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ABSTRACT:  

 Memory deficits affect a large proportion of the human population and are associated 

with aging and many neurologic, neurodegenerative, and psychiatric diseases. Treatment 

of this mental disorder has been disappointing because all potential candidates studied 

thus far have failed to produce consistent effects across various types of memory and have 

shown limited to no effects on memory deficits. Here, we show that the promotion of 

neuronal arborization through the expression of the regulator of G-protein signaling 14 

of 414 amino acids (RGS14414) not only induced robust enhancement of multiple types 

of memory but was also sufficient for the recovery of recognition, spatial, and temporal 

memory, which are kinds of episodic memory that are primarily affected in patients or 

individuals with memory dysfunction. We observed that a surge in neuronal arborization 

was mediated by up-regulation of brain-derived neurotrophic factor (BDNF) signaling 

and that the deletion of BDNF abrogated both neuronal arborization activation and 

memory enhancement. The activation of BDNF-dependent neuronal arborization 

generated almost 2-fold increases in synapse numbers in dendrites of pyramidal neurons 

and in neurites of nonpyramidal neurons. This increase in synaptic connections might 

have evoked reorganization within neuronal circuits and eventually supported an increase 

in the activity of such circuits. Thus, in addition to showing the potential of RGS14414 

for rescuing memory deficits, our results suggest that a boost in circuit activity could 

facilitate memory enhancement and the reversal of memory deficits. 
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 Intact memory function is critical for carrying out daily life activities, such as 

managing finances, remembering to take medications, driving in familiar environments, 

remembering a grandchild’s birthday, and learning to use a new computer. However, 

memory deficits not only accompany normal aging but are also comorbid with many 

psychiatric, neurologic, and neurodegenerative diseases Intellectual disability, autism, 

attention deficit disorder, learning disability, schizophrenia, and depression all have 

memory deficit components, as do Alzheimer disease (AD), Parkinson disease, 

Huntington disease, and other neurodegenerative diseases (1–3). Thus, memory deficits 

affect a large proportion of the human population. Cognition-enhancing pharmacological 

agents are viewed as a strategy for treating memory deficits or slowing the effects of aging 

on memory function (4). Some of the most thoroughly studied examples of memory 

enhancers are partial agonists of the N-methyl-D-aspartate (NMDA) receptor, D-

cycloserine and D-serine (5, 6); synthetic ampakines that allow glutamate to exert a 

prolonged effect on a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors (7); stimulant drugs that inhibit monoamine reuptake, including amphetamines 

(Adderall), methylphenidate (Ritalin), and modafinil (Provigil) (8); and donepezil 

(Aricept), which was designed to inhibit the enzyme acetylcholinesterase, which is 

responsible for degrading acetylcholine (9). These agents and other memory enhancers 

that have been studied to date have failed to produce consistent and invariable effects 

across various types of memory and have shown limited to no effect on memory deficits 

(10). 

 The regulator of G-protein signaling 14 of 414 amino acids (RGS14414) gene is a 1245 

base pair splice variant (GenBank AY987041) cloned from the human cortex that encodes 

a protein of 414 aa and is expressed throughout the whole brain (11). In contrast to the 

complete human (GenBank, NP_006471.2) and rat (GenBank, NC_005116.4) genes, 

RGS14414 contains a deletion of 153 aa at the N terminus within the RGS domain. This 

deletion eliminates GTPase activity, a process that is mediated through the RGS domain. 

The GTPase activity of the RGS domain is thought to be involved in the suppression of 
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intracellular signaling. Accordingly, studies have shown that complete RGS14 (with the 

RGS domain) functions as a suppressor of neuronal plasticity and hippocampal-based 

learning and memory (12, 13). Thus, omission of the RGS domain (as in RGS14414) might 

eliminate this suppressive effect and further aid in memory formation. The facilitation of 

hippocampal memory processing after the deletion of complete RGS14 from 

hippocampal CA2 neurons (12) further supports this concept. Although RGS14414 lacks 

a functional RGS domain, it contains a number of other domains, including a G-protein 

regulatory motif (also known as GoLoco) and 2 Raf-like Ras binding domains (14, 15). 

Therefore, RGS14414 might be involved in other unknown brain functions beyond those 

requiring GTP hydrolysis. In this study, we explored the role of RGS14414 in memory 

enhancement and in recuperation of memory deficits. Our results demonstrate that 

RGS14414 not only induced the enhancement of multiple types of memory but also 

promoted the recovery of object, spatial, and temporal memory in memory-deficient 

rodent models of aging and AD. 

 

 

MATERIALS AND METHODS 

 

Lentivirus preparation 

 A cDNA of human RGS14 of 1245 base pair (AY987041; Gen-Bank; 

https://www.ncbi.nlm.nih.gov/genbank/) that encodes a protein of 414 aa (043566-5; 

UniProt; https://www.uniprot.org/) was cloned into the pLenti6/Ubc/V5-DEST Gateway 

vector, and RGS14 lentivirus was produced according to the protocols of the ViraPower 

Lentiviral Expression System (Thermo Fisher Scientific, Waltham, MA, USA). Vehicle 

lentivirus (vehicle) was prepared by vector alone.  

 

Animals 

 In this study, we used rats, transgenic hAPPSwInd mouse model of AD, and brain-

derived neurotrophic factor (BDNF) knockout mice. All procedures were performed in 

accordance with the guidelines of the Institutional Animal Care and Use Committee of 

the University of Malaga. Both rats and mice were housed in a temperature-regulated (20 

6 2°C) room on a 12-h light/dark cycle. Drinking water and food were available ad libitum 

except when indicated. The animals were acclimatized to the room for at least 1 wk before 

starting the experiments, which took place during the light phase. 

 

Rats 

 Wistar Han rats were used for this study, and they were obtained from Charles River 

Laboratories (Wilmington, MA, USA).  

 

Transgenic mice with AD 

 The transgenic hAPPSwInd (J20) mice used in this study were from the The Jackson 

Laboratory (006293; BarHarbor,ME,USA). These mice express a mutant form of human 

amyloid precursor protein (APP) bearing both Swedish (K670N/M671L) and Indiana 

(V717F) mutations associated with familial AD (16). Mutated APP expression is directed 



to neurons under the control of the human platelet–derived growth factor b chain 

promoter. These mice were inbred on the C57BL/6J genetic background. The appearance 

of Ab deposition has been observed at the age of 6 mo. These mice show synaptic and 

cognitive impairments, among other characteristics of AD, and have been widely used for 

cognitive studies (17, 18). Wild-type C57BL/6J mice were used as controls. Four to five 

mice were housed in each cage.  

 

BDNF knockout mice 

 BDNF mice were from the The Jackson Laboratory (002266). In our studies, mice 

heterozygous to BDNF mutation were used, and wild-type C57BL/6 mice were used as 

controls. 

 

Lentivirus delivery 

 Rats and mice were anesthetized with the sevoflurane system (induction at 5% 

sevoflurane +1 L/min O2 and maintenance at 2%sevoflurane + 0.4 L/minO2) and placed 

in a stereotaxic frame according to the coordinates obtained from Paxinos and Watson 

(19) and Paxinos and Franklin (20). The coordinates of the injection site in the perirhinal 

cortex (PRh) were anteroposterior (AP) -4.52, mediolateral (ML) ±6.7, and dorsoventral 

(DV) -4.75 (rats) and AP -1.9, ML ±3.9, and DV -2.20 (mice). The coordinates of the 

injection site in the rat cornu ammonis 1 (CA1) area were AP-4.3, ML ±3.2, and DV-2.3, 

and the coordinates of the rat prelimbic cortex were AP +3.7, ML±0.6, and DV-2.9. A 

total volume of 2 ml ofRGS14414 lentivirus from a stock titer of 2.1 x 107 TU/ml was 

injected bilaterally through a 30-gauge stainless steel internal cannula. Behavioral tests 

were performed 3 wk after injection when RGS14414 protein expression was observed to 

be optimal (21).  

 

Object recognition memory test in rats 

 The object recognition memory (ORM) test was performed as previously described in 

refs. 21 and 22. Prior to the test, the rats were handled for 8 min daily for 5 consecutive 

days, and the next 2 d, they were habituated in an open field (100 x 100 x 50 cm) for 12 

min. On the day of the experiment and during the exploration session, the rats were placed 

in the same open field with 2 identical objects and were allowed to explore freely for 3 

min. After delays of 15, 30, 45, 60 min, or 24 h, the animals were tested for ORM status 

with 1 previously presented object and a new object. The exploration time was recorded 

during exploration and ORM test sessions for both vehicle control–treated and RGS14414-

treated animals. The average total exploration time of vehicle and RGS14 lentivirus–

treated animals was 29.17±1.79 and 28.0± 3.20 s, respectively. Animals who were able 

to retain the object information during the delay period explored the novel objects for 

more than 66% of the total exploration time. The discrimination index (DI) was calculated 

by dividing the time spent exploring the novel object by the total exploration time (novel 

object + old object). A DI ≤0.5 indicated that the animals were unable to retain object 

information in memory because they explored both old and new objects equal times (old 

object 50% and new object 50%), whereas a DI >0.66 was considered to indicate that the 

animals were able to successfully retain information about the object in memory because 



animals spent exploring new object >66% of the total time and <34% of the time 

exploring old object. 

 

Immunohistochemistry 

 Immunohistochemistry was performed as previously described in refs. 21–23. In brief, 

after termination of the behavioral tests, the rats were perfused transcardially with a 

fixative containing 4% paraformaldehyde, 1.37% L-lysine, and 0.21% meta-periodate 

and cryoprotected with 30% sucrose. Coronal and sagittal brain sections with a thickness 

of 30 mm were incubated overnight at 4°C with an affinity purified rabbit anti-RGS14 

antibody (1:30 dilution) that was prepared in our laboratory (11). The sections were then 

incubated for 90 min with Alexa Fluor 568 goat anti-rabbit IgG (1:1000 dilution, A11011; 

Thermo Fisher Scientific), and immunofluorescence labeling was detected by confocal 

microscopy. 

 

Cresyl violet staining 

 Brain sections of rats mounted on gelatin-coated slides were stained for 15 min with 

1% cresyl violet. The sections were dehydrated and mounted for analysis under a 

microscope. 

 

Ox7-SAP injection 

 The injection of thy 1-saporin (Ox7-SAP; 0.9 mg in 1 ml, IT-02; Advanced Targeting 

Systems, San Diego, CA, USA) into the PRh was performed in a manner similar to that 

described in the lentivirus delivery section, using the indicated coordinates. The extent of 

damage in the brains of these animals was analyzed after staining the brain sections with 

cresyl violet.  

 

Golgi staining 

 Rat and mouse brains were processed for Golgi-Cox staining using a Rapid GolgiStain 

Kit (FD Neurotechnologies, Columbia, MD, USA) following the protocol from the 

manufacturer. All procedures were performed protected from light. A 180-µm section 

was prepared with a cryostat, and after staining, the sections were mounted with Permount 

mounting medium (Thermo Fisher Scientific). Both pyramidal and nonpyramidal 

neuronal branching were analyzed in the area of injection under a DM IRE2 microscope 

(Leica Microsystems, Buffalo Grove, IL, USA) using Leica MMAF software, v.1.6.0 

(Leica Microsystems). A total of 55–56 pyramidal and nonpyramidal neurons were 

studied in the vehicle lentivirus–treated group, and 56–79 neurons were studied in the 

RGS lentivirus–treated group. The number of neurites and the amount of neurite 

branching in both pyramidal and nonpyramidal neurons and the branching of apical 

dendrites in pyramidal neurons were determined. Spines were counted from apical 

dendrites of pyramidal neurons and classified according to their physical appearance into 

the thin, mushroom, and stubby groups, as previously described by Morrison and Baxter 

(24). 

 

Quantitative RT-PCR 



 Brain tissues were processed for RNA extraction with the RNeasy Tissue Mini Kit 

(Qiagen, Germantown, MD, USA). cDNAs of purified RNA samples were prepared with 

the High Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific). For quantitative RT-

PCR (qRT-PCR), the following specific forward and reverse primers were used: 5´-

AAGCAATATTTCTACGAGACCAAGTG-3´(forward), 5´-

TACGATTGGGTAGTTCGGCATT-3´ (reverse) for BDNF (NM_001270630.1); 5´-

GACGGCTGCTGGCTTCTAAGT-3´ (forward), 5´-TCCGTGACCGGTAAGTGTTG-

3´ (reverse) for fibroblast growth factor (FGF; NM_019305.2); and 5´-

GCAGACCCGCAACATCACT-3´(forward), 5´-GGTGGAGGCTGGGTGCTAA-3´ 

(R) for nerve growth factor (NGF; NM_001277055.1). Ribosomal protein L19 (Rpl19) 

was used to normalize the values. Relative expression values were calculated by a 

standard curve.  

 

Western blots 

 Blots were performed as previously described by Khan et al. (25). A4-mmpunchwas 

extracted from the injected area of the rat brain and homogenized. After treatment with 

SDS buffer, whole homogenate proteins were separated on 4–20%Mini-ProteinTGX 

Precast Protein Gels (Bio-Rad, Hercules, CA, USA) and transblotted onto PVDF 

membranes. Membranes containing proteins were incubated with an anti-BDNF antibody 

(1:250, sc33904; Santa Cruz Biotechnology, Dallas, TX, USA), followed by incubation 

with anti-goat IgG-HRP (1:2000; GE Healthcare Life Sciences, Marlborough, MA, 

USA). Bands were visualized by using an ECL kit (GE Healthcare Life Sciences). A 

single immunoreactive band of pro-BDNF was identified at 32 kDa. Densitometry 

analysis of the bands was performed using Quantity One (Bio-Rad), and all values were 

normalized to a-tubulin.  

 

ORM test in BDNF mice 

 Except for the exploration session, the ORM test in mice was very similar to that in 

rats, with the mice being exposed to identical objects for 5min.The size of the open field 

was smaller (50 x 35 x 50 cm). In the ORM test session, the retention of object 

information in memory was evaluated after a 24-h delay. The average total exploration 

time in mice was 22.28 ± 4.51 s, and similar to rats, a DI above 0.66 indicated that the 

animals were able to retain information on the objects in memory. 

 

Y-maze test 

 We used the Y-maze method for hippocampally relevant spatial tasks, as previously 

described by Conrad et al. (26). Briefly, the rats were placed in the starting arm and 

allowed to explore 1 arm (familiar arm) of the Y maze for 15min while the assigned novel 

arm was inaccessible. The visual cues in the novel arm were not visible. After a 24-h 

delay, the rats were again placed into the starting arm and were allowed to freely explore 

both the familiar and novel arms. The percentage of time spent in the novel arm was 

analyzed. The average total exploration time of vehicle- and RGS14 lentivirus–treated 

animals was 220.15±4.94 and 211.48±4.61 s, respectively. 

 



Morris water maze test 

Spatial memory was tested according to the open-field water maze procedure, as 

previously described by Morris, with some modifications (27). Briefly, an escape 

platform was hidden 2 cm below the water surface in a fixed location in one of the 4 

quadrants of the water maze. During 4 d of training, the animals were required to locate 

the submerged invisible platform by using distal extramaze cues. The animals were 

subjected to four 60 s trials each day. The time to reach the hidden platform(latency) was 

measured using a computerized tracking system (Ethovision XT; Noldus Information 

Technology, Leesburg, VA, USA). For another data set, 24h after d 1 or d4 of training, 

the animals were subjected to a probe session in which the platform was removed from 

the pool, and the rats were allowed to search for it for 30 s. An analysis of swimming time 

in the quadrant in which the platform had been located on the previous day was 

performed. 

 

Taste discrimination test 

 Prior to experimentation, water-deprived rats were acclimated to drinking from 2 water 

bottles (A and B) for 10 min on 3 consecutive days. A record of daily liquid consumption 

was kept throughout the experiment. On the day of exposure to a taste, the rats were given 

saccharine solution (0.4 g/L) in both bottles for 10 min, and immediately after saccharine 

consumption, they were injected intraperitoneally with 0.1 M LiCl solution to evoke a 

weak conditioned taste aversion (CTA). After a delay of 60min or 24 h, the rats were 

exposed to saccharine solution (familiar taste) in 1 bottle (A) and 0.16Msodium chloride 

saline solution (novel taste) in another bottle (B) for 10 min. The amount of salt 

consumption (novel taste) in these animals was calculated. The average total exploration 

time of vehicle- and RGS14 lentivirus–treated animals was 165.41±6.47 and 162.88±5.41 

s, respectively. 

 

Odor memory test 

 Food-restricted rats were trained to dig in a small cup (3.5 cm diameter x 3 cm height) 

filled with scented sand and find a hidden half piece of Froot Loops cereal (Kellogg’s, 

Battle Creek, MI, USA). An apparatus with 2 compartments of 50 x 50 x 60 cm each 

separated by a guillotine door was used for the behavioral test. During sample exposure, 

the rats were allowed to explore the starting compartment for 30 s, and the door was then 

opened. The animal crossed to the choice compartment (CC), and the door was closed. In 

the CC, there were 3 cups filled with scented sand with the same odor with a buried 

reward in all of them. However, the rats were allowed to eat the reward from only 1 cup. 

After a delay of 1 h or 24 h, a choice test was performed; in the CC, 1 cup had the familiar 

odor to which the rat had been exposed and contained a reward, and the other 2 cups had 

distinct novel odors and contained no reward. A correct response was recorded when the 

animal was able to find the reward in the correct cup without digging in the incorrect 

cups. 

 

Tactile memory test 



 This test was conducted in a modified elevated plus maze in which the entire surface 

of each arm was covered with glass plates containing embossed patterns with different 

textures. The entire experiment took place in the dark under red light to prevent the rats 

from using the visual cues of the embossed patterns. On the day of the test, the rats 

explored both arms of the elevated plus maze containing identical textures for 5 min. 

After a delay of 30 min or 24 h, one of the arms was replaced with a new texture, and the 

rats were allowed to explore both the new and previously exposed (familiar) textures. The 

time of exploration in the new and familiar arms was recorded. 

 

Temporal memory test 

 The CTA paradigm was used for this test. Water-deprived animals were given water 

daily in the morning (8:00 AM) and saccharine solution (0.4 g/L) at night (6:00 PM) for 

10 min. On the third morning, the animals were given saccharine solution instead of 

water, and immediately after their drinking session, they received an intraperitoneal 

injection of lithium chloride (0.1 M) to induce a weak CTA. At night on the day of 

conditioning, the animals were given water. The day after conditioning, the animals were 

given water in the morning and at night. Afterward, during 5 consecutive days of 

extinction, the animals were allowed to drink water in the morning and saccharine 

solution at night. On the day of the test, in the morning, when conditioning occurred, the 

animals were exposed to saccharine solution. Daily saccharine solution intake was 

recorded throughout the experiment, and the percentage of saccharine intake was 

analyzed. 

 

ORM test in AD mice 

 The ORM test in AD mice was very similar to that in BDNF mice with some 

exceptions (28). In the exploration session, the mice were exposed twice for 10 min each 

with 2 identical objects 10 min apart. 

 

Statistics 

 The results were plotted and tested for statistical significance using Prism 7 (GraphPad 

Software, La Jolla, CA, USA). The samples were tested for normality using the Shapiro-

Wilk normality test. Paired comparisons were analyzed using 2-tailed, paired Student’s t 

tests (normally distributed) and Mann-Whitney tests (not normally distributed). Multiple 

comparisons with single variables were analyzed using 1-way ANOVA with post hoc 

Tukey’s test. For multiple comparisons with more than 1 variable, a 2-way ANOVA with 

post hoc Sidak’s test was used. All data in the figures are presented as means ± SEM.  

 

 

RESULTS 

 

RGS14414 gene treatment in the PRh induces enhanced recognition memory 

The PRh is a brain area that has been considered crucial for ORM processing in the brain 

(29, 30). Therefore, we tested whether RGS14414 protein overexpression in the PRh can 

cause ORM enhancement. For this study, a lentivirus containing the RGS14414 gene was 



delivered into this area of the brain in Wistar Han rats for expression of the RGS14414 

protein, and after 3 wk, the memory status of these animals was evaluated by their 

performance on the ORM task, which is considered a hallmark test of recognition memory 

(31). When normal untreated 3-mo-old rats were exposed to an object for 3 min, they 

were able to retain information about the object in memory after a delay of 15, 30, or 45 

min but not after a delay of 60 min or 24 h (Fig. 1A; 15, 30, and 45 min vs. 60 min or 24 

h; 1-way ANOVA with Tukey’s multiple comparisons test, P<0.0001). However, rats 

treated with the RGS14414 gene in the PRh (RGS-PRh rats) were able to retain the same 

object information in memory after a delay of 60 min or 24 h (Fig. 1B; RGS14 vs. vehicle 

at 60 min or 24 h; 2-way ANOVA with Sidak’s multiple comparisons test, P< 0.0001). 

Animals treated with lentivirus vehicle (vehicle), saline solution or even lentivirus 

containing RGS12, a protein that belongs to the same family as RGS14414, did not induce 

the rats to retain this object information in memory (Fig. 1B; vehicle vs. saline or RGS12 

at 60 min and 24 h; 2-way ANOVA with Sidak’s multiple comparisons test, P>0.05), and 

the performance of these rats in the test was similar to that of untreated rats (60 min and 

24 h in Fig. 1A). After behavioral studies, the brains of these animals were processed to 

evaluate the surface area affected by RGS14414 gene injection. Both images of a coronal 

brain section after immunostaining with antibodies specific for RGS14 (Fig. 1C) and a 

depiction of coronal brain sections after analysis of serial sections, which both showed 

maximum expansion of the RGS14414 protein in the PRh (drawings in red color in Fig. 

1D), indicated that RGS14414 protein expression was confined to the PRh area. We further 

observed that elimination of PRh neurons in RGS-PRh rats by the administration of Ox7-

SAP, a saporin-based immunotoxin that causes selective eradication of neurons and does 

not affect other brain structures or passing nerve fibers (32, 33), completely abolished the 

memory-enhancing effect of RGS14414 gene treatment (Fig. 1E; no Ox7 vs. Ox7 in the 

PRh; 1-way ANOVA with Tukey’s multiple comparisons test, P <0.0001). In contrast, 

Ox7-SAP administration in the parietal cortex of RGS-PRh rats showed no effect on 

memory enhancement (Fig. 1E; Ox7 in the parietal cortex vs. Ox7 in the PRh; 1-way 

ANOVA with Tukey’s multiple comparisons test, P.0.05). In the same line, a treatment 

of RGS14414 gene into parietal cortex, another brain area, produced no effect on ORM 

(Fig. 1E; RGS14 in parietal cortex). Together, these results suggest that RGS14414- 

mediated ORM enhancement was specific to PRh. Furthermore, a cresyl violet-stained 

brain section showing the affected area after lesions were produced by Ox7-SAP 

immunotoxin injection in the PRh (arrow in Fig. 1F) demonstrated a substantial loss of 

neurons in this area. These findings from lesion studies suggest that the memory-

enhancing activity observed in RGS-PRh rats is mediated by PRh neurons at the site of 

RGS14414 gene injection. 

 

RGS14414 gene treatment promotes neuronal arborization 

We observed that the effect ofRGS14414 treatment on ORM was not short-lived. Instead, 

the effect endured for a long time (Supplemental Fig. S1). We posited that this long-

lasting effect was due to permanent structural changes caused by neuronal remodeling. 

Hence, the brains of RGS14414-treated rats were subjected to Golgi-Cox silver staining, 

and an analysis of cell body neurite outgrowth in both pyramidal and nonpyramidal 



neurons and proliferation in dendritic branches and synapses of pyramidal neurons was 

performed. Both pyramidal and nonpyramidal neurons from RGS14414-treated rat brains 

showed robust neuronal arborization (Fig. 2Ai, ii). RGS14414 treatment produced an 

increase in neurites originating from the cell body of pyramidal neurons (Fig. 2B; 2-way 

ANOVA with Sidak’s multiple comparisons test, P = 0.007), and this effect was more 

pronounced for neurites of nonpyramidal neurons (Fig. 2B; 2-way ANOVA with Sidak’s 

multiple comparisons test, P = 0.0004). In contrast to neurites, RGS14414 treatment caused 

a robust increase in dendritic branching of pyramidal neurons, with almost twice the 

amount of dendritic branching in vehicle-treated animals (Fig. 2B; 2-way ANOVA with 

Sidak’s multiple comparisons test, P<0.0001). However, the analysis of neurite branching 

showed no difference in pyramidal neurons or nonpyramidal neurons. Altogether, these 

results suggest that RGS14414 treatment induced overwhelming increases in dendritic 

branching of pyramidal neurons and in cell body neurites of nonpyramidal neurons. 

Furthermore, we observed a substantial shift in the proportion of pyramidal neurons with 

a higher amount of branching (Supplemental Fig. S2). In vehicle-treated control animals, 

the number of dendritic branches per neuron was up to 8; however, this figure increased 

to 15 in RGS14-treated rats. In contrast, an analysis of dendritic synaptic density of 

pyramidal neurons per micrometer of length showed no difference in the total number of 

synapses or in their subtypes, which included thin, mushroom, and stubby (Fig. 2C; 

vehicle vs. RGS14 in total, thin, mushroom, or stubby synapses; 2-way ANOVA with 

Sidak’s multiple comparisons test, P>0.05). These findings indicate that after RGS14414 

treatment, the spatial distribution of synapses in dendrites was unchanged. Instead, there 

was an almost 2-fold increase in the surface area of dendrites. Therefore, RGS14414-

treated animals had twice as many synapses as vehicle-treated animals. 

 

BDNF mediates neuronal arborization and ORM enhancement 

 Permanent structural plasticity that causes a long-term change in memory functions, 

such as that observed in RGS14414-treated rats (Fig. 1B), has often been associated with 

neurotrophic factors (34, 35). Thus, we next studied the effect of RGS14414 treatment on 

FGF2, NGF, and BDNF, which are neurotrophic factors that are abundant in the brain 

and related to structural plasticity and memory. We first evaluated the mRNA levels of 

these neurotrophic factors, and we then evaluated their protein levels by Western blotting. 

qRT-PCR analysis revealed that the mRNA levels of BDNF in RGS-treated animals were 

2.4- fold higher than those in vehicle-treated control animals (Fig. 3A; vehicle vs.RGS14; 

2-tailed, paired Student’s t test, P = 0.0002). However, in contrast to BDNF, there was no 

effect on the mRNA levels of the other 2 neurotrophic factors, NGF and FGF-2 (Fig. 3A). 

Therefore, these results indicate that RGS14414 treatment exerts a strong but selective 

effect on BDNF mRNA levels. We next examined the effect of this treatment on pro-

BDNF (BDNF) protein levels. For this purpose, we extracted brains at 7, 14, and 21d 

after RGS14414 gene treatment and processed them for Western blot analysis. The plot of 

the optical density values of the protein bands from the Western blot in the top panel of 

Fig. 3B shows increases in pro-BDNF levels after 7 (19.96 ± 2.72% in bottom panel of 

Fig. 3B; vehicle vs. RGS14; 2-way ANOVA with Sidak’s multiple comparisons test, 

P=0.0002) and 14 (40.32±3.35%in bottom panel of Fig. 3B; 2-way ANOVA with Sidak’s 



multiple comparisons test, P < 0.0001) days of RGS14414 treatment. However, the effect 

was more prominent after 21 d of treatment, when pro-BDNF protein expression was 

71.25 ± 7.77% higher than that of the vehicle-treated control (bottom panel of Fig. 3B; 2-

way ANOVA with Sidak’s multiple comparisons test, P < 0.0001). This marked increase 

in pro-BDNF protein expression at 14 and 21 d after treatment coincides well with the 

period during which the emergence of ORM enhancement has been observed in RGS-

PRh animals. The effect of RGS14414 treatment on memory enhancement in animals 

generally appears 18 d after treatment (Supplemental Fig. S3).  

 Afterward, to evaluate the extent of BDNF involvement in RGS14-mediated neuronal 

arborization and ORM enhancement, heterozygous mutant mice of BDNF (BDNF–) were 

included in this study. Similar to rats, wild-type mice subjected to RGS14414 gene 

treatment in the PRh showed increases in both dendritic branching in pyramidal neurons 

(Fig. 3C; wild type + vehicle vs. wild type + RGS14; 2- way ANOVA with Sidak’ 

smultiple comparisons test, P < 0.0001) and neurites in nonpyramidal neurons (Fig. 3C; 

wild type + vehicle vs. wild type + RGS14; 2-wayANOVA with Sidak’s multiple 

comparisons test, P = 0.0008). However, when the same treatment was performed in 

BDNF– mice, the effect on neuronal proliferation disappeared, and the BDNF– mice 

showed dendritic branching in pyramidal neurons and neurite numbers in nonpyramidal 

neurons similar to those of wild-type vehicle-treated mice (Fig. 3C; wild type + vehicle 

vs. BDNF– + RGS14; 2-way ANOVA with Sidak’s multiple comparisons test, P = 0.8228 

for pyramidal dendritic branching; P = 0.8747 for nonpyramidal neurites). In addition to 

neuronal proliferation, we further studied the effect of RGS14414 gene treatment on ORM 

enhancement in BDNF– mice. Treatment of wild-type mice with the RGS14414 gene 

showed ORM enhancement similar to that in rats (Fig. 3D; wild type + vehicle vs. wild 

type + RGS14; 1-way ANOVA with Tukey’s multiple comparisons test, P < 0.001); 

however, the same treatment in BDNF– mice abrogated the memory-enhancing effect 

(Fig. 3D; wild type + vehicle vs. BDNF– + RGS14; 1-way ANOVA with Tukey’smultiple 

comparisons test, P.0.05). In contrast to mice subjected to RGS14414 gene treatment, wild-

type mice that were untreated or treated with vehicle exhibited no effect on ORM. The 

complete loss of RGS-mediated neuronal arborization and ORM enhancement after the 

deletion of BDNF in mice suggests that RGS14414 exerts its function primarily through 

the regulation of BDNF signaling. 

 

RGS14414 gene treatment augments spatial, taste, odor, and tactile memory 

 Considering that the ORM-enhancing effect of RGS14414 is facilitated through the 

activation of BDNF, a protein that is implicated in the processing of memory for all senses 

(36, 37), we posited that in addition to boosting object memory, treatment with the 

RGS14414 gene might also boost spatial, taste, odor, and tactile memory in a similar 

manner. In this study, we targeted brain areas for RGS14414 gene treatment that have 

previously been demonstrated to be involved in the processing of each of these types of 

memory. Accordingly, we selected the CA1 area for spatial memory (38), the PRh for 

taste and tactile memory (39), and the prelimbic cortex for odor memory (40). The effect 

of RGS14414 on spatial memory was first investigated by gene treatment in the CA1 area. 

For this study, we applied 2 different approaches: the Y-maze (Fig. 4Ai) and the Morris 



water maze (MWM) (Fig. 4Aii, iii). In the Y-maze test, the rats were first exposed to an 

arm for 15 min and then allowed to freely explore that same familiar arm and a novel arm 

after a delay of 1 or 24 h. Animals that explored significantly longer in the novel arm 

were considered to have been able to retain the spatial information for the familiar arm in 

memory, and animals that explored both arms equally were unable to retain such 

information. Based on this view, we found that normal untreated rats could retain the 

information related to the familiar arm in memory after a delay of 1 h, and they were 

unable to retain this information after a delay of 24 h (Fig. 4Ai; 2-way ANOVA with 

Sidak’s multiple comparisons test, P = 0.0005 for untreated 1 h; P = 0.9997 for untreated 

24 h). However, rats treated with RGS14414 in the CA1 area could remember the familiar 

arm even after a delay of 24 h (RGS14 at 24 h in Fig. 4Ai; 2-way ANOVA with Sidak’s 

multiple comparisons test, P = 0.0014). Treatment with vehicle instead of the RGS14414 

gene did not produce this memory-enhancing effect (vehicle at 24 h in Fig. 4Ai). In the 

MWM test, the time to reach the hidden platform (latency) was analyzed. A shorter time 

to reach the platform indicated that the animals were able to retain information about the 

platform location in memory, which helped them locate the platform and perform better 

in this test. We observed that RGS14-treated animals took notably less time to reach the 

hidden platform on d 2 and 3 of training than did the vehicle-treated rats (Fig. 4Aii; 2-

wayANOVA with Sidak’s multiple comparisons test, P = 0.0058 for d 2; P = 0.0011 for 

d 3). This enhanced performance was not attributed to a difference in swimming speed 

because both the RGS14 and vehicle groups displayed similar speeds when swimming 

(Supplemental Fig. S4). Thus, RGS14414- treated animals learned faster as a result of their 

higher memory capacity. This finding was further confirmed by a test of how well the 

animals remembered the location of the hidden platform 24 h after d 1 of training. We 

found that RGS14 animals spent more time in the quadrant area in which the hidden 

platform was located than vehicle treated animals (24 h after d 1 of training in Fig. 4Aiii; 

2- way ANOVA with Sidak’s multiple comparisons test, P = 0.0087). This difference was 

not observed after d 4 of training. To study the memory-enhancing effect of RGS14414 on 

taste memory, RGS14414 gene treatment was performed in the PRh, and the rats were 

exposed to a saccharine solution after water deprivation. Immediately after drinking the 

saccharine solution, the rats were injected intraperitoneally with 0.1 M LiCl solution to 

evoke a weak CTA. After a delay of 60 min or 24 h, the animals were exposed to the 

CTA-related saccharine solution (familiar taste) and a new taste solution to test whether 

these animals could retain the conditioning information for the familiar taste in memory. 

We considered animals that drank more of the new taste solution to have remembered 

being conditioned to the familiar taste, and animals that drank both solutions equally did 

not remember being conditioned. Based on this criterion, we found that after CTA, normal 

untreated rats could retain the conditioning information for the familiar solution in 

memory for 60 min but not for 24 h (Fig. 4B; 2-way ANOVA with Sidak’s multiple 

comparisons test, P = 0.0001 for untreated 60min; P = 0.7420 for untreated 24 

h).However, when the animals were treated with the RGS14414 gene, they were able to 

retain the same information for 24 h (Fig. 4B; 2-way ANOVA with Sidak’s multiple 

comparisons test, P = 0.004). In contrast, animals treated with vehicle showed no effect 



on taste memory. Therefore, our results suggest that RGS14414 treatment enhances taste 

memory.  

 Similarly, to test the effect of RGS14414 treatment on odor memory, RGS14414 

injection was performed in the prelimbic cortex. The rats were first trained to dig in 

scented sand cups to find a hidden piece of Froot Loops cereal and to discriminate the 

rewarded odor from unrewarded odors. During the test, the animals were exposed to an 

odor with a reward, and after a delay of 1 or 24 h, they were presented with 3 odors. 

Digging in the cup with the reinforced odor was considered to be the correct response, 

and in our experiments, more than 80% of the correct responses are considered to occur 

because the animals remember the reinforced odor information. Following this 

benchmark, we observed that normal untreated animals were able to retain the 

information related to the reinforced odor after a delay of 1 h, but they were unable to 

retain this information after a delay of 24 h (Fig. 4C; 1 h untreated vs. 24 h untreated; 1-

way ANOVA with Tukey’s multiple comparisons test, P < 0.0001). However, in contrast 

to normal untreated animals, animals treated with the RGS14414 gene exhibited enhanced 

odor memory, and RGS14-treated rats were capable of remembering the reinforced odor 

even after a delay of 24 h (Fig. 4C; 24 h vehicle vs. 24 h RGS14; 1-way ANOVA with 

Tukey’s multiple comparisons test, P < 0.0001). Furthermore, treatment with vehicle 

showed no effect on odor memory, and the performance of such rats was similar to that 

of untreated rats (24 h).  

 The effect of RGS14414 on tactile memory was determined in rats injected with the 

RGS14414 gene in the PRh area of the brain using a texture discrimination task. In this 

test, we employed a customized elevated plus maze in which only 2 arms were open, and 

the entire surface of each arm was covered with replaceable textured glass plates. The 

animals were left for 5 min to freely explore both arms, which had identical textures. 

After a delay of 30 min or 24 h, the animals were exposed to arms in which 1 arm was 

replaced with a new texture, and the texture of the other arm remained the same as in the 

previous session (familiar). Animals that explored significantly longer in the arms with 

the new texture than in the arm with the familiar texture were considered to have retained 

the information related to the familiar texture in memory. We observed that normal 

untreated rats could retain the texture information in memory for 30 min; however, they 

failed to retain this information for 24 h (Fig. 4D; 2-way ANOVA with Sidak’s multiple 

comparisons test, P = 0.0015 for 30 min untreated; P = 0.5641 for 24 h untreated). In 

contrast to normal untreated animals, animals treated with RGS14414 were able to 

remember this information after a 24-h delay (Fig. 4D; 2-way ANOVA with Sidak’s 

multiple comparisons test, P<0.0001). Furthermore, treatment with vehicle produced no 

change in this type of memory (Fig. 4D; 2-way ANOVA with Sidak’s multiple 

comparisons test, P =0.9056), and the vehicle-treated animals exhibited behavior similar 

to that of normal untreated animals. 

 

Recovery of recognition, spatial, and temporal memory in aging rats 

 Remarkably, RGS14414 gene treatment was able to enhance various forms of memory. 

In patients or individuals who display symptoms of memory deficit due to multiple 

etiologies, recognition, spatial, and temporal memory are principally affected (41). 



Therefore, we next examined whetherRGS14414 gene treatment in the PRh could reverse 

memory deficits observed during normal aging and in AD, the 2most representative 

conditions in which deficits in memory have consistently been reported (3, 42). For this 

study, we used normal aging Wistar rats and AD mice. The studies were first performed 

in aging rats. We found that untreated young rats at 3mo of age (young untreated) were 

able to retain information about an object in memory; however, when these rats reached 

18 mo of age (aged untreated), a noticeable decrease in ORM was observed, with 

recognition memory falling to a level at which the rats were unable to recall the same 

information (Fig. 5A; young untreated vs. aged untreated; 1-way ANOVA with Tukey’s 

multiple comparisons test, P < 0.0001). After treating these memory-deficient aged rats 

with the RGS14414 gene, full recovery of ORM was observed (Fig. 5A; aged+RGS14vs. 

aged untreated; 1-wayANOVAwith Tukey’s multiple comparisons test, P < 0.0001), and 

the performance of the rats reached a level similar to that of young untreated animals. In 

contrast, vehicle treatment did not produce any effect on recognition memory, and the 

ORM levels of vehicle-treated rats were similar to those of untreated aged rats (Fig. 5A; 

aged + vehicle vs. aged untreated; 1-way ANOVA with Tukey’s multiple comparisons 

test, P >0.05). 

 To evaluate the effect of treatment on spatial memory, we used a paradigm of 

behavioral performance in the MWM test. After 4 d of training, untreated aged rats 

required more time than untreated young rats to find the hidden platform in the MWM (d 

4 in Fig. 5B and the same data expanded in Fig. 5C; young untreated vs. aged untreated; 

1-way ANOVA with Tukey’s multiple comparisons test, P = 0.0043). However, when 

aged rats were treated with the RGS14414 gene in the PRh, their times to reach the hidden 

platform were reduced noticeably (d 4 in Fig. 5B and the same data expanded in Fig. 5C; 

aged untreated vs. aged + RGS14; 1-way ANOVA with Tukey’s multiple comparisons 

test, P = 0.0014), and their performance was similar to that of untreated young rats. In 

contrast, treatment with vehicle in aged rats exerted no effect on performance (d 4 in Fig. 

5B and the same data expanded in Fig. 5C; aged vehicle vs. aged untreated; 1-way 

ANOVA with Tukey’s multiple comparisons test, P > 0.05). Thus, our results indicate 

that RGS14414 treatment led to the recovery of spatial memory in aging rats and that aged 

RGS14-treated animals were able to retain information in the brain related to cues that 

guided the rats to locate the platform more efficiently than their untreated and vehicle-

treated counterparts. Furthermore, unexpectedly, the effect of RGS14414 treatment was 

so potent that in addition to the recovery of spatial memory (Fig. 5B; aged + vehicle vs. 

aged + RGS14; 2-wayANOVA with Sidak’s multiple comparisons test, P = 0.0014 for d 

2; P < 0.0001 for d 3), the performance of aged RGS14- treated animals in the MWM test 

was far superior to that of normal untreated young rats from d 2 of training. This superior 

performance of aged RGS-treated animals was not due to a difference in swimming speed 

(Supplemental Fig. S5). 

 To test the effect of RGS14414 treatment on the recovery of temporal memory in aging 

rats, the CTA paradigm was applied for behavioral assessment associated with the time 

of conditioning. Water-deprived rats were exposed to saccharine solution for 10 min at 

night for 2 consecutive days. On d 3, saccharine solution was given in the morning, and 

immediately after drinking the solution, the rats were injected intraperitoneally with 



0.1MLiCl solution to evoke conditioning to saccharine intake at this time of day. From d 

2 to d 6 after conditioning, these animals were given saccharine solution at night. On d 7 

(test day), the animals were exposed to saccharine solution in the morning to test whether 

they were able to retain information related to the conditioning performed in the morning 

after saccharine intake. We considered that those animals that drank a significantly 

reduced volume of saccharine remembered the morning conditioning and that rats that 

drank more than they did during the previous session did not retain this information. 

Under this condition, we compared the saccharine intake of young untreated rats to that 

of the previous day and found that aged, untreated rats consumed considerably higher 

volumes of saccharine solution than young rats (Fig. 5D; 2- way ANOVA with Sidak’s 

multiple comparisons test, P = 0.0059). These results suggest that young untreated 

animals could retain the information associated with morning saccharine intake 

conditioning and that aged rats were unable to retain this information. However, when 

these memory-deficient aged rats were treated with the RGS14414 gene in the PRh, they 

were able to retain the same information in their memory; accordingly, reduced 

saccharine consumption by these aged RGS-treated animals was observed (Fig. 5E; aged 

+ RGS14; extinction d 6 vs. test day; 2-way ANOVA with Sidak’s multiple comparisons 

test, P = 0.0089). However, this RGS14-mediated recuperation of temporal memory in 

aging rats was not observed when the rats were treated with vehicle (Fig. 5E, aged + 

vehicle; extinction d 6 vs. test day; 2-way ANOVA with Sidak’s multiple comparisons 

test, P = 0.8786). 

 

Recovery of recognition, spatial, and temporal memory in AD mice 

 As described for aging rats, the ORM test was used to evaluate recognition memory, 

the MWM test was used to evaluate spatial memory, and the CTA paradigm was used to 

evaluate temporal memory in AD mice. In the ORM test, AD mice showed a noticeable 

ORM deficit at the age of 4 mo (Fig. 6A; AD vs. wild type; 1-way ANOVA with Tukey’s 

multiple comparisons test, P < 0.0001). Treatment of these memory-deficient AD mice 

with the RGS14414 gene in the PRh led to full recovery of recognition memory (Fig. 6A; 

1-way ANOVA with Tukey’s multiple comparisons test, P<0.0001). RGS14-treatedAD 

mice showed ORM levels similar to those of wild-type mice. However, vehicle treatment 

showed no effect on recognition memory, and the ORM levels of vehicle treated mice 

were similar to those of untreated AD mice (Fig. 6A; AD + vehicle vs. AD; 1-way 

ANOVA with Tukey’s multiple comparisons test, P > 0.05). After behavioral studies, the 

brains of these mice were processed to evaluate the surface area affected by RGS14414 

gene injection. A depiction of coronal brain sections showing maximum expansion of the 

RGS14414 protein in the PRh (Supplemental Fig. S6, drawings in red) indicated that 

RGS14414 protein expression was limited to the PRh area. 

 In the MWM test, we found that AD mice required more time to reach the platform 

than did wild-type mice on d 2 (Fig. 6B; 2-way ANOVA with Sidak’s multiple 

comparisons test, P = 0.0220), d 3 (P = 0.0023), and d 4 (P = 0.0207) of training. However, 

when these AD mice were treated with the RGS14414 gene in the PRh, their performance 

improved remarkably on d 2 (Fig. 6B; AD + vehicle vs. AD + RGS14; 2-way ANOVA 

with Sidak’s multiple comparisons test, P = 0.0023), d 3 (P = 0.0002) and d 4 (P = 0.0011). 



The overall performance of RGS14-treated AD mice was better than that of wild-type 

mice. AD mice treated with vehicle did not show any improvement in performance (Fig. 

6B; AD + vehicle vs.AD after 1, 2, 3, or 4 d; 2-way ANOVA with Sidak’s multiple 

comparisons test, P > 0.05). These results indicate that RGS14414 treatment in AD mice 

led to the recovery of spatial memory to a level similar to that observed in aged rats. 

 Morning conditioning to saccharine intake was evaluated in a manner similar to that 

described for the aged rat experiments. Aversion conditioning in all groups of mice 

generated a marked but consistent reduction in saccharine consumption (after 

conditioning in Fig. 6C). After 6 d of extinction, on the day of the test, the wild-type mice 

were exposed to saccharine solution in the morning, and when aversion conditioning was 

invoked, the mice consumed less solution (Fig. 6C; extinctiond6 vs. test; 2-wayANOVA 

with Tukey’s multiple comparisons test, P = 0.0062); however, AD mice showed no 

aversive response to saccharine solution exposure (Fig. 6C; extinction d 6 vs. test; 2- way 

ANOVA with Tukey’s multiple comparisons test, P = 0.7518). These data suggest that 

AD mice were unable to retain information associated with morning conditioning to 

saccharine solution intake in their memory. Treatment of these memory-deficient AD 

mice with RGS14414 caused the recovery of temporal memory, and these mice consumed 

markedly less saccharine solution (Fig. 6C; extinction d 6 vs. test; 2-way ANOVA with 

Tukey’s multiple comparisons test, P = 0.0004). This recovery of temporal memory was 

also evident from the results of the test day, on which saccharine intake in RGS14-treated 

AD mice was considerably lower than that of vehicle-treated AD mice or untreated AD 

mice (Fig. 6C; test; AD+ RGS14 vs. AD + vehicle or AD; 2-way ANOVA with Tukey’s 

multiple comparisons test, P < 0.0001). Nevertheless, this recuperation of temporal 

memory was not observed when AD mice were treated with vehicle (Fig. 6C; AD + 

vehicle; extinction d 6 vs. test; 2-way ANOVA with Tukey’s multiple comparisons test, 

P = 0.6879). 

 

 

DISCUSSION 

 Our findings demonstrate that treatment with the RGS14414 gene not only enhanced 

various types of memory but also rescued deficits in recognition, spatial, and temporal 

memory, which are kinds of episodic memory that are primarily affected in patients or 

individuals showing memory deficiency (41). This memory enhancing effect of 

RGS14414 was associated with BDNF mediated up-regulation of arborization in 

pyramidal and nonpyramidal neurons. We found that in pyramidal neurons, branching 

was more dominant in dendrites, which are structures that innervate to other brain areas 

(43). However, in nonpyramidal neurons, branching was prevalent in cell body neurites, 

which are structures that are involved in local circuits. In general, this branching 

generated an ;2-fold increase in the synapse number of both types of neurons. Considering 

that pyramidal neurons are primarily involved in excitatory functions and nonpyramidal 

neurons are primarily involved in inhibitory cortical functions, this surge in the number 

of synapses could have caused an increase in neuronal connections within excitatory and 

inhibitory components of neuronal circuits. These observations indicate that RGS14414 

induces well-balanced neuronal circuit reorganization. An imbalance between excitatory 



and inhibitory circuit activities has been linked to neurologic and psychiatric diseases. 

Therefore, a balanced increase in neuronal circuitry could promotemore efficient memory 

related information processing and further facilitate memory formation in the brain. 

Similarly, it has been shown that long-term memory formation is critically associated 

with synaptic remodeling, including growth in number of synapses (44, 45). Memory is 

thought to be processed through interconnected brain circuits that are formed by the 

participation of distinct brain areas, and memory deficits occur as a consequence of 

reduced activity within these circuits (46–48). Consistent with this observation, poorer 

performance in patients with memory deficiency has been shown to be associated with 

decreased functional activity in neural networks (46, 49). Therefore, it is likely that 

synaptic reorganization caused by neuronal arborization could restore memory by 

reviving activity in these interconnected networks. An increase in the activity of these 

circuits could thus explain the enhanced memory in normal animals and the rescued 

memory in memory-deficient animal models. The results obtained after injection in 

different brain areas indicate that RGS14414 was adequate for the activation of single (1 

type of memory) and multiple (several types of memory) memory circuits. We found that 

the PRh is a brain area in which object, spatial, taste, tactile, and temporal memory 

converge, and treatment of this area with RGS14414 produced enhancements in all of these 

types of memory. Therefore, our studies of gains in memory function suggest that the 

PRh might function as one of the main memory hubs, where information is exchanged 

among various kinds of memory, and that this area can be targeted selectively to rescue 

episodic memory deficits. This finding represents an important milestone in our 

understanding of how the function of a specific memory circuit or multiple memory 

circuits can be restored. 

 We found that increases in neuronal arborization and memory enhancement were 

dependent on BDNF signaling because deletion of BDNF in mice ablated both of these 

activities. Similar to our observation, BDNF has been shown to play crucial roles in 

neuronal growth, branching, and the formation of synaptic connections and is essential 

for long-term memory (50). A surge in BDNF was observed within a week of RGS14414 

treatment; however, ORM enhancement was first detected after 18 d of treatment. 

Therefore, we believe that the increase in BDNF initially induced neuronal arborization 

and the generation of new synapses, which then enforced the reorganization of neuronal 

connectivity. This neuronal circuit reorganization could have served as a structural 

substrate for the memory-enhancing effect of RGS14414. This circuit reorganization 

seems to occur within 4 wk of the injection because further neuronal arborization was 

undetectable beyond this period. There was no difference in neuronal arborization 

between 4 and 12 wk after the injection. In addition, a considerable drop in BDNF levels 

at 12 wk after the injection coincided well with the inactivity in neuronal arborization 

during this period. Thus, the memory-enhancing effect appears to emerge when novel 

connections are established, and neural circuits are reorganized. 

 Previous in vivo studies have reported that Ras binding domain R1 within RGS14 

interacts with Ras and mediates the integration of Ras/Raf/MAPK signaling events (51). 

Evidence in the literature suggests that Ras/Raf/MAPK signaling converges on the 

ERK1/2-CREB pathway, and activation of the ERK1/2-CREB pathway causes an 



increase in BDNF transcription (50). Although our RGS14414 gene lacks the RGS domain, 

it contains the Ras binding domain R1. Therefore, it is likely that overexpression of 

RGS14414 promotes enhanced MAPK signaling, which could in turn facilitate ERK1/2-

CREB-mediated BDNF transcription and augment BDNF levels, as observed in animals 

after RGS14414 treatment. An upsurge in BDNF within 1wk after RGS14414 treatment 

further supports this notion. Considering that BDNF and its receptor tropomyosin 

receptor kinase B (TrkB) are crucial for neuronal plasticity (52) and dendrite development 

(53), and inactivity in autocrine BDNF-TrkB signaling reduces spine and dendrite 

growth, we propose that the initial increase in BDNF levels through the ERK1/2-CREB 

pathway could amplify its effect through autocrine activity in the BDNF-TrkB pathway. 

This autocrine pathway is linked to several important signaling pathways, including 

phospholipase C gamma–inositol trisphosphate–diacylglycerol (PLCg-IP3-DAG), 

MEK1/2-ERK1/2, and protein kinase B–mammalian target of rapamycin (AKT-mTOR) 

Therefore, the autocrine action of BDNF can amplify the initial effect through the 

activation of multiple signaling pathways. This possibility could explain the robust effect 

of RGS14414 treatment on multiple types of memory and the reversal of episodic memory 

deficits. It is well documented in the literature that both mRNA and protein levels of 

BDNF are significantly reduced during normal aging and in AD (54–58). Therefore, the 

recovery of memory deficits after RGS14414 gene treatment in rodent models of aging and 

AD was likely due to the restoration of BDNF function. 

 Substances known to enhance memory include hormones, neurotransmitters, 

neuropeptides, and metabolic substrates, and these factors produce very distinct effects 

on various types of memory (10). In contrast to RGS14414, which, in addition to enhancing 

multiple kinds of memory, has shown strong efficacy in reversing memory deficits in 

memory-deficient models, no other memory enhancers have demonstrated the same level 

of effectiveness in memory enhancement; more importantly, these factors have not been 

reported to have any effect on the recovery of memory deficits. Our work suggests that 

RGS14414 is unique and is not only adequate for the recovery of types of memory that 

are particularly affected in patients with memory deficits but also useful as a general 

memory enhancer for the enhancement of multiple kinds of memory. 
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FIGURES 

 

 

Figure 1. RGS14414 gene treatment induces enhanced ORM. A) Three-month-old 

normal untreated rats were able to retain object information in memory for 15, 30, and 45 

min; however, they were unable to retain such information after 60 min and 24 h. B) 

RGS14414 gene treatment in the PRh (RGS-PRh) induced ORM enhancement that could 

be observed at 60 min and 24 h, and treatment with vehicle, saline, and RGS12, another 

gene from the same family, caused no effect. C) The top image shows the immunolabeled 

RGS14414 protein in red, and the bottom image shows the cresyl violet-stained brain 

section showing the PRh area. Cortical layers (I-VI) are indicated in the top image, for 

which the scale bar is 100 mm. D) Drawing showing the localization of the RGS14414 



protein (red) obtained after the analysis of serial coronal sections from 5 RGS-PRh 

animals and representing the maximum expansion area in all 3 sections. E) Elimination 

of PRh neurons in RGS-PRh animals by the selective immunotoxin Ox7-SAP completely 

abolished ORM enhancement (Ox7 in PRh), whereas Ox7 treatment in the parietal cortex 

of the same RGS-PRh animals showed no effect (Ox7 in parietal cortex). RGS14414 gene 

treatment in the parietal cortex also showed no effect on ORM (striped the PRh (arrow). 

The dotted white line separates the cortical area from the subcortical area. Scale bar, 320 

mm. Dotted lines across A and B indicate the threshold at which (0.5 DI and below) the 

animals were unable to retain object information in memory. ****P < 0.0001 [1-way 

ANOVA with post hoc Tukey’s test (A, E), 2-way ANOVA with post hoc Sidak’s test 

(B)]. 

 

 

 

 

Figure 2. RGS14414 treatment induces robust neuronal arborization. A) Neuronal 

drawings representing examples of pyramidal neurons (i) and nonpyramidal neurons (ii) 

from RGS14- and vehicle-treated rats. B) Neuronal branching analyzed in 79 pyramidal 

and 55 nonpyramidal neurons. RGS-treated animals showed robust increases in the 

number of neurites and the amount of dendritic branching in pyramidal neurons. 

However, the effect was more prominent for dendritic branching. In contrast, the effect 

was more dominant for neurites in nonpyramidal neurons. C) Dendritic spine density of 

pyramidal neurons analyzed from a 1052-mm length containing ;515 spines in each 

condition showed no difference in total spines or in subtypes of spines, indicating that 



synapse occupancy per micrometer distance remains the same. However, due to a 2-fold 

increase in dendritic surface area, the total number of synapses in RGS14414 animals was 

2 times greater than that in vehicle-treated animals. **P ≤ 0.007 (2-way ANOVA with 

post hoc Sidak’s test); ***P ≤ 0.0004 (2-way ANOVA with post hoc Sidak’s test); ****P 

< 0.0001 (2-way ANOVA with post hoc Sidak’s test). 

 

 

 

 

Figure 3. RGS14414 mediates its effect through BDNF. A) qRT-PCR analysis shows that 

RGS14 gene treatment increased BDNF mRNA levels but not FGF or NGF mRNA levels. 

B) The top panel represents an example of a Western blot showing BDNF protein 

expression after 7, 14, and 21 d of RGS14 gene treatment, and the bottom panel represents 

an analysis of normalized optical density values of Western blot bands. BDNF protein 

expression reached 71.25% after 21 d of treatment. C) RGS14414 treatment in wild-type 

mice induced robust increases in pyramidal dendritic branching and neurites in 

nonpyramidal neurons; however, this effect disappeared when the same treatment was 

performed in BDNF-deficient (BDNF2) mice. D) Wild-type mice displayed enhanced 

ORM after treatment with RGS14 (wild type + RGS14), whereas this memory-enhancing 



effect of RGS14 was absent in BDNF2 mice (BDNF2 + RGS14). The dotted line across 

the figure indicates the threshold at which (≤0.5 DI) the animals were unable to retain 

object information in memory. **P < 0.01 [2-way ANOVA with post hoc Sidak’s test 

(C), 1-way ANOVA with post hoc Tukey’s test (D)]; ***P ≤ 0.001 [2-tailed, paired 

Student’s t test (A), 2-way ANOVA with post hoc Sidak’s test (B, C), 1-way ANOVA 

with post hoc Tukey’s test (D)]; ****P < 0.0001 [2-tailed, paired Student’s t test (A), 2-

way ANOVA with post hoc Sidak’s test (B, C)]. 

 

 

 



Figure 4. RGS14414 treatment enhances various types of memory. A) Spatial memory 

was tested with 2 approaches: the Y-maze and the MWM. i) Results of the Y maze, in 

which normal untreated rats were able to retain information about a previously explored 

familiar arm in memory for 1 h but not for 24 h. However, when these rats were treated 

with RGS14, they could retain the same information in memory for 24 h. ii, iii) Results 

of the MWM test. Rats treated with RGS14 performed much better than vehicle-treated 

animals, and their time to reach the platform was significantly reduced after d 2 of 

training. A test of information retention related to the platform location 24 h after the first 

day of training showed that the RGS animals spent more time in the quadrant in which 

the platform was localized; however, after 4 d of training, when both groups learned the 

location of platform, their performance was equivalent to that of vehicle-treated animals. 

B) Taste memory results. Normal untreated rats were able to retain information 

concerning a taste (familiar) associated with mild conditioning that produced pain and 

internal malaise in memory for 60 min, and their intake of a new taste was significantly 

higher, but the rats failed to exhibit these behaviors after 24 h. However, animals treated 

with RGS14 were able to retain the same taste information in memory for 24 h. C) Odor 

memory results. Normal untreated rats were able to retain information on an odor for 1 h 

but not for 24 h. However, similar to taste memory, rats treated with RGS14 could recall 

the same odor after 24 h. D) Tactile memory results. Normal untreated animals were able 

to retain information on a texture (familiar) in memory for 30 min and therefore explored 

a novel texture for a longer time, but they were unable to retain this information after 24 

h. However, after receiving RGS14 treatment, these animals could  retain the same 

information on texture in memory for 24 h. **P < 0.01 [2-way ANOVA with post hoc 

Sidak’s test (A, B, D)]; ***P ≤ 0.001 [(2-way ANOVA with post hoc Sidak’s test (A, B, 

D)] ****P < 0.0001 [1-way ANOVA with post hoc Tukey’s test (C), 2-way ANOVA 

with post hoc Sidak’s test (D)]. 

 

 

 



 

Figure 5. Recovery of recognition, spatial, and temporal memory in aging rats. A) In the 

recognition memory test, when young untreated rats were exposed to an object, they could 

retain the object information in memory; however, aged untreated rats were unable to 

retain this information. RGS14414 gene treatment in the PRh of these memory-deficient 

aged rats led to full recovery of this recognition memory. In contrast, vehicle treatment 

did not produce any effect. The dotted line across the figure indicates the threshold at 

which (0.5 DI and below) the animals were unable to retain object information in 

memory. B, C) Results of the spatial memory test. Even after 4 d of learning in the MWM 

(C), aged untreated rats needed much more time to reach the platform than young 

untreated rats, and their performance was significantly poorer. However, when these aged 



rats were treated with the RGS14414 gene, they showed far superior performance after d 

2 of training than young untreated animals (B). D, E) Results of the temporal memory 

test. In contrast to aged untreated rats that failed to remember the morning aversion 

conditioning to saccharine liquid, young untreated rats were able to retain this information 

in memory even after 6 d of extinction (D, day of test). Treatment with RGS14414 in 

these memory-deficient aged rats caused the recovery of temporal memory (E, extinction 

d 6 vs. day of test), and their response to saccharine conditioning in the morning was the 

same as that in young untreated animals. After aversion conditioning, a similar reduction 

in saccharin liquid intake was observed in both groups (E). **P < 0.01 [1-way ANOVA 

with post hoc Tukey’s test (C), 2-way ANOVA with post hoc Sidak’s test (B, D, E)]; 

***P < 0.001 [1-way ANOVA with post hoc Tukey’s test (A, C), 2-way ANOVA with 

post hoc Sidak’s test (B, E)]; ****P < 0.0001 [1-way ANOVA with post hoc Tukey’s test 

(A), 2-way ANOVA with post hoc Sidak’s test (E)].  

 

 

 



 

Figure 6. Recovery of recognition, spatial, and temporal memory in AD mice. A) AD 

mice showed substantial ORM loss compared to that of wild-type mice. Akin to aging 

rats, RGS14414 gene treatment in the PRh of AD mice led to a full recovery of recognition 

memory. The dotted line across the figure indicates the threshold (#0.5 DI) at which the 

animals were unable to retain object information in memory. B) Spatial memory results 

in AD mice. Similar to aged rats, AD mice needed more time to reach the platform than 

wild-type mice, and their performance was noticeably worse from d 2 of training. 

However, treatment with RGS14414 in AD mice caused recovery of spatial memory. 

These AD + RGS14 mice showed better performance in the MWM than wild-type mice 

on d 2 of training. C) Temporal memory results in AD mice. Similar to aged rats, AD 

mice were unable to retain the information on morning aversive conditioning to 

saccharine even after 6 d of extinction (AD bars of extinction d 6 vs. test), whereas wild-

type mice could retain this information in memory (wild-type bars of extinction d 6 vs. 

test). However, when these memory-deficient AD mice were treated with RGS14414, they 

showed a recovery of temporal memory, and these mice consumed much less saccharine 



on the day of the test (AD + RGS14 bars of extinction d 6 vs. test). **P < 0.01 [2-way 

ANOVA with post hoc Sidak’s test (B), 2-way ANOVA with post hoc Tukey’s test (C)]; 

***P < 0.001 [2-way ANOVA with post hoc Sidak’s test (B), 2-way ANOVA with post 

hoc Tukey’s test (C)]; ****P < 0.0001 [1-way ANOVA with post hoc Tukey’s test (A), 

2-way ANOVA with post hoc Tukey’s test (C)]. 


