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ARTICLE INFO ABSTRACT
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Background: The thalamic reuniens (Re) and rhomboid (Rh) nuclei are bidirectionally connected with the medial
prefrontal cortex (mPFC) and the hippocampus (Hip). Fiber-sparing N-methyl-D-aspartate lesions of the ReRh
disrupt cognitive functions, including persistence of certain memories. Because such lesions irremediably
damage neurons interconnecting the ReRh with the mPFC and the Hip, it is impossible to know if one or both
pathways contribute to memory persistence. Addressing such an issue requires selective, pathway-restricted and
direction-specific disconnections.

New method: A recent method associates a retrograde adeno-associated virus (AAV) expressing Cre recombinase
with an anterograde AAV expressing a Cre-dependent caspase, making such disconnection feasible by caspase-
triggered apoptosis when both constructs meet intracellularly. We injected an AAVrg-Cre-GFP into the ReRh
and an AAV5-taCasp into the mPFC. As expected, part of mPFC neurons died, but massive neurotoxicity of the
AAVrg-Cre-GFP was found in ReRh, contrasting with normal density of DAPI staining. Other stainings demon-
strated increasing density of reactive astrocytes and microglia in the neurodegeneration site.

Comparison with existing methods: Reducing the viral titer (by a 4-fold dilution) and injection volume (to half)
attenuated toxicity substantially, still with evidence for partial disconnection between mPFC and ReRh.
Conclusions: There is an imperative need to verify potential collateral damage inherent in this type of approach,
which is likely to distort interpretation of experimental data. Therefore, controls allowing to distinguish
collateral phenotypic effects from those linked to the desired disconnection is essential. It is also crucial to know
for how long neurons expressing the Cre-GFP protein remain operational post-infection.

1. Introduction

Historically, the about 60 nuclei forming the thalamus have been
distinguished according to whether their projections concentrate on
restricted cortical regions or are diffuse (Lorente de No, 1938). The
former were attributed to a specific subdivision of the thalamus, the
latter to a non-specific one, a view that has nevertheless been challenged
since then (Bentivoglio et al., 1991; Groenewegen and Berendse, 1994).
The reuniens (Re) and rhomboid (Rh) nuclei are part of the non-specific
thalamus; they belong to its ventral midline roofing the third ventricle.

The Re projects to — and receives afferents from — more than 50 different
brain regions. The Rh also projects to about 50 brain regions, but the
regions providing its innervation are more limited in number (e.g.,
Cassel et al., 2021). Within this rich connectivity network, the ReRh
nuclei occupy an ideal position in the bidirectional information flow
between the medial prefrontal cortex (mPFC) and the hippocampus
(Hip). The Hip provides monosynaptic input to the mPFC (Hoover and
Vertes, 2007; Jay and Witter, 1991), which is not the case the other way
around (e.g., Vertes, 2004). From mPFC to Hip, signals cross more than
one synapse, with a relay in e.g., the entorhinal cortex or the ReRh
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nuclei (e.g., Xu and Siidhof, 2013).

If one is focusing in more detail on this connectivity network, it is to
note that the ReRh nuclei have bidirectional connections with both the
Hip (more with its ventral than dorsal region and only with CA1 neu-
rons) and the mPFC (i.e., anterior cingulate, infralimbic, prelimbic re-
gions). Furthermore, a small proportion (5-10%) of Re neurons send
collaterals to both structures (Hoover and Vertes, 2012; Varela et al.,
2014). Electrophysiological data demonstrate that the Re produces
hippocampo-cortical synchronization of beta, delta, gamma and theta
oscillations during a variety of cognitive tasks (Dolleman-van Der Weel
et al., 2019; Jayachandran et al., 2023). More than a decade ago, we
found (Loureiro et al., 2012), and later confirmed (Ali et al., 2017; Klein
et al., 2019; Quet et al., 2020), that N-methyl-D-aspartate lesions of the
ReRh nuclei disrupted remote memory for spatial and contextual in-
formation without altering encoding or persistence of recent memory.
These findings demonstrate a contribution of the ReRh to systems-level
consolidation and endurance of some types of memory (e.g., Cassel
et al., 2013; Ferraris et al., 2021).

In our previous work (Ali et al., 2017; Klein et al., 2019; Loureiro
et al., 2012; Quet et al., 2020), we performed N-methyl-D-aspartate le-
sions and the damage therefore disrupted projections from the ReRh to
both the mPFC and Hip indistinctly and, at the same time, removed
potentially important targets for projections arising therefrom. There-
fore, it was impossible to know if one of these connecting pathways (e.g.,
from mPFC to ReRh) is more involved in systems-level consolidation
than another (e.g., from ReRh to Hip or ReRh to mPFC) or, as an alter-
native, if the whole system operates in a closed loop to support memory
persistence. To address such an issue, it would be necessary to perform
selective, pathway-restricted and direction-specific disconnections. By
associating a retrograde adeno-associated virus (AAV) expressing Cre
recombinase with an anterograde AAV expressing a Cre-dependent
caspase (Yang et al., 2013), such disconnection becomes possible, as
shown previously in other brain systems (e.g., Basting et al., 2018;
Laurent et al., 2017; Marciante et al., 2020; Nadel et al., 2020; Walker
et al., 2022).

In the current study, we started surgeries by using the virus prepa-
rations at half the concentration recommended by the supplier (i.e.,
2.5x10'® GC/mL). AAVrg-Cre-GFP was injected into ReRh nuclei,
AAV5-taCasp into medial mPFC. We were able to establish that, at the
concentrations used, AAVrg-Cre-GFP caused protracted but ultimately
severe neurodegeneration in and around the injection site. In addition, a
DAPI staining failed to highlight this lesion because of an important glial
infiltration in the area of neuronal loss, glial nuclei compensating for the
lost neuronal ones. The lesion area was clearly evidenced with an im-
munostaining of the nuclear neuronal protein NeuN. To the best of our
knowledge, this is the first study to provide evidence for AAVrg-Cre-GFP
toxicity in the ReRh nuclei. Recent work had shown similar conse-
quences after injections of AAVrg-Cre-GFP in the ventral tegmental area
(Erben et al., 2022) or the substantia nigra (Rezai Amin et al., 2019),
what, with our results, suggests a possibly region-independent neuronal
toxicity of the viral construct.

In the following experiments we aimed to elucidate the dynamic of
this neurotoxicity by analyzing the impact of AAVrg-Cre-GFP at
different post mortem delays; 1 week, 2.5 weeks, 5 and 10 weeks. We
quantified various parameters such as viral infection area, neuronal loss
expanse, and glial response. After all, we managed to find appropriate
viral infection parameters that would permit selective damage to pre-
frontal neurons projecting to the ReRh.

2. Experimental procedures

The study encompassed 4 experiments. In the first one, the AAVrg-
Cre-GFP was injected into the ReRh at half the titration provided by
the supplier. In the second experiment, the effects of the AAVrg-Cre-GFP
were followed over 10 weeks, with verifications at 1, 2.5, 5 and 10
weeks post-injection. In the third experiment, we tested different
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titrations at a single post-infection delay (i.e., 5 weeks). In the fourth
experiment, we verified that the combination of the AAV5-taCasp and
the AAVrg-Cre-GFP at a possibly non-toxic titration for the ReRh leads to
damage affecting the cortico-thalamic pathway.

2.1. Animals

All experimental animals were used in compliance with the rules of
the European Community Council Directive (2010/63/EU) and the
French Agriculture Ministry. All approaches have been validated by the
ethical committee of the University of Strasbourg (CREMEAS—autho-
rizations #13261-2018012918394046). We used 45 adult Long-Evans
male rats (Janvier Labs, Le Genest-Saint-Isle, France) weighing between
130 and 250 g at their arrival at the laboratory (they were 4-7 weeks
old). The rats were housed 2 or 3 per cage in quiet facilities, under a 12-h
light/dark cycle (light on at 7:00 a.m.) with food and water ad libitum,
controlled temperature (22°C), and a hygrometry of about 55%. Before
any experimental manipulation, rats were individually handled for
2 min/day over five consecutive days. We used 9 rats for the first
experiment (Exp 1: 6 for the mPFC injection and 3 for the ReRh injec-
tion); 16 rats for the time-course experiment (Exp 2: 1 week, n = 6; 2.5
weeks, n = 6; 10 weeks, n = 4), 20 rats for testing different titrations
(Exp 3: initial titer divided by 4, 8, 20 and 200; T/4,n =4; T/8,n =4; T/
20, n = 6; T/200, n = 6, respectively). Experiment 4 focused on histo-
logical material from the 4 rats of the T/8 group of experiment 3.

2.2. Virus

The viral vector carrying the floxed caspase gene was the antero-
grade AAV5. EFla.Flex-taCasP3-TEVp (UNC Gene Therapy Center-
Vector Core), AAV5-taCasp hereafter. It was diluted twice in PBS from
the stock solution (4.2x10'? particles/mL). The viral vector carrying the
Cre-recombinase gene was the retrograde AAVrg.hSyn.eGFP-Cre-WPRE-
SV40 (Addgene, MA, USA), AAVrg-Cre-GFP hereafter. For Exp 1, it was
diluted twice in PBS from the stock solution (2.5x10"%), despite Addg-
ene’s recommendation to use the stock solution as is for in vivo exper-
iments. For precise dilution see Table 1. This retrograde serotype has
been engineered by Tervo et al. (2016) from an AAV2.

2.3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

This electrophoresis has been done in order to verify the purity of our
AAVrg-Cre-GFP sample.

5 uL of AAVrg-Cre-GFP virus (AAVrg.hSyn.eGFP-Cre-WPRE-SV40,
Addgene, MA, USA) was mixed with 4X Laemmli buffer (Bio-rad,
#1610747), with addition of 1/10 p-mercaptoethanol (Sigma-Aldrich,
#444203), to obtain a final 1X solution that was heated at 100°C for
4 min. Virus was then loaded on Midi-PROTEAN TGX Stain-Free™
Precast Gel (26 wells, 4-20%, Bio-Rad #5678095) and left to migrate for
40 min, at 150 V. This was followed by a UV-induced 1-min activation of
the gel, using a ChemiDoc molecular imager (Bio-Rad), producing
fluorescence that allows for visualization of the viral proteins on the gel.

2.4. Stereotactic Injections

After one week of acclimatization and another week of daily
manipulation of the rats, the viral vectors were stereotactically injected
in the brain. When unilateral, as in the mPFC, there was no injection on
the contralateral side; for the illustrations shown in Supplementary
Figure 6, rats received bilateral injections of the AAV-Cre in the mPFC (2
sites/side, 0.5pL/site for a post-surgical delay of 5 weeks; 3 sites/side,
0.6 uL/site for a post-surgical delay of 10 weeks). For all surgeries, rats
were anesthetized with Isoflurane (Isoflu-Vet®, Dechra, 4% for induc-
tion and 1.5% for maintenance) and placed into the stereotactic frame.
Viral injections targeting the ReRh or the mPFC were made using slow



Table 1
Summary table of viruses used, their characteristics, rhe initial titer, the injected titers, the injected volumes and the corresponding illustrations. Abbreviations: Hip = hippocampus; mPFC = medial prefrontal cortex;
Suppl = supplementary; T = titer; wks = weeks (concerns duration of post-injection survival time). Note that for the 10-week delay in our second experiment, the AAV-Casp has been injected into the dorsal hippocampus

(Hip).

Experiment Associated Delay Virus Serotype Promoter  Reference (website) Plasmid Structure  Used titer (vg/ Injected volume Coordinates
figure (s) mL)
1 1,2,4,5,6 5 wks AAV- 5 EFla https://www.me d.unc.edu/genet PAAV.EF1a.flex- mPFC 2.1x10'? 2x0.5uL AP: +3.00
taCasp herapy/vectorco re/in-stock- taCasp3-TEVp. (unilateral) mL: +0.5
aavvectors/shah/ WPRE.hGH DV: —4.6 and
-3.6
AAV- retrograde  hSyn https://www.addgene.org/ PENN.AAV.hSyn. ReRh 1.25x10"3 2x1uL AP: —1.8 and
Cre-GFP 105540/ HI.eGFP-Cre. WPRE. -2.3
SvV40 mL: —1.9
DV: —7.1 and
-7.2
Angle of 15°
2 3,4,5,6 1 and AAV- 5 EFla https://www.me d.unc.edu/genet PAAV.EF1a.flex- mPFC 2.1x10'? 3%0.6L AP: +3.00
2.5wks taCasp herapy/vectorco re/in-stock- taCasp3-TEVp. (unilateral) mL: +0.5
aavvectors/shah/ WPRE.hGH DV: -5, -3.8
and —2.2
AAV- retrograde  hSyn https://www.addgene.org/ PENN.AAV.hSyn. ReRh 1.25x10"3 2x1uL AP: —1.7 and
Cre-GFP 105540/ HI.eGFP-Cre. WPRE. —2.2
SV40 mL: —1.9
DV: —7.1 and
-7.2
Angle of 15°
10 wks AAV- 5 EFla https://www.me d.unc.edu/genet PAAV.EFla.flex- Hip 2.1x10'? 2x1pL (unilateral) ~ AP: —5.4
taCasp herapy/vectorco re/in-stock- taCasp3-TEVp. mL: —3.5
aavvectors/shah/ WPRE.hGH DV: —9.2 and
-3.2
AAV- retrograde  hSyn https://www.addgene.org/ PENN.AAV.hSyn. ReRh 1.25x10"3 2x1uL AP: —1.7 and
Cre-GFP 105540/ HI.eGFP-Cre. WPRE. —-2.2
SV40 mL: —1.9
DV: —7.1 and
-7.2
Angle of 15°
3 7 5 wks AAV- 5 EFla https://www.me d.unc.edu/genet PAAV.EF1a.flex- mPFC 2.1x10'? 3%0.6L AP: +3.00
taCasp herapy/vectorco re/in-stock- taCasp3-TEVp. (unilateral) mL: +0.5
aavvectors/shah/ WPRE.hGH DV: -5, -3.8
and —2.2
AAV- retrograde  hSyn https://www.addgene.org/ PENN.AAV.hSyn. ReRh From 1.25x10"'3 2x0.5uL AP: —1.8 and
Cre-GFP 105540/ HI.eGFP-Cre. WPRE. to 1.25x10™! -2.3
SV40 mL: —1.9
DV: —7.1 and
-7.2
Angle of 15°
4 7,8 5 wks AAV- 5 EFla https://www.me d.unc.edu/genet PAAV.EF1a.flex- mPFC 2.1x10'? 3%0.6L AP: +3.00
taCasp herapy/vectorco re/in-stock- taCasp3-TEVp. (unilateral) mL: +0.5
aavvectors/shah/ WPRE.hGH DV: -5, -3.8
and —2.2
AAV- retrograde  hSyn https://www.addgene.org/ PENN.AAV.hSyn. ReRh 3.125x10'2 2%0.5uL AP: —1.8 and
Cre-GFP 105540/ HI.eGFP-Cre. WPRE. -2.3
SV40 mL: —1.9
DV: —7.1 and
-7.2

(continued on next page)
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Table 1 (continued)

Injected volume Coordinates

Used titer (vg/

mL)

Structure

Plasmid

Serotype Promoter  Reference (website)

Virus

Delay

Associated
figure (s)

Experiment

1x1uL AP: -2.6

2.1x10'2

PeriRe

PAAV.EFla.flex-

https://www.me d.unc.edu/genet
herapy/vectorco re/in-stock-
aavvectors/shah/

EFla

AAV-

5 wks

Suppl Fig. 6

//: thalamo-cortical

mL: +0.6
DV: -7.6

taCasp3-TEVp.
WPRE.hGH

taCasp

disconnection

AP: +3.00

2x0.5uL (in each
hemisphere)

1.25x10'3

mPFC

PENN.AAV.hSyn.

https://www.addgene.org/

105540/

hSyn

retrograde

mL: +/- 0.5

HI.eGFP-Cre. WPRE.

SV40

Cre-GFP

DV: —4.6 and

-3.6
AP: —-2.6

1x1pL

2.1x10'2

PeriRe

PAAV.EF1la.flex-

https://www.me d.unc.edu/genet
herapy/vectorco re/in-stock-
aavvectors/shah/

EFla

AAV-

10 wks

mL: +0.6
DV: -7.6

taCasp3-TEVp.
WPRE.hGH

taCasp

AP: +3.00

3x0.6pL (in every
hemisphere)

1.25x10'3

mPFC

PENN.AAV.hSyn.

https://www.addgene.org/

105540/

hSyn

retrograde

mL: +/- 0.5

HI.eGFP-Cre.WPRE.

SV40

Cre-GFP

DV: -5, -3.8

and —2.2
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microinfusions (over 5 min) via a silicium infusion needle (30 G, Phy-
mep). When both the mPFC and the ReRh were to be injected in the same
animal, the surgeries were done in a single session. After leaving the
needle in situ for an additional 5 min to ensure diffusion of the virus in
the target structure, it was slowly retracted. Infusion sites were at the
following coordinates (in mm): AP - 1.8 and- 2.3 (from bregma), DV
—7.1 and —7.2 (from skull), mL 1.9 (from midline of the sagittal sinus)
for the ReRh, and for the mPFC, AP 3.0, DV —5.0, —3.8 and —2.2, and
mL 0.5 and —0.5 (Paxinos and Watson, 2017) for all delays but 5 weeks;
for the postsurgical delay of 5 weeks, only 2 injections were made on
each side at DV —4.6 and —3.6 mm. In Exp 3, the vertical coordinates for
the mPFC injections corresponded to those with the 3 sites/side. Finally,
for ReRh sites, as the nuclei are medial, we used an angle of 15° to avoid
damaging the venous sinus. More detail is given in Table 1 (volume,
exact coordinates, etc).

After the last infusion, the scalp was sutured. All rats that underwent
surgery were allowed to recover under a warm lamp for -30 min before
being placed back into their homecage.

2.5. Histology

2.5.1. Perfusion and tissue sectioning

All rats were subjected to a lethal dose of ketamine (200 mg/kg, i.p.)
and xylazine (30 mg/kg, i.p.) and perfused transcardially with a cold
(4°C) 4% paraformaldehyde (PFA) solution. Brains were removed and
transferred to a 20% sucrose solution for 48 h at 4°C before being snap
frozen (in isopentane, —40°C) and subsequently stored at —80°C. Serial
coronal sections (40um) were cut through the prefrontal cortex and the
midline thalamus using a cryostat at —20° C (Leica CM3050S). The
sections were kept floating in a cryoprotective solution at —80°C until
being processed for histological staining.

2.5.2. Fluorescent Immunohistochemistry

The localization and extent of the viral infection could be observed
directly under a fluorescence microscope, without any immunostaining.
However, a NeuN protein immunostaining was performed in order to
facilitate the observation of the different brain regions. Some sections
were also immunostained for calretinin and calbindin, two neuronal
cytoplasmic proteins. Sections were also stained for either GFAP (a
marker of astrocytes) or Ibal (a marker for microglia). Anti-GFP im-
munostaining was performed in the mPFC.

Every immunostaining was performed on free-floating brain sections
evenly distributed along the entire rostro-caudal extent of the ReRh or
the mPFC, as previously described (e.g. Klein et al., 2019). Briefly,
sections were rinsed three times during 10 min in a PBS merthiolate
buffer before being soaked for 1 h in 5% normal horse serum in PBS
containing 0.5% Triton X-100. The sections were then transferred into
the primary antibody solution and kept overnight at room temperature.
Then, they were rinsed 3x10 min in PBS, and soaked for 2 h in a buffer
solution containing the secondary antibody. Finally, they were rinsed
three times in PBS (the second rinsing contained DAPI to stain cell
nuclei) and mounted with Mowiol® (Sigma Aldrich).

All the antibodies used are described in Table 2.

2.5.3. Image acquisition

All images were acquired with Axio Imager (Zeiss), an epifluorescent
microscope equipped with a motorized x-y-z stage control. Mosaics
were performed using the Zen (Zeiss) software. The same light intensity
and exposure time were used for all sections. Focus was made on the
NeuN channel, and parameters were determined according to the
strongest signal. Areas of interest in stained sections were taken using a
10x objective.

2.5.4. Quantification
All quantifications were done with the free access software QuPath
(e.g., Bankhead et al., 2017; Humphries et al., 2021). It is noteworthy
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Table 2
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Methodological precisions about the antibodies used for the various immunostainings performed in our four experiments.

Antibody against Host species Provided by

Catalog reference

Conjugated fluorochrome Incubation dilution

GFAP Rabbit Millipore AB5804 None 1/1000
Ibal Guinea Pig Synaptic systems HS-234 004 None 1/500
NeuN Mouse Millipore MAB377 None 1/1000
Calretinin Mouse Swant 6B3 None 1/1000
Calbindin Rabbit Millipore ABN2192 None 1/500
Guinea Pig Goat Invitrogen A21450 Alexa Fluor 647 1/500
Rabbit Goat Invitrogen A32733 Alexa Fluor 647 1/500
Mouse Donkey Invitrogen A32744 Alexa Fluor 1/1000

that we did not use an unbiased stereological method. Instead, quanti-
fication was performed with freely available software. As the immu-
nostainings were not processed in a single batch, differences in
fluorescence signal were normalized with visualization parameters. The
quantifications were done on 7-12 slides (mean: 9.11) per rat for GFP
and NeuN, on 3-9 slides (mean: 4.58) per rat for Ibal, and on 4-8 slides
(mean: 4.78) per rat for GFAP. If not stated otherwise, we then calcu-
lated the mean of all slides for a single rat, before calculating the mean of
all rats of every group.

2.5.5. Area delineation

In order to estimate the extent of the viral infection, neuronal loss,
and glial responses, we outlined the associated regions with the “Poly-
gon” tool (see Supplementary Fig. 1). To avoid any bias, we only selected
the channel of interest (e.g.: Alexa Fluor 594 for neuronal loss) and
outlined the region for every rat of every group (1WK, 2.5WKS, 5WKS,
10WKS) before starting the next channel.

2.5.6. Intensity measurements

The intensity of the GFP fluorescent signal was quantified with the
“Add intensity features” tool of QuPath, in every viral infection area.
The parameters were as follows: Preferred pixel size: 2 um; Region: ROJ;
Tile diameter: 25 pm; Channels: GFP; Basic features: Mean; Haralick
distance: 1; Haralick number of bins: 32.0.

2.5.7. Cell density

In order to evaluate the density of the different cell types (neurons,
astrocytes, microglia), we used the “Classifier” tool. We first run the
StarDist extension script, which was trained to detect and segment
nuclei on a DAPI staining (Weigert et al., 2020).

Once the nuclei were detected, we trained a classifier to sort the
nuclei that showed positive to another staining, for example the
(DAPI+NeuN)-positive nuclei were sorted as neurons (see Supplemen-
tary Fig. 1). This training was made on 1 slide per rat, by one experi-
menter per channel, and in shades of grey to facilitate visualization of
contrasts. For the reasons mentioned above, we trained a different
classifier for every immunostaining batch. Once the classifier was
trained, it was run on the viral infection area of every slide.

2.6. Statistical analyses

Unless otherwise specified and depending on the experiment, data
analyses used Student’s t tests or two-way ANOVAs, with repeated
measures where appropriate. Likewise, where appropriate, these ana-
lyses were completed by multiple comparisons using the Newman-Keuls
multiple range test. In the case of non parametric distributions, we used
a Kruskal-Wallis (K-W) test, followed by a Dunn multiple comparisons
test. Homogeneity of variance and normality of distribution were tested
systematically. Values of p < 0.05 were considered significant.

3. Results

3.1. Experiment 1: Retrograde AAVrg-Cre-GFP injections into the ReRh
nuclei combined with intracortical injections of anterograde AAV5-taCasp

We injected 2x1 uL of the retrograde AAVrg-Cre-GFP preparation
into the ReRh nuclei. The injected solution had a titer of 1.25x10'% vg/
mL. This is half the titer preconized by Addgene, although in the website
catalog, the viral solution is proposed for use in living animals as pro-
vided. It is also noteworthy that studies published in the literature have
used titers > 10'2 vg/mL, with injection volumes usually of the uL order
(e.g., Cearley and Wolfe, 2007; Chen et al., 2021; Shen et al., 2016,
Stewart et al., 2021; see also Erben et al., 2022 regarding the titer). All of
our rats injected with the AAVrg-Cre-GFP also received a unilateral in-
jection of the AAV5-taCasp (2x0.5 pL) into the medial prefrontal cortex
(mPFQC), using a solution with a titer of 2.1 %102 vg/mL. The contra-
lateral side was left unoperated and served as control. The rats were kept
for a post-surgical survival time of 5 weeks. Histological observations
are illustrated in Figs. 1 and 2.

In the mPFC, we found a reduction of the number of GFP-positive
cells on the side in which the AAV5-taCasp had been injected as
compared to the contralateral hemisphere (Fig. 1). These GFP-positive
cells were quantified, and the resulting data analyzed using a t-test for
paired samples. On the side injected with the AAV5-taCasp, the number
of GFP-positive neurons was reduced by about 40% in average as
compared to the contralateral hemisphere. Statistical analyses consid-
ering the 21 sections from the 3 rats (7 per rat) with correct injections
showed that this difference was significant (t;20) = 5.385, p < 0.001;
Fig. 1). It is noteworthy that, in contrast to the ReRh nuclei, where the
virus also carries a reporter gene that reflected the localization and
extent of infection, in the mPFC the extent of infection could only be
visualized indirectly (i.e., by the reduction in the number of GFP-
positive neurons). Indeed, the caspase gene is too large to associate a
reporter gene with it in an AAV.

In the ventral midline thalamus (VMT), we induced a widespread
transduction of the AAVrg-Cre-GFP, as illustrated by the localization of
GFP-positive cells within and in the close vicinity of the ReRh nuclei
(Fig. 2a, 2b). The brain sections through the VMT were processed for
DAPI staining and anti-NeuN immunostaining. DAPI staining appeared
normal in the region infected with the AAVrg-Cre-GFP (Fig. 2c, 2d).
Indeed, the stained nuclei showed no abnormal density in comparison
with surrounding regions. This infected region, however, was almost
completely devoid of NeuN-positive cells (Fig. 2d, 2e, 2f), possibly
indicating an unexpected loss of neurons in the region confined to the
spread of the infection. Such loss would point to neuronal toxicity of the
AAVrg-Cre-GFP construct in a region roughly corresponding to the viral
infection. Supplementary Fig. 2 and 3 provide illustrations with larger
magnifications of the same kind of material.

As we could not exclude that this toxicity might have been related to
an alteration of the viral construct, we checked that the construct had
not been altered. We used a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). It resulted in the separation of all the
proteins into three distinct bands corresponding to the three AAV-capsid
proteins VP1, VP2 and VP3 (see supplementary Fig. 4). The absence of
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Fig. 1. (a) Surgical protocol used in Experiment 1. The AAV containing the floxed caspase gene was injected unilaterally into the medial prefrontal cortex (mPFC) of
Long-Evans male rats, which also received an injection into the reuniens and rhomboid (ReRh) nuclei of the virus containing the Cre-GFP gene coding for the
fluorescent fusion protein. (b) Image showing GFP-positive neuronal nuclei in the mPFC. (d) and (e) are higher magnifications of the cortical regions delimited by
squares in (b); (d) is showing the side in which the AAV5-taCasp has been injected; the contralateral side (e) is used as the non-injected control. Scale bars are shown
directly on the photographs. (¢) Number of neurons counted in each section prepared from the brain of 3 rats; open circles joined by solid lines are from one rat, open
triangles joined by dashed lines are from another rat, and open squares from the last rat are joined by stippled lines. The bars show the average value on the side
injected with the AAV-taCasp (left) and its contralateral control (right). Statistical analysis: ***, p < 0.001. There is a relatively large inter-individual variability,
which most probably reflects variability across infection degrees within the ReRh nuclei and thus across slices.



E. Panzer et al.

Journal of Neuroscience Methods 405 (2024) 110080

Fig. 2. (a) Images showing the localization of the transduction in the ReRh nuclei in a section immunostained for the neuronal nuclear protein NeuN. The post-
surgical survival time was of 5 weeks; all photographs are from the same section. (b) is a higher magnification of the thalamic region delimited by the square in
(a); only GFP staining is shown. (¢) same region as in (b) with focus on DAPI staining in the ventral midline thalamus. (d) same region as in (b) and (c¢) with DAPI and
NeuN staining merged; notice that there is a DAPI-positive region almost completely devoid of NeuN staining. (e) same region as in (b), (c) and (d), but with only
NeuN-positive staining. (f) same region as in (b), (c), (d) and (e) with NeuN and GFP staining merged. Notice that GFP-positive staining (b,f) is confined to the ventral
midline of the thalamus, in the region of the ReRh nucleus, and that the spread of neurodegeneration (d,e,f) is well superimposed with that of the infection (f), as
accounted for by the GFP-positive staining. Dimensions of the scale bar are shown directly on the photographs.

an extra band indicates the absence of any virus contamination.
Furthermore, we could not exclude a priori that subsequently to the
nuclear production of the fused CreGFP protein, the recognition of NeuN
by the anti-NeuN antibody could have been altered (e.g., due to epitope
masking). Therefore, we performed additional immunostaining with

antibodies raised against either calbindin or calretinin, two calcium-
binding proteins expressed by ReRh neurons either separately or
conjointly, and characterizing different neuronal subpopulations of this
thalamic brain region (Viena et al., 2021). This additional staining
confirmed that, in the vicinity of the AAVrg-Cre-GFP
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injection/transduction site, both single- and dual-labelled cells had
almost completely disappeared (see supplementary Fig. 5). This obser-
vation confirmed that neurons were actually lost.

Were these observations specific to the VMT, which, for unknown
reasons, might have shown a particular fragility to the viral infection or
the AAV2 serotype? To address this question, we injected 2x0.5 pL of
AAVrg-Cre-GFP into the medial prefrontal cortex (mPFC) of 6 rats, at a
titer of 1.25x 103, After a postsurgical survival time of 5 weeks, we also
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found evidence for neuronal degeneration in the mPFC (supplementary
Fig. 6), indicating that the neurotoxicity was apparently not specific to a
particular brain region. Again, DAPI staining appeared normal in the
region of the mPFC that revealed devoid of neurons (not illustrated).
Similar observations were made in rats injected with 3x0.6 uL of AAVrg-
Cre-GFP on each cortical side after a post-surgical survival time of 10
weeks (not illustrated).

The combination of the intrathalamic injection of the AAVrg-Cre-

b

200

Fig. 3. Illustrations of the transduction found in the ReRh nuclei at post-injection delays of 1 (a,b), 2.5 (c¢,d) and 10 weeks (e,f). Rats have been injected with the
AAVrg-Cre-GFP into the ReRh nuclei. (a), (c), (e) show GFP-positive nuclei in the ReRh, (b), (d), (f) show NeuN immunostaining in the same regions as shown on
their left. Notice the evidence for a progressive disappearance of NeuN-positive cells within the region of transduction, which parallels a reduction of the GFP-positive

signal. Dimensions of the scale bar are shown directly in the photographs.
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GFP and the intracortical injection of the AAVS5-taCasp constructs
resulted in damage to mPFC neurons. However, information provided by
DAPI and NeuN staining in the ventral midline thalamus (near-normal
nuclear staining vs. neuronal depletion) appeared paradoxical, what
clearly required further investigation.

3.2. Experiment 2: Time line of AAV-Cre-GFP effects

3.2.1. Neuronal toxicity

To further our investigation, based on the observations shown in
Fig. 2, we decided to characterize the effects of the retrograde AAVrg-
Cre-GFP at various post-injection delays, with a maximal delay of 10
weeks post-surgery. This second experiment aimed to follow the chro-
nology of the presumed neuronal toxicity of the viral construct. Our
hypothesis was that, at shorter delays, toxicity could have been weaker
or even absent. Therefore, we injected 2x1 pL of the retrograde AAVrg-
Cre-GFP preparation into the ReRh nuclei, using the same titration as in
experiment 1 (i.e., 1.25x10'% vg/mL). As we only focused on the
possible toxicity of AAVrg-Cre-GFP, no AAV5-taCasp construct was
systematically injected into the prefrontal cortex. The rats were killed at
postsurgical delays of 1, 2.5, and 10 weeks. Data are illustrated in Fig. 3.
Evidence for transduction was found at all post-surgical delays, with an
overall picture of fluorescence at 10 weeks post-surgery that was
attenuated compared to that observed after 5 weeks in experiment 1
(Figs. 3a, 3c, 2b and 3e). At earlier time points (Figs. 3a and 3c), the
amount of GFP-positive cells in the VMT was clearly larger. Because of
these apparent differences, we decided to quantify the extent of the area
in which fluorescence was increased in comparison with the back-
ground. We also quantified the intensity of the GFP signal (see
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Experimental procedures) and the density of NeuN-positive nuclei in this
area (see supplementary Fig. 1). Identical quantifications were per-
formed on the histological material obtained in Experiment 1, thus
corresponding to the 5-week post-surgical delay. Whereas the extent of
the area of GFP fluorescence appeared relatively constant across delays,
we observed a delay-dependent decrease of the GFP signal intensity: the
longer the delay, the weaker this intensity (Figs. 3a, 3¢, 2b and 3e). In
parallel, we observed a progressive decrease of the density of NeuN-
positive nuclei in the VMT (Figs. 3b, 3d, 2e and 3f). This was
confirmed by an analysis of our quantitative data (Fig. 4). Regarding the
extent of the transduction area, a one-way ANOVA showed no signifi-
cant Delay effect (F(315) = 0.23, p = 0.87). A Kruskal-Wallis (K-W) one-
way ANOVA of the intensity of GFP-positive clusters within the trans-
duction limits showed a significant Delay effect (p < 0.001). Using the
Dunn test to perform multiple comparisons, we found the difference
between the 1-week and 10-week delays to be significant (p < 0.002);
the other differences did not reach significance. Regarding the density of
NeuN-positive nuclei, the one-way ANOVA showed a significant Delay
effect (p < 0.0001). Multiple comparisons (Newman-Keuls test) showed
significant differences between the 10-week and either the 1-week (p <
0.001) or the 2.5-week (p < 0.001) delays; and between the 5-week and
either the 1-week (p <0.01) or the 2.5-week (p<0.01) delays; the dif-
ference between 5 and 10 weeks did not reach significance. The extent of
the area of neuronal loss (on frontal sections; Fig. 4e) as well as the ratio
between the area of neuronal loss and the area of viral transduction
(Fig. 4f) were also quantified. Regarding the former, an ANOVA showed
a significant Delay effect (F(3,15) = 45.25, p < 0.001). The following
differences were significant: 1 week vs. 5 weeks (p < 0.001) and 10
weeks (p < 0.001); 2.5 weeks vs. 5 weeks (p < 0.01) and 10 weeks (p <
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Fig. 4. Bar graphs illustrating our quantitative or semi-quantitative approaches. (a) Extent of the transduction area at various post-injection delays (1, 2.5, 5 and 10
weeks post-injection; data corresponding to 5 weeks are from experiment 1, the others are from experiment 2). (b) Semi-quantitative estimation of GFP intensity in
the transduction area; the difference between 1 and 10 weeks post-injection was significant, p < 0.01 (**). (¢) Quantitative estimation of DAPI density in the
transduction area; at 10 weeks post-injection, the density was significantly larger than at the 1-week and 2.5-week (*, p < 0.05) delays; the other differences were not
significant. (d) Quantitative estimation of the neuronal density in the transduction area; significance for the indicated differences is: **, p < 0.01; ***, p < 0.001. (e)
Quantitative estimation of the extent of the area of neuronal loss within the region of transduction; significance for the indicated differences is: **, p < 0.01; ***, p <
0.001. (f) Computation of the ratio between the extent of the area of neuronal loss and the area of transduction; the difference between 1 and 10 weeks post-injection
was significant, p < 0.01 (**).
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0.001); 5 weeks vs. 10 weeks (p < 0.001). As to the ratio between both
areas, the K-W ANOVA showed a significant Delay effect (p < 0.001), the
only significant difference being between 1 and 10 weeks (p < 0.01).

Thus, taken together, these data point to an AAVrg-Cre-GFP that
produced a protracted neuronal toxicity ending up, within 10 post-
surgical weeks, in an almost complete loss of neurons in the region of
transduction. Most of the toxic effects are reached between 2.5 and 5
weeks post-surgery. Again, as in experiment 1, DAPI staining appeared
relatively constant, all along (Supplementary Fig. 7). As the DAPI den-
sity was also quantified, we performed a K-W ANOVA that showed a
significant Delay effect (p < 0.001). With the Dunn test, we found a
significant difference between the 10-week and either the 1-week (p <
0.05) or the 2.5-week (p < 0.05) delays; other differences did not reach
significance.

3.2.2. Glial reactions

How can one explain that neurons undergo progressive degeneration
following AAVrg-Cre-GFP injections into the VMT when the density of
DAPI-stained nuclei remains apparently unchanged over the same time?
Because DAPI does not distinguish between neurons and glial cells (for it
stains AT regions of DNA), we hypothesized that cells within the region
of transduction and neuronal loss could be glial cells reflecting a glial
reaction, especially astrocytes and microglia. Indeed, astrocytes and
microglia are major actors of neuroinflammation and come into play in
case of neurodegeneration, whatever the latter’s origin (e.g., Kwon and
Koh, 2020). This is why we performed two additional immunostainings,
one targeting astrocytes (with an antibody against GFAP), the other
targeting microglial cells (with an antibody against Ibal). The data are
illustrated in Fig. 5 and Fig. 6. At 1 week post-surgery, the GFAP
immunoreactivity was virtually absent from the VMT. Clearly detectable
at the 2.5-week delay, it reached a maximal staining intensity at the 5-
and 10-week delays, suggesting a delay-dependent increase of astrocytic
migration/reaction. A similar temporality was observed for microglial
cells, the Ibal-positive staining being minimal (but not absent) at the
1-week delay and maximal at the 10-week delay. These staining signals
were quantified. We measured the area covered by GFAP-positive or
Ibal-positive staining, the density of cells within the stained areas, as
well as the ratio between the area covered by the glial scar/region of
microglial activation and that of the transduction as deduced from the
GFP-positive staining. Regarding GFAP, K-W ANOVA of the area covered
by the glial scar showed a significant Delay effect (p = 0.02). The only
significant difference shown by a Dunn test was between 1 and 10 weeks
(p < 0.05). The one-way ANOVA of GFAP density showed a significant
Delay effect (F(3,14) = 11.24, p < 0.001). Multiple comparisons indi-
cated significant differences between 1 week and either 5 (p < 0.01) or
10 weeks (p < 0.001), but also between 2.5 weeks and 5 (p < 0.05) or 10
weeks (p < 0.01). K-W ANOVA of the ratios showed a significant Delay
effect (p = 0.039), but none of the differences reached significance. As to
Ibal, one-way ANOVA of the activation area showed a significant Delay
effect (F(3,15) = 13.77, p < 0.001), and multiple comparisons revealed
significant differences between 1 week and 2.5 (p < 0.05), 5 (p < 0.05)
and 10 weeks (p < 0.001), as well as 2.5 weeks (p < 0.01) or 5 weeks (p
< 0.05) and 10 weeks. For the density of the Ibal signal, a K-W ANOVA
showed a significant Delay effect (p < 0.001), which was due to a sig-
nificant difference between 1 and 10 weeks (p < 0.01), only. Finally, a
K-W ANOVA of the ratio showed a significant Delay effect (p < 0.001),
pairwise comparisons pointing to a larger ratio at 10 weeks as compared
to 1 (p < 0.01) or 2.5 weeks (p < 0.05).

Altogether these data indicate that the AAVrg-Cre-GFP injection
resulted in a progressive glial reaction, as attested for by the progressive
increase of GFAP- and Ibal-positive staining. That this reaction was
linked to the neurotoxic effects of the AAVrg-Cre-GFP is suggested by the
high positive correlation between the area of neuronal loss and the area
of microglial activation on sections passing through the ventral midline
thalamus (r = 0.924, p < 0.001; see Supplementary Fig. 8).
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3.3. Experiment 3: Reduction of the viral titer

Next, we tested if the injection of AAVrg-Cre-GFP using a smaller
solution volume (i.e., 2x0.5 pL) and a reduced titer would result in
attenuated toxicity in the ReRh nuclei. Four titers were tested:
6.25x10'2, 3.125x10'2, 1.25x10'2, 1.25x10'! vg/mL, in addition to
the one used in Experiments 1 and 2. The volume/titer producing
toxicity in the aforementioned experiments was not included, as we
reduced the volume injected. Rats were kept for a 5-week post-surgical
survival time, a delay at which we had observed strong toxicity with the
highest titer used. Data are illustrated in Fig. 7. In this figure, one can see
that the second lowest titer (i.e., 1.25x 102 vg/mL) used resulted in
limited GFP-fluorescence which confined along the cannula track and
showed minimal spreading in the target region. A similar picture was
observed with the lowest titer (i.e., 1.25x 101! vg/mL’ not illustrated).
Clearly, the transduction was by far insufficient or even inefficient with
these two titers. With the next higher titer (i.e., 3.125x 10! vg/mL), the
transduction had spread in the ReRh nuclei and the NeuN immuno-
staining showed no obvious evidence for local neuronal toxicity; on
some sections, however, closest to the injection site, a restricted region
of limited neuronal loss could be identified. With the highest titer, the
transduction appeared correct, but there was clear-cut evidence for
neuronal toxicity in and around the injection site, although to a much
weaker extent than with the titer used in experiments 1 and 2. All these
qualitative observations were confirmed in a quantitative approach
aiming at measuring the extent of the infection area, of the area showing
neuronal loss, of the neuronal density therein, and of the ratio between
the area of neuronal loss and that of the infection extent, as shown in
Supplementary Fig. 9. It is noteworthy that even with the titer of
3.125x10'2 vg/mL, we found quantitative evidence for limited toxicity,
which was significant.

3.4. Experiment 4: Combination of the retrograde AAVrg-Cre-GFP
injections into the ReRh nuclei (at a less toxic titer) with an intracortical
injections of anterograde AAV5-taCasp

Next, we asked if AAVrg-Cre-GFP used at a titer of 3.125x10'2 vg/
mL in combination with an intracortical injection of the AAV5-taCasp
would result in damage to cortical neurons projecting to the ReRh
nuclei. To answer this question, rats were injected with both viral
preparations, AAV5-taCasp in the medial prefrontal cortex (same con-
ditions as in experiment 1) and AAVrg-Cre-GFP in the ReRh nuclei (i.e.,
3.125x10'2 vg/mL). The AAV5-taCasp was injected unilaterally and the
contralateral side was used as control. Histological observations are
illustrated in Fig. 8. In the mPFC, we found a reduction of the number of
GFP-positive cells on the side in which the AAV5-taCasp had been
injected as compared to the contralateral hemisphere (Fig. 8). On the
side injected with the AAV5-taCasp, the number of GFP-positive neurons
was reduced by about 40 % in average as compared to the contralateral
hemisphere (Fig. 8); this reduction was comparable to the one found in
Experiment 1. Statistical analyses on all sections showed that this
reduction was significant (ti7) = 5.790, p < 0.001).

Thus, when the titer of AAVrg-Cre-GFP injected into the ReRh was
reduced from 1.25x10'3 to 3.125x10'2 and coupled to an intracortical
injection of the AAV5-taCasp, we significantly reduced the intrathalamic
toxicity of the first virus and found a capability for the combination to
damage part of the mPFC neurons projecting on ventral midline
thalamic targets.

4. Discussion

The start point of the current series of experiments consisted in
combining an AAVrg-Cre-GFP injected into the ReRh nuclei with an
AAV5-taCasp injected into the mPFC in order to selectively damage
neurons that project from this cortical region to the ventral midline
thalamus (VMT). While a proportion of neurons in the mPFC were
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2o,

Fig. 5. Images showing GFAP (astrocytes; on the left) and Ibal (microglia; on the right) immunostaining in the region of transduction at various delays after the
injection into the ReRh nuclei of the AAV-Cre-GFP, namely 1 week (a,b), 2.5 weeks (c,d), 5 weeks (e,f), and 10 weeks (g,h). Notice the delay-dependent increase of
staining accounting for reactive astrocytes and microglia. Dimensions of the scale bar are shown directly on the photographs.
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Fig. 6. Bar graphs illustrating our quantitative approaches of the histological material illustrated in Fig. 5. (a) Extent of the glial scar at various post-injection delays
(1, 2.5, 5 and 10 weeks; data corresponding to 5 weeks are from experiment 1, the others from experiment 2); the difference between 1 and 10 weeks post-injection
was significant, p < 0.05 (*). (b) Quantitative estimation of GFAP staining density in the transduction area; at 10 weeks post-injection, the density was significantly
larger than at the 1-week (***, p < 0.001) and 2.5-week (**, p < 0.01) delays, and at 5 weeks post-injection, the density was also significantly larger than at 1 week
(**, p < 0.01) and 2.5 weeks (*, p < 0.05). (c¢) Computation of the ratio between the extent of the area of the glial scar and the area of transduction; no difference was
significant. (d) Quantitative estimations of the extent of the glial scar at the various post-injection delays; analyses showed a progressive extension of the zone over
time; significance for the indicated differences is: *, p < 0.05; **, p < 0.01; ***, p < 0.001. (e) Quantitative estimation of the density of Ibal staining in the
transduction area over time; the difference between 1 and 10 weeks post-injection was significant, p < 0.01 (**). (f) Computation of the ratio between the extent of
the area of microglial activation and the area of transduction; the difference between 1 and 10 weeks post-injection was significant, p < 0.01 (**), as well as that

between 2.5 weeks and 10 weeks, p < 0.05 (*).

actually killed, we observed an unexpected and ultimately massive
neurotoxicity of the AAVrg-Cre-GFP in the ReRh. Such neurotoxicity,
which was also found when the viral construct was injected into the
mPFC, contrasted with an apparently normal or slightly increased den-
sity of DAPI-positive nuclei. Staining of reactive astrocytes and micro-
glial cells demonstrated a progressively increasing density of these cells
within the limits of the viral transduction. By reducing the viral titer (to
a 3.125x10'2 vg/mL concentration + injecting half the volume, i.e.,
2x0.5 pL, in the ReRh), we obtained a reduction of the toxicity in the
ReRh, but kept the possibility to induce an at least partial but targeted
disconnection between the mPFC and the ReRh nuclei.

4.1. Neuronal ablation a combination of virus-delivered Cre and Cre-
dependent caspase

Cre-dependent caspase has been used to selectively ablate pop-
ulations of neurons of the central nervous system in recent studies. A
typical approach consists in using transgenic mice (or rats) preferen-
tially expressing Cre in particular neurons of the brain. These regions are
then infected with a viral vector carrying a floxed caspase (e.g., Basting
et al., 2018; Bossert et al., 2023; Hatter and Scott, 2023; Laurent et al.,
2017; Mazuski et al., 2020; Nadel et al., 2020; Walker et al., 2022;
Whylings et al., 2021). In the current study, we combined the injection
of two AAV vectors, one retrograde with both the Cre and a reporter
genes injected into the ReRh nuclei, and another one, anterograde, with
the caspase gene injected into the mPFC. Our goal was to specifically
damage neurons of the mPFC that project to the ventral midline thal-
amus. To the best of our knowledge, it is the first time that such an
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approach targeting mPFC to ReRh projections is performed in rats. The
combination of a Cre-containing AAV with a caspase-containing AAV
has been the methodological option in at least one other study, which
aimed to damage the neurons of the median preoptic nucleus projecting
to the paraventricular nucleus (Marciante et al., 2020). In a previous
study, Xu and Siidhof (2013) had blocked the projections from the mPFC
to the Re. However, they bilaterally injected a 2xFlx-TetTox AAV into
the mPFC and a WGA-cre AAV into the Re and subsequently assessed
contextual fear generalization, which was affected by the selective
blockade. If one disregards the undesired effects of AAVrg-GFP-Cre in
the ReRh nuclei, our histological verifications demonstrate the feasi-
bility of the combined anterograde and retrograde AAV approach.
Indeed, for AAVrg-GFP-Cre, whether with a viral titer causing neuro-
toxicity in the VMT (Fig. 1) or with a titration reduced by a factor 4 and
half the volume injected (Fig. 8), we have been able to observe an about
40% reduction of the number of GFP-positive neurons on the injected
side of the mPFC as compared to the contralateral control side. Obvi-
ously, this finding does not allow us to conclude that we have destroyed
neurons projecting from the mPFC to the ReRh nuclei in a proportion
that would be sufficient to induce detectable behavioural alterations. To
do this, one would need to have AAV5-taCasp bilaterally in the mPFC
and test the rats in a battery of behavioural evaluations that have proved
sensitive to damage to the ReRh nuclei (e.g., the cognitive shifting test
used by Cholvin et al., 2013, or the systemic memory consolidation tests
used by Loureiro et al., 2012, or Quet et al., 2020). Moreover, in the
current study, despite our various quantifications, it was not possible to
know what proportion of cortical neurons have been destroyed among
all cortical neurons projecting to the ReRh nuclei. There were at least
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Fig. 7. Images showing the localization of the transduction in the ReRh nuclei on sections immunostained for the neuronal nuclear protein NeuN. Compared with
experiments 1 and 2, the volume injected at each injection site was divided by 2 (i.e., 0.5uL instead of 1pL/site). In this experiment, we also reduced the titer. (a-d)
are from rats injected with the AAV-Cre-GFP virus at a titer of 1.25x10'? vg/mL. (e-h) are from rats injected with the AAV-Cre-GFP virus at a titer of 3.125x10'? vg/
mL. (i-1) are from rats injected with the AAV-Cre-GFP virus at a titer of 6.25x10'? vg/mL. The post-injection delay was of 5 weeks in all cases. On the left (a, e, i),
NeuN and GFP are merged and low magnification indicates the location of the transduction region. All other photographs show a higher magnification focusing on
the transduction region: GFP fluorescence is shown alone in (b,f,j), NeuN staining is shown alone in (c,g,k), and a merge of both is shown in (d,h,1). Notice that with
the lowest titer the transduction was extremely limited, which is not the case with the two other titers; we found no evidence for toxicity. With the titer of 6.25x10'2
vg/mL, we obtained a good transduction, but neuronal toxicity was observed. With the titer of 3.125x10'2 vg/mL, the transduction was still acceptable, but we found
no evidence for neurotoxicity. Dimensions of the scale bar are shown directly in the photographs.

two reasons for this: first, the number/proportion of cortical neurons
projecting to the ReRh nuclei is not known; second, we have no idea
about the proportion of mPFC neurons projecting to the ReRh nuclei that
have been labelled with the retrograde virus.

4.2. Neurotoxicity of the GFP-Cre fusion protein or of Cre

Our current report is the first to show neurotoxicity of AAVrg-Cre-
GFP when the viral construct is injected into the VMT of rats. Such
toxicity, however, is not particular to the VMT as it was also observed in
the mPFC when the same viral construct was injected in this cortical
region (supplementary Fig. 6; notice that the cortical lesions appeared
less extended than in the ReRh nuclei, which was probably due to the
fact that we injected a smaller volume of the viral construct into the
mPFC). Other studies found similar results with an AAV-Cre-GFP
injected in other brain regions. For instance, Rezai Amin et al., (2019)
have injected AAV2.hSyn.eGFP-Cre. WPRE.SV40 into the substantia
nigra of mice that survived surgery for at least 8 weeks. They found
toxicity to both dopaminergic neurons in the pars compacta and
GABAergic neurons in the pars reticulata, with evidence for apoptosis
and autophagy in both populations of neurons. The authors of this study
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have raised the possibility that it is in fact the Cre-GFP fusion protein and
its nuclear accumulation that has revealed toxic. Erben et al. (2022)
injected an AAV1.hSyn.HI.eGFP-Cre. WPRE.SV40 unilaterally or bilat-
erally into the ventral tegmental area of mice. Four weeks after the in-
jections, the number of cells immunoreactive for tyrosine hydroxylase or
the dopamine transporter (DAT) was reduced to a dramatic extent, what
occurred neither with an AAV1-GFP nor with an AAV9-GFP, which were
used as controls. However, when an AAV-Cre was injected, neurotox-
icity was also observed, indicating again that it is most probably the Cre
(rather than GFP, that can also reveal cytotoxic; e.g., Ansari et al., 2016)
which is responsible for the neuronal toxicity. In a still ongoing study,
we confirmed toxicity of an AAV-Cre, this time without the gene coding
for GFP; Panzer et al., unpublished. Indeed, and although much of the
histological verifications remain to be done, after the injection into the
ReRh of the AAV-Cre, NeuN-stained material clearly exhibited neuro-
degeneration patterns very similar to the ones reported herein after the
injection of the AAV-Cre-GFP. The fact that Cre activity can be cytotoxic
per se is not new (e.g., Janbandhu et al., 2014; Loonstra et al., 2001). For
instance, the expression of the Cre transgene in the epidermis of other-
wise normal mice induces tetraploidy and apoptosis (Janbandhu et al.,
2014). Along the same line, when Cre is expressed in cultured cells, it
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Fig. 8. The AAV containing the floxed caspase gene was injected unilaterally into the medial prefrontal cortex (mPFC) of Long-Evans male rats, which also received
an injection into the reuniens and rhomboid (ReRh) nuclei of the virus containing the Cre-GFP gene coding for the fusion protein. This time, however, the titer used
was the same as the one with which we found limited neurotoxicity in experiment 3 (i.e., 3.125x10'2 vg/mL). (a) Image showing GFP-positive neuronal nuclei in the
mPFC. (c¢) and (d) are higher magnifications of the cortical regions delimited by squares in (a); (c) is the side in which the AAV5-taCasp has been injected; the
contralateral side (d) is used as the non-injected control. Dimensions of the scale bar are shown directly on the photographs. (b) Number of neurons counted on each
section prepared from the brain of 3 rats (cells were counted in the mPFC ipsilateral to the AAV5-taCasp injection vs. the contralateral control side, in which no
injection was made); filled circles joined by solid lines are from one rat, those joined by dashed lines are from another rat, and filled circles from the last rat are joined
by stippled lines. The bars show the average value on the side injected with the AAV5-taCasp (left) and its contralateral control (right). Statistical analysis: ***, p

< 0.001.

produces toxicity that can be related to genomic damage (Loonstra et al.,
2001). When, in the current study, the viral titer was reduced, the un-
desirable neurotoxicity could be attenuated. This does not preclude the
viral construct from being used at the titer used in our two first exper-
iments, but specific effects would only be expected in a relatively narrow
post-injection window, the duration of which remaining to be deter-
mined precisely yet. It would probably not exceed much more than a
week post-injection (Fig. 4). Regarding the toxicity of the Cre protein,
one could also argue that when the AAV5-taCasp is injected in the region
from which the terminals infected with the AAVrg-Cre-GFP arise, neu-
rons might not be killed by the caspase only, but also by the nuclear
accumulation of Cre following retrograde infection. This possibility,
which would be potentially problematic to all neurons projecting to the
ReRh nuclei and obviously undermine specificity of the disconnection
approach, cannot be excluded based on the results of the current study.

Indeed, Cre-mediated toxicity is affecting neurons in the ReRh nuclei in
the absence of caspase. Because the AAV-Cre-GFP is retroactively taken
up by cortical neurons projecting to the ReRh, it also penetrates the
nucleus of these projection neurons, which could be theoretically killed
by the same mechanism, independently of the expression of the caspase
gene. If this would be the only mechanism leading to the damage of
cortical neurons projecting to the ReRh, however, one would have
observed comparable damage in the mPFC in the presence as well as in
the absence of the intracortical AAV5-taCasp injection. This is not what
we found, as shown in Figs. 1 and 8. While a partial AAV-Cre toxicity in
cortical neurons cannot be excluded, the difference between the
AAV-caspase-injected side and the contralateral non-injected one clearly
accounts for apoptosis-triggered toxicity on corticothalamic neurons.
Furthermore, in the present study, we injected the AAV-caspase on one
side only. Even if some of the cortico-thalamic neurons had been killed
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by the retrograde AAV-Cre virus, we must not lose sight of the fact that
this type of approach, when deployed for functional studies, is usually
based on bilateral injections. In such a hypothesis, whether some of the
neurons are killed by caspase and others by Cre, it seems clear that both
modes of destruction would affect cortico-thalamic neurons. It cannot be
ruled out, however, that Cre could kill neurons projecting to the ReRh
from other structures. Current experiments (Panzer et al., unpublished),
however, seem to indicate that neuronal damage by Cre in non-cortical
structures projecting to the ReRh nuclei is below visual detection limits
within a post-surgical time window reaching up to 12 weeks.

4.3. Glial reactions and possible confusion/misinterpretation

Degeneration of neurons is usually accompanied by an inflammatory
reaction, whether in neurodegenerative diseases (Kwon and Koh, 2020;
Stephenson et al., 2018) or following neurotoxic treatments, stroke,
traumatic injury, infections (e.g., Hosseini and Korte, 2023; Tran et al.,
2022). Inflammatory reaction implicates, among other processes, acti-
vation of astrocytes and microglia, both types of cells having also
physiological functions in a healthy brain, where they are in a so-called
resting state. When resting, they are for instance implicated in homeo-
stasis regulation, blood-brain barrier maintenance, synaptic support and
communication, and phagocytosis (e.g., Garland et al., 2022). Evidence
for an inflammatory reaction has been obtained in the current study, as
attested for by the progressive increase of reactive astrocytic and
microglial signals over the weeks that followed the injection into the
ReRh nuclei of the AAVrg-Cre-GFP. Indeed, after one week, there were
little GFAP-positive astrocytic and Ibal-positive microglial cells in the
region of viral transduction. Starting from 2.5 week after the injection,
but much more so 5 and 10 weeks thereafter, the staining had increased
to reach an ultimately massive level. At both later stages, almost all
neurons had disappeared from the injection site. As documented by our
results, the conjunction of both phenomena, namely neuronal degen-
eration and glial reactions, can reveal extremely misleading. Indeed, if
the histological material is examined after only a DAPI staining (as done
in several formerly published studies), the cellular density, as it can be
deduced from the number of stained cell nuclei, appears unaltered. To
achieve a precise idea of what is going on in the region in which the
AAVrg-Cre-GFP was injected, it is mandatory to perform a staining ac-
counting for the preservation of neurons. As long as this staining does
not demonstrate that neurons are present in the vicinity of
AAVrg-Cre-GFP injection in a near normal density, it is impossible to
differentiate possible effects of the AAV5-taCasp (i.e., due to the Cre/-
loxP recombination, and thus corresponding to a specific disconnection)
from those of the AAVrg-Cre-GFP (i.e., due to the Cre or Cre-GFP
toxicity). The picture could even be further complicated by synergistic
interactions between both types of effects, thereby leading to additional
confusion.

4.4. Reducing the titer, a possible solution to hamper neurotoxicity

Erben et al. (2022) have reported that neuronal toxicity of Cre-GFP
could be substantially attenuated by reducing the titer of the viral
preparation. Our own findings confirm that titer reduction reduces
toxicity, although after a substantially weaker titer reduction (i.e.,
divided by 4, after half-dilution of the mother solution) than in the Erben
et al. study (i.e., divided by 1000). We also found that when the highest
titer was reduced by a factor 10 or 100, the transduction we obtained
was largely insufficient. Regarding these results, one has to call for some
degree of caution, and so for two reasons. First, we did not totally pre-
vent toxicity but only reduced it substantially (Supplementary Fig. 9).
An experiment currently running in our laboratory, however, indicates
that this level of toxicity reduction in the ReRh is sufficient to preserve
cognitive flexibility capacities that are blasted by an additional bilateral
injection into the mPFC of the AAV5-taCasp. Second, we only assessed
the effect of our titer reduction at one post-injection time point, namely
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5 weeks after the infection. However, as long as the metabolic ma-
chinery of an infected neuron is functioning, there is no reason to believe
that Cre-GFP synthesis is going to vanish or that nuclear metabolism
might, in fine, be able to balance Cre-GFP production such as to keep the
protein’s concentration under a fatal nuclear toxicity threshold. It is well
possible that by reducing the titer, rather than preventing toxicity, we
have done nothing more than attenuating the slope of Cre-GFP pro-
duction and thereby increasing the time window over which the
neurotoxic threshold is reached. This would mean that the neurons
would not, in absolute terms, be protected from toxicity, but that
Cre-GFP production would take longer before becoming neurotoxic.
Therefore, having observed a dramatically attenuated toxicity after 5
weeks post-injection with the reduced titer should not necessarily mean
that no toxicity would be observed after an additional 5 weeks or later
on. This possibility needs to be verified experimentally in a forthcoming
study. In any case, the association of a retrograde AAV expressing Cre
recombinase with an anterograde AAV expressing a Cre-dependent
caspase should be used for experimental purposes only after having
assessed that the time window in which experimental evaluations are
performed, including behavioral ones, remains beyond the time at
which a toxicity threshold might be reached.

The disconnection technique we have used here is of obvious interest
for behavioral studies that seek to dissect the functioning of complex
circuits formed by several brain structures and their interconnection
systems. It should be emphasized, however, that before embarking on
behavioral assessments, preliminary experiments carried out prior to
these should enable the conditions for the most limited possible
neurotoxicity of AAV-Cre-GFP to be defined. Indeed, should such
toxicity prove unavoidable in the end, it is imperative that the experi-
menter has as precise an idea as possible of the post-surgical time win-
dow during which the data collected are free from any bias resulting
from neurotoxicity induced by AAV-Cre-GFP.

We have used an approach combining two AAVs, one delivering a
floxed gene coding for caspase and one delivering a gene coding for a
Cre-GFP fusion protein. The former was injected into the mPFC, the
latter into the ReRh nuclei, with the aim to damage neurons inter-
connecting these two brain regions. Our main finding was the severe
neuronal toxicity of the AAVrg-Cre-GFP in the ReRh nuclei, although
evidence was obtained that neurons of the mPFC projecting to the ReRh
could actually be damaged. This toxicity was attenuated by using a
reduced viral titer. The unexpected effects of the AAVrg-Cre-GFP re-
ported herein clearly point to: i) the imperative need to verify the ex-
istence of potential collateral damage inherent in this type of approach
because it is likely to distort the interpretation of the experimental data,
and ii) the necessity to implement the essential controls in order to
distinguish the phenotypic effects linked to this collateral damage from
those linked to the desired disconnection, since, as we report here, the
two types of damage can co-exist. It is also essential to know for how
long neurons expressing the Cre-GFP protein remain operational after
their infection.
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