
All living organisms can respond to external stimuli

in accordance with their previous experience. Memory, or

the ability to encode, store, and retrieve information, is

one of the main research topics in neuroscience.

However, the definition of memory is vague and can be

interpreted differently in different areas of neuroscience.

From simple forms of memory in Protozoa to complex

interactions of neural networks in humans, from genes to

behavior, memory is studied by large cohort of scientists

who do not always agree on the use of terms and

approaches (for example, see the last attempt to reformu-

late the definition of memory by Kukushkin and Carew

[1]). The situation becomes even more complicated if we

consider the existence of different types of memory

(declarative or procedural, short-term or long-term, etc.)

that could be affected differently in various neurodegen-

erative and psychiatric disorders. For example, declara-

tive memory is much less impaired in the Tourette syn-

drome than the procedural memory [2]. However, some

processes and pathologies, e.g., normal aging or

Alzheimer’s disease (AD), cause decline in all types of

memory and, therefore, significantly affect the quality of

life. For this reason, the necessity for new approaches to

the restoration of lost memory functions becomes more

urgent with time.

Memory enhancement has been a focus of numerous

research groups all over the world. Such research projects

offer a unique possibility for the fundamental and applied

studies of memory functions. First, a large number of
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down memory loss in AD. The third part describes the results of the use of non-invasive brain stimulation techniques for

memory modulation, consolidation, and retrieval in healthy people and animal models. Integration of data from different

research fields is essential for the development of efficient strategies for memory enhancement.
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works have demonstrated that restoration of memory

functions in AD patients significantly improves patients’

everyday life and social interactions [3] and, therefore, is

extremely relevant in clinical medicine. Second, healthy

population could also greatly benefit from the memory

enhancement research. Memory-boosting techniques

and/or drugs will be welcomed in many areas of human

activity, first of all, in the intellectual activity area.

Finally, we believe that memory manipulation research

can significantly contribute to our understanding of how

the brain works. Causal approach is one of the most pow-

erful tools for hypothesis verification in neuroscience,

and manipulations with memory will provide an invalu-

able insight into the brain functions.

This review is an attempt to present a vast landscape

of memory enhancement research, regardless of the

research area. To do so, we selected the studies on the

enhancement of declarative memory that are related to

the modulation of hippocampal activity. Hippocampus is

one of the most investigated brain structures. Hippo-

campus became particularly important in memory

research after the famous case of patient H. M. who suf-

fered from severe impairments in the declarative memo-

ry consolidation after bilateral surgical removal of the

hippocampus [4]. Since then, hippocampus has been

considered an essential component for the formation and

storage of declarative memories. Hippocampus itself and

hippocampus-associated brain structures and neuronal

networks (e.g., prefrontal and parietal cortical areas)

remain the main subjects of the memory enhancement

studies.

In the first part of this review, we will focus on the

studies that describe the attempts to affect memory by

regulating gene expression in animal models. The second

part of the review will be dedicated to the studies on the

memory restoration of AD patients by deep brain stimu-

lation (DBS). In the third part, we will review the studies

on memory enhancement in healthy subjects, including

non-invasive brain stimulation techniques and successful

attempts to intervene in memory consolidation and

retrieval processes. With few exceptions, we will not dis-

cuss in details pharmacological methods of memory

enhancement.

CHANGES IN GENE EXPRESSION CAN

ENHANCE MEMORY IN ANIMAL MODELS

The studies of genetic basis of memory usually focus

on genes and products of their transcription involved in

neurotransmission or de novo protein synthesis. The clas-

sic example of genetically produced memory enhance-

ment is “Doogie” mice overexpressing the NR2B subunit

of N-methyl-D-aspartate (NMDA) receptor [5]. These

mice outperform their wild-type (WT) littermates in the

hippocampus-dependent tests, such as novel object

recognition and contextual fear conditioning tasks.

Importantly, enhanced memory performance of

“Doogie” mice was retained in aged mice [6]. Chemical

upregulation of the NR2B subunit with magnesium L-

threonate and/or D-cycloserine also resulted in memory

enhancement in animals and humans [7, 8]. Most genet-

ic manipulations that potentiate NMDA-related molecu-

lar mechanisms were found to enhance memory perform-

ance. Thus, transgenic mice overexpressing KIF17 (pro-

tein that transports NR2B along the microtubules) exhib-

ited enhanced learning and memory in the Morris water

maze task [9]. α-Amino-3-hydroxy-5-methyl-4-isoxa-

zolepropionic acid (AMPA) receptors functionally cou-

pled with NMDA receptors are other popular targets in

the studies on memory strengthening. Chemical activa-

tion of AMPA receptors by ampakines (benzamides, ben-

zothiadiazines, biaryl propylsulfonamides, 3-trifluo-

romethylpyrazoles) have been found to facilitate memory

(for detailed review, see [10]). AMPA receptors are regu-

lated by the protein kinase Mζ (PKMζ), a product of the

PKCζ gene in the brain, that has been shown to affect the

long-term memory storage in invertebrates and verte-

brates (see review [11]). For example, overexpression of

PKMζ in the rat neocortex enhanced long-term memory,

whereas the dominant negative PKMζ with amino acid

substitution in the active site disrupted memory [12]. In

monkeys, higher levels of PKMζ were associated with

more accurate recognition memory [13]. Another popu-

lar target in the memory improvement studies is cAMP

response element-binding protein (CREB), a transcrip-

tion factor that regulates expression of immediate early

genes, such as c-Fos and zif268. In general, any manipu-

lation that that leads to the upregulation of CREB expres-

sion results in memory enhancement. To give a few exam-

ples, local overexpression of CREB in the basolateral

amygdala enhanced memory in the classic fear condi-

tioning [14] and social defeat [15] tests. Overexpression of

calcium/calmodulin-dependent protein kinase IV

(CAMKIV) that directly regulates CREB in the forebrain

of mice improved memory in the social recognition and

Morris water maze tests [16, 17]. CCAAT/enhancer-

binding protein (C/EBP), a product of the early C/EBP

gene, is involved in the activation of late response genes in

synaptic plasticity. Upregulation of C/EBP expression

enhances memory performance. Thus, suppression of the

negative C/EBP regulator, ATF4, improved performance

of the experimental animals in the Morris water maze test

[18]. 

Among many attempts to find chemical agents

potentiating CREB-mediated pathways, the most pro-

ductive approach to memory enhancement in AD

patients involved modulation of phosphodiesterase

(PDE) that negatively regulates the cAMP/CREB path-

way by hydrolyzing cAMP. Hence, PDE inhibitors should

enhance memory. Indeed, some PDE inhibitors, namely

Rolipram and Sildenafil, have shown positive result in
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AD mouse models. Cilostazol a selective inhibitor of

PDE3, partially prevents cognitive decline and memory

loss in AD patients [19]. For more detailed information

on the inhibitors on CREB-dependent pathways, see the

review [20].

Recent studies demonstrated involvement of

insulin-like growth factor 2 (IGF-2) in memory consol-

idation [21]. IGF-2 expression in the hippocampus is a

component of canonical signaling pathway regulated by

C/EBP (figure). IGF-2 affects de novo protein synthesis

(supposedly, of glutamate receptor subunits) and the

subsequent structural changes in the synapse [21].

Injection of recombinant IGF-2 into the hippocampus

resulted in improved performance in the inhibitory

avoidance and contextual fear conditioning tasks [21];

however, IGF-2 was effective only during the period of

memory consolidation [21, 22]. Injections of recombi-

nant IGF-2 in the hippocampus facilitated fear extinc-

tion [23, 24]. The authors suggested that IGF-2 regulates

adult neurogenesis in the hippocampus by promoting

cell proliferation and survival of immature neurons [24].

Systemic administration of IGF-2 improved memory

performance in the object recognition, object place-

ment, social recognition, and Y-maze tasks [25]. These

data provide strong evidence that IGF-2 acts as an

endogenous memory enhancer. IGF-1, a member of the

same IGF family, did not enhance memory performance

in rodents [26]. Both IGF-1 and IGF-2 belong to a com-

plex system that regulates body size and growth during

prenatal development [27]. The same system is implicat-

ed in the regulation of lifespan in vertebrates and inver-

tebrates [28-30], which justifies its studying in the con-

Postsynaptic pathways implicated in the IGF-mediated memory enhancement. IGFs act via the classic MAPK/ELK1 signaling cascade

resulting in adult neurogenesis in the hippocampus and de novo protein synthesis (including AMPA receptor subunits) [21, 24]. Calcium influx

into the cell leads to the activation calcium/calmodulin kinase (CAMKK) by calcium/calmodulin (CaM). Calcium influx increases AMPA

receptor conductance via activation of calcium/calmodulin kinase II (CAMKII). CAMKK activates calcium/calmodulin kinase IV

(CAMKIV) that in turn phosphorylates cAMP response element-binding protein (CREB). CREB activates transcription of immediate early

genes, such as c-fos and C/EBPβ. C/EBPβ codes for CCAAT/enhancer-binding protein that regulates transcription of IGF-2
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text of age-related cognitive impairments and AD-

induced memory loss.

Mutations in the insulin/IGF-1-like signaling (IIS)

pathway in Caenorhabditis elegans enhance different types

of memory. Worms with mutations in the IGF-1 receptor

(daf-2) and phosphatidylinositol 3-OH kinase (age-1)

genes showed increased consistency of temperature-food

association as compared to WT worms [31]. These

mutants also demonstrated an increase in temperature-

starvation association. Caenorhabditis elegans daf-2

mutants exhibited improved short-term memory per-

formance in the appetitive Pavlovian associative learning

paradigm, when the odorant butanone was paired with

food [32]. Young daf-2 mutants’ short-term memory last-

ed 2 to 3 times longer than the short-term memory of WT

worms; daf-2 mutants also demonstrated better long-

term memory than the WT counterparts. Interestingly, no

improvement in the long-term memory was found in aged

daf-2 mutants, which suggest age-dependent regulation

of the IIS pathway. However, aged daf-2 mutants retained

ability for thermotaxis and short-term associative memo-

ry, unlike WT worms [31, 32].

Aberrant activation of the IIS pathway was found in

AD, a disorder directly linked to aging and characterized

by progressive memory loss [33, 34]. Both IGF-1 and IGF-

2 are dysregulated in AD patients [35-38]. Aged mice over-

expressing IGF-1 in the dentate gyrus of the hippocampus

demonstrated better spatial memory performance in the

Morris water maze test than the WT controls [39]. The

authors showed that this effect depended on adult neuroge-

nesis in the hippocampus. In other study, injection IGF-2

into the hippocampus of Tg2576 mice overexpressing amy-

loid precursor protein (APP) resulted in partial memory

restoration in the fear conditioning and Morris water maze

tasks that was accompanied by the reduction of amyloid

levels in the brain [40]. Injections of recombinant IGF-2

rescued aging-related memory loss in rats [41]. These data

open new possibilities for the development of new anti-AD

therapies, including those targeting the IIS pathway.

It was suggested that the brain-derived neurotrophic

factor (BDNF) is involved in the memory regulation.

BDNF injection into the rat hippocampus resulted in the

memory improvement in the spontaneous location recog-

nition task [42]. BDNF interacts with the tropomyosin-

related kinase B (TrkB) receptor. The TrkB/BDNF path-

way involves CdK5 that plays an important role in learn-

ing and memory [43]. 7,8-Dihydroxiflavone (TrkB recep-

tor agonist) enhanced both the acquisition and extinction

of conditioned fear [44], while lacosamide (TrkB and

BDNF suppressor) impaired both short-term and long-

term memory [45] in mice. However, despite numerous

reports on the BDNF role in memory enhancement, it

still remains unclear if BDNF directly regulates memory

and neural plasticity or it is involved in the memory-relat-

ed metabolic pathways including the above-mentioned

NMDA pathway.

The role of non-coding RNA in memory formation

has been reported in a number of publications [46, 47].

RNA-mediated “memory transfer” was recently demon-

strated in the marine mollusk Aplysia [48]. Total RNA was

extracted from neurons of Aplysia subjected to sensitiza-

tion training by tail electroshock and injected into neu-

rons of naive mollusks. Snails injected with the RNA of

the trained snails showed higher levels of siphon with-

drawal reflex as compared to the control group. These

data confirm the epigenetic hypothesis of memory forma-

tion and can be used in future studies on the possibility of

memory stimulation.

DEEP BRAIN STIMULATION REDUCES

MEMORY DEFICITS IN ALZHEIMER’S DISEASE

For obvious reasons, the use of deep brain stimula-

tion (DBS) in humans is limited to severe forms of neu-

rologic and psychiatric diseases. For a long time, brain

stimulation in humans, pioneered by Roger Penfield

(1958), has been used for mapping brain areas. Much

later, the efficiency of DBS was demonstrated for the

treatment of many pathological conditions, including

obsessive-compulsive disorder [49], major depression

[50], addictions [51], Tourette syndrome [52],

Parkinson’s disease [53] and Alzheimer’s disease (AD)

[54]. In this review, we will focus on AD that is character-

ized by severe impairments in the declarative memory.

AD is a progressive neurodegenerative disease

accompanied by massive loss of neurons in the brain [3].

AD patients exhibit severe progressive deficit in the

declarative memory functions. Traditionally, AD treat-

ment includes the use of various pharmacological agents

or cognitive therapy; however, the outcomes of these

treatments are not satisfactory enough. The first study

that demonstrated DBS-induced memory improvement

after DBS was published in 2008 [55]. In this study, the

patient was treated for morbid obesity by brain stimula-

tion with electrodes bilaterally implanted in the ventral

hypothalamus. Unexpectedly, stimulation evoked

detailed autobiographical memories. Computer-assisted

tomography showed that the electrodes were placed close

to the fornix, a bundle of nerve fibers that connects septal

nuclei to the hippocampus. This finding was indirectly

confirmed by the fact that stimulation activated hip-

pocampus-associated neuronal networks. Continuous

stimulation for three weeks increased the scores in the

standard memory tests including the Wechsler Memory

Scale (WMS-III). In addition, significant increase in the

patient’s ability to memorize and to retrieve information

was found 3 weeks and 12 months after the start of the

treatment.

This serendipity discovery provided an objective for

systematic study of DBS effects on the memory loss in

AD [56]. Six patients with mild AD were implanted with
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stimulation electrodes into the ventral hypothalamus/

fornix area and then received continuous stimulation for

12 months. The majority of these patients demonstrated

improved standard Mini Mental State Examination

(MMSE) scores. This improvement was observed mostly

in the MMSE rubrics dealing with the patient’s ability to

recollect already seen information. The methods for

source reconstruction, such as standardized low-resolu-

tion electromagnetic tomography (sLORETA), demon-

strated that stimulation activated posterior cingulate cor-

tex and medial parietal lobe, i.e., regions closely involved

in the functioning of default mode networks. Positron

emission tomography revealed partial restoration of glu-

cose metabolism in the impaired regions. The follow-up

study showed that this restoration positively correlated

with better outcomes in the memory and global cognition

tests [57]. Furthermore, stimulations significantly slowed

down neurodegeneration and even increased hippocam-

pus volume in two patients [58]. Taken together, these

results are highly encouraging, despite the lack of con-

trols.

Another study that investigated the results of chron-

ic fornix stimulation in a patient with mild AD was per-

formed by Fontaine et al. [59]. One patient was implant-

ed with the stimulation electrode in the fornix. In this

study, the memory scores remain stable throughout 12

months of continuous brain stimulation, and the patient

reported a feeling of improvement. However, the memory

scores were below those typical for normal aging, and

only slight increase in glucose metabolism in the medial

temporal lobes was found (contrary to the significant

increase reported in the aforementioned studies). 

The first randomized double-blind clinical trial of

the use of DBS in AD treatment started in 2012 [60].

Forty-two patients with mild AD were bilaterally

implanted with stimulation electrodes in the fornix. No

changes in the cognitive functions were reported within

the first 12 months of stimulation, despite the fact that

activation of glucose metabolism was observed already in

the first 6 months after beginning of the treatment [61].

However, this increase disappeared within the next 6

months of treatment. Interestingly, the outcome of treat-

ment correlated with the patient’s age: patients younger

than 65 years demonstrated worse results in cognitive tests

after the DBS treatment, whereas patients over 65 years of

age showed improvement.

Fornix stimulation in animal models mainly pro-

duced positive effects in the recognition tests [62], as well

as spatial and contextual memory tests [63, 64]. None of

the targets showed side effects of anxiety, locomotor

activity, or pain [64]. Rats with scopolamine-induced

memory impairments stimulated with electrodes

implanted in the fornix demonstrated better results in the

novel object recognition test than the sham rats [62].

Stimulation also increased acetylcholine levels in the hip-

pocampus [65] in the absence of adult neurogenesis acti-

vation [66]. DBS of the fornix improved the performance

in the hippocampus-dependent memory tests in the Rett

syndrome mouse model [63] and amyloid-induced AD

rat model [64].

These data suggest active involvement of the hip-

pocampus and associated neocortical regions in memory

improvement caused by DBS of the fornix. The hypoth-

esis that DBS of the entorhinal cortex, a region that has

strong reciprocal connections with the hippocampus,

can improve memory has been tested only in epilepsy

patients. Entorhinal stimulation (40 Hz) applied while

the subjects learned locations of landmarks in the virtual

environment enhanced their subsequent memory of

these locations: all six participants reached these land-

marks more quickly and by shorter routes, as compared

with locations learned without stimulation [67]. Direct

hippocampal stimulation produced mixed results in the

same task. Fell et al. found positive effect in the long-

term verbal learning memory test when in-phase

entorhinal cortex and hippocampus stimulation was

applied in the epilepsy patients [68]. On the contrary,

other authors observed decreased memory performance

in the epilepsy patients after 50-Hz stimulation of the

entorhinal cortex [69]. It is possible that such discrepan-

cies were caused by the differences in the tasks, stimula-

tion protocols, and number of subjects used in the stud-

ies [70]. The behavioral results obtained by Jacobs et al.

[69] were recently reproduced by another research group

[70]. A new breakthrough in the field was reported by

researchers from Itzhak Fried’s group [71] who applied

theta-burst stimulation protocol in 13 epilepsy patients

performing the person recognition task. Stimulation

in the right entorhinal area during learning significant-

ly improved subsequent memory specificity for novel

faces.

Memory enhancement after DBS of the entorhinal

cortex may be related to adult neurogenesis. In the recent

study, mice were electrically stimulated in the entorhinal

cortex [72]. This stimulation promoted proliferation of

granule cells in the dentate gyrus; this effect was not

counterbalanced by the apoptosis of existing granule

cells. Mice with activated adult neurogenesis performed

better in the Morris water maze test. The improvement of

spatial memory was observed ~6.5 weeks after the stimu-

lation, i.e., the time necessary for the newborn neurons to

mature and integrate into the existing neuronal circuits.

Interestingly, the stimulation parameters in this study

were similar to those used in DBS in PD and AD patients.

In another study, stimulation of the entorhinal cortex in

TgCRND8 mice (mouse model of AD) [73] reversed spa-

tial memory deficits tested in the fear conditioning para-

digm. Surprisingly, stimulation caused memory improve-

ments in both young (6-week-old) and old (6-month-old)

mice.

Another potential target for DBS treatment in AD is

the cholinergic nucleus basalis of Meynert (NBM).
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Cholinergic projections to the cortex are the first brain

structures to undergo neurodegeneration in AD [74]. The

hypothesis that cognitive decline can be stopped by elec-

trical stimulation has been tested in several studies. In the

first study, unilateral stimulation of the NBM in patients

with mild AD did not cause any significant cognitive

improvements despite preservation of glucose metabolism

in the ipsilateral temporal and parietal cortical lobes

while it declined elsewhere in the cortex [75]. However, in

a recent case report, a patient with severe Parkinson-

dementia syndrome was bilaterally stimulated in the

NBM [76]. The patient showed significantly improved

performance in standard memory tasks. Based on this

data, the authors started the phase I clinical trial of the

NBM stimulation in early stages of Alzheimer’s dementia

[77]. Six patients with mild to moderate AD where

implanted with electrodes into the NBM. On average,

continuous 20-Hz stimulation of the NBM resulted in

stabilization of the MMSE and AD Assessment Scale

(ADAG) scores within the first 12 months of stimulation.

This effect was accompanied by a slight increase in glu-

cose metabolism. On an individual level, the scores did

not change for three patients; one patient improved the

scores; one patient displayed slightly worsened scores,

and one patient exhibited significant decrease in the

memory index. These results were confirmed in a recent

study by the same research group who added four more

patients to the tested cohort [78]. However, the memory

improvement was observed only in the cognitive subitem

of ADAS, whereas the memory subitem did not show any

improvements.

There are only few studies on the memory enhance-

ment by DBS of the NBM in animal models. Thus, injec-

tion of 192 IgG-saporin to the basal forebrain of rats

induced degeneration of brain neurons and worsened the

outcome of the Morris water maze task [79]. DBS of the

NBM restored rat performance in this hippocampus-

dependent memory test to the levels observed in normal

rats. Also, numerous studies have demonstrated that

NBM stimulation in healthy rodents increases acetyl-

choline concentration in the neocortex and enhances

learning-induced receptive field plasticity in the sensory

cortex [80-83]. In one of the first studies of the effect of

NBM stimulation on memory, rat behavior was studied

using the two-way active avoidance conditioning test [84].

NBM stimulation just before the task significantly

improved performance tested on the same day; however,

the effect of stimulation disappeared 24 and 48 h later.

Moreover, NBM stimulation after the task decreased the

number of correct avoidances in the stimulated group

compared to the control rats. The same effect was

observed in the socially transmitted food preference test

[85]. Together with the results of clinical trials, these data

suggest that the effect of NBM stimulation on memory is

not specific, but rather reflects facilitation of attention

and sensory information processing.

APPROACHES FOR MEMORY FACILITATION

IN HEALTHY SUBJECTS

Non-invasive stimulation enhances memory. DBS is a

severe medical intervention, so scientists constantly

improve non-invasive methods of brain stimulation that

include transcranial magnetic stimulation (TMS), tran-

scranial direct current stimulation (tDCS), and transcra-

nial alternating current stimulation (tACS). During the

last 15 years, these methods have received significant

attention in the context of memory enhancement

research.

Transcranial magnetic stimulation (TMS) is a method

for short-term local disruption of normal information

processing by activating large groups of neurons.

However, there is evidence that TMS can facilitate infor-

mation processing (for comprehensive review, see [86]).

Most studies reporting memory enhancement after TMS

focus on the working memory [87-92], but for the pur-

poses of this review, we will discuss other types of memo-

ry. The studies conducted in 1990s (when the spatial res-

olution TMS was much lower than nowadays) reported

slight memory improvements in WMS-III after transcra-

nial stimulation applied to different scalp positions in

healthy subjects [93, 94]. In 2004, repetitive TMS

(rTMS) of the left inferior prefrontal cortex in healthy

subjects resulted in increased recognition memory in the

semantic encoding task [95]. Subjects were asked to

memorize words sequentially presented on the screen.

During presentation of some words, rTMS was applied to

the left or right inferior prefrontal cortex. Presentation of

other words was accompanied with rTMS of the left pari-

etal cortex; no stimulation was applied during presenta-

tion of the third group of words. Words encoded under

stimulation of the left inferior prefrontal cortex were rec-

ognized with higher accuracy that words encoded in the

absence of TMS under stimulation in the two cortical

control sites.

Hawco et al. investigated the effects of rTMS of the

left dorsolateral prefrontal cortex (dlPFC) on the encod-

ing phase in the associative memory encoding task [96].

Healthy subjects were asked to memorize pairs of objects,

that could be either semantically related or unrelated.

Thirty minutes after completion of the encoding phase,

the subjects were presented with a single object from the

pair and asked to name the second object. Correct

response was defined as a verbal naming of the object that

was paired to the stimulus during the encoding phase. The

authors found that associations for related pairs were bet-

ter remembered than unrelated pairs. This effect was

influenced by the time of rTMS application relatively to

the moment of stimulus presentation.

Recent study of Wang et al. showed significant

improvement of the associative memory after rTMS of

the left parietal cortex that lasted up to five days [97]. The

subjects in this study were presented with unique



1130 BRYZGALOV et al.

BIOCHEMISTRY  (Moscow)   Vol.  83   No.  9   2018

face/word pairs and then tested in the associative pair test

five days later. Subjects who received rTMS memorized

significantly higher number of combinations than those

who received sham stimulation. Functional magnetic res-

onance imaging (fMRI) revealed positive correlation

between the functional connectivity in the cortex after

rTMS and memory performance. In another study, object

location memory tasks were used to distinguish between

general recollection success and recollection precision

[98]. The participants studied trial-unique objects at ran-

domly assigned locations. Subsequent memory testing

involved object-cued recall of locations (i.e., the use of

spatial memory). The subjects receiving rTMS of the pos-

terior parietal cortex during the five days of training

showed no differences in the recognition success with the

control group. In contrast to general success, the recol-

lection precision in these participants was much higher

than in the control subjects. This effect lasted for at least

24 h after the last stimulation session.

To sum up the attempts on the improvement of

declarative memory by TMS, we can conclude that these

studies are very rare and often use non-comparable

behavioral paradigms. The results of these studies are

contradictory or limited to very specific types of memory;

the observed effects are short-term and poorly pro-

nounced. TMS setups are non-transportable and their

efficiency depends on the possibility to conduct MRI. All

these issues prevent broad implementation of this tech-

nique for memory enhancement.

Transcranial direct current stimulation (tDCS) is a

simpler and more mobile technique that, theoretically,

can be used in everyday life. It is believed that tDCS mod-

ulates the resting potential, or excitability, of neurons,

making it closer or further away from the action potential

threshold [99]. Traditionally, most memory enhancement

studies use anodal tDCS that makes neurons more

excitable. Thus, bilateral anodal tDCS of frontal lobes

was applied in healthy subjects at the stage of slow-wave

sleep (SWS) [100]. Before the sleep, these subjects had

memorized associative word pairs. Pulsed tDCS during

the first 30 min of SWS resulted in distinct increase in the

word pair recollection compared to the control group.

Importantly, the same protocol did not affect the proce-

dural memory tested in the mirror tracing skill task. The

authors speculated that tDCS facilitated declarative

memory performance by affecting synaptic plasticity and

memory consolidation during the sleep. Recently, this

approach was successfully used for visual declarative

memory enhancement in patients with moderate cogni-

tive impairments [101].

Another study tested the effects of tDCS applied to

participants in an awake state during encoding and recog-

nition phases of word memorization tasks [102]. Anodal

tDCS of the dlPFC during the encoding phase led to a

higher recognition accuracy compared to sham and

cathodal tDCS. Also, the authors did not observe any

effect of tDCS applied during the recognition phase. The

same procedure led to the increased memory perform-

ance in the non-verbal associative memory task [103].

However, another research group showed that anodal

tDCS of the left dlPFC applied during the encoding

phase increased the number of false alarms in the non-

verbal episodic memory task, while cathodal tDCS

reduced number of false alarms [104]. The authors sug-

gested that enhancement of excitability in the dlPFC by

anodal tDCS can be associated with blurred detail mem-

ory, whereas cathodal tDCS acts as a noise filter inhibit-

ing the development of imprecise memory traces by

reducing the activity of neurons in the prefrontal cortex.

Anodal tDCS of dlPFC improved recollection of

words in semantic encoding task when stimulation was

applied during the memory reactivation phase [105].

Participants memorized words in encoding session and

then reactivated the memory of words 3 h later using the

old-new recognition task under anodal, cathodal, or

sham tDCS to the left dlPFC. In the other round of the

old-new recognition task performed 2 h later, the subjects

who underwent anodal tDCS were able to recognize more

words than the control group. Cathodal (but not anodal)

tDCS of the right dlPFC applied between the encoding

and testing phases improved memory performance in the

non-verbal face recognition memory task [106]. Several

studies also showed that a single session of anodal tDCS

of the frontal lobe increases percentage of correct

responses in the language learning paradigm [107-109].

However, some studies failed to find any positive

effect of tDCS of dlPFC on memory. For example, de

Lara et al. did not observe any positive effect of anodal

tDCS of left dlPFC the encoding and retrieval of verbal

declarative information in the language learning para-

digm [110]. Another study demonstrated that anodal

tDCS of the left or right dlPFC during the encoding

phase decreased the accuracy of retrieval for both verbal

and nonverbal material [111]. Instead, the authors found

that anodal tDCS of the right or left posterior parietal

cortex improved the accuracy in the task with non-verbal

material. Anodal tDCS of the parietal lobe enhanced

memory enhancement in the California verbal learning

task [112]. The subjects were able to recall more words

after anodal tDCS of the left posterior parietal cortex

applied during encoding, whereas no improvement was

observed after stimulation in the testing phase.

There is a convincing body of evidence on the posi-

tive effects of tDCS in subjects with cognitive decline.

Boggio et al. observed significant improvement in the visu-

al recognition memory in AD patients after tDCS of the

temporal and parietal cortices [113]. Anodal tDCS over

the right temporoparietal cortex increased memory per-

formance in the spatial associative learning paradigm in

elderly [114]. Also, aged subjects demonstrated better

results in the verbal episodic memory task after anodal

tDCS of the left dlPFC [115, 116] or parietal cortex [115].
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Similar results were obtained in primates. Thus,

studies in macaques reported the positive effect of anodal

tDCS of the right prefrontal cortex on the performance in

the spatial associative memory task [117]. The authors

demonstrated that this effect likely depends on the induc-

tion of low-frequency oscillations in the prefrontal cortex

that alter the functional connectivity in the brain. Taken

together, these data open new ways for safer treatment of

memory disabilities using non-invasive and safe tDCS

approach [118, 119].

Transcranial alternating current stimulation (tACS) is

an oscillatory counterpart of tDCS. tACS modulates

spontaneous neural oscillations in the brain by resonating

with them and facilitating synchronization of neural

activity [120]. The first study that investigated the positive

effect of tACS on memory was performed by Marshall et

al. who extended their approach to non-invasive brain

stimulation during the SWS [100, 121]. In this study, the

participants memorized pairs of words. During subse-

quent early nocturnal SWS, they were subjected to tACS

(0.75 Hz) bilaterally applied over the frontal lobe. The

procedure induced highly pronounced slow oscillations

in the cortex. After waking up, the subjects were able to

recall significantly more words than the control group.

Interestingly, no memory improvements were observed

when the subjects were stimulated during the daytime

naps [122]. However, another research group found a

decrease in the power of low-frequency oscillations, as

well as reduction in the number of recalled words, in sub-

jects that underwent bilateral 0.75-Hz tACS over the

frontal cortex; the decrease correlated with the reduction

in word pair recall after the nap. It is possible that such

discrepancies could be accounted to the differences in the

stimulated areas.

In the follow-up study, Marshall et al. used 0.75-Hz

tACS to the frontal cortex in subjects in the state of wake-

fulness [123]. Surprisingly, this stimulation resulted in the

increase in the power of theta-oscillations (4-8 Hz) regis-

tered by electroencephalography. Verbal learning and

memory tests demonstrated boosted memory perform-

ance when tACS was applied during the encoding phase

but not during the testing phase. These results clearly sug-

gest the dependence of tACS effect on the physiological

state of the tested subjects. In another study, young and

elderly subjects were stimulated over the frontal lobe in

the theta range (6 Hz) during the encoding phase of the

associative memory task [124]. Both groups showed

enhanced memory performance in the testing phase com-

pared to the control group not receiving tACS. High-fre-

quency (140 Hz) tACS to the frontal lobe during the

encoding phase of the word-pair associative learning task

resulted in partial reduction in the overnight forgetting of

words [125].

Javadi et al. hypothesized that using the same tACS

frequency during the encoding and testing phases is more

important for the declarative memory than the stimula-

tion frequency itself [126]. The subjects were asked to

memorize 100 words and then stimulated over the left

dlPFC during both encoding and testing phases at 60 or

90 Hz in various combinations. The memory perform-

ance was significantly improved if the tACS frequency

during the encoding and testing phases was the same.

Numerous drugs for memory and cognitive function

enhancement have been developed for the use by healthy

population (e.g., methylphenidate, amphetamines,

modafinil, acetylcholine esterase inhibitors, nicotine,

etc.). Methylphenidate and amphetamines are especially

popular among medical students for achieving high aca-

demic grades, despite numerous known negative side

effects [127, 128]. Catecholaminergic, cholinergic, and

melatoninergic agents are now hailed as new memory-

enhancing drugs (for detailed information about “smart”

drugs, see reviews [129, 130]). An important issue in the

use of “smart” drugs, including anti-AD agents, is their

transport through the blood-brain barrier. Because of the

low efficiency of delivery to the brain, the drugs should be

used in high doses. To minimize the doses in order to

avoid toxic side effects, the scientists have developed a

number of alternative approaches for drug delivery, e.g.,

nasal inhalation [131]. The most advanced direction in

this area is the use of nanoparticles [132, 133]; however,

nanoparticles themselves can be neurotoxic [134].

Intervention in the processes of memory consolidation

and memory trace retrieval. Memory studies in rodents

often focus on the hippocampus-dependent memory and

spatial orientation. Hippocampal principal neurons, also

called place cells, discharge in exact location of animal’s

environment, which eliminates the ambiguities in the

interpretation of relationships between behavior and neu-

ral activity [135]. Sequential activation of place cells

reflects the trajectory of animal’s movement [136-139]

and can also provide information on animal’s motivation

and its emotional significance [140-142]. The theory of

two-stage memory consolidation, first proposed by David

Marr in 1971 and then brought to physiology by György

Buzsáki in 1989, suggests that place cells become a com-

ponent of activation sequences during active exploration

of the environment [143, 144]. In rodents, exploratory

activity is always accompanied by prominent theta-oscil-

lations (4-12 Hz) registered in the hippocampus. The tra-

jectories of movement are first encoded as the sequences

of activation of place cells and then transferred for the

long-term storage to the neocortex during the SWS. This

transfer, which is considered a physiological basis of

memory consolidation, is thought to be a result of fine

orchestration of several events, such as hippocampal

sharp-wave ripples (SWRs) (120-200 Hz), thalamic α-

spindles (8-12 Hz), and cortical δ-waves (1-4 Hz). SWRs

coincide with the so-called reactivation of hippocampal

sequences [136-138], during which the sequences already

explored during the wake period are replayed in a com-

pressed form. In one of the studies, the researchers stim-
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ulated the medial forebrain bundle (MFB) known for its

self-stimulation properties each time computer algorithm

detected spontaneous sleep reactivation of a particular

place cell [145]. This manipulation lead to goal-directed

behavior of the animal towards the receptive field of the

place cell whose reactivation coincided with the MFB

stimulation. In other words, the authors were able to cre-

ate artificial memory with a high temporal and spatial res-

olution.

The hypothesis that memory could be boosted by

enhancing the coupling between the hippocampus and

the cortex (according to the two-stage theory of memory

consolidation) during the SWS has been tested by several

research groups. Thus, δ-waves were induced in the cor-

tex by electrical stimulation each time when the SWRs

was detected by the computer algorithm in order to pro-

mote coordination between the hippocampus and the

cortex [146]. The animals with boosted coordination of

oscillatory events mimicking the natural sequence of

sleep events were more discriminative in the novel object

recognition task than the animals with random stimula-

tion protocol or without any stimulation. Another study

demonstrates that optogenetic activation of interneurons

in the thalamic reticular nucleus (TRN) in-phase, but not

out-of-phase, with cortical δ-oscillations up-states

induced spindles and improved memory performance in

the context fear conditioning test [147].

The same hypothesis has been tested in humans.

Subjects were cued with an odor during the encoding

stage of the declarative memory task. Re-exposure to the

same odor during the SWS significantly increased memo-

ry performance at the testing stage after waking up as

compared to the control group [148]. fMRI revealed that

odor presentation during sleep activated hippocampus

and hippocampus-associated neuronal networks. In

another study, subjects performed the spatial memory

task, in which presented objects were associated with

sounds [149]. Memory improvement was observed in the

group of subjects receiving the same sound cues during

sleep, but not in the control group.

This approach was improved in [150]. The partici-

pants performed word-pair associative memory task with-

out any auditory stimulation during the encoding phase.

During subsequent SWS sleep, auditory cues were played

in-phase with spontaneous slow oscillations for 210 min.

The subjects with the sleep sensory stimulation demon-

strated 2 times better memory performance at the testing

stage compared to the control group. It should be noted

that sound stimulation increased the power of slow oscil-

lations and the number of phase-coupled spindles, there-

by corroborating the Marr–Buzsáki theory of two-stage

memory consolidation.

Another mechanism was proposed by Bendor and

Wilson [151] who trained rats in the auditory spatial asso-

ciation task. Presentation of auditory cues during the

SWS increased the number of hippocampal replays asso-

ciated with a particular cue. This result shows that senso-

ry cueing during the sleep enhances memory by increas-

ing the number of relevant memory reactivations.

In a very elegant study, Arzi et al. were able to create

artificial memory during sleep using the sensory cueing

technique [152]. The researchers paired different tones

with pleasant or unpleasant odors during the sleep and

then measured sniff responses to the auditory stimuli dur-

ing sleep or subsequent wakefulness. It was demonstrated

that the subjects learned associations between odors and

sound cues during sleep and differentiated the tones

according to the pleasantness of odors that was associated

with them. Interestingly, subjects were not aware of the

learning process.

Several research groups used the neuronal tagging

technique to manipulate memory in mice. This method

requires specific mouse strains carrying tetracycline

transactivator (tTa) controlled by the immediate early c-

Fos gene (c-Fos-tTa strains). Expression of immediate

early genes is driven by the neural activity, i.e., c-Fos is

expressed in neurons with elevated firing rates.

Doxycycline (Dox) inhibits tTa binding to the tetracy-

cline-responsive element (TRE), making expression of

TRE-regulated genetic constructs dependent on tTa and

doxycycline. In their seminal work, Garner et al. used c-

Fos-tTa mouse line expressing hM3Dq designer receptor

exclusively activated by a designer drug (DREADD)

under control of tTa [153]. The animals were placed into

the context A in order to drive expression of the hM3Dq

transgene into neurons activated in that context. The ani-

mals were then injected with Dox to inhibit further

hM3Dq receptor expression and with clozapine N-oxide

(CNO) to stimulate activity in the pattern of neurons that

expressed the receptor. The mice were then fear condi-

tioned in a distinct context B, and 24 h later, memory

performance was tested in the absence and presence of

CNO. Chemogenetic activation of the neurons tagged in

the context A failed to induce freezing in the same con-

text. However, simultaneous activation of the context A

neurons with CNO and context B neurons by placing the

mice in context B lead to the freezing levels similar to

those observed in WT mice, suggesting that the authors

created a novel hybrid memory trace representation that

included both A and B contexts.

This approach was refined in the study of Tonegawa et

al., in which c-Fos-tTa mice were injected with TRE-

ChR2 vector into the hippocampus [154]. Mice kept on a

Dox-free in the were exposed to the neutral context 1, after

which Dox was added to the diet resulting in the ChR2

opsin expression in the dentate gyrus neurons of the hip-

pocampus. Mice with the tagged neurons were subjected to

fear conditioning in the context 2, in which reactivation of

tagged neurons by light served as a conditioning stimulus.

Reactivation of these neurons in the context not associat-

ed with the negative stimulation (context 1) still produced

increased freezing levels similar to those observed in the
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context 2, allowing the authors to claim that new artificial

memory was created. This study manipulated a smaller

population of neurons than the study of Garner et al. and

used activation procedure with higher temporal resolution

than the DREADD protocol, which could explain the suc-

cess of the used approach. Later, the same optogenetic

technique was successfully used to switch the valence of

the emotional memory trace [155] and to restore normal

behavior in stress-induced depression [156].

Memory enhancement is broad research area that

unifies scientists pursuing different goals: from the devel-

opment of methods for memory improvement to verifica-

tion of fundamental hypotheses. Often, the methods used

in healthy subjects cannot be used in diseased individuals,

and vice versa. However, discoveries made in one field

could bring ideas to other fields. In this review, we tried to

create a common research landscape focused on facilita-

tion of declarative memory. On one hand, our approach

could help to reveal potential links which are difficult to

see from a single point of view. For example, both regula-

tion of the IIS pathway and DBS of the fornix increase

adult neurogenesis that, in turn, improves memory per-

formance in classical memory tests [24, 72]. As far as we

know, the mechanisms underlying changes in the expres-

sion of IIS pathway genes upon DBS of the fornix have

not been yet investigated. Studies dedicated to the eluci-

dation of the nature of such link could significantly enrich

and improve the methods for AD treatment.

On the other hand, our review demonstrates that

existing models and approaches are diverse and very diffi-

cult to reconcile. The methodology of non-invasive brain

stimulation exists in another paradigm and stems from

completely different area of knowledge than the methodol-

ogy of genetic research. For this reason, it is often impossi-

ble to compare results of studies in these two research

areas, which requires development of a complex and inte-

grative approach that would unify fundamental concepts,

frameworks, and methods in the area of memory enhance-

ment research. We hope that the technological progress, as

well as ever-growing interdisciplinary communication, will

make such integration possible in nearest future.
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