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Abstract

During hibernation, mammals like the 13-lined ground squirrel cycle between physiological extremes. Most of the hibernation
season is spent in bouts of torpor, where body temperature, heart rate, and cerebral blood flow are all very low. However, the
ground squirrels periodically enter into interbout arousals (IBAs), where physiological parameters return to non-hibernating
levels. During torpor, neurons in many brain regions shrink and become electrically quiescent, but reconnect and regain
activity during IBA. Previous work showed evidence of extracellular matrix (ECM) changes occurring in the hypothalamus
during hibernation that could be associated with this plasticity. Here, we examined expression of a specialized ECM structure,
the perineuronal net (PNN), in the forebrain of ground squirrels in torpor, IBA, and summer (non-hibernating). PNNs are
known to restrict plasticity, and could be important for retaining essential connections in the brain during hibernation. We
found PNNs in three regions of the hypothalamus: ventrolateral hypothalamus, paraventricular nucleus (PVN), and ante-
rior hypothalamic area. We also found PNNs throughout the cerebral cortex, amygdala, and lateral septum. The total area
covered by PNNs within the PVN was significantly higher during IBA compared to non-hibernating and torpor (P <0.01).
Additionally, the amount of PNN coverage area per Nissl-stained neuron in the PVN was significantly higher in hibernation
compared to non-hibernating (P <0.05). No other significant differences were found across seasons. The PVN is involved
in food intake and homeostasis, and PNNs found here could be essential for retaining vital life functions during hibernation.
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Introduction

Mammalian hibernation is an adaptation that allows some
mammals, like the 13-lined ground squirrel (Ictidomys tri-
decemlineatus), to survive periods of time in extreme and
harsh environments with few resources. Hibernation pro-
vides a unique opportunity to study plasticity and neuro-
protection in the brain, because the ground squirrel brain
undergoes extensive alterations that accompany extreme
changes in whole body physiology (Fig. 1). Throughout
hibernation, the ground squirrels cycle between lengthy tor-
por bouts (7-10 days) and brief interbout arousals (IBAs,
12-24 h) (Carey et al. 2003). During torpor, in addition to
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near-freezing body temperatures, 13-lined ground squirrels
also have a depressed heart rate and reduced blood flow to
the brain (Frerichs et al. 1994, Carey et al. 2003). However,
the ground squirrels rapidly return to non-hibernating physi-
ological conditions during IBA. These changes in physiol-
ogy repeat throughout the hibernation season. During torpor,
some areas of the forebrain, including the cerebral cortex
and hippocampus, exhibit synaptic disorganization and
regression of dendritic spines, which is associated with low
body temperature (Popov et al. 1992, Magarifios et al. 2006,
von der Ohe et al. 2006, 2007). Connected neurons normally
form a functional network for transfer of information; so,
alteration of synapses in torpor presumably removes or alters
the ability of these neurons to communicate. Supporting this,
electroencephalogram (EEG) data from the cerebral cortex
during torpor indicate that this area of the brain is electri-
cally quiescent (Heller 1979). The neurons must reconnect
and regain activity sometime during the return to IBA, as
the synapses are reorganized during this brief time. This
neuronal plasticity is thought to be widespread through the
brain, but so far no investigation of synapse organization or
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Ty 37°C
HR: 300 bpm
CBF: 100%
All synapses
connected

der Ohe et al. 2007)

Summer and IBA

Evidence of synapse reconnection in IBA:

« Return of pre- and post-synaptic protein localization lost in torpor (von

* Return of typical dendrite and dendritic spine morphology (Popov et al.
1992, Magarifios et al. 2006)

Hibernation: Transcriptional evidence of plasticity
« Synaptic plasticity related transcripts in cerebral cortex, but not hypothalamus
during hibernation compared to spring, including increased PCLO, BSN, and

SYT1 (Schwartz et al. 2013)

+ ECM related transcripts increase during hibernation in cerebral cortex, including
an increase of several collagens, laminins, integrins, and SLIT proteins. Also
increased mRNA expression of ACAN in hypothalamus (Schwartz et al. 2013)

Ty 5-7°C

HR: 3 bpm
CBF: 10%
Some synapses
disconnected

Torpor Evidence of synaptic plasticity in torpor:
* 50-65% loss of pre- and post-synaptic protein localization in hippocampus,
thalamus, and somatosensory cortex (layer 1V) (von der Ohe et al. 2007)
« Shortening of dendrites and regression of dendritic spines (Siberian ground
squirrel hippocampus, Popov et al. 1992; European hamster hippocampus,
Magarifios et al. 2006; golden-mantled ground squirrel hippocampus, thalamus,

and somatosensory cortex (layer 1V), von der Ohe et al. 2006)

Fig.1 Summary of 13-lined ground squirrel seasonal physiological
changes. Torpor and IBA are the two extremes of hibernation and the
animals cycle between these states throughout hibernation. Torpid
animals exhibit physiological depression and undergo changes within
the brain, specifically a disconnection of some synapses. By the time
the animal reaches IBA, the brain and physiological parameters return
to states seen in the typical non-hibernating ground squirrel. Ground
squirrels in IBA exhibit similar physiological phenotypes to animals

plasticity has focused on areas of the brain like the hypothal-
amus or brain stem that might need to retain some function
during hibernation, or at least during early arousal, before
the brain has fully warmed. EEG recordings indicate that
the hypothalamus and parts of the brain stem maintain some
activity even during torpor (Heller 1979).

Transcriptomic evidence from the 13-lined ground squir-
rel hypothalamus indicates that the extracellular matrix
could be important in promoting function during hiberna-
tion. This work showed that mRNA expression of aggre-
can (ACAN), an important component of perineuronal nets
(PNN&s), is significantly increased during hibernation and
the fall transition before hibernation in the hypothalamus
(Schwartz et al. 2013, 2015). PNNs are specialized extra-
cellular matrix structures known to restrict the plasticity of
neurons. The sheath-like nets cover the outside of neurons,
stabilizing existing connections and preventing new ones
(Wang and Fawcett 2012). They are also known to be protec-
tive to neurons. Previous work investigating the pathology of
Alzheimer’s disease in post-mortem human brains showed
that neurons covered with PNNs were protected from neu-
rodegeneration (Briickner et al. 1999, Morawski et al. 2010).
This net-specific protection was also shown in a cell culture
model of Alzheimer’s disease, which additionally reported
that removal of the nets from neurons eliminated the protec-
tion (Miyata et al. 2007). PNNs are also protective against
oxidative stress (Cabungcal et al. 2013). These studies indi-
cate that PNNs are protecting the wrapped neurons and that
the neurons without the protective nets are more suscep-
tible to damage and death, which ultimately can result in
functional losses. Seasonal formation or alteration of PNNs
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in summer. In addition to information about synapse state provided
for torpor and IBA, transcriptional evidence of plasticity and remod-
eling observed during hibernation compared to spring, non-hibernat-
ing animals is provided. This figure was based on data from several
sources in addition to those provided (Frerichs et al. 1994, Carey
et al. 2003, von der Ohe et al. 2007). CBF cerebral blood flow, HR
heart rate, IBA interbout arousal, T, body temperature

could be very important in the 13-lined ground squirrel brain
for retaining hypothalamic function during hibernation and
preparation for hibernation, by potentially both protecting
neurons from damage and preventing temperature-dependent
synaptic plasticity to retain function. Here, we investigate
seasonal expression of PNNs in the 13-lined ground squirrel
forebrain, focusing specifically on the hypothalamus.

Methods
Animals

Both captive bred and wild-caught 13-lined ground squir-
rels (Ictidomys tridecemlineatus) were used in these experi-
ments. The wild caught animals were captured in accord-
ance with a Scientific Collectors permit from the Wisconsin
Department of Natural Resources in the spring in La Crosse
County, WI on private property with permission. All ground
squirrels were housed upon arrival in the Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC-I) accredited Animal Care Facil-
ity located at the University of Wisconsin-La Crosse. Cap-
tive bred animals were born in this facility. Animals were
housed individually in standard plastic guinea pig cages
(13x 17 x 8 inches) with wire tops containing aspen bed-
ding. All animals were provided a tunnel and nesting mate-
rial (Enviro-Dry) as environmental enrichment. During the
non-hibernating season, the ground squirrels were kept at
room temperature (set to 21 °C) with a natural light/dark
cycle matching the area. They were provided with Teklad
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2018 Rodent Diet and water ad libitum. Teklad Cat Diet and
supplemental sunflower seeds were also provided as needed.
In fall, the animals were housed in 7" X 12" X 5” mouse
cages and provided with extra bedding material before being
moved into an environmental chamber for hibernation (con-
stant darkness, 6—8 °C). The ground squirrels were not pro-
vided with food or water during their hibernation in the lab.
Body temperature of the experimental animals was taken at
the time of tissue collection (Table S1). All experimental
procedures were approved by the University of Wisconsin-
La Crosse Institutional Animal Care and Use Committee
(protocol #14-15).

Experimental collection points

Nineteen ground squirrels were used for these experiments,
in three collection points: Torpor (7), IBA (6), and Summer
(non-hibernating, 6). Both males and females were used,
as both sexes exhibit the extreme changes in hibernation
physiology in the lab. No differences were found between
males and females.

The torpor and IBA collection points provide the two
extremes of the hibernation cycle. In torpor, the ground
squirrels exhibit near freezing body temperatures, low heart
rates, and low oxygen consumption, while all of these physi-
ological parameters return to normothermic levels at IBA
(Carey et al. 2003). Animals were checked daily, but in an
effort to keep hibernation conditions and transitions between
torpor and IBA as natural as possible, the animals were not
handled and body temperature was not rectally assessed, as
this could affect arousal parameters or trigger a premature
arousal. Therefore, the exact timing of killing within the
torpor bout and IBA is not known. Torpid state was veri-
fied at killing by rectal body temperature (7.29 +0.29 °C,
Table S1). All animals used for the IBA collection point
aroused spontaneously, were observed as awake and active
(eyes open and exhibiting coordinated movements), and
were torpid the previous day. IBA animals had an average
rectal body temperature of 31.5+0.67 °C (Table S1) at the
time of killing. The hibernation collection point animals
(Torpor and IBA) were killed during January and February
when average torpor bout length is the longest. The Sum-
mer collection point occurred in early summer (April-May),
when the animals were active and not hibernating.

Brain dissection and cryosectioning

All animals were fully anesthetized with Isoflurane and then
killed by decapitation. The brain dissection was performed
on ice. The brain was removed from the skull and the menin-
ges and blood vessels surrounding the brain were removed.
The brain was blocked on both sides, removing cerebellum,
brain stem, and prefrontal cortex. The hypothalamus was

retained and intact after the blocking. The blocked brain was
covered in optimum cutting temperature (OCT) medium,
flash frozen in isopentane (2-methylbutane) cooled with dry
ice, and stored at -80 °C until use.

Serial coronal sections (18 pm) of each brain were cryo-
sectioned, thaw mounted onto superfrost plus microscope
slides, and stored at — 20 °C until use. Serial adjacent brain
sections were separated into ten sets of slides. One slide set
from each animal was used for Wisteria floribunda lectin
histochemistry (see below), one set was stained with cresyl
violet to help verify brain anatomy, and additional slide sets
served as replacements or were used in other experiments.

Fluorescent lectin histochemistry with Nissl stain

Brain sections on each slide were encircled with a hydro-
phobic barrier (GnomePen, Invignome) and then fixed in
2% paraformaldehyde in Tris buffered saline (TBS). Then,
the sections were blocked in blocking solution (1% bovine
serum albumin in TBS-Triton (TBS-TX; TBS with 0.05%
Triton-X 100)), and incubated in biotinylated Wisteria flo-
ribunda lectin (1:165; Sigma-Aldrich, #L.1516) in blocking
solution for 2 h. The sections were then held overnight in
TBS-TX at 4 °C. The next day, the sections were incubated
in streptavidin with an Alexa Fluor® 488 Conjugate (1:100;
Thermo-Fisher, #S32354) in TBS-TX for 1 h. Finally, the
sections were incubated in NeuroIrace™ 530/615 Red Flu-
orescent Nissl Stain (1:250; Thermo-Fisher, #N21482) in
TBS for 30 min. The slides were coverslipped using Fluo-
romount and stored at 4 °C. All steps were completed at
room temperature unless stated otherwise. For a control,
the lectin histochemistry protocol was also performed in the
same manner without Wisteria lectin during the 2 h incuba-
tion, which resulted in no staining (Fig. S2). Wisteria lectin
is known to be a reliable stain for PNNs, shown through
many studies combining lectin histochemistry with immu-
nohistochemistry for aggrecan and other PNN components
(Dityatev et al. 2007; Giamanco et al. 2010, Morawski et al.
2014). Previous work showed that Wisteria lectin staining
is specific to chondroitin sulfate epitope of aggrecan (Gia-
manco et al. 2010). It must be noted that this method does
have limitations, and would be bolstered by the use of other
markers of PNNs which can reveal some of the microstruc-
ture of individual PNNs (Matthews et al. 2002). However,
commercially available monoclonal antibodies were not
compatible with our study species; so, we were not able to
include this further validation.

Imaging and data analysis
The hypothalamus was the primary focus of this work, based

on previous transcriptome data, and preliminary work iden-
tified three hypothalamic nuclei that exhibited consistent
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staining and thus were selected for analysis. These regions of
interest (ROIs) were the ventrolateral hypothalamus (VLH),
anterior hypothalamic area (AHA), and paraventricular
nucleus (PVN). The VLH identified in this study was ante-
rior to the AHA and PVN, lateral to the third ventricle, and
superior to the optic chiasm. Based on the anatomy, the VLH
is most likely the ventrolateral portion of the medial preoptic
area, but the ventrolateral preoptic area is directly adjacent
to this nucleus; so, as mentioned in previous studies (Brat-
incsak et al. 2007), it is difficult to confidently differentiate
between them. The PVN is an anatomically obvious nucleus
with tightly packed neurons spanning the third ventricle. The
AHA is lateral and inferior to the PVN.

While specific nuclei of the hypothalamus were the ROIs
for this experiment, preliminary work also highlighted sev-
eral other ROIs to include in the analysis: cerebral cortex,
lateral septum, and amygdala. These regions are quite large
and PNN staining was found throughout each region, so
analysis was focused on specific areas of these ROIs accord-
ing to the neuroanatomy, to be consistent across individuals.
Analysis of the cerebral cortex focused on cingulate cortex
and two areas of sensorimotor cortex, dorsal and dorsolateral
cortex. Analysis of these three cerebral cortex areas occurred
just anterior to the first sighting of the CA3 area of the hip-
pocampus. Analysis of the lateral septum was focused on
dorsal lateral septum just anterior to where the fornix and
anterior commissure meet centrally. Analysis of the amyg-
dala was focused on the same brain sections where the PVN
of the hypothalamus was located. All analyzed sections of
amygdala exhibited a distinct crescent shape, as seen in the
rat brain described as anterior amygdaloid area (Paxinos and
Watson 2005). All anatomical distinctions were made using

a rat brain atlas, along with reference to a ground squirrel
atlas with considerably less detail (Joseph et al. 1966, Paxi-
nos and Watson 2005). All analyzed regions are illustrated
in Fig. 2. These atlas images were drawn in our lab using
cresyl violet stained sections from a representative brain.

Images of each brain region were taken with a digital
camera on a Nikon Eclipse Ni fluorescence microscope and
then analyzed in ImageJ. Each image was thresholded to
highlight cells from background staining (using the auto
threshold function) and converted to a binary image for anal-
ysis; so all pixels of the cells that were above background
were black and the background was white. This included
all parts of the cells, specifically including both cell bod-
ies and any wrapped dendrites. Examples from cingulate
cortex and PVN are provided in Fig. S1. This method of
thresholding was used to be as consistent as possible across
images (Arena et al. 2017). Particle size was restricted to
250-4000 pixels for the cell counts, to focus specifically on
whole cells. Number of PNN covered cells and total PNN
coverage area were measured for each region in this analysis.
Total PNN coverage area compiled all the black pixels in the
selected analysis area of the binary image to compare PNN
coverage area between seasons in addition to total number of
PNN covered cells. In addition to total PNN coverage area,
% area was also compiled and analyzed, which reflects per-
centage of PNN coverage in the analysis area. Additionally,
mean staining intensity was analyzed for all brain regions,
to investigate any differences across groups for each brain
region.

Analysis parameters varied by brain region, due to differ-
ences in overall size and staining. In the dorsal and dorsolat-
eral cerebral cortex, staining was analyzed in layers III and

AB CD

e

Fig.2 Atlas drawings of 13-lined ground squirrel brain. a—-d provide
specific anatomical landmarks and areas of analysis for the brain
regions examined in this manuscript. A sagittal view of the ground
squirrel brain is provided in e, indicating the location of the brain
slices shown in a—d. This atlas was drawn in our lab from images of a
representative cresyl violet stained brain. 3V third ventricle, aca ante-
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rior commissure, AHA anterior hypothalamic area, Amyg amygdala,
Cg cingulate cortex, Dc dorsal cerebral cortex, DLc dorsolateral cere-
bral cortex, ec external capsule, f fornix, LS lateral septum, LV lateral
ventricle, oc optic chiasm, opt optic tract, Pir piriform cortex, PVN
paraventricular nucleus, VLH ventrolateral hypothalamus
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V, where nets were concentrated, using a 175.8 X 175.8 pm2
box. The same analysis parameters were used in the anterior
cingulate cortex, but the box was focused in the center of the
structure. A 58.6 x 58.6 um® box was used for amygdala and
lateral septum to fit the bounds of the structures better than
the larger box used in the cortex regions. Five consecutive
sections were measured for the cerebral cortex regions and
lateral septum and three for the amygdala, according to the
neuroanatomy as discussed in the previous paragraph. In the
hypothalamus, the smaller size of the nuclei (PVN, AHA,
VLH) allowed for analysis of the full structure. A polygon
was created in ImagelJ to surround the specific PNN-stained
area (a representative example from PVN analysis is pro-
vided in Fig. S1). The cells in the PVN and VLH were too
intensely stained and the PNN-stained cells were too closely
packed together, that it was not possible to count individual
PNN-stained cells in this area, so the initial analysis focused
on total lectin stained area only. Regardless of the initial
size of the analysis area, all PNN-wrapped cell counts and
total PNN coverage area for each brain region analyzed were
converted into cells/coverage area per 100 um? to facilitate
comparison across brain areas.

For PVN, an additional analysis was performed, where
Nissl stained neurons were also analyzed in the polygon
along with the lectin staining. For Nissl-stained neurons,
overall neuron number and total coverage area were ana-
lyzed, along with PNN coverage per Nissl-stained cell, and
the percentage of Nissl area covered by PNNs. The lectin
histochemistry protocol with Nissl staining was repeated
twice for the PVN on different adjacent sections from the
same animals to verify the results obtained.

Not all animals were used for each brain region analysis
due to availability of sections that met the anatomical crite-
ria outlined above. A minimum of four brains were used for
each experimental group for each brain region. The means
for PNN covered cell count, total stained area, % area, and
mean staining intensity were calculated for each brain region
in each animal. The means for each brain region were com-
pared across the three experimental groups using an analysis
of variance (ANOVA) with post hoc Tukey’s range test in
SPSS.

Results

PNN-wrapped cells are found across all time points
in all brain regions analyzed

Table 1 summarizes the mean number of PNN-wrapped
cells per um? in the three areas of cerebral cortex, amyg-
dala, lateral septum, and anterior hypothalamic area across
torpor, IBA, and summer (non-hibernating). PNN-wrapped
cells appear in all seasons in all brain structures analyzed
and no significant differences in cell count were found
across the three groups for any of these brain regions. Rep-
resentative images of PNNs in each of the analyzed brain
regions from torpor and IBA animals are shown in Fig. 3.

Importantly, in the cerebral cortex, PNNs were wide-
spread throughout this large brain region, but the analysis
presented here focuses on specific cortical regions detailed
in the methods. Additionally, the PNNs appear specifically
concentrated layers III and V, which is particularly notice-
able in dorsal and dorsolateral cortex (Fig. 3a). Cells in both
layers were analyzed separately in dorsal and dorsolateral
cerebral cortex, but no significant differences between col-
lection groups were found. Interestingly, overlay of Nissl
staining with lectin histochemistry reveals that the PNNs do
not surround all cells within the cerebral cortex, but wrap a
certain population of neurons (Fig. S3). The PNN-wrapped
neurons exhibit a basket cell-like anatomy, characteristic of
some neurons found in layers III and V (Fig. 4a).

PNNs in the amygdala were not only prominent within the
anterior amygdaloid area (Fig. 3b), but also found through-
out the amygdala. In the septum, PNNs were found in the
lateral septum, extending across the entire structure, but
analysis and imaging focused on the most superior portion,
corresponding to dorsal lateral septum (Fig. 3c). PNNs were
not found in the neighboring medial septum. PNN-wrapped
cells in both lateral septum and amygdala showed staining
around the cell bodies, but staining of the dendrites did not
appear as prominent as in the cerebral cortex.

Within the hypothalamus, cell counts were only ana-
lyzed in anterior hypothalamic area (Fig. 3d). Here, some

Table 1 Summary of mean
number of PNN-wrapped cells
per 100 um? in analyzed brain
regions. Analysis areas for
each region are detailed in the
methods. Data are shown as
mean =+ standard error of the
mean

Brain region Summer () Torpor (n) IBA (n) Pvalue F (df.)

Amygdala 21.71+1.84(5) 21.28+1.21(7) 20.00+1.22(5) 0.71 0.35 (16)
Lateral septum 28.23+2.73(4) 25424099 (7) 24.85+£2.17(5) 0.46 0.84 (15)
Cingulate cortex 435+043(6) 4.28+0.30(7) 5.37+0.56(6) 0.17 1.99 (18)
Dorsal cortex, Layer II1 1.67£0.29 (5) 3.25+036(7) 3.47+0.85(5) 0.07 3.22 (16)
Dorsal cortex, Layer V 324+0.24 (5) 3.70+030(7) 4.36+0.67(5) 0.23 1.63 (16)
Dorsolateral cortex, Layer I11 2.69+0.56 (5) 3.60+0.63(7) 3.84+0.89(5) 0.52 0.68 (16)
Dorsolateral cortex, Layer V 3.61+0.36(5) 3.86+043(7) 4.30+0.51(5) 0.59 0.54 (16)
Anterior hypothalamic area 450+0.594) 4.17+036(6) 4.02+0.284) 0.76 0.29 (13)
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Fig.3 Localization of perineuronal nets in ground squirrel brain. a
Dorsolateral cerebral cortex with prominent staining in layers III (a’)
and V (a”). b Amygdala with representative cells from AA (b’) and
BMA (b"). c. Lateral septum with representative cells from LSD (c’)
and LSI (¢”). d and d’. Anterior hypothalamic area. e and e'. Para-
ventricular nucleus. f and f’. Ventrolateral hypothalamus. All images
were obtained with Wisteria floribunda lectin histochemistry and are
representative images taken from torpor (a, c, ) and IBA (b, d, f).

of the cells exhibited prominent PNN-wrapped dendrites
(Fig. S3). Cell counts were not analyzed in PVN or VLH
due to cell density and overlapping of PNN staining, but
staining can clearly be seen in all seasons in these areas
as well (Fig. 3e, f).

PNNs specifically surround neurons

To confirm that PNNs were covering neurons specifically,
lectin histochemistry for PNNs was paired with a fluorescent
Nissl stain for neuron cell bodies, which allowed for overlay
of the two stains. Figure 4 shows a representative image
from anterior cingulate cortex showing that the PNNs cover

@ Springer

Summer animals are not shown, but exhibited the same staining pat-
terns. Scale bar in a applies to images in a—f. Scale bar in a’ applies
to all 'and " images. 3V third ventricle, AA anterior amygdaloid area,
BMA basomedial amygaloid nucleus, /Il cerebral cortex layer III, V
cerebral cortex, layer V, LSD dorsal lateral septum, LS/ intermediate
lateral septum, LV lateral ventricle, oc optic chiasm, PVN paraven-
tricular nucleus

the cell bodies of neurons, along with extending out along
the dendrites. Cells in all other brain regions were also veri-
fied as neurons in this manner (Fig. S3).

PNN coverage area is significantly greater
during hibernation in the PVN of the hypothalamus

Table 2 summarizes the mean total PNN-stained area per
100 um? and mean percent coverage area in all regions
analyzed for comparison across brain regions. In the
PVN, total PNN-stained area is higher in IBA compared
to both torpor and summer (PNN coverage area (total
area of coverage across whole nucleus, pmz): Summer:
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Fig.4 Perineuronal nets surround neurons. a PNN staining via lec-
tin histochemistry in cingulate cortex (green). b Nissl staining of cell
bodies in cingulate cortex (red). White arrows point to cell bodies
clearly surrounded by PNNs shown in c, while many other cell bod-

ies are present but uncovered. ¢ Merging of PNN and Nissl staining
reveals that PNNs surround neuron cell bodies and extend out onto
dendrites. Scale bar applies to all images

Table 2 Summary of mean PNN coverage area per 100 um? and % coverage area in analyzed brain regions

Brain region Summer (n) Summer % Torpor (n) Torpor % IBA (n) IBA % area P Fdf)
area area value

Amygdala 2659.42+70.07 (5) 26.59+0.70 2274.39+87.01 (7) 22.74+0.87 2474.39+331.23 (5) 24.75+3.31 0.34  1.17 (16)

Lateral septum 1602.95+93.22 (4) 16.03+0.93 1362.62+90.19 (7) 13.63+0.90 1441.91+110.06 (5) 14.42+1.10 0.28  1.39(15)

Cingulate cortex  299.66+36.91 (6) 3.00+0.37 266.80+26.81 (7) 2.67+0.27 388.93+65.34 (6) 3.76+0.61 0.16  2.03 (18)

Dorsal cortex, 89.44+2021(5) 0.89+0.20 174.29+23.09 (7) 1.75+0.23 207.32+64.20 (5) 2.07+0.64 0.13  2.32(16)
Layer III

Dorsal cortex, 199.87+13.32(5) 2.00+0.13  232.17+26.00 (7) 2.32+0.26 275.09+50.42 (5) 2.75+0.50 0.33  1.21(16)
Layer V

Dorsolateral cor-  194.14 +35.00 (5) 1.81+0.36  205.45+45.52(7) 2.18+0.47 267.16+74.96 (5) 2.67+0.75 0.77  0.26 (16)
tex, Layer III

Dorsolateral cor-  245.99+24.14(5) 2.46+0.24  24535+35.42(7) 2.45+0.35 292.41+60.05 (5) 2.93+0.60 0.68  0.40 (16)
tex, Layer V

Anterior hypo- 313.85+45.80(4) 3.13+£0.46  308.49+43.46 (6) 3.08+0.43 338.46+76.88 (4) 3.38+0.77 0.92  0.08 (13)
thalamic area

Ventrolateral 1480.08 +118.57 (5) 14.80+1.19 1338.79+191.82 13.39+1.91 1729.44+347.91(5) 17.29+3.48 0.52  0.68 (14)
preoptic area &)

Paraventricular ~ 1701.48+71.00 (4) 17.01+£0.71 1898.87+112.46 18.99+1.12 2197.91+88.05(5) 21.98+0.88 0.013* 6.66 (13)
nucleus (®))

Analysis areas for each region are detailed in the methods. Data are shown as mean + standard error of the mean

7231.64 +£603.01(n=4); Torpor: 9062.20 + 601.05(n=5);
IBA: 11752.52 +666.12(n=5); P=0.001; Fig. 5a). Mean
percent coverage area is significantly higher in IBA com-
pared to summer, but neither is significantly different from
torpor (P=0.013, Fig. 5b). Representative images of the
PVN are provided in Fig. 5 from animals in summer (c),
torpor (d) and IBA (e). No significant differences in total
PNN coverage area were found between collection points in
any other brain region analyzed, including the other nuclei
of the hypothalamus.

Analysis of total PNN-wrapped cells was not possible
in PVN because of the density of the cells present there.
Since a significant difference in total PNN coverage area

and percent coverage area was found in this region, the total
number of neurons was also determined, using fluorescent
Nissl staining coupled with the lectin histochemistry to stain
PNNs. Nissl staining in PVN revealed that total neuron
number was significantly lower in torpor compared to IBA,
but neither showed a significant difference from summer
(Mean neuron count in PVN: Summer: 334.75+8.60 (n=4);
Torpor: 296.27 +25.81 (n=5); IBA: 383.31+£8.19 (n=5);
P=0.012; Fig. 6a). This same pattern is observed in the total
area covered by Nissl staining in PVN (P=0.017; Fig. 6b).
Taking the cell number into account for each animal revealed
that the PNN coverage per Nissl-stained neuron in the PVN
was significantly higher during hibernation (torpor and IBA)
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Fig.5 PNN coverage area and % area in paraventricular nucleus.
a Quantification of total area covered by PNNs in the PVN in sum-
mer, torpor, and IBA, showing that IBA has significantly higher PNN
coverage than torpor and summer (ANOVA with Tukey’s post hoc
test, P=0.001). b % coverage area of PNN, showing that IBA has a
significantly higher % area than summer (ANOVA with Tukey’s post
hoc test, P=0.013). The box plots show the interquartile range of the

compared to summer (PNN coverage/cell (um?/cell): Sum-
mer: 21.61 +1.34 (n=4); Torpor: 32.84 +£3.03 (n=5); IBA:
30.78 +1.38 (n=5); P=0.011; Fig. 6¢). Finally, we inves-
tigated the percentage of the Nissl area that was covered by
PNN, finding that torpor had significantly higher PNN cov-
erage of Nissl area compared to summer, but neither showed
a significant difference from IBA (Summer: 117.98 +6.46,
Torpor: 201.53 +£22.47, IBA: 178.57+12.19; P=0.013;
Fig. 6d). All collection points exhibited over 100% cover-
age, indicating that PNN coverage extended further than the
cell body of the PVN neurons in all cases.

Discussion

This work examined distribution of PNNs in the 13-lined
ground squirrel brain, in addition to examining seasonal
changes in PNN size and coverage. PNNs were found
throughout the cerebral cortex, lateral septum, amygdala,
and within some nuclei of the hypothalamus in all time
points analyzed. There was a significant seasonal difference
in the total area covered by PNNs in the PVN of the hypo-
thalamus, but no other significant differences were found.

PNNs and plasticity during hibernation

PNNs are associated with the end of periods of plasticity.
In particular, PNNs are found in the visual cortex after a
critical period during juvenile development where incom-
ing sensory input promotes plasticity to achieve appropri-
ate ocular dominance (Pizzorusso et al. 2002). The nets in
the visual cortex, and in other areas of the cerebral cortex,
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data, with the edges of the box indicating the first and third quartiles.
The centerline of each box indicates the median. The whiskers indi-
cate the maximum and minimum values. Boxes with the same letter
are not significantly different from each other. Representative images
of PNNs stained with WFA in PVN are shown in ¢ (summer), d (tor-
por), and e (IBA). Scale bar applies to all images

mostly surround inhibitory neurons. Once this particular
subset of neurons becomes wrapped, they are thought to
be stabilized by the PNN, which affects the excitatory
and inhibitory balance and ability of the whole circuit to
undergo any plasticity (Sorg et al. 2016). As shown in
several species, if PNNs are eliminated in the visual cor-
tex, plasticity can occur there again (Carulli et al. 2010,
Lensjg et al. 2017). Similarly, PNNs are formed after the
critical period in song control nuclei in songbird species,
like zebra finches, that learn a song which then crystal-
lizes and cannot be altered once the critical period is over
(Balmer et al. 2009).

In the ground squirrel brain, plasticity is characteristic
in many neurons as the animal cycles between torpor and
IBA. In particular, modifications to microstructural aspects
of neurons have been reported in several hibernating spe-
cies in different brain regions, including cerebral cortex and
hippocampus, where dendritic arbors and associated spines
retract during torpor, but regrow during active periods
(Popov et al. 1992, Magarifios et al. 2006, von der Ohe et al.
2006). This suggests that a general disconnection or reduc-
tion in connection is occurring during torpor that returns
during IBA, supporting the electroencephalography data
indicating that many areas of the brain are quiescent during
torpor (Heller 1979). Immunohistochemical investigation of
synapses, using overlap of pre- and post-synaptic proteins
as representative of a synapse, showed that there were less
synapses during torpor compared to IBA (von der Ohe et al.
2007). This suggests a disconnection or disorganization of
synapses occurring in torpor that reconnect by the time the
animal reaches IBA. Additionally, analysis of synapses via
electron microscopy reveals changes in the organization of
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Fig.6 PNN coverage per neuron in paraventricular nucleus is sig-
nificantly elevated in hibernation. a Quantification of Nissl staining
in PVN shows that the number of neurons is significantly lower in
torpor compared to IBA, but neither are significantly different from
summer (ANOVA with Tukey’s post hoc test, P=0.012). b Analy-
sis of the area covered by Nissl staining shows that Nissl coverage
area in IBA is significantly higher than torpor, but neither are sig-
nificantly different from summer (ANOVA with Tukey’s post hoc
test, P=0.017). ¢ Analysis of total PNN coverage area per Nissl-
stained neuron in PVN reveals that torpor and IBA have significantly

synapse structure in cerebral cortex during torpor, although
they did not report any synapse loss (Ruediger et al. 2007).

In terms of comparison to other species, the hibernating
ground squirrel does not have a critical period per se, but does
have a seasonal period where plasticity repeatedly occurs. The
presence of perineuronal nets on some neurons and within
some brain areas but not others might reflect particular neu-
rons that need to remain connected, and thus are wrapped as
a way to restrict the plasticity that occurs in torpor. PNNs are
also known to be protective (Briickner et al. 1999, Miyata
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higher coverage than summer (ANOVA with Tukey’s post hoc test,
P=0.011). d Analysis of the percent of Nissl area covered by PNNs
shows that summer is significantly lower than torpor, but neither are
significantly different from IBA (ANOVA with Tukey’s post hoc test,
P=0.013). Boxes with the same letter are not significantly different
from each other. The box plots show the interquartile range of the
data, with the edges of the box indicating the first and third quartiles.
The centerline of each box indicates the median. The whiskers indi-
cate the maximum and minimum values. The open circle and aster-
isks indicate outliers

et al. 2007, Morawski et al. 2010, Cabungcal et al. 2013); so,
PNNs could also be important in the hibernator brain to protect
particular and important subsets of neurons during a time of
extreme physiological transitions in the brain.

PNN coverage increased in the PVN
during hibernation

The focus of this work was the hypothalamus, because of
preliminary transcriptomic data showing an increase in
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aggrecan mRNA during hibernation and the transition to
hibernation (Schwartz et al. 2013, 2015). While this lectin
histochemistry work did not investigate aggrecan expres-
sion directly, it is a reliable marker of aggrecan-based peri-
neuronal nets (Dityatev et al. 2007, Giamanco et al. 2010,
Morawski et al. 2014). While nets were found in many brain
areas, the only seasonal change in PNNs across seasons was
in the paraventricular nucleus of the hypothalamus. Our
findings here support previous transcriptome work in the
hypothalamus and highlight the PVN as a potentially impor-
tant brain area for hibernation. Hibernation is characterized
by extreme changes in homeostasis, and importantly, while
some areas of the body effectively shut down during torpor,
some other aspects of physiology remain functional, albeit
at depressed levels, including cardiovascular function (Carey
et al. 2003). PNNs surrounding neurons in the PVN could
provide structural support or protection to facilitate the
changes in homeostasis seen during hibernation. The PVN
sends many projections to the brain stem, including areas
involved in blood flow regulation, gastrointestinal function,
and blood pressure regulation, thus playing an important
regulatory role in homeostasis (Geerling et al. 2010). Impor-
tantly, the PVN sends many projections to the nucleus of the
solitary tract, where recent work showed that activation of
A1 adenosine receptors in this region induced hypothermia
in a non-hibernating species (Tupone et al. 2013). Central
activation of the A1 receptor was shown to play a role per-
mitting hypothermia in a hibernating species as well (Jinka
et al. 2011). Further, ablation of the PVN in Siberian ham-
sters disrupted daily torpor (Ruby 1995), again suggesting a
vital role for this brain region in the regulation of hiberna-
tion and other seasonal phenotypes.

Aside from body temperature and other homeostatic regu-
lation, the PVN could also play an important role in regula-
tion of food intake and monitoring of body adipose stores.
13-lined ground squirrels increase their white adipose tissue
in the summer leading up to the hibernation season and then
exhibit a drop in food consumption during the fall transition
to hibernation, followed by a complete fast during hiber-
nation in the lab (Schwartz et al. 2015). Aggrecan mRNA
levels in the hypothalamus increase after this transition in
feeding behavior and remain high during hibernation. Pre-
vious work indicates that the PVN could function as a kind
of adipostat, because it detects both food intake promoting
and satiety signals and regulates both energy expenditure
and feeding (Cowley et al. 1999). The ability of the PVN to
monitor white adipose tissue levels and exhibit control over
feeding behavior makes it a likely candidate to be an impor-
tant driver and regulator of the hibernation phenotype, both
during hibernation and in the preparation before hibernation.

Additionally, while the total PNN coverage in the PVN
increases during hibernation without taking the number of
cells into account, we also found a significant difference in
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the overall Nissl-stained cell number among the collection
points, with fewer cells in torpor compared to IBA. While
this was not the focus of the work, this is an interesting find-
ing that is supported by some previous studies. In Arctic
ground squirrels, recent work indicated an increased number
of thyrotropin releasing hormone (TRH) positive neurons in
the PVN of animals in the winter (hibernating) compared to
summer (Frare et al. 2019). The authors speculate that this
could serve a role in increasing thermogenic capacity dur-
ing hibernation, but that further studies are needed. Another
study investigating frog hibernation, found that cell prolif-
eration increased in the brain during hibernation compared
to the active period, which they propose to be a neuropro-
tective strategy (Cerri et al. 2009). While frog hibernation
is distinctly different from mammalian hibernation, both
undergo extreme physiological changes. This difference in
cell number could also be related to changes in the Nissl
substance of the neurons during torpor, although there is no
evidence of that in the literature. This increased number of
cells during IBA could suggest neurogenesis, and warrants
further study, but that is out of the scope of this work.

PNNs in other brain regions

There were no significant seasonal differences in PNNs in
other brain regions aside from the PVN of the hypothalamus,
but the nets could still be important in these brain regions for
hibernation and form sometime between birth and the first
onset of torpor. The AHA and VLH of the hypothalamus
also contained PNNs. The VLH determined here is in a simi-
lar location to the ventrolateral part of the medial preoptic
area, which exhibited c-fos expression during entrance to
torpor (Bratincsak et al. 2007). The preoptic area and ante-
rior hypothalamus play a role in thermoregulation, specifi-
cally in inhibition of heat production (Ishiwata et al. 2002),
making this an important area for hibernation. Importantly,
the ventrolateral preoptic nucleus, which is involved in sleep
regulation (Lu et al. 2000), is also very close to the VLH
reported here.

Interestingly, PNNs were found extensively in the cer-
ebral cortex, where aggrecan was very low and not signifi-
cantly increased during hibernation (Schwartz et al. 2013).
In particular, the neurons surrounded by PNNs in the ground
squirrel cerebral cortex appear to be the same type of inhibi-
tory neurons wrapped by nets in other species by looking at
the basket cell type anatomy (Dityatev et al. 2007), although
further work is needed to confirm this. These neurons in
other species are thought to be important for excitatory and
inhibitory balance in cortical circuits (Sorg et al. 2016),
which could be essential for regulating neuron reconnec-
tion during IBA in the hibernator brain.

PNNss were also found in the amygdala, which is involved in
memory, particularly in relation to emotional or stress related
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memory (Roozendaal et al. 2009). Several studies have looked
at memory retention in hibernating species over the hiberna-
tion season, finding that some types of memory are lost during
hibernation while others are retained. In particular, memory
related to sociality and recognition of conspecifics is retained
(Millesi et al. 2001); so, it is possible that PNNs in amygdala
could be important for this type of memory retention from
season to season.

Finally, PNNs were also found in the lateral septum, as pre-
vious work indicated could be important for body temperature
regulation in hibernation. Specifically, a drop in vasopressin
immunoreactivity was shown in this region during hibernation
in European hamsters in comparison to summer, non-hibernat-
ing animals (Buijs et al. 1986). Additionally, infusion of vaso-
pressin into lateral septum prevented animals from exhibiting
drops in body temperature necessary for natural hibernation
(Hermes et al. 1993). Again, while no seasonal changes in
PNNs were found in any of these brain regions, their locations
all indicate that their placement could be important for the first
onset of hibernation.

Conclusions

Overall, this work provides a unique look into expression of
PNNs, which are modified seasonally in the PVN. Further
work is needed to characterize the neurons that are covered by
PNNss in the ground squirrel brain, along with examining the
individual components that make up these structures. Addi-
tionally, this work further highlights the PVN as an important
component of hibernation regulation.
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