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Abstract 18 

Rhythmic activity in the theta range is thought to promote neuronal communication 19 

between brain regions. Here we performed chronic telemetric recordings in socially 20 

behaving rats to monitor electrophysiological activity in limbic brain regions linked to 21 

social behavior. Social encounters were associated with increased rhythmicity in the 22 

high theta range (7-10 Hz) that was proportional to the stimulus degree of novelty. 23 

This modulation of theta rhythmicity, which was specific for social stimuli, appeared 24 

to reflect a brain-state of social arousal. In contrast, the same network responded to a 25 

fearful stimulus by enhancement of rhythmicity in the low theta range (3-7 Hz). 26 

Moreover, theta rhythmicity showed different pattern of coherence between the 27 

distinct brain regions in response to social and fearful stimuli. We suggest that the two 28 

types of stimuli induce distinct arousal states that elicit different patterns of theta 29 

rhythmicity, which cause the same brain areas to communicate in different modes.  30 

   31 

  32 
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Introduction 33 

Oscillatory brain activity, mostly categorized to the theta (3-12 Hz), beta (12-30 Hz) 34 

and gamma (30-80 Hz) bands, is thought to coordinate neural activity in vast neuronal 35 

assemblies dispersed over different brain regions (1). This type of coordination may 36 

underlie high level cognitive functions, such as speech and social communication (2, 37 

3) that are impaired in autism spectrum disorders (ASD) (4). Increasing evidence 38 

suggest that individuals with ASD show deficits in long-range neuronal 39 

communication associated with low-frequency rhythms, such as the theta rhythm (5- 40 

7). Nonetheless, a clear connection between rhythmic brain activity and social 41 

behavior has not yet been established. 42 

Mammalian social organization depends on the ability to recognize and remember 43 

individual conspecifics (8). This social recognition memory (SRM) can be assessed in 44 

rodents using their innate tendency to investigate novel conspecifics more persistently 45 

than familiar ones (9). In the SRM habituation-dishabituation test, social memory is 46 

assessed by the gradual reduction in the amount of time the animal spends 47 

investigating a particular social stimulus during consecutive encounters (10). This 48 

short-term memory was shown to be mediated mainly by chemical cues 49 

(semiochemicals) perceived via the main and accessory olfactory systems (11). Upon 50 

binding of semiochemicals to the receptors expressed by the sensory neurons of the 51 

main olfactory epithelium and the vomeronasal organ,  sensory information is 52 

conveyed to the main (MOB) and accessory (AOB) olfactory bulbs, respectively (12). 53 

Both bulbs then project, directly and indirectly, to the medial amygdala (MeA) (13, 54 

14) that is thought to transfer the information to the hippocampus through the lateral 55 

septum (LS) (15). The MOB projects also to several cortical areas comprising the 56 
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primary olfactory cortex, of which the piriform cortex (Pir) is best characterized (16) 57 

(Figure 1). 58 

Here we hypothesized that social behavior is associated with an elevation of rhythmic 59 

activity in the network of brain areas that process social stimuli. To examine this 60 

hypothesis we recorded electrophysiological activity from the brains of freely- 61 

behaving adult male rats performing the SRM paradigm (Supplementary Video 1). A 62 

telemetric system was used to record from wire electrodes chronically implanted in 63 

the five aforementioned brain regions: MOB, AOB, MeA, LS and Pir (12). We found 64 

that social encounters were associated with enhancement of brain rhythmic activity, 65 

specifically at 7-10 Hz range, in all brain regions. This enhancement that was 66 

proportional to the degree of novelty of the social stimulus appeared to reflect an 67 

internal brain-state associated with social arousal. In contrast, a fear-conditioned tone, 68 

which is associated with fear arousal, induced rhythmicity in the low theta range (3-7 69 

Hz) in the same network of brain regions. Moreover, social and fearful stimuli elicited 70 

different patterns of change in coherence between the distinct brain regions.  We 71 

hypothesize that these two types of stimuli induce distinct arousal states in the animal, 72 

which are reflected by the different kinds of theta rhythmicity. We further suggest that 73 

the distinct types of theta rhythmicity support different modes of communication 74 

between the various brain areas. These in turn may modify cognitive processes such 75 

as memory acquisition and recall depending on the value and saliency of the stimulus 76 

by enhancing synchronous neuronal activity between remote neuronal assemblies.  77 

  78 

Results 79 

Brain theta rhythmicity is modulated by the novelty of the social stimulus  80 
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Electrophysiological recordings were carried out in the brains of freely-behaving adult 81 

male rats performing the SRM habituation-dishabituation paradigm (Figure 2a). We 82 

first analyzed the dynamics of the local field potential (LFP) in the course of the 83 

behavioral paradigm. A highly rhythmic LFP was recorded in all brain areas during 84 

social encounters (Figure 2b). Power spectral density (PSD) analysis of the LFP 85 

showed a prominent peak at ~8 Hz, typical for the high theta band (1), in all areas 86 

(Figure 2c). The value of this peak, termed theta power (TP), was very low in the 87 

absence of a social stimulus (Base, Figure 2d-e) but increased profoundly during the 88 

first encounter (Enc. 1). It then gradually decreased during further encounters with the 89 

same stimulus (Enc. 2-4), but increased again when another novel stimulus was 90 

introduced (Enc. 5). These changes in theta power during SRM testing closely 91 

followed the changes in investigation time (IT) (Figure 2f), with both parameters 92 

appearing to correlate with the degree of stimulus novelty.  93 

We next analyzed the effect of social and non-social stimuli on the dynamics of 94 

investigation time and theta power in all recorded brain areas. As exemplified in 95 

Figure 3a (lower panel), exposure of an animal to either type of stimulus caused 96 

similar dynamics of the investigation time. However, there was a vast difference with 97 

regards to the theta power response to the social and non-social stimuli: whereas 98 

significant theta power modulation that was similar across all brain regions was 99 

observed with social stimuli, whether awake or anesthetized, object and odor stimuli 100 

did not cause such an effect (Figure 3a, upper panels). 101 

Combined analyses of the modulation of both theta power and investigation time in 102 

animals exposed to social and object stimuli are presented in Figure 3b. Social stimuli 103 

caused a marked increase of mean theta power during Enc. 1 compared to Base, with 104 

the MOB and AOB showing the largest changes (6.2 dB/Hz) and other areas showing 105 
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more moderate ones (4.0-5.1 dB/Hz). In all regions tested, the theta power decreased 106 

gradually during the habituation phase (Enc. 1-4) but returned the values obtained in 107 

Enc. 1 after dishabituation (Enc. 5) (p<0.005 One-way repeated measures ANOVA, * 108 

pcorr<0.05 post-hoc paired t-test, Figure 3 – source data 1-2). In contrast, object stimuli 109 

elicited a much weaker initial change from Base to Enc. 1 (1.1-2.7 dB/Hz) in all brain 110 

regions. Furthermore, the theta power showed modulation during the object paradigm 111 

similarly to the social paradigm only in the MOB, and even this change was not 112 

statistically significant (p>0.05, Figure 3 – source data 1). In a sharp contrast to the 113 

theta power, comparison of the investigation time of social and object paradigms 114 

showed a highly similar course and magnitude of habituation and dishabituation that 115 

were statistically significant in both cases (Figure 3c, Figure 3 – source data 1-2). 116 

Taken together, these results show that in almost all recorded brain areas, theta power 117 

is modulated by the degree of novelty of social but not object stimuli. 118 

The modulation of theta rhythmicity during social encounters is driven by an 119 

internal brain-state of arousal 120 

The lack of theta power modulation despite the clear investigation time modulation 121 

induced by object stimuli rejects the possibility that the theta rhythmicity is caused by 122 

the investigative behavior. We therefore reasoned that rather, theta power modulation 123 

may reflect processes that are either directly driven by the sensory input (Bottom-Up 124 

processes) or induced by an internal state of the brain that is modulated by the 125 

saliency of the social stimulus (Top-Down processes). In order to distinguish between 126 

these two possibilities, we continued our recordings for 5 minutes after the stimulus 127 

was removed from the arena (Post 1-5). As depicted in Figure 4a, the theta 128 

rhythmicity did not cease with the removal of the social stimulus following Enc. 1, 129 

but remained at a high level during most of the Post 1 period (for spectrograms of the 130 
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full experiment see Figure 4 – figure supplements 1-5). Plotting the mean 131 

instantaneous theta power as a function of time, revealed that this was true for all 132 

encounters with a social stimulus. In contrast, encounters with object stimuli were 133 

followed by a sharp drop in the theta power to a low level almost immediately 134 

following stimulus removal (Figure 4b, for all other brain areas see Figure 4 – figure 135 

supplements 6-7). This significant reduction in mean theta power between the Enc. 136 

and Post periods of the object paradigm was characteristic of all brain areas (Figure 137 

4c, * p<0.05 paired t-test, Figure 4 – source data 1). In contrast, high theta power 138 

levels were found in both these periods in the social paradigm (p>0.05). Moreover, all 139 

encounters with social stimuli showed a steep but gradual increase in theta power 140 

during the first 15 s in which the stimulus was being transferred into the arena (Figure 141 

4a, d, gray bars). This rise in theta power probably reflects the subject’s anticipation 142 

for a social meeting, as there was no similar increase with object stimuli (Figure 4d). 143 

Altogether, these data suggest that the changes in theta power during the SRM test 144 

reflect a graded internal brain-state of arousal that is proportional to the novelty of the 145 

social stimulus and slowly fades away after its removal. 146 

The theta rhythmicity during social behavior emerges from multiple sources 147 

with dynamic coherence between brain areas 148 

The theta rhythmicity recorded in the network may reflect a single rhythm originating 149 

from one source. In that case, the various brain regions are expected to display high 150 

correlation and similar dynamics of coherence in their rhythmicity. Alternatively, if it 151 

represents a combination of multiple independent rhythms arising from several 152 

sources, we expect low correlation and differential dynamics of coherence between 153 

various brain regions. To discriminate between these possibilities, we first examined 154 

the cross-correlation of the LFP, filtered in the theta range, between the MeA and the 155 
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other brain areas. Despite the fact that both areas are directly connected to the MeA, 156 

the strongest correlation appeared with the LS, and the weakest with the MOB (Figure 157 

5a-d). Moreover, whereas the correlation between the MeA and LS was significantly 158 

higher during Enc. 1 (blue) compared to Base (red), the MOB showed consistently 159 

low correlation with the MeA during both periods. The presence of a social stimulus 160 

thus appears to differentially affect the correlation of theta rhythmicity between 161 

distinct brain areas. 162 

We next analyzed the coherence of the LFP signal among all brain areas during the 163 

Base, Enc. 1 and Post 1 periods of the SRM paradigm. As depicted in Figure 6a, the 164 

coherence between the MeA and the LS showed several prominent peaks, especially 165 

in the theta and gamma bands. Yet, while no change was recorded in the gamma band, 166 

the theta coherence showed a significant increase between the Base and Enc. 1. 167 

Furthermore, similarly to theta rhythmicity itself (Figure 4), the high coherence at 168 

theta range persisted during the Post 1 period despite the lack of a social stimulus 169 

(Figure 6a,c). In contrast, the coherence in theta band between the MeA and MOB 170 

remained low throughout all periods (Figure 6b,c). Analyses across all regions 171 

revealed a hierarchy in the theta coherence between the MeA and all other areas, 172 

ranging from a low level with the MOB and AOB, medium coherence with the Pir 173 

and high coherence with the LS (Figure 6d). This notion of functional hierarchy 174 

between brain regions is strengthened by the fact that despite their largest physical 175 

distance, the highest level of theta coherence was found between the MeAs in the two 176 

hemispheres (Figure 6 – figure supplements 1 and 3). Furthermore, the theta 177 

coherence between the MeA and the higher brain centers (Pir, LS) significantly 178 

increased during Enc. 1 and Post 1 (* pcorr<0.05, paired t-test, Figure 6 – source data 179 

1), while no change was recorded between the MeA and both areas of the olfactory 180 
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bulb (MOB, AOB, pcorr>0.05). This suggests the existence of at least two independent 181 

theta rhythms, one that governs the olfactory bulb and another that dominates higher 182 

brain structures. This conclusion is further supported by the findings that the MOB 183 

shows opposite relationships with all other brain areas; high coherence with the AOB 184 

and low coherence with the higher areas (Figure 6e, Figure 6 – figure supplements 2 185 

and 3). Moreover, a significant enhancement in theta coherence with the AOB was 186 

observed during Enc. 1 and Post1 (* pcorr<0.05, paired t-test, Figure 6 – source data 187 

1), while all other regions showed no change (pcorr>0.05, paired t-test). Interestingly, 188 

similar enhancement of theta coherence between the AOB and MOB was recorded 189 

with object stimuli, while these stimuli did not cause any enhancement of the 190 

coherence between the MeA and LS or Pir (Figure 6f,g, Figure 6 – source data 1.  191 

Together these data support multiple sources of theta rhythmicity in the network. 192 

Distinct types of theta rhythmicity are induced in the same brain regions by 193 

social and fearful stimuli  194 

Theta rhythmicity was previously found to be elicited in several brain regions during 195 

states of arousal, mainly in response to fearful stimuli (17). This phenomenon was 196 

best studied in the context of fear learning in a network of brain regions comprising 197 

the basolateral complex of the amygdala (lateral and basolateral amygdala), 198 

hippocampus and medial prefrontal cortex (18). In this network, a recall of a fearful 199 

memory, induced by a fear-conditioned stimulus, elicits robust theta rhythmicity that 200 

shows high coherence between these brain regions (19-23). Here we examined 201 

whether the brain state-induced theta rhythmicity during the SRM paradigm is similar 202 

to the fear-induced rhythmicity. To address this question we compared the theta 203 

rhythmicity induced by a social encounter to that of a fear stimulus within the social 204 

network that we investigated. To that end, a new cohort of six animals was implanted 205 
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with wire electrodes as before, with an additional electrode in the nucleus accumbens 206 

(NAcc), which was recently shown to be involved in social motivation (24, 25). These 207 

animals were fear-conditioned by coupling a 40 s-long tone to an electrical foot shock 208 

for five consecutive times separated by 180 s intervals (Figure. 7 – figure supplement 209 

1a). A day later the electrical activity was recorded in two consecutive sessions, each 210 

following a 30 min of habituation to the arena. The first session was recorded during a 211 

recall of fear memory (FC experiment), and the second during a 5-min long encounter 212 

with a novel social stimulus (SR experiment). During the FC experiments (Figure. 7 – 213 

figure supplement 1b), introduction of the fear-conditioned tone caused animals to 214 

begin moving intensively, followed by immobility (freezing) towards the end of the 215 

tone, in anticipation of the foot shock. The freezing response was especially 216 

significant at the end of the first tone (Figure. 7 – figure supplement 1c). Thus, the 217 

fear-conditioned tone caused a robust arousal state that was associated with intense 218 

movement of the conditioned animals. We then compared the theta rhythmicity 219 

between the FC and SR experiments.  A PSD analysis of the LFP signals recorded in 220 

the LS during 5 minutes prior to stimulus introduction (Base) yielded a similar profile 221 

in both cases (Figure 7a, red). However, the PSD was very different between the two 222 

types of stimuli during the first 15 s following stimulus introduction (Figure 7a, blue). 223 

Whereas the fear stimulus showed a marked peak at the low theta range (3-7 Hz), the 224 

social stimulus resulted in a peak at the high theta range (7-10 Hz). This change is 225 

clearly observed when subtracting the Base PSD from the stimulus profile (Figure 226 

7b). These differences appeared in all recorded brain regions (Figure 7c) and 227 

Statistical analysis showed a highly significant interaction between the type of 228 

experiment (FC or SR) and theta band (Figure 7d) (** p<0.01, two-way repeated 229 

measures ANOVA, Figure 7 – source data 1). Thus, we conclude that fearful and 230 
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social stimuli cause changes in very different ranges of theta rhythmicity in the same 231 

limbic network of brain regions. We suggest that these different types of theta 232 

rhythmicity reflect distinct arousal states; the low theta reflects aversive arousal that is 233 

associated with fear while the high theta reflects appetitive arousal associated with a 234 

social encounter. 235 

Distinct changes in coherence are induced in the network by social and fearful 236 

stimuli  237 

We next examined how the coherence between the various brain regions changes in 238 

response to the two types of arousing stimuli. Figures 8a depicts the coherence 239 

between the MeA and LS during Base and stimulus periods of FC and SR 240 

experiments, respectively. The change in coherence of the two stimuli is presented in 241 

Figure 8b and reveals a positive peak at the high theta range for the social encounter, 242 

and at the low theta range for the fear memory recall. A quantitative analysis of all 243 

coherence changes within the network in both ranges showed that this tendency 244 

generally holds for all pairs of brain regions (Figure 8c). Accordingly, most pairs 245 

showed a statistically significant interaction between the type of experiment (FC or 246 

SR) and theta band (high or low) (* p<0.05, ** p<0.01, two-way repeated measures 247 

ANOVA, Figure 8 – source data 1). Nevertheless, the magnitude of changes was 248 

different between distinct pairs. For example, the changes in the coherence between 249 

the LS and NAcc were much smaller than those recorded between the Pir and NAcc 250 

and did not show any statistical significance. Moreover, the increases of coherence 251 

between the AOB-MOB and MOB-Pir pairs were much bigger in SR compared to the 252 

FC experiment. We conclude that the distinct arousal states are characterized by 253 

distinct patterns of coherence changes within that same network of brain regions 254 

(Figure 9).  255 
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 256 

Discussion 257 

This study demonstrates that an encounter with a social stimulus causes increased 258 

LFP rhythmicity in the high theta range (7-10 Hz), in a network of limbic brain areas 259 

associated with social memory. Strikingly, the change in theta rhythmicity is directly 260 

proportional to the novelty of the social partner, and may thus be considered a 261 

neuronal correlate of short-term social memory (26). Since the modulation of theta 262 

rhythmicity is observed even when anesthetized stimuli are used, we infer that it does 263 

not depend on the behavior of the social stimulus. Despite the similarity in 264 

investigative behavior, such modulation of theta rhythmicity is not observed with 265 

object stimuli, suggesting that it is social-specific. Since the augmented theta 266 

rhythmicity and the associated increase in theta coherence persist beyond the removal 267 

of the social stimulus itself, we conclude that these parameters do not mirror sensory 268 

inputs but rather reflect a state of arousal that slowly fades away. This is in agreement 269 

with the fact that the increase in theta power occurs prior to the actual introduction of 270 

the social stimulus in the arena, suggesting increased arousal due to the anticipated 271 

social encounter. Finally, since the change in theta rhythmicity during the SRM test 272 

correlates with the novelty of the social stimulus, we posit that it reflects a graded 273 

level of arousal, which is proportional to the stimulus saliency.  274 

One of the questions that arise from the study is whether the social encounter-induced 275 

state of arousal is elicited by the "social" quality of the stimulus or whether it simply 276 

results from the complexity of the stimulus. Notably, the social stimulus is much more 277 

complex than the single object or odor stimuli that we used as controls. It emits a 278 

complex mixture of odors and semiochemicals, and in addition to the main and 279 

accessory olfactory systems it also stimulates the visual, auditory and somatosensory 280 
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systems. It is not likely that the full complexity of the social stimulus may be 281 

mimicked by the use of any artificial mixture of odors, hence the possibility that the 282 

arousal state results from the complexity of the stimulus cannot be excluded. On the 283 

other hand, at least as regards to fear-associated arousal, it is well documented (27) 284 

that a very simple cue is sufficient to evoke a state of arousal, such that is observed by 285 

the freezing of rodents in response to the pure odorant 2,3,5-Trimethyl-3-thiazoline 286 

(TMT), a component of fox odor (28), or to a pure tone in a fear conditioning 287 

paradigm (29). This suggests that the factor that determines the state of arousal is not 288 

the complexity of the stimulus but rather the information it embodies with regards to 289 

the natural environment of the animal.  290 

Many studies, both in animals and humans, have linked brain theta rhythmicity to the 291 

processing of emotional cues (30-37). In animals theta rhythmicity was mostly studied 292 

in the hippocampus (38), where it was classified into two types, Type 1 and Type 2. 293 

The atropine-insensitive Type 1 theta rhythmicity shows higher frequency (8-12 Hz) 294 

and is thought to be associated mainly with voluntary movement. In contrast, 295 

atropine-sensitive Type 2 rhythmicity is characterized by lower frequency (4-8 Hz) 296 

and is thought to be linked to arousal during states of immobility (39, 40). Notably, 297 

Type 2 rhythmicity was mostly studied using states of fear and aversive stimuli and 298 

was shown to be induced by neutral stimuli if conditioned by fear or introduced in the 299 

presence of predators (35-37).  The relationship of the two types of hippocampal theta 300 

rhythmicity and similar rhythms recorded from other brain regions, such as in our 301 

case, should be cautiously examined for several reasons. First, recent studies showed 302 

that in the hippocampus itself there are differences in the profile of theta rhythmicity 303 

between the earlier studied dorsal hippocampus and the more recently studied ventral 304 

hippocampus (41), the latter of which shows theta rhythmicity with stronger 305 
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association to the one recoded in the mPFC (42), and may be dissociated from the 306 

dorsal hippocampus under certain conditions such as decision making (43). Second, 307 

even for the dorsal hippocampus the dichotomy between the two types of theta 308 

rhythmicity is far from being perfect with Type 2 rhythmicity reported to reach 12 Hz 309 

at some states and Type 1 rhythmicity reported to disappear during certain movements 310 

(40). Interestingly, researchers reported that in cats the correlation between movement 311 

and Type 1 rhythmicity was good at the beginning of the experiments, when a lot of 312 

exploratory and object manipulation behavior was observed, but deteriorated towards 313 

the end of the experiments, when the animals were still moving but were uninterested 314 

in the task (40). This might suggest that in the hippocampus too, high frequency Type 315 

1 theta may be associated with sensory information processing during "positive" 316 

arousal states associated with motivational voluntary  movements, such as 317 

exploration, while low frequency Type 2 theta may be linked to "negative" arousal 318 

states, such as those caused by fear, which is usually associated with freezing.  319 

Regardless of the nature of hippocampal theta oscillations, theta rhythmicity 320 

associated with emotional states was reported in several other brain areas (44-46). Of 321 

particular interest is the finding that theta rhythmicity in a limbic network that 322 

includes the hippocampus, medial prefrontal cortex and the basolateral complex of the 323 

amygdala (lateral and basolateral amygdala) is associated with fear memories. 324 

Importantly, the consolidation and recall of long-term fear memory was found to be 325 

associated with elevated coherence of the theta rhythmicity in this network (19, 20, 326 

22, 23, 47), while its extinction was associated with a decline in coherence, in a brain- 327 

region dependent manner (48). Moreover, interfering with theta coherence through 328 

local electrical micro-stimulation affected fear-memory recall and extinction 329 

depending on theta phase (47). Thus, coordinated arousal-induced theta rhythmicity 330 
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within this network seems to be involved in consolidation and recall of aversive 331 

memories (22, 47). Here we demonstrated for the first time that similar phenomena 332 

occur in a distinct network of limbic areas that are linked to social memory, in the 333 

course of social encounters. Importantly, a comparison of the theta activity between 334 

social and fearful stimuli revealed that although both cause a state of arousal, the 335 

patterns of theta rhythmicity and coherence within the same network are completely 336 

different. First, in agreement with previous studies (19, 20, 22, 23, 47), the recall of 337 

fear memory causes rhythmicity in the low theta range, while a social encounter 338 

elicits rhythmic activity in the high theta range. This suggests the existence of two 339 

types of arousal: fear-associated arousal and social related arousal. Second, each of 340 

these conditions caused a distinct pattern of coherence changes between the same 341 

regions of the network. Given these results we hypothesize that the distinct types of 342 

theta rhythmicity promote different communication protocols (49) for the 343 

coordination of neural activity in the network, which depend on the emotional state of 344 

the animal. Our results are in agreement with the hypothesis that theta rhythmicity 345 

facilitates cognitive processes such as memory formation that are associated with 346 

emotionally salient stimuli (50). 347 

The source and distribution of theta rhythms in the mammalian brain are not fully 348 

understood (46). This issue was extensively studied in the hippocampus (38), which 349 

was shown have the capacity to self-generate theta rhythmicity (51). Yet, as described 350 

above theta rhythmicity also exists in various cortical and limbic areas, where it 351 

shows dynamic coherence with the hippocampal theta rhythm. One area shown to 352 

display robust theta rhythmicity is the olfactory bulb, where it follows the rhythm of 353 

respiration  ("sniff cycle") (52). Sniffing, similarly to whisking, is a sensory sampling 354 

activity, the rate of which dynamically changes throughout the theta band and is 355 
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strongly influenced by internal arousal and motivational state of the animal (53, 54). 356 

Specifically, high-frequency sniffing (8-12 Hz) develops in anticipation of reward 357 

delivery (55-58). The olfactory bulb theta rhythm and sniffing are not usually 358 

coherent with the hippocampal rhythm. However, in some odor-based learning tasks 359 

these rhythms do become transiently coherent (59-61), a process that was suggested to 360 

be mediated by cholinergic neurons in the medial septum (62). Interestingly, whisking 361 

was shown to get occasionally phase locked with the sniff cycle (63, 64) or with the 362 

hippocampal theta rhythm (65) during exploratory behavior. Thus, various generators 363 

of theta rhythmicity in the brain, such as those reflected by sniffing, whisking or the 364 

hippocampal theta rhythm may become dynamically coupled by the brain 365 

neuromodulatory systems. While we did not monitor sniffing in our experiments, 366 

several recent studies reported changes in sniffing during both social interactions (66, 367 

67) and fear conditioning (68). These studies showed that the sniff cycle adopt high- 368 

range theta rhythmicity during social interactions, and low-range rhythmicity during 369 

fear conditioning. These differences are probably reflected by the distinct rates of 370 

theta rhythmicity that we record in the MOB and AOB during these conditions. This 371 

may explain our observation of high coherence between MOB-AOB and the low 372 

coherence each of them display with all other regions. Moreover, while the coherence 373 

between the MOB-AOB is increased during exploration of both social and object 374 

stimuli, the coherence between the LS –MeA increases only during social 375 

interactions. Thus, the theta rhythmicity displayed by the AOB and MOB probably 376 

emerges from a distinct generator, most likely the sniff cycle, that is separate from the 377 

one causing rhythmicity in higher brain areas. Furthermore, the significant differences 378 

in correlation and coherence dynamics between the various limbic areas suggest the 379 

involvement of distinct generators as well. For example, neither paradigm showed 380 



17 
 

significant coherence changes between the LS-NAcc, as opposed to a significant 381 

increase in coherence between the LS -MeA or LS-Pir during social interactions. It 382 

should be noted that these differences cannot not be accounted for by local diffusion 383 

of LFP signals, since the LS is much closer to the NAcc than to the MeA or Pir. 384 

Direct synaptic connections cannot explain these differences either as the MeA shows 385 

very low coherence with the AOB, despite the strong bidirectional connections 386 

between them, but rather displays the highest coherence with the contralateral MeA, 387 

despite the lack of direct synaptic pathway (69). Therefore, the differential coherence 388 

changes between distinct pairs of brain regions during the various conditions are most 389 

likely mediated by either a common input to these regions or via brain-region specific 390 

neuromudulatory systems. However, the arousal-driven modulation of theta 391 

rhythmicity which seems to be common to all brain regions is probably mediated by a 392 

general, brain-wide neuromodulatory mechanism such as neurohormonal activity (70, 393 

71). 394 

An ever growing body of evidence implies rhythmic brain activity in various 395 

cognitive processes, particularly in memory acquisition and recall (72-74). 396 

Specifically, slow frequency rhythms such as the theta rhythm, are hypothesized to 397 

mediate communication between brain regions and to promote the temporal binding 398 

of neural assemblies in these areas into coherent networks subserving specific 399 

cognitive processes (1, 74-76). During the last decade, several prominent theories 400 

implied a disordered or weak communication among brain regions as a major deficit 401 

underlying ASD etiology and symptoms (3, 5, 7, 77, 78). Indeed, multiple recent 402 

studies found reduction in the power and coherence of slow brain rhythms, such as the 403 

alpha and theta rhythms, in ASD individuals (79-85). In agreement with these 404 

findings, our results suggest that arousal-driven theta rhythmicity may help bind 405 
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correlated neuronal assemblies in distinct brain areas participating in cognitive and 406 

emotional processes underlying social behavior. A disruption of the correlated 407 

neuronal activity associated with the theta rhythmicity is likely to impair these 408 

processes (3, 5, 72) resulting in atypical social behaviors. 409 

  410 
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Materials and  methods: 411 

Animals   412 

Sprague-Dawley (SD) male rats (5– 6 weeks of age, 250–300 gr) served as subjects 413 

while SD or Wistar Hola/Hannover male rats (5– 6 weeks of age, 250–300 gr) served 414 

as stimuli. All rats were purchased from Harlan Laboratories (Jerusalem, Israel) and 415 

housed in groups (2-5 per cage) in the SPF rat facility of the University of Haifa under 416 

veterinary supervision, food and water available ad libidum, lights on between 7:00 – 417 

19:00. Experiments were performed in a strict accordance with the guidelines of the 418 

University of Haifa and approved by its Animal Care and Use Committee. 419 

Electrodes 420 

We used home-made electrodes for implantation. Stimulating electrodes were 421 

prepared by twisting together two stainless steel wires (A-M Systems, Sequim, WA, 422 

USA) with bare diameter of 0.005" (Coated-0.008"). Recording electrodes were 423 

prepared from Tungsten wire (A-M Systems) with bare diameter of 0.008" (Coated- 424 

0.011") soldered to stainless steel wire. For reference/ground wire we used stainless 425 

steel wires attached to a small screw. 426 

Surgery and electrodes implantation 427 

The rats were anesthetized with subcutaneously injected Ketamine (10% 428 

0.09cc/100gr) and Medetomidine (0.1% 0.055cc/100gr). Anesthesia level was 429 

monitored by testing toe pinch reflexes and held constant throughout surgery with 430 

consecutive injections. The body temperature of the rat was kept constant at 431 

approximately 37°C, using a closed-loop temperature controller connected to a rectal 432 

temperature probe and a heating-pad placed under the rat (FHC, Bowdoin, MA, 433 

USA). 434 
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Anesthetized rats were fixed in a stereotaxic apparatus (Stoelting, Wood Dale, IL, 435 

USA), with the head flat, the skin was gently removed and holes were drilled in the 436 

skull for implantation of electrodes and for reference/ground screw connection. 437 

Stimulating electrodes were placed in the left AOB (A/P= +3.0 mm, L/M= +1.0 mm, 438 

D/V= -4.0 mm at 50 degrees) and MOB (A/P= +7.08 mm, L/M= +1.0 mm, D/V= -5.5 439 

mm). Recording electrodes were placed in antero-ventral area of the MeA (A/P= -2.4 440 

mm, L/M= +3.18 mm, D/V= -8.5 mm), LS (A/P= -0.24 mm, L/M= +0.4 mm, D/V= - 441 

4.4 mm) and Pir (A/P= +3.2mm, L/M= +3.5mm, D/V=-5.5mm), as well as in the 442 

NAcc (A/P= +1.2 mm, L/M= +1.4 mm, D/V= -5.8 mm) in later experiments. Each 443 

electrode location was verified by its typical field potential signal, evoked in the MeA 444 

and LS by AOB stimulation (86) and in the Pir by MOB stimulation (87). Following 445 

verification implanted electrodes (one at a time) were fixed by dental cement 446 

(Stoelting). When all electrodes were in place, the free ends of the stainless steel wires 447 

(including one wire for each stimulation electrode) were wired up to a connector 448 

which was then connected to the skull by dental cement, followed by skin is suturing. 449 

To avoid a need of soldering, procedure that could damage brain tissue due to 450 

excessive heat, we used gold pins inserted to the connector holes under pressure 451 

which destroyed the wires isolation to create a contact between the wires and the pins. 452 

After surgery, Amoxicilin (15%, 0.07cc/100gr) was injected daily (for three days) to 453 

prevent contamination. Rats allowed recovery for at least 7 days before experiments. 454 

The experimental setup 455 

All experiments were video-recorded from above the arena (see Supplementary video 456 

1) by a CCD camera (Prosilica GC1290 GigE, Allied Vision Technology, 457 

Taschenweg, Germany). Electrophysiological recordings where made using an 8- 458 

channel wireless recording system (W8, Multi Channel Systems, Reutlingen, 459 
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Germany). Recoded signals (sampled at 1 kHz, low-pass filtered at 0-300Hz) were 460 

synchronized with the video recordings by start signal sent through a digital to USB 461 

converter (NI USB-6008, National Instruments, Austin, TX, USA) controlled by a 462 

self-written Labview program (National Instruments). 463 

The experimental arena comprised a three-layer box (inner dimensions: width - 26 464 

cm, length - 28 cm, height - 40 cm) with door on its front side. The inner layer was 465 

made of material (cloth) stretched on cuboid metal carcass to soften mechanical 466 

bumps of the recording system. The outer layer was made of adhesive black tape to 467 

prevent light entrance. A stainless steel net serves as a faraday cage in between these 468 

layers and the Multi-Channel wireless receiver was placed between it and the inner 469 

layer. During the experiment the arena was illuminated by dim red light. We used a 470 

double floor made of two plastic slices that can be separately removed. 471 

Experiments 472 

Overall, we recorded from 22 animals, of them 11 were tested with the social 473 

paradigm, 6 with the object paradigm (1 animal was tested with both) and 6 animals 474 

were tested with both fear conditioning and social encounter. Social recognition 475 

memory using anesthetized stimuli was performed in two animals and smell 476 

recognition was tested in three animals. The sample size is not always the same for all 477 

brain regions since in some of the recorded animals we lost the signals from specific 478 

electrodes due to various causes. 479 

At the beginning of each experiment, the tested rat was taken out of its home cage and 480 

the wireless transmitter was fastened to the connector on its head by a male-to-male 481 

Interconnect header (Mill-Max Mfg. Oyster Bay, NY, USA) with 18 pins. Following 482 

0.5-1 hour of habituation in the experimental arena, the rat was subjected to social, 483 

object, smell recognition test (Figure 2a), or fear conditioning test (Figure. 7 – figure 484 
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supplement 1).  Each encounter initiated by pressing "start" button on LabVIEW 485 

virtual instrument that sends synchronizing start signal to the camera and the wireless 486 

system. Then, during a period of 15 seconds, the stimulus was removed from its cage 487 

and delivered into the experimental arena. At the end of each encounter following 488 

stimulus removal, the upper floor slice is taken out and thoroughly cleaned with 70% 489 

ethanol and water to remove any odors left by the stimulus. It was then put back 490 

below the other slice 5 min after stimulus removal. 491 

Stimuli 492 

Rat stimuli were individually placed in clean covered plastic box and held in the 493 

experiment room throughout the experiment. The two stimulus animals used for each 494 

paradigm were always from different rat strains. Anesthetized animal stimuli were 495 

subcutaneously injected Ketamine (10% 0.09cc/100gr) and Medetomidine (0.1% 496 

0.055cc/100gr) 10 min prior to experiment. As object stimuli we used clean metal 497 

office stapler and hole-puncher. For smell recognition we used small metal-net balls 498 

filled with cloth soaked with artificial food smells of citrus and vanilla. The metal-net 499 

ball was attached to the cage floor by hot melt adhesive.  It should be noted that 500 

abviously, both object and smell stimuli are much poorer sources of chemosignals that 501 

social stimuli. 502 

Fear Conditioning 503 

Fear conditioning took place in a Plexiglas rodent conditioning chamber with a metal 504 

grid floor dimly illuminated by a single house light and enclosed within a sound 505 

attenuating chamber (Coulbourn Instruments, Lehigh Valley, PA, USA). Rats were 506 

habituated to the chamber for 1 hour before fear conditioning. During fear 507 

conditioning rats were presented with five pairings of a tone (CS; 40 s, 5 kHz, 75 dB) 508 

that co-terminated with a foot-shock (US; 0.5 s, 1.3 mA). The inter-trial interval was 509 
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180 s. The fear recall experiments were conducted a day later in the experimental 510 

arena described above, using the same procedure without the electrical foot shocks.  511 

Histology 512 

After completion of the experiments, the rats were anesthetized and killed with an 513 

overdose of Isoflurane (Abbott Laboratories, Chicago, IL, USA). The brains are 514 

removed and placed in PFA (4% in PBS) over night, followed by sectioning to 200 515 

µm slices using vibrating slicer (Vibroslice, Campden Instruments, Lafayette, IN, 516 

USA). The locations of the implanted electrode tips were identified using binocular 517 

and compared to the Pexinos-Watson rat brain atlas (88).    518 

Data analysis: 519 

All analyses were done using self-written MATLAB programs (MathWorks, Natick, 520 

MA, USA). In all cases when LFP signals were filtered we used band-pass filter 521 

between 5-11 Hz (high theta band) using MATLAB 'fir1' function. 522 

PSD estimation: We estimated Power Spectrum Density (PSD) of LFP signal using 523 

multi-tapper approach based on standard Welch's method ('pwelch' function) using 1-s 524 

long dpss (discrete prolate spheroidal sequences) window with 50% overlap. The peak 525 

of the PSD curve was considered to be the maximum theta power value for each 526 

encounter (Figure 2).  527 

ΔTheta Power (ΔTP) calculation: For each brain region, the theta power obtained 528 

during Enc. 0 (Base) was subtracted from the TP values of each encounter. 529 

Spectrogram: For each brain region, spectrograms were computed for each rat per 530 

trial using standard 'spectrogram' function with 1-s long dpss window with 50% 531 

overlap.  532 

LFP cross-correlation: We used standard 'xcorr' function with 'coeff' option for 533 

cross-correlation between different brain regions of filtered LFP signals for each 534 
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second.  The mean peak cross-correlation value across all 300 seconds of each 535 

encounter was considered to be the cross-correlation value of the encounter (Fig. 4a). 536 

Coherence: The coherence between two signals x and y is defined as: 537 

Cohxy(f) =
Sxy(f)

√Sxx(f)Syy(f)
 

We computed the cross-spectrum Sxy(f) and the auto-spectra of each signal Sxx(f) 538 

and  Syy(f)  using the multitaper method (89), implemented in Chronux 2.0 (90), an 539 

open-source, data analysis toolbox available at http://chronux.org. Coherograms were 540 

computed using a moving window of 2 s shifted in 200 ms increments, 5 tapers, and 541 

time-bandwidth of 3. (params.tapers=[ TW=3 K=5]; movingwin=[2 0.2];). As 542 

spectrograms, cohergrams, for each brain region, were computed for each rat per trial. 543 

For each brain region, mean cohergrams were obtained by averaging cohergrams 544 

computed per trial across all rats. 545 

Statistics 546 

Statistical analyses were performed using MATLAB, except for repeated measures 547 

ANOVA analyses that were conducted using SPSS (IBM) statistical software. Each 548 

brain region was separately analyzed. Parametric t-test and ANOVA tests were used if 549 

data were found to be normally distributed (Lilliefors and Shapiro-Wilk tests). 550 

Bonferroni's corrections were performed for multiple comparisons using t-test. One- 551 

sided t-tests were used when a change in specific direction was expected before the 552 

experiment.  553 
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Figures and tables 778 

Figure 1: A simplistic scheme of sensory information flow in the network of 779 

brain regions thought to underlie social recognition memory.  780 

Social olfactory cues are detected by sensory neurons in the main olfactory epithelium 781 

(MOE) and vomeronasal organ (VNO). These neurons project to the main (MOB) and 782 

accessory (AOB) olfactory bulbs, which transmit information, either directly or 783 

indirectly (via the cortical nucleus of the amygdala – CoA) to the medial amygdala 784 

(MeA). The MOB also innervates the piriform cortex (Pir). The MeA projects to the 785 

lateral septum (LS), which innervates the hippocampus (Hip). 786 

 787 

Figure 2: Theta rhythmicity in the rat brain is enhanced during social 788 

encounters, in correlation with the novelty of the social stimulus. 789 

a) A scheme of the habituation-dishabituation SRM paradigm. 790 

b) Examples of LFP traces recorded in the MOB, LS and MeA during a social 791 

encounter. 792 

c) Power spectral density (PSD) analyses of a 5-min LFP recording from all five 793 

brain areas during a social encounter. Gray bar represents the 7-9 Hz band. 794 

d) Superimposed PSD analyses of LFP recordings from the MeA of one animal 795 

during the various stages of the SRM test. 796 

e) As in d, zooming on the 4-10 Hz range. 797 

f) The ~8 Hz PSD peak (TP) and social investigation time (IT) for the same 798 

experiment as in d, plotted as a function of the encounter number. Encounter 0 799 

represents no stimulus (Base).  800 

 801 
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Figure 3: Theta rhythmicity is modulated by the novelty of social, but not other 802 

tested stimuli. 803 

a) TP for all brain areas (upper) as well as IT (lower) during the SRM test of one 804 

animal, using awake and anesthetized social stimuli as well as object and smell 805 

stimuli, all except smell tested with the same animal. 806 

b) Mean TP for the various brain regions averaged (±SEM) and plotted as a function 807 

of the test stage, for social (blue, n=8) and object (red, n=6) stimuli. A significant 808 

difference was found between the various encounters in all brain regions for social 809 

stimuli (p<0.005, one-way repeated measures ANOVA, Figure 3 – source data 1a), 810 

while no difference was found for object recognition (p>0.05, Figure 3 – source 811 

data 1b). Post hoc paired t-test showed significant differences between Enc. 1 and 812 

Enc. 4 as well as between Enc. 4 and Enc. 5 (dashed lines) in all brain regions for 813 

social stimuli (* pcorr<0.05, Figure 3 – source data 2). 814 

c) As in b, for the IT of the social and object paradigms. Unlike the TP, both 815 

paradigms showed similarly significant modulation of the IT (Figure 3 – source 816 

data 1-2). 817 

 818 

Figure 4: Modulation of the theta rhythmicity by social stimulus novelty reflects 819 

an internal state in the brain. 820 

a) Color-coded spectrograms of the LFP recorded in the MOB (upper), LS (middle) 821 

and MeA (lower) for 5 min before (Base), during (Enc. 1) and after (Post 1) the 822 

first encounter of the SRM test. All spectrograms are averages of five animals (4 823 

animals for LS). Gray bar marks the 15 s needed for stimulus transfer to the arena.  824 

b) Upper – instantaneous TP (change from mean Base) in the LS averaged over four 825 

rats (±SEM) during the Enc. and Post periods of all trials (1-5), for social (left, 826 
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n=5) and object (right, n=4) paradigms. The 15 min breaks between last Post and 827 

next Enc. periods are labeled with gray bars. Lower – mean (±SEM) values for the 828 

corresponding periods shown above. 829 

c) Comparison of mean TP averaged over all trials (1-5) for each brain area, 830 

between the Enc. and Post periods of the social and object paradigms (* p<0.05, 831 

paired t-test, Figure 4 – source data 1).  832 

d) Left –the instantaneous TP shown in b, expanded to show the initial 50 seconds 833 

of all encounters. Gray area represents the 15 s needed for stimulus transfer to the 834 

experimental arena. Right – Same for object stimuli. 835 

 836 

Figure 5: Differential and dynamic correlation of theta rhythmicity between 837 

specific brain regions.  838 

a) Upper – superimposed LFP traces (filtered 5-11 Hz) from the MeA (black) and LS 839 

(colored) of one animal during Base (left, red) and Enc. 1 (right, blue). Lower – 840 

cross-correlations between both regions for each of the 300 seconds recorded 841 

during the same periods, with peaks labeled by colored dots. 842 

b) Same as a for the MeA and MOB. 843 

c) Middle – distribution of the cross-correlation peaks for the data in a. Borders – 844 

histograms of the cross-correlation peaks in the correlation (right) and lag (bottom) 845 

axes. Mean±SD are marked to the left (correlation) or above (lag) the histograms. 846 

d) Same as c for the data in b. 847 

 848 

Figure 6: Theta coherence between specific brain regions increases during social 849 

encounter. 850 
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a) Mean (n=10 animals) coherence (0-100 Hz) of the LFP signals recorded in the 851 

MeA and LS during Base, Enc. 1 and Post 1 periods. 852 

b) Same animals, coherence analysis between the MeA and MOB. 853 

c) Spectrograms (0-20 Hz) of the coherence analyses shown in a (between MeA and 854 

LS, upper panel) and b (between MeA and MOB, lower panel). 855 

d) Mean coherence at 8 Hz between the MeA and all other areas (MOB, AOB n=11; 856 

LS, Pir n=10) during the Base, Enc. 1 and Post 1 periods of social encounter (* 857 

pcorr<0.05, paired t-test, Figure 5 – source data 1a). 858 

e) Same as d, for coherence of the MOB with all other areas (* pcorr<0.05, paired t- 859 

test, Figure 5 – source data 1b). 860 

f) Same as d, for object stimuli (Figure 5 – source data 1c). 861 

g) Same as e, for object stimuli (* pcorr<0.05, paired t-test, Figure 5 – source data 1d). 862 

 863 

Figure 7: Distinct types of theta rhythmicity are induced by social and fearful 864 

stimuli. 865 

a) PSD analyses (0-20 Hz) of LFP signal recorded in the LS of one animal, 5 min 866 

prior to stimulus introduction (Base, red) and 15 sec following it (Stimulus, blue) 867 

during fear memory recall (left, FC) and social encounter (right, SR). 868 

b) The change between Stimulus and Base PSD analyses (Stimulus minus Base) 869 

shown in a, for FC and SR, superimposed. 870 

c) Mean change in PSD profile for all brain areas of the same six animals during the 871 

FC (continuous lines) and SR (dashed lines) experiments. 872 

d) Mean (±SEM) values of the peak change in PSD in the low (4-8 Hz, red and blue) 873 

and high (8-12 Hz, pink and light blue) theta ranges for the FC (red and pink) and 874 
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SR (blue and light blue) experiments (** p<0.01, experiment X theta range 875 

interaction, two-way repeated measures ANOVA, Figure 7 – source data 1).  876 

 877 

Figure 8: Distinct changes in theta coherence between various brain regions are 878 

induced by social and fearful stimuli. 879 

a) Coherence analyses (0-20 Hz) of LFP signal recorded in the LS and MeA of one 880 

animal, 5 min prior to stimulus introduction (Base, red) and 15 sec following it 881 

(Stimulus, blue) during fear memory recall (left, FC) and social encounter (right, 882 

SR). 883 

b) The change between Stimulus and Base coherence analyses (Stimulus minus Base) 884 

shown in a, for FC and SR, superimposed. 885 

c) Mean (±SEM) values of the peak change in coherence between all possible couples 886 

of brain areas in the low (4-8 Hz, red and blue) and high (8-12 Hz, pink and light 887 

blue) theta ranges for the FC (red and pink) and SR (blue and light blue) 888 

experiments (* p<0.05, ** p<0.01, experiment X theta range interaction, two-way 889 

repeated measures ANOVA, Figure 8 – source data 1).  890 

 891 

Figure 9: Different patterns of coherence change characterize the distinct 892 

arousal states. 893 

Graphical color-coded presentation of the mean changes in coherence for the FC and 894 

SR experiments. 895 

 896 

Supplementary Video 1: Social encounter between two adult male rats in the 897 

experimental arena. The recorded subject carries a black transmitter equipped with a 898 

flashing led light of its head. Frame number is shown in the right low corner. The 899 
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graph below the movie shows the LFP recorded in the AOB (blue), MOB (red) and 900 

MeA (green). The bottom graph shows raster plots of spikes detected from the 901 

recorded multi-unit activity signal. 902 

 903 

904 
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Supplemental figures titles and legends 905 

 906 

Figure 4 – figure supplement 1: Mean LFP spectrograms across the SRM 907 

paradigm for the AOB  908 

Color-coded spectrograms (0-20 Hz) of the LFP recorded in the AOB during the SRM 909 

test. Gray bar marks the 15 s needed for stimulus delivery to the arena. Mean of 5 910 

animals. 911 

 912 

Figure 4 – figure supplement 2: Mean LFP spectrograms across the SRM 913 

paradigm for the MOB  914 

Color-coded spectrograms (0-20 Hz) of the LFP recorded in the MOB during the 915 

SRM test. Gray bar marks the 15 s needed for stimulus delivery to the arena. Mean of 916 

5 animals. 917 

 918 

Figure 4 – figure supplement 3: Mean LFP spectrograms across the SRM 919 

paradigm for the MEA  920 

Color-coded spectrograms (0-20 Hz) of the LFP recorded in the MEA during the 921 

SRM test. Gray bar marks the 15 s needed for stimulus delivery to the arena. Mean of 922 

5 animals. 923 

 924 

Figure 4 – figure supplement 4: Mean LFP spectrograms across the SRM 925 

paradigm for the LS  926 

Color-coded spectrograms (0-20 Hz) of the LFP recorded in the LS during the SRM 927 

test. Gray bar marks the 15 s needed for stimulus delivery to the arena. Mean of 4 928 

animals. 929 
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 930 

Figure 4 – figure supplement 5: Mean LFP spectrograms across the SRM 931 

paradigm for the Pir  932 

Color-coded spectrograms (0-20 Hz) of the LFP recorded in the Pir during the SRM 933 

test. Gray bar marks the 15 s needed for stimulus delivery to the arena. Mean of 5 934 

animals. 935 

 936 

Figure 4 – figure supplement 6: Comparison of mean instantaneous TP between 937 

social and object stimuli, for the AOB and MOB 938 

Upper panels – instantaneous TP (change from mean Base) in each brain area 939 

averaged over all animals (mean±SEM) during the Enc. and Post periods of all trials 940 

(1-5), for social (left, n=5 rats) and object (right, n=4 rats) paradigms. The 15 min 941 

breaks between last Post and next Enc. periods are labeled with gray bars. Lower 942 

panels – mean (±SEM) values for the corresponding periods shown above. 943 

 944 

Figure 4 – figure supplement 7: Comparison of mean instantaneous TP between 945 

social and object stimuli, for the MeA and Pir 946 

Upper panels – instantaneous TP (change from mean Base) in each brain area 947 

averaged over all animals (mean±SEM) during the Enc. and Post periods of all trials 948 

(1-5), for social (left, n=5 rats) and object (right, n=4 rats) paradigms. The 15 min 949 

breaks between last Post and next Enc. periods are labeled with gray bars. Lower 950 

panels – mean (±SEM) values for the corresponding periods shown above. 951 

 952 

Figure 6 – figure supplement 1: Mean spectrograms of coherence between the 953 

MeA and all other areas during trial 1 of the SRM paradigm 954 
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Color-coded spectrograms (0-20 Hz) of the mean LFP coherence (MOB, AOB - 955 

n=11; LS, Pir - n=10, cMeA  - contralateral MeA, n=3) between the MOB and all 956 

other brain areas, during the first trial of SRM test, each depicting continuous 15 min 957 

divided to the Base, Enc. 1 and Post 1 periods.  958 

 959 

Figure 6 – figure supplement 2: Mean spectrograms of coherence between the 960 

MOB and all other areas during trial 1 of the SRM paradigm 961 

Color-coded spectrograms (0-20 Hz) of the mean LFP coherence (MeA, AOB - n=11; 962 

LS, Pir - n=10, cMeA  - contralateral MeA, n=3) between the MOB and all other brain 963 

areas, during the first trial of SRM test, each depicting continuous 15 min divided to 964 

the Base, Enc. 1 and Post 1 periods.  965 

 966 

Figure 6 – figure supplement 3: Mean theta coherence during trial 1 of the SRM 967 

paradigm 968 

a) Mean coherence at 8 Hz between the MeA and all other areas (MOB, AOB n=11; 969 

LS, Pir n=10, cMeA  - contralateral MeA, n=3) during the Base, Enc. 1 and Post 1 970 

periods of the SRM paradigm. 971 

b) Same as a, for coherence of the MOB with all other areas. 972 

 973 

Figure 7 – figure supplement 1: Arousal-driven locomotion during recall of fear 974 

memory 975 

a) A schematic drawing of the fear conditioning session, comprising 5 events of 40- 976 

sec tone (gray bar) followed by brief electrical foot shock (red bar). 977 

b) Locomotion activity of one animal during the recall of fear memory, one day after 978 

fear conditioning, plotted as a function of the experimental stage. Gray bars 979 
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represent the 40-sec long tone. Tone start is marked on the X-axis by T1…5 and 980 

tone end by S1…5. 981 

c) Mean locomotion (n=6 animals) during fear recall around the first tone, as a 982 

function of time. Tone started 15 sec from beginning of the experiment and is 983 

marked by a gray bar. Note the intense locomotion of the animals during most of 984 

the tone, as opposed to their freezing at the end of it, when expecting the electrical 985 

foot shock. Black dashed line represent the 15-sec period during which theta 986 

activity was calculated. Error bars represent SEM. 987 

  988 

  989 
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Source data titles and legends 990 

Figure 3 – source data 1: Theta power (TP) modulation between encounters. 991 

 One-way ANOVA (repeated measures) test was used to determine whether there is a 992 

significant difference between the mean TP of all 5 encounters during either social 993 

(1a) or object (1b) recognition. The assumption of normality was assessed by 994 

Lilliefors and Shapiro-Wilk tests. Sphericity was assessed by Mauchly's test.  995 

 996 

Figure 3 – source data 2: Statistical assessment of habituation and dishabituation  997 

Paired t-tests were used for the social (2a) and object (2b) recognition paradigms, to 998 

examine if the differences between Enc.1 and Enc. 4 (habituation), as well as between 999 

Enc. 4 and Enc. 5 (dishabituation) are statistically significant. Tests were one-sided 1000 

and corrected for multiple comparisons using Bonferroni's correction. 1001 

 1002 

Figure 4 – source data 1: Comparison of TP between Enc. and Post periods  1003 

Paired t-tests were used to compare between the mean ΔTP across Enc. vs. the mean 1004 

ΔTP across Post periods. The assumption of normality was assessed by Lilliefors and 1005 

Shapiro-Wilk tests. 1006 

 1007 

Figure 6 – source data 1: Assessment of change in theta Coherence from Base to 1008 

either Enc. 1 or Post 1  1009 

The change from Base to Enc. 1 (upper) and from Base to Post 1 (lower), in theta 1010 

coherence during social recognition between the MeA and all other areas (1a) and 1011 

between the MOB and all areas (1b), as well as during object recognition between the 1012 

MeA and all other areas (1c), and between the MOB and all areas (1d), was 1013 

statistically validated using paired t-tests, corrected for multiple comparisons 1014 

(Bonferroni correction). The assumption of normality was assessed by Lilliefors and 1015 

Shapiro-Wilk tests. 1016 

 1017 

Figure 7 – source data 1: Comparison of change in theta power in low and high 1018 

theta bands between social and fearful stimuli. 1019 

Comparison of the change in theta power between social recognition (SR) and fear 1020 

conditioning (FC) at high and low theta ranges, statistically validated using two-way 1021 
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repeated measures ANOVA (p - experiment X theta range interaction). The 1022 

assumption of normality was assessed by Lilliefors and Shapiro-Wilk tests. 1023 

 1024 

Figure 8 – source data 1: Comparison of change in coherence in low and high 1025 

theta bands between social and fearful stimuli. 1026 

Comparison of the change in coherence between social recognition (SR) and fear 1027 

conditioning (FC) at high and low theta ranges (right), statistically validated using 1028 

two-way repeated measures ANOVA (p - experiment X theta range interaction). The 1029 

assumption of normality was assessed by Lilliefors and Shapiro-Wilk tests. 1030 

 1031 




















