
The Neurobiology of Stress and
Adaptation

Part 1



 

 

        The Big Picture



Stress and adaptation: central role of the brain

-Protective and damaging effects of stress mediators

-Scared stiff - neural basis of fear and anxiety

- Stress hormones have beneficial effects, acting via receptors

- Structural plasticity of the brain.

-Stress effects on behavior and structural plasticity
         Hippocampus
         Amygdala
         Prefrontal cortex

-Sex differences in response to stress

- Importance of the mother - long-lasting effects 
     of early experience -



Types of stress

Positive stress:
-Exhilaration from a challenge that has  a satisfying outcome.
-Sense of mastery and control: 
-Good self esteem.

Tolerable stress:
-Adverse life events but good social and emotional support
-Depression is a risk

Toxic stress:
-Chaos, abuse, neglect
-Absence of social and emotional support
-Depression is a likely outcome
-More likely to occur to people with less education and income*

* Adverse childhood experiences (ACE) from toxic stress:
  long-lasting - emotional, cognitive, behavioral, systemic consequences
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2 h restraint



A single immobilization causes delayed spine synapse induction
           and increased anxiety 

Sumantra Chattarji, Bangalore and MIT



What we often mean by “stress”
      is being “stressed out”!

Feeling overwhelmed, out of control, exhausted, anxious, frustrated, angry

    What happens to us?

Sleep deprivation

Eating too much of wrong things, 
   alcohol excess, smoking

Neglecting regular, moderate exercise

All of these contribute to allostatic load
  Psychosocial stress is a major factor



Sleep deprivation as a chronic stressor:
               Disturbed allostasis and allostatic load

Increased blood pressure;  
      decreased parasympathetic tone.

Elevated evening cortisol,   glucose, insulin.

Elevated inflammatory cytokines.

Increased appetite, which can increase 1-3 
after over-eating.

Depressed mood.

Impaired cognitive function.



Stress - a challenge 
       to the body

Allostasis - leads to adaptation



CRHAVP

ACTH

Cortisol

STRESS

 Acute - enhances immune,
Memory, energy replenishment,
Cardiovascular function

Chronic - suppresses immune,
Memory,  promotes bone
Mineral loss, muscle wasting;
Metabolic syndrome

Many targets 
for cortisol



Biological Mediators of Allostasis

Autonomic nervous system

Hormones

Cytokines - immune system “hormones”

Neurotransmitters



Autonomic nervous system Neuroendocrine System



Immune to Brain

Cytokines and sleep

Sickness behavior

Inflammatory cascade

HPA regulation

Neuroprotection

Brain to immune

Acute stress -
  enhancement

Chronic stress-
  immunosuppression

Containment of
  inflammation

The immune system is innervated and responds to virtually 
                         every hormone in the body



Mediators of stress and adaptation

                    NON-LINEARITY!!



Stress and adaptation: central role of the brain

-Protective and damaging effects of stress mediators
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     of early experience -



Amygdala

Hippocampus

Hippocampus
Shut-off of stress response

Amygdala

Turns on stress response

Prefrontal cortex
Top down control
Balancing of stress response

 

The Human Brain Under StressThe Human Brain Under Stress::
Control of the Stress ResponseControl of the Stress Response



Amygdala

Hippocampus

Hippocampus
Contextual, episodic, spatial
memory

Amygdala

Emotion. fear, anxiety,

Aggression

Prefrontal cortex
Decision making, working memory,
Top down control of impulsive behavior

 

The Human Brain Under StressThe Human Brain Under Stress::
Role in cognitive function and emotionRole in cognitive function and emotion
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Joseph Ledoux,  New York University



tone tone+shock tone

Fear Conditioning

freezing (muscle tension)

increase in BP, HR, & respiration

stress hormone release

Conditioned Fear Responses

FREEZES FREEZES



LALA

BB

ABAB
COCO MEME

CECE

PIRPIR

ASTAST

Which Areas of the Amygdala
Are Required?

Active avoidance - escape

Freezing response
HPA activation
Autonomic activation



Only the Lateral and Central Nuclei are Necessary for Fear Conditioning

Lesions of B block
active escape response

Lesions of CE block freezing,
autonomic and HPA responses

Lesion of LA
block both



CONTEXTUAL FEAR CONDITIONING



Lesions of hippocampus block contextual fear conditioning

Contextual memory
is impaired



Fear learning and the problem of 
consolidation and reconsolidation

Basic observation:  “reminder” of context  leads to recall in amnestic
animal.  Was memory really ever gone?  Or did it grow back from a trace?
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MR - high affinity

GR - lower affinity

Hippocampus:
Target for Adrenal Steroids



•Hippocampus      MR and GR

•Amygdala            GR and some MR

•Septum                GR and some MR

•Hypothalamus     GR mostly;  low levels of MR

•Cerebral cortex   GR mostly;  low levels of MR

•Midbrain               GR mostly; low levels of MR

•Brainstem            GR mostly;  patches of MR

•Cerebellum          GR mostly

Distribution of Adrenal Steroid Receptors
in Brain Regions



Non-nuclear glucocorticoid receptors:
association with PSD

Luke Johnson, Claudia Farb, Joseph Ledoux, John Morrison, Bruce McEwen



GR

GR
GR

Genomic and non-genomic actions
of glucocorticoids



Glucocorticoid receptors (GR) facilitate Morris Water Maze learning; 
Defective GR prevent the beneficial action

Rat/mouse learns by
finding shortest path to
platform using either global
spatial cues or local
contextual clues

Morris Water Maze - finding hidden platform





“Trophic” effect of

   Corticosterone!!
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Hippocampus:  Study of London
Cab Drivers

• Activation of hippocampus
in a spatial task.

• Posterior hippocampus -
larger volume with longer
time on job.

• Anterior hippocampus -
smaller volume with longer
time on job.

• Maguire et.al.
Proc.Nat.Acad.Sci.US 97:
4398-4403, 2000



Entry point via entorhinal ctx

Reciprocal loop : DG  - CA3

Memory function of DG - CA3

Vulnerability to damage

Tri-synaptic circuit in hippocampus

 Entorhinal input



Hibernation in hamsters - remodeling of hippocampal CA3 neurons

Remodeling of Dendrites of Hippocampal
Neurons



5 males, 2 females

Dominant has fewest scars

Chronic Stress: VBS

Subordinates - low testosterone and 
high stress hormones;   numerous 
changes in brain chemistry.
Dominants - elevated testosterone and
elevated stress hormones compared
to cage controls.





Neurogenesis in dentate gyrus:
GFAP expressing progenitors

Elizabeth Gould, Tracey Shors
Fred Gage, and colleagues

Heather Cameron 

Bettina Seri,  Arturo Alvarez-Buylla

9000 neurons per day in DG.

Survival increased by learning.

Proliferation increased by exercise.

IGF-1 mediates exercise effect.

Stress suppreses neurogenesis.

Antidepressants increase neurogenesis.





 

Vulnerable to damage.

Dendrites shrink with stress

Mossy fiber terminals:
    glutamate release

Stress:Dentate gyrus - CA3: 
plasticity and vulnerability

Neurogenesis
reduced by
stress

Entorhinal
Cortex
input



Glucocorticoids - excitatory amino acids
       and damage to hippocampus

 -  Ischemic damage - stroke model
    reduced by adrenalectomy

      enhanced by corticosteroids 

 -  Kainic acid neurotoxicity - CA3
    blocked by metyrapone

      reversed by corticosteroids 

Studies by Robert Sapolsky
   and collaborators



Stress, seizures and the GABA system;
Adrenal cortex generates THDOC

Synaptic

Perisynaptic

Stell et al., 2003



28 Days of Resident-Intruder Stress



Chronic Confrontation with Dominant Causes
Remodeling of Hippocampus

CA3 dendrites remodeled

Neurogenesis suppressed



Behavioral changes:

Impaired spatial learning.

Increased aggression.

Increased fear

Behavioral depression
Learned helplessness

Attention set shifting impairment

Structural remodeling
Reduced DG neurogenesis and volume.

Shortened dendrites - CA3
Shortened dendrites - PFC
Expanded dendrites - OFC
Increased dendrites - BLA

Repeated stress: effects on behavior
and structural remodeling

Resident-intruder model:
    ree shrew (E. Fuchs)



 .

Repeated stress causes CA3 pyramidal cells 
to show reversible dendritic shrinkage

Mimicked by chronic glucocorticoid treatment
Increased extracellular glutamate after stress

Prevented by….
 1. Blocking glucocorticoid synthesis

 2. Blocking NMDA receptors
 3. Lithium
 4. Dilantin

 5. Antidepressants
 6. Benzodiazepine



Depletion of synaptic vesicles by repeated stress

Vesicle packing density

Control         Restraint

Mossy fiber terminals on CA3 neurons

Increased release of
       glutamate?



Participants in structural changes

Excitatatory amino acids

Adrenal steroids

Proteases, eg, tPA

Metabolic hormones and glucose

Cytokines

Extracellular factors - eg PSA-NCAM

Cytoskeleton reorganization
actin,tubulin, MAP and tau



                Glutamate and Adrenal Steroids:  Glutamate and Adrenal Steroids:  
Role in Synaptic Function,  Adaptive Plasticity and DamageRole in Synaptic Function,  Adaptive Plasticity and Damage

Synaptic functions: enhancementSynaptic functions: enhancement
 Synaptic transmission.
 Long-term potentiation.
 Learning - re: self-preservation

Damage potentiation:Damage potentiation:
 Mediates excitotoxicity
in seizures, stroke, & head trauma

Adrenal steroids modulate both limbs of inverted U

Adaptive plasticity:Adaptive plasticity:
 Suppression of neurogenesis. 
 Mediates dendritic remodeling.

Increasing amounts and frequency

Synaptic functions: suppressionSynaptic functions: suppression
 Synaptic transmission.
 Long-term potentiation.
 Learning - less-important



 Metabolic  hormones that enter and affect the brain



Perspective on the role of  hippocampus:

 -spatial,contextual,episodic memory
-mood

- glucose homeostasis and food intake control

Hippocampus is affected by blood-borne factors:

Glucocorticoids

Glucose
Insulin and IGF-1

LPS and proinflammatory cytokines
Leptin
Ghrelin

Sex hormones and developmentally-regulated sex differences



Amygdala

Hippocampus

Hippocampus
Contextual, episodic, spatial
memory

Diabetes

Depression

Cushing’s Disease

Long-term stress

Low self-esteem

Amygdala

Prefrontal cortex

 

The Human Brain Under StressThe Human Brain Under Stress::
Role in cognitive function and emotionRole in cognitive function and emotion
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Three key
brain regions

Amygdala



NTS Amygdala Hippocampus

Bloodstream

Glucocorticoids
Beta 
receptors
Adrenalin

Stress-related hormones enhance memory

Roozendaal, McGaugh
Studies in rats

Passive avoidance learning



Repeated stress INCREASES dendritic
arborization and spine density in the

basolateral  amygdala

 

Sumantra Chattarji and colleagues
NSBS (Bangalore) and MIT

Amygdala - fear,
   aggression

      A single immobilization:
New spines and anxiety in 10d!



Glutamate Glutamate

Amygdala
cellInput to Amygdala Output

GABA

Serotonin

+

+

+

-

Glucocorticoid

Benzodiazepine
+

 Gating of Information in the Amygdala

Stutzman, McEwen, Ledoux

Endocannabinoids-



Non-nuclear glucocorticoid receptors:
association with PSD

Luke Johnson, Claudia Farb, Joseph Ledoux, John Morrison, Bruce McEwen



Structural remodeling
Tissue plasminogen activatior (tPA)
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Mouse amygdala: acute stress activates tPA and PAI in MeA and CeA

Amygdala - fear,
   aggression

Acute stress also increases fear and anxiety: tPA dependent



    Plasminogen
(inactive zymogen)

          Plasmin
(active serine protease)

tPA

CRF initiates tPA release via CRF-R1

tPA -  activates PAI to turn off response

tPA  - exerts plasminogen independent effects   
    -  tPA binds to lipoprotein-related receptor (LRP)

     -  this enhances LTP.

tPA is essential for remodeling in medial amygdala but not in lateral 
amygdala, and is also essential in hippocampus

Collaboration with Sid Strickland lab

Tissue plasminogen activator: 
 role in amygdala fear and structural remodeling



Amygdala overview
1. Adrenal steroids may both “enhance” 

and “contain” excitatory activity

1. Adrenal steroids participate in contextual memory

2. Acute and chronic stress - BlA neurons grow and fear
is increased

3. Acute and chronic stress - MeA neurons show reduced spines

4. tPA and CRF play a role in 3 but not in 2.

What we do  not yet known:

Role of adrenal steroids and EAA in structural remodeling

Implications for PTSD:  Glucocorticoids protect
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ACg

PL

IL

LA

Amygdala

Ventral
 

BLA

CeA

Medial

mPFC

mPFC:  external influences and responses

Biphasic effects of cortisol
on working memory.

Local cortisol inhibition 
of ACTH and insulin

Exercise enhancement of 
function.

Stress-remodeling and behavior



Prefrontal cortex:  
processes that are or  might be affected by stress

Executive function

Attention shifting - mental flexibility

Extinction of fear conditioning

Working memory

Ability to suppress negative thoughts

Learned helplessness

Parasympathetic regulation

HPA regulation



Attentional network: prefrontal and parietal cortex
     Executive function:  prefrontal cortex

Aerobic exercises improves executive function
Toning exercise does not



Spine density: controls

Spine density: stressed
(Radley et al, 2005)

Effects of Stress on Frontal Cortical Morphology

1. 21 days of repeated restraint stress, 6 hours daily
2. Layer II/III pyramidal cells loaded with iontophoretic injections

 of Lucifer yellow for imaging after perfusion on day 22
1. Cells reconstructed in 3D (40x) and dendrites imaged on confocal at 100x



Effects of Stress on Frontal Cortical Morphology
21d Stress induces contrasting effects in mPFC and OFC

Liston et al, in preparation.



Effects of Stress on Frontal Cortical Morphology
Stress induces contrasting effects in mPFC and OFC:

•  In mPFC, effects are most pronounced at 60-180 µm from cell body
•  In OFC, stress affects dendrites more distally: 120-240 µm from cell body

Liston et al, in preparation.



Layer II/III pyramidal cells were loaded in
 lateral orbitofrontal cortex (red)

 and the 
anterior cingulate region 

of medial frontal cortex (blue)



Effects of Stress on Attentional Control

Plastic BeadsSawdust

Cinnamon Nutmeg



SawdustPlastic Beads

Cinnamon Nutmeg

Effects of Stress on Attentional Control



Plastic BeadsSawdust

Nutmeg Cinnamon

REVERSAL
SHIFT

Effects of Stress on Attentional Control



Shredded PaperShredded Latex

Paprika Thyme

ATTENTIONAL
SHIFT

Effects of Stress on Attentional Control



•  Medial frontal cortical lesions selectively impair attention shifts

Attention shifts impaired by:
• IL/ACC lesion
• PPC lesion

Reversal shifts impaired by:
• OFC lesion

Effects of Stress on Attentional Control



•  Medial frontal cortical lesions selectively impair attention shifts
•  3-week stress selectively impairs attention shifts

•  Reversal shifts and discrimination learning are unimpaired

p<.05
*

Attention shifts impaired by:
• IL/ACC lesion
• PPC lesion

Reversal shifts impaired by:
• OFC lesion

Effects of Stress on Attentional Control

Liston et al, in preparation.



Perceived Stress Scale- 10 Item
Instructions: The questions in this scale ask you about your feelings and thoughts during the last month.  
In each case, please indicate with a check how often you felt or thought a certain way.

 
1. In the last month, how often have you been upset because of something that happened unexpectedly?

2. In the last month, how often have you felt that you were unable to control the important things in your life?

3. In the last month, how often have you felt nervous and "stressed"?

4. In the last month, how often have you felt confident about your ability to handle your personal problems?

5. In the last month, how often have you felt that things were going your way?

6. In the last month, how often have you found that you could not cope with all the things that you had to do?

7. In the last month, how often have you been able to control irritations in your life?

8. In the last month, how often have you felt that you were on top of things?

9. In the last month, how often have you been angered because of things that were outside of your control?

10. In the last month, how often have you felt difficulties wer piling up so high that you could not overcome them?

___0=never ___1=almost never ___2=sometimes ___3=fairly often ___4=very often



Conor Liston,  BJ Casey   Weill Medical College

High perceived stress:  
impaired attention set shifting and functional coupling

….but this impairment disappears after a vacation!



On going studies and unanswered questions
  on prefrontal cortex: with Morrison and Hof

Spine volume decreases with chronic stress
Jason Radley

Dopamine (D1) signalling is impaired; recovery
   is “heterotypic”  Deena Goldwater, Gus Pavlides, Richard Hunter

Females show different remodeling - role of E
Rebecca Shansky

Future: role of dendritic growth of OFC



Prefrontal cortex overview

1. Increased or decreased branching 
of dendrites and spines with experiences.

2. Effects of stress on attention and executive function

3.Adrenal steroids have biphasic effects 
on working memory.

What is not yet known:

Role of adrenal steroids and EAA in remodeling.

Role of amygdala activity in remodeling

Sensivity to insulin, IGF-1, glucose, cytokines
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testes

ovaries

XY

XX

Human

Rat
Birth

Puberty

Birth

Puberty

Testosterone levels in human and rat male: a comparison

Second trimester

Genetic sex

testosterone

estradiol

Note: estradiol levels low until puberty in female



Wood and Shors  PNAS, US 95: 4066, 1998

Males and females differ in response to stress:
Sex differences in stress effects on classical conditioning
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  Mom 
off nest

        Mom
   gathers pups
  underneath &

licks/grooms pups

L/G: Serves to stimulate behavioral
activity (NA mediated); suckling

Mom
nurses pups w/ 
 lick/Grooming

    Mom
leaves nest

(20-25 minutes)

Maternal Behavior in the Rat



High LG-ABN
    Mothers

Less fearful
Lower HPA
High LG-ABN

    Less fearful
    Lower HPA
Maternal Behav

Low LG-ABN
    Mothers

More fearful
Greater HPA
Low LG-ABN

    More fearful
    Greater HPA

Maternal Behav

Mom

Offspring



Cavigelli and McClintock 2003



Cavigelli and McClintock 2003



     Early 
Environment

    Development
of Stress Reactivity

  
Modest

Stress Reactivity

Reduced Risk for Disease

         Increased
           Stress Reactivity

Increased Risk for Heart Disease, Type 
   II Diabetes, Alcoholism, Affective 
       Disorders, Brain Aging, etc.  

Early Environment                        Disease



Genotype 1

Genotype  2

Genotype  3

Each genotype has a range of possible, overlapping phenotypes that 
are shaped by the environment. 

                How Do Genes and Environment Interact?

Phenotype 1

Phenotype 2

Phenotype 3

Environment 

30-60% concordance
among identical twins for
many conditions



Monoamine oxidase genes influence whether childhood

abuse will be transmitted from abuser to child
Caspi, A.; McClay, J.; Moffitt, T. E.; Mill, J.; Martin, J.; Craig, I. W.; Taylor, A., and Poulton, R. 

Role of genotype in the cycle of violence in maltreated children. 

Science. 2002; 297:851-854.

Serotonin transporter genes  influence vulnerability 

to life-stress in causing depression
Caspi, A.; Sugden, K.; Moffitt, T. E.; Taylor, A.; Craig, I. W.; Harrington, H.; McClay, J.; Mill, J.; 

Martin, J.; Braithwaite, A., and Poulton, R. 

Influence of life stress on depression: Moderation by a polymorphism in the 5-HTT gene. 

Science. 2003; 301:386-389.

Nature-Nurture Interactions:  Study in New Zealand



Epigenetics
                             “above the genome”

Refers to the gene-environment interactions that bring about 
the phenotype of an individual.

Methylation of cytosine bases in DNA along with modifiications 
of histones  that cause unfolding/folding of chromatin to expose
or  hide DNA sequences that can be read and transcribed.

Eg,  Ongoing work by Michael Meaney and Moshe Szyf on maternal care effects



Risk factors, such as smoking, alcohol abuse, and sexual behaviors
as well as  many common diseases were not randomly distributed in the 

population and tended to cluster.

Anda, Felitti and colleagues Center for Disease Control

Epidemiology of adverse childhood experiences:
Physical and emotional disorders through lifespan



Prospective reports of chronic life stress predict decrease grey matter
                                  volume in the hippocampus.

Hippocampal shrinkage with prolonged major depression

Hippocampal shrinkage in Cushing’s  - at least partially reversible



Diabetes (type 2) - increased risk for Alzheimer’s

                A Shrinking Hippocampus
 DIABETES, MILD COGNITIVE IMPAIRMENT (MCI) and GLUCOSE  INTOLERANCE



Copyright restrictions may apply.

Gianaros, P.J. et al. Soc Cogn Affect Neurosci, 2007, 0:nsm013v1-13; doi:10.1093/scan/nsm013

Lower subjective social status, as reflected by a lower self-reported ranking on a social
ladder', was associated with reduced gray matter volume in the perigenual area of the

anterior cingulate cortex (pACC)

Lower subjective social status, as reflected by a lower self-reported ranking on a social
ladder', was associated with reduced gray matter volume in the perigenual area of the

anterior cingulate cortex (pACC)

    Anterior cingulate cortex: subjective SES



 Is there a neurobiology of self esteem?

Failure to habituate HPA response to public speaking

 Glucocorticoid
Cascade 
Hypothesis

Vicious
cycle
and
hippocampal
shrinkage



Is there a neurobiology of self esteem?

A smaller hippocampus may also mean poorer memory and depressed mood



Psychosocial Factors in Causation of Disease

Social position 
  -perceived 
  -actual

Discrimination
  - perceived
  - actual

Education/resources
  -money, intellect
  -life skills 

Access/use of healthcare

Lifestyle
  -diet
  -alcohol
  -smoking
  -exercise

Stressors from
  - work
  - family 
  - neighborhood
  - life events

How does SES get “under the skin”?



 

 

        The Big Picture


