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REM sleep is important for the processing of emotional memories, including fear memories. Rhythmic interactions, especially
in the theta band, between the medial prefrontal cortex (mPFC) and limbic structures are thought to play an important role,
but the ways in which memory processing occurs at a mechanistic and circuits level are largely unknown. To investigate how
rhythmic interactions lead to fear extinction during REM sleep, we used a biophysically based model that included the infra-
limbic cortex (IL), a part of the mPFC with a critical role in suppressing fear memories. Theta frequency (4-12 Hz) inputs to
a given cell assembly in IL, representing an emotional memory, resulted in the strengthening of connections from the IL to
the amygdala and the weakening of connections from the amygdala to the IL, resulting in the suppression of the activity of
fear expression cells for the associated memory. Lower frequency (4 Hz) theta inputs effected these changes over a wider
range of input strengths. In contrast, inputs at other frequencies were ineffective at causing these synaptic changes and did
not suppress fear memories. Under post-traumatic stress disorder (PTSD) REM sleep conditions, rhythmic activity dissipated,
and 4 Hz theta inputs to IL were ineffective, but higher-frequency (10 Hz) theta inputs to IL induced changes similar to those
seen with 4 Hz inputs under normal REM sleep conditions, resulting in the suppression of fear expression cells. These results
suggest why PTSD patients may repeatedly experience the same emotionally charged dreams and suggest potential neuromo-
dulatory therapies for the amelioration of PTSD symptoms.
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Rhythmic interactions in the theta band between the mPFC and limbic structures are thought to play an important role in process-
ing emotional memories, including fear memories, during REM sleep. The infralimbic cortex (IL) in the mPFC is thought to play a
critical role in suppressing fear memories. We show that theta inputs to the IL, unlike other frequency inputs, are effective in pro-
ducing synaptic changes that suppress the activity of fear expression cells associated with a given memory. Under PTSD REM sleep
conditions, lower-frequency (4 Hz) theta inputs to the IL do not suppress the activity of fear expression cells associated with the
given memory but, surprisingly, 10 Hz inputs do. These results suggest potential neuromodulatory therapies for PTSD. /

2013). Both animal studies and human studies have implicated
rapid eye movement (REM) sleep, the stage of sleep in which
vivid dreams occur, in the processing of emotional memories
(Wagner et al,, 2001; Nishida et al., 2009; Popa et al., 2010; Datta
and O’Malley, 2013), although there is evidence that other sleep
stages may also be important (Cairney et al., 2015; Payne et al,,
2015). Studies indicate the importance of theta band (4-12 Hz)
activity in general and of interactions in the theta band between
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the prefrontal cortex and limbic structures during REM sleep for
the processing of emotional memories (Nishida et al., 2009; Popa
et al., 2010; Boyce et al., 2016; Kim et al., 2020).

However, the ways in which rhythmic interactions during
REM sleep transform emotional memories at a mechanistic and
circuits level are largely unknown. One important consideration
is the fact that although local field potential (LFP) and EEG pat-
terns look similar during awake periods and during REM sleep,
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they arise under different physiological conditions. Serotonin
and norepinephrine levels, for example, are much lower during
REM sleep than during the awake state (Rasch and Born, 2013).
The special physiological state of the prefrontal cortex, amygdala,
and hippocampus during REM sleep may provide conditions
that allow for the induction of neural connectivity changes that
lead to the processing and consolidation of emotional memories.

Here, we employ biophysically based mathematical models
that capture circuit-level dynamics to gain insight into how REM
sleep processes emotional memories via rhythmic interactions
between the prefrontal cortex and limbic structures. In particu-
lar, we examine the role of REM sleep in the extinction of fear
memories (Datta and O’Malley, 2013). To this end, we focus on
how the physiological conditions of REM sleep, in conjunc-
tion with rhythmic activity, impact the connectivity between
the amygdala and the infralimbic portion of the medial pre-
frontal cortex, which is thought to play a central role in the
extinction of fear memories (Sotres-Bayon and Quirk, 2010;
Duvarci and Pare, 2014).

In addition, we hypothesized that aberrations in the circuit re-
sponsible for REM sleep-related extinction of fearful memories
could lead to the symptomology of post-traumatic stress disorder
(PTSD). PTSD patients often experience the same emotionally
charged, fearful dreams over and over again (Spoormaker and
Montgomery, 2008), and there is evidence that norepineph-
rine levels do not go down during REM sleep in PTSD patients
(Mellman et al., 1995), unlike in the general population. We
use our model to gain a better understanding of PTSD by
examining the impact of high levels of norepinephrine dur-
ing REM sleep on neural dynamics, the interactions between
the prefrontal cortex and the amygdala, and plasticity and
the processing of emotional memories.

We show that during REM sleep, 4 Hz inputs to a given
cell assembly in the infralimbic cortex (IL), representing a
given emotional memory, produce changes in network con-
nectivity strengths that result in a reduction in the activity of
fear expression cells associated with the memory. Higher fre-
quencies in the theta band (e.g., 10 Hz) can produce similar
changes, but lower-frequency (4 Hz) theta inputs are effec-
tive in producing such changes over a wider range of input
strengths and, specifically, at lower input strengths. Inputs in
other frequency bands are ineffective in producing these
changes and suppressing the activity of fear expression cells.
Under PTSD REM sleep conditions, 4 Hz inputs to IL also
fail to reduce the activity of fear expression cells associated
with a given memory. The ineffectiveness of inputs that nor-
mally suppress the activity of fear expression cells associated
with a given memory may be why PTSD patients experience
the same emotionally charged dream repeatedly. Surprisingly,
under PTSD REM sleep conditions, higher-frequency (10 Hz)
theta inputs are effective in bringing about changes in synaptic
strengths that result in the suppression of the activity of fear
expression cells associated with a given memory.

We note that throughout the manuscript when we refer to
activation of a memory in the context of our model, we are refer-
ring to the activation of a given cell assembly, that is, an increase
in the activity of the cells of the assembly. More explicitly, in the
model we designate particular cell assemblies as being associated
with particular memories in the sense that a cell assembly is
active when the corresponding memory is expressed and that, in
fact, activity in the cell assembly underpins the expression of
the memory. This understanding of memory is based on research
indicating that activation of particular cell assemblies is associated
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with memory reactivation (Sakurai et al., 2018), along with the
assumption that memory, as it is commonly understood as per-
ception and measured via behavioral indicators, depends on this
memory-specific activation of specific cell assemblies.

Materials and Methods

Single-cell models

We used conductance-based models governed by Hodgkin-Huxley-type
equations to construct principal cells and interneurons in the amygdala
and pyramidal neurons and interneurons in the medial prefrontal cortex
(mPFC).

All our model cells have both somatic and dendritic compartments
except for the interneurons in the mPFC, which are single-compartment
models. The synaptic currents for the mPFC were modeled as described
in Durstewitz et al. (2000), Durstewitz and Seamans (2002), and Sherfey
et al. (2018b), and those for the amygdala as described in Li et al. (2009).

Our single-cell models incorporating both somatic and dendritic
compartments were governed by the following equations:

CSdVS in, syn
dt - _gLS(VS - ELS) _gC(Vs - vd) - E Is - E Isy +1

CdV i Syn
Ve Ve B) g Ve V) = D B> B

where V; and V, are the somatic and dendritic membrane potentials,
respectively, and C; and C; are the specific membrane capacitances of
the soma and the dendrite, respectively. I;"", " and I, (I, I;y " andl,)
are the intrinsic conductance, synaptic conductance, and applied current
in the soma (dendrite), respectively, and g. is the coupling conductance
between the soma and the dendrite.

Ampygdala. The basal nucleus (BA), along with the lateral nucleus
(LA), is a part of the basolateral amygdala (BLA). The composition of
the BA is ~80% excitatory cells and 20% inhibitory cells (Washburn and
Moises, 1992; Faber et al., 2001). Our BA principal cell models have two
compartments representing the soma (diameter 15pm, length 15 pm)
and an apical dendrite (diameter 5 pm, length 400 pm).

All compartments in our model cells are modeled via point models.
We list the compartment dimensions as they are needed to calculate cer-
tain point model parameter values from values given in the cited work,
for example, to calculate calcium dynamics in the dendrite. Both somatic
and dendritic compartments include a sodium current (Iy,), a potassium
delayed rectifier current (Ipg), a slow potassium current (Iy), a high-
voltage activated calcium current (Ic,), and a leak current (Ir). Dendritic
compartments contain the following additional currents: a hyperpolar-
ization activated cation current (Ig), a potassium current that inactivates
slowly (Ip), a C-type potassium current (Ic), and an afterhyperpolariza-
tion current that is not voltage sensitive and not sensitive to apamin
(Isapp). The gating variables for all the ionic conductances were taken
from Li et al. (2009). Principal neurons in the BA differ in their firing
patterns in response to prolonged current injections, ranging from
full-spike adaptation to firing repetitively because of the differential
expression of voltage- and Ca®"-dependent K™ conductances. To
capture the different firing properties of type-A cells, which display
full adaptation, and type-C cells, which display relatively little ad-
aptation, the conductance values of Iy, Ip, and I;agp were adjusted
appropriately, in accordance with Li et al. (2009). In particular, the
ionic conductances for A-type pyramidal neurons during REM condi-
tions are as follows (densities given in mS/cm?): Iy, [S (soma), 120;
D (dendrite), 40], Ipg (S, 12; D, 3), Ty, (S, 0.3; D, 0.3), I, (S, 0.1; D, 0.2),
I, (S, 0.034; D, 0.034), Iy; (D, 0.1), Ip (D, 1), I (D, 0.5), Lagp (D, 0.1).
The ionic conductances for C-type pyramidal neurons (in mS/cm?) are
the following: Ty, (S, 120; D, 40), Ipg (S, 12; D, 3), Iy (S, 0.25; D, 0.25),
Ic, (S, 0.1; D, 0.2), I (S, 0.034; D, 0.034), Iy (D, 0.1), Ip (D, 0.1), I (D,
0.5), Lianp (D, 0.5). The membrane capacitance and reversal potential
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for the leak current are C,, = 1.0 uF/cm” and E; = —75mV, respec-
tively. The above are the conductances under REM conditions; below,
we detail how we move in our model from the healthy REM state to
other states. The interneuron model also has two compartments repre-
senting a soma (diameter, 15 im; length, 15 um) and dendrite (diameter,
10 pmy; length, 15 pm), with each compartment consisting of Iy, and Ipg
currents. The ionic conductances for the interneurons (in mS/cm?) are
as follows: Iy, (S, 35; D, 10), Ipg (S, 8; D, 3). For the interneuron model,
Cm = 1.0 pF/cm? and E; = —70mV.

mPFC. Two subregions, the prelimbic (PL) cortex and the IL cortex
within the mPFC, are thought to play distinct roles in fear learning. In
particular, it is thought that PL activation facilitates the expression of
conditioned fear, whereas IL activation facilitates the extinction of fear
expression. Based on models by Durstewitz et al. (2000) and Durstewitz
and Seamans (2002), we constructed both PL and IL pyramidal cells,
each of which have two compartments (Durstewitz and Gabriel, 2007;
Sherfey et al., 2018b) representing a soma (diameter, 21.84 um; length,
28.618 um) and an apical dendrite (diameter, 6.5 pim; length, 650 pm).
Both the soma and the dendrite consist of an Iy, Ipgr, I, a persistent so-
dium current (In,p), @ potassium current that is slowly inactivating (Ixs),
and a high-voltage-activated calcium current (Igy,). The interneurons
have one compartment with Iy, and Ipg currents. IL neurons within L2/
3 have been shown to be more excitable than those in PL, possibly
because of a lower spike threshold and higher input resistance in IL neu-
rons (Song and Moyer, 2018). To reproduce the differing intrinsic excit-
ability of cells in IL and PL, the leak conductance density (gj..) was
adjusted so that g, was scaled down by 20% for PL and by 50% for IL
pyramidal neurons from the original values taken from Durstewitz et al.
(2000) and Durstewitz and Seamans (2002). In particular, the ionic con-
ductances for our IL pyramidal neurons under REM conditions are as
follows (densities in mS/cm?): Iy, (S, 117; D, 20), Ipg (S, 50; D, 14), INap
(S, 1.8; D, 0.8), Ixs (S, 0.08; D, 0.08), Ijeax (S, 0.05; D, 0.096), Iiyya (S, 0.4;
D, 0.8), I¢ (S, 2.6; D, 2.1). The membrane capacitances for IL pyramidal
neurons are (in pF/cm?®): Cy, (S, 1.2; D, 2.304). The ionic conductances
for PL pyramidal neurons are as follows (densities in mS/em?): Iy, (S,
117; D, 20), Ipg (S, 50; D, 14), Ingp (S, 1.8; D, 0.8), Ixs (S, 0.08; D, 0.08),
Ticakc (S, 0.08; D, 0.1536), Iiyyva (S, 0.4; D, 0.8), I (S, 2.6; D, 2.1). The
membrane capacitances for PL pyramidal neurons are the following: C,,
(the membrane capacitance in pF/cm? S, 1.2; D, 2.304). The ionic con-
ductances for IL and PL interneurons are the same as follows (densities
in mS/em?): In, (S, 135), Ipg (S, 50), Iy (S, 0.01), Teax (S, 0.125). The
membrane capacitances for IL and PL interneurons are the same, C,
(1.2 pF/cm?). The mPFC principal cells and interneurons have E; = —70
and —72mV, respectively.

We consider only the superficial layers (L2/3) in our network model
because we are not aware of any evidence suggesting the existence of
connectivity from the deep layers to the superficial layers of IL or PL,
and the BA region does not receive any inputs directly from the deep
layers of PL or IL.

Network structure and synaptic currents

Network structure. We built a network model consisting of PL, IL,
and BA components. In our model there are 120 excitatory neurons (24
in PL, 24 in IL, 48 A type and 24 C type in BA), and 40 inhibitory neu-
rons (4 in PL, 4 in IL, 32 in BA). Each subregion (i.e., PL, IL, and BA)
consists of cell assemblies embedded in a network. PL and IL have two
assemblies of excitatory pyramidal neurons and associated inhibitory
interneurons, and BA has four assemblies of excitatory principal neurons
and associated inhibitory interneurons. In PL and IL, each assembly of
excitatory neurons contains 12 pyramidal neurons (PY), and assemblies
in both IL and PL receive inputs from four interneurons. In BA, each as-
sembly of excitatory neurons consists of 12 A-type and six C-type cells,
and eight interneurons.

Note that we are using the term “cell assembly” to refer to a group of
cells that are strongly interconnected with one another. We assign each
cell assembly a role in encoding a memory. For example, cell assembly
BALI in the BA represents a particular fear memory, BA3 represents the
fear suppression cells associated with that fear memory, and cell assem-
blies PL1 and ILI, in the PL and IL, respectively, are associated with the
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same fear memory through connections with BAI and BA3. We are
modeling not the initial encoding of the memory but the dynamics of
cell ensembles after the memory has already been encoded during awake
behavior. What the connectivity density in such a cell assembly would be
in vivo is not clear. The connectivity probability of neurons in our net-
work is set to be 100% (all-to-all connectivity) within assemblies and
between certain assemblies representing the same memory (e.g., IL1 and
BA3; Fig. 1A), and 10% between all other assemblies. We explored lower
connectivity probabilities but found that the results were qualitatively
the same. Specifically, when the connectivity probability was reduced
from 100 by 50 or by 75%, the plastic changes that occurred in response
to external rhythmic inputs were qualitatively the same as those seen
with connectivity as described above.

In addition, all PY cells in PL and IL are reciprocally connected with
fast-spiking interneurons (FS) in an all-to-all fashion. In BA, each assem-
bly of excitatory neurons (12 A-type and six C-type cells) is connected to
two subpopulations of interneurons, and the two subpopulations of
interneurons are reciprocally connected to one another. One subpopula-
tion is reciprocally connected to the excitatory cells, whereas the other
has one-way projections to the excitatory cells (Fig. 14).

Our model incorporates connections between subregions based on
experimental findings. BA inputs are known to project directly into L2/3
in PL and IL, targeting the dendritic spines of pyramidal neurons, sug-
gesting direct feedforward excitation of cells (Bacon et al., 1996), and the
target pyramidal cells of L2/3 in PL and IL project back to the BA
(Ghashghaei and Barbas, 2002; Ghashghaei et al., 2007; Onge et al., 2012;
Little and Carter, 2013; Yizhar and Klavir, 2018; Fig. 1A). We incorpo-
rate two putative connections suggested by Duvarci and Pare (2014)
based on the amygdala literature, a direct connection from pyramidal
cells in IL onto interneurons in the BA and a connection from fear
extinction cells in the BA onto interneurons that project to fear neurons
in the BA (Fig. 1A, orange connections).

Synaptic interactions and spike-timing-dependent plasticity. All the
neurons in our network model are connected either via excitatory
AMPA and NMDA connections or inhibitory GABA connections. The
synaptic current equations and parameters for BA were taken from Li et
al. (2009), and those for mPFC were taken from Durstewitz et al. (2000)
and Sherfey et al. (2018b). Both AMPA and NMDA receptors were simu-
lated on the dendritic compartments in BA and mPFC, and GABA recep-
tors were simulated on the soma compartments in BA and mPFC, except
for the interneurons in the mPFC, which were single-compartment mod-
els. For principal cells in the BA, the rise and decay times for AMPA
receptors are 0.5ms and 7 ms, respectively. For interneurons in the BA,
the rise and decay times for AMPA receptors are 0.3ms and 2.4 ms,
respectively. In the BA, the rise and decay times for NMDA receptors are
5ms and 125 ms, respectively, whereas the rise and decay times for GABA
receptors are 0.25ms and 3.75ms, respectively. In the PFC, the rise and
decay times for AMPA receptors are 0.2 ms and 1 ms, respectively. In the
PFC, the rise and decay times for NMDA receptors are 2.3 ms and 95 ms,
respectively, and the rise rise and decay times for GABA receptors are
0.5 ms and 5 ms, respectively.

To investigate the extinction of fear memories via changes in synap-
tic strength, we implemented spike-timing-dependent plasticity (STDP)
mechanisms, which depend on the relative timing of presynaptic and
postsynaptic spiking events (Bi and Poo, 1998; Gerstner and Kistler,
2002; Giitig et al.,, 2003; Pfister and Gerstner, 2006). In particular, we
implemented an STDP mechanism that employs a triplet learning rule
as described in Pfister and Gerstner (2006). Whereas most of the cells in
our network model are connected via general synaptic connections as
described above, the colored arrows in Figure 1A indicate synapses gov-
erned by STDP mechanisms; these include reciprocal connections
between excitatory cells in mPFC and excitatory cells in BA as well as a
subset of the excitatory inputs onto inhibitory cells in BA.

Neuromodulator effects

Here, we describe the changes made to move from REM conditions to
awake conditions and from REM conditions to REM conditions under
PTSD. During both REM sleep and the awake state, acetylcholine levels
are relatively high, but during the awake state, norepinephrine and
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Figure 1. Network structure of BA-mPFC model, firing properties of model cells, and local network dynamics. A, Each subregion (PL, IL, BA) is composed of multiple cell assemblies. PL and IL each
have two assemblies of excitatory pyramidal neurons and associated inhibitory neurons, and BA has four assemblies of excitatory principal neurons and associated inhibitory neurons. Cell assembly BA1
(consisting of BApC1, BApAT, and associated interneurons) and cell assembly BA2 (consisting of BAp(2, BApA2, and associated intereurons) can be conceptualized as representing two distinct fear mem-
ories. BA3 (BA4) can be conceptualized as the assembly of fear suppression cells associated with the fear memory represented by BA1 (BA2). Shaded gray boxes demarcate cell assemblies. PL1 (PL2) is
the cell assembly in the prelimbic cortex associated with the BA1 (BA2) fear memory. Similarly, IL1 (IL2) is the cell assembly in the infralimbic cortex associated with the BA3 (BA4) fear suppression as-
sembly. Colored arrows indicate synapses governed by STDP rules (see above, Materials and Methods, Network structure and synaptic currents), whereas gray arrows indicate synapses not governed by
STDP rules. BApG, Principal cell type C of the BA; BApA, principal cell type A of the BA; BAint, interneurons of the BA; PL, pyramidal cells of the prelimbic cortex; IL, pyramidal cells of the infralimbic cortex;
PLFS, fast spiking cells in PL; ILFS, fast spiking cells in IL. For connections without STDP mechanisms incorporated, thick grey lines indicate 100% connectivity while hashed lines indicate 50% connectivity
and thin grey lines indicate 10% connectivity. For connections with STDP mechanisms incorporated, thick red, blue, orange, and green lines indicate 100% connectivity, while thin yellow and black lines
indicate 10% connectivity. B, Rows 1, 2, The voltage responses of PL and IL cells to two 500 ms step currents (left, 1.0 pA/cm2; right, 1.5 (tA/am?). Rows 3, 4, The voltage responses of BA A-type and
C-type cells to two 500 ms step currents (left, 11.5 pA/am’; right, 13.7 pA/am?). C, Rastergram reflecting local circuit dynamics during REM sleep in the PL, IL, and BA when model subregions are not
interconnected. In other words, the cells within each subregion were connected, but cells in different subregions (i.e., IL, PL, and BA) were not connected.

serotonin levels are higher relative to those during REM sleep. Therefore,
we increased norepinephrine and serotonin levels to go from the REM
state to the awake state. Note that the locations of the receptors for these
neurotransmitters (e.g., the types of cells in which they are expressed and
their densities within those cell types) and the receptor subtypes that are
present vary by brain region, and therefore the changes they induce can be
quite different in different regions (McCormick, 1992). In the BA and the

mPFC, we made the appropriate adjustments to go from REM to the
awake state based primarily on the modeling work of Kim et al. (2013)
and Pendyam et al. (2013), who modeled the amygdala and PL, and the
experimental work of Johnson et al. (2011), Bocchio et al. (2015, 2016). In
their methods, appendices, and supplemental material, Kim et al.
(2013) and Pendyam et al. (2013) listed the appropriate conductance
values for use in modeling both lower and higher levels of various
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neurotransmitters. To model awake conditions, we used the conductance
values for higher levels of the relevant neurotransmitters. In particular, in
BA principal cells, we decreased the potassium and sAHP conductances
by 20%, and in BA interneurons, we decreased both the NMDA conduct-
ance and leak conductance by 20%. We modeled the net effect of increas-
ing norepinephrine and serotonin in the mPFC as an increase in the
excitability of the mPFC principal cells projecting to the amygdala, so we
decreased the leak conductance by 5% in the pyramidal cells (Carr et al.,
2007; Pendyam et al., 2013; Avesar et al., 2018).

To model PTSD REM conditions, we started with normal REM sleep
conditions and increased the norepinephrine (NE) concentration to rela-
tively high levels (Mellman et al., 1995). To implement high NE levels in
the mPFC component of our model, we decreased the leak conductance
by 2.5% and increased the NMDA conductance by 30% in the principal
cells and interneurons, and increased the high-voltage-activated calcium
conductance in the dendrites of principal cells by 2% (Barth et al., 2007;
Carr et al,, 2007; Ji et al., 2008; Pendyam et al., 2013). To implement high
NE levels in the BA, we decreased potassium and sSAHP conductances by
30%. In addition, NMDA conductances for principal cells receiving inputs
from the PFC were increased by 33.33%, whereas NMDA conductances
for interneurons receiving inputs from the PFC were decreased by 30%
(Johnson et al., 2011; Kim et al., 2013; Pendyam et al., 2013).

Background input and external inputs used in simulations

We introduced background noise to our network model to mimic mem-
brane potential fluctuations observed experimentally in neuronal systems.
This noise is governed by the Ornstein—-Uhlenbeck process (Uhlenbeck
and Ornstein, 1930) as follows:

dInuise Im/ - Inoise
e + O-nuiseN(Ov 1)7
dt T noise

where N(0,1) is a random number generated from a Gaussian distribu-
tion with mean zero and unit variance, where I, serves as a DC offset,

and there are noise amplitude (0 is) and filtering (7 pise) terms; o poise
was set to be 1.5 pA/cm?® and 7 Was 5ms. In conjunction with back-
ground noise, DC currents were set to match the spontaneous mean fir-
ing rates observed experimentally (Quirk et al., 1995; Burgos-Robles et
al,, 2009) in cell populations in each subregion. The mean firing rates
given here were calculated for each individual model subregion
(IL, PL, and BA) considered separately (i.e., not interconnected with
other regions, in other words, under the condition that the cells
within each subregion were connected but the cells in different sub-
regions were not). Within the BA, the A-type cells do not fire (fire at
0 Hz) because of adaptive currents. BA C-type cells have an average
firing rate of 2.6 Hz, which is within the range of experimentally
reported firing rates for principal cells in the BA, 2-3Hz (Herry
et al.,, 2008). The BA interneurons fire at 4.0 Hz, which is within
the range of reported spontaneous firing rates for BA interneurons,
2.81 *= 0.52 Hz (Rosenkranz and Grace, 1999) and ~ 6 Hz (Wolff et
al., 2014, their Fig. 2D). The firing rates for the pyramidal cells in
the PL and IL are 3.2Hz and 3.0 Hz, respectively. These are close
to the reported firing rates in PL and IL of 1-3 Hz (Jung et al., 1998). The
firing rates for interneurons in the PL and IL are 79Hz and 7.4Hz,
respectively, which are within the range of reported rates during REM
and awake behavior, 5.59 = 7.25Hz and 4.25 * 9.43 Hz, respectively
(Watson et al., 2016).

External rhythmic inputs were simulated using a relatively peaked si-
nusoidal curve. These rhythmic inputs were applied directly to the den-
dritic compartments of cells and thus represent current injections. We
used peaked sinusoidal inputs in the results presented here. We also
examined how rhythmic synaptic inputs (modeled via AMPA channels)
impact both the resonance properties of cells and the plasticity of their
connections. With respect to resonance properties under REM sleep
conditions, the results were similar to those seen using current injections
(All cell types were able to fire at lower theta frequencies but not at other
frequencies.), but on average a stronger synaptic input was needed
to drive a given cell type. With respect to plasticity, the results
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using synaptic inputs were qualitatively the same as those seen
using sinusoidal current injections.

The frequency bands we considered were in the range of the major
oscillations up to 80 Hz. In particular, we considered delta oscillations
(0.5-4Hz), theta oscillations (4-12Hz), beta oscillations (15-30 Hz),
and gamma oscillations (30-80 Hz). Note that there is no consensus on
the exact number ranges for each oscillation, but relatively similar num-
ber ranges to the ones given above have been adapted across studies.
These ranges also vary across species. In humans, theta oscillations are
traditionally thought to occur at 4-8 Hz, and the alpha band encom-
passes 8-13 Hz oscillations. Within the theta band, we initially chose a
specific frequency based on the resonance properties of the cells (4 Hz
under healthy REM sleep conditions). Under PTSD REM sleep condi-
tions, we noticed that the resonance properties of the cells changed; cells
were more easily driven at 10Hz under PTSD REM sleep conditions
than under healthy REM sleep conditions. Because theta activity is
thought to be especially important in limbic structures for processing
emotional memories (Seidenbecher et al., 2003; Popa et al., 2010; Boyce
etal, 2016), we therefore considered frequencies both in the lower range
of theta (4 Hz) and in the higher range of theta (10 Hz).

The external step currents used to examine the impact of plasticity
on fear memory suppression during awake conditions were also applied
to the dendritic compartments of target neurons; these currents had a
duration of 100 ms, were applied every 2 s, and had an amplitude of 6
wA/cm?® and 1 uA/cm? in IL and BA, respectively.

Analysis and simulation methods

LFP and power spectrum. To determine the local field potential, all
the dendritic membrane potentials of excitatory cells embedded in the
same assembly were summed, and the summed voltages were normal-
ized by subtracting the mean value of the summed voltages (Bazhenov et
al,, 2001; Hill and Tononi, 2005; Vijayan and Kopell, 2012). To calculate
the power spectra for frequencies ranging from 1 to 40 Hz, the calculated
LEPs were filtered using the MATLAB function bandpass, and then
power spectral density was calculated using the MATLAB function
pwelch. The power spectral density of the LFP in each subregion
(i.e., IL, PL, or BA) was calculated by averaging across assemblies
in the subregion.

Statistical analysis. We used a two-sample, unpaired t test to
assess changes in the firing rates of cells before and after rhythmic
external inputs during healthy REM sleep and during REM sleep
under PTSD conditions. To account for multiple comparisons, we
used Bonferroni corrections.

Numerics. Simulations were run in MATLAB using Dynasim, an
open-source MATLAB toolbox for modeling neural networks (Sherfey
et al., 2018a; http://dynasimtoolbox.org/). The differential equations were
integrated using Euler’s method with a time step of 0.01 ms.

Data availability
The model code is available at https:/github.com/yarho75/REMCompModel.

Results

Single-neuron and local circuit dynamics in disconnected
subregions during REM sleep

Before investigating the larger-scale circuit dynamics in the
mPFC and amygdala, we examined the properties of individual
neurons and local circuit dynamics in these areas.

We first verified that our single-neuron models exhibited the
same firing patterns as those observed experimentally (Li et al.,
2009; Pendyam et al., 2013; McGarry and Carter, 2017; Song and
Moyer, 2018). As expected, the principal cells of the BA dis-
played various firing properties in response to prolonged stimu-
lus inputs, with principal cell type A displaying relatively more
adaption than principal cell type C. For instance, in response to a
step current of 13.7 uA/cm” for a duration of 500 ms, type-A
cells initially fired eight spikes and then remained silent, whereas
principal cell type C cells fired repetitively during the entire
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stimulus (Fig. 1B). BA interneurons also displayed activity con-
sistent with experimental results; they reproduced the experi-
mentally observed repetitive firing patterns of fast-spiking cells.
Also in line with experimental findings (Song and Moyer, 2018),
given identical stimuli, mPFC cells in the infralimbic cortex (IL)
were more excitable than those in the PL (Fig. 1B).

To examine local circuit dynamics during REM sleep in the
prelimbic cortex, the infralimbic cortex, and BA, connectivity
strengths for connections between BA and mPFC (IL and PL)
were set to zero, whereas model cells within each subregion were
connected as described (see above,, Materials and Methods). DC
currents in conjunction with background noise inputs to all cells
were adjusted to match the spontaneous mean firing rates for
each cell type as observed experimentally. Under these condi-
tions, A-type cells were quiescent, and C-type cells showed peri-
ods of relative inactivity interspersed with periods of activity
during which cells within assemblies burst in the theta frequency
range (Fig. 1C, green dots). In addition, excitatory and inhibitory
cells in the PL and IL fired irregularly without any clear spiking
patterns.

Network activity during awake and REM sleep conditions

To examine network dynamics, we interconnected the mPFC
and BA components (Fig. 1A; see above, Materials and Methods).
Note that BA1 (consisting of BApCl, BApAl, and associated
interneurons) and BA2 may be conceptualized as separate cell
assemblies in BA representing two distinct fear memories. Si-
milarly, BA3 and BA4 may be conceptualized as separate cell
assemblies in BA representing fear extinction neurons for two
distinct memories, with BA3 representing the fear extinction
neurons for the memory represented by BA1 and BA4 repre-
senting the fear extinction neurons for the memory represented
by BA2. PL1 and PL2 may be conceptualized as the cell assem-
blies in PL associated with BA1 and BA2, respectively, and IL1
and IL2 may be conceptualized as the cell assemblies in IL asso-
ciated with BA3 and BA4, respectively.

We first explored spontaneous network activity in the absence
of external inputs during both REM sleep and the awake state.
Spike rastergrams under both REM sleep conditions and the
awake state are depicted in Figure 2.

Surprisingly, under REM sleep conditions, all three of the
subregions in our network exhibited theta activity. In BA, for
instance (Fig. 2A), the excitatory neurons of assemblies 1 (BA1)
and 2 (BA2), which are reciprocally connected to PL, spiked syn-
chronously at the theta frequency (~5Hz). Spiking in BA1 and
BA2 was coherent with spiking in the excitatory cells of assem-
blies 1 (PL1) and 2 (PL2) in PL, which also showed pronounced
rhythmic activity within the theta frequency range, ~5 Hz. The
inhibitory neurons in BA also fired at ~5 Hz, although their fir-
ing was irregular and asynchronous. The excitatory neurons of
assemblies 3 (BA3) and 4 (BA4) in BA, which are reciprocally
connected to IL, fired synchronously with IL, analogous to the
firing pattern observed in the PL-BA network. The inhibitory
neurons of assemblies 2 (BAint2) and 4 (BAint4) in BA, which
receive feedforward excitatory inputs from IL, exhibited higher
firing rates than those of the other inhibitory neurons. The pres-
ence of theta activity was also seen at the level of the LFP in the
BA, IL, and PL as evidenced by theta band peaks in the power
spectra of the LFP (Fig. 2C; see above, Materials and Methods,
for LFP calculations).

The rastergram in Figure 2B illustrates activity typical of the
network during awake conditions. The excitatory neurons of
BA1 and BA2, which are reciprocally connected to PL, exhibited
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in the simplified network.

synchronous spiking patterns and fired at an average rate
(~6Hz) a little higher than that seen during REM sleep condi-
tions. The neurons in PL showed greater irregular activity than
during REM sleep and fired at an average rate of ~7.3 Hz. The
cells of BA3 and BA4, which are reciprocally connected to IL,
also exhibited synchronous firing. The cells in IL fired more
synchronously than those in PL, with an average firing rate of
~ 6.3 Hz. The inhibitory cells in BA fired at a higher rate (~16 Hz)
relative to that seen during REM conditions. The peak power in
the LFPs tended to be higher in frequency and smaller in ampli-
tude than that seen during REM conditions, especially in the PL
and IL, likely because of there being a greater number of periods
of asynchronous firing in both regions (Fig. 2D).

Cell-specific resonance properties

Because rhythmic activity is thought to be important for the
processing of emotional memories, and as the source of such
rhythmic activity may be brain areas not incorporated into
our model, such as the hippocampus, we sought to examine
the response properties of our model to different frequency
external inputs. We first used a simplified network to exam-
ine the response properties of the amygdala cells to rhythmic
inputs. In particular, we examined how varying the frequency
of external inputs to amygdala cells affected their resonance
properties when they were locally connected in a very simpli-
fied network consisting of one C-type principal neuron, one A-
type principal neuron, and one interneuron. The frequencies of
the external sinusoidal inputs to the cells were varied among
1, 4, 10, 20, and 40 Hz, and the input strengths were varied
between 1 and 4 ,u,A/cm2 (see above, Materials and Methods).
We found that all cell types fired synchronously at the theta fre-
quency when the external input frequency was in the lower

6000 6400 6800

Cell-specific resonance properties in the BA under REM sleep conditions. A, Bar graph showing the mean firing
rate of each cell type in the BA in response to external inputs with frequencies ranging from 1 to 40 Hz and input strengths
varying between 1 and 4 pA/cm2 (blue, A-type cell; red, C-type cell; yellow, interneuron). Here, a simplified network, consist-
ing of three cells, one A type, one C type, and one interneuron, was used to examine the response properties of each cell type
to external sinusoidal inputs. B, Depicted are the voltage traces of each cell type to 4 Hz (left) and 20 Hz (right) external inputs

7200 7600 8000 4ngolidation and extinction of emotional

memories. To investigate how rhythmic
activity and rhythmic inputs to the system
might impact plasticity, we incorporated
STDP mechanisms into our network;
STDP mechanisms depend on the rela-
tive timing of presynaptic and postsy-
naptic spiking events (Gerstner and
Kistler, 2002; Giitig et al., 2003; Pfister
and Gerstner, 2006). STDP mechanisms
were incorporated at the connections between the mPFC and the
amygdala and between the principal cells of the BA and the inter-
neurons of the BA (Fig. 14, colored arrows).

We first wanted to get a sense of how network activity
impacted connectivity strengths in the absence of external
inputs. Therefore, we examined the weight changes that
occurred over a period of 200 s without external drive (Fig.
4A). The connections of cell assemblies that were sparsely
interconnected (Fig. 4A, yellow and black traces) remained
relatively unchanged in their weights. However, cell assem-
blies that spanned the mPFC and the BA and were con-
nected in an all-to-all fashion (Fig. 4A, red and blue traces)
experienced synaptic weight changes. In particular, cell
assemblies involving BA to mPFC connections were poten-
tiated over time (Fig. 4A, first and third row), indicating
repeated spiking of cells in the BA before postsynaptic spiking
of cells in the mPFC, whereas the synaptic weights for cell
assemblies with mPFC to BA connections were depressed over
time (Fig. 4A, second and fourth row), indicating repeated
postspiking of cells in mPFC before prespiking of cells in BA.
Of particular importance to the work here is that IL to BA con-
nections for the highly connected cell assemblies were weak-
ened, whereas BA to IL connections were strengthened.

The reciprocal nature of the change in the strength of
mPFC-BA connections is likely because of the recurrent ex-
citation involving these areas. Synaptic weights for connec-
tions where principal neurons synapsed onto interneurons
in the BA increased slightly over time, suggesting that spik-
ing of principal cells sometimes, but not always, preceded
spiking of interneurons (Fig. 4B).

We wanted to examine how external inputs to the IL might
impact connectivity between the IL and the BA cell assemblies



440 - ). Neurosci., January 18,2023 - 43(3):433-446

>

O = N O =

|

o

Weight Change
N

I

I

- N
w |
>
Bl -
g
o

Rhoetal. @ REM Sleep, Rhythms, Emotional Memories, and PTSD

BApC1
BApC2

;

BApC1
BApC2

(o) Herns
W

Weight Change
O =2 N O =N O = N

50 100 150 200

0 ] Time (sec)
0 50 100 150 200 0 50 100 150 200
Time (sec)
4hz 20hz 4hz

Q2 (1) g2
% ! w_ % ! ILass1
59 59 &
O 5 o, 20hz
5 () =
o /R 2,
= 0% 50 100 150 200 0 50 100 150 200 = "0 50 100 150 200

Time (sec)

Figure 4.

Time (sec)

Changes in connectivity strength resulting from different frequency external inputs during REM sleep. A, Changes in the connectivity strength of connections between PL/IL neurons

and BA excitatory neurons in the absence of external inputs over a period of 200 s. Right, Diagrams indicate which connections are depicted in the two columns (middle and left). For instance,
the red line in the top row marks the average change in the synaptic strength of all the connections from BAp(2 to PL2. Note that the connectivity of sparsely connected cell assemblies was
denoted by yellow and black lines, and the connectivity of cell assemblies that were connected in an all-to-all fashion were denoted by red and blue lines. B, Connectivity strength changes for
connections from IL and BA excitatory neurons to BA inhibitory neurons in the absence of external inputs over a period of 200 s. C, Connectivity strength changes for connections between IL
and BA in response to external rhythmic inputs (left, 4 Hz; right, 20 Hz) applied to IL2. The red line denotes all-to-all connectivity, and the black line denotes connectivity with 10% probability.
D, Connectivity strength changes for connections from IL2 to BAint4 in response to external rhythmic inputs (top, 4 Hz; bottom, 20 Hz) applied to IL2.

and thus influence the processing of fear memories. In particular,
we investigated how synaptic weights were affected by external
rhythmic inputs, representing inputs from sources such as the hip-
pocampus. The frequencies of external sinusoidal inputs applied
directly to IL2 in IL were 1, 4, 20, and 40 Hz. Interestingly, we
found that when a 4 Hz external input was introduced to IL2, the
synaptic weights for BA4 to IL2 connections were remarkably
depressed over time, whereas the weights in the opposite direction
(for IL2 to BA4 connections) were largely potentiated (Fig. 4C, left
column). Note that cell assemblies BA4 and IL2 are highly inter-
connected. In essence, the 4 Hz external drive to IL2 induced spik-
ing in IL2 that preceded the spiking of BA4 cells, reversing the
directionality of the change in connectivity strength seen in the ab-
sence of external inputs. The 4 Hz input also markedly increased
the strength of the connections from IL2 to BAint4 (Fig. 1), that is,
the BA interneurons that project to BA2 but lack reciprocal con-
nections originating from BA2 (Fig. 4D, top row). Moreover, for
external inputs at other frequency ranges, synaptic weight changes
were not pronounced and had the same directionality as those in
the absence of external inputs. For instance, given a 20 Hz input,
the cells in IL2 did not follow the 20 Hz input; they fired ~8.5
times per second on average and in an irregular manner (Fig. 4C,
right column; Fig. 4D, bottom row). Given this firing pattern, IL
cells were not able to consistently produce spikes in BA neurons,
which spiked in the theta range. Results were qualitatively similar
at other frequencies.

Impact of weight changes during REM sleep on the
extinction of fear memories

We examined how these synaptic weight changes, obtained via
the interaction of STDP mechanisms with rhythmic activity dur-
ing REM sleep, impacted the suppression of fear memories under
awake conditions. In our model, there are two large subnetworks,

one representing the fear memory circuit of PL and BA (BA1
and BA2), and the other representing the fear extinction circuit
of IL and BA (BA3 and BA4). As mentioned previously, the cells
in assemblies BA1 and BA2, and BA3 and BA4 can be concep-
tualized as representing fear memory cells and fear extinction
cells, respectively. Furthermore, BA1 (BA2) and BA3 (BA4) rep-
resent the fear and extinction cells for the same memory. We
found that the synapses from IL2 onto BAint4 and from BA4
onto BAint4 (Fig. 1A, orange lines) were potentiated during
REM sleep in the presence of external theta inputs. These syn-
aptic changes resulted in BAint4 receiving much stronger
feedforward excitatory inputs than under baseline REM sleep
conditions in our model.

We then sought to examine how these weight changes trans-
lated into the suppression of fear memories in the awake condi-
tion. To do this, we froze the synaptic weights at the values held
at the conclusion of the REM simulation. Then, under awake
conditions, we applied 56 step currents, each 100 ms in duration
and at 2 s intervals, to IL2, BA2, and BA4; these three assemblies
can be conceptualized as being associated with the same emo-
tional memory. Note that the interneurons in BAint4 receive
feedforward excitation from IL2 and BA4. We then calculated
the mean firing rates of fear memory cells (BA2) during the 56
presentations of the step currents; note that BA2 receives feedfor-
ward inhibitory inputs directly from BAint4, and the BAint4
interneurons receive feedforward drive from the corresponding
fear extinction cells (BA4), corresponding to the fear memory in
BA2. The increased firing rates in the fear extinction cells (firing
in response to the presentation of external step currents) relative
to pre-REM sleep firing rates, along with an increase in the
strength of the connections onto the interneurons in BAint4,
resulted in an increased drive to the BAint4 interneurons and
therefore significantly reduced spiking in the fear memory cells



Rhoetal. @ REM Sleep, Rhythms, Emotional Memories, and PTSD

A2 B 2} 20z

§ 10 ;E"T 10}

) o)

T 8 T 8

o o

26 256

[ [

c 4 c 4

I I

o} o}

2 2 E 2L

0 0
After REM  Before REM After REM  Before REM

Figure 5.  Impact of weight changes during REM sleep on the extinction of fear memories in the awake state. A, Average
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in BA2 (p = 0.0000692, two-sample, unpaired ¢ test, p < 0.05 af-
ter Bonferroni correction; Fig. 5A).

Next, to validate the importance of theta rhythmic interac-
tions for the extinction of fear memories, we examined how
weight changes induced by other frequency inputs during REM
sleep impact the activity of fear expression cells during subse-
quent wake conditions. As the weight changes were similar for
the nontheta frequencies, we decided to focus on one frequency,
20 Hz. We presented the exact same sequence of step currents to
the same assemblies as described above but using the synaptic
weight values from the end of the REM simulation in which
20 Hz external inputs were presented to IL; we found that these
synaptic weights, when introduced into the awake model, did
not significantly reduce firing rates in fear memory cells (p =
0.66, two-sample, unpaired f test; Fig. 5B).

Network activity and cell-specific resonance properties of
REM sleep under PTSD conditions
We next used our model to probe the neural dynamics of REM
sleep in individuals with PTSD. There is evidence that unlike what
is seen in the general population, norepinephrine levels do not go
down during REM sleep (Mellman et al., 1995). Therefore, to
mimic REM sleep in PTSD patients in our model, we started with
the physiological conditions of REM sleep and made the appropri-
ate adjustments to mimic high norepinephrine levels (see above,
Materials and Methods). Under PTSD REM sleep conditions, the
overall excitability of the cells in our model increased, and the
theta rhythm in each subregion dissipated (Fig. 6A). In BA,
A-type excitatory cells spiked rarely, although more than during
healthy REM sleep conditions, likely because of the increased
excitatory drive from mPFC neurons. C-type excitatory cells
spiked at a higher firing rate but more irregularly than during
healthy REM sleep conditions (~9 Hz) and exhibited intermit-
tent periods of synchronous rhythmic activity like cells in the
mPFC. In comparison with the LFP under healthy REM condi-
tions, the LFP under PTSD REM conditions showed reduced
power in the theta range in all regions of our model (Fig. 6B).
We next examined how PTSD REM sleep conditions might
impact the resonance properties of cells in our model. As the
cells in our network are more excitable under PTSD conditions,
we hypothesized that they might be able to better follow rela-
tively higher frequency inputs. As before, external sinusoidal
inputs of different frequencies and input strengths were applied
to a simple network but under PTSD conditions. Surprisingly,
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we found that under PTSD conditions,
like during healthy REM sleep, all cell
types were able to synchronize with each
other in the lower theta range (4Hz).
Similar to REM conditions, the cells in our
network were not entrained by beta or
gamma frequency inputs, even with rela-
tively high input strengths. However, rela-
tively strong inputs in the higher theta
range (10 Hz) were able to entrain C-type
cells and interneurons to 10Hz and A-
type cells to slightly <10 Hz (Fig. 7).

Changes in connectivity strengths
because of different frequency external
inputs under PTSD REM sleep
conditions

We then sought to investigate how PTSD
REM sleep conditions have impact synap-
tic weight changes in our model. First, we examined weight
changes during PTSD REM sleep conditions in the absence of
external inputs. For given cell assemblies in the mPFC and the
BA with a low probability of connection between them, synaptic
weights remained relatively unchanged. For given cell assemblies
in the mPFC and the BA with a high probability of connection,
the BA to mPFC connections were potentiated, whereas those
from mPFC to BA were depotentiated. That is, the overall change
in connectivity strength in interconnected assemblies located in
the mPFC and the BA occurred in the same direction as that
seen during normal REM sleep, although to a much lesser extent
(Fig. 8A). Also, the synaptic weights for connections from BA
principal neurons to BA interneurons increased slightly over
time—once again, similar to what was seen during REM sleep
under normal physiological conditions (Fig. 8B).

Next, we examined how external rhythmic inputs during
PTSD REM sleep conditions changed the synaptic weights of
connections between the mPFC and the BA. We found that during
REM sleep under PTSD conditions, 4 Hz inputs to IL2 caused
changes in synaptic weights to a lesser extent than during healthy
REM sleep conditions (Fig. 8C, left column, D, top). However,
interestingly, when external input frequencies at 10 Hz were intro-
duced to IL2, synaptic weights for connections from IL2 to BA4
were prominently potentiated over time, whereas the weights for
connections from BA4 to IL2 were remarkably depressed (Fig. 8C,
right column). With 10Hz inputs, the weights for connections
from IL2 to BAint4 were also highly potentiated (Fig. 8D, bottom).
We note that during healthy REM sleep conditions, 10 Hz inputs
to IL2 potentiate connections from IL2 to BA4 while depotentiat-
ing connections from BA4 to IL2; however, the minimum strength
of 10 Hz inputs needed to bring about such changes is greater than
that for 4 Hz inputs.

Impact of weight changes during REM sleep on emotional
memory expression during the awake state

Finally, we investigated how synaptic weight changes, gained
through rhythmic interactions via STDP mechanisms during
PTSD REM conditions, affected fear memory extinction dur-
ing awake conditions. When using synaptic weights obtained
using external 4 Hz inputs during PTSD REM sleep conditions,
the firing rates in fear memory cells remained unchanged from
the baseline awake condition (p = 0.4392, two-sample, unpaired ¢
test; Fig. 9A). However, we found that introducing 10 Hz rhythmic
external inputs to IL under PTSD conditions increased synaptic
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sion of the activity of fear expression cells
for the associated memory, with lower
theta frequency inputs (4 Hz) being effec-
tive over a wider range of input strengths.
Under PTSD REM sleep conditions, however, 4 Hz inputs to IL
were ineffective in inducing these connectivity changes, whereas
10 Hz inputs were effective. These results suggest why PTSD
patients might experience the same emotionally charged dreams
repeatedly and suggest potential neuromodulatory therapies to
ameliorate the symptoms of PTSD.

REM sleep conditions.

Fear memory suppression

Animal studies suggest that the IL (along with the amygdala, the
hippocampus, and the connections among all three regions) is
critical for fear extinction (Bouton et al., 2006; Pape and Pare,
2010; Sotres-Bayon and Quirk, 2010; Bloodgood et al., 2018). For
example, the inactivation of IL can disrupt fear extinction, and
the stimulation of IL can speed up fear extinction (Milad and
Quirk, 2002; Sierra-Mercado et al., 2011). Furthermore, studies
suggest that REM sleep and REM sleep-related dynamics are im-
portant for the processing and extinguishing of fear memories

(Fu et al, 2007; Spoormaker et al., 2010; Datta and O’Malley,
2013; Pace-Schott et al., 2014).

Studies suggest that theta oscillations are of importance for
emotional processing during REM sleep (Nishida et al., 2009;
Popa et al., 2010; Boyce et al., 2016; Kim et al., 2020). Theta oscil-
lations occur in the limbic and mPFC structures during REM
sleep (Cantero et al., 2003; Nishida et al., 2009; Popa et al., 2010;
Boyce et al., 2016; Vijayan et al., 2017), and their presence seems
to be correlated with the consolidation of emotional memories
(Popa et al., 2010), whereas their disruption can impair the proc-
essing of emotional memories (Boyce et al., 2016). Theta oscilla-
tions are coherent across limbic and mPFC structures during
periods of REM sleep, and the directionality of theta communi-
cation is related to whether a given fear memory is strengthened
or weakened (Popa et al., 2010).

Here, we examine how rhythmic activity, in particular theta
oscillations, during REM sleep may support the suppression of
fear memories. Under the physiological conditions of REM sleep,
our model exhibited theta oscillations in all components—IL,
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PL, and BA. We found that for a set of cell assemblies represent-
ing the same emotional memory in the various components of
our model, connections from the amygdala to the IL were
strengthened, whereas those from the IL to the amygdala were
weakened during REM sleep with no external inputs to the IL-
PL-BA system. In contrast, when IL received an external input
of 4Hz, connections from the amygdala to the IL were weak-
ened, and those from the IL to the amygdala were strengthened.
When other frequency band inputs were used (1, 20, and 40 Hz),
the synaptic changes qualitatively resembled those in the free-
running condition (i.e., without external rhythmic inputs).
Furthermore, connectivity changes that ensued from 4 Hz
external inputs to just one of the cell assemblies in IL resulted
in that assembly, along with the associated fear suppression
cell assembly in BA, acting to reduce the activity of the corre-
sponding fear expression cell assembly in BA.

These results suggest that 4 Hz inputs to IL during REM sleep,
but not frequencies in other bands, have the ability to increase the
drive from the IL to the amygdala while also decreasing the drive
from the amygdala to the IL. It may be the case that if the brain
deems a given context safe, the hippocampus might provide theta

band input to the appropriate cell assembly
in the IL when the memory related to that
context is processed during REM sleep,
ultimately reducing the activity of the
related fear cells in the BA. Our model
thus predicts that REM-sleep-mediated
fear extinction involves increased theta
drive to the IL and that lower theta
band inputs are most effective in doing
this. Furthermore, our model predicts that
whether a fear memory is suppressed may
depend on whether IL receives external
lower theta band drive during REM sleep.

In addition to the inhibition of fear-
expressing neurons in the BA, theta inputs
to the IL likely also lead to increased inhi-
bition of the medial part of the central nu-
cleus (CeM) via the medial ventral portion of intercalated masses
(ICMs; Duvarci and Pare, 2014). The central nucleus mediates
many fear-related behavioral responses. The ICMs send inhib-
itory projections to the central nucleus and in turn receive
input from the IL and the BA; there are direct excitatory pro-
jections from the IL to the ICMs and possibly also excitatory
connections from fear extinction cells in the BA to the ICMs
(Duvarci and Pare, 2014). Increased inhibition of the CeM
could result from theta inputs to the IL potentiating direct
excitatory inputs to the ICM and/or via increased drive from
the fear suppression cells in the BA to the ICM; note that this
latter possibility is supported by our model, which suggests
that the theta rhythm increases the strength of connections
from IL to the fear suppression cells in the BA.

Features not included in our model

As mentioned earlier, we consider only the superficial layers
(L2/3) in our network model of IL and PL because we are not
aware of any evidence suggesting the existence of connectiv-
ity from the deep layers to the superficial layers of IL or PL,



444 . ). Neurosci., January 18,2023 - 43(3):433-446

and the BA does not receive any inputs directly from the deep
layers of PL or IL. BA neurons project directly into L2/3 in PL
and IL, (Bacon et al., 1996), and the target pyramidal cells of
L2/3 in PL and IL project back to the BA (Ghashghaei and
Barbas, 2002; Ghashghaei et al., 2007; Onge et al., 2012; Little
and Carter, 2013; Yizhar and Klavir, 2018). It is possible that
connections do exist between the deep layers and superficial
layers and have yet to be characterized; however, considering
that they have yet to be identified, we would expect such con-
nections to be relatively sparse. If such connections do exist,
this could potentially have an impact on our findings.

Translation to human REM sleep and fear extinction
Experimental work in humans suggests that sleep, and REM
sleep in particular, is important for the extinction of fearful
memories (Spoormaker et al, 2010, 2012; Pace-Schott et al,,
2012, 2014). Human studies suggest that during REM sleep,
mPFC and limbic structures are highly active (Maquet et al,,
1996; Nofzinger et al., 1997) and that theta activity is prominent
in these structures; for instance, theta activity is present in the
hippocampus (Cantero et al., 2003) and the mPFC (Vijayan et
al., 2017). Theta activity in the mPFC is associated with the
processing and consolidation of emotional memories.

Our modeling work suggests that lower theta band activity
may play a specific role in the suppression of fear memories. In
particular, aspects of theta dynamics, such as the extent of exter-
nal theta drive (from the hippocampus) in the human analog
of IL, may determine the extent of REM-sleep-mediated fear
extinction. Note that the human analog of IL is debated, but
many researchers place it in the ventromedial prefrontal cor-
tex (Laubach et al., 2018). Interestingly, human studies have
implicated the ventromedial prefrontal cortex, along with the
hippocampus, in fear extinction (Phelps et al., 2004; Milad et
al., 2005, 2007; Kalisch, 2006).

Implications for PTSD

Individuals suffering from PTSD often repeatedly experi-
ence the same emotionally charged dream (Spoormaker and
Montgomery, 2008) and show increased activity during
REM sleep in limbic and cortical structures that regulate
fear (Germain et al., 2013). We captured PTSD REM condi-
tions by increasing NE levels during REM sleep in our
model (Mellman et al., 1995). These conditions resulted in
cells firing more irregularly and at higher frequencies and
the dissipation of the theta rhythm. This result is in line
with studies in PTSD patients suggesting that rhythmic ac-
tivity is disrupted in frontal regions during REM sleep,
although studies differ in their assessment of the exact na-
ture of this change, with some suggesting reduction in fron-
tal theta activity (Cowdin et al., 2014) and others suggesting
increased power in higher frequencies (Wang et al., 2020)
in the frontal cortex.

Under PTSD REM conditions, when 4 Hz theta activity was
introduced to a cell assembly in IL (IL2, in our simulations), the
synaptic changes that occurred did not result in a significant
reduction in the activity of the associated fear memory in the
amygdala (BA2 cell assembly). In other words, 4 Hz theta input
to the IL, which may help to extinguish fear memories under
normal REM sleep conditions, appears to be ineffective at doing
so under PTSD REM conditions. Studies suggest that memories
with a high emotional valence have a greater likelihood of being
processed during sleep (Stickgold and Walker, 2013). Together,
these factors could result in the same fearful dreams being
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experienced over and over in PTSD patients. In other words,
individuals with PTSD may not extinguish the fear associated
with traumatic memories during REM sleep, whereas healthy
individuals do. Whether fear extinction in healthy individuals
occurs in one night of sleep or over multiple nights and multiple
dreams, and whether the unconditioned stimulus is present in
these dreams are very interesting questions that require further
investigation. With respect to the first question, whether multiple
nights are required might depend on the initial magnitude of the
emotional charge of the fear memory and how much emotional
charge is dissipated by a single dream.

Surprisingly, when 10 Hz activity was introduced to a cell as-
sembly in IL (IL2, in our simulations), synaptic changes occurred
in the same direction and to a similar extent as the changes that
occurred when 4Hz theta frequency inputs were introduced
under the physiological conditions of normal REM sleep; con-
nections from IL to the amygdala (IL2 to BA) were strengthened,
whereas those from the amygdala to IL (BA to IL2) were weak-
ened. Furthermore, the firing rates of the cells representing the
associated fear memory in the amygdala (BA2) were significantly
reduced. This result suggests that neuromodulation of mPFC ac-
tivity of ~10Hz during REM sleep may have therapeutic value
for ameliorating the symptoms of PTSD. There are various
options for implementing such neuromodulation in practice. For
instance, transcranial direct current stimulation (tDCS) during
sleep has been shown to boost oscillatory activity and enhance
learning (Marshall et al., 2006). Our work suggests that tDCS at
10 Hz over midline frontal areas during REM sleep might help
extinguish fear memories in PTSD patients. Alternatively, tDCS
at 4 Hz over midline frontal areas during REM sleep might help
restore normal theta activity in these areas and thereby help
extinguish fear memories in PTSD patients. Auditory stimula-
tion during sleep has also been shown to enhance oscillations,
especially during non-REM sleep. Recent work has shown that
auditory stimulation may be effective in enhancing oscillatory ac-
tivity in REM sleep as well (Harrington et al., 2021). Thus, there
is potential to develop an auditory stimulation paradigm for the
induction of 4 Hz or 10 Hz oscillations during REM sleep. Such a
protocol may provide a means for therapeutic intervention in
PTSD patients.

Our modeling results also provide insight into recent findings
that show that in individuals with sleep disorders, REM sleep is
related to poorer extinction of fear memories, whereas in healthy
individuals REM sleep is related to better fear extinction (Bottary
et al., 2020). In particular, our model shows how aberrations in
REM sleep dynamics in the circuits responsible for emotional
memory processing could render inputs that normally would
help consolidate emotional memories ineffective or even produce
changes in the opposite direction (e.g., increase fear associated
with a memory rather than reduce it).

We also note that our modeling results coincide with the
results of recent studies showing that sub-bands within the theta
band are critical for communication within and between the
mPFC and limbic structures and that neurotransmitters can
enhance or impair communication within these structures in
theta sub-bands. For instance, studies suggest that the coherence
between the hippocampus and the mPFC of theta frequencies
near the upper end of the theta range is important for avoidance
learning (Padilla-Coreano et al, 2019; Dickson et al, 2022).
Padilla-Coreano et al. (2019) found that oscillatory optogenetic
stimulation of hippocampal terminals in the mPFC during an
avoidance behavior task maximally increased avoidance when
delivered at a frequency of 8 Hz rather than 2, 4, or 20 Hz. And
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interestingly, Dickson et al. (2022) found that coherence in theta
subfrequencies (in particular at ~6, 9, and 11Hz) changed
dynamically during the course of the avoidance response.
Furthermore, Kjaerby et al. (2016) found that the effectiveness of
theta band communication could be modulated by neurotrans-
mitters. In particular, they showed that serotonin could act on
terminals in the prefrontal cortex originating from the hippo-
campus and the contralateral prefrontal cortex to reduce both
theta activity and avoidance behavior. Along the same lines, high
norepinephrine levels in our model under otherwise healthy
REM sleep conditions dissipate theta activity and reduce the abil-
ity of lower theta band activity (4 Hz) to suppress fear memories
while at the same time making higher range (10 Hz) theta inputs
to IL more effective in inducing plastic changes in IL-amygdala
connections.
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