
Reading: Chapter 9; parasomnias article on website 
 
 
Study Questions: 
 
1. Discuss theories of why we sleep.  How convincing is 

the evidence for various theories? 

2.  How do normal sleep processes go awry to produce 
parasomnias? 

 

Unexpected result: 
Methamphetamine in water of SCN-X rats 



Self-test question




What is the period of the circadian rhythm after 
methamphetamine was given?



A.  Less than 24 h


B.  24 h


C.  More than 24


D.  Impossible to tell from actogram




Self-test question




What can we conclude from the finding that SCN-X rats 
show circadian activity rhythms if they have 
methamphetamine in their water?



A.  That the SCN is not a clock


B.  That there are clocks outside of the SCN


C.  That the SCN was not properly lesioned


D.  That circadian rhythms are not endogenous


E.  Choices A and B






Current Model!
!
SCN sits atop a hierarchy of clocks!

!Normally coordinates entire system!
!
Additional, weaker clocks throughout brain/body!
!
Normally dampen without SCN!
!
Under permissive conditions, these can be coordinated!

Advanced tools make this an incredible model system for 
understanding how individual neurons work together to 
control behavior. 
 
 
~1990  Record from single SCN cells in vitro 

 grow cells on micro-electrode plate 
 one cell has a circadian rhythm 
 different cells have different periods etc 

 
~2005  Switch from electrical recording (a hand or output of 
the clock) to clock-gene recording (a gear of the clock) 
 

 use glow-in-the-dark protein from fireflies 
 attach to a clock gene  

 



David Welsh 
 
7 days 



Sleep Across the Ages 

Adapted from Sleep Multimedia, 1998 





National Health and Nutrition Examination Survey findings!
!
37% of adults report inadequate sleep!
29% report severe sleep deprivation!
!
30% of employed adults < 6 h!
!
41% of parent with kids under 18 get < 7 h;!
8% get less than 6 h!
!
Only 31% of high schoolers get 8 h on school night!



Process S – Sleep debt; homeostasis!
Process C – Circadian !

Rebound after lost sleep!



Self-test question 

How could one measure the pattern of Process C 
independent of Process S? 
 
A. Just calculate which hours people spend most time 
awake 
 
B. Measure amount of sleep when people are allowed 7 
minutes every 20 minutes 
 
C. Sleep deprive people for 3-4 days and measure daily 
pattern during the make-up sleep  
 
D. All of the above 
 

 

 

 

 





EEG 



Cyclical (ultradian) Nature of Sleep 



Cortical Activity During Arousal – neurons not synchronized 
 

*Alpha Waves (8-12 Hz) 
!relaxed arousal !
!!

*Beta Waves (13-30 Hz)
!attentive arousal!



Sleep Spindle (12-14 Hz) 
transient burst of 
synchronized potentials; 
related to IQ, learning? 
 

K Complex- transient, high 
amplitude spike; response to 
sounds; exact function? 

3-4 are slow-wave sleep (SWS) 



Rapid rolling eye movements 
 
Desynchronized EEG (like wakefulness) 
 
Skeletal muscle atonia 
 
Dreaming 
 

Insomnia!

Fatal Familial Insomnia !

Narcolepsy!

Sleep Talking/Walking!

Night Terrors!

REM Behavioral Disorder!
!

Sleep paralysis!



Insomnia!
!Onset, maintenance, or terminal insomnia!

!
Chronic Insomnia!

!difficulty concentrating!
!memory problems!
!auto accidents!
!inability to enjoy family/social relationships!
!2 fold greater risk for major depression!

!
Fatal Familial Insomnia!

!Prion mutation!
!stop sleeping die within 18 months!
!insomnia is cause of death????!

!

Narcoleptic Dog!
Narcolepsy!



Narcolepsy!
!
In dogs – mutation of orexin/hypocretin receptor!
!
!

Post-mortem hypothalamus!
mRNA for hypocretin !



Sleepwalking -- running!

Night Terrors!



CPAP!
continuous positive airway pressure!
!
!



Cortex!
Basal Forebrain!
Limbic System!
Thalamus!
Hypothalamus!
Hippocampus!
Cerebellum!
Pons!
Medulla!
!



Reticular Formation & ACh 
NOTE: high during REM 

Adapted from Sleep Multimedia, 1998 

Locus Coeruleus & NE 
NOTE: Low in REM 



Raphe Nuclei & 5-HT 
NOTE: Low in REM 

REM – deprivation!
!REM rebound; consequences for learning/memory???!
!improve mood???!

!
ACh Release by Pons in REM!

!PGO Waves  Pons- Geniculate/Thalamus - Occipital Lobe!
!
All areas important for processing visual info PGO = dreams?!
Pons also shuts down spinal cord!
Partial lesions of pons lead to movements during REM!
!
!
!



Self-test question 

The fact that REM-deprivation causes increases 
in REM sleep in subsequent nights suggests that … 
 
A. REM is the most important sleep stage 

B.  REM is homeostatically regulated 
 
C. REM is not influenced by circadian rhythms 
 
D. Time in REM is linked to time in NREM 
 

 

 

 

 

Why sleep? 

 
Physiological restoration 
 
Memory and Learning 
 
Metabolic Processes 
 
Temperature Regulation 

 ground squirrels de-hibernate to 
sleep 

 

 

 

 

 



Weaknesses – !
Definitely can learn without sleep!
Sleep stages still largely based on correlations!

Self-test question 

What potential dangers are associated with pulling 
an all-nighter before a midterm exam? 
 
A. One might oversleep and miss the test 

B.  One’s overall cognitive performance is harmed 
by sleep deprivation 

 
C. Beneficial effects of sleep on memory are lost 
 
D. Any of the above 
 

 

 

 

 



Summary: 
1.  Sleep is active and structured 
 
2.  Sleep involves multiple brain systems that can 

go awry 
 
3.  Function of one of our most important behaviors 

remains unknown! 

Learning/Memory  CHAPTER 13 

Study Questions 
1.  What has been learned about the nature of 
memory processes through the study of 
individual human subjects? 
 
 



•  Definitions  
  Learning -- change in behavior that results from 
experience  
  Memory -- retention of those changes over time  
   separate from development 
 

•  Many kinds of memory 

•  Strategies to understand how memory is 
represented in the brain?  
    Brain-damaged subjects  
    Exceptional subjects 
    Comparative research  
    Physiological studies in animals  
    In vitro studies of neuron function 



Strategies to understand how memory is represented 
in the brain?  

!Brain-damaged subjects!
!Exceptional memory!
!Comparative research!
!Physiological studies in animals!
!In vitro studies of neuron function !

Henry Molaison (H.M.) 

Most%studied%case%of%human%amnesia%%
Severe%seizures%at%age%16;%surgery%to%remove%epilep;c%focus%
at%age%27%(1953)%%
%%%
Severe%memory%loss%C%amnesia%%
%%
%
 



Medial temporal cortex 
Amygdaloid complex 
Entorhinal cortex 
Rostral ½ of hippocampus 



Retrograde Amnesia – Loss of memories from the 
past 

Anterograde Amnesia – inability to form new 
memories 

Could HM learn anything? 

•  Whole categories of things 

•  Mirror writing task 

•  Demonstrated functional dissociation of different 
types of human memory 



Self-test question 
 
Patient HM was least impaired with respect to 
which type of memory? 
 
A.  Episodic 
 
B.  Declarative 
 
C.  Anterograde 
 
D.  Procedural 
 

Self-test question 
 
 
What inference can you draw from the fact that HM’s 
most intact memory was for the distant past? 
 
A.  Those memories are stored outside of the medial 
 temporal lobe 
 
B.  Early memories are encoded more strongly in the 
brain 
 
C.  The aging brain switches strategies for how it stores 
memories 
 
D. Earlier memories have less declarative content than 
later memories 



CLIVE WEARING 

Jill Price 







Korsakoff’s syndrome – Mammillary bodies 
 Source: Kopelman et al  Alcohol and Alcoholism 
Jan 2009 pp 1-7 

Confabulation 



Healthy controls 45 min later    Korsakoff’s 

Alzheimer�s Disease 

Alzheimer's+,+amyloid+plaques++
++cortex,+hippocampus++
++basal+forebrain+=+dec+in+ACh++
++procedural+be=er+than+declara>ve++
++implicit+be=er+than+explicit+
+
 



INSULIN TREATMENT 
ACh TREATMENTS 





Wake first or sleep first!

Sleep and Memory Consolidation 



Weaknesses – !
Definitely can learn without sleep!
Sleep stages still largely based on correlations!



Self-test question 
 
 
What potential dangers are associated with pulling an 
all-nighter before a midterm exam? 
 
A  One might oversleep and miss the test 
 
B. One’s overall cognitive performance is harmed by 
sleep deprivation 
 
C. Beneficial effects of sleep on memory are lost 
 
D. Any of the above 

Animal Studies 



Eyeblink Conditioning 

Tristan and fear conditioning 















Cellular mechanisms 

•  Donald Hebb 

•  HEBBIAN SYNAPSE is one that increases 
effectiveness because of simultaneous activity in 
presynaptic and postsynaptic neurons 

•  FIRE TOGETHER, WIRE TOGETHER 







LTP 

•  NMDA ligand and voltage gated 
•  Ca++ enters 
•  CaMKII 

Changes in AMPA receptors 
More NMDA 
More dendrite branching 
Change in AMPA sensitivity 



3 predictions of LTP and hippocampal learning 

Suppress LTP ! poor spatial learning!
!NMDA blockers impair long-term learning!

!
Learning ! LTP at hippocampal synapses, !

!?!
!
Abolish LTP after learning! poor performance!

!?!



Does learning lead to measureable LTP? 

•  Test rats before and after learning something 
simple 
Avoid half of a cage where you got shocked once 
 

•  Controls 
No exposure at all 
Walk around the cage 
Shocked once somewhere else 

Electrodes to measure activity in hippocampus 

ratio (17); see fig. S4]. We also noted that of
the four groups studied, naı̈ve animals—which
are not handled during the recording session—
showed the least tendency for gradual reduc-
tions in fEPSP slope (Fig. 3, D and H). Thus,
we interpret the coherent decreases in fEPSP
slope as reflecting changes in the behavioral
state of the animals over the duration of the
recording experiments. However, we cannot
rule out the possibility that LTD-like changes
also contribute.

Although changes in fEPSP slope that happen
coherently across multiple electrodes within an
animal may result from changes in brain state,
changes recorded at some electrodes but not
others must be accounted for by local modifica-
tions. Therefore, we calculated the standard
deviation of fEPSP slope measures across elec-
trodes within individual animals before and after
conditioning. In the naı̈ve group, which remained

unhandled in the recording box for 4 hours, the
average within-animal variance increased by
43% over the duration of the recording session
(Fig. 3L). Comparable values were seen in the
walk-through (58% increase) and shock-only
(35% increase) conditions (Fig. 3, J and K).
However, the average within-animal variance
increased to 256% of the baseline interval in
IA-trained animals [significantly greater than
controls; one-way ANOVA, F(3,124) 0 14.98,
P G 0.0001 (Fig. 3I)]. Because increased var-
iability in evoked responses did not correlate with
increased across-channel variability in the spon-
taneous EEG (see fig. S5), we conclude that a
specific consequence of IA training is a spatially
heterogeneous potentiation of synaptic transmis-
sion in some, but not all recording locations in
dorsal CA1. Such changes are consistent with
theoretical proposals for the structure of distrib-
uted associative memories (18).

Learning-related enhancements of fEPSP
slope occlude subsequent LTP in vivo. The
spatially restricted increases in fEPSP slope
after IA training were not associated with local
changes in the power spectrum of the sponta-
neous EEG (fig. S6), and were not accompa-
nied by changes in paired-pulse ratio (fig.
S7)—changes that might be expected if highly
localized changes in temperature were respon-
sible (19), rather than LTP. However, the most
incisive approach to address the question of
whether the modification we observe reflects
LTP is to see if the learning-induced change
occludes tetanus-induced potentiation.

Therefore, we trained an additional group
of animals and compared changes in fEPSP
slopes after training with the subsequent en-
hancements induced by repeated application of
high-frequency stimulation (HFS) to saturate
LTP. We found a significant inverse correlation

Fig. 2. IA training results in an en-
hancement of fEPSPs in area CA1 of
the hippocampus in vivo. (A) Multielec-
trode recording arrays consisting of
eight electrodes were implanted into
CA1 of dorsal hippocampus. The Nissl-
stained coronal section demonstrates
electrode placement in the apical den-
dritic layer of CA1 (exact recording
depths for five of eight electrodes are
marked by lesions at electrode tips).
(B) fEPSP slope measures collected
every 30 s (displayed as averages of
5-min bins) from a single animal show-
ing learning-related fEPSP enhance-
ments after IA training. Two electrodes
showed fEPSP enhancements È15%
above baseline (red and orange circles).
fEPSP slope is represented by color on
the inset beneath, where each row on
the plot corresponds to individual elec-
trodes. fEPSP waveforms (above) were
obtained (top) from an electrode that
did not show a training-related en-
hancement in slope, and (bottom) from
an electrode where a 14% enhance-
ment was observed. (C to F) Color plots
representing fEPSP slope measures taken
from six trained animals, seven walk-
through controls, five shock-only controls,
and six naı̈ve controls; white tick-marks
indicate individual animals in each group.
Each animal was naı̈ve at the time of
behavioral conditioning (inclusion of
additional animals receiving more than
one type of experience appears in fig.
S2). Of 44 recording electrodes, 12
showed average fEPSP slope measures
910% above baseline after IA training,
although none of the 140 electrodes
from control conditions showed such
enhancements. Warmer colors indicate
fEPSP slope enhancements; cooler colors represent decreases. (G to I)
Cumulative probability distributions of fEPSP slope for IA-trained (red circles,
n 0 44 electrodes), walk-through (black circles, n 0 50 electrodes), shock-only

(light gray, n 0 35 electrodes), and naı̈ve animals (blue, n 0 55 electrodes)
demonstrate that fEPSP slope measures were enhanced in trained animals
relative to controls (K-S test, P G 0.05) at 30 min, 60 min, and 120 min.
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ratio (17); see fig. S4]. We also noted that of
the four groups studied, naı̈ve animals—which
are not handled during the recording session—
showed the least tendency for gradual reduc-
tions in fEPSP slope (Fig. 3, D and H). Thus,
we interpret the coherent decreases in fEPSP
slope as reflecting changes in the behavioral
state of the animals over the duration of the
recording experiments. However, we cannot
rule out the possibility that LTD-like changes
also contribute.

Although changes in fEPSP slope that happen
coherently across multiple electrodes within an
animal may result from changes in brain state,
changes recorded at some electrodes but not
others must be accounted for by local modifica-
tions. Therefore, we calculated the standard
deviation of fEPSP slope measures across elec-
trodes within individual animals before and after
conditioning. In the naı̈ve group, which remained

unhandled in the recording box for 4 hours, the
average within-animal variance increased by
43% over the duration of the recording session
(Fig. 3L). Comparable values were seen in the
walk-through (58% increase) and shock-only
(35% increase) conditions (Fig. 3, J and K).
However, the average within-animal variance
increased to 256% of the baseline interval in
IA-trained animals [significantly greater than
controls; one-way ANOVA, F(3,124) 0 14.98,
P G 0.0001 (Fig. 3I)]. Because increased var-
iability in evoked responses did not correlate with
increased across-channel variability in the spon-
taneous EEG (see fig. S5), we conclude that a
specific consequence of IA training is a spatially
heterogeneous potentiation of synaptic transmis-
sion in some, but not all recording locations in
dorsal CA1. Such changes are consistent with
theoretical proposals for the structure of distrib-
uted associative memories (18).

Learning-related enhancements of fEPSP
slope occlude subsequent LTP in vivo. The
spatially restricted increases in fEPSP slope
after IA training were not associated with local
changes in the power spectrum of the sponta-
neous EEG (fig. S6), and were not accompa-
nied by changes in paired-pulse ratio (fig.
S7)—changes that might be expected if highly
localized changes in temperature were respon-
sible (19), rather than LTP. However, the most
incisive approach to address the question of
whether the modification we observe reflects
LTP is to see if the learning-induced change
occludes tetanus-induced potentiation.

Therefore, we trained an additional group
of animals and compared changes in fEPSP
slopes after training with the subsequent en-
hancements induced by repeated application of
high-frequency stimulation (HFS) to saturate
LTP. We found a significant inverse correlation

Fig. 2. IA training results in an en-
hancement of fEPSPs in area CA1 of
the hippocampus in vivo. (A) Multielec-
trode recording arrays consisting of
eight electrodes were implanted into
CA1 of dorsal hippocampus. The Nissl-
stained coronal section demonstrates
electrode placement in the apical den-
dritic layer of CA1 (exact recording
depths for five of eight electrodes are
marked by lesions at electrode tips).
(B) fEPSP slope measures collected
every 30 s (displayed as averages of
5-min bins) from a single animal show-
ing learning-related fEPSP enhance-
ments after IA training. Two electrodes
showed fEPSP enhancements È15%
above baseline (red and orange circles).
fEPSP slope is represented by color on
the inset beneath, where each row on
the plot corresponds to individual elec-
trodes. fEPSP waveforms (above) were
obtained (top) from an electrode that
did not show a training-related en-
hancement in slope, and (bottom) from
an electrode where a 14% enhance-
ment was observed. (C to F) Color plots
representing fEPSP slope measures taken
from six trained animals, seven walk-
through controls, five shock-only controls,
and six naı̈ve controls; white tick-marks
indicate individual animals in each group.
Each animal was naı̈ve at the time of
behavioral conditioning (inclusion of
additional animals receiving more than
one type of experience appears in fig.
S2). Of 44 recording electrodes, 12
showed average fEPSP slope measures
910% above baseline after IA training,
although none of the 140 electrodes
from control conditions showed such
enhancements. Warmer colors indicate
fEPSP slope enhancements; cooler colors represent decreases. (G to I)
Cumulative probability distributions of fEPSP slope for IA-trained (red circles,
n 0 44 electrodes), walk-through (black circles, n 0 50 electrodes), shock-only

(light gray, n 0 35 electrodes), and naı̈ve animals (blue, n 0 55 electrodes)
demonstrate that fEPSP slope measures were enhanced in trained animals
relative to controls (K-S test, P G 0.05) at 30 min, 60 min, and 120 min.
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Before learning, 8 electrodes at 100%; few go up after training  

6 trained animals; ~8 electrodes each 

ratio (17); see fig. S4]. We also noted that of
the four groups studied, naı̈ve animals—which
are not handled during the recording session—
showed the least tendency for gradual reduc-
tions in fEPSP slope (Fig. 3, D and H). Thus,
we interpret the coherent decreases in fEPSP
slope as reflecting changes in the behavioral
state of the animals over the duration of the
recording experiments. However, we cannot
rule out the possibility that LTD-like changes
also contribute.

Although changes in fEPSP slope that happen
coherently across multiple electrodes within an
animal may result from changes in brain state,
changes recorded at some electrodes but not
others must be accounted for by local modifica-
tions. Therefore, we calculated the standard
deviation of fEPSP slope measures across elec-
trodes within individual animals before and after
conditioning. In the naı̈ve group, which remained

unhandled in the recording box for 4 hours, the
average within-animal variance increased by
43% over the duration of the recording session
(Fig. 3L). Comparable values were seen in the
walk-through (58% increase) and shock-only
(35% increase) conditions (Fig. 3, J and K).
However, the average within-animal variance
increased to 256% of the baseline interval in
IA-trained animals [significantly greater than
controls; one-way ANOVA, F(3,124) 0 14.98,
P G 0.0001 (Fig. 3I)]. Because increased var-
iability in evoked responses did not correlate with
increased across-channel variability in the spon-
taneous EEG (see fig. S5), we conclude that a
specific consequence of IA training is a spatially
heterogeneous potentiation of synaptic transmis-
sion in some, but not all recording locations in
dorsal CA1. Such changes are consistent with
theoretical proposals for the structure of distrib-
uted associative memories (18).

Learning-related enhancements of fEPSP
slope occlude subsequent LTP in vivo. The
spatially restricted increases in fEPSP slope
after IA training were not associated with local
changes in the power spectrum of the sponta-
neous EEG (fig. S6), and were not accompa-
nied by changes in paired-pulse ratio (fig.
S7)—changes that might be expected if highly
localized changes in temperature were respon-
sible (19), rather than LTP. However, the most
incisive approach to address the question of
whether the modification we observe reflects
LTP is to see if the learning-induced change
occludes tetanus-induced potentiation.

Therefore, we trained an additional group
of animals and compared changes in fEPSP
slopes after training with the subsequent en-
hancements induced by repeated application of
high-frequency stimulation (HFS) to saturate
LTP. We found a significant inverse correlation

Fig. 2. IA training results in an en-
hancement of fEPSPs in area CA1 of
the hippocampus in vivo. (A) Multielec-
trode recording arrays consisting of
eight electrodes were implanted into
CA1 of dorsal hippocampus. The Nissl-
stained coronal section demonstrates
electrode placement in the apical den-
dritic layer of CA1 (exact recording
depths for five of eight electrodes are
marked by lesions at electrode tips).
(B) fEPSP slope measures collected
every 30 s (displayed as averages of
5-min bins) from a single animal show-
ing learning-related fEPSP enhance-
ments after IA training. Two electrodes
showed fEPSP enhancements È15%
above baseline (red and orange circles).
fEPSP slope is represented by color on
the inset beneath, where each row on
the plot corresponds to individual elec-
trodes. fEPSP waveforms (above) were
obtained (top) from an electrode that
did not show a training-related en-
hancement in slope, and (bottom) from
an electrode where a 14% enhance-
ment was observed. (C to F) Color plots
representing fEPSP slope measures taken
from six trained animals, seven walk-
through controls, five shock-only controls,
and six naı̈ve controls; white tick-marks
indicate individual animals in each group.
Each animal was naı̈ve at the time of
behavioral conditioning (inclusion of
additional animals receiving more than
one type of experience appears in fig.
S2). Of 44 recording electrodes, 12
showed average fEPSP slope measures
910% above baseline after IA training,
although none of the 140 electrodes
from control conditions showed such
enhancements. Warmer colors indicate
fEPSP slope enhancements; cooler colors represent decreases. (G to I)
Cumulative probability distributions of fEPSP slope for IA-trained (red circles,
n 0 44 electrodes), walk-through (black circles, n 0 50 electrodes), shock-only

(light gray, n 0 35 electrodes), and naı̈ve animals (blue, n 0 55 electrodes)
demonstrate that fEPSP slope measures were enhanced in trained animals
relative to controls (K-S test, P G 0.05) at 30 min, 60 min, and 120 min.
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6 trained animals; ~8 electrodes each 

ratio (17); see fig. S4]. We also noted that of
the four groups studied, naı̈ve animals—which
are not handled during the recording session—
showed the least tendency for gradual reduc-
tions in fEPSP slope (Fig. 3, D and H). Thus,
we interpret the coherent decreases in fEPSP
slope as reflecting changes in the behavioral
state of the animals over the duration of the
recording experiments. However, we cannot
rule out the possibility that LTD-like changes
also contribute.

Although changes in fEPSP slope that happen
coherently across multiple electrodes within an
animal may result from changes in brain state,
changes recorded at some electrodes but not
others must be accounted for by local modifica-
tions. Therefore, we calculated the standard
deviation of fEPSP slope measures across elec-
trodes within individual animals before and after
conditioning. In the naı̈ve group, which remained

unhandled in the recording box for 4 hours, the
average within-animal variance increased by
43% over the duration of the recording session
(Fig. 3L). Comparable values were seen in the
walk-through (58% increase) and shock-only
(35% increase) conditions (Fig. 3, J and K).
However, the average within-animal variance
increased to 256% of the baseline interval in
IA-trained animals [significantly greater than
controls; one-way ANOVA, F(3,124) 0 14.98,
P G 0.0001 (Fig. 3I)]. Because increased var-
iability in evoked responses did not correlate with
increased across-channel variability in the spon-
taneous EEG (see fig. S5), we conclude that a
specific consequence of IA training is a spatially
heterogeneous potentiation of synaptic transmis-
sion in some, but not all recording locations in
dorsal CA1. Such changes are consistent with
theoretical proposals for the structure of distrib-
uted associative memories (18).

Learning-related enhancements of fEPSP
slope occlude subsequent LTP in vivo. The
spatially restricted increases in fEPSP slope
after IA training were not associated with local
changes in the power spectrum of the sponta-
neous EEG (fig. S6), and were not accompa-
nied by changes in paired-pulse ratio (fig.
S7)—changes that might be expected if highly
localized changes in temperature were respon-
sible (19), rather than LTP. However, the most
incisive approach to address the question of
whether the modification we observe reflects
LTP is to see if the learning-induced change
occludes tetanus-induced potentiation.

Therefore, we trained an additional group
of animals and compared changes in fEPSP
slopes after training with the subsequent en-
hancements induced by repeated application of
high-frequency stimulation (HFS) to saturate
LTP. We found a significant inverse correlation

Fig. 2. IA training results in an en-
hancement of fEPSPs in area CA1 of
the hippocampus in vivo. (A) Multielec-
trode recording arrays consisting of
eight electrodes were implanted into
CA1 of dorsal hippocampus. The Nissl-
stained coronal section demonstrates
electrode placement in the apical den-
dritic layer of CA1 (exact recording
depths for five of eight electrodes are
marked by lesions at electrode tips).
(B) fEPSP slope measures collected
every 30 s (displayed as averages of
5-min bins) from a single animal show-
ing learning-related fEPSP enhance-
ments after IA training. Two electrodes
showed fEPSP enhancements È15%
above baseline (red and orange circles).
fEPSP slope is represented by color on
the inset beneath, where each row on
the plot corresponds to individual elec-
trodes. fEPSP waveforms (above) were
obtained (top) from an electrode that
did not show a training-related en-
hancement in slope, and (bottom) from
an electrode where a 14% enhance-
ment was observed. (C to F) Color plots
representing fEPSP slope measures taken
from six trained animals, seven walk-
through controls, five shock-only controls,
and six naı̈ve controls; white tick-marks
indicate individual animals in each group.
Each animal was naı̈ve at the time of
behavioral conditioning (inclusion of
additional animals receiving more than
one type of experience appears in fig.
S2). Of 44 recording electrodes, 12
showed average fEPSP slope measures
910% above baseline after IA training,
although none of the 140 electrodes
from control conditions showed such
enhancements. Warmer colors indicate
fEPSP slope enhancements; cooler colors represent decreases. (G to I)
Cumulative probability distributions of fEPSP slope for IA-trained (red circles,
n 0 44 electrodes), walk-through (black circles, n 0 50 electrodes), shock-only

(light gray, n 0 35 electrodes), and naı̈ve animals (blue, n 0 55 electrodes)
demonstrate that fEPSP slope measures were enhanced in trained animals
relative to controls (K-S test, P G 0.05) at 30 min, 60 min, and 120 min.
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ratio (17); see fig. S4]. We also noted that of
the four groups studied, naı̈ve animals—which
are not handled during the recording session—
showed the least tendency for gradual reduc-
tions in fEPSP slope (Fig. 3, D and H). Thus,
we interpret the coherent decreases in fEPSP
slope as reflecting changes in the behavioral
state of the animals over the duration of the
recording experiments. However, we cannot
rule out the possibility that LTD-like changes
also contribute.

Although changes in fEPSP slope that happen
coherently across multiple electrodes within an
animal may result from changes in brain state,
changes recorded at some electrodes but not
others must be accounted for by local modifica-
tions. Therefore, we calculated the standard
deviation of fEPSP slope measures across elec-
trodes within individual animals before and after
conditioning. In the naı̈ve group, which remained

unhandled in the recording box for 4 hours, the
average within-animal variance increased by
43% over the duration of the recording session
(Fig. 3L). Comparable values were seen in the
walk-through (58% increase) and shock-only
(35% increase) conditions (Fig. 3, J and K).
However, the average within-animal variance
increased to 256% of the baseline interval in
IA-trained animals [significantly greater than
controls; one-way ANOVA, F(3,124) 0 14.98,
P G 0.0001 (Fig. 3I)]. Because increased var-
iability in evoked responses did not correlate with
increased across-channel variability in the spon-
taneous EEG (see fig. S5), we conclude that a
specific consequence of IA training is a spatially
heterogeneous potentiation of synaptic transmis-
sion in some, but not all recording locations in
dorsal CA1. Such changes are consistent with
theoretical proposals for the structure of distrib-
uted associative memories (18).

Learning-related enhancements of fEPSP
slope occlude subsequent LTP in vivo. The
spatially restricted increases in fEPSP slope
after IA training were not associated with local
changes in the power spectrum of the sponta-
neous EEG (fig. S6), and were not accompa-
nied by changes in paired-pulse ratio (fig.
S7)—changes that might be expected if highly
localized changes in temperature were respon-
sible (19), rather than LTP. However, the most
incisive approach to address the question of
whether the modification we observe reflects
LTP is to see if the learning-induced change
occludes tetanus-induced potentiation.

Therefore, we trained an additional group
of animals and compared changes in fEPSP
slopes after training with the subsequent en-
hancements induced by repeated application of
high-frequency stimulation (HFS) to saturate
LTP. We found a significant inverse correlation

Fig. 2. IA training results in an en-
hancement of fEPSPs in area CA1 of
the hippocampus in vivo. (A) Multielec-
trode recording arrays consisting of
eight electrodes were implanted into
CA1 of dorsal hippocampus. The Nissl-
stained coronal section demonstrates
electrode placement in the apical den-
dritic layer of CA1 (exact recording
depths for five of eight electrodes are
marked by lesions at electrode tips).
(B) fEPSP slope measures collected
every 30 s (displayed as averages of
5-min bins) from a single animal show-
ing learning-related fEPSP enhance-
ments after IA training. Two electrodes
showed fEPSP enhancements È15%
above baseline (red and orange circles).
fEPSP slope is represented by color on
the inset beneath, where each row on
the plot corresponds to individual elec-
trodes. fEPSP waveforms (above) were
obtained (top) from an electrode that
did not show a training-related en-
hancement in slope, and (bottom) from
an electrode where a 14% enhance-
ment was observed. (C to F) Color plots
representing fEPSP slope measures taken
from six trained animals, seven walk-
through controls, five shock-only controls,
and six naı̈ve controls; white tick-marks
indicate individual animals in each group.
Each animal was naı̈ve at the time of
behavioral conditioning (inclusion of
additional animals receiving more than
one type of experience appears in fig.
S2). Of 44 recording electrodes, 12
showed average fEPSP slope measures
910% above baseline after IA training,
although none of the 140 electrodes
from control conditions showed such
enhancements. Warmer colors indicate
fEPSP slope enhancements; cooler colors represent decreases. (G to I)
Cumulative probability distributions of fEPSP slope for IA-trained (red circles,
n 0 44 electrodes), walk-through (black circles, n 0 50 electrodes), shock-only

(light gray, n 0 35 electrodes), and naı̈ve animals (blue, n 0 55 electrodes)
demonstrate that fEPSP slope measures were enhanced in trained animals
relative to controls (K-S test, P G 0.05) at 30 min, 60 min, and 120 min.
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ratio (17); see fig. S4]. We also noted that of
the four groups studied, naı̈ve animals—which
are not handled during the recording session—
showed the least tendency for gradual reduc-
tions in fEPSP slope (Fig. 3, D and H). Thus,
we interpret the coherent decreases in fEPSP
slope as reflecting changes in the behavioral
state of the animals over the duration of the
recording experiments. However, we cannot
rule out the possibility that LTD-like changes
also contribute.

Although changes in fEPSP slope that happen
coherently across multiple electrodes within an
animal may result from changes in brain state,
changes recorded at some electrodes but not
others must be accounted for by local modifica-
tions. Therefore, we calculated the standard
deviation of fEPSP slope measures across elec-
trodes within individual animals before and after
conditioning. In the naı̈ve group, which remained

unhandled in the recording box for 4 hours, the
average within-animal variance increased by
43% over the duration of the recording session
(Fig. 3L). Comparable values were seen in the
walk-through (58% increase) and shock-only
(35% increase) conditions (Fig. 3, J and K).
However, the average within-animal variance
increased to 256% of the baseline interval in
IA-trained animals [significantly greater than
controls; one-way ANOVA, F(3,124) 0 14.98,
P G 0.0001 (Fig. 3I)]. Because increased var-
iability in evoked responses did not correlate with
increased across-channel variability in the spon-
taneous EEG (see fig. S5), we conclude that a
specific consequence of IA training is a spatially
heterogeneous potentiation of synaptic transmis-
sion in some, but not all recording locations in
dorsal CA1. Such changes are consistent with
theoretical proposals for the structure of distrib-
uted associative memories (18).

Learning-related enhancements of fEPSP
slope occlude subsequent LTP in vivo. The
spatially restricted increases in fEPSP slope
after IA training were not associated with local
changes in the power spectrum of the sponta-
neous EEG (fig. S6), and were not accompa-
nied by changes in paired-pulse ratio (fig.
S7)—changes that might be expected if highly
localized changes in temperature were respon-
sible (19), rather than LTP. However, the most
incisive approach to address the question of
whether the modification we observe reflects
LTP is to see if the learning-induced change
occludes tetanus-induced potentiation.

Therefore, we trained an additional group
of animals and compared changes in fEPSP
slopes after training with the subsequent en-
hancements induced by repeated application of
high-frequency stimulation (HFS) to saturate
LTP. We found a significant inverse correlation

Fig. 2. IA training results in an en-
hancement of fEPSPs in area CA1 of
the hippocampus in vivo. (A) Multielec-
trode recording arrays consisting of
eight electrodes were implanted into
CA1 of dorsal hippocampus. The Nissl-
stained coronal section demonstrates
electrode placement in the apical den-
dritic layer of CA1 (exact recording
depths for five of eight electrodes are
marked by lesions at electrode tips).
(B) fEPSP slope measures collected
every 30 s (displayed as averages of
5-min bins) from a single animal show-
ing learning-related fEPSP enhance-
ments after IA training. Two electrodes
showed fEPSP enhancements È15%
above baseline (red and orange circles).
fEPSP slope is represented by color on
the inset beneath, where each row on
the plot corresponds to individual elec-
trodes. fEPSP waveforms (above) were
obtained (top) from an electrode that
did not show a training-related en-
hancement in slope, and (bottom) from
an electrode where a 14% enhance-
ment was observed. (C to F) Color plots
representing fEPSP slope measures taken
from six trained animals, seven walk-
through controls, five shock-only controls,
and six naı̈ve controls; white tick-marks
indicate individual animals in each group.
Each animal was naı̈ve at the time of
behavioral conditioning (inclusion of
additional animals receiving more than
one type of experience appears in fig.
S2). Of 44 recording electrodes, 12
showed average fEPSP slope measures
910% above baseline after IA training,
although none of the 140 electrodes
from control conditions showed such
enhancements. Warmer colors indicate
fEPSP slope enhancements; cooler colors represent decreases. (G to I)
Cumulative probability distributions of fEPSP slope for IA-trained (red circles,
n 0 44 electrodes), walk-through (black circles, n 0 50 electrodes), shock-only

(light gray, n 0 35 electrodes), and naı̈ve animals (blue, n 0 55 electrodes)
demonstrate that fEPSP slope measures were enhanced in trained animals
relative to controls (K-S test, P G 0.05) at 30 min, 60 min, and 120 min.
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ratio (17); see fig. S4]. We also noted that of
the four groups studied, naı̈ve animals—which
are not handled during the recording session—
showed the least tendency for gradual reduc-
tions in fEPSP slope (Fig. 3, D and H). Thus,
we interpret the coherent decreases in fEPSP
slope as reflecting changes in the behavioral
state of the animals over the duration of the
recording experiments. However, we cannot
rule out the possibility that LTD-like changes
also contribute.

Although changes in fEPSP slope that happen
coherently across multiple electrodes within an
animal may result from changes in brain state,
changes recorded at some electrodes but not
others must be accounted for by local modifica-
tions. Therefore, we calculated the standard
deviation of fEPSP slope measures across elec-
trodes within individual animals before and after
conditioning. In the naı̈ve group, which remained

unhandled in the recording box for 4 hours, the
average within-animal variance increased by
43% over the duration of the recording session
(Fig. 3L). Comparable values were seen in the
walk-through (58% increase) and shock-only
(35% increase) conditions (Fig. 3, J and K).
However, the average within-animal variance
increased to 256% of the baseline interval in
IA-trained animals [significantly greater than
controls; one-way ANOVA, F(3,124) 0 14.98,
P G 0.0001 (Fig. 3I)]. Because increased var-
iability in evoked responses did not correlate with
increased across-channel variability in the spon-
taneous EEG (see fig. S5), we conclude that a
specific consequence of IA training is a spatially
heterogeneous potentiation of synaptic transmis-
sion in some, but not all recording locations in
dorsal CA1. Such changes are consistent with
theoretical proposals for the structure of distrib-
uted associative memories (18).

Learning-related enhancements of fEPSP
slope occlude subsequent LTP in vivo. The
spatially restricted increases in fEPSP slope
after IA training were not associated with local
changes in the power spectrum of the sponta-
neous EEG (fig. S6), and were not accompa-
nied by changes in paired-pulse ratio (fig.
S7)—changes that might be expected if highly
localized changes in temperature were respon-
sible (19), rather than LTP. However, the most
incisive approach to address the question of
whether the modification we observe reflects
LTP is to see if the learning-induced change
occludes tetanus-induced potentiation.

Therefore, we trained an additional group
of animals and compared changes in fEPSP
slopes after training with the subsequent en-
hancements induced by repeated application of
high-frequency stimulation (HFS) to saturate
LTP. We found a significant inverse correlation

Fig. 2. IA training results in an en-
hancement of fEPSPs in area CA1 of
the hippocampus in vivo. (A) Multielec-
trode recording arrays consisting of
eight electrodes were implanted into
CA1 of dorsal hippocampus. The Nissl-
stained coronal section demonstrates
electrode placement in the apical den-
dritic layer of CA1 (exact recording
depths for five of eight electrodes are
marked by lesions at electrode tips).
(B) fEPSP slope measures collected
every 30 s (displayed as averages of
5-min bins) from a single animal show-
ing learning-related fEPSP enhance-
ments after IA training. Two electrodes
showed fEPSP enhancements È15%
above baseline (red and orange circles).
fEPSP slope is represented by color on
the inset beneath, where each row on
the plot corresponds to individual elec-
trodes. fEPSP waveforms (above) were
obtained (top) from an electrode that
did not show a training-related en-
hancement in slope, and (bottom) from
an electrode where a 14% enhance-
ment was observed. (C to F) Color plots
representing fEPSP slope measures taken
from six trained animals, seven walk-
through controls, five shock-only controls,
and six naı̈ve controls; white tick-marks
indicate individual animals in each group.
Each animal was naı̈ve at the time of
behavioral conditioning (inclusion of
additional animals receiving more than
one type of experience appears in fig.
S2). Of 44 recording electrodes, 12
showed average fEPSP slope measures
910% above baseline after IA training,
although none of the 140 electrodes
from control conditions showed such
enhancements. Warmer colors indicate
fEPSP slope enhancements; cooler colors represent decreases. (G to I)
Cumulative probability distributions of fEPSP slope for IA-trained (red circles,
n 0 44 electrodes), walk-through (black circles, n 0 50 electrodes), shock-only

(light gray, n 0 35 electrodes), and naı̈ve animals (blue, n 0 55 electrodes)
demonstrate that fEPSP slope measures were enhanced in trained animals
relative to controls (K-S test, P G 0.05) at 30 min, 60 min, and 120 min.
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