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Abstract: In the present study, we compared the astrocyte-transducing potential of the relatively novel
engineered AAV PHP.eB serotype and the well-examined conventional AAV5 serotype. We generated
the AAV-based genetic constructs with membrane-bound fluorescent markers under the control
of the astroglial promoter GfaABC1D to target astrocytes in vivo, either via local injection into the
hippocampus (AAV5, AAV PHP.eB) or via systemic injection in the retro-orbital venous sinus (AAV
PHP.eB). We collected new data on the transduction properties of locally injected PHP.eB and AAV5
viruses. A morphological examination and immunostainings of mouse brain slices revealed a dose-
dependent shift of cellular tropism for locally injected PHP.eB from astroglial to astroglial-neuronal as
the concentration increased. When the high doses of PHP.eB viruses were administered systemically,
we observed strong astrocyte transduction throughout the brain, as confirmed by the morphological
examination and GFAP immunostaining. AAV5 exhibited consistent astrocytic expression in all
tested concentrations. The obtained results suggest that AAV5 is more suitable for astrocyte targeting
in routine stereotaxic viral injection experiments. The widely used engineered PHP.eB capsid was
originally designed for the transduction of both neurons and glia. Dual cellular tropism of PHP.eB
viruses, observed using different doses and different delivery protocols (local vs. systemic), suggests
that the usage of AAV5 is more reliable for astrocyte labeling and that intrahippocampal injection is
more suitable than systemic injection for the preferential labeling of hippocampal astroglia.
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1. Introduction

Adeno-associated viruses (AAV) are commonly used in the lab for gene transfer and
in clinical trials of gene therapies [1]. More than ten of them have been reported in humans,
each possessing a tropism for specific cell types [2,3]. A new AAV variant, AAV-PHP.B,
capable of penetrating the blood-brain barrier, was created several years ago [4]. Later, a
novel variant, AAV-PHP.eB, has been identified and has shown greater barrier penetration
than AAV-PHP.B [5]. Evidently, the penetration of the virus to deep brain areas from a
single injection site is convenient in many cases (such as the treatment of neurodegenerative
diseases); nevertheless, it makes the labeling of restricted (chosen) brain areas difficult. The
selectivity of the viral transduction depends on a range of factors, such as the delivery
method, the packaged cargo, and the capsid protein [6]. A significant body of studies on
viral transduction were performed in astrocytes, due to the majority of astrocytes being
found in total brain cell populations and due to the important roles the astrocytes play
in brain functioning. Indeed, glial cells are several times more numerous than neurons,
and astrocytes constitute the majority of the glial population [7]. The first example of the
transduction of astrocytes with AAV was demonstrated by Lawlor et al. [8].

Astrocytes play many important roles in brain functioning, and a lot of attention has
been paid to astrocytes recently (for a review, see [9]). Astrocytes control the homeostasis
of the CNS at all levels of organization, from molecular to the whole organ. They act by
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removing and catabolizing neurotransmitters and by supplying neurons with neurotrans-
mitter precursors. They participate in embryonic and adult neurogenesis and also supply
neurons with energy substrates. The range of their functions includes neurotransmitter
uptake [10], the synthesis and secretion of trophic factors [11], and the regulation of synap-
tic density [12]. Probably the most important (and first studied) function of astrocytes
is to accumulate glutamate, which is released by activated cortex cells [13]. The process
of glutamate uptake was reviewed in detail by Danbolt [14]. Glutamine synthetase (GS)
catalyzes the ATP-dependent condensation of ammonia and glutamate to form glutamine,
thereby regulating glutamate and glutamine homeostasis [15]. Glutamine serves as the
precursor molecule for glutamate synthesis. Astrocytes release glutamine into the extra-
cellular space, which is transported to glutamatergic neurons. Most, if not all, astrocytes
participate in this process, thereby protecting cells of the cortex from excitotoxic damage.
Another important function of astrocytes is their participation in epilepsy development, as
well as maintaining the normal brain physiology during development [16,17]. Astrocyte–
neuron communication and signaling constitutes a complicated process, which has been
investigated in many studies (for a review, see [18]). The recent evidence suggests that
astrocytes are involved in a wide range of adaptive functions in the mammalian nervous
system, including neurotransmitter uptake [10], the synthesis and secretion of trophic
factors [11], aiding in the repair and regeneration of wounds [19], and the regulation of
synaptic density [12].

While all astrocytes contain GS, they have glial fibrillary acidic protein immunoreactive
(GFAP-ir) filaments only in a region-dependent pattern [20]. A comparative analysis of
different astrocyte markers showed that astrocytes constitute a heterogeneous population,
even within a given region [21,22]. The list of astrocyte functions, and consequently the list
of methods for detecting astrocytes, has rapidly increased since the very first studies on
glutamine-glutamate metabolism. The list of astrocyte markers includes more than twenty
of the most commonly used markers, including GFAP, S100β, and GS. For a full list of
markers, please see the website of R&D Systems.

It is known that only one part of GS-ir cells also contains GFAP [21]. Evidently, one
can suppose that the transduction of astrocytes with viruses under the control of the glial
GfaABC1D promoter should label the entire population of GFAP-containing astrocytes.
However, in fact this has never been directly studied in detail. When working with glial
cells, high selectivity and efficacy rates during viral transduction are of particular interest.
Earlier, we summarized the published data concerning the strategy of astrocytic targeting
using different adeno-associated viruses [23]. Briefly, the effectivity of glial transduction
depends on multiple parameters, including (1) the proper AAV serotype to ensure the
binding of viral capsid proteins with specific receptors on the cellular membrane in a
cell-type-specific manner and (2) the appropriate promoter to selectively work in the
chosen population of cells. Other factors such as the AAV purification protocol, route
of AAV injection, and animal age may also influence the results [24]. Within the range
of conventional serotypes, AAV5 has demonstrated high astrocyte tropism and great
transduction efficiency rates, and it has been repeatedly exploited in many recent studies
for astrocytes transduction [1,25–34]. It was shown earlier [35] that AAV5 particles do
not bind to high-affinity receptors in the brain, meaning they diffuse over larger areas.
Recent advances in molecular engineering and the use of a directed evolution approach
allow for the development of novel synthetic serotypes with enhanced properties, such
as glial tropism, on the basis of the naturally existing AAV capsids [4,6,36–38]. A method
of capsid selection to develop effectively transducing capsids to transduce the CNS after
intravenous injection (CREATE) was devised in recent years [4,6]. Then, it was improved
into the M-CREATE version [39]. For the modern state of the CREATE method, see [38].

Conventional AAV9 has become a very common parental serotype for the molecular
engineering of different viral capsids (PHP.B, PHP.A, PHP.eB, rAAV9P1) [4,5,40], although
its cell specificity depends on the experimental conditions (for a review, see [23]). Engi-
neered capsids have been developed for the efficient targeting of particular populations
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of cells, including astrocytes, although they are less well-examined than the natural AAV
serotypes. The widely used engineered PHP.eB capsid was originally designed for the
transduction of both neurons and glia by performing parallel selections for suitable capsid
modifications [5]. By pairing this PHP.eB serotype and cell-type-specific promoters, it
became possible to restrict the viral expression to a particular population of cells, e.g.,
astrocytes [5] or neurons [41]. Multiple studies utilized an intravenous delivery approach
to characterize novel PHP.eB viral vectors, leaving the transduction potential of locally
injected PHP.eB viruses unexplored [1,5,34,41–43].

In the current study, we compared the transduction capacity of 2 locally injected viruses
that were made on the basis of the conventional AAV5 serotype or an engineered PHP.eB
serotype to express target proteins under the control of the glial GfaABC1D promoter in
hippocampal astrocytes. The GfaABC1D promoter was originally identified by Lee [44]. A
morphological analysis performed in parallel revealed that the AAV5 viruses at different
concentrations exhibited consistent astrocytic expression, while locally the injected PHP.eB
viruses provided less reliable results for either astroglial or astroglial-neuronal tropism,
depending on the concentration used. Interestingly, systemic injections of high doses of
PHP.eB viruses resulted in strong astrocytic tropism, which is consistent with previously
published data. The obtained results suggest that similarly to conventional AAV serotypes,
the cellular tropism of engineered AAV capsids depends on the delivery method and
requires careful investigation.

2. Materials and Methods
2.1. Animals

The work was carried out in 2.5–5-month-old C57Black/6 male mice (Pushchino
Animal Breeding Facility (BIBC RAS), Moscow, Russia). The total number of animals used
was 14. All experimental procedures were conducted in accordance with the European
Communities Council Directive 2010/63/EU for animal experiments and were approved
(#012 from 10.10.2014) by the Ethical Committee of the Institute of Higher Nervous Activity
and Neurophysiology of RAS.

2.2. Plasmids and AAVs

For astrocytic labeling, we utilized a previously made AAV plasmid with metabotropic
opsin Opto-a1AR fused to EYFP, driven by the astrocyte-specific GfaABC1D promoter [45].
For the efficient transduction of brain cells, the same payload was packaged into two
different recombinant AAVs followed by iodixanol gradient ultracentrifugation and purifi-
cation according to a previously published protocol [46]. To generate the recombinant AAV
serotype 2/5, we used the commercially available AAV5 plasmid (Addgene, #104964). To
produce the recombinant AAV serotype PHP.eB, we used the available AAV PHP.eB plasmid
(Addgene, #103005). The resulting virus titer was equal to 2.93 × 1014 vg/mL for AAV2/5
GfaABC1D_opto-a1AR_EYFP and 1.13 × 1014 vg/mL for AAV PHP.eB GfaABC1D_opto-
a1AR_EYFP.

2.3. Stereotaxic Viral Injection

The viral solution aliquots were stored at −70 ◦C and used when freshly thawed. For
the intrahippocampal injections of AAV5, we used viruses at three concentrations: 2 × 109

(n = 2), 2 × 1010 (n = 2), and 5 × 1010 (n = 3) vg (virus genomes) per animal. The AAV
PHP.eB intrahippocampal injections were made at 2 × 109 (n = 2), and 2 × 1010 (n = 2) vg
per animal. The animals were anesthetized with isoflurane (3–5% in 1 L/min O2, 1.5%
maintenance) and then locally anesthetized via subcutaneous lidocaine (2%) injection. A
small hole in the skull was drilled over the left hippocampus CA1 area according to the
reference atlas of Franklin and Paxinos [47]. The reference coordinates of the injection
site were as follows: AP, −2.2 mm; ML, +1.7 mm; DV, −1.6 mm. The hippocampus was
chosen for AAV injection, as it is known that GFAP is specifically expressed in this structure.
First, 1 µL of viral suspension was slowly injected into the hippocampus unilaterally at a
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speed of 100 nL/min through the Hamilton syringe steel needle (outer diameter 0.312 mm).
Following injection, the needle was left for an additional 10 min to allow for the diffusion of
the viral particles and was then slowly withdrawn. The animals were then sutured, injected
with an NSAID (carprofen, 5 mg/kg), and placed in a warmed home cage for recovery. To
achieve the strong expression of the genetic construct, the experiments were performed
three weeks later.

2.4. Retro-Orbital Viral Injection

Recombinant AAV PHP.eB was administered intravenously via the retro-orbital sinus
in 4–5-month-old mice according to the standard protocol [48,49]. The animals were
anesthetized with isoflurane (3–5% in 1 L/min O2, 1.5% maintenance) during the whole
procedure. The skin around the eye was pulled back until the eye protruded slightly. A
30 G needle was positioned approximately at a 45◦ angle to the eye, lateral to the medial
canthus, and inserted behind the globe of the eye to the sinus. Approximately 70 µL of
AAV PHP.eB (1012 vg per animal) with 0.4–10 µL of sterile Fast-Green dye (20 mg/mL) was
slowly injected into the sinus unilaterally (n = 3). The eyelid was closed after the procedure
and the animal was returned to its home cage for recovery. To achieve strong expression of
the genetic construct, the experiments were performed three weeks later.

2.5. Immunohistochemistry

Three weeks after the viral injections, the animals were deeply anesthetized with
a sublethal dose of chloral hydrate (400 mg/kg) injected intraperitoneally and then eu-
thanized via transcardial perfusion with phosphate-buffered saline (PBS) and a fixative
(4% paraformaldehyde in PBS). The brain was removed and placed in the fixative for an
additional 24 h for further immunohistochemistry processing.

The brain was sectioned using a vibratome (Leica Biosystems, Wetzlar, Germany) into
50 µm frontal slices that were processed as floating sections. For the double labeling of
the virus-stained cells, we used several antibodies: mouse monoclonal anti-glial fibrillary
acidic protein (GFAP) conjugated to Cy3TM (Sigma-Aldrich, St. Louis, MO, USA, C9205,
working dilution 1:400); rabbit polyclonal anti-GFAP antibody (Invitrogen, Carlsbad, CA,
USA, 180063,); rabbit antibody to S100β (Abcam, Cambridge, UK, ab41548, working
dilution 1:100). The secondary antibodies were Alexa-594-conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, OR, USA, A11012, working dilution 1:500), and Alexa-594-
conjugated goat anti-mouse IgG (Molecular Probes, Eugene, OR, USA, A11005, working
dilution 1:500). The preparations were examined using an AxioPlan (Carl Zeiss AG,
Jena, Germany) fluorescence microscope connected to a digital camera Camedia C-4000
(Olympus, Tokyo, Japan) to acquire images and photographed with a 40× objective. Some
of the sections were examined and photographed with 20× and 40× objectives using a
cerna-based laser scanning confocal microscope (Thorlabs, Newton, NJ, USA).

3. Results
3.1. Detection and Characterization of Virus-Infected Cells after Local Intrahippocampal Injection
of AAV5

In our study, we used a combination of AAV5 and GfaABC1D, the efficiency of which
for astrocyte transduction has been reliably proven in multiple studies [27,29,30,32,50]. A
morphological analysis of the brain sections showed that all transduced cells belonged
to the astrocyte population and had the same spongiform shape, with a dark nucleus
in the center (Figure 1a,b). The total size range (with processes) was about 50–70 µm
(Figure 1b). The confocal images showed the fine structure of the transduced astrocytes
(Figure 1b), which is typical for cells of this type. This distribution of the fluorescent signal
was associated with predominant membrane localization of the target protein (metabotropic
opsin Opto-a1AR) fused with the EYFP reporter.
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Figure 1. Morphological examination of mouse brain slices after local intrahippocampal injection
of AAV5 at concentrations of 5 × 1010 (a–c) and 2 × 1010 (d–f) vg per animal. (a) Transduced cells
in CA1 area (red—anti-GFAP staining). (b) High-resolution confocal image of several transduced
astroglial cells (red—anti-GFAP staining). (c–e) Total view of transduced cells in the hippocampus.
Virus staining combined with anti-GFAP staining (red) (d) and with DAPI (blue) (e). (d,e) The stratum
pyramidale is marked by arrows. (f) Detailed image of (d) at higher magnification. Scale bar: 50 µm
(a), 25 µm (b), 100 µm (c–f).
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We tested the AAV5 at three concentrations (2 × 109, 2 × 1010, and 5 × 1010 vg per
animal) and observed similar patterns of staining (compare Figure 1c,d). The morphological
examination of the frontal brain slices revealed an irregular distribution of transduced
astrocytes in the hippocampal area, consisting of one to three clusters. First, the main
population was located in the stratum radiatum and stratum oriens, close to the stratum
pyramidale layer (Figure 1c–e, arrows). The second one was located in the depth of the cortex
at a distance of 400–500 µm from the hippocampus (Figure 1d,e). In some preparations, a
third population of transduced astrocytes was found in the stratum moleculare (Figure 1e).
The total length of the virus-infected area of the hippocampus was about 1500–2000 µm in
the frontal plane for AAV5 (2 × 1010 vg per animal) and the stained cells formed a structure
reminiscent of a dome.

As the genetic construct with the fluorescent reporter was synthesized under the
control of the astrocyte-specific GfaABC1D promoter, we expected the transduced cells
to be the GFAP-positive astrocyte population. To check the correct targeting of astrocytes
by AAV5 viruses, we immunohistochemically stained the brain slices with an antibody
to the astrocytic marker GFAP and analyzed the co-localization of fluorescent signals
from transduced and GFAP(+) cells. Although both types of cells were mainly present
in the hippocampus area, we found that AAV5 targeted only a fraction of the GFAP(+)
astrocyte population. There were more GFAP-immunopositive cells than virus-infected
cells (Figures 1f and 2c); however, all transduced cells were also GFAP-immunopositive
(Figure 1f). We counted the total number of GFAP(+) cells and transduced cells in 8 sections
from 2 animals injected with the AAV5 virus at a concentration of 2 × 1010 vg per animal.
The mean percentage of virus-transduced cells relative to the total number of GFAP(+) cells
was 31 ± 5% (Figure 3a).

Interestingly, the population of GFAP(+) cells was more numerous in areas where
the number of virus-infected cells was small (Figure 1d,f). The GFAP-immunoreactive
astrocytes looked like nuclei with several thick processes and were located mainly in the
stratum lacunosum-moleculare (Figure 2a,b). Thus, the main distributions of transduced
and GFAP-immunoreactive cells were partially different. At the injection site, both in
sham-operated mice and in mice injected with AAV5, we observed an excessive number of
GFAP(+) astrocytes, which indicated gliosis (compare Figure 2a,b).

In an additional set of experiments, we sought to confirm the correct targeting of
astrocytes by AAV5 viruses using the astrocytic marker S100β, which usually identifies
a wide population of astrocytes [20,51]. Antibodies against S100β visualize the nuclei of
astrocytes and partially the cytoplasm, while the processes of these cells are only lightly
stained [52]. The immunohistochemical staining revealed a widespread population of
S100β(+) cells located more or less regularly in all areas of the brain, including the hip-
pocampus (Figure 2d). The density and total number of S100β(+) cells were much greater
than the number of transduced cells. We found only a partial overlap between S100β(+)
astrocytes and virus-infected cells (Figure 2e). We counted the total number of S100β(+)
cells and transduced cells in 9 sections from 2 animals injected with AAV5 virus at a concen-
tration of 2 × 1010 vg per animal. The mean percentage of virus-transduced cells relative to
the total number of S100β(+) cells was 12 ± 4% (Figure 3b).
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Figure 2. Immunohistochemical examination of mouse brain slices after local intrahippocampal
injection of AAV5 at a concentration of 2 × 109 vg per animal. (a,b) Sections of left and right brain
hemispheres stained by anti-GFAP antibody (red) and DAPI (blue). Note the difference in (a) GFAP-
immunopositive cells located both in the hippocampal area and the area above it, reflecting the
injection site. (b) The intact hemisphere demonstrates GFAP-immunopositive cells only inside the
hippocampal area. (c) Superposition of transduced cells (green) and GFAP-immunopositive cells (red).
(d) S100β-immunopositive cells (red). (e) Partial co-localization between S100β-immunoreactive (red)
and virus-infected (green) cells. Scale bar: 100 µm.
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Figure 3. Percentage of virus-transduced cells from the total number of hippocampal astrocytes
stained with GFAP (a) or S100β (b) glial markers.

3.2. Detection and Characterization of Virus-Infected Cells after Local Intrahippocampal Injection
of AAV PHP.eB

To compare AAV PHP.eB and AAV5, we injected the viruses into the same brain area
using the same protocol. The previous studies had mainly focused on the intravenous deliv-
ery of AAV PHP.eB viruses [1,5,34,41–43], leaving unexplored the transduction potential of
locally injected PHP.eB viruses. In this study, we performed local injections of AAV PHP.eB
viruses into the hippocampus at two concentrations, 2 × 109 and 2 × 1010 vg per animal,
and found drastic changes in the patterns of staining as the virus concentration increased.
At a concentration of 2 × 109, the virus exclusively targeted astrocytes (Figure 4a), the
distribution of which coincided with the distribution of AAV5-transduced cells and also
included GFAP(+) astrocytes. Surprisingly, at a concentration of 2 × 1010, we observed not
only GFAP(+) astrocytes infected with the virus but also to a lesser extent hippocampal
neurons (Figure 4b,c). At this viral concentration, the transduced cells were located more
or less evenly in the hippocampus (Figure 4b).

The immunohistochemical staining of brain slices with an antibody to the astrocytic
marker GFAP revealed that the PHP.eB viruses targeted only a small fraction of the GFAP(+)
astrocyte population. There were more GFAP-immunopositive cells than virus-infected
cells, although virtually all transduced cells were GFAP-immunopositive (Figure 4b,c).
We counted the total number of GFAP(+) cells and transduced cells in 11 sections from 2
animals injected with the PHP.eB virus at a concentration of 2 × 109 vg per animal. The
mean percentage of virus-transduced cells relative to the total number of GFAP(+) cells
was 27 ± 6% (Figure 3a).

We also immunohistochemically stained brain slices with an antibody to another
astrocytic marker S100β and identified a widespread population of S100β(+) cells. As
it was noted earlier in experiments with AAV5, the total number of S100β(+) cells was
much greater than the number of transduced cells. We found only partial overlap between
S100β(+) astrocytes and virus-infected cells. We counted the total number of S100β(+)
cells and transduced cells in 9 sections from 2 animals injected with the PHP.eB virus at
a concentration of 2 × 109 vg per animal. The mean percentage of virus-transduced cells
relative to the total number of S100β(+) cells was 13 ± 5% (Figure 3b).
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Figure 4. Morphological examination of mouse brain slices after local intrahippocampal injection
(a–c) and systemic, retro-orbital injection (d–g) of AAV PHP.eB. Viral concentrations of 2 × 109 (a),
2 × 1010 (b,c), and 1012 (d–g) vg per animal. (a) The reaction is limited to astrocytes (blue staining
is DAPI, stratum pyramidale is matched by arrows), while (b,c) neurons in the stratum pyramidale
are stained as well (red—anti-GFAP staining). (c) Detailed image of (b) at higher magnification.
Systemic injection of AAV PHP.eB revealed transduced cells in different brain areas: (d) retrosplenial
cortex; (e) typical group of virus-infected cells in the somatosensory cortex; (f) virus-infected cells in
the ventral hippocampus (matched by arrows); (g) superposition of virus-stained cells (green) and
GFAP-immunopositive cells (red) in somatosensory cortex. Scale bar: 100 µm.
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3.3. Detection and Characterization of Virus-Infected Cells after Systemic Retro-Orbital Injection of
AAV PHP.eB

Numerous studies show that AAV PHP.eB can be successfully applied to trans-
duce glial cells when injected systemically in the retro-orbital venous sinus of adult
mice [5,34,39,48]. To exclude specific experimental conditions that may affect viral proper-
ties, such as cellular tropism [23,44], we administered high doses (1012 vg per animal) of
AAV PHP.eB systemically as previously described [41,48,49]. We found virus-infected cells
(green) in most areas of the brain, including the retrosplenial (Figure 4d) and somatosensory
(Figure 4e) cortices, as well as in many subcortical structures. The cells were unevenly
distributed throughout the cortical layers. A visual analysis showed that the total number
of stained cells was several hundred cells on a 50-µm section, i.e., much more than the
number of transduced cells after an intrahippocampal injection of PHP.eB. Figure 4d shows
a typical group of stained cortical cells. The patterns of stained cells were variable, with big
and small groups of cells and single cells. The virus-transduced cells were also found in the
hippocampus region, and their number in this area was relatively small (80–120 cells per
50-µm section). The types of distribution in the hippocampus differed from the distribution
observed after local injection, with only a diffuse group found in the ventral hippocampus
(Figure 4f) but not layered populations of transduced cells. The immunohistochemical anal-
ysis revealed that most of the virus-infected cells were GFAP-positive (Figure 4g). Based
on the morphological analysis, it can be concluded that the systemic delivery of the viral
suspension to the brain resulted in a transduction pattern of glial cells of approximately
the same size and shape, similar to the pattern observed after the local injection of AAV
PHP.eB at a concentration of 2 × 109 vg per animal.

4. Discussion

Given the important role of astrocytes in the normal brain physiology and pathology,
considerable efforts have been focused on selectively targeting astrocytes and modulating
their functions using various AAV vectors. The purpose of this study was a parallel
comparison of the astrocyte-transducing potential of the relatively novel AAV PHP.eB and
widely used conventional AAV5.

It is well known that astrocytes (e.g., S100β-immunopositive cells) occupy the entire
hippocampal area. We found that the distribution patterns of the transduced cells differed
significantly depending on the AAV administration protocol. After local (intrahippocampal)
injections of AAV5 and AAV PHP.eB, we observed transduced cells over a broad hippocam-
pus area, grouped into narrow layers located in the stratum oriens and stratum radiatum areas
and sometimes in the stratum moleculare (Figures 1 and 4). The transduction area covered
the entire depth of the hippocampus and reached a length of about 1.5 mm. The trans-
duction potential of AAV5 was reasonably limited to astrocytes at all three concentrations
tested (2 × 109, 2 × 1010, 5 × 1010 vg per animal). However, following the local injection of
AAV PHP.eB, the specificity of the viral transduction changed from exclusively astroglial
(2 × 109) to mixed astroglial—neuronal (2 × 1010), with a large number of transduced
neurons in the stratum pyramidale (Figure 4a–c).

In contrast, after the systemic (retro-orbital) injection of AAV PHP.eB, the transduced
cells were diffusely distributed in all areas of the hippocampus and in the cerebral cortex
(Figure 4d–f), as well as beyond them, which is consistent with previously published data
on AAV PHP.eB under the control of a neuron-specific promoter [1]. The transduction
potential of the systemically injected AAV PHP.eB (1012 vg per animal) was limited to
astrocytes in various brain regions, which is consistent with the previously published data.

Some experimental data suggest that the cellular tropism of certain AAV serotypes
may depend on the viral delivery strategy. For example, transgene expression driven
by the ubiquitous CB promoter was observed predominantly in astrocytes when AAV9
vectors were administered systemically and in neurons when the same viruses were injected
locally [53]. Several studies suggest that AAV PHP.eB has similar properties to the parental
AAV9 capsid and demonstrates similar cell-specific targeting when injected systemically
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into the retro-orbital venous sinus (the glial promoter GfaABC1D was used [5]) or locally
injected into cerebral ventricles bypassing the blood-brain barrier (the ubiquitous CAG
promoter was used) [54]. Our results complement this idea and show either astrocytic or
mixed astrocytic-neuronal transduction patterns for the same AAV PHP.eB virus, depending
on the viral delivery protocol (Figure 4). Unlike previous studies, we observed transgene
expression in neurons using genetic constructs controlled by the glial promoter GfaABC1D
(Figure 4b,c), which has rarely been reported in the literature [30,55,56]. In a comprehensive
study of GFAP promoter elements, Lee and colleagues did not provide any reasonable
background for this unusual transgene expression driven by the GfaABC1D promoter [44].
Immunostaining for different cellular markers in the peripheral and central nervous system
demonstrated little or no GfaABC1D-driven expression in neurons (NeuN), microglia (IbaI),
oligodendrocytes (CNPase), and NG2 glial cells (NG2) [30,31,34,50]. Nevertheless, it was
clearly demonstrated by Taschenberger et al. [56] that the GfaABC1D promoter can be leaky
and insufficient for specific transgene expression in astrocytes. The dual cellular tropism
of PHP.eB viruses observed using different doses and different delivery protocols (local
vs. systemic) resembles the properties of the parental capsid AAV9 and requires careful
investigation of transgene expression in each case.

The GfaABC1D-driven expression of membrane-bound fluorescent proteins distributed
across the membrane allowed us to trace the fine structure of the infected cells and uniquely
identify them as astrocytes (Figure 1b), with the morphology aligning with that described
earlier in numerous studies [15,23,27,29,32,45,46,50,57,58].

To check the correct targeting of astrocytes by AAV5 and PHP.eB, we immunostained
brain slices for the classical astroglial markers GFAP and S100β to define subpopulations of
astrocytes targeted by the tested AAVs. We found that both virus serotypes, regardless of the
concentration used, infected only a part of the astrocyte population, as was revealed by anti-
GFAP and anti-S100β staining. Anti-GFAP staining usually reveals the astrocytes’ somata
and main processes [52]. In a detailed study of astrocyte morphology by Bushong et al. [57],
it was established that GFAP marks out only approximately 15% of the total astrocyte
volume. In contrast, viral transduction causes the expression of the fluorescent reporter
protein in fine processes, as has been revealed in numerous studies [15,29–31,50,58]. In our
experiments, the GfaABC1D-driven expression of a membrane-bound fluorescent reporter
allowed us to detect fine processes of an astrocyte, shaped in a spongiform structure, while
somata and thick processes were detected via staining against GFAP (Figure 1a,b,d,f). This
is consistent with previously published studies, demonstrating the strong specificity of
the GfaABC1D promoter towards astrocytes [8,27,29–32,34,50,59]. As expected, almost all
virus-infected cells with the astrocyte morphology were GFAP-positive, although their
number was about 30% of the total population of GFAP-positive hippocampal astrocytes.

It is a well-known fact that astroglia represent heterogeneous populations of cells
that differ in their morphology and in the expressed molecular markers [51,60–62]. Some
markers, such as GFAP, show region-specific immunoreactivity, which is most pronounced
in the hippocampus [51], although GFAP staining reveals only about 60% of the total
number of GS-positive cells [21]. In our work, AAV labeled about 30% of the GFAP(+) cells.
This suggests that viral transduction, even after local injection of the virus, targets only a
small population of astrocytes.

Another marker, S100β, used in our work, displayed a more uniform distribution
inside the brain (Figure 2d); therefore, S100β staining allows the detection of much broader
populations of astrocytes [20,51]. Nagai and colleagues showed that AAV5 vectors driven
by the GfaABC1D promoter provide almost 93% overlap of transduced and S100β-positive
astrocytes in the striatum [34]. In our work, almost all infected cells were also S100β-
positive, although they accounted for only a small part of the entire S100(+) population
(Figure 2e). Taken together, our data indicate that this method of viral transduction allows
certain subpopulations of astrocytes to be infected but is not ideal for targeting the entire
population of hippocampal astrocytes, and other approaches can be considered [34].
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In summary, our study provides a comparison of the conventional AAV5 and engi-
neered AAV PHP.eB, giving new information about their ability to transduce astrocytes in
the hippocampus. A morphological examination and the immunostaining of brain slices
for various astroglial markers revealed distinct transduction patterns for the tested AAVs
injected locally into the hippocampus. AAV5 exhibited consistent astrocyte transduction at
all tested concentrations, while PHP.eB demonstrated either glial or mixed glial-neuronal
tropism, depending on the concentration used. Therefore, the obtained results suggest
that AAV5 is more suitable for targeting astrocytes in routine stereotaxic viral injection
experiments. Given the ability of AAV PHP.eB to cross the blood-brain barrier, we admin-
istered the PHP.eB viruses systemically and demonstrated strong astrocyte transduction
throughout the brain, which corresponds to the previously published data. Therefore,
AAV PHP.eB requires a careful investigation of its expression in each case, although under
certain conditions AAV PHP.eB viruses can also allow the efficient and selective targeting
of astrocytes.

5. Conclusions

The data suggest that AAV5 is more reliable for labeling astrocytes than AAV PHP.eB
and that intrahippocampal injection is more suitable for the preferred labeling of hippocam-
pal astrocytes than systemic injection.
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