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Research on the neural bases of emotion raises much controversy and few quantitative models exist that
can help address the issues raised. Here we replicate and dissect one of those models, Armony and col-
leagues’ neurocomputational model of fear conditioning, which is based on LeDoux’s dual-route hypothesis
regarding the rat fear circuitry. The importance of the model’s modular abstraction of the neuroanatomy, its
use of population coding, and in particular the interplay between thalamo-amygdala and thalamo-cortical
pathways are tested. We show that a trivially minimal version of the model can produce conditioning
to a reinforced stimulus without recourse to the dual pathway structure, but a modification of the origi-
nal model, which nevertheless preserves the thalamo-amygdala and (reduced) thalamo-cortical pathways,
enables stronger conditioning to a conditioned stimulus. Implications for neurocomputational modelling
approaches are discussed.

Keywords: dual-route hypothesis; population coding; emotion; fear; amygdala

1. Introduction

Although much research on the neural bases of emotion has been undertaken in recent years
(e.g. LeDoux 1996; Panksepp 1998; Rolls 1999; Damasio 2003), the neurocomputational mech-
anisms and neuroanatomy governing emotional learning are poorly understood and the best
methodological practice for facilitating understanding is a source of contention.

The extent to which emotional learning can be understood as depending on isolated circuitry
or modules in the brain rather than through analysis of more holistic brain—body dynamical
processes is unclear (see Ziemke and Lowe in press, for a review of the applicability of this latter
approach to cognitive robotics modelling). Dynamical perspectives include those of Damasio
(2003), Panksepp (1998), Scherer (2000) and Lewis (2005), who all emphasise the importance
of processes that interact at different time scales. Damasio, for example, has suggested that
‘emotionality’ is rooted in the nested and interacting constitutive processes of the organism’s
homeostatic regulation, from metabolic activity to changes in the ‘internal milieu’, to neural
activity correlated with such changes. Lewis similarly views emotions as generated via neural
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structures and patterns of dynamic activity requiring the interaction of multiple processes in
overlapping roles over multiple time-scales.

The predominant approach in neuroscience, however, has focused on the relationship between
learned behavioural phenomena and activity in isolated brain ‘circuitry’ in which (modular) rela-
tions are assumed to be both pre-designed and static. This has also been true of attempts to
identify the neural substrate of fear (and ‘anxiety’: LeDoux 1996; Ohman 2000; Davis 2006).
This approach has the advantage of making it easier to identify minimally sufficient neurophys-
iological routes by which emotional learning may be mediated, and according to Fellous and
LeDoux (2005) offers ‘[a] more fruitful strategy’ for illuminating at least some generalisable
emotion mechanisms of interest to neurobiologists: ‘the basic principles that have been uncov-
ered about the fear system are likely to be applicable to other systems’ (p. 85). The emphasis
in particular on the neuroanatomically well understood fear circuit may provide insights into the
‘role of fear and its complex interactions with cognition and with other emotional circuits’ (Fellous
and LeDoux 2005, p. 86) as studied in highly controlled environments (including computational
and robotic models).

The identification of particular neural substrates for emotion has been a key point of inter-
est to LeDoux (1990, 1992, 1995, 1996). The amygdala (and its various divisions) is generally
agreed to be of critical importance to emotion and in particular fear conditioning — the acqui-
sition and expression of fear responses in vertebrates (LeBar and LeDoux 1996; LeDoux 2000,
2006; Davis 2006). The computational role that the amygdala may play as a structure of conver-
gence for numerous processing pathways required for fear conditioning — and possibly emotional
learning in general — has been the subject of recent interest to computational neuroscientists
(e.g. Armony 2005) and cognitive scientists (Balkenius and Morén 2000; Morén 2002; Man-
nella, Mirolli and Baldassarre 2007; Mannella, Zappacosta, Mirolli, and Baldassarre 2008). The
neurocomputational fear conditioning model of Armony, Servan-Schreiber, Cohen and LeDoux
(1995, 1997a) and Armony, Servan-Schreiber, Romanski, Cohen and LeDoux (1997b), though
over 10 years old, is still frequently cited for the insights it has provided (e.g. LeDoux 2000, 2006;
Webhrle and Scherer 2001; Fellous, Armony and LeDoux 2003; Armony 2005). The model was
inspired by the neurophysiological studies of LeDoux (1990, 1992, 1995) on the ‘dual pathway’
hypothesis of thalamic-mediated processing of fear-eliciting stimuli converging on the amygdala
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Figure 1. Dual-route pathway for sub-cortical and cortical stimulus processing convergence on the amygdala.
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(see Figure 1 for simple illustration). LeDoux (2006) summarised the hypothesis thus: ‘fear
conditioning to a simple auditory conditioned stimulus can be mediated by [both] auditory
thalamus-lateral amygdala’ and ‘thalamus-auditory cortex-lateral amygdala pathways’ while ‘[i]t
appears that the projection to lateral amygdala from the auditory cortex is involved with a more
complex auditory stimulus pattern’ but ‘the exact conditions that require the cortex are poorly
understood’ (LeDoux 2006, p. 293). Essentially, the sub-cortical route is deemed sufficient for
emotion elicitation but the cortical route is seemingly required for more refined, context-dependent
emotional responding.’

Armony et al. (1995, 1997a,b) tested the dual-route hypothesis, and its neuroanatomical basis,
using a computational model that they proposed captured the fundamental neurocomputational
features of the purported rat brain fear circuitry. The general finding reported was that the simulated
thalamo-amygdala route was sufficient to produce Pavlovian-like conditioning to a tone stimulus.
The aim of this paper is to report our evaluation of the computational model of Armony et
al. (1995, 1997a,b; see also Armony 2005), to evaluate to what extent the modelled thalamo-
amygdala (sub-cortical) pathway is both sufficient and necessary for fear conditioning with respect
to the thalamo-cortical pathway, and the limits of the model. Also described are simple tested
modifications of the model identified as being important to the evaluation. This work aims to
establish exactly what mechanisms of the model can be considered relevant to fear conditioning
given the performance of the model with respect to the nature of the particular task. The aim
in the longer run, however (beyond the work reported in this paper), is to incorporate insights
gleaned from testing this disembodied computational model into a more comprehensive model of
emotional learning that can ultimately be used in a homeostatically regulated (embodied) robot
in complex environments (see Lowe, Morse and Ziemke 2008; Morse, Lowe and Ziemke 2008;
Ziemke and Lowe in press).

The breakdown of the paper is as follows. Section 2 provides a description of the imple-
mentation details of the Armony et al. (1995, 1997b) model together with a brief overview of
Armony et al.’s interpretation of their main findings. Section 3 then reports our results of a reim-
plementation of the original model. In this section a critique of the particular design choices
made is offered, leading to an evaluation of the mechanisms and structure of the model, via a
number of tests, in Section 4. This section also attempts to identify the most minimal model
necessary for reinforced conditioning, for the particular task used by Armony et al. and the most
effective model, in an attempt to validate the conclusions drawn by Armony et al. regarding
the relevance of the modular and dual-route structure of the model and also the use of popula-
tion coding. This is intended to establish a simple way by which the network might make use
of the thalamo-cortical pathway. Furthermore, this section reports results of the tests regarding
inter-module connectivity, which is demonstrated to be a crucial conditioning mechanism for
the model. Finally, Section 5 provides a summary and discussion regarding the overall insights
gained.

2. The Armony model

2.1. Implementation details of the model

In this section, the Armony model is described briefly — the reader is referred to the principal
papers (Armony etal. 1995, 1997b) for further clarification. Figure 2 shows its architecture divided
into ‘neuroanatomical’ modules — thalamus, auditory cortex and amygdala — connected in a feed-
forward manner that emulated the hypothesised dual pathways in auditory fear conditioning: a
fine-grained thalamo-cortico-amygdala pathway and coarse-grained, direct, thalamo-amygdala
pathway. Each module comprised populations of homogeneous units whose activation values
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Figure 2. Armony et al. (1995, 1997a,b) original model architecture. The anatomical modules identified as being per-
tinent to the fear circuitry in the rat brain are represented here along with the number of units contained and their
feed-forward, excitatory connections to other modules. Connections between modules are modified through an extended
Hebbian learning rule. CS, conditioned stimulus; MGy, ventral division of the medial geniculate body (MGB); MGm,
medial division of the MGB; PIN, posterior intralaminar nucleus. This model depicts a particular unit number configu-
ration of the form [a b ¢ d] where a, MGy, b, PIN/MGm, c, auditory cortex and d, amygdala. This particular cell unit
configuration is thus: [8 3 8 3] as used by Armony et al. (1995).

are the product of weighted full connectivity from preceding (sending) layers and normalised
through both a squashing function — ramp or sigmoid function, and a winner-take-all algorithm
that serves to inhibit laterally the activation of ‘loser’ units. The activation of the winning unit
in the receiving module is calculated as follows:

awin = f Zajwji ) (1

Jjes

where S is the set of all units in the sending layer(s), w;; is the weight between the sending unit j
and the current unit, and for all other units i in the receiving module r the activation is calculated
as follows:

a, = f Zajwji — MrQwin | » (2)

JjeS
where ., is the strength of lateral inhibition in module r. The output function f(x) is given as a
ramp function in Armony et al. (1995):

0, x<O
fx)=141, x>1 3)
x, otherwise,

and as a sigmoid in Armony et al. (1997b):
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Weights are updated after each cycle of activation updates via an extended Hebbian learning
algorithm, the Hebb—Stent rule (Stent 1973), which ensures that weight values do not saturate

, wj; +éeaa;, a;>a
Wj; = . (5)
wiji, otherwise,
and
w ..
Jt
Wi = &< (6)

> jes w}i ’
where a is the mean activation of the sending layer to which unit j belongs, and ¢ is the learning
rate constant.

Input stimuli, representing arbitrary auditory tones, consisted of binary activation patterns, with
two adjacent active units per stimulus having a value of unity, and all other units having a value
of zero. Thus, the 16 input units shown in Figure 2 can represent 15 different input patterns.
During simulated conditioning, the to-be-conditioned stimulus was a particular input pattern
representing an auditory frequency value, and paired with a binary ‘nociceptive’ input for the
unconditioned stimulus with a weighted connection to all units in the amygdala and MGm/PIN
thalamus. Simulations of the fear conditioning task were broken down into three phases:

(1) Development. The weights were all assigned initial random values from a uniform distribution
[0,1]. All the input patterns were presented in a random order in each epoch, and the network
was updated following each input presentation. This was repeated until receptive fields were
stable over a complete epoch, where a unit’s receptive field (RF) was constructed from its
activation following the presentation of each input pattern. In Armony et al. (1997b) an explicit
stability criterion was added for termination: the sum of the absolute value of weight changes
over the epoch is less than a value in the range [0.01,0.001].2

(2) Conditioning. Following the development phase, the cycle of input pattern presentations was
continued, but this time one pattern was chosen as the conditional stimulus (CS) and paired
with the unconditioned stimulus (US) whenever it was presented. The epochs again repeated
until stable receptive fields were established.

(3) Testing. After both phases, the input patterns were repeated once more (without weight
changes or pairing with the unconditioned stimulus) to establish: (1) the RF of each unit;
(2) ‘behavioural response’ — the total activation of all amygdala units following each input
interpreted as the degree of behavioural vigour in response to that tone; (3) ‘acquisition’ — the
response of the amygdala units to the conditioned stimulus input; (4) stimulus generalisation
gradient (SGG) — the change in behavioural response after the conditioning phase (rats gen-
eralise auditory fear conditioning to tones close to the CS in frequency, so the model should
show an increase in total activation at and around the CS input).

2.2. The main findings of the original model

The original simulations were designed to emulate the typical auditory fear conditioning task in
which rats were trained to associate a particular pure tone with a footshock. The shock could be
avoided by pressing a lever following the correct tone, which allowed the experimenters to assess
the acquisition of the tone—shock pairing behaviourally. Armony et al. (1997b) added a further
phase to test the effects of auditory cortex lesions: they set the weights from the auditory cortex to
the amygdala to zero during the conditioning phase (the development phase was run as normal)
and assessed the changes in RFs and SGG that followed. Armony et al. (1995, 1997b) used their
model to show neurophysiological and behavioural similarities between output obtained from
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their computational model and the real world behaviour observed in rats. They concluded on this
basis that the network successfully modelled the ‘dual-route’ fear circuitry in the rat brain whilst
demonstrating the power of the thalamo-amygdala pathway to enable fear conditioning to the
particular simple task.

More specifically, Armony et al. (1995) showed that their model produced simulated RFs
qualitatively similar to single cell RFs recorded from the rat amygdala, auditory thalamus and
auditory cortex, and that the simulated RFs shifted towards the tone experimentally chosen as
the conditioned stimulus, similar to the changes observed in rats during fear conditioning. Their
simulated lesions predicted that removal of the auditory cortex would not affect the shift in
the RFs to the conditioned stimulus tone, which was confirmed in a subsequent experimental
study (Armony et al. 1997b). Armony et al. (1997b) claimed that the lack of effect of lesioning the
auditory cortex on amygdala activation is mirrored by the lack of difference in behavioural patterns
(lever pressing activity) found in supposedly analogously lesioned laboratory rats. This mirroring
of levels of activation was given as evidence that the underlying (sub-cortical) neurocomputational
mechanisms and modular substrate can account for rat fear conditioning to simple stimuli, and
that cortical processing refinement is inessential.

3. Replication of original model: tests and results

3.1. General approach to evaluating the model

In order to verify the main findings of Armony et al., we first replicated the model as described in
their 1995 paper and then did the same with respect to their 1997b paper, as these papers reported
different parameter values and designs. We then assessed variations of parameters that are of
particular conceptual significance to the validity of the model. All replications of experiments and
new tests were carried out in Matlab. Use of both sigmoid (1997b) and ramp (1995) functions was
also investigated. Each of the different model set-ups was tested and evaluated over 10 simulation
runs, with the convergence criterion for the development and conditioning phases based on number
of stimulus presentation repetitions: 300 epochs were deemed sufficient to produce stable receptive
fields. This was done because the absolute weight change total never approached the criterion for
stability reported by Armony et al. (1997b) irrespective of how long the simulation was run.?

3.2. Analysis of the 1995 Armony model

The parameters reported by Armony et al. (1995) were as follows: ¢ = 0.1, u = 0.2, US activation
value = 0.4, number of units (for MGv thalamus, MGm/PIN thalamus, auditory cortex and
amygdala, respectively) = [8 3 8 3], with 16 input units (giving 15 input patterns), and using the
ramp output function (3) (Section 2). This is the design shown in Figure 2. Using these parameters,
we were able to replicate the receptive field properties after the development phase, the changes
in receptive fields after the conditioning phase, and the SGG comparison between the two phases.

Figure 3 shows that our replication was able to reproduce the main features of a single unit from
the Armony model. For this amygdala unit, the development phase established a broad RF with a
single peak best frequency. Following the conditioning phase, the RF peak shifted to the condi-
tioned stimulus tone. The receptive fields from units of the other modules replicate the findings of
the 1995 report to a similar qualitative degree. However, we note two quantitative discrepancies.
First, we observed greater peak activation in the RFs both before and after conditioning than
reported by Armony et al. (1995) in all our amygdala units. As the RFs were established during
the testing phase, this greater activation cannot be due to the US input. Second, the RFs from the
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Figure 3. Single amygdala unit receptive field (RF) in the Armony model. (A) A single unit from Armony et al. (1995).

(B) Single unit from our replication of that model. Top: both show that the amygdala unit establishes a broad RF with a peak
best frequency (BF) during the development phase, which shifts to the conditioned stimulus (CS) after the conditioning
phase. Bottom: the difference between the RFs at the end of each phase shows clearly the shift in peak activation to
the CS following the conditioning phase. Armony, J.L., Servan-Schreiber, D., Cohen J.D., and LeDoux, J.E. (1995),
‘An anatomically Constrained Neural Network Model of Fear Conditioning,” Behavioral Neuroscience, 109, 246-257.
Reprinted with permission.)

Armony model are multi-peaked, whereas our simulations gave smooth mono-modal RFs. We
suggest that both these discrepancies result from their terminating the simulations too early: if
we terminate our development or conditioning phases early, after as few as 10 epochs, we see
similarly noisy RFs and lower peak activation levels.

The ‘behavioural response’ of the Armony model, as measured by summed total amygdala
activation, was also replicated by our simulations. Figure 4 illustrates that we replicated the broad
behavioural response pre-conditioning, and the shift to more active peaked behavioural response
post-conditioning. The results are the mean of 10 simulation runs, and the small magnitude error
bars show that the shift in behavioural response was robust despite different random starting
weights. The activation discrepancy noted for the individual unit RFs naturally carries over to
the summed total of those RFs — our ‘behavioural response’ values are shown normalised by the
number of units per module to display them on the same scale. Again, if we simulate fewer epochs,
we recover lower ‘behavioural response’ values, and noisier distributions, as reported by Armony
et al. (1995).

3.3. Analysis of the 1997b Armony model

The parameters reported by Armony et al. (1997b) were as follows: ¢ = 0.2, US activation
value = 0.4, number of units (for MGv thalamus, MGm/PIN thalamus, auditory cortex and
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Figure 4. (A) The behavioural response (summed total amygdala activation) pre- and post-conditioning from Armony
etal. (1995). (B) The behavioural response pre- and post-conditioning from our replication of the model; the points are the
mean of 10 simulation runs, shown +S.E., emphasising the robustness of the results. Our simulations replicate the broad
response pre-conditioning, and the peaked response, centred on the conditioned stimulus (CS) input, post-conditioning.
Note that our activation values are normalised by the number of amygdala units to allow plotting on the same scale as
the Armony et al. results. Results of an auditory cortex lesioned model are also depicted for completeness. (Armony, J.L.,
Servan-Schreiber, D., Cohen, J.D., and LeDoux, J.E. (1995) ‘An Anatomically Constrained Neural Network Model of
Fear Conditioning,” Behavioral Neuroscience, 109, 246-257. Reprinted with permission.)

amygdalarespectively) = [10 10 10 10], corresponding lateral inhibition & = [0.1 0.3 0.6 0.3] for
each module, with 11 input units (giving 10 input patterns), and using the sigmoid output func-
tion (4) (Section 2). However, we were unable to train the model successfully using the sigmoid
output function: no clear RFs were established during the development phase, and hence no con-
ditioning could be tested. Instead, all units converged on a very limited range of activation. We
attribute this to the restricted range of output possible from function (4) given the operational
range of the input to each unit from the sending layer(s). Initially, all units in a module have
approximately equal weighted inputs because of the uniformly random distribution of weights.
The action of lateral inhibition in Equation (2) ensures that, with the ramp function (3), these are
transformed into large differences in output that can be acted upon by the Stent—Hebb rule (5).
However, the sigmoid function (4) does not transform these into large differences in output, so
the model rapidly converges on a stable state that reflects the initial weight distribution. We were
unable to determine what changes to the simulation set-up would allow successful use of the sig-
moid function they described. For our replication of the results reported by Armony et al. (1997b),
we were thus forced to use the ramp output function (3).

Despite this, our results were again in excellent qualitative agreement, although again showed
quantitative discrepancies, which we may attribute to one or more of: using a different output
function; running the simulations for longer (as in the previous section); or the unclear description
of analysis methods in (Armony et al. 1997b). Figure 5 shows that our replication was able to
reproduce the main results for both the behavioural response and SGG: the behavioural response
shifted its peak value to the CS tone following conditioning, and the SGG showed that the greatest
increase in activation occurred at the CS tone, with decreased activation in response to nearby
tones.

In addition, we replicated their lesion experiment from this study, setting the cortico-amygdala
weights to zero after the development phase and leaving them unchanged throughout; we saw, as
they did, that this lesion had no positive effect on the model’s ability to learn the CS-US pairing
or on its ability to generalise to surrounding frequencies.* Note, Figure 4 shows similar results
for the same lesion where the parameters from the 1995 paper were used.
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Figure 5. Replication of the Armony et al. (1997b) model. (A) From Armony et al. (1997b), shows the behavioural
response (total amygdala activation) to the CS tone pre- and post-conditioning in both control and lesion conditions. (B)
The stimulus generalisation gradient (SGG) — the percentage change at each input from the development phase to the
conditioning phase. Mean and error bars were from five repetitions of the simulations. (C,D) Corresponding results from
our own simulations, showing that we replicated their main findings; we show here the behavioural response for more
than just the CS in (C) to demonstrate that the 1997 Armony model could also generalise its response. Mean and error
bars are from 10 repetitions of the simulations. (Armony, J.L., Servan-Schreiber, D., Romanski, L.M., Cohen, J.D., and
LeDoux, J.E. (1997) ‘Stimulus Generalization of Fear Responses: Effects of Auditory Cortex Lesions in a Computational
Model and in Rats,” Cerebral Cortex, 7, 157-165. Reprinted with permission from Oxford Journals, Oxford University
Press.)

3.4. Critique of the design of the original model

Our first concern in the evaluation of the Armony et al. model and our replicated findings is to
evaluate critically what exactly was being modelled.

3.4.1. Intra-modular structure

The choice of many of the abstractions used for the neurocomputational mechanisms in the original
model was not substantiated by neurobiological evidence. For example, Armony et al. (1995,
1997b) modelled the intra-modular cellular dynamics of each module using ‘[s]imple, nonlinear
summing devices . . . used as a first approximation of the behavior of populations of neurons that
redundantly code for the same piece of information’ (1995, p. 247). They did not provide further
justification for the use of ‘population coding’: we look at its necessity in Section 4.1. Implicit in
the design was the modelling of one specific division of the amygdala, the lateral nucleus: ‘The
thalamic and cortical projections converge in the lateral nucleus of the amygdala (LA) ... which
suggests that the overall emotional reactivity of the organism to a threatening auditory stimulus
involves the integration of processing from these two input systems in the LA’ (Armony et al.
1995, p. 246). If the amygdala module is taken to be representative of the LA nucleus, its use of
homogeneous processing units does not appear to match well the actual structure of the LA in rats.
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Pitkdnen, Savander and LeDoux (1997) (see also Pitkénen 2006) suggest that the LA structure
is much more complex — a division of neurons exists in the LA that project to other amygdala
divisions but these projections are not reciprocated; moreover, a number of subdivisions also exist
within the lateral nucleus that can be characterised by their particular inter- and intra-divisional
connectivity.

It should also be noted that winner-take-all (WTA) dynamics were assumed in all modules,
which they did not attempt to establish from the neuroscience literature — we can advance argu-
ments for a ‘distal’ WTA mechanism in thalamic nuclei involving the thalamic reticular nucleus
(e.g. Pinault and Deschenes 1998), but not in the amygdala. Therefore, the notion that LA activity
is governed by fully connected homogeneous units channelled by lateral inhibition according to
WTA dynamics is not fully corroborated by neuroscientific evidence.

3.4.2. Inter-modular structure

The use of solely feed-forward inter-module connection weights fails to account for the well-
known reciprocal projections between auditory cortex (AC) and thalamus, and between AC and
amygdala (e.g. Armony, Quirk and LeDoux, 1998). This need not impinge on the efficacy of the
model if it is taken to be primarily an abstraction of short-latency responses to conditioned stimuli.
However, the limits of the functional interplay between the thalamo-amygdala and thalamo-
cortical pathways must be established in order to understand the validity of the model as one of
a dual-route processing structure.

Studying the thalamo-amygdala pathway in isolation may be insufficient to provide significant
insight into its role in fear conditioning. A modicum of integration with other related structures,
including other intra-amygdala nuclei, might be crucial for a fuller understanding of the pathway’s
significance in a wider context. More recent work carried out by Armony et al. (1998) suggests
that the auditory thalamo-cortical pathway can act independently of the amygdala to produce US
anticipatory responses to short latency onset CS (0-500 ms); nevertheless, the amygdala induces
extinction-resistant US anticipatory responses in auditory cortex cells if latency of stimulus onset
is delayed (500—1500 ms). This indicates that the full significance of sub-cortical stimulus process-
ing (via the thalamo-amygdala pathway) may only be understood where the temporal interplay
between amygdala and other cortical structures is meaningfully accounted for. The dual-route
structure of the Armony et al. model is the hypothesis being tested, e.g. that these two routes can
function independently under certain conditions and thus the modellers are obliged to identify
conditions under which either of the pathways, or both in unison, are of functional relevance.
Ultimately, Armony et al. (1995, 1997a,b) did not establish that the cortical module in their model
had any clear functional significance at all, and therefore that the simulated lesion was not trivial.

In using a number of other computational mechanisms, Armony et al. were effectively hypoth-
esising that all the inter- and intra-modular mechanisms of the model are relevant abstractions for
the neuroanatomical circuit under investigation, that they have some function in the computational
model, and therefore that they require intensive analysis of the like not provided in their 1995 and
1997a,b papers.

4. Testing the structure of the model: intra- and inter-modular structure

Having successfully replicated the performance of the two versions of the Armony model
reported (1995, 1997b), we seek, in the first part of this section, to address the contention of
Armony et al. regarding the intra-modular property of population coding: ‘it would appear that
collections of cells, by way of so-called population coding, may be able to provide a more accurate
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representation of the external signals than the individual neurons’, (1997b, p. 164). Population
coding in the context used here entails the units being homogeneous: each unit is subject to the
same mechanisms of modulation within the module. In the second part of this section, we eval-
uate the inter-modular structure of the model through: (1) the effects of structural variations in
the modules that formed the dual-processing pathways used by Armony et al. (1995, 1997b); and
(2) the type of connectivity between the modules in the network. We do this in an attempt to
clarify if and when the model can be justified as one of dual-route stimulus processing.

4.1. Intra-modular structure: population coding

The intra-modular structure of the Armony model consisted of populations of homogeneous
‘neural’ units subject to WTA dynamics (see Section 2). In order to test Armony et al.’s post hoc
explanation that the network could discriminate the CS from other frequencies because of this
coarse form of population coding, we decided to vary the number of units according to the two
structures critical to the model: the thalamo-cortical-amygdala pathway and the thalamo-amygdala
pathway. The following module-unit configurations were evaluated for MGv, PIN/MGm, auditory
cortex and amygdala modules, respectively:?

(1) [24 3 24 3] (to test relatively extreme values given the rationale used in the 1995 paper, i.e.
that the cortical pathway may discriminate better on account of having a higher number of
cells for ‘narrow tuning’).

(2) [3 24 3 24] (to provide a sub-cortical pathway ‘control’).

For each of these configurations we ran a full simulation, as described in Section 2, using the
ramp output function (3), and using all other parameters from Armony et al. (1995): ¢ = 0.1,
n = 0.2, and with 16 input units (representing 15 input patterns). We tested the configurations
with the full model and with a lesion of the cortico-amygdala pathway (after the development
phase), and with the CS tone always receiving input ‘frequency’ pattern 5 during the conditioning
phase.

We found that both configurations allowed for a strong conditioning response in the network: all
units developed stable RFs and the model successfully learned the CS-US association. Figure 6
illustrates that the peak behavioural response always shifted to the CS tone, irrespective of the
number of units in the amygdala, and that the SGGs show the model was generalising the response,
learned in the development phase, to tones close to the CS in input space. Moreover, we found
for configuration 1 that lesioning the thalamo-cortico-amygdala pathway both increased the peak
behavioural response to the CS and narrowed the range of frequencies around the CS. That is, the
thalamo-cortico-amygdala pathway seems effectively to inhibit the model’s behavioural response
to the CS, and reduce its ability to discriminate CS and non-CS frequencies. We attribute the
negligible deleterious effect on CS conditioning of the lesion in configuration 2 to the reduced
number of cortical units in those simulations. All these results were robust to the initial random
weight distribution, as shown by the small magnitude error bars in Figure 6.

Population coding is not always a neutral feature of the network. In some cases it can actually
make conditioning less likely. We define a difficult-to-condition-to-CS as a frequency far from the
peak frequency in the behavioural response that resulted from the development phase — that is, a
frequency that elicits a weak response prior to conditioning. Owing to the property of the network
of summing the activation of units to obtain behavioural output, single units that correctly learn
the value of a difficult-to-condition-to-CS have their activation swamped by that of the remainder
of the neurons in the population. Another property of a difficult-to-condition-to-CS is that some
units in the US-reinforced modules will condition to it, while others will not.
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Figure 6. Responses of the Armony model to changes in the number of units per module. The left column shows the
behavioural responses (summed and normalised total activation of all amygdala units) pre- and post-conditioning for the
control and lesion conditions. The right column shows the stimulus generalisation gradient (SGG) for the same conditions.
(A,B): Configuration 1, [24 3 24 3]; (C,D): configuration 2, [3 24 3 24]. In both configurations the model produced stable
receptive fields and a corresponding pre-conditioning behavioural response, a shift in peak behavioural response to the
CS tone, and a SGG that showed the model generalised its learned response to tones close to the CS in input space (the
CS was always pattern 5). Mean values and error bars were taken from 10 repetitions of the simulations with different
initial random weights.

The ‘swamping’ phenomenon that a difficult-to-condition-to-CS may induce is illustrated in
Figure 7. In tests carried out here an arbitrary configuration [8 3 8 10] was used to allow
for conditioning via population coding as depicted in Figure 7A, B for individual amygdala
units and overall behavioural (amygdala) output, respectively, whereas configuration [8 3 8 1]
was used for single unit amygdala (i.e. no population coding) conditioning, as depicted in
Figure 7C. Two factors determined whether or not individual units would condition to a CS
in the conditioning phase: (1) CS distance from the best frequency in the development phase;
and (2) strength of the US. Initial random weight distributions were thus searched until a large
distance between the best frequency in the development phase and a chosen CS was found for
the network. The US was also made sufficiently small (US = 0.19) to ensure that only a sin-
gle unit out of 10 in configuration [8 3 8 10] successfully conditioned while the network as
a whole subsequently failed to condition. Figure 7A shows the first four of the 10 amygdala
units after conditioning. While the first unit successfully conditioned the other three show an
inability to shift their response range to the CS — the other six units not shown were similar
to these three non-CS-conditioning units. Figure 7B shows the behavioural output of the net-
work that fails to condition. Figure 7C shows the graph that represents the individual unit and
thus entire behavioural output for the single-unit amygdala condition. Again the first (and only)
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Figure 7. Unit activity (left column) and behavioural responses (right column) in the Armony model, when using a
difficult-to-condition-CS. (A,B) Cellular activity and behavioural responses where population coding is used in a single
simulation run. (A) shows four example units out of the 10 used — 2—4 are representative of units 5-10. (C) shows the
same respective phenomena in the same testing conditions for a non-population coding network — note, the single unit in
this case also represents the behavioural response of the network.

unit conditions to the CS but naturally this necessitates that the network as a whole conditions
(Figure 7C).

While a difficult-to-condition-to-CS can illuminate where population coding inhibits network
CS conditioning, it can also uncover where population coding improves performance relative to
a single unit. By arbitrarily setting the US value to 0.2, for example, population coding permitted
robustness against the failure of a single unit to condition to the difficult-to-condition-to-CS.
It might also be said that in the physical world a possible role for populations of ‘redundant’
neurons is robustness to damage, or to individual neural activation induced by noise. From this
perspective, it might be desirable that the network as a whole does not respond to a single highly
active unit. In some simulations we found that only a minority of units would condition to the
stimulus. This was particularly the case when lateral inhibition was increased (results not shown)
and subsequently individual unit activation within a population was likely to be more diverse.

From a computational point of view, population coding would be of more obvious benefit if
network output was a function of the variance of activation values of units in modules, or perhaps
the normalised values of a subset of units with the highest activation, rather than just the sum
of all the values. This would enable highly active subsets of units (instead of single noisy units)
that might condition to a difficult-to-condition-to-CS to have a stronger impact on the output of
the network. This might even be simply achieved by the use of a different activation function for
units contributing to the behavioural (amygdala) output.

4.2. Inter-modular structure: the relevance of modularity

In Section 4.1 we showed that a single unit in the amygdala module within the otherwise
population-coded network (e.g. see Figure 7C) is sufficient to produce good conditioning to a
CS. The extension of this approach was to strip the model down to its bare bones, so that the
entire network consisted of a single unit, and then assess the impact on simulated conditioning of
reintroducing each aspect of the Armony model’s interpretation of the neuroanatomy. Here and
in the following subsections we thus explore more fully the significance of: single units versus
modular structure, and single pathway (thalamo-amygdala pathway) versus dual-pathway (both
thalamo-amygdala and thalamo-cortico-amygdala pathways) structure.

4.2.1. Single unit versus modular structure

If conditioning can be achieved with a single unit, with the SGG qualitatively similar to the full
network, then the power of the model to generate a non-monotonic response to a CS could be said
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to come purely from the complexity and nature of the inputs and the manner in which they are
connected to the network. In this case, it would seem superfluous to label such a reinforcement
learning network a model of fear conditioning. To test this we simulated a network using a single
neuron given by Equations (1) and (3) that received weighted connections from the input units. We
found that a single unit network can indeed condition to the CS and produce a SGG qualitatively
similar to those exhibited in Figure 6 (this was the case where the model was fully lesioned in both
the development and conditioning phase but otherwise adopted the parameter values reported in
Armony et al. (1995) and 20 simulations of 300 epochs). Figure 8A also demonstrates that the
single unit network was able to acquire early conditioning to the CS.

We found, however, that if population coding is introduced by using a single module in place
of the single unit, the resulting network does not initially condition as strongly to the CS (lower
total activation in response to the CS) as having two modules that enable two feed-forward steps
of processing (e.g. from MGm/PIN module to amygdala). This was not detectable over the time
period that enabled the weight values to stabilise, i.e. 300 epochs, but was rather observed with
respect to early CS-acquisition, i.e. after five epochs in the conditioning phase. The difference
between the output of the one and two-module networks after five epochs can be seen in Figure 8B,
C (only the respective SGGs are shown here but they are reflective of total activation differences,
in the two conditions, in the conditioning phase).

It should be noted that the improved conditioning response in the two-module network, relative
to the one-module network, does not happen due to additional reinforcement (both MGm/PIN and
amygdalareceive US input) as we also found that the US input to the amygdala was redundant in the
Armony model (the behavioural response of the model is the same with or without it — results not
shown). Indeed, we could argue that a more parsimonious and neurobiologically plausible model
would have US input to the MGm/PIN only: studies have demonstrated inputs to its cells from
auditory structures in the brainstem (especially the inferior colliculus) and from the spino-thalamic
tract (Cruikshank, Edeline and Weinberger 1992, Bordi and LeDoux 1994), which is essential
for pain transmission. It is contentious as to whether evidence is strong for electrophysiological
responses in the amygdala that are due directly to US inputs: a simpler explanation, and one
supported by the Armony model, is that the amygdala cells’ responses just reflect their inputs
from the MGm/PIN cells.

Finally, it should be noted that conditioning in the modular networks did not entail a larger
shift to the CS (from the development phase) than for the single-unit network. This can be seen
in Figure 8A, compared with Figure 8B,C, for CS-acquisition tests after five epochs in the condi-
tioning phase (see Section 2 for a reminder of the different phases of simulation and testing). This
again suggests that the power of conditioning in the network does not lie in its modular structure
or its use of population coding. However, as noted in the previous section, single unit networks are
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Figure 8. Stimulus generalisation gradients for: (A) a single unit network; (B) a single module network; and (C) for

an intact thalamo-amygdala network. In the network tested in (C) the sub-cortical modules contained 10 units. Testing in

the conditioning phase was always recorded after five epochs. The development phase was for 300 epochs. Means and

standard errors were taken from 20 simulations.
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not necessarily as able to respond to a difficult-to-condition-to-CS as networks with populations
of units.

4.2.2. Single pathway versus dual pathway structure

Given that the performance of the two module (thalamo-amygdala) network could produce a
stronger initial conditioning performance (e.g. summed activation for the CS frequency in the
conditioning phase) than the one-module network, we investigated potential conditions under
which the use of three modules in the thalamo-cortico-amygdala pathway could strengthen con-
ditioning to the CS further still. This would also test the validity of the model as one of dual
pathway conditioning.

We have already confirmed Armony et al.’s (1997b) result that the model did not require the
thalamo-cortical pathway to produce conditioning to the CS. Indeed, we found that the cortically
lesioned model performed better than the intact model in other configurations (Figure 6). We
suggest that because the model MGv thalamus does not receive US input, its input to the auditory
cortex in turn only adds noise to the cortical module’s learning during the conditioning phase
(because MGv can only output the behavioural response established during the development
phase), so the cortical module’s input to the amygdala is deleterious to the learning of the CS. As
there appears to be no clear function of the MGv module in the network we decided to test the
model with this module lesioned. We did this by comparing our results from the Armony et al.
(1995) parameter replication (see Section 3.2) using the AC-lesioned variant of the original model
to results from the same model with the same parameters (including configuration [8 3 8 3]), but
where the conditioning phase consisted of MGv-cortical weights being set to zero. By testing
with 20 simulation runs and 300 epochs no obvious difference in network output was found in the
two conditions — both in terms of total activation (behavioural response) of the CS input value,
and in terms of the stimulus discrimination/generalisation gradient.

To evaluate further the potential relevance of the MGv-lesioned cortical pathway, we tested
for early (five epochs) CS acquisition in both the AC-lesioned and MGv-lesioned models in the
conditioning phases. Figure 9 shows that the two lesions produced very similar effects on the
model behavioural response with respect to the intact model after five epochs. We conclude from
this that our hypothesis is correct: the MGv module is solely responsible for the inhibitory role
the thalamo-cortico-amygdala pathway has on the post-conditioning behavioural response of the
original Armony model. In fact, the MGv-lesioned model produced marginally greater summed
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Figure 9. Total network output for MGv-lesioned and auditory cortex-lesioned models respectively, where Armony
et al. (1995) parameters are adhered to including configuration [8 3 8 3]. (A) Output for the MGv-lesioned network. (B)
Output for the auditory cortex-lesioned network. The two conditions show means and error bars from 20 simulations, 300
epochs in the development phase, five epochs in the conditioning and lesioning phase. The grey horizontal line is used to
emphasise the small difference in behavioural response between the two conditions.
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activation for the CS input than the AC-lesioned model (in terms of differences in means and
non-overlapping error bars). This result hints that the MGm/PIN-AC-amygdala pathway may yet
refine the strength of conditioning to the CS.

To test this hypothesis we decided to lesion the MGv altogether, i.e. prior to the development
stage, and then compare the performance in the conditioning phase of this modified model with
and without the AC (cortex) module (again using the same parameters as in the Armony et al.
(1995) paper). As can be seen in Figure 10, we found that although there was no difference between
the conditioning and lesioning phase where the 20 simulations were tested over 300 epochs, when
only five epochs were tested in the conditioning and lesioning phases (300 epochs for development
phase) the AC-lesioned model produced a slightly stronger responsivity shift from the best/peak
frequency of the development phase® to the CS in the conditioning phase (based on the differences
in the two conditions with respect to mean values and the non-overlapping error bars). The small
differences make it difficult for us to draw strong conclusions regarding the potential role of the
MGm/PIN-AC-amygdala pathway to conditioning.

Having established that the MGv-auditory cortex projection is detrimental to the model’s
performance, it remains to establish clearly potential roles of the other thalamo-cortico-amygdala
pathway (MGm/PIN-AC-amygdala). The results hint that a modular structure preserving ele-
ments of both thalamo-amygdala but also thalamo-cortical pathways of the Armony et al. (1995)
model might allow early CS-acquisition conditioning, and a stronger responsivity shift from the
best frequency in the development phase to the CS frequency in the conditioning phase, than
does a single pathway (thalamo-amygdala pathway), but no strong conclusions were drawn in
this respect. It is quite possible that the number of inter-module projections is an important
variable for speed of conditioning rather than the particular inter-modular configuration of the
Armony et al. (1995) model, i.e. the dual pathway convergence on the amygdala module. The
MGv-lesioned Armony model has three intermodule projections involving converging inputs
to the amygdala: MGm/PIN-amygdala, MGm/PIN-AC and AC-amygdala. A simple alterna-
tive configuration would be three purely feed-forward intermodule projections: MGm/PIN-AC,
AC-amygdala and amygdala-moduleX. The moduleX represents another arbitrary module in the
sequence here. In this sense, the number of feed-forward intermodule projections is controlled
for while the particular modular configuration is subject to testing.

We decided to test modular configuration by comparing the original Armony et al. (1995) model,
albeit with MGv now lesioned (throughout all stages), with a model with three feed-forward
processing steps. Number of units per module were controlled for so that all modules (including
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Figure 10. Stimulus generalisation gradients for the pre-development MGv-lesioned model — parameters of Armony et
al. (1995) are adhered to including configuration [8 3 8 3], auditory cortex is lesioned in the post-conditioning. (A) The
SGG after five epochs in the conditioning and lesioning phase. (B) The SGG after 300 epochs in the conditioning and
lesioning phase. Means and standard errors were taken over 20 simulations, 300 epochs were used in the development
phase.
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Figure 11. Stimulus generalisation gradients for pure feed-forward and dual-route (MGv-lesioned) processing models
using configuration [10 10 10 10] — otherwise Armony et al. (1995) parameters. (A) The SGG for the pure feed-forward
processing model. (B) The SGG for the dual-route (MGv-lesioned) processing model. Means and standard errors taken
over 20 simulations with 300 epochs for development phase and five epochs in the conditioning phase. The grey horizontal
line is used to emphasise the small difference in behavioural response between the two conditions.

moduleX) consisted of 10 units. In Figure 11, SGGs are shown for the pure feed-forward model
and the MGv-lesioned ‘dual-route’ model, respectively.” The general finding is that although
again little difference was observed after 300 epochs when weight values had stabilised, after five
epochs the dual-route model produced higher mean activation at the CS, while error bars did not
overlap. The difference in means is relatively small but was found not to be sensitive to small
changes in the recorded time of acquisition.

Taken together with results from the previous section, we can summarise by saying that the
MGv-lesioned variant of the Armony model with dual-pathway intact is at least as powerful a
conditioning model as all the others tested when considering speed of CS—acquisition, CS—non-CS
discrimination after the development phase, and robustness (i.e. beyond that expected of a single-
unit network). There is tentative evidence that the MGm/PIN-auditory cortex pathway when
convergent with MGm/PIN projections on the amygdala strengthens CS-acquisition, and we
suggest that this might be a hypothesis to be tested on a number of different conditioning tasks,
including those undertaken by embodied agents (i.e. robots). However, such tests are beyond the
scope of this paper.

4.3. Inter-modular structure: connectivity of the network

The outcomes of our various tests in the previous sections suggest that population coding within
a ‘dual-route’ modular structure can enhance conditioning to the CS and enable conditioning to
a CS distal from the post-development best frequency. However, it is still necessary to explain
how a single-unit network can produce CS conditioning. We hypothesise that what is critical to
the efficacy of the network is the use of full connectivity from units of one layer to individual
units in succeeding feed-forward layers by encoding all input information in the weights of those
connections, and that it is this type of connectivity combined with the nature of the stimulus
input represented by pairs of ‘active’ units that is chiefly responsible for the non-monotonic
stimulus generalisation gradient observed by Armony et al. (1997b). To evaluate this hypothesis
we compared activity in the fully connected network with activity in a network with unit-to-unit
inter-module connectivity, i.e. the opposite extreme to full inter-module connectivity.

We sought to make the comparison between: full connectivity, as in the original Armony model
with all-to-all connectivity between units, but with an expanded number of units (see below); and
unit-to-unit connectivity, where each unit from a module is connected only to the corresponding
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unit in its target module — naturally, it was essential in this case that the number of units per
module (and the input patterns) was controlled.

Given that the number of weights is likely to be a key variable regarding the conditioning
ability of the network, we reduced the number of units used by the model in the full connectivity
condition relative to the unit-to-unit connectivity condition. Two such comparisons were made:

(1) unit-to-unit connectivity = 16 units per input (i.e. 16 weights), CS input pattern = §;
full connectivity = 4 units per module (i.e. 4 x 4 = 16 weights), CS input pattern = 2.

(2) unit-to-unit connectivity = 100 units per input (i.e. 100 weights), CS input pattern = 50;
full connectivity = 10 units per module (i.e. 10 x 10 weights), CS input pattern = 5.

These two comparisons allowed us to test for effects of overall number of weights. The origi-
nal Armony model was used and we followed the 1995 paper’s reported parameter values. Ten
simulation runs were carried out for 300 epochs each, with different initial random weights
for each run.

We found that although unit-to-unit connectivity prevented the Armony model from developing
RFs in the conditioning but not the development phase, it did not prevent CS—US association
learning. Figure 12A shows that the full connectivity model could still develop RFs so that the
behavioural response after the development phase covered all inputs; yet for the unit-to-unit con-
nectivity model after the development phase the behavioural response to specific inputs occurred
only for specific units (results not shown here). Despite this, the unit-fo-unit connectivity model
still acquired a behavioural response to the CS input after the conditioning phase. This phenomenon
was also found to be the case for the condition with a higher number of inputs (comparison 2
above — results not shown here). In the unit-to-unit connectivity scenario, RFs were found for
the condition with a small number of inputs but not for a high number of inputs. Essentially, the
higher the number of units, the less single units that condition to the CS can influence the total
output (summed units) of the network. The fact that the unit-to-unit connectivity produced an RF
in the condition with a small number of inputs does not tell us much about the network’s ability
to condition, as opposed to the individual units’ ability to condition, because in this case only one
unit could ever receive input from a particular stimulus input unit.
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Figure 12. The effect of changing unit connectivity type in the Armony model. (A) Full connectivity model behavioural
responses (summed total amygdala activation), with parameters from Armony et al. (1995) with four units per module. (B)
Behavioural responses from a unit-to-unit connectivity version of the model with the same total number of connections,
that is, 16 units per module, respectively. In this case the model had a small behavioural response after the development
phase, indicating the presence of receptive fields, but the learned response to the CS input after the conditioning phase
removed all but the CS field. Total activation is normalised by the number of connections from the input stimulus to its
connecting layers. Mean values and error bars were taken from 10 repetitions of the simulations with different initial
random weights.
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In summary, unit-to-unit connectivity can allow the network to condition to the complex input
stimulus, but it does not produce stimulus generalisation gradients. Such a model would be of
limited value in an embodied system interacting with a noisy physical environment. The fully
connected model of Armony et al. provides greater conditioning power with regard to producing
stimulus discrimination/generalisation. On the basis of these findings we attribute the minimal
model’s (single unit network) ability to condition to the CS to the high (full) connectivity deployed
between units of feed-forward modular layers.

5. Summary and discussion

This paper has sought to present and explain results of a replication and extension of the Armony
et al. (1995, 1997b) model of fear conditioning in order to appreciate the limitations and benefits
of the particular structural composition of the network used. This aim was broken down into four
parts: first, a description of the design and main findings of the Armony model as reported in
the 1995, 1997b papers; second, the results of specific tests on a replication of the Armony et al.
model according to the description provided in the two papers that outline two different sets of
parameter values; third, a critique of Armony et al.’s design choices and evaluation of findings;
and fourth, a test of the limits of the model regarding its ability to learn on the conditioning task —
this was carried out in order to ascertain the simplest model that provided conditioning on the
one hand, and also the best model accounting for the intra- and inter-modular structure of the
network.

The main limitation of the model was its relative inability to fail to condition to the CS, in that a
trivially simple network (a single unit) could provide qualitatively similar results to the dual-route
model with respect to behavioural output. The lack of a role for the cortical pathway in the model
undermines the notion that the model is one of a dual-route circuit enabling fear conditioning.
The shortcomings of the model can be summarised as follows:

e The model could be reduced to a single unit and still learn the conditioning task well.

e The modelled US input to the amygdala was redundant; indeed, it could be argued that US
input to the thalamus only is better supported by the neuroscience literature.

e The principal reason why the model could condition was due to its use of inter-module full
connectivity, not due to the thalamo-amygdala pathway.

e Population coding in this model is not chiefly responsible for the amygdala’s ability to
discriminate among reinforcing and non-reinforcing stimuli.

e The thalamo-cortico-amygdala pathway in the original set-up reported in the 1995, 1997b papers
not only did not allow for more refined but inessential® discrimination between reinforced and
non-reinforced stimuli, but also actually negatively affected the model’s ability to discriminate
appropriately.

On the other hand, the strengths of the model and a variation of it, can be summarised as
follows:

e A modular structure using population coding was found to be a better model for learning the
conditioning task with respect to: rapid CS-acquisition and robustness to single unit failure to
condition to the CS.

e Where the MGyv-auditory cortex pathway was already lesioned, the thalamo-cortico-
amygdala/thalamo-amygdala dual-route model produced at least as strong a behavioural
response to the CS in the conditioning phase as the auditory cortex lesioned network.
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As a more robust model, naturally the Armony model with MGv module lesioned should be
considered a superior model of fear conditioning than a single-unit network. The dual-route
hypothesis entails that the thalamo-amygdala (sub-cortical) stimulus processing route is sufficient
for simple stimulus discrimination, nevertheless simplicity is a matter of degree. It is possible
that the real power of the model, and its use of population coding within a modular structure, can
only be understood where simple stimuli (single tones) are difficult to condition to and provided
the output of the network is calculated to account for the activity of subsets of populations of
units, rather than summing the activity (which seems largely to negate the real benefit of having
populations of units in the first place).

The MGv module of the original Armony model did not appear to have a function with respect to
the particular conditioning task and instead apparently served only to provide ‘noisy’ input to the
auditory cortex module. Taking this into account and the other limitations of the model, the extent
to which this model provides insights regarding mechanisms and neural structures relevant to fear
conditioning is not clear. It may even instead be representative of the sort of mechanisms that are
more generally involved in selective attention to salient stimuli processed along thalamo-cortical
pathways (e.g. Pinault and Deschenes 1998).

In our hands, the Armony model clearly predicts that a lesion of the MGv thalamus should have
no detrimental effect on simple fear conditioning, similar to the effects of lesioning the auditory
cortex (Armony et al. 1997b). The MGv-lesioned version of the Armony model enabled us to test
the relevance of the thalamo-cortico-amygdala pathway as constituted solely by MGm/PIN-AC-
amygdala feed-forward connectivity. We found some evidence to suggest that, given reinforcement
at the first stage of stimulus processing, convergent inputs from the dual pathways in the model
may provide an increasingly strong conditioning response in terms of speed of acquisition of CS
discrimination as a consequence of using multiple, connected, population-coding modules. It is
not clear that the effect found was sufficiently strong to be conclusive, but it might serve as a
hypothesis to be examined on conditioning tests that would be more likely to bring out such an
effect.

The use of a computational model was originally intended to ‘provide a framework for verifying
the consistency of the different mechanisms that have been proposed to explain the relationship
between behavioral and neural observations in a given system’ (Armony et al. 1995, p. 246). Such
a modelling approach should attempt to eliminate extraneous features of the model regarding the
hypothesised critical mechanisms necessary to produce the desired computational phenomena.
Otherwise, it is left prone to the general accusation that ‘[w]hen designing a computational model
it is all too easy to tailor the model to the medium, rather than to the phenomenon you wish
to model” (Morén 2002, p. 13) and leaves the modelled phenomenon/a vulnerable to ad hoc
modelling techniques. This is not to say that a given model should not involve ‘place-holders’
to provide for a framework informative to neuroscientists seeking to extend the functionality of
the model or to relate the model to findings of their own. However, these functionally extraneous
structures should be identified precisely as such. In this respect, the Armony et al. model adopts
some structures that, at least with respect to the conditioning task used, appear to hinder rather
than facilitate performance.

The issue as to whether or not research into emotions is better served by modelling circuits
implicated for specific emotions, e.g. fear, rather than studying more general mechanisms of
‘emotionality’ (e.g. reinforcement, valence, homeostasis), is an ongoing dispute in disciplines
ranging from psychology, neuroscience, philosophy to cognitive science. It is not clear, however,
that focus on a single network purported to be of fundamental significance to the specific emotion
of interest is sufficient. For example, although the fear circuitry hypothesised by LeDoux (1996,
2006) and the subsequent model under investigation in this paper of Armony et al. (1995, 1997a,b;
also see Armony 2005) emphasise the importance to fear conditioning of the sub-cortical (thalamo-
amygdala) pathway, it is also clear that even these researchers do not dismiss the significance
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to emotional-cognitive learning of time-delayed stimuli processed in other convergent cortical
structures.

In focusing on the ‘quick’n’dirty’ sub-cortical processing route the temporal component
of emotionality and the importance of emotions as mechanisms for regulating behavioural and con-
stitutive dynamics (e.g. Sapolsky 2007) are at risk of being underplayed. Rolls (1999, 2005a,b),
for example, whilst acknowledging the existence of the thalamo-amygdala pathway and other
‘early sensory inputs’, suggests ‘this route is unlikely to be involved in most emotions, for which
cortical analysis of the stimulus is likely to be required’ (Rolls 1999, p.97; see also Rolls 2005b,
p. 136).

Aside from mono-modal sensory cortical structures, the regulatory interplay between the amyg-
dala and orbitofrontal (OFC) cortex has been demonstrated to account for, above all, time-delayed
stimulus conditioning and devaluation conditioning (see Cardinal, Parkinson, Hall and Everitt
2002; Balleine, Kilcross and Dickinson 2003; Bechara, Damasio and Damasio 2003; Winstanley,
Theobald, Cardinal and Robbins 2004), whereas the hippocampus has also been considered crit-
ical to the temporal dynamics of fear conditioning (Gewirtz, McNish and Davis 2000; Corcoran
and Maren 2001; Corcoran, Desmond, Frey and Maren 2005) and, more generally, emotional
learning (Freeman 2000; Balkenius and Morén 2000). It is clear that much research regarding the
neurological mechanisms underlying specific emotions and ‘emotionality’ is still needed.

Possible future work points to integrating the Armony model, as modified in this paper, into
another existing model, that of Morén (2002) (also see Morén and Balkenius 2000), or a variation
on it, that can be said to be more generally a model of ‘emotionality’ rather than of any specific
emotion. Morén (2002) suggested that the Armony model could potentially be incorporated within
his particular model, although he did not elaborate on exactly how this might be achieved. We
consider that at least the sub-cortical pathway of the model could be simply integrated whereby
Armony’s amygdala module might be considered an abstraction of a particular nucleus or nuclei
(e.g. lateral nucleus) and Morén’s amygdala module might be considered to represent other nuclei
that interact more directly with the orbitofrontal cortex (e.g. basolateral nucleus). Modelling the
interactions of divisions of the amygdala as well as interplay between the amygdala and OFC
would enable us to account for the type of conceptual problems that beset the Armony model,
e.g. regarding neglected time-dependent aspects of emotion regulation and the lack of amygdala
sub-structural complexity.

We envisage that a hybrid disembodied computational model allowing for emotion
evaluation/assignment would be perfectly suited to integration with a model applicable to instru-
mental conditioning, e.g. in physically embodied agents (robots) required to produce speedy,
flexible and noise-resistant learned responding. In this sense the hybrid model might be consid-
ered the first stage of a two-process model supporting Pavlovian conditioning that would inform,
and simultaneously be informed by, a model of instrumental conditioning (Mowrer 1973; Klopf,
Morgan and Weaver 1993; Balkenius and Morén 2001).
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Notes

1. Indistinguishing between sub-cortical and cortical routes to the amygdala, and corresponding ‘coarse-grained” and
‘fine-grained’ types of processing, LeDoux thus offers an explanation of how the emotion of fear might be induced
without requiring the detailed cognitive processing that is the domain of ‘stimulus-dimension’ appraisal theory (e.g.
Arnold 1960; Lazarus 1991; Scherer 2000).
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2. We were unable to use this in our replication though — see Section 3.

3. Our simulations suggest that, with the inputs being randomly ordered, the weight changes will never converge to
a fixed point; instead, our simulations produce weight changes that converge to a limit cycle, as the total absolute
weight change over a whole epoch converges to a particular value (i.e. the second-order weight differential becomes
constant). We speculate, on this basis, that Armony et al. perhaps instead meant the stability criterion was either
that the second-order weight difference converges to zero or that the absolute change in weights between the end
of consecutive epochs converges to zero.

4. We also confirmed that the 1995 model could still learn the CS-US pairing after lesion of the cortico-amygdala
pathway: this is shown in Figure 4B.

5. Refer to Figure 1 for a reminder of how such a unit configuration can be schematised.

6. Control and AC-lesion phases use the same random weight distribution from each repetition of the development
phase.

7. Behavioural response graphs reflect similar differences in peak activation values, at the CS frequency input.

8. ‘Inessential’ in the sense that, according to Armony et al., the amygdala is able to discriminate perfectly well in the
absence of the cortical route.
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