), cellular deficits and even cell death (Mori et
al. 2020, Detrait et al. 2002). The overexpression of GFP, introduced by a reporter
gene, is shown to result in cell death also in neuronal populations (see e.g.,
Detrait et al. 2002). GCaMP calcium indicators are based on GFP, and there is
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evidence that GCaMP6 expression, especially during development (mice
younger than 7 weeks of age), can result in epileptiform activity (Steinmetz et al.
2017). Additionally, GCaMP overexpression has been shown to induce cytotoxic
effects and disrupt calcium homeostasis in mouse brain (Tian et al. 2009). These
aberrancies are detected in cells, that express GCaMP in the cell nuclei, whereas
GCaMP expression in cytosol does not lead to these negative impacts. In this
study, visual assessment showed multiple cells overexpressing GCaMP6s, which
was marked by nuclear filling of the cells (Figure 4, lower right panel) (Chen et
al. 2013, Resendez et al. 2016). High levels of GCaMP expression, e.g., by high
titers or long-term expression, have been shown to disrupt calcium dynamics and
signalling via channel perturbations and even lead to apoptosis. Therefore, to get
an optimal GCaMP expression without the downsides of overexpression, it is
advisable to perform the experiments within three to eight weeks post-injection.
Longer time windows have been shown to increase the side effects of GCaMP
expression (Resendez et al. 2016, Yang et al. 2018). In this study, the mice were
perfused ca. 33 weeks post-injection, which could have resulted in higher
expression levels than optimal. The nuclear filling seen in many GCaMP-
expressing cells substantiates this hypothesis. The slow turn-over rate of neurons
has likely enabled the long-term expression of GCaMP in the target cells,
increasing the probability of side effect appearance. Also, the work mechanism
of GCaMP, notably calmodulin binding intracellular Ca2* to produce a
fluorescent signal, might lead to buffering of Ca2* by GCaMP (McMahon and
Jackson 2018). In an experimental setup, where intracellular Ca2* is monitored as
an indicator of e.g., neuronal signaling during learning, Ca2* buffering by the
research tool, let alone plausible emergence of side effects is unwanted. However,
potential disruptive or deleterious effect of GCaMP expression itself could not be
assessed by the experimental design and would require additional studies.

No GF was detected in the PBS groups in addition to minuscule
fluorescence, which most likely stems from autofluorescence. This is supported
by the observation, that low levels of autofluorescence were detected from brain
tissue, that did not receive GCaMP6s-coding AAYV injections, or were part of the
PBS groups. Although neurogenesis was reduced in AAV implant group, no
observable difference in well-being of the animals was seen, and the animals
grew comparably between groups (data not shown). The sham implant (dummy),
coupled with PBS injections did not create an impact on AHN, so the operations
themselves did not affect the amount of neurogenesis.

Possible limitation of this study is the use of only male mice, even though it
has been noted that sex and sex-related hormones have an impact on
neurogenesis (Duarte-Guterman et al. 2015). However, the research group is
conducting a similar study with female mice, and the results can be widely
combined to yield data that can be generalized to include both sexes. Also, no
group lacking all procedures was included, and the absence of negative control
may have influenced the interpretation of the results. However, it is not likely
that the sham control group would have rendered a falsely significant result,
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since this would have been the case only if the sham control group would have
gained benefit from the treatment.

Johnston et al. (2021) demonstrated that the AAV-induced reduction of
neurogenesis correlates with the activity of dentate gyrus, and even titers that
leave AHN intact influence the networks and their activity. In research, where
adult-born dentate granule cells or their contribution to hippocampal functions
is assessed, the changes in dentate gyrus activity can create a bias in the achieved
results. The ablation of neurogenesis has been linked to poorer performance on
multiple experimental tasks related to learning and memory on rodents
(reviewed in Deng et al. 2010). According to Lensu et al. (2021), unilateral
irradiation of rat brain reduces AHN and leads to impaired spatial memory,
which underlines the importance of carefully choosing which vector to use for
transgene delivery and acquiring certainty that the vector does not interfere with
neuronal populations. When AAV is used for instance for delivery of calcium
indicator to dentate gyrus, the possible ablation of adult-born neurons can
influence the performance of the animals on cognitive tests, and therefore
produce biased data. However, no difference in behavior between groups was
found in another study on the same mice regarding the effect of the conducted
operations on behavior and AHN. The mice were subjected to open field task,
and hippocampus-dependent learning tasks before and after the injections, as
well as after the implantations and their performance was not affected by the
operations (S.-M. Lehtonen, unpublished). Also, it has been known for a while
that neurogenesis is reduced with age, proved also in mice (Bondolfi et al. 2003,
Kempermann et al. 1998). Even though this might have been a contributing factor,
it does not explain the differences between groups of the same age. Other
environmental factors, such as stress are shown to mediate AHN (reviewed in
Warner-Schmidt and Duman 2006, Balu and Lucki 2009). However, these factors
were controlled in the experimental design of this study by exposing all the mice
to same treatments regardless of their designated group.

As a way to overcome the issue of AAV-induced cell loss, Johnston and
their colleagues (2021) proposed using retrograde AAV transgene delivery, first
introduced by Tervo et al. (2016). In this approach, projection neurons deliver the
transgenes to the location of interest. Johnston et al. (2021) had used this method
to successfully label cells in dentate gyrus without inducing reduction of AHN.
However, the impact of this labeling on the target tissue itself was not assessed,
and hence does not provide fail-safe way to tackle the questionability of AAV. In
conclusion, this study underlines the importance of re-evaluating the safety of
AAV-based gene therapies, particularly when keeping in mind that there are
already clinically used AAV-based gene therapy products. These results should
be taken into account when considering general guidelines of gene therapy
applications and to stay cautious when deeming an approach as of lacking side
effects. Also, when conducting research concerning dentate granule cells, the use
of AAVs should be carefully evaluated. Also, the dose and delivery strategy of
the viral vector, as well as experiment duration should be carefully selected to
diminish AAV-mediated harm.
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