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a  b  s  t  r  a  c  t

Computational  neuroscience  integrate-and-fire  attractor  network  models  can  be  used  to  understand  the
factors that  alter  the  stability  of  cortical  networks  in  the  face  of noise  caused  for  example  by  neuronal
spiking  times.  A  reduction  of  the  firing  rates  of  cortical  neurons  caused  for example  by  reduced  NMDA
receptor  function  (present  in  schizophrenia)  can  lead to  instability  of  the high  firing  rate  attractor  states
that  normally  implement  short-term  memory  and  attention,  contributing  to the  cognitive  and  negative
symptoms  of  schizophrenia.  Reduced  cortical  inhibition  caused  by a reduction  of  GABA neurotransmis-
sion  (present  in  schizophrenia)  can  lead to instability  of  the  spontaneous  firing  states  of cortical  networks,
leading  to  a noise-induced  jump  to a  high  firing  rate  attractor  state  even  in  the  absence  of  external  inputs,
contributing  to the  positive  symptoms  of  schizophrenia.  We  consider  how  effects  occurring  at  the  time
of  late  adolescence  including  synaptic  pruning,  decreases  in grey  matter  volume,  and  changes  in  GABA-
mediated  inhibition  and  dopamine  may  contribute  to  the onset  in  some  individuals  of schizophrenia  at
opamine
ABA inhibition
ttractor networks
eural networks

this time.
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. Introduction

In this paper, first we describe a computational neuroscience
pproach to schizophrenia. Then we consider how brain changes
hat occur in late adolescence may  contribute to the onset of
chizophrenia.

The computational neuroscience approach we take involves
odeling cortical systems at the level of integrate-and-fire neurons
ith synaptically activated ion channels in attractor or autoas-

ociation networks implemented with the recurrent collateral
onnections between pyramidal cells. This enables us to link from
ffects expressed at synapses and ion channels, through their
ffects on the spiking neuronal activity in the network and the
oise that this introduces into the system, to global effects of the
etwork such as the stability of short-term memory, attentional,
nd decision-making systems, and thus to cognitive function,
ysfunction, and behavior. This provides a unifying approach to
any aspects of cortical function, which helps in the under-

tanding of short-term memory, long-term memory, top-down
ttention, decision-making, executive function, and the relation
etween the emotional and the reasoning systems in the brain
Deco and Rolls, 2003, 2005a, 2006; Deco et al., 2009; Rolls, 2008,
010a,b; Rolls and Deco, 2002, 2010). This paper is the first in
hich we have linked this approach to how brain changes at

he time of adolescence might influence some of these func-
ions.

. A top-down computational neuroscience approach to
chizophrenia

Some computational neuroscience approaches to schizophrenia
uild upon single-neuron biophysics, physiology, and pharma-
ology in schizophrenia, and analyze their effects in neural
etworks, which are then linked to the symptoms of schizophre-
ia (Durstewitz et al., 1999, 2000; Durstewitz and Seamans,
008; Seamans and Yang, 2004; Winterer and Weinberger,
004).

We have adopted a top-down approach which considers
hether generic alterations in the operation and stability of cor-

ical circuits in different cortical areas might lead to the different
ymptoms of schizophrenia (Loh et al., 2007a,b; Rolls, 2005, 2008;
olls et al., 2008b).  Bottom-up approaches start with putative
hanges at the neural level such as alterations in dopamine, and
ry to understand the implications for function, which are of course

ultiple, of these changes. The top-down approach complements
he bottom-up approaches, as it starts from the set of symptoms
nd maps them onto a dynamical systems computational frame-
ork. The dynamical systems computational approach considers

actors that affect the stability of networks in the brain, and the
ffects of noise in those networks on the stability. Because the
ynamical systems we consider can be, and are, implemented at
he level of integrate-and-fire neurons with neuronal and synaptic
ynamics that are biophysically realistic, and incorporate dif-
erent classes of ion channel activated by different transmitter
eceptors, effects of changes at these different levels, including
lterations in ion channels and transmitters, can be investigated
n and predicted from the model. We  call this class of model
mechanistic”, in that it describes the underlying neuronal and
ubneuronal mechanisms involved in the dynamics in a biologi-
ally plausible way, so that predictions can be made about how
hanges in any one part of the mechanism will affect the over-

ll, “global”, operation of the system, measured for example by
he stability of short-term memory and attentional states. Thus
he top-down approach emphasizes how the computations in
he system perform particular functions, and then considers how
avioral Reviews 35 (2011) 1644–1653 1645

possibly combinations of several neural changes can influence
the operation of the system, and how alterations of a num-
ber of possible different neural factors may  be able to restore
the computational functions being performed by the neural sys-
tem.

We  contrast this with phenomenological models, which attempt
to capture the behavior of the system, but without regard to
whether the system could be implemented in the brain, and with-
out any neurally plausible mechanism being modelled. An example
is the accumulator model of decision-making, in which an accu-
mulator (linear adder) adds up each of the two (or more) inputs it
receives, adds some noise, and then considers that a decision has
been taken when some arbitrary threshold is reached in which the
sum of one of the inputs is by some amount greater than the other
(Ratcliff et al., 1999; Smith and Ratcliff, 2004; Vickers, 1979). Such
a phenomenological model does not allow any direct predictions
about how changes in ion channels, neurotransmitters, etc. alter
the operation of the system, and indeed, to make such predictions,
the phenomenological model, which may  not represent realistically
the type of processing that occurs in the brain, would itself have
to be modelled in a neural system. Similar issues arise with con-
nectionist models (Cohen and Servan-Schreiber, 1992) described
elsewhere (Rolls et al., 2008b)  which also do not incorporate details
of the neurophysiological and biophysical mechanisms that con-
tribute to the neural dynamics, and may  therefore be less able to
model how changes in a number of neurobiological factors influ-
ence the operation of the system. The mechanistic approach we
adopt instead often is able to provide accounts for how important
functional properties of the system arise as emergent properties of
the system. One example is Weber’s law in decision-making (Deco
and Rolls, 2006). Another example is confidence in a decision that
has been made, which is encoded in the firing rates of the neu-
rons in the winning attractor (Rolls and Deco, 2010; Rolls et al.,
2010a,b).

The stochastic dynamical systems approach that we utilize
(Rolls and Deco, 2010) is introduced in Section 8. The full imple-
mentation of the equations for the neuron and synaptic dynamics
is described elsewhere (Loh et al., 2007a; Rolls et al., 2008b), and
includes currents passing through voltage-dependent and hence
non-linear ion channels activated by NMDA receptors, and cur-
rents through ion channels activated by AMPA and GABA receptors.
The positive feedback in the recurrent collateral connections in the
network, the NMDA receptor non-linearity, and the non-linearity
introduced by the threshold for firing of the neurons in the system,
provide the system with non-linearities that enable it to have the
properties of an attractor network (Deco and Rolls, 2005b; Rolls
and Deco, 2010).

A feature that we  have adopted from Brunel and Wang (2001)
of the approach we  use is a mean-field equivalent analysis of the
network using techniques from theoretical physics. This allows
measurement of the fixed points of the system, the flow in the
system, and the operating areas in the parameter spaces that will
produce for example a stable spontaneous firing rate and also stable
high firing rates for each of the memory attractor states (depending
on the starting conditions) in a noiseless system, equivalent to a sys-
tem of infinite size (Brunel and Wang, 2001; Deco and Rolls, 2006;
Loh et al., 2007a; Rolls and Deco, 2010). This enables suitable values
of for example the synaptic connection weights in the system to be
chosen. If these parameters are then used in the integrate-and-fire
version of the model, which has noise due to the approximately
Poisson spiking times of the neurons, the effects of the noise on
the operation of the system, and of alterations for example of the

different synaptic currents produced through different transmit-
ter receptors in the system, can be investigated (Brunel and Wang,
2001; Deco and Rolls, 2006; Loh et al., 2007a; Rolls and Deco, 2010;
Rolls et al., 2008a,b).
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Fig. 1. Example trials of integrate-and-fire attractor network simulations of short-
term memory. The average firing rate of all the neurons in the short-term memory
population S1 of neurons is shown. (Top: normal operation) On a trial in which a
recall stimulus was  applied to S1 at 0–500 ms, firing continued normally until the
end of the trial in the ‘persistent’ simulation condition. On a trial on which no recall
stimulus was  applied to S1, spontaneous firing (i.e. at a low rate) continued until the
end of the trial in the ‘spontaneous’ simulation condition. (Bottom: unstable oper-
ation). On this persistent condition trial, the firing decreased during the trial as the
network fell out of the attractor because of the statistical fluctuations caused by the
spiking dynamics. This type of instability is more likely if NMDA receptor activated
ion channel currents become decreased, or by other factors that decrease neuronal
excitability. This provides a model of impaired cognitive function in for example
schizophrenia. On the spontaneous condition trial, the firing increased during the
trial because of the statistical fluctuations. This type of instability is more likely if
GABA receptor activated ion channel currents become decreased, or by other fac-
tors that decrease cortical inhibition. This type of instability in which a network
646 E.T. Rolls, G. Deco / Neuroscience and B

. A neurodynamical hypothesis of schizophrenia

.1. Cognitive symptoms

The cognitive symptoms of schizophrenia include distractibil-
ty, poor attention, and the dysexecutive syndrome (Green, 1996;
iddle, 1987; Mueser and McGurk, 2004). It has been suggested
hat at the core of the cognitive symptoms of schizophrenia is a
orking-memory deficit characterized by a difficulty in maintain-

ng items in short-term memory implemented in the dorsolateral
refrontal cortex (Goldman-Rakic, 1994, 1999).

Short-term memory is implemented in the prefrontal cortex
s follows. Pyramidal neurons in the cerebral cortex have a rela-
ively high density of excitatory connections to each other within

 local area of 1–3 mm (Abeles, 1991; Braitenberg and Schütz,
991). These local recurrent collateral excitatory connections pro-
ide a positive-feedback mechanism (which is kept under control
y GABA inhibitory interneurons) that enables a set of neurons to
aintain their activity for many seconds to implement a short-term
emory (Goldman-Rakic, 1995). Each memory is formed by the

et of the neurons in the local cortical network that were coactive
hen the memory was formed, resulting in strengthened excita-

ory connections between that set of neurons through the process
f long-term potentiation, which is a property of these recurrent
ollateral connections. When a subset of these neurons is sub-
equently activated, positive feedback through the strengthened
xcitatory connections between the neurons results in activation
f the whole set of neurons, and so produces the completion of an
ncomplete memory. Thus, in an attractor network, the state of the
etwork is “attracted” towards the state in which the memory was

earned; this is called an “attractor state”. An attractor network can
ave many different attractor states, each consisting of a different
ubset of the neurons being active; any one subset of neurons can
epresent a short-term memory. The operation and properties of
ttractor networks are described in Section 8 and more fully else-
here (Amit, 1989; Hertz et al., 1991; Hopfield, 1982; Rolls, 2008;
olls and Deco, 2002, 2010).

Attractor networks appear to operate in the prefrontal cortex,
n area that is important in attention and short-term memory, as
hown for example by firing in the delay period of a short-term
emory task (Funahashi et al., 1989; Fuster, 1995, 2000; Fuster

nd Alexander, 1971; Goldman-Rakic, 1996; Kubota and Niki, 1971;
olls, 2008). Short-term memory is the ability to hold information
n-line during a short time period (Fuster, 1995, 2000) and is funda-
ental to top-down attention in the sense that whatever requires

ttention (e.g. a spatial location) has to be maintained in a short-
erm memory. The short-term memory then biases competition
etween the multiple bottom-up items in the stimulus input; the
esult is an advantage in the neuronal competition between the
ultiple inputs for the item that receives top-down bias from the

hort-term memory (Deco and Rolls, 2005a; Desimone and Duncan,
995; Rolls and Deco, 2002). The impairments of attention induced
y prefrontal cortex damage may  be accounted for in large part
y an impairment in the ability to hold the object of attention sta-
ly and without distraction in the short-term memory systems in
he prefrontal cortex (Goldman-Rakic, 1996; Goldman-Rakic and
eung, 2002; Rolls, 2008).

Specific simulations of impairments in the operation of pre-
rontal attractor networks can help to explain how the cognitive
ymptoms of schizophrenia, including poor short-term memory,
oor ability to allocate and maintain attention, and distractibil-

ty, occur (Frith and Dolan, 1997; Loh et al., 2007a; Seidman et al.,

994; Weinberger and Berman, 1996). Indeed, building on work by
eamans and Yang (2004),  Rolls, Loh and Deco (Loh et al., 2007a;
olls, 2005) have proposed that the working-memory and atten-
ional deficits might be related to instabilities of the high-firing
jumps because of noise into a high firing rate state that is not triggered by an exter-
nal input to the network contributes it is suggested to the positive symptoms of
schizophrenia. (After Rolls et al. (2008a).)

states in attractor networks in the prefrontal cortex (Fig. 1). Specif-
ically, NMDA receptor hypofunction, which has been associated
with schizophrenia (Coyle, 2006; Coyle et al., 2003), results in
reduced currents running through NMDA receptor-activated ion
channels; this causes neurons to fire less fast, leading to shallower
basins of attraction (see Section 8) of the high firing-rate attrac-
tor states of the network (Loh et al., 2007a).  The shallower basins
of attraction arise firstly because with the neurons firing less fast,
there is less positive feedback in the recurrent collateral connec-
tions between the neurons in the attractor, and this makes the
system more vulnerable to noise. The noise could be external to
the network, but an important source of noise that can destabi-
lize the high firing rate attractor state is the random spiking times
of neurons for a given mean firing rate, which produce statistical
fluctuations by which there might due to a random set of events be
less (or more) firing in a set of neurons than average, which could
make the system fall out of a high firing rate attractor state (Rolls
and Deco, 2010). (The spike times of individual neurons are close
to being Poisson distributed.)

A second way  in which reduced NMDA receptor function (or
other factors such as synaptic pruning) could decrease the depth of
the basins of attraction is by making the strengths of the synaptic
connections between the neurons in the attractor weaker, which
again reduces the positive feedback between the neurons in the
attractor, and makes the attractor state more vulnerable to noise.
These concepts are made quantitative in Section 8, Eq. (1),  and in The

Noisy Brain (Rolls and Deco, 2010). Thus, the stability of the attractor
state is reduced. The result is difficulty in maintaining short-term
memory and thus attention (see Fig. 1 and also Durstewitz, 2007;
Durstewitz and Seamans, 2002). The shallower basins of attrac-
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Fig. 2. Wandering between attractor states. An integrate-and-fire simulation of an
attractor network with two memories stored in it, S1 and S2. With the normal synap-
tic  efficacies, and no initial cue in the simulation, the network would stay stably
in  the spontaneous state with very little activity in the neurons in the S1 and S2
neuronal populations or pools. However, on trials of the type shown in which the
NMDA conductances were reduced by 5% and GABA by 10%, the activity moves nois-
ily  between the attractor for the spontaneous state and the two persistent states S1
E.T. Rolls, G. Deco / Neuroscience and B

ion and the reduced time constant of the system caused by NMDA
eceptor (NMDAR) hypofunction (Wang, 2006), in the presence of
he stochastic firing-related noise in the networks, result in dis-
ractibility, poor attention and working-memory difficulties.

.2. Negative symptoms

The negative symptoms represent a complex of symptoms
ncluding apathy, poor rapport, lack of spontaneity, motor retar-
ation, disturbance of volition, blunted affect, and emotional
ithdrawal and passive behavior (Liddle, 1987; Mueser and
cGurk, 2004). The negative symptoms and cognitive deficits are

ighly correlated in patients with schizophrenia and their non-
sychotic relatives (Bilder et al., 2002; Delawalla et al., 2006; Jacobs
t al., 2007). Rolls, Loh and Deco propose that the negative symp-
oms are also related to the decreased firing rates caused by a
eduction in currents through NMDAR-activated channels, but in
rain regions that may  include the orbitofrontal cortex and anterior
ingulate cortex (Loh et al., 2007a; Rolls, 2005, 2008) rather than
he prefrontal cortex. Indeed, lesions in these brain areas are well
nown to produce symptoms that resemble the negative symptoms
n schizophrenia, and neuronal firing rates and BOLD activations in
hese regions are correlated with reward value and pleasure (Paus,
001; Rolls, 1999, 2005, 2006, 2008; Rolls and Grabenhorst, 2008;
interer et al., 2002).
This is a unifying approach to the cognitive and negative symp-

oms: the same reduction in NMDAR-activated channel currents
roduces on the one hand, instability in high-firing-rate states in
ttractor networks in the dorsolateral prefrontal cortex and thereby
he cognitive symptoms, and on the other hand, a reduction in
he firing rate of neurons in the orbitofrontal and cingulate cor-
ex, leading to the negative symptoms. In addition to the reduced
motion caused by the reduced firing rates, attractor networks may
e present in the orbitofrontal cortex that help to maintain mood
tate (Rolls, 2008), and a decrease in their stability by the reduced
epth in the basins of attraction could make emotions more labile

n schizophrenia/schizoaffective disorder.

.3. Positive symptoms

The positive symptoms of schizophrenia include bizarre trains
f thoughts, hallucinations, and delusions (Liddle, 1987; Mueser
nd McGurk, 2004). In contrast to the cognitive and negative symp-
oms, the positive symptoms generally occur intermittently during
he course of the illness, and this clinical state is called “psychosis”.
olls, Loh and Deco propose that owing to reduced currents through
MDAR-activated channels, the basins of attraction of the high-
ring-rate attractor states are shallow (Durstewitz, 2007; Loh et al.,
007a; Rolls, 2005) in the temporal lobe, which includes the seman-
ic memory networks and the auditory association cortex. Because
f the resulting statistical fluctuations in the states of the attrac-
or networks, internal representations of thoughts and perceptions

ove too freely around in the energy landscape, from thought to
eakly associated thought, leading to bizarre thoughts and associa-

ions, and to hallucinations (see Figs. 1 and 2). Such thoughts might
ventually be associated together in semantic memory, leading to
alse beliefs and delusions (Rolls, 2005, 2008).

In addition, Loh et al. (2007a) propose that a reduction in GABA
nterneuron efficacy in schizophrenic patients may  also contribute
o the generation of positive symptoms: lower GABA-interneuron
fficacy reduces the depth of the basin of attraction of the sponta-
eous state, making it more likely that a high firing-rate attractor

tate will emerge out of the spontaneous firing of the neurons.
his is illustrated in Fig. 1 (bottom). On the spontaneous condi-
ion trial, the firing, which should have remained low throughout
he trial as no cue was provided to start up the short-term mem-
and S2 by virtue of statistical fluctuations caused by the randomness of the spiking
activity. The two curves show the activity of the two  selective pools S1 and S2 over
time smoothed with a 1 s sliding averaging window. (After Loh et al. (2007a).)

ory, increased during the trial because of the statistical fluctuations,
that is the spiking-related randomness in the network. This type of
instability is more likely if GABA receptor activated ion channel
currents become decreased, or by other factors that decrease cor-
tical inhibition. This type of instability in which a network jumps
because of noise into a high firing rate state that is not triggered
by an external input to the network contributes it is suggested
to the positive symptoms of schizophrenia, including for example
hallucinations, delusions, and feelings of lack of control or being
controlled by others (Loh et al., 2007a; Rolls et al., 2008b).  Empirical
evidence supports this computational proposal: markers indicating
decreased inhibition by the GABA system are found in neocortical
areas (Lewis et al., 2005) and in parts of the hippocampus (Benes,
2010). On the basis of this model, we  have proposed (Loh et al.,
2007a; Rolls et al., 2008b)  that treating schizophrenia patients with
D2 antagonists could increase the GABA currents (Seamans et al.,
2001; Seamans and Yang, 2004) in the networks, which would alle-
viate the positive symptoms by reducing the spontaneous firing
rates, which would deepen the spontaneous attractor state (see
Figs. 1 and 3). This effect of D2 antagonists leaves the persistent
attractors shallow because the high firing rates are reduced, which
may  explain why  the D2 antagonists do not have a major effect
on the negative and cognitive symptoms. To target negative symp-
toms, we have suggested that D1 agonists may  help to deepen the
basin of attraction of the high-firing-rate attractor state (Loh et al.,
2007a; Rolls et al., 2008b).  This two-dimensional approach allows
us to address the specific characteristics of the psychotic (positive)
symptoms which appear in episodes, in contrast to the negative
and cognitive symptoms which typically persist over time.

When both NMDA and GABA are reduced one might think
that these two counterbalancing effects (excitatory and inhibitory)
would cancel each other out. However, this is not the case:
modeling these conditions showed that the stability of both the

spontaneous and the high-firing-rate states is reduced (Loh et al.,
2007a) (see also Brunel and Wang, 2001; Durstewitz and Seamans,
2002). Indeed, under these conditions, the network wandered
freely between the two short-term memory (high firing-rate) states
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tial decrease in cortical grey matter thickness (Giedd et al., 1999;
ig. 3. The architecture of an autoassociation or attractor network (see Section 8.1).

n the network and the spontaneous state (Fig. 2). We  relate this pat-
ern to the positive symptoms of schizophrenia, in which both the
asins of attraction of the spontaneous and high-firing-rate states
re shallow, and the system jumps, helped by the statistical fluctu-
tions, between the different attractor states and the spontaneous
tate (Fig. 2) (Loh et al., 2007a).

. Schizophrenia and noise

The changes in the integrate-and fire model we  have just
escribed produced by alterations in the activation of synaptically
ctivated ion channels can be interpreted in terms of a reduced
ignal-to-noise ratio. In the computational models, the stability is
efined as the proportion of trials on which the correct short term
emory (or signal) is maintained until the end of the trial, and the

ignal-to-noise ratio can be measured by the mean squared divided
y the variance of the synaptic currents over the whole trial period
Loh et al., 2007a,b).

Three possible mechanisms for a decreased signal-to-noise
atio as reflected in reduced stability are highlighted by the
omputational models as follows, and may  be relevant to the
ecreased signal-to-noise ratio described below in schizophrenia.
irst, reduced NMDAR-activated synaptic currents will reduce the
ring rates of neurons, and this will decrease the depth of the basins
f attraction of cortical attractor states, making them less stable
n the face of spiking-related and other noise in the brain, and
f distracting stimuli in the world. Second, the reduced contribu-
ion of NMDAR-activated current will reduce the time constant of
he whole attractor network, also making the attractor states less
table in the face of noise and distracting stimuli. Third, reduced
ABAR-mediated currents may  reduce the stability of the sponta-
eous state, and the resulting noise will cause the system to jump

nto a high-firing-rate attractor state, as described above (Loh et al.,
007a,b).

A way to link the signal-to-noise ratio measure from models
ith experimental data is to use the trial-by-trial variability with

xperimental measures. With this approach, there is some evidence
or decreased signal-to-noise ratio in schizophrenia, in studies in

hich the variability of EEG and functional neuroimaging data in

ttentional tasks is measured (Rolls et al., 2008b; Winterer et al.,
004, 2000).
avioral Reviews 35 (2011) 1644–1653

5. The role of prefrontal cortex dopamine

With the computational approach described, links can be made
to help understand the role of dopamine in schizophrenia (Rolls et
al., 2008b).  Dopamine, acting through D1 receptors, is important
in maintaining high firing activity in prefrontal cortical networks
involved in short-term memory and attention (Brozoski et al., 1979;
Sawaguchi and Goldman-Rakic, 1991, 1994; Sawaguchi et al., 1988,
1990), with an optimal level being important (Goldman-Rakic et
al., 2000; Vijayraghavan et al., 2007; Williams and Goldman-Rakic,
1995). Impairments in this system may  contribute to the cognitive
deficits in schizophrenia.

While D1 receptor activation increases NMDA and GABA
receptor-activated ion channel conductances (a D1-receptor-
dominated state), D2-receptor stimulation tends to have the
opposite effect (a D2-receptor-dominated state) (Seamans et al.,
2001; Seamans and Yang, 2004). On the basis of these find-
ings, Seamans and Yang (2004) and others (Castner et al., 2000;
Durstewitz, 2007; Durstewitz et al., 2000; Seamans and Yang,
2004) predict that D1 agonists and D2 antagonists should help to
treat schizophrenic symptoms by increasing NMDAR- and GABA-
R-activated synaptic conductances. Indeed, an important effect of
D2 antagonists relates to the increase in GABA-R activated currents
(Seamans et al., 2001; Seamans and Yang, 2004), which would make
the spontaneous firing state more stable and may help to control
the positive symptoms of schizophrenia (Rolls et al., 2008b).

6. Brain changes during adolescence that could influence
these processes

There are marked changes in emotion, cognition, and behavior
at the time of adolescence (Steinberg, 2005).

In relation to the cognitive symptoms of schizophrenia, there
has always been the fact that schizophrenia is a condition that often
has its onset in the late teens or twenties (Lewis and Levitt, 2002),
and it has been suggested that there could be a link in this respect
to changes in NMDA and related receptor functions that are related
to aging (Rolls, 2008; Rolls and Deco, 2010). In particular, working
memory shows a steady decline with age from the 20 s to the 70 s
(Borella et al., 2008; Johnson et al., 2010; Swanson, 1999), and it
may  be the case that by the late teens or early twenties NMDA
and related receptor systems (including dopamine) may  be less
efficacious than when younger, so that the cognitive symptoms of
schizophrenia are more likely to occur at this age than earlier.

In this section, we examine some of the changes that occur in the
brain during (late) adolescence, and address whether there is evi-
dence that the changes that occur about this time, if interacting with
other causal factors, could contribute to the onset of schizophrenia
when it occurs in late adolescence and the early twenties. The com-
putational points made next are clear, but the extent to which the
changes in the brain lead them to apply is an area where further
investigation is needed.

6.1. Grey matter and synaptic changes associated with
adolescence

In the primate dorsolateral prefrontal cortex (DLPFC), the
density of excitatory synapses decreases by 40–50% during adoles-
cence, and this occurs without a major change in synaptic strength
(Gonzalez-Burgos et al., 2008). Structural neuroimaging studies in
humans demonstrate that adolescence is associated with a substan-
Gogtay and Thompson, 2010), a decrease usually interpreted to
result from the massive and increased synaptic pruning occurring
during adolescence and early adulthood (Gogtay et al., 2004; Rakic,
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996; Rakic et al., 1994). Indeed, the total volume of grey matter
ncreases across the cortex prior to puberty, reaching a peak some-

here in the early to-mid pubertal period after which there is a
ost-pubertal decline.

It is noted that a decreased density of dendritic spines (a marker
f excitatory synaptic inputs to pyramidal neurons) in the DLPFC
f individuals with schizophrenia (Garey et al., 1998; Glantz and
ewis, 2000), is consistent with reduced excitatory drive in DLPFC
ircuits in schizophrenia. In addition, convergent lines of evidence
ndicate that schizophrenia might be associated with reduced
xcitatory synaptic neurotransmission through NMDA (N-methyl-
-aspartate) glutamate receptors (Coyle, 2006; Coyle et al., 2003).
urther, the loss of excitatory synapses is even greater at adoles-
ence in those diagnosed with schizophrenia, amounting to 60%
Bennett, 2009; Glantz et al., 2007; Glantz and Lewis, 2000).

What are the functional and computational implications of this
ynaptic pruning and decrease in grey matter volume at the time
f adolescence? A first possible computational implication is that
eurons in the prefrontal cortex become less excitable, as they
ave fewer excitatory synapses. A decrease in the firing rates of
hese neurons could decrease the stability of cortical attractor net-
orks that implement short-term memory, and attention. This

ould result, if added to other effects, in a tendency of some indi-
iduals at about the time of adolescence to show the cognitive
hanges of schizophrenia. Similarly, if the same pruning of exci-
atory synapses occurred in the orbitofrontal cortex and the firing
ates of the neurons were lower as a result, this could result (in
therwise predisposed individuals) in some of the negative symp-
oms of schizophrenia (decreased emotionality and motivation)
ppearing at about this time. Whether changes in GABA compen-
ate for the decreased excitatory drive to cortical pyramidal cells
n adolescence is considered in Section 6.2.  The argument here is
hat the massive and increased synaptic pruning in late adoles-
ence/the early twenties (Gogtay et al., 2004; Rakic, 1996; Rakic et
l., 1994) may  be sufficiently large to reduce the stability of attractor
etworks involved in working memory, especially with the larger
eduction in excitatory synapses found in schizophrenics (Bennett,
009; Glantz et al., 2007; Glantz and Lewis, 2000). (Although synap-
ic pruning starts earlier in development, we do not know whether
he synapses being pruned before and during early adolescence are
omputationally efficacious in these attractor networks (i.e. are on
he right neurons to support attractors, and with the associatively
ncreased synaptic strength required to support discrete attractor
tates (Rolls, 2008); and the synaptic pruning rate does become
arger in late adolescence and the early twenties (Gogtay et al.,
004; Rakic, 1996; Rakic et al., 1994).)

A second computational implication of a reduced number of
xcitatory connections onto each neuron arises from the fact that
he number of different memories that can be stored in an asso-
iative network is proportional to the number of associatively
odifiable excitatory connections onto each neuron (Rolls, 2008;

olls and Treves, 1998). This applies to both pattern association
etworks used to associate one stimulus with another, for example

 visual stimulus with the sight of food (Rolls and Treves, 1990);
nd to autoassociation or attractor networks used to store a mem-
ry as a set of events, and later recall the whole memory from any
art (Treves and Rolls, 1991). The number of different memories
hat can be stored in both types of associative network is of the
rder of the number of associatively modifiable connections onto
ach neuron if sparse representations are used (Rolls and Treves,
990; Treves and Rolls, 1991). This number will be in the order of
0,000 for a network in a small, local, region of the neocortex (Rolls,

008). The implication of a reduction in the number of associa-
ively modifiable synapses onto each neuron will thus be a reduced

emory capacity, and, particularly important in the present con-
ext, more interference between different memories (Rolls, 2008).
avioral Reviews 35 (2011) 1644–1653 1649

This increased interference will tend to impair the distinctiveness
and stability of any one memory by altering the shape of the energy
landscape, and making the system more sensitive to the effects of
noise generated by the Poisson nature of the spiking of neurons
(Rolls, 2008; Rolls and Deco, 2010). This will for example tend to
impair short-term memory and attention, and increase distractibil-
ity. A reduced number of synapses onto each neuron could, by the
time of late adolescence, be sufficient to have therefore an impact
on for example working memory, and this in individuals predis-
posed to schizophrenia could contribute to an account of why the
cognitive symptoms of schizophrenia may become apparent in late
adolescence or the early twenties.

6.2. GABA changes at adolescence

Any change during adolescence in the excitatory input to cor-
tical pyramidal cells could be compensated by changes in the
GABA inhibitory interneurons that receive from the pyramidal cells
and provide negative feedback to them. No significant changes in
the density of inhibitory synapses are observed in the neocortex
during adolescence (De Felipe et al., 1997; Rakic et al., 1986). How-
ever, the efficacy of GABAergic transmission may  change during
adolescence because during this developmental period substantial
changes occur in the levels of expression of GABAA receptors, GABA
transporters, and parvalbumin, an interneuron-specific calcium
binding protein (Lewis et al., 2004). Whether or not GABA-mediated
transmission can regulate excitatory synaptic pruning during ado-
lescence remains to be investigated.

In schizophrenia, a deficiency in signalling through the
TrkB neurotrophin receptor leads to reduced GABA (gamma-
aminobutyric acid) synthesis in the parvalbumin-containing
subpopulation of inhibitory GABA neurons in the dorsolateral pre-
frontal cortex of individuals with schizophrenia. Despite both pre-
and post-synaptic compensatory responses, there is a resulting
decrease in the perisomatic inhibition of pyramidal neurons (Lewis
et al., 2005). Moreover, markers indicating decreased inhibition by
the GABA system were found in other neocortical areas (Lewis et
al., 2005) and in parts of the hippocampus (Benes, 2010), of indi-
viduals with schizophrenia. As described in Section 3.3,  a decrease
in inhibition could decrease the stability of the spontaneous firing
state of cortical attractor networks, and might least to spurious high
firing rate states, which could contribute to the positive symptoms
of schizophrenia.

6.3. Dopamine changes at adolescence

In primates, cortical and subcortical tissue concentrations of
dopamine (DA) are increased during adolescence compared to
childhood and adulthood (Goldman-Rakic and Brown, 1982; Irwin
et al., 1994). In addition, DA innervation of the frontal cortex peaks
during adolescence relative to childhood and adulthood, specifi-
cally in cortical layer III, which contains pyramidal cells responsible
for cortico-cortical information processing (Rosenberg and Lewis,
1995). D1 and D2 receptor densities appear to decrease from ado-
lescence to adulthood in both nonhuman primate and human
cortex and subcortical regions, though peaks in receptor density
occur in childhood (Jucaite et al., 2010; Lidow and Rakic, 1992;
Seeman et al., 1987). Thus, cortical and subcortical regions undergo
specific increases in DA concentrations and innervation during
adolescence, with receptor levels decreasing from peaks achieved
during childhood (Wahlstrom et al., 2010). It has been noted else-
where that the ratio of D1 to D2 receptor mediated effects may

be a relevant factor, with D1 receptor activation increasing NMDA
and GABA conductances, and D2-receptor stimulation tending to
have the opposite effect (Rolls et al., 2008b; Seamans et al., 2001;
Seamans and Yang, 2004).
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It has been suggested that increases in risk-taking and emotional
ability at the time of adolescence could be related to heightened
A efficacy (Wahlstrom et al., 2010). According to this approach, DA
nderlies a behavioral activation system that modulates incentive-
otivated approach behavior (Depue and Collins, 1999). This

ystem promotes reward-seeking through activity in limbic, stri-
tal, and frontal networks. It is suggested that the increase occurs
ia a tonic increase in DA availability which impacts both sub-
ortical (limbic and striatal) and cortical (prefrontal) circuits, and
roduces over-activation of incentive motivation (Wahlstrom et al.,
010).

If there are impairments in the DA system that contribute to the
ognitive deficits in schizophrenia (Goldman-Rakic, 1999; Rolls et
l., 2008b),  then it is possible that the decrease in D1 receptor bind-
ng from adolescence to adulthood in normal subjects (Jucaite et al.,
010) may  have the effect of reducing the stability of cortical attrac-
ors (by reducing the firing rate of the neurons in part by reducing
MDA receptor mediated synaptic conductances) involved in cog-
itive functions in the prefrontal cortex such as short-term memory
nd attention. This decrease could be a factor that contributes to
ognitive symptoms of schizophrenia tending to appear in late
dolescence or early adulthood, by contributing to the instability
f a system at that time that may  already be less stable in those
redisposed to have schizophrenia. Decreased affect, which could
e related to decreased effects of rewards and punishers in the
rbitofrontal cortex and related systems (Rolls, 2005), which may
e modulated by dopamine, may  appear at about the same time, if
1 receptors become reduced.

As noted in Sections 3.3 and 6.2, the use of D2 blockers in
chizophrenia may  not relate to these cognitive and emotional sys-
ems, but instead to increasing the activity of GABA systems which

ay  help to control the positive symptoms (Rolls et al., 2008b).

. Conclusions

We have reviewed a stochastic neurodynamics approach to
chizophrenia, which suggests that:

A reduced depth in the basins of attraction of cortical attrac-
or states destabilizes the activity at the network level due to the
tatistical fluctuations caused by the stochastic spiking of neurons.

A decrease in the NMDA receptor conductances, present in
chizophrenia, which reduces the depth of the attractor basins,
ecreases the stability of short-term memory states and increases
istractibility. The effects produced decrease the signal-to-noise
atio of the networks.

The cognitive symptoms of schizophrenia such as distractibility,
orking memory deficits or poor attention could be caused by this

nstability of attractor states in prefrontal cortical networks.
A reduction of dopamine in the prefrontal cortex, producing

educed dopamine D1 receptor activation in schizophrenia, act-
ng at least in part by reducing NMDA receptor-activated synaptic
urrents, can produce similar effects.

A reduction of NMDA receptor-activated synaptic conductances,
resent in schizophrenia, produces lower firing rates in neurons,
nd in the orbitofrontal and anterior cingulate cortex could account
or the negative symptoms including a reduction of emotions.

Decreasing the GABA as well as the NMDA conductances pro-
uces not only switches between the attractor states, but also

umps from spontaneous activity into one of the attractors. The
pontaneous state of firing is less stable when GABA efficacy is
educed because there is less inhibition. We  relate this to the posi-

ive symptoms of schizophrenia including delusions, paranoia, and
allucinations, which may  arise because the basins of attraction are
hallow and there is instability in temporal lobe semantic memory
etworks, leading thoughts to move too freely round the attrac-
avioral Reviews 35 (2011) 1644–1653

tor energy landscape. The instability that accounts for the positive
symptoms we  argue is due to less stability of the spontaneous
(unstimulated) state of firing due to reduced GABA inhibition which
leads to entry into a high firing state in the absence of a relevant
stimulus; and is due also to less stability of the high firing rate
states due to reduced NMDA receptor mediated neuronal activa-
tion so that a high firing rate state moves too freely into other
high firing rate attractor states, or back to the spontaneous firing
state.

This approach shows how any factors that reduce cortical
excitability and any factors that reduce cortical inhibition can be
interpreted in terms of the stochastic neurodynamics of cortical
systems. This opens a way  to interpret effects, possibly not yet
discovered, that reduce cortical excitation, and/or reduce cortical
inhibition, on the stability of cortical networks involved in cogni-
tive functions. This approach also opens up new ways to explore
combinations of treatments that by influencing these two  sources
of instability in cortical networks, altered excitation and altered
inhibition, might ameliorate the instabilities, and improve func-
tioning.

The approach described thus enables links to be made from
factors that modulate currents in synapses, or the excitability of
cortical neurons, or alterations in cortical inhibition, to the effects
that these will have on the global function performed by a network,
to implement for example cognitive processes such as short-term
memory and attention.

In terms of some of the brain changes that are prominent at the
time of adolescence, the following points can be made.

First, and this includes changes yet to be discovered or fully
understood, one way in which the changes can be interpreted is
in terms of their effects on the stochastic neurodynamics of the
cerebral cortex. As we have seen, factors that decrease cortical
excitability may  produce cognitive changes such as alterations of
short-term memory, attention, or executive function because of
instability of the high firing rate attractor states. Further, factors
that decrease cortical inhibition may  produce cognitive changes
because of instability of the low firing rate attractor states, which
might be provoked by noise caused for example by the stochastic
neuronal firing to lead to spurious states not produced by external
inputs or requirements.

Second, in relation to the evidence that the synaptic prun-
ing, and the reduction in grey matter volume, that normally take
place during adolescence are especially marked in those who
develop schizophrenia, this could lead to reduced cortical excitabil-
ity, which would lead to cognitive and negative symptoms. This
may  provide an understanding of why  schizophrenia has a ten-
dency to become evident in late adolescence or the early twenties,
as this is a time when cortical pruning is taking place especially
rapidly, and even more rapidly in those diagnosed with schizophre-
nia.

Third, in so far as reduced NMDAR function is related to
schizophrenia (Coyle, 2006), we might predict that this reduction
would become especially evident in late adolescence especially in
those who  develop schizophrenia.

Fourth, given that the efficacy of GABAergic transmission may
decrease during adolescence because of changes in the levels of
expression of GABAA receptors, GABA transporters, and parvalbu-
min  (an interneuron-specific calcium binding protein) (Lewis et al.,
2004), and that reduced GABAergic inhibition of pyramidal neu-
rons is associated with schizophrenia (Lewis et al., 2005), we might
expect the stability of the spontaneous firing states to be reduced,
and the positive symptoms to become evident at about this time.
Fifth, given that dopamine levels are high in adolescence com-
pared to adulthood (Section 6.3), and that reduced dopamine partly
by reducing NMDA currents may  decrease cortical excitability and
contribute to the cognitive and negative symptoms of schizophre-
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ia (Section 3), it would be interesting to investigate whether
opamine levels or efficacy in those who become schizophrenic are

ow relative to the average especially at the time of adolescence.

. Stochastic neurodynamics: appendix

.1. The attractor framework

The attractor framework is important in many aspects of neural
ynamics, including the systems that implement short-term mem-
ry, long-term memory, attention, and decision-making (Rolls,
008; Rolls and Deco, 2002). In an attractor network of inter-
onnected neurons, a memory pattern (or set of active neurons)
an be stored by synaptic modification and activated by exter-
al inputs. When a retrieval cue is applied, the system moves
owards one of the stored patterns, thus implementing memory
etrieval. The system can implement memory retrieval in this way
rom an incomplete retrieval cue, implementing “completion”. The
etrieved pattern can be stably maintained by the system even
fter the input ceases (Hertz et al., 1991; Hopfield, 1982; Rolls,
008). These patterns could correspond to memories, perceptual
epresentations or thoughts. If several input cues are presented
imultaneously, the non-linear dynamics results in one of the
ttractor states winning, and this implements a realistic model of
ecision-making in the brain (Deco and Rolls, 2006; Rolls and Deco,
010; Wang, 2002, 2008). In all these dynamical processes, noise,

n part due to the random spiking times of individual neurons (for
 given mean rate), can make the processes in a finite-sized system
tochastic, making the stability of the system, memory retrieval,
nd decision-making probabilistic, which, as we have shown else-
here, can be advantageous (Rolls and Deco, 2010).

The architecture of an attractor or autoassociation network is
s follows (see Fig. 3): external inputs ei activate the neurons in
he network, and produce firing yi, where i refers to the i’th neu-
on. The neurons are connected by recurrent collateral synapses wij,
here j refers to the j’th synapse on a neuron. By these synapses

n input pattern on ei is associated with itself, and thus the net-
ork is referred to as an autoassociation network. Because there is
ositive feedback via the recurrent collateral connections, the net-
ork can sustain persistent firing. These synaptic connections are

ssumed to build up by an associative (Hebbian) learning mecha-
ism (Hebb, 1949; Rolls, 2008) (according to which the more two
eurons are simultaneously active the stronger the neural connec-
ion becomes). The inhibitory interneurons are not shown. They
eceive inputs from the pyramidal cells, and make negative feed-
ack connections onto the pyramidal cells to control their activity.
he recall state (which could be used to implement short-term
emory, or memory recall) in an attractor network can be thought

f as the local minimum in an energy landscape (Hopfield, 1982),
here the energy would be defined as

 = −1
2

∑

i,j

wij(yi− < y >)(yj− < y >)  (1)

here yi is the firing of neuron i, and <y> indicates the average
ring rate. The intuition here is that if both yi and yj are above their
verage rates, and are exciting each other through a strong synapse,
hen the firing will tend to be stable and maintained, resulting in a
ow energy state that is stable.

Autoassociation attractor systems have two types of stable fixed
oint: a spontaneous state with a low firing rate, and one or more
ersistent states with high firing rates in which the neurons keep

ring. Each one of the high firing rate attractor states can implement

 different memory. When the system is moved to a position in
he space by an external retrieval cue stimulus, it will move to the
losest stable attractor state. The area in the space within which
Fig. 4. (a) The neuronal components of an integrate-and-fire attractor network sim-
ulation (see Section 8.2). (b) The energy landscape of an integrate-and-fire attractor
network simulation (see Section 8.2).

the system will move to a stable attractor state is called its basin of
attraction.

8.2. Energy landscape and stochasticity

Realistic attractor network architectures of the cerebral cor-
tex are typically implemented by integrate-and-fire neurons and
realistic synaptic dynamics (see Fig. 4a; Brunel and Wang, 2001;
Deco and Rolls, 2006; Rolls and Deco, 2010). The integrate-and-fire
model describes the subthreshold membrane potential, which is
influenced by synaptic currents:

Cm
dV(t)

dt
= −gm(V(t) − VL) − Isyn(t)

Isyn(t) = gs(V(t) − VE)
N∑

j=1

wijsj(t)

dsj(t)
dt

= −dsj(t)
�

+
∑

k

ı(t − tk
j )

where Cm is the membrane capacitance, gm the leak conductance,
V(t) the membrane potential of the neuron, VL the resting potential,
and Isyn(t) the incoming synaptic currents. Here we  just write one
synaptic current Isyn(t), where gs is the synaptic conductance, VE
the current source, wij the synaptic weights, and sj(t) the fractions
of open synaptic channels. The synaptic variable sj(t) is described
by an exponential decay with time constant � and influenced by
the incoming spikes k. When the threshold membrane potential
Vthr is reached, the neuron is set to the reset potential Vreset at
which it is kept for a refractory period tref and the action potential
is propagated to the other neurons. These networks can maintain
a stable pattern of firing of a subset of neurons, which are strongly
interconnected.
The attractor dynamics can be pictured by effective energy land-
scapes, which indicate the basin of attraction by valleys, and the
attractor states or fixed points by the bottom of the valleys (see
Fig. 4b). The stability of an attractor is characterized by the aver-
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ge time in which the system stays in the basin of attraction under
he influence of noise, which provokes transitions to other attrac-
or states. Noise results from the interplay between the Poissonian
haracter of the spikes (i.e. the times at which each spike of a
eurons occurs is random) and the finite-size effect due to the lim-

ted numbers of neurons in the network. In fact, the number of
pikes emitted in a time interval dt by the network is a Poisson
ariable with mean and variance Nr(t) dt,  where N is the num-
er of neurons in the network and r(t) the averaged firing rate
t time t. The estimate of r(t), is then a stochastic process rN(t),
ell described in the limit of large Nr by rN(t) ∼= r(t) +

√
r(t)/N� ,

here � is Gaussian white noise with zero mean and unit vari-
nce, and r(t) is the probability of emitting a spike per unit time
n the infinite network. Such finite-N  fluctuations, which affect the
lobal activity rN(t), are felt coherently by all neurons in the net-
ork.

Two factors determine the stability. First, if the depths of the
ttractors are shallow (as in the left compared to the right valley
n Fig. 4b), less force is needed to move a ball from the shallow
alley to the next. Second, a high level of noise increases the likeli-
ood that the system will jump over an energy boundary from one
tate to another. We  envision that the brain, as a dynamical system,
as characteristics of such an attractor system, including statistical
uctuations (Rolls, 2008; Rolls and Deco, 2010).
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