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Introduction

Direct analysis of the human brain is essential for iden-
tifying its normal features, and for characterizing neu-
ral alterations associated with psychiatric and 
neurological disorders. Studies of postmortem human 
brain tissue provide molecular, structural, and circuitry 
levels of resolution not currently possible in studies of 
living subjects,1–3 and results of these types of studies 
are integral for advancing our understanding of, and 
developing new treatments for, human brain disease.4

Electron microscopy (EM) methods provide a pow-
erful tool for assessing the detailed organization of 
brain tissue.5 Indeed, EM provides the finest micro-
scopic resolution available, and can be used to directly 
examine individual neuronal profiles, such as dendritic 

spines and axon terminals, as well as the organelles 
and synaptic structures within discrete neuronal pro-
files.5 As synaptic and/or organelle alterations are 
thought to contribute to many brain disorders,6 appli-
cation of EM techniques to postmortem human brain 
tissue is essential for providing robust characteriza-
tions of both the healthy and diseased states.

Despite these advantages, EM studies of post-
mortem human brain are rare, in part due to practical 
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Summary
Electron microscopy (EM) studies of the postmortem human brain provide a level of resolution essential for 
understanding brain function in both normal and disease states. However, processes associated with death can 
impair the cellular and organelle ultrastructural preservation required for quantitative EM studies. Although 
postmortem interval (PMI), the time between death and preservation of tissue, is thought to be the most influential 
factor of ultrastructural quality, numerous other factors may also influence tissue preservation. The goal of the 
present study was to assess the effects of pre- and postmortem factors on multiple components of ultrastructure 
in the postmortem human prefrontal cortex. Tissue samples from 30 subjects were processed using standard 
EM histochemistry. The primary dependent measure was number of identifiable neuronal profiles, and secondary 
measures included presence and/or integrity of synapses, mitochondria, and myelinated axonal fibers. Number 
of identifiable neuronal profiles was most strongly affected by the interaction of PMI and pH, such that short 
PMIs and neutral pH values predicted the best preservation. Secondary measures were largely unaffected by pre- 
and postmortem factors. Together, these data indicate that distinct components of the neuropil are differentially 
affected by PMI and pH in postmortem human brain. (J Histochem Cytochem 67:185–202, 2019)
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limitations associated with preserving human brain 
tissue in a manner ideal for ultrastructural studies. 
For example, brain tissue for EM studies in experi-
mental animal models is perfusion-fixed with no 
postmortem interval (PMI, time between death and 
tissue preservation) to help ensure that proteins 
and lipids are stabilized before any degradation can 
occur.7,8 However, human postmortem brain sam-
ples can be associated with PMIs of hours to days, 
and perfusion-fixation of human brain is exception-
ally rare. Despite these challenges, qualitative and 
quantitative EM studies of postmortem human brain 
tissue have been performed in immersion-fixed 
samples with PMIs ranging from 4 to 100 hr,9,10–16 
though the presence of postsynaptic densities 
(PSD), myelin sheaths, and mitochondria appear  
to be the measures most resilient to extended 
PMIs.9,12–15,17

Moreover, other pre- and postmortem factors can 
affect tissue and ultrastructure quality other than 
PMI.3,18–20 For example, experimental models show 
that acidic pH values are associated with swelling of 
neuronal processes and mitochondria,18 and acidic 
brain pH may reflect hypoxia or lactic acidosis pro-
cesses occurring pre- and perimortem20–22 which 
can negatively impact general tissue preservation. 
Unlike experimental animal models, human brain tis-
sue collected postmortem may be associated with 
one or more of these factors which likely interact to 
affect ultrastructural preservation of neurons and 
their organelles.

To determine how pre- and postmortem subject and 
tissue factors affect ultrastructural preservation in 
human brain tissue, we performed quantitative EM 
analyses of dorsolateral prefrontal cortex (DLPFC) tis-
sue from 30 subjects. Presence and integrity of (1) 
neuronal profiles, (2) synaptic structures, (3) mito-
chondria, and (4) myelinated axons were quantified. 
The relationships between each of these measures 
and (1) premortem factors of age, sex, brain tissue pH, 

lifetime history of a psychiatric disorder, and cause of 
death; and (2) postmortem factors of PMI and tissue 
storage time were investigated.

Materials and Methods

Subjects

Brain specimens (N = 30) were obtained during 
autopsies conducted at the Allegheny County Medical 
Examiner’s Office (Pittsburgh, PA) after obtaining 
consent for donation from the next-of-kin.23 The pro-
cedures were approved by the University of 
Pittsburgh’s Committee for the Oversight of Research 
and Clinical Training Involving Decedents, and the 
Institutional Review Board for Biomedical Research. 
Only subjects who died by accident, natural causes, 
or suicide, suddenly and out-of-hospital, with no evi-
dence of an agonal state, are included. Each cadaver 
was placed in cold storage before brain removal, and 
extracted brains remained chilled throughout trans-
port and processing. Subjects were selected for EM 
analysis based on PMI such that at least one sample 
was analyzed for every hour of PMI within the total 
PMI range (5.9–24.3 hr). Summary subject charac-
teristics are presented in Table 1.

Premortem subject factors assessed were age, 
sex, brain tissue pH, cause of death, and lifetime his-
tory of a psychiatric disorder. Brain tissue pH was 
measured in a tissue sample from right frontal pole 
that was fresh-frozen within 1 hr of brain extraction. 
For each subject, 1 g of tissue was excised and 
homogenized (Tissue Tearor 985-370, Biospec 
Products, Bartlesville, OK) at 4C in 10 mL of ddH

2
O at 

7.0 pH. A pH electrode (Orion ROSS Ultra combina-
tion electrode, 8156BNUWP, ThermoFisher Scientific, 
Waltham, MA) was used to take two readings per 
sample (intraclass correlation coefficient [ICC] = 
0.998, 95% confidence interval [CI]), and the average 
of the two readings was used as the final pH value. 

Table 1.  Subject Summary Demographic Characteristics.

Characteristic All Subjects Unaffected Subjects Affected Subjects

Number 30 12 18
Age, years 48.8 ± 10.7 (22–64) 52.2 ± 7.7 (39–62) 46.6 ± 11.9 (22–64)
Sex 23M, 7F 10M, 2F 13M, 5F
Race 22W, 7B 6W, 5B 16W, 2B
PMI, hours 13.0 ± 5.3 (5.9–24.3) 10.7 ± 4.9 (5.9–19.8) 14.5 ± 5.1 (8.3–24.3)
PFC pH 6.7 ± 0.3 (6.0–7.1) 6.7 ± 0.4 (6.0–7.1) 6.6 ± 0.3 (6.2–7.1)
Storage time, days 246.0 ± 296.1 (3–773) 317.8 ± 320.2 (4–729) 198.11 ± 277.7 (3–773)

Values are mean ± standard deviation (range). Unaffected subjects had no lifetime history of a psychiatric or neurodegenerative disorder. The race of 
one subject was unknown. Abbreviations: M, male; F, female; W, white; B, black; PMI, postmortem interval; PFC, prefrontal cortex.
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Although brain pH is measured postmortem, it indexes 
pre- and perimortem factors that can cause acidosis 
within the brain.3 Because all included subjects died 
without evidence of an agonal state, previously 
reported scoring systems of agonal state20,24 are not 
applicable to the current study. However, to assess 
how different causes of death may affect tissue pres-
ervation, subjects were classified into three groups 
based on the cause of death determined by the 
Medical Examiner. Subjects with self-inflicted gun-
shot wound or violent blunt force trauma cause of 
death were classified as “trauma.” Subjects with a 
cardiac-related cause of death were classified as 
“cardiac.” Subjects with drug- or alcohol-related 
causes of death were classified as “substance use.” 
Subjects that had other causes of death (electrocu-
tion [n  =  1], gastrointestinal hemorrhage [n  =  1], 
asphyxia [n  =  2], or undetermined [n  =  2]) were 
excluded from the cause of death analysis. 
Neuropathological exam did not reveal evidence of 
neurodegenerative disease in any subject. An inde-
pendent committee of experienced research clini-
cians rendered Diagnostic and Statistical Manual of 
Mental Disorders (4th ed.; DSM-IV)25 diagnoses for 
each subject using the results of structured interviews 
with next-of-kin and/or available medical records.23

Postmortem subject factors assessed were PMI 
and tissue storage time. PMI was calculated as the 
time in hours between death and tissue fixation, and 
tissue storage time was calculated as the number of 
days between sectioning via vibratome and histology.

Tissue Preparation for Electron Microscopy

A coronal block of DLPFC area 4626 was cut at approx-
imately 1 cm thickness, and immersed in a solution of 
4% paraformaldehyde and 0.2% glutaraldehyde (pH 
7.2–7.4) for 24 hr at room temperature, followed by 24 
hr at 4C. The tissue block was then rinsed in 0.1 M 
phosphate buffer (PB) and sectioned at 50 µm thick-
ness using a vibratome (VT 1000P, Leica, Wetzlar, 
Germany). Tissue sections were stored in a cryopro-
tectant solution containing 30% ethylene glycol and 
30% glycerol at −30C until histology processing.

Histochemistry

One section was processed from each subject. In 29 of 
30 subjects, the selected section was within 300 µm of 
a rostral or caudal face of the tissue block, and in one 
subject, the tissue section was within 1.2 mm. Sections 
were rinsed in 0.1 M PB to remove cryoprotectant solu-
tion, and then postfixed in 1% osmium tetroxide for 60 
min. After rinsing, tissue sections were dehydrated in 

ascending ethanol concentrations, including en bloc 
staining with 1% uranyl acetate in 70% ethanol. Tissue 
sections were further dehydrated with propylene oxide, 
and then incubated overnight in a 1:1 mixture of propyl-
ene oxide and EMbed resin (Electron Microscopy 
Sciences, Hatfield, PA, Catalog Numbers: 10900, 
13710, 14900, 11400). Tissue sections were then 
embedded in 100% EMbed resin for 3 hr, mounted onto 
glass slides coated with liquid release (Electron 
Microscopy Sciences, Catalog Number: 70880), and 
incubated for 2 days at 60C to permit polymerization of 
resin.

Ultrastructural Analysis of Material

A sample from DLPFC gray matter was excised and 
glued to a resin block. Samples were chosen between 
layers superficial 3 and superficial 6, but most samples 
were taken from layers 3 to 4 (n  =  25). Samples were 
cut at 80 nm thickness, collected on formvar-/carbon-
coated copper slot grids (Electron Microscopy Sciences, 
Catalog Number: FCF2010-CU), and examined on a 
JOEL JEM 1011 transmission electron microscope 
(JEOL, Peabody, MA) with a side-mounted Hamamatsu 
ORCA-HR digital camera system (Hamamatsu USA, 
Bridgewater, NJ) using AMT 2k software (Advanced 
Microscopy Techniques, Danvers, MA). The tissue-resin 
interface at one edge of an ultrathin section was identi-
fied, the field of view was moved into the tissue away 
from the interface by approximately 5 µm, and then five 
electron micrographs at the same approximate tissue 
depth were digitally imaged and captured at X25,000. 
Each electron micrograph was taken immediately adja-
cent to the previous, and only areas with cell bodies 
were avoided so that neuropil was captured. Each elec-
tron micrograph was divided into four equal quadrants, 
and two quadrants per micrograph were randomly 
selected for analysis using a random number generator. 
Each quadrant represented 16 µm2 for a total of  
160 µm2 analyzed per subject.

Within each quadrant, neuronal profiles were identi-
fied based on established criteria.5 Profiles were clas-
sified as axon terminals, myelinated axons, dendritic 
shafts, or dendritic spines (Fig. 1). Axon terminals con-
tain synaptic vesicles, may form synaptic contacts, 
and may contain mitochondria. Myelinated axons have 
a central axonal structure surrounded by oligodendro-
cyte processes which form the characteristic myelin 
sheath. Dendritic shafts may contain microtubules and 
mitochondria, do not contain synaptic vesicles, and 
may receive synaptic contacts. Dendritic spines con-
tain actin and may contain a spine apparatus, may 
receive synaptic contacts, and do not contain mito-
chondria, microtubules, or synaptic vesicles.
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Figure 1.  Representative images from tissue with good ultrastructural preservation. (A) A dendritic spine receiving a Type 1, presum-
ably glutamatergic, synapse from an axon terminal containing numerous vesicles and two mitochondria exhibiting normal morphology. 
Note the perforated postsynaptic density and the extensive spine apparatus (asterisk) within the spine. (B) A dendritic spine protruding 
from the parent dendrite and receiving a Type 1 synapse from an axon terminal. The parent dendrite shows some signs of swelling. (C) 
Dendrite containing two mitochondria with normal morphology and organized microtubules (arrows). (D) Myelinated axons. Note that 
the ultrastructure of the central axons is preserved, but the integrity of the myelin sheaths varies. Myelin sheaths surrounding axons 
1 and 2 are intact, while myelin sheaths surrounding axons 3 to 5 show some evidence of lamellae splitting. (E) A representative field 
of neuropil. Scale bars are 500 nm. Abbreviations: S, spine; m, mitochondrion; AT, axon terminal; D, dendrite; MA, myelinated axon.
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Because insufficient ultrastructural preservation 
impairs the ability of trained raters to identify individual 
components of the neuropil, the number of profiles 
identifiable is a broad measure of ultrastructural pres-
ervation and integrity.7 As such, our primary depen-
dent measure was number of identifiable neuronal 
profiles per 160 µm2 analyzed per subject, excluding 
all axons. The number of neuronal profiles identifiable 
in the total area analyzed was quantified by one inves-
tigator (J.R.G.). The number of profiles identifiable in 
half of the total area analyzed were quantified again to 
obtain intra-rater reliability (ICC  =  0.995, 95% CI) and 
quantified again by another investigator (A.K.) to cal-
culate inter-rater reliability (ICC  =  0.97, 95% CI).

Secondary measures of ultrastructural preservation 
included counts of PSD which reflect Type 1 asymmet-
ric synapses27 and mitochondria, as well as PSD length 
and the g-ratio of myelinated axons.28,29 All structures 
were identified based on established criteria5 within the 
same quadrants analyzed for the primary output mea-
sure. PSD are electron-dense bands present at the syn-
aptic contact within the postsynaptic structure, and only 
PSD reflecting Type 1 asymmetric synaptic contacts 
were counted. Mitochondria are discrete organelles 
defined by the presence of a double membrane and the 
presence of an internal cristae and matrix. PSD and 
mitochondria located in any profile, irrespective of 
whether that profile could be identified, were included in 
these analyses. The counting analysis of PSD and mito-
chondria was performed as described for neuronal pro-
files, and both intra- and inter-rater ICC ≥ 0.97, 95% CI. 
To measure PSD length, electron micrographs were 
imported into Photoshop software (Adobe Systems 
Incorporated, San Jose, CA), and the line tool was used 
to measure the linear distance between the two edges 
of the PSD. For perforated synapses, each PSD was 
measured separately and summed. Length measure-
ments were made twice by one investigator (J.R.G.; 
ICC  =  0.997, 95% CI) and averaged to calculate mean 
length for each PSD. All mean PSD lengths per subject 
were then averaged. The g-ratio of myelinated axons 
cut perpendicular to the sectioning plane for which the 
axolemma was identifiable was calculated as the ratio 
of the axonal diameter to the total diameter of the 
myelinated axon. Myelinated axons meeting these crite-
ria (N  =  85) were present in 90% of subjects (27 of 30). 
The diameter of the inner axon was measured using the 
line tool in the Photoshop software, and the diameter of 
the myelinated axon was measured from the same 
position. These measurements were made twice by 
one investigator (J.R.G.; ICC axonal diameter = 0.99, 
ICC myelinated axon diameter = 0.99; 95% CI) and 
averaged. The g-ratio was calculated using these val-
ues, and all g-ratios per subject were averaged.

Measures reflecting the integrity of mitochondria, 
myelin sheaths, and axon terminals forming asymmetric 
synapses were also analyzed. Ultrastructural integrity of 
mitochondria was assessed by classifying the morpho-
logical state of each mitochondrion as normal or abnor-
mal. Normal morphology included both the Orthodox 
and Condensed conformations,30,31 and is characterized 
by the presence of an uninterrupted double membrane, 
organized cristae, and a homogeneous matrix. Abnormal 
morphology is characterized by a broken double mem-
brane, disorganized and fragmented cristae, and a swol-
len matrix. Mitochondria exhibiting at least two of these 
characteristics were classified as abnormal. The number 
of mitochondria with an abnormal morphology was cal-
culated for each subject as the output measure. Myelin 
sheath integrity was assessed by the presence or 
absence of one or more of the following defects: lamel-
lae splitting, expanded periaxonal space, or myelin bal-
looning.32 Intact myelin sheaths were defined as having 
none of these defects. Finally, the integrity of axon termi-
nals forming asymmetric synapses was investigated by 
evaluating presence of ultrastructural characteristics 
associated with degeneration. Degenerating axon ter-
minals can present as electron-lucent, electron-dense, 
or neurofilamentous hyperplagia.32–36 Electron-lucent 
degeneration is characterized by a clear cytoplasm 
and depleted synaptic vesicles that cluster together. 
Electron-dense degeneration is characterized by dark-
ened cytoplasm, and either a depletion of synaptic 
vesicles or tightly packed, enlarged synaptic vesicles. 
Neurofilamentous hyperplagia degeneration is charac-
terized by a preponderance of neurofilaments filling the 
cytoplasm and swelling of the terminal. Each terminal 
forming an asymmetric synapse was classified as non-
degenerating or as one of the above subtypes.

Statistics

Primary statistical analyses were performed between 
each pre- and postmortem factor and number of pro-
files/160 µm2. Continuous independent variables (pH, 
PMI, storage time, age) were evaluated using a two-
tailed Pearson correlation analysis. The resulting R2-
value was assessed at significance <0.05. Categorical 
independent variables (sex, history of a psychiatric disor-
der, and cause of death) were analyzed using one-way 
ANOVA analyses. The resulting F value was assessed at 
significance <0.05. Post hoc analyses were performed 
using a Tukey’s test. Multiple regression analysis was 
performed to assess any interactive effects between PMI 
and pH on the primary dependent measure. The result-
ing F value was assessed at significance <0.05. The sta-
tistical analyses of all secondary dependent measures 
were performed as described for neuronal profiles.
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Results

Qualitative Assessment of Ultrastructure Quality
Ultrastructural preservation of neuronal profiles and 
organelles varied across postmortem human 

brain tissue samples (Figs. 1–3). Samples with good 
preservation (Fig. 1) exhibited (1) intact cellular and 
organelle plasma membranes; (2) a paucity of swell-
ing and vacuoles within neuronal and glial processes 
and organelles; (3) mitochondria with organized 

Figure 2.  Representative images from tissue with intermediate ultrastructural preservation. (A) Two axon terminals forming Type 1 
synapses onto a dendritic shaft containing two mitochondria with abnormal morphology. (B) The central profile is unidentifiable as a 
glial process or swollen dendrite and contains a mitochondrion with abnormal morphology. The myelinated axon has an intact central 
axon and myelin sheath. (C) Axon terminals forming Type 1 synapses onto dendritic spines and shafts. The presence of free ribosomes 
(indicated by chevrons) and vesicles suggest these dendritic shaft profiles are proximal to the cell body. (D) An unmyelinated axon, cut 
longitudinally, containing organized neurofilaments (filled arrowheads). An axon terminal forming a Type 1 synapse onto a spine has a 
visible presynaptic specialization (open arrowheads). (E) A representative field of neuropil. Scale bars are 500 nm. Abbreviations: AT, 
axon terminal; m, mitochondrion; D, dendrite; MA, myelinated axon; S, spine.
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cristae, homogeneous matrix, and nondistorted 
shapes; (4) clearly identifiable cytoskeletal elements 
like microtubules and actin; and (5) clearly identifiable 
neuronal profiles such as axon terminals, dendritic 
shafts and spines, and myelinated and unmyelinated 

axons. Samples with intermediate (Fig. 2) and poor 
(Fig. 3) ultrastructural preservation lacked some of or 
all these qualities. To assess which factors likely influ-
ence the observed variability in ultrastructural preser-
vation, quantitative analyses were performed.

Figure 3.  Representative images from tissue with poor ultrastructural preservation. (A) Three axon terminals forming Type 1 synapses 
onto dendritic spines. Although sections of the plasma membranes for each spine are not preserved, each profile is still identifiable, as is a 
spine apparatus (asterisk). Many of the surrounding profiles cannot be identified due to poor preservation of membranes and cytoplasm 
swelling. (B) An axon terminal forming a Type 1 synapse onto a swollen dendrite containing a mitochondrion with abnormal morphology. 
(C) An axon terminal forming a Type 1 synapse onto a dendritic spine. Due to the poor membrane preservation, it is unclear whether 
this spine is connected to the adjacent dendrite. Although the mitochondrion in the axon terminal exhibits a normal morphology, all 
surrounding mitochondria are abnormal. Many of the surrounding profiles show pronounced swelling and are largely unidentifiable. 
(D) An axon terminal forming a Type 1 synapse onto an unknown postsynaptic profile. The two identifiable myelinated axons show 
profound defects in the central axons and myelinated sheaths. The remaining components of the neuropil are largely unidentifiable due 
to cytoplasm component depletion and swelling. (E) A representative field of neuropil. Scale bars are 500 nm. Abbreviations: AT, axon 
terminal; S, spine; m, mitochondrion; D, dendrite; MA, myelinated axon.
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Effects of Subject and Tissue Factors on 
Neuronal Profile Preservation

Neuronal profiles were identifiable in all subjects 
analyzed (Table 2). However, consistent with qualita-
tive observations, neuropil preservation varied sub-
stantially across all subjects. Quantitative analyses 
revealed that PMI was negatively correlated with 
number of neuronal profiles (Fig. 4A; r = −0.3, 
p = 0.09), though this relationship did not achieve 
statistical significance. Prefrontal cortex pH was sig-
nificantly positively correlated with number of neuro-
nal profiles (Fig. 4B; r = 0.5, p = 0.003). Tissue storage 
time was negatively correlated with number of neuro-
nal profiles (Fig. 4C; r = −0.3, p = 0.09), though this 
did not achieve statistical significance. This relation-
ship appears to be driven by the large range and 
bimodal distribution of tissue storage times, as there 
was no significant relationship between tissue stor-
age time ≤200 days and number of neuronal profiles 
(n = 21; r = 0.02, p = 0.9) nor in tissue storage time 
≥500 days and number of neuronal profiles (n = 9; r = 
−0.3, p = 0.4). Age (Fig. 4D; r = −0.006, p = 1.0) had 
no relationship with number of neuronal profiles. Sex 
(Fig. 4E), F(1, 28) = 4.6, p = 0.04, had a significant 
effect on number of profiles, with the female subjects 
(n = 7) having on average 38% fewer identifiable neu-
ronal profiles than male subjects (n = 23). However, 
this finding appears to be driven by sex differences in 
pH. Mean pH was significantly 0.4 pH units lower in 
female relative to male subjects, F(1, 28) = 10.9, 
p = 0.003. History of a psychiatric diagnosis (Fig. 4F), 
F(1, 28) = 0.7, p = 0.4, had no effect on number of 
neuronal profiles. Finally, cause of death (Fig. 4G), 
F(2, 21) = 5.5, p = 0.01, had a significant main effect 
on number of neuronal profiles. Post hoc analyses 
identified that trauma subjects had on average 38% 
more identifiable neuronal profiles than cardiac 
(p = 0.03) and 55% more identifiable neuronal pro-
files than substance use (p = 0.02) subjects.

The effects of PMI and pH do not appear to be 
driven by any of the other assessed factors. PMI and 
pH were not significantly associated with age (all r ≤ 
−0.1, all p≥0.1). Neither PMI, F(2, 21) = 1.6, p = 0.2, 

nor pH, F(2, 21) = 1.4, p = 0.3, was affected by cause 
of death. Subjects with a history of a psychiatric diag-
nosis had a statistically nonsignificant longer PMI than 
unaffected subjects (Table 1), F(1, 28) = 4.1, p = 0.05, 
and the two groups did not differ in mean pH values, 
F(1, 28) = 0.7, p = 0.4.

Because PMI and pH may interact to affect tissue 
quality, we tested for interactive effects of these two 
factors. PMI and pH significantly interacted to affect 
the number of neuronal profiles (Fig. 5), R2 = 0.5; 
F(2, 27) = 13.1, p = 0.001; PMI β = −0.49; pH β = 
0.65. Despite the strong interactive effect of short 
PMI and neutral pH on preserving ultrastructure, not 
every subject with these characteristics had large 
neuronal profile counts. In a group of subjects (n = 9) 
with PMI < 11 hr and pH ≥ 6.6, five subjects had 
large neuronal profile counts and four subjects had 
small neuronal profile counts. We explored whether 
any pre- or postmortem factor differed between 
these two subgroups of subjects. Neither PMI, F(1, 
7) = 0.1, p = 0.8, nor age, F(1, 7) = 1.0, p = 0.4, sig-
nificantly differed between these two groups. All 
subjects were male, and Fisher’s exact test showed 
no difference in cause of death or history of a psy-
chiatric diagnosis (p = 1.0). However, mean pH was 
significantly, F(1, 7) = 6.5, p = 0.04, 0.2 pH units 
higher in the large neuronal profile count group, and 
mean tissue storage time was significantly, F(1, 7) = 
13.7, p = 0.008, 88% longer, on average, in the small 
neuronal profile count group. Of the four subjects in 
the small neuronal profile count group, the two sub-
jects with the highest counts (64 and 67 profiles) 
had the shortest storage times (133 and 553 days, 
respectively). The remaining two subjects had stor-
age times over 700 days and 27 and 31 identifiable 
neuronal profiles.

Effects of Subject and Tissue Factors on Synaptic 
Preservation and Integrity

Type 1 asymmetric PSD were identifiable in all sub-
jects analyzed (Table 2). The effect of PMI, pH, and 
cause of death on the number and length of PSD 
and the integrity of the axon terminals forming these 
Type 1 synapses within the neuropil was assessed. 
PMI was significantly negatively correlated with 
number of PSD (Fig. 6A; r = −0.4, p = 0.03). PFC pH 
(Fig. 6B; r = 0.004, p = 1.0) showed no relationship 
with number of PSD. Cause of death had no effect 
on the number of PSD (Fig. 6C), F(2, 21) = 1.4, 
p = 0.3. The average PSD length was 335.1 nm ± 58. 
PMI had no relationship with PSD length (Fig. 6D,  
r = 0.07, p = 0.7). PFC pH showed a negative 

Table 2.  Number of Structures Per Area of Neuropil.

Measure Number Per 160 µm2

Neuronal profiles 62.4 ± 5.5 (26–140)
Postsynaptic densities 11.9 ± 0.9 (4–24)
Mitochondria 49.6 ± 1.9 (29–67)

Values are mean ± SEM and (range)/160 µm2 of neuropil. Abbreviation: 
SEM, standard error of the mean.
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Figure 4.  Assessment of pre- and postmortem factors on neuronal profile preservation in total examined neuropil area. (A) PMI and 
number of neuronal profiles showed a negative correlation that did not reach statistical significance. (B) pH and number of neuronal pro-
files showed a significant positive correlation. (C) Storage time and number of neuronal profiles showed a negative correlation that did 
not reach statistical significance. These two measures were not correlated in subjects with storage times ≤200 days or ≥500 days. (D) Age 
at time of death and number of neuronal profiles were not correlated. (E) Sex had a statistically significant effect on number of neuronal 
profiles; however, this finding likely reflects sex differences in tissue pH. (F) History of a psychiatric diagnosis did not affect number of 
neuronal profiles. (G) Cause of death had a significant effect on number of neuronal profiles. Subsequent Tukey’s test revealed significant 
differences between the trauma group and the cardiac and substance use groups (all p≤0.03). Abbreviation: PMI, postmortem interval.

Figure 5.  PMI and pH significantly interact to affect neuronal pro-
file preservation. Each marker represents the values of an individual 
subject, and the size of the circle represents the relative number 
of neuronal profiles identified in 160 µm2. The largest number of 
neuronal profiles identified was in subjects with higher pH values 
and shorter PMIs. Abbreviation: PMI, postmortem interval.

correlation with PSD length (Fig. 6E; r = −0.4, 
p = 0.06), but this did not reach statistical signifi-
cance. There was a main effect of cause of death on 

PSD length (Fig. 6F), F(2, 21) = 4.0, p = 0.03, and 
post hoc analyses identified statistically nonsignifi-
cant differences between trauma and cardiac 
(p = 0.05) and substance use (p = 0.07) groups.

Finally, axon terminals forming Type 1 asymmet-
ric synapses were assessed for signs of degenera-
tion. Of the 345 axon terminals assessed, 10% were 
electron-dense (Fig. 7A), 15% were electron-lucent 
(Fig. 7E), and only one terminal showed characteris-
tics of neurofilamentous hyperplagia. Neither PMI 
(Fig. 7B; r = 0.3, p = 0.1) nor pH (Fig. 7C; r = −0.1, 
p = 0.6) showed statistically significant correlations 
with the number of electron-dense terminals. Cause 
of death had no effect on the number of electron-
dense axon terminals (Fig. 7D), F(2, 21) = 0.2, 
p = 0.8. PMI was not correlated with the number of 
electron-lucent axon terminals (Fig. 7F), r = −0.1, 
p = 0.6. PFC pH showed a negative correlation (Fig. 
7G), r = −0.4, p = 0.05, but this did not reach statisti-
cal significance. Cause of death had a statistically 
nonsignificant effect on the number of electron-
lucent terminals (Fig. 7H), F(2, 21) = 3.2, p = 0.06, 
and this finding appears to be driven by a single 
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subject with substantially more electron-lucent ter-
minals than all other subjects. Finally, an analysis of 
whether abundance of degenerating terminals was 
a characteristic of overall poorly preserved ultra-
structure showed no relationship between these two 
measures (all |r| ≤ 0.1, p≥0.5).

Effects of Subject and Tissue Factors on 
Mitochondria Preservation and Integrity

Mitochondria were identifiable in all subjects analyzed 
(Table 2). Neither PMI (Fig. 8A; r = −0.3, p = 0.1) nor pH 
(Fig. 8B; r = 0.3, p = 0.1) had a statistically significant 
relationship with number of mitochondria. Cause of 
death had no significant effect on number of mitochon-
dria (Fig. 8C), F(2, 21) = 0.5, p = 0.6. Each identified 
mitochondrion (N = 1,489) was classified as having a 
normal or abnormal morphology (Fig. 9A–B). Across 
all subjects, 50% of identified mitochondria had an 
abnormal conformation. The number of mitochondria 
with an abnormal conformation was not significantly 
affected by PMI (Fig. 9C; r = 0.2, p = 0.3). However, 
there was a significant effect of pH, such that fewer 
mitochondria exhibited abnormal conformations as pH 
approached neutral (Fig. 9D; r = −0.4, p = 0.01). Cause 

of death had no effect on mitochondrial conformation 
(Fig. 9E), F(2, 21) = 1.2, p = 0.3.

Effects of Subject and Tissue Factors on 
Myelinated Axonal Fiber Integrity

Myelinated axons within the cortical gray matter were 
assessed for g-ratio and myelin sheath integrity. The 
average g-ratio was 0.76 ± 0.07, and neither PMI (r = 
0.2, p = 0.3) nor pH (r = 0.3, p = 0.2) were significantly 
correlated with g-ratio. Cause of death had no effect on 
g-ratio, F(2, 20) = 1.4, p = 0.3. Next, each identified 
myelin sheath (N = 275) was classified as being intact 
or exhibiting one or more defects. The number of intact 
myelin sheaths was not affected by PMI, pH (all r ≤ 
0.2, all p≥0.3), nor cause of death, F(2, 21) = 0.4, 
p = 0.7. Of the myelin sheaths exhibiting a defect, 67% 
had lamellae splitting, 49% had expanded periaxonal 
space, and 39% showed both defects. The number of 
myelin sheaths exhibiting lamellae splitting (Fig. 10A) 
had a statistically nonsignificant positive correlation 
with PMI (Fig. 10B; r = 0.4, p = 0.05), but was not 
affected by pH (Fig. 10C; r = −0.2, p = 0.2). Cause of 
death had a statistically nonsignificant effect (Fig. 
10D), F(2, 21) = 3.2, p = 0.06, on number of myelin 

Figure 6.  Assessment of PMI, pH, and cause of death on PSD number and length. (A) PMI and number of PSD showed a significant 
negative correlation. (B) Tissue pH and number of PSD were not correlated. (C) Cause of death had no effect on number of PSD identi-
fied. PSD length was not significantly correlated with PMI (D) or tissue pH (E). (F) Cause of death had a significant main effect on PSD 
length. Subsequent Tukey’s test revealed statistically nonsignificant differences between the trauma group and the cardiac and substance 
use groups (all p≥0.05). Abbreviations: PMI, postmortem interval; PSD, postsynaptic density.
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Figure 7.  Assessment of PMI, pH, and cause of death on degenerating axon terminals forming Type 1 asymmetric synapses. (A) 
Representative example of an electron-dense axon terminal. The number of electron-dense axon terminals was not significantly corre-
lated with PMI (B) or tissue pH (C). (D) Cause of death had no effect on the number of electron-dense axon terminals. (E) Representative 
example of an electron-lucent axon terminal. The number of electron-lucent axon terminals was not significantly correlated with PMI 
(F) or tissue pH (G). (H) Cause of death had a statistically nonsignificant effect on number of electron-lucent axon terminals. Scale bar 
is 500 nm for panels A and E. Abbreviations: PMI, postmortem interval; AT, axon terminal; S, spine.



196	 Glausier et al. �Glausier et al.﻿

sheaths exhibiting lamellae splitting. The number of 
myelin sheaths exhibiting expanded periaxonal space 
(Fig. 10E) was not significantly affected by PMI (Fig. 
10F; r = 0.2, p = 0.2), pH (Fig. 10G; r = −0.3, p = 0.1), or 
cause of death (Fig. 10H), F(2, 21) = 2.5, p = 0.1. No 
myelin sheaths exhibited ballooning, consistent with 
the absence of subjects with neurodegenerative disor-
ders or of advanced age in this cohort.32,37,38

Discussion

We performed quantitative EM to assess the effects of 
age, sex, lifetime history of a psychiatric diagnosis, 
cause of death, tissue pH, PMI, and tissue storage 
time on the preservation and integrity of neuronal pro-
files, synapses, mitochondria, and myelinated axonal 
fibers in the DLPFC gray matter of 30 postmortem 
human subjects. Neuronal profiles, synaptic struc-
tures, mitochondria, and myelinated axonal fibers were 
identifiable in all subjects examined. The preservation 
of neuronal profiles, reflecting overall ultrastructural 
quality, was most strongly affected by the interaction of 
PMI and pH, such that short PMIs and neutral pH val-
ues predicted the best preservation. Measures of pre- 
and postsynaptic structures, mitochondria, and myelin 
sheaths were largely unaffected by pre- and postmor-
tem tissue and subject factors.

PMI is considered a primary factor determining the 
ultrastructural preservation of neuronal profiles.7,39,40 

As such, the application of quantitative EM tech-
niques to postmortem human brain tissue, which can 
be associated with extended PMIs, has not been 
widely implemented. However, in the range of PMIs 
studied here (5.9–24.3 hr), longer PMIs were only 
weakly associated with reduced preservation of neu-
ronal profiles. Acidic pH values are also associated 
with poorer tissue quality19,20 and ultrastructural pres-
ervation,18 and in the range of pH values studied here 
(6.0–7.1), pH was significantly associated with the 
ability to identify neuronal profiles. Further analysis 
showed that PMI and pH significantly interact such 
that 50% of the variance of the number of identifiable 
neuronal profiles was explained by this interaction. 
Thus, within the pH and PMI ranges tested in the cur-
rent study, pH has a stronger effect than PMI on over-
all ultrastructural preservation, but the two interact 
such that longer PMI and lower pH subjects have the 
poorest ultrastructural preservation.

Although subjects with shorter PMIs and more neu-
tral pH values had higher quality ultrastructure, not 
every subject with these characteristics exhibited good 
ultrastructural preservation. In the nine subjects with 
short PMIs and pH ≥ 6.6, four had intermediate to poor 
ultrastructural preservation. An exploratory analysis 
indicated that these four subjects had, on average, 
significantly smaller pH values and longer tissue stor-
age times. Although the samples size is small, these 
results suggest that, for EM analyses, even small 

Figure 8.  Assessment of PMI, pH, and cause of death on mitochondrial number. Neither PMI (A) nor tissue pH (B) were significantly 
correlated with number of mitochondria. (C) Cause of death had no significant effect on number of mitochondria. Abbreviation: PMI, 
postmortem interval.
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Figure 9.  Assessment of PMI, pH, and cause of death on mitochondrial integrity. (A) Representative example of mitochondria with nor-
mal morphology. (B) Representative example of mitochondria with abnormal morphology. (C) PMI and the number of abnormal mito-
chondria were not correlated. (D) Tissue pH and number of abnormal mitochondria showed a significant negative correlation. (E) Cause 
of death had no significant effect on number of abnormal mitochondria. Scale bars are 500 nm. Abbreviation: PMI, postmortem interval.

reductions in pH and tissue storage times over 700 
days can impair overall preservation of neuronal pro-
files in subjects with short PMIs.

Analysis of the effects of PMI and pH on synaptic 
structures, including PSD abundance and length, 
and presence of degenerating axon terminals form-
ing Type 1 synapses showed only a statistically sig-
nificant correlation between PMI and PSD number. 
Consistent with this finding, the number of PSD 
detectable per area of neuropil identified in the cur-
rent study is nearly identical to that found in two 
previous studies of postmortem human PFC which 
included subjects with PMIs of 12 to 25 hr,15,41 and 

less than studies that utilized samples with PMIs 
<13 hr42,43 and ≤2 hr.44 The mean PSD length iden-
tified in the current study is also similar to previous 
EM studies performed in postmortem human 
PFC9,43–45 that utilized samples with PMIs of 30 min 
to 99 hr, consistent with the current finding that PMI 
does not affect PSD length. Although the relation-
ship did not meet statistical significance, there was 
a modest negative correlation between pH and 
PSD length, such that more acidic pH values are 
associated with longer PSD. Interestingly, studies 
in experimental systems indicate that acidic pH 
enhances actin nucleation and elongation,46,47 
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Figure 10.  Assessment of PMI, pH, and cause of death on myelin sheath integrity. (A) Representative examples of intact myelin sheath 
(left) and myelin sheath with lamellae splitting (right). (B) PMI and number of myelin sheaths with lamellae splitting showed a statistically 
nonsignificant correlation. (C) Tissue pH and number of myelin sheaths with lamellae splitting were not correlated. (D) Cause of death 
had a statistically nonsignificant effect on number of myelin sheaths with lamellae splitting. (E) Representative examples of intact myelin 
sheath (left) and myelin sheath with expanded periaxonal space (right). Neither PMI (F) nor tissue pH (G) were correlated with the 
number of myelin sheaths with expanded periaxonal space (H) Cause of death had no significant effect on number of myelin sheaths with 
expanded periaxonal space. Scale bars are 500 nm. Abbreviation: PMI, postmortem interval.
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which may contribute to the current findings. Finally, 
the abundance of electron-lucent axon terminals also 
showed a negative correlation with tissue pH, 
although this did not meet statistical significance. 
This observation is consistent with existing studies 
demonstrating that acidic tissue pH values are asso-
ciated with initiation of cellular processes deleteri-
ous to cell health48–50 and increased profile lucency.18

PMI and pH largely had no effect on measures of 
mitochondria and myelinated axonal fibers. For exam-
ple, EM studies of white matter in human brain sam-
ples with PMIs of 14 to 36 hr and unknown pH values 
have previously calculated mean g-ratios of 0.6 to 
0.7.51,52 The mean g-ratio calculated here, 0.76, is 
consistent with these values and the qualitative 
observation that myelin sheaths are typically smaller 
in gray relative to white matter. Indeed, the only statis-
tically significant relationship of these measures was 
a negative correlation between pH and the number of 
abnormal mitochondria, such that fewer abnormal 
mitochondria were identified at pH values approach-
ing neutral. Together with the significant effects of pH on 
neuronal profile preservation, these data indicate that 
pH values, more so than PMI, have effects on multiple 
aspects of brain tissue ultrastructural preservation.

Other than PMI and pH, only two other factors 
affected any of the measures of ultrastructural qual-
ity. Sex had a significant effect on the number of neu-
ronal profiles identified, but this appears to reflect the 
significantly more acidic tissue pH in the female sub-
jects. Cause of death had a significant main effect on 
neuronal profile preservation and PSD length. Post 
hoc analyses only identified significant differences 
between groups in neuronal profile preservation 
such that subjects who died from trauma had better 
preservation than the 14 subjects who died from car-
diac causes and the four subjects who died from 
substance abuse. This difference does not appear to 
reflect any mean difference in pH or PMI across 
these three groups, and likely reflects, at least in 
part, a consequence of the rapidity of traumatic 
death circumstances. Finally, age, tissue storage 
time, and lifetime history of a psychiatric diagnosis 
had no significant relationship with neuronal profile 
preservation. These results extend previous findings 
showing no change in the presence of PSD within 
the age range tested here,17 and indicate that history 
of a psychiatric disorder does not itself predict 
impaired brain ultrastructural preservation.

Findings of single and interactive effects of PMI and 
pH have key implications for future EM studies in 
human brain tissue. First, the general stability of syn-
aptic, mitochondrial, and myelin structures, especially 
to PMI, expands the population of subjects that may 

be appropriate for EM analyses. Second, given the 
importance of tissue pH, a pH analysis of brain tissue 
can efficiently inform whether a subject will likely have 
sufficient ultrastructural preservation before commit-
ting the substantial time and resources required for 
EM studies. Third, these findings highlight the impor-
tance of matching subjects for these tissue and sub-
ject variables across diagnostic groups when designing 
studies of the effects of brain disease. Ensuring that 
both affected and unaffected subjects have similar 
PMIs and tissue pH values can mitigate any potential 
confounding effect of these variables that may obscure 
a true disease effect. Fourth, assessing any effect of 
key pre- and postmortem factors on dependent mea-
sures is a critical component of postmortem human 
brain tissue study design, and the current findings 
reinforce this concept. Indeed, the tissue preservation 
of any given subject may be appropriate for quantify-
ing some measures, like abundance of mitochondria 
or g-ratio, and inappropriate for other measures, like 
abundance of neuronal profiles or PSD.

The current findings also have important implica-
tions for comparative neuroanatomical studies across 
species. PMI and pH showed significant interactive 
and individual effects on measures of ultrastructural 
preservation. However, PMIs are not present in animal 
studies, and the brain tissue is likely to have nonacidic 
pH values. These differences may be critical to con-
sider when interpreting species-specific differences for 
some measures. For example, the number of Type 1 
asymmetric PSD per area or volume of PFC neuropil 
is generally similar in human15,41–44 and nonhuman53–55 
primate, but this density is higher in mouse PFC.54 
Although the difference between mouse and monkey 
likely reflects a true species effect, similarities or differ-
ences for this measure with human may be influenced 
by human sample-specific factors of PMI and acidic 
pH values. However, many of the ultrastructural mea-
sures assessed in the current study were not affected 
by pre- or postmortem factors, which is ideal for inter-
preting ultrastructural findings across species. For 
example, g-ratio was not affected by PMI or pH, and 
the g-ratio calculated here is nearly identical to that 
calculated in mouse PFC gray matter.56

Methodological and subject characteristics of the 
samples analyzed in the current study represent poten-
tial limitations in the generalizability of these findings to 
other postmortem human brain ultrastructural analy-
ses. First, the tissue samples were fixed in a solution 
containing paraformaldehyde and glutaraldehyde, 
which is ideal for EM studies.7 However, most human 
tissues are fixed in either formalin or paraformaldehyde 
after autopsy, and our findings may not be applicable to 
EM studies utilizing these fixation protocols. Second, 
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the subjects analyzed had no evidence of an agonal 
state and no neurodegenerative diseases, both of 
which can have deleterious effects on tissue preserva-
tion. As such, the postmortem human brain tissue sam-
ples included in the current study are optimized for 
ultrastructural preservation.

In sum, the current study demonstrates that dis-
crete components of the neuropil are differentially 
affected by only a few pre- and postmortem factors. 
Given the importance of ultrastructural analyses to 
understanding how normal brain structure is altered in 
various clinical brain-related disorders, these results 
support less restrictive PMI requirements, the impor-
tance of assessing brain pH, and expanding the appli-
cation of quantitative EM analyses in postmortem 
human brain research.
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