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Behaviors that rely on the hippocampus are particularly susceptible
to chronological aging, with many aged animals (including humans)
maintaining cognition at a young adult-like level, but many others
the same age showing marked impairments. It is unclear whether
the ability to maintain cognition over time is attributable to brain
maintenance, sufficient cognitive reserve, compensatory changes in
network function, or some combination thereof. While network dys-
function within the hippocampal circuit of aged, learning-impaired
animals is well-documented, its neurobiological substrates remain
elusive. Here we show that the synaptic architecture of hippocampal
regions CA1 and CA3 is maintained in a young adult-like state in
aged rats that performed comparably to their young adult counter-
parts in both trace eyeblink conditioning and Morris water maze
learning. In contrast, among learning-impaired, but equally aged
rats, we found that a redistribution of synaptic weights amplifies
the influence of autoassociational connections among CA3 pyramidal
neurons, yet reduces the synaptic input onto these same neurons
from the dentate gyrus. Notably, synapses within hippocampal re-
gion CA1 showed no group differences regardless of cognitive abil-
ity. Taking the data together, we find the imbalanced synaptic
weights within hippocampal CA3 provide a substrate that can explain
the abnormal firing characteristics of both CA3 and CA1 pyramidal
neurons in aged, learning-impaired rats. Furthermore, our work pro-
vides some clarity with regard to how some animals cognitively age
successfully, while others’ lifespans outlast their “mindspans.”
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Aging is the biggest risk factor for Alzheimer’s disease, but
many aged individuals nevertheless retain the ability to

perform cognitive tasks with young adult (YA)-like competency,
and are thus resilient to age-related cognitive decline and de-
mentias (1, 2). The mechanisms of such resilience are unknown,
but are thought to involve neural or cognitive reserve, brain net-
work adaptations, or simply the ability to maintain cognitive brain
circuits in a YA-like state (3–5). Much of the cellular and func-
tional insight into the concept or risk of/resilience against age-
related cognitive impairments has come from animal models of
normal/nonpathological aging (6–10). Many of these studies have
shown that circuit function abnormalities are associated with be-
havioral impairments. The cellular and structural bases for such
functional aberrations, however, remain largely unknown.
Two of the most well-studied cognitive domains that show

susceptibility to chronological aging in both rodents and nonhu-
man primates are working memory and spatial/temporal memory
(6–10). Importantly, these cognitive domains engage anatomically
distinct neurocognitive systems, with the former relying on pre-
frontal/orbitofrontal cortical circuits and the latter relying on
hippocampal circuitry. Interestingly, although behavioral deficits
in these two domains (in the case of rat models of cognitive aging)
begin to emerge, worsen, and become increasingly prevalent be-
tween 12 and 18 mo of age in most strains (reviewed in refs. 9 and

11), cognitive aging within hippocampus-dependent forms of learn-
ing and memory are relatively independent of those that engage the
prefrontal/orbitofrontal cortical neural systems (6–9, 12–15).
Neither the mechanisms underlying the conservation of memory

function across chronological aging nor those contributing to the
age-related emergence and exacerbation of memory impairments
are clearly understood for either neurocognitive system. It is clear,
however, that neither frank neuronal loss (16, 17) nor overall
synapse loss (18) contributes to cognitive aging within the medial
temporal lobe/hippocampal memory system. Rather, the intrigu-
ing idea that has emerged from work in both the hippocampal and
the prefrontal/orbitofrontal cortical memory systems is that there
are functional alterations in the synaptic connections in individual
microcircuits embedded within these larger neuroanatomical
systems (6–10, 19–31).
Axospinous synapses (including those in hippocampal and

cortical circuits) are characterized on the basis of the three-
dimensional morphology of their postsynaptic densities (PSDs)
(20, 32–34). The most-abundant axospinous synaptic subtype has a
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continuous, macular, disk-shaped PSD, as compared to the less-
abundant perforated synaptic subtype, which has at least one dis-
continuity in its PSD (34). In addition to differing substantially with
regard to relative frequency, perforated and nonperforated synap-
ses also harbor major differences in size and synaptic AMPA-type
and NMDA-type receptor expression levels (AMPAR and
NMDAR, respectively) (34–38). There is also evidence that per-
forated and nonperforated synapses are differentially involved in
synaptic plasticity (39–44) and in preservation of—or reduc-
tions in—memory function during chronological aging (6, 20,
45). Layered onto these general distinctions between perfo-
rated and nonperforated synapses are more specific differences
in their characteristics when considered within neural circuits.
For example, perforated synapses have a stronger and more
consistent influence on neuronal computation within hippo-
campal region CA1 than their nonperforated counterparts, which
nevertheless outnumber the former by a roughly 9-to-1 ratio (34,
46, 47).
These and other circuit-specific differences necessitate a

circuit-based approach to understanding the synaptic bases un-
derlying the retention or loss of YA-like memory function in the
aging brain. In many ways, the hippocampal system is particularly
convenient for such circuit-based approaches (48, 49). Informa-
tion about the internal and external world is funneled to the
parahippocampal system and then relayed via the entorhinal
cortex to the dentate gyrus, the first component of the so-called
trisynaptic circuit in the hippocampus proper. Granule cells in
the dentate gyrus then transmit their computations to hippo-
campal region CA3 via the mossy fibers, which form very large
and anatomically distinct synapses called mossy fiber bouton–
thorny excrescence synaptic complexes in the stratum lucidum
(SL). CA3 pyramidal neurons then integrate information from
their autoassociational connections in the stratum radiatum (SR)
and stratum oriens (SO), with both direct entorhinal inputs in
stratum lacunosum-moleculare (SLM) and the dentate gyrus inputs
in the SL, and convey this information to hippocampal CA1 pyra-
midal neurons. Neurons in hippocampal CA1 then integrate this
information in their basal and apical SR dendrites with direct
entorhinal cortical inputs in their most distal, tufted dendrites in the
SLM, and represent the first and largest extrahippocampal output
from the hippocampus proper. Thus, the computations performed
both within individual hippocampal subregions and between them
as an interconnected neurocognitive system are complex, and in-
volve a combination of intrinsic (i.e., membrane-bound ion channels
that regulate membrane excitability) and synaptic (i.e., ligand-gated
ion channels expressed at both excitatory and inhibitory synapses)
influences. Additionally, age-related changes at any level of these
complex circuits will have downstream consequences on the accu-
racy/reliability of the information being relayed to extrahippocampal
regions via CA1 pyramidal neurons.
Given the amount of evidence supporting a possible synaptic

explanation for age-related learning and memory impairments in
hippocampus-dependent forms of cognition (6–10), we combined
patch-clamp physiology, serial section conventional and immuno-
gold electron microscopy (EM), quantitative Western blot analyses,
and behavioral characterization using two hippocampus-dependent
forms of learning in YA (6- to 8-mo old) and aged rats (28- to
29-mo old) to examine two interconnected hippocampal regions
implicated in cognitive aging: Regions CA1 and CA3. We focused
on CA1 and CA3 because of their central location in the hippo-
campal circuit (48–50), their similar laminar dendritic structure
(48–50), and their well-documented age-related changes in place
field specificity and reliability (51–56).
We find that the synaptic architecture and balance of synaptic

weights in YA and aged, learning-unimpaired (AU) rats is re-
markably similar, but that both are different in aged, learning-
impaired (AI) rats. Moreover, this restructuring among “unsuc-
cessful” cognitive agers has an intriguing specificity: It involves

only AMPARs, only perforated axospinous synapses, and only
hippocampal region CA3, which together shift the balance of
synaptic weights that drive action potential output in CA3 py-
ramidal neurons maladaptively toward an overemphasis of the
autoassociational synapses that interconnect CA3 pyramidal
neurons.

Results
Spontaneous Excitatory Postsynaptic Potential Amplitude Is Elevated
in Aged CA3, but Not CA1, Pyramidal Neurons. We recorded spon-
taneous excitatory postsynaptic potentials (sEPSPs) from hippo-
campal pyramidal neurons of YA (6- to 8-mo old) and aged (28-
to 31-mo old) rats from regions CA1 and CA3, which many studies
have implicated in age-related learning and memory impairments
(6–10) (Fig. 1A). These rats, unlike all others studied here, were
not behaviorally characterized. Although sEPSP amplitude was
similar in pyramidal neurons from YA and aged rats in region
CA1 (Fig. 1A), CA3 pyramidal neurons from aged rats had sig-
nificantly higher sEPSP amplitudes as compared to those from
their YA counterparts (Fig. 1B).

Overall Approach to Examining the Synaptic Bases of Cognitive Aging
in the Hippocampus.An important point to consider in studying the
aging brain is the behavioral/cognitive heterogeneity that emerges
around 24 mo of age in Fisher 344 × Brown Norway F1 (F344BN)
hybrid rats (57) (of note, some rat strains show impairments even
earlier), in which animals segregate into those with impairments in
hippocampus-dependent behaviors and those with YA-like com-
petency. To understand the cellular bases of cognitive aging with
higher specificity, we trained YA (6- to 8-mo old) and aged (∼28-
mo old) F344BN rats in two hippocampus-dependent behaviors

Fig. 1. Increased sEPSP amplitudes in aged CA3 pyramidal neurons. (A)
Transverse section of the rat hippocampus stained with Toluidine blue
showing the major regions of the hippocampus proper. CA, cornu ammonis;
DG, dentate gyrus; Sub, subiculum. White pipette schematic indicates that
the voltage traces below the hippocampal slice derive from patch-clamp
recordings of CA1 pyramidal neurons of from YA (black traces) and aged
(blue traces) rats. (Bottom) Cumulative probability and average amplitude of
sEPSPs recorded from CA1 pyramidal neurons from YA (black circles) and
aged (blue circles) rats. (B) White pipette schematic indicating that the
voltage traces below the hippocampal slice derive from patch-clamp re-
cordings of CA3 pyramidal neurons from YA (black traces) and aged (blue
traces) rats. (Bottom) Cumulative probability and average amplitude of
sEPSPs recorded from CA3 pyramidal neurons from YA (black circles) and
aged (blue circles) rats. EPSP amplitudes were not different among CA1
pyramidal neurons: F(1, 14) = 0.281, P = 0.604. Asterisk indicates a main effect
of Age among CA3 pyramidal neurons: F(1, 26) = 11.863, P = 0.002. (Scale bar,
1 mV/100 ms.)
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that probe the temporal domain (trace eyeblink conditioning) and
the spatial domain (Morris water maze learning) of hippocampal
cognition to unequivocally categorize them as either AU rats or
AI rats (see Materials and Methods for further detail). For be-
havioral characterization, AU rats were defined operationally as
those whose performance was within the range of YA rats; AI rats
were operationally defined as those whose performance was de-
ficient in both tasks in such a manner that placed them outside the
range of their YA counterparts (58, 59) (Fig. 2 A and B). After
confirming that AU and AI rats’ performance was within the YA
range on both delay eyeblink conditioning and the visible platform
version of the Morris water maze (as performance control mea-
sures, as neither requires the hippocampus) (see Materials and
Methods for further details), rats were returned to their home
cages for 1 mo, after which we examined hippocampal regions
CA1 and CA3.
Following the 1-mo resting period to allow any learning-re-

lated/experience-dependent plasticity subside, rats were anes-
thetized and perfused transcardially with fixative. Using unbiased
stereology and systematic random sampling, the left and right
hippocampi of each rat were removed, straightened, and sec-
tioned into serial 800-μm-thick slabs across the hippocampus’s
septo–temporal (also referred to as dorsal–ventral) axis, as de-
tailed previously (46, 60, 61) (Fig. 2 C and D). Because the be-
havioral paradigms we utilized for behavioral characterization
are heavily dependent on the septal/dorsal half of the hippo-
campus, we focused our experimental efforts on the dorsal half
of the serial tissue slabs. In a counterbalanced manner, either the
left or the right hippocampus was used for CA1 analyses (with
the other side being used for CA3 analyses). In histological
sections obtained from the serial slabs of the hippocampus, the
macroanatomy of the hippocampus proper was clear, allowing us
to unequivocally limit our analyses to specific hippocampal CA
fields (Fig. 2E). Thus, our approach allowed us to examine rats
with robust memory preservation or loss, with unequivocal ac-
curacy of hippocampal subfields using unbiased quantitative,
stereological EM, and systematic random sampling across the
septo-temporal and proximal–distal (also referred to as the
dentate–subicular axis) axes.
After systematic randomly selecting three sectors throughout

the serially sectioned dorsal hippocampal slabs (which allowed us
to utilize multiple samples within each rat, determined system-
atic randomly across the septo–temporal and proximo–distal
axes), we trimmed the tissue block such that the proximal edge
(i.e., the edge closest to the dentate gyrus) of each block was
aligned with the systematic randomly determined sampling
field’s edge along the CA fields’ proximal–distal axes (Fig. 2E).
Each of the multiple tissue blocks from each rat of each CA field
was trimmed such that the entire hippocampal field, from the
alveus to the hippocampal fissure, was present on each serial
section, allowing us to unequivocally determine the dendritic
domain in each section in the EM using 1-μm-thick histological
sections as fiduciary guides with a nearby light microscope
(Fig. 2E). The three major axospinous synaptic subtypes inves-
tigated in the present study (Fig. 2F) were perforated and non-
perforated synapses (which are both found in the apical dendritic
regions of CA3 and CA1) and the mossy fiber–thorny excres-
cence synaptic complexes (found only within the CA3 SL).

Age-Related, Region-Specific Differences in Hippocampal Synaptic
Architecture Linked to Cognitive Ability. The synaptic architecture
of the hippocampus depends on several factors, including hip-
pocampal subregion, dendritic domain, and distance from the
soma (34, 46–50, 62–64). To determine whether changes in the
synaptic architecture of the hippocampus might help explain the
risk of, or resilience to, age-related cognitive decline, we esti-
mated the total number of synapses in the proximal and distal SR
(pSR and dSR, respectively) of hippocampal region CA3 and the

pSR, dSR, and SLM of hippocampal region CA1. Total number
was determined, as previously described (34, 46, 47, 60, 61), as
the product of the total individual hippocampal region dendritic
domain (i.e., pSR, dSR, and SLM separately) volume and the
average synaptic numerical density obtained from the multiple
systematic randomly determined sample areas from each indi-
vidual rat. Perforated and nonperforated synapses differ with
regard to their number, their size, their synaptic receptor ex-
pression, and their role in influencing neuronal output individ-
ually (34, 46, 47) (Fig. 3 A and B), so we estimated their numbers
separately. Remarkably, the previously documented distance-
dependent differences in synapses within region CA1 (46) was
maintained throughout chronological aging, despite the dissim-
ilar cognitive competence between AU and AI rats (Fig. 3 C and
D). In contrast, there were on average twice as many perforated
synapses in both the pSR and dSR of hippocampal region CA3 in
the AI group as compared to their YA and AU counterparts
(Fig. 3C), corresponding to ∼45 million more perforated syn-
apses among the CA3-CA3 autoassociational connections in the
cognitively impaired group.

Global Hippocampal Synaptic Receptor Expression Remains Constant
despite Age or Cognitive Ability. Although the synaptic architec-
ture of CA1 remained remarkably constant across chronological
and cognitive aging, it is possible that expression of synaptic
receptors was nevertheless altered in the AI rats. Additionally,
the millions of additional perforated synapses in region CA3 in
this group would be expected to lead to significantly higher levels
of AMPAR and NMDAR expression. To examine these possi-
bilities directly, we microdissected regions CA1 and CA3 from
tissue slices obtained from YA, AU, and AI rats and estimated
NMDAR and AMPAR expression using quantitative Western
blotting. Regardless of NMDAR or AMPAR subtype, we found
no evidence for differences in expression among YA, AU, and AI
rats in hippocampal regions CA1 and CA3 in our Western blot
analyses (Fig. 4). Although this might have been expected in CA1,
which showed no major differences in synapse number, this result
was surprising in light of the near-doubling of perforated synapse
number in CA3 SR of AI rats.

Local Reorganization of Synaptic Weights in AI Rats in CA3, but Not
CA1. Synaptic receptor expression levels depend on distance from
the soma and in an input-specific manner in the hippocampus
(34, 46–49, 62–64). Moreover, many AMPARs and NMDARs
are found extrasynaptically in sorting endosomes rather than
within the PSD, where they influence synaptic strength (65–67).
It is possible that our Western blot analyses lacked the resolution
to determine more nuanced changes in AMPAR and NMDAR
expression at synapses that would help explain the increased
EPSP amplitudes among aged CA3 pyramidal neurons. To test
this notion directly, we used serial-section, postembedding
immunogold EM for AMPARs and NMDARs to estimate syn-
aptic receptor expression at mossy fiber–thorny excrescence
synapses in the SL and pSR and dSR synapses in CA3, as well as
synapses in the pSR, dSR, and SLM in CA1 of YA, AU, and AI
rats (Figs. 5 and 6). Importantly, the different axospinous syn-
aptic subtypes could be resolved and distinguished unequivocally
in the hippocampal tissue prepared for postembedding immu-
nogold EM with the same clarity as conventional EM (Fig. 5).
Estimating the total number of mossy fiber–thorny excrescence

synaptic complexes in hippocampal region CA3 is not feasible due
to their large size and complex morphology (e.g., Figs. 2F and 5A)
(68). Estimating AMPAR and NMDAR expression at individual
thorny excrescence synapses, however, is possible using serial
section immunogold EM (Fig. 5 B and C) (62). Similarly, synaptic
receptor expression can be estimated in the other synaptic layers
of hippocampal regions CA1 and CA3 (Figs. 2E, 5 D–G, and 6A).
As with the outcomes of the conventional EM experiments, the
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Fig. 2. Overview of the experimental approach. (A) Experimental approach for behavioral characterization prior to preparation of brain tissue for exper-
iments. Summed Gallagher Index score for the first two sessions of hidden-platform Morris water maze training is on the y axis; the sum of the percentage of
conditioned eyeblink responses during the last two sessions of trace eyeblink conditioning is on the x axis. Animals characterized as AI (aqua) in this test
battery were those falling outside the range of values of YA rats (black). Those aged rats (equal age as those in the AI group) whose learning ability was
within the range and the YA group were characterized as AU (gray). The sequence of behavioral characterization commenced with trace eyeblink condi-
tioning, followed by hippocampus-independent delay eyeblink conditioning, then visible platform assessment in the Morris water maze, and ending with
Morris water maze training. Animals were then allowed to rest in their home cages for 30 d before tissue harvest. Any animals that were unable to learn delay
eyeblink conditioning or find the visible platform were eliminated from any further analyses. (B) The behavioral performance of rats on trace eyeblink
conditioning and Morris water maze learning was converted for empirical characterization into a CBI, which is based on the raw data plotted in A. The CBI
was calculated by dividing the summed Gallagher Index scores from the two hidden-platform training sessions by the summed conditioned response per-
centage on the last two sessions of trace eyeblink conditioning. Aged rats with CBI values within the YA (n = 8; black) range were categorized as AU (n = 8;
gray). Aged rats with CBI values exceeding the YA range were categorized as AI (n = 9; aqua). (C) Whole rat brain, with cortex overlying the hippocampus (its
macroanatomical boundaries indicated by arrows) removed. A, anterior; D, dorsal; P, posterior; V, ventral. (Scale bar, 1 cm.) (D) Serial, transverse, exhaustive
500-nm histological sections, stained with Toluidine blue, from systematic randomly determined locations along the entire dorsal–ventral/septo–temporal
extent of the hippocampus of a behaviorally characterized rat. Proximal–distal boundaries of CA1 and CA3 are indicate by yellow and purple arrows, re-
spectively. (Scale bar, 500 μm.) (E) Serial histological sections (500-nm thickness) from a systematic randomly determined location along the dorsal–ventral/
septo–temporal and proximal–distal axes of CA1 of the dorsal half of the hippocampus at low magnification (Left) and higher magnification (Upper, Right;
indicated by CA1 in yellow). A higher magnification example from a similarly systematic randomly determined location along the dorsal–ventral/septo–
temporal and proximal–distal axes of CA3 of the dorsal half of the hippocampus is shown below (indicated by CA3 in purple). (Scale bars, 500 μm and 250 μm,
respectively.) For both CA1 and CA3 histological sections: alv, alveus; dsr, distal stratum radiatum; hf, hippocampal fissure; psr, proximal stratum radiatum;
slm, stratum lacunosum-moleculare; so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum. (F) Single electron micrographs of the axospinous
synapses examined in the present study, with their accompanying three-dimensional reconstructions from serial section EM. (Upper Left) A perforated
synapse (Perf.) with its defining discontinuity (asterisk) in the PSD (delineated by the arrowheads). (Upper Right) A nonperforated synapse with its continuous
PSD delineated by the arrowheads. (Lower) A mossy fiber–thorny excrescence synapse unique to area CA3, which involve a mixture of individual perforated
and nonperforated synapses. In all three-dimensional reconstructions, PSD is aqua, dendritic spine/thorny excrescence is gray (the mossy fiber bouton re-
construction is in light orange); at, axon terminal; den, dendrite; mfb, mossy fiber bouton; sp, spine; te, thorny excrescence. (Linear dimensions of the scale
cube are 500 nm in all axes.)
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immunogold synaptic architecture of CA1 pyramidal neurons
remained constant across chronological and cognitive aging
(Fig. 6 B and D; see also SI Appendix, Fig. S1 for constancy of the
nonuniform dendritic expression of the hyperpolarization-
activated, cyclic nucleotide-gated/HCN1 voltage-gated ion chan-
nel in CA1) (69, 70). Remarkably, perforated synapses within CA3
again showed differences linked specifically to cognitive aging, but
with input-specific differences. AMPAR expression among per-
forated synapses on thorny excrescences in the SL was highest in
YA and AU rats, but significantly lower than both groups in AI
rats (Fig. 6C). In contrast, the highest level of AMPAR expression
among AI rats was found within the perforated synapses of both
the pSR and dSR of CA3, significantly higher than that found in
both YA and AU rats (Fig. 6C). In other words, the AMPAR
expression profile of CA3 synapses in YA and AU rats was re-
versed in AI rats. There were no differences in AMPAR or
NMDAR expression among nonperforated synapses in the three
different groups in either CA1 or CA3, despite all groups showing
high levels of AMPARs among nonperforated synapses on thorny
excrescences in the SL of CA3 (Fig. 6C; see also SI Appendix, Fig.
S2 for a similar lack of group differences among extrasynaptic
kainate receptors at thorny excrescence synapses in the CA3
SL) (71).

Discussion
Why some aged animals (including humans) retain YA-like
learning and memory, while others the same chronological age
do not remains a puzzling, but widely investigated topic (1–10, 45).
The two behaviors we examined here are heavily reliant on the
functional integrity of the hippocampus, suggesting that impair-
ments in trace eyeblink conditioning and Morris water maze
learning could be explained mechanistically by: 1) Some alteration
in hippocampal circuitry that represents a compensatory change,
which counteracts chronological aging’s effect on biology, thus
conferring to some (i.e., AU) rats maintained cognitive abilities; or
2) some maladaptive change in hippocampal circuitry that inter-
feres with hippocampal computations, thereby conferring to a
subset of rats (i.e., AI) an impaired ability to learn hippocampus-
dependent cognitive tasks. In other words, preserved hippocampus-
dependent learning ability among AU rats could be attributable to
preservation of the hippocampal circuit in a YA-like state (as
shown here), or to a compensatory change (which we did not find
using our approach) that allows for hippocampal computations to
be performed accurately despite age-related changes in the

hippocampus (which are otherwise expressed singularly in AI rats,
as shown here). The laminar organization of the hippocampus and
the anatomical differences of the distinct hippocampal subregions
allow an examination with unique specificity not only among the
outcomes analyzed, but also with regard to the possible functional
implications of the experimental observations.
Taken together, our results suggest the possibility that

AMPARs are redirected from the mossy fiber bouton/thorny
excrescence synapses in the SL of the hippocampal region CA3
of AI rats to the autoassocational pathway in the SR, particularly
among the perforated synapses in each layer. The end result
would be a weaker influence from the dentate gyrus onto CA3
pyramidal neurons, and a stronger influence among CA3 pyra-
midal neurons onto themselves in the AI rats. Notably, changes
in the excitation/inhibition ratio or intrinsic excitability (72–75)
in CA3 of AI rats may exacerbate the redistributed synaptic
weights we describe here. Thus, it appears that cognitive aging is
associated principally with intrinsic changes in CA1 pyramidal
neurons (reviewed in ref. 10), but both intrinsic and synaptic
changes in CA3 pyramidal neurons (10, 72–75). Interestingly,
these experimental observations are similar to predictions made
by a computational model nearly 15 y ago (56), and suggest that
reducing the influence of CA3 pyramidal neurons among
themselves may have a restitutional effect on circuit computa-
tions necessary for “successful” cognitive aging (56, 74–78).
An important point to consider, however, is that the present

study is by necessity correlational/associational. In other words, we
do not provide evidence that the circuit alterations we describe are
the cause of the behavioral impairments in the AI group, only that
they are strongly associated with the group harboring them.
Moreover, that we did not find evidence for any compensatory
changes among the AU group does not necessarily indicate that
no such changes are present, only that the experimental approach
and neurobiological questions examined here did not find sub-
stantive evidence of them. The hippocampal circuit is complex and
involves many different forms of information transfer and pro-
cessing among its various microcircuits, so whether AU rats do
indeed utilize neurobiological compensatory mechanisms to sup-
port YA-like hippocampal cognition is still unknown.
Of note, we did not include an analysis of SLM synapses in

CA3 because of the uncertainty of its anatomical borders at the
proximal and distal edges of CA3 (e.g., Fig. 2D). This region is
potentially important for examination in future studies as pre-
vious work has found substantial changes in the entorhinal cortex

Fig. 3. Unbiased estimate of total number of perforated and nonperforated synapses in apical dendritic domains of CA1 and CA3 hippocampus. (A) Six serial
electron micrographs through a perforated axospinous synapse (Z1–Z6), with the borders of the PSD indicated by the arrowheads, and the discontinuity or
perforation in the PSD indicated by an asterisk. (B) Six serial electron micrographs through two different nonperforated axospinous synapses (sp1 and sp2;
Z1–Z6), with the borders of the continuous PSDs indicated by the arrowheads. In all micrographs: at, axon terminal; sp, spine. (Scale bars, 500 nm.) (C) Total
number (in millions) of perforated synapses in three dendritic regions that are progressively distal to the soma/axon (dsr, distal one-third of the SR; psr,
proximal one-third of the SR; slm, stratum lacunosum-moleculare) in region CA1 (Left) and CA3 (Right) of the hippocampus in YA (black), AU (gray), and AI
(aqua) rats. Asterisk indicates a main effect of group attributable to AI rats having significantly more perforated synapses in CA3 pSR and dSR as compared to
either YA or AU rats: F(2, 6) = 10.83, P = 0.01. (D) Same as C but for nonperforated synapses (in billions).
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of aged rodents (79–81), nonhuman primates (82–84), and hu-
mans (85–90). Age-related changes in the accuracy of compu-
tations of entorhinal cortical neurons in layers II/III would have
profound consequences on hippocampal computations, so simi-
lar experimental approaches as used here, but focused on
entorhinal cortical areas that provide afferents to the hippo-
campus, are critically needed.
In general, however, with regard to what distinguishes YA and

AU rats from AI rats, our data are consistent with the notion
that brain/circuit maintenance is an important factor in pre-
serving hippocampus-dependent cognition. Importantly, our
data also suggest that breakdown of the YA-like hippocampal
circuit does not necessarily need to be widespread to be associ-
ated with behavioral impairments. These observations are con-
sistent with previous work in rats (9, 19, 21, 45) and nonhuman
primates (24–26), and suggest that even relatively small modifi-
cations to the hippocampal circuit in the aging brain could have a
large impact on hippocampus-dependent cognition, hippocam-
pal network dynamics, and extrahippocampal interactions (91).
Such downstream, cascading impacts of circuit alterations un-
derscore the importance of continuing to examine what distin-
guishes AU from AI rats neurobiologically, including the notion

that some subtle changes among the AU rats confer to them
resilience against the impact chronological aging has on hippo-
campal synapses and the computations they enable.
Taken together, our results provide a potential neurobiologi-

cal substrate for the well-documented dysfunction of CA1 and
CA3 pyramidal neurons during spatial and temporal learning
(6–10). Specifically, the imbalanced synaptic influence between
granule cells from the dentate gyrus and autoassociational con-
nections in hippocampal region CA3 degrades the computa-
tional accuracy of CA3 pyramidal neurons in AI rats. When
relayed to CA1 pyramidal neurons via the Schaffer collateral/
associational pathway, computational errors within the hippo-
campal circuit are compounded as those made within CA1 are
based on the misinformation provided by CA3. An intriguing

Fig. 4. Total protein load of the major ionotropic glutamate receptors is
constant across aging and cognitive ability in rat hippocampal CA1 and CA3
tissue. (A) Near-infrared Western blot examples from microdissected CA1
(Upper) and CA3 (Lower) tissue extracts from YA (n = 7), AU (n = 7), and AI
(n = 7) rats from for AMPAR subtypes (purple) and NMDAR subunits (green)
subunits listed; epi, epitope. (B) Protein load for the AMPAR and NMDAR
subunits listed, normalized to YA values. There were no significant
differences.

Fig. 5. Synaptic receptor expression at excitatory synaptic subtypes onto
CA1 and CA3 pyramidal neurons. (A) A conventional electron micrograph
illustrating the unique morphology of synapses between granule cells in the
dentate gyrus and CA3 pyramidal neurons, which are present in SL of hip-
pocampal region CA3. The mossy fiber bouton (mfb) is densely packed with
neurotransmitter vesicles and forms multiple synapses with thorny excres-
cences (te) on the proximal dendrites of CA3 pyramidal neurons. (B) The
unique morphology of the mossy fiber–thorny excrescence (mfb and te,
respectively) synaptic complexes is also present in hippocampal tissue pre-
pared for postembedding immunogold EM using freeze substitution em-
bedding in Lowicryl HM20. (C) A high-magnification series of electron
micrographs (Z1–Z6) through a perforated synapse between an mfb and a
te, immunostained for AMPARs using postembedding immunogold EM.
Arrowheads denote the edges of the PSD, with the asterisk indicating the
presence of a perforation or discontinuity in the PSD. (D) Serial electron
micrographs of a perforated synapse in the SR (Z1–Z3), immunostained for
AMPARs using postembedding immunogold EM. Arrowheads denote the
edges of the PSD, with the asterisk indicating the presence of a perforation
or discontinuity in the PSD. at, axon terminal; sp, dendritic spine. (E) Serial
electron micrographs of a nonperforated synapse in the SR (Z1–Z3), immu-
nostained for AMPARs using postembedding immunogold EM. Arrowheads
denote the edges of the PSD. (F and G) Same as D and E, but for NMDAR-
type receptor expression. (Linear dimensions of scale cubes in all micro-
graphs are 500 nm in all axes.)
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possibility is that the reduced intrinsic excitability of CA1 pyra-
midal neurons in AI rats (10, 72, 92, 93) is a homeostatic com-
pensatory mechanism that partially counteracts the notable
increased number of perforated synapses, which themselves have
significantly higher AMPAR expression levels in the autoasso-
ciational pathway of hippocampal region CA3 (or vice versa). It
will be important in the future to determine whether alleviating
one returns the other to a YA-like state, and whether this ap-
proach extends the “mindspan” of the treatment group.

Materials and Methods
Animals. All rats used were male Fisher 344 × Brown Norway F1 hybrids,
obtained from the National Institute on Aging’s colony at Harlan Labora-
tories. YA rats were used at 6 to 8 mo of age; aged rats were used at 28 to 29
mo of age. A total of 28 nonbehaviorally characterized YA rats and 16
nonbehaviorally characterized aged rats were used for the patch-clamp
experiments. A total of 15 behaviorally characterized YA rats and 30 be-
haviorally characterized aged rats were used for the Western blot and EM
experiments (15 aged, unimpaired rats; 16 aged, impaired rats). Of these,
seven rats from each group were characterized behaviorally only with trace
eyeblink/delay eyeblink conditioning, which were used only for Western blot
experiments. All behaviorally characterized rats were allowed to rest for 1
mo following behavioral characterization to avoid any confound with pos-
sible experience-dependent plasticity. All animal studies and experimental
procedures were approved by the institutional animal care and use com-
mittees of Rush University Medical Center and Northwestern University.

Patch-Clamp Physiology. All procedures and analyses followed previously
published methodologies (61, 74, 94). For CA1 experiments, recordings were
obtained from 10 CA1 pyramidal neurons from 10 YA rats and 7 CA1 py-
ramidal neurons from 6 aged rats. For CA3 experiments, recordings were
obtained from 27 CA3 pyramidal neurons from 18 YA rats and 15 CA3 py-
ramidal neurons from 10 aged rats. All recordings were obtained from
morphologically confirmed CA1 or CA3 pyramidal neurons, as described
previously (61, 74, 94).

Behavioral Characterization. All procedures have been described in detail
previously (59). Briefly, after being habituated to the training apparatus, all
rats received five sessions of trace eyeblink conditioning (30 trials per ses-
sion, once per day) using a 250-ms tone, a 500-ms stimulus-free trace period,
and a 100-ms periorbital stimulus as the unconditioned stimulus. Three days
after the last trace eyeblink conditioning session, rats received two 30-trial

Fig. 6. Molecular architecture of axospinous synapses remains constant in
CA1, but is substantially altered in CA3. (A) Three-dimensional reconstruc-
tions from serial section electron micrographs of perforated (Left) and
nonperforated (Right) axospinous synapses from CA1 (Upper) and CA3
(Lower) immunostained for AMPARs (purple spheres represent immunogold
particles for AMPARs) and NMDARs (green spheres represent immunogold
particles for NMDARs). Gray represents spine; aqua represents PSD (Linear
dimensions of scale cube are 100 nm in all three axes.) (B–E) Immunogold
particle number (per synapse) for AMPARs (B and C) and NMDARs (D and E)
for perforated (Left) and nonperforated synapses (Right) in CA1 and CA3, as

indicated. dsr, distal SR; luc, CA3 SL from which thorny excrescence–mossy
fiber synaptic complexes were analyzed; psr, proximal SR; slm, stratum
lacunosum-moleculare. Perforated synapses in CA1 had the highest AMPAR
expression in the dSR across all groups, regardless of cognitive ability: Main
effect of Region, repeated-measures ANOVA: F(2, 12) = 10.61, P < 0.01; MAN-
COVA: F(2, 237) = 16.71, P < 0.01. Perforated thorny excrescence synapses in
the CA3 SL in AI rats had significantly lower AMPAR expression than that in
YA and AU rats, yet perforated synapses in these same AI rats in both CA3
pSR and dSR had significantly higher AMPAR expression than both YA and
AU rats: Group × Region interaction, repeated-measures ANOVA: F(4, 12) =
22.36, P < 0.01; MANCOVA: F(4, 574) = 21.05, P < 0.01. Nonperforated synap-
ses in CA3 SL had significantly higher expression than those in CA3 pSR and
dSR in all groups: Main effect of Region, repeated-measures ANOVA: F(2,
12) = 26.3, P < 0.01; MANCOVA: F(2, 2638) = 29.80, P < 0.01. There were no
other statistically significant differences utilizing either repeated-measures
ANOVA or MANCOVA. Receptor expression in all regions was examined us-
ing: 1) individual, averaged particle number per synapse for each animal in
each group in each region, derived from all synapses examined for repeated-
measures ANOVAs (i.e., one particle number value per rat per region); and 2)
the individual synapse’s particle number for each animal in each group in
each region for MANCOVA, using PSD size as the covariate. Asterisks high-
light the significant differences. The blue line highlights the pairwise group
contrasts (Tukey’s HSD test on the Region × Group interaction) for AMPAR
expression among perforated synapses in the SL: AI vs. YA, P = 0.001; AI vs.
AU, P = 0.003; AU vs. YA, P = 0.61. The red line highlights the pairwise group
contrasts (Tukey’s HSD test on the Region × Group interaction) for AMPAR
expression among (separately) perforated synapses in the pSR and dSR: AI vs.
YA pSR, P = 0.002; AI vs. AU pSR, P = 0.007; AU vs. YA pSR, P = 0.45; AI vs. YA
dSR, P = 0.002; AI vs. AU dSR, P = 0.005; AU vs. YA dSR, P = 0.91.
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sessions of delay eyeblink conditioning to ensure that the underlying oli-
vocerebellar system was functionally intact, even in aged rats with impair-
ments in trace eyeblink conditioning. The interval between the onset of the
tone and onset of the periorbital stimulus was identical (750 ms), but delay
eyeblink conditioning eliminated that stimulus-free trace period, making it
hippocampus-independent. Rats that exhibited less than 60% delay condi-
tioned eyeblink responses were considered impaired in olivocerebellar
function and removed from the study.

Following the last session of delay eyeblink conditioning, rats were allowed
to rest for 3 d, after which they received training in the visible platform version
of the Morris water maze. This ensured that all rats were capable of locating,
navigating toward, and climbing onto the visible escape platform. Rats with
average escape path lengths exceeding 250 cmwere considered as impaired in
the sensory/motor domain and removed from the study. Following visible
platform training, rats were trained in the hidden platform version of the
Morris water maze, where they learned to use local environmental cues to
locate the escape platform, now submerged 1-cm below the opaque water
level, from numerous starting locations. The location of the escape platform
was not changed during training, which involved six trials per day for 5 d. Rats
were given 60 s to locate the hiddenplatformduring each trial, afterwhich they
were either guided to the platform and allowed to remain on it, or simply
remain on it if they located the platform, for 20 s. Computerized tracking was
used for offline analysis using WaterMaze (Actimetrics).

YA rats defined the parameters that would segregate aged rats into those
with YA-like competency and those with learning impairments. For trace
eyeblink conditioning, YA rats typically exhibited 60 to 80% conditioned
eyeblink responses by the last training session. For Morris water maze
learning, we used the average proximity from the center of the location of
the escape platform to assess performance, using the summed so-called
Gallagher Index from the first two sessions of hidden platform training,
which is typically below 2,000. We utilized an aggregate score to define YA
cognitive competency on both tasks, which was calculated by dividing the
summed Gallagher Index scores from the two hidden platform training
sessions by the summed conditioned response percentage on the last two
sessions of trace eyeblink conditioning to create a composite behavioral
index (CBI) (Fig. 2 A and B). Aged rats with CBI values within the YA range
were considered AU. Aged rats with CBI values exceeding the YA range were
considered AI. As reported previously (59), 14 of 16 YA rats and 31 of 36
aged rats were included in the larger scale behavioral analyses, from which
the rats in the present study were obtained. One YA and one aged rat were
eliminated from experiments due to technical failures in their eyeblink
conditioning headstages. And one YA rat and four aged rats were elimi-
nated from the experiments due to substandard performance during visible
platform training.

Quantitative Western Blot Analyses. Analysis of protein expression using
Western blots followed methods published previously (74, 94) using the Sap-
phire Biomolecular Imager (Azure Biosystems) (SI Appendix, Fig. S3). All
Western blot experiments were run in duplicate using the following anti-
bodies: AMPAR subunits GluA1 (#D4N9V; Cell Signaling Technology), GluA2
(#E1L8U; Cell Signaling Technology), and GluA3 (#32–0400; ThermoFisher Sci-
entific); NMDAR subunits GluN1 (#N308/48; NeuroMab), GluN2a [#EPR2465 (2);
Abcam], and GluN2b (#ab65783; Abcam) from microdissected homogenates of
CA1 and CA3 separately. Per manufacturer certificates of analyses and our
own pilot experiments, all antibodies displayed discrete bands at their
expected molecular weights, which were absent in gels lacking primary anti-
bodies. Protein expression was estimated from seven YA rats, seven AU rats,
and seven AI rats.

Conventional EM.Methods used to obtain estimates of total synapse numbers
in the dorsal/septal half of hippocampal CA1 and CA3 using systematic
random sampling and unbiased, stereological synapse counts were the same
as those previously described (34, 46, 47, 60, 61). Ribbons of serial sections
ranged from 35 to 56 sections (average thickness was 67 nm, as estimated
using Small’s method of minimal folds), with the middle 25 comprising the
volume for the physical disector. A total of 13,480 axospinous synapses were
analyzed from hippocampal area CA1; 6,204 axospinous synapses were an-
alyzed from hippocampal area CA3. Estimates were obtained from three YA,
three AU, and three AI rats. The individual coefficients of variance (CV;
calculated as the SD divided by the group mean, separately for YA, AU, and
AI groups) of the total synapse number estimates for the individual dendritic
domains (pSR, dSR in CA1 and CA3; SLM in CA1) examined here ranged from
0.052 to 0.261, but did not differ significantly across groups. Moreover, the
individual group CVs (collapsed across dendritic domains for individual rats)
averaged 0.183, 0.136, and 0.203 for YA, AU, and AI CA1 estimates; and

0.221, 0.243, and 0.184 for YA, AU, and AI CA3 estimates, respectively. Thus,
our estimates are based on data with roughly equivalent (and low) within-
group variability (see ref. 60 for discussion). Three-dimensional reconstruc-
tions were rendered using the freely available Reconstruct program (cour-
tesy of Dr. Kristen M. Harris, University of Texas at Austin).

Postembedding Immunogold EM. Methods used to estimate synaptic expres-
sion levels for AMPA-type and NMDA-type among perforated and non-
perforated synapses following previously described protocols (34, 46, 47, 61).
Briefly, systematic random sampling was used to convert hippocampal tissue
into serial 300-μm-thick slabs of the dorsal half of the hippocampus, after
which each was trimmed into slivers of ∼1-mm width, spanning the
deep-to-superficial axes of CA1 and CA3 (separately). These slivers were then
processed for postembedding immunogold EM using plunge-freezing in
liquid propane (at 184 °C) and freeze-substitution in Lowicryl HM20. Three
of these slivers from each rat were then trimmed to obtain ribbons of serial,
ultrathin sections for both CA1 and CA3 (separately). Images were obtained
from randomly determined sectors of each individual dendritic region, for
each sliver, for each rat. Immunogold AMPAR and NMDAR data derive, then,
from three different systematic randomly sampled hippocampal slabs from
CA1 and CA3, for each rat. Synaptic expression was limited to those synapses
completely contained within the ribbon of serial sections (range of serial
sections was 19 to 63 serial sections, at 63-nm thickness). A total of 5,341
axospinous synapses were analyzed from hippocampal area CA1; a total of
5,619 axospinous synapses were analyzed from the pSR and dSR and SL of
hippocampal CA3. A total of 329 synapses from hippocampal region CA3 SL
were analyzed to estimate expression of kainic acid receptor subunits GluK2/
3. All experiments used the following primary antibodies: AMPAR mixture
using GluA1 (#AB1504; EMD Millipore), GluA2 (#MAB397; EMD Millipore),
GluA2/3 (#AB1506; EMD Millipore), and GluA3 (#AB40845; Abcam); NMDAR
mixture using GluN1 (#MAB363, EMD Millipore; or BD556308, BD Biosci-
ences) and GluN2A/B (#AB1548 EMD Millipore); kainic acid receptor using an
antibody that recognizes both GluK2 and GluK3 (#04-921; EMD Millipore).
Per manufacturer certificates of analyses and our own pilot experiments, all
antibodies displayed discrete bands at their expected molecular weights,
which were absent in gels lacking primary antibodies. Moreover, immuno-
gold labeling was absent on tissue processed for immunogold EM without
the primary antibodies. Expression estimates were obtained from three YA
rats, three AU rats, and three AI rats. Three-dimensional reconstructions
were rendered using the freely available Reconstruct program (courtesy of
Dr. Kristen M. Harris, University of Texas at Austin).

Preembedding, Silver-Intensified, Ultrasmall Immungold EM. Expression of
membrane-bound dendritic HCN1 channels followed previously described
methods (69, 70, 94). A total of 602 dendrites within the pSR and SLM of
hippocampal region CA1 were analyzed from two YA rats, two AU rats, and
three AI rats.

Statistical Analyses. Statistical differences needed to reach a P < 0.05
threshold before being considered significant. Patch-clamp data were ana-
lyzed using separate one-way ANOVAs for recordings obtained from hip-
pocampal CA1 and CA3 pyramidal neurons. In cases where more than one
neuron from an individual animal was included in the experiments, values
were averaged across all neurons from that particular animal. All EM data
were analyzed using repeated-measures ANOVA separately for perforated
and nonperforated synapses, with dendritic region as the repeated measure,
followed by post hoc testing using Tukey’s honest significant difference
(HSD) test at P < 0.05. Postembedding and preembedding immunogold data
were also analyzed using multivariate analyses of covariance (MANCOVA)
with PSD area and dendritic surface area as the covariates, respectively, as
previously described (34, 46, 47, 61, 70, 94). As discussed previously (34), we
utilized MANCOVAs to buttress the conclusions derived from the repeated-
measures ANOVAs to countervail two important, potential confounds with
regard to synaptic receptor expression and dendritic ion channel expression:
PSD size and dendritic surface area, respectively. Expression levels correlate
with both of these morphological features (34, 70, 95), such that expression
levels may have differed among groups but only indirectly because of
morphological changes in synapses or dendrites. The power of MANCOVA is
that it mathematically filters out the contribution of the covariate (i.e., PSD
size or dendritic surface area) on the dependent variable (e.g., immunogold
particle number or density), and then calculates the F-ratio on the adjusted
data. Thus, our statistical approach using MANCOVA eliminated the influ-
ence of morphology on particle number/density, allowing us to focus on the
more powerful and neurobiologically relevant parameter of ion channel
expression level.
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That we obtained data from three physically separate, systematic ran-
domly sampled slabs (that were subsequently trimmed into slivers) for each
rat allows for the reasonable assumption that the data from each sliver was
independent of the data from the other slivers for each region, for each rat.
While the data from each slab/sliver for each rat are not independent in the
sense that they were obtained from the same rat, the CVs for the data from
each behavioral group are low enough to reasonably presume that any
variation was due to biological variation. For example, the individual group
CVs collapsed across dendritic domains for individual rats averaged 0.06, 0.11,
and 0.07 for YA, AU, and AI CA1 AMPAR perforated synapse particle number
estimates, respectively; and 0.08, 0.11, and 0.05 for YA, AU, and AI CA3
AMPAR perforated synapse particle estimates, respectively. Thus, our esti-
mates are based on data with roughly equivalent (and low) within-group
variability. An alternative approach to obtain this high level of precision
would be to obtain one sample from each rat, and increase the number of
rats in the study. As discussed in Geinisman et al. (60), both approaches are
reasonable, but utilizing systematic random sampling and unbiased stere-
ology allowed us to obtain a mean for each rat that was based on sampling

multiple, physically separated, systematic randomly determined sectors of
the dorsal hippocampus per rat, and uniquely provides the ability to opti-
mize/minimize intra- and inter-animal variance. It is important to note that
both repeated-measures ANOVAs and MANCOVAs supported the same
statistical conclusions in all analyses.

Data Availability. The data supporting the findings of this study are available
in the main text and SI Appendix.
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