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Abstract
Background—Long-lasting increases in dendritic spine density and gene expression in the
nucleus accumbens and in the ambulatory response to cocaine occur following chronic cocaine
treatment. Despite numerous reports of these findings, the molecular mechanisms leading to these
morphological, biochemical and behavioral changes remain unclear.

Methods—We used mice genetically lacking Kalirin7 (Kal7KO), a Rho-GEF which regulates
dendritic spine formation and function. Both wildtype (Wt) and Kal7KO mice were given high
dose cocaine (20 mg/kg) for four or eight consecutive days. Locomotor sensitization and
conditioned place preference elicited by cocaine were evaluated. The nucleus accumbens core was
diolistically labeled and spine density and morphology were quantified using confocal
microscopy.

Results—Cocaine increased Kalirin7 mRNA and protein expression in the nucleus accumbens of
Wt mice. Kal7KO animals showed greater locomotor sensitization to cocaine than Wt mice. In
contrast, Kal7KO mice exhibited decreased place preference for cocaine, despite displaying a
normal place preference for food. While Wt mice showed a robust increase in dendritic spine
density after four and eight days of cocaine treatment, dendritic spine density failed to increase in
cocaine-exposed Kal7KO mice. Wt mice treated with cocaine for eight days exhibited larger
dendritic spines than cocaine-treated Kal7KO mice.

Conclusions—Kalirin7 is an essential determinant of dendritic spine formation following
cocaine treatment. The absence of this single isoform of one of the many Rho-GEFs expressed in
the nucleus accumbens results in enhanced locomotor sensitization and diminished place
preference in response to cocaine.

Keywords
addiction; cocaine; dendritic spine; sensitization; place-preference; nucleus accumbens

Introduction
Drug addiction is a recalcitrant condition affecting millions of families worldwide. Drugs of
abuse are thought to co-opt normal learning and plasticity mechanisms and permanently
alter the structure and function of the brain (1). Over the past two decades a number of
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candidate pathways have emerged that may support these lasting changes. The transcription
factor ΔFosB remains elevated at least one month following cocaine treatment in rodents,
and levels of ΔFosB dictate behavioral responses to cocaine (2). Similarly, recent work has
shown that GluR1-containing AMPA receptors are trafficked to synapses throughout
extended withdrawal periods and that this membrane trafficking has effects on the
behavioral response to cocaine (3). One of the most consistently reported and longest-lasting
changes in animal models of drug addiction is an increase in dendritic spine density in the
nucleus accumbens (NAc) (4). In rats these increases in spine number persist up to 3.5
months following drug administration (5). A recent study by Shen and colleagues found that,
while cocaine withdrawal itself did not alter spine density, the increase in spine density in
response to a cocaine injection was more rapid in cocaine withdrawn rats, compared to
saline-treated rats (6). Despite repeated findings of alterations in NAc spine number and
morphology, the molecular mechanisms underlying the morphological changes and their
physiological significance remain elusive.

Rho-GDP/GTP exchange factors (Rho-GEFs) are known to play critical roles in spine
morphogenesis (7,8). Kalirin is one of 31 Rho-GEFs expressed at significant levels in the
NAc of the adult mouse and one of 10 Rho-GEFs localized to the PSD (9). Kalirin7 (Kal7),
the Kalirin splice variant most prevalent at the PSD, regulates dendritic spine morphogenesis
in vitro (10,11) and in vivo (12) (Figure 1A). Examination of the CA1 region of the
hippocampus in Kal7 knockout mice (Kal7KO) revealed a decrease in linear spine density
(12). These mice exhibited abnormal fear learning as well as decreased anxiety-like
behavior, yet maintained normal radial arm maze and object recognition learning (12). The
deficit in hippocampal dendritic spine density in these animals resulted in specific losses of
function. Given the role that dendritic spine alterations may play in cocaine-mediated
behaviors, we explored the possibility that chronic cocaine treatment would affect spine
morphology differently in Wt and Kal7KO animals. If so, this would provide a model system
to begin to explore both the molecular mechanisms underlying the morphological changes
observed in cocaine addiction and their functional consequences.

In this study we probed the morphological and behavioral responses of Wt and Kal7KO

animals to chronic cocaine treatment. Unlike Wt mice, Kal7KO animals showed no increase
in spine density following either a four or eight day course of cocaine administration.
Additionally, Kal7KO animals exhibited abnormal spine morphology after the longer cocaine
treatment. Behaviorally, the Kal7KO animals were hypersensitive to the locomotor
sensitizing effects of cocaine but showed a decrease in conditioned place preference for
cocaine, despite their normal place preference for food.

Methods
Animals

For these experiments, all Kal7KO mice had been back-crossed into C57BL/6J (Jackson
Labs) for at least four generations (12); further breeding to greater than 10 generations into
BL6 has not altered biochemical or behavioral outcomes. As with all back-crossed knockout
lines, fragments of 129 genome remain in these largely C57BL/6J mice (13). Since the
deleted Kal7 exon is 507 kb and 193 kb distant from the immediately adjacent genes, the
possibility that a polymorphism at a locus near the Kal7 exon accounts for our results is
slight (13). All animals were housed in the UCHC animal facility on a 12 hour light/dark
cycle with food and water ad lib except as noted. All procedures were in accord with the
guidelines of the UCHC IACUC.
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Behavioral Experiments
Animals were allowed to acclimate to the behavior room for one hour before the start of
training or testing. All animals were male littermates between 60-80 days old at the start of
testing. Each experimental group included 6-12 animals, with the exception of the Latin-
square cocaine and place preference Saline groups, which had five animals per genotype.

Locomotor Sensitization—Procedures for sensitization experiments were adapted from
published methods (14). To minimize stress and establish baseline activity, animals were
injected with saline for four days with their locomotor activity monitored. On subsequent
days, animals received cocaine (National Institute of Drug Abuse, Bethesda, MD)
immediately before the 60 min locomotor monitoring. Animals had their locomotor activity
monitored for the first five days of cocaine to ensure the development of sensitization and
then received two additional injections in their home cages. To test for the persistence of
sensitization, animals were returned to the colony room for one week before receiving a
challenge dose of cocaine.

Place Preference—Methods for conditioned place preference (CPP) were adapted from
published procedures (15). To test cocaine preference, the animals were placed in the central
walkway 24 hours after the final cocaine injection with both doors open and allowed to
explore freely for twenty minutes. For food preference, the animals were given a 20 minute
test similar to the cocaine animals; details are included in Supplemental Methods.

Morphology
Animals—For study #1, mice (N=4/group) were given eight injections of 20mg/kg cocaine
or saline and were then anesthetized using ketamine and perfusion fixed 30 minutes after the
final dose of cocaine. For study #2, mice (N=3/group) were given 4 daily injections of
cocaine (20mg/kg) or saline and perfusion fixed 30 minutes after the final injection. For both
morphology studies, animals were brought into the behavioral suite and injected in empty rat
cages which had been cleaned with a scented detergent, to allow association of cocaine with
a unique context, mimicking the injection conditions used in the behavioral studies.

Tissue Processing—All mice were perfusion fixed with 4% paraformaldehyde followed
by 1 hour of post-fixation in 4% paraformaldehyde (12). Slices (100μm) containing the NAc
were made using a vibratome and were then diolistically labeled using a Gene Gun [Biorad,
Hercules CA] (16,17). A side-by side comparison of several different perfusion and post-
fixation conditions (comparing 1.5% and 4% PFA with post-fixation times of 1 to 24 hours)
was performed, as an effect of fixation strength on DiI diffusion has been reported (18). In
agreement with the majority of the literature, fixation with 4% PFA followed by post-
fixation for 1 hour in 4% PFA yielded the clearest images with the most readily visible
spines (17,19-21). Neurons fixed with 1.5% and 4% paraformaldehyde are compared in Fig.
S1. After ballistic labeling, the dye (DiI; Invitrogen, Carlsbad, CA) was allowed to fill the
processes for 2 hours before imaging.

Image Analysis—Collapsed z-stack images were coded; images were then scored by a
blinded observer. Quantification of spine density, spine length, and spine area was
performed using MetaMorph (10,12). Any spines for which the base and tip were not clearly
visible were excluded from length and area measurements, but were included in the spine
density measurements. Detailed descriptions of spine length and area measurements as well
as image acquisition appear in Supplemental Methods; a graphical depiction of how spine
area measurements were made is provided in Fig. S2.
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Biochemistry and Statistics—Detailed descriptions are available in Supplemental
Methods.

Results
Repeated treatment with cocaine increases Kal7 levels in the NAc

Chronic treatment of laboratory animals with cocaine increases dendritic spine number in
the NAc (4,22). Kal7 plays an important role in dendritic spine formation and maintenance
in cultured neurons (10) and in the hippocampus of mice (12), but is only one of many Rho-
GEFs expressed in the NAc (9). To test the hypothesis that Kal7 could be involved in the
formation of new dendritic spines following cocaine administration, we gave Wt mice
injections of 20mg/kg cocaine once daily for one week and examined protein and RNA
expression 24 h after the final injection. This dosing regimen increased levels of Kal7
protein (t21= −2.60, p=0.016) (Fig. 1B) and mRNA (t6= −2.49, p=0.047) (Fig. 1C) in the
NAc. Adult male rats responded to chronic cocaine (20 mg/kg for 8 days) with similar
increases in Kal7 mRNA and protein (data not shown).

Kal7 plays an important role in cocaine-induced spine plasticity
The finding that Kal7 levels increased in the NAc after one week of cocaine injection
suggested that Kal7 might be essential for the previously reported increases in dendritic
spine density (4,22). To test this hypothesis, we gave Wt and Kal7KO mice injections of
saline or 20mg/kg cocaine once daily for eight days and examined them 30 min after the
final injection. We selected this treatment time and post-injection time to correlate to
induction of behavioral sensitization, an approach that has previously been reported to
increase NAc spine density (23). In saline treated animals, linear spine density was
indistinguishable in the NAc of Wt and Kal7KO mice (Fig. 2A,B,E). Following eight days of
cocaine treatment, Wt animals displayed an increase in dendritic spine density similar in
magnitude to the increases observed with longer treatment paradigms (Fig. 2A,C,E) (17,24).
In contrast, Kal7KO animals showed no increase in dendritic spine density following eight
days of cocaine treatment (Fig. 2B,D,E). Two-way ANOVA analysis showed main effects
of genotype (F1,73=13.537; p<0.0001) and treatment (F1,73=14.069; p<0.0001) as well as a
significant genotype x treatment interaction (F1,73=8.815; p=0.004). Kal7 is thus one of the
few proteins demonstrated to be essential for cocaine-induced increases in dendritic spine
density in vivo (25-27).

In addition to linear spine density, we examined dendritic spine length and area in this group
of animals, as these parameters are known to be determinants of synaptic function (28). The
effects of cocaine on spine structure in rats are time-dependent (6); data for animals
sacrificed 30 minutes after the final dose have not been reported. Analysis of dendritic spine
length demonstrated a main effect of genotype (F1,48=23.00; p<0.0001, two-way ANOVA)
(Fig. S3) but no effect of treatment (F1,48=2.01; p=0.163) or genotype by treatment
interaction (F1,48=0.09; p=0.760). To examine changes in spine area, data were plotted using
Kolmogorov-Smirnov cumulative distribution plots, as this is the least biased and most
detailed way to examine a large and variable population. In this approach, each spine is
weighted equally, diminishing the influence of dendrites with more or fewer measurable
spines. Interestingly, Kal7KO animals demonstrated significant increases in spine size at
baseline (p<0.005) (Fig. 2F) However, the prolonged cocaine treatment produced opposite
effects on spine size between genotypes. While Wt animals showed an increase in spine size
after cocaine treatment (p<0.05) (Fig. 2G), the Kal7KO animals showed a marked decrease
in spine size (p<0.005) (Fig. 2H). Recent data have suggested that spine number and size
increase following learning or LTP induction stimuli, and larger spines have greater surface
area for the expression of receptors and other signaling molecules (28-31). While the
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Kal7KO animals do have larger spines at baseline, the lack of new spine formation and
shrinkage of existing spines may be indicative of disrupted synaptic plasticity in these mice.

Kal7 is essential for behavioral plasticity in response to cocaine
Locomotor Behavior—Given the altered morphological plasticity and lack of increase in
spine number in the Kal7KO animals, we examined what effect this might have on the
behavioral response to cocaine. Initially we examined a range of acute cocaine doses and
measured open field locomotor activity to determine the response of Kal7KO mice to acute
cocaine. Dose-response studies were performed using a randomized Latin-square cross-over
design (32). Briefly, after one day of habituation to the locomotor boxes, the animals were
given a single injection of cocaine in a randomized order and locomotor activity was
measured for 45 minutes after the injection (Fig. 3). As expected, there was a strong effect
of treatment (F5,40=566.29; p<0.0001, two-way RM ANOVA). Interestingly however, there
was no effect of genotype (F1,40=1.13; p=0.318) and no genotype x treatment interaction
(F5,40=1.42; p=0.267).

Given that addiction is a chronic condition that develops over time, and that the majority of
the literature on dendritic spine changes following cocaine treatment is after a prolonged
treatment with cocaine, we examined whether the Kal7KO animals would exhibit abnormal
locomotor behavior in response to repeated cocaine injection. For this locomotor
sensitization assay, animals were first given four daily injections of saline to allow them to
habituate to the locomotor apparatus and injections. Locomotor activity was monitored for
one hour after injection on each day of the treatment. While there was a main effect of day
(F3,20=5.65; p=0.028, two-way RM ANOVA) there was a stable but insignificant trend
towards a genotypic effect during saline injections (F1,20=3.23, p=0.09) (Fig. 4A left).
However, when the animals were given a sensitizing dose of cocaine, the Kal7KO animals
began to exhibit a robust increase in their locomotor activity. Examination of the locomotor
response to cocaine over 5 days yielded main effects of day (F4,20=10.64; p=0.004, two-way
RM ANOVA) and genotype (F1,20=7.72; p=0.01) but no day by genotype interaction
(F1,20=1.45; p=0.24). To examine the differences between genotypes more thoroughly, we
examined the timecourse of the locomotor response during each day of cocaine as well as
the final day of saline (Fig. 4B). In this analysis there was a main effect of time on all days
except cocaine day 1 (F5,20=47.45, 18.35, 19.30, 9.94; all p≤0.005 – in chronological order)
and a main effect of genotype on days 2-4 of cocaine (F1,20=7.77, 7.84, 6.64; all p≤0.018),
but not on the final saline day or first day of cocaine. As a control, we examined levels of
stereotypies in these animals, and found no significant difference between genotypes (Fig.
S4). Taking these and the Latin-square data together, it is clear that the Kal7KO animals
display an increased locomotor sensitization response to repeated doses of cocaine, but do
not show a difference at any acute dose.

While the previous experiment tested the development of sensitization, we next wanted to
examine the persistence of sensitization in Kal7KO animals. Given their altered spine
plasticity, it seemed possible that sensitization would not persist. To test the persistence of
sensitization, all animals were returned to their home cages for one week of abstinence
before the test injection. The animals were then returned to the behavior room and tested for
their locomotor response to a single cocaine injection (20mg/kg) (Fig. 4A right). On this
day, Kal7KO animals responded at a higher level than Wt (F1,20=9.09; p=0.007, one-way
ANOVA), and displayed levels of locomotor activity similar to those of the final days of the
initial sensitization period. Mice lacking this single Rho-GEF develop and maintain cocaine
locomotor sensitization at a level higher than their Wt littermates.
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Conditioned Place Preference—In addition to locomotor sensitization testing, we also
tested the ability of the animals to form an association between a context and the reinforcing
properties of cocaine, widely considered to be an essential component of addiction
(15,27,32). Wt animals showed the expected preference for cocaine (Fig. 5 left). Although
the Kal7KO animals showed a preference for cocaine, the magnitude of their preference was
markedly reduced for both 10mg/kg (F1,13=6.58; p=0.025) and 20mg/kg (F =5.88; p=0.029)
cocaine (Fig. 5 left). The Kal7KO 1,15 animals were not hyperactive on the test day, which
could have confounded the finding of decreased preference (Fig. S5). The many other Rho-
GEFs expressed in the NAc cannot substitute for Kal7 in the pathways involved in this
behavioral response.

Due to the alterations in synaptic architecture displayed in naïve and cocaine-treated Kal7KO

mice (Fig. 2), we considered the possibility that the Kal7KO animals might simply be
incapable of forming an association between reward and context. To test this possibility, we
performed the place preference assay with a different cohort of mice, using food rather than
drug as the unconditioned stimulus. In this task, both Wt and Kal7KO mice showed a robust
and equal preference for the food paired side (F1,12=0.23; p=0.64) (Fig. 5 right). In several
other studies, knockout animals have displayed abnormal drug seeking behavior, yet normal
learning for food seeking (33,34). These learning behaviors, which are both dependent on
proper striatal function, clearly utilize distinct pathways.

Cocaine alters spine number within four days
Given that Kal7KO mice and Wt mice exhibited a difference in cocaine place preference
after only four days of exposure to drug, we also examined dendritic spine density and
morphology after four days of cocaine treatment. Examination of spine density in these
neurons revealed a very similar pattern to that seen after eight days of cocaine treatment
(Fig. 6A-E). Spine density was significantly increased in Wt animals whereas Kal7KO

animals showed no increase. Statistical analysis revealed a main effect of genotype
(F1,35=9.33; p=0.005) as well as a genotype x treatment interaction (F1,35=10.67; p=0.003)
but no main effect of treatment. Comparison of these 4 day treated animals (left bars) to the
8 day treated animals (right bars, repeated from Fig. 2) showed that the spine densities did
not differ between the two treatments (Fig. 6E). In addition to spine density we also
examined spine length and area. Measurements of length revealed no main effects (Fig. S3).
Kolmogorov-Smirnov analyses of spine area showed the same effect of genotype in the
saline treated animals (Fig. 6F and 2F), but no effect of the shorter cocaine treatment in
either genotype (Fig. 6G,H).

Discussion
Morphology

Kal7 expression in the NAc increased following chronic exposure to cocaine (Fig. 1). Since
expression of exogenous Kal7 increased spine density in cultured cortical (35) and
hippocampal (10) neurons, we predicted an essential role for Kal7 in the morphological
response to cocaine. Pyramidal neurons in the CA1 region of the hippocampus of Kal7KO

mice exhibited decreased spine density (12). In the NAc, spine density was indistinguishable
in Wt and Kal7KO mice at baseline. While Wt animals showed the expected increase in
spine density in the NAc after 4 or 8 daily injections of cocaine, spine density was unaltered
in Kal7KO mice (Figs. 2,6). Taken together, our data identify Kal7 as an essential mediator
of the cocaine-induced increase in NAc spine density.

In addition to its effects on spine density, Kal7 affects spine morphology (10,12,36). Kal7KO

animals displayed larger spines at baseline, a phenomenon that may reflect compensation by
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other Rho GEFs at the PSD. It is noteworthy spine plasticity can change following a single
acute injection of cocaine (6). Since our animals were fixed 30 minutes after the final
cocaine injection, some of the observed alterations in spine shape could be due to the acute
effects of cocaine. Most interesting to this study, however, is how the spines of the two
genotypes responded to cocaine. Neither genotype exhibited an increase in spine area after
four days of cocaine. While Wt mice exhibited an increase in spine size after eight days of
cocaine treatment (Fig. 2G); spine size was reduced in Kal7KO mice (Fig. 2H). Spines
lacking Kal7 displayed an aberrant response to chronic stimulation and were unable to
display the same plasticity exhibited by spines with their full complement of Kal7. Given the
links that have been made between spine size and synapse strength (28,37,38), this type of
disrupted plasticity may play a role in the altered behaviors seen in the Kal7KO animals.

Increased cycling of the actin cytoskeleton occurs following cocaine administration (39). As
a GEF for the small GTPase Rac1, Kal7 is an important modulator of the actin cytoskeleton
and its absence would be expected to alter cytoskeletal dynamics. Cdk5, which forms a
complex with activated Rac and Pak, a downstream target of Rac, plays an essential role in
cocaine-induced morphological plasticity (25,32,40,41). Cdk5 phosphorylates Kal7,
increasing its GEF activity (36). Kal7 mutated to block phosphorylation at its only Cdk5
target site still increases spine formation, but the new spines formed are smaller than normal
spines. PSDs prepared from the cortex of Kal7KO mice contained decreased levels of Cdk5
(12), suggesting that the impaired spine morphogenesis observed in the NAc of Kal7KO

mice may reflect both the absence of Kal7 and diminished Cdk5 function.

Behavior
These studies shed new light on the potential behavioral roles of altered dendritic spine
density and morphology following cocaine. It is interesting that animals such as the Kal7KO

mice, which show decreased synaptic plasticity, also show increased locomotor sensitization
to cocaine. In MEF2 over-expressing mice, increased behavioral sensitization to cocaine was
also accompanied by decreased spine density (26). Additionally, intra-NAc infusions of a
Cdk5 inhibitor, roscovitine, reduced cocaine-induced dendritic spine formation (25) and
potentiated the locomotor response to cocaine (41). These studies all suggest that increased
spine density serves as a homeostatic adaptation tempering the psychomotor activation that
follows repeated cocaine exposure; by removing factors that contribute to homeostatic
adaptation, the animal may become hypersensitive to repeated doses of cocaine. One theory
is that increased glutamatergic signaling from the PFC following chronic cocaine treatment
imbalances the NAc circuitry (42). In response, the NAc may undergo a type of synaptic
redistribution (43) as a form of homeostatic plasticity to prevent the entire neural network
from being destabilized. While we are certainly not the first to suggest this theory (26,44),
our findings lend strong credence to this idea.

In animal models of drug addiction, increases in locomotor sensitization and conditioned
place preference have long been used to evaluate the effect of factors that contribute to
addiction. One of the most informative results of this study is the observation that
eliminating Kal7 expression has distinctly different effects on these two behavioral
responses to cocaine. While both of these behaviors are heavily reliant on synaptic
transmission in the NAc (45,46), both behaviors are also driven by systems-wide processes.
As a direct comparison, we examined the behavior of the Kal7KO animals in a radial arm
maze task and contextual fear conditioning (12); both behaviors rely heavily on normal
hippocampal functioning. The Kal7KO animals showed perfectly normal learning curves in
the radial arm maze but showed an inability to consolidate fully a context-fear memory. Our
results with cocaine provide another example of how behaviors thought to rely on similar
structures must be regulated by distinct pathways within those structures. Future studies of
Kal7 interactions and functions at the PSD should clarify some of these mechanisms.
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Interestingly, the Kal7KO animals showed a markedly decreased place preference for
cocaine yet normal place preference for food. Thus Kal7-dependent plasticity is necessary
for cocaine, but not food, to have its full reinforcing value. Intriguingly, animals that learn to
self-administer cocaine demonstrate an increase in spine density in the NAc, while animals
performing the same task for food reward show no change in spine density (47). Since
alterations in spine density are widely considered to underlie normal learning, increased
spine density may be essential for the “learned” drive to seek drugs of abuse (48). While we
cannot directly demonstrate that lack of Kal7 leads to a decrease in drug craving, we have
shown that its absence does affect the place preference for cocaine, a behavior thought to be
correlated to drug seeking.

While the alterations in dendritic spines are a striking feature of the Kal7KO animals, it is
important to bear in mind that other adaptations in these mice may contribute to these
behavioral findings. In particular, Kal7KO animals exhibit decreased PSD levels of Cdk5
and NR2B (12). Cdk5 has been shown to have a wide ranging role in cocaine-mediated
behaviors (40,49), and decreases in Cdk5 levels or activity lead to enhanced sensitization
and altered place preference behaviors (41,50). Additionally, inhibition of NR2B signaling
leads to a sensitized response to amphetamine (51), and disrupts morphine conditioned place
preference (52). Kal7 is normally intercalated into the PSD, which is a finely tuned
molecular machine. It is likely that Kal7 interacts with numerous other components of the
PSD, and that deletion of Kal7 leads to decreases or mislocalization of other components
that are important for drug-induced behaviors.

Conclusion
Numerous studies have suggested that changes in spine number and size underlie new
learning (28) and that drug addiction is simply a corruption of normal learning mechanisms
(1). This study identifies Kal7 as an essential modulator of this pathological plasticity and
provides a new model system, the Kal7KO mouse, with which to explore the diverse roles of
the dendritic spines that form anew and change shape following cocaine treatment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chronic cocaine induces increased Kal7 expression in the NAc of Wt mice. A. The structure
of Kal7 is diagramed (53) and the locations of the antibody site (JH2959; (35)) and the
quantitative polymerase chain reaction (qPCR) primers are indicated. Twenty-four hours
following 7 days of cocaine (20mg/kg) or saline injections, Kal7 protein (B; normalized to
βIII tubulin – p=0.016) and mRNA (C; normalized to GAPDH – p=0.047) were
significantly elevated. Primers used are listed in Supplementary Table 1.
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Figure 2.
Kal7 modulates morphological effects of cocaine in NAc. A.-D. Representative DiI labeled
dendrites from NAc core after treatment of Wt and Kal7KO mice with saline or cocaine
(20mg/kg) for eight days, as shown below the images. Scale bars are 5μm. E. Dendritic
spine density in the NAc was increased following cocaine treatment of Wt but not Kal7KO

animals. Two-way ANOVA yields main effects of genotype (p<0.0001) and drug
(p<0.0001) as well as a drug x genotype interaction (p=0.004). F.-H. Quantification of
dendritic spine area in Wt and Kal7KO animals after treatment with cocaine or saline. F.
Kolmogorov-Smirnov analysis of cumulative distribution plots of spine areas shows a main
effect of genotype at baseline, with Kal7KO animals exhibiting larger spines (p<0.005)
Similar analysis shows a main effect of treatment in both genotypes with Wt spines
increasing in size (G. p<0.05) and KO spines decreasing in size (H. p<0.005) [N=235-295
spines/group].
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Figure 3.
Lack of Kal7 does not affect acute locomotor response to cocaine. Using a randomized
cross-over Latin-square design, Wt and Kal7KO animals were given the indicated doses of
cocaine and examined in the open field. Two-way RM ANOVA revealed a main effect of
treatment (p<0.0001) but no effect of genotype (p=0.318) or genotype x treatment
interaction (p=0.267) [N=5/group].
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Figure 4.
Kal7 is essential for the normal locomotor sensitization response to cocaine. A left. Wt and
Kal7KO animals have similar locomotor responses to repeated treatment with saline
(p=0.09), but show a large genotypic difference in their response to repeated cocaine
injections (p=0.01). A right. Animals that had been sensitized to cocaine were allowed to
withdraw for one week before being given a single challenge injection of cocaine. Kal7KO

mice showed elevated responding compared to Wt mice on this day (p=0.007), and showed
similar levels of locomotion to the final days of the sensitization regimen. B. A breakdown
of the ambulatory response time course on the indicated days shows the increasing
separation between Wt and Kal7KO animals over repeated days of cocaine treatment. Main
effect of genotype on days 2-4 of cocaine (p≤0.018 for each); (*p<0.02, **p≤0.01)
[N=10-12/group].
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Figure 5.
Kal7 is essential for formation of cocaine place preference. In a conditioned place
preference test carried out on the schedule indicated, mice of both genotypes exhibited a
significant preference for the cocaine-paired side, with the response of Kal7KO mice
substantially attenuated compared to littermate controls at both 10 and 20mg/kg cocaine
(Middle; p=0.025 for 10mg/kg; p=0.029 for 20mg/kg). When food was used as the
unconditioned stimulus, both genotypes formed an equal preference for the food paired
chamber (Right; p=0.64) indicating that the difference between Wt and Kal7KO mice was
specific to drug preference. Animals injected with saline only did not form a preference for
either chamber (Left). (*p<0.05; **p<0.01 ANOVA) [N=6-10/group].
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Figure 6.
NAc spine morphology after 4 days of cocaine (20mg/kg) A-D. Representative images are
shown; scale bars are 10μm. The treatment paradigm used is indicated below the images. E.
Dendritic spine density was quantified as described in Fig. 2E. A two-way ANOVA
revealed a main effect of genotype (p=0.005) as well as a genotype x treatment interaction
(p=0.003). Spine density data from Fig.2E (8 day) are replotted for comparison. F.
Kolmogorov-Smirnov cumulative distribution analysis shows the same effect of genotype at
baseline in these animals. G,H. However, the shorter cocaine treatment produced no main
effect of treatment on spine area in either genotype [N=321-442 spines/group].

Kiraly et al. Page 17

Biol Psychiatry. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


