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pavlovian conditioned 
freezing: practical tutorial

“! e frightened man at "rst stands like a statue motionless 
and breathless, or crouches down as if instinctively to 
escape observation." – Charles Darwin, !e Expression of 
the Emotions in Man and Animals, 1872 (p. 290-291).
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Outline of Talk

¥ General Introduction to Fear 
Conditioning

¥ Procedures of Conditioned Freezing

¥ Examples of use of Fear 
Conditioning to Study Memory
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Fear learning is universal

Mouse
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Fear mechanisms are 
robust and long-lasting
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Conditioned freezing as a model system

¥ Fear conditioning has become very 
popular because it is easy and robust

¥ Functions as a model for both memory 
and pathological fear

¥ In the realm of memory research, 
contextual fear has become the modal 
model of explicit or declarative memory
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Papers including Fear Conditioning in their Topic 
(per ISI, search as described by Maren, EJN, 2008)
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Watson & Reyner’s (1920) famous 
“Little Albert” experiment
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Pavlovian schema of learning
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Pavlov’s Little Albert
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Typical Protocol
¥ Animals are usually acclimated to handling for at least days

¥ They are placed in a training context, after a baseline period of 2-
min, they receive a tone (30-s, 85-dBA, 2.8-kHz) which coterminates 
with a scrambled footshock (2-s, 0.75 mA, AC)

¥ This may repeat up to 5 times, with intertrial intervals of 1-min

¥ After an additional 30-s to 5-min, mice are removed

¥ 1 day or 1 week later, a 5-min context test is performed by 
returning the animals to the training context 

¥ 1 day later, mice are brought to a novel context for a tone (or cued) 
fear test. after a 2-min baseline, the training tone is played 3 times 
30-s apart (or perhaps played continuously for 3 min).

13



Essential Elements
¥ 1. Skinner box, chamber etc. (Context)

¥ 2. Conditional stimuli (CSs) 

¥ 3. Unconditional stimulus (US)

¥ 4. Unconditioned Response (UR)

¥ 5. Conditioned Response (CR)
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1. Skinner Box 

• Lighting  White, Red, or Near Infrared
• Inserts  Tee-pees, floors, etc.
• Grids  Mouse, Rat, Flat, Staggered
• Background Noise Fans, White Noise (65 dBA)
• Room Sound-Attenuating Cubicle or isolated room (or both)
• Odors  1-10% Acetic Acid, Ammonium Hydroxide, Ethanol, Isopropanol
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2. Conditional stimuli (CSs) 
• Usually a 30 sec, pure (sine-wave) tone, 2.8 kHz, 85 

dBA, with a slow rise time (50 ms)

• Originally, the first electronic alarm called a Sonalert
 (Mallory) could only make 1.9, 2.9 (the original), 
or 4.5 kHz tones, of quiet (70ish dB), medium (80ish 
dB) or loud (95ish dB) intensity, with a substantial error 
range (± 500 Hz)

• Other tones, white noise, lights (room lights or key lights 
in the dark), other tones, phasic odors, all work fine with 
care

• High intensity (> 105 dB) and rapid rise time (0-10 ms) 
will produce startle and very high will serve as a US 
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3.The US. Shock Intensity – brief controlled shock 
sources, however, are rarely dangerous

BODILY EFFECT     DIRECT CURRENT (DC)    60 Hz AC     10 kHz AC
--------------------------------------------------------------- 
Slight sensation     Men = 1.0 mA         0.4 mA        7 mA 
felt at hand(s)    Women = 0.6 mA         0.3 mA        5 mA 
--------------------------------------------------------------- 
Threshold of         Men = 5.2 mA         1.1 mA       12 mA 
nociception        Women = 3.5 mA         0.7 mA        8 mA 
--------------------------------------------------------------- 
Painful, but          Men = 62 mA           9 mA       55 mA 
voluntary muscle    Women = 41 mA           6 mA       37 mA 
control maintained                                           
--------------------------------------------------------------- 
Painful, unable       Men = 76 mA          16 mA       75 mA 
to let go of wires  Women = 51 mA        10.5 mA       50 mA 
--------------------------------------------------------------- 
Severe pain,          Men = 90 mA          23 mA       94 mA 
difficulty          Women = 60 mA          15 mA       63 mA 
breathing                                                    
--------------------------------------------------------------- 
Possible heart        Men = 500 mA        100 mA             
fibrillation        Women = 500 mA        100 mA             
after 3 seconds                                              
--------------------------------------------------------------- 
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3. The US – footshock
¥ Footshock is almost always used.  Loss of support, 

very loud noise, eyelid shock, etc. will work but specialized. 
¥ A good typical footshock is 2 sec, 0.75 mA, RMS, AC constant current, 

scrambled shock
¥ Constant current source (many different kinds) ensures animals feel the 

shock in the same way we do and irrespective of different body parts 
¥ Intensity of 0.5 Ð 1.25 mA will produce freezing. Below 0.5 is the range 

for avoidance.  Above 1.25 can produce sensitization (nonspecific 
freezing).  1.25 mA produces an aversive tingling sensation that can be 
described as pain, but often isnÕt.

¥ Usually 1-5 footshocks are given; old fear conditioning protocols used up 
to 90 (helplessness protocols still do).

¥ Scrambling prevents shock avoidance through posture
¥ DC is uncommon.  There are many reasons why but in this range of 

current, DC is more likely to produce cramping and burns than AC.
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Shock Intensity-Freezing Relationship

10

20

30

40

50

F
re

ez
in

g 
(%

 ti
m

e)

0.25 0.375 0.5 0.75 1.0 1.25

Shock Intensity (mA)

Context fear

Rats, 1 shock
Anagnostaras, Godsil, & Fanselow, unpubl.

0

10

20

30

40

50

60

F
re

ez
in

g 
(%

)

Human

Computer

A. Shock Intensity

0.25 0.50 0.75 1.0
Shock Intensity (mA)

Mouse, 1 shock
Anagnostaras et al., Learn Mem, 2000

Although there is not a strong relationship above 0.5 mA @ 1 shock, with multiple 
shocks it emerges.  Likewise, with many trials freezing emerges even with weak 
shocks. All of these are 2-s shocks.

Mice, multiple shocks
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4. Unconditioned Response 
¥ The UR to shock is known as the activity 

burst .  It can also be accompanied by circa-
strike behavior.

¥ Conventionally, animals were subjected to 
flinch-jump-vocalization thresholds

¥ UR can be scored directly as speed (see, 
e.g., Anagnostaras et al., Learn Mem, 
2000)
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The activity burst

21



Flinch-Jump-Vocalization Thresholds

¥ Jump and vocalize are reversed in mice.
¥ Thresholds don’t tell you what is going on at 0.75 or 1.0 mA.
¥ Procedure uses repeated shocks which probably induce analgesia.

Klemenhagen et al., 2005
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Shock Reactivity
¥ Just score the movement to the shock, usually using high resolution video, 

load cells, or other movement detection.  Introduced in Maren (1998) and 
Delorey et al. (1998)
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Mice: Semi-automated NIH 
Image Based Procedure

Mice: Fully automated score from
Med-Associates VideoFreeze
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5. Conditioned Response
• The most commonly measured CR in mice and rats is 

freezing.

• In humans it is GSR or skin conductance.

• In middle behaviorist (1970s) views of fear, it was 
essential that a functional relationship between the 
response and the motivation could be established, so 
physiological measures were not preferred (and they still 
aren’t). 

• The largest advantage freezing has is that there is low or 
no baseline freezing response
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Baseline behavior
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What is fear?
¥ What is fear?

¥ Dictionary: A feeling of agitation and anxiety caused 
by the presence or imminence of danger

¥ My definition: an adaptive emotional state which 
motivates and organizes defensive responses 
necessary for survival.

¥ Fear is inferred by the presence of defensive 
responses.  It is indexed by the level of those 
responses.
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Relationship with Anxiety Disorders

Davis,  Ann Rev Neurosci, 1992

DSM-V draft criteria focus entirely on apprehensive expectation/excessive worry.
Keep in mind that fear behavior and pathological fear behavior are not the same thing.
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The central fear state is thought to organize 
defensive behaviors, including freezing

Davis, J Neuropsychiatry, 1997

(periaqueductal gray)
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Freezing
• Absence of all movement except that required for

respiration (Bolles Lab)     
• Not the same as Crouching
• Rats do, but Mice don’t really crouch

//

not freezing
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Scoring Freezing
¥ How is freezing hand-scored?

¥ 1) Early Bolles/LeDoux: use a stop watch, one 
animal at a time, turn stopwatch on whenever 
animal freezes. 

¥ 2) Late Bolles/Fanselow:  time-sample, every 8-s, 
4 animals at a time.  Freezing observations/ 
Total observations = Freezing (% Time)

¥ 3) Hybrids of these:  time sample and use a stop 
watch (usually misreading of technique)
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Scoring Freezing
• How to automate freezing.  Scoring behavior is boring, 

but accurate freezing scores have been hard to come 
by.

• In theory, very simple: score activity, then threshold a 
particularly low movement value for freezing. 

• The problem is that movement detection systems are 
not very good at detecting very small movements, and 
this makes all the difference.

• If you can’t detect small movements, you generate a 
very large baseline freezing score, which is what most 
systems do.  
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Correlation is not enough
¥ Obvious thing is to correlate computer scores with 

human scores

¥ Problem is correlation doesn’t tell you measure 
are the same, only that they share a lot of the 
variability

¥ Most existing freezing scoring systems have 
inadequate validation 

¥ What is validity?    Simple:  

¥ Computer scores = human scores across the entire 
range of scores
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Correlation alone sucks
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All of these yield high correlation

Anscombe, Amer Statistician, 1972
All of these share same correlation, regression line, and statistics

In fact, the only relationship that is acceptable if one is to say it is the same measure is
y=x (example A).  I.e., The correlation should be near 1.0, the slope should be near 1.0, and 
the intercept should be near 0.

A B C
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An unimpressive example
Valentinuzzi et al., Learn Mem, 1998

0% Freezing is scored as up to 30+%
(intercept is 28% or so)

Scores are almost doubled.  If 40% is scored as 
80%, this means that real scores of 40-100% 
would have to be shoved into the remaining 20%

Relationship seems nonlinear, but
best linear fit we estimate as 
    Computer  = 1.4Human + 28, r = 0.78

¥ You cannot simply subtract a high baseline or reverse fit
¥ Many animals end up with negative scores

r = 0.78, so the authors were happy!
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Criteria for saying two measures are the same

• Very high correlation
• Linear fit close to Computer =1Human + 0

• Special attention to the intercept
• Low bias on the Bland-Altman analysis 

(imposes the y=1x regression line)
• Mean human and computer scores should 

be nearly identical
• Any free parameters used to achieve this fit 

should become closed
See esp. Bland & Altman, Statistical methods for assessing agreement between two methods of clinical measurement.  Lancet, 1986.
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Please see Anagnostaras et al., Learn Mem (2000) 
and Anagnostaras et al., Front. Beh. Neuro., in press

• Using video is not a trivial matter – video noise (pixels dancing) 
generate more movement than the freezing thereshold.  
Successful algorithms correct for this noise.

Activity

Threshold Video 
noise level

Freezing
small head
movements

• If you set the threshold 
above the video noise, 
you generate high 
baseline

• If you set it below you 
can’t score 100% 
freezing, even in an 
empty box
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Med-Associates VideoFreeze System (see 
Anagnostaras et al., Front. Beh. Neurosci, in press)
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VideoFreeze System (see Anagnostaras et al., 
Front. Beh. Neurosci, in press)

¥ 30 Hz Firewire video to limit noise and avoid A/D 
conversion or re-compression

¥ Fully enclosed and LED illuminated with white (450–650 
nm) and NIR (940 nm) light

¥ Mouse vision –!UV (370 nm), blue-green (510 nm), 
melanopsin (480 nm), rods (505 nm). No vision beyond 
700 nm.    Rats –!similar.

¥ Visible light filter ensures camera sees everything the 
same.  Some plastics used are translucent to NIR but not 
visible light.

¥ Sophisticated movement algorithm to estimate video noise 
on a pixel-by-pixel basis
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How does it score freezing?

DEPENDENT MEASURES

Movement:

Raw Motion Index

Percent Freeze :

    Time below threshold/total session time

PARAMETERS

¥Motion Index Threshold :

Experimentally determined limit above 
which the subject is considered 
moving

¥Minimum Freeze Duration :

Duration of time that a subject!s 
motion must be below  the Motion 
Threshold for a Freeze Episode to be 
counted

ÒLinearÓ Analysis Ð every data point is examined

WHAT IS THE MOTION INDEX?

Number of pixels that changed more 
than they normally change during 
the ÒcalibrationÓ (empty box) phase
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Making sure it scores accurately
¥ Two human scorers scored freezing (interobserver 

r=0.94) according to Fanselow’s method and these 
were averaged to form one human score.

¥ We varied Motion Index Threshold, and Minimum 
Freeze duration to determine which would match 
human-scored freezing best

¥ Linear fit parameters were examined, from y=mx+b

¥ Correlation should be close to 1.0

¥ Intercept (b) should be close to 0

¥ Slope (m) should be close to 1.0
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Varying parameters
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Anagnostaras et al., Front. Beh. Neurosci, in press

• We arrived at Motion Threshold of 18 and Minimum Freeze Duration of 30 frames (1 sec) (18,30)
• Using entirely different criteria, using rats, Fanselow Lab arrived at 19, 30 (to be published later).
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Testing the final fit

Anagnostaras et al., Front. Beh. Neurosci, in press

• Scored accurating in white light (Training context) and total darkness (NIR, Tone test context).
• Bland-Altman Plot showed excellent agreement with mean bias of +0.89%
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Testing the final fit

Anagnostaras et al., Front. Beh. Neurosci, in press

• Human and Computer scores showed nearly identical means for Baseline, Context, and Tone conditions

!"#$%$%&' )*$+, -$&*+

.#/,0$%, 12%+,3+
!

"!

#!

$!

%!

&!

'! ()*+,-./0
12+0.3/0040

4"
,,5

$%
&

67
8

!2%, !,/+' 9:; -$&*+

!2%, .- !2%,
!

"!

#!

$!

%!

&!

'! ()*+,-./0
12+0.3/0040

4"
,,5

$%
&

67
8

< .

!"#$%& () !"#$%&'(") "+ #,%) +&,,-'). +"& / 0123456*) +%,"-"-#) 7&,,-'). "8(,&9,: 8; <=#%)( %):
>':,"7&,,-, '( :,$'?@,: +"& @<, 8%(,A'), /+'&(@ B #')5 :=&'). @<, @&%')'). :%; %): $"(@C(<"?D +&,,-'). /!")@,E@2
A%(@ 3 #')56.) +/-& +&01) 7&,,-'). :=&'). @<, @"), 8%(,A'), /F"), GH2 +'&(@ B #')5 %): :=&'). @<, @"), /A%(@
3 #')5 '( :,$'?@,:6 I) %AA ?%(,(2 >':,"7&,,-, ,(@'#%@,: @<, #,%)( ,&&"& ),%&A; $,&+,?@A;6

43



Motion Index is a good measure 
of baseline and shock-elicited activity

Anagnostaras et al., Front. Beh. Neurosci, in press

• Shows a nice fit with true speed
• Can detect differences due to stimulants in the training baseline period (e.g., Wood et al., 2007, 2009)
• Can detect hippocampal-lesion induced hyperactivity
• A quick way to examine locomotion without having to use an open field
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Ability to detect amphetamine-induced 
hyperactivity
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So whatÕs so good about fear conditioning

¥ Robust in mice and rats
¥ Easy and fast Ð 5 to 10 minutes of training compared 

to many hours/weeks for other hippocampus-
dependent tasks

¥ Compact equipment (c.f. water or radial maze)
¥ Behavioral Psychology (e.g., Rescorla, 1967; 1968)
¥ Models both anxiety and memory
¥ Universal in the animal kingdom, at least in some form
¥ Memory episode is punctate and brief, allowing for 

examination of memory phases
¥ Extensive neuroanatomical and molecular data; 

strongly tied to long-term potentiation
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Memory consolidation is thought to occur in phases Ð!
all of which can be studied with fear conditioning
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Basic model of associative fear 
conditioning in the amygdala

Central nucleus = output of fear/unlearned fear
Basolateral/lateral nucleus = learned fear

Innate fear

Learned fear
thalamus
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How could LTP mediate learning?

Footshock
               

 Tone
               

Fear

LTP in the basolateral amygdala could mediate
fear conditioning
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Blockade of NMDA receptors disrupts 
LTP and Pavlovian fear conditioning

Maren et al., 1996

CONTEXT TEST
 1 DAY LATER

CSF or AP5 into 
the amydala
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Rogan et al., Nature, 1997

Fear conditioning 
induces LTP in the 

amygdala
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