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Abstract

Because the effects of drug abuse on the cellular elements of the human brain have
not been studied systematically, an investigation was performed using histology,
immunohistochemistry, and morphometry. The main cortical and subcortical brain
areas of 50 polydrug deaths were analyzed as compared with controls.

In the brains of drug abusers, a significant neuronal loss was present. Interestingly,
the number of glial fibrillary acidic protein (GFAP)-positive astrocytes was reduced.
The numerical density of perivascular and parenchymal microglia was increased in
the white matter and in most subcortical regions. In the white matter there were
widespread ß-amyloid precursor protein deposits. Furthermore, there was a promi-
nent vascular hyalinosis, endothelial cell proliferation, and a loss of immunoreac-
tivity for collagen type IV within the vascular basal lamina.

The neuronal loss seems to be the result of a direct impairment of nerve cells and, indi-
rectly, to a damage of astrocytes, axons, and the microvasculature. The reduction of
GFAP-positive astrocytes is also indicative of a drug-induced damage. The axonal
injury suggests a toxic-metabolic drug effect, whereas the concomitant activation of
microglia is indicative of a long-standing progressive process. The noninflammatory
vasculopathy can be considered as the morphological substrate of a disturbed
blood–brain barrier. Our findings demonstrate that drugs of abuse initiate a cascade
of interacting toxic, vascular, and hypoxic factors that finally result in widespread dis-
turbances within the complex network of central nervous system cell–cell interactions.

Key Words: Forensic neuropathology; drug abuse; neuropathology; astrocytes;
microglia; microvessels.
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INTRODUCTION
Drug abuse represents a significant forensic issue world-

wide. Although no brain lesion specific for drug abuse exists,
a broad spectrum of changes affecting the central nervous sys-
tem (CNS) is seen in drug abusers (1,2). In addition, mor-
phological, physiological, and neurochemical abnormalities
have been demonstrated by using neuroradiological techniques
such as computed tomography, magnetic resonance imaging,

magnetic resonance spectroscopy, positron emission tomog-
raphy, or single photon emission computed tomography(1,3).

However, because the consequences of drug abuse on the
cellular elements of the brain have not been studied systema-
tically, an investigation was performed using histology,
immunohistochemistry, and morphometry. The analysis
included the spectrum, frequency, and topography of
histopathological alterations in the brains of polydrug abusers
as compared with controls through the determination of nerve
cell density, the reaction pattern of astrocytes and microglia,
as well as an examination of the white matter and the cerebral
microvasculature.
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MATERIAL AND METHODS
Brain specimens of 50 polydrug abusers and 30 controls

(subjects with no history of polydrug abuse) were examined
(Tables 1, 2). Autopsy included macroscopic and histological
examination of all major organs (Table 3). The police records
were used to obtain information regarding history of CNS
trauma, circumstances of death, and the estimated duration of
drug abuse. The age of the 36 male polydrug abusers ranged
from 16 to 44 years (mean age: 26 years), and that of the 14
female polydrug abusers ranged from 17 to 41 years (mean
age: 25 years). The age of the 20 male controls ranged from
24 to 57 years (mean age: 41 years) and that of the 10 female
controls ranged from 16 to 60 years (mean age: 37 years). The
age difference between both groups was chosen intentionally
to compare the findings in the polydrug abusers with possi-
ble age-dependent CNS alterations. There was no significant
difference in the postmortem interval between both groups.
All persons tested negative for HIV-1 infection. In all cases,
toxicological analyses were performed on blood, urine, and
gastric content. In addition, blood alcohol concentrations were
measured in every case. All the control cases tested negative
for illicit drugs and alcohol.

At autopsy, brain weight, signs of brain edema, and signs
of raised intracranial pressure were noted. The brains were
fixed for 2 weeks in a 4% phosphate-buffered saline (PBS)-
formalin solution. After fixation, the brains were cut in coro-
nal sections. Blocks of the following regions were removed
from every case: (1) the orbitofrontal cortex (orb-co) and white
matter (orb-wm), (2) the frontal cortex (fro-co) and white mat-
ter (fro-wm), (3) the temporal cortex (tem-co) and white mat-
ter (tem-wm) including the hippocampal formation (CA1,CA4,
granular layer of the dentate gyrus), (4) the parietal cortex 
(par-co) and white matter (par-wm), (5) the occipital cortex
(occ-co) and white matter (occ-wm), (6) the basal ganglia (bggl
= caudate nucleus, putamen, globus pallidus) with the internal
capsule (caint), (7) the thalamus (thal), (8) the mesencephalon
(mes) including the substantia nigra, (9) the pons, (10) the
medulla oblongata (med) including the olivary nucleus (olive),
and (11) the cerebellum (cer-co, cer-wm) including the den-
tate nucleus (dent). The specimens were washed in running
water, dehydrated, and embedded in paraffin.

Sections were cut (5 µm) and histological examination
encompassed the hematoxylin and eosin (H&E), cresyl-violet
(Nissl stain), Luxol-Fast-Blue (LFB), van-Gieson Elastica,
Periodic Acid-Schiff (PAS), and Prussian Blue staining meth-
ods. All sections were analyzed systematically for the follow-
ing criteria: leptomeninges (fibrosis, congestion, cell
infiltrates),brain edema,vascular congestion,neurons (hypoxic
changes, density), white matter damage, presence of gliomes-
enchymal nodules, and vascular system (morphology of blood
vessels, perivascular cuffing, perivascular hemorrhages).

Deparaffinized 5-µm-thick sections were immunostained
with the avidin-biotin-complex (ABC) method. For labeling

astrocytes, a monoclonal antibody (MAb) against glial fibrillary
acidic protein (GFAP, dilution 1:100, DAKO, Germany) was
used and for microglia, an MAb against the human lymphocyte
antigens (HLA)-DP, DQ, DR antigen (CR 3/43, dilution 1:100,
DAKO, Germany, predigestion with formic acid) was used. The
vascular basal lamina was immunostained with an MAb against
collagen type IV (dilution 1:200, DAKO, Germany, predigestion
with protease). For the investigation of white matter changes, an
MAb against ß-amyloid precursor protein (ß-APP 695a, dilution
1:200, Zytomed, Germany, microwave antigen-retrieval proce-
dure with citrate buffer) was used. The antigens were detected
with a Histostain®-Plus Peroxidase Kit (Zytomed, Germany).

The neurohistopathological analyses were performed using
a semiquantitative scoring system with 0 being not present;
1, moderately present; and 2, strongly present.
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Table 1
Data for the Control Cases

Age/ Brain
Case no. gender weight (g) Cause of death

C01 12/F 1296 Homicide, stabbing
C02 16/F 1330 Hanging
C03 24/F 1510 Homicide, stabbing
C04 24/M 1370 Myocarditis
C05 27/M 1478 Hanging
C06 28/F 1290 Ovarian carcinoma
C07 30/M 1716 Hanging
C08 32/M 1655 Hanging
C09 33/M 1606 Hanging
C10 35/F 1445 Amniotic fluid embolism
C11 35/M 1220 Cardiomyopathy
C12 38/M 1530 Esophageal carcinoma
C13 38/M 1379 Myocardial infarction
C14 39/F 1410 Breast carcinoma
C15 39/M 1400 Hemorrhagic shock
C16 40/M 1643 Hanging
C17 42/M 1521 Hanging
C18 43/M 1350 Pneumonia
C19 44/M 1350 Sepsis
C20 45/F 1490 Myocardial infarction
C21 47/M 1521 Hanging
C22 50/M 1210 Myocardial infarction
C23 51/M 1470 Aortic dissection
C24 51/M 1340 Epipharynx carcinoma
C25 51/M 1370 Cardiomyopathy
C26 52/F 1300 Breast carcinoma
C27 55/M 1150 Myocardial infarction
C28 57/M 1360 Pulmonary carcinoma
C29 59/F 1115 Pulmonary artery embolism
C30 60/F 1250 Pneumonia

M, male; F, female.
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Table 2
Data for the Drug Fatalities

Case Age/ Brain Duration of
no. gender weight (g) Types of drugs used BAC drug abuse

1 16/M 1652 Heroin, dihydrocodeine, benzodiazepines 0,00 9 months
2 16/M 1730 Heroin, dihydrocodeine, benzodiazepines 0,00 NA
3 17/F 1524 Heroin, dihydrocodeine, benzodiazepines 0,00 48 months
4 18/F 1078 Heroin, benzodiazepines 0,00 24 months 
5 18/F 1440 MDMA, cannabis 0,59 NA
6 19/M 1744 Heroin, dihydrocodeine, benzodiazepines 0,00 20 months 
7 19/M 1422 Heroin, benzodiazepines, cannabis 0,00 10 months
8 19/F 1506 Methadone, cannabis 0,00 NA
9 20/M 1560 Dihydrocodeine, heroin, benzodiazepines, cannabis 1,71 50 months
10 21/M 1187 Dihydrocodeine, heroin, benzodiazepines 0,00 60 months
11 21/M NA Dihydrocodeine, heroin, benzodiazepines 0,68 36 months
12 21/M 1452 Heroin, dihydrocodeine,methamphetamine, doxepine 0,00 84 months
13 21/F 1216 Heroin, dihydrocodeine, benzodiazepines 2,07 NA
14 22/M 1521 Heroin, benzodiazepines 0,00 24 months
15 23/M 1659 Methadone, dihydrocodeine, benzodiazepines, cannabis 0,00 33 months
16 23/F 1258 Methadone, cocaine,benzodiazepines,dihydrocodeine 0,00 33 months
17 23/F 1290 Dihydrocodeine, benzodiazepines 0,00 56 months
18 24/M 1532 Heroin, benzodiazepines, cannabis 0,84 NA
19 24/M 1530 Heroin, cocaine, benzodiazepines 1,66 18 months
20 24/M 1549 Heroin, dihydrocodeine, benzodiazepines 0,46 29 months
21 24/M 1359 Cocaine, methamphetamine 0,00 NA
22 24/F 1290 Dihydrocodeine, benzodiazepines, carbamazepin 0,00 23 months
23 24/F 1236 Dihydrocodeine, trimipramine, imipramine 0,00 20 months
24 25/M 1348 Heroin, dihydrocodeine, cocaine 0,00 76 months
25 26/M 1495 Heroin, benzodiazepines 0,00 60 months
26 26/M 1456 Heroin, dihydrocodeine, benzodiazepines, cannabis 0,00 108 months
27 26/F 1450 Heroin, dihydrocodeine, benzodiazepines 0,00 110 months
28 27/M 1450 Dihydrocodeine, heroin, benzodiazepines 0,00 24 months
29 28/M 1659 Heroin, dihydrocodeine, benzodiazepines 0,00 53 months
30 28/F 1307 Methadone, heroin, dihydrocodeine 0,00 60 months
31 29/M 1547 Dihydrocodeine, benzodiazepines, cannabis 0,57 NA
32 29/M 1567 Methadone, benzodiazepines, cannabis 0,00 41 months
33 30/M 1579 Dihydrocodeine, benzodiazepines 0,00 141 months
34 30/M 1493 Dihydrocodeine, cocaine, benzodiazepines, doxepine 0,00 133 months
35 31/M 1453 Cocaine, cannabis 0,00 4 months
36 31/M 1499 Heroin, dihydrocodeine, benzodiazepines 0,00 108 months
37 31/M 1591 Heroin, benzodiazepines 0,00 121 months
38 31/W 1324 Dihydrocodeine, codeine, cocaine, benzodiazepines 0,00 120 months
39 32/M 1282 Dihydrocodeine, methadone, trimipramine 1,14 168 months
40 33/M 1462 Heroin, dihydrocodeine, benzodiazepines 0,00 145 months
41 33/M NA Heroin, MDMA, amphetamine, benzodiazepines 0,04 59 months
42 34/M 1345 Heroin, benzodiazepines 1,71 NA
43 34/M 1585 Methadone, benzodiazepines 0,00 107 months
44 36/M 1740 Heroin, cocaine, benzodiazepines 0,00 36 months
45 37/M 1525 Heroin, benzodiazepines 0,65 26 months
46 38/F 1396 Cocaine, methadone, benzodiazepines 0,00 264 months
47 39/M 1383 Dihydrocodeine, benzodiazepines 0,27 174 months
48 40/M 1611 Dihydrocodeine, codeine, heroin 0,00 110 months
49 41/W 1354 Codeine, benzodiazepines, carbamazepine 0,72 NA
50 44/M 1556 Heroin, dihydrocodeine, benzodiazepines 0,54 197 months

NA, data not available.
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Table 3
Major Findings of the Peripheral Organs of the Drug Fatalities

Case Heart Lungs Liver Lymph Spleen Thymus Urine
no. Skin (g) (g) (g) nodes (g) (g) (mL)

1 i.m. 390 R 686, L 580, co 1821, co pl 215 26 350
2 - 319 R 668, L 626, ed, co, Fe+ 1477 - 176 54 250
3 i.m. 268 R 743, L 640, mu, ed, co, Fe+ 1696, co ++, pl 137 47 150
4 multiple i.m. 224 R 490, L 249, ed, co 1182, fl ++, pl 703 18 30
5 multiple i.m. 308 R 507, L 514, co 1565, hep ++, pl 192 - 0
6 i.m. & tracks 326 R 767, L 597, co, Fe+ 1963, co ++, pl 589 47 700
7 - 302 R 1017, L 869, ed, co, asp 1730, fl ++, pl 197 28 800
8 - 325 R 501, L 460, co 1465, co ++, pl 96 29 10
9 i.m. & tracks 400, hy R 700, L 616, ed, co, Fe+ 1878, co ++, pl 245 65 270
10 multiple i.m. 295 R 950, L 1005, co, Fe+ 1276 ++, pl 288 44 400
11 i.m. & tracks 358 R 708, L 710, mu, ed, co, Fe+ 1582, co ++ 167 30 300
12 multiple i.m. 307 R 777, L 709, co, asp, Fe+ 1373 ++, pl 206 40 550
13 multiple i.m. 286 R 624, L 572, mu, ed, Fe+ 1614, co ++, pl 176 32 180
14 fresh i.m. 414, hy R 917, L 769, mu, ed, co 2156, co ++, pl 209 57 350
15 i.m. & tracks 344 R 638, L 637, co, asp, Fe+ 1524, hep ++, pl 133 28 700
16 multiple i.m. 275 fib R 630, L 502, co, pneumo, Fe+ 1393, hep ++ 199 25 100
17 i.m. & tracks 278 R 1384, L 1150, ed, Fe+ 2111, co, hep ++ 269 - 10

pneumo
18 multiple i.m. 541, hy R 760, L 700, asp, Fe+ 3535, fl ++, pl 360 31 100
19 i.m. & tracks 296 R 764, L 778, ed, co, asp 1680 ++, pl 118 - 800
20 i.m. & tracks 331 R 723, L 696, ed, co, Fe+ 2340, co, hep ++, pl 322 41 400
21 - 379, hy, cb R 774, L 431, asp, Fe+ 1722 - 193 - 180
22 i.m. & tracks 248 R 604, L 645, ed, co, Fe+ 1303 ++ 223 20 350
23 multiple i.m. 240 R 555, L 460, ed, asp, Fe+ 1370, hep ++ 143 36 0
24 i.m. & tracks 245 R 502, L 594, ed, co, asp, Fe+ 1804, co pl 265 - 250
25 - 408, hy R 1051, L 895, co 1683, fl, hep ++, pl 170 43 250
26 i.m. & tracks 406, hy R 594, L 763, ed, co, Fe+ 3267, fl, hep ++, pl 515 50 5
27 i.m. & tracks 326 abscesses R 800, L 750, ARDS, Fe+ 1785, necrosis pl 354 - 4
28 multiple i.m. 365 R 789, L 669, ed, co 1952 ++, pl 273 48 300
29 multiple i.m. 458, hy R 1046, L 783, asp, Fe+ 1857, fl pl 181 35 200
30 fresh i.m. 241 R 860, L 575, mu, ed, co 1130, co pl 129 39 630
31 multiple i.m. 348 R 320, L 324, co, Fe+ 2414, fl pl 174 - 140
32 i.m. & tracks 349 R 648, L 930, ed, Fe+ 1726, co ++, pl 108 27 5
33 multiple i.m. 408, hy R 856, L 815, co 2669, co ++, pl 505 35 250
34 i.m. & tracks 388 R 706, L 512, ed, co, Fe+ 2070, co ++, pl 315 36 700
35 fresh i.m. 536, hy, cb, fib R 765, L 650, Fe+ 2532, co ++ 189 - 320
36 i.m. & tracks 504, hy, fib R 1162, L 960, ed, co, asp, Fe+ 2496, co ++, pl 351 96 1
37 i.m. & tracks 460, hy, fib R 686, L 501, ed, co, asp, Fe+ 2252, hep ++, pl 692 73 390
38 i.m. & tracks 299 R 629, L 672, ed, co 1652, co pl 210 27 150
39 fresh i.m. 323, fib R 796, L 594, co, asp 1626 ++, pl 219 18 400
40 multiple i.m. 336, fib R 634, L 783, asp, Fe+ 1852, co, hep pl 282 26 200
41 multiple i.m. 349 R 835, L 730, co, Fe+ 1865 ++ 190 - 500
42 multiple i.m. 413, healed R 787, L 823, ed, Fe+ 3660, fl ++, pl 260 35 100

endocarditis
43 multiple i.m. 360 R 936, L 769, ed, co, asp, Fe+ 2120, co ++ 360 41 100
44 i.m. & tracks, 428, hy R 830, L 851, ed, co, Fe+ 1954, co ++ 331 44 300

abcesses

(Continued)
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The determination of the numerical density (n/mm2) of
astrocytes and microglia was performed at 400 × magnifica-
tion with a counting grid (4). For the quantification of microglia,
the perivascular and parenchymal microglia was counted sep-
arately, then summed up as total microglia. The gray matter
was analyzed following the “systematic row sampling,”whereas
the white matter, the hippocampal formation, the subcortical,
and the brainstem regions were analyzed following the “random
systematic sampling” (4).

For the determination of ß-APP immunostaining, a semi-
quantitative scoring system was used with 0 being no ß-APP
immunostaining; 1, moderate immunostaining, however focal;
2, scattered patches of ß-APP foci; and 3, extensive ß-APP
deposits throughout large areas of the white matter.

For collagen type IV, the intensity of the immunostaining
was evaluated using a 3-point rating scale. Staining reactivity
was denoted as 1 for mild immunoreactivity, 2 for moderate
immunoreactivity, and 3 for strong immunoreactivity. The
numerical density of vessels for each staining intensity and
the total numerical density of vessels was calculated by dividing
the number of counted vessels by the total area of all measuring
fields and expressed as n/mm2.

The data were analyzed with the statistical program SPSS
(Statistical Package for the Social Sciences, version 13.0 for
Windows). The nonparametric Mann-Whitney U-test as well
as the Spearman Rank correlation were used.

RESULTS
All drug deaths were polydrug abusers who died owing to

acute drug intoxication (Table 2).  Besides heroin in 30 cases,
codeine/dihydrocodeine (n = 10), methadone (n = 6), cocaine
(n = 2), and methylenedioxymethamphetamine (n = 2) could
be detected as the major substance that caused death. Thus,
92% of all drug deaths were associated with the abuse of opi-
oids. Concomitant use of other drugs and alcohol were fre-
quently seen (Table 2). The major findings of the peripheral
organs of the drug fatalities are listed in Table 3. None of the
drug and control cases revealed signs of hepatic or pancreatic
changes suggestive of long-term excessive alcohol abuse at

general autopsy. None of the cases had a history of severe
CNS trauma.

Neuropathological Investigations
The macroscopic data on brain weight, signs of brain edema,

and increased intracranial pressure did not differ significantly
between both groups. In none of the cases could significant
herniation with secondary brain stem hemorrhages be detected.

The histopathological examination of the brains of con-
trols and of polydrug abusers did not demonstrate changes due
to infectious agents or cerebrovascular lesions. The amount
and distribution of leptomeningeal fibrosis, congestion and
cellular infiltrates as well as brain edema, vascular conges-
tion, perivascular cuffing, perivascular hemorrhages, gliomes-
enchymal nodules, and any hypoxic nerve cell damage, as
assessed in the routinely stained sections, did not statistically
differ between both groups. There was no significant corre-
lation between the measured parameters and postmortem inter-
val. There was also no significant difference for the measured
parameters between both sexes.

Neuronal Density
In the brains of polydrug abusers there was a significant

nerve cell loss in the orbitofrontal, frontal, temporal, parietal
and occipital cortex as well as in the caudate nucleus, putamen,
globus pallidus, thalamus, substantia nigra, pons, inferior
olivary nucleus, dentate nucleus, and the cerebellar granular
cell layer as compared with controls. There was no signifi-
cant difference between both groups for the neuronal number
in the hippocampal formation and in the Purkinje cell layer
of the cerebellum (Figs. 1 and 2).

White Matter Changes
On LFB staining, pallor of the white matter could be detected

in six polydrug abuse cases and in one control case, but the
difference was not statistically significant. However, in the
white matter of all regions examined, ß-APP-immunoreactivity
was significantly increased in the brains of polydrug abusers
as compared to controls (5).
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45 i.m. & tracks 326 R 695, L 558, co, Fe+ 1823 ++, pl 214 20 50

46 i.m. & tracks 257 R 447, L 419, co, Fe+ 1540, co ++, pl 123 22 5
47 i.m. & tracks 399, hy, fib R 677, L 680, ed, Fe+ 1966, hep ++, pl 132 43 100
48 i.m. & tracks 378 R 753, L 578, ed, asp, Fe+ 1975, fl pl 355 - 50
49 multiple i.m. 284 R 689, L 463, ed, co, pneumo, Fe+ 1523, fl ++, pl 110 11 450
50 multiple i.m. 401, hy R 918, L 788, ed, co, Fe+ 1882, co ++, pl 242 30 150

-, unremarkable, not present; ++, enlargement; R, right; L, left; ARDS, acute respiratory distress syndrome; asp, aspiration; cb, con-
traction bands; co, congestion; ed, edema; Fe+, iron-containing macrophages; fib, fibrosis; fl, fatty liver; hep, hepatitis; hy, hypertrophy;
i.m., injection mark; mu, mushroom of blood-tingled foam; pl, portal lymph node; pneumo, bronchopneumonia; tracks, needle tracks.

Table 3 (Continued)

Case Heart Lungs Liver Lymph Spleen Thymus Urine
no. Skin (g) (g) (g) nodes (g) (g) (mL)



120 __________________________________________________________________________________Büttner and Weis

Astrocytes
In the brains of polydrug abusers, the numerical density of

GFAP-positive astrocytes was significantly reduced in the gray
and white matter in all regions examined, with the exception
of the hippocampal CA1 region, the pyramidal tract and the
cerebellar cortex (Fig. 3). 

Microglia
In the brains of polydrug abusers, the numerical density of

CR3/43-positive microglia (i.e.,both perivascular and parenchy-
mal) was significantly increased in the orbitofrontal, frontal,
parietal, and occipital white matter as well as in the mesen-
cephalon, pons, medulla oblongata, inferior olivary nucleus, and
the cerebellum (Fig. 4). The numerical density of perivascular
microglia was significantly increased only in the inferior olivary
nucleus, whereas in the other brain regions there was no signi-
ficant difference between both groups. In contrast, the numerical
density of parenchymal microglia was significantly increased
in the orbitofrontal, frontal, temporal,parietal and occipital white
matter as well as in the mesencephalon, pons, medulla oblon-
gata, inferior olivary nucleus, and the cerebellum.

Vascular System
The total extent and distribution of vascular congestion,

perivascular cuffing, or perivascular hemosiderin deposits and

hemorrhages did not statistically differ between both groups.
However, in the brains of polydrug abusers the number of ves-
sels showing hyalinotic thickening was significantly increased
in the gray and white matter of the orbitofrontal, frontal, tem-
poral, parietal, and occipital cortex as well as in the caudate
nucleus, putamen, globus pallidus, internal capsule, and
medulla oblongata (Fig. 5). The alterations consisted of con-
centric hyalinotic thickening, sometimes with luminal nar-
rowing (Fig. 6A,B).

In the brains of polydrug abusers, the number of vessels
showing endothelial proliferation was significantly increased
in the gray and white matter of the orbitofrontal, frontal, tem-
poral, parietal, and occipital cortex as well as in the caudate
nucleus and substantia nigra (Fig. 7). The alterations consisted
of a marked endothelial swelling and endothelial cell hyper-
plasia (Fig. 8A,B), but they never reached the extent of a true
angiogenesis.

The results for the alterations of collagen type IV in the
vascular basal lamina of the frontal, temporal, parietal, and
occipital lobe have been reported previously (6). Briefly, in
the cortical gray and white matter of the brains of polydrug
abusers, the number of vessels showing strong immunoreac-
tivity for collagen type IV was significantly reduced, whereas
the number of vessels with mild and moderate immunoreac-
tivity was increased as compared to controls. The total numer-
ical density of vessels was not significantly changed. In the
other regions examined, similar changes could be observed in
the caudate nucleus, mesencephalon, and medulla oblongata
but not in the putamen, globus pallidus, internal capsule, thal-
amus, and pons (Fig. 9A,B).

DISCUSSION
Although animal and neuroimaging research within the

past number of years have clarified various aspects of CNS
alterations in the context of drug abuse, systematic morpho-
logical studies of the human brain have been lacking. Therefore,
the aim of this study was a systematic morphological analysis
of the brains of polydrug abusers. The major finding was a
widespread neuronal loss, a reduction of GFAP-positive astro-
cytes, an axonal damage with concomitant microglia activation,
as well as reactive and degenerative vascular changes.

Although this study was performed on a large well-docu-
mented group of polydrug deaths, some variables could not be
excluded. The information about the duration and types of drug
abused can only be estimated, since the first appearance of the
individual in the police records does usually not reflect the actual
beginning of drug abuse. Another problem consists of distin-
guishing between substance-specific effects related to the prop-
erties of the drug itself and secondary effects related to lifestyle
(e.g., malnutrition, infections, and peripheral diseases).

The illicit substances taken by the polydrug abusers in our
study reflect the characteristic spectrum that are consumed
worldwide, with opioids being the major substances abused
(1,7). Because 92% of our polydrug deaths were associated

Forensic Science, Medicine, and Pathology
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Fig. 1. Nerve cell loss within the occipital cortex of a drug
abuser (Luxol-Fast-Blue stain, magnification ×100).
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Fig. 2. Result of the semiquantitative scoring of nerve cell density demonstrating significantly higher score of nerve cell loss
in the brains of drug abusers (for details and abbreviations see text).

Fig. 3. Numerical density (n/mm2) of GFAP-immunopositive astrocytes. There is a significant reduction of the number of
GFAP-immunopositive astrocytes in the brains of drug abusers as compared to controls (for abbreviations see text).

with long-standing opioid abuse, the observed alterations are
most probably owing to these substances. Because all sub-
types of opiate receptors are expressed on neurons, astro-
cytes, microglia, and endothelial cells (8,9), opioids exert
their influence on almost all cell types of the CNS.

There are only few reports on histopathological alterations
in the brain of drug abusers, predominantly describing edema,
vascular congestion, ischemic nerve cell damage, and neu-
ronal loss (7,10–12). These changes have been attributed to
toxic primary respiratory failure and are therefore considered
as being nonspecific (7). However, in most of these studies,
there was no statistical comparison to a control group and sys-
tematic data on frequency or topography of the lesions are
lacking. 

In this study, the findings mentioned above could be con-
firmed only partially. In polydrug abusers hypoxic nerve cell
damage was significantly more often present only in the
orbitofrontal, temporal, and occipital cortex. In contrast, there
was a widespread neuronal loss in the brains of polydrug
abusers, with the exception of the hippocampal formation and
the Purkinje cell layer. In both regions there was also no sig-
nificant reduction of GFAP-positive astrocytes.

In addition, there were concomitant vascular alterations in
the cortical regions and a reduction of GFAP-positive astro-
cytes, but no surrounding microglial activation. Within the
subcortical regions there was a significant neuronal loss and
a reduction of GFAP-positive astrocytes, but only scarce vas-
cular alterations. Therefore, a vascular mechanism of the neu-



ronal loss cannot be assumed. An age-associated neuronal
reduction can also be excluded because the mean age of the
control group was higher than that of the polydrug abusers.

Although the neuronal loss could be induced by recurrent
hypoxic–ischemic episodes owing to respiratory depression
during the intoxicated state, the reduction of GFAP-positive
astrocytes argues against such a phenomenon as the sole cause.
Furthermore, CNS lesions after global hypoxic–ischemic dam-
age are predominantly seen in the Purkinje cell layer of the
cerebellum and the hippocampal formation (13). Because the
nerve cell density in these regions was not significantly changed
between both groups, other factors must be of pathogenetic
significance.
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Fig. 5. Result of the semiquantitative scoring of vascular thickening demonstrating significantly higher score in the brains
of drug abusers (for details and abbreviations see text).

Fig. 6. Hyalinotic vascular thickening in the brains of drug
abusers: (A) parietal, (B) temporal (H&E stain, magnification
×200).

Fig. 4. Numerical density (n/mm2) of parenchymal and perivascular CR3/43-immunopositive microglia in the brains of drug
abusers as compared to controls (for abbreviations see text).
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Besides hypoxic–ischemic nerve cell damage, apoptotic
processes can result in neuronal cell death (14). It has been
shown for nearly all drugs of abuse that apoptosis can occur
(15–21). In these studies it was shown that drugs of abuse can
induce neuronal apoptosis by an increased expression of pro-
apoptotic factors (e.g., p53, bax, caspases, endonucleases) and
by a decreased expression of the anti-apoptotic oncoprotein
bcl-2. Furthermore, a drug-induced decrease of the astrocytic
glutamate transporter resulted in an increase of extracellular
glutamate with subsequent excitatory nerve cell damage (22).
However, data on the human brain are lacking so far. Another
possibility for the neuronal loss might be drug-induced alter-
ations of neurofilament (NF) proteins (23). In opioid deaths,
a marked reduction in total NF proteins, immunoreactive NF
proteins, and an aberrant hyperphosphorylation of NF has been
demonstrated (24,25).

White Matter
Although there were no significant white matter changes

seen on myelin-stained sections, our results show a widespread
axonal damage in the brains of polydrug abusers. Because this
group did not significantly differ from the controls in the pres-
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Fig. 7. Result of the semiquantitative scoring of endothelial proliferation demonstrating significantly higher score in the
brains of drug abusers (for details and abbreviations see text).

Fig. 8. Endothelial proliferation in the brain of drug abusers:
(A) caudate nucleus, (B) occipital (H&E stain, magnification
×200).

ence of brain edema or signs of increased intracranial pressure,
the mechanism of a secondary phenomenon owing to global
hypoxia–ischemia cannot explain our findings. Furthermore,
the microglial activation selectively in the white matter of poly-
drug abusers argues against an acute or agonal phenomenon
and is indicative of a long-standing progressive process. 

Based on these findings, it seems likely that drugs of abuse
might induce direct toxic–metabolic axonal damage, which
might be induced or enhanced by cerebral hypoxia. Besides
these direct mechanisms, the activated microglia could increase
the axonal damage by the release of cytotoxic substances. The
extent of the axonal damage is likely to be underestimated,
because ß-APP only detects relatively recently damaged axons
(26), whereas the duration of the abuse of drugs often lasts
several years. Therefore, in conjunction with the microglial
activation, a chronic-progressive process has to be considered,
which might be initiated and supported by drugs of abuse. The
alterations might be the morphological correlate of the observed
demyelination and hyperintense areas seen on magnetic
resonance imaging (2,27,28).

Astrocytes
Although an increased expression of GFAP in astrocytes

(astrogliosis) has been described in various CNS lesions (29),
there are only few data on toxic CNS damage (30). In an older
study, widespread fragmentation and a numerical depletion
of astrocytes in the white matter have been reported in the
brains of drug deaths (12). In HIV-positive drug abusers, HIV-
negative drug abusers, and non-drug-using controls there was
no statistical difference between the three groups in relation
to astrocytes (31,32). In the prefrontal cortex of opioid deaths,
the immunodensity of GFAP was found unchanged (24).
Morphine inhibited astrocytic proliferation in murine cell cul-
tures, and there was a dysregulation of calcium homeostasis
and an increase of reactive oxygen species (33). After cocaine



cytes could be associated with our observation and might rep-
resent a specific long-term effect of drugs of abuse on astrocytes.

Because astrocytes are of eminent importance for the main-
tenance of the blood–brain barrier (BBB) integrity (38) our
findings might also be indicative of an indirect impairment of
the BBB. Because GFAP expression is also essential for nor-
mal white matter architecture (39), its reduction might con-
tribute to the white matter changes seen in polydrug deaths.

Microglia
The activation of microglia predominantly in the white mat-

ter of polydrug abusers is in accordance with the findings of
other authors (10,11,32). As mentioned earlier, this activation
is most probably induced by the axonal damage and not the
result of a direct drug-associated effect. The activation of
microglia might lead to the release of cytotoxic substances
and a disruption of synaptic integrity.
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administration, modifications in astrocytic numbers, cell size,
and shape complexity were seen (34).

The reduction of GFAP-positive astrocytes suggests drug-
induced cell damage. One possible mechanism could be the
interference of drugs with the GFAP-gene transcription induc-
ing an altered GFAP-phosphorylation (35). Furthermore, the
induction of a cytochrome P450 isoform by drugs of abuse with
the generation of free radicals (36) and subsequent damage of
astrocytes might be conceivable. In addition, a drug-mediated
effect on the astrocytic cytoskeleton, similar to the neuronal
neurofilament proteins (23-25) might contribute to the decrease
of GFAP-immunoreactivity.

I2-imidazoline receptors are involved in the regulation of the
GFAP expression (23). In the frontal cortex of heroin deaths the
density of I2-imidazoline receptors and the immunoreactivity
of the related imidazoline receptor protein were decreased (37).
Therefore,a downregulation of I2-imidazoline receptors in astro-
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Fig. 9. (A) Numerical density (n/mm2) of blood vessels in the basal ganglia according to the staining intensity for collagen
type IV in drug abusers as compared to controls. (B) Numerical density (n/mm2) of blood vessels in the subcortical regions
according to the staining intensity for collagen type IV in drug abusers as compared to controls (for abbreviations see text).
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1. Widespread alterations can be detected in the brains of
drug abusers using histology, immunohistochemistry,
and morphometry.

2. There is a significant nerve cell loss in nearly all brain
regions.

3. The numerical density of GFAP-positive astrocytes is
reduced in the gray and white matter.

4. The numerical density of CR3/43-positive microglia is
increased in the white matter as well as in the brain-
stem, inferior olivary nucleus, and the cerebellum.

5. There is a reactive endothelial cell proliferation, degen-
erative hyalinotic thickening, and a loss of immunoreac-
tivity for collagen type IV within the vascular basal lamina.

Educational Message

Cerebral Microvasculature
Cerebrovascular accidents are frequently seen in the context

of drug abuse, but to date there is no consensus about the cause
(1,2). As one possible pathogenetic mechanism, a drug-induced
vasculitis has been postulated (40). However, in our study, vas-
culitic changes could not be observed, so that we cannot confirm
the regular occurence of a vasculitis in drug abusers.

In a study of AIDS patients, small-vessel thickening,
perivascular space dilatation, pigment deposition, vessel wall
mineralization, and perivascular inflammatory cell infiltrates
were seen in 50% of then former drug abusers (41).

It has been shown that cocaine enhances the expression of
inflammatory cytokines, adhesion molecules, and chemokines
on brain endothelial cells with consequent increase in perme-
ability of the BBB (42,43). After chronic cocaine administra-
tion, thrombosis, endothelial thickening,vascular wall fibrosis,
and rupture of the basement membrane of brain capillaries have
been observed in rats (44). Methamphetamine induced distur-
bances in cellular redox status and upregulation of inflamma-
tory genes in brain endothelial cells (45).

On neuroimaging, small areas of demyelination, focal per-
fusion deficits, a reduction of the cerebral glucose metabolism,
and hyperintense areas have been described in the brains of drug
abusers (3,27,28,46,47), but to date there is no consensus about
the cause or possible morphological substrates. Our study
demonstrated profound alterations in the cerebral microvascu-
lature. There was reactive endothelial cell proliferation, degen-
erative hyalinotic thickening, and a decrease of the collagen
type IV content of the vascular basal lamina. A degeneration of
the vascular basal lamina can result in an increased permeabil-
ity and a reduced electrical resistance of the BBB (48). Therefore,
this noninflammatory vasculopathy can be considered as the
morphological substrate of a disturbed BBB and might be asso-
ciated with the alterations seen on neuroimaging.

In conclusion, our findings demonstrate that drugs of abuse
initiate a cascade of interacting toxic, vascular and hypoxic
factors which finally result in widespread disturbances within
the complex network of CNS cell–cell interactions.
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