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Abstract
Drugs of abuse dynamically regulate adult neurogenesis, which appears important for some types of
learning and memory. Interestingly, a major site of adult neurogenesis - the hippocampus - is
important in the formation of drug-context associations and in the mediation of drug-taking and drug-
seeking behaviors in animal models of addiction. Correlative evidence suggests an inverse
relationship between hippocampal neurogenesis and drug-taking or drug-seeking behaviors, but the
lack of a causative link has made the relationship between adult-generated neurons and addiction
unclear. We used rat i.v. cocaine self-administration in rodents, a clinicall-relevant animal model of
addiction, to test the hypothesis that suppression of adult hippocampal neurogenesis enhances
vulnerability to addiction and relapse. Suppression of adult hippocampal neurogenesis via cranial
irradiation before drug-taking significantly increased cocaine self-administration on both fixed-ratio
and progressive-ratio schedules, as well as induced a vertical shift in the dose-response curve. This
was not a general enhancement of learning, motivation or locomotion, as sucrose self-administration
and locomotor activity were unchanged in irradiated rats. Suppression of adult hippocampal
neurogenesis after drug-taking significantly enhanced resistance to extinction of drug-seeking
behavior. These studies identify reduced adult hippocampal neurogenesis as a novel risk factor for
addiction-related behaviors in an animal model of cocaine addiction. Further, they suggest that
therapeutics to specifically increase or stabilize adult hippocampal neurogenesis could aid in
preventing initial addiction as well as future relapse.
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INTRODUCTION
Drug addiction is an enormous problem, with 4.9% of the world population abusing drugs
annually (UNODC, 2008). Addiction is exceptionally challenging to prevent and treat, as
underscored by the high propensity of addicts to relapse to drug-taking. For example, one study
found 44% of cocaine users relapsed on average 72 days after treatment (Hubbard and Marsden,
1986). A promising approach for addiction prevention and treatment is the identification of
vulnerability factors. For example, rodent models of drug abuse have identified that stress
(Miczek and Mutschler, 1996), high locomotor response to novelty (Piazza et al., 2000), and
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high levels of cocaine self-administration (Edwards et al., 2007) are addiction vulnerability
factors, each meeting the criteria of producing a vertical shift in the dose-response curve and
enhancing drug-seeking (Piazza et al., 2000). However, as addiction is a complex disorder,
much work is needed to comprehensively identify additional vulnerability factors.

The hippocampus is increasingly recognized as having a potential role in addiction, and is
implicated in drug-context memory (Meyers et al., 2006; Shen et al., 2006; Hernandez-Rabaza
et al., 2008) and relapse to drug-seeking (Vorel et al., 2001; Fuchs et al., 2005). One aspect of
hippocampal plasticity that has not been thoroughly considered as a potential vulnerability
factor for addiction is neurogenesis, or the ability of the dentate gyrus subgranular zone (SGZ)
to give rise to new neurons throughout life (Eisch, 2002; Abrous et al., 2005). Clinically
relevant self-administration studies reveal dynamic regulation of adult hippocampal
neurogenesis by myriad drugs of abuse, including cocaine (Eisch et al., 2000; Abrous et al.,
2002; Mandyam et al., 2008; Noonan et al., 2008). Interestingly, levels of adult hippocampal
neurogenesis are negatively correlated with drug-taking and -seeking behaviors: manipulations
that increase adult hippocampal neurogenesis – environmental enrichment, chronic treatment
with antidepressants, exercise (van Praag et al., 1999; Malberg et al., 2000; Brown et al.,
2003) – are associated with decreased drug-taking and relapse (Kanarek et al., 1995; Baker et
al., 2001; Green et al., 2002; Stairs et al., 2006; Smith et al., 2008), while those that decrease
neurogenesis – stress, schizophrenia (Mirescu and Gould, 2006; Reif et al., 2006) – are
associated with increased drug-taking and relapse (Covington and Miczek, 2005; Erb et al.,
1996; Chambers and Self, 2002). Taken together with data that reduced adult neurogenesis can
lead to cognitive deficits (Snyder et al., 2005; Saxe et al., 2006; Imayoshi et al., 2008), these
correlative findings suggest the untested hypothesis that reduced hippocampal neurogenesis is
a vulnerability factor for addiction.

Using published protocols to reduce hippocampal neurogenesis in the adult rat via cranial
irradiation (Snyder et al., 2005; Winocur et al., 2006) and assess vulnerability to addiction and
propensity for relapse (Graham et al., 2007), we tested the hypothesis that reduced adult
hippocampal neurogenesis would lead to increased drug-taking and drug-seeking behaviors.
We report that reduction of adult hippocampal neurogenesis increases motivation for drug-
taking and drug-seeking and enhances resistance to extinction in the drug-taking environment.
Thus, diminished hippocampal neurogenesis is a risk factor in an animal model of cocaine
addiction.

METHODS
Animals

One hundred and two adult male Sprague-Dawley rats (Charles River, Kingston, NY) were
individually housed in a climate-controlled environment on a 12 hour light-dark cycle (lights
on at 0700 hours). Rats were acclimated to vivarium conditions for at least one week prior to
experimentation. All experiments were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals in an Institutional Animal Care
and Use Committee and Association for Assessment and Accreditation of Laboratory Animal
Care approved facility at UT Southwestern Medical Center. All steps were taken to minimize
the number of rats used as well as the pain and suffering of the rats.

Experimental overview
As shown in Figure 1 and as described in detail below, rats used for this study were divided
among three experiments. First, to examine the effect of focused cranial irradiation (IRR) on
cocaine self-administration (CSA), rats received either IRR or sham irradiation prior to CSA
(IRR-CSA n=21; Sham-CSA n=18; Figure 1A). Second, to examine the effect of IRR on a
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natural reward, rats received either IRR or sham irradiation prior to sucrose self-administration
(IRR-SSA n=21; Sham-SSA n=18; Figure 1B). Finally, to examine the effect of irradiation on
reinstatement behaviors, rats received either IRR or sham irradiation after CSA and four weeks
of withdrawal (CSA-WD-IRR n=15; CSA-WD/Sham n=9; Figure 1C).

Cranial irradiation
We used a cranial irradiation paradigm previously shown to be optimal for irreversibly
suppressing adult hippocampal neurogenesis in the rat (Snyder et al., 2005; Winocur et al.,
2006). For two consecutive days, rats were anesthetized with sodium pentobarbital (50 mg/kg,
intraperitoneal (i.p.)) and exposed to either 0 Gy (Sham rats) or 10 Gy of irradiation (IRR rats;
1.08 Gy/min, 250 kV, 15 mA) via an X-RAD 320 self-contained irradiation system (Precision
X-ray Inc, North Branford, CT). For IRR rats, irradiation was focused in a 1 cm diameter circle
over the hippocampus (interaural 8.00 mm to −2.00 mm; (Paxinos and Watson, 1997) to
minimize irradiation of other brain regions (e.g. olfactory bulb, rostral migratory stream,
cerebellum). As shown in Figure 1, rats were exposed to sham or cranial IRR either at 37 days
of age (IRR-CSA, Sham-CSA; IRR-SSA, Sham-SSA) or 98 days of age (CSA-WD/IRR, CSA-
WD/Sham) and allowed four weeks of recovery in the home cage prior to additional
experimentation.

Food training and intravenous catheter surgery—To facilitate acquisition of cocaine
self-administration for the four groups of CSA rats (IRR-CSA, Sham-CSA, CSA-WD/IRR,
and CSA-WD/Sham; Figure 1A, 1C), these rats were placed on a restricted diet (~15 g of chow
per day (Edwards et al., 2007)). For the next 3 days, rats were placed in operant chambers (Med
Associates, Georgia, VT) where they learned to press the active left lever for 45 mg sucrose
pellets (Bio-serv, Frenchtown, NJ). All rats used for the CSA studies reported here reached
acquisition criterion, which was 100 pellets/day for 3 consecutive days. After food training,
rats were fed ad libitum at least 1 day prior to implantation with a chronic indwelling
intravenous (i.v.) catheter as described previously (Noonan et al., 2008). Cocaine self-
administration via the i.v. catheter began after one week of recovery from the surgery.

Cocaine self-administration
After food training and one week after i.v. catheter surgery, IRR-CSA, Sham-CSA, CSA-WD/
IRR, and CSA-WD/Sham rats self-administered cocaine i.v. in 4-hour daily sessions for 15
days (Figure 1A, 1C). Cocaine hydrochloride was provided by the National Institute on Drug
Abuse (Baltimore, MD). During CSA, the i.v. infusions of cocaine were always a) paired with
the active/left lever, b) accompanied by illumination of the cue light above the left lever, c)
delivered in a 0.1 mL volume over 5 sec, and d) followed by a 15 second (sec) time-out during
which the cue and house lights were off for the last 10 sec. The response requirement for cocaine
infusions was steadily increased to facilitate drug-seeking during later reinstatement testing
(Keiflin et al., 2008). For example, for days 1-6 of CSA (acquisition phase), rats self-
administered cocaine on a fixed-ratio reinforcement schedule (FR1): one active/left lever press
led to a 0.5 mg/kg i.v. infusion of cocaine. For days 7-8 of CSA, the schedule increased to FR3,
requiring three lever presses for an infusion. For days 9-15 of CSA, the schedule increased to
FR5, requiring five lever presses for an infusion. As consistent with addiction literature
(Richardson and Roberts, 1996; Lu et al., 2003), these are defined as fixed – rather than
progressive-ratio – schedules since there is no “breakpoint” that is reached by the rats during
these self-administration sessions, as rats press at evenly-spaced intervals after the initial
loading period.

On day 16, most IRR-CSA (n=14) and Sham-CSA (n=13) and all CSA-WD/IRR and CSA-
WD/Sham rats underwent within-session dose-response testing. Four doses of cocaine (1, 0.33,
0.10, 0.03 mg/kg) were made available in descending order, as previously described (Graham
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et al., 2007). The remaining rats from the IRR-CSA (n=7) and Sham-CSA (n=5) groups did
not undergo dose-response testing but rather progressive-ratio testing on days 16-21 as
previously described (Figure 1A), operationally defined as the escalation of response
requirement until the subject will no longer respond, having reached a breakpoint. The rats that
underwent progressive-ratio testing self-administered 1 of 3 doses of cocaine (0.1, 0.25, 0.75
mg/kg) in two consecutive daily sessions in counterbalanced dose order over a total of 6 days.
The testing followed the progressive-ratio schedule previously described (Richardson and
Roberts, 1996), where each successive infusion required progressively higher lever pressing
according to the following series: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50,62, etc. according to
response requirement = [5e(injection # × 0.2)] - 5. The “break point”, or highest ratio of responses/
infusions completed before a 1-hour lapse in earning infusions, was analyzed using data from
the second test at each dose (Graham et al., 2007).

Immediately after the dose-response testing or the last day of progressive-ratio testing, all rats
were tested for catheter patency with sodium methohexital (0.1 mg in 0.1 mL). IRR-CSA and
Sham-CSA rats that underwent progressive-ratio testing were sacrificed the following day for
immunohistochemical analyses. However, to enable reinstatement testing in the remaining
IRR-CSA and Sham-CSA rats and in all CSA-WD/IRR and CSA-WD/Sham rats, these rats
received four weeks of withdrawal in their home cage after dose-response testing (Figure 1A,
1C). Rats were handled every three days during this period.

Reinstatement testing
After CSA and four weeks of withdrawal in the home cage, the remaining IRR-CSA and Sham-
CSA and all the CSA-WD/IRR and CSA-WD/Sham rats went through 6 days of reinstatement
testing (Graham et al., 2007) followed by 1 day of locomotor testing. Reinstatement testing
involved exposing the rat to stimuli known to induce relapse to drug seeking (the context or
cue light previously paired with CSA, the drug itself, or a stressful stimuli). Lever presses were
recorded during the context-, cue-, drug-, and stress-induced reinstatement testing, but presses
on the formerly drug-paired left lever were not reinforced with cues or cocaine infusion. Left
lever presses were used as a measure of drug seeking. On day 1, contextual reinstatement was
tested in a 4-hour session. For the entire 4-hour session, rats were placed in the self-
administration chambers where they had previously received cocaine. On day 2, cue-induced
reinstatement was tested in a 4-hour session. After 3 hours in the self-administration chamber,
the cue light above the formerly drug-paired left lever was illuminated for 5 sec every min over
a span of 30 min. On days 3-5, rats were tested for cocaine-induced reinstatement in 2-hour
daily sessions. After 1 hour in the self-administration chamber, rats received an intraperitoneal
(i.p.) injection of 0 mg/kg cocaine on day 3, and 5 or 15 mg/kg cocaine on days 4 and 5 in
counterbalanced order. On day 6, stress-induced reinstatement was tested in a 2-hour session.
After 1 hour in the self-administration chamber, mild foot shocks were delivered intermittently
for 30 min (1.0 mA in 0.5 sec with random intervals averaging 30 sec). On day 7, locomotor
activity was recorded 90 min prior to and after an injection of cocaine (15 mg/kg i.p.) in a
circular test chamber as reported previously (Edwards et al., 2007). All rats were sacrificed the
following day for immunohistochemical analyses.

Sucrose self-administration and reinstatement testing
To assess the impact of cranial irradiation on a non-drug reward, rats in the IRR-SSA and
Sham-SSA groups self-administered sucrose pellets (Figure 1B) in a manner as similar as
possible to cocaine administration in the IRR-CSA and Sham-CSA groups (Figure 1A). IRR-
SSA and Sham-SSA rats received cranial or sham irradiation as described above, and left in
home cage for 4 weeks. Rats were handled every 3 days during this period, and were placed
on food restriction to encourage sucrose pellet self-administration one day prior to food training
(the last day of the four weeks in home cage). Four weeks after irradiation, IRR-SSA and Sham-
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SSA rats underwent food training on an FR1 schedule to reach an acquisition criterion of 100
pellets/day for three consecutive days. Two days after acquisition, and almost 5 weeks after
IRR, locomotor activity was measured for 90 min as previously described (Edwards et al.,
2007) to determine if irradiated rats showed signs of sickness that might impair their ability or
motivation to seek food. After food training and locomotor testing, rats self-administered
sucrose pellets in 30-min daily sessions for 15 days following the escalating FR schedule used
for the CSA groups (days 1-6 FR1, days 7-8 FR3, Days 9-15 FR5; 15 sec timeout after each
reinforcement).

While every effort was made to keep the cocaine self-administration and sucrose self-
administration studies as similar as possible, we analyzed 4-hour cocaine sessions and only
30-minute sucrose sessions in order to account for the distinct patterns and length of time
animals will press for cocaine versus sucrose. Standard sucrose tests are 30 minutes or less
because rats are sated after 30 minutes or 100 pellets (even with food restriction) and thus will
respond infrequently for food after that period. In contrast, standard cocaine-self administration
will result in discrete phases of intake (loading followed by regulatory phase) (e.g. Tornatzky
and Miczek, 2000; Specio et al., 2008). Note that rats responded for about 100 pellets in that
30 minutes, whereas in cocaine self-administration, it takes 2 to 4 hours to receive that many
rewards using the 0.5 mg/kg dose due to titration of desired cocaine blood levels. The dynamics
of the first 10-20 minutes of cocaine self-administration are thus different from the rest of the
4 hr session, and thus data from the first 30 minutes of cocaine self-administration is not
equivalent to data from the 30 minutes of sucrose self-administration. However, as described
in the next section, progressive ratio was used with both CSA and SSA groups in order to
reduce any constraint of satiety on operant conditioning.

After SSA, rats were run for one week on progressive-ratio testing (Figure 1B). Rats were
examined in both food-restricted and sated states (Schmelzeis and Mittleman, 1996) to assess
potential alterations in the motivation for food or sensitivity to reward devaluation,
respectively. On days 1-3 food-restricted progressive-ratio testing occurred. Rats were then
fed ad libitum on day 4, and on days 5-7 sated progressive-ratio testing occurred. Rats were
then food restricted on day 8 and placed back on the FR5 timeout 15 sec schedule of
reinforcement for days 9-11 to restabilize lever pressing before reinstatement testing.

After progressive-ratio, rats were assessed for reinstatement testing for 1 week (Figure 1B).
Reinstatement testing involved exposing the rat to stimuli known to induce relapse to sucrose-
seeking (the context or cue light previously paired with SSA, or sucrose pellets). Lever presses
were recorded during the context-, cue-, and sucrose-induced reinstatement testing, but presses
on the formerly drug-paired left lever were not reinforced with cues or sucrose pellet
administration. Left lever presses were used as a measure of sucrose-seeking. On day 1,
contextual reinstatement of sucrose-seeking was tested during the 4-hour session. Rats were
placed in the operant chamber, and left lever presses were recorded but the cue light did not
illuminate and no sucrose pellet was delivered. On day 2, cue reinstatement was tested in a 4-
hour session. After 3 hours in the self-administration chamber, the cue light above the formerly
sucrose-paired left lever was illuminated for 5 sec every min over a span of 30 min. On days
3-5, rats were placed in the self-administration chambers for one hour to extinguish lever
pressing. Together with days 1, 2, and 6, this allowed a total of 6 within-session extinction in
both the SSA and CSA reinstatement studies (compare Figure 1A and 1B). On day 6, sucrose
reinstatement was tested in a 4-hour session. After 3 hours, non-contingent presentation of 2
sucrose pellets occurred, followed by 1 sucrose pellet released every min for 30 min. Stress-
induced reinstatement was not performed, as stress does not reinstate sucrose-seeking (Buczek
et al., 1999).
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Cocaine brain levels assay
To determine if irradiation altered the blood brain barrier and thus potentially bioavailability
of cocaine, a subset of IRR-SSA (n=8) and Sham-SSA (n=8) rats were injected with 20 mg/
kg of cocaine i.p. two days after the sucrose reinstatement session (10 weeks after irradiation),
and decapitated 15 min later. For cocaine extraction and level determination via mass
spectroscopy, brains were removed from the skull, the cerebellum was removed, and the
forebrain frozen in ice-cold isopentane. The brains were stored at −80°C until assay of cocaine
levels, as previously published (Edwards et al., 2007). 1ml of the 1:4 diluted homogenate (0.25
g tissue) from each brain was assayed as follows: 200 ng of deuterated cocaine (Cerilliant,
Round Rock, TX) was added as an internal standard, and the pH was adjusted to 9.3 with
ammonium chloride buffer. Cocaine was extracted into 4ml of n-butyl chloride (Fisher
Scientific, Pittsburgh, PA), and subsequently back-extracted into 0.5 ml of 0.1N sulfuric acid
(Fisher Scientific). The pH was adjusted back to 9.3 with ammonium chloride buffer and the
cocaine was extracted into 2 ml of n-butyl chloride. The dried residue was reconstituted with
30 μl of n-butyl chloride. Extracts were quantified on an Agilent 5973N GC-MS (Agilent
Technologies, Wilmington, DE) in selected ion mode, and results corrected for deuterated
cocaine recovery.

Tissue preparation
All rats except those used in the assay of cocaine brain levels were sacrificed via chloral hydrate
anesthesia and intracardial perfusion with 0.1 M PBS (5 min with 10 ml/min flow rate) and
4% paraformaldehyde in 0.1 M PBS (20 min) as previously described (Noonan et al., 2008).
After perfusion, brains were removed and postfixed in 4% paraformaldehyde in 0.1 M PBS
for 24 hours at 4°C. Brains were cryoprotected in 30% sucrose in 0.1 M PBS with 0.1%
NaN3 at 4°C until coronal sectioning on a freezing microtome (Leica, Wetzlar, Germany) at
30 μm through the entire hippocampus (−1.80 to −7.64 mm from Bregma; Paxinos and Watson,
1997) and the olfactory bulb (Noonan et al., 2008). Sections were stored in 0.1% NaN3 in 0.1
M PBS at 4°C until processed for immunohistochemistry (IHC).

IHC and quantification of immunopositive (+) cells
IHC was performed as previously described (Noonan et al., 2008). Briefly, every ninth section
of the hippocampus was mounted on glass slides (Superfrost/Plus; Fisher Scientific) and dried
overnight. Slides were coded prior to IHC and the code was not broken until after microscopic
and data analyses were complete. To verify previous work that this irradiation paradigm
suppressed indices of hippocampal neurogenesis (e.g. Snyder et al., 2005; Winocur et al.,
2006; Wojtowicz and Kee, 2006; Airan et al., 2007; Wojtowicz et al., 2008) and produced
modest transient inflammation (Wojtowicz and Kee, 2006; Airan et al., 2007), separate series
of hippocampal sections were stained with antibodies against the immature neuron marker,
doublecortin (DCX; Brown et al., 2003) and the activated microglia marker, ED1/CD68 (Rola
et al., 2006; Borders et al., 2007). For DCX and ED1/CD-68 IHC, antigen unmasking (0.01M
citric acid, pH 6.0, 95°C, 15 min) and quenching of endogenous perixodases (0.3% H2O2, 30
min) were performed, and sections were placed into blocking solution for 1 hour (3% serum)
followed by primary antibody incubation (goat anti-doublecortin Santa Cruz, Santa Cruz, CA,
1:3000; mouse anti-ED1, Abd Serotec, Raleigh, NC, 1:500) overnight at room temperature.
Sections were then incubated with a biotinylated secondary antibody (horse anti-goat for DCX,
donkey anti-mouse for ED1, Vector Labs, Burlingame, CA; 1:200) followed by incubation
with avidin-biotin (ABC Elite, Vector Labs; 1:50). Immunoreactive (+) cells were visualized
via FITC tyramide signal amplification (Perkin-Elmer, Norton, OH) and DAPI was used as a
nuclear counterstain (1:5000, Roche, Nutley, NJ). Sections underwent rapid dehydration in
ethanols and defatting in Citrosolv (Fischer Scientific) prior to coverslipping with DPX
(Sigma-Aldrich, St. Louis, MO). While these DCX and ED-1 antibodies are widely used and
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have been shown to lack staining in knockout animals and provide a single band via
immunoblotting, specificity of staining was also ensured by lack of signal after omission of
primary antibody and by observation of expected subcellular localization and cellular
populations.

Using the optical fractionator method, DCX+ cells in the SGZ were counted at 400×
magnification with an Olympus BX-51 microscope while continually adjusting the focal plane
through the depth of the section (Noonan et al., 2008). An observer blind to treatment group
performed all cell counts. Exhaustive counts were collected from every ninth hippocampal
section throughout the anterior-posterior extent of the hippocampus (−1.80 to −7.64 mm from
Bregma; (Paxinos and Watson, 1997)). Resulting cell counts were multiplied by the fraction
of the hippocampus examined (e.g. 9; (Noonan et al., 2008) and are reported as total number
of cells in the dentate gyrus. ED1/CD-68 stained sections were examined by an observer blind
to treatment group in order to gain qualitative information on the presence or absence of
activated microglia (Figure 2).

Statistical analyses and presentation
Data are presented as mean ± S.E.M. Statistical analyses employed SPSS version 11.0 for Mac
(Chicago, IL). Self-administration and extinction data were analyzed using two-factor
ANOVA with repeated measures on test session. Reinstatement data were analyzed using two-
or three-factor ANOVA with repeated measures on dose or test session and lever. DCX+ cell
counts were analyzed with two-factor ANOVA. Main effect analyses were followed with
Bonferroni post hoc tests. For analyses with one variable, such as latency to extinction, a t-test
was used. Outlier analysis on cocaine brain levels was performed via the Grubb’s outlier test,
but no data points were removed since results were negative. Statistical significance for main
effects, interactions, and t-tests was defined as p<0.05. Images were imported into Photoshop
version 9.0.2 (Adobe Systems, Inc., San Jose, CA, USA) and the only adjustments made were
via gamma in the Levels function.

RESULTS
Cranial irradiation produced long-term ablation of adult hippocampal neurogenesis without
changing brain levels of cocaine

We explored the role of adult hippocampal neurogenesis in cocaine self-administration by
giving rats cranial or sham irradiation 5 weeks before self-administration (Figure 1). As shown
previously (Snyder et al., 2005), two consecutive sessions of 10 Gy of cranial irradiation
directed over the hippocampus was sufficient to robustly decrease adult hippocampal
neurogenesis, as measured by DCX+ cell number in the SGZ (Figure 2A). The cranial
irradiation-induced reduction in neurogenesis was long-lasting, as rats examined between 5
and 13 weeks after radiation all showed at least a 70% reduction in DCX+ SGZ cell number
as compared to controls (main effect of treatment, F1,33 = 213.05, p<0.001; Figure 2B), with
almost complete ablation in the dorsal and anterior dentate gyrus and a robust decrease in the
ventral and posterior dentate gyrus (Figure 2C). While some activated microglia (labeled by
ED1/CD-68 antibody) were present in the dentate gyrus of irradiated rats when examined three
weeks later, this inflammatory effect was modest and transient (Figure 2E). This is consistent
with prior reports that this irradiation paradigm resulting in minimal or at most transient
inflammation (Wojtowicz and Kee, 2006;Airan et al., 2007).

To assess whether irradiation changed brain bioavailability of cocaine, we used mass
spectrometry to measure brain levels of cocaine after a single cocaine injection given 10 weeks
after irradiation. Brain levels of cocaine (ng/gram of brain) were similar between control and
irradiated rats (Sham = 5956.38 ± 1526.27, IRR = 7365.00 ± 974.87; p=0.45; Figure 2F). These
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data suggest that the blood brain barrier and the bioavailability of cocaine are not grossly
influenced by cranial irradiation, and that the cocaine self-administration experiments are not
confounded by differences in uptake of cocaine into the brain.

Irradiation before cocaine self-administration increased motivation for cocaine
To address the hypothesis that reduced adult hippocampal neurogenesis is a vulnerability factor
for addiction, rats were irradiated (IRR-CSA) or sham-irradiated (Sham-CSA) prior to cocaine
self-administration (Figure 1A). IRR-CSA rats did not differ from Sham-CSA rats in food
training, as the latency to acquire lever pressing for 100 sucrose pellets across sessions was
similar (no effect of treatment, F1,111 = 0.038, p=0.846; Figure 3A). These data suggest
irradiation did not disrupt basic operant learning. However, IRR-CSA rats self-administered
more cocaine across 15 daily 4-hour sessions (main effect of treatment, F1,518 = 8.35, p<0.01;
Figure 3B). These data show that cranial irradiation, which is accompanied by a robust decrease
in hippocampal neurogenesis (Figure 2), leads to increased self-administration of cocaine.

Since lesions of the hippocampus produce hyperactivity (Emerich and Walsh, 1990; Tani et
al., 2001; Hernandez-Rabaza et al., 2008) as well as increase perseverative lever pressing for
both water and cocaine self-administration (Rabe and Haddad, 1968; Chambers and Self,
2002), we addressed the possibility that, like a hippocampal lesion, reduced neurogenesis via
cranial irradiation might lead to hyperactivity and perseverative responding. Indeed, IRR-CSA
rats pressed significantly more on the drug-paired left lever during the 15 sec timeout in the
first two self-administration sessions (interaction of treatment and day, F14,518 = 1.72, p<0.05;
Figure 4A), suggesting greater cocaine intake during the first and second self-administration
sessions is likely due to perseveration. Perseveration did not occur on the subsequent 13 daily
self-administration sessions, and there was no difference between IRR-CSA and Sham-CSA
rats in inactive right lever pressing on any of the 15 daily sessions (no effect of treatment,
F1,518 = 0.27, p=0.61; Figure 4B). Together these data suggest that the overall increase in
cocaine intake was not due to hyperactivity or perseverative behavior. Taken together with the
fact that irradiation did not alter bioavailability of cocaine in the brain, we then explored other
hypotheses as to why irradiated rats self-administered more cocaine.

First, we tested the hypothesis that cranial irradiation led to greater cocaine self-administration
because the rats were more sensitive to cocaine’s reinforcing effects. To this end, rats
underwent a within-session dose-response test the day after the 15th self-administration
session. IRR-CSA rats had a vertical shift in the dose-response curve (interaction of treatment
and dose, F3,75 = 3.14, p<0.05; Figure 3C). This vertical shift is indicative of increased
sensitivity to cocaine and is considered a standard measure of the “addicted” phenotype in
laboratory animals (Piazza et al., 2000). When the number of infusions is multiplied by the
amount of cocaine infused, IRR-CSA rats took more cocaine at several doses (interaction of
treatment and dose, F3,75 = 3.76, p<0.05; Figure 3D).

Second, we extended our exploration of the impact of cranial irradiation on the reinforcing
aspects of cocaine via progressive-ratio testing, which assesses how many lever presses a rat
is willing to perform for a single infusion of cocaine (Richardson and Roberts, 1996). To this
end, a subset of IRR-CSA and Sham-CSA rats received progressive-ratio testing instead of a
dose-response testing. IRR-CSA rats worked harder than Sham-CSA rats to receive their last
infusion of cocaine (main effect of treatment, F1,20 = 5.51, p<0.05; Figure 3E). These data
indicate cocaine was more reinforcing for irradiated rats, and rule out the possibility that rats
took more cocaine because they were less sensitive to cocaine. Interestingly, we found a
significant correlation between DCX+ cell number in IRR-CSA and Sham-CSA rats and
breakpoints on the progressive ratio testing at 0.75 mg/kg (Table 1). As progressive-ratio
testing is a sensitive assay for motivation, this suggests a direct effect of levels of neurogenesis
on motivation for cocaine reward.
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Together the fixed-ratio, dose-response, and progressive-ratio data suggest that rats that have
been cranially irradiated and have reduced neurogenesis are more motivated to take cocaine
as well as seek cocaine, and thus can be defined as more vulnerable to drug addiction (Piazza
et al., 2000).

Irradiation before sucrose self-administration does not change motivation for sucrose
To address whether suppression of adult hippocampal neurogenesis increased motivation for
all reinforcers or only for drugs of abuse, we used a natural reward: sucrose self-administration.
Rats were irradiated (IRR-SSA) or sham-irradiated (Sham-SSA) prior to sucrose self-
administration (Figure 1B). Latency to acquire lever pressing for 100 sucrose pellets was not
different between groups (no effect of treatment, F1,111 = 0.38, p=0.54; Figure 5A), confirming
data from the CSA group that irradiation does not interfere with learning of an operant task.
Furthermore, locomotor activity assessed 5 weeks after irradiation was not different between
groups (no effect of treatment, F1,629 = 0.05, p=0.82; Figure 5B), suggesting irradiation studies
were not confounded by locomotor impairments. Sucrose self-administration on an FR1, FR3,
or FR5 schedule with a 15 sec timeout did not differ between groups (no main effect of
treatment; F1, 518 = 2.04, p=0.16; Figure 5C). Both IRR-SSA and Sham-SSA rats were similar
in left lever pressing during the 15 sec timeout (no effect of treatment, F1,518 = 1.87, p=0.18;
Figure 4C) and pressing on the right inactive lever (no effect of treatment, F1,518 = 2.61, p=0.12;
Figure 4D), suggesting their general activity was the same. These data suggest that self-
administration of food, a natural reward, was not altered by irradiation, and irradiated rats do
not suffer from lack of appetite or motor impairment.

To confirm that irradiation did not alter motivation for food, we used a more sensitive assay
that would be less influenced by satiety, progressive-ratio testing, while on and off food
restriction. IRR-SSA rats worked as hard as Sham-SSA rats to receive their last sucrose pellet
reward (no effect of treatment, F1,74 = 0.10, p=0.75; Figure 5D), suggesting sucrose was equally
reinforcing for both groups. When food restriction was removed, both groups were less willing
to work for their last sucrose pellet reward than when they were food restricted (no effect of
treatment, F1,74 = 0.10, p=0.75; Figure 5E), suggesting equal sensitivity to reward devaluation.
Together with the fixed-ratio data, these data suggest that irradiated rats do not have altered
motivation for sucrose.

We next tested the ability of irradiated rats to learn that pressing on the left lever no longer was
reinforced with sucrose in a series of extinction tests, as well as their ability to relapse to
sucrose-seeking when presented with sucrose-paired cues or sucrose itself. Both IRR-SSA and
Sham-SSA rats extinguished pressing on the formerly sucrose-paired lever (no effect of
treatment, F1,185 = 0.15, p=0.70; Figure 5F). There was no difference between groups in
pressing on the formerly sucrose-paired lever in response to presentation of sucrose-paired
cues (no effect of treatment, F1,37 = 0.20, p=0.66; Figure 5G) or sucrose pellets (no effect of
treatment, F1,37 = 0.22, p=0.65; Figure 5H).

In summary, irradiated rats with reduced hippocampal neurogenesis have normal motivation
for natural reward, as rats show no difference in self-administration of sucrose, extinction of
sucrose-seeking, or relapse to sucrose-seeking after re-exposure to sucrose-related cues or
sucrose itself. In addition, these experiments addressed possible confounds of the irradiation
prior to cocaine-self administration experiment. Irradiated rats did not show perseveration,
general increased activity, or general learning enhancement when response requirements are
increased (i.e. an increase from FR3 to FR5 schedule or the progressive-ratio task), and were
able to learn to extinguish responding when reinforcement was withheld, suggesting any
changes seen in motivation for reward after irradiation are not a result of experimental
confounds.
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Irradiation after cocaine self-administration enhanced resistance to extinction
Having identified that rats with suppressed adult neurogenesis are more vulnerable to
acquisition of drug addiction, we next addressed the hypothesis that suppression of adult
neurogenesis during withdrawal increases vulnerability to relapse to drug-seeking. To this end,
rats were irradiated (CSA-WD/IRR) or sham-irradiated (CSA-WD/Sham) after acquisition of
cocaine self-administration (Figure 1C). As with irradiation prior to CSA (Figure 2C),
irradiation after CSA led to ablation of DCX+ cells in the dorsal and anterior dentate gyrus
and a robust decrease in DCX+ cell number in the ventral and posterior dentate gyrus (Figure
2D).

CSA-WD/Sham and CSA-WD/IRR rats were assigned to these groups by balanced cocaine
self-administration (no main effect of treatment, F1,308 = 0.05, p=0.83; Figure 6A). After a
one-month withdrawal period, rats went through reinstatement testing to assess their
vulnerability to relapse to drug-seeking. CSA-WD/IRR rats pressed more on the formerly drug-
paired lever when they were re-exposed to the former drug-taking context each day (interaction
of treatment and session, F5,18 = 2.99, p<0.05; Figure 6B), and took more trials to extinguish
their drug-seeking (p<0.01, Figure 6C). Both groups were similar in lever pressing in response
to formerly drug-paired cues (no main effect of treatment; F1,22 = 3.79, p=0.06; Figure 6D)
and low dose cocaine injections (no main effect of treatment; F1,44 = 0.28, p=0.60; Figure 6E),
although there were trends towards significance for both cue- and drug-induced (5 mg/kg)
reinstatement. CSA-WD/IRR rats did not differ from sham rats in lever pressing in response
to footshock stress (no main effect of treatment; F1,22 = 1.26, p=0.27; Figure 6F), suggesting
that irradiation does not alter the HPA axis and response to stress in this paradigm. Both groups
had similar basal and cocaine-induced locomotion (no main effect of treatment, F1,374 = 0.23,
p=0.88; Figure 6G), suggesting increased extinction responding was not due to hyperactivity.
These data suggest decreased neurogenesis increases vulnerability to relapse after exposure to
the former drug-taking environment.

Interestingly, while we found no correlation between DCX+ cell number and responding on a
variety of measures, including the cue-induced reinstatement test in IRR-CSA and Sham-CSA
rats (Table 1), we did find a significant correlation between DCX+ cell number in CSA-WD/
IRR and CSA-WD/Sham rats and responding on the cue-induced reinstatement test (Table 1).
This suggests that the timing of neurogenesis modulation as well as the levels of neurogenesis
are important for response to drug-associated cues. It is not surprising that levels of
hippocampal neurogenesis correlates with cue-induced reinstatement of cocaine-seeking, as
the hippocampus has been shown to be necessary for the task (Rogers and See, 2007).

Rats irradiated before cocaine self-administration did not have altered extinction or
reinstatement responding

We next addressed the hypothesis that reduced hippocampal neurogenesis during both cocaine
self-administration and withdrawal would increase relapse to drug-seeking. Rats were
irradiated or sham-irradiated one month before initial cocaine self-administration and went
through reinstatement testing after one month of abstinence (Figure 1A). Because rats that have
increased cocaine intake also have greater relapse to drug-seeking (Sutton et al., 2000; Edwards
et al., 2007), and rats irradiated after cocaine self-administration (CSA-WD/IRR) had increased
resistance to extinction (Figure 6B, 6C), we expected IRR-CSA rats to show increased
extinction and reinstatement test responding. However, irradiated rats did not differ in
extinction of pressing on the formerly drug-paired lever (no effect of treatment, F1,125 = 0.85,
p=0.36; Figure 7A). Irradiated rats did not differ from sham rats in lever pressing in response
to formerly drug-paired cues (no effect of treatment, F1,25 = 0.33, p=0.57; Figure 7B) or in
response to low dose cocaine injections (no effect of treatment, F1,50 = 0.63, p=0.43; Figure
7C). Additionally, irradiated rats did not differ from sham rats in lever pressing in response to
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footshock stress (no effect of treatment, F1,25 = 1.82, p=0.19; Figure 7D). Finally, irradiated
rats did not differ from sham rats in basal locomotion or cocaine-induced hyperlocomotion (no
effect of treatment, F1,425 = 0.01, p=0.89; Figure 7E), suggesting that the lack of differences
in drug-seeking in irradiated rats is not due to nonspecific side effects of irradiation. These data
suggest that reduced neurogenesis prior to cocaine self-administration does not increase later
drug-seeking, despite increasing cocaine intake during self-administration prior to the
withdrawal period (Figure 3B).

DISCUSSION
Our first notable finding is that cranial irradiation prior to drug-taking enhanced vulnerability
in an animal model of cocaine addiction. Irradiated rats (IRR-CSA) had increased cocaine self-
administration under fixed- and progressive-ratio schedules compared to controls. This
increase was not caused by irradiation-induced changes in response to a novel environment or
operant learning, increased locomotion, perseveration of active lever pressing, or unequal brain
levels of cocaine between sham and irradiated rats. Intriguingly, sucrose self-administration
was not changed after irradiation (IRR-SSA). Given that addictive drugs as diverse as opiates,
ethanol, and stimulants result in common neuroadaptations and behaviors (Nestler, 2005), it
will be important to explore whether suppression of hippocampal neurogenesis enhances
vulnerability to self-administration of other drugs of abuse.

Our second notable finding is that cranial irradiation during the forced abstinence period after
acquisition of cocaine self-administration (CSA-WD/IRR) increased the propensity for
context-dependent relapse. This deficit in extinction fits with other recent work showing that
ablation of neurogenesis disrupts extinction learning of spatial preference and contextual fear
(Deng et al., 2009), and highlights the novel role uncovered here for adult-generated neurons
in addictive processes. While care must be taken in comparing extinction from drug self-
administration versus from context learning, there are helpful principles from the latter that
help interpret the present results. For example, of the three aspects of extinction – acquisition,
consolidation, and retrieval (Quirk and Mueller, 2008) – it is unlikely that CSA-WD-IRR rats
have a deficit in acquisition since they were able to reduce responding within extinction
sessions and their latency to the last lever press was not different from sham rats (data not
shown). The hippocampus plays a role in extinction consolidation and retrieval (Cammarota
et al., 2005; Corcoran et al., 2005), impeding distinction of which aspect is altered in the present
study. However, by assessing discrete behavioral features of extinction (Ji and Maren, 2007),
future studies can dissect whether contextual stimuli elicited higher levels of responding in
CSA-WD/IRR than sham rats due to deficits in retrieval or consolidation.

Previously we found that CSA-WD increased SGZ immature neuron number (Noonan et al.,
2008), and we hypothesized that adult-generated hippocampal neurons contributed to drug-
craving or relapse. However, our CSA-WD/IRR data shows reduced hippocampal
neurogenesis enhanced relapse to drug-seeking. Thus, the CSA-WD-induced increase in
immature neurons appears beneficial. This clarified interpretation of our previous results also
fits with our finding that suppression of adult-hippocampal neurogenesis is a vulnerability
factor in this animal model of addiction. As manipulations that enhance neurogenesis can
diminish the positive-reinforcing effects of cocaine (e.g. Smith et al., 2008) and suppression
of neurogenesis can impair extinction outside of the context of addiction (e.g. Deng et al.,
2009), it will be interesting to examine if manipulations that further increase neurogenesis
during the withdrawal period facilitate extinction of CSA.

While suppression of neurogenesis after cocaine self-administration (CSA-WD/IRR) enhanced
drug-seeking, and thus produced extinction deficits, cranial irradiation prior to cocaine self-
administration (IRR-CSA) did not increase cocaine-seeking in the former drug-taking context
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after abstinence. This was surprising since rats that self-administer more cocaine have
increased drug-seeking (Sutton et al., 2003; Edwards et al., 2007), but is consistent with recent
work that reduction of neurogenesis does not influence extinction (Ko et al., 2009). Why is
extinction altered when neurogenesis is reduced after – but not before – CSA? Adult-generated
neurons encode part of the long-term contextual memory (Snyder et al., 2001; Imayoshi et al.,
2008), and cells in distinct stages of adult neurogenesis support discrete aspects of learning
and memory (e.g. Dupret et al., 2007). Therefore it is likely meaningful that IRR-CSA rats
lacked adult-generated neurons during both acquisition and the withdrawal period, while CSA-
WD/IRR rats only lacked them during withdrawal. Also, IRR-CSA rats lacked adult-generated
neurons for a longer period of time, so perhaps were able to compensate for the loss of the
“plasticity reserve” proposed to be provided by adult-generated neurons (Kempermann,
2008).

Irradiation-induced suppression of hippocampal neurogenesis, and not other side effects,
mediates altered cocaine-taking and cocaine-seeking

There are several reasons we used cranial irradiation for this study. Cranial irradiation reduces
hippocampal neurogenesis to as great or greater extent, in a shorter period of time, and with
equal or greater consistency as compared to alternative methods (e.g. Dupret et al., 2005; Saxe
et al., 2006; Imayoshi et al., 2008). Our focused cranial irradiation paradigm provides a
relatively restricted suppression hippocampal neurogenesis. Mitotic inhibitors and most
transgenic approaches also suppress neurogenesis in the olfactory bulb, which could
independently increase sensitivity to psychostimulants (Holmes et al., 2002; Slattery et al.,
2007). Finally, focused cranial irradiation did not reduce locomotion, induce sickness, or
require additional minipump surgery (Dupret et al., 2005; Saxe et al., 2006). These factors
made cranial irradiation the preferred method to launch these fundamental studies on the
relationship between adult hippocampal neurogenesis and cocaine self-administration.

Based on our study and many others that use similar irradiation paradigms to decrease rat
hippocampal neurogenesis (e.g.Snyder et al., 2005; Winocur et al., 2006; Wojtowicz and Kee,
2006; Airan et al., 2007; Wojtowicz et al., 2008), this paradigm maintains the integrity of
mature hippocampal neurons while ablating neural progenitors. It did not grossly damage the
dentate gyrus, as global hippocampal morphology and locomotion were not affected (Emerich
and Walsh, 1990; Tani et al., 2001; Hernandez-Rabaza et al., 2008). This paradigm does not
alter electrophysiological properties of mature hippocampal neurons or network dynamics
(Snyder et al., 2005; Airan et al., 2007), suggesting that irradiation-induced alterations in
hippocampal function are primarily due to the loss of adult-generated neurons (Wojtowicz,
2006). Irradiation decreased the weight gain of rats in all groups but did not cause weight loss,
consistent with previous reports (Snyder et al., 2005) suggesting rats maintained their food
intake after irradiation. Gross alteration in hypothalamic-pituitary-adrenal (HPA) axis
function, which enhances vulnerability to addiction (Deroche et al., 1997), is also unlikely as
irradiated rats did not have altered footshock stress-induced reinstatement, which is influenced
by HPA function (Erb et al., 1998). Increased drug-taking and drug-seeking is likely not
secondary to the development of anxiety or other symptoms relevant to mood disorders, as rats
were normal on many activity measures and irradiation-induced reduction of adult
hippocampal neurogenesis does not induce symptoms of depression (Santarelli et al., 2003;
Airan et al., 2007; Surget et al., 2008). Irradiation did not grossly compromise the vasculature,
since brain levels of cocaine were not different between sham and irradiated rats, and testing
began 4 weeks after irradiation, a period after which inflammation is minimal (data not shown
and Snyder et al., 2005; Wojtowicz, 2006; Airan et al., 2007). Future studies irradiating
alternative or “control” brain regions would help rule out remaining concerns, including the
impact of residual inflammation or factors secreted from activated microglia (Kohl et al.,
2007). However, taken together with previous work on irradiation, our data suggest that
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irradiation-induced reduction of adult hippocampal neurogenesis – and not side effects of
irradiation – are responsible for increased drug-taking and drug-seeking.

Possible mechanism of control over cocaine-taking and cocaine-seeking by adult
hippocampal neurogenesis

Increased drug-taking and drug-seeking in irradiated rats with reduced adult hippocampal
neurogenesis fits with the role of the dentate gyrus as an inhibitory filter for hippocampal
activity (e.g. Hsu, 2007). Activating or inactivating the subiculum, which provides the
glutamatergic projections from the hippocampus to the NAc and other limbic regions (Kelley
and Domesick, 1982; Pitkanen et al., 2000; Herman and Mueller, 2006), increases or decreases
drug-taking and drug-seeking, respectively (Caine et al., 2001; Vorel et al., 2001; Fuchs et al.,
2005). If adult-generated neurons are indeed functionally similar to embryonic-generated ones
(Laplagne et al., 2006), it possible that decreasing the number of adult-generated dentate gyrus
neurons results in hippocampal disinhibition leading to increased activation of hippocampus-
accumbens-ventral pallidum-ventral tegmental area circuitry (Floresco et al., 2001). This can
increase dopamine release from the VTA in response to cocaine or the cocaine context, and
may underlie behavioral sensitization to stimulants (Lodge and Grace, 2008) and raises a
reasonable hypothesis: ablation of adult neurogenesis may disinhibit neural circuitry
responsible for cocaine-taking.

While this hypothesis implies that adult-generated dentate gyrus neurons function similarly to
embryonic- or postnatally-generated neurons in regards to drug-taking and drug-seeking, they
may also be functionally distinct. Temporary inactivation of the hippocampus blocks context-
induced, cue-induced and cocaine-induced reinstatement of cocaine-seeking (Fuchs et al.,
2005; Rogers and See, 2007), which is opposite to our results in which irradiation after cocaine
withdrawal enhanced context-induced reinstatement. Thus, adult-generated hippocampal
neurons may have a different and an unappreciated role in specific addiction-relevant behaviors
relative to older granule cell neurons. Functional studies comparing recruitment of adult-
generated versus embryonic or early postnatally-generated neurons into addiction circuitry will
be necessary to determine if this is the case.

Possible clinical relevance
These studies suggest reduced adult hippocampal neurogenesis may enhance the transition
from recreation to addiction and facilitate drug relapse, especially when faced with a former
drug-taking environment. Treatments that increase adult neurogenesis may prevent addiction
before it starts, which would be especially important for patients treated with potentially
addictive medications. Additionally, treatments that increase adult neurogenesis during
abstinence may prevent relapse.
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FR fixed ratio

IRR irradiation

i.v. intravenous

PR progressive ratio

S.E.M. standard error of the mean

SGZ subgranular zone

SSA sucrose self-administration

WD withdrawal
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Figure 1. Cranial irradiation decreases adult neurogenesis
A. IRR-CSA (n=21) and Sham-CSA (n=18) rats were habituated to the animal facility for a
week, anesthetized (50 mg/kg sodium pentobarbital, i.p.), irradiated, and left in home cage to
recover for 4 weeks (with handling every 3 days). Rats completed food training, were implanted
with an intravenous (i.v.) catheter, and allowed to recover for several days. Three weeks of
cocaine self-administration (CSA) followed. Rats were then split into groups for progressive-
ratio testing (PR) or dose response and reinstatement. PR rats had 6 days of testing and then
were sacrificed the next day (IRR n=7, Sham n=5). The remaining rats were given a dose-
response test on the 16th day of CSA (IRR n=14, Sham n=13), and then were placed in the
home cage for 4 weeks of withdrawal (WD). Daily reinstatement testing followed, which
consisted of an extinction session for at least one hour followed by reinstatement testing to
several variables as described in methods: the context itself, the cue light, saline, i.p. cocaine
(5 or 15 mg/kg), and finally footshock stress. A locomotor test (basal and after a 15 mg/kg
cocaine injection) was done on the last day. Rats were sacrificed 24 hrs later. B. The
experimental design for IRR-SSA (n=21) and Sham-SSA (n=18) rats was similar to Figure
1A, except that rats were not implanted with an i.v. catheter after food training, and locomotor
testing occurred after the last day of food training. Rats completed 3 weeks of sucrose pellet
self-administration (SSA), followed by PR for sucrose pellets while food restricted for 3 day
and while fed ad libitum for 3 days. Rats were then food restricted and restabilized on FR5
timeout 15 sec sucrose self-administration for 3 days. Reinstatement testing consisted of
extinction of sucrose-seeking, cue-induced and sucrose-induced reinstatement testing. C. CSA-
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WD/IRR (n=15) and CSA-WD/Sham (n=9) rats were irradiated after 3 weeks of CSA, and
after 4 weeks of WD coincident with the recovery period, were then tested for reinstatement.
All rats were age-matched to the beginning of CSA or SSA. Scale bar = 50 μm. Lightening
bolt = 2 days of 10 Gy cranial irradiation, in a 1 cm diameter circle on the dorsal surface of the
head to target the hippocampus as previously described (e.g.Snyder et al., 2005). CSA = cocaine
self-administration, H = habituation, IRR = irradiation, FT/S = food training and i.v. catheter
surgery, R = recovery, sac = sacrifice by intracardial perfusion, SSA = sucrose self-
administration, Reinstate = reinstatement testing, PR = progressive-ratio, WD = withdrawal
period.
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Figure 2. Cranial irradiation produces a long-term decrease in adult hippocampal neurogenesis
A. Representative images at 200× magnification of doublecortin+ (DCX+) immature neurons
in the dorsal/anterior SGZ near the apex of the ventral and dorsal dentate gyrus limbs in Sham-
CSA and IRR-CSA rats 13 weeks after irradiation. DCX+ staining was almost completely
absent in dorsal dentate gyrus sections in irradiated rats. Scale bar = 50 μm. B. Quantitative
analysis of DCX+ SGZ cell number at various times after cranial irradiation: cocaine self-
administration (CSA) 13 weeks; CSA/progressive-ratio (PR) 9 weeks; sucrose self-
administration (SSA) 10 weeks; CSA-withdrawal (WD) 5 weeks. Time line of experiments is
provided in Figure 1. Regardless of time after irradiation, the number of DCX+ SGZ cells was
significantly reduced relative to control rats, with almost complete ablation of DCX+ cells in
the dorsal dentate gyrus (Panel A). C, D. Quantitative analysis of DCX+ cell number in relation
to distance from Bregma in Sham-CSA and IRR-CSA rats (Panel C) and CSA-WD/Sham and
CSA-WD/IRR rats (Panel D). While DCX+ staining was almost completely absent in dorsal
dentate gyrus sections (Panel A), this analysis via distance from Bregma reveals that DCX+
staining was more evident in ventral dentate gyrus sections. This likely represents the loss of
radiation energy as it passed from the dorsal to ventral regions of the brain. E. Representative
photomicrographs from ED1/CD-68 stained sections taken from sham and irradiated rats 3 and
4 weeks after irradiation. Arrows indicate ED1/CD-68+ cells in dentate gyrus; inset shows
higher magnification of ED1/CD-68+ cell to highlight one of the characteristic ramified shape
presented by activated microglia. Consistent with previous publications, this paradigm of
irradiation resulted in modest microglial activation at 3 weeks. This activation was transient
as only rare positive ED1/CD-68+ cells were observed at 4 weeks after irradiation and none
at later time points (data not shown). Scale bar = 20μm F. Scatterplot of brain levels of cocaine
in rats injected with 20 mg/kg cocaine intraperitoneally. There is no significant difference
between the means, and no data points were statistically valid to remove as outliers based on
the Grubb’s test (GraphPad Prism). Data for B presented as mean ± S.E.M. *p<0.5, **p<0.01,
***p<0.001.
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Figure 3. Cranial irradiation before cocaine self-administration increases cocaine reward
A. Irradiated rats did not differ from sham rats in the time it took to obtain 100 sucrose pellets
during acquisition of an FR1 schedule during food training. B. Cranial irradiation 4 weeks prior
increased the amount of cocaine self-administered at a 0.5 mg/kg infusion dose under both FR1
and FR5 schedules. C. Irradiated rats self-administered more cocaine, causing a vertical shift
in the dose-response curve. D. Dose-response data converted into dose-intake curves by
multiplying infusions by dose show irradiated rats took more significantly more cocaine. E.
Irradiated rats worked harder to get their last infusion of cocaine, suggesting they find cocaine
more rewarding. Data presented as mean ± S.E.M.*p<0.05, **p<0.01, ***p<0.001.
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Figure 4. Cranial irradiation transiently increases impulsive responding during the timeout period
of cocaine self-administration, but does not alter timeout pressing or inactive right lever pressing
during sucrose self-administration
A, B. Left/active lever presses (A) and right/inactive lever presses (B) during the 15-second
timeout per daily cocaine self-administration session. Irradiated rats pressed significantly press
more on the drug-paired lever during the timeout on the first two self-administration sessions,
but thereafter did not press significantly more than sham rats (A). Irradiated rats did not
significantly press more on the inactive lever than sham rats during any session (B). C, D. Left/
active lever presses (C) and right/inactive lever presses (D) during the 15-second timeout per
daily sucrose self-administration session. Irradiated and sham rats pressed the same amount
on the food-paired lever (C) and the inactive lever (D) during the timeout period. Data presented
as mean ± S.E.M. *p<0.05.
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Figure 5. Cranial irradiation before sucrose self-administration does not change natural reward
A. Irradiated rats did not differ from sham rats in the time it took to obtain 100 sucrose pellets
during acquisition of an FR1 schedule during food training. B. Basal locomotion was not
different between irradiated and sham rats. C. Irradiated rats were not different from sham rats
in sucrose pellet self-administration on a FR1, FR3, or FR5 schedule. D, E. Sucrose pellet self-
administration on a progressive-ratio was not different between irradiated and sham rats when
rats were food restricted during testing days (D) or when not food restricted (E). F. Irradiated
rats did not differ from sham rats in their ability to extinguish responding on the formerly
sucrose-paired lever. G. Irradiated rats did not differ from sham rats in responding to cues
formerly paired with sucrose administration. H. Irradiated rats did not differ from sham rats in
responding to presentation of sucrose pellets. Data presented as mean ± S.E.M.
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Figure 6. Cranial irradiation after cocaine self-administration enhances resistance to extinction
A. Self-administration of cocaine. Cocaine self-administration in each group prior to
irradiation. Rat were then divided to make two statistically similar groups and assigned to CSA-
WD/IRR or CSA-WD/Sham groups. B, C. Context-induced reinstatement. Irradiation after
CSA lead to enhanced context-dependent reinstatement. Irradiated rats pressed more on the
formerly drug-paired lever (B) and took more sessions to extinguish lever pressing on the
formerly drug-paired lever (C) when re-exposed daily to the self-administration chamber in
the absence of reinforcement after 4 weeks of abstinence. D. Cue-induced reinstatement.
Irradiated rats had non-statistical trend towards pressing both the formerly drug-paired lever
and the inactive lever more than sham-irradiated rats in response to drug-cues. E. Drug-induced
reinstatement. Response to pressing the left, formerly drug-paired lever (left-most pair of bars)
or right, formerly drug-unpaired lever (right-most pair of bars) after i.p. injection of saline or
5 or 15 mg/kg cocaine in sham and irradiated rats. Irradiated rats had nonstatistical trend
towards pressing the formerly drug-paired left lever more in response to low dose (5 mg/kg
i.p.) cocaine exposure. Right lever presses are presented but are under five for both irradiated
and sham groups at every dose of cocaine. F. Footshock stress-induced reinstatement. Lever
pressing between irradiated and sham-irradiated rats in response to footshock stress. G.
Locomotion assessment. Irradiated rats were not impaired in either basal locomotion or
cocaine-induced locomotion (15 mg/kg i.p.). Data presented as mean ± S.E.M. *p<0.05,
**p<0.01.
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Figure 7. Cranial irradiation before cocaine self-administration does not change relapse to drug-
seeking
A. Context-induced reinstatement. Irradiated rats did not press more than sham rats on the
formerly drug-paired lever when re-exposed to the self-administration chamber after 4 weeks
of abstinence. B. Cue-induced reinstatement. Irradiated rats did not differ from sham rats in
drug-seeking in response to drug cues. C. Drug-induced reinstatement. Response to pressing
the left, formerly drug-paired lever (left-most pair of bars) or right, formerly drug-unpaired
lever (right-most pair of bars) after i.p. injection of saline or 5 or 15 mg/kg cocaine in sham
and irradiated rats. Irradiated rats did not differ from sham rats in drug-seeking in response to
low dose cocaine injections. Right lever presses are presented but are under five for both
irradiated and sham groups at each dose of cocaine. D. Footshock stress-induced reinstatement.
Lever pressing between irradiated and sham-irradiated rats in response to footshock stress was
not significantly different. E. Locomotion assessment. Irradiated rats were not impaired in
either basal locomotion or cocaine-induced locomotion (15 mg/kg i.p.). Data presented as mean
± S.E.M.
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Table 1

Correlations between DCX+ immature neuron number and behaviors. R2 are reported separately for correlations
between DCX+ immature neuron number and self-administration and reinstatement behaviors. N=24 CSA self-
administration, N=12 CSA PR and reinstatement correlations, N=11 all CSA-WD correlations.

CSA CSA-WD

Days 1-5
cocaine intake 0.007

Days 11-15
cocaine intake 0.002

PR
0.1 mg/kg 0.022

PR
0.75 mg/kg 0.386 *

Extinction
latency 0.004 0.096

Cue
reinstatement 0.111 0.383 *

Cocaine
5 mg/kg

reinstatement
0.315 0.002

Footshock
reinstatement 0.054 0.009

*
p<0.05. CSA = cocaine self-administration, CSA-WD = withdrawal from cocaine self-administration, PR = progressive ratio.
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