Chapter 4

Firing-Rate and Spiking Neuron Simulations of
the Interaction Between Short-Term Plasticity
and Neuromodulation

Firing-rate adaptation and synaptic depression potentially provide a very simple,
automatic means of optimizing performance and efficiency in the short-term. However,
because the response decreases are due to mechanisms operating locally at each cell and
synapse individualy, there is no obvious guarantee that the changes will always be
beneficial for the global processing state. Indeed, there is a danger that neura signals
could decrease to the point that they are no longer reliably propagated. It is aso the case
that if increases in synchronization are not sufficiently large to offset the decreases in
firing rate, processing may become progressively impaired. Interestingly, the behavioral
effects associated with stimulus repetition are not always facilitatory. Normal adult
participants who are exposed to many rapid presentations of auditory word stimuli over
the course of 1-2 minutes can experience distortions and auditory hallucinations, an effect

referred to as verbal transformation (e.g. Warren, 1968; MacKay et al., 1993). Similarly,
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subjects exposed to massed repetition of a visua word for 30 seconds to a minute show
reduced semantic priming when asked to make a subsequent decison about a
semantically related word, a phenomenon termed semantic satiation (e.g. Smith, 1984;
Pilotti et a., 1997). Certain patients who have suffered brain damage also appear to show
reductions in identification performance when semantically related stimuli are repeated in
close tempora proximity (e.g. Warrington & McCarthy, 1983, 1987; Warrington &
Cipolotti, 1996). These cases fall under the larger blanket of behavioral habituation, a
progressive weakening or slowing of behaviora response with stimulus repetition
(Thompson & Spencer, 1966). In circumstances such as these, or in situations where
activity must be sustained for extended periods, it makes sense to have mechanisms that
could counter reduced neura responses when behavioral performance starts to suffer. As
mentioned earlier, neuromodulators such as acetylcholine and norepinephrine block the
calcium- and sodium-dependent potassium currents that mediate firing-rate adaptation,
and they reduce transmitter release which in turn reduces synaptic depression (e.g. Barkai
& Hasselmo, 1994; Sanchez-Vives et a., 2000; Schwindt et a., 1989; Tsodyks &
Markram, 1997). This suggests that under certain circumstances, the local decreases in
neural responses due to short-term plasticity might be attenuated by a more globa
neuromodulatory signal carrying information about performance level. Dynamic
adjustment of short-term plasticity by neuromodulation could promote good behaviora
performance and processing efficiency simultaneously. In contrast, when
neuromodulatory systems are inactive or damaged by brain injury, behaviord

habituation-like effects could be observed.

156



The brain's supply of acetylcholine and norepinephrine, as well as other
neuromodulators, is provided by subcortical nuclei of the basal forebrain and brain stem
(a series of basa forebrain nuclel, Chl-Ch4, along with the reticular formation in the
brain stem, supplies acetylcholine; the locus coeruleus in the brainstem supplies
norepinephrine). These nuclei send axona projections up through the white matter tracts
in fiber bundles that broadly innervate regions of the cortex. This fact, combined with
the observation that these diffuse projections release their chemicals at axonal varicosities
that affect many synapses simultaneously in a brain region, has led to the conclusion that
neuromodulators are likely to be involved with more global shifts of the information
processing state (e.g. Hasselmo, 1995). However, at least in the case of acetylcholine,
separate projections are sent to different neocortical areas and are spatially segregated to
the extent that brain damage might create a much more selective and localized
neuromodulatory deficit (e.g. Selden et al., 1998).

While the physiological actions of acetylcholine and norepinephrine are quite
similar, the two systems have distinct sets of anatomical projections, and might become
active under somewhat different behavioral circumstances. Both systems are implicated
in attentional and memory processing, athough norepinephrine also appears integral to
arousal, detection of changes in the externa environment, aspects of emotional
processing, and executive function (Aston-Jones & Bloom, 1981; Coull, 1994; 1998;
Ressler & Nemeroff, 1999; Servan-Schreiber, Printz, & Cohen, 1990). Increased levels
of acetylcholine appear to be associated with the presentation of novel or behavioraly
relevant sensory stimuli (e.g. Acquas, Wilson, & Fibiger, 1996; Buitt, Testylier, & Dykes,

1997; Miranda, Ramirez-Lugo, & Bermudez-Rattoni, 2000). In addition to reducing

157



firing-rate adaptation and synaptic depression, both acetylcholine and norepinephrine
enhance long-term plasticity effects such as LTP and LTD (e.g. Brocher et al., 1992;
Hopkins & Johnston, 1988; Huerta & Lisman, 1993). There is aso some evidence that
they both reduce transmitter release particularly at synapses within a cortical region and
at those providing feedback from more anterior cortical regions, as opposed to those
providing feedforward input from cortical regions involved in earlier sensory processing
(e.g. Gil, Connors, & Amitai, 1997; Hasselmo & Bower, 1992; Hasselmo & Cecik, 1996;
Hasselmo et al., 1997). Taken together, these findings suggest that when performance is
poor, as in the case of identifying relatively novel or unexpected stimuli, up-modulation
of acetylcholine and/or norepinephrine should enhance the processing of bottom-up
sensory inputs by reducing short-term neural response decreases, allowing more
sustained activity and enhanced plasticity. Consistent with this, recent studies have
shown that subjects who have been administered drugs that enhance acetylcholine levels
(physostigmine) respond more quickly in a working memory task for faces and exhibit
elevated neura activity that is more selective for faces (relative to other types of stimuli)
in occipital and ventral temporal cortical regions (e.g. Furey et a., 1997; Furey, Pietrini,
& Haxby, 2000). If acetylcholine and/or norepinephrine is blocked or reduced due to
brain damage, neural activity should be more dominated by decreases following stimulus
repetition or sustained processing, and behavioral performance should exhibit refractory,

habituation-like effects.
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4.1 Semantic Knowledge and the Distinction
Between Access/Refractory and
Degraded-Store Semantic | mpairments

In Smulations 6 and 7, the ideas discussed above about the interaction of
neuromodulation and short-term plasticity are used to address a set of neuropsychological
phenomena within the domain of semantic processing. Semantic knowledge is genera
conceptual, functional, and factual knowledge about the world that is gradually acquired
and abstracted over many individual experiences (Tulving, 1972). Knowing that acat is
amember of alarger class of things that we call animals, that a hammer is a tool used to
pound nails into wood, and that the earth is round and not flat are all examples of
semantic knowledge. The semantic system is thought to relate information across
different sensory and motor modalities, according it a central role in a wide variety of
important cognitive behaviors and tasks such as language and visual-motor interaction
(e.g. Caramazza €t al., 1990; Morton, 1981; Plaut, 2002; Riddoch et a., 1988; Shallice,
1988). In developing theories of normal semantic processing and representation, one
potentially useful set of empirical constraints comes from studies of individuals with
bran damage that selectively impairs performance on tasks requiring semantic
knowledge. Indeed, these studies have produced some of the most counterintuitive
findings observed in neuropsychology, and many researchers have taken this to suggest
that such findings are particularly useful constraints on theorizing (Shallice, 1988).

One of the more controversial sets of constraints centers around a contrasting
pattern of semantic impairment observed in two different populations of brain damaged

patients. One group of patientsis strongly influenced by word frequency and consistently
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identifies the same stimuli correctly. The other group of patients is less influenced by
frequency and performs inconsistently, in that they are temporarily worse under
conditions of short inter-trial intervals, close semantic distractors, and repeated stimuli.
This contrasting pattern has led some researchers to propose that there are two distinct
forms of semantic impairment, one resulting from damage directly to semantic
representations (a degraded-store impairment) and the other resulting from damage to
semantic access processes that makes them abnormally refractory (an access or
refractory impairment; e.g. Warrington & Shallice, 1979; Warrington & McCarthy, 1983;
1987). While a number of cases have been documented that fit broadly within this
framework, it has been criticized on both empirical and theoretical grounds. Rapp and
Caramazza (1993) pointed out that the relevant patients have not been assessed on al of
the same stimulus factors and that some of them appear to exhibit a mixing of access and
degraded-store patterns. They also argued that the theory of semantic access and
representation implicit in the proposal was too underspecified to be scientifically useful.
Although Warrington and Cipolotti (1996) have responded to the lack of empirical
validity, the theoretical concerns of Rapp and Caramazza (1993) have yet to be
completely allayed.

Smulations 6 and 7 present a computational theory of semantic processing that is
capable of addressing the variety of patient effects associated with the access/degraded-
store distinction. The account is based on a distinction between two different types of
neurological damage that can selectively affect the semantic system. One type involves
damage to neuromodulatory systems that normally function to enhance neural signals that

are otherwise attenuated locally by synaptic depression. Such damage can have a
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selective effect on particular cognitive domains because the fiber pathways to different
cortical regions from subcortical neuromodulatory centers are broadly segregated and can
be selectively disrupted (e.g. Selden et a., 1998). Another type involves damage to
connections between groups of neurons that encode semantic information. A firing-rate
based connectionist neural network is presented that |earns to map spoken-word input to
semantic representations. It incorporates synaptic depression and a simple form of
neuromodulation that is consistent with known effects of acetylcholine and
norepinephrine.  Damage to frequency-sensitive connection strengths that spares
neuromodulation yields a degraded-store pattern. The model produces a strong frequency
effect, it is consistent in which words it correctly identifies and it shows little effect of
presentation rate or repetition. An access/refractory pattern, on the other hand, is
produced under damage that reduces the presence of neuromodulatory factors. Synaptic
depression is stronger, resulting in large effects of presentation rate and repetition, as well
as inconsistent responding. These effects are most severe when the stimuli being
repeated are semantically related because such stimuli activate many of the same
neurons, and synaptic depression can build up across stimuli. Synaptic depression is also
stronger when activity in the network is initialy higher, as is the case for high frequency
words, counteracting norma frequency effects. Under different combinations of
neuromodulatory damage and damage to connections, it is possible to account for

patients who do not fit cleanly into either patient group.
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4.1.1 Accesdrefractory and degraded-store semantic mpair ments: Patient Data

A range of studies have demonstrated selective impairments on semantic tasks.
Warrington (1975) documented the performance of three patients suffering from
progressive temporal |obe atrophy. All three patients were markedly impaired on picture-
word matching, picture naming, and giving verbal definitions to orally presented words,
whereas they performed at near-normal levels on tests of general intelligence, working
memory, language functioning, and perception. They were quite unlike amnesic patients
in that they were well-oriented in time and place, they did not have a tendency to repeat
conversationa topics, and they were able to refer forward and backward to important
events in their lives. On further examination it became clear that the patients were
particularly impaired at identifying stimuli with low frequency names, and they were
often able to provide superordinate category information for stimuli that they could not
identify. A follow-up investigation of one of the patients (E.M.) showed that she
consistently identified the same items correctly or incorrectly over repeated testing
(Coughlan & Warrington, 1981). Frequency effects and the relative preservation of
general semantic knowledge common to many objects have since been broadly reported
in the literature on acquired semantic impairments in patients with a variety of etiologies
such as semantic dementia (probable Pick's disease), herpes simplex encephalitis, and
dementia of the Alzheimer's type (e.g., Breedin, Saffran, & Codlett, 1994; Chertkow,
Bub, & Seidenberg, 1989; Cipolotti & Warrington, 1995; Done & Gale, 1997; Hodges,
Graham, & Patterson, 1995; Hodges, Salmon, & Butters, 1992; Lambon Ralph et a.,
1998; Parkin, 1993; Sartori & Job, 1988; Silveri & Gainotti, 1988; Warrington &

Shallice, 1984; although see Funnell, 1995, and Tyler & Moss, 1998, for exceptions).

162



While response consistency has been investigated less often, studies that have examined
it have observed the co-occurrence of consistency, frequency effects and the relative
preservation of general semantic knowledge (e.g. Chertkow, Bub, & Seidenberg, 1989;
Hodges, Samon, & Butters, 1992; Silveri & Gainotti, 1988; Warrington & Shallice,
1984). Consistency and frequency effects have also been observed to co-occur in anomic
aphasic patients without marked semantic impairments (e.g. Howard, 1995; Lambon
Ralph, 1998).

In contrast, other patients with semantic impairments have exhibited highly
inconsistent, variable performance across repeated testing, some with weaker or non-
existent effects of word frequency. For example, Warrington and Shallice (1979)
characterized the performance of a dyslexic patient (A.R.) who had difficulty naming
letters, words or objects on visual presentation, but was able to name from verba
description. A.R.'s word-reading performance was unaffected by lexical frequency and
exhibited a high degree of inconsistency across repeated testing. He was able to provide
semantic information about words that he could not read, and his reading performance
improved significantly when he was cued with a semantically related auditory probe
word. Warrington and McCarthy (1983) studied the semantic impairment of a global
aphasic patient (V.E.R.) who had suffered a large infarction of the left middle cerebral
artery that resulted in profound language comprehension and production problems.
Using a word-picture matching task to assess comprehension, they found that she was
strongly influenced by presentation rate, performing much worse with shorter delays
between stimuli (2 vs. 30 seconds); she exhibited a weak but significant effect of lexical

frequency; she performed worse when stimuli within a block of trials were all highly
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related semantically; she performed inconsistently across stimuli repeated within a block,
performing well at the beginning of the block and progressively worse across repetitions
(termed a serial position effect), recovering over longer delays between blocks. The fact
that V.E.R.'s performance was relatively spared on picture-object matching led
Warrington and McCarthy to argue that her deficit was primarily one of auditory verbal
comprehension. This basic pattern of performance has been replicated with a number of
other global aphasic patients (Y.O.T.: Warrington & McCarthy, 1987; JM. Forde &
Humphreys, 1995), along with the lack of a significant frequency effect in some cases
(H.E.C.: Cipolotti & Warrington, 1995; M.E.D.: McNeil, Cipolotti, & Warrington, 1994;
A1, A2: Warrington & Cipolotti, 1996; see also Forde & Humphreys, 1995, Exp. 6).
Warrington, Shallice, and colleagues proposed that these two somewhat different
patterns of impairment - consistent responding with marked frequency effects versus
inconsistent responding with weak or absent frequency effects - might result from two
substantively different types of semantic impairment (Shallice, 1988; Warrington &
McCarthy, 1983; Warrington & Shallice, 1979, 1984). In particular, they drew a
distinction between damage directly to semantic representations, referred to as a
degraded-store deficit, and damage to modality-specific access pathways and processes
that spared semantic representations themselves, referred to as an access deficit. They
reasoned that a degraded-store deficit should be accompanied by consistent responding,
significant frequency effects, and a hierarchical breakdown of semantic knowledge if one
assumes a permanent loss of knowledge and more robust representation of familiar
stimuli and general, superordinate category information. Damage to access processes, on

the other hand, might lead access to be somewhat stochastic from trial to trial, giving rise
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to inconsistent responding across repetitions and reducing frequency effects since the
stochastic influences could be unrelated to word frequency and other stimulus
characteristics. They further hypothesized that spared representations under an access
deficit should support priming/cueing effects when primed/cued from a different
modality whereas severe damage to semantic representations should not. Warrington and
McCarthy (1983; 1987; see aso Cipolotti & Warrington, 1995) later refined the notion of
a semantic access deficit to involve refractoriness, a reduction in the ability to utilize the
semantic system efficiently for a period of time following activation. They claimed that
refractoriness was sufficient to explain characteristics of the global aphasic performance
such as the effects of presentation rate and serial position, as well as inconsistent
responding and reduced or absent frequency effects. It would also be possible to explain
the effects of semantic relatedness if one were to assume a gradient of refractoriness
within a semantic category®®. A summary of the patient data relating to access/refractory

and degraded-store deficitsis provided in Table 4.1.

18 Warrington and Shallice (1979) originally proposed that patients with an access impairment should not
exhibit evidence of a"hierarchical" breakdown of semantic information (i.e. no better at verifying general
superordinate features shared across category members than more subordinate, member-specific features)
because the stochastic influences that dominate their poor performance would be uncorrelated with feature
type. Itisunclear how this proposal squares with the common observation that these patients perform
worse when distractors in the match-to-sample tasks are semantically related.
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Table4.1:

Summary of "degraded-store" (above line) and "access/refractory” (below
line) patient data.

Rate Semantic Frequency Serial Priming/ Hierarchica
Patient  Etiology Task(s (F<9 Relatedness  (HF>LF) Consigency  Position Cueing (Super>Sub)
AB Cortical Defining, p<.001 p<.001
atrophy AFC
EM Cortical Defining, p<.001 p<.001 p<.01
atrophy AFC (C=.58)
CR Cortical Defining, p<.01 p<.001
atrophy AFC
JBR Herpes simplex Name/define p<.001 p<.001 p<.001
encephalitis words & pics (C=.61)
SBY Herpes simplex Name/define p<.02 p<.05 p<.001
encephalitis words & pics (C=.40)
LA Herpes simplex Name/define p<.01 p<.001 Superord &
encephdlitis words & pics (C=.54) semantic errs
n=22 DAT Naming, p<.0001 p<.0001 Impaired at
(Alzheimer's) sorting, WPM, sub (L2, L3)
defining but not super
S1 Atrophy (left WPM nonsg. p<.001 (bet- p<.001 p<.001 nonsig.
hemisphere) category)
S2 Atrophy (left WPM nonsg. p<.001 (bet- p<.001 p<.001 nonsig.
temporal lobe) category)
S3 Atrophy (left WPM nonsg. p<.01(Win& p<.001 p<.01 nonsig.
temporal lobe) bet-categ)
A Atrophy (left WPM nonsg. p<.001 (bet- p<.001 p<.001 nonsig.
temporal lobe) category)
PW Stroke (left Naming pics, nonsig. Highly
hemisphere) reading consistent
n=6 DAT Pic naming, p<.01 p<.005 p<.001 Impaired at
(Alzheimer's) WPM, AFC, sub (<.0005)
lex decision but not super
KE Left MCA stroke Oral/written nonsig. ON:<.01
(frontoparietal)  naming, WN:< .0001
reading Read: < .0005
AR Intracerebral Reading nonsig. nonsig. p<.01 nonsig.
abscess (left (c=.31
parietal)
YOT Left MCA stroke  WPM p<.001  p<.02 (W/in nonsig. p<.01
(temporoparietal) category)
MED Lesions (left Spoken-written p<.001  p<.01 (W/in nonsig. nonsig. p<.02
posterior fronto-  word matching category)
parietal)
M Stroke (left WPM p<.02 p<.05 (W/in nonsig. nonsig. p<.05
temporoparietal) category)
HEC Stroke WPM p<.01 p<.02 (W/in nonsig. nonsig. p<.02
(left hemisphere) category)
A2 Multifocal WPM p<.01 p<.01 (W/in nonsig. nonsig. p<.0001
cerebral tumor category)
Al Left MCA stroke WPM p<.001 p<.00l(W/in nonsig. nonsig. nonsig.
& between
category)
CAV Cerebral tumor  Reading p< .01 nonsig. Strong
(left posterior) (C=.23) priming
VER Left MCA stroke Word-object p<.001 p<.0l(Win p<.01 nonsig. p< .05
(frontoparietal)  matching category)
JCuU Haematoma (left  Picture p<.025 nonsig. p<.001
frontotemporal) naming
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Note: The five criteria validated by Warrington and Cipolotti (1996) that are most
relevant to subsequent model performance (rate, semantic relatedness, frequency,
consistency, and serial position) are shown in italics. Patients who have exhibited
"mixed" patterns are shown in boldface (see text for explanation). Significance values
shown were either those originally reported or, in some cases, were calculated based on
the data provided. Empty spaces denote the criteria that were not evaluated for a given
patient (or where information was unavailable). The list of behaviora tasks used with
each patient represent the subset used to acquire one or more of the included results
(WPM = Word-Picture Matching; AFC = Alternative Forced Choice).

Patients:

AB, CR: Warrington (1975)

EM: Warrington (1975); Coughlan & Warrington (1981)

JBR, SBY: Warrington & Shallice (1984)

LA: Silveri & Gainotti (1988)

n=22: Hodges, Salmon, & Butters (1992)

Al A2, S1-H4: Warrington & Cipolotti (1996)

PW: Howard (1985); Patterson & Marcel (1977)

n=6: Chertkow, Bub, & Seidenberg (1989)

KE: Hillis, Rapp, Romani, & Caramazza (1990)

AR: Warrington & Shallice (1979)

YOT: Warrington & McCarthy (1987)

MED: McNeil, Cipolotti, & Warrington (1994)

IM: Forde & Humphreys, 1995, 1997; Ferrand & Humphreys (1996)
HEC: Cipolotti & Warrington (1995); Warrington & Cipolotti (1996)
CAV: Warrington (1981)

VER: Warrington & McCarthy (1983)

JCU: Howard & Orchard-Lisle (1984)
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While the theoretical distinction between deficits of access and deficits of storage
may seem reasonable and justified, some researchers have taken issue with the distinction
and have raised a number of challenges. Notably among these, Rapp and Caramazza
(1993) put forward two strong criticisms: 1) the empirical validity of the distinction was
far from established insofar as severa of the performance characteristics/criteria had not
been assessed in both proposed patient types, and several cases existed showing a mixing
of the access and degraded-store patterns, and 2) in the absence of a more specific
theoretical proposal as to the nature of stored representations and access mechanisms, the
distinction is of little scientific value. On the first criticism, they reviewed the
performance of putative degraded-store patients P.W. (Howard, 1985) and K.E. (Hillis,
Rapp, Romani, & Caramazza, 1990) who responded with a high degree of consistency
yet who showed no effect of frequency (see Table 4.1). Similarly, six Alzheimer's
patients documented by Chertkow et al. (1989) showed several characteristics of the
degraded-store pattern yet exhibited strong semantic priming effects. Severa putative
access patients also inappropriately showed effects of frequency (e.g., patients C.A.V.,
V.E.R, and J.C.U., Table 4.1). They argued that these instances of criteria "mixing" are
problematic for the distinction. If one wants to suggest either 1) that perhaps these cases
are "mixed disorders’, having both damage to semantic representations and modality-
specific access pathways, or 2) that perhaps the list of criteriais incomplete or that some
of the criteria have been erroneously included, it becomes very difficult to make progress
scientifically. Indeed, Shallice (1988) admitted that what is needed in order to address

some of theseissuesis awell-established model of the semantic access process.
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Warrington and Cipolotti (1996) responded to the lack of empirical validity of the
distinction, at least for a subset of patients and criteria. They demonstrated a contrasting
pattern of impairment in the comprehension performance of six patients, two global
aphasic patients who suffered a large left hemisphere vascular lesion (patient A1) and an
intrinsic cerebral tumor (patient A2) and four semantic dementia patients who suffered
focal left temporal lobe atrophy with a diagnosis of probable Pick's disease (patients S1-
). On a spoken word-picture matching task, performance of the two global aphasic
patients was worse with a faster rate of presentation (1 vs. 15 seconds between trials) yet
was unaffected by lexical frequency (see Table 4.1). When trials presented under a fast
rate were considered, performance was inconsistent across within-block repetition, and
one patient (A2) exhibited a significant serial position effect, with poorer performance
following repetition™. In contrast, the semantic dementia patients performed much worse
with low freguency stimuli and were consistent in which stimuli they correctly identified.
They were unaffected by presentation rate or the within-block repetition of stimuli. Both
groups of patients performed worse when stimuli within a block were semanticaly
related, although the semantic distance that elicited effects was different for the two
groups (within- and between-category manipulations yielded significant effects in the
global aphasics, but only between-category manipulations produced effects in the
semantic dementia patients). Ciritically, the two groups of patients did not differ in
overall level of correct performance on the task, undermining any unifying explanation

that appeals to severity of impairment.

¥ Another patient (H.E.C., Cipolotti & Warrington, 1995) has shown a significant serial position effect
when tested with the same items and procedures (data al so reported in Warrington & Cipolotti, 1996). This
patient, like A2, also exhibited significant rate and semantic relatedness effects, along with the lack of a
frequency effect (see Table 4.1).
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The fact that Warrington and Cipolotti (1996) did observe a contrasting pattern of
impairment when the two sets of patients were tested on the same task and on the same
set of items provides a response to Rapp and Caramazza's (1993) criticism of the lacking
empirical validity of the distinction, at least for the criteria of rate, semantic relatedness,
frequency, serial position, and consistency. With regard to the criticism that theories of
access and representation were too underspecified to be scientifically useful, Warrington
and Cipolotti (1996) argued that the concepts of refractoriness and permanent loss of
knowledge are specific enough to account for the pattern of effects generated by both sets
of patients. They also proposed a neurophysiological basis for the two different types of
impairment: 1) they suggested that a refractory impairment may result from vascular
lesons and tumors because such damage could conceivably give rise to anoxia,
producing increased neural refractory periods and greater probability of conduction
failure, and 2) they suggested that a degraded-store impairment may result from actual
structural damage to neurons and cell death, rather than conduction failure.

The promise of this proposal isthat a single process, namely neural refractoriness,
may ultimately account for the entire pattern of effects associated with the global aphasic
patients. Permanently damaged representations would also appear to account for the lack
of many of these effects in semantic dementia patients. However, the nature of process
and representation is still left largely unspecified. As a result, it is not entirely clear
whether the proposal can capture the full pattern of effects. For example, whether or not
a refractory impairment predicts the lack of a frequency effect will depend on the
specifics of how refractoriness is instantiated and how words are processed and

represented. Without a more explicit characterization, it is also unclear to what extent a
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mixing of access and degraded-store patterns is problematic for the account. There are
examples of mixed patterns even when one considers only globa aphasic performance
(see patients A1, V.E.R., Table 4.1). Do such mixed patterns undermine the proposal or
do they lie as points on a continuum within its scope? What is needed to address these
shortcomings is an explicit model of semantic processing and a more formal
characterization of refractory processes in that model.

Warrington and Cipolotti (1996) took an important first step in suggesting a
neurophysiological basis for the differences observed across patients. The account
presented here builds on this first step and appeals to a range of neurophysiological
findings in humans and animals, placing them within a computationally explicit neural
network model of semantic processing. Indeed, it will be argued that attempting to
understand the neurophysiological basis of these semantic effects provides critical insight
into the functiona differences between patients and, hence, into understanding the
functional principles of the normal semantic system.

In the current proposal, an access/refractory pattern results from damage to
neuromodul atory systems that normally reduce synaptic depression. Synaptic depression,
as discussed above in Chapters 1-3, is expected to influence information processing in
the neurologically intact brain, as well as under conditions of neurological damage. By
formulating a computational instantiation of synaptic depression and neuromodulation, it
is possible to evaluate quantitatively the proposal’'s ability to address Warrington and
Cipolotti's (1996) empirica findings for the validated criteria, as well as to address

departures of individual patients from the basic contrasting pattern.
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4.2 General Smulation M ethods: Simulations 6-7

The current account of the contrasting pattern of behavioral effects associated with the
access/degraded-store distinction hinges on the notion that there can be two substantively
different types of neurological damage that can selectively impair semantic processing.
One type involves damage to neuromodulatory systems that normally function to enhance
neural signals that are otherwise attenuated by synaptic depression. Such damage can
selectively affect performance in semantic tasks because the ascending neuromodul atory
fiber pathways to cortical regions subserving semantic processing (e.g. temporal cortex)
are broadly segregated in the white matter and can be selectively disrupted (e.g. Selden et
al., 1998). Another type involves damage to the neurons in semantic brain regions and to
the cortical fibers that connect them.

The model used to implement the current account in Smulations 6 and 7 learned
to map the phonology of artificially generated spoken words to their meanings. It was
composed of relatively simple, neuron-like processing units engaging in paralléel
interactions by way of weighted connections. Units in the model were organized into
groups or layers that represented the different types of information to be associated.
These groups are intended to be roughly construed as the different neocortical brain
regions subserving phonological and semantic processing. The model incorporated
synaptic depression and some basic neuromodulatory actions of acetylcholine and
norepinephrine that influence depression and overall neural excitability. The basic
hypothesis examined in Smulation 6 was that, following training, damage to connection
strengths that spared neuromodulation would yield a degraded-store pattern. The model

was expected to produce a strong frequency effect because the damaged connections are
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sensitive to the training frequency of particular words. Spared neuromodulation was
expected to reduce the impact of synaptic depression, yielding consistent performance
across repetitions and little effect of presentation rate. An access/refractory pattern, on
the other hand, was expected to be produced under damage that reduced the presence of
neuromodulatory factors. The impact of synaptic depression under such circumstances
should be stronger, resulting in large effects of presentation rate and repetition, as well as
inconsistent responding. These effects were expected to be most severe when the stimuli
being repeated were semantic associates because semantically similar stimuli activated
many of the same neurons, and synaptic depression would be able to build up across
stimuli. Synaptic depression was aso expected to be stronger when activity in the
network was initially higher, as was the case for high frequency words, counteracting
normal frequency effects.

Rather than modeling these behaviora effects in the abstract, a specific data set
was chosen: Experiment 2 of Warrington & Cipolotti (1996). This experiment (along
with Exp. 3) directly contrasted the effects of rate, semantic relatedness, frequency,
consistency, and serial position for both groups of patients on the same task and on the
same stimuli. For the sake of simplicity, only the auditory word comprehension aspects
of the spoken-word/picture matching task were modeled. This is largely motivated by
observations that accessrefractory patients tend to perform at or near ceiling on
picture/picture and picture/object matching, yet poorly with spoken-word/picture,
written-word/picture, and spoken-word/written-word matching (Cipolotti & Warrington,
1995; Forde & Humphreys, 1995; McNeil, et al., 1994; Warrington & McCarthy, 1983;

although see Forde & Humphreys, 1997).
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Figure 4.1: Network architecture.

421 Network Architecture

The architecture for the current model is graphically depicted in Figure 4.1. Thirty
phonological units representing spoken word input were connected in a feedforward
manner to 200 hidden units, which were in turn connected feedforward to 150 semantic
units. The phonological units are roughly intended to correspond to brain regions
subserving the sensory processing of speech. This may include parts of the left posterior
temporal cortex classically known as Wernicke's area (Brodmann's Areas 22/21), as well
as parts of the left inferior frontal and posterior basal temporal cortices (BA 44-46, 37/19;
e.g. Price & Friston, 1997). Similarly, the semantic units are intended to correspond to
semantic brain regions such as inferior temporal and posterior parietal cortices (BA 20,
28/38, 39, and 47; e.g. Demonet et al., 1992; Pugh et a., 1996; see Price, 1998, for a

review). Hidden units are intended to correspond to brain regions that are intermediate
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between phonological and semantic regions, although it is less clear at this point which
set of regions might play thisrole. The model was restricted to feedforward connectivity
for the sake of simplicity and to reduce training time. A fuller instantiation of the theory
would involve feedback connections to alow semantic processing to influence
phonological processing (e.g. Plaut, McClelland, Seidenberg, & Patterson, 1996). These
interactions are expected to be important in other contexts, although resultsin this context
do not hinge on their absence, and preliminary results in smaller models that include

feedback connections are comparable to those presented here.

4.2.2 Synaptic Depression
The spiking-based implementation of synaptic depression developed by Varela et a.
(1999) and used above in Smulations 1-4 was adapted for use in a firing-rate
connectionist model. This approach had the virtue that the parameter values controlling
the magnitude and time course of depression were derived by fitting an independent
source of neurophysiological data rather than by fiat for the purposes of addressing the
current data.

Similarly to the version used with the spiking neuron simulations (see Section
3.1.2), synaptic depression was implemented as a dynamic scaling factor on the output
activity of each unit in the network. The equation used to calculate unit activity is as
follows:

a =11+ g9/, M))

where a; is the activation of the ™ post-synaptic unit, g( ) is a scaling function that

implements the post-synaptic effects of neuromodulation (M) (discussed below in
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Section 4.2.3), and /; is the net input to the i™ unit. Unit activity ranged between 0 and 1
and was intended to represent proportion of maximal neural firing ratein alarge
population of similarly tuned cells®, where avalue of 1 was chosen to correspond to 30
spikes per second (Hz) - avalue comparable to average peak ratesin in vivo neural
recording studies of neocortical cells (e.g. Miller, Li, & Desimone, 1991, 1993; Rainer &
Miller, 2000). To promote consistency with this conceptualization, a negative bias was
included on the input to sigmoid unit activity to yield low baseline activity in the absence
of input (shown below in the equation for g( ); see Servan-Schreiber et a., 1990, for a
similar approach). The model incorporated the effects of synaptic depression in the

equation used to calculate the net input of units:

dha/dt=-h + \S a; f(M) Wij Dj

where g is the activity of the j™ pre-synaptic unit, (M) is a scaling function that
implements the pre-synaptic effect of neuromodulation (M) on transmitter release (see
below), w; is the "weight" or synaptic strength from thej™ to the i unit, and D; isthe
synaptic depression scaling factor ranging between O and 1. Inthe Varelaet al. (1999)
model, D; has both afaster and a slower component at excitatory synapsesin primary
visual cortex (referred to here as Djq and Dy, respectively; D; = Djiq Djg). The

equations given by Varelaet a. (1999) for each of these components are as follows:

% The equations used here are similar in form to firing-rate equations that have been derived as spatially or
temporally averaged descriptions of large networks of spiking neurons where the firing times of individual
neurons are noisy or random (e.g., Amit & Tsodyks, 1991; Gerstner, 1995, 1998; Laing & Chow, 2001,
Wilson & Cowan, 1972).
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Each time a pre-synaptic spike occurs, Djng > digDjiy - (O<dpg <1)

otherwise, dDj[k]/dt =(1- Dj[k]) / iy

where d;y determines the amount of depression for each pre-synaptic spike (0.78 for the
fast component, 0.97 for the slow component), and #;yy determines the rate of recovery
back to avalue of 1 (.634 sec for the fast component, 9.3 sec for the slow component).
These two equations were approximated with a single equation, weighting the depression
and recovery terms by an estimate of the likelihood of a spike versus no spike for agiven

value of a;:

dDjpig/dt = amax @ 7 (M) (dig - 1) Djpig + (1 - @max & 7(M)) (1 - Djig) / 1

where anax IS the maximum firing rate (spikes/millisecond = 0.03 or 30 Hz) to which a
unit activity value of 1 is supposed to correspond. Values for both dyg and f;q were
taken directly from the Varela et al. model, and as such, are not free parameters. For
simplicity, different depression factors were not implemented at positive versus negative
connections (to represent weaker depression at inhibitory synapses), and the firing-rate
approximation for depression at excitatory synapses was used at al connections. Note
that D; actually follows the product & - 7(M) rather than g by itself, roughly instantiating

the notion that synaptic depression depends on transmitter release.

2 Given that the dynamics of each depression factor at excitatory synapses depend only on itself and not on

the product of the two factors, 7(M) " Dy " Dig is not precisely instantaneous release probability but rather
an approximation of it.
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Figure 4.2: Effect of time-varying pre-synaptic firing rate on synaptic depression in the
spiking Varela et a. (1999) model and the firing-rate connectionist approximation.

Figure 4.2 shows that this implementation of synaptic depression produces depression
dynamics that are virtually identical to those of the original Varela et a. (1999)
implementation. Firing rate of a single pre-synaptic cell was sine-modulated with a
period of 500 ms and amplitudes ranging between 0 and 30 Hz; spikes were Poisson-
distributed for runs of the Varela et al. (1999) model, and depression values were

averaged over atotal of 100 runs.
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4.2.3 Neuromodulation

As discussed above, two of the main actions of acetylcholine and norepinephrine in the
neocortex are to suppress transmitter release pre-synaptically and to increase the
sensitivity of cells post-synaptically to excitatory inputs. Both of these actions were
implemented, as they were expected to influence the extent to which network dynamics
were dominated by synaptic depression. When transmitter release is suppressed, the
amount of synaptic depression is reduced. Because the sensitivity of post-synaptic cells
to excitatory inputs is enhanced at the same time, neural firing should be sustained with
less attenuation. If the concentration of neuromodulators is reduced due to damage, the
network should be more dominated by synaptic depression and should exhibit refractory-
like effects.

The pre-synaptic effect of neuromodulation is to scale down the vaue of pre-
synaptic activity, simulating pre-synaptic suppression of transmitter release and reducing
the buildup of synaptic depression. The release scaling factor, r, follows a decreasing
sigmoid function of the level of neuromodulator, M, from a maximum value of 1 for large
negative values of M down to a minimum value, rmn, of 0.2 for large positive values of
M :

r(M) = roin+ (A Foin) €M7 (1 - €™

I'vin here was chosen to be consistent with the experimenta results of Hasselmo and
Bower (1992), which showed that transmitter release under high concentrations of
acetylcholine saturated at 20-30% of the levels measured in the absence of acetylcholine.

At large positive values of M, r scales down the pre-synaptic unit activity by 0.2, leading
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Figure 4.3: Pre-synaptic effect of neuromodulation on transmitter release and the buildup
of synaptic depression. Depicted on the y-axisis the post-synaptic net input (/) for a
single synapse (equal to pre-synaptic activity, sinusoidally modulated, multiplied by a
weight of 1.0 and scaled by the release factor, r(M), and the depression factor, D). Two
different levels of neuromodulation are shown for comparison, very low (M=-4.0) and
moderately high (M=2.0).

to a weaker buildup of synaptic depression. However, this aso has the effect of scaling
down the impact of the pre-synaptic activity on other units in the network. Therefore, at
high levels of neuromodulation, synaptic depression is less extreme, athough input
activity to subsequent units is reduced overall. Thisis depicted graphically in Figure 4.3
for a single synapse with time-varying sinusoidal pre-synaptic activity. In contrast, for
large negative values of M (low levels of neuromodulation), synaptic depression is more
extreme and the resulting input activity to other units is initially much higher because

transmitter release is not suppressed. However, after repeated stimulation, the input to
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other units is comparable to that for high levels of neuromodulation and can even cross
over to lower input values.

The post-synaptic effect of neuromodulation is to block firing-rate adaptation
effects that otherwise reduce sensitivity to excitatory inputs and attenuate spiking. This
means that neuromodulation leads to higher and more sustained spiking than when given
identical input in the absence of neuromodulation. These changes in sensitivity were
instantiated by including a multiplicative scaling factor, g (for "gain"), on the net input,
h;, to each unit. The value of g was an increasing sigmoid function of M, the level of
neuromodulation; g ranged between a minimum of gnin for large negative values of M

and gmax for large positive values of M:

9(/1, M) = /4 (Gin + (gmex - Gmin)/(1 + €') + A

where 4 is a bias term for the i™ unit (< -3.0 in our simulations to set low baseline unit
activity). To remain consistent with observations that acetylcholine and norepinephrine
enhance spiking responses mainly to depolarizing/excitatory input, g( ) was only applied
if #4>0; g()smply returned A + 6 for A < 0. Choices of gmin and gmax Were relatively
unconstrained, although a ratio of gmax / Omin Was chosen that was plausible given
experimental results (15/7.5 = 2.0 for our simulations). For comparison, Barkai and
Hasselmo (1994) observed 2-3 times the control spiking response following the

introduction of acetylcholine®.

% Barkai & Hasselmo (1994) emphasized the importance of dynamic changes in post-synaptic excitability,
such as those due to firing-rate adaptation used in Smulations 1-4. For simplicity, we have ignored these
dynamicsin the current context because the larger changes in excitability that they consider build
up/recover nearly completely within 100 ms (somewhat slower and considerably weaker changes recover
within 500-600 ms). These changes are nearly instantaneous relative to the time scale of updates to unit
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Figure 4.4: Effect of neuromodulation on post-synaptic activity. Shown on the y-axisis
unit activity, a(/) (function of net input, A, with the gain, g( ), dependent on
neuromodulation, M). The increase in gain/sensitivity is apparent for moderately high
levels of neuromodulation (M=2.0) compared to very low levels (M=-4.0).

The enhancing effect of neuromodulation on post-synaptic sensitivity is shown in Figure
4.4 for different values of M. While this implementation of neuromodulation is highly
simplified, it is broadly consistent with a range of empirical findings and previous
approaches to simulating neuromodulatory mechanisms (e.g. Cohen & Servan-Schreiber,
1992; Gil et a., 1997; Hasselmo & Bower, 1992; Tsodyks & Markram, 1997; although

see Barkai & Hasselmo, 1994).

activitiesin our simulations (every 50 ms), and the refractory phenomenon that we consider occurs on the
longer time scale of seconds. Asdiscussed in Section 1.1, firing-rate adaptation effects can be much
slower (Sanchez-Vives, Nowak, & McCormick, 2000), although adding such effects would not
substantially alter the behavior of the model because they are expected to be stronger under low levels of
neuromodulation and weaker under normal levels.
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4.2.4 Training Procedure

4.2.4.1 Input Patterns

One hundred twenty-eight artificial "words", each composed of a pattern of on and off
unit activities, were constructed to be presented to the network. For each word, 4 of the
30 phonological units were randomly selected to be active. The only constraint on the

randomized pattern generation was that each pattern be unique.

4.2.4.2 Target Patterns
One hundred twenty-eight target artificial semantic patterns, each corresponding to a
single input word, were designed by picking 10 of the 150 semantic unitsto be on. These
units were chosen such that patterns clustered into 8 different semantic categories, 16
patterns per category. Within acategory, 8 of the 16 patterns were randomly generated to
be "closely" related to one another (average pair-wise normalized dot product of 0.493),
and 8 were generated to be "distantly" related (average pair-wise normalized dot product
of 0.266). The relatedness between different categories was much lower (average pair-
wise normalized dot product of 0.044). Each target semantic pattern was then paired at
random with an input word to instantiate the assumption that the phonology of aword is
more or less arbitrarily related to its meaning (see Plaut & Shallice, 1993b, for
discussion).

The current model was trained using an iterative version of the back-propagation
learning procedure known as back-propagation through time (Rumelhart, Hinton, &

Williams, 1986; Williams & Peng, 1990). Half of the 128 training patterns were assigned
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to be high frequency (presented 20 times as often during training) and haf low
frequency, crossing training frequency with semantic relatedness (close vs. distant). The
level of neuromodulation (M) during training was set to a moderate positive value (+2.0
in our simulations) so that there was a moderate degree of synaptic depression being
applied throughout learning. Training was considered complete when the activity for
each semantic unit at the end of stimulus presentation was on the correct side of 0.5
(either greater than 0.5 for an "on" unit or less than 0.5 for an "off" unit). The network
reached this level of accuracy after approximately 500 passes through the entire training

Set.

4.2.4.3 Time Course of a Sngle Training Pattern

The time course of presentation for a single word was composed of two distinct periods.
The first period served as the proxy for response-stimulus interval (RSl) in the spoken-
word/picture matching task, or more generaly, the latency between words in the speech
stream. In this period (4-60 units of network time sampled uniformly, where 4 units of
network time is assumed to equal 1 actual second), zero's were presented across the
phonological input units, and no target values were presented to the semantic units.
During the second period of time (2 units of network time or 500 msec), the input word
was presented with its corresponding target pattern presented at semantics. Presentation

of the next training trial followed immediately with no unit reinitialization.
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4.25 Lesioning Procedure

By hypothesis, damage to connections between the hidden and semantic layers with
normal levels of neuromodulation (M) should produce a degraded-store pattern of
performance. Low levels of neuromodulation should instead lead to an access/refractory
pattern. "Damage" was carried out by randomly zeroing a proportion of synaptic
strengths between hidden and semantic units (ranging from 0 to 95% in steps of 5%). A
neuromodulatory deficit was simulated smply by reducing the value of M (ranging from
+2.0, used during training in the intact or "normal" system, down to -4.0 in steps of 1.0;
the sigmoidal nature of the pre- and post-synaptic neuromodulatory functions guaranteed
asymptotic values near +/- 4.0). Each combination of damage
proportion/neuromodulation was repeated 80 times during testing (10 times for the
testing of each of the 8 semantic categories) in order to insure a stable estimate of

performance.

4.2.6 Testing Procedure
Following each instance of damage, the trained network was presented with 4 types of
arrays of 4 words each, as in Warrington & Cipolotti (1996): Close/High Frequency,
Close/Low Frequency, Distant/High Frequency, Distant/Low Frequency. In each testing
block, all 4 words in one of the arrays were probed 3 times in a pseudorandom order and
at a fixed presentation rate (RSI of either 4 or 60 time units, representing 1 sec vs. 15
secs). Each array was presented at both afast rate and aslow rate.

The pattern of semantic activity generated by an input word was compared with

the target semantic patterns of al four words in the array. The best match was taken to
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be the network's response, unless the Sum Squared Error (SSE) between actual and best-
match target was larger than an arbitrary criterion value (7.0 for our simulations). In
these cases, responses were selected at random with a likelihood that was directly
proportional to the amount that the criterion was exceeded (up to a likelihood of 1.0 at
SSE=10.0). This appropriately penalized cases in which unit activities (i.e. firing rates)
were so low or divergent from known patterns that they would not be reasonably
expected to support processing at points in the cognitive system subsequent to semantics.
We would suggest that patients, in the absence of reliable information available from the

stimulus, may similarly "guess" in alternative-forced-choice paradigms®.

4.3 Simulation 6: Accounting for the Basic
Contrast Between Access/Refractory and
Degraded-Stor e Patient Performance

This smulation demonstrated that a degraded-store pattern of impairment can be
produced under severe damage to hidden=>semantics connections and normal levels of
neuromodulation, whereas an access/refractory pattern can be produced under severe
neuromodulatory damage and little or no damage to hidden=>semantic connections.
Progressively surveying damage combinations from one extreme to the other and keeping
overal correct performance in a comparable range (around 50% correct), a gradua

transition was observed between the two types of performance patterns. Figures 4.5-4.8

% A similar approach has been taken by Plaut and Shallice (1993b) in simulating omission errorsin visual
object naming. The basicideaisthat if a pattern of activity istoo far away from any known pattern (past
some criterion value), it cannot support correct identification performance.
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establish these points for the stimulus factors of rate, semantic relatedness, frequency,
and serial position; performance of individual patients from Warrington and Cipolotti
(1996) are aso shown for comparison. For example, Figure 4.5 shows the proportion
correct under fast (RSI=1 sec) and slow (RSI=15 sec) presentation rates for each damage
combination. The model produces rate effects under severe neuromodulatory damage
(eg. M=-4 to -2) that are comparable in magnitude to those exhibited by the
access/refractory patients A1 and A2. As neuromodulatory damage becomes less severe
and damage to connections becomes more severe (left to right in the figure), the rate
effects diminish. Under severe damage to connections with norma levels of
neuromodulation (M=2, % Lesion=70%), the lack of rate effect is comparable to that

exhibited by degraded-store patients S1-4.
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Figure 4.5: Effect of rate in the model under different damage combinations and the same
effect in the patient data. The values of M and % lesioned connections are listed for each
damage combination.
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Figure 4.6 Effect of semantic relatedness in the model under different damage
combinations and the same effect in the patient data.
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The effect of semantic relatedness for different damage combinations is shown in
Figure 4.6 along with patient performance. While the effects in the model are of
somewhat smaller magnitudes than those exhibited by the patients, they show the
appropriate pattern. Performance is better for semantically distant arrays relative to close
arrays under severe neuromodulatory damage and little or no damage to connections. As
neuromodul atory damage becomes less severe and damage to connections becomes more
severe, the semantic relatedness effects gradually diminish and/or reverse.

Figure 4.7 shows effects of frequency for the different damage combinations
along with patient data. Effects of frequency are small for severe neuromodulatory
damage, and they grow to large magnitudes that are comparable to those of patients S1-
4 as neuromodul atory damage becomes less severe and damage to connections becomes
more severe. Interestingly, moderate damage to both connections and neuromodulation
(e.0. M=-2 to -1) produces frequency effects that are quite substantial while producing
rate and semantic relatedness effects at the same time (discussed in more detail in the
next section).

Effects of seria position under a fast rate of presentation (RSI=1 sec) are shown
in Figure 4.8 for each damage combination. It should be noted that the serial position
effects for individual patients in Warrington and Cipolotti (1996) are not reported in
terms of proportion correct for each within-block repetition but instead as the number of
times a response changed from correct to incorrect (or vice versa) across the first two
repetitions. More direct comparisons with patient data will be made below in the
statistical analyses of serial position. For now, it is sufficient to observe that performance

decreases across within-block repetitions under severe neuromodul atory damage.
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Figure 4.7: Effect of frequency in the model under different damage combinations and
the same effect in the patient data.
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Figure 4.8: Effect of serial position in the model under different damage combinations
(fast presentation rate conditions, RSI = 1 sec).

As neuromodulatory damage becomes less severe and damage to connections becomes
more severe, serial position effects gradually diminish.

Out of the seven different combinations of damage that are depicted in Figures
45-4.8, datistical analyses of model performance were focused on two particular
combinations that typify the two patient performance patterns. M=-3, % Lesion=5% for
the accessrefractory pattern and M=2, % Lesion=70% for the degraded-store pattern.
Repeated-measures ANOVA's were run first with both damage combinations included
together to evaluate the interaction of stimulus factors with damage combination.
Separate ANOVA's were then conducted for each damage combination individualy.

Analyses were run using both damage repetition and training items as the random factor,
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although for simplicity only the results of the analyses over item data are reported as the
two methods produced comparable results and the item analyses tended to be dlightly
more conservative (the standard error bars shown in Figures 4.5-4.8 are based on item
data). For more direct comparisons with patient results, c? statistics were also calculated
based on the mean estimates of proportion correct over the same number of experimental
trials as administered to the patients in Warrington and Cipolotti's (1996) Experiment 2%,

A 2 (Damage) x 2 (Rate) x 2 (Semantic Relatedness) x 2 (Frequency) repeated-
measures ANOVA was conducted on item data with Semantic Relatedness and
Frequency as between factors and Damage and Rate as within factors. This was then
followed by similar 2 (Rate) x 2 (Semantic Relatedness) x 2 (Frequency) ANOVA's
calculated for each damage combination separately. There was a significant main effect
of Damage [F(1, 124) = 4.67, p<.04] indicating that average performance was better for
M=2, % Lesion=70% compared to M=-3, % Lesion=5% (0.56 vs. 0.53 correct).
However, this difference was not large enough to reach significance in a c? analysis over
the same number of trials administered to patients [N=288, c? (d.f. 1) = 0.52, p>.3],
suggesting that the two damage combinations are reasonably matched for overal
performance. These levels of performance are dlightly lower than the average levels of
Warrington and Cipolotti's (1996) patients (S1-S4: 0.66; A1-A2: 0.64), athough they are
within the range of the most impaired patient [A1: 0.61 correct; M=2, 70% vs. Al, p>.2;

M=-3, 5% vs. A1, p>.05].

24 As discussed by Warrington and McCarthy (1983) and Warrington and Cipolotti (1996), the
independence assumption of the c? test is unlikely to be satisfied when refractory phenomena are present at
time scales longer than the duration of individual trials. These results are presented mainly for purposes of
comparison with the values reported for patients.
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4.3.1 RateEffects

The Damage x Rate interaction was highly significant [F(1, 124) = 131.39, p<.0005].
This indicated that the rate effect was indeed larger for severe neuromodulatory damage
[F(1, 124) = 232.08, p<.0005] than for severe damage to connections [F(1, 124) = 12.23,
p<.002]. In c? analyses equivalent to those conducted on the patient data by Warrington
and Cipolotti (1996), the magnitude of the rate effect under severe neuromodulatory
damage was large enough to reach significance [c? (d.f. 1) = 14.67, p<.001], whereas it
failed to reach significance under severe damage to connections. These results are quite

comparable to those reported for the patients.

4.3.2 Semantic Relatedness Effects

As with Rate, there was a significant Damage x Semantic Relatedness interaction [F(1,
124) = 10.40, p<.003]. This showed that the semantic relatedness effect was larger under
severe neuromodulatory damage [F(1, 124) = 9.321, p<.004] than under severe damage
to connections (p>.2). The magnitudes of the effects were not large enough to yield
significant results in the c? analyses either under severe neuromodulatory damage or
under severe damage to connections. It appears then that, although the model produces
the appropriate pattern of performance, the magnitudes of the effects are somewhat
smaller than those exhibited by the patients. If one considers a stronger manipulation of
semantic relatedness, it is possible to observe larger effects. For example, performance
on semantically unrelated or "very distant” arrays (each stimulus taken from a different
semantic category) was significantly better than close arrays under a severe

neuromodulatory deficit [c® (df. 1) = 7.28, p<.01]. While the semantic relatedness
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effects under severe damage to connections also appeared larger, they were still too small

to reach significance in the ¢ analyses.

4.3.3 Frequency Effects

The Damage x Frequency interaction was highly significant [F(1, 124) = 91.03, p<.0005].
Frequency effects were larger for severe damage to connections [F(1, 124) = 412.27,
p<.0005] than for severe neuromodulatory damage [F(1, 124) = 20.39, p<.0005]. c?
analyses equivalent to those conducted on the patient data showed that the frequency
effect under severe damage to connections was highly significant [c? (d.f. 1) = 45.99,
p<.001], whereas the effect under severe neuromodulatory damage failed to reach
significance. These results appear comparabl e to those reported for the patients.

In addition to the basic interactions of damage combination and stimulus factors,
several other more detailed effects were also present. There was a significant three-way
Damage x Rate x Frequency interaction [F(1, 124) = 10.67, p<.002]. This reflected the
lack of a Rate x Frequency interaction under severe neuromodulatory damage but a
significant interaction under severe damage to connections (greater frequency effect
under a slow rate than under a fast rate; p<.0005). There was also a significant Semantic
Relatedness x Frequency interaction under severe neuromodulatory damage [F(1, 124) =
4.172, p<.05], indicating that the frequency effect was smaller in the close than in the

distant condition.
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4.3.4 Serial Position Effects

We conducted a 2 (Damage) x 3 (Within-Block Repetition) repeated-measures ANOVA
over item data in the fast presentation rate conditions, as well as separate one-way
ANOVA's on Within-Block Repetition by damage condition. There was a highly
significant Damage x Within-Block Repetition interaction [F(2, 254) = 21.95, p<.0005].
The effect of Within-Block Repetition was significant for severe neuromodulatory
damage [F(2, 254) = 31.85, p<.0005] but not for severe damage to connection strengths.
In order to compare the model's performance more directly with that of the patients,
McNemar change tests were also conducted on the first two within-block repetitions in
fast rate conditions over the same number of trials as were administered to patients (see
Siegel, 1956; Warrington & Cipolotti, 1996, for further discussion). Results are
presented in Table 4.2 for both damage combinations along with patient results. Shown
are the number of times that a response was first correct and then incorrect ( X) versus
incorrect then correct (x ). There was a significant serial position effect under severe
neuromodulatory damage [c? (d.f. 1) = 3.84, p=.05] but not under severe damage to
connections. With the exception of patient A1 who failed to show a significant seria
position effect (discussed in more detail below), the results are comparable to those

reported for the patients.
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Table4.2: Effect of serial position in the model and in patient data from
Warrington & Cipolotti (1996).

Damage/Patient v ox x c? (d.f. 1) _P
M=-3, 5% 25.4 13.3 3.84 .05
Al 16 18 0.03 .90
A2 24 6 12.03 .0001
M=2, 70% 11.9 13.0 0.05 .90
s1 9 7 0.06 .90
2 7 14 1.71 20
S3 15 11 0.34 70
s4 7 7 0.00 1.0

4.35 Consistency Effects

A consistency analysis was conducted over trials in the fast rate conditions that was
identical to that conducted by Warrington and Cipolotti (1996) for their patients. First,
the distribution of correct/incorrect responses was calculated across al three within-block
repetitions (shown in Table 4.3 for the two damage combinations). The average level of
performance for fast rate trials was used to generate distributions expected by chance
using the binomial expansion (assuming independence of individual trials). The observed
and chance distributions were then compared with c? analyses, where large c? values

indicate large deviations from the distributions expected by chance and more consistent
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Table4.3:

Warrington & Cipolotti (1996).

Damage/Patient

M=-3, 5%

Al

A2

M=2, 70%

S1

S2

Observed

Chance

Observed

Chance

Observed

Chance

Observed

Chance

Observed

Chance

Observed

Chance

Observed

Chance

Observed

Chance

VAN oxxx NV x Axx
7.8 18.7 21.9 31.7
5.6 16.3 23.9 34.2
20 14 19 27
11 9 31 29
26 8 24 22
19 5 35 22
254 16.4 15.9 22.3
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responding (see Faglioni & Botti, 1993, for a critical discussion of standard response
consistency measures as applied to the study of access and storage impairments). There
was a significant effect of response consistency under severe damage to connections [c?
(d.f. 3) = 13.46, p<.01] but not under severe neuromodulatory damage. As a further
measure of consistency, Pearson contingency coefficients (C) were also calculated using
the first two within-block stimulus repetitions over the same number of trias as in the
consistency/seria position analyses reported by Warrington and Cipolotti (1996; N=240)
(see Siegdl, 1956, for discussion of the contingency coefficient). The values of C range
between 0 (low consistency) and 0.71 (high consistency) for 2 x 2 contingency tables
(number correct/incorrect by 1st/2nd presentation). This afforded comparisons with
consistency calculations that have been reported for some of the other "access' and
"degraded-store" cases (e.g. Warrington & Shallice, 1979; Warrington & Shallice, 1984).
The results from these analyses were similar to those based on the binomia expansion.
Under severe damage to connections, there was significant response consistency at both
fast (C = 0.33, p<.01) and slow presentation rates (C = 0.41, p<.001; average C = 0.37).
In contrast, response consistency under severe neuromodulatory damage failed to reach
significance at either presentation rate (fast: C = 0.02, p>.8; slow: C = 0.18, p>.1; average
C =0.10). These values of C are somewhat lower than those observed in patient studies,
although the average values of C for each damage combination do fall on different sides
of the criterion value suggested by Warrington and Shallice to distinguish between
"access' and "degraded-store" impairments (C = 0.35; discussed in Rapp & Caramazza,

1993).
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The analyses above provide clear evidence that the model is capable of generating
- a least qualitatively - the same contrasting pattern of semantic impairment observed by
Warrington and Cipolotti (1996) over each of the five patient effects (rate, semantic
relatedness, frequency, serial position, and consistency). With the exception of the
semantic relatedness effect for patients A1 and A2, the model also appeared to produce a
good quantitative fit to patient performance. In order to evauate the quantitative fit more
explicitly, the model's values of proportion correct in each of the experimenta conditions
were correlated with those reported for the patients. Average proportion correct values
for each patient "type" were calculated by combining data across individual patients (A1-
A2 and S1-S4). For effects of seria position and consistency, the reported c? values
were used (also averaged for each patient type). Since the proportion correct and c?
values were on radically different scales, all of the values were transformed to z-scores to
prevent any artificial inflation of the correlation measure. The correlation between model
and patient data was found to be highly significant [r (14) = 0.94, p<.001; R? = 0.89],
indicating that the model was capable of accounting for approximately 89% of the

variance in the patient data.

200



4.4 Simulation 7. Accounting for Exceptionsto
the Access/Refractory and Degraded-Store
Performance Patterns

Warrington and Cipolotti (1996) demonstrated that it is possible to observe a contrasting
pattern of semantic impairment in some patients for certain criteria. However, other
patients have been tested on these same criteria who have been shown to exhibit a mixing
of access/refractory and degraded-store patterns. For example, patient V.E.R. showed a
significant frequency effect (degraded-store characteristic) along with significant rate,
semantic relatedness, and seria position effects and inconsistent responding
(accesd/refractory characteristics) (Warrington & McCarthy, 1983) (see Table 4.1).
Patients C.A.V. (Warrington, 1981) and J.C.U. (Howard & Orchard-Lisle, 1984)
similarly exhibited frequency effects along with inconsistent responding. In contrast,
patients P.W. (Howard, 1985) and K.E. (Hillis et al., 1990) both exhibited the lack of a
significant frequency effect (access/refractory characteristic) along with significant
effects of response consistency (degraded-store characteristic). Patient A1 (Warrington
& Cipolotti, 1996) showed no effect of serial position (degraded-store characteristic) but
all other aspects of the access/refractory performance pattern. Do these exception cases
constitute new forms of cognitive deficit or can they be accounted for with the same
proposal used to address the more purely contrasting patterns? In the current simulation,
it is demonstrated that, although the model is not capable of producing every arbitrary
combination of patient effects, it is capable of producing each of these observed

exception patterns.
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4.4.1 Frequency Effectswithout Consistency

Figures 4.5-4.8 revea that there are a number of points in the space of damage
possibilities where frequency effects overlap with other aspects of the access/refractory
pattern. For example, with a moderate to severe neuromodulatory deficit and moderate
damage to connections such as M=-2, % Lesion=45%, there are significant effects of rate
[F(1, 124) = 235.18, p<.0005; c? (df. 1) = 13.27, p<.001], semantic relatedness [F(1,
124) = 11.25, p<.002; although c? (d.f. 1) = 1.06, p>.3], frequency [F(1, 124) = 138.93,
p<.0005; c? (d.f. 1) = 15.37, p<.001], serial position [F(2, 254) = 18.58, p<.0005;
McNemar: ¢? (d.f. 1) = 2.86, p<.10], and no significant effect of response consistency [c?
(d.f. 3) = 1.43, p>.5; C = 0.08, p>.3]. In generd, significant frequency effects can be
observed aong with inconsistent responding in the model as long as neuromodulatory
damage is severe enough to lead to marked refractory behavior and damage to
connections is severe enough to lead to larger frequency effects. Indeed, moderate to
strong frequency effects are observed throughout much of the space of damage
combinations, only showing dramatic reductions for severe neuromodulatory damage

with little or no damage to connections or where performance is near floor/ceiling.

4.4.2 Consistency without Frequency Effects

Patients K.E. (Hillis et al., 1990) and P.W. (Howard, 1985) have both been documented
as exhibiting significant response consistency across tasks without significant frequency
effects. This pattern when taken with that of V.E.R., C.A.V., JC.U. and the patients
studied by Warrington and Cipolotti (1996) would appear to be particularly problematic

for the access/degraded-store distinction because it suggests that frequency and

202



consistency may be observed in al combinations (see Table 4.1). While there are
potentially important differences between K.E.'s and P.W.'s deficits and those of the
patients examined by Warrington & Cipolotti (1996) - not to mention differences in
methods of testing - the current model is also capable of yielding above chance response
consistency without significant frequency effects.

One of the more notable aspects of the model's performance is that under
neuromodulatory deficits with little or no damage to connections, frequency effects can
still be absent at slower presentation rates that do not allow synaptic depression to
accumulate much across stimuli. For example, M=-3, % Lesion=5% yielded a frequency
effect under a slow presentation rate (RSI=15 secs) of 69% (high frequency) versus 59%
(low frequency) correct, which was not large enough to reach significance in the c?
analyses. Thisis possible because synaptic depression accumulates and recovers at two
very different time scales, one on the order of a few hundred milliseconds and the other
on the order of seconds to tens of seconds (see Section 4.2.2 above). When fast
presentation rates are used, both the fast and slow components of synaptic depression
have an impact on processing. When slower presentation rates are used, the slow
component of synaptic depression never has a chance to build up, and only the fast
component has an impact on processing. For acertain fraction of high and low frequency
stimuli, the fast component of synaptic depression reduces activities to such low values
that they no longer support reliable performance. Since synaptic depression builds up
more quickly for larger pre-synaptic activities, high frequency words with larger values

of corresponding net input tend to be affected more than low frequency words,
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counteracting the benefits of greater learning to a certain extent and leading to smaller
frequency effects.

The fact that the fast component of synaptic depression recovers relatively
quickly suggests that there are experimental conditions in which it may reliably affect the
same stimuli, simultaneously producing above chance response consistency and
diminished frequency effects. If presentation rates are slower of if words repeated in
close succession are semantically unrelated, the slow component of synaptic depression
will have less of an opportunity to build up. This will leave only the impact of the fast
component of synaptic depression, yielding the same effect on a stimulus each time it is
presented. Indeed, these intuitions appear to be borne out in the model under a severe
neuromodulatory deficit with little or no damage to connections (M=-3, 5%). Using
arrays composed of semantically unrelated words, responses exhibited above-chance
consistency for RSI's longer than 1 second [e.g. RSI=5 sec: ¢? (d.f. 3) = 9.74 p<.05, C =
0.17 p<.01], yet at the same time, there was no significant effect of frequency [RSI=5
sec: ¢ (df. 1) = 2.33, p>.1]. The choice of unrelated arrays is actually more comparable
to the experimental conditions in which most neurological patients are tested, as a range
of stimuli with different meanings are often used (particularly in assessments of reading
and writing abilities). We would suggest that while somewhat different testing methods
were employed in the studies of "exception" patients K.E. and P.W., the current
simulation may provide some insight into how their pattern of performance is possible. It
also raises the question as to whether K.E. and P.W. might have exhibited more
inconsistent responding under slightly different experimental conditions (e.g. blocking

semantically related stimuli at fast rates).
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4.4.3 Access/Refractory Pattern without Serial Position Effect

Patient A1 (Warrington & Cipolotti, 1996) showed no effect of serial position (\ x: 16, x
\: 18), but showed significant effects of rate and semantic relatedness without effects of
frequency or consistency. Is the lack of a serial position effect inconsistent with an
account that relies on refractory processes? A closer examination of the serial position
effect in the model would suggest that the answer isno. Under a severe neuromodul atory
deficit with no damage to connections, M=-4, % Lesion=0% (shown in Figures 4.5-4.8),
the serial position effect across the first two within-block repetitions was relatively weak
and failed to reach significance when analyzed with the McNemar change test (\ x =
22.1, x ¥ = 15.7: p >.2). However, there was also a strong effect of rate [c? (df. 1) =
8.67, p<.01] and a lack of consistent performance (p>.95), along with weak effects of
frequency (p>.2) and semantic relatedness (p>.2). A more extreme example can be seen
for M=-1, % Lesion = 60% (also shown in Figures 4.5-4.8), where performance was
inconsistent (p>.3) and strongly affected by presentation rate [c? (d.f. 1) = 6.59, p<.02],
but for which there was only a slight hint of a seria position effect [V x = 17.1, x ¥ =
15.6: p >.8]. These reduced seria position effects are possible mainly because refractory
effects due to synaptic depression build up gradually across individual semantically
related words, rather than at the courser scale of within-block repetition. As unit
activities decrease substantially under severe damage to connections or neuromodul ation,
synaptic depression builds up less and refractory effects attenuate to a certain extent (as
in Figure 4.3). If near-asymptotic poor performance is reached in the fast rate conditions

after the first 1-2 stimuli within a block, the average for the first within-block repetition
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(stimuli 1-4) is very close to that of the second within-block repetition, producing
reduced serial position effects. However, if activity values are larger (as under more
moderate damage), the refractory effects due to synaptic depression are also larger.
Under these circumstances, it is possible to observe larger serial position effects,
asymptoting by the third within-block repetition or even showing a slight recovery from
the second to the third repetition. Examples of both of these patterns can be observed in
Figure 4.8 (e.g., M=-3, 5%; M=-2, 45%). In general, recovery from the second to the
third repetition in the model appears to be associated with particularly strong rate and
seria position effects (results not shown). On this point, it is interesting to note that a
similar rebound effect has been apparent in the performance of certain access/refractory
patients such as M.E.D. studied by McNeil et al. (1994, Exp. 3) and JM. studied by
Forde and Humphreys (1995, Exp. 13; 1997, Exp. 2). The results of Smulations 6 and 7
suggest that this may be a real effect in the patients, although it would likely require a
large number of experimental trials to yield significant results.

While the model is capable of accounting for the basic contrasting pattern of
semantic impairment observed by Warrington and Cipolotti (1996), as well as the major
patterns of exception, it does not have so many degrees of freedom that it can produce
any arbitrary pattern of performance by ssimply choosing the appropriate combination of
the two damage types. Figure 4.9 shows concisely the directions and magnitudes of the
rate, semantic relatedness, frequency, and serial position effects throughout the entire
space of damage combinations (neuromodulation levels of M=+2 down through M=-4;

damage to connections ranging from 0 to 95%).
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Figure 4.9: Surface plots showing the directions and magnitudes of the rate, semantic
relatedness, frequency, and serial position effects for the entire space of damage
combinations. For each effect, the x- and y-axes represent the two damage types
(neuromodulation, M, and damage to connections, % Lesion), and the z-axis represents
the magnitude of the effect in terms of proportion correct (e.g. the slow minus the fast
condition for the rate effect, distant - close for the semantic relatedness effect, etc.). The
magnitudes of the effects are also represented in grayscale, where white corresponds to
the maximum effect value and black corresponds to the minimum value; colorbars to the
right of each plot indicate scale.
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Figure 4.9 reveadls that the magnitudes of the rate, semantic relatedness, and serial
position effects are maximal under moderate to severe neuromodulatory deficits with
little or no damage to connections. These effects contrast with the frequency effect
which shows maximal values under normal levels of neuromodulation with severe
damage to connections. While there are clearly damage combinations that lead to a
mixture of the different effects, note that it is not possible to observe large reversals of
the rate, frequency or serial position effects under any damage combination. Indeed, the
most striking aspect of these plots is that effects that increase with one damage type tend
to decrease with the other, limiting the extent to which mixed effects of arbitrary

magnitudes can be observed.

4.4.4 Comment: Simulations6 and 7

| have proposed that two different types of neurological damage underlie the contrasting
patterns of semantic impairment exhibited by access/refractory and degraded-store
patients. One type involves damage to neuromodulatory systems that normally enhance
and sustain neura signals by simultaneously increasing postsynaptic sensitivity to
excitatory inputs and reducing pre-synaptic transmitter release, which then indirectly
diminishes the automatic refractory processes of synaptic depression that depend on
transmitter release. The other type involves damage to the neural cells and connections
that participate in coding semantic information. In aconnectionist model trained to map
spoken-word input to semantic representations, Smulation 6 demonstrated that damage
to neuromodulation that spares connections is capable of reproducing the

accessrefractory pattern of impairment, whereas damage to connections that spares
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neuromodulation is capable of reproducing the degraded-store pattern.  Under
neuromodulatory damage sparing connections, there was a strong effect of presentation
rate (fast < slow), an effect of semantic relatedness (close < distant), a much diminished
effect of frequency (high > low), a significant serial position effect (1st > 2nd
presentation) and the lack of significant response consistency. In contrast, damage to
connections sparing neuromodulation yielded little or no effect of presentation rate,
semantic relatedness, or serial position but yielded strong effects of frequency (high >
low) and response consistency.

In the model, it is possible to understand the mechanistic basis of these
contrasting patterns of semantic impairment in some detail. Perhaps the more
straightforward of the two patterns to understand is the degraded-store pattern. The two
most striking aspects of this pattern are the markedly impaired identification of low
frequency relative to high frequency words and the high degree of response consistency
across multiple repetitions of the same words. The frequency effects in the model occur
for the same reasons that they occur in other connectionist models of lexical processing
(e.g. Plaut et a., 1996; Seidenberg & McClelland, 1989). At the beginning of training,
the weight values are initialized to small random values. As training progresses, high
frequency words are learned more quickly because the network has more chances to
reduce the error present across the semantic units, and consequently, the corresponding
weight values and net inputs grow to larger values more rapidly. When connections are
lesioned (set to zero) following training, net input values decrease back toward zero, but
low frequency words are disproportionately affected because the weights and net inputs

start out at smaller values. Performance is consistent across multiple repetitions of the
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same words because refractory effects due to synaptic depression are not large enough
under normal levels of neuromodulation to lead to a large number of errors. Instead,
performance is relatively deterministic and is influenced mainly by which connections
happen to be spared following lesioning. The reduced impact of synaptic depression also
explains the lack of rate and serial position effects and, to a certain extent, the reduced
semantic relatedness effects. The semantic relatedness of words within a stimulus array
was not unimportant as evidenced by elevated performance on arrays with semantically
unrelated words (this effect was also shown for patients S1-S4 in Warrington & Cipolotti,
1996). It ispossible that the semantic relatedness manipulation (close vs. distant) was not
strong enough during training to lead to large effects, a possibility that was supported by
the lack of large semantic relatedness effects under any combination of damage types.
The mechanistic basis of the accessrefractory pattern of performance is quite
different than that of the degraded-store pattern. Refractory effects due to synaptic
depression are much larger under severe neuromodulatory deficits. Transmitter releaseis
no longer strongly suppressed, allowing synaptic depression to build up across
semantically related stimuli that share some of the same active units. The sensitivity or
gain of post-synaptic units to their excitatory inputs is also smultaneously decreased.
The combined effects of heightened pre-synaptic depression and reduced post-synaptic
sensitivity lead to lower values of post-synaptic activity and alarger number of errors. At
afast presentation rate, the effects of synaptic depression are particularly marked because
both the fast and slow components of synaptic depression can build up across
semantically related stimuli. Significant effects of presentation rate are observed because

the slow component of synaptic depression builds up much less at a dow rate (RSI=15
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seconds), giving rise to larger values of net input and fewer errors. Significant serial
position effects are observed at a fast presentation rate because the slow component of
synaptic depression tends to build up gradually across semantically related stimuli. This
means that the performance on the first within-block repetition is better on average than
on the second repetition. Large serial position effects contribute to the lack of significant
response consistency, but random factors in testing also contribute. For example, on the
first within-block repetition, an error may occur because a stimulus followed a highly
related other stimulus and synaptic depression had a large impact on processing. On the
second within-block repetition, the same stimulus might be identified correctly because it
followed aless-related stimulus, alowing synaptic depression to recover in between. The
stochastic nature of responding when error on a stimulus was too large contributed to the
lack of response consistency to a certain degree, aswell (see Section 4.2.6).

Synaptic depression also underlies the larger semantic relatedness effects and
reduced frequency effects that are part of the access/refractory pattern. During training,
semantically similar stimuli develop similar internal representations that share many of
the same units because of the similarities present in the semantic error signals (see Hinton
& Shallice, 1991; Plaut, 1991; Plaut & Shallice, 1993a, 1993Db, for further discussion).
Synaptic depression can build up to a greater extent and give rise to more errors when
more units are shared, as tends to be the case for words that are closely related compared
to those that are distantly related or unrelated. Although there was little evidence of an
interaction of semantic relatedness with presentation rate under severe neuromodul atory
damage, this appeared to be due to floor effects in the fast presentation rate conditions.

Greater semantic relatedness effects were observed under a fast presentation rate with
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weaker neuromodulatory damage (e.g. M=-1, 15%). Synaptic depression is aso
responsible for the lack of strong frequency effects. Synaptic depression builds up more
quickly for larger pre-synaptic activities, causing high frequency words with larger values
of corresponding net input to suffer more than low frequency words. This property of
synaptic depression counteracts the benefits of greater practice and learning to a certain
degree, and diminished frequency effects result. As discussed above, this same property
explains the lack of frequency effects even at slow presentation rates because the fast
component of synaptic depression builds up rapidly during the processing of individual
stimuli.

In addition to accounting for the basic access/refractory and degraded-store
patterns of semantic impairment observed by Warrington and Cipolotti (1996), the model
is capable of explaining several documented exceptions to the basic patterns. Patients
V.E.R. (Warrington & McCarthy, 1983), C.A.V. (Warrington, 1981), and J.C.U.
(Howard & Orchard-Lisle, 1984) all exhibited significant lexical frequency effects along
with inconsistent responding. This pattern arises in the model under a neuromodul atory
deficit with some degree of damage to connections. Patients P.W. (Howard, 1985) and
K.E. (Hillis et a., 1990) both exhibited consistency in their responses without significant
frequency effects. The model yields this pattern of behavior under severe
neuromodul atory damage that spares connections as long as some time is alowed to pass
between highly similar stimuli. When stimuli presented in close succession are unrelated
and activate few of the same units, the slow component of synaptic depression does not
build up across stimuli, and only the effect of the fast component on each stimulus

individually remains. While patients PW. and K.E. were tested under somewhat
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different circumstances than the patients in Warrington and Cipolotti (1996) (e.g.,
consistency was assessed across tasks separated by long delays), the current
demonstration provides a plausible hypothesis as to how this pattern occurred in the
patients. Finally, patient A1 (Warrington & Cipolotti, 1996) showed little effect of seria
position while exhibiting al of the other aspects of an access/refractory impairment. The
model produces this pattern of impairment for a severe neuromodulatory deficit with no
damage to connections. The slow component of synaptic depression in the model builds
up not only across actual repetitions but across semantically related stimuli that activate
many of the same units. Severe damage reduces activity, leading to weaker synaptic
depression and weaker differences across repetitions. In contrast, strong serial position
effects are observed under more moderate damage because activities are higher and
synaptic depression builds up much more across related stimuli. The model in these
circumstances is capable of exhibiting a slight rebound in performance from the second
to third within-block repetitions, as has been observed in some access/refractory patients
(e.g. M.E.D.: McNeil et d., 1994; J.M.: Forde & Humphreys, 1995, 1997).

Only the auditory/verbal components of the spoken-word/picture matching task
were simulated here based on observations that most access/refractory patients are
globally aphasic and have been relatively spared on picture/picture matching (Cipolotti &
Warrington, 1995; McNeil et a., 1994; Warrington & Cipolotti, 1996; Warrington &
McCarthy, 1983, 1987). The degraded-store patients S1-34 tested by Warrington and
Cipolotti (1996) were also relatively spared at picture/picture matching. Since the
picture/picture matching task requires patients to match visually dissimilar examples of

objects with the same name, it has been argued that the task requires intact high-level
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visual structural descriptions of objects and perhaps intact semantic representations to a
certain degree. However, Forde and Humphreys (1995, 1997) have presented evidence
that for at least one patient (J.M.), refractory effects can occur using only picture stimuli
and can transfer bi-directionally across pictures and written words. Another study with
patient J.M. has shown that refractory phenomena can also transfer across languages,
from French to English and from English to French (Ferrand & Humphreys, 1996).
These findings indicate that refractory effects are not limited to verbal material and may
exist a a more central semantic locus. Although they have not been simulated here, such
findings are quite compatible with the theoretical account of the access/refractory pattern
characterized by Smulations 6 and 7. Cholinergic and noradrenergic neuromodul atory
systems project broadly throughout the cortex, and neuromodul atory deficits are expected
to impact a variety of processing loci within the brain. Neuromodulatory deficits can be
relatively restricted to particular cortical regions to the extent that the projections are
segregated spatially and can be damaged selectively by stroke or other disease processes.
Selden et al. (1998) have shown recently that cholinergic pathways from the basal
forebrain are indeed segregated into separate medial and lateral projections, and the
lateral projections are further segregated into two separate divisions. Each pathway of
projections innervates a different set of cortical regions and courses through regions of
the white matter that are frequently involved in cerebrovascular and demyelinating
diseases. It isinteresting to note that both patients A1 and A2 had extensive white matter
damage (due to stroke in Al and a multifocal tumor in A2), and previous
access/refractory patients suffered strokes of the left middle cerebral artery that affected

large regions of white, as well as gray matter. However, the inferotemporal cortex is one
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cortical region that aso receives blood from the posterior cerebra artery, alowing a
middle cerebral artery stroke to spare the cells most directly involved in semantic
processing while simultaneously deinnervating the neuromodulatory inputs to those cells
that ascend through the white matter. This may help to explain the replicable nature of
the access/refractory patterns across a number of different patients. One might also
expect such cases to be rare, with damage frequently affecting both neuromodulatory
projections and cortical cells together. Nevertheless, it is plausible that neuromodulatory
deficits contribute to many different cognitive impairments, some with a semantic locus
and some with other loci. Consistent with this possibility, McCarthy and Kartsounis
(2000) have recently demonstrated marked refractory behavior in a patient (F.A.S.) with
naming difficulties that appeared to result from a post-semantic deficit. Crutch and
Warrington (2001) in their study of patient V.Y.G. have also observed refractory
behavior in reading words that was not apparent in object naming, simple oral repetition
Or spontaneous conversation.

Smulations 6 and 7 are consistent with a general view of semantic processing in
which the semantic system mediates between different sensory and motor modalities in
the service of performing awide variety of cognitive behaviors and tasks. Our abilities to
understand spoken and written language, to converse about ongoing events in the visual
environment, and to utilize and interact with objects appropriately all depend to a large
degree on our long-term semantic knowledge about the structure of the world around us.
On this view, gradua neura learning mechanisms in varied behaviora contexts yield
distributed semantic representations that reflect the shared similarity structure of the

individual modalities, as these similarities aid learning and naturaly promote
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generalization of semantic knowledge to new objects and events (Plaut, 2002). For
convenience, | have not simulated all of the various behaviors that a mature semantic
system must surely support, but have instead trained the model with semantic
representations that contain the crucial smilarities that are believed to emerge in learning
and that drive semantic effects in normal subjects and brain-damaged patients (see aso
Hinton & Shallice, 1991; Plaut & Shallice, 1993a, 1993b; Plaut & Booth, 2000). Recent
attempts to simulate aspects of concept acquisition have provided convergent support for
the basic soundness of these simplifications (Plaut, 2002; Rogers & McCléeland, in

press).

4.5 Simulation 8: Dependence of Priming vs.
Habituation Effects on Neuromodulatory Level in
Spiking Neural Networks

This simulation will demonstrate that both the short-term behaviora priming effects
addressed in Smulations 1-5 and short-term performance decreases like those just
examined in Smulations 6 and 7 can be produced within the same spiking model by
varying the level of neuromodulation. The methods for this simulation were quite similar
to those used in Smulations 1-5 (see Section 3.1), with a few important modifications
and additions. Some actions of acetylcholine and norepinephrine on cortical cells that
were incorporated in Smulations 6 and 7, such as the suppression of transmitter release,
were included here in an identical manner. Other actions, such as enhanced post-synaptic

gain due to suppression of the potassium currents that mediate firing-rate adaptation,
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were implemented here in a more veridical manner. Suppression of transmitter release
probability and firing-rate adaptation (Ixca) Was mediated by a sigmoidal multiplicative
scaling factor ranging from 1 down to a minimum value of 0.2 depending on the
concentration of neuromodulation, M (chosen to be broadly consistent with results of
empirical studies: e.g. Barka & Hasselmo, 1994; Hasselmo & Bower, 1992; Madison,
Lancaster, & Nicoll, 1987). In the case of transmitter release probability, the scaling
factor was aso applied to the d parameters governing the magnitude of synaptic
depression at excitatory and inhibitory synapses (see Section 3.1.2). Two additiona
cellular actions of acetylcholine were incorporated because they were expected to
influence the phase-response curves of both the excitatory and inhibitory cells, thus
potentially impacting synchrony. The resting potential of cortical pyramidal cellsin vitro
is depolarized by acetylcholine up to 5-10 mV and the input resistance is increased by
approximately 30%; this appears to be due to the suppression of both voltage-dependent
and passive leak potassium currents (e.g. Benardo & Prince, 1982; Madison et a., 1987).
Since this will also make the membrane time constant 30% longer, it may ad
synchronization among excitatory cells by making excitatory synaptic currents relatively
fast (e.g. Hansdl et al., 1995; see discussion in Section 2.2.1; see also Appendix D for a
detailed discussion of the relationship between passive membrane currents, input
resistance, and the membrane time constant). The depolarization mediated by reducing
the leak current of potassium (reversal potential of Vk=-90mV) will also give rise to
progressively higher firing rates. These changes were incorporated in the model by
adding an additional sigmoidal scaling factor on the potassium component of the leak

current that decreased from 1.0 to 0.0 as M ranged from -4.0 to +4.0. The corresponding

217



values of giex and Viex for excitatory cells were 0.05 mS/cm?® and -70 mV at M=-4.0
compared to 0.033 mS/cm? and -60 mV a M=+4.0 (ranging continuously between these
values for intermediate M). This meant that a 30% increase in input resistance from M=-
4.0 occurred at roughly M=+1.0 (gLeak=0.038 and V| ex=-63 mV). Changes in the input
resistance of inhibitory cells are similarly induced by acetylcholine. However, in contrast
to the effects on pyramidal cells, input resistances are decreased for Fast Spiking
interneurons by increasing the potassium leak conductance; input resistances are also
decreased for Low Threshold Spiking interneurons by opening depolarizing currents
(Xiang, Huguenard, & Prince, 1998). This has the further impact of hyperpolarizing FS
interneurons and depolarizing LTS interneurons. Different types of interneurons were
not implemented in the current model, but the decreases in input resistance were. A
sigmoidal scaling factor ranging from O up to 1 for values of M=-4.0 to +4.0 increased an
additional membrane current with a reversal potential of -70 mV. This resulted in
decreases in input resistance of 40% over the range of M, consistent with estimates
calculated from the data of Xiang et al. (1998). Note that decreases in input resistance
will shorten the membrane time constants of inhibitory cells, making inhibitory synaptic
currents relatively slow and potentialy enhancing interneuron synchrony. Thus, at |east
in the case of acetylcholine, higher levels of neuromodulation may help to synchronize
cells by altering the membrane time constants of both excitatory and inhibitory neurons
in the appropriate directions, leading to a higher likelihood of repetition priming effects
in the model. At lower levels of neuromodulation, excitation is relatively slower and
inhibition is relatively faster, leading to weaker changes in synchrony across stimulus

repetitions and a higher likelihood of behavioral habituation effects.
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45.1 Effect of Neuromodulation on Firing Rate and Synchrony

Fixed levels of neuromodulation, M, were varied, stimuli were repeatedly presented up to
10 times (ISI = 1 second), and firing rates and coherence values were calculated as in
Smulations 1-5. Because al of the neuromodulatory actions were implemented as
sigmoid scaling factors (gain parameter of 1.0), the full range of changes occurred
between M values of approximately -4.0 and +4.0, and a set of values between these
extremes was sampled. The level of input heterogeneity was fixed at +/-20%. The
impact of increasing neuromodulatory levels on mean firing rates for the excitatory cells
is shown in Figure 4.10A, and the impact on standard deviations is shown in Figure
4.10B. Stimulus repetition decreased both the means and standard deviations of firing
rate for all levels of neuromodulation (p<.0005 for al conditions in A and B), athough
firing rates were larger overall for higher levels of neuromodulation. This was due to a
variety of factors, including the depolarizing effect of M on the resting potential of the
excitatory cells, the reduction of firing-rate adaptation and synaptic depression, as well as
the effects on the membrane time constants of the cells (increasing the input resistances
of the excitatory cells leads to larger synaptic potentials and higher rates, and decreasing
the input resistances of the inhibitory cells leads to smaller synaptic potentials and lower

interneuron firing rates).
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Figure 4.10: The impact of stimulus repetition and neuromodulatory level, M, on firing
rate means (A) and firing rate standard deviations (B). Stimulus repetition reduced both
the means and standard deviations of firing rates, although rates were larger overall for
higher levels of M.
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The impact of increasing neuromodulatory levels on coherence values among the
excitatory cells is shown in Figure 4.11. Stimulus repetition led to strong increases in
coherence for moderate levels of neuromodulation (e.g. M = 0.0 - 0.5), and weaker
increases for dlightly lower or higher levels (e.g. M =-1.0, M > +1.0) (p<.0005 for each
of these conditions). Interestingly, coherence values did not show large increases for low
levels of neuromodulation (e.g. M<-1.0). The presence of repetition-related increases in
synchrony across stimulus repetitions for moderate to high levels of neuromodulation is
likely due to the actions on the input resistances of the cells that result in faster excitation
and slower inhibition. At high levels of neuromodulation, firing rates are much larger
and firing-rate adaptation is more strongly suppressed, leading coherence values to show
weaker increases. At low levels of neuromodulation, the lack of repetition-related
increases in synchrony could be due to relatively slow excitation and fast inhibition, as
well asto the smaller initial values of firing rate that may not allow adaptation to build to

sufficiently strong levels to be synchronizing (see a'so Smulation 3, Section 3.4.2)
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Figure 4.11: Impact of stimulus repetition and neuromodulatory level, M, on coherence
values among the excitatory cells. Coherence increased strongly across repetitions for
moderate values of M but not for low values (little or no increases for M<-1.0). For
larger values of M, coherence increases were not as robust as for moderate values (e.g.
M=+2.0).

45.2 Effect of Neuromodulation on Reaction Time and Efficiency

The results shown in the last section indicate that for moderate to high levels of
neuromodulation, stimulus repetition leads simultaneously to decreases in firing rate and
increases in coherence. This is quite similar to the results of Smulations 1-5 that
demonstrated significant repetition priming effects. In contrast, low levels of
neuromodulation lead to decreases in firing rate without accompanying increases in
coherence. One might expect then for behavioral habituation effects to be observed

under these circumstances, similar to the results shown for neuromodulatory deficits in
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Smulations 6 and 7. Using the reaction time map generated in Smulation 4 (Section
3.5.2) from different values of input rate and coherence and under the assumption of
relatively balanced excitation/inhibition, reaction times were estimated for the different
neuromodulation conditions™. Figure 4.12 shows the results as a function of stimulus
repetition and level of neuromodulation. At moderate levels of neuromodulation (e.g.
M=-0.5, 0.0, and 0.5), stimulus repetition led to faster reaction times and strong repetition
priming effects (Stimulus 1 vs. Stimulus 2: p<.0005 for each condition). In contrast,
stimulus repetition led to slowed reaction times and significant habituation effects for low
levels of neuromodulation (e.g. M=-1.5, -2.0, -4.0; Stimulus 1 vs. Stimulus 2: p<.0005 for
each condition). The repetition priming effects observed at moderate levels of
neuromodulation occur for the same basic reasons as in Smulations 1-5: At higher firing
rates, changes in coherence lead to large changes in reaction time (see Figure 3.30C).
Habituation effects occur for low levels of neuromodulation because firing rates are
decreasing without changes in coherence; even if coherence were increasing, it wouldn't
have much impact on reaction times at the lower firing rates relative to the decreases in
rate due to synaptic depression. It is aso interesting to note that for moderate levels of
neuromodulation, additional stimulus repetition leads reaction times to increase slightly.
As with the results shown in Figure 3.31, this pattern is reminiscent of the phenomenon
of semantic satiation: Priming is stronger with a smaller number of prime repetitions than

with alarger number (e.g. Balota & Black, 1997; Smith, 1984).

% Reaction times were not generated for neuromodulatory levels that led to firing rates outside of the
mapped ranges of input rate and coherence, although this could be done by re-running Smulation 4 over a
larger range of input rates. The firing rate and coherence values at higher levels of M, shown in Figures
4.10 and 4.11, would be expected to yield fast reaction times and significant repetition priming effectsto a
certain point. At very high firing rates, synchrony becomes progressively unstable due to the interactions
of the excitatory cells.
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Figure 4.12: The impact of stimulus repetition and neuromodulatory level on reaction
times. For low levels of neuromodulation (M<-1.0), stimulus repetition led to slower
reaction times and behaviora habituation effects. In contrast, stimulus repetition led to
faster reaction times and repetition priming for more moderate levels of neuromodulation
(e.g. M=-0.5, 0.0, and 0.5).

This point will be taken up more in the section on Future Directions (Section 5.2). Given
that performance is decreasing across stimulus repetitions for low levels of
neuromodulation, it is interesting to ask whether metabolic efficiency is increasing or
decreasing. Changes in efficiency for the scale-free measure developed in Smulation 5
(Section 3.6) were calculated based on the reaction times and firing rates shown in
Figures 4.10 and 4.12. Results are shown in Figure 4.13 as a function of stimulus

repetition and neuromodulatory level.

224



Figure 4.13: Changes in metabolic efficiency as a function of stimulus repetition and
neuromodulatory level. Efficiency showed significant increases across repetitions for all
levels of M, athough the changes were larger for more moderate levels.

Processing efficiency increased across stimulus repetition for al levels of
neuromodulation, even for the lower levels (p<.0005 for al conditions). However,
changes in efficiency were substantialy larger for more moderate levels of
neuromodulation. This occurs because the reductions in firing rate are proportionately
larger than the decreases in performance. As with the results of Smulation 5, efficiency
often continued to improve as reaction times were sowed for the later stimulus

repetitions (e.g. M > -1.0).
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453 Comment

The results of this simulation have demonstrated that repetition priming effects can be
observed for higher levels of neuromodulation, whereas habituation effects can be
observed for lower levels, thus providing a unification of the opposite types of behavioral
effects addressed in Chapters 3 and 4. Dynamic changes in neuromodulation may
therefore help to assure a favorable balance of performance level and metabolic
efficiency. While these results are promising, several factors were not included that other
researchers have emphasized previously. For example, acetylcholine has been shown to
differentially impact different types of interneurona networks, elevating firing rates in
LTS interneurons that are coupled exclusively with gap junctions and reducing firing
rates in FS interneurons that are coupled with both chemical and electrical synapses (e.g.
Xiang et a., 1998). Some researchers have argued that LTS interneurons, by virtue of
their exclusive reliance on electrica coupling, are particularly important for
synchronizing cortical networks (e.g. Beierlein et a., 2000). On this point it is important
to mention that including such effects would likely only strengthen the current pattern of
effects, perhaps leading to even higher levels of synchronous spiking at higher
concentrations of neuromodulation. This will be explored in future work (discussed in
Section 5.2). While habituation effects in the current simulations are due primarily to the
lack of coherence increases at lower neuromodul atory levels, it is also possible that such
effects could result simply from the complete attenuation of spiking due to strong short-
term plasticity effects. These conditions can occur quite easily in the current model if the
levels of background currents are reduced or the rates of the inputs are decreased

sufficiently. Nevertheless, the success of the current simulations suggests that some
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combination of these ideas will be capable of explaining the different types of behaviora

effects associated with short-term stimulus repetition.
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