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Abstract

Schizophrenia is a severe mental illness affecting approximately 1% of the population worldwide. 

Despite its prevalence, the cause remains unknown, and treatment is not effective in all patients. 

Dopamine is thought to play a role in schizophrenia pathology, yet the substantia nigra (SN), the 

origin of dopaminergic pathways, has not been studied extensively in schizophrenia. In this study, 

electron microscopy was used to examine neurons, oligodendrocytes, and myelinated axons in the 

SN of normal controls (NCs, n=9) and schizophrenia subjects with varying response to 

antipsychotic drugs [SZ, n=14; treatment resistant (TR) = 6, treatment responsive (RESP) = 6, 

unknown = 2]. Postmortem tissue was analyzed for qualitative and quantitative markers of 

ultrastuctural integrity. A significantly higher percentage of axons in the schizophrenia group had 

inclusions in the myelin sheath compared to NCs (SZ: 3.9±1.7, NC: 2.6±2.0). When considering 

treatment response, a significantly higher percentage of axons lacked cytoplasm (TR: 9.7±5.5, NC: 

3.5±2.3), contained cellular debris (TR: 7.5±3.2, NC: 2.3±1.3) or had protrusions in the myelin 

sheath (TR: 0.4±0.5, NC: 0.2±0.3). The G-ratio, a measure of myelin thickness, was significantly 

different between treatment response groups and was greater in TR (0.72±0.02) as compared to 

NCs (0.68±0.03), indicating decreased myelination in TR. These findings, which suggest myelin 

pathology in the SN in schizophrenia, are consistent with findings elsewhere in the brain. In 

addition, our results suggest cytoskeletal abnormalities, which may or may not be associated with 

myelin pathology.
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1. Introduction

Schizophrenia (SZ), a severe mental illness affecting approximately 1% of the population, is 

characterized by positive, negative, and cognitive symptoms (American Psychiatric 

Association, 2013). Antipsychotic drugs (APDs), used to treat SZ (see as review Seeman, 

2002), function by blocking striatal dopamine D2 receptors (Carlsson and Lindqvist, 1963; 

Creese et al., 1977). The substantia nigra (SN) and ventral tegmental area are the major 

origin of dopaminergic pathways (Fallon et al., 1978a,b; Gaspar et al., 1992). While many 

studies have examined targets of the SN in SZ, far fewer studies have examined the SN 

itself, and these have often reported conflicting results.

Imaging studies have shown that more dopamine is produced in the SN in SZ (Watanabe et 

al., 2014), there is evidence of higher glutamate levels (White et al., 2015), and the SN is 

hyperactive, which is linked with both prefrontal cortex hypofunction and striatal 

hyperfunction (Yoon et al., 2013, 2014). Some postmortem studies show complementary 

evidence, such as increased levels of tyrosine hydroxylase (TH) mRNA or protein, 

indicating elevated dopamine synthesis capacity (Mueller et al., 2004; Toru et al., 1988; 

Howes et al., 2013; Schoonover et al., 2016). However, some have found no difference 

(Ichinose et al., 1994) or decreased levels of TH protein in rostral SN (Perez-Costas et al., 

2012). The deficit of TH protein rostrally was due to decreased TH translation, rather than 

transcription (Perez-Costas et al., 2012) or neuronal loss (Rice et al., 2016). Additionally, 

abnormal expression of key cytochrome c oxidase subunits was seen in the SN in SZ (Rice 

et al., 2014), suggesting metabolic abnormalities.

Abnormalities in oligodendrocytes and myelinated axons have been observed at imaging, 

genetic, and ultrastructural levels. Decreased white matter volume has been seen in SZ (Bora 

et al., 2011; De Peri et al., 2012; Di et al., 2009; Haijma et al., 2013; Kubicki et al., 2007; 

Kuswanto et al., 2012; Olabi et al., 2011; Samartzis et al., 2014; Yao et al., 2013), 

suggesting oligodendrocyte and myelin pathology. Several genes associated with 

oligodendrocyte function and the myelin sheath are downregulated in SZ, altering their 

development and function (Xiao et al., 2008). Ultrastructural studies have shown 

oligodendrocyte pathologies, including swollen appearance, chromatin condensation, and 

membranous myelin-like inclusions, as well as altered myelin thickness and a greater 

percentage of pathologically myelinated fibers in prefrontal cortex (Uranova et al., 2011; 

Vikhreva et al., 2016).

Despite the prevalence of SZ, few advances have been made in the refinement of APDs. 

Generally, APDs alleviate positive symptoms with little to no effect on negative symptoms 

and cognitive impairment (McEvoy, 2006). Furthermore, treatment response is not uniform 

among patients. One-fifth to one-third of patients do not respond to APDs, while the 

remainder show varying levels of recovery (Conley and Kelly, 2001). Although what causes 

these differences in response is unknown, there is evidence of a biological basis (Altamura et 

al., 2005; Arango et al., 2003; Beerpoot et al., 1996; Roberts et al., 2012; Sheitman and 

Lieberman, 1998; Somerville et al., 2011).
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The goal of this study was to determine whether there are structural differences in the SN 

that are associated with SZ pathology and treatment response. Electron microscopy of 

postmortem human tissue was used to analyze neurons, oligodendrocytes, and myelinated 

axons. Because animal models of SZ do not perfectly replicate the disease, postmortem 

studies such as this one are valuable in SZ research.

2. Methods

2.1 Tissue Samples and Preparation

Postmortem human brain tissue was obtained from the Maryland and Alabama Brain 

Collections from 9 controls and 14 schizophrenia subjects with permission of next of kin. 

Cases were diagnosed by two psychiatrists’ independent evaluations, as described previously 

(McCollum et al., 2015). Diagnosis of treatment response or resistance was conducted as 

detailed by Roberts et al. (2009, 2012). Briefly, treatment response or resistance was 

diagnosed based on established criteria (Conley and Kelly, 2001; Kane (1988): (1) no 

clinical improvement during two prior drug treatment periods; (2) at least five years with no 

period of good social or occupational functioning; and (3) presence of persistent positive 

psychotic symptoms throughout the person’s life. If all were present, a diagnosis of 

treatment resistance was made. Control and schizophrenia subjects were matched for age, 

race, gender, pH, and postmortem interval, as shown in Table 1.

The midbrains, containing the SN, were immersed in a cold solution (4°C) of 4% 

paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer (PB). For most of the 

cases used in the present study, the dorsal striatum (see for examples Roberts et al., 2009, 

2012; Somerville et al., 2011a,b), nucleus accumbens (McCollum et al., 2015), and 

prefrontal cortex (see for example Roberts et al., 2005) have been previously analyzed for 

synaptic organization. The tissue was stored at 4°C in fixative until used. The SN was 

blocked in the transverse plane at the level of the 3rd nerve rootlets and red nucleus. Six 

series of 40 µm sections were cut using a Vibratome (HM 650V microtome, Thermo 

Scientific).

2.2 Electron Microscopy

Samples were flat-embedded for electron microscopy using standard techniques, described 

by McCollum and Roberts (2014). Briefly, the sections were rinsed twice in PB for 5 

minutes each, immersed in 1% osmium tetroxide in 0.1 M PB at room temperature in the 

dark for 1 hour, rinsed four times for 5 minutes each in PB, then dehydrated at room 

temperature in the dark in 50% and then 70% EtOH. The tissue was stained en bloc in a 1% 

uranyl acetate solution in 70% EtOH for 1 hour for contrast, and then rinsed in 70% EtOH 

two times for 5 minutes each. The tissue was dehydrated in increasing concentrations of 

EtOH, followed by 100% propylene oxide, then embedded in epon resins, and heated at 

60°C for 72 hours.

For each case, blocks at least 240 µm apart rostrocaudally, were used to obtain semithin 

sections. The location of these blocks was in the dorsal tier of the substantia nigra pars 

compacta in the middle of the mediolateral SN. These sections (250 nm thickness) were 
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collected using an ultramicrotome (Leica EM UC6), mounted on glass slides, stained with 

Toluidine Blue and cover slipped for reference. These sections were used to verify that the 

block face contained dopaminergic neurons (identified by size and neuromelanin pigment). 

Serial thin sections (90 nm thickness) were collected, mounted on Formvar-coated copper 

grids, and photographed at 80KV on a Hitachi 87650 transmission electron microscope 

using a Hamamatsu ORCA-HR digital camera.

Micrographs were taken at the following magnifications: neurons, 5,000×; myelinated axons 

and oligodendrocytes, 10,000×; and neuronal rough endoplasmic reticulum (rER), 25,000×. 

A total of 230 neurons, 313 oligodendrocytes, and 5,336 myelinated axons were 

photographed and analyzed. On average, 26 micrographs of rER were photographed per 

case. Authors were blinded to case diagnosis throughout microscopy and data collection.

2.3 Data Collection

2.3.1 Neurons and rER—At least ten dopamine neurons, identified by morphological 

criteria, were photographed and analyzed per case. Dopaminergic neurons were identified by 

their large cell bodies that usually contained neuromelanin granules and numerous stacks of 

rER as defined by Domesick et al., (1983) (Figure 1A,B). Neurons too large to fit in one 

micrograph were stitched together using PanaVue ImageAssembler3. Data were obtained 

from single thin sections. Mitochondria (n=13,458) in the somata were numbered in Adobe 

Photoshop C4 and diameters were measured along the short axis using ImageJ. The number 

of mitochondria per square micron of cytoplasm was calculated using ImageJ.

Cells contained variable amounts of rER. If a neuron contained similar rER throughout, 

approximately 3 micrographs were taken. In those containing clusters with notably different 

organization, micrographs were taken of the different clusters to ensure the overall rER 

organization was well-represented. rER organization was assessed using a rating scale, that 

ranged from 1–4: 1, highly disorganized and mostly scattered ribosomes; 2, a few strands; 3, 

at least 3 parallel strands; and 4, four or more perfectly organized strands (Figure 1C–F). 

Averages of rER organization ratings were calculated per case.

2.3.2 Oligodendrocytes—At least 10 oligodendrocytes, identified by morphological 

criteria, were photographed per case. Oligodendrocytes were identified by a round or oval-

shaped nucleus with heterochromatin on the nuclear border (Uranova et al., 2001), light to 

medium density cytoplasm and defined cellular borders (Figure 2). Areas of oligodendrocyte 

soma, nuclei, heterochromatin, and euchromatin were measured, and the percent area of the 

nucleus composed of heterochromatin or euchromatin was calculated. The presence of 

amorphous inclusions, myelin inclusions, and filamentous cellular inclusions was noted, and 

the proportion of oligodendrocytes with each characteristic was calculated. Additionally, a 

rating scale was used to assess cytoplasmic integrity that ranged from 1–5, with 1 having the 

least integrity (little to no cytoplasm) and 5 indicating best integrity (full, even cytoplasm 

and few inclusions) (Figure 2).

2.3.3 Myelinated Axons—At least ten random fields of myelinated axons were 

photographed per case. The G-ratio, the ratio of axonal diameter to total (axon+myelin) 

diameter, was used to measure the degree of myelination. This value accounts for variability 
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in axonal size, and allows for comparison amongst axons. Axonal and total diameters were 

measured along the short axis. Myelin thickness and the G-ratio were calculated (Figure 3). 

Mitochondria (n=1,489) in numbered axons were counted and measured, as described in 

2.3.1.

An average of 160 axons per case (n=3,669) were assessed for: normal axon; lack of 

cytoplasm; condensed, hyperdark, displaced, and/or disorganized contents; vacuolization; 

cellular debris; and myelin inclusions. The myelin sheath was assessed for being normal, 

unraveled, hypodense, having redundant parts, or containing inclusions. Unraveled sheaths 

were subdivided into two groups: <50% unraveled and ≥50% unraveled. Redundant myelin 

was rated as a protrusion or a tail. Qualitative assessments were expressed as the percent of 

axons with a given characteristic (Figure 4); although most of the examples are from SZ, 

these pathologies are found in NC as well.

2.4 Statistical Analysis

Demographics and tissue quality were tested using ANOVA and/or t-tests. Categorical 

variables were assessed using a chi-square test. Two comparisons were made in this study: 

1) NC vs SZ and 2) NC vs RESP vs TR. Data was tested for normality with a Kolmogorov-

Smirnov test. For two-group comparisons, parametric measures were assessed for 

significance using a t-test, while nonparametric measures were assessed with a Mann-

Whitney U-test. For three-group comparisons, parametric measures were assessed for 

significance using ANOVA, while Kruskal-Wallis H test was used for nonparametric data. 

Significant omnibus tests were followed by planned, uncorrected comparisons: parametric 

tests were followed by an uncorrected Fisher’s LSD test, while nonparametric tests were 

followed by an uncorrected Dunn’s comparison.

3. Results

3.1 Case Demographics

NC and SZ groups did not differ significantly in age, race, sex, pH, or postmortem interval 

(Table 1). Treatment response groups were also well-matched for these demographics and 

age of onset and duration of illness. There was a difference between RESP and TR in type of 

APD, atypical (A) or typical (T), taken (p<0.007; RESP: 4A, 0T; TR: 2A, 4T, 2OFF).

3.2 Neurons

No differences were detected between NC and SZ for mitochondrial diameter, number of 

mitochondria per µm2 of cytoplasm, rER rating, or percentage of each rating (Figure 5). 

There were also no differences observed in these measures between treatment response 

groups.

3.3 Oligodendrocytes

No significant differences were detected between NC and SZ for areas of oligodendrocyte 

somata, nuclei, heterochromatin and euchromatin, or percent of the nucleus containing 

heterochromatin or euchromatin. Additionally, these groups showed similar proportions of 

oligodendrocytes with amorphous inclusions, myelin inclusions, and filamentous cellular 
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inclusions. The average cytoplasmic integrity rating and percentage of each was not 

significantly different between groups. There were no significant differences found between 

treatment response groups for oligodendrocyte measurements (Figure 6).

3.4 Myelinated Axons

3.4.1 NC vs SZ—SZ subjects had a greater percentage of axons with inclusions in the 

myelin sheath than NCs (p<0.039, SZ: 3.90±1.72, NC: 2.63±2.00). No significant 

differences were detected in total diameter, axon diameter, myelin thickness, G-ratio or 

mitochondrial diameter. There were also no significant differences found between groups in 

percentages of axons whose cytoplasm was normal, condensed, hyperdark, displaced, 

vacuolized, disorganized, absent, contained cellular debris, or contained myelin inclusions. 

Finally, no differences were observed between groups for percentages of myelin sheaths that 

were normal, unraveled, hypodense, or redundant. Results are shown in Figure 7.

3.4.2 NC vs RESP vs TR—The G ratio was significantly different among treatment 

response groups (p<0.046) with a greater G-ratio in TR (0.72±0.02) than NC (0.68±0.03). 

The percentage of axons lacking cytoplasm also differed among treatment response groups 

(p<0.039); specifically, TR (9.70±5.48) had more axons lacking cytoplasm than NC 

(3.47±2.28). Additionally, there was a difference (p<0.01) in the percentage of axons 

containing cellular debris. TR (7.45±3.16) had more axons containing cellular debris than 

NC (2.35±1.28). No significant difference was detected between treatment response groups 

for the remaining measurements listed in 3.4.1. Results are shown in Figure 7.

4. Discussion

In SZ, more axons had inclusions in the myelin sheath. Axons in TR appeared less healthy 

than those of NC, as indicated by axons having larger G-ratios and more axons lacking 

cytoplasm, containing cellular debris, or having a protrusion in the myelin sheath. No 

differences in structural integrity were detected in neurons and oligodendrocytes in the SZ 

group as a whole or divided by treatment response.

4.1 Limitations

4.1.1 Sample size—One limitation of this study is the small sample size, common to 

ultrastructural studies of postmortem human brain tissue due to limited availability of 

suitable tissue. Studies of this type are especially valuable for illnesses like schizophrenia 

that cannot be fully modeled in animals. Despite this limitation, our findings of altered G-

ratio and increased myelin pathology are similar to observations in an ultrastructural study 

of prefrontal cortex in another cohort of schizophrenia subjects (Uranova et al., 2011).

4.1.2 Antipsychotic drug use—APD effects should be considered as a potential 

confound when interpreting data between NC and SZ. APDs can facilitate activation and 

proliferation of oligodendrocyte progenitor cells (Niu et al., 2010; Wang et al., 2010) and 

increase expression of oligodendrocyte transcription factors 1 and 2 (Olig 1 and Olig 2) 

(Fang et al., 2013). In the present study, SZ had more axons with inclusions in the myelin 
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sheath; however, APDs generally promote myelination, so it is unlikely that APDs are 

responsible for this difference.

There was a difference in type of APD taken between RESP (2A, 4T) and TR (4A, 2OFF). 

However, APDs only alleviate positive symptoms and, aside from clozapine, both types do 

so to the same extent (Kane et al., 1988; Meltzer, 1997; Lieberman et al., 2005; McEvoy, 

2006). Although the SZ subgroups had different numbers of subjects on typical versus 

atypical APDs, it seems unlikely that the difference in results between subgroups is related 

to medication. Haloperidol can cause shrinkage of TH-immunostained neurons in rat SN 

(Marchese et al., 2002); however, neuronal size was not considered in the present study. 

Studies have provided evidence that atypical APDs increase myelin production (Bartzokis et 

al., 2009; Thomas, 2006). In our study, axons from RESP did not have more myelin, but had 

less, as indicated by the greater G-ratio. This is the opposite of what would be expected if 

our finding was due to APD effects, suggesting medication status did not affect our findings.

4.2 Distribution of rER ratings

Most rER was categorized as having a few scattered strands, and appeared more 

disorganized than organized. It was expected that most rER in normal cells would be highly 

organized; rER plays an important role in protein synthesis, and abnormalities in rER 

structure could impact this. Furthermore, rER becomes disorganized during chromatolysis, 

which occurs following axonal injury (Gersh and Bodian, 1943). However, the same 

distribution of ratings, with 2 being most common and 4 being least common, was seen in all 

groups. This could be a postmortem artifact, or may be the natural state in which rER exists 

in human SN neurons. Similar findings were seen in mouse spinal motor neurons (Pullen 

and Humphreys, 2000): the rating equivalent to a 2 in our study was most common. In the 

mouse spinal motor neurons, however, highly organized rER (a 3 or 4 in our study) was 

more common than in our study.

4.3 Alterations of myelinated axons

The G-ratio of TR was greater than that of NC by 0.04, indicating that TR have thinner 

myelin sheaths per size of axon. Although this difference is statistically significant, it is 

small and may not be functionally significant. A greater G-ratio was seen in adult rictor 
conditional knockout mice (a mouse model of tuberous sclerosis complex), suggesting that 

the observed 0.04 difference in G-ratios was related to functional differences (West et al., 

2015). The G-ratio is lower in humans than mice, so it is possible that more myelin would 

need to be lost to see functional differences in humans.

In this study, we observed more axons with inclusions in the myelin sheath in SZ. Such 

inclusions have been noted in prefrontal cortex and caudate nucleus in SZ (Uranova et al., 

2001). The effects of such inclusions were not discussed by Uranova and colleagues, but it is 

possible that disruptions in structure of the myelin sheath could impair action potential 

propagation, potentially contributing to symptom manifestation.

More axons in TR lacked cytoplasm (empty myelin sheath) and/or contained cellular debris. 

An empty myelin sheath could reflect profound axonal degeneration at the site where it is 

observed, or may indicate that the entire axon is gone. Either way, this abnormality is likely 
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to impact normal connectivity. Empty myelin sheaths have been seen in aged rhesus 

monkeys, but frequency was not measured (Sandell and Peters, 2003). Studies of blunt 

contusions in rhesus monkeys and Wallerian degeneration in rats have suggested that these 

pathologies can occur as a result of damage to the neuron or axon, and that axons may first 

accumulate cellular debris before eventually degenerating altogether (Bignami et al., 1981; 

Bresnahan, 1978). In SZ it is unlikely that Wallerian degeneration caused by physical injury 

is occurring, but axons may be subject to another type of stress resulting in a visually similar 

response. For instance, it has been shown that excitotoxicity can lead to Wallerian-like axon 

degeneration in rat optic nerves (Saggu et al., 2010). In fact, the caudate nucleus, a major 

target of the SN dopamine neurons, has more glutamate in imaging studies (de la Fuente-

Sandoval, 2011, 2013) and more glutamate-like terminals in postmortem studies (Roberts et 

al., 2012). In both instances, these changes were seen in subjects or cases that were 

treatment resistant.

A number of the axon- and myelin-related pathologies we observed are similar to those seen 

in an ultrastructural study of natural aging in rats (Xie et al., 2014). Changes common to 

both studies include vacuolization, condensed cytoplasm, unraveled myelin, and myelin 

inclusions in the axon. That aging leads to changes in the structure of myelinated axons 

could explain why many axons were not in perfect condition, but it does not explain 

differences between groups, since our subjects did not differ significantly in terms of age. 

However, patients with SZ have shorter lifespans (Laursen et al., 2014), which could 

indicate accelerated aging, or could be a consequence of lifestyle in SZ.

4.4 Conclusions

Our findings provide support for white matter pathology in schizophrenia. Some of our 

findings may not be specific to the SN, such as inclusions in the myelin sheath. Despite 

finding differences between TR and NC, no difference was detected between RESP and TR, 

which limits our ability to interpret the data as applying to treatment response. Although a 

previous study (Kolomeets and Uranova, 1999) examined synapses in SN of postmortem 

schizophrenia using electron microscopy, this study is the first to examine neurons, 

oligodendrocytes, and myelinated axons in SN in this manner. This is also the first study to 

investigate treatment response in schizophrenia by studying the SN using electron 

microscopy. Our findings reveal that much of the ultrastructure of the SN is unchanged in 

schizophrenia and treatment response, but highlight white matter as a point for future study. 

Learning more about the underlying structure of the SN as it relates to schizophrenia and 

treatment response will provide us with a better understanding of the illness and how best to 

treat it.
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Figure 1. 
Neurons and rough endoplasmic reticulum photographed at 5,000× and 25,000×. (A) 

Neuron from NC. (B) Neuron from SZ. n = nucleus, nu = nucleolus, arrows indicate border 

of neuron, circle = neuromelanin granules within neuron. (C) Rating = 1, from SZ; arrows = 

free ribosomes (D) Rating = 2, from NC; boxes = strands of rough ER. (E) Rating = 3, from 

NC; parallel strands numbered 1–3. (F) Rating = 4, from NC; parallel strands numbered 1–4. 

Scale bars, (A,B) = 5 µm, (C–F) = 0.5 µm.

Walker et al. Page 13

Schizophr Res. Author manuscript; available in PMC 2019 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Oligodendrocytes from NC (A, D, E) and SZ (B, C, F) photographed at 10,000×. (A) 

Typical oligodendrocyte, with oval nucleus, heterochromatin on nuclear border, defined 

cellular border, and even density of cytoplasm. (B) Cytoplasmic integrity = 1, vacuous 

cytoplasm and myelin inclusions present. (C) Cytoplasmic integrity = 2, contains some 

cytoplasmic contents and amorphous inclusions. (D) Cytoplasmic integrity = 3, more intact 

cytoplasm but amorphous, myelin, and filamentous cellular inclusions. (E) Cytoplasmic 

integrity = 4, mostly intact cytoplasm with myelin inclusions present. (F) Cytoplasmic 

integrity = 5, totally intact cytoplasm, with one myelin inclusion present. n = nucleus, circle 

= amorphous inclusion, * = myelin inclusion, arrow = filamentous cellular inclusion. Scale 

bars= 2 µm.
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Figure 3. 
A myelinated axon is shown along with the formula to calculate myelin thickness and G 

ratio. Black line = axon diameter. Black + white lines = total diameter.
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Figure 4. 
Myelinated axons from NC (A) and SZ (B–G) subjects. (A) Axon with normal contents and 

myelin sheath (black arrow). (B) Myelinated axon unfurling (arrows) to form a node of 

Ranvier (NOR). (C) Axon with hypodense myelin sheath, cellular debris (solid arrow), and a 

protrusion of the myelin sheathe (black and white arrow). (D) Normal (black arrows) and 

damaged axons (A1–A4). Axon 1 has a normal myelin sheath, but less than 10% of 

cytoplasm remains (arrow). Axon 2 and 4 have normal myelin, but greatly diminished and 

displaced cytoplasm (arrows). Axon 3 has no axonal contents, a thin myelin sheath and a 

redundant myelin tail (*). (E) Axon with displaced cytoplasm (black and white arrows) and 
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a large inclusion (black arrows). (F) Axon with inclusions within the myelin sheath (arrow). 

(G) Abnormal axon with several discrete myelin sheathes (thick black arrows) within. Scale 

bars (B) =0.5 µm, (A,CG) = 2 µm.
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Figure 5. 
Measurements of mitochondria and rough ER in neurons. (A) Diameter of mitochondria in 

the soma. (B) Density of mitochondria in the cytoplasm, measured as the number of 

mitochondria per square micron of cytoplasm. (C) Average rating of organization (1–4) of 

rough ER. (D) Percentage of each rough ER organization rating.
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Figure 6. 
Qualitative and quantitative oligodendrocyte measurements. (A) Average area of 

oligodendrocyte, nucleus, heterochromatin, and euchromatin. (B) Average rating of 

cytoplasmic integrity. (C) Percentage of oligodendrocytes with each cytoplasmic integrity 

rating. (D) Percent of the nucleus containing heterochromatin and euchromatin. (E) 

Proportion of oligodendrocytes containing amorphous, myelin, or filamentous cellular 

inclusions.
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Figure 7. 
Qualitative and quantitative measurements of myelinated axons. (A) G-ratio. (B) Diameter 

of mitochondria in axons. (C, E, F) Percentage of axons with listed characteristics. (D) Total 

and axon diameters and myelin thickness. (G, H) Percentage of axons with listed 

characteristics.
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