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A B S T R A C T

Background: Hippocampal sharp-wave ripples (SWRs) arising from synchronous bursting in CA3 pyramidal cells and propagating to CA1 are thought to facilitate memory consolidation. Stimulation of the
CA3 axon collaterals comprising the hippocampal commissure in rats interrupts sharp-wave ripples and
leads to memory impairment. In primates, however, these commissural collaterals are limited. Other hippocampal ﬁber pathways, like the fornix, may be potential targets for modulating ongoing hippocampal
activity, with the short latencies necessary to interrupt ripples.
Objective: The aim of this study is to determine the eﬃcacy of closed-loop stimulation adjacent to the
fornix for interrupting hippocampal ripples.
Method: Stimulating electrodes were implanted bilaterally alongside the fornix in the macaque, together with microelectrodes targeting the hippocampus for recording SWRs. We ﬁrst veriﬁed that fornix
stimulation reliably and selectively evoked a response in the hippocampus. We then implemented online
detection and stimulation as hippocampal ripples occurred.
Results: The closed-loop interruption method was effective in interrupting ripples as well as the associated hippocampal multi-unit activity, demonstrating the feasibility of ripple interruption using fornix
stimulation in primates.
Conclusion: Analogous to murine research, such an approach will likely be useful in understanding the
role of SWRs in memory formation in macaques and other primates sharing these pathways, such as
humans. More generally, closed-loop stimulation of the fornix may prove effective in interrogating
hippocampal-dependent memory processes. Finally, this rapid, contingent-DBS approach may be a means
for modifying pathological high-frequency events within the hippocampus, and potentially throughout
the extended hippocampal circuit.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Sharp wave ripples (SWRs) are hippocampal oscillations that are
associated with widespread activation of neocortex, and as a consequence of this co-activation, SWRs are believed to underlie memory
consolidation [1]. SWRs are produced by synchronous activity of CA3
pyramidal cells, which in turn excite CA1 pyramidal cells [2–4]. The
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ventral hippocampal commissure in rodents contains CA3 pyramidal cell collaterals, making it possible to interrupt ripples through
online detection and stimulation of this pathway. Interruption using
this method suppresses the synchronous spiking typical of SWRs
and impairs performance on memory tasks, supporting a role for
SWRs in memory consolidation and/or retrieval [5–8]. Sharp wave
ripples are also seen in humans [9–11] and macaques [12,13]; but
because ripples have not been experimentally manipulated in primates, their role in memory less clear. Unlike rodents, primates have
a weak, sparsely connected ventral hippocampal commissure
[14–16], making the murine approach to ripple interruption
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untenable in primate brains. The ﬁmbria-fornix ﬁber tract, however,
is robust and well-conserved [17–19] and its integrity is important for memory formation in primates [20–29]. Furthermore,
preliminary and case studies using fornix stimulation in humans
has been linked to memory improvements and changes in hippocampal structure and function [30–34]. The fornix contains
projections from within the hippocampus proper and connected subicular complex, and from extra-hippocampal structures known to
modulate ripples in rodents [35–39], suggesting the potential to interrupt ripples. The effect of fornix stimulation on hippocampal
ripples, however, is unknown.
In this study, we sought to 1) detect ripples in real time in the
primate brain and 2) measure hippocampal ripple-band and unit
responses to fornix stimulation. We show that fornix stimulation
evoked responses in hippocampus, that ripples were detected in real
time, and that the closed-loop fornix stimulation interrupted ripples
and suppressed ripple-associated hippocampal multi-unit activity.
Materials and methods
Subject and surgical implantation
All procedures were approved by the local ethics and animal care
authorities. The 10 kg adult female macaque (Macaca mulatta) underwent electrode implantation surgeries conducted under sterile
conditions and with the animal maintained under approximately
2% isoﬂurane anesthesia. The animal was implanted bilaterally with
a 4-lead NuMed mini-DBS electrode alongside and anterior to the
post-commissural fornix of each hemisphere, just caudal to the anterior commissure (Fig. 1A). The leads had contacts of 0.5 mm
separated by 1.5 mm (model FTML4E, NuMed, Inc., Hopkinton, New
York). Implantation of the stimulating electrodes was guided by preoperative MR images, aligned to ﬁducial markers, using the Brainsight
system (Rogue Research Inc., Montreal, Quebec, Canada). Over the
right hippocampus, we implanted an indwelling array of two electrode bundles, each containing 4 independently depth-adjustable
platinum/tungsten multicore tetrodes (96 micron outer diameter;
Thomas Recordings, Giessen, Germany; Neuralynx, Bozeman,
Montana). Post-operatively, tetrodes were lowered into the CA1/2
(bundle 1) and CA3/DG region (bundle 2) of the right hippocampus (Fig. 1B), veriﬁed through MR/CT coregistration and functional
characterization of brain structures during lowering, including the
appearance of SWRs. SWRs were observed in limited ranges of depths
across tetrodes, and were associated with unit activity. Once the electrodes had been lowered into the layer, ripple-band activity was
stable across sessions. One electrode was placed outside of the hippocampal formation, to measure non-ripple activity such as muscle
activity, and to determine the selectivity of responses evoked by the
stimulating electrodes (‘control’ electrode). All sessions took place
while the animal was sitting quietly in a darkened booth. SWRs from
this animal prior to stimulating electrode implantation were reported previously [13].
Electrophysiological recordings
Local ﬁeld potentials were referenced to the titanium tetrodearray recording chamber and sampled at 32 kHz using a unitygain HS36 head stage (Neuralynx, Inc., Bozeman, Montana, USA).
The headstage was connected directly to the electrode interface board
on the animal head, and powered by the acquisition system. As seen
in Fig. 2A, digitized channels were processed in two ways – ﬁrst,
through the Cheetah 32 system (Neuralynx, Inc., Bozeman, Montana,
USA). Second, the signal was split and sent to the High Performance Processing unit (‘HPP’, Neuralynx, Inc., Bozeman, Montana,
USA). This processing unit is equipped with a Field-Programmable

Gate Array (FPGA – ARM Cortex-A9 processor, Xilinx Inc., Cambridge, UK) capable of carrying all digital processing required for
ripple detection and triggering the stimulator in real time. Ripples
are neural events with band-limited, high-frequency (80–150 Hz)
power compared to background levels of power in that band, therefore ripples can be detected when the band power or envelope
exceeds a threshold [9,12,13,41]. Selecting the electrode channel with
the highest-amplitude ripple activity, the threshold level should be
optimized to maximize the number of true positives by user inspection, while minimizing false detection rate on this channel. That
is, low thresholds will produce more false positives while high
threshold values may have lower detection rate. The optimal threshold value is well above the baseline activity because band-limited
activity of the ripples is considerably higher than the instantaneous activity [13]. In this study, we set the threshold to 6-sd of
the band activity, a value similar to rodent interruption studies [5–8].
The 6-sd threshold was estimated based on the average and variance of the ripple band from earlier recordings which were consistent
over days in these experiments (9.5 ± 0.1 μV mean±SEM).
The ripple detection algorithm was implemented on the high performance processing unit in three steps. First, the signals were
bandpass ﬁltered using a custom-designed ﬁnite impulse response (FIR) ﬁlter with 512 taps (16 ms delay, which is about one
cycle of ripple activity). Activities slower than 80 Hz or faster than
150 Hz are suppressed more than 20 dB (Fig. 2B). Next, amplitudes were compared to the threshold across the target channel and
‘control’ electrodes that were not observed to record true ripples.
These control electrodes were used to reject artifacts such as electromyography (EMG) or other transients that might have otherwise
crossed threshold on the target channel, thereby preventing the target’s threshold-crossing from generating an output pulse to the
stimulator described below.
Artifact rejection and false detection reduction
EMG artifacts and other transients can show broadband signals
with considerable power at the ripple band. As such, they can be
mislabeled as ripples if a single electrode channel is used for ripple
detection. Thus, a simple method to identify the muscle and other
common artifacts in real-time was to measure excessive rippleband activity at other locations, such as the control electrode that
had been placed outside the hippocampus. When activity of this
control electrode exceeded threshold, crossings on the rippledetecting electrodes were ignored as a false positive, and the
stimulator was not triggered.
Electrical stimulation
Stimulating electrodes were connected to an STG4002 stimulator (Multichannel Systems, Reutlingen, DE). Bipolar stimulation was
applied across pairs of contacts using a 100 μs biphasic pulse width
of 2 mA. The proximal 2 contacts in both of the stimulating electrodes yielded the strongest responses (i.e. the dorsal most pair of
leads, Fig. 1A), and were therefore used to measure hippocampal
evoked responses. To measure the hippocampal response to fornix
stimulation, the fornix was stimulated for 3 minutes at 1.75 Hz intervals varying by current and number of pulses. The parameter space
was single, 4, or 8 pulses and 1, 2, or 3 mA stimulation current. Each
stimulation session was epoched using the stimulation triggers such
that the last pulses were aligned at t = 0. Then the hippocampal response to each stimulation protocol was measured by averaging the
epochs obtained during the stimulation session.
For the ripple interruption experiments, we used bipolar stimulation across the adjacent, proximal 2 leads of each electrode,
delivered bilaterally at 2 mA, in short bursts of 4 or 8 pulses at 2 ms
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Figure 1. Veriﬁcation of electrode placement and hippocampal activation. A) Coregistered and overlaid MRI and CT images in the axial plane of the right hemisphere. The
location of the stimulating electrode in the CT scan is marked with a red circle. The left hemisphere is from the Saleem and Logothetis atlas [40], with the cross-section of
the fornix tract colored in navy. Rostral/anterior is at the top of the image. The lower panel shows a magniﬁed section containing the electrode location seen just anterior
to the location of the fornix. B) As in A, but from a ventral slice that reveals the hippocampal recording electrode sites. Two electrode bundles are seen in the ﬁgure; the
electrode used for ripple detection is circled in red, corresponding to CA3/DG subﬁelds. CA3, CA1, and DG are colored in purple, green and orange, respectively. C) Averaged
coronal CT images showing the location of stimulating and recording microelectrodes. Stimulating electrodes are seen close to the midline, whereas hippocampal recording electrode bundles are seen together in the right hemisphere. The horizontal crosshairs (A and B) indicate the axial sections shown in panels A and B of this ﬁgure. D)
Example broadband hippocampal recording during 4 example stimulation trains (vertical lines). Evoked responses can be seen following each pulse train. E) Average evoked
response in hippocampus following 300 stimulation trains. The responses increased from 4 to 8 pulses and 2 to 3 mA, with minimal response at the low, 1 mA level, at all
conditions. Effective fornix stimulation evoked hippocampal responses with three peaks 20 ms, 42 ms, and ~100 ms, and two troughs at 33 ms and 53 ms after stimulation
onset.

intervals. Thus, when signal amplitude exceeded the threshold on
the target channel, and threshold crossing was not identiﬁed on the
control channel (as an artifact), the HPP triggered bipolar stimulation consisting of 4 biphasic pulses of 100 μs at 2 ms intervals on
both of the stimulating electrodes, similar to the stimulation durations of 10 ms reported previously [6].

Data analysis
Online ripple detection and interruption were veriﬁed and quantiﬁed after each daily session, as follows. Four features were evaluated
for each ripple event: total ripple duration, ripple duration after detection, ripple fundamental frequency, and multi-unit activity. Ripple
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Figure 2. A) Schematic of the system used for ripple detection and fornix stimulation. First, neural recordings are digitized. Then, the HPP signal processing unit bandpass
ﬁlters the signals from 80–150 Hz and compares their amplitude with threshold values. When the amplitude of signals crosses the threshold, a TTL trigger is sent to the
stimulator to generate the pulses bilaterally. B) Frequency response of the ﬁlter used to ﬁlter the signals. The ﬁlter passed the activities between 80–150 Hz and attenuated
slower or faster oscillations for over 20 dB. In addition, channels outside the hippocampus must not have crossed threshold, for the HPP to send a trigger.

duration after detection was the time interval between detection
and the next minimum below 2-sd, which is approximately the
average amplitude of the signal. Similarly, total ripple duration was
quantiﬁed as the entire interval before and after the threshold detection until the ripple-band dropped below 2-sd. Ripple peak
frequency (or fundamental frequency) was obtained from the
maximum spectral density calculated between −100 ms and 100 ms
of detection using FFT of the signal with 1 Hz resolution. Multiunit activity was measured as the envelope of high frequency (750–
1300 Hz) activity [42,43]. To assess the eﬃcacy of our setup for
interruption of hippocampal ripple activity, these four dependent
variables were compared as a function of ripple status: fornix stimulation on (‘Stimulated’) or stimulation off (‘Sham’).
Results
Hippocampal evoked response to fornix stimulation
Electrodes that recorded hippocampal SWRs [13] also recorded evoked responses during bilateral fornix stimulation. A single
time series shows responses following each 8-pulse burst of fornix
stimulation, repeated at 1.75 Hz intervals (Fig. 1D). The average of
over 300 evoked responses to single/4/8 pulses and 1/2/3 mA fornix
stimulation varied with respect to stimulation parameters (Fig. 1E).
Whereas single pulse stimulation does not evoke any response in
hippocampus with any stimulation intensity, the 4 and 8 pulse stimulation protocols showed a current-dependent response. Speciﬁcally,
the responses increased from 4 to 8 pulses and 2 to 3 mA, with
minimal response at the low, 1 mA level, at all conditions. Effective fornix stimulation evoked hippocampal responses with three
peaks 20 ms, 42 ms, and ~100 ms, and two troughs at 33 ms and
53 ms after stimulation onset. Hippocampal responses to stimulation of the ipsilateral fornix were smaller, and fornix stimulation
was less effective per stimulation parameter. We therefore selected the most conservative effective protocol of 4 pulse trains
bilaterally delivered at 2 mA which is expected to inﬂuence hippocampal activity within 20 ms of stimulation onset.
Effect of ripple-triggered stimulation on local ﬁeld potentials and
multi-unit activity
Recordings were collected over a total of 95 daily sessions, with
each session typically lasting 50 minutes. In non-human primates,
the sharp-wave ripples can occur over various levels of vigilance,

i.e. activity, quiescence, or sleep states [13]. In our study, the ripples
occurred under all states and occupancy over the state was roughly
proportionate, 4 out 5 ripples were during sleep periods. Peak (fundamental) frequencies of ripples were similar in the Stim and Sham
conditions (Stim: 125 ± 14 Hz, mean ± SD, n = 1048 Sham:
125 ± 16 Hz, mean ± SD, n = 4286; p = 0.97, Ranksum test), suggesting that stimulation did not alter the underlying mechanisms for
ripple generation. An example of an interrupted and a Shamcondition ripple along with their ripple-band envelopes reveals a
truncation of the interrupted ripple following stimulation (Fig. 3A–D).
It is noted that evoked response to stimulation may not be visible
in presence of sharp waves, (see the example shown in Fig. 3C);
however, hippocampal evoked responses are recognizable when interrupted ripples are averaged (Fig. 3E). These results are consistent
with the population average amplitudes of ripple-band LFP (Fig. 4A).
Whereas the amplitude of both stimulation groups was similar prior
to detection/delivery of fornix stimulation, the ripple amplitude was
effectively eliminated after stimulation. In contrast, stimulation had
no effect on a simultaneously-recorded electrode from the same
implant bundle as the hippocampal recording electrodes, but lowered
to a position outside the hippocampus (Fig. 4, gray lines).
It is conceivable that in previous interruption studies and in the
present study, only the tail of the ripple is interrupted, after much
of the information-rich spiking sequences contained in ripples have
passed. To estimate how much of a ripple’s lifecycle has been truncated, we measured total ripple duration deﬁned as 2-sd to 2-sd
crossing (pre- to post-detection). Ripple durations were shorter following stimulation pulses, whether measured as total duration
(p = 2 × 10−98, Ranksum test) or duration from stimulation offset
(p = 8 × 10−70, Ranksum test) (Fig. 4C and 4D). Interruption was manifest as a sharp truncation of the ripple, with a median duration of
25 ms and where over 90% of ripples reached baseline activity by
40 ms after stimulation onset (Fig. 4C). Moreover, the earliest effects
of interruption on the ripple-band envelope compared to Shamcondition ripples emerged at 20 ms following stimulation, at about
the time of the ﬁrst evoked potential dip (Fig. 4C, 4D, 1F).
As described in the literature [12,13,44], multi-unit activity during
spontaneous ripples is enhanced several fold and returns to preripple levels within 100 ms of detection (Fig. 4B). In contrast, MUA
was completely disrupted by fornix stimulation (Fig. 4B, red trace).
At control electrode sites, no change in MUA is seen, suggesting the
stimulation-induced suppression of MUA is at least partly local to
the hippocampal layer, consistent with ripple interruption, and
thereby capable of interfering with the spiking contents of ripples.
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Figure 3. Examples of interrupted and uninterrupted ripples. The detection point is marked by blue vertical lines. A–C) Broadband traces during interrupted and uninterrupted ripple activity showing 200 ms pre- and post-detection. Stimulation pulses are seen after the detection point only for the interrupted ripple (C). Broadband traces
were bandpass ﬁltered between 80 Hz and 150 Hz (shown on top). The envelopes and corresponding z-values are shown in red. The ripple-band activity of the uninterrupted Sham ripple is present over 50 ms after the threshold crossing, whereas the ripple-band activity of the stimulation-interrupted ripple returns to the baseline within
20 ms after the detection. B–D) Broadband traces of control electrode during interrupted and uninterrupted ripples shown in A and C. Ripple activity (80–150 Hz) is not
observed on this contact. Stimulation pulses are seen after the detection point only for the interrupted ripple (D). E) Average of traces, aligned to the detection point, are
shown for Stimulated (red, N = 1048) and Sham (blue, N = 4286) ripples. Hippocampal response to stimulation is identiﬁed by a peak 40 ms after the ﬁrst stimulation pulse.
F) Example of muscle artifact is shown on hippocampal and control electrodes. The ripple band activity exceeds the threshold on both channels simultaneously.

Ripples false detection rate
Precise measures of false-positive rates are not possible over the
Interruption sessions due to the effect of stimulation on hippocampal activity; however, we estimated the false-positive rate using the
Sham sessions when the ripples were detected without simultaneous stimulation of the fornix. Ripples have been characterized as
events with excessive band activity and durations longer than 32 ms
(4 cycles at 125 Hz). With this deﬁnition, the false-detection rate
is estimated to be 12% (Fig. 4D).
Discussion
We developed and tested a system to detect and interrupt hippocampal ripples in primates through stimulation of the fornix. Local
ﬁeld potentials and multi-unit activity from the CA3/DG layer of hippocampus illustrated the eﬃcacy of this method to curtail ripples
and suppress the ripple-related increase in spiking activity, respectively. This closed-loop system demonstrates the feasibility to
selectively disrupt ripples in primates, a paradigm that had previously only been applied to rodent models.
The interruption studies in rats targeted the ventral hippocampal commissural ﬁbers that interconnect the hippocampi in rodents
through the axon collaterals of CA3 pyramidal cells [5–8]. Excitatory input from these cells, together with a subset of connected
CA3 interneurons, are necessary for ripple initiation in CA3, and the
consequent excitatory volley from CA3 that leads to ripples in CA1
[2–4]. Unfortunately, the CA3 commissural projections that proved

instrumental for ripple disruption in rats are substantially weaker
in human and non-human primates [14–16]. Interruption of ripples
in primates may therefore require stimulation of an alternate tract.
The fornix of the macaque carries an estimated 500,000 ﬁbers
[17] with notable reciprocal projections in the basal forebrain cholinergic nuclei and subicular complex, projections from CA3,
supramammillary nucleus, and monoaminergic nuclei; and projections targeting anterior thalamic nuclei, mammillary bodies, and
nucleus accumbens [19,45,46]. As described in several reviews
[47–49], these connections are associated with recollection, objectin-place memory, and/or rapid conditional learning in rats [50–52],
monkeys [22,24,53–56] and humans [23,57,58]. Furthermore, fornix
stimulation has been used to modulate hippocampal activity
[30,32,34,59–61].
In the present study, fornix stimulation could have disrupted
ripple activity through direct or indirect pathways. Direct projections may have been recruited from posterior hypothalamic regions
to CA ﬁelds, such as supramammillary ﬁbers [62–65]. These projections can pace hippocampal oscillations [66–68] and are important
for spatial learning and memory (for review, see [69]). Alternatively, antidromic activation could arise from CA3 or subicularcomplex pyramidal cells [19], though projections from CA3 through
this speciﬁc part of the fornix have not been isolated. The subicular complex may stand as a feasible relay, due to extensive reciprocal
fornix connections [70], in addition to GABAergic projections to CA3
cells, that can inhibit and entrain CA3 neurons [71]. Given the multiple possible routes of action, additional research is required to
determine the underlying mechanisms of interruption to fornix
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Figure 4. Population averages during ripples in hippocampal and control-site electrodes. Shaded areas represent SEMs. The hippocampal electrode was localized to CA3/
DG and was used for ripple detection; the control electrode is located outside of the hippocampal formation. Traces of interrupted ripples are removed during the stimulation
pulses to avoid stimulation artifacts. A) Average ripple-band envelope recorded during Stimulated (red, N = 1048) and Sham (blue, N = 4286) ripples on the hippocampal
electrode, and on the control electrode (gray). Stimulated and Sham-stimulated ripples are similar prior to the detection (6-sd crossing) point, whereas stimulated ripples
show suppressed ripple-band activity after stimulation. Black line at the bottom of the graph marks a period when envelops are signiﬁcantly different (Ranksum test). Simultaneously recorded control electrode activity does not change during ripples (gray lines), elevated band activity seen over the stimulation sessions is caused by stimulation
artifact. B) Changes in average multi-unit activity (MUA) for interrupted and normal ripples with respect to its baseline activity, taken from –250 to – 150 ms before ripple
onset. MUA of interrupted ripples was reduced to below its baseline level following stimulation of the fornix, and slowly recovered to pre-ripple levels. MUA of normal
ripples was elevated for 100 ms, consistent with the LFP response. Black line at the bottom of the graph marks a period when MUAs are signiﬁcantly different (Ranksum
test). Stimulation artifact is observed on both hippocampal and control electrodes between 0 and 10 ms. C) Cumulative distributions and probability densities (inset) of
ripple durations after the detection point, for normal (Sham, N = 4286) and interrupted (Stim, N = 1048) ripples. D) Total duration of ripples (2-sd to 2-sd crossings). Conventions as in C.

stimulation. The utility of the method, however, is immediately relevant to studies of ripple function in behaving animals.
In rats, ripple occurrences after a task include activity patterns
reﬂecting past events and that are thought to be important for communication between hippocampus and neocortex [1]. Ripples during
learning and exploratory tasks have been shown to reﬂect trial
outcome [13,72] and future success [73]. Ripple rate of occurrence increases after a new or unexpected experience ([74,75], but
see [76]) and the goal-related place cell ﬁring during SWRs is associated with later memory for goal locations [73]. Critical tests of
ripple function, however, require causal manipulations. Disruption of ripples impairs memory performance, even after controlling
for nonspeciﬁc effects from the ripple-disrupting stimulation, (i.e.
when ripples and stimulation pulses are decoupled, allowing both
to unfold [5,6,8]). It is noted that memory impairment was caused
by truncating the ripples with electrical stimulation and not preventing the ripples, e.g. with pharmacological manipulations. Studies
of the effects of ripple interruption on behavior have not been conducted in primates. This is of special interest, given the reduction
in ripple rate in humans [77], and the observation of ripples during

active exploration in macaques [13], not only in oﬄine states or
pauses in exploration.
Closed-loop detection of ongoing hippocampal activity to deliver
responsive stimulation has implications beyond disrupting ripples.
For example, some types of seizure activity bear similarities to ripples
in the LFP under some circumstances, and may be good candidates for rapid detection using the methods described in the present
study (see [78]). To date, no closed-loop hippocampal stimulation
has been reported for this purpose, though the relevance is highlighted by a report of bilateral hippocampus stimulation in idiopathic
epilepsy in a macaque [79]. There, direct stimulation to hippocampus altered LFP activity under anesthesia, but the stimulation was
thus far ineffective at reducing seizures under the direct, local, and
‘open-loop’ stimulation protocols used.
In humans, open loop high frequency stimulation of the homologous regions of the fornix evoked memories of past events [30],
occasional alleviation of memory decline in patients with Alzheimer’s disease [31], and hippocampal activation [80]. Other targets for
altering hippocampal-related memory function in the humans have
been explored, again, in open-loop rather than responsive or
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contingent approaches [61,81,82]. The effectiveness of closed-loop
approaches for modulating other neural circuits and associated diseases, suggest that this may be an important improvement to openloop designs [83–85]. Finally, as stimulation of human hippocampus
continues to be explored, our results suggest that one possible effect
of stimulation is the alteration of SWRs. Inasmuch as they facilitate
memory formation and drive widespread cortical activation, the enhancement or suppression of SWRs by these emerging stimulation
approaches in humans should be of particular interest moving
forward.
Acknowledgments
We are grateful for funding received from The Krembil Foundation, Brain Canada, NSERC CREATE VSA, NSERC DG; and the CRANIA
Project. We would also like to thank Steve Frey for assistance in
adapting implants and learning the Brainsight system.
References
[1] Buzsáki G. Hippocampal sharp wave-ripple: a cognitive biomarker for episodic
memory and planning. Hippocampus 2015;25:1073–188.
[2] Chrobak JJ, Buzsaki G. High-frequency oscillations in the output networks of
the hippocampal-entorhinal axis of the freely behaving rat. J Neurosci
1996;16:3056–66.
[3] Hajos N, Karlocai MR, Nemeth B, Ulbert I, Monyer H, Szabo G, et al. Input-output
features of anatomically identiﬁed CA3 neurons during hippocampal sharp
wave/ripple oscillation in vitro. J Neurosci 2013;33:11677–91.
[4] Schlingloff D, Káli S, Freund TF, Hájos N, Gulyás AI. Mechanisms of sharp wave
initiation and ripple generation. J Neurosci 2014;34:11385–98.
[5] Girardeau G, Benchenane K, Wiener SI, Buzsáki G, Zugaro MB. Selective
suppression of hippocampal ripples impairs spatial memory. Nat Neurosci
2009;12:1222–3.
[6] Ego-Stengel V, Wilson MA. Disruption of ripple-associated hippocampal activity
during rest impairs spatial learning in the rat. Hippocampus 2010;20:1–10.
[7] Jadhav SP, Kemere C, German PW, Frank LM. Awake hippocampal sharp-wave
ripples support spatial memory. Science 2012;336:1454–8.
[8] Girardeau G, Cei A, Zugaro M. Learning-induced plasticity regulates hippocampal
sharp wave-ripple drive. J Neurosci 2014;34:5176–83.
[9] Bragin A, Engel J, Wilson C, Fried I, Mathern G. Hippocampal and entorhinal
cortex high-frequency oscillations (100–500 Hz) in human epileptic brain and
in kainic acid – treated rats with chronic seizures. Epilepsia 1999;40:127–37.
[10] Le Van Quyen M, Bragin A, Staba R, Crépon B, Wilson CL, Engel J. Cell typespeciﬁc ﬁring during ripple oscillations in the hippocampal formation of
humans. J Neurosci 2008;28:6104–10.
[11] Axmacher N, Elger CE, Fell J. Ripples in the medial temporal lobe are relevant
for human memory consolidation. Brain 2008;131:1806–17.
[12] Skaggs WE, McNaughton BL, Permenter M, Archibeque M, Vogt J, Amaral DG,
et al. EEG sharp waves and sparse ensemble unit activity in the macaque
hippocampus. J Neurophysiol 2007;98:898–910.
[13] Leonard TK, Mikkila JM, Eskandar EN, Gerrard JL, Kaping D, Patel SR, et al. Sharp
wave ripples during visual exploration in the primate hippocampus. J Neurosci
2015;35:14771–82.
[14] Amaral DG, Price JL. Amygdalo-cortical projections in the monkey (Macaca
fascicularis). J Comp Neurol 1984;230:465–96.
[15] Demeter S, Rosene DL, van Hoesen GW. Interhemispheric pathways of the
hippocampal formation, presubiculum, and entorhinal and posterior
parahippocampal cortices in the rhesus monkey: the structure and organization
of the hippocampal commissures. J Comp Neurol 1985;233:30–47.
[16] Gloor P, Salanova V, Olivier A, Quesney LF. The human dorsal hippocampal
commissure. An anatomically identiﬁable and functional pathway. Brain
1993;116(Pt 5):1249–73.
[17] Simpson DA. The efferent ﬁbres of the hippocampus in the monkey. J Neurol
Neurosurg Psychiatry 1952;15:79–92.
[18] Daitz H. Note on the ﬁbre content of the fornix system in man. Brain
1953;76:509–12.
[19] Saunders RC, Aggleton JP. Origin and topography of ﬁbers contributing to the
fornix in macaque monkeys. Hippocampus 2007;17:396–411.
[20] Heilman KM, Sypert GW. Korsakoff’s syndrome resulting from bilateral fornix
lesions. Neurology 1977;27:490–3.
[21] Gaffan D, Harrison S. Place memory and scene memory: effects of fornix
transection in the monkey. Exp Brain Res 1989;74:202–12.
[22] Gaffan D. Dissociated effects of perirhinal cortex ablation, fornix transection
and amygdalectomy: evidence for multiple memory systems in the primate
temporal lobe. Exp Brain Res 1994;99:411–22.
[23] Aggleton J, McMackin D, Carpenter K, Hornak J, Kapur N, Halpin S, et al.
Differential cognitive effects of colloid cysts in the third ventricle that spare
or compromise the fornix. Brain 2000;123:800–15.

7

[24] Charles DP. Impaired recency judgments and intact novelty judgments after
fornix transection in monkeys. J Neurosci 2004;24:2037–44.
[25] Tsivilis D, Vann SD, Denby C, Roberts N, Mayes AR, Montaldi D, et al. A
disproportionate role for the fornix and mammillary bodies in recall versus
recognition memory. Nat Neurosci 2008;11:834–42.
[26] D’Esposito M, Verfaellie M, Alexander MP, Katz DI. Amnesia following traumatic
bilateral fornix transection. Neurology 1995;45:1546–50.
[27] Buckley MJ, Charles DP, Browning PGF, Gaffan D. Learning and retrieval of
concurrently presented spatial discrimination tasks: role of the fornix. Behav
Neurosci 2004;118:138–49.
[28] Gaffan D, Gaffan EA. Amnesia in man following transection of the fornix. A
review. Brain 1991;114(Pt 6):2611–18.
[29] McMackin D, Cockburn J, Anslow P, Gaffan D. Correlation of fornix damage with
memory impairment in six cases of colloid cyst removal. Acta Neurochir (Wien)
1995;135:12–18.
[30] Hamani C, McAndrews MP, Cohn M, Oh M, Zumsteg D, Shapiro CM, et al.
Memory enhancement induced by hypothalamic/fornix deep brain stimulation.
Ann Neurol 2008;63:119–23.
[31] Laxton AW, Tang-Wai DF, McAndrews MP, Zumsteg D, Wennberg R, Keren R,
et al. A phase I trial of deep brain stimulation of memory circuits in Alzheimer’s
disease. Ann Neurol 2010;68:521–34.
[32] Koubeissi MZ, Kahriman E, Syed TU, Miller J, Durand DM. Low-frequency
electrical stimulation of a ﬁber tract in temporal lobe epilepsy. Ann Neurol
2013;74:223–31.
[33] Fontaine D, Deudon A, Lemaire JJ, Razzouk M, Viau P, Darcourt J, et al.
Symptomatic treatment of memory decline in Alzheimer’s disease by deep brain
stimulation: a feasibility study. J Alzheimers Dis 2013;34:315–23.
[34] Gondard E, Chau HN, Mann A, Tierney TS, Hamani C, Kalia SK, et al. Rapid
modulation of protein expression in the rat hippocampus following deep brain
stimulation of the fornix. Brain Stimul 2015;8:1058–64.
[35] Bland BH, Oddie SD, Colom LV, Vertes RP. Extrinsic modulation of medial septal
cell discharges by the ascending brainstem hippocampal synchronizing pathway.
Hippocampus 1994;4:649–60.
[36] Vandecasteele M, Varga V, Berényi A, Papp E, Barthó P, Venance L, et al.
Optogenetic activation of septal cholinergic neurons suppresses sharp wave
ripples and enhances theta oscillations in the hippocampus. Proc Natl Acad Sci
USA 2014;111:13535–40.
[37] Ul Haq R, Liotta A, Kovacs R, Rösler A, Jarosch M, Heinemann U, et al. Adrenergic
modulation of sharp wave-ripple activity in rat hippocampal slices.
Hippocampus 2012;22:516–33.
[38] Mochizuki T, Yamatodani A, Okakura K, Takemura M, Inagaki N, Wada H. In vivo
release of neuronal histamine in the hypothalamus of rats measured by
microdialysis. Naunyn Schmiedebergs Arch Pharmacol 1991;343:190–5.
[39] Wang DV, Yau HJ, Broker CJ, Tsou JH, Bonci A, Ikemoto S. Mesopontine median
raphe regulates hippocampal ripple oscillation and memory consolidation. Nat
Neurosci 2015;18:728–35.
[40] Saleem KS, Logothetis NK. A combined MRI and histology atlas of the rhesus
monkey brain in stereotaxic coordinates. London: Academic Press; 2012.
[41] Staba R, Wilson C, Bragin A, Jhung D, Fried I, Engel J. High-frequency oscillations
recorded in human medial temporal lobe during sleep. Ann Neurol
2004;56:108–15.
[42] Roelfsema PR, Lamme VAF, Spekreijse H. Synchrony and covariation of ﬁring
rates in the primary visual cortex during contour grouping. Nat Neurosci
2004;7:982–91.
[43] Stark E, Abeles M. Predicting movement from multiunit activity. J Neurosci
2007;27:8387–94.
[44] Csicsvari J, Hirase H, Czurkó A, Mamiya A, Buzsáki G. Fast network oscillations
in the hippocampal CA1 region of the behaving rat. J Neurosci 1999;19:RC20.
[45] Aggleton JP, O’Mara SM, Vann SD, Wright NF, Tsanov M, Erichsen JT.
Hippocampal-anterior thalamic pathways for memory: uncovering a network
of direct and indirect actions. Eur J Neurosci 2010;31:2292–307.
[46] Swanson L, Kohler C, Bjorklund A. The septohippocampal system. In: Bjorklund
A, Hokfelt T, Swanson LW, editors. Handbook of chemical neuroanatomy,
vol. 5. Amsterdam (The Netherlands): Elsevier Science Publishers; 1987.
p. 125–277.
[47] Aggleton JP, Brown MW. Episodic memory, amnesia, and the hippocampalanterior thalamic axis. Behav Brain Sci 1999;22:425–44. discussion 444.
[48] Aggleton JP, Brown MW. Interleaving brain systems for episodic and recognition
memory. Trends Cogn Sci 2006;10:455–63.
[49] Rolls ET. Diluted connectivity in pattern association networks facilitates the
recall of information from the hippocampus to the neocortex. Prog Brain Res
2015;219:21–43.
[50] Bussey TJ, Dias R, Redhead ES, Pearce JM, Muir JL, Aggleton JP. Intact negative
patterning in rats with fornix or combined perirhinal and postrhinal cortex
lesions. Exp Brain Res 2000;134:506–19.
[51] Vann SD, Erichsen JT, O’Mara SM, Aggleton JP. Selective disconnection of the
hippocampal formation projections to the mammillary bodies produces only
mild deﬁcits on spatial memory tasks: implications for fornix function.
Hippocampus 2011;21:945–57.
[52] Gaffan EA, Bannerman DM, Warburton EC, Aggleton JP. Rats’ processing of visual
scenes: effects of lesions to fornix, anterior thalamus, mamillary nuclei or the
retrohippocampal region. Behav Brain Res 2001;121:103–17.
[53] Parker A, Gaffan D. The effect of anterior thalamic and cingulate cortex
lesions on object-in-place memory in monkeys. Neuropsychologia 1997;
35:1093–102.

ARTICLE IN PRESS
8

O. Talakoub et al. / Brain Stimulation ■■ (2016) ■■–■■

[54] Brasted PJ, Bussey TJ, Murray EA, Wise SP. Conditional motor learning in the
nonspatial domain: effects of errorless learning and the contribution of the
fornix to one-trial learning. Behav Neurosci 2005;119:662–76.
[55] Wilson CRE, Baxter MG, Easton A, Gaffan D. Addition of fornix transection to
frontal–temporal disconnection increases the impairment in object-in-place
memory in macaque monkeys. Eur J Neurosci 2008;27:1814–22.
[56] Browning PGF, Gaffan D, Croxson PL, Baxter MG. Severe scene learning
impairment, but intact recognition memory, after cholinergic depletion of
inferotemporal cortex followed by fornix transection. Cereb Cortex 2010;20:
282–93.
[57] Gilboa A, Winocur G, Rosenbaum RS, Poreh A, Gao F, Black SE, et al. Hippocampal
contributions to recollection in retrograde and anterograde amnesia.
Hippocampus 2006;16:966–80.
[58] Vann SD, Denby C, Love S, Montaldi D, Renowden S, Coakham HB. Memory loss
resulting from fornix and septal damage: impaired supra-span recall but
preserved recognition over a 24-hour delay. Neuropsychology 2008;22:658–68.
[59] Ackermann RF, Finch DM, Babb TL, Engel J. Increased glucose metabolism during
long-duration recurrent inhibition of hippocampal pyramidal cells. J Neurosci
1984;4:251–64.
[60] Williams J, Givens B. Stimulation-induced reset of hippocampal theta in the
freely performing rat. Hippocampus 2003;13:109–16.
[61] Hescham S, Lim LW, Jahanshahi A, Steinbusch HW, Prickaerts J, Blokland A, et al.
Deep brain stimulation of the forniceal area enhances memory functions in
experimental dementia: the role of stimulation parameters. Brain Stimul
2012;6:72–7.
[62] Amaral DG, Cowan WM. Subcortical afferents to the hippocampal formation
in the monkey. J Comp Neurol 1980;189:573–91.
[63] Maglóczky Z, Acsády L, Freund TF. Principal cells are the postsynaptic targets
of supramammillary afferents in the hippocampus of the rat. Hippocampus
1994;4:322–34.
[64] Soussi R, Zhang N, Tahtakran S, Houser CR, Esclapez M. Heterogeneity of the
supramammillary-hippocampal pathways: evidence for a unique GABAergic
neurotransmitter phenotype and regional differences. Eur J Neurosci 2010;
32:771–85.
[65] Haglund L, Swanson LW, Köhler C. The projection of the supramammillary
nucleus to the hippocampal formation: an immunohistochemical and
anterograde transport study with the lectin PHA-L in the rat. J Comp Neurol
1984;229:171–85.
[66] Kirk IJ, McNaughton N. Mapping the differential effects of procaine on frequency
and amplitude of reticularly elicited hippocampal rhythmical slow activity.
Hippocampus 1993;3:517–25.
[67] Kocsis B, Vertes RP. Characterization of neurons of the supramammillary nucleus
and mammillary body that discharge rhythmically with the hippocampal theta
rhythm in the rat. J Neurosci 1994;14:7040–52.
[68] Kocsis B, Vertes RP. Phase relations of rhythmic neuronal ﬁring in the
supramammillary nucleus and mammillary body to the hippocampal theta
activity in urethane anesthetized rats. Hippocampus 1997;7:204–14.

[69] Vertes RP. Major diencephalic inputs to the hippocampus: supramammillary
nucleus and nucleus reuniens. Circuitry and function. Prog Brain Res 2015;
219:121–44.
[70] Aggleton JP. Understanding retrosplenial amnesia: insights from animal studies.
Neuropsychologia 2010;48:2328–38.
[71] Jackson J, Amilhon B, Goutagny R, Bott JB, Manseau F, Kortleven C, et al. Reversal
of theta rhythm ﬂow through intact hippocampal circuits. Nat Neurosci
2014;17:1362.
[72] Singer AC, Carr MF, Karlsson MP, Frank LM. Hippocampal SWR activity predicts
correct decisions during the initial learning of an alternation task. Neuron
2013;77:1163–73.
[73] Dupret D, O’Neill J, Pleydell-Bouverie B, Csicsvari J. The reorganization and
reactivation of hippocampal maps predict spatial memory performance. Nat
Neurosci 2010;13:995–1002.
[74] Eschenko O, Ramadan W, Mölle M, Born J, Sara SJ. Sustained increase in
hippocampal sharp-wave ripple activity during slow-wave sleep after learning.
Learn Mem 2008;15:222–8.
[75] Gupta AS, van der Meer MAA, Touretzky DS, Redish AD. Hippocampal replay
is not a simple function of experience. Neuron 2010;65:695–705.
[76] Jackson JC, Johnson A, Redish AD. Hippocampal sharp waves and reactivation
during awake states depend on repeated sequential experience. J Neurosci
2006;26:12415–26.
[77] Le Van Quyen M, Staba R, Bragin A, Dickson C, Valderrama M, Fried I, et al.
Large-scale microelectrode recordings of high-frequency gamma oscillations
in human cortex during sleep. J Neurosci 2010;30:7770–82.
[78] Gulyás AI, Freund TT. Generation of physiological and pathological
high frequency oscillations: the role of perisomatic inhibition in sharpwave ripple and interictal spike generation. Curr Opin Neurobiol 2015;31:26–
32.
[79] Lipski WJ, DeSteﬁno VJ, Stanslaski SR, Antony AR, Crammond DJ, Cameron JL,
et al. Sensing-enabled hippocampal deep brain stimulation in idiopathic
nonhuman primate epilepsy. J Neurophysiol 2015;113:1051–62.
[80] Smith GS, Laxton AW, Tang-Wai DF, McAndrews MP, Diaconescu AO, Workman
CI, et al. Increased cerebral metabolism after 1 year of deep brain stimulation
in Alzheimer disease. Arch Neurol 2012;69:1141–8.
[81] Suthana N, Haneef Z, Stern J, Mukamel R, Behnke E, Knowlton B, et al. Memory
enhancement and deep-brain stimulation of the entorhinal area. N Engl J Med
2012;366:502–10.
[82] Mirzadeh Z, Bari A, Lozano AM. The rationale for deep brain stimulation in
Alzheimer’s disease. J Neural Transm 2015;123:775–83.
[83] Udupa K, Chen R. The mechanisms of action of deep brain stimulation and ideas
for the future development. Prog Neurobiol 2015;133:27–49.
[84] Little S, Brown P. The functional role of beta oscillations in Parkinson’s disease.
Parkinsonism Relat Disord 2014;20(Suppl. 1):S44–8.
[85] Liu C, Wang J, Chen YY, Deng B, Wei XL, Li HY. Closed-loop control of the
thalamocortical relay neuron’s Parkinsonian state based on slow variable. Int
J Neural Syst 2013;23:1350017.

