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Abstract
Age-related declines in human cognition are well known, and there are correlative changes in the
function of neocortical and hippocampal neurons. Similarly, age-related declines in learning have
been observed in rodents, including deficits in a hippocampal-dependent learning paradigm, the
Morris water maze. Furthermore, there are correlative deficits in specific signaling pathways,
including protein kinase C (PKC) pathways, in cerebellar, hippocampal, or neocortical neurons.
PKC pathways are strong candidates for mediating the molecular changes that underlie spatial
learning, as they play critical roles in neurotransmitter release and synaptic plasticity, including
long-term potentiation (LTP) and long-term depression (LTD), and deletion of specific PKC genes
results in deficits in learning. Conversely, genetic activation of PKC pathways in small groups of
hippocampal or cortical neurons enhances learning in specific paradigms. In this study, we
delivered a constitutively active PKC into small groups of hippocampal dentate granule neurons in
aged rats (using a Herpes Simplex Virus-1 vector). Aged two-year old rats that received the
constitutively active PKC displayed improved performance in the Morris water maze relative to
controls in three different measures. These results indicate that PKC pathways play an important
role in mediating spatial learning in aged rats. Additionally, these results represent a system for
studying the neural mechanisms underlying aging-related learning deficits, and potentially
developing gene therapies for cognitive and age-related deficits.
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INTRODUCTION
Age-related declines in human cognition, particularly in learning and memory, are well
documented. During aging, there is strong correlative evidence of changes in the function of
neocortical and hippocampal neurons (reviews (Della-Maggiore et al., 2002; West et al.,
2002; Wu et al., 2002)). Similar age-related declines in cognitive functions have been
modeled in rodents. In particular, changes in hippocampal-dependent learning tasks during
aging have been characterized, including deficits in spatial learning, as tested in the Morris
water maze (review (Rosenzweig and Barnes, 2003)). In aged rodents, the numbers of
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hippocampal neurons are unaltered, but there are decreases in the numbers of synapses,
synaptic responses, and synaptic plasticity, including changes in long-term potentiation
(LTP) and long-term depression (LTD) (Rosenzweig and Barnes, 2003).

Protein kinase C (PKC) signaling pathways are strong candidates for mediating the
molecular changes that underlie learning and aging-related learning deficits. Specific PKC
substrates play critical roles in neuronal physiology (Tanaka and Nishizuka, 1994), and
activation of PKC increases release of specific classical neurotransmitters from neurons in
the hippocampus and throughout the nervous system (Nichols et al., 1987; Waters and
Smith, 2000). PKC inhibitors block LTP (Malenka and Nicoll, 1999); a constitutively active
form of PKCζ, transcribed from an internal promoter (Hernandez et al., 2003), is necessary
for LTP (Ling et al., 2002); and LTD requires PKC-mediated phosphorylation of specific
AMPA receptor subunits (Chung et al., 2003; Seidenman et al., 2003).

There is accumulating evidence that PKC pathways have critical roles learning. For
example, PKC is activated in hippocampal cells during associative or visual learning (Olds
et al., 1989; Olds et al., 1990). PKCγ knockout mice display defective regulation of LTP and
mild deficits in some learning paradigms, but the absence of PKCγ from every cell, and
defects in cerebellar development and motor coordination, complicate the interpretation
(Abeliovich et al., 1993a; Abeliovich et al., 1993b; Chen et al., 1995; Kano et al., 1995).
PKCγ knockout mice display deficits in fear conditioning (Weeber et al., 2000). Conversely,
a constitutively active PKCζ is necessary for specific types of memory maintenance
(Pastalkova et al., 2006; Shema et al., 2007). Furthermore, delivery of a constitutively active
PKC (using a virus vector) into small groups of postrhinal cortex neurons enhanced visual
image discrimination learning, but delivery of this PKC into an irrelevant brain area
(primary somatosensory cortex) did not affect this learning (Zhang et al., 2005). Also,
delivery of this PKC into hippocampal dentate granule neurons enhanced auditory
discrimination reversal learning (Neill et al., 2001). The capability of localized gene transfer
of a constitutively active PKC to enhance learning is consistent with learning theories that
hypothesize that neurons in a particular circuit use specific signaling pathways to modify
synaptic strengths, thereby mediating learning (Hebb, 1949; Kandel and Schwartz, 1982).

Aged rodents display deficits in PKC signaling and spatial learning. Aged rats with spatial
learning deficits have reduced PKC activity in the hippocampus (Colombo and Gallagher,
2002; Colombo et al., 1997), cerebellum, and neocortex (Battaini et al., 1995). Similarly,
PKC activity correlates with spatial learning in aged mice, and between strains of mice
(Fordyce and Wehner, 1993). Aged rabbits exhibit reduced hippocampal PKC activity (Van
der Zee et al., 2004). One possible cause of this altered PKC signaling is related to the
receptor for activated C kinase (RACK1), which anchors activated PKC to the plasma
membrane (Ron et al., 1994; Schechtman and Mochly-Rosen, 2001). RACK1 levels are
reduced in aged rat cortex (Battaini et al., 1999; Battaini et al., 1997; Pascale et al., 1996)
and in aged rabbit hippocampus and cortex (Van der Zee et al., 2004). Another possible
cause of this altered PKC signaling, in aged rats, are deficits in metabotropic glutamate
receptor-mediated phosphoinositide turnover, and reduced levels of phospholipaseCß-1,
which activates PKC (Nicolle et al., 1999).

Taken together, these previous results suggest that restoring PKC activity in specific groups
of forebrain neurons of aged rats might correct specific deficits in learning. To support such
studies, we previously isolated a constitutively active, catalytic domain of rat PKCßII
(PkcΔ), and a point mutation (PkcΔGG) that lacks enzyme activity (Song et al., 1998). PkcΔ
increased phosphorylation of specific PKC substrates that play critical roles in neuronal
physiology; in postrhinal cortex neurons, PkcΔ increased phosphorylation of specific
subunits of AMPA or NMDA receptors, MARCKS, GAP-43, and dynamin (Zhang et al.,
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2005); and in striatal neurons, PkcΔ increased phosphorylation of a specific AMPA receptor
subunit (Oh et al., 2003). Consistent with increased phosphorylation of two proteins that
have critical roles in neurotransmitter release, GAP-43, and dynamin, PkcΔ increased
release of dopamine and norepinephrine from cultured sympathetic neurons (Song et al.,
1998), and glutamate and GABA from cultured temporal cortex cells (Zhang et al., 2005). In
support of this approach, constitutively active PKCs are produced naturally by calpain
(Kishimoto et al., 1989), and levels are increased during LTP (Powell et al., 1994). Also, a
constitutively active form of PKCζ is necessary for LTP and specific types of memory
maintenance (Ling et al., 2002; Pastalkova et al., 2006; Shema et al., 2007). Thus, these
results suggest that aged rats that receive PkcΔ might learn a cognitive task better than
control groups.

In this study, we delivered PkcΔ into small groups of hippocampal dentate granule neurons
in two year-old rats (using a virus vector). These rats displayed improved learning by three
different measures of Morris water maze performance. The results have direct implications
for studying the mechanisms underlying aging-induced learning deficits, and benefit
development of gene therapies for specific cognitive deficits.

METHODS
Materials

Dulbecco’s modified minimal essential medium (DMEM), fetal bovine serum (FBS),
glutamine, G418, lipofectamine, and OPTI-MEM I were obtained from Invitrogen. Aged (24
months old) male hybrid F344/Brown Norway F1 (F344/BN F1) rats were obtained from the
NIA/Harlan (Indianapolis, IN). A rat water maze (2 m diameter) and platform (10 cm
square) were obtained from San Diego Instruments (San Diego CA); videocamera and
software were obtained from Accuscan Inc. (Columbus OH). 5-bromo-4-chloro-3-indoyl-ß-
D-galactopyranoside (X-Gal) was obtained from Sigma (St. Louis MO). Rabbit anti-ß-
galactosidase (ß-gal) and mouse monoclonal anti-NeuN were obtained from Chemicon
(Temecula,CA), and fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin
(Ig) G and rhodamine isothiocyanate-conjugated goat anti-mouse IgG were obtained from
Sigma.

Cells
Baby hamster kidney fibroblast (BHK21) cells and 2-2 cells (Smith et al., 1992) were grown
in DMEM supplemented with 10 % FBS, 4 mM glutamine, and penicillin/streptomycin, at
37°C in humidified incubators with 5 % CO2. G418 (0.5 mg/ml) was present during growth
of 2-2 cells but was removed prior to plating the cells for packaging vectors.

Vectors and Packaging
pkcΔ contains the catalytic domain of rat PKCßII (nucleotide 994 to the 3′ end), with the
flag tag fused to the 5′ end (Song et al., 1998). PkcΔGG has a point mutation; a gly replaced
an absolutely conserved lys that is required for phosphoryl transfer (Hanks et al., 1988; Song
et al., 1998). Following expression in the yeast S. cerevisiae, we used cell extracts and
peptide substrates to establish that PkcΔ has a substrate specificity similar to rat brain PKC
and that PkcΔGG lacks protein kinase activity (Song et al., 1998).

Gene transfer used a helper virus-free Herpes Simplex Virus (HSV-1) plasmid, or amplicon,
vector system (Fraefel et al., 1996; Geller and Breakefield, 1988). The vectors contained a
modified neurofilament promoter that supports long-term expression in forebrain neurons
(Zhang et al., 2000). An upstream enhancer element from the rat tyrosine hydroxylase
promoter (TH; -0.5 kb to -6.8 kb) was placed at the 5′ end of a mouse neurofilament heavy
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gene promoter (NFH; 0.6 kb); and an insulator (INS; 1.2 kb) from the chicken ß-globin
locus was placed at the 5′ end of the TH promoter fragment (Zhang et al., 2000). HSV-1
vectors containing this promoter (INS-TH-NFH promoter) support recombinant gene
expression in forebrain neurons for 6 to 14 months, the longest time points examined, and
two time courses in the striatum or hippocampus showed similar numbers of X-gal positive
cells between 2 weeks and 6 months after gene transfer (Sun et al., 2004; Zhang et al.,
2000).

The two transcription units in pINS-TH-NFHpkcΔINS-TH-NFHlac (Wang et al., 2001)
express either pkcΔ or Lac Z, to facilitate detection of cells that contain the vector. This
vector coexpressed ß-gal and PkcΔ in postrhinal cortex cells (Wang et al., 2001); 96 % of
the positive cells contained both flag-immunoreactivity (IR) and ß-gal-IR. In pINS-TH-
NFHpkcΔGG\INS-TH-NFHlac, pkcΔGG replaced pkcΔ (Zhang et al., 2005).

Helper virus-free HSV-1 vector packaging was performed as described using a modified
procedure that improves the titers (Fraefel et al., 1996; Sun et al., 1999); resulting vector
stocks were purified and titered (Wang et al., 2001; Zhang et al., 2000). The titers were
1.0×107 infectious vector particles (IVP)/ml pINS-TH-NFHpkcΔINS-TH-NFHlac and
1.0×107 IVP/ml pINS-TH-NFHpkcΔGG/INS-TH-NFHlac. In each experiment, the titers of
the different vector stocks were matched by dilution. No HSV-1 (<10 plaque forming units/
ml) was detected in any of these vector stocks.

Water Maze Training and Gene Transfer
These studies were approved by the West Roxbury VA Hospital IACUC. Male hybrid F344/
Brown Norway F1 (F344/BN F1) rats were used for this study; the rats were either young
adult (250-275 gm) or 24 months old. We chose to use F344/Brown Norway F1 rats because
the pigmentation, from the Brown Norway parent, enables these hybrid aged rats to be
trained for visual learning (Cook et al., 2004). Although aged F344 rats are known to have
deficits in the Morris water maze (reviewed in (Rosenzweig and Barnes, 2003)), F344/
Brown Norway F1 rats have not been examined in the water maze to our knowledge. After
arrival, the rats were given 3 days to acclimate to the animal facility. The rats were then
trained for 5 sessions (1 session per day) in the Morris water maze (Morris et al., 1982)
using a hidden platform in the same location for each session. Each session consisted of 4
trials, with each trial’s start point evenly distributed around the circular border of the water
maze (Attaway et al., 1999; Bizon et al., 2004; Klein et al., 2000). On the day after the
completion of the training, a probe trial was performed, and the number of platform
crossings during a 1 minute period was measured (Attaway et al., 1999; Bizon et al., 2004;
Klein et al., 2000). A second purpose of this initial training was to teach the rats the water
maze procedure, so the training after gene transfer will quantify any differences between the
groups in learning a new platform location, rather than differences in acquiring the
procedure. All performance was monitored using a videocamera and commercially available
software (see materials section).

Following this initial training, all of the 24-month aged rats were randomly assigned to one
of three conditions; i) PkcΔ (pINS-TH-NFHpkcΔINS-TH-NFHlac), ii) PkcΔGG (pINS-TH-
NFHpkcΔGG\INS-TH-NFHlac), or iii) PBS (phosphate buffered saline). Two to five days
later, PkcΔ, or PkcΔGG, or PBS was delivered into the hippocampus, using previously
established gene transfer conditions (Neill et al., 2001): Vector stocks were delivered by
stereotactic injection into the dentate gyrus {1.8×105 IVP total injected; 6 sites, 3 in each
hemisphere; anteroposterior (AP) 3.3, mediolateral (ML) 2.0, dorsoventral (DV) 3.5; AP
4.3, ML 2.5, DV 3.4; AP 5.3, ML 3.25, DV 3.7}. AP is relative to bregma, ML is relative to
the sagittal suture, and DV is relative to the bregma-lambda plane (Paxinos and Watson,
1986). Vector stocks were injected using a micropump (model 100, KD Scientific); 3 μl was
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injected over 8 minutes, the needle remained in place for an additional 5 minutes, and was
then slowly withdrawn over approximately 5 minutes. This protocol was designed to ensure
that the inoculum diffused into the brain tissue proximal to the needle tip and did not travel
up the needle track. One PkcΔ and one PBS rat died during the gene transfer surgery. Gene
transfer was followed by a 2 week recovery period which allowed gene expression to reach
steady-state levels (Zhang et al., 2000) and the skull to become watertight.

After recovery, seven training sessions (1 session per day) of hidden platform training was
conducted, using a new platform position, with all three groups of aged rats. On the
following day, a probe test trial was performed, using the same procedures as before gene
transfer. This experiment was performed on two independent and sequential sets of rats,
with similar results, and the data from the two independent replications were combined for
analysis. Subsequent histological analyses (see below) revealed that 2 PkcΔ rats had greatly
enlarged needle tracks with large necrotic areas surrounding the needle tracks, and these rats
were excluded from the behavioral analysis.

Immunohistochemistry
Rats were perfused with 50 ml phosphate buffered saline (PBS) followed by 200 ml of 4 %
paraformaldehyde in PBS. Brains were postfixed using 4 % paraformaldehyde in PBS (4 hr,
4 °C), and then cryoprotected in 25 % sucrose in PBS (2 days, 4 °C). Twenty-five μm
coronal sections were cut using a freezing microtome. Enzymatic staining and
immunohistochemistry were performed on free-floating sections. X-gal staining was
performed as described (Zhang et al., 2000); some of these sections were counterstained
with 0.1 % neutral red.

For immunofluorescent visualization, sections were permeabilized by incubation in PBS, 2
% normal goat serum, 0.2 % Triton X-100 (buffer A; 30 min, 37 °C). Sections were then
incubated with rabbit anti-ß-gal (1:1,000 dilution) and mouse monoclonal anti-NeuN (1:200
dilution; Chemicon Inc.) in buffer A (overnight, 4 °C; then 1 hr, 37 °C). Next, sections were
washed with PBS (3 times, 5 min each) and then incubated with fluorescein isothiocyanate-
conjugated goat anti-rabbit IgG and rhodamine isothiocyanate-conjugated goat anti-mouse
IgG, (1:150 dilutions) in buffer A (3 hr, room temperature). Lastly, sections were washed
(PBS; 3 times, 5 min each), mounted in PBS, and immediately examined under the
microscope.

Cell Counts
For quantitative analyses of the numbers of X-gal positive cells, 25 μm coronal brain
sections from the hippocampus were examined, every 4th section was analyzed, and ∼24 of
these sections contained the positive cells. For immunofluorescent costaining for ß-gal-IR
and NeuN-IR, every 4th section from 3 rats was assayed, and randomly chosen sections were
examined; >300 ß-gal-IR cells were examined for containing or lacking NeuN-IR, and all
the ß-gal-IR cells were scored from the sections that were examined. To quantify either the
numbers of X-gal positive cells or the % costaining, digital images of either the X-gal cells
or the stained cells were obtained under 60X magnification, and cell counts were performed.
To verify the accuracy of the cell counts, each section was counted at least two times
independently, and the two values differed by <10 % for each section.

Statistical Analyses
Statistical analyses of water maze performance used between groups or repeated measures
ANOVAs (Sigmastat; SPSS Inc.; Chicago, IL).
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RESULTS
Aged, 2-year old, Hybrid F344/Brown Norway F1 Rats have Deficits in Spatial Learning

Overall, we found that the young adult rats learned the task faster than the aged rats. The
young group of rats found the platform faster (Fig. 1A) and took a shorter route to it (Fig.
1B) than the aged group of rats (all data in this paper are mean±s.e.m.). A two-way ANOVA
conducted on the time to locate the platform for each group confirmed the significant effect
of group (p<0.001), and session (p<0.001), as the young group learned faster than the aged
group, but both groups did improve over the five sessions of training. To localize these
differences to specific sessions, one-way ANOVAs were performed on the data from each
session; the differences between the groups was significant for session 2 (p<0.01),
approached significance for session 5 (p=0.08) and were not significant for sessions 1, 3, or
4 (p>0.05). Additionally, a two-way ANOVA conducted on the distance traveled for each
group confirmed the significant effect of group (p<0.01), and session (p<0.001), for this
measure too. There was also a significant interaction between group and session (p<0.05).
To localize these differences to specific sessions, one-way ANOVAs were performed on the
data from each session; the differences between the groups were significant for sessions 2 or
4 (p<0.05), but were not significant for sessions 1, 3, or 5 (p>0.05). These differences
appeared relatively modest, likely because improvements in performance are usually more
modest in magnitude than deficits (see discussion). The superior learning of the young group
was further confirmed by the probe test, performed on the day after session 5. In this probe
test, the young adult rats spent significantly more time in the quadrant that had formerly
contained the platform than did the aged group (Fig. 2A; p<0.05). The young adult rats also
entered the quadrant that had contained the platform and crossed the platform position more
times than did the aged group (Fig. 2B; p<0.01). Thus, these two-year old hybrid F344/
Brown Norway F1 rats exhibit deficits in the water maze compared to young adult rats,
equivalent to results obtained using other specific strains of rats (Rosenzweig and Barnes,
2003).

Activation of PKC Pathways in Dentate Granule Neurons Corrects Deficits in Spatial
Learning in Aged Rats

Following this training, the aged rats were divided into three groups and received gene
transfer of vectors expressing either PkcΔ or PkcΔGG, or injections of PBS, into the
hippocampus. After a two-week recovery period to allow the skull to become watertight, the
rats were trained in the water maze, using a new, different position for the platform. During
this new training, we found no significant differences in either time or distance to the
platform between the PkcΔGG and PBS control groups (not shown). Two-way ANOVAs
showed no effect of group for either time or distance to the platform (p>0.05) or its
interaction with session (p>0.05). As both groups improved with training, there were
significant effects of session for both time and distance traveled to the platform (p<0.02).
Because there were no differences between the PkcΔGG and PBS groups of aged rats, these
data were subsequently pooled into one combined control group. The improvement in time
or distance to the platform during the training for this combined aged control group is shown
in Fig. 3. This control group showed modestly better learning than the 2-year old rat group
before gene transfer (compare Fig. 1, 2-year old rats to Fig. 3, control group); the 2-year old
rat group contained all the aged rats before gene transfer, and a randomly chosen subset of
these rats comprised the control group after gene transfer (see methods). The differences in
performance between these tests likely reflects that these rats learned the water maze
procedure during the first set of sessions before gene transfer, and thus performed better
during the second set of sessions after gene transfer. All the aged rats received the same
training before gene transfer, and were then randomly assigned to one of the gene transfer
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groups; thus, any effects on performance due to learning the water maze procedure before
gene transfer were controlled for across the groups.

Next, we compared the performance of the PkcΔ group with these control animals and found
important and significant behavioral differences in performance. The PkcΔ group found the
new location of the platform faster (Fig. 3A) and took a shorter route (Fig. 3B) than the
control group. A two-way ANOVA conducted on time to find the new platform revealed a
significant effect of group (p<0.05), a significant effect of session (p<0.001), and a
significant interaction between group and session (p<0.02). This interaction appeared to be
because the PKC group found the platform faster over the latter sessions of training than the
aged controls. To better localize these differences, one-way ANOVAs were performed on
the data from each session. These revealed significant group differences for sessions 1, 5, or
6 (p<0.05). The two-way ANOVA conducted on distance traveled for the two groups in
finding the new platform revealed a significant effect of session (p<0.001), and a significant
interaction between group and session (p<0.05). This interaction, too, appeared to be
because the PKC group found the platform more efficiently over the latter sessions of
training than the aged controls. One-way ANOVAs performed on the data from each session
showed significant differences between the PkcΔ and control group for sessions 1 and 5
(p<0.05), and a difference that approached significance for session 6 (p=0.097). Thus,
despite the PkcΔ group performing worse than the aged control group during the first
session (Fig. 3A and B), by session 5 and afterwards the performance of the PkcΔ group had
improved to be significantly better than the aged control by both measures. Similar to Fig. 1,
these differences appeared relatively modest in magnitude, and improvements in
performance are typically more modest than deficits (see discussion). This superior learning
was further confirmed by the probe test, performed on the day after session 7. In this test,
the PkcΔ group spent significantly more time in the quadrant that had contained the platform
than the control group (Fig. 4A; p<0.05). The PkcΔ group also entered the quadrant that had
contained the platform, and crossed the platform position, more times than the control group
(Fig. 4B; p<0.001). Thus, these results indicate that the PkcΔ group had a stronger
representation of the platform’s spatial location than did the aged control group.

The rats that received PkcΔ exhibited apparently normal motor behavior in their home
cages. Consistent with this normal motor behavior, gene transfer was specifically into the
hippocampus (detailed in next section), a cognitive area, and gene transfer was not into a
locomotion control area, such as primary motor cortex. Thus, it is unlikely that the improved
performance in the water maze reported here was due to nonspecific changes in locomotion.

Recombinant Gene Expression
Rats were sacrificed following completion of the behavioral training, ∼3.5 weeks after gene
transfer. These vectors contain both pkcΔ (or pkcΔGG) and the Lac Z gene; we previously
showed that 96 % of the cells that contained recombinant gene products coexpressed PkcΔ
and ß-gal (Wang et al., 2001), and we obtained similar results in another study (Zhang et al.,
2005). Thus, we used the sensitive assays for ß-gal to detect cells that contained
recombinant gene products. ß-gal was assayed using X-gal staining (Zhang et al., 2000), and
subregions within the hippocampus were revealed by counterstaining with neutral red. The
injection sites were located in the dentate gyrus. Low power views showed that the dentate
granule cell layer contained X-gal positive cells (Fig. 5A). Additionally, in some rats, some
X-gal positive cells were located within the dentate gyrus, but dorsal to the granule cell layer
(Fig. 5A). Most of the positive cells were located in groups near the injection sites. This
section was chosen to show positive cells both within, and dorsal to, the granule cell layer.
This one section contained a modestly thinner molecular layer proximal to the transduced
cells; other sections showed no change in the thickness of the molecular layer proximal to
the transduced cells. The modestly thinner molecular layer in this one section likely reflects
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variations in hippocampal morphology, sectioning, and section mounting; it is unlikely to be
due to neurotoxicity, because this helper virus-free HSV-1 vector system causes minimal
cell damage and immune response (Bowers et al., 2003; Fraefel et al., 1996; Olschowka et
al., 2003; Zhang and Geller, 2002). High power views revealed X-gal positive, large cell
bodies in the granule cell layer, suggestive of neuronal morphology (Fig. 5B), and neuronal
identity is demonstrated below by costaining for a neuronal marker. Rats that received PBS
lacked X-gal positive hippocampal cells, although some rats contained a low level of faint
staining in brain vascular endothelium (not shown).

To determine the numbers of cells that contained recombinant gene products, three
hippocampii, from three different rats that received PkcΔ, were examined. X-gal staining
was performed on every 4th section, along the entire longitudinal length of the hippocampus.
Cell counts revealed 4,879±429 (mean ± s.e.m.) X-gal cells per hippocampus, and these
cells were present in ∼2.4 mm in the anteroposterior direction. Although recombinant gene
expression was in only ≤0.49 % of the ∼990,000 dentate granule neurons (Boss et al., 1985),
the transduced cells were grouped together spatially, and the local density of transduced
cells was greater than 1 %, accounting for the changes in learning (see discussion).

HSV-1 particles can be transported retrogradely through axons to distant sites. We examined
the sections from the 3 hippocampii for X-gal cells outside of the dentate gyrus. Entorhinal
cortex, a major projection area to the dentate gyrus, contained few positive cells, <1 % of the
number of X-gal cells as the dentate gyrus (not shown; 45±6 X-gal cells). Also, the CA1-3
fields of the hippocampus contained <3 % of the number of X-gal cells as the dentate gyrus
(97±14 X-gal cells).

We confirmed that recombinant gene expression was targeted to neurons, as this vector
contained a modified neurofilament promoter (Wang et al., 2001; Zhang et al., 2000).
Double staining was performed using antibodies against either E. coli ß-gal or a neuronal
marker, NeuN. Rats sacrificed after behavioral training contained numerous ß-gal-IR cells,
and most of these cells contained NeuN-IR (Fig. 6A-C). Rats that did not receive gene
transfer lacked ß-gal-IR cells, but contained NeuN-IR cells (Fig. 6D-F). Cell counts showed
98 % neuronal-specific expression (331 costained cells, 6 ß-gal-IR only cells). Similarly,
other studies that used this modified neurofilament promoter reported ∼90 % neuronal-
specific expression in the hippocampus (Zhang et al., 2000), postrhinal cortex (Zhang et al.,
2005), or striatum (Sun et al., 2004; Sun et al., 2005; Sun et al., 2003; Zhang et al., 2000).

DISCUSSION
PkcΔ-Tranduced Hippocampal Dentate Granule Neurons Improved Spatial Learning

Overall, these findings importantly show that the PkcΔ condition improved spatial learning
in aged, 2-year old, rats, compared to aged control conditions. The aged control rats received
either PkcΔGG, a control vector lacking enzyme activity, or PBS. PkcΔ supported improved
learning in the water maze as evidenced by learning the task faster, swimming to a new
platform location more quickly and more directly, and showing stronger persistence in
searching for this learned location after learning. Similar to previous studies on improved
visual discrimination learning supported by PkcΔ (Zhang et al., 2005), the differences in
learning were not present immediately upon the beginning of training, but emerged after
several sessions. In fact, the PkcΔ group performed more poorly than the control group on
session 1. The explanation for this latter effect is not known, but might be because the
stronger representation of the new learning eventually produced by PkcΔ is formed modestly
slower. If wt rats stored the post-gene transfer platform location in the same circuit as the
pre-gene-transfer platform location; but the PkcΔ-transduced rats stored the post-gene-
transfer platform location in a different circuit than the pre-gene-transfer platform location,
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specifically the circuit containing the transduced neurons; then the wt rats may support faster
initial learning because they do not have to set up a new circuit for water maze learning. It
seems unlikely that PkcΔ altered retrieval of the pre-gene-transfer platform location, because
only ∼1 % of the dentate granule neurons contained PkcΔ (see below).

The magnitude of the improved spatial learning in these aged rats appears modest, especially
in comparison to the decreases in performance produced by lesions, for example. This is
because meaningful improvements in learning are limited by the maximum possible level of
performance for a task. For example, our control rats traveled ∼250 cm to reach the platform
by session 6; a lesion that reduced performance back to the initial levels observed in session
1 (>400 cm) would provide space for a large change of ∼150 cm. In contrast, a similar sized
improvement in performance at the end of training would require finding the platform in 100
cm, a result that would be most surprising given the established baseline performance in the
water maze. Thus, studies that look for improvements are likely by their nature to only
detect and support modest increases in performance measures, such as time, distance, or
accuracy (Dudai, 1989; Rumelhart et al., 1986). Also consistent with this thinking,
pharmacological interventions that enhanced learning or memory typically produced only
modest increases in performance; for example, using a radial arm maze, systemic opiate
agonists produced modest enhancements in working memory (Canli et al., 1990).
Importantly, it is easier to increase performance early in the training than after learning is
almost complete. Thus, the largest increases in performance were observed between sessions
1 and 2, and young rats showed a larger improvement than aged rats, and aged rats that
received PkcΔ showed a larger improvement than the controls. Overall, the young rats
performed better than the aged rats, and the aged rats that received PkcΔ performed better
than the controls, as shown by the two-way ANOVAs. However, the differences between
the experimental and control groups on the later sessions were modest, and were significant
only for some specific sessions, as shown by the one-way ANOVAs. Moreover, learning
processes probably map nonlinearly onto dependent variables such as time or distance to the
platform. Thus, although the performance measures of time or distance showed only modest
differences, larger differences were measured on the probe test, which is designed to more
directly measure the cognitive representation of the task. Specifically, either ∼25 % or ∼40
% differences were observed on the probe test for either time or numbers of platform
position crossings, respectively, for both the comparison between young and aged rats and
the comparison between aged rats that received PkcΔ and the controls. Similar to these
results, only modest increases in performance have been observed in other genetic studies
that were designed to improve performance. Using young adult rats, delivery of PkcΔ into
postrhinal cortex neurons supported a modest enhancement in accuracy on a visual image
discrimination test (Zhang et al., 2005), and delivery of PkcΔ into hippocampal dentate
granule neurons supported a modest improvement in the time required for auditory reversal
learning (Neill et al., 2001). Also, transgenic mice that overexpress NMDA receptor NR2B
subunit displayed only modest increases in performance on several paradigms (Tang et al.,
1999). In summary, the magnitude of the enhanced learning reported here is both typical for
the literature and consistent with learning theory.

Most of the transduced cells were dentate granule neurons. The vast majority of the
transduced cells were in the dentate gyrus, and very few transduced cells were observed in
entorhinal cortex or in the CA1-3 subfields of the hippocampus. Similarly, previous studies
using this helper virus-free HSV-1 vector system found that the vast majority of the
transduced cells were located proximal to the injection sites in the hippocampal dentate
gyrus (Neill et al., 2001), or postrhinal cortex (Zhang et al., 2005), or striatum (Sun et al.,
2004; Sun et al., 2005; Sun et al., 2003; Zhang et al., 2000). Within the dentate gyrus, over
95 % of the transduced cells were neurons, and most of these neurons were located in the
granule cell layer. Granule layer neurons are glutamatergic, and the other neurons in the
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dentate gyrus are GABAergic; consistent with these results, we previously showed that this
vector supports expression in both glutamatergic and GABAergic neurons in postrhinal
cortex (Zhang et al., 2005). Thus, the transduced dentate gyrus neurons, and likely the
transduced granule neurons, supported the improved learning.

As gene transfer was not exclusively to dentate granule neurons, recombinant gene
expression in ≤0.49 % of the ∼990,000 dentate granule neurons (Boss et al., 1985) was
sufficient to improve spatial learning in these 2-year old rats. Similarly, in young adult rats,
activation of PKC pathways in <1 % of the dentate granule neurons was sufficient to
enhance auditory discrimination reversal learning (Neill et al., 2001), and activation of PKC
pathways in <1 % of postrhinal cortex neurons was sufficient to enhance visual image
discrimination learning (Zhang et al., 2005). Because the transduced cells were grouped
together spatially, the local density of transduced cells was greater than 1 %. Our results are
consistent with the postulate from neural network theory that activating a small fraction of
the neurons in a circuit can potentiate that circuit (Rumelhart et al., 1986), and our results
support a central hypothesis of learning theory, that specific circuits support learning of
specific tasks (Dudai, 1989).

The gain-of-function strategy used in this study localizes learning to a specific circuit
because it primes that circuit for learning in the presence of multiple circuits that could
support the learning. In contrast, ablation/loss-of-function strategies must remove/inactivate
all the circuits that can support the learning before deficits are observed. If multiple circuits
within a forebrain area can support the learning, then all these circuits must be removed/
inactivated before a learning deficit is observed. To obtain a deficit, most of a forebrain area
must likely be affected by an ablation/loss-of-function intervention; specifically, the entire
dorsal quarter of the hippocampus must be ablated before deficits in spatial learning are
observed (Moser et al., 1995).

Dominant or Recessive Mutations in PKCß, and Expression of Mutated PkcßII in Different
Types of Neurons, Support Different Changes in Learning

PkcΔ was obtained from the rat PKCßII isoform (Song et al., 1998), and PKCß knockout
mice exhibit deficits in fear conditioning (Weeber et al., 2000). Following delivery of PkcΔ
into hippocampal neurons, young adult rats exhibited enhanced auditory reversal learning
(Neill et al., 2001), and aged rats exhibited improved spatial learning. Following delivery of
PkcΔ into postrhinal cortex neurons, young adult rats exhibited enhanced visual image
discrimination learning (Zhang et al., 2005). It is not surprising that following these different
genetic manipulations, the rats exhibited different changes in learning, because these three
genetically modified rodents differ in three critical aspects: First, the types of cells that
contain or lack specific PKCs. PKCß knockout mice lack PKCß in cells throughout the
brain. In contrast, PkcΔ was placed under the control of a heterologous promoter (the
modified neurofilament promoter (Zhang et al., 2000)) in a virus vector, and PkcΔ was
delivered into small groups of either hippocampal or postrhinal cortex neurons. Second,
PkcΔ lacks most of the regulatory domain that supports intracellular targeting to specific
compartments (Tanaka and Nishizuka, 1994); PkcΔ is localized to different subcellular
compartments than either PKCß isoform (PKCßI or PKCßII). Third, PkcΔ enzyme activity
is regulated differently than either PKCß isoform; PkcΔ is constitutively active whereas the
PKCß isoforms contain the regulatory domain that controls their activity. Of note, PkcΔ has
activity for each of the eight PKC substrates we have examined to date (Song et al., 1998;
Zhang et al., 2005), and the catalytic domains of all the PKC isoforms contain extensive
sequence homology (Tanaka and Nishizuka, 1994). Thus, in the paradigm examined here,
replacing PkcΔ with a catalytic domain from a different PKC isoform might yield similar
results.
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Gene Therapy Strategies to Improve Learning in Aged Animals
Many previous gene therapy approaches to correct aging-induced cognitive deficits have
focused on the cholinergic basal forebrain system. Either fibroblast cells or neural progenitor
cells genetically engineered to produce nerve growth factor (NGF), and transplanted into
specific basal forebrain nuclei, improved spatial learning in aged rats (Chen and Gage, 1995;
Martinez-Serrano et al., 1996), and protected cholinergic basal forebrain neurons in lesioned
monkeys (Tuszynski et al., 1996). Similarly, delivery of adeno-associated virus (AAV)
vectors, lentivirus vectors, or adenovirus vectors that express NGF into specific basal
forebrain nuclei protects cholinergic neurons from degeneration in aged rats, or following
transection of the fimbria-fornix, and improved spatial learning (Blesch et al., 2005; Klein et
al., 2000; Mandel et al., 1999; Wu et al., 2005; Wu et al., 2004; Zou et al., 2002). In another
approach, also using either aged rats or transection of the fimbria-fornix, fibroblasts
genetically engineered to express choline acetyltransferase, and transplanted into the
hippocampus or neocortex, supported improved spatial learning (Dickinson-Anson et al.,
1998; Dickinson-Anson et al., 2003). Strategies using either a neurotrophic factor or
acetylcholine are designed to modulate the activity of hippocampal or cortical neurons.

In contrast, the strategy developed here alters a specific signal transduction pathway within
these neurons, the PKC pathway. PKC signaling is impaired in aged rodents (Battaini et al.,
1995; Battaini et al., 1999; Battaini et al., 1997; Colombo and Gallagher, 2002; Colombo et
al., 1997; Fordyce and Wehner, 1993; Nicolle et al., 1999; Pascale et al., 1996; Van der Zee
et al., 2004). Thus, gene transfer of PkcΔ may provide an approach for studying aging-
induced changes in PKC signaling. Moreover, gene transfer of PkcΔ represents a potential
gene therapy treatment for aging-induced cognitive deficits.
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Figure 1.
Performance in the Morris water maze by young adult rats or 2-year old rats. The rats were
trained daily in the water maze for 5 days. (A) The time to find the platform (mean±s.e.m.;
young adult rats n=12 rats, 2-year old rats n=46 rats). (B) The distance traveled to the
platform (mean±s.e.m.).
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Figure 2.
The time in the quadrant containing the platform, and the number of quadrant & platform
crossings, in the probe trial, by young adult rats or 2-year old rats. On the day after the last
test to find the platform (session 5 in Fig. 1), the rats were given a probe test. In the probe
test, the platform was removed, and the rats were allowed to swim in the tank for 1 minute.
(A) The amount of time the rats spent in the quadrant that had contained the platform (mean
±s.e.m.). (B) The number of times the rats crossed the position of the platform, plus the
number of times the rats entered the quadrant that had contained the platform (mean±s.e.m.).
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Figure 3.
Performance in the Morris water maze by the rats that received either PkcΔ or a control
treatment. After gene transfer, the rats were given 2 weeks to recover and for the skull to
become watertight. The rats were then trained daily in the water maze for 7 days. (A) The
time to find the platform (mean±s.e.m.; PkcΔ n=17 rats, controls n=18 rats (PkcΔGG n=9
rats, PBS n=9 rats)). (B) The distance traveled to the platform (mean±s.e.m.).
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Figure 4.
The time in the quadrant containing the platform, and the number of quadrant & platform
crossings, in the probe trial, by rats that received either PkcΔ or a control treatment. On the
day after that the last test to find the platform (session 7 in Fig. 3), the rats were given a
probe test. In the probe test, the platform was removed, and the rats were allowed to swim in
the tank for 1 minute. (A) The amount of time the rats spent in the quadrant that had
contained the platform (mean±s.e.m.). (B) The number of times the rats crossed the position
of the platform, plus the number of times the rats entered the quadrant that had contained the
platform (mean±s.e.m.).
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Figure 5.
Recombinant gene expression in the dentate gyrus. After the water maze training was
completed, 3-4 weeks after gene transfer, the rats were sacrificed, and ß-gal was detected
with X-gal staining. These vectors coexpress PkcΔ (or PkcΔGG) and ß-gal. (A) A low
power view from a rat that had received PkcΔ, shows X-gal positive cells in the dentate
granule cell layer. The section was counterstained with neutral red. (B) A high power view
showis X-gal positive cells with neuronal morphology in the dentate granule cell layer; some
X-gal positive cells are also present outside of the granule cell layer. Scale bars: (A) 300
μm; (B) 30 μm.
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Figure 6.
Immunofluorescent colocalization of ß-gal-IR and NeuN-IR in cells in the hippocampal
dentate granule cell layer. Rats were sacrificed after behavioral training. ß-gal-IR was
visualized using a fluorescein-conjugated secondary antibody, and NeuN-IR was visualized
using a rhodamine-conjugated secondary antibody. (A-C) Rat received PkcΔ; (A) ß-gal-IR,
(B) NeuN-IR, and (C) merge. Filled arrows, costained cells; open arrowheads, cells contain
NeuN-IR only. (D-F) Rat received PBS; (D) ß-gal-IR, (E) NeuN-IR, and (F) merge. Scale
bar: 30 μm.
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