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Abstract

Gamma oscillations that occur within the entorhinal cortex-hippocampal circuitry play important 

roles in the formation and retrieval of memory in healthy brains. Recent studies report that gamma 

oscillations are impaired in the entorhinal-hippocampal circuit of Alzheimer’s disease (AD) 

patients and AD animal models. Here we review the latest advancements in studies of entorhinal-

hippocampal gamma oscillations in healthy memory and dementia. This review is especially 

salient for readers in Alzheimer’s research field not familiar with in vivo electrophysiology. 

Recent studies have begun to show a causal link between gamma oscillations and AD pathology, 

suggesting that gamma oscillations may even offer a plausible future therapeutic target.

1. Gamma oscillations in entorhinal cortex-hippocampus circuits of 

healthy subjects

The hippocampus and the entorhinal cortex (EC) play critical roles in the formation of 

declarative memory (Gomez-Isla et al., 1996; Scoville and Milner, 1957; Van Hoesen et al., 

1991). The EC interfaces the hippocampus with a number of cortical regions, and most of 

the cortical input to the hippocampus comes from the EC (Cajal, 1911; Witter and Amaral, 

2004). The medial part of EC (medial entorhinal cortex, MEC) processes information about 

spatial memory (Steffenach et al., 2005), and contains spatially modulated cells including 

grid cells, head direction cells and border cells, which provide spatial information to place 

cells in the hippocampal CA1 (Moser et al., 2014). In contrast, the lateral entorhinal cortex 

(LEC) handles information for updating environmental cues, such as odors (Igarashi et al., 

2014; Leitner et al., 2016; Li et al., 2017) or objects (Deshmukh and Knierim, 2011; Tsao et 
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al., 2013). The information encoded within the EC is sent to the hippocampal CA1 through 

the temporoammonic (direct) pathway, and to the CA3 and dentate gyrus via performant 

(indirect) pathway, providing information for memory to these regions (Witter et al., 2000).

Multi-channel (>32 channel) electrophysiological recording technique is a powerful method 

for investigating in vivo neuronal activities in the entorhinal-hippocampal circuit of 

behaving animals (Fig. 1A). The recorded data are normally filtered out as spike activity and 

slower local field potential (LFP) activity. The most prominent activities observed in the 

LFP recordings are theta oscillations and gamma oscillations (30–100 Hz). Theta 

oscillations are 4–12 Hz oscillatory activity generated mainly by the input from the medial 

septal nucleus. Gamma oscillations in contrast, are local activity derived from the 

transmembrane current of a population of periodically synchronized neurons (Buzsaki et al., 

2012; Einevoll et al., 2013). In healthy rodents and humans, the hippocampus and EC 

exhibit prominent gamma oscillations that emerge at specific phases of theta oscillations (a 

phenomenon called “theta-gamma cross-frequency coupling”; Fig 1B) (Bragin et al., 1995; 

Buzsaki et al., 1983; Canolty et al., 2006; Chrobak and Buzsaki, 1998; Colgin et al., 2009; 

Mormann et al., 2005; Soltesz and Deschenes, 1993). Because oscillatory membrane current 

of neurons also contributes to spike generation, spike timing normally coincides with 

specific phases of gamma oscillations (“gamma phase locking” of spikes; Fig 1C). 

Computational models suggest that cross-frequency coupling offers an effective mechanism 

for inter-regional information transfer, because slower theta oscillations can spread to wider 

areas and synchronize local gamma generators in individual regions (Lisman, 2005; Lisman 

and Idiart, 1995). In the entorhinal-hippocampal circuit, theta oscillations are thought to 

coordinate the activity of gamma generators within the entorhinal cortex and hippocampus, 

whereas these gamma generators coordinate spike timing of neuronal populations in each 

region. Because of the coordination of multiple gamma oscillators by a common theta 

rhythm, gamma oscillations in the entorhinal cortex and hippocampus often show 

synchronization (here we refer as “gamma synchronization”; also referred to as “gamma 

coupling”; Fig 1D). Theta-gamma cross-frequency coupling, gamma phase-locking of spikes 

and gamma synchronization are indexes commonly used for evaluating the strength of the 

neuronal activity coordination by gamma oscillations.

Several studies have demonstrated that strengthening of theta-gamma cross-frequency 

coupling or gamma synchronization parallels with increased memory formation. The 

strength of theta-gamma cross-frequency coupling in the hippocampus is correlated with the 

task load of a working memory in human (Axmacher et al., 2010). In rats, the degree of 

theta-gamma coupling in the hippocampus is correlated with the amount of task demands 

(Tort et al., 2009). In the rat EC, strengthening of theta-gamma cross-frequency coupling 

also occurs during olfactory association learning. In our previous study, we recorded neural 

activities in the LEC and hippocampal CA1 while rats learned an odor-place association task 

and asked whether oscillatory coupling in the LEC and CA1 developed during task learning 

(Igarashi et al., 2014) (Fig. 2A). Prior investigation reports that the acquisition of odor-place 

association requires an intact hippocampus (Day et al., 2003), which takes ~3 weeks. We 

found that LFP activity in both LEC and CA1 exhibited strong oscillations in the 20 – 40 Hz 

band (slow gamma band) during sampling of the odor cues. Recording during the task 

learning showed that cross-frequency coupling between the theta oscillations and the 20 – 40 
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Hz band became strengthened gradually over the learning in both the LEC and CA1. The 

theta-gamma coupling paralleled with gradual strengthening of gamma synchronization 

between the CA1 and LEC (Fig. 2B). Furthermore, spiking activity of neurons in both the 

LEC and hippocampus developed phase-locking to slow gamma oscillations as learning 

progressed. These results suggest that the coordination of EC-hippocampus circuit is 

supported by synchronized gamma oscillations between the LEC and CA1, together with the 

cross-frequency coupling in the individual areas. These studies strongly suggest that the 

coordination of neuronal activities by gamma oscillations in the EC-hippocampus circuit 

plays crucial roles in memory function in healthy animal’s brains. Since gamma oscillations 

are in the high-frequency burst range that generates synaptic long-term potentiation (LTP), 

we speculate that gamma oscillations enhance LTP in the entorhinal → hippocampal 

synapse during the learning process (Fig. 2C) (Igarashi, 2015).

2. Impairment of gamma oscillations in Alzheimer’s disease

Accumulating evidence suggests that the entorhinal-hippocampal circuit is severely affected 

during the progression of Alzheimer’s disease (AD). AD is the leading cause of age-related 

dementia and involves the accumulation of oligomeric and fibrillar species of amyloid-β 
(Αβ) and tau proteins that together lead to synaptic impairment, network disturbances, and 

cognitive dysfunction. Several transgenic mouse models of AD have been developed and 

used to examine the impact of AD pathology on entorhinal-hippocampal circuitry. Most of 

these models utilize overexpression of mutant forms of amyloid precursor protein (APP), the 

holoprotein from which Αβ is generated. In some models these APP mutations are further 

coupled with mutations in presenilin 1 (PSEN1), a protease that cleaves APP and influences 

the length and toxicity of Αβ fragments. To model tau pathology yet other transgenic models 

have been developed that express human tau with mutations that cause a related 

neurodegenerative disease, frontotemporal dementia. Together these varying transgenic mice 

have been used to mimic the pathology that occurs in the entorhinal cortex and hippocampus 

of AD patients including the accumulation of Αβ plaques and tau-laden neurofibrillary 

tangles within these regions (Gomez-Isla et al., 1996; Hyman et al., 1984; Van Hoesen et al., 

1991).

Using these transgenic models, recent studies have shown that the hippocampus exhibits 

impairments in both neuronal spike activity and LFP oscillatory activity. For example, 

Cacucci and colleagues (2008) showed that place cells have a larger place field and encode 

less spatial information in pathological (16-month-old) Tg2576 AD mice. As a result, the 

AD mice exhibited impaired spatial memory in a T-maze task that correlated closely with 

reduced spatial information. Furthermore, in Tg2576 mice crossed with PSEN1dE9 mice, 

which dramatically accelerates the onset of plaque pathology, increase in the number of 

task-relevant place cells observed in wild-type mouse were reduced at 6-monhts of age 

(Cayzac et al (2015)). Interestingly, place cell field size was unchanged in ~11-month-old 

inducible APP transgenic mice with abundant plaque pathology, but the cells exhibited an 

impairment in the normal shrinkage of place field size which occurred in control mice with 

repetitive daily training (Zhao et al., 2014). The prior studies all utilized APP transgenic 

mice at ages at which plaque pathology was present. Recently, similar reductions in place 

cell spatial information have been reported in the 3xTg-AD mouse model, which also 
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develops tau pathologies, although at ages prior to plaque formation (Mably et al., 2017). 

Taken together, these studies suggest that impairments in spatial representation by place 

cells may underlie the observed spatial memory loss in multiple AD mouse models.

More recently, hippocampal gamma oscillations in AD models has gained increasing 

attention. For example, Goutagny and colleagues (2013) found that theta-gamma cross-

frequency coupling is impaired in isolated hippocampus preparation from 1-month old 

TgCRND8 transgenic mice, an age prior to plaque formation. Similarly, Iaccarino and 

colleagues (2016) showed that hippocampal gamma oscillations during sharp-wave ripples 

were impaired in young (3-month old) 5XFAD transgenic AD mice prior to the onset of 

extracellular Αβ plaques. This notion is also consistent with a recent paper by Verret et al. 

(2012), in which the authors found that the impairment of gamma oscillations in the parietal 

cortex of the J20 AD mouse model can be rescued by enhancing the activity of interneurons 

via overexpressing interneuron-specific voltage-gated sodium channel subunit Nav1.1. 

Together, these results indicate that considerable impairments in gamma oscillations exists in 

the hippocampus of several AD mouse models, and this impairment can even occur prior to 

Αβ plaque pathology. However, mechanisms leading to the impairments in gamma 

oscillations before the Αβ plaque pathology are so far unclear, and future works will be 

required.

In addition to the effects of Ab, another major AD risk gene product, apolipoprotein E4 

(ApoE4), has also been implicated in gamma oscillation dysfunction. In the first study, 

Gillespie and colleagues (2016) recorded gamma oscillations within the hippocampus from 

mice expressing humanized ApoE4. They assessed a specific form of gamma oscillations 

that occur during short bursts of high-frequency (150–250 Hz) oscillation events (sharp-

wave ripples) previously reported by Carr et al (2012), and demonstrated that the gamma 

power during sharp-wave ripple events was significantly reduced in apoE4 mouse. 

Interestingly, gamma oscillations were rescued when apoE4 was removed specifically from 

GABAergic interneurons by crossing floxed apoE4 mice with a Dlx-cre driver line. This 

result paralleled with the rescue of memory impairment in the same crossed animals in the 

group’s previous study (Knoferle et al., 2014). Together, these results indicate that 

dysfunction of GABAergic interneurons plays a key role in the impairment of gamma 

oscillations in ApoE4 AD model mice.

Do similar neuronal activity changes occur within the EC? Compared to the hippocampus, 

studies of EC physiology in AD models are far more limited. Focusing on models with tau 

pathology, Fu and colleagues (2017) demonstrated that spike activity of grid cells within the 

MEC was reduced in 30-month-old transgenic mice that express mutant human tau protein 

in the MEC. An in vitro slice study by Booth and colleagues (2016) reported that the power 

of kainate-induced gamma oscillations is reduced in rTg4510 mice that overexpress mutant 

human tau. Similar reductions have been reported in a model of Αβ pathology whereby a 

reduction of gamma oscillation power in the lateral entorhinal cortex of ~5-month-old APP/
PSEN1 transgenic mouse, but smaller reduction within the MEC, was observed (Klein and 

colleagues (2016)). To reconcile these results, we recently performed an in vivo recording of 

both spike and LFP activity from an APP knock-in mouse model (Fig. 3A) (Nakazono et al., 

2017). The knock-in model expresses mutated human APP gene in the endogenous locus, 
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and is therefore expected to mimic human AD pathology more precisely, because it avoids 

the confound of APP overexpression that is found in most other transgenic models of AD. It 

also avoids the issue of presenilin mutations, which themselves are associated with 

disruption of many cellular functions, including calcium homeostasis. The APP knock-in 

model also avoids the potential drift of transgene copy number and potential problems with 

overexpression of non-Aβ APP fragments (Saito et al., 2014). We selected an age after the 

appearance of plaques, but prior to memory impairments, in order to model the “preclinical” 

stage of AD (Bateman et al., 2012; Sasaguri et al., 2017). Using this model, we showed that 

theta-gamma cross-frequency coupling was reduced in the MEC of 5-month-old APP knock-

in mice (Fig. 3B). Furthermore, the phase-locking of spiking activity of the layer II/III 

principal neurons to the gamma oscillations was significantly reduced (Fig. 3C). These data 

indicate that the neural circuit activities organized by gamma oscillations were disrupted in 

the MEC of APP knock-in mice. Together with the studies discussed above, these findings 

suggest that gamma oscillations are impaired within the EC of AD mice. However, due to 

the use of varying AD models across these studies, it remains unknown whether the EC 

gamma impairment starts prior to or after hippocampal impairments. Thus, future studies are 

needed to understand the time course of gamma impairments within the EC and 

hippocampus. Additionally, given that these mouse models show impairments in gamma 

oscillations prior to plaque pathologies, or shortly thereafter, the relevance to human AD 

needs to be delineated. AD patients develop plaque pathologies many years prior to clinical 

symptoms (Bateman et al., 2012; Sasaguri et al., 2017), showing a delay between plaques 

and cognitive impairments; for the most part the various mouse models of AD show 

cognitive impairments prior to, or shortly after, the appearance of the plaques, and thus it 

may be that the human brain is better at compensating for impaired gamma oscillations than 

mice, or that the human brain responds to early AD pathologies differently to that of rodent 

models.

3. Can gamma reactivation rescue cognitive deficit in AD?

The studies above clearly demonstrate that impairments of gamma oscillation activity occur 

in the entorhinal-hippocampal circuit of AD mouse models and are closely related to 

cognitive impairments. While similar studies of human AD subjects are far more limited, it 

is reasonable to question whether approaches can be developed to safely and effectively 

reactivate gamma oscillations in the entorhinal-hippocampal circuit in mouse models. If 

such approaches can be developed they could perhaps eventually be tested in AD subjects.

Several attempts to reactivate gamma oscillations have already been performed in the animal 

studies. In the Iaccarino study mentioned above, the authors further crossed 5XFAD mouse 

with parvalbumin (PV)-Cre mouse line to optogenetically stimulate PV interneurons in the 

hippocampus. By stimulating this subpopulation of interneurons at 40 Hz frequency, they 

generated gamma oscillations in the hippocampus. Theoretical studies suggest that gamma 

oscillations are generated by a loop circuit composed of inhibitory cells (Buzsaki and Wang, 

2012). Indeed, experimental studies showed that optogenetic stimulation of PV-expressing 

interneurons generated gamma oscillations (Cardin et al., 2009; Sohal et al., 2009). 

Surprisingly, 40 Hz optogenetic stimulation in 5XFAD×PV-Cre mouse reduced Αβ peptide 

levels and induced changes in microglia morphology followed by increased Aβ uptake in 
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these glial cells in the hippocampus. They further performed 40 Hz flickering visual 

stimulation to the animals, and showed that AD pathology became reduced in the visual 

cortex. In another study, Roy and colleagues (2016) showed that optogentic stimulation of 

EC perforant path at high-gamma (100 Hz) frequency increased spine density of cells in the 

dentate gyrus before the plaque formation (7-months-old) APP/PSEN1 mouse, and rescued 

memory impairments. In this study, authors stimulated only the terminals of EC cells that 

were activated in the previous exposure to the experimental box (“engram cells”). This 

activation strategy may contribute to the generation of gamma oscillations at the focal site 

within the dentate gyrus that influence the memory specifically needed for the task. In 

another recent study, Xia and colleagues (2017) performed electrical stimulation of EC cells 

at 130 Hz in the TgCRND8 mouse model. Although this stimulation frequency is above the 

range of biological fast gamma oscillations (60–100 Hz), they found that stimulating the EC 

during the pre-plaque period blocked subsequent Αβ accumulation and reduced cognitive 

deficit. Altogether, these results strongly indicate that function of gamma oscillations in 

recruiting neuronal and glial responses to attenuate not only AD-associated cognitive 

impairments but also to reduce AD pathology.

4. Conclusion and future challenges

The frequency used in the Xia study discussed above was motivated by two previous clinical 

trials, in which 130 Hz deep brain stimulation (DBS) was given to AD patients (Laxton et 

al., 2010; Lozano et al., 2016). DBS is a neurosurgical procedure to treat neurological 

disorders characterized by the deterioration of neuronal function at a particular brain region. 

It operates through sending electrical impulses from the implanted electrodes with the aim of 

improving neural circuit deficits. DBS has become a successful therapy option for several 

different neurologic disorders, including Parkinson’s disease. In a phase I clinical trial to 

apply DBS for the therapy for AD patients, Laxton and colleagues (2010) performed DBS 

(130 Hz) targeting the fornix/hypothalamus in AD patients to determine its efficacy in 

treating AD patients. The study demonstrated marked decrease in cognitive decline without 

serious adverse effects from the subjects receiving the treatment. Unfortunately, the 

subsequent phase II trial study of this approach showed little therapeutic benefit (Lozano et 

al., 2016). However, these initial clinical studies tested only a 130 Hz stimulation frequency 

which is widely used in DBS studies, and the effect of the 60–100Hz gamma-frequency 

stimulation has not yet been examined. Considering the effect of gamma stimulations in AD 

animal models, lower frequency stimulation may provide more favorable effects in DBS 

trials. Thus, the optimization of stimulation conditions using animal studies, and applying 

the optimal stimulus protocol in the clinical trials could still lead to an effective therapy. 

Recently, a method for non-invasive electrical stimulation was developed using interference 

of multiple high-frequency electric fields (Grossman et al., 2017). If this approach can be 

harnessed to non-invasively produce gamma stimulations in the entorhinal-hippocampal 

circuit, it could offer another promising therapeutic for AD in a near future.
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Figure 1. 
A, Schematic diagram showing recordings of spike and local field potentials from behaving 

rodents. B, Theta-gamma cross-frequency coupling. C, Gamma phase locking of spikes. Red 

line shows spiking activity of neurons. D, Gamma synchronization.
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Figure 2. 
A, Simultaneous recordings of spike and local field potentials from the EC and CA1 of 

behaving rodents. B, Synchronization of gamma oscillations in the EC and CA1 increases 

during memory task learning (arrows). Modified from Igarashi et al. (2014). C, 
Synchronization of gamma oscillations emerges between the EC and CA1 during learning 

and may induce LTP in EC→CA1 synapses in the direct pathway. Modified from Igarashi 

(2015).
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Figure 3. Impaired gamma oscillations in the MEC of APP knock-in mice.
A, Recorded position (left, red) and Aβ deposition in MEC (middle, WT; right, APP-KI). B, 
Theta-gamma cross-frequency coupling was diminished in the APP-KI mice as revealed by 

the vector length of theta-gamma phase-locking analysis (right). C, Gamma phase locking of 

layer II/III principal cells were impaired in the MEC of APP-KI mice, as revealed by the 

vector length of spike-gamma phase-locking analysis (right). Modified from Nakazono et al 

(2017).
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