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A computational model of oxytocin modulation of olfactory recognition memory   33 

Abstract  34 

Social recognition in mammals depends on complex interactions between sensory and other 35 

brain areas as well as modulatory inputs by specific neuropeptides such as oxytocin (OXT). 36 

Social recognition memory specifically has been shown to depend among others on olfactory 37 

processing, and can be probed using methods similar to those used when probing non-social 38 

odor memory. We here use a computational model of two interconnected olfactory networks in 39 

the mouse, the olfactory bulb and anterior olfactory nucleus, to propose a mechanism for 40 

olfactory short term recognition memory and its modulation in social situations. Based on 41 

previous experiments, we propose one early locus for memory to be the olfactory bulb. During 42 

social encounters in mice, pyramidal cells in the AON, themselves driven by olfactory input, are 43 

rendered more excitable by OXT release, resulting in stronger feedback to olfactory bulb local 44 

interneurons. This additional input to the OB creates stronger dynamics and improves signal to 45 

noise ratio of odor responses in the OB proper. As a consequence, mouse social olfactory 46 

memories are more strongly encoded and their duration is modulated.  47 

Significance statement  48 
 49 
Oxytocin has long been associated with modulating neural networks during social encounters. 50 

We here use a computational model to show how neural plasticity, modulation and memory for 51 

social odors interact when animals encounter conspecific odors. To date the exact neural 52 

processes of oxytocin modulation of social odor memory are not elucidated; our modeling 53 

approach allows us to draw from a number of experimental data from different levels of 54 

analyses to create a coherent framework for how oxytocin modulates odor processing to match 55 

behavioral demands.  56 
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Introduction  57 

Social bonding and conspecific recognition in most mammals and rodents in particular relies 58 

on olfactory processing of conspecific odors. Specific neuropeptides such as oxytocin (OXT) 59 

and vasopressin as well as the neuromodulator dopamine have been shown to play critical roles 60 

for encoding and retrieval of conspecific odors (for review see (Walum and Young, 2018a)). The 61 

neural circuitry involved in these processes rely on olfactory information about conspecific odors 62 

processed first in the main olfactory bulb and relayed to brain areas involved in discrimination, 63 

social memory, bonding, and contextual information. The neuropeptide OXT has been proposed 64 

to shape these processes among other mechanisms by indirectly modulating signal to noise 65 

ratio (S/N) in the olfactory bulb via activation of pyramidal cells in the anterior olfactory nucleus 66 

(Oettl et al., 2016, Oettl and Kelsch, 2018a, Walum and Young, 2018a, b). We here use a large 67 

scale computation model to investigate the neural mechanisms and effects of enhanced S/N 68 

triggered by OXT on odor processing and memory. Our modeling results show how OXT 69 

modulation of inputs from the anterior olfactory nucleus (AON) to the olfactory bulb (OB) could 70 

underlie behavioral effects on social odor recognition memory.  71 

The first step in pair bond formation or other types of social memory is the formation of a 72 

precise neural representation of the conspecific’s odor, allowing for encoding and later recall. 73 

OXT has been proposed to play a crucial role in modulating olfactory representations in the OB 74 

(Walum and Young, 2018a), indirectly via the AON. The OB is the first neural network 75 

processing odor information from sensory neurons. Its output neurons, mitral cells (MC) project 76 

to a number of secondary olfactory cortices including the anterior olfactory nucleus. Olfactory 77 

representations are strongly modulated by local interneurons in the OB (Shipley et al., 1996), 78 

neuromodulators (Fletcher and Chen, 2010) as well as back  projections from secondary 79 

olfactory cortices (Rothermel and Wachowiak, 2014). The AON expresses high levels of OXT 80 

receptors (Vaccari et al., 1998), receives projections from the PVN (Knobloch et al., 2012), and 81 

manipulations of OXT activity in the AON modulate social recognition memory in mice and rats 82 

(Oettl et al., 2016) . AON projects heavily to the OB, with projections terminating on local 83 

interneurons and modulating OB spontaneous and odor evoked activity (Boyd et al., 2012, 84 

Markopoulos et al., 2012, Rothermel and Wachowiak, 2014, Aqrabawi et al., 2016). Specifically, 85 

OXT modulates odor representations in the OB by lowering background activity and enhancing 86 

odor responses (Oettl et al., 2016, Oettl and Kelsch, 2018b). One possible behavioral correlate 87 

of this modulation is increased social memory, as evidenced by increased duration of such 88 

memories when AON OXT receptors are artificially activated (Oettl et al., 2016, Oettl and 89 
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Kelsch, 2018b)). We use a computational approach to combine several types of experimental 90 

knowledge from different labs to suggest how OXT inputs to AON could modulate olfactory 91 

recognition memory duration. Our model first shows that recognition memory can be 92 

implemented within OB bulb networks, as suggested by several pieces of evidence, and second 93 

that AON projection to the OB can modulate S/N in the OB, increasing olfactory detection and 94 

discrimination, as proposed in a recent review (Walum and Young 2018). In addition to 95 

modulating S/N, plasticity processes in the OB are regulated by AON input. As a consequence, 96 

if AON neural activity and odor responses are changed by the influx of OXT in social recognition 97 

situations, AON modulation of OB processes is changed and results in increased plasticity. We 98 

propose that OXT release in the AON changes odor recognition memory and present behavioral 99 

results from mice supporting these predictions.  100 

 101 

Methods  102 

Network architecture 103 

The modeled OB network incorporates five neuron types: olfactory sensory neurons 104 

(OSN), mitral cells (MC), external tufted cells (ET), periglomerular cells (PG) and granule cells 105 

(GC) (Figure 1). Each group is composed of 100 neurons organized in functional columns. MCs 106 

make synapses with 25% of GCs (pMC-GC=0.25) and GCs make inhibitory local synapses only 107 

(see (McIntyre and Cleland, 2016). Activity dependent plasticity to simulate olfactory habituation 108 

was implemented on synapses between MCs and GCs as detailed below. The AON is 109 

represented by 100 pyramidal cells (Pyr). Because the connectivity between OB and AON is still 110 

poorly understood, synapses between mitral and pyramidal cells were created randomly with 111 

each mitral cell projecting to any pyramidal cell with an equal probability of pMC-Pyr=0.2 as shown 112 

in Figure 1. Based on published data on AON projections to the OB, we included a relatively 113 

strong (ppyr-GC=0.2 with higher synaptic weights) connectivity from AON to OB granule cells, as 114 

well as a weaker (pP-ET=0.1 with low synaptic weights) connectivity from AON to ET cells, which 115 

have been proposed to be the target of AON projections to the OB glomerular layer 116 

(Markopoulos et al. 2012). Intra-AON connections between pyramidal cells were modeled with 117 

low synaptic weights and connectivity ppyr-pyr=0.25; AON interneurons were neglected at this 118 

time. As a consequence, AON inputs to the OB mainly increase GC layer inhibition in the OB, 119 

with a weaker increase in glomerular layer excitation (Figure 1).   120 
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Modulation of AON pyramidal cells by OXT was modeled by adjusting cell excitability 121

(lowering firing threshold) to modulate the rheobase as shown in Oettl et al. (2016) and 122

adjusting spike adaptation for these cells (through simulated Ca+ dependent K+ channels) to be 123

less pronounced. Pyramidal cell parameters were adjusted to reflect experimental data under 124

control and OXT modulation conditions (Figure 2).  125

Neurons and synapses    126

Our model is composed of single compartment leaky integrate-and-fire neurons, with the 127

exception of MC which are modeled as two compartments. Changes in membrane voltage v(t) 128

over time in each compartment are described by eq. 1: 129

 
eq. 1 

130

where τ is the membrane time constant and Vext(t) is the voltage change resulting from external 131

inputs (synaptic or sensory). 132

Each one of the voltage changes due to external inputs Vext is a result of the synaptic 133

strength of the connection from neuron j to neuron i (wij) and the respective synaptic 134

conductance in cell i at time t (gi(t)). EN,ij is the Nernst potential of the synaptic current and vi(t) is 135

the membrane potential of the postsynaptic neuron i, as described in eq. 2: 136

 eq. 2 

 137

The communication between neurons happens via discrete spikes. The spiking output F(v) of a 138

given neuron i is a function of its membrane potential v and the minimal threshold and saturation 139

threshold of the output function, θmin and θmax. Where Fi(v) = 0 if v≤θmin and Fi(v) = 1 if v≥θmax and 140

Fi(v) increase linearly between min and max 141

Fi(v) defines their instantaneous firing probability and OXT modulation decreases max to 142

increase excitability. The time course of the conductance change is calculated as: 143

eq. 4 
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where gmax is a constant with no unit representing the maximum conductance of a given channel 145 

and is equal to 1 (synaptic strength is scaled by the synaptic weight w), while 1 and 2 are the 146 

rising and falling times of this conductance. After firing, the spike of each spiking-neuron is reset 147 

to Vrest. 148 

Spike adaptation was implemented in Pyr cells as a calcium dependent K+ channel 149 

which leads to a hyperpolarizing current in the cell. The calcium variable was dependent on the 150 

neuron’s firing and increased with each spike and slowly decreased over time using a first order 151 

differential equation with ca as time constant (see Table 1 for detailed parameters) and VN = -90 152 

mV and Aahc the amplitude of the effect for the K+ conductance. OXT modulation affected the 153 

maximal conductance of the calcium dependent K+ current into the cell.   154 

 In the simulations presented here, simulated exposure to an odorant induced activity 155 

dependent plasticity of synapses from MC to GCs. Synaptic strengths were first calculated from 156 

the parameters given in Table 1. During simulated odor exposures, synapses between MCs and 157 

GCs underwent synaptic potentiation: 158 
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where wij is the synaptic strength between the presynaptic MC and postsynaptic GC   is the 160 

rate of potentiation and xj and xi are the total numbers of spikes emitted by the pre and 161 

postsynaptic cells during the preceding sniff cycle between t1 and t2. During the delay between 162 

encoding and recall, synaptic decay exponentially with a long time constant (12.5 minutes) to 163 

simulate forgetting. This time constant was adjusted to match experimental control data with 164 

mice undergoing an object recognition task with non-social odors.  165 

Implementation 166 

All simulations were implemented using the C programming language in a Linux 167 

environment (Ubuntu 14.04 LTS x64) on an Intel desktop computer, with Euler integration 168 

method for the differential equations with a time step of 1 ms for short term (1 second) 169 
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simulations (Figure 2, 3) and 10 ms for long term habituation-dishabituation simulations 170 

(Figure 4, 5).  171 

Code Accessibility  172 

The code/software described in the paper is freely available online at 173 

 http://modeldb.yale.edu/257940. The code is available as Extended Data (Extended data 1).  174 

 175 

Behavioral methods 176 

10 C57-black6 mice (male and female) between 3-6 months old at the beginning of 177 

the experiment group housed with free access to food and water. Experiments were run in a 178 

60x60 cm platform on which two custom made holders for odors were placed. On each 179 

testing day, a mouse was first placed on the platform in the presence of an Eppendorf vial 180 

containing mineral only and one containing an odor diluted to approximate 1 Pa vapor partial 181 

pressure in mineral oil. The mouse was left to investigate the two vials for a two minute 182 

encoding period and then placed back into its home-cage. After a variable delay of 2, 5, 10, 183 

15 or 20 minutes, the mouse was put back onto the platform in the presence of the familiar 184 

and a novel odor for a recall period of two minutes. Each mouse was tested once a day, 185 

every other day for 6 testing days total (one day per delay). On each testing day and for each 186 

mouse, a different pair of odors were assigned as familiar and novel in a pseudorandom and 187 

counter balanced manner such that each mouse was tested with a pair only once (Table 2). 188 

The location of the odors was varied in a pseudorandom fashion on each trial. Mice were 189 

videotaped and behavior was scored online. For each trial and odor, we scored for how long 190 

mice investigated the odor by measuring the time spent actively investigating in a 1 cm 191 

radius around the odor source. Data was analyzed by comparing the investigation times in 192 

response to novel and familiar odor during the recall trial. A significant difference in these 193 

indicated that a mouse remembered the encoded odor. Data are represented as memory 194 

index (Rnovel/(Rnovel+Rfamiliar) in the graphs. The experimental design of this study was based 195 

on a previous study in rats testing the parameters of olfactory recognition memory including 196 

memory duration, numbers of odors remembered as a function of time and memory 197 

specificity for odors as a function of time (Hackett et al., 2015). We have used the same 198 

paradigm in rats to investigate the effects of stress on rat odor memory performance 199 
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(Manella et al. 2013; 2016). We chose this paradigm because the basic setup is similar to 200 

that commonly used in social recognition and memory studies (Oettl and Kelsch 2018).  201 

All animal procedures were performed in accordance with Cornell University's animal 202 

care committee's regulations.  203 

204 
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Results  205 

In the results section, we first show the implementation of OXT modulation on AON 206 

pyramidal cells, as well as indirect effects on OB odor responses (Figure 2). Next we tested to 207 

what extend the experimentally observed S/N modulation affects OB odor detection, 208 

discrimination and synchronization properties in the model (Figure 3). We then show how 209 

plasticity within the OB can account for experimental results on odor recognition (Figure 4) and 210 

to what extend OXT modulation increases plasticity in the OB (Figure 5). Overall our simulations 211 

propose a mechanism by which OXT activation of AON supports known behavioral observations 212 

and predict modulatory effects on odor detection thresholds and discrimination, as suggested 213 

recently by Walum and Young (2018).   214 

Activation of AON pyramidal cells by OXT. Effects of OXT on AON pyramidal cells 215 

were simulated by adjusting spike thresholds and spike rate adaptation as described 216 

experimentally (Oettl et al. 2016) and are illustrated in Figure 2. OXT increases AON pyramidal 217 

cell responses to current injections as well as spontaneous activity. These effects were modeled 218 

to match those published in Oettl et al. (2016). Figure 2A shows simulation of two model AON 219 

pyramidal cells responding to a 1 second continuous simulated current injection under control 220 

(no OXT) conditions. The effect of OXT modulation on AON neurons to brief stimuli is illustrated 221 

in Figure 2B; the graph shows the effect of OXT modulation by comparing average firing rates of 222 

AON neurons under control and OXT conditions when stimulated with a brief (1 sec) current 223 

input. Figure 2C shows example AON cells under control (Ci) and OXT (Cii) conditions in the 224 

complete model, as well as the simulated OSN potential (last row in each graph). Note that AON 225 

cells fire more rapidly due to increased excitability and decreased spike rate. AON neurons are 226 

driven by input from OB mitral cells.  227 

Increased excitability of AON neurons by OXT change odor responses and signal 228 

to noise ratio in the OB 229 

We then tested how AON activation by OXT affects odor responses in the OB. When AON 230 

pyramidal cells have increased excitability under OXT modulation, their impact on OB neural 231 

activity is more pronounced. Experimentally as well as in our model, the result is a higher signal 232 

to noise ratio in response to odorants. Figure 3A shows average firing rates of odor responsive 233 

mitral cells in the OB model over a single respiratory cycle in control and OXT simulations. Note 234 

the decrease of spontaneous activity (due to AON activation of inhibitory interneurons) and the 235 

increase in peak odor response (due to AON activation of excitatory interneurons). Figure 3B 236 
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quantifies the changes in signal to noise ratio by graphing average mitral cell firing rates during 237 

spontaneous and odor evoked activity. Figure 3C shows OB mitral cells responses to a 238 

randomly chosen odor stimulation under control (Ci) and OXT (Cii) simulations. Note the 239 

decrease of spontaneous activity, increase in odor responses and increased dynamics in the 240 

OB traces. We then quantified S/N in the model by calculating the average spontaneous (RS) 241 

and odor evoked (RO) activities in MCs and measuring S/N = RO/(RO+RS) (Hasselmo et al., 242 

1997, Escanilla et al., 2010). 20 instances of the model were run without and with randomly 243 

chosen odorant stimulations at a specific odor concentration and the results are depicted in 244 

Figure 3D. In the model, S/N in the OB is significantly improved for a given range of odor 245 

concentrations by OXT modulation of the AON (ANOVA comparing average S/N for Control and 246 

OXT simulation: F(1, 22) = 28.893; p < 0.001 in Figure 3Di with significant differences between 247 

groups at the two higher concentrations (p<0.0125 with corrections for multiple comparisons) 248 

and S/N correlated with odor concentration under both conditions (r=0.643, p < 0.05 for control 249 

and r=0.763, p < 0.01 for OXT; Figure 3Dii).  250 

 251 

Increased detection and odor discrimination in the OB under AON - OXT modulation  252 

Next we tested to what extend OXT modulation of AON effects odor representations at the 253 

output of the OB by calculating odor detection and discrimination thresholds. These output 254 

representations drive cortical processing and define to a certain degree the quality of olfactory 255 

memories stored (Devore et al., 2014, de Almeida et al., 2016). To measure odor detection, we 256 

compared population MC responses (average spike rates) during spontaneous activity to that 257 

during odor responses of decreasing odor concentrations. 20 different instances of the model 258 

were run either with no odor stimulation or stimulation with a randomly chosen odor at 4 very 259 

low levels of odor stimulation (0.05, 0.1, 0.15 and 0.2 of the maximally possible stimulation 260 

level). Odor detection in the OB, i.e. the difference between MC odor responses and MC 261 

spontaneous activity (depicted as 1-correlation between the representations), was significantly 262 

improved by AON modulation as well as by odor concentration (effect of group (OXT, control): 263 

F(1, 22) = 4.787; p = 0.04) and correlated with odor concentration in both cases (R=0.727 for 264 

OXT and R=0.746 for control, p < 0.01 in both cases). In particular, detection indices between 265 

groups were significantly different between conditions at the two lowest concentrations (p < 266 

0.0125 with corrections for multiple comparisons) (Figure 3E). Odor detection, measured as a 267 

significant difference between spontaneous and odor evoked responses was significant at the 268 
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two highest concentrations for control simulations and for the three highest concentrations for 269 

OXT stimulations, suggesting that OXT modulation allows the model to detect the presence of 270 

odorants at very low odor concentrations.  271 

Discrimination between pairs of odorants was assessed by comparing population MC 272 

responses (average spike rates) at the output of the OB in response to two different randomly 273 

chosen stimuli of varying concentrations (Figure 3F). Similar to detection, discrimination 274 

improved with increasing odor concentration (r=0.756, p < 0.01 for control and r=0.766, p < 0.01 275 

for OXT). There is a significant overall difference in discrimination indices (depicted as 1-276 

correlation) between the two simulations (F(1, 22) = 4.866, p = 0.038) with significant 277 

differences at the two lowest odor concentrations (p < 0.0125 with corrections for multiple 278 

comparisons). 279 

 280 
Increased excitability of AON neurons by OXT modulates OB plasticity and odor 281 

object recognition memory  282 

Experimental data strongly points to the OB as the location for olfactory recognition memory 283 

formation at the time scales employed in social and odor recognition paradigms (for review see 284 

(Wilson and Linster, 2008). First, the duration and specificity of olfactory recognition memory 285 

can be modulated via manipulations local to the OB (Mandairon and Linster, 2009, Escanilla et 286 

al., 2010, Dillon et al., 2013, Manella et al., 2013). Second, NMDA receptors in the OB are 287 

implicated in the formation of this type of memory (McNamara et al., 2008, Chaudhury et al., 288 

2010) and OB mitral cells odor responses adapt in response to repeated odor stimulation in a 289 

manner similar to behavioral habituation (Chaudhury et al., 2010). Third, broad lesions of 290 

centrifugal inputs to the OB do not impair habituation memory formation (Kiselycznyk et al., 291 

2006). We used our OB model to test to what extend local changes in synaptic strength could 292 

lead to habituation memory formation and social recognition and to what extend this 293 

phenomenon can be modulated by OXT in the AON.  294 

We first modeled olfactory recognition to non-social odors memory in mice. These tests 295 

would correspond to a no-OXT control situation since can assume OXT release to be triggered 296 

by social encounters and odors. In experimental tests, mice were first presented with an odor 297 

and a blank (often the carrier, mineral oil) and allowed to investigate these two stimuli. After the 298 

encoding trial and a variable delay, mice were presented with the familiar odor and a novel odor 299 

and investigation times were scored offline. Odor recognition memory is present if the familiar 300 
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odor is significantly less investigated during the recall trial than the encoding trial, and 301 

discrimination can be assessed as the difference or ratio in novel and familiar odor investigation 302 

(Manella et al., 2013, Hackett et al., 2015). Figure 4A shows a schematic of such an 303 

experimental setup and behavioral results obtained in mice. In this experiment, mice 304 

remembered the encoded odor for a maximum of 10 minutes after an encoding period of two 305 

minutes. ANOVA with familiar and novel odor as within subject’s factor and delay as between 306 

subjects factor showed a significant effect of odor (F(1, 54) = 18.299, p < 0.001) as well as a 307 

significant interaction between odor and delay (F(6, 54) = 2.724; p = 0.029). Posthoc 308 

comparisons showed a significant difference in investigation of familiar and control odor after 309 

delays of 5 (p = 0.001), 10 (p < 0.008) minutes, but not longer delays. The graph in Figure 4Aii 310 

shows the memory index (Rnovel/(Rnovel+Rfam) as a function of delay.  311 

In the model, investigation bouts during encoding were simulated as an average of 15 312 

randomly presented odor stimulations lasting an average of 200 ms over the course of a 15 313 

second encoding window (see Figure 4Bi for example OSN and Figure 4Bii for example MC cell 314 

responses to investigation bouts). MCs depicted respond to odor stimulation with a mix of 315 

excitation and inhibition; the number of action potentials emitted decreases over time. At the MC 316 

to granule cell synapse, activity dependent plasticity (see methods) was implemented in such a 317 

manner that odor responsive granule cells would receive stronger MC inputs from odor 318 

responsive MCs and as a consequence mitral cell odor responses decrease with successive 319 

investigation. The obtained decreases of MC odor responsiveness correspond to what was 320 

observed experimentally in rat MCs (Chaudhury et al., 2010), and its behavioral correlate is a 321 

decrease in odor investigation over time. The graph in Figure 4C shows the evolution of 322 

average MC firing rates during odor stimulation over time of habituation (0-15 seconds) and dis-323 

habituation (5 - 30 minutes) for the habituated and a novel odor under control conditions (no 324 

OXT). MC average firing rates decreased significantly with time (R=-0.960 with p < 0.01 using 325 

Pearson's R) and later increased significantly during recovery time (R=0.965 with p < 0.01 using 326 

Pearson's R). Odor responses slowly recover: when tested after 5 or 10 minutes: odor 327 

responses are below baseline (overall effect of delay F(6, 63) = 67.4; p > 0.01 and p < 0.01 in 328 

pairwise comparisons between baseline activity in response to the familiar odor and activity 329 

after 5 and 10 simulated recovery minutes) but have recovered to 100% of baseline after 15 330 

simulated minutes (Figure 4C).  331 

 332 
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We then tested how increased excitability of AON neurons by OXT modulates memory 333 

formation in the OB model. To this purpose we ran the same simulations with and without OXT 334 

modulation of AON model neurons and then computed the memory index for control and OXT 335 

simulations to test to what extend AON OXT would extend memory duration beyond that 336 

obtained in control simulations with no other parameters changed. 337 

Rendering AON pyramidal cells more excitable by OXT slightly increased habituation 338 

learning in the OB model. Mitral cells habituated to a somewhat greater degree over the same 339 

time course (Figure 5A) and as a consequence dis-habituated less fully over the course of 30 340 

simulated minutes (Figure 5A). Note that OXT modulation was only simulated during encoding, 341 

not recall. This was due to more rapid changes in synaptic weights between MC and GC (Figure 342 

5B) due to additional AON activation of OB GCs and (indirectly) MCs. The memory index in 343 

simulations with OXT is increased to longer delay times as depicted in Figure 5C; in the model, 344 

responses to the familiar odor are now significantly higher than baseline up to an interval of 25 345 

minutes (significant effect of delay (F(6, 63) = 189.26; p < 0.001 and p < 0.01 in pairwise 346 

comparisons (LSD) for delays of 5. 10, 15, 20 and 25 minutes), as compared to 10 minutes 347 

when OXT modulation is not simulated (see results in previous paragraph). Figure 5D shows a 348 

summary of corresponding behavioral results published in Oettl (2016) in which genetically 349 

deleted OXT receptors in the AON decreased odor memory duration: while control mice 350 

remembered a conspecific after an interval of 30 minutes, OXT receptor deficient mice in the 351 

AON did not. This corresponds to a shorter recovery time in the model when OXT is not 352 

included during encoding (no OXT). Our simulations suggest that in social recognition 353 

situations, OXT release activates AON pyramidal cells, which in turn drive OB cells resulting in 354 

faster synaptic plasticity during exploration and longer memory.   355 

Discussion  356 

Modulation of neural networks by OXT and other modulators changes neural 357 

computations and can result in a number of seemingly unrelated behavioral outcomes. Using a 358 

large scale computational model of the olfactory system we here show how experimentally 359 

proposed regulation of signal to noise ratio (Oettl and Kelsch, 2018b, Walum and Young, 360 

2018b) can explain results on social memory duration. We first show how OXT modulation of 361 

anterior olfactory nucleus can change bulbar MC odor responses by increasing activity of 362 

projections to local interneurons (Markopoulos et al., 2012, Rothermel and Wachowiak, 2014). 363 

Odor responses in the OB are rendered more robust and less noisy when AON pyramidal cells, 364 
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themselves driven by bulbar input, are set to a state of higher excitability and show less spike 365 

rate adaptation in response to OXT influx (Oettl and Kelsch, 2018b). Interestingly, the observed 366 

changes in bulbar processing lead to enhanced odor detection and discrimination in the model, 367 

reminiscent of results pertaining to noradrenergic modulation of bulbar processing (Escanilla et 368 

al., 2010, Escanilla et al., 2012, Linster and Escanilla, 2019). Most importantly our modeling 369 

results show that these same neural processes can underlie the changes in social recognition 370 

memory measured experimentally: increased bulbar S/N via OXT modulation of the AON 371 

increases odor learning in the OB in a manner that leads to a longer lasting memory (Figure 6, 372 

(Oettl and Kelsch, 2018b)). These modeling results put cellular, network and behavioral results 373 

in perceptive with each other and explain the neural mechanisms by which OXT can modulate 374 

social recognition memory.   375 

The OXT system, implicated in social behaviors (Walum and Young, 2018b), has effects 376 

over a wide array of neural networks including olfactory areas. It has been specifically 377 

implicated in olfactory processing, an important modality of social interactions in rodents. We 378 

have recently shown a strong effect of OXT modulation on the duration of social recognition 379 

memory (Oettl et al. 2016), in conjunction with modulation of olfactory neural networks. Our 380 

model explores both where olfactory short term recognition memory may be implemented and 381 

what the mechanisms of OXT modulation could be. Based on ample previous data from our 382 

lab, we implemented neural mechanisms for recognition memory in the OB network itself. The 383 

mechanism we propose, short term plasticity on MC to GC synapses, are supported by a 384 

number of experimental results from our lab and others. First, local manipulation of bulbar 385 

networks can modulate recognition memory (Mandairon and Linster, 2009, Escanilla et al., 386 

2010, Dillon et al., 2013, Manella et al., 2013). Second, the formation of habituation memory 387 

has been shown to be dependent on NMDA receptor function in the OB in both mice and rats 388 

(McNamara et al., 2008, Chaudhury et al., 2010), and OB MC habituate to odorants over the 389 

same time scales observed behaviorally and this habituation is NMDA receptor dependent 390 

(Chaudhury et al., 2010). Third, lesions of feedback projections to the OB did not impair the 391 

formation or recall of these types of memories (Kiselycznyk et al., 2006). Thus, all evidence 392 

points to a local bulbar mechanism of memory formation, modulated by extrinsic projections 393 

and behavioral state, including projections from the AON. Decrease of AON function did not 394 

impair mice’ ability to habituate or dishabituate to odors (Aqrabawi et al., 2016), suggesting that 395 

AON inputs are not needed for memory formation per se, but rather modulate this function 396 

depending on behavioral state. We propose that over a short time of odor presentations, mitral 397 
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cell responses to this specific odor decrease because of increased local inhibition; this effect 398 

returns to baseline with a relatively short time constant of 10-15 minutes, as evidenced by 399 

behavioral testing and electrophysiological recordings (Chaudhury et al., 2010). We adjusted 400 

these parameters to match data obtained from non-social odor recognition experiments (Figure 401 

4). When AON input to the OB is modulated by OXT during a simulated social encounter, OB 402 

responses are less noisy, S/N increases in the OB and as a consequence changes in synaptic 403 

transmission in the OB are stronger, creating a longer lasting odor memory. Thus, while the 404 

site of memory formation is proposed to be the OB, AON processes modulate plasticity and 405 

increase memory duration as observed in behavioral experiments using social encounters 406 

rather than non-social odors. Interestingly, when OXT receptors in the AON are non-functional, 407 

social recognition memory decreases in duration to match that obtained with non-social odors, 408 

supporting the idea that AON inputs modulate, rather than directly create, this memory.  409 

In summary, we here propose that S/N in the OB and short term memory duration are 410 

directly related. These ideas are supported by a wealth of data, including for example data 411 

showing that this type of olfactory memory is modulated in duration by noradrenergic 412 

projections to the OB (Devore and Linster, 2012, Linster and Escanilla, 2019). The OB 413 

integrates sensory and higher order inputs; as a consequence, it is ideally situated to create 414 

sensory representations which reflect the current behavioral state. Modulation of OB 415 

processing directly affects memory formation and habituation memories at this time scale have 416 

been located to the OB proper. Olfactory processing in a state dependent manner is not a 417 

simple feedforward system, but rather is distributed in a number of interconnected networks 418 

that can affect each other. State dependent information, such as the presence of a con 419 

specific, a predator, a stressor or a reward can modulate processing at many different levels 420 

including the first olfactory network, the OB. Our model shows that social interactions exploit 421 

the same olfactory networks underlying non-social olfactory processing and modulate their 422 

function to adjust to current behavioral demands.  423 

 424 

425 
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 496 
Figure 1: Model architecture. Simulated sensory neurons with broad responses to a 497 

chosen odorant make excitatory synapses onto PG (inhibitory), ET (inhibitory) and MC (output 498 

neurons) within a given glomerulus, conveying a common type of odor information to these 499 

neurons. MCs excite a large number of inhibitory granule cells (via modifiable synapses) which 500 

in return convey inhibition only locally in one glomerular column. MCs project to 20% of AON 501 

pyramidal cells, which excite each other through a dense network of association fibers (20% 502 

connectivity) and project back to OB interneurons in the glomerular (ET; 10% connectivity) and 503 

granule cell layers (GC; 20% connectivity). OXT inputs modulate AON pyramidal cell intrinsic 504 

properties.  505 

Figure 2 OXT modulation of AON pyramidal cells. A. AON pyramidal cell responses 506 

to a 1 second current injection in the model under control (top) and OXT (bottom) conditions. (cf 507 

Figure S2, Oettl et al. 2016). B. Firing rates of AON pyramidal cells as a function of activation in 508 

the model (cf. Fig. 4B in Oettl et al., 2016). C. Example AON cell activity under control (Di) and 509 

OXT (Dii) conditions in response to simulated odor inputs. Lower trace shows OSN potential 510 

fluctuations.  511 

Figure 3. Modulation of OB odor responses by AON. A. MC firing rate during a single 512 

respiration cycle in response to odor stimulation under control and OXT (cf Figure 7B Oettl et al. 513 

2016). B. MC firing rates normalized with respect to control (no OXT) conditions during 514 

spontaneous activity and odor evoked activity (cf Figure 7C Oettl et al. 2016). C. Example MC 515 

traces during respiration-modulated odor responses under control (No OXT, Ci) and OXT in the 516 

AON (Cii) conditions. Note the decrease of spontaneous activity and increase in odor 517 

responsiveness. D. OB S/N ratio modulation by AON OXT modulation. Di shows the average 518 

S/N for control and OXT simulations. Dii shows the average S/N for OXT and control simulations 519 

as a function of stimulus concentration (ratio of maximum odor concentration in the model). E. 520 

The graph shows the detection index for odorants varying between 0.05 and 0.2 of the maximal 521 

stimulus concentration in the model. F. The graph shows the discrimination index between two 522 

simulated odorants as a function of stimulus concentration. 523 

 524 

525 
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 526 
Figure 4: Odor object recognition in mice and in the computational model. Ai. 527 

Schematic representation of behavioral testing in mice. Mice are tested on a 60 cm by 60 cm 528 

platform on which odor stimuli are presented in Eppendorf tubes positioned in custom made 529 

holders. Mice are left to investigate the odor for a period of two minutes. After a variable delay 530 

(5, 10, 15, 20, 25 or 30 minutes) mice are reintroduced on the platform with the familiar and a 531 

novel odor and investigation time in response to both is recorded. Aii. Memory index (fraction of 532 

spend time investigating the novel odor) is shown as a function of the delay. Mice investigate 533 

the novel odor significantly more than the familiar odor after 5 and 10 minute delays. The graph 534 

shows average memory index +/- standard error. Bi. Example receptor neuron traces in 535 

response to short bouts of “investigation” in the model. Bii shows MC responses during the 536 

encoding trial when MC to GC synapses increase in an activity dependent manner. Note that 537 

MC responses to the investigation bouts decrease over time. C shows the evolution of average 538 

MC odor responses in the model during encoding (3-15 seconds) and during the delay (5-30 539 

minutes) when no odors are presented.  540 

 541 

Figure 5: OXT modulation of AON increases plasticity and memory duration in the 542 

OB. A. Modulation of AON by OXT increases habituation in the OB. The graph shows average 543 

MC responses to odor stimulation in response to the habituated odor or a novel odor with (OXT) 544 

or without (NO OXT) modulation in the AON during encoding. During recovery (dis-habituation) 545 

MCs modulated in the presence of OXT recover to a lesser degree (note there is NO OXT 546 

during recovery). B. The graph shows changes in synaptic weights during habituation and dis-547 

habituation phases with OXT during habituation (OXT) or control conditions (No OXT). C. The 548 

resulting memory index (responses to Novel odor / sum of responses) shows that when OXT is 549 

simulated in the AON, model MCs respond significantly more to a novel than to the habituated 550 

odor for longer delays (up to 25 minutes) when OXT was present during the encoding phase. D. 551 

Summarizing scheme of the impaired loss of recognition memory without OXT receptor 552 

recruitment in the AON (left panel) and comparison of memory index in control (OXTRwt) mice 553 

and mice with OXT receptors deleted in the AON (OXTRDAON)(from Oettl et al. 2016). Mice with 554 

OXTRs intact remembered the conspecific after a delay of 30 minutes, whereas mice with 555 

deleted OXTRs did not (similar to mice encoding non-social odors, Figure 2A).   556 

 Extended data 1: Code used to perform the simulations presented here  557 
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Table 1: Computational modeling parameters. Membrane time constant: ; resting 

membrane potential: Vrest;  spiking threshold: min; saturation threshold: max ; synaptic 

weight: w; reversal potential : EN; rise time : 1; decay time : 2 ; after-hyperpolarization 

magnitude : Aahc; calcium accumulation time constant : ahc. 

  

Olfactory Sensory Neuron 

(OSN) 
 = 1ms; Vrest = -65 mV; min = -65mV; max = -55mV. 

Mitral  = 5ms; Vrest = -65 mV; min = -64mV; max = -55mV 

Periglomerular (PG)  = 2ms; Vrest = -65 mV; min = -65mV; max = -60mV 

Granule (Gr)  = 4ms; Vrest = -65 mV ; min = -64mV; max = -60mV 

External tufted (ET)  = 2ms; Vrest = -65 mV ; min = -65mV; max = -60mV. 

Pyramidal (Pyr)  = 10ms; Vrest = -65 mV; min = -62mV; max = -

55mV/-60mV*;  

OSN to PG w= 0.0015; EN = +70mV; 1 = 1ms; 2 = 2ms 

OSN to Mi (apical) w = 0.015; EN = +70mV; 1 = 1ms; 2 = 2ms 

OSN to ET(apical) w = 0.0015; EN = +70mV; 1 = 1ms; 2 = 2ms 

PG to Mi (apical) w= 0.002; EN = -5mV; 1 = 2ms; 2 = 4ms 

ET to Mi (apical) w= 0.0015; EN = 70mV; 1 = 1ms; 2 = 2ms 

Mi (soma) to Gr 
wnaive= 0.0001 EN = +70mV; 1 = 1ms; 2 = 2ms ; p = 

0.25 ;  = 0.001 ; forget = 12.5 min.  

Gr to Mi (soma) 
w= 0.0015; EN = -10mV; 1 = 2ms; 2 = 4ms ; local 

only 

Mi (soma) to Pyr w= 0.007; EN = +70mV; 1 = 1ms; 2 = 2ms ; p = 0.20 

Pyr to ET  w= 0.0015; EN = +70mV; 1 = 1ms; 2 = 2ms ; p = 0.1 

Pyr to Gr w = 0.015; EN = +70mV; 1 = 1ms; 2 = 2ms ; p = 0.2 

Pyr adaptation Aahc = 10|0.2*; EN = -90mV; ahc = 100ms 

* different values are without|with OXT modulation, respectively; 
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Table 2: Odors and dilutions (uL per 50 mL) used for the behavioral experiments.  

Odor pair Odor Dilution (uL in 

50 mL)  

Odor Dilution (uL in 

50 mL)  

1 Butanol 16 Butyl propionate 10.9 

2 Geraniol 1250 (-) Carvone 2360 

3 Butanal 10 Octanal 74 

4 3-heptanone 323 Methyl sacilate 1740 

5 Octanoic acid 6870 Methylvalerate 30 

6 1-heptanone 29 (+) limonene 102 

 

 


