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Abstract

For the past decade, research on the storage limitations of working
memory has been dominated by two fundamentally different hypothe-
ses. On the one hand, the contents of working memory may be stored
in a limited number of ‘slots’, each with a fixed resolution. On the
other hand, any number of items may be stored, but with decreasing
resolution. These two hypotheses have been invaluable in character-
izing the computational structure of working memory, but neither
provides a complete account of the available experimental data, nor
speaks to the neural basis of the limitations it characterizes. To ad-
dress these shortcomings, we simulated a multiple-item working mem-
ory task with a cortical network model, the cellular resolution of which
allowed us to quantify the coding fidelity of memoranda as a function
of memory load, as measured by the discriminability, regularity and
reliability of simulated neural spiking. Our simulations account for a
wealth of neural and behavioural data from human and non-human
primate studies, and they demonstrate that feedback inhibition not
only lowers capacity, but also lowers coding fidelity by all three mea-
sures. Because the strength of inhibition scales with the number of
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items stored by the network, increasing this number progressively low-
ers fidelity until capacity is reached. As such, the model provides a
mechanistic explanation for experimental data showing that working
memory precision decreases with increasing memory load before level-
ling off at capacity. Crucially, the model makes specific, testable pre-
dictions for neural activity on multiple-item working memory tasks.

Introduction

Working memory refers to the retention of information for use in cognitive
tasks, over intervals on the order of seconds. Visual working memory (WM)
is a particularly active research field, largely because the high precision of
the visual system affords fine-grained measurements that address the storage
limitations of WM. These limitations are highly correlated with measures
of intelligence and are currently the subject of intense research interest [see
Luck and Vogel (2013)].

For several decades, research on storage limitations was dominated by the
hypothesis that WM is supported by a small number of discrete ‘slots’. Ac-
cordingly, information is either stored with high precision in a slot or is simply
not encoded if the number of items n exceeds the number of slots [see Cowan
(2001)]. More recently, evidence has emerged for an alternative hypothesis,
according to which a limited ‘resource’ R is allocated to n items, with no
limit on n. Accordingly, the precision of WM representations decreases with
increasing n, since less resource is available for the encoding of each item,
i.e. precision tracks R/n. Thus, the nature of WM storage limitations is
fundamentally different under the slot and resource hypotheses, attributing
constraints to capacity and resolution respectively. It is increasingly clear,
however, that neither is complete [see Luck and Vogel (2013); Ma, Husain,
and Bays (2014)]. Generally, the slot hypothesis (Slot) is over-constrained
with respect to resolution, since it can’t account for a gradual decrease in
precision with increasing n (Bays, Catalao, & Husain, 2009). Equally, the
resource hypothesis (Resource) is over-constrained with respect to capacity,
since it can’t account for a plateau in imprecision with a critical number
of items, where this number appears to correspond to capacity (Zhang &
Luck, 2008). Consequently, several hybrid hypotheses have been presented,
accounting for data that can’t be explained by Slot or Resource alone (Zhang
& Luck, 2008; van den Berg, Shin, Chou, George, & Ma, 2012).
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The above work has been invaluable in characterizing the storage limita-
tions of WM, but does not speak to its neural basis. WM is widely believed
to be supported by ‘attractor states’ in neocortex, emerging from recurrent
excitation and feedback inhibition in local circuits. Under this framework,
recurrent excitation sustains neural firing in the absence of driving stimuli
(persistent activity), while feedback inhibition prevents this activity from
running away [see Wang (2001)]. If R is instantiated by the cortical tissue
mediating a task-relevant feature domain, e.g. spatial location, then feed-
back inhibition necessarily constrains capacity, since WM items will compete
for representational space [see Franconeri, Alvarez, and Cavanagh (2013)]. If
so, R cannot be infinitely divisible. Rather, it will be allocated to n < K
items, with capacity K determined by the properties of feedback inhibition,
e.g. its strength and breadth. In other words, the simultaneous encoding
of an arbitrary number of WM items is incompatible with feedback inhibi-
tion between stimulus-selective neural populations, a fundamental principle
of neural information processing. The application of these principles to Re-
source leads to a strong hypothesis: a decrease in precision with increased
memory load must be limited by capacity.

Here, we test this hypothesis with a biophysically-based model of a local
circuit in posterior parietal cortex (PPC), a cortical area extensively cor-
related with WM (Gnadt & Andersen, 1988; Todd & Marois, 2004; Palva,
Monto, Kulashekhar, & Palva, 2010; Christophel, Hebart, & Haynes, 2012;
Salazar, Dotson, Bressler, & Gray, 2012). Previous studies have used simi-
lar models to offer mechanistic explanations for capacity (Edin et al., 2009),
precision (Almeida, Barbosa, & Compte, 2015) and their relationship (Wei,
Wang, & Wang, 2012; Roggeman, Klingberg, Feenstra, Compte, & Almeida,
2013), but these studies did not explain precision under the principles of Re-
source. Rather, they equated imprecision with the ‘drift’ of item-encoding
neural populations in cortical tissue. As such, they make different predictions
than our model (see the Discussion). According to Resource, imprecision re-
flects the signal-to-noise ratio (SNR) of neural representations. We extend
this hypothesis from SNR to coding fidelity more generally, measuring the
regularity and reliability of simulated spiking activity. In doing so, we demon-
strate and explain the deterioration of coding fidelity with increasing n under
established statistical measures, where this deterioration levels off at a crit-
ical n. Thus, we offer a novel explanation for resource-like coding and its
relationship with capacity, unifying a large body of neural and behavioural
data, and making specific predictions for experimental testing.


https://doi.org/10.1101/181354

bioRxiv preprint doi: https://doi.org/10.1101/181354; this version posted August 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Methods

Our local-circuit PPC model is a network of simulated pyramidal neurons and
inhibitory interneurons, connected by AMPA, NMDA and GABA receptor
conductance synapses (Figure 1A). Synaptic connectivity within and between
classes of neuron was structured according to in wvitro data, including struc-
tured and unstructured components of the connectivity to pyramidal neurons
from interneurons (Figure 1B, Parameter Values in Methods). We refer to
the former and latter components as local and broad inhibition respectively.

We ran simulations of two common visual and WM tasks, a visually-
guided delayed saccade task (the visual task) and a memory-guided delayed-
saccade task (the memory task) [e.g. Paré and Wurtz (1997)]. Each task
consists of three intervals: a pre-trial interval, a stimulus interval and a de-
lay interval. Following the pre-trial interval, items are presented during the
stimulus interval on both tasks, remaining present during the delay interval
on the visual task, but not the memory task (Figure 1C). We constrained the
model by setting its parameter values according to anatomical and physio-
logical data (Parameter Values in Methods), and by stipulating that it must
qualitatively reproduce signature neural data from PPC (see Results, Figure
2). We then measured its storage capacity and coding fidelity as a function
of n. Capacity was defined as the mean number of accurately encoded items
during the last 300ms of the delay interval (the statistics window), where
accurate encoding was determined by the rate, position (relative to stim-
ulus position) and discriminability of item-encoding populations. We used
three standard measures of coding fidelity: the SNR of stimulus-selective
spiking, the coefficient of variation (CV) of interspike intervals (ISI), and the
Fano factor (FF) of between-trial spike counts. SNR quantifies the degree
to which selective spiking is discriminable from baseline activity, while CV
and FF quantify the within-trial regularity and between-trial reliability of
spiking respectively.

The network model

The local circuit model is a fully connected network of leaky integrate-and-
fire neurons (Tuckwell, 1988), comprised of N? = 400 simulated pyramidal
neurons and N = N? /4 fast-spiking inhibitory interneurons (putative basket
cells). Each model neuron is described by
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Figure 1 (preceding page): The local-circuit PPC model and simulated tasks.
(A) Schematic of the model. Solid circles depict pyramidal neurons (green)
and inhibitory interneurons (red), arranged periodically by their connectivity
structures. The 4-to-1 ratio of pyramidal neurons to interneurons preserves
their population sizes in the model. Arced and straight arrows depict synap-
tic connectivity within and between classes of neuron respectively. Thin
Gaussian curves depict the structure of this connectivity (within, solid; be-
tween, dotted). The thick Gaussian curve depicts the RF of a pyramidal
neuron. Red arrows depict GABAR synapses, the open green arrow de-
picts AMPAR-only synapses, and wide green arrows depict synapses with
AMPARs and NMDARs. (B) Approximation of synaptic connections onto
pyramidal neurons and interneurons from small, medium and large basket
cells (SBC, MBC, and LBC respectively). Rectangles depict unstructured
connectivity within each class of cell, and onto pyramidal neurons from each
class. The red curve approximates their combined structure. (C) The visual
and memory tasks are comprised of a pre-trial interval, stimulus interval and
delay interval (top panel). Spiking statistics are taken during the last 300ms
of the delay interval, referred to as the statistics window. Stimulus onset
follows a 50ms visual response delay. On the visual (memory) task, stimuli
persist (do not persist) throughout the delay interval, depicted by the dashed
horizontal line. The decaying input signal simulates upstream response adap-
tation. An example trial of the 1-item memory task is shown in the middle
and bottom panels. In the raster plot (middle panel), pyramidal neurons and
interneurons are indexed from 1 —400 and 401 — 500 respectively. Mean SDF
(see text) over all pyramidal neurons and interneurons during the statistics
window is shown to the right of the plot. Mean SDF over the item-encoding
pyramidal population is shown in the bottom panel. (D) Synaptic currents
onto a pyramidal neuron (solid) and an interneuron (dotted) during the de-
lay interval of the 1-item memory task. Red, green and black curves show
GABAR, AMPAR and NMDAR currents respectively. (E) Membrane poten-
tial of a pyramidal neuron and an interneuron during the pre-trial interval.
(F) Mean rate over all pyramidal neurons during the statistics window of cor-
rect trials on the memory task for each value of control parameter v,.. = 1/,
(see text).
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where (), is the membrane capacitance of the neuron, g; is the leakage
conductance, V' is the membrane potential, E}, is the equilibrium potential,
and [ is the total input current. When V' reaches a threshold 1, it is reset
to V,.s, after which it is unresponsive to its input for an absolute refractory
period of 7,.;. Here and below, superscripts p and 7 refer to pyramidal
neurons and interneurons respectively, indicating that parameter values are
assigned separately to each class of neuron.
The total input current at each neuron is given by

J = [sel 4 Jree + Iback’ (2)

where I°¢ is stimulus-selective synaptic current (set to 0 for interneurons),
I is recurrent (intrinsic) synaptic current and 7°%* is background current.
I*¢ and I"*¢ are comprised of synaptic currents, and I°** is comprised of
synaptic current and injected current. Synaptic currents driven by pyramidal
neuron spiking are mediated by simulated AMPA receptor (AMPAR) and/or
NMDA receptor (NMDAR) conductances, and synaptic currents driven by
interneuron spiking are mediated by simulated GABA receptor (GABAR)
conductances. For AMPAR and GABAR currents, synaptic activation (the
proportion of open channels) is defined by

dgszA _ gZMPA
dohupa — _Shupa | §(t ¢

dt 7',211)\’4;,4 ( f) (3)
d96aBa _ _ 9GaBA + (S(t _ tf),

{p,i}
dt TGABA

where T4y pa and Tgapa are the time constants of AMPAR and GABAR
deactivation respectively, ¢ is the Dirac delta function, ¢; is the time of
firing of a pre-synaptic neuron and superscript a indicates that synapses
are activated by different sources of spiking activity (selective, recurrent and
background). NMDAR activation has a slower rise and decay and is described

by
dg$ ga a
NMDA _ _ ]{W\f}DA + anmpa - wvmpa(l — g pa), (4)
dt TNAIDA

where Tn/pa is the time constant of receptor deactivation and aypypa con-
trols the saturation of NMDAR channels at high pre-synaptic spike frequen-
cies. The slower opening of NMDAR channels is captured by
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dwnrpa WNMDA
— = (-t 5

where 7, determines the rate of channel opening.
Intrinsic (recurrent, local feedback) synaptic current to each neuron j is

defined by
rec __ rec rec rec
I = Iyipa; + INvipay; + 16hpa
Jrec — Z G;{L\pILEDA . rec (V -V ) . WTeC|PP7iP
AMPA,j = 22k 75, Jampar\Vj E jik
rec _ NMDA rec L . L. Tec|pp,tp
INtipay; = X =552 - gNipar(Vi—Ve) - nj - Wi
Jrec =3 Giiba . rec (Vi =Vy) - Wy reclpiii
GABA,j = 2.k ~ 4, 9cAaBAk\Vj I 3.k )

where v, is a scale factor controlling the relative strength of extrinsic and in-
trinsic synaptic conductance; G aprpa, Gyyvpa and Ggapa are the respective
strengths of AMPAR, NMDAR and GABAR conductance; Vg is the rever-
sal potential for AMPARs and NMDARs, and V; is the reversal potential
for GABARS; g1 pax INvpax and giipay are the activation of AMPAR,
NMDAR and GABAR receptors respectively by pre-synaptic neurons k; 7
governs the voltage-dependence of NMDARs; and matrices W7eelPPi and
Wreepiit geale conductance strength or weight according to the connectiv-
ity structure of the network. This structure depends on the class of neu-
ron receiving and projecting spiking activity, where superscripts pp, ip, pi
and 7z denote connections to pyramidal neurons from pyramidal neurons, to
interneurons from pyramidal neurons, to pyramidal neurons from interneu-
rons, and to interneurons from interneurons respectively. For each of these
structures s € {pp, ip,pi,ii}, W* is a Gaussian function of the distance
between periodically-arranged neurons, where the weight VV;:ZC‘S to neuron j
from neuron k is given by

V[/;Zc\s _ efdQ/QUfec\s . (1 — Creds) + Creds' (7)
The distance between neurons is defined by d = min(|j — k|AxP, 2m — |5 —
k|AzP) for Wreerr d = min(|j — k|Ax?, 27 — |j — k|Az?) for Wreeli q =
min(|j— 2P| AxP, 21 —|j — 2P | AxP) for WPl and d = min(|j — 27 |Az?, 27—

8
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|7 — 2| Ax?) for WP with scale factors AxP = 27 /NP and Az’ = 27/N".
For WreelPi and Wreelie, »pt = NP/N'. k and 2 = N'/NP - k respectively.
Parameter o,..; determines the spatial extent of connectivity and parameter
Grecs allows the inclusion of a baseline weight, with the function normalized
to a maximum of 1 (0 < Grees < 1).

Background activity
For each neuron, in vivo cortical background activity is simulated by current
I%k defined by

Iback — ]back,syn + ]back,inj (8)

where [%%*sym is driven by synaptic bombardment and %% is noisy
current injection. The former is generated by AMPAR synaptic activation,
where independent, homogeneous Poisson spike trains are provided to all
neurons at rate fipger. 1°%F*Y" is therefore defined by

]back,syn:,yg SN - G;{‘&}}PA . gzaj\cpr(V—vE), (9)

where ) is a scale factor and g%, , is given in Equation 3.

For I%¢%MJ e used the point-conductance model by (Destexhe, Rudolph,
Fellous, & Sejnowski, 2001):

reckind = g (E)(V = Vi) + g:(t)(V = Vi). (10)

The time-dependent excitatory and inhibitory conductances g.(t) and g;(t)
are updated at each timestep At according to

Ge(t + At) = g0. + [ge(t) — g0.] - e84 + AT (11)

and

respectively, where g0, and ¢g0; are average conductances, 7, and 7; are time
constants, and Y is normally distributed random noise with 0 mean and unit
standard deviation. Amplitude coefficients A, and A; are defined by

o= B e () o

9
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and

o e () o

respectively, where D, = 202 /7, and D; = 202 /7; are noise ‘diffusion’ coeffi-
cients. See Destexhe et al. (2001) for the derivation of these equations.

Experimental design and statistical analysis
Simulated experimental tasks

We simulated the target stimuli in both tasks by providing independent,
homogeneous Poisson spike trains to all pyramidal neurons j in the network,
where spike rates were drawn from a normal distribution with mean i
corresponding to the centre of a Gaussian response field (RF) defined by
W;i = exp(—d®/207;). Constant d is given above for recurrent synaptic
structure W7eIPP g, ¢ determines the width of the RF and subscript k indexes
the neuron at the RF centre. Spike response adaptation by upstream visually
responsive neurons was modelled by a step-and-decay function

] (Banit — Binit ] paiw) €D T iy S g, for t > by
,Usel(t) - { 0 for t S tvrd (15)

where p1;,;+ determines the initial spike rate, pq4;, determines the asymptotic
rate, 7, determines the rate of upstream response adaptation, and t,,q is
a visual response delay. We simulated the visual task by providing these
selective spike trains for 1300ms, following the 300ms pre-trial interval. We
simulated the memory task by providing the selective spike trains for 300ms,
following the pre-trial interval and followed by a 1000ms delay (Figure 1C).
The stimuli were mediated by AMPARs only, so for all pyramidal neurons j
in the PPC network,

[;el:'Yg A GZMPA ) gfqejl\/[PA,j(Vj_VE) : W;i (16)

All simulations were run with the standard implementation of Euler’s
forward method, where the timestep was At = 0.25ms.

10
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Determining working memory performance

We ran 400 trials of the visual and memory tasks with 1 — 5 stimuli (hence-
forth the m-item visual and memory tasks; 1 < n < 5). To determine WM
performance on each trial of the memory task, spike density functions (SDF's)
were calculated for all pyramidal neurons in the network by convolving their
spike trains with a rise-and-decay function

1 — et/ . e~ t/ma
1—e)-e (17)

Td
Tr+7d

where ¢ is the time following stimulus onset and 7,, = 1ms and 7, = 20ms are
the time constants of rise and decay respectively (Thompson, Hanes, Bichot,
& Schall, 1996; Standage & Paré, 2011). On each n-item trial, we calcu-
lated the mean of the SDFs over the last 300ms of the delay, obtaining the
average activity over the network, and then partitioned the network into n
equal regions. The location of each item was centred within each region. We
then fit the mean activity in each region with a Gaussian function with four
parameters: the height of the peak, the position of the peak, the standard
deviation (controlling width), and the height that is approached asymptoti-
cally from the peak. An item was considered accurately stored if the fitted
Gaussian satisfied three criteria: the height parameter exceeded 30Hz, the
difference between the height and the fitted asymptote on both sides of the
peak exceeded 15Hz, and the position parameter was within Ac = 10 de-
grees of the centre of the RF for that item. For the first criterion, we chose
30Hz because this spike rate implies ~ 10 spikes during the 300ms statistics
window, as required to faithfully calculate CV and FF (Nawrot, 2010). The
second criterion dictates that items are only considered accurately stored if
the population response is discriminable. The third criterion ensures that
the memory of the location of the item is close to the actual location, the
precise value of which wasn’t crucial to our results (Ac >~ 5).

Calculating spiking statistics

We selected m = 20 simulated pyramidal neurons from the network (the
target neurons) and recorded their activity on m trials each. This population
of neurons consisted of the neuron at the centre of the RF for a given target,
and the m — 1 neurons closest to the RF centre. For each of the two tasks,
the SNR of each target neuron was calculated on each trial by subtracting

11
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the spike count during the 300ms pre-trial interval from the spike count
during the statistics window and dividing the result by the latter [SNR =
(SCaet — SChye)/SCpre, where SC' is the spike count].

The CV of ISI was calculated for each target neuron on each trial by
dividing the mean ISI by the standard deviation of ISI during the statistics
window (CV = o3I /ul5T). The FF was calculated for each target neuron
by recording the spike count during the statistics window on each trial, and
dividing the variance by the mean over all trials for that neuron (F'F =
0552 /1159). These statistics were only calculated for accurately stored items,
and from neurons that emitted at least 9 spikes during the 300ms statistics
window (30Hz, see previous section). To increase statistical power on memory
trials with n > 1 items, if the network did not accurately store the ‘first’ item,
we searched for a corresponding neuron in another item-encoding population,
where correspondence was determined relative to the RF centre, e.g. if the
target neuron was located 3 indeces below the RF centre of item 1, we used
a neuron located 3 indeces below the RF centre of another item. If no items
were accurately stored, the trial was discarded for statistical purposes.

Parameter values

In setting parameter values in the model, our aim was to justify every value by
anatomical and physiological data, thus constraining our choices as much as
possible, and then to use a single control parameter to explore the model’s
performance and spiking statistics on the visual and memory tasks. Our
control parameter was 7y,, governing the relative strengths of extrinsic and
intrinsic synaptic conductance and therefore the strength of recurrent pro-
cessing.

For cellular parameters, we used standard values for integrate-and-fire
neurons in cortical simulations (Compte, Brunel, Goldman-Rakic, & Wang,
2000), justified by electrophysiological data in earlier, related work (Troyer &
Miller, 1997; Wang, 1999). These values are C?, = 0.5nF, ¢} = 25nS, E} =
—70mV, 9% = =50mV, VP = —60mV and 7}, ; = 2ms; and C;, = 0.20F,
gy = 20nS, E} = —70mV, ¢, = —=50mV, V., = —60mV and 7., = lms.
Likewise, synaptic reversal potentials are Vg = 0mV and V; = —70mV, and
the parameters governing the opening and saturation of NMDARs are 7, =
2ms and ayypa = 0.5kHz respectively (Compte et al., 2000). The voltage-
dependence of NMDARSs is given by n = 1/[1+ Mg - exp(—0.062 - V')/3.57],
where Mg = 1mM is the extracellular Magnesium concentration and V' is

12
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measured in millivolts (Jahr & Stevens, 1990).

In setting parameters for the conductance strengths and time constants
of decay of AMPARs and NMDARs, we followed Standage, You, Wang,
and Dorris (2013), emphasising fast inhibitory recruitment in response to
slower excitation [see Povysheva et al. (2006) for discussion]. For AMPARs,
Glnpa = 0.208, Glypa = 2:Glypa, Taupa = 4ms and iy pa = Thypa/2;
and for NMDARSs, GRypa = 40S, Gvirpa = Ghupa/2, Tvupa = 100ms
and Thapa = Taoarpa/2- These values produce fast-decaying AMPAR cur-
rents on the order of 10pA (Angulo, Rossier, & Audinat, 1999; Desai, Cud-
more, Nelson, & Turrigiano, 2002) that are stronger and shorter-lived onto in-
hibitory interneurons than onto pyramidal neurons (Hestrin, 1993; J.McBain
& Fisahn, 2001; Hull, Isaacson, & Scanziani, 2009), and slow-decaying NM-
DAR currents on the order of 10pA (Berretta & Jones, 1996; Angulo et al.,
1999) that are stronger and longer-lived at synapses onto pyramidal neu-
rons than onto inhibitory interneurons (Hull et al., 2009). For GABARs,
Glapa = 1.5nS and Gi, 454 = GYiapa/2, producing GABAR currents several
times stronger than the above excitatory currents, where the stronger conduc-
tance at synapses onto pyramidal neurons captures their greater prevalence
of GABARs (Markram et al., 2004). GABAR time constants were set to
Toapa = Teapa = 10ms (Salin & Prince, 1996; Xiang, Huguenard, & Prince,
1998). Example synaptic currents are shown in Figure 1D.

The connectivity structures WreePpipriit capture the probability of lat-
eral synaptic contact within and between classes of neurons in local cortical
circuitry (Wilson & Cowan, 1973; Somers, Nelson, & Sur, 1995). A consid-
erable volume of data indicates that the probability of lateral synaptic con-
tact between cortical pyramidal neurons is normally distributed with mean
0 and half-width of ~ 0.25mm (Hellwig, 2000; Berger, Perin, Silberberg, &
Markram, 2009; Voges, Schiiz, Aertsen, & Rotter, 2010). Thus, oy, corre-
sponds to 0.25mm, determining the size of the cortical region being modelled,
and (Creelpp = 0. We are unaware of any data suggesting that the lateral pro-
jections of pyramidal neurons target basket cells differently than they target
other pyramidal neurons, so we set Oreclip = Oreclpp A Greclip = Creelpp- AL-
guably, 0,¢cip should be narrower than oy, since the dendritic trees of
basket cells are less extensive than those of pyramidal neurons, but setting
these parameters to equal values supported more stable network dynamics,
i.e. it furnished sufficient local-circuit inhibition for the model to simulate
the experimental tasks without modifications to other parameter values.

For connectivity structures WP¥¥ values for oy ecpiii and Creelpiii are
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justified by four premises: firstly, we assume that basket cells are a major
source of lateral inhibition (Krimer & Goldman-Rakic, 2001) and we limit
our focus to this class of inhibitory interneuron; secondly, basket cells synapse
onto the somatic and perisomatic regions of their targets [see Markram et
al. (2004)]; thirdly, the axons of basket cells contact their targets indiscrim-
inately throughout the range of their ramifications (Packer & Yuste, 2011);
and fourthly, the basket cell population can be divided into small (local ar-
bour), medium (medium arbour) and large (wide arbour) cells in equal pro-
portion, i.e. one third each (Krimer et al., 2005). Under the first and second
premises, we do not need to consider the dendritic morphology of the targets
of inhibitory interneurons, so we set Oyecjpi = Oreclpp- Under the second and
third premises, we assume a uniform synaptic distribution for inhibitory tar-
gets, where the axonal ramifications of small, medium and large basket cells
cover progressively larger areas (Krimer & Goldman-Rakic, 2001; Krimer
et al., 2005), with large basket cells (LBC) covering the entire local circuit
(Kisvarday, Beaulieu, & Eysel, 1993; Markram et al., 2004). We therefore
approximate this connectivity structure by setting orecipi = Oreclii = 2* Trec|pp
and Greclpi = Grecii = 1 /3, where the former corresponds to a half-width of
~ 0.5mm [cf. Kisvarday et al. (1993); Krimer and Goldman-Rakic (2001);
Krimer et al. (2005)] and the latter refers to the 1/3 proportion of LBCs.
This approach to determining inhibitory connectivity parameters is depicted
in Figure 1B. We set ;.. = 0.2 because this value supported the simultane-
ous representation of 5 simulated visual stimuli, corresponding to the upper
limit on human WM capacity, i.e. 4 £ 1 items (Luck & Vogel, 1997; Cowan,
2001). Finally, we set 0yeclii = Orecjpi because LBCs make extensive contacts
onto one another over the full range of their axonal ramifications (Kisvarday
et al., 1993). Note that we do not attribute biological significance to the
spatial periodicity of the network. Rather, this arrangement allows the im-
plementation of W7TeelPPPPiit with all-to-all connectivity without biases due
to asymmetric lateral interactions between neurons, and further captures
the topographic mapping of spatially periodic stimuli in many visual [e.g.
Thomas and Paré (2007)] and WM [e.g. Funahashi, Bruce, and Goldman-
Rakic (1989); Matsuyoshi, Osaka, and Osaka (2014)] tasks. In Results section
‘Feedback inhibition underlies slot-like capacity and resource-like coding’, we
eliminated broad inhibition by setting Crecpi and Grecsi to 0, and we increased
the strength of local feedback inhibition by setting G% 454 and G4 454 to
3.5nS and 1.75nS respectively.

In setting parameter values for background activity in each network, we
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initially omitted background synaptic input 7°%*¥" and followed the data
by Fellous, Rudolph, Destexhe, and Sejnowski (2003) to produce [%®<*ini
where g0, = 5nS and ¢0; = 25nS, 7, = 2.5ms, 7; = 10ms, o, = 5nS and
o; = 12.5nS. Because the average inhibitory background conductance g0; is
five times the average excitatory background conductance g0, [see Destexhe
(2010)], our simulated pyramidal neurons did not respond adequately to se-
lective stimuli under these parameter values. We therefore reduced the aver-
age conductances by a factor of two, setting g0, = 2.5nS, retaining the ratio
of inhibitory to excitatory conductance strength g0; =5 - g0, = 12.5nS, and
simulating the ‘other half’ of upstream cortical background activity by pro-
viding independent, homogeneous Poisson spike trains to all neurons in the
network. As such, we assumed that each neuron forms ~ 10,000 synapses
with upstream cortical neurons (Douglas, Markram, & Martin, 2004), and
that by dividing g0, and ¢0; by two, we were effectively omitting ~ 5,000
background inputs. We therefore approximated 5000 upstream cortical neu-
rons firing at 1Hz each by setting the rate of background Poisson spike trains
to fpeck = D00Hz and setting the extrinsic synaptic scale factor to A = 10,
trading temporal summation for spatial summation (Prescott & De Koninck,
2003; Standage et al., 2013). As noted above, background spike trains were
provided to all pyramidal neurons and interneurons in each network, medi-
ated by AMPARs on the assumption that spike trains converging on PPC
(an association cortical area) are predominantly ascending. Evidence for
AMPAR-mediated ascending activity is provided by Self, Kooijmans, Super,
Lamme, and Roelfsema (2012). This approach simultaneously released the
network model from the overly-strong background inhibitory currents and
implemented an established, biologically plausible form of gain modulation
[balanced background inputs (Chance, Abbott, & Reyes, 2002)], rendering
the PPC network responsive to simulated visual stimuli. Note that our pa-
rameter values for background current injection (g0, g0;, Te, Ti, 0. and o;)
were based on recordings from pyramidal neurons (Fellous et al., 2003), but
since we are unaware of any data to guide these parameters for inhibitory
interneurons, we assigned them the same values for all neurons. The effect of
this background activity on the membrane potential of a pyramidal neuron
and an interneuron is shown in Figure 1E.

For the target stimuli, the width of RFs was determined by o, = 0,,/2.
This narrow width captures the less-extensive dendritic branching in corti-
cal (input) layer 4 compared to layers 2/3 and 5 (see above for justification
of lateral connectivity in the model). The initial spike rate at the RF cen-
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tre was ;e = 10,000/7,Hz, which (for 7, = 1) can be equated with e.g.
100 upstream, visually-responsive neurons firing at 100Hz each, given our
use of homogeneous, independent Poisson spike trains. Note, however, that
the synaptic scale factor A = 10 probably renders this spike rate unreal-
istically high, since it implies e.g. 1000 upstream neurons firing at 100Hz.
Nonetheless, the high initial spike rate ensured a rapid-onset, high-rate visual
response in the network for all processing regimes furnished by control pa-
rameter 7,, as observed experimentally [e.g. Paré and Wurtz (1997); Thomas
and Paré (2007); Churchland, Kiani, and Shadlen (2008)]. Upstream, visual
response adaptation was simulated by ji4;,, = 10 and 7, = 50ms. The former
is somewhat extreme, but allowed the rate of the initial population response
in PPC to exceed the steady state response on the visual task for all values
of v, [e.g. Paré and Wurtz (1997); Churchland et al. (2008)]. Our use of
7, as a denominator in determining s, (Equation 15) supported stronger
selective inputs when the network had stronger recurrent processing (smaller
7y), allowing the rapid-onset, high-rate visual response described above. For
larger ~,, the network more readily gives way to its inputs, so a weaker in-
put is sufficient to elicit a similar response. The visual response delay was
tora = 50ms (Thomas & Paré, 2007).

Results

To systematically investigate network performance on the visual and mem-
ory tasks, we varied a single parameter v,, scaling the relative strength of
intrinsic (Equations 6) and extrinsic (Equations 9 and 16) synaptic con-
ductance. We ran a block of trials for a range of values of this parameter
(increments of 0.05), searching for values supporting a mean capacity of at
least 0.95 items on the n-item memory task for n < 5, and for which all
item-encoding populations on the 5-item task co-existed at the end of the
stimulus interval (with excessively strong intrinsic synapses, feedback in-
hibition produced strong competition between populations, so that not all
populations were extant at the onset of the memory delay). Thus, we inter-
polated between upper and lower bounds on the strength of recurrent drive
that support performance of the task, finding that our criteria were satisfied
by v, € {0.45,0.5,0.55,0.6,0.65}. We confirmed that these values support
a stable background state (no structured activity before stimulus onset) by
running a single trial with no stimuli for 10s, and that they support perfor-
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mance of the visual task (more than 99% of items were accurately encoded
during the statistics window for all n and gain conditions). Because lower
values of v, produce stronger recurrent drive and higher neuronal gain (Fig-
ure 1F), it is convenient to define 7. = 1/7,. We refer to the values of 7.,
(equivalently 7,) as the gain conditions of the network. A single trial of the
1-item memory task is shown in Figure 1C.

The model complies with signature neural data from
PPC

Electrophysiological recordings from PPC show that on 1-item visual and
memory tasks, the rate of stimulus-selective activity is higher during the
visual delay than the memory delay; and on the memory task, the rate is
higher during the stimulus interval than the memory interval (Paré & Wurtz,
1997). More generally, PPC activity consistently shows several characteris-
tics across visual tasks, including a rapid-onset, high-rate response that drops
to a steady state prior to movement-related activity [e.g. Paré and Wurtz
(1997); Churchland et al. (2008); Louie, Grattan, and Glimcher (2011)], and
a decrease in rate with an increase in the number of stimuli [e.g. Thomas
and Paré (2007); Churchland et al. (2008); Louie et al. (2011)]. Consistent
with these data, the mean rate of stimulus-selective spiking in the model
was higher during the visual delay than the memory delay on the 1-item
tasks (Figures 2A and B), and was higher during the stimulus interval than
the delay interval on the memory task (2B). On the multiple-item visual
tasks (2 < n < 5), selective spike rates were higher during the stimulus
interval than the delay interval, and the rate of stimulus-selective activity
decreased with increasing n (Figure 2C). These results were the case for all
gain conditions, indicating that the model captured the relevant aspects of
PPC processing over its full dynamic range.

For all gain conditions on the 1-item tasks, delay activity in the model had
a lower SNR, higher CV and higher FF during the memory delay than the
visual delay (Figures 2D, E and F). Thus, persistent activity encoded a low-
fidelity representation of the stimulus, as reported in monkey PPC (Johnston
et al, SN abstracts, 2009). Higher gain conditions supported higher-fidelity
encoding of the stimulus (see results for n = 1 in Figure 5C, D and E).
Quantitative consideration of these results is provided in the Discussion.
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Figure 2: The model qualitatively reproduces signature neural data recorded
from PPC during 1-item visual and memory tasks, and multiple-item visual
tasks. (A) Mean activity at the RF centre of the item-encoding population
on the l-item visual task for each value of control parameter v,.. = 1/,
(each gain condition, see text). Darker shades correspond to higher v,.. (see
legend in Figure 1F). (B) Mean activity at the RF centre on the 1-item
memory task. (C) Mean activity at the RF centre of a single item-encoding
population on the n-item visual task for all n (1 < n < 5). Results are
shown for the highest gain condition. Thick horizontal bars show the timing
of the target stimuli. (D-F) Persistent activity in the model encodes a low
fidelity representation of an earlier stimulus, characterized by a lower SNR
(D), higher CV (E) and higher FF (F) during the memory delay than the
visual delay. Error bars show standard error of the mean. Results are shown
for the lowest gain condition.
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Working memory performance in the model is consis-
tent with that of monkeys and humans

To measure WM performance, we calculated the mean number of accurately
stored items on each n-item memory task, referring to this quantity as ca-
pacity K(n). Example trials are shown in Figure 3. Mean spike rates at
the RF centres of all accurate item-encoding populations are shown in Fig-
ure 4. Moderate to high gain conditions supported a maximum capacity
(max[K(n)]) of around 2 and 3 items respectively (Figure 5A), consistent
with WM capacity in monkeys (Heyselaar, Johnston, & Paré, 2011) and
humans (Vogel & Awh, 2008; Luck & Vogel, 2013). In keeping with ear-
lier models of this class (Edin et al., 2009; Wei et al., 2012), K(n) con-
formed to WM ‘overload’, decreasing beyond a critical n for all gain condi-
tions (Matsuyoshi et al., 2014; Fukuda, Woodman, & Vogel, 2015). Finally,
capacity was roughly tracked by the total pyramidal neuron activity in the
network (Figure 5B), similar to electroencephalogram (EEG) recordings from
PPC (Vogel & Machizawa, 2004).

Predictions for experimental testing and their implica-
tions for Slot and Resource

Having demonstrated that our simulations are qualitatively consistent with a
range of electrophysiological and behavioural data from visual and WM tasks,
we investigated the model’s predictions for coding fidelity on multiple-item
WM tasks, and the implications of these predictions for Slot and Resource.
For all gain conditions, the coding fidelity of persistent activity on the mem-
ory task deteriorated as the number of items increased from n =1 to n = 2,
characterized by a decrease in SNR and an increase in CV and FF (Figure
5C-E). With higher gain (0.45 < 7, < 0.55), for which K(3) > K(2), this
reduction in coding fidelity continued as the number of items increased from
n = 2 to n = 3, as measured by all three statistics. Within this range of ~,,
coding fidelity leveled off as the number of items increased beyond n = 3,
roughly tracking K(n) (Figure 5A). This finding is strikingly consistent with
behavioural data showing that WM precision decreases with increasing n
until it reaches a plateau at around 3 or 4 items (Zhang & Luck, 2008). It
also suggests that the same mechanism is responsible for constraints on ca-
pacity and resolution: the competition between item-encoding populations,
mediated by broad inhibition.
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Figure 3: Three trials of the multiple-item memory task for the highest gain
condition, with three (A), four (B) and five (C) items. The model accurately
stored three items on each of these trials. Mean rates over all pyramidal
neurons during the statistics window are inset to the right of the raster plots
(see Figure 1C caption), where shades match the mean SDF's in the right-side
panels. Thick horizontal bars in the top row show the timing of the stimuli.
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Figure 4: Mean rates at the RF centres of all accurate item-encoding pop-
ulations on the memory tasks for each n (see legend in Figure 2C). Results
are shown for the highest (left), median (middle) and lowest (right) gain
conditions. Horizontal bars show the timing of the target stimuli.

Broad feedback inhibition underlies slot-like capacity
and resource-like coding

If broad inhibition is responsible for slot-like capacity and resource-like dete-
rioration of coding fidelity, then removing it will increase K (n) and eliminate
the dependence of coding fidelity on n. We therefore removed the unstruc-
tured component of feedback inhibition, maintaining network stability by
increasing the strength of local (structured) feedback inhibition (Parameter
Values in Methods). We then determined the corresponding upper and lower
values of 7, according to the criteria above (top of Results), and repeated
our simulations of the visual and memory tasks under these modified param-
eter values. As expected, these changes lead to a dramatic increase in K (n)
(max[K (n)]> 4.6 for all v,) (Figure 5F) and rendered coding fidelity roughly
independent of n (Figure 5H-J).

The mechanism underlying resource-like coding is that a larger number of
active item-encoding populations drives more broad inhibition, which reduces
the (absolute) mean net current onto item-encoding neurons. This reduction
in current decreases SNR for the simple reason that it decreases stimulus-
selective spike rates (Figure 4), but pre-trial rates are fixed (constant of aver-
age). Indeed, this finding would be the case with earlier biophysical models
of WM capacity (Edin et al., 2009; Wei et al., 2012) and precision (Wei et
al., 2012; Roggeman et al., 2013; Almeida et al., 2015), since these models
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included broad inhibition (unstructured, uniform feedback inhibition). How-
ever, the reduction in current increases CV because the standard deviation
of net current increases relative to the mean (Figure 6A). In other words, CV
(the coefficient of variation of inter-spike intervals) reflects the coefficient of
variation of net current (Pearson correlation coefficient r > 0.93 for all gain
conditions). This increase in the relative variability of net current within
each trial entails an increase in the relative variability of total net current
across trials (r > 0.88 for all gain conditions), manifest as an increase in the
relative variability of spike counts and therefore FF. In other words, FF (the
Fano factor of spike counts) reflects the Fano factor of across-trial total net
current (Figure 6B). Of course, this explanation of FF assumes a tight cor-
respondence between the total net current during the statistics window and
the spike count, which is indeed the case (r > 0.97 for all gain conditions).

Discussion

Our local-circuit PPC model provides an integrated, mechanistic explana-
tion for slot-like capacity and resource-like coding. Both are consequences
of broad inhibition, which limits capacity by imposing competition (Edin et
al., 2009), and reduces coding fidelity by lowering spike rates and rendering
neurons more sensitive to current fluctuations. The model makes testable
predictions for electrophysiological studies of WM. Most prominently, it pre-
dicts that on multiple-item tasks, the SNR (CV and FF) of persistent activity

Figure 5 (preceding page): (A) The mean number of items accurately stored
on each n-item memory task, referred to as capacity K(n). Error bars show
standard error. Results are shown for the highest, median and lowest gain
conditions, where darker shades correspond to higher gain (legend in panel
D). Other gain conditions are omitted for clarity. (B) Mean spike rate of
all pyramidal neurons in the model as a function of n. (C) SNR over n.
(D) CV over n. (E) FF over n. (F-J) Removing broad inhibition increased
capacity (K (n) ~ n for all gain conditions, F'), disrupted the correspondence
between K (n) and the mean spike rate of all pyramidal neurons (G), and
rendered SNR (H), CV (I) and FF (J) roughly independent of n. Darker
shades correspond to higher gain conditions (legend in panel F), which were
determined in the same way as in the original network (see text).
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will decrease (increase) with increasing n until capacity is reached, levelling
off thereafter. These predictions (Figure 5C-E) are strikingly consistent with
behavioural data showing that WM precision decreases with increasing n
until capacity is reached, plateauing thereafter (Zhang & Luck, 2008) (bilin-
ear precision). They also explicitly demonstrate the incompatibility between
Resource and mutual inhibition. The latter dictates that coding fidelity can-
not decrease indefinitely with increasing memory load. Rather, it must be
limited by competition. In this regard, we do not suggest that competitive
dynamics in WM circuitry are immutable, dictating rigid capacity limita-
tions. Far from it, we consider context-dependent control of neural dynamics
to be fundamental to cognition [see Standage, Blohm, and Dorris (2014)],
a view supported by recent studies in relation to WM storage (Edin et al.,
2009; Roggeman et al., 2013; Almeida et al., 2015). Thus, we expect that
capacity and precision will fluctuate with task-demands, but that their in-
herent relationship will hold: imprecision must be limited by capacity. Our
findings offer a neural mechanism for this relationship.

Figure 6 (preceding page): Inhibition raises CV and FF by increasing the
relative variability of net current. Within each trial, the standard de-
viation of net current increases relative to the supra-threshold mean (A,
rheobase=0.5nA for all n and gain conditions), so the higher coefficient of
variation of net current de-regularizes spike timing to a greater degree. This
increase in the variability of within-trial net current entails an increase in
the variability of total net current on each trial (Pearson’s r > 0.88 for all
gain conditions), resulting in an increase in the Fano factor (variance divided
by the mean) of across-trial total net current (B). Given the monotonic re-
lationship between the total net current and the spike count (r > 0.97 for
all gain conditions), the FF (of spike counts) reflects the Fano factor of
total net current. (A) Mean (top), standard deviation (middle) and coeffi-
cient of variation (bottom) of within-trial net current at the RF centre of an
item-encoding population during the statistics window (highest, median and
lowest gain conditions). (B) Fano factor (variance divided by the mean) of
the across-trial total net current for each n (highest, median and lowest gain
conditions).
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Quantitative considerations of coding fidelity

We have focused on the qualitative effect of memory load on coding fidelity,
i.e. the direction of change in SNR, CV and FF as a function of n, but
quantitative considerations warrant further comment. In particular, coding
fidelity in our model was somewhat high with low n according to all three
measures (Figure 5C-D). SNR is explained by low pre-trial rates (mean < 1Hz
for all 7,), due to the high ratio of inhibitory to excitatory conductance in
our method of background current injection. Our parameter values were de-
termined by in vivo cortical data (see Methods section Parameter Values)
and the low pre-trial rates they engender are consistent with neurons in the
output layers of monkey primary visual cortex, in which spontaneous activity
has been thoroughly investigated (Snodderly & Gur, 1995; Gur, Kagan, &
Snodderly, 2005; Gur & Snodderly, 2008) [see also Maier, Adams, Aura, and
Leopold (2010)]. In rodents, spontaneous activity is known to depend on
intrinsic neuronal properties and connectivity, and differs between cortical
layers [see Harris and Mrsic-Flogel (2013)]. Unfortunately, there is a lack of
such data from extra-striate and association areas, an issue that should be
addressed by future neurophysiogical studies. Our focus on coding fidelity
concerns task-related spiking and we do not further pursue background ac-
tivity here. Suffice to say, higher background rates would lower SNR in
the model. As for CV and FF| it has long been maintained that their values
should be around 1 in vivo, per the assumption that cortical spiking is Poisso-
nian [see e.g. Shadlen and Newsome (1998)]. More recent data and analyses
cast doubt on this assumption, as these measures are sensitive to the finite
time windows from which they are calculated, non-stationary spike rates,
and serial correlations in spike timing [see Nawrot, Boucsein, Molina, Aert-
sen, and Rotter (2008); Farkhooi, Strube-Bloss, and Nawrot (2009); Nawrot
(2010); Rajdl and Lansky (2014)]. Of particular note, failure to account
for within-trial fluctuations in spike rate (e.g. due to sensory stimuli) can
lead to over-estimates of CV (Maimon & Assad, 2009; Nawrot, 2010), and
between-trial fluctuations in rate (e.g. due to attentional state) or an insuffi-
cient number of spikes (less than ~ 5 — 10) can lead to over-estimates of FF
(Nawrot et al., 2008). It is worth noting that CV has been reported to be as
low as ~ 0.5 in PPC (Maimon & Assad, 2009), while FF has been reported
in the range of ~ 0.3 — 0.4 in visual cortex (Gur, Beylin, & Snodderly, 1997;
Kara, Reinagel, & Reid, 2000). These are important issues for the under-
standing of non-task-related activity and neural coding, but none of them
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impacts our explanation of WM capacity and precision, nor its qualitative
predictions.

WM capacity in our model also warrants further comment. As noted
above, max|[K (n)] was 2 or 3 items in moderate to high gain conditions (Fig-
ure HA, consistent with data from non-human primate (NHP) and human
subjects (Heyselaar et al., 2011; Luck & Vogel, 2013). Human studies have
reported WM capacity higher than 3 items though [see Cowan (2010)]. In-
creasing the strength and decreasing the width of recurrent excitation readily
increases capacity in our model, but these modifications do not change the
finding that coding fidelity tracks capacity by all three measures used (not
shown). Thus, the specific value of K(n) in each gain condition is parameter-
dependent, but our chosen parameter values are consistent with the majority
of experimental data on capacity [see Luck and Vogel (2013)]. These values
are justified in Methods section Parameter values.

Behavioural data accounted for by Slot and Resource

To a great degree, the conclusions drawn about WM storage limitations
from experimental data depend on the nature of WM tasks and the ways
in which performance is measured. For our purposes, WM tasks can be
divided into two classes, referred to below as categorical and continuous
report tasks. In both classes, information provided in a stimulus array must
be retained over a delay interval. On categorical report tasks, performance
is measured according to an all-or-none report on that information, such as
whether the value of a particular feature is unchanged in a subsequent, post-
delay stimulus array [e.g. Luck and Vogel (1997)]. On continuous report
tasks, subjects report the memory of an analogue feature value [e.g. Wilken
and Ma (2004)].

Slot accounts for behavioural data showing bilinear capacity on categori-
cal report tasks (Luck & Vogel, 1997), i.e. for capacity K, subjects retain n
items for n < K and they retain K/n items for n > K. Slot also accounts for
EEG (Vogel & Machizawa, 2004) and functional magnetic resonance imag-
ing (fMRI) (Linden et al., 2003; Todd & Marois, 2004) data showing bilinear
signal amplitude, where these signals correlate with K(n) (see below). On
continuous report tasks, Slot cannot account for data showing decreasing pre-
cision with increasing n without recourse to the resource framework. Recent
work has therefore referred to ‘discrete resource’ and ‘continuous resource’
hypotheses [see Fukuda, Awh, and Vogel (2010)]. The underlying premise of
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the former is that slots are a kind of resource that are used in a quantized
manner, ¢.e. discrete sub-units of slots can be allocated flexibly to mem-
oranda [e.g. Zhang and Luck (2008)]. This hybrid approach accounts for
bilinear precision, since according to this hypothesis, the sub-units would be
spread more thinly with increasing n, but all would be occupied for n > K.

Conversely with Slot, Resource cannot account for bilinear capacity on
categorical report tasks, but accounts for monotonically decreasing precision
with increasing n on continuous report tasks (Bays et al., 2009). In its orig-
inal form (described above), Resource cannot account for bilinear precision,
but can do so with the addition of trial-to-trial noise in the amount of re-
source allocated to each item (van den Berg et al., 2012). Such trial-to-trial
variability has long been employed by hypotheses on cognition [e.g. per-
ceptual decision making (Carpenter & Williams, 1995; Brown & Heathcote,
2005)] and does not deviate in principle from the original Resource formula-
tion. Thus, we do not consider this approach to be a hybrid one. However,
the bilinear signal amplitude shown by EEG (Vogel & Machizawa, 2004) and
fMRI (Todd & Marois, 2004) studies on categorical report tasks poses a fun-
damental challenge to the resource framework, which can only account for
these data if the relevant resource can be continuously and partially allocated
to memoranda [see Fukuda et al. (2010)].

Neural models of WM storage limitations

Abstract models instantiating Slot and Resource have been invaluable in
characterizing WM storage limitations (Zhang & Luck, 2008; van den Berg
et al., 2012), but they do not speak to the neural mechanisms that may
implement their principles. In particular, these models do not account for
persistent activity, widely believed to instantiate WM storage [for discussion,
see Curtis and Lee (2010); D’Esposito and Postle (2015); Riley and Constan-
tinidis (2016); Christophel, Klink, Spitzer, Roelfsema, and Haynes (2015)].
A number of studies have used implementation-level models to address the
neural basis of capacity (Lisman & Idiart, 1995; Raffone & Wolters, 2001;
Tanaka, 2002; Macoveanu, Klingberg, & Tegnér, 2006; Edin et al., 2009;
Wei et al., 2012; Rolls, Dempere-Marco, & Deco, 2013). These models can
be divided into two classes, attributing capacity to fundamentally different
mechanisms. In one class, WM items are stored in oscillatory subcycles (e.g.
beta-gamma oscillations nested inside alpha-theta oscillations), where differ-
ent phases effectively isolate memoranda from one another (Lisman & Idiart,
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1995; Raffone & Wolters, 2001). As such, capacity is limited by the ratio
of high-frequency to low-frequency oscillations. This compelling possibility
relates feature-binding more broadly to WM (Raffone & Wolters, 2001), ac-
counting for the finding that capacity does not depend on the complexity
of WM items (Luck & Vogel, 1997; Awh, Barton, & Vogel, 2007) [though
see Alvarez and Cavanagh (2004); Brady, Konkle, and Alvarez (2011)]. No-
tably, phase separation is fully consistent with the notion of discrete slots,
and further accounts for data showing that different phases of gamma oscil-
lations contain information about different memoranda (Siegel, Warden, &
Miller, 2009). It is unclear, however, whether simultaneously-presented items
could be allocated different phases. If not, these models imply that differ-
ent WM mechanisms may encode simultaneously-presented and sequentially-
presented memoranda.

In the other class of implementation-level model, multiple WM items are
stored by attractor states (Tanaka, 2002; Macoveanu et al., 2006; Edin et
al., 2009; Wei et al., 2012; Rolls et al., 2013; Roggeman et al., 2013; Almeida
et al., 2015) i.e. the balance between recurrent excitation and feedback
inhibition allows a limited number of memoranda to co-exist over a delay
interval. A major difference between models of this class is the structure
of local-circuit connectivity, where different connectivity structures embody
different assumptions about the circuitry being simulated. In relation to
capacity, the upshot of these studies is that feedback inhibition necessarily
limits capacity [see Edin et al. (2009) for analysis|, but the degree to which
it does so can be ameliorated by mechanisms that localize and strengthen
recurrent excitation.

Several of these studies also considered the neural basis of WM precision,
equating imprecision with ‘drift’, or the deviation of item-encoding popu-
lations from the target locations (Wei et al., 2012; Roggeman et al., 2013;
Almeida et al., 2015). In our model, drift actually decreased with n until
capacity was reached, but its magnitude was negligible. The mean difference
between drift on the 1-item task and on the n-item task corresponding to
maximum capacity was Ad = 0.38 degrees across gain conditions (maximum
0.52 degrees), calculated as the mean difference between the position param-
eter (see Methods) and the target location over all accurately encoded items,
where ‘accuracy’ was re-calculated with C' = 360/n/2. This re-calculation
provided maximum tolerance for deviations, allowing up to 180 degrees with
1 item, 90 degrees with 2 items, and so on. Thus, our model predicts that
drift has little bearing on WM precision under the task conditions simulated
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here. Interestingly, this prediction was also made by Almeida et al. (2015),
whose model showed no significant drift as memory load was increased from
1 to 4 equidistant targets (the range considered by their model). Their be-
havioural data confirmed this prediction for 3 and 4 equidistant targets (the
range considered by their experiments). Our model predicts that precision
will decrease from 1 to 3 items, before levelling off at higher n, not because
of drift, but because coding fidelity deteriorates until capacity is reached (3
items in this case). This discrepancy makes for good science: two models of-
fer different mechanistic explanations for the same data, but make a different,
testable prediction for a future experiment. Running this experiment would
provide important evidence for one hypothesis over the other, but a definitive
test requires neural data. Drift can be tested by constructing tuning curves
from electrophysiological recordings of persistent activity on multiple-item
WM tasks. To the best of our knowledge, no studies have done so, but we
are aware of one study to quantify drift in this way from single-item WM
data (Wimmer, Nykamp, Constantinidis, & Compte, 2014). These authors
reported no appreciable drift in the average tuning bias of prefrontal cortical
neurons prior to ~ 2s (their Figure 3c). Thus, these data are in agreement
with our findings over the timescale considered here. Note that our results
were qualitatively unchanged with a 2s memory delay (not shown) and pop-
ulation width and drift remained severely limited (mean Ad = 0.44 degrees).

The above differences between neural models largely reflect their connec-
tivity structures (our parameter values are justified in Methods). For exam-
ple, inhibition was unstructured in the model by Wei et al. (2012) (broad
inhibition only), so total pyramidal activity was invariant over memory load,
a finding that is fully consistent with Resource. In our model (with structured
and unstructured inhibition), total pyramidal activity during the statistics
window tracked K'(n) on the memory task (Figure 5A and B), as did the total
(absolute) synaptic current (not shown). Our model is therefore consistent
with bilinear EEG (Vogel & Machizawa, 2004) and fMRI (Todd & Marois,
2004) signals respectively. Ultimately, WM storage limitations may reflect
constraints on the encoding, maintenance and/or decoding of memoranda
(Ma et al., 2014). Our results emphasise the discriminability, regularity and
reliability of persistent spiking as sources of WM imprecision, thereby impli-
cating maintenance and decoding; but we do not suggest that these factors
are the only sources of imprecision. Crucially, our study uses established
measures of coding fidelity for single-neuron data (SNR, CV and FF), so
our predictions for coding fidelity on multiple-item tasks are testable with
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single-neuron recordings.

Limitations of the model

Of course, our model has limitations. To begin with, it only considers the
spatial location of memoranda, ignoring other features and their conjunc-
tions. In effect, our simulations assume that everything encoded by PPC
satisfies a set of rules for selection. This approach is common among attrac-
tor models [e.g. Tanaka (2002); Macoveanu et al. (2006); Edin et al. (2009);
Wei et al. (2012); Almeida et al. (2015)] and is justified in studies focused
on storage limitations, i.e. it focuses on the mutual influence of persistently-
active neural populations, regardless of the features or rules that lead to their
initial activation. As noted above, models in which memoranda are stored in
oscillatory subcycles can account for feature binding with sequentially pre-
sented stimuli (Lisman & Idiart, 1995; Raffone & Wolters, 2001). A more
general understanding of feature-bound memoranda will likely require hier-
archical models with converging feature maps. Such models have the further
potential to explain the neural basis of ‘swap errors’, where subjects report
the feature value of a WM item other than the one probed [see Bays (2016)].
Hierarchical models also have the potential to explain the flexibility of WM
precision, that is, the finding that one item can be maintained with higher
precision than the others, but at a cost to those other items [see Ma et al.
(2014)]. This finding points to the relationship between WM and attention,
and to the modulation of item-encoding populations in distributed circuitry.
These and related phenomena are beyond the scope of the present study, the
focus of which is the mechanistic relationship between capacity and precision.

Finally, it is worth noting that our study is part of an ongoing research
program investigating the neural basis of WM storage limitations with NHP
subjects, in which n vivo electrophysiological recordings can be made dur-
ing WM tasks. Thus, our simulations are purposefully constrained by our
experiments, e.g. our use of equidistant targets [see Heyselaar et al. (2011)
for justification]. This approach facilitates the testing of our predictions for
single-neuron activity. In recent years, several studies have used categori-
cal report tasks with NHP subjects [e.g. Heyselaar et al. (2011); Elmore et
al. (2011); Lara and Wallis (2012)], but we are unaware of any studies to
use continuous reports tasks with a non-human species. Future work must
address this challenging gap.
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Conclusions

While recent studies have investigated neural mechanisms for WM capacity
and precision (Wei et al., 2012; Roggeman et al., 2013; Okimura, Tanaka,
Maeda, Kato, & Mimura, 2015), to the best of our knowledge, no previous
study has proposed a neural mechanism for precision under the principles of
Resource that also accounts for persistent activity. Studies have proposed
that Resource is implemented by the gain of item-encoding populations (van
den Berg & Ma, 2014) and by divisively-normalized probabilistic spiking
(Bays, 2014), but these studies have taken persistent activity for granted,
i.e. they did not address the mechanisms by which an unlimited number
of low-gain or divisively-normalized neural populations would be sustained
over a memory delay. As described above, nested oscillations and attrac-
tor dynamics constrain capacity, so other mechanisms would be required.
Our simulations without broad inhibition (Figure 5F-J) are instructive in
this regard, since limiting competition rendered coding fidelity independent
of memory load. In other words, the very mechanism that might allevi-
ate Resource from strong capacity constraints rendered coding fidelity less
resource-like. This conundrum points to the need for continuous report tasks
with set sizes that significantly exceed estimates of capacity on categorical
report tasks. Such large set sizes can have significant effects on capacity [e.g.
12 items (Matsuyoshi et al., 2014)] and may provide insight into its mech-
anistic relationship with precision. This relationship has received much less
attention than each of its elements. In this regard, tremendous insight into
WM capacity and precision has been gleaned from studies focusing on their
differences, guided by the principles of Slot and Resource respectively. Our
study suggests that their commonalities may be just as informative.

References

Almeida, R., Barbosa, J., & Compte, A. (2015). Neural circuit basis of
visuo-spatial working memory precision: a computational and behav-
ioral study. Journal of Neurophysiology, 114, 1806-1818.

Alvarez, G., & Cavanagh, P. (2004). The capacity of visual short term mem-
ory is set both by visual information load and by number of objects.
Psychological Science, 15(2), 106-111.

32


https://doi.org/10.1101/181354

bioRxiv preprint doi: https://doi.org/10.1101/181354; this version posted August 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Angulo, M. C., Rossier, J., & Audinat, E. (1999). Postsynaptic glutamate
receptors and integrative properties of fast-spiking interneurons in the
rat neocortex. The Journal of Neuroscience, 82, 1295-1302.

Awh, E., Barton, B., & Vogel, E. K. (2007). Visual working memory rep-
resents a fixed number of items regardless of complexity. Psychological
Science, 18(7), 622-628.

Bays, P. M. (2014). Noise in neural populations accounts for errors in working
memory. Journal of Neuroscience, 3/ (10), 3632-3645.

Bays, P. M. (2016). Evaluating and excluding swap errors in analogue tests
of working memory. Scientific Reports, 6(19203), 1-14.

Bays, P. M., Catalao, R. F. G., & Husain, M. (2009). The precision of visual
working memory is set by allocation of a shared resource. Journal of
Vision, 9(11), 1-11.

Berger, T. K., Perin, R., Silberberg, G., & Markram, H. (2009). Frequency-
dependent disynaptic inhibition in the pyramidal network: a ubiquitous
pathway in the developing rat neocortex. The Journal of Physiology,
587(22), 5411-5425.

Berretta, N., & Jones, R. S. G. (1996). A comparison of spontaneous epscs
in layer ii and layer iv-v neurons of the rat entorhinal cortex in vitro.
Journal of Neurophysiology, 76(2), 1089-1100.

Brady, T. F., Konkle, T., & Alvarez, G. A. (2011). A review of visual memory
capacity: Beyond individual items and toward structured representa-
tions. Journal of Vision, 11(5), 1-34.

Brown, S., & Heathcote, A. (2005). A ballistic model of choice response
time. Psychological Review, 112(1), 117-128.

Carpenter, R. H. S., & Williams, M. L. L. (1995). Neural computation of log
likelihood in control of saccadic eye movements. Nature, 377, 59-62.

Chance, F. S., Abbott, L. F., & Reyes, A. D. (2002). Gain modulation from
background synaptic input. Neuron, 35, 773-782.

Christophel, T. B., Hebart, M. N., & Haynes, J.-D. (2012). Decoding the
contents of visual short-term memory from human visual and parietal
cortex. The Journal of Neuroscience, 32(38), 12983-12989.

Christophel, T. B., Klink, P. C., Spitzer, B., Roelfsema, P. R., & Haynes, J.-
D. (2015). The distributed nature of working memory. Annual Review
of Psychology, 66, 115-142.

Churchland, A. K., Kiani, R., & Shadlen, M. N. (2008). Decision-making
with multiple alternatives. Nature Neuroscience, 11(6), 693-702.

Compte, A., Brunel, N., Goldman-Rakic, P. S., & Wang, X.-J. (2000). Synap-

33


https://doi.org/10.1101/181354

bioRxiv preprint doi: https://doi.org/10.1101/181354; this version posted August 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

tic mechanisms and network dynamics underlying spatial working mem-
ory in a cortical network model. Cerebral Cortex, 10, 910-923.

Cowan, N. (2001). The magical number 4 in short-term memory: A recon-
sideration of mental storage capacity. Behavioral and Brain Sciences,
24, 87-185.

Cowan, N. (2010). The magical mystery four: How is working memory ca-
pacity limited, and why? Current Directions in Psychological Science,
19(1), 51-57.

Curtis, C. E., & Lee, D. (2010). Beyond working memory: the role of
persistent activity in decision making. Trends in Cognitive Sciences,
14(5), 216-222.

Desai, N. S., Cudmore, R. H., Nelson, S. B., & Turrigiano, G. G. (2002). Crit-
ical periods for experience-dependent synaptic scaling in visual cortex.
Nature Neuroscience, 5(8), 783-789.

D’Esposito, M., & Postle, B. R. (2015). The cognitive neuroscience of working
memory. Annual Review of Psychology, 66, 115-142.

Destexhe, A. (2010). Inhibitory "noise”. Frontiers in Cellular Neuroscience,
4(9), 1-7.

Destexhe, A., Rudolph, M., Fellous, J.-M., & Sejnowski, T. (2001). Fluctu-
ating synaptic conductances recreate in vivo-like activity in neocortical
neurons. Neuroscience, 107(1), 13-24.

Douglas, R., Markram, H., & Martin, K. (2004). Neocortex. In G. M. Shep-
herd (Ed.), The synaptic organization of the brain (pp. 499-558). Ox-
ford University Press.

Edin, F., Klingberg, T., Johansson, P., McNab, F., Tegnér, J., & Compte, A.
(2009). Mechanism for top-down control of working memory capacity.
Proceedings of the National Academy of Sciences of the United States
of America, 106(16), 6802-6807.

Elmore, L. C.; Ma, W., Magnotti, J. F., Leising, K. J., Passaro, A. D., Katz,
J. S., & Wright, A. A. (2011). Visual short-term memory compared in
rhesus monkeys and humans. Current Biology, 21, 975-979.

Farkhooi, F., Strube-Bloss, M. F., & Nawrot, M. P. (2009). Serial correlation
in neural spike trains: Experimental evidence, stochastic modeling, and
single neuron variability. Physical Review E, 79, 1-10.

Fellous, J.-M., Rudolph, M., Destexhe, A., & Sejnowski, T. (2003). Synaptic
background noise controls the input/ouput characteristics of single cells
in an in vitro model of in vivo activity. Neuroscience, 122, 811-829.

Franconeri, S. L., Alvarez, G. A., & Cavanagh, P. (2013). Flexible cognitive

34


https://doi.org/10.1101/181354

bioRxiv preprint doi: https://doi.org/10.1101/181354; this version posted August 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

resources: competitive content maps for attention and memory. Trends
in Cognitive Sciences, 7(3), 134-141.

Fukuda, K., Awh, E., & Vogel, E. K. (2010). Discrete capacity limits in visual
working memory. Current Opinion in Neurobiology, 20, 177-182.
Fukuda, K., Woodman, G. F., & Vogel, E. K. (2015). Individual differences in
visual working memory capacity: Contributions of attentional control
to storage. In P. Jolicoeur, C. Lefebvre, & J. Martinez-Trujillo (Eds.),
Mechanisms of sensory working memory: Attention and performance

zzv (pp. 105-119). Elsevier.

Funahashi, S., Bruce, C. J., & Goldman-Rakic, P. S. (1989). Mnemonic
coding of visual space in the monkey’s dorsolateral prefrontal cortex.
Journal of Neurophysiology, 61(2), 331-349.

Gnadt, J. W., & Andersen, R. A. (1988). Memory related motor planning
activity in posterior parietal cortex of macaque. FEzperimental Brain
Research, 70, 216-220.

Gur, M., Beylin, A., & Snodderly, D. M. (1997). Response variability of
neurons in primary visual cortex (v1l) of alert monkeys. The Journal
of Neuroscience, 17(8), 2914-2920.

Gur, M., Kagan, 1., & Snodderly, D. M. (2005). Orientation and direction
selectivity of neurons in vl of alert monkeys: Functional relationships
and laminar distributions. Cerebral Cortex, 15, 1207-1221.

Gur, M., & Snodderly, D. M. (2008). Physiological differences between
neurons in layer 2and layer 3 of primary visual cortex (v1) of alert
macaque monkeys. Journal of Physiology, 15, 1207-1221.

Harris, K. D., & Mrsic-Flogel, T. D. (2013). Cortical connectivity and sensory
coding. Nature, 503, 51-58.

Hellwig, B. (2000). A quantitative analysis of the local connectivity between
pyramidal neurons in layers 2/3 of the rat visual cortex. Biological
Cybernetics, 82, 111-121.

Hestrin, S. (1993). Different glutamate receptor channels mediate fast exci-
tatory synaptic currents in inhibitory and excitatory cortical neurons.
Neuron, 11, 1083-1091.

Heyselaar, E., Johnston, K., & Paré, M. (2011). A change detection approach
to study visual working memory of the macaque monkey. Journal of
Vision, 11(3), 1-10.

Hull, C., Isaacson, J. S., & Scanziani, M. (2009). Postsynaptic mechanisms
govern the differential excitation of cortical neurons by thalamic inputs.
The Journal of Neuroscience, 29(28), 9127-9136.

35


https://doi.org/10.1101/181354

bioRxiv preprint doi: https://doi.org/10.1101/181354; this version posted August 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Jahr, C. E., & Stevens, C. F. (1990). Voltage dependence of nmda-activated
macroscopic conductances predicted by single-channel kinetics. The
Journal of Neuroscience, 10, 3178-3182.

J.McBain, C., & Fisahn, A. (2001). Interneurons unbound. Nature Reviews
Neuroscience, 2, 11-23.

Kara, P., Reinagel, P., & Reid, R. C. (2000). Low response variability in si-
multaneously recorded retinal, thalamic, and cortical neurons. Neuron,
27(3), 635-646.

Kisvarday, Z., Beaulieu, C., & Eysel, U. T. (1993). Network of gabaergic
large basket cells in cat visual cortex (area 18): Implication for lateral
disinhibition. The Journal of Comparative Neurology, 327, 398-415.

Krimer, L. S., & Goldman-Rakic, P. S. (2001). Prefrontal microcircuits:
Membrane properties and excitatory input of local, medium, and wide
arbor interneurons. The Journal of Neuroscience, 21(11), 3788-3796.

Krimer, L. S., Zaitsev, A. V., Czanner, G., Kroner, S., Gonzalez-Burgos,
G., Povysheva, N. V., ... Lewis, D. A. (2005). Cluster analysis-based
physiological classification and morphological properties of inhibitory
neurons in layers 2-3 of monkey dorsolateral prefrontal cortex. Journal
of Neurophysiology, 94, 3009-3022.

Lara, A. H., & Wallis, J. D. (2012). Capacity and precision in an animal
model of visual short-term memory. Journal of Vision, 12(3), 1-12.

Linden, D. E., Bittner, R. A., Muckli, L., Waltz, J. A., Kriegeskorte, N.,
Goebel, R., ... Munk, M. H. (2003). Cortical capacity constraints for
visual working memory: dissociation of fmri load effects in a fronto-
parietal network. Neuroimage, 20, 1518-1530.

Lisman, J. E., & Idiart, M. A. P. (1995). Storage of 7+-2 short-term memories
in oscillatory subcycles. Science, 267, 1512-1515.

Louie, K., Grattan, L. E., & Glimcher, P. W. (2011). Reward value-based
gain control: Divisive normalization in parietal cortex. Journal of Neu-
roscience, 31(19), 10627-10639.

Luck, S. J., & Vogel, E. K. (1997). The capacity of visual working memory
for features and conjunctions. Nature, 390, 279-281.

Luck, S. J., & Vogel, E. K. (2013). Visual working memory capacity: from
psychophysics and neurobiology to individual differences. Trends in
Cognitive Sciences, 17(8), 391-400.

Ma, W., Husain, M., & Bays, P. M. (2014). Changing concepts of working
memory. Nature Neuroscience, 17(3), 347-356.

Macoveanu, J., Klingberg, T., & Tegnér, J. (2006). A biophysical model

36


https://doi.org/10.1101/181354

bioRxiv preprint doi: https://doi.org/10.1101/181354; this version posted August 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

of multiple-item working memory: a computational and neuroimaging
study. Neuroscience, 141, 1611-1618.

Maier, A., Adams, G. K., Aura, C., & Leopold, D. A. (2010). Distinct
superficial and deep laminar domains of activity in the visual cortex
during rest and stimulation. Frontiers in Systems Neuroscience, 4,
1-11.

Maimon, G., & Assad, J. A. (2009). Beyond poisson: Increased spike-time
regularity across primate parietal cortex. Neuron, 62, 426-440.
Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G.,
& Wu, C. (2004). Interneurons of the neocortical inhibitory system.

Nature Reviews Neuroscience, 5, 793-807.

Matsuyoshi, D., Osaka, M., & Osaka, N. (2014). Age and individual differ-
ences in visual working memory deficit induced by overload. Frontiers
i Psychology, 5, 1-7.

Nawrot, M. P. (2010). Analysis and interpretation of interval and count vari-
ability in neural spike trains. In S. Griin & S. Rotter (Eds.), Analysis
of parallel spike trains (pp. 37-58). Springer.

Nawrot, M. P., Boucsein, C., Molina, V. R., Aertsen, A. R. A., & Rotter, S.
(2008). Measurement of variability dynamics in cortical spike trains.
Journal of Neuroscience Methods, 169, 374-390.

Okimura, T., Tanaka, S., Maeda, T., Kato, M., & Mimura, M. (2015).
Simulation of the capacity and precision of working memory in the hy-
podopaminergic state: relevance to schizophrenia. Neuroscience, 295,
80-89.

Packer, A. M., & Yuste, R. (2011). Dense, unspecific connectivity of neocor-
tical parvalbumin-positive interneurons: A canonical microcircuit for
inhibition? Journal of Neuroscience, 31(37), 13260-13271.

Palva, J. M., Monto, S., Kulashekhar, S., & Palva, S. (2010). Neuronal
synchrony reveals working memory networks and predicts individual
memory capacity. Proceedings of the National Academy of Sciences of
the United States of America, 107(16), 7580-7585.

Paré, M., & Wurtz, R. H. (1997). Monkey posterior parietal cortex neurons
antidromically activated from superior colliculus. Journal of Neuro-
physiology, 78, 3493-3497.

Povysheva, N. V., Gonzalez-Burgos, G., Zaitsev, A. V., Kroner, S., Bar-
rionuevo, G., Lewis, D. A., & Krimer, L. S. (2006). Properties of
excitatory synaptic responses in fast-spiking interneurons and pyrami-
dal cells from monkey and rat prefrontal cortex. Cerebral Cortex, 16,

37


https://doi.org/10.1101/181354

bioRxiv preprint doi: https://doi.org/10.1101/181354; this version posted August 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

541-552.

Prescott, S. A., & De Koninck, Y. (2003). Gain control of firing rate by
shunting inhibition: Roles of synaptic noise and dendritic saturation.
Proceedings of the National Academy of Sciences of the United States
of America, 100(4), 2076-2081.

Raffone, A., & Wolters, G. (2001). A cortical mechanism for binding in visual
working memory. Journal of Cognitive Neuroscience, 13(6), 766-785.

Rajdl, K., & Lansky, P. (2014). Fano factor estimation. Mathematical
Biosciences and Engineering, 11(1), 105-123.

Riley, M. R., & Constantinidis, C. (2016). Role of prefrontal persistent ac-
tivity in working memory. Frontiers in Systems Neuroscience, 9(181),
1-14.

Roggeman, C., Klingberg, T., Feenstra, H. E. M., Compte, A., & Almeida,
R. (2013). Trade-off between capacity and precision in visuospatial
working memory. Journal of Cognitive Neuroscience, 26(2), 211-222.

Rolls, E. T., Dempere-Marco, L., & Deco, G. (2013). Holding multiple
items in short term memory: A neural mechanism. PLOS ONE, 8(4),
e61078.

Salazar, R. F., Dotson, N. M., Bressler, S. L., & Gray, C. M. (2012). Content-
specific fronto-parietal synchronization during visual working memory.
Science, 338(6110), 1097-1100.

Salin, P. A., & Prince, D. A. (1996). Spontaneous GABA  receptor-mediated
inhibitory currents in adult rat somatosensory cortex. Journal of Neu-
rophysiology, 75(4), 1573-1588.

Self, M. W., Kooijmans, R. N., Super, H., Lamme, V. A., & Roelfsema, P. R.
(2012). Different glutamate receptors convey feedforward and recurrent
processing in macaque vl. Proceedings of the National Academy of
Sciences of the United States of America, 109(27), 11031-11036.

Shadlen, M. N.; & Newsome, W. T. (1998). The variable discharge of cortical
neurons: Implications for connectivity, computation, and information
coding. The Journal of Neuroscience, 18(10), 3870-3896.

Siegel, M., Warden, M. R., & Miller, E. K. (2009). Phase-dependent neuronal
coding of objects in short-term memory. Proceedings of the National
Academy of Sciences of the United States of America, 106(50), 21341—
21346.

Snodderly, D. M., & Gur, M. (1995). Organization of striate cortex of
alert, trained monkeys (macaca fascicularis): ongoing activity, stimulus
selectivity, and widths of receptive field activating regions. Journal of

38


https://doi.org/10.1101/181354

bioRxiv preprint doi: https://doi.org/10.1101/181354; this version posted August 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Neurophysiology, 74(5), 2100-2125.

Somers, D. C., Nelson, S. B., & Sur, M. (1995). An emergent model of
orientation selectivity in cat visual cortical simple cells. The Journal
of Neuroscience, 15(8), 5448-5465.

Standage, D., Blohm, G., & Dorris, M. C. (2014). On the neural imple-
mentation of the speed-accuracy trade-off. Frontiers in Neuroscience,
8(236).

Standage, D., & Paré, M. (2011). Persistent storage capability impairs
decision making in a biophysical network model. Neural Networks, 2/,
1062-1073.

Standage, D., You, H., Wang, D.-H., & Dorris, M. C. (2013). Trading speed
and accuracy by coding time: A coupled-circuit cortical model. PLOS
Computational Biology, 9, e100321.

Tanaka, S. (2002). Multi-directional representation of spatial working mem-
ory in a model prefrontal cortical circuit. Neurocomputing, 44-46,
1001-1008.

Thomas, N. W. D., & Paré, M. (2007). Temporal processing of saccade
targets in parietal cortex area LIP during visual search. Journal of
Neurophysiology, 97, 942-947.

Thompson, K. G., Hanes, D. P., Bichot, N. P.; & Schall, J. D. (1996).
Perceptual and motor processing stages identified in the activity of
macaque frontal eye field. Journal of Neurophysiology, 76, 440-455.

Todd, J. J., & Marois, R. (2004). Capacity limit of visual short-term memory
in human posterior parietal cortex. Nature, 428, 751-754.

Troyer, T. W., & Miller, K. D. (1997). Physiological gain leads to high isi
variability in a simple model of a cortical regular spiking cell. Neural
Computation, 9, 971-983.

Tuckwell, H. (1988). Introduction to theoretical neurobiology. Cambridge:
Cambridge University Press.

van den Berg, R., & Ma, W. (2014). “Plateau”-related summary statistics
are uninformative for comparing working memory models. Attention,
Perception and Psychophysics, 76 (7), 2117-2135.

van den Berg, R., Shin, H., Chou, W.-C., George, R., & Ma, W. (2012).
Variability in encoding precision accounts for visual short-term memory
limitations. Proceedings of the National Academy of Sciences of the
United States of America, 109(22), 8780-8785.

Vogel, E. K., & Awh, E. (2008). How to exploit diversity for scientific
gain: Using individual differences to constrain cognitive theory. Current

39


https://doi.org/10.1101/181354

bioRxiv preprint doi: https://doi.org/10.1101/181354; this version posted August 27, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

directions in psychological science, 17(2), 171-176.

Vogel, E. K., & Machizawa, M. G. (2004). Neural activity predicts individual
differences in visual working memory capacity. Nature, 428, T48-751.

Voges, N., Schiiz, A., Aertsen, A., & Rotter, S. (2010). A modeler’s view on
the spatial structure of intrinsic horizontal connectivity in the neocor-
tex. Progress in Neurobiology, 92, 277-292.

Wang, X.-J. (1999). Synaptic basis of cortical persistent activity: the impor-
tance of NMDA receptors to working memory. The Journal of Neuro-
science, 19, 9587-9603.

Wang, X.-J. (2001). Synaptic reverberation underlying mnemonic persistent
activity. Trends in Neurosciences, 24 (8), 87-185.

Wei, Z., Wang, X.-J., & Wang, D.-H. (2012). From distributed resources
to limited slots in multiple-item working memory: A spiking network
model with normalization. Journal of Neuroscience, 32(33), 11228~
11240.

Wilken, P.; & Ma, W. J. (2004). A detection theory account of change
detection. Journal of Vision, 4, 1120-1135.

Wilson, H. R., & Cowan, J. D. (1973). A mathematical theory of the func-
tional dynamics of cortical and thalamic nervous tissue. Kybernetik,
18, 55-80.

Wimmer, K., Nykamp, D. Q., Constantinidis, C., & Compte, A. (2014).
Bump attractor dynamics in prefrontal cortex explains behavioral pre-
cision in spatial working memory. Nature Neuroscience, 17, 431-439.

Xiang, Z., Huguenard, J. R., & Prince, D. A. (1998). GABA, receptor-
mediated currents in interneurons and pyramidal cells of rat visual
cortex. Journal of Physiology, 506(3), 715-730.

Zhang, W., & Luck, S. J. (2008). Discrete fixed-resolution representations
in visual working memory. Nature, /53(8), 233-236.

40


https://doi.org/10.1101/181354

