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1. Introduction

Autism is a pervasive developmental disorder that is manifested in a number of neurological
alterations. Although there is a large spectrum of behavioral excesses that includes a diverse
number of traits, such as repetitive behaviors and/or sensory hyper-responsiveness, many of
the neurological problems could be attributed to underlying anatomical and physiological
fundamentals that demonstrate significant diversity within this spectrum and make the
phenotypic description of the disorder distinctly different from that exhibited by normal
physiology. Characterization of neurological features — such as cortical modularity — could
lead to a better understanding of the neurophysiological fundamentals of autism. Recently,
we have been developing sensory-based diagnostic protocols based on neurophysiological
principles that have been elucidated in animal studies conducted both in our laboratories and
those of others. One question that we have pursued in our animal studies has been the
fundamental role(s) of the cortical minicolumn and macrocolumn in tactile information
processing. We have developed experimental models for determining cortical correlates of
perception that relate cortical activity patterns in somatosensory cortex (at high resolution in
squirrel monkey studies) to measures of human perception. The minicolumnar and macroco-
lumnar organization of the cerebral cortex is dynamic and interactive, and the patterns of
activity that are generated with stimulus-driven activity in SI cortex have been shown to be
modular in nature. This determination of modularity is derived from a self-organizing process
that takes place via dynamic interactions between minicolumns and columns in the cortex both
during and after development. If developmental processes malfunction, then cortical organi-
zation suffers at a number of scales. Findings by Casanova and colleagues have elegantly
demonstrated in post-mortem histological experiments that minicolumn organization in
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autism is severely compromised, as there are approximately 30% more minicolumns in the
same cortical space as is normally found [1]. The increase in minicolumn density, and partic-
ularly the decrease in neuropil between the minicolumns (because they are now much more
densely packed), led us to make a number of predictions about alterations in perceptual metrics
that would occur in individuals with autism. In this paper, the neurophysiological basis of
three such perceptual metrics (previously reported) is discussed.

2. Cortical modularity and spatial localization

In 1978 Mountcastle [2] hypothesized that the smallest functional unit of neocortical organi-
zation, the “minicolumn”, is a radial cord of cells about 30-50pm in diameter, and that sensory
stimuli activate local groupings of minicolumns (called “macrocolumns”). This hypothesis
subsequently received support from multiple lines of experimental evidence and led to its
substantial elaboration. Structurally, minicolumns are attributable to the radially-oriented
cords of neuronal cell bodies that are evident in Nissl-stained sections of the cerebral cortex
and it is probable that they are related to ontogenetic columns [3] and to the radially-oriented
modules defined by the clustering of the apical dendrites of pyramidal neurons [4]. Among
the various elements of neocortical microarchitecture, spiny-stellate cells and double-bouquet
cells [5-7] are most directly relevant to Mountcastle’s concept of the minicolumn. Spiny-
stellates are excitatory intrinsic cells that are especially prominent in layer 4 of primary sensory
cortex. They are the major recipients of thalamocortical connections and, in turn, they distrib-
ute afferent input radially to cells in other layers. Double-bouquet cells are GABAergic cells
whose somas and dendritic trees are confined to the superficial layers, and because the double-
bouquet cells are more likely to inhibit cells in adjacent minicolumns rather than in their own,
they offer a mechanism by which a minicolumn can inhibit its immediate neighbors.

Some insights into the role of the minicolumn in sensory information processing have been
revealed through neurophysiological experimentation. Receptive field mapping studies by
Favorov and colleagues [8] determined that there are abrupt shifts between receptive field
centers as stimuli shift from one skin site to another. In other words, Favorov’s receptive field
work predicted that a perceptible but subtle shift of stimulus position would not necessarily
engage a different pattern of macrocolumnar activity. Rather, the pattern of minicolumnar
activity within a macrocolumn would be different with a shift in stimulus position up to a point.
At the point at which the stimulus position crosses a boundary, the stimulus will engage a new
macrocolumn and an entirely different minicolumnar pattern of response will be evoked by
the stimulus. Figure 1 summarizes minicolumnar RF organization in the somatosensory cortex.
Note that as an electrode penetration moves tangentially across a field of cortical macrocol-
umns (note locations of penetrations 1-30), the receptive field center (indicated on the digit tips
to the right of the cortical field) moves a significant distance only after crossing a macroco-
lumnar border. While within the macrocolumn, the receptive field centers remain relatively
closely spaced. It is also of note that the receptive field properties are constrained within the
radial dimension; that is, if the electrode is moved along the radial dimension (note the
penetrations denoted a-g), the receptive field center does not shift and receptive field proper-
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ties will be very similar. As the description above is over-simplified, it should be noted that
there is a great diversity of receptive field properties between neighboring minicolumns, and
a stimulus that effectively activates one minicolumn will often be ineffective at activating that
minicolumn’s nearest neighbor [9-10]

Figure 1. Summary of minicolumnar RF organization in SI somatosensory cortex. Left: Drawing of cross-section of
Nissl-stained cortical tissue showing darkly-stained cell bodies organized in radially oriented cords, interpreted as min-
icolumns. Filled circles labeled a-g—sequence of neurons located within a single minicolumn; 7-30—sequence of
neurons located in series of adjacent minicolumns. Right: Sequences of RF centers (connected dots) mapped by neu-
ron sequences a—g and 7-30. Note that RF centers for SI neurons that occupy the same minicolumn stay close togeth-
er, whereas the RF centers for pairs of neurons located in neighboring minicolumns shift back and forth over large
distances, and occupy totally non-overlapping skin regions when the pair of neurons occupies different SI macrocol-
umns. Based on [8-10].

The findings and predictions by Favorov et al were later confirmed with additional data that
was obtained via optical intrinsic signal imaging (for description of technique, see [11]). In this
study, responses evoked by vibrotactile stimuli delivered to different positions on the skin
(which differed by only the width of the 2mm probe tip) showed a subtle variation within the
macrocolumnar pattern within a range of stimulus positions (analyzed with the methods
described in [12]), but the global pattern did not shift until a new group of minicolumns (or
macrocolumns) was stimulated. Figure 2 summarizes the results of one such imaging experi-
ment in which the macrocolumnar pattern of cortical response does not significantly alter with
a small shift in stimulus position until a border is crossed. Additional features of these
minicolumnar patterns of activity that have been characterized are that they are stimulus
magnitude- and duration-dependent [12-14]. For example, increasing the stimulus duration
leads to more distinct and well-defined minicolumnar patterns of cortical activity. Addition-
ally, the spectrum of the spatial profile of this activity evoked by the active minicolumns
robustly and significantly shifts to lower frequencies, and the spectral shifts that have been
observed are consistent with the concept of increased GABA mediated lateral inhibition
between minicolumns [12]. Perceptually, these changes in minicolumnar activity patterns with
stimulus duration could parallel the increases in sensory perception that have been observed
with longer stimulus durations [15].
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Figure 2. Summary of optical intrinsic signal evoked responses in Sl cortex from four adjacent stimulus positions. Dif-
ference in stimulus position was equal to probe diameter (2 mm). Note the abrupt shift between the responses
evoked from the stimulus placed at the first three positions vs. that of the fourth. Modified from [13].

Casanova and colleagues have demonstrated that there is a substantial increase in minicolumn
density in the parietal cortex of individuals with autism [1,16]. This increase in minicolumn
density results in a disproportionately large number of minicolumns becoming packed into
the same cortical space and also results in a decrease in the neuropil between minicolumns.
Thus, although there are now a higher density of minicolumns, there is less room for the GABA
mediated lateral inhibitory connections between the minicolumns that are necessary for
shaping the within-macrocolumn response that has been observed with repetitive stimulus
duration [12-14, 17-20]. This alteration in basic cortical microarchitecture would then predict-
ably contribute to an individual’s sensory perception in a couple of ways. First, the increase
in minicolumn density should afford an individual with autism an advantage in some sensory
tasks, such as spatial localization, in which the percept would be improved. However, below
baseline GABA mediated lateral inhibition between minicolumns would mean that increasing
the duration of a stimulus would not increase the resolution or distinction of the within
macrocolumn pattern of minicolumnar activity to the same degree, and thus, perception would
not be improved. With this hypothesis of the minicolumn’s role in spatial localization in mind,
we designed an experiment to evaluate the differences between the spatial localization ability
of neurotypical controls and subjects with autism [21]. In the study, a subject’s ability to
distinguish between two points on the skin (on the hand dorsum) was determined with two
different stimulus durations — 500 msec and 5 sec (full description of the method in [21, 22]).
Results from that study are summarized in Figure 3. Although individuals with autism
outperformed controls in the shorter stimulus duration task, they did not demonstrate the
nearly two-fold improvement that the controls did when the stimulus duration was extended.
Thus, in the case of spatial localization, it appears that alterations in sensory percept could be
accounted for by the changes that have been observed in cortical minicolumn architecture.
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Figure 3. Spatial localization under two conditions of adapting stimulus duration for adults with autism versus neuro-
typical controls. Data displayed from the control subjects (previously reported [22]) contrasts markedly from the data
obtained from observations of subjects with autism. Note that subjects with autism, although they clearly outper-
formed the controls in the 0.5 sec adapting condition, did not improve with the 5.0 sec adapting condition. Modified
from [21]

The difference that was observed in short vs. long stimulus duration in the above-described
spatial localization experiment led us to examine more directly the relationship between our
previous adaptation animal studies and the role that adaptation — or conditioning stimulation
— plays in sensory information processing in autism. It has been well established that condi-
tioning stimulation — or prolonged pre-exposure to sensory stimulation — significantly
modifies discriminative capacity and alters the ability of both peripheral and CNS neurons to
process sensory information. Less widely appreciated is the fact that primary sensory cortical
mechanisms undergo transient and significant alterations in response to repetitive sensory
stimulation. Investigation of the dynamic cortical responses evoked by repetitive stimulation
has been an ongoing line of research in our laboratory. One of the focal points has been the
spatio-temporal patterns of response in the somatosensory cortex evoked by skin stimulation
and how these patterns influence the cortical response to subsequent stimuli. For example, the
observations of a number of studies have demonstrated that the spatially distributed pattern
of activity evoked in SI cortex by cutaneous flutter stimulation exhibits a prominent time-
dependency [11, 23, 24]. Specifically, changing the stimulus duration from 500 msec to 5 sec
(such as was done in the spatial localization task described above) would result in two
distinctly different patterns of response in SI cortex. Figure 4 compares the profiles of two SI
cortical responses evoked by vibrotactile stimuli that differed only in duration (Note that the
profile is a radial histogram of OIS images generated by plotting the cortical activity evoked
by the stimulus as a function of the distance from the center of the region in SI that is maximally
activated by the stimulus; [23, 24]). With the 500 msec stimulus, the entire response profile is
above-background. However, with the longer duration 5 sec stimulus, a suppressive or
inhibitory region surrounds the maximally activated region. This region of inhibitory influence
—which persists for several seconds — would interfere with the Sl response to a stimulus applied
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concurrently or subsequently to skin regions in near proximity represented by neurons in that
region of SI. Thus, in the case of the above-described spatial localization task, longer stimulus
durations would be expected to improve performance. Since the presence of a center-surround
in stimulus evoked cortical activity is commonly recognized as a function of GABA mediated
pericolumnar lateral inhibition [25, 26], and a number of researchers have described GABA
deficiency as being consistent with autism [27-31], we concluded that the lack of improvement
with increasing stimulus duration in autism subjects in the spatial localization task could be
due to a deficiency in GABA mediated neurotransmission.
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Figure 4. Radial histograms of Sl cortical activity averaged across subjects (squirrel monkeys, n = 5). Cortical activity is
measured in terms of light absorbance (increased light absorbance can be correlated to increased cortical activity, for
review, see [11]). Data from the center of the plot corresponds to the maximally responding Sl cortical territory to the
5 sec stimulus condition. Note that at the 0.5 sec stimulus duration, there is no below-background activity. Modified
from [23].
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The improvements that are normally observed with extended stimulus durations could be
attributed to stimulus-evoked inhibition that surrounds areas of excitation. Single unit studies
and imaging studies using voltage-sensitive dyes likewise have shown that excitation in the
responding neuronal population is accompanied by the development of a surrounding field
of inhibition [32-35]. Similarly, imaging studies that have used the OIS have shown that
prolonged stimulation of a discrete skin site not only is associated with increased absorbance
within the SIregion representing the stimulated skin site, but also with decreases in absorbance
in surrounding regions [23, 36-38]. Regions of decreased absorbance (increased reflectance)
such as that described in Figure 4 are widely believed to be indicative of decreases in neuronal
spike discharge activity [39-41], possibly resulting from stimulus-evoked inhibition at these
locations. Thus, there is a great deal of evidence that the suppressed or below-background
activity observed suggests that stimulus-evoked inhibition is responsible for the improve-
ments in performance that are normally observed with repetitive stimulation. However, it
appears that in the case of autism, there is sufficient evidence to speculate that the normal
center-surround relationship in cortical patterns of activity does not fully develop.

3. Cortical modularity and adaptation

In addition to changes in spatial contrast, as described above, repetitive stimulation also results
in temporally defined changes of cortical activity, the most prominent of which is a reduction
in cortical response with extended stimulus duration. At the single cell level, both visual and
somatosensory cortical pyramidal neurons undergo prominent use-dependent modifications
of their receptive fields and response properties with repetitive stimulation. These modifica-
tions can attain full development within a few tens of milliseconds of stimulus onset, and can
disappear within seconds after the stimulus ends (visual cortical neurons: [42-53]) alternatively
— for review of short term cortical neuron dynamics in visual cortex, see [53, 54]; for review of
short-term primary somatosensory cortical neuron dynamics see [15, 55].

Optical imaging studies have also characterized the short-term dynamics of the population-
level response of squirrel monkey contralateral primary somatosensory (SI) cortex using
different amplitudes and durations of vibrotactile stimulation [11, 12, 23, 24, 56]. The results
of these optical intrinsic signal (OIS) imaging studies demonstrated a strong correlation
between the amplitude of 25 Hz vibrotactile (flutter) skin stimulation and the response
magnitude evoked in SI. In addition to the systematic changes in the spatial pattern of response
in SI'that correlated with increases in the amplitude and the duration of the stimulus, increasing
the stimulus duration led to differences not only in the peak magnitude of the evoked cortical
response, but also in the relative rates of rise and decay of the magnitude of the evoked intrinsic
signal. These differences in the rates of rise and decay could impact the refractory period
following a stimulus during which the magnitude of the response to a subsequent stimulus is
diminished [57].

In order to assess the impact that adaptation has on perception, experiments were designed
to directly measure the change in amplitude discrimination capacity that occurs with prior
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stimulus exposure (or prior conditioning stimuli). The studies demonstrated that a subject’s
ability to discriminate between two simultaneously delivered vibrotactile stimuli — differing
only in amplitude and location — was very robust and repeatable across a large number of
(healthy) subjects but was very sensitive to varying conditions of pre-exposure to sensory
stimuli [58]. Changing the duration of the conditioning stimulus delivered to one of the two
sites before the amplitude discrimination task significantly altered a subject’s ability to
determine the actual difference between the two stimuli. One significant finding of that study
was that specific durations of conditioning stimuli altered the subject’s amplitude discrimi-
native capacity in a predictive and quantifiable fashion (see Figure 5).
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Figure 5. Comparison of amplitude difference threshold (with s.e. bars) to different conditions of adaptation. The test
and standard stimuli were preceded by an adapting stimulus at the site of the test stimulus (ranging from 0.2 to 2 sec
in duration). Note that single site adapting stimulation leads to a progressive and systematic decrease in performance
with increasing adaptor duration [58].

This finding indicated that the method could be viewed as a reliable indicator of the influence
of adapting stimuli on cortical response, as changes in peripheral response are not mediated
at these short stimulus durations (for discussion, see [58]).

Conditioning stimuli did not have as pronounced an impact on the amplitude discriminative
capability of subjects with autism as it did with the control group [60]. In Figure 6, results
obtained using identical methods from subjects with autism and controls are compared. Note
that adaptation (i.e., a 1 sec conditioning stimulus at one stimulus site prior to the amplitude
discrimination task) resulted in the control subjects performing significantly worse than they
did in the absence of adaptation. However, in the case of the autism subjects, the impact of
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prior history of stimulation was not as significant, and the amplitude discrimination metric
was not impacted to the same degree as it was in the controls. Thus, the ineffectiveness of a
conditioning stimulus in this study repeated the findings of the spatial localization studies, in
that adapting stimuli had little or diminished effect — positive or negative — on the sensory
discriminative performance of individuals with autism.
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Figure 6. Comparison of difference limen (with s.e. bars) normalized to the unadapted condition. Note that for both
the control and the autism group, 1 sec adaptation resulted in an elevated difference limen (* ANOVA; p <0.01). The
control group showed a greater impairment with adaptation (~45%) than the autism group (~5%) [59].

4. Cortical modularity and synchronization

There are a number of autism studies that have described Parkinsonian-like motor character-
istics and/or postural control problems, which could be attributed to deficits of the basal
ganglia portion of the frontostriatal system [60, 61]. These deficits in sensorimotor control could
be derived, in part, from the role that the frontostriatal system plays in an individual’s timing
perception as well as the coordination that is required between cortical regions during
sensorimotor tasks. Timing perception, which can be measured with some relatively simple
temporal discriminative measures (such as TOJ: temporal order judgment and TDT: temporal
discriminative threshold) —is most often accounted for by the frontostriatal system largely as
a result of these measures being sensitive to lesions to the supplementary motor area (SMA),
posterior parietal cortex, and basal ganglia [62, 63]. Also because of the fact that above-average
TQOJ thresholds occur in subjects with known damage to these same cortical areas (dyslexia
[64], dystonia [65-67] and Parkinson’s disease [68]). Most recently, it was found that individuals
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with autism also have below-average timing perception capacity [69]. This timing deficit could
be accounted for by differences in a number of structures, particularly in the frontostriatal
system, that have been implicated in autism (e.g., basal ganglia [70-76]; caudate nucleus [70];
thalamus [77, 78]; and impaired white matter connectivity in the frontal lobe [79]).

In addition to the role that the frontostriatal system may have in the perceptual timing deficits
of autism, the role of synchronization (or lack of synchronization) in autism has gained a certain
degree of prominent attention. Uhlhaas and Singer [80] recently reviewed the experimental
evidence that suggests that functional connectivity is reduced in autism, primarily based on
fMRI studies [81-86] that examine the coordinated activity between different areas of the
cerebral cortex. A few studies, using MEG and EEG, have found gamma oscillations, which
are considered to be important in the process of coordinating cortical activity, to be below
normal in subjects with autism [87, 88]. From the perspective of cortical modularity at both the
minicolumnar and macrocolumnar scales, synchronization at the local cortical level should
also be impacted. Casanova and colleagues have suggested that the aberrant minicolumnar
structure that they have found in autism could result in the disruption of the inhibitory
architecture [16] that is required for normal function in local neural circuitry. Disruption of
functional connectivity at the local minicolumnar level could be responsible for, or strongly
correlated with, the dysfunctional connectivity that has been observed across large-scale
cortical areas.

There is a rapidly growing appreciation in neurobiological research of the important contri-
butions to sensorimotor function of coordinated across-neuron patterns of spike discharge
activity within the neocortical areas activated by sensory stimuli (for comprehensive review
see [89]). In particular, stimulus-induced, time-dependent (dynamic) across-neuron synchro-
nization of action potential discharge and the associated oscillatory modulation of spike firing
are common and prominent properties of neocortical networks devoted to the processing of
sensory information. The tendency of sensory neocortical networks to generate synchronized
oscillations in response to stimulation has raised the possibility that synchronization may play
a prominent role in some aspects of sensory perception. We examined whether or not syn-
chronization could impact the topography of temporal perception [90]. The goal of the study
was to elucidate the impact of stimulus-driven synchronization on adjacent cortical ensembles
and the spatio-temporal integration of information that results from those ensembles being
temporally linked or bound by a common synchronizing input. More specifically, we dem-
onstrated that temporal order judgment (TOJ — a measure obtained from determining the
minimal inter-stimulus interval necessary for a subject to detect the temporal order of two
sequentially delivered peripheral stimuli) and temporal discrimination threshold (TDT) in
neurotypical subjects were significantly impacted when two synchronized (but low ampli-
tude) vibrotactile stimuli were delivered concurrently to the dual test stimulus sites. The
conclusion of that study was that the stimulus-driven linkage between topographically
adjacent sites resulted in an increase in TOJ threshold and TDT (or worse performance), most
likely because these cortically adjacent or near-adjacent regions were being driven with a
simultaneous and identical sinusoidal pair of tactile stimuli which contributed to a loss in
spatio-temporal contrast [90].
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A subsequent question that was then addressed was whether or not individuals with autism
experience a decrease in timing perception (as measured by TOJ and TDT) if the same
concurrent synchronizing stimuli were delivered during the TOJ/TDT tests. If neurologically
compromised individuals — such as those with autism — have distinct systemic cortical deficits,
and these deficits extend to local neuronal circuitry connectivity, then the abnormal functional
connectivity between adjacent and/or near adjacent cortical ensembles would hypothetically
decrease the effect that stimulus-driven synchronization has on the TOJ or TDT task (i.e.,
performance on the task would not degrade). Comparisons of the control vs. autism results
(previously reported in [69, 90]) are shown in Figure 7. Note that with concurrent stimulation,
individuals with autism do not suffer the same decrease in sensory discriminative performance
that controls do. In other words, the functional linkage in controls that becomes rapidly
established, due tolocal synchronization effects, appears to perceptually bind the two stimulus
sites (in this case, digits two and three) to an extent that it becomes more difficult to identify
the temporal order between the two sites. Thus, as in the case of adaptive responses, it appears
that there is a loss of an ability to integrate both spatial and temporal information in autism.
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Figure 7. TDT and TOJ performance metrics obtained in the presence and absence of 25 Hz conditioning stimulation.
The 25 Hz conditioning stimulus significantly impaired TDT by ~240% (p < 0.01) and TOJ by ~360% (p < 0.01) for the
control group, whereas the autism group showed no significant change for either measure [69].

What could account for the reduction in TOJ performance in Typically Developing (TD)
controls? Functional connectivity between neighboring cortical regions normally leads to a
reduction in TOJ performance in healthy controls with the introduction of the synchronized
conditioning stimuli, and this is predicted by recordings from in vivo animal studies. Consider
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the results displayed in Figure 8. Extracellular recordings were obtained from SI cortical
regions corresponding to D2 and D3 in the squirrel monkey. When a vibrotactile pulse was
delivered to D2, a significant above background response was evoked at D2 (top left quadrant)
butnot at the D3 representation (top right quadrant). However, when sub-threshold synchron-
ized sinusoidal stimuli were delivered to both digits prior to the pulse (bottom half of Figure
8), the pulse at D2 evokes a response at both the D2 and D3 representations (note absence of

evoked activity before zero msec during subthreshold stimulation).

D2 D3

0 50 ms 0 A0 ms

0 50 ms

Figure 8. Extracellular recordings obtained from SI cortical regions corresponding to D2 and D3 in the squirrel mon-
key. When a vibrotactile pulse was delivered, a significant above background response was evoked at D2 but not at
the D3 representation. When sub-threshold synchronized sinusoidal stimuli were delivered to both digits prior to the
pulse, the pulse at D2 evokes a response at both the D2 and D3 representations.

From this type of data, we hypothesized that this response was the result of functional
connectivity between adjacent and/or near adjacent cortical ensembles. In other words, the
conditioning stimuli delivered prior to the TOJ task engaged the cortical ensembles in the D2
and D3 cortical representations to be in concert, and delivery of a simple stimulus to one digit
(D2) resulted in a near simultaneous response at the representation of another digit (D3). Thus,
it would be predicted that delivery of synchronized conditioning stimuli would impact the
topography of temporal perception [90]. However, individuals with autism do not suffer the
same decrease in sensory discriminative performance that neurotypical controls do. In other
words, the functional linkage that becomes rapidly established in TD individuals to local
synchronization effects. appears to perceptually bind the two stimulus sites does not occur in
autism [69]. Thus, an extrapolation of this is that, utilizing measures impacted by stimulus
driven synchronization, there is significant hypo-connectivity in autism at the level of local

cortical ensembles.
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Figure 9. Visual representation of feed forward inhibition

Interim Summary: In the previous 3 sections, we described sensory-based diagnostic protocols
that were based on neurophysiological principles that have been elucidated in animal studies.
In the following sections, we describe additional protocols based on hypotheses that have not
yet been tested in in vivo animal models, and it is anticipated that these protocols will add
further insight into differences in fundamental mechanisms of information processing between
TD and Autism Spectrum Disorder (ASD) individuals.

5. The role of sub-threshold stimulus-evoked inhibition: feed-forward
inhibition and the role of within-column connectivity

A major well-documented feature of cortical functional organization is the presence of
prominent feed-forward inhibition in the input layer 4 (see Figure 9). Local layer 4 inhibitory
cells receive direct thalamocortical input and in turn suppress responses of neighboring layer
4 excitatory cells to their thalamocortical drive, thereby sharpening their RF properties [91-96].
These inhibitory cells are more responsive to weak (near-threshold) afferent drive than are the
excitatory layer 4 cells and thus they raise the threshold at which excitatory layer 4 cells begin
to respond to peripheral stimuli. Sensory testing of stimulus detection threshold is particularly
well-suited for probing feed-forward inhibition, considering that stimuli just below the
detection threshold will be too weak to vigorously engage other layer 4 mechanisms besides
thalamocortical excitation and feed-forward inhibition (such as lateral excitation, recurrent or
feedback inhibition, or activity-driven adaptation).

Tactile thresholds were collected in two distinct manners. The “static thresholds were meas-
ured using a 20-trial Two Alternative Forced Choice (2AFC) Tracking protocol. During each
trial a 25 Hz vibrotactile test stimulus (lasts 500 ms) was delivered to either D2 or D3; the
stimulus location was randomly selected on a trial-by-trial basis. Following each vibrotactile
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stimulus, the subject was prompted to select the skin site (D2 vs. D3) that perceived the
stimulation. After a 5sec delay —based on subject response — the stimulation was repeated until
the completion of the 20 trials. The stimulus amplitude was started at 15um and was modified
based on the subject’s response in the preceding trial. During the “dynamic” threshold
detection, a 25 Hz vibrotactile stimulus was delivered to either D2 or D3 (the stimulus location
was randomly selected on a trial-by-trial basis). The amplitude of the stimulus was initiated
from zero and increased in steps of 2 pm/s. The subject was instructed to indicate the skin site
that received the stimulus as soon as the vibration was detected. Multiple trials were conducted
with a random delay between trials and the results from those trials were averaged for each
subject. For a complete experimental explanation, see [97-99].
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Figure 10. Static Thresholds collected using a 2AFC Protocol are compared to Dynamic Thresholds using a ramping
amplitude protocol.

In our comparative study of typically developing vs. autism individuals, we found that
subjects with autism exhibit significantly greater diversity in their detection thresholds on
fingertips than control subjects, with two groups emerging (designated as Group A and Group
B). Based on cluster analysis of several measures, the data that we have obtained thus far
strongly suggests two distinct clusters within the spectrum. Group B autism individuals have
dynamic thresholds lower than controls (thus suggesting reduced feed-forward inhibition)
and group A autism individuals have dynamic thresholds higher than controls (thus suggest-
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ing enhanced feed-forward inhibition). Inhibitory neurogliaform cells in layer 4 use both
GABA, and GABA; receptor-mediated inhibitory synaptic transmission ([100]; in other
inhibitory cell classes, GABAj receptors are located in the presynaptic membrane and used for
autocontrol). GABAg-mediated inhibition develops and lasts much longer than GABA,-
mediated inhibition. We believe we detect the GABA; component of feed-forward inhibition
in our new “dynamic:” variant of the basic (“static”) detection threshold test, in which we
deliver vibrotactile stimuli of gradually increasing amplitude (starting at zero and growing at
a rate of 2 um/s) until the subject detects the vibration. Interestingly, this time-extended mode
of stimulus delivery prominently elevates the detection threshold (compare “static” and
“dynamic” plots in Figure 10), presumably by fully activating slow GABAj; inhibition in
addition to fast GABA , inhibition. Again we find that autism subjects exhibit greater diversity
on this test than controls: group A autism individuals have static thresholds below controls,
but dynamic thresholds above controls (suggesting reduced GABA  inhibition, but elevated
GABAj inhibition), while group B autism have the opposite relations. Thus, if alteration of
GABAa vs. GABAD inhibition influences the impact of subthreshold mediated activation, then
the two aforementioned autism populations should, if treated pharmacologically, respond
differently to a GABAb agonist, such as baclofen. If this is the case, then a simple measure such
as that described above could predict whether or not this particular treatment would be
effective.

6. Temporal integration: Rate dependent modulation of vibrotactile stimuli

The difference that we observed with static vs. dynamic thresholds encouraged us to explore
the impact that changing the rate of amplitude modulation would have on sensory percept
performance at supra-threshold levels. In the dynamic threshold task, an amplitude modula-
tion rate of 2 um/s was used to deliver a subthreshold stimulus. Delivering higher rates of
amplitude modulation at above threshold values yields very different results. In the data
presented below, a subject’s ability to match two stimuli was assessed at nine different rates
of amplitude modulation (one stimulus was held at steady state values, the other was increased
until it was perceived as a match; [99]). At the lowest rates, subjects performed comparably to
the dynamic threshold task (Autism group A performed worse than controls and Autism B,
though not significantly). With an increasing rate of modulation, from 1.25 to 10 pm/s, the
Autism A group demonstrated a decreasing Difference Limen (DL). As the rate increased
above 15 pm/s ond, this group began performing significantly worse in that the test stimuli
was increased well beyond the value of the standard stimulus (resulting in the “negative” DL).
It appears that this group was unable to temporally integrate information from the stimuli,
and future in vivo studies will examine the role that different neurotransmitter systems play
in such temporal integration.
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Figure 11. Left Panel: Comparison of data obtained from typically developing controls vs. individuals with autism. Note
that at lower rates of stimulus amplitude modulation, all 3 groups behave approximately the same way. As the amplitude
modulationrateisincreased, the responses of one of the autism groups diverge distinctly from the responses of the other
subjects. Note that the negative Weber fraction indicates that the subject responded beyond the matching point of the
two stimuli rather than before. Right Panel: Comparison of individual data points from the highest modulation rate dis-
playedinPanel A.Note the clustering of the data points within each of the groups of subjects.

7. Generating an individual CNS profile from multiple measures

A battery of protocols yields multiple parameters that can be used to build a CNS profile of a
subject. Since each of the tests are influenced by some mechanisms more than others (e.g.,
adaptation will influence the evoked cortical response during conditioning prior to a TOJ task,
but synchronization of cortical ensembles appears to have the predominant outcome on that
task), combining the results from multiple tasks — with each task characterized as an inde-
pendent vector of performance for some aspect of CNS information processing - would
predictably yield a unique individual CNS profile. To fully appreciate the differences between
subject populations, we utilized a modern mathematical approach for multi-variable analysis.
Quantitative performance of each subject on the battery of N sensory tests was treated as
localizing a subject in an N-dimensional “cortical metrics” space (i.e., an abstract space in which
each coordinate axis corresponds to one of the battery’s sensory tests). Principal Component
Analysis (PCA) was then used to graphically display the test-performance data collected in
the different subject populations. Figure 12, for example, was generated using PCA on 8
metrics, and it clearly separates individuals with autism (orange) from TD controls (blue) with
a99% confidence level that the two populations are different (using a t-squared Hotelling test).
Our long term goal with this work is to develop metrics that have the requisite sensitivity to
reflect the impact that treatments or interventions have. It is anticipated that successful
treatments would result in a shift of the autism values towards the more tightly clustered
control values.
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principal component 2

principal component 1

Figure 12. PCA Analysis was used to examine the performance of two populations on 8 differerent metrics. The analy-

sis clearly separates individuals with autism (orange) from TD controls (blue). (99% confidence using a t-squared Ho-
telling test)

8. Conclusions

Adults with autism exhibit inhibitory deficits that are often manifested in behavioral modifi-
cations such as repetitive behaviors and/or sensory hyper-responsiveness. If such behaviors
are the result of a generalized deficiency in inhibitory neurotransmission, then it stands to
reason that deficits involving localized cortical-cortical interactions — such as in sensory
discrimination tasks — could be detected and quantified. This chapter describes recently
developed hypothesis driven methods for quantifying metrics of sensory perception based on
the neurophysiological principles of cortical modularity. These novel sensory discrimination
tests may provide (a) an effective means for biobehavioral assessment of deficits specific to
autism and (b) efficient and sensitive measures of change following treatment. The methods
could prove to be a useful and efficient way to detect specific neural deficits and monitor the
efficacy of pharmacological and/or behavioral treatments in autism.
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