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SUMMARY

Low-frequency (delta/theta band) hippocampal neu-
ral oscillations play prominent roles in computational
models of spatial navigation, but their exact function
remains unknown. Some theories propose they are
primarily generated in response to sensorimotor
processing, while others suggest a role in memory-
related processing. We directly recorded hippocam-
pal EEG activity in patients undergoing seizure moni-
toring while they explored a virtual environment
containing teleporters. Critically, this manipulation
allowed patients to experience movement through
space in the absence of visual and self-motion
cues. The prevalence and duration of low-frequency
hippocampal oscillations were unchanged by this
manipulation, indicating that sensorimotor process-
ing was not required to elicit them during navigation.
Furthermore, the frequency-wise pattern of oscilla-
tion prevalence during teleportation contained
spatial information capable of classifying the dis-
tance teleported. These results demonstrate that
movement-related sensory information is not re-
quired to drive spatially informative low-frequency
hippocampal oscillations during navigation and sug-
gest a specific function in memory-related spatial
updating.

INTRODUCTION

A consistent observation across studies of spatial navigation is

the presence of low-frequency oscillations in the hippocampal

local field potential (LFP) (for a review, see Buzsáki, 2005).

Despite the presence of these oscillations inmultiplemammalian

species (see Jutras and Buffalo, 2010), including humans (Ek-

strom et al., 2005;Watrous et al., 2011) and rodents (Vanderwolf,
1180 Neuron 89, 1180–1186, March 16, 2016 ª2016 Elsevier Inc.
1969; McFarland et al., 1975; Czurkó et al., 1999), the animal

model in which they are most commonly studied, the functional

significance of these oscillations remains unclear, with multiple

theoretical frameworks put forth to account for their presence

during navigation (for a review, see Ekstrom and Watrous,

2014). One set of models hypothesizes that these oscillations

are related to sensorimotor processing, a position consistent

with the observation that low-frequency power is modulated by

running speed (McFarland et al., 1975; Czurkó et al., 1999). Ac-

cording to these models, low-frequency oscillations are present

either because they serve to coordinate sensory input in service

of producing the correctmotor output (Bland andOddie, 2001) or

because neural activity becomes entrained to the rhythmicity of

sensory or motor information when actively processing stimuli

(Komisaruk, 1970; Jutras et al., 2013; see also Schroeder

et al., 2010).

A second set of models, which emphasize the mnemonic role

of these oscillations, hypothesize that low-frequency oscillations

organize the firing of neural ensembles related to encoding and

retrieval of memories (Hasselmo et al., 2002; Buzsáki, 2006; Ja-

cobs, 2014). Although there is evidence that low-frequency po-

wer differs as a function of mnemonic success in nonspatial

tasks (for a review, see Nyhus and Curran, 2010), little is known

about how these oscillations might contribute to memory during

navigation. A third idea recently put forth hypothesizes that the

hippocampal LFP recorded during navigation contains signals

associated with both bottom-up movement-related processing

and top-downmemory-related processing but that these signals

may manifest at different frequencies (Ekstrom and Watrous,

2014; Jacobs, 2014).

To better understand the conditions that elicit low-frequency

hippocampal oscillations during navigation, we directly recorded

hippocampal EEG activity from human patients while they navi-

gated a virtual environment containing teleporters. Critically, this

manipulation allowed us to test whether low-frequency oscilla-

tions are present when sensory feedback has been removed

and explicit motor signals are absent. If sensorimotor processing

is the primary driver of low-frequency hippocampal oscillations,

then they should be disrupted or greatly attenuated during virtual
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Figure 1. Environment Layout and Example

Trial Structure

Top left: top-down view of the plus maze, with

target stores circled in red and teleporters circled

in blue. This view is for schematic purposes only

and was not shown to patients. Top right: views

from one example trial. Each trial starts in the

central plaza (1), where patients first find the

landmark associated with the target store, which

is visible in the distance, but whose identity is

obscured by fog. Patients proceed down the arm

of the maze (2) until reaching the target store (3).

They then proceed to the nearest teleporter (4), at

which point the display fades to black (5), and they

teleport to the central plaza (6) to begin the next

trial. Example trial shown is a short teleportation

distance. Bottom: schematic of the relative timing

of navigation and teleportation epochs. Telepor-

tation epochs were time locked to the moments of

teleporter entry and exit and were either 1,830 ms

or 2,830ms in duration. Navigation epochs started

after the patient entered the correct arm of the

maze and were matched in duration to the up-

coming teleportation epochs.
teleportation. In contrast, if this oscillatory signal is important for

memory-related spatial coding, then low-frequency oscillations

should persist during teleportation.

RESULTS

Prevalence of Low-Frequency Oscillations Is Not
Reduced by Removal of Visual and Self-Motion Cues
To test our primary hypothesis that hippocampal oscillations are

sustained during virtual movement in the absence of visual and

self-motion cues (e.g., optic flow, vestibular input, and proprio-

ception), we recorded intracranial hippocampal EEG activity in

three human patients undergoing seizure monitoring while they

navigated a virtual plus (+) maze (Figure 1). During navigation,

patients were instructed to find one of four different stores,

each of which was located at the end of one of four different

arms of the maze. After finding the target store, participants

entered one of two kinds of teleporters (short or long distance),

which transported them to the center of themaze. Critically, tele-

portation allowed patients to experience movement to a known

location in space in the absence of any sensory feedback

because they remained seated on a hospital bed and viewed a

black screen during this time.

Inspection of the raw hippocampal traces provided clear evi-

dence that low-frequency oscillations are indeed sustained dur-

ing teleportation (Figures 2A and 4). To confirm this observation,

we quantified the proportion of time that oscillations were

present immediately before, during, and immediately after tele-

portation using PEpisode (see Supplemental Experimental Proce-

dures, available online). Because patients were actively navi-

gating toward the teleporter in the preteleportation (Pre) period

(mean speed, 13.7 ± 0.3 U/s) but were moving slowly (patient 2

[P2], mean speed, 3.3 ± 0.2 U/s) or were stationary (patients 1

and 3 [P1&3], mean speed, 0.1 ± 0.03 U/s) during the posttele-

portation (Post) period when they were reading the cue for the

next trial, this analysis allowed us to compare activity during tele-
portation (Tele) to that during both active and still periods with full

visual cues.

Consistent with the raw traces, these analyses revealed that

low-frequency PEpisode during teleportation was similar to that

during active navigation (Figures 2B and S1), an effect present

independently in all three patients (Table S2; Figure S2). Low-fre-

quency oscillations on 38/42 electrodes did not significantly

change when patients transitioned from navigating to teleport-

ing. Only 4/42 electrodes showed significant decreases in

delta-theta (<8 Hz) PEpisode upon entering the teleporter (Pre >

Tele, Wilcoxon signed-rank test), a proportion which was not

higher than that expected by chance (pcorrected = 0.6). In fact,

we tended to observe higher low-frequency PEpisode during tele-

portation relative to the still period after teleportation (Tele >

Post, Wilcoxon signed-rank test; 6/42 electrodes, pcorrected =

0.07), but this effect was only observed in electrodes from one

patient (Table S2). Although low-frequency oscillatory activity

across the population of electrodes was largely unaffected by

entering and exiting the teleporter, higher-frequency oscillations

in the gamma band (>30 Hz) were sensitive to this manipulation,

exhibiting significantly higher PEpisode upon entering (7/42 elec-

trodes, pcorrected = 0.02) and exiting (8/42 electrodes, pcorrected =

0.002) the teleporter. Thus, these data suggest that low-

frequency oscillations were not significantly attenuated by

teleportation.

As a positive control, we confirmed attenuation of low-fre-

quency oscillations when participants viewed a black screen

but did not experience virtual movement. We measured low-fre-

quency oscillations immediately after patients completed the

free exploration portion of the experiment and immediately after

patients completed the final spatial memory trial. During these

time periods, participants viewed a black screen as they did

during teleportation, but memory and movement-related pro-

cessing were minimal. Thus, we would expect reduced low-fre-

quency oscillations during these control periods relative to

teleportation and navigation. Consistent with predictions, when
Neuron 89, 1180–1186, March 16, 2016 ª2016 Elsevier Inc. 1181
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Figure 2. Oscillatory Activity by Time Point and Condition

(A) Example recordings during navigation and teleportation in three electrodes.

Rawtraces (left) show iEEGactivityover time for the three teleportationepochs (1,
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patients viewed a black screen but did not experience virtual

movement, low-frequency oscillations were significantly attenu-

ated compared to both teleportation (Wilcoxon signed-rank,

z = �4.6, pcorrected < < 0.001) and visually guided navigation

(z = �4.6, pcorrected < < 0.001) (Figure S2). These findings further

support the idea that memory and/or movement-related pro-

cessing can sustain hippocampal low-frequency oscillations in

the absence of visual and self-motion cues.

An alternative explanation for the observation that low-fre-

quency oscillations were unaffected by teleportation, however,

is that the low-frequency oscillations just prior to entering the tel-

eporter were themselves different from those elicited during

normal, uninterrupted navigation. For example, this time period

could involve anticipation and predictions about the teleporta-

tion event, which could reduce its validity as a comparison

condition. To more completely explore whether low-frequency

oscillations before, during, and after teleportation differed from

those elicited during uninterrupted navigation, we created three

epochs of equal duration during the preceding part of the trial

when patients were in the correct arm of the maze and actively

navigating to the target store (see Figure 1). We then tested

whether PEpisode was higher during these epochs than during

the matched teleportation epochs. Consistent with the previous

results, 0/42 electrodes showed a significant difference in the

delta-theta band during the preteleportation period (teleporta-

tion epoch 1 versus navigation epoch 1), and only one electrode

showed significantly lower PEpisode in this frequency band during

teleportation (teleportation epoch 2 versus navigation epoch 2)

(Figure 2C), providing further evidence that activity during tele-

portation was similar to that during visually guided active naviga-

tion. A significant proportion of electrodes (10/42, pcorrected <

0.001) did show significantly lower delta-theta PEpisode during

the postteleportation epoch (teleportation epoch 3 versus navi-

gation epoch 3), an effect that was also observed in the alpha

band (8–12 Hz) (8/42 electrodes, pcorrected = 0.004), and which

was present for 2/3 patients (Table S2). Because movement

speed was reduced during the postteleportation epoch, this

reduced oscillatory activity is consistent with previous work

showing lower delta-theta activity during still compared tomove-

ment periods in the human hippocampus (Ekstrom et al., 2005;

Watrous et al., 2011). Thus, these results are consistent with pre-

vious data, suggesting a sense of movement is important for

driving hippocampal low-frequency oscillations. When patients

received full visual cues but were stationary, low-frequency os-

cillations were overall less prevalent than during active naviga-

tion. In contrast, when patients received no visual cues but
2, and 3; dashed blue lines represent teleporter entry and exit) and their matched

navigation epochs (1, 2, and 3; dashed blue lines represent artificially imposed

boundaries). Center: mean delta-theta PEpisode for each epoch of the example

trial. Right:mean delta-theta PEpisode averaged across all trials for that electrode.

(B) Mean PEpisode values for each epoch for each frequency band. Each line

represents one electrode. Overall, low-frequency PEpisode does not differ

across epochs.

(C) Difference in mean PEpisode between active navigation and teleportation for

each pair of matched epochs (1, 2, and 3, as in A). A significant proportion of

electrodes shows reduced delta-theta and alpha PEpisode postteleportation

(epoch3), likely becausenavigationspeed ismuch slowerduring this time.Data

shown as mean ± SEM. See also Figures S1 and S2 and Tables S1 and S2.



Figure 3. Oscillatory Episode Duration for Navigation and Telepor-

tation

Each line is an electrode and indicates themean (± SEM) duration of oscillatory

episodes that cross either the time point of teleporter entry or an artificially

imposed boundary during navigation (see Figure 2A). Duration refers to the

length of time the oscillation persisted after entering the teleporter or crossing

the artificial boundary. No electrodes exhibited a significant difference in delta-

theta oscillatory episode duration, indicating that entering the teleporter did

not disrupt ongoing oscillations. See also Figure S3.
‘‘moved’’ via teleportation, low-frequency oscillations were

similar to those elicited during visually guided active navigation.

Low-Frequency Oscillations Do Not Attenuate or Reset
after Removal of Visual and Self-Motion Cues
Although we did not observe a decrease in the prevalence of

low-frequency oscillations during teleportation, it is still possible

that ongoing oscillations attenuated and/or reset when entering

the teleporter. To test whether oscillations attenuated after

entering the teleporter, we first identified oscillations that

crossed the time point of teleporter entry (or an artificially

imposed boundary during active navigation; see Figures 1 and

2A). We then tested whether the postentry oscillation duration

was reduced in the teleporter relative to amatched uninterrupted

navigation epoch. No electrodes (0/35) exhibited significantly

attenuated delta-theta oscillation durations during teleportation

relative to active navigation (mean duration of navigation oscilla-

tions, 528 ± 25 ms; mean duration of teleportation oscillations,

518 ± 15 ms), indicating that the removal of visual information

did not disrupt ongoing low-frequency oscillations (Figure 3).

To test whether entering the teleporter induced a phase reset,

we performed Rayleigh tests for phase consistency at each time

point in the first 500ms after teleporter entry and defined a phase

reset event as significant phase consistency at all samples

throughout a two-cycle interval at a given frequency (Rizzuto

et al., 2003). Although we observed some evidence of phase

reset events at higher frequencies, we did not observe any in-

stances of significant phase reset in the delta-theta frequency

band in any electrode (Figure S3). Taken together, these findings

suggest that delta-theta oscillations were not interrupted or reset

by teleportation.

Frequency-wise Pattern of Low-Frequency Oscillation
Prevalence during Teleportation Provides Classification
of Spatial Distance
Because the prevalence and duration of delta-theta oscillations

did not change as a result of teleportation, one possible explana-
tion is that they carried no navigationally relevant information. An

alternative possibility is that they may have carried spatial infor-

mation that could potentially support spatial updating (Watrous

et al., 2011) during teleportation. To adjudicate between these

two possibilities, we tested whether the frequency-wise pattern

of low-frequency PEpisode could distinguish between short- and

long-distance teleportation events. Because the teleporters

were in fixed locations and always transported the patient to

the same position on every trial, patients were able to predict

the distance they would travel (either short or long; see Figure 1).

Importantly, because we randomly varied the duration of the

teleportation events (1,830 ms or 2,830 ms), patients could not

predict when they would exit the teleporter. This manipulation

thus disentangled spatial distance from temporal duration and

velocity, ensuring that knowledge about spatial distance did

not derive from time in the teleporter or perceived velocity.

We extracted trial-wise PEpisode values at each frequency in

the delta-theta band during short- and long-distance teleporta-

tion epochs (Figure 4, left and center panels) and submitted

these values to binary classification with a linear support vector

machine (Figure 4, right panels). We found that the pattern of

low-frequency PEpisode provided significant classification of dis-

tance teleported in far more electrodes than would be expected

by chance (data for short-duration trials model are as follows:

11/23 electrodes, pcorrected < 0.001; data for long-duration trials

model are as follows: 9/23 electrodes, pcorrected < 0.001; data for

all trials model are as follows: 8/23 electrodes, pcorrected < 0.001)

and in each individual patient (Table S2). This ability to classify

distance was likely due to overall higher PEpisode during long rela-

tive to short-distance events (data for long distance are as fol-

lows: 16.2% ± 1.2%; data for short distance are as follows:

14.8% ± 1.1%), an effect that was present across the group of

electrodes exhibiting significant classification (Wilcox signed-

rank test, z = 2.6, pcorrected = 0.006), as well as the entire popu-

lation of electrodes (z = 4.3, pcorrected < < 0.001). Thus, even

though patients were looking at a blank screen during teleporta-

tion and therefore received no visual or idiothetic cues about

their virtual movement, hippocampal low-frequency oscillatory

activity reliably varied according to the distance teleported.

Because the classifier was trained to generalize over multiple

starting positions (i.e., two short-distance and two long-distance

teleporters) and because we randomly varied the temporal dura-

tion of the teleportation events (1,830ms versus 2,830ms), these

decoding results cannot be explained by representations of

teleporter position, time spent in the teleporter, or perceived

velocity. Instead, our results suggest that higher prevalence of

low-frequency oscillations during the long- versus short-dis-

tance teleportation events may have related to the updating of

position during teleportation.

To explore in more detail the idea that patients remained

spatially oriented during teleportation and successfully updated

their position, we analyzed patients’ behavior immediately upon

exiting the teleporter. Specifically, we tested whether patients

turned the optimal direction to face the next target store upon

exiting the teleporter (i.e., a 90� turn rather than 270� turn), which

would be consistent with the idea that they remained oriented

upon exiting the teleporter. Note that there were no external

cues to indicate the optimal turn direction; only the patients’
Neuron 89, 1180–1186, March 16, 2016 ª2016 Elsevier Inc. 1183
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Figure 4. Successful Classification of Dis-

tance Teleported Using Low-Frequency

PEpisode

Left: raw traces from two example electrodes

showing individual short-distance (top) and

long-distance (bottom) teleportation events.

Colored bars below each trace indicate periods

of significant oscillatory episodes for each fre-

quency. Color scale at right indicates fre-

quencies in Hz. In both electrodes, there is

greater low-frequency oscillatory activity during

the long-distance teleportation event. Center:

for the same electrodes, mean PEpisode at each

frequency during short-distance and long-dis-

tance teleportation trials. Right: for the same

electrodes, classification results for each trial

across iterations. Perfect classification over all

iterations would be characterized by all purple

bars at 0% and all green bars at 100%. Text at

right indicates the number of trials that achieved correct classification for >50% of iterations. For display purposes, we show the classification of individual

trials across iterations; however, statistical analyses were performed on the mean classification across trials for each iteration.
knowledge about their current position and orientation could

support this behavior. For this analysis, we excluded trials for

which the target landmark was straight ahead (1/3 of trials) and

‘‘error’’ trials in which the patient first went down an incorrect

arm of the maze, indicating a cue-landmark association retrieval

error (percent of ‘‘error’’ trials was as follows: P1, 34%; P2 ses-

sion 1, 11%; P2 session 2, 0%; P3 session 1, 2%; P3 session 2,

0%). All patients turned the optimal direction more often than the

suboptimal direction (overall selection of correct turn direction

across patients was as follows: 75%; P1, 59%; P2 session 1,

73%; P2 session 2, 70%; P3 session 1, 80%; P3 session 2,

91%), consistent with the idea that patients correctly maintained

their expected position and orientation during teleportation.

DISCUSSION

The principal finding of this study is that low-frequency hippo-

campal oscillations elicited during navigation are sustained

when humans experience virtual movement to a known location

in space in the absence of visual and idiothetic cues. Further-

more, the low-frequency oscillations elicited under these condi-

tions carried meaningful spatial information, as demonstrated by

our ability to decode the distance traveled. These results there-

fore demonstrate that movement-related sensory information is

not required to drive spatially informative low-frequency oscilla-

tions in the human hippocampus during navigation. Overall, our

findings support the idea that low-frequency oscillations in hu-

mans do not require sensory input during navigation and still

carry important memory-related signals in the absence of visual

or idiothetic cues.

Our first main result is that low-frequency hippocampal oscil-

lations are sustained during virtual movement even when sen-

sory feedback is not available. Previous studies in rodents

have measured navigation-elicited oscillations when some, but

not all, forms of sensory feedback are eliminated and have

largely implicated proprioceptive cues in driving these low-

frequency oscillations. Hippocampal oscillations are present

when rodents navigate in total darkness (Gavrilov et al., 1996;
1184 Neuron 89, 1180–1186, March 16, 2016 ª2016 Elsevier Inc.
Chen et al., 2011) or when they navigate in a head-fixed

recording device (thereby eliminating vestibular cues) (Chen

et al., 2013) but are significantly reducedwhen animals are wrap-

ped in a towel and passively moved through space (Foster et al.,

1989; Chen et al., 2011) or passively view movement through a

virtual environment (Chen et al., 2013). Although these proprio-

ceptive cues seem to be important for driving oscillations in

the rodent hippocampus, the same cannot be true for humans,

as low-frequency hippocampal oscillations have been observed

in multiple virtual navigation paradigms (Ekstrom et al., 2005;

Watrous et al., 2011), none of which involve meaningful proprio-

ceptive or vestibular feedback because the patient is confined to

his or her hospital bed. Thus, in these tasks patients primarily use

visual cues to navigate and build spatial representations.

Although the available set of cues during virtual navigation is im-

poverished compared to real-world navigation (Taube et al.,

2013), it is perhaps not surprising that visual cues can drive hu-

man hippocampal oscillations because such cues are critically

important for successful human navigation, whereas they seem

to be less important for rodent navigation (Ekstrom, 2015).

Here, we show for the first time that even when these visual

cues are removed, low-frequency hippocampal oscillations

persist when humans experience virtual movement through

space. This strongly suggests that, at least in humans, internally

generated spatial memory representations are sufficient to drive

this oscillatory activity and that sensorimotor processing is not

required. This result is broadly consistent with theories that impli-

cate hippocampal oscillations in the encoding and retrieval of

spatial and nonspatial information in memory (Hasselmo et al.,

2002; Buzsáki, 2006) and with recent work in rodents indicating

that internally generated memory processing can drive sequen-

tial firing within an ensemble of neurons even when sensory cues

are held relatively constant (Wang et al., 2015).

Our second main result confirms that spatial representations,

in some form, are indeed elicited when patients experience vir-

tual teleportation: the pattern of low-frequency hippocampal

oscillations present during teleportation was sufficient to distin-

guish short- and long-distance teleportation events, and these



oscillations were significantly attenuated when patients viewed a

blank screen with no task-related memory demands. Previous

efforts to identify spatial codes in the human hippocampus

have largely focused on the activity of single neurons and have

revealed representations of position, direction, and other spatial

variables (Ekstrom et al., 2003; Jacobs et al., 2010, 2013). In

contrast, past studies of hippocampal LFPs, which represent

the summation of the activity of thousands of neurons, have

struggled to identify a clear behavioral correlate of low-fre-

quency oscillations during navigation (Buzsáki, 2005). Recent

evidence indicates that rodent hippocampal LFPs contain infor-

mation sufficient to decode spatial position (Agarwal et al.,

2014), and human hippocampal LFPs can distinguish between

the retrieval of spatial and temporal information (Watrous et al.,

2013). In contrast to this previous work, which has leveraged

the spatial distribution of LFP activity using either multielectrode

recordings (Agarwal et al., 2014) or the coherence in LFP activity

between multiple recording sites (Watrous et al., 2013), here

we show that the pattern of oscillatory activity recorded at a sin-

gle macroelectrode can distinguish between short and long

distances.

What kind of neural code could give rise to the distance de-

coding we observed? Though there is to date little evidence in

humans for an oscillatory neural code in the ‘‘strong’’ sense

(e.g., modulation of neural firing via ephaptic coupling), previ-

ous work using stimulation paradigms that artificially impose

oscillations suggests that they may indeed contribute to neural

representations (Polanı́a et al., 2012; Wimber et al., 2012). We

speculate that the ability of these low-frequency oscillations

to distinguish between short and long distances may reflect dif-

ferences in the degree of spatial updating required, with more

spatial updating inducing more persistent oscillations. This

explanation is consistent with our behavioral analysis of patient

turn preference upon exiting the teleporter, which showed that

patients remained spatially oriented after teleportation. We do

not believe that the distance decoding can be explained by

other variables (e.g., duration, velocity) that are often highly

correlated with distance in real-world environments because

we specifically designed the virtual environment and experi-

mental paradigm to disentangle these variables. Although

more work will be needed to determine the precise neural

codes supported by low-frequency hippocampal oscillations

during navigation, the 3-fold decrease in low-frequency oscilla-

tions when patients viewed a black screen with no task-related

memory demands strongly links the prevalence of these oscil-

lations to cognitive processing in support of memory during

navigation.

In sum, we have shown that human hippocampal low-fre-

quency oscillations elicited during navigation can be sustained

when visual and idiothetic cues are removed and the only avail-

able spatial information is internally generated frommemory. We

have further shown that the frequency-wise pattern of these os-

cillations was sufficient to decode the distance traveled under

these conditions. Thus, these results expand our understanding

of the conditions necessary to generate low-frequency hippo-

campal oscillations in humans and highlight the need for future

research that characterizes the precise types of information

coded by this oscillatory activity.
EXPERIMENTAL PROCEDURES

Please see Supplemental Experimental Procedures for the full Experimental

Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

three figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.neuron.2016.01.045.

AUTHOR CONTRIBUTIONS

L.K.V. and A.D.E. designed the experiment. L.K.V. and M.S.C. collected the

data. M.S. and S.T.F. selected the patients and provided clinical evalua-

tions. K.S. performed the surgeries. P.Y.S. performed electrode localization.

L.K.V., with input from A.D.E., analyzed the data. L.K.V. and A.D.E. wrote

the paper.

ACKNOWLEDGMENTS

The authors wish to acknowledge support from NIH/NINDS grants NS076856

and NS093052 (A.D.E.).

Received: October 26, 2015

Revised: December 23, 2015

Accepted: January 25, 2016

Published: February 25, 2016

REFERENCES
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