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Cellular/Molecular

Estrogen Restores Multisynaptic Boutons in the Dorsolateral
Prefrontal Cortex while Promoting Working Memory in
Aged Rhesus Monkeys

X Yuko Hara,1,2 Frank Yuk,1,2 Rishi Puri,1,2 William G. M. Janssen,1,2 Peter R. Rapp,5 and John H. Morrison1,2,3,4,6,7

1Fishberg Department of Neuroscience and Kastor Neurobiology of Aging Laboratories, 2Friedman Brain Institute, 3Department of Geriatrics and Palliative
Medicine, and 4Graduate School of Biomedical Sciences, Icahn School of Medicine at Mount Sinai, New York, New York 10029, 5National Institute on Aging,
Laboratory of Behavioral Neuroscience, Baltimore, Maryland 21224, 6California National Primate Research Center, Davis, California 95616, and
7Department of Neurology, School of Medicine, University of California, Davis, California 95616

Humans and nonhuman primates are vulnerable to age- and menopause- related decline in working memory, a cognitive function reliant
on area 46 of the dorsolateral prefrontal cortex (dlPFC). We showed previously that presynaptic mitochondrial number and morphology
in monkey dlPFC neurons correlate with working memory performance. The current study tested the hypothesis that the types of synaptic
connections these boutons form are altered with aging and menopause in rhesus monkeys and that these metrics may be coupled with
mitochondrial measures and working memory. Using serial section electron microscopy, we examined the frequencies and characteris-
tics of nonsynaptic, single-synaptic, and multisynaptic boutons (MSBs) in the dlPFC. In contrast to our previous observations in the
monkey hippocampal dentate gyrus, where MSBs comprised �40% of boutons, the vast majority of dlPFC boutons were single-synaptic,
whereas MSBs constituted a mere 10%. The frequency of MSBs was not altered by normal aging, but decreased by over 50% with surgical
menopause induced by ovariectomy in aged monkeys. Cyclic estradiol treatment in aged ovariectomized animals restored MSB frequen-
cies to levels comparable to young and aged premenopausal monkeys. Notably, the frequency of MSBs positively correlated with working
memory scores, as measured by the average accuracy on the delayed response (DR) test. Furthermore, MSB incidence positively corre-
lated with the number of healthy straight mitochondria in dlPFC boutons and inversely correlated with the number of pathological
donut-shaped mitochondria. Together, our data suggest that MSBs are coupled to cognitive function and mitochondrial health and are
sensitive to estrogen.
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Introduction
Working memory is an online, short-term, and flexible informa-
tion processing capacity that enables adaptive decision making

and goal-directed behavior (Goldman-Rakic, 1995; Arnsten et
al., 2012). This executive function is highly vulnerable to the
effects of aging and menopause in humans and nonhuman pri-
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Significance Statement

Many aged menopausal individuals experience deficits in working memory, an executive function reliant on recurrent firing of
prefrontal cortex (PFC) neurons. However, little is known about the organization of presynaptic inputs to these neurons and how
they may be altered with aging and menopause. Multisynaptic boutons (MSBs) were of particular interest, because they form
multiple synapses and can enhance coupling between presynaptic and postsynaptic neurons. We found that higher MSB frequency
correlated with better working memory performance in rhesus monkeys. Additionally, aged surgically menopausal monkeys
experienced a 50% loss of MSBs that was restored with cyclic estradiol treatment. Together, our findings suggest that hormone
replacement therapy benefits cognitive aging, in part by retaining complex synaptic organizations in the PFC.
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mates and can be assessed in rhesus monkeys using the well-
characterized delayed response (DR) test of visuospatial working
memory (Bartus et al., 1978; Rapp and Amaral, 1989; Bachevalier
et al., 1991; Oscar-Berman et al., 1992; Roberts et al., 1997;
Voytko and Tinkler, 2004). In rhesus monkeys, DR performance
is reliant on the integrity of the dorsolateral prefrontal cortex
(dlPFC) area 46 (Funahashi et al., 1989; Goldman-Rakic, 1995), a
brain region that shares striking anatomical and functional ho-
mology to the human area 46 (McCarthy et al., 1994; Petrides and
Pandya, 1999). Rhesus monkeys are valuable models of human
aging and menopause, because their neuronal gene expression,
reproductive physiology, and patterns of endocrine senescence
closely resemble those of humans (Matt et al., 1998; Gill et al.,
2002; Woller et al., 2002; Nichols et al., 2005; Loerch et al., 2008;
Walker and Herndon, 2008; Hara et al., 2012a).

Area 46 neurons exhibit persistent firing while spatial infor-
mation is held in working memory (Funahashi et al., 1989), and
this process is highly energy demanding. We reported previously
that mitochondrial count and morphology in presynaptic inputs
to dlPFC neurons are altered with aging and menopause and
correlate with working memory in rhesus monkeys (Hara et al.,
2014). Specifically, higher working memory scores were associ-
ated with greater numbers of healthy straight mitochondria in
dlPFC boutons and a lower incidence of boutons harboring mal-
formed donut-shaped mitochondria, which exhibited abnor-
mally small synaptic contacts.

Presynaptic boutons are plastic structures and undergo mor-
phological and synaptic remodeling, which affect neuronal cir-
cuitry and function (Gogolla et al., 2007; Soghomonian et al.,
2010). In contrast to a dendritic spine, which typically receives
synaptic contact from a single bouton, a bouton can form a single
synapse, multiple synapses, or no synapse at all. Furthermore, the
specific type (e.g., axodendritic vs axospinous) and number of
contacts a bouton forms provides important information about
the complexity and strength of synaptic connections. In particu-
lar, multisynaptic boutons (MSBs) may act as a morphological
substrate to enhance coupling between presynaptic and postsyn-
aptic neurons (Harris, 1995; Toni et al., 1999; Geinisman et al.,
2001; Yankova et al., 2001). In rats and monkeys, hippocampal
MSBs are associated with memory functions and are responsive
to hormonal status (Geinisman et al., 2001; Hara et al., 2011).
However, little is known about the roles of MSBs in the PFC,
particularly in primates.

The current study tested the hypothesis that the types of syn-
aptic connections these dlPFC boutons form are altered with
aging or menopause in rhesus monkeys and that these metrics are
coupled with mitochondrial measures and working memory.
Our results reveal that the frequency of MSBs is correlated with
working memory, associated with mitochondrial morphology,
and responsive to estrogen.

Materials and Methods
Monkeys. Rhesus monkeys (Macaca mulatta; total, n � 29) were housed
in colonies of �40 individuals at the California National Primate Re-
search Center at University of California, Davis. Experimental treat-
ments, behavioral data, perfusion protocol, and tissue preparation for
monkeys included in this study have been described in detail previously
(Rapp et al., 2003; Hao et al., 2007; Dumitriu et al., 2010; Hara et al.,

2014). All experiments were conducted in compliance with the NIH
Guide for the Care and Use of Laboratory Animals and were approved by
the Institutional Care and Use Committee at the University of California,
Davis.

Surgically intact monkeys. The surgically intact cohort comprised 7
young adult (10.4 � 0.5 years) and 14 aged (29.0 � 1.1 years) female
rhesus monkeys. None of these monkeys received prior invasive or phar-
macological manipulations expected to influence the cognitive or neu-
robiological measures examined here. Menses status in aged subjects was
determined by daily inspection for vaginal bleeding for 2 years before
perfusion. The average life span of captive rhesus monkeys is under 25
years, and human age equivalence is estimated at a 1:3 ratio (Tigges et al.,
1988). Menopause in rhesus monkeys typically occurs by age 27 years,
later in life relative to humans (Gilardi et al., 1997; Walker and Herndon,
2008). A liberal cycle length (interval between the first days of menses) of
24 – 45 d was used to classify monkeys as premenopausal, as described
previously (Hara et al., 2012b). Because the transition between peri-
menopausal and postmenopausal statuses is difficult to determine with
precision, we adopted the convention of an earlier study (Gilardi et al.,
1997) and classified monkeys in which the cycle length exceeded 45 d as
perimenopausal/postmenopausal. Ovarian status was confirmed by uri-
nalysis of hormonal data for 16 out of 21 monkeys (Hara et al., 2012c).

Ovariectomized monkeys. Eight aged female monkeys (22 � 0.6 years)
classified as premenopausal and perimenopausal underwent bilateral
ovariectomy (OVX) and were randomly assigned to age-matched vehicle
(OVX�V, n � 4) and estradiol (OVX�E, n � 4) groups, as described in
detail previously (Rapp et al., 2003). Briefly, subjects were injected with
ketamine (10 mg/kg, i.m.) and atropine (0.04 mg/kg, s.c.), intubated, and
placed on isoflurane anesthesia. A ventral midline incision was made and
the ovarian vessels and fallopian tubes were isolated, ligated, and severed.
After the ovaries were removed, the abdominal wall was closed. Monkeys
were observed until responsive, and oxymorphone was administered for
postoperative pain (1.5 mg/kg, i.m., three times per day for 2 d). After a
post-OVX interval of 30 � 1.7 weeks, 100 �g of estradiol cypionate
(Pharmacia) in 1 ml of peanut oil (OVX�E) or 1 ml of peanut oil alone
(OVX�V) was injected intramuscularly every 3 weeks throughout 2–3
years of behavioral testing. Injections were administered by experiment-
ers blind to the group designation of the monkeys.

Behavioral testing. The DR test of visuospatial working memory was
conducted as described in detail previously (Rapp et al., 2003). Monkeys
watched from behind a transparent screen while the left or right well of
the test tray was baited with a food reward. Then, both wells were covered
and the retention interval was imposed by lowering an opaque screen.
When the opaque screen was lifted at the end of the delay interval, the
subject retrieved the reward if the correct location was chosen. During
the acquisition phase, the screen was raised immediately (0 s), and the
monkey continued on this phase until a criterion of over 90% accuracy
was achieved. Next, a retention interval of 1 s was used and when the
monkey reached 90% correct or better, the acquisition phase ended. To
test working memory performance, successively longer retention inter-
vals of 5, 10, 15, 30, and 60 s were imposed (90 trials total at each delay, 30
trials/d). The intertrial interval was set at 20 s, and a white-noise gener-
ator masked extraneous sounds during testing.

In addition to DR, tasks reliant on medial temporal lobe structures
such as the delayed nonmatching-to-sample test of recognition memory
and the two-choice object discrimination test were also conducted as
described previously in detail (Rapp et al., 2003).

In cases where perfusion could not be scheduled soon after completion
of behavioral testing, monkeys continued mock training until the day
before perfusion to avoid testing-induced variability in morphological
measures. ANOVA showed that there were no significant differences
across groups in the amount of time lapsed between the end of behavioral
testing and the perfusion date ( p � 0.05). Furthermore, no correlations
were found between the amount of time lapsed and any of the behavioral
measures obtained ( p � 0.05).

Perfusion and tissue processing. Monkeys were perfused as described
previously (Hara et al., 2014). Briefly, subjects were deeply anesthe-
tized with ketamine hydrochloride (25 mg/kg) and pentobarbital
(20 –35 mg/kg, i.v.), intubated, and mechanically ventilated. After the
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left ventricle of the heart was injected with 1.5 ml of 0.5% sodium
nitrate, the descending aorta was clamped. Surgically naive monkeys
were perfused transcardially with ice cold 1% paraformaldehyde in
0.1 M phosphate buffer (PB), pH 7.2, for 2 min, followed by 4%
paraformaldehyde in 0.1 M PB at 250 ml/min for 10 min, after which
the flow rate was decreased to 100 ml/min for 50 min. Aged ovariec-
tomized monkeys (OVX�V, OVX�E) were perfused with cold 1%
paraformaldehyde/PB for 1 min at 180 ml/min, followed by 4% para-
formaldehyde/PB for 12 min at 200 ml/min. We were unable to add
glutaraldehyde in our perfusate, because the monkey brains were also
used in multidisciplinary collaborative studies where the protocols
were incompatible with glutaraldehyde fixation. Instead, we used glu-
taraldehyde during postfixation before embedding, which allowed
sufficient preservation of ultrastructural morphology that was con-
sistent across monkeys. For postfixation, the PFC subregion includ-
ing the principal sulcus (area 46) was immersed for 6 h in 4%
paraformaldehyde/PB with 0.125% glutaraldehyde. The subregion
was rinsed in PB, and sectioned at 50- and 400-�m-thick sections on a
vibratome (Leica) for confocal and electron microscopy, respectively.

Confocal microscopic analysis of lipofuscin. General oxidative damage
in area 46 layer III was assessed using lipofuscin fluorescence intensity
as described previously (Hara et al., 2014). Because the 50 �m slices
were heavily used and depleted in previous stereological and immu-
nocytochemical studies for many of the subjects, lipofuscin analysis
could only be performed in 8 of the 21 surgically intact monkeys. The
50 �m sections containing area 46 were mounted on glass slides and
coverslipped with Vectashield mounting medium (Vector Laborato-
ries). Images of autofluorescent lipofuscin in layer III of area 46 were
obtained using a Zeiss LSM 780 inverted microscope with an Argon
488-nm wavelength set at 2% laser output, a 40�/1.46 numerical
aperture objective set to a digital zoom of 0.6�, and pixel resolution
set to 1024 � 1024 (12 bit), and line-averaged four times at a pixel
dwell of 3.15 �s. All images were taken at a depth of 10 �m from the
tissue surface and were adjusted for similar gain and offset values.
Three images from area 46 layer III (total area, 0.378 mm 2)
were taken for each of the eight animals. Images were imported into
Adobe Photoshop version CS5 (Adobe Systems), and mean lipofuscin
intensity per pixel was calculated as the average of the three raw
images, after subtracting background intensity (mean intensity of
nine blood vessels or nuclei lacking lipofuscin).

Embedding for electron microscopy. Freeze substitution and low-
temperature embedding of sections from all 29 monkeys were per-
formed as described previously in detail (Hara et al., 2012b). Briefly,
400-�m-thick sections were immersed in increasing concentrations
of cryoprotectant (10, 20, and 30% glycerol in PB) and then plunged
in liquid propane cooled by liquid nitrogen (�190°C) in a Universal
Cryofixation System KF80 (Reichert-Jung). Sections were immersed
in 1.5% uranyl acetate in anhydrous methanol (�90°C) for 24 h in a
cryosubstitution Automatic Freeze-Substitution System unit (Leica).
The temperature was raised 4°C/h from �90 to �45°C. At �45°C, the
sections were washed with anhydrous methanol and infiltrated with
Lowicryl HM20 resin (Electron Microscopy Sciences), with a progres-
sive increase in the resin to methanol ratio for 1 h each, followed by
pure Lowicryl overnight. Resin polymerization was achieved with UV
light (360 nm) at �45°C for 48 h, followed by 24 h at room temper-
ature. Fifteen or more consecutive ultrathin sections were cut into
80-nm-thick sections using a Diatome diamond knife and mounted
on each formvar/carbon-coated slot grid (Electron Microscopy
Sciences).

Electron microscopic analysis of axonal boutons and residing mitochon-
dria. All electron microscopic imaging and axonal/mitochondrial analy-
ses were performed by the same examiner, blind to the group designation
and behavioral performance. For each of the 29 monkeys, five series of 15
consecutive ultrathin sections were imaged at 2500� on a Hitachi H-7700
electron microscope (Hitachi High Technologies America) with an AMT
Advantage CCD camera (Advanced Microscopy Techniques), using a
systematic-random approach. To ensure that images were taken from layer
III of area 46, images were captured only between 250 and 350 �m from the
layer I (acellular) and II (cell-rich) intersection, and areas that contained cell

bodies and blood vessels were excluded. The electron micrographs were
adjusted for brightness and sharpness with Adobe Photoshop (version CS5).
Three-dimensional reconstructions of a subset of axonal boutons, presyn-
aptic mitochondria, and associated postsynaptic partners were performed
using Reconstruct, an open source software developed by Dr. Kristen Harris
(University of Texas at Austin, Austin, TX) and her laboratory (version
1.1.0.0; http://synapses.clm.utexas.edu).

First, an unbiased stereological approach was used to measure area 46
bouton density. For each series, a square grid of 2.29 � 2.29 �m was
drawn using the Photoshop ruler guide tool (Adobe Systems), which
applied to all 15 sections. Boutons were identified across the 15 serial
sections and counted if (1) they were fully contained within the volume
examined or (2) if they were transected by section 1 and/or the left grid
and/or the bottom grid, while not coming in contact with any of the
following: section 15, the right grid, or the top grid. The total volume
examined per monkey for this volumetric analysis was 31.46 �m 3, and
the total number of boutons included in this analysis for each experimen-
tal group was 130 for the young premenopausal group, 81 for the aged
premenopausal group, 159 for the aged perimenopausal/postmeno-
pausal group, 77 for the aged OVX�V group, and 69 for the aged
OVX�E group.

Next, analysis of presynaptic connectivity was performed as described
in our prior work (Hara et al., 2011) and was consistent with methods
used by other groups (Woolley et al., 1996). Unlike dendritic spines with
electron-dense postsynaptic densities, axon terminals do not contain a
visually distinct counting unit that can be used in a traditional unbiased
disector method. Therefore, we used the middle eighth section in each
series as a reference section (Fig. 1) and all presynaptic boutons contain-
ing at least three synaptic round vesicles that were transected in this
middle section were identified and analyzed. This method allowed us to
follow each bouton to its fullest extent across 15 serial sections, where
every single synaptic contact and mitochondria could be accurately iden-
tified in the vast majority of cases. While this method is subject to bias,
the density of boutons captured in the eighth section strongly correlated
with the volumetric bouton density obtained stereologically (Pearson r �
0.545; p � 0.011). Thus, the bias was expected to be largely consistent
across subjects. On average, 150 boutons were identified and analyzed
per monkey using this approach. Each bouton was followed throughout
the 15 serial sections and the following morphological characteristics
were noted: (1) the number of synaptic contacts it formed [0, nonsynap-
tic boutons (NSBs); 1, single-synaptic boutons (SSBs); 2�, MSBs]; (2)
the type of synaptic contact it formed (axospinous vs axodendritic); and
(3) the number and morphology of mitochondria it contained. Synaptic
contacts were not classified further into asymmetric (excitatory) or sym-
metric (inhibitory) configurations; however, it is well established that the
great majority (�87%) of boutons forming synapses in this brain region
are asymmetric (Peters et al., 2008). Presynaptic mitochondria were clas-
sified into three basic shapes (straight, curved, and donut), as described
previously (Hara et al., 2014). Curved mitochondria were bent �90 de-
grees, while donut (toroidal) mitochondria were ring shaped. All other
mitochondria were classified as straight. Volumes of 50 randomly chosen
boutons per monkey were estimated by determining the cross-sectional
areas of the boutons using the Adobe Photoshop lasso tool (Adobe Sys-
tems) in each section and multiplying the total area by the section thick-
ness. In all monkeys examined, regardless of age, menses status, or
treatment, only 6 –14% of area 46 boutons extended beyond the 15 serial
sections used in the analyses. Because the proportions of boutons extend-
ing beyond the 15 serial sections were similar across groups (ANOVA,
p � 0.05), all boutons were included in the analyses so as not to prefer-
entially exclude large boutons. The total volume of area 46 layer III
examined per monkey for these synaptic and mitochondrial analyses was
517.84 �m 3.

Statistical analyses. SPSS 11.0 was used for all statistical analyses.
The behavioral and morphological data were not significantly differ-
ent from a normal distribution ( p � 0.05, one-sample Kolmogorov–
Smirnov test), and, accordingly, parametric statistics were used to test
for potential differences across groups. One-way and repeated mea-
sures ANOVA were used to determine whether cognitive task acqui-
sition and accuracy differed across groups according to age, menses
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status, or treatment. Multivariate ANOVA (MANOVA) followed by
Tukey’s post hoc test probed potential effects of group morphological
measures while controlling for multiple comparisons. The surgically
intact cohort and the ovariectomized cohort were analyzed separately
for group comparisons to examine each variable (age, menses status,
treatment) separately without overcorrecting for multiple compari-
sons. Two-way MANOVA, followed by Tukey’s post hoc test was used

to determine whether morphological measures differed between
groups or by types of synaptic contact. Pearson correlations were used
to evaluate potential relationships between morphological indices
and behavioral measures. Correlations that were significant across all
subjects were further assessed within young and aged groups sepa-
rately to test whether correlations persisted independent of age. The �
level was set at 0.05 for statistical significance. Observed power in

Figure 1. Characterization of area 46 axonal boutons and residing mitochondria using 15 serial section electron micrographs and 3D reconstruction. The middle section (8) outlined in yellow was
used as a reference section. Presynaptic boutons transected in this middle section were identified and followed throughout the series. All excitatory asymmetric synaptic contacts consisting of a thick
postsynaptic density (PSD; red arrows) were marked. Bouton A (blue) contains a curved mitochondrion (green) and forms multisynaptic contacts with a dendritic shaft (pink, sections 1–15) and a
dendritic spine with a perforated PSD (orange, sections 9 –15). Bouton B (purple) contains a donut-shaped mitochondrion (orange) and forms a single-synaptic contact with a dendritic spine (yellow,
sections 1– 6). Scale bar, 500 nm.
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ANOVA were determined to confirm that the sample size was suffi-
cient to support the data.

Results
Behavioral characterization
DR data for all of the monkeys included in the present study have
been presented in detail previously (Rapp et al., 2003; Dumitriu
et al., 2010; Hara et al., 2014). No significant effects of age, menses
status, or treatment were observed with the number of trials to
reach task acquisition criterion of 90% or above accuracy (p �
0.05; Fig. 2A), consistent with the literature reporting that aged
and menopausal monkeys are able to acquire the task and are
minimally impaired at very short delays of 0 and 1 s (Rapp and
Amaral, 1989; Rapp et al., 2003). When working memory was
subsequently challenged with successively longer delays (5– 60 s),
repeated measures ANOVA showed a significant main effect of
delay (F(4,96) � 53.109, p � 2.34 � 10�25, observed power �
1.000) and a trend for a main group effect (F(4,96) � 2.322, p �
0.08) in the absence of a group by delay interaction (p � 0.05; Fig.

2B). The group effect and post hoc tests did not reach statistical
significance due to a large variability within groups and an overall
poorer than expected performance of young subjects compared
to what has been reported previously (Bachevalier et al., 1991;
Rapp et al., 2003). However, naturally and surgically menopausal
(aged OVX�V) monkeys performed numerically worse than
premenopausal and estradiol-treated (Aged OVX�E) monkeys
(Fig. 2B), consistent with previous findings (Roberts et al., 1997).

Menopause-related differences in synaptic characteristics of
area 46 axonal boutons
As recurrent firing of dlPFC neurons is critical for working mem-
ory (Funahashi et al., 1989; Goldman-Rakic, 1995), we examined
whether characteristics of presynaptic inputs to these neurons are
altered with aging, menopause, or estrogen treatment. First, an
unbiased stereological approach was used to determine bouton
density per volume for each subject. One-way ANOVA showed a
lack of age, menses status, or treatment effect on the total number
of boutons observed per unit volume (ANOVA, p � 0.05 for each
condition; Fig. 3A).

We next examined whether types of axonal contacts in area 46
differed by age, menses status, or treatment. In all groups, the vast
majority of boutons made single-synaptic contacts (SSBs;
�80%), whereas NSBs and MSBs were less frequently observed.
In the ovary-intact cohort, multivariate ANOVA revealed a sig-
nificant menopause effect in the percentage of NSBs such that
aged perimenopausal/postmenopausal monkeys had a signifi-
cantly higher percentage compared to aged premenopausal mon-
keys (F(2,36) � 3.934; p � 0.038; observed power, 0.631; Tukey’s
post hoc test, p � 0.030; Fig. 3A). No group effects were observed
in the frequency of SSBs (p � 0.05). In the aged ovariectomized
cohort, a treatment effect was observed in the percentage of MSBs
such that vehicle-treated monkeys had approximately half the
proportion of MSBs compared to estradiol-treated monkeys
(F(1,6) � 13.825; p � 0.01; observed power, 0.87; Fig. 3B).

We showed previously that normal aging and surgical meno-
pause result in significant reductions in dendritic spines on layer
III area 46 neurons (Hao et al., 2007; Dumitriu et al., 2010).
Therefore, we classified MSBs based on whether they formed
axospinous or axodendritic contacts to examine whether one
type was more vulnerable to the effects of aging or menopause
than the other. Although multivariate ANOVA failed to show age
or natural menopause effects (p � 0.05), a significant treatment
effect was observed in the density of MSBs forming one or more
axospinous contacts such that vehicle-treated monkeys had only
half of the density of axospinous MSBs compared to estradiol-
treated monkeys (F(1,6) � 17.643; p � 0.006; observed power,
0.935; Fig. 3C). The densities of MSBs forming one or more axo-
dendritic contacts were not significantly different across age,
menses status, or treatment groups (p � 0.05).

We then examined whether morphological characteristics of
NSBs, SSBs, and MSBs are different from one another. A two-way
MANOVA showed a significant main effect of synaptic contact
type (NSB, SSB, and MSB) on axonal bouton volume (F(8,168) �
19.791; p � 5.39 � 10�7; observed power, 1.000) and average
mitochondrial count (F(8,168) � 41.21; p � 1.32 � 10�12; ob-
served power, 1.000; Fig. 3D) in the absence of a group effect or a
group by synaptic type interaction (p � 0.05). Tukey’s post hoc
tests revealed that MSBs were significantly larger and contained
more mitochondria than SSBs (volume, p � 0.006; mitochon-
dria, p � 3.94 � 10�7) or NSBs (volume, p � 1.29 � 10�8;
mitochondria, p � 5.10 � 10�9), and SSBs were larger and con-
tained more mitochondria than NSBs (volume, p � 0.0002; mi-

Figure 2. Behavioral measures across groups designated by age, menses status, and treat-
ment. A, Number of trials to reach the DR acquisition criterion at 0 and 1 s delay intervals. B,
Average DR accuracy across delay intervals of 5– 60 s. Young, n � 7; aged premenopausal, n �
5; aged postmenopausal, n � 9; aged OVX�E, n � 7; aged OVX�V, n � 7. Data are expressed
as mean � SEM.
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tochondria, p � 0.0003). Regardless of age, menses status, or
treatment (group effect, p � 0.05), MSBs contained predomi-
nantly straight mitochondria (82.8%), whereas curved (10.6%)
and donut-shaped mitochondria (6.6%) were infrequently ob-
served (Fig. 3E).

The average number of synaptic contacts per MSB was not
significantly different across age, menses status, or treatment
groups (p � 0.05). The vast majority of MSBs in the dlPFC
formed two synaptic contacts (408 of 449, 90.9%), 8.46% (38 of
449) formed three contacts, and 0.67% (3 of 449) formed four
contacts (seen only in 3 of 29 monkeys); MSBs with over four
contacts were not observed.

Relationship between working memory, MSBs, and
mitochondrial morphology
Last, we examined possible relationships between area 46 presyn-
aptic measures and the integrity of working memory, as mea-
sured by DR average accuracy across 5– 60 s delay intervals.
Variability in working memory scores across young and aged
premenopausal and postmenopausal subjects allowed for testing
potential synaptic measures that are coupled to individual differ-

ences in cognitive function known to depend on the dlPFC. Be-
cause of the limited number of subjects and the risk of
overcorrection, bivariate correlation analyses were not corrected
for multiple comparisons. However, the nine total significant
correlations observed in this study greatly exceeded that pre-
dicted by chance (1.05 � 21 � 0.05).

First, Pearson correlation revealed a positive correlation be-
tween DR average accuracy and the frequency of MSBs (n � 29;
r � 0.403; p � 0.03; Fig. 4A), but not with the percentages of NSBs
or SSBs (p � 0.05). This relationship between MSB frequency
and working memory performance was pronounced when the
analysis was confined to aged monkeys (n � 22; r � 0.627; p �
0.002), but was not significant in the young group (p � 0.05).
When axospinous and axodendritic MSBs were examined sepa-
rately, working memory performance positively correlated with
axospinous MSBs (n � 29; r � 0.405; p � 0.029), but not with
axodendritic MSBs (p � 0.05). MSB frequency did not correlate
with acquisition scores for the DR task (number of trials to crite-
rion), or with performance on other tests of learning and mem-
ory (e.g., delayed nonmatching-to-sample test, p � 0.05 for all;
data not shown). Together, our data suggest that the observed

Figure 3. Synaptic characteristics of monkey area 46 axonal boutons by age, menses status, and treatment. A, Area 46 bouton density per cubic micrometer. B, Proportions of NSBs, SSBs, and
MSBs. C, The areal density of MSBs contacting one or more dendritic spines. D, The average number of mitochondria in NSBs, SSBs, and MSBs. E, The average number of straight (St), curved (Cv), and
donut-shaped (Dn) mitochondria in MSBs. Data are expressed as group means � SEM for A–D, and means � SEM collapsed across groups for E. Young, n � 7; aged premenopausal, n � 5; aged
postmenopausal, n � 9; aged OVX�E, n � 4; aged OVX�V, n � 4. *p 	 0.05; **p 	 0.01.
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correlations with MSBs are selective for dlPFC-associated work-
ing memory function.

As MSBs had larger volumes and contained more mitochon-
dria, we examined the relationship between the frequency of
MSBs and mitochondrial morphology. We reported previously
that working memory performance positively correlates with the
number of healthy straight mitochondria in area 46 boutons,
whereas it inversely correlates with the number of malformed
donut-shaped mitochondria (Hara et al., 2014). In addition,
boutons containing donut-shaped mitochondria had smaller ac-
tive zones and fewer docked synaptic vesicles compared to those
housing straight mitochondria. Here, we observed that MSB fre-
quency positively correlated with the average number of straight
mitochondria per bouton (n � 29; r � 0.494; p � 0.006; Fig. 4B).
This correlation was particularly strong when the analysis was
confined to aged subjects (n � 22; r � 0.750; p � 0.00006) and
was not significant in the young group (p � 0.05). This relation-
ship was not driven by bouton size alone, as the average bouton
volume failed to correlate with the number of total or straight
mitochondria (p � 0.05), and the correlation between MSB fre-
quency and straight mitochondria persisted after accounting for
bouton volume (straight mitochondria/bouton volume; n � 29;
r � 0.489; p � 0.024). In contrast, a significant inverse correlation
was observed between MSB frequency and the average number of
presynaptic donut-shaped mitochondria (n � 29; r � �0.564;
p � 0.001; Fig. 4C), a morphological correlate of oxidative stress

(Liu and Hajnóczky, 2011). This correla-
tion too, was robust when aged subjects
were considered alone (n � 22; r �
�0.752; p � 0.00005) and was not driven
by bouton volume (p � 0.05).

Lipofuscin is an autofluorescent
accumulation of nondegradable material
largely composed of oxidatively damaged
proteins and membrane lipids that, in
turn, generates increased levels of reac-
tive oxygen species (Terman and Brunk,
2006). Although not specific to presynap-
tic boutons, general oxidative damage in
area 46 layer III was assessed using lipo-
fuscin fluorescence intensity in 8 of the
ovary-intact monkeys. Consistent with
the strong relationship between MSBs and
mitochondrial health, MSB frequency in-
versely correlated with the amount of li-
pofuscin (n � 8; r � �0.749; p � 0.033;
Fig. 4D).

Together, our data suggest that main-
tenance of multisynaptic connections is
energy demanding and is coupled to
presynaptic mitochondrial health and is
likely impeded by oxidative stress.

Discussion
MSB abundance was not altered by nor-
mal aging or natural menopause, but
was significantly correlated with better
working memory performance. In addi-
tion, MSB frequency decreased with
surgical menopause (OVX) in aged
monkeys but was restored with cyclic es-
tradiol treatment (Fig. 5). Notably, the
frequency of MSBs positively correlated
with the number of healthy straight mi-

tochondria and inversely correlated with the incidence of
malformed donut-shaped mitochondria in dlPFC boutons.
Together, our results suggest that MSBs are coupled to cogni-
tive function and mitochondrial health and are sensitive to
estrogen.

Methodological considerations
One limitation to our experimental design is that the ultra-
structural data could only be obtained at a single time point, at
postmortem, and therefore we were unable to establish a cause
and effect relationship between our morphological data and
the behavioral measures. However, the data we present here
offer valuable information. Because both cognitive and mor-
phological data were obtained from the same monkeys, we
were able to test whether individual differences in working
memory are coupled to select neurobiological parameters. In
addition, we examined the effects of estrogen administration
in aged ovariectomized animals to directly test whether a
treatment known to improve working memory also influences
presynaptic organization.

With regards to synaptic morphological analyses, serial sec-
tion electron microscopy used in this study has major advantages
over confocal, two-photon, and even single-section electron mi-
croscopy. The method used in this study is the only approach
allowing high enough resolution in 3D for accurate and detailed

Figure 4. Relationships between working memory, MSBs, and mitochondrial morphology. A, A significant positive correlation
is seen between the proportion of MSBs and DR average accuracy. B, C, MSB frequency positively correlates with the average
number of presynaptic straight mitochondria (B) and inversely correlates with the average number of presynaptic donut-shaped
mitochondria (C). D, MSB frequency inversely correlates with general oxidative damage in the dlPFC, as measured by lipofuscin
autofluorescence intensity (arbitrary unit). For A–C, young, n � 7; aged premenopausal, n � 5; aged postmenopausal, n � 9;
aged OVX�E, n � 4; aged OVX�V, n � 4. For D, young, n � 2; aged premenopausal, n � 4; aged postmenopausal, n � 2.
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assessment of synaptic organizations and
mitochondrial morphology.

Synaptic characteristics of monkey
dlPFC axonal boutons: comparisons to
hippocampal boutons
We discovered that in the monkey dlPFC,
only 10% of boutons was multisynaptic,
and SSBs comprised the vast majority
(over 80%) regardless of age, menses sta-
tus, or treatment. This percentage was
markedly smaller compared to the mon-
key hippocampal dentate gyrus (DG),
where �40% of boutons was multisynap-
tic (Hara et al., 2011). The maximum
number of synaptic contacts per MSB was
also different between these two brain re-
gions. In the dlPFC, the majority of MSBs
made only two contacts (90.9%), and only
3 out of 29 monkeys exhibited an MSB
forming four synaptic contacts, which was
the highest observed in this brain region.
In contrast, the maximum number of
contacts observed in the monkey DG was
six, and every single monkey had at least a
few MSBs contacting four or more post-
synaptic partners (Hara et al., 2011).
These findings may reflect the significantly lower spine density in
the dlPFC compared to the DG (Dumitriu et al., 2010; Hara et al.,
2012b) and suggest that synaptic connections in the dlPFC may
be less complex, but more specific, with the majority of axonal
boutons faithfully associated with a single postsynaptic partner.
The distinct patterns of synaptic organization appear consistent
with their differing functional roles. The dlPFC is critical in pre-
serving spatiotemporal fidelity of ongoing experience (Funahashi
et al., 1989; Wang et al., 2011). In contrast, the DG is involved in
pattern separation, where small changes in the perforant path
input from the entorhinal cortex can result in large changes in
activation patterns of DG neurons (Neunuebel and Knierim,
2014; Newman and Hasselmo, 2014).

Shifts in area 46 presynaptic connectivity with menopause:
implications for natural versus surgical menopause
One of our key findings was that MSBs in the dlPFC, and in
particular axospinous MSBs, were sensitive to surgical meno-
pause. Ovariectomized aged monkeys had less than half of these
MSBs, whereas estradiol replacement in these monkeys restored
MSB levels to those comparable to young and aged surgically
intact premenopausal monkeys. The sensitivity of MSBs to estro-
gen is consistent with studies in the rat hippocampal CA1 (Wool-
ley et al., 1996). In the rat CA1, the vast majority of MSBs form
synapses with spines on multiple postsynaptic neurons rather
than on spines within the same neurons (Yankova et al., 2001). If
this pattern of synaptic connectivity is also present in MSBs of the
monkey dlPFC, then surgical menopause may significantly re-
duce the level of complexity in the prefrontal neuronal circuit.

Interestingly, this drop in MSBs was not seen in monkeys that
underwent natural menopause. Instead, NSBs were increased
with natural menopause by over twofold. NSBs are capable
of forming and releasing neurotransmitters (Henrikson and
Vaughn, 1974; Prokop et al., 1996; Krueger et al., 2003) and are
likely to be in transition into, or retraction from, functional con-
nections (Gogolla et al., 2007). Thus, this increase in NSBs may

suggest a menopause-related decrease in synaptic formation, sta-
bilization, turnover, or a combination of all.

Collectively, our results are compatible with the literature sug-
gesting that the abrupt loss of estrogen induced by surgical meno-
pause results in morphological and molecular consequences
distinct from those seen with natural menopause (Higaki et al.,
2012; Hara et al., 2015). For example, we previously observed a
significant increase in pathological donut-shaped mitochondria
in dlPFC boutons of aged surgically menopausal monkeys that
was not evident in naturally menopausal monkeys (Hara et al.,
2014). These divergent trajectories between natural versus surgi-
cal menopause are also apparent in the clinical literature assessing
cognitive functions. Women who undergo surgical menopause
(oophorectomy) have an increased risk in developing cognitive
impairment and dementia later in life (Sherwin, 1988; Rocca et
al., 2007), whereas women undergoing the natural menopausal
transition experience temporary and modest cognitive deficits
(Henderson et al., 2003; Kok et al., 2006; Greendale et al., 2009;
Epperson et al., 2013).

Relationships between area 46 presynaptic connectivity,
mitochondria, and working memory
Although the incidence of MSBs in the dlPFC was not signifi-
cantly different as a function of age, it positively correlated with
the status of working memory, particularly among aged subjects.
A previous rat study has shown that MSBs are increased in the
hippocampal CA1 after associative learning (Geinisman et al.,
2001). Our correlation with MSBs was specific to working mem-
ory function reliant on the integrity of dlPFC and not associated
with hippocampus-dependent recognition memory. Thus, our
finding is the first to document a potential role of MSBs in the
PFC and its related cognitive functions.

We also revealed that the frequency of MSBs positively corre-
lated with the average number of healthy straight mitochondria
in dlPFC boutons and inversely correlated with the number of
donut-shaped mitochondria, which are associated with oxidative
stress (Liu and Hajnóczky, 2011). In addition, MSBs were signif-

Figure 5. A schematic diagram illustrating estradiol effects on working memory, MSBs, and mitochondrial morphology in the
monkey area 46. Abrupt loss of estrogen in aged monkeys results in working memory impairment and a concomitant loss of MSBs.
The incidence of MSBs was positively correlated with the number of healthy straight mitochondria in boutons, whereas it was
inversely correlated with the number of pathological donut-shaped mitochondria, a mitochondrial shape associated with smaller
synaptic contacts and fewer docked synaptic vesicles (Hara et al., 2014). Cyclic unopposed estradiol treatment in aged ovariecto-
mized monkeys restores working memory, MSBs, and mitochondrial morphology.
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icantly larger than other bouton subtypes and contained pre-
dominantly healthy straight mitochondria, while curved and
donut-shaped mitochondria were rarely present. These findings
are consistent with our previous work showing that dlPFC bou-
tons containing donut-shaped mitochondria formed abnormally
small synaptic contacts, as indicated by small active zone areas
and few docked synaptic vesicles (Hara et al., 2014). Our data
suggest that sustaining multisynaptic connections may be energy
demanding and may rely on abundant healthy mitochondria and
low oxidative stress within the dlPFC. As observed in our ovari-
ectomized monkeys, maintenance of MSBs may be especially
challenging during menopause as perimenopausal women expe-
rience hypometabolism in cortical regions according to PET im-
aging studies (Rasgon et al., 2005; Rasgon et al., 2014; Brinton et
al., 2015).

Implications
While our data demonstrate correlations and not causations, one
potential hypothesis emerging from this work is that abundant
healthy presynaptic mitochondria and low oxidative stress may
support the formation and/or maintenance of MSBs that may, in
turn, preserve working memory function during aging and
menopause. Consistent with the wide variability of working
memory performance exhibited by aged monkeys in our study
and elsewhere (Bachevalier et al., 1991; Voytko and Tinkler,
2004), cognitive decline with aging or menopause is prevalent but
not inevitable. Synaptic and metabolic dynamics within the
dlPFC may be among the factors responsible for the cognitive
reserve (Stern, 2012) or resilience (Terracciano et al., 2013) that
confers protection against decline in many aged individuals.
Thus, early interventions targeted at maintaining these parame-
ters may offer effective protection against age- and menopause-
related cognitive dysfunction.
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