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Promotion of structural plasticity in area V2 of visual
cortex prevents against object recognition memory
deficits in aging and Alzheimer’s disease rodents
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Abstract

Memory deficit, which is often associated with aging and many psychiatric, neurological, and neurodegenerative diseases, has been a challenging issue

for treatment. Up till now, all potential drug candidates have failed to produce satisfactory effects. Therefore, in the search for a solution, we found that a
treatment with the gene corresponding to the RGS14,,, protein in visual area V2, a brain area connected with brain circuits of the ventral stream and the
medial temporal lobe, which is crucial for object recognition memory (ORM), can induce enhancement of ORM. In this study, we demonstrated that the

same treatment with RGS14,,, in visual area V2, which is relatively unaffected in neurodegenerative diseases such as Alzheimer’s disease, produced long-
lasting enhancement of ORM in young animals and prevent ORM deficits in rodent models of aging and Alzheimer’s disease. Furthermore, we found that

the prevention of memory deficits was mediated through the upregulation of neuronal arborization and spine density, as well as an increase in brain-derived
neurotrophic factor (BDNF). A knockdown of BDNF gene in RGS14,,,-treated aging rats and Alzheimer’s disease model mice caused complete loss in the
upregulation of neuronal structural plasticity and in the prevention of ORM deficits. These findings suggest that BDNF-mediated neuronal structural plasticity in
area V2 is crucial in the prevention of memory deficits in RGS14,,,-treated rodent models of aging and Alzheimer’s disease. Therefore, our findings of RGS14,,,
gene-mediated activation of neuronal circuits in visual area V2 have therapeutic relevance in the treatment of memory deficits.
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Introduction

Intact memory is essential for carrying out our daily life activities, such
as driving in familiar environments, managing finances, remembering a
grandchild’s birthday, remembering to take medications, and learning to use
a new computer. However, memory deficits are not only comorbid with many
psychiatric, neurological, and neurodegenerative diseases but also occur in
normal aging. (Bishop et al., 2010; Khan et al., 2014; Guo et al., 2019; Piolino
et al., 2020). As a result, a large number of the human population is affected
by this brain disease. Memory-enhancing pharmaceutical compounds are
seen as a strategy for treating memory deficits or alleviating the effect of
aging on memory (Bibb et al., 2010; Tampi and Jeste, 2022). However, many

agents and other memory enhancers studied so far not only have failed to
produce consistent and reliable effects on various types of memory but also
have shown limited to no effect on memory deficits (Stern and Alberini, 2013;
Dresler et al., 2019), and the search for an effective strategy is ongoing. We
have previously shown that the activation of area V2 of the visual cortex by
a gene corresponding to regulator of G-protein signaling 14 of 414 amino
acids (RGS14,,,) protein induces a long-lasting increase in object recognition
memory (ORM), which is a type of episodic memory primarily affected in
patients or individuals with memory deficits (Lopez-Aranda et al., 2009;
Masmudi-Martin et al., 2020, 2022). Moreover, the elimination of neurons
selectively from this brain area abolishes the enhancement in ORM (Ldpez-
Aranda et al., 2009). This finding further suggests that area V2 neurons play
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a crucial role in the RGS14,,, gene-mediated long-lasting enhancement in
ORM. Previous studies have shown that neurons in the visual area V2 are
interconnected with the ventral pathway, a brain circuit that originates in
the visual cortex of the occipital lobe and extends to the medial temporal
and frontal lobes (Khan et al., 2011; Ayzenberg and Behrmann, 2022). This
ventral pathway plays a crucial role in maintaining object memory function.
Therefore, the long-lasting enhancement of ORM after activation of neuronal
circuits in visual area V2 by treatment with RGS14,,, may contribute to
resistance to memory decline. In this study, we applied the same strategy
to examine whether treatment with the RGS14,,, gene in visual area V2 can
prevent against memory deficits in normal aging and Alzheimer’s disease
(AD), which are the two most extensively studied models in which memory
deficits have consistently been observed (Walsh and Selkoe, 2004; Robitsek
et al., 2008; Carter et al., 2020; Sasaguri et al., 2022). We further explore the
underlying mechanism that drives the resistance to memory decline in these
rodent models.

Methods

Animals

AD transgenic mice and rats were used in this study. The guidelines of the
Institutional Animal Care and Use Committee (IACUC) of the University
of Malaga were followed during the performance of all procedures. The
protocols for conducting the experiments were authorized by the IACUC
of University of Malaga. The approved protocols were CEUMA 32-2016-
A and 7-2017-A. Animals were maintained in a temperature-regulated (20
+ 2°C) housing room under a 12-hour light/dark cycle, and drinking water
and food were freely available to them. The animals were accommodated
in the housing facility for at least 1 week before the commencement of the
experiments, with the experiments being conducted during the light phase.
All possible efforts were made to ensure the well-being and optimal health
of the animals. Regular health assessments of the animals and screening
for diseases and infections were conducted by departmental and veterinary
staff. To minimize the pain and discomfort of animals during surgery and
euthanasia, anesthesia was utilized.

Rats

In this study, we used 202 male Wistar Han rats aged 3—24 months and
weighing 260 to 570 g. These rats were purchased from Charles River
(Barcelona, Spain; RRID: RGD_2308816) and were housed in groups of 1 to 2
rats per cage. They were randomly assigned to three groups using the random
number table method: the normal untreated group (n = 22), the vehicle group
(n = 88), and the RGS14,,, gene group (n = 92).

Alzheimer’s disease transgenic mice

In this study, we used 161 transgenic hAPPSwInd (J20) and wild-type C57BL/6)
mice aged 2—-10 months and weighing 18-37 g. These mice were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA, Stock No. 006293; RRID:
MMRRC_034836-JAX) and housed 4-5 mice per cage. These mice were bred
under the C57BL/6J genetic background. They were assigned to three groups
using the random number table method: the normal untreated group (n =
23), the vehicle group (n = 68), and the RGS14,,, gene group (n = 70).

Lentivirus preparation and brain delivery

Lentivirus preparation and delivery were conducted as described previously
(Masmudi-Martin et al., 2020). Briefly, the human RGS14 gene (GenBank
accession number AY987041) was cloned into pLenti6/Ubc/V5-DEST Gateway
vector from Thermo Fisher Scientific, Madrid, Spain (Cat# V49910), and the
lentivirus containing the RGS14 gene was generated. The lentivirus containing
the vehicle (control) was produced using the vector alone. For lentivirus
delivery, the animals were anesthetized with sevoflurane gas (Sodispan
Research SL, Madrid, Spain; 5% for anesthesia induction and 2% for anesthesia
maintenance) through inhalation using a nose cone mask. Then, they were
placed on a stereotaxic frame according to the coordinates provided by
Paxinos and Watson (1998) and Paxinos and Franklin (2001). The coordinates
for the injection in the visual area V2 of the rat brain were anterior-posterior
—4.3, medial-lateral =2.1, and dorsal-ventral —=1.9, and those for the mouse
brain were anterior-posterior —2.3, medial-lateral —1.3, and dorsal-ventral
—0.7. An aliquot of 2 pL of lentivirus from a stock titer of 2.3 x 10" TU/mL
was injected bilaterally (1 pL in each hemisphere). The animals were left for
recovery until the beginning of the experiments. In general, studies were
performed 21 days after the injection. However, some behavioral studies were
performed between 1-12 months after the injection. After the behavioral
studies, the dissected out rat brains were processed for the evaluation of the
affected surface area after the injection of lentivirus containing the RGS14,,,
gene in visual area V2. Previous studies by Masmudi-Martin et al. (2020) and
Navarro-Lobato et al. (2022) have revealed that RGS14,,, protein expression is
restricted to visual area V2 (Additional Figure 1).

ORM test in rats

The ORM test was performed as previously described (Lopez-Aranda et al.,
2009; Masmudi-Martin et al., 2020; Navarro-Lobato et al., 2021). Briefly, rats
were handled for 5 days, and then, they were habituated for 2 days in an
open field of 100 cm x 100 cm x 50 cm dimension. In general, on the day of
experiment, rats were exposed to two identical objects and after 24 hours of
the object exposure, ORM status of rats were evaluated by presenting one
novel object and one of the previously presented (familiar) object. However,
the delay time after the object exposure was adjusted between 30 minutes

and 7 days. The average total object exploration time (novel object + familiar
object) during the test session of vehicle and RGS14,,, group of rats was
27.76 £ 2.93 seconds and 28.34 + 3.17 seconds, respectively. Discrimination
index (DI) was calculated by dividing the time of exploration of novel object
by the total time of exploration of familiar and novel objects. The DI value
equal to or less than 0.5 suggests that rats were incapable to hold information
on object in memory because they explored both novel and familiar objects
for equal times (novel object 50%, familiar object 50%). However, DI above
to 0.66 suggests that the animals were able to successfully hold the object
information in memory because they employed more than 66% of the
total time in exploration of novel object and less than 34% of the time in
exploration of familiar object.

ORM test in AD and wild-type mice

ORM test in AD mice was similar to as in rats except that the dimension of
open field was smaller (50 cm x 35 cm x 50 cm) and the mice were exposed
twice for 10 minutes during object exposure session (Masmudi-Martin et al.,
2019; Navarro-Lobato et al., 2022). The object information retention test was
performed 24 h after the object exposure. DI values were calculated as in rats.
Average total object exploration time (novel object + familiar object) during
the test session of vehicle and RGS14,,, group of AD mice was 24.71 + 2.63
and 24.19 + 2.28 seconds, respectively. The ORM test was performed similarly
in AD mice as in rats except that the dimension of the open field was smaller
(50 cm x 35 cm x 50 cm), and the mice were exposed twice for 10 minutes
during the object exposure session (Masmudi-Martin et al., 2019; Navarro-
Lobato et al., 2022). The object information retention test was performed 24
hours after the object exposure. The DI values were calculated as in rats. The
average total object exploration time (novel object + familiar object) during
the test session of vehicle and RGS14,,, group of AD mice was 24.71 + 2.63
seconds and 24.19 + 2.28 seconds, respectively.

Brain extraction

Prior to starting the brain extraction, animals were anesthetized through
intraperitoneal injections with 75 mg/kg ketamine (as Imalgene 1000
manufactured by Merial Laboratorios and supplied by Animal Experimentation
Service, Malaga, Spain) and 1 mg/kg (rats) or 0.5 mg/kg (mice) of
medetomidine (as Domtor manufactured by Pfizer and supplied by Animal
Experimentation Services, Malaga, Spain). After the deep sleep, the heads of
those animals were separated with guillotine, and the brains were dissected
out from the skull, and visual area V2 was extracted with a 4 mm punch from
DH Material Médico (Barcelona, Spain, Cat# 94158BP-40F). The punches were
used for quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) and western blot experiments.

Neuronal arborization

Neuronal arborization study was performed as previously described
(Masmudi-Martin et al., 2019; Navarro-Lobato et al., 2022). Briefly, rat and
mouse brains were processed for Golgi-Cox staining with a Rapid GolgiStain kit
from FD Neurotechnologies (Cat# PK401; Columbia, MD, USA).180 um thick
brain sections were mounted on slide using Permount mounting medium.
Neurons in the injection area (visual area V2) were examined with DM IRE2
microscope from Leica Microsystems (Barcelona, Spain) and analyzed with
Leica MM AF software version 1.6.0 from Leica Microsystems. In total, 36—42
neurons from the vehicle group and 42-48 neurons from the RGS14,,, group
were analyzed. Neuronal tracing, Sholl analysis for neuronal arborization,
total neuronal cable length, and neuronal branching studies were done using
ImageJ program (version 1.53t; National Institute of Health, Bethesda, MD,
USA). Dendritic spines of pyramidal neurons were counted according to the
physical appearance into the stubby, thin, and mushroom shapes (Morrison
and Baxter, 2012). However, no differences were found in any of these
subclasses of spine between the vehicle and RGS14,,, groups, and therefore,
they were combined.

Quantitative reverse transcription-polymerase chain reaction

The quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) was performed as described previously (Masmudi-Martin et al., 2019;
Navarro-Lobato et al., 2022). In brief, extracted rat and mouse brain punches
from visual area V2 were processed for RNA extraction and cDNA synthesis
from the RNA samples using the High Capacity RNA-to-cDNA kit from Applied
Biosystems (Cat# 4387406). For the estimation of BDNF mRNA levels in
the cDNA samples, forward (AAG CAA TAT TTC TAC GAG ACC AAG TG) and
reverse (TAC GAT TGG GTA GTT CGG CAT T) primers specific to the BDNF gene
were synthesized. These primers were designed to be specific to both the
rat (GenBank accession number, NM_001270630.1) and mouse (GenBank
accession number, NM_007540.4) BDNF genes. The gRT-PCR reaction was
performed in a thermocycler 7500 Real-Time PCR System from Applied
Biosystems (Fisher Scientific) and the reaction conditions were as follows:
95°C for 10 minutes for denaturation, followed by 45 cycles of 95°C for 15
seconds, and 60°C for 60 seconds. The housekeeping gene of the qRT-PCR
reaction was Ribosomal protein L19 (Rpl19), and the ACt method was used
for the determination of BDNF mRNA levels. All the values were normalized to
the housekeeping gene.

Western blotting

The blots were performed as described previously (Masmudi-Martin et
al., 2019; Navarro-Lobato et al., 2022). Briefly, the punches taken from the
visual area V2 were homogenized in a Tris-HCI buffer containing phosphatase
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and protease inhibitors (Merck Life Science, Madrid, Spain). After treating
the homogenate with sodium dodecyl sulfate sample buffer, the extracted
proteins in the supernatant were separated on 4-20% stain-free acrylamide
gels and transferred onto polyvinylidene difluoride membranes. These
membranes were then incubated at 4°C overnight with goat polyclonal
anti-BDNF (pro) antibodies diluted at 1:1000. The goat anti-BDNF (pro)
was obtained from Santa Cruz Biotechnology (Heidelberg, Germany, Cat#
sc33904, RRID: AB_2259044). After incubation with antibodies to BDNF,
the membranes were incubated with donkey anti-goat IgG-HRP at room
temperature for 1 hour. Immunoreactive protein bands were developed with
chemiluminescent HRP substrate (Merck, Madrid, Spain) and images of the
protein bands were acquired. An analysis of protein bands was done, and the
values were normalized to corresponding lane of total protein with the use
of Imagelab software from BioRad (Madrid, Spain). A single immunoreactive
protein band for BDNF (pro) was detected at 32 kDa (Additional Figure 2).

BDNF gene knockdown

Adeno-associated virus (AAV) encoding small hairpin RNA (shRNA) targeting
the BDNF gene in rats (GenBank accession number: NM_001270630.1)
and mice (GenBank accession number: NM_007540.4) were obtained from
GeneCopoeia (Heidelberg, Germany) (Cat# AA10-RSHO067171-AV03-200 for
rats and AA10-MSH026637-AV03-200 for mice). The control shRNA AAV
particles (Cat# AC202) were also purchased from GeneCopoeia. Similar to the
method described above for lentivirus preparation and brain delivery, 2 pL
containing 1 x 10'® GC AAV particles of BDNF shRNA or control shRNA were
injected bilaterally (1 pL in each hemisphere) into the visual area V2 of the
animal brain. After 7 days of treatment with shRNA, the animals were injected
with lentivirus encoding RGS14,,, gene. The experiments were performed 28
days after the shRNA treatment and 21 days after the RGS14,,, injection.

Statistical analysis

No statistical methods were used to predetermine sample sizes; however,
our sample sizes were similar to those reported in a previous publication
(Masmudi-Martin et al., 2019). The evaluators were blinded to the treatment.
The GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) was used for
the preparation of plots in all figures and the analysis of statistical significance.

The data in Figures 1-5 passed the Shapiro-Wilk normality test and their P
values ranged between 0.096 and 0.998. The Brown-Forsythe test of equality
of group variances of the data showed P values ranging between 0.152
and 0.997. The comparison of two groups was performed with a two-tailed
unpaired t-test, and the comparison of more than two groups with a single
variable was analyzed with a one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test. However, the comparison of multiple groups with
more than one variable was performed with a two-way ANOVA Sidak’s post
hoc test. The values in all the figures are represented as mean + SEM.

Results

RGS14,,, gene treatment induces enhancement in object recognition
memory

RGS14,,, gene lentivirus was delivered into the visual area V2 of rat brain to
induce overexpression of RGS14,,, protein. At 3 weeks after the injection,
ORM test was performed to examine memory status. We found that when an
object was presented for 3 minutes to untreated rats, they were able to retain
the information on the object in memory after a delay period of 30 minutes
and 45 minutes but not after a delay period of 24 hours (Figure 1A, 30 and
45 minutes versus 24 hours; one-way ANOVA with Tukey’s post hoc test, F3 4,
=51.87, P < 0.0001). However, RGS14,,,-treated rats were able to retain the
same object information in memory after 24 hours or even 1 week of delay
period (Figure 1A, vehicle versus RGS14 at 24 hours or 1 week; two-way
ANOVA with Sidak’s post hoc test, F; ,, = 82.19, P < 0.0001). In contrast, a
treatment with saline solution, vehicle lentivirus or lentivirus of RGS12, which
is another protein that belongs to the family of RGS14,,,, did not produce
any effect on ORM (Additional Figure 3), and the memory status of these
animals was the same as the untreated animals (Figure 1A, 24 hours). Overall,
our findings demonstrate that treatment with RGS14,,, gene significantly
enhanced ORM to such an extent that it converted the short-term ORM of 45
minutes into long-term ORM, which could still be detected even after 1 week.
Given the robust ORM enhancement observed after RGS14,,, treatment,
we next sought to investigate how long this ORM enhancer effect persists
in RGS14,,,-treated rats. Animals treated with the RGS14,,, lentivirus were
tested for their ORM status after 1 to 6 months of treatment. After the
animals were exposed to an object, the retention of object information was
evaluated in these rats after a 24-hour delay period. We observed that the
RGS-mediated enhancement of ORM was similar to that in Figure 1A after 1
month of the treatment (Figure 1B, vehicle versus RGS14 at 1 month; two-
way ANOVA with Sidak’s post hoc test, F; ;g = 320.6, P < 0.0001) and beyond
this time frame, the memory enhancer effect was fully intact at 2 (P < 0.0001),
4 (P <0.0001) and 6 (P < 0.0001) months after the RGS14,,, gene treatment.
These results suggest that the memory enhancer effect of RGS14,,, on ORM
persists for a long time.

RGS14,,, gene treatment prevents ORM deficits in aging rats and AD mice
Given the long-lasting effect of RGS14,,, gene treatment on ORM, we next
questioned whether a treatment with RGS14,,, gene in visual area V2

can in fact prevent memory deficits observed during normal aging and in
Alzheimer’s disease, which are the two conditions where memory deficits
have invariably been observed (Walsh and Selkoe, 2004; Robitsek et al.,
2008). Therefore, we used here normal aging Wistar rats and a transgenic
hAPPSwInd mouse model of AD to determine the effect of treatment with
RGS14,,, gene on prevention of ORM deficits. In aging rats, 6- and 12-month-
old untreated rats were able to hold the object information in memory.
However, a decrease in ORM was noticed in 18-month-old untreated rats,
and the recognition memory capacity of these 18-month-old rats fell to a
level where they failed to keep the same information in memory (Figure 1C,
untreated 6 or 12 months versus untreated 18 months; one-way ANOVA with
Tukey’s post hoc test, F5 3, = 32.76, P <0.0001). Furthermore, RGS14414 gene
treatment at 12 months of age prevented the ORM deficit seen at 18 months
of age in untreated rats, and the improvement in ORM level was maintained
even after reaching 24 months of age (Figure 1C, vehicle versus RGS14 at 18
and 24 months; two-way ANOVA with Sidak’s post hoc test, F; ,, = 108.4, P <
0.0001). Treated rats at 18 and 24 months of age with RGS14,,, performed on
the ORM test in the same way as the untreated 6-month-old rats. However, in
contrast to RGS14,,,, the vehicle treatment had no effect at all on the ORM,
and the memory levels of these rats were the same as the 18- and 24-month-
old untreated aged rats.

In contrast, AD mice exhibited a significant ORM deficit at 4 months of age
(Figure 1D, 2-month-old AD mice versus 4-month-old AD mice; one-way
ANOVA with Tukey’s post hoc test, F, 5, = 18.35, P < 0.0001). Similarly to
aging rats, a treatment with RGS14414 gene in visual area V2 of AD mice at
2 months of age prevented the ORM deficit seen at the age of 4 months in
AD mice (Figure 1D, 4-month-old AD + vehicle versus AD + RGS14; two-way
ANOVA with Sidak’s post hoc test, F; ,;=77.24, P <0.0001).

The performance level of RGS14,,,-treated AD mice was the same as wild-
type mice, and the ORM levels of these animals were maintained even at 10
months of age (Figure 1D, 10-month-old AD + vehicle versus AD + RGS14;
two-way ANOVA with Sidak’s post hoc test, F, 5, = 77.24, P < 0.0001).
However, treatment with vehicle had no effect on ORM, and the ORM levels
of AD mice treated with vehicle were the same as untreated AD mice.

RGS14,,, gene treatment increases neuronal arborization

Considering the results that RGS14,,, gene treatment not only can produce
a long-lasting effect on the improvement of ORM but also can effectively
prevent the occurrence of ORM deficits in both aging rats and AD mice, we
speculated that the effect of RGS14,,, might be due to changes/remodeling in
neuronal structures, a type of structural plasticity that has been considered to
be closely related to learning and memory and synaptic plasticity (Lamprecht
and LeDoux, 2004; Choi and Kaang, 2022; Goto, 2022). Therefore, aging rat
brains obtained after 21 days of the RGS14,,, treatment were processed
for Golgi-Cox silver staining and structural changes were analyzed. Both the
pyramidal (Figure 2A) and nonpyramidal neurons (Figure 2B) of RGS14414
gene-treated rats showed robust neuronal arborization. Further, a Sholl
analysis found considerably higher neuronal arbors in pyramidal (Figure 2C,
vehicle versus RGS14; two-tailed unpaired t-test, P < 0.0001) as well as in
nonpyramidal (Figure 2D, vehicle versus RGS14; two-tailed unpaired t-test, P
< 0.0001) neurons. Accordingly, an increase in total neuronal cable length was
observed in pyramidal (Figure 2E, vehicle versus RGS14; two-way ANOVA with
Sidak’s post hoc test, Fy 5 = 64.54, P < 0.0001) as well as in nonpyramidal
(Figure 2E, vehicle versus RGS14; two-way ANOVA with Sidak’s post hoc test,
Fi1, 20 = 64.54, P = 0.0039) neurons.

Moreover, an analysis of neuronal branching in the cell bodies of non-
pyramidal neurons and in the dendrites and cell bodies of pyramidal neurons
showed a significant increase in pyramidal neuronal dendritic branching
(Figure 2F, vehicle versus RGS14; two-way ANOVA with Sidak’s post hoc test,
Fi1 30 = 140.3, P < 0.0001) and in the cell bodies of non-pyramidal neurons
(Figure 2F, vehicle versus RGS14; two-way ANOVA with Sidak’s post hoc test,
Fiu 30 = 140.3, P < 0.0001). However, the effect of RGS14,,, gene treatment
was more prominent in pyramidal neurons, where an almost 2-fold increase
was observed in the total neuronal cable length and the number of dendritic
branching (Figure 2E and F), and the dendritic spine density was 2.2-fold
higher in RGS14,,,-treated rats than in rats treated with vehicle (Figure 2G,
vehicle versus RGS14; two-tailed unpaired t-test, P < 0.0001).

Similar to aging rats, AD mice showed an increase in neuronal structural
plasticity after treatment with RGS14,,, gene (Figure 3). We found that in
both pyramidal and nonpyramidal neurons, there were considerably higher
total neuronal cable length (Figure 3A, pyramidal neuron, vehicle versus
RGS14; two-way ANOVA with Sidak’s post hoc test, F; 5, = 91.93, P < 0.0001;
and Nonpyramidal neuron, vehicle versus RGS14; two-way ANOVA with
Sidak’s post hoc test, F; ,0 = 91.93, P = 0.0009) and neuronal branching in
dendrites of pyramidal neuron (Figure 3B, vehicle versus RGS14; two-way
ANOVA with Sidak’s post hoc test, F; 5, = 96.10, P < 0.0001) and in cell body
of nonpyramidal neuron (Figure 3B, vehicle versus RGS14; two-way ANOVA
with Sidak’s post hoc test, F, 5 = 96.10, P < 0.0001). The total number of
dendritic spine density was 2-fold higher in RGS14,,, gene-treated AD mice
(Figure 3C, vehicle versus RGS14; two-tailed unpaired t-test, P < 0.0001).
Therefore, our results suggest that RGS14,,, gene treatment induces a robust
neuronal structural plasticity and an increase in synaptic connectivity.
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Figure 1 | RGS14,,,gene treatment induces ORM enhancement and prevents
memory loss.

(A) After exposure to an object, untreated 3-month-old rats were able to retain object
information in memory for 30 and 45 minutes; however, they were unable to retain

such information after 24 hours. RGS14,,, gene treatment in visual area V2 of these

rats induced improved ORM that was observed after 24 hours and 7 days, whereas
vehicle treatment did not produce any effect. Dotted lines across panels A and B indicate
the threshold at which (0.5 DI and below) the animals were unable to retain object
information in memory. n = 12 (unfilled circles). (B) The memory-enhancing effect of
RGS14,,, gene treatment persisted for a long time in rats. n = 10. (C) When untreated rats
aged 6 or 12 months were exposed to an object, they could retain object information in
memory; however, rats aged 18 months were unable to retain this information. Injection
of RGS14,,, gene in the visual area V2 of rats aged 12 months prevented ORM loss seen
at 18 months, and the memory of these RGS14,,,-treated rats was maintained even
after 24 months. n = 10-12. (D) AD mice showed substantial ORM deficits at 4 months of
age compared with wild-type mice. RGS14,,, gene injection in the visual area V2 of AD
mice at 2 months of age prevented against ORM deficits observed at 4 months of age,
and they showed ORM levels similar to those of wild-type mice. This level of memory
was preserved at 10 months of age. n = 10-13. ***P < 0.001, ****P < 0.0001 (one-way
analysis of variance with Tukey’s post hoc test in A, C and D; and two-way analysis of
variance with Sidak’s post hoc test in A-D). AD: Alzheimer’s disease; DI: discrimination
index; ORM: object recognition memory.

BDNF mediates increase in the neuronal arborization and prevention in the
memory deficit

Neuronal structural plasticity, which induces a long-term effect on memory,
such as that in pyramidal neurons of RGS14,,,-treated animals, has often been
associated with neurotrophic factors (McAllister et al., 1999; Waterhouse
and Xu, 2009; Miranda et al., 2019; Zagrebelsky et al., 2020). Therefore, we
next planned to study the effect of RGS14,,, treatment on BDNF, NGF, and
FGF2, which are types of neurotrophic factors related to neuronal structural
plasticity and memory and are abundant in the brain.

First, the mRNA levels of these neurotrophic factors were evaluated, and
then, the protein levels were determined by western blotting. The brains of
aging rats and AD mice 21 days after treatment with RGS14,,, were used for
the study. The gRT-PCR analysis showed an increase of 56.50 + 4.14% in the
BDNF mRNA levels in RGS-treated aging rats (Figure 4A, vehicle versus RGS14;
two-way ANOVA with Sidak’s post hoc test, F, ,, = 387.6, P < 0.0001) and
58.99 + 4.48% in RGS-treated AD mice (Figure 4A, vehicle versus RGS14; two-
way ANOVA with Sidak’s post hoc test, F; ,, = 387.6, P < 0.0001). However,
no effect on the mRNA levels of NGF and FGF2 was observed. The increase
in BDNF levels observed in the gRT-PCR analysis was further confirmed by
western blotting. After analyzing the optical density (OD) values of the protein
bands in the western blot of Figure 4Bii, we found that there was an increase
of 66.67 + 3.85% in BDNF protein levels in RGS-treated aging rats (Figure
4Bii, vehicle versus RGS14; two-way ANOVA with Sidak’s post hoc test, F; ,
=583.9, P < 0.0001) and 65.07 + 3.85% in RGS-treated AD mice (Figure 4Bii,
vehicle versus RGS14; two-way ANOVA with Sidak’s post hoc test, F; 5 =
583.9, P < 0.0001). This increase in BDNF in RGS-treated aging rats and AD
mice indicates that RGS14,,, might mediate its effect through regulation of
BDNF signaling.

The simultaneous increase in BDNF levels with the increase in neuronal
arborization suggests that this protein might be involved in the neuronal
structural plasticity and in the prevention of memory deficits observed in RGS-
treated animals. Therefore, to evaluate the involvement of BDNF in RGS14,,,-
mediated prevention of memory deficits and neuronal arborization, RGS-
treated aging rats and AD mice were treated with shRNA of BDNF to suppress
the expression of BDNF. A treatment with BDNF shRNA reduced the BDNF
expression by 70.98 + 2.78% in aging rats (Figure 5Ai and Aii, vehicle versus
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Figure 2 | RGS14,,, gene treatment induces neuronal arborization in aging rats.

(A) The images of Golgi-stained pyramidal neurons from vehicle- and RGS-treated rat
brain in i and iii, respectively, and in ii and iv are the respective neuronal tracings of

the images in i and iii. Arrows in i and iii indicate cell body of a pyramidal neuron. Scale
bars are 20 um. (B) The images of nonpyramidal neurons in i and iii and their neuronal
tracings in i and iv. Arrows in i and iii indicate a nonpyramidal neuron. Scale bars are 10
um. (C, D) The Sholl analysis of pyramidal and nonpyramidal neurons, respectively. Scholl
analysis shows an increase in neuronal arborization in RGS14-treated rats. n = 6. (E) An
increase in total neuronal cable length of both the pyramidal and the nonpyramidal
neurons was observed in RGS14-treated rats. n = 6. (F) RGS14-treated animals showed
an increase in the number of cell body neurites and dendritic branches in pyramidal
neurons and in the cell body neurites of nonpyramidal neurons. n = 6. (G) Coinciding
with the robust increment in dendritic branching, an upsurge in total spine number was
observed in RGS-treated animals. n = 6. *P < 0.05, **P < 0.01, ****P < 0.0001 (two-tailed
unpaired t-test in C, D, and G; two-way analysis of variance with Sidak’s post hoc test in E
and F).
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Figure 3 | RGS14,,, gene treatment induces neuronal arborization in AD mice.

(A) An increase in total neuronal cable length of both the pyramidal and the
nonpyramidal neurons in RGS14-treated mice. n = 6. (B) RGS14-treated mice showed

an increase in the number of cell body neurites and dendritic branches in pyramidal
neurons and of cell body neurites of nonpyramidal neurons. n = 6. (C) An increase in
total spine number was observed in RGS-treated AD mice. n = 6. ¥*P < 0.05, ***P < 0.001,
***%P < 0.0001 (two-way analysis of variance with Sidak’s post hoc test in A and B; two-
tailed unpaired t-test in C). AD: Alzheimer’s disease.

RGS14; two-way ANOVA with Sidak’s post hoc test, F, ,, = 876.9, P < 0.0001)
and by 72.41 + 2.74% in AD mice (Figure 5Aii, vehicle versus RGS14; two-way
ANOVA with Sidak’s post hoc test, F, ,, = 876.9, P <0.0001). Furthermore, we
found that when RGS-treated aging rats and AD mice were treated with BDNF
shRNA, the effect of RGS14,,, gene treatment on the total neuronal cable
length (Figure 5B, aging rats, RGS14 + shRNA control versus RGS14 + shRNA
BDNF; two-way ANOVA with Tukey s post hoc test, Fi; 4 = 81.70, P < 0.0001;
AD mice, RGS14 + shRNA control versus RGS14 + shRNA BDNF; two-way
ANOVA with Tukey’s post hoc test, 5 ,, = 81.70, P < 0.0001) and dendritic
branching in pyramidal neurons (Figure 5C, aging rats, RGS14 + shRNA control
versus RGS14 + shRNA BDNF; two-way ANOVA with Tukey’s post hoc test,
Fis, a0 = 91.79, P < 0.0001 | AD mice, RGS14 + shRNA control versus RGS14 +
shRNA BDNF; two-way ANOVA with Tukey’s post hoc test, Fi5 4 = 91.79, P <
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Figure 4 | RGS14,, treatment causes an increase in BDNF.

(A) gRT-PCR analysis shows that RGS14 gene treatment increased BDNF mRNA levels but
not NGF of FGF mRNA levels in both aging rats and AD mice. n = 6. (Bi) An example of
western blots performed with brain homogenate protein from aging rats and AD mice
exhibiting the expression of BDNF protein after RGS14,,, gene treatment. (Bii) In line with
the gRT-PCR results, analysis of optical density values of immunoreactive bands of BDNF
protein in B.i. revealed similar level of increase in BDNF protein in RGS14-treated animals.
n =6 (3 experiments from each of the 2 sets of brain homogenates prepared from a pool
of 4 rat brains each). ****P < 0.0001 (aging rats versus young rats or AD mice versus
wild-type mice; two-way analysis of variance with Sidak’s post hoc test; aging rats versus
young rats). AD: Alzheimer’s disease; BDNF: brain-derived neurotrophic factor; gRT-PCR:
quantitative reverse transcription-polymerase chain reaction.

0.0001) completely disappeared, and these animals showed the level similar
to those of control animals treated with vehicle. In addition to total neuronal
length and dendritic branching, we further analyzed the effect of treatment
of BDNF shRNA on the prevention of ORM deficits in RGS-treated aging rats
and AD mice (Figure 5D). We found that when RGS-treated aging rats and AD
mice were treated with BDNF shRNA, the effect of RGS14,,, on the prevention
of ORM deficits was abolished (Figure 5D, aging rats, RGS14 + shRNA
control versus RGS14 + shRNA BDNF; two-way ANOVA with Tukey’s post
hoc test, F5 ,, = 60.80, P < 0.0001; AD mice, RGS14 + shRNA control versus
RGS14 + shRNA BDNF; two-way ANOVA with Tukey’s post hoc test, F5
= 60.80, P < 0.0001). However, in contrast to BDNF shRNA-treated animals,
when RGS-treated aging rats and AD mice were treated with control shRNA,
they showed no effect on the prevention of ORM deficits. A complete loss of
the RGS-mediated increase in total cable length and neuronal arborization, as
well as the prevention of ORM deficits after BDNF knockdown, indicates that
RGS14,,, mediates its function mainly through regulation of BDNF.

At the end of the behavioral study in animals represented in Figure 1C and
D, RGS14 was already administered for 12 months in aging rats and 8 months
in AD mice. Therefore, we next investigated whether BDNF levels are similar
in these animals compared with 3 weeks after RGS14,,, treatment shown in
Figure 4A and B. We found that the BDNF levels were 13.42 + 1.58% higher in
aging rats (Figure 5E, vehicle versus RGS14; two-way ANOVA with Sidak’s post
hoc test, F 10 = 47.46, P=0.0016) and 12.75 + 1.46% higher in AD mice (Figure
5E, vehicle versus RGS14; two-way ANOVA with Sidak’s post hoc test, Fj; 40 =
47.46, P =0.0011).

However, the increase in BDNF levels was noticeably lower than the increase
seen after 3 weeks of the RGS14 treatment. In contrast to BDNF levels,
animals at the end of study showed no difference in neuronal arborization
from the animals of 3 weeks after RGS14 treatment (Additional Figure
4), indicating that high level of increase in BDNF is essential for neuronal
arborization and low level is not.

Discussion

Our study reveals that RGS14,,, gene treatment induced neuronal structural
plasticity in both the non-pyramidal and pyramidal neurons of visual area V2,
and the resistance of aging rats and AD mice to ORM deficits was associated
with the induction of this area neuronal structural plasticity. Within both
the inhibitory component, which is derived from non-pyramidal neurons,
and the excitatory component, which is derived from pyramidal neurons,
there was a similar level of structural plasticity. However, in non-pyramidal
neurons, branching was predominant in cell body neurites, which are
structures involved in local inhibitory circuits, while in pyramidal neurons,
branching was more prevalent in dendrites, which are structures responsible
for the facilitation of synaptic communication between brain areas (Spruston,
2008; Magee and Grienberger, 2020). Furthermore, a more than two-fold
increase in dendritic spines is expected to induce synaptic remodeling in the
interconnected networks of visual area V2. Visual area V2 is interconnected
with the ventral pathway, also known as the “what” pathway, which runs from
visual cortex, passes through the temporal area, perirhinal cortex, entorhinal
cortex, and converges into the hippocampus; and the network this ventral

o
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Figure 5 | BDNF mediates the effect of RGS14,,,.

(Ai) An example of a western blot experiment using brain homogenates from animals
after knocking down the BDNF gene with shRNA shows the expression of BDNF protein.
(Aii) Optical density values of the immunoreactive bands of BDNF protein in A.i. showed
a significant reduction in BDNF protein levels after BDNF knockdown in RGS14-treated
animals. n = 6 (3 experiments from each of the 2 sets of brain nuclear fractions prepared
from a pool of 4 rat brains each). (B, C) A knockdown of BDNF expression in both aging
rats and AD mice completely abrogated the RGS14-mediated increase in total neuronal
cable length (n = 6; B) and dendritic branching (n = 6; C) and (D) blocked the preventive
effect of RGS14 treatment on ORM deficits (n = 10-13). The dotted line across the panel
D indicates the threshold at which (0.5 DI and below) the animals were unable to retain
object information in memory. (E) The qRT-PCR analysis results of brain tissues from
aging rats and AD mice at 8 and 12 months after RGS14,,, gene treatment, respectively.
An increase in BDNF was observed even after long-term treatment; however, the level
of increase was noticeably lower than the increase seen after 3 weeks of the RGS14
treatment (% change in BDNF mRNA shown in Figure 4A). n = 6. **¥P < 0.01, ****p <
0.0001 (aging rats vs. young rats or AD mice vs. wild-type mice; two-way analysis of
variance with Sidak’s post hoc test).

pathway is dedicated to object recognition memory in the brain (Khan et al.,
2011; Ayzenberg and Behrmann, 2022). Considering that the ventral pathway
is involved in the processing of ORM and visual area V2 is one of the main
contributors to this pathway, a modulation in the neuronal circuits of visual
area V2 might have a significant impact on ORM. Memory has been shown
to be critically associated with synaptic remodeling (Martin et al., 2000;
Lamprecht and LeDoux, 2004; Bailey et al., 2015; Hebscher et al., 2019).
Therefore, a synaptic remodeling in visual area V2 caused by the integration
of newly formed spines might indeed facilitate more efficient object
information processing in the ventral pathway, which can ultimately lead to
superior ORM functions. It has long been thought that memory is processed
through interconnected brain circuits, which are formed by the integration of
various brain regions, and a slowdown in activity of these brain circuits drives
to deficits in memory (Dickerson and Eichenbaum, 2010; Samson and Barnes,
2013; Guo et al., 2019; Piolino et al., 2020). Accordingly, a poor performance
in memory-deficienct patients has been shown to be linked to reduced activity
in the neuronal networks (Daselaar et al., 2003; Dickerson and Eichenbaum,
2010). Therefore, an increased connectivity between area V2 neurons and
the ventral pathway might enhance the activity of the interconnected ventral
pathway network and such consistent activity within this pathway might be
crucial in the resilience of RGS-treated animals against ORM deficits.

Furthermore, we observed that both the RGS14-mediated prevention of
ORM deficits and the increase in neuronal arborization were dependent on
BDNF signaling because a knockdown of BDNF gene abolished both effects.
BDNF is essential for learning and memory and it has been shown to play a
critical role in the formation of synaptic connections, neuronal branching,
and structural plasticity, as well as a reduction in BDNF signaling leads to
decreased dendrite growth and spine number (Waterhouse and Xu, 2009;
Kowianski et al., 2018; Keifer, 2022; Navarro-Lobato et al., 2022; Wang et
al., 2022). In addition, a reduced expression of the BDNF at both mRNA and
protein levels has been reported in both aging and AD (Connor et al., 1997;
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Michalski and Fahnestock, 2003; Qiu et al., 2020) (Numakawa and Odaka,
2022). Therefore, an upregulation in BDNF through RGS14 treatment could
prevent the deterioration in BDNF signaling in both conditions. However, we
observed that RGS14 caused two distinct levels of effects on BDNF increase,
depending on the time frame after treatment. One was high BDNF levels
(more than 65% increase), which was observed after 3 weeks of RGS14
treatment. However, the other was low BDNF levels (less than 14% increase),
which was observed after several months of RGS14 treatment. Thus, it seems
that our results show an active structural plasticity during the high BDNF
levels stage and a lack of structural plasticity during the stage of low BDNF
levels. Therefore, our results indicate that high levels of BDNF are crucial for
structural plasticity. However, the lower levels of BDNF seen several months
after RGS14 treatment, a period when ORM remains intact, might serve in
maintaining an adequate level of BDNF signaling in aging rats and AD mice for
the preservation of synaptic integrity of interconnected neuronal networks
and the prevention of their deterioration. An adequate level of BDNF is
necessary for the maintenance of synaptic structures and interconnected
neuronal networks in the brain, and a lower level of BDNF as observed in
aging and AD, could lead to the deterioration of these structures (Kowianski
et al., 2018; Miranda et al., 2019; Brigadski and LeRmann, 2020). An intact
synaptic structure within the neuronal networks is essential for adequate
memory functions (Zagrebelsky et al., 2020; Numakawa and Odaka, 2022). On
the other hand, BDNF initiates long-term potentiation (LTP), a process that has
been thought to constitute cellular substrates of learning and memory, and
enhances the synaptic strength in a calcium concentration-dependent manner
(Kang et al., 1997; Minichiello et al., 1999; Messaoudi et al., 2002; Solinas et
al., 2019; Miao et al., 2021; Miyasaka and Yamamoto, 2021). Moreover, it has
been shown that BDNF-dependent increase in the number of AMPA receptors
at the postsynaptic membrane promotes LTP enhancement (Derkach et al.,
2007; Fortin et al., 2012; Diaz-Alonso and Nicoll, 2021; Chater and Goda,
2022; Keifer, 2022). BDNF is also essential for the sustenance of scaffolding
proteins and AMPA receptor subunits at synapses during the long haul
encoding of memory related information (Jourdi et al., 2003; Torquatto et al.,
2019; Pereyra and Medina, 2021). Our results showed that a treatment with
RGS14414 gene in visual area V2 was adequate for the prevention of ORM
deficits in aging rats and AD mice, and this RGS14,,,-mediated prevention was
mediated through upregulation in neuronal arborization and spine density
and an increase in brain-derived neurotrophic factor (BDNF).

This study has some limitations that should be considered. We have shown
here that the targeting of area V2 is sufficient in the prevention of ORM
deficit; however, the efficacy of such approach in other two components of
episodic memory, which are spatial and temporal memories, remains to be
confirmed. Additionally, BDNF-mediated neuronal proliferation seems to be
essential for the prevention of ORM deficit in rodent models of aging and
AD, but whether BDNF acts in conjunction with other downstream signalling
molecules/pathways is unknown. Furthermore, it is essential to consider
that this study has been conducted in rodent models of aging and AD, and
the translational relevance of activating area V2 through a treatment with
RGS14,,, gene must be proven in patients.

In summary, our study demonstrates that RGS14,,,-mediated structural
plasticity in visual area V2, a brain region connected to the ventral pathway,
is sufficient for the prevention of recognition memory deficits in aging rats
and Alzheimer’s disease mice. Therefore, activation of visual area V2 neuronal
circuits through treatment with RGS14,,, may have therapeutic potential in
the treatment of memory deficits. Furthermore, caudal visual cortical areas in
the occipital lobe are often unaffected in neurodegenerative diseases such as
Alzheimer’s disease, and visual area V2 may be an important brain region for
memory restoration in these conditions.
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Additional Figure 1: RGS14,,, protein expression was confined to the area V2
of the visual cortex.

Additional Figure 2: Antibodies to brain-derived neurotrophic factor (BDNF)
used to detect a single-band of the expected size in Western blots of normal
rat brains.

Additional Figure 3: Treatment of the perirhinal cortex with vehicle, saline or
RGS12 caused no effect on object recognition memory.

Additional Figure 4: Neuronal total cable length was unchanged after 21 days
of RGS14414 treatment.
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Additional Figure 1 RGS14414 protein expression was confined to the area V2 of the visual cortex.

The brains of RGS14-treated animals were processed to evaluate the surface area affected by RGS14414 gene injection. (A) The left image shows
the immunolabeled RGS14414 protein in green, and the right image shows the cresyl violet-stained brain section showing the visual area V2.
Cortical layers (I-VI) are indicated in the left image. Scale bars: 100 pm. (B) A depiction of coronal brain sections after analysis of serial sections
from five RGS1441s-treated rats, showing maximum expansion of the RGS14414 protein in the area V2 (drawings in red color), indicating that
RGS 14414 protein expression was limited to the visual area V2. Numbers in the right side of image indicate the bregma of brain sections shown
here.
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Additional Figure 2 Antibodies to brain-derived neurotrophic factor (BDNF) used to detect a single-band of the expected size in Western
blots of normal rat brains.

(A) The stained gel image of total protein after loading 5 and 10 ug of brain homogenate protein. The molecular weight (MW) size is indicated on
the left side of the stained gel image. (B) Western blot of antibodies to BDNF (pro) showing the detection of a single band of 32 kDa protein.
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Additional Figure 3 Treatment of the perirhinal cortex with vehicle, saline solution or lentivirus containing RGS12 caused no effect on
object recognition memory.

Animals treated with lentivirus vehicle, saline solution or lentivirus containing RGS12, a protein that belongs to the same family as RGS14414, did
not induce the rats to retain object information in memory, and the performance of these rats in the test was similar to that of untreated rats (24 h in
Fig. 1A in main text). However, rats treated with the RGS14414 gene in the perirhinal cortex were able to retain the same object information in
memory. The dotted lines across the figure indicate the threshold at which (0.5 discrimination index and below) the animals were unable to retain
object information in memory. n = 8-12. **** p <(.0001 (one-way analysis of variance with Tukey’s multiple comparisons test).
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Additional Figure 4 Neuronal total cable length was unchanged after 21 days of RGS14414 treatment.

When the results obtained in RGS14-treated aging rats and AD-mice at the end of study were compared, which is 12 months and 8 months after
RGS14414 gene treatment, respectively, with the animals after 3 weeks of RGS14 treatment, no change in neuronal cable length of pyramidal
neurons was observed (n = 6). These findings indicate that structural plasticity occurred within 3 weeks of the treatment.
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