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CNS: General Pathology (1)
Cellular response to injury and cell death
Introduction
-

-

-
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The central nervous system (CNS) is a sequestered subsystem of the body, confined to a fixed
space by the skull and bathed in cerebral spinal fluid (CSF). At the cellular level, the flow of
interstitial fluid is managed without a lymphatic system. In addition, the CNS is populated by
unique cells derived from the neuroectodermal system.
o Neuron
o Astrocyte
o Oligodendrocyte
Glial cells
o Microglia
While the CNS has the
same disease processes as
the rest of the body, for example ischemia, infection and neoplasia, it has several unique
pathophysiologic process, including:
o Excitotoxicity of neurons
o Axonal dystrophy
o Liquefactive necrosis (instead of coagulative necrosis)
o Gliosis
o Demyelination
o Herniation
o CSF obstruction
Herniation and CSF obstruction will be reviewed in: CNS, General pathology (2), Raised
intracranial pressure: cerebral edema and herniation.
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Cellular reactions to disease processes
Cell death
(for further discussion, see: General Pathology, Cell injury and death)
-

-

The idea that cell death is either “necrosis” or “apoptosis” is outdated. If cells do not
die by instantaneous disassembly, called “accidental” (e.g. trauma, thermal, poison),
then they die a programmed cell death through a signal transduction routine.
Many death pathways have been described, but the most common are mitochondrial
pore transition (MPT) necrosis, intrinsic and extrinsic apoptosis and autophagy. While
all of the types of cell death seen in the image are presumed to occur in the CNS, they
are not well understood. This discussion will be confined to the MPT necrosis pathway,
which is initiated by reactive oxidative stress (ROS) and intracellular calcium influx
which is seen in hypoxia.
o ROS and Ca+2 influx cause cyclophilin-D to induce pore openings in the
mitochondrial inner membrane. This causes mitochondrial failure and cell
death.
Regulated death subroutines
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The Neuron
-

Hypoxic cell death of the neuron is the most common and best understood injury pathway
and serves as the model for death of the neuron.
Progression of hypoxic death in the neuron is seen microscopically as:
a. Vacuolization
i. As with injury in all cells, an influx of Na+ and water leads to intracellular
edema. There are no grossly visible changes. The earliest ultrastructural
changes can be seen by electron microscopy after at least 8 hours.
ii. Edema is generally considered to be a reversible stage of injury.
b. Cell shrinkage and eosinophilia
i. Calcium influx heralds irreversible change.
ii. The neuron is unique as calcium influx can be caused by excitotoxicity.
Glutamate is the main excitatory signal in the neocortex (i.e. gray matter).
In hypoxia or other injury, glutamate is released into the synaptic cleft. This
leads to over-activation of NMDA receptors, which trigger the influx of
calcium.
Excitotoxicity
This refers to the damage to neurons caused by excessive stimulation by
neurotransmitters such as glutamate. A glutamatergic storm can overactivate
receptors such as NMDA-R, which allows high levels of calcium influx. Calcium
disrupts mitochondria (see MPT death above) and activates kinase cascades
with widespread cellular damage.
There are multiple causes of excitotoxicity, including hypoxia, trauma and
hypoglycemia (glucose binds synaptic glutamate). In concussion, it is the
biomechanical deformation of the neuronal cell membrane that causes the
release of glutamate.
iii. The eosinophilia of neuronal cytoplasm in injury occurs due to the
dispersion of the endoplasmic reticulum and proteins, which stain blue by
H&E stain.
c. Nuclear pyknosis: “Dead red” refers to the appearance of a necrotic neuron before
its dissolution (see image below).
d. Nuclear dispersion
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Neurons in different regions vary in their susceptibility to hypoxia. Most susceptible are the
neurons in the:
o CA1 region of the hippocampus
o Purkinje neurons in the cerebellum
o Germinal matrix in the fetus
Neurons in layers 3 and 5 of the neocortex are more susceptible to hypoxia, leading to
laminar necrosis
o Layer 3, medium pyramidal cells: cortical ↔ cortical interconnections
o Layer 5, large pyramidal cells: motor outputs
Liquefactive necrosis
o When a large enough volume of tissues dies in a “mostly protein” organ, it forms
grossly visible necrosis that is solid, called coagulative necrosis. Myocardial infarction
is the model disease.
o Brain is unique, as it is mostly myelin, with abundant cholesterol (20%).
Liquefactive necrosis is
Ischemic necrosis results in a clear liquid space surrounded by a thin wall
also seen in abscesses
of gliosis (i.e. a pseudocyst). This is called liquefactive necrosis.
and acute pancreatitis.
o In the first 4 weeks post-infarct, the inflammatory cytokine profile of
brain is the same as a “mostly protein” organ like heart. After 4 weeks,
the heart shifts to a pattern of fibrosis and repair.
o By comparison, from weeks 4-8, necrotic brain tissue has a second proinflammatory
wave.
 This is due to the myelin debris and the release of associated cholesterol
overwhelming the degradation capabilities of the microglia and associated
macrophages.
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Saturated foamy macrophages develop
cholesterol crystals that activate the
inflammasome.
The activated inflammasome sustains the
second wave of inflammation and
induces the production of matrix
metalloproteins (MMPs).
MMPs degrade the extracellular matrix
(ECM) resulting in liquefaction.
The chronic increased expression of
MMPs account for the brain’s
characteristic pattern of liquefactive
necrosis.
This increase in MMPs is neurotoxic, disrupting tight junctions and degrading
intact myelin, causing a secondary neurotoxicity that lasts for months.
Atherosclerosis
The cytokine profile of liquefactive necrosis in brain is the same as that seen in
atheromas. This too is a pathology with increased cholesterol, cholesterol crystals in
overloaded macrophages and liquefactive necrosis (i.e. the grumous center of the
atheroma).

o A comparison of the 2 model organs for necrosis: brain versus heart
Pathology of infarction
Substrate
Time from infarction
0-24 hours
3 days
8-10 days
4-8 weeks

Brain (liquefactive)
Myelin

Heart (coagulative)
Protein

“Red” neurons
٠Peak neutrophils
٠Tissue necrosis evident
Peak macrophages

“wavy” cytoplasm (edema)
٠Peak neutrophils
٠Tissue necrosis evident
٠Peak macrophages
٠Granulation tissue starts
Scar with shift from type III
to type I collagen

٠Pseudocyst formation
٠Gliotic lining

The Axon
-
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Wallerian degeneration
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o This is a classic model of axonal injury, dating from the 1860’s, that describes the
morphologic changes seen when a peripheral nervous system motor nerve is
transected.
o The axon and its myelin sheath degrade over 3-4 days (“B” in the figure). The
degeneration extends proximally (retrograde) and distally (anterograde) beyond the
site of direct injury. There is an associated change in the soma, with dispersion of the
rough endoplasmic reticulum (RER) called chromatolysis. It is unknown how this
occurs, and it is of uncertain significance. As well, dendrites retract, and synaptic
contacts are lost.
o The Schwann cells now proliferate and provide channels for the axon to regenerate
and follow (“C” in the figure). Axonal buds sprout at about 7 days and grow from 1-6
mm/day (faster in larger proximal nerves).
o Both macrophages and Schwann cells clear away the debris.
o Once the axon buds have re-established connection with the motor end plate, the
Schwann cells reform the myelin sheath around the new axon (figure part “D”).

o The process is quite different in the CNS. Oligodendrocytes require axonal stimulation
and so become dormant or undergo apoptosis after axonal injury. They do not
transform into phagocytic cells. They do not signal recruitment of phagocytic cells.
This means that myelin clearance is much slower, resulting in slow regeneration that
takes many months, if it occurs at all.
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Axonal dystrophy
o When axonal transportation is disrupted by a metabolic process, there is axonal
swelling called dystrophy. While this can be due to specific abnormalities such as
nutritional deficiencies (e.g. ↓Vitamin E) and inherited diseases (e.g. Niemann-Pick
disease), it is most commonly seen in aging and the common degenerative diseases
that have a buildup of abnormal substances in the axon (see table below).
Condition
Normal aging
Alzheimer disease
Frontotemporal dementia
Lewy body disease
Huntington disease

Abnormality
Ubiquitin reactive material
Tau protein. Found around amyloid plaques
TDP-43
α-synuclein
Huntingtin

o The neurons undergo apoptosis over time due to the misfolded protein stress
response, giving rise to the specific clinical condition.
The astrocyte
-

-
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The astrocyte is the master regulator of the CNS, the “brain of
the brain”. Its individual processes cannot be appreciated in
routine H&E brain histology, but rather are seen collectively,
called the neuropil. The astrocyte maintains homeostasis of the
brain and there are hardly any functions of the neuron that are
not directly affected by the astrocyte. There are two key
astrocyte reactions: swelling, which is seen with dysfunction of
salt / water homeostasis and reactive gliosis, which is a
pathologic adaptation .
Astrocyte swelling: seen in cytotoxic cerebral edema
o Cerebral edema (discussed in detail later) has 2 common pathophysiologies:
vasogenic and cytotoxic. The former is caused by damage to the endothelial cell (i.e.
the blood brain barrier, BBB) and the latter to the astrocyte. There is overlap
between the two, as the BBB is maintained by the astrocyte. Early cerebral edema in
stroke and trauma is cytotoxic and starts with swelling of the astrocyte.
o The normal astrocyte forms a syncytium with other astrocytes and oligodendrocytes
through gap junctions. An increase in interstitial ions or water can be taken up by
local astrocytes through ion channels or aquaporin 4 (AQ4) channels and
redistributed to remote areas.
 An increase in ion concentration in the astrocyte will be balanced by water
uptake through the AQ4 channels, causing swelling.
o Different ions can increase through different pathologic processes:
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K+: There is accumulation of K+ in the perineural space after depolarization
that is taken up by the oligodendrocyte and passed through the gap junctions
to the astrocyte. Abnormal ↑K+ can be seen in some epilepsies.
 Na+: Hypoxia leads to ATP depletion and failure of the Na+/K+ ATPase with
increase in intracellular Na+.
 Glutamate: This is the commonest excitatory signal in the neocortex and its
clearance is a major function of the astrocyte. Excessive release is seen in
stroke and trauma and may lead to excitotoxicity. Glutamate is osmotically
active and its uptake in the astrocyte leads to water uptake and swelling.
 Ca+2: influx is seen in many pathologies and has an osmotic effect in addition to
the Ca+2 effects on mitochondria and kinase cascades.
Reactive gliosis
o This refers to the universal multicell response of the brain to any significant injury
that results in cell death.
o The astrocyte is central to this process and, typical of all adaptations, cytokine
signaling such as TGF-α, IL-6 and neurotropic growth factors cause genetic and
morphologic changes in the astrocyte. A hallmark of these changes is upregulation of
glial fibrillary acidic protein (GFAP), the most important intermediate fiber of the
astrocyte cytoskeleton.
o In the core of the injury (“A” in the image), damage to capillaries causes a leaky BBB,
which allows inflammatory cells and proteins to cross into the brain. In larger injuries,
the core contains fibroblast-lineage cells that can produce collagen and endothelial
cells for neovascularization. If these central non-neural cells recede, they leave a
fluid-filled space of variable size (i.e. liquefactive necrosis).
o Astrocytes can proliferative, but they do not migrate. Around the core is a ring of
proliferating glial cells that form a barrier around the site of injury. This is called the
astrocytic “scar” although it produces no collagen.
o The astrocyte scar has neuroprotective effects, but it also tends to restrict neuron
regeneration.
o The perilesional periphery has abundant microglial cells and a diminishing intensity of
reactive gliosis.


-

Tissue compartments in reactive gliosis
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The effect of reactive gliosis in neurodegenerative diseases is complex and is only just being
investigated. These diffuse injuries tend to form multiple small areas of reactive gliosis in
the regions affected.
GFAP as a marker of chronic neuronal injury
Chronic and degenerative neuronal disease results in cell loss. In tissue, this loss of
neurons is difficult to appreciate by routine histology, as normal neuron density can be
quite variable. Pathologic evaluation of the brain therefore depends on finding
reactive gliosis. This is identified by immunostaining for glial fibrillary acidic protein

The oligodendrocyte
-

-

-

-
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Oligodendrocytes are the myelinating cells of the CNS. They wrap a tongue of cytoplasmic
membrane around the neuronal axon. Myelination of the membrane sheath occurs in larger
neurons, creating the structure for saltatory conduction (for further discussion, see: CNS,
Structure and function, microscopic). One oligodendrocyte can myelinate multiple neurons.
o Oligodendrocytes have a similar function to the Schwann cells of the PNS but differ in
embryologic origin and structure (for further discussion, see: CNS, Structure and
function, microscopic).
In addition to conduction, oligodendrocytes metabolically support the axon and interact
with other glial cells in a complex manner. They share gap junctions with astrocytes.
Oligodendrocytes develop from oligodendrocyte progenitor cells (OPC), of which there is a
substantial pool in the CNS. Damaged oligodendrocytes can be replaced by OPC which can
migrate to the site of injury and differentiate in the mature cell.
The oligodendrocyte is vulnerable to many insults, including hypoxia, trauma and immunemediated disease.
o The cell shows secondary downstream loss in neuropsychiatric diseases like
schizophrenia, bipolar disorder, autism and others. The significance of this is under
investigation.
Demyelinating disease are the commonest primary diseases of the oligodendrocyte. In
multiple sclerosis, there is attack of the myelin sheath by cytotoxic lymphocytes that leads
to oligodendrocyte death. This leaves the axons denuded and vulnerable to
neurodegeneration.
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The replacement of the lost oligodendrocyte in MS is not a lack of progenitor OPCs,
but their failure to differentiate into mature cells.

Microglial cells
-

-

-

-
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Microglial cells are the resident macrophages of the CNS and are the first line of
Resting microglial cell
immunologic defense.
o They arise from the yolk sac in early embryology and populate the CNS as it is
formed. They replace themselves by division, living about 4 years in the absence
of pathology.
o While blood macrophages, which derive from the bone marrow, may become
permanent residents of the brain in injury, they do not become microglial cells.
They have different densities with different genetic signatures and shapes in different
regions of the brain.
Microglial cells have 2 basic functions:
o Homeostasis: maintenance of the neuron, critically pruning synapses that go unused.
o Injury: Innate inflammatory response and antigen presenting cell (APC)
The “resting” microglial cell has a branching morphology and pattern recognition receptors
(PRRs). With injury and exposure to pathogen-associated molecular pattern (PAMPs) such as LPS
Ameboid cell
or damage-associated molecular pattern such as HMGB1, it activates.
Activation induces genetic and morphologic changes. The microglial cell changes to an amoeboid
shape, gains motility and migrates to the site of injury. It gains phagocytic function. It gains MHC II
proteins and with them APC function.
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Microglial response to injury

In physiologic conditions (i.e. homeostasis), the microglial cell is in a surveillance state. It has long,
branching processes that extend and contract, sampling the surrounding cells and matrix. The pattern of
detection for any given microglial cell is called its sensome. The microglial cell has active interaction with
surrounding cells and prunes synapses that are not used. In injury, PAMPs & DAMPs activate the PRR
(pattern recognition receptor) and the microglial cells activate to their fully phagocytic state. They gain
motility and MHC II molecules. This pro-inflammatory state is simplistically called M1 and the cell
secretes IL-1, IL-6. INF-γ and TNFα. With resolution, the microglial cell shifts into a repair state called M2,
and secretes IL-4, IL-10, TGF-β and growth factors. If there is a large enough area of damage, an astrocyte
scar will partition off the central core, with its non-neural cells. If the local macrophages are saturated
with cholesterol, they will secrete matrix metalloproteins and the core will undergo liquefactive necrosis.

-

The major neurodegenerative diseases like Alzheimer disease, Parkinson disease, ALS and
frontotemporal dementia all have a significant inflammatory component. It is not clear how
much of this inflammation is primary versus secondary nor whether is it protective or
harmful.

Blood vessels
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Cerebral blood vessel are prone to the usual vascular diseases, especially atherosclerosis
and hyaline arteriolosclerosis. Specific to the brain is amyloid vasculopathy.
Cerebral amyloid angiopathy (CAA)
o Pathophysiology:
 Amyloid deposits into the small and medium arteries of the brain and
leptomeninges. This is the same amyloid forming plaques in Alzheimer disease.
 The vessel wall is weakened, making it prone to bleeding. The size of the bleed
can vary from a subclinical microbleed to stroke-like loss of consciousness.
 These lobar bleeds are in the superficial brain and are a type of intracerebral
hemorrhage.

Intracerebral hemorrhage
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The etiology of the amyloid build up is unknown, but most likely related to
defective clearance of the amyloid from tissues.
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Epidemiology:
 Risk factors are the same as for Alzheimer disease: advanced age and Apo E4.
o Presentation:
 Symptoms:
• Acute: this is highly variable as it depends upon the size and location
of the bleed.
• Chronic: vascular dementia (aka multi-infarct dementia). This is
characterized by its step-wise progression, with periods of stability
punctuated by sudden drops in performance associated with lobar
hemorrhages.
 Physical examination:
• Same as for stroke.
 Diagnosis:
• Imaging: identification of multiple cortical infarcts.
o
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CNS: General Pathology (1)
Cellular response to injury and cell death
Do You Know It?
1. Describe excitotoxicity of the neuron.

2. Why does tissue necrosis in the brain progress to liquefactive necrosis?

3. What is Wallerian degeneration?

4. Describe the pathology of astrocyte swelling.

5. Describe reactive gliosis.
a. Is there collagen in an astrocyte scar?
b. Why do neuropathologists stain the brain for GFAP in degenerative diseases?

6. How do oligodendrocytes replace themselves?

7. What are the differences between a “resting” microglial cell and an activated microglial
cell?

8. Why can cerebral amyloid angiopathy have such variable presentations?
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