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Abstract
The limbic system-associated membrane protein (LAMP) is a GPI-anchored cell adhesion molecule
expressed heavily in limbic and limbic-associated regions of the developing and adult brain.
Experimental studies show that LAMP promotes the growth of limbic neurons and guides the
projections of limbic fibers. In order to examine the functional consequences of disrupting limbic
circuit assembly, we generated a mouse line in which the Lsamp gene encoding LAMP was deleted.
Basic neuroanatomical organization and sensory and motor development are normal in Lsamp−/−

mice. The most profound change in behavior in both male and female Lsamp−/− mice is a heightened
reactivity to novelty exhibited in several behavioral tests. Lsamp−/− mice display hyperactivity in a
novel arena and both sexes habituate to the same activity levels as their wildtype littermates, but at
different rates. In the elevated plus maze, Lsamp−/− mice exhibit increased total arm entries, with a
bias towards the open arms; they spend more time in the open arms and have a substantial increase
in the amount of risk assessment in unprotected areas of the maze. In the y-maze, Lsamp−/− mice
exhibit characteristic hyperactivity and a decreased level of spontaneous alternation during the period
when their novelty-induced hyperactivity is at its peak. We hypothesize that Lsamp−/− mice may not
simply exhibit a decrease in anxiety, but may have a heightened, and possibly maladaptive, response
to novel environmental stressors. Genetic deletion of Lsamp may thus cause circumscribed changes
in the fine connectivity of specific circuits that underlie these behaviors.
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1. Introduction
The limbic system is comprised of interconnected brain structures responsible for emotional
regulation, cognitive function and autonomic responses. Although first described more than
120 years ago [4], hypotheses regarding the functional organization and specific contributions
of the basic circuitry to complex behaviors are under continuous refinement. There is even
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debate regarding the limbic system as a unifying concept [11,17]. Yet, specific frontal and
temporal cortical areas, forebrain regions (septum, amygdala, hypothalamus) and brainstem
nuclei (locus coeruleus, raphe, vagal nuclei) are implicated in the behavioral and physiological
disruptions that cause neuropsychiatric diseases such as anxiety, depression and psychosis.
However, the underlying, complex changes at the circuit level remain ill-defined [34]. A
neurodevelopmental etiology has been hypothesized for many psychiatric disorders [1,15,30,
51], suggesting that the functional impact may occur through the disruption of the assembly
of limbic circuitry. One approach to examine the development, maintenance and disruption of
limbic-related behaviors is to manipulate the expression of molecules that mediate the
development and function of the underlying neural circuitry.

The limbic system-associated membrane protein (LAMP), a cell adhesion molecule (CAM) of
the IgLON family expressed in cortical and subcortical limbic-associated regions of the
developing and adult brain [5,6,20,29,39,44,54] is one such molecule. The protein exhibits
99% homology between rodent and human [38] and there is a close correlation between
Lsamp mRNA and protein distribution patterns in rat [29,39,44,54], monkey [5,6], and human
[42,43]. Experimental manipulations of LAMP in vitro result in altered axon targeting and
neurite growth [13,24,31,41,56]. In the analysis of different rat substrains, Nelovkov and
colleagues correlated lower expression of Lsamp mRNA in the amygdala and hippocampus
with decreased anxiety and increased exploration [35,36]. Moreover, there is genetic
association of a polymorphism in the Lsamp gene with panic disorder in humans [26,32]. Both
studies suggested that alterations in LAMP may have functional consequences on complex
behaviors.

We have developed mice in which the Lsamp gene is deleted constitutively. Here, we have
evaluated gross neuroanatomical organization and characterized the behavioral phenotype of
Lsamp−/− mice by providing an assessment of their response to novel, stressful environments
as measured by activity and exploratory behavior. The results of this study support the
importance of LAMP in limbic function and provide the basis for further anatomical,
physiological and biochemical phenotyping of Lsamp−/− mice.

2. Materials and Methods
2.1 Lsamp targeting

To disrupt the Lsamp gene, we generated a targeting vector that replaced 69 nt of exon 2
including the 3’ splice site and 31 nt of intron 2 with a neo cassette inserted in the opposite
transcription/translation frame relative to the Lsamp gene (Fig.1a). To generate the targeting
vector, a mouse 129/ReJ genomic library constructed in the λ FIX II vector (provided by Dr
John Pintar, UMDNJ-RWJMS, Piscataway, NJ) was screened using probes derived from the
rat Lsamp cDNA [41]. Among the Lsamp genomic clones isolated and characterized, the
mLsamp-λ-11a clone was selected for containing a 13.2 kb insert, including the partial
nucleotide sequence of the first intron, exon 2 and ∼4.0 kb of intron 2. The linearized vector
was electroporated into R1 ES cells ((129X1/SvJ × 129S1/Sv)F1-Kitl+). Targeted ES cells
were injected into C57BL/6J blastocysts to generate chimeric mice. One heterozygous
Lsamp founder was obtained and back-crossed into the C57BL/6J strain for more than 10
generations for all experiments reported here. Initial genotyping was done by Southern Blot
analysis. All subsequent mice were genotyped by polymerase chain reaction (PCR)
amplification using primers to identify the presence of the wild type allele (5`- GTC CTG ATT
GGT CTT GTT GAG TCC -3` and 5`-TCT TAT CCC ACT TCC CCC TTA CC -3`) and the
targeted allele (5`-CTC CTG CCG AGA AAG TAT CCA TC-3` and 5`-CTC TGG AAT ACA
GCC TCC GAA TC-3`). PCR reactions were performed using the AmpliTaq gold system
(Applied Biosystems, Foster City, CA).
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GeneBank accession number for the rat Lsamp nucleotide sequence is U31554. LSAMP/
Lsamp are respectively the symbols for the human and rodent gene encoding LAMP, its
mRNAs and cDNAs, approved by the human and mouse gene nomenclature committees.
LAMP is the designation for the protein [54].”

Unless otherwise indicated, all standard molecular biology techniques were performed as
described by Ausubel et. al. [2] and Sambrook et. al. [48]. All animal experiments were
approved by the Vanderbilt University Institutional Animal Care and Use Committee and were
conducted following the Guide for the Care and Use of Laboratory Animals (National Institutes
of Health Publication No. 80−23, revised 1996).

2.2 Northern Blot Analysis
Total cellular RNA was isolated from adult mouse hippocampus and cerebellum using the
TRIzol reagent (Invitrogen, Carlshad, CA) following manufacturer's protocol. The poly(A)+

RNA fraction was purified using the Oligotex mRNA isolation system (Qiagen). Poly(A)+

RNA (1 μg) was separated on a 1.5% agarose-formaldehyde gel, transferred to a nylon
membrane (Nytran SuperCharge, Schleicher and Schuel, Keene, NH), UV cross-linked, and
hybridized overnight under stringent conditions with 32P-labeled cRNA probes. Antisense
probes were transcribed in vitro using T7 RNA polymerase from rat Lsamp cDNA template
[41] linearized with MscI (nt 464−1238). GeneBank accession number for the rat Lsamp
nucleotide sequence is U31554.

2.3 Western Blot Analysis
Crude membrane preparations of hippocampus and cerebellum from adult mice were
solubilized with 4% CHAPS [54,55], separated on 10% PAGE using standard methods [27]
and blotted onto nitrocellulose membranes. LAMP immunoreactivity was detected using a
chicken anti-LAMP polyclonal antibody, produced by Ames Laboratory (Tigand, OR) against
recombinant protein that was purified to homogeneity in our laboratory. Specificity of the
purified IgY fraction was characterized in our laboratory using Western Blot analysis. This
polyclonal antibody specifically recognizes recombinant LAMP as well as a single, 64−68kDa
band corresponding to native LAMP from crude membrane brain extracts.

2.4 Histological Analysis
Standard cresyl violet and Kluver-Barrera stains [25] were used for analysis of general gray
matter cytoarchitecture and myelination. A monoclonal antibody (4A11) that recognizes
neurofilament-H (NF-H) [40] was used to map the general organization of forebrain fiber tracts.
The antibody was used at a 1:100 dilution, followed by a standard HRP/DAB reaction [40].
Acetylcholinesterase histochemistry [45] was used for the assessment of the organization of
the septo-hippocampal cholinergic pathway. The fixation, sectioning of tissue and all standard
histological procedures and stains, unless otherwise indicated, were performed as described
by Hockfield et al. [18]. Complete serial sections from 3−5 animals of each genotype were
examined at postnatal day (P) 6, P16 and adults.

2.5 Behavior
As noted above, all adult mice used for the behavior studies were backcrossed for more than
10 generations the C57BL/6J background. Mice were housed on ventilated racks in Plexiglas
shoebox cages filled with CareFresh shredded paper bedding (Absorbtion Corp., Bellingham,
WA). Mice were housed in groups of 2−5 per cage and given access to food (Lab Diet Rodent
Chow 5001, PMI Nutrition International, Brentwood, MO) and water ad libitum. The colony
was temperature (22.22±1°C) and light controlled (12 hour light/dark cycle, lights on at 6 a.m.
CST). All animals for these studies were obtained by heterozygous breedings. Lsamp−/− mice
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and their wildtype (Lsamp+/+) littermates were used for all behavioral tests. Behavioral testing
was performed in the Vanderbilt Kennedy Center and Center for Molecular Neuroscience
Murine Neurobehavioral Core. Mice were tested between 3−6 months of age and were
behaviorally naïve at the time of testing except for those in the 30 minute activity chamber
experiment (see section 2.5.3.2). In all adult testing, males and females were tested in separate
groups. All testing took place between 12−6 p.m. Housing and testing procedures were
approved by the Vanderbilt University Institutional Animal Care and Use Committee. For all
behavioral testing, sample sizes for each genotype and sex ranged from 7−16 animals/group.
Specific group sizes are noted for each test in the figure legends. Strategies for analytical and
statistical procedures were developed with consultants in the Vanderbilt Kennedy Center
Statistics and Methodology Core. In all cases where coding was done by hand, coders (blind
to genotype) achieved inter-rater reliability of greater than 95%. In all tests where there was a
main effect of sex, the sexes were then split, a new omnibus was performed and subsequent
analysis was performed separately.

2.5.1 Postnatal development—The first litters born from Lsamp heterozygous breeding
pairs were monitored daily in their homecage during the first postnatal week for nesting,
feeding and postnatal lethality. Sensorimotor responses and body weight were used to assess
the postnatal development of the Lsamp mice. Mice were tested and scored at P3-P5, P7, P14
and P21, as described by Fox [14]: righting reflex, postural flexion and extension, limb
grasping, negative geotaxis, bar holding, cliff drop-aversion, tail suspension and visual placing.

2.5.2 Acoustic startle and prepulse inhibition
2.5.2.1 Apparatus: The acoustic startle reflex and prepulse inhibition (PPI) of the acoustic
startle reflex were evaluated using four identical, ventilated, sound-attenuated acoustic
chambers (51×55×31 cm; Med Associates, St. Albans, VT, USA), each equipped with two
speakers, a mouse holder and a transducer system through which startle responses were
recorded. Chambers were connected to an amplifier and to a computer equipped with the Startle
Reflex software (MED Associates).

2.5.2.2 Testing Procedures: Group housed mice were handled for the three days preceding
testing and were acclimated for one hour in an adjacent room on testing day. PPI was performed
following the behavioral core protocol as previously described [21]. Each mouse was placed
in a holder that was then mounted on the response platform. Test sessions were preceded by a
5 minute acclimation period in the startle chambers during which a 65-dB background noise
was continuously present, followed by 54 trials in 9 blocks of 6 trials each. Each six-trial block
contained one startle trial (40-ms, 120-dB burst of white noise), one null trial (no stimulus)
and four prepulse trials (20-ms bursts of 70-, 76-, 82-, and 88 dB white noise; followed 100
ms later by the startle stimulus). The trials in which no stimulus was presented were used to
measure baseline movement in the cylinders. The six different trial types were pseudo-
randomly assigned. The inter-trial interval ranged from 10−20 s with an average of 15s. Mice
were exposed to the EPM for 5 minutes ten days prior to this test.

2.5.2.3 Analysis and Statistics: PPI was calculated as the percent reduction in maximal startle
on prepulse versus startle only trials. PPI data were analyzed using repeated measures ANOVA.

2.5.3 Activity Chamber
2.5.3.1 Apparatus: The activity chambers (MED Associates, Georgia, VT) were square arenas
(27cm × 27cm × 20cm) with clear Plexiglas walls and white floors. An infrared beam break
system positioned 1 cm above the floor on both the x and y axis was used to monitor mouse
horizontal movements.
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2.5.3.2 Testing Procedures: Group-housed mice were handled once daily for the three days
preceding testing. Mice were transported into the testing room one at a time from an adjacent
room, placed in the middle of the novel activity chamber and allowed to explore the chamber
for 30 minutes. The chambers were illuminated at 550−650 lux and a white noise generator
was placed in the room. Activity chambers were cleaned with water and 70% ethanol between
each animal. Male and female mice were run on the y-maze for 8 minutes one week prior to
this experiment. Exploration and alternation in the y-maze is dependent on novelty; therefore,
y-maze was run prior to measuring activity. However, a second cohort of behaviorally naïve,
unhandled male mice was used to monitor activity over a one-hour time period.

2.5.3.3 Analysis and Statistics: The beam break data collected using the Med Associates
software was used to measure the total distance (cm) traveled per ten-minute block. For the
30-minute trial a repeated measures ANOVA was used with genotype and sex as between
subject factors and distance traveled as within subjects factor. For the 1-hour test (males only)
data were analyzed using repeated measures ANOVA with genotype as the between subjects
factor. If the omnibus test detected a significant effect for genotype, or genotype*behavior, a
post-hoc t-test was performed to determine at which time points the differences occurred.

2.5.4 Elevated Plus Maze
2.5.4.1 Apparatus: The elevated plus maze (EPM) was a plus shaped apparatus consisting of
two open arms (platforms with no sides) and two closed arms (platforms with tall walls)
connected by a small center square. Both the open and closed arms of the maze were 30 cm
long × 5 cm wide with white Plexiglas floors. The closed arms had 15 cm high walls made of
black Plexiglas and the open arms were equipped with a 0.25cm high Plexiglas edge on the
sides and ends to decrease the chance of mice falling off the maze. The center box was 5 × 5
cm. The maze was built on 40 cm high legs and placed on the floor for testing. Four white
screens were placed around the maze in order to reduce spatial cues from the room.

2.5.4.2 Testing Procedures: In all EPM experiments, animals were brought into the testing
room one at a time from a neighboring room, placed in the center of the maze and allowed to
freely explore for 5 minutes. Mice were naïve and not handled prior to exposure to the EPM.
A white noise generator was present in the room for all experiments and a camera was placed
directly above the maze to record the behavior of each animal. The maze was illuminated at
approximately 250 lux. The maze was cleaned with water and 70% ethanol between each
animal. Additional cohorts of animals were run under dimmer lighting conditions (∼ 60lux)
and after being handled, but there was no statistical effect of these environmental manipulations
on any of the standard EPM measures.

2.5.4.3 Analysis and Statistics: The number of entries into the open and closed arms, and
duration of time spent in open arms, closed arms and center of the maze were measured for
each animal. Entries and exits from maze arms were defined as all four paws crossing into or
out of the arm. Additionally, as an indication of risk assessment, we measured both unprotected
and protected head-dipping. Unprotected head-dips were defined as the head, neck and
shoulders of the mouse crossing off the edge of an open arm while all four paws were in an
open arm. Protected head-dips were defined as the head, neck and shoulders of the mouse
crossing off the edge of an open arm while at least one paw was in either the center or closed
arms of the maze. Entries and durations measurements were automated using the MazeScan
suite of TopScan video analysis software (CleverSys Inc., Reston VA). TopScan measurements
were validated by comparison to hand scoring by a trained, observer blind to genotype. The
hand coding was performed from video using ProcoderDV (Vanderbilt University, Nashville
TN) and correlations between TopScan and hand coding were greater than 0.90 for all
measurements. A trained observer blind to genotype manually coded head-dips. Each of the
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three specific behavior categories (entries, duration and head-dips) was analyzed separately.
An omnibus repeated measure ANOVA was performed for each with genotype and sex as
between subject factors and area of the maze (i.e. open/closed arm, protected/unprotected area)
as the within subject factors. To control for analyzing data from multiple EPM measures, a
Bonferroni-corrected alpha (0.0167) was used. Significant genotype or genotype*behavior
effects were followed by post-hoc t-tests.

2.5.5 Y-maze
2.5.5.1 Apparatus: The y-maze was a y-shaped apparatus in which the three arms were of
equal length. The three enclosed arms were made of clear circular Plexiglas and the bottom of
the Plexiglas tube was removed so that the maze sat flat on a grey rubber surface. Each arm
was 30.5cm long × 4.8 cm wide × 4.3 cm tall. The end of one arm was removable for placement
of mice in the maze. The arms of the maze joined in the center with each arm at a 120° angle
from the next. Spatial cues were available to the mice during testing (e.g. walls, door to room,
shelving in room).

2.5.5.2 Testing Procedures: Male and female mice were naive prior to the y-maze test. All
mice were handled for three days prior to testing. Mice were transported into the room one at
a time from a neighboring room and placed in the end of one arm of the y-maze. They were
allowed to freely explore the chamber for 8 minutes. A camera was placed directly above the
maze to record the animal's behavior. The room was illuminated at approximately 200 lux. The
maze was cleaned with water and 70% ethanol between each animal.

2.5.5.3 Analysis and Statistics: A trained observer blind to genotype scored the number and
sequence of arm entries in the y-maze. An arm entry was defined as all four paws crossing into
an arm. The number of spontaneous alternations, same arm returns and alternate arm returns
were then determined. Spontaneous alternations were defined as entries into each of the three
arms in a sequential manner. Same arm returns (SAR) were defined as re-entering the same
arm that was just visited after all four paws left the arm and before any other arm was entered.
Alternate arm returns (AAR) were defined as entry into two of three arms in three sequential
entries where the same arm was entered at the beginning and end of the triplet (e.g. arm A,B,A).
Percent spontaneous alternation for each animal was calculated as the ratio between the number
of actual spontaneous alternations (#SA) and the total number of possible spontaneous
alternations (total entries – 2) multiplied by 100: (#SA/(total entries-2))*100. Alternate arm
returns and same arm returns were calculated as a ratio of returns to total number of entries
multiplied by 100 (e.g. (AAR/total entries)*100). A MANOVA was calculated using four
measures (total entries, %SA, %AAR and %SAR) including sex and genotype as factors.

3. Results
3.1 Initial characterization of Lsamp−/− mice

The targeting event resulted in disruption of the Lsamp locus (Fig. 1a). As a consequence of
this genetic manipulation, the mutant mice lack both Lsamp transcripts and LAMP protein as
determined by Northern and Western Blot analysis, respectively (Fig. 1b and c). Analysis of
over 250 litters, congenic into C57BL/6J strain, revealed an expected Mendelian ratio of +/+,
+/− and −/− genotypes, reflecting normal viability in utero and postnatally. Lsamp −/− mice
were normal in appearance, size, growth and development. There were no differences in
monitored weight gain and brain weight was identical for Lsamp −/− and Lsamp +/+ male
littermates (Table 1). The gross anatomy of the brain was normal. Thus, white matter staining,
general gray matter cytoarchitecture and the appearance of forebrain cortical and subcortical
structures did not differ across genotypes. For this initial screening, several immuno- and
histochemistry stains were used. Normal cytoarchitecture and fiber tracts are illustrated in
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Figure 2. Cortical lamination patterns and amygdala and thalamic nuclei all appear intact and
well-delineated. In addition, commissural pathways throughout the forebrain were intact.
AChE histochemistry indicated a normal patterning of the septo-hippocampal cholinergic
pathway, differing from experimental studies in vitro [24,55]. Normal AChE reactivity (Fig.
2c) is depicted in the hippocampus, amygdala, caudal striatum, limbic thalamic nuclei and
lateral hypothalamus. Strong reactivity identifies cholinergic fibers in the internal capsula and
the mammillothalamic tract in both genotypes. Thus, there currently is no indication from basic
neuroanatomical examination of major alterations in brain organization and gross connectivity
in the Lsamp−/− mouse.

3.2 Behavioral Analysis
Lsamp−/− mice were indistinguishable from littermates from the day of birth. The overall motor
and sensory development of Lsamp−/− mice was evaluated from P3-P21 using a selected battery
of tests [14]. In all sensorimotor tests used, Lsamp−/− mice acquired and performed mature
responses at the same rate and ability as did their wildtype littermates (Table 2), demonstrating
normal reflex maturation and normal gross sensory and motor abilities.

3.2.1 Acoustic startle response and prepulse inhibition of acoustic startle—The
acoustic startle response and sensory motor gating were evaluated in adult mice. There was no
difference in the amplitude of the startle responses between Lsamp −/− and Lsamp +/+ mice,
and no deficits in PPI (Fig. 3). In addition, no differences in baseline levels of movement were
found between genotypes in the “no stimulus” trials (Fig. 3a). There was a significant decrease
in startle with increasing prepulse stimuli in both genotypes (F(3,78)= 33.38, p < 0.0001),
demonstrating the effectiveness of the PPI protocol (Fig. 3b). These data are consistent with
intact circuitry involved in the acoustic startle reflex and in those circuits which modulate PPI
in the Lsamp −/− mice.

3.2.2 Activity Chamber—Lsamp−/− mice displayed hyperactivity during exposure to a
novel open arena. Activity data during the 30-minute test for females and males are displayed
in Figure 4. The initial repeated measures ANOVA demonstrated main effects of sex
(F(1,54)=5.47, p = 0.023), genotype (F(1,54)=18.58, p < 0.0001), and distance traveled over time
(F(2,54)=129.21, p < 0.0001). There also was a significant interaction of time × genotype
(F(2,108)=11.172, p < 0.0001). Because there was an effect of sex, male and female data were
split for the subsequent analyses. There was a main effect of genotype on distance traveled
over time for both females (F(1,28)=4.84, p = 0.0002) and males (F(1,26)=14.73, p= 0.0007),
and an interaction of genotype × distance traveled (F(2,56)=10.33, p= 0.0001 and F(2,52)=4.10,
p = 0.022, respectively). Both female and male Lsamp−/− mice traveled a significantly greater
distance than did their Lsamp +/+ littermates during the first ten minutes of the test (t(28)= 3.71,
p = 0.0009 and t(26)= 3.86, p = 0.0007). During the second and third ten-minute blocks of the
test, female Lsamp −/− mice habituated to normal activity levels and did not significantly differ
from Lsamp +/+ during either time block (Fig. 4a). However, male Lsamp −/− mice continued
to display hyperactivity throughout the remainder of the 30-minute test (Fig. 4b).

The highest levels of hyperactivity occured during the first 10 minutes in both female and male
Lsamp −/− mice. Female Lsamp −/− habituated to their environment during the 30-minute testing
period. We thus hypothesized that the male Lsamp −/− mice may also habituate to normal
activity levels if provided with an extended testing period. Therefore, we repeated the
experiment with a new group of males but extended the length of time in the chamber to one
hour (Fig 4c). Again, there were main effects of genotype (F(1,13)=7.04, p = 0.0199), distance
traveled over time (F(5,13)=42.39, p < 0.0001) and an interaction between the two (F(5,65)=4.37,
p = 0.0017). In the new group of mice, the period of greatest hyperactivity also occurred during
the first 10 minutes of exposure to the novel chamber (t(13)= 3.56, p = 0.0035) and the male
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Lsamp −/−mice still displayed hyperactivity 30 minutes into the test (Fig 4c). During the ten
minute bins of the final 30 minutes of the test, however, Lsamp −/− mice did not travel a greater
distance than did their Lsamp +/+ littermates, indicating that like the females, the male
Lsamp −/− mice eventually habituated to the novel environment.

3.3 Elevated Plus Maze
There was no main effect of sex on either of the traditional measures used for EPM (entries
and durations); therefore the sexes were combined for the remainder of the analyses. The results
of the EPM are presented in Figures 5 (entries, duration) and 6 (head-dips). There was a main
effect of genotype (F(1,28)=39.44, p < 0.0001) on the number of entries and an interaction
between category of entry and genotype (F(1,28)=22.37, p < 0.0001). Lsamp−/− mice
demonstrated an increased number of entries into both the open (t( 30)=6.59, p < 0.0001) and
closed (t(30)=2.27, p < 0.031) arms of the maze (Fig 5a). The Lsamp +/+ mice made more than
double the number of closed entries as open entries (means±SE of 11±0.8 vs. 5±0.6), whereas
Lsamp −/− mice made a similar number of entries into the closed and open arms (14±0.72 and
16±1.5). There was no main effect of genotype on durations; however, there was an interaction
between genotype and category of duration (F(2,56)=67.20, p < 0.0001). This interaction
occurred because Lsamp −/− mice spent more time in the open arms (t(30)= 3.88, p = 0.0005),
with a corresponding decrease in center time (t(30)=2.78, p = 0.0093), but no significant
difference in time spent in the closed arms of the maze (Fig. 5b).

Risk-assessment behavior on the EPM also was monitored by examining head-dips. There
were main effects of sex (F(1,28)=11.31, p = 0.0022), genotype (F(1,28)=25.28, p < 0.0001) and
area of the maze (F(1,28)=75.38, p < 0.0001) on the number of head-dips. The omnibus test also
detected interactions between genotype and area of the maze (F(1,28)=35.82, p < 0.0001), and
sex and area of the maze (F(1,28)=6.73, p < 0.0149). Since there was a main effect for sex, we
split males and females for subsequent analyses on the contribution of genotype to altered head-
dipping behavior. Omnibus testing of each sex separately still detected an effect of genotype
and an interaction between genotype and area of the maze in which head-dips occurred. Both
female and male Lsamp −/− mice demonstrated a large increase in the number of unprotected
head-dips (t(15)=3.02, p = 0.0086 and t(13)=5.70, p < 0.0001), while maintaining a normal
number of protected head-dips as compared to Lsamp +/+ littermates (Fig 6). Because the EPM
was the only test in which animals were not handled before being exposed to the apparatus,
we repeated the test with both handled male and female mice under slightly different
environmental conditions (new room and reduced light levels). We combined data and
analyzed across groups (taking into account sex, handling, and testing environment) and
genotype. There was no effect of testing procedures on either entries or duration and the effect
of genotype remains highly significant for both measures (F(1,28)=6.73, p < 0.0001 and
F(1,28)=6.73, p < 0.0001). Thus, regardless of environmental manipulations, Lsamp −/− mice
displayed hyperactivity, increases in open arm time, increases in open arm entries and increases
in unprotected head-dips.

3.4 Y-maze
Y-maze data are presented in Figure 7. There was no main effect of sex on the y-maze
measurements, so data were combined across sex for the analyses. There was a main effect of
genotype on y-maze measurements (F(4,49)=17.70, p < 0.0001). As expected, Lsamp −/− mice
were hyperactive during the 8-minute exposure to the novel y-maze, as measured by a
significant increase (F(1,52)=53.43, p < 0.0001) in the total number of arm entries (Fig. 7a).
Lsamp −/− mice also demonstrated a small, but significant decrease (F(1,52)=7.27, p = 0.011)
in the percent spontaneous alternation (Fig. 7b). The deficit in spontaneous alternation was
accounted for by an increase (F(1,52)=17.44, p = 0.0001) in alternate arm returns (Fig. 7c).
There is no change in the proportion of same arm returns (data not shown).
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4. Discussion
We found no evidence of gross changes in brain organization or connectivity in Lsamp −/−

mice. This differs from previously reported findings using in vitro experimental paradigms in
which LAMP mediated axon targeting and growth [24,55]. The current analyses are more
consistent with a role for LAMP mediating finely specialized aspects of circuit formation and
maturation in regions of the limbic system. LAMP, a cell-surface molecule, is not a receptor
for any known neurotransmitter or neuromodulator, consistent with the hypothesis that altered
expression of the protein is likely to lead to differences in connectivity rather than direct
changes in traditional neurotransmitter signaling. There are wide-ranging developmental
effects of deletion of axon guidance and cell adhesion molecules, resulting in very subtle to
gross changes [3,47,52]. Cell adhesion molecules such as L1, NCAM, neurexins/neuroligins,
and ephBs/ephrins are involved in the regulation of synapse formation and stability [12].
Deletion of these genes in model systems tends to result in more subtle defects that are
consistent with most neuropathology found in psychiatric disorders, in which only modest
changes at the cellular level (e.g. spine density, neuropil size, synaptic density) have been
discerned [30]. Thus, it is possible that for brain regions in which LAMP is expressed, neuronal
signaling is only subtly disturbed, but may lead to measurable changes in functional output of
the circuits which are disrupted. Accordingly, the initial analysis of the Lsamp −/− mice
demonstrates alterations of certain behaviors that relate to emotional reactivity in novel
situations, without disruption of the development or maintenance of basic sensory and motor
behaviors. This is reflected both by the normal developmental timing of sensorimotor responses
and normal adult auditory startle and sensorimotor gating as measured by pre-pulse inhibition.

4.1 Select Changes in Behavior in Lsamp −/− Mice
The behavior of mice in a novel environment reflects a balance between the desire to explore
(motor and behavioral activation) and fear (motor and behavioral inhibition) [8]. In three of
the behavioral tasks that we used, both male and female Lsamp −/− mice demonstrated
heightened behavioral activation as measured by their activity in a novel apparatus (distance
in the activity chamber, entries on the EPM and entries in the y-maze). Lsamp−/− mice displayed
hyperactivity when first placed in an open field activity chamber, but habituated to the same
baseline activity levels as their Lsamp+/+ littermates over time. This is consistent with our
hypothesis that the Lsamp −/− mice are not generally hyperactive, but rather are hyper-
responsive to different novel environments. Increased locomotor activity as a response to a
novel, stressful environment could be interpreted as increased behavioral activation,
exploratory drive or as an inability to properly inhibit behavior in a threatening situation [9].
Although these domains are likely to be linked both behaviorally and neurobiologically, our
data suggest that in the absence of Lsamp, mice are at least exhibiting heightened behavioral
activation. During the first 10 minutes of the test, mice of both genotypes demonstrate increased
activity above baseline, reflecting genotype-independent increased exploratory behavior
during this time period. Male and female Lsamp−/− mice, however, have a heightened level of
activity compared to their Lsamp+/+ littermates even during this portion of the test, indicating
an increase in behavioral activation.

Increased activity also was evident in the EPM test. Lsamp−/− mice made a greater number of
total arm entries, with a small increase in closed entries, exhibiting hyperactivity in the 5-
minute exposure to a novel environment. Mice generally show a strong preference for the
closed arms as measured by entries [19], which was evident in the analyses of the Lsamp+/+

mice. However, Lsamp−/− mice showed no preference in entries for either open or closed arms.
One reasonable interpretation of the greater proportion of open entries, even in the context of
the overall increase in entries, is a reduction in anxious behavior [37]. Alternatively, if the
Lsamp−/− mice have an increased arousal state in response to stress, a lack of preference for
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either arm may reflect reduced behavioral inhibition and/or increased activation. Lsamp−/−

mice also spend significantly more time in the open arms, which also is generally viewed as
reflecting reduced anxiety. This conclusion follows from an ethological interpretation of the
test and from the results of pharmacological manipulations, in which mice receiving anxiolytic
drugs increase open arm time with a corresponding decrease in closed arm time, whereas
anxiogenic drugs induce the opposite behaviors [37]. We propose an alternative hypothesis,
one in which interpreting the EPM data as reflecting an altered anxiety state in the Lsamp−/−

mice may not be accurate. For example, the increase in open arm time is accounted for by a
significant decrease in time spent in the center of the maze. When Lsamp+/+ mice do spend
time in the center, they generally inhibit motor behavior, remaining still, and appear to be
“sizing up” the open arms prior to deciding which area to enter. In contrast, the Lsamp−/− mice
do not inhibit their movement and, therefore, enter the open arms of the maze much more
frequently than the Lsamp+/+ mice. There is precedence for this view, as the Ts65Dn mutant
mouse also demonstrates greatly increased motor output with corresponding anxiolytic-like
EPM results. Because of the hyperactivity, however, these changes have been interpreted not
as anxiety, but as a lack of behavioral inhibition or reduced attention to environmental stimuli
[7,33]. While recognizing that a simple explanation would involve primary disruption of the
anxiety state, we suggest that Lsamp−/−mice exhibit heightened reactivity to stressful stimuli,
revealed by hyper-activation and lack of appropriate behavioral inhibition.

Consistent with this view, heightened reactivity in the Lsamp−/− mice is evident in other
behaviors, such as unprotected head-dips. Although there is a sex difference in degree of
increase of unprotected head-dips, both male and female Lsamp−/− mice demonstrate increased
risk assessment. Based on reports in the literature, the co-segregation of increased unprotected
head-dips and open arm exploration in the Lsamp−/− mice is unusual. For example, factor
analyses of mouse and rat behavior in the EPM revealed that increased head-dips load on the
same factor as the traditional measures of anxiety, but is inversely correlated with open time
and entries [10,46]. In one study [46], when protected and unprotected head-dips were analyzed
separately, protected head-dips loaded on the anxiety factor, while unprotected head-dips did
not fall into the categories discovered. Lsamp−/− mice do not show reduced head-dips in the
protected portion of the maze, which would be associated with decreased anxiety. Instead, the
increase in head-dips on the open arms of the EPM may be due to a combination of the increased
time spent in the open arms of the maze and increased behavioral activation in open, more
anxiety provoking areas of the maze. This interpretation again is consistent with the hypothesis
that Lsamp−/− mice may experience behavioral hyper-activation or disinhibition in stressful
environments. To gain further understanding and clarification of the underlying
neurodevelopmental and molecular basis for these behavioral changes our laboratory is
examining the integrity of the neural regulatory systems in which LAMP is expressed.

Spontaneous alternation in the y-maze takes advantage of the exploratory drive of rodents
[28], in which animals typically investigate the newest area in an environment. The
interpretation of deficits in alternation behavior can be complex because quantitative
differences in the pattern of exploration have been interpreted in other studies as a reflection
of decreased attention, deficits in short-term memory, changes in arousal or anxiety [23,28].
Along with their characteristic hyperactivity, Lsamp−/− mice exhibit a significant, though very
modest decreased level of spontaneous alternation during the period when novelty-induced
hyperactivity peaks. It is unlikely that this indicates altered anxiety in the traditional sense,
because such measures of anxiety are decreased in the Lsamp−/− mice. Instead, we suggest that
the altered performance on the maze may be due to a disrupted state of arousal or deficits in
working memory. Consistent with the interpretation of altered arousal is the finding that
Lsamp−/− mice displayed heightened reactivity in other novel environments. However, in order
to definitively address the underlying cause of spontaneous alternation deficits, including the
possibility of deficits in working memory, further detailed testing will be required.
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Taken together, our data suggest that there is a complex behavioral deficit caused by the
targeted deletion of the Lsamp gene. Rather than a primary defect in the regulation of anxiety
state, we hypothesize that the mutation results in heightened and possibly maladaptive response
to novel environmental stressors. This interpretation of the animal model experiments is
consistent with the recent human genetic studies in which a polymorphism in the human
Lsamp gene is associated with panic disorder in certain environments [26,32]. Lsamp is
expressed robustly throughout the limbic circuitry responsible for mediating an animal's
behavioral response to novelty (including circuitry that mediates fear, stress and exploratory
behavior). Alterations in emotional regulation can be due both to direct changes in
neurotransmitter function [16,22,50,53] and to alterations of synaptic connectivity [49,53].
Because Lsamp is expressed from the time that neurons become postmitotic prenatally and
throughout the life of the animal, conditional and reversible manipulation of gene expression
will be necessary to determine whether the behavioral dysfunction exhibited by the
Lsamp−/− mice are due to differential development of limbic circuitry, direct modulation of
mature synaptic function in the adult, or even both.
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Figure 1. Targeted disruption of the Lsamp gene
(a) Restriction map of the Lsamp+/+ genomic nucleotide sequence surrounding Lsamp exon 2
indicates the region of homology selected for construction of the targeting vector. The
schematic representation of the mutated allele represents the homologous recombination event
that disrupted the Lsamp locus. The location of the 5’ probe used for the screening of the
targeted event is indicated. (b) Northern blot of Lsamp+/+ (lanes 1,2) and Lsamp−/− (lanes 3,4)
mRNAs from hippocampus (lanes 1,3) and cerebellum (lanes 2,4). Three bands representing
different sized Lsamp transcripts are evident in the Lsamp+/+ samples. Note the absence of
message in the samples harvested from null mice. (c) Membrane extracts from cerebellum
(lanes 1,3) and hippocampus (lanes 2,4) were analyzed by Western blotting. Samples from
Lsamp+/+ mice (lanes 1,2) exhibit a single band of approximately 64−68kD, whereas samples
harvested from Lsamp−/− mice (lanes 3,4) do not have this band. As a control, lane 5 depicts
LAMP recombinant protein that is the same molecular mass as the native protein.
Abbreviations for restriction enzymes: B, BamH I; E, EcoR I; H, Hind III; N, Nco I.
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Figure 2. Histological analysis of adult Lsamp−/− mice
Coronal section images taken at the level of rostral hippocampus of Lsamp+/+ and Lsamp−/−

littermates. Note the normal cytoarchitecture of the cerebral cortex (ctx), hippocampus (H),
amygdala (A), thalamic ventral basal complex (VB) and hypothalamus viewed by cresyl violet
staining (a). Major fiber tracts, viewed by immunostaining with a neurofilament-H antibody
(b), also appear normal in Lsamp−/− mice compared to their Lsamp+/+ counterparts. Limbic
structures and fiber tracts show normal distribution of AChE histochemistry in both genotypes
(c). N=5/genotype for each histological staining. Scale bar =1mm.
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Figure 3. Normal acoustic startle response and sensorimotor gating in Lsamp−/− mice
Startle amplitude (a) and prepulse inhibiton of acoustic startle responses over varying prepulse
intensities (b) are shown for Lsamp−/− mice (closed bars) and wildtype littermates (open bars)
represented as mean±SE (n=14/group).
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Figure 4. Open field activity of Lsamp−/− mice
The distance traveled, measured in centimeters (cm), by Lsamp−/− mice and their Lsamp+/+

littermates is displayed in 10 minute bins (a&b). Both female (a) and male (b) Lsamp−/− mice
exhibit hyperactivity when exposed to the novel arena. Female Lsamp−/− mice habituate to
normal levels of activity within 20 minutes of being placed in the arena, but male Lsamp−/−

mice remain hyperactive for the duration of the 30 minute test. (n=13−15/group). Examination
of activity in the open field for a 60 minute period (c) revealed that the null mice return to
normal levels of activity by the second half of the test period. The increase in distance traveled
by male Lsamp−/− mice during the second 10 min bin (20) was not significant at p = 0.06 (n=7
WT, n=8 Lsamp−/−).*p<0.05
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Figure 5. Lsamp−/− mice behavior on the EPM
Lsamp−/− mice make a significantly greater number of entries into both the open and closed
arms of the EPM (a), indicating hyperactivity. Lsamp−/− mice also reside for a longer duration
(sec) in the open arms of the maze, with a corresponding decrease in the amount of time spent
in the center (b). Because there was no effect of sex on traditional EPM measures, male and
female mice were combined in these analyses. (n=16/group)*p<0.01
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Figure 6. Exploratory behavior of Lsamp−/− mice on the EPM
Measures of head-dips were quantified as a measure of risk assessment. Both female (a) and
male (b) Lsamp−/− mice make more than double the number of unprotected head-dips,
compared to their Lsamp+/+ littermates. There is no difference in the number of protected head-
dips in null mice of either sex. (n=7−9/group)*p<0.01
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Figure 7. Spontaneous alternation by Lsamp−/− mice in the Y-Maze
The Lsamp−/− mice exhibit hyperactivity in the y-maze (a). There was a modest, but statistically
significant decrease in spontaneous alternation in null mice (b), and an increase in alternate
arm returns (c). (n=27−29/group)*p<0.05
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Table 1
Lsamp −/− mice are fertile and show normal growth.

Measures Lsamp−/− Lsamp+/+

Body weight, P6 3.5 +/− 0.6 (n=13) 3.6 +/− 0.4 (n=10)
Body weight, P7 4.0 +/− 0.5 (n=36) 4.1 +/− 0.7 (n=53)
Body weight, P14 7.4 +/− 1.0 (n=19) 7.2 +/− 0.6 (n=20)
Body weight, P21 10.0 +/− 1.4 (n=6) 10.4 +/− 1.2 (n=12)
Body weight, Adult males 29.3 +/− 2.0 (n=19) 28.4 +/− 2.0 (n=17)
Body weight, Adult females 22.1 +/− 1.7 (n=50) 22.5 +/− 1.9 (n=52)
Brain weight, Adult male 0.48 +/− 0.01 (n=20) 0.48 +/− 0.02 (n=20)
Fertility Male and Female mice are fertile
Nesting and feeding (P0-P7) All mice in nest; milk plaque present
Lethality No neonatal lethality associated with genotype
Body and brain weight values in grams
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