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Alzheimer’s disease (AD) is the most 
common cause of  dementia, associated 
wi th neurobiologica l  markers  for 
progressive structural and functional 
abnormalities such as synaptic loss, cortical 
atrophy, and impaired oscillations due 
to aberrant brain networks.[1] Based on 
known pathomechanisms, that is, amyloid 
pathology and tauopathy, there has been a 
plethora of  research to develop an effective 
pharmacotherapy for AD.[2] Although 
recently, aducanumab was approved by the 
Food and Drug Administration (FDA) of  
the USA, the pharmacologic approach to 
reduce amyloid-beta (Aβ) for AD is still 
controversial.[3] In these circumstances, 
the necessities for non-pharmacologic 
interventions are being raised.[4] 

Reduced gamma synchronization in patients 
with AD and multiple AD mouse models 
led to the hypothesis that aberrant gamma 
oscillations might be causally related to Aβ 
pathology. Optogenetically driven neuronal 
activities at 40 Hz could result in reduced Aβ 
levels in the hippocampus.[5] Furthermore, 
gamma entrainment by sensory systems, 
such as visual and auditory, could 
successfully ameliorate Aβ pathology.[6] The 
potential mechanism of  these remarkable 
therapeutic effects could be supported 
by the phenotype change of  microglia, a 
type of  immune cell in the central nervous 
system. There are two polarizations of  
microglia: M1 is pro-inflammatory and 
M2 is anti-inflammatory and phagocytic, 
although the phenotype state is not static, 
and the microglia switch continuously 
between the two phenotypes. During the 
pathogenesis of  AD, the progression of  

dementia is dependent on accumulated Aβ 
plaques, hyperphosphorylated tau proteins, 
and activated microglia.[7] Aggregated Aβ 
acts as a ligand for toll-like receptor 4 
(TLR4) on microglia and induces the M1 
phenotype of  microglia, which secrets 
pro-inflammatory cytokines.[8] Gamma 
synchronization enhances phagocytic 
activity of  microglia in 5XFAD mice and 
increases transcription of  the microglial 
engulfment-associated genes, including 
Cd68, B2m, Icam1, and Lyz2.[5] By the 
phagocytic and anti-inflammatory action 
of  M2 microglia, Aβ levels were reduced in 
animal studies. Moreover, the transcriptomic 
and phosphoproteomic analysis showed 
that chronic gamma entrainment also 
changed neurons per se to be resilient from 
neurodegeneration by ameliorating synaptic 
function, increasing neuroprotective factors, 
and reducing DNA damage in neurons.[9]

Given that gamma entrainment has 
therapeutic potential, what if  there is 
a “center” driving gamma oscillations 
in the brain? Indeed, the parvalbumin 
(PV)-containing neurons in the basal 
forebrain (BF) regulate the cortical gamma 
oscillations.[10] These neurons project to 
the cortical interneurons, and they could 
drive cortical gamma oscillations with a 
maximal increase at 40 Hz when stimulated 
optogenetically. Conversely, the inhibition 
of  these neurons could reduce the auditory 
steady-state response (ASSR) at 40 Hz 
that was transferred to the cortex via BF. 
Therefore, BF PV neurons can be an 
potential target to induce strong cortical 
gamma oscillations in an AD mouse 
model. However, a recent report showed an 
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increased Aβ42 in the prefrontal cortical area and suggested 
the induction mechanism of  cortical gamma oscillations.
[11] In fact, fold change of  cortical gamma power may be 
affected sensitively by the length of  the individual light 
pulse (pulse width).[10] Consequently, gamma entrainment 
may have a potential risk of  being harmful and should be 
carefully designed to be used safely as a therapeutic method. 

Gamma entrainment therapy has expandability in terms 
of  entraining modality and target diseases. In addition to 
the sensory system previously mentioned, various types 
of  neuromodulatory tools can operate as a vehicle for 
delivering the entraining oscillations. Recently, transcranial 
alternate current stimulation (tACS) has been suggested 
as a therapeutic tool.[12] Ultrasound pulsed at gamma 
frequency can also entrain the brain rhythms noninvasively 
in AD.[13]. A clinical trial was performed with fast gamma 
magnetic stimulation, although no statistically significant 
improvement in cognition, functionality, and depression 
was found.[14] Furthermore, transcutaneous vagus nerve 
stimulation showed potential benefits for tinnitus by 
increased gamma band power.  

Schizophrenia and autism spectrum disorders can be other 
potential target diseases for gamma entrainment therapy, 
given that abnormal gamma oscillations are common in 
the patients.[15,16] Excitation/inhibition (E/I) imbalance has 
been suggested as a common pathomechanism of  the two 
diseases. Information processing in the brain is controlled 
by a functional balance between excitatory and inhibitory 
networks. The ratio of  excitatory versus inhibitory synaptic 
inputs in the individual cells critically affects the network 
E/I balance and eventually regulates the firing rates of  
neurons.[17] Therefore, gamma entrainment may have a 
therapeutic benefit if  it can normalize the impaired E/I 
balance by driving inhibitory networks.

With the pros and cons of  gamma entrainment as a 
therapy, there are many things to be elucidated before 
being used clinically. Nevertheless, we may find a positive 
perspective for translating basic research into clinical 
applications. 1) Noninvasive approach is possible. As 
discussed earlier, quite a few approaches are being tested, 
including sensory stimuli, tACS, ultrasound, and vagus 
nerve stimulation. Noninvasiveness makes this therapeutic 
option more feasible and applicable. 2) Side effects are 
minimally reported yet. Although potential harm could 
be caused by interfering with the normal mechanism 
of  gamma oscillations, refining the gamma entrainment 
protocol and selecting an appropriate stimulation modality 
may minimize the risk. 3) Long-term use may be possible. 
Neuromodulation for AD as a preventive measure 
necessitates long-term use because of  chronic disease 

progression, including AD and other potential applicable 
diseases. Noninvasiveness and minimal side effects may 
enable long-term use safely. 4) Physiologic functions 
are enhanced without external substances. Gamma 
entrainment may shift microglia from pro-inflammatory 
to anti-inflammatory polarization. 

In summary, gamma entrainment of  the brain rhythms has 
the potential to be a therapeutic methodology for AD and 
should be expanded to other neuropsychiatric disorders 
using various neuromodulation modalities.  
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