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Questions about the relationship between cognitive science and neuroscience have analogs within neuroscience itelf. How does “cognitive neuroscience” relate to the discipline’s current cellular/molecular core? The former is the “interdisciplinary melding of studies of the brain, of behavior and cognition, and of computational systems that have properties of the brain and that can produce behavior and cognition”; not “the intersection of these areas . . . the points of overlap, but rather . . . their union” (Kosslyn 1997, 159). The latter is the equally “interdisciplinary melding” of electrophysiology, molecular biology, molecular genetics, biochemistry and biophysics. Questions about “cross-level fit” are just as stark here as they are across the psychology-neuroscience divide.

For example, questions about the “autonomy” of higher level cognitive theorizing and explanation vis-à-vis the neural have been prominent in philosophy of cognitive science for three decades. Yet it is equally natural to interpret “levels” discussions in contemporary neuroscience as involving autonomy. Cognitive neuroscientist Stephen Kosslyn sounds a familiar pro-higher level autonomy slogan when he writes, “Cognitive neuroscience is a good illustration of how the whole can be more than the sum of its parts” (1997, 158). Although he realizes that “cognitive neuroscience must move closer to neurobiology,” he still insists that “it will not simply become neurobiology” because “cognitive neuroscience adds methods and techniques to study, and conceptualize, how the brain gives rise to cognition and behavior” (1997, 160). On the other hand, cellular/molecular neuroscientists Eric Kandel, Thomas Jessell, and Robert Schwartz seem to deny higher level autonomy when they write:

This book . . . describes how neural science is attempting to link molecules to mind—how proteins responsible for the activities of individual nerve cells are related to the complexity of neural processes. Today it is possible to link the molecular dynamics of individual nerve cells to representations of perceptual and motor acts in the brain and to relate these internal mechanisms to observable behavior. (2000, 3-4)

Interpreted in this way, “levels” questions within the brain sciences themselves sound familiar to philosophers of cognitive science, and might appear as daunting as those across psychology and neuroscience. However, I think that there is a way to resolve “levels” questions within current neuroscience, and that the strategy for doing so can be used to resolve more general  “levels” questions across “mind” and “brain.” Or so I will argue in this essay.


There are two broad approaches toward levels questions. One is from the philosophy of science. This approach leads to familiar theories about and disputes over reduction, mechanism, supervenience, emergence, realization, and instantiation. The other is within empirical science itself. This approach seeks to employ the experimental methods, techniques, and data analysis characteristic of the various levels within “transdisciplinary” research projects. I contend that the latter is a much more fruitful way to address levels questions. In what follows, I describe such a project that my group is pursuing, indicate how we combine the methods and techniques from various neuroscientific levels, and close with some lessons that such transdisciplinary projects shed on “philosophical” disputes about autonomy across multiple scientific disciplines.

Our problem  


Neuropsychologists have known for decades that frontal cortical regions subserve much of “higher” cognition (Kolb and Whishaw 1996, chap. 14). Examples include language production, complex motor sequencing, planning, and problem solving. Higher cognitive processes are characteristically sequential. They proceed from one idea or representation to another in a way that seems to respect and exploit their contents. The question is, how? How do neurons in frontal regions generate the sequential aspects of higher cognition? What are the cellular mechanisms of this characteristic feature?
 

To address these questions scientifically, we first searched for a model neural circuitry. A model circuit had to meet three conditions. (1) Its principal components had to be located in frontal cortex. (2) It had to generate sequential outputs. (3) Much had to be known about its cell-physiological and anatomical details (unlike the higher cognitive frontal circuits). The primate saccade command circuit meets all three conditions. Saccades are a type of rapid eye movement that continuously relocates the fovea (the area of the retina with highest visual acuity) on different features of a visual display. Human and nonhuman primates saccade 3-5 times per second. Most are executed involuntarily, but saccades can be controlled voluntarily and consciously. The primate saccade command circuit involves both frontal and posterior parietal cortex. The frontal portions receive retinotopically coded visual inputs from the dorsal stream and project efferents to midbrain, brain stem, and neostriatum. The bilateral frontal eye fields (FEF) of premotor cortex, encompassing primarily Brodmann’s area 8a in humans, are prominent in this circuit. (For a good “textbook” overview of the primate oculomotor system, see Goldberg, Eggers and Gouras 2000).

Single-cell electrophysiology


The role of FEFs in saccade commanding has been well studied in nonhuman primates at the single-cell electrophysiological level (Bruce and Goldberg 1985; Goldberg and Bruce 1990). These studies show that FEFs contain both pre- and post-saccadic neurons. Pre-saccadic cells have movement fields analogous to the receptive fields of sensory neurons. They fire action potentials at maximal frequency prior to saccades of a specific amplitude and direction, near-maximal frequency to saccades of closely related dimensions, and diminish to baseline firing rate prior to saccades of different dimensions. Post-saccadic cells begin discharging action potentials over baseline rate immediately after saccade onset. Their activity shows similar movement fields. More than 1/3 of the cells Goldberg and Bruce (1990) found with pre-saccadic activity also had post-saccadic activity. These cells’ pre- and post-saccadic movement fields were directly opposed. If one of these cells was most active prior to a saccade of a particular amplitude and direction, it was most active after a saccade of exactly the opposite amplitude and direction. Goldberg and Bruce’s (1990) results using the two step saccade paradigm suggested that the FEFs compute at least two-step saccade sequences “on the fly”—“ballistically,” without the use of reflective feedback—using the retinotopic dimensions of the two stimuli from the initial origin and the post-saccadic activity of the cells after the first saccade. Given neurons’ pre- and post-saccadic movement fields, the primate FEFs appear to compute the dimensions of the second saccade by implementing vector subtraction in eye movement space (Figure 1) (Bickle, [image: image5.png]Next Step Nodes.
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Worley, and Bernstein 2000).

Figure 1: Vector subtraction in a two-dimensional eye movement space. X-axis represents degrees of horizontal remove from fixation point (FP) at origin; y-axis represents degrees of vertical remove. –(FP(A) is implemented by post-saccadic activity of FEF neurons after execution of the first saccade from FP to first stimulus target (A). FP(B is implemented by pre-saccadic activity of FEF “visual” neurons. Their combined activity computes the dimensions of the second saccade “ballistically,” without the need for “reflexive” feedback or re-orientation of the entire eye movement space to a new origin (i.e., to A): A(B = 

-(FP(A) + FP(B = <-3,-5> + <6,-2> = <3,-7>.


What about saccade sequences of more than two steps? Single-cell electrophysiological work directly addressing this question does not exist, but work on two other frontal regions suggests an intriguing possibility. For more than a decade, Patricia Goldman-Rakic and her colleagues have explored activity in individual neurons in Brodmann’s area 46 of dorsolateral prefrontal cortex (DLPFC) in rhesus monkey during delay periods of spatial working memory tasks (Funahashi, Bruce, and Goldman-Rakic 1989; Funahashi, Chafee, and Goldman-Rakic 1993). Their behavioral tasks are a saccade and an anti-saccade delayed response. Monkeys fixate on a central spot on a computer screen and a light is flashed in the periphery. They maintain fixation on the central spot for a short delay period (from 1.5 up to 20 seconds). In the saccade task, monkeys must then saccade to the remembered location of the peripheral stimulus. In the anti-saccade task, they must saccade in the opposite direction away from the peripheral stimulus. During the delay period, Goldman-Rakic and her colleagues have recorded activity in DLPFC neurons that appears to hold information “on line” about the spatial location of the target. Results with the anti-saccade task verify this interpretation, as DLPFC neurons active during the delay period of the saccade task to a specific stimulus location are also active during the anti-saccade delay period to the same stimulus location. This indicates that activity in these neurons is not tied to direction and amplitude of impending saccade; otherwise, the same neuron’s activity would differ significantly in the saccade and anti-saccade tasks to the same stimulus location. Goldman-Rakic describes this physiological activity as the “working memory fields” of individual DLPFC neurons.


More recently, Courtney et al. (1998) have used fMRI to locate a second spatial working memory area in human frontal cortex, this one in the superior principal sulcus more adjacent to the human FEFs. They measured activity increases in these regions during delay periods while humans performed a spatial working memory task, but no increase when humans performed an object identification working memory task. Synaptic connections between this region and FEFs are prominent.


An intriguing hypothesis is that multiple step saccade sequences could also be computed and executed “ballistically,” based on combined activity in FEFs and frontal working memory areas (FWMs). But how can this speculation be developed and explored experimentally?

Biological modeling

Biological modeling (with computer simulation) is an ideal tool for developing testable hypotheses. Neurobiologist Gary Lynch and computer scientist Richard Granger nicely distinguish this type of modeling from the sort more prominent in cognitive science:

Recently, the question of network properties inherent in cortical design has been explored with two types of cortical simulations. The first, which might be termed abstract network modeling, employs theoretical models that use a few assumptions about neurons and their connectivities and then, through computer simulations, seeks to determine if particular, often quite complex, behaviors emerge. The biological postulates are usually simplified . . . The second line of modeling research, biological modeling , seeks to exploit the rapidly growing body of information about the detailed anatomy and physiology of simple cortical networks. . . . In biological models, design features are added to simulations for biological reasons only, independent of their potential computational attractiveness or complexity. (1989, 205-206).

In this spirit of biological modeling, we constructed a model of pre- and post-saccadic activity in FEFs (Figure 2A) and frontal working memory regions (Figure 2B) (Bickle, Worley, and Bernstein 2000). Computations in the Vector Subtraction Core were derived from FEF cell physiology discovered by Goldberg and Bruce. Computations in the Working Memory Store were abstracted from the cell-physiological properties discovered by Goldman-Rakic and her colleagues. The model computes multiple-step saccade sequences from an initial fixation point until the Working Memory Store is exhausted (Figure 3). 
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Figure 2. Abstract processing diagrams of our neurocomputational model of frontal saccade sequential command circuitry. A. Vector Subtraction Core, which computes dimensions of two-step saccade sequences from an initial fixation point, derived from pre- and post-saccadic activity in primate FEFs. B. Working Memory Store, which holds “on line” post-saccadic information about earlier steps in a multiple-step saccade sequence, derived from single-cell studies of neurons with “working memory fields” by Goldman-Rakic and her colleagues. (Adapted from Bernstein, Stiehl, and Bickle 2000, Figures 5 and 6)
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Figure 3: Results with a computer simulation of our neurocomputational model on a 4-step saccade sequence. Vector subtraction core first computes the dimensions of a saccade from origin to A: <0,0> occupies the previous step nodes (since this is the first saccade in the sequence), <3,10> occupies the next target nodes, so the next step nodes compute the vector sum <0+3,0+10> = <3,10> and the simulation executes a saccade of those dimension. For A(B, <-3,-10> occupies the previous step nodes, <12,8> occupies the next target nodes, so the next step nodes compute the vector sum <-3+12,-10+8> = <9,-2> and the simulation executes a saccade of those dimensions from A, landing on B. For B(C, <-3,-10> occupies nodes in the first layer of the working memory store, <-9,2> occupies the previous step nodes, and <5,-4> occupies the next target nodes, so the next step nodes compute the vector sum <-3+-9+5,-10+2+-4> = <-7,-12> and the simulation executes a saccade of those dimensions from B, landing on C. For C(D (dotted line), <-3,-10> occupies nodes in the second layer of working memory, <-9,2> occupies nodes in the first layer, <7,12> occupies the previous step nodes, and <-4,-8> occupies the next target nodes, so the next step nodes compute the vector sum <-3+-9+7+-4, 

-10+2+12+-8> = <-9,-4> and the simulation executes a saccade of those dimensions from C, landing on D. (The bold line from C back to the origin demonstrates the role of the “Return to Origin” computation and the Significance Activation Mechanism, derived from cell-physiological properties of ACC and “suppression site” FEF neurons, not discussed in this essay.) (Adapted from Figure 8 in Bernstein, Stiehl, and Bickle 2000)

Functional Neuroimaging (fMRI)

Here, however, we confronted a common problem with biological modeling. To get realistic performance (like that illustrated in Figure 3), we had to make some computational assumptions that could not (then) be justified neurobiologically. A prominent assumption of this sort is the order of activity in different components as the number of steps in a saccade sequence increases. (We call this an increase in “saccade burden.”) Based on Goldberg and Bruce’s electrophysiological data, we assumed that saccade command activity during two-step sequences is restricted to FEFs and this is realized in our Vector Subtraction Core. But as the number of saccades in a sequence increases, to three steps or more, our model requires activity in both the Vector Subtraction Core (modeled on primate FEFs) and the Working Memory Store (modeled on FWM regions). There is no physiological evidence that this is the order of regional activation in the primate brain during saccade sequencing. In addition, our model also assumed a roughly monotonic increase in the level of FEF activity as saccade burden increases. Activity occurs in more FEF afferents during later steps in a saccade sequence: in addition to new visual input from the dorsal stream, FEFs also receive spatial and eye movement input from FWM neurons. Interestingly, if we treat all of these assumptions as novel hypotheses about unknown frontal neural mechanisms of saccade sequential processing, then fMRI using Blood Oxygenation Level-Dependent (BOLD) contrast is an ideal technique for testing them.


One methodological advantage of basing a neuroimaging study on existing cell-physiological data and a neurocomputational model derived from them is that one can simply adapt the behavioral task used by the physiologists for humans in the magnet. One doesn’t need to cook up a new task from scratch. We did this with Bruce and Goldberg’s (1985) double-step saccade paradigm.
 Six healthy adult subjects executed four cycles of blocks of 2-, 3-, and 4-step saccade sequences and a baseline motor task (Figures 4 and 5). Table 1 summarizes the stimulus timing of each type of saccade sequencing task. We chose these timing values to insure that all stimuli were presented during the latency period of the first saccade in the sequence, to require “ballistic” processing and a demand on working memory capacities.
 Each trial began when a red dot appeared for 500 milliseconds in the center of a black background. This was followed immediately by a sequence of 2, 3, or 4 yellow dots at 100 millisecond intervals, each at a randomly generated position in one of eight octants and one of two radial distances from the central fixation dot. After the final target was presented, a black screen appeared and remained until the duration of the trial. Each block consisted of five trials, each trial lasting 6 seconds, for a block duration of 30 seconds, a cycle duration of 2 minutes, and a total task duration of 8 minutes (plus an additional thirty seconds at the beginning so that subjects could acclimate to the magnet). Subjects were instructed to fixate on the red dot as soon as it appeared, and when the yellow dots appeared to saccade from one target to the next in the correct order of their appearance. They were explicitly instructed to move their eyes, not just imagine or think about where to move them. As the number of targets in a sequence increased, the task put increasing demands on subjects’ working memory. Each subject reported difficulty performing the 4-step task. We used a bilateral finger-tapping motor task as a control condition. This task provides known activation in the motor strip, which we used as reference data specific to each subject to co-register fMRI activation maps with structural MRI high-resolution 3-D images.
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Figure 4: Visual display during a 4-step saccade task. See text for discussion.  


Figure 5: Block design of saccade sequencing tasks and fMRI data collection. Subjects performed five 2-step saccade trials, five 3-step saccade trials, five 4-step saccade trials, and five baseline finger tapping trials, repeating this cycle four times. We collected whole brain fMRI scans in twenty-four slices at 3T every 1500 milliseconds during the entire four cycles. See Table 1 for trial timing.


Changes in neural activity were mapped using a BOLD-sensitized fMRI sequence, according to the scheme shown in Figure 5. Comparison of images collected under different task conditions was used to identify those regions whose neural activity was task dependent. These regions were then analyzed to determine the quantitative relationship between BOLD signal changes and “saccade burden,” assuming that larger BOLD signal increases reflected greater increases in neural activity. This assumption is generally supported by previous studies, although the exact quantitative relationship between BOLD signal and neural activity change remains unclear (Arthurs and Boniface 2002).

Results


To identify regions subserving saccade sequential processing, we adopted two strategies. First we identified regions that were activated significantly (p < 0.01) during any of the saccade sequencing periods (2-step, 3-step, or 4-step) compared with the control motor task. Second, we identified voxels in the composite data where the amplitude of the BOLD-sensitized fMRI signal was correlated significantly with the number of saccade steps per trial (i.e., with increasing “saccade burden”). These strategies clearly identified the FEFs and the two regions of frontal cortex that had previously been identified as (spatial) working memory areas: area 45/46 of DLPFC and the superior principal sulcus.
  Figure 6 shows the results of the second approach, namely, a voxel-by-voxel correlation between the BOLD signal and number of saccade steps. The correlation value was transformed into a t-statistic and averaged across all subjects. Voxels that exceeded a significance of p < 0.01 were overlaid across the averaged anatomical data set.


Figure 6: Activation map showing regions exhibiting significant (p < 0.01) correlation of BOLD-sensitized fMRI signal amplitude with saccade burden.  Candidate regions for functional homologues of our computational modules are frontal eye fields (FEF, red outline), superior principal sulcus (spatial working memory area, cSWM, white), dorsolateral prefrontal cortex (BA45/46, brown), and anterior cingulate cortex (ACC, purple).

We also plotted time courses for each subject for FEFs, DLPFC (Brodmann’s area 45/46), superior principal sulcus, posterior parietal cortex, and ACC, graphing level of activation against fMRI data point in the block design. (Slow drifts in BOLD signal across each study were removed using standard fMRI post-processing methods prior to quantitative analysis.) Figure 7 shows an example of a time course for FEF activity from a single subject, with BOLD signal values normalized by setting the mean value during each epoch (2-step task, 3-step task, 4-step task, baseline task) equal to 100 (arbitrary units ( SEM). To account for factors like hemodynamic and attentional lag, the first five data points (frames) following each task transition were also removed from the analysis. Using these corrected data, we then computed composite activity for each Region of Interest (ROI) during the 2-step, 3-step, 4-step, and baseline tasks (Figure 8).
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Figure 7: Raw time course data for a single subject (Subject 1) and a single ROI (FEF). X-axis indicates fMRI data point during task performance (1-320, taken every 1500 milliseconds); y-axis indicates normalized BOLD signal in the Region of Interest (ROI) at each fMRI data point.  
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Figure 8: “Detrended” (“drift corrected”) normalized composite mean BOLD signal intensity in three ROIs. A. FEFs. B. Superior principal sulcus. C. DLPFC, Brodmann’s areas 45/46. See text for discussion. 

These results suggest numerous conclusions about the biological plausibility of our neurocomputational model of saccade sequential processing. First, our model is based on cell-physiological properties of regions that are indeed active during saccade sequencing: the FEFs and two FWM areas
 (Figure 6 above). Second, FEF activity does increase in monotonic fashion with increasing saccade sequencing burden, from the 2-step task to the 3-step and from the 3-step to the 4-step (Figure 8A). Finally, activity in FWM regions also increases with saccade burden, although this increase is most dramatic during 4-step tasks. As noted above, given the speed of stimuli presentations, the 4-step task places a heavy burden on working memory mechanisms. All these results suggest that some purely computational assumptions of our neurocomputational model do have biological plausibility when treated as testable novel hypotheses about the cellular mechanisms of saccade sequential processing in frontal circuits.


Data from this preliminary study also reveal an experimental design flaw; but upon analysis, results from this flaw serendipitously help to verify the biological plausibility of our model. Consider the high level of FEF activity during the baseline non-saccade motor task. What accounts for this? During that finger-tapping task, subjects were staring at a blank black screen. Guess what humans (and other primates) do when they stare out into darkness? They saccade at roughly the normal rate, 3-5 times per second. This explains the high level of baseline FEF activity compared to the experimental tasks, when subjects were making a limited number of saccades and then returning their eyes to the center of the screen, anticipating the next saccade sequencing trial. (We’ve now corrected this experimental flaw by introducing a fixation point during the control task!) But consider also the low level of activity in the FWM regions during the baseline task (Figure 8B, C). This suggests that although subjects were saccading frequently during it, their saccades were not guided by working memory information about either stimulus spatial location or oculomotor dimensions of recently executed saccades. In other words, saccades during the control task were random, one-step saccades, not organized sequences. So saccade sequencing (beyond two steps) does seem to require interactions between FEF and FWM activity, just as our model hypothesizes.


We have a number of studies in the works that further reflect the interplay between single-cell electrophysiology, neurocomputational models derived from these results, and fMRI research. What happens to saccade sequencing performance (measured using a magnet-compatible eye tracker) and neuronal activity measurable by fMRI when patients have damage to various components of our modeled saccade sequence circuitry or connections between them?
 Are there multiple FWM areas? If so, do they play distinct roles in “faster” and “slower” saccade working memory? Results from appropriately designed fMRI studies addressing questions such as these could suggest electrophysiological experiments that might uncover distinct cellular mechanisms of working memory function.

Philosophical Lessons


What are the lessons of this transdisciplinary cell-physiological, biological modeling and neuroimaging study for the “big” issues I raised at the beginning: the relationship between cognitive and cellular neuroscience and the autonomy of the former? Figuring out the cellular mechanisms of saccade sequential processing is not our ultimate explanatory goal. We chose to model and explore the frontal saccade command circuit because it itself was a model circuit for exploring the cellular mechanisms of sequential cognitive processing. Expansion of the frontal lobes is widely believed to underlie many of the higher cognitive abilities that distinguish humans from other primates. However, the neuronal circuitry of the human frontal lobe remains poorly understood at the cell-physiological level, due in part to technical limits on studying human brain function and to the difficulty of identifying and characterizing the higher cognitive functions. The usual procedure in science when confronting these kinds of difficulties is to focus on a simpler system that shares characteristic features of the processes in question but whose components are more readily accessible experimentally. The primate saccade command circuitry provides exactly this sort of model system for the sequential properties of higher cognition (including our stream of consciousness). Saccading is neither typically “cognitive” nor conscious (although it can be under cognitive and conscious control), but it is sequential. By coming to understand the cell-physiological mechanisms by which saccade sequences are computed and executed, we will uncover testable hypotheses about the cellular mechanisms of the sequential aspects of higher cognition. 

This judgment is strengthened by two features specific to our transdisciplinary study. First, cytoarchitecturally—with regard to cell types and distribution, and both laminar and columnar structure—the frontal saccade command regions are composed of “standard frontal cortex with a distinct granule layer”; in this regard, they possess exactly the cellular resources as most of frontal cortex (Parent 1996). These similarities suggest that the computational strategies implemented in the cell properties and connectivities of the primate saccade sequencing system—vector subtraction with an interactive working memory store—are available to the frontal regions subserving sequential cognitive processing. Any cognitive process that can be characterized mathematically as a pathway through a multi-dimensional vector space could be implemented neurally via vector subtraction by the appropriate set of pre-vector, post-vector, and working memory field neurons. The scope of this way of “mathematizing” brain function in contemporary cognitive neuroscience—to say nothing of “connectionist” cognitive science more generally—suggests testable empirical hypotheses for physiological investigation. If the FEFs and FWM areas implement saccade sequential processing in this fashion, the cytoarchitectural similarities with the rest of frontal cortex suggest that the latter might, also. Second, the continued biological justification that the fMRI studies give to what were purely computational assumptions of our model increases the plausibility of using the model to generate testable hypotheses about the cell-physiological mechanisms of the sequential features of other frontal cognitive and conscious processes. What single-cell neurophysiologist wouldn’t like such leads about what cell properties to look for during cognitive processing?

What about the “autonomy” of higher level methodologies, explanations, and theories? Transdisciplinary projects employing methods and results from a variety of levels (like ours) address this issue empirically. We do use functional neuroimaging to answer questions that it is difficult to imagine addressing at the single-cell physiology level alone. If that is all that “autonomy of the higher level” amounts to, then we treat functional neuroimaging as “methodologically autonomous” from cell physiology. But that typically isn’t all that proponents of  “higher level autonomy” want. They want autonomy of theory or explanation; they claim that mechanisms uncovered by higher level investigations are “independent” of the lower-level details. That sort of autonomy is clearly no part of transdisciplinary science-on-the-hoof, at least of the sort we pursue. And I contend that our approach is characteristic of most real transdisciplinary neuroscience, as opposed to philosophers’ and cognitive scientists’ misunderstandings about it. For us, higher level theories and methods have a useful (and probably ineliminable) heuristic role to play in the search for lower level mechanisms and reductions. They greatly increase the descriptive base for lower level experiment and theorizing. They tell us where in the brain to look and they guide us in constructing behavioral tasks that isolate the crucial dependent and independent variables. But that is all they do, and all they can do. When they’ve exhausted this descriptive and methodological function they fall away, much like Wittgenstein’s ladder. Higher levels reduce to lower level mechanisms, after they function to help us discover the latter. If you think that they do more, then (1) your intuition is no part of transdisciplinary research in mainstream neuroscience and (2) you really are a “levels” dualist. 

Nothing prevents us from resolving more general levels questions across cognitive science and neuroscience in the same way. Cognitive scientific investigations, methodologies, theories, and explanations are essential heuristics in the search for lower level neuronal mechanisms. They generate data, descriptions, and behavioral tasks that it is difficult to imagine gaining from purely cellular and molecular investigations. This much “methodological autonomy” is an ineliminable part of standard scientific practice. But that is all the “autonomy” that transdisciplinary scientific practice warrants, and is consistent with a “ruthless reductionism” about the psychological.
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Table 1 – Timing of dot patterns for block periodic visual saccade fMRI paradigm





2 step saccade block - 5 presentations  30 seconds


500 msec�
fixation point�
�
100 msec�
1st dot�
�
100 msec�
2nd dot�
�
5300 msec�
black screen�
�



3 step saccade block - 5 presentations  30 seconds


500 msec�
fixation point�
�
100 msec�
1st dot�
�
100 msec�
2nd dot�
�
100 msec�
3rd dot�
�
5200 msec�
black screen�
�



4 step saccade block - 5 presentations  30 seconds


500 msec�
fixation point�
�
100 msec�
1st dot�
�
100 msec�
2nd dot�
�
100 msec�
3rd dot�
�
100 msec�
4th dot�
�
5100 msec�
black screen�
�
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� It is worth noting that more than one century ago William James (1890) noticed similar sequential features in our “streams” of conscious experience. Given the apparent importance of frontal cortex in the neurobiology of consciousness, by discovering the cellular mechanisms of sequential features of cognition, we might be drawing a bead on the ones underlying sequential features of consciousness, too. 


� In our complete model, we also developed a “Return to Fixation” mechanism that breaks off execution in the middle of a multiple-step saccade sequence and compute the dimensions of a saccade back to the original fixation point (Bernstein, Stiehl, and Bickle 2000). We derived components of it directly from single-cell electrophysiology of “suppression site” neurons in FEFs (Burman and Bruce 1997) and structural MRI and neuropsychological assessment of patients with anterior cingulate cortex (ACC) lesions (Gaymard et al. 1998). I won’t have space in this essay to discuss this component of our model or the fMRI results we’ve pursued in connection with it.  


� Our neurocomputational model also made assumptions about ACC activation in saccade sequencing that could be treated in the same way and tested using BOLD-fMRI. Once again, this aspect of our project is beyond what I have space to discuss in this essay. 


� The next few paragraphs describing the experimental task and fMRI data collection have already been reported in Bickle et al. (2001). Since that report, we have fully processed and analyzed the preliminary data set, so the results reported here are new.





� This timing was also designed to make the 4-step sequences very difficult, in order to overload the working memory circuit to assess the onset of ACC activity (top-down versus bottom-up resetting.


� Both strategies also identified the ACC.


� And the ACC.


� We’ve gathered but have not yet analyzed some preliminary data with a pediatric stroke patient at the Imaging Research Center at Childrens Hospital Medical Center Cincinnati.





� We also have a study planned to get a more fine-grained time course for ACC activation when the saccade sequencing circuitry breaks down during our 4-step task.


� The views expressed in these final two paragraphs are John Bickle’s entirely, and should not be attributed to the co-authors. They receive full treatment, with lots of detailed examples from recent neuroscience, in my forthcoming book (Bickle forthcoming 2003, chapters 1 and 5).
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