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Abstract

This study investigated the role of calcium2+/calmodulin-dependent protein kinase II (CaMKII), a 

protein in the second messenger pathway of NMDA receptors, in the ventral tegmental area (VTA) 

in the acquisition and performance of conditioned approach learning. Male Long-Evans rats (N = 

79) were exposed to 3 (to test acquisition) or 7 (to test performance) conditioning sessions in 

which they received 30 paired presentations of a light stimulus (CS) and a food pellet (US) on a 

random time schedule. These conditioning sessions were then followed by one 30-min session 

without the CS or US and lastly by a CS-only test session, where only the light stimulus was 

presented (without food) according to the same schedule as the conditioning sessions. Bilateral 

intra-VTA injections of KN93 (vehicle, 3.0, 4.5 or 6.0 μg/0.5 μL), a CaMKII inhibitor, were 

administered prior to each conditioning session to test effects on the acquisition of conditioned 

approach or prior to the CS-only test session to test effects on the performance of conditioned 

approach. KN93, when given prior to conditioning sessions, significantly reduced the number of 

conditioned approach responses emitted during CS presentations in the CS-only test. When KN93 

was given prior to the CS-only test it had no effect. These results suggest that CaMKII activation 

in the VTA is necessary for the acquisition, but not the performance, of reward-related learning.
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1. Introduction

Reward-related learning entails learned associations between primary rewards 

(unconditioned stimuli; USs), such as food, water and drugs, and reward-related stimuli. 

Stimuli associated with primary rewards acquire the ability to elicit behavioral responses 

similar to the primary rewards themselves, including the ability to elicit conditioned 

approach responses. Such stimuli are referred to as conditioned stimuli (CSs) and the 

mechanisms whereby stimuli become CSs are not fully known and constitute the focus of 

the present paper. We propose that the ability of CSs to elicit conditioned approach involves 

the acquisition by these reward-associated stimuli (i.e., CSs) of the ability to activate the 

same incentive motivational neural systems activated by primary rewards.

Mesocorticolimbic dopamine (DA) neurons have been implicated in reward-related learning, 

specifically in mediating the behavioral effects of primary reward, conditioned reward and 

conditioned approach (Fiorino, Coury, Fibiger, & Phillips, 1993; Ranaldi, 2014; Robinson & 

Berridge, 1993; R. A. Wise, 2004; Zellner & Ranaldi, 2010). The presentation of primary 

rewards has been shown to activate VTA DA neurons and trigger DA release in terminal 

regions of the mesocorticolimbic DA system (Day, Roitman, Wightman, & Carelli, 2007; 

Hernandez & Hoebel, 1988; Pfaus, Damsma, Wenkstern, & Fibiger, 1995; Yoshida et al., 

1992). Antagonism of DA neurotransmission in terminal regions results in significant 

reductions in the rewarding effects of USs such as food, brain stimulation and drugs of abuse 

(R. A. Wise, 2004; Zellner & Ranaldi, 2010). Similarly, the presentation of CSs has also 

been shown to activate and modulate VTA DA neurons (Kiyatkin & Rebec, 2001; Kosobud, 

Harris, & Chapin, 1994; Miller, Sanghera, & German, 1981; Wilson & Bowman, 2004), as 

well as increase DA release in nucleus accumbens (NAcc) and caudate nucleus in rats 

(Phillips, Atkinson, Blackburn, & Blaha, 1993). These findings indicate that CSs gain the 

capacity to activate VTA DA neurons, but the mechanisms involved in this process remain 

unclear.

We have proposed a model stipulating that concurrent activation of the CS- and US-relevant 

receptors on DA neurons in the VTA is necessary for CSs to gain the capacity to activate 

these DA neurons (Zellner & Ranaldi, 2010). We propose that the US input is comprised of 

acetylcholine (ACh) stimulation of muscarinic receptors (mACh) on DA neurons (Sharf and 

Ranaldi 2006; Sharf et al. 2006; Zellner et al. 2009; Ranaldi et al. 2011; Kest et al. 2012; 

Nisanov et al. 2016; Galaj et al. 2017). The major sources of ACh to the VTA are the 

pedunculopontine tegmentum (PPTg) and laterodorsal tegmentum (LDTg) hindbrain nuclei 

(Garzón, Vaughan, Uhl, Kuhar, & Pickel, 1999; Holmstrand & Sesack, 2011; Oakman, Faris, 

Kerr, Cozzari, & Hartman, 1995; Omelchenko & Sesack, 2006). Extracellular concentrations 

of ACh in the VTA increase during eating, drinking and self-stimulation (Rada, Mark, 

Yeomans, & Hoebel, 2000). Stimulation of mACh receptors in the VTA enhances brain 

stimulation reward (BSR) while antagonism reduces BSR (Kofman & Yeomans, 1988; 

Yeomans, Mathur & Tampakeras, 1993; Yeomans, Kofman, & McFarlane, 1985) as well as 

eating and approach to food (Ikemoto & Panksepp, 1996; Rada et al., 2000). These findings 

demonstrate that VTA ACh plays a role in primary reward and signaling of the US. We also 

propose that the CS signal is comprised of glutamate released from cortical and/or tegmental 

afferents to the VTA that stimulates N-methyl-D-aspartate (NMDA) receptors on VTA DA 
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neurons (Galaj & Ranaldi, 2018; Galaj, Seepersad, Dakmak, & Ranaldi, 2018; Hachimine, 

Seepersad, Babic, & Ranaldi, 2016; Kest et al., 2012; Ranaldi et al., 2011; Zellner et al., 

2009). Tegmental neurons respond to independent visual and auditory stimuli (Pan & 

Hyland, 2005) as well as those associated with rewards (Okada, Toyama, Inoue, Isa, & 

Kobayashi, 2009; Pan & Hyland, 2005) and control the activity of VTA DA cells (Lodge & 

Grace, 2006) and DA release in the NAc (Forster & Blaha, 2000; Steidl, O’Sullivan, Pilat, 

Bubula, Brown, & Vezina, 2017), suggesting that encounters with environmental stimuli, 

such as those associated with primary rewards, cause glutamate signaling in the VTA that 

affects DA neuronal activity. In our model, the concurrent stimulation of NMDA and mACh 

receptors results in NMDA-mediated intracellular events that lead to the neural/synaptic 

changes whereby an originally weak (neutral reward-associated stimulus) glutamate 

activation of DA neurons (reward substrate) is transformed into a stronger (now CS) 

glutamate activation of DA neurons (reward substrate).

We have previously shown that non-novel, neutral stimuli do not have the capacity to 

significantly activate VTA DA neurons whereas food (a US) and food associated stimuli 

(CSs) do (Kest et al., 2012). We have also shown that the number of VTA DA neurons 

activated is significantly correlated with the capacity of a CS to elicit conditioned approach 

responses (Galaj & Ranaldi, 2018). Further, we have shown that the antagonism of mACh 

receptors in the VTA (Sharf and Ranaldi 2006; Sharf et al. 2006) or systemically (Nisanov et 

al. 2016) impairs the acquisition of reward-related learning. Likewise, antagonism of NMDA 

receptors in the VTA impairs the acquisition of reward-related learning (Kest et al., 2012; 

Ranaldi et al., 2011; Zellner, Kest, & Ranaldi, 2009). Given the crucial role of VTA NMDA 

receptor stimulation for the acquisition of this type of learning, the present study further 

investigated the intracellular processes that are associated with NMDA-mediated plasticity – 

namely, the role of calcium2+/calmodulin protein kinase II (CaMKII) – in reward-related 

learning.

CaMKII is a protein kinase in the second messenger pathway of NMDA receptors. The 

activation of CaMKII by calcium ions results in synaptic insertion and increased single-

channel conductance of AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) 

receptors (Derkach, Barria, & Soderling, 1999; Hayashi et al., 2000; Rongo & Kaplan, 

1999) among other long-lasting neural changes (Bayer, De Koninck, Leonard, Hell, & 

Schulman, 2001; Lisman, Malenka, Nicoll, & Malinow, 1997) believed to underlie the 

synaptic plasticity implicated in learning and memory. Based on our model, we predict that, 

like NMDA receptor antagonism, inhibition of CaMKII in the VTA will impair the 

acquisition of conditioned approach learning but have no effect on the expression or 

performance of this behavior after it is learned. We tested this hypothesis.

2. Materials and Methods

2.1. Animals

The protocols used in the present experiments were in accordance with the National 

Institutes of Health Guide for Care and Use of Laboratory Animals and were approved by 

the Queens College Institutional Animal Care and Use Committee.
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Subjects consisted of 79 male Long Evans rats that were facility-bred from males and 

females obtained from Charles River Laboratories (Raleigh, NC). All rats were housed 

individually post-surgery and maintained on a 12-hour light:12-hour dark cycle (lights off at 

9 AM) in a temperature-controlled (70°F) vivarium. Experimental sessions took place during 

the animals’ dark phase, in order to test them during their active cycle. The animals received 

an unlimited amount of food (LabDiet chow) and water, until a week prior to the start of the 

experimental sessions. Surgery was performed when they weighed approximately 375–400 g 

(i.e., at about three months of age). After three to four days of recovery, the animals were 

placed on a food restriction regimen that reduced their weights to 85% of their free feeding 

values. Once they reached their target weight, rats were given daily rations of food to 

maintain their target weights throughout the rest of the experiment.

2.2. Drugs

KN93 phosphate, a water-soluble calcium2+-calmodulin protein kinase II inhibitor (Tocris: 

R&D Systems, Minneapolis, MN), was dissolved in distilled water to produce doses of 3.0, 

4.5 and 6.0 μg/0.5 μL and delivered bilaterally into the VTA. Drug doses were chosen based 

on the literature indicating behavioral effects after intracranial injections (Dunn, Inderwies, 

Licata, & Pierce, 2005; Licata, Schmidt, & Pierce, 2004; Faccidomo, Reid, Agoglia, 

Ademola, & Hodge, 2016).

2.3. Apparatus

Testing took place in eight individual conditioning chambers, each measuring 30 cm x 21 

cm x 18 cm (L x W x H). Each chamber was enclosed in a sound-attenuating outer box 

equipped with a ventilating fan. The conditioning chambers were equipped with a food 

trough (5 cm x 5 cm) in which food pellets (45 mg each; Bio-Serv, Inc., Frenchtown, NJ) 

were dropped by a dispenser located outside the chamber. A white stimulus light was 

mounted 1 inch above and 2 inches to the left of the food trough. A photo-sensor in the food 

trough detected head entries. The floor of each chamber consisted of aluminum rods. All 

events in the conditioning chambers were programmed with MED-PC IV software.

2.4. Surgery

All rats received an intraperitoneal (IP) injection of atropine sulfate (0.54 μg/0.1 ml of 

distilled water). After approximately 8 minutes, rats were deeply anesthetized with an IP 

injection of sodium pentobarbital (65 mg/kg). An incision was made on the scalp to expose 

the skull and two holes were drilled into the skull to allow for cannula implantation. 

Stainless steel guide cannulas (22 gauge/15 mm long) were bilaterally lowered into the brain 

using the following coordinates from the Paxinos and Watson stereotaxic atlas (Paxinos & 

Watson, 1982): −5.6 mm caudal to bregma, ±2.0 mm from the midline at a 10° angle toward 

the midline and −8.6 mm below the surface of the skull. The dorsal to ventral coordinates 

were adjusted to −7.1 mm for the anatomical control groups. The cannulas were then 

permanently fixed to the skull using dental acrylic that formed around four stainless steel 

screws, placed into four proportional quadrants on the skull. Obturators that measured 16 

mm precisely, were inserted into the guide cannulas and extended 1 mm beyond the cannula. 

Obturators remained inserted there at all times throughout the protocol with the exception of 

their removal during microinjections.
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2.5. Experimental Procedures

2.5.1. Acquisition of conditioned approach learning—Rats received 8–10 BioServ 

food pellets in their home cages prior to their magazine training session. Rats began with a 

20-min magazine training session, in which 20 food pellets were delivered on a random time 

schedule in their conditioning chamber food troughs. This allowed the rats to become 

familiar with the delivery of food pellets. Beginning the next day, rats received three 

consecutive 60-min conditioning sessions with a day off between sessions. During each 

conditioning session rats were presented with thirty presentations of the light stimulus (CS) 

under a random time schedule with an average interstimulus interval (ISI) of 150 s. Each 

light presentation was immediately followed by the delivery of a food pellet (US). Before 

each conditioning session, the obturators were removed, and each rat received bilateral 

microinjections of KN93 (3.0, 4.5 or 6.0 μg/0.5 μl) or vehicle (distilled water). The 

microinjectors measured 16 mm long, extending 1 mm past the guide cannulas. Injections 

were delivered using a 10 μl Hamilton gas-tight syringe. For each dose of KN93 or vehicle, 

injections were administered over the course of 60 seconds and then kept in place for an 

additional 30 seconds, to allow the drug to diffuse. After the microinjections were 

completed, the obturators were re-inserted into the cannulas and the rats were immediately 

placed into their conditioning chambers. Two days after their last conditioning session, rats 

returned to the conditioning chambers for a 30-min session with no light or food 

presentations. The next day, rats were exposed to a CS-only test session, in which they 

received 30 presentations of the light stimulus only (no food) under the same schedule as 

during conditioning sessions.

2.5.2. Performance/Expression of Conditioned Approach Learning—The 

performance/expression of conditioned approach procedure was similar to that of the 

acquisition experiment. In this experiment rats were exposed to seven consecutive 

conditioning sessions, and intra-VTA microinjections of KN93 (3.0, 4.5 or 6 μg) or vehicle 

were not administered prior to the conditioning sessions but were administered prior to the 

CS-only test session.

2.6. Histology

After the CS-only test, all rats were perfused for brain extraction and cannula placement 

verification. Rats were anesthetized using an overdose of sodium pentobarbital. Once the 

rats were deeply anesthetized, they were perfused using 120 ml of 0.9% saline solution 

followed immediately by 60 ml of 4.0% formalin solution and decapitated for brain 

extraction. Each brain was stored in 4.0% formalin in a refrigerator for 2–3 days, then placed 

in a 30% sucrose solution for 3–4 days. Using a cryostat, brains were sliced in coronal 

sections, which were placed on specimen slides and later inspected under a MicroProjector 

for cannula placement.

2.7. Statistical and Data Analysis

For each conditioning session and the CS-only test session, the data consisted of the number 

of head entries made during the following 3 periods; 1) Pre-CS, a 6-s period starting 6 s 
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prior to the onset of the CS, 2) CS, a 6-s period starting with the onset of the CS and 3) Non-

CS, all other times outside of the Pre-CS and CS periods.

For each session, the difference score was calculated by subtracting the number of head 

entries made during the Pre-CS periods from the number made during the CS periods (CS-

Pre-CS entries). The difference score is used to measure the degree of conditioned approach 

learning. A one-way analysis of variance (ANOVA) was used to analyze the difference 

scores during the CS-only test session. A separate mixed ANOVA, with session as a repeated 

measures factor and KN93 dose as a between-groups factor was conducted on the difference 

scores during the conditioning phase. Statistically significant results were further analyzed 

using Tukey and Dunnett’s post-hoc tests. Mauchly’s test was carried out to determine 

violation of the sphericity assumption. Greenhouse-Geisser corrections for sphericity are 

reported where appropriate.

3. Results

3.1. Cannula verification

The data included in our analyses were restricted to that collected from rats with confirmed 

cannula placements and injection sites in the VTA or just dorsal to the VTA (dorsal control). 

The VTA microinjection sites spanned much of the rostral-caudal length of the VTA but 

mostly were localized in the caudal portion of the VTA (−5.8 to −6.04 mm posterior to 

bregma) with some injections occurring in the central portion (−5.2 to −5.6 mm posterior to 

bregma) (see Fig. 1).

3.2. Experiment 1: The effects of intra-VTA injections of KN93 on the acquisition of 
conditioned approach learning

Figure 2 illustrates the difference scores (CS minus Pre-CS head entries) of rats grouped by 

dose of KN93, across the three conditioning and CS-only test sessions. There were similar 

increases in the difference scores for all groups across the three conditioning sessions. A 

mixed ANOVA revealed a significant main effect of session [F2,56 = 51.33, p < .001], but no 

significant dose effect nor session x dose interaction (p >.05).

In contrast to conditioning, difference scores from the CS-only test session were different 

across groups, showing dose-related decreases with the 6 μg group demonstrating the lowest 

scores. A one-way ANOVA on the data from the CS-only test session confirmed these 

observations, revealing a significant dose effect [F3,28 = 4.17, p < 0.05]. Tukey’s post hoc 

analyses revealed that the 6 μg group was significantly different from the vehicle group, p 
< .01.

Figure 3 shows mean total number of head entries across the three conditioning sessions and 

the CS-only test session. The total head entries decreased for all groups across sessions. The 

4.5 μg group appeared to have a higher number of head entries than the other dose groups 

during conditioning, but not during the CS-only test session. A mixed-ANOVA on the total 

head entries made across conditioning sessions revealed a significant main effect of session, 

[F1.58, 56 = 13.19, p < .001] and a significant main effect of dose [F3, 28 = 4.29, p < .05] but 

no interaction (p >.05). Tukey’s post hoc comparisons showed that the total head entries for 
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the 4.5 μg group was significantly higher than for the 3 μg and 6 μg groups (p < .05). During 

the CS-only test session, however, the total head entries were similar across dose groups. A 

separate one-way ANOVA did not reveal a significant dose effect (p >.05).

In Figure 4, the difference scores for the anatomical dorsal control groups (vehicle and 6 

μg/0.5 μL) showed a similar pattern across the three conditioning sessions and the CS-only 

test session. Difference scores were lower during the first conditioning session, after which 

they plateaued for the remaining sessions. A mixed-ANOVA on the difference scores across 

the three conditioning sessions showed a significant main effect of session [F2, 20 = 6.72, p 
< .01] but no significant dose effect nor session x dose interaction (p >.05). During the CS-

only test session, the group treated with 6 μg of KN93 prior to each conditioning session 

exhibited similar difference scores to that of the vehicle group. A one-way ANOVA 

confirmed that these groups were not significantly different (p >.05).

Figure 5 shows mean total number of head entries across the three conditioning sessions and 

the CS-only test session in the dorsal control groups. The total head entries decreased for 

both groups in a similar fashion across sessions. The 6 μg dose group appeared to have a 

slightly higher number of head entries than the control group across sessions but this was not 

significant. A mixed ANOVA on the total head entries made across conditioning sessions 

revealed a significant main effect of session, [F1.22, 20 = 11.31, p < .05], but no significant 

dose effect nor session x dose interaction (p >.05). During the CS-only test session the total 

head entries were similar for both groups, and this observation was confirmed by a separate 

one-way ANOVA that did not reveal a significant dose effect (p >.05).

3.3. The effect of intra-VTA injections of KN93 on the expression of conditioned approach 
learning

Figure 6 shows the difference scores across seven conditioning sessions and the CS-only test 

session, during which rats received intra-VTA injections of KN93 (3.0, 4.5 or 6.0 μg/0.5 μl) 

or vehicle prior to the CS-only test session and not prior to each conditioning session. 

Generally, all dose groups had similar increases in difference scores across the conditioning 

sessions. Although the 6 ug dose group also showed increases across sessions, the difference 

scores for this group tended to be lower than those for the other groups. A mixed-ANOVA 

on the difference scores across the seven conditioning sessions revealed a significant main 

effect of session [F3.095, 186 = 21.00, p < .001] but no session x dose interaction (p >.05). 

During the CS-only test session, prior to which all groups received their respective 

intracranial injections, the difference scores were similar across groups. A one-way ANOVA 

confirmed this observation and revealed no significant dose effect (p >.05).

The mean total head entries made by groups in the expression experiment consisted of 

similar decreases across the seven conditioning sessions across groups and for many of these 

sessions the 6 μg group showed total head entries that tended to be higher than for the other 

groups (Figure 7). A mixed-ANOVA revealed a significant main effect of session [F3.43, 186 

= 38.36, p < .001], but no significant dose effect nor session x dose interaction (p >.05). The 

total head entries during the CS-only test, prior to which all groups were treated, was similar 

among all groups. A one-way ANOVA on these data did not reveal a significant dose effect 

(p >.05).
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4. Discussion

In Experiment 1, inhibition of CaMKII occurred prior to each of the three conditioning 

sessions by intra-VTA microinjections of KN93, to assess the role of CaMKII in the 

acquisition of conditioned approach learning. The outcome was a dose-related, significant 

reduction in differences scores emitted during the CS-only test session, suggesting a 

reduction in conditioned approach learning. When similar KN93 microinjections were made 

just dorsal to the VTA they produced no effect on the acquisition of conditioned approach 

learning. The lack of effect with dorsal injections rules out the possibility of unintentional 

dispersed drug effects of KN93 in dorsal areas, where some drug diffusion may occur after 

intra-VTA injections (Wise & Hoffman, 1992), and argues strongly that the effect of intra-

VTA injections were caused by the localized pharmacological action of KN93, specifically 

in the VTA, during learning. In Experiment 2, we found that when rats were not treated with 

KN93 prior to each of the conditioning sessions but rather just prior to the CS-only test, they 

showed similar performance of the learned conditioned approach response across groups. 

Finally, an analysis of total head entries, which can be seen as an indicator of non-specific 

treatment effects and general capacity to make the head entry response, did not reveal dose 

differences between any dose and vehicle in any of the experiments, eliminating the 

possibility that significant difference scores resulted from incapacitation. Altogether, these 

experiments show that inhibition of CaMKII in the VTA before conditioning, but not before 

the CS-only test, results in a significant impairment of conditioned approach learning.

The impairment in the acquisition of conditioned approach observed in Experiment 1 is best 

explained as a direct result of the localized pharmacological action of KN93, namely, the 

inhibition of CAMKII in the VTA. All animals consumed the same number of food pellets 

during conditioning sessions across all experiments, arguing against the possibility that the 

reduced conditioned approach occurred because of reduced food consumption or, perhaps, 

fewer stimulus-reward pairings. Furthermore, the results from both experiments indicate that 

there was no significant difference in the total numbers of head entries across groups and 

across sessions. Given that the total number of head entries during a session is a measure of 

noncontingent activity this result would argue against the possibility that treatment resulted 

in motoric incapacitation. The results of these experiments indicate that inhibition of 

CaMKII in the VTA impairs the acquisition of conditioned approach learning but not the 

performance (i.e., expression) of the learned response.

The results of the current study add further support for our neuronal model of reward-related 

learning (Zellner and Ranaldi 2010; Ranaldi 2014). This model stipulates that acquisition of 

conditioned approach depends on the capacity of the CS to stimulate DA neurons in the 

VTA, in the absence of the US. For the CS to gain the capacity to activate the reward 

substrate there must be concurrent stimulation of NMDA and mACh receptors on this 

reward substrate (proposed to be DA neurons) in the VTA. The mACh receptor stimulation 

causes depolarization of DA cells, removal of the magnesium block from the NMDA 

receptor and NMDA receptor stimulation triggers an influx of calcium ions into DA neurons. 

The rise in intracellular calcium ions activates several enzyme protein kinases including 

CaMKII, initiating the intracellular processes that lead to the strengthening of CS-related 

synapses and the CS signal itself. Thus, according to this model, inhibition of CaMKII 
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should prevent the underlying neural plasticity from occurring, impairing reward-related 

learning. The present results support this model by providing evidence that CaMKII activity 

in the VTA indeed plays a critical role in the acquisition of reward-related learning.

Our finding that VTA CaMKII activity is involved in the acquisition of learning but not in 

the performance (expression) of an already learned response is in line with the current body 

of literature. While our study focused on conditioned approach learning, similar findings 

have been produced elsewhere in conditioned avoidance learning. The blockade of CaMKII 

activation in the amygdala resulted in dose-dependent impairment of the acquisition, but not 

expression, of auditory and contextual fear conditioning (Rodrigues, Farb, Bauer, LeDoux, 

& Schafe, 2004). Moreover, both the activation of NMDA receptors and the 

autophosphorylation of CaMKII with genetic disruptions were found to be necessary for the 

establishment of a CS, in Pavlovian CS-US fear conditioning (Frankland et al., 2004). 

Interestingly, CaMKII activity has also been found to be involved in expectations of future 

reward in computational model for reward-guided network plasticity and Hamiltonian 

synaptic sampling framework (Yu et al., 2018). While manipulations of CaMKII activity in 

the striatum had no effect on the acquisition of instrumental learning, it did reduce the 

motivational control of instrumental behavior elicited by Pavlovian CSs (Wiltgen, Law, 

Ostlund, Mayford, & Balleine, 2007).

CaMKII has been shown to be involved in reward-related learning based on other classes of 

primary rewards such as drugs of abuse. Inhibition of CaMKII activity in the VTA impaired 

the acquisition, but not the expression, of cocaine conditioned place preference and cocaine 

induced synaptic plasticity in the nucleus accumbens shell (Liu et al., 2014). The activity of 

CaMKII in the nucleus accumbens shell plays a role in amphetamine-seeking behavior 

(Loweth et al., 2010), cocaine-seeking behavior (Anderson et al., 2008) and morphine-

seeking behavior (Liu, Zhang, Liu, & Yu, 2012).

5. Conclusion

In summary, the present study is the first demonstration that inhibition of CaMKII in the 

VTA attenuates acquisition of conditioned approach while having no effect on the 

performance of this behavior after it is learned. These results suggest that CaMKII activity in 

the VTA is critically involved in the acquisition by an initially neutral, reward-associated 

stimulus of CS properties. We propose that the acquisition of CS properties happens when 

the reward-associated stimulus acquires the ability to stimulate the primary reward neural 

substrates and that this process depends critically on stimulation of CaMKII in the VTA. 

These findings add to our understanding of the basic neural processes underlying reward-

related learning and incentive motivation and suggest possible mechanisms that may be 

targeted to modulate reward-related pathologies such as substance use disorders.
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Figure 1. 
Histological reconstruction of injection sites adapted from Paxinos and Watson for (A) 

acquisition experiment and (B) expression experiment. Black circles represent intra-VTA 

injections. Gray circles represent anatomical dorsal control injections. The numbers to the 

right of each section indicate the distance (mm) posterior to bregma.
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Figure 2. 
Mean (± SEM) CS minus Pre-CS difference scores for groups receiving VTA 

microinjections of KN93 [vehicle (n=8), 3 (n=8), 4.5 (n=7) or 6 μg/kg (n=9)] prior to each 

conditioning session. * denotes statistically significant difference from the vehicle group, p 
< 0.05.
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Figure 3. 
Mean (± SEM) total head entries for groups receiving VTA microinjections of KN93 

[vehicle (n=8), 3 (n=8), 4.5 (n=7) or 6 μg/kg (n=9)] prior to each conditioning. * denotes 

statistically significant difference from the vehicle group, p < 0.05.
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Figure 4. 
Mean (± SEM) CS minus Pre-CS difference scores for groups receiving 1mm dorsal to VTA 

microinjections of KN93 [vehicle (n=6) or 6 μg/kg (n=6)] prior to each conditioning session. 

* denotes statistically significant difference from the vehicle group, p < 0.05.
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Figure 5. 
Mean (± SEM) total head entries for groups receiving 1mm dorsal to VTA microinjections 

of KN93 [vehicle (n=6) or 6 μg/kg (n=6)] prior to each conditioning session. * denotes 

statistically significant difference from the vehicle group, p < 0.05.
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Figure 6. 
Mean (± SEM) CS minus Pre-CS difference scores for groups receiving intra-VTA 

injections of KN93 [vehicle (n=9), 3 (n=8), 4.5 (n=9) or 6 μg/kg (n=9)] prior to the CS-only 

test session. * denotes statistically significant difference from the vehicle group, p < 0.05.
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Figure 7. 
Mean (± SEM) total head entries for groups receiving intra-VTA injections of KN93 

[vehicle (n=9), 3 (n=8), 4.5 (n=9) or 6 μg/kg (n=9)] prior to the CS-only test session. * 

denotes statistically significant difference from the vehicle group, p < 0.05.
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