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Neurological disease drives symptoms through pathological changes to circuit functions. Therefore, understanding circuit mechanisms
that drive behavioral dysfunction is of critical importance for quantitative diagnosis and systematic treatment of neurological disease.
Here, we describe key technologies that enable measurement and manipulation of neural activity and neural circuits. Applying these
approaches led to the discovery of circuit mechanisms underlying pathological motor behavior, arousal regulation, and protein accumu-
lation. Finally, we discuss how optogenetic functional magnetic resonance imaging reveals global scale circuit mechanisms, and how
circuit manipulations could lead to new treatments of neurological diseases.
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Introduction
Neurological diseases have traditionally been considered in the
context of pathological, molecular changes. However, patholog-
ical changes drive neurological disease symptoms (behavior)
through resulting circuit function changes. Therefore, for both
quantitative diagnosis and accurate therapeutic intervention, un-
derstanding circuit mechanisms that drive behavioral outcome is
critical. Very recent technological advances are starting to funda-
mentally change our ability to access this information.

Here, we will cover key state-of-the art technologies that en-
able distinct anatomical and functional aspects of brain circuits to
be directly measured. These technologies are widely applicable to
investigation of all neurological circuits. Furthermore, important
circuit mechanisms and therapeutic approaches underlying Par-
kinson’s disease, traumatic brain injury, and Alzheimer’s disease
(AD), which were revealed using novel technologies, will be dis-
cussed. Understanding the circuit mechanism role in neurologi-
cal disease is a critical step in improved diagnosis and treatment
of all neurological diseases.

In summary, we will introduce: (1) cutting-edge experimental
approaches for visualizing and manipulating neural circuits;
(2) novel circuit mechanisms; (3) role of circuit defects in neu-
rological disease; and (4) highlighting therapeutic approaches
aimed at manipulating circuit mechanisms. The goal is to better
understand the role of neural circuits in normal brain function
and how their impairment underlies neurological disease, and
emerging ability to use this knowledge to develop therapeutics.

Optogenetic fMRI (ofMRI)
Scientific questions, hurdles, and technology needs
One of the central questions of neurobiology is how large-scale
brain network activity relates to behavior. Answers remain elusive.
We face two main obstacles: (1) the brain is a complex network of
heterogeneous neurons, requiring cellular level information to un-
derstand its function; and (2) the brain is protected by a thick
skull, greatly complicating efforts to electrically or optically mon-
itor the brain’s activity. Even when electrodes or fibers are inva-
sively introduced into the brain, its large volume and optical
properties restrict measurements to local preselected regions.
Therefore, despite groundbreaking developments that have
greatly improved our ability to stimulate and monitor the brain,
we can only measure brain function at polar ends of the spec-
trum. That is, we can either track individual neuronal activity in a
preselected small brain region using microscopy or measure
global brain function with millimeter spatial resolution using
noninvasive tomographic imaging (e.g., MRI or PET). However,
specific cell types within a brain network have unique contribu-
tions to behavioral output, and even a single neuron can make
connections to large portions of the brain. To uncover brain
function, we need measurements with the seemingly incompat-
ible characteristics of cellular specificity, on the one hand, and
whole-brain readout, on the other.

ofMRI
This challenge can in part be addressed by ofMRI. Optogenetics
uses light for cell type-specific, millisecond-scale activity modu-
lation. High-field fMRI is a noninvasive technology for imaging
the neural activity in live subjects across the whole brain. ofMRI
makes it possible to link specific cellular activities to global brain
functions. We showed that excitatory cell-type-triggered fMRI
responses could be measured in local and remote areas of the
brain with temporal precision (Lee et al., 2010).

Advanced ofMRI technology development
As with any novel technology, additional development is neces-
sary to bring ofMRI to its full potential. Based on our goal of
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visualizing global brain functions associated with specific cellular
populations activated during behavior, we successfully developed
a real-time ofMRI platform with robust motion correction and
closed loop control. This platform enables overall image recon-
struction and motion correction to be conducted in 12.8 ms
(Fang and Lee, 2013), in contrast to �8 s without the parallel
computation algorithms we developed. We make image re-
construction �600 times faster, and also developed a novel
compressed sensing algorithm that improved spatial resolution
by a factor of 6, achieving 200 � 200 �m 2 and 140 � 140 �m 2 in
plane resolution while covering the whole rat and mouse brain,
respectively. This improved spatial resolution empowers cortical
layer and subnuclei-specific imaging in ways not previously
possible (Fang et al., 2016). In addition to developing software
algorithms, we have also developed hardware to allow simultane-
ous electrophysiological recordings during ofMRI (e.g., MRI-
compatible optrodes) (Duffy et al., 2015). We continue to push
the technology toward real-time, feedback controlled, high-
spatial-resolution, and awake-behaving ofMRI with simultane-
ous electrophysiology. We are currently able to perform awake,
nonbehaving ofMRI with robust, high-resolution signal detec-
tion in real time with simultaneous electrophysiology. The next
major hurdle in the field is awake-behaving ofMRI, and this is
one of our current research projects.

Circuit mechanisms underlying motor behavior
Basal ganglia circuits in motor performance
The basal ganglia are a set of subcortical nuclei involved in moti-
vation, reinforcement, and automation of motor behavior. They
have proven particularly amenable to modern recording and per-
turbation methods in systems neuroscience, as they consist of a
small number of well-delineated nuclei interconnected by genet-
ically defined cell types (Bolam et al., 2000). The striatum, a ma-
jor input nucleus to the basal ganglia, consists largely of striatal
projection neurons (SPNs), with a minority (�5%–10%) of in-
terneurons. These projection neurons can be divided into two
major classes: direct-pathway neurons (dSPNs), which project
directly to basal ganglia output nuclei; and indirect-pathway neu-
rons (iSPNs), which project indirectly to basal ganglia outputs,
via the external globus pallidus (Smith et al., 1998). A classical
model developed in the 1980s to explain the symptoms of ex-
trapyramidal movement disorders predicted that dSPNs facilitate
motor behavior, whereas iSPNs suppress motor behavior (Albin
et al., 1989; DeLong, 1990). A series of papers describing cell-
type-specific lesions demonstrated findings consistent with this
hypothesis (Drago et al., 1998; Sano et al., 2003; Durieux et al.,
2009; Hikida et al., 2010), but until the advent of optogenetics,
there was no temporally precise method for directly perturbing
and testing the function of these circuits.

Within the last decade, the combination of specific Cre-driver
lines, Cre-dependent viruses, and genetically encoded optoge-
netic and imaging probes has enabled a series of studies focused
on the function of these distinct circuits. The first optogenetic
study of basal ganglia circuitry used selective stimulation of
dSPNs and iSPNs with channelrhodopsin-2 in awake freely mov-
ing mice to examine the behavioral effects of activating basal
ganglia circuitry (Kravitz et al., 2010). As predicted by the classi-
cal model, activating the direct pathway facilitated movement, as
evidenced by increased locomotion and decreased immobility,
whereas activating the indirect pathway suppressed movement
and mimicked a parkinsonian state, as evidenced by increased
immobility, and strongly decreased locomotion. Many of the
observed behavioral effects can be explained through cell-

type-specific projections from basal ganglia output nuclei to
the mesencephalic locomotor region (Roseberry et al., 2016).
Activity in mesencephalic locomotor region glutamate neu-
rons is highly predictive of the locomotor state, and their op-
togenetic activation is sufficient to drive locomotion with
short latency. These neurons are innervated by basal ganglia
output nuclei and bidirectionally controlled by dSPNs and
iSPNs. Thus, a simple classical model prediction is borne out
in the case of locomotor control.

However, a subsequent imaging study using calcium indica-
tors to measure bulk activity in dSPNs or iSPNs during a motor
behavior observed a result that seemed to contradict such a sim-
ple model of motor control: both dSPNs and iSPNs were active at
the same time during movements to the contralateral side (Cui et
al., 2013). We have observed similar results when measuring
dSPN and iSPN activity during locomotor starts in the open field
(Kravitz and A.C.K., unpublished data). Can these results be eas-
ily reconciled with the optogenetic experiments? If one imagines
that all striatal neurons serve a similar function (e.g., locomotor
control), then these results are perplexing. However, there is am-
ple anatomical and functional evidence that striatal neurons in-
tegrate vast numbers of cortical and thalamic inputs and show
complex activity patterns during motor behavior that cannot be
easily categorized on the basis of subtype (Isomura et al., 2013).
Using in vivo microendoscope-based imaging of striatal neurons
in a simple foraging task, we observe broad heterogeneity within
dSPN and iSPN populations, both in terms of their selectivity for
movements and their responses to reward delivery or omission
(Donahue and A.C.K., unpublished data). Indeed, interpreting
such results requires a better understanding of basal ganglia func-
tion itself, which is a hotly debated topic. Potential functions
include action selection, gain control, motor learning, and motor
memory (for excellent reviews on this topic, see Redgrave et al.,
1999; Desmurget and Turner, 2010; Ito and Doya, 2011; Hiko-
saka et al., 2014; Dudman and Krakauer, 2016). A recent imaging
paper describes encoding of actions by ensembles of SPNs, inde-
pendent of movement speed, indicating at least the possibility of
orthogonal encoding of information to subserve both action se-
lection and gain control (Klaus et al., 2017). As technology for
large-scale cell-type-specific recordings, patterned illumination,
and high-resolution behavior improves, we will be able to better
map these functions onto distinct striatal regions and cell types,
and link the activity patterns of striatal neurons to specific aspects
of behavior.

ofMRI of basal ganglia pathways
Recent advances have enabled unprecedented control over the
basal ganglia’s direct and indirect pathways via optogenetic stim-
ulation of D1- and D2-expressing MSNs. However, the influence
of these neuronal populations on whole-brain circuitry was un-
clear. In a recent study (Lee et al., 2016), we used ofMRI to iden-
tify the activations and deactivations that occur across the brain
during targeted stimulation of either population (Fig. 1). Re-
sponses evoked by D1- and D2-MSN stimulation were signifi-
cantly different and typically opposite in polarity throughout the
basal ganglia-thalamocortical circuit. Our results therefore pro-
vide the first experimental evidence that the direct and indirect
pathways exert opposite influences on the activity of downstream
brainwide regions. This has not been directly testable to date because
previous technologies were limited to either local measurements
(e.g., electrophysiology) during optogenetic perturbations or brain-
wide imaging without cell type-specific manipulations. The findings
we present were empowered by our advanced optogenetic fMRI
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approach. In addition, through computational modeling of the
ofMRI data (Bernal-Casas et al., 2017), we parameterized dy-
namic functional relationship with cell type specificity across the
whole brain. A D1-MSN stimulation of ofMRI data with compu-
tational modeling showed clear direct pathway signaling, whereas
D2-MSN stimulation of ofMRI data with computational model-
ing show clear indirect pathway and hyperdirect pathway signal-
ing (Fig. 2).

Modulating arousal regulation circuits for therapy
Modulation of the forebrain arousal regulation network via the
central thalamus
Modulation of circuits underlying forebrain arousal regulation
offers unique promise in aiding the recovery of integrative func-
tion in a variety of neurological conditions producing impaired
consciousness. Recent work has furthered understanding of this
potential and provided new insights into the anatomical and
physiological specialization of neurons within the central thala-
mus and their role in influencing network activity across the
frontostriatal system (Liu et al., 2015; Baker et al., 2016). These
new studies help to further frame a rationale for the use of central
thalamic deep brain stimulation (CT-DBS) to support arousal
regulation mechanisms in the severely injured brain, an approach
that has had limited study to date (Schiff et al., 2007; Adams et al.,
2016).

An important role for neurons within the central thalamus in
forebrain arousal regulation has been long recognized (Schiff, 2008;
Mair et al., 2011). Briefly, these neurons have several unique prop-
erties among others within thalamocortical projection systems
that support their role in broad activation of long-range cortico-
thalamic and corticostriatopallidal thalamocortical networks
(Groenewegen and Berendse, 1994; Llinás et al., 1994; Llinás et
al., 1998; Purpura and Schiff, 1997). Neurons within the central
thalamus (Jones, 2007) receive the strongest thalamic projection
from the brainstem cholinergic and noradrenergic afferents as
well as glutamatergic inputs from the brainstem reticular forma-
tion. As such, these neurons are under the immediate and almost
exclusive (Rovó et al., 2012) control of the classical brainstem
“arousal systems.” Moreover, their anatomical projections have
long suggested two unique aspects of their circuit-level function-
ality: (1) a broad innervation of the striatum with wide arboriza-
tion of projections across frontal cortical regions (Groenewegen
and Berendse, 1994; Deschenes et al., 1996); and (2) a unique
cortical laminar innervation pattern supporting columnar acti-
vation without interference in columnar input computations
(Llinás et al., 1994, 1998; Larkum et al., 1999; Larkum et al.,
2007).

These anatomical and related physiological properties, in-
cluding specialization of synaptic strength in the striatum (Smith

Figure 1. ofMRI with D1-, D2-MSN stimulations. A, The 20 Hz D1-MSN stimulation in dorsomedial striatum results in increase of (B) average firing rate (n � 120, 100%) and (C) number of
contralateral rotations (n � 13). ***p � 0.001. D, The 20 Hz D2-MSN stimulation in dorsomedial striatum results in increase of (E) average firing rate (n � 15, 93%) and (F ) number of ipsilateral
rotations (n � 11). **p � 0.005. G, H, Groupwise activation maps demonstrate the large-scale modulation of cortical and subcortical regions, including the basal ganglia, during D1- and D2-MSN
stimulation. Significantly modulated voxels are color-coded according to their phase relative to six repeated cycles of 20 s, 20 Hz stimulations. I, Regions of interest, used for time series extraction
in J. J, Average time series of active voxels during D1- and D2-MSN stimulation within each region of interest (left/red traces and right/blue traces, respectively). Values are mean � SEM across
animals (n � 13 D1-MSN; n � 11 D2-MSN). Responses are generally opposite in direction, with the exception of the anterior caudate-putamen and globus pallidus external (GPe). Modified with
permission from Lee et al. (2016).
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et al., 2014) and neocortex (Cruikshank et al., 2012), have sup-
ported a theory of the organizing role of central thalamic integrity
and restoration of an anterior forebrain mesocircuit in recovery
following widespread deafferentation produced by multifocal
structural brain injuries (Schiff, 2010). This mesocircuit model
provides a conceptual foundation for targeting the central thala-
mus as a privileged node within the forebrain arousal regulation
network (Schiff, 2008). A single-subject human study provides
proof-of-concept evidence for the CT-DBS approach (Schiff et
al., 2007); however, detailed in vivo investigation of circuit mod-
ulation arising with CT-DBS across neocortical, striatal, and tha-
lamic populations has only recently come to light. In a pioneering
study, Liu et al. (2015) extensively characterized activation of the
entire rat brain using optogenetic activation techniques in the
central thalamus coupled to fMRI. In these studies, a strong fre-
quency dependence of broad frontal-striatal recruitment was
demonstrated with bilateral recruitment appearing with high-
frequency stimulation (100 Hz) of neurons specifically within the
central lateral nucleus (Fig. 3A,B). In addition, this approach
reliably produced waking in the rats when asleep.

Complimenting these whole-brain activation patterns, Baker
et al. (2016) developed a unique system for electrical stimulation
of the central thalamus combining two nearly spaced CT-DBS
electrodes to allow comparison of current steering across elec-
trode shafts with single-electrode cathode-anode pairs. In their
studies, a robust effect of CT-DBS on behavioral performance
appeared with cross-electrode current steering described as
“field-shaping” CT-DBS (fsCT-DBS) improving performance.
fsCT-DBS produced a maximal impact on performance and ante-
rior forebrain activation when directly compared with conven-
tional CT-DBS; multisite recordings obtained across many
frontal cortical and striatal populations demonstrated physiolog-
ical evidence of enhanced arousal with a dose-dependent effect of
current amplitude of fsCT-DBS on cortical and striatal 15–25 Hz
local field potential (LFP) power (Fig. 3C,D) (Baker et al., 2016).
These findings show strong concordance with those of Liu et al.
(2015), which demonstrated a frequency-dependent increase in
activation across the frontal striatal system. Maximal effects on
behavioral performance in the nonhuman primate were similarly
linked to high-frequency (�100 Hz) stimulation and activation
of both neurons within the central lateral nucleus and within a
fiber bundle encompassing the medial aspect of dorsal tegmental

tract (Edlow et al., 2012) that carries axons emanating from both
the central lateral nucleus and the adjacent centromedian-
parafascicularis complex.

Together, these recent studies add an important dimension of
understanding of the impact of CT-DBS at the circuit level and
support the specific role of central thalamic afferents (particu-
larly those of central lateral nucleus) in arousal regulation of the
forebrain via graded activation of frontostriatal networks. Direct
activation of central lateral thalamic neurons per se appears to
have a privileged impact for driving the rostral striatum and fron-
tal cortices. High-frequency stimulation rates of these neuron by
either the laser ON optogenetic fiberoptic system or electrical
pulses of a DBS system produce broader activation and more
robust physiological effects. The findings of Baker et al. (2016) of
the preferential effect of activation of the anatomical structure of
the medial aspect of dorsal tegmental tract provides a novel and
specific target for future translational approaches.

Other clinical applications of modulation of the arousal reg-
ulation system via CT-DBS have been proposed; a closely related
but distinct approach has been considered by Blumenfeld and
colleagues (Gummadavelli et al., 2015; Kundishora et al., 2017)
who have pioneered preclinical studies of stimulation of the cen-
tral lateral thalamus to restore consciousness to rodents during
and after seizures during the period of “postictal” unconsciousness.
In their studies, electrical stimulation of CL reduced cortical slow
waves emerging after electrically induced hippocampal seizures in
both anesthetized and awake-behaving rodents. When electrical
stimulation was combined with stimulation of the pontine nu-
cleus oralis bilaterally, it could restore consciously mediated be-
haviors during focal limbic seizures and produce physiological
evidence of EEG arousal; unilateral dual-site stimulation, how-
ever, could not produce similar behavioral or electrophysiologi-
cal improvements. Of note, in the Liu et al. (2015) study, absence
seizure activity was produced reliably with low-frequency 10 Hz
stimulation in central lateral nucleus supporting the circuit spec-
ificity of these effects (see below).

Clinical studies to date have only examined limited aspects of
physiological effects of CT-DBS applied to neurons of the central
lateral nucleus. Schiff et al. (2007) showed that effective stimula-
tion contacts within this region in their single-subject study pro-
duced cortical responses consistent with the classical regional
patterns of activation of the forebrain seen with low-frequency

Figure 2. Computational modeling of ofMRI data reveals parameterized dynamic functional relationship with cell type specificity. A, D1-MSN stimulation ofMRI data with com-
putational modeling show clear direct pathway signaling. B, D2-MSN stimulation ofMRI data with computational modeling show clear indirect pathway and hyperdirect pathway
signaling. Modified with permission from Bernal-Casas et al. (2017).
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activation (the “recruiting response”). EEG modulation in these
measurements showed maximal effects over prefrontal and fron-
tal cortical electrodes with some bilateral activation of medial
cortical regions. Adams et al. (2016) recently reported on long-
term plastic changes in sleep physiology in a separate study of a
severely brain-injured human subject over a 5 year period of CT-
DBS. CT-DBS during the daytime only produced a normalization
of sleep architecture and increased frequency of frontal cortical
sleep spindles. In the context of the preclinical studies reviewed
above, we suggest that CT-DBS can modulate long-term cortical
physiology via projections across the frontal-striatal system that
support arousal regulation.

Collectively, these clinical and preclinical studies are enlarging
our understanding of the forebrain arousal regulation network
and its underlying circuit mechanisms. The wide range of inves-
tigations that are possible using the full array of physiological and
optogenetic approaches show the broad opportunities now avail-
able for examining circuit level function in the brain.

ofMRI of central thalamus arousal regulation and
investigation of DBS mechanisms
Although DBS has led to remarkable improvements in patients
with neurological disorders ranging from Parkinson’s disease to

severe depression, the underlying mechanisms remain poorly
understood. This lack of mechanistic understanding has pre-
vented DBS from reaching its full therapeutic potential. Our re-
cent study (Liu et al., 2015) shows how we can study DBS and
identifies key circuit mechanisms underlying its efficacy.

A key challenge for clinicians and basic scientists alike is un-
derstanding the circuit-level mechanisms that link specific DBS
parameters to therapeutic benefits. Although it is thought that
DBS can do for disorders, such as epilepsy and traumatic brain
injury, what it has done for Parkinson’s disease, this lack of un-
derstanding currently limits the extension of DBS for use in other
disorders. A primary obstacle in understanding DBS mechanisms
comes from the complex effects of electrical stimulation on
mixed populations of neural elements. In many ways, electrical
stimulation is a blunt instrument. We addressed this problem by
applying ofMRI to selectively target a single, genetically defined
population of neurons and reveal a hitherto unknown frequency
dependence of CT-DBS. In our studies, we found that low-
frequency stimulation results in robust inhibition of cortex,
whereas high-frequency stimulation drives broad activation of
striatum and frontal cortex with laminar specificity. The finding
that different frequencies of stimulation lead to opposite re-
sponses at a remote target (e.g., excitation or inhibition) is highly

Figure 3. Evidence for dose-dependent effects of activation of frontostriatal networks by high-frequency stimulation of the central lateral nucleus of the thalamus. A, Fiberoptic
optogenetic activation of central lateral thalamic neurons shows frequency dependence (Liu et al., 2015). *p � 0.05, **p � 0.005, ***p � 0.001. B, Spatial characterization of evoked
fMRI signals showing average coherence maps of brainwide activity during stimulation of excitatory central thalamus relay neurons at 100 Hz. Warm colors represent positive BOLD
responses. Cool colors represent negative BOLD responses. MPFC, Medial prefrontal cortex; LPFC, lateral prefrontal cortex; SC, primary somatosensory cortex; Cg, cingulate cortex; Th,
thalamus; MC, motor cortex. C, CT-DBS (Baker et al., 2016). Field shaping CT-DBS via cross-electrode stimulation markedly shifts power spectra of LFPs measured across various regions
within the frontal cortex and dorsal striatum (data not shown) in the nonhuman primate. Average LFP power (left of vertical dashed line) and average Z score of LFP power (right side of
vertical dashed line (for methods, see Baker et al., 2016) concatenated over a series of 10 trials before fsCT-DBS onset, indicated by dashed vertical line at Trial 0, and 15 trials during
fsCT-DBS. LFP activity averaged �1305 separate recording sites within the frontal cortex and aggregated �1325 fsCT-DBS periods conducted in 144 experimental sessions. Stimulation
amplitudes ranging from 0.75 to 2.5 mA, and stimulation frequencies of 150, 175, 200, and 225 Hz are included. D, Average Z score of the LFP power spectra shown in C but restricted to
the delay period of Correct trials during fsCT-DBS ON periods, relative to the delay period activity of Correct trials recorded during fsCT-DBS OFF periods, including 95% CI. Dose-dependent
effect of intensity over three sets of stimulation amplitudes, 0.75–1.25, 1.50 –1.75, and 2.0 –2.5 mA.
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surprising and represents a major advance in the understanding
of CT-DBS and certainly has immediate implications for the appli-
cation of DBS clinically. The rich dynamics of our imaging data
importantly enabled us to predict the existence of a GABAergic feed-
back pathway mediated by zona incerta, which we elegantly con-
firmed through single-unit and field potential electrophysiology
techniques.

The results from this study provide a broadly applicable plat-
form for the dissection of DBS mechanisms. Similar methods can
be used to dissect the mechanisms of DBS for other neurological
disorders (e.g., Parkinson’s disease, obsessive compulsive disorder,
and depression) and brain regions (e.g., basal ganglia, nucleus ac-
cumbens). The combination of targeted optogenetic stimulation
with whole-brain fMRI readouts will enable DBS therapies to be

individually optimized directly based on their visualized effect on
global brain circuits.

Circuit modulation for treating AD
Neural activity essential for memories of experience
One of the brain areas affected early in the course of AD is the
hippocampus, the brain region required for spatial navigation
and memories of experience (Squire, 1982; Braak and Braak,
1991; Fox et al., 1996; Dubois et al., 2007) (Fig. 4). Indeed, one of
the earliest symptoms of AD is getting lost in a familiar place
(Deipolyi et al., 2007). Decades of research have examined the
hippocampus’s role in spatial navigation, revealing patterns of
neural activity, or neural codes, that represent information about
the spatial environment (O’Keefe and Dostrovsky, 1971). Recent

Figure 4. The path from cellular and molecular pathology to cognitive impairment through circuit dysfunction. Multiple molecular and cellular pathologies, including ApoE4,
phosphorylate Tau (pTau), amyloid �, microglia malfunction, and signaling related to inflammation, are thought to contribute to cognitive impairment. How these molecular and cellular
pathologies alter circuits to lead to cognitive impairment is not clear and is an active area of investigation, including changes in specific cell types and microcircuits, neural activity during
behavior, and large-scale networks.

Figure 5. Driving gamma transforms microglia and reduces amyloid. Driving gamma oscillations via optogenetics or noninvasive sensory flicker in mouse models of AD results in reduced amyloid
� levels and transformed microglia, the primary immune cells in the brain. Following gamma stimulation, microglia’s cell bodies become larger, their process length is reduced, and more microglia
engulf amyloid �. Image courtesy of Walter Rich.
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discoveries have uncovered how these spatial codes drive learning
and memory in healthy brains (Carr et al., 2011; Girardeau and
Zugaro, 2011). However, we know little about how this activity
fails in AD.

Prior research in rodents has established how hippocampal
neural activity underlies spatial learning and memory. These
studies have revealed that, as an animal explores an environment,
pyramidal neurons in the hippocampus fire in specific locations,
called place fields (O’Keefe and Dostrovsky, 1971). When an an-
imal runs along a path, the neurons fire in a precise sequence
(Dragoi and Buzsáki, 2006). During pauses in behavior and dur-
ing rest after the behavior is complete, these same sequences are
replayed repeatedly on the short timescales required for synaptic
plasticity (Skaggs and McNaughton, 1996; Foster and Wilson,
2006; Carr et al., 2011; Girardeau and Zugaro, 2011). This replay
occurs during sharp wave ripples (SWRs), high-frequency events
detected in the LFP, and is often called SWR replay or reactiva-
tion. SWR replay plays a crucial role in spatial learning and mem-
ory: if SWRs are disrupted, animals perform significantly worse
in spatial memory tasks (Jadhav et al., 2012). Because SWRs re-
peat sequences of activity many times after the behavior is com-
plete, they are well suited to drive synaptic plasticity between cells
in the sequence and for linking those sequences to behavioral
outcomes, such as reward (Singer and Frank, 2009). SWRs can
also “preplay” future paths when an animal must choose a path to
a reward. A lack of this activity predicts incorrect path choice,
suggesting that SWRs are important for planning future paths
(Singer et al., 2013). During SWR replay, spiking is clocked by
gamma oscillations, 20 –50 Hz LFP rhythms present in many
brain regions (Carr et al., 2012). Gamma oscillations are pro-
duced by synchronized rhythmic inhibition of pyramidal cells by
fast spiking parvalbumin (PV)-positive GABAergic interneurons
(Cardin et al., 2009; Sohal et al., 2009). Thus, SWR replay results
from interactions between PV interneurons and pyramidal cells.
Importantly, SWRs are preserved across species, including mice,
rats, nonhuman primates, and humans; therefore, SWR deficits
discovered in animal models may extend to humans (Buzsáki et
al., 2003; Clemens et al., 2007; Logothetis et al., 2012).

Neural activity deficits in mouse models of AD
Recently, we have discovered that 5XFAD mice have deficits in
SWR activity early in disease progression before plaque buildup
or evidence of behavioral impairment (Iaccarino et al., 2016). We
have identified deficits in the number of SWRs per time, in the
strength of gamma oscillations during SWRs, and in how well
spikes are modulated by gamma oscillations during SWRs (Iac-
carino et al., 2016). These SWR deficits are strikingly similar to
those found in older APOE4 mice, even though these two models
have very different molecular pathology (Gillespie et al., 2016).
The 5XFAD transgenic mouse is a well-established model of AD
that carries five familial AD mutations, whereas the APOE4
knock-in mouse expresses the human apolipoprotein (apo) E4
allele, the main genetic risk factor for AD, in place of the mouse
allele (Ramaswamy et al., 2005; Oakley et al., 2006). Furthermore,
the deficits we find in 5XFAD mice have some similarities to
deficits reported in another mouse model, hAPP, and in humans
with AD (Stam et al., 2002; Verret et al., 2012). These results show
that SWRs and gamma are altered in multiple AD models, sug-
gesting that the cells and circuits that produce this activity may be
especially susceptible to AD pathology. Importantly, SWRs are
essential for spatial learning and memory in healthy animals;

therefore, these deficits may be a mechanism by which molecular
pathology leads to cognitive deficits.

Driving neural activity affects molecular pathology
Once basic research has established what activity and circuits fail
in AD models, new methods to rescue this activity can be tested as
potential therapies. Our research has revealed that gamma oscil-
lations are not only altered in AD, but also that stimulating neu-
rons to produce gamma oscillations (“drive gamma”) mobilized
the immune system to remove amyloid �, a protein whose aggre-
gation is thought to initiate neurotoxic events (Fig. 5). Specifi-
cally, driving gamma recruited the primary immune cells of the
brain, microglia, to alter their morphology and increase engulf-
ment of � amyloid (Iaccarino et al., 2016). Driving gamma for 1 h
resulted in a 40% reduction in � amyloid. We found consistent
reduction in amyloid and recruitment of microglia in multiple
brain regions (hippocampus and visual cortex) using multiple
methods to drive gamma. In hippocampus, we used optogenetic
stimulation of PV interneurons at 40 Hz to drive gamma oscilla-
tions (Cardin et al., 2009). We then developed a method to drive
gamma noninvasively in visual brain areas: flickering lights at
gamma frequency, like a rapid strobe light. This simple noninva-
sive manipulation can be readily applied to further examine the
effects of driving gamma oscillation. This discovery reveals a sur-
prising effect of neural activity on the brain’s immune system and
protein accumulation. These results suggest that deficits in neural
activity may not only drive learning and memory deficits but also
contribute to the molecular and cellular pathology of the disease.
As a result, driving specific patterns of neural activity may be able
to impact the disease at the cognitive, cellular, and molecular
levels.
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