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[Page 2] Abstract

Theyfaster drugiof abusereach the brain, the greater is tigk of addiction Even small
differences in theate of drug delivery caninfluence outcomelnfusing cocaine intravengly
over 5 versus 9A00 secondspromotes sensitization to the psychomotor and incentive
motivational effects of the drugnd preferentially recruits mesocorticolimbic regidhsemains
unclearwhether these effects are due to differencdsown fast andbr how muchdrugreaches
the brain Here"we predicted thatarying the rate of intravenou®caineinfusion between 50
second9roeducesdifferent rates of rise of brain drug concentrationsyhile producing similar
peak concentrationsFreely-moving male Wistar rats received acuténtravenouscocaine
infusions(2.0 mg/kg/infusionpver 5, 45 an®0 secondsWe measuredocaine concentrations

in the dorsal striatum ging rapidsampling microdialysis (1 sample/minute)and high-

This article is protected by copyright. All rights reserved


mailto:Anna.samaha@umontreal.ca�

performancdiquid chromatographyandem mass spectrometiye also measureelxtracellular
concentration®f dopamine andtherneurochemials Regardless ahfusionrate,acute cocaine
did not change concentrations of mdopaminergic neurochemicalénfusion iate did not
significantlyinfluence peak concentration§ cocaine odopamine but concentrationsicreased
faster following, 5-condinfusions. W also assessqusychomotor activityas a function of
cocaine infusion_ratelnfusion rate did not significantly influence total locomotion, but
locomotionincreased earligbllowing 5-second infusions. Thusmall differences in the rate of
cocaine deliveryinfluence boththe rate of rise of drug and dopamine concentratimd
psychomator activityA fasterrate of ise of drug and dopamine concentrations might be an

important issue,imaking rapidlydelivered cocaine more addictive.

Keywords: Cocaine ddiction, In vivo microdialysis, Locomotor activity,Male Wistar rats,

Pharmacokinetics
[Page 3] Introduction

Therateof drugdeliveryto the brainis important in determining the risk developing
addiction.For instancesmokingcocaineor injectingthe drugintravenouslyis associated with
greater vulnerability to addiction thanintranasaluse (Gossopet al., 1994; Hatsukami &
Fischman; 1996)After smoking orintravenous i(v.) infusion plasmacocaine concentrations
rise more rapidly and reach highpraksthan after intranasal administratiGiavaidet al., 1978;
Jeffcoat ethalys 1989; Jones, 1990 Such marmacokinetic ifferences areimportant in
determining outcome. For instance, different pharmacokinetic profilesrareeasomwhy the
same drug €an lead to addiction when taken by one route (nicotine inhaled from tobacco smoke)
but can treataddiction when taken bynather [nicotineadministered orally from a gum or
through the skin from patch(Henningfield & Keenan, 1993)].

Varying the rate of drug delivery to the brainnfluences the psychological and
behaviourakffectsof drugs.In humansgcocaine(Resnicket al., 1977)andheroin(Comeret al.,
1999) evokemore immediate and stronger pleasurable effects when administenedher than
intranasdly. Similarly, increasing theateof i.v. cocaine(Fischman & Schuster, 1984; Abreu

al., 2001)or morphine(Marschet al., 2001)infusion produces greateselfreports ofeuphoria.

This article is protected by copyright. All rights reserved



Early studiesin laboratory animalshow that relatidy large variations irthe rate of i.v. drug
administration ife., injecting a dose betweebr600 seconds(s)] influence cocaine sel
administration behaviour (Balster & Schuster, 1973; Woolverton & Wang, 20Bfe recent
experiments have exploréde effects of varyingherateof i.v. infusion overa smallerangeof
time (5-100.s).Doing so ismportantfor three main reasons. Firstperienced i.v. cocaine users
report that,they inject the drug rapidly and over a narrow rand® [8(Zernig et al., 2003].
Second; ie“time difference ifPage 4] the onset of subjectiverug effectsin i.v. versus
intranasalcocaine users ialsonarrow[2-9 s(Zernig et al., 2003)and 30120 s (Jones, 1984;
Weiss R.D., 1993)espectively]Finally, injecting cocaine.v. over 2versus60 sinfluencesthe
magnitudesofssubjective cocaine effects in hum@iseuet al., 2001) Such small differences
in therateof drug delivery canhave large effects obehaviourin laboratory ratsFor instance,
injecting cocaihe or nicoting.v. over 5 versus 9200 s promotes sensitization to the
psychomotofSamahaet al., 2002; Samahet al., 2004; Samaha & Robinson, 2005; Allairel.,
2017) andncentive motivational effectsf these drugéLiu et al., 2005; Minogianist al., 2013;
BouayadGervais et al., 2014; Allain et al., 2017) Rats that slf-adminiser i.v. cocaine
injections delivered over 5 versus 90 s also take mdrag (Wakabayashet al., 2010;
Minogianis.et_al., 2013; Bouayadservaiset al., 2014) and are moresusceptibleto relapse
following.extended abstinen§@/akabayashét al., 2010).

Variation in the rat®f drugdeliveryinfluences behaviour presumably because it changes
the neurobiological impact of drugStudies in rats show thatcreasing the rate of cocaine
delivery torthe"brairenhances cellular activity in mesocorticolimbic argasiewed in(Samaha
& Robinson;"2009) A first study showedhatcompared to intraperitoneal cocaine, cecaine
enhances glucose utilization in corticolimbic regions (Porrino, 1993). More recektshvows
that injecting cocaine i.v. over 5 versusBID sincreaseglrug-inducedmmediate early gene
expression(Samahaet al., 2004), heaproducing metabolic activityBrown & Kiyatkin, 2005)
and regulation ofthe growth factor brainderived neurotrophic factor and its receptor TrkB
(BouayadGervaiset al., 2014) Chronic intake of.v. infusions of cocaine delivered ov&s but
not over 90s also increases tHanction of metabotropic group Il receptars the prelimbic

cortex and nucleus accumbdadlain et al., 2017).
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[Page 5] Thus,small differences in theate of i.v. cocainedelivery canpredict outcome
but is this due to how fagtocaineenters the braimeak achievedoncentrationpr both? This
guestion.remainsinanswered becaudarain concentrationsof cocaine have beenmodelled
(Samahaetal., 2002; Allainet al., 2017) but not actuallyneasured as a function of the rate of
i.v. drug delivery'lt is possible that varying the rate of igrug infusion, even over a small
range, preduces differences in achiewetcentrationand this could contribute to the effects
seen on brain, and behavioudowever, beyond achieved dosetemporal pharmacokinetic
variables suechfas how fast drug levels daedetermire behavioural and neurobiologicetdfects
relevant toaddiction (Allain et al., 2015; Allainet al., 2017) The brain issensitive to the
temporal pattern of cellular stimulatiofor instance, in a context outside of drugs of abuse,
different temporal patterns efectricalstimulation are differentially effective in producing leng
term potentiatior(Larson & Lynch, 1986)and dopamine@voked synaptic plasticitfwVielandet
al., 2015).

Hereywe hypothesized that varying the rate of i.v. cocaine delivery between 5 and 90 s
produces differences in the rate of rise of striatal cocaine and dopamine concentrations, without
producing large effects on peak concemtrad. We make this prediction firdbecauseit is
supported-bypharmacokinetic modeling$amaheaet al., 2002; Allainet al., 2017) where the
pharmacokinetic model was based @Pan et al., 1991)]. Second, dopamine and cocaine
concentrations are tightly correlated in the biilicolaysenet al., 1988; Showet al., 2006) and
injecting cocaine i.v. over 5 versus 100 s produces differences in the rate of rise of extracellular
dopaminesconcentrations in the striatum, without affecting peakentrations(fFerrarioet al.,

2008) butsee(Samaheet al., 2004) where brief differences in the hdifie of electrically[Page

5] stimulatedextracellular dopamine were obserj€to testour hypothesiswe injectedfreely
moving_ratswith i.v. infusions of cocaine delivered over 5, 45 and 9@rsl we usedapid
sampling (Twmsampléminute) microdialysis coupled with high performance liquid
chromatographyandem mass spectrome{iyPLC-MS/MS) to simultaneouslyneasure cocaine
and dopamineconcentrationdn the dorsal striatum. We measured dopamine concentrations

because cocaiAeduced increases in dopamine overflow regulate the incentive motivational
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effects of the drugrhe microdialysis samples were also used to determine cocaine effects on 20
other neurochemicals in the striatum. As an additional functional measure, we assessed the
psychomotor response égutecocaine infused over 5, 45 and 90 secpmda separate ¢wrt of

rats Based on prior work, we predicted that varying the rate of cocaine deliveryhts/ezange

would not influence the magnitude of the locomotor resp@amaheet al., 2002), but thatate

could influencahe timecourse of cocaine-induced locomotion.

Materials @nd Methods
Animals and Housing

Twenty male=Wistar rats (for microdialysisand 13for cocaineinduced psychomotor activity
Charles RiversLaboratories, -Sbnstant, QC) weighing between 2280 g upon arrival were
housed individually in a climateontrolled colony room maintained on a reverse 12 h/12 h
light/dark cycle (lights off at 8:309:00 am). Experiments were conducted during the dark phase
of the rats’|circadian cycle. Food and water were availabldibitum. The animal care
committeas«ofsthe Université de Montréa[CDEA 14149 and 17095) andof Concordia
University approvedPage 6] all proceduresnvolving animals These procedures complied with

guidelines'of'the Canadian Council on Animal Care.

Surgery

Following A<4*weeks of acclint&ation to the vivariuma custoramade, indwelling catheter was
implanted-inerthe jugular vein ofatsanaesthetized with isoflurane (CDMV;-Byacinthe, QC)
The other‘end of the catheter v to exit between the scapulaaimalsto be used fom vivo
microdialysis werethen placed in a stereotaxic apparatus anctannula (2bauge; HRS
Scientific, Montreal, QC)was implantedinto the dorsal striatumof one hemisphere
(counterbalanced across animals; coordinates relative to Bregeap@osterior,+1.6 mm,
mediolateral,£ 2.5 mm, and dorsoventrat3.0 mm) Cannulae wer@anchoredo the skullwith
jeweller's screws, secured in place with dental cement and sealed with obtu2atgsude

HRS Scientific). We targetetthe dorsal striatum becausastrich in dopamine transporteesd
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it mediates thexpression of addictierelated behaviour@veritt & Robbins, 2005)At the time

of surgery, rats received a subcutaneous injection of 5 mg/kg Carprofen (Rimadyl; 50 mg/mli
CDMV, SaintHyacinthe, QC) and an intramuscular injection of 0.02 ml of a peniddlin
procaine solution (Procillin; 300 000 IU/ml; CDMV, SaintHyacinthe, QC).Intravenous
catheters were flushed on alternate days with eitHemf. physiological saline or a solution
containing,0.2/mg/in Heparin (Sigma&Aldrich, Oakville, ON) and 2 mg/in of the antibiotic
Baytril (CDMV," St Hyacinthe, QC).Rats recovexd in their home cages for 7 days prior to

further manipulation.

Determination_of microdialysis probe delay timein vitro

[Page 7] A first goal was to measure the delay tilmetweenplacement of our microdialysis
probes inte.a.cocaine solution, ahetectionof the drugn acollectedsample.This is important,

as it provides.a measure of thevitable delay time thata sample needs to travel from the
microdialysis probe, through the tubing-sgtand finally intothe sample collection vigl Two
custommade ‘microdialysisprobes (described below)were perfused at 2 Ldminute with
artificial cerebrospinal fluid (aCSF) containing 145 mM NaCl, 2.68 mM KCI, 1.40 mM
CaCh*2H70, 1.01 mM MgSQ@*7H,0O, 1.55 mM NaHPO,;, 0.45 mM NaHPO,*H .0 in
HPLC-grade watei(pH = 7.4 chemicalsfrom FisherScientific SaintLaurent, Q¢ water from
Sigma Adrich,,Oakville, ON) Probes were first placed into a beaker containing a stirred
solution of aCSF and ascorbic acid (0.25 mM) at room temperaditer 20 minutes 10
samples were collecteat 1-minute intervals Probes were then transferred to a second beaker
containing aCSF + ascorbic acid solution and 1 uM cocaine, from &Bisamples were taken.
Finally, the probes were returned to #@SF + ascorbic acid solutiamd 16additional samples
were ollectedwSamples were collected in 300 microcentrifuge vials (VWRMontreal QC),

and immediately placed in dry ice and storeeB&tC uriil analysis by HPLEMS/MS.

In vivo microdialysis probes

In vivo microdialysis wasonducted in foucustommadehexagonal chambefg2 x 39 x 33.5

cm) each placed within a larger sourahdlight-attenuating cabineMicrodialysis probes were
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custommade Theyconsisted of a 1 cm length of sepeirmeable dialysis membrane (200 um

ID, 216 um OD, with a molecular weight cut-off of 13 kDa; VWR,Montreal QC) that extended

4 mm below the tip of the guide cannula. The membrane was inserted it &hgth of
26G stainless steel tubing. The outer end of the membrane was occluded with super glue to
create dPage-8] closed system for dialysate flow. The stainlsteel shaft was inserted into one
end of polyethylene (PE) 20 tubing (0.381 mm ID, 1.0922 mm &®cm long; Scientific
CommoaditiesInc., Lake Havasu City, AZ), while the other end was connected to@hdoakl
liquid swivel"(Lomir, NotreDamede{lle -Perrot, Qc). The swivel was in turn connected to a
syringe pump Klarvard Apparatus, Sathiaurent, Canadawith PE20 tubing.Smalldiameter
fused silicastubing (41 um ID, 110 um OD; 2 cm long; HRS Scientific, Montreal, QC) extended

into the preber0.5 mm from the glued tip of the sperimeable membrane. The other end of the
fused silica was glued ®E-1 tubing (0.127 mm ID, 0.254 mm OD; 60 cm long) that extended
out of the PE20 tubing, serving as an outlet for the probe. ifherodialysisprobe wasecured

to the cannula with a stainlesgeel collar. The relative recovery rates from mhierodialysis

probes vere10% for cocaine and 8-15% for dopamine.

In vivo Microdialysis Experiment

Figure 1A illustrates the sequence of experimental evdrddowing recovery from surgery,
microdialysis ratsvere placed in the test chambéos two, 3.5-hour(h) habituationsessions
(ondday) Their catheters wertetheredto thei.v. drug infusionline and their cannulae were
tethered to_the steel spring casing used to protect the microdialysis tubing dumpling.
During each habituatiosessiongachrat received 78.L of salinei.v. over 5, 45 and 90 s, with
one infusiongiven every 90 minutes in courdiealanced ordeilWe injected a volume of 78L
because for cocaine injections, weuld inject34 uL of saline to account for averagatheter
volume + 10uL cocaine solution 34 uL of salineto ensure that none of the cocaine remains in
the catheterCatheter patency was verified on the secloabituationday byi.v. infusion of the
shortacting, barbituratesodium thiopental (20 mgAmin sterile water0.1-0.2 nL/rat CDMV,
St-Hyacinthe [Page 8] QC). All rats became ataxic within 5 s of the infusiconfirmingcatheter
patency In rats, sodium thiopental has a,lof ~4-5 h (Shidemaret al., 1953) thus we do not

expectit to influence microdialysis measurements performed on the nextdathefollowing
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day, lats were placed in the test chambmnddialysisprobes were lowered into the striatum for
a 5h habituation periodDuring this periodaCSFwas perfused through tmeicrodialysisprobe

at a rate of2.0 uL/minute. Rats were awake and freely moving durithg experimentThree
hours and_ fifty minutes into the habituation period, animals were tethereddocidiee infusion
line. It contained 10 uL of cocainesolution (Medisca Pharmaceutique Inc,-ISturent, QC;2
mg/kg/infusionin _0.9% physiological salinedeparated from additional saline by a small air
bubble.The'other end of théine was attached to a 3 c.c. BD syrimgaced ora syringe pump.

A 2 mg/kg'dese of cocaine $émilar todoses used iprior studies that have measured cocane
dopamine concentratisnn the striatum usingn vivo microdialysis (Hurdet al., 1988; Hurd &
Ungerstedt; 1989; Ferrariet al., 2008) This dose also evokes robust immediate early gene

expressiontin thdorsal striatunfSamahaet al., 2004).

Over the last 10 minutes of thenthabituation period,0 baselinedialysatesamplesvere
collected, ‘at_dminute intervals and at a flow rate of 2i0/minute, yielding 2.0uL/sample.
Next, eachranimal receivetthe first ofthreei.v. cocaine infusion2.0 mg/kgi0 pL/infusion),
delivered over’5, 45 and 90 s, injected 90 utes apart, in countebalanced orderCocaine
infusions'were spaced 90 minutes apart because thi tg1&es longer than cocaine’s/Jin rat
brain (Nayaket al., 1976; Hurdet al., 1988) Thus, the 9@minute interinfusion intervalreduces
the possibility of carry-over effects between infusiofisee alsqHurd et al., 1988]. Following
eachcocaineinfusion 15 samplesvere collectedat Xminute intervals Five 1-minute baseline
samples wergRage 9] also collectedprior to the ¢ and 3 cocaine infusionsSamples were
collectedinwa-300uL polypropylene microsampling vigdlacedon the end of the outlet line
Samples wereanmediately placed in dry ice and stor@d-80°C unil processing. At the end of
sampling eachmicrodialysisprobe was visually inspected for leaks or breakdme were
detected.

High perfermance liquid chromatography-tandem mass spectrometrf{HPLC -MS/MS)

Small molecule neurochemical analysis using a triple quadrupole (QQQ) MS. All chemicals
were from Sigma Aldrich (St. Louis, MO) unless nottierwise Waterand acetonitrile for
mobile phasesvere Burdick & Jackson HPLC grad@/WR, Radnor, PA).Artificial CSF
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consisted of 145 mM NaCl, 2.68 mM KCI, 1.40 mM CaCl.01 mM MgSQ, 1.55 mM
Na;HPO,, and 0.45 mM NakPO,, adjusted pH to 7.4 with NaOH. Cocairstandards
(Mallinckrodt Inc., St. Louis, MO) were spiked into a standard mixture for-p@in calibration
curve. A modified LGMS method (Song et al., 2012; Wonget al., 2016) was usedto
guantifyconeentrationsof extracellular cocaine and dopaminas well as acetylcholine
adenosine; aspartate, }lthydroxyphenylacetic ad, y-aminobutaric acidglutamate, glutamine,
glucose; glycine, histamine;Hydroxyindoleceticacid,homovanillic acid, 3nethoxytyramine,
norepinephring; normetanephrine, phenylalanine, serine, serotonin, taandetyrosine
Sampleswerethawed and derivatized with 1.5 pL sodium carbonate, 100 mMsLLBzClI, 2%

(v/v) BzCl4nacetonitrile; 1.5uL isotopically labeled internal standard mixture diluted in 50%
(v/v) acetonitrile containing 1% (v/v) sulfuric acid, and spiked with deuteestetylcholineand
choline C/D/N isotopes, Point€laire, Canada) to a final concentration ofrd. Derivatized
samples were analyzed using Ther8wentific Accela UHPLC system interfaced to a Thermo
Scientific TSQ Quantum Ultra triple quadrupole mass spectrometer fitted with a HESI Il ESI
probe, operating in multiple reaction monitoring. Fjye [Page 10] samples were injected onto a
Phenomenex:corghell biphenyl Kinetex HPLC column (1.7 um particles, 2.1 mm x 100 mm).
Mobile phase A was 10 mM ammonium formate with 0.15% formic acid, and mobile phase B
was acetonitrileMass transitions for these derivatized analytes were reported in Wong et al.
(2016).Cocaine was detected in its native form with a MStké@8sitionof 304> 182 m/z.The
mobile phase was delivered through an elution gradient at 450 ptéasm follows: initial, 0%

B; 0.01 minutes, 19% B; 1 minute, 26% B; 1.5 minutes, 75% B; 2.5 mirki@%s B; 3 mimites,
100% B; 3«l=mintes 5% B; and 3.5 mutes 5% B. Thermo Xcalibur QuanBrowser (Thermo
Fisher Scientificsoftwareautomatically processland integrate peaks. Each peak was visually
inspected_to ensure proper integratidhe limits of detection for cocaine and dopamiaker
derivatizationwere 0.291 and 0.086 nM, respectively. Limits of detection for the other analytes
were0.045-141 nM.

Histology

Following sampling,animals were anaesthetized with isofluramel decapitatedBrains were

then extracted, frozerand stored at80°C. The neuroanatomical location of theopeswas
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located on 2Gum thick coronal brain sectionsccordng to the rat brain atla®f Paxinos and
Watson (1986).

Psychomotor Activity Experiment

Figure 1B.shews.the sequence of experimental events. Locoraotivity was assessad four
chambers31.8 x 25.4 x 26.7 cyiMed Associates, SAlbans, VT) each containing infrared
photocells aligned horizontally ahe bottom of each cag&he chambers were ruby a
computer'usingled Associates Me®C version IV software (Med Associates,-8lbans, VT).
Following{Page11] recovery from surgery, rats were placed in the test chambers fo2wo,
habituation sessions (one/day). Their catheters were tethered to theusmridine and a steel
spring casing used to protect the line during testinghe first habituation session, no i.v.
infusion wassgiven. During the second habituation sessione@gs/edsalinei.v. over 5, 45 or
90 s, thirtymminutes into the sessidrollowing the end of tis second habituation session,
catheter patency was verified by. infusion of Propofol (10 mg/ni; 0.1 mL/rat; CDMV, St
Hyacinthe, QC)a shoracting anaesthetid 1, ~27 minutes in Wistar rat¢Duttaet al., 1997]).
Sodium thiopental was not used in thi¥ @xperiment because it was no longer availdtdm
the manufactureAll rats became ataxic withi s of the Propofol infusion, confirming catheter
patency.On the next day, animals were placed in the test chambers and tethenadftsion
line containng.the cocaine solution (2.0 mg/lkg 10uL). The other end of the line was attached
to a 1 c.c4BD syringe and placed om&rosyringe pumgHAVARD PHD, 2000; HARVARD
Apparatus, Saiataurent, Canadafollowing a 30-minute habituation period, each animal
received the first of three experimenssiministered i.v. cocaine infusions delivered over 5, 45
or 90 s,.ihjected 90 minutes ap andin counterbalanced orderThe st session lasted five
hours, andlocemotor activity was recorded as photodedlam breakscomputed over 16-
intervals. At'the end of the study, catheter patency was verified once aghirPropofoland
animals.were immediately euthanized by decapitation while still under anaes@wesisatdid

notbecome ataxic and was eliminated from the study.

Statistical analysis
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Datawas analyed with Prism 7 software (GraphPad Software Inc., La Jolla, ©hanges in
cocaine concentration as a function of time duringithétro assay wer@analyzed usingne-
way [Page 12] analysis of variance (ANOVARepeated measuraéso-way ANOVA was used to
analyze he effects of cocaine infusiarte on averageextracellular concentrations cocaine

and dopamine oveime, and on locomotor activity over tim@nfusion Rate’ and ‘Time’ as
within-subjects/variablesRepeatedneasures onway ANOVA, followed by Tukey’s multiple
comparison‘testsr two-tailed paired-tests wereused to analyse the effects of cocaine infusion
rate on cocaine“and dopamir@max (the highest value for each analyte obtained from each rat
after cocaingaveragedy infusion ratg, Tmax (time to reachCmaxin each rat, averaged by
infusion rat¢,andtime to first significant increase (the first valu@ standard deviations above
baselinein“each rataveraged by infusion rgtedOneway ANOVA was also used to assess the
effects of cocaine infusion rate bnthtotal locomotor activity (from minute ‘0’ to minut&0)

and locomotor activity within the first minute after injectiumear regression was used tbe
correlatiors.andFisher’s rto-z transformation was then used to compare correlation coefficients

(r). Effectsswere considered statistically significant wRen0.05.

Results
Determination of microdialysis probe delay timein vitro

Figure 2 shows cocaine concentrat®at 1-minute intervals when microdialysis probesere
placedin an aCSHFascorbic acidsolution then in @ aCSF/ascorbic acid/1 uM cocaiselution

and back again: Of note, apparent cocaine concentrations do nat staréturn to0’ when the
probes aresplaced in the aCSF/ascorbic acid so|ubieforeand afterprobe immersion irthe
cocaine'solution. This background signal is likely produced by a contaminant witHaa siass
transition to cocaineWe overcame this issue bykiag the background contaminant signal into
[Page 12] account when assigning the lower limit of quantification (LL@®)he LCMS assay
This LLOQ was estimated as being 3X greater than the signal generated in aCSF/ascorbic acid
alone, or 23 nM. The baseline values in Figure 2 are all below 23 nM and thus theseamlues
be considered to be a background signal. It is only when the dialysis iprplaeed in the
cocainecontaining solution that cocaineoncentrationsrise above the LLOQOnce the

microdialysis probes vere placed into the cocaine solution, cocaine concentraiicreased
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significantly from baseline level@Oneway ANOVA on minutes10 to 26; F85,36)= 26.08 P

< 0.000). Cocaine concentrations began to incréaeminutesafter probe immersion into the
cocaine solutionandreached neamaximum concentrations-2 minutes laterThus, the delay
time betweerthe microdialysisprobe and the collection vial is&minutes, andifter this delay,
nearpeakcongentrations of cocaingeredetected withinl-2 minutes.When themicrodialysis
probeswere placed back into the solution that did not contain cocaine, domgentrations
significantly"decreased (Orveay ANOVA on minuted) to 42, F(42,43 = 17.51 P < 0.0002).
Cocaine concentrationsegan todecreaseb-6 minutesafter removal of the probes from the
cocaine solutionand theyreturned to baseline levels2 minutes laterThus, there was a-&
minute delaytime to detect the presence and then absence of cocaine in a sdlbtodelay is
the time it'takes foaCSFto be transported acrofise microdialysisprobe membrane, through
the probe outlet tubing and into the collection viRésidual cocaine ialsoremoved from the
microdialysisprobeswithin 2 minutesafter this delay timeBased on thesindings, the curves
illustratingbraincocaine and dopamine concentratiamsivo (Figure 3)were corrected foa 5

minutedelaygtime.

Varying the.rate of i.v. cocaine delivery between 5 and 90 secondgnificantly influences

striatal cocaine and dopaminelmax, but not Cmax

[Page 13] Imdl" 7 rats the unilateralmicrodialysis probday in the dorsal striatum between 2.2
and 1.2 mmTanterior to BregmBigure 3a). Some probe tips extended slightly into the nucleus
accumbens core. However, there would be little to no sampling from the probe tisvesre
occluded with super glue to create a closed system for dialysateAloanimals received all
three intraven@us cocaine infusions administered over 8nd90 s, in countebalanced order.
Baseline levels of cocaine amtbpamine during the 5 minutes prior to each infusion were
comparable”(Cocaine: F(2, 18) = 1.42= 0.27; Dopamine: F(2,18) = 0.1B,= 0.86; data not
shown). Thusocaine and dopamine concentrations returned tecquaine baseline levels
before each infsion, andthere were no significant cargver effects from one infusion to the
next. At all rates i.v. cocaineadministrationincreasedextracellularconcentratioa of both

cocaine andlopamineabove baseliné~igures 3b and3c, respectively)Therate of i.v. cocaine
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infusion significantly influenced cocaine and dopamine concentrabgstime(Infusion rate x
Time interaction effectigure 3b, Fze 216 = 4.38;Figure 3¢, Fss 216= 3.56; allP’s < 0.0001).
There was no significant effect dfdrateof i.v. cocaine infusioron peak concentration&fmax
values)of cocaine Figure 4a Fi61, 967= 1.71,P = 0.23; 5 s: 267.82 £ 52.11; 45 s: 223.69 +
41.19; 90 s::185.09 + 27.18 nM) dopamingFigure 4b Fj 41 g44= 0.87,P = 0.42; 5 s: 3.50
0.49, 45 s:,.3.79 £ 0.82; 90 s: 3.06 + OrB3). However, a hypothesizedpeakconcentrations of
cocaine(Figure4c, F15 9= 16.23,P = 0.0016; 545s<90s; 5s: 4.33 £ 0.86; 45 s: 6.86 + 1.28;
90 s: 11.71"+0:47 minutes) and dopam(iRigure 4d; F153 917= 7.34,P=0.02; 5< 90 s5 s:
4.33 £ 0.42; 45 s: 6.71 £ 0.89; 90 s: 9.29 £ 1.49 minwese reached earlier following faster
i.v. infusions Fo furtherexaminethis effect we analyzedtheeffects of infusion rate on thane
interval beforecocaine andlopamine concentrationgere greater than baseline concentrasion
by two standard deviation$his furtherconfirmedthata 5s[Page 14] infusionled to the fastest
increases Imextracellularconcentration®f cocaineand dopamingFigure 4e F, 12=6.42 P =
0.01; 5versus 90 sit= 2.74, P = 0.03 45 versus 9G. tg = 2.59 P = 0.04 Figure 4f; F, 12 =
4.31,P = 0:04y5 versus 90 5 £ 2.54 P = 0.09. In parallel,we observed the animatkiring
testingandwemnoted that locomotor activity increased earlier following rapid (5 s) versus more

sustained«(4®0 s) i.v. cocaine infusions

In-summary at all cocaine i.v. infusion rates, we measured a significant increase in drug
and dopamine concentrations in tharsal striatum.ricreasing theate of i.v. cocaine delivery
between 907and 5 s did not significantly influence peakcentrationsof the drug or of
dopamine. Howeverocaine and dopamine concentrations reached peak levels earlier following

morerapid nfusions.

Cocaineand dopamineconcentrations are tightly coupledacross time

Data frommssrepresentative rats show that, at all infusion ratesaine and dopamine
concentrations were very closely linked acriis® (Figures 5a-¢). Across all experimental rats
and infusion rateshere was a significant positive correlatiogtweenextracellular cocaine and
dopamineconcentrationst each sampling time after drug infusi@figure 5d; r* = 077, P <
0.0001). Thee wasalso a significant positivecorrelation between extracellular cocaine and

dopamine concentrations @&chinfusion rate(5 s,r? = 0.61,P = 0.0006; 45 st? = 0.88,P <
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0.0001; 90 s’ = 0.91,P < 0.0001 Data not shown)This correlationwas strongefollowing a

90 infusion compared to &-s infusion ¢=-2.02, P = 0.04; no other comparisons were
statistically significant The linear relationship between cocaine and dopamine was observed up
to 187-220nM cocaine, the highest concentrations measured folloimngnfusion of the drug

over 5-90 srespectively

[Page 15]4l.v. cocaine infusion does not significantly influence striatal levels of other

neurochemicals

In addition to dopamine, we also measured extracellular concentrations afth20
neurochemicals in the striatuafter cocaine infusianThese were acetylcholine, adenosine,
aspartate, y-aminobutyric acid, glucose, glutamate, glutamine, glycine, histamine,
norepinephrine, phenylalanine, serine, serotonin, taurine, tyr@sidethe metablites 3,4
dihydroxyphenylacetic acid, homovanillic acidp&thoxytyramine, Hydroxyindoleacetic acid
and normetanephrine in the dorsal striatlitrere were no significant effects of cocaine or of the

rate of infusion.on the concentrations of any of these ¢sipplementary figures-SB).

Locomoter-activity increases earliewhen cocaine is infused over 5 seconds

l.v. infusian rate did not influencthe locomotor response galine (Saline;F,9 = 0.21,P =
0.81). Thusssalineinduced locomotiorwas pooled across rates atiis served aghe control
condition.At.all‘infusion rates, cocaine increased locomotor actiétstive to salingFigure 6;
F333=6.80,P=0.00% 5 s vs. SalineF; ;; = 11.43,P = 0.006; 45 s vs. Salin€; 11 = 16.24,P
=0.002; 90 s vs. Salinéy ;; = 27.74,P = 0.0003), andlbrates evoked a comparable increase in
locomotion_QOneway ANOVA on total locomotor counts over the 30 min after cocaine
injection; F1 101213 = 217, P = 0.17). However,infusion rate significantly influenced cocaine
induced locemotioracross timg(Infusion rate x Time interaction effectFgg, 745 = 1.47, P =
0.0)). To analyse this further, we compared locomotor activity in the firsutaifollowing
cocaine injection. This showetthat injecting cocaine i.v. over 5 versus 90 s evokes greater
locomotor activityin the first minute posinjection (F1.s717.24= 10.87,P = 0.002; 5 vs. 90, =
0.004).
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[Page 16] Discussion

To our knowledge, the present experiment is the first to simultaneously méasure
concentrations oéxtracellularcocaine and dopamine in awake, freglgving rats, and to also
assess the influena& the rate of i.v.cocaineinfusion. We found that injecting cocainei.v.
between 5.and 90 s robustly increases cocaine and dopamine concentrations in the dorsal
striatum,without significantly altemg peak concentratiorsf eitheranalyte[see alsqFerrarioet
al., 2008). However, drug and dopamineoncentrationsrose faster when cocaine was
administeredyver 5 s;such that peak concentrationsre reached earliePrevious work shows
that ®mpared _toslower i.v. cocaine infusion@5-100 9, rapid infusions (5t6 § promote the
development of sensitization to both the psychomotor activating and incentive motivationa
effects of ‘cocainéSamahaet al., 2002; Samahet al., 2004; Liuet al., 2005; Minogianist al.,

2013; Bouayadservais et al., 2014; Allain et al., 2017), lead to greater drug intake
(Wakabayashétial., 2010; Minogianist al., 2013; Bouayadservaiset al., 2014) and increase
the risk of,cocaing@rimed relapse following extended abstine@éakabayashet al., 2010)
Rapidcocainedelivery to the braimlso preferentially engagenesocorticolimbiaells (Porrino,
1993; Samahet al., 2004; Brown & Kiyatkin, 2005; Ferrariet al., 2008) If rapid i.v. cocaine
administration  promote these addictionfelevant effects by changing dopamine
neurotransmissionour findings suggestthat the critical factor is likely the time it takes to
transition from low/baseline to higéxtracellular dopamineoncentrationsather than any large

differences,in peakoncentrationgFerrarioet al., 2008).

[Page™16] Our resultsconfirm predictions derived fronpharmacokinetic modeling
Samahat al. (2002)useda pharmacokinetic modehlidated byPanet al. (1991)andestimated
that injectingcocaine i.v. over 5, 5@r 100 s would nosignificantly influence peak brain
concentrations of the drug, but wouldangehe rate of rise of drugoncentrationsOur findings
confirm this to be the casd&he temporal profile of brain cocaimencentratios we reportalso
matches that in Samaleh al. (2002) However,Samahaet al. (2002) estimaté higher peak
cocaine value# the brainthan measured he(e4 pM after 1 mg/kg i.v. cocaineompared to
0.20.26 pM after 2 mg/kg i.v. cocaine her&amahaet al. (2002) useda pharmacokinetic
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modelthatestimatesvholebrain concentrations corrected for probe recovery rate, while here we
reportuncorrectedconcentrationgrom dialysate samples&Jncorrected concentration valugs
dialysate samplewould be lowerIn accordance with thisn the present studgnin vitro test
showed thapeak concentrations of cocaine detected by the probestevei@d lower than the
concentration,in the prepared solutil-0.14 uMweredetected in a-tM cocaine solution

This representst 10% probe recovery at theuR/minute flow rate used hereAs such, keeping

in mind“the*10% recovery rate from the microdialysis probe, the striatal cocelrdopamine
values we“report can be used to select behaviotngldyant cocaine and dopamine
concentrations /inn vitro experimentgNicolaysenet al., 1988) Indeed, the cocaine dose we

used (2 mg/kgalsoproduced a robust increase in psychomotor actidiyailed below).

Variation in the rate of i.v. cocaine infusion digrantly influenced the temporal
dynamicsgof“cocaine and dopamine levels in the dorsal strigdBynmsampling at dminute
intervals, ve*found thapeak brain concentrations of cocaine were reached 4 minutes after a 5
infusion, 7 minutes after a 45 infusionand 12 minutes after a @dnfusion. Similarly, Hurd et
al. (1988) who [Page 17] sampled every 10 minutefund that following an85- i.v. cocaine
infusion, peakdrugconcentrationn the striatumare seemvithin the first 10minute sample. fie
cocaineTmax=valueswve observechereaftera 5 versus 96s i.v. infusion arealso generally
similar to thoseseenin rats following i.v. (32 minutes)and intranasal (15 minutes) cocaine
administration;"respectivelfChow et al., 1999) This suggests thamjecting cocainei.v. over 5
versus90(sin ratscan to some extent mod#ie temporalkinetics of i.v. versusntranasal
cocaine.Our_findings also agreewith those ofFerrarioet al. (2008) showingthat irfusing
cocaine i.v. _between 5 and 90 s does not produce large effects on peak daoacemrations
in the stratum(or on area under the curve values for dopamine),tbotoduces significant
differences in dopaminémax. Ferrarioet al. (2008)alsoreporedthatdopamine concentrations
start to risel-2 minutes after a-5 i.v. cocainenfusion, and3-3.5 mirutesafter a 106s infusion
Similarly;"here we found that dopamine concentrations begin to increase 1 minute afer
cocaineinfusion, and 5 minutes after a @0infusion. We have previouslyused in vivo
voltammetry techniques urethaneanesthetized ratand found thapeak levels of dopamine
reuptake inhibition occur within 1 minute after & bv. cocaine infusiofSamahaet al., 2004)

This is much sooner than the time to reach peak brain concentrations of dopaminsewed
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here using awake freelymoving animals andin vivo microdialysis (4 minutes after a-§
infusion). However, our findings agree with those of otlsiagin vivo voltammetry techniques

in awake, freelymoving rats, and showing thaeéakdopamineanhibition does not occur until 6
minutes after a +25 s i.v. cocaine infusiorfKiyatkin et al., 2000). Thereasons for the
discrepancy.between these findiragaild involve the use of anesthetized versus awake animals.
It is also pessible thahére is a nodinearrelationship between the ability of an i.v. infusion of
cocaine“tooccupy dopamine transporterd i ability toblock the reuptake of dopamirend

thus increase'dopamine overflow (Brodailal., 2017).

[Page/18]}/Brain cocaine and dopamine concentratimesetightly coupled across time, at
all infusion rates. Thisagreeswith previous studieswhere cocaine was given via the
intraperitoneal or.v. routes (Nicolaysest al., 1988; Shouwet al., 2006) Thus,once in the brain,
cocaine quickly occupies dopamine transporters, producing rapid dopamine reuptake blockade
and overflow_iinto the extracellular spac&he cocaingnduced increases in dopamine
concentrations.we measured here are likely largely due to blockade of the dopansperter,
but cocainecould also be alteling dopamine releas@/entonet al., 2006; MejiasAponteet al.,
2015) As this'matter is resolved, the very close temporal relationship between brain cocaine and
dopamine corertrations we observedsuggeststhat the pharmac&inetic profile of one

compound can be used as a proxy for the other.

In contrast to what we observed with dopamine, acutecocaineinjectionsdid not
changethe concentrations adther neurochemicalsn the striatumWe tested only ondalbeit
relatively*high dose of cocaindn addition, our rats received a total of&aineinfusions This
might not besufficient toreliably alter extracellulaconcentration®f some of thecompounds
we measuredFor instanceseveralexposurego cocaineare generally needetb significanty
increasestriatal glutamateoncentrationgZhanget al., 2001) Interestingly, here and in prior
work (Hurd & Ungerstedt, 1989), cocaine did not significantly change dopamine metabolite
concentrations (DOPAC, HVA andNT), even though the drug robustly increased extracellular
dopamine concentration3.his suggests that the relationship between dopamine release and
metabolism is not simple. Cocaine might n&gnificantly changedopamine metabolite
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concentrationsn the dorsal striaturbecausehe drugpotently blocksdopamine reuptakehus
preventing dopamingPage 19] metabolism in the cell termingHurd & Ungerstedt, 1989)
Although acute cocaine can significantly increasmepinephrineoverflow in the ventral
striatum (Reith_et al. 1997Wwe found noeffects onnorepinephrine overflow in the dorsal
striatum To.eur knowledgethis is the first report orhow systemiccocaineadministration
influencesnorepinephrin@verflow in thedorsalstriatum The dorsal striaturaontains a limited
densityof scattered noradrenergic axons and very little norepineptioreaiet al., 1996) We
also saw no“effect of i.v. cocaine @erotonn concentrations ithe dorsal striatumThis was
surprising since cocaine has similar affinities for brain serotonin and dopamine transporters
(Miller et al.,s2001; Rothmanet al., 2001) Others haverepored that acute cocaingncrease
extracellular concentrations aferotonin in thedorsal (Bradberry et al., 1993) and ventral
(Essmaret al., 1994)striatum The discrepancy betweenur findingsandthesereportscould be
due to the usef anaesthetized ra{Bradberryet al., 1993) the route of cocaine administration
(Bradberryet al., 1993) andthe striatal subregion sampl@gssmaret al., 1994).

The rate’ of cocaine infusioalso influenced the temporal dynamics psychomotor
activity. While*1.v. infusion rate did not significantly influence totalels of cocainénduced
locomotion, faster i.v. infusionevoked a greater locomotor response in the first minute after
infusion Thus, the rate of cocaine infusion influenced the temporal dynamics of both dopamine
concentrations and dreigduced psychomotor activity. Howevéinge relationship between these
two measures igot straightforwardFirst, at all infusion rates, cocaifieduced locomotiofoth
peaked earlieand returned to baseline levels sootfean drug or dopamine concentrations
(compare“Figure6 and 3. We measured cocaine/dopamine concentrations and canduned
locomotor- activity in different animals. However, others htalenthe two measures ithe
same[Page 19] animals andalso found thatin previously drugraive rats,cocaineinduced
locomotion peaks earlier than cocaimduced dopamine concentration&dlivas & Duffy,
1990) butssee(Hemby et al., 1994]. Other studies withmethylphenidatg§Gerasimovet al.,
2000) ornicotine (Benwell & Balfour, 1992)also showa similar effect Combined the present
study and these prior repoftave measured drigduced dopamine overfloim both the ventral

and dorsal striatum. Thus, it is possible that dnayiced dopamine accumulation outside of
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these brain regionalso significantly contributes tihe psychomotor responé€alivas & Duffy,
1990).It is also possible that cocaiimereases dopamine concentrations in the synapse to induce
psychomotor activitywithout proportionate oimmediatediffusion of dopamine outside of the
synapse, to the_microdialysis profionon, 1988; Kalivas & Duffy, 1990This would explain

why cocaineinduced dopamine concentrations detected by the probe peak later in time

compared ta@oecaineinduced locomotion.

There are elements to consider in interpretng findings.First, we do not know how
the rate of I.v. cocainafusion influences cocaine/dopamine pharmacokineticexmastriatal
brain regions\We would predict that the cocaimpdarmacokineticsve measuredh the dorsal
striatum likely reflect those in the rest of the braileed, cocaine is distributed uniformly in the
brain followingi.v. or intranasal administratiofReed & Spiehler, 1985)A Positron Emission
Tomographystudy in humanslso suggests that drug pharmacokinetics in individual brain
regions are_very similar to those in whole brgBerridge et al., 2010) Second, the
neurobehavioural effects of cocaine that are relevant to addiction come abouinfplédwwonc
exposure _to the drug. We do not know howr measurementsiould change with more
extensive drug exposure. Of note, brain and blood concentrations of cocaine do not significantly
change following repeated i.fPage 20] administrationPanet al., 1991). However, the ability of
I.v. cocaine to inhibit dopamine reuptakanincrease with repeated expos(Brodnik et al.,
2017). This_being said, studyingrain cocaine and dopamine pharmacokinetics after a single
cocaine exposure isnportant A single exposure to psychostimulant drugs like cocaine-or d
amphetamine“¢an produce effects that are relevant to the addiction prodesth laboratory
rats andhumans These effectenclude psychomotor sensitizatiofRobinsonet al., 1982; Lin
Chuet al.,"1985; Strakowski & Sax, 1998; Samadtal., 2002)andchanges in spine density on
medium giny neurons of the nucleus accumbéislb et al., 2003) Finally, we onlytested a
single cocainesdos®dutwe wouldpredictthat across a range of cocaine dosesying the rate

of i.v. drugsinfusionchanges the rate of rise drfug concentrationis the brain

In summary, v measuredtriatal concentrationsf cocaineand dopamineas well as

cocaineinduced locomotioracrossa range ofi.v. infusion ratesthat significantly influences
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brain andbehaviourfReviewed in(Samaha & Rbinson, 2005; Allairet al., 2015). We found
thatincreasingthe rate of i.v. drug deliverincreaseghe rate of rise of cocaine and dopamine
concentrationsn the dorsal striatum without producing largeffectsin peak concentrations
This wasmirrored by a more immediate increase in locomotor activity following repidus
sloweri.v. cecaine infusionsThus, ouresultsraise the possibility that differences in tiae of
cocainerise alone_can determineutcome perhaps by influencing the temporal dynamics of
dopamine™accumulation in the synapse, and the temporal pattern of dopamine receptor
occupancyln“support of thiswork in humans shows that smoked and intranasal cocaime
produce equivalent levels of dopamine transporter blockade, but smoked cocaine speoduce
strongerselfreported high (Volkowet al., 2000) Thus,we conclude that differences in the rate
of rise of dragrand dopamirieage 21] levels in the brain might be an important issue in thinking
about why drugs, formulations, and routes of administratiah achieve a rapid drug onset are

the most addictive.
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[Page 33] Figure legends

Figure 1. The sequence of experimentadvents Panel a illustrates the timeline of experimental
eventsfor the in vivo microdialysis studyRats were implanted with a unilateral cannata the
dorsal striatum /and a catketnto the jugular vein. Following recovethe ratswere habituated

to theinwvive.microdialysis apparatus and to tixe infusion procedure of daly sessionsOn

the following.test day, microdialysis probes were inserted into the dorsal striatunm.vand
catheters /(were tethered to tbecaine infumn set up.Each rat received arv. infusion of 2
mg/kg cocaine, delivered over 5, 45 or 90 s, in counterbalanced order, \usons
administered 90 mirtesapart. Dialysate samples were collected every mifaut&10 minutes
before eachifusion and for 15 mintesthereafter. Panel b showshe sequencef experimental
eventsfor the psychomotor activity studiRats were implantedith an intrajugular catheter and
allowed ta recover for 7 dayRats were thehabituated to the psychomotor activity cages and
i.v. infusion_lineson 2 daily sessions. On the following test day, rats were tethered to the cocaine
infusion lines_andlocomotor activity was measured. Each rat received i.v. cocaine (2.0
mg/kg/infusion ‘delivered over 5, 45 and 90 s, in counterbalanced order, with infusions

administered*90 minutes apart.

Figure 2. Cocaine concentrations detected whemicrodialy sis probes were placed into a
solution containing 1 pM cocaine.Two probes wereeach transferred from a solution
containing.aCSkascorbic acid to a solution containing aC&€orbic acittocaine (1 puM), and
back again=-All solutions were stirred and testedoaim temperature. The data shown are
averages' (¥#"SEMjrom two independent tests carried out witho different probes. Samples
were collectediat -ininute intervals, at a flow rate of 2Ldminute and analyzedy HPLG
MS/MS.n = 2. uM, micromoles/liternM, nanomols/liter.

[Page 33] Figure 3. Varying the rate of i.v. infusion between 590 s influences the temporal
kinetics of extracellular cocaine and dopamine concentrations in the dorsal striatunT.he
location of microdialysis probes in the striatum is shown in paneT@)distance in millimeters
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(mm) from Bregma is given for each coronal rat brain seclibe. white boxes at the tips of

each probe indicate the segment where glue was appliedylaré no exchange is possible.
Panels (b) and (c) show striatal cocaine and dopamine concentrations over time, respectively, as
a function_ of i.v. drug infusion rate. All values are mean + SBM. 7 rats/infusion rateDS

Dorsal Striatum NacC, Nucleus Accumbengore, NAcSh, Nucleus Accumbenshell, nM,

nanomolelliter<s, seconds.

Figure 4. Varying the rate of i.v. infusion between B0 sinfluences the rate ofrise of
cocaine and.dopamine concentrations (Tmax) in the dorsal striaturwithout producing

large effects on maximum concentrations (Cmax)Panels (a) and (b) show average Cmax
values for_cocaine and dopamine, respectively, as a function of the rate of i.v. coaaimninf

The time to_reach peak concentrations (Tmax) of cecéi)h and dopamine (d) in the dorsal
striatum ig"shown as a function of the rate of i.v. cocaine delivery. Panelad€j) show the

time interval™before cocaine and dopamine concentrations were significantly greater than
baseline levels (> 2 standardvidgions above baseline), as a function of the rate of i.v. cocaine
delivery. All values are mean + SEM .= 7 rats/infusion rate.P < 0.05 compared to 90 s8M,

nanomoles/liters, seconds.

Figure 5. Extracellular dopamine and cocaineconcentrationsin the dorsal striatum are
linearly correlated. Panels (ec) show extracellulaiconcentrationf dopamine and cocaine
over timefrom representative rgtfor eachi.v. infusion rate Panel (d) showa significant
positive [Page 34] correlation between dopamine and cocaine concentrations in the dorsal
striatum, at.eachsampling time across all rats anthfusion rates For this analysis, weised
linear regression to model the relationship betwdepamine concentrationand cocaine
concentrations, attach of the 15 posibcaine samplesn = 7 rats/infusionrate nM,

nanomols/liter.s, seconds.
Figure 6. The influence of the rate of i.v. cocaine infusion on locomotor activitf.ocomotor

activity (beam breaks per minute) as a function of i.v. drug infusion rate. -Salneed
locomotor activity is also shown for comparison. The shading highlights the first minette af
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cocaine, where locomotor activity was greater afteisarfection than after a 98 injection. All
values are mean + SEM. n = 12 rats/infusion rate. s, seconds.
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Figure 1
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Figure 3
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Figure 4
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Figure 6

(o))
o
|

© o
S,

o
o
O
A

N
o
I
0]
L
5'(/)(1)

Locomotor activity
ocaine

N
o

|
Sl_<=0C
STEC

/

S
S0
1 K8

4 -2 0,2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Time (minutes)

ejn_13941_f6.eps

This article is protected by copyright. All rights reserved



