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Strengthening of Existing Episodic Memories Through Non-invasive Stimulation of Prefrontal Cortex in Older Adults with Subjective Memory Complaints
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Episodic memory is critical to daily life functioning. This type of declarative memory declines with age and is the earliest cognitive function to be compromised in Alzheimer’s disease (AD). Subjective memory complaints are commonly reported by older adults and have been considered a risk factor for developing AD. The possibilities for prevention of memory disorders in older adults have increased substantially in recent years. Previous studies have shown that anodal transcranial Direct Current Stimulation (tDCS) applied over the left lateral prefrontal cortex (PFC) after a contextual reminder strengthened existing verbal episodic memories, conceivably through reconsolidation, in elderly people. In this study, we hypothesized that anodal tDCS applied over the left lateral PFC after a contextual reminder would improve delayed memory retrieval relative to placebo (sham) stimulation in elderly individuals with SMC. Twenty-two subjects learned a list of words. Twenty-four hour later, tDCS (anodal or placebo) was applied over the left lateral PFC after a contextual reminder. Memory retrieval was tested 48h and 30 days later. These findings showed that anodal tDCS over the left lateral PFC strengthened existing episodic memories, a behavioral effect documented by improved recognition up to 30 days, relative to placebo stimulation. This study suggests that tDCS after a contextual reminder can induce long-lasting beneficial effects by facilitating the consolidation processes and opens up the possibility to design specific non-invasive interventions aimed at preventing memory decline in this at-risk population.
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INTRODUCTION

There is evidence that episodic memory declines with age (Spencer and Raz, 1995; Balota et al., 2000; Salthouse, 2010; Rhodes and Katz, 2017; Solesio-Jofre et al., 2017). Subjective memory complaints (SMC) refer to self-reports of memory decline with objective memory performance in the normal range (Vannini et al., 2017). Older adults generally report SMC with a prevalence estimated from 22 to 56% of this population (Jorm et al., 1994; Geerlings et al., 1999; Montejo et al., 2011). The concept of SMC is highly significant to the field of aging because this condition is a risk factor for developing Alzheimer’s disease (AD) (Glodzik-Sobanska et al., 2007; Jessen et al., 2010; Dubois et al., 2014; Jessen et al., 2014; Vannini et al., 2017). In addition, SMC is a criteria for the diagnosis of Mild Cognitive Impairment (MCI) due to AD (Albert et al., 2011).

Episodic memory is critical to daily life functioning (Tulving, 1983) and several clinical works have reported that this type of long-term memory relies on the integrity of the medial temporal lobe (MTL) (Dickerson and Eichenbaum, 2010). In addition, numerous studies reported that the prefrontal cortex (PFC) and MTL–PFC interactions are important for episodic memory processes (Simons and Spiers, 2003; Szczepanski and Knight, 2014; Eichenbaum, 2017). Evidence supporting the critical role of lateral PFC in episodic memory along the life span comes from clinical neuropsychology (Jetter et al., 1986; Janowsky et al., 1989a,b; Incisa Della Rocchetta and Milner, 1993; Eslinger and Grattan, 1994; Gershberg and Shimamura, 1995; Mangels, 1997; Alexander et al., 2003; Duarte et al., 2005), functional magnetic resonance imaging (Cabeza et al., 1997, 2000; Fletcher and Henson, 2001; Dennis et al., 2007, 2008), and transcranial magnetic stimulation studies (Rossi et al., 2001, 2004, 2011; Sandrini et al., 2003; Floel et al., 2004; Kohler et al., 2004; Innocenti et al., 2010; Manenti et al., 2010a, 2011, 2012; Gagnon et al., 2011; Blumenfeld et al., 2014).

Transcranial Direct Current Stimulation (tDCS, Dayan et al., 2013; Parkin et al., 2015) has been mainly used in cognitive neuroscience to modulate cognitive functions, an issue of potential clinical impact (Sandrini and Cohen, 2013, 2014; Tatti et al., 2016; Birba et al., 2017; Lefaucheur et al., 2017).

Anodal tDCS applied over the left lateral PFC during retrieval improved recognition performance (Manenti et al., 2013), applied after consolidation with a contextual reminder (Sandrini et al., 2014) or during learning (Sandrini et al., 2016) improved delayed recall in older adults. We also directly compared the two studies, in which the same paradigm was used (Sandrini et al., 2014, 2016), to determine which of the tDCS protocols would induce longer lasting effects. We found that anodal tDCS after consolidation with a contextual reminder induced longer-lasting effects (up to 30 days) on episodic memory, conceivably through reconsolidation, relative to anodal tDCS during learning (Manenti et al., 2016).

The consolidation model assumes that new memories are fragile (i.e., vulnerable to interference) for few hours after the encoding. With the passage of time, these memories stabilize and become resistant to interference (Mcgaugh, 2000). However, accumulating evidence has shown that consolidated memories can return to fragile states during retrieval or by a reminder cue and must consolidate again or reconsolidate (Dudai, 2012). Importantly, during this time-limited reconsolidation window, existing memories can be modified (e.g., strengthened) through behavioral means, pharmacological agents, or non-invasive brain stimulation techniques (Forcato et al., 2014; Sandrini et al., 2015).

In the present randomized, double-blind study, we tested the hypothesis that anodal tDCS applied over the left lateral PFC after a contextual reminder would improve delayed memory retrieval relative to placebo (sham) stimulation in elderly people with SMC.

On Day 1, older adults learned a list of 20 words. Twenty-four hours (h) later, tDCS (anodal or placebo) was applied after a contextual reminder. Memory retrieval (i.e., free recall and recognition) was tested 48 h and 30 days later. Based on previous findings showing improved memory performance up to 30 days (Sandrini et al., 2014), the primary endpoint measure was the change in memory performance tested 30 days after the learning session.

MATERIALS AND METHODS

Participants

Twenty-two older individuals with SMC (14 females and 8 males; mean age = 74.5 ± 5.9 years; mean education = 9.9 ± 3.8 years) took part in the experiment. All of the subjects had normal or corrected-to-normal vision and were native Italian speakers. All participants were evaluated every 6 months for at least 12 months to obtain natural history data prior to be enrolled in the study.

The following were the inclusion and exclusion criteria:

– Inclusion: persons aged 60 or over, education between 5 and 18 years, Mini Mental State Examination (MMSE) score from 27 to 30 (Folstein et al., 1975), a score of more than 1.0 SD at Everyday Memory Questionnaire (EMQ) above the mean score obtained in a group of healthy older participants (mean 37.3, SD 8.4; Manenti et al., 2016), normal objective memory performance on neuropsychological tests, normal objective cognitive performance in all the administered tests, normal scores in functional assessment, absence of mood and anxiety disorders, absence of criteria for a diagnosis of dementia according to DSM-V (American Psychiatric Association, 2014).

– Exclusion: history of neurologic or major psychiatric disorder, history of head trauma with loss of consciousness, contraindications for tDCS (i.e., metal in the head and history of seizures), severe cardiovascular disease, use of medications that affect cognitive functions, alcohol or substance abuse. In addition, cerebrovascular disease or presence of cortical infarct, multiple lacunar strokes, or extensive white matter hyperintensities assessed using structural MRI.

Prior to being enrolled in the study all participants were informed about the study and the possible risks of tDCS and signed a written informed consent after a safety screening. The protocol was approved by the local Human Ethics Committee of IRCCS Fatebenefratelli of Brescia, Italy.

Assessment Procedures

SMC measures

The 28-item version of the EMQ was used for the evaluation of memory complaints (Sunderland, 1984;Calabria et al., 2011) (see Table 1 for details).

TABLE 1. Demographic characteristics and clinical and neuropsychological assessment.
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Neuropsychological assessment

The participants completed a MMSE (Folstein et al., 1975) and a neuropsychological evaluation in order to verify the absence of any objective cognitive deficit. All the tests were administered and scored according to standard procedures (Lezak et al., 2012) (see Table 1 for details).

Functional assessment

Functional abilities were evaluated using activity of daily living (ADL) and instrumental activity of daily living (IADL) scales (Katz, 1983; Lawton and Brody, 1988).

Cognitive reserve questionnaire

Cognitive Reserve was investigated using the Cognitive Reserve Index questionnaire (CRIq) which offers a standardized measure of the cognitive reserve accumulated by individuals across their lifespan (Nucci et al., 2012).

Mood and anxiety measures

The 30-items version of the Geriatric Depression Scale (GDS; Yesavage et al., 1983) and the State-Trait Anxiety Inventory (STAI; Spielberger et al., 1983) were administered in order to exclude symptoms of depression and anxiety (Yates et al., 2015, 2017). The results of these assessments are presented in Table 1.

Procedure

This protocol was almost identical to that used in our previous study with healthy older adults (Sandrini et al., 2014). There were four sessions on four different days: Day 1 (learning session), Day 2 (24 h later), Day 3 (48 h later) and Day 30 (30 days later). Participants knew that they would have to memorize a list of twenty words on Day 1 and that 24 h later they would receive a 15 minutes (min) session of tDCS. No information was given to them regarding the two retrieval sessions (i.e., Day 3 and Day 30). Twenty concrete words were selected from the “Corpus e Lessico di Frequenza dell’Italiano Scritto (CoLFIS)” (Laudanna et al., 1995). The words were balanced according to variables known to influence memory performance.

On Day 1, the experimenter pulled out one item at a time at random (i.e., a word written on piece of cardboard) from a white bag. Participants were asked to remember the words and then to place the cardboards in a blue bag. After all 20 words were placed into the bag, the experimenter asked the participants to recall the words. The procedure was repeated five times. Before the next learning trial, the words were mixed and placed in the white bag again. Participants filled in a memory strategies questionnaire (Manenti et al., 2010b) at the end of the experimental session.

Twenty-four hours later (Day 2), the same experimenter, in the same experimental room of Day 1, showed to the participants the empty blue bag and asked, “Do you remember this bag and what we did with it yesterday?”. Participants were asked to describe what they did on Day 1, but they were stopped if they started to recall the words learned. Participants received tDCS (anodal or sham) 10 min after the reminder because the reconsolidation process seems to begin about 10 min after memory reactivation (Monfils et al., 2009). It has been shown that existing memories are automatically reactivated if the participants return to the same experimental room of Day 1 (Hupbach et al., 2008; Sandrini et al., 2013).

On Day 3, the experimenter asked the participants to recall the words learned during Day 1 (free recall task). When participants indicated that they could not remember any more words, the experimenter engaged the participants in an old/new recognition test that consisted in the written presentation of the 20 learned words along with 20 new words. Targets and new words were showed one at a time in a randomized order. Length, frequency and imageability of these words were balanced across lists. On Day 30, the procedure was the same of Day 3, but a nother set of new words was presented during the old/new recognition test (see Figure 1 for a graphical representation).
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FIGURE 1. Participants learned 20 words on Day 1. On Day 2 (24 h later), tDCS (Anodal or Placebo) was applied over the left lateral PFC (anode over F3 and cathode over the right supraorbital area) after a spatial contextual reminder. Memory retrieval (free recall and recognition) was tested 48 h later (Day 3) and 30 days later (Day 30).



tDCS Application

A tDCS stimulator (BrainStim, EMS, Bologna, Italy1) delivered constant current through two saline-soaked sponge electrodes (7 cm × 5 cm) at low intensity (1.5 mA). The current density (0.043 mA/cm2) was kept below the safety limits (Bikson et al., 2016; Antal et al., 2017). To reduce contact impedance, an electroconductive gel was applied under the two electrodes before the montage as done in previous studies (Manenti et al., 2013; Sandrini et al., 2014, 2016).

The study was double-blind. Active or placebo stimulation mode was selected by manual entering different codes, distributed by the principle investigator of the study, which activated either sham or active stimulation. The experimenter that applied tDCS could not notice any difference between active and sham tDCS.

The enrolled participants were randomly assigned to the Anodal tDCS (n = 11) or Placebo tDCS groups (n = 11). The targeted region was the left lateral PFC. The anode electrode pad was placed over F3, according to the 10–20 EEG international system for electrode placement, and the cathode electrode pad was placed over the right supraorbital area as done in previous studies (Manenti et al., 2013; Sandrini et al., 2014, 2016). See Figure 2 for a graphical representation of the computerized modeling of tDCS-induced current flow in the brain according to these parameters (Soterix Medical1). In the anodal tDCS, the current was applied for 15 min (with a ramping period of 10 s) at the beginning and at the end of the tDCS session). In the placebo tDCS, the current was turned off 10 s after the beginning of the stimulation and was turned on for 10 s at the end of the stimulation period. With this procedure, it is difficult for participants to distinguish between active and sham stimulation (Manenti et al., 2013). Potential side effects and perceptual sensations induced by tDCS were assessed with a questionnaire after the stimulation session (Fertonani et al., 2015).


[image: image]

FIGURE 2. Current flow model of tDCS montage (anode over F3 and cathode over the right supraorbital area), using two 7 × 5 sponge pads represented in coronal, sagittal, and transverse views from the Male 1 model in the Soterix HD Targets software (Soterix Medical). Arrows represent direction of current flow.



Statistical Analyses

Demographic, clinical and neuropsychological variables, sensations induced by tDCS, cognitive reserve, SMC and memory strategy used were compared between the anodal and placebo groups using parametric (t-test) analyses.

The primary endpoint measure was memory performance at Day 30 (free recall and recognition). Accordingly, we analyzed our primary outcome using two-tailed independent t-tests comparing the two groups for the percentage of correctly recalled words on free recall at Day 30 and for the hit-false alarms rate on recognition at Day 30 (Bonferroni corrected for the number of comparisons, p = 0.05/2 = 0.025).

Moreover, we added a further analysis to explore changes on memory performance (free recall and recognition) at different time points (Day 3 and Day 30) in the two experimental groups (Anodal tDCS and Placebo tDCS). Thus, two mixed ANOVA models were adopted to analyze the dependent variables ‘percentage of correctly recalled words on free recall’ and ‘hit-false alarms rate on recognition’ at Day 3 and Day 30 including one within-subjects variable “Time” (Day 3 and Day 30) and one between-subjects variable “Group” (Anodal and Placebo).

Statistical analyses were performed using Statistica software2 (version 10). Statistical power and Effect Sizes (Cohen’s d) analyses were estimated using GPower 3.1 (Faul et al., 2007).

RESULTS

Sample Characteristics

No differences were found between groups for demographic variables and for neuropsychological assessment (see Table 1 for details). Moreover, no differences were observed between the Anodal and Placebo groups (see Table 1) for cognitive reserve (t = 0.58, p = 0.57), GDS (t = 0.23, p = 0.82), STAI – State (t = 0.33, p = 0.74), STAI – Trait (t = 0.69, p = 0.50), and EMQ (t = 1.23, p = 0.23). Importantly, none of the participants showed a pathological performance in an assessed cognitive ability and no subject reported mood and anxiety disorder. No differences were found between the Anodal and Placebo groups in the strategies questionnaire (Anodal tDCS group: 6.5, SD 3.7, Placebo tDCS group: 6.7, SD 3.1; t = 0.18, p = 0.86).

The tDCS sensations scores reported by the Anodal and Placebo groups were similar (Anodal tDCS group: 1.09, SD 0.7, Placebo tDCS group: 1.45, SD 0.8; t(20) = 1.12, p = 0.27).

Experimental Memory Task

Participants correctly recalled on average 58.2% (SD 13.9) of the words after the last learning trial of Day 1 (Anodal = 60.4%, SD 12.3; Placebo = 56.0%, SD 16.3). There were no significant differences in the numbers of words correctly recalled between the Anodal and Placebo groups [t(20) = 0.74, p = 0.47].

Regarding the performance at Day 3, the mean percentage of words correctly recalled was 21.8% (SD 12.3) in the Anodal group and 14.1% (SD 9) in the Placebo group. In the recognition task, the hit-false alarms score was 16.2 (SD 3.6) in the Anodal group and 9.1 (SD 3.3) in the Placebo group.

At Day 30, the mean percentage of words correctly recalled was 10.9% (SD 10.8) in the Anodal group and 9.6% (SD 11.4) in the Placebo group. The hit-false alarms score for the recognition task was 13.8 (SD 3.3) in the Anodal group and 9 (SD 3.1) in the Placebo group.

Our primary endpoint measure (i.e., memory performance at Day 30) was analyzed using two-tailed independent t-test comparing the two groups. The experimental groups were similar on free recall performance at Day 30 [t(20) = 0.27, p = 0.78, Cohen’s d = 0.12, 1–β = 0.06], whereas a significant difference on hit-false alarms score between Anodal tDCS group and Placebo tDCS group was observed at Day 30 [t(20) = 3.36, p < 0.004; Cohen’s d = 1.49, 1–β = 0.92].

Moreover, we explored changes on memory performance at different time points (Day 3 and Day 30) with two mixed ANOVAs with “Group” (Anodal and Placebo) as the between-subjects variable and “Time” (Day 3 and Day 30) as the within-subjects variable. Regarding free recall, the analysis showed a significant effect for “Time” [F(1,20) = 21.6, p < 0.001, ηp2 = 0.52, 1–β = 0.99], showing a decrease of performance from Day 3 to Day 30. With respect to recognition, the analysis showed a significant effect for “Group” [F(1,20) = 20.4, p < 0.001, ηp2 = 0.50, 1–β = 0.99], indicating better performance in Anodal tDCS group compared to Placebo Group (see Figure 3).
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FIGURE 3. The plot shows the hit-false alarms score in the Anodal and Placebo groups at Day 3 and Day 30. Anodal tDCS improves memory recognition at Day 30 relative to Placebo tDCS. Error bars represent standard errors.



DISCUSSION

The results of this study show that tDCS with the anode over the left lateral PFC strengthened existing episodic memories, an effect documented by improved recognition performance up to 30 days, relative to placebo stimulation in elderly individuals with SMC. Importantly, the observed facilitation effects was not influenced by the strategies used and the number of words correctly recalled in the last learning trial of Day 1.

The presence of behavioral effects only in the recognition tests is in line with evidence showing that the familiarity component of recognition is the relatively preserved in the aging process, whereas recollection does show age-related loss (Danckert and Craik, 2013).

Consistently with previous works (Javadi and Cheng, 2013; Sandrini et al., 2013, 2014), this study shows that the lateral PFC plays a causal role in strengthening of existing episodic memory along the lifespan. In addition, it supports previous tDCS data showing beneficial effects on memory function in older adults (Hsu et al., 2015; Tatti et al., 2016).

Long-lasting beneficial effects on episodic memory in physiological aging have been reported not only for the verbal domain (Sandrini et al., 2014, 2016) but also for visuospatial information (Floel et al., 2012; Antonenko et al., 2017). The application of anodal tDCS over the right temporo-parietal cortex, a region involved in associations between objects and locations (Sommer et al., 2005; Postma et al., 2008), during an object location memory task improved delayed free recall (Floel et al., 2012; Antonenko et al., 2017). Specifically, Floel et al. (2012) reported enhanced recall up to 1 week (offline effect) after anodal tDCS compared to placebo (sham). Conversely, no effects were observed on the learning curve and immediate free recall (online effect). These findings are consistent with previous studies showing that anodal tDCS enhanced offline, but not online effects (Reis et al., 2009; Floel et al., 2012; Santarnecchi et al., 2014; Sandrini et al., 2016), supporting the view that the consolidation processes are susceptible to anodal tDCS (Sandrini et al., 2016).

Recently, Antonenko et al. (2017) investigated the neuronal and behavioral effects of tDCS applied over the right temporo-parietal cortex during object location memory training on three consecutive days in young and older adults. Resting-state fMRI was conducted at baseline and at 1-day after training to analyze functional connectivity in the default mode network (DMN). DMN is a well-established large-scale brain network mediating episodic memory function (Jeong et al., 2015; Kim, 2016). Declines in DMN connectivity have been shown in physiological and pathological aging (Jones et al., 2011). At the behavioral level, the results showed that anodal tDCS improved memory recall, assessed 1 day after training, relative to training alone (sham stimulation). No effect on recall performance was found for the trained material at 1 month. Of note, during this follow-up assessment anodal tDCS induced beneficial effects (transfer) on a different version of the training task and a verbal episodic memory task compared to sham. Young adults performed better than older adults in all test sessions. At the neuronal level, intrinsic DMN functional connectivity increased after training in the group who received anodal tDCS. However, the lack of control sites in these tDCS studies on verbal and visuospatial episodic memories in older adults could not reveal whether only the targeted stimulation sites are critical in determining such positive effects.

Regarding the putative mechanism underlying the improvement induced by anodal tDCS in our study, facilitation of the consolidation processes could be a mechanism thought to take place in the hours or days after tDCS (Au et al., 2017). The current work and previous studies (Tecchio et al., 2010; Javadi and Cheng, 2013; Sandrini et al., 2014) showed greater consolidation after to the application of anodal tDCS during waking rest, specifically during early consolidation (Tecchio et al., 2010) or reconsolidation (Javadi and Cheng, 2013; Sandrini et al., 2014). After encoding, the reactivation of memory traces during subsequent waking state (Sirota and Buzsaki, 2005; Foster and Wilson, 2006; Karlsson and Frank, 2009; Au et al., 2017) or slow-wave sleep (Wilson and Mcnaughton, 1994; Marshall and Born, 2007) may be particular important for memory consolidation. Although highly speculative, it is conceivable that tDCS applied during waking rest, such as during early consolidation or reconsolidation, or transcranial slow-oscillations stimulation (so-tDCS) applied during slow-wave sleep (Marshall et al., 2004, 2006; Westerberg et al., 2015; Ladenbauer et al., 2016) might facilitate neural reactivation and therefore enhance systems-level consolidation for long-term retention (Au et al., 2017).

It has been shown that tDCS influences interactions between interconnected brain regions beyond the targeted area (Venkatakrishnan and Sandrini, 2012; Saiote et al., 2013). It is possible that tDCS with the anode over the left lateral PFC might have strengthened the PFC-MTL functional connectivity (Eichenbaum, 2017), therefore improving memory recognition. It might have also increased the intrinsic DMN functional connectivity (Keeser et al., 2011; Antonenko et al., 2017). The combination of tDCS with resting and task-based fMRI (Pena-Gomez et al., 2012; Shafi et al., 2012; Saiote et al., 2013) might shed light on the changes induced by tDCS after a contextual reminder in the spontaneous and task-related neuronal activity and connectivity.

The relative small sample size of this study represents a limitation and it need to be acknowledged. Further works using multiple-sessions of tDCS after a contextual reminder and larger samples should be conducted to determine the long lasting positive effects of this non-invasive intervention.

CONCLUSION

This study shows for the first time that anodal tDCS over the left lateral PFC after a contextual reminder induces beneficial effects up to 30 days on verbal episodic memory in older adults with SMC. The observation that tDCS can strengthen existing memories, conceivably through reconsolidation, opens up the possibility to develop effective non-invasive interventions aimed at preventing memory decline in populations at risk of developing AD.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of the local Human Ethics Committee of IRCCS Fatebenefratelli of Brescia, with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the local Human Ethics Committee of IRCCS Fatebenefratelli of Brescia.

AUTHOR CONTRIBUTIONS

Study concept and design: RM, MS, EG, GB, MC; Acquisition of data: RM, EG, CC, MB; Analysis and interpretation of data: RM, MS, EG, MC; Drafting of the manuscript: RM, MS, MC; Revising of the manuscript: RM, MS, EG, CC, MB, GB, MC; Statistical Analysis: RM, MS, MC; Study supervision: RM, MS, MC.

FOOTNOTES

1https://soterixmedical.com

2www.statsoft.com

REFERENCES

Albert, M. S., Dekosky, S. T., Dickson, D., Dubois, B., Feldman, H. H., Fox, N. C., et al. (2011). The diagnosis of mild cognitive impairment due to Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 270–279. doi: 10.1016/j.jalz.2011.03.008

Alexander, M. P., Stuss, D. T., and Fansabedian, N. (2003). California Verbal Learning Test: performance by patients with focal frontal and non-frontal lesions. Brain 126, 1493–1503. doi: 10.1093/brain/awg128

 American Psychiatric Association (2014). DSM-5: Manuale Diagnostico e Statistico dei Disturbi Mentali. Milan: Raffaello Cortina.

Antal, A., Alekseichuk, I., Bikson, M., Brockmoller, J., Brunoni, A. R., Chen, R., et al. (2017). Low intensity transcranial electric stimulation: safety, ethical, legal regulatory and application guidelines. Clin. Neurophysiol. 128, 1774–1809. doi: 10.1016/j.clinph.2017.06.001

Antonenko, D., Kulzow, N., Sousa, A., Prehn, K., Grittner, U., and Floel, A. (2017). Neuronal and behavioral effects of multi-day brain stimulation and memory training. Neurobiol. Aging doi: 10.1016/j.neurobiolaging.2017.09.017 [Epub ahead of print].

Au, J., Karsten, C., Buschkuehl, M., and Jaeggi, S. M. (2017). Optimizing transcranial direct current stimulation protocols to promote long-term learning. J. Cogn. Enhanc. 1, 65–72. doi: 10.1007/s41465-017-0007-6

Balota, D. A., Dolan, P. O., and Duchek, J. M. (2000). “Memory changes in healthy order adults,” in Oxford Handbook of Memory, eds E. Tulving and F. I. M. Craik (Oxford: Oxford University Press), 395–403.

Bikson, M., Grossman, P., Thomas, C., Zannou, A. L., Jiang, J., Adnan, T., et al. (2016). Safety of transcranial direct current stimulation: evidence based update 2016. Brain Stimul. 9, 641–661. doi: 10.1016/j.brs.2016.06.004

Birba, A., Ibanez, A., Sedeno, L., Ferrari, J., Garcia, A. M., and Zimerman, M. (2017). Non-invasive brain stimulation: a new strategy in mild cognitive impairment? Front. Aging Neurosci. 9:16. doi: 10.3389/fnagi.2017.00016

Blumenfeld, R. S., Lee, T. G., and D’esposito, M. (2014). The effects of lateral prefrontal transcranial magnetic stimulation on item memory encoding. Neuropsychologia 53, 197–202. doi: 10.1016/j.neuropsychologia.2013.11.021

Cabeza, R., Anderson, N. D., Houle, S., Mangels, J. A., and Nyberg, L. (2000). Age-related differences in neural activity during item and temporal-order memory retrieval: a positron emission tomography study. J. Cogn. Neurosci. 12, 197–206. doi: 10.1162/089892900561832

Cabeza, R., Grady, C. L., Nyberg, L., Mcintosh, A. R., Tulving, E., Kapur, S., et al. (1997). Age-related differences in neural activity during memory encoding and retrieval: a positron emission tomography study. J. Neurosci. 17, 391–400.

Calabria, M., Manenti, R., Rosini, S., Zanetti, O., Miniussi, C., and Cotelli, M. (2011). Objective and subjective memory impairment in elderly adults: a revised version of the Everyday Memory Questionnaire. Aging Clin. Exp. Res. 23, 67–73. doi: 10.1007/BF03324954

Danckert, S. L., and Craik, F. I. (2013). Does aging affect recall more than recognition memory? Psychol. Aging 28, 902–909. doi: 10.1037/a0033263

Dayan, E., Censor, N., Buch, E. R., Sandrini, M., and Cohen, L. G. (2013). Noninvasive brain stimulation: from physiology to network dynamics and back. Nat. Neurosci. 16, 838–844. doi: 10.1038/nn.3422

Dennis, N. A., Daselaar, S., and Cabeza, R. (2007). Effects of aging on transient and sustained successful memory encoding activity. Neurobiol. Aging 28, 1749–1758. doi: 10.1016/j.neurobiolaging.2006.07.006

Dennis, N. A., Hayes, S. M., Prince, S. E., Madden, D. J., Huettel, S. A., and Cabeza, R. (2008). Effects of aging on the neural correlates of successful item and source memory encoding. J. Exp. Psychol. Learn. Mem. Cogn. 34, 791–808. doi: 10.1037/0278-7393.34.4.791

Dickerson, B. C., and Eichenbaum, H. (2010). The episodic memory system: neurocircuitry and disorders. Neuropsychopharmacology 35, 86–104. doi: 10.1038/npp.2009.126

Duarte, A., Ranganath, C., and Knight, R. T. (2005). Effects of unilateral prefrontal lesions on familiarity, recollection, and source memory. J. Neurosci. 25, 8333–8337. doi: 10.1523/JNEUROSCI.1392-05.2005

Dubois, B., Feldman, H. H., Jacova, C., Hampel, H., Molinuevo, J. L., Blennow, K., et al. (2014). Advancing research diagnostic criteria for Alzheimer’s disease: the IWG-2 criteria. Lancet Neurol. 13, 614–629. doi: 10.1016/S1474-4422(14)70090-0

Dudai, Y. (2012). The restless engram: consolidations never end. Annu. Rev. Neurosci. 35, 227–247. doi: 10.1146/annurev-neuro-062111-150500

Eichenbaum, H. (2017). Prefrontal-hippocampal interactions in episodic memory. Nat. Rev. Neurosci. 18, 547–558. doi: 10.1038/nrn.2017.74

Eslinger, P. J., and Grattan, L. M. (1994). Altered serial position learning after frontal lobe lesion. Neuropsychologia 32, 729–739. doi: 10.1016/0028-3932(94)90032-9

Faul, F., Erdfelder, E., Lang, A. G., and Buchner, A. (2007). G∗Power 3: a flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav. Res. Methods 39, 175–191. doi: 10.3758/BF03193146

Fertonani, A., Ferrari, C., and Miniussi, C. (2015). What do you feel if I apply transcranial electric stimulation? Safety, sensations and secondary induced effects. Clin. Neurophysiol. 126, 2181–2188. doi: 10.1016/j.clinph.2015.03.015

Fletcher, P. C., and Henson, R. N. (2001). Frontal lobes and human memory: insights from functional neuroimaging. Brain 124, 849–881. doi: 10.1093/brain/124.5.849

Floel, A., Poeppel, D., Buffalo, E. A., Braun, A., Wu, C. W., Seo, H. J., et al. (2004). Prefrontal cortex asymmetry for memory encoding of words and abstract shapes. Cereb. Cortex 14, 404–409. doi: 10.1093/cercor/bhh002s

Floel, A., Suttorp, W., Kohl, O., Kurten, J., Lohmann, H., Breitenstein, C., et al. (2012). Non-invasive brain stimulation improves object-location learning in the elderly. Neurobiol. Aging 33, 1682–1689. doi: 10.1016/j.neurobiolaging.2011.05.007

Folstein, M. F., Folstein, S. E., and Mchugh, P. R. (1975). “Mini-mental state”. A practical method for grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

Forcato, C., Fernandez, R. S., and Pedreira, M. E. (2014). Strengthening a consolidated memory: the key role of the reconsolidation process. J. Physiol. Paris 108, 323–333. doi: 10.1016/j.jphysparis.2014.09.001

Foster, D. J., and Wilson, M. A. (2006). Reverse replay of behavioural sequences in hippocampal place cells during the awake state. Nature 440, 680–683. doi: 10.1038/nature04587

Gagnon, G., Schneider, C., Grondin, S., and Blanchet, S. (2011). Enhancement of episodic memory in young and healthy adults: a paired-pulse TMS study on encoding and retrieval performance. Neurosci. Lett. 488, 138–142. doi: 10.1016/j.neulet.2010.11.016

Geerlings, M. I., Jonker, C., Bouter, L. M., Ader, H. J., and Schmand, B. (1999). Association between memory complaints and incident Alzheimer’s disease in elderly people with normal baseline cognition. Am. J. Psychiatry 156, 531–537.

Gershberg, F. B., and Shimamura, A. P. (1995). Impaired use of organizational strategies in free recall following frontal lobe damage. Neuropsychologia 33, 1305–1333. doi: 10.1016/0028-3932(95)00103-A

Glodzik-Sobanska, L., Reisberg, B., De Santi, S., Babb, J. S., Pirraglia, E., Rich, K. E., et al. (2007). Subjective memory complaints: presence, severity and future outcome in normal older subjects. Dement. Geriatr. Cogn. Disord. 24, 177–184. doi: 10.1159/000105604

Hsu, W. Y., Ku, Y., Zanto, T. P., and Gazzaley, A. (2015). Effects of noninvasive brain stimulation on cognitive function in healthy aging and Alzheimer’s disease: a systematic review and meta-analysis. Neurobiol. Aging 36, 2348–2359. doi: 10.1016/j.neurobiolaging.2015.04.016

Hupbach, A., Hardt, O., Gomez, R., and Nadel, L. (2008). The dynamics of memory: context-dependent updating. Learn. Mem. 15, 574–579. doi: 10.1101/lm.1022308

Incisa Della Rocchetta, A., and Milner, B. (1993). Strategic search and retrieval inhibition: the role of the frontal lobes. Neuropsychologia 31, 503–524. doi: 10.1016/0028-3932(93)90049-6

Innocenti, I., Giovannelli, F., Cincotta, M., Feurra, M., Polizzotto, N. R., Bianco, G., et al. (2010). Event-related rTMS at encoding affects differently deep and shallow memory traces. Neuroimage 53, 325–330. doi: 10.1016/j.neuroimage.2010.06.011

Janowsky, J. S., Shimamura, A. P., Kritchevsky, M., and Squire, L. R. (1989a). Cognitive impairment following frontal lobe damage and its relevance to human amnesia. Behav. Neurosci. 103, 548–560.

Janowsky, J. S., Shimamura, A. P., and Squire, L. R. (1989b). Source memory impairment in patients with frontal lobe lesions. Neuropsychologia 27, 1043–1056.

Javadi, A. H., and Cheng, P. (2013). Transcranial direct current stimulation (tDCS) enhances reconsolidation of long-term memory. Brain Stimul. 6, 668–674. doi: 10.1016/j.brs.2012.10.007

Jeong, W., Chung, C. K., and Kim, J. S. (2015). Episodic memory in aspects of large-scale brain networks. Front. Hum. Neurosci. 9:454. doi: 10.3389/fnhum.2015.00454

Jessen, F., Wiese, B., Bachmann, C., Eifflaender-Gorfer, S., Haller, F., Kolsch, H., et al. (2010). Prediction of dementia by subjective memory impairment: effects of severity and temporal association with cognitive impairment. Arch. Gen. Psychiatry 67, 414–422. doi: 10.1001/archgenpsychiatry.2010.30

Jessen, F., Wolfsgruber, S., Wiese, B., Bickel, H., Mosch, E., Kaduszkiewicz, H., et al. (2014). AD dementia risk in late MCI, in early MCI, and in subjective memory impairment. Alzheimers Dement. 10, 76–83. doi: 10.1016/j.jalz.2012.09.017

Jetter, W., Poser, U., Freeman, R. B. Jr., and Markowitsch, H. J. (1986). A verbal long term memory deficit in frontal lobe damaged patients. Cortex 22, 229–242. doi: 10.1016/S0010-9452(86)80047-8

Jones, D. T., Machulda, M. M., Vemuri, P., Mcdade, E. M., Zeng, G., Senjem, M. L., et al. (2011). Age-related changes in the default mode network are more advanced in Alzheimer disease. Neurology 77, 1524–1531. doi: 10.1212/WNL.0b013e318233b33d

Jorm, A. F., Christensen, H., Henderson, A. S., Korten, A. E., Mackinnon, A. J., and Scott, R. (1994). Complaints of cognitive decline in the elderly: a comparison of reports by subjects and informants in a community survey. Psychol. Med. 24, 365–374. doi: 10.1017/S0033291700027343

Karlsson, M. P., and Frank, L. M. (2009). Awake replay of remote experiences in the hippocampus. Nat. Neurosci. 12, 913–918. doi: 10.1038/nn.2344

Katz, S. (1983). Assessing self-maintenance: activities of daily living, mobility, and instrumental activities of daily living. J. Am. Geriatr. Soc. 31, 721–727. doi: 10.1111/j.1532-5415.1983.tb03391.x

Keeser, D., Meindl, T., Bor, J., Palm, U., Pogarell, O., Mulert, C., et al. (2011). Prefrontal transcranial direct current stimulation changes connectivity of resting-state networks during fMRI. J. Neurosci. 31, 15284–15293. doi: 10.1523/JNEUROSCI.0542-11.2011

Kim, H. (2016). Default network activation during episodic and semantic memory retrieval: a selective meta-analytic comparison. Neuropsychologia 80, 35–46. doi: 10.1016/j.neuropsychologia.2015.11.006

Kohler, S., Paus, T., Buckner, R. L., and Milner, B. (2004). Effects of left inferior prefrontal stimulation on episodic memory formation: a two-stage fMRI-rTMS study. J. Cogn. Neurosci. 16, 178–188. doi: 10.1162/089892904322984490

Ladenbauer, J., Kulzow, N., Passmann, S., Antonenko, D., Grittner, U., Tamm, S., et al. (2016). Brain stimulation during an afternoon nap boosts slow oscillatory activity and memory consolidation in older adults. Neuroimage 142, 311–323. doi: 10.1016/j.neuroimage.2016.06.057

Laudanna, A., Thornton, A. M., Brown, G., Burani, C., and Marconi, L. (1995). “Un corpus dell’italiano scritto contemporaneo dalla parte del ricevente,” in III Giornate Internazionali di Analisi Statistica dei Dati Testuali, eds S. Bolasco, L. Lebart, and A. Salem (Rome: Cisu), 103–109.

Lawton, M., and Brody, E. (1988). Instrumental activities of daily living (Iadl) scale-self-rated version. Psychopharmacol. Bull. 24, 789–791.

Lefaucheur, J. P., Antal, A., Ayache, S. S., Benninger, D. H., Brunelin, J., Cogiamanian, F., et al. (2017). Evidence-based guidelines on the therapeutic use of transcranial direct current stimulation (tDCS). Clin. Neurophysiol. 128, 56–92. doi: 10.1016/j.clinph.2016.10.087

Lezak, M., Howieson, D., Bigler, E., and Tranel, D. (2012). Neuropsychological Assessment, 5th Edn. Oxford: University Press.

Manenti, R., Brambilla, M., Petesi, M., Ferrari, C., and Cotelli, M. (2013). Enhancing verbal episodic memory in older and young subjects after non-invasive brain stimulation. Front. Aging Neurosci. 5:49. doi: 10.3389/fnagi.2013.00049

Manenti, R., Cotelli, M., Calabria, M., Maioli, C., and Miniussi, C. (2010a). The role of the dorsolateral prefrontal cortex in retrieval from long-term memory depends on strategies: a repetitive transcranial magnetic stimulation study. Neuroscience 166, 501–507. doi: 10.1016/j.neuroscience.2009.12.037

Manenti, R., Cotelli, M., and Miniussi, C. (2011). Successful physiological aging and episodic memory: a brain stimulation study. Behav. Brain Res. 216, 153–158. doi: 10.1016/j.bbr.2010.07.027

Manenti, R., Cotelli, M., Robertson, I. H., and Miniussi, C. (2012). Transcranial brain stimulation studies of episodic memory in young adults, elderly adults and individuals with memory dysfunction: a review. Brain Stimul. 5, 103–109. doi: 10.1016/j.brs.2012.03.004

Manenti, R., Sandrini, M., Brambilla, M., and Cotelli, M. (2016). The optimal timing of stimulation to induce long-lasting positive effects on episodic memory in physiological aging. Behav. Brain Res. 311, 81–86. doi: 10.1016/j.bbr.2016.05.028

Manenti, R., Tettamanti, M., Cotelli, M., Miniussi, C., and Cappa, S. F. (2010b). The neural bases of word encoding and retrieval: a fMRI-guided transcranial magnetic stimulation study. Brain Topogr. 22, 318–332. doi: 10.1007/s10548-009-0126-1

Mangels, J. A. (1997). Strategic processing and memory for temporal order in patients with frontal lobe lesions. Neuropsychology 11, 207–221. doi: 10.1037/0894-4105.11.2.207

Marshall, L., and Born, J. (2007). The contribution of sleep to hippocampus-dependent memory consolidation. Trends Cogn. Sci. 11, 442–450. doi: 10.1016/j.tics.2007.09.001

Marshall, L., Helgadottir, H., Molle, M., and Born, J. (2006). Boosting slow oscillations during sleep potentiates memory. Nature 444, 610–613. doi: 10.1038/nature05278

Marshall, L., Molle, M., Hallschmid, M., and Born, J. (2004). Transcranial direct current stimulation during sleep improves declarative memory. J. Neurosci. 24, 9985–9992. doi: 10.1523/JNEUROSCI.2725-04.2004

Mcgaugh, J. L. (2000). Memory–a century of consolidation. Science 287, 248–251. doi: 10.1126/science.287.5451.248

Monfils, M. H., Cowansage, K. K., Klann, E., and Ledoux, J. E. (2009). Extinction-reconsolidation boundaries: key to persistent attenuation of fear memories. Science 324, 951–955. doi: 10.1126/science.1167975

Montejo, P., Montenegro, M., Fernandez, M. A., and Maestu, F. (2011). Subjective memory complaints in the elderly: prevalence and influence of temporal orientation, depression and quality of life in a population-based study in the city of Madrid. Aging Ment. Health 15, 85–96. doi: 10.1080/13607863.2010.501062

Nucci, M., Mapelli, D., and Mondini, S. (2012). Cognitive Reserve Index questionnaire (CRIq): a new instrument for measuring cognitive reserve. Aging Clin. Exp. Res. 24, 218–226. doi: 10.3275/7800

Parkin, B. L., Ekhtiari, H., and Walsh, V. F. (2015). Non-invasive human brain stimulation in cognitive neuroscience: a primer. Neuron 87, 932–945. doi: 10.1016/j.neuron.2015.07.032

Pena-Gomez, C., Sala-Lonch, R., Junque, C., Clemente, I. C., Vidal, D., Bargallo, N., et al. (2012). Modulation of large-scale brain networks by transcranial direct current stimulation evidenced by resting-state functional MRI. Brain Stimul. 5, 252–263. doi: 10.1016/j.brs.2011.08.006

Postma, A., Kessels, R. P., and Van Asselen, M. (2008). How the brain remembers and forgets where things are: the neurocognition of object-location memory. Neurosci. Biobehav. Rev. 32, 1339–1345. doi: 10.1016/j.neubiorev.2008.05.001

Reis, J., Schambra, H. M., Cohen, L. G., Buch, E. R., Fritsch, B., Zarahn, E., et al. (2009). Noninvasive cortical stimulation enhances motor skill acquisition over multiple days through an effect on consolidation. Proc. Natl. Acad. Sci. U.S.A. 106, 1590–1595. doi: 10.1073/pnas.0805413106

Rhodes, R. E., and Katz, B. (2017). Working memory plasticity and aging. Psychol. Aging 32, 51–59. doi: 10.1037/pag0000135

Rossi, S., Cappa, S. F., Babiloni, C., Pasqualetti, P., Miniussi, C., Carducci, F., et al. (2001). Prefrontal cortex in long-term memory: an “interference” approach using magnetic stimulation. Nat. Neurosci. 4, 948–952. doi: 10.1038/nn0901-948

Rossi, S., Innocenti, I., Polizzotto, N. R., Feurra, M., De Capua, A., Ulivelli, M., et al. (2011). Temporal dynamics of memory trace formation in the human prefrontal cortex. Cereb. Cortex 21, 368–373. doi: 10.1093/cercor/bhq103

Rossi, S., Miniussi, C., Pasqualetti, P., Babiloni, C., Rossini, P. M., and Cappa, S. F. (2004). Age-related functional changes of prefrontal cortex in long-term memory: a repetitive transcranial magnetic stimulation study. J. Neurosci. 24, 7939–7944. doi: 10.1038/nn0901-948

Saiote, C., Turi, Z., Paulus, W., and Antal, A. (2013). Combining functional magnetic resonance imaging with transcranial electrical stimulation. Front. Hum. Neurosci. 7:435. doi: 10.3389/fnhum.2013.00435

Salthouse, T. A. (2010). Selective review of cognitive aging. J. Int. Neuropsychol. Soc. 16, 754–760. doi: 10.1017/S1355617710000706

Sandrini, M., Brambilla, M., Manenti, R., Rosini, S., Cohen, L. G., and Cotelli, M. (2014). Noninvasive stimulation of prefrontal cortex strengthens existing episodic memories and reduces forgetting in the elderly. Front. Aging Neurosci. 6:289. doi: 10.3389/fnagi.2014.00289

Sandrini, M., Cappa, S. F., Rossi, S., Rossini, P. M., and Miniussi, C. (2003). The role of prefrontal cortex in verbal episodic memory: rTMS evidence. J. Cogn. Neurosci. 15, 855–861. doi: 10.1162/089892903322370771

Sandrini, M., Censor, N., Mishoe, J., and Cohen, L. G. (2013). Causal role of prefrontal cortex in strengthening of episodic memories through reconsolidation. Curr. Biol. 23, 2181–2184. doi: 10.1016/j.cub.2013.08.045

Sandrini, M., and Cohen, L. G. (2013). Noninvasive brain stimulation in neurorehabilitation. Handb. Clin. Neurol. 116, 499–524. doi: 10.1016/B978-0-444-53497-2.00040-1

Sandrini, M., and Cohen, L. G. (2014). “Effects of brain stimulation on declarative and procedural memories,” in The Stimulated Brain, ed. R. Cohen-Kadosh (Oxford: Elsevier), 237–256.

Sandrini, M., Cohen, L. G., and Censor, N. (2015). Modulating reconsolidation: a link to causal systems-level dynamics of human memories. Trends Cogn. Sci. 19, 475–482. doi: 10.1016/j.tics.2015.06.002

Sandrini, M., Manenti, R., Brambilla, M., Cobelli, C., Cohen, L. G., and Cotelli, M. (2016). Older adults get episodic memory boosting from noninvasive stimulation of prefrontal cortex during learning. Neurobiol. Aging 39, 210–216. doi: 10.1016/j.neurobiolaging.2015.12.010

Santarnecchi, E., Feurra, M., Barneschi, F., Acampa, M., Bianco, G., Cioncoloni, D., et al. (2014). Time course of corticospinal excitability and autonomic function interplay during and following monopolar tDCS. Front. Psychiatry 5:86. doi: 10.3389/fpsyt.2014.00086

Shafi, M. M., Westover, M. B., Fox, M. D., and Pascual-Leone, A. (2012). Exploration and modulation of brain network interactions with noninvasive brain stimulation in combination with neuroimaging. Eur. J. Neurosci. 35, 805–825. doi: 10.1111/j.1460-9568.2012.08035.x

Simons, J. S., and Spiers, H. J. (2003). Prefrontal and medial temporal lobe interactions in long-term memory. Nat. Rev. Neurosci. 4, 637–648. doi: 10.1038/nrn1178

Sirota, A., and Buzsaki, G. (2005). Interaction between neocortical and hippocampal networks via slow oscillations. Thalamus Relat. Syst. 3, 245–259. doi: 10.1017/S1472928807000258

Solesio-Jofre, E., Lopez-Frutos, J. M., Cashdollar, N., Aurtenetxe, S., De Ramon, I., and Maestu, F. (2017). The effects of aging on the working memory processes of multimodal information. Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 24, 299–320. doi: 10.1080/13825585.2016.1207749

Sommer, T., Rose, M., Weiller, C., and Buchel, C. (2005). Contributions of occipital, parietal and parahippocampal cortex to encoding of object-location associations. Neuropsychologia 43, 732–743. doi: 10.1016/j.neuropsychologia.2004.08.002

Spencer, W. D., and Raz, N. (1995). Differential effects of aging on memory for content and context: a meta-analysis. Psychol. Aging 10, 527–539. doi: 10.1037/0882-7974.10.4.527

Spielberger, C. D., Gorsuch, R. L., Lushene, R., Vagg, P., and Jacobs, G. (1983). Manual for the State-Trait Anxiety Inventory (Form Y): Self-Evaluation Questionnaire. Palo Alto, CA: Consulting Psychologists Press.

Sunderland, A. (1984). “Assessing everyday memory after sever head injury,” in Everyday Memory, Action, and Absent-Mindedness, eds J. E. Harris and P. E. Morris (London: Academic Press), 193–212.

Szczepanski, S. M., and Knight, R. T. (2014). Insights into human behavior from lesions to the prefrontal cortex. Neuron 83, 1002–1018. doi: 10.1016/j.neuron.2014.08.011

Tatti, E., Rossi, S., Innocenti, I., Rossi, A., and Santarnecchi, E. (2016). Non-invasive brain stimulation of the aging brain: state of the art and future perspectives. Ageing Res. Rev. 29, 66–89. doi: 10.1016/j.arr.2016.05.006

Tecchio, F., Zappasodi, F., Assenza, G., Tombini, M., Vollaro, S., Barbati, G., et al. (2010). Anodal transcranial direct current stimulation enhances procedural consolidation. J. Neurophysiol. 104, 1134–1140. doi: 10.1152/jn.00661.2009

Tulving, E. (1983). Elements of Episodic Memory. London: Oxford University Press.

Vannini, P., Hanseeuw, B., Munro, C. E., Amariglio, R. E., Marshall, G. A., Rentz, D. M., et al. (2017). Hippocampal hypometabolism in older adults with memory complaints and increased amyloid burden. Neurology 88, 1759–1767. doi: 10.1212/WNL.0000000000003889

Venkatakrishnan, A., and Sandrini, M. (2012). Combining transcranial direct current stimulation and neuroimaging: novel insights in understanding neuroplasticity. J. Neurophysiol. 107, 1–4. doi: 10.1152/jn.00557.2011

Westerberg, C. E., Florczak, S. M., Weintraub, S., Mesulam, M. M., Marshall, L., Zee, P. C., et al. (2015). Memory improvement via slow-oscillatory stimulation during sleep in older adults. Neurobiol. Aging 36, 2577–2586. doi: 10.1016/j.neurobiolaging.2015.05.014

Wilson, M. A., and Mcnaughton, B. L. (1994). Reactivation of hippocampal ensemble memories during sleep. Science 265, 676–679. doi: 10.1126/science.8036517

Yates, J. A., Clare, L., Woods, R. T., Matthews, F. E., and Cognitive Function and Ageing Study Wales. (2015). Subjective memory complaints are involved in the relationship between mood and mild cognitive impairment. J. Alzheimers. Dis. 48(Suppl. 1), S115–S123. doi: 10.3233/JAD-150371

Yates, J. A., Clare, L., Woods, R. T., and Mrc, C. (2017). Subjective memory complaints, mood and MCI: a follow-up study. Aging Ment. Health 21, 313–321. doi: 10.1080/13607863.2015.1081150

Yesavage, J. A., Brink, T. L., Rose, T. L., Lum, O., Huang, V., Adey, M., et al. (1983). Development and validation of a geriatric depression screening scale: a preliminary report. J. Psychiatr. Res. 17, 37–49. doi: 10.1016/0022-3956(82)90033-4

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Manenti, Sandrini, Gobbi, Cobelli, Brambilla, Binetti and Cotelli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers

in Aging Neuroscience

Strengthening of Existing
Episodic Memories Through
Non-invasive Stimulation of

Prefrontal Cortex in
Older Adults with Subjective
Memory Complaints





OPS/images/fnagi-09-00401-g003.jpg





OPS/images/fnagi-09-00401-g001.jpg
DAY 1

DAY 2

DAY 3 DAY 30

Learning Session
(5 trials)

Memory Reactivation

(patial Contextual
Reminder)

Retrieval Session Retrieval Session

tDCS over the left
lateral PFC

Anodal tDCS / = @ Free recall Free recall
. o ) task task

Placebo tDCS \\ / Recognition Recognition
task task





OPS/images/fnagi-09-00401-g002.jpg





OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
’ frontiers
in Aging Neuroscience





OPS/images/fnagi-09-00401-t001.jpg
Age (years)
Gender (male/female)
Education (years)
EHI
Mood and Anxiety Assessment
Gerfatric Depression Scale (GDS)
State-Trait Anxiety Inventory (STAI)
STAI-State
STAI-Trait
Functional Assessment
Activities of Dally Living (ADL)
Instrumental Actiities of Daily Living (ADL)
Cognitive Reserve Index (CRI)
CRI-Total Score
CRI-Education
CRI-Working Activity
CRI-Leisure Time
Everyday Memory Questionnaire (EMQ)
Screening for dementia
MMSE
Non-Verbal Reasoning
Raven's colored progressive matrices
Language
Token Test
Fluency, phonermic
Fluency, semantic
Memory
Digit Span
Story Recall
AVLT (immediate recall)
AVLT (Delayed recall)
Rey-Osterrieth complex figure, recall
Praxis
Rey-Osterrieth complex figure, copy
Executive functions
Trial Making Test-A (seconds)
Trial Making Test-B (seconds)

AtDCS (n = 11)

759 (7.1)
a7

96 (36)

985 (5.1)

55 (4.3)

438 (37)
432 (6.6)

00
0.1(03)

116.9 (11.9)
98.0 (20.9)
97.4 (14.3)

140.3 (29.0)
66.4 (25.8)

280 (1.7)

27.3(33)

32,0 (25)
311 (7.4)
338 (11.9)

55 (1.0)
9.8 (32)
38.1 (11.7)
7.6 (2.4)
125 (5.4)

30.3 (25)

52.8 (18.7)
168.7 (79.4)

PtDCS (n = 11) Cut-off
731 (4.7)
a7
103 (4.3)
87.5 (29.6)
5.8(2.9) <11
44.4(4.2)
44.8 (4.4)
0.1 (03)
0.1 (03)
112.3 (16.9)
101.0 21.3)
101.7 (14.6)
124.9 (22.8)
80.0 (26.0)
27.5(2.0) =24
26.8 (3.8) >17.5
320(1.9) >26.25
32,5 (11.1) >16
375 (7.5) >24
53(1.0) 5425
1.6 (4.4) >75
38.4(9.3) >2852
7.6 3.0) >4.68
128 (3.1) >9.46
20.7 (4.4) >28.87
41.0 (11.4) <94
1357 (49.2) <283

p-value

ns

ns

ns

ns

ns
ns

ns
ns
ns
ns
ns

ns

ns

ns
ns

ns

ns
ns
ns
ns

ns

ns

ns
ns

*Raw scores are reported (SD between blankets). AtDCS, Anodal tDCS; PIDCS, Placebo tDCS; EHI, Edinburgh Handedness Inventory; MMSE, Mini Mental State
Examination; AVLT, Rey Auditory Verbal Learning Test; p-value: comparison between Anodal and Placebo groups, ns: not significant. Cut-off scores according to ltalian

nomative data are reported.





