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Stephanie L. Grella1, Mélanie F. Guigueno2, David J. White1, David F. Sherry3, Diano

F. Marrone1,4*

1 Department of Psychology, Wilfrid Laurier University, Waterloo, ON, Canada, N2L 3C5, 2 Department of

Biology, University of Western Ontario, London, ON, Canada, N6A 3K7, 3 Department of Psychology,

University of Western Ontario, London, ON, Canada, N6A 3K7, 4 McKnight Brain Institute, University of

Arizona, Tucson, AZ, United States of America, 85719

* dmarrone@wlu.ca

Abstract
In mammals, episodic memory and spatial cognition involve context-specific recruitment of

unique ensembles in the hippocampal formation (HF). Despite their capacity for sophisticated

spatial (e.g., for migration) and episodic-like (e.g., for food-caching) memory, the mecha-

nisms underlying contextual representation in birds is not well understood. Here we demon-

strate environment-specific Egr1 expression as male brown-headed cowbirds (Molothrus

ater) navigate environments for food reward, showing that the avian HF, like its mammalian

counterpart, recruits distinct neuronal ensembles to represent different contexts.

Introduction

In mammals, the hippocampal formation (HF) critically mediates spatial cognition via the cre-
ation of internal “maps” of the environment generated by place cells [1]. Importantly, these
cells are thought to also mediate episodic memory using comparable mechanisms (e.g., [2]).
Like mammals, many bird species exhibit sophisticated spatial (e.g., [3]) and episodic-like (e.g.,
[4]) memory, and this robust repertoire has motivated many attempts to characterize the
homology between the avian and mammalian HF (reviewed in [5,6,7]). For instance, tract trac-
ing has demonstrated that both mammals and birds have similar sets of inputs to and outputs
from the HF. Moreover, lesions to the HF produce comparable deficits in spatial processing
[6,8].

At the cellular level, avian HF neurons exhibit place-like firing properties in at least some
conditions [9,10,11]. The degree to which these spatially-tuned cells form coherent context-
dependent place maps, however, remains unknown. This issue is important given the differ-
ences in intrinsic connectivity of the HF between mammals and birds. Although the subdivi-
sions of the avian HF remain a matter of debate [12,13], this structure lacks many of the
defining features of its mammalian counterpart, including clear trilaminar structure, a domi-
nantly unidirectional tri-synaptic loop, and perhaps even a homologue to the dentate gyrus [7].
Because each sub-structure is thought to provide a unique contribution to sculpting spatial rep-
resentations [14,15], anatomical differences may translate into dramatic differences in place
map formation.
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To determine if context-specific populations of cells are recruited in the avian HF, we exam-
ined the transcription of Egr1 in brown-headed cowbirds as they explored environments in
search of food reward (Fig 1A). This was done by adapting cellular compartmental analysis of
temporal fluorescence in situ hybridization (catFISH), a technique developed in mammals
[16]. This technique relies on visualizing expression of immediate-early genes, including Egr1,
which is tightly coupled to neuronal activity, is a critical mediator of plasticity [17], and reliably
reports place cell activity [18]. By determining the compartmental expression (nucleic or cyto-
plasmic) of Egr1, we show that the avian HF produces context-dependent patterns of Egr1 tran-
scription that are comparable to those observed in the mammalian hippocampus.

Materials and Methods

Subjects

Fourteen adult male brown-headed cowbirds (Molothrus ater) were individually housed in a
temperature- and humidity-controlled colony room at the Advanced Facility for Avian
Research (University of Western Ontario) on a 12:12 h light/dark cycle (lights on at 07:30).
Water was accessible ad libitum and food restricted to maintain 85% of their ad libitum body
weight in captivity. The University of Western Ontario Animal Users’ Subcommittee under
Canadian Council on Animal Care guidelines approved all procedures.

Apparatus

Two distinct contexts, each containing 5 food cups on the floor, were used (Fig 1A). In each
room (2.4m x 3.6m), distinct visual cues were placed on the walls and floors, and the cups were
arranged in a distinct geometric pattern in part of the room (2.4m x 1.6m).

Fig 1. Egr1 expression in the cowbird hippocampus is context-dependent. (a) Two rooms with different

visual cues (floor and wall) were available for foraging, each with a distinctive arrangement of cups (birds displaced

paper lid to obtain food reward). (b) Sample confocal images (scale bar = 50 μm) showing intranuclear foci signal

(Egr1 transcription 0–5 min before sacrifice, short arrows), and cytoplasmic signal (Egr1 transcription 25–30 min

before sacrifice, long arrows). (c) Foraging cowbirds expressed Egr1 in significantly more cells than birds that

remained in the home cage (Caged: dark grey). (d) Similarity scores show that the proportion of cells that

repeatedly expressed Egr1 across both explorations was significantly higher in birds that explored the same room

twice (Same: white) relative to birds that explored different rooms (Different: light grey). Data are means ±SEM (* =

p <0.05 vs. Caged; † = p< 0.05 vs. different).

doi:10.1371/journal.pone.0164333.g001
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Room A had a gray-colored epoxy-coated concrete floor flecked with black and white. A
stainless steel chair rail (10 cm width) ran the full length of three walls at a height of 80 cm above
the floor. The steel door to the room was light green. Glossy colored photos and large sheets of
brown paper (1 m X 6 m) were attached to the walls of the room. On the floor were an inverted
dark green plastic pail (20 cm diameter, 20 cm in height), two circular rubber mats approximately
30 cm in diameter (one red, one black), and an inverted red food cup (15 cm diameter).

Room B had a tan-colored epoxy-coated non-flecked soft surface floor and no chair rail. A
sloped channel 1.9 m wide ran from the left to the right wall, increasing in depth from 5 cm on
the left to 15 cm on the right. The steel door to this room was gray. There was a 40 cm X 40 cm
stainless steel panel in the wall to the left of the door 70 cm above the floor and two 45 cm X 45
cm stainless steel panels at floor level in the left and right walls. A green extension cord that
powered a camera attached to the ceiling traveled down the left wall of this room to a power
outlet. An inverted black plastic pail (30 cm diameter, 30 cm in height) covered a drain at the
right end of the floor channel and a rolled fabric mat (10 cm diameter, 45 cm in length) was
placed against the floor-level stainless steel panel in the left wall. Room A was 3 m from the
birds’ holding rooms, and room B was 15 m away in the same direction along the same
hallway.

Behavioral training

In order to establish that cowbirds are able to discriminate the two environments used in this
experiment, the birds were tested on their ability to remember the locations of food cups baited
with bird seed in each of the two rooms (Fig 1A).

For each trial, two of the 5 cups were baited: a consistently baited cup and a randomly baited
cup. The consistently baited cup remained the same on every trial. In Room A, this cup was in
the NE corner, and in Room B in the NW corner of the array. Search and accurate choice of
the consistently baited cup was recorded to determine whether the birds recognized which of
the two rooms they were in. Additionally, a randomly selected cup in each room was also
baited on each trial. The purpose of the randomly baited cup was to encourage continued spa-
tial search and context exploration by the bird in each room. All cups were covered with a card-
stock lid that the birds had to displace in order to see the contents of the cup. Seeds were added
and removed from the unbaited cups before each trial in order to ensure the birds did not use
olfactory cues to locate the baited cup. For each trial, the birds entered the room and searched
the array of cups for food by displacing each card. A cup was considered “searched” when the
bird displaced the lid from the cup. All trials were recorded with an overhead camera. Each
room was divided into 6 equally sized grids for determination of the spatial occupancy of birds
during the final testing sessions.

Training began with 2 days of habituation where birds visited both rooms for 30 min each
day with all cups baited and uncovered. Over the course of approximately 2 months of training,
the time spent in each room was gradually reduced to 5 min, and the number of cups baited
was gradually reduced to 2, and cups were covered with cardstock paper lids. A complete trial
consisted of 5 min in Room A followed by 20 min in the home cage followed by 5 min in Room
B. The order of experience in the two rooms varied on successive trials and was pseudo-ran-
domly determined. All birds received one trial per day. During the 20 min home cage interval,
birds were not given access to food. Successful task performance consisted of finding the food
reward in the consistently baited cup within the first 3 search attempts. A cup was considered
“searched” when the cardstock lid covering it was displaced. After finding this reward, birds
were permitted to continue to search for the food reward in the randomly baited cup (if they
had not already found it). Birds were trained until they reached a criterion of 3 consecutive
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successful trials. They were given a time limit of 5 min to complete the task. If they completed
the task sooner, the trial was terminated. Birds were tested on the day following the last suc-
cessful trial to reach criterion.

Test day

Cowbirds engaged in two 5-min episodes of exploration, separated by 25 min in the home
cage. There were 5 groups. Birds were either placed in rooms A/A (n = 4), A/B (n = 3), B/A
(n = 3), B/B (n = 1), or left undisturbed in the home cage (CC, n = 3). No cups were baited on
the final day. This was done in order to ensure that the birds would traverse the environment
for the full duration of the trial. The absence of reward is unlikely to affect Egr1 expression
because similar levels and patterns of Egr1 expression are obtained in the presence [19] and
absence [18,20] of rewards.

Brain extraction and tissue preparation

Within a period of 3 min following the end of the trial, birds were anesthetized with isoflurane,
transported to a procedure room, decapitated, and the brains rapidly extracted and flash frozen
in 2-methylbutane (Sigma Aldrich) immersed in dry ice/ethanol. Brains were packed in dry ice
and transported to Wilfrid Laurier University for processing. Coronal sections (20 μm) were
cut using a CM3050 cryostat (Leica), thaw-mounted onto slides coated with 3-triethoxysilyl-
propylamine (VWR), dried, and stored at -80°C.

Fluorescence in situ hybridization

Fluorescence in situ hybridization was performed as previously described [16,18], with the
exception of the riboprobe used. Briefly, riboprobe was synthesized by reverse transcription
from a commercially available 807-base EST plasmid of the chicken (Gallus gallus) EGR1
(Source BioScience, GenBank accession number BU273177) using a transcription kit (Maxi-
Script; Ambion) and RNA labeling mix (Roche Molecular Diagnostics), and verified by electro-
phoresis. Slides were warmed to -20°C overnight and to room temperature (RT) 1 hr before
processing. They were fixed in 4% formaldehyde (5 min), washed in 2x saline-sodium citrate
(SSC) for 2 min, and treated with 0.5% acetic anhydride for 10 min. Next, they were rinsed in
deionized water, placed in a methanol/acetone (1:1) solution (5 min), and in 2x SSC (5 min).
Slides were incubated with pre-hybridization buffer (Sigma-Aldrich) for 1hr at RT and then
overnight (16–18 hrs) at 56°C with riboprobe mixed in hybridization buffer (100ng/slide).

The tissue was then treated with a series of SSC washes followed by RNase A (10 mg/ml) at
37°C for 15 min. Endogenous peroxidases were quenched with 2% H2O2 (in 1xSSC) for 15
min. The tissue was blocked with TSA blocking buffer (Perkin Elmer) containing normal sheep
serum (0.5%), and incubated with anti-digoxigenin horseradish peroxidase (HRP) antibody
(Roche Molecular Diagnostics) in TSA blocking buffer (1:400) for 2 hrs at RT. Slides were
washed in 0.1M Tris-buffered saline with 0.05% Tween-20 and HRP antibody conjugates were
detected using CY3 (TSA kit, Perkin Elmer). Nuclei were counter-stained with 4',6-diamidino-
2-phenylindole (DAPI, Sigma-Aldrich), before slides were mounted in buffered glycerol con-
taining n-propyl gallate as an anti-fade additive [21], coverslipped, and sealed with nail polish.

Image acquisition and analysis

Images were collected from coronal sections of the HF (range: ~1mm lateral to midline, 3.33–
3.87 mm rostral to the Y-point, see [22]), using an Olympus FV1000 confocal microscope at
40x magnification. For each animal, 3 slides each containing one coronal section were chosen
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from this range. For each slide 2–4 images were taken. Each image collected was a combination
of two z-stacks (~1.0um optical thickness, step size 0.8um). For each slide, acquisition parame-
ters were kept constant. The median 20% of HF cells in each stack was quantified using Meta-
Morph software (Molecular Devices). Neurons and glial cells were differentiated, and neurons
were classified as Egr1-negative, Egr1-positive within the nucleus, Egr1-positive within the
cytoplasm, and Egr1-positive within both the nucleus and the cytoplasm. An average of 1879
cells (standard deviation = 960.50) was counted per animal. Based on the time course of Egr1
transcription and translation, it is known that cells expressing Egr1 in the cytoplasm were
engaged in Egr1 transcription 25–30 min prior to the sacrifice of the animal (i.e., during the
first context exposure), while cells expressing Egr1 in the nucleus were engaged in transcription
5 min before sacrifice (i.e., during the second context exposure).

Statistical analysis

Differences in the pattern of Egr1 expression were analyzed as previously described [18,19].
Briefly, animals in the A/A and B/B groups were pooled to create the group 'Same' (n = 5) and
animals in the A/B and B/A groups were pooled to create the group 'Different' (n = 6). Pooling
yields sample sizes within the typical range of the samples used in comparable rodent studies
[16,23–28]. The use of relatively small groups for this type of analysis is common largely
because the effects being studied (i.e., remapping-related Egr1 expression) are quite large
[16,23–28], and so do not typically require a large sample in order to obtain sufficient power.

The percentage of cells expressing Egr1 within each behavioral epoch was calculated. The
estimate of the fraction of the total cell population that is active during epoch 1 (E1) includes
cells containing Egr1 in both cellular compartments as well as cells containing Egr1 solely in
the cytoplasm. The estimate of the fraction of the total cell population that is active during
epoch 2 (E2) includes cells containing Egr1 in both cellular compartments as well as cells con-
taining Egr1 solely within the nucleus.

In addition to quantifying the absolute number of cells expressing Egr1 during each epoch,
the overlap in the representations (i.e., the probability that the same cell expressed Egr1 in
response to both environments) was quantified using the similarity score used by Vazdarjanova
and Guzowski [23]. The similarity score is derived from E1 and E2 (described above) as fol-
lows: similarity = (D -p(E1E2))/(L–p(E1E2)). In this equation, D = (fraction of cells Egr3+ in
both cellular compartments), while p(E1E2) = E1 × E2 (joint probability). Finally, L = the
smaller of E1 and E2. This term normalizes the similarity score such that a perfect overlap (i.e.,
100% of the cells expressing Egr1 during E1 also express Egr1 during E2) is 1, and overlap
equal to random chance is 0.

A one-way analysis of variance compared total cellular Egr1 expression during each behav-
ioral epoch. Pairwise comparisons were then conducted using an independent t-test with Bon-
ferroni correction. Data are presented as means ± standard error of the mean.

Results

Cowbirds can discriminate the two environments

Cowbirds were able to discriminate the two environments. By the final day of training, cow-
birds displaced the lid of the consistently baited cup first on 96.3% (±2.5%) of trials. Birds gen-
erally walked on the floor but occasionally made hops or short flights. Of the 6 zones in each
room, birds entered on average 4.14 zones on each trial (mean Room A = 4.14; mean Room
B = 4.13). Total distance moved ranged from 2.83 to 14.68 m in Room A (mean = 5.82 m) and
from 4.43 to 11.17 m in Room B (mean = 6.76 m). Mean rates of movement were 2.56 cm/s in
Room A and 2.27 cm/s in Room B.
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Egr1 transcription in the avian hippocampus is context-dependent

Exploration induced a robust increase in Egr1 expression in the avian HF (main effect: F2, 11 =
13.568; p = 0.001). In the HF of exploring cowbirds, Egr1 was observed in approximately15% of
cells, somewhat lower than either the histological [29] or electrophysiological [24] estimates of
cellular recruitment in rodents (Fig 1C).

Most importantly, the number of environments explored significantly altered the pattern of
Egr1 expression (t9 = 5.733; p< 0.001). Cowbirds that explored the same context twice demon-
strated a significantly higher similarity score relative to birds that explored two different con-
texts (Fig 1D). These data demonstrate that, as in mammals, the pattern of Egr1 expression in
the avian HF is contextually mediated.

Discussion

The current results demonstrate that the pattern of Egr1 expression (and by extension neuronal
firing) in the HF of cowbirds as they navigate space is remarkably consistent with mammalian
data under comparable circumstances. As a result, these data not only provide the first demon-
stration of context-specific gene expression in the avian HF, but also corroborate electrophysi-
ological evidence for the existence of “place-like” cells in the avian HF tuned to specific stable
goal locations [9–11]. This finding provides avenues for comparative testing of contemporary
hypotheses about hippocampus-dependent cognition. Although the current experimental pro-
tocol focuses exclusively on the spatial dimension of hippocampal processing, the current data
open the door to examine Egr1 expression patterns during the processing of other forms of
information. Such comparisons are particularly intriguing given the wealth of compelling evi-
dence for episodic-like memory in avian species (e.g., [30–32]), as well as recent mammalian
data showing processing of non-spatial information, such as time (e.g., [33]) may use a com-
mon computational framework with space (e.g., [34]) in the mammalian HF.

These lines of investigation become particularly important when considering that the avian
HF lacks (at least unequivocally) many of the defining features of the mammalian hippocam-
pus, such as clear trilaminar structure, a dominantly unidirectional tri-synaptic loop, and per-
haps even a homologue to the dentate gyrus [7]. These observations indicate that birds provide
a potentially important model to test ideas about the necessity and sufficiency of features of
hippocampal structure in generating refined contextual maps.

In addition, there has been a resurgence in interest about how space is represented in the
vertical dimension [35], inspired at least in part by recent characterization of the bat HF [36].
Comparison of spatial maps of flying and non-flying birds alongside flying and non-flying
mammals can provide powerful convergent evidence regarding if and how the spatial naviga-
tion system is tailored for flight in these animals.

Author Contributions

Conceptualization: SLG MFG DJW DFS DFM.

Data curation: SLG DFM.

Formal analysis: SLG DFM.

Funding acquisition:DJW DFS DFM.

Investigation: SLG MFG.

Methodology:SLG MFG DJW DFS DFM.

Project administration:DJW, DFS, DFM.

Egr1 and Avian Spatial Cognition

PLOS ONE | DOI:10.1371/journal.pone.0164333 October 7, 2016 6 / 8



Resources:DFS DFM.

Supervision:DJW DFS DFM.

Validation: SLG MFG.

Visualization: SLG DFM.

Writing – original draft: SLG MFG DJW DFS DFM.

Writing – review& editing: SLG MFG DJW DFS DFM.

References
1. O’Keefe J. Place units in the hippocampus of the freely moving rat. J. Exp Neurol, 51; 1976: 78–109.

doi: 10.1016/0014-4886(76)90055-8 PMID: 1261644

2. Robitsek RJ, White JA, Eichenbaum H. Place cell activation predicts subsequent memory. Behav

Brain Res, 254; 2013: 65–72. doi: 10.1016/j.bbr.2012.12.034 PMID: 23295394

3. Bingman VP, Able KP. Maps in birds: representational mechanisms and neural bases. Curr Opin Neu-

robiol, 2002; 12:745–50. doi: 10.1016/s0959-4388(02)00375-6 PMID: 12490268

4. Salwiczek LH, Watanabe A, Clayton NS. Ten years of research into avian models of episodic-like

memory and its implications for developmental and comparative cognition. Behav Brain Res, 215;

2010: 221–234. doi: 10.1016/j.bbr.2010.06.011 PMID: 20600352

5. Casini G, Fontanesi G, Bingman VP, Jones TJ, Gagliardo A, Ioalè P, et al. The neuroethology of cogni-

tive maps: contributions from research on the hippocampus and homing pigeon navigation. Arch Ital

Biol. 1997; 135:73–92. PMID: 9139584

6. Colombo M, Broadbent N. Is the avian hippocampus a functional homologue of the mammalian hippo-

campus? Neurosci Biobehav Rev, 24; 2000: 465–484. doi: 10.1016/s0149-7634(00)00016-6 PMID:

10817844

7. Striedter GF. Evolution of the hippocampus in reptiles and birds. J Comp Neurol, 524; 2016: 496–517.

doi: 10.1002/cne.23803 PMID: 25982694

8. Sherry DF, Vaccarino AL. Hippocampus and memory for food caches in black-capped chickadees.

Behav Neurosci, 103; 1989: 308–318. doi: 10.1037/0735-7044.103.2.308

9. Hough GE, Bingman VP. Spatial response properties of homing pigeon hippocampal neurons: Corre-

lations with goal locations, movement between goals, and environmental con- text in a radial-arm

arena. J Comp Physiol, 190; 2004: 1047–1062. doi: 10.1007/s00359-004-0562-z PMID: 15449093

10. Siegel JJ, Nitz D, Bingman VP. Spatial specificity of single-units in the hippocampal formation of freely

moving homing pigeons. Hippocampus, 15; 2005: 26–40. doi: 10.1002/hipo.20025 PMID: 15390167

11. Siegel JJ, Nitz D, Bingman VP. Lateralized functional components of spatial cognition in the avian hip-

pocampal formation: Evidence from single unit recordings in freely moving homing pigeons. Hippo-

campus, 16; 2006: 125–140. doi: 10.1002/hipo.20139 PMID: 16281290

12. Erichsen JT, Bingman VP, Krebs JR. The distribution of neuropeptides in the dorsomedial telencepha-

lon of the pigeon (Columba livia): a basis for regional subdivisions. J Comp Neurol, 314; 1991: 478–

492. doi: 10.1002/cne.903140306 PMID: 1726107

13. Atoji Y, Wild JM. Fiber connections of the hippocampal formation and septum and subdivisions of the

hippocampal formation in the pigeon as revealed by tract tracing and kainic acid lesions. J Comp Neu-

rol, 475; 2004: 426–461. doi: 10.1002/cne.20186 PMID: 15221956

14. Moser EI, Kropff E, Moser MB. Place cells, grid cells, and the brain’s spatial representation system.

Annu Rev Neurosci, 31; 2008: 69–89. doi: 10.1146/annurev.neuro.31.061307.090723 PMID:

18284371

15. Eichenbaum H, Sauvage M, Fortin N, Komorowski R, Lipton P. Towards a functional organization of

episodic memory in the medial temporal lobe. Neurosci Biobehav Rev, 36; 2012: 1597–1608. doi: 10.

1016/j.neubiorev.2011.07.006 PMID: 21810443

16. Guzowski JF, McNaughton BL, Barnes CA, Worley PF. Environment-specific expression of the imme-

diate-early gene Arc in hippocampal neuronal ensembles. Nat Neurosci 2; 1999: 1120–1124. doi: 10.

1038/16046 PMID: 10570490

17. Bozon B, Davis S, Laroche S. A requirement for the immediate early gene zif268 in reconsolidation of

recognition memory after retrieval. Neuron, 2003; 40:695–701. doi: 10.1016/s0896-6273(03)00674-3

PMID: 14622575

Egr1 and Avian Spatial Cognition

PLOS ONE | DOI:10.1371/journal.pone.0164333 October 7, 2016 7 / 8

http://dx.doi.org/10.1016/0014-4886(76)90055-8
http://www.ncbi.nlm.nih.gov/pubmed/1261644
http://dx.doi.org/10.1016/j.bbr.2012.12.034
http://www.ncbi.nlm.nih.gov/pubmed/23295394
http://dx.doi.org/10.1016/s0959-4388(02)00375-6
http://www.ncbi.nlm.nih.gov/pubmed/12490268
http://dx.doi.org/10.1016/j.bbr.2010.06.011
http://www.ncbi.nlm.nih.gov/pubmed/20600352
http://www.ncbi.nlm.nih.gov/pubmed/9139584
http://dx.doi.org/10.1016/s0149-7634(00)00016-6
http://www.ncbi.nlm.nih.gov/pubmed/10817844
http://dx.doi.org/10.1002/cne.23803
http://www.ncbi.nlm.nih.gov/pubmed/25982694
http://dx.doi.org/10.1037/0735-7044.103.2.308
http://dx.doi.org/10.1007/s00359-004-0562-z
http://www.ncbi.nlm.nih.gov/pubmed/15449093
http://dx.doi.org/10.1002/hipo.20025
http://www.ncbi.nlm.nih.gov/pubmed/15390167
http://dx.doi.org/10.1002/hipo.20139
http://www.ncbi.nlm.nih.gov/pubmed/16281290
http://dx.doi.org/10.1002/cne.903140306
http://www.ncbi.nlm.nih.gov/pubmed/1726107
http://dx.doi.org/10.1002/cne.20186
http://www.ncbi.nlm.nih.gov/pubmed/15221956
http://dx.doi.org/10.1146/annurev.neuro.31.061307.090723
http://www.ncbi.nlm.nih.gov/pubmed/18284371
http://dx.doi.org/10.1016/j.neubiorev.2011.07.006
http://dx.doi.org/10.1016/j.neubiorev.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21810443
http://dx.doi.org/10.1038/16046
http://dx.doi.org/10.1038/16046
http://www.ncbi.nlm.nih.gov/pubmed/10570490
http://dx.doi.org/10.1016/s0896-6273(03)00674-3
http://www.ncbi.nlm.nih.gov/pubmed/14622575


18. Marrone DF, Adams AA, Satvat E. Increased pattern separation in the aged fascia dentata. Neurobiol

Aging, 32; 2011: 2317.e23–32. doi: 10.1016/j.neurobiolaging.2010.03.021

19. Satvat E, Schmidt B, Argraves M, Marrone DF, Markus EJ. Changes in task demands alter the pattern

of zif268 expression in the dentate gyrus. J Neurosci, 31; 2011: 7163–7 doi: 10.1523/JNEUROSCI.

0094-11.2011 PMID: 21562279

20. Gheidi A, Azzopardi E, Adams AA, Marrone DF. Experience-dependent persistent expression of

zif268 during rest is preserved in the aged dentate gyrus. BMC Neurosci, 14; 2013: 100. doi: 10.1186/

1471-2202-14-100 PMID: 24028087

21. Krenik KD, Kephart GM, Offord KP, Dunnette SL, Gleich GJ. Comparison of antifading agents used in

immunofluorescence.J Immunol Methods. 1989; 117: 91–97. doi: 10.1016/0022-1759(89)90122-1

PMID: 2464041

22. Nixdorf-Bergweiler BE, Bischof H-J. A stereotaxic atlas of the brain of the zebra finch, Taeniopygia gut-

tata; 2007. Available: http://www.ncbi.nlm.nih.gov/books/NBK2348.

23. Vazdarjanova A, Guzowski JF. Differences in hippocampal neuronal population responses to modifica-

tions of an environmental context: evidence for distinct, yet complementary, functions of CA3 and CA1

ensembles. J Neurosci, 2004; 24: 6489–6496. doi: 10.1523/JNEUROSCI.0350-04.2004 PMID:

15269259

24. Alme CB, Buzzetti RA, Marrone DF, Leutgeb JK, Chawla MK, Schaner MJ, et al. Hippocampal granule

cells opt for early retirement. Hippocampus, 2010; 20: 1109–1123. doi: 10.1002/hipo.20810 PMID:

20872737

25. Marrone DF, Satvat E, Odintsova IV, Gheidi A. Dissociation of spatial representations within hippo-

campal region CA3. Hippocampus, 2014; 24: 1417–1420. doi: 10.1002/hipo.22367 PMID: 25220839

26. Meconi A, Lui E, Marrone DF. Sustained Arc expression in adult-generated granule cells. Neurosci

Lett. 2015 Aug 31; 603:66–70. doi: 10.1016/j.neulet.2015.07.029 PMID: 26219984

27. Marrone DF, Satvat E, Odintsova IV, Gheidi A. Dissociation of spatial representations within hippo-

campal region CA3. Hippocampus, 2014; 24: 1417–1420. doi: 10.1002/hipo.22367 PMID: 25220839

28. Skinner DM, Martin GM, Wright SL, Tomlin J, Odintsova IV, Thorpe CM, et al. Hippocampal spatial

mapping and the acquisition of competing responses. Hippocampus, 2014; 24: 396–402. doi: 10.1002/

hipo.22233 PMID: 24375643

29. Gheidi A, Satvat E, Marrone DF. Experience-dependent recruitment of Arc expression in multiple sys-

tems during rest. J Neurosci Res, 90; 2012: 1820–1829. doi: 10.1002/jnr.23057 PMID: 22535445

30. Clayton NS, Dickinson A. Episodic-like memory during cache recovery by scrub jays. Nature, 395;

1998: 272–274. doi: 10.1038/26216 PMID: 9751053

31. Feeney MC, Roberts WA, Sherry DF. Memory for what, where, and when in the black-capped chicka-

dee (Poecile atricapillus). Anim Cogn, 12; 2009: 767–777. doi: 10.1007/s10071-009-0236-x PMID:

19466468

32. Zinkivskay A, Nazir F, Smulders TV. What-where-when memory in magpies (Pica pica). Anim Cogn,

12; 2009: 119–125. doi: 10.1007/s10071-008-0176-x PMID: 18670793

33. Salz DM, Tiganj Z, Khasnabish S, Kohley A, Sheehan D, Howard MW, et al. Time Cells in Hippocampal

Area CA3. J Neurosci, 36; 2016: 7476–7484. doi: 10.1523/JNEUROSCI.0087-16.2016 PMID:

27413157

34. Howard MW, MacDonald CJ, Tiganj Z, Shankar KH, Du Q, Hasselmo ME, et al. A unified mathematical

framework for coding time, space, and sequences in the hippocampal region. J Neurosci, 34; 2014:

4692–4707. doi: 10.1523/JNEUROSCI.5808-12.2014 PMID: 24672015

35. Jeffery KJ, Jovalekic A, Verriotis M, Hayman R. Navigating in a three-dimensional world. Behav Brain

Sci, 36; 2013: 523–543. doi: 10.1017/s0140525x12002476 PMID: 24103594

36. Yartsev MM, Ulanovsky N. Representation of three-dimensional space in the hippocampus of flying

bats. Science, 340; 2013: 367–372. doi: 10.1126/science.1235338 PMID: 23599496

Egr1 and Avian Spatial Cognition

PLOS ONE | DOI:10.1371/journal.pone.0164333 October 7, 2016 8 / 8

http://dx.doi.org/10.1016/j.neurobiolaging.2010.03.021
http://dx.doi.org/10.1523/JNEUROSCI.0094-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.0094-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21562279
http://dx.doi.org/10.1186/1471-2202-14-100
http://dx.doi.org/10.1186/1471-2202-14-100
http://www.ncbi.nlm.nih.gov/pubmed/24028087
http://dx.doi.org/10.1016/0022-1759(89)90122-1
http://www.ncbi.nlm.nih.gov/pubmed/2464041
http://www.ncbi.nlm.nih.gov/books/NBK2348
http://dx.doi.org/10.1523/JNEUROSCI.0350-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15269259
http://dx.doi.org/10.1002/hipo.20810
http://www.ncbi.nlm.nih.gov/pubmed/20872737
http://dx.doi.org/10.1002/hipo.22367
http://www.ncbi.nlm.nih.gov/pubmed/25220839
http://dx.doi.org/10.1016/j.neulet.2015.07.029
http://www.ncbi.nlm.nih.gov/pubmed/26219984
http://dx.doi.org/10.1002/hipo.22367
http://www.ncbi.nlm.nih.gov/pubmed/25220839
http://dx.doi.org/10.1002/hipo.22233
http://dx.doi.org/10.1002/hipo.22233
http://www.ncbi.nlm.nih.gov/pubmed/24375643
http://dx.doi.org/10.1002/jnr.23057
http://www.ncbi.nlm.nih.gov/pubmed/22535445
http://dx.doi.org/10.1038/26216
http://www.ncbi.nlm.nih.gov/pubmed/9751053
http://dx.doi.org/10.1007/s10071-009-0236-x
http://www.ncbi.nlm.nih.gov/pubmed/19466468
http://dx.doi.org/10.1007/s10071-008-0176-x
http://www.ncbi.nlm.nih.gov/pubmed/18670793
http://dx.doi.org/10.1523/JNEUROSCI.0087-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27413157
http://dx.doi.org/10.1523/JNEUROSCI.5808-12.2014
http://www.ncbi.nlm.nih.gov/pubmed/24672015
http://dx.doi.org/10.1017/s0140525x12002476
http://www.ncbi.nlm.nih.gov/pubmed/24103594
http://dx.doi.org/10.1126/science.1235338
http://www.ncbi.nlm.nih.gov/pubmed/23599496

