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ABSTRACT The myristoylated alanine-rich C kinase sub-
strate (MARCKS) is a prominent protein kinase C (PKC)
substrate in brain that is expressed highly in hippocampal
granule cells and their axons, the mossy fibers. Here, we exam-
ined hippocampal infrapyramidal mossy fiber (IP-MF) limb
length and spatial learning in heterozygous Macs mutant mice
that exhibit an ~50% reduction in MARCKS expression relative
to wild-type controls. On a 129B6(N3) background, the Macs
mutation produced IP-MF hyperplasia, a significant increase in
hippocampal PKCe expression, and proficient spatial learning
relative to wild-type controls. However, wild-type 129B6(N3)
mice exhibited phenotypic characteristics resembling inbred
129Sv mice, including IP-MF hypoplasia relative to inbred
C57BL/6J mice and impaired spatial-reversal learning, suggest-
ing a significant contribution of 129Sv background genes to
wild-type and possibly mutant phenotypes. Indeed, when these
mice were backcrossed with inbred C57BL/6J mice for nine
generations to reduce 129Sv background genes, the Macs muta-
tion did not effect IP-MF length or hippocampal PKCe expres-
sion and impaired spatial learning relative to wild-type controls,
which now showed proficient spatial learning. Moreover, in a
different strain (B6SJL(N1), the Macs mutation also produced a
significant impairment in spatial learning that was reversed by
transgenic expression of MARCKS. Collectively, these data
indicate that the heterozygous Macs mutation modifies the
expression of linked 129Sv gene(s), affecting hippocampal mossy
fiber development and spatial learning performance, and that
MARCKS plays a significant role in spatial learning processes.

Protein kinase C (PKC) is a family of serine/threonine kinases
implicated in synaptic plasticity and information storage pro-
cesses (24). The myristoylated alanine-rich C kinase substrate
(MARCKS) is a primary PKC substrate that binds plasma
membrane via N-terminal myristoylation and electrostatic inter-
actions with the phosphorylation site domain, binds calmodulin in
a calcium-dependent manner, and cross-links filamentous (F)
actin, all in a PKC phosphorylation-reversible manner (1, 3).
Accordingly, MARCKS is proposed to regulate membrane—
cytoskeleton plasticity in response to PKC- and calcium-mediated
signaling (1, 3). Moreover, MARCKS is developmentally regu-
lated (13), is enriched in neuronal growth cones (R.K.M., E. A.
Wees, P. J. Meberg, T. B. Kuhn, and R.H.L., unpublished data),
and is highly expressed in select regions of the developing and
adult rat brain (12, 13). In particular, the granule cell layer of the
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hippocampus exhibits a high level of MARCKS gene expression
(12, 13). In addition, the granule cell axons (mossy fibers), which
have been implicated in the spatial learning ability of inbred mice
(reviewed in ref. 17), express MARCKS protein at high levels in
the adult brain (14). Because granule cell neogenesis occurs well
into adulthood in a manner regulated by environmental demands
(9), MARCKS may contribute to mossy fiber maturation and
synaptic plasticity throughout the life of the animal.

The creation of a mutant mouse strain that exhibits reductions
in MARCKS expression has permitted the assessment of the
contribution of MARCKS to hippocampal mossy fiber develop-
ment and associated spatial learning processes. Homozygous
mutant mice that do not express MARCKS exhibit abnormal
brain development characterized by decreased brain size, collosal
and commissural agenesis, cortical lamination abnormalities,
particularly in the neocortex and hippocampus, exencephaly, and
perinatal lethality (20). This phenotype is “rescued” (comple-
mented) by transgenic expression of epitope-tagged human
MARCKS driven by 3.4 kilobases of human MACS promoter
(21), indicating that the phenotype is caused by the MARCKS
deficiency alone. In the present study, we used heterozygous Macs
mutant mice, which do not exhibit any gross neuroanatomical
abnormalities, and MACS transgenic mice to assess the role of
MARCKS in hippocampal mossy fiber development and spatial
learning in the Morris water maze.

METHODS

Animals. The generation of mutant and transgenic mice is
described in detail elsewhere (20, 21). In brief, heterozygous Macs
mutant mice were created by homologous recombination using
129Sv (E14TG2a) embryonic stem cells; chimeric mice were
mated with C57BL/6 (B6) mice. These heterozygous mutant
129B6(N2) mice were crossed with B6SJL(N1) mice bearing the
epitope-tagged MACS transgene (7g+), and resulting progeny
possessing both the heterozygous Macs mutation and the MACS
Tg+ were used in the rescue experiment. Adult (4-5 months)
male and female, mutant and wild-type litter mates from three
different gene backgrounds were used: (i) 129Sv/C57BL/6(N3)
(129B6(N3)), (i) 129Sv/C57BL/6(N9) (129B6(N9)), and (iif)
C57BL/6/SJL(N1) (B6SJL(N1)). For purposes of baseline com-
parisons in the assessment of hippocampal mossy fiber morphol-
ogy, adult (2 months) male C57BL/6 mice were purchased from
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The Jackson Laboratory. Experimental animals were housed
with same-sex siblings with 4-6 animals per cage in specific
pathogen-free Murine Facilities at the University of Florida
maintained on a 12:12 light:dark cycle. All behavioral testing was
conducted during the light portion of the cycle. Food and water
were available ad libitum. Genotyping by Southern blot analysis
was conducted after data collection by using DNA extracted from
tail clips, as described (20, 21).

Quantitative Timm’s Stain Assay. Brains were fixed, and
coronal sections (35 wm) were subjected to Timm’s staining as
described (18). Mossy fiber (MF) projections were visualized
with a light microscope (10X lens) interfaced with a video-
imaging system and quantitated with National Institutes of
Health IMAGE 1.6 software. The length of the infrapyramidal
(IP) and suprapyramidal (SP) limbs were measured from a
common point on a line intersecting the tips of the dorsal and
ventral blades of the granule cell layer (see Fig. 2a). The length
of the IP limb was normalized against the length of the SP limb
to control for potential differences in hippocampal size. Mul-
tiple sections (n = 12) taken from the dorsoseptal aspect of the
hippocampus were used for each mouse. The investigator
performing the quantitation was blind to genotype. After
quantitation, mean IP/SP ratios for individual mice were
grouped according to genotype, and differences were assessed
with a one-way ANOVA.

RNase Protection Assay. Total RNA was extracted from the
hippocampi or cortex of naive mice as described (5). The
biotinylated antisense MARCKS riboprobe was 466 nucleo-
tides long and protected a 386-bp fragment, and the cyclophilin
riboprobe (Ambion, Austin, TX) protected a 103-bp fragment.
The assay was conducted according to Ambion protocol.
Autoradiographs were quantitated by scanning densitometry
using National Institutes of Health IMAGE 1.47 software, and
MARCKS values were normalized to cyclophilin to control for
loading/transfer variability. Data (MARCKS:cyclophilin ra-
tios) then were grouped according to genotype, and differ-
ences were assessed with a one-way ANOVA.

Western Blot Assay. Total protein (5-20 ug) extracted from the
hippocampi and cortex of naive mice was analyzed by quantitative
Western blot as described (25). Primary antibody titers and
suppliers were as follows: MARCKS (1:36,000, R.H.L.), RC3
(1:1000, D. Gerendasy, Scripps Institute), GAP-43 (1:3000, Sig-
ma), PKCBy; (1:5000) and PKC$ (1:750, Santa Cruz Biotechnol-
ogy), PKCa (1:2500) and PKCe (1:8000, Transduction Labora-
tories, Lexington, KY), PKCry (1:800; Seikaguku Kogyo, Tokyo),
and hemagglutinin monoclonal 12CAS5 antibody (1:800; Babco,
Richmond, VA). The dilutions for the secondary antibody were
1:24,000 (MARCKS), 1:20,000 (PKCpy, PKC8, PKCy, PKCe,
RC3, and GAP-43), 1:10,000 (PKCa), and 1:1000 (12CAS).
Anti-mouse and anti-rabbit IgG F(ab’), conjugated to horserad-
ish peroxidase were purchased from Bio-Rad, chemiluminescent
substrate was purchased from Pierce, and Hyperfilm ECL was
purchased from Amersham. Equal loading was determined from
Coomassie-stained gels. On all gels, standard curves of known
protein concentrations were run to guide subsequent film expo-
sure times to be within the linear range. Autoradiographs were
quantified by scanning densitometry with an image analysis
system using National Institutes of Health IMAGE 1.47 software.
Density values were compared with a one-way ANOVA.

In Situ Hybridization. An antisense riboprobe correspond-
ing to bases 354-1,505 of the murine MARCKS cDNA (19)
was used. The specificity of this probe and in situ hybridization
methodology used are described in detail elsewhere (12, 13).

Spatial Learning. Spatial learning was assessed in the Morris
water maze as described (11). The water maze consisted of a
circular pool (diameter, 120 cm; height, 45 cm) filled with cool
(25 = 1°C), opaque water into which a circular escape platform
(12 cm diameter), either visible (2 cm above the water surface
exposing black sides) or submerged (2 cm below the water
surface), was placed. Mice, run in groups of 5-6, first were trained
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(8 trials/day for 2 days) to escape onto a visible platform that was
relocated to the center of each of the four pool quadrants between
trials in a random manner (to obviate the accurate use of spatial
cues), then to a submerged platform (8 trials/day for 5 days)
maintained in the center of the northwest quadrant, followed by
training (8 trials/day for 2 days and 4 trials for 1 day) to the
submerged platform placed in the diagonally opposite (southeast)
quadrant (reversal). Swim-path length (distance in centimeters),
escape latency (seconds), and swim speed (centimeters per
second) were recorded. The following groups of mice were tested
in the Morris water maze: (i) 129B6(N3) (wild-type: n = 20,
mutant: n = 20), (if) 129B6(N9), (wild-type: n = 9, mutant: n =
17), and (iii) B6SJL(N1) (wild-type: n = 11, mutant: n = 10,
mutant 7g+: n = 14). Each group was composed of ~50:50
male:female, and statistical analyses indicated that there were no
significant sex by strain interactions for any strain (data not
shown). Distance, latency, and swim speed data were analyzed
with an ANOVA with repeated measures, and the number of
target platform crossings relative to nontarget crossings during
the probe trials were analyzed with a one-way ANOVA. In case
of multiple group analyses (rescue experiment), post hoc com-
parisons were conducted by using ANOVA with repeated mea-
sures.

RESULTS

Demonstration of Reduced MARCKS Expression in Adult
Mice. The endogenous MARCKS gene, the MARCKS sequence
targeting vector, and the predicted homologously recombined
MARCKS gene is illustrated in Fig. la. Resultant wild-type
(+/+), heterozygous (+/—), and homozygous (—/—) offspring
were identified by genomic Southern blot analysis (Fig. 1b).
Presence of the MACS transgene (Tg) also was determined by
genomic Southern blot analysis (Fig. 1c). MARCKS mRNA was
reduced by 512 = 0.01% (mean * SEM) in hippocampal
homogenates of adult heterozygous mutant 129B6(N3) mice
relative to wild-type controls (Fig. 1d). MARCKS protein also
was reduced by ~50 percent in each of the three strains: (i)
129B6(N3) (54.3 = 2.3%; Fig. 1g), (ii) 129B6(N9) (50.5 = 6.6; Fig.
1fandg), and (iii) B6SIL(N1) (56 = 2.5%). These data confirm
that MARCKS is expressed in an allele dose-dependent fashion
in adult mice. In the 129B6(N3) mouse hippocampus, MARCKS
was reduced in both the cytosolic (47.5 = 7.8%) and membrane
(52 = 3.8%) fractions, as well as in cortical homogenates (48 *
5.3%) relative to wild-type controls. Expression of the epitope-
tagged human MACS transgene (7g+; Fig. le) elevated
MARCKS protein expression in brain by ~50% relative to
endogenous expression in wild-type mice (21). Examination of
MARCKS gene expression in the adult mouse forebrain by using
in situ hybridization revealed high expression in hippocampal
granule cells, medial habenula, amygdala, piriform cortex, and
periventricular hypothalamic nuclei (Fig. 1#), identical to that
described for the adult rat brain (12). Comparison of hippocam-
pal MARCKS mRNA expression in 129B6(N3) wild-type and
mutant mice revealed reductions in CA1-CA3 and the granule
cell layer (Fig. 14 vs. Fig. 1i).

Elevation in PKCe Expression Resulting from Macs Muta-
tion—-Gene Background Interactions. To determine whether the
heterozygous Macs mutation elicited compensatory alterations in
the expression of related molecules, we examined the expression
of PKC isozymes «, B, v, 8, and ¢, for which MARCKS is a key
substrate (23), the presynaptic PKC substrate GAP-43, and the
postsynaptic PKC substrate RC3 in hippocampal homogenates.
We observed a dramatic, 100% elevation in PKCe, but none of
the other PKC isozymes or PKC substrates (GAP-43/RC3) in
mutant 129B6(N3) mice relative to wild-type controls (P <
0.0002; Fig. 1g). However, mutant 129B6(N9) mice did not exhibit
any significant alterations in PKC isozyme or substrate (GAP-
43/RC3) expression relative to wild-type controls (Fig. 1g),
suggesting that the Macs mutation interacted with the 129B6(N3)
background to up-regulate PKCe expression. Hippocampal



Neurobiology: McNamara et al. Proc. Natl. Acad. Sci. USA 95 (1998) 14519
a b d
2.2 b Hind 11} Fragrent

& g § ER

: i i H+ / e e

BEEE Kb IIFIF ey

[ | ipp-i=ss

N ‘ “ - - - - -MARCKS

A
3 S
2- @ W

- e s @ B & & 8 cyclophilin

C Toat v+ - -+++

- se =

-—es

L B A AT
e IREFFIRRL
To+Tg- o am am wm we = = = -MARCKS
. g .
- e |
ol 8 |
E 178
2 8 150
e 125
[ L e s - Y- -
g L3 P
il
8 IIDB“S GIP‘-;S RCI ||” [

B T &
PKC Isozyme

Fi16. 1. (a) Schematic diagram showing the endogenous MARCKS gene, the MARCKS sequence targeting vector, and the predicted
homologously recombined MARCKS gene. The MARCKS intron is depicted as an open box, exons I and II are depicted as hatched boxes, and
untranslated sequences are depicted as open boxes. The dark box under the gene represents the DNA fragment used as a hybridization probe for
performing genomic Southern blots. The bracketed sections indicate the expected HindlIII restriction fragments in Southern blots: 2.2 kilobases
for the endogenous gene and 3.3 kilobases for the homologously recombined gene. (b) Identification of wild-type (+/+), heterozygous (+/-),
and homozygous (—/—) mutant mice by genomic Southern blot analysis. (¢) Identification of the MACS transgene (Tg) by genomic Southern blot
analysis. (d) Autoradiograph illustrating MARCKS and cyclophilin mRNA expression in wild-type (+/+) and heterozygous mutant (+/—)
129B6(N3) mouse brain. (¢) Autoradiograph from Western blot analyses illustrating transgenic human MARCKS expression in 7g+ and 7g—
B6SJL(N1) mice [(Top) My 97.4 X 10°. (Bottom) 68 X 10°]. (f) Autoradiograph from Western blot analyses illustrating MARCKS immunoreactive
bands in hippocampal homogenates derived from wild-type (+/+) and heterozygous mutant (+/—) 129B6(N3) mice. (g) Quantitative analyses
of MARCKS, GAP-43, RC3, and PKC isozyme expression in hippocampal homogenates from 129B6(N3) and 129B6(N9) mutant mice (expressed
as percent of wild-type control; #x*, P < 0.01; =+x, P < 0.0001 relative to wild-type control). Shown is localization of MARCKS gene expression
in wild-type () and heterozygous mutant (i) 129B6(N3) mouse forebrain by using in situ hybridization histochemistry. gc, granule cell layer; MHb,
medial habenula; Par, parietal cortex; Pir, piriform cortex; Me, medial amygdaloid nuclei; VM, ventromedial thalamic nuclei. (Bar = 1 mm.)

PKCe expression did not differ between wild-type and mutant
B6SJL(N1) mice (P = 0.72) or between mutant 7g- and mutant
Tg+ B6SJL(N1) mice (P = 0.58).

Role of MARCKS and Background Genes in Mossy Fiber
Development. The IP-MF limb (examined as an IP/SP ratio) of
mutant 129B6(N3) mice (n = 10) was significantly longer than the
wild-type IP-MF limb (n = 7; P = 0.004; Fig. 2) whereas the
length of the SP-MF limb did not differ significantly (P = 0.07;
data not shown). However, the IP-MF limb of wild-type
129B6(N3) mice was significantly shorter relative to inbred
C57BL/6J mice (P = 0.0001; Fig. 2c). The IP-MF limb of mutant
129B6(N3) mice was also significantly shorter relative to inbred
C57BL/6J mice (P = 0.01). Conversely, the length of the IP-MF
limb of mutant 129B6(N9) mice (n = 17) did not differ signifi-
cantly from wild-type controls (» = 13; P = 0.11; Fig. 2), and
neither did the length of the SP-MF limb (P = 0.90; data not
shown). Furthermore, the lengths of IP-MF limb of neither
wild-type (P = 0.87) nor mutant (P = 0.30) 129B6(N9) mice
differed significantly from the IP-MF limb length of inbred
C57BL/6J mice. However, the IP-MF limb length of wild-type
129B6(N9) mice differed significantly from the IP-MF limb of
wild-type 129B6(N3) mice (P = 0.0001) whereas the IP-MF limb
length of mutant 129B6(N9) mice did not differ significantly from

mutant 129B6(N3) mice (P = 0.08). Together, these data indicate
that the IP-MF hypoplasia exhibited by wild-type 129B6(N3)
mice is caused by residual 129Sv background genes and that the
Macs mutation interacts with this background to enhance IP-MF
outgrowth. The IP-MF limb of mutant B6SJL(N1) mice (n = 9)
did not differ significantly from either wild-type controls (n = 11;
P = 0.08) or inbred C57BL/6J mice (P = 0.62), and neither did
the length of the SP-MF limb relative to wild-type controls (P =
0.58; data not shown). However, the IP-MF limb of wild-type
B6SJL(N1) mice was significantly shorter relative to inbred
C57BL/6J mice (P = 0.03). The IP-MF limb of mutant
B6SJL(N1) Tg+ mice (n = 14) was marginally (=17%) longer
relative to the IP-MF limb of wild-type B6SJL(N1) mice (P =
0.01) but did not differ significantly from mutant B6SJL(N1) mice
(P = 0.17). In none of the strains examined was a significant sex
by strain interaction observed for the IP/SP length measure.
Role of MARCKS and Background Genes in Spatial Learning.
For each strain tested on the tasks described below, distance data
(not shown) exhibited the same pattern of performance and levels
of significance as escape latency data, and swim speed did not
differ significantly between wild-type and mutant mice (data not
shown). On the visible platform task, wild-type and mutant
129B6(N3) mice exhibited comparable escape latencies [Group
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F1G6.2. (a)Photomicrographs illustrating a Timm’s stained coronal
hippocampal section from the midseptotemporal region of a repre-
sentative inbred C57BL/6J mouse brain (gc, granule cell layer; h, hilus;
IP, infrapyramidal mossy fiber limb, SP, suprapyramidal limb, ca3, ca3
pyramidal cell field), as well as the quantitative parameters: (1) A line
intersecting the tips of the dorsal and ventral blades of the granule cell
layer providing a common point from which IP and SP lengths can be
measured. (2) Demarcation of the extent of the IP limb length. (3)
Demarcation of the extent of the SP limb length. (b) Quantitation of
the IP limb length relative to the SP limb length (IP/SP) in wild-type
and mutant 129B6(N3), 129B6(N9), B6SJL(N1) mice, in mutant
B6SJL(N1) Tg+ mice, and in inbred C57BL6/J mice. Data expressed
as mean = SEM. *, P < 0.05; ###, P < 0.001 compared with wild-type
control means.

(G)F(1,58) =2.88, P = 0.09; Trial (T) F(3,474) = 114, P = 0.001;
GXT F(3, 474) = 4.02, P = 0.05] (Fig. 3a), as did wild-type and
mutant 129B6(N9) mice [G, F(1,114) = 1.07, P = 0.3; T, F(3, 342)
= 93.3, P < 0.001; GXT, F(3, 342) = 1.1, P = 0.36] (Fig. 3b). Of
interest, mutant B6SJL(N1) mice exhibited significantly shorter
escape latencies relative to wild-type mice on this task [G, F(1, 82)
= 6.5, P = 0.01; T, F(3, 246) = 46.9, P = 0.001; GXT, F(3, 246)
=0.65, P = 0.58] (Fig. 4a). Together, these data indicate the Macs
mutation did not impair gross sensorimotor function, escape
motivation, or simple associative learning processes in any of
these three strains.

When the visible platform was replaced with the stationary
submerged platform (Fig. 3a), mutant 129B6(N3) mice exhibited
faster escape latencies relative to wild-type mice [G, F(1, 150) =
19.2, P = 0.001; T, F(9, 1350) =48.9, P = 0.001; GXT, F(9, 1350)
= 1.86, P = 0.29]. In contrast, mutant 129B6(N9) mice exhibited
significantly longer escape latencies relative to wild-type controls
[G, F(1, 110) = 9.06, P = 0.003; T, F(9, 990) = 6.98, P = 0.0001;
GXT, F(9, 1350) = 0.9, P = 0.54] (Fig. 3b). Mutant B6SJL(N1)
mice also exhibited significantly longer escape latencies relative to
wild-type controls [G, F(1, 82) = 29.7, P = 0.0001; T, F(9, 738)
= 45.8, P = 0.0001; GXT, F(9, 738) = 2.03, P = 0.03] (Fig. 4a).
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Fic. 3. The latency (in seconds) taken to locate the visible
platform (Visible Platform), the submerged platform (Submerged
Platform), and the submerged platform moved to the diagonally
opposite quadrant (Reversal). A trial block is composed of four trials,
each beginning from one of four different start locations. (a) Perfor-
mance of wild-type and mutant 129B6(N3) mice. (b) Performance of
wild-type and mutant 129B6(N9) mice. (¢) Performance of wild-type
and mutant 129B6(N3) and 129B6(N9) mice during the postacquisi-
tion and post-reversal probe trials. Presented are the number of
crossings over the location where the platform was located during
initial acquisition training (solid bar) and during reversal training
(hatched bar) as well as the equivalent location in the other two
quadrants (open bars). Data are presented as group mean = SEM. *,
P < 0.05; #x, P < 0.01 compared with the next highest, nontarget,
platform crossing.

During the postacquisition probe trial, both mutant and wild-type
129B6(N3) mice exhibited a similar bias for the target quadrant,
and their number of target platform crossings did not differ
significantly (P = 0.64; Fig. 3c). However, wild-type 129B6(N9)
mice exhibited a greater number of target platform crossings
relative to the next-preferred platform location (P = 0.05) and to
mutant target platform crossings (P = 0.01), and mutant mice
failed to exhibit a spatial bias for the platform location (Fig. 3c).
Similarly, wild-type B6SJL(N1) mice exhibited a greater number
of crossings over the target platform location relative to the next
preferred platform location (P = 0.05) as well as to mutant target
platform crossings (P = 0.01; Fig. 4b).
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F1G6.4. (a) Escape latencies (in seconds) of wild-type, mutant 7g—,
and mutant 7g+ B6SJL(N1) mice during the visible, submerged, and
reversal platform tasks. (b) Performance of wild-type, mutant, and
mutant 7g+ B6SJL(N1) mice during the postacquisition and post-
reversal probe trials. Presented are the number of crossings over the
location where the platform was located during initial acquisition
training (solid bar) and during reversal training (hatched bar) as well
as the equivalent location in the other two quadrants (open bars). Data
are presented as group mean = SEM. *, P < 0.05; **, P < 0.01
compared with the next highest, nontarget, platform crossing.

When the submerged platform was moved to the diagonally
opposite quadrant, mutant 129B6(N3) mice exhibited signifi-
cantly shorter escape latencies relative to wild-type controls [G,
F(1,150) = 15.1, P = 0.001; T, F(4, 600) = 13.3, P = 0.001; GXT,
F(4, 600) = 1.15, P = 0.33] (Fig. 3a). In contrast, mutant
129B6(N9) mice exhibited a trend toward longer escape latencies
relative to wild-type mice, though this did not reach statistical
significance [G, F(1, 110) = 1.5, P = 0.22; T, F(4,440) = 10.9,P =
0.001; GXT, F(4, 440) = 2.3, P = 0.06] (Fig. 3b). However,
mutant B6SJL(N1) mice exhibited significantly longer escape
latencies relative to wild-type controls [G, F(1, 82) = 8.54, P =
0.004; T, F(9,328) = 17.2, P = 0.0001; GXT, F(4,328) = 2.1,P =
0.07] (Fig. 4a). During the postreversal probe trial, wild-type
129B6(N3) mice failed to exhibit a significant bias for the reversed
platform location relative to the next-preferred platform location
(P = 0.65) whereas mutant 129B6(N3) mice did exhibit a bias
relative to the next-preferred platform location (P = 0.01) and to
wild-type crossings (P = 0.05; Fig. 3c). However, neither wild-
type nor mutant 129B6(N9) mice exhibited a significant bias for
the new correct platform location (Fig. 3¢). In contrast, wild-type
B6SJL(N1) mice exhibited a significant bias for the target plat-
form location relative to the next preferred platform location
(P = 0.05) whereas mutant mice did not exhibit such a bias (P =
0.65; Fig. 4b).

Transgenic Rescue of Impaired Spatial Learning. In this
experiment, wild-type mice, mutant mice not bearing the MACS
transgene (7g—), and mutant mice bearing the MACS transgene

Proc. Natl. Acad. Sci. USA 95 (1998) 14521

(Tg+) were compared (Fig. 4). On the visible platform task, there
was no significant main effect of Group or Group-by-Trial
interaction [G, F(2, 137) = 2.21, P = 0.11; T, F(3, 411) = 49.2,
P = 0.0001; GXT, F(6, 411) = 1.1, P = 0.33] for escape latency
(Fig. 4a) or distance (data not shown). During the submerged
platform task, there was a significant Group, Trial, and Group-
by-Trial interaction [G, F(2,137) = 16.5, P = 0.0001; T, F(9, 1233)
= 81.6, P = 0.0001; GXT, F(18, 1233) = 2.43, P = 0.001] for both
escape latency (Fig. 4a) and distance (data not shown). The swim
speeds of mutant 7g+ mice were significantly slower relative to
wild-type controls (P = 0.01). Post hoc analysis of distance data,
which are not confounded by differences in swim speed, revealed
that mutant 7g+ and wild-type controls did not differ signifi-
cantly [G, F(1,98) =2.5,P = 0.12; T, (F(9, 882) = 59.3, P = 0.001;
GXT, F(9, 882) = 1.8, P = 0.07] whereas mutant 7g+ mice did
differ significantly from mutant 7g— mice [G, F(1,94) = 9.2, P =
0.003; T, F(9, 846) = 53.6, P = 0.0001; GXT, F(9, 846) =3.4,P =
0.0004]. During the postacquisition probe trial, mutant 7g+ mice,
unlike mutant 7g— mice, exhibited a significant bias for the target
platform location relative to the next-preferred platform location
(P = 0.01; Fig. 4b). During reversal training, there was a signif-
icant Group and Trial effect but not a significant Group-by-Trial
interaction [G, F(2, 137) = 7.5, P = 0.0008; T, F(4, 548) = 26.1;
P = 0.0001; GXT, F(8, 548) = 1.6, P = 0.13] for both escape
latency (Fig. 4a) and distance data (data not shown). Mutant 7g+
mice exhibited significantly longer distances (data not shown) and
escape latencies relative to wild-type controls [G, F(1, 98) = 17.1,
P =0.0001; T, F(4, 392) = 24.5, P = 0.0001; GXT, F(4, 392) =
1.9, P = 0.11] but not relative to mutant 7g— mice [G, F(1, 94)
=0.11,P = 0.73; T, F(4,376) = 12.6, P = 0.0001; GXT, F(4, 376)
= 0.79, P = 0.53] (Fig. 4a). During the post-reversal probe trial,
mutant 7g+, like mutant 7g— mice, failed to exhibit a significant
bias for the new target quadrant relative to the next-preferred
platform location (P = 0.54; Fig. 4b).

DISCUSSION

The contribution of linked background genes to the phenotype of
mutant mice has been documented (7) as have the significant
behavioral differences between inbred mouse strains (6). The
129Sv strain used in the generation of our mutant mice exhibit
IP-MF hypoplasia (2) and impaired spatial learning in the Morris
water maze (6). In our study, comparison of 129B6(N3) mice,
which posses on average 12.5% residual 129Sv-linked genes;
129B6(N9) mice, which posses on average 0.2% residual 129Sv-
linked genes; and inbred C57BL/6J mice, which possess no
129Sv-linked genes, revealed the significant contribution of 129Sv
background genes to the phenotype. First, mutant 129B6(N3)
mice, but not mutant 129B6(N9) mice, exhibited a significant
elevation in hippocampal PKCe expression relative to wild-type
controls. Second, wild-type 129B6(N3) mice exhibited significant
IP-MF hypoplasia relative to both inbred C57BL/6J and wild-
type 129B6(N9) mice, which is consistent with the 129Sv pheno-
type (2), and likely contributed to their spatial-reversal learning
impairment (16). Conversely, mutant 129B6(N3) mice exhibited
IP-MF hyperplasia relative to wild-type controls, which may be
secondary to reductions in MARCKS expression during devel-
opment and may not have been observable in mutant 129B6(N9)
mice because of the already near maximal IP-MF limb length.
Alternatively, this IP-MF hyperplasia may be secondary to the
observed elevation in hippocampal PKCe in mutant 129B6(N3)
mice. Indeed, PKCe is highly expressed in hippocampal mossy
fibers (15), and over-expression of PKCe significantly enhances
NGF-mediated neurite outgrowth in PC12 cells (8). Collectively,
these data highlight the significant contribution of background
genes to both the wild-type and mutant phenotypes (see also ref.
22) and emphasize the necessity of using backcrossing and rescue
strategies.

The effect of the Macs mutation was assessed additionally in
two separate mouse strains, backcrossed 129B6(N9) mice as well
as a different B6SJL(N1) strain. In both of these strains, the Macs
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mutation produced a significant spatial learning impairment, as
evidenced by longer escape latencies and distances, and a failure
to exhibit a bias for the target quadrant during the probe trial.
This impairment was most apparent during initial training to the
submerged platform and was exhibited more dramatically in
B6SJL(N1) mice during reversal training. This impairment can-
not be attributed to gross sensorimotor impairments or to deficits
in escape motivation or simple associative learning processes
because these mutant mice were not impaired on the visible
platform task. Furthermore, the swim speeds of mutant and
wild-type mice did not differ significantly, indicating motorical
competence. Together, these data indicate that a heterozygous
Macs mutation produces a selective impairment of associative
spatial learning processes. To assess whether the spatial learning
impairment resulting from the Macs mutation could be attributed
to the reduction in MARCKS expression, we examined whether
the Macs mutation produced compensatory alterations in the
expression of related genes and whether the impairment could be
rescued by transgenic expression of epitope-tagged human
MARCKS. Mutant 129B6(N9), unlike 129B6(N3) mice, did not
exhibit any alterations in hippocampal PKC isozyme or PKC
substrate (GAP-43 and RC3) expression relative to wild-type
controls. Additionally, during initial acquisition of the submerged
platform, mutant mice expressing the MARCKS transgene ex-
hibited significantly shorter distances relative to mutant mice not
expressing the transgene and did not differ significantly from
wild-type controls, indicating that MARCKS replacement did
reverse the impairment. Although the Macs mutation also im-
paired spatial-reversal learning in B6SJL(N1) mice, it is of
interest that the transgene did not attenuate this impairment,
implying that reversal learning, which additionally requires the
extinction of the former escape response, is not mediated by
reductions in MARCKS expression alone.

To assess whether the impaired spatial learning produced by
the Macs mutation was secondary to neurodevelopmental alter-
ations, we assessed potential morphological alterations in hip-
pocampal mossy fibers because they express MARCKS at high
levels during development and in the adult (Fig. 14 and refs.
12-14) and because the length of the IP-MF limb is positively
correlated with spatial learning performance in inbred mice (17).
Neither the IP-MF limb nor the SP-MF limb lengths of mutant
129B6(N9) or B6SJL(N1) mice differed significantly from either
wild-type controls or inbred C57BL/6J mice. These data indicate
that the observed spatial learning impairment cannot be attrib-
uted to gross developmental alterations in IP- or SP-MF mor-
phology. Moreover, expression of the MACS transgene in mutant
Tg* mice did not alter IP-MF limb length relative to mutant 7g—
mice, suggesting that the spatial learning impairment rescue
cannot be attributed to differences in IP-MF limb length. Addi-
tionally, our findings provide only limited support for previous
data indicating a positive correlation between IP-MF limb length
and spatial learning ability (17): () Wild-type 129B6(N3) mice
exhibited both IP-MF hypoplasia and impaired spatial-reversal
learning, and (i) a significant (df = 26, r = +0.43, P = 0.05,
two-tailed test) correlation was observed between IP-MF limb
length and platform crossings during the reversal probe trial in
129B6(N9). However, a significant correlation was not observed
in B6SJL(N1) mice during the reversal probe trial.

In the Morris water maze, the differences in spatial learning
exhibited by different mouse strains have been correlated with
differing levels of hippocampal PKC activity (26) and PKC
isozyme expression (4), and PKC has been demonstrated to play
an integral role in synaptic plasticity (long-term potentiation/
depression) and associative information storage processes (24).
Furthermore, we recently have observed a differential expression
of MARCKS in the hippocampus of adult DBA/2J and
C57BL/6J mice (RK.M., LM.M., EX.W., and R.H.L., unpub-
lished data). In the present study, we demonstrate that
MARCKS, a primary PKC substrate expressed at high levels in
the adult hippocampus, is important for hippocampally mediated
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spatial learning processes, suggesting that MARCKS may be an
important mediator of the neuroplastic actions of PKC. Indeed,
PKC phosphorylation of MARCKS results in its translocation
from the plasma membrane to the cytosol and prevents it from
crosslinking F-actin and binding calmodulin whereas dephos-
phorylation reassociates MARCKS with the membrane and
permits F-actin crosslinking and calmodulin binding (1, 3). This
bi-directional modification of actin-membrane cytoskeletal ten-
sile strength mediated by MARCKS phosphorylation, as well as
MARCKS aggregation at synaptic sites (10), makes it well suited
to mediate local intracellular calcium homeostasis and long term
alterations in synaptic structural morphology in response to PKC
activation. Therefore, 50% reductions in MARCKS expression
may impair long term information storage through a disruption
of pre-/postsynaptic intracellular calcium homeostasis, second-
ary to elevations in free-calmodulin, and/or cytoskeletal stabili-
zation required for synaptic modification.
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