
Hippocampal culture stimulus with 4-megahertz ultrasound
Robert Muratore, Justine K. LaManna, Michael R. Lamprecht, and Barclay Morrison III 
 
Citation: AIP Conf. Proc. 1481, 254 (2012); doi: 10.1063/1.4757344 
View online: http://dx.doi.org/10.1063/1.4757344 
View Table of Contents: http://proceedings.aip.org/dbt/dbt.jsp?KEY=APCPCS&Volume=1481&Issue=1 
Published by the American Institute of Physics. 
 
Related Articles
Coherence and decoherence in the brain 
J. Math. Phys. 53, 095222 (2012) 
The theory of modulated hormone therapy for the treatment of breast cancer in pre- and post-menopausal
women 
AIP Advances 2, 011206 (2012) 
Subacute exposure to 50-Hz electromagnetic fields affect prenatal and neonatal mice’s motor coordination 
J. Appl. Phys. 111, 07B314 (2012) 
Biophysical attributes of an in vitro spinal cord surrogate for use in developing an intradural neuromodulation
system 
J. Appl. Phys. 110, 074701 (2011) 
Time-delay-induced phase-transition to synchrony in coupled bursting neurons 
Chaos 21, 023116 (2011) 
 
Additional information on AIP Conf. Proc.
Journal Homepage: http://proceedings.aip.org/ 
Journal Information: http://proceedings.aip.org/about/about_the_proceedings 
Top downloads: http://proceedings.aip.org/dbt/most_downloaded.jsp?KEY=APCPCS 
Information for Authors: http://proceedings.aip.org/authors/information_for_authors 

Downloaded 10 Oct 2012 to 24.187.140.229. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions

http://proceedings.aip.org/?ver=pdfcov
http://aipadvances.aip.org?ver=pdfcov
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&uSeDeFaUlTkEy=TrUe&possible1=Robert Muratore&possible1zone=author&maxdisp=25&smode=strresults&aqs=true&ver=pdfcov
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&uSeDeFaUlTkEy=TrUe&possible1=Justine K. LaManna&possible1zone=author&maxdisp=25&smode=strresults&aqs=true&ver=pdfcov
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&uSeDeFaUlTkEy=TrUe&possible1=Michael R. Lamprecht&possible1zone=author&maxdisp=25&smode=strresults&aqs=true&ver=pdfcov
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&uSeDeFaUlTkEy=TrUe&possible1=Barclay Morrison III&possible1zone=author&maxdisp=25&smode=strresults&aqs=true&ver=pdfcov
http://proceedings.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4757344?ver=pdfcov
http://proceedings.aip.org/dbt/dbt.jsp?KEY=APCPCS&Volume=1481&Issue=1&ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4752474?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3699052?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3672285?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3642976?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3584822?ver=pdfcov
http://proceedings.aip.org/?ver=pdfcov
http://proceedings.aip.org/about/about_the_proceedings?ver=pdfcov
http://proceedings.aip.org/dbt/most_downloaded.jsp?KEY=APCPCS&ver=pdfcov
http://proceedings.aip.org/authors/information_for_authors?ver=pdfcov


Hippocampal Culture Stimulus with  
4-Megahertz Ultrasound 

Robert Muratorea, Justine K. LaMannab, Michael R. Lamprechtc,  
and Barclay Morrison IIIc 

aQuantum Now LLC, Huntington NY USA 
bUniversity of Michigan, Ann Arbor MI USA 

cDepartment of Biomedical Engineering, Columbia University, New York NY USA  

Abstract. Among current modalities, ultrasound uniquely offers both millisecond and millimeter 
accuracy in noninvasively stimulating brain tissue. In addition, by sweeping the ultrasound beam 
within the refractory period of the neuronal tissue, ultrasonic neuromodulation can be adapted to 
target extended or multiply connected regions with quasi-simultaneity. Towards the 
development of this safe brain stimulus technique, the response of rat hippocampal cultures to 
ultrasound was investigated. Hippocampal slices, 0.4-mm thick, were obtained from 8-day old 
Sprague Dawley rats and cultured for 6 days. The in vitro cultures were exposed to multiple 100-
ms 4.04-MHz ultrasound pulses from a 42-mm diameter, 90-mm spherical cap transducer. Peak 
pressure ranged from 0 through about 77 kPa. Responses in the form of electrical potentials from 
a sixty channel electrode array were digitized and recorded. The DG and CA1 regions of the 
hippocampus exhibited similar ultrasonically-evoked field potentials.  

Keywords: neuromodulation, brain, stimulus, response, evoked potential, refractory period 
PACS: 43.80.Jz; 43.80.Sh 

INTRODUCTION 

Ultrasonic backscatter reveals that acoustic radiation force elastography is capable 
of moving tissue reliably and repeatedly over a displacement less than the diameter of 
a single cell [1]. Optical microscopy of insonified cultured cells (PC12 cells from the 
rat adrenal gland) confirms this and demonstrates reversible distortion [2]. These 
observations are consistent with the early work of Wood [3] and more recent studies 
by Haake [4] and Lee [5] and their coworkers. Structural changes suggest 
accompanying functional changes. Neuronal tissue responses to insonification have 
been reported peripherally [6,7] and centrally [8,9,10], although the underlying 
mechanism (whether radiation force directly, radiation force via extracellular and 
intracellular streaming, cavitation, or heating) has not yet been determined.  

An understanding of the spatial and temporal characteristics of the neuronal 
response to ultrasonic stimulus is critical for the development of future clinical 
applications of ultrasonic neuromodulation. The rat hippocampal culture in 
combination with a multi-channel electrode array offers a precise means of spatially 
and temporally tracking responses to ultrasonic stimuli. To investigate how different 
hippocampal regions responded to the same stimulus, additional data from a 
previously reported experiment [2,10] were analyzed.  
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METHODS 

A systems diagram of the apparatus is shown in Fig. 1. Full experimental details 
were presented previously [2,10] and are summarized here. Hippocampal slices were 
obtained from 8-day old Sprague Dawley rats and cultured for 6 days [2]. The in vitro 
cultures were exposed to multiple 100-ms 4.04-MHz ultrasound pulses from a 42-mm 
diameter, 90-mm spherical cap transducer. The free field peak pressure in water was 
estimated to be about 77 kPa with a ruggedized hydrophone (Onda Corp., Sunnyvale 
CA USA, model HNA-0400 [11]). The full width at half power of the focal region was 
calculated to be about 1 mm transversally. The angle of incidence of the beam was 
about 45°. Stimuli proceeded from low (sham) to high (77 kPa). Three sweeps were 
made at each dose.  

Responses in the form of electrical potentials from a sixty channel electrode array 
(Multi Channel Systems GmbH, Reutlingen Germany) were digitized and recorded 
[2]. The ultrasonically-evoked field potentials were averaged over three sweeps and 
two hippocampal regions determined with optical microscopy: CA1 (Cornu Ammonis, 
mostly pyramidal cells) and DG (Dentate Gyrus, mostly granular cells). The 
transducer was fixed in one position and not moved among regions or between trials.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1.  Neuromodulation apparatus used to record electrical activity from a rat hippocampal 

culture in response to ultrasonic stimuli.  
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RESULTS 

The Dentate Gyrus and Cornu Ammonis regions of the hippocampus exhibit similar 
dose-response profiles (Fig. 2): a quieting of the system at very low dose (5.5 kPa), an 
apparent threshold (between 20 and 48 kPa), and possible fatigue at the highest dose 
(77 kPa), which was the last stimulus.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 2.  Dose-response quartiles of two regions, Dentate Gyrus (adapted from [10]) and Cornu 
Ammonis, of a rat hippocampal culture to ultrasonic stimuli. Stimulus (shown on horizontal axes) 

proceeded from low intensity to high intensity. Response (shown on vertical axes), measured peak-to-
peak, was the average of three sweeps and the electrodes associated with the hippocampal region. The 
graphs display minimum, first quartile, median (central dot), third quartile, and maximum values of the 

response at each dose.  
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DISCUSSION 

Refractory periods in brain tissue range from the Hodgkin-Huxley period of several 
milliseconds [12], through the fatigue suggested in Fig. 2, through spreading 
depression of several minutes [8]. Thus, when a small region of the brain tissue is 
stimulated, neurons in that region will be unresponsive for a time. During this 
refractory period, the effective area (e.g., the focus) of the incident ultrasound beam 
can be moved to a new location, stimulating tissue there. By rapidly moving the beam 
throughout an extended region of interest, it is possible in principle to bring all the 
tissue within that extended region into refraction simultaneously. Therefore, rather 
than creating a complicated beam shape, it is instead necessary only to move a simple 
beam shape rapidly to sweep out the desired complicated shape. Furthermore, by 
modulating the beam intensity as it sweeps, it is possible to produce discontiguous (or 
in mathematical terms, “multiply connected”) regions of simultaneous refraction (Fig. 
3). Whether these extended and discontiguous regions of refracted neuronal tissue act 
as stimulated or as inhibited tissue remains to be determined experimentally.  

If the discontiguous regions can be stimulated simultaneously (either by rapidly 
sweeping a beam within the refractory period as described above or by using multiple 
beams or multiple transducers), it might be possible to achieve Hebb’s criteria [13] 
and encourage association among the regions. Thus ultrasonic neuromodulation has 
the potential to become a powerful tool for treating a range of developmental and 
neurodegenerative disorders.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3.  Sweeping a simple beam shape throughout an extended region of interest or among 

discontiguous regions within the refractory period has the potential to bring all of the targeted tissue 
into refraction simultaneously. This sketch omits the skull, through which the neuromodulation beam 

presumably can be aimed.  
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CONCLUSIONS 

Ultrasonic stimulus of a hippocampal culture produces a similar response in the 
Dentate Gyrus and Cornu Ammonis regions. Refractory periods can be exploited to 
tailor the shape of the stimulated or inhibited regions to the neurobiology rather than 
to the conveniences of beam formation.  

ACKNOWLEDGMENTS 

This work was supported in part by an equipment loan from Riverside Research. 
The authors thank Zhe Yu for his assistance in identifying hippocampal regions and 
S. Kaisar Alam for discussions about beam steering.  

REFERENCES 

1. F. L. Lizzi, R. Muratore, C. X. Deng, J. A. Ketterling, S. K. Alam, S. Mikaelian, and A. Kalisz, J 
Ultrasound Med 29, 1593-1605 (2003).  

2. R. Muratore, J. K. LaManna, E. Szulman, A. Kalisz, M. Lamprecht, M. Simon, Z. Yu, N. Xue, and 
B. Morrison, “Bioeffective Ultrasound at Very Low Doses: Reversible Manipulation of Neuronal 
Cell Morphology and Function in Vitro” in 8th International Symposium on Therapeutic 
Ultrasound; 2008, edited by E. S. Ebbini, AIP Conference Proceedings 1113, American Institute of 
Physics, Melville, NY, 2009, pp. 25-29. 

3. E. W. Wood and A. L. Loomis, Philosophical Magazine Series 7, 4, 417-436 (1927).  
4. A. Haake, A. Neild, D. H. Kim, J. E. Ihm, Y. Sun, J. Dual, and B. K. Ju, Ultrasound Med Biol 31, 

857-864 (2005). 
5. J. Lee and K. K. Shung, Ultrasound Med Biol 32, 1575-1583 (2006). 
6. P. C. Rinaldi, J. P. Jones, F. Reines, and L. R. Price, Brain Res 558, 36-42 (1991).  
7. L. R. Gavrilov, E. M. Tsirulnikov, and I. A. Davies, Ultrasound Med Biol 22, 179-192 (1996). 
8. N. I. Vykhodtseva and V. I. Koroleva, “Steady Potential Changes and Spreading Depression in Rat 

Brains Produced by Focused Ultrasound” in Therapeutic Ultrasound: 5th International Symposium 
on Therapeutic Ultrasound 2005, edited by G. T. Clement, N. J. McDannold, and K. Hynynen, AIP 
Conference Proceedings 829, American Institute of Physics, Melville, NY, 2006, pp. 59-63. 

9. W. J. Tyler, Y. Tufail, M. Finsterwald, M. L. Tauchmann, E. J. Olson, and C. Majestic, PLoS ONE 
3, e3511 (2008). 

10. R. Muratore, J. K. LaManna, M. Lamprecht, and B. Morrison, “Bioeffects of Low Dose Ultrasound 
on Neuronal Cell Function” in Proceedings of the 38th Annual Ultrasonic Industry Association 
Symposium; 2009 March 23 / 25; Vancouver BC Canada, edited by M. Hodnett and R. Muratore, 
IEEE Xplore, New York, NY, 2009. 

11. R. Muratore, A. Kalisz, and S. Ramachandran, “Time-domain HIFU field measurements by 
ruggedized hydrophone and reciprocity techniques” in Proceedings of the 36th Annual Ultrasonic 
Industry Association Symposium; 2007 March 19 / 21; London UK. 

12. A. L. Hodgkin and A. F. Huxley, J Physiol 117, 500-544 (1952). 
13. D. O. Hebb, The Organization of Behavior: A Neuropsychological Theory, New York: John Wiley 

& Sons, 1949. 

258

Downloaded 10 Oct 2012 to 24.187.140.229. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions


