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Abstract

In the hippocampus, episodic memories are thought to be encoded by the formation of

ensembles of synaptically coupled CA3 pyramidal cells driven by sparse but powerful

mossy fiber inputs from dentate gyrus granule cells. The neuromodulators acetylcholine and

noradrenaline are separately proposed as saliency signals that dictate memory encoding

but it is not known if they represent distinct signals with separate mechanisms. Here, we

show experimentally that acetylcholine, and to a lesser extent noradrenaline, suppress

feed-forward inhibition and enhance Excitatory–Inhibitory ratio in the mossy fiber pathway

but CA3 recurrent network properties are only altered by acetylcholine. We explore the

implications of these findings on CA3 ensemble formation using a hierarchy of models. In

reconstructions of CA3 pyramidal cells, mossy fiber pathway disinhibition facilitates postsyn-

aptic dendritic depolarization known to be required for synaptic plasticity at CA3-CA3 recur-

rent synapses. We further show in a spiking neural network model of CA3 how

acetylcholine-specific network alterations can drive rapid overlapping ensemble formation.

Thus, through these distinct sets of mechanisms, acetylcholine and noradrenaline facilitate

the formation of neuronal ensembles in CA3 that encode salient episodic memories in the

hippocampus but acetylcholine selectively enhances the density of memory storage.

Author summary

How the brain decides which experiences to encode to memory and which to discard is a

fundamental question in neuroscience. The neuromodulators acetylcholine and nor-

adrenaline are believed to separately play a central role in determining what is encoded

but the mechanisms by which they act are mostly unknown and there have been no direct

comparisons made between these two critical neuromodulators. In this study, we investi-

gate the effects of acetylcholine and noradrenaline on a key circuit responsible for the
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encoding of memories, namely, the dentate gyrus–CA3 microcircuit in the hippocampus.

Using slice electrophysiology, we measure the effects of acetylcholine and noradrenaline

on key synaptic and cellular nodes within this neuronal network. We then explore the net-

work level implications of these findings on neuronal ensemble formation using a hierar-

chy of computational models. Based on the observed physiological effects of acetylcholine

and noradrenaline, our models predict that acetylcholine facilitates efficient formation of

ensembles within CA3 with a high degree of overlap whereas noradrenaline has more lim-

ited effects and no impact on the efficiency or overlap of ensemble formation.

Introduction

The hippocampus plays a central role in the formation of episodic memories by processing

information from the entorhinal cortex sequentially through the dentate gyrus, CA3 and CA1

regions. Anatomical, functional and theoretical considerations propose separate computa-

tional properties for each of these regions in support of memory processing. In particular, the

CA3 region is characterized by a recurrently connected set of excitatory pyramidal neurons,

which are believed to encode auto-associative memories by selectively strengthening recurrent

synapses between ensembles of neurons that provide a neural representation of the memory

[1,2]. Configuring a recurrent network in this way is proposed to endow the network with

attractor dynamics, in which the network is driven towards a stable state of ensemble forma-

tion [3–6]. This process is related to memory retrieval, in which external sources of input will

alter the state of the network by activating subsets of neurons and through recurrent dynamics

will be driven towards these stable states in which all neurons in the ensemble are reactivated–

a process also referred to as pattern completion [7,8]. Within this framework, memory encod-

ing is believed to be the procedure of altering the network through synaptic plasticity to create

or change the position of attractor states [9,10]. However, not all memories are stored, indicat-

ing that there may be a gate to select which experiences should be encoded, but it is unclear

how such a filter might operate.

One potential filter mechanism is the release of neuromodulators such as acetylcholine or

noradrenaline that can rapidly reconfigure neuronal networks [11–14]. Since acetylcholine

and noradrenaline are both released in response to salient, rewarding or arousing stimuli that

require learning of new associations [12,13,15–19] it is proposed that each should facilitate the

formation of new memory ensembles in the hippocampus. Commensurate with this, acetyl-

choline facilitates NMDA receptor function and induction of synaptic plasticity [20–26] and

selectively suppresses recurrent activity representing previously stored information in favour

of feed-forward activity representing novel information [27,28]. These properties are predicted

to facilitate the encoding of new memories and allow greater overlap between representations

[11,28]. Similarly, noradrenaline enhances cellular excitability and facilitates the induction of

synaptic plasticity to shift hippocampal representations [18,29–31]. However, differences

between the actions of acetylcholine and noradrenaline are also proposed where acetylcholine

release corresponds to states of expected uncertainty requiring limited update in existing

memory representations and noradrenaline release corresponds to unexpected uncertainty

requiring a state shift [32,33]. Discerning between these different conceptual outcomes

requires direct comparison of the mechanisms engaged by each neuromodulator.

The dentate gyrus receives excitatory glutamatergic input from layer II of the medial ento-

rhinal cortex, and sparsifies this signal by suppressing the activity of most dentate gyrus gran-

ule cells through lateral inhibition while dramatically increasing the firing rate of a select few
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granule cells [34,35]. By this mechanism granule cells detect salient, novel information and

accentuate minor contextual details related to familiar information (a process often referred to

as pattern separation). Individual granule cells provide a strong, sparse, facilitating input to a

small number of CA3 pyramidal cells that can be sufficiently powerful to engage 1:1 spike

transfer after multiple spikes in a granule cell burst [36–40]. This focal excitation by mossy

fibers drives synchronisation between subsets of CA3 pyramidal cells allowing recurrent

CA3-CA3 synapses to engage Hebbian plasticity mechanisms to create ensembles of

strongly coupled CA3 cells thereby initiating the storage of new information [10,35,41–44].

Mossy fibers also excite a broad and diverse set of inhibitory interneurons that provide a

widespread ‘blanket’ of feed-forward inhibition over a large population of CA3 pyramidal

cells [40,45–47]. This feed-forward inhibition prevents runaway excitation and ensures

tight spike timing for spike transfer [36,48,49], while also enhancing memory precision [50]

but it is not known what impact it may have on the conditions required for synaptic plasticity

within the CA3 recurrent network and how neuromodulation regulates Excitatory-Inhibitory

balance.

Here we compare the modulation by acetylcholine or noradrenaline of ensemble creation

and therefore memory encoding within the hippocampal CA3 network. We investigate these

neuromodulator effects on 3 critical features of ensemble creation: i) the ability for mossy fiber

input to create the conditions necessary for synaptic plasticity at recurrent CA3 pyramidal

neuron connections, ii) the excitability of CA3 pyramidal neurons, and iii) the overall strength

of CA3 recurrent connectivity [51]. Using slice electrophysiology and a hierarchy of experi-

mentally constrained computational models of mossy fiber synaptic transmission and CA3

network activity, we demonstrate that acetylcholine, and to a lesser extent noradrenaline, sup-

press feed-forward inhibition creating the conditions to enable plasticity at recurrent

CA3-CA3 synapses and the formation of ensembles within the CA3 network. Furthermore, we

show that acetylcholine, but not noradrenaline, increases the excitability of CA3 pyramidal

neurons and reduces their overall connectivity thereby increasing the density of stable ensem-

bles by enhancing permissible overlap between ensembles.

Results

A critical feature of ensemble formation in CA3 is the mossy fiber input from dentate gyrus.

However, the cumulative effects of acetylcholine or noradrenaline on the mossy fiber projec-

tion incorporating both excitatory and inhibitory synaptic transmission are not known. There-

fore, we first recorded experimentally the effect of acetylcholine or noradrenaline on

combined feed-forward excitatory and inhibitory synaptic transmission in the mossy fiber

pathway of mouse hippocampal slices (Experimental setup: Fig 1A). Minimal stimulation of

granule cells resulted in EPSCs and IPSCs that were individually isolated by setting the mem-

brane potential to -70mV and +10mV respectively in accordance with experimentally deter-

mined reversal potentials for inhibitory and excitatory transmission respectively (S1C and S1D

Fig). Mossy fibers were stimulated with trains of 4 pulses at 20 Hz every 20 s, in accordance

with previous studies of mossy fiber short-term plasticity [49,52,53]. Application of the group

II mGluR agonist DCG-IV (1 μM) reduced EPSC amplitudes by >90% (Fig 1B, left) indicating

selective activation of the mossy fiber pathway [54]. The EPSC rise times (20–80%), latencies,

and jitter were 0.57 ± 0.11 ms, 2.1 ± 0.49 ms and 0.53 ± 0.27 ms respectively (S1A Fig) charac-

teristic of mossy fiber synapses and confirming their monosynaptic origin [55]. DCG-IV also

reduced IPSC amplitudes by>90% (Fig 1B, right) and the rise times, latencies and jitter were

3.52 ± 1.08 ms, 6.20 ± 1.82 ms and 0.73 ± 0.25 ms respectively (S1B Fig) indicating that IPSCs

were mediated by disynaptic feed-forward inhibitory transmission in the mossy fiber pathway
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[49]. Both EPSCs and IPSCs exhibited pronounced facilitation in response to a train of 4 sti-

muli at 20 Hz (Fig 1B and 1F) as previously shown for mossy fiber feed-forward excitatory and

inhibitory pathways [49].

Fig 1. The effects of carbachol and noradrenaline on feed-forward excitatory and inhibitory transmission in the mossy fiber pathway. A) Left:

Experimental setup indicating the location of stimulation and recording electrodes within a hippocampal slice. Right: Schema of feed-forward mossy

fiber circuit. Granule cells (GC) in the dentate gyrus send mossy fiber axons to synapse onto feed-forward interneurons (IN) and CA3 pyramidal cells

(PC). B) EPSCs and IPSCs evoked by granule cells stimulation were blocked by 1 μM DCG-IV, confirming responses were driven by mossy fiber

activation. Top: Example traces of DCG-IV block (black) of EPSCs (red) and IPSCs (blue). Bottom: Time course of DCG-IV block of 4th EPSC (red,

n = 9) and IPSC (blue, n = 6). C) 5 μM CCh mildly suppresses mossy fiber EPSCs. Top left: Example traces before and after bath application of 5 μM

CCh. Bottom Left: Time course of CCh effect, and washout (n = 7). Top Right: Effect of CCh on response amplitudes for each pulse. Bottom Right:

Effect of CCh on nth/1st Pulse Ratio. D) 5 μM CCh substantially reduces disynaptic mossy fiber driven IPSC amplitudes. Top left: Example traces

before and after bath application of 5 μM CCh. Bottom Left: Time course of CCh effect, and washout (n = 5). Top Right: Effect of CCh on response

amplitudes for each pulse. Bottom Right: Effect of CCh on nth/1st Pulse Ratio. E) 20 μM NA has no effect on mossy fiber EPSCs. Top left: Example

traces before and after bath application of 20 μM NA. Bottom Left: Time course of NA effect (n = 7). Top Right: Effect of NA on response amplitudes

for each pulse. Bottom Right: Effect of NA on nth/1st Pulse Ratio. F) 20 μM NA reduces disynaptic mossy fiber driven IPSC amplitudes. Top left:

Example traces before and after bath application of 20 μM NA. Bottom Left: Time course of NA effect (n = 5). Top Right: Effect of NA on response

amplitudes for each pulse. Bottom Right: Effect of NA on nth/1st Pulse Ratio.

https://doi.org/10.1371/journal.pcbi.1009435.g001
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Acetylcholine and noradrenaline reduce feed-forward inhibition and alter

short-term plasticity in the mossy fiber pathway

The impact of acetylcholine or noradrenaline on information transfer between the dentate

gyrus and CA3 will depend on its effects on both excitatory and inhibitory pathways. To assess

the effect of acetylcholine on both pathways we used the broad-spectrum cholinergic receptor

agonist carbachol (CCh). Application of 5 μM CCh depressed EPSC amplitudes by ~25% (Fig

1C; 75.6 ± 17.0% and 66.2 ± 11.9% of baseline measured at 1st and 4th pulses, n = 7, p< 0.05)

without altering facilitation ratios (Fig 1C; p = 0.509; Measured at 1st to 4th pulse). This depres-

sion did not recover on washout of CCh indicating a form of muscarinic receptor-induced

long-term depression [56]. The use of minimal stimulation meant that responses to the first

stimuli were highly variable and often very small or absent due to the low basal probability of

release at mossy fiber synapses [38,49,55]. This was particularly true for IPSC recordings

resulting in very large facilitation ratios and a highly variable effect of CCh on the first IPSC in

a train. In contrast to the effect on EPSCs, 5 μM CCh had no consistent effect on the 1st IPSC

in a train but depressed subsequent IPSC amplitudes reversibly and to a much greater degree

(Fig 1D; 121.5 ± 19.5% and 29.3 ± 13.5% of baseline measured at 1st and 4th pulses; n = 6,

p = 0.012 measured at 4th pulse) and at the same time reduced facilitation ratios (Fig 1D;

p = 0.012; measured at 1st to 4th pulse). Because the larger IPSCs were greatly reduced by CCh

this represents a substantial reduction in feed-forward inhibition across the 4-pulse stimulus

train. CCh also enhances the excitability of neurons in the CA3 network [28,57,58] but this

effect was absent at a cellular level in our recordings because of the inclusion of cesium in the

pipette solution (S1G Fig). Elevated network excitability was evident from a general increase in

the frequency of spontaneous EPSCs and IPSCs (S1E and S1F Fig). At lower concentrations,

1 μM CCh had limited effect on IPSC amplitudes whereas at higher concentrations 10 μM

CCh had similar effects to 5 μM CCh with a substantial depression of IPSC amplitudes (S1I

Fig). These results indicate that acetylcholine causes a small depression of excitatory transmis-

sion at mossy fiber synapses whereas feed-forward inhibitory transmission is substantially

depressed. Overall, this indicates a substantial net enhancement of Excitatory-Inhibitory ratio

in the mossy fiber pathway in the presence of acetylcholine.

To assess the effect of noradrenaline on both pathways we used bath application of 20 μM

noradrenaline (NA) that we have found to be a maximal effective dose for cellular and synaptic

properties within hippocampal slices [31]. Application of 20 μM noradrenaline had no effect

on EPSC amplitudes (Fig 1E; 126.1 ± 13.9% and 107.1 ± 12.1% of baseline measured at 1st and

4th pulses, n = 14, p = 0.44) or facilitation ratios (Fig 1E; p = 0.08; Measured at 1st to 4th pulse).

In contrast to the effect on EPSCs, 20 μM NA depressed IPSC amplitudes by ~30% (Fig 1F;

73.3 ± 14.7% and 68.1 ± 9.8% of baseline measured at 1st and 4th pulses; n = 10, p = 0.04 mea-

sured at 4th pulse) without altering facilitation ratios (Fig 1F; p = 0.74; measured at 1st to 4th

pulse). This represents a smaller inhibition of feed-forward inhibition in comparison to CCh.

These results indicate that the separate effects of noradrenaline on feed-forward excitatory or

inhibitory synaptic transmission in the mossy fiber pathway are very different to acetylcholine.

However, the combined net enhancement of Excitatory-Inhibitory ratio is potentially similar

for noradrenaline and acetylcholine.

Information transfer between the dentate gyrus and CA3 network depends on bursts of

high frequency activity in dentate granule cells leading to pronounced frequency facilitation of

excitatory synaptic input [36,37,39]. This is balanced by frequency-dependent facilitation of

inhibitory synaptic input [49] but variations in the short-term plasticity dynamics between the

excitatory and inhibitory pathways will lead to windows within the frequency domain when

excitation dominates and action potentials are triggered in CA3 pyramidal cells [59]. However,
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these temporal windows have not been fully characterized and, furthermore, the effect of ace-

tylcholine or noradrenaline on Excitatory-Inhibitory ratio over a range of mossy fiber stimula-

tion patterns is not known. To investigate the patterns of activity that trigger action potentials

under conditions of presence and absence of acetylcholine or noradrenaline we adapted a Tso-

dyks-Markram based model of short-term plasticity dynamics in both excitatory and inhibi-

tory pathways (see Materials and Methods).

Short-term plasticity models are difficult to constrain with responses evoked by regular

stimulation protocols [60]. Therefore, we constrained the model using responses to a stimula-

tion pattern resembling the natural spike statistics of dentate gyrus granule cells which incor-

porate a broad range of inter-stimulus intervals (ISIs) (Fig 2A) [52,61] whose distribution is

similar to multiple reports of granule cell activity (e.g. [62]). Similar to the regular stimulation

pattern of 4 stimuli at 20Hz, CCh depressed EPSCs and IPSCs in response to the irregular

stimulation pattern across the range of ISIs but the depression was much more pronounced

for IPSCs (Fig 2B and 2C). Likewise, noradrenaline had little effect on EPSCs and produced a

small depression of IPSCs (Fig 2B and 2C). Several phenomenological short-term plasticity

models of increasing level of complexity for both excitatory and inhibitory synaptic responses

were assessed for fit to the experimental data (see Materials and Methods for detailed descrip-

tion of these models). The basic form of these models included a facilitation and a depression

variable, here represented as f and d respectively. Dynamics for these variables are governed by

parameters for degree (a) and timecourse of facilitation (τf) and depression (τd) as well as base-

line of release (f0) and synaptic conductance (g) (Fig 2D) that correspond to presynaptic neu-

rotransmitter release processes that vary between synapse types. Parameter inference for the

short-term plasticity models was carried out using Markov-Chain Monte-Carlo (MCMC)

sampling and the best fitting models were selected by comparing the Akaike and Bayesian

Information Criteria (AIC and BIC respectively) weights (Fig 2E and 2F, left). These weights

represent a normalisation of AIC and BIC values calculated by dividing the AIC and BIC val-

ues by the sum of these values across all models (log-likelihood of model given data punished

for increasing complexity in two different ways). This is convenient as it allows these values to

be transformed into a probability space and hence become comparable across samples [63].

The model with the highest weight explains the data best. For excitatory mossy fiber synaptic

transmission, a model containing a single facilitating variable with an exponent of 2 (f 2) (Eqs 1

and 2) best explained the experimental data (Figs 2E and S2A, S2C).

EPSC amplitude ¼ gMAXE f 2ðVmem � EGLUTÞ ð1Þ

df
dt
¼
f0 � f
tf
þ að1 � f Þ

X

s

dðt � tsÞ ð2Þ

where Vmem is the holding voltage of the cell in voltage clamp, gmaxE is the maximum excitatory

conductance, EGLUT is the reversal potential of glutamatergic transmission determined in S1

Fig, and ts is the timing of the sth spike (or pulse). Explanation of other parameters for the

short-term plasticity model is given in the Materials and Methods section.

It is noticeable that AIC and BIC weights disagree on which model best explains the data.

The f 2 model had only the second highest AIC weight, but had the highest BIC weight,

whereas the more complex afmodel had a higher AIC weight. However, the evidence ratio for

BIC points favours the f 2 model (P(f 2 |Data)/P(af |Data) = 8.92 (see [64]), whereas the evi-

dence ratio for AIC indicates little evidence in favour of the afmodel (P(af |Data)/P(f 2 |Data)

= 1.51). Together this demonstrates that the f 2 model best explains the data.
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For inhibitory feed-forward mossy fiber synaptic transmission, a complex model with facili-

tation (f), depression (d), and additional facilitation over the increment parameter a (afd) pro-

duced the best fit (Figs 2F and S2, Eqs 3, 4, 5 and 6) with both AIC and BIC weights

convincingly pointing to the afdmodel as most appropriate to describe the data. Additional

parameters in this model included a time course for facilitation of a (τa), an increment scaling

factor for a (b), and baseline (a0).

IPSC amplitude ¼ gMAXI f dðVmem � EGABAÞ ð3Þ

df
dt
¼

1 � d
td
þ f d

X

s

dðt � tsÞ ð4Þ

dd
dt
¼

1 � d
td
þ f d

X

s

dðt � tsÞ ð5Þ

da
dt
¼
a0 � a
ta
þ bað1 � aÞ

X

s

dðt � tsÞ ð6Þ

where gmaxI is maximum inhibitory conductance and EGABA is the reversal potential of

GABAergic transmission determined in S1 Fig. See Materials and Methods for detailed expla-

nation of the above equations.

Discrepancies between samples drawn from posterior-predictive distributions of these

models indicated good fit for both models (S2A and S2B Fig).

Using the f2 and afdmodels for the activity-dependent progression of excitatory and inhibi-

tory synaptic weights respectively we were then able to investigate the effect of acetylcholine or

noradrenaline on short-term plasticity by comparing normalized parameter estimates to time

matched controls. Since posterior distributions for EPSC data were narrow and unimodal,

maximum a posteriori (MAP) estimates were used, whereas mean parameter estimates were

used for IPSC data since posterior distributions were wide and bimodal in some cases (S2C

and S2D Fig). This analysis revealed the small decrease in EPSC amplitude caused by CCh

resulted from a reduction in the conductance scaling parameter ‘g’ (Fig 2E; 49.9 ± 17.6%

(mean ± std)) in agreement with the data in Fig 1B and indicating a postsynaptic mechanism.

The substantial decrease in IPSC amplitude caused by CCh resulted from a large reduction in

the conductance scaling parameter ‘g’, and an increase in the baseline parameter ‘f0’ which also

had the effect of reducing facilitation (Fig 2F; 73.1 ± 27.9% decrease in ‘g’; 225.7 ± 160.1%

increase in ‘f0’ (mean ± std)). Since IPSCs are disynaptic, it is not straightforward to interpret

how these parameter changes reflect biophysical changes to synaptic transmission, but the

most likely explanation is a combination of increased feed-forward interneuron excitability

Fig 2. The mechanism of carbachol and noradrenaline action on excitatory and inhibitory feed-forward mossy fiber transmission

determined by short-term plasticity models. A) Irregular stimulation protocol modelled on naturalistic granule cell spike patterns.

GC spike patterns recorded in vivo during a spatial memory task, with a bimodal inter-spike interval (ISI) distribution (top right).

Bimodal ISI distribution modelled as a doubly stochastic Cox process (middle right), with irregular stimulation protocol a sample

drawn from this process (bottom right). B-C) Experimentally recorded EPSCs and IPSCs evoked by irregular stimulation protocol in

hippocampal slices under control or presence of 5 μM CCH or 20 μM NA. Evoked peaks highlighted by white dots. The same example

burst is shown on expanded timescales. D) Tsodyks-Markram short-term plasticity model schematic illustrating facilitating (f) and

depressing (d) presynaptic components with time constants (τf, τd) and postsynaptic scaling factor (g). E-F) Model selection and fitting

for EPSCs (E) and IPSCs (F). Left: AIC and BIC weights for each fitted model. Model selection by highest AIC and BIC weights and

evidence ratios. Right: Modulation by CCh or NA assessed by effect on parameter fits normalized by time-matched control. Error bars

are standard deviations, � denotes significant parameter change.

https://doi.org/10.1371/journal.pcbi.1009435.g002
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and spike rate, coupled with a strong depression of GABA release. In contrast to acetylcholine,

noradrenaline was found to have no effect on EPSC parameters and the reduction in IPSC

amplitudes was found to result from an increase in the depression recovery parameter τd.

Again, it is not straightforward to interpret this change but broadly it represents a slower

recovery from depression leading to reductions in synaptic strength upon repeated stimulation

across longer timescales.

A certain degree of redundancy exists among the parameters of Tsodyks-Markram type

models of short-term plasticity as multiple parameters control the scaling of amplitudes in

response to a spike. To explore this, we examined the covariance structure of the posterior dis-

tribution over short-term plasticity parameters [65,66] (S3A and S3B Fig). We observed strong

correlations amongst the ‘g’, ‘f0’, and ‘a’ parameters in our excitatory STP model, and strong

correlations between the ‘g’, ‘τd’ ‘f0’, ‘a0’, and ‘b’ parameters in the inhibitory STP model. This

indicates that there were many parameter sets that could explain our results. However, we

chose the priors over these parameters used in our MCMC inference procedure to bias our

results towards smaller parameter values, since we reasoned these corresponded to lower

energy costs. Indeed, we observed that the mode of joint distributions observed tended to lie

in regions of the parameter space that minimized these scaling parameters (S3C and S3D Fig).

This indicates any effects observed due to cholinergic or noradrenergic agonists were inducing

parameter changes in a regime with realistic constraints.

These results highlight the differential effects of acetylcholine and noradrenaline on mossy

fiber synaptic transmission and enable investigation of the granule cell spike patterns that

favor excitation over inhibition in the presence of each neuromodulator.

Enhancement of mossy fiber Excitatory-Inhibitory balance by acetylcholine

and noradrenaline

Feed-forward inhibition dominates excitation in the mossy fiber pathway for the majority of

spike patterns [49,59]. Since acetylcholine and noradrenaline depress inhibitory transmission

more than excitatory transmission (Figs 1 and 2) it is expected that the Excitatory-Inhibitory

balance will be shifted towards excitation but the precise spike patterns that this occurs for are

unclear. Furthermore, since the mechanisms by which this increase in Excitatory-Inhibitory

ratio occur are different for acetylcholine and noradrenaline it is likely that the spike patterns

favouring excitation will be different for each neuromodulator. To examine how Excitatory-

Inhibitory balance is affected by acetylcholine or noradrenaline with different spike patterns

we first tested the dependence of short-term synaptic dynamics on background firing rate

using the f2 and afdmodels for short-term plasticity dynamics of excitatory and inhibitory

transmission (Materials and Methods and Table 1). Spike patterns were described by two

Table 1. Best fit Tsodyks-Markram model parameter sets for EPSC and IPSC short-term plasticity. Values that

are changed by acetylcholine or noradrenaline are shown.

Parameter EPSC IPSC

gMAX (nS) 6.6 (3.3 for acetylcholine) 26.0 (6.7 for acetylcholine)

τf (s) 3.3 1.4

f0 0.3 0.05 (0.16 for acetylcholine)

a 0.15

τd (s) 0.8 (1.6 for noradrenaline)

τa (s) 8.0

a0 0.08

b 0.11

https://doi.org/10.1371/journal.pcbi.1009435.t001
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parameters: a between burst interval Δtbetween describing a background firing rate, and a within

burst interval Δtwithin describing the time between spikes in a burst. The steady state value of f,
d, and a given Δtbetween were then used to replace their baseline values (a0! a1; f0! f1; d0 =
1! d1) to set their initial values at the beginning of a burst, i.e.,

a1 ¼
a0expðDtbetween=taÞ � a0 þ ba
expðDtbetween=taÞ � 1þ ba

ð7Þ

f1 ¼
f0expðDtbetween=tf Þ � f0 þ a1
expðDtbetween=tf Þ � 1þ a1

ð8Þ

d1 ¼
1 � expð� Dtbetween=tdÞ

1þ ð1 � f1Þexpð� Dtbetween=tdÞ
ð9Þ

By systematically varying the between and within burst intervals for both excitatory and

inhibitory synaptic input we were able to simulate EPSCs and IPSCs in the presence and

absence of acetylcholine or noradrenaline using parameter values given in Table 1 (Fig 3A).

The amplitudes of these responses were then used to explore the effects of acetylcholine or nor-

adrenaline on within burst facilitation ratios and Excitatory-Inhibitory balance across a wide

range of between and within burst intervals.

Experimental data shows that mossy fiber EPSCs are exquisitely sensitive to between burst

interval with facilitation (also known as frequency facilitation) revealed as between burst inter-

val is decreased. Furthermore, it has been shown that shortening the between burst interval

decreases within burst facilitation [53]. Our simulations replicated this interdependence of

between and within burst interval with respect to EPSC facilitation with values closely associ-

ated with the experimental data in the literature [47,53] (Fig 3B and 3C). Since noradrenaline

had no effect on EPSCs and the CCh induced depression of EPSCs was mediated by a reduc-

tion in synaptic conductance, neither CCh nor noradrenaline altered either between or within

burst synaptic facilitation (Fig 3C).

The situation for inhibitory synaptic transmission was more complex. Over the course of a

burst synaptic amplitude facilitation was greatest when between and within burst intervals

were largest. As between and within burst intervals reduced, the facilitation morphed into a

depression towards the end of the burst resulting in limited inhibition at the end of high fre-

quency bursts (Fig 3B and 3D). CCh depressed the initial IPSC amplitude and dramatically

reduced subsequent facilitation within bursts at all between and within burst intervals (Fig 3B

and 3D). In contrast, noradrenaline produced much more subtle effects with only small reduc-

tions in IPSCs across the range of between and within burst intervals (Fig 3B and 3D).

We then combined the results from excitatory and inhibitory facilitation to estimate EPS-

C-IPSC amplitude ratios over the course of a burst. In control conditions, excitation domi-

nates over inhibition only after multiple spikes in a burst and when bursts occur at shorter

between and within burst intervals (Fig 3E) [36,49,59]. However, in the presence of CCh, exci-

tation dominates over inhibition at earlier stimuli within the burst, and over longer between

and within burst intervals meaning cholinergic receptor activation allows excitation to domi-

nate over inhibition for a broader range of stimulus patterns and specifically for physiologically

relevant stimulus patterns containing high frequency bursts with long inter-burst intervals

(Fig 3E) [52,61,62]. In contrast, noradrenaline only marginally enhanced EPSC-IPSC ampli-

tude ratios across the range of intervals and stimuli (Fig 3E).

We next investigated the biophysical effects of the acetylcholine- or noradrenaline-induced

reduction in feed-forward inhibitory synaptic transmission at mossy fiber synapses. In
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Fig 3. Carbachol and noradrenaline alter the Excitatory-Inhibitory ratio within the feed-forward mossy fiber pathway in a frequency-dependent

manner. A) Simplification of bursting spike trains into two parameter spaces: between burst interval (BI) describing interval between bursts in a spike

train, and within BI describing interval between spikes within a burst. B) Example synaptic waveforms of expected mossy fiber EPSCs (red) and IPSCs

(blue) generated by the short-term plasticity models under control, CCh and NA conditions. The 3 rows illustrate short-term plasticity dynamics at

three pairs of within and between burst intervals (20ms and 2s, 20ms and 50s, 500ms and 50s respectively). C) Expected short-term plasticity of EPSCs

across a wide range of within and between BIs. Light blue, dark blue and black crosses shown in C denote within and between BIs used in the examples

shown in B. Data in the presence of CCh or NA not shown since CCh does not change the facilitation of EPSCs and NA has no effect on EPSCs. D)

Expected short-term plasticity of IPSCs across a wide range of within and between BIs and in control, CCh and NA conditions. Pulse ratios for 2nd, 6th

and 10th pulses compared to the 1st are shown to illustrate change in facilitation across a 10 pulse burst. E) Progression of Excitatory-Inhibitory ratio

across the range of within and between BIs and in control, CCh and NA conditions. Pulse ratios for 2nd, 6th and 10th pulses compared to the 1st are

shown to illustrate change in E-I ratio across a 10 pulse burst.

https://doi.org/10.1371/journal.pcbi.1009435.g003
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particular, the modulation of back-propagating action potentials and EPSPs in CA3 pyramidal

cells that are critical for the induction of long-term potentiation (LTP) at recurrent CA3-CA3

synapses and therefore the formation of CA3 ensembles [41–43]. Mossy fibers provide power-

ful excitatory drive to the soma of CA3 pyramidal cells and have been referred to as ‘condi-

tional detonator’ synapses because a single synapse can trigger postsynaptic action potentials

in response to high frequency bursts of presynaptic action potentials but not single action

potentials [37–39]. We hypothesized that feed-forward inhibitory synaptic transmission

reduces back-propagating action potentials and mossy fiber evoked EPSPs which will inhibit

or prevent the induction of LTP [67–69], and that acetylcholine, and possibly noradrenaline,

will relieve this inhibition by reducing feed-forward inhibition. To test this, we used a well

characterized multi-compartment biophysical model of a CA3 pyramidal cell that recapitulates

key physiological attributes of CA3 firing patterns [70,71] with 15 different reconstructed mor-

phologies selected from Neuromorpho.org [72,73]. Our model incorporated mossy fiber excit-

atory synaptic input on the very proximal portion of the apical dendrite where conductance

was set for each cell morphology to induce spiking after the 4th input spike in the absence of

inhibition, as demonstrated in slice recordings [74]. We also included a single average feed-

forward inhibitory synapse per dendritic compartment within 400μm of the somatic compart-

ment, corresponding to dendritic inhibition targeting the stratum lucidum and stratum radia-

tum (Fig 4A) [45]. Total inhibitory conductance was set in relation to the tuned excitatory

conductance, and divided equally among inhibitory synapses [45]. Membrane potential and

the resultant intracellular calcium concentration were simulated across multiple somatic and

dendritic compartments of a reconstructed CA3 pyramidal cell incorporating the thin oblique

dendrites in stratum radiatum where the majority of CA3-CA3 recurrent synapses are located

[75]. With feed-forward inhibition intact, action potentials (defined as crossing a threshold of

0 mV) and EPSPs back-propagate into the principal dendritic shafts without much change in

amplitude but are rapidly attenuated on entering the thin oblique dendrites (Fig 4B and 4C).

This leads to minimal calcium influx through voltage-gated calcium channels at these den-

dritic sites (Fig 4B). However, when feed-forward inhibition is reduced by acetylcholine, atten-

uation of action potentials and EPSPs is greatly reduced allowing substantial calcium influx

(Fig 4B and 4C). The relief of action potential and EPSP attenuation by acetylcholine was selec-

tive for the oblique dendrites in stratum radiatum, was consistent for multiple different CA3

pyramidal cell morphologies (Figs 4C and S4), increased both the amplitude and probability of

action potential back-propagation (Fig 4E and 4G) and reduced the number of stimuli in a

train required to trigger back-propagating action potentials and substantial dendritic calcium

transients (Fig 4D). In contrast, the more marginal reduction in feed-forward inhibition

caused by noradrenaline meant that although the probability that action potentials back-prop-

agated into dendrites increased with noradrenaline, the number of action potentials initiated

during a train of stimuli did not increase (Fig 4D and 4E). We also examined how the probabil-

ity of back-propagating action potentials reaching oblique dendrites was affected by variations

in the Excitation-Inhibition ratio across a range of values (Fig 4H). Keeping the excitatory

mossy fiber input conductance fixed, control conditions corresponded to gI/gE = 3 and cho-

linergic conditions to gI/gE = 1. Increasing disinhibition strongly increased the probability of

back-propagating action potentials reaching oblique dendrites, with noradrenaline lying

between gI/gE = 1 and 3. Due to the considerable variability in mossy fiber responses and the

steeper increase in action potential back-propagation probability around gI/gE = 1, the effect

of acetylcholine on Ca2+ influx at oblique dendrites is likely to be greater than modelled here,

whereas the effect of noradrenaline is likely to be well estimated due to the even gradient

between gI/gE = 1 and 3.
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The different mechanisms and extent of mossy fiber feed-forward disinhibition by acetyl-

choline or noradrenaline has major implications for synaptic plasticity at CA3-CA3 recurrent

synapses, since spike timing-dependent plasticity is dependent on the back-propagation of

action potentials and EPSPs, postsynaptic calcium accumulation and activation of calcium-

Fig 4. Acetylcholine- and noradrenaline-mediated disinhibition facilitates back-propagation of EPSPs and action potentials into

the dendrites of CA3 pyramidal cells. A) Sketch of CA3 pyramidal cell and positioning within the layers of the hippocampus.

Synaptic inputs are shown with location of contact (red—recurrent CA3-CA3 synapse, blue—feed-forward inhibitory synapse, gray—

mossy fiber synapse). SLM–stratum lacunosum moleculare, SR–stratum radiatum, SL–stratum lucidum, SP–stratum pyramidale, SO–

stratum oriens. B) Example traces produced by the biophysical CA3 neuron model of action potentials generated at the soma from

summated mossy fiber EPSPs presented at 20 Hz (top), back-propagation into the radial oblique dendrites (middle), and dendritic

calcium influx (bottom), in control and with acetylcholine (ACh) or noradrenaline (NA)-mediated disinhibition of feed-forward

inhibition. C) Back-propagating action potential amplitude before (left) and after (middle) cholinergic or noradrenergic modulation,

and the difference in amplitude (right) distributed across an example CA3 pyramidal cell. D) The number of stimuli required to

generate a back-propagating action potential across all cell morphologies. Only dendrites that had back-propagating action potentials

in control conditions are shown. E) The proportion of oblique dendrites in stratum radiatum reached by a back-propagating action

potential per stimulus for all cell morphologies. F) Histogram of differences in back-propagating action potential amplitudes with and

without acetylcholine disinhibition in stratum radiatum oblique dendritic compartments (< 1 μm diameter) from 15 cells. G)

Distribution of back-propagating action potential amplitudes in stratum radiatum oblique dendrites for a range of excitation-

inhibition ratios in 15 cells. In our simulations the effect of acetylcholine was modelled as a change in this ratio (the absence of

acetylcholine, gI/gE = 3; in the presence of acetylcholine, gI/gE = 1). H) The probability of successful action potential back-propagation

(bAP amplitude> 40 mV) in oblique dendrites in 15 cells as a function of excitation-inhibition ratio.

https://doi.org/10.1371/journal.pcbi.1009435.g004
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dependent signalling pathways [41,43]. Our simulations indicate that disinhibition of the feed-

forward mossy fiber pathway by acetylcholine or noradrenaline are important to facilitate the

induction of synaptic plasticity between CA3 pyramidal cells when CA3 ensembles are acti-

vated by mossy fiber inputs at physiologically relevant patterns. Furthermore, acetylcholine

reduces the number of stimuli within a burst required to generate substantial dendritic Ca2+

whereas noradrenaline only facilitated the back-propagation of action potentials once they

were initiated and is therefore only important for Ca2+ signalling driven by longer bursts with

more stimuli. This predicts that the different mechanisms by which acetylcholine and nor-

adrenaline enhance Excitatory-Inhibitory ratio translate into selective enhancement of den-

dritic calcium signalling in response to specific patterns of feed-forward mossy fiber synaptic

transmission.

Ensemble formation in CA3 driven by mossy fiber input

To further investigate the effects of acetylcholine or noradrenaline on the creation of CA3

ensembles by mossy fiber input we next turned to a spiking network model of CA3. This net-

work was comprised of point neurons with Izhikevich-type dynamics [76] parameterized to

reproduce spiking patterns for excitatory CA3 pyramidal cells and inhibitory fast spiking inter-

neurons [27,77,78] connected in an all-to-all fashion. Subsets of pyramidal cells were driven by

excitatory mossy fiber input with short-term facilitation dictated by the model determined in

Fig 2. CA3-CA3 recurrent synaptic connections were subject to an experimentally determined

symmetric spike timing-dependent plasticity (STDP) rule (Fig 5A) with no short-term plastic-

ity [41]. Since this symmetric STDP rule is inherently unstable (every pre-post spike pair

increases synaptic strength), we posit that a homeostatic mechanism tied to postsynaptic activ-

ity exists to stabilize network activity during plasticity. As a result we implemented a modifica-

tion to the symmetric STDP rule to allow for reductions in synaptic strength dependent on the

Fig 5. Facilitating mossy fiber inputs generate rapid and stable ensemble formation. A) Schematic showing the network properties of the spiking

network model and long-term plasticity rules. Left: A population of excitatory (red) and inhibitory (blue) cells with all-to-all connectivity and mossy

fiber input (gray). Right: Recurrent excitatory CA3-CA3 spike timing-dependent plasticity rule with a symmetric window that shifted from

potentiation for correlated spiking at low rates (Ppost = 0), to depression for uncorrelated spiking near the maximum postsynaptic firing rate (Ppost =

Pmax). B) Comparison of mossy fiber to irregular ‘perforant path’ input. Synaptic weight evolution with time for CA3-CA3 recurrent connections (red)

and inhibitory to excitatory connections (blue) for a two cell excitatory population (top), a 10 cell excitatory population (middle) and a population

including 10 excitatory and 5 inhibitory cells (bottom).

https://doi.org/10.1371/journal.pcbi.1009435.g005
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postsynaptic firing rate through synaptic scaling [79]. At low firing rates, potentiation is

induced with small differences in pre- and post-synaptic spike times. As the postsynaptic firing

rates increase, large differences in pre- and post-synaptic spike times cause depression. At a

maximum firing rate, no potentiation is possible.

Within this network we first characterized the speed and stability of ensemble creation

where an ensemble was defined as being formed when all synapses between cells within the

same ensemble had reached their maximum weight, and all synapses between cells not within

the same ensemble had decreased to zero. In addition, the properties of mossy fiber input were

studied in comparison with a more generic input reminiscent of perforant path activity during

direct information transfer between entorhinal cortex and CA3 to see how they compared in

their ability to drive ensemble formation via synchronous spiking in a small population of cells

(Fig 5B). Mossy fiber spike patterns were modelled as a Poisson process with brief (200 ms

every 20 seconds) high intensity (50 Hz) firing rates on a very low basal firing rate (0.2 Hz),

and were connected to pyramidal cells by a strong facilitating synapse (3.0 nS). The conduc-

tance of the mossy-fiber input was chosen to elicit a 1mV EPSP amplitude from a single spike

[59]. This firing pattern represents a strongly separated, sparse firing pattern in a single pre-

synaptic cell, which is expected in dentate gyrus granule cells. Perforant path spike patterns

were modelled as a population of presynaptic entorhinal cells in the synchronous irregular

state modelled as 120 homogeneous Poisson processes firing at 10 Hz with a correlation coeffi-

cient of 0.9 and static, weak synapses fixed at 0.1 nS, which broadly reflects entorhinal activity

in a freely behaving rat [80–82].

We initially built up the network model sequentially to investigate which components were

necessary for the speed and stability of ensemble creation. At first, two CA3 pyramidal cells

were connected and driven with only excitatory input. For both mossy fiber and perforant

path inputs the cells quickly became connected (Fig 5B, top row). Increasing ensemble size to

10 excitatory cells destabilized the ensemble formation process (Fig 5B, middle row). The

destabilization resulted from unbalanced potentiation of recurrent excitation that caused a

large increase in the firing rate leading to strong depression or ‘resetting’ of the synaptic weight

with further spiking as a result of synaptic scaling. The addition of 5 feedback inhibitory cells

stabilized ensemble formation in the case of mossy fiber input, but not for perforant path

input (Fig 5B, bottom row). This was because the perforant path input provided colored noise

input amplified by recurrent excitation that caused excitatory cells to fire at high rates too

often and feedback inhibition was insufficient to counter this amplification. Mossy fiber input

is driven only briefly at sparse intervals, meaning there was little opportunity to exceed target

firing rate, and when there was, feedback inhibition was sufficient to contain it. These results

show that in this model mossy fiber-like sparse inputs and feedback inhibition within the CA3

recurrent network are important for rapid and stable formation of CA3 ensembles.

CA3 recurrent synapses and cellular excitability are regulated by

acetylcholine but not noradrenaline

The creation of CA3 ensembles depends not only on mossy fiber input from the dentate gyrus

but also on the state of the CA3 network. Two critical factors are the strength of CA3-CA3

recurrent synaptic inputs and the excitability of CA3 pyramidal neurons [51] which are both

known to be sensitive to acetylcholine [28,57,58] but the action of noradrenaline on these net-

work properties remains largely unknown. Therefore, we next experimentally compared the

effects of CCh and noradrenaline on recurrent excitatory CA3-CA3 synaptic transmission and

CA3 pyramidal neuron intrinsic excitability. 5 μM CCh caused a ~50% depression in excit-

atory synaptic transmission (Fig 6A and 6C; 42.4 ± 8.2% of baseline measured at 1st pulse,

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 15 / 37

https://doi.org/10.1371/journal.pcbi.1009435


n = 4, p< 0.05) accompanied by an increase in PPR (Fig 6C; p< 0.05) in line with previous

reports for the action of acetylcholine on neurotransmitter release [28,57,58]. In contrast

20 μM noradrenaline had no effect on excitatory synaptic transmission or PPR (Fig 6B and 6C;

87.8 ± 6.2% of baseline measured at 1st pulse, n = 5, p = 0.12; PPR p = 0.08). The depolarising

Fig 6. Carbachol but not noradrenaline enhances CA3 cellular excitability and depresses associational/

commissural synaptic connections. A) 5 μM CCh depresses associational/commissural evoked EPSCs. Top: Example

traces before and after bath application of 5 μM CCh. Bottom: Time course of CCh effect, and washout (n = 4). B)

20 μM NA has no effect on associational/commissural evoked EPSCs. Top: Example traces before and after bath

application of 20 μM NA. Bottom: Time course of NA effect, and washout (n = 5). C) 5 μM CCh but not 20 μM NA

depresses associational/commissural evoked EPSCs and increases paired pulse ratio (PPR). D) 5 μM CCh but not

20 μM NA depolarizes CA3 pyramidal cell membrane potential and increases input resistance.

https://doi.org/10.1371/journal.pcbi.1009435.g006
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effects of acetylcholine mediated by increases in input resistance are well documented in many

neuronal subtypes including CA3 pyramidal cells but the effects of noradrenaline are not

known [57,58]. We confirmed that acetylcholine depolarises CA3 pyramidal neurons where

CCh caused an ~5mV depolarisation with an associated increase in input resistance (Fig 6D;

membrane potential increased by 4.8 ± 1.5 mV, n = 5, p< 0.05; Input resistance increased by

9.0 ± 9.2 MΩ, n = 5, p = 0.24) but noradrenaline had no effect on membrane potential or input

resistance (Fig 6D; membrane potential 1.7 ± 1.4 mV, n = 7, p = 0.28; Input resistance

-8.3 ± 16.3 MΩ, n = 6, p = 0.63). This was supported by the observation that CCh produced an

increase in spontaneous synaptic transmission (S1E and S1F Fig). Thus, acetylcholine, but not

noradrenaline, has a regulatory role in these CA3 network properties that play an important

role in determining the formation of CA3 neuronal ensembles.

Acetylcholine facilitates mossy-fiber driven ensemble formation in CA3

We next examined how acetylcholine or noradrenaline affects the CA3 network’s ability to

form ensembles. To achieve this, we implemented the experimentally determined effects of

CCh and noradrenaline on CA3 network properties within the spiking network model (see

Table 2). Whilst acetylcholine had a somewhat greater facilitatory effect on back-propagating

action potentials than noradrenaline (Fig 4), conservatively, we assumed synaptic plasticity at

CA3-CA3 recurrent synapses can occur in the presence of either neuromodulator within the

spiking network model and not in their absence. In the absence of plasticity no ensemble for-

mation can occur so we only tested ensemble formation in the presence of noradrenaline or

acetylcholine. To mimic the effects of CCh the resting membrane potential for excitatory cells

was depolarized by 5 mV to -70 mV and inhibitory cells were also depolarized to -63 mV

[21,27,83]. Separately, the CA3-CA3 excitatory synaptic conductance was halved (Fig 6A)

[27,84]. Noradrenaline was assumed to enable synaptic plasticity between CA3 pyramidal cells

and therefore ensemble formation but did not otherwise affect CA3 network properties. Net-

works contained 64 excitatory and 16 inhibitory cells with excitatory cells grouped into 8

ensembles consisting of 8 cells each (Fig 7A). Network sizes were chosen to reflect ratios of

excitatory to inhibitory cells observed in CA3. For computational efficiency we chose to exam-

ine small network sizes with all-to-all connectivity (as in [27,85–87]), rather than the more bio-

logically realistic sparse connectivity in larger network sizes [42] studied elsewhere [88–90].

Each cell within a single ensemble received the same excitatory mossy fiber input, which fol-

lowed a Poisson process with a low firing rate of 0.2 Hz punctuated by bursts for 250 ms every

20 s at varying frequency and short-term plasticity dynamics dictated by the model determined

in Fig 2. No two ensembles received bursts at the same time and spike timing-dependent plas-

ticity rules were implemented regardless of alterations in CA3 network parameters represent-

ing the presence of acetylcholine. Networks were simulated over 400 seconds.

In the presence of noradrenaline and therefore with synaptic plasticity engaged but without

the CA3 network effects of acetylcholine, bursts at a frequency of 30 Hz formed discrete

Table 2. CA3 network parameter changes to model cholinergic modulation (ACh) of CA3. Note that noradrena-

line (NA) did not cause any changes to CA3 network properties and therefore parameters for noradrenaline are the

same as control conditions.

Parameter Type Control & NA ACh

c E cell -63 mV -61 mV

d E cell 60 pA 50 pA

vrest E cell -75 mV -70 mV

vrest I cell -65 mV -63 mV

g ~sy~n EE syn 0.5 nS 0.25 nS

https://doi.org/10.1371/journal.pcbi.1009435.t002
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ensembles, but these were almost completely abolished when burst frequency was reduced to

20 Hz (Figs 7B and S6A and S6B). Remarkably, when noradrenaline was switched for acetyl-

choline by applying the observed effects of acetylcholine on the CA3 network, ensemble for-

mation was rescued at the lower burst frequency (Figs 7B and S6C). To quantify network

ensemble formation performance and the impact of acetylcholine in greater detail, we used an

error metric (WME) defined as the summed absolute difference between target and actual

weight matrix (Wactual
ij ), where the target weight matrix (Wtarget

ij ) is maximum synaptic weights

between cells i and j in the same ensemble, and zero weight otherwise, i.e.,

WME ¼
X

ij

jWactual
ij � Wtarget

ij j ð10Þ

Fig 7. Acetylcholine speeds up ensemble formation and lowers input frequency requirement by increasing cellular

excitability. A) Network setup: A population of excitatory and inhibitory cells connected in all-to-all fashion.

Subpopulations of excitatory cells receive independent feed-forward input that drives ensemble formation. B) Example

weight matrix driven by input with 30 Hz bursts in the presence of NA, 20 Hz bursts in the presence of NA or 20 Hz

bursts in the presence of acetylcholine. Stronger weights indicate robust ensemble formation. C) Evolution of ensemble

formation illustrated by the weight matrix error reduction over time for different input burst frequencies. Triangles

denote which effects of acetylcholine on the CA3 network were included in each set of simulations.

https://doi.org/10.1371/journal.pcbi.1009435.g007
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This analysis revealed that acetylcholine lowers the required input frequency and increases

the speed at which ensembles form (Fig 7C). To test which effects of acetylcholine were critical

for these aspects of ensemble formation we removed each parameter change in turn. This

revealed that the key factor was the increase in cellular excitability, as removing the parameter

changes to cellular excitability abolished the effect of acetylcholine but removing reductions in

CA3-CA3 recurrent connections did not (Figs 7C and S5A).

Within the CA3 network multiple often highly overlapping ensembles may be encoded.

Theoretically this increases the capacity of information encoding but reduces the fidelity of

retrieval with a necessary trade-off between these two parameters. This may support generali-

zation, in that it provides a mechanism to associates discrete events spread disparately in time

[91]. Therefore, we compared the impact of acetylcholine and noradrenaline on the ability of

the CA3 network to reliably encode overlapping ensembles. To incorporate overlap between

ensembles the total network size was made variable whilst still containing 8 ensembles of 8

cells each and overlap was introduced by having a subset of excitatory cells receive input from

two sources rather than one. Overlap was arranged in a ringed fashion such that each ensemble

shared a certain number of cells with their adjacent ‘neighbour’ (Fig 8A). Retrieval was studied

by comparing the population rates of each ensemble, with a smaller difference in rates mean-

ing lower discrimination and more difficult retrieval.

In the presence of noradrenaline, stable ensembles could be formed when the degree of

overlap was low but discrete ensembles could not be formed with levels of overlap >1 (Figs 8B

and 8C and S7A). In contrast, in the presence of acetylcholine the network could safely support

an overlap of 3 cells between discrete ensembles (Figs 8B and 8C and S7B). To test which

effects of acetylcholine mediated the enhanced discrimination between overlapping ensembles

we removed each parameter change in turn. This revealed that the key factor was the reduction

in CA3-CA3 recurrent synapse efficacy since removing this parameter abolished the ability for

acetylcholine to allow greater ensemble overlap. In contrast, removing the increase in cellular

excitability only increased the time taken to form stable ensembles without affecting the final

degree of overlap supported (Figs 8C and S5B). Interestingly, the increase in stable ensembles

with significant overlap was associated with a decrease in the discrimination between ensem-

bles during retrieval of information as more overlap produced less separation of population

rates between ensembles (Fig 8D). Taken together these data indicate that acetylcholine

increases the number of discrete ensembles that may be contained within a finite CA3 network

compared to noradrenaline but that this comes at a cost of reduced retrieval fidelity. This

implicates a possible role for acetylcholine promoting formation of generalizable ensemble

while noradrenaline promotes discriminative ensemble formation.

Discussion

In this study, we investigated the effects of acetylcholine and noradrenaline on the ability of

mossy fiber input from dentate granule cells to form ensembles within the CA3 recurrent net-

work. Experimentally, we discovered that acetylcholine dramatically reduces feed-forward

inhibition in the mossy fiber pathway whilst having limited effect on mossy fiber excitatory

transmission whereas noradrenaline causes a smaller reduction in feed-forward inhibition

with no effect on excitatory transmission (Figs 1 and 2). This disinhibition causes a positive

shift in the Excitatory-Inhibitory balance for both neuromodulators which is more pro-

nounced for acetylcholine (Fig 3) creating the conditions required for LTP at recurrent

CA3-CA3 synapses and therefore ensemble formation (Fig 4). Most strikingly, acetylcholine,

but not noradrenaline, altered CA3 network properties by depolarizing CA3 pyramidal cells

and reducing the strength of recurrent CA3-CA3 connections which has important
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implications for the formation of ensembles within the CA3 network. We demonstrate this in

a computational spiking network model where the separate effects of acetylcholine on cellular

excitability and basal CA3-CA3 synaptic strength were found respectively to enhance the

robustness of ensemble formation (Fig 7) and the amount of allowable overlap between

ensembles (Fig 8). Together, these findings indicate separate mechanisms and roles for acetyl-

choline and noradrenaline in gating and facilitating memory formation in the CA3 network.

Each neuromodulator represents an important salience cue to signal when new ensembles

may be formed and therefore which information to encode but those formed in the presence

of acetylcholine have higher densities and are more robust than those formed in the presence

of noradrenaline.

The three separate mechanisms we identify as important for ensemble formation are likely

supported by different cholinergic and noradrenergic receptors at distinct cellular and subcel-

lular locations. In contrast to the presynaptic actions of cholinergic receptors at other hippo-

campal synapses [58], our experimental data show only a small effect of cholinergic agonists at

Fig 8. Acetylcholine enables a CA3 network to form stable overlapping ensembles by reducing the strength of recurrent excitatory

CA3-CA3 synapses. A) Network setup: A population of excitatory and inhibitory cells connected in all-to-all fashion. Subpopulations of

excitatory cells receive overlapping feed-forward input that drives ensemble formation. B) Example weight matrix driven by input with

increasing degrees of overlap between ensembles [0, 2, 4 cells] in the presence of NA or ACh. C) Evolution of ensemble formation illustrated

by the weight matrix error over time for different degrees of overlap between ensembles. Triangles denote which effects of acetylcholine were

included in the simulation. D) Effect of increasing overlap between ensembles on the ability to discriminate between ensembles defined as the

difference in ensemble population spiking rates.

https://doi.org/10.1371/journal.pcbi.1009435.g008

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 20 / 37

https://doi.org/10.1371/journal.pcbi.1009435.g008
https://doi.org/10.1371/journal.pcbi.1009435


excitatory mossy fiber synapses onto CA3 pyramidal cells indicating a limited direct synaptic

modulation by muscarinic or nicotinic receptors mediated by postsynaptic changes [56,57,92].

The lack of presynaptic changes indicates no indirect mechanism via enhancement of inter-

neuron spiking and activation of presynaptic GABAB receptors by GABA spillover [57,93].

For similar reasons, our data do not support a role for presynaptic nicotinic receptors ([94]

but see [57]) or an increase in dentate granule cell spike frequency [57] since both would be

expected to cause an increase in EPSC amplitude by presynaptic mechanisms. The large

depression in feed-forward inhibitory mossy fiber transmission by cholinergic activity most

likely results from a combination of an increase in feed-forward interneuron excitability and

spike rate, mediated by a combination of muscarinic M1 and M3 receptors and nicotinic

receptors [57,58,95], coupled with a strong depression of GABA release, mediated by presyn-

aptic M2 receptors present on interneuron terminals [96]. This potentially accounts for the

observed increase in basal synaptic release to initial stimulation but overall large reduction in

synaptic conductance and release over the course of a burst of stimuli seen in our experimental

data and short-term plasticity model. In contrast, the mechanism of action for noradrenergic

depression of feed-forward inhibitory mossy fiber transmission is largely unknown but likely

mediated by β-adrenergic receptors that slow the recovery from depression [30,97]. Finally,

the depression in basal CA3-CA3 recurrent synaptic strength is reported to result from the

activation of presynaptic M4 receptors [58]. These mechanistic conclusions predict that M2

muscarinic receptors on interneuron terminals or β-adrenergic receptors are important for

disinhibition of mossy fiber feed-forward inhibition necessary for ensemble formation, M4

muscarinic receptors on CA3-CA3 recurrent axon terminals are important for increasing the

amount of permissible overlap between ensembles and M1 muscarinic receptors on CA3 pyra-

midal cells facilitate the rapid and stable formation of ensembles.

The observed differences between exogenous applications of acetylcholine and noradrena-

line will likely be accentuated under endogenous neuromodulator release. The concentration of

CCh used (5 μM) produces effects in the hippocampus that closely match those caused by opto-

genetically induced release so endogenous acetylcholine release would likely have similar effects

to those we report here [98] and the timecourse of cholinergic receptor activation produced by

bath application of CCh is a reasonable approximation of tonic levels of acetylcholine release in
vivo [15,99]. The concentration of noradrenaline used (20 μM) is somewhat higher than that

thought to be evoked by endogenous release in CA1 [31,100] but there is a higher density of

noradrenergic fibers in CA3 than CA1 and more direct synaptic targeting [16,101,102] making

it likely that the effective concentration of noradrenaline in CA3 is likely in the micromolar

range but lower than 20 μM. Therefore, the effects of noradrenaline on feed-forward inhibition

that we report may be greater than those expected by endogenous release of noradrenaline. This

means it is possible that synaptic noradrenaline release has marginal effects on CA3 network

processing although unlikely given the importance of β-adrenergic receptor signalling for

CA3-dependent memory [30]. It is also possible that dopamine release from locus coeruleus

fibers in the hippocampus is more important than noradrenaline for the formation of CA3

ensembles [16,102]. In addition, the specific effects of acetylcholine and noradrenaline on

mossy fiber transmission, CA3 excitability and CA3-CA3 synaptic transmission are likely not

the only nodes within the network where these neuromodulators exert actions and the impact

of additional network reconfigurations on ensemble formation remain to be explored.

Feed-forward inhibition dominates excitatory transmission in the mossy fiber pathway but

unlike other examples of feed-forward inhibition, such as that occurring in the neocortex or

CA1 region of the hippocampus, interneurons engaged with mossy fiber feed-forward inhibi-

tion target the dendritic compartments of CA3 pyramidal cells as much if not more than the

perisomatic areas [45,47,49,103]. This means that mossy fiber feed-forward inhibition strongly
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inhibits recurrent CA3-CA3 inputs in stratum radiatum rather than excitatory mossy fiber

inputs [104,105]. Our simulations indicate that inhibitory input to dendritic domains in stra-

tum radiatum strongly attenuates the back-propagation of action potentials and EPSPs origi-

nating from the somatic compartment into the thin radial oblique dendrites where most of the

recurrent CA3-CA3 synapses occur (Fig 4). Since these back-propagating signals are necessary

for the induction of LTP at recurrent CA3-CA3 synapses [41,43], this indicates that mossy

fiber feed-forward inhibition is well placed to control the induction of LTP at these synapses.

Indeed, the highly non-linear nature of dendritic spikes thought to be important for associative

LTP at CA3-CA3 recurrent synapses [106] suggests the regulation of this feed-forward inhibi-

tion plays a more dominant role in gating LTP than shown in our modelling. The dominance

of mossy fiber feed-forward inhibition may be partially reduced with high frequency burst

stimulation where feed-forward inhibition does not facilitate as strongly as excitation enabling

excitation to dominate [59] (Fig 3) although this is not the case during development of the

mossy fiber pathway [49]. Here, the remarkable finding is that cholinergic activation reduces

mossy fiber feed-forward inhibition by >70% and noradrenergic activation by ~30% (Figs 1

and 2) reducing the attenuation of back-propagating action potentials and EPSPs (Fig 4),

which is therefore predicted to facilitate LTP at CA3-CA3 recurrent synapses. The lesser effect

of noradrenaline compared with acetylcholine may reflect less facilitation of LTP and ensem-

ble formation although this is not explored in our spiking network models.

Further investigation revealed that not only does acetylcholine enable ensemble formation by

reducing mossy fiber feed-forward inhibition, but it also alters the properties of the CA3 network

to allow ensemble formation to occur rapidly and robustly with a high degree of overlap between

ensembles. This supports findings in similar models of piriform cortex and CA3 attractor net-

works [28,51]. Enhancing cellular excitability within an attractor network such as the recurrent

CA3 network increases the speed and robustness of synaptic plasticity due to increased spiking

during ensemble activity (Fig 7). For stable ensemble formation and network configuration the

increased excitability must be regulated by feedback inhibition (Fig 5). Theoretically, the reduc-

tion in CA3-CA3 synaptic efficacy caused by acetylcholine [28] might be predicted to reduce the

efficiency of ensemble formation but our results show this is not the case (Fig 7) likely because of

reduced interference between ensembles [51]. Furthermore, we found that this effect of acetyl-

choline enabled a greater overlap between ensembles whilst still maintaining their discrete iden-

tity (Fig 8). This is important for a couple of reasons: i) it allows an increased density of discrete

ensembles to be encoded which in a finite network will increase its capacity to store information,

and ii) an increase in overlap between ensembles has been suggested to facilitate memory consol-

idation and generalization during reactivation of ensembles that occurs during sleep {O’Donnell,

2014 #3203}. Interestingly, our model used a method to limit synaptic strengthening based on

recently described STDP rules [41] coupled with a rate-based scaling factor, whereas previous

models of similar autoassociative networks have used an LTP only rule with a saturation function

[28,51]. Remarkably, both these methods produced very similar outcomes indicating that the

effects of acetylcholine on the rate and degree of overlap for ensemble creation are independent

of different plasticity rules. A more important factor may be non-linear dendritic conductances

which increase the storage capacity for similar or overlapping memories within the CA3 network

[106,107]. Future studies may determine how the mechanisms engaged by acetylcholine and

non-linear conductances interact and combine within the hippocampal CA3 network.

A core symptom of Alzheimer’s disease is deteriorating episodic memory, which may be

ameliorated by treatment with cholinesterase inhibitors and is associated with degeneration of

both noradrenergic fibers originating in locus coeruleus and cholinergic fibers originating in

the basal forebrain. However, the mechanisms by which increasing the availability of acetylcho-

line in the brain provides this cognitive benefit remain obscure and it remains to be shown that

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 22 / 37

https://doi.org/10.1371/journal.pcbi.1009435


noradrenergic drugs could provide a similar benefit. At the behavioural level, our findings pre-

dict that cholinesterase treatment facilitates the formation of memory ensembles within the hip-

pocampus and increases the storage capacity for separate memory representations whereas

noradrenergic receptor activation will enhance memory ensemble formation without increasing

storage capacity. It is widely reported that cholinesterase inhibitors provide cognitive enhance-

ment [108] but the specific cognitive domains affected are less well characterized. At a network

level, our findings predict that interventions to deprive the hippocampus of cholinergic or nor-

adrenergic innervation will prevent the update of ensemble configurations in CA3 [109] and,

furthermore, that stimulation of acetylcholine or noradrenaline release at specific locations will

bias ensemble formation towards the incorporation of place cells representing those locations

[18]. In addition, recent studies highlight the existence of ‘event codes’ in the hippocampus

where the CA3 network forms generalised ensembles that may be read out in CA1 [91]. Based

on our spiking neural network results, we predict that the formation of such event codes is

dependent on cholinergic, but not noradrenergic signalling. As such, we hypothesize that mice

trained on tasks that require the animal to generalise behaviour despite changing environments

[91] will be sensitive to cholinergic antagonists administered during learning and should not

form generalizable event codes, whereas mice treated with noradrenergic antagonists during

learning should be unaffected. Manipulations of acetylcholine release in the hippocampus have

largely focussed on the effects on oscillatory activity where acetylcholine has been found to pro-

mote theta activity and suppress sharp wave ripples [110]. However, in support of our predic-

tions, cholinergic activation has also been found to increase the number of neurons

incorporated into ensembles measured by their activity during sharp wave ripples [111].

Acetylcholine or noradrenaline release within the central nervous system has classically been

portrayed as a signal for arousal and attention and is strongly associated with learning [13,112–

115]. This model has been adapted to propose that acetylcholine and noradrenaline are released

in response to arousal generated by different forms of uncertainty where acetylcholine is

released in environments where the outcome is uncertain but known whereas noradrenaline is

released in response to uncertainty that is unknown or unexpected [32]. In such a scenario new

information needs to be incorporated into internal representations of CA3 ensembles to make

the environment more familiar and the outcomes more predictable in situations of expected

uncertainty signalled by acetylcholine [114]. In contrast, unexpected uncertainty signalled by

noradrenaline requires a state change in representations (Sales et al., 2019) that requires forma-

tion of new ensembles in CA3 rather than adaptation of existing ones suggesting the importance

of wider mechanisms external to the hippocampus to drive new input patterns from dentate

gyrus. Our data reveal mechanisms whereby acetylcholine and noradrenaline can separately

reconfigure the dentate gyrus and CA3 microcircuit to enable the formation of memory ensem-

bles within the recurrent CA3 network according to varying behavioural imperatives.

Materials and methods

Ethical approval

All experiments were performed in accordance with the UK Animal Scientific Procedures Act

(1986) and local guidance from the Home Office Licensing Team at the University of Bristol. The

protocol was approved by the Animal Welfare and Ethics Review Board at the University of Bristol.

Slice preparation

500 μm thick transverse slices of the dorsal hippocampus were prepared from 4–6 week old

C57/BL6 mice. After cervical dislocation, brains were removed and submerged in ice-cold cut-

ting solution saturated with oxygen (in mM: 85 NaCl, 75 Sucrose, 2.5 KCl, 25 Glucose, 1.25
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NaH2PO4, 4 MgCl2, 0.5 CaCl2, 24 NaHCO3). Each hippocampus was dissected out and

mounted onto a cube of agar then glued to the slicing plate such that hippocampi were posi-

tioned vertically and cut using a Leica VT1200 vibratome. Slices were then transferred to a

holding chamber with oxygenated aCSF (in mM: 119 NaCl, 2.5 KCl, 11 Glucose, 1 NaH2PO4,

26.5 NaHCO3, 1.3 MgSO4, 2.5 CaCl2), incubated for 30 mins at 35˚C and left to rest for a fur-

ther 30 minutes– 5 hours at room temperature.

Electrophysiology

Slices recordings were made in a submerged recording chamber at 33–35˚C. CA3 pyramidal

cells were visually identified using infra-red differential interference contrast on an Olympus

BX-51W1 microscope. Recording pipettes with resistance 2–4 MO were pulled from borosilicate

filamented glass capillaries and filled with a caesium-based intracellular solution (in mM: 130

CsMeSO3, 4 NaCl, 10 HEPES, 0.5 EGTA, 10 TEA, 1 QX-314 chloride, 2 MgATP, 0.5 NaGTP).

For recordings of CA3 pyramidal membrane potential and input resistance a potassium-based

recording solution was used (in mM: 120 KMeSO3, 8 NaCl, 10 KCl, 10 HEPES, 4 MgATP, 0.3

NaGTP, 0.2 EGTA). Series resistances were continuously monitored and recordings discarded if

series resistance> 25 MO or changed by>50%. Recordings were collected using a Multiclamp

700A amplifier (Molecular Devices) filtered at 4 kHz and sampled at 10 or 25 kHz using Signal

or Spike2 acquisition software, and a CED Power 1401 data acquisition board.

Postsynaptic currents in the mossy fiber pathway were evoked by placing monopolar stimu-

lation electrodes in the granular layer of the dentate gyrus and applying 200 μs pulses driven by

a Digitimer DS2A Isolated stimulator. Stimulating the granular layer avoids the risk of contami-

nation from perforant path inputs, associational/commissurals, or monosynaptic inhibitory

synapses. Excitatory currents were obtained by holding the cell in voltage-clamp mode at -70

mV, while inhibitory currents were obtained by holding at +10 mV. Candidate mossy fiber

driven responses were chosen based on their latency (2–3 ms for excitatory, 5–10 ms for inhibi-

tory). Excitatory currents were also selected based on kinetics (< 1 ms 20–80% rise time) and

short-term facilitation in response to 4 pulses at 20 Hz. Stimulation strength was calibrated to

the minimum strength that evoked a response (minimal stimulation). Excitatory and inhibitory

responses were blocked> 80% by 1 μM DCG-IV in 100% cases (Fig 1; n = 9 MF-EPSCs, n = 6

MF-IPSCs), therefore it can be inferred that this approach reliably stimulated mossy fibers [54].

Associational/commissural synaptic responses were evoked by placing a bipolar stimulating

electrode in stratum radiatum and stimulation intensities set to evoke synaptic currents ~100-

200pA amplitude and therefore multiple axons. Carbachol (CCh) or noradrenaline (NA) were

bath applied for 5–10 minutes before measuring effect on synaptic transmission. Effects of CCH

or NA were normalised to control values taken in first 3 minutes of the experiment.

Experimental unit was defined as cell with only one cell recorded per slice. Up to 2 cells

were recorded from each animal. Measurements were taken as an average of 3 responses to

obtain a data point per min, averages represent mean ± S.E.M. Time series data were normal-

ised to the last 5 min of baseline and drug effects were assessed by comparing the average PSC

amplitudes during the last 5 min of application. Data were analysed using a paired two-tailed

Student’s t-test. The results of these t-tests are also represented as asterisk on summary histo-

grams of the average drug effect. Significance assigned � if p< 0.05, �� if p< 0.01 and ��� if

p< 0.001. Power analysis indicated that minimum sample size n = 6 for mossy fiber PSCs and

n = 4 for associational/commissural PSCs was required to distinguish drug effects at 95% con-

fidence intervals with 80% power using effect sizes and variability calculated from our previous

data. Data were processed, analysed and presented using Signal (CED) v5.12, Matlab (R2019a)

and Graphpad Prism v8.
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Short-term plasticity model

The Tsodyks-Markram model [116,117] was adopted due to its widespread use, simplicity,

and relation to biophysics. This model captures pre-synaptic release dynamics with two vari-

ables, a facilitating process f and a depressing process d, that represent ‘resources’ available to

drive synaptic transmission. These evolve as follows:

df
dt
¼
f0 � f
tf
þ að1 � f Þ

X

s

dðt � tsÞ ð11Þ

dd
dt
¼

1 � d
td
� fd

X

s

dðt � tsÞ ð12Þ

The dynamics of f are governed by three parameters: f0 (baseline value of f), τf (decay time

constant of f), and a (increment scaling factor with incoming spike at time ts). This variable

loosely represents the build-up of free calcium ions in the presynaptic terminal that triggers

exocytosis of neurotransmitter-containing vesicles into the synaptic cleft. Dynamics of d is

governed by a single parameter τd, and loosely represents the availability of docked vesicles at

release sites. Since these variables are bounded between 0 and 1, to convert into a conductance

amplitude these are multiplied by a conductance scaling factor g, i.e.,

PSC Amplitude ¼ gfd ð13Þ

This basic model can be extended to more complex facilitation models for example by mak-

ing parameters f0 and a time dependent (Hennig, 2013), i.e.,

df0
dt
¼

~f 0 � f0
tf0

þ bf0ð1 � f0Þ
X

s

dðt � tsÞ ð14Þ

da
dt
¼
a0 � a
ta
þ bað1 � aÞ

X

s

dðt � tsÞ ð15Þ

Where ~f0 is a baseline for f0, a0 is the baseline for a, tf0 is the time constant for f0, τa is the

time constant for a, bf0 is the increment scaling factor for f0, and ba is the increment scaling fac-

tor for a. It can also be reduced by making f or d constant. Since the mossy fiber synapse is well

known for its large pool of readily releasable vesicles that can be quickly replenished, a simple

reduction is to keep d constant at 1, which is true when τd<< min(ISI). Further complexity

can be incorporated by allowing multiple independent depressing variables, or by having a

time dependent scaling factor

dg
dt
¼ � g=tg þ k

X

s

dðt � tsÞ ð16Þ

where τg is the time constant for short-term changes in conductance, and k is an

increment scaling factor that can take positive values for facilitation, or negative values for

depression.

Naturalistic stimulation patterns

Previous research has shown that short-term facilitation models are difficult to constrain with

responses evoked by regular stimulation protocols [60], and that irregular or naturalistic stim-

ulus trains allowed much better fits to data due to sampling across a broader range of inter-
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stimulus intervals (ISI) [60,118]. Dentate gyrus granule cells in vivo have been shown to have

bimodal ISI distributions, with long periods of quiescence punctuated by short bursts of action

potential firing [52,119]. This bimodal ISI distribution was modelled as a doubly stochastic

Cox process to allow generation of stimuli resembling natural spike patterns [120]. Each Cox

process i is defined by a rate parameter λi, and a refractoriness parameter σi. These two pro-

cesses are then mixed with responsibility π i.e.,

PðISIÞ ¼ pq1 þ ð1 � pÞq2 ð17Þ

qi ¼ ri if ri > xi else ¼ 0 ð18Þ

xi � N ðmi; s
2

i Þ ð19Þ

ri � ExpðliÞ ð20Þ

p � BerðpÞ ð21Þ

In brief, ISIs were generated by sampling from two exponential distributions with parame-

ters λi, which were rejected if they were less than a sample from a normal distribution with

standard deviation σi. These candidate ISIs were then accepted according to a Bernoulli distri-

bution with probability π. These parameters were set as λ1 = 3.0 Hz, λ2 = 0.25 Hz, μ1 = 0.006 s,

μ2 = 0.0025 s, σ1 = 0.12 s, σ2 = 0.01 s, π = 0.55. Ninety-nine ISIs were sampled to provide 100

spike times for a stimulation protocol lasting 525 seconds.

Model fitting

The Bayesian parameter inference procedure used by [60] was used to fit parameters to the

model. Each model was considered in an iterative form, integrating f and d over each ISI Δts
between the nth and n+1th spike to output a normalised post-synaptic conductance amplitude

for the nth spike in the sequence, i.e.,

fnþ1 ¼ f0 � ðf0 � fþÞexpð� Dts=tf Þ; fþ ¼ fn þ að1 � fnÞ ð22Þ

dnþ1 ¼ 1 � ð1 � dþÞexpð� Dts=tdÞ; dþ ¼ dnð1 � fnÞ ð23Þ

from the original Tsodyks-Markram formalism, however for more complex models in which a
and f0 are time dependent

f0;nþ1 ¼
~f0 � ð~f0 � f0;þÞexpð� Dts=tf0Þ; f0;þ ¼ f0;n þ bf0ð1 � f0;nÞ ð24Þ

anþ1 ¼ a0 � ða0 � aþÞexpð� Dts=taÞ; aþ ¼ an þ bað1 � anÞ ð25Þ

Additionally, when f0 is time-dependent, Eq 21 becomes

fnþ1 ¼
1

tf0 � tf
ð� tf0

~f 0ðexpð� Dt=tf0Þ � 1Þ þ tf
~f0ðexpð� Dt=tf Þ � 1Þ

þ expð� Dt=tf Þðtf0 fþ � tf0 f0;þ � tf fþÞ þ tf0 f0;þexpð� Dt=tf0Þ ð26Þ

These were then compared to PSC amplitude estimated by the difference between response

peak and a baseline taken just before stimulus onset.
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Since these equations are deterministic, a likelihood model was constructed where the

amplitude was used as parameters for a normal distribution, i.e.,

PðDjyÞ ¼ N ðA;A=2Þ ð27Þ

where A is PSC amplitude (Eq 13).

Exponential priors were used for conductance scaling parameters, beta priors for baseline

and increment parameters, and uniform priors for time constants. This choice was made in

order to bias conductances towards smaller values and keep baselines low as would be expected

from facilitating synapses. Posterior distributions were estimated using Markov Chain Monte

Carlo sampling via the Metropolis-Hastings algorithm using the pymc python module. We

subsequently examined the covariance structure of samples in the resulting Markov chain to

investigate dependencies amongst parameters [65].

Model selection was conducted using AIC and BIC weights [63], a transformation of AIC

and BIC values into a probability space, with best model having the highest weight. This made

it possible to compare the best fitting model over the population when fitted for each individ-

ual sample. For the information criterion of a model for a given sample Cmn this is defined as

w Cð Þ ¼
expð� 0:5DiðCÞÞ

PK
k¼1

expð� 0:5DkðCÞÞ
ð28Þ

where

DðCÞ ¼
1

N

X

n

jCn � arg minmðC
mÞj ð29Þ

Goodness-of-fit for the best fitting model was assessed by estimating Bayesian poster-pre-

dictive p-values, where samples are drawn from the posterior-predictive distribution and dis-

crepancies D(x|θ) to expected values e from the model xsim and to the data xobs are compared

[121], i.e.,

p ¼ Pr½DðxsimjyÞ > DðxobsjyÞ� ð30Þ

where

DðxjyÞ ¼
X

j

ð
ffiffiffiffi
xj

p
�

ffiffiffi
ej

p
Þ

2
ð31Þ

If discrepancies were similar, i.e., 0.025< p< 0.975, then the model is assessed to fit well.

This quantifies how easy it is to discriminate between posterior samples and actual data.

Best fit Tsodyks-Markram model parameters for the f2 model of EPSC short-term plasticity

and the afd model of IPSC short-term plasticity are given in Table 1 together with the parame-

ter changes incurred by noradrenaline or acetylcholine. These parameter sets were used for the

simulations in Fig 3 to determine Excitation–Inhibition ratios across a range of activity

patterns.

Compartmental modelling

15 multi-compartment reconstructions (number of compartments ranged from 943 to 2110)

of CA3 pyramidal cells with active dendrites [70,71] were used to study whether mossy fiber

feed-forward inhibition could regulate action potential back-propagation, which would be

necessary for feed-forward inhibition to regulate plasticity between recurrent synapses. Simu-

lations were carried out using NEURON.
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Active conductances included voltage-gated sodium (NaV), voltage-activated potassium

conductance including delayed rectifier (KDR), M-current (KM), fast-inactivating A-type (KA),

calcium conductances including N-type (CaN), T-type (CaT), and L-type (CaL), calcium-acti-

vated potassium conductances (KC and KAHP). Calcium extrusion was modelled as a 100ms

decay to a resting Ca2+ of 50 nM. Channel kinetics were similar to those used in other hippo-

campal pyramidal neuron models [122].

Somatic compartments contained all conductances, dendritic compartments contained all

except KM, and the axonal compartment contained only NaV, KDR, and KA. For action poten-

tial generation, sodium conductance was five times higher in the axon than the rest of the neu-

ron. Conductances (in μS/cm2) followed those produced by Hemond et al (2008) to set the cell

to respond to current injection with burst firing that is canonical to CA3 pyramidal neurons

[123,124]: gNaV = 0.022, gKDR = 0.005, gKM = 0.017, gKA = 0.02, gCaN = 0.00001, gCaT =

0.00001, gCaL = 0.00001, gKC = 0.00005, gKAHP = 0.0001.

Dendritic compartments along the apical dendrite were subdivided according to distance

(in microns from soma) into those within stratum lucidum (� 150), stratum radiatum (>150

or�400), and stratum lacunosum moleculare (>400). Mossy fiber synapses were targeted

towards compartments in stratum lucidum. Feed-forward inhibition was targeted towards

somatic compartments (50%) and dendritic compartments in stratum lucidum and stratum

radiatum (50%) reflecting the diversity of interneuron subtypes and their targets [45].

Synaptic input was modelled using bi-exponential kinetics and short-term plasticity

dynamics fit to experimental data. The effect of carbachol was modelled as a three-fold reduc-

tion in feed-forward inhibitory conductance.

CA3 network modelling

The hippocampal CA3 region was modelled as a small all-to-all recurrent network comprised

of excitatory and inhibitory point neurons with adaptive quadratic-integrate-and-fire dynam-

ics with parameters to reflect the firing patterns in response to current injection of CA3 pyra-

midal cells and fast-spiking basket cells respectively [27,76]. Continuous membrane dynamics

for neuron i is described by two equations:

Cm
dvi
dt
¼ k vi � vrð Þ vi � vtð Þ � ui � gE vi � vEð Þ � gI vi � vIð Þ ð32Þ

dui
dt
¼ a b vi � vrð Þ � ui� ð33Þ½

These governed dynamics until vi� vpeak, at which time vi and ui were reset to

vi  c ð34Þ

ui  ui þ d ð35Þ

where vi describes membrane potential, and ui is a slow adaptation variable. As in [27], param-

eters for excitatory cells were: Cm = 24 pF, k = 1.5 pA/mV2, a = 10 Hz, b = 2 nS, c = -63 mV,

d = 60 pA, vrest = -75 mV, vt = -58 mV, vpeak = 29 mV. We chose parameters for inhibitory cells

to produce fast spiking behaviour described by [27]: Cm = 16 pF, k = 1.5 nS/mV, a = 900 Hz,

b = 2 nS, c = -80 mV, d = 400 pA, vrest = -65 mV, vt = -50 mV, vpeak = 28 mV.

Synaptic reversal potentials were set as vE = 10 mV, and vI = -80 mV.

Excitatory and inhibitory cells were connected through four types of synapses: excitatory to

excitatory cell (EE) synapses, excitatory to inhibitory cell synapses (EI), inhibitory to excitatory
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cell synapses (IE), and inhibitory to inhibitory cell (II) synapses. Kinetics were modelled as

exponential synapses such that the synaptic conductance gsyn evolved according to:

dgsyn
dt
¼ � gsyn=tg þ ~gsynw

X

s

dðt � tsÞ ð36Þ

where ~gsyn is the maximum synaptic conductance (0.5 nS for excitatory synapses and 1.0 nS for

inhibitory synapses), τg = 10 ms for EE and EI synapses and 20 ms for IE and II synapses [125],

and w is the synaptic weight determined by STDP rules for EE and IE synapses, and fixed at

0.3 nS otherwise. Cholinergic modulation was implemented by changing a subset of network

parameters as described by [27] whereas noradrenaline did not cause any parameter changes

(Table 2).

EE and IE synapses were subject to spike timing-dependent plasticity of the form

Dw ¼ Z½expð� jtpre � tpostjÞ � z� ð37Þ

For all pre-post pairs where η is a learning rate, and z is a scaling factor. This provides a

symmetric STDP rule used previously as a homeostatic means to balance excitation and inhibi-

tion through inhibitory plasticity [125] and has also recently been shown to operate at CA3

associated commissural synapses [41]. In the case of IE synapses, η and z are fixed, however in

the case of EE synapses these evolve according to

dZ
dt
¼ � Z=tZ þ x

X

tpost

dðt � tpostÞ ð38Þ

dz
dt
¼ � z=tz þ r

� 1

max

X

tpost

dðt � tpostÞ ð39Þ

This makes η and z track the postsynaptic firing rate for two different purposes, and on dif-

ferent time scales since τη = 100 ms, and τz = 1 second; η becomes a burst detector that

increases the learning rate by a factor ξ (equal to 0.02) meaning STDP requires multiple post-

synaptic spikes to be activated, and z scales STDP such that the postsynaptic firing rate reaches

a maximum ρmax (10 Hz), more pre- and post-synaptic spike pairs cause depression, prevent-

ing STDP from inducing unrealistically high firing rates in an excitatory recurrent network.

Additionally, STDP was bounded between 0 and the maximum conductance of the synapse.

Synaptic input to cells was comprised of recurrent and feed-forward inputs, i.e.,

giE ¼
X

ij

gijEY þ
X

ik

gikFF ð40Þ

giI ¼
X

ij

gijIY ð41Þ

where gFF is the conductance of feed-forward input, gEY is excitatory recurrent input, and gIY is

recurrent inhibition. Feed-forward input was given only to excitatory cells. CA3 Network

architecture and feed-forward dynamics varied according to each simulation.

Network retrieval performance is measured by a discrimination index that assumes ensem-

ble population rates are read by a downstream neuron. The greater the difference in ensemble

population rates, the easier it is to differentiate between ensembles and retrieval is more
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precise. The discrimination index D is defined as

D ¼
R
v gðtÞdt

P
i¼f� 1;0;þ1g

R
vgþiðtÞdt

ð42Þ

v tð Þ ¼
R
KðtÞ

P
iSiðt � tÞdtR
KðtÞdt

ð43Þ

SðtÞ ¼
X

s

dðt � tsÞ ð44Þ

where νγ(t) is the population rate ν of ensemble γ, Si(t) is the spike train S(t) of neuron i, K(t) is

a kernel averaging the spike train over a defined window, and δ(t-ts) is the delta function

modelling a spike at time ts. This discrimination index essentially calculates the ratio signal/
(signal + noise) where the signal is the population rate of the ensemble representing the mem-

ory being retrieved, and the noise is the population rate of ensembles representing memories

that should not be retrieved and are interfering with the retrieval process. As such, when D is

smaller the interference from neighbouring neurons is higher.
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S1 Fig. A-B) Latency, rise times, and jitter of mossy fiber driven EPSCs (n = 11) (A) and

IPSCs (n = 12) (B). C-D) Reversal potential estimation of glutamatergic (n = 5) (C) and

GABAergic (n = 6) (D) transmission at CA3 pyramidal cells. E-F) Spontaneous EPSC (n = 6)

(E) and IPSC (n = 5) (F) frequency recorded before and after carbachol application. G-H) CA3

pyramidal cell input resistance (n = 5) (G) and holding current at -70 mV (n = 5) (H) before

and after carbachol application. I) Dose-response of carbachol effect on IPSC amplitudes

(n = 3).

(PDF)

S2 Fig. A-B) Goodness-of-fit for EPSC (A) and IPSC (B) short-term plasticity models assessed

by Bayesian posterior predictive p-values. Plots show the observed data for all experiments

(EPSCs and IPSCs respectively) together with the expected values from the model before and

after the application of 5 μM carbachol. p-values close to 0.5 indicate best fit. C-D) Posterior

distributions for parameters of best fitting models given data for EPSCs (C) and IPSCs (D).

(PDF)

S3 Fig. A) Covariance in excitatory short-term plasticity model parameters (mean +/- sem).

B) Covariance in inhibitory short-term plasticity model parameters (mean +/- sem). C) Exam-

ple pairwise distributions of excitatory short-term plasticity model parameters D) Example

pairwise distributions of inhibitory short-term plasticity parameters.

(PDF)

S4 Fig. CA3 pyramidal cell morphologies used for biophysical modelling. A) All 15 cell

morphologies plotted from NEURON spatial information. B) For each cell morphology, back-

propagating action potential amplitude before (left) and after (middle) cholinergic modula-

tion, and the difference in amplitude (right) are shown distributed across each CA3 pyramidal

cell.

(PDF)

S5 Fig. A) Slices of data shown in Fig 7C along frequency (top) and time (bottom) axes. B)

Slices of data shown in Fig 8C along overlap (top) and time (bottom) axes. Colour coding for
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plots is indicated in the legend representing inclusion of different effects of acetylcholine in

CA3.
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S6 Fig. Model CA3 spiking activity (left) and resulting pyramidal cell weight matrix (right)

with mossy fiber bursting at 30 Hz (A), 20 Hz (B), and 20 Hz with cholinergic modulation (C).

(PDF)

S7 Fig. Model CA3 spiking activity and resulting weight matrix without cholinergic modula-

tion (A) and with cholinergic modulation (B) with 0 (top), 2 (middle), and 4 (top) cells over-

lapping between ensembles.

(PDF)

Acknowledgments

We thank members of the Mellor lab for helpful discussion and C. O’Donnell and M. Ashby

for comments on previous versions of the manuscript.

Author Contributions

Conceptualization: Luke Y. Prince, Jack R. Mellor.

Formal analysis: Luke Y. Prince.

Funding acquisition: Jack R. Mellor.

Investigation: Luke Y. Prince, Travis Bacon, Rachel Humphries.

Methodology: Luke Y. Prince, Krasimira Tsaneva-Atanasova, Claudia Clopath.

Project administration: Jack R. Mellor.

Supervision: Krasimira Tsaneva-Atanasova, Claudia Clopath, Jack R. Mellor.

Writing – original draft: Luke Y. Prince, Krasimira Tsaneva-Atanasova, Claudia Clopath,

Jack R. Mellor.

Writing – review & editing: Luke Y. Prince, Travis Bacon, Rachel Humphries, Krasimira Tsa-

neva-Atanasova, Claudia Clopath, Jack R. Mellor.

References
1. Rebola N, Carta M, Mulle C. Operation and plasticity of hippocampal CA3 circuits: implications for

memory encoding. Nat Rev Neurosci. 2017; 18: 208–20. https://doi.org/10.1038/nrn.2017.10 PMID:

28251990

2. Nakazawa K, Quirk MC, Chitwood RA, Watanabe M, Yeckel MF, Sun LD, et al. Requirement for hippo-

campal CA3 NMDA receptors in associative memory recall. Science. 2002; 297: 211–8. https://doi.

org/10.1126/science.1071795 PMID: 12040087

3. Marr D. Simple memory: a theory for archicortex. Philos Trans R Soc Lond B Biol Sci. 1971; 262: 23–

81. https://doi.org/10.1098/rstb.1971.0078 PMID: 4399412

4. Hopfield JJ. Neural networks and physical systems with emergent collective computational abilities.

Proc Natl Acad Sci U S A. 1982; 79: 2554–8. https://doi.org/10.1073/pnas.79.8.2554 PMID: 6953413

5. Kesner RP, Rolls ET. A computational theory of hippocampal function, and tests of the theory: new

developments. Neurosci Biobehav Rev. 2015; 48: 92–147. https://doi.org/10.1016/j.neubiorev.2014.

11.009 PMID: 25446947

6. McClelland JL, Goddard NH. Considerations arising from a complementary learning systems perspec-

tive on hippocampus and neocortex. Hippocampus. 1996; 6: 654–65. https://doi.org/10.1002/(SICI)

1098-1063(1996)6:6<654::AID-HIPO8>3.0.CO;2-G PMID: 9034852

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 31 / 37

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009435.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009435.s007
https://doi.org/10.1038/nrn.2017.10
http://www.ncbi.nlm.nih.gov/pubmed/28251990
https://doi.org/10.1126/science.1071795
https://doi.org/10.1126/science.1071795
http://www.ncbi.nlm.nih.gov/pubmed/12040087
https://doi.org/10.1098/rstb.1971.0078
http://www.ncbi.nlm.nih.gov/pubmed/4399412
https://doi.org/10.1073/pnas.79.8.2554
http://www.ncbi.nlm.nih.gov/pubmed/6953413
https://doi.org/10.1016/j.neubiorev.2014.11.009
https://doi.org/10.1016/j.neubiorev.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25446947
https://doi.org/10.1002/%28SICI%291098-1063%281996%296%3A6%26lt%3B654%3A%3AAID-HIPO8%26gt%3B3.0.CO%3B2-G
https://doi.org/10.1002/%28SICI%291098-1063%281996%296%3A6%26lt%3B654%3A%3AAID-HIPO8%26gt%3B3.0.CO%3B2-G
http://www.ncbi.nlm.nih.gov/pubmed/9034852
https://doi.org/10.1371/journal.pcbi.1009435


7. Gold AE, Kesner RP. The role of the CA3 subregion of the dorsal hippocampus in spatial pattern com-

pletion in the rat. Hippocampus. 2005; 15: 808–14. https://doi.org/10.1002/hipo.20103 PMID:

16010664

8. Yassa MA, Stark CE. Pattern separation in the hippocampus. Trends Neurosci. 2011; 34: 515–25.

https://doi.org/10.1016/j.tins.2011.06.006 PMID: 21788086

9. Tsodyks M. Attractor neural network models of spatial maps in hippocampus. Hippocampus. 1999; 9:

481–9. https://doi.org/10.1002/(SICI)1098-1063(1999)9:4<481::AID-HIPO14>3.0.CO;2-S PMID:

10495029

10. Treves A, Rolls ET. Computational analysis of the role of the hippocampus in memory. Hippocampus.

1994; 4: 374–91. https://doi.org/10.1002/hipo.450040319 PMID: 7842058

11. Hasselmo ME. The role of acetylcholine in learning and memory. Curr Opin Neurobiol. 2006; 16: 710–

5. https://doi.org/10.1016/j.conb.2006.09.002 PMID: 17011181

12. Bouret S, Sara SJ. Network reset: a simplified overarching theory of locus coeruleus noradrenaline

function. Trends Neurosci. 2005; 28: 574–82. https://doi.org/10.1016/j.tins.2005.09.002 PMID:

16165227

13. Aston-Jones G, Cohen JD. Adaptive gain and the role of the locus coeruleus-norepinephrine system

in optimal performance. J Comp Neurol. 2005; 493: 99–110. https://doi.org/10.1002/cne.20723 PMID:

16254995

14. Prince LY, Bacon TJ, Tigaret CM, Mellor JR. Neuromodulation of the Feedforward Dentate Gyrus-

CA3 Microcircuit. Front Synaptic Neurosci. 2016; 8: 32. https://doi.org/10.3389/fnsyn.2016.00032

PMID: 27799909

15. Teles-Grilo Ruivo LM, Baker KL, Conway MW, Kinsley PJ, Gilmour G, Phillips KG, et al. Coordinated

Acetylcholine Release in Prefrontal Cortex and Hippocampus Is Associated with Arousal and Reward

on Distinct Timescales. Cell reports. 2017; 18: 905–17. https://doi.org/10.1016/j.celrep.2016.12.085

PMID: 28122241

16. Takeuchi T, Duszkiewicz AJ, Sonneborn A, Spooner PA, Yamasaki M, Watanabe M, et al. Locus coe-

ruleus and dopaminergic consolidation of everyday memory. Nature. 2016; 537: 357–62. https://doi.

org/10.1038/nature19325 PMID: 27602521

17. Lovett-Barron M, Kaifosh P, Kheirbek MA, Danielson N, Zaremba JD, Reardon TR, et al. Dendritic

inhibition in the hippocampus supports fear learning. Science. 2014; 343: 857–63. https://doi.org/10.

1126/science.1247485 PMID: 24558155

18. Kaufman AM, Geiller T, Losonczy A. A Role for the Locus Coeruleus in Hippocampal CA1 Place Cell

Reorganization during Spatial Reward Learning. Neuron. 2020. https://doi.org/10.1016/j.neuron.2019.

12.029 PMID: 31980319

19. Hangya B, Ranade SP, Lorenc M, Kepecs A. Central Cholinergic Neurons Are Rapidly Recruited by

Reinforcement Feedback. Cell. 2015; 162: 1155–68. https://doi.org/10.1016/j.cell.2015.07.057 PMID:

26317475

20. Papouin T, Dunphy JM, Tolman M, Dineley KT, Haydon PG. Septal Cholinergic Neuromodulation

Tunes the Astrocyte-Dependent Gating of Hippocampal NMDA Receptors to Wakefulness. Neuron.

2017; 94: 840–54 e7. https://doi.org/10.1016/j.neuron.2017.04.021 PMID: 28479102

21. Dennis SH, Pasqui F, Colvin EM, Sanger H, Mogg AJ, Felder CC, et al. Activation of Muscarinic M1

Acetylcholine Receptors Induces Long-Term Potentiation in the Hippocampus. Cereb Cortex. 2016;

26: 414–26. https://doi.org/10.1093/cercor/bhv227 PMID: 26472558

22. Gu Z, Yakel JL. Timing-dependent septal cholinergic induction of dynamic hippocampal synaptic plas-

ticity. Neuron. 2011; 71: 155–65. https://doi.org/10.1016/j.neuron.2011.04.026 PMID: 21745645

23. Fernandez de Sevilla D, Buno W. The muscarinic long-term enhancement of NMDA and AMPA recep-

tor-mediated transmission at Schaffer collateral synapses develop through different intracellular mech-

anisms. J Neurosci. 2010; 30: 11032–42. https://doi.org/10.1523/JNEUROSCI.1848-10.2010 PMID:

20720110

24. Buchanan KA, Petrovic MM, Chamberlain SE, Marrion NV, Mellor JR. Facilitation of long-term potenti-

ation by muscarinic M(1) receptors is mediated by inhibition of SK channels. Neuron. 2010; 68: 948–

63. https://doi.org/10.1016/j.neuron.2010.11.018 PMID: 21145007

25. Marino MJ, Rouse ST, Levey AI, Potter LT, Conn PJ. Activation of the genetically defined m1 musca-

rinic receptor potentiates N-methyl-D-aspartate (NMDA) receptor currents in hippocampal pyramidal

cells. P Natl Acad Sci USA. 1998; 95: 11465–70. https://doi.org/10.1073/pnas.95.19.11465 PMID:

9736760

26. Markram H, Segal M. The inositol 1,4,5-trisphosphate pathway mediates cholinergic potentiation of rat

hippocampal neuronal responses to NMDA. J Physiol. 1992; 447: 513–33. https://doi.org/10.1113/

jphysiol.1992.sp019015 PMID: 1593457

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 32 / 37

https://doi.org/10.1002/hipo.20103
http://www.ncbi.nlm.nih.gov/pubmed/16010664
https://doi.org/10.1016/j.tins.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21788086
https://doi.org/10.1002/%28SICI%291098-1063%281999%299%3A4%26lt%3B481%3A%3AAID-HIPO14%26gt%3B3.0.CO%3B2-S
http://www.ncbi.nlm.nih.gov/pubmed/10495029
https://doi.org/10.1002/hipo.450040319
http://www.ncbi.nlm.nih.gov/pubmed/7842058
https://doi.org/10.1016/j.conb.2006.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17011181
https://doi.org/10.1016/j.tins.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16165227
https://doi.org/10.1002/cne.20723
http://www.ncbi.nlm.nih.gov/pubmed/16254995
https://doi.org/10.3389/fnsyn.2016.00032
http://www.ncbi.nlm.nih.gov/pubmed/27799909
https://doi.org/10.1016/j.celrep.2016.12.085
http://www.ncbi.nlm.nih.gov/pubmed/28122241
https://doi.org/10.1038/nature19325
https://doi.org/10.1038/nature19325
http://www.ncbi.nlm.nih.gov/pubmed/27602521
https://doi.org/10.1126/science.1247485
https://doi.org/10.1126/science.1247485
http://www.ncbi.nlm.nih.gov/pubmed/24558155
https://doi.org/10.1016/j.neuron.2019.12.029
https://doi.org/10.1016/j.neuron.2019.12.029
http://www.ncbi.nlm.nih.gov/pubmed/31980319
https://doi.org/10.1016/j.cell.2015.07.057
http://www.ncbi.nlm.nih.gov/pubmed/26317475
https://doi.org/10.1016/j.neuron.2017.04.021
http://www.ncbi.nlm.nih.gov/pubmed/28479102
https://doi.org/10.1093/cercor/bhv227
http://www.ncbi.nlm.nih.gov/pubmed/26472558
https://doi.org/10.1016/j.neuron.2011.04.026
http://www.ncbi.nlm.nih.gov/pubmed/21745645
https://doi.org/10.1523/JNEUROSCI.1848-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20720110
https://doi.org/10.1016/j.neuron.2010.11.018
http://www.ncbi.nlm.nih.gov/pubmed/21145007
https://doi.org/10.1073/pnas.95.19.11465
http://www.ncbi.nlm.nih.gov/pubmed/9736760
https://doi.org/10.1113/jphysiol.1992.sp019015
https://doi.org/10.1113/jphysiol.1992.sp019015
http://www.ncbi.nlm.nih.gov/pubmed/1593457
https://doi.org/10.1371/journal.pcbi.1009435


27. Hummos A, Franklin CC, Nair SS. Intrinsic mechanisms stabilize encoding and retrieval circuits differ-

entially in a hippocampal network model. Hippocampus. 2014; 24: 1430–48. https://doi.org/10.1002/

hipo.22324 PMID: 24978936

28. Hasselmo ME, Barkai E. Cholinergic modulation of activity-dependent synaptic plasticity in the piriform

cortex and associative memory function in a network biophysical simulation. J Neurosci. 1995; 15:

6592–604. https://doi.org/10.1523/JNEUROSCI.15-10-06592.1995 PMID: 7472421

29. Liu Y, Cui L, Schwarz MK, Dong Y, Schluter OM. Adrenergic Gate Release for Spike Timing-Depen-

dent Synaptic Potentiation. Neuron. 2017; 93: 394–408. https://doi.org/10.1016/j.neuron.2016.12.039

PMID: 28103480

30. Hagena H, Manahan-Vaughan D. Learning-facilitated long-term depression and long-term potentiation

at mossy fiber-CA3 synapses requires activation of beta-adrenergic receptors. Front Integr Neurosci.

2012; 6: 23. https://doi.org/10.3389/fnint.2012.00023 PMID: 22654741

31. Bacon TJ, Pickering AE, Mellor JR. Noradrenaline Release from Locus Coeruleus Terminals in the

Hippocampus Enhances Excitation-Spike Coupling in CA1 Pyramidal Neurons Via beta-Adrenocep-

tors. Cereb Cortex. 2020; 30: 6135–51. https://doi.org/10.1093/cercor/bhaa159 PMID: 32607551

32. Yu AJ, Dayan P. Uncertainty, neuromodulation, and attention. Neuron. 2005; 46: 681–92. https://doi.

org/10.1016/j.neuron.2005.04.026 PMID: 15944135

33. Sales AC, Friston KJ, Jones MW, Pickering AE, Moran RJ. Locus Coeruleus tracking of prediction

errors optimises cognitive flexibility: An Active Inference model. PLoS computational biology. 2019;

15: e1006267. https://doi.org/10.1371/journal.pcbi.1006267 PMID: 30608922

34. Leutgeb JK, Moser EI. Enigmas of the dentate gyrus. Neuron. 2007; 55: 176–8. https://doi.org/10.

1016/j.neuron.2007.07.002 PMID: 17640520

35. O’Reilly RC, McClelland JL. Hippocampal conjunctive encoding, storage, and recall: avoiding a trade-

off. Hippocampus. 1994; 4: 661–82. https://doi.org/10.1002/hipo.450040605 PMID: 7704110

36. Zucca S, Griguoli M, Malezieux M, Grosjean N, Carta M, Mulle C. Control of Spike Transfer at Hippo-

campal Mossy Fiber Synapses In Vivo by GABAA and GABAB Receptor-Mediated Inhibition. J Neu-

rosci. 2017; 37: 587–98. https://doi.org/10.1523/JNEUROSCI.2057-16.2016 PMID: 28100741

37. Vyleta NP, Borges-Merjane C, Jonas P. Plasticity-dependent, full detonation at hippocampal mossy

fiber-CA3 pyramidal neuron synapses. Elife. 2016; 5. https://doi.org/10.7554/eLife.17977 PMID:

27780032

38. Sachidhanandam S, Blanchet C, Jeantet Y, Cho YH, Mulle C. Kainate receptors act as conditional

amplifiers of spike transmission at hippocampal mossy fiber synapses. J Neurosci. 2009; 29: 5000–8.

https://doi.org/10.1523/JNEUROSCI.5807-08.2009 PMID: 19369569

39. Henze DA, Wittner L, Buzsaki G. Single granule cells reliably discharge targets in the hippocampal

CA3 network in vivo. Nat Neurosci. 2002; 5: 790–5. https://doi.org/10.1038/nn887 PMID: 12118256

40. Acsady L, Kamondi A, Sik A, Freund T, Buzsaki G. GABAergic cells are the major postsynaptic targets

of mossy fibers in the rat hippocampus. J Neurosci. 1998; 18: 3386–403. https://doi.org/10.1523/

JNEUROSCI.18-09-03386.1998 PMID: 9547246

41. Mishra RK, Kim S, Guzman SJ, Jonas P. Symmetric spike timing-dependent plasticity at CA3-CA3

synapses optimizes storage and recall in autoassociative networks. Nature communications. 2016; 7:

11552. https://doi.org/10.1038/ncomms11552 PMID: 27174042

42. Guzman SJ, Schlogl A, Frotscher M, Jonas P. Synaptic mechanisms of pattern completion in the hip-

pocampal CA3 network. Science. 2016; 353: 1117–23. https://doi.org/10.1126/science.aaf1836

PMID: 27609885

43. Brandalise F, Gerber U. Mossy fiber-evoked subthreshold responses induce timing-dependent plastic-

ity at hippocampal CA3 recurrent synapses. Proc Natl Acad Sci U S A. 2014; 111: 4303–8. https://doi.

org/10.1073/pnas.1317667111 PMID: 24550458

44. Kobayashi K, Poo MM. Spike train timing-dependent associative modification of hippocampal CA3

recurrent synapses by mossy fibers. Neuron. 2004; 41: 445–54. https://doi.org/10.1016/s0896-6273

(03)00873-0 PMID: 14766182

45. Szabadics J, Soltesz I. Functional specificity of mossy fiber innervation of GABAergic cells in the hip-

pocampus. J Neurosci. 2009; 29: 4239–51. https://doi.org/10.1523/JNEUROSCI.5390-08.2009

PMID: 19339618

46. Mori M, Gahwiler BH, Gerber U. Recruitment of an inhibitory hippocampal network after bursting in a

single granule cell. Proc Natl Acad Sci U S A. 2007; 104: 7640–5. https://doi.org/10.1073/pnas.

0702164104 PMID: 17438288

47. Toth K, Suares G, Lawrence JJ, Philips-Tansey E, McBain CJ. Differential mechanisms of transmis-

sion at three types of mossy fiber synapse. J Neurosci. 2000; 20: 8279–89. https://doi.org/10.1523/

JNEUROSCI.20-22-08279.2000 PMID: 11069934

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 33 / 37

https://doi.org/10.1002/hipo.22324
https://doi.org/10.1002/hipo.22324
http://www.ncbi.nlm.nih.gov/pubmed/24978936
https://doi.org/10.1523/JNEUROSCI.15-10-06592.1995
http://www.ncbi.nlm.nih.gov/pubmed/7472421
https://doi.org/10.1016/j.neuron.2016.12.039
http://www.ncbi.nlm.nih.gov/pubmed/28103480
https://doi.org/10.3389/fnint.2012.00023
http://www.ncbi.nlm.nih.gov/pubmed/22654741
https://doi.org/10.1093/cercor/bhaa159
http://www.ncbi.nlm.nih.gov/pubmed/32607551
https://doi.org/10.1016/j.neuron.2005.04.026
https://doi.org/10.1016/j.neuron.2005.04.026
http://www.ncbi.nlm.nih.gov/pubmed/15944135
https://doi.org/10.1371/journal.pcbi.1006267
http://www.ncbi.nlm.nih.gov/pubmed/30608922
https://doi.org/10.1016/j.neuron.2007.07.002
https://doi.org/10.1016/j.neuron.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17640520
https://doi.org/10.1002/hipo.450040605
http://www.ncbi.nlm.nih.gov/pubmed/7704110
https://doi.org/10.1523/JNEUROSCI.2057-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/28100741
https://doi.org/10.7554/eLife.17977
http://www.ncbi.nlm.nih.gov/pubmed/27780032
https://doi.org/10.1523/JNEUROSCI.5807-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19369569
https://doi.org/10.1038/nn887
http://www.ncbi.nlm.nih.gov/pubmed/12118256
https://doi.org/10.1523/JNEUROSCI.18-09-03386.1998
https://doi.org/10.1523/JNEUROSCI.18-09-03386.1998
http://www.ncbi.nlm.nih.gov/pubmed/9547246
https://doi.org/10.1038/ncomms11552
http://www.ncbi.nlm.nih.gov/pubmed/27174042
https://doi.org/10.1126/science.aaf1836
http://www.ncbi.nlm.nih.gov/pubmed/27609885
https://doi.org/10.1073/pnas.1317667111
https://doi.org/10.1073/pnas.1317667111
http://www.ncbi.nlm.nih.gov/pubmed/24550458
https://doi.org/10.1016/s0896-6273%2803%2900873-0
https://doi.org/10.1016/s0896-6273%2803%2900873-0
http://www.ncbi.nlm.nih.gov/pubmed/14766182
https://doi.org/10.1523/JNEUROSCI.5390-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19339618
https://doi.org/10.1073/pnas.0702164104
https://doi.org/10.1073/pnas.0702164104
http://www.ncbi.nlm.nih.gov/pubmed/17438288
https://doi.org/10.1523/JNEUROSCI.20-22-08279.2000
https://doi.org/10.1523/JNEUROSCI.20-22-08279.2000
http://www.ncbi.nlm.nih.gov/pubmed/11069934
https://doi.org/10.1371/journal.pcbi.1009435


48. Restivo L, Niibori Y, Mercaldo V, Josselyn SA, Frankland PW. Development of Adult-Generated Cell

Connectivity with Excitatory and Inhibitory Cell Populations in the Hippocampus. J Neurosci. 2015; 35:

10600–12. https://doi.org/10.1523/JNEUROSCI.3238-14.2015 PMID: 26203153

49. Torborg CL, Nakashiba T, Tonegawa S, McBain CJ. Control of CA3 output by feedforward inhibition

despite developmental changes in the excitation-inhibition balance. J Neurosci. 2010; 30: 15628–37.

https://doi.org/10.1523/JNEUROSCI.3099-10.2010 PMID: 21084618

50. Ruediger S, Vittori C, Bednarek E, Genoud C, Strata P, Sacchetti B, et al. Learning-related feedfor-

ward inhibitory connectivity growth required for memory precision. Nature. 2011; 473: 514–8. https://

doi.org/10.1038/nature09946 PMID: 21532590

51. Hasselmo ME, Anderson BP, Bower JM. Cholinergic modulation of cortical associative memory func-

tion. J Neurophysiol. 1992; 67: 1230–46. https://doi.org/10.1152/jn.1992.67.5.1230 PMID: 1597709

52. Mistry R, Dennis S, Frerking M, Mellor JR. Dentate gyrus granule cell firing patterns can induce mossy

fiber long-term potentiation in vitro. Hippocampus. 2011; 21: 1157–68. https://doi.org/10.1002/hipo.

20815 PMID: 20635414

53. Salin PA, Scanziani M, Malenka RC, Nicoll RA. Distinct short-term plasticity at two excitatory synapses

in the hippocampus. P Natl Acad Sci USA. 1996; 93: 13304–9. https://doi.org/10.1073/pnas.93.23.

13304 PMID: 8917586

54. Kamiya H, Shinozaki H, Yamamoto C. Activation of metabotropic glutamate receptor type 2/3 sup-

presses transmission at rat hippocampal mossy fibre synapses. J Physiol (Lond). 1996; 493: 447–55.

https://doi.org/10.1113/jphysiol.1996.sp021395 PMID: 8782108

55. Nicoll RA, Schmitz D. Synaptic plasticity at hippocampal mossy fibre synapses. Nat Rev Neurosci.

2005; 6: 863–76. https://doi.org/10.1038/nrn1786 PMID: 16261180

56. Dickinson BA, Jo J, Seok H, Son GH, Whitcomb DJ, Davies CH, et al. A novel mechanism of hippo-

campal LTD involving muscarinic receptor-triggered interactions between AMPARs, GRIP and liprin-

alpha. Molecular brain. 2009; 2: 18. https://doi.org/10.1186/1756-6606-2-18 PMID: 19534762

57. Vogt KE, Regehr WG. Cholinergic modulation of excitatory synaptic transmission in the CA3 area of

the hippocampus. J Neurosci. 2001; 21: 75–83. https://doi.org/10.1523/JNEUROSCI.21-01-00075.

2001 PMID: 11150322

58. Dasari S, Gulledge AT. M1 and M4 receptors modulate hippocampal pyramidal neurons. J Neurophy-

siol. 2011; 105: 779–92. https://doi.org/10.1152/jn.00686.2010 PMID: 21160001

59. Mori M, Abegg MH, Gahwiler BH, Gerber U. A frequency-dependent switch from inhibition to excitation

in a hippocampal unitary circuit. Nature. 2004; 431: 453–6. https://doi.org/10.1038/nature02854

PMID: 15386013

60. Costa RP, Sjostrom PJ, van Rossum MC. Probabilistic inference of short-term synaptic plasticity in

neocortical microcircuits. Frontiers in computational neuroscience. 2013; 7: 75. https://doi.org/10.

3389/fncom.2013.00075 PMID: 23761760

61. Wiebe SP, Staubli UV. Recognition memory correlates of hippocampal theta cells. J Neurosci. 2001;

21: 3955–67. https://doi.org/10.1523/JNEUROSCI.21-11-03955.2001 PMID: 11356884

62. Neunuebel JP, Knierim JJ. CA3 retrieves coherent representations from degraded input: direct evi-

dence for CA3 pattern completion and dentate gyrus pattern separation. Neuron. 2014; 81: 416–27.

https://doi.org/10.1016/j.neuron.2013.11.017 PMID: 24462102

63. Wagenmakers EJ, Farrell S. AIC model selection using Akaike weights. Psychon Bull Rev. 2004; 11:

192–6. https://doi.org/10.3758/bf03206482 PMID: 15117008

64. Kass RE, Raftery AE. Bayes Factors. J Am Stat Assoc. 1995; 90: 773–95.

65. Jedrzejewski-Szmek Z, Abrahao KP, Jedrzejewska-Szmek J, Lovinger DM, Blackwell KT. Parameter

Optimization Using Covariance Matrix Adaptation-Evolutionary Strategy (CMA-ES), an Approach to

Investigate Differences in Channel Properties Between Neuron Subtypes. Front Neuroinform. 2018;

12: 47. https://doi.org/10.3389/fninf.2018.00047 PMID: 30108495

66. Toni T, Welch D, Strelkowa N, Ipsen A, Stumpf MP. Approximate Bayesian computation scheme for

parameter inference and model selection in dynamical systems. J R Soc Interface. 2009; 6: 187–202.

https://doi.org/10.1098/rsif.2008.0172 PMID: 19205079

67. Mullner FE, Wierenga CJ, Bonhoeffer T. Precision of Inhibition: Dendritic Inhibition by Individual

GABAergic Synapses on Hippocampal Pyramidal Cells Is Confined in Space and Time. Neuron. 2015;

87: 576–89. https://doi.org/10.1016/j.neuron.2015.07.003 PMID: 26247864

68. Tsubokawa H, Ross WN. IPSPs modulate spike backpropagation and associated [Ca2+]i changes in

the dendrites of hippocampal CA1 pyramidal neurons. J Neurophysiol. 1996; 76: 2896–906. https://

doi.org/10.1152/jn.1996.76.5.2896 PMID: 8930242

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 34 / 37

https://doi.org/10.1523/JNEUROSCI.3238-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/26203153
https://doi.org/10.1523/JNEUROSCI.3099-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21084618
https://doi.org/10.1038/nature09946
https://doi.org/10.1038/nature09946
http://www.ncbi.nlm.nih.gov/pubmed/21532590
https://doi.org/10.1152/jn.1992.67.5.1230
http://www.ncbi.nlm.nih.gov/pubmed/1597709
https://doi.org/10.1002/hipo.20815
https://doi.org/10.1002/hipo.20815
http://www.ncbi.nlm.nih.gov/pubmed/20635414
https://doi.org/10.1073/pnas.93.23.13304
https://doi.org/10.1073/pnas.93.23.13304
http://www.ncbi.nlm.nih.gov/pubmed/8917586
https://doi.org/10.1113/jphysiol.1996.sp021395
http://www.ncbi.nlm.nih.gov/pubmed/8782108
https://doi.org/10.1038/nrn1786
http://www.ncbi.nlm.nih.gov/pubmed/16261180
https://doi.org/10.1186/1756-6606-2-18
http://www.ncbi.nlm.nih.gov/pubmed/19534762
https://doi.org/10.1523/JNEUROSCI.21-01-00075.2001
https://doi.org/10.1523/JNEUROSCI.21-01-00075.2001
http://www.ncbi.nlm.nih.gov/pubmed/11150322
https://doi.org/10.1152/jn.00686.2010
http://www.ncbi.nlm.nih.gov/pubmed/21160001
https://doi.org/10.1038/nature02854
http://www.ncbi.nlm.nih.gov/pubmed/15386013
https://doi.org/10.3389/fncom.2013.00075
https://doi.org/10.3389/fncom.2013.00075
http://www.ncbi.nlm.nih.gov/pubmed/23761760
https://doi.org/10.1523/JNEUROSCI.21-11-03955.2001
http://www.ncbi.nlm.nih.gov/pubmed/11356884
https://doi.org/10.1016/j.neuron.2013.11.017
http://www.ncbi.nlm.nih.gov/pubmed/24462102
https://doi.org/10.3758/bf03206482
http://www.ncbi.nlm.nih.gov/pubmed/15117008
https://doi.org/10.3389/fninf.2018.00047
http://www.ncbi.nlm.nih.gov/pubmed/30108495
https://doi.org/10.1098/rsif.2008.0172
http://www.ncbi.nlm.nih.gov/pubmed/19205079
https://doi.org/10.1016/j.neuron.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26247864
https://doi.org/10.1152/jn.1996.76.5.2896
https://doi.org/10.1152/jn.1996.76.5.2896
http://www.ncbi.nlm.nih.gov/pubmed/8930242
https://doi.org/10.1371/journal.pcbi.1009435


69. Wilmes KA, Sprekeler H, Schreiber S. Inhibition as a Binary Switch for Excitatory Plasticity in Pyrami-

dal Neurons. PLoS computational biology. 2016; 12: e1004768. https://doi.org/10.1371/journal.pcbi.

1004768 PMID: 27003565

70. Hemond P, Epstein D, Boley A, Migliore M, Ascoli GA, Jaffe DB. Distinct classes of pyramidal cells

exhibit mutually exclusive firing patterns in hippocampal area CA3b. Hippocampus. 2008; 18: 411–24.

https://doi.org/10.1002/hipo.20404 PMID: 18189311

71. Henze DA, Cameron WE, Barrionuevo G. Dendritic morphology and its effects on the amplitude and

rise-time of synaptic signals in hippocampal CA3 pyramidal cells. J Comp Neurol. 1996; 369: 331–44.

https://doi.org/10.1002/(SICI)1096-9861(19960603)369:3<331::AID-CNE1>3.0.CO;2-6 PMID:

8743416

72. Ascoli GA, Donohue DE, Halavi M. NeuroMorpho.Org: a central resource for neuronal morphologies.

J Neurosci. 2007; 27: 9247–51. https://doi.org/10.1523/JNEUROSCI.2055-07.2007 PMID: 17728438

73. Ishizuka N, Cowan WM, Amaral DG. A quantitative analysis of the dendritic organization of pyramidal

cells in the rat hippocampus. J Comp Neurol. 1995; 362: 17–45. https://doi.org/10.1002/cne.

903620103 PMID: 8576427

74. Chamberland S, Timofeeva Y, Evstratova A, Volynski K, Toth K. Action potential counting at giant

mossy fiber terminals gates information transfer in the hippocampus. Proc Natl Acad Sci U S A. 2018;

115: 7434–9. https://doi.org/10.1073/pnas.1720659115 PMID: 29946034

75. Major G, Larkman AU, Jonas P, Sakmann B, Jack JJ. Detailed passive cable models of whole-cell

recorded CA3 pyramidal neurons in rat hippocampal slices. Journal of Neuroscience. 1994; 14: 4613–

38. https://doi.org/10.1523/JNEUROSCI.14-08-04613.1994 PMID: 8046439

76. Izhikevich EM. Simple model of spiking neurons. Ieee T Neural Networ. 2003; 14: 1569–72. https://

doi.org/10.1109/TNN.2003.820440 PMID: 18244602

77. Brown JT, Randall AD. Activity-dependent depression of the spike after-depolarization generates

long-lasting intrinsic plasticity in hippocampal CA3 pyramidal neurons. J Physiol. 2009; 587: 1265–81.

https://doi.org/10.1113/jphysiol.2008.167007 PMID: 19171653

78. Buhl EH, Szilagyi T, Halasy K, Somogyi P. Physiological properties of anatomically identified basket

and bistratified cells in the CA1 area of the rat hippocampus in vitro. Hippocampus. 1996; 6: 294–305.

https://doi.org/10.1002/(SICI)1098-1063(1996)6:3<294::AID-HIPO7>3.0.CO;2-N PMID: 8841828

79. Turrigiano GG, Nelson SB. Hebb and homeostasis in neuronal plasticity. Curr Opin Neurobiol. 2000;

10: 358–64. https://doi.org/10.1016/s0959-4388(00)00091-x PMID: 10851171

80. Hafting T, Fyhn M, Molden S, Moser MB, Moser EI. Microstructure of a spatial map in the entorhinal

cortex. Nature. 2005; 436: 801–6. https://doi.org/10.1038/nature03721 PMID: 15965463

81. Chrobak JJ, Buzsaki G. Gamma oscillations in the entorhinal cortex of the freely behaving rat. J Neu-

rosci. 1998; 18: 388–98. https://doi.org/10.1523/JNEUROSCI.18-01-00388.1998 PMID: 9412515

82. Mizuseki K, Buzsaki G. Preconfigured, skewed distribution of firing rates in the hippocampus and ento-

rhinal cortex. Cell reports. 2013; 4: 1010–21. https://doi.org/10.1016/j.celrep.2013.07.039 PMID:

23994479

83. Lawrence JJ, Grinspan ZM, Statland JM, McBain CJ. Muscarinic receptor activation tunes mouse stra-

tum oriens interneurones to amplify spike reliability. J Physiol. 2006; 571: 555–62. https://doi.org/10.

1113/jphysiol.2005.103218 PMID: 16439425

84. Kremin T, Hasselmo ME. Cholinergic suppression of glutamatergic synaptic transmission in hippo-

campal region CA3 exhibits laminar selectivity: Implication for hippocampal network dynamics. Neuro-

science. 2007; 149: 760–7. https://doi.org/10.1016/j.neuroscience.2007.07.007 PMID: 17964734

85. Rolls ET, Kesner RP. A computational theory of hippocampal function, and empirical tests of the the-

ory. Prog Neurobiol. 2006; 79: 1–48. https://doi.org/10.1016/j.pneurobio.2006.04.005 PMID:

16781044

86. Hasselmo ME, Schnell E, Barkai E. Dynamics of learning and recall at excitatory recurrent synapses

and cholinergic modulation in rat hippocampal region CA3. J Neurosci. 1995; 15: 5249–62. https://doi.

org/10.1523/JNEUROSCI.15-07-05249.1995 PMID: 7623149

87. Bush D, Philippides A, Husbands P, O’Shea M. Dual coding with STDP in a spiking recurrent neural

network model of the hippocampus. PLoS computational biology. 2010; 6: e1000839. https://doi.org/

10.1371/journal.pcbi.1000839 PMID: 20617201

88. Taxidis J, Coombes S, Mason R, Owen MR. Modeling sharp wave-ripple complexes through a CA3-

CA1 network model with chemical synapses. Hippocampus. 2012; 22: 995–1017. https://doi.org/10.

1002/hipo.20930 PMID: 21452258

89. Neymotin SA, Hilscher MM, Moulin TC, Skolnick Y, Lazarewicz MT, Lytton WW. Ih tunes theta/

gamma oscillations and cross-frequency coupling in an in silico CA3 model. PLoS ONE. 2013; 8:

e76285. https://doi.org/10.1371/journal.pone.0076285 PMID: 24204609

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 35 / 37

https://doi.org/10.1371/journal.pcbi.1004768
https://doi.org/10.1371/journal.pcbi.1004768
http://www.ncbi.nlm.nih.gov/pubmed/27003565
https://doi.org/10.1002/hipo.20404
http://www.ncbi.nlm.nih.gov/pubmed/18189311
https://doi.org/10.1002/%28SICI%291096-9861%2819960603%29369%3A3%26lt%3B331%3A%3AAID-CNE1%26gt%3B3.0.CO%3B2-6
http://www.ncbi.nlm.nih.gov/pubmed/8743416
https://doi.org/10.1523/JNEUROSCI.2055-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17728438
https://doi.org/10.1002/cne.903620103
https://doi.org/10.1002/cne.903620103
http://www.ncbi.nlm.nih.gov/pubmed/8576427
https://doi.org/10.1073/pnas.1720659115
http://www.ncbi.nlm.nih.gov/pubmed/29946034
https://doi.org/10.1523/JNEUROSCI.14-08-04613.1994
http://www.ncbi.nlm.nih.gov/pubmed/8046439
https://doi.org/10.1109/TNN.2003.820440
https://doi.org/10.1109/TNN.2003.820440
http://www.ncbi.nlm.nih.gov/pubmed/18244602
https://doi.org/10.1113/jphysiol.2008.167007
http://www.ncbi.nlm.nih.gov/pubmed/19171653
https://doi.org/10.1002/%28SICI%291098-1063%281996%296%3A3%26lt%3B294%3A%3AAID-HIPO7%26gt%3B3.0.CO%3B2-N
http://www.ncbi.nlm.nih.gov/pubmed/8841828
https://doi.org/10.1016/s0959-4388%2800%2900091-x
http://www.ncbi.nlm.nih.gov/pubmed/10851171
https://doi.org/10.1038/nature03721
http://www.ncbi.nlm.nih.gov/pubmed/15965463
https://doi.org/10.1523/JNEUROSCI.18-01-00388.1998
http://www.ncbi.nlm.nih.gov/pubmed/9412515
https://doi.org/10.1016/j.celrep.2013.07.039
http://www.ncbi.nlm.nih.gov/pubmed/23994479
https://doi.org/10.1113/jphysiol.2005.103218
https://doi.org/10.1113/jphysiol.2005.103218
http://www.ncbi.nlm.nih.gov/pubmed/16439425
https://doi.org/10.1016/j.neuroscience.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17964734
https://doi.org/10.1016/j.pneurobio.2006.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16781044
https://doi.org/10.1523/JNEUROSCI.15-07-05249.1995
https://doi.org/10.1523/JNEUROSCI.15-07-05249.1995
http://www.ncbi.nlm.nih.gov/pubmed/7623149
https://doi.org/10.1371/journal.pcbi.1000839
https://doi.org/10.1371/journal.pcbi.1000839
http://www.ncbi.nlm.nih.gov/pubmed/20617201
https://doi.org/10.1002/hipo.20930
https://doi.org/10.1002/hipo.20930
http://www.ncbi.nlm.nih.gov/pubmed/21452258
https://doi.org/10.1371/journal.pone.0076285
http://www.ncbi.nlm.nih.gov/pubmed/24204609
https://doi.org/10.1371/journal.pcbi.1009435


90. Nicola W, Clopath C. A diversity of interneurons and Hebbian plasticity facilitate rapid compressible

learning in the hippocampus. Nat Neurosci. 2019; 22: 1168–81. https://doi.org/10.1038/s41593-019-

0415-2 PMID: 31235906

91. Sun C, Yang W, Martin J, Tonegawa S. Hippocampal neurons represent events as transferable units

of experience. Nat Neurosci. 2020; 23: 651–63. https://doi.org/10.1038/s41593-020-0614-x PMID:

32251386

92. Williams S, Johnston D. Muscarinic depression of synaptic transmission at the hippocampal mossy

fiber synapse. J Neurophysiol. 1990; 64: 1089–97. https://doi.org/10.1152/jn.1990.64.4.1089 PMID:

2175351

93. Scanziani M. GABA spillover activates postsynaptic GABA(B) receptors to control rhythmic hippocam-

pal activity. Neuron. 2000; 25: 673–81. https://doi.org/10.1016/s0896-6273(00)81069-7 PMID:

10774734

94. Cheng Q, Yakel JL. Presynaptic alpha7 nicotinic acetylcholine receptors enhance hippocampal mossy

fiber glutamatergic transmission via PKA activation. J Neurosci. 2014; 34: 124–33. https://doi.org/10.

1523/JNEUROSCI.2973-13.2014 PMID: 24381273

95. Cea-del Rio CA, Lawrence JJ, Tricoire L, Erdelyi F, Szabo G, McBain CJ. M3 muscarinic acetylcholine

receptor expression confers differential cholinergic modulation to neurochemically distinct hippocam-

pal basket cell subtypes. J Neurosci. 2010; 30: 6011–24. https://doi.org/10.1523/JNEUROSCI.5040-

09.2010 PMID: 20427660

96. Szabo GG, Holderith N, Gulyas AI, Freund TF, Hajos N. Distinct synaptic properties of perisomatic

inhibitory cell types and their different modulation by cholinergic receptor activation in the CA3 region

of the mouse hippocampus. Eur J Neurosci. 2010; 31: 2234–46. https://doi.org/10.1111/j.1460-9568.

2010.07292.x PMID: 20529124

97. Huang YY, Kandel ER. Modulation of both the early and the late phase of mossy fiber LTP by the acti-

vation of beta-adrenergic receptors. Neuron. 1996; 16: 611–7. https://doi.org/10.1016/s0896-6273

(00)80080-x PMID: 8785058

98. Palacios-Filardo J, Udakis M, Brown GA, Tehan BG, Congreve MS, Nathan PJ, et al. Acetylcholine

prioritises direct synaptic inputs from entorhinal cortex to CA1 by differential modulation of feedforward

inhibitory circuits. BioRxiv. 2020: 2020.01.20.912873.

99. Marrosu F, Portas C, Mascia MS, Casu MA, Fa M, Giagheddu M, et al. Microdialysis measurement of

cortical and hippocampal acetylcholine release during sleep-wake cycle in freely moving cats. Brain

Res. 1995; 671: 329–32. https://doi.org/10.1016/0006-8993(94)01399-3 PMID: 7743225

100. Feng J, Zhang C, Lischinsky JE, Jing M, Zhou J, Wang H, et al. A Genetically Encoded Fluorescent

Sensor for Rapid and Specific In Vivo Detection of Norepinephrine. Neuron. 2019; 102: 745–61 e8.

https://doi.org/10.1016/j.neuron.2019.02.037 PMID: 30922875

101. Walling SG, Brown RA, Miyasaka N, Yoshihara Y, Harley CW. Selective wheat germ agglutinin

(WGA) uptake in the hippocampus from the locus coeruleus of dopamine-beta-hydroxylase-WGA

transgenic mice. Front Behav Neurosci. 2012; 6: 23. https://doi.org/10.3389/fnbeh.2012.00023 PMID:

22654744

102. Wagatsuma A, Okuyama T, Sun C, Smith LM, Abe K, Tonegawa S. Locus coeruleus input to hippo-

campal CA3 drives single-trial learning of a novel context. Proc Natl Acad Sci U S A. 2018; 115: E310–

E6. https://doi.org/10.1073/pnas.1714082115 PMID: 29279390

103. Pelkey KA, Lavezzari G, Racca C, Roche KW, McBain CJ. mGluR7 is a metaplastic switch controlling

bidirectional plasticity of feedforward inhibition. Neuron. 2005; 46: 89–102. https://doi.org/10.1016/j.

neuron.2005.02.011 PMID: 15820696

104. Miles R, Toth K, Gulyas AI, Hajos N, Freund TF. Differences between somatic and dendritic inhibition

in the hippocampus. Neuron. 1996; 16: 815–23. https://doi.org/10.1016/s0896-6273(00)80101-4

PMID: 8607999

105. Pouille F, Scanziani M. Enforcement of temporal fidelity in pyramidal cells by somatic feed-forward

inhibition. Science. 2001; 293: 1159–63. https://doi.org/10.1126/science.1060342 PMID: 11498596

106. Brandalise F, Carta S, Helmchen F, Lisman J, Gerber U. Dendritic NMDA spikes are necessary for

timing-dependent associative LTP in CA3 pyramidal cells. Nature communications. 2016; 7: 13480.

https://doi.org/10.1038/ncomms13480 PMID: 27848967

107. Kaifosh P, Losonczy A. Mnemonic Functions for Nonlinear Dendritic Integration in Hippocampal Pyra-

midal Circuits. Neuron. 2016; 90: 622–34. https://doi.org/10.1016/j.neuron.2016.03.019 PMID:

27146266

108. McGleenon BM, Dynan KB, Passmore AP. Acetylcholinesterase inhibitors in Alzheimer’s disease.

British journal of clinical pharmacology. 1999; 48: 471–80. https://doi.org/10.1046/j.1365-2125.1999.

00026.x PMID: 10583015

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 36 / 37

https://doi.org/10.1038/s41593-019-0415-2
https://doi.org/10.1038/s41593-019-0415-2
http://www.ncbi.nlm.nih.gov/pubmed/31235906
https://doi.org/10.1038/s41593-020-0614-x
http://www.ncbi.nlm.nih.gov/pubmed/32251386
https://doi.org/10.1152/jn.1990.64.4.1089
http://www.ncbi.nlm.nih.gov/pubmed/2175351
https://doi.org/10.1016/s0896-6273%2800%2981069-7
http://www.ncbi.nlm.nih.gov/pubmed/10774734
https://doi.org/10.1523/JNEUROSCI.2973-13.2014
https://doi.org/10.1523/JNEUROSCI.2973-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24381273
https://doi.org/10.1523/JNEUROSCI.5040-09.2010
https://doi.org/10.1523/JNEUROSCI.5040-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20427660
https://doi.org/10.1111/j.1460-9568.2010.07292.x
https://doi.org/10.1111/j.1460-9568.2010.07292.x
http://www.ncbi.nlm.nih.gov/pubmed/20529124
https://doi.org/10.1016/s0896-6273%2800%2980080-x
https://doi.org/10.1016/s0896-6273%2800%2980080-x
http://www.ncbi.nlm.nih.gov/pubmed/8785058
https://doi.org/10.1016/0006-8993%2894%2901399-3
http://www.ncbi.nlm.nih.gov/pubmed/7743225
https://doi.org/10.1016/j.neuron.2019.02.037
http://www.ncbi.nlm.nih.gov/pubmed/30922875
https://doi.org/10.3389/fnbeh.2012.00023
http://www.ncbi.nlm.nih.gov/pubmed/22654744
https://doi.org/10.1073/pnas.1714082115
http://www.ncbi.nlm.nih.gov/pubmed/29279390
https://doi.org/10.1016/j.neuron.2005.02.011
https://doi.org/10.1016/j.neuron.2005.02.011
http://www.ncbi.nlm.nih.gov/pubmed/15820696
https://doi.org/10.1016/s0896-6273%2800%2980101-4
http://www.ncbi.nlm.nih.gov/pubmed/8607999
https://doi.org/10.1126/science.1060342
http://www.ncbi.nlm.nih.gov/pubmed/11498596
https://doi.org/10.1038/ncomms13480
http://www.ncbi.nlm.nih.gov/pubmed/27848967
https://doi.org/10.1016/j.neuron.2016.03.019
http://www.ncbi.nlm.nih.gov/pubmed/27146266
https://doi.org/10.1046/j.1365-2125.1999.00026.x
https://doi.org/10.1046/j.1365-2125.1999.00026.x
http://www.ncbi.nlm.nih.gov/pubmed/10583015
https://doi.org/10.1371/journal.pcbi.1009435


109. Atri A, Sherman S, Norman KA, Kirchhoff BA, Nicolas MM, Greicius MD, et al. Blockade of central cho-

linergic receptors impairs new learning and increases proactive interference in a word paired-associ-

ate memory task. Behav Neurosci. 2004; 118: 223–36. https://doi.org/10.1037/0735-7044.118.1.223

PMID: 14979800

110. Vandecasteele M, Varga V, Berenyi A, Papp E, Bartho P, Venance L, et al. Optogenetic activation of

septal cholinergic neurons suppresses sharp wave ripples and enhances theta oscillations in the hip-

pocampus. Proc Natl Acad Sci U S A. 2014; 111: 13535–40. https://doi.org/10.1073/pnas.

1411233111 PMID: 25197052

111. Zylla MM, Zhang X, Reichinnek S, Draguhn A, Both M. Cholinergic plasticity of oscillating neuronal

assemblies in mouse hippocampal slices. PLoS ONE. 2013; 8: e80718. https://doi.org/10.1371/

journal.pone.0080718 PMID: 24260462

112. McGaughy J, Everitt BJ, Robbins TW, Sarter M. The role of cortical cholinergic afferent projections in

cognition: impact of new selective immunotoxins. Behav Brain Res. 2000; 115: 251–63. https://doi.

org/10.1016/s0166-4328(00)00262-x PMID: 11000424

113. Sara SJ. The locus coeruleus and noradrenergic modulation of cognition. Nat Rev Neurosci. 2009; 10:

211–23. https://doi.org/10.1038/nrn2573 PMID: 19190638

114. Hasselmo ME, Sarter M. Modes and models of forebrain cholinergic neuromodulation of cognition.

Neuropsychopharmacology. 2011; 36: 52–73. https://doi.org/10.1038/npp.2010.104 PMID: 20668433

115. Parikh V, Kozak R, Martinez V, Sarter M. Prefrontal acetylcholine release controls cue detection on

multiple timescales. Neuron. 2007; 56: 141–54. https://doi.org/10.1016/j.neuron.2007.08.025 PMID:

17920021

116. Tsodyks MV, Markram H. The neural code between neocortical pyramidal neurons depends on neuro-

transmitter release probability. Proc Natl Acad Sci U S A. 1997; 94: 719–23. https://doi.org/10.1073/

pnas.94.2.719 PMID: 9012851

117. Hennig MH. Theoretical models of synaptic short term plasticity. Frontiers in computational neurosci-

ence. 2013; 7: 154. https://doi.org/10.3389/fncom.2013.00154 PMID: 24198783

118. Gundlfinger A, Leibold C, Gebert K, Moisel M, Schmitz D, Kempter R. Differential modulation of short-

term synaptic dynamics by long-term potentiation at mouse hippocampal mossy fibre synapses. J

Physiol. 2007; 585: 853–65. https://doi.org/10.1113/jphysiol.2007.143925 PMID: 17962326

119. Jung MW, McNaughton BL. Spatial selectivity of unit activity in the hippocampal granular layer. Hippo-

campus. 1993; 3: 165–82. https://doi.org/10.1002/hipo.450030209 PMID: 8353604

120. Dayan P, Abbott LF. Theoretical Neuroscience: Computational and Mathematical Modeling of Neural

Systems.: MIT press; 2001.

121. Gelman A, Meng XL, Stern H. Posterior predictive assessment of model fitness via realized discrepan-

cies. Stat Sinica. 1996; 6: 733–60.

122. Migliore M, Hoffman DA, Magee JC, Johnston D. Role of an A-type K+ conductance in the back-propa-

gation of action potentials in the dendrites of hippocampal pyramidal neurons. J Comput Neurosci.

1999; 7: 5–15. https://doi.org/10.1023/a:1008906225285 PMID: 10481998

123. Traub RD, Miles R, Wong RK. Model of the origin of rhythmic population oscillations in the hippocam-

pal slice. Science. 1989; 243: 1319–25. https://doi.org/10.1126/science.2646715 PMID: 2646715

124. Pinsky PF, Rinzel J. Intrinsic and network rhythmogenesis in a reduced Traub model for CA3 neurons.

J Comput Neurosci. 1994; 1: 39–60. https://doi.org/10.1007/BF00962717 PMID: 8792224

125. Vogels TP, Sprekeler H, Zenke F, Clopath C, Gerstner W. Inhibitory plasticity balances excitation and

inhibition in sensory pathways and memory networks. Science. 2011; 334: 1569–73. https://doi.org/

10.1126/science.1211095 PMID: 22075724

PLOS COMPUTATIONAL BIOLOGY Actions of acetylcholine and noradrenaline on hippocampal CA3 circuits

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009435 October 1, 2021 37 / 37

https://doi.org/10.1037/0735-7044.118.1.223
http://www.ncbi.nlm.nih.gov/pubmed/14979800
https://doi.org/10.1073/pnas.1411233111
https://doi.org/10.1073/pnas.1411233111
http://www.ncbi.nlm.nih.gov/pubmed/25197052
https://doi.org/10.1371/journal.pone.0080718
https://doi.org/10.1371/journal.pone.0080718
http://www.ncbi.nlm.nih.gov/pubmed/24260462
https://doi.org/10.1016/s0166-4328%2800%2900262-x
https://doi.org/10.1016/s0166-4328%2800%2900262-x
http://www.ncbi.nlm.nih.gov/pubmed/11000424
https://doi.org/10.1038/nrn2573
http://www.ncbi.nlm.nih.gov/pubmed/19190638
https://doi.org/10.1038/npp.2010.104
http://www.ncbi.nlm.nih.gov/pubmed/20668433
https://doi.org/10.1016/j.neuron.2007.08.025
http://www.ncbi.nlm.nih.gov/pubmed/17920021
https://doi.org/10.1073/pnas.94.2.719
https://doi.org/10.1073/pnas.94.2.719
http://www.ncbi.nlm.nih.gov/pubmed/9012851
https://doi.org/10.3389/fncom.2013.00154
http://www.ncbi.nlm.nih.gov/pubmed/24198783
https://doi.org/10.1113/jphysiol.2007.143925
http://www.ncbi.nlm.nih.gov/pubmed/17962326
https://doi.org/10.1002/hipo.450030209
http://www.ncbi.nlm.nih.gov/pubmed/8353604
https://doi.org/10.1023/a%3A1008906225285
http://www.ncbi.nlm.nih.gov/pubmed/10481998
https://doi.org/10.1126/science.2646715
http://www.ncbi.nlm.nih.gov/pubmed/2646715
https://doi.org/10.1007/BF00962717
http://www.ncbi.nlm.nih.gov/pubmed/8792224
https://doi.org/10.1126/science.1211095
https://doi.org/10.1126/science.1211095
http://www.ncbi.nlm.nih.gov/pubmed/22075724
https://doi.org/10.1371/journal.pcbi.1009435

