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Spatial memory in aged rats is related to PKC�-dependent
G-protein coupling of the M1 receptor
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Abstract

In the present study, individual differences in spatial memory in aged Fischer 344 (F344) rats were associated with the extent of G-protein
coupling of the M1 muscarinic receptor and the dendritic-to-somal ratio of hippocampal PKC� (d/sPKC�) immunogenicity. Following
testing in the eight-arm radial maze task, 7 young and 13 aged rat brains were sectioned through the dorsal hippocampal formation (HF).
G-protein coupling of the M1 receptor was assessed autoradiographically using competition binding studies in the presence and absence of
a G-protein uncoupler to determine high (KH) and low (KL) affinity states for agonist in the HF, neocortex, and amygdala. In aged animals,
a relationship between choice accuracy in the maze andKH, a measure of M1 receptor–G-protein coupling was seen in the dentate gyrus,
CA3, CA1, and neocortex. Furthermore, choice accuracy and d/sPKC� immunogenicity showed a significant relationship in CA1. Lastly,
a correlation was seen in the CA1 of aged animals betweenKH and d/sPKC�. These relationships did not hold for the amygdala. Thus,
individual differences in a naturally occurring age-dependent disruption of cholinergic-PKC� signal transduction is associated with spatial
memory dysfunction.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The ability of acetylcholine (ACh) and other full ago-
nists to stimulate postsynaptic muscarinic receptor-mediated
phosphoinositide (PI) signaling has been shown to be im-
portant for memory function mediated by the hippocam-
pal system[11,28,43,48,53]. The hippocampal formation
(HF) is one of the brain regions most vulnerable to the
aging process[13,16,51]. In keeping with the human data
[8,19,45], cholinergic pharmacotherapy in aged rats with
a hippocampal-dependent spatial memory deficit has often
met with only limited success[8,24,29]. One explanation
for this finding is that the transduction and persistence of a
molecular signal along the initial segment of the choliner-
gic PI cascade may be defective to varying degrees in aged,
memory-impaired animals.

Five muscarinic cholinergic receptor subtypes are cur-
rently known to exist in the CNS as demonstrated by
molecular cloning[7]. The m1, m3, and m5 subtype re-
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ceptor cloned gene products1 are linked by G-proteins to
PI-dependent phosphorylation and membrane calcium mo-
bilization [26]. Of these receptor subtypes, the m1 is not
only the most abundant in the HF, but has been implicated
in neural plasticity [28,30,50]. Hippocampal cholinergic
innervation may help mediate neuronal excitability by
modulating calcium-dependent signal transduction. Hip-
pocampal pyramidal neurons demonstrate decreased ex-
citability as a function of aging, in part due to an enhanced
calcium-dependent postburst afterhyperpolarization (AHP)
[61]. Age-associated G-protein uncoupling of the pharma-
cologically defined M1 muscarinic receptor may disrupt
this calcium-dependent signal transduction pathway and
consequently impair neuronal plasticitiy.

1 The nomenclature m1–m5, designated by lower case letters refer to
the cloned gene products of the muscarinic cholinergic genes. These
molecular subtypes are distinguished by their primary nucleotide or amino
acid sequences using complementary nucleotide probes or subtype specific
antibodies. Muscarinic receptor subtype ligand binding identified in the
rat using pharmacological antagonists are designated by uppercase letters,
M1–M5.
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In both rodents and humans, G-protein mediated high
(KH) and low (KL) affinity states for agonist of the M1 mus-
carinic cholinergic receptor coexist. The high affinity agonist
state (KH) of the M1 receptor is the physiologically relevant
conformation of the receptor[18,44]. The ability of sev-
eral full muscarinic agonists, including carbachol to form a
guanine nucleotide-dependent high affinity state of the mus-
carinic receptor has been shown to correlate with the effi-
cacy of the agonist to stimulate phosphatidyl inositol break-
down and calcium mobilization[18,23]. The KL/KH ratio
has been previously used as an index of receptor–G-protein
coupling to indicate the efficacy of signal transduction of the
PI pathway as mediated by muscarinic receptor activation
[18,22,27,44]. Hence, theKL/KH ratio, and not the absolute
KH or KL values, has been related with agonist efficacy and
functional responsiveness of M1 muscarinic receptors for
agonist.

Immediately downstream from the M1 receptor–G-protein
complex, the PI intermediate effector, protein kinase C
(PKC), has been strongly implicated in hippocampal-
dependent learning and memory[1,12,13,17,38,39,53,54,56].
Muscarinic cholinergic receptors are highly expressed in
hippocampal neurons containing one PKC subtype in par-
ticular, the calcium-activated, phospholipid-sensitive PKC�
isoform.

Numerous lines of research have implicated PKC� in
memory function dependent on the hippocampal system
[12,13,17,53,54,57]. Stimulation of muscarinic cholinergic
receptors is associated with an increase in PKC� immunore-
activity [54], suggesting a link between muscarinic cholin-
ergic receptor stimulation and PKC� function. Van der Zee
et al. [53] showed an increase in immunoreactivity for both
PKC� and muscarinic ACh receptors in principal hippocam-
pal neurons of young rats following training in a hole board
task. PKC� likely phosphorylates substrate proteins that are
implicated in a persistent subcellular change outlasting the
initial stimulus, reminiscent of a memory trace.

Alterations in PKC� translocation from the soluble to
particulate fraction of brain tissue homogenates have been
demonstrated in aged rodents[6,13,41]. Reduced phospho-
rylation of certain PKC substrates, including GAP-43/B-
50/F1, have been documented to selectively occur in the
HF of aged rats[5,49]. Furthermore, age-related learning
and memory deficits show an enhanced postburst AHP
[61]. These observations suggest an age-dependent impact
on PKC-mediated signal transduction important in certain
memory processes.

The experiments reported here were designed to test
whether a naturally occurring age-dependent disruption of
cholinergic signal transduction is associated with an alter-
ation in the immunogenicity of PKC� across somal-dendritic
spatial domains of hippocampal principal neurons. These
neurochemical changes were assessed in the hippocampal
formation and neocortex of young (5–6 months old) and
old (27–28 months old) Fischer 344 (F344) rats. Since the
amygdala is not involved in spatial memory[9,58], we used

this region as an internal control for muscarinic cholinergic
binding.

2. Methods

2.1. Subjects

Thirty F344 rats, 12 young (4 months old at the start of
the experiment) and 18 aged (26 months old) retired breed-
ers were obtained from the National Institutes on Aging
(NIA) colony. They were individually housed in a climate-
controlled animal facility and maintained on a 12 h/12 h
light/dark cycle. Subsequent to a 2-week acclimatization pe-
riod following arrival from the NIA colony, the animals were
food restricted to 80% of their ad lib body weights over
a 14-day period. The weights of the young animals were
adjusted for growth. Seven young and thirteen old animals
were then shaped and tested in the eight-arm radial maze
task as described below. To control for possible effects that
training itself may have on neurochemical markers, the re-
maining five young and five old animals were handled in
the same manner and placed in the eight-arm radial maze
without exposure to training or testing trials.

2.2. Behavioral testing

The eight-arm radial maze task used to test spatial mem-
ory was similar to that described by Olton and Samuelson
[40]. The arms were separated from the central stage by
Plexiglas® guillotine-like doors. The maze was located in
a laboratory room, with external cues placed close to each
arm[14]. After adaptation to the maze and shaping to enter
the arms over three days, all animals were given one trial
per day and trained to a stringent criterion of three consec-
utive trials with no errors (i.e., no repeated entries into a
given arm) or for a maximum of 30 trials. Each entry into
an already visited arm constituted an error. Each animal was
allowed to make a maximum of 10 choices per trial (eight
if all were correct), or remain in the maze until a maximum
of 15 min elapsed, whichever came first. Rats that did not
reach criterion within 30 trials were considered memory im-
paired and assigned a score of 33, since, by definition, at
least three more trials would have been required to poten-
tially attain three consecutive trials without errors. Those
animals that reached behavioral criterion were referred to as
memory intact.

Memory capacity was quantified using the following
measures: (1) number of trials to criterion, and (2) a
choice accuracy score which takes into account the num-
ber of errors made on each trial, as well as where in the
sequence of choices these errors occurred. The choice ac-
curacy score was determined for each animal for choices
2–8 of each trial using the formula: (P(correct)observed−
P(correct)expected)/(100 − P(correct)expected) × 100, where
P(correct)observed= (number of correct responses/total num-
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ber of responses)× 100, andP(correct)expected= (number
of arms not chosen/8)× 100[40]. Note that the first choice
is necessarily always correct. The choice accuracy score
can range from 1.00, which indicates a correct response on
all choices, to 0, which indicates chance performance.

2.3. Tissue processing

On the day after reaching the criterion (or a maximum of
30 trials if criterion was not reached), that animal was de-
capitated awake and unanesthetized, since anesthetics can
influence CNS receptor binding. The brains were dissected
out in no more than 120 s each, placed in M-1 embedding
matrix (Lipshaw Manufacturing Co., Detroit, MI) and laid
over dry ice. All brains were stored at−80◦C for a maxi-
mum of 15 months.

Consecutive 10�m unfixed brain sections were taken us-
ing a Reichart-Jung 1800 cryostat. Sectioning was started
1000�m caudal to the septal pole of the HF and extended for
1200�m through the dorsal HF. Consecutive duplicate 10-
�m thick tissue sections were immediately thaw-mounted
on double gelatinized glass slides. Alternate duplicate tis-
sue sections were taken for each of the two autoradiogra-
phy protocols as described below. The PKC immunolabel-
ing protocol involved four sets of eight consecutive tissue
sections taken at 230-�m intervals through the dorsal HF.
Duplicate sections were touch-transferred to nitrocellulose
(NC)-coated slides (Grace Bio-Oncology, MI). The sections
were then air dried at room temperature and stored at 0◦C
for a maximum of 48 h.

2.4. Autoradiography protocols

2.4.1. Measurement of the M1 receptor–G-protein affinity
state for agonist

Carbachol/[3H]pirenzepine (New England Nuclear,
Boston, MA) competition binding assays were carried out
in the presence and absence of guanylyl imidodiphosphate
tetralithium (GppNHp, Mannheim-Boerhinger), a G-protein
uncoupler, to identify and quantify the high and low agonist
affinity states of the M1 receptor[22]. Separate competition
studies using [3H]QNB (Amersham, Arlington Heights,
IL) in the presence of the unlabeled M1 receptor antago-
nist, pirenzepine, permitted the quantitation of putative M2
muscarinic cholinergic receptors[4,31,32].

M1 muscarinic receptors were labeled as follows. Du-
plicate slide-mounted brain tissue sections were washed in
20 mM Tris buffer with 1 mM MnCl2 (Tris/Mn2+) for 30 min
at 4◦C (pH 7.4) to remove endogenous proteases[31]. A
saturation study was performed using eight concentrations
(20–0.1 nM) of [3H]pirenzepine in Tris/Mn2+ buffer (pH
7.4). Saturable binding was determined as the difference be-
tween [3H]pirenzepine binding in the presence and absence
of 1 mM unlabeled QNB. Non-specific binding was deter-
mined for each concentration of [3H]pirenzepine. Duplicate
brain tissue sections were incubated for 60 m at 23◦C, fol-

lowed by three consecutive 30-s washes in cold Tris/Mn2+
buffer. Finally, these slides were dried with a gentle stream
of warm air.

A competition study for each subject was performed us-
ing 2.5 nM [3H]pirenzepine in Tris/Mn2+ buffer and 11 in-
creasing concentrations of carbachol (10−8 to 10−3 M). Un-
der these assay conditions, approximately 33% of the high
affinity pirenzepine sites (the M1 receptor sites) are selec-
tively labeled, while less than 1% of non-M1 muscarinic
receptor subtypes are occupied by [3H]pirenzepine[20,59].
Replicate brain tissue sections were incubated for 60 min at
23◦C in the presence and absence of 200�M GppNHp to
assay the number of sites in theKH andKL states.

2.4.2. Cholinergic ‘non-M1’ muscarinic receptor–ligand
binding

Competition binding studies using [3H]QNB in the pres-
ence of the M1 receptor antagonist, pirenzepine, permitted
the quantitation of non-M1 muscarinic cholinergic recep-
tors. Non-M1 muscarinic cholinergic receptors were labeled
in 20 mM HEPES buffer (pH 7.4) containing 1 mM EDTA
and 100 mM NaCl, and 1�M pirenzepine with [3H]QNB as
the radiolabeled ligand antagonist. Under these conditions,
[3H]QNB predominantly labels non-M1 receptor subtypes,
previously referred to as the M2 receptor subtype (Mash
et al., 1986).N-Ethyl maleimide (NEM, Sigma) was used
to stabilize muscarinic subtypes in their low-affinity states
for agonist as described by Flynn and Potter[21]. The brain
tissue sections were incubated with increasing concentra-
tions of [3H]QNB (1–0.01 nM) in HEPES buffer (pH 7.4).
Specific binding was determined as the difference between
[3H]QNB binding in the presence and absence of 1 mM at-
ropine. Non-specific binding was determined at each con-
centration of [3H]QNB. Duplicate brain tissue sections were
incubated with each incrementing prepared concentrations
of [3H]QNB for 60 min at 23◦C.

Brain sections processed for M1 and non-M1 muscarinic
cholinergic binding along with tritium microscales (Amer-
sham, Arlington Heights, IL) were exposed to Ultrofilm®

(Meger Scientific) at 4◦C for 21 and 26 days, res-
pectively.

2.5. PKC-isoform immunolabeling

A technique was developed in our laboratory that pro-
vides both quantitation and enhanced histocoherent in
situ antibody-epitope binding using polyclonal antibodies
directed against PKC� and -�. The success of this tech-
nique was dependent on the transfer of epitopes of interest
on to nitrocellulose (NC) film-coated slides (Grace Bio-
Oncology, MI). NC has been previously employed as a
superior microporous matrix compared to treated glass to
which non-dissociated tissue sections could be transferred
and immunostained[33,37].

To assess the adherence of protein binding to the NC
slides, serial dilutions of bovine [3H]albumin (Amersham,
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Arlington Heights, IL) were aliquoted on the NC film as dot-
blots. These slides were exposed to Ultrofilm for 5 days at
4◦C. Quantitation of the exposed film demonstrated a 1.1±
1% loss of protein binding below 900 pg of protein. These
slides were then processed using avidin biotin peroxidase
(ABP) immunohistochemistry.

It is important to emphasize that with this method, a
protein of interest can be localized with excellent spatial
resolution at the light microscope level, while simultane-
ously acquiring in situ calibrated quantitative data. ABP
immunohistochemistry was used along with a dilution se-
ries of purified biological PKC epitopes as a calibration
standard ladder. By using aliquots of known amounts of
purified epitope on highly adherent NC-coated microscope
slides, both tissue sections and purified epitope could
be simultaneously fixed, labeled, and analyzed. As a re-
sult, variability between batches of processed tissue was
minimized.

Special materials included: (1) rabbit affinity-purified
IgG antisera directed against PKC oligopeptide sequences,
PKC� [313–326] and PKC� [306–318] (GIBCO-BRL,
Baltimore, MD); (2) anti-rabbit biotinylated secondary anti-
body (Vector Laboratories, CA); (3) synthetic oligopeptide
sequences included PKC� [313–326], and PKC� [306–318]
(GIBCO-BRL, Baltimore, MD); and (4) ONCYTETM nitro-
cellulose (NC) film slides (Grace Bio-Oncology, MI) with
customized standard NC dot-blot slides prepared by Grace
Bio-Oncology, Inc.

Calibrated PKC peptide standard slides were prepared as
follows. Eight PKC� and PKC� oligopeptide concentrations
(800, 200, 66.7, 33.3, 16.7, 8.3, 6.7, 3.3 pg) dissolved in PBS
(pH 7.2) were used and applied to specially designed dot-blot
NC slides. Brain tissue mounted slides and calibrated pep-
tide standard slides were immersed in fixative prepared from
0.06% glutaraldehyde (EM grade I), 4.0% paraformalde-
hyde, and 0.1% Tween-20 for 15 min at 23◦C (pH 7.25).
The slides were washed in five changes of 0.05% PBS con-
taining 0.1% Tween-20, pH 7.2 (wash media), 10 min in
each wash solution. Since endogenous peroxidase can hin-
der staining, the slides were incubated in Tris-Base with
sodium periodate (pH 7.25) for 20 min, followed by three
10 min washes in wash media. The brain tissue sections
were dipped in 5% normal goat serum for 30 min at room
temperature to block non-specific binding of the primary
antibody.

After washing the slides, two separate primary rabbit IgG
antisera against�-V3 region, and�-V3 region, were diluted
to 1:100. An additional negative control was incubated with
antibody buffer without the primary antibody added. Two
hundred and forty microliters of each antibody dilution was
applied to the respective slides and incubated for 40 h at 4◦C
in humidity chambers.

Following the incubation step, the slide-mounted brain
tissue sections were washed three times in 0.1% Tween-
20 in PBS (pH 7.25) for 10 min per wash. Two hundred
and forty microliters of the biotinylated secondary antibody

was applied to each tissue section for 2.5 h at 4◦C with
gentle agitation. Following this incubation step, the slides
were again washed 3 times (10 min per wash) in fresh 0.1%
Tween-20 in PBS (pH 7.25).

These slides were next placed in 0.05% PBS containing
50�l avidin and 50�l biotinylated avidin-biotin complex so-
lution for 75 min. After this incubation step, the slides were
washed in three changes of 0.2 M imidazole/1.0 M sodium
acetate buffer (5 min per wash). The final step included
timed developing of tissue containing slides in substrate so-
lution containing 0.05% diaminobenzadine tetrahydrochlo-
ride (DAB), 1.25% nickel sulfate and 0.003% hydrogen
peroxide.

3. Data analyses

The autoradiograms were analyzed on a PC-based image
analysis system (Amersham, Arlington Heights, IL), with
software by Loats Associates (Westminster, MD). Optical
density (OD) measurements of in situ autoradiography and
immunohistochemistry as well as transept line analysis of
the PKC antibody labeled tissue sections were performed.
No differences in autoradiographic receptor binding and
PKC immunostaining OD measurements were seen be-
tween the right and left ROIs; therefore, mean values for
both hippocampi and amygdalae were used for all analyses.
The autoradiogram shown inFig. 1 illustrates the sampled
regions of interest (ROI) taken at the coronal level of the
reticular thalamic nucleus (rTh). These ROIs were: (1) the
dentate gyrus (DG), (2) CA3 stratum radiatum (CA3r), and
(3) CA1 stratum radiatum (CA1r). The extrahippocampal
ROIs included the cortical amygdaloid nucleus and the in-
ner one-half of the neocortex immediately dorsal to the HF
as outlined in Paxinos and Watson[42].

OD measurements for PKC immunostaining were taken
from regions of interest using a software-generated sampling
template shown inFig. 2B that included the pyramidal cell
body layer for the CA1 and CA3 subfields, as well as the
granule cell body layer in the DG. In addition, the dendritic
layer of the CA1 stratum radiatum was sampled.

The density and affinity of M1 and non-M1 mus-
carinic cholinergic receptor binding sites,Bmax and KD,
respectively, were determined by Rosenthal analyses[46].
Competition binding isotherm data were analyzed using a
custom programmed receptor–ligand binding application
[47] within the RS/1 statistical analysis software package
(Bolt-Beranek & Newman, MA), utilizing either a one- or
two-site model.

Nonlinearly derived competition isotherms for the
[3H]pirenzepine/carbachol data were generated for each
ROI from averaged duplicate tissue sections in the presence
and absence of GppNHp, the G-protein uncoupling agent.
Each isotherm generated was fit to either a one- or two-site
model. Fifty percent inhibitory concentrations (IC50 values)
were calculated, as well as the fraction of sites in each
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Fig. 1. An autoradiogram showing the distribution of sampled ROIs for [3H]pirenzepine. DG, dorsal blade of the dentate gyrus; CA3o, CA3 stratum
oriens; CA3r, CA3 stratum radiatum; CA1r, CA1 stratum radiatum; ICTX, inner neocortex; AMY, cortical nucleus of the amygdala; rTh, reticular thalamic
nucleus.

affinity state for agonist. The dissociation constantsKH and
KL for carbachol were determined using the nonlinearly
derived IC50 values and the equation of Cheng and Prusoff
[10]. A partial F test that compares the residual sum of
squares of each isotherm was used to determine whether
the data were best fit to a one- or two-site model.

Linear and nonlinear regression analyses were used to in-
vestigate relationships between absolute amounts of PKC�
and -� isoforms,KH and KL values and choice accuracy
scores determined in the eight-arm radial maze task. Group
differences in behavioral and receptor binding measures
were assessed with the use of repeated measures or one-
way analyses of variance (ANOVA) followed by Bonferroni
correctedt-tests.

4. Results

4.1. Behavior

The number of trials to criterion for each of the young,
old memory intact and old memory-impaired animals is pre-
sented inTable 1. Note that, with one exception, aged rats
that did not reach criterion within 30 trials were assigned a
score of 33, since, by definition, at least three more trials
would have been required to potentially attain three consec-
utive trials without errors. Rat #5 successfully completed
trials 29 and 30 without errors; it was not tested beyond
trial 30. This animal was placed in the memory-impaired
group.
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Fig. 2. Hippocampal PKC� immunostaining is shown in a sample photomicrograph (10× magnification) (A). A computer-generated sampling template
was used to measure OD for the pyramidal and granule cell bodies of the CA1, CA3, and DG subfields, respectively (B). The sampling boundaries for
the stratum radiatum ROI are also shown (B) (sampling boundaries shown for CA1 and DG cell body layers only).

Mean choice accuracy scores for choices 2–8 on a given
trial for the last 5 days (trials) of testing are shown sep-
arately in Table 2 for each animal in each of the three
groups.

A two-way repeated measures ANOVA on choice ac-
curacy scores with groups (young, old memory intact, old
memory impaired) and choices (2–8) as the main factors
showed a significant effect of groups (F(2, 17) = 7.157,
P = 0.006), and choices (F(6, 102) = 34.26, P <

0.001), as well as a significant interaction between them
(F(12, 102) = 5.793, P < 0.001). Multiple comparisons
indicated that compared to aged rats that reached criterion
and the young rodents, those old animals that failed criterion
had a significantly lower choice accuracy score after the
fourth choice (P < 0.05 for all comparisons). These data
are similar to previous results obtained in our laboratory
[14,15].

Table 1
The number of trials to reach the behavioral criterion of three consecutive
trials without errors

Rat Number of trials to criterion

Young Aged memory
intact

Aged memory
impaired

1 22 14 33
2 22 12 33
3 10 20 33
4 11 27 33
5 21 26 31a

6 6 17 33
7 13 33

Mean 15 19.3 32.7
S.E.M. 2.53 2.53 0.29

a Aged rats that failed criterion were assigned a score of 33 with the
exception of rat #5 (see text).

4.2. Autoradiography

4.2.1. [3H ]QNB saturation study measuring the densities
of non-M1 receptors

Processing errors resulted in the loss of [3H]QNB data
from the following groups: two young behaviorally tested
brains, one old memory-intact brain and two old memory-
impaired brains. Consequently, the sample size was de-
creased ton = 5 for each of these three groups.

Table 3shows the densities (Bmax) and binding affinities
(KD) of non-M1 muscarinic cholinergic receptors in hip-
pocampal ROIs (DDG, CA3r, CA1r), amygdala, and inner
neocortex. A two-way repeated measures ANOVA was per-
formed where group (young, old memory intact, old mem-
ory impaired) and hippocampal ROIs were the main factors.
There was a significant effect of group (F(2, 68) = 16.19,
P < 0.001), and hippocampal ROIs (F(4, 68) = 13.826,
P < 0.001), but not a significant interaction between them.

Table 2
Individual mean choice accuracy scores for choices 2–8 on the last 5
days (trials) of testing in the radial eight-arm maze task

Rat Choice accuracy score

Young Aged memory
intact

Aged memory
impaired

1 0.980 0.974 0.918
2 0.965 0.992 0.900
3 0.997 0.997 0.918
4 0.937 0.993 0.922
5 0.976 0.976 0.988
6 0.997 0.988 0.918
7 0.967 0.925

Mean 0.975 0.987 0.927
S.E.M. 0.00812 0.00388 0.0106
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Table 3
Mean Bmax (pmol/g tissue) of [3H]QNB/pirenzepine binding± S.E.M.

Young (n = 5) Old intact (n = 5) Old impaired (n = 5) Young naive (n = 5) Old naive (n = 5)

Dentate gyrus 116.6± 1.76 105.9± 1.28 100.5± 2.8 112.0± 1.46 105.1± 1.69
CA3r 118.2± 1.47 107.5± 1.52 93.7± 1.45 91.2± 1.39 98.9± 1.88
CA1r 104.8± 0.47 95.8± 2.1 95.6± 2.1 106.9± 1.38 98.6± 1.93
Cortex 95.7± 1.60 96.8± 1.30 87.2± 1.31 102.3± 1.53 98.7± 1.52
Amygdala 100.3± 1.66 98.6± 1.40 96.9± 1.41 101.0± 1.23 110.0± 1.72

KD (nM)
Dentate gyrus 0.31± 0.06 0.35± 0.03 0.29± 0.02 0.30± 0.04 0.32± 0.04
CA3r 0.34± 0.04 0.32± 0.03 0.27± 0.09 0.28± 0.08 0.35± 0.05
CA1r 0.28± 0.03 0.33± 0.05 0.27± 0.07 0.31± 0.06 0.32± 0.03
Cortex 0.36± 0.05 0.29± 0.07 0.37± 0.04 0.33± 0.01 0.33± 0.03
Amygdala 0.34± 0.06 0.35± 0.06 0.31± 0.05 0.31± 0.04 0.32± 0.04

Bonferroni correctedt-tests showed a significant difference
in Bmax for [3H]QNB binding between the young and both
of the old groups (old intact:t(12) = 5.046,P < 0.001; old
impaired:t(12) = 5.061,P < 0.001). However, the two old
groups did not differ from each other. The significant main
effect of hippocampal ROI is probably due to muscarinic re-
ceptor density variability throughout the HF. These findings
suggest that chronological aging, but not spatial memory
ability as tested in the eight-arm radial maze task, is associ-
ated with hippocampal non-M1 muscarinic receptor density
changes.

To assess differences among the three groups inBmax
for [3H]QNB binding in amygdala and neocortex, sepa-
rate one-way ANOVAs were performed. A significant ef-
fect was found between groups in neocortex (F(2, 12) =
4.046,P = 0.045), but not amygdala. Bonferroni corrected
t-tests showed a significant difference only between young
intact and old impaired groups in neocortex (t(13) = 2.805,
P = 0.048). The [3H]QNB binding affinities (KD values)
for the three groups were not significantly different in the
hippocampal and extrahippocampal ROIs.

The effects of training on hippocampal and extrahip-
pocampal saturable non-M1 receptor binding density were
compared in the young behaviorally tested and young un-
trained groups, as well as old trained and untrained ones.
Two-way repeated measures ANOVAs were used separately
for each age where training and hippocampal ROIs were the
main factors. There was no statistically significant main ef-
fect of training for either young or old groups, nor was there
a significant interaction between training and hippocampal
ROIs for either age group. There was, however, a significant
effect of ROI (young:F(4, 32) = 8.431, P < 0.001; old:
F(4, 72) = 17.211,P < 0.001), probably reflecting density
variability in different regions of the HF. The effects of
training on extrahippocampal (cortex and amygdala) non-
M1 receptor binding densities were assessed in the young
trained versus young untrained groups as well as the old
trained versus old untrained groups using separatet-tests.
There was no statistically significant effect of training in

amygdala or neocortex. These data suggest that training in
either young or old groups had no effect on receptor density
changes.

The effects of training on hippocampal and extrahip-
pocampal [3H]QNB binding KD values were similarly
compared. There was no statistically significant main effect
of training or ROIs for either young or old groups, nor was
there a significant interaction between training and ROIs
for either age group.

4.2.1.1. [3H ]Pirenzepine Rosenthal analyses measuring
densities of M1 muscarinic receptors.Linear Rosenthal
plots were generated from the saturation data for tissue
from both young and aged brains. [3H]Pirenzepine bound to
one class of homogeneous receptor sites in all hippocampal
regions studied (KD = 2.3 ± 0.12 nM). The summary data
in Table 4show for each ROI, the density of saturable M1
muscarinic antagonist binding sites (Bmax) for the antago-
nist pirenzepine in young and old behaviorally characterized
animals, as well as those not trained in the maze.

The density (Bmax value) of saturable [3H]pirenzepine
binding was compared between groups (young, old intact,
old impaired) for hippocampal ROIs using a two-way re-
peated measures ANOVA. There was no significant main
effect of group, ROI, or an interaction between groups and
ROI. Similarly, in separate one-way ANOVAs onBmax for
[3H]pirenzepine binding in the neocortex and amygdala,
there were no differences between the three groups in ei-
ther region. These data suggest that the density of saturable
M1 muscarinic receptor binding is not affected by age. The
[3H]pirenzepine bindingKD values for the three groups were
not significantly different in the hippocampal and extrahip-
pocampal ROIs.

Bmax values for saturable [3H]pirenzepine binding in the
young behaviorally tested versus young untrained groups,
as well as old behaviorally tested and old untrained groups
were compared using separate two-way repeated measures
ANOVAs for each age where training and hippocampal
ROI were the main factors. There was no significant main
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Table 4
Mean Bmax (pmol/g tissue) of [3H]pirenzepine binding± S.E.M.

Young (n = 7) Old intact (n = 6) Old impaired (n = 7) Young naive (n = 5) Old naive (n = 5)

Dentate gyrus 45.5± 0.99 47.1± 1.28 46.4± 0.85 45.0± 1.45 46.3± 1.42
CA3r 46.04± 1.04 43.9± 2.14 43.9± 1.78 44.6± 1.92 44.8± 3.35
CA1r 45.0± 1.15 47.4± 1.26 44.5± 1.65 44.3± 1.12 45.6± 1.52
Cortex 45.1± 1.07 45.7± 2.63 45.6± 1.75 46.4± 1.99 45.4± 1.43
Amygdala 45.7± 1.73 46.3± 2.70 47.8± 2.34 42.2± 1.11 45.1± 1.29

effect of training, or an interaction between training and
hippocampal ROIs. TheBmax in hippocampal ROIs did not
statistically differ.

The effects of training on extrahippocampal (neocortex
and amygdala) receptor binding density were compared in
the young trained versus young untrained groups, as well
as the old trained versus old untrained groups using sepa-
rate t-tests. There was no statistically significant effect of
training on Bmax in amygdala, or neocortex. As was the
case for non-M1 receptors, these data suggest that train-
ing in either the young or old groups had no effect on
hippocampal or extrahippocampal M1 muscarinic receptor
density.

The effects of training on hippocampal and extrahip-
pocampal [3H]pirenzepineKD values were similarly com-
pared. There was no statistically significant main effect of
training for either young or old groups, nor was there a
significant interaction between training and ROIs for either
age group. However, for both the young and old subjects,
KD in hippocampal ROIs differed (young:F(4, 37) = 3.31,
P < 0.001; old: F(4, 59) = 8.621, P < 0.001), probably
reflecting density variability in different regions of the HF.
There was no statistically significant effect of training on
KD in amygdala, or neocortex.

4.2.2. Measurement of G-protein coupling of the M1
receptor

Fig. 3 graphically illustrates mean carbachol competition
isotherms for the specific binding of [3H]pirenzepine to M1
receptors in CA3 stratum radiatum for each of the three be-
haviorally characterized groups (young:n = 7; old intact:
n = 6; old impaired:n = 7). This ROI is used as an exam-
ple, but results in other regions were similar. Eleven concen-
trations of carbachol, the competitive agonist, were used in
the presence and absence of GppNHp, the G-protein uncou-
pling agent. In the absence of GppNHp (coupled state of the
receptor) in the young and old memory intact subjects, in
addition to old memory-impaired rat #5, the affinity states
for agonist (Ki values) measured in every ROI were best fit
to a two-site model. In the presence of GppNHp, theKi val-
ues were shifted to the right (uncoupled state of the receptor)
for all young and old memory intact animals, including old
memory-impaired rat #5 (seeFig. 3), and were best fit to a
one-site model. Old impaired rat #5 missed reaching crite-
rion by one trial as seen inTable 1. The meanKL/KH ratio

values in each ROI for the young and old intact groups were
approximately 100. These values are similar to those previ-
ously published[20]. In marked contrast, there was no com-
parable shift of theKi values in every ROI except amygdala
for the old memory-impaired animals (n = 6) after the addi-
tion of GppNHp. In other words, the M1 receptors measured
in every ROI except the amygdala for this latter group were
in an uncoupled low affinity state for the agonist, carbachol.
Unlike the findings for the HF, M1 receptor–G-protein cou-
pling in the amygdala of the old memory-impaired animals
showed a great deal of variability with respect to the high
and low agonist affinity states.

Scatter plots comparing the individual log transformed
KH values for all behaviorally characterized animals are
shown inFig. 4. In a two-way repeated measures ANOVA
using group and hippocampal ROI as the main factors,
there was a significant effect of group (F(2, 30) = 14.636,
P < 0.001) and hippocampal ROI (F(2, 30) = 5.409,
P = 0.01), but not an interaction between them. Bonferroni
correctedt-tests showed a significant difference between
the old intact and old impaired groups for all three HF sub-
fields (DG: t(12) = 6.45, P < 0.001; CA3: t(12) = 5.151,
P < 0.001; CA1: t(12) = 7.852,P < 0.001). In addition,
the young and old impaired groups were significantly dif-
ferent for all HF subfields (DG:t(12) = 6.445,P < 0.001;
CA3: t(12) = 6.875, P < 0.001; CA1: t(12) = 7.528,
P < 0.001). No differences were seen between the young
and old memory intact subjects.

Separate one-way ANOVAs were used to assess the log
transformedKH values in neocortex and amygdala for all
three behaviorally characterized groups. A significant dif-
ference was seen between groups in neocortex (F(2, 17) =
27.109, P < 0.001), but not amygdala, a region not im-
plicated in spatial memory function. Bonferroni corrected
t-tests showed a significant difference between old intact
and old impaired groups in neocortex (t(13) = 5.32, P <

0.001), as well as between the young and old impaired
groups (t(13) = 7.069, P < 0.001), but not for the young
versus old intact groups. These comparisons demonstrate a
neocortical–hippocampal relationship between spatial mem-
ory and the extent of M1 receptor–G-protein coupling among
the behaviorally characterized aged groups. Hence, age-
related memory impairment was shown to be associated with
neuroanatomically specific changes in the integrity of M1
muscarinic receptor–G-protein coupling.
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Fig. 3. Averaged carbachol competition isotherms for the specific binding of [3H]pirenzepine to M1 receptors in the CA3 stratum radiatum of (A) young
(n = 7), (B) old memory intact (n = 6), and (C) old memory-impaired (n = 7) animals. In addition, the isotherm for old impaired rat #5 is plotted
separately (D). This subject failed behavioral criterion by one trial and, therefore, was placed in the old memory-impaired group. (�): Binding in the
absence of guanylyl imidodiphosphate (GppNHp); (�): binding in the presence of 0.2 mM GppNHp.

Analyses to assess the effects of training on the agonist
affinity state of the M1 receptor demonstrated no effect of
training in either age group on this measure in hippocampal
ROIs, neocortex or amygdala. There was, however, a signif-
icant effect of hippocampal ROI (young:F(4, 32) = 5.41,
P < 0.001; old: F(4, 59) = 9.98, P < 0.001), probably
reflecting density variability in different regions of the HF.
These analyses again suggest that handling and behavioral
testing in a novel stimulating environment did not influence
the agonist affinity state of the M1 muscarinic receptor–G-
protein complex.

Individual differences were seen in memory function as
measured by the eight-arm radial maze task and the integrity
of M1 receptor–G-protein coupling. As illustrated inFig. 5,
the choice accuracy scores of the aged rats measuring spa-
tial memory ability in the maze showed a linear relationship
with the M1 muscarinic receptor–G-protein-agonist ternary
complex in the high affinity state for agonist in each hip-
pocampal ROI and in the neocortex (DG:r = 0.678,P <

0.003; CA3: r = 0.939, P < 0.0001; CA1: r = 0.883,
P < 0.0001; CTX: r = 0.858, P = 0.002), but not in the
amygdala (r = 0.242, P = 0.426). Thus, memory ability
in old animals seems to be significantly related to G-protein
coupling of the M1 receptor in the HF and cortex.

4.3. PKCγ immunohistochemistry

Fig. 6A illustrates an inverse relationship between
the dendritic-to-somal ratio of PKC� immunogenicity
(d/sPKC�) in CA1 as a function of individual choice accu-
racy scores for the aged subjects (r = −0.767,P = 0.002).
Absolute amounts of somal (Fig. 6C) and stratum radiatum
dendritic PKC� (Fig. 6B) in the CA1 subfield, however,
were not significantly correlated with choice accuracy
scores (somal PKC�: r = 0.363, P = 0.222; dendritic
PKC�: r = −0.432, P = 0.140). Furthermore, there was
no significant relationship between choice accuracy and
either absolute amounts of PKC� or relative d/sPKC�
immunogenicity in the CA3 or DG.

No such relationships were seen with PKC� in the CA3
or CA1 sampled regions of interest (Fig. 7). PKC� in DG is
found predominantly in interneurons and, therefore, stained
heterogeneously in this subfield. This experiment suggests
that, like theKH value pertaining to extent of M1 muscarinic
receptor–G-protein coupling, d/sPKC� values for aged sub-
jects are related to individual spatial memory ability.

Fig. 8 illustrates a final critical relationship that exists be-
tweenKH and d/sPKC�. The in situ distribution of PKC�
is demonstrated inFig. 8Busing a computer-generated con-
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Fig. 4. Scatter plots showing the individualKH values plotted for each behaviorally characterized group. (�): Young animals; (�): memory-intact old
animals, (�): memory-impaired old animals. The asterisk represents old impaired rat #5.

tour plot representing the absolute optical densities of hip-
pocampal PKC� staining across dendritic and somal subre-
gions in the CA1 subfield. InFig. 8C, a linear relationship
was found between d/sPKC� and M1 receptor–G-protein
coupling in the CA1 subfield for old animals separated by
memory function (old intact+ old impaired:r = −0.646,
P = 0.017,n = 13). Such a relationship was not observed
in CA3 (r = −0.341,P > 0.05,n = 13) or DG (r = 0.161,
P > 0.05, n = 13) in the same behaviorally separated aged
subjects.

5. Discussion

The findings reported here suggest that chronological ag-
ing, but not spatial memory ability as assessed in the eight-
arm radial maze task, is associated with hippocampal M2-
like muscarinic receptor density changes. Our findings are
supported by previous data suggesting a similar age-related

loss of putative M2 muscarinic receptors[34,55]. Of note,
loss of M2 receptors in the basal forebrain which sends pro-
jections to the HF, cortex, and amygdalar regions have been
associated with age-related spatial memory impairment[25].
In contrast, the density of predominantly postsynaptic M1
muscarinic receptors in hippocampal and extrahippocampal
regions of interest identified in this study did not change
across age groups or show individual differences in relation
to choice accuracy scores in our experiment. This finding
suggests that the postsynaptic density of this muscarinic
subtype receptor remains stable with aging. Although a
number of other investigators have also reported a lack of
an age-related effect in the density of M1 muscarinic recep-
tors in animal models of aging[4,11,60], there have been
a few reports of an age-related decrease in M1 receptors
[51,52].

These data alone suggest that indirect cholinergic ag-
onists like cholinesterase inhibitors may yield inconsis-
tent improvement in age-dependent memory dysfunction.
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Fig. 5. The relationship between choice accuracy scores and the affinity state of the M1 receptor–G-protein-agonist ternary complex in aged rats. Note
the negative linear relationship between the two. (�): Memory-intact animals; (�): memory-impaired animals.

These agents prolong the presence of extracellular acetyl-
choline allowing binding to muscarinic M2 autoreceptors
distributed on cholinergic synaptic terminals. As a result,
further impulse-generated release of acetylcholine may be
attenuated.

One of the important findings in this paper is the asso-
ciation between age-related memory impairment and neu-
roanatomically specific changes in the integrity of M1 mus-
carinic receptor–G-protein coupling. The current findings
demonstrate that the extent of age-dependent spatial mem-
ory impairment in the F344 rat is associated with a G-protein
uncoupling of the M1 receptor throughout the principal sub-
fields of the HF and neocortex, but not the amygdala. This
dissociation demonstrates specificity and is concordant with
previous data suggesting that the amygdala does not sub-
serve spatial memory[58]. G-protein-coupled M1 receptors

do exist in other brain regions not implicated in spatial mem-
ory such as the caudate. However, these regions were outside
of the coronal brain block from which HF containing brain
sections were sampled as described in the methods. To our
knowledge this is the first demonstration of the relationship
of in situ M1 muscarinic receptor–G-protein uncoupling and
spatial memory ability in old animals as measured in the
eight-arm radial maze.

A second important finding of the present study is the as-
sociation between the extent of M1 muscarinic receptor–G-
protein coupling and an anatomically specific shift in the
dendritic-to-somal ratio of hippocampal PKC�. This rela-
tionship was observed in the CA1, but not in other subfields
of the HF. Furthermore, the association seemed to be spe-
cific to PKC�, it was not observed for PKC� in the CA1 or
CA3 subfields where immunostaining was measured.
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Fig. 6. The relationship between the dendritic-to-somal ratio of PKC� immunogenicity (d/sPKC�) in CA1 and choice accuracy scores for behaviorally
characterized aged subjects (A). Absolute amounts of dendritic (B) and somal (C) PKC� and were not correlated with choice accuracy scores. The
asterisk represents old impaired rat #5.

The age- and memory-related alterations in immunore-
activity between pyramidal cell body and dendrite com-
partments reported here may be due to a redistribution of
PKC� distally along dendrites and proximally at cell bod-
ies of CA1 neurons. In fact, eye blink conditioning studies
in the rabbit[3,56] demonstrated a similar redistribution of
PKC� in CA1 pyramidal neurons. Previous studies using ho-
mogenates have shown differences in the soluble and partic-
ulate fractions of PKC� related to spatial memory[13,17].
Colombo et al.[13] used processed homogenates of hip-
pocampus and dorsal neostriatum from young rats following
testing in the Morris water maze. The results showed that in
young rats, better performance was directly correlated with

the highest concentrations of PKC� in the particulate (which
contains primarily membrane-bound proteins), but not the
soluble fraction. In aged rats, the opposite was observed; a
significant correlation was seen between their learning in-
dex and the concentrations of PKC� in the soluble, but not
the particulate fraction. In other words, aged rats most im-
paired in spatial memory had the lowest concentrations of
membrane-bound PKC�.

Our data consist of in situ quantitation measurements of
total cellular PKC� on highly adherent nitrocellulose slides.
A lack of a statistically significant difference in the absolute
amounts of PKC� in the CA1 pyramidal cell body and den-
drites of the aged, memory-separated animals may be due
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Fig. 7. The lack of a relationship is shown with PKC� immunostaining density and choice accuracy in the CA3 (A) and CA1 (B) regions of interest.

to methodological constraints of the assay. Immunolabeled
PKC, in situ, on NC slides likely included the membrane-
bound or particulate fraction, as well as free soluble fraction
of the cell. Consequently, these fractions were not effec-
tively separated during processing, and reflect total PKC�
levels of expression.

Colombo and Gallagher[12], using a different technique,
found an increase in in situ PKC� immunoreactivity in the
CA1 subfield of aged, memory-impaired rats compared to
old memory intact animals characterized in the Morris water
maze. In that study, the CA1 pyramidal cell bodies and den-
dritic stratum radiatum were both included as a single ROI
in the analysis and not separated. Consequently, any poten-
tial shift of PKC� immunoreactivity that may have occurred
was not measured.

Overall, our results suggest that age-dependent spatial
memory dysfunction is associated with a disruption of sig-
nal transduction in the initial segment of the muscarinic
cholinergic PI cascade in both the HF and neocortex. A rel-
ative decrease in immunogenicity of CA1 dendritic PKC�
compared to the somal compartment was observed. The

magnitude of the relative change of the d/sPKC� ratio was
directly related to the extent of G-protein-coupled M1 re-
ceptors as measured by the high affinity state for agonist.
Hence, an anatomically specific somal-to-dendritic redistri-
bution of PKC� may occur upon stimulation of a critical
threshold of G-protein-coupled M1 muscarinic receptors.
Furthermore, an age-related PKC� neuronal redistribution
may be important in regulating the postburst AHP, affect-
ing neuronal excitability. This latter possibility suggests
a multi-functional model where a sequential activation
of PKC� occurs within different intracellular domains
[2].

The data presented herein suggest that the M1 receptor–
KH–d/sPKC� relationship is a sensitive measure of hip-
pocampal signal transduction representing a measure of
synaptic efficacy associated with individual differences in
age-related spatial memory dysfunction. The findings com-
plement previous reports showing that age-related memory
decline is associated with second messenger dysfunction in
the hippocampal formation[12,13,35,36]. Furthermore, di-
rect M1-selective muscarinic agonists may not be clinically
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Fig. 8. The extent of G-protein-coupled M1 receptors was assessed in the CA1 (A), CA3 (B), and DG (C) regions in aged animals separated by memory
function (i.e. old intact and old impaired). A significant association between d/sPKC� and the G-protein-coupled state of the M1 receptor for old animals.
Such a relationship was not observed in CA3 or DG in the old behaviorally separated animals. (�): Memory-intact animals; (�): memory-impaired animals.

robust in treating age-dependent memory impairment due
to this second messenger dysfunction.

The neurochemical assays shown here use an animal
model that measures individual differences in memory ca-
pacity. This model may be potentially useful in identifying
pharmacological agents targeted at second messenger sys-
tems that may be important for ameliorating age-associated
memory decline.
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