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Behavioral/Cognitive

A Map of LTP-Related Synaptic Changes in Dorsal
Hippocampus Following Unsupervised Learning

Conor D. Cox,1 Christopher S. Rex,1 Linda C. Palmer,1 Alex H. Babayan,1 Danielle T. Pham,1 Samantha D. Corwin,1

Brian H. Trieu,1 Christine M. Gall,1,2 and Gary Lynch1,3

1Department of Anatomy and Neurobiology, 2Department of Neurobiology and Behavior, and 3Department of Psychiatry and Human Behavior, University
of California at Irvine, Irvine, California 92696

Recent work showed that unsupervised learning of a complex environment activates synaptic proteins essential for the stabilization of
long-term potentiation (LTP). The present study used automated methods to construct maps of excitatory synapses associated with high
concentrations of one of these LTP-related proteins [CaMKII phosphorylated at T286/287, (pCaMKII)]. Labeling patterns across 42
sampling zones covering entire cross sections through rostral hippocampus were assessed for two groups of rats that explored a novel
two-room arena for 30 min, with or without a response contingency involving mildly aversive cues. The number of pCaMKII-
immunopositive (�) synapses was highly correlated between the two groups for the 21 sampling zones covering the dentate gyrus,
CA3c/hilus, and apical dendrites of field CA1, but not for the remainder of the cross section. The distribution of pCaMKII� synapses in
the large uncorrelated segment differed markedly between the groups. Subtracting home-cage values removed high scores (i.e., sampling
zones with a high percentage of pCaMKII� contacts) in the negative contingency group, but not in the free-exploration animals. Three
sites in the latter had values that were markedly elevated above other fields. These mapping results suggest that encoding of a form of
memory that is dependent upon rostral hippocampus reliably occurs at high levels in discrete anatomical zones, and that this regionally
differentiated response is blocked when animals are inhibited from freely exploring the environment by the introduction of a mildly
aversive stimulus.

Key words: CaMKII; engram; exploration; long-term potentiation; plasticity; postsynaptic density

Introduction
The construction of detailed maps localizing sites associated with
memory encoding (“engrams”) is a long-standing goal of behav-
ioral neuroscience (Thompson, 1976; Swain and Thompson,
1993; Lynch et al., 2010; Sakaguchi and Hayashi, 2012). This
project inevitably required means for identifying synapses that
had recently undergone learning-related modifications. The dis-
covery of long-term potentiation (LTP; Bliss and Lomo, 1973),
and the subsequent evidence linking it to long-term memory
(Morris et al., 1986; Roman et al., 1987; Abraham and Williams,
2003), suggested a route to find such markers. Recent work using
newly developed imaging methods for identifying actin signaling
cascades involved in LTP stabilization provided several candidate
markers for recently potentiated synapses (Lamprecht et al.,
2006; Chen et al., 2007; Patterson and Yasuda, 2011; Babayan et

al., 2012; Seese et al., 2012). The techniques used in some of these
in vitro studies proved applicable to analyses of LTP-related
changes associated with learning. Three experiments of this type
have been reported. The first demonstrated that 30 min of free
exploration in a complex, open field increased the percentage of
synapses associated with phosphorylated (p) cofilin (Fedulov et
al., 2007), a protein critical to actin polymerization and LTP con-
solidation (Rex et al., 2009), in hippocampal field CA1. The co-
filin effect was blocked by an NMDA receptor antagonist as it was
in LTP experiments. Similar results were obtained in tests of
whether complex unsupervised learning activates synaptic TrkB
receptors for the neurotrophin BDNF (Chen et al., 2010a). Im-
portantly, follow-on work showed that the learning-associated
increases in pTrkB were present in dorsal but not ventral hip-
pocampus (Chen et al., 2010b).

Here we report evidence that behaviorally dependent, regionally
discrete differences in the percentage of excitatory synapses associ-
ated with dense concentrations of the LTP marker protein pCaMKII
can be reliably detected in contiguous sampling zones covering an
entire cross section of dorsal hippocampus. pCaMKII was selected as
the synaptic marker because it (1) is concentrated at postsynaptic
densities (PSDs) of excitatory synapses (Kennedy, 1997), (2) is acti-
vated via autophosphorylation at T286/287 at synapses following
chemically induced response facilitation (Otmakhov et al., 2004),
and (3) contributes importantly to LTP (Lisman et al., 2012). Al-
though CaMKII is only transiently activated following single-spine
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glutamate uncaging (Patterson and Yasuda,
2011), other studies show CaMKII T286/
287 phosphorylation is longer lasting (Bar-
ria et al., 1997; Lisman et al., 2002), possibly
due to association with the NMDA receptor
(Mullasseril et al., 2007; Cheriyan et al.,
2011). Missing from the literature are data
showing that LTP induction in adult brain
by naturalistic patterns of afferent stimula-
tion is accompanied by long-lasting activa-
tion of synaptic CaMKII; experiments
directed at the point are described here. Fi-
nally, it should be noted that CaMKII phos-
phorylation could occur with forms of
plasticity other than LTP (Rose et al., 2009;
Sajikumar et al., 2009), although analysis of
this at mature synapses using learning-
related stimulation is lacking.

The present studies used a simple be-
havioral paradigm in which rats were given
free exploration of a two-compartment en-
vironment in the presence or absence of a
mildly aversive cue triggered by a particular
movement. These conditions resulted in
two groups with comparable levels of ac-
tivity and a similar degree of habituation,
but that behaved in different ways: free
exploration of the entire spatial environ-
ment versus adjusting to a specific re-
sponse contingency that interfered with
such exploration. The results suggest that
the former condition elicits high levels of
synaptic change in surprisingly few sites in
dorsal hippocampus, a region critical to
spatial learning, and that this regional pat-
tern does not occur when a disruptive
condition is added.

Materials and Methods
All animal procedures were conducted in ac-
cordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and with protocols approved by the Institu-
tional Animal Care and Use Committee of the University of California at
Irvine.

Groups and behavior. Adult (8 –9-week-old) male Long–Evans rats
(Harlan Laboratories) were divided into three treatment groups: “con-
tingency” (n � 8), unsupervised exploration (n � 8), and home-cage
controls (n � 7). All rats were handled twice daily for 6 d, and on the
following day were given behavioral testing or left in home cages. The
testing apparatus (length, 36 inches; width, 18 inches; height, 18 inches)
was divided into two equal-sized compartments distinguished by either
black-and-white stripes or square dots on one wall, with a 4-square-inch
connecting passage; one compartment had a strobe light (3W LED) and
a toy siren alarm fixed above. Rats in the contingency group were placed
into the apparatus and allowed 5 min of exploration, after which any
further entries into the “strobe” compartment activated the strobe light
and alarm as long as the animal remained there; this strobe contingency
period lasted 25 min. Rats in the unsupervised learning group were given
30 min to explore the compartments with no strobe or alarm activation.
Home-cage controls did not have behavioral testing. On removal from
the test apparatus (or home cage), each rat was anesthetized with isoflu-
rane and decapitated; brains were removed and fast frozen for later im-
munofluorescence. One additional adult rat was killed by overdose with
euthasol and sections through rostral hippocampus were processed for
both the Timm’s stain for heavy metals (Haug, 1974) and Nissl staining

to illustrate hippocampal sample fields relative to afferent lamina and
major cell layers, respectively.

Immunohistochemistry. Brains were cryostat-sectioned into evenly
spaced series (20 �m thick, coronal; 200 �m between sections). Sections
were methanol-fixed and processed for dual immunofluorescence local-
ization of the excitatory synapse, PSD scaffold protein PSD-95 (Kennedy,
1997) and pCaMKII (T286/287) as described previously (Chen et al.,
2007). This entailed overnight incubation at room temperature in a pri-
mary antisera mixture containing mouse anti-PSD-95 (1:1000; #MA1-
045, Thermo Fisher Scientific) and rabbit anti-pCaMKII T286/287 (1:
200; #06-881, Millipore), 1.5 h incubation in secondary antisera mixture
containing AlexaFluor594 anti-rabbit IgG and AlexaFluor488 anti-
mouse IgG (1:1000; Invitrogen; Fig. 1A), and coverslipping with
Vectashield containing DAPI (Vector Laboratories) to label cell nuclei.
Some sections were similarly processed but with individual primary an-
tisera omitted to verify that no species cross-reactivity of secondary an-
tisera, or channel bleed-through, occurred.

Image collection and automated object counts. Coronal sections through
rostral hippocampus (��3.24 mm from bregma) were selected for anal-
ysis (Paxinos and Watson, 2007); low-power imaging was used to ex-
clude cases in which immunostaining was not evenly distributed. The
mean (�SEM) number of sections evaluated per animal was 3.1 � 0.3 for
the unsupervised learning group, and 3.3 � 0.2 for the contingency
animals ( p � 0.70). Digital images of immunolabeling were captured
using a 63� (Plan Apo; numerical aperture, 1.4) objective, a Leica
DM6000B epifluorescence microscope with Hamamatsu Orca ER cam-

Figure 1. Dual immunofluorescence localization of PSD-95 and pCaMKII T286/287 was used to map colocalization across 42
sample zones in rostral hippocampus. A, Representative images show immunolabeling for pCaMKII alone (left, red), and for
pCaMKII plus PSD-95 (right, red and green, respectively) in stratum radiatum (SR) of field CA1b. Scale bar, 2 �m. Note, both
antigens are exclusively and densely localized to small puncta, some of which were double labeled (arrows, 2 examples of
colocalization). B, Plot shows the immunofluorescence intensity frequency distribution for pCaMKII� labeling colocalized with
PSD-95 (mean values from 3 representative cases). The vertical line marks the intensity value above which labeling was considered
intense; elements with this pCaMKII immunolabeling intensity, or higher, were counted as being double labeled in calculations of
the percentage PSD-95� synapses enriched in pCaMKII. C, PSD sizes were distributed according to a Poisson curve (R 2 � 0.84).
The intensity of pCaMKII labeling colocalized with PSDs did not correlate with PSD size (R 2 � 0.0018, p � 0.74). D, Photomicro-
graph of a rostral hippocampal section processed for the Timm’s stain for heavy metals (brown to black) and Nissl staining (violet)
to illuminate major lamina and cellular layers, respectively. Sampling zones used for automated counting of pCaMKII� and
PSD-95� elements are indicated with dotted lines. Each of the major hippocampal subdivisions (CA1, CA3ab, CA3c, DG) were
divided into 4 – 6 zones as illustrated for CA1 SR: these numbered zones (1–5) extended across the three lamina in fields CA1 and
CA3. Numbering within CA3 and the DG molecular layer began with CA3a and the lateral aspect of the upper leaf, respectively. LM,
Lacunosum-moleculare; SO, stratum oriens; UL, upper leaf of the DG molecular layer; LL, lower leaf of the DG molecular layer.
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era and Leica MM AF v1.6.0 software (with MetaMorph). Optimal syn-
aptic immunostaining is generally observed through a depth of �5 �m
from the tissue surface (Chen et al., 2007). To use the autofocus function
of MM AF, overlap of synaptic labeling on the green and red channels was
verified, then the center of the focal plane for the red (pCaMKII) channel
was established for field CA1 stratum radiatum. Starting from this plane,
the Image Autofocus function and Directional Average algorithm were
used to optimize focus for images that were automatically collected at
63� from contiguous sample fields (105 � 136 �m each) covering an
entire hippocampal cross section (�12 million PSDs). Individual images
were then stitched together to generate a composite image of each entire
hippocampal cross section.

In-house software (Chen et al., 2007; Rex et al., 2009) was used to
normalize background intensities and then immunolabeled puncta
within the size and eccentricity constraints of synaptic elements were
identified using multiple intensity thresholds, with erosion and dilation
filters, to exclude nonsynaptic objects. The size and fluorescence labeling
intensity of the objects thus identified as synapses were automatically
measured and counted as being labeled in the green channel only, the red
channel only, or in both channels (i.e., synapses double-labeled for
PSD-95 and pCaMKII). Finally, intensity frequency distributions for
pCaMKII immunolabeling associated with PSDs were constructed
for each section and only elements labeled with intensities that exceeded
a fixed threshold were used to calculate the percentage double-labeled
values for that section (Fig. 1B). The results are thus described as percent-
age of total PSD-95� synapses associated with high concentrations of
pCaMKII. As expected from work suggesting that pCaMKII moves into
and out of the postsynaptic density depending on circumstances (Lisman
et al., 2012), numerous pCaMKII clusters were not colocalized with
PSD-95 (Fig. 1A).

The mean size for PSDs was 0.19 � 0.17 �m 2 (mean � SD); sizes were
distributed in a Poisson manner (Fig. 1C), an observation that agrees
with ultrastructural results (Schikorski and Stevens, 1997). By testing for
a correlation between the two variables, we evaluated the possibility that

the intensity of pCaMKII immunolabeling was biased toward clusters
located on large PSDs. A relationship could not be detected in compari-
sons involving millions of contacts (R 2 � 0.0018, p � 0.74).

To evaluate the regional distribution of pCaMKII� synapses, the hip-
pocampal image was divided into 42 zones that conformed to local cyto-
architectonic and laminar boundaries (Fig. 1D). Contiguous sampling
blocks were then used to subdivide each lamina within a particular pyra-
midal cell field; the dentate gyrus (DG) was not separated into different
layers. It was then possible to define a particular sampling zone as falling
within or straddling the a– c divisions of CA1 and CA3. The stratum
lacunosum/moleculare of CA3 presented a problem because it is not
extended along the coronal plane; we therefore arbitrarily divided it into
medial and lateral segments, each with an inner and outer segment.
Automated methods described above were then used to calculate the
percentage of double-labeled PSDs within each zone. To avoid potential
contributions of differences in immunostaining intensity between tissue
sections, we normalized the “percentage double-labeled” values for each
zone to the mean value for that entire section (Z-scores). This step re-
vealed that field CA3c had slightly (�10%), but reliably, more
pCaMKII� PSDs than did other fields in both the unsupervised explo-
ration and contingency groups ( p 	 0.01 for both groups). We therefore
recalculated Z-scores for the CA3c sampling zones independently of
zones covering the rest of the cross section. The use of Z-scores to nor-
malize counts (percentage double labeled) across sections and animals
results in occasional high values, usually on sections with low variability
across the 42 sampling fields. The resultant distribution of Z-scores for a
group of animals thus had long rightward tail. This can introduce serious
distortions to the group mean for a set of eight rats. We therefore con-
tracted the scale by assigning each of the 42 sampling fields, on a single
tissue section, one of three double-label scores: 0 (Z 	 1), 1.0 (1 � Z 	
1.5), or 2.0 (Z � 1.5) or by recalculating the Z-values in terms of a
sigmoidal (exponential; y � 1/(1� e �x) fit. Finally, we summed the
categorized or exponential values, for each sampling field, across rostro-
caudal sections for each animal and then calculated a group mean score.

Figure 2. Behavioral analyses demonstrate differences in exploratory behavior between experimental groups. One group (contingency) explored freely for 5 min, after which entry into one
compartment (Room 1) triggered a flashing light and a buzzer over the remaining 25 min; the second (unsupervised “exploration”) group was allowed explore both rooms with no contingencies for
30 min. A, B, Heat maps show the time spent at different locations over 30 min in the two compartments by representative rats from each group (red � yellow � green � blue). C, Quantification
of time spent in Room 1 for each group, in 5 min time segments over the 30 min session (n � 8/group). Note the steep drop after minute 5 for the contingency group. D, Distance traveled, in both
compartments, by unsupervised “exploration” and response “contingency” groups demonstrates similar habituation curves. E, Comparison of distance traveled per 5 min bin in a separate group
(n � 8) of unsupervised exploration rats tested on 2 consecutive days. The between-day difference in these habituation curves was highly significant, as was the total distance traveled over 30 min
( p 	 0.0001, 2-way ANOVA and t test respectively). F, Same curves as in E but for contingency rats (n � 8; separate set from those in C and D); there were no detectable differences between days
1 and 2.
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These procedures were intended to identify pCaMKII “hot spots” that
did or did not extend across multiple tissue sections and to assign higher
single animal scores to the latter. Subsequent treatment of the data ad-
dressed two questions: (1) Do either of the two behavioral paradigms
result in statistically reliable regional differences in the hot spot scores, as
assessed by one-way repeated-measures ANOVA? and (2) Do such pat-
terns differ between the two groups (two-way ANOVA)?

Stability of LTP-related changes in the percentage of synapses associated
with high concentrations of pCaMKII. We investigated the duration of
increases in CaMKII phosphorylation at synapses, as assessed with meth-
ods comparable to those described above, following induction of LTP in
hippocampal slices. Briefly, adult male rats were killed and slices were
collected from the rostral hippocampus. Slices were placed in an interface
recording chamber. Recording began 60 min later (Rex et al., 2009;
Babayan et al., 2012). Stimulation electrodes were placed in stratum
radiatum of fields CA1a and CA1c and field EPSPs were recorded from
field CA1b stratum radiatum. Potentiation was induced by theta burst
stimulation (TBS; 10 bursts of four pulses at 100 Hz with 200 ms between
bursts) applied via both stimulating electrodes (30 s delay) with voltage
set at twice the level used to assess baseline responses; two electrodes and
higher currents were used to increase the number of stimulated synapses.
Slices used for microscopic analysis were harvested 7–90 min after TBS
and fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH
7.2. Fixed slices were sectioned at 20 �m and the slide-mounted tissue
was processed for double-labeling immunofluorescence as above. High-
power image z-stacks (0.2 �m steps) were collected at 63� objective
magnification using widefield epifluorescence microscopy and processed
for restorative deconvolution (Volocity 4.1, PerkinElmer; Rex et al.,
2009; Chen et al., 2010a). Immunolabeled synaptic elements were mea-
sured (counted, volume and intensities assessed) from a sample field
(136 � 105 � 3 �m) within the CA1 stratum radiatum zone of physio-
logical recording in 3–5 tissue sections, situated 20 – 80 �m below the
surface of each slice. Image intensity normalization and volumetric ob-
ject identification and measurements were performed as described pre-
viously (Rex et al., 2009; Chen et al., 2010a). Notably, the mean length of

synapses in slices, as measured with electron microscopy, is very similar
to that found in in vivo (Lee et al., 1981). Results are expressed as the
number of densely labeled contacts (Fig. 1B) relative to the value found in
slices, from the same animal, given three stimulation pulses per minute
(no TBS).

Results
The behavioral paradigms used in the present studies were in-
tended to minimize activity differences between two groups that
did (contingency) or did not (unsupervised exploration) interact
with a response-related negative cue. Preliminary studies identi-
fied mildly aversive operant cues that did not produce freezing or
other signs of abnormal behavior. Nonetheless, while the free-
exploration rats distributed their time equally between the two
compartments (Fig. 2A), the rats exposed to the sound/light
avoided the pertinent room (Fig. 2B). This pattern was observed
for each of the eight rats in the two groups (Fig. 2C). Importantly,
the contingency animals periodically triggered the signals with
short moves into the room throughout the trial (data not shown).
Exploratory activity, as assessed by total distance traveled during
the session, tended to be slightly lower in the contingency group
(63.9 � 9.4 m) than in the unsupervised group (79.6 � 7.8 m),
but this difference did not approach statistical significance (p �
0.20; two-tailed t test). Reductions in activity over time in the test
chamber (habituation), a measure of short-term memory, oc-
curred at similar rates in the two groups: the mean of the individ-
ual slopes for the exploration group was �0.56 � 0.05 while the
corresponding values for the contingency animals were �0.55 �
0.08 (p � 0.76; Fig. 2D), a result suggesting that stress and arousal
levels were not greatly different between groups.

We ran additional groups (n � 8) to test whether 30 min of
experience sufficed to produce long-term memory in unsuper-
vised, free-exploration rats. Habituation and overall activity on
day 1 were comparable to that in the day 1 group used for synaptic
mapping. However, day 2 activity was greatly reduced relative to
day 1 (p 	 0.0001, two-way ANOVA for group effects) and, on
day 2, the rate of habituation was accelerated (p � 0.028; Fig. 2E).
Interpretation of activity patterns for the contingency group,
which experienced the strobe/light combination on day 1, is com-
plicated by the difference in the environment (no aversive cues)
on day 2. There was, however, no difference in overall activity or
habituation rates between days 1 and 2 for these animals (Fig.
2F). This was largely due to a disproportionate exploration of the
room that had contained the mildly aversive cues on day 1 (p �
0.005 vs the previously no-cue room). We conclude from these
results that a single 30 min exploration session produces robust
long-term memory of the total test arena and that introduction of
a mildly negative response contingency substantially modifies
this effect.

In parallel with tests of whether free exploration produces
regionally differentiated increases in synapses colocalized with
high concentrations of pCaMKII, we used hippocampal slices to
re-examine the argument that the phosphorylated state of the
kinase is a stable marker for LTP. TBS was applied to two elec-
trodes activating synapses in the proximal apical dendrites of field
CA1b. Slices were collected at 0.5, 7, or 60 –90 min poststimula-
tion and processed for dual immunofluorescence localization of
pCaMKII T286/287 and PSD-95. Immunolabeling for PSD-95
was used as a marker for excitatory synapses as prior studies have
shown that this integral synaptic scaffold protein is densely and
exclusively concentrated at asymmetric (excitatory) synapses in
the hippocampal molecular layers (Kennedy, 1997; Aoki et al.,
2001). The number of contacts colabeled for dense concentra-

Figure 3. Induction of LTP is accompanied by long-lasting phosphorylation of CaMKII in a
subpopulation of hippocampal synapses. A, Plot summarizes the mean field EPSP slopes for a
group of slices receiving TBS and recorded for the following 60 min. Arrow indicates the delivery
of TBS. B, Double-immunofluorescence localization of total (phosphorylated and unphosphor-
ylated) CaMKII-positive (red) and PSD-95-positive (green) elements in CA1 stratum radiatum of
an adult hippocampal slice. The higher resolution inset describes a densely labeled contact
(arrow). Scale bar, 10 �m; inset scale bar, 1 �m. C, Blind automated counting shows that TBS
increased the number of pCaMKII� synapses (mean � SEM) in slices collected at 7 or 60 –90
min after stimulation (**p 	 0.01, t test vs control slices (con)).
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tions of pCaMKII in the target field was not increased relative to
values in yoked control slices (no TBS) at the earliest time point
but was clearly elevated at 7 min; critically, the same magnitude of
increase was evident 1 h later (Fig. 3). These results, the first using
physiologically realistic patterns of afferent stimulation and sin-
gle synapse measurements, indicate that CaMKII phosphoryla-
tion persists long enough to be detectable after a 30 min training
session.

The first experimental question addressed by the present
study was whether unsupervised exploration of a novel environ-
ment causes consistent regional accumulations (“hot spots”) of
pCaMKII� synapses that are detectable with sample fields of the size
used here. The second question involved the prediction that such
spatial distributions would be disrupted by addition of a response
contingency that interferes with free exploration. As in slice studies
described above, dual immunofluorescence was used to quantify
number of PSD-95� synapses associated with pCaMKII T286/287.
The mean percentage of double-labeled synapses did not differ be-
tween the two groups (free exploration: 15.4 � 2.5%; contingency:
16.0 � 2.5%, means � SDs).

We explored the possibility that the percentage of double-
labeled synapses within any given sampling field varies in an
orderly manner across 3– 4 closely spaced, septotemporal
(S-T) levels for that field. However, tests of the idea proved
negative: the mean R 2 value across regions was 0.01 and the
highest values for an individual sampling zone (from 42 re-
gions) within a group did not approach statistical significance.
The absence of a relationship between percentage of double-
labeled synapses and S-T position suggested that it would
be useful to calculate the means and SDs for the raw Z-score
data from all sections for each of the sampling fields. Regional
variations in the incidence of pCaMKII� synapses across the
42 anatomical zones were highly significant for both groups
(ANOVA: p 	 0.0001), indicating that doubled-labeled con-
tacts are not homogeneously distributed. The mean scores for
the fields were positively correlated between the two groups
(r 2 � 0.34, p 	 0.0001). Surprisingly, the regional agreements
were not randomly distributed across the hippocampal cross
section but instead were restricted to two large blocks of con-
tiguous sampling zones: the DG/CA3c complex and the apical

dendrites of field CA1 (Fig. 4 A, B, gray). Between-group cor-
relations for the 21 subfields were very high for these three
blocks (r 2 � 0.68, p 	 0.0001), but were not at all present for
the intervening, contiguous block composed of the basal den-
drites of CA1 and the entire CA3a,b region (r 2 � 0.001). The
striking similarity in the distribution of scores across half of
the hippocampus provides evidence for the reliability of the
automated sampling methods used in these studies.

As suggested by results presented in Figure 4, the distribution
of subfields with high numbers of pCaMKII� synapses clearly
differed between the two groups in the middle (uncorrelated)
region of hippocampus (p � 0.012). In all, free exploration, re-
sulting in long-term memory of a novel environment, generated
a regional profile of modified synapses in one large segment of
hippocampus that was similar to that found in animals with re-
stricted exploration, and a very different pattern in a second
segment.

Next, we searched for regional patterns on an animal-by-
animal basis. Because of variations in immunostaining intensity
between sections, the percentage double-labeled values for each
section were converted into Z-scores. The resultant distribution
was rightward skewed because of occasional high values, typically
on sections with low between-site variability (see Materials and
Methods). We therefore contracted the scale by categorizing the
Z-scores as 0 (Z 	 1.0), 1 (Z from 1.0 –1.49), or 2 (Z � 1.5;
calculating the Z values as exponentials was also used; see below).
The thresholded scores were then summed across sections to
provide a value for each zone for each rat. The plots in Figure
5A,B describe the mean values for the eight rats in each of the two
groups. Multiple hot spots were evident in the unsupervised explo-
ration group and the overall variation in values between zones was
significant (p 	 0.0001; ANOVA). The contingency group also had
a highly differentiated regional distribution (p 	 0.0001) but one
that was more centered on field CA3a,b. Spatial patterns differed
between the two groups (p � 0.02, two-way ANOVA), indicating
that free exploration concentrates LTP-related synaptic modifica-
tions in a manner that is not seen when free access to a large part of
the environment is restricted by a contingency.

Thresholding of the Z-scores for individual rats weakened,
but did not entirely eliminate, the between-group correlations for

Figure 4. Mean Z-score values for doubled-labeled synapses across 42 sampling zones demonstrate broad regions with values that are correlated between unsupervised exploration and
contingency groups. Values (Z-score means � SEM) were calculated from all sections collected from eight rats per group. The dashed line indicates the mean of positive values for both experimental
groups; the height of the gray boxes equals 1 SD above that mean. The gray boxes highlight areas (21 zones) for which the scores in the two groups were strongly correlated. Patterns in the remaining
areas were not correlated and were statistically different ( p � 0.005). See Figure 1 for abbreviations identifying the lamina.

Cox et al. • Synaptic Map of Memory Encoding J. Neurosci., February 19, 2014 • 34(8):3033–3041 • 3037



scores across sampling zones (r 2 � 0.12, p � 0.024). Notably, as
in Figure 4, the correspondences were restricted to two blocks of
contiguous subfields (Fig. 5, gray boxes in plots; r 2 � 0.38, p �
0.003). Values for the large intervening area were again not cor-
related between groups (r 2 � 0.01) and the two distributions in
this zone were distinctly different (p � 0.017). This analysis con-
firms the assumption that the majority of animals had hot spots at
a relatively small number of sites and that the distribution of these
differed between groups.

Repeating the analysis using a logistic function produced the
same general pattern of results as obtained with thresholds. Dou-
ble labeling was not homogeneously distributed in either group
(p 	 0.0001) and a strong correlation between the two groups
was found for the DG, CA3c, and apical CA1 (21 sampling sites:
r 2 � 0.73), but not for the remainder of the hippocampus (r 2 �
0.0004). The pattern in the latter zone was different for the free
exploration versus contingency animals (p 	 0.021).

The overlap in the patterns exhibited by the two groups could
reflect the fact that both were trained in the same apparatus and
so, presumably, had some learning in common. However, it is
possible that the similarities reflect regional variations in “base-
line” percentage of PSDs associated with high concentrations of
pCaMKII. We investigated this by processing brains for seven
home-cage control rats using the same immunostaining and an-
alytical methods used for the learning groups. Interestingly, the
mean percentage of synapses associated with dense concentra-
tions of phosphorylated kinase (13.6 � 3.2%, mean � SD) was
lower than that found for either the exploration (�12%: p �
0.025, two-tailed t test) or contingency (�15%: p � 0.009)

groups. The pCaMKII� PSDs were not homogeneously distrib-
uted in these controls (p � 0.005), indicating that significant
baseline effects were likely present in the two learning groups.
Tests for this produced a striking result: the scores for the home-
cage control rats correlated across regions with those for the con-
tingency group (r 2 � 0.39, p 	 0.0001), but not with the scores
for the unsupervised exploration group (r 2 � 0.07). Moreover,
the good agreement between home-cage control and contingency
animals was restricted to that segment of hippocampus in which
regional agreements were not found in the two learning groups
(home cage vs contingency: CA3a,b and basal dendrites of CA1,
r 2 � 0.58, p 	 0.0001; DG/CA3c and apical dendrites of CA1,
r 2 � 0.26, p � 0.25). The corresponding values for comparisons
between home-cage control and exploration rats were r 2 � 0.07
and r 2 � 0.02. In accord with these correlations, the regional
distribution of thresholded scores across all 42 sampling areas
was distinctly different between home-cage control and explora-
tion groups (p � 0.003) but not between home-cage and contin-
gency groups (p � 0.648).

These results strongly suggest that many of the elevated hot
spot scores in the negative contingency group in field CA3a,b are
not due to experience in the testing chamber but instead reflect
baseline variations in the percentage of double-labeled synapses.
Conversely, scores in the free-exploration animals are not related
to controls (or operants) and thus can be reasonably ascribed to
unsupervised learning of a novel environment.

We further examined the contributions of baseline variations by
subtracting the mean home-cage control value for each of the sample
zones from values determined for individual unsupervised explora-

Figure 5. Distribution of sample zones containing a high percentage of PSDs associated with dense concentrations of pCaMKII T286/287. Z-scores for each section were assigned to one of three
numerical categories (0, 1, 2) and then values for each sampling zone were summed across sections from individual rats, thereby generating a “hot spot” value for each animal. Plots show means
(�SEM) for the Exploration (A) and Contingency (B) groups (n � 8 each). In each plot, the dashed line represents the mean value across all sampling zones for both groups; the height of the gray
boxes is 1 SD above that mean. The z-score distributions were correlated between the experimental groups for two collections of contiguous zones (gray boxes) but not for the intervening zone. The
overall distributions were statistically distinct between groups with the major differences being in regions without the gray highlight (Fig. 1, abbreviations). Line drawings of hippocampal cross
sections at the bottom of each panel illustrate, with color fill, the distribution of sample zones with hot spot scores �1 SD from the overall mean score; the gray fill indicates zones with correlated
labeling patterns between the two experimental groups.
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tion and contingency rats (Fig. 6A,B). The correlation between the
two learning groups for the DG/CA3c and apical dendrites of CA1
(gray boxes) was still in place after this subtraction (r2 � 0.66).
Overall, the two regional distributions were different (p�0.02) with
most of the effect being due to values in the noncorrelated region
(p � 0.004); importantly, as is evident from Figure 6, clear positive
peaks (e.g., 1 SD greater than the mean for all positive sites) were
eliminated from the contingency group. In unsupervised explora-
tion animals, four regions meeting this criterion were present and
the mean of all positive values was greater than that for the contin-
gency group (p � 0.031). Three zones (indicated by x’s in Fig. 6) in
the unsupervised exploration group differed from �2 other areas in
that same group by p	0.001 in post hoc tests after one-way ANOVA.
There were no zones of this type in the contingency group. We in-
terpret these results as indicating that unsupervised learning of an
open field reliably causes large LTP-related synaptic changes in a
surprisingly small number of sites, and that this does not occur if
behavior is channeled by the introduction of a response contingency.

Discussion
The above results indicate that regional differences in the per-
centage of synapses associated with high levels of pCaMKII are
reproducible across animals. This finding establishes the fea-
sibility of using quantitative, dual immunostaining methods
to create distinct maps of LTP-related synaptic changes fol-
lowing different types of learning. The present studies describe
a first map of this kind using rats learning a simple spatial
environment.

The regional distribution of synapses containing high concentra-
tions of the LTP marker was highly differentiated in rostral hip-
pocampus following a 30 min unsupervised exploration session with
only a small number of anatomical regions containing high values. If
the latter constitute memory-encoding sites for spatial information,
an operation known to be dependent on the sampled rostral aspect
of hippocampus (Moser et al., 1993; Fanselow and Dong, 2010; Bar-
rett et al., 2011), then they should not be present in animals for which
free exploration was spatially restricted. We tested this with rats
placed in the same environment, but with a mildly negative stimulus
that was activated by movement into one-half of the test arena.
Comparison of the regional patterns found in the two conditions
produced an unexpected result: between-group agreement in two
large areas of contiguous sampling fields but no correlation in the

remainder. Importantly, the regional distribution of pCaMKII�
PSDs in the latter, broad region clearly differed between the unsu-
pervised exploration versus response contingency groups. In all, ex-
ploration triggers an increase in synapses containing an LTP marker
at discrete sites in rostral hippocampus and the introduction of a
contingency disrupts the resultant regional pattern.

An analysis based on individual animals and using thresh-
olded Z-scores, or Z-scores expressed as sigmoidal values, pro-
duced results comparable to those just described for all sections
in a group. It also demonstrated that the regional pattern in the
contingency rats correlated with that in animals that had not been
placed in the test apparatus, something that did not hold for the
unsupervised exploration group. Subtracting the baseline, con-
trol values from zone scores for the two learning groups did not
strongly affect the agreement between them for the DG/CA3c and
apical dendrites of CA1 (Fig. 6, gray areas), but eliminated what
had seemed to be “hot spots” from the contingency rats. We
propose that learning by the contingency rats likely caused devi-
ations from the baseline pattern, and thus the correlation with the
unsupervised group across two large segments of hippocampus,
but the magnitude of these at any single sampling zone was too
small to be detected with the group sizes used here. Free explora-
tion, on the other hand, reliably resulted in a regional distribution
of synapses associated with the LTP marker that is not related to
the pattern found in home-cage control rats and includes sam-
pling sites containing clearly elevated percentages of pCaMKII�
synapses (medial CA1a stratum oriens, medial CA3 stratum
lacunosum-moleculare, medial CA3c stratum oriens; Fig. 7).

The presence of hot spots in the free-exploration group can-
not be taken as evidence for the absence of encoding at other
regions in individual rats; it does indicate, however, that large
changes at particular sites outside the hot regions do not occur in
a sizable percentage of the unsupervised learning group.

Learning that may be encoded at further, more temporal sites
in the hippocampus (for instance, learning by the contingency
rats of the negative contingency itself) is not addressed here and
remains to be investigated.

How such spatially isolated hot spots are generated is unclear.
Activation of synaptic markers for LTP appears in a spatially
restricted population of synapses shortly after delivery of TBS to
a group of adjacent fibers (Chen et al., 2007), many of which form

Figure 6. ”Hot spot” scores for unsupervised Exploration and Contingency groups following subtraction of mean values from home-cage animals. As previously, the dotted line is the mean of
positive values for the two groups and the height of the gray boxes is 1 SD above that mean. Subtracting home-cage scores reduced several strongly positive values in the exploration animals, mainly
in stratum oriens (SO) of CA3a,b, thereby increasing the relative sizes of the remaining hot spots. The same subtraction procedure eliminated all values �1 SD above the mean in the contingency
group; despite this, the 21 sampling fields within the gray boxes were highly correlated with the corresponding sites in the unsupervised exploration group. The overall patterns were statistically
different between the groups, particularly in the noncorrelated region between the gray boxes. The x’s indicate three regions that were robustly different ( p 	 0.001) than �2 of the remaining
sampling zones in the same Exploration group.
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connections with the target site. While it is very unlikely that this
degree of input focusing occurs during behavior, there is evidence
that adjacent cells in hippocampus innervate local neighbor-
hoods of spines (Brivanlou et al., 2004; Takahashi et al., 2012) and
that potentiated synapses tend to occur in microclusters follow-
ing LTP induction (Govindarajan et al., 2006; Kramár et al.,
2012). But anatomical work indicates that single axons form con-
nections throughout much of the mediolateral extent of a given
lamina, as well as across a relatively broad span of the longitudinal
axis of hippocampus (Li et al., 1994; Wittner et al., 2007). Such an
arrangement does not easily lend itself to the generation of a high
concentration of double-labeled synapses in, for example, a me-
diolaterally restricted patch of the CA1 basal dendrites (Fig. 7). A
possible explanation for this outcome is that axons do not form
synapses at uniform density throughout the serial fields they in-
nervate; different neurons within a subzone (e.g., CA3a) could
under these circumstances give rise to efferents that converge on
spatially restricted portions of a target lamina. A similar “hidden”
mosaic argument could be made for the cells in medial entorhinal
cortex that project to the prominent hot spot in stratum lacuno-
sum/moleculare of field CA3a,b (Figs. 6, 7). These hypotheses
make the testable prediction that discrete injections of retrograde
tracers into a hot spot will uncover a different pattern of afferents
than would be identified with injections into the areas surround-
ing that spot.

Whatever their anatomical origins, the results described here
speak to the long-standing question of whether encoding sites for
a particular instance of learning are localized or evenly dispersed
within a brain region, an issue of evident importance to hypoth-
eses about how memories are organized and retrieved. The highly
differentiated distribution of pCaMKII-enriched synapses we
have found raises the possibility that particular subfields are pre-
disposed to capture particular types information. Further work
mapping potentiated synapses, using different types of spatial
environments, and other forms of unsupervised learning depen-
dent upon rostral hippocampus (e.g., object location memory)
will serve to test the idea that storage locales are related to types of
encoded environmental data. Beyond this lies the very challeng-
ing problem of how the material represented by scattered hot
spots becomes integrated into recognizable output to the cortex.
Regarding this point, it is of interest that the most prominent
concentration of pCaMKII-enriched synapses in the present
study occurred in the efferent stage of hippocampal circuitry
(field CA1) and in stratum oriens, a lamina containing synapses
that potently activate local pyramidal cells.
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