
theta-like cells (as seen in cat retina; O’Brien et. al., 2002), large sparse cells 
(as seen in macaque monkey retina; Dacey & Packer, 2003), and a ‘fan’ cell 
type not characterized previously.  Given the fact that all but one of these 
classes of cells has been identified in several species supports that idea 
that there are at least 5 classes of ganglion cells, and thus at least 5 distinct 
functional pathways, that send parallel messages to the brain important for 
conscious visual perception.   Currently we are  continuing this project by 
doing much smaller injections (using iontophoresis) of modified live 
Rabies virus (which produces Green Flourescent Protein) into single layers 
in the LGN in order to be able to better localize which types of ganglion 
cells projection of specific functional layers of the LGN. 

http://www.psy.vanderhttp://www.psy.vanderbilt.edu/faculty/Casagrande/Casagrandelab/index.htm
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Awake Behaving Monkeys

After behavioral training, recording 
from cells can begin.  The first step is to 
locate our thalamic nucleus of interest, 
the lateral geniculate nucleus (LGN).  
We accomplish this via MRI and a 
sterotaxic atlas of the monkey brain.  
At left is a coronal MRI image showing 
the location of both LGN (circled in 
black).  The vertical black line 
represents our recording electrode 
with its tip positioned within the left 
LGN.

Our primary research goal is to understand more fully the 
functional role of the visual thalamus in human vision.  We 
combine the precision of single unit electrophysiology with the 
power and freedom of an awake behaving animal preparation.  
We work with various species of macaque monkeys (indigenous 
to Asia and Northern Africa) because they have visual systems 
designed very similar to humans, and equally important, they are 
intelligent enough to learn very complicated visuomotor tasks.

Many LGN cells are color selective.  This 
figure is a peri-stimulus time histogram 
(PSTH) showing the average response of 
a single LGN cell to presentations of 
colored stimuli inside its receptive field 
(RF) center.   This cell increased its firing 
rate when red, green, and white stimuli 
were flashed in its RF (red trace, green 
trace, and black trace, respectively) and 
decreased its firing rate when a blue 
stimulus was flashed in its RF (blue trace).  
This cell would be classified as a Blue 
OFF/Yellow ON color opponent cell.

Baseline 
(350-650 ms)

Cue 
(350-650 ms)

Target 
(350-650 ms)

Before recording from single neurons, 
monkeys are trained to perform a series of 
tasks like the one shown at left.  Here the 
monkey was required to fixate the fixation 
spot (   ) until a colored stimulus was 
presented on screen (      ).  In this task, 
shifting gaze to the stimulus elicited 
reward (a drop of juice).   

Tasks vary in complexity.  The visually 
guided saccade task shown at left 
represents one of the first and most basic 
tasks the monkeys learn.

Behavioral Training

Electrophysiological Recordings

Target OFF ONON
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F igur e 2:  D a ta fr om the B ionics A cquisition P r o - 
gr am.  A,  F ir ing r a t es of each elec tr o de in t egr a t ed  
o v er 100 ms .  B ,  G r aphs of the last 25 spik es f or each  
elec tr o de .  C,  R ast er plot sho wing ac tivit y of each  
electrode .   

Optic al Imaging  
Our goal in this pr ojec t is t o det er mine func tional or ganiza tion of visual c or t e x.    T he visual sy st em of pr ima t es has b een the most  
in t ensely studied sensor y sy st em giv en its major imp or tanc e t o humans and other pr ima t es .   O f sp ecial imp or tanc e ar e studies tha t  
c ompar e the ana t omic al and func tional or ganiza tion of visual c or t e x acr oss v ar ious pr ima t e sp ecies ,  sinc e p ersist en t similar ities  
acr oss sp ecies c an add t o our understanding of c ommon under lying pr inciples of the visual sy st em.   W e used a new t echnique ,   
optic al imaging of in tr insic signals ,  t o e xamine the func tional or ganiza tion of pr imar y visual c or t e x ( V1) in distan t pr ima t e r ela tiv es of  
humans ,  the bush babies ( O t olemur garnetti ) and o wl monk e y s ( A otus tr ivir gatus ).   U n til r ec en tly ,  the most c ommonly used t echnique  
t o stud y the func tional or ganiza tion of the pr ima t e br ain w as r ec or ding fr om individual neur ons (b y means of elec tr oph y siolo g y).   
W hile this metho d is a p o w er ful stud y t o ol,  allo wing one t o r ec or d the r esp onses of individual c ells with v er y fine t emp or al  
r esolution,  it is not v er y eff ec tiv e in cr ea ting o v er all func tional maps of en tir e c or tic al ar eas ,  such as V1.  B y c on tr ast optic al imaging  
c an b e used t o map the func tional or ganiza tion of lar ge r egions of visual c or t e x simultaneously a t fair ly high r esolution 

Analysis Station Imaging Station Image Acquisition 

V isual Stimulation 

Illumination 

Isolation T able 

b. martin '98 

S ide panel depic ts our e xp er imen tal set up .   A nimal is ar e plac ed on the isola tion table t o elimina t e vibr a tion  
ar tifac ts .   A nimals obser v e stimuli on the monit or ,  while the C CD c amer a acquir es images of the br ain  
illumina t ed with r ed ligh t.   A c tiv e r egions of the br ain c onsume o x y gen,  which changes the r a tio of o x y- t o  
deo x y-hemo globin r esulting in mor e ligh t b eing absorb ed .   A cquir ed da ta is tr ansmitt ed t o a c omput er wher e  
pr eliminar y analy sis is done .   F ur ther analy sis is done off-line on the analy sis c omput er .  B ott om panels depic t  
the stimuli tha t w er e used in this stud y .    M ost c ells in the pr imar y visual c or t e x,  and se v er al higher visual ar ea  
ar e v er y sensitiv e t o mo ving gr a tings of diff er en t or ien ta tions .   C onfining such gr a tings t o an ar ea allo w s us t o  
pr ob e func tional pr op er ties of c onfined par ts of visual c ot e x,   while full scr een stimuli allo w us t o stud y either a  
big par t of a giv en visual ar ea or e v en se v er al visual ar eas simultaneously .. 

Monitor Monitor Monitor Monitor Monitor 

0 o            45 o             90 o           135 o           180 o Low                                                      High 0 o          45 o              90 o           135 o         180 o 

1mm 

F unc tional maps of ar e V1 in bush bab y .   T op lef t panel depic ts alignmen t of the  
digital image with the v ascula tur e obtained dur ing the e xp er imen t on the first  
hist olo gic al sec tion.   T he whit e outline (whit e ar r o w) depic ts the imaged ar ea with  
the ar ea of e xp osed br ain sho wn as a cir cular outline in the c en t er .    
C en t er lef t image depic ts the c or r esp ondenc e b et w een the imaged ar ea and the  
c yt o chr ome o x y genase (C O) stained sec tions .   T hese t w o panels w er e used t o  
c onfir m tha t the da ta w as acquir ed fr om ar ea V1 which in bush babies has in t ense  
C O blob staining . 
F our images sho wn a t the r igh t depic t diff er en tial images of V1 r esp onses (lef t t o  
r igh t ,  t op t o b ott om) t o 0,  90,  45,  and 135 degr ee or ien t ed full scr een gr a tings .   T hese  
images w er e used t o cr ea t e the c olor c o ded or ien ta tion map seen in the b ott om lef t  
panel,  the magnitude map (b ott om c en t er) and the c ombined map (b ott om r igh t) 

0               45              90              135           1 80 Low                                                       High 

R V 

R V 

1mm 

1mm 

F unc tional maps of ar ea MT in o wl monk e y .   T op lef t.  M y elin stained sec tion sho wing  
hea v y m y elina tion in and ar ound the middle t empr oal visual ar ea ( MT .)  W hit e  
r ec tangle r epr esen ts the studied ar ea.  R-r ostr al;  V-v en tr al.   M iddle lef t.   G r een ligh t  
r ef er enc e image of the c or tic al sur fac e sho wing v ascular pa tt er n used t o align  
optic al images with hist olo gic al sec tions .   R ef er enc e image is aligned with c olor  
phot o of the c or tic al sur fac e .   D iff er en tial images of or ien ta tion pr ef er enc e (f our t op  
r igh t),  with the or ien ta tion of the dar k er pa t ches indic a t ed a t the lo w er lef t c or ner of  
each panel.   B ott om L ef t.  Or ien ta tion pr ef er enc e map obtained b y v ec t or  
summa tion of diff er n tial maps with c olor k e y sho wn b elo w .   B ott om middle .    
M agnitude map sho wing str ength of ac tiv a tion acr oss MT ,  with k e y sho wn b elo w .    
B ott om r igh t P olar map sho wing b oth or ien ta tion pr ef er enc e and magnitude of  
ac tiv a tion. 

R ela tions of high or lo w or ien ta tion selec tivit y  
bands and c yt o chr ome o x y genase (C O) dar k  
str ip es in V2 of o wl monk e y s .   T op .   C O stained  
sec tion.   In t er estingly ,  or iginally C O dar k thin  
str ip es w er e pr op osed t o pr o c ess c olor .   T heir  
pr esenc e in mono chr oma tic sp ecies questions  
tha t assumption.   S ec ond fr om the t op .   C O  
thr esholded image ,  sho wing in black and gr a y  
ar eas of most in t enc e and less in t enc e  
stainging f or C O ,  r esp ec tiv ely .    T hir d fr om the  
t op .  P olar map sho wing b oth or ien ta tion  
pr ef er enc e and r esp onc e str ength.  B ott om.   
P olar map with c on t our plots tr ansf er r ed fr om  
the C O thr esholded image of the same r egion  
of V2 as sho wn in sec ond image .  G r een  
c on t ours encir cle C O dar k str ip es ,  blue  
c on t ours enc ompass the C O ligh t str ip es:   
b or der ar eas lie b et w een the t w o c olors .   

Q uuan tita tiv e c ompar isons b et w een C O dar k  
and ligh t str ip es and str ip es of high and lo w  
or ien ta tion selec tivit y suggest tha t 4 separ a t e  
func tional c ompar tmen ts e xist in visual ar ea V2  
of o wl monk e y s .   

S ome r ela tionship app ears t o e xist b et w een  
alt er na ting ar eas of high and lo w or ien ta tion  
selec tivit y in V2 and alt er na ting C O dar k  
str ip es ,  i.e ,  e v er y other C O dar k str ip e app ears  
t o c or r esp ond t o a z one of lo w or ien ta tion  
selec tivit y . 
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P lot of linear c or tic al maginfic a tion fac t or (CMF ,  a c o efficien t sho wing  ho w man y  
millimit ers of c or t e x analyz e one degr ee of visual spac e),  as a func tion of ecc en tr icit y  
(E) f or the f ollo wing sp ecies: 

o wl monk e y  (          )  CMF = 1.051*E -0.663   (P r esen t stud y) 
mac aque MT  (          )  CMF = 1.14*E -0.76   (A lbr igh t & D esimone ,  1987)  
bush bab y MT   (          )   CMF = 0.573*E -0.504   (X u ,  et al.,  2004) 
mac aque V1  (          )   CMF = 10.1*(E+0.82) -1.14   ( V an E ssen et al.,  1984)  
bush bab y V1  (          )   CMF = 2.36*(E+ 0.73) -0.8   (R osa et al.,  1997) 
   
In c en tr al vision,  the CMF of o wl monk e y s is v er y close t o one obtained f or mac aque  
monk e y s and is lar ger then the CMF obtained f or bush babies .   N ot e tha t ,  due t o the  
anisotr opic r epr esen ta tion of the hor iz on tal c ompar ed t o the v er tic al mer idian (see  
F igur e 6),  the CMF obtained in this stud y r epr esen ts the a v er age CMF a t an y giv en  
ecc en tr icit y . 

O ther past and futur e pr ojec ts in our lab . 
Hist olo gic al studies of c onnec tions b et w een diff er en t la y ers of visual c or t e x and L GN .     I t is k no wn tha t L GN  
sends visual inf or ma tion t o visual c or t e x via a t least thr ee diff er en t str eams .   A lso ,  visual c or t e x is sub divided in t o six major la y ers .   One of the  
ar eas of r esear ch in our lab is t o obtain detailed ana t omic al inf or ma tion on sub c or tic al and c or tic al c onnec tions of par allel visual pa thw a y s . 

N eur ons c ommunic a t e with each other via synapses .    T her e ar e man y t yp es of synapses in the br ain,  with diff er en t  
mor pholo gies ,  neur otr ansmitt ers and r ec ept ors used .   T he t yp es of synapses and r ec ept ors det er mine the r ange of func tions p er f or med .   Our  
lab has c onduc t ed a v ar iet y of ultr astr uc tur al studies t o det er mine the micr o cir cuitr y of visual c or t e x. 

M olecular mechanisms of ax onal guidanc e .    D ur ing de v elopmen t ,  billions of ner v e c ells mak e pr esise c onnec tions with each  
other .   H o w is such sp ecificit y achie v ed?  One of the studies in our lab c onc en tr a t ed on L1,   a molecule pla ying an imp or tan t r ole in  

pa thfinding . 

S tudies of multisensor y p er c eption.    I t is not immedia t ely appar en t ,  but our diff er en t senses ,  such as vision and hear ing or t ouch  
c an in t er ac t with each other .   F or instanc e ,   the v en tr ilo quist eff ec t is a p er c eption of a v oic e c omming fr om the dumm y ,   due t o visual  
p er c eption of the dumm y ’ s mouth mo ving in acc or danc e with sound .   Our lab is planning t o c onduc t a ser ies of elec tr oph y silo gic al  
e xp er imen ts t o det er mine mechanisms of in t er ac tion b et w een vision and audition. 
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Another topic of great interest is the role attention plays in 
filtering our visual experience.  We know that the eyes see much 
more than we are aware of at any given moment.  This process of 
filtering the visual stream could occur at a number of sites within 
the visual pathway, including the LGN.  We hypothesize that 
visual filtering occurs at the LGN and that the combination of 
awake behaving monkeys , complex, attention-demanding tasks, 
and electrophysiology will help reveal this process.

Baseline 
(350-650 ms)

Cue 
(350-650 ms)

Target 
(350-650 ms)

The task outlined at left is what we call a 
Two Stimulus Visually Guided Saccade 
Task.  The monkey's task here is to shift 
gaze to one of two targets (one inside 
our single unit's RF (dashed circle) and 
the other outside the RF).  If attention 
impacts LGN cells, and if we implement 
very demanding tasks, we may see 
differential activation of LGN cells 
depending on the locus of attention.

PSTHs from two LGN cells that were 
recorded during the Two Stimuli task 
described at left.  The blue trace refers to 
trials where the monkey shifted gaze to 
the RF and the black dashed trace refers 
to trials where the monkey shifted gaze 
to the nonRF location.  The red line 
indicates the cell's response latency to 
target onset as determined via the 
Poisson analysis.  It should be noted that 
the response latencies to target onset 
were not significantly different between 
the two tasks for these cells.  

The cells' mean firing rate from the time 
of target onset to the time of saccade 
initiation was significantly higher when 
the monkeys made saccades to the RF 
location.

ONON

Behavioral Training

Electrophysiological Recordings
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F igur e 1:The Cyberkinetics Multielectrode Array. It is  

4X4 mm array with 100 electrodes.  

 We also study the role of neuronal synchrony in the coding of visual information.  Synchrony has been considered an 
alternate to changes in firing rate as a method of neural coding. It is attractive in light of the fact that many perceptual 
phenomena (e.g. hyperacuities) cannot be explained in terms of changes in firing rate, and also the fact that a code based on 
synchrony has a great dynamic range is easily generates downstream responses.  
 We have had great success studying synchrony in the bush baby. Using the Cyberkinetics multielectrode array (See Fig. 1), 
we have generated strong and reliable recordings from over 75 neurons over a 30 hour period.  Our data have shown a few 
possible ways that a code based on spike synchrony can be better than a code based on firing rate. For example, our data have 
shown us that spike synchrony is more sensitive to fine changes in orientation, spatial frequency and temporal frequency. In 
addition, our data have shown that synchronous population responses are propagated through the visual hierarchy very 
quickly and efficiently.  Our goals are to investigate the feed-forward, local and feed-back circuits that are involved in the 
generation of spike and oscillatory synchrony. In addition, we will examine the role of neuronal synchrony in coding for 
contours embedded in illusory images. These studies will shed light on coding of visual information in the visual cortex in the 
primate brain.  
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Photographs of bush baby retinal ganglion cells taken from 25º-30º 
eccentric from the center of area centralis.  All cells were retrogradely 
labeled with dextran, tetramethylrhodamine and filled by photofilling.  
A is a midget cell digitally photographed at 63X.  B is a parasol cell digi-
tally photographed at 40X.  C is a confocal image of a large sparse cell 
taken at 40X.  D is a confocal image of a theta-like cell taken at 40X.  E is 
a digital image of a fan cell type taken at 40X.

How Many Retinogeniculocortical Pathways Are There?

Given that all visual signals for conscious visual perception are transmitted to cortex via the dorsal lateral geniculate nucleus (LGN), it is important to understand how dif-
ferent aspects of visual stimulus reach the cortex in parallel.  Since the initial proposal of the existence of parallel visual streams by Livingstone and Hubel (1988), the ques-
tion still remains:  How many retinogeniculocortical pathways are there?  In an attempt to investigate this question, dLGN layers were identified by extracellularly recording 
visually evoked potentials.  Either small (0.25ul) or large (1.5ul) injections of dextran-tetramethylrhodamine were injected into specific LGN layers to retrogradely label gan-
glion cells.  After a 3-5 day survival the animals were deeply anesthetized, living retinas were then dissected, and ganglion cell morphology was revealed through photofill-
ing (Dacey, 2003).  Cellular structure was analyzed by confocal microscopy, digital photography and calibrated Photoshop™ measurement.  At least six different RGC classes 
were found to project to the LGN in bush babies based upon each cell’s:  1) dendritic field diameter 2) aspect ratio of dendritic arbor 3) organization and complexity of den-
dritic array. 
In addition to verifying that midget and parasol ganglion cells project to the LGN parvocellular and magnocellular layers, respectively (Yamada et. al., 1998), we found 
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Figure: A, Example of the response dynamics of neurons to the presentation of different SFs. X axis, time; Y axis, SF; Z axis, normalized 
activit y for one neuron. B. Four examples of the shift of preferred SF over time. The first row shows the  SF tuning curve at T-dev. The 
second row shows the SF tuning between T-dev and T-dec. The third row shows the SF tuning curve at T-dec. Four types of shifts over 
time in preferred SF were observed in 66 cells in two cases: 1) the preferred SF increased monotonically (31 cells, 47.0%); 2) the preferred 
SF first increased over time to a maximum and then decreased (24 cells, 36.4%); 3) The preferred SF stayed the same (7 cells, 10.6%); 4) 
the preferred SF decreased monotonically from T-dev to T-dec (4 cells, 6.1%).  The four cells presented are examples from each of these 
four groups. C. Evolution of preferred SF in time.

    The response selectivities of visual system neurons are dynamically regulated by feedforward and intracortical pathways. Prior 
studies of V1 in Macaque monkeys showed that the preferred spatial frequency (SF) of some neurons shifts over time toward higher 
SFs (Bredfeldt and Ringach, 2002; Mazer et al., 2002). This shift could either reflect: 1) the relative SF preferences and latencies of lateral 
geniculate nucleus (LGN) magnocellular (M), parvocellular (P) and koniocellular (K) input pathways, 2) a removal of selectivit y to lower 
SFs through cortical inhibition, or 3) some combination. In this study we used the Utah one-hundred electrode Utah array 
(Cyberkinetics) and reverse correlation analysis to examine the response dynamics of V1 neurons in the prosimian primate bush baby 
(Otolemur garnetti). Results showed that the shifts of preferred SF could be divided into four groups. Not only increases but also 
decreases of preferred SF over time were found. The latency of activit y increased with the higher SF of stimulus, no matter in one 
neuron or between neurons. We also found that the temporal dynamics of SF preference do not differ between cells located in CO 
blobs and interblobs. These result suggest that the dynamics of SF tuning could be accounted for by both feedforward and 
intracortical pathways. 

Dynamics of spatial frequency tuning and its generation 
in primate primary visual cortex (V1)  


