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Abstract 

 In this dissertation we investigate evidence of cortical plasticity in the adult macaque visual 

cortex. The mammalian visual cortex has been a fruitful model for understanding the relationship 

between sensory experience and plasticity of cortical circuits. Studies of plasticity to date often have 

focused on the events before, during and soon after the critical period to investigate the interaction 

between sensory experience and cortical circuit changes. During this stage of development, the brain 

displays substantial changes in cortical and subcortical structures with differences in sensory experience. 

However, the adult brain also retains some level of plasticity, the mechanisms of which may be in part 

distinct from those in early development. We have explored an example of adult cortical plasticity 

through a paradigm known as short term monocular deprivation (STMD). This paradigm involves 

depriving one eye of visual input while stimulating the other eye for a period of 2 or more hours. We 

measured neural responses in V1 of the macaque monkey before, during and after STMD.  
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Common Abbreviations 
 

STMD   Short Term Monocular Deprivation  

ODC   Ocular Dominance Column 

DE   Deprived Eye 

NDE  Non-Deprived Eye 

V1  Visual Area V1 (Primary Visual Cortex or Striate Cortex) 

V2   Visual Area V2 (Secondary Visual Cortex or Prestriate Cortex) 

MEG  Magnetoencephalography 

fMRI   functional Magnetic Resonance Imaging 

LFP  Local Field Potential 

M  Magnocellular 

P   Parvocellular 

K  Koniocellular 

CFS  Continuous Flash Suppression 

LGN  Lateral Geniculate Nucleus 

GABA  Gamma Aminobutyric Acid 

COS   Cross Orientation Suppression 

ISOI   Intrinsic signal optical imaging 

NHP   Non-Human Primate 

OCD  Ocular Dominance Column 

CSD   Current Source Density 

DLAR  Department of Laboratory Animal Resources 

CV   Coefficient of Variation 

ESTM  Extended Short Term Monocular Deprivation 

MDI  Monocular Deprivation Index 
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ODI  ocular dominance index 

F0  Mean Firing Rate 

F1  First Harmonic 

S  Spectral Power 

MDIDE  Deprived Eye Monocular Deprivation Index 

MDINDE  Non Deprived Eye Monocular Deprivation Index 

ΔODI  Delta Ocular Dominance Index 

ANOVA  Analysis of Variance 

SEM   Standard Error of the Mean 

RF  Receptive Field 

OD  Ocular Dominance 
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Contributions: I analyzed the neuroscientific and psychophysical literature relevant to short term 
monocular deprivation to identify a set of questions our experiments might resolve. 
 
 
 
 

 

1.1 Neuroplasticity 
The nervous system displays a remarkable ability to change in response to novel experience or 

injury. The cerebral cortex also undergoes profound changes in cortical wiring throughout development. 

Amblyopia, a debilitating disease causing decreased visual acuity (usually in one eye), is a prime example 

of the interaction between early sensory experience and cortical dysfunction. Although physicians have 

been aware of this disorder since the time of Hippocrates, physiological experiments in kittens provided 

the first direct evidence of disrupted cortical circuitry following abnormal early visual experience 

(Loudon and Simonsz, 2005).  Seminal work by Hubel and Wiesel demonstrated that the characteristic 

pattern of alternating bands of neurons preferring the left or right eye, known as ocular dominance 

columns (ODC), was severely altered, or altogether absent following monocular deprivation for a few 

weeks in early development.  The normally balanced ODC were replaced by a distribution of neurons 

dominated by the open eye’s input. This result corresponded well to the idea’s postulated by Hebb: 

“cells that fire together wire together” (Hebb 1949). A Hebbian framework supposes that connections 

between neurons that repeatedly fire action potentials closely in time will increase in strength, whereas 

random synaptic connections (or those with dissociated timing patterns) will decrease in strength over 

time.  Thus, the binocularly sensitive neurons in the superficial layers of V1 came to be dominated by 

only the coordinated inputs from the open eye and became steadily less responsive to the relatively 

random activity from the deprived eye. Such robust cortical rewiring in response to dysfunctional visual 

experience was not observed when the same experiments (or even yearlong deprivations) were applied 

to adults (>3 months) (Hubel and Wiesel 1970b).  These observations along with others led to the 
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concept of a critical period: a species specific developmental window during which the construction of 

neuronal circuits is highly dependent on experience (Espinosa and Stryker 2012).  

The classical studies indicated that after the critical period cortical plasticity is dramatically 

reduced. However, there is ample evidence of cortical plasticity in several different sensory systems 

lasting into adulthood; pioneering work by Merzenich and Kaas revealed in adult owl monkeys that the 

somatosensory system could reorganize after a median nerve injury. Remarkably, the response of the 

somatosensory cortex was reminiscent of what Hubel and Wiesel observed after sensory deprivation in 

the critical period; cortex starved of input reorganizes. After lesioning the median nerve, the cortical 

regions which processed input from the palm of the hand, relayed by median nerve afferents, were 

remapped to process corresponding dorsal regions of the hand( Merzenich & Kaas, 1982; Merzenich et 

al., 1983). Thus, cortical reorganization was not only possible in the adult, but seems to operate in an 

organized fashion. It’s plausible that the circuitry specific to the palmar surface of the hand was 

organized as a unit to process sensory signals specific to the skin and therefore well suited to process 

input from its corresponding dorsal partner. Later work in the primary visual cortex demonstrated that 

major scotomas created in the retina could be perceptually “filled” by remapping of cortical processing 

to adjacent areas (Pettet & Gilbert, 1992; Darian-Smith & Gilbert, 1995). In some ways this perceptual 

fill in, which is better described as perceptual suppression, is rather unfortunate as certain retinal 

diseases such as age related macular degeneration can go unnoticed until retinal lesions are so large 

that the brain can no longer compensate (Zur and Ullman 2003; Crossland and Bex 2009). Initial studies 

performed focal lesions in one retina and enucleation of the non-lesioned eye to induce measurable 

cortical restructuring (Jon H. Kaas et al. 1990). Work by Gilbert and Wiesel demonstrated that if 

corresponding focal lesions in both retinae were created, then it was possible to detect rapid (minutes) 

response changes in cortical neurons topographically adjacent to the lesion margins and later changes at 

the center of the lesion (Gilbert and Wiesel 1992). Thus, cortical plasticity after sensory loss is a process 
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that occurs in stages with initial response amplitude change followed by more permanent structural 

changes. But is permanent sensory loss necessary to evoke adult cortical plasticity? Recent 

psychophysical work has demonstrated that adult cortical plasticity can be revealed under much more 

subtle perturbations, simple monocular stimulation for a limited period of time is sufficient to 

transiently perturb interocular balance, the perceptual weight of the left and right eyes. 

1.2 STMD-Origins  
Short term monocular deprivation (STMD) is a recently developed visual paradigm that has been 

demonstrated psychophysically to induce a bias of interocular balance following a 150 minute period of 

monocular visual experience. STMD was first described by Lunghi, Burr, and Morrone ( Lunghi, Burr, and 

Morrone 2011). After covering one eye with an opaque or translucent eye-patch for a period of 2 hours, 

a strong bias in the perceptual dominance of the DE was observed, whereas prior to STMD, the average 

dominance duration was equal between the two eyes. A bias in one eye’s dominance of the monocular 

percept can be achieved in a number of ways. The perceptual dominance of one eye might be adjusted 

in isolation, or there may be a combination of effects on each eye. The results of this initial study, in 

combination with previous investigations of rivalry, show both an increase in the mean phase duration 

of the DE and a decrease in the mean phase duration of the NDE. According to Levelt’s postulates 

regarding a rivalrous stimulus, if the contrast of one eye is increased, only the phase duration of the eye 

with fixed contrast will decline while the phase duration in the modulated eye remains constant 

(Brascamp, Klink, and Levelt 2015).  The combination of changes in the STMD results suggests that a 

mixture of effects underlie the neural changes following STMD. If there was a singular effect on one eye, 

then one might expect only the opposite eye’s mean dominance duration to be altered.   
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1.3 STMD-Influence on other Aspects of Binocular vision 
The study by Lunghi et al. (2011) established that the change of interocular balance following 

STMD could be observed using dichoptic stimuli in binocular rivalry, but it was unclear whether other 

psychophysical tests could detect the change of interocular balance. The study by Zhou et al.  (2013) 

employed the same patching paradigm over the same interval (150 minutes) as that in the first STMD 

investigation (Zhou, Clavagnier, and Hess 2013). Prior to and after the monocular deprivation, they 

assessed interocular balance using three psychophysical tests: binocular phase combination, dichoptic 

global motion coherence, binocular contrast matching. The particular psychophysical tests were 

selected on the basis of targeting different aspects of the visual pathway. The binocular phase 

combination task involves presenting a subject with two horizontally oriented contrast gratings which 

are offset in phase, and targets competition between the eyes without overt suppression of one eye’s 

input. As in Lunghi et al. 2011 the first study of STMD, the viewer’s percept shifted in favor of the DE 

stimulus. This effect persisted for at least 30 minutes (the last time point the authors measured). The 

dichoptic global coherence task was incorporated to determine if cortical areas outside of V1 involved 

with motion processing (V3 and MT) were also affected by STMD. The test requires the observer to 

determine the net direction of an array of dots, a set proportion of which move coherently while others 

move randomly. Here too, following STMD, the subjects required relatively smaller signals in the DE 

compared to the NDE in order to perceive the direction of the dot array. This effect persisted for a time 

that was equivalent to the results of the binocular phase combination. The dichoptic global motion 

coherence results indicated that the STMD effect generalized not only to local contrast signal processing 

involved in the early visual pathways, but extended to later visual areas as well (Newsome and Pare, 

1988). The third measure of binocular function following STMD was a binocular contrast matching task. 

During this task, a subject is presented with a dichoptic horizontal grating on one side of a computer 

screen and their objective is to adjust a contrast signal presented to one eye on the opposite side of the 
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screen such that the two are matched in perceived contrast.  This study also analyzed the monocular 

contrast sensitivity of each eye after STMD. 

In addition to revealing the generalized effects of the DE perceptual bias, this study also directly 

compared the translucent and opaque patching paradigms in all psychophysical tests. They found that 

by all measures there was no significant difference between the two forms of deprivation. This supports 

the idea that the primary driver of the STMD is the imbalance of contrast, not luminance, information.  

The study by Zhou et al. (year?) established that the STMD aftereffect of DE dominance 

generalizes to local contrast and motion processing, however, up to this point all stimulus paradigms 

used to evaluate the STMD effect were achromatic luminance gratings. A subsequent study by Lunghi, 

Burr, and Morrone (2013) investigated whether visual areas related to color processing are also 

perturbed by STMD. The authors proposed that the parvocellular system, which processes color and 

high acuity information would be more sensitive to STMD than the magnocellular system, which 

specializes in motion and low acuity processing (Livingstone and Hubel 1988). This hypothesis was 

supported by previous work investigating ocular dominance plasticity in the critical period. Following 

monocular deprivation of macaques within the first few weeks of life, cells within layers IVcβ 

(parvocellular projection) were found to be more affected (greater degree of column shrinkage) in 

comparison to layer IVcα (magnocellular projection) (Horton and Hocking 1997). Thus, it was possible 

that the same tendency for greater plasticity of the parvocellular system in the critical period carries on 

in adulthood. They found that the DE bias was both more robust and longer lasting when subjects were 

tested with chromatic equiluminant gratings in comparison to the achromatic luminance gratings. It is 

noteworthy that this is the only report to demonstrate a deprivation aftereffect that lasted longer than 

the deprivation itself. This extended DE gain in the chromatic rivalry tests may reflect a greater 

sensitivity of the parvocellular system to the monocular deprivation or a reflection of a system that has a 

longer time constant and therefore is slower to recovery.  
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However, a later study by Zhou et al. (2017) also explored the effect of STMD using chromatic 

and achromatic stimuli and found a bias in favor of the DE, but no difference between the chromatic and 

archomatic tests (Zhou et al. 2017). This would seem to contradict the previously discussed paper but 

may be attributable to the difference in the method for assessing interocular balance. In this study, the 

authors also tested two novel forms of deprivation. Instead of depriving one eye of all contrast 

information, they asked whether depriving only certain aspects of visual stimuli while keeping other 

aspects binocularly balanced was sufficient to induce the STMD effect. After depriving only achromatic 

luminance information while preserving chromatic information between both eyes, the authors found a 

DE perceptual dominance (measured using the same binocular combination task) that was more 

pronounced in the achromatic channel vs the chromatic channel. However, when achromatic 

information was balanced, but chromatic information was removed from one eye then there was no 

shift of interocular balance. The monocular detection thresholds were not measured after either of 

these deprivations. These results suggest that while the outcome of the STMD may be different within 

chromatic and achromatic processing centers, the imbalance of luminance defined contrast was the 

relevant perturbation in inducing the STMD aftereffect.  The dissociation of outcome following the 

selective achromatic deprivation (where color remained balanced) was surprising and suggests that the 

neural locus sensitive to the imbalance during the deprivation may be separate from the neural locus 

that is affected by the deprivation. As an aside, one caveat in interpreting the results of this study was 

that all deprivations were performed on the subject’s dominant eye. The DE bias was noted to be larger 

when patching an observer’s preferred eye in a prior study (Lunghi, Burr, and Morrone, 2011). 

The results of the selective monocular deprivation of color or luminance information likely 

inspired other investigations seeking to answer what other aspects of vision could be imbalanced to 

achieve the STMD effect. One such study by Zhou et al. (2013) used a dichoptic movie paradigm where 

subjects were presented with a movie for 2.5 hours. Certain visual content was deprived from one eye 
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during the 2.5 hour movie presentation. There were three manipulations performed. The first was 

preserving the image contrast and spatial frequency, but scrambling the phase information making the 

visual information from one eye uninterpretable. The second manipulation was removing all vertical 

spatial frequencies from one eye. The authors also tested the effect of preserving the phase and spatial 

frequency information in both eyes, but reduced the contrast in the DE eye (by 60% and 20%). Finally, 

the effect of high and low spatial frequency deprivation was tested. The phase scrambling did not result 

in any DE strengthening following the deprivation that was later reproduced by Bai et al (2017). 

Interestingly, by using a kaleidoscope to deprive one eye of semantic information, Ramamurthy and 

Blaser (2018) argue that higher visual areas, sensitive to informative visual stimuli, should be selectively 

perturbed by this deprivation paradigm. They concluded that it is the relative suppression of the DE and 

not the manner in which it is deprived that is most important in generating the subsequent DE 

dominance. This notion is in good agreement with the Kim study that demonstrated the STMD effect 

over a much shorter time period (Kim, Kim, and Blake, 2017) by providing additional measures of 

interocular balance (not just rivalry) which were not studied in the paper by Kim et al.   

The removing of vertical information in one eye was effective in inducing the STMD-effect of DE 

strengthening as measured by the binocular combination task. It is important to remind the reader that 

the binocular combination task involves the presentation of two horizontal out of phase gratings. That 

is, the STMD perturbed the horizontal visual signals that were balanced during the vertical content 

deprivation. Therefore, one could argue that the STMD DE gain acts in an unoriented manner.   

This study was also the first to report that the STMD-effect could be achieved by biasing the 

interocular contrast for a 2.5 hour period. The authors found overwhelming that depriving the high 

spatial frequency information in one eye was the more important determinant in causing the DE 

strengthening. This would agree with a parvocellular dominant effect. It would also align with the notion 
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that visual areas beyond V1, which would not be stimulated by the low pass signals, may be integral to 

the STMD-effect.    

The psychophysical studies previously reviewed made significant progress towards describing 

the dynamics and monocular deprivation conditions sufficient to produce the STMD related relative DE 

strengthening.  While most of these studies were fairly conclusive in their results, other studies have 

yielded controversial results that might especially benefit from neurophysiological observations. Some 

of the psychophysical works previously supplemented their description of visual performance with 

neuroimaging to isolate the neural locus of the STMD aftereffect. Three separate reports were published 

in 2015 investigating the underlying neurophysiology of STMD in human subjects. The first report on this 

front was completed by Lunghi et al. ( 2015), then later by Zhou et al. (2015) who measured steady-state 

VEP (SSVEP), followed by magnetoencephalography (MEG) to study neural responses within V1 

(Chadnova et al., 2017) and Binda et al. (2018), using fMRI. These advances suggest very coarsely where 

STMD could have exerted its effects, but still fall short of revealing specific details about the functional 

organization within a visual area. In light of these shortcomings, I chose to use single-unit recordings in 

conjunction with local field potential (LFP) and imaging that would circumvent these problems. 

 One example of an unresolved issue is that some studies have concluded that patching the 

dominant eye leads to a more robust shift after STMD while others find no difference. It is known that 

observers with strong sensory eye dominance exhibit biases in favor of the dominant eye during 

binocular rivalry ( Dieter, Sy, and Blake, 2017). Therefore, the masking effect of the dominant eye may 

have been stronger in the majority of subjects. The issue of the role of eye dominance in STMD is one 

which is explored at the neuronal level in this thesis work. 
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1.4 STMD-Monocular or Binocular 

Nearly all of the psychophysical tests to evaluate perceptual changes following STMD rely on 

binocular stimuli. Some stimuli directly induce competition between these eyes (e.g. rivalry), while 

others are more akin to naturalistic stimuli where the left and right eye inputs combine or fuse. No 

matter what technique is being applied, a dichoptic stimulus is necessary to gauge each eye-specific 

signal. During the presentation of a dichoptic stimulus, the perceptual effect of increasing the stimulus 

strength in one eye can be equivalent to decreasing the strength of the other. Therefore, using dichoptic 

stimulus paradigms to assess the perceptual aftereffects of STMD cannot differentiate between 

selective increments or decrements in only one eye, or mutual effects in both eyes. Some labs have 

evaluated an observer’s ability to detect low contrast stimuli (sensitivity) in each eye independently 

following STMD, but across these studies there is disagreement as to whether STMD affects monocular 

detection. Lunghi et al., (2011) found no evidence of any changes in monocular contrast detection for 

either the DE or NDE following STMD (Lunghi, Burr, and Morrone, 2011).  If we consider the possibility 

that the STMD paradigm does perturb monocular stimuli, the most unintuitive change would be a 

decrement in the detection of NDE stimuli. This would be most surprising because one would anticipate 

that such a reduction should occur progressively throughout the monocular deprivation and not be 

triggered by the removal or re-stimulation of the DE. In fact, such an effect would act to counter the 

monocular deprivation itself, in essence correcting the imbalance prior to patch removal, and therefore 

making the homeostatic DE gain following STMD less necessary. There have been no reports of a decline 

in NDE detection during the deprivation period, yet some groups report that after deprivation the 

monocular detection thresholds of the NDE are increased (Zhou, Clavagnier, and Hess, 2013), in 

apparent conflict with the observations by Lunghi et al. (2011) in the initial study of STMD. The 

monocular contrast sensitivity results from the Blaser study (demonstrating a significant NDE reduction 

following STMD) may be due to the broader range of spatial frequencies used to test the monocular 
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detection thresholds (Ramamurthy and Blaser, 2021). The studies in this thesis seek to address this issue 

of shifts in the monocular responsivity under STMD. One possibility as to why monocular changes would 

not be detected by psychophysical monocular contrast detection threshold tests is that the STMD effect 

is parvocellular dominant. P cells require luminance contrast of 10% or more to elicit a response (Lennie, 

Krauskopf, and Sclar 1990). Thus, the magnocellular (M) cells dominate at luminance contrasts near 

detection thresholds.  Another reason why contrast detection tests might not detect any STMD-effects is 

that at the level of single cells the contrast sensitivity function may not be altered in a way that would 

modify detection threshold.  Instead the response ceiling of neurons may be extended or the slope 

(relating the contrast input to the spike output) could be modified. In our electrophysiological studies 

we have access to graded changes at the level of single cells (in the form of spike rates). Neglecting 

investigations at the level of single synapses, this technique provides the highest level of resolution that 

would be relevant to the STMD effect.  

 

1.5 STMD-Duration of Deprivation 

One of the early questions associated with the STMD was: for how long is it necessary to patch 

one eye to induce the aftereffect? An important paper by Kim et al. (2017) surprisingly found that the 

DE bias could be achieved after only 15 minutes of deprivation. Following a 15 minute translucent patch 

deprivation the NDE dominance periods (in the presentation of a rivalry stimulus) were reduced while 

the DE dominant durations were increased as reported in prior studies.  In addition to showing that the 

STMD induced DE bias could be achieved at short time scales this paper made several other discoveries 

related to STMD. The authors also employed a novel method of monocular deprivation that deviated 

from previous reports on STMD. Continuous flash suppression (CFS), as opposed to monocular patching, 

was used to suppress the visual input from one eye for a period of 15 minutes. The CFS was actually 

slightly more effective than the translucent patch. This is surprising because some subjects reported that 
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during the 15 minute CFS they could infrequently observe the contrast grating presented to the DE. 

Therefore, complete deprivation or suppression was unnecessary to evoke the STMD effect. The fact 

that the CFS induced a robust STMD effect suggests that while neural responses in V1 may be altered 

after STMD, V1 may not be the site most sensitive to the interocular imbalance imposed during STMD. 

During the experiment using CFS, the root mean square contrast of the images presented to the NDE 

were 44% while the static concentric grating presented to DE was just 15%. The authors determined 

whether the relatively low contrast of the DE was a factor in producing the STMD effect. In a following 

experiment, the authors presented a 60% static contrast grating to the DE during the 15 minute CFS 

deprivation period. This resulted in a slightly weaker bias towards the DE in the post-deprivation period. 

Thus, while the contrast of the DE is greater than the NDE, the suppression of the DE yields a significant 

DE strengthening following the deprivation. Based on the strong results of the 15 minute CFS 

deprivation the authors tested whether the STMD effect could be generated from even shorter 

deprivation periods. They again used a CFS stimulus in the NDE and a 15% contrast concentric grating in 

the DE for a period of just 3 minutes and found that the DE dominance shift could be reliably detected 

for a period of up to 2 minutes in the post-deprivation period. Proportionally this is in fact longer than 

the 6 minute DE bias found after the 15 minute CFS period. Looking at the data from the first CFS 

experiment though, it would seem that the duration of the DE bias would have extended beyond the 

measured 6 minute period.  

 The results of the 15 minute deprivation are somewhat conflicting with a 2013 report by Lunghi 

et al. which showed minimal effects of rivalry dominance in the DE (tested with luminance defined 

gratings) after patching for 30 minutes (Lunghi, Burr, and Morrone 2013). Within the tested cohort (4 

subjects) there was a DE dominance (as measured by binocular rivalry using luminance gratings), but the 

effect only persisted for 3 minutes, less than the 5 minute reported by Kim et al. (2018) after the 15 

minute deprivation. These differences may be due to small sample sizes or the relatively smaller 
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changes in rivalry dominance that occur under short deprivation durations. One of the more interesting 

aspects from the data in this study compared to the first Lunghi study is that the mechanism underlying 

the DE dominance is a reduction in the average NDE dominance durations while the DE dominance 

durations quickly return to baseline in the post-deprivation period. This is in contrast to the first study of 

STMD which showed the DE and NDE dominance durations changed in opposing directions. The result in 

the Kim study would be explained through Levelt’s second law by an independent gain change in the DE 

which causes NDE dominance durations to decline. It is also worth noting that the authors took care to 

test the STMD effect when depriving the subject’s dominant and non-dominant eye, though they did not 

comment on whether there was a difference between these two conditions. 

Considering that the predominant theory as to the STMD aftereffect proposes that the brain 

counteracts the imposed interocular imbalance by modifying interocular suppression, it is surprising that 

this deprivation technique was so effective. Why does the efficacy of CFS remain adequate during the 15 

minute deprivation period? Perhaps if the CFS was extended from 15 minutes to an hour or more then 

the degree of interocular suppression would decline such that the DE stimuli would become visible. 

Complete patching would of course prevent such a decline in the effective suppression of the DE.  

The first report to systematically investigate the relationship between the time of monocular 

deprivation and the outcome of STMD was by Min et al. ( 2018). This study measured the STMD-effect 

over a large span (15 minutes to 300 minutes) of deprivation times.  Being from the Hess group, the 

authors used a binocular combination task to assess interocular balance before and after monocular 

deprivation.  Subjects were presented with a horizontal sine-wave grating in each eye that were 

opposite in phase by 22.5° relative to the center screen. The subjects reported their perceived phase 

from these two stimuli. The difference in magnitude and duration of the STMD-effect was marginal 

compared to the range of deprivation durations tested; there was only a 25% increase in the strength of 

the DE dominance between the 15 minute deprivation and the 300 minute deprivation. The authors 
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state that this is evidence that the outcome of STMD is an all or none phenomenon lasting for a finite 

period independent of the imbalance conditions that produced it. Their results however conflict with 

the study previously discussed which showed that there was a time dependent relationship over a 

course of 2-15 minute deprivation times. The discrepancy here may again lie in the method used to 

measure interocular balance: fusion vs rivalry. 

A subsequent study published a few years later asked the same question regarding the 

relationship between the time of deprivation and the outcome of the deprivation (Ramamurthy and 

Blaser, 2021). In this study, an even larger span of time (30 minutes to 10 hours) was used to study the 

relationship between the STMD duration and the STMD-effect. To assess the effects of STMD the 

authors used a dichoptic gloval motion coherence (DGMC) and monocular contrast sensitivity (MCSF) 

tests, as discussed previously.  The DGMC test required subjects to discriminate the direction of an array 

of dots where various amounts of noise or signal were presented to each eye. Therefore, they can 

measure the monocular contribution of each eye towards the binocular motion percept. During the 

MCSF tests, subjects were presented with an oriented grating for 120 ms to one eye and were required 

to correctly discriminate the direction of orientation. They tested contrast gratings at multiple 

frequencies allowing the authors to gather a more comprehensive view of how STMD alters monocular 

contrast sensitivity across various spatial frequencies. They summarized the results of the MCSF tests 

using three parameters: peak contrast sensitivity, area under the CSF curve (over multiple spatial 

frequencies), and spatial frequency at peak sensitivity. During the 10 hour deprivation period subjects 

wore a translucent filter over the DE and were allowed to perform their normal daily tasks in the 

laboratory. The experimenters always deprived the dominant eye of the subjects, noting that previous 

studies were either equivocal or supportive of greater effects when depriving the dominant eye. The 

MCSF and DGMC tests were performed at 30, 150, 300, 450, and 600 minutes, intermittently breaking 

the deprivation for a period of 12 minutes (enough time to perform both tests). In contrast to the study 
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previously discussed, the authors found a robust relationship between the duration of deprivation and 

the magnitude and persistence of the DE strengthening. What’s more interesting was that only the NDE 

suppression was modified by STMD according to the DGMC and MCSF tests. This result breaks from 

nearly all other studies investigating the monocular effects of STMD. The relative DE strengthening 

peaked during the 300 minute deprivation period, where the normalized interocular ratio was more 

than 60% greater than the 150 minute deprivation. Beyond 300 minutes the relative DE gain began to 

decline. Still at 600 minutes (10 hours) of deprivation there was still a significant DE strengthening when 

measured by the DGMC or MCSF tests. One of the challenges associated with this study is evaluating the 

significance of breaking the deprivation for the 12 minute testing period. Is it possible that this was 

sufficient to reduce the cumulative effects of the deprivation duration? To address this issue the lab did 

perform the complete 10 hour deprivation on two subjects who repeated the study, but I did not see 

those results reported anywhere. The biphasic results of the DE strengthening as the deprivation 

duration increases hints at a biphasic process where homeostatic mechanisms likely give way to more 

familiar Hebbian rules which lead to strengthening of the NDE. Although the authors did not continue 

the deprivation for a sufficient time to lead to DE weakening, it is assumed that base on pervious work 

and the projection of their results that the transition to relative NDE strengthening would have occurred 

around 30-40 hours of monocular deprivation (Zubek and Bross, 1973).     

To further investigate the relationship between the time of deprivation and the effect of STMD 

we compared the results of deprivations of 2.5 hours to that of 7 hours. 

1.6 Preferred vs non-preferred  

The initial study by Lunghi et al. (2011) commented that greater shifts in favor of the DE were 

observed following deprivations of a subject’s preferred eye in comparison to the non-preferred eye. I 

suspect this is why some studies have elected to selectively patch the preferred eye in all subjects. 

However, if there is a larger effect after patching the preferred eye, it is likely modest as no 
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investigations have directly investigated the difference, although some have commented on it 

(Ramamurthy and Blaser, 2021; Lunghi, Burr, and Morrone, 2011; Zhou et al., 2015). Other studies have 

gone out of their way to balance the deprivation between a subject population’s dominant or non-

dominant eyes. The degree of sensory eye dominance between individuals (and even across the visual 

field of the same individual) is variable, therefore the eye predominance effect may be present, but 

swamped out by subjects with minimal sensory eye dominance and small sample sizes (Dieter and Blake, 

2015; Ooi and He, 2020). In this thesis we directly assess the consequence of depriving both eyes to 

determine if there is any difference in the STMD effect between them. 

1.7 Local vs Global effects of STMD 

All the psychophysical studies discussed so far have used monocular deprivation paradigms that 

manipulated the visual stimuli across the entire visual field of one eye. It was not known if the same 

transient DE strengthening could be achieved in a local window. This is a difficult experiment to perform 

using awake subjects because eye movements can transiently break the monocular deprivation.  In 

order to limit this possibility, Alais et al. (2020) performed a brief (3-6 minute) monocular deprivation in 

a localized region of visual space (Alais, MacDougall, and Verstraten 2020). The localized region was also 

relatively large: the entire left hemifield. They accomplished localizing the deprivation by requiring the 

subject to maintain fixation for the duration of the experiment. Subjects were required to periodically 

report the presence of a small visual stimulus at the fixation point. This helped to confirm that both eyes 

remained registered in the proper location to prevent breaking the regional monocular deprivation. The 

effect of deprivation was assessed using a binocular rivalry task within the deprived and non-deprived 

visual regions. The experimenters were able to demonstrate that the DE strengthening was present only 

in the deprived visual zones. These results supported the premise that the STMD effect acts locally. 

However, using only the results of this paper, the precision of this statement is rather low as the entire 

left half of one eye was deprived. Additionally, the subjects were only able to manage the fixation 
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requirements over a very short time period. Under these short deprivation durations, most studies have 

found very small biases in DE dominance, therefore increasing the duration of deprivation will be 

necessary to better understand the relationship between the spatial extent of the deprivation and the 

STMD effect. The limits of this localization (i.e. what is the minimum region of visual space required for 

monocular deprivation to induce DE strengthening) could provide clues to which regions of the visual 

pathways are involved in inducing STMD as the receptive fields of neurons along the visual hierarchy 

increase.  Therefore, DE biases produced by relatively small (few degrees) local deprivations would 

suggest a role for early visual areas. In this thesis we directly compare local and non-local deprivations 

to determine their importance in generating the STMD effect. 

1.8 Possible Effects of Attention and STMD 

All of the psychophysical studies were performed with awake behaving humans. The common 

thread amongst the results of these studies has been the relative DE strengthening after STMD. Where 

studies disagree is largely on the specifics of how the relative DE strengthening arises: isolated DE/NDE 

changes or both DE and NDE changes. This is in part related to the method for assessing interocular 

balance (discussed previously). Another source of this variability may be related to specifics of how the 

deprivation was performed. In several studies subjects were permitted to perform daily tasks such as 

reading or typing emails (Ramamurthy and Blaser, 2018; Lunghi, Burr, and Morrone, 2011; Zhou, 

Thompson, and Hess, 2013). In other studies, particularly those that employed dichoptic movie 

paradigms subjects were passively watching the same set of stimuli (Zhou et al., 2017).  Other studies 

directly controlled for attention by monitoring a subjects awareness of a stimulus during the deprivation 

(Kim, Kim, and Blake, 2017; Alais, MacDougall, and Verstraten, 2020). The increased effect of the CFS 

stimulus relative to the translucent patch may have been related to a more effective DE suppression 

because the subjects were attending to the CFS stimulus with the NDE. This was one of the few studies 

to inadvertently compare a deprivation that allowed for an attentive process (CFS) against a more 
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passive deprivation paradigm (translucent patch). Other studies have more directly investigated the 

effect of arousal on the STMD effect. There are some reports that exercise increases the magnitude of 

the relative DE strengthening (Lunghi and Sale, 2015) although these results have been called into 

question by studies finding no effect of exercise (Finn et al., 2019). We directly tested the possibility that 

attention underlies the STMD or whether passive neural interactions are sufficient to induce the STMD 

effect.  

1.9 V1 Circuit Architecture  

The psychophysical work investigating STMD has characterized the dynamics of the perceptual 

DE bias. Several additional studies have suggested the early visual system displays modified neural 

activity following STMD.  However, the precise neural mechanism as to the DE bias is so far unclear. We 

investigated the neural mechanisms underlying the STMD response in a macaque animal model. The 

primate visual system is a well-established model for investigating neural mechanisms involved in 

human vision ( Hubel & Wiesel, 1970a; Harwerth et al., 1995). An understanding of the neural 

architecture of V1 will help guide our development of plausible mechanisms underlying the neural 

response changes following STMD.  

1.9.1 Canonical V1 Circuit  

The forward flow of information in V1 is thought to progress along a characteristic set of 

connections (Douglas and Martin, 2004). Visual information from the LGN makes excitatory synapses 

onto layer 4 pyramidal neurons. These neurons project to pyramidal neurons in the superficial layers 

2/3. These neurons in turn synapse onto layer 5, which projects to layer 6 and finally the circuit is 

completed as layer 6 synapses onto layer 4 neurons. If the perceptual effect of DE gain is generated in 

V1, then adjustments at any point along this simplified circuit could play a role in modulating neural 

responses following STMD.   
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1.8.2 Retinal Contributions 

Retinal contributions can be ruled out on the basis of a number of details regarding the STMD 

effect. The temporal pattern of the DE gain is too long (some studies reporting over 100 minutes) to be 

manifest by purely retinal changes. The retina adapts rapidly (<1second) to light adaptation (Baccus and 

Meister, 2002), thus even if we were to neglect the changes in the NDE monocular responses it still 

would fail to explain the increased sensitivity in monocular contrast detection thresholds in the DE.  

Several studies have also demonstrated that the complete patch and translucent patch do not produce 

any difference in the DE bias. Also, relative DE dominance changes can be produced when the average 

patterned input to each retina is similar, but the visual information from the deprived eye is 

uninformative; implicating a cortical area involved in semantic processing (Ramamurthy and Blaser, 

2018; Kim, Kim, and Blake, 2017). Additionally the psychophysical studies demonstrating the STMD 

effect using CFS or a kaleidoscopic deprivation do not use any bias in retinal contrast. 

1.8.3 Feedforward input  

In primates, the LGN receives 90% of the visual information output from the retina (Perry, 

Oehler, and Cowey, 1984). Visual information enters the primary visual cortex through the afferents 

from the lateral geniculate nucleus (LGN). The LGN is a 6 layered structure composed of magnocellular 

(M), parvocellular (P), and koniocellular (K) cells. Each of these cells types is connected to different types 

of retinal ganglion cells and therefore provides separate specialized information to the cortex. The two 

M and P projections are thought to carry separate types of visual information. The M pathway is highly 

contrast sensitive and specializes in motion, while the P pathway conveys high acuity form vision and 

color (Livingstone and Hubel 1988). The M and P cells project to layers 4Cα and 4Cβ, respectively 

(Blasdel and Lund, 1983; Hendrickson, Wilson, and Ogren, 1978). The LGN is no longer viewed as a 

simple machine-like relay between the retina and the cortex, instead several gain control mechanisms 
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intrinsic to the LGN and derived from corticogeniculate feedback alter the visual information from the 

retina prior to entering V1 (Sherman, 2011).  

Modulation of the feedforward input from the LGN may be involved in the DE gain following 

STMD. This could be accomplished by at least two processes. The pyramidal neurons which receive the 

geniculate input from the DE may increase their sensitivity to the LGN afferents. This would generate a 

selective increase of DE sensitive neurons in V1. Therefore, a binocular stimulus with equivalent contrast 

presented to both eyes would be internally interpreted as a dichoptic stimulus (increased contrast in the 

DE). Alternatively, the output at the level of the LGN may be somehow increased due to the STMD. 

Independent modulation of the LGN would be surprising because geniculate neurons are monocular ( 

Kaas, Guillery, and Allman, 1972). Thus, there is no imbalance of information during STMD between the 

DE and NDE signals within the monocular layers of the LGN. However, there is recent work suggesting 

responses in the LGN respond differently under dichoptic stimulation ( Dougherty, Schmid, et al., 2019; 

Dougherty et al., 2021). We consider each of these possibilities by measuring the changes in neural 

responses of V1 neurons in separate lamina of V1. Neural response changes present in layer 4 would 

suggest that the LGN is involved in STMD while neural responses specific to neurons outside the 

granular layer would suggest a cortically generated effect. It was suggested in psychophysical studies 

that visual signals processed by the parvocellular pathway demonstrated a greater shift towards the DE 

responses following STMD.  The P and M pathways of the LGN are activated under different stimulus 

conditions. In order to capture response changes caused by either the M or P pathways we selected 

stimuli that would activate both types of cells. Presenting stimuli that were specific to the M channel 

(high temporal modulation) or P channel (equiluminant chromatic gratings) would be a way to 

determine if these two visual channels have separate affects following STMD.  
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1.8.4 Layer 6 V1 neurons  

Neurons in layer 6 of V1 are particularly relevant to the idea that modified feedforward input is 

involved in mediating the STMD effect. A subset of neurons within layer 6 terminates onto the same 

cortical layer 4 neurons that the geniculocortical afferents target (Fitzpatrick et al., 1985; Lund & 

Boothe, 1975). It has been proposed that these neurons gate the flow of information from the LGN into 

V1. Within layer 6 there is a large diversity of cell types. Theses neurons can be defined by their 

anatomical structure and by the organization of the connections they form with other cells of in V1. 

Certain cells project from layer to neurons in layer 2/3 and there are even connections from layer 6 to 

the LGN. These neurons can be distinguished by their position within layer 6. In the macaque pyramidal 

cells in the upper (targeting parovellular) and lower (targeting the magnocellular) levels of layer 6 

project to the LGN while those in the middle layers project intracortically (Fitzpatrick et al., 1994). The 

feedback from layer 6 to the LGN is known as coritcofugal feedback. Studies that measured activity 

within geniculate parvocellular and magnocellular cells while inactivating V1 demonstrated that the 

corticofugal projections multiplicatively amplify (increase) parvocellular and magnocellular neurons in 

the LGN (Przybyszewski et al., 2000). Further, this amplification in response was contrast independent. 

Optogenetic studies in mice have also demonstrated that the corticothalamic feedback projections can 

activate the thalamic reticular nucleus which in turn inhibits cells in the LGN (Lam and Sherman, 2010; 

Cruikshank et al., 2010). Therefore, the aggregate neuromodulatory effect of corticothalamic projections 

can have a facilitative or suppressive influence on geniculate activity.  Modulation of corticofugal 

feedback may be involved in the STMD effect. If corticofugal feedback is involved in the mechanism of 

STMD this would require that layer 6 neurons selectively target monocular lamina in the LGN. If layer 6 

connections cannot differentiate between the two monocular layers they would be unable to selectively 

amplify (DE) or inhibit (NDE) monocular signals. The geniculate targets of layer 6 neurons are 
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retinotopically matched, but feedback projections appear not to discriminate between ipsilateral or 

contralateral geniculate neurons (Briggs and Usrey, 2011). 

1.8.5 Intracortical inhibitory neurons  

The post-STMD DE gain is suggested to involve modified inhibition. This has been proposed 

based on the correlation between decrements in GABAergic signaling and the strength of the DE gain in 

human subjects following STMD (Lunghi, Emir, et al., 2015). A plausible explanation based on this 

observation is a reduction of inhibitory interneurons driven by the NDE that synapse onto the DE. There 

is ample evidence of interocular inhibition at the level of V1 neurons (Bonds, 1989; DeAngelis et al., 

1992). Cross orientation suppression (COS), the decrease in neuronal response to an optimally oriented 

stimulus when an orthogonal stimulus is concurrently presented, can be demonstrated to occur both 

monocularly and when the two orthogonal stimuli are presented to separate eyes (dichoptically) ( Li et 

al., 2005; Sengpiel et al., 1995). The purpose of these inhibitory interactions could be to preclude 

diplopia in the event that signals from two eyes provide conflicting information (Sengpiel & Blakemore, 

1994). Binocularly congruent stimuli have also been shown to suppress responses of monocular neurons 

in V1 (Dougherty et al., 2019). Additionally, disparity sensitive neurons in V1, particularly tuned 

inhibitory neurons, are suppressed under binocular stimulation ( Prince, Cumming, and Parker, 2002). 

Inhibition could drive the perceptual changes by increasing inhibition of NDE signals or decreasing 

inhibition of DE signals.  

1.10 ISOI Experiments 

Intrinsic signal optical imaging (ISOI) is a neuroimaging method used to quantify local neural 

activity near the cortical surface (primarily layers 2/3). In ISOI, an optical window is opened over a region 

of the cerebral cortex allowing a sensitive camera to capture changes in oxy/deoxyhemoglobin 

concentrations as well as increases in local blood flow which corresponds to neural activity (Morone et 
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al., 2017). The small (<1%) changes in light reflectance require a significant amount of temporal and 

spatial averaging. Even still, the spatial (~100 µm) and temporal (200 ms) resolution of assessing neural 

activity is appreciably superior to fMRI. We utilized ISOI to measure neural responses in V1 before, 

during, and after STMD in a non-human primate (NHP) model.  The experimental protocol involved 

opening a cranial window in V1 and monocularly depriving a local region of cortex for a period of 2.5 

hours. During the pre-deprivation phase of the experiment, both the DE and NDE regions are stimulated 

monocularly using high contrast sinusoidal gratings 4° in size. The gratings were presented at 4 different 

contrasts in a block randomized sequence. The (ocular dominance columns) ODC can be revealed by 

subtracting neural activity collected from the two monocular stimulation conditions (DE and NDE). We 

performed two separate forms of monocular deprivation during these experiments: full occlusion (using 

an eye patch), and local deprivation wherein one eye views the screen with no contrast (only mean 

luminance) while the other eye continues being stimulated at the same rate of pre-deprivation 

continuation. The deprivation period was followed by a stimulation protocol that is identical to the pre-

deprivation phase.  

Prior to these studies, it was unclear if STMD could be observed in the anesthetized macaque 

and if response changes were present at the level of V1. The ISOI results provided several novel 

observations. Reassuringly, the ISOI results recapitulated certain aspects of the psychophysical 

observations, namely, a DE strengthening and NDE weakening. This is demonstrated by the figure below 

which shows the optical imaging results before, during, and after STMD. The primary observation is 

captured in Figure 1-1, which shows the correlation coefficient of ODC line profiles relative to the pre-

deprivation ODC profile. This measure offers an indication of neural activity in response to the DE or 

NDE activity. Note that the relative DE gain is seen in the form of the difference between the correlation 

coefficients (cyan line) between the NDE (Left) and the DE (pink). These results also established that the 

STMD effect could be generated with a highly local monocular deprivation. Unlike previous studies 
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depriving an entire hemifield, the ISOI results were obtained from a parafoveal 4° region (Alais, 

MacDougall, and Verstraten, 2020).  

 

 

 

Figure 1-1 ODC Correlation values 
On the left (A) are intrinsic signal images of ODCs during an STMD experiment in which the right eye (not 
shown) was deprived. Line profiles across the ODCs were extracted from the ROI (orange bar) of each 
image: L eye (right column), R eye (not shown) and OD L-R map (left column) to extract cortical response 
profiles and compute correlations seen in B. (B) The correlation coefficient of line profiles extracted 
from the region seen in (A) are plotted at distinct periods within the experiment. The line profiles are 
correlated with the original ODC profile from the pre-deprivation period (OD0).Note that the DE signal 
(right eye) falls to zero during the deprivation as expected, but the NDE (L eye) weakens throughout the 
deprivation and recovers only after the post-deprivation period. 

 

1.11 Rationale for Experimental Design 

 The ISOI data gave empirical support to the use of our macaque preparation as a viable animal 

model to study STMD. Not only did the adult macaque demonstrate results analogous to the 
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psychophysical studies, it provided clear evidence of an STMD effect localized to V1 with columnar-

specific changes. The relative DE strengthening and NDE weakening demonstrated that the stimulus 

paradigm used to collect the ISOI data was sufficient to observe detectable changes within relatively 

small (4-5 cm2) regions of cortex. Therefore, much of the visual deprivation paradigm and stimulus 

characteristics were carried over from the optical imaging studies to the electrophysiological 

investigation. As successful as the imaging experiments were, there were still many questions left 

unanswered. There are inherent limitations to the optical imaging techniques. For one, there is no ability 

to assess depth related differences in processing. The optical imaging signal represents a vascular 

response driven by local metabolic demands. Superficial layer neurons are thought to be the primary 

drivers of the ISOI signal. Thus, the specific source of the ISOI signal is nebulous in the sense of the 

laminar position, ocular dominance of the cells, and other cell characteristics. Second, the temporal 

resolution of ISOI technique is limited by the extensive (typically 4 fold) averaging required to mitigate 

the variability of the small noisy signal. The electrophysiological methods offer millisecond resolution 

allowing for a precise quantification of moment to moment changes in neural activity.  

A parvocellular dominant effect would be most apparent at contrasts greater than 15%. The 

majority of psychophysics that were monocular were investigated using contrast detection thresholds 

(<2%). Therefore, the conflicting reports may be a consequence of not targeting the proper elements of 

the visual pathway.   

1.12 Experimental Hypotheses 

The STMD exhibits a laminar dependence. The ISOI data reflects only superficial layers of V1. The 

modifications to DE and NDE activity may therefore arise from changes in neural activity that originate 

from the superficial layers or are inherited from earlier in the feedforward visual pathway. A 

perpendicular insertion of the laminar shank electrode will allow for a systematic investigation of 

cortical responses across all 6 lamina of V1. Neuronal response changes at the input layer (IV) of V1 
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would suggest a pre-cortical contribution to the STMD effect. In order to ascertain a reference point for 

each experimental session, we utilized current source density (CSD) analysis to isolate the position of 

the electrode relative to the granular layer. This method allows for pooling across several experiments. 

Both DE and NDE dominant neurons are perturbed by STMD in opposing manner. Psychophysical 

studies applying binocular stimuli to study the relative DE strengthening following STMD cannot 

differentiate between a process driven by DE, NDE or both DE and NDE response changes. I propose that 

DE preferring V1 neurons will increase responsivity to monocular stimuli in the DE and NDE neurons will 

decrease sensitivity to NDE stimuli.  This was suggested by several results in fMRI and the ISOI studies. 

However, the borders of ocular dominance columns are not sharply defined. The impression of clear cut 

columnar edges provided by the ISOI data is not a direct reflection of cellular preference. Thus, there 

may be DE sensitive neurons within a NDE dominant column which respond differently to DE preferring 

neurons in a DE dominant column.  

The STMD exhibits duration scaling: longer deprivations equate to more robust and prolonged DE 

strengthening. There are conflicting reports as to dependence of the STMD effect and the duration of 

deprivation. Psychophysical studies applying binocular phase combination (Min et al., 2018) tasks failed 

to demonstrate a deprivation dependence while those employing binocular rivalry (Kim, Kim, and Blake, 

2017) and dichoptic global motion tasks (Ramamurthy and Blaser, 2021) demonstrated a robust 

dependence. Our optical imaging studies were limited to testing only the 120-150 minute deprivation 

period. Challenges related to decreased stability and clarity of the optical imaging window over time 

makes the longer deprivation experiments challenging. The faster electrophysiology preparation makes 

testing this hypothesis easier.  

The NDE driven responses decline after a set amount of time of monocular deprivation. Previous 

studies of STMD in humans have largely failed to comment on the activity of NDE responses during the 
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deprivation period. This likely stems from the challenges associated with measuring a monocular 

response in human subjects. Our optical imaging was suggestive of a gradual NDE decline in neural 

activity throughout the deprivation period. However, with the limited temporal resolution of ISOI it was 

challenging to determine the point in the deprivation when these changes occurred. The millisecond 

timing of the extracellular recordings will enable us to precisely determine if and when the NDE 

responses are reduced during monocular deprivation period.  

LFP will demonstrate a more robust STMD effect. Several neuroimaging modalities have 

demonstrated monocular neural activity changes in the DE and NDE following STMD. Each of these 

techniques measures an integrated response from many tens of thousands of neurons. Similarly, the LFP 

signal is derived from thousands of neurons within a 300µm vicinity of the electrode contact. 
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Results 
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Contributions: I designed STMD experiments, performed said experiments and analyzed all data with 
custom software. 
 

2.1 Methods 

2. 1.1 Animal Preparation 
We recorded from 185 single units in area V1 of 10 anesthetized macaque monkeys. All animals 

were food deprived for 24 hours prior to surgery to reduce risk of aspiration. The morning of the 

experiment the animals were dosed with a formulation of Ketamine solution at (1mg/kg). In addition 

atropine (1.5mg/kg) was administered to limit salivary secretions. Following cage removal, monkeys 

were intubated, then anesthetized and paralyzed with an intravenous infusion of Brevital and 

vecuronium bromide (1mg/Kg/hr). Heart rate, expired CO2, and body temperature were monitored 

throughout the experiment. In order to ensure that the metabolic demands of the animals were met 

during electrophysiological recording, a 5% Dextrose saline solution was supplied in the same line as the 

paralytic throughout the experimental session. All animal-handling procedures were performed 

according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health 

and followed the guidelines of the Animal Welfare Act.  

2.1.2 Animal Recovery 
 Following the majority of experiments, animals were recovered at the conclusion of the 

recording session. This process was initiated by retracting the shank electrode gradually with the aid of a 

Kopf micromanipulator. Once the electrode was removed using the micromanipulator a segment of 

Tecoflex was prepared to a size slightly larger than the cortical window and placed underneath the dura. 

Then the dura was closed with a 6-0 suture. The bone flap, stored in saline during the recording session, 

was dried and then placed over the craniotomy and glued into place. The surgical site was thoroughly 

washed with an antibiotic solution. Finally, the incision site was stitched using a simple box suture 

technique with a 3-0 suture. All contact lenses were removed from the animal and antibiotic ointment 
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was placed over the eyes. After the paralytic and anesthetic infusions were stopped, we monitored the 

animal’s respirations, temperature, and end-expired CO2.  Once the animal was able to breathe 

independently, the intubation tube was removed and the animal was monitored for an additional 15 

minutes. When we deemed the animal’s activity level sufficient the monkey was removed from the 

stereotactic by the experimenter and transferred back to the recovery cage which was warmed with a 

heat lamp. The animal was further monitored until it could support its own weight and was sitting or 

climbing in the cage. Recovery milestones were confirmed twice daily by DLAR staff. 

2.1.3 Animal Statistics 
 Using a relatively large number of animals (10) provides for a number of secondary 

measurements which were not directly tested (e.g. body weight, age). Previous psychophysical work has 

demonstrated that the physical fitness of a subject is relevant in predicting the STMD effect. Subjects 

with elevated BMI were seen to be less affected by the STMD paradigm (Lunghi, Daniele, et al. 2019). 

Figure 2-1 displays the relationship between the weight of each animal used and the outcome of the 

STMD procedure. The animal weight ranged from 3.5 to 5.5 kilograms. We found no correlation 

between the weight of the animal and the outcome of STMD. Additionally, we tested whether there was 

an effect of age of the animal and the outcome of STMD. Figure 2-2 compares the mean population MDI 

against the age of each animal. Again, we did not find any correlation here. These two outcomes may be 

related to the small sample size (both in terms of number of animals and number of cells collected in 

each experiment). As per university policy we were able to use the same animals for up to 7 invasive 

experiments. In addition, the same cohort of animals was used for different experiments unrelated to 

STMD. As such, some animals were more represented than others. Figure 2-4 investigates the 

relationship between the individual animal and the outcome of STMD.  



38 
 

All animals in our experiments were female. This had the advantage of handling smaller subjects 

and reducing the difficulty of surgery as females have smaller muscles of mastication which make 

surgeries less challenging.  

2.1.4 Selection of Eye to Deprive 
 We attempted to balance which eye we were depriving so that the dataset would not contain 

any significant biases. During the beginning of each experiment we were able to grossly determine the 

eye dominance of the sampled neurons. Using this information we attempted to balance the number of 

experiments in which we deprived the preferred eye (for the cells near the electrode) and the non-

preferred eye.  

 

2.1.5 Electrophysiology Procedure 
A craniotomy and duratomy were performed to expose a ~1 cm2 region of the opercular surface 

posterior to the lunate sulcus within parafoveal V1. Agar was applied to the surface of the cortex and 

allowed to harden to reduce the movement of the brain with respect to the stereotaxic-stabilized head 

and recording apparatus. We inserted a 1.8 or 3.2 mm Neuronexus probe using a Kopf 

micromanipulator through the agar perpendicular to the cortex to record extracellular potentials. 

Electrode depth was tracked using a calibrated micromanipulator. The number of contacts in each 

electrode was 32 or 16, both with an intercontact spacing of 100 µm. The electrode position was 

confirmed post-hoc using current source density (CSD) analysis to identify the granular/infragranular 

boundary defined by the characteristic source/sink laminar pattern (Schroeder, Mehta, and Givre 1998). 

For an example of CSD see Supplementary Figures. Local field potentials (LFP) were recorded at 1kHz 

and filtered (.7-170Hz) using the Plexon Map system. 

2.1.6 Inclusion Criteria 
All single units were sorted using the Plexon Offline Sortclient software package. Each single unit 

fell outside an interspike interval time period (set at 3msec) with a frequency of less than 1%. Single 
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units were included in subsequent analyses using two criteria. A Student’s t test was used to compare 

the firing rate collected during a stimulus condition in comparison to a blank condition (spontaneous). If 

a unit responded significantly (p<0.05) for either the DE or NDE stimuli in both the pre-deprivation and 

post-deprivation periods it passed the first criteria (93 units reject). The second condition required that 

the coefficient of variation (CV) be less than 0.75 in all conditions to which the unit responded above 

chance (p<0.05) for the pre and post deprivation periods (27 units rejected). This second criteria helped 

to eliminate units with high variability. After applying all criteria, a final dataset of 185 single units was 

compiled for further analysis. 

2.1.7 Visual Stimuli 
Monkeys viewed stimuli presented at nearly 100% contrast on a 20” CRT SONY Trinitron monitor 

positioned a distance of 114 cm. The eyes were diverged and each viewed half of the screen with the aid 

of a Risley prism. Eyelids were sutured open, and atropine and phenylephrine drops were applied to the 

eyes to dilate the pupils and suppress accommodation. Contact lenses were fitted with the corrective 

refractive power as confirmed by direct retinal ophthalmoscopy. Stimuli were generated using custom 

software to drive a Number Nine graphics card. Visual stimuli consisting of drifting gratings were 

presented randomly to one eye at one of four orientations (0°, 45°, 90°, 135°), 9 conditions altogether (4 

for the left and 4 for the right and one blank). For example, three subsequent conditions may have been 

Left-45°Right-90° Right-135°.  All stimuli were of identical size (approximately 4° in width and 

height), a drift rate of 4 cycles per second, with a spatial frequency of 2 cycles per degree. Gratings 

reversed direction once every second. All STMD experiments began with an initial pre-deprivation 

period during which stimuli were presented to each eye monocularly. This pre-deprivation period was 

followed by a variable length (90-120 minutes) deprivation period. During the deprivation period, one 

eye (DE) was randomly selected to view a mean luminance gray screen, while the other eye (NDE) was 
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stimulated with the same set of stimuli as that in the pre-deprivation period. The deprivation period was 

followed by a post-deprivation which used the same stimulus paradigm as the pre-deprivation period. 

2.1.8 Stimulus Protocols 
We used two different stimulus protocols. The first contained only monocular conditions, the 

second contained both monocular and binocular conditions in the pre-deprivation and post-deprivation 

periods. In both of these stimulus protocols the time averaged retinal input to the NDE is identical in all 

periods. These two stimulus protocols will be referred to as STMD-M (monocular events only) and 

STMD-B (included binocular events). See the appendix for a figure describing the protocols. 

2.1.8.1 STMD-M 
During the pre-deprivation period, stimuli are presented monocularly (DE or NDE). Stimuli were 

presented at one of four orientations (0°, 45°, 90°, 135°) to the DE or NDE. A blank condition was 

included within each stimulus ensemble (9 conditions total). Stimulus duration was 4 seconds with an 

interstimulus interval of 1.5 seconds. All stimulus ensembles were block randomized. The pre-

deprivation time period was on average 45 minutes. During the deprivation period, stimuli were the 

same as that in the pre-deprivation condition (total of 9 conditions) with the exception that DE 

conditions were replaced with blanks. During the post-deprivation period, stimuli were repeated as in 

the pre-deprivation condition. 

2.1.8.2 STMD-B 
During the pre-deprivation period, stimuli are presented monocularly and binocularly (DE or 

NDE). Stimuli were presented at one of four orientations (0°, 45°, 90°, 135°) to the DE, NDE or both eyes. 

A blank condition was included within each stimulus ensemble (13 conditions total). Stimulus duration 

was 4 seconds with an interstimulus interval of 1.5 seconds. All stimulus ensembles were block 

randomized. Therefore, the probability of selecting one of the 13 possible conditions was equal. Also 

every 13 stimulus presentations all possible conditions were presented. Thus, the proportion of 
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monocular events was twice that of binocular events. The pre-deprivation time period was on average 

45 minutes. During the deprivation period, stimuli were the same as that in the pre-deprivation 

condition (total of 13 conditions) with the exception that binocular conditions were replaced with NDE 

conditions and DE conditions were replaced with blanks. During the post-deprivation period, stimuli 

were repeated as in the pre-deprivation condition. 

2.1.9 Extended Short Term Monocular Deprivation (ESTM) procedure 
A translucent patch was placed over one eye directly after placing the contacts in the eye to be 

deprived. The entire preparation after this point took approximately 4 hours. After the electrode was 

placed as previously described, stimuli were positioned over the receptive field of NDE responsive units. 

The NDE was presented with gratings for a period of 2 hours, equivalent to the normal deprivation 

period.  After patch removal, stimuli were positioned over the receptive field of DE responsive units. The 

position of the DE stimuli were approximated based on the back projection of the fovea onto the 

monitor using a fundus camera. After confirming that the neurons were responding to stimuli driven 

through the DE (1-2 minute process), the post-deprivation period began as in the other STMD 

experiments. The stimulation protocol chosen for this experiment was the monocular protocol. 

 

2.1.10 Response Measure 
The stimulus evoked response was computed by summing all of the spikes within the duration 

of the stimulus presentation (4 sec) divided by the stimulus duration. The blank condition was used to 

compute a spontaneous firing rate for each unit. This average spontaneous rate was subtracted from 

the response condition rates. All responses to DE and NDE conditions were computed at each unit’s 

preferred orientation. In order to compare the neural response changes occurring after the STMD 

period, we developed a log ratio metric called the monocular deprivation index (𝑀𝐷𝐼). For both the DE 

and NDE, the log ratio of the mean response for the preferred orientation was compared to the mean 
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response driven by the same stimulus in the post-deprivation period. Changes specific to DE-driven 

responses were quantified using the following equation (1). The log ratio of the average pre-deprivation 

response, collected over approximately 40 minutes, and the average of responses collected in a 

specified time period in the post-deprivation period was computed to identify proportional increments 

and decrements in DE-driven responses after STMD. Positive values indicating a DE gain following the 

STMD while negative values correspond to a DE driven response decrement. 

 

𝑀𝐷𝐼 = log      (1) 

 

Changes specific to NDE-driven responses were quantified using the following equation (2), it is defined 

in terms of the NDE, and further positive values are meant to indicate NDE weakening after STMD. This 

is an important detail to be aware: positive values indicate that the NDE responses decline in the post-

deprivation period relative to their pre-deprivation period. We chose to express the data in this manner 

because we intended to simplify, or at least keep consistent, the sign of a change for the DE or NDE 

responses. Recall that our expected outcome is a relative DE strengthening. Because we employ 

monocular stimuli, and cells in V1 can respond predominantly to one eye, this could occur through DE 

elevation (positive 𝑀𝐷𝐼 ) or NDE reduction (positive 𝑀𝐷𝐼 ). This is particularly useful for the 

combined metric discussed below. 

𝑀𝐷𝐼 = − log     (2) 

 

In order to capture the relative changes in the neural responses driven by the DE, an index (3) was 

devised to incorporate both DE and NDE neural response changes occurring between the pre-

deprivation and post-deprivation periods. The sum of these log ratios was computed such that a positive 
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value indicated a relative DE gain, and conversely a negative value meant the NDE was increased relative 

to the DE after STMD. All log functions were base 10.  

 

𝑀𝐷𝐼 = log − log    (3) 

 

The purpose of using log ratios as opposed to a simple ratio (e.g. ) is because we wanted a metric 

that would equally weight positive and negative changes in response rates. This practice is especially 

helpful when pooling the results of multiple experiments. For example, a reduction to 25% in the DE 

following deprivation would be represented as .25 whereas an increase by 400% would be represented 

by the value of 4. Thus, when averaging these two values you arrive at a mean change of 2.125. This 

would act to overestimate DE increases; however, if we apply the log to the same set of data (log =

 −0.602) (log(4) =  0.602) the summed change is 0, as expected. 

As a means to apply a more familiar metric to the analysis of responses following STMD, an equation 

akin to Michelson contrast was also used. This equation, and the results of applying it to the dataset, is 

discussed in the appendix. 

   

The coefficient of variation (CV), equation 4, was computed to quantify the variability of single unit 

responses (σ) relative to the mean firing rate (µ Hz) of those responses. Mean firing rate (µ) was 

computed as the average number of responses over a 4 second stimulus period minus the spontaneous 

firing rate. Typical values were around 0.3-0.4 for single unit responses at the preferred orientation and 

eye. 

 

𝐶𝑉 =        (4) 
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The ocular dominance index, equation 5, has been defined in terms of which eye was being deprived as 

opposed to the conventional ODI definition relating contralateral/ipsilateral inputs. This was done to 

simplify the interpretation of ODI with regards to STMD. Using this definition, positive values indicate 

single units which prefer the DE over the NDE and vice versa for negative ODI values. In this paper we 

primarily used this metric to classify DE and NDE preference in the pre-deprivation period in order to 

assess whether there are differences in the effect of STMD within DE and NDE populations. 

 

𝑂𝐷𝐼 =       (5) 

 

2.1.11 F1/F0 Classification 
We classified cells into two categories (simple/complex) on the basis of their response 

modulation to drifting gratings as described by Skottun et al (Skottun et al. 1991). The method involves 

computing two values based on the average response to drifting gratings: the mean firing rate (𝐹0) and 

the first harmonic (𝐹1). An 𝐹1/𝐹0  value above one was considered to be a simple cell, while a value 

below one was taken to be a complex cell. The 𝐹1 value computed as the Fourier amplitude of the spike 

train at the temporal frequency of stimulation at the unit’s preferred monocular condition. The 𝐹0 value 

was computed as the Fourier amplitude of the mean spike train for the same condition. All 𝐹1/𝐹0 

classifications were computed from responses in the pre-deprivation period. 

2.1.12 Gamma Band Magnitude Procedure 
LFP signals were first filtered with a bandpass (4-300Hz) Butterworth filter. The spectral power 

of the LFP was analyzed using Morlet wavelets. The power within the gamma band [25-90Hz] for 

spontaneous activity was computed using the LFP signal within blank presentations. The relative gamma 

band power was computed as the average power in the gamma frequency range normalized by the 

baseline power (blank) minus 1, as described in equation 6. 
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𝛾 = ∑ − 1    (6) 

Where 𝑆 is defined as the spectral power at a particular frequency. Therefore a gamma power of 0 

indicates that the gamma spectral power was equal to the blank. 

2.1.13 Plastic/Aplastic Division 
Neurons were divided into two populations based on the variability of the 𝑂𝐷𝐼 between the 

pre-deprivation and post-deprivation periods. The variability was computed by measuring the mean 

𝑂𝐷𝐼 computed in the pre-deprivation period compared to the mean 𝑂𝐷𝐼 computed in the post-

deprivation period divided by the standard deviation of the 𝑂𝐷𝐼 in the pre-deprivation period. This 

effectively amounted to a z-score for changes in a single unit’s 𝑂𝐷𝐼. Units with an 𝑂𝐷𝐼 change of greater 

than 1 according to this measure were classified as “plastic” while those with a value less than one were 

classified as ”aplastic”.  

2.1.14 Deprivation Protocol 
Single unit responses were collected in three different time periods, herein referred to as the 

pre-deprivation, deprivation and post-deprivation. During the deprivation, one eye was randomly 

selected to be deprived of contrast stimuli, viewing only a mean luminance screen for a period of no less 

than 90 minutes after which it would receive identical stimulation as that of the NDE. During the 

deprivation period there is no change in the frequency or duration of stimuli presentations to the NDE. 

Changing the presentation rate of the NDE throughout the experiment would risk introducing effects 

related to contrast pattern adaptation. By maintaining a constant rate of stimulation in the NDE, any 

changes in NDE driven responses during the deprivation and post-deprivation phases must be related to 

differences in the stimulation protocol (e.g. deprivation) that the DE is subjected to. The preferred 

orientation and ocular dominance (𝑂𝐷𝐼) of each unit were computed from responses measured in the 

full pre-deprivation period. The mean DE and NDE responses in the post-deprivation were compared to 

the pre-deprivation using the metrics 𝑀𝐷𝐼 , 𝑀𝐷𝐼  , and 𝑀𝐷𝐼 (equations 1,2,3) to determine 
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whether there was a measurable change in the interocular balance. The 𝑀𝐷𝐼 measures the log ratio of 

mean responses in the post-deprivation period compared to the pre-deprivation period in the DE 

against the NDE. This provides a relative measure of change in the unit’s response. In each of these 

metrics, a positive value indicates a relative DE gain (𝑀𝐷𝐼), an absolute DE gain (𝑀𝐷𝐼 ), or a NDE 

weakening (𝑀𝐷𝐼 ) in comparison to the pre-deprivation condition. Single unit responses were 

calculated using only the unit’s preferred orientation in both the DE and NDE.  

We analyzed neural responses at various times in the post-deprivation period. For Figures 

assessing population changes in 𝑀𝐷𝐼 or 𝛥𝑂𝐷𝐼 that did not include a temporal analysis the data from the 

first 20 minutes was used to assess changes after STMD. For Figures assessing the temporal relationship 

of the STMD effect, we assessed neural responses over 2 minute intervals at various points in time after 

the deprivation. Pairs of DE and NDE responses measured throughout the post-deprivation were 

compared to the mean responses in the DE and NDE collected during the 40-60 minute pre-deprivation 

values to derive the  𝑀𝐷𝐼, 𝑀𝐷𝐼 , and 𝑀𝐷𝐼  at time points within the post-deprivation period. 

2.2 Results 

2.2.1 Single unit responses exhibited a range of behaviors following STMD 
A variety of response patterns was observed across the V1 neuronal population. Nearly half 

(46%) of the single unit responses were unperturbed in their response amplitude in the DE or NDE, 

approximately 40% of the units demonstrated a change in just the DE or NDE, and others (~20%) 

displayed a combination of changes in the DE and NE driven responses. Figure 2-3 shows representative 

examples from the population. Responses presented in this figure are the time averaged firing rates (Hz) 

at various times throughout the experiment at the neuron’s preferred orientation. Each data point 

represents the mean of 6 trials of responses. There was often a noticeable discontinuity of the NDE 

responses at the transition between the deprivation and post-deprivation periods (2-3 C). This could 

occur even if no changes in the NDE were apparent during deprivation. However, some neurons 
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displayed more gradual changes in the NDE throughout the course of the deprivation such as that 

featured in 2-3D.  

2.2.2 Individual Variability in the STMD-Effect 
A total of ten different macaques were used to collect this dataset. Figure 2-4 shows the average 

MDI observed within each animal (black bars) and within each experiment.  After analyzing the single 

unit responses separately for each macaque, it was clear that some animals displayed more robust 

changes of interocular balance after STMD than others. The outcome of STMD was either neutral (no 

change in interocular balance) or positive (relative DE gain); there were no instances in which the 

average population changed in favor of the NDE. STMD experiments in 4 (MK#’s 2,3,6,7) of the 

macaques resulted in a majority of units responding to the deprivation (changing interocular balance), 

but the population average centered near zero. Although the number of experiments which produced a 

statistically significant difference in the population MDI was small (just 2), within each experiment the 

majority of units displayed a positive MDI. The gray bars are the standard deviation of the MDI within 

each experiment with the central dot denoting the mean MDI of the sampled population. It is uncertain 

whether the difference in outcomes between animals is related to their inherent variability or to 

differences in experimental preparation.  The variance in the number of cells collected within each 

experiment is partially attributed to a difference in the number of recording sites on each electrode.  

2.2.3 Response variance was not affected by STMD 
We hypothesized that following the deprivation period; any potential difference in neural 

responsivity following STMD would be temporary. This was supported by observations from the 

psychophysical studies that recorded the duration of DE dominance following the STMD decays after a 

time period of 15 to 90 minutes in relation to the duration of deprivation ( Lunghi, Burr, and Morrone 

2011). In order to determine differences in the variability of responses between the pre-deprivation 

period and post deprivation period, the CV was computed using responses of each single unit at the 
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preferred orientation of each cell. The CV was computed in the pre-deprivation (average 40 minutes) 

and post deprivation (20 minutes) phases of the experiment. It was expected that the CV of responses 

after deprivation would be higher than that in the pre-deprivation due to the anticipated relative DE 

strengthening lasting for a limited duration in the post-deprivation state. Although this is not the typical 

application of CV, it is still useful towards identifying temporal changes in the spike rates. For example, 

in the pre-deprivation phase the mean spike response is not expected to have any temporal relationship 

(i.e. it’s flat). After the deprivation the change in the mean spike rate (for the DE we expect a decay over 

time and for the NDE we expect an increase over time) is thought to change with time. In addition to the 

normal variance this change in mean firing rate should cause the CV to increase in the DE and NDE 

assuming that there is a temporal process related to the STMD paradigm.  

 Across the single unit population, the CV was not significantly different (see Figure 2-5) 

between the pre-deprivation period and post-deprivation period. If the STMD produced a change in the 

DE or NDE independently then it might be expected that the CV would increase in the post-deprivation 

period for one eye only. However, there was also no significant difference between the CV of the NDE 

(t(119)=.27 , p= .82) and DE (t(119)=.27 , p= .83) driven responses between the pre and post deprivation 

periods.  

2.2.4 V1 Population modulates interocular balance following STMD 
Following STMD, the single unit population yielded a statistically significant change in the 𝑀𝐷𝐼 

with an average of 0.11 (29%) and a standard deviation of 0.48. Figure 2-6A contains a histogram of 

𝑀𝐷𝐼 values across the sampled population. This metric compares neural responses at a cell’s preferred 

orientation in the pre-deprivation period to the same condition in the post-deprivation period. 

Statistical analyses of these data can be found in Table 2.1. Mean responses in the pre-deprivation 

period were compared to mean responses collected in the first 20 minutes of post-deprivation period.  

The variety of behaviors after the STMD as seen in Figure 2-3 contributes to the large spread in the 
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effects of STMD. Certain cells (see Figure 2-3B) respond according to what was expected based on the 

psychophysical results, namely a selective amplification of DE responses. A larger portion (46%) is 

seemingly unaffected while another cohort move opposite to that expected (Figure 2-3D) displaying a 

relative increase in the NDE at the onset of the deprivation. The persistence of a statistically significant 

effect across the population in the context of a large variety of responses suggests that the relative DE 

gain observed here, and psychophysically, could be produced by a select subset of cortical neurons 

which are sensitive to the STMD protocol. Using the first 20 minutes of the post-deprivation period, 

the𝑀𝐷𝐼  (2-6B) and 𝑀𝐷𝐼  (2.6C) were also computed. While both metrics were computed to have a 

positive mean, only the 𝑀𝐷𝐼  was found to be significantly different across the population. This 

implies that the population 𝑀𝐷𝐼 may be primarily driven by changes in NDE responses.   

Table 2.1 Population MDI  

 

We detected no difference in the 𝑀𝐷𝐼 metric between the experiments with the STMD-B 

protocol compared to the STMD-M protocol. Further, we measured the relationship between the 

binocular interaction of a unit, that is the degree to which it prefers a binocular stimulus relative to its 

preferred monocular stimulus, and did not find any relationship with the 𝑀𝐷𝐼.  

2.2.5 STMD-Effect persists for up to 15 minutes 
The time course of the single unit responses in terms of metrics 𝑀𝐷𝐼, 𝑀𝐷𝐼 , and 𝑀𝐷𝐼  is 

shown in Figure 2-7. As a population, there was an initial mean positive 𝑀𝐷𝐼  and negative 𝑀𝐷𝐼  

indicating that both DE and NDE driven responses were relatively larger after the deprivation, but the DE 

 t-statistic p-value 

𝑀𝐷𝐼 t(154) =2.808* 0.005 

𝑀𝐷𝐼  t(154) =2.808 0.714 

𝑀𝐷𝐼  t(154) =3.121* 0.002 
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increment was greater than the NDE change and therefore yielded an overall positive 𝑀𝐷𝐼. After the 

first five minutes of the post-deprivation, the NDE started to decrease relative to the pre-deprivation 

responses (+𝑀𝐷𝐼 ). However in the DE, responses remained elevated in comparison to their pre-

deprivation averages. This pattern of activity persisted until approximately 25 minutes after deprivation. 

At 25 minutes after deprivation the DE returns to the pre-deprivation baseline while the NDE continues 

to be depressed in comparison to the pre-deprivation responses. Therefore, the outcome of STMD 

which serves to change interocular balance in favor of the DE may be driven by independent effects in 

the DE and NDE that have separate time courses.  

In order to apply a more rigorous method for quantifying time dependent changes in neural 

responses following STMD we first segmented neural responses within 7 minute time blocks collected in 

the post-deprivation period. These 7 minute time blocks were sampled in steps of 3.5 minutes (a total of 

13 sampled blocks). Next, we applied a repeated measures ANOVA for the 𝑀𝐷𝐼 , 𝑀𝐷𝐼 , and  𝑀𝐷𝐼. 

The results of this analysis are presented in Table 2.2. There are two p-values presented for each test 

statistic. This was due to the fact that in our binned dataset the sphericity (a statistic that measures the 

difference of within variance for each lamina [in this case each time bin]) was false. Therefore, a 

corrected p-value by way of the Greenhouse-Geisser method is presented as well an uncorrected p-

value. 

 

Table 2.2 Time Dependence of STMD Effects 
RM-ANOVA Source DOF1 DOF2 F P-unc P-GG-corr 

𝑀𝐷𝐼 Time 12 648 2.533 0.002 0.027 

𝑀𝐷𝐼  Time 12 648 4.834 <.0001 0.0004 

𝑀𝐷𝐼  Time 12 648 1.12 0.339 0.341 
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According to this analysis only the 𝑀𝐷𝐼 , and  𝑀𝐷𝐼 varied in a time dependent manner. The 

𝑀𝐷𝐼  did not vary significantly in time as a population. Therefore, according to this analysis the NDE 

response reduction is a sustained effect occurring after STMD. Interestingly, only the combined metric 

(𝑀𝐷𝐼) displayed a time dependent response that behaved in a manner that was anticipated: a relative 

DE strengthening that decayed with time in the post-deprivation period. Figures 2-8A, B, and C show the 

𝑀𝐷𝐼, 𝑀𝐷𝐼 , and  𝑀𝐷𝐼 , over time computed from the sampled V1 population. Each bar represents 

the population MDI values derived from a unit’s average pre-deprivation response compared to the 

sampled time point in the post-deprivation period. The statistical significance of the 𝑀𝐷𝐼 , and  𝑀𝐷𝐼 

values for each block were compared to an expected value of zero using a t-test (only these were tested 

because of the results from the repeated measure ANOVA analysis). Significantly different MDI averages 

are indicated with a star (p<0.05). As a population, the MDI was significantly different from zero for up 

to 15 minutes after the deprivation. On the other hand the 𝑀𝐷𝐼  reached significance only 

sporadically. These t-tests were used as a coarse measurement for assessing the variance of the 

responses within the 7 minute time blocks and therefore should be taken as a rough guide for 

understanding the temporal pattern of neural responses in the post-deprivation state. 

2.2.6 A subset of V1 cells are affected by STMD 
Not all cells were equally affected by STMD. In order to classify which units were significantly 

perturbed by STMD, the ocular dominance index (𝑂𝐷𝐼) was computed using the mean spike rate (Hz) of 

the preferred orientation in the DE and NDE during the pre-deprivation period, as defined by equation 5. 

Here, the 𝑂𝐷𝐼 is defined in terms of which eye was deprived in order to distinguish which units altered 

their 𝑂𝐷𝐼 in favor of the DE (+∆𝑂𝐷𝐼), as anticipated, versus those that changed in favor of the NDE (-

∆𝑂𝐷𝐼 ). The pre-deprivation 𝑂𝐷𝐼  was compared with the 𝑂𝐷𝐼  computed from responses to the same 

conditions collected in the first twenty minutes of the post-deprivation period. The difference between 

pre- and post- deprivation ODI relative to the standard deviation of the pre-deprivation ODI was used to 
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isolate responses with changes in interocular balance (plastic) from units with no changes in 𝑂𝐷𝐼  after 

deprivation (aplastic), for details see Methods. Although this metric is analogous to the MDI metrics we 

found that the cells that significantly altered their 𝑂𝐷𝐼  which will be referred to as plastic, did not, as a 

population, have a statistically significant MDI change even though the average MDI within the Plastic 

cohort was more positive than the average MDI in the aplastic cohort. We analyzed the response 

changes (using the three MDI metrics) separately in the plastic and aplastic cohorts as shown in Table 

2.3. Within the plastic cohort there was a strong bias in the NDE suppression and an absence of DE 

changes. 

Table 2.3 MDI within Plastic and Aplastic Cohorts 

2.2.7 The relationship between ODI and STMD 
The previous results regarding the 𝑀𝐷𝐼 , 𝑀𝐷𝐼 , and  𝑀𝐷𝐼 (Figure 2-6) support the idea that 

the predominant change following STMD is attributed to a reduction in the NDE responses. Such a 

reduction could occur in cells that prefer the NDE or cells that prefer the DE, but still have some 

responsivity in the NDE. In order to answer this we measured how the ∆𝑂𝐷𝐼 relates to a unit’s 𝑂𝐷𝐼 

defined in the pre-deprivation period. Figure 2-9 shows the relationship between the pre-deprivation 

𝑂𝐷𝐼  and ∆𝑂𝐷𝐼.  The data points within the two cohorts of cells are designated by the red (plastic) and 

blue (aplastic) colors. There was a significant relationship between the pre-deprivation ODI and the 

∆𝑂𝐷𝐼.   The negative Pearson’s correlation coefficient captured this relationship with a value of -.3. This 

indicates that the neuron’s responses in the preferred eye were reduced following STMD. Therefore, 

 Plastic Aplastic 

𝑀𝐷𝐼 µ= 0.123    t(69)=1.692  p=0.095 µ= 0.096    t(84)=2.587  p=0.011 

𝑀𝐷𝐼  µ= 0.001    t(69)=0.009  p=0.992 µ= 0.025    t(84)=0.55  p=0.550 

𝑀𝐷𝐼  µ= 0.122    t(69)=2.395  p=0.019 µ= 0.070    t(84)=1.99  p=0.049 
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single unit responses shifted away from their preferred eye, becoming less monocular. There was a 

greater tendency for NDE dominant cells to have a positive ∆ODI than the DE dominant cells.  

2.2.8 The NDE is not suppressed during monocular viewing 
Because NDE suppression was a possible source of relative DE gain, it was postulated that the 

NDE responses might progressively decrease during the deprivation period. In Figure 2-10, the time 

course of the 𝑀𝐷𝐼  during the deprivation and the 𝑀𝐷𝐼 after the deprivation was plotted for the 

entire single unit population.  This shows that the log ratio of NDE driven responses was unaltered as the 

monocular deprivation proceeds. Thus, the changes in the NDE driven responses seen in the post-

deprivation period are not realized until after the DE is stimulated. This may suggest that modified 

interocular inhibition is a component of the STMD effect. However, there were also numerous instances 

of facilitation of the NDE responses that was initiated once the DE was stimulated. This post-deprivation 

facilitation was not always to the same degree as facilitation observed in the DE driven responses. In 

order to investigate the changes in response to the DE and NDE on a cell by cell basis we investigated 

how single unit responsivity changes in the DE and NDE responses of each cell.  

 

2.2.9 DE and NDE changes across the V1 population 
Figure 2-11 depicts the entire single unit population as defined by the MDINDE and MDIDE. The 

Pearson’s correlation coefficient reveals a significant relationship between the MDINDE and MDIDE. This 

indicates that the changes that occurred in single unit responses after STMD were often in the same 

direction in each eye, but to varying degrees. For example, if a unit increased its output to DE driven 

responses at the outset of the deprivation, then the NDE was also elevated. However, the extent of 

changes in the NDE and DE were typically unequal. The number of units in each quadrant was tabulated 

to make apparent biases in the distribution of units. The number of units that had a negative MDIDE and 

positive MDINDE is nearly equal to the number of units that had a positive MDIDE and negative MDINDE. 
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The least represented quadrant is the case in which both the MDINDE and MDIDE were negative (22 units). 

Thus, there was a strong bias against both metrics being negative (relative NDE strengthening) in favor 

of both metrics being positive (37 units, indicating a relative DE gain).  These data demonstrate that 

within the V1 cell population the STMD tends to produce a relative DE gain through cumulative changes 

particular to each single unit. 

2.2.10 STMD effects are distributed across cortical layers 
The laminar position of a cortical neuron is thought to relate to its role in V1 microcircuits, thus 

correlating a single unit’s laminar position with the response changes observed after STMD. This will 

offer insight as to how information encoding in V1 might be altered following STMD. Figure 2-12 displays 

the relationship between the ∆𝑂𝐷𝐼 and the laminar position across all units. Units were divided 

according to the plastic and aplastic division. The laminar position of the unit was based on the position 

of the electrode contact relative to the CSD-defined current source/sink transition. The CSD was derived 

from mean LFP measurements collected in response to full-field flash stimuli at the beginning of the pre-

deprivation and end of the post-deprivation periods. An example CSD is depicted in Supplementary 

Figure 1. The CSD was measured at the beginning and end of each experiment to confirm that the 

electrode did not change its laminar position during the multi-hour recording periods. We took the 

bottom of the flash evoked current sink to indicate the position of the layer4/5 transition (Schroeder, 

Mehta, and Givre 1998). This reference point was used to interpolate the positions of the other 

electrode contacts. The population averages within each laminar group (supragranular, granular, 

infragranular) are displayed in the plot inset. To determine if a population ∆ 𝑂𝐷𝐼  was significantly 

changed, the population ∆ 𝑂𝐷𝐼  values were compared to an expected value of 0 using a one sample t-

test. Within plastic (red bars) there was a statistically significant positive shift within the only the 

supragranular group.  
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A two-way ANOVA was performed across the two levels (plastic/aplastic) and 3 laminae (each 

cortical layer). There was found to be no effect of the cortical layer nor any interaction between the cell 

category (plastic/aplastic) and the cortical layer. This indicates that although only the supragranular 

population had a ∆𝑂𝐷𝐼  different from zero, cells that changed 𝑂𝐷𝐼  could be found in all layers of V1. 

Table 2.4 shows the results of the 2 factor ANOVA and table 2.5 shows the results of performing a one 

sample t-test on the ∆𝑂𝐷𝐼  values within each group. 

 

Table 2.4 ∆ 𝑶𝑫𝑰 -2 way ANOVA 

 

Table 2.5 ∆ 𝑶𝑫𝑰  

 

2.2.11 STMD within putative inhibitory and putative excitatory cells 
Evidence from intracellular recording has established that GABAergic inhibitory interneurons 

generate shorter duration action potentials compared to excitatory pyramidal cells (Connors & Gutnick, 

1990; McCormick et al., 1985; Nowak et al., 2003). This action potential waveform difference makes it 

2 way ANOVA Df Sum_Sq F Pr(>F) 

Layer 2 0.0037 0.074 0.928 

Plasticity 1 0.202 8.04 0.005 

Layer: Plasticity 2 0.0039 0.078 0.924 

Residuals 3.742 149.0 NaN NaN 

                            ∆ 𝑂𝐷𝐼 Plastic Aplastic 

Supragranular t(31)=2.38, p=0.023* t(35) =1.32, p=.32 

Granular t(8) =1.44, p=0.186   t(17) =1.091, p=.28 

Infragranular t(28) =1.79, p=0.083 t(30) 1.32, p=.29 
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possible to separate electrophysiological units into putative inhibitory and putative excitatory cell 

groups (Mitchell et al., 2007). In addition, putative inhibitory neurons are proposed to have increased 

spontaneous and evoked firing rates compared to excitatory neurons (Mruczek and Sheinberg 2012). On 

the basis of evoked firing rate and waveform duration, we divided neural populations into putative 

inhibitory and putative excitatory populations. Differences in the magnitude of changes within these 

two populations may indicate that the excitatory/inhibitory (E/I) balance is temporarily altered following 

STMD. MR-spectroscopy studies have demonstrated that GABA levels in V1 are decreased following 

STMD within subjects that reported a strengthening of the DE ( Lunghi, Emir, et al. 2015). We measured 

the MDI in a putative excitatory and putative inhibitory population as shown in Figure 2-13. The putative 

excitatory population had a significantly positive MDI (.1412 ~38%) (t(103)= 2.898, p=0.005) following 

STMD. The putative inhibitory MDI was not significantly different from zero (t(39)= .45, p=0.472). The 

differences in MDI between the two populations suggest that STMD may perturb E/I balance. However, 

there was not a statistically significant difference between the putative excitatory and putative 

inhibitory population MDI (t(141) =1.14 , p=0.267). Some units could not be classified as putative 

excitatory or inhibitory because the extracellular voltage waveforms were not recorded.  

2.2.12 STMD within simple and complex cells 
The effect of STMD was evaluated separately in simple and complex cell populations. Classical 

studies have reported that there exist two distinct functional classes of neurons in V1 designated by 

their receptive field properties (Bair 2005; Hubel and Wiesel 1962; Skottun et al. 1991; Movshon, 

Thompson, and Tolhurst 1978). Complex cells have been proposed to derive their input from several 

simple cells, thus simple cells represent an earlier stage of the V1 feedforward circuit (Hubel and Wiesel 

1962).  In addition, modelling studies have suggested that the complex/simple dichotomy is a 

consequence of a difference in the degree of intracortical excitatory recurrent amplification (Chance, 

Nelson, and Abbott 1999). Simple cells are more selective because of weaker degrees of recurrent 
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amplification, while complex cells receive larger indiscrete recurrent amplification. If this is true, then an 

STMD effect specific to the complex cell population may suggest that modulated recurrent excitation is 

involved in mediating the STMD effect.  Alternatively, greater MDI values in the simple cell population 

would suggest that a modified geniculate input may be involved. Figure 2-14 plots the MDI means within 

the simple and complex cell population. Within the two populations only the complex cell population 

was found have a statistically significant MDI as evaluated by a one sample t-test ( t(134) = 2.05, p=0.041 

).The average MDI of the simple population was found to be greater than the complex cell population, 

but due to the small sample size this value was not significant ( t(18) =1.114,  p=0.25 ).  The MDI was not 

significantly different between the two populations ( t(152) =1.76 , p=0.09). 

A two way ANOVA was performed (Table 2.6) between the excitatory/inhibitory classifications 

(level1) combined with the simple/complex classification (level2). There was no statistically significant 

main effect or interaction with MDI within these categorizations as shown in the table below.  

Table 2.6 MDI -2 way ANOVA Simple/Complex and Excitatory Inhibitory 

 

2.2.13 ESTMD magnitude changes with patch duration 
Several adaptation aftereffects exhibit a phenomenon known as duration scaling, their effect 

increases in magnitude and duration as the duration or strength of the adapter increases (Kohn 2007; 

Bao and Engel 2012). We hypothesized that the STMD effect would increase with the duration of 

deprivation until eventually, somewhere between several hours to days, a homeostatic process gives 

2 way ANOVA Df Sum_Sq F Pr(>F) 

Excitatory/Inhibitory (E/I) 1 0.183 0.843 0.360 

Simple/Complex (S/C) 1 0.323 1.493 0.224 

E/I : S/C 1 0.035 0.163 0.687 

Residuals 29.948 138.0 NaN NaN 
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way to a Hebbian process and the NDE responsivity would increase while the DE responses would 

decrease after monocular deprivation. In order to test the relationship between the duration of 

deprivation and the effect of STMD, we deprived one eye for 7.5 hours, over a 3 fold increase in the 

average time of previous deprivation periods, and measured neural responses in the DE and NDE 

following patch removal. The patching procedure, which we will refer to as the extended STMD (ESTMD) 

is described in detail in the Methods. Briefly, we placed a translucent patch over one eye prior to the 

start of the surgical procedure to maximize the time the eye was deprived. After electrode insertion, we 

began stimulating only in the NDE for a period of 120 minutes. After 120 minutes, the patch was 

removed and we recorded from both the DE and NDE. This experiment had the disadvantage of not 

recording a pre-deprivation period; however the advantage was reducing the time of recording while 

still having a long deprivation period. 

2.2.14 Single unit response following extended STMD 
Again a variety of behaviors observed following the ESTMD. However, there was a greater 

consistency in the number of units that increased their responses in the DE. Some characteristic 

examples of the sampled cohort are presented in Figure 2-15. Interestingly, some units responded 

vigorously to the DE following the deprivation, while strongly reducing their response to the NDE, as 

seen in example 2-15A. Other cells (e.g. 2-15B) exhibited a temporary reduction in the NDE response 

while responding more to the DE before finally equilibrating the DE and NDE response rates. Another 

surprising example is that shown in 2-15D; here a cell was not responding at all during the deprivation 

period, but strongly responded to both the DE and NDE following the patch removal. The combination of 

transient and slow changes in the responsivity towards the NDE may imply that there are several 

different plasticity mechanisms occurring following STMD. A single cell therefore may capture only a 

subset of multiple ongoing processes. 
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2.4.15 Potentiation of the STMD effect with ESTMD 
Across the sampled population (30 units), the ESTMD resulted a greater DE gain. Because there 

was no pre-deprivation baseline period we used the last 30 minutes of the post-deprivation period to 

define a baseline for DE and NDE responses. The short term patching results demonstrated that the 

reduction in NDE responses occurs primarily at the onset of the post-deprivation period. Therefore we 

reasoned that the NDE should be stable throughout the deprivation period and exhibit transient 

changes at the onset of the post-deprivation period. The total post-deprivation period was 140 minutes. 

Therefore a total of 110 minutes elapsed prior to establishing “baseline” post-deprivation responses in 

the DE and NDE. The inclusion criteria for this experiment differed slightly from the previous STMD 

experiments. Single unit responses in the NDE were used only if the unit responded above chance at the 

preferred condition relative to the blank during the deprivation period. For the DE the same criteria 

were applied to responses in the post-deprivation period. Figure 2-16A plots the population responses 

in the DE during the post-deprivation period. The log ratio of the mean DE response within a given time 

period relative to the baseline period was computed in steps of 6 minutes. Across the population, 

responses in the DE were sharply increased relative to 100 minutes later. This effect decayed gradually 

over a period of approximately an hour as seen in 2-16A. Figure 2-16B shows the population responses 

from the NDE. The population responses in the NDE were sharply reduced at the onset of the 

deprivation period and in some units remained depressed, while others recovered.  

2.4.16 Laminar Analysis of gamma band activity following STMD 
The changes observed following the extended STMD were more robust in magnitude and 

duration than those of the 2 hour deprivation period. These robust changes provided an opportunity to 

investigate if differences in gamma band response amplitude, a noisier signal than single unit firing rate, 

were also present after STMD. The LFP captures subthreshold membrane oscillations, synchronized 

synaptic firing, and spike after potentials (Buzsáki and Kandel 1998; Kamondi et al. 1998; Mitzdorf 1987; 

1985). The LFP bandwidths which have demonstrated the greatest degree of tuning and correlation with 
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MUA is from 30-90Hz, known as the gamma band (Jia, Smith, and Kohn 2011). We measured the gamma 

band amplitude in response to DE and NDE drifting gratings before, during, and after the ESTMD 

paradigm. The gamma band amplitude was averaged over the 4 presented orientations as the signal 

amplitude varied little over orientation.  

An example of an average gamma band response is shown in supplementary Figure 2. The 

gamma band signal during a stimulus period is normalized by the gamma band amplitude collected in 

the blank periods. A value of one is subtracted from this normalized amplitude such that a value of zero 

indicates that the gamma bandwidth was equivalent to the blank (spontaneous). Certain aspects of the 

response changes observed in the single unit data were also present in the gamma band amplitude. 

Further, there was a laminar pattern to the gamma band response changes. Figure 2-17A depicts the log 

ratio of the DE driven gamma band signal at the beginning (first 20 minutes) of the post-deprivation 

period relative to the end of the post deprivation period (last 20 minutes). The time periods of analysis 

for computing the log ratio are shown in 2-17C (brown bars for DE and purple bars for NDE). The 

average signals derived from 3 groups of electrodes in different lamina (supragranular, granular and 

infragranular) are plotted in 2-17C. The stronger DE signal implies that the electrode was placed in a DE 

dominant column.  

Figure 2-17B shows the log ratio of the NDE driven gamma band signal at the beginning (first 20 

minutes) of the post-deprivation period relative to the mean signal in the deprivation period (220 

minutes).  Within the supragranular and infragranular layers the changes in the gamma band activity 

were similar to those in the single unit data, a DE gain and a NDE decrement. In contrast to the 

extracellular data, the gamma band amplitude was less perturbed by the STMD within the granular 

layers. The lack of changes observed in the granular layers supports the notion that the STMD neural 

response changes are generated at the level of the cortex. The results of the gamma band analysis were 

also helpful in offsetting the small number of single units collected in the extended monocular viewing 
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paradigm as the LFP integrates over a large population (<300micron) adjacent to the electrode. The 

neural population contributing to the LFP within the supragranular and infragranular layers reflected the 

response changes observed from neurons sampled in the extracellular data indicating that the response 

changes are reflected in a majority of units. 

 

 

 

 

 

Figure 2-1 Mean STMD response vs Animal Weight 
Average STMD compared to weight. We computed the average population MDI for all units collected for 
each experiment and compared these values to the weight of the animal at the time of the experiment. 
A linear regression was performed, no significant correlation was found. 
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Figure 2-2 Mean STMD response vs Animal Age 
Average STMD compared to age. We computed the average population MDI for all units collected for 
each experiment and compared these values to the age of the animal at the time of the experiment. 
There was no significant correlation found between age and the STMD effect. 
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Figure 2-3 Single Unit Responses following STMD 
Representative single unit responses. Each unit represents a single unit response from separate STMD 
experiments, though not necessarily different animals. The top response plot depicts the raw neural 
response (measured in Hz) of the DE at the optimal orientation while the bottom trace shows the output 
of the NDE at the same orientation. Each stimulus was presented monocularly to the DE or NDE. (A) This 
unit displayed a relative DE gain due primarily to a NDE depression beginning during the deprivation and 
continuing into the beginning of the post-deprivation before finally recovering at the end of the post-
deprivation. (B) In this unit the DE strongly increases its response after STMD while the NDE remains 
stable. (C) Here both the DE and NDE showed increased responses relative to their pre-deprivation 
response rates at the start of the post-deprivation period (green), but in this case the proportional DE 
response gain outweighed that of the NDE. (D) The negative MDI in this cell is accounted for by the DE 
depression that is proportionally larger than that of the NDE. 
 
 

A B 

C D 
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Figure 2-4 Inter-subject variability of MDI 
The mean population MDI for each monkey was plotted (red vertical bars) as well as the standard 
deviation within the collection of units acquired from that animal (bold black bars). The number of units 
specific to that animal is listed adjacent to the error bars. Monkey numbers have been ordered by the 
number of units collected (increasing left to right). Some monkeys were revisited. If multiple 
experiments were performed on the same animal, the mean (black dot) and standard deviation (gray 
bars) were plotted to the right of the mean for all experiments grouped together. A Wilcoxon’s 1 sample 
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statistical test was applied to each population. Populations with an MDI that deviated significantly from 
0 (p <.05) are indicated with an asterisk.  The full population mean is depicted at the top of the graph 
(155 units). 
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 Figure 2-5 Coefficient of variation following STMD
 (A) The coefficient of variation was measured for single unit responses at the preferred orientation of 
each unit for DE driven responses and NDE driven responses in the pre-deprivation and post-deprivation 
periods. The population means of the DE, and NDE were computed using equation 4. (B) For each single 
unit, the difference between the CV in the post deprivation period and the pre-deprivation period was 
computed separately for DE and NDE driven responses. There was no significant difference in CV with 
respect to the eye stimulated or time period of stimulation.  A CV limit of .75 was selected to remove 
units with high variability in the pre-deprivation or post-deprivation phase. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

A B 
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Figure 2-6 MDI Population Histogram 
MDI Histogram. (A) All units in the study were compiled to compute a histogram of MDI values based on 
single unit responses from the DE and NDE in the first 20 minutes of the post-deprivation period 
compared to that of the mean of the entire pre-deprivation period (~40 minutes). The mean MDI at this 
time was 0.11 with a standard deviation of 0.48. (B) The 𝑀𝐷𝐼   histogram was computed for all units in 
the study with the mean found to be 0.01 and a standard deviation of 0.48. (C) The 𝑀𝐷𝐼   histogram 
was computed for all units in the study with the mean found to be 0.09 and a standard deviation of 0.37. 
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Figure 2-7 MDI Time Course 

𝑀𝐷𝐼 was computed for all (155 units) after STMD. (A) The blue line represents the population 𝑀𝐷𝐼  
over time and the red line signifies the population 𝑀𝐷𝐼   and the black line signifies the 𝑀𝐷𝐼 
throughout the post-deprivation period.  
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Figure 2-8 Stepped Mean MDI  
The statistical significance of MDI 
values recorded in the post deprivation 
state was determined by using a one 
sample t-test to compare the MDI 
values in 7 minute periods centered on 
the time coordinate of each bar (x-
axis). Population means were 
compared to an expected value of zero. 
Stars above the bars represent values 
where (p<0.05). This analysis was 
performed for only the  𝑀𝐷𝐼  (A) and 
the 𝑀𝐷𝐼  (B) and not the (C) 𝑀𝐷𝐼   
because only the 𝑀𝐷𝐼 and the 𝑀𝐷𝐼  
were found to have a time dependent 
process using a repeated ANOVA test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 

B 

C 
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Figure 2-9 Pre-deprivation ODI vs ∆ODI 

The ODI value computed in the pre-deprivation was plotted against the ∆ODI. Single units were color 
coded according to whether they belonged to the plastic (red) or aplastic (blue) cohort. The black line is 
a linear regression derived from the entire dataset (all units). A correlation coefficient of -0.3 was found 
between the pre-deprivation ODI and the change in ODI. 
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Figure 2-10 NDE during deprivation 
All single unit responses for the NDE were plotted as a relative log ratio of NDE response at a time 
during the deprivation vs the mean NDE pre-deprivation response. Each open circle indicates the log 
ratio of the NDE at a point in time into the deprivation, noted by the position along the x-axis, relative to 
the mean of the NDE response in the pre-deprivation. The red trace is a moving average of the entire 
population. The dotted white line is a zero line (indicating no change). 
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Figure 2-11 MDIDE vs MDINDE 

For each unit, the MDIDE was plotted against the MDINDE. A linear regression was computed using all 
single unit data points. The Pearson’s correlation coefficient between MDIDE and MDINDE was computed 
to be -.39. The number of units in each quadrant is listed with an N in the respective quadrant. 
 
 
 
 
 
 
 
 
 



73 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-12 ∆ODI vs Laminar Position 
For each unit, the ODI in the pre-deprivation was subtracted from the ODI computed in the first twenty 
minutes of the post-deprivation. ODI is defined in terms of the DE and NDE (see equation 5), thus a 
positive ∆ODI value on the x-axis indicates a change in the interocular balance in favor of the DE. ∆ODI 
values were plotted on the x-axis against the laminar position (y-axis) of the single unit. Plastic (red) and 
aplastic (blue) are indicated by color. The inset graph depicts the mean ODI within the plastic and 
aplastic cell divisions. Error bars are SEM. 
 



74 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2-13 P. Excitatory vs P. Inhibitory MDI 
Putative excitatory and inhibitory units were categorized on the basis of spike waveform duration and 
evoked firing rate. The MDI was computed separately within the putative excitatory (left) and putative 
inhibitory (right) cell populations. The asterisk indicates a significant difference in the excitatory 
population (p<0.05). Error bars are SEM. The population totals are listed in parentheses.  
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Figure 2-14 Simple and Complex MDI 
Simple and complex cell populations were categorized on the basis of the F1/F0 ratio. The MDI was 
computed separately within the complex (left) and simple (right) cell populations. Error bars are SEM.  
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Figure 2-15 ESTMD Single Unit Responses 
Reponses from an extended STMD (7.5 hour deprivation duration). Responses are plotted as spikes/sec 
in each unit’s preferred orientation. Because there was no pre-deprivation period the standard MDI was 
not computed for these units. Instead a latent baseline period (last 30 minutes) was used to track 
changes in the DE following monocular deprivation. The x-axis indicates the time that the response was 
recorded, red bars mark the deprivation period while green bars mark the post-deprivation period. 
Response rates (spikes/sec) were plotted in time for the DE (black) and NDE (blue). 
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Figure 2-16 ESTMD Population Responses 
Population responses from the extended STMD experiment. (A) The time averaged population response 
was measured in steps of 6 minutes throughout the deprivation period, responses in the DE were 
normalized by the NDE response at the end of the post-deprivation period (30 min). (B) The time 
averaged population response in the NDE normalized by the NDE responses in the end of the post-
deprivation period (30 min). The time axis in both graphs is plotted relative to the start of the post-
deprivation period. 
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Figure 2-17 Gamma Band activity during ESTMD 
 (A) The log ratio of the gamma band response from DE driven stimuli collected in the first 20 minutes of 
the post-deprivation period is compared to the last 20 minutes of the post-deprivation period for each 
electrode contact. The normalized laminar position is plotted. (B) The log ratio of the gamma band 
response from NDE driven stimuli collected in the first 20 minutes of the post-deprivation period is 
compared to the average (200 minutes) deprivation period amplitude. (C) The average signal from three 
separate segments of the electrode (denoted by surrounding color) is plotted for the DE signal (red) and 
NDE signal (blue). 
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2.3 Supplementary Figures 

 

Supplemental Figure 2-1 CSD in response to full field flash 
Representative Current Source Density (CSD) to a full field flash. The second spatial derivative of the 
flash evoked mean local field potentials (LFP) was computed to derive a CSD. The CSD was found for 
each experiment to localize the granular/infragranular layer boundary. Here it can be seen around 
electrode 3. The on and off response can be seen in the 2 dimensional heatmap where there are large 
zones of current density changes. 
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Supplemental Figure 2-2 Gamma band activity to drifting grating 
Representative gamma band signal averaged over 500 stimulus presentations. All stimulus presentations 
were monocular at a particular orientation denoted by color. Stimulus onset is at 0 mSec. The red line 
on the bottom denotes the time period over which the signal was integrated to compute a single value 
to quantify the gamma band response amplitude.  
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Chapter Three  
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Contributions: I analyzed the neuroscientific and psychophysical literature relevant to short term 
monocular deprivation and considered my experimental results to explain how my work informs the field. 
I also propose new lines of experiments that can be drawn from my results. 
 

3.1  Summary 
We measured single unit responses in macaque V1 before, during, and after STMD. Our results 

contain several elements of what might be expected in light of the psychophysical data previously 

reported. In particular, the single unit responses do show a relative DE gain for a time period (15 

minutes) near to that reported in humans (30-90 minutes) (Claudia Lunghi, Burr, and Morrone 2011; 

Zhou, Clavagnier, and Hess 2013).  We assessed this relative DE gain using two metrics the ∆ 𝑂𝐷𝐼 

and 𝑀𝐷𝐼. Nearly half of the sampled V1 population, 46% (70/155), was affected by STMD. Within the 

population of units that was sensitive to the STMD, there was a significant bias towards the DE. This was 

evident by the shift in 𝑀𝐷𝐼 towards the DE. Across the total population, this shift was rather modest 

(28%), but it is difficult to estimate how physiologic changes at the level of V1 translate to differences in 

perception. In binocular rivalry for example, only a minority of V1 single neurons signal the dominant 

percept, while neurons in V4 strongly correspond to the dominant percept during rivalry (Leopold and 

Logothetis 1996). Therefore changes at the level of V1 may be amplified in higher cortical areas.  

3.2 NDE Suppression Underlies DE Gain 
This response bias towards the DE could be a consequence of selective DE gain, NDE reduction, 

or a combination of both. We determined that this bias was a consequence primarily of selective NDE 

response depression with little change in the DE response rates. In fact, the DE responses across the 

population were not significantly modulated after STMD. Amongst the cells which demonstrated 

significant changes in the DE and NDE responses there was rarely (2 units) a case in which the two eyes 

changed in opposing directions. The correlation of changes in the DE and NDE is displayed in Figure 10. 

The pre-deprivation ODI was found to be the most predictive single unit characteristic in determining a 

neuron’s response to STMD. Therefore, the NDE suppression was greatest in units that preferred the 
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NDE prior to STMD.  Several psychophysical studies have proposed that the underlying mechanism of 

STMD is modified interocular suppression. While we did not directly measure interocular suppression, 

our results provide support to this view. In the both the 2 hour and extended duration STMD 

experiments the fundamental underlying component of the neural response changes following STMD 

was a selective NDE response decrease. 

3.3 Variability of Neural Responses after STMD  
Overall, there were several single unit examples demonstrating an absence of response 

difference following STMD, in addition to neurons behaving precisely opposite (NDE gain) to that 

expected. A variation of single unit behaviors following the deprivation period may be a cortical strategy 

for balancing modification (Hebbian mechanism) with conservation (homeostatic mechanism) of neural 

circuits (Davis 2006; Turrigiano and Nelson 2000). In some respects the paucity of units which 

convincingly elicit the anticipated DE response gain is surprising, but this may be related to a variety of 

parameters specific to our experimental design. Anesthesia, especially barbiturates (Brevital), has been 

shown to reduce plasticity in experimental neural models and may somewhat compromise any 

homeostatic processes which account for the effect seen in humans (Pham et al. n.d.). In addition, the 

psychophysical methods used to quantify the extent and duration of the STMD in humans often rely on 

some measure of interocular balance using dichoptic stimuli (Claudia Lunghi, Burr, and Morrone 2013; 

Min et al. 2018). Here, the stimuli used to evaluate single unit responses were purely monocular, as 

rivalry is challenging to substantiate in an anesthetized animal (but see Xu 2016). The metrics of MDI 

and ODI, both defined by responses to monocular stimuli and therefore do not predict how binocular 

interactions (occurring during dichoptic stimulation) are affected after STMD. Monocular stimuli can 

interact nonlinearly in V1 to sum or inhibit one another. The lack of competition between left and right 

eye inputs during our stimulus presentation may limit our ability to detect the deprivation induced 

changes at the level of cortical neurons. Future neurophysiological studies investigating STMD that are 
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able to directly measure interocular balance through dichoptic stimulus presentations may be able to 

more clearly uncover the role of interocular suppression in STMD related response changes. 

3.4 STMD beyond V1  
The primary visual cortex may be just the initial stage of a process which is amplified as 

information traverses the visual hierarchy.  Higher visual areas such as V2 or MT could contain larger 

STMD effects as they have no access to monocular inputs. V2 is an especially intriguing area of study in 

the context of STMD given its topographic and disparity map (Ts’o, Roe, and Gilbert 2001). Targeting a 

locus specific to intensive binocular processing, such as the thick stripes of V2, may improve the 

sensitivity to changes in neural processing after STMD.  Other than the ODI, we did not identify any 

characteristic functional property specific to the cells affected by STMD. The excitatory/inhibitory 

classification, and F1/F0 ratio failed to predict the response changes occurring after STMD. Thus, it is still 

unclear how the NDE response reduction will affect V1 processing and downstream cortical areas 

receiving information from V1. 

3.5 Inter- and Intra- subject variability 
Our results also demonstrated significant variability in response to STMD between individual 

subjects and within individual subjects. In some experiments the majority of single unit responses 

demonstrated a DE gain while in others the overall response changes were not in favor of either eye. 

Figure 2-4 demonstrated that some animals displayed a greater tendency to have overall positive MDI 

values (#8, #9) across the population while others tended to be more neutral (e.g. #7). This could be a 

consequence of inherent variability of plasticity across individuals. However, even within the individuals 

that demonstrated an MDI in accordance with the anticipated relative DE gain, we did not always 

achieve a DE strengthening (not all experiments in the same monkey produced equivalent results). 

Psychophysical studies have also observed differences in the extent of the effect in adults and children. 

Interestingly, the magnitude of DE gain following STMD appears to be a marker of overall plasticity, as 
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amblyopic children that demonstrated strong DE gain following monocular deprivation were more likely 

to recover binocular vision (Lunghi et al. 2016). This is surprising because during this experiment it was 

the child’s fellow (strong) eye that was patched (as is the case in traditional monocular patching). So 

although it is known that repeated monocular patching of the fellow eye will eventually treat amblyopia 

in children, the relative DE strengthening following this patching (something opposed to the intent of 

the treatment) still occurs, and as I said before, more strongly in children;  they eventually resolve their 

amblyopia.  In addition, a subject’s body mass index (BMI) was also shown to be a useful an indicator in 

predicting the extent of the DE gain following STMD, further supporting the idea that the extent of 

plasticity varies between individuals ( Lunghi et al. 2019). In our sampled cohort we did not find any 

relationship between the weight of the animal and the outcome of STMD. BMI was not computed 

because we did not measure the height of the animals.  This lack of association may be due to a small 

sample size, a small effect of weight, or the inherent differences in how the outcome of STMD was 

measured here in comparison to the psychophysical studies. 

3.6 Duration Scaling of STMD 
The extended duration STMD experiment demonstrated that the homeostatic response is still 

present following a 7.5 hour deprivation. We observed a strong potentiation of STMD related effects 

following the extended duration period. Some psychophysical studies have also explored the 

relationship between the duration of monocular deprivation and the direction and magnitude of the 

shift in interocular balance, although there is not universal agreement that extending the duration of 

deprivation results in any difference in outcome. Ramamurthy and Blaser reported that the homeostatic 

response peaks around 5 hours and estimated that the transition to a Hebbian process (DE response 

reduction) is likely to occur after 15-20 hours of monocular deprivation (Ramamurthy and Blaser 2021). 

Our results generally agree with this premise; however we did not test intermediate (between 2 and 7 

hours) monocular deprivation duration. Thus, it is unclear if a monocular deprivation greater than 7.5 
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hours would yield a smaller or larger effect in our dataset. One of the more surprising results of the 

extended STMD experiment was the long lasting reduction in NDE responses following the patch 

removal. This implies the NDE preferring neurons switched their ocular preference for a period of at 

least 140 minutes. Some psychophysical studies have also reported long lasting (180 minutes) DE gain 

following STMD, particularly within parvocellular channel signals (C Lunghi, Burr, and Morrone 2013). 

Alternatively, it is possible that these units initially preferred the DE, but during the extended monocular 

deprivation they increased responsivity to the NDE and after patch removal returned to their original 

state. If this was the case, then these units still exhibited a strong DE amplification directly following 

patch removal which declined over time. The robust changes in the NDE responses argue strongly 

against retinal or subcortical mechanisms underlying the observed DE gain. The time course of the DE 

potentiation after patch removal (about 1 hour) also suggests long term cortical mechanisms. 

Additionally, the gamma band amplitude was much less affected by the STMD, especially in the granular 

layers.  

3.7 Following ESTMD single units change ocular preference 
A fundamental question regarding the response changes occurring after the STMD is whether or 

not the deprivation evokes neural mechanisms that are inherently transient or leads to long lasting 

cortical response changes. Previous studies of deprivation have demonstrated that the initiation of 

cortical reorganization can occur rapidly following deprivation of visual input (Yamahachi et al. 2009; 

Pettet and Gilbert 1992). Therefore, it’s possible that the STMD deprivation paradigm also initiates long 

term changes. A cohort (10) of units following the STMD appeared to alter their preference from NDE to 

DE responses for the duration of the post-deprivation period (140 minutes). In order to isolate these 

units, we plotted units that responded to the NDE during the deprivation period within at least 50% (log 

-.3) of the DE response rates. Then the NDE responses were normalized by the mean DE responses in the 

post-deprivation period. Appendix Figure A-3 shows that within this 10 unit cohort (30% of sampled 
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population), units respond strongly to the DE at the onset of the post-deprivation (red bars) while 

simultaneously reducing responses from the NDE (blue bars). A statistical test was compared the NDE 

responses between the two periods (total deprivation period and last 30 minutes of the post-

deprivation period) marked in blue at the bottom of the plot (t(9)=4.077, p=0.0007). For this cohort 

responses in the NDE remained suppressed for the duration of the recording while maintaining the 

responsivity to the DE implying that the extended STMD initiated a long term shift in ocular dominance 

preference.  

3.8 Validity of the MDI as a correlate for Interocular Balance 
 The legitimacy of applying a monocularly derived metric to represent changes in a binocular 

(interocular) process is debatable. Here we used this technique because it was a simple and 

straightforward way to assess neural activity at the level of single cells without introducing the 

ambiguity inherent in binocular responses. By gauging the amount of neural activation in the same cell 

by presenting nearly equivalent inputs through each eye one at a time, we intended to gain a relative 

measure of how each neuron weights each eye’s input. Admittedly, how a neuron responds to the two 

monocular conditions is not necessarily predictive of a binocular response. However, based on the ISOI 

results one would assume that the DE dominant neurons (corresponding to a DE dominant column) 

should be modulated in accordance with the relative DE gain (and vice versa for the NDE). Recall that 

these results were collected under monocular conditions. These results in combination with the 

psychophysical results (particularly those that measured an electrophysiological neural correlate) 

regarding changes in monocular contrast detection, it’s possible that all (meaning also the binocular 

results [binocular rivalry, binocular fusion, global motion perception]) of these effects share a similar 

STMD mechanism.    
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3.9 Potential Pitfalls  
Every experimental preparation comes with tradeoffs. We chose to test STMD in a non-human 

primate (NHP) that was paralyzed and anesthetized. While this enhances control in a number of ways it 

also introduces various challenges towards investigating a phenomenon that was discovered 

perceptually. Here I review a series of shortcomings associated with our experiments. 

3.9.1 Choice of Stimulus Protocol 
 Our analysis of the outcome of STMD focuses on neural responses to monocular stimuli. This 

deviates from the human psychophysical studies used previously to investigate STMD.  The decision to 

pursue neural responses to monocular stimulation is a choice made based on the simplicity of 

presenting monocular stimuli in comparison to binocular stimuli and the success of the ISOI studies. 

Why are monocular conditions simpler than binocular conditions? Binocular conditions introduce the 

notion of stimulus disparity. Binocular disparity is a property of the two retinal images having different 

vantage points. These two vantage points cause the visual information falling on each retina to be 

slightly displaced.  Processing of visual information (i.e. the displacements which can be either vertical or 

horizontal) enables the visual system to interpret the depth of objects in a visual scene using the two-

dimensional inputs to each retina. Neurons in V1 are sensitive to this disparity to varying degrees and 

can be excited or inhibited by stimuli of near, far, or zero disparity  ( Poggio and Fischer 1977;  Poggio et 

al. 1985). Disparity processing would not have been the focus of investigating binocular responses 

before and after STMD, but it would have been part of a more comprehensive study. This is because the 

range of disparities would need to be tested to arrive at a cell’s peak response. Once this is established, 

the modifications to the cell’s responses at this disparity as the DE and NDE inputs are modulated can be 

investigated.  

 The use of sinusoidal drifting gratings with 5 second presentation durations may also have not 

been an ideal way to stimulate V1 neurons. Although these stimuli were successful in driving neural 
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responses in the ISOI experiments, they do not take advantage of the temporal precision afforded by the 

electrophysiological methods. Because I only analyzed neural responses at the preferred orientation (1 

out of every 9 conditions) I was able to attain a maximum temporal resolution of 1-1.5 minutes. This is 

significantly improved in comparison to the ISOI experiments, but it doesn’t approach what could be 

achieved. Having a low temporal resolution is especially important at the start of the post-deprivation 

period where some neurons demonstrated a very transient DE gain. In addition, sinusoidal gratings 

presented to a paralyzed animal (no eye movements) results in neural responses that deviate 

significantly from natural stimuli (David, Vinje, and Gallant 2004). It is unknown how important natural 

stimuli are in inducing the STMD effect. The majority of the psychophysical experiments allowed 

subjects to move freely in their normal environment during the deprivation period and all of the 

psychophysical experiments allowed for normal saccadic eye movements. Thus the NDE was exposed to 

the transient train of visual inputs throughout the deprivation. Finally, the NDE stimulus protocol 

involved a significant amount of blanks (no stimulation). This is strikingly different from the 

psychophysical studies that constantly stimulated the NDE throughout the deprivation and therefore 

maximized the relative imbalance of visual input between the two eyes. Our limited NDE stimulation 

may have limited the magnitude of the STMD effect. However, increasing the NDE stimulation rate 

during the deprivation could introduce adaptation effects when the NDE stimulation rate decreases in 

the post-deprivation period. 

3.9.2 Eye Drift  
 During extended viewing periods in an anesthetized, paralyzed preparation there is significant 

risk of gradual drift of the animal’s eyes. Such eye drift could change the relative position of the stimulus 

on the retina. As we are interested in only the effects related to STMD, it is critical to control for the 

possibility of eye drift. If the receptive field of the neuron moves due to eye movement this could cause 

increases or decreases in responses separate from the intended manipulation (STMD). In order to 
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demonstrate that the two retinae were stable over the course of the experiment, I wrote a function that 

searched for simple/complex cells using the standard F1/F0 classification (De Valois, William Yund, and 

Hepler 1982).  I tried to identify cohorts of cells that responded reliably well throughout the entire 

experiment. Next I selected for those with sharp orientation tuning. Then, I looked for groups with 

orthogonal orientation tuning.  I was hoping to find sets of cells with perpendicular receptive fields. This 

was not always possible because we used a linear multi-electrode shank, thus the orientation 

preference of the majority of units is identical (particularly with the coarse orientation resolution we 

use). This process is also challenging because we only stimulate at a single spatiotemporal frequency. So 

there may have been a few simple cells that we haven’t optimally stimulated. When I was able to 

identify two perpendicularly tuned simple cells I checked the raster plot of their preferred stimulus over 

the course of the experiment. If the phase was consistent throughout the experiment (multiple hours), I 

took that to indicate stability along an axis orthogonal to that neuron’s orientation preference. In this 

way I endeavored to isolate two units with orthogonal orientation preferences for each retina. This gave 

me the equivalent of cross-hairs for each eye. Assuming that there were not random jumps (random 

jumps at precisely one bandwidth of the RF), then a consistent timing (phase locked) of firing rate 

fluctuations for each unit as the drifting grating moved along the neuron’s RF should give me a good 

case to argue that the eye positions were stable.  An example response is shown in the Appendix A-1. 

Had we been interested in binocular responses, eye drift would have been an especially 

important control. Our experiments do have some degree of control over eye movements, but we did 

not take the effort to control for eye movements to a level necessary to investigate disparity over many 

hour long time scales. Some neurons in central vision are sensitive to just a few arc minutes ( Poggio and 

Poggio 1984; Simon, Prince et al. 2000). In the parafoveal region, where our recordings took place, the 

psychophysically measured stereoacuity is not quite as sharp (20-30 arcminutes) as in the fovea (Schor 

and Badcock 1985). As an illustration of the how precise this is, consider that at a screen distance of 114 
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cm (typical for our experiments) 1 degree occupies 2 cm and thus 10 minutes of arc translates to only 

3.3mm of screen distance. 

3.9.3 Quantification of neural response  
Our analysis focused on measuring single unit responses by quantifying the mean response rate 

following a preferred stimulus. This computation is simple, but neglects possible differences in temporal 

codes that may be relevant to neural processing. In addition, the choice of stimulus (drifting gratings) 

makes it difficult to extract these temporal codes, as studies in V1 of the macaque have demonstrated 

that transient, but not steady state stimuli, evoke spike trains that encode information in their temporal 

structure (Mechler et al. 1998). There are a number of methods to consider for quantifying the temporal 

structure of a spike train (Decharms and Zador 2000). Several of these methods rely on comparing 

patterns of spike trains in groups and comparing the number of changes necessary to achieve 

equivalence. However, this would introduce the challenge of interpreting the significance of a change in 

the temporal code after STMD which is less straightforward than that of quantifying rate changes. A 

simple preliminary investigation might be to investigate whether there are any differences in spike 

structure between DE and NDE dominant neurons following STMD. Our results suggested that there 

may be a greater tendency for NDE dominant neurons to be more affected by STMD in comparison to 

DE dominant neurons. This result is in agreement with observations by Binda et al. in their fMRI study 

(Binda et al. 2018). If NDE dominant neurons are truly more affected by STMD, then this supports 

further more complex analyses of STMD effects within V1. 

3.9.4 Varying Surgical Skill 
During the course of data collection I was continually refining my surgical skills involved with 

opening a craniotomy and durotomy. The quality of recording is largely dependent on the integrity of 

the cortical region one intends to investigate and the quality of the recording electrodes. I was involved 

with several pilot experiments prior data collection for this thesis, but not many. Additionally, large gaps 
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between experiments make it challenging to hone one’s skills efficiently. In order to determine if my 

experimental skill (presumably increasing with time) contributed to the variability of my results I 

performed a simple analysis of ordering the population MDI relative to when the experiment was 

performed.  Because we reuse the recording electrodes it was important to thoroughly clean each 

contact between experiments. This was achieved by placing the electrodes in an enzymatic solution for 

24 hours after each experiment. Our method of quality control for this process amounted only to visual 

inspection. A more rigorous method for assessing the integrity of the electrodes would be to measure 

the impedance of each contact between experiments. As we were particularly wary of damaging any of 

the electrodes (a few were lost to mishandling) we elected not to undertake this tedious and possibly 

destructive task. 

3.9 Future Experiments  
 The results of the experiments in this thesis and the previous section regarding this work’s 

experimental shortcomings provide a background for discussing what experiments would be a 

reasonable extension for further investigation of STMD. Most of these experiments fall into the form of 

modification of the stimulus to study how particular channels of vision are affected or by performing 

similar experiments in different cortical areas. 

3.9.1 Investigating Inhibition 
One of the proposed underlying mechanisms of STMD was modified interocular inhibition. This 

suggestion stems from results of psychophysical studies demonstrating increases in DE dominance 

during a rivalrous presentation ( Lunghi, Burr, and Morrone 2013). In addition, modifications of 

interocular inhibition in psychophysical models fit the psychophysically observed result of relative DE 

gain following STMD. Some of our data also support the notion of modified interocular inhibition, 

particularly the reduction in NDE responses observed in both the STMD and ESTMD experiments. A 

direct investigation into interocular inhibition may therefore be the next logical step in studying the 
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mechanism of STMD in the primate. In order to explore this in the future, a variety of stimulus 

paradigms that directly probe interocular inhibition are available.  Cross orientation suppression (COS), 

the decrease in neuronal response to an optimally oriented stimulus when an orthogonal stimulus is 

concurrently presented, can be demonstrated to occur both monocularly and when the two orthogonal 

stimuli are presented to separate eyes (dichoptically) (Li et al. 2005; Sengpiel, Freeman, and Blakemore 

1995). The effect of inhibition is greatest when a preferred stimulus is presented to one eye followed by 

a cross oriented grating in the other eye. This method could be used to probe interocular suppression 

between the eyes before and after STMD.  I would predict that there would be either a reduction of 

NDEDE suppression or an increase in DE NDE suppression. The relationship between this effect and 

the ODI of the cell would be interesting to explore as one could imagine the effect being more or less 

prevalent in binocular neurons.   

3.9.2 Awake Behaving Experiments 
 Performing experiment in behaving animals would solve a number of issues related to our 

current experimental design. The ability to probe neural responses during a rivalry task has been 

achieved using awake monkeys in several visual areas (Logothetis et al. 2001). This has a straightforward 

application to the study of STMD. Simply performing the binocular rivalry task before and after a 

translucent filter is placed over one eye for a period of 150 minutes (as an initial experiment followed by 

shorter or longer deprivation periods) would be the most direct method to uncover the physiological 

changes that correspond to the psychophysical experiments. Such a preparation would have the 

advantage of confirming the monkey’s perceptual changes prior to investigating single neuron 

responses. Once the perceptual changes are confirmed, then the neural response changes during a 

rivalry task can be recorded. Because binocular rivalry has been shown to modulate only a small 

proportion of neural responses in V1, monocular neural responses (similar to the ones used in this 

study) could also be applied to investigate neural responses following STMD. A possible difficulty with 
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such an experiment is the duration of the recording session. In our experiments we required at least 5 

hours per session. This might stretch the attention span of the animal. To combat this, the deprivation 

period could act as a break between recording sessions. An awake animal also gives more flexibility in 

testing the influence of attention on the outcome of STMD. Requiring the animal to perform a visual 

discrimination task during the deprivation using the NDE would be one way to investigate the extent to 

which the engagement of the NDE is involved in modulating the extent of the STMD effect. Finally, an 

awake behaving animal also has the advantage of simulating the sort of natural visual stimulation that 

the NDE receives in the human psychophysical experiment, something that was lacking in our visual 

stimulation protocol. 

3.9.3 Investigating Binocular Deprivation 
In addition to probing the extent of interocular inhibition involved in STMD, it may also be useful 

to study the influence of binocular as opposed to monocular deprivation.  STMD couples two forms of 

deprivation, one that is monocular and the other binocular. The monocular aspect of STMD involves 

imposing a prolonged imbalance of stimulus drive to one eye. This introduces a sustained imbalance of 

activity between groups of neurons with varying preference between the eyes. The second aspect of 

STMD involves the prolonged deprivation of binocular interactions. A significant number of V1 neurons 

are sensitive to binocular disparity, responding optimally only under binocular stimulation ( Poggio and 

Fischer 1977; Ohzawa, DeAngelis, and Freeman 1990; Cumming and DeAngelis 2001). Therefore, even 

alternating eye monocular stimulation constitutes a form of deprivation within neurons sensitive to 

binocular interactions. One of the outcomes of STMD was the observation that neural response changes 

occur over a period of several minutes. This suggests that components of gain control mechanisms 

change over a period of minutes. Contrast gain mechanisms that regulate responses in V1 have been 

modeled previously with two stages, a monocular and a binocular stage, where the monocular outputs 

sum and drive the binocular stage (Truchard, Ohzawa, and Freeman 2000). The results of the STMD 
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study suggest that the monocular gain control stages are plastic and change on the order of minutes. 

Therefore, it’s possible that the binocular gain control stage also changes according to a similar time 

scale. We hypothesized that this gain control stage imposes a suppressive influence on monocular 

responses and is most active during periods of binocular stimulation. Therefore, periods of prolonged 

monocular stimulation will lead to a reduction in this suppression. As a preliminary investigation into the 

effects of how neural response changes adjust to periods of purely monocular stimulation compared to 

binocular stimulation, we performed one experiment to test whether preceding binocular events would 

inhibit subsequent monocular events. The results of that study are discussed in the Appendix A-2. 

3.10 Conclusion 
The single unit changes described here likely correlate to the psychophysical reports of 

increased DE sensitivity during binocular vision tasks. Based on this data, a plausible physiologic 

mechanism for relative DE gain is a distributed population level effect of decreasing NDE driven firing 

rates with little change in DE driven firing rates as a homeostatic reaction to the sustained bias in NDE 

input during the deprivation period. The extended STMD period demonstrated both DE gain and NDE 

response depression. Such an opposing influence could be evoked by a subset of inhibitory interneurons 

which have the ability to reciprocally influence these two inputs simultaneously. However this short-

lived relative DE gain may be generated, the phenomenon implies some level of adult plasticity at the 

level of the primary visual cortex. The prospect of residual cortical plasticity is gratifying for clinicians 

and therapists interested in correcting neural circuits formed in the context of a strabismus or large 

refractive differences between the eyes. Overall, the data here is supportive of a physiologic basis for 

STMD related therapy in modifying neuronal processes as a means for amblyopic therapy (Claudia 

Lunghi, Sframeli, et al. 2019). The neural response changes following STMD may offer a temporary 

window of modified interocular suppression such that monocular information from the amblyopic 

(normally suppressed) eye can be better incorporated into binocular combination. 
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  A-1 Phase constancy of single unit responses over multi-hour recordings
Below is an example of a single unit response over a 3 hour period. 

 

Figure A-1-1 Single unit response during multi-hour recording experiment 
On the left (A) is a histogram from a simple cell (F1/F0 >1) that was recorded over a period of 3 hours. A 
total of 620 trials were collected for the unit’s preferred condition. The raster plot is presented for this 
unit on the right (B). Based on the raster plot pattern it is evident that the responses occur at the same 
phase over the duration of the recording period. 
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A-2 Binocular viewing modulates gain on the scale of minutes.  
To test whether the gain control mechanisms have a relatively long (minutes) time constant, we 

measured single unit responses to oriented drifting gratings after two different baseline periods 
(adapters). Figure A-2-1 displays the stimulus sequence. There are three different baseline periods, the 
first was a monocular baseline period, the second was a binocular baseline period and the third was a 
binocular period with twice as many binocular events, so called “binocular heavy”. Each baseline period 
lasted 7.5 minutes. Within all periods, both test and baselines, conditions are block randomized. The 
first baseline consisted of left and right monocular presentations of drifting gratings at a single 
orientation (Figure A-2-1A). This baseline period was followed by a test period. During the test period, 
we presented randomly interleaved left and right monocular presentations of drifting gratings at a single 
orientation presented over 7.5 minutes. The test contrast was always presented at the 80% contrast; 
these test responses will be referred to as the monocular test responses (MTR). The MTR could be 
evaluated in the dominant and non-dominant eyes of each unit. The baseline period was presented over 
a series of contrasts (80%, 60%, 40% or 20%) (Figure A-2-1B). We then performed the same procedure 
(baseline period followed by test period) using the two binocular baseline periods. During the binocular 
baseline period, we inserted 0% contrast stimuli (blanks) such that the number of binocular 
presentations was equal to half the total number of monocular (left and right) presentations. This 
equated the time averaged retinal input in each eye between the monocular and binocular baseline 
periods. All stimulus presentations were 2 seconds in duration with an interstimulus interval of .5 
seconds. Such short stimulus presentations relative to the duration of the baseline and test periods as 
well as the blank interstimulus intervals minimizes short term suppression related to patterned contrast 
adaptation. The MTR was compared after a monocular baseline and a binocular baseline. If binocular 
gain recruits increased suppression and there is a slow time decay of that suppressive influence, then 
the MTR following the binocular baseline stimuli should be reduced compared to the MTR following the 
monocular baseline stimuli.   

We found that in the majority of units, the MTRs following the binocular baseline were weaker 
than the MTRs following the monocular baseline. Only cells that responded above chance, as evaluated 
by comparing the spontaneous to the MTR, in all test periods following the monocular baseline periods 
were included. A second criteria was the blank responses, present in all periods could not be statistically 
different from one another.  

Figure A-2-2 depicts an example response of a single unit following a monocular baseline period 
(left column), and then the binocular baseline period (right column), the binocular heavy baseline is not 
shown here. The responses within each baseline and test period are stable. Interestingly, although the 
responses in the binocular baseline were relatively equivalent in comparison to the monocular baseline 
responses of the same contrast, the responses in the MTR following the binocular baseline are clearly 
reduced, especially at the 40% contrast, in comparison to the MTR after the monocular baseline. Thus, a 
monocular unit (preferring the left) with little indication of binocular interaction, at least at this 
disparity, demonstrated a reduction in responsivity following the binocular baseline period. The 
population responses are plotted in Figure A-2-3. The population responses are organized by eye of 
preference for each cell (left column preferred, right column non-preferred) and by the contrast of the 
baseline period. The MTR was divided into two segments: early (responses within the first 3.75 minutes) 
and late (responses within the last 3.75 minutes). All responses are normalized by the corresponding 
MTR following the monocular baseline period. For example the MTR following the 80% contrast 
binocular and binocular heavy baselines were normalized by the mean MTR following the monocular 
baseline 80% contrast.  
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The population responses in the early segment of the MTR were suppressed more relative to 
the responses in the later segment of the MTR, indicating that there was some recovery of responsivity 
as the monocular presentations continued. Both the time course and extent of suppression of the MTR 
between the two types of binocular baselines (normal and heavy) were not statistically different. 
However, responses following the binocular heavy condition were more reduced on average compared 
to responses following the binocular baseline. This may be related to the fact that there were fewer 
number of unit responses that met the inclusion criteria during the binocular heavy baseline period.  
Surprisingly, there appeared to be a facilitation of responses following the 20% binocular baselines. It is 
unclear whether this was due to low responses in the MTR following monocular baseline. However, all 
units included in the analysis were firing above spontaneous so it was not due to a unit completely 
dropping out. 

These results support the hypothesis that the binocular gain control stage is sustained on the 
order of minutes such that it influences the neuronal response to monocular stimuli that follow a period 
of binocular stimulation.  
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Figure A-2-1 Binocular baseline experiment paradigm 
 This schematic depicts the stimulus paradigms used to compare a monocular stimulus history versus a 
binocular stimulus history. On the left (A) are depictions of the oriented drifting gratings used during the 
baseline and test stimuli. The baseline phase of the experiment (left two columns) consisted of either 
monocular, binocular, or binocular heavy stimulus presentations. During the monocular baseline phase 
the stimuli were presented randomly to one eye at a constant contrast during the baseline. During the 
binocular stimulus phase the presentations were always binocular. The test phase of the experiment 
(right two columns) depicts the drifting monocular stimuli which were presented randomly to the left or 
right eyes.  On the right (B) is the stimulus sequence used during the experiment. In the picture time 
progresses from left to right and from top to bottom. Each box represents an 8 minute period during 
which a particular stimulus ensemble was presented. Within each stimulus ensemble all conditions were 
randomly interleaved. Each black box represents a baseline period. The monocular baseline periods (top 
two rows) were completed in sequence starting with 80% and ending with 20%. After each baseline 
period the testing stimuli (red box) were presented for an 8 minute period. The two binocular baseline 
periods were binocular (B) and binocular heavy (BH). The BH differed from B baseline in that there were 
twice as many binocular presentations in the BH baseline period compared to the B baseline period. 
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Figure A-2-2 Binocular baseline single unit examples  
Spiking activity (spikes/sec) of a single unit in V1 are plotted in response to a left (pink), right (blue), and 
binocular (orange) drifting gratings presented at the 0° orientation. All responses are computed after 
subtracting for the spontaneous firing rate. The monocular baseline periods (thick lines) consisted of 
randomly interleaved left (96) and right (96) presentations each 2 sec in duration with .5 sec inter-
stimulus interval. The binocular baseline periods (thick lines) consisted of randomly interleaved 
binocular (96) and blank (96) presentations each 2 sec in duration with .5 sec inter-stimulus interval. The 
baselines were presented at 80%, 60%, 40%, 20% contrasts. The monocular test responses (MTR) (thin 
lines) followed the baseline periods and consisted of 80% contrast drifting gratings at 0° orientation. The 
MTR were randomly interleaved left (96) and right (96) presentations each 2 sec in duration with .5 sec 
inter-stimulus interval. The y-axis indicates the type of baseline period (Mono=monocular and B = 
binocular) and the contrast (-20 = 20% contrast). 
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Figure A-2-3 Binocular baseline population results 
Average response (spikes/sec) rates of single units were measured across the collected V1 population. 
All units included in this population met the inclusion criteria. The responses are plotted relative to their 
average MTR after the corresponding monocular baseline period. Open circles are the MTR following a 
binocular heavy baseline. Closed circles are MTR following the binocular baseline. The top row includes 
the MTR collected in the first 3.75  minutes following the baseline period on the left (A) are responses 
from the neuron’s preferred eye and on the right (B) are responses from the non-preferred eye. The 
bottom row are the MTR in the second half (last 3.75 minutes) of the test period. On the left (C) are the 
responses from the preferred eye and on the right (D) are responses from the non-preferred eye.  
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A-3 Altered OD preference following ESTMD 

 

Figure A-3 Units Changing eye preference following ESTMD  
Responses in the NDE were normalized by the mean response in the DE. NDE responses are depicted in 
blue and the DE responses from the same cohort normalized by the mean DE response are plotted in 
red. The DE responses decay to baseline (0) while the NDE responses remain suppressed after the 
deprivation period. Time is plotted in minutes relative to the start of the post-deprivation period. 
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A-4 Population MDI vs. Surgical Experience 
 

 

Figure A-4 Population MDI Against Experimental Order 
The MDI was computed for all neurons within an experimental session. The results of all experimental 
sessions were presented according to their date (earlier experiments are on the left (lower rank). The 
dot represents the mean MDI for the population and the bars are the standard deviation. 
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A-5 Michelson Contrast Quantification for STMD 
The choice of using a log ratio as a means for quantifying neural responses was based on equalizing 
proportional increases and decreases in responses. However, there are other ways we could have 
expressed the neural changes following STMD with this goal in mind. As an alternative, and likely more 
familiar form of analysis I applied an equation akin to Michelson contrast in place of MDI. The metrics 
(which I simply refer to as R for ratio) are defined below for the DE, NDE. The results applying these 
metrics to the data are presented below. 

𝑅 =       (7) 

 

𝑅 =      (8) 

 
 
 

 

 

Figure A-5 Single Unit Responses after STMD assessed by Michelson Contrast 
Equations 7 and 8 were applied to single unit responses. (A) The 𝑅  was subtracted from the 𝑅  for 
each neuron; this histogram denotes the population distribution. Histograms of the 𝑅 (B)  and 𝑅 ( 
(C) in the sampled population.   



119 
 

 

The results of the DE and NDE analysis using the Michelson contrast formula (equations 7 and 8) 
produce largely the same conclusion as the MDI metrics. All post deprivation response means are 
derived from the first 20 minutes in the post-deprivation period. Unlike previously, only the NDE 
changes were significantly different in the post-deprivation state. This is evident by the left leaning 
distribution of the RNDE curve in Figure A-5. The pairwise subtraction (RDE - RNDE), analogous to the MDI 
metric, although positive (shown by the right leaning distribution in Figure A-5A), was not significant. 
The population has a slightly smaller mean (0.07 compared to 0.11) and larger variance (0.53 compared 
to 0.48) than the MDI metric.  The statistical outcome of each measurement is summarized below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 t-statistic  p-value 

RNDE t(152) = -3.076  0.002 

RDE t(152) = -1.064 0.278 

RDE - RNDE t(152) = 1.653 0.100 
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A-6 STMD Stimulus Protocols 
 

 

Figure A-6 Stimulus Protocols 
(A)  Shows the stimulus protocol for the STMD-M experiments and (B) shows the protocol for the STMD-
B experiments. Each outlined box is a depiction of a single condition. The red boxes are examples of 
conditions occurring during the pre-deprivation and post-deprivation periods while the green boxes are 
conditions that occur during the deprivation period. One can see that during the STMD-B experiments a 
binocular condition occurred 1/3 of the time. For the STMD-B protocol the monocular NDE conditions 
occurred twice as frequently compared to the pre/post-deprivation periods. Only one orientation is 
shown, but there were a total of four orientations for all experiments. 

 

 


