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Abstract

Studies of brain functional activation during spatial navigation using electrophysiology and
immediate-early gene responses have typically targeted a limited number of brain regions. Our
study provides the first whole brain analysis of cerebral activation during retrieval of spatial
memory in the freely-moving rat. Rats (LEARNERS) were trained in the Barnes maze, an
allocentric spatial navigation task, while CONTROLS received passive exposure. After 19 days,
functional brain mapping was performed during recall by bolus intravenous injection of [*4C]-
iodoantipyrine using a novel subcutaneous minipump triggered by remote activation. Regional
cerebral blood flow (rCBF)-related tissue radioactivity was analyzed by statistical parametric
mapping from autoradiographic images of the three-dimensionally reconstructed brains.
Functional connectivity was examined between regions of the spatial navigation circuit through
interregional correlation analysis.

Significant rCBF increases were noted in LEARNERS compared to CONTROLS broadly across
the spatial navigation circuit, including the hippocampus (anterior dorsal CAL, posterior ventral
CA1-3), subiculum, thalamus, striatum, medial septum, cerebral cortex, with decreases noted in
the mammillary nucleus, amygdala and insula. LEARNERS showed a significantly greater
positive correlation of rCBF of the ventral hippocampus with retrosplenial, lateral orbital, parietal
and primary visual cortex, and a significantly more negative correlation with the mammillary
nucleus, amygdala, posterior entorhinal cortex, and anterior thalamic nucleus. The complex
sensory component of the spatial navigation task was underscored by broad activation across

"Corresponding author: Daniel P. Holschneider, MD, University of Southern California, 1975 Zonal Ave., KAM 400, MC 9037, Los
Angeles, CA 90089-9037, Tel: (323)442-1536, Fax: (323)442-1587, holschne@usc.edu.
Lpresent address: Dept. of Mathematics, California State University, Los Angeles, CA, USA

Present address: Dept. of Family Medicine, University of Colorado School of Medicine, Denver, Co, USA

Conflict of interest
The authors declare that they have no conflict of interest

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Holschneider et al. Page 2

visual, somatosensory, olfactory, auditory and vestibular circuits which was enhanced in
LEARNERS. Brain mapping facilitated by an implantable minipump represents a powerful tool
for evaluation of mammalian behaviors dependent on locomotion.
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1. Introduction

The Barnes maze, a hippocampus-dependent spatial memory task, is widely used for
cognitive testing in rodents [1]. To our best knowledge, functional brain activation during
Barnes maze retrieval has not been studied at the whole-brain level, and how multiple brain
regions interact with the hippocampus and with each other remains to be investigated.
Despite continuing debate about the precise relationship between neural firing, regional
cerebral blood flow (CBF) and metabolism, as well as the role of vascular distribution and
architecture in health and disease [2, 3], the existence of cerebral perfusion coupling to
neural activity is well accepted in normal subjects and forms the basis of the majority of
functional brain mapping studies. We have in the past developed a self-contained,
implantable minipump that allows intravenous bolus administration of cerebral perfusion
tracers by remote activation, and thereby allows the functional brain mapping of complex
behaviors in freely moving animals.[4, 5] We now demonstrate the application of this novel
minipump for the functional brain mapping of spatial memory retrieval using the Barnes
maze. In the current study, we use our minipump to administer a cerebral perfusion tracer as
an intravenous bolus during performance of the previously learned navigation task, followed
immediately by lethal injection, rapid removal of the brain, and analysis of regional cerebral
blood flow tissue radioactivity with the use of autoradiography.
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The current study is the first to report functional maps of the whole brain during Barnes
maze performance in the nontethered, awake animal with a temporal resolution of 5-10
seconds [4] and a spatial resolution of ~100 pm. [6] Furthermore, correlation-based
functional connectivity analysis is applied to assess functional interaction among brain
regions showing task-specific activation [7].

2. Materials and methods

2.1. Animals

Experiments were conducted under a protocol approved by the Institutional Animal Care
and Use Committee of the University of Southern California, an institution approved by the
Association for Assessment and Accreditation of Laboratory Animal Care, and in
compliance with the National Institutes of Health guide for the care and use of Laboratory
animals. Male Sprague Dawley rats (350 + 23 g) were singly housed in the vivarium on a
12-hour light cycle (lights out 7 p.m. to 7 a.m.) and received standard rodent chow and water
ad lib. Behavioral training began 10 days after delivery of the animals to the vivarium from
the vendor (Envigo, Placentia, CA, USA). All efforts were made to minimize animal
suffering.

2.2. Barnes maze

2.2.1 Apparatus: The black-surface Barnes maze (diameter 122 cm, height 94 cm) with
18 holes (diameter 10.8 cm) spaced in 20 degree intervals around the periphery was
illuminated by ceiling fluorescent bulbs in a quiet room (62 dB sound level).[1] A ‘safe’-box
made of black plastic (42 cm x 17 cm x 13 cm, length x width x height) was mounted under
one of the 18 holes of the maze, with the other holes remaining open. To avoid reflections
from the floor offering differing visual cues between the open holes and the safe-box, a
black cloth ‘skirt’ that descended to the ground was fixed to the rim of the maze. A
cylindrical start box (diameter 17 cm diameter, height 17 cm) was used to release the animal
into the maze. Spatial cues on the walls of the room remained fixed and could be used by the
animal as reference points for spatial navigation.

2.2.2. Barnes maze training: Animals were transferred from the vivarium to a separate
room of the laboratory 1 hour prior to testing and returned to the vivarium 1 hour following
the final trial. A trial began with placement of the rat facing a random direction in the
cylindrical start box whose position was altered in a pseudorandom fashion for each trial
between two starting positions (see Fig. 1). This randomization of the start position allowed
for navigation that was dominantly mediated by external (allocentric), rather than internal
(egocentric) cues to the animal. Rats remained in the start box for 30 seconds, during which
time a white-noise generator (80 dB) hung from the ceiling above the maze was turned on.
Rats were released into the maze when the start box was pulled vertically upwards by a
manual pulley system activated from outside the experimental room. The maximum trial
duration to find the safe-box was 4 minutes. Typically, the latency to find the safe-box
dropped below 30 seconds by day 3 of training (Fig. 1). Once inside the safe-box, the white
noise generator was turned off and the rat was left undisturbed for 60 seconds. If an animal
failed to find the safe-box in 4 minutes, it was manually placed into the box and left there for
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60 seconds. To minimize odor cues between trials, fecal pellets were removed, the maze and
safe-box were wiped down with a 1% solution of ammonia, rinsed with water, then dried,
and the surface of the maze was rotated (0°, 90°, 180°, or 270° in pseudorandom sequence)
with respect to the safe-box, which remained in a fixed position. Animals (n = 11) were
trained starting at 9 a.m. for 19 consecutive days (3 trials/day with 10 min. intertrial
intervals). Control animals (n = 8) received identical handling, except that they were exposed
daily to the maze only for 30 seconds without the presence of the ‘safe-box.” The animal’s
path in the maze was tracked by a video camera mounted above the maze and recorded on
video tape. The rat’s progress in the maze was monitored on a video monitor in an adjacent
room, such that the experimenter was not in the room during the animal’s trial.

2.3. Surgical implantation of the microbolus infusion pump (MIP)

Following the training, a minipump was implanted subcutaneously on the rat’s dorsum under
isoflurane anesthesia (1.2%), with placement of the outflow catheter into the external jugular
vein.[4] A percutaneous port allowed for postoperative flushes of the catheter and for
loading of the radiotracer 40 minutes prior to imaging. After MIP implantation, rats were
returned to their home cages for recovery for 3 days without further training.
Postoperatively, catheters were flushed every 2 days with 0.8 ml of 5 U/ml heparin (0.9%
normal saline). The MIP, as previously described [4, 5], consists of (a) an intravenous
silastic catheter (5Fr) connected to (b) a silicone-embedded solenoid valve powered by a
lithium battery rechargeable by wireless power transfer and gated by a frequency-sensitive
(30 kHz) photodetector, (c) an ejection chamber containing the radiotracer, and (d) a silastic
reservoir containing a euthanasia solution (Fig. 1). The photodetector with peak optical
sensitivity in the near-infrared spectrum allowed for transcutaneous triggering of the pump
with trains of light pulses from five external near-infrared light emitting diodes (LEDs,
Lumex Opto, Carol Stream, IL, USA), individually mounted on the four walls and ceiling of
the experimental room and remotely controlled.

2.4. Brain mapping

On postoperative day 4 (post-acquisition delay), the animal was restrained for 3 minutes to
allow for loading of the MIP through the percutaneous port with the cerebral blood flow
(CBF) tracer [14C]-iodoantipyrine (100 uCi/kg in 300 pl of 0.9% saline, American
Radiolabeled Chemicals, MO, USA). Thereafter, the euthanasia solution (1.0 ml of
pentobarbital 75 mg/kg, 3 mol/l KCI) was loaded into the reservoir. After removal from the
restraining device (Decapicone, Braintree, MA), rats were allowed to recover undisturbed in
a quiet environment for 40 minutes. Prior to imaging, rats were reexposed to the Barnes
maze paradigm in a single 20-second trial, and then returned to a metal shoe box cage. Ten
minutes later, during the imaging paradigm, the rat was re-exposed one more time to the
Barnes maze in which the safe-box had been removed. Given the choice to remove or retain
the safe-box on the day of imaging, we chose to remove it. This allowed continuation of the
search strategy of the animal, rather than of arrival within the safe-box which might have
elicited a ‘reward’ response on completion of the task. The MIP was triggered
transcutaneously by activating the ceiling and wall LEDs in the experimental room.
Activation of the LEDs was initiated manually outside this room by the experimenter at a
time displayed on a video monitor, when the rat was within a body’s length of the hole that
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previously provided entry to the safe-box (LEARNERS). CONTROLS following release
into the maze would also actively explore though in a non-directed fashion. Triggering times
in the CONTROLS were matched to those in the LEARNERS. Triggering the MIP resulted
in intravenous bolus release of the pump’s radiotracer into the animal’s circulation, followed
immediately by injection of the euthanasia solution. This resulted in cardiac arrest within
~5-10 seconds from the time of injection, a precipitous fall of arterial blood pressure,
termination of brain perfusion, and death.[4] This 5-10 seconds period constituted the
temporal resolution of resulting perfusion maps.

Brains were rapidly removed, flash-frozen, and cryosectioned (fifty-eight 20 um coronal
slices starting 3.9 mm anterior to bregma with a 300 um interslice distance). Sections were
heat-dried on glass slides and exposed for 2 weeks to Ektascan Diagnostic Film (Eastman
Kodak, Rochester, NY, USA) in spring-loaded x-ray cassettes along with 16 radioactive 14C
standards (Amersham Biosciences, Piscataway, NJ, USA). Autoradiographs were placed on
a voltage stabilized light box with diffuser plate (Northern Lights llluminator, InterFocus
Ltd, England), imaged with a Retiga 4000R charge-coupled device monochrome camera
(Qimaging, Surrey, BC, Canada), and digitized on an 8-bit gray scale using Qcapture Pro 5.1
(Qimaging) on a personal computer.

Regional cerebral blood flow (rCBF)-related tissue radioactivity was measured by the classic
[14C]-iodoantipyrine method.[8-10] In this method, there is a strict linear proportionality
between tissue radioactivity and CBF when the data is captured within a brief interval (~10
seconds) after the tracer injection.[11, 12] Perfusion mapping using autoradiographic
methods [13] fills a gap in the current armamentarium of imaging tools in that it can deliver
a three-dimensional assessment of functional activation of the awake, nonrestrained animal,
with a temporal resolution of ~5-10 seconds [4] and spatial resolution of 100 pm.[6]

2.5. Data analysis

2.5.1 Behavior: Latency to reach the “safe box’ was recorded by stopwatch from the
video recordings in a blinded fashion. Latencies were averaged across the 3 daily trials for
each animal and group averages were calculated. For the brain mapping trials, a single
latency was recorded for each animal. In addition, a visual grid of 4.6 cm? squares was
superimposed on the recorded video images of the Barnes Maze, and the number of boxes
traversed by each animal was recorded during the imaging trials. Group averages (+ standard
deviations) were calculated.

2.5.2. Statistical parametric mapping: rCBF was quantified by autoradiography and
analyzed on a whole-brain basis using statistical parametric mapping (SPM, version SPM8,
Wellcome Centre for Neuroimaging, University College London, London, UK). SPM, a
software package developed for analysis of imaging data in humans [14] has been adapted
by us [13] for use in autoradiographs of the rat brain. A three-dimensional reconstruction of
each animal’s brain was conducted using 58 serial coronal sections (voxel size: 42 pm x 42
pum x 300 pm). Adjacent sections were aligned both manually and using TurboReg, an
automated pixel-based registration algorithm.[15] After three-dimensional reconstruction,
one “artifact free” brain was selected as reference and smoothed with a Gaussian kernel
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(FWHM = 3 x voxel dimension). Brains from both groups were spatially normalized to the
smoothed reference brain. Following spatial normalization, normalized images were
averaged to create a mean image, which was then smoothed to create the final brain
template. Each original three-dimensional reconstructed brain was then spatially normalized
into the standard space defined by the template. An unbiased, voxel-by-voxel analysis of
whole-brain activation using SPM was used for detection of significant group differences in
functional brain activation. To ensure that only voxels mapping cerebral tissue were included
in the analysis, voxels for each brain failing to reach a specified threshold (70% of the mean
voxel value) were masked out to eliminate the background and ventricular spaces without
masking gray or white matter. Global differences in the absolute amount of radiotracer
delivered to the brain were adjusted in SPM for each animal by scaling the voxel intensities
so that the mean intensity for each brain was the same (proportional scaling). Significance
(P<0.05) was established at the voxel and cluster level (minimum cluster extent of 100
contiguous voxels). In addition, we examined the false discovery rate (P < 0.05), which
controls the expected proportion of false positives among suprathreshold voxels [16]. Brain
regions were identified using coronal, sagittal and transverse views from a rat brain atlas
[17], as well as the hippocampal parcellation scheme of Kjonigsen et al.[18] Postrhinal
cortex was defined using the definition of Burwell (2001).[19]

2.5.3. Interregional correlation analysis: We applied interregional correlation
analysis to investigate functional connectivity as previously described.[7] This is a well-
established method, which has been applied to analyze rodent brain mapping data of
multiple modalities, including autoradiographic deoxyglucose uptake [20-22],
autoradiographic CBF [23], cytochrome oxydase histochemistry [24-26], and fMRI.[27] In
these studies, correlations are calculated in an intersubject manner, i.e., across subjects
within a group. This differs from the intra-subject cross correlation analysis often used on
fMRI time series data.[28]

ROIs examined were regions of the spatial navigation circuit, including the hippocampal
formation (ventral CA1, CA2, CA3, dentate gyrus, subiculum), cerebral cortex (anterior
cingulate, auditory, anterior entorhinal, posterior entorhinal, posterior insular, lateral orbital,
parietal, perirhinal, postrhinal, piriform, prelimbic, retrosplenial, primary visual), thalamus
(anterior, lateral dorsal, medial dorsal, reuinens nuclei), amygdala (basolateral-lateral,
central nuclei), medial septum, mammillary nucleus, and striatum (dorsomedial, medial). A
structural ROl was manually drawn on the template brain, as defined by the rat brain atlas.
[17] A functional ROl was created by combining anatomically defined ROIs with the
significant SPM clusters through logical conjunction as previously described.[7] Mean
optical density of each functional ROI was extracted for each animal using the Marsbar
toolbox for SPM (version 0.42, http://marsbar.sourceforge.net/). Pearson’s correlation
coefficients between each pair of ROIs were calculated across subjects within a group in
Matlab (version 6.5.1, Mathworks, Inc., Natick, MA, USA) to construct a correlation matrix
for each treatment group. Pearson’s coefficients (7) were then transformed into Zscores
using the Fisher transformation. [29] Correlation matrices were plotted as heatmaps in
Matlab. Statistical significance of between-group differences in correlation coefficients was
evaluated using the Fisher’s Z-transform test (P < 0.05).

Behav Brain Res. Author manuscript; available in PMC 2020 December 16.


http://marsbar.sourceforge.net/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holschneider et al. Page 7

3. Results

3.1. Behavior

Rats rapidly learned the spatial navigation task within 4—7 days (Fig. 1). Thereafter, they
asymptotically improved their latency to find the target, until on day 19, they reached an
average time (z standard deviation) of finding the target in 7.8 + 1.9 seconds from the instant
of release. During the brain mapping there were no significant group differences in the time
spent exploring the maze prior to triggering of the pump, or in the number of squares
traversed on a virtual grid superimposed on the image of the maze (LEARNERS: 18.8 + 5.2
sec, 17.1 + 3.7 squares; CONTROLS: 20.1 + 6.5 sec., 12.8 + 3.4 squares).

3.2. Statistical Parametric Mapping of the Brain

Significant group differences in rCBF obtained after statistical parametric mapping are
shown in the form of significant T-scores mapped onto select coronal sections of the rat
brain (Fig. 2). A comprehensive list of significant group differences is shown in Tables 1 and
2. Figure 3 summarizes in graphical form our imaging results within the context of the
spatial navigation circuit.

Hippocampal formation and parahippocampus: The pattern of hippocampal
activation of LEARNERS compared to CONTROLS differed in dorsal and ventral aspects of
the hippocampus (HPC). In the dorsal HPC (septal pole, anterior to bregma —4.0 mm),
increases in rCBF were noted bilaterally in a limited area of the dorsal CA1, surrounding the
hippocampal fissure. In the ventral HPC, a broader activation was noted in CA1-3 (temporal
pole, intermediate and ventral portions) [30], with the most significant changes (P<0.0005
for >100 significant contiguous voxels) noted in the distal, ventral CA3 region surrounding
the hippocampal fissure and border to CA1 and CA2, and with no significant changes in the
dentate gyrus. In addition, significant increased rCBF was noted posteriorly in the ventral
subiculum and the posterior subiculum transition area. rCBF also showed small significant
increases in both the posterior entorhinal cortex (central, dorsolateral, medial), perirhinal and
postrhinal cortices in LEARNERS compared to CONTROLS.

Cerebral cortex: Significantly greater rCBF of LEARNERS compared to CONTROLS
was noted in the auditory, cortical amygdaloid, olfactory, orbital (lateral, ventral), parietal
(posterior, lateral association), prelimbic, primary and secondary visual cortex, primary
somatosensory (barrel field, hindlimb, upper lip), secondary somatosensory, and
retrosplenial cortices (dorsal dysgranular region). Significant decreases in rCBF were noted
in posterior insular cortex (granular, dysgranular).

Thalamus: Within the thalamus greater rCBF was noted in LEARNERS compared to
CONTROLS in the anterior (dorsal/ventral), centrolateral, posterior, lateral posterior, lateral
dorsal, habenula, ventral posteromedial, lateral geniculate and medial geniculate nuclei, as
well as the combined midline nuclei (reuinens, rhomboid, submedius).

Subcortical motor regions: The striatum showed significantly increased rCBF in
LEARNERS compared to CONTROLS in dorsal, dorsomedial, and medial regions, as well
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as in the nucleus accumbens shell. Significantly decreased rCBF was noted in the external
globus pallidus. Significantly increased rCBF was noted also in the red nucleus. Within the
cerebellum, significantly increased rCBF was noted in the first-third cerebellar lobules
(vermis), crusl, and the medial vestibular nucleus, with significantly decreased rCBF in the
simple lobule.

Limbic and paralimbic regions: Significantly increased rCBF was noted in
LEARNERS compared to CONTROLS in the posterior lateral hypothalamus, preoptic area
(lateral, magnocellular), medial septal nucleus, caudal linear raphe nucleus, with a
significant decrease in rCBF noted in the amygdala (central, basolateral/lateral nuclei, as
well as amygdala-piriform transition area) and mammillary nucleus.

Other subcortical regions: LEARNERS compared to CONTROLS showed significantly
greater rCBF in the oculomotor nucleus, lateral superior olive, ventral cochlear nucleus,
anterior pretectal nucleus, interpeduncular nucleus, endopiriform nucleus, inferior and
superior colliculi, and dorsal tegmental nucleus.

Implementation of the false discovery rate (FDR) in SPM revealed seven large clusters that
included multiple subregions significant after correction for the FDR at the cluster level (P <
0.05). These are shown with asterisks in Tables 1 and 2, and constituted the majority of
regions cited above.

3.3 Interregional correlation analysis

LEARNERS, as well as CONTROLS, showed significant positive interregional correlation
within subfields of the HPC, including CA1-3 and the dentate gyrus (Fig. 4). Significant
positive interregional correlation was also noted between several cortical regions
(retrosplenial, lateral orbital, parietal, primary visual and auditory). The aforementioned
cortical regions generally showed a positive correlation with the hippocampal regions in
LEARNERS, while this correlation was negative in CONTROLS. In addition, the
mammillary nucleus and posterior entorhinal cortex showed a positive correlation with the
hippocampal regions in CONTROLS, but a negative correlation in LEARNERS.

Fisher’s Z-transform test showed in LEARNERS compared to CONTROLS significantly
more positive interregional correlation between the HPC (CA1-3) and cerebral cortex
(retrosplenial, orbital, parietal and primary visual). A significantly more positive correlation
was also noted between the CA3 field and the medial septum. LEARNERS compared to
CONTROLS showed significantly more negative interregional correlation between the HPC
(CA1-3) and the mammillary nucleus, posterior entorhinal cortex, as well as subregions of
the amygdala (central nucleus, basolateral/lateral nucleus«<——>CAL, basolateral/lateral
nucleus«<——CA3). A significantly more negative correlation was also noted between the
anterior thalamic nucleus and CA2.
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4. Discussion

4.1. Functional brain mapping in freely moving animals

Functional activation of the brain during performance of the Morris Water maze and the
radial arm maze in rats has been examined using immediate-early gene imaging (e.g. c-fos,
zif268) [31-33] and deoxyglucose metabolic mapping.[34-36] These methods, however,
have a limited temporal resolution and provide signals that are integrated over 15 minutes or
more, during which time a number of other behaviors not directly relevant to learning and
memory may be active. Electrophysiologic studies [37] in nonrestrained rodents, while able
to deliver excellent temporal resolution, have focused largely on changes in individual brain
regions and have not offered a whole brain perspective of functional changes needed to
validate the circuitry proposed to underlie spatial navigation. The current method addresses
several of the potential restrictions of prior methods through administering radiotracers to
conscious, freely moving animals using an implantable minipump and analyzing rCBF from
autoradiographic images of the three-dimensionally reconstructed brains. Unique to the
current method is its ability to simultaneously provide several features advantageous for
functional imaging in small animals: freedom from sedation and immobilization of the
animal, acceptable spatial and temporal resolution, and availability of whole brain analysis.

4.2. Multimodal sensory circuits

The Barnes maze task exposed animals to a broad range of sensory inputs. While at the point
of brain mapping, both groups were actively exploring the maze, LEARNERS compared to
CONTROLS showed greater rCBF in a broad range of sensory pathways, including visual,
somatosensory, olfactory, auditory and vestibular circuits. Thus, LEARNERS compared to
CONTROLS showed greater functional brain activation in the visual system included the
visual cortex, lateral geniculate, anterior pretectal area, superior colliculus, and lateral
posterior thalamic nucleus.[38] Greater activation in the somatosensory circuit included the
primary somatosensory cortices mapping the whiskers and upper lip, the somatosensory
thalamus mapping the whisker fields, face and jaw (ventral posterior medial thalamus,
posterior nucleus), anterior pretectal nucleus, zona incerta, and superior colliculus—possibly
reflecting greater sensory exploration by LEARNERS of the maze environment.[39] In
addition, engagement of olfactory brain regions were greater in LEARNERS than
CONTROLS, with greater rCBF noted in the olfactory nucleus, piriform cortex, the cortical
amygdala and lateral entorhinal cortex [40]. Greater activation in the auditory circuit [41]
included the auditory cortex, medial geniculate, inferior colliculus, lateral superior olive, and
ventral cochlear nucleus—suggesting that LEARNERS compared to CONTROLS may have
been more attentive to the background white noise present during the time of maze
exploration, either making use of sound to help their navigation or because of a possible
association of sound with evoked recall.[42] Vestibular cues were also engaged, with
increased rCBF noted in LEARNERS in the medial vestibular nucleus, and the first-third
cerebellar lobules (part of the cerebellum’s vestibular system), as well as in the thalamus
(posterior, medial geniculate, ventrolateral geniculate nuclei), visual, parietal and
retrosplenial cortices, medial septum, and dorsal tegmental nucleus — all nodes through
which vestibular signals reach the HPC and the entorhinal cortex, and important in the
vestibular-ocular reflex.[43] Significant rCBF changes were also noted in LEARNERS in

Behav Brain Res. Author manuscript; available in PMC 2020 December 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holschneider et al.

Page 10

brain regions that comprise a circuit engaged in defining the animal’s head-direction,
including the dorsal tegmental nucleus, mammillary nucleus, anterior thalamic nucleus,
lateral dorsal thalamic nucleus and retrosplenial cortex.[44]

Our results showed that, not only does spatial navigation involve integration of multimodal
sensory inputs, functional brain responses were enhanced in animals that used these inputs
to provide information concerning sensory body orientation, reference frame, and movement
control. This unexpected finding suggests that learning itself may change neuronal
excitability of the multisensory inputs on which the learning depends. In fact, a substantial
literature using a variety of functional methods (metabolic mapping, early gene responses,
calcium imaging, electrophysiology) documents that associative learning can enhance or
diminish functional brain responses to sensory stimuli that otherwise carry no distinct
emotional/motivational valence. This phenomenon is well studied in the barrel field cortex,
where both functional, molecular and structural changes have been associated with fear
conditioned stimulation of the whiskers (reviewed in Siucinska 2017) [45]. Similar
observations have been made in the visual pathway [46, 47], olfactory regions [48],
vestibular nucleus [49] and auditory cortex [42].

4.3. Spatial navigation circuit

Significant increases in rCBF were noted in LEARNERS compared to CONTROLS broadly
across the spatial navigation circuit (Fig. 3), including the HPC (dorsal CAL, ventral CA1-
3), subiculum, anterior nucleus of the thalamus, striatum, medial septum, cerebral cortex
(visual, auditory, parietal, orbital, prelimbic, retrosplenial posterior entorhinal, piriform,
perirhinal, postrhinal), with decreases noted in the mammillary nucleus, amygdala and
insula.

Hippocampus: The HPC plays a central role in the retention and retrieval of allocentric
spatial memory, though its role may change as acquired information is gradually
transformed from a labile to an enduring stable memory (see discussion below).[36] In
agreement with prior reports, our study showed that retrieval of spatial memory following
acquisition of the Barnes maze task resulted in significant activation across the hippocampus
(anterior, dorsal CAL, posterior CA1-3 (ventral, intermediate)) (Fig. 2). The hippocampal
formation (hippocampus, subiculum, dentate gyrus) receives the final outputs from all
association cortices, and processes and integrates this diverse information.[50] The anterior
third of the HPC is functionally distinct from the posterior two-thirds, with the dorsal HPC
(septal pole) being dominant during the acquisition of spatial memory, and both dorsal and
ventral hippocampi (temporal pole) engaged during retrieval of such a memory.[51, 52]

In our study, LEARNERS demonstrated a broad, significant activation in the ventral
hippocampus (ventral, intermediate), with a more circumscribed significant activation in the
anterior, dorsal hippocampus. This is consistent with past work that has suggested a
prominent role, for ventral HPC during retrieval. Most significant changes were noted in
distal, ventral CA3 suggesting a prominent role of CA3 in retrieval.[53-56] There was a
relative absence of significant rCBF changes in the dentate gyrus. These results are
consistent with the idea previously proposed by others that CA1 and CAS3 are critical for
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consolidation or retrieval processes, whereas the dentate gyrus is more important in
encoding of spatial information, and reduces its influences during late training [31, 53, 57]
(but see also [36, 58]). Nevertheless, while the dentate gyrus was clearly spared in the
posterior ventral HPC and in anterior medial aspects of the dorsal HPC, the close
juxtaposition of the dentate with the CA1 region around the hippocampal fissure in anterior
lateral aspects of the dorsal HPC, where activation was noted, made it difficult, given the
spatial resolution (100 um) of our methods, to definitively exclude group differences in that
subregion of the anterior dentate gyrus that borders the hippocampal fissure.

Cortex: The bi-directional flow of information between the HPC and neocortex is mediated
by the entorhinal, perirhinal and postrhinal cortices.[59, 60] Entorhinal cortex is the
principle source of afferents to the HPC. It receives input from the postrhinal and perirhinal
cortices in addition to other cortical areas. The perirhinal cortex is thought to be involved in
the identification of non-spatial stimuli, while the postrhinal cortex is thought to be more
critical for spatial memory.[61] Our study found activation of entorhinal, perirhinal cortex,
as well as postrhinal cortex. These findings are consistent with work by Bontempi [35] and
others [36], which have shown that during memory consolidation, as acquired information is
gradually transformed from a labile to an enduring stable memory, there is increasing
recruitment of regions outside the HPC, namely cortical areas.

Our findings showed a robust bilateral activation of dysgranular retrosplenial cortex (RS) in
LEARNERS compared to CONTROLS. Previous reports have described head direction and
place cells in the RS and damage to the RS results in deficits in spatial navigation. A role for
RS has been proposed as an integrator between the HPC and other cortical and subcortical
structures. Dysgranular RS has been proposed based on its greater structural connectivity to
visual areas and immediate-early gene responses to be particularly important for processing
visually guided spatial navigation and memory. [62—64]

Prefrontal, and cingulate cortices are neocortical areas that modulate the retrieval of remote
spatial memories.[32, 33, 65, 66] Electrophysiologic recordings have shown a significant
proportion of neurons from the prelimbic/infralimbic regions of medial prefrontal cortex
display location-specific firing during retrieval of a spatial navigation task, with a greater
effect noted for prelimbic/infralimbic cells compared to cells in the anterior cingulate area.
[67] Orbital cortex while encoding information related to general motivational significance,
also encodes spatiomotor variables needed to evaluate goal-directed decisions.[68] Results
of our study are in agreement with these findings. The absence of activation in the anterior
cingulate may reflect our short retrieval delay which may have decreased the effort
necessary to access previously learned information compared to that inherent for retrieval
delays of 30 days (remote memory) for which a role of the anterior cingulate has been
reported.[32, 65] Alternatively, differences in environmental conditions (e.g. environmental
cues, complexity) may have contributed.[65]

Thalamus: LEARNERS compared to CONTROLS showed increased rCBF in several
thalamic nuclei during the recall of spatial memory: the anterior nucleus (dorsal/ventral),
lateral dorsal (LD), midline nuclei (reuinens, rhomboid, submedius), habenula, ventromedial
(VM) and posterior nuclei (Po). Previous behavioral and physiological studies in the rat have
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demonstrated that the anterior thalamic nuclei [69, 70] and lateral dorsal nucleus [71]
contain cells which discharge as a function of the direction of the animal’s head, such cells
are the targets of corticothalamic projections from cells in the retrosplenium [72, 73], and
lesions of these regions impair spatial navigation.[74—76] Other nuclei, including the
rhomboid and reuinens nuclei [77, 78], and habenula [79], also play a role during recall of a
spatial navigation task, with relative sparing of the mediodorsal thalamic nucleus [80]. The
posterior nucleus receives somatosensory, auditory, visual and vestibular inputs, with a
proposed function of monitoring the motor and sensory dynamics of self-initiated whisker
movements.[81] Others have proposed a role of the posterior nucleus in the detection of
spatial contrasts.[82] Our results are consistent with these prior findings, providing
confirmation using functional brain mapping.

Striatum: Our study showed significant increases in rCBF in LEARNERS compared to
CONTROLS dominantly in the medial and dorsomedial striatum an area that has been
linked to action-outcome learning including spatial navigation.[83-85] Increases in the
dorsal striatum are consistent with prior electrophysiologic recordings that have shown task-
responsive phasic neuronal activity during sequential navigation.[37] Small significant
increases in rCBF were also noted in the nucleus accumbens, a region proposed to play a
role in spatial navigation by integrating information related reward, emotion, as well as
context.[86]

Other regions: Our study found significant differences during recall in several additional
regions implicated through prior lesion studies as playing a role in the performance of a
spatial learning task. These included the medial septum [87], the anterior portions of the
cerebellar vermis and cerebellar crus 1 [88, 89], as well as the interpeduncular nucleus--
regions proposed to play a role in the integration of vestibular and visual input into the
motor output needed to reach a target. Our results substantiate the importance of these
cerebral regions in the recall of a spatial navigation task.

4.4. Functional connectivity

Interregional correlational analysis showed that LEARNERS compared to CONTROLS
demonstrated significantly altered functional connectivity between regions within the spatial
navigation circuit. LEARNERS showed a significantly greater positive correlation of rCBF
of the HPC (ventral, posterior CA1-3) with retrosplenial, lateral orbital, parietal and primary
visual cortex, as well as a significantly more negative correlation of rCBF of the HPC with
posterior entorhinal cortex, the mammillary nucleus, the amgydala (central nucleus,
basolateral/lateral nuclei), and the anterior thalamic nucleus (posterior CA2<——ATN). Our
functional connectivity results in the Barnes maze underscore the importance of a wider
network structure that modulates the hippocampus in the recall of a spatial navigation task.
Consistent with this, recent electrophysiologic work in rats has shown that following lesions
of the mammillothalamic tract, there is an increase in absolute coherence between the
hippocampus and retrosplenial cortex [90], and stimulation of hippocampal output via the
descending fornix projections yields a negative correlation between theta power and the field
potential observed in electrophysiologic recordings from the anterior thalamic nucleus [91].
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Two major pathways carrying afferent and efferent fibers to the hippocampus are the fornix
and entorhinal cortex, with additional direct connections of the hippocampus to the
amygdala. Connections of the precommissural branch of the fornix include the nuclei of the
septum, orbital cortex and anterior cingulate cortex. Connections of the postcommissural
branch of the fornix include the mammillary bodies and the anterior nucleus of the thalamus.
One may speculate that spatial learning may elicit functional changes within the
hippocampus in which activity in neural connections of the postcommissural fornix, as well
as activity in the entorhinal cortex, are differentially regulated to functional changes noted in
the hippocampal neural connections of the precommissural fornix.

Of note, significant differences in functional connectivity were largely absent between
LEARNERS compared to CONTROLS for the dentate gyrus, perirhinal and postrhinal
cortex, as well as the striatum (dorsomedial, medial). The lack of significant functional
connectivity of the dentate gyrus with remaining regions of the spatial navigation circuit is
consistent with prior work suggesting a reduced influence of the dentate gyrus during late
stages of training and recall.[31, 53, 57] Our results suggest a continued role for the HPC
(CA1-3) in the recall of spatial memories. This underscores that spatial memories after 19
days of training, when performance had reached a stable plateau, may not yet have become
independent of the HPC, which may continue to engage in active modulation of cortical
regions (retrosplenial, lateral orbital, parietal and primary visual) during spatial recall. While
past work suggests that during spatial learning, functional engagement of the HPC may shift
along its anterior-posterior extent, the HPC likely continues to play a long-term role despite
extensive training.[92]

4.5. Limitations

A number of theories have addressed the neural underpinnings of remote memory, making
different predictions regarding hippocampal-neocortical interactions. While there is
agreement that the hippocampal complex plays a central role in integrating information
processed at the neocortical level during initial stages of spatial learning, the role of the HPC
in the retention and retrieval of remote memories is debated, as is the extent of a temporal
gradient in the role of the HPC.[93] In brief, Cognitive Map Theory (CMT) posits a central
role for the HPC in the retention and retrieval of both recent and remote spatial memories. In
contrast, the Standard Consolidation Theory (SCT) predicts that spatial memories become
independent of the HPC over time as neocortex and other extrahippocampal structures act to
sustain memory traces and their retrieval. Finally, reexamining the literature on which CMT
and SCT are based, Multiple Trace theory (MTT) suggests that while remote spatial
memories can exist independently of the HPC, this is only the case for schematic or coarse
representations of the memory trace (sufficient to support navigation), but not for memories
that require recollection of vividness, emotionality and personal significance.[93] In so far as
memory rules change from their first association to those that take place when a task is
mastered [94], our study did not include examination of the role played by the HPC during
early stages of learning, and hence cannot address the issue of changes in the role of the
HPC or other structures within the spatial navigation circuit over time.
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Several other potential limitations should be considered in the interpretation of our data.
While LEARNERS and CONTROLS spent an equivalent amount of time in the maze during
the time of brain mapping, their motivations to complete the task may have differed given
that the former were trained to seek a reward (escape box), while the latter were simply
exposed to the maze. In addition, given that the perfusion tracer was injected at a time when
the animal approached the target hole which, however, unlike prior times, had its safe-box
removed, we cannot rule out that a component of mismatch of expectation with experience
and stress from not being able to escape may have been captured in our brain map. Finally,
our functional brain mapping used a threshold for significance (P < 0.05 at the voxel level)
and used the cluster-extent based thresholding (>100 contiguous significant voxels)
commonly used in neuroimaging studies. The minimum cluster criterion was applied to
avoid basing our results on significance at a single or small number of suprathreshold
voxels, with most clusters containing voxels significant at P < 0.005 or P < 0.0005 as noted
in figure 2. Additional factors suggest the significance of our results. Such effects included
the presence of left—right symmetry and the correspondence of clusters within the
boundaries of known anatomical structures. These are not statistically captured by the SPM
software but increase the confidence of clusters found significant by the SPM algorithm.
Given the large number of voxels, one cannot rule out that individual findings may have
been due to the multiple comparisons, Nevertheless, our results in most brain regions
remained significant after correction for false discovery rate at the cluster level.

4.6. Conclusion

Our study’s significance has several aspects: First, our study highlighted that brain mapping
facilitated by an implantable minipump represents a novel tool for the whole brain
evaluation of complex mammalian behaviors. Second, our functional brain maps
underscored the complex sensory component of the experimental spatial navigation task
which included broad activation of visual, auditory, somatosensory, olfactory and vestibular
brain regions. Interestingly, our results suggest that LEARNERS engage these sensory
circuits more actively than CONTROLS. Future work may wish to also include a passive,
resting group to explore the somatosensory engagement of controls more fully. Third, our
results are consistent with a model established on the basis of prior studies which shows that
recall of a spatial navigation strategy after 19 days of learning engages large aspects of
ventral HPC and localized aspects of dorsal HPC, with largely a sparing of the dentate
gyrus. Finally, our results demonstrated LEARNERS compared to CONTROLS showed
increased positive functional connectivity of the ventral HPC to select cortical regions
(parietal, visual, orbital, retrosplenial), as well as the medial septum, whereas a negative
correlation was noted for the ventral HPC with posterior entorhinal cortex, mamillary
nucleus, amygdala, and anterior thalamic nucleus — suggesting differences in modulation by
the HPC of these cortical and subcortical regions.
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Highlights

. We report functional brain mapping in the Barnes maze in freely-moving rats

. An implantable minipump allowed bolus administration of a CBF tracer
during recall

. Results showed a prominent role, for ventral hippocampus (CA1-3) during
retrieval

. CA1-3 functional connectivity increased to select cortical regions during
retrieval

. Brain maps highlighted the complex sensory integration of the spatial

navigation task
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Figure 1: Barnes maze training and delayed recall.
(Top) Rat during performance of the Barnes maze. For the brain mapping, the animal carries

a subcutaneously implanted minipump that allows bolus infusion of the cerebral perfusion
tracer [14C]-iodoantipyrine by remote-activation using a ceiling mounted infrared light [4,
95]. The pump consists of (a) an intravenous catheter connected to (b) a silicone-embedded
solenoid valve powered by a lithium battery rechargeable by wireless power transfer and
gated by a frequency-sensitive photodetector, (c) an ejection chamber containing the
radiotracer, and (d) a silastic reservoir containing a euthanasia solution. (Bottom) Depicted
is the group average latency (£SD, n=11) to find the target ‘safe-box’ over 19 days of daily
training. The arrow indicates the day of retrieval testing and functional brain mapping. Also
shown is a top-down view of the Barnes maze. Rats are released in this example at either the
‘1’ or ‘2’ position, and have to find the ‘escape box’ located below a single one of the
available 18 holes (bottom position). The left maze image shows the pathlength of an animal
before (A) and after (B) training.

Behav Brain Res. Author manuscript; available in PMC 2020 December 16.

T

L]

L

L)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Holschneider et al. Page 22

Pri

4'4 ”
fmi
Lo
vo

3.7

Pir

fmi
2.5
LO
AcbSh

CPu ec S1ULp

0.6 e -9.8
, ~

RSD p,

s S1BF
e S1ULp
i VPM
-2.6 s2 -10.3
— EGP
~ Ce

Re Sub y Pir

CA1
F

s1B nep % P
. 5 .
-4.2 ;.°96 Q*QQ" o-“g@ 0900“
vem O % *F «*
i pir ! L d T4
|

Zl MmN

Figure 2. Changes in regional cerebral blood flow related tissue radioactivity in rats during
recall.

Comparison is made of functional brain activation between LEARNERS (n=11) and
CONTROLS (n=8). Depicted is a selection of representative coronal slices (anterior—
posterior coordinates relative to the bregma in millimeters, left side of image represent the
right hemisphere). Color-coded overlays show statistically significant positive (red) and
negative (blue) differences (P<0.05, >100 significant, contiguous voxels). Regions indicated
are according to the Paxinos and Watson rat brain atlas [17] and abbreviations are listed in
Tables 1 and 2. The color bar represents p-values (statistical differences) as determined by
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the statistical parametric mapping (SPM). The bilateral nature of many of the significant
changes, something not accounted for in the SPM analysis, strengthens the significance of
the findings.
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Figure 3. Spatial navigation circuit.
[59, 96] Overlaid onto the circuit are the significant changes in functional brain activation

between LEARNERS and CONTROLS during retrieval of spatial memory. Shading
indicates a significant increase (gray) or decrease (black) in regional cerebral perfusion
(P<0.05 for >100 significant, contiguous voxels). No shading indicates no significant change
in perfusion. Circuit has been adapted from Bird (2008) and Aggleton (2000), with lines
between boxes delineating known major neuronal pathways connecting each region.[59, 96]
Abbreviations: ATN (anterior thalamic nucleus), Au (auditory cortex), HPC (hippocampus,
posterior CA1-3), | (insular cortex), MD (medial dorsal thalamic n.), OFC (orbitofrontal
cortex), Pir (piriform cortex), PostRh (postrhinal cortex), PRh (perirhinal cortex), PrL
(prelimbic cortex), RS (retrosplenial cortex), Septal nucleus (medial), Sub (subiculum).
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Figure 4: Functional brain connectivity within the extended spatial navigation circuit during
active recall of the Barnes maze task.

Interregional correlation matrix shows functional connectivity patterns within the regions
outlined in Fig. 3 of LEARNERS and of CONTROLS. Z scores of Pearson’s correlation
coefficients are color-coded. The matrix is symmetric across the diagonal line from upper
left to lower right. Significant correlations (P<0.05) are marked with white dots. The bottom
matrix of Fisher’s Z-statistics represents group differences in Pearson’s correlation
coefficients (r) between the LEARNERS and CONTROLS. Positive Z values indicate
greater r in the LEARNERS group, while negative Z values smaller r. Significant between-
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group differences (P<0.05) are marked with white dots. Abbreviations as they appear along
the figure’s axes: CA1 (post) posterior CA1 hippocampal field, CA2 (post) posterior CA2
hippocampal field, CA3 (post) posterior CA3 hippocampal field, DG dentate gyrus, Sub
subiculum, Ent (ant) anterior entorhinal cortex, Ent (post) posterior entorhinal cortex,
Mamm mammillary nucleus, Ce central nucleus of the amygdala, BL-LA basolateral/lateral
amygdaloid nuclei, LD lateral dorsal thalamic nucleus, AntThal anterior thalamic nucleus
(dorsal/ventral), LD lateral dorsal thalamic nucleus, RE reuinens nucleus, MS medial
septum, Cgl (ant) anterior, dorsal cingulate cortex, PrL prelimbic cortex, RS retrosplenial
cortex, LO lateral orbital cortex, Par parietal cortex, V1 primary visual cortex, Au auditory
(temporal) cortex, | insular cortex, PRh perirhinal cortex, PostRh postrhinal cortex, Pir
piriform cortex, dmCPu dorsomedial striatum, mCPu medial striatum
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Table 1.

Summary of statistically significant differences in cortical functional brain activation during recall.

CORTEX R/L
Amygdaloid nucleus (cortical): lateral, medial (PLCo, PMCo) m
Auditory (Au) o
Entorhinal (posterior): central, dorsolateral, medial (CEnt, DLEnt, MEnt) pr ¥
Insula (1): posterior granular, posterior dysgranular Ul
Olfactory (Tu) I
Orbital: lateral, ventral (LO, VO), M
Parietal: posterior, lateral association (Pt, LPtA) M
Perirhinal (PRh) nx
Piriform (Pir) mm*
Postrhinal (PostRh) n
Prelimbic (PrL, anterior) M
Retrosplenial, dysgranular (RSD) pr*
Somatosensory, primary: barrel field, forelimb, hindlimb, upper lip (S1BF, SIFL, SIHL, S1ULp) | 1,4 *
Somatosensory, secondary (S2) M
Visual, primary (V1), secondary (V2) I

Significant increases (1) and decreases (1) are noted for the right and left hemispheres (P<0.05 for >100 contiguous significant voxels).

Page 27

*
indicates significant group differences after correction for false discovery rate at the cluster level. Regions are identified as per the Paxinos and

Watson rat brain atlas. [14]
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Statistically significant differences in subcortical functional brain activation during recall.

Table 2.

SUBCORTEX R/L
Accumbens nucleus (n.): shell (AcbSh) o
Amygdala: central n. (Ce), basolateral-lateral n. (BL-LA) =
Amygdalapiriform transition area (APir) W
Caudate Putamen: dorsal, dorsomedial, medial (dCPu, dmCPu, mCPu) T
Cerebellum: first, second, third lobule (1Cb, 2Cb, 3Cb) po*
crus 1 m
simple lobule (Sim) W
Cochlear n., ventral (VCA) A
Colliculus, inferior (IC) m
superior (SC) n
Cuneiform n. (Cn) W*
Dorsal tegmental n. (DTg) p*
Endopiriform n. (En) A
Globus pallidus, external (EGP) w
Hippocampus: anterior CA2/CA3, posterior CA1, CA2, CA3 [
Hypothalamus: posterior lateral (PLH) A
Interpeduncular n. (IPT) t
Mammillary n., (MN) u
Medial septum (MS) 1
Oculomotor n. (3N)/Interstitial n. of Cajal (InC) t
Parabrachial n. lateral, (LPB) W*
Preoptic area: lateral (LPO), magnocellular (MCPO) m
Pretectal area, anterior (APT) o
Raphe, caudal linear n. (CLi) [
Red n. (RN) o
Subiculum: ventral (VS), posterior transition area (STr) Yo
Superior olive: lateral (LSO) A
Thalamus, anterior (dorsal/ventral, AD/AV) Y Ra\Y,
geniculate: dorsolateral, medial, (DLG, MG) o
habenula (Hb) o
lateral dorsal, lateral posterior (LD, LP) o
centrolateral (CL) m*
posterior (Po) m*
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SUBCORTEX R/L
submedius (Sub) T
ventral midline n. (reuinens, rhomboid, submedius) po*
ventral anterior (VA), ventrolateral (VL), ventromedial (VM) | 44 *
ventral posteromedial (VPM) o

Ventral pallidum (\VP) W

Vestibular n., medial (MVe) A

Zona Incerta (ZI) an

Significant increases (1) and decreases (V) are noted for the right and left hemispheres (P<0.05 for >100 contiguous significant voxels).

*
indicates significant group differences after correction for false discovery rate at the cluster level. Regions are identified as per the Paxinos and

Watson rat brain atlas. [14]
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