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Statement‌ ‌of‌ ‌significance‌‌ ‌  

Theta‌‌and‌‌gamma‌‌oscillations‌‌are‌‌hallmarks‌‌of‌‌rhythmic‌‌activity‌‌in‌‌the‌‌rat‌‌hippocampus‌‌during‌‌                           

locomotion‌ ‌and‌ ‌exploratory‌ ‌behaviors,‌‌but‌‌less‌‌is‌‌known‌‌about‌‌other‌‌oscillatory‌‌rhythms.‌‌This‌‌                         

study‌ ‌shows‌ ‌the‌‌emergence‌‌of‌‌delta‌‌(~2‌‌Hz)‌‌oscillations‌‌in‌‌the‌‌dorsal‌‌CA1‌‌of‌‌rats‌‌running‌‌on‌‌a‌‌                                   

treadmill.‌ ‌Locomotion-related‌ ‌delta‌ ‌oscillations‌ ‌are‌ ‌independent‌ ‌of‌ ‌the‌ ‌concomitant‌ ‌theta‌                   

activity‌ ‌and‌ ‌convey‌ ‌information‌ ‌about‌ ‌running‌ ‌speed.‌ ‌Delta‌ ‌waves‌ ‌modulate‌ ‌low-gamma‌‌                     

oscillations‌ ‌and‌ ‌the‌ ‌spiking‌ ‌activity‌ ‌of‌ ‌pyramidal‌ ‌neurons‌ ‌in‌ ‌a‌ ‌speed-dependent‌ ‌way.‌ ‌These‌‌                         

results‌ ‌suggest‌ ‌that‌ ‌oscillatory‌ ‌activity‌ ‌in‌ ‌the‌ ‌delta‌ ‌band‌ ‌aids‌ ‌rhythmic‌ ‌coordination‌ ‌during‌‌                         

stationary‌ ‌locomotor‌ ‌behaviors.‌ ‌ 
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ABSTRACT‌ ‌ 

Locomotion‌ ‌has‌ ‌long‌ ‌been‌ ‌associated‌ ‌with‌ ‌rhythmic‌ ‌oscillations‌ ‌in‌ ‌the‌ ‌rat‌ ‌hippocampus.‌‌                       

Running‌ ‌speed‌ ‌and‌ ‌acceleration‌ ‌affect‌ ‌the‌ ‌spectral‌ ‌density‌ ‌at‌ ‌the‌‌theta‌‌(6-10‌‌Hz)‌‌and‌‌gamma‌‌                             

(30-150‌ ‌Hz)‌ ‌bands‌ ‌and‌ ‌the‌ ‌rhythmic‌ ‌entrainment‌ ‌of‌‌neuronal‌‌activity.‌‌However,‌‌less‌‌is‌‌known‌‌                           

about‌‌other‌‌oscillatory‌‌rhythms.‌‌Recent‌‌studies‌‌have‌‌shown‌‌that‌‌oscillatory‌‌activity‌‌in‌‌the‌‌delta‌‌                           

(1-4‌‌Hz)‌‌band‌‌also‌‌relates‌‌to‌‌locomotion‌‌in‌‌stationary‌‌conditions,‌‌such‌‌as‌‌running‌‌on‌‌a‌‌treadmill‌‌                               

or‌ ‌in‌ ‌a‌ ‌running‌ ‌wheel.‌ ‌To‌ ‌further‌‌investigate‌‌the‌‌effects‌‌of‌‌stationary‌‌running‌‌on‌‌hippocampal‌‌                             

oscillations,‌ ‌we‌ ‌recorded‌ ‌CA1‌ ‌local‌ ‌field‌ ‌potentials‌ ‌and‌ ‌neuronal‌ ‌activity‌ ‌while‌ ‌rats‌ ‌ran‌ ‌at‌‌                           

different‌‌speed‌‌protocols‌‌on‌‌a‌‌treadmill.‌‌We‌‌found‌‌a‌‌remarkable‌‌oscillatory‌‌activity‌‌at‌‌2‌‌Hz‌‌that‌‌                               

was‌‌strongly‌‌modulated‌‌by‌‌running‌‌speed.‌‌Delta‌‌power‌‌and‌‌peak‌‌frequency‌‌were‌‌highest‌‌at‌‌the‌                             

fastest‌‌running‌‌speed,‌‌both‌‌in‌‌constant‌‌and‌‌progressively‌‌increasing‌‌speed‌‌protocols.‌‌Delta‌‌and‌‌                         

theta‌ ‌oscillations‌ ‌co-occurred‌ ‌and‌ ‌showed‌ ‌independent‌ ‌relationships‌ ‌in‌ ‌their‌ ‌instantaneous‌‌                   

power‌ ‌and‌ ‌frequency.‌ ‌Moreover,‌ ‌the‌ ‌delta‌ ‌phase‌ ‌modulated‌ ‌the‌ ‌amplitude‌ ‌of‌ ‌low-gamma‌‌                       

(20-50‌ ‌Hz)‌ ‌oscillations‌ ‌and‌ ‌the‌ ‌spiking‌ ‌activity‌ ‌of‌ ‌putative‌ ‌pyramidal‌ ‌neurons‌ ‌in‌ ‌a‌‌                         

speed-dependent‌ ‌manner.‌ ‌Finally,‌ ‌spectral‌ ‌components‌ ‌in‌ ‌the‌ ‌delta‌ ‌frequency‌ ‌range,‌ ‌but‌‌not‌‌                       

theta,‌‌predicted‌‌running‌‌speed‌‌using‌‌a‌‌naive‌‌Bayes‌‌classifier.‌‌In‌‌summary,‌‌our‌‌study‌‌shows‌‌that‌‌                             

locomotion-related‌ ‌delta‌ ‌oscillations‌ ‌convey‌ ‌information‌ ‌about‌ ‌stationary‌ ‌running‌ ‌speed‌ ‌and‌‌                   

coordinate‌ ‌hippocampal‌ ‌rhythmic‌ ‌activity‌ ‌in‌ ‌a‌ ‌speed-dependent‌ ‌manner.‌ ‌ 

Keywords:‌‌ ‌hippocampus;‌ ‌delta‌ ‌oscillations;‌ ‌locomotion;‌ ‌running‌ ‌speed;‌ ‌treadmill‌ ‌running.‌ ‌ 
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INTRODUCTION‌ ‌ 

Locomotion‌ ‌has‌ ‌been‌ ‌extensively‌ ‌associated‌ ‌with‌ ‌prominent‌ ‌rhythmic‌ ‌activity‌ ‌in‌ ‌the‌‌                     

hippocampal‌‌local‌‌field‌‌potentials‌‌(LFP)‌‌of‌‌freely‌‌moving‌‌animals‌‌since‌‌pioneering‌‌studies‌‌in‌‌the‌‌                           

1960s‌‌‌(Vanderwolf‌‌and‌‌Heron,‌‌1964;‌‌Vanderwolf,‌‌1969,‌‌1971;‌‌Whishaw‌‌and‌‌Vanderwolf,‌‌1973;‌‌                       

McFarland‌ ‌et‌ ‌al.,‌ ‌1975)‌.‌ ‌Theta‌ ‌(6-10‌ ‌Hz)‌ ‌oscillations‌ ‌emerge‌ ‌throughout‌ ‌arousal‌ ‌epochs‌ ‌and‌‌                         

voluntary‌ ‌movements‌ ‌to‌ ‌coordinate‌ ‌the‌ ‌activity‌ ‌of‌ ‌higher-frequency‌‌oscillations‌‌and‌‌neuronal‌‌                     

assemblies‌ ‌in‌ ‌the‌ ‌hippocampus‌ ‌and‌ ‌other‌ ‌interconnected‌ ‌areas‌ ‌‌(Green‌ ‌and‌ ‌Arduini,‌ ‌1954;‌‌                       

O’Keefe‌ ‌and‌ ‌Recce,‌ ‌1993;‌ ‌Bragin‌ ‌et‌ ‌al.,‌ ‌1995;‌ ‌Buzsáki,‌ ‌2002,‌ ‌p.‌ ‌2005;‌ ‌Siapas‌ ‌et‌ ‌al.,‌ ‌2005;‌‌                               

Andersen‌‌et‌‌al.,‌‌2007;‌‌Scheffer-Teixeira‌‌et‌‌al.,‌‌2012;‌‌Lopes-Dos-Santos‌‌et‌‌al.,‌‌2018)‌.‌‌Theta‌‌power‌‌                           

and‌ ‌frequency‌ ‌positively‌ ‌correlate‌ ‌with‌ ‌running‌ ‌speed‌ ‌in‌ ‌open-field,‌ ‌linear‌ ‌track,‌ ‌and‌ ‌other‌‌                         

behavioral‌‌tasks‌‌(Sławińska‌‌and‌‌Kasicki,‌‌1998;‌‌Shin‌‌and‌‌Talnov,‌‌2001;‌‌Montgomery‌‌et‌‌al.,‌‌2009;‌‌                           

Hinman‌ ‌et‌ ‌al.,‌ ‌2011;‌‌Richard‌‌et‌‌al.,‌‌2013;‌‌Wells‌‌et‌‌al.,‌‌2013;‌‌Belchior‌‌et‌‌al.,‌‌2014).‌‌Meanwhile,‌‌                                 

studies‌ ‌examining‌ ‌stationary‌ ‌running‌ ‌on‌‌treadmills‌‌or‌‌running‌‌wheels‌‌and‌‌passive‌‌movements‌‌                       

in‌ ‌ambulatory‌ ‌apparatus‌ ‌(such‌ ‌as‌ ‌car‌ ‌and‌ ‌train‌ ‌models)‌ ‌reached‌ ‌similar‌ ‌conclusions‌ ‌but‌ ‌also‌‌                           

reported‌ ‌significant‌ ‌reductions‌ ‌in‌ ‌theta-running‌ ‌speed‌ ‌relationships‌ ‌and‌ ‌the‌ ‌temporal‌‌                   

organization‌‌of‌‌neuronal‌‌activity‌‌within‌‌theta‌‌cycles‌‌‌(Shin‌‌and‌‌Talnov,‌‌2001;‌‌Maurer‌‌et‌‌al.,‌‌2005;‌‌                             

Terrazas‌ ‌et‌ ‌al.,‌ ‌2005;‌ ‌Cei‌ ‌et‌ ‌al.,‌ ‌2014;‌ ‌Li‌ ‌et‌ ‌al.,‌ ‌2014;‌ ‌Drieu‌ ‌et‌ ‌al.,‌ ‌2018)‌.‌ ‌ 

In‌ ‌contrast,‌ ‌delta‌ ‌(1-4‌ ‌Hz)‌ ‌oscillations‌ ‌are‌ ‌widely‌ ‌expressed‌ ‌in‌ ‌neocortical‌ ‌and‌ ‌subcortical‌‌                         

regions‌ ‌and‌ ‌often‌ ‌involved‌ ‌in‌ ‌the‌ ‌synchronization‌ ‌of‌ ‌large‌ ‌neuronal‌ ‌populations‌ ‌typically‌‌                       

observed‌ ‌during‌ ‌slow-wave‌ ‌sleep‌ ‌and‌ ‌early‌ ‌stages‌ ‌of‌ ‌development‌ ‌‌(Siapas‌ ‌and‌ ‌Wilson,‌‌1998;‌‌                         

Steriade‌ ‌et‌ ‌al.,‌ ‌2001;‌ ‌Hirase‌ ‌et‌ ‌al.,‌ ‌2001;‌ ‌Sirota‌ ‌et‌ ‌al.,‌ ‌2003;‌ ‌Khazipov‌ ‌and‌ ‌Luhmann,‌ ‌2006;‌‌                               

Emmons‌ ‌et‌ ‌al.,‌ ‌2017)‌.‌ ‌In‌ ‌the‌ ‌rat‌ ‌hippocampus,‌ ‌delta‌ ‌oscillations‌ ‌dominate‌ ‌the‌ ‌LFP‌ ‌during‌‌                           
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immobility‌‌and‌‌quiet‌‌behaviors‌‌-‌‌such‌‌as‌‌licking,‌‌chewing,‌‌face-washing,‌‌scratching,‌‌and‌‌staying‌‌                         

still‌ ‌-‌ ‌but‌ ‌are‌ ‌ceased‌ ‌by‌ ‌sensory‌ ‌stimuli‌ ‌or‌ ‌at‌ ‌the‌ ‌transition‌ ‌from‌ ‌immobility‌ ‌to‌ ‌locomotion,‌‌                               

becoming‌ ‌replaced‌ ‌by‌ ‌the‌ ‌theta‌ ‌rhythm‌ ‌‌(Buzsáki,‌ ‌2002,‌ ‌2015;‌ ‌Andersen‌ ‌et‌ ‌al.,‌ ‌2007)‌.‌‌ ‌  

Many‌ ‌reports‌ ‌have‌ ‌corroborated‌ ‌and‌ ‌further‌ ‌highlighted‌ ‌the‌ ‌dichotomy‌ ‌between‌ ‌quiet‌ ‌and‌‌                       

active‌ ‌behaviors‌ ‌respectively‌ ‌exhibiting‌ ‌delta‌ ‌and‌ ‌theta‌ ‌oscillations‌ ‌in‌ ‌the‌ ‌hippocampus‌‌                     

(Csicsvari‌ ‌et‌ ‌al.,‌ ‌1998,‌‌1999;‌‌Czurkó‌‌et‌‌al.,‌‌1999;‌‌O’Neill‌‌et‌‌al.,‌‌2006;‌‌Montgomery‌‌et‌‌al.,‌‌2009;‌‌                                 

Allen‌‌et‌‌al.,‌‌2011;‌‌Caixeta‌‌et‌‌al.,‌‌2013;‌‌Patel‌‌et‌‌al.,‌‌2013;‌‌Schultheiss‌‌et‌‌al.,‌‌2020)‌.‌‌Nevertheless,‌‌                                 

provocative‌ ‌new‌ ‌evidence‌ ‌points‌ ‌to‌ ‌the‌ ‌occurrence‌ ‌of‌ ‌hippocampal‌ ‌delta‌ ‌oscillations‌ ‌during‌‌                       

stationary‌ ‌locomotion‌‌‌(Furtunato‌‌et‌‌al.,‌‌2020;‌‌Safaryan‌‌and‌‌Mehta,‌‌2021)‌,‌‌which‌‌suggests‌‌that‌‌                         

the‌ ‌traditional‌ ‌dichotomy‌ ‌between‌ ‌theta‌ ‌and‌‌delta‌‌states‌‌may‌‌not‌‌be‌‌clear-cut.‌‌Corroborating‌‌                         

this‌ ‌possibility,‌ ‌here‌ ‌we‌ ‌report‌ ‌an‌ ‌increase‌ ‌in‌ ‌hippocampal‌ ‌delta‌ ‌power‌ ‌and‌ ‌frequency‌‌                         

associated‌ ‌with‌ ‌increasing‌ ‌running‌ ‌speed‌ ‌on‌‌a‌‌treadmill.‌‌Locomotion-related‌‌delta‌‌oscillations‌‌                     

modulate‌‌higher-frequency‌‌oscillations‌‌and‌‌neuronal‌‌activity‌‌and‌‌also‌‌convey‌‌information‌‌about‌‌                     

running‌ ‌speed.‌ ‌In‌ ‌concert‌ ‌with‌ ‌the‌ ‌theta‌ ‌rhythm,‌ ‌the‌ ‌emergence‌ ‌of‌ ‌delta‌ ‌oscillations‌ ‌may‌‌                           

provide‌ ‌an‌ ‌alternative‌ ‌mechanism‌ ‌to‌ ‌organize‌ ‌hippocampal‌ ‌activity‌ ‌during‌ ‌running‌ ‌in‌ ‌the‌‌                       

presence‌ ‌of‌ ‌static‌ ‌external‌ ‌landmarks.‌ ‌ 

‌ 

MATERIAL‌ ‌AND‌ ‌METHODS‌ ‌ 

Subjects‌ ‌ 

We‌‌used‌‌six‌‌male‌‌adult‌‌Wistar‌‌rats‌‌(Rattus‌‌‌norvegicus‌;‌‌3-6‌‌months‌‌old;‌‌250-350‌‌g),‌‌which‌‌were‌‌                               

maintained‌ ‌on‌ ‌a‌ ‌12-hour‌ ‌dark/light‌ ‌cycle‌ ‌(lights‌ ‌on‌ ‌at‌ ‌07:00‌ ‌h),‌ ‌individually‌ ‌housed‌ ‌on‌‌                           

6‌ ‌ 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 25, 2022. ; https://doi.org/10.1101/2022.01.24.477542doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?KiAkfy
https://www.zotero.org/google-docs/?ErRy9l
https://www.zotero.org/google-docs/?ErRy9l
https://www.zotero.org/google-docs/?4voMNB
https://doi.org/10.1101/2022.01.24.477542
http://creativecommons.org/licenses/by-nc-nd/4.0/


propylene‌ ‌cages‌ ‌(41‌ ‌x‌ ‌34‌ ‌x‌ ‌16‌ ‌cm)‌ ‌with‌ ‌food‌ ‌and‌ ‌water‌ ‌‌ad‌ ‌libitum‌.‌ ‌Experimental‌ ‌procedures‌‌                               

were‌ ‌approved‌ ‌by‌ ‌the‌ ‌Animal‌ ‌Research‌ ‌Ethics‌ ‌Committee‌ ‌of‌ ‌UFRN‌ ‌(permit‌ ‌number‌‌                       

061.069/2017)‌ ‌and‌ ‌were‌ ‌in‌ ‌accordance‌ ‌with‌ ‌the‌ ‌Brazilian‌ ‌legislation‌ ‌for‌‌the‌‌use‌‌of‌‌animals‌‌in‌‌                             

research‌ ‌(Law‌ ‌number‌ ‌11,794/2008).‌ ‌ 

‌ 

Apparatus‌ ‌and‌ ‌training‌ ‌ 

We‌‌used‌‌an‌‌electrical‌‌treadmill‌‌(AVS‌‌Projetos)‌‌with‌‌belt‌‌dimensions‌‌of‌‌40‌‌x‌‌13.5‌‌cm‌‌(Figure‌‌1A).‌‌                                 

A‌‌metallic‌‌grid‌‌positioned‌‌at‌‌the‌‌back‌‌end‌‌of‌‌the‌‌belt‌‌was‌‌used‌‌to‌‌deliver‌‌low-intensity‌‌electrical‌‌                                 

shocks‌‌(0.1‌‌to‌‌0.7‌‌mA‌‌at‌‌60‌‌Hz‌‌until‌‌1‌‌second)‌‌when‌‌animals‌‌moved‌‌out‌‌of‌‌the‌‌belt‌‌during‌‌the‌‌                                       

training‌‌phase.‌‌Electrical‌‌shocks‌‌were‌‌not‌‌used‌‌during‌‌the‌‌recording‌‌phase.‌‌The‌‌treadmill‌‌speed‌‌                           

was‌ ‌automatically‌ ‌controlled‌ ‌by‌ ‌an‌ ‌Arduino‌ ‌Uno‌ ‌board.‌‌ ‌  

Animals‌ ‌were‌ ‌trained‌ ‌to‌ ‌execute‌ ‌48‌ ‌20-s‌ ‌runs‌‌at‌‌three‌‌acceleration‌‌rates‌‌(1,‌‌1.5,‌‌and‌‌2‌‌cm/s²)‌‌                                 

and‌‌three‌‌constant‌‌speeds‌‌(20,‌‌30,‌‌and‌‌40‌‌cm/s).‌‌Before‌‌the‌‌first‌‌training‌‌session,‌‌animals‌‌were‌‌                               

individually‌‌habituated‌‌to‌‌the‌‌treadmill‌‌for‌‌3‌‌days.‌‌‌On‌‌the‌‌first‌‌habituation‌‌day,‌‌rats‌‌were‌‌placed‌‌                               

on‌‌the‌‌treadmill‌‌for‌‌30‌‌minutes‌‌with‌‌the‌‌electrical‌‌shock‌‌function‌‌deactivated‌‌and‌‌the‌‌treadmill‌‌                             

turned‌‌off.‌‌On‌‌the‌‌second‌‌day,‌‌the‌‌electrical‌‌shock‌‌function‌‌was‌‌activated‌‌and‌‌the‌‌treadmill‌‌was‌‌                               

still‌‌off.‌‌The‌‌same‌‌procedure‌‌was‌‌repeated‌‌on‌‌the‌‌third‌‌day,‌‌but‌‌after‌‌30‌‌minutes‌‌of‌‌habituation,‌‌                                 

the‌ ‌treadmill‌ ‌was‌ ‌turned‌ ‌on‌ ‌at‌ ‌low‌ ‌speed‌ ‌(<10‌ ‌cm/s)‌ ‌for‌ ‌5‌ ‌minutes‌ ‌with‌ ‌the‌ ‌electrical‌ ‌shock‌‌                                 

activated.‌‌During‌‌the‌‌training‌‌sessions,‌‌the‌‌treadmill‌‌speeds‌‌were‌‌set‌‌on‌‌a‌‌maximum‌‌of‌‌10,‌‌14,‌‌                               

and‌‌18‌‌cm/s‌‌and‌‌were‌‌gradually‌‌increased‌‌at‌‌2.5‌‌cm/s/day‌‌steps‌‌until‌‌the‌‌animals‌‌reached‌‌the‌‌                               

target‌ ‌speeds‌ ‌of‌ ‌20,‌ ‌30,‌ ‌and‌ ‌40‌ ‌cm/s.‌ ‌The‌ ‌treadmill‌ ‌speed,‌ ‌the‌ ‌duration‌ ‌of‌ ‌the‌ ‌task,‌ ‌and‌‌the‌‌                                   
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electrical‌ ‌shock‌ ‌intensity‌ ‌were‌ ‌similar‌ ‌to‌‌previous‌‌studies‌‌‌(Albeck‌‌et‌‌al.,‌‌2006;‌‌Liu‌‌et‌‌al.,‌‌2008;‌‌                               

O’Callaghan‌ ‌et‌ ‌al.,‌ ‌2009)‌.‌‌ ‌  

‌ 

Surgery‌ ‌ 

Experimental‌‌subjects‌‌were‌‌submitted‌‌to‌‌a‌‌surgical‌‌procedure‌‌to‌‌chronically‌‌implant‌‌3D-printed‌‌                       

microdrives‌ ‌of‌ ‌movable‌ ‌tetrodes‌ ‌in‌ ‌the‌ ‌dorsal‌ ‌hippocampus.‌ ‌The‌ ‌rats‌ ‌were‌‌anesthetized‌‌with‌‌                         

isoflurane‌ ‌(5%‌ ‌for‌ ‌induction‌ ‌5%‌ ‌and‌ ‌1.5%‌ ‌for‌ ‌maintenance)‌ ‌for‌ ‌5‌ ‌minutes,‌ ‌and‌ ‌then‌‌received‌‌                             

ketamine‌‌(100‌‌mg/kg,‌‌i.p.)‌‌and‌‌xylazine‌‌(8‌‌mg/kg,‌‌i.p.).‌‌At‌‌the‌‌start‌‌and‌‌the‌‌end‌‌of‌‌the‌‌surgical‌‌                                   

procedure,‌ ‌lidocaine‌ ‌chlorhydrate‌ ‌(3‌‌mg/kg,‌‌s.c.)‌‌was‌‌administered‌‌on‌‌the‌‌cranial‌‌surface.‌‌The‌‌                         

animals‌ ‌were‌ ‌positioned‌ ‌in‌ ‌a‌ ‌stereotaxic‌ ‌apparatus‌ ‌(Kopf‌ ‌Instruments)‌ ‌and‌ ‌subjected‌ ‌to‌ ‌a‌‌                         

craniotomy‌‌according‌‌to‌‌the‌‌coordinates‌‌of‌‌the‌‌dorsal‌‌hippocampus‌‌(4.16‌‌mm‌‌posterior‌‌and‌‌2.4‌‌                           

mm‌‌lateral‌‌to‌‌bregma;‌‌‌Paxinos‌‌and‌‌Watson,‌‌2007)‌.‌‌Six‌‌stainless‌‌steel‌‌screws‌‌were‌‌implanted‌‌in‌‌                             

the‌‌cranial‌‌bones‌‌to‌‌provide‌‌mechanical‌‌support‌‌for‌‌the‌‌microdrive,‌‌and‌‌two‌‌additional‌‌screws‌‌                           

were‌‌implanted‌‌in‌‌the‌‌occipital‌‌bones‌‌to‌‌serve‌‌as‌‌an‌‌electrical‌‌ground.‌‌After‌‌the‌‌craniotomy,‌‌the‌‌                               

microdrive‌ ‌was‌ ‌positioned‌ ‌and‌ ‌fixed‌ ‌with‌ ‌acrylic‌ ‌resin.‌ ‌At‌ ‌the‌ ‌end‌‌of‌‌the‌‌surgery,‌‌the‌‌animals‌‌                               

received‌ ‌~1‌ ‌ml‌ ‌glycated‌ ‌saline‌ ‌(5%,‌ ‌i.p.),‌ ‌and‌ ‌a‌ ‌3-day‌ ‌treatment‌ ‌with‌ ‌enrofloxacin‌‌(10‌‌mg/kg,‌‌                             

i.p.)‌ ‌and‌ ‌meloxicam‌ ‌(2‌ ‌mg/kg,‌ ‌s.c.).‌ ‌The‌ ‌animals’‌‌health‌‌and‌‌overall‌‌behavior‌‌were‌‌supervised‌‌                           

during‌ ‌a‌ ‌week‌ ‌of‌ ‌recovery.‌ ‌ 

‌ 

Tetrode‌ ‌positioning‌ ‌ 

Microdrives‌ ‌supporting‌ ‌8‌ ‌and‌ ‌16‌ ‌tetrodes‌ ‌were‌ ‌used‌ ‌‌(Souza‌ ‌et‌ ‌al.,‌ ‌2018)‌.‌ ‌Two‌ ‌animals‌ ‌were‌‌                             

implanted‌‌with‌‌16-tetrode‌‌bilateral‌‌microdrives‌‌(rats‌‌1‌‌and‌‌3)‌‌and‌‌the‌‌other‌‌four‌‌animals‌‌were‌‌                             
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implanted‌ ‌with‌ ‌8-tetrode‌ ‌unilateral‌ ‌microdrives‌ ‌(rats‌ ‌2,‌ ‌4,‌ ‌5,‌ ‌and‌ ‌6).‌ ‌Tetrodes‌ ‌of‌‌                         

nickel-chromium‌ ‌or‌ ‌tungsten‌ ‌microelectrodes‌ ‌(12.7-μm‌ ‌diameter,‌ ‌Sandvik‌‌Heating‌‌Technology‌‌                 

or‌‌California‌‌Fine‌‌Wires‌‌Company)‌‌were‌‌electroplated‌‌in‌‌gold‌‌solution‌‌with‌‌carbon‌‌nanotubes‌‌to‌‌                           

reduce‌‌impedance‌‌to‌‌~100‌‌kOhms‌‌at‌‌1‌‌kHz‌‌using‌‌NanoZ‌‌(Neuralynx,‌‌according‌‌to‌‌‌Tenent‌‌et‌‌al.,‌‌                               

2009‌).‌‌Tetrodes‌‌were‌‌lowered‌‌1.5‌‌mm‌‌into‌‌the‌‌brain‌‌tissue‌‌at‌‌the‌‌end‌‌of‌‌the‌‌surgery‌‌and‌‌daily‌‌                                   

steps‌ ‌of‌ ‌0.2-0.5‌ ‌mm‌ ‌after‌ ‌surgery‌ ‌recovery‌ ‌until‌ ‌reaching‌ ‌the‌ ‌CA1‌ ‌area‌ ‌of‌ ‌the‌ ‌dorsal‌‌                             

hippocampus.‌ ‌The‌ ‌rats‌ ‌were‌ ‌maintained‌ ‌in‌ ‌a‌ ‌sleep‌ ‌box‌ ‌during‌ ‌the‌ ‌adjustments‌ ‌of‌ ‌tetrode‌‌                           

positioning.‌ ‌The‌ ‌proximity‌ ‌to‌‌the‌‌pyramidal‌‌layer‌‌was‌‌based‌‌on‌‌electrophysiological‌‌signatures‌‌                       

of‌ ‌the‌ ‌LFPs,‌ ‌such‌ ‌as‌ ‌the‌ ‌presence‌ ‌of‌ ‌sharp-wave‌ ‌ripples‌ ‌during‌ ‌slow-wave‌ ‌sleep‌ ‌episodes‌‌                           

(Buzsáki,‌‌2002,‌‌2015)‌.‌‌After‌‌each‌‌recording‌‌session,‌‌tetrodes‌‌were‌‌progressively‌‌adjusted‌‌in‌‌~50‌‌                         

μm‌ ‌for‌ ‌the‌ ‌detection‌ ‌of‌ ‌putative‌ ‌new‌ ‌neurons‌ ‌in‌ ‌the‌ ‌next‌ ‌session.‌‌Tetrode‌‌adjustments‌‌were‌‌                             

performed‌ ‌>12‌ ‌h‌ ‌before‌ ‌recording‌ ‌sessions.‌‌ ‌  

‌ 

Recording‌ ‌sessions‌ ‌ 

After‌‌surgery‌‌recovery,‌‌animals‌‌were‌‌re-trained‌‌on‌‌the‌‌treadmill‌‌running‌‌until‌‌they‌‌reached‌‌the‌‌                           

performance‌ ‌of‌ ‌>90%‌ ‌of‌ ‌complete‌ ‌runs‌ ‌(i.e.,‌ ‌without‌ ‌touching‌ ‌the‌ ‌metallic‌ ‌grid).‌ ‌On‌ ‌all‌ ‌the‌‌                             

recording‌ ‌sessions,‌ ‌rats‌ ‌were‌ ‌submitted‌ ‌to‌ ‌an‌ ‌exercise‌ ‌protocol‌ ‌of‌ ‌48‌ ‌running‌ ‌trials‌ ‌of‌ ‌20‌‌                             

seconds‌ ‌interspersed‌ ‌by‌‌5‌‌seconds‌‌of‌‌rest‌‌(Figure‌‌1B).‌‌The‌‌exercise‌‌protocol‌‌consisted‌‌of‌‌eight‌‌                             

trials‌‌of‌‌six‌‌runs,‌‌in‌‌which‌‌the‌‌first‌‌3‌‌runs‌‌were‌‌performed‌‌at‌‌the‌‌acceleration‌‌rates‌‌of‌‌1,‌‌1.5,‌‌and‌‌                                       

2‌‌cm/s²‌‌followed‌‌by‌‌3‌‌runs‌‌at‌‌the‌‌constant‌‌speeds‌‌of‌‌20,‌‌30,‌‌and‌‌40‌‌cm/s.‌‌Rats‌‌were‌‌maintained‌‌                                     

on‌ ‌the‌ ‌treadmill‌ ‌and‌ ‌recorded‌ ‌for‌ ‌5‌ ‌minutes‌ ‌before‌ ‌the‌ ‌running‌ ‌protocol‌ ‌started.‌ ‌ 
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Electrophysiological‌ ‌signals‌‌were‌‌obtained‌‌using‌‌one‌‌or‌‌two‌‌32-channel‌‌headstages‌‌(RHD2132,‌‌                     

Intan‌ ‌Technologies)‌ ‌with‌ ‌an‌ ‌Open‌ ‌Ephys‌ ‌acquisition‌ ‌system.‌ ‌The‌ ‌acquisition‌ ‌system‌ ‌and‌ ‌the‌‌                         

treadmill‌ ‌were‌ ‌electrically‌ ‌grounded.‌ ‌The‌ ‌raw‌ ‌electrophysiological‌ ‌signals‌ ‌were‌ ‌digitized,‌‌                   

pre-amplified‌ ‌(20x),‌ ‌and‌ ‌sampled‌ ‌at‌ ‌30‌ ‌kHz.‌ ‌Digital‌ ‌video‌ ‌recordings‌ ‌were‌ ‌made‌ ‌at‌ ‌30‌‌                           

frames/second‌ ‌using‌ ‌a‌ ‌webcam‌ ‌(C920,‌ ‌Logitech)‌ ‌perpendicularly‌ ‌positioned‌ ‌to‌ ‌the‌ ‌treadmill.‌‌                     

The‌ ‌treadmill‌ ‌was‌ ‌controlled‌ ‌by‌ ‌the‌ ‌same‌ ‌computer‌ ‌used‌ ‌for‌ ‌video‌ ‌and‌ ‌electrophysiological‌‌                         

recordings;‌ ‌data‌ ‌were‌ ‌synchronized‌ ‌through‌ ‌TTL‌‌events‌‌and‌‌stored‌‌for‌‌posterior‌‌analyses.‌‌The‌‌                         

experimental‌‌subjects‌‌contributed‌‌unequally‌‌to‌‌the‌‌total‌‌of‌‌22‌‌recording‌‌sessions;‌‌rats‌‌1,‌‌2,‌‌3,‌‌4,‌‌                               

5,‌ ‌and‌ ‌6‌ ‌respectively‌ ‌contributed‌ ‌with‌ ‌2,‌ ‌1,‌ ‌5,‌ ‌6,‌ ‌6,‌ ‌and‌ ‌2‌ ‌sessions.‌ ‌ 

‌ 

Euthanasia‌ ‌and‌ ‌craniotomy‌ ‌ 

At‌ ‌the‌ ‌end‌ ‌of‌ ‌the‌ ‌experiments,‌ ‌the‌ ‌animals‌ ‌were‌ ‌anesthetized‌ ‌in‌ ‌a‌ ‌pressurized‌ ‌box‌ ‌with‌‌                             

isoflurane‌‌(induction‌‌5%,‌‌maintenance‌‌1.5%)‌‌for‌‌approximately‌‌5‌‌minutes‌‌followed‌‌by‌‌ketamine‌‌                       

(100‌‌mg/kg,‌‌i.p.)‌‌and‌‌xylazine‌‌(8‌‌mg/kg,‌‌i.p.).‌‌Then,‌‌an‌‌electrical‌‌current‌‌(0.05‌‌µA‌‌for‌‌30‌‌s)‌‌was‌‌                                   

applied‌ ‌to‌ ‌each‌ ‌electrode‌ ‌to‌ ‌cause‌ ‌micro‌ ‌lesions‌ ‌at‌ ‌the‌ ‌brain‌ ‌tissue‌ ‌around‌ ‌the‌ ‌tips‌ ‌of‌ ‌the‌‌                                 

electrodes‌ ‌(Insight‌ ‌Equipamentos).‌ ‌The‌ ‌animals‌ ‌were‌ ‌intracardially‌ ‌perfused‌ ‌with‌ ‌200‌ ‌ml‌ ‌of‌‌                       

saline‌ ‌phosphate‌ ‌buffer‌ ‌solution‌ ‌(37ºC‌ ‌and‌ ‌pH‌ ‌7.4)‌‌and‌‌300‌‌ml‌‌of‌‌buffered‌‌paraformaldehyde‌‌                           

(37ºC‌ ‌and‌ ‌pH‌ ‌7.4).‌ ‌The‌ ‌brains‌ ‌were‌ ‌extracted‌ ‌and‌ ‌maintained‌ ‌in‌ ‌buffered‌ ‌paraformaldehyde‌‌                         

solution‌ ‌for‌ ‌76‌ ‌hours,‌ ‌and‌ ‌then‌ ‌for‌‌7‌‌days‌‌in‌‌glycosylated‌‌buffered‌‌paraformaldehyde‌‌solution‌‌                           

30%.‌ ‌Afterward,‌ ‌the‌ ‌brains‌ ‌were‌ ‌frozen‌ ‌in‌ ‌isopentane‌ ‌at‌ ‌-80ºC‌ ‌for‌ ‌posterior‌ ‌histological‌‌                         

processing.‌ ‌All‌ ‌procedures‌ ‌were‌ ‌based‌ ‌on‌ ‌previous‌ ‌studies.‌ ‌ 
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‌ 

Histology‌ ‌ 

Frozen‌‌brains‌‌were‌‌sliced‌‌in‌‌50-μm‌‌coronal‌‌sections‌‌using‌‌a‌‌cryostat‌‌(Microm‌‌550).‌‌Slices‌‌were‌‌                             

arranged‌‌on‌‌gelatinized‌‌slides‌‌and‌‌then‌‌Nissl‌‌stained.‌‌A‌‌microscope‌‌(Zeiss‌‌Imager‌‌M2‌‌ApoTome‌‌                           

2)‌‌under‌‌an‌‌objective‌‌lens‌‌of‌‌20X‌‌was‌‌used‌‌to‌‌photograph‌‌individual‌‌brain‌‌sections‌‌on‌‌a‌‌mosaic‌‌                                 

through‌ ‌the‌ ‌Stereo‌ ‌Investigator‌ ‌R‌ ‌software‌ ‌(MBF‌ ‌Bioscience).‌ ‌ 

‌ 

Data‌ ‌analysis‌ ‌ 

All‌ ‌analyses‌ ‌were‌‌made‌‌using‌‌built-in‌‌and‌‌custom-made‌‌routines‌‌in‌‌MATLAB‌‌(MathWorks).‌‌We‌‌                         

analyzed‌ ‌electrophysiological‌ ‌signals‌ ‌from‌ ‌(1)‌ ‌the‌ ‌running‌ ‌periods‌ ‌in‌ ‌which‌ ‌the‌ ‌treadmill‌ ‌belt‌‌                         

was‌ ‌either‌ ‌under‌ ‌acceleration‌ ‌or‌ ‌constant‌ ‌speed,‌ ‌(2)‌ ‌the‌ ‌rest‌ ‌(intertrial‌ ‌interval)‌ ‌periods‌ ‌in‌‌                           

which‌ ‌the‌ ‌treadmill‌ ‌was‌ ‌off‌ ‌(i.e.,‌ ‌0‌ ‌cm/s).‌ ‌Signals‌ ‌from‌ ‌the‌ ‌first‌ ‌two‌ ‌seconds‌ ‌of‌ ‌the‌ ‌running‌‌                                 

periods‌ ‌were‌ ‌discarded‌ ‌to‌ ‌avoid‌ ‌potential‌ ‌cable‌ ‌torsion‌ ‌artifacts‌ ‌during‌ ‌the‌ ‌running‌ ‌initiation‌‌                         

(i.e.,‌ ‌due‌ ‌to‌ ‌the‌ ‌rat‌ ‌turning‌ ‌toward‌ ‌the‌ ‌running‌ ‌direction)‌ ‌and‌ ‌imprecise‌ ‌measures‌ ‌of‌ ‌the‌‌                             

instantaneous‌ ‌treadmill‌ ‌speed‌ ‌during‌ ‌fast‌ ‌accelerations.‌ ‌ 

LFPs‌ ‌were‌ ‌filtered‌ ‌between‌‌0.1‌‌and‌‌400‌‌Hz‌‌and‌‌sampled‌‌at‌‌1‌‌kHz.‌‌One‌‌LFP‌‌channel‌‌from‌‌each‌‌                                   

session‌‌was‌‌selected‌‌based‌‌on‌‌the‌‌maximum‌‌ripple‌‌(150-250‌‌Hz)‌‌band‌‌power.‌‌LFP‌‌signals‌‌were‌‌                             

then‌ ‌visually‌ ‌inspected‌ ‌to‌ ‌exclude‌ ‌running‌ ‌trials‌ ‌with‌ ‌eventual‌ ‌saturation‌ ‌or‌ ‌mechanical‌‌                       

artifacts.‌ ‌Time-frequency‌ ‌decompositions‌ ‌were‌ ‌made‌ ‌using‌ ‌the‌ ‌“spectrogram”‌ ‌function‌ ‌from‌‌                   

the‌‌Signal‌‌Processing‌‌Toolbox‌‌(2-s‌‌window‌‌length‌‌with‌‌90%‌‌overlap).‌‌Power‌‌spectral‌‌estimation‌‌                         

was‌ ‌obtained‌ ‌using‌ ‌the‌ ‌“pwelch”‌ ‌function‌ ‌from‌ ‌the‌ ‌Signal‌ ‌Processing‌ ‌Toolbox‌ ‌(2-s‌ ‌window‌‌                         

length‌ ‌with‌ ‌25%‌ ‌overlap).‌ ‌To‌ ‌obtain‌ ‌band-pass‌ ‌filtered‌ ‌LFP‌ ‌signals,‌ ‌we‌ ‌used‌ ‌the‌ ‌“eegfilt”‌‌                           
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function‌ ‌(EEGLAB‌ ‌Toolbox,‌ ‌‌Delorme‌ ‌and‌ ‌Makeig,‌ ‌2004)‌.‌ ‌The‌ ‌instantaneous‌ ‌amplitude,‌ ‌phase,‌‌                     

and‌ ‌frequency‌ ‌of‌ ‌a‌ ‌filtered‌ ‌signal‌ ‌were‌ ‌obtained‌ ‌using‌ ‌the‌ ‌“hilbert”‌ ‌function‌ ‌from‌ ‌the‌ ‌Signal‌‌                             

Processing‌ ‌Toolbox.‌‌ ‌  

We‌ ‌used‌ ‌the‌ ‌modulation‌ ‌index‌ ‌(MI)‌ ‌to‌ ‌measure‌ ‌the‌ ‌cross-frequency‌ ‌coupling‌ ‌between‌ ‌the‌‌                         

phases‌‌of‌‌slow‌‌rhythms‌‌(0.5-12‌‌Hz)‌‌and‌‌the‌‌amplitude‌‌of‌‌higher-frequency‌‌oscillations‌‌(20-100‌‌                         

Hz)‌‌in‌‌the‌‌LFPs‌‌‌(Tort‌‌et‌‌al.,‌‌2010)‌.‌‌Briefly,‌‌the‌‌instantaneous‌‌phase‌‌of‌‌slow‌‌rhythms‌‌was‌‌split‌‌into‌‌                                   

18‌ ‌bins‌ ‌of‌ ‌20°‌ ‌in‌ ‌which‌ ‌the‌ ‌average‌ ‌amplitude‌ ‌envelope‌ ‌of‌ ‌higher-frequency‌ ‌oscillations‌ ‌was‌‌                           

measured.‌ ‌The‌ ‌MI‌ ‌values‌ ‌between‌ ‌multiple‌ ‌frequency‌ ‌pairs‌ ‌of‌‌slow‌‌and‌‌fast‌‌oscillations‌‌were‌‌                           

computed‌‌and‌‌represented‌‌in‌‌color-code‌‌through‌‌the‌‌comodulogram,‌‌in‌‌which‌‌hot‌‌colors‌‌mean‌‌                         

that‌ ‌the‌ ‌phase‌ ‌of‌ ‌the‌ ‌corresponding‌ ‌frequency‌ ‌in‌ ‌the‌ ‌x-axis‌ ‌modulates‌ ‌the‌ ‌amplitude‌ ‌of‌ ‌the‌‌                             

frequency‌ ‌represented‌ ‌in‌ ‌the‌ ‌y-axis‌ ‌‌(‌for‌ ‌further‌ ‌details,‌ ‌see‌ ‌‌Tort‌ ‌et‌ ‌al.,‌ ‌2010‌ ‌and‌‌                           

Scheffer-Teixeira‌ ‌et‌ ‌al.,‌ ‌2012)‌.‌‌ ‌  

The‌‌broadband‌‌signal‌‌was‌‌filtered‌‌between‌‌0.3‌‌and‌‌6‌‌kHz‌‌for‌‌spike‌‌detection.‌‌Action‌‌potentials‌‌                             

were‌ ‌selected‌ ‌by‌‌threshold‌‌crossing‌‌through‌‌the‌‌Open‌‌Ephys‌‌Spike‌‌Detector.‌‌Spike‌‌sorting‌‌was‌‌                           

performed‌ ‌offline‌ ‌using‌ ‌a‌ ‌semi-automatic‌ ‌clustering‌ ‌algorithm‌ ‌(KlustaKwik)‌ ‌and‌ ‌manually‌‌                   

refined‌ ‌using‌ ‌MClust‌ ‌according‌ ‌to‌ ‌different‌ ‌neuronal‌ ‌parameters‌ ‌(i.e.,‌ ‌waveform‌ ‌shape,‌‌                     

auto-correlogram,‌ ‌firing‌‌rate,‌‌and‌‌total‌‌energy)‌‌‌(Harris‌‌et‌‌al.,‌‌2000;‌‌Vijayraghavan‌‌et‌‌al.,‌‌2018)‌.‌‌                           

Putative‌ ‌pyramidal‌ ‌cells‌ ‌and‌ ‌interneurons‌ ‌were‌ ‌classified‌ ‌based‌ ‌on‌ ‌mean‌ ‌firing‌ ‌rates‌ ‌(>6‌ ‌Hz,‌‌                           

interneurons)‌‌and‌‌waveform‌‌shapes‌‌(trough-peak‌‌duration‌‌>0.45‌‌ms,‌‌pyramidal‌‌cells),‌‌similarly‌‌                     

to‌ ‌previous‌ ‌studies‌ ‌‌(Csicsvari‌ ‌et‌ ‌al.,‌ ‌1999;‌ ‌Barthó‌ ‌et‌ ‌al.,‌ ‌2004)‌.‌‌ ‌  
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The‌‌phase-locking‌‌of‌‌spiking‌‌activity‌‌to‌‌delta‌‌and‌‌theta‌‌oscillations‌‌was‌‌measured‌‌by‌‌the‌‌mean‌‌                             

resultant‌ ‌vector‌ ‌length‌ ‌(MVL)‌ ‌of‌ ‌the‌ ‌spike‌‌phases.‌‌The‌‌MVL‌‌for‌‌each‌‌unit‌‌was‌‌calculated‌‌from‌‌                               

the‌ ‌average‌ ‌vector‌ ‌of‌ ‌all‌ ‌spike‌ ‌phases‌ ‌extracted‌ ‌from‌ ‌theta‌ ‌and‌ ‌delta‌ ‌filtered‌ ‌signals‌ ‌on‌ ‌a‌‌                               

trial-by-trial‌‌basis.‌‌After‌‌this‌‌quantification,‌‌the‌‌MVL‌‌of‌‌each‌‌cell‌‌was‌‌considered‌‌the‌‌average‌‌for‌‌                             

the‌ ‌trial‌ ‌type‌ ‌(1,‌ ‌1.5,‌ ‌and‌ ‌2‌ ‌cm/s²‌ ‌and‌ ‌20,‌ ‌30,‌ ‌and‌ ‌40‌ ‌cm/s).‌ ‌ 

A‌ ‌naïve‌ ‌Bayes‌‌classifier‌‌was‌‌used‌‌to‌‌predict‌‌the‌‌running‌‌speed‌‌of‌‌the‌‌animal‌‌based‌‌on‌‌the‌‌LFP‌‌                                   

power‌ ‌spectra.‌ ‌We‌ ‌used‌ ‌a‌ ‌leave-one-out‌ ‌approach‌ ‌in‌ ‌which‌ ‌1‌ ‌to‌ ‌12‌ ‌Hz‌ ‌power‌‌spectra‌‌values‌‌                               

(1-Hz‌ ‌step)‌ ‌across‌ ‌running‌ ‌speeds‌ ‌and‌ ‌trials‌ ‌(training‌ ‌bins)‌ ‌but‌ ‌one‌ ‌(test‌ ‌bin)‌ ‌were‌ ‌used‌ ‌to‌‌                               

estimate‌ ‌the‌ ‌posterior‌ ‌probabilities.‌ ‌The‌ ‌classifier‌ ‌then‌ ‌predicts‌ ‌the‌ ‌running‌ ‌speed‌ ‌of‌ ‌the‌‌                         

left-out‌‌power‌‌value‌‌at‌‌a‌‌given‌‌frequency.‌‌The‌‌percentage‌‌of‌‌correct‌‌decoding‌‌is‌‌obtained‌‌from‌‌                             

the‌ ‌proportion‌ ‌of‌ ‌entries‌ ‌in‌ ‌the‌ ‌y=x‌ ‌diagonal‌ ‌of‌ ‌the‌ ‌confusion‌ ‌matrix‌ ‌of‌ ‌actual‌ ‌and‌ ‌decoded‌‌                               

running‌ ‌speeds.‌ ‌The‌ ‌decoding‌ ‌performance‌ ‌was‌ ‌then‌ ‌compared‌ ‌to‌ ‌the‌ ‌distribution‌ ‌of‌ ‌100‌‌                         

shuffled‌ ‌labels‌ ‌of‌ ‌running‌ ‌speed.‌ ‌ 

‌ 

Statistical‌ ‌analysis‌ ‌ 

Group‌ ‌results‌ ‌were‌ ‌expressed‌ ‌as‌ ‌mean‌ ‌±‌ ‌SEM‌ ‌over‌ ‌trials‌ ‌or‌ ‌sessions,‌ ‌as‌ ‌indicated.‌ ‌We‌ ‌used‌‌                               

one-sample‌ ‌t-tests,‌ ‌paired‌ ‌t-tests,‌ ‌and‌ ‌repeated-measures‌ ‌ANOVA‌ ‌followed‌ ‌by‌ ‌the‌‌                   

Tukey-Kramer‌ ‌‌post‌ ‌hoc‌ ‌test‌ ‌to‌ ‌determine‌ ‌the‌ ‌statistical‌ ‌difference‌ ‌of‌ ‌group‌ ‌means,‌ ‌as‌‌                         

appropriate.‌ ‌The‌‌Rayleigh‌‌test‌‌was‌‌used‌‌to‌‌compare‌‌phase‌‌distributions‌‌of‌‌spiking‌‌activity‌‌to‌‌a‌‌                             

circular‌ ‌uniform‌ ‌distribution.‌ ‌Pearson‌ ‌correlation‌ ‌was‌ ‌used‌ ‌to‌ ‌estimate‌ ‌the‌‌linear‌‌relationship‌‌                       

between‌‌delta‌‌and‌‌theta‌‌band‌‌power‌‌and‌‌peak‌‌frequency,‌‌as‌‌well‌‌as‌‌between‌‌the‌‌MVL‌‌for‌‌delta‌‌                                 
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and‌ ‌theta‌ ‌phases.‌ ‌An‌ ‌alpha‌ ‌level‌ ‌of‌ ‌0.05‌ ‌was‌ ‌used‌ ‌to‌ ‌denote‌ ‌statistical‌ ‌significance.‌ ‌In‌ ‌the‌‌                               

figures,‌ ‌one‌ ‌and‌ ‌two‌ ‌asterisks‌ ‌denote‌ ‌p<0.05‌ ‌and‌ ‌p<0.01,‌ ‌respectively.‌ ‌All‌ ‌statistical‌ ‌analyses‌‌                         

were‌ ‌performed‌ ‌in‌ ‌MATLAB.‌ ‌ 

‌ 

RESULTS‌ ‌ 

Hippocampal‌ ‌delta‌ ‌oscillations‌ ‌emerge‌ ‌during‌ ‌stationary‌ ‌running‌ ‌ 

To‌ ‌investigate‌ ‌whether‌ ‌running‌ ‌speed‌ ‌modulates‌ ‌hippocampal‌ ‌delta‌ ‌oscillations,‌‌we‌‌trained‌‌6‌‌                       

male‌‌adult‌‌Wistar‌‌rats‌‌to‌‌perform‌‌48‌‌treadmill‌‌runs‌‌at‌‌acceleration‌‌rates‌‌of‌‌1,‌‌1.5,‌‌and‌‌2‌‌cm/s²‌‌                                   

and‌‌runs‌‌at‌‌constant‌‌speeds‌‌of‌‌20,‌‌30,‌‌and‌‌40‌‌cm/s‌‌for‌‌20‌‌seconds‌‌with‌‌5-s‌‌intertrial‌‌intervals‌‌of‌‌                                     

rest‌‌(Figure‌‌1A‌‌and‌‌B).‌‌We‌‌used‌‌microdrives‌‌with‌‌8‌‌or‌‌16‌‌movable‌‌tetrodes‌‌to‌‌record‌‌local‌‌field‌‌                                   

potentials‌ ‌(LFPs)‌ ‌and‌ ‌spiking‌ ‌activity‌ ‌from‌ ‌the‌ ‌pyramidal‌ ‌layer‌ ‌of‌ ‌the‌ ‌dorsal‌ ‌CA1‌ ‌area‌ ‌of‌ ‌the‌‌                               

hippocampus‌ ‌(Figure‌ ‌1C).‌ ‌Figure‌ ‌1D‌ ‌shows‌ ‌a‌ ‌representative‌ ‌example‌ ‌of‌ ‌the‌ ‌instantaneous‌‌                       

treadmill‌‌speed,‌‌raw‌‌and‌‌delta-filtered‌‌(0.5-3.5‌‌Hz)‌‌LFPs,‌‌and‌‌associated‌‌spectral‌‌decomposition‌‌                       

during‌ ‌a‌ ‌5-s‌ ‌intertrial‌ ‌interval‌ ‌followed‌ ‌by‌ ‌a‌ ‌20-s‌ ‌running‌ ‌at‌ ‌an‌‌accelerated‌‌speed‌‌protocol‌‌(2‌‌                               

cm/s²).‌‌Notice‌‌the‌‌emergence‌‌of‌‌delta‌‌oscillations‌‌with‌‌increasing‌‌running‌‌speed.‌‌Interestingly,‌‌                       

for‌ ‌the‌ ‌constant‌ ‌speed‌ ‌protocols,‌ ‌normalized‌ ‌power‌‌spectra‌‌computed‌‌on‌‌a‌‌trial-by-trial‌‌basis‌‌                         

revealed‌‌prominent‌‌shifts‌‌in‌‌the‌‌delta‌‌peak‌‌frequency‌‌across‌‌runs‌‌(Figure‌‌1E‌‌and‌‌1F).‌ ‌Additional‌‌                             

examples‌‌of‌‌spectral‌‌decompositions‌‌of‌‌LFPs‌‌during‌‌runs‌‌at‌‌accelerated‌‌and‌‌constant‌‌speeds‌‌are‌‌                           

shown‌ ‌in‌ ‌Figure‌ ‌1-1.‌ ‌ 

‌ 
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‌ 

Figure‌ ‌1.‌ ‌‌Hippocampal‌ ‌delta‌ ‌oscillations‌ ‌emerge‌ ‌during‌ ‌stationary‌ ‌running.‌ ‌(A)‌ ‌Schematic‌‌                     

representation‌‌of‌‌the‌‌treadmill.‌‌(B)‌‌The‌‌treadmill‌‌running‌‌protocol‌‌was‌‌composed‌‌of‌‌8‌‌blocks‌‌of‌‌                             

3‌‌runs‌‌at‌‌accelerated‌‌(1,‌‌1.5,‌‌and‌‌2‌‌cm/s²)‌‌speeds‌‌and‌‌3‌‌runs‌‌at‌‌constant‌‌(20,‌‌30,‌‌and‌‌40‌‌cm/s)‌‌                                       

speeds‌‌for‌‌20‌‌seconds‌‌interleaved‌‌by‌‌5‌‌seconds‌‌of‌‌intertrial‌‌intervals‌‌(one‌‌block‌‌is‌‌depicted).‌‌(C)‌‌                               

Schematic‌ ‌illustration‌ ‌(left)‌ ‌‌(Paxinos‌ ‌and‌ ‌Watson,‌ ‌2007)‌ ‌and‌ ‌a‌ ‌representative‌ ‌Nissl-stained‌‌                     

coronal‌‌section‌‌of‌‌the‌‌dorsal‌‌hippocampus‌‌(right).‌‌The‌‌red‌‌arrow‌‌indicates‌‌an‌‌electrolytic‌‌lesion‌                           

at‌ ‌the‌ ‌tetrode‌ ‌tip.‌ ‌(D)‌ ‌Treadmill‌ ‌speed‌ ‌(top),‌ ‌raw‌‌and‌‌delta-filtered‌‌(0.5-3.5‌‌Hz)‌‌LFPs‌‌(middle),‌‌                             

and‌‌spectral‌‌decomposition‌‌(bottom)‌‌during‌‌a‌‌5-s‌‌intertrial‌‌interval‌‌and‌‌the‌‌following‌‌run‌‌of‌‌an‌‌                             

accelerated‌ ‌speed‌ ‌protocol‌ ‌(2‌ ‌cm/s²).‌‌(E)‌‌Normalized‌‌power‌‌spectral‌‌density‌‌in‌‌the‌‌delta‌‌band‌‌                           

for‌‌each‌‌trial‌‌at‌‌constant‌‌speeds‌‌(20,‌‌30,‌‌and‌‌40‌‌cm/s),‌‌as‌‌labeled.‌‌(F)‌‌Distribution‌‌of‌‌delta‌‌peak‌‌                                   

frequency‌ ‌values‌ ‌for‌ ‌all‌ ‌176‌ ‌running‌ ‌trials‌ ‌at‌ ‌each‌ ‌constant‌ ‌speed‌ ‌protocol.‌ ‌ 
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‌ 

We‌ ‌compared‌ ‌delta‌ ‌oscillations‌ ‌across‌ ‌runs‌ ‌at‌ ‌different‌ ‌constant‌ ‌speeds‌ ‌and‌ ‌across‌ ‌blocks‌ ‌of‌‌                           

progressively‌ ‌increasing‌ ‌speeds.‌‌The‌‌top‌‌panel‌‌of‌‌Figures‌‌2A‌‌shows‌‌the‌‌treadmill‌‌speed‌‌during‌‌                           

runs‌ ‌at‌ ‌20,‌ ‌30,‌ ‌and‌ ‌40‌ ‌cm/s,‌ ‌while‌ ‌Figure‌ ‌2B‌ ‌top‌ ‌panel‌ ‌shows‌ ‌the‌ ‌respective‌ ‌raw‌ ‌and‌ ‌delta‌‌                                   

band-filtered‌ ‌LFP‌ ‌signals.‌ ‌Average‌ ‌power‌ ‌spectra‌ ‌revealed‌ ‌a‌ ‌prominent‌ ‌increase‌ ‌in‌ ‌the‌ ‌delta‌‌                         

band‌ ‌power‌ ‌and‌ ‌delta‌ ‌peak‌ ‌frequency‌ ‌with‌ ‌increases‌ ‌in‌ ‌running‌ ‌speed‌ ‌(Figure‌ ‌2C‌ ‌top).‌ ‌Both‌‌                             

delta‌ ‌band‌ ‌power‌ ‌and‌‌peak‌‌frequency‌‌were‌‌significantly‌‌higher‌‌during‌‌runs‌‌at‌‌40‌‌cm/s‌‌(Figure‌‌                             

2D‌ ‌and‌ ‌2E‌ ‌bottom;‌ ‌p<0.05‌ ‌and‌ ‌p<0.01‌ ‌for‌ ‌band‌ ‌power‌ ‌and‌ ‌peak‌ ‌frequency,‌ ‌respectively,‌‌                           

repeated-measures‌‌ANOVA‌‌followed‌‌by‌‌Tukey’s‌‌post‌‌hoc‌‌test,‌‌n=176‌‌trials).‌‌We‌‌then‌‌compared‌‌                         

delta‌‌oscillations‌‌across‌‌time‌‌blocks‌‌within‌‌runs‌‌at‌‌an‌‌accelerated‌‌speed‌‌protocol‌‌(2‌‌cm/s²).‌‌The‌‌                             

bottom‌ ‌panel‌ ‌of‌ ‌Figure‌ ‌2A‌ ‌shows‌ ‌the‌ ‌treadmill‌ ‌speed‌ ‌divided‌‌into‌‌3-s‌‌blocks‌‌(with‌‌associated‌‌                             

speeds‌ ‌of‌ ‌4-10,‌ ‌22-28,‌ ‌and‌ ‌34-40‌ ‌cm/s),‌ ‌and‌ ‌Figure‌ ‌2B‌ ‌bottom‌ ‌panel‌ ‌the‌ ‌respective‌ ‌raw‌ ‌and‌‌                               

delta‌‌band-filtered‌‌LFP‌‌signals.‌‌Power‌‌spectra‌‌analysis‌‌showed‌‌a‌‌significant‌‌increase‌‌in‌‌the‌‌delta‌‌                           

band‌‌power‌‌and‌‌delta‌‌peak‌‌frequency‌‌with‌‌faster‌‌speeds‌‌(Figure‌‌2C,‌‌2D,‌‌and‌‌2E‌‌bottom‌‌panels;‌‌                               

p<0.01‌ ‌and‌ ‌p<0.05‌ ‌for‌ ‌band‌ ‌power‌ ‌and‌ ‌peak‌ ‌frequency,‌ ‌respectively,‌ ‌repeated-measures‌‌                     

ANOVA,‌ ‌n=176‌ ‌trials).‌‌ ‌  
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‌ 

Figure‌ ‌2.‌‌‌Higher‌‌running‌‌speeds‌‌are‌‌associated‌‌with‌‌higher‌‌delta‌‌power‌‌and‌‌peak‌‌frequency.‌‌                           

(A)‌‌Schematic‌‌representation‌‌of‌‌the‌‌treadmill‌‌speed‌‌during‌‌running‌‌trials‌‌at‌‌20,‌‌30,‌‌and‌‌40‌‌cm/s‌‌                               

(shades‌‌of‌‌green,‌‌top),‌‌and‌‌during‌‌a‌‌running‌‌trial‌‌at‌‌2‌‌cm/s²‌‌of‌‌acceleration‌‌(gray,‌‌bottom).‌‌For‌‌                                 

the‌‌latter,‌‌shades‌‌of‌‌blue‌‌indicate‌‌three‌‌3-s‌‌blocks‌‌with‌‌speeds‌‌between‌‌4-10‌‌cm/s,‌‌22-28‌‌cm/s,‌‌                               

and‌ ‌34-40‌ ‌cm/s,‌ ‌respectively.‌ ‌(B)‌ ‌Representative‌ ‌examples‌ ‌of‌‌raw‌‌(gray)‌‌and‌‌delta-filtered‌‌LFP‌‌                         

signals‌ ‌(colored‌ ‌traces)‌ ‌obtained‌ ‌from‌ ‌three‌ ‌3-s‌ ‌time‌‌blocks‌‌within‌‌the‌‌same‌‌trials‌‌as‌‌in‌‌A.‌‌(C)‌‌                                 

Group‌ ‌averaged‌ ‌power‌ ‌spectra‌ ‌in‌ ‌the‌ ‌delta‌ ‌band‌ ‌(same‌ ‌color‌ ‌code‌ ‌as‌‌in‌‌A).‌‌(D,E)‌‌Mean‌‌delta‌‌                                 

band‌ ‌power‌ ‌(D)‌ ‌and‌ ‌frequency‌ ‌(E)‌ ‌for‌ ‌constant‌ ‌(top)‌ ‌and‌ ‌accelerated‌ ‌(bottom)‌ ‌speeds.‌ ‌Bars‌                           

denote‌ ‌mean‌ ‌and‌ ‌error‌ ‌bars‌ ‌±‌ ‌SEM‌ ‌(*p<0.05‌ ‌and‌ ‌**p<0.01,‌ ‌repeated-measures‌ ‌ANOVA‌‌                       

followed‌ ‌by‌ ‌Tukey’s‌ ‌post‌ ‌hoc‌ ‌test,‌ ‌n=176‌ ‌trials).‌ ‌ 

‌ 

Since‌ ‌running‌ ‌speed‌‌has‌‌been‌‌often‌‌reported‌‌to‌‌correlate‌‌with‌‌hippocampal‌‌theta‌‌oscillations,‌‌                         

we‌‌evaluated‌‌whether‌‌changes‌‌in‌‌delta‌‌band‌‌power‌‌and‌‌peak‌‌frequency‌‌could‌‌be‌‌explained‌‌by‌‌                             

concomitant‌ ‌changes‌ ‌in‌ ‌the‌ ‌theta‌ ‌band.‌ ‌Spectrograms‌ ‌confirmed‌ ‌that‌ ‌delta‌ ‌and‌ ‌theta‌‌                       

oscillations‌ ‌coexist‌ ‌in‌ ‌the‌ ‌hippocampus‌ ‌during‌ ‌treadmill‌ ‌running.‌ ‌Figure‌ ‌3A‌ ‌shows‌‌                     
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representative‌ ‌running‌ ‌trials‌ ‌at‌‌40‌‌cm/s‌‌constant‌‌speed‌‌and‌‌2‌‌cm/s²‌‌of‌‌acceleration.‌‌Pearson's‌‌                           

correlation‌ ‌in‌ ‌3-s‌ ‌blocks‌ ‌(n=3168‌ ‌blocks)‌ ‌revealed‌ ‌no‌ ‌systematic‌ ‌relationship‌ ‌between‌ ‌the‌‌                       

instantaneous‌ ‌delta‌ ‌and‌ ‌theta‌ ‌band‌ ‌power‌‌(Figure‌‌3B;‌‌r‌‌=‌‌-0.05‌‌for‌‌merged‌‌data‌‌from‌‌trials‌‌at‌‌                                 

20,‌ ‌30‌ ‌and‌ ‌40‌ ‌cm/s‌ ‌of‌ ‌constant‌ ‌speed;‌ ‌r‌ ‌=‌ ‌0.03‌ ‌for‌ ‌merged‌ ‌trials‌ ‌at‌ ‌1,‌ ‌1.5‌ ‌and‌ ‌2‌ ‌cm/s²‌ ‌of‌‌                                         

acceleration)‌ ‌nor‌ ‌between‌ ‌the‌ ‌instantaneous‌ ‌delta‌ ‌and‌ ‌theta‌ ‌peak‌ ‌frequency‌ ‌(Figure‌ ‌3C;‌ ‌r‌ ‌=‌‌                           

-0.06‌ ‌for‌ ‌constant‌ ‌speed‌ ‌trials‌ ‌merged;‌ ‌r‌ ‌=‌ ‌0.00‌ ‌for‌ ‌accelerated‌ ‌speed‌ ‌trials‌ ‌merged).‌ ‌ 

‌ 

‌ 

Figure‌ ‌3.‌ ‌Changes‌ ‌in‌ ‌delta‌ ‌band‌ ‌power‌ ‌and‌‌peak‌‌frequency‌‌are‌‌not‌‌explained‌‌by‌‌changes‌‌in‌‌                               

theta‌ ‌oscillations.‌ ‌(A)‌ ‌Spectrograms‌ ‌of‌ ‌representative‌ ‌running‌‌trials‌‌at‌‌a‌‌constant‌‌speed‌‌of‌‌40‌‌                           

cm/s‌‌(top)‌‌and‌‌an‌‌accelerated‌‌speed‌‌(2‌‌cm/s²,‌‌bottom).‌‌(B)‌‌Scatter‌‌plot‌‌of‌‌the‌‌mean‌‌theta‌‌and‌‌                                 

delta‌ ‌band‌ ‌power‌ ‌across‌ ‌3-s‌ ‌blocks‌ ‌for‌ ‌constant‌ ‌speed‌ ‌runs‌ ‌at‌ ‌20,‌ ‌30,‌ ‌and‌‌40‌‌cm/s‌‌(top)‌‌and‌‌                                   

accelerated‌ ‌runs‌ ‌at‌ ‌1,‌ ‌1.5,‌ ‌and‌ ‌2‌ ‌cm/s²‌ ‌(bottom,‌ ‌n=3168‌ ‌blocks).‌ ‌(C)‌‌Scatter‌‌plot‌‌of‌‌the‌‌mean‌‌                                 

theta‌ ‌and‌ ‌delta‌ ‌peak‌ ‌frequency‌ ‌for‌ ‌the‌ ‌same‌ ‌time‌ ‌blocks‌ ‌as‌ ‌in‌ ‌B.‌ ‌ 
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‌ 

‌ 

To‌ ‌investigate‌ ‌whether‌ ‌delta‌ ‌oscillations‌ ‌modulate‌ ‌the‌ ‌amplitude‌ ‌of‌ ‌higher‌ ‌frequency‌‌                     

oscillations,‌‌we‌‌computed‌‌the‌‌phase-amplitude‌‌cross-frequency‌‌coupling‌‌(CFC)‌‌for‌‌the‌‌CA1‌‌LFP.‌‌                       

Figure‌ ‌4A‌ ‌shows‌ ‌a‌ ‌representative‌ ‌example‌ ‌of‌ ‌CFC,‌ ‌in‌ ‌which‌ ‌the‌ ‌delta‌ ‌phase‌ ‌modulates‌ ‌the‌‌                             

amplitude‌‌of‌‌low-gamma‌‌(LG,‌‌20-50‌‌Hz)‌‌but‌‌not‌‌the‌‌amplitude‌‌of‌‌the‌‌high-gamma‌‌(HG,‌‌70-100‌‌                             

Hz)‌ ‌band.‌ ‌The‌ ‌maximal‌ ‌LG‌ ‌amplitude‌‌was‌‌locked‌‌to‌‌the‌‌peak‌‌of‌‌the‌‌delta‌‌wave‌‌(Figure‌‌4A‌‌left‌‌                                   

and‌‌Figure‌‌4B).‌‌We‌‌then‌‌compared‌‌CFC‌‌from‌‌signals‌‌recorded‌‌during‌‌runs‌‌at‌‌different‌‌constant‌‌                             

speeds.‌‌Figure‌‌4C‌‌shows‌‌the‌‌delta‌‌coupling‌‌strength‌‌for‌‌LG‌‌and‌‌HG‌‌during‌‌rest‌‌(black)‌‌and‌‌runs‌‌                                 

at‌‌20,‌‌30,‌‌and‌‌40‌‌cm/s‌‌(shades‌‌of‌‌green).‌‌We‌‌found‌‌that‌‌the‌‌strength‌‌of‌‌delta-LG‌‌and‌‌delta-HG‌‌                                   

coupling‌ ‌significantly‌ ‌increased‌ ‌with‌ ‌running‌ ‌speed‌ ‌(Figure‌ ‌4D;‌ ‌p<0.01‌ ‌for‌ ‌both‌ ‌delta-LG‌ ‌and‌‌                         

delta-HG‌‌coupling,‌‌repeated-measures‌‌ANOVA‌‌followed‌‌by‌‌Tukey’s‌‌post‌‌hoc‌‌test,‌‌n=22‌‌sessions‌‌                       

from‌ ‌6‌ ‌rats).‌‌ ‌  
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‌ 

Figure‌ ‌4.‌ ‌Delta‌ ‌phase‌ ‌modulates‌ ‌the‌ ‌amplitude‌ ‌of‌ ‌gamma‌ ‌oscillations.‌ ‌(A)‌ ‌Cross-frequency‌‌                       

coupling‌ ‌between‌ ‌the‌‌phase‌‌of‌‌delta‌‌(1.5-3.5‌‌Hz)‌‌and‌‌the‌‌amplitude‌‌of‌‌two‌‌gamma‌‌sub-bands‌‌                             

computed‌‌using‌‌data‌‌from‌‌the‌‌whole‌‌session‌‌(48‌‌runs‌‌and‌‌intertrial‌‌intervals;‌‌LG:‌‌20-50‌‌Hz‌‌and‌‌                               

HG:‌‌70-100‌‌Hz).‌‌(B)‌‌Time-frequency‌‌amplitude‌‌distribution‌‌triggered‌‌by‌‌the‌‌delta‌‌trough‌‌shows‌‌                         

maximal‌ ‌LG‌ ‌and‌ ‌HG‌ ‌amplitude‌ ‌at‌ ‌the‌ ‌peak‌ ‌of‌ ‌the‌ ‌delta‌ ‌wave.‌ ‌(C)‌ ‌Mean‌ ‌coupling‌ ‌strength‌‌                               

between‌‌the‌‌phase‌‌of‌‌delta‌‌(1.5-3.5‌‌Hz)‌‌and‌‌the‌‌amplitude‌‌of‌‌gamma‌‌(20-100‌‌Hz)‌‌during‌‌runs‌‌at‌‌                                 

different‌ ‌speeds,‌ ‌as‌ ‌labeled.‌ ‌(D)‌ ‌Mean‌ ‌modulation‌ ‌index‌ ‌between‌ ‌delta‌ ‌phase‌ ‌and‌ ‌the‌‌                         

amplitude‌‌of‌‌LG‌‌(left)‌‌or‌‌HG‌‌(right)‌‌during‌‌runs‌‌at‌‌constant‌‌speeds.‌‌Bars‌‌denote‌‌mean‌‌and‌‌error‌‌                                 
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bars‌ ‌±‌ ‌SEM‌ ‌(**p<0.01,‌ ‌repeated-measures‌ ‌ANOVA‌ ‌followed‌ ‌by‌ ‌Tukey’s‌ ‌post‌ ‌hoc‌ ‌test,‌ ‌n=22‌‌                         

sessions).‌‌ ‌  

‌ 

To‌‌determine‌‌whether‌‌delta‌‌oscillations‌‌entrain‌‌the‌‌spiking‌‌activity‌‌of‌‌hippocampal‌‌neurons,‌‌we‌‌                         

next‌ ‌measured‌ ‌the‌ ‌spike-phase‌ ‌coupling‌ ‌of‌ ‌putative‌ ‌pyramidal‌ ‌cells‌ ‌and‌ ‌interneurons‌ ‌during‌‌                       

treadmill‌ ‌runs‌ ‌at‌ ‌constant‌ ‌speeds.‌ ‌Figure‌ ‌5A‌ ‌shows‌ ‌the‌ ‌spiking‌ ‌activity‌ ‌of‌ ‌a‌ ‌representative‌‌                           

pyramidal‌ ‌cell‌ ‌simultaneously‌ ‌locked‌ ‌to‌ ‌delta‌ ‌and‌ ‌theta‌ ‌phase‌ ‌(left)‌ ‌and‌ ‌a‌ ‌representative‌‌                         

interneuron‌‌locked‌‌to‌‌theta‌‌but‌‌not‌‌delta‌‌phase‌‌(right).‌‌At‌‌the‌‌group‌‌level,‌‌we‌‌found‌‌that‌‌54.7%‌‌                                 

of‌ ‌the‌‌pyramidal‌‌cells‌‌significantly‌‌phase-locked‌‌to‌‌delta‌‌oscillations‌‌(52‌‌from‌‌95‌‌units,‌‌p<0.05,‌‌                           

Rayleigh’s‌‌test‌‌for‌‌circular‌‌uniformity),‌‌and‌‌that‌‌26.3%‌‌(25‌‌units)‌‌simultaneously‌‌phase-locked‌‌to‌‌                         

delta‌ ‌and‌ ‌theta‌ ‌oscillations.‌‌In‌‌contrast,‌‌10.2%‌‌of‌‌the‌‌interneurons‌‌were‌‌phase-locked‌‌to‌‌delta‌‌                           

oscillations‌‌(5‌‌from‌‌49‌‌units),‌‌and‌‌only‌‌4.1%‌‌(2‌‌units)‌‌were‌‌simultaneously‌‌phase-locked‌‌to‌‌delta‌‌                             

and‌ ‌theta‌ ‌(Figure‌ ‌5‌ ‌and‌ ‌Figure‌ ‌5-3).‌ ‌ 

Comparing‌ ‌the‌ ‌mean‌ ‌vector‌ ‌length‌ ‌(MVL)‌ ‌for‌ ‌delta‌ ‌vs.‌ ‌theta,‌ ‌we‌ ‌surprisingly‌ ‌found‌ ‌that‌‌                           

pyramidal‌ ‌cells‌ ‌coupled‌ ‌stronger‌ ‌to‌ ‌delta‌ ‌phase,‌ ‌while‌ ‌most‌‌interneurons‌‌coupled‌‌stronger‌‌to‌‌                         

theta‌ ‌phases‌ ‌(Figure‌ ‌5B;‌ ‌p<0.05,‌ ‌paired‌ ‌t-test).‌ ‌The‌ ‌Pearson‌ ‌correlation‌ ‌coefficient‌ ‌between‌‌                       

delta‌ ‌and‌‌theta‌‌MVL‌‌was‌‌r‌‌=‌‌0.83‌‌for‌‌pyramidal‌‌cells‌‌and‌‌r‌‌=‌‌0.16‌‌for‌‌interneurons‌‌(Figure‌‌5C),‌‌                                     

where‌ ‌pyramidal‌ ‌cells‌ ‌are‌ ‌more‌ ‌likely‌ ‌to‌ ‌be‌ ‌coupled‌ ‌to‌ ‌both‌ ‌rhythms‌ ‌while‌ ‌interneurons‌ ‌are‌‌                             

most‌‌coupled‌‌to‌‌theta‌‌oscillations.‌‌The‌‌conjunctive‌‌analysis‌‌of‌‌spike‌‌coupling‌‌to‌‌delta‌‌and‌‌theta‌‌                             

phases‌ ‌revealed‌ ‌that‌ ‌pyramidal‌ ‌neurons‌ ‌were‌ ‌simultaneously‌ ‌entrained‌ ‌by‌ ‌both‌ ‌oscillations,‌                     

while‌ ‌interneurons‌ ‌were‌ ‌mostly‌ ‌entrained‌ ‌by‌ ‌theta‌ ‌phases‌ ‌(Figure‌ ‌5-4).‌ ‌ 
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We‌ ‌next‌ ‌compared‌ ‌the‌ ‌MVL‌ ‌of‌ ‌pyramidal‌ ‌cells‌ ‌and‌ ‌interneurons‌ ‌during‌ ‌treadmill‌ ‌runs‌ ‌for‌‌                           

different‌ ‌trials‌ ‌at‌ ‌constant‌ ‌speeds‌ ‌(20,‌ ‌30,‌ ‌and‌ ‌40‌ ‌cm/s).‌ ‌We‌ ‌found‌ ‌that‌ ‌pyramidal‌ ‌neurons‌‌                             

significantly‌ ‌increased‌ ‌their‌ ‌coupling‌ ‌strength‌ ‌with‌ ‌running‌ ‌speed‌ ‌while‌ ‌the‌ ‌spike-phase‌‌                     

coupling‌‌strength‌‌of‌‌interneurons‌‌decreased‌‌(Figure‌‌5D,‌‌p<0.05‌‌and‌‌p<0.01,‌‌repeated-measures‌‌                     

ANOVA‌ ‌followed‌ ‌by‌ ‌Tukey’s‌ ‌post‌ ‌hoc‌ ‌test).‌ ‌ 
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Figure‌ ‌5.‌ ‌‌Delta‌ ‌oscillations‌ ‌entrain‌ ‌pyramidal‌ ‌cells‌ ‌but‌ ‌not‌ ‌interneuron‌ ‌spiking‌ ‌activity.‌ ‌(A)‌‌                         

Representative‌ ‌examples‌ ‌of‌ ‌spiking‌ ‌activity‌ ‌from‌ ‌a‌ ‌putative‌ ‌pyramidal‌ ‌cell‌ ‌(left)‌ ‌and‌ ‌an‌‌                         

interneuron‌ ‌(right)‌ ‌within‌ ‌delta‌ ‌and‌ ‌theta‌ ‌cycles.‌ ‌(B)‌ ‌Mean‌ ‌vector‌ ‌length‌ ‌(MVL)‌ ‌of‌ ‌pyramidal‌‌                           

cells‌‌(left)‌‌and‌‌interneurons‌‌(right)‌‌for‌‌delta‌‌and‌‌theta‌‌phases.‌‌(C)‌‌Scatterplot‌‌of‌‌delta‌‌and‌‌theta‌‌                               

MVL‌‌for‌‌pyramidal‌‌cells‌‌(blue‌‌dots)‌‌and‌‌interneurons‌‌(red‌‌dots).‌‌Gray‌‌dots‌‌represent‌‌the‌‌MVL‌‌of‌‌                               

unclassified‌‌cells.‌‌Linear‌‌regressions‌‌for‌‌pyramidal‌‌cells‌‌and‌‌interneurons‌‌are‌‌fitted‌‌as‌‌blue‌‌and‌‌                           

red‌ ‌lines,‌ ‌respectively.‌ ‌(D)‌‌Pyramidal‌‌cell‌‌(left)‌‌and‌‌interneuron‌‌MVL‌‌(right)‌‌for‌‌delta‌‌and‌‌theta‌‌                             

phase‌ ‌at‌ ‌different‌ ‌running‌ ‌speeds.‌ ‌Bars‌ ‌denote‌ ‌mean‌ ‌and‌ ‌error‌ ‌bars‌ ‌±‌ ‌SEM‌ ‌(*p<0.05‌ ‌and‌‌                             

**p<0.01,‌ ‌repeated-measures‌ ‌ANOVA‌ ‌followed‌ ‌by‌ ‌Tukey’s‌ ‌post‌ ‌hoc‌ ‌test).‌ 

‌ 

Next,‌ ‌we‌‌used‌‌a‌‌Bayesian‌‌decoder‌‌to‌‌classify‌‌running‌‌speed‌‌based‌‌on‌‌spectral‌‌decompositions‌‌                           

of‌ ‌the‌ ‌LFP‌ ‌(power‌ ‌values‌ ‌from‌ ‌1‌ ‌to‌ ‌12‌ ‌Hz).‌ ‌We‌ ‌first‌ ‌classified‌ ‌running‌ ‌speed‌ ‌during‌ ‌constant‌‌                                 

speed‌‌protocols‌‌(20,‌‌30,‌‌and‌‌40‌‌cm/s)‌‌and‌‌found‌‌the‌‌decoder‌‌performance‌‌to‌‌peak‌‌at‌‌2‌‌Hz‌‌and‌‌                                   

8‌‌Hz‌‌(Figure‌‌6A‌‌top).‌‌The‌‌decoding‌‌performance‌‌using‌‌oscillatory‌‌frequencies‌‌at‌‌2‌‌Hz‌‌was‌‌higher‌‌                               

than‌‌99%‌‌(3‌‌SDs)‌‌of‌‌100‌‌surrogated‌‌data‌‌(p<0.01,‌‌one-sample‌‌t-test‌‌against‌‌0.33);‌‌moreover,‌‌the‌‌                             

performance‌ ‌at‌‌2‌‌Hz‌‌was‌‌significantly‌‌higher‌‌than‌‌at‌‌8‌‌Hz‌‌(Figure‌‌6B‌‌top,‌‌p<0.01,‌‌paired‌‌t-test,‌‌                                 

n=22‌‌sessions).‌‌For‌‌accelerated‌‌speed‌‌protocols,‌‌the‌‌decoding‌‌performance‌‌(six‌‌3-s‌‌time‌‌blocks)‌‌                         

also‌ ‌peaked‌ ‌at‌ ‌2‌ ‌Hz‌ ‌(Figure‌ ‌6A‌ ‌bottom).‌ ‌At‌ ‌this‌ ‌frequency,‌ ‌decoding‌ ‌performance‌‌was‌‌higher‌‌                             

than‌ ‌that‌ ‌of‌ ‌95%‌ ‌(2‌ ‌SDs)‌ ‌of‌ ‌100‌‌surrogated‌‌data,‌‌while‌‌at‌‌8‌‌Hz‌‌the‌‌decoding‌‌performance‌‌did‌‌                                   

not‌ ‌differ‌ ‌from‌ ‌chance‌ ‌(p<0.01‌ ‌and‌ ‌p=0.81,‌ ‌respectively,‌ ‌one-sample‌ ‌t-test‌‌against‌‌0.17,‌‌n=22‌‌                         

sessions).‌‌Moreover,‌‌decoding‌‌performance‌‌was‌‌significantly‌‌higher‌‌at‌‌2‌‌Hz‌‌than‌‌at‌‌8‌‌Hz‌‌(Figure‌‌                             

6B‌ ‌bottom,‌ ‌2‌ ‌vs.‌ ‌8‌ ‌Hz,‌ ‌p<0.01,‌ ‌paired‌ ‌t-test,‌ ‌n=22‌ ‌sessions).‌‌ ‌  
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Finally,‌ ‌we‌ ‌independently‌ ‌fed‌ ‌the‌ ‌classifier‌ ‌with‌ ‌peak‌ ‌frequency‌ ‌or‌ ‌peak‌ ‌power‌ ‌values‌ ‌at‌ ‌the‌‌                             

delta‌ ‌band‌ ‌(Figure‌ ‌6C‌ ‌top‌ ‌and‌ ‌bottom,‌ ‌respectively),‌ ‌and‌ ‌found‌ ‌that‌ ‌both‌ ‌parameters‌ ‌could‌‌                           

predict‌ ‌speed‌ ‌better‌ ‌than‌ ‌chance‌ ‌(p<0.01‌ ‌and‌ ‌p<0.05‌ ‌for‌ ‌peak‌ ‌frequency‌ ‌and‌ ‌peak‌ ‌power,‌‌                           

respectively,‌‌one-sample‌‌t-test‌‌against‌‌0.33,‌‌n=22‌‌sessions).‌‌The‌‌direct‌‌comparison‌‌showed‌‌that‌‌                       

delta‌‌peak‌‌frequency‌‌had‌‌higher‌‌decoding‌‌performance‌‌than‌‌delta‌‌peak‌‌power‌‌(p<0.01,‌‌paired‌‌                         

t-test,‌ ‌n=22‌ ‌sessions).‌ ‌ 

‌ 

‌ 

Figure‌ ‌6.‌ ‌Delta‌ ‌oscillations‌ ‌predict‌ ‌running‌ ‌speeds.‌ ‌(A)‌ ‌Decoding‌ ‌performance‌ ‌for‌ ‌runs‌ ‌at‌‌                         

constant‌ ‌(20,‌ ‌30,‌ ‌and‌ ‌40‌ ‌cm/s,‌ ‌top)‌ ‌and‌ ‌accelerated‌ ‌speeds‌ ‌(2‌ ‌cm/s²,‌ ‌bottom).‌ ‌Mean‌‌                           

classification‌‌based‌‌on‌‌the‌‌actual‌‌power‌‌spectra‌‌are‌‌shown‌‌in‌‌red‌‌and‌‌the‌‌mean‌‌surrogated‌‌data‌‌                               
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in‌‌black‌‌(n=22‌‌sessions).‌‌Dashed‌‌lines‌‌show‌‌3‌‌and‌‌2‌‌times‌‌the‌‌SD‌‌of‌‌the‌‌surrogate‌‌distributions‌‌                                 

for‌‌runs‌‌at‌‌constant‌‌and‌‌accelerated‌‌speeds,‌‌respectively.‌‌(B)‌‌Average‌‌decoding‌‌performance‌‌for‌‌                         

the‌ ‌delta‌ ‌and‌ ‌theta‌ ‌band‌ ‌during‌ ‌runs‌ ‌at‌ ‌constant‌ ‌(top)‌ ‌and‌ ‌accelerated‌ ‌(bottom)‌ ‌speeds‌‌                           

(*p<0.05‌ ‌for‌ ‌delta‌ ‌vs.‌ ‌theta,‌ ‌paired‌ ‌t-test).‌ ‌The‌ ‌dotted‌ ‌line‌ ‌shows‌ ‌the‌ ‌decoding‌ ‌probability‌‌                           

expected‌ ‌by‌ ‌chance‌ ‌(0.33‌ ‌and‌ ‌0.16‌ ‌for‌ ‌constant‌ ‌and‌ ‌accelerated‌ ‌speeds,‌ ‌respectively).‌ ‌(C)‌‌                         

Average‌‌decoding‌‌performance‌‌using‌‌the‌‌delta‌‌peak‌‌frequency‌‌(top)‌‌and‌‌peak‌‌power‌‌(bottom)‌‌                         

for‌‌runs‌‌at‌‌constant‌‌speeds.‌‌Bars‌‌denote‌‌mean‌‌and‌‌error‌‌bars‌‌±‌‌SEM.‌‌Black‌‌dashed‌‌lines‌‌depict‌‌2‌‌                                   

times‌ ‌the‌ ‌SD‌ ‌of‌ ‌the‌ ‌surrogate‌ ‌distribution‌ ‌(*p<0.05‌ ‌and‌ ‌**p<0.01,‌ ‌paired‌ ‌t-test).‌ ‌ 

‌ 

DISCUSSION‌ ‌ 

In‌ ‌the‌ ‌current‌ ‌study,‌ ‌we‌ ‌demonstrate‌ ‌the‌ ‌emergence‌ ‌of‌ ‌prominent‌ ‌oscillatory‌ ‌activity‌ ‌in‌ ‌the‌‌                           

delta‌ ‌frequency‌ ‌(~2‌ ‌Hz)‌ ‌in‌ ‌the‌ ‌hippocampus‌‌of‌‌rats‌‌performing‌‌stationary‌‌runs‌‌on‌‌a‌‌treadmill.‌‌                             

Running‌‌speed‌‌increased‌‌delta‌‌power‌‌and‌‌frequency‌‌in‌‌runs‌‌at‌‌constant‌‌and‌‌accelerated‌‌speeds‌‌                           

(Figures‌‌1‌‌and‌‌2).‌‌Spectral‌‌changes‌‌in‌‌the‌‌delta‌‌band‌‌were‌‌independent‌‌of‌‌changes‌‌in‌‌the‌‌theta‌‌                                 

band‌ ‌(Figure‌ ‌3).‌ ‌Moreover,‌ ‌the‌ ‌delta‌ ‌phase‌ ‌modulated‌ ‌the‌ ‌amplitude‌ ‌of‌ ‌low-gamma‌ ‌in‌ ‌a‌‌                           

speed-dependent‌ ‌way‌ ‌(Figure‌ ‌4)‌ ‌and‌ ‌entrained‌ ‌spiking‌ ‌activity‌ ‌of‌ ‌putative‌ ‌pyramidal‌ ‌cells‌‌                       

(Figure‌‌5).‌‌Finally,‌‌delta‌‌power‌‌could‌‌predict‌‌running‌‌speed‌‌using‌‌a‌‌naïve‌‌Bayes‌‌classifier‌‌(Figure‌‌                             

6).‌‌  

Running‌ ‌speed‌ ‌has‌ ‌been‌ ‌previously‌ ‌correlated‌ ‌with‌ ‌the‌ ‌amplitude‌ ‌and‌ ‌frequency‌ ‌of‌‌                       

hippocampal‌ ‌theta‌ ‌and‌ ‌gamma‌ ‌rhythms‌ ‌(Ahmed‌ ‌and‌ ‌Mehta,‌ ‌2012).‌ ‌Delta‌ ‌oscillations‌ ‌are‌‌                       

instead‌ ‌usually‌ ‌reported‌ ‌as‌ ‌absent‌ ‌in‌ ‌the‌ ‌hippocampus‌ ‌of‌ ‌rats‌ ‌engaged‌ ‌in‌ ‌locomotor‌ ‌activity‌                           
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(Chrobak‌ ‌and‌ ‌Buzsáki,‌ ‌1994;‌ ‌‌Schultheiss‌ ‌et‌ ‌al.,‌ ‌2020‌)‌.‌ ‌Prominent‌ ‌delta‌ ‌power‌ ‌has‌ ‌been‌‌often‌‌                           

observed‌‌during‌‌quiet‌‌behaviors‌‌and‌‌slow-wave‌‌sleep,‌‌which‌‌exhibit‌‌no‌‌theta‌‌rhythm‌‌(‌Emmons‌‌                         

et‌‌al.,‌‌2017;‌‌Hirase‌‌et‌‌al.,‌‌2001;‌‌Khazipov‌‌and‌‌Luhmann,‌‌2006;‌‌Siapas‌‌and‌‌Wilson,‌‌1998;‌‌Sirota‌‌et‌‌                                 

al.,‌ ‌2003;‌ ‌Steriade‌ ‌et‌ ‌al.,‌ ‌2001‌;‌ ‌Sirota‌ ‌and‌ ‌Buzsáki,‌ ‌2005).‌ ‌However,‌ ‌contrary‌ ‌to‌ ‌this‌ ‌classical‌‌                             

dichotomy‌ ‌between‌ ‌theta‌ ‌versus‌ ‌delta‌ ‌hippocampal‌ ‌states,‌ ‌we‌ ‌show‌ ‌here‌ ‌the‌ ‌concomitant‌‌                       

occurrence‌ ‌of‌ ‌both‌ ‌oscillations‌ ‌during‌ ‌stationary‌ ‌running‌ ‌on‌ ‌a‌ ‌treadmill.‌ ‌Importantly,‌ ‌neither‌‌                       

their‌ ‌instantaneous‌ ‌power‌ ‌nor‌ ‌their‌ ‌instantaneous‌ ‌frequency‌ ‌was‌ ‌correlated,‌ ‌indicating‌ ‌the‌‌                     

simultaneous‌ ‌expression‌ ‌of‌ ‌two‌ ‌distinct‌ ‌and‌ ‌independent‌ ‌oscillatory‌‌activities‌‌within‌‌the‌‌1-10‌‌                       

Hz‌‌frequency‌‌range.‌‌Since‌‌many‌‌studies‌‌apply‌‌the‌‌theta/delta‌‌power‌‌ratio‌‌to‌‌classify‌‌epochs‌‌of‌‌                             

immobility‌ ‌and‌ ‌exploratory‌ ‌states‌ ‌(Csicsvari‌ ‌et‌ ‌al.,‌ ‌1999;‌ ‌O’Neill‌ ‌et‌ ‌al.,‌ ‌2006;‌‌Korotkova‌‌et‌‌al.,‌‌                             

2010;‌ ‌Penley‌ ‌et‌ ‌al.,‌ ‌2011;‌ ‌‌Schultheiss‌ ‌et‌ ‌al.,‌ ‌2020‌),‌ ‌our‌ ‌results‌ ‌suggest‌ ‌caution‌ ‌and‌ ‌a‌ ‌more‌‌                               

careful‌ ‌inspection‌ ‌of‌ ‌the‌ ‌delta‌ ‌band‌ ‌activity,‌ ‌at‌ ‌least‌ ‌when‌ ‌analyzing‌ ‌experiments‌ ‌involving‌‌                         

stationary‌ ‌running.‌‌ ‌  

There‌‌is,‌‌however,‌‌provocative‌‌new‌‌evidence‌‌in‌‌the‌‌literature‌‌that‌‌associates‌‌hippocampal‌‌delta‌‌                         

oscillations‌ ‌and‌ ‌stationary‌‌locomotion.‌‌Namely,‌‌we‌‌recently‌‌reported‌‌a‌‌progressive‌‌increase‌‌of‌‌                       

delta‌‌power‌‌across‌‌consecutive‌‌runs‌‌at‌‌the‌‌same‌‌speed‌‌on‌‌a‌‌treadmill,‌‌which‌‌points‌‌to‌‌rhythmic‌‌                               

delta‌ ‌activity‌ ‌as‌ ‌a‌ ‌potential‌ ‌biomarker‌ ‌of‌ ‌running-associated‌ ‌fatigue‌ ‌‌(Furtunato‌ ‌et‌ ‌al.,‌ ‌2020)‌.‌‌                         

Here,‌ ‌we‌ ‌advance‌ ‌this‌ ‌idea‌ ‌by‌ ‌showing‌ ‌that‌ ‌both‌ ‌delta‌ ‌power‌ ‌and‌ ‌frequency‌ ‌increase‌ ‌with‌‌                             

increases‌‌in‌‌stationary‌‌running‌‌speed‌‌on‌‌a‌‌treadmill‌‌(Figures‌‌1‌‌and‌‌2).‌‌In‌‌line‌‌with‌‌our‌‌findings,‌‌                                 

preliminary‌ ‌indicative‌ ‌data‌ ‌of‌ ‌speed-modulated‌ ‌delta‌‌power‌‌have‌‌also‌‌been‌‌shown‌‌in‌‌running‌‌                         

wheels,‌ ‌though‌ ‌these‌ ‌results‌ ‌were‌ ‌not‌ ‌further‌ ‌explored‌ ‌‌(Czurkó‌ ‌et‌ ‌al.,‌ ‌1999;‌ ‌Molter‌ ‌et‌ ‌al.,‌‌                             

2012)‌.‌‌More‌‌recently,‌‌the‌‌amplitude‌‌of‌‌4-Hz‌‌oscillations‌‌was‌‌also‌‌associated‌‌with‌‌running‌‌speed‌‌                           
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in‌‌a‌‌virtual‌‌reality‌‌apparatus‌‌that‌‌resembles‌‌stationary‌‌locomotion‌‌‌(Safaryan‌‌and‌‌Mehta,‌‌2021)‌.‌‌                         

The‌ ‌underlying‌ ‌mechanisms‌ ‌responsible‌ ‌for‌ ‌generating‌ ‌locomotion-related‌ ‌delta‌ ‌oscillations‌‌                 

specifically‌ ‌in‌ ‌stationary‌ ‌running‌ ‌conditions‌ ‌remain‌ ‌unknown.‌ ‌ 

To‌ ‌further‌ ‌evaluate‌ ‌how‌ ‌delta‌ ‌oscillations‌ ‌relate‌ ‌to‌ ‌other‌ ‌hippocampal‌ ‌rhythms,‌ ‌we‌ ‌analyzed‌‌                         

whether‌ ‌the‌ ‌delta‌ ‌phase‌ ‌modulates‌ ‌the‌ ‌amplitude‌ ‌of‌ ‌faster‌ ‌rhythms‌ ‌‌(Buzsáki‌ ‌and‌ ‌Draguhn,‌‌                         

2004;‌ ‌Jensen‌ ‌and‌ ‌Colgin,‌ ‌2007;‌ ‌Penttonen‌ ‌and‌‌Buzsáki,‌‌2003;‌‌Tort‌‌et‌‌al.,‌‌2010,‌‌2008)‌.‌‌Despite‌‌                             

the‌ ‌concomitant‌ ‌occurrence‌ ‌of‌ ‌delta‌ ‌and‌ ‌theta‌ ‌oscillations,‌ ‌we‌ ‌found‌ ‌no‌ ‌evidence‌ ‌of‌‌                         

phase-amplitude‌ ‌cross-frequency‌ ‌coupling‌ ‌between‌ ‌these‌ ‌bands‌ ‌(not‌ ‌shown).‌ ‌Instead,‌ ‌we‌‌                   

found‌ ‌that‌ ‌the‌ ‌delta‌ ‌phase‌ ‌modulates‌ ‌the‌ ‌amplitude‌ ‌of‌ ‌higher-frequency‌ ‌oscillations‌‌                     

circumscribed‌ ‌into‌ ‌the‌ ‌low-gamma‌ ‌sub-band‌ ‌(20-55‌ ‌Hz).‌ ‌The‌ ‌maximal‌ ‌low-gamma‌ ‌activity‌‌                     

coupled‌‌to‌‌the‌‌peak‌‌of‌‌the‌‌delta‌‌wave‌‌(Figure‌‌4),‌‌similarly‌‌to‌‌the‌‌theta-gamma‌‌phase-amplitude‌‌                             

coupling‌ ‌‌(Scheffer-Teixeira‌ ‌et‌ ‌al.,‌ ‌2012;‌ ‌Schomburg‌ ‌et‌ ‌al.,‌ ‌2014)‌.‌ ‌It‌‌should‌‌be‌‌noted,‌‌however,‌‌                           

that‌‌the‌‌delta-low‌‌gamma‌‌coupling‌‌strength‌‌was‌‌lower‌‌(MI~10‌-4‌)‌‌than‌‌traditionally‌‌observed‌‌for‌‌                         

theta-gamma‌‌interactions‌‌(MI‌‌~10‌-2‌‌‌-‌‌10‌-3‌;‌‌Scheffer-Teixeira‌‌and‌‌Tort,‌‌2018).‌‌These‌‌resemblances‌‌                       

and‌ ‌differences‌ ‌suggest‌ ‌that‌ ‌delta‌ ‌oscillations‌ ‌are‌ ‌not‌ ‌segregated‌ ‌from‌ ‌other‌ ‌oscillatory‌‌                       

components‌ ‌but‌ ‌interact‌ ‌with‌ ‌coexisting‌ ‌rhythms‌ ‌in‌ ‌the‌ ‌rat‌ ‌hippocampus.‌ ‌Moreover,‌ ‌the‌‌                       

speed-dependence‌ ‌of‌ ‌the‌ ‌delta-LG‌ ‌coupling‌ ‌strength‌ ‌highlights‌ ‌the‌ ‌role‌ ‌of‌ ‌the‌ ‌delta‌ ‌phase‌‌in‌‌                           

the‌ ‌organization‌ ‌of‌ ‌other‌ ‌hippocampal‌ ‌rhythms‌ ‌during‌ ‌treadmill‌ ‌running.‌ ‌Of‌ ‌note,‌ ‌while‌‌                       

previous‌ ‌studies‌ ‌reported‌ ‌that‌ ‌theta‌ ‌phase‌ ‌modulates‌ ‌the‌ ‌amplitude‌ ‌of‌ ‌both‌ ‌low-‌ ‌and‌‌                         

high-gamma‌‌oscillations‌‌in‌‌a‌‌speed-dependent‌‌way‌‌‌(Chen‌‌et‌‌al.,‌‌2011;‌‌Sheremet‌‌et‌‌al.,‌‌2019)‌,‌‌to‌‌                             
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the‌ ‌best‌ ‌of‌ ‌our‌ ‌knowledge,‌ ‌no‌ ‌previous‌ ‌report‌ ‌has‌ ‌shown‌ ‌delta-gamma‌ ‌phase-amplitude‌‌                       

coupling‌ ‌in‌ ‌the‌ ‌rodent‌ ‌hippocampus‌ ‌during‌ ‌active‌ ‌locomotor‌ ‌behaviors.‌ ‌ 

The‌ ‌firing‌ ‌rates‌ ‌of‌ ‌CA1‌ ‌neurons‌ ‌increase‌ ‌with‌ ‌running‌ ‌speed‌ ‌during‌ ‌locomotion‌ ‌through‌ ‌the‌‌                           

environment‌ ‌and‌ ‌during‌ ‌stationary‌ ‌running‌ ‌‌(Czurkó‌ ‌et‌ ‌al.,‌ ‌1999;‌ ‌Montgomery‌ ‌et‌ ‌al.,‌ ‌2009;‌‌                         

Ahmed‌ ‌and‌ ‌Mehta,‌ ‌2012;‌ ‌Góis‌ ‌and‌ ‌Tort,‌ ‌2018;‌ ‌Iwase‌ ‌et‌ ‌al.,‌ ‌2020)‌.‌ ‌Here,‌ ‌we‌ ‌observed‌ ‌that‌‌                               

putative‌‌interneurons‌‌increased‌‌firing‌‌rates‌‌with‌‌running‌‌speed‌‌(Figure‌‌5-1;‌‌Figure‌‌5-2)‌‌and‌‌that‌‌                           

their‌ ‌activity‌ ‌was‌ ‌predominantly‌ ‌coupled‌ ‌to‌ ‌theta‌ ‌oscillations‌ ‌and‌ ‌only‌‌marginally‌‌affected‌‌by‌‌                         

the‌‌delta‌‌phase‌‌(Figures‌‌5‌‌and‌‌5-3).‌‌In‌‌contrast,‌‌54.7%‌‌of‌‌the‌‌pyramidal‌‌cells‌‌were‌‌phase-locked‌‌                               

to‌‌delta‌‌oscillations;‌‌moreover,‌‌pyramidal‌‌cells‌‌exhibited‌‌even‌‌higher‌‌coupling‌‌strength‌‌to‌‌delta‌‌                         

than‌‌to‌‌theta‌‌phase‌‌(Figure‌‌5).‌‌Additionally,‌‌the‌‌coupling‌‌strength‌‌of‌‌pyramidal‌‌neurons‌‌to‌‌delta‌‌                             

phase‌ ‌increased‌ ‌at‌ ‌faster‌ ‌running‌ ‌speeds,‌ ‌suggesting‌ ‌that‌ ‌the‌ ‌emergence‌‌of‌‌delta‌‌oscillations‌‌                         

entrained‌‌the‌‌rhythmicity‌‌of‌‌pyramidal‌‌neurons‌‌in‌‌a‌‌speed-dependent‌‌way.‌‌These‌‌results‌‌differ‌‌                         

from‌ ‌previous‌ ‌findings‌ ‌from‌ ‌Safaryan‌ ‌and‌ ‌Mehta‌ ‌(2021)‌ ‌that‌ ‌observed‌‌high‌‌levels‌‌of‌‌coupling‌‌                           

between‌ ‌interneurons‌ ‌and‌ ‌4-Hz‌ ‌oscillations,‌ ‌while‌ ‌pyramidal‌ ‌neurons‌ ‌were‌ ‌only‌ ‌weakly‌‌                     

entrained‌‌when‌‌rats‌‌ran‌‌in‌‌a‌‌virtual‌‌reality‌‌apparatus.‌‌Nevertheless,‌‌taken‌‌together,‌‌these‌‌data‌‌                           

show‌ ‌that‌ ‌oscillations‌ ‌at‌ ‌the‌ ‌delta‌ ‌frequency‌ ‌coordinate‌ ‌the‌ ‌rhythmicity‌ ‌of‌ ‌spiking‌ ‌activity‌ ‌of‌‌                           

hippocampal‌ ‌neurons‌ ‌during‌ ‌certain‌ ‌types‌ ‌of‌ ‌locomotor‌ ‌behavior.‌ ‌ 

Finally,‌‌we‌‌asked‌‌whether‌‌locomotion-related‌‌delta‌‌oscillations‌‌carry‌‌information‌‌about‌‌running‌‌                     

speed.‌ ‌By‌ ‌using‌ ‌a‌ ‌naive‌ ‌Bayes‌ ‌classifier,‌ ‌we‌ ‌could‌ ‌successfully‌ ‌decode‌ ‌running‌ ‌speed‌ ‌from‌‌                           

power‌‌spectra‌‌values‌‌from‌‌1‌‌to‌‌12‌‌Hz.‌‌Surprisingly,‌‌the‌‌decoding‌‌performance‌‌was‌‌higher‌‌using‌‌                             

the‌ ‌oscillatory‌ ‌activity‌ ‌at‌ ‌the‌ ‌delta‌ ‌(~2‌‌Hz)‌‌than‌‌theta‌‌(~8‌‌Hz)‌‌band,‌‌which‌‌is‌‌remarkable‌‌since‌‌                                 
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theta‌ ‌oscillations‌ ‌are‌ ‌usually‌ ‌reported‌ ‌as‌ ‌a‌ ‌strong‌ ‌predictor‌ ‌of‌ ‌running‌ ‌speed‌ ‌during‌‌                         

translational‌‌and‌‌stationary‌‌conditions‌‌(McFarland‌‌et‌‌al,‌‌1975;‌‌Sławińska‌‌et‌‌al,‌‌1998;‌‌Richard‌‌et‌‌                           

al,‌‌2013;‌‌Li‌‌et‌‌al,‌‌2014;‌‌Bender‌‌et‌‌al,‌‌2015;‌‌Safaryan‌‌and‌‌Mehta,‌‌2020).‌‌Moreover,‌‌the‌‌fact‌‌that‌‌                                   

delta‌ ‌frequency‌‌was‌‌better‌‌than‌‌delta‌‌power‌‌to‌‌classify‌‌running‌‌speed‌‌highlights‌‌that‌‌different‌‌                           

oscillatory‌ ‌parameters‌ ‌in‌ ‌the‌ ‌delta‌ ‌band‌ ‌may‌ ‌convey‌ ‌different‌ ‌amounts‌ ‌of‌ ‌information‌ ‌about‌‌                         

running‌ ‌speed‌ ‌(Figure‌ ‌6).‌ ‌Whether‌ ‌delta‌ ‌power‌ ‌and‌ ‌frequency‌ ‌could‌ ‌be‌ ‌independently‌‌                       

entrained‌‌by‌‌particular‌‌sets‌‌of‌‌physiological‌‌conditions‌‌remains‌‌to‌‌be‌‌investigated.‌‌As‌‌far‌‌as‌‌we‌‌                             

know,‌ ‌this‌ ‌is‌ ‌the‌ ‌first‌ ‌study‌ ‌to‌ ‌show‌ ‌that‌ ‌oscillatory‌ ‌activity‌ ‌at‌ ‌the‌ ‌delta‌ ‌band‌ ‌can‌ ‌robustly‌‌                                 

predict‌ ‌running‌ ‌speed.‌ ‌ 

In‌‌all,‌‌we‌‌conclude‌‌that‌‌delta‌‌oscillations,‌‌in‌‌coordination‌‌with‌‌other‌‌rhythms,‌‌may‌‌underlie‌‌the‌‌                             

processing‌‌of‌‌locomotion‌‌speed‌‌in‌‌the‌‌hippocampus‌‌of‌‌rats‌‌performing‌‌stationary‌‌running‌‌in‌‌the‌‌                           

presence‌ ‌of‌ ‌static‌ ‌external‌ ‌landmarks.‌ ‌ 

‌   
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EXTENDED‌ ‌DATA‌‌ ‌  

‌ 

Figure‌ ‌1-1.‌ ‌Raw‌ ‌(black)‌ ‌and‌ ‌delta-filtered‌ ‌(cyan)‌ ‌LFP‌ ‌signals‌ ‌and‌ ‌the‌ ‌associated‌ ‌spectrograms‌‌                         

(0-12‌ ‌Hz)‌ ‌during‌ ‌representative‌ ‌runs‌ ‌at‌ ‌accelerated‌ ‌(A)‌ ‌and‌ ‌constant‌ ‌speeds‌ ‌(B).‌ ‌Each‌ ‌panel‌‌                           

shows‌ ‌the‌ ‌5-s‌ ‌intertrial‌ ‌interval‌ ‌and‌ ‌the‌ ‌following‌ ‌20-s‌ ‌treadmill‌ ‌running.‌ ‌Dashed‌‌lines‌‌depict‌‌                           

the‌ ‌time‌ ‌the‌ ‌treadmill‌ ‌started.‌ ‌In‌ ‌addition‌ ‌to‌ ‌the‌ ‌prominent‌ ‌theta‌ ‌activity,‌ ‌notice‌ ‌oscillatory‌‌                           
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activity‌ ‌in‌ ‌the‌ ‌delta‌ ‌frequency‌ ‌band‌ ‌(~2‌ ‌Hz)‌ ‌at‌ ‌the‌ ‌higher‌ ‌running‌ ‌speeds.‌ ‌ 

‌ 

‌ 

Figure‌‌5-1.‌‌Neuron‌‌type‌‌classification.‌‌(A)‌‌Scatter‌‌plot‌‌of‌‌the‌‌trough‌‌to‌‌peak‌‌duration‌‌and‌‌firing‌‌                               

rate‌ ‌of‌ ‌neurons.‌ ‌Blue,‌ ‌red,‌ ‌and‌ ‌gray‌ ‌dots‌‌represent‌‌putative‌‌pyramidal‌‌neurons,‌‌interneurons,‌‌                         

and‌ ‌unclassified‌ ‌neurons.‌ ‌The‌ ‌inset‌ ‌shows‌ ‌the‌ ‌duration‌ ‌of‌ ‌the‌ ‌trough-to-peak‌ ‌interval.‌ ‌(B)‌‌                         

Representative‌ ‌examples‌ ‌of‌ ‌spike‌ ‌waveforms‌ ‌classified‌ ‌as‌ ‌putative‌ ‌pyramidal‌ ‌units‌ ‌(blue)‌ ‌and‌‌                       

putative‌ ‌interneurons‌ ‌(red).‌ ‌(C)‌ ‌Normalized‌ ‌spike‌ ‌amplitude‌ ‌of‌ ‌putative‌ ‌pyramidal‌ ‌and‌‌                     

interneuron‌ ‌units.‌ ‌ 

‌ 
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‌ 

Figure‌ ‌5-2.‌ ‌Mean‌ ‌firing‌ ‌rates‌ ‌of‌ ‌putative‌ ‌pyramidal‌ ‌cells‌ ‌(A)‌ ‌and‌ ‌interneurons‌ ‌(B)‌ ‌during‌‌                           

treadmill‌ ‌runs‌ ‌at‌ ‌accelerated‌ ‌(upper)‌ ‌and‌ ‌constant‌ ‌speeds‌ ‌(lower).‌‌ ‌  

‌ 

‌ 
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Figure‌ ‌5-3.‌ ‌The‌ ‌proportion‌ ‌of‌ ‌putative‌ ‌pyramidal‌ ‌cells‌ ‌and‌ ‌interneurons‌ ‌locked‌ ‌to‌ ‌delta‌ ‌and‌‌                           

theta‌‌phases.‌‌(A)‌‌54%‌‌of‌‌the‌‌pyramidal‌‌cells‌‌were‌‌coupled‌‌to‌‌the‌‌delta‌‌phase‌‌(green‌‌+‌‌purple),‌‌                                 

and‌ ‌26%‌ ‌simultaneously‌ ‌locked‌ ‌to‌ ‌the‌ ‌delta‌ ‌and‌ ‌theta‌ ‌phases‌ ‌(purple).‌ ‌(B)‌ ‌10%‌ ‌of‌ ‌the‌‌                             

interneurons‌‌were‌‌coupled‌‌to‌‌the‌‌delta‌‌phase‌‌(green‌‌+‌‌purple),‌‌and‌‌6%‌‌simultaneously‌‌coupled‌‌                           

to‌ ‌the‌ ‌delta‌ ‌and‌ ‌theta‌ ‌phases‌ ‌(purple).‌‌  

‌ 

‌ 

Figure‌ ‌5-4.‌ ‌Joint‌ ‌modulation‌ ‌of‌ ‌putative‌ ‌pyramidal‌ ‌cells‌ ‌and‌ ‌interneurons‌ ‌by‌ ‌delta‌ ‌and‌ ‌theta‌‌                           

phases.‌ ‌(A)‌ ‌Spike‌ ‌distribution‌ ‌map‌ ‌aligned‌ ‌to‌ ‌delta‌ ‌and‌ ‌theta‌ ‌phases‌ ‌during‌ ‌treadmill‌ ‌runs‌‌at‌‌                             

constant‌‌(40‌‌cm/s)‌‌speed.‌‌Notice‌‌that‌‌most‌‌spikes‌‌of‌‌pyramidal‌‌cells‌‌were‌‌simultaneously‌‌locked‌‌                           

to‌‌delta‌‌and‌‌theta‌‌troughs‌‌(top),‌‌while‌‌spikes‌‌of‌‌interneurons‌‌were‌‌modulated‌‌by‌‌theta‌‌phases‌‌                             

(bottom).‌ ‌(B)‌ ‌Pyramidal‌ ‌cells’‌ ‌and‌ ‌interneurons’‌ ‌spike‌ ‌modulation‌ ‌around‌ ‌delta‌ ‌trough‌ ‌and‌ ‌peak.‌‌ ‌  
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