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Abstract

Decreased motivation to seek rewards is a key feature of mood disorders that correlates with 

severity and treatment outcome. This anhedonia, or apathy, likely reflects impairment in reward 

circuitry, but the specific neuronal populations controlling motivation are unclear. Granule neurons 

generated in the adult hippocampus have been implicated in mood disorders, but are not generally 

considered as part of reward circuits. We investigated a possible role of these new neurons in 

motivation to work for food and sucrose rewards in operant conditioning tasks using GFAP-TK 

pharmacogenetic ablation of adult neurogenesis in both rats and mice. Rats and mice lacking adult 

neurogenesis showed normal lever press responding during fixed ratio training, reward 

devaluation, and Pavlovian Instrumental Transfer, suggesting no impairment in learning. However, 

on an exponentially progressive ratio schedule, or when regular chow was freely available in the 

testing chamber, TK rats and mice showed less effort to gain sucrose tablets. When working for 

balanced food tablets, which rats and mice of both genotypes strongly preferred over sucrose, the 

genotype effects on behavior were lost. This decrease in effort under conditions of low reward 

suggests that loss of adult neurogenesis decreases motivation to seek reward in a manner that may 

model behavioral apathy.
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INTRODUCTION

Anhedonia, or loss of interest or pleasure in previously favored activities, is a feature of 

many neuropsychiatric disorders including major depression. Roughly 40% of patients 

diagnosed with major depressive disorder exhibit clinically significant anhedonia (Pelizza 

and Ferrari, 2009), and this symptom is associated with more severe depression and poorer 

treatment outcome with standard antidepressants (Spijker et al., 2001; Uher et al., 2012). 

Anhedonia is generally defined broadly to encompass decreases in the amount of effort one 
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is willing to expend to receive a reward as well as true hedonic deficits, i.e., decreased 

pleasure from rewards. However, several studies have suggested that anhedonia in 

depression is closely associated with decreased motivation to exert considerable effort to 

obtain a reward without a concomitant reduction in the subjective pleasure reported in 

response to rewarding stimuli (Dichter et al., 2010; Sherdell et al., 2012). This motivational 

aspect of anhedonia has also been called apathy or decisional anhedonia (Treadway and 

Zald, 2013; Bonnelle et al., 2015). The stronger effects of depression on motivational rather 

than hedonic processes may reflect differences in timing for these two processes, with intact 

hedonic response to currently available reward but impairment in memory for previously 

experienced reward and/or prediction of future reward, so-called affective forecasting 

(Treadway and Zald, 2013).

The key neural circuits responsible for specific motivational processes are not fully 

understood. The mesolimbic dopamine circuits, centered on the ventral tegmental area 

(VTA) projections to the nucleus accumbens (NAc), play a central role in reward meditated 

behaviors, with decreased NAc activity observed in depressed patients thought to reflect 

anhedonia (Russo and Nestler, 2013). However, the prefrontal cortex, amygdala, and 

hippocampus also receive dopaminergic inputs, and all of these regions have been implicated 

in depressive illness (Russo and Nestler, 2013; McNamara and Dupret, 2017). Although the 

hippocampus is not always considered to be a key part of the reward circuit, it receives 

dopaminergic signals from both the VTA and the locus coeruleus, and it sends projections to 

the NAc both directly and indirectly, via the medial prefrontal cortex (O’Donnell and Grace, 

1995; McNamara and Dupret, 2017). Intriguingly, hippocampal functions in memory and 

prediction are consistent with the time traveling aspects of motivational impairment 

described above (Buckner, 2010), and recent work has shown that hippocampal activity is 

sensitive to reward context (Ambrose et al., 2016). Taken together, these findings suggest a 

possible role of the hippocampus in effort and reward-mediated behavior.

The granule neurons of the hippocampus continue to be generated throughout life in rodents 

and humans (Abrous et al., 2005; Snyder and Cameron, 2012; Spalding et al., 2013). Many 

studies have investigated the role of ongoing hippocampal neurogenesis in stressful, 

aversively motivated tasks, but few have examined the effects of inhibiting adult 

neurogenesis on reward-mediated behavior. Production of new neurons is sensitive to stress 

and, conversely, behavioral response to stress is affected by adult neurogenesis (Snyder et 

al., 2011; Lee et al., 2013; Tanti and Belzung, 2013; Schoenfeld and Cameron, 2015), 

suggesting an important function for new neurons in aversive situations. Intriguingly, 

decreased sucrose preference, which is commonly observed in chronic stress models 

(Willner, 1997), is seen in naïve, unstressed rats and mice following ablation of adult 

neurogenesis (Snyder et al., 2011; 2016), suggesting that motivational changes may be 

separable from stress response effects. The aim of the current study is to characterize the 

function of ongoing neurogenesis in reward-mediated behavior using operant conditioning 

tests of instrumental learning, reward palatability, and willingness to expend effort to obtain 

rewards in the absence of prior stress.
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METHODS AND MATERIALS

Animals and General Procedures

Transgenic rats and mice expressing herpes-simplex virus-thymidine kinase under the GFAP 

promoter were generated as previously described (Snyder et al., 2011; 2016). Each 

experiment was performed on a different, naïve cohort of animals (8 cohorts of rats, 5 

cohorts of mice). All animal procedures were performed in accordance with the Institute of 

Laboratory Animal Research guidelines and were approved by the Animal Care and Use 

Committee of the National Institute of Mental Health.

Heterozygous GFAP-TK rats were bred in-house and maintained on a Long-Evans 

background. Male pups were weaned into cages with siblings (2-6/cage) prior to genotyping 

by PCR, so the mixture of wild-type (WT) and heterozygous transgenic (TK) littermates in 

each cage was random. All rats were housed under a reversed light cycle (lights off at 9:00 

a.m.) and meal fed 15-16g/rat/day of standard laboratory chow from weaning through the 

entire study. Beginning at 8 weeks of age (Figure 1A), and continuing throughout the study, 

WT and TK rats received 3.8 mg valganciclovir 2×/week, delivered in a 0.5g pellet of a 1:1 

mixture of powdered chow and peanut butter. One cohort of rats was given chow/peanut 

butter mixture without valganciclovir to test for non-specific effects of the transgene (Figure 

1G). Behavioral testing began 7 weeks after the start of valganciclovir treatment, unless 

otherwise indicated, and began at 10:00 am each day.

Heterozygous GFAP-TK mice generated on a C57Bl/6 background were backcrossed to a 

CD1 background for nine generations. Male pups were weaned into cages with siblings (3-4/

cage) prior to genotyping by PCR, so the mixture of wild-type (WT) and heterozygous 

transgenic (TK) littermates in each cage was random. All mice were housed under a reversed 

light cycle (lights off at 8:00 a.m.). Beginning at 8 weeks of age (Figure 1D), and continuing 

throughout the experiment, mice of both genotypes were given valganciclovir mixed in 

powdered chow (227 mg/kg chow) 4 days of the week, alternating with standard pellet chow 

for 3 days. Mice were food restricted to reach 85-90% of their free feeding weight beginning 

six weeks after the start of VGCV treatment. After one week of food restriction, operant 

training began at 10:00 am each day.

Apparatus

Testing was done in species-specific operant chambers (Med Associates, St. Albans, VT, 

USA) housed within sound attenuating enclosures. Each chamber was equipped with two 

retractable levers with a reward magazine located in between the levers. The onset of the fan 

signaled the start of a training session. Active lever responses activated the pellet dispenser, 

which delivered one 14mg (for mice) or two 20mg (for rats) chocolate flavored sucrose 

reward pellets (Cat# 5TUT, TestDiet, MD, USA) for sucrose reward testing or 1×14mg 

(mouse)/2×20mg (rat) Dustless Precision Pellets (Cat# F05684 and F0071, BioServ, NJ, 

USA) for food reward testing. The operant chambers had 2 pellet dispensers installed in 

each chamber to enable training for both rewards simultaneously. Inactive lever presses were 

recorded but had no consequences. K-Limbic software (Conclusive, UK) or Med-PC IV 

(Med Associates, VT, USA) controlled and recorded lever presses and reward deliveries.
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Progressive ratio testing

Training began at 15 weeks of age with a single 15 min session with 30 pellets made 

available in the magazine. The animals then underwent training on fixed ratios (FR) before 

advancing to progressive ratio (PR) testing to assess motivation. Mice were first trained to 

lever press, with active and inactive levers available, for rewards on an FR1 schedule with 

endpoint of 50 rewards or 50 min until they earned all of the rewards within the allotted time 

for 3 consecutive days. Mice then moved on to 3 sessions each of FR3 and FR5. Since rats 

are able to consume greater quantities of reward, they were trained on FR1 with unlimited 

rewards for 60 min, until they had reached a criterion of 100 lever presses for 3 consecutive 

days. This was followed by 3 daily 30 min sessions of FR3 and 3 of FR5. Following this 

training, rats and mice responded under a PR schedule where the reinforcement was 

contingent on the following ratio progression: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 

95, 118, 145, 178, 219, 268, 328, 402, 492, 603, etc. (Richardson and Roberts, 1996; 

Noonan et al., 2010) Breakpoints were defined as the number of ratios completed (i.e. 

number of rewards delivered), allowing up to 20 min to earn each reinforcement. PR was 

tested for 5 consecutive days; the first 2 were considered as habituation sessions, and the last 

3 sessions were analyzed. Separate cohorts of animals were used to test motivation for 

sucrose or food rewards. Five rats (3/13 WT and 2/11 TK) were excluded from the sucrose 

study for failing to meet the FR1 criteria within 10 training sessions; no rats were excluded 

from the food reward experiment, and no mice were excluded from either experiment. A 

cohort of untreated WT and TK rats was tested for motivation to work for sucrose in order to 

determine whether there was a gene insertion effect on this behavior. In this cohort, 2/12WT 

and 3/10TK rats were excluded for not meeting the learning criteria described above.

Effort testing

Effort-related choice behavior was tested in a cohort of rats that had been trained in a pilot 

study for outcome specific Pavlovian Instrumental Transfer (osPIT) task (see below). After 

the osPIT test, at 24 weeks of age, rats were retrained on the Random Ratio (RR) 20 

schedule (responses were reinforced on average every 20 lever presses, ranging from 2-38) 

and then tested in a concurrent RR/choice procedure that has been used previously to assess 

effort in instrumental responding (Salamone et al., 1991; 2007; Trifilieff et al., 2013). This 

consisted of having 16g of standard laboratory chow freely available in the operant chamber 

while the rat worked on an RR20 schedule for either sucrose or food pellets for 30 min. Rats 

were then retrained on RR20 in the absence of freely available laboratory chow for two days, 

followed the next day by a test for the other reward.

Reward preference testing

This experiment was conducted to determine whether the rats and mice had an intrinsic 

preference for either of the rewards used in previous studies. Naïve rats and mice were first 

trained to associate each lever (left or right) with a different reward (sucrose or food) on a 

FR1 schedule during 2 separate training sessions per day, each with an endpoint of 50 (mice) 

or 100 (rats) rewards or 30 min. After initial acquisition, the animals received 6 daily 30-min 

(mice) or 60-min (rat) sessions in which they had access to both levers and were able to 
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press to deliver both rewards. The first 4 sessions were treated as habituation/stabilization 

sessions, and the last 2 sessions were analyzed and averaged.

Outcome devaluation

Outcome devaluation for sucrose was conducted in the same way for mice and rats. Mice 

started testing at the age of 14 weeks (6 weeks after start of valganciclovir treatment) and 

rats at 16 weeks old. Testing began with a single 15 min session with 30 pellets made 

available in the magazine. The animals were then trained for 3-4 sessions on FR1, 3 sessions 

on RR5, 3 sessions on RR10 and 2 sessions on RR20. On the following day, each animal 

was placed in a separate holding cage with either an empty glass jar (valued reward 

condition) or a glass jar containing 50 (mice) or 100 (rats) sucrose pellets (devalued reward 

condition) for a 1-hour period, and pellet consumption was recorded. Immediately following 

this devaluation treatment, the animals were given a 5-min devaluation test session during 

which responses were not reinforced with reward delivery. Because a trend toward a 

difference between WT and TK was observed in RR20 training before testing, we then 

continued RR20 training for an additional 8 sessions.

Outcome Specific Pavlovian Instrumental Transfer testing (osPIT)

Rats began training 4 weeks after the start of valganciclovir treatment (12 weeks of age), 

because a pilot study in valganciclovir-treated WT and TK rats started at 16 weeks old 

showed an unexpectedly high lever pressing rate in both genotypes. Rats were given an 80-

min Pavlovian training session each day for 8 days. Each session consisted of 8 tone (2.9 

kHz, 75 db) presentations and 8 white noise (75 db) presentations, each two min long. Each 

stimulus presentation was simultaneously paired with a reward delivery (two 20-mg sucrose 

pellets or two 20-mg food pellets) on a 30-s random interval. The order of stimulus-reward 

type presentations was pseudorandom with no more than two successive presentations of the 

same type. Each stimulus-reward pairing was preceded by a variable inter-trial interval of 

2-4 min (average 3 min). Each stimulus-reward pairing was counterbalanced across 

genotype.

Next, rats were trained to respond on each of the 2 levers to earn the respective reward under 

a RR schedule. No Pavlovian conditioned stimuli were presented during this instrumental 

training. During each of two daily sessions, separated by 60 min, only one lever was 

available and was reinforced with one of the two outcomes received in Pavlovian training 

(sucrose pellets or food pellets). Each session ended when 30 rewards had been earned or 

when 30 min had elapsed. On day 1, each lever press was reinforced on an FR1 schedule, 

followed by two days each of RR2, RR5, and RR10, and four days of RR20.

The preparation for the test and the test itself required five consecutive days. Rats received 

RR20 instrumental retraining sessions on days 1-2 and a Pavlovian retraining session on day 

3. On day 4, rats were given one 30-min extinction session in which both levers were 

available but were inactive (not reinforced), in order to decrease the responding rate. On day 

5, rats were given one session of osPIT testing in which both levers were available but not 

reinforced. No Pavlovian conditioned stimuli were presented in the first 10 min to re-

establish a low level of responding. After this baseline period, each Pavlovian conditioned 
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stimulus was presented 4 times, each for 2 min, with 4-min inter-trial intervals, the last 2 

min of which served as the pre-stimulus period for data analysis. osPIT performance was 

calculated as the rate of lever responses associated with the outcome predicted by the CS 

(Same) minus baseline responses (PreCS period), and the rate of responses made on the 

opposite lever, associated with the other CS (Different), minus baseline responding.

Reversal Learning

Rats and mice were trained to lever press on an FR1 schedule in daily sessions with endpoint 

of 30 rewards or 30 min. When they collected all of the rewards in the allotted time for 3 

consecutive days, animals progressed to RR2 sessions lasting 25 min, during which they 

could earn unlimited rewards. After 3 training days for rats and 5 training days for mice, 

levers were reversed such that the reinforced lever became non-reinforced and vice versa. 

Rats and mice were given daily 15-minute reversal learning sessions for 5 days. The number 

of responses on each lever and the number of rewards earned in each session were collected 

and analyzed. A total of 2/11 WT and 2/14 TK mice were excluded from the study as they 

did not meet the endpoint of 30 rewards during the training session; no rats were excluded in 

this experiment.

Histology

The WT/TK rats that did not receive valganciclovir were transcardially perfused with 4% 

paraformaldehyde in phosphate buffered saline solution (pH 7.4). Brains were post-fixed in 

the same fixative for 24 hrs then cryoprotected in 20% sucrose. Brains were coronally 

sectioned (40 μm) on a sliding microtome, and 1:12 series of sections through the entire 

hippocampal dentate gyrus were immunostained for doublecortin (DCX) as follows: Free-

floating sections were blocked in Normal Donkey Serum + Tween-20 solution and incubated 

with goat anti-DCX antibody (1:200; Santa Cruz Biotechnology, TX, USA) at 4°C for 4 

days, followed by incubation in biotinylated donkey anti-goat IgG (1:200; Jackson 

Immunolabs), avidin-biotin-horseradish peroxidase ABC kit (Vector Laboratories, CA, 

USA), and cobalt-enhanced DAB (Sigma Fast tablets). Slides were counterstained with 

cresyl violet and coverslipped under Permount (Fisher Scientific). DCX+ cells in the 

hippocampal granule cell layer were counted using a 60× objective throughout the entire 

rostral-caudal extent of the hippocampus.

For all other experiments, which used animals treated with valganciclovir, several 

hippocampal sections from each postfixed brain were immunostained for DCX as above, but 

with fluorescent detection, and inspected for the presence or absence of DCX to verify 

genotype and treatment effectiveness. Blinded examination of DCX staining confirmed 

virtually complete loss of young neurons throughout the hippocampus in all valganciclovir-

treated mice and rats, as expected based on previous work from this lab in these transgenic 

lines (Snyder et al., 2011; 2016; Soumier et al., 2016).

Analysis

Data was analyzed using STATISTICA 9.0 (Dell Software, Aliso Viejo, CA). All 

comparisons were run as two-way or three-way ANOVA with between-subject and within 
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subject factors, as appropriate. All post hoc comparisons were made using Tukey’s honest 

significant difference test to correct for multiple comparisons.

RESULTS

Motivation testing for sucrose rewards

To assess motivation to work for sucrose rewards, WT and TK rats and mice were tested on 

FR1, FR3, and FR5 schedules followed by a PR schedule. WT and TK rats showed no 

difference in number of sessions to reach the FR1 learning criterion (WT: 4.1 ±0.3 sessions, 

TK: 5.1 ±0.4, P=0.18) or active lever pressing during the fixed ratio (FR) training for 

sucrose rewards (Figure 1B). Both groups showed similarly low levels of inactive lever 

pressing during the FR training (WT: 6.26 ±1.06 lever presses, TK: 5.16 ±0.96, P=0.46). 

However, TK rats showed a significantly lower breakpoint than WT controls during PR 

testing with sucrose rewards (F1,17=7.48, P<0.05, Figure 1C).

Mice also showed normal learning during the FR training for sucrose, with no significant 

difference in reaching the learning criterion (WT: 3.7 ±0.3 sessions, TK: 4.5 ±0.3, P=0.61), 

sucrose rewards earned (Figure 1E) or inactive lever presses (WT: 6.69 ±0.97 lever presses, 

TK: 5.21 ±1.03, P=0.31) between WT and TK animals. However, TK mice, like TK rats 

(above), showed reduced responding relative to WT controls on the PR schedule with 

sucrose rewards (effect of genotype: F1,16=7.75, P<0.05, Figure 1F).

Untreated WT and TK rats were not significantly different in either FR (Figure 1H) or PR 

testing (Figure 1I). DCX staining showed no difference between untreated WT and TK rats 

in the number of labeled immature neurons in the dentate gyrus (WT: 15033 ±1373, TK: 

14072 ±1463, P=0.64), together indicating that gene insertion had no effect on neurogenesis 

or PR behavior in the absence of antiviral drug treatment (loss of neurogenesis).

Motivation testing for food rewards

When trained for food rewards, TK rats showed normal acquisition of lever press behavior 

on a fixed ratio schedule (no genotype x session interaction) but earned fewer rewards (main 

effect of genotype: F1,22=8.00, P<0.01; ratio: F2,44=92.69, P<0.001; session: F2,44=18.52, 

P<0.001, ratio x session: F4,88=15.08, P<0.001; no significant genotype interactions; Figure 

2A). WT and TK rats showed no significant difference in reaching the learning criteria (WT: 

4.6 ±0.5 sessions, TK: 4.4 ±0.4, P=0.67) or in inactive lever presses during FR training (WT: 

6.70 ±1.25 lever presses, TK: 6.61 ±0.89, P=0.96). In the PR test, TK rats were not 

significantly different from WT rats (Figure 2B), in contrast to the findings from sucrose 

reward testing.

TK mice showed normal learning (Figure 2C; WT: 4.6 ±0.3 sessions, TK: 5.3 ±0.7, P=0.39) 

and inactive lever pressing (WT: 3.52 ±0.65 lever presses, TK: 3.76 ±0.73, P=0.81) during 

FR1 training. They also showed normal motivation to work for food rewards in PR testing 

(Figure 2D), consistent with the PR data from rats but, again, contrasting with the results 

observed using sucrose as a reward.
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Effort and preference testing

To determine whether decreased motivation to work for sucrose but not food rewards could 

be replicated in a different test, we asked whether WT and TK rats differ in the amount of 

effort they expend for rewards when laboratory chow is freely available in the chamber. Rats 

were first trained and tested on a RR20 schedule and showed no significant genotype 

difference in lever press rate for sucrose (WT: 67.86 ±4.01 lever presses/min, TK: 61.21 

±3.47, P=0.23) or food (WT: 68.41 ±5.15 lever presses/min, TK: 67.39 ±4.51, P=0.89). 

During the effort/choice testing, there was a significant effect of reward type on the number 

of rewards earned (F1,16=21.76, P<0.001) and a trend for genotype x reward interaction 

(F1,16=3.54, P=0.078, Figure 3A). Post-hoc testing indicated that TK rats earned fewer 

sucrose rewards compared to WT controls (Figure 3A). There was a significant difference in 

the amount of regular laboratory chow that was consumed depending on the reward type 

(F1,16=35.83, P<0.001) but no main effect of genotype or genotype x reward type interaction 

(Figure 3B).

To better understand the difference in effects seen with sucrose and food rewards, reward 

preference was tested by training rats and mice to associate a particular lever (left or right) 

with a particular reward (sucrose or food) and testing consumption when both rewards were 

available simultaneously on an FR1 schedule. Preference testing showed no effect of 

genotype or genotype x reward interaction but showed a strong and significant effect of 

reward type (F1,22=68.16, P<0.001) indicating a >5-fold preference for food rewards relative 

to sucrose rewards in rats, independent of adult neurogenesis status (Figure 3C).

A preference test in mice showed a significant effect of reward type (F1,17 =40.00, P<0.001) 

with no effect of genotype or genotype x reward interaction, reflecting a >3-fold adult 

neurogenesis-independent preference for food rewards over sucrose rewards in mice (Figure 

3D).

Outcome devaluation for sucrose rewards

To assess sensitivity to the sucrose reward in TK rats, we performed a reward devaluation 

study in which animals were trained on a RR20 schedule and tested in a 5 min extinction 

session following 1hr of free consumption of the sucrose reward. During random ratio 

reward schedule training, rats showed significant main effects of session (F15,690=58.11, 

P<0.001) but no genotype or genotype x session interaction effect (Figure 4A). TK rats 

showed a trend toward greater lever press rate during the early RR20 sessions (P=0.09), but 

when training was continued after testing TK rats matched the performance of WT rats. 

There was no genotype difference in reward consumption during free feeding for 

devaluation (WT: 94.60 ±5.40 rewards, TK 96.43±2.43, P=0.73). Testing following 

consumption of freely available sucrose pellets showed that devaluation reduced responding 

rates in both genotypes (F1,44=14.63, P<0.001) and showed no effect of genotype or 

genotype x valuation interaction (Figure 4B).

RR testing in mice showed a significant effect of session (F15,420=15.83, P<0.001, Figure 

4C) during the RR training. There was a trend for a difference between WT and TK mice 

prior to testing (P=0.061), though with continued training on the RR20 schedule WT mice 
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caught up with the TK mice. Reward consumption during free feeding for devaluation 

showed no effect of genotype (WT: 42.50 ±4.76 rewards, TK: 40.66 ±3.80, P=0.76). During 

devaluation testing, free consumption of sucrose pellets reduced the responding rates in both 

WT and TK mice (F1,25=22.48, P<0.001, Figure 4D) with no effect of genotype or genotype 

x valuation interaction.

Pavlovian Instrumental Transfer testing

To determine whether reward-associated cues alter the motivation to respond to a reward 

normally in TK rats, we performed a osPIT test. Rats were trained on Pavlovian 

conditioning followed by instrumental conditioning and then the transfer test. During 

Pavlovian conditioning, both WT and TK rats learned the CS-reward association, as 

indicated by the difference between preCS and CS head entries (F1,44=61.27, P<0.01, Figure 

5A). Neither the main effect of genotype nor genotype x period interaction was significant. 

During the instrumental training phase, there was a genotype x session interaction 

(F10,220=3.87, P<0.001) and a significant effect of session (F10,220=99.62, P<0.001) but no 

main effect of genotype. Post-hoc analysis showed trends toward greater responding in TK 

rats on the second (P=0.073) and fourth (P=0.054) session on the RR20, suggesting that TK 

rats increased their lever press rate with continued training and/or higher ratios (Figure 5B). 

During the outcome-specific PIT test, there was a main effect of CS type (F1,44=13.71, 

P<0.001), but there was no main effect of genotype or genotype x CS type interaction, 

suggesting that TK rats have normal stimulus-evoked reward-seeking behaviors (Figure 5C).

Reversal Learning

Previous reports have found normal acquisition but impaired reversal learning in an operant 

task after dorsal hippocampal lesions (Gourley et al., 2010). To assess whether ablation of 

adult neurogenesis also impairs instrumental reversal learning, we trained TK rats and mice 

to lever press on an RR2 schedule and then reversed the active and inactive levers. Rats 

showed no significant genotype differences in rewards earned during the RR2 training (data 

not shown) or in reversal responses over 5 sessions (Figure 6A). TK mice similarly showed 

normal RR2 training (data not shown) and reversal learning (Figure 6B).

DISCUSSION

We investigated the role of adult hippocampal neurogenesis in appetitive motivation using 

sucrose- and food-rewarded operant conditioning tasks. Complete inhibition of adult 

neurogenesis produced no detectable effect on fixed ratio responding, acquisition of 

Pavlovian conditioning, Pavlovian Instrumental Transfer, active lever reversal, or reward 

devaluation, suggesting that animals lacking adult neurogenesis are unaffected in their 

ability to associate cues and actions with rewards and to use reward-associated cues to guide 

actions. However, both rats and mice showed blunted motivation for sucrose rewards 

following ablation of adult neurogenesis, as demonstrated by a lower breakpoint on the 

progressive ratio task and decreased effort to earn sucrose rewards when plain laboratory 

chow was available. Motivation was unaffected in transgenic animals that did not receive 

valganciclovir, indicating that the behavioral change reflects the loss of adult neurogenesis 

and not the transgene alone or a random gene insertion effect (Groves et al., 2013). 
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Intriguingly, the effects of inhibiting adult neurogenesis were also not apparent when 

balanced food rewards were used in place of sucrose rewards. A free choice test showed that 

rats and mice both strongly prefer the balanced food rewards over the sucrose rewards and 

that this preference is unaffected by the presence or absence of new neurons. These findings 

provide clear evidence that loss of adult neurogenesis affects behavior under non-

threatening, reward situations. In addition, the results suggest that new neurons affect effort-

based decision making, enhancing effort when the work requirement is high and reward is 

relatively weak.

Learning and Sensorimotor Abilities

The changes in behavior observed here do not appear to reflect learning impairments. 

Previous studies have found normal behavior in animals with decreased neurogenesis in a 

wide variety of learning tasks, including the ability to form conditioned associations 

between stimuli (Meshi et al., 2006; Noonan et al., 2010; Groves et al., 2013; Cameron and 

Glover, 2015; Seo et al., 2015). Consistent with this, we found no effect of new neuron loss 

on the acquisition of lever pressing, simultaneous learning of two different lever-reward 

contingencies (with inactive levers or multiple rewards in the free choice task), reversal of 

active and inactive levers, or memory for the spatial location of rewarded levers over days. In 

addition, we found no effects of adult neurogenesis in a Pavlovian learning task or in an 

outcome-specific Pavlovian Instrumental Transfer task. The ability to transfer the cue 

association to the instrumental condition in this task suggests that animals lacking adult 

neurogenesis are not only able to learn cue-stimulus associations but to flexibly use this 

information like control animals.

Impairments in physical abilities or sensitivity to reward are also unlikely to explain the 

behavioral changes observed in TK animals. Weakness or rapid tiring could decrease 

breakpoints in progressive ratio testing, but such differences should have affected behavior 

in tests using food reward as well as sucrose reward. Decreased lever pressing in the TK 

animals could result from general hypoactivity, but neither hypoactivity nor hyperactivity 

was evident in active or inactive lever pressing during FR testing, consistent with previous 

findings that activity in exploratory tests is unaffected by inhibition of adult neurogenesis 

(Saxe et al., 2006; Snyder et al., 2011; Kheirbek et al., 2012; Snyder et al., 2016; Glover et 

al., 2017). Damage to the hippocampus can affect activity levels, but generally produces a 

hyperactive, rather than hypoactive, state (Wilkinson et al., 1993; Whishaw and Jarrard, 

1995; Bannerman et al., 1999). Finally, changes in sensitivity to the value of the sucrose 

reward are unlikely to underlie the observed behavioral changes, because WTs and TKs 

showed similar reduction in instrumental responding (in both species) in the devaluation test, 

a sensory-specific satiety task (Cartoni et al., 2016). In the absence of physical or learning 

impairments, the decreased breakpoint in progressive responding and decreased instrumental 

responding in the presence of freely available chow most likely reflect decreased willingness 

to work for reward – decreased effort, motivation, or “wanting” – in animals lacking adult 

neurogenesis.

The GFAP-TK model inhibits adult neurogenesis in the olfactory bulb as well as the dentate 

gyrus, so behavioral changes could potentially result from changes in olfaction. However, 
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loss of neurogenesis had no effect on reward-mediated lever pressing on a fixed ration 

schedule or reward preference, suggesting that any olfactory sensory abilities used in this 

task are unimpaired and unlikely to the underlie observed behavioral changes. Complete loss 

of the both olfactory bulbs produces a depression-like phenotype in rats (Song and Leonard, 

2005), which could alter motivation if it was mimicked by loss of olfactory bulb 

neurogenesis. However, the widespread cellular dysfunction in the dentate gyrus and CA1 

that results from bulbectomy suggests that its depressive-like effects stem from hippocampal 

damage rather than olfactory changes (Morales-Medina et al., 2017), pointing back to the 

hippocampus as the most likely source of the new neurons responsible for the observed 

motivational changes.

Reward and Anhedonia Circuits

The pattern of effects on PR and effort choice observed here after inhibition of adult 

neurogenesis differs from that seen with manipulations in neocortical areas, which generally 

affect either PR or effort choice but not both (Bailey et al., 2016). However, manipulations 

of the nucleus accumbens core, ventral tegmental area, and amygdala, like adult 

neurogenesis inhibition, alter behavior in both of these tests (de Jong et al., 2015; Bailey et 

al., 2016). Glutamatergic projections from the hippocampus to the VTA and NAc 

(O’Donnell and Grace, 1995), a direct projection from the VTA to the dentate gyrus co-

releasing glutamate and GABA (Gasbarri et al., 1994; Ntamati and Lüscher, 2016), and 

dopamine release from locus coeruleus projections into the dorsal hippocampus (Kempadoo 

et al., 2016; Takeuchi et al., 2016) all suggest that the dentate gyrus is an integral part of the 

circuitry mediating reward-related behavior (Russo and Nestler, 2013). Despite these 

anatomical connections, few studies have addressed the role of the hippocampus in effort. 

No study, to our knowledge, has previously investigated the effects of hippocampal 

manipulations in the effort-based choice test (Bailey et al., 2016). The only study to examine 

the effect of hippocampal lesions on progressive ratios found that lesions of dorsal and 

ventral hippocampus both increased breakpoints (Gourley et al., 2010), suggesting that 

damage to the hippocampus proper has an effect opposite to that of removing only the adult-

born granule neurons, as seen in the current study. One previous study tested progressive 

ratio responding for sucrose in rats irradiated to inhibit adult neurogenesis and found no 

effect (Noonan et al., 2010). Two possible explanations for this difference seem most likely. 

First, adult neurogenesis was completely ablated throughout the entire dentate gyrus in the 

current study but was only completely ablated in the dorsal hippocampus in the previous 

study, suggesting that new neurons remaining in the ventral region may support progressive 

ratio responding. Alternatively, the plain sucrose tablets used in the earlier study may be 

more strongly rewarding than our chocolate sucrose tablets, like the food rewards in the 

current study. A third difference between the studies is that inhibition of neurogenesis began 

at 8 weeks of age in the current study and 5 weeks of age, prior to sexual maturity (Lewis et 

al., 2002), in the earlier study. However, earlier loss of neurogenesis is normally associated 

with greater rather than smaller effects (Bayer et al., 1973; Wei et al., 2011; Cushman et al., 

2012).
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Random Ratio Training

Genotype effects were observed early in RR20 training in some experiments. In the PIT test, 

TK rats showed greater responding than WT rats at RR20. However, in the devaluation 

experiment, TK rats showed a trend toward lower baseline RR20 response rates than WT 

rats early in training. Mice in this test showed the opposite effect, with a trend toward 

increased responding in the TK animals during the first two RR20 sessions. In the effort 

testing experiment, rats showed no genotype effect at any RR schedule. Test data in all of 

these experiments were normalized to the prior session response rate, which appears to have 

been effective as similar devaluation effects were observed in both species despite opposing 

trends in early RR20. However, it is unclear why TK rats showed increased responding, 

decreased responding, and identical responding on the RR20 reward schedule in the three 

experiments. One possibility is that loss of new neurons disrupts effort calculations made by 

the animals under conditions of high ambiguity (Glover et al., 2017), including random ratio 

reward schedules, allowing other factors to push effort in one direction or the other. These 

other factors could include minor differences in age or training prior to RR20 or random 

cohort effects.

Motivation and Apathy

While decreased pleasure is commonly viewed as a feature of depression, increasing 

evidence suggests that depression affects anticipation of rewards and motivation to seek 

rewards more than the actual experience of rewards (Rizvi et al., 2016). The sucrose 

preference test is commonly used as a test of depressive-like anhedonia in rodents based on 

the observation that chronic mild stress decreases sucrose consumption (Willner et al., 

1992). However, the stress effect on sucrose consumption has sometimes proven unreliable 

(Willner, 1997). We have previously found that inhibition of adult neurogenesis can alter 

sucrose preference but that the effect requires specific testing conditions and is not always 

apparent across days even within the same cohort (Snyder et al., 2011; 2016). Although 

decreased sucrose preference is generally thought to reflect a hedonic change, motivation 

may play a role as well. Small changes in the testing protocols may differentially target 

hedonic or motivational components of the behavior, potentially explaining apparent 

inconsistencies. For example, concurrent choices (in 2-bottle tests) and successive choices 

(in 1-bottle tests) may show differential sensitivity to the effects of motivation or satiety. 

Similarly, switching bottle locations over days may test motivation to seek sucrose when it is 

not found in the expected location. Finally, differences in the concentration of sucrose used 

and the length of water or food deprivation prior to testing may affect relative reward value. 

Operant conditioning-based effort testing may allow dissection of hedonic and motivational 

components of reward-seeking behavior that is difficult to address in standard preference 

tests.

Mice and rats lacking adult neurogenesis showed decreased effort to obtain sucrose rewards, 

but not food rewards. Only one genotype effect was observed in tests using food rewards: a 

small, but significant, decrease in food rewards earned by TK rats during fixed ratio 

responding with no limit on rewards earned. This effect may reflect a difference in satiety 

observed only in this test due to the very large numbers of rewards consumed in these 

sessions. Although weight did not differ by genotype in the meal fed rats used here, slightly 
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lower weights have been observed in TK and irradiated rats housed under ad lib feeding 

conditions (Snyder et al., 2005; 2016), consistent with the possibility that rats lacking new 

neurons may devalue food more rapidly, resulting in less overeating (Martin et al., 2010). 

Contrary to our expectations, both mice and rats showed a strong preference for food 

rewards over sucrose rewards, indicating that it was the weaker reward that was more 

susceptible to motivational effects of new neuron ablation. This finding, taken together with 

the normal motivation to work for sucrose when the workload was low (as in low ratio FR 

testing), suggests that ablation of adult neurogenesis affects motivation only in situations 

with low reward and high effort requirement. A recent human study testing emotional, 

cognitive, and behavioral subcomponents of apathy (Bonnelle et al., 2015) found that 

individuals with high behavioral apathy scores show less effort than control individuals 

under low reward conditions while exerting similar effort when rewards are high or little 

effort is required. Inhibition of adult neurogenesis in rodents may therefore model human 

behavioral apathy.

Increased behavioral apathy in TK animals suggests an impairment in the cost-benefit 

valuation system (Bonnelle et al., 2015). Weak rewards, or greater potential for failure, may 

result in more closely matched effort-reward options, making response choices more 

difficult – and more reliant on the hippocampus (Redish, 2016). An impairment of this type 

is consistent with previously observed effects of adult neurogenesis in novelty-suppressed 

feeding and social preference, two tests that also involve rewards with potential costs 

(Snyder et al., 2011; Opendak et al., 2016; Yun et al., 2016; Glover et al., 2017). Notably, 

these effects, like those in the current study, are seen in naïve animals, not previously 

exposed to stress. However, stress could affect the neurogenesis dependence in other 

behavioral situations by changing the weighting of costs or benefits, making options more 

evenly matched. Differential weighting of the cost term, specifically, is likely to be 

associated with apathy, because reward sensitivity is seemingly unaffected in both animals 

lacking adult neurogenesis and patients suffering from depression. This possibility fits with 

Gray and McNaughton’s (2000) suggested hippocampal function in resolving conflicts 

between concurrent goals, in part through weighting of potential negative consequences. 

Taken together, these findings suggest that new neurons may function to adjust the weight 

assigned to potential costs of possible actions, balancing the likelihood and impact of 

negative consequences with required effort and potential gains. This possibility may provide 

a link between the role of adult neurogenesis in stress-related anxiety-and depressive-like 

behavior (Snyder et al., 2011; Glover et al., 2017) and anhedonia-related features of 

depression such as fatigue, lack of energy, and lack of motivation (Demyttenaere et al., 

2005; Treadway and Zald, 2011; Fava et al., 2014).
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Figure 1. 
Sucrose reward operant training and progressive ratio testing in GFAP-TK rats and mice 

with and without valganciclovir treatment. Experimental timeline for rats showing 

valganciclovir (vgcv) treatment and testing (A). Rats lacking adult neurogenesis (TK rats) 

showed no difference relative to their wild type (WT) counterparts in the number of sucrose 

rewards earned during training on an increasing fixed ratio (FR) schedule (B), but they 

showed a significantly lower breakpoint for sucrose rewards under a progressive ratio (C). 
Experimental timeline showing vgcv treatment and testing in mice (D). TK mice showed no 

difference from WT mice in the time to earn 50 rewards under an increasing FR schedule 

(E) but, like rats, showed a lower breakpoint under a progressive ratio (F). Experimental 

timeline in a control experiment without vgcv (G). Untreated WT and TK rats showed 

normal learning on FR schedule (H) and a normal breakpoint (I). n=7-10/genotype. * 

P<0.05 main effect of genotype. Data are means ±SEM.
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Figure 2. 
Food reward operant training and progressive ratio testing in rats and mice lacking adult 

hippocampal neurogenesis. There was a significant decrease in food reward intake during 

the fixed ratio (FR) training in TK rats relative to WT rats (A) but no difference in 

breakpoint during progressive ratio testing (B). TK mice showed no difference in time to 

earn 50 rewards during FR training (C) or in breakpoint during progressive ratio testing (D). 
n=10-13/genotype. * P<0.01. Data are means ±SEM.
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Figure 3. 
The effect of adult hippocampal neurogenesis on effort testing and reward preference. TK 

rats earned fewer rewards than WT rats when given the option to lever press on an RR20 

schedule to receive sucrose rewards or freely consume standard laboratory chow, whilst they 

showed normal effort when lever pressing for the food reward (A). Both genotypes ate 

similar amounts of standard pellet chow relative to each other but ate more of this chow 

during the sucrose test than the food test (B). When given the choice to lever press (FR1) for 

either sucrose or food rewards, both WT and TK rats (C) and mice (D) showed greater 

preference for the food rewards compared with sucrose rewards during 60 min and 30 min 

choice sessions, respectively. n=7-12/genotype. * P<0.05 in post hoc relative to WT rats (in 

A) or main effect of reward type (B-D). Data are means ±SEM.
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Figure 4. 
Random ratio (RR) training and devaluation testing for sucrose reward in TK rats and mice. 

TK rats showed a trend toward decreased lever pressing, relative to WT controls, limited to 

the first two sessions of RR training prior to testing (A). In contrast, TK mice showed a trend 

toward increased responding during the initial sessions of RR20 acquisition (C). For 

devaluation testing, lever pressing during was normalized to the rate of the previous training 

day, and both TK rats (B) and TK mice (D) showed normal devaluation to the sucrose 

reward, similar to that seen in WT animals. n=9-13/genotype/condition. Data are means 

±SEM.
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Figure 5. 
Outcome specific Pavlovian Instrumental Transfer (osPIT) in TK rats. Both WT and TK rats 

showed increased responding to the conditioned stimulus (CS) over the 8 Pavlovian training 

sessions (A). There was a significant genotype x session interaction, with increased lever 

pressing by TK rats in later sessions (B). Both WT and TK rats showed increased lever 

pressing rates on the lever associated with the reward that was previously associated with the 

CS (same) relative to the lever associated with the other reward (different) (D). n=12/

genotype. Data are means ±SEM.
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Figure 6. 
Reversal learning in TK rats and mice. There was no significant difference in behavioral 

performance across reversal learning sessions in TK rats (A) or mice (B) compared to WT 

controls. n=6-12/genotype. Data are means ±SEM.
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