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Abstract

Immune functions in the brain are associated with psychiatric illness and with temporary alteration

of mental state. Microglia, the principal brain immunological cells, respond to changes in the

internal brain milieu through a sequence of activated states, each with characteristic function and

morphology. To assess a possible association of frontal white matter pathology with suicide,

autopsy brain tissue samples from 11 suicide and 25 non-suicide subjects were stained for ionized

calcium-binding adapter molecule 1 (Iba-1), CD68, and myelin. Groups were matched by age, sex,

and psychiatric diagnosis. We classified Iba-1-immunoreactive cells on the basis of shape,

immunoreactivity for CD68, and association with blood vessels to obtain stereologic estimates of

densities of resting microglia, activated phagocytes, and perivascular cells. We found no effect of

psychiatric diagnosis but 2 statistically significant effects of suicide: 1) the dorsal-ventral

difference in activated microglial density was reversed such that with suicide, the density was

greater in ventral than in dorsal prefrontal white matter, whereas in the absence of suicide, the

opposite was true; and 2) with suicide there was a greater density of Iba-1-immunoreactive cells

within or in contact with blood vessel walls in dorsal prefrontal white matter. These observations

could reflect a mechanism for the stress/diathesis (state/trait) model of suicide whereby an acute

stress activates a reactive process in the brain, either directly or by compromising the blood-brain

barrier, and creates a suicidal state in an individual at risk. They also indicate the theoretical

potential of imaging studies in live, vulnerable individuals for the assessment of suicide risk.
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Further studies are needed to investigate specific phenotypes of perivascular cells and blood-brain

barrier changes associated with suicide.
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INTRODUCTION

Every year, approximately one million people around the world die by suicide (1). Ninety

percent of people who die by suicide in Western countries are diagnosed with a psychiatric

disorder (2), but the majority of mentally ill individuals do not die by suicide, suggesting

that factors outside of and in addition to the disease may play a role (3, 4).

Evidence has accumulated in recent years that point to an immunological component in the

etiology of suicide. Distinct in vivo (5-7) and postmortem (8, 9) cytokine profiles distinguish

suicide attempters and completers from non-attempters and non-suicide sudden deaths,

respectively. Microglia are the immunologic sentinel cells of the CNS and its main

producers of cytokines (10, 11). Changes in microglial morphology and function have been

reported in major depression, bipolar disorder, schizophrenia, anxiety disorders, autism

spectrum disorders, and suicide (12). Higher microglial cell counts were also detected in

white and grey matter of autopsy brains from psychiatric patients diagnosed with

schizophrenia or affective disorders (13). Radewicz et al found significantly greater

densities of microglia in temporal and frontal cortex from autopsies of individuals with

chronic schizophrenia, compared with individuals with no psychiatric diagnosis (14). A

positron emission tomography (PET) study revealed significantly greater levels of

mitochondrial translocator protein, which is expressed by activated microglia (and possibly,

by reactive astrocytes) in grey matter of subjects with recent-onset schizophrenia compared

with subjects without psychiatric illness (15, 16). Microglial activation could initiate

psychopathology, could be secondary to another process (central or peripheral) that initiates

psychopathology, or could be a reaction to psychopathology itself. These possibilities are

not mutually exclusive. On the other hand, several studies provide evidence against

activation of microglia in psychiatric disease (17-22). Only one of these studies directly

investigated microglial activation in brains of suicides and found greater densities of

activated microglia in the dorsolateral prefrontal cortex, anterior cingulate cortex, and

mediodorsal thalamus in suicides, independent of the psychiatric diagnosis (22).

Immune reactions in the CNS are influenced by its partially privileged and protected

environment; it is devoid of lymphatics and contains only small numbers of conventional

antigen-presenting cells and it is isolated by a blood-brain barrier (BBB) that impedes the

influx of peripheral immune cells and antibodies (23). However, recent findings speak

against the dogma of the brain`s stringent impermeability to outside molecules in psychiatric

diseases (24) and suicide (25-27). A disruption in the BBB may precede or follow a

peripheral or central immune response, leading to an influx of peripheral immune cells,

many of which may be found within or in contact with vascular walls. Thus, altered
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distribution of microglia or peripheral macrophages could be biomarkers of suicidality that

might be assessed by in vivo imaging. Additionally, these cells may provide a useful target

for pharmacological interventions that deter their harmful effects or enhance their beneficial

effects.

Although in vivo studies of suicide attempters and completers point to vulnerability of white

matter (28-31), most autopsy studies of microglia in psychiatric disorders have addressed

only grey matter. There are no prior studies of microglia in the white matter in suicide and

there are several reasons to believe that these could be important: (a) microglia are typically

much more numerous in white matter than in the corresponding regions of neocortex (32);

(b) activation of white matter microglia is a sensitive indicator of subtle damage to white

matter, including hypoperfusion associated with aging (33, 34) and normal-appearing white

matter in multiple sclerosis (35-40); (c) in vivo imaging with PET can be used to visualize

activated microglia but this method involves exposure to radioactivity and currently is not

widely available. However, diffusion tensor magnetic resonance imaging detects white

matter disruption, and if sufficiently sensitive and specific, could be used to predict suicide

risk and thus to inform decisions about hospitalization and treatment.

The goal of our study was a quantitative evaluation of microglial cell density in prefrontal

white matter. We focused on the prefrontal region because of its role in planning, decision-

making, and suppression of impulsiveness (41) (processes that are relevant to suicide), and

because numerous studies have found prefrontal differences, largely involving the serotonin

system, in autopsy brains of suicides and non-suicides. Prefrontal cortical abnormalities

reported in suicide include lower neuronal density in ventral and dorsal regions (42), less

binding of ligands for the serotonin transporter, per unit area (43), and per neuron (42), in

ventral but not dorsal prefrontal cortex, diminished expression of the serotonin 2A receptor

in Brodmann area 9 (44), diminished binding of serotonin 1A antagonists in BA47 (45),

lower levels of mRNA for serotonin 2A receptor in dorsolateral prefrontal cortex (44), lower

levels of brain-derived neurotrophic factor and its receptor trkB in Brodmann area 9 (46),

and increased levels of pro-inflammatory cytokines in BA10 (8).

Because the focus of this study was suicide and not specific psychiatric illness, the suicide

group included individuals with various psychiatric illnesses and without known psychiatric

illness, and the non-suicide comparison group included individuals with and without

psychiatric disease. We hypothesized that there would be an association of suicide with a

higher density of activated phagocytes in prefrontal white matter.

MATERIALS AND METHODS

Human Brain Tissue

Brain tissue was selected from the Macedonian/New York State Psychiatric Institute Brain

Collection in the Department of Neuropathology and Molecular Imaging, New York State

Psychiatric Institute (NYSPI). Autopsies were performed at the Institute for Forensic

Medicine in Skopje, R. Macedonia, within 24 hours of death; median postmortem interval

(PMI) for collected specimens was 15 hours. Samples of brain, blood and urine underwent

toxicological analysis. Structured clinical and demographic evaluations were performed in
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Macedonia by experienced psychiatrists and psychologists who were trained in these

procedures and tested for reliability in the Department of Molecular Imaging and

Neuropathology at NYSPI. For all cases, the clinical diagnosis was determined by applying

Diagnostic and Statistical Manual of Mental Disorders IV-TR (DSM-IV-TR) criteria (47),

and the diagnosis was confirmed at a consensus conference attended by members of the

Molecular Imaging and Neuropathology Department at NYSPI. Diagnostic

neuropathological examination was performed on all fixed hemispheres.

The selection included 11 suicides (mean age 56 years; 6 females, 5 males) and 25

individuals whose cause of death was not suicide (mean age 55 years; 12 females, 13 males).

Demographic data, clinical diagnoses and mechanisms of death are presented in Table 1.

Among suicide cases, 1 with schizoaffective disorder and 1 with bipolar disorder were

included in the schizophrenia and affective disorders groups, respectively. Two non-suicides

without schizophrenia or affective disorders had histories of alcohol dependence, 1 had an

adjustment disorder, 1 had fully remitted bereavement, and 1 had a history of pathological

gambling.

Cases with active infections (<1% of collected cases) or grossly visible lesions in the frontal

lobe (mostly gunshot wounds or acute contusions; < 5% of collected cases) were excluded in

order not to have a handful of cases give rise to skewed distributions of microglial densities.

On the other hand, because occult neuropathological abnormalities are common from the

sixth decade onwards, other histological lesions were not excluded so as to avoid bias.

Processing of Tissue

At autopsy, the left hemisphere was sliced in the coronal plane at 2-cm intervals. The slices

were placed in homemade cassettes to prevent warping during fixation in approximately 10

volumes of phosphate-buffered 10% formalin for 5 days at room temperature. To forestall

loss of immunoreactivity associated with prolonged fixation, the slices were stored at 4°C in

a large volume of phosphate-buffered saline with 0.02% sodium azide. For this study, a

coronal slice of the hemisphere approximately 4 mm thick was taken at the level of the

rostral tip of the frontal horn of the lateral ventricle (Fig. 1) and subdivided into

approximately 8 pieces to fit onto 75 × 25 mm slides. A record was made of the position of

each piece. The blocks were embedded in paraffin. Serial 6-μm sections were cut onto

charged glass slides (Fisher Super-Frost Plus, Fisher Scientific, Pittsburgh, PA).

Immunohistochemistry

Two serial sections were processed from each block. To determine microglial phenotype,

double bright field immunostaining was performed on both sections using 2 complementary

markers: ionized calcium-binding adapter molecule 1 (Iba-1) and cluster of differentiation

68 (CD68). CD68, (or macrosialin), is a lysosomal membrane marker that is upregulated in

phagocytosis (48). Microglia constitutively express CD68 (32). Although “CD68-

immunoreactive microglia” are often interpreted as activated microglia (49, 50), this

presumably refers to microglia recognizable by CD68 staining alone. Iba-1 is a well-

established marker for microglia in many mammalian species, including humans (51, 52),

and both cell bodies and processes of microglia are strongly immunoreactive for Iba-1.
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When activated, the cell body enlarges and becomes more strongly immunoreactive for

CD68, and the processes become shorter and thicker (53-55). With double labeling, both of

these features are apparent, thereby facilitating classification (56, 57). In our material, all

Iba-1-immunoreactive cells contained some immunoreactivity for CD68. Iba-1-

immunoreactive cells were classified as resting microglia if the processes were thin and

CD68 staining occurred predominately in a punctate distribution (Fig. 2A). (Similar double

labeling patterns were seen in [58] and [59]). Activated microglia had thicker processes and

at least 1 focus of CD68-immunoreactivity that was greater than 2.5 μm in diameter (Fig.

2B). Macrophages had rounded cell bodies, few or no processes, and abundant

immunoreactivity for CD68 (Fig. 2B).

For statistical analyses, because macrophages accounted for less than 5% of activated

phagocytes, and since most are probably microglia in advanced stages of activation, counts

of activated microglia and macrophages were combined to estimate density of “activated

phagocytes.” Since the nature of intra- and perivascular Iba-1-immunoreactive cells is

uncertain, all cells within or in contact with blood vessel walls were classified simply as

perivascular. Typically, perivascular cells have ovoid bodies and no visible processes, but

the vascular wall often appears to obscure their true shape (Fig. 2C). Counts of activated

phagocytes, resting microglia, and perivascular cells were combined to determine total

labeled cell density.

After rehydration of the paraffin sections and treatment with 3% H2O2 (EMD Chemicals

Inc., Gibbstown, NJ) for 20 minutes, antigen retrieval was performed by microwaving in

Tris/EDTA (Sigma-Aldrich Inc., St. Louis, MO), at pH 6.0 until boiling for 3 minutes,

stopping the microwaving for 5 minutes, replenishing the solution, and microwaving again

until boiling for 3 minutes. The sections were then washed with phosphate buffer containing

0.1% Triton X-100 (Fisher Scientific) and covered with 10% normal goat or horse serum

(Fisher Scientific) for 1 hour to block nonspecific binding. The slides were placed into

individual close-fitting wells in a plastic box (ProHisto, LLC, Columbia, SC), in which each

was immersed in 2 ml of a 1:500 dilution of anti-CD68 mouse monoclonal IgG (DAKO

Corp., Carpinteria, CA) and shaken gently for 3 days. They were then washed, incubated

with biotinylated anti-mouse IgG from horse (whole antibody; Vector Laboratories, Inc.,

Burlingame, CA), 7.5 μg/ml, washed, incubated with avidin-biotinylated peroxidase

complex (Vector), washed, and incubated with 0.003% H2O2 (EMD Chemicals Inc.), 0.02%

3,3′-diaminobenzidine-tetrahydrochloride ([DAB], Acros Organics, Morris Plains, NJ), and

2% nickel sulfate (Fisher Scientific), yielding a black reaction product. The sections were

washed and then incubated with agitation as before overnight at 4°C in a 1:2,000 dilution of

the second primary antibody, rabbit anti-Iba-1 (Wako Chemicals, Osaka, Japan).

Biotinylated secondary antibody and avidin-biotinylated peroxidase complex were applied

as before, except without nickel sulfate, so the reaction product was brown.

If the black and brown reaction products appear in exactly the same spot, only the black is

seen because it is darker. Because the black staining is done first, it does not matter if the

peroxidase from that reaction is still active during the brown stain, since the area is already

black and any brown staining will be obscured. On the other hand, since CD68 and Iba-1 are

distributed differently within microglial cells, double labeling of cells is easily appreciated.
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After immunohistochemistry, the sections were lightly counterstained for myelin by the

Verhoeff method to provide clear delineation of white matter (60). Differentiation times

were optimized for each staining run in order to achieve the minimal staining required to

produce visible contrast between grey and white matter without compromising

immunohistochemical evaluations. Sections were dehydrated and mounted with Permount

(Fisher Scientific).

Stereological Estimation of Microglial Density

All counts were performed using Visiopharm Software Version 3.6.5.0 (Visiopharm,

Hørsholm, Denmark) by 1 observer (TS) who was blind to the identity of the subjects. All

counts were conducted on an Olympus BX-61 microscope (Olympus, Center Valley, PA)

connected to a motorized 8-slide stage (Prior, Rockland, MA) and DP71 digital camera

(Olympus). A physical disector probe (61) was used to estimate the densities of activated

and resting microglia, perivascular cells, and macrophages.

The physical disector method is older and now less familiar than the optical disector (62),

but similar in concept. Both are methods for estimating the number or numerical density of

objects in a volume by counting profiles of the objects in slices of the volume. In a randomly

placed slice of fixed thickness, the number of profiles will be influenced by the size and

orientation of the objects to be counted. Large objects and objects with their longest

dimension perpendicular to the plane of section will be more likely to appear than would

smaller objects or objects with their longest dimension parallel to the plane of section. This

is the commonly referenced problem of “bias” (62). A related problem is that, even if one is

certain that all of the objects to be counted are identical in size, shape, and orientation, if

their length perpendicular to the slice is greater than the thickness of the slice of tissue in

which counts are performed, it is not possible to know what that length is; therefore, there is

no way to relate the number of profiles to the volume of the tissue on the slide. With the

optical or physical disector, however, we examine adjacent levels of the tissue to identify

and count only the “first” appearance of a cell. We only count cells that are identified in a

measured, deeper portion of the tissue, but that cannot be identified more superficially. In

the case of the optical disector, depth in the tissue is determined by the plane of focus in

which the object first appears. One designates a superficial exclusion zone, and only objects

that are in focus in the deeper disector zone but not in the exclusion zone are counted. The

physical disector works identically, but the exclusion zone is 1 of 2 serial sections, and one

counts only objects that appear in the other slide but not in the first. The counting event,

with either method, can be the appearance of any aspect of the object that the observer can

identify uniquely and consistently, such as the nucleus, the nucleolus, or the cell body. In

our case, the counting event was the first recognizable appearance of the cell body since this

was stained intensely and we did not counterstain for nuclei.

There are practical advantages to both the physical and optical disectors. The physical

disector requires alignment of the slides, which although performed mostly by the software

must be fine-tuned by the operator. It allows the clarity and familiarity of thin paraffin

sections and eliminates concerns about penetration of antibodies through thick sections. The

physical disector also avoids the optical disector’s requirement to determine the exact depth
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at which an object comes into focus and the reliance of that process on lenses and

condensers of high numerical aperture.

To use the physical disector, montages of low-magnification images of the 2 serial 6-μm

sections were photographed and assembled by the software. The edges of the white matter

from the 2 images were aligned in the software by the operator. The perimeter of white

matter was outlined in 1 of the images (“reference”), and images of uniform random

sampling fields were photographed with a 20x dry objective (Olympus UPLFLN, N.A. =

0.5), with a 2000-μm step between each field. Depending on the size of the white matter

region, 1 of 3 counting frame sizes was used: 150 μm × 100 μm, 200 μm × 150 μm, or 250

μm × 200 μm. The same fields were photographed in the second (“lookup”) section and

carefully aligned by the operator. The counting frame was superimposed on the image by the

software. Cells were counted if i) their somas were visible, ii) their somas did not touch

exclusion boundaries of the counting frame, iii) they appeared within the unbiased counting

frame applied to the reference section, and iv) they did not appear in the “lookup” section

(63) (Fig. 3). Except for the corpus callosum, all white matter in the sampled sections was

included, regardless of its distance from cortex.

Statistical Analysis

Statistical analyses were performed using SPSS version 21 (SPSS, Chicago, IL). The

relationships between age, PMI, brain pH, sex, and cell densities were examined. Because

the behavioral functions of dorsal and ventral prefrontal cortex differ (41, 64), and because

the ventral cortex is more specifically implicated in suicidality (43, 65-67), we analyzed the

2 regions separately. Thus, there were 6 primary dependent variables: densities of activated

phagocytes, resting microglia, and perivascular cells in 2 regions each. In addition, 3 derived

variables were assessed as follows: for each cell type, the standardized difference between

the dorsal and ventral density and the mean of the 2 was computed as

Correlations among the dependent variables and between the dependent variables and age,

brain pH, and PMI were determined by linear regression. Suicides and non-suicides were

compared on each dependent variable separately, including age, sex, and PMI as covariates

when significantly correlated with the dependent variable. Because the correlations and the

comparisons in Table 1 were determined only to inform the comparisons between groups,

the significance values for these measures were not adjusted for multiple comparisons. The

comparisons of suicides with non-suicides on each of the nine dependent variables were

evaluated with and without adjustment for multiple comparisons.

On average, 256 counting frames were analyzed and 1348 cells were counted per subject.

Coefficient of error (CE) was estimated to a first approximation for each subject for every

cell type in the combined coronal slice and in ventral and dorsal subregions as CE = 1/✓n,

where n is the number of cells of a particular subtype counted for that subject (68). Values

of CE ranged from 0.04 to 0.26 for activated cells, 0.04 to 0.22 for resting microglia, and
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0.05 to 0.15 for perivascular cells. Coefficient of variation (CV) was computed as CV=SD/

mean density for each cell type in dorsal, ventral and combined dorsal and ventral matter for

suicide and non-suicide subjects separately (Table 2). The fractional contribution of the

estimation error to the variance is given by (CE/CV)2 and ranges from 0.02 to 0.15,

indicating that the sampling was adequate; the accuracy of estimates of the means would be

much more efficiently improved by increasing the number of subjects than by counting more

cells from each subject.

RESULTS

Group Characteristics

There were no differences in pH or PMI between groups separated by gender, manner of

death (suicide or non-suicide), cause of death, or psychiatric diagnosis. Age was different

between diagnoses, F(2,33) = 4.7, p = 0.02, because the affective disorders group was older

(63.6 ± 11.1) than those without psychiatric illness (47.7 ± 17.3). Males (49.2 ± 18.1) were

younger than females (61.1 ± 11.8), t = 2.3, df = 344, p = 0.03. In addition, pH was inversely

related to age (r = −0.42, p = 0.02). There were no effects of prescribed psychotropic

medications or any significant interaction effects between manner of death and psychiatric

diagnosis on any of the dependent variables. All tests were 2-tailed.

Significant Correlations

Correlations among the 6 primary dependent variables and between them and age, brain pH,

and PMI are listed in Table 3. The 3 measures derived from dorsoventral comparisons were

not correlated with each other or with age, sex or PMI, so the 3 comparisons were performed

without covariates. At the level of individual slides, resting microglia were negatively

correlated with activated phagocytes (r = −0.53, p < .0005); neither correlated significantly

with perivascular cells (−0.1 < r < 0.1).

Differences Between Suicides and Non-suicides

All density measurements are listed in Table 4. There were no significant effects of suicide

on densities of resting or activated microglia in dorsal or ventral prefrontal white matter but

the density of perivascular cells in dorsal white matter was 18% higher in suicides vs. non-

suicides (t = 2.2, df = 34, unadjusted p = 0.033). In ventral white matter, there was no

significant difference between suicides and non-suicides (unadjusted p > 0.5). Normalized

dorsal-ventral differences for resting and perivascular cells were positive both for suicides

and non-suicides and approximately 30% greater in suicides than in non-suicides, and the

differences were not statistically significant (p > 0.4). Densities of activated microglial cells

were greater ventrally than dorsally among suicides, however, and greater dorsally than

ventrally among non-suicides (Fig. 4; t = 3.4, df = 34, unadjusted p = 0.0015).

If one corrects conservatively for multiple comparisons, the association of suicide with an

altered dorsal-ventral gradient in the density of activated phagocytes remains significant.

Using the Holm-Bonferroni correction (69), for the most significant of 9 members in a

family of tests the stated significance level is divided by 9. Thus, for α = 0.05 the criterion

becomes p < 0.0056, which is met. Once the first null hypothesis is rejected, the criterion for
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the second most significant result (higher perivascular cell density in the dorsal white

matter) becomes α/8, or p < 0.0063, which is not met by p = 0.033. The probability of type 1

error for at least one of 8 independent tests at p = 0.033 is 1 − (1 - 0.033)8 = 0.24. However,

the tests are not independent, and, in fact, both the increased number of dorsal perivascular

cells and the increased ratio of ventral to dorsal activated cell density could result from a

preferential localization of activated phagocytes in the dorsal prefrontal white matter to the

blood vessels and perivascular space in suicidal individuals,. It should be noted also that the

effect size was 0.8, yielding a power of 0.6 to detect an effect at α = 0.05 but only 0.2 at α =

0.0055.

DISCUSSION

We found no effect of diagnosis, but there were significant effects of suicide on density of

activated phagocytes in ventral relative to dorsal prefrontal white matter, and possibly on

density of microglia-like cells within or in contact with blood vessel walls in dorsal

prefrontal white matter. This was a small study that must be replicated. The first finding

remains statistically significant after adjusting for multiple statistical tests, but the second

does not. However, the second result is plausible and consistent with the first result.

In all areas analyzed, densities of activated cells were correlated positively with total cell

density (data not shown) and negatively with resting cell density, suggesting that activating

stimuli promote both conversion from resting to active state and recruitment or proliferation.

Potential Role of Microglia in Suicide

Suicide is often viewed as a combination of 2 components: a long-standing trait or diathesis

of susceptibility and an acute stress or trigger. Autoimmunity can have a parallel structure.

For example, in a mouse model of systemic lupus erythematous there is a state of production

of antibodies to double-stranded DNA, this state does not affect the brain until stress

compromises the blood-brain barrier. This allows the entry of the antibodies, which cross-

react with subunits of the N-methyl-D-aspartate receptor, enhancing its activation by

glutamate. The enhanced activation produces behavioral changes and, if the compromise of

the BBB persists, destruction of brain tissue (70, 71). Stress can also allow recruitment of

splenic or bone-marrow monocytes to the brain and their accumulation in perivascular

spaces, resulting in anxiety-like behaviors that can be prevented if the supply of peripheral

monocytes is depleted, for example by splenectomy (72, 73).

The possibility of an autoimmune basis for some cases of suicide is supported by the finding

that antibodies to serotonin are present in over half of cases of major depression (compared

to fewer than 10% of individuals without depression) and were found in all cases of

depression with elevated pro-inflammatory cytokines (74). Presumably, an autoimmune

process directed against serotonin could remove serotonergic axons or their terminals and

account for deficits in serotonin, its transporter, and its presynaptic receptors. This

speculation is also consistent with the dorsal-ventral specificity of our findings because the

transporter deficiency associated with suicide is predominantly ventral (75).
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Low serotonin transporter binding could be caused by reduced intra-synaptic serotonin (76).

It is possible that serotonin levels are depleted by activated microglia that have enhanced

metabolism of tryptophan to quinolinic acid via the kynurenine pathway (77). Cytokines are

known to enhance the kynurenine pathway in microglia, and quinolinic acid can activate

NMDA receptors and possibly disrupt the BBB (78). As a result, quinolinic acid could

increase stimulation of neurons in ventral prefrontal cortex and lead to a loss of normal

connectivity with the limbic system and impaired impulse control. Because our study was

confined to white matter, correlations with cortical abnormalities are speculative.

Potential Clinical Importance

A potentially important implication of the different dorsoventral distribution of activated

phagocytes in suicide is that it could be detected in in vivo PET with ligands for the

mitochondrial translocator protein (formerly the peripheral benzodiazepine receptor) (30).

These receptors are expressed by reactive microglia and possibly astrocytes (79). Although

the affinity of the most specific radio-ligand currently available is also influenced by a

genetic polymorphism (80), this can be determined by genotyping. In any event, genetic and

other factors that globally influence the PET signal would affect dorsal and ventral

prefrontal cortex binding comparably, without obscuring a dorsal-ventral difference.

Similarly, the dorsal-ventral comparison in our study should not be influenced by shrinkage,

extent of fixation, PMI, or other confounds that could globally influence measurements of

cellular density. With regard to implications of our findings for measurable biomarkers of

suicide, it should also be noted that methods are under development to track influx of

peripheral phagocytes to the CNS by transport of radioactive or paramagnetic tracers (81).

Less specifically, the microglial changes might be associated with changes in diffusion of

water in the white matter, which could in theory be detected by DTI.

Implications of Perivascular Cells

Between-subjects analyses failed to reveal any significant difference in the densities of

resting or activated cells between suicide and non-suicide subjects. Moreover, contrary to

our prediction, in suicides there was a trend towards a lower density of activated cells in

dorsal white matter. However, in the same region, suicide was associated with an 18%

greater density of perivascular cells. While we do not yet know their source, the finding of

perivascular accumulations of phagocytes in suicide strengthens the idea of changes in the

properties of the BBB. If both peripheral and central nervous system immune cells increase

cytokine secretion and increase exchange across the BBB, this could result in a feed-forward

inflammatory prelude to suicide (82).

At first glance, our findings of increased density of perivascular cells but not of activated

phagocytes in dorsal white matter contrast with Steiner’s finding of increased density of

activated microglia in dorsolateral frontal white matter in suicide (22). Steiner et al

classified perivascular HLA-DR-immunoreactive cells as amoeboid, reactive microglia,

while we chose to place perivascular cells in a separate category because their nature is

uncertain. These cells could be juxtavascular microglia (83, 84), perivascular macrophages

(85-87), pericytes (88, 89), or some mixture of these.
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Limitations

Our study includes certain limitations. The sample size was small and only white matter was

analyzed. The main drawback of any postmortem brain study is the inability to draw causal

conclusions from correlational data at a single, albeit in this case critical point in time.

Another concern relates to the evaluation of microglial activation. Microglia with a classical

“resting” morphology perform sentinel and reparative functions in the brain. Nonetheless,

there is little doubt that the microglia that we classified as activated, with short and thick or

absent processes and increased immunoreactivity for CD68, represent phagocytically active

cells.

Another limitation is that we did not use a specific stain for blood vessels, and hence may

have underestimated the density of perivascular cells. However, such a bias would

presumably be independent of suicide. Finally, although we used a physical disector probe

to obtain unbiased cell density measurements within the processed tissue, we cannot know

how much these were affected by shrinkage of tissue during fixation and processing for

paraffin embedment. While this means that the absolute densities that we have obtained may

be different from those obtained with tissue processed differently, we obtain essentially

identical levels of statistical significance, or lack thereof, if we eliminate effects of shrinkage

by analyzing densities of individual cell types as a fraction of the total density of Iba-1-

immunoreactive cells.

In conclusion, this study, while small and requiring replication, provides evidence for the

presence of abnormal densities of phagocytic cells in prefrontal white matter in individuals

who committed suicide; and these may prove useful for future prediction and prevention of

suicide.
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Figure 1.
Coronal section of frontal lobe at the level analyzed. As indicated (horizontal line), we

subdivided the white matter was subdivided into dorsal and ventral regions at the dorsal

edge of the corpus callosum (CC). Sampling was limited to white matter. Brodmann areas

are noted for reference.
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Figure 2.
Representative images of microglial phenotypes in human prefrontal white matter,

immunostained for Iba-1(brown), CD68 (black) with Verhoeff counterstain (grey-blue). (A)

Resting microglia were predominantly Iba-1-immunoreactive with small puncta of

immunoreactivity for CD68. (B) An activated microglial cell (white arrow) and a

macrophage (black arrow) showed strong immunoreactivity for CD68 (black) obscuring

much of the Iba-1 staining (brown). (C) Immunoreactive cells within (red arrows) or in

contact with the blood vessel walls (black arrow) were counted as perivascular cells; a cell
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in close proximity to the blood vessel, but within the parenchyma (white arrow), were

counted as activated microglial cells. Similar to activated phagocytes, perivascular cells

showed strong CD68 immunoreactivity. Scale bars: 20 μm.
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Figure 3.
Physical disector probe. (A, B) After the perimeter of white matter was delineated in a low-

magnification photomontage, the magnification was increased 10-fold to acquire “reference”

images of uniform random sampling fields with a 2000-μm step between each field. The

same fields were photographed in the second (“lookup”) section and carefully aligned by the

operator. The counting frame was superimposed on the image by the software. Cells were

counted if i) their somas were visible, ii) they appeared within the unbiased counting frame

applied to the “reference” section, iii) their somas did not touch exclusion boundaries, and

iv) they did not appear in the “lookup” section (63). Three counted activated microglial cells

are marked with the letter “A” within the counting frame in the “reference” section (A), as

their cell bodies are clearly visible, they do not touch the red exclusion boundaries, and they

do not appear in the “lookup” section (B); 2 microglial cells marked with the letter “B” are

not counted, since they are also visible in the “lookup” section.
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Figure 4.
Significant association of suicide with distribution of activated phagocytes. Dorsoventral

gradient of activated cell density, computed as (ventral density − dorsal density)/(ventral

density + dorsal density). Suicide (red) was associated with a ventral>dorsal gradient, non-

suicide death (blue) with a dorsal > ventral gradient t(34) = 3.4, p = 0.002. Means and 95%

confidence intervals for each group’s gradient are shown on the right.
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Table 1
Patient Demographic Data, Psychiatric Diagnoses and Mechanism of Death

Suicide
(n = 11)

Non-suicide
(n = 25) Test Statistic p value

Age
(Mean ± SD) 56 ± 18 55 ± 16 t(34) = −.01 0.92

Sex 6 F / 5 M 12F/13M χ2(1, n = 36) = .1 0.72

PMI (Mean ± SD) 12 ± 8 15 ± 7 t (34) = 1. 1 0.28

pH (Mean ± SD) 6.5 ± 0.2 6.3 ± 0.3 t(30) = −.9 0.39

Psychiatric
diagnosis

Schizophrenia
(2 F / 1M)

Affective disorders
(4 F / 1 M)

No psychiatric
illness
(3 M)

Schizophrenia
(4 F / 3 M)

Affective disorders
(2 F / 1 M)

No psychiatric illness
(6 F / 9 M)

χ2(2, n = 36) = 5.5 0.05

Mechanism of
death (n)

Respiratory (7)
Traumatic (3)
Poisoning (1)

Respiratory (4)
Traumatic (11)
Poisoning (1)
Cardiac (7)

Other medical
conditions* (2)

χ2(4, n = 36) =
10.5

0.03

PMI, postmortem interval.

*
Other medical conditions included iatrogenic thrombocytopenia and hemorrhagic pancreatitis.

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2015 September 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Schnieder et al. Page 22

T
ab

le
 2

C
oe

ff
ic

ie
nt

s 
of

 v
ar

ia
ti

on
 a

nd
 a

ve
ra

ge
 c

oe
ff

ic
ie

nt
s 

of
 e

rr
or

 f
or

 s
ui

ci
de

 a
nd

 n
on

-s
ui

ci
de

 d
ea

th
s 

in
 d

or
sa

l a
nd

 v
en

tr
al

 w
hi

te
 m

at
te

r

A
ct

iv
at

ed
 P

ha
go

cy
te

s
R

es
ti

ng
 M

ic
ro

gl
ia

P
er

iv
as

cu
la

r 
C

el
ls

R
eg

io
n

Su
ic

id
e

C
V

C
E

C
V

2
−

C
E

2
C

V
C

E
C

V
2

−
C

E
2

C
V

C
E

C
V

2
−

C
E

2

D
or

sa
l

no
0.

42
0.

07
0.

41
0.

45
0.

08
0.

44
0.

23
0.

08
0.

22

D
or

sa
l

ye
s

0.
46

0.
07

0.
45

0.
36

0.
07

0.
35

0.
19

0.
07

0.
18

V
en

tr
al

no
0.

52
0.

10
0.

51
0.

36
0.

09
0.

35
0.

27
0.

09
0.

25

V
en

tr
al

ye
s

0.
34

0.
07

0.
33

0.
34

0.
07

0.
33

0.
23

0.
08

0.
22

C
V

, c
oe

ff
ic

ie
nt

 o
f 

va
ri

at
io

n 
(g

ro
up

 s
ta

nd
ar

d 
de

vi
at

io
n/

gr
ou

p 
m

ea
n)

, C
E

, c
oe

ff
ic

ie
nt

 o
f 

er
ro

r 
(r

oo
t m

ea
n 

sq
ua

re
 o

f 
th

eo
re

tic
al

 c
oe

ff
ic

ie
nt

s 
of

 e
rr

or
 f

or
 e

ac
h 

ca
se

 in
 g

ro
up

).

T
he

 n
or

m
al

iz
ed

 v
ar

ia
nc

e 
fo

r 
ea

ch
 m

ea
su

re
 w

ith
in

 e
ac

h 
gr

ou
p 

(s
ui

ci
de

 a
nd

 n
on

-s
ui

ci
de

),
 C

V
2 ,

 c
on

ta
in

s 
a 

co
nt

ri
bu

tio
n,

 C
E

2 ,
 f

ro
m

 th
e 

er
ro

r 
in

tr
od

uc
ed

 in
to

 e
ac

h 
m

ea
su

re
m

en
t b

y 
co

un
tin

g 
sy

st
em

at
ic

 r
an

do
m

sa
m

pl
es

 r
at

he
r 

th
an

 c
ou

nt
in

g 
al

l o
f 

th
e 

ce
lls

 o
f 

a 
gi

ve
n 

ty
pe

, p
lu

s 
a 

co
nt

ri
bu

tio
n,

 C
V

2 -
C

E
2 ,

 f
ro

m
 th

e 
tr

ue
 v

ar
ia

tio
n 

am
on

g 
ca

se
s 

in
 th

e 
gr

ou
p.

 T
hu

s,
 th

e 
m

in
im

um
 C

V
 th

at
 c

an
 b

e 
ob

ta
in

ed
 b

y 
co

un
tin

g 
m

or
e

ce
lls

 p
er

 s
ub

je
ct

 is
 

. A
ny

 f
ur

th
er

 r
ed

uc
tio

n 
in

 th
e 

un
ce

rt
ai

nt
y 

of
 th

e 
m

ea
n 

(
) 

ca
n 

be
 a

ch
ie

ve
d 

on
ly

 b
y 

in
cr

ea
si

ng
 N

, t
he

 n
um

be
r

of
 s

ub
je

ct
s 

in
 th

e 
gr

ou
p.

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2015 September 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Schnieder et al. Page 23

Table 3
Correlation coefficients among primary variables

Activated
Phagocytes

Dorsal

Activated
Phagocytes

Ventral

Resting
Microglia

Dorsal

Resting
Microglia
Ventral

Perivascular
Cells

Dorsal

Perivascular
Cells

Ventral
PMI pH

Activated
Phagocytes

Ventral
0.787**

Resting
Microglia

Dorsal
−0.596** −0.444**

Resting
Microglia
Ventral

−0.449** −0.463** 0.738**

Perivascular
Cells

Dorsal
−0.006 −0.035 −0.040 0.084

Perivascular
Cells Ventral

0.147 0.238 −0.140 −0.111 0.368*

PMI −0.015 −0.171 −0.237 −0.113 0.034 0.461**

pH −0.188 0.033 0.450** 0.314 0.108 0.068 −0.131

Age 0.029 0.053 −0.110 −0.012 0.057 0.204 −0.112 −0.421*

Correlation coefficients are expressed as r values.

PMI, postmortem interval.

**
Correlation is significant at the 0.01 level (2-tailed).

*
Correlation is significant at the 0.05 level (2-tailed).
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Table 4
Cell densities by manner of death in dorsal and ventral prefrontal white matter

Suicide (n = 11) Non-suicide (n = 25)

Dorsal
(cells/mm3)

Ventral
(cells/mm3)

Dorsal
(cells/mm3)

Ventral
(cells/mm3)

Activated phagocytes 5592 ± 2578 6620 ± 2247 6901 ± 2887 6039 ± 3120

Resting microglia 6292 ± 2267 7001 ± 2415 5868 ± 2666 6897 ± 2489

Perivascular cells 4684* ± 884 4808 ± 1104 3967 ± 893 4531 ± 1214

Total labeled cells 16567 ± 1666 18431 ± 3234 16736 ± 2888 17467 ± 3152

Data are expressed as mean ± SD.

*
Significantly different from non-suicides (p < 0.05).
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