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Abstract

A connection between stress-related illnesses and alcohol use disorders is extensively
documented. Fear conditioning is a standard procedure used to study stress learning and links it to the
activation of amygdala circuitry. However, the connection between the changes in amygdala circuit
and function induced by alcohol and fear conditioning is not well established. We introduce a
computational model to test the mechanistic relationship between amygdala functional and circuit
adaptations during fear conditioning and the impact of acute vs. repeated alcohol exposure. In
accordance with experiments, both acute and prior repeated alcohol decreases speed and robustness
of fear extinction in our simulations. The model predicts that, first, the delay in fear extinction in
alcohol is mostly induced by greater activation of the basolateral amygdala (BLA) after fear
acquisition due to alcohol-induced modulation of synaptic weights. Second, both acute and prior
repeated alcohol shifts the amygdala network away from the robust extinction regime by inhibiting
the activity in the central amygdala (CeA). Third, our model predicts that fear memories formed in
acute or after chronic alcohol are more connected to the context. Thus, the model suggests how
circuit changes induced by alcohol may affect fear behaviors and provides a framework for
investigating the involvement of multiple neuromodulators in this neuroadaptive process.

Introduction

Alcohol use disorder (AUD) is a chronically condition characterized by loss of control over
drinking as well as high propensity to relapse despite periods of abstinence (1). Stress is a
predisposing factor for AUD (2) as well as other mental illnesses. The fact that past trauma increases
the propensity to develop AUD, as well as being a primary trigger of relapse (3), implicates similar
neurocircuitry underlie the maladaptive effects of stress and AUD. Specifically, neuroadaptations of
stress circuitry contribute to the pathology of AUD (4) and are thought to be the point of intersection
by which stress can promote the development of AUD. Among stress-related mental illnesses, PTSD
in particular is characterized by rapid reacquisition of the fear response following a generally mild
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stressor, and AUD often potentiates these symptoms (5). Elucidating at the circuit level how stress
and alcohol interact to alter neural adaptation, and the implication of those changes for behavior, is
important for identifying methods to improve treatments for comorbid stress- and alcohol-related
diseases.

Fear conditioning has long been studied to elucidate the impact of stress learning on neural
circuit adaptation in rodents (6,7). Studies of fear conditioning focus on the initial learning of the fear
behavior (acquisition) as well as on the processes by which fear-related behaviors may fade over
repeated exposure to stress cues in the absence of the stressor (extinction). Extinction may be
permanent or transient (8,9), dependent on the strength of physiological changes in the brain regions
comprising the stress circuitry during formation of the extinction memory (10). Fear can be restored
by a number of factors including the passage of time, change in context, or reappearance of the
unconditioned stimulus (11). These studies provide a strong foundation for the behavioral research of
the interaction between stress and alcohol effects in rodents and other model organisms.

The amygdala is well-known to be central to fear conditioning and extinction processes
(12,13). The potentiation of connections between input nuclei of the amygdala and their respective
inputs is central for the fear acquisition process. In particular, the increased strength of thalamic
connections to the lateral amygdala and hippocampal projections to a subset of neurons in its basal
nucleus are responsible for fear acquisition (14,15) (also see Methods). Fear extinction is new
learning that strengthens another amygdala input, which suppresses the activity of fear-encoding
neurons, rather than reversing previous fear learning-related changes (16,17). Specifically, cortical
inputs to a subset of neurons in the basal nucleus are potentiated during extinction. Thus, the
amygdala circuitry is the primary focus of research on the stress and alcohol interactions.

Stress and alcohol interactions are very complex and not understood in detail. Single or
repeated fear conditioning sessions prior to alcohol exposure increase future alcohol intake (18,19).
Several studies has shown impaired fear acquisition in acute alcohol (11,20,21). However, in several
other studies acute alcohol has no effect on fear acquisition (22,23), or even causes its amplification
at low alcohol doses (24). On the other hand, fear extinction has been consistently shown to slow
down and weaken in acute alcohol (22,25).

Chronic alcohol exposure has variable effects on fear acquisition as well: facilitates (26) or
causes no effect (27) in rodents or reduces in humans (28). It is further shown to facilitate pre-
existing fear memories (29). Stephens shows reduction in fear acquisition for binge drinkers but sees
generalization of fear in them. However, fear extinction has been shown to consistently become
weaker after chronic alcohol exposure (26,27,30). In this paper, we aim to reproduce the impaired
fear extinction by incorporating known alterations produced by alcohol in the amygdala circuitry in a
computational model.

We connect the alterations produced by alcohol at the circuit and behavioral levels in a
computational model. Modeling can bridge the gaps between in vivo and in vitro techniques used to
investigate behavior and neural activity changes. Specifically, we analyze how altered amygdala
connectivity changes behavioral responses in fear acquisition and extinction. We simulate two
conditions: first, acute alcohol and, second, prior repeated alcohol, Thus, the aim of this study is to
establish mechanistic relationships between amygdala function and structural adaptation during fear
learning and the impact of acute and chronic alcohol. This model will provide a framework for
investigating putative modulators of amygdala circuit activity that can inform future behavioral and
translational research.
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81  Methods
82  Amygdala Structure
83  Basolateral amygdala

84  The basolateral amygdala (BLA) is a crucial component of the brain's limbic system, playing a pivotal
85 role in the processing of emotions such as fear and anxiety (31). The BLA sends glutamatergic
86  projections to the central amygdala and other downstream targets. The BLA was separated into lateral
87  (LA) and basal amygdala (BA) according to their distinct inputs and functional differences (Fig. 1).
88  The LA, which is crucial to fear acquisition, receives thalamic and cortical inputs (REF). The BA
89  contains two functionally opposing groups of projection neurons, One of the groups, referred to as fear
90 neurons (BAf), are activated in response to aversive stimuli and are essential for the expression of
91  conditioned fear responses (Fig. 1) (32). These neurons receive inputs from the LA and hippocampus
92  (14,15,17), and excite downstream pro-fear neurons in the central amygdala (CeAOn) as well as other
93  brain regions involved in the expression of fear behaviors (33). Activation of these BLA fear neurons
94 is associated with increased heart rate, blood pressure, and freezing behavior, all of which are
95  characteristic physiological responses to fear (34).

96  Conversely, another group of projection neurons in the BA, referred to as extinction neurons (BAe), is

97  involved in the inhibition of fear responses (35). These neurons receive input from the medial prefrontal

98 cortex (mPFC) (14). During extinction learning, where a previously conditioned fear response is

99  inhibited by repeated exposure to the conditioned stimulus without the aversive outcome, there is an
100  increase in the activity of the extinction neurons, and a decrease in the activity of the fear neurons (35).
101  This shift in neuronal activity is associated with a reduction in fear expression and an increase in
102 approach behaviors towards the conditioned stimulus (36). Activation of these neurons is associated
103 with a reduction in heart rate, blood pressure, and freezing behavior, and an increase in approach
104  behaviors towards positive stimuli (37).

105 A growing body of evidence suggests that the BA fear and extinction neurons are mutually inhibiting
106  (Fig. 1) (31,38-40). The antagonistic relationship between these two groups of neurons in the BLA is
107  essential for the appropriate regulation of emotional responses.

108  Extensive research has shed light on the roles of inhibitory interneurons within the BLA and their
109  involvement in shaping emotional processing, particularly in aspects related to fear and safety learning
110 (41-45). These interneurons play an instrumental role in controlling the input-output dynamics of the
111  BLA by modulating the excitability and timing of projection neuron activity (44,46). While their
112 contribution in gating inputs to the BLA is relatively well-understood (33,47), the exact mechanisms
113 by which they might modulate mutual inhibition between neurons associated with fear and those linked
114 with safety remain ambiguous (39,48). This uncertainty underscores the need for further exploration
115 and, potentially, the development of a computational model to provide clarity. Therefore, in our present
116  model, we omit details of these connections and code the interaction between the BA neural groups as
117  direct mutual inhibition (Fig. 1).

118  Central amygdala

119  The circuitry of the central amygdala (CeA) is also quite complex and underwent extensive
120  investigation (for review see (15)), although many details are still uncertain. Therefore, we reduce the
121  circuitry to functionally minimal. As well as the BLA, the CeA is divided into pro-fear (CeAOn) and
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122 pro-extinction (CeAOn) neurons (15) (REF). However, these neurons are all inhibitory and directly
123 inhibit one another (REF). The pro-fear neurons in the medial part of the CeA project to downstream
124  targets and induce fear-related behaviors (15). This provides another layer of inhibition between the
125  fear and extinction pathways (Fig. XX). We group together the pro-fear neurons from medial and
126  lateral parts of the CeA in the group denoted as CeAOn as their function and inputs are similar.

127  BLA directly projects to the central amygdala (49) (10.1016/j.neuron.2017.02.034). Specifically, LA
128  neurons connect to the pro-fear neurons in the medial part of CeA and BA fear neurons — to the

129  lateral. As we united these pro-fear neurons into the same group, CeAOn, both inputs excite this

130 group. On the other hand, the extinction neurons from BA, BAe, project to the pro-extinction neurons
131  in the central amygdala, CeAOff (10.1016/j.neuron.2017.02.034). Therefore, the BLA to CeA

132 connections comprise mutually inhibiting pro-fear and pro-extinction pathways (Fig. XX). The

133 output of the model is the pro-fear CeAOn grout since these neurons from the medial part of the CeA
134 project to downstream targets (REF).

135  The amygdala circuit contains other groups of neurons that mediate its signal transduction. In

136  particular, two clusters of intercalated (ITC) neurons dorsolateral (ITCd) and ventralateral (ITCv)
137  mediate BLA to CeA pathway. However, we have not included them in this model as they repeat the
138  connections that the model accounts for. Specifically, ITCd neurons connect LA to CeAOff neurons
139  (49), which provides inhibition of the latter in a similar way as connection from LA to CeAOn

140  neurons as CeAOn neurons inhibit CeAOff neurons in the model. Similarly, ITCv neurons are

141  excited by BA extinction neurons and provide inhibition of CeAOn neurons (49) in a similar way as
142 BA fear neurons reduce their excitation due to their inhibition by the BA extinction neurons. In some
143 circumstances, these two additional pathways may act differentially from those they are functionally
144  similar to, but this requires their differential inputs. Therefore, we merge the similar pathways and
145  augment the strength of the LA to CeAOff and BAf to CeAOn bisynaptic connections to account for
146  the reduction.

147  Firing rates of neural groups

148  For each neural group i in the model, the firing rate is determined by the following equation common
149  for all neuron populations (50):

150 it .

(1)

151 Here, U is the firing rate of neural group i, W;; is the synaptic weight between group i and group j, 7
152 s the time constant set to 0.05 sec (51), and F is the sigmoidal function

1
153 F(x) = 1T o 1005
154 We model a total of five neuronal populations using these equations (Fig. 1). The structure is

155  the same as in earlier modeling (51).
156  Synaptic Plasticity

157  Fear acquisition and extinction are linked to plasticity of synaptic connections within the amygdala
158 and its inputs (52—54). Among them, potentiation of synaptic inputs that transmit stimuli and context-
159  related information to amygdala is shown to be key in modulation of fear responsiveness (15,53-60).

4
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160  Therefore, we assume connection strength of the three inputs: from the thalamus to the LA, from

161  hippocampus to BAf, and from mPFC to BAe, all to be plastic. To focus on the contribution of

162  plasticity of these three inputs, all other connections are given constant synaptic weights. An

163  important simplification achieved by this assumption is that task-dependent plasticity and alcohol-
164  dependent plasticity affect different synapses in the model. This simplification is necessary to avoid
165  extreme complexity due to mutual interdependence of plasticity processes. The plastic synaptic

166  weights of the inputs to the LA and the BAf implement a variation of the Rescorla-Wagner (Hebbian
167  type) learning rule (61):

168 AW = ERR *US * a * Upyp * Upygt

169  Where «a is a plasticity rate constant, the US is the adverse unconditioned stimulus that engenders
170  learning and the Up,., and Up,; are the respective firing rates of the pre- and post-synaptic neurons.
171  The prediction error is calculated as

172 ERR = US - UCeAOn'

173 Note that the accepted notation is to register an adverse unexpected stimulus as positive prediction
174 error, whereas a negative error is an unexpected omission of the stimulus (17).

175 For the synaptic weight projecting to BAe, the following was used:
176 AW = —ERR * a * Upye * Upygt-

177  In other words, only in the presence of a shock (US=1), the inputs to the fear pathway are

178  potentiated. In the absence of a shock (US=0), the inputs to the extinction pathway are potentiated
179  until the prediction error vanishes as U, 0n — 0. Using these rules, a negative prediction error leads
180  to inhibition of the fear pathway not by a decrease in a synaptic weight, but by potentiation of an

181  alternative pathway (17). This is justified given that little evidence shows synaptic depression in

182  either fear acquisition or extinction, and that it is widely accepted that the activation of alternate

183  pathways is key in fear extinction (61,62).

184  Behavioral Protocol

185  The learning protocol involves two periods: fear acquisition and fear extinction. The acquisition

186  period consists of first 25 trials and the extinction period extends to additional 35 trials. Each trial has
187  three phases (14,51) (Fig. 2). The first phase is the presentation of a context and the conditioning

188  stimulus (CS) in a context specific for it. In the model, the CS and the context are represented as

189  continuous signals from the thalamus to the LA and the hippocampus to the BA respectively (17,63).
190  After this phase, the network’s prediction of an aversive unconditioned stimulus (US)—that is, the
191  activity of CeLOn—is read out. The second phase then begins, during which all signals from the

192 previous phase continue, and a US is added in acquisition. In extinction, no US is presented. At the
193 end of phase two, all synaptic weights are updated. Finally, during the third phase, no input is

194  presented to the system allowing it to reset. The first phase of the next trial then begins.

195  Extinction also takes place in a different context, as in the experiments (14) and prior modeling
196  (51,63). Thus, the hippocampal input to the BAf is turned off in the model because the new context is
197  not associated with fear. By contrast, an input from mPFC to BAe is activated during extinction
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198  (14,51), and synaptic connections from mPFC to BAe start to grow according to the plasticity rules
199  described above.

200 Calibrations and Simulations

201  Our model is coded in, and all results were generated by Python. We used Euler’s method, which is
202  sufficient for solving this system given its strong convergence to steady states. All nuclei include
203  additive normally distributed noise. A step size of 2 milliseconds is used, and each trial described
204  above consists of 500 timesteps. We average the number of trials needed for fear acquisition and
205  extinction over 100 model instances and calculate their standard deviations.

206  To calibrate the model (Table 1), we combine functional criteria of fear acquisition and extinction
207  with available electrophysiological data on synaptic currents and firing rates of each neural group.
208  First, we use current-frequency relation for CeA neurons (64) to calibrate the input response function
209  F(x): aunit of input in the model represents ~ 100pA current. We generalize this scaling to all

210  neurons in the model to compensate for sparse data. For CeA neurons (including CeA On and Off
211 groups) the EPSP and IPSP amplitudes were measured to be approximately 65 and 150pA

212 respectively (26,27). While these data are a good initial approximation for the model, it lacks the

213 information about the convergence of the inputs, which affects the activation of these currents. This
214 gives us some freedom to calibrate the synaptic strengths to reproduce the behavioral data on fear
215  responses. For this reason, we assign a greater weight for the connection from BAe to CeAOff to
216  robustly reproduce fear extinction (Wg4._cea; Table 1). The IPSP amplitude in LA neurons were up
217  to 100pA (65,66), and, thus the inhibitory synaptic weight within LA was calibrated to be 1 in the
218  model. Finally, the weight of LA to BAf connection determines the residual BAf response to CS after
219  the animal is switched to another context (e.g. extinction) (15). The strength of this connection was
220  not measured directly, and we use this functional criterion.

221  All activity levels were normalized to be between 0 and 1 for this model. Functionally, the above
222 calibration resulted in full activation of CeAOn (fear expression) at a partial activation of BAf and
223 LA. Thus, this calibration ensures robustness of fear learning since fear expression requires only
224  partial activation of the basal amygdala fear pathway.

225  Next, we test functional robustness of the sub-system responsible for fear extinction: the BAe and
226  CeAOff (Fig. 1). Fear extinction is achieved by inhibition of CeAOn and BAf by activation of
227  mPFC synaptic input. Analysis of the topology of the model allows us to give conditions on

228  parameters under which extinction is possible. Namely, the sum of the inhibitory and excitatory
229  inputs to CeAOn must be below the threshold for the response function F(x):

230 Waar—cea * (Ura + Usar) = Weeay o * Uceaoss < 0.5

Weaf-cea*(ULa+Upgaf)—0.5

231 Thus, extinction occurs if Weey, . > . The value of this parameter in Table

Ucesorr
232 1 is well within this range, which ensures robust fear extinction. Note that we used the same

233 connection weight Wg4r_c.4 for both LA and BAf inputs to CeAOn because the data do not
234 differentiate the neural groups. Lastly, our calibration of mutual inhibition between BAe and BAf
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235  (67) allow for fear- and extinction-responsive neurons in BA coactivate, as shown in experiments
236  (14). Thus, we assign a much lower value of 0.13 for the inhibitory synaptic weight within BA.

237  Alcohol-Induced Modulations

238 Alcohol modulates the weights of the connections between various subdivisions of the

239  amygdala as well as its afferents. Acute alcohol leads to increased inhibition in the BLA and CeA.
240  Specifically, GABA transmission was increased by ~50% (66,68—70). Simultaneously, acute alcohol
241  reduces glutamatergic transmission in CeA by ~20% (71). Accordingly, we modulate the synaptic
242  weights to reflect these changes in the model (Table 2)

243 In chronic alcohol, the most prominent change observed is a four-fold increase in the baseline
244  GABA levels in the CeA (71). However, this research shows a much more modest increase in the
245  IPSC amplitude (~60%), and, accordingly, we strengthen the inhibitory interaction in CeA by this
246  amount (Table 3). The rest of the increased GABA levels are hypothesized to increase a tonic

247  inhibitory component in the CeA (72). Thus, we introduce constant parameters (drive: D1y =

248  —0.5) that reduce the input current in Eq. (1) and inhibit CeA neuron firing. There are also reports of
249  increased glutamate transmission in the BLA in the chronic alcohol condition (73). In the CeA,

250  although, such reports are somewhat inconsistent (74), except for a response to an alcohol challenge
251  (75). To account for this increase, we strengthen the input from LA to BAf neurons (Table 3). The
252 other three excitatory connections in the BLA are inputs, and their plasticity is defined by the

253  conditioning protocol (see above). We will see that, indeed, they undergo greater potentiation in the
254 chronic alcohol conditions (see Results).

255  Results

256  Fear Acquisition

257  The first 25 trials of the simulations tested fear acquisition. During these trials, the model network
258  receives a CS input activating the LA and a context input activating the BAf. The inputs are

259  maintained until the presentation of a US (shock) in the second phase of each trial. The US is

260  represented in the calculation of the prediction error (see Methods).

261 Fig. 3 shows trial-by-trial dynamics of the averaged activity of all amygdala neuron types we
262  model (A,B), and plastic synaptic weights (C). The last panel (D) shows exemplar neural activity
263  within first several trials. Acquisition trials are to the left of the dashed vertical line and numbered 1-
264  25. The activity of each neural group is averaged across phases 1 and 2 of each trial (see Fig. 2). As
265  the figure shows, the activity of all neural groups is low at the beginning of acquisition process. The
266  initial growth of activity is very slow followed by a sudden increase in activation of LA, BAf, and
267  CeAOn groups. The process takes on average 6.26 trials (std 0.44), after which activity remains at
268  approximately the same level. The behavioral readout of the model is activation of the CeAOn

269  neurons, which shows fear response to the CS presentation. This completes the fear acquisition

270  process.

271 The mechanism for fear acquisition in the model is potentiation of the synaptic weights from
272 the sensory areas and hippocampus to the LA and BAf respectively. Their dynamics are shown in
273  Fig. 3C. Potentiation of these two projections is due to a positive prediction error: the difference
274  between the punishing US presented on phase 2 and the lack of CeAOn activation. However, the
275  initial growths of the synaptic weights are very gradual. This is due to Hebbian plasticity rule (see
276  Methods), which makes the changes in the synaptic weights dependent on the activity levels of both

7
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277  pre- and post-synaptic neurons. Thus, the low initial activity of LA and BAf impedes fast
278  potentiation of the synapses. The prediction following from this mechanism is that fear acquisition
279  can be accelerated by directly priming the activity of the LA and/or the BAf neurons.

280 Robust Fear Extinction

281 Fear extinction was tested beginning in trial 26 until the end of the simulation. During these
282  trials, the CS continues to activate the LA as it did during the acquisition trials. The context,

283  however, changes. A set of hippocampal neurons responsive to the new context is not associated with
284  fear and, thus, not activating the BAf. Furthermore, as extinction develops, projections from a set of
285  mPFC neurons responsive to this context potentiate and activate the BAe (14). In the model,

286  therefore, we silence the input from the hippocampus to the BAf and activate mPFC neurons that

287  provide weak initial stimulation of the BAe. Additionally, no US is presented during extinction trials
288  (i.e. no shock, which is incongruent with the presence of fear response).

289 Fig. 3 shows that at the beginning of extinction there is a substantial immediate drop in the
290  activation of BAf (A). This occurs because of no excitation of BAf by the hippocampus due to the
291  change in context. On the other hand, there is a very modest drop in the activation of CeAOn (Fig.
292 3B) due to persistent excitation from the LA (Fig. 3A). Therefore, the model reproduces initial pre-
293  learned fear responses to the CS presentation regardless of the context. The persistent activity of the
294 LA reflects its direct activation by the CS.

295 The immediate drop induced by the context change is followed by a gradual further decrease
296 in the activity of BAf and CeAOn as well as a gradual increase in the activity of BAe. This behavior
297  continues for 7 trials, after which there is a sharp increase in BAe and CeAOfT activity.

298  Simultaneously, the activity of BAf and CeAOn sharply decreases. After this occurs in trial 33, there
299  is little change in the activities of any of the system’s neural groups. The activity of LA remains

300  constant throughout this process simply reflecting the same CS presentation in all trials. As the

301 activity of CeAOn remains near zero, we register fear extinction. On average, it takes 8.54 trials (std
302 0.57).

303 The mechanism for extinction is the potentiation of the synaptic weight between the mPFC
304  and the BAe. Fig. 3C shows the slow increase in this weight following trial 25, which is gradual at
305  first due to the low activity of BAe, the postsynaptic neural population. The increase in the rate of
306  potentiation corresponds with the increase in activity levels of the BAe. It is important to note that
307  extinction does not occur by the depression of any of the synaptic pathways potentiated during

308 acquisition (Fig. 3C red and orange). Rather, it occurs by the strengthening of an alternative pathway,
309  which inhibits fear-responsive neural groups within the amygdala circuitry. Thus, mutual inhibition
310  within amygdala determines the capacity for extinction.

311  Acute Alcohol Impedes Fear Extinction by differentially affecting BLA and CeA activity

312 As mentioned in Methods, acute alcohol makes the excitatory inputs to CeA weaker and inhibition
313  within amygdala, both in LA and CA, stronger. While the direction of the changes is clear, the

314  magnitude is hard to calibrate due to insufficient experimental data. In particular, changes in activity
315  of the amygdala recorded in vivo, whereas changes in synaptic function, such as transmitter release
316  or receptor activation, are measured in vitro. To close this gap, we conducted parametric analysis by
317  varying the parameters in a wide range and analyzing the changes in the activity simulated by the
318  model. The analysis shows that the above parameter modulations exert robust activity changes in a
319  wide range of physiologically relevant values. Based on this parametric analysis, we set the
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320  magnitude of parameter modulations that produced typical activity responses. In particular, Fig. 4
321  depicts the results obtained when parameters modulated by acute alcohol were set to the values in
322 Table 2.

323  Fig. 4 indicates that acquisition completes after an average of 10.43 trials (std 0.59), which is 3 trials
324 longer than in the control conditions (compare with Fig. 3). This is directly caused by the reduction
325 inthe BLA to CeA connection strength. Since, as before, conditioning is contingent on the sufficient
326  excitation of the CeAOn neurons, stronger excitation of their inputs is required to compensate for the
327  reduced synaptic weight. Thus, the activation of LA and BAf reach greater values (Fig. 4A) due to
328  greater potentiation of the corresponding connections (Fig. 4C). The additional potentiation requires
329  the greater number of trials. Furthermore, the LA activation reaches its maximum and the additional
330 increase of the overall input to CeAOn is achieved by further activation of the BAf neurons (Fig. 4A
331  vs 3A). Therefore, our simulations predict that acute alcohol increases the contribution of BAf to fear
332 conditioning.

333 Extinction takes far longer, increasing from 8.54 trials in the control condition to the average of

334 13.58 trials (std 0.49) in the acute alcohol condition (Fig. 4 trials 25 to 38). Thus, the model

335  reproduces delayed extinction in acute alcohol (22,25). This delayed extinction, in large part, is a
336  consequence of the stronger activation of the LA and BAf during fear acquisition. This stronger

337  activation of the fear pathway constitutes a larger barrier to overcome in order to inhibit the fear
338 response. Not only the activity of the BAe must now reach a greater level for extinction, but its

339  activation is also impeded by inhibition from the BAf neurons. This slows down potentiation of the
340  BAe input throughout extinction since the potentiation rate explicitly depends on the BAe activation
341  (see Methods).

342  The increase in inhibition strength between BAf and BAe in acute alcohol further impedes fear
343  extinction. The mechanism is the same: the stronger inhibition amplifies the influence of the fear
344  response in the BAf on the BAe activity and does not allow it to grow.

345  Interestingly, the increased contribution of BAf to fear conditioning has only a minimal effect on fear
346  extinction. Indeed, given that the BAf activation drops as the agent is shifted from acquisition to

347  extinction context (Figs. 3A and 4A orange, trial 24 to 25), this makes extinction easier (and thus

348  faster). Specifically, the activation level of the CeAOn neurons decreases following the context shift
349 by ~25% in control conditions and ~35% in acute alcohol (Figs. 3B and 4B orange). Although this
350 should enhance extinction, it becomes slower in acute alcohol.

351  Our simulations show that the increased inhibition in the CeA in acute alcohol does not significantly
352 affect the behavior during conditioning but contributes to the reduction of the CeA activation levels
353  (Fig. 4B).

354  Opverall, the model predicts that fear acquisition and extinction in acute alcohol lead to greater
355  activation of the corresponding neural groups in the BLA, but lower activity in the CeA. Most
356  significantly, in acute alcohol, the activity of the CeAOff neurons after fear extinction is reduced
357  most (~40%) compared to that in control conditions (Fig. 4B blue).

358  Chronic Alcohol Reduces Reliability of Fear Extinction by Inhibiting Activity of CeA

359  As we state in Methods, prior repeated alcohol exposure increases the inhibition in the CeA and
360  excitation of the BAf by LA (see Methods and Table 3). Fig. 5 shows that the number of trials to fear
361  acquisition is slightly greater after repeated alcohol exposure (8.12 vs. 6.26; std 0.32). However,
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362  activation of the fear pathway is substantially changed: LA activation achieves a somewhat greater
363  maximum value, and BAf activation is greatly increased. These changes are similar to those in acute
364  alcohol, but this causes a higher input to the CeAOn neurons as the CeA synaptic inputs remain the
365  same in chronic alcohol. The higher CeAOn excitation is required for fear conditioning in chronic
366  alcohol because it counteracts the amplified tonic inhibition in CeA. Thus, the modulations to the
367  amygdala produced by chronic alcohol, however different from acute alcohol, produce very similar
368  changes in the activity levels (Fig 4A,B and 5A,B).

369  Fear extinction trials start with substantially greater residual activation of both the LA and the BAf
370  (Fig. 5A trial 25). Because of that, extinction is achieved later than in control conditions and takes on
371  average 12.33 trials (std 0.53). Thus, our simulations reproduce impeded fear extinction after chronic
372  alcohol (26,27,30). Furthermore, the activation levels of the CeAOff neurons after extinction,

373  although sufficient for the suppression of fear response, remain low. This change parallels what we
374  have shown above for acute alcohol but is amplified. Indeed, the CeAOfT activity after extinction is
375  down additional 20% compared to acute alcohol case (Fig 4B vs. 5B, blue). This activation level is so
376  low that noise added to our simulations can switch the CeA and induce a fear response (Fig. 5B trial
377  47). In the simulation, the system has the capacity to further strengthen the extinction pathway (Fig.
378  5C), but the activation of the CeAOn neurons remains low (Fig. 5B trials 48-60). Therefore, fear

379  extinction is much less reliable after chronic alcohol due to inhibited activity of the CeA neurons.

380  Discussion
381  Acute and chronic alcohol delay fear extinction

382 Acute (11,20-24) and chronic (26-28) alcohol has variable effect on fear acquisition. In our
383  simulations, alcohol significantly increases the number of trials required for acquisition in both acute
384  and chronic conditions (10.43 and 8.12 respectively vs. 6.26), and this trend replicates several studies
385 (11,20,22,28). Our model suggests that the variability of the acquisition time may come from variable
386  background levels of activity in the BLA or in the brain regions projecting to it prior to learning. The
387  learning process involves Hebbian synaptic plasticity and is primed by the activity of both pre- and
388  post-synaptic neurons (61). A greater initial activity level speeds up fear acquisition, whereas lower
389 initial activity delays acquisition. Such priming can be done optogenetically, or by drugs such as

390 alcohol. If these levels prior to learning were increased by alcohol, the acquisition time would be

391  decreased to the values observed in the control conditions. However, for example, hippocampal

392 activity is reduced by acute alcohol (76,77), and this should further slow down context-dependent
393  learning. In our simulations, we assume the same initial activity levels in all conditions to avoid

394  variations in the acquisition time. However, our modeling suggests that fear acquisition time may be
395  highly variable as it depends on the background activity levels in the BLA and its input structures as
396  well as the specifics of the task.

397 On the other hand, fear extinction is delayed more consistently by both acute (22,25) and

398  chronic (26,27,30) alcohol. Our model successfully reproduces this result (13.58 and 12.33 trials to
399  extinction respectively in acute and chronic alcohol vs. 8.54 in control). What mechanisms control
400  the onset of fear extinction? The simulations show that the number of trials required for fear

401  extinction is largely independent of that required for conditioning. For example, the above predicted
402  variability in fear acquisition timing will not affect extinction. By contrast, the final levels of activity
403  in the fear pathway reached after acquisition affect extinction. In particular, in both acute and chronic
404  alcohol, the LA and BATf are activated stronger than in the control conditions, and, therefore, BAe
405  receives stronger inhibition from BAf at the beginning of extinction. Accordingly, the longest
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406  extinction delay was obtained in the acute alcohol simulations, where BAf activity was greater by
407  nearly a factor of two compared to the control case (Fig. 4A vs 3A, orange), and the BA inhibition
408  weight was increased as well. Second, the extinction delay is affected by the background firing rate
409  of the mPFC input. Indeed, by the same Hebbian rule, this extinction delay depends on the

410  background firing rate of the postsynaptic BAe and the presynaptic mPFC neurons. In our

411  simulations, we assume the same mPFC activity levels in all conditions to focus on the influence of
412 the amygdala structure on fear conditioning. Therefore, the delay in fear extinction in alcohol is
413  mostly induced by greater activation of the BLA after fear acquisition due to alcohol-induced

414  modulation of synaptic weights.

415 Fear Extinction is Less Robust in Acute and Chronic Alcohol

416 In our simulations both acute and prior repeated alcohol lead to greater activation of the BLA
417  fear pathway after fear acquisition. To counteract this, in extinction, a greater activation of the BAe
418  neurons is required as well. However, this does not lead to a greater activation of the CeA neurons in
419  the simulations. To the contrary, all CeA neural groups are less active in alcohol. Indeed, the greater
420  activation of the BLA is a compensatory mechanism that counteracts a greater inhibition and/or

421  lower excitation in the CeA. The decrease in activity of the CeA is most significant for the CeAOff
422 neurons in extinction for the chronic alcohol case (Fig. 5B, blue), where their activity is reduced by
423  ~60% compared to the control conditions (Fig. 3B, blue). As a result, the activation of the extinction
424  pathway through CeA is insufficient to reliably oppose fluctuations in the fear pathway and,

425  therefore, exclude fear responses. Thus, the model predicts that acute and especially prior repeated
426  alcohol shifts the amygdala network away from the robust extinction regime.

427  Alcohol Exposure Changes Context and Stimulus Contributions to Fear Conditioning

428 The aim of this study was to model the mechanistic relationships between amygdala function
429  and structural adaptation in fear learning and the impact of acute and repeated alcohol on this

430  process. In the model, two pathways mediate fear conditioning: the LA and BAf projections to CeA.
431  These two pathways may contribute differently depending on experimental conditions. For example,
432 BAfis activated more than LA in fear acquisition simulations when acute alcohol is present as well
433  as after prior alcohol exposure, whereas LA contribution is greater in control conditions. The

434  amplified BAf activity is caused by potentiation of hippocampal inputs and, thus, increases the

435  contribution of context to the fear memory. Therefore, our model predicts that fear memories formed
436  in acute or after chronic alcohol are more connected to the context.

437 The contributions of the conditioned stimuli and context during fear acquisition can be further
438  manipulated by priming the activity in one of the regions that provide their excitation: e.g. thalamic
439  areas for the LA and the hippocampus for the BAf. In particular, acute alcohol has been shown to
440  drastically decrease hippocampal activity (76,77), which would compensate for the greater

441  potentiation of the hippocampal input to the BAf neurons. The current version of the model does not
442  account for these modulations but provides a framework for future expansion of the model’s

443  predictive function. In particular, the model predicts that an attempt to restore hippocampal activity
444  in alcohol to rescue contextual learning will exaggerate the context contribution to fear acquisition.

445  The Model as a Framework for Elucidating the Impact of Modulators

446 A central purpose for development of this model is the generation of a framework that may be used
447  to examine the impact of a variety of modulatory influences on fear learning. Here we limited the
448  factors incorporated to first build a basic model. There are multiple neuromodulators and

11
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449  neuropeptides implicated in plasticity in amygdala subdivisions following acute and chronic alcohol
450  exposure (e.g. (74)). Additionally, the complexity of the inputs modulating not only BA activity but
451  also the interconnected amygdala subdivisions is far greater than accounted for in this initial model
452  design. Addition of other neural groups, such as the intercalated cells or other projections to the

453  amygdala, such as the prelimbic subdivision of the mPFC, would enable understanding of their

454  interplay with the core modeled here. Thus, the model may provide a means for rapid determination
455  of the putative efficacy of modulators to reduce fear behavior, particularly in the presence of alcohol,
456  thereby identifying novel targets with the highest potential to be further investigated via preclinical in
457  vivo experimentation, potentially streamlining the search for improved treatment targets to

458  ameliorate comorbid stress and alcohol-related mental illnesses.

459 Altogether, our model demonstrates how plasticity within amygdala circuitry contributes to
460  alcohol’s effects on fear conditioning and make the following predictions: First, the delay in fear

461  extinction in alcohol is mostly induced by greater activation of the BLA after fear acquisition due to
462  alcohol-induced modulation of synaptic weights. Second, the model predicts that both acute and prior
463  repeated alcohol shifts the amygdala network away from the robust extinction regime by inhibiting
464  the activity in the CeA. Third, our model predicts that fear memories formed in acute or after chronic
465  alcohol are more connected to the context, although this prediction is subject to variations in

466  hippocampal activity by alcohol. Finally, our modeling suggests that fear acquisition time may be
467  highly variable and dependent on the specifics of the task, which explains variable results on the

468 influence of alcohol on this time.
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Table 1: Model parameters. Values are calibrated as described in Methods.

Parameter Name @ Parameter Description Parameter Value
W a_pay Excitatory synaptic weight from LA to BAf 0.49
Wea, i Inhibitory synaptic weight within BA 0.13

18


https://doi.org/10.1101/2023.12.30.573310
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.30.573310; this version posted January 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International U&qlwhol inﬂuence on fear responses

Wiaimi Inhibitory synaptic weight within LA 1.0
Wgaf—cea Excitatory synaptic weight from LA and to 0.65
CeAOn.
Wgae—cea Excitatory synaptic weight from BAe to CeAOff. | 0.98
Wceainin Inhibitory synaptic weight within CeA 1.5
T Time constant for neural activities 0.05
a Learning rate constant 1

692  Table 2: Parameter modulation by acute alcohol. All other parameters stay the same.

Parameter Modulation Literature
Wpga, i, = 0-25 | Increased by ~50% (66,68-70)
Wignp = 1.5 | Increased by ~50% (66,68-70)
Wpgas_cea = 0.4  Decreased by ~20% (71)
Wgae—cea = 0.6 | Decreased by ~20% (71)
Weeaypp = 2-5 | Increased by ~50% (66,68-70)
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693

694  Table 3: Parameter modulation by chronic alcohol. All other parameters stay the same.

Parameter Modulation Literature

Wcea = 2.5 | Increased by ~60% (71)

inhib

Drc.p = —0.5 | Increased tonic GABA levels (4-fold) and | (72)

IPSC frequency (0.22 to 0.72 Hz)

Wia_pas = 0.6 | Increased by ~20% (73)
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698  Figure 1: Diagram of the amygdala circuitry implemented in the model.
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701  Figure 2: The learning protocol used in all trials in the model.

702

21


https://doi.org/10.1101/2023.12.30.573310
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.30.573310; this version posted January 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International U&qﬁhol inﬂuence on fear responses

Average Firing Rate of LA, BAf, BAe Average Firing Rate of CeL On and Off
1.0
L 1
0.7 |
1
@ 0.6 : 0] 0.8
T ! T
o 0.5 ! o 1
! — BA 0.6 4 !
(o)) 1 e (o)) 1 — Off
c 0.4 | —— BAFf c H
= ] = i — On
iC 03 — A iC 041 i
2 2 |
0.2 !
< < 0.2 !
0.1 1
1
001 . — . . : 001, . — . :
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Trial Trial
Synaptic inputs to BLA BLA firing
091 : 08
0.8 H
E 1
S 0.7 1 ! 0.6
Ty 1
9] J
z 061 BAe : ?
L 057 — BAf H > 0.4+
e — LA ! I°]
Q0.4+ | <
0.2
$ 03" |
(7)) 1
0.2 4 i
1 0.0
0.1+ !
0 10 20 30 40 50 60 0 5000 10000 15000 20000 25000 30000
Trial time

705  Figure 3: Dynamics of amygdala activity and synaptic inputs during fear acquisition and extinction.
706  Acquisition trials are 0 to 24. Extinction trials are 25 to 59. The vertical dashed line separates these
707  two periods. (A) Average activity levels of LA BAf and BAe. (B) Average activity levels of CeA On
708  and Off. (C) Weights of synaptic inputs to LA, BAf and BAe. (D) Exemplary time dependence of
709  the activity levels throughout the first 20 trials for the BLA neural groups. The averaging in (A) is
710  done over the first two phases of each trial, whereas the third phase is an intertrial interval, during
711  which the activity is reduced to the background levels.
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713

714 Figure 4: Effects of acute alcohol on amygdala activity during fear acquisition and extinction.
715  Notation is the same throughout the panels as in Fig. 3. Parameter values changed from the control
716  are in Table 2
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720  Figure 5: Effects of chronic alcohol on amygdala activity during fear acquisition and extinction. The
721  notation is the same as in Fig. 3. Parameter values changed from the control are in Table 3.
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