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Neurobiology of Disease

Rapid Aging in the Perforant Path Projections to the Rodent
Dentate Gyrus

Mohammad Amani,1p Julie C. Lauterborn,1p Aliza A. Le,1p Brittney M. Cox,1 Weisheng Wang,1

Julian Quintanilla,1 Conor D. Cox,1 Christine M. Gall,1,2 and Gary Lynch1,3

Departments of 1Anatomy & Neurobiology, 2Neurobiology and Behavior, and 3Psychiatry & Human Behavior, University of California, Irvine,
Irvine, California 92697

Why layers II/III of entorhinal cortex (EC) deteriorate in advance of other regions during the earliest stages of Alzheimer’s
disease is poorly understood. Failure of retrograde trophic support from synapses to cell bodies is a common cause of neuro-
nal atrophy, and we accordingly tested for early-life deterioration in projections of rodent layer II EC neurons. Using electro-
physiology and quantitative imaging, changes in EC terminals during young adulthood were evaluated in male rats and mice.
Field excitatory postsynaptic potentials, input/output curves, and frequency following capacity by lateral perforant path (LPP)
projections from lateral EC to dentate gyrus were unchanged from 3 to 8–10months of age. In contrast, the unusual presyn-
aptic form of long-term potentiation (LTP) expressed by the LPP was profoundly impaired by 8months in rats and mice.
This impairment was accompanied by a reduction in the spine to terminal endocannabinoid signaling needed for LPP-LTP
induction and was offset by an agent that enhances signaling. There was a pronounced age-related increase in synaptophysin
within LPP terminals, an effect suggestive of incipient pathology. Relatedly, presynaptic levels of TrkB—receptors mediating
retrograde trophic signaling—were reduced in the LPP terminal field. LTP and TrkB content were also reduced in the medial
perforant path of 8- to 10-month-old rats. As predicted, performance on an LPP-dependent episodic memory task declined
by late adulthood. We propose that memory-related synaptic plasticity in EC projections is unusually sensitive to aging,
which predisposes EC neurons to pathogenesis later in life.

Key words: aging; entorhinal cortex; lateral perforant path; long-term potentiation; memory; TrkB

Significance Statement

Neurons within human superficial entorhinal cortex are particularly vulnerable to effects of aging and Alzheimer’s disease,
although why this is the case is not understood. Here we report that perforant path projections from layer II entorhinal cortex
to the dentate gyrus exhibit rapid aging in rodents, including reduced synaptic plasticity and abnormal protein content by
8–10months of age. Moreover, there was a substantial decline in the performance of an episodic memory task that depends
on entorhinal cortical projections at the same ages. Overall, the results suggest that the loss of plasticity and related trophic
signaling predispose the entorhinal neurons to functional decline in relatively young adulthood.

Introduction
The groundbreaking studies of Van Hoesen et al. (1991) and
Braak and Braak (1991) showed that Alzheimer’s disease (AD)-
related pathology (cell loss, tangles) initially appears in temporal
lobe structures. Among those, superficial layers (II, III) of ento-
rhinal cortex (EC), and particular hippocampal subfields, are the
first to deteriorate. Pathology has been proposed to “spread”
from these first affected zones along projection pathways to other
regions (Khan et al., 2014; Llorens-Martin et al., 2014).
Degeneration of lateral EC (LEC) neurons in humans may be
presaged by lesser impairments, as suggested by imaging studies
showing that activity in LEC is depressed in healthy older indi-
viduals relative to young adults during episodic learning, an
effect associated with poorer retention (Reagh et al., 2018). These
findings accord with the hypothesis that early LEC deterioration
is a precipitating condition for, rather than a consequence of,
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AD. They also raise questions about the causes of pre-AD
impairments and whether such disturbances occur in other
mammals. Available evidence from rodents, monkeys, and
humans indicates that neuron loss is not characteristic of the
aged entorhinal cortex in the absence of disease. The clear impli-
cation is that the observed functional problems are because of
cell biological disturbances that affect neuronal operations but
do not threaten neural viability (Gómez-Isla et al., 1996;
Gazzaley et al., 1997; Merrill et al., 2000; Rapp et al., 2002).

Related to the above, layer II EC neurons express high levels
of reelin, a glycoprotein implicated in development and plastic-
ity. Reelin levels are altered in AD (Botella-López et al., 2006;
Chin et al., 2007; Doehner and Knuesel, 2010; Herring et al.,
2012) and are reduced in LEC of 24-month-old rats but only in
cases with impaired learning (Stranahan et al., 2011). In 12–
month-old rats, layer II LEC neurons also have dense deposits of
the protease cathepsin D, suggesting lysosomal dysfunction, and
are reduced in size relative to young adults (Bi et al., 2000).
Neurophysiological studies of projections from EC layer II to the
dentate gyrus (DG) granule cells provide further evidence for
age-related changes in rodents. Barnes et al. (2000) established
that long-term potentiation (LTP) of contacts between medial
EC (MEC) and the DG is substantially reduced in 24-month-old
rats versus young adults. Notably, baseline responses were sub-
normal in the old animals, an observation pointing to the possi-
bility that the plasticity impairment was secondary to synapse
loss. Subsequent experiments identified a significant reduction in
the magnitude of LTP in LEC–DG synapses in 12- to 24-month-
old rodents (Froc et al., 2003). Paired-pulse facilitation (PPF), a
conventional measure of transmitter mobilization, was also
reduced in the older rats.

Overall, available data indicate that layer II EC connections
within the DG deteriorate during the second year of life in
rodents. Anatomical and functional disturbances are evident
throughout telencephalon during this period, and there is evi-
dence for dendritic atrophy in cortex (Dickstein et al., 2013;
Samson and Barnes, 2013) and hippocampus (Lauterborn et al.,
2016) by middle age. It is accordingly possible that the unusual
AD vulnerability of EC and select hippocampal subfields is
because of an interaction between generalized effects of aging
and a heightened regional sensitivity to AD-specific factors.
Alternatively, AD-related deterioration could reflect an unusu-
ally early arrival at a pathology threshold because of a faster than
normal rate of aging.

If accelerated aging is characteristic of mammalian layer II
LEC, then we would expect to find defects in LEC innervation of
the DG relatively early in rodent adulthood. This possibility is
also of interest regarding the hypothesis that decreased synaptic
plasticity negatively affects retrograde trophic support for the
parent neurons, resulting in gradual atrophy (Harrington and
Ginty, 2013; Ito and Enomoto, 2016). Accordingly, the present
studies evaluated the status of LEC–DG synapses at different
stages of young adulthood and the encoding of an aspect of epi-
sodic memory that is dependent on these connections.

Materials and Methods
Animals. Studies used male C57BL/6J mice and Long–Evans rats

(Charles River) tested at 3, 6, or 8–10months of age. Animals were
group housed with access to food and water ad libitum and maintained
on a 12 h light/dark cycle; all studies were conducted during the light
phase of the cycle. All procedures were approved by the Institutional
Animal Care and Use Committee at the University of California, Irvine,

and were in accordance with the National Institutes of Health Guideline
for the Care and Use of Laboratory Animals.

Hippocampal slice electrophysiology. Hippocampal slices (350mm)
were prepared from the middle third of hippocampi of rats and mice as
described previously (Wang et al., 2016b); the mean number of slices
per animal across all experiments was two. Slices were cut using a
McIlwain tissue chopper for rat (Ted Pella) and a vibrating tissue
slicer (model VT1000S, Leica) for mouse, and collected into oxygen-
ated ice-cold artificial CSF (aCSF) with high magnesium as follows
(in mM): 124 NaCl, 3 KCl, 1.25 KH2PO4, 5 MgSO4, 26 NaHCO3, and
10 dextrose. Immediately after cutting, slices were transferred into
an interface recording chamber with constant perfusion of oxygen-
ated aCSF (316 1°C; 95% O2/5% CO2) as follows (in mM): 124
NaCl, 3 KCl, 1.25 KH2PO4, 1.5 MgSO4, 26 NaHCO3, 2.5 CaCl2, and
10 dextrose. Experiments were initiated ;1.5 h later and were run
for up to 4 h. Field EPSPs (fEPSPs) were elicited using a bipolar
stimulating electrode (twisted 65 mm formvar-insulated nichrome
wire; catalog #762000, A-M Systems) and recorded with a glass pip-
ette (2 M NaCl, 2–3 MV). Baseline stimulation was applied at
0.05 Hz with intensity adjusted to elicit 40–50% of the maximum
population spike-free fEPSP.

For LTP analyses, recording and stimulating electrodes were placed
visually;500–600mm apart from each other, in either the outer third or
middle third of DG molecular layer (suprapyramidal blade) for stimula-
tion of the lateral perforant path (LPP) or medial perforant path (MPP),
respectively. Electrode placement in each field was verified using paired-
pulse stimulation, which elicits response facilitation in the LPP and
response depression in the MPP (Dahl and Sarvey, 1989; Christie and
Abraham, 1994; Wang et al., 2016b). After 20min of baseline recordings,
potentiation was induced using a single 1 s train of high-frequency stim-
ulation (100Hz; HFS) for the LPP. Because previous studies from our
group found that three brief (0.5 s) trains of 100Hz stimulation with the
trains separated by 20 s was optimal to elicit MPP LTP (mppLTP), this
stimulation protocol was used for this pathway (Trieu et al., 2015; Wang
et al., 2016b). FormppLTP only, the aCSF included 1 mM picrotoxin that
was infused for 40min before stimulation (Hanse and Gustafsson,
1992). In all cases, responses to 0.05Hz stimulation were collected for at
least 60min after HFS, and the level of LTP was assessed as the percent-
age change in mean fEPSP slope during the last 5min of post-HFS re-
cording relative to the mean fEPSP slope during the last 5min of
baseline (pre-HFS) recordings.

For frequency following analysis, 10 pulses of 10, 20, or 40Hz stimu-
lation were primarily applied in ascending (10Hz first) order, and some
cases were performed in descending (40Hz first) order, which did not
show a difference in response. There was a minimum of 4min between
trains, and the fEPSP did not potentiate or depress in response to any of
the trains. Therefore, all cases were included. For PPF analyses, two
pulses (50ms interstimulus interval) were applied before onset of physo-
stigmine infusion, and again 60min after the onset of physostigmine
infusion. Slope of the paired-pulse responses were measured, and
the percentage PPF was calculated as the ratio of the second to the first
pulse� 100 (Colgin et al., 2003).

All traces were collected using NACGather 2.0 (Theta Burst).
Drugs were introduced via syringe pump to a second infusion line to
achieve bath concentrations of 10 mM physostigmine (catalog #0622,
Tocris Bioscience), 1 mM JZL184 (catalog #3836, Tocris Bioscience),
and ,0.001% dimethylsulfoxide (catalog #D5879, Sigma-Aldrich;
Wang et al., 2016b, 2018b).

Fluorescence deconvolution tomography. Rat hippocampal slices
(N= 12–15 slices/group from at least three animals per group) and
brains (N= 5/group for rats and N= 6/group for mice) were used. Slices
were immersion fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.2, cryoprotected in 20% sucrose, and subsectioned at 25mm
on a freezing microtome, and then sections were slide mounted, with the
first one to two sections discarded to avoid regions of tissue damage
(Rex et al., 2009; Wang et al., 2018a). Brains were fresh frozen, cryostat
sectioned (25mm), and then fixed with 4% paraformaldehyde/0.1 M

phosphate buffer for 20min at 4°C. In all cases, tissue was collected from
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the middle third of the hippocampus. All microscope slide-mounted tis-
sue was processed for dual immunofluorescence as described previously
(Chen et al., 2010; Seese et al., 2012; Wang et al., 2018b; Lauterborn et
al., 2020). For each experiment, tissue from the age groups to be com-
pared was processed together. Primary antisera included rabbit anti-
phosphorylated FAK (1:1000; catalog #ab39967, Abcam), anti-GluN2A
(1:25,000; catalog #AB1555, EMD-Millipore), and anti-TrkB (1:2000;
catalog #07–225, EMD-Millipore); guinea pig anti-synaptophysin
(1:2500; catalog #101004, SySy Systems); and mouse anti-PSD-95
(1:1000; catalog #MA1-045, Thermo Fisher Scientific). Secondary
antibodies were goat anti-rabbit Alexa Fluor 594, goat anti-guinea pig
Alexa Fluor 488, and goat anti-mouse Alexa Fluor 488 (1:1000 each;
Thermo Fisher Scientific).

Digital image z-stacks (105� 135mm) were collected with 0.2mm
steps over a depth of 2mm from the internal (suprapyramidal) blade of
the DG middle and outer molecular layers for MPP and LPP fields,
respectively. The hippocampal fissure was used to align the long edge of
the camera field (hence, the sample box) over the mediolateral dimen-
sion of the molecular layer (see Fig. 4A). For rats, it was then possible to
image the outer 100mm of the molecular layer, immediately subjacent to
the fissure, which corresponds to lamina (the outer molecular layer)
known from numerous neuroanatomical studies to be densely inner-
vated by the LPP (Witter, 1993). For measures in the rat MPP, the sam-
ple box was placed 100 mm away from the fissure in the middle of the
molecular layer. The molecular layer of mice is significantly thinner than
that of rats but contains the same three sublamina (inner, middle, outer
molecular layers). Accordingly, for mouse studies we imaged across the
depth of the molecular layer and then partitioned the digital images
along the granule cell-to-fissure axis to collect measurements for the
LPP and MPP in the outer and middle third of the molecular layer,
respectively, as described previously (Wang et al., 2018a); in prior stud-
ies, these procedures detected significant differences between MPP and
LPP for synaptic proteins (Wang et al., 2018a).

The z-stacks were processed for iterative deconvolution using
Volocity 4.0 software (PerkinElmer). Fluorescence deconvolution to-
mography (FDT; Chen et al., 2010; Seese et al., 2012, 2013) was used to
reconstruct in three dimensions (3D) the 28,350 mm3 sample field from
each z-stack, and to quantify numbers and measure immunolabeling
intensities of single- and double-labeled elements that were both
detected across multiple intensity thresholds and within the size and ec-
centricity constraints of synapses. Elements were considered to be dou-
ble labeled if there was any overlap in the fields labeled with the two
fluorophores, as assessed in 3D (Chen et al., 2010). Past studies showed
that the technique produces a clear separation between proteins in pre-
synaptic versus postsynaptic compartments (Wang et al., 2018b).
Approximately 30,000 synaptic profiles were assessed for each 3D sam-
ple field. Measures were collected from a minimum of four tissue sec-
tions from each hippocampal slice, and from five tissue sections for each
brain, to determine the mean number of labeled elements for each
region of interest per hippocampal slice or brain. These mean values
were then averaged to determine the group mean 6 SEM values pre-
sented in the text and illustrations.

Behavior. The serial odor task was conducted using C57BL/6J mice
as described and illustrated in previously published work (Wang et al.,
2018a; Cox et al., 2019) with slight modification. Animals were not
handled before the task; mice were exposed to odor cues and tested for
retention on the same day. Briefly, each mouse was put into a testing
chamber (Plexiglas, 30� 25 � 21.5 cm) containing two cups without
odors and was allowed to explore for 5min. The initial cups were then
replaced with two cups containing identical odor A, and the animal was
allowed to explore for 3min. The cups were then removed, and the ani-
mal was allowed to explore the empty chamber for 3min. Following this,
the mouse was presented with cups containing identical odor pairs B:B
and C:C using the same exposure and interinterval timing before the
final testing phase, during which the animal was presented with odors A
and D (in separate cups; see Fig. 7 within the main text). For all sessions,
cups were placed in the same locations, and behavior was videotaped
using an overhead recorder. Scorers (blind to group) measured the time
that each animal spent exploring the two cups as the number of seconds

spent sniffing the odor with their nose within 2 cm of, and directed to-
ward, the odor hole in the cup lid.

The two-odor control task used the same testing chamber as did the
serial odor task. For the two-odor task, the mice were placed in the
chamber with the empty cups (no odor) for 5min and then with the ini-
tial, identical odor pair for 3min; odors used in this task were not the
same as used in the serial odor task. After removal of the first scented
cups, the animals remained in the empty chamber for 15min (the
amount of time covered by exposure to odors B:B and C:C in the serial
odor task). At the conclusion of the 15min, cups containing test odors
(familiar odor A and novel odor D) were placed in the chamber, and ani-
mals were allowed to explore for 3min. As for the serial task, behavior
was video recorded and scored (for time spent exploring the different
odor cups) by observers blind to group.

For both serial odor and two-odor tasks, animals were excluded from
analyses if they failed to explore each cup in each session for a minimum
of 1 s or if they escaped the chamber; testing was counterbalanced by
odor location and group.

The following odorants were used: (1)-limonene (1:4000; cata-
log #L-2129, Sigma-Aldrich), cyclohexyl ethyl acetate (1.97:4000;
catalog #0–7725, International Flavors & Fragrances), Citronellal
96% (1.5:4000; catalog #L15753, Alfa Aesar), octyl aldehyde 99%
(1.5:4000; catalog #12948–1000, Acros Organics), anisole 99%
(0.85:4000; catalog #153920050, Acros Organics), and 1-pentanol
99% (1.36:4000; catalog #160600250, Acros Organics). All odor-
ants were diluted with mineral oil.

To assess preferential exploration of the novel or familiar odors dur-
ing testing (both tasks), a discrimination index was calculated as the dif-
ference between the time spent sampling the novel odor and the time
spent sampling the familiar odor, divided by the total amount of time
spent sampling the two odors, and multiplied by 100.

Experimental design and statistical analyses. For electrophysiological
studies, results from individual hippocampal slices are reported. Slices
were obtained from the following numbers of animals: five or more ani-
mals/group for LPP studies, four animals/group for MPP studies, eight
or more animals/group for physostigmine baseline studies, three ani-
mals/group for physostigmine paired pulse studies, and three or more
animals/group for JZL184 studies. For statistical evaluation, two-tailed
unpaired Student’s t test was used to compare mean data for two groups,
and one-way ANOVA was used for comparisons among three groups,
followed by the Bonferroni post hoc test. Input/output curves were
assessed by linear regression. For immunofluorescence studies, hippo-
campal slices (N=12–15 slices/group) were obtained from at least three
animals per age group. The separate immunofluorescence studies of
brains were conducted on five rats/group and six mice/group. A two-
tailed unpaired Student’s t test was used to compare mean data for two
groups, and a two-way repeated-measures (RM) ANOVA was used to
compare differences in the intensity–frequency curves. For statistical
analysis of behavioral measures, we evaluated 11–12 mice/group follow-
ing exclusion of those animals that failed to explore (as described above).
A two-tailed unpaired Student’s t test or, for unequal variances, a
Mann–Whitney test was used to compare mean data for the two groups.
All statistics were conducted using GraphPad Prism, and p� 0.05 was
considered to be significant.

Results
Relating rodent and human ages is recognized to be difficult.
Based on multiple measures, The Jackson Laboratory sug-
gests that mouse ages 3–6months correspond to young
adulthood and human ages 20–30 years (C. Hagan, unpub-
lished observations; https://www.jax.org/news-and-insights/
jax-blog/2017/november/when-are-mice-considered-old#); 10–
14months is middle age (e.g., onset of declines in motor
skills; Ernyey et al., 2019) and is approximately equivalent to
38–47 years in humans; and 18–24months in mice can be
considered old and comparable to 56–69 years in humans
(Flurkey et al., 2007). Based on these values, and literature
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on rats and mice (Sengupta, 2013; Dutta
and Sengupta, 2016), we considered
10months to be the beginning of middle
age. The above age boundaries are some-
what arbitrary with certain late develop-
mental processes likely continuing into
young adulthood. Nonetheless, this pe-
riod can reasonably be considered as a
relatively stable segment of life in which
rodents engage in the various aspects of
adult life without the neurologic/behav-
ioral issues that characterize the onset
of middle age (Ernyey et al., 2019).
Accordingly, the present analysis of early
aging focused on 3 versus 8- to 10-
month-old rats and mice; for some elec-
trophysiological measures, a 6-month-
old mouse group was included to evaluate
an intervening age.

LPP transmission and LTP
The LPP fEPSPs recorded from the DG
outer molecular layer did not differ in size
or waveform in slices frommice (Fig. 1A) or
rats (Fig. 1B) that were between 3 and 8–
10months of age. Input/output curves
(number of axons stimulated vs fEPSP am-
plitude) were also comparable across age
groups (Fig. 1C,D). Note that the curves
tended to be more variable in mice than
rats. We suspect that this reflects the greater
difficulty in reproducing electrode place-
ments in the smaller mouse dentate gyrus.
Next, we tested for age effects on LPP syn-
aptic responses to input frequencies (10, 20,
and 40Hz) that routinely occur during
behavior in rats (Grossberg, 2009; Colgin,
2016). The three patterns were applied
sequentially in either an ascending (10Hz first) or descending
(40Hz first) order with a minimum of 4 min between trains. As
expected, 10 pulses did not produce short-term potentiation dur-
ing the post-train period. The 10Hz trains applied to 3-month-
old slices produced an initial facilitation of responses that pro-
gressively decreased over subsequent stimulation pulses (Fig.
2A). Facilitation was greater for the amplitudes than the slopes of
the fEPSPs. The same pattern was obtained in tests of 8-month-
old slices with no evidence for a loss of response enhancement;
indeed, frequency facilitation tended to be greater in the older
cases (amplitude: F(9,189) = 2.838, p=0.0037; slope: F(9,189) = 1.39,
p=0.123). The 20Hz trains produced a similar set of results
except that the within-train decay of frequency facilitation was
more pronounced (Fig. 2A). Here again, the curve for the 8-
month-old group was slightly displaced upward from that for the
younger rats; but the difference with age was significant (slope:
F(9,189) = 2.204; p= 0.0235; amplitude: F(9,189) = 2.09, p=0.032).
The steady decline of facilitation during the train was dramatic at
40Hz with responses falling below baseline by pulse 6, an effect
suggestive of transmitter depletion. There was no evidence for an
age-related impairment in the response to 40Hz stimulation.

Collectively, these results indicate that baseline synaptic trans-
mission does not deteriorate over the course of young adulthood.

Effects of age on LPP LTP were evaluated in additional ani-
mals. Potentiation was substantially reduced in 6- and 8- to 10-

month-old versus 3-month-old mice (Fig. 2B). The percentage of
potentiation at 60min post-HFS was 55.36 7.5% at 3months,
but 28.26 5.4% and 21.06 5.5% at 6 and 8–10months, respec-
tively (one-way ANOVA: F(2,39) = 8.283; p, 0.001; 3-month-old
vs older groups; each p, 0.01, Bonferroni post hoc test). In con-
trast, short-term potentiation (STP), measured over the first mi-
nute post-HFS, was comparable across age groups (Fig. 2C). In
this system, STP is blocked by NMDAR antagonists (Hanse and
Gustafsson, 1992; Wang et al., 2016b); thus, the absence of group
differences for STP suggests that initial events producing poten-
tiation were intact across ages tested here, and that age effects on
LTP reflect a failure in stabilization.

Age effects on synaptic plasticity were similar for rats. STP
was comparable at 3 and 8–10months of age, but potentiation
then decayed toward baseline in the older rats so that the per-
centage potentiation at 60min was strikingly smaller in the older
group (Fig. 2D,E; p, 0.001, t test). The mouse and rat data con-
stitute the first evidence that a pronounced but selective loss of
synaptic plasticity occurs in layer II EC projections during the
first 6–8 months of life in rodents.

Early aging disrupts endocannabinoid-triggering
mechanisms for LPP-LTP
The LPP uses a form of LTP (lppLTP) wherein potentiation is ini-
tiated postsynaptically but expressed presynaptically via enhanced
transmitter release. The endocannabinoid 2-arachidonoylglycerol

Figure 1. Waveforms of LPP fEPSPs are comparable in early and later adulthood. A, B, Responses from individual slices
were normalized to their peak amplitude and then averaged across all slices within a group. At left, mean6 SEM traces
for the different age groups were superimposed for mouse (3-month-old, N= 8; 6-month-old, N= 9; 10-month-old,
N= 7; A) and rat (3-month-old, N= 7; 8-month-old, N= 7; B); there were no obvious differences between 3-month-old
and older rodents. Calibration: (in B) A, B, 50% peak fEPSP amplitude, 10ms. At right, graphs show the initial slopes, and
decay time constants (tau) did not differ between young and older mice (A; slope: p= 0.431; decay tau: p= 0.999, one-
way ANOVA; 3-month-old, N= 7; 6-month-old, N= 8; 10-month-old, N= 7) and rats (B; slope: p= 0.159, t test; decay
tau: p = 0.5406; 3-month-old, N= 7; 8-month-old, N= 7). C, D, Input/output (fiber volley vs fEPSP amplitude) curves
were comparable across ages in mice (C; 3-month-old, N= 5; 6-month-old, N= 6, 10-month-old, N= 5) and rats (D; 3-
month-old, N= 7; 8-month-old, N= 8); traces for the different age groups are shown at right. Calibration: (in D) C, D,
1 mV, 10 ms.
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(2-AG) acts as the requisite retrograde messenger (Wang et al.,
2016b; 2018b). We tested the possibility that early aging disrupts
the endocannabinoid signaling required for lppLTP using brief
infusions of physostigmine, a compound that increases constitu-
tive cholinergic signaling by blocking acetylcholine breakdown.
Prior work showed that acetylcholine activates the postsynaptic
synthetic enzyme (diacylglycerol lipase a) that produces 2-AG
and consequently increases 2-AG concentrations in the DG

(Wang et al., 2018b). 2-AG acts via presynaptic cannabinoid re-
ceptor 1 (CB1R) to depress glutamate release in the LPP and
MPP (Wang et al., 2016b, 2018b). As previously described,
physostigmine caused a rapid decrease (21.536 1.6%) in the
size of fEPSPs elicited by single-pulse LPP stimulation in 3-
month-old rats; this effect of physostigmine was substantially
reduced in 8-month-old rats (12.076 1.1%; p, 0.0001, t test;
Fig. 3A,B). As expected for a decrease in transmitter release,

Figure 2. LTP but not frequency facilitation is impaired in the LPP of older adults. A, A train of 10 stimulation pulses was delivered to the LPP at 10, 20, or 40 Hz, and LPP fEPSPs were
recorded in the rat DG outer molecular layer. Representative traces above each graph (calibration: 1 mV, 50 ms) show the first five responses for 10 Hz and all responses for 20 and 40 Hz. For
10 and 40 Hz, within-train fEPSP slope facilitation was comparable in 8- to 10-month-old and 3-month-old rats (10 Hz: p= 0.123, F(9,189) = 1.39; 40 Hz: p= 0.055, F(9,189) = 1.897; RM
ANOVA). For 20 Hz, facilitation was greater in 8- to 10-month-old versus 3-month-old old rats (p= 0.024, F(9,189) = 2.204; 3-month-old, N= 11; 8- to 10-month-old, N= 12 for all frequencies).
B, Following HFS (100 Hz, 1 s) in mice, LPP potentiation (assessed by initial fEPSP slope) was greater and more stable in 3-month-old versus 6- and 8- to 10-month-old mice; representative
traces at right show superimposed baseline (darker line) with post-HFS waveforms (calibration: 1 mV, 10 ms; 3-month-old, N= 5; 6-month-old, N= 6; 8- to 10-month-old, N= 7). C, Mean per-
centage of potentiation over baseline, during the last 5 min of recording after HFS for LTP or during the first 2 min post-HFS for STP, shows that LTP was lower in the two older mouse groups,
whereas STP was comparable across groups (for LTP: F(2,39) = 8.283, p= 0.001; **p, 0.01 and ***p, 0.001 vs 3-month-old, post hoc Bonferroni; STP: n.s.). D, lppLTP was greater in 3- ver-
sus 8- to 10-month-old rats (calibration: 1 mV, 10ms; 3-month-old, N= 7; 8- to 10-month-old, N= 7); superimposed traces also show the difference in LTP size with age. E, The mean per-
centage of LTP at 55–60min post-HFS was approximately twofold greater in 3- versus 8- to 10-month-old rats (***p= 0.0009, t test), whereas STP was equivalent between groups.
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PPF was increased by physostigmine infu-
sion: absent other treatment, PPF was com-
parable between groups (Fig. 3C), but
physostigmine increased PPF to a greater
degree above this level in 3- versus 8-month-
old rats (Fig. 3D). These are the first results
indicating that postsynaptic mobilization of
endocannabinoid signaling deteriorates in
the LPP before middle age, and that changes
in 2-AG production likely contribute to the
age-related loss of lppLTP. We next tested
whether enhancing 2-AG levels restores
lppLTP in the older animals. The compound
JZL184 inhibits monoacylglycerol lipase, the
enzyme primarily responsible for the break-
down of released 2-AG (Long et al., 2009).
JZL184 thus increases 2-AG levels in the DG
and, as described previously, nearly doubles
lppLTP in 3-month-old rodents (Wang et al.,
2016b). JZL184 caused a more modest in-
crease in the percentage of LTP in 8- to
10-month-old rats (48.26 4.1% JZL184 vs
25.56 4.1% vehicle; p = 0.01) without an
effect on STP (Fig. 3E,F). The failure of
JZL184 to produce supranormal lppLTP
aligns with the conclusion that the links
between high-frequency activation and the
postsynaptic signalosome for 2-AG produc-
tion and release deteriorate over the course of
young adulthood.

Age-related changes in LPP terminals
There was no evidence for an age-related
reduction in the number of LPP terminals
as assessed by counts of synapse-sized
puncta immunolabeled for the presynaptic
marker synaptophysin in the DG outer mo-
lecular layer; indeed, values were slightly
higher for 8-month-old versus 3-month-
old rats (17,4866 349 vs 16,4566 251/sam-
ple field; p, 0.03). Using dual immunolab-
eling and FDT, we tested for changes in
density of phosphorylated (activated) focal
adhesion kinase (p-FAK) colocalized with
synaptophysin. FAK is an integrin-associ-
ated tyrosine kinase and the activation of
integrin-FAK signaling is essential for pro-
ducing lppLTP (Wang et al., 2018b). FDT
creates 3D reconstructions for each of tens
of thousands of immunolabeled synapses
and measures their density and size within fields of interest.
Strong immunostaining for both p-FAK and synaptophysin
was present in the DG outer molecular layer of 3- and 8-
month-old rats (Fig. 4A–D). Analyses of presynaptic p-FAK
concentrations were performed by constructing curves
relating the percentage of all immunolabeled elements to an
ascending series of immunostaining density bins. Plots for
p-FAK colocalized with synaptophysin were slightly but
reliably left shifted at 8 months of age relative to 3 months
of age (F(16,400) = 4.549, p, 0.0001, two-way RM ANOVA),
indicating a modest loss of the active enzyme with age (Fig.
4C). This effect, combined with the more dramatic change in

endocannabinoid signaling, provides a plausible explanation for
the pronounced loss of plasticity in the 8-month-old group.

A similar analysis of synaptophysin immunoreactivity
produced a surprising result: the density frequency distribu-
tion for the 8-month-old group was skewed more greatly to
the right, toward higher immunolabeling densities, relative
to the curve for 3-month-old animals (two-way RM
ANOVA, p, 0.0001; Fig. 4D). Synaptophysin is one of the
most abundant presynaptic proteins; although its functions
are poorly understood, they are generally assumed to involve
transmitter vesicle mobilization (Valtorta et al., 2004;
Igarashi, 2015; Kokotos et al., 2019). The elevated per-syn-
apse synaptophysin levels are consistent with the tendency
toward increased frequency facilitation found in the 8-

Figure 3. Age-dependent effects of treatments that influence endocannabinoid signaling on synaptic responses and
lppLTP in rat. A, Physostigmine (30mM, gray bar) reduced the slopes of fEPSPs elicited by single-pulse LPP stimulation
to a greater extent in slices from 3- versus 8-month-old rats. Traces show representative fEPSPs pre-infusion (dark
line) and postinfusion (3-month-old, N= 14; 8-month-old, N= 18; calibration: 1 mV, 10 ms). B, The percentage of
reduction in fEPSP slopes (from data in A) at the 60 min time point (****p, 0.0001 vs 3-month-old, t test). C, D,
PPF of fEPSP slopes (50 ms interpulse interval) was comparable between age groups before physostigmine administra-
tion (C; p= 0.736) but was greater after physostigmine administration in slices from 3-month-old versus 8-month-old
rats (D; **p= 0.0071; 3-month-old, N= 6; 8-month-old, N= 9); representative traces shown at left. Calibration:
1 mV, 10 ms. E, JZL184 (JZL; 1 mM in slice bath) enhanced lppLTP in 8- to 10-month-old rats. Above, representative
traces from before (dark line) and after HFS. Calibration: 1 mV, 10 ms [vehicle (veh), N= 5; JZL184, N= 10]. F, Graphs
summarize, from E, the percentage of LTP and the percentage of STP at 55–60 and 0–2 min after HFS, respectively
(**p= 0.01 vs veh, t test).
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month-old group but are also suggestive of changes in the
trafficking in LPP projections.

Age-related changes in presynaptic TrkB in the LPP
The neurotrophins and their receptors play a critical role in ret-
rograde trophic signaling in the peripheral nervous system.
Ligand binding results in receptor internalization at terminals
followed by the formation of complex structures that are trans-
ported back to the soma, resulting in prosurvival genomic events
(Harrington and Ginty, 2013). We accordingly used FDT to test
whether the density of the BDNF receptor TrkB, colocalized with
synaptophysin in LPP terminals, changes during the course of
young adult life and obtained evidence for a marked reduction
between 3 and 8months of age. The TrkB immunolabeling fre-
quency distribution was strongly left shifted, toward lower per-
synapse densities, in 8- versus 3-month-old mice (F(10,100) =
9.505, p, 0.0001), and the percentage of contacts with high con-
centrations of TrkB was substantially reduced at 8months
(p, 0.001, t test; Fig. 4E,F). These results provide additional evi-
dence that presynaptic protein trafficking in the LPP becomes
disturbed during early aging and that this extends to key ele-
ments of trophic signaling.

Early-onset aging in the medial perforant path
We tested whether the loss of plasticity in layer II EC synapses
also occurs in projections from MEC to the DG in rats. These
fibers course in the MPP and terminate in the DGmiddle molec-
ular layer immediately subjacent to the LPP. Mechanisms under-
lying mppLTP are not well understood, but evidence indicates
that induction and expression both occur in the postsynaptic

compartment (Harney et al., 2008) and do not involve endocan-
nabinoids (Wang et al., 2016b). Previous studies found that infu-
sions of GABAAR antagonists facilitate robust and reliable
mppLTP (Hanse and Gustafsson, 1992; Wang et al., 2016b;
Schreurs et al., 2017). In our preparations, three brief (0.5 s)
trains of 100Hz stimulation separated by 20 s combined with
infusion of GABAAR blocker picrotoxin (1 mM) proved optimal
for inducing mppLTP (Trieu et al., 2015; Wang et al., 2016b);
picrotoxin at this low level caused no evident changes in fEPSPs
and did not produce epileptiform activity. As with the LPP, there
were no detectable age-related changes in MPP synaptic
responses or input/output curves (Fig. 5A,B). Repetitive MPP
stimulation produces an unusual depression effect (Trieu et al.,
2015), and it was accordingly not possible to test frequency fol-
lowing. LTP was clearly reduced in the MPP in 8- versus 3-
month olds (30.86 6.8% vs 78.96 9.8% at 60 min post-HFS;
p= 0.0005, t test; Fig. 5C,D). In contrast with the LPP, the magni-
tude of initial MPP potentiation was also lower in the older rats.
STP was 128.96 9.7% and 76.46 9.2% for young and older ani-
mals, respectively (p= 0.001, t test; Fig. 5D).

Prior work showed that STP in the MPP is completely
blocked by NMDAR antagonist APV (Colino and Malenka,
1993). It is thus possible that the lower STP in 8-month-old ani-
mals reflects a failure in the number or operation of NMDARs.
We tested the former possibility by evaluating levels of the
GluN2A subunit colocalized with postsynaptic marker PSD-95
in the DG middle molecular layer. The GluN2A immunolabeling
density frequency distribution was only slightly right shifted in
8- versus 3-month-old rats (F(15,120) = 1.895, p=0.0299), and
there was no age effect on the numbers of synapses with dense

Figure 4. Early aging alters presynaptic markers in the LPP terminal zone. A, Section through hippocampus shows the two zones in the DG outer molecular layer (OML) used for analysis of
synaptic proteins. B, Deconvolved immunofluorescence images show the localization of p-FAK (red) and vesicular protein synaptophysin (SYN; green) in rat. Arrows point to double-labeled
puncta. Scale bar, 10mm. C, FDT analysis of the density of p-FAK immunoreactivity (ir) colocalized with synaptophysin. Measurements were made for.100,000 individually reconstructed, dou-
ble-labeled (2�) synapses per slice. Values for each slice were plotted as the percentage of 2� synapses (y-axis) fitting into an ascending series of labeling-density bins (x-axis). The resultant
curves for individual slices were then averaged for a group and plotted as mean6 SEM values. There was a small but significant left shift in the curve for the 8-month-old group (N= 12) rel-
ative to that for the 3-month-old group (N= 15). Scatter plot summarizes the percentage of 2� synapses with high-density p-FAK-ir (right of vertical dotted line; *p, 0.05). D, Same analysis
as in C but for the density of synaptophysin-ir: there was a pronounced rightward skew in the plot for 8-month-old rats (toward greater synaptic densities) versus the 3-month-old rats, and a
large increase in the proportion of terminals with dense synaptophysin-ir (scatter plot; ***p, 0.001). E, Deconvolved images show dual immunofluorescence for TrkB (red) and synaptophysin
(green) in mouse. Arrows point to 2� puncta. Scale bars: 4mm; inset, 1mm. F, Analysis of the density of TrkB-ir in LPP terminals in mice: there was a pronounced left shift in the density fre-
quency distribution for the 8-month-old group relative to the 3-month-old group (N= 6/group), resulting in a large reduction in the proportion of terminals with dense TrkB-ir (scatter plot;
***p, 0.001).
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GluN2A immunoreactivity (Fig. 6A), suggesting that
decreases in synaptic NMDAR densities are not re-
sponsible for the age-related loss of potentiation.
Disrupted signaling from postsynaptic NMDARs to
rapid mechanisms for enhancing fEPSPs is a more
likely explanation.

As described for the LPP, the plasticity failure in
the MPP was accompanied by both an increase in syn-
aptophysin levels and a reduction in presynaptic TrkB
levels. The density frequency distribution for synapto-
physin immunolabeling in the middle molecular layer
was strongly right shifted in older versus younger rats
(p, 0.0001; Fig. 6B). Notably, this effect appeared to
be pathway specific as per-synapse synaptophysin lev-
els did not differ between 3- and 8-month-old rats for
projections from CA3 to the apical dendrites of CA1b
(Fig. 6C). This suggests that the marked changes seen
in the medial and lateral perforant path are not reflec-
tions of brain-wide effects of aging. Finally, the per-
centage of synaptophysin-positive contacts with high
concentrations of TrkB in the MPP was also substan-
tially reduced in 8- versus 3-month-old mice (p =
0.0014, Student’s t test; Fig. 6D).

Changes in LPP-dependent episodic memory
during early adulthood
Activity in LEC is depressed in older individuals rela-
tive to young adults during the processing of the
semantic or “what” component of episodic memory
(Reagh et al., 2018), which is consistent with reports
that the elderly are impaired in this type of learning
(Samson and Barnes, 2013; Gonzalez-Escamilla et al.,
2018). When the deficits first appear is unknown, but
evidence suggests performance declines by middle age
(Kinugawa et al., 2013). We tested whether declines in the
“what” aspect of episodic learning appear during the same period
of early adulthood in which lppLTP deficits emerge. These tests
were based on recently described protocols for separately meas-
uring the “what”, “where,” and “when” elements of episodic
memory in rodents. Those experiments showed that transient
chemogenetic silencing of the LPP entirely eliminates encoding
of the “what” element and, as expected for episodic learning, this
is accompanied by impairments in “where” and “when” encod-
ing (Wang et al., 2018a; Cox et al., 2019). In the present study,
mice were presented with a sequence of three different odors (A:
A to C:C), separated by 3min, and then tested whether they rec-
ognized that a test odor was not part of the sampled series
(Wang et al., 2018a; Cox et al., 2019; Fig. 7A, serial odors test).
Importantly, as in human episodic learning, this paradigm does
not require prior training or explicit rewards. Previous work
established that 3-month-old mice prefer the novel odor D in the
test trial versus the previously sampled odor A, and that acquisi-
tion is entirely blocked by transient silencing of the LPP (Cox et
al., 2019). We replicated the control result for 3-month-old mice
but found a marked retention deficit in the 8- to 10-month-old
group (p=0.0013; Fig. 7B,C). Notably, the age-related effect was
not because of group differences in sampling time: the total time
exploring the cues during the retention test did not differ
between the 8- and 3-month-old groups (p=0.897; Fig. 7D).

Importantly, mice at both 3- and 8-months of age performed
similarly in a two-odor test in which they sampled an identical
odor pair (A:A) and were subsequently presented with this cue
and a novel odor (A:D; Fig. 7A). Both age groups preferentially

explored the novel odor D in this task (Fig. 7E). Finally, we veri-
fied that odors A and D were equally salient to mice in both age
groups (Fig. 7F). Thus, the rapid aging impairment was evident
when the older mice were required to remember cues that were
part of a prior sequence and was not accompanied by difficulties
in detecting or discriminating odors per se.

Discussion
The present results provide the first evidence that synapses
formed by layer II entorhinal cortex neurons deteriorate surpris-
ingly early during adulthood in rodents. The effects were selec-
tive and not accompanied by the perturbations to basic synaptic
operations previously described for the perforant path of aged
rodents (Barnes et al., 2000; Froc et al., 2003). Specifically, there
were no age-related losses of synapses, or deficits in baseline syn-
aptic transmission or transient response facilitation by repetitive
activation. Nonetheless, there was a clear reduction in LTP at
8months of age in the medial and lateral perforant paths of rats
and mice. Relatedly, there was also a substantial loss of endocan-
nabinoid signaling, which involves retrograde communication
from spines to terminals, from early to later stages of young
adulthood. Specifically, physostigmine, which increases concen-
trations of constitutively released acetylcholine and thereby
enhances 2-AG production, had a lesser effect on LPP-initiated
fEPSPs and paired-pulse facilitation in the DG outer molecular
layer in 8- versus 3-month-old mice. Past work showed that the
effects of physostigmine on LPP responses are completely
blocked by an antagonist of CB1R, a protein concentrated on
LPP terminals (Wang et al., 2018b). While it is likely that

Figure 5. Age-related changes in MPP potentiation in rats. A, With single-pulse stimulation the aver-
aged decay tau and initial fEPSP slope were comparable for 3-month-old (N= 10) and 8-month-old
(N= 12) rats (slope, p= 0.3542; decay tau, p= 0.4678; t test). B, The MPP input–output curve was not dif-
ferent between 3-month-old (N= 6) and 8-month-old (N= 12) rats. C, Following HFS, both initial and
enduring MPP potentiation were smaller in slices from 8-month-old versus 3-month-old rats.
Representative traces show baseline (dark line) and post-HFS responses. Calibration: 1 mV, 10 ms. D, Scatter
plots show that for the MPP, the mean percentage of potentiation during the last 5 min of recording (LTP)
and the 2 min post-HFS interval (STP) were both significantly lower for slices from 8-month-old versus 3-
month-old rats (***p, 0.001; data from C). C, D: 3-month-old, N= 10; 8-month-old, N= 12.
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elevated levels of extracellular acetylcholine will have effects on
granule cells, it is reasonable to conclude that the physiological
assay used here samples endocannabinoid actions on release
from LPP terminals.

Studies have described decreases in endocannabinoids with
aging (Piyanova et al., 2015) although data for changes during
young adulthood are lacking. Nevertheless, the finding provides
a plausible explanation for the early loss of lppLTP because endo-
cannabinoid signaling initiated by high-frequency afferent stim-
ulation is essential for producing stable potentiation in the LPP
(Wang et al., 2016b, 2018b). Notably, blockade or knockdown of
the presynaptic CB1R does not disrupt short-term potentiation
of LPP responses, and this STP effect was similarly unaffected by
early aging. Thus, our findings support the conclusion that aging
has a negative effect on one or more steps in the endocannabi-
noid mechanism and thereby depresses lppLTP. Multiple lines of
evidence suggest that consolidation of this unusual form of plas-
ticity involves atypical signaling by CB1R leading to cytoskeletal
changes within LPP terminals (Wang et al., 2018b). Whether
age-related disturbances to these presynaptic mechanisms con-
tribute to the loss of LPP plasticity is an interesting question for
future research.

Prior studies showed that mppLTP does not rely on endocan-
nabinoid signaling (Wang et al., 2018b) and is induced postsy-
naptically (Harney et al., 2006). Pharmacological experiments
further indicate that mppLTP expression involves the movement

of glutamate receptors into the synapse (Harney
et al., 2008) and so, in contrast to lppLTP, would
also be postsynaptic. A clue about mechanisms is
suggested by our finding that MPP STP is nega-
tively affected by early aging. This rapid poten-
tiation is NMDAR dependent but we found no
evidence for reductions in synaptic NMDAR lev-
els between early and later stages of young adult-
hood. These results point to a partial age-related
failure in linkages between the NMDARs and
the substrates for short- and long-term synaptic
modifications.

Because mppLTP appears to be induced and
expressed postsynaptically, it is reasonable to
hypothesize that the loss of this plasticity reflects
age effects on the DG granule cells. By this argu-
ment, these neurons—which are atypical in
many respects—would be unusually sensitive to
aging during early adulthood, resulting in distur-
bances to the NMDAR-dependent signaling that
initiates STP and LTP in the MPP. Unusually
rapid granule cell aging could also account for
the reductions in lppLTP because generation of
the endocannabinoid trigger required for this
presynaptic potentiation occurs postsynaptically.
In this scenario, generalized changes to the gran-
ule cells would include factors that affect the LPP
(endocannabinoid production) but not the MPP
and vice versa (activity-driven transfer of gluta-
mate receptors into synapses in the MPP but not
LPP). Related to this argument, there is evidence
that the DG is particularly sensitive to the effects
of aging in humans (Dillon et al., 2017) and
rodents (Small et al., 2004; Burger, 2010).

While disturbances to the granule cells pro-
vide a unifying hypothesis for the observed losses
of two very different forms of LTP, we also
found that aging is associated with accumula-

tions of the presynaptic marker synaptophysin in both LPP and
MPP. This could be an early sign of deterioration because aber-
rant synaptophysin concentrations are observed with axonal
degeneration (Hilbe et al., 2005; Gudi et al., 2017). The question
then arises of whether this presynaptic effect is a contributor to,
or a consequence of, the decline in LTP. The latter idea accords
with the widely discussed hypothesis that plasticity contributes
importantly to the maintenance of synaptic junctions (Gogolla et
al., 2007). Whatever their causes, perturbations to perforant path
terminals could disrupt the flow of retrograde trophic support.
Consonant with this, we found that early aging is associated with
significant decreases in presynaptic levels of TrkB (Minichiello,
2009; Yoshii and Constantine-Paton, 2010) colocalized with syn-
aptophysin in both LPP and MPP terminal fields; notably, we
cannot exclude an age-related effect on postsynaptic TrkB levels
in the middle molecular layer that could affect the BDNF/TrkB-
dependent LTP in this system (Panja et al., 2014). Neurotrophin
receptors (e.g., TrkA, TrkB) expressed on terminals in various
systems are internalized on ligand (NGF, BDNF) binding, result-
ing in the formation of endosomes that are transported back to
their parent cell bodies to promote neuronal health and survival
(von Bartheld et al., 1996; Ito and Enomoto, 2016; Wang et al.,
2016a; Kononenko et al., 2017). From this perspective, the un-
usual vulnerability of layer II entorhinal neurons could reflect
reductions in terminal TrkB levels and thus a decline in

Figure 6. MPP presynaptic protein levels are altered with age. A, FDT analysis (plotted as in Fig. 4) of the density
of postsynaptic GluN2A immunoreactivity (ir) for synapses double labeled (2�) for postsynaptic marker PSD-95 in
the DG middle molecular layer (MML) of 3-month-old (N= 5) and 8-month-old (N= 5) rats; scatter plot shows that
the percentages of 2� synapses with dense GluN2A-ir (�95 U, x-axis) did not differ between age groups
(p= 0.328, unpaired t test). B, FDT analysis in rats shows a marked right shift in the per-terminal density of synap-
tophysin-ir in the MPP, the predominant excitatory afferent to the MML; scatter plot shows the increase in the pro-
portion of synapses with dense immunolabeling at 8 months of age versus 3 months of age (**p, 0.01). C, In CA1
stratum radiatum, the per-terminal density of synaptophysin-ir did not differ between age groups. B, C, 3-month-
old, N= 15; 8-month-old, N= 12 rat hippocampal slices as assessed in Fig. 4B,D. D, Analysis of the density of pre-
synaptic TrkB-ir in the MPP terminal field; there was a pronounced left shift in density frequency distribution for the
8-month-old group relative to the 3-month-old group (N= 6 mice/group), resulting in a large reduction in terminals
with dense TrkB-ir (scatter plot; **p, 0.01).
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neuroprotective, retrograde tropic support. Possibly related to
this are results showing that heterozygous deletion of a down-
stream effector for TrkB causes neuronal pyknosis that is espe-
cially pronounced in superficial layers of entorhinal cortex and
in frontal cortex (Duffy et al., 2011). It will accordingly be of in-
terest to test for retrograde transport of BDNF in the perforant
path and to determine whether this process undergoes predicted
decreases during young adulthood in rodents. Relatedly, recent
work showed that BDNF/TrkB traffics locally via endosome/
autophagosome complexes (amphisomes) in the mossy fiber
boutons formed by axons of DG granule cells and that this mech-
anism serves to promote transmitter release (Andres-Alonso et
al., 2019). The occurrence of such events in the LPP could con-
tribute to the presynaptic form of LTP expressed by that path-
way, with age-related losses in TrkB being a factor in the decline
of plasticity. Finally, there is the question of whether restoration
of lppLTP with agents that increase endocannabinoid signaling,
as reported here, also rescues TrkB levels on LPP terminals.

Our formulation of the problem of entorhinal vulnerability
assumes a certain degree of linearity between events occurring at
different stages of adult life: reduced synaptic plasticity gradually
decreases trophic support, causing a still slower disruption of
processes required for the maintenance of neuronal viability.
Alternatively, it is possible that perturbations at different stages
of aging arise somewhat independently with the ultimate out-
come being determined by a combination of, or interaction
between, these negative events. Tests for independence between
temporally distinct correlates of entorhinal aging will require
means for selectively manipulating those correlates. Absent such
data, suggestions about the relationship between problems that

appear during young adulthood and late-in-life outcomes will be
speculative.

In addition to being a potential contributor to later atrophy of
the LEC, early impairments to LPP plasticity are likely to have
negative effects on the encoding and processing of memory that
depends on the flow of information from cortex to hippocampus.
The present studies confirmed this prediction. It is widely
accepted that hippocampus is critical for the organization of se-
rial, everyday events into episodes minimally involving the iden-
tity of encountered cues (what), their spatial relationships
(where), and the order in which they occurred (when; Tulving,
1972). Recent studies established that rodents acquire these three
features and, like humans, do so without training or explicit
rewards, and that blocking activity in the LEC projection to the
DG eliminates all three episodic elements (Wang et al., 2018a).
As described here, 8- to 10-month-old mice were impaired in
memory tasks involving a sequence of odors (episodic what) but
had no difficulty retaining the identity of single cues presented
outside of a series. The magnitude of the deficit is surprising but
consistent with reports of modest declines in episodic memory
by middle age in humans (Kinugawa et al., 2013; Ankudowich et
al., 2016, 2017). The serial odors test has an uncertain relation-
ship to other forms of learning in rodents, and additional experi-
ments are needed to determine whether the latter are
significantly affected by the degree of LTP impairment found in
the present studies. It will be of interest to determine whether the
JZL184 treatment that partially restored lppLTP also rescues per-
formance in the serial odors paradigm in 8- to 10-month-old
mice. A result of this type was obtained in a mouse model of
Fragile-X Syndrome, an animal in which LPP plasticity and

Figure 7. LPP-dependent episodic memory task performance declines from early to late phases of young adulthood in mouse. A, Mice were tested on two paradigms. The serial odors task
entailed sampling a sequence of identical odor pairs (A:A, B:B, C:C) followed by a retention trial with a novel odor paired with a previously sampled one (A:D). In the two-odor control task, an
identical odor pair (A:A) was followed by a retention trial pairing odor A with a novel odor (A:D). The delay between the first pair and the A:D retention test was the same in the two para-
digms. B, The 3-month-old mice (N= 12) preferentially explored the novel versus the familiar odor in the serial odors task (ppppp, 0.0001, paired Student’s t test), whereas 8- to 10-
month-old mice (N= 11) did not (p= 0.471, paired Student’s t test; n.s., not significant). C, Group measures for the discrimination index calculated from data presented in B (ppp= 0.0013;
unpaired t test). D, Total time sampling cues in the serial odor retention test did not differ between groups (p= 0.897). E, In the two-odor control task, mice in both age groups spent a greater
proportion of sampling time exploring the novel cue (pppp � 0.0002, both groups). F, Control saliency tests demonstrated that both odors A and D were equally sampled by mice of both
age groups (p= 0.4205 and p= 0.5377 for 3- and 8- to 10-month-old groups, respectively).
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learning of sequential odors are profoundly depressed (Wang et
al., 2018a).
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