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Figure 1. A simplistic scheme of sensory information

flow in the network of brain regions thought to underlie

social recognition memory. Social olfactory cues are

detected by sensory neurons in the main olfactory

epithelium (MOE) and vomeronasal organ (VNO). These

neurons project to the main (MOB) and accessory (AOB)

olfactory bulbs, which transmit information, either di-

rectly or indirectly (via the cortical nucleus of the

amygdala—CoA) to the medial amygdala (MeA). The

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

projects to the lateral septum (LS), which innervates the

hippocampus (Hip).
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Figure 2. Theta rhythmicity in the rat brain is enhanced during social encounters, in correlation with the novelty of the social stimulus. (A) A scheme of the

habituation–dishabituation SRM paradigm. (B) Examples of LFP traces recorded in the MOB, LS, and MeA during a social encounter. (C) Power spectral

density (PSD) analyses of a 5-min LFP recording from all five brain areas during a social encounter. Gray bar represents the 7–9 Hz band. (D) Superimposed

PSD analyses of LFP recordings from the MeA of one animal during the various stages of the SRM test. (E) As in D, zooming on the 4–10 Hz range. (F) The

∼8 Hz PSD peak (TP) and social investigation time (IT) for the same experiment as in D, plotted as a function of the encounter number. Encounter

0 represents no stimulus (Base).
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Figure 3. Theta rhythmicity is modulated by the novelty of social, but not other tested stimuli. (A) TP for all brain

areas (upper) as well as IT (lower) during the SRM test of one animal, using awake and anesthetized social stimuli as

well as object and smell stimuli, all except smell tested with the same animal. (B) Mean TP for the various brain

regions averaged (±SEM) and plotted as a function of the test stage, for social (blue, n = 8) and object (red, n = 6)

stimuli. A significant difference was found between the various encounters in all brain regions for social stimuli (p <
0.005, one-way repeated measures ANOVA, Figure 3—source data 1A), while no difference was found for object

recognition (p > 0.05, Figure 3—source data 1B). Post hoc paired t-test showed significant differences between Enc.

1 and Enc. 4 as well as between Enc. 4 and Enc. 5 (dashed lines) in all brain regions for social stimuli (*pcorr < 0.05,

Figure 3—source data 2). (C) As in B, for the IT of the social and object paradigms. Unlike the TP, both paradigms

showed similarly significant modulation of the IT (Figure 3—source data 1–2).
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Figure 4. Modulation of the theta rhythmicity by social stimulus novelty reflects an internal state in the brain. (A) Color-coded spectrograms of the LFP

recorded in the MOB (upper), LS (middle), and MeA (lower) for 5 min before (Base), during (Enc. 1), and after (Post 1) the first encounter of the SRM test. All

spectrograms are averages of five animals (4 animals for LS). Gray bar marks the 15 s needed for stimulus transfer to the arena. (B) Upper—instantaneous

ΔTP (change from mean Base) in the LS averaged over four rats (±SEM) during the Enc. and Post periods of all trials (Buzsáki and Draguhn, 2004;

Uhlhaas and Singer, 2006; Geschwind and Levitt, 2007; Geschwind, 2009; Uhlhaas et al., 2009), for social (left, n = 5) and object (right, n = 4)

Figure 4. continued on next page
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Figure 4. Continued

paradigms. The 15-min breaks between last Post and next Enc. periods are labeled with gray bars. Lower—mean (±SEM) values for the corresponding

periods shown above. (C) Comparison of mean ΔTP averaged over all trials (Buzsáki and Draguhn, 2004; Uhlhaas and Singer, 2006; Geschwind and

Levitt, 2007; Geschwind, 2009; Uhlhaas et al., 2009) for each brain area, between the Enc. and Post periods of the social and object paradigms (*p <
0.05, paired t-test, Figure 4—source data 1). (D) Left—the instantaneous ΔTP shown in B, expanded to show the initial 50 s of all encounters. Gray area

represents the 15 s needed for stimulus transfer to the experimental arena. Right—The same for object stimuli.
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Figure 4—figure supplement 1. Mean LFP spectrograms across the SRM paradigm for the AOB. Color-coded

spectrograms (0–20 Hz) of the LFP recorded in the AOB during the SRM test. Gray bar marks the 15 s needed for

stimulus delivery to the arena. Mean of five animals.
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Figure 4—figure supplement 2. Mean LFP spectrograms across the SRM paradigm for the MOB. Color-coded

spectrograms (0–20 Hz) of the LFP recorded in the MOB during the SRM test. Gray bar marks the 15 s needed for

stimulus delivery to the arena. Mean of five animals.
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Figure 4—figure supplement 3. Mean LFP spectrograms across the SRM paradigm for the MEA. Color-coded

spectrograms (0–20 Hz) of the LFP recorded in the MEA during the SRM test. Gray bar marks the 15 s needed for

stimulus delivery to the arena. Mean of five animals.
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Figure 4—figure supplement 4. Mean LFP spectrograms across the SRM paradigm for the LS. Color-coded

spectrograms (0–20 Hz) of the LFP recorded in the LS during the SRM test. Gray bar marks the 15 s needed for

stimulus delivery to the arena. Mean of four animals.
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Figure 4—figure supplement 5. Mean LFP spectrograms across the SRM paradigm for the Pir. Color-coded

spectrograms (0–20 Hz) of the LFP recorded in the Pir during the SRM test. Gray bar marks the 15 s needed for

stimulus delivery to the arena. Mean of five animals.
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Tendler and Wagner. eLife 2015;4:e03614. DOI: 10.7554/eLife.03614 11 of 22

Neuroscience

http://dx.doi.org/10.7554/eLife.03614.015
http://dx.doi.org/10.7554/eLife.03614


Figure 4—figure supplement 6. Comparison of mean instantaneous TP between social and object stimuli, for the

AOB and MOB. Upper panels—instantaneous ΔTP (change from mean Base) in each brain area averaged over all

animals (mean ± SEM) during the Enc. and Post periods of all trials (1–5), for social (left, n = 5 rats) and object (right, n

= 4 rats) paradigms. The 15-min breaks between last Post and next Enc. periods are labeled with gray bars. Lower

panels—mean (±SEM) values for the corresponding periods shown above.
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Figure 4—figure supplement 7. Comparison of mean instantaneous TP between social and object stimuli, for the

MeA and Pir. Upper panels—instantaneous ΔTP (change from mean Base) in each brain area averaged over all

animals (mean±SEM) during the Enc. and Post periods of all trials (1–5), for social (left, n = 5 rats) and object (right, n

= 4 rats) paradigms. The 15 min breaks between last Post and next Enc. periods are labeled with gray bars. Lower

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

DOI: 10.7554/eLife.03614.017
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Figure 5. Differential and dynamic correlation of theta rhythmicity between specific brain regions.

(A) Upper—superimposed LFP traces (filtered 5–11 Hz) from the MeA (black) and LS (colored) of one animal

during Base (left, red) and Enc. 1 (right, blue). Lower—cross-correlations between both regions for each of the 300 s

recorded during the same periods, with peaks labeled by colored dots. (B) Same as A for the MeA and MOB.

(C) Middle—distribution of the cross-correlation peaks for the data in A. Borders—histograms of the cross-

correlation peaks in the correlation (right) and lag (bottom) axes. Mean ± SD are marked to the left (correlation)

or above (lag) the histograms. (D) Same as C for the data in B.
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Figure 6. Theta coherence between specific brain regions increases during social encounter. (A) Mean (n = 10

animals) coherence (0–100 Hz) of the LFP signals recorded in the MeA and LS during Base, Enc. 1, and Post 1

periods. (B) Same animals, coherence analysis between the MeA and MOB. (C) Spectrograms (0–20 Hz) of the

coherence analyses shown in A (between MeA and LS, upper panel) and B (between MeA and MOB, lower panel).

(D) Mean coherence at 8 Hz between the MeA and all other areas (MOB, AOB n = 11; LS, Pir n = 10) during the Base,

Enc. 1, and Post 1 periods of social encounter (*pcorr < 0.05, paired t-test, Figure 5—source data 1A). (E) Same as D,

for coherence of the MOB with all other areas (*pcorr < 0.05, paired t-test, Figure 5—source data 1B). (F) Same as D,

for object stimuli (Figure 5—source data 1C). (G) Same as E, for object stimuli (*pcorr < 0.05, paired t-test, Figure

5—source data 1D).
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Figure 6—figure supplement 1. Mean spectrograms of coherence between the MeA and all other areas during trial

1 of the SRM paradigm. Color-coded spectrograms (0–20 Hz) of the mean LFP coherence (MOB, AOB—n = 11; LS,

Pir—n = 10, cMeA—contralateral MeA—n = 3) between the MOB and all other brain areas, during the first trial of

SRM test, each depicting continuous 15 min divided to the Base, Enc. 1, and Post 1 periods.
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Figure 6—figure supplement 2. Mean spectrograms of coherence between the MOB and all other areas during

trial 1 of the SRM paradigm. Color-coded spectrograms (0–20 Hz) of the mean LFP coherence (MeA, AOB—n = 11;

LS, Pir—n = 10, cMeA—contralateral MeA—n = 3) between the MOB and all other brain areas, during the first trial of

SRM test, each depicting continuous 15 min divided to the Base, Enc. 1, and Post 1 periods.

DOI: 10.7554/eLife.03614.022
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Figure 6—figure supplement 3. Mean theta coherence during trial 1 of the SRM paradigm. (A) Mean coherence at

8 Hz between the MeA and all other areas (MOB, AOB n = 11; LS, Pir n = 10, cMeA—contralateral MeA—n = 3)

during the Base, Enc. 1, and Post 1 periods of the SRM paradigm. (B) Same as A, for coherence of the MOB with all

other areas.
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Figure 7. Distinct types of theta rhythmicity are induced by social and fearful stimuli. (A) PSD analyses (0–20 Hz) of

LFP signal recorded in the LS of one animal, 5 min prior to stimulus introduction (Base, red) and 15 s following it

(Stimulus, blue) during fear memory recall (left, FC) and social encounter (right, SR). (B) The change between

Stimulus and Base PSD analyses (Stimulus minus Base) shown in A, for FC and SR, superimposed. (C) Mean change

in PSD profile for all brain areas of the same six animals during the FC (continuous lines) and SR (dashed lines)

experiments. (D) Mean (±SEM) values of the peak change in PSD in the low (4–8 Hz, red and blue) and high (8–12 Hz,

Figure 7. continued on next page
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Figure 7. Continued

pink and light blue) theta ranges for the FC (red and pink) and SR (blue and light blue) experiments (**p < 0.01,

experiment X theta range interaction, two-way repeated measures ANOVA, Figure 7—source data 1).

DOI: 10.7554/eLife.03614.024

Figure 7—figure supplement 1. Arousal-driven locomotion during recall of fear memory. (A) A schematic drawing

of the fear conditioning session, comprising five events of 40-sec tone (gray bar) followed by brief electrical foot

shock (red bar). (B) Locomotion activity of one animal during the recall of fear memory, 1 day after fear conditioning,

plotted as a function of the experimental stage. Gray bars represent the 40-sec long tone. Tone start is marked on

the X-axis by T1…5 and tone end by S1…5. (C) Mean locomotion (n = 6 animals) during fear recall around the first

tone, as a function of time. Tone started 15 sec from the beginning of the experiment and is marked by a gray bar.

Note the intense locomotion of the animals during most of the tone, as opposed to their freezing at the end of it,

when expecting the electrical foot shock. Black dashed line represents the 15-sec period during which theta activity

was calculated. Error bars represent SEM.
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Figure 8. Distinct changes in theta coherence between various brain regions are induced by social and fearful

stimuli. (A) Coherence analyses (0–20 Hz) of LFP signal recorded in the LS and MeA of one animal, 5 min prior to

stimulus introduction (Base, red) and 15 s following it (Stimulus, blue) during fear memory recall (left, FC) and social

encounter (right, SR). (B) The change between Stimulus and Base coherence analyses (Stimulus minus Base) shown in

A, for FC and SR, superimposed. (C) Mean (±SEM) values of the peak change in coherence between all possible

couples of brain areas in the low (4–8 Hz, red and blue) and high (8–12 Hz, pink and light blue) theta ranges for the

FC (red and pink) and SR (blue and light blue) experiments (*p < 0.05, **p < 0.01, experiment X theta range

interaction, two-way repeated measures ANOVA, Figure 8—source data 1).
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Figure 9. Different patterns of coherence change characterize the distinct arousal states. Graphical color-coded

presentation of the mean changes in coherence for the FC and SR experiments.

DOI: 10.7554/eLife.03614.029

Tendler and Wagner. eLife 2015;4:e03614. DOI: 10.7554/eLife.03614 22 of 22

Neuroscience

http://dx.doi.org/10.7554/eLife.03614.029
http://dx.doi.org/10.7554/eLife.03614


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


