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NEWS BRIEF

Optogenetics: A New Frontier

N  euroscientists often try to correlate observable behav-
ior with activity in the brain. This is a grand undertak-
ing, with the human brain containing an estimated 86 

billion neurons and 100 trillion synapses (9, 10). Given the 
brain’s size and complexity, you may be surprised to learn 
WKDW�RQH�RI�WKH�PRVW�IUXLWIXO�ÀHOGV�LQ�QHXURELRORJ\��HOHFWUR-
physiology--focuses on establishing correlations between 
brain activity and behavior at the level of single cells. Corre-
lating brain activity to behavior at such a small level is attrac-
tive because of its higher resolution, with single cells offering 
potentially more information than entire brain regions. 
   A new technique called optogenetics is revolutionizing how 
we study the brain at the level of single neurons. In this news 
brief, we will explain how optogenetics works, tell the short 
VWRU\�RI�LWV�ELUWK��DQG�ÀQDOO\�SUHVHQW�D�IHZ�RI�WKH�FXUUHQW�DS-
plications to which optogenetics has been applied. 
���$W�LWV�VLPSOHVW��RSWRJHQHWLFV�LQYROYHV�ÀULQJ�QHXURQV�ZLWK�
OLJKW������1RUPDOO\��QHXURQV�ÀUH�ZKHQ�WKH\�UHFHLYH�D�EXUVW�RI�
positive charge from one or more upstream neurons. This 
burst of positive charge causes protein channels embedded 
in receiving neuron’s membrane to open. Importantly, these 
FKDQQHOV�DUH�GHVLJQHG�WR�DOORZ�FDWLRQV�WR�ÁRZ�LQWR�WKH�FHOO�
ZKHQ�RSHQHG��VR�WKDW�WKH�UHVXOWLQJ�LQÁX[�RI�SRVLWLYH�FKDUJH�
sends another burst of positive charge to the next neuron. 
   Optogenetics uses protein channels that both mimic and 
differ from the cell’s own protein channels. Like the cell’s pro-
tein channels, channels used in optogenetics allow positive 
FKDUJH�WR�ÁRZ�LQWR�WKH�FHOO�ZKHQ�RSHQ��JHQHUDWLQJ�D�VLJQDO�
sent to other neurons. However, unlike the cell’s protein chan-
nels, those used in optogenetics open in response to light (2). 
   Furthermore, drawing on techniques from genetics, sci-
entists can express these light-responsive protein channels 
LQ�VSHFLÀF�SRSXODWLRQV�RI�QHXURQV��DOORZLQJ�RQH�WR�ÀUH�RQO\�
certain neuron types. The consequence of both of these 
differences—response to light and expression in certain cell 
populations—gives neuroscientists new and exciting control 
RYHU�QHXURQV��ZKHQ�QHXURQV�ÀUH��DQG�ZKLFK�QHXURQV�ÀUH�
   The inspiration for optogenetics can be traced back to 
a light-sensitive protein channel, discovered in 2002 in a 
species of single-celled green algae (1). The protein, called 
channel rhodopsin-1, is elegant in its simplicity: it is an ion 
channel that opens in response to light. When opened, cat-
LRQV�ÁRZ�LQWR�WKH�DOJDH��DOORZLQJ�WKH�DOJDH�WR�SLQSRLQW�ZKHUH�
it must swim to receive more light for photosynthesis. 
   A few years after the discovery of channelrhodopsin, scien-
tists inserted the channel into the membrane of neurons (2). 
The thinking was that channelrhodopsin could be genetically 
engineered into only certain populations of neurons. Acting 
like native mammalian ion channels, these light-sensitive ion 
channels could be opened by shining light on the neurons, 
allowing positive ions to rush into the neurons and generating 
the electrical signal that neurons use to communicate. 
   Although conceptually simple, putting this idea into practice 

could be very messy, recalled the pioneering optogeneticist 
DQG�0,7�SURIHVVRU�(G�%R\GHQ�LQ�KLV�DFFRXQW�RI�WKH�ÀHOG·V�
birth and early history (2). Would an ion channel from a 
single-celled organism be compatible with mammalian neu-
rons, which evolved separately? Would the channels be pow-
erful enough to depolarize the larger mammalian neurons? 
However, despite possible complications, in 2005, just three 
years after the discovery of the channel, scientists genetically 
engineered channelrhodopsin into hippocampal neurons (3).
   Since the discovery of channelrhodopsin-1, many more 
light-sensitive ion channels have been discovered, differing in 
the wavelength of light they respond to, how long they remain 
open, and what type of ions they allow into the cell (3). The 
discovery of these channels opens up new possibilities for 
WKH�WHPSRUDO�DQG�SRSXODWLRQ�VSHFLÀF�FRQWURO�RI�QHXURQV�
In the last decade since its birth, optogenetics has been used 
to study basic neural circuits, including the innate escape 
UHVSRQVH�����DQG�WKH�SURERVFLV�H[WHQVLRQ�UHÁH[�LQ�EXWWHUÁLHV�
(5). The technique has also been applied to study more com-
plex circuits, such as those involved in anxiety (6). Beyond the 
discovery of the neural underpinnings of certain behaviors, 
optogenetics has the potential to be incorporated into novel 
therapies for currently untreatable conditions, including 
depression and drug addiction. For example, optogenetic 
simulation of medial prefrontal cortex neurons in a mouse 
model of depression has been shown to relieve symptoms 
of depression (7). In the case of drug addiction, optogenetic 
stimulation of a distinct population of neurons projecting to 
the nucleus accumbens has been shown to reverse the neu-
ral and behavioral effects of cocaine addiction in mice (8). 
���2QO\�WHQ�\HDUV�ROG��RSWRJHQHWLFV�LV�D�EXUJHRQLQJ�ÀHOG�ZLWK�D�
bright future. 
Jen Guidera ‘15 is a junior in Adams House concentrating in 
Chemistry. 
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Perhaps no technology has grown as rapidly and 
promised so much in the last decade as 3D printing. 
$OWKRXJK�WKH�ÀUVW�LQGXVWULDO��'�SULQWHU�ZDV�EXLOW�LQ�

the 1980s, improvements in design and function over the 
ODVW�ÀYH�\HDUV�KDYH�VHHQ�D�GUDPDWLF�ULVH�LQ�SURGXFWLRQ�DQG�
usage; indeed, forecasts predict that the sale of 3D print-
LQJ�SURGXFWV�DQG�VHUYLFHV�ZLOO�UHDFK�������ELOOLRQ�E\�������
XS�IURP������ELOOLRQ�LQ�����������7KH�FXVWRPL]DEOH�DQG�IDVW�
nature of 3D printing has made it an integral tool in rapid 
prototyping in a variety of industrial and research settings, 
ranging from academic to aerospace and military. 3D print-
ing has also increasingly seen application in producing a 
ZLGH�YDULHW\�RI�REMHFWV��UDQJLQJ�IURP�KRXVHKROG�WRROV��IXUQL-
WXUH��DQG�XWHQVLOV�WR�FDUV��DLUFUDIW��DQG�ZHDSRQU\��������$ORQJ�
WKH�ZD\��WKLV�QHZ�WHFKQRORJ\�KDV�SURPSWHG�HWKLFDO�GHEDWHV�
LQ�JXQ�FRQWURO�DQG�LQWHOOHFWXDO�SURSHUW\���������:LWK�WKH�ÀUVW�
commercial 3D printers now appearing on the market for 
KREE\LVWV��LW�LV�HDV\�WR�XQGHUVWDQG�WKH�(FRQRPLVW·V�FRP-
ment that 3D printing “may have as profound an impact on 
WKH�ZRUOG�DV�WKH�FRPLQJ�RI�WKH�IDFWRU\�GLGµ�����
   A particular application of interest for 3D printing that 
KDV�DOUHDG\�VKRZQ�SURPLVLQJ�OHDGV�LV�LQ�WKH�ÀHOG�RI�WLVVXH�
HQJLQHHULQJ��:KLOH��'�SULQWLQJ�KDV�ORQJ�EHHQ�DSSOLHG�WR�WKH�
SURGXFWLRQ�RI�ELRWHFKQRORJ\�GHYLFHV��UHFHQW�LQWHUHVW�KDV�
EHHQ�GLUHFWHG�WRZDUGV�SULQWLQJ�FHOOV�LQ�FXVWRPL]DEOH�IDVK-
LRQ�WR�SURGXFH�IXQFWLRQDO�WLVVXHV��7DNLQJ�DQWHFHGHQWV�IURP�
HDUOLHU�OLWKRJUDSKLF�PHWKRGV�DV�ZHOO�DV�EUHDNWKURXJKV�LQ�

GHYHORSPHQWDO�ELRORJ\��ELRSULQWLQJ�DLPV�WR�GHYHORS�WLVVXHV�
DQG�RUJDQV�WKDW�FDQ�SOD\�D�UROH�LQ�ERWK�ODERUDWRU\�LQYHVWL-
JDWLRQ�DQG�GLVHDVH�PRGHOLQJ�DV�ZHOO�LQ�WKHUDSHXWLFV��:LWK�
DGYDQFHV�FRPLQJ�IURP�ERWK�ODUJH�UHVHDUFK�XQLYHUVLWLHV�VXFK�
DV�+DUYDUG�DQG�FRPSDQLHV�VXFK�DV�2UJDQRYR��ELRSULQWLQJ�LV�
OLNHO\�WR�EHFRPH�RQH�RI�WKH�ELJJHVW�DUHDV�RI�LQYHVWPHQW�DQG�
research in this decade.

Bioprinting: A 
Customizable Bottom-Up Approach

   7KH�FODVVLF�GHÀQLWLRQ�RI�WLVVXH�HQJLQHHULQJ��DV�ODLG�RXW�E\�
/DQJHU�DQG�9DFDQWL��LV�RI�´DQ�LQWHUGLVFLSOLQDU\�ÀHOG�WKDW�«�
>ZRUNV@�WRZDUG�WKH�GHYHORSPHQW�RI�ELRORJLFDO�VXEVWLWXWHV�
that restore, maintain, or improve tissue function or a whole 
RUJDQµ������7UDGLWLRQDOO\��WLVVXH�HQJLQHHULQJ�KDV�IROORZHG�D�
WRS�GRZQ�DSSURDFK��LQ�ZKLFK�D�VFDIIROG��HLWKHU�V\QWKHWLF��
QDWXUDO��RU�IURP�D�GHFHOOXODUL]HG�RUJDQ��LV�VHHGHG�KRPR-
JHQHRXVO\�ZLWK�FHOOV�DQG�WKHQ�PDWXUHG�LQ�D�ELRUHDFWRU�����
����:KLOH�WKH�VWUDWHJ\�KDV�\LHOGHG�VRPH�RI�WKH�ÀUVW�FOLQL-
cal successes of tissue engineering, it does not allow for 
VXIÀFLHQW�VSDWLDO�DQG�WHPSRUDO�FRQWURO�RI�FHOOV�DQG�JURZWK�
IDFWRUV�VHHGHG�RQ�WKH�VFDIIROG��7KXV��WKH�WRS�GRZQ�DSSURDFK�
LV�OLPLWHG�LQ�WKH�DPRXQW�RI�FRPSOH[LW\�LW�LV�DEOH�WR�SURGXFH�LQ�
V\QWKHVL]HG�WLVVXHV�
����'�ELRSULQWLQJ�LQVWHDG�XWLOL]HV�D�ERWWRP�XS�DSSURDFK��

in which the individual components of the 
tissue are patterned to allow for formation 
RI�FRPSOH[�WLVVXH�DUFKLWHFWXUH��%\�XWLOL]LQJ�
FRPSXWHU�DLGHG�GHVLJQ��&$'��WRROV��UHVHDUFK-
ers can carefully control the placement of 
cells, materials, and morphogens to repli-
FDWH�WKH�W\SHV�RI�RUJDQL]DWLRQ�IRXQG�LQ�WKH�
KXPDQ�ERG\��7KHVH�VWUDWHJLHV�RIWHQ�GUDZ�RQ�
WKH�VHOI�DVVHPEO\�DQG�JURZWK�IDFWRU�GULYHQ�
mechanisms of cells to allow for formation of 
IXQFWLRQDO�ELRPLPHWLF�WLVVXHV�����
   Perhaps the most popular form of 3D 
ELRSULQWLQJ�KDV�EHHQ�H[WUXVLRQ�SULQWLQJ��LQ�
ZKLFK�ÀODPHQWV�DUH�IRUFHG�WKURXJK�D�QR]]OH�
WR�IRUP�WKH��'�VWUXFWXUH�������7KXV��LQ�WKLV�
PHWKRG��WKHUH�LV�FRQWDFW�EHWZHHQ�WKH�GHOLY-
HU\�PHFKDQLVP�DQG�WKH�´ELR�LQN�µ�$�FRQWDFW�
OHVV�DSSURDFK�KDV�DOVR�EHHQ�GHYHORSHG�
XVLQJ�WKHUPDO�LQN�MHW�SULQWLQJ��,Q�WKLV�PHWKRG��
a pulse of current is passed through the 
heating element of the printhead to cause 
IRUPDWLRQ�RI�VPDOO�LQN�EXEEOHV��7KH�UHVXOW-
LQJ�FKDQJH�LQ�SUHVVXUH�FDXVHV�WKH�EXEEOH�

BY SURAJ KANNAN

Figure 1: 3D printing has become a growing field in the past few years 
because of the potentail it holds for future manufacturing. 
Photo courtesy of Wikimedia Commons.
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WR�FROODSVH�DQG�WKH�LQN�WR�EH�HMHFWHG�IURP�WKH�QR]]OH�
������7KXV��WKH�ELR�LQN�QHYHU�FRPHV�LQWR�FRQWDFW�ZLWK�
WKH�GHOLYHU\�PHFKDQLVP��$�QXPEHU�RI�SDUDPHWHUV�PXVW�
EH�WDNHQ�LQWR�FRQVLGHUDWLRQ�ZLWK�WKH�GHYHORSPHQW�RI�
3D printers. For example, the desired resolution plays a 
UROH�LQ�GHWHUPLQLQJ�ZKLFK�W\SH�RI��'�ELRSULQWHU�WR�XWLOL]H��
$V�WLVVXHV�UHTXLUH�ERWK�PDFUR�VFDOH�DQG�PLFUR�VFDOH�
FRQWURO��PXOWLSOH�WHFKQLTXHV�PXVW�EH�XWLOL]HG�WR�GHYHORS�
ERWK�JURVV�DUFKLWHFWXUH�DQG�GHWDLOHG�PLFURSDWWHUQLQJ�RI�
cells and growth factors. Similarly, selection of material, 
RU�ELR�LQN��LV�FUXFLDO��$�JUHDW�GHDO�RI�LQYHVWLJDWLRQ�KDV�
EHHQ�GHYRWHG�WR�WKH�GLVFRYHU\�DQG�GHYHORSPHQW�RI�QHZ�
ELR�LQNV��LQFOXGLQJ�K\GURJHO�PL[WXUHV��XVHG�ZLWK�H[WUX-
VLRQ�SULQWHUV��DQG�ZDWHU�EDVHG�LQNV��IRU�WKHUPDO�LQN�MHW�
SULQWHUV���&HOO�YLDELOLW\�LV�D�WKLUG�IDFWRU�RI�LQWHUHVW��:KLOH�
H[WHQVLYH�RSWLPL]DWLRQ�RI�ERWK�H[WUXVLRQ�DQG�WKHUPDO�
LQN�MHW�SULQWLQJ�PHWKRGV�KDV�DOORZHG�IRU�YLDELOLW\�RI�XS�WR�
90% of cells following seeding, the forces and stresses 
that cells are placed under throughout the printing process 
DUH�D�WRSLF�RI�FXUUHQW�UHVHDUFK���������

Early Successes and the Challenge of 
Vascularization

   :KLOH�D�JUHDW�GHDO�RI�HIIRUW�LV�FXUUHQWO\�GHGLFDWHG�WRZDUGV�
WHFKQLFDO�PDQLSXODWLRQV�RI��'�SULQWHUV�WR�HQVXUH�YLDELOLW\��
some groups have already had successes with generating 
IXQFWLRQDO�WLVVXHV��)RU�H[DPSOH��&XL�HW�DO��DW�WKH�6FULSSV�
5HVHDUFK�,QVWLWXWH�ZHUH�DEOH�WR�JHQHUDWH�V\QWKHWLF�FDUWLODJH�
consisting of human chondrocytes in a polyethylene glycol 
�3(*��K\GURJHO�������0RUH�UHFHQWO\��'XDQ�HW�DO��IURP�&RUQHOO�
University constructed aortic valve conduits composed of 
PXOWLSOH�FHOO�W\SHV�DQG�FXVWRP�FHOO�GLVWULEXWLRQ�LQ�DQ�DOJL-
QDWH�JHODWLQ�K\GURJHO�������:KLOH�WKHVH�VXFFHVVHV�KDYH�
SURYHG�WR�EH�H[FLWLQJ�IRU�WKH�SRWHQWLDO�RI��'�ELRSULQWLQJ��
SURJUHVV�ZLWK��'�SULQWHG�WLVVXH�ZDV�OLPLWHG�E\�WKH�VDPH�
FKDOOHQJH�DV�RWKHU�WLVVXH�HQJLQHHULQJ�DYHQXHV��YDVFXODUL]D-
WLRQ��:LWKRXW�EORRG�YHVVHOV��QXWULHQWV��R[\JHQ��DQG�ZDVWHV�
cannot diffuse throughout thick tissues, leading to cell 
death throughout the construct. Previously avascular tissues 
SURGXFHG�E\��'�SULQWLQJ�ZHUH�WKXV�E\�QHFHVVLW\�YHU\�WKLQ��
a constraint that prevents the generation of larger-scale 
organs and tissues.
���$�UHFHQW�DQG�DVWRQLVKLQJ�EUHDNWKURXJK�LQ��'�SULQWHG�WLV-
VXH�HQJLQHHULQJ�FDPH�LQ�)HEUXDU\������IURP�WKH�/HZLV�ODE�
DW�WKH�+DUYDUG�6FKRRO�RI�(QJLQHHULQJ�DQG�$SSOLHG�6FLHQFHV�
�6($6����7KH�WHDP�XWLOL]HG�D�FXVWRP�EXLOG�IRXU�LQNKHDG�ELR-
SULQWHU�DV�ZHOO�DV�VHYHUDO�QRYHO�ELR�LQNV��LQFOXGLQJ�D�JHODWLQ�
EDVHG�LQN�WR�SURYLGH�VWUXFWXUH�IRU�WKH�VFDIIROG�DQG�WZR�FHOO�
FRQWDLQLQJ�LQNV�������3HUKDSV�WKH�PRVW�QRYHO�DVSHFW�RI�WKH�
LQYHVWLJDWLRQ�ZDV�WKH�XVH�RI�D�3OXURQLF�EDVHG�ELR�LQN�WKDW�
undergoes a seemingly-counterintuitive solid-to-liquid phase 
WUDQVLWLRQ�ZKHQ�FRROHG�EHORZ���&��7KXV��WKH�UHVHDUFKHUV�
ZHUH�DEOH�WR�JHQHUDWH��'�VWUXFWXUHV�ZLWK�FRPSOH[�QHWZRUNV�
RI�3OXURQLF�LQN�ZKLFK��XSRQ�FRROLQJ��UHVXOWHG�LQ�OLTXLÀFDWLRQ�

of Pluronic and production of channels within the construct. 
7KHVH�FKDQQHOV�ZHUH�VXEVHTXHQWO\�HQGRWKHOLDOL]HG�WR�
produce vasculature. Using this technology, the Lewis group 
SULQWHG�VWUXFWXUHV�FRPSRVHG�RI�SDWWHUQHG�KXPDQ�XPELOL-
FDO�YHLQ�HQGRWKHOLDO�FHOOV�DQG�QHRQDWDO�GHUPDO�ÀEUREODVWV�
DORQJ�ZLWK�FXVWRP�EXLOW�YDVFXODWXUH��7KLV�YDVFXODWXUH�FRXOG�
EH�LQ�WXUQ�EH�SHUIXVHG�LQ�D�ELRUHDFWRU�WR�DOORZ�IRU�QXWULHQW�
DQG�R[\JHQ�ÁRZ�ZLWKLQ�WKH�FRQVWUXFW��7KHVH�UHVXOWV�VSHDN�WR�
WKH�SRVVLELOLW\�RI�XVLQJ��'�ELRSULQWLQJ�WR�SURGXFH�WLVVXHV�RI�
FRPSOH[LW\�IDU�JUHDWHU�WKDQ�WKDW�SURGXFHG�SUHYLRXVO\�E\�RWKHU�
methods of tissue engineering.

Organ Printing and The Future
   :KLOH��'�SULQWLQJ�KDV�D�QXPEHU�RI�SRWHQWLDO�DSSOLFDWLRQV�
WR�UHVHDUFK�LQ�EDVLF�VFLHQFH�DQG�FHOOXODU�WLVVXH�IXQFWLRQ��
ELRSULQWLQJ�KDV�SULPDULO\�FDSWXUHG�WKH�SXEOLF�LPDJLQDWLRQ�
EHFDXVH�RI�WKH�UROH�LW�FRXOG�SOD\�LQ�WKH�FOLQLFDO�HQYLURQPHQW��
(DUO\�FOLQLFDO�XVHV�RI��'�ELRSULQWLQJ�KDYH�VKRZQ�VRPH�VXF-
FHVV��)RU�H[DPSOH��LQ�������SK\VLFLDQV�DW�WKH�8QLYHUVLW\�RI�
0LFKLJDQ�VXFFHVVIXOO\�XWLOL]HG��'�SULQWLQJ�WR�FRQVWUXFW�D�
V\QWKHWLF�WUDFKHD�IRU�WKUHH�PRQWK�\HDU�ROG�.DLED�*LRQIULGGR��
ZKR�VXIIHUHG�IURP�UHFXUUHQW�DLUZD\�FROODSVHV�������2WKHU�
VXFFHVVHV�LQFOXGH�SULQWLQJ�ERQH�WR�UHSODFH��DV�WZR�FDVH�
VWXGLHV��SDWLHQW�MDZ�DQG�VNXOO�������'�ELRSULQWLQJ�LV�LGHDO�IRU�
physicians and patients alike – it allows for rapid produc-
WLRQ�RI�WLVVXHV�WKDW�FDQ�EH�SHUVRQDOL]HG�VSHFLÀFDOO\�IRU�HDFK�
SDWLHQW��IRU�H[DPSOH��E\�XVLQJ�SDWLHQW�05,�&7�GDWD���:KLOH�
the limited clinical work thus far has involved avascular and 
sometimes even acellular tissues, innovations in vascular-
L]DWLRQ�LQ�WKH�ODE�VXJJHVW�WKH�SRVVLELOLW\�RI�IXWXUH�SURGXFWLRQ�
of organs such as heart, lung, pancreas, and others.

Figure 2: Extrusion printing to form filaments through a 
nozzle to form the 3D structure is one of the most com-
mon methods used in 3D printing. Photo courtesy of 
Wikimedia Commons.



���&HUWDLQO\��VRPH�SURJUHVV�LQ�WKLV�UHJDUG�KDV�DOUHDG\�EHHQ�
PDGH��9LHZHUV�RI�7('�ZLOO�OLNHO\�UHFDOO�'U��$QWKRQ\�$WDOD·V�
talk, in which he printed a miniature kidney on-stage. 
Organovo, a San Diego company geared towards develop-
LQJ�IXQFWLRQDO��'�ELRSULQWHG�RUJDQV��KDV�PDGH�VWULGHV�WR�
UHOHDVH�GDWD�RQ�LWV�SULQWHG�OLYHU�E\�������ZKLOH�RWKHUV�KDYH�
predicted the completion of 3D-printed hearts within the 
GHFDGH�������7KLV�UHVHDUFK�KDV�DOVR�SURYRNHG�D�JUHDW�GHDO�
RI�GLVFXVVLRQ�RYHU�WKH�HWKLFV�RI��'�SULQWHG�WLVVXHV��7KHVH�
FRQFHUQV�UDQJH�IURP�JHQHUDO�REMHFWLRQV�WR�WLVVXH�HQJL-
QHHULQJ�DQG�RUJDQ�FRQVWUXFWLRQ�WR�ZRUULHV�DERXW�FRQVWUXFW�
quality and the role of intellectual rights in the world of 3D 
ELRSULQWLQJ��,Q�SDUWLFXODU��WKH�TXHVWLRQ�RI�ZKR�FDQ�SURGXFH�
�'�RUJDQV�PXVW�EH�DGGUHVVHG�EHIRUH�IXUWKHU�FOLQLFDO�GHYHO-
opments can proceed.
���,Q�OLJKW�RI�WKHVH�FKDOOHQJHV��LW�LV�SHUKDSV�WRR�RSWLPLVWLF�WR�
VXJJHVW�WKDW��'�ELRSULQWHG�WHFKQRORJ\�ZLOO�EH�DYDLODEOH�IRU�
patients within the next decade, though as some isolated 
FDVH�VWXGLHV�KDYH�VKRZQ��VXFK�FRQVWUXFWV�KDYH�EHHQ�VXF-
FHVVIXO�ZKHQ�XWLOL]HG��7HFKQLFDO�RSWLPL]DWLRQV��SDUWLFXODUO\�LQ�
YDVFXODUL]DWLRQ��FHOO�YLDELOLW\��DQG�UHVROXWLRQ�RI�SULQWLQJ��ZLOO�
allow for improved functionality and complexity in printed 
WLVVXHV��)URP�WKH�QRQ�VFLHQWLÀF�SHUVSHFWLYH��OHDGHUV�LQ�HWK-
ics and policy will need to tackle some of the stickier issues 
regarding intellectual property and quality assurance in the 
JHQHUDWLRQ�DQG�XVH�RI��'�SULQWHG�WLVVXHV��,Q�VSLWH�RI�WKHVH�
REVWDFOHV��ELRSULQWLQJ�UHPDLQV�SHUKDSV�WKH�PRVW�SURPLVLQJ�
avenue for pursuing the regenerative medicine of tomorrow.

Suraj Kannan ‘14 is a concentrator in Biomedical Engi-
neering. 

Acknowledgements
0DQ\�WKDQNV�WR�'U��-HQQLIHU�/HZLV�DQG�'DYLG�%��.ROHVN\��
ERWK�RI�ZKRP�KXPRXUHG�P\�UHTXHVWV�WR�KHDU�HYHU\WKLQJ�
DERXW�WKHLU�PDJQLÀFHQW�UHVHDUFK��

References
1. TJ McCue, “3D Printing Stock Bubble? $10.8 Billion By 2021.” 

Forbes. December 30, 2013. http://www.forbes.com/sites/
tjmccue/2013/12/30/3d-printing-stock-bubble-10-8-billion-
by-2021/

2. Alexander George, “3-D Printed Car Is as Strong as Steel, Half the 
Weight, and Nearing Production.” Wired. February 27 2013. http://
www.wired.com/autopia/2013/02/3d-printed-car/

3. Paul Marks, “3D printing: The world’s first printed plane.” New-
Scientist. August 01, 2011. http://www.newscientist.com/article/
dn20737-3d-printing-the-worlds-first-printed-plane.html#.
Ux4SLx_LI7x

4. “Ready, Print, Fire: The regulatory and legal challenges posed by 3D 
printing of gun parts.” The Economist. February 16, 2013.

5. John F. Hornick, 3D Printing and the Future (or Demise) of Intel-
lectual Property. 3D Printing 1(1), 14 – 23 (2014).

6. “Print Me a Stradivarius: How a new manufacturing technology will 

change the world.” The Economist. February 10, 2011.
7. Robert Langer, Joseph Vacanti, Tissue engineering. Science 

260(5110), 920–926 (1993).
8. Raphaël Devillard et al., Cell Patterning by Laser-Assisted Bioprint-

ing. Methods in Cell Biology 119, 159 – 174 (2014).
9. Bertrand Guillotin, Fabien Guillemot, Cell patterning technologies 

for organotypic tissue fabrication . Trends in Biotechnology 29(4), 
183 – 190 (2011).

10. Cameron J. Ferris et al., Biofabrication: an overview of the ap-
proaches used for printing of living cells . Applied Microbiology 
and Biotechnology 97, 4243 – 4258 (2013).

11. Xiaofeng Cui et al., Thermal Inkjet Printing in Tissue Engineering 
and Regenerative Medicine . Recent Patents on Drug Delivery and 
Formulation 6(2), 149 – 155(2012).

12. Vladimir Mironov et al., Bioprinting: A Beginning. Tissue Engineer-
ing 12(4), 631 – 634 (2006).

13. Phil G. Campbell, Lee E. Weiss, Tissue engineering with the aid of 
inkjet printers. Expert Opinion on Biological Technology 7(8), 1123 
– 1127 (2007).

14. Bin Duan et al., 3D Bioprinting of Heterogeneous Aortic Valve 
Conduits with Alginate/Gelatin Hydrogels . Journals of Biomedical 
Materials Research Part A 101(5), 1255 – 1264 (2013).

15. David B. Kolesky et al., 3D Bioprinting of Vascularized, Heteroge-
neous Cell-Laden Tissue Constructs . Advanced Materials (2014).

16. David A. Zopf et al., Bioresorbable Airway Splint Created with a 
Three-Dimensional Printer. New England Journal of Medicine 
368(21), 2043 – 2045 (2013).

17. Organovo Homepage. http://www.organovo.com/
18. Liat Clark, “Bioengineer: the heart is one of the easiest organs to 

bioprint, we’ll do it in a decade.” Wired. November 21 2013. http://
www.wired.co.uk/news/archive/2013-11/21/3d-printed-whole-
heart

19. Anthony Atala, Printing a Human Kidney. TED2011. Filmed March, 
2011. http://www.ted.com/talks/anthony_atala_printing_a_hu-
man_kidney

HARVARD SCIENCE REVIEW | 5 

Figure 3: Tissue engineered heart valve.  
Photo courtesy of Wikimedia Commons.



FEATURE ARTICLES

6 | HARVARD SCIENCE REVIEW

I n 1960, on a summer day in Cuernavaca, Mexico, 
Harvard psychology professor Timothy Leary and several 
friends ingested a bowlful of psilocybin mushrooms, 

an experience that Leary later described as “the deepest 
religious experience of my life.” Upon returning to Harvard, 
Leary and his associate, Richard Alpert, immediately formed 
the “Harvard Psilocybin Project”, later known as the “Har-
vard Psychedelic Club”, with the intent to survey the psilocy-
bin experiences of graduate students and faculty members 
in the Boston area. When the researchers denied participa-
tion to the curious undergraduate Andrew Weil, he published 
an exposé in the school newspaper about the club. The 
article ultimately sent Leary and Alpert packing, but more 

importantly, it introduced psilocybin to the general American 
public (Lattin 2010). 
 The active ingredient that Leary ingested that summer day 
was the hallucinogen psilocybin, a chemical that eventu-
DOO\�URVH�WR�IDPH�LQ�WKH�����V�LQ�ERWK�WKH�VFLHQWLÀF�DQG�
recreational world. Psilocybin’s ubiquity allowed it to exert a 
SRZHUIXO�LQÁXHQFH��:KLOH�LW�LV�QRZ�OLVWHG�DV�D�EDQQHG�GUXJ�
for recreational use, psilocybin compounds remain a fasci-
QDWLRQ�LQ�WKH�ÀHOGV�RI�P\FRORJ\�DQG�SV\FKRORJ\��7\Oä����������

Ecology and Production
   Psilocybin usage can actually be traced back to rituals 

performed thousands of years ago, in 
places such as Mexico and New Guinea 
�7\Oä�������*X]PiQ��������7KHLU�ZLGH-
spread use was partly due to the exten-
sive native habitats of the psilocybin 
IXQJL��,Q�WKH�JUDQG�VFKHPH�RI�FODVVLÀFD-
tion, psilocybin mushrooms are a subset 
of neurotropic fungi, which are fungi that 
have chemical compounds with a special 
DIÀQLWL\�IRU�QHXUDO�WLVVXHV��*X]PiQ�
�������1HXURWURSLF�IXQJL�LQFOXGH�QRW�RQO\�
psilocybin-containing fungi, but also fungi 
that contain neurotropic chemicals like 
ibotenic acid (found in some amanita 
species) and ergotamine (found in ergot 
IXQJL���*X]PiQ��������)RU�WKH�PRVW�
part, psilocybin-containing fungi occur in 
the greatest numbers. They are mostly 
concentrated within the Psilocybe genus, 
which contains 116 species of hallucino-
JHQLF�IXQJL��*X]PiQ��������1HXURWURSLF�
IXQJL�KDYH�EHHQ�LGHQWLÀHG�DV�IDU�QRUWK�DV�
Alaska and Siberia, and as far south as 
Chile and New Zealand.
   Psilocybin is produced throughout the 
psilocybin mushroom, particularly in the 
carpophores (fruiting body) and mycelia 
(hair-like structures that make up the 
thallus, or main body, of the fungi)(Leung 
1965). The concentration of psilocybin in 
a mushroom may range from 0.2% to 1% 
RI�LWV�WRWDO�GU\�ZHLJKW��7\Oä��������$O-
though it is not clear why Psilocybe fungi 
produce this hallucinogen, theories have 

BY TRISTAN WANG

Figure 1: Psilocybe cubensis contains a pyschodelic component which has 
led to its growth among amateur individuals. 
Photo courtesy of Wikimedia Commons.

Psychoactive Fungi
The World Before and After Psilocybin
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been devised that attempt to explain this 
HQLJPD��)RU�LQVWDQFH��VHYHUDO�VSHFLHV�RI�
the Psilocybe genus, like the most com-
mon psychoactive fungi P. semilanceat, 
have been reported to have antimicrobial 
SURSHUWLHV��5DQDGLYH��������,W�LV�SRV-
sible that psilocybin contributes to these 
antimicrobial properties. Psilocybin could 
also just be a by-product of metabolism, 
serving no function.

Chemical Properties 
   Psilocybin (O-phosphoryl-4-hydroxy-
N,N-dimethyltryptamine) is a psycho-
active hallucinogen, but the molecule 
responsible for the mental effects is its 
PHWDEROL]HG�IRUP��SVLORFLQ��7\Oä��������
A hallucinogen is a substance that in-
duces distortion of cognitive processes, 
including changes in perception and 
disposition (Nichols 2004). Generally, 
hallucinogens are relatively safe physi-
ologically, and do not induce dependence (Nichols 2004). 
Psilocybin is water-soluble, whereas psilocin is lipid-soluble, 
ZKLFK�PD\�H[SODLQ�LWV�ODVWLQJ�HIIHFW��7\Oä��������
���:KHQ�SVLORF\ELQ�LV�LQJHVWHG��LW�LV�TXLFNO\�PHWDEROL]HG�DQG�
dephosphorylated into psilocin within the intestinal mucous 
PHPEUDQH�E\�DONDOLQH�SKRVSKDWDVH��DQ�HQ]\PH��7\Oä��������
When tested in animals, psilocin was detected in several 
parts of the brain, including the neocortex, hippocampus, 
and extrapyramidal motor system, as well as the kidneys and 
OLYHU��7\Oä��������,Q�WKH�EUDLQ��SVLORFLQ�KDG�D�VWURQJ�DIÀQLW\�
to serotonin 5HT receptors, eliciting symptoms often associ-
ated with the hormone serotonin, which is well known for its 
DQWL�GHSUHVVLYH�HIIHFWV��7\Oä�������3DVVLH�������1HXPHLVWHU�
2002). At high enough doses, psilocin may elicit symptoms 
of altered perceptions, which include confusion, disorienta-
WLRQ��K\SHUDFWLYLW\��DQG�VWDULQJ�LQWR�HPSW\�VSDFHV��7\Oä�������
Berger 2005).

Current Status
   After its widespread use as a recreational drug, psilocybin 
ZDV�JLYHQ�WKH�OHJDO�VWDWXV�RI�D�VFKHGXOH���GUXJ�LQ�������7\Oä�
������1RZDGD\V��SVLORF\ELQ�LV�EHLQJ�UHLQWURGXFHG�DV�D�SRSX-
lar research topic because of its potential therapeutic value 
�7\Oä��������3VLORF\ELQ�DOVR�UHPDLQV�DQ�LPSRUWDQW�PRGHO�IRU�
SV\FKRVLV�DQG�VFKL]RSKUHQLD��DV�LW�LQGXFHV�SV\FKRWLF�V\PS-
toms and may help us gain a more thorough understanding 
RI�EUDLQ�DFWLYLW\�LQ�JHQHUDO��7\Oä�������*LYHQ�WRGD\·V�FKDQJLQJ�
views on drug use in the medical and recreational world, it 
has become even more important to fully understanding this 
ancient yet fascinating drug.

Tristan Wang ‘16 is a sophomore in
Kirkland House and a prospective
Organismic and Evolutionary Biology concentrator.
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BY CARRIE SHA

T   he famous late nineteenth-century writer Franz 
Kafka once counseled, “Follow your most intense 
obsessions mercilessly.” Although his advice 

seems to be a simple call for following our passions, 
it can easily lead us astray. After all, Shakespeare’s 
Hamlet was haunted by “what dreams may come after 
ZH�KDYH�VKXIÁHG�RII�WKLV�PRUWDO�FRLO�µ�2VFDU�:LOGH·V�
Dorian Gray was tormented by his fear of losing beauty, 
and F. Scott Fitzgerald’s Jay Gatsby was destroyed by his 
preoccupation with wealth and the past. Thus, obses-
sion causes us to lose control, such that we hurt those 
we love, have unwanted sexual thoughts, and are driven 
by our need for perfection. The fast-paced, competitive 
21st-century environment forces us to further ques-
tion the wisdom of his words. But before we can pass 
MXGJPHQW�RQ�WKH�YDOLGLW\�RI�.DIND·V�DGYLFH��ZH�PXVW�ÀUVW�

GHÀQH�WKLV�XQLTXH�SKHQRPHQRQ�FDOOHG�REVHVVLRQ��
���:KDW�LV�WKH�QDWXUH�RI�REVHVVLRQ"�:KHUH�GR�ZH�GUDZ�
WKH�OLQH�EHWZHHQ�SDVVLRQ�DQG�REVHVVLRQ"�,V�REVHVVLRQ�D�
necessity for creativity and dedication or a mental disor-
GHU"�$FFRUGLQJ�WR�WKH�'LDJQRVWLF�DQG�6WDWLVWLFDO�0DQXDO�
RI�0HQWDO�'LVRUGHUV��DQ�REVHVVLRQ�LV�´UHFXUUHQW�DQG�
persistent thoughts, urges, or images that are experi-
enced, at some time during the disturbance as intrusive 
and inappropriate, and that cause marked anxiety and 
GLVWUHVV�µ�����0RUHRYHU��´WKH�SHUVRQ�DWWHPSWV�WR�VXS-
press or ignore such thoughts, impulses, or images or 
to neutralize them with some other thought or action.” 
����2Q�WKH�RWKHU�KDQG��SDVVLRQ�LV�´DQ�LQWHQVH�GHVLUH�RU�
enthusiasm for something; the zealous pursuit of an 
aim.” (2) Thus, the key difference between an obsession 
DQG�SDVVLRQ�VHHPV�WR�EH�DERXW�FRQWURO��:KLOH�REVHVVLYH�
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individuals are controlled by unwanted thoughts, passion-
ate individuals make deliberate decisions based on their 
interests. 
  Since the time of Kafka, advances in medicine and neuro-
biology have allowed us to map the neural circuitry impli-
cated in many common psychological disorders, including 
REVHVVLYH�FRPSXOVLYH�GLVRUGHU��2&'��DQG�SRVW�WUDXPDWLF�
stress disorder (PTSD). Newly developing drugs may enable 
us to not only understand but also better control these disor-
ders. Yet, the growing understanding of the science behind 
our compulsions prompts us to question the proper role of 
obsession in our passions, anxieties, and day-to-day “neu-
roticism.” So, what exactly can neurobiology tell us about 
these obsessive disorders and their relationship to “normal” 
SV\FKRORJ\"

When Careful Becomes Compulsive: Obsessive-
Compulsive Disorder (OCD) 

   Evolutionarily, it may seem that double or even triple 
checking whether the stove is off can have its advantages. 
Rewind 200,000 years, and this extra attention to danger 

may be comparable to an early human’s increased sensi-
tivity to the presence of predators around him. By natural 
selection, the careful survived while the less observant likely 
did not. Thus, this heightened awareness seems to increase 
the survival rate of individuals. But what divides the extra 
FDUHIXO�IURP�WKH�PHQWDOO\�LOO"�$FFRUGLQJ�WR�WKH�,QWHUQDWLRQDO�
2&'�)RXQGDWLRQ��WKH�GLIIHUHQFH�LV�LQWHQVLW\������)RU�H[DPSOH��
checking the stove every hour to invalidate recurring fears of 
WKH�KRXVH�EXUQLQJ�GRZQ�LV�D�SKHQRPHQRQ�RI�2&'�ZKHUHDV�
checking the stove once before leaving the house is not. 
   This intensity is not only excessive but often harmful as 
ZHOO��7KH�URXJKO\�����PLOOLRQ�$PHULFDQV�GLDJQRVHG�ZLWK�2&'�
exhibit behaviors that seriously undermine their quality of 
life (4). This common anxiety disorder can be categorized 
into a cluster of characteristic symptoms: double-checking, 
FRQWDPLQDWLRQ��DQG�LQWUXVLYH�WKRXJKWV������,PDJLQH�VLWWLQJ�LQ�
FODVV�HYHU\�GD\�WHUULÀHG�WKDW�\RX�PD\�DFFLGHQWDOO\�KXUW�\RXU�
WHDFKHU�E\�GURSSLQJ�D�SHQFLO�RQ�WKH�ÁRRU�RU�KDYLQJ�WR�XVH�WKH�
seven minutes before class to wash your hands repeatedly 
LQ�WKH�EDWKURRP��2&'�SUHYHQWV�SDWLHQWV�IURP�UDWLRQDOL]LQJ�
their fears and, by doing so, stands in the way of a healthy, 
productive life.
   But what is the biological basis that shifts carefulness 

LQWR�FRPSXOVLYHQHVV"�:KDW�DOO�2&'�
patients have in common is a change 
in the orbitofrontal circuitry charac-
terized predominantly by increased 
cerebral glucose metabolism, or 
a faster processing of sugars to 
activate brain processes (6). The 
orbitofrontal loop shown in Figure 
1 draws a pathway from the basal 
ganglia, a group of nuclei in the mid-
brain involved with developing habits 
and forming emotions, to the frontal 
cortex. Since the basal ganglia is nor-
mally associated with developing mo-
tor patterns, research suggests that 
the same structures may be involved 
in forming repetitive thoughts, one 
RI�WKH�KDOOPDUNV�RI�2&'������0RUH�
VSHFLÀFDOO\��WKH�IDXOW�LQ�WKH�RUELWR-
frontal loop seems to stem from an 
imbalance of the neurotransmitters 
serotonin and dopamine, chemicals 
HVVHQWLDO�WR�IRUPLQJ�HPRWLRQV��,Q�
an unaffected person, these neu-
rotransmitters are released to create 
a feeling of euphoria when something 
good happens. Researchers have 
modeled the constant “checking” 
EHKDYLRU�RI�2&'�SDWLHQWV�ZLWK�FKHPL-
cals that constantly activate both 
dopamine and serotonin receptors in 
mice, making them believe that these 
FKHPLFDOV�DUH�RYHUVWLPXODWHG�LQ�2&'�
patients (8). Thus, the most common 
GUXJ�WUHDWPHQW�IRU�2&'�LV�WKH�XVH�RI�

Figure 1: Obsessive hand washing is often a common manifestion of OCD. 
Photo courtesy of Wikimedia Commons.
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VHOHFWLYH�VHURWRQLQ�UHXSWDNH�LQKLELWRUV��665,V���ZKLFK�SUH-

vent neurons from regaining released serotonin, effectively 

increasing its extracellular concentration (6). Patients who 

GR�QRW�UHVSRQG�WR�665,V��DSSUR[LPDWHO\����SHUFHQW��RI�SD-

tients) are given analogous dopamine-targeting treatments 

�����2IWHQ��WKHVH�GUXJ�WUHDWPHQWV�DUH�XVHG�LQ�FRQMXQFWLRQ�
with cognitive behavorial therapy, the most common type of 

which is Exposure and Response Prevention (ERP) (9). Unlike 

D�W\SLFDO�FRXQVHOLQJ�VHVVLRQ��2&'�SDWLHQWV�DUH�SURPSWHG�WR�
name their fears and develop the ability to stop coping with 

these fears by compulsive actions. The combination of drug 

and cognitive behavioral therapy may ultimately reduce the 

amount of repetitive, “checking” behavior characteristic of 

2&'��

A Recurring Nightmare: Post-Traumatic Stress 
Disorder (PTSD) 

2&'�LV��RI�FRXUVH��RQO\�RQH�RI�D�QXPEHU�RI�DQ[LHW\�GLVRUGHUV�
characterized by recurring, obsessive thoughts. Another 

FRPPRQO\�GLVFXVVHG�PHQWDO�LOOQHVV�GHÀQHG�E\�D�ORVV�RI�
control is post-traumatic stress disorder (PTSD). Normally, 

WKH�ERG\�UHVSRQGV�WR�VWUHVV�YLD�WKH�´ÀJKW�RU�ÁLJKWµ�UHVSRQVH��
characterized by a stimulation of adrenaline that allows an 

RUJDQLVP�WR�TXLFNO\�GHFLGH�ZKHWKHU�WR�ÀJKW�RU�ÁHH�IURP�D�SR-

tentially life-threatening situation (10). This response helps 

protect the individual from physical and psychological harm 

by increasing the speed of response in an emergency situa-

tion. However, extreme stress, such as horrendous accidents 

and disasters, permanently shift victims’ mental states. 

PTSD patients are obsessed with the event itself, and their 

minds are on constant replay. Research shows that some of 

this obsession can be traced to a gene that is responsible 

for producing stathmin, a protein in the emotional control 

center of the brain- the amygdala (11). The general fear re-

sponse is controlled by a balance between the activation of 

the amygdala with the activation of the frontal cortex and the 

hippocampus, a midbrain structure responsible for memory 

formation. Thus, the control of fear is linked to previous 

H[SHULHQFHV��,Q�376'�SDWLHQWV��WKHUH�LV�GHFUHDVHG�IURQWDO�
control, causing the amygdala to become overactive and the 

patients to be dominated by persistent fear. Recent research 

attributes this amygdala overactivity to a lack of synapse 

plasticity, or the ability of neuron connections to strengthen 

or weaken depending on their necessity (12). This synaptic 

plasticity may in turn be controlled by an increased tran-

scription rate of brain-derived neurotrophic factor (BDNF), 

D�NH\�SURWHLQ�LQ�IRUPLQJ�ORQJ�WHUP�PHPRULHV�������7KXV��WKH�
altered regulation of BDNF hints that there is an associa-

tion between the encoding of the memory of the traumatic 

incident and the constant fear exhibited by PTSD patients. 

The currently prescribed medications for PTSD patients are 

VHUWUDOLQH�DQG�SDUR[HWLQH��ERWK�665,V�WKDW�LQWHUIHUH�ZLWK�WKLV�
fear response (14). The similar drug treatments for PTSD 

DQG�2&'�SDWLHQWV�IXUWKHU�VXJJHVW�WKDW�SURSHUO\�EDODQFLQJ�
neurotransmitters may be the key to controlling obsessions. 

What Now? 
   The line between passion and obsession is thin and at 

WLPHV�HQWLUHO\�LQGHFLSKHUDEOH��:KLOH�SV\FKRORJ\�DQG�QHXUR-

biology attempt to provide a clear boundary, we ultimately 

must decide what, when, and how “obsession” becomes 

pathological. 

   Yet, unlike the generations before us, we have the advan-

tages of biological innovations and a greater societal aware-

ness to add onto our innate ability to control our fates. 

Carrie Sha ‘17 is a freshman in Thayer Hall.
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Background: Dr. Irene Pepperberg with Griffin
Photo courtesy of The Alex Foundation and Stephanie Mitchell

Exploring the 
Avian 
Mind

In June 1977, in a small laboratory at Purdue University, Irene 
Pepperberg stood with her arm outstretched toward a large 
bird cage, trying to coax a quivering Grey Parrot out of the 

cage and onto her hand. Just one year earlier, Pepperberg had 
received her doctorate in theoretical chemistry, having devoted 
years of her life to drawing up mathematical models of complex 
PROHFXODU�VWUXFWXUHV�DQG�UHDFWLRQV��ÀUVW�DV�DQ�XQGHUJUDGXDWH�DW�
MIT and then through her graduate work at Harvard (1, 2). Yet, 
here she was, completely spellbound by this trembling, sentient 
creature, whom she had named “Alex,” an acronym for the “Avi-
an Learning Experiment,” of which he was to be the subject and 
star. “Here was the bird I hoped—and expected—would come to 
change the way people think about the minds of creatures other 
than ourselves,” Pepperberg writes in her memoir, Alex & Me: 
“Here was the bird that was going to change my life forever” (1). 

From Chemistry to Cognition
   To many, Irene Pepperberg’s decision to leave chemistry 
EHKLQG�LQ�SXUVXLW�RI�WKH�QHZ�DQG�ODUJHO\�XQFKDUWHG�ÀHOG�RI�
animal cognition represented an unfathomable risk. But, looking 
back, Dr. Pepperberg knows that it was the right choice. “I was 
DFWXDOO\�QR�ORQJHU�LQWULJXHG�E\�FKHPLVWU\�µ�VKH�VD\V��´ÀJXULQJ�
that what was taking me years and years would soon be done 
in days via better computers” (2). In the late 70s, as she faced 
an uncertain job market, particularly for women in chemistry, 
VKH�NQHZ�WKDW�VKH�QHHGHG�WR�ÀQG�D�QHZ�SDWK��$OWKRXJK�VKH�KDG�
always loved animals, it was only when she began watching the 
NOVA television program on PBS that she realized that there 
were people using real science to study animals and to draw 
parallels between the animal and human minds. 
   Thinking back to her childhood in New York City, she remem-
bered the pets with whom she had spent countless hours: a 
series of talking parakeets that had provided her with the type 

BY CAITLIN ANDREWS
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of companionship craved by a self-proclaimed shy and “nerdy” 
only child. As she watched TV programs about apes using sign 
language, dolphins exhibiting evidence of abstract thinking, and 
scientists unearthing the proximate mechanisms behind bird-
song, Pepperberg realized that she had already encountered a 
subject that could provide just as much insight into the minds 
RI�DQLPDOV������´,�ÀJXUHG�WKDW�D�WDONLQJ�SDUURW�ZRXOG�EH�DQ�HYHQ�
better subject,” she says. “Birds and humans diverged about 
280 million years ago, yet they have so many similar capacities, 
LQFOXGLQJ�YRFDO�OHDUQLQJ«�,�EHJDQ�UHDGLQJ��VWXG\LQJ�WKH�ÀHOG��
DQG�UHDOL]HG�WKDW��DV�>$PHULFDQ�]RRORJLVW@�'RQDOG�*ULIÀQ�VDLG��
communication was a window into the animal mind” (2).

The Alex Years
   From the start, Pepperberg’s respect for animals and aware-
ness of their needs, along with her technical background, 

proved to be a promising combination. She ensured that her 
studies would be representative of Grey parrots in general, as 
opposed to one particularly outstanding subject, by asking a 
SHW�VWRUH�HPSOR\HH�WR�VHOHFW�D�UDQGRP�ELUG�IURP�WKH�ÁRFN�IRU�
KHU��:KHQ�VKH�ÀQDOO\�FRD[HG�$OH[�RXW�RI�KLV�FDJH�DW�WKH�ODE��VKH�
kept careful journals of her interactions with him. And, right 
away, she got to work, using a two-person, interactive modeling 
technique to demonstrate the association between vocal words, 
or “labels,” and the objects that Alex encountered around the 
lab. In addition, each time she gave Alex one of these objects, 
she reinforced the label by repeating it and talking about its 
properties, while Alex watched and listened (1).
���2YHU�WKH�ÀUVW�VHYHUDO�ZHHNV�LQ�WKH�ODE��$OH[�EHJDQ�WR�YRFDOL]H�
RQ�KLV�RZQ��DOWKRXJK��DW�ÀUVW��KLV�XWWHUDQFHV�ZHUH�PRUH�´QRLVHµ�
than “speech.” But, gradually, Pepperberg was able to discern 
precise labels from Alex’s vocalizations; when shown a piece of 
paper, Alex would make a two-syllable sound, which Pepperberg 
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would reward by giving him the piece of paper, until, eventually, 
he began to shape the sounds from ay-ah, to ay-er, to pay-er, 
DQG��ÀQDOO\��SDSHU������3HSSHUEHUJ�DQG�KHU�DVVLVWDQWV�DGGHG�
more object labels—key, wood, wool—until Alex began to demon-
strate an understanding that each label represented a category 
of objects that shared a certain property, such as shape or tex-
ture. For example, Alex could identify both a silver key and a red 
key as “keys,” transferring the label to a colored key that he had 
not encountered before. While this concept might seem simple 
to humans, Pepperberg knew that, for an animal like Alex, this 
ZDV�D�VLJQLÀFDQW�DFFRPSOLVKPHQW��$V�VKH�ZULWHV�LQ�$OH[�	�0H��
“This kind of vocal cognitive ability had never before been dem-
onstrated in nonhuman animals, not even in chimpanzees” (1). 
   Pepperberg often cites that interactive “model/rival” tech-
nique, which she used to train Alex, as a major reason for their 
success. Initially developed by German ethologist Dietmar Todt, 
the technique involves an animal subject and two trainers; 
while one trainer acts as the principal trainer and questioner, 
the other acts as a model for the desired behavior (e.g., label-
ing the object) and as a rival competing with the animal for 
the principal trainer’s attention. As Alex picked up more labels, 
adding colors and numbers to his already-extensive repertoire 
of object labels, it was crucial that he had humans to model 
proper pronunciation and label usage. Mostly, these were 
students who came to work in the lab. Pepperberg also found 
that it was important for Alex to learn that the same people did 
not always act as principal trainers or as models; sometimes 
she asked Alex questions, and sometimes she modeled correct 
(or incorrect) behavior and was rewarded (or not rewarded) by 
a student trainer (1). It was very important for the humans to 
make these occasional mistakes, and be scolded, so that Alex 
would observe the consequences of errors.
   The work was not always easy. First, Dr. Pepperberg was deal-
ing with a highly-intelligent animal who could pick and choose 
when he wanted to work—much more like a colleague than a 
research subject. Additionally, as she moved among various 
XQLYHUVLWLHV��VKH�IRXQG�WKDW�WKH�ÁHGJOLQJ�ÀHOG�RI�DQLPDO�FRJQL-
tion was not always met with the same enthusiasm that she 
had hoped was possible. But, the media picked up on Alex’s 

story and began to follow Pepperberg’s work (1). In his prime, 
with over 100 words in his vocabulary, “Alex made it clear to 
WKH�VFLHQWLÀF�FRPPXQLW\�WKDW�D�¶ELUGEUDLQ·�FRXOG�GR�WKH�VDPH�
things as an ape brain, and sometimes even those of a child’s 
EUDLQ�µ�3HSSHUEHUJ�VD\V��´$OH[�DQG�,�ZHUH�QRW�WKH�ÀUVW�WR�VWXG\�
avian cognition, but we had the widest impact, thanks to media 
coverage” (2).
   Studying an animal who could communicate verbally set 
Pepperberg’s studies apart, because she could ask Alex ques-
tions and he could answer directly, giving insight into how he 
perceived the world around him. On the most basic level, he 
could identify an object’s material, color, and shape, and he 
could ask his trainers to take him somewhere (e.g. Wanna go 
back) or bring him something (e.g. Want banana). He also had 
a grasp for numbers; if shown a tray of assorted objects, Alex 
could answer questions about a particular subset of those 
objects (e.g. How many yellow wool?). He also showed evidence 
of being able to add small values, and, Pepperberg says, he 
could also “infer the cardinality of new number labels from their 
ordinal position on the number line—something no other nonhu-
man has yet accomplished” (1, 2). Alex understood concepts of 
“bigger” and “smaller,” as well as “same” and “different”—an 
important distinction, since it showed that Alex understood that 
several labels could be applied to a single object (1, 3). For ex-
ample, given two square pieces of wood differing only in color, 
he could identify that the color was “different,” while the other 
properties were the “same”; if none of the properties differed 
among a pair of objects, he would indicate this by saying “none” 
(1).
   Sometimes, Alex’s most impressive work came when it was 
least expected. One day, while testing number comprehension, 
Pepperberg presented Alex with a tray containing sets of dif-
ferent numbers of objects of various colors—2, 3, and 6 items. 
Because the sets were all different colors, she could ask Alex, 
“What color three?” But Alex, as he often did when he became 
bored with a particular study, insisted on avoiding the correct 
UHVSRQVH��7KLV�WLPH��KH�GLG�VR�E\�DQVZHULQJ�´ÀYH�µ�HYHQ�WKRXJK�
WKHUH�ZDV�QR�VHW�RI�ÀYH�REMHFWV�RQ�WKH�WUD\��6KH�UHSHDWHG�WKH�
question; he repeated his answer. Thinking that she could 
beat Alex at his own game, Pepperberg asked him, “What color 
ÀYH"µ�´1RQH�µ�$OH[�UHSOLHG��WDNLQJ�3HSSHUEHUJ�E\�VXUSULVH��DV�KH�
transferred a concept that he had only ever used in reference to 
“same/different” or “bigger/smaller” to an entirely new context 
�����´:HVWHUQ�FLYLOL]DWLRQ�GLGQ·W�KDYH�¶]HUR·�XQWLO�DERXW������µ�
3HSSHUEHUJ�VD\V��´$QG�$OH[�WUDQVIHUUHG�WKH�¶QXOO·�FRQFHSW�KLP-
self” (2).
   In her three decades of work with him, Dr. Pepperberg got to 
know Alex more deeply than most any researcher ever gets the 
chance to know her subject. Working with a single animal for 
such a long time is “fascinating,” she says, “because one gets 
to know so much about the individual—not just what is studied, 
but all the personality quirks and the temperament.” Some 
of these “quirks” were incorporated into published studies, 
such as how Alex spontaneously invented his own label for an 
apple—which he called a “banerry”—out of a combination of the 
labels “banana” and “cherry” (1); as Pepperberg says, this pro-
vided evidence that “Alex clearly did more than repeat what he 
learned vocally; he parsed his labels to make new ones, much 

Figure 1: Alex examining a tray of colored blocks
Photo courtesy of Arlene Levin Rowe.
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as do humans” (2). 
But other examples 
of Alex’s quirks serve 
only as anecdotes to 
illustrate the unique 
individual that he 
was—like how he called 
cake “yummy bread” 
ZKHQ�KH�ÀUVW�WULHG�LW��RU�
how he would say “You 
be good. I love you,” as 
Pepperberg left the lab 
each night.
   These were his last 
words to Dr. Pepper-
berg, as their pioneer-
ing studies came 
to an abrupt halt in 
2007 when Alex died 
suddenly at the age of 
31. Although, at that 
point, Pepperberg’s 
research had involved 
several other parrots 
in addition to Alex, his 
death was devastat-
ing to her and many 

around the world. However, Pepperberg sees her work and the 
ZRUN�RI�RWKHUV�LQ�KHU�ÀHOG�DV�HPHUJLQJ��6KH�NQRZV�WKDW�WKHUH�
is a broad-ranging potential for animal cognition, in terms of its 
implications for animal welfare and conservation, as well as for 
the development of teaching methods for children with cogni-
WLYH�GHÀFLWV��´:KHQ�,�VWDUWHG��WKH�ÀHOG�EDUHO\�H[LVWHG��¶DQLPDO�
cognition’ was almost considered an oxymoron,” she says. “To-
GD\�ZH�KDYH�MRXUQDOV�WKDW�DUH�VSHFLÀFDOO\�GHYRWHG�WR�WKH�ÀHOG«�
Only by continuing to study a variety of species will we really 
XQGHUVWDQG�WKH�YDULRXV�FDSDFLWLHV�RI�GLIIHUHQW�¶PLQGV·µ��������

A Return to Harvard
   In July 2013, Irene Pepperberg returned to the campus 
where, almost four decades earlier, she had received her doc-
torate in theoretical chemistry, not knowing the path that she 
would set out upon soon after graduating. While she had been 
a Research Associate in the Vision Lab at Harvard since 2005, 
and teaching classes in animal cognition and human-animal 
communication at the College and the Extension School, her 
research base had been at Brandeis for the past decade. But, 
after securing a lab space at Harvard, she moved to William 
-DPHV�+DOO�LQ�-XO\��EULQJLQJ�ZLWK�KHU�*ULIÀQ³DQ����\HDU�ROG�
African Grey Parrot, who had lived and learned alongside Alex 
for much of his life. 
���+DYLQJ�KDG�*ULIÀQ�VLQFH�KH�ZDV�RQO\�VHYHQ�DQG�D�KDOI�ZHHNV�
ROG��'U��3HSSHUEHUJ�NQRZV�*ULIÀQ·V�TXLUNV�MXVW�DV�VKH�NQHZ�
$OH[·V��$QG��*ULIÀQ�LV�FHUWDLQO\�KLV�RZQ�ELUG��+H�JHWV�´VHOI�
conscious” when he struggles with a particular label and is 
more hesitant than Alex was—something Alex would sometimes 
WDNH�DGYDQWDJH�RI�E\�SURGGLQJ�*ULIÀQ�WR�SURGXFH�WKH�FRUUHFW�
vocalization, while other times seemingly wanting to help by 
KLQWLQJ�DW�WKH��FRUUHFW�ODEHO������$OWKRXJK�*ULIÀQ�VSHDNV�OHVV�

now that Alex is gone, he has a list of impressive accomplish-
ments to call his own. Most recently, he showed that he had an 
XQGHUVWDQGLQJ�RI�WKH�EHQHÀWV�RI�VKDULQJ��DV�KH�FKRVH�WR�VKDUH�
D�UHZDUG�UDWKHU�WKDQ�DFW�VHOÀVKO\�VR�ORQJ�DV�KLV�SDUWQHU�ZDV�
also willing to share (4). He has also done work with optical illu-
sions, demonstrating an ability to recognize occluded objects, 
providing insight into the commonalities between how birds and 
humans perceive the same visual illusions (2).
���%XW��*ULIÀQ�KDV�QRW�EHHQ�DORQH�LQ�WKH�+DUYDUG�ODE��,Q�DGGL-
tion to a dozen human research assistants, he also gained 
a new companion in October. Hatched in April 2013, Athena 
LV�'U��3HSSHUEHUJ·V�ÀUVW�IHPDOH�$IULFDQ�*UH\��´6R�IDU��ZRUNLQJ�
with Athena seems to be a cross between my early work with 
$OH[�DQG�WKDW�ZLWK�*ULIÀQ�µ�3HSSHUEHUJ�VD\V��´:H�OHDUQHG�D�ORW�
from both of the previous birds and are implementing some of 
WKDW�ZLWK�$WKHQDµ������2YHU�$WKHQD·V�ÀUVW�VL[�PRQWKV�LQ�WKH�ODE��
research assistants have been working with her constantly on 
vocal labels and even audio recording her progress, from her 
YHU\�ÀUVW�ZDUEOHV�WR�KHU�UHFHQWO\�PRUH�GLVWLQFW�VRXQGLQJ�´ZRRGµ�
and “key” labels. “What will be really interesting is that new 
computer techniques and analysis tools will let us track her 
vocal development in ways that I couldn’t manage with Alex or 
*ULIÀQ�µ�3HSSHUEHUJ�VD\V������
���:KLOH��DW�WKH�PRPHQW��*ULIÀQ�LV�VWLOO�ZDUPLQJ�XS�WR�WKH�LGHD�
of having a new “little sister” around, Pepperberg hopes that 
*ULIÀQ�ZLOO�DFW�DV�D�PRGHO�IRU�$WKHQD�DV�VKH�EHJLQV�WR�OHDUQ�QHZ�
vocal labels. With only two birds, she will not be able to draw 
DQ\�GHÀQLWH�FRQFOXVLRQV�DERXW�VH[�GLIIHUHQFHV�LQ�FRJQLWLRQ��
However, she may be able to say something about how cogni-
tive abilities develop over the lifetime of an individual, compar-
LQJ�$WKHQD·V�DELOLWLHV�ZLWK�*ULIÀQ·V��DQG�DOVR�WUDFNLQJ�$WKHQD·V�
progress over time, much in the same way that she did with 
Alex.
   As for her experiences at Harvard so far, Dr. Pepperberg 
HQWKXVLDVWLFDOO\�VD\V�WKDW�´6R�IDU��LW·V�EHHQ�WHUULÀF�µ�6KH�VHHV�
many opportunities for collaboration between herself and other 
members of the Psychology Department, and she is excited 
E\�WKH�SRVVLELOLWLHV�IRU�WKH�IXWXUH��$V�VKH�ZULWHV�LQ�$OH[�	�0H��
“Alex left us as a magician might exit the stage: a blinding 
ÁDVK��D�FORXG�RI�VPRNH��DQG�WKH�ZHDYHU�RI�ZL]DUGU\�LV�JRQH��
leaving us awestruck at what we’d seen, and wondering what 
other secrets remained hidden…wondering what else he would 
have done had he stayed” (1). As Dr. Pepperberg embarks on 
the next leg of her journey, it is clear that, while Alex is gone, 
perhaps these secrets may be revealed through a new set of 
voices.

Caitlin Andrews ‘16 is a sophomore in Eliot House concen-
trating in Organismic and Evolutionary Biology.
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Figure 2: Athena plays with toys.
Photo courtesy of The Alex Founda-
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While maintaining a beat and a story-
line, Eminem rapped the above lyrics 
as part of a high-energy, fast-paced, 

yet off-the-cuff performance that lasted over 
eight minutes on live radio (1). Though the 
lines printed here are not accompanied by 
Eminem’s vocals, you can hear as you read 
WKHP�KRZ�WKH�VRXQGV�RI�WKH�ZRUGV�ÁRZ�
through the slant rhymes “squish a,” “put ya,” 
and “butchered.” Meanwhile, the meaning 

of the words mounts through the extended 
metaphor, comparing Eminem’s defeat of an 
imagined opponent to a gruesome farmhouse 
slaughter. As remarkable as it is, this example 
is just one among the routinely astonishing 
feats of language that freestyle rappers can 
accomplish off the tops of their heads. 
   Aside from the exceptional talent that some 
individuals have for freestyle, we are all ca-
pable of playing with language, and we do not 

The Neuroscience of 
Linguistic 

Improvisation 
It’s like when I’m on the mic I can squish a 
Sucka like a vice grip, my pen put ya
In the slaughterhouse cause your style’s been butchered
I’ll spin chainsaw, take off like the blades on, my brain’s on
Hyperdrive, someone put the brakes on

-Eminem
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need to step up to a microphone to prompt us to do so. 
6RFLROLQJXLVW�-RDQ�6FKZDQQ�REVHUYHG�WKLV�ÀUVWKDQG�RQH�
afternoon while eavesdropping on a family in the park 
(2). As the speakers tossed scraps of food to the birds, 
they commented on one pigeon that was aggressively 
chasing the others away:  

A:  He might look scruffy but he’s seen off that one over 
there
B:  Obviously a thug amongst pigeons
C:  Al Capigeon
D:  The godfeather
      [Laughter overlaps C & D]

7KLV�EULHI�H[FKDQJH�H[HPSOLÀHV�WKH�VRUW�RI�OLQJXLVWLF�
ingenuity that speakers display in everyday conversa-
tion. After speaker B anthropomorphizes the pigeon 
as a “thug,” speakers C and D riff off of the idea with 
references to The Godfather. The puns “Al Capigeon” 
and “godfeather” draw attention to the phonological 
similarity between “pigeon” and “Capone,” between 
“feather” and “father.” These jokes are not just silly, 
but impressively clever, eliciting laughter from the other 
SDUWLFLSDQWV�EHIRUH�&�DQG�'�KDYH�ÀQLVKHG�VSHDNLQJ��,W�LV�
also important to note that these speakers had not been 
holding “Al Capigeon” and “godfeather” in arsenals of 
puns to be dispensed at just the right moment. Rather, 
the puns were invented on the spot, uttered as soon as 
they came to mind. 
   When we crack jokes and craft sonically pleasing 
UK\WKPV�RQ�WKH�Á\��ZH�HQJDJH�EDVLF�FRJQLWLYH�V\VWHPV�
to do something extraordinarily complex. The cognitive 
systems involved range from language to motivation 
to memory to emotion to motor control—systems that 
are well studied on their own but rarely altogether. The 
trouble with breaking down verbal creativity into sim-
pler systems is that the superordinate behavior cannot 
be reconstructed easily from its parts. To do so would 
be like trying to solve a jigsaw puzzle without looking 
at the picture on the box; child’s play is turned into a 
formidable challenge because the design on any single 
piece offers very little information about the image that 
emerges when all the pieces are put together. Further-
PRUH��WKH�EUDLQ�LV�QRW�D�SLFWXUH�WKDW�FDQ�EH�ODLG�ÁDW�RQ�D�
living room table but a three-dimensional and dynamic 
structure comprised of upwards of 100 billion neurons 
that modulate one another over time.
   So, why haven’t cognitive neuroscientists pushed the 
SLHFHV�DVLGH�DQG�VWXGLHG�YHUEDO�FUHDWLYLW\�GLUHFWO\"�,W�LV�
critical to note that normal behaviors occur in settings 
very different from the environment inside a neuroimag-

ing scanner. Understandably, the above exchange be-
tween picnickers could not have transpired if the fauna 
of the park were exchanged for the white plastic bore of 
DQ�I05,�PDFKLQH��0RUHRYHU��VWXGLHV�FRQGXFWHG�LQ�WKH�
scanner are not leisurely afternoons in the park; each 
session is comprised of timed blocks that must be short 
and consistent across subjects. Because neuroscientists 
cannot eavesdrop on the brain like a sociolinguist in the 
park, they have instead investigated verbal creativity 
WKURXJK�VLPSOLÀHG�DVVHVVPHQWV�OLNH�DQDJUDP�SX]]OHV�
(3). However, while solving anagrams and advancing an 
interesting conversation may both rely on the generation 
of insightful ideas expressed through the elements of 
language, one would expect the obvious differences on 
the behavioral level between speaking and re-arranging 
letters to manifest themselves in the brain.
���,W�LV�KHUH�WKDW�IUHHVW\OH�UDS�PHHWV�QHXURVFLHQFH��
Whereas the tasks designed to study verbal creativ-
ity are disconnected from real behaviors, and the real 
behaviors of normal individuals are compromised in the 
scanning environment, freestyle rappers can defy these 
constraints because they are specially trained to do so. 
For freestyle rappers, spitting a few improvised lines 
during a timed block in the scanner is comparable to 
rapping live on stage within the rules of a competition. 
To take advantage of this, Siyuan Liu and colleagues 
recently assembled a cohort of 12 freestyle rappers for 
a neuroimaging study (4). The neuroscientists asked the 
rappers in some segments of the scan to deliver impro-
vised raps on the spot and in others to recite raps they 
had memorized. 
   By daring to study verbal creativity as it occurs in the   
wild, Liu et al. gained access to the brain state in which 
live, inventive speech unfolds. They discovered that the 
network of systems engaged by freestyle rap is special-
ized, relying more heavily on drive and memory selection 
than the network for rehearsed rap. The nature of con-
trol also differs in freestyle, shifting from top-down self 
FRQWURO�WR�IDVWHU�DQG�PRUH�ÁXLG�FRQWURO�E\�PRWRU�UHJLRQV��
7KHVH�ÀQGLQJV�JR�EH\RQG�PDSSLQJ�DQDWRPLFDO�FRUUH-
lates of verbal creativity to the brain, lending a bird’s-eye 
perspective to the complex and dynamic brain state that 
emerges when multiple networks converge in real time. 
Furthermore, expanding our scope from a dozen free-
style rappers to the billions of speakers conversing con-
stantly across the globe, this study may guide us toward 
a more general understanding of the mind as it engages 
in everyday verbal creativity.



HARVARD SCIENCE REVIEW | 19

Taking Flight: Verbal Drive and Creativity
   The brains of freestyle rappers must be able to shift 

from cruising levels of conversational speech to the high 

gear of a rapid and rhythmic verbal performance. Liu 

et al. found that, in their cohort of rappers, the medial 

prefrontal cortex (mPFC) was the key to this creative igni-

tion (5). The mPFC was especially active in improvised 

conditions, compared to conditions in which participants 

recited memorized lyrics, suggesting that it plays a role 

in the generation of original, on-the-spot rap. The mPFC 

is also more active at the beginning than at the end of 

a segment, consistent with the idea that it helps get the 

rap going. 

   The results of this study align well with the narrative 

that other neuroscientists are crafting of creative drive 

DQG�WKH�EUDLQ��/LNH�/LX�HW�DO���WKH�QHXURVFLHQWLÀF�FRPPX-

QLW\�KDV�ÁDJJHG�WKH�P3)&�DV�D�QRWHZRUWK\�UHJLRQ�IRU�PR-

WLYDWLRQ��,Q�WDVN�EDVHG�VWXGLHV��P3)&�DFWLYLW\�KDV�EHHQ�
found to increase as the payoffs for good performance 

are raised (5). The mPFC is also preferentially activated 

when viewing scenes that are later 

described with high enthusiasm, 

suggesting that this region may 

play a role in developing the urge 

to communicate (6). To tie these 

relations between drive, language, 

and the mPFC to artistic creativity, 

neuroscientists could adapt their 

neuroimaging tools to studying the 

link between mental illness and cre-

ativity, as described in accounts of 

numerous eminent writers. Whereas 

bipolar writers like Robert Lowell 

and Lord Byron suffered from cre-

ative block during their depressions, 

WKH\�ZHUH�PRVW�SUROLÀF�ZKHQ�WKH\�
were manic (7). Perhaps these mood 

disturbances were accompanied by 

the changes in mPFC connectivity 

WKDW�KDYH�EHHQ�LGHQWLÀHG�LQ�LQGL-
viduals with depression and bipolar 

disorder (8).

   While these correlations are 

promising, they offer more questions 

WKDQ�WKH\�DQVZHU��,I�LW�LV�WUXH�WKDW�
the mPFC controls verbal creative 

drive, by what mechanism does it do 

so? Furthermore, thinking beyond the 

brain, what would this understand-

ing of a neurobiological mechanism mean for rappers 

and for everyday speakers? To step towards answers to 

these questions and past the standard neuroimaging 

paradigm of mapping a behavior to a brain region, Liu et 

al. sought to understand how the level of mPFC activ-

ity varies with the quality of a freestyle performance. 

They judged the improvised raps by factors like varia-

tion in content, use of fresh language, and coherence 

of the rhyme scheme. Apparently, the better the rap, 

the greater the mPFC activation—raising the possibility 

that, through the mPFC, there is a relationship between 

creative drive and skill. 

   To make sense of this, like many peculiar observa-

tions in biology and human nature, it helps to turn to the 

principles of Charles Darwin. According to the Darwin-

ian model for creativity, the number of ideas that are 

novel and useful increases proportionally with the total 

number of ideas (9). The model predicts that a rapper 

spitting rhymes is more likely to succeed as long as 

he or she keeps at it. The popular journalist Malcolm 

Gladwell has rendered this relationship formulaic, claim-

ing that 10,000 hours is the time it takes for a person 

Figure 1: The medial prefrontal cortex is the key of the creativity in impro-
vised conditions like on-the-spot rap. Photo courtesy of Wikimedia Com-
mons.
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to gain mastery in a skill (10). This runs counter to the 
once well-accepted belief that artists are born with 
special talents that elude the rest of us. While freestyle 
rappers do seem to have an unusual skill for rapping 
quickly and easily in the spur of the moment, there is 
hope for any one of us that, with enough time and ef-
fort, we could write the next chart-topping hit. 

Thinking Backwards and Forwards:  Autocueing and 
Memory

���,Q�LVRODWLRQ��WKH�V\VWHP�IRU�GULYLQJ�VSHHFK�ZRXOG�EH�
like an automobile engine without the rest of the car. 
There must be another system supplying the ideas that 
form the content of what we say. These ideas come 
from our memories—from the facts and stories we read 

LQ�ERRNV��IURP�WKH�ZRUGV�ZH�OHDUQ�WR�GHÀQH�DQG�VD\�
aloud, and from our day-to-day experiences living in the 
world. Furthermore, while a detailed and well-organized 
memory is required for speech, our conversations and 
Eminem’s raps would be rather dull if the brain could 
do no more than retrieve random memories exactly as 
they were encoded. For performances of verbal creativ-
ity, our brains must also be able to select memories 
and to recombine them in new and compelling ways.
   Cognitive neuroscientists Merlin Donald posits that, 
before there was language, there was an expansion 
in human memory (11). More crucial than the size of 
memory stores, however, was the development of the 
ability to tap into them voluntarily. This “self-initiated 
DFFHVV�WR�PHPRU\�µ�RU�EULHÁ\�´DXWRFXHLQJ�µ�DOORZHG�
us not only to retrieve items relevant to a given set 

of circumstances but more amaz-
ingly to retrieve irrelevant items at 
will. Eventually, autocueing enabled 
humans to invent, recall, and actively 
string together symbols into words, 
sentences, and stories. Rather than 
an immutable record of history, hu-
PDQ�PHPRU\�LV�ÁH[LEOH��DOORZLQJ�IRU�
the dynamic reorganization of items 
from the past into novel constructs 
that are useful in the present and 
the future.
   The sequence of events that oc-
curred during the early evolution of 
human memory is now recapitulated 
in the way that humans access 
memory during speech. The inferior 
IURQWDO�J\UXV��,)*��JXLGHV�WKH�UH-
trieval of semantic knowledge from 
memory in a top-down manner, allow-
ing for target memories to be selec-
tively recalled and articulated (12). 
A connectivity analysis by Liu et al. 
(2012) reveals that, during freestyle 
rap, there is a strong positive corre-
ODWLRQ�EHWZHHQ�DFWLYDWLRQ�RI�WKH�,)*�
and the mPFC. This could mean that, 
when the creative drive thought to be 
mediated by the mPFC is increasing, 
so too is the pull on semantic mem-
RU\�VWRUHV�E\�WKH�,)*��$OWKRXJK�WKHVH�
correlative analyses cannot establish 
causation, this relationship is consis-
tent with the possibility that Donald’s 
autocueing system is enhanced in 

Figure 2: Rappers like Eminem representative of specific brain activity of 
improvisation. Photo courtesy of Wikimedia Commons.
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freestyle rap.  
   Working memory, often referred to as the mental 
“sketchpad,” is where the mind can scribble, scratch 
out, and rewrite the thoughts in its consciousness. 
One might expect working memory to be engaged dur-
ing freestyle performances, allowing rappers to play 
with ideas and actively organize them into rhyming, 
rhythmic words. Curiously, Liu et al. (2012) observe 
the opposite trend. The dorsolateral prefrontal cortex 
(dlPFC), previously shown to support working memory 
during creative endeavors, is actually deactivated 
during freestyle rap (13,14). Moreover, dlPFC activity 
is inversely correlated with activation of the critically 
involved mPFC.
   A reasonable explanation for this counterintuitive 
phenomenon is timing. Freestyle rappers speak so 
quickly that they do not have time to consciously evalu-
ate and revise the content of their utterances before 
articulating them. As soon as items are retrieved from 
memory, they are incorporated into the verbal output 
stream. The ability to guide the search for associa-
tions between memories at high speed may be a 
distinguishing quality of rappers. Future studies should 
test this possibility by comparing the performance of 
freestyle rappers and normal speakers on the same 
PHPRU\�DQG�YHUEDO�FUHDWLYLW\�WDVNV��,W�LV�DOVR�SRVVLEOH�
that, during freestyle, the memory system interacts in 
a special way with yet another system—a system that 
streamlines the motor output. 

The Flow:  Cognitive Control and Motor 
Supervision

   The paradox of freestyle rap is that, as demanding as 
it is on the brain to produce fast-paced utterances that 
are not just semantically coherent but poetically and 
rhythmically structured, the performance can feel just 
as effortless to the rapper. As previously noted, the 
brain region involved in cognitive control and working 
memory is selectively deactivated during freestyle rap. 
Merlin Donald would contend that the apparent lack of 
conscious control that rappers show during their free-
style performances is the expected result after exten-
sive practice within the genre. This “automatization” is 
simply “the end result of a process of repeated ses-
sions of rehearsal and evaluation” (15). The process of 
automatization is not at odds with consciousness at all 
but rather one of its natural consequences. 
   To be sure, rappers do wield some form of control 
during performances. While Eminem unabashedly 
delves into the vulgar, the violent, and the bizarre in 

KLV�IUHHVW\OHV��KH�UDUHO\�PLVVHV�D�EHDW��,Q�SODFH�RI�
conscious cognitive control, it is motor output monitor-
LQJ�WKDW�NHHSV�WKH�YHUEDO�ÁRZ�VWHDG\�GXULQJ�IUHHVW\OH�
rap. Merlin Donald’s insights into motor control are 
perhaps his most notable. “My key proposal,” Donald 
writes in his treatise on human nature, “is that the 
ÀUVW�EUHDNWKURXJK�LQ�RXU�FRJQLWLYH�HYROXWLRQ�ZDV�D�
radical improvement in voluntary motor control that 
provided a new means of representing reality” (9). This 
representational system conveys memories through 
V\PEROLF�ERG\�PRYHPHQWV��,Q�SUHKLVWRULF�WLPHV��LW�PD\�
have yielded a form of culture through mimesis that 
preceded the invention of language. 
���7KH�QHXUDO�V\VWHP�WKDW�ÀUVW�HQDEOHG�SHRSOH�WR�FRQ-
WURO�ERG\�PRYHPHQWV�KDV�EHHQ�UHÀQHG�VLQFH�WKH�RQVHW�
of mimetic culture. Modern humans are able to moni-
tor and adjust articulatory movements during speech, 
WKDQNV�LQ�SDUW�WR�WKH�FLQJXODWH�PRWRU�FRUWH[�������,Q�D�
functional connectivity analysis, Liu et al. demonstrate 
that there is a strong positive correlation between 
medial prefrontal and cingulate motor activation dur-
ing improvised rap. Furthermore, the authors postulate 
based on anatomical studies in monkeys that there is 
a direct functional connection between medial prefron-
tal and cingulate regions, and other studies in humans 
have shown that portions of the mPFC are continuous 
with the cingulate (17, 18). As information about inten-
tions and motor plans is transmitted along this alterna-
tive route, the drive to speak associated with the mPFC 
bypasses the self-conscious dlPFC. 
   By incorporating practiced behaviors into automatic 
processing in analogous ways, humans can streamline 
processes they know well and build on top of those 
processes in an hierarchical fashion, creating new 
processes that are ever more complex. Consider lan-
JXDJH��D�FKLOG�ÀUVW�OHDUQV�WR�DVVRFLDWH�ZRUGV�ZLWK�RE-
jects and other referents, then works painstakingly to 
combine words into grammatically correct sentences, 
DQG�ÀQDOO\�LV�DEOH�WR�SURGXFH�ODQJXDJH�UHODWLYHO\�DX-
tomatically, concentrating less intensely on the forms 
and meanings of the words and beginning instead to 
focus on other functions of the speech act (19). With 
enough practice, the child might someday rap as easily 
as he or she carries on a conversation.

Let It Free, Let It Fly
 
   Having toured the systems that intersect in the 
network for verbal improvisation, it is at last possible 
WR�LQWHJUDWH�WKH�QHXURVFLHQWLÀF�ÀQGLQJV�LQWR�D�FRP-
plete picture of the freestyle brain at work. Regions 
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cognitive characteristics of verbal improvisation, includ-
ing enhanced motivational drive, memory access, and 
motor monitoring. At the same time, working memory 
and self-conscious control are diminished. The attri-
butes of freestyle rap are synthesized by the brain into 
ZKDW�KDV�EHHQ�FDOOHG�D�´ÁRZ�VWDWHµ�GXULQJ�ZKLFK�WKH�
performer is so intensely engaged that the words feel 
DV�LI�WKH\�DUH�SRXULQJ�IRUWK�LQYROXQWDULO\������,W�LV�DV�LI�WKH�
brain takes over when the rapper steps up to the mic, 
producing a stream of language that is spontaneous yet 
poetically crafted, guttural yet rhythmic. 
  Considering how well suited the brain is for freestyle, 
one might be tempted to conclude that it evolved for 
the express purpose of enabling humans to rap. Donald 
notes, however, that when evolution appears to proceed 
in favor of humans, it bears no real concern for them. 
´2XU�PDMRU�FXOWXUDO�DFKLHYHPHQWV�µ�'RQDOG�UHPDUNV��
´KDYH�HYLGHQWO\�EHHQ�WKH�GHOD\HG�E\�SURGXFWV�RI�ELR-
ORJLFDO�DGDSWDWLRQV�IRU�VRPHWKLQJ�HOVHµ������,I�IUHHVW\OH�
rap can be regarded as one of these hallmarks of the 
KXPDQ�EHKDYLRUDO�UHSHUWRLUH��WKHQ�ZKDW�LV�WKH�´VRPH-
WKLQJ�HOVHµ�IURP�ZKLFK�LW�LV�GHULYHG"�7DNLQJ�DZD\�WKH�
beat, the pace, and the dominance of the poetic func-
tion, freestyle rap bears a striking resemblance to the 
linguistic improvisation that characterizes our everyday 
conversational play. The jokes and puns we all make 
are the basis for the remarkable extemporaneous 
speech that distinguishes freestyle rap. Every time we 
speak, we heed the words of musician Tunde Adebimbe 
ZKHQ�KH�VLQJV��´/HW�LW�IROORZ�WKDW�ZH�OHW�LW�IUHH��OHW�LW�Á\µ�
(1). 

Elizabeth Beam is a research assistant in a neurosci-
ence lab at Harvard University.
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FEATURE ARTICLES

I magine a high school student named 
Lisa. A high achiever, both academi-
cally and athletically, Lisa gains ad-

mission to Duke University in her senior 
year, is voted “Most Likely to Succeed” 
by the student body, and is loved by 
classmates and teachers alike. From the 
outside, she seems to have a perfect life. 
But, on the inside, Lisa sees herself as a 
failure. Every day, she hears voices in her 
head telling her that the people around 
her hate her because she is stupid and 
ugly, and not at all the bright student and 
gifted athlete that she is. This is exactly 
how Lisa Halpern, a writer and lecturer 
who suffered from schizophrenia in her 
teenage years and into her twenties, de-
scribes her high school experience (1).
   Approximately one percent of the 
world’s population has schizophrenia, a 
tragic mental health disorder best known 
for causing hallucinations and delusions. 
Those who have the disorder are often 
paranoid and plagued with emotional 
SUREOHPV��PDNLQJ�LW�GLIÀFXOW�IRU�WKHP�
to focus on tasks, hold full-time jobs, or 
maintain normal social relationships. 
The disease has such a profound effect 
on those who have it that forty percent 
of schizophrenics attempt to commit 
suicide (1). Carrying a heavy stigma, the 
disorder also has a reputation for causing 
people, driven by voices that they hear in 
their heads, to commit violent crimes (1). Although the vast 
majority of schizophrenics are never violent, many report 
hearing a voice or voices—ranging from friendly to demonic—
inside their heads, which can leave a lasting impact on their 
life, as well as the lives of those around them. 

Typical Treatments
���7KH�PRVW�FRPPRQ�ÀUVW�OLQH�RI�GHIHQVH�DJDLQVW�VFKL]RSKUH-
nia often includes antipsychotic medication. In essence, 
the main goal of these medications is to restore healthy 
levels of various neurotransmitters, such as dopamine, by 
targeting proteins or other molecules involved in the central 
nervous system (3). There are currently over 20 antipsy-

chotic medications on the market that are often prescribed 
to schizophrenics, regardless of their age or how long they 
have had the disease. The most commonly used antipsy-
chotics include risperidone, haloperidol, and clozapine.  But 
despite the widespread usage of antipsychotics, they are 
often criticized, and there is never a shortage of controversy 
about their usage (2).
   By far the most common objection to antipsychotics is 
WKDW�WKHLU�VLGH�HIIHFWV�GR�QRW�MXVWLI\�DQ\�EHQHÀWV�JDLQHG�E\�
taking them. When taken over extended periods of time, 
WKHVH�PHGLFDWLRQV�FDQ�FDXVH�VLJQLÀFDQW�ZHLJKW�JDLQ��XQFRQ-
trolled muscle movements, and an increased risk of cardiac 
problems and heart attacks, to name just a few common 
side effects (2). In fact, a major obstacle in the road to suc-
cessfully treating schizophrenia is patient non-adherence to 
treatment plans, which often stems from patients’ inability 

No More Meds
Schizophrenia and Cognitive Behavioral Therapy

BY BRENDAN PEASE

Figure 1: Risperidone is one of the medications used commonly in the 
treatment of schizophrenic symptoms. Photo courtesy of Wikimedia 
Commons.
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Figure 2: Schizophrenia is a mental disorder characterized by a breakdown 
in emotional responses. A patient embroidery reflects this conflict. Photo 
courtesy of Wikimedia Commons.
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to cope with the unwanted impacts of 
the drugs on their daily lives and overall 
health (4).
   In addition to the numerous side 
effects of antipsychotic medications, 
recent studies have called into question 
WKHLU�RYHUDOO�VFLHQWLÀF�HIIHFWLYHQHVV��DV�
well. Several recently published studies 
have shown that antipsychotic drugs 
may be less effective than placebos 
in children and adults (2). After being 
treated with antipsychotics for a while, 
many patients may also develop resis-
tance to the medications, because their 
bodies learn to compensate for the 
effects of the drugs. In 2012, a study 
released by the Mount Sinai School of 
Medicine found that an enzyme in the 
brain, HDAC2, was highly expressed in 
the brains of mice treated with antipsy-
chotics. This higher level of expression 
in turn caused lower expression of the 
Metabotropic Glutamate Receptor 2, or mGlu2. A common 
target of antipsychotics, mGlu2 is a protein that is highly 
involved in the regulation of neurotransmitters, which are 
imbalanced in those with schizophrenia. Because many 
antipsychotics work to increase the production and pres-
ence of mGlu2, resistance to this effect is a major molecular 
setback to the effectiveness of antipsychotics (3).
   Though the National Institute of Health has long advocated 
for the use of antipsychotic medication to treat schizophre-
nia, the organization acknowledges that the main symptoms 
of schizophrenia cannot be treated adequately with medica-
tion alone. This is due not only to the nature of schizophre-
nia itself, but also to the fact that many people who suffer 
from schizophrenia also have other comorbid mental health 
issues, such as mood disorders, depression, and anxiety 
disorders (5). In general, this seems to be an important 
component of schizophrenia treatment that is missing from 
the antipsychotic-centered status quo; luckily, recent studies 
KDYH�DLPHG�WR�ÀOO�LQ�WKLV�JDS�

Cognitive Behavioral Therapy
   One particularly promising method of treatment that 
is beginning to be used instead of or in conjunction with 
antipsychotics is cognitive behavioral therapy (CBT). CBT 
differs from traditional psychotherapy in that it focuses on 
behavioral and cognitive processes that negatively affect the 
patient’s life. It is also goal-oriented, requiring the therapist 
and the patient to work together toward the ultimate goal 
of changing harmful thought processes that the patient 
experiences, as opposed to more passive traditional psycho-
therapy in which there is less emphasis on the therapist and 
WKH�SDWLHQW�DFWLYHO\�ZRUNLQJ�WRJHWKHU��6FLHQWLÀF�VWXGLHV�RI�

CBT have already demonstrated its effectiveness for a range 
of mental illnesses, such as substance abuse and mood, 
anxiety, personality, sleeping, and eating disorders. (6). Al-
though there has not yet been any evidence proving whether 
or not CBT could be used to treat schizophrenia, two studies 
published this year have provided support for the fact that 
CBT may also be an effective way to treat schizophrenia. 
   A new study published in The Lancet in February, 2014, 
provides more concrete evidence for the effectiveness of 
treating schizophrenia patients with CBT. In trials at two dif-
ferent health centers in the United Kingdom, researchers at 
the University of Manchester conducted a study comparing 
the outcomes of schizophrenic patients who had received 
antipsychotic drugs with those who had instead received 
cognitive behavioral therapy. As a metric for outcomes, 
researchers used the Positive and Negative Syndrome Scale 
(PANSS), which is commonly used to assess schizophrenia; 
the higher a patient’s PANSS score is, the more symptoms 
of schizophrenia that the patient is experiencing. At the con-
clusion of the study, the researchers found that the mean 
PANSS scores for those who received CBT was consistently 
lower than scores for the group that received antipsychot-
ics (4). This result was further supported by a smaller study 
published by the British Journal of Psychiatry, which used a 
series of randomized trials to show that CBT has a positive 
effect on schizophrenic symptoms (7).
   As more research is being done on CBT, and as CBT train-
ing becomes more widely available to psychologists, psychia-
trists, social workers, and psychiatric nurses, additional CBT 
methods are being developed for schizophrenia treatment 
sessions (6). One common technique, known as reality test-
ing, involves encouraging the patient to evaluate the reality 
base of a belief or assumption. This is often done via lines 
of questioning designed to explore the rationale behind the 
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patient’s beliefs. Common questions might include: “How 

do you know that what you perceive is actually happening? 

What do you think causes this to happen? When you think 

through it now, are these reasons good enough?” Another 

common technique involves encouraging the patient to run 

miniature “behavioral experiments” to test certain beliefs. 

For example, if a patient believes his or her neighbor is com-

municating threats by sneezing, the patient may set up an 

experiment in which he or she watches a television program 

to evaluate other theories that could explain the neighbor’s 

sneezing—such as sickness or allergies (8). One of the most 

common CBT techniques used with patients with a variety of 

mental disorders is “normalization”; in these sessions, thera-

pists reassure their patients that normal people occasionally 

hear voices or see objects that aren’t there, encouraging 

patients to view themselves as normal (2). Using these com-

mon CBT techniques, trained therapists are eventually able 

to improve schizophrenic patients’ modes of thinking and 

behavior, alleviating patients’ symptoms and improving their 

quality of life.

   Despite the growing body of evidence that CBT is an effec-

tive way to treat and manage schizophrenia, there are still 

some actions that need to be taken before CBT is used as 

frequently as antipsychotics. Many CBT and schizophrenia 

researchers have recently called for additional research, in-

cluding the researchers at the University of Manchester, who 

DUH�KRSLQJ�WKDW�D�ODUJHU�DQG�PRUH�GHÀQLWLYH�WULDO�ZLOO�VXSSRUW�
their results in the near future (4). In addition, CBT is an ac-

tive intervention that commonly requires patients to practice 

techniques outside of sessions; thus, patient adherence over 

a long period of time is a crucial aspect of CBT’s suc-

cess, just as it is for other schizophrenia treatments 

(6). Perhaps the biggest obstacle to widespread usage 

of CBT is that CBT does not directly address one of 

VFKL]RSKUHQLD·V�GHÀQLQJ�FKDUDFWHULVWLFV��QHXURWUDQV-

mitter imbalance in the brain. While it is possible that 

CBT causes changes in behavior that will in turn affect 

neurotransmitter concentrations, the link between 

neurotransmitters and behavior is still not well under-

stood. Though CBT may effectively manage symptoms, 

it is possible that another form of treatment will be 

needed to mechanistically address the neurobiology 

behind schizophrenia (2).

   It is clear that the status quo for treating schizo-

phrenia with antipsychotics has its weaknesses, both 

VFLHQWLÀFDOO\�DQG�LQ�LWV�VLGH�HIIHFWV�DQG�SDWLHQW�DGKHU-
ence. However, in light of recent studies, cognitive 

behavioral therapy may represent the possibility of 

a bright future for schizophrenia patients and a new 

protocol for treatment. With more research, CBT may 

become the go-to treatment for schizophrenia, and 

antipsychotics may become a relic of the past.  

Brendan Pease ‘17 is a freshman in Thayer Hall.
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Politics of HIV/AIDS 
and the 

Singing Brain 

G lobally, over 35 million people were living with HIV in 
2012 (1). In addition to severe physical and immuno-
logical deterioration associated with the progression 

RI�WKH�LOOQHVV��+,9�$,'6�DOVR�FUHDWHV�D�VLJQLÀFDQW�QHXURSV\-
chological burden on those infected and their social networks. 
This additional suffering contributes to the decreases in medi-
FDO�DGKHUHQFH��LQFUHDVHV�LQ�ULVN\�VH[XDO�EHKDYLRUV��GLIÀFXOW\�LQ�
status disclosure, acceptance, and coping (2). Consequently, 
DQ[LHW\�DQG�SHVVLPLVP�UHGXFHV�WKH�HIÀFDF\�RI�FDUH�DQG�WUHDW-
ment. Nevertheless, this emotional damage may create a 
clinical and social opportunity for music, a “harmonic medi-
cine,” to serve as a counterbalance to the negative emotions 

caused by HIV-related stigma  (3). 
   Music is all around us. Among speech, writing and per-
formance, music has evolved to become one of the most 
powerful social, cultural and political practices. The power of 
this sonic language strongly stems from its ability to create 
“sensations, imagination, and experience[s]” that persuasive-
ly trigger certain emotions and behavioral changes (4). If you 
have ever shivered just by listening to a song, then you have 
experienced the emotional power of music. These music-in-
duced sensations are the result of neuronal activations in the 
orbitofrontal and cingulate cortices of our brain (3). Through 
complex biochemical interactions, music then encourages a 

BY QUANG NGUYEN

“Music expresses that 
which cannot be put into 
words and that which 
cannot remain silent”

- Victor Hugo
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voluntary “musical participation” between those affected and 
others. 
   On a more sociological level, music can not only embody a 
person’s political values and experiences but also effectively 
propagate his or her opinion, ideology, argument and belief. In 
fact, many social advocates and political enthusiasts around 
WKH�ZRUOG�KDYH�XVHG�PXVLF�DV�D�JOREDO�UHVRXUFH�LQ�WKH�ÀJKW�
against HIV/AIDS pandemic worldwide since the early 1980s 
when the disease was mislabeled the Gay-Related Immune 
'HÀFLHQF\��*5,'��RXW�RI�IHDU�DQG�LJQRUDQFH������,Q�WKLV�SDSHU��
we will take a brief journey into our brain, the center of the 
nervous system, to investigate how a simple melody of tones 
that does not contain an “intrinsic reward value” can effective-
ly unite and empower people in their political and emotional 
responses to the pandemic of HIV/AIDS (6).

Political Consequences of 
Musical Re-indexing 

   In his 2011 book, AIDS, Politics, and Music in South Africa, 
Fraser McNeill reveals the multifactorial power of locally 
recognized music in propagating safe sex messages that can 
HGXFDWH�DQG�LQÁXHQFH�WKH�JHQHUDO�SXEOLF·V�GHFLVLRQV�DERXW�
HIV/AIDS. For example, consider the following pro-protection 
message:

Khondomu ndi bosso! 
Condom is the boss! 
I thivhela malwadze!
It prevents sickness! 

Khondomu nga i shume. 
Use condoms! 

Khondomu ndi bosso! 
Condom is the boss! 

���+HUH��WKH�ÁH[LEOH�SURSHUW\�RI�PXVLF�LV�DW�ZRUN��,Q�IDFW��WKHVH�
SKUDVHV�FRPSULVH�WKH�PRGLÀHG�YHUVLRQ�RI�RQH�RI�WKH�IDPRXV�
anti-apartheid songs by Joe Modise, South African Minister 
of Defense from 1994 to 1999 (7). Taking advantage of the 
area’s strong musical culture, a group of young women in 
Venda, a Whembe District of the Thulamela Municipality in 
southern Africa, called themselves the peer educators and 
took on the slogan of ‘Prevention is Better than Cure.’ They 
decided to sing these succinct phrases while performing the 
Venda’s python dance (domba) to convey their message. In an 
adaptation of a famous Lutheran hymn, the phrase “Jesus is 
number one!” was also changed into “Condom, condom, con-
dom is number one, no matter what the people say, but con-
dom is number one!” (7) By changing the words of the song, 
one may change its original meaning by focusing the attention 
on another target. In this case, by “indexing” AIDS to Boer, a 
synonymous Dutch term to call conservative supporters of 
the Nationalist government in 1800s in South Africa, the peer 
educators had channeled memory and experiences of the 
people about anti-apartheid struggle in the past to the current 
struggle against AIDS (7). Another instance demonstrating the 

powerful usage of “re-indexing” by lyric change is from a song 
named “I ya vhulaya” or “It kills,” which contributed to the 
provision of the 2010 recommendation of when to start Anti-
retroviral Therapy (ART) (7). Currently, for adults and adoles-
cents, the WHO recommends ART to all people who have the 
CD4 count of 500 cells/mm3, with a priority for people with 
the count of less than or equal to 350 cells/mm3 and those 
with advanced HIV disease (8). Through music, governmental 
policy about a particular issue is subject to wider public review 
as a result of the collective effort of people who are musically 
LQÁXHQFHG�DV�WKH�HIIHFW�RI�´PHORG\��PHWHU������WLPEUHµ�DQG�WKH�
O\ULFV�LQ�WKH�PXVLF�WKH\�OLVWHQ�WR�JHQHUDWHV�VXIÀFLHQW�HIIHFWLYH�
emotional attention (3). 
���$OWKRXJK�FXOWXUDO��VRFLDO��DQG�WUDGLWLRQDO�FRQÁLFWV�SUHVHQW�
some of the most challenging roadblocks in international 
interventions—especially in developing countries like Nigeria, 
where laws against same-sex marriage have been particularly 
harsh—they also provide a unique opportunity for the musical 
arts. In these contexts, music can participate in infectious dis-
ease prevention efforts as a unifying catalyst for “retradition-
alization” in the ever-evolving community (7). After all, each 
human culture has some type of music, and all humans are 
neurologically and socially capable of “creating and respond-
ing to music” (9). This inherent capacity of music to allow 
people to “sing about what [they] cannot talk about”—accom-
panied by an explanation of what causes infection—can be 
used to drive positive political energy in HIV/AIDS (7). 

Neuroarchitecture of 
Musical Emotion 

   The work of peer educators in the aforementioned examples 
is not only social and political action, but it also builds upon 
a sophisticated “neuroarchitecture” of musical emotion (10). 
Have you ever had a song that was just stuck in your head? 
If so, you have experienced “involuntary musical imagery” 
(INMI), or “earworm” syndrome, in which unwanted, familiar, 
and most likely overlearned musical tunes keep repeating 
in your mind, sometimes uncontrollably (11). This common 
“sticky music” phenomenon, which was postulated to be the 
result of neural playback circuits, reveals musical translimi-
nality, a hypersensitivity to music due to its powerful cogni-
WLYH�SHQHWUDELOLW\�������3URYLGLQJ�WKLV�PXVLF�VSHFLÀF�PHQWDO�
penetration—although with a short “life expectancy”—music 
is a promising untapped resource that, when used correctly, 
FDQ�LQÁXHQFH�RXU�HPRWLRQDO�DQG�PHQWDO�VWDWHV�LQ�D�YDULHW\�RI�
useful ways (11). 
   As such, researchers have asked many questions about 
what makes music such an effective tool. Can music trigger 
emotional changes that are strong enough to subsequently 
LQGXFH�SDUWLFXODU�DFWLRQV"�:KDW�VSHFLÀF�FKDQJHV�LQ�WKH�EUDLQ�
that are induced by musical engagement were intentionally or 
unintentionally recognized and utilized as a tool in HIV/AIDS 
politics? With the help of current and developing neuro-tech-
nology, we are much closer to solving the mystery of musical 
perception and the brain function. 
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Musical Rhythm as the Brain’s Temporal Timer 
  Since music can facilitate communication among people in 
a community, it can also contribute to the communication of 
information across the auditory cortex, which is located at the 
MXQFWXUH�RI�WKH�6\OYLDQ�ÀVVXUH�DQG�DGMDFHQW�+HVFKO·V�J\UXV�LQ�
the human brain (3). At this juncture, centric auditory corti-
FDO�ÀHOGV�DUH�FRQFHQWUDWHG��RUJDQL]HG�E\�IUHTXHQF\�VSHFLÀF�
sounds of rhythm and timbre transmitted from the thalamus 
(3). Musical sounds, with their uniquely structured rhythmic 
patterns, serve as “sensory timers” that have been shown to 
improve the recovery of motor functions in neurologically dam-
aged patients with strokes, Parkinson disease, and traumatic 
brain injuries (12). In fact, musical rhythm creates a meaning-
ful sound pattern in time that parallels the “oscillatory ‘rhyth-
mic’ synchronization codes of neural information processing” 
in the brain (12). In turn, this complex and expansive cortical 
process induces an additive effect to streamline the transfer 
of “sensory and cognitive-perceptual information” (6, 12). 
   Furthermore, it was suggested that music is “written in the 
time code of rhythm as its sound patterns resembles the oscil-
latory ‘rhythmic’ processing in the brain (12).  This temporal 
feature of music constitutes the neurobiological foundation 
of perception and learning (12). When we listen to music, 
dopamine is released in the nucleus accumbens, affecting the 
reward pathway that operates in perception, addiction, motiva-
WLRQ��DQG�HPRWLRQ�PHFKDQLVPV���������6SHFLÀFDOO\��6DOLPSRRU�
et al. (2013) revealed that our appreciation of desirable new 
music is not only due to the auditory cortical 
processes triggered by one’s listening history 
but also a result of our temporal expectation 
of the rewarding value of the music we are 
listening to, based on the implicit understand-
ing of musical sounds and structure. Temporal 
control in the oscillatory circuits of the speech 
center in the brain is essential for coordinat-
ing movement, memory, and other executive 
functions. Existing studies provide strong prima 
facie evidence that music can stimulate the 
neuronal compensatory network for brain areas 
whose functions are compromised; thus, music 
may also contribute to neural plasticity. In fact, 
listening to music with lyrics has been docu-
mented to elicit wider bilateral neural activ-
ity than purely verbal materials, and regular 
self-directed music listening has been shown to 
increase the compensatory capacity of different 
brain regions in patients with unilateral MCA 
stroke (14). 

Retrieval of Musical Information and 
Neuronal Memory 

   Coupled with the rhythmic pattern, musical 
“chunking” through melody acts as an effective 
mnemonic device, which is essential in memory 

coding (12). For instance, despite Alzheimer’s patients’ inabil-
ity to learn new songs or perform memory tests like word lists, 
VWRULHV��RU�ÀJXUHV��WKH\�KDYH�EHHQ�VKRZQ�WR�EH�DEOH�WR�UHWDLQ�
musical information and skillfully play previously learned 
songs (14). If patients with neurological disorders can retain 
PXVLF�VSHFLÀF�LQIRUPDWLRQ��WKHQ�LW�LV�XQVXUSULVLQJ�WKDW�PXVLF�
can also be utilized to recreate or trigger profound musical 
emotions in healthy individuals, especially when that musical 
information is strongly associated with a particular past event. 
1HXURVFLHQWLÀF�VWXGLHV�DOVR�VXSSRUW�WKLV�SRVWXODWLRQ��OLQNLQJ�
the differential activation to stimulation in the anterior para-
EHOW�UHJLRQV�VXUURXQGLQJ�WKH�FRUH�RI�DXGLWRU\�FRUWLFDO�ÀHOGV��
thereby connecting auditory stimuli and memory (3). There-
fore, music not only allows one to formulate new memories 
about certain incidents by interpreting and responding to the 
related musical piece, but it also may help one create a stable 
neuronal memory that is resistant to certain neurodegenera-
tive forces. 

Cognitive Emotion in HIV/AIDS-related  
Depression 

   As neurocognition and immunity are progressively compro-
mised in HIV-infected patients, HIV-related depression im-
SHGHV�WKH�HIÀFDF\�RI�$57�E\�IXUWKHU�ZRUVHQLQJ�WKHLU�HPRWLRQDO�
state. Clinically depressed individuals are unable to regulate 
QHJDWLYH�PRRGV��DV�WKH\�RIWHQ�KDYH�GLIÀFXOW\�DFFHSWLQJ�DQG�
reframing negative automatic thoughts (NAT) (15). Inevitably, 

Figure 1: The primary auditory cortex is one of the main areas as-
sociated with superior pitch resolution. 
Photo courtesy of Wikimedia Commons.
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the accumulation of this emotional distress would impair 
their “adaptive cognitive coping strategies,” continually 
increasing their susceptibility to more advanced neurocogni-
tive sequelae like HIV-associated dementia. In addition to 
other people’ perceptions, compromised behavioral regula-
tion of emotion in HIV-infected individuals can be further 
complicated by their own internalization of the stigma (15). 
However, all of these behavioral and social challenges open 
up the door for “harmonic medicine” to play a role in both 
socio-behavioral and neuropsychological aspects of HIV/AIDS 
treatment (3). 

Harmonic Medicine in 
Emotional Neuroscience 

   It was also shown that modulation of amygdala reactivity 
plays an important role in recruiting various frontal brain 
regions, including the dorsolateral prefrontal cortex (DLPFC), 
orbitofrontal cortex (OFC), and anterior cingulate cortex 
(ACC). This “amygdala-frontal coupling” has been linked 
to the ability to self-regulate negative emotion and trigger 
emotion-related behaviors during distress (16). As a result, 
music, a highly emotional stimulus, can serve as a powerful 
harmonic medicine for self-regulation of negative emotions, 
which is an important cognitive coping ability that tends to 
be only minimally induced in HIV-infected individuals follow-
ing cognitive and behavioral interventions (15). Furthermore, 
Särkämö and colleagues (2008) also showed that listening 
to music everyday could prevent negative mood in patients 
with middle cerebral artery stroke, as they experienced less 
frequent episodes of depression and confusion.
���-XVW�DV�HPRWLRQV�FDQ�EH�FODVVLÀHG�DV�KDSS\�RU�VDG��HPR-

tional responses to the complex organization of a melody can 
DOVR�EH�FODVVLÀHG�E\�WKH�PRRGV�HOLFLWHG�ELODWHUDOO\�E\�GLIIHU-
ent signal changes in the amygdala and limbic system of the 
listeners (3, 18). Researchers have also suggested that the 
increase in hormone concentration in tears, such as that of 
prolactin, when people experience extreme emotions (e.g. 
during birth delivery and organism) may be an evolutionary 
mechanism that facilitates the encoding memory of those 
extreme emotional experiences (3). This may explain the 
physical changes in people when they watch an orchestra. 
Therefore, it is not exaggerating to say that music indeed 
plays an important role in humans’ emotional experiences. 
   Furthermore, foundational elements of music, such as 
pitch, tone and rhythm, each engage different parts of the 
brain in a sophisticated bilateral cortical collaboration, creat-
ing a combined effect on emotion, memory, and perception 
(13). In fact, the elaborate interactions among sensory-mo-
tor, auditory, and frontal cortical networks have been pro-
SRVHG�WR�HOLFLW�PXVLFDO�HPRWLRQV��WKHUHE\�LQÁXHQFLQJ�EHKDY-
ioral decisions by engaging higher-order cognitive affective 
regions in the brain for the acquired “inventive salience” of 
music (6). Therefore, music not only helps lessen the social 
and cultural burdens on people living with HIV/AIDS by allow-
ing their pain to be musically heard and defragmented, but 
also it may also help to alleviate their psychological challeng-
es by changing or  maximizing their brain’s music-dependent 
plasticity under conditions of external and internal stress (3, 
12, 13).

Neuropsychological Integration of Music in HIV/
AIDS Prevention, Treatment, Care, and Politics 

   Music is the building block for the 
audience’s emotional experience and for 
the performers themselves to express 
their message via the musical melody. In 
the past, the therapeutic value of music 
has primarily been interpreted within 
the framework of the indirect conse-
quences of music and one’s cultural and 
emotional wellbeing (12). However, only  
recently has this understanding been 
more adequately expanded to include 
the underlying neurology of musical 
healing power. This wider consideration 
suggests the potential application of 
music as therapy and for confronting the 
politics of HIV/AIDS, a highly stigmatized 
and emotionally heated disease that has 
a long history (12). 
   Music’s power to change one’s emo-
tions and behaviors has been utilized in 
many HIV prevention programs, espe-
cially in developing countries where 
music is often an important cultural 
value of the people. As HIV/AIDS levies 
many heavy negative emotional changes 

Figure 2: Antiretroviral therapies target different parts of the HIV virus repli-
cation cycle.Photo courtesy of Wikimedia Commons.
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that subsequently result in neurocognitive defects, 
music, along with neuroscience, psychology, and 
medicine, is an invaluable resource. With proper 
implementation, it may help improve current dis-
ease control programs and policy planning. As HIV/
AIDS incubates fear and emotional distress in those 
affected, music offers inexpensive healing power 
that is free of adverse effects and can promote 
HIV/AIDS prevention. Furthermore, with its powerful 
capacity to change emotions and alter perceptions 
and social behavior, music also contains politics 
within itself. As McNeill (2011) points out, music is 
a social solvent for politics, religions, and traditions 
to homogenize for the better. Lastly, it is also im-
portant to recognize that, as gender differences do 
play a crucial role in emotional reactions to music, 
certain marginalized populations are more vulner-
able to social stigma than others. Thus, musical 
applications, including political acts and medical or 
educational implementation, must remain culturally 
DSSURSULDWH��JHQGHU�UHOHYDQW��SRSXODWLRQ�VSHFLÀF��
DQG��PRVW�LPSRUWDQWO\��HWKLFDOO\�MXVWLÀHG������
   Reverend Jackson Muteeba, director of the 
Integrated Development and AIDS Concern (IDAAC) 
in Iganga, Uganda, asserts that only behavior can 
serve as the “metaphoric ‘language’” that “AIDS 
can hear, […] understand, […] for the people to 
come to terms with the realities of the disease-both 
cultural and medical” (18). Creative music can 
evolve to empower stigmatized HIV-infected individ-
uals while educating others, whether infected or not. 

Quang Nguyen ‘16 is a sophomore at Duke University 
majoring in Cellular and Molecular Biology.
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Figure 3: Music may hold the key to being able to cope with HIV 
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When you imagine telepathy, your 
mind probably jumps immediately 
WR�VFLHQFH�ÀFWLRQ��WKH�9XOFDQV�RI�
Star Trek, Legilimency in Harry 
3RWWHU��RU�WKH�KXJH�YDULHW\�RI�VX-
perheroes and super-villains who 
SRVVHVV�SRZHUV�RI�WHOHNLQHVLV�
or mind control. Twenty years 
ago, these concepts would have 
EHHQ�PHUH�ÀFWLRQDO�VSHFXODWLRQ��
but today, in neuroscience labs 

around the world, new research 
is turning the startling possibility 

RI�EUDLQ�WR�EUDLQ�FRPPX-
nication into reality.

Photo from the National Science Foundation
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Humans 
Computers

And Everything in Between:
TOWARDS SYNTHETIC TELEPATHY

BY LINDA XU

IPDJLQH�WKLV��D�PDQ�ZHDULQJ�D�VWUDQJH�SROND�GRW�FDS�VLWV�LQ�
IURQW�RI�D�FRPSXWHU�VFUHHQ��ZDWFKLQJ�DQ�DQLPDWHG�URFNHW�
Á\�IURP�D�SLUDWH�VKLS�WRZDUG�D�FLW\��,Q�WKH�JDPH��WKH�RQO\�

GHIHQVH�DJDLQVW�WKH�URFNHW�LV�D�FDQQRQ��ZKLFK�FDQ�EH�ÀUHG�
by pressing a key on a keyboard in an adjacent room. As the 
PDQ�ZDWFKHV�WKH�URFNHW�PDNH�LWV�ÀUVW�ÁLJKW�IURP�WKH�VKLS��
KH�WKLQNV�DERXW�PRYLQJ�KLV�ÀQJHU��ZLWKRXW�DFWXDOO\�PRYLQJ�
anything at all.  
���,Q�WKH�DGMDFHQW�URRP��DQRWKHU�FDSSHG�PDQ�³�KLV�FDS�FRQ-
QHFWHG�WR�WKH�ÀUVW�PDQ·V�WKURXJK�ZLUHV��D�FRPSXWHU��DQG�
WKH�LQWHUQHW�³�VLWV�ZLWK�KLV�KDQG�UHOD[HG�RYHU�WKH�NH\ERDUG��
XQDEOH�WR�VHH�WKH�ÀUVW�PDQ�DQG�REOLYLRXV�WR�WKH�LPSHQGLQJ�
GRRP�RI�KLV�DQLPDWHG�FLW\��6XGGHQO\��KLV�EUDLQ�UHFHLYHV�D�
MROW�RI�HOHFWULFDO�VWLPXODWLRQ��DQG�KLV�ÀQJHU�LQYROXQWDULO\�MHUNV�
down on the key, bringing down the rocket. Together, these 
WZR�PHQ�KDYH�VXFFHVVIXOO\�VDYHG�WKH�FLW\��DQG�PRUH�LPSRU-
WDQWO\��WKH\�KDYH�DFKLHYHG�WKH�RQFH�XQWKLQNDEOH�WDVN�RI�GLUHFW�
brain-to-brain communication (1).

���,I�\RX�KDYHQ·W�EHHQ�NHHSLQJ�XS�ZLWK�WKH�FXUUHQW�QHXUR�
technology scene, the above scenario may sound like noth-
LQJ�PRUH�WKDQ�D�WDOH�RI�VFLHQWLÀF�IDQF\��+RZHYHU��LQFUHGLEO\�
HQRXJK��WKLV�H[DFW�H[SHULPHQW�ZDV�FRPSOHWHG�MXVW�D�IHZ�
PRQWKV�DJR�DW�WKH�8QLYHUVLW\�RI�:DVKLQJWRQ�DQG�LV�RQO\�
WKH�ODWHVW�LQ�D�ORQJ�VWULQJ�RI�PLOHVWRQHV�WRZDUG�´V\QWKHWLF�
WHOHSDWK\�µ�,Q�WKLV�DUWLFOH��ZH�ZLOO�WRXFK�XSRQ�HDFK�RI�WKHVH�
PLOHVWRQHV��DQG�PRVW�QRWDEO\�RQ�WKH�GHYHORSPHQW�RI�WKH�
EUDLQ�FRPSXWHU�LQWHUIDFH��D�NH\�VWHSSLQJ�VWRQH�LQ�WKH�SDWK�
WR�WKH�EUDLQ�WR�EUDLQ�LQWHUIDFH��$IWHU�D�EULHI�GLVFXVVLRQ�RI�WKH�
UHVHDUFK�LWVHOI��ZH�ZLOO�WKHQ�WDNH�D�ORRN�DW�WKH�HWKLFV�RI�WKH�
WHFKQRORJ\�DQG�ZKDW�WKHVH�DGYDQFHPHQWV�UHDOO\�PHDQ�IRU�WKH�
UHVW�RI�XV

From Synapses to Sensation
���,Q�RUGHU�WR�IXOO\�DSSUHFLDWH�EUDLQ�LQWHUIDFH�WHFKQRORJ\��RQH�
PXVW�JR�EDFN�WR�WKH�EDVLFV�RI�QHXURVFLHQFH��7KH�QHUYRXV�V\V-
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why, to this day, the exact mechanisms by which neural 
ÀULQJ�SDWWHUQV�FUHDWH�SKHQRPHQD�OLNH�PHPRU\��FRQVFLRXV-
ness, sensory experience, and motor action remain largely 
unknown.
   Despite this obstacle, scientists have discovered ways to 
manipulate the brain without completely understanding the 
mechanisms behind its activity. Twentieth-century neurosur-
JHRQ�:LOGHU�3HQÀHOG�ZDV�DW�WKH�IRUHIURQW�RI�WKLV�DGYDQFH-
PHQW��HDUQLQJ�WKH�WLWOH�DV�WKH�´JUHDWHVW�OLYLQJ�&DQDGLDQµ�
IRU�KLV�IDPRXV�QHXUDO�VWLPXODWLRQ�H[SHULPHQWV������'XULQJ�
KLV�VXUJHULHV��3HQÀHOG�SUREHG�WKH�EUDLQV�RI�KLV�QXPEHG�
EXW�FRQVFLRXV�SDWLHQWV�DQG�REVHUYHG�ZKDW�HIIHFW�SURELQJ�D�
FHUWDLQ�DUHD�RI�WKH�EUDLQ�KDG�RQ�WKH�SDWLHQW��5HPDUNDEO\��
3HQÀHOG�IRXQG�WKDW�VWLPXODWLRQ�RI�VSHFLÀF�DUHDV�RI�WKH�EUDLQ�
FRUUHODWHG�ZLWK�YHU\�VSHFLÀF�IXQFWLRQV�DQG�DUHDV�RI�WKH�ERG\��
IRU�LQVWDQFH��SURELQJ�WKH�WHPSRUDO�OREHV�ZRXOG�FDXVH�WKH�SD-
tient to undergo a vivid memory recall, while probing another 
DUHD�RI�WKH�EUDLQ�PLJKW�FDXVH�WKH�IHHOLQJ�RI�EHLQJ�UXEEHG�RQ�
WKH�VWRPDFK�RU�SLQFKHG�RQ�WKH�OHIW�IRRW�����
���7KLV�UXGLPHQWDU\�´EUDLQ�SRNLQJµ�H[SHULPHQW�ZDV�ZKDW�

eventually led scientists to the theory that thought and be-
KDYLRU�FRXOG�EH�SUHGLFWHG�E\�PHDVXULQJ�SDWWHUQV�RI�DFWLYLW\�
LQ�WKH�EUDLQ��,Q�RWKHU�ZRUGV��3HQÀHOG·V�REVHUYDWLRQV�LPSOLHG�
WKDW�VRPHRQH�FRXOG�JHW�DQ�LGHD�RI�ZKDW�\RX�ZHUH�GRLQJ�RU�
WKLQNLQJ�VLPSO\�E\�WDNLQJ�UHODWLYHO\�EDVLF�PHDVXUHPHQWV�RI�

the changes in your brain activity. From this theory, the path 
ZDV�SDYHG�IRU�WKH�GHYHORSPHQW�RI�WKH�ÀUVW�EUDLQ�FRPSXWHU�

LQWHUIDFH��D�GHYLFH�WKDW�FRXOG�FRQQHFW�D�EUDLQ�WR�D�FRPSXWHU�
that would record and interpret its activity. Three basic 

VWHSV�ZRXOG�EH�UHTXLUHG�WR�DFKLHYH�WKLV�ODQGPDUN�GHYHORS-
PHQW��UHOLDEOH�GHWHFWLRQ�RI�WKH�HOHFWULFDO�DFWLYLW\�RI�WKH�EUDLQ��
DFFXUDWH�LQWHUSUHWDWLRQ�RI�WKH�PHDQLQJ�RI�WKLV�DFWLYLW\��DQG�
SURPSW�WUDQVIRUPDWLRQ�RI�WKLV�LQWHUSUHWHG�DFWLYLW\�LQWR�XVHIXO�

action.

The Dawn of the Brain Computer Interface 
���$�VROXWLRQ�WR�WKH�ÀUVW�VWHS�LQ�FUHDWLQJ�WKH�ÀUVW�EUDLQ�FRP-
SXWHU�LQWHUIDFH��UHOLDEOH�GHWHFWLRQ�RI�WKH�HOHFWULFDO�DFWLYLW\�
RI�WKH�EUDLQ��ZDV�DOUHDG\�RQ�LWV�ZD\�E\�������ZKHQ�*HUPDQ�
QHXURORJLVW�+DQV�%HUJHU�UHFRUGHG�WKH�ÀUVW�KXPDQ�HOHFWURHQ-
FHSKDORJUDP��((*�������%\�SODFLQJ�H[WHUQDO�HOHFWURGHV�RQ�WKH�
VFDOS�RI�D����\HDU�ROG�VXUJLFDO�SDWLHQW��%HUJHU�ZDV�DEOH�WR�
measure the electrical potential across the electrodes and 
WKXV�GHWHFW�WKH�FKDQJLQJ�HOHFWULFDO�DFWLYLW\�RI�WKH�QHXURQV�LQ�
WKH�SDWLHQW·V�EUDLQ��7R�WKLV�GD\��WKH�((*�UHPDLQV�RQH�RI�WKH�
PRVW�FRPPRQ�PHWKRGV�RI�UHFRUGLQJ�DFWLYLW\�LQ�WKH�EUDLQ��ID-
YRUHG�RYHU�WKH�05,�DQG�3(7�VFDQ�IRU�LWV�FKHDS�DQG�UHODWLYHO\�
simple procedure. The next step, then, was to translate this 
UHFRUGHG�EUDLQ�DFWLYLW\�LQWR�PHDQLQJIXO�LQIRUPDWLRQ�
���7KLV�VWHS�ZDV�WDNHQ�LQ�WKH�����V�E\�UHVHDUFKHUV�DW�8&/$��
IXQGHG�E\�QRQH�RWKHU�WKDQ�WKH�86�'HIHQVH�$GYDQFHG�
5HVHDUFK�3URMHFWV�$JHQF\��'$53$���WKH�OHDGLQJ�QDWLRQDO�RU-
JDQL]DWLRQ�LQ�PLOLWDU\�GHIHQVH�UHVHDUFK��,Q�D�SURMHFW�ULJKWIXOO\�

Figure 1: A paralyzed woman is able to control a robotic arm to take a sip of coffee . Photo from National Institute 
of Biomedical Imaging and Bioengineering.
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QDPHG�WKH�%UDLQ�&RPSXWHU�,QWHUIDFH�SURMHFW��UHVHDUFKHUV�
VWURYH�WR�GHYHORS�WKH�ÀUVW�LQWHUIDFH�EHWZHHQ�D�EUDLQ�DQG�D�
computer that would not only detect brain activity but inter-
SUHW�LW�DQG�XVH�LW�IRU�FRPPXQLFDWLYH�RU�PHGLFDO�SXUSRVHV�
�����,Q�D�UHVXOWLQJ�SXEOLFDWLRQ�IURP�WKLV�SURMHFW��UHVHDUFKHU�
-DFTXHV�9LGDO�ODLG�RXW�WKH�EDVLFV�IRU�%&,�UHVHDUFK��H[SORULQJ�
WKH�SRWHQWLDO�PHWKRGV��OLPLWDWLRQV��DQG�SRVVLELOLWLHV�IRU�WKH�
GHYHORSPHQW�RI�D�((*�EDVHG�%&,��D�GHYLFH�WKDW�KH�EHOLHYHG�
ZDV�VWLOO�LQ�WKH�IDU�IXWXUH�����
���:KLOH�OD\LQJ�WKH�IRXQGDWLRQV�IRU�%&,�UHVHDUFK��9LGDO�FRXOG�
QRW�KDYH�SUHGLFWHG�WKH�UDSLG�VWULQJ�RI�EUHDNWKURXJKV�WKDW�
ZRXOG�IROORZ�LQ�WKH�QH[W�GHFDGHV��$OUHDG\�E\�WKH�ODWH�����V�
DQG�����V��UHVHDUFKHUV�OLNH�(EHUKDUG�)HW]�ZHUH�DEOH�WR�
demonstrate that brain activity could actually be controlled 
WR�D�VLJQLÀFDQW�H[WHQW��DV�GHPRQVWUDWHG�E\�WKH�VXFFHVVIXO�
WUDLQLQJ�RI�D�PRQNH\�WR�GHOLEHUDWHO\�LQFUHDVH�WKH�UDWH�RI�LWV�
QHXUDO�ÀULQJ�LQ�VSHFLÀF�QHXURQV������,Q�WKH�����V��FRUUHOD-
tions between brain activity and motor response were speci-
ÀHG�LQ�JUHDW�GHWDLO��DOORZLQJ�VFLHQWLVWV�WR�SLQSRLQW�WKH�H[DFW�
QHXURQV�DQG�ÀULQJ�SDWWHUQV�EHKLQG�VSHFLÀF�PRYHPHQWV������
,Q�������0LJXHO�1LFROHOLV��ZKR�ZRXOG�JR�RQ�WR�FUHDWH�WKH�
ÀUVW�DQLPDO�EUDLQ�WR�EUDLQ�LQWHUIDFH�MXVW�IRXUWHHQ�\HDUV�ODWHU��
trained rats to control a robotic limb using only their brains 
����
���%\�WKH���VW�FHQWXU\��WKH�PHGLD�KDG�FDXJKW�XS�WR�WKH�EUHDN-
QHFN�VSHHG�RI�%&,�UHVHDUFK��ZLWK�WKH�SRSXODUL]DWLRQ�RI�I05,�
image reconstruction, touted by reporters to give scientists 
WKH�DELOLW\�WR�´SHH>U@�LQWR�DQRWKHU�PDQ·V�PLQGµ������,Q�WKHVH�
VWXGLHV��VXEMHFWV�YLHZHG�VSHFLÀF�LPDJHV�³�DQ\WKLQJ�IURP�
D�VLPSOH�EODFN�SOXV�VLJQ�WR�D�IXOO\�FRORUHG�ODQGVFDSH�³�DQG�
WKHLU�FRQFRPLWDQW�EUDLQ�DFWLYLW\�ZDV�UHFRUGHG�E\�DQ�I05,�
machine. Based solely on this recorded brain activity, scien-
WLVWV�ZHUH�DEOH�WR�XVH�FRPSXWHU�DOJRULWKPV�WR�´UHFRQVWUXFWµ�
WKH�LPDJH�YLHZHG�E\�WKH�VXEMHFW�ZLWK�VWDUWOLQJ�DFFXUDF\�������
'XEEHG�DV�´PLQG�UHDGLQJµ�DQG�DV�D�SRVVLEOH�DYHQXH�IRU�DQ�
DFFXUDWH�OLH�GHWHFWRU��I05,�LPDJH�UHFRQVWUXFWLRQ�EURXJKW�WKH�
LQFUHGLEOH�SRVVLELOLWLHV�RI�%&,�UHVHDUFK�LQWR�WKH�SXEOLF�H\H�

The Brain-to-Brain Interface: From Reading Minds 
to Controlling Minds

   However, where things start to get truly exciting — and truly 
FRQWURYHUVLDO�³�LV�QRW�LQ�EUDLQ�FRPSXWHU�LQWHUIDFH�UHVHDUFK��
EXW�LQ�WKH�SLRQHHULQJ�ÀHOG�RI�EUDLQ�WR�EUDLQ�LQWHUIDFH��%%,��UH-
VHDUFK��:KLOH�%&,�FRQQHFWV�D�EUDLQ�WR�D�FRPSXWHU�WKDW�WKHQ�
interprets brain activity, BBI connects a brain to another 
EUDLQ��ZKLFK�FDQ�WKHQ�UHFHLYH�LQIRUPDWLRQ�IURP�WKH�ÀUVW�EUDLQ�
RU�HYHQ�EH�LQGXFHG�WR�SHUIRUP�VSHFLÀF�EHKDYLRUV��DV�LQ�WKH�
H[DPSOH�RI�WKH�WHOHSDWKLF�FDQQRQ�JDPH��$UJXDEO\��%%,�LV�QRW�
VLJQLÀFDQWO\�GLIIHUHQW�WKDQ�%&,��D�EUDLQ�FDQ�VLPSO\�EH�VHHQ�
as a more sophisticated, organic computer, and the BBI as 
MXVW�WKH�QH[W�ORJLFDO�H[WHQVLRQ�RI�WKH�%&,��1HYHUWKHOHVV��WKHUH�
LV�DQ�XQGHQLDEOH�VHQVH�RI�LQWULJXH�WKDW�FRPHV�ZLWK�WKH�LGHD�
RI�FRQQHFWLQJ�OLYLQJ�EUDLQV�
���,W�LV�GLIÀFXOW�WR�RYHUVWDWH�WKH�VKHHU�PDJQLWXGH�RI�SRVVLELOL-
WLHV�LQ�WKLV�QHZ�ÀHOG�RI�UHVHDUFK��EXW�LW�LV�DOVR�LPSRUWDQW�

WR�QRW�VWUD\�WRR�IDU�IURP�WKH�UDZ�H[SHULPHQWDO�ÀQGLQJV��
5HVHDUFK�LQ�WKLV�DUHD�EHJDQ�PRVW�QRWDEO\�LQ�WKH�DIRUHPHQ-
WLRQHG�1LFROHOLV�/DE�DW�'XNH�8QLYHUVLW\��LQ�D�VWXG\�RQ�UDW�
EUDLQ�WR�EUDLQ�LQWHUIDFH��,Q�WKH������VWXG\��´$�%UDLQ�WR�%UDLQ�
,QWHUIDFH�IRU�5HDO�7LPH�6KDULQJ�RI�6HQVRULPRWRU�,QIRUPD-
tion,” two rats were placed in separate cages and each given 
D�FKRLFH�RI�WZR�OHYHUV�³�RQH�WKDW�UHVXOWHG�LQ�D�UHZDUG�RI�
ZDWHU�DQG�RQH�WKDW�GLG�QRW��$�UDW�GXEEHG�WKH�´HQFRGHUµ�UDW�
ZDV�VKRZQ�D�ÁDVK�RI�OLJKW�DERYH�WKH�FRUUHFW�OHYHU�DQG�ZDV�
WUDLQHG�WR�OHDUQ�WKLV�DVVRFLDWLRQ��7KH�´GHFRGHUµ�UDW��RQ�WKH�
other hand, was given no visual cues, but its brain received 
WKH�VWLPXODWLRQ�IURP�WKH�FRUWLFDO�DUHD�RI�WKH�´HQFRGHUµ�UDW�
WKURXJK�WKH�%%,��,Q�D�EUHDNWKURXJK�ÀQGLQJ��1LFROHOLV�GLVFRY-
HUHG�WKDW�WKH�´GHFRGHUµ�UDW�ZDV�DEOH�WR�PDNH�WKH�FRUUHFW�
FKRLFH�RI�OHYHU�ZLWK�RYHU�����DFFXUDF\��ZLWK�QR�FXHV�RU�
LQIRUPDWLRQ�H[FHSW�IRU�WKH�OHDUQHG�NQRZOHGJH�´VHQWµ�E\�WKH�
QHXUDO�DFWLYLW\�RI�WKH�´HQFRGHUµ�UDW·V�EUDLQ������
   Within the year, researchers at Harvard Medical School 
were able to connect a human brain and a rat brain through 
%%,�DQG�PRYH�D�UDW·V�WDLO�ZLWK�����DFFXUDF\��XVLQJ�RQO\�WKH�
GHOLEHUDWH�QHXUDO�DFWLYLW\�RI�WKH�KXPDQ·V�EUDLQ�������)RXU�
months later, the experiment described in the introduction 
ZDV�FRPSOHWHG�DW�WKH�8QLYHUVLW\�RI�:DVKLQJWRQ��GHPRQ-
VWUDWLQJ�WKH�ÀUVW�VXFFHVVIXO�XVH�RI�D�KXPDQ�EUDLQ�WR�EUDLQ�
LQWHUIDFH�����

Hopes and considerations for the future
���:H�DUH�RQO\�LQ�WKH�LQIDQF\�RI�%&,�DQG�%%,�UHVHDUFK��DQG�DV�
the technology continues to take leaps and bounds into the 
IXWXUH��PRUH�DQG�PRUH�DUHDV�RI�RXU�OLYHV�ZLOO�IHHO�WKH�LPSDFW�
RI�WKHVH�DGYDQFHV��,Q�SDUWLFXODU��SURVWKHWLF�OLPEV��SURVWKHWLF�
vision devices, prosthetic hearing devices, and communica-
WLRQ�GHYLFHV�IRU�SDUDO\WLFV�DUH�DOO�FXUUHQWO\�EHLQJ�LPSOHPHQW-
ed as prototypes, such as the robotic arm created at Brown 
8QLYHUVLW\�LQ�������ZKLFK�DOORZHG�D�ZRPDQ�ZKR�KDG�EHHQ�
SDUDO\]HG�IRU�QHDUO\����\HDUV�WR�XVH�D�URERWLF�DUP�WR�GULQN�D�
ERWWOH�RI�FRIIHH�������2XWVLGH�RI�WKH�PHGLFDO�ÀHOG��UHVHDUFK�
in military communication technology has continued to 
SURJUHVV��DV�GHPRQVWUDWHG�LQ�WKH�UHVHDUFK�RI�*HUZLQ�6FKDON��
ZKR�UHFHQWO\�SXEOLVKHG�D�VWXG\�RQ�WKH�VXFFHVVIXO�LGHQWLÀFD-
WLRQ�RI�VSRNHQ�DQG�LPDJLQHG�ZRUGV�XVLQJ�((*������
���$OWKRXJK�DGYDQFHV�LQ�JDPHV�DQG�HQWHUWDLQPHQW�PD\�
VHHP�WULYLDO�FRPSDUHG�WR�WKH�PRUH�´SUDFWLFDOµ�GHYHORSPHQWV�
RI�PHGLFLQH�DQG�WHFKQRORJ\��WKH�LPSDFW�RI�EUDLQ�LQWHUIDFH�
WHFKQRORJ\�LQ�HYHU\GD\�OLIH�LV�FHUWDLQO\�ZRUWK�SRQGHULQJ�DV�
ZHOO��,PDJLQH��IRU�LQVWDQFH��EHLQJ�DEOH�WR�SOD\�YLUWXDO�YLGHR�
games in which you control your character simply by thinking 
DQ�DFWLRQ�RU�LPDJLQLQJ�D�VFHQDULR��&RPSDQLHV�OLNH�1HXUR6N\��
0LQGÁH[��DQG�1HFRPLPL�DUH�DOUHDG\�SXWWLQJ�RXW�%&,�SURG-
XFWV�IRU�WKH�SXEOLF��LQFOXGLQJ�D�JDPH�WKDW�XVHV�´EUDLQ�IRUFHµ�
WR�QDYLJDWH�D�EDOO�WKURXJK�D�PD]H�DQG�D�SDLU�RI�FRVWXPH�
FDW�HDUV�WKDW�ZLJJOH��SHUN�XS��RU�OD\�ÁDW�GHSHQGLQJ�RQ�\RXU�
QHXUDO�DFWLYLW\��$V�UHVHDUFK�FRQWLQXHV��GHYLFHV�VXFK�DV�WKHVH�
are sure to be welcomed into the entertainment world and 
FRXOG�HYHQ�EH�XVHG�IRU�HGXFDWLRQDO�RU�WKHUDSHXWLF�SXUSRVHV��
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IRU�DGXOWV�DQG�FKLOGUHQ�DOLNH�
���8QGRXEWHGO\��EUDLQ�LQWHUIDFH�WHFKQRORJ\�KDV�ERWK�WKH�
power and the potential to do incredible good. With this 
LQ�PLQG��LW�LV�FUXFLDO�WR�DOVR�UHFRJQL]H�WKH�SRVVLELOLW\�IRU�
HWKLFDO�ZURQJGRLQJ��&RQFHUQV�ZLWK�SULYDF\��DXWRQRP\��
HQKDQFHPHQW��DQG�FRQVHTXHQW�DJJUDYDWLRQ�RI�VRFLDO�
VWUDWLÀFDWLRQ�DUH�RQO\�D�KDQGIXO�RI�WKH�HWKLFDO�LVVXHV�RQ�
WKH�KRUL]RQ��DQG�WKHVH�FRQFHUQV�DUH�RQO\�LQWHQVLÀHG�E\�WKH�
IHDU�RI�PHGLD�H[DJJHUDWLRQ�DQG�LQDFFXUDF\��)XUWKHUPRUH��
SKLORVRSKLFDO�TXHVWLRQV�RI�KXPDQ�H[LVWHQFH�ZLOO�EHFRPH�
increasingly important as research progresses. What does 
LW�PHDQ�IRU�EUDLQV�WR�EH�´FRQQHFWHG"µ�:KDW�NLQG�RI�LQIRU-
PDWLRQ�FDQ�EH�WDNHQ�DQG�VKDUHG�EHWZHHQ�OLYLQJ�EUDLQV"�
:KDW�GLVWLQJXLVKHV�D�KXPDQ�IURP�D�PDFKLQH��DQG�ZKDW�
³�LI�DQ\WKLQJ�³�GLVWLQJXLVKHV�D�EUDLQ�IURP�D�FRPSXWHU"�
7KHVH�TXHVWLRQV�PD\�KDYH�EHHQ�LPSRVVLEOH�WR�DQVZHU�LQ�
WKH�SDVW��EXW�ZLWK�WKH�DGYDQFHPHQW�RI�EUDLQ�WR�EUDLQ�LQWHU-
IDFH�WHFKQRORJ\��ZH�PD\�UHDFK�VDWLVI\LQJ�DQVZHUV�DW�ODVW�
���,Q�WKH�HQG��WKH�IXWXUH�RI�D�ZRUOG�ZLWK�EUDLQ�LQWHUIDFH�
technology relies on the preparation and research done 
WRGD\��&RQVLGHUDWLRQ�RI�WKH�HWKLFDO�LVVXHV�WR�FRPH��DV�ZHOO�
DV�WKRURXJK�GLVFXVVLRQ�RI�WKH�ERXQGDULHV�WKDW�PXVW�EH�
set, will help to ensure that ethical lines are not crossed 
LQ�RXU�HQWKXVLDVP�WR�SXVK�WKH�OLPLWV�RI�WHFKQRORJ\��)URP�

medicine and military technology to 
JDPHV�DQG�UHFUHDWLRQ��EUDLQ�LQWHUIDF-
ing truly has the potential to change 
the world. By maintaining a judicious 
EDODQFH�EHWZHHQ�VFLHQWLÀF�SURJUHVV�
and ethical caution, we can ensure 
WKDW�WKHVH�FKDQJHV�DUH�IRU�WKH�EHWWHU�

Linda Xu is a sophomore in Eliot 
concentrating in Neurobiology.
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COMMENTARY

A Commentary on Medical Education

T KH�SUDFWLFH�RI�PHGLFLQH�LV�ÀOOHG�ZLWK�LQWLPDWH�DQG�
delicate moments; physicians are entrusted with tasks 
such as delivering a painful diagnosis, encouraging a 

patient to embark on a weight loss program, or calming the 
anxieties of new parents-to-be. These situations all require 
strong interpersonal skills, a comforting demeanor, and a 
deep sense of empathy. However, the road to medicine is 
typically thought to require different skills such as strong 
standardized-testing abilities and the capability to lead large 
groups or organizations. Although this paradox is often over-
looked, it raises important questions about the current state 
and future goals of medical education.
 On one hand, the amount of competition that pre-
medical students encounter seems inevitable because so 
many students are interested in pursuing medical studies. 
According to the Association of American Medical Colleges, 
48,014 applications were submitted (redundant) to medical 
schools in the United States in 2013 (2). With so many appli-
cants, a system of standardized evaluation becomes neces-
sary- and thus, every premedical student feels the pressure 
to demonstrate aptitude and success in the Medical College 
Admission Test, their Grade Point Average, extracurricular 
leadership, and research experiences. 
 These requirements are certainly not opposed in 
spirit to the practice of medicine. Of course, the personal 
UHÁHFWLRQ�UHTXLUHG�WR�FUDIW�D�SHUVRQDO�VWDWHPHQW�DQG�WKH�VFL-
HQWLÀF�NQRZOHGJH�UHTXLUHG�WR�SDUWLFLSDWH�LQ�UHVHDUFK�GR�ZHOO�
to prepare students for medical school. More generally, physi-
cians must have the ability to think and act quickly to help 
their patients. Also, the current system of premedical edu-
cation allows students to take a gap year before beginning 
medical school, which can provide a necessary opportunity to 
UHÁHFW�RQ�WKH�YRFDWLRQ�RI�PHGLFLQH�RXWVLGH�RI�D�FRPSHWLWLYH�
framework. However, perhaps the traditional path to medical 
school would be improved if it contained an additional com-
ponent that emphasized less tangible but equally important 
aspects of practicing medicine, such as experiences with 
illness, healing, or suffering. Although premedical students 
typically volunteer and shadow in clinical settings, they do 
not usually have the opportunity to follow the trajectories of 
individual patients or prepare for the emotional complexities 
of practicing an imperfect science.
 Many physicians describe their experiences in these 
areas through writing. Rafael Campo, a physician at the 
Harvard Medical School and accomplished poet, recounts 
encounters with patients through his verse and sees this 
process as a component of practicing medicine. He also 
indicates that such poetry can become a powerful tool for 
EXLOGLQJ�FRPSDVVLRQ��D�WUDLW�WKDW�LV�GLIÀFXOW�WR�PHDVXUH�EXW�LV�
“what most patients seem to feel is most lacking in medicine 
these days” (3). To this end, Campo leads writing workshops 
for medical students to introduce them to ways to connect 
their medical experiences with broader ideals (1).

 

It is important to note that the position which Rafael Campo 
emulates is not opposed to the extensive use of highly 
VRSKLVWLFDWHG�VFLHQWLÀF�WHFKQRORJ\�DQG�WUHDWPHQWV�WR�KHOS�
patients, but rather is concerned with “losing sight of some 
of the truths of the experience of illness” (2). The problem 
is not the advances themselves, but the possibility that they 
may lead to an attitude that loses focus on the human side 
of such treatments. Campo provides an example of this when 
he says that a doctor should “perform all those technical 
competencies” and focus on how to best treat the patient, 
but still “be able to warm the hand of the patient dying in the 
ICU despite all the IVs and ventilator settings” (2). 
In the same way, medical education is not wrong in its 
HPSKDVHV�RQ�DSSO\LQJ�VFLHQWLÀF�NQRZOHGJH�TXLFNO\�DQG�DF-
curately, but could improve with increased focus on medicine 
DV�DQ�LQWHUSHUVRQDO�FDUHHU��6XFK�D�IRFXV�LV�GLIÀFXOW�WR�SUR-
vide, however, because personal qualities such as empathy, 
compassion, and interpersonal abilities (such as clear com-
munication skills) are not as easily taught or measured as 
D�WUDGLWLRQDO�VFLHQWLÀF�EDFNJURXQG��%HFDXVH�RI�WKLV�LQKHUHQW�
quality, perhaps it will continue to be individual premedical 
VWXGHQWV�DQG�LQGLYLGXDO�SK\VLFLDQV�ZKR�UHÁHFW�WKH�SULQFLSOHV�
of empathy and compassion that are implied but not explicit 
in the healthcare systems in which they practice.

Lauren Claus ‘16 is a sophomore in Adams House concen-
trating in English. 
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Figure 1: Harvard Medical School
Photo courtesy of Wikimedia Commons.
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