CONDITIONED RESPONSES IN THE RETICULAR FORMATION

Thesis by

Carol Lee Kornblith

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California
1972

(submitted December 17, 1971)



i1

ACKNOWLEDGMENTS

I am thankful to Dr. James Olds for the laboratory space,
equipment, and support he has provided me. In addition, he has
supplied ideas, guided, and advised me throughout my graduate career.
Most importantly, he has provided thé patience and encouragement to
see me through this research.

The members of my committee; Dr. R. Owen, Dr. F. Strumwasser,

Dr. A. van Harreveld, and Dr. C. Wiersma have given me some very
helpful comments and suggestions for this research. I would like to
thank each of them.

I am grateful to the members of Dr. Olds' laboratory - the
people of the former Brain Research Laboratory at the University of
Michigan and the present members of the lab at Caltech - for their
technical assistance and advice. In particular, Mary Ann Linseman and
Menahem Segal have been sounding boards for my ideas, helped me
through difficult periods, and made very useful suggestions during the
preparation of this thesis.  Richard Hirsh, John Disterhoft, and
David Hiatt have provided some very rousing discussions during the
course of this research.

The United States government has provided financial support

for this research through a Public Health Service training grant.



iii

ABSTRACT

Unit activity was recorded from the midbrain and pons of 4O

reely moving rats in en appetitive classical conditioning situstion.

)

Resnonses to suditory stimuli were observed from 100 units before &nd
during & conditioning procedure in which presentation of food occurred
1 sec after the onset of the auditory stimulus., Conditioned unit
responses (i.e., spike rate accelerations or decelerations) were
considered to be positive when 1) no similar responses eppeered prior
to conditioning’ and 2) latencies were equal to or less then those

of sensory responses derived from the inferior colliculus. Such short
latency conditioned unit responses were recorded from 1l probes
located in the mid-latersal pert of the ventrel region of the brain
stem, This region wes differentiated from paramedien, far laterel and
dorsal parts of the brain stem reticular formation., Conditioned unit
responses of considersbly longer latencies were recorded from 76
probes located in these other regions. Among the longer latency
responses interesting differences appeared in experiments conducted
after the first conditioning series was completed, With additional
treining, units in the "reticular activating system" of midbrein and
pons tended to yield stabilized responses in the early portion of the
CS-US interval closely releted in time to the orientation responses
evoked by the CS, In contrast, the responses of units in the limbic
midbrain tended to stabilize in the later part of the CS-=US interval

closely related in time to preparatory responses tied to the US,.
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During extinction when the auditory stimulus was no longer followed
by presentetion of food, meny of the responses were reduced to their
pre-conditioning levels., However, there was a tendency for units
which had displayed short latency responses on the first conditioning
day to be more resistant to extinction than units which had displayed
longer letency conditioned responses. The data weré interpreted as
indicating a local correlste of learning in the reticular formation
of midbrain end pons é&nd a separation of the midbrain system into at
leest two ereas: 1) the classical "reticular activeting system"
related to orienting reactions, end 2) the limbic midbrain aress
related to drives and rewards. Because the ventral and mid-latersl
aree with very short latency conditioned responses was not clearly
tied to cither of these, it was considered as possibly representing

a third division,
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INTRODUCTION

Herrick's classical study of the brain of the tiger s&lumender
(1948) set the stage for the theory that the reticular neuropil at
all levels between scnsory and motor mechanisms constituted the
predecessor of the vertebrate integrative mechanisms. At all onterior-
posterior levels it was viewed &s containing the basic requirements
for decision meking and conditioning. Its less organized parts from
midorein to medulla werc seen as being ancestral to the more complex
integrative mechanisms, including the cortex. Through & lengthy
period following the discoveries of Magoun and his colleagues (lMagoun
and Rhines, 1946; Rhines and Magoun, 1946; Moruzzi and Magoun, 1949)
special relations of the reticular formation to &rousal tended to
generste & view of it as & "waking mechanism.," But even at this time
there survived & belief that the reticular formation was to some
degree & small &nd perhaps primitive brain, but nevertheless a more
complete brain than would be suggested by the ™waking mechanism"
theory. The work of the Scheibels (1958) and of Brodal (1957), end
more recent theorizing of Kilmer, McCulloch, end Blum (1968) carried
forward the more total brain concept: & concept which received
considerable sustenance from the centrencephalic views of Penfield
(1952). The problem is th&t direct evidence from studies at the
memmalien level did not offer substantial support to the view that
decision processes &nd le&rning processes occurred in the reticular
formetion.

So far as learning is concerned, Sharpless and Jasper (1956)

pointed to habituation, and Morrell and Jesper (1956) indicated



conditioning of the &arousal reaction. The implication was that local
changes occurred in the reticular formetion. But these studies did
not offer recordings from the reticular formation to substentiate the
sugrested source of the change, Studies by John and Killam (1959),
Ellison, et al. (1968), and earlier'studies from our laboratory (Olds
and Hirano, 1969; Olds, llink and Best, 1969; Phillips and Olds, 1969)
ell showed changes in the reticular formation., Particularly interest-
ing were "learned responses" in the reticuler formetion that appeared
to a stimulus depending on whether it was relevant to the currently
active drive (Phillips end Olds, 1969), &nd responses in reticular
formetion thet accompanied the animal's attentional interest rather
then his motor responses (Ellison, et al., 1969)., There were &lso
interesting units that were accelerated just prior to the point in
time when the animal anticipated the unconditioned stimulus eand
prepared for & consummetory response (Olds, Mink and Best, 1969).

The difficulty in these céases was that no aspect of the experiment
certified that the primary chenges involved were local; alterations
elsewhere could have caused the new response to be projected to the
reticular formation,

With regerd to decision making, the findings of Olds (1962) end
others on self-stimulation and of Glickman and Schiff (1967) and
others on changed drive behaviors caused by stimulating in specific
parts of the tegmentum suggested & relationship between stimu;ation
of fibers in this region &and decision processes, At least the

experiments suggested that fibers here were related to decisions about
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major behavioral directions: and these were the decisions supposed to
be made in this area according to the theory of Kilmer, McCulloch

and Blum (1968). The difficulty in this case was that the stimulation
experiments did not clarify the problem of whether these were only
passing fibers or whether critical aspects of the drive and reward
processes might be local.

The present experiment was designed to ask directly whether local
integrative processes concerned with learning take place in the
reticular formation. Learned changes in neuronal processes were
studied with a special view to the question of whether they might
involve local changes, and if these occurred the further aim was to
determine whether they might be delimited in locus to particular
sub-sections of the reticular formation. The data collected permitted
other analyses of learned unit responses to be made to find whether
some units were more involved with basic drive directions, and others
with basic attentional mechanisms. These were considered to be tests

for differentiations related to particular decision processes.



METHODS
Subjects and Probes

The subjects were 40 adult, male, albino, Holtzmen rats., Probes
for recording units were of fine nichrome wire (62.§p(diameter),
factory insulated with enamel, and cut with scissors to form a blunt,
uninsulated tip. Eight or nine of these probes were chronicelly
implented under stereotexic and neurophysiologicel guidance in each
enimal, Probes were aimed at regions of the posterior diencephalon
and brain stem extending from 3.5 to 9 mm posterior to bregma. All
probes were épproximetely 1 mm lateral to the sagittal suture and
& mm below the surface of the skull, Probes were lowered by stereo-
taxic methods to within .5 mm of the intended area and then slowly
edvenced until clear, unitery spikes were observed (4 to 1 signal to.
noise ratio). The background noise level was about 25 microvolts and
accepteble unitary spikes were of 100 microvolts or more., In each
enimel one lerge uninsulated wire (2504« diwmeter, 5 mm in length)
wes implented in the anterior lateral region of the cortex to serve
&s en indifferent probe. All probes were fixed in place with acrylic
and brought out to a 1l0-contact plague that was similerly fixed to
the skull. At least 3 days were &llowed for recovery before experi-
ments were begun. During this period and during experiments animals
were mainteined on & 24 hr light schedule &and on a 1imite§ diet so
thet weight was kept at 70-80 % of the preoperative level, Following

completion of experiments animals were sacrificed with an overdose



of nembutel «¢nd pgrfused with physiological seline followed by & 10 %
formelin solution. Brains were sectioned &t 604 &nd alternecte
sections were stained for fibers &and cells with Weil and cresyl violet,
respectively. The probes left fairly clear tracks in brein tissues,
and the point of recording could be determined with relative ease,

In some cases a smell marking lesion (IO/ALa for 15 sec) was made at
the end of the experiment to facilitate localization of the tip of the
probe (see Fig. 1). Histology was not aveilable for 5 probes. The
dita from these probes are presented in the result section with that
for probes implanted at the same coordinates and are indicated in

Appendix II.
Cages and Stimuli

Experiments were cearried out in & 13 inch diameter circular
plestic cage (housed within a lerger, sound-attenuating enclosure).
Penetrating through the center of the top of the cage wes an ll-wire
cable which was fixed to the animal's plaque at the lqwer end &nd to
a comrutator end counterbealenced arm at the upper end. Ten of the
viires were of low noise cable (Microdot) and were connected to the
brain probes. The 1llth wire was a length of noisy "hearing aid" lead
which was open circuited at the lower end. Minimal movements by the
animal caused relatively large voltages to be generated in this lead
end its emplified signal served &s an indicator of the animal's
movement, thus providing & measuring system for the behavioral response

of the enimal. The output of the noisy wire was fed through an



Fig.! Histological material indicating probe locations in A) zona incerta, probe 8614-7;
B) medial lemniscus, probe 8492 -6; C) pontine tegmental nucleus, probe 8733-5;
D) ventrolateral pontine reticular formation, probe 8216-6. B) and D) have small marking lesions.
The code numbers identify the probes for comparison with Table 1.
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smplifier with freqﬁency renge of 500-2000 Hertz and then into & Schmitt
trigger. The trigger rate wes then used &s the measure of behavior.
The experimentel cage was equipped with a loudsﬁeaker for
presentetion of a tone CS, & mechanical pellet dispenser to deliver
& food pellet US, and & continuously'avaii&ble water bottle. The
pellet dispenser discharged with & loud auditory signal and dropped
pellets into & localized part of a food chute. Animals were hungry
prior to experiments and were hand treined prior to the beginning of
the experiment to retrieve pellets rapidly efter discherge py the
dispenser. If pellets were not retrieved within 7 sec of magazine
discharge they were withdrawn automatically. A count was kept of
unretrieved pellets, and if this number amounted to more than 50 % of

the totel, the data were not accepted,
Recordings

Prior to the experiment all probes were screened for acceptable
unitery activity. Electricel signals from the best of the fine wire
probes were fed through amplifiers with & frequency range of 500-
10,000 Hertz end then into waveform discriminators which utilized
height end time-constant "window!" discriminetors to select single units
for counting (Olds, 1965; Olds, 1967). Spikes from what appeared on
a storage scope to be from several different neurons were often so
similer in amplitude and wave-shape &s to be indistinguishable by the
automatic counting device. Nevertheless, each spike was in itself

one actlon potential from one neuron, and &ll the neurons contributing
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to the pool recorded as "one unit" were from a small family of
similar neurons localized at the recording point. A computerized
"quality control' system was used to plot out samples of the recorded
units. These were plotted out in sets of 10 overlapped traces and
about 30 sets (300 units) were sampled daily from each probe (see
Fig. 2). These tracings were qualitatively evaluated by visual
ingpection and cases where units of widely different emplitude or
wave-shape were counted as one, or cases where clearly non-unitary
spikes were accepted were excluded from the data prior to further
analysis. Careful comparison of the analog output from the fine probe
mplifiers and the digital output from the discriminators indicated
that not only were spikes of several similar shapes counted as though
ell were one single unit, but &also sometimes two spikes that were
identicel in appesarance on the storage tube of a CRO were discriminated
so thet one was counted &and the other not, Nevertheless, &ll of the
clearly observable correlations between behavioral events and changes
in wnitery spike rate were equally visible whether'analog traces or
computerized evaluation of digital output was used. Therefore,
because the latter was faster and more objective, the present data
are based on computerized counts derived from the automatic

discriminator system.
Procedure

The first day of the experiment was devoted to & pseudo-

conditioning and habituation procedure. At intervals of about one



Animal 8733
Pseudoconditioning Conditioning Overtraining | Overtraining 2
Probe # 6

Probe #3

Fig. 2 Quality control pictures for 4 probes in animal 8733 over
4 days. Each sample consists of |0 overlapped traces. Probe # 3,
dorsal midbrain reticular formation; probe #4, lateral pontine reticular

formation; probe #5, pontine tegmental nucleus; probe # 6,
superior colliculus.
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per minute, 3 sec trials were presented. The first second involved
only recording of background unit and behavioral activity (with no
sign to the animel that a trial hed started). At the beginning of the
second second, one of three stimuli was presented (&n auditory signal
of 1,000 cps, square pulses; & different auditory signal of 10,000 cps;
or the pellet dispenser which yielded & noise and & 45 mg pellet). If
one of the two tones was applied, it was continued for the remaining
wo seconds of the trial., If the food magazine was discharged this
was discrete, but the animal usually retrigved the pellet and had
bezun to eat prior to the end of the trisl., Unit and behavior
recording was continuous for the whole 3 sec period. On each trial
one of the three stimuli was selected on a pseudo-réndom basis so that
the incidence of the three wes about equal over the 16 hr course of
the day's experiment. There were about 320 trials of each of the
three types; 960 trials in all. The experiment»was run automatically
hetween 4 pm one dey and 8 am the following day. Then there was an

8 hr pause before the second day's experiment was begun,

The second day was primarily devoted to & conditioning experiment.
However, for the first 150 trials (i.e., about 50 of eagh of the three
kinds) the schedule of pseudo-conditioning wes retained. The switch
was then made to a conditioning series without eny other break in the
procedure, Time intervals between trials remained the seame, In this
cese the three kinds of trials were: 1) tone 1 (called CS+) presented
at the end of the first second &nd continued as before, but with the

pellet dispenser (US) presented &t the end of the second second;
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2) tone 2 (called CS-) presented at the end of the first second without
eny correlated US, and 3) no stimulus presented &t all. For half of
the @nimels the high tone was the CS+ and for the others the low tone
was so used. There was roughly the s&me number of presentations of
tone 1, tone 2, and the food magezine as on day 1, but now the

megazine was correlated with one of the two tones so that the tone
preceded &nd overlepped the presentation of the food magazine (with a
1 scec CS-US intervel). The third (blenk) time period was inserted so
that the total distribution of magazine and stimulus presentations over
time would be equal for the two procedures (pseudo- and rezl condition-
ing).

Some of the animals received additiona; days of conditioning in
order to assess the effects of overtraining., In these cases the
procedure wes identical to that of the first resal conditioning day,
except that no pseudo-conditioning trials were presented &t the
beginning of these days.

ifter cithor 1 or 2 duys of overtraining, severel animuals wore
placed on an extinction schedule to determine if, and in what menner,
the conditioned responses would extinguish. The procedure was

identical to that of pseudo-conditioning.
Time Intervels

For each probe averages were computed, i.e., pre-stimulus and
post-stimulus histograms. The averages included all of the trials

for a given day. There were about 320 trials for each stimulus,
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Within eech triel the minirwum time division (bin) was 10 msec;
thus there were 100 divisions per second. Finer grain analysis of
latencies therefore could not be made. On each trial (for each probe)
a 1 or 8 O wes placed in each minimum time bin depending on whether
there had been any unit identifications made during that time interval.
While it would have been more accurate to place the actual counts in
these bins, criticel evaluation of preliminary data showed thet the
seme latencies and the same curve shapes were generated by either
method. This was partly due to the low probability of firing in the
units studied. Therefore, because binary entries were less expensive,
this method was chosen,

In computing averages, the contents of all the first bins were
edded, similarly the contents of all the second bins, and so forth.

In each case, the sum was divided by the number of trials; the result
wes a fraction denoting the proportion of times thet a unit detection
had been made in the indicated time interval (see Fig. 3). Each of
the first 100 intervels (which were prior to stimulus application)
provided separate estimates of the proportions to be expected from a
rendom selection of & number of time bins equal to the number of
triels. The time bins immediately following stimulus application
provided &an estimate of the change in bagkground firing rate caused
by application of the auditory stimulus, Similar anelyses were made
of date derived from the movement detector. In this case the "trigger
level crossings" were substituted for unit detections. Movements

occurred in response to the auditory stimulus at about 80-100 msec
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Fig. 3 Computer average curves (pre- and post-stimulus histograms)
for probe 8680-2 located in the dorsomedial midbrain reticular for-
mation. The vertical line at the left represents a probability of
unit firing of .20 for each 10 msec bin.
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efter its onset. The &nelysis of the unit data was conducted in two
ways. In one case, only the first 8 bins following stimulus onset
were considered in order to mitigate unit effects fed back from
behavior (celled carly response analysis). In the second case, the
entire second following stimulus onset was considered (called late

response anelysis).
Responses and Latencies

A "response" was an acceleration or deceleration of unit spike
rate ceused by presentation of the auditory signal. The method of
enzlysis was to establish a mean and standard deviation on the basis
of the first 100 (pre-stimulus) bins. In the early response analysis
the post-stimulus bins were theh grouped in twos: 1 and 2 = the period
from 0-20 msec after stimulation; 3 and 4 = the period from 20-40 and
so forth. The average rate over ell 320 trials for each of these
pairs was computed separately and this rate was converted into a
stendardized deviation by subtracting the background mean over all
320 triels and dividing by the standard deviation of the background
mean., A response was considered to chéaracterize a time interval
(0-20, 20-40, 40-60, or 60-80 msec after stimulus onset) if the
averege score for the pair of bins involved was at least 1.55 stendard
devietions (p« .03, two-tailed) from the mean background rate (see
Appendix I). The end of the first time interval to show such &
deviation wes counted as the latency of the response. Latencies are

stated as 10, 20, 40 msec &nd so forth from the onset of auditory
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stimulation. 3Becsuse of the interest in very short latency conditioned
responses & single bin comput&ation for the first bin was made., In this
case the requirement of & score of et least 2 stendard deviations

(p € 046, two-teiled ) from the mean background rate was made (see
Appendix I). The first bin was most likely to contain electrical and
mechenical artifects from the tone presentation and 10 msec responses
were still considered somewhat questionable.

The late response &analysis was conducted in & similar manner,

The post-stimulus second was divided into # sec periods: bins 1-25 =
the period from 0-250 msec after stimulation; 26-50 = the period from
250-500 msec,&nd so forth. The average rate for each of these groups
was computed separately and this rate was also converted into a
stenderdized deviation, A response was considered to characterize a
tine interval if the aversage score for the group of bins was at least
1,00 standerd deviations (p< .00l, two-tailed) from the mean back-
ground rate (see Appendix I). Such responses were highly visible.

The latency of &n unconditioned response was considered to be the
end of the first time interval which showed & significent deviation
in the same direction on both the first day (pscudo-conditioning) end
the second dey (conditioning). The latency of & conditioned response
was counted as the end of the first time interval which &fter
conditioning showed & significant deviation from the background rate
and was &lso twice any deviation in the same direction on the pseudo-
conditioning day. During overtraining & response was considered to

be eltered if it differed from the previous day's response by *+ 0.5
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stendard devietions or more. This degree of change was apparent on
visual inspection.

The criteria of conditioning were chosen to assure 1) that there
was & marked chenge caused by conditioning, and 2) that the change did
not represent nmerely the disappeurance of & prior response.
Conditioning seemed to cause some responses to disappear or to become
smaller, but it was not clear whether this was so., Some of these
changes must have been due to habituation, the change being complete
at the end of the first day. Others were likely due to conditioning,
the whole change occurring on the second dsy. There were only lﬁ
cases with latencies of €0 msec or less that met the criterion which
was_the inverse of that for conditioning: namely, & significant
response on day 1 &and & response of less than half of that on day 2.
Beceuse there were few cases and the source of the change was unclear,
it wes deemed wiser to put these aside for further experimental
e¢nelysis. The criterisa used were limited to identifying changes
caused by conditioning if these consisted in the appe&arence of
responses where there were none before, or in doubling of pre-existing
responses (whether these were in the excitatory or inhibitory
direction). The criteria described above were not considered to be
stetistical procedures, but merely tools used as objective criteria

for selection of new responses,
Learning Curves

The development of conditioned responses was en&lyzed in the
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triel-by-trial sequence of training. For each probe which showed a
lecerned response for wnich deta was avaeilable the post-stimulus
histogram from the conditioning dey was exwnined to determine the
period of the response., This consisted of the portion of the CS-US
interval which showed & continuous change in the same direction
outside the range of variability observed in the background activity
of the pre-stimulus interval. Lecarning curves were obtained by
subtracting the average probability of firing during the background
period from that during the portion of the CS-US interval of interest.
The difference in firing rate from background weas plotted for the CS+
in 10 trial groups. The average pre-stimulus background rate was
plotted in 20 triel groups (10 each for CS+ and CS-). Average curves
are presented for the first 250 trials of pseudo-conditioning and for
20 pre-pairing trials and the first 250 triels after pairing began
during conditioning for the various brain regions &nd behavior.

An analysis was made to determine the initiel point of changed
responsiveness to the CS+ for each unit and for the behavior of each
reét. The largest pre-pairing point was compared with successive points
on the learning curve. The first of three successive points on the
leerning curve which were greater than the largest pre-pairing point
was considered as the initial point of changed reéponsiveness to the

CS+,
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RESULTS

One hundred units in 40 &nimals were observed. Unit responses
were thus generally recorded from more than one probe in each animal.
The unit responses observed were & function of the location of the
recording probes. Fig. 4 is &n example of different responses from

two probes in the same animal.
Unconditioned Responses

Unconditioned responses were recorded from & total of 52 units (see
Appendix II for the latencies &nd distribution of these respoﬁses).
These responses were most frequent in the posterior midbréin and
central pontine reticular formation. MNost of these responses occurred
within 80 msec after stimulus onset,

Seventeen units displayed unconditioned responses with latencies
of 20 msec or less. These were mainly in the posterior midbrain and
the central pontine reticular formeétion where they appeared in 6 of
1, cases (43%) and 4 of 14 cases (29%), respectively. The other 7
short latency unconditioned responses occurred in the central region
of the posterior pontine reticular formation, the dorsolateral region
of the anterior pontine reticular formation, the central lateral
region of the anterior midbrein reticuler formetion, the region of the
medial lemniscus, dorsomedial red nucleus, dorsomedial central gray
end zona incerta. Only 2 units had unconditioned responses with
latencies in the 10 msec interval which was considered questionable

because of the possibility of artifacts. These units were located in
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Fig. 4. Example of different responses from two probes in animal
8437. Each line represents a 3 sec period. The first sec of each
histogram shows the pre-stimulus background activity. Each histogram
is an average over a 16 hour period of all trials in a particular class.
The average was obtained as explained in the text. During pseudo-
conditioning responses are shown to the tone that will become the CS+
and to the pellet dispenser (US). During conditioning responses are
shown to the paired CS+ and US, and to the CS-. The vertical line at
the left represents a probability of unit firing of .05 for each 10 msec
bin. Probe 2 is located in the ventral tegmental area of Tsai and
probe 6 is located in the region of the rubrospinal tract in the
posterior midbrain. The response recorded from probe 2 to the CS+ on
the conditioning day is similar to the response of that probe to the
US on the pseudo-conditioning day. Probe 6 showed little response to
either the CS+ or US on the pseudo-conditioning-day, but displayed a
large, sustained response to the CS+ during conditioning, with some

generalization of response to the CS-.
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the substentia nigra and dorsomedial region of the posterior midbrain
reticular formation.

Thirty-nine units displayed unconditioned responses which began
within 80 msec after stimulus onset., The largest percentage of these
responses occurred in the posterior midbrain where 9 of 14 units (64%)
showed such responses. The proportion of these responses in other
regions wes: central pons, 8 of 14 units (57%); posterior pons, 4 of 9
units (44%); enterior pons, 6 of 14 units (43%); posterior diencephalon,
4 of 13 units (31%); central midbrain, 6 of 26 units (23%); and
enterior midbrain, 2 of 10 units (20%). Figure 5 gives an exeample of
en unconditioned response from & unit in the region of the medial
lemniscus.

In 13 cases unconditioned unit responses displayed latencies
greater than €0 msec.

There were only 5 units which displayed inhibitory unconditioned
responses. These units were located in 1) superior colliculus,

2) central midbrain reticular formation, 3) medial midbrain reticular
formation, 4) ventromedial midbrein reticular formation, &and

5) central pontine reticular formation.
Conditioned Responses

A significant conditioned response characterized 87 of the 100
units studied (see Fig. 6 and Appendix II for the latencies and
distribution of these responses). These responses were most frequent

in the posterior midbrain end the anterior and posterior pons. Half
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Fig. 5. Example of an unconditioned response from probe 874L-5
located in the region of the medial lemniscus. There is an uncondi-
tioned response to both of the tones on the pseudo-conditioning day
and the conditioning day which began about 4O msec after stimulus
onset. In addition, there is a new‘conditioned component to the
response to the CS+ on the conditioning day which began 10 msec after
stimulus onset. The vertical line at the left represents a probability

of unit firing of .10 for each 10 msec bin.
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Fig. 6. Map indicating latencies and distribution of conditioned
responses. Sections A3290-P100 from atlas of Koenig and Klippel

(1963). Sections -7.0 and -T.4 from atlas of Pelligrino and Cushman

(1967) .
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LATENCY OF CONDITIONED RESPONSE

A3290u A2420u AI760u AI020p

4 |Omsec; % 20msec; ¢ 40msec; 2 60msec; © 80msec; ° >80 msec;
® No conditioned response.
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of the conditioned unit responses began before the behavioral response
(prior to &0 msec). Forty-six of the units also displeyed uncondition-
ed responses.

Very short latency conditioned responses in a questionable 10 msec
cetesory) charecterized 5 units loceted in 1) region of the ventral
tegmental decussation, 2) dorsal portion of the pontine reticular
formation, 3) pontine tegmental nucleus, 4) region of the medial
lemniscus, @nd 5) region of the transverse pontine fibers (see Fig 7A).
Only the response of the unit localized in the region of the mediel
lemniscus was followed by & significent conditioned response in the
20 msec intervel.

Snort letency conditioned responses with 20 msec latencies
(eppeering 0-20 msec after stimulus onset) characterized 6 units
located in 1) zona incerta, 2) central region of the posterior pontine
reticular formetion, 3) ventrolateral region of the anterior pontine
reticular formation, 4) dors&l region of the posterior pontine
reticular formetion, 5) region of the superior'cerebellar peduncle,
end 6) ventral tegmental area of Tsai (see Fig. 7B). Most of these
responses were of short duration. The unit in the ventral tegmentel
aree of Tsel was the only one to show a sustained conditioned response
in every intervel of the early response &analysis. These short latency
conditioned responses were not augmentations of unconditioned responses
since there w&s no indication of response in this intervel on the
pseudo-conditioning day. There was no generalization of these

responses to the CS- during this interval.
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Fig. 7. Short latency conditioned responses. The traces on the
left are the average pre- and post-stimulus histograms for the
pseudo-conditioning day and the traces on the right are for the
conditioning day. The responses in A) have latencies of 10 msec and
in B) of 20 msec. The responses in A) were considered questionable
because of the possibility of artifacts. Traces were not available
for the unit in the ventral tegmental area of Tsai which had a response

latency of 20 msec.
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There were 44 units in all with conditioned responses displaying
latencies of less than 80 msec (prior to the overt behavior). These
were present throughout the extent of the brain stem, occurring most
frequently in the posterior midbrain and anterior pons where 8 of 14
units (57%) showed such latencies in each group. The proportion of
these responses in other aress was: posterior pons, 5 of 9 units (56%);
central pons, 6 of 14 units (43%); posterior dienceph&lon, 5 of 13
units (38%); central midbrain, 10 of 26 units (38%); end anterior
midbrain, 2 of 10 units (20%). Nineteen of 41 units in the non-
specific reticular formetion of the midbrain &nd pons were in this
group. These were not localized to & particular region of the
reticuler formetion. In 6 ceses the response in the first significent
interval was an sugmentation of an unconditioned response.

There were 43 units with conditioned responses displaying
latencies greater then 60 msec.

Five of the 87 units displayed inhibitory conditioned responses.
Three of these were derived from that part of the midbrain "reticular
activeting system' surrounding the widest part of the central gray
matters

Thirteen of the units studied did not significantly change their
response to the CS+ as a result of the conditioning procedure. These
units were distributed in the following manner: 5 units in the central
midbrain; 2 units in the anterior midbrain; 2 units in the posterior
midbrain; 2 units in the central pons; 1 unit in the posterior

diencephslon; and 1 unit in the posterior pons. Six of these units
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displayed significant unconditioned responses.
Compearison of Unconditioned and Conditioned Responses

A comparison was made of the response magnitude of those units
which showed only an unconditioned response with those that showed
only & conditioned response during the first 80 msec after onset of
the CS+ over 4 days of the experiment. For each unit the interval of
peak response prior to 80 msec on the first conditioning day was
chosen for comperison. The median standardized score for each group
is vrresented (see Table 1). There was no significant difference in
the magnitude of unconditioned and conditioned responses on the
conditioning day or on either of the overtraining days by the median

test (Hsys, 1966).
Beckground (Spontaneous) Firing Rates

Within & dey there was little chsange in the unit background
firing rates. There was some change in the background rate of firing
from one day to the next. Such changes were most likely due to
changes in the "setting" of the unit discriminators between days.
However, it is also possible that the firing rates of these units are
not constant over long periods of time or that a shift occurred in
recording to & different neuron from the smell family of similar

neurons localized &t the recording point.

Leerning Curves

The average learning curves for behavior and for the units in
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Table 1. Response magnitude of units showing either unconditioned or

conditioned responses during the first 80 msec after onset of the CS+.

Median Standardized Score

Unconditioned Conditioned

Response Only Response Only
Pseudo-conditiohing 5.70 (N=14) 0.55 (N=21)
Conditioning 3.57 (N=1L) - 2.46 (N=21)
Overtraining 1 2.80 (N=2) 2.75 (N=10)
Overtraining 2 3.01 (N=2) 1.82 (N=10)

Units were classified as showing either unconditioned or
conditioned responses during the first 80 msec after onset of the
CS+. For eaph unit the interval of peak response prior to 80 msec
on the conditioning day was chosen for comparison across days. The

median standardized score for each group is presented.
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each brain area studied &re presented in Fig. 8. Comparison of the
first end second halves of each individual curve by & Mann-Whitney -
test (Hays, 1966) indicated thet the trends seen in the average
curves were representative of the members of the group making up that
curve, LEach averege curve was analyzed for & consistent increase or
decrease using a one-way analysis of variance with repeated measures
over triels (Winer, 1962).

During pseudo-conditioning none of the brain areas showed
significent changes in firing rate to the CS+ over trials. Almost
all of the brain areas showed no significent changes in background
firing rate. The only exception was the central pons which showed a
significant increese (p< .05) in background firing rate during the
course of pseudo-conditioning. There was a significant decrease
(p< .01) in the behavioral curve in response to the CS+ during pseudo-
conditioning.

All of the brain areas and behavior showed significint increases
(p< .01) in response to the CS+ during conditioning. None of the
brain areas showed significant changes in background activity during
conditioning. Beh&vior showed & significent decrease (p< .01) in
background rate during both pseudo-conditioning eand conditioning,.

The results of the analysis of the initial point of chéanged
responsiveness to the CS+ are presented in Table 2, The mean number
of triels after pairing began for a learngd trend to emerge ranged
from 28 to 75 for the various brain areas. The mean for the
behavioral learning curves was 42. The anterior pons (X = 75) and

the posterior pons (i = 28) were the only areas to show a significant
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Fig. 8. Average curves for behavior and for the units in each
brain area studied during the first 250 trials of pseudo-conditioning
and the 20 trials before pairing and the 250 trials immediately after
pairing of the CS+ and US during conditioning. The background curves
represent 20 trial periods for each unit and behavior member of the
respective groups. The CS+ curves represent 10 trial periods and are

expressed as response minus background.
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Table 2. Initial point of changed responsiveness to the CS+.

X number of trials S:D.

Posterior diencephalon 63 54 .7
Anterior midbrain 43 h.7
Central midbrain 50 374
Posterior midbrain 63 _ 39.3
Anterior pons 75 54.3
Central pons 53 32.6
Posterior pons 28 213
Behavior L2 30.5
Anterior pons vs. Posterior pons B = 2,13, P 05
Anterior pons vs. Behavior t = 3.23, p ,002

Individual unit and behavior learning curves were examined for
the first point of a series which was out of the pre-pairing range.
The values in the table are the means and standard deviations of the

initial point of changed responsiveness to the CS+ for each group.
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difference (p< .05, two-tailed) in the meen number of trials to show
& learned trend by & t test (Hays, 1966). The anterior pons was the
only brain area which differed significently (p< .002, two-tailed) from

behavior in the mean number of trials to show & learned trend.

Overtraining

There were 41 units with data available for 2 days of overtraining.
Responses during the first and last quarter of the 1 sec CS-US interval
were analyzed separately in order to obtain a general picture of these
chenges. A response was considered to be altered by further training
if it differed from the previous day's response by * 0.5 stendard
deviations or more. Eight units were eliminated from the first quarter
second data end 4 units from the last quarter second deta beceause
there was no significant conditioned response in those intervals on eny
of the three conditioning days,.

The response in the first quarter of the second was increased or
steyed the same in 14 units &nd showed some decrease in 19 units
during the course of overtraining. Nine of the unit decreases reached
the pseudo-conditioning level by the end of overtraining. These units
were located in the 1) posterior hypothalamic nucleus, 2) posterior
lateral hypothalamic area, 3) medial mamillery nucleus, 4) region of
the memillery peduncle, 5) region of the mamillothalamic tract,

6) ventromedial red nucleus, 7) region of the medisl lemniscus,
8) ventrel tegmental area of Tsai, and 9) dorsal pontine reticular

formation. All but one were adjacent to the limbic areas. There were
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8 units which first showed a significeant conditioned response during
overtraining. These units were located in the 1) posterior lateral
hypotnelsmic area, 2) region of the memillery peduncle, 3) superior
colliculus, 4) red nucleus, 5) region of the medial lemniscus,
6) substantis nigra, 7) dorsomediel pontine reticular formation, and
&) medial raphe. In the last quarter of the second the response was
increcased or stayed the same in 7 units and showed some decrease in
30 units during overtraining. Ten of the unit response decreases
reached the pseudo-conditioning level by the end of overtraining.
These units were located in the 1) zona incerta, 2) mediel forebrain
bundle region, 3) region of the basal optic tract, L) ventroredial
red nucleus, 5) region of the crus cerebri, 6) dorsal midbrain
reticular formetion, 7) ventral midbrain reticuler formation, &)
dorsomedial pontine reticuler formation, 9) medial pontine reticular
formation, end 10) ventrolateral pontine reticuler formation., Only
2 of these were near the limbic midbrain areas. There were 6 units
vhich first showed a significant conditioned response during over—
training. These units were located in the 1) region of the mamillary
peduncle, 2) basal optic tract snd nucleus, 3) ventral midbrain
reticular formetion, 4) substentia nigra, 5) dorsel pontine reticular
formation, end 6) mediel pontine reticuler formetion. Figure 9
indicates the direction of response change during overtraining in the
brain areas studied. Figure 10 gives &an eximple of a response which
stabilized in the early portion and a different response which
stebilized in the later portion of the CS~US intervel during over-

training. Although the behavioral latency of the former is less then
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Fig. 9. Map indicating the pattern of response in overtraining.
A) shows responses from the first quarter of the CS-US interval. B)
shows responses from the last quarter of the CS-US interval. Repre=-

sentative brain sections as in Fig. 6.
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Fig. 10. Examplé of responses from A) probe 861k-7 located in
the zona incerta in which the response stabilized in the early portion
of the CS-US interval during overtraining, and B) probe 8680-7 located
in the red nucleus in which the response stabilized in the late por-
tion of the CS-US interval during overtraining. The upper trace
represents the behavior and the lower trace represents the unit
response. The vertical line at the left represents a probability of

unit firing of .05 for each 10 msec bin.
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that of the latter, the behavioral latency for a particular subject
does not appear to shift over days, implying that the change in the

unit response over days is not directly related to the behavior,
tinction

There were 16 units with data available for 2 deys of extinction.
The quarter sccond intervel deta werc anslyzed to determine if the
responses would return to their pscudo-conditioning level when the
CS+ was no longer followed by presentation of food.

In 2 cases with units locéted in the posterior mamillery nucleus
and substéntie nigra the response was reduced to the pseudo-condition=-
ing level on the first extinction day. In & cases the unit response
was reduced to the pseudo-conditioning level on the second extinction
day. These units were located in the posterior hypothaiamus,
posterior leteral hypoth&lamic aree&, region of the mamillary peduncle,
substentia nigra, ventral midbrain reticular formation, and 3 units
in the region of the medial lemniscus. Only 2 of the 10 responses
which did extinguish had displayed conditioned responses with
latencies of &0 msec or less on the first conditioning dey. Both of
these units were in the region of the medisal lemniscus. Figure 11
gives an exemple of & response which did extinguish from a unit in ‘
the region of the mediael lemniscus. The shift in background firing
rete from day 1 to day 2 may reflect a release from inhibition as
& consequence of conditioning or a shift in recording to a different

neuron from the small family of similar neurons locelized &at the
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Fig. 11. Example of a response that was extinguished from probe
8817-5 located in the region of the medial lemniscus. The vertical

line at the left represents a probability of unit firing of .10 for

each 10 msec bin.
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recording point.

There were 6 units which still displayed & significent
conditioned response in ¢t least 1 of the quarter second intervels
efter 2 days of extinction. Thesc responses were not confined to &ny
perticular portion of the CS~US interval. The units were located in
the 1) H fields of Forel, 2) region of the memillary peduncle,

3) regioi of the nedial lemniscus, 4) ventral midbrain reticular
formation, 5) ventral tegmenteal area of Tsai, end 6) ventral pontine
reticular formation. Four of these 6 units in which the conditioned

response did not extinguish had conditioned responses with latencies

of &0 msec or less on the first conditioning dqy{
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DISCUSSION

Short latency conditioned unit responses (within 20 msec after
CS onset) were recorded from 11 of the 100 probes., This was a
sufficiently lerge set of very ecarly conditioned unit responses so
thet the brain stem reticular formation might be considercd &s & site
of local changes involved in some of the aspects of classicel
conditioning. These very short latency conditioned responses were
not present in large enough numbers to permit precise localization
of the specific parts of the brain stem which might have been
particulerly involved. The fact that our statistical criterion for
en early conditioned response would be met sometimes by chance during
& large number of tests mekes the data difficult to interpret.
Fortunately, the points discovered were not evenly distributed among
the points tested. They were not observed in the far latersl third
of the midbrain tegmentum and they were not found in the medial third
cither; thus they took & mid-lateral position. At the midbrain level
they were present only in the lower half of the region studied.
These 20 msec conditioned responses were not only absent in the tectunm,
but they were &lso absent in the upper half of the midbrain reticuler
formation., They were present in the lower half of the midbrain
reticular formation in & mid-lateral position. In the pontine
reticular formation they e@lso had a mid-lateral position. But the
pontine reticular formetion in its most posterior part seems to have
only & "lower half," being limited above by colliculi end fibers to

the cerebellum, Thus it was no longer appropriate to speak of the
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responses &8s being maeinly in the lower half of the pontine reticular
formetion. In general, these responses were chéracteristic for the
"integrative" region of the reticular formation described by Brodal
(1957) for the cat. ‘

By one criterion these short latency conditioned responses
could be considered to be fairly specific since only a small
proportion of these units showed such responses (about 1 in every
14 ceses). In a similar recent study (Olds, et al., 1972) responses
in the posterior theleamus were found to be more frequent (there was
more than 1 short letency response for every 2 cases), while in the
cortex &and hippocampus short latency responses &mounted to only &bout
1 in 30, and 1 in 21 cases,respectively. When responses &appeéred in
eén arca in lerge proportion they were considerced to be non-specific,
By this &nalysis, the reticular examples were more specific than
those in posterior thalamus but less so than those in cortex.

In order to study the long <run cheracteristics of learned
responses observed in the brain stem the group was increased in size
by edding to those elements yielding very early conditioned responses
the others thet showed conditioned changes during the course of the
CS-US intervel. These were studied with two main questions in mind:
1) whet were the eventual stable levels of these responses after
overtraining (as the behavior became more automatic), and 2) what
were the chéeracteristic changes during extinction when the behavior
wes "unlearned, ™

The most interesting outcome of these tests was that units broke
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up into two feamilies during overtraining. One group eventually
yielded steble responses in the latter portion of the CS-US intervsl
(st the time when the animel wes meking preperetory responses related
to the US), The other group eventually yielded stable responscs only
in the eearly portion of the CS-US interval (&t the time when the
sninel wus meking orienting responses related to the CS). These two
kinds of stabilizetion patterns which appeared during overtruining
cheracterized two meaningfully different anatomical sreas, These cén
be indiceted by the following description. At the midbrein level the
non-specific parts of the tegmentum are divided into at least two
relatively clearly scparated systems. One is the "reticular system"
described by Megoun and his colleagues (Megoun &nd Rhines, 1946;
Rhines and lMegoun, 1946; Moruzzi and Megoun, 1949). This system is
identified with that part of the brain usually called the reticular
formetion by &nstomists (Brodal, 1957; Scheibel and Scheibel, 1958).
The other system in the ventral tegmental arca has strong bi-direction-
al connections &nd close functional similarity with the hypothalamic
medial forebrain bundle area described &s & reward or motivational:
system (Olds, 1962). This limbic midbrein system extends from the
supramemillary region through the areca of Tsai, including an area
proximal to the substantia nigra &and interpeduncular nucleus. These
two non-specific systems yield respectively "erousal" on the one hand,
and 'motivetional" effects on the other when stimulated electrically
(Olds @nd Peretz, 1960). While there are relations between them,

they are clearly differentiated. In the present study the responses
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that stebilized in the early portion of the CS-US interval were
derived from probes in the reticular arousal system. The responses
thet stebilized in the latter portion of the CS-US intervel were
derived from probes in the limbic midbrain motivational system.

During extinction tests the most interesting differences followed
similar, but not identical lines., In this case early responses
(closer in time to the CS) were more resistent to extinction and later
responses (closer in time to the conditioned behavior itself) were less
resistent, usuelly being completely extinguished when the behéavior
was &lso gone,

Scveral objections may be raised to the interpretation of this
dete as indicating parts of the brain stem where local changes
occurred during learning. It might be argued that alterations in
other parts of the brain could have been projected to the reticular
formetion. A tonicelly active element (& "dynamic engram") might
result in the message taking & path which was functionally closed
prior to conditioning. In this case the point of the observed new
conditioned response would be the effective site of the dynamic
engram. If such & mechanism were involved it should be observable
as & chenge in background firing rate of the tonically active element,
The someta of these elements might be in the recording area or else-
where, but their fibers would necessarily project to the recording
region. It is on this basis thet the local region might be
considercd to be the effective site of this "dynamic engram." The

time course of the change in background firing rate for these elements
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would exhibit a "le&arning curve" that would have a triel-to-trial
charscter similar to that of the conditioned response, While there
were no such changes in the background e&ctivity of the brain stem
units observed here, it is possible that such changes occurred in
other structures which project to the brain stem, In future experi-
ments ettempts will be made to determine whether this in fact occurs
using the present methods. Triel-to-trial changes in background
firing retes ere alreedy measured in these tests. In further studies
it will be necessury to mep the brain with care, seeking the back-
ground rate chenges that correlaste with these response changes. Then
tests will be made for projection from areas with background changes
to arces with response changes. While the mapping approach may seem
time consuming, & finite number of s«mples cen give & fair representa-
tion even if the population approaches infinity as sampling theory
clearly indicsates,

It might be suggested that the animals were more aroused after
conditioning end that this added arousal made the units more
responsive. Since the animals were equelly aroused and in an
essentielly identicel situstion on the first day during pseudo-
conditioning, background &rousel could not account for the observed
conditioned responses, lMoreover, if background arousal was & factor
then the conditioned responses_should have been equal for the CS+
end the CS-, and they were not.

One might question the validity of generalizing the anatomicel

work of Brodel (1957) done on the cut (indicuting & lateral input
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region, & middle integrating region, and & mediel output region) to
the present study of the brein stem of the ret. Herrick (1948)
described & very similer picture for the brain stem of the salamander.
Since the reticuler formation is so similer in species as diverse as
the cet and the stlemender, it seems reasonable to assume that these
divisions apply also to the rat.

Historicelly, the reticular formation wés viewed &s en undiffer-
entiable mess of diffusely interconnected short-—axoned cells in the
central portion of the brain stem extending from the lower border of
the medulla to the diencephalon. The &assumed lack of orderly
srrengement within the reticular formstion and the accompanying
difficulty in investigating such an ares may account for the relative
paucity of anelysis of the reticular formation in the first few
decsdes of this century. This &ttitude was expressed by W. F. Allen
writing in 1932 that "It is well known from embryology that most of
the left-over cells of the brain stem and spinal cord which are not
concerned in the formation of motor root nuclei and purely sensory
reley nuclei are utilized in the production of the formatio
reticularis.”

It is now generelly &agreed that the reticular formation receives
input from all of the &scending efferent systems (Amassian énd Devito;
1954; Scheibel, et al., 1955) &nd cortical arees, In turn, it
projects primarily to_the spinel cord, cerebellum, thalamus; and
cortex (Brodel, 1957). Investigations of the fine structure of the

reticular formation have shown it to possess & fair amount of intrinsic
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organization (Scheibel and Scheibel, 1958). Each portion of the stem
receives input primarily from collaterals of fibers passing by that
region. This separation of input in layers or "discs" @long the
anterior-posterior axis may be represented by the different rates of
learning in the various regions along the brain stem. Afferents enter
the reticular formation in a plane perpendicular to the long axis of
the brain stem, while reticular cell dendrites show maximal arboriza-
tion along this same plane. Therefore, synapses are formed between
axons and dendrites running parallel to each other. Cells in the
lateral region tend to project medially, whereas most medially situated
reticular cells have bifurcating axons that project long distances
rostrally and caudally, emitting frequent collaterals along their
course. There is also some separation in the medial region of cells
that project primarily in a rostral or caudal direction. In the
medulla and pons, the former tend to be more caudally located than
the latter, implying a considerable potential for integration between
ascending and descending projections. In the present study recordings
were probably made from the large elements observed by the Scheibels.
The data are consistent with the view of the Scheibels that these
are integrative mechanisms involved in higher processes. Other
investigators have postulated that the reticular formation is impor-
tantly involved in learning processes (Penfield, 1952; Gastaut, 1958;
Kilmer, et al., 1968; Bloch, 1970).

Some studies of conditioned unit responses and evoked potentials

have focused on the latency of the conditioned response (Woody, et al.,
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1970); others have focused on mapping the conditioned responses in

the brain (John and Killam, 1959). The maps by John and Killam were
interpreted by them as indicating that the reticular formation may be
involved in some phase of the learning process. Thompson (1969),
using lesion techniques, found the ventral tegmental area and the
posterior nucleus of the thalamus were apparently necessary for visual
discrimination learning. Sparks and Travis (1968) observed definite
response patterns from reticular neurons during performance of a
discriminative task which the authors considered to be related either
to the sensory stimulus or to the motor response. They did not have

a pre-conditioning baseline with which to compare their conditioned
responses, and their"bin size" was so large as to rule out analysis

of conditioned unit responses occurring before the conditioned overt
behaviors. Ellison, et al. (1968) described differences in reticular
and pyramidal multiple-unit activity in a conditioning situation
designed to separate instrumental and classically conditioned responses.
Pyramidal neurons responded during the instrumental response, while
reticular neurons responded during both the instrumental and classical-
ly conditioned behavioral responses. The authors concluded that
reticular formation responses were related to the motivational and
arousal aspects of the situation. Buchwald, et al. (1966) observed
conditioned multiple-unit responses in the reticular formation prior
to the appearance of & leg flexion response. While these results are
similar to those found in the present study, these authors did not

localize the responses within the reticular formation, nor did they
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present latencies to permit evaluation of the relative "primacy" of
these conditioned responses.

If one assumes that learning "involves the rerouting of nerve
impulses within the central nervous system...new pathways become
available to incoming excitation;" (Burns, 1957), then after training
the excitation would take an old pathway up to a point and then be
routed into a new functional one which might consist of several steps.
Synaptic connections between the old pathway and the first step of the
new one might be altered in a variety of ways by the training proce-
dure, while further connections from step one of the new pathway to
successive steps need not be affected. '"Conditioned brain responses'
would appear however in the neuronal activity at all the successive
steps because the excitation of elements at step one would initiate a
progression of excitation along the chain. The present study attempted
to differentiate between the neuronal activity at step one and that at
later steps. Temporally, the new responses at step one would precede
the later ones in the chain of events from stimulus to response. The
shortest latency conditioned brain responses might be considered to be
"at more primary sites" of conditioning, while other later conditioned
responses would be considered to be more likely (but not necessarily)
secondary to them. It is possible that some of'the longer latency
conditioned responses might also be at primary sites of change, but
the present method does not allow distinctions to be made between
primary and secondary conditioned responses when these both occur late

in the CS-US interval. It might be possible to separate primary from
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secondary responses in this pool of elements on the basis of when in
the trial sequence (the "learning curve") the conditioned response
develops. A long latency response that developed early in conditioning
before any shorter latency ones had appeared might be considered as a
primary change necessary for conditioning because its latency was the
shortest at the time when it first appeared.

In the present study there was little difference between brain
regions in the number of trials necessary for development of the
conditioned response, and therefore a detailed analysis could not be
made. However, the '"earliest learning" in the brain stem did
characterize a narrow region in the anterior pons. When the present
data are compared with that from other studies (Disterhoft and Olds,
in preparation; Segal and Olds, in preparation) a sequence of develop-
ment of learned responses emerges. Conditioned unit responses appeared
first in the pons, second in the thalamus and dentate gyrus, third in
sensory cortex and CA3 of hippocampus, and fourth in motor cortex and
CAl of hippocampus.

The present study combined latency and mapping approaches in an
attempt to map the latencies of the conditioned responses within the
brain stem. This method indicated certain regions of the ventral
brain stem as "significant sites" where specific changes might occur
during conditioning. The results however, provide only a first step
toward elucidating the regions actually involved in the learning
process. A finer grain time analysis would permit a more definite

identification of the earliest conditioned responses. A more complete
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map of the brain stem with particular emphasis on the ventral regions
would be most helpful in clarifying the areas involved. The next step
must be to find whether some critical change elsewhere is projected to
the recording point and could account for the short latency conditioned
responses. First, the latency refinements (smaller time bins) will
permit an answer to the question of‘whether other learned events
triggered by the stimulus precede the responses recorded in the ventral
brain stem and are projected to these points. Second, analysis of
changes in tonic unit activity during learning must be mapped to
determine whether relevant activity could be projected to these points
by units whose changes in background rates actually constititute the
"memory trace."

It is worth noting that if changes in background firing rates
actually account for the short latency conditioned responses, then
these tonically active elements must have very specialized character-
istics. They will not be "turned on" by the auditory stimulus, by
arousal, by the behavior, or by the reinforcement. All of these
aspects of the experiment were identical during pseudo-conditioning
and conditioning. They must therefore be "turned on" by the specific
association of the auditory stimulus with reinforcement. In addition,
these elements will not be acting in a general manner. This is
because they would not act equally on the response to the CS-. In
almost every case the response to the CS+ was larger than the response
to the CS-. Thus they would be elements triggered or accelerated by

the association of a particular auditory stimulus with reinforcement.
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They would reflect back selectively to facilitate or withdraw inhibi=-
tion from particular synaptic channels specialized for carrying one
auditory message to the exclusion of others. Finally, they would be

elements that had discharge rate as a "settable parameter," at least
for a given context or enviromment. .

Further corroboration of my results could come from studies
involving discrete lesions. If lesions between reticular areas and
their cortical afferents did not abolish the phenomena, then it would
be less likely that they resulted from dynamic changes occurring
elsewhere. Studies employing presentation of stimuli in different
modalities, each serving as the CS for the same response (or presenta-
tion of the same stimulus modality as the CS for a different response),
are required to indicate the extent to which the conditioned unit
responses were related to the stimulus and response components of the
learning situation.

Theories of learning which assume specific physiological or
anatomical changes have generally suffered from a lack of evidence
for clear neuronal changes or neuronal growth in the central nervous
system of the adult animal. Such changes have usually been observed
in very young animals. Some recent investigations have further
indicated the capacity for change in the central nervous system of
young animals as a result of previous experience, and some similar
events have been observed in older animals. Globus and Scheibel (1967)
and Valverde (1967) observed changes in the spines of the apical

dendrites of visual cortex pyramidal cells &s a consequence of early
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visual deprivation. Rosenzweig, et al. (1969) noted increases in both
the weight and depth of visual cortex as a result of living in an
enriched environment. Raisman (1969) reported heterotypical re-
innervation of septal nuclei from persisting intact fibers in the
de-afferented area, demonstrating the existence of "new" synaptic
connections formed in the adult central nervous system. Fifkova (1970)
has more recently reported changes in the volume of the lateral genic-
ulate and the thickness of the visual cortex caused by visual depriva-
tion even when this was instituted after considerable visual experience
during maturation. Although these studies did not prove that specific
physiological or anatomical changes occurred as & result of a particu-
lar learned association, they did indicate that changes could occur
in the adult central nervous system as a result of experience.

While the present method identified regions where changes in the
unit activity occurred as a function of conditioning experience, it
did not indicate the mechanism underlying the change or the way in
which this mechanism was controlled. Such information will hopefully
be developed by further studies of the electrophysiology, pharmacology,
and fine anatomy of the critical regions implicated by the present
kind of mapping experiments. However, as Horridge (1968) has pointed
out’"The ultimate validation of the claim that any observed change is
the cause of learning is to impose it artificially and produce a
behaviour change."

We are at the beginning of a new phase in the study of the

mechanisms underlying the learning process. It is hoped that a com-
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bination of approaches will enable us to understand these pervasive,

yet elusive processes.
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APPENDIX I

Early Response Analysis

1) The mean of the background:

100
xb = :E: Xy X, = the average probability of firing in a
A bin over 320 trials
100

b = background

2) The standard deviation of the background:

100
T :E: i xb)2
i=1

100

3) The standardized score (Z score) for a bin:

4) The standardized score for a pair of bins:

L X)) =% g B Wy
iv(i+1) oy i+(i+1) 2
J?E Zi+(i+l) is compared to a sampling

zi+(i+l) s Zi ; Zi+l 2 JE;_ distribution made of pairs of bins in
the background. In order to convert
the single Z scores to Z scores for
pairs of bins, the standard deviation
has to be divided by the square root

of the sample size (2).
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5) The real values of Z were compared to the expected Z score yielding
P < .03, two-tailed. Z values were considered significant when

‘Z, 5 Z p . = =
e - \E—-)-Z(P <03y A 5 e < aa) @ 198 W 2l =215

6) For the first 10 msec bin:

p(Z > 2) < .046, two-tailed

Late Response Analysis

1) The standardized score for a quarter of a second (25 bins):

Xia(141)+.. . +(1420) = X

Ze(141)+, . 4 (1420) = 7
v 25
S 0k it L. MM i -,
i+(i+l)+. .. +(1+24) 25
Z. + 2 $ o + Z
My O Py b L S pe
Zi+(1+1)+...+(i+2h) B 25 oo

Zi+(i+l)+...+(i+2h)‘is compared to a sampling distribution made of
groups of 25 bins in the background. In order to convert the single
Z scores to Z scores for groups of 25 bins, the standard deviation
has to be divided by the square root of the sample size (25).

2) The real values of Z were compared to the expected Z score yielding
P < ,001, two-tailed. Z values were considered significant when

Zypt Bigq Xoeve 2By po o 35 2 %

55 P < ,001)

B e og1) = Le00 (V' 25) = 5.00



SUBJECT

943-3

STRUCTURE

POSTERIOR DIENCEPHALON

zona incerta

zona incerta

H

posterior LHA

MFB

MFB

posterior MFB

posterior HTH nucleus
posterior HTH
mamillothalamic tract
dorsal premamillary nucleus
medial mamillary nucleus
posterior mamillary nucleus

AFNTERIOR MIDBRAIN

central midbrain RF

central lateral midbrain RF
ventral midbrain RF

ventral midbrain RF
ventromedial midbrain RF
medial lemniscus

ventral tegmental area Tsai or
supramanillary decussation
mazillary peduncle

APPENDIX II

Summary of Unconditioned (o) and Conditioned (x) Responses
In Each Interval for Each Probe for the First Two Days of the Experiment

10 msec 20 msec 4O msec 60 msec 80 msec 250 msec 500 msec 750 msec

1000 msec
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L
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(continued)

SUBJECT- SIRUCTURE 10 msec 20 msec AQmsec SO msec RO msec 230 msec 200 msec 750 msec 1000 mseg
ELECTRODE
ANTERIOR MIDBRAIN
8801-3 basal optic tract and nucleus
8921-7 basal optic tract x X
CENTRAL MIDBRAIN
8733-6 superior colliculus o~ ° o x0 x
8293-4 dorsal midbrain RF : x0 x x x x x
8733-3 dorsal midbrain RF ° x0 =0
8294-5 dorsomedial midbrain RF x x x x x x
8680-2 dorsomedial midbrain RF x x x0 =0 =0
8736-2 dorsomedial midbrain RF b x=- b b
8184-6 medial midbrain RF - o= o~
8105-4 medial midbrain RF
8277-6 dorsomedial central gray ° ° ° x x x
8293-5 nucleus darkschewitsch = x x x
8136-3 dorsomedial red nucleus o ° x x x x x
8176-1 dorsolateral red nucleus x x x
8680-7 ventromedial red nucleus x x x x x x
8736-7 ventromedial red nucleus x x x
8431-2 ventral red nucleus
8612-8 medial lemniscus x x =0 x x x x
8437-2 ventral tegmental area Tsai x x x x x
8343-2 ventral tegmental decussation x o X0 xo0 °
9243-5 substantia nigra, zona reticulata o
9195-3 substantia nigra, zona compacta x x
9243-6 mamillary peduncle
9207-3 interpeduncular nucleus x x x x
8183-7 no histology x x x
8200-6 no histology x x
8340-5 no histology x x x x
8340-4 no histology x xo x0
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(continued)
SUBJECT-  STRUCTURE 10 msec 20 msec A0 msec SO msec 2O msec 230 msec 300 msec 7130 mseq  10Q0 mseg

POSTERIOR MIDBRAIN

8277-5 dorsolateral midbrain RF o ] o o o ° ]
8277-4 dorsomedial midbrain RF o o ° o o o ] °
8460-3 dorsomedial midbrain RF =~ x0 xo0 x
8105-6 central midbrain RF ° o o o x0 x0 %0 x0
7967-7 ventromedial midbrain RF o o x0 x0 x0 x0 x0 x0
7967-5 ventromedial midbrain RF ° o ° x x0 x0 =0 x0
8492-5 ventromedial midbrain RF o o~ o~ -0~
8921-5 ventral midbrain RF x x0 x
91954 ventral midbrain RF o x0 x0
8426-7 principal oculomotor nucleus x x x x x
8437-6 rubrospinal tract ° ° x x x x
8492-6 medial lemniscus ° x x x x x x0
8510-6 interpeduncular nucleus o x x x x
81744 no histology x x x x x
ANTERIOR PONS
8437-3 ventrolateral pontine RF x x ° x x x x x
8491-4 dorsolateral pontine RF ] o x0 x0 x0 x x x
8431-6 medial raphe x x x
8736-6 medial raphe x x x
8612-7 superior cerebellar peduncle x x xo0 = x x
8510-3 medial lemniscus ° o x x x x x
8744-6 medial lemniscus x x x x x
8744-5 medial lemniscus " x x o o o o x x =
8817-5 medial lemniscus x x x x x x
9070-5 medial lemniscus x x
9084-5 medial lemniscus or crus cerebri x x x
8402-6 medial lemniscus or crus cerebri o x
9207-5 crus cerebri x x
8984-4 transverse pontine fibers x x x x x x

oL



SUBJECT-
ELECTRODE,

8431-5
8460-5
8575-3
8575-6
8680-4
8492-4
8176-6
8554-4
8733-4
8402-5
8216-6

8744-4
8733-5
8542-5

8216-4
8437-5
8343-4
8612-5
8612-4
8575-5
8491-6
8575-4

8614-5

STRUCTURE

CENTRAL PONS

dorsal pontine RF

dorsal pontine RF

dorsal pontine RF
dorsomedial pontine RF
medial pontine RF

medial pontine RF

lateral pontine RF

lateral pontine RF

lateral pontine RF
ventrolateral pontine RF
ventrolateral pontine RF or
rubrospinal tract

ventral pontine RF

pontine tegmental nucleus
medial pontine transverse fibers

POSTERIOR PONS

dorsolateral pontine RF

dorsal pontine RF

central pontine RF

central pontine RF

central pontine RF

medial pontine RF

locus coeruleus

decussation of superior cerebellar
peduncle

decussation of superior cerebellar
peduncle

Total number of electrodes with first
significant response in each interval

10 msec 20.msec 40 msec 6O msec 8O msec 230 msec 30 msec 130 msec 1000 mseg

o o
x x0
o x
° x
°
o o
°
x
x
x
x
o x
x
5 6 9
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(continued)

significant conditioned response on first conditioning day (p< .03, two-tailed)

o}
n

x = significant unconditioned response on pseudo-conditioning day and first conditioning
day (p< .03, two-tailed)

- = inhibitory response

Abbreviations: Hl = Forel's field Hl; LHA = lateral hypothalamic area; MFB = medial

forebrain bundle; HTH = hypothalamicj; RF = reticular formation
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