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Abstract
A recent study (Tannan et al., 2006) showed that pre-exposure of a skin region to a 5 sec 25 Hz flutter
stimulus (“adaptation”) results in an approximately 2-fold improvement in the ability of
neurologically healthy human adults to localize mechanical stimulation delivered to the same skin
region that received the adapting stimulation. Tannan et al. (Tannan et al., 2006) proposed that tactile
spatial discriminative performance is improved following adaptation because adaptation is
accompanied by an increase in the spatial contrast in the response of contralateral primary
somatosensory cortex (SI) to mechanical skin stimulation – an effect identified in previous imaging
studies of SI cortex in anesthetized non-human primates (e.g., Simons et al., 2005;Tommerdahl et
al., 2002;Whitsel et al., 1989).

In the experiments described in this report, a paradigm identical to that employed previously by
Tannan et al. (2006) was used to study adults with autism. The results demonstrate that although
cutaneous localization performance of adults with autism is significantly better than the performance
of control subjects when the period of adapting stimulation is short (i.e., 0.5 sec), tactile spatial
discriminative capacity remained unaltered in the same subjects when the duration of adapting
stimulation was increased (to 5 sec). Both the failure of prior history of tactile stimulation to alter
tactile spatial localization in adults with autism, and the better-than-normal tactile localization
performance of adults with autism when the period of adaptation is short are concluded to be
attributable to the deficient cerebral cortical GABAergic inhibitory neurotransmission characteristic
of this disorder.

1. Introduction
In a recent paper in this Journal (Tannan et al., 2006), we reported that in healthy adult subjects
spatial localization of a 25 Hz flutter stimulus on the skin of the hand improves substantially
following adaptation. In that study we delivered an adapting stimulus (0.5 or 5 sec) to a
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randomly selected location on the skin, and in 2 subsequent temporal intervals either the
standard or a test skin flutter stimulus (the 25 Hz standard and test stimuli were equal in
amplitude) was delivered either at the locus of the adapting stimulus, or at another randomly
located skin site. Subjects then were queried as to which interval contained the standard
stimulus. The observations revealed that long-duration (5 sec) adaptation improved spatial
acuity by nearly 2-fold relative to performance under the short-duration (0.5 sec) adaptation
condition. This considerable improvement in performance was hypothesized to be due to
adaptation-induced pericolumnar lateral inhibitory interactions which lead to a more focused
(“spatially funneled”) primary somatosensory cortical response to mechanical skin stimulation
(Simons et al., 2005;Tommerdahl et al., 2002;Whitsel et al., 1989;Juliano et al., 1989).

The above-described human psychophysical findings appear fully consistent with published
theoretical accounts of the effects of repetitive skin stimulation on the SI cortical response to
stimulation. More specifically, observations obtained in the pioneering neurophysiological
recording studies led Mountcastle and colleagues to advance the proposal (Mountcastle and
Darian-Smith, 1968;LaMotte and Mountcastle, 1975;LaMotte and Mountcastle, 1979) that a
subject’s ability to localize a mechanical stimulus on the skin depends on stimulus-evoked
dynamic (time-dependent) pericolumnar lateral inhibitory interactions which increase the
spatial contrast between regions of SI cortex activated differentially by stimulus-evoked
afferent drive. The idea that a subject’s ability to accurately perceive the spatial locus of a
mechanical skin stimulus depends on the spatial contrast of the activity profile that a stimulus
evokes in the responding region of contralateral SI cortex has received wide acceptance, but
the continuing absence of direct experimental support for this concept motivated us to re-
evaluate the phenomenon using optical intrinsic signal imaging methods (OIS imaging;
Tommerdahl et al., 2002;Simons et al., 2005;Simons et al., 2006) to investigate the effect of
different durations of repetitive mechanical stimulation of a skin site on the spatial profile of
SI activation. Briefly summarized, we found that exposure of a skin site to a temporally
extended (> 0.5 sec) 25 Hz vibrotactile stimulus is consistently accompanied by a dramatic but
stereotypical sequence of changes in the global SI activity pattern – while activation in SI
initially occurred in much of the extensive region that receives input from the stimulated skin
site, with continuing stimulation not only did the activated region shrink in size, but the
surviving region of activation came to be bounded by one or more regions where activity was
reduced to significantly below-background values (Tommerdahl et al., 2002;Simons et al.,
2005;Simons et al., 2006). In addition, evidence obtained in in vivo and in vitro imaging studies
indicates unambiguously that GABA-mediated cortical inhibitory processes are responsible
for the time-dependent spatial contraction of the SI activation pattern that accompanies the
delivery of repetitive thalamocortical afferent drive (e.g., as can be achieved using temporally
extended vibrotactile stimulation (Juliano et al., 1989), or repetitive electrical stimulation of
thalamocortical afferents (Kohn et al., 2000)).

Experimental evidence provided by others led the authors to consider the possibility that
individuals diagnosed with autism would not exhibit the adaptation-induced enhancement of
tactile spatial localization characteristic of neurologically normal subjects. First, Casanova and
colleagues have reported that neocortical minicolumnar size in autism is significantly reduced
in ways that could reduce within-network communication (Casanova et al., 2006). Second,
suppressed GABAergic inhibition has been suggested to be a common feature of the autistic
brain (Hussman, 2001). For example, parietal cortex in subjects with autism exhibits a ~ 50%
reduction in protein levels of the enzymes that synthesize GABA, glutamic acid decarboxylase
(GAD) 65 and 67 (Fatemi et al., 2002). Both of these observations appear to be fully consistent
with the frequently reported hypersensitivity (Cascio et al., 2007;Blakemore et al., 2006) and
abnormally widespread (Belmonte et al., 2004) cerebral cortical response to skin stimulation
in autism. If parietal cortical pericolumnar lateral inhibitory interactions are, in fact, deficient
in subjects with autism, and if adaptation-induced spatial funneling of the primary

Tommerdahl et al. Page 2

Brain Res. Author manuscript; available in PMC 2008 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



somatosensory cortical response to repetitive skin stimulation is achieved via GABA-mediated
postsynaptic inhibitory mechanisms intrinsic to primary somatosensory cortex, subjects with
autism should not be expected to exhibit the adaptation-induced improvement of tactile spatial
localization capacity that occurs reliably in neurologically normal subjects. The goal of the
present study was to obtain evidence bearing on this possibility using the same human
psychophysical procedures and instrumentation described by Tannan et al. (Tannan et al.,
2006).

2. Results
A two-interval forced-choice (2IFC) tracking protocol (“2 up – 1 down”; 2 correct answers are
followed by a decrease of the distance between the standard and test stimuli; the distance is
increased following an incorrect answer) was used to determine spatial localization threshold
under two different durations of adapting stimulation (0.5 sec vs. 5.0 sec) for subjects with
autism. Five sessions (two runs in each session) were conducted for each of the four subjects
with autism. Exemplary individual averaged plots for two control subjects (previously
published in Tannan et al., 2006) are compared with data from the four individual subjects with
autism in Figure 1. Note that in each of the data sets from the control subjects, there was a
marked improvement in spatial localization tracking performance that occurred when the task
was preceded by a 5 sec duration adapting stimulus. In contrast, the plots of the data obtained
from the individuals with autism show that there is no discernable difference between the results
generated by the two different adapting stimulus conditions.

To determine across-subject consistency, the tracking data collected under each condition for
the subjects with autism (20 sessions in total) were averaged. As seen in the middle panel of
Figure 2, the localization distance of these subjects tracked to 8 – 9 mm for both the 0.5 sec
and 5 sec durations of adapting stimulation. To summarize, in subjects with autism, the
localization of tactile skin flutter stimulation did not change with a 5 sec adaptor compared to
that with a 0.5 sec adaptor. In order to more directly compare the responses measured under
each of the stimulus conditions, the tracking values obtained from the last five trials across all
subjects with autism were averaged, shown in the right panel of Figure 2. These values were
8.983 ± 0.534 mm for the short-duration adaptor and 9.133 ± 0.511 mm for the long-duration
adaptor (mean ± std err). Averaged spatial localization tracking performance obtained from
control subjects in the previous study (Tannan et al., 2006) are shown in the left panel of Figure
2 for comparison, as are the localization distance values for the controls in the right panel of
Figure 2: 10.283 ± 0.280 for the short-duration adaptor, and 6.983 ± 0.366 for the long-duration
adaptor.

ANOVA testing was performed on the data averaged across all subjects with autism; the null
hypothesis evaluated was that mean tactile localization performance is not significantly
different when the duration of adapting stimulation is 0.5 or 5.0 sec. The results (F = 0.21416;
p > 0.05) confirmed that tactile localization performance of subjects with autism does not alter
significantly when the duration of adapting stimulation is increased from 0.5 to 5.0 sec. In
addition, the analysis revealed that at either duration of adapting stimulation (for 5.0 sec
adaptation F = 96.17924, p < 0.01; for 0.5 sec adaptation F = 15.23406, p < 0.01) mean tactile
localization performance for control subjects is significantly different than that of the subjects
with autism.

3. Discussion
The present study evaluated the effects of adaptation on spatial localization of a 25 Hz flutter
stimulus on the dorsal surface of the attended hand in adults with autism. Tactile localization
performance did not change (i.e., spatial acuity was the same) when the duration of adapting
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stimulation was changed from 5.0 to 0.5 sec. Thus, although in normal subjects longer duration
(5.0 sec) adaptation results in a nearly 2-fold improvement in spatial acuity relative to that
measured under the short-duration (0.5 sec) adaptation condition (Tannan et al., 2006), duration
of exposure to adapting stimulation fails to modify spatial acuity in subjects with autism. Also
notable was the finding that when the duration of adaptation was short (0.5 sec), subjects with
autism actually outperformed subjects without autism. This superior performance not only
demonstrates that the subjects with autism could clearly understand and perform the tracking
task, but it points out a major difference between subjects with autism and the control
population: i.e., the subjects with autism exhibit no improvement in tactile localization
performance when the duration of adapting stimulation is increased.

The observed improvement in tactile spatial localization performance that in control subjects
accompanies increasing stimulus duration is presumed to reflect the spatial separation of the
responses of primary somatosensory cortex to dual-site skin stimulation. If this widely-held
presumption is correct, the findings obtained in the present study raise the possibility that local
corticocortical functional connectivity in subjects with autism may be substantially abnormal.
While a number of findings have demonstrated that long-range functional connectivity in
subjects with autism is very different from that present in the general population (for review,
see Polleux and Lauder, 2004;Herbert, 2005), it is unlikely that the different observations
obtained from subjects with autism and control subjects reported in this study are attributable
to differences in long-range corticocortical connections. Instead, the improved tactile spatial
localization that accompanies an increase in duration of adapting stimulation most likely would
occur as a result of local dynamic corticocortical interactions that operate to improve the
contrast of the primary somatosensory cortical response to a repetitive stimulus through lateral
inhibition. Based on this perspective, the measures of tactile localization performance
described in this paper appear to reflect the deficit in short-range parietal corticocortical
connectivity identified in subjects with autism by Casanova and colleagues (Casanova et al.,
2002, 2003; 2006). Such changes in connectivity could lead to the imbalance in excitation and
inhibition that others have predicted underlies the neocortical hyperexcitability and unstable
activity in cortical networks characteristic of autism (Polleux and Lauder, 2004;Rubenstein
and Merzenich, 2003).

There is substantial evidence that in autism, cerebral cortical information processing not only
is abnormal in the “high-order” neocortical areas that underlie language and social interaction
skills, but also is deficient in the “lower-order” areas which receive and carry out the initial
processing of the thalamocortical afferent activity evoked by sensory stimulation.
Abnormalities of the stimulus-evoked response of primary sensory cortex in subjects with
autism have been demonstrated using psychophysical testing procedures and
neurophysiological recording methods. For example, some subjects with autism exhibit hyper-
arousal to natural sensory input, and a decreased ability to select among competing sensory
inputs (Belmonte and Yurgelun-Todd, 2003;Gomot et al., 2002;Kootz et al., 1981;Plaisted et
al., 2003). Furthermore, regions of cortex devoted to stimulus-driven sensory processing
display excessive responsivity in subjects with autism, and exhibit little-to-no specificity in
response to either the location or modality of sensory stimulation (Belmonte et al., 2004;Baron-
Cohen and Belmonte, 2005). Although many reports acknowledge a widespread neocortical
dysfunction in autism, it is less widely recognized that the dysfunction is non-uniform – e.g.,
the excessive responsivity of primary sensory cortex to peripheral stimulation is accompanied
(in the same subject) by abnormally low activation/responsivity in cortical regions devoted to
higher-order information processing (Belmonte et al., 2004;Belmonte and Yurgelun-Todd,
2003).

Consideration of the above-described observations, together with the relatively recent
demonstration that autism is associated with mutation in regions centered around the
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GABAA-β3 receptor subunit gene, led some researchers (Belmonte et al., 2004;Polleux and
Lauder, 2004) to suggest that the neocortical dysfunction in this disorder may be attributable
to a deficiency during early development in GABA-mediated synaptic neurotransmission.
According to this view, the excessive excitatory neurotransmission within low-order
neocortical processing areas that accompanies insufficient GABA-mediated neocortical
inhibition leads to the experience-driven abnormalities in neocortical functional connectivity
characteristic of autism. More specifically, in subjects that develop autism, abnormal
neocortical information processing strategies attributable to excess excitation in the early-
developing low-order processing areas are viewed to direct the formation (via activity-
dependent neuroplasticity) of a long range inter-areal connectivity incapable of supporting the
between-area communication and neuronal synchronization essential for normal social
interaction and language processing skills (Belmonte et al., 2004;Just et al., 2004). Consistent
with this perspective are: (i) the recommendation that drugs that promote GABAergic CNS
synaptic neurotransmission be considered for early intervention and as potential therapeutic
agents for autism (Belmonte et al., 2004;Bethea and Sikich, 2007); and (ii) the
neuromechanistic proposal that an increased ratio of excitation to inhibition in CNS
information processing systems accounts for the principal features of autism (Rubenstein and
Merzenich, 2003).

The results described in this paper used an approach (Tannan et al., 2006) that enables
convenient and rapid acquisition of quantitative measures of somatosensory tactile spatial
localization capacity – a somatosensory perceptual capacity that animal functional
neuroimaging evidence strongly suggests reflects the status of GABA-mediated inhibitory
neurotransmission in primary somatosensory cortex (Simons et al., 2005;Tommerdahl et al.,
2002;Whitsel et al., 1989;Juliano et al., 1989). Additionally, the findings reveal statistically
highly significant differences between the tactile localization performance of normal subjects
and those with autism. The deficient tactile spatial localization performance of subjects with
autism demonstrated in the present study appears consistent with the proposal that
somatosensory cortical GABAergic inhibitory neurotransmission is deficient in autism. In
addition, the inability of adapting stimulation to improve tactile localization performance in
subjects with autism (presumably because of the failure of such stimulation to dynamically
recruit GABA-mediated local lateral inhibitory interactions in the responding region of primary
somatosensory cortex) provides a potential explanation for the widely-known, but poorly
understood tendency for subjects with autism to perform poorly (relative to control subjects)
on more complex tasks requiring spatial and/or temporal integration, but better-than-normal
when the task emphasizes appreciation of local detail (for review, see Mottron et al., 2006).
These considerations lead the authors to regard it as feasible that the better-than-normal
performance of subjects with autism on tasks emphasizing appreciation of local detail may be
due to the complete absence in these individuals of adaptation in primary somatosensory cortex.
Critical to this view is the fact that the local GABA-mediated lateral inhibitory interactions we
presume to underlie tactile adaptation manifest a non-zero level of activity in a normal subject
– and, accordingly, even in the absence of recent skin stimulation normal primary
somatosensory cortex is assumed to exhibit partial/incomplete adaptation.

To our knowledge, this study has provided the first objective metric that clearly defines a
difference between the centrally-mediated somatosensory discriminative capacities of the
general population and a sample of individuals with autism. We consider it likely that further
studies of this type will provide valuable insights not only about the nature of the neocortical
information processing defects that underlie autism, but other neurological disorders as well.
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4. Experimental Procedure
The subjects were four Caucasian males between the ages of 21 and 42 years, clinically
diagnosed with autism (i.e., Autistic Disorder or Asperger Disorder; DSM-IV-TR; APA, 2000),
and naïve both to the study design and issue under investigation. They were recruited from the
University of North Carolina Neurodevelopmental Disorders Research Center Subject
Registry. All four individuals had been previously tested with the Autism Diagnostic Interview
– Revised (ADI-R; LeCouteur et al., 2003), the Autism Diagnostic Observation Schedule -
Module 4 (ADOS; Lord et al., 1999), as well as the Wechsler Abbreviated Scale of Intelligence
(WASI; Wechsler, 1999). All four subjects met diagnostic criteria for autism on the ADI-R,
and had average to above average intelligence (WASI Full Scale IQs ranged from 87 to 129).
Education levels were as follows: One subject completed the 8th grade, two subjects completed
high school, and one subject received a bachelor’s degree. Participants were screened for
comorbid psychiatric diagnoses, peripheral injury, and other conditions that would affect
somatosensation. The subjects gave informed consent and were paid $20/hour for their time.
All procedures were reviewed and approved in advance by an institutional review board.

Sinusoidal vertical skin displacement stimuli were delivered to the dorsum of the hand using
a vertical displacement stimulator (Cantek Metatron Corp., Canonsburg, PA) fitted with a Two-
Point Stimulator (TPS). The TPS and its use are described in detail in two separate reports
(Tannan et al., 2005a;Tannan et al., 2005b). A single probe tip (2 mm diameter) is positioned
along a linear axis 20 mm long at incremental steps of 1 mm (step error of approximately 1%).
The stimulator apparatus was mounted on an adjustable mechanical arm with lockable joints
that was attached to a free-standing, rigid platform (fabricated locally) which enables
convenient adjustment and maintenance of stimulus position. Spatial discrimination tasks
generate similar psychometric functions at the fingertip and the hand dorsum, differing
essentially only by an order of magnitude (Schlereth et al., 2001;Mahns et al., 2006). A
transversally oriented linear array (20mm in length) on the hand dorsum was selected to receive
the stimulation because: 1) innervation density across this skin region remains relatively
constant, 2) the surface is easily accessible and permits convenient stimulator placement, 3)
the surface is relatively flat, reducing confounds of skin curvature present at other potential
sites of stimulation, and 4) it permits positioning of the subject’s arm and hand in a comfortable
and stable position for the full duration of an experimental session.

The subject was seated in a chair with the right arm placed resting on an X-ray bag filled with
glass beads. The investigator molded the bag to fit the contours of the subject’s arm, and when
the subject was comfortable and the arm positioned to allow unimpeded access of the stimulator
to the center of the dorsal surface of the right hand, the bag was made rigid by evacuating it of
air (achieved by connecting the bag to a vacuum line). The subject was unable to see either the
experimenter or the stimulator and stimulus-control instrumentation. White noise presented
via headphones eliminated potential auditory cues. A micrometer permitted the stimulator
transducer and probe assembly to be lowered towards the predefined skin site. The micrometer
position at which the digital display on the stimulator controllers registered a 0.1 – 0.2 g change
in resistive force was interpreted as the point at which the stimulator probe made initial contact
with the skin.

A two-interval forced-choice (2IFC) tracking protocol was used to evaluate spatial localization.
The subject was instructed to attend to the percept evoked by 25 Hz (100 μm peak-to-peak
amplitude) vibrotactile stimulus to the right hand. Each trial consisted of three stimuli: 1) an
adapting stimulus (either 5 or 0.5 sec in duration), 2) a standard stimulus (0.5 sec) delivered at
the same site as the adapting stimulus, and 3) a test stimulus (0.5 sec) delivered to a skin site
different from the standard stimulus. Duration of the inter-stimulus (ISI) and inter-trial (ITI)
intervals was held constant for all runs at 2 and 30 sec, respectively. All stimuli were
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superimposed on a pedestal of skin indentation (500 μm), and following each stimulus the
probe was retracted to a position 500 μm above the skin surface. Timing and stimulus position
diagrams of the experimental protocol, shown in Figure 3, are reported in a recent study
(Tannan et al., 2006). The adapting stimulus always was presented first during the Adapting
Interval (AI) and was positioned randomly along the axis. The adapting stimulus was, in turn,
followed by either the standard stimulus or the test stimulus (order of presentation was
randomly determined on a trial-by-trial basis) during Interval 1 (I1). The third stimulus
delivered in a trial (standard or test, whichever had not been presented), was applied during
Interval 2 (I2). Subject feedback was provided during the Response Interval (RI).

In each trial the adapting stimulus was delivered at a randomly selected locus within the 20
mm array. The distance between the standard and test stimuli (10 mm in the 1st trial at the start
of each run) was determined on the basis of subject performance. The subject was instructed
to report the interval during which the standard stimulus, delivered to the same skin site
contacted by the adapting stimulus, was present. If the subject chose the correct interval, the
distance between the skin sites contacted by the test and standard stimulus was reduced by 1
mm. If the incorrect interval was chosen, the distance was increased by 1 mm. This procedure
was repeated for a minimum of 20 trials in an attempt to identify the minimally detectable
separation (spatial localization threshold) between the test and standard stimuli under a given
adaptation condition (5 sec vs. 0.5 sec). Order of the 2 adapting stimulus conditions (5 or 0.5
sec) within a session was randomized. Each subject completed 5 sessions (each session
consisted of 2 runs).
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Figure 1.
Spatial localization tracking plots, under 2 conditions of adapting stimulus duration, were
averaged for individual subjects. Top panel: Tracking data for two subjects from the control
group, obtained in a previously reported study (Tannan et al., 2006). Note that spatial
localization performance is distinctly better in the 5.0 sec vs. 0.5 sec duration adapting stimulus
condition. Bottom panel: Tracking plots for each of the 4 subjects with autism.
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Figure 2.
Spatial localization under 2 conditions of adapting stimulus duration for adults with and without
autism. Data displayed from the control subjects (left panel; previously reported (Tannan et
al., 2006)), contrasts markedly from the data displayed in the middle panel which was obtained
from observations of subjects with autism. Note that subjects with autism, although they clearly
outperformed the controls in the 0.5 sec adapting condition, did not improve with the 5.0 sec
adapting condition. Panel at far right summarizes the findings with averages of the last 5 trials.
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Figure 3.
Stimulus position and timing diagram of experimental protocol. A. A 2IFC tracking protocol
was used to determine a subject’s spatial localization threshold under two conditions of
adapting stimulus duration (0.5 or 5 sec). B. In each trial, the subject was instructed to report
which of the two post-adapting stimuli was in the same place as the adapting stimulus. A
correct/incorrect response resulted in a decrease/increase in the distance by 1 mm. Each run
consisted of 20 trials. (Tannan et al., 2006)
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