
Contents lists available at ScienceDirect

Experimental Neurology

journal homepage: www.elsevier.com/locate/yexnr

Research paper

Impaired chemoreflex correlates with decreased c-Fos in respiratory
brainstem centers of the streptozotocin-induced Alzheimer's disease rat
model

Andrea G. Browna, Mahima Thapab, John W. Hooker IVb, Tim D. Ostrowskia,⁎

a Department of Physiology, Kirksville College of Osteopathic Medicine, A.T. Still University of Health Sciences, Kirksville, MO, USA
bDepartment of Biology, Truman State University, Kirksville, MO, USA

A R T I C L E I N F O

Keywords:
Hypoxia
Respiration
Ventilation
Plethysmography
Nucleus tractus solitarii
Ventral respiratory group
Pre-Bötzinger
Bötzinger
STZ

A B S T R A C T

Besides impairment in cognition and memory, patients with Alzheimer's disease (AD) often exhibit marked
dysfunction in respiratory control. Sleep-disordered breathing (SDB) is commonly found in cases of AD, resulting
in periods of hypoxia during sleep. Early structural changes in brainstem areas controlling respiratory function
may account for SDB in the course of AD. However, to date the underlying mechanisms for these complications
are not known. The streptozotocin (STZ)-induced rat model of AD exhibits abnormal responses to hypoxia and
increased astrogliosis in a key region for respiratory control. In this study we further defined the pathophy-
siological respiratory response of STZ-AD rats to 10% O2. In addition, we analyzed hypoxia-induced neuronal
activation in respiratory and cardiovascular nuclei of the dorsal and ventral brainstem. Two hours of hypoxia
induced a transient increase in tidal volume that was followed by a prolonged increase in respiratory rate. Only
respiratory rate was significantly blunted in the STZ-AD model, which continued over the entire duration of the
hypoxic episode. Analysis of c-Fos expression as a marker for neuronal activation showed abundant labeling
throughout the nTS, nuclei of the ventral respiratory column, and A1/C1 cells of cardiovascular centers in the
ventral brainstem. STZ-AD rats showed a significant decrease of c-Fos labeling in the caudal/medial nTS, rostral
ventral respiratory group, and Bötzinger complex. c-Fos in other respiratory centers and A1/C1 cells was un-
altered when compared to control. The results of this study document a region-specific impact of STZ-induced
AD in respiratory brainstem nuclei. This decrease in c-Fos expression correlates with the observed blunting of
respiration to hypoxia in the STZ-AD rat model.

1. Introduction

Alzheimer's disease (AD) is the most common form of dementia and
clinically diagnosed largely based on cognitive decline (Alzheimer's
Association, 2016; Folstein and Whitehouse, 1983). The majority of AD
patients also present with disorders of respiration, swallowing, and
autonomic function (Affoo et al., 2013; Engelhardt and Laks, 2008;
Femminella et al., 2014; Gaig and Iranzo, 2012). In fact, cardior-
espiratory dysfunction is up to 5 times more likely with AD when
compared to age-matched controls (Collins et al., 2012; Guo et al.,
1996). Sleep-disordered breathing is typically observed in AD patients,
with moderate to severe sleep apnea in 30% to 50% of cases, and mild
sleep apnea up to 80% of cases (Gaig and Iranzo, 2012; Hoch et al.,
1986). Today the mechanisms underlying these respiratory dis-
turbances are not understood.

An important neuronal network controlling normal breathing and

responses to hypoxia is situated within the brainstem (Smith et al.,
2013). Hypoxia is sensed by peripheral chemoreceptors and centrally
integrated in the nucleus tractus solitarii (nTS) (Andresen and Kunze,
1994; Housley et al., 1987). The nTS directly projects to other re-
spiratory centers (e.g. ventral respiratory column), the concerted effort
of which ultimately modulates the appropriate response to low-oxygen
conditions (i.e. increased ventilation) (Costa et al., 2014). Furthermore,
the nTS projects to cardiovascular nuclei in the ventral brainstem
(Andresen and Kunze, 1994; Guyenet, 2000) and acute hypoxia in-
creases blood pressure, decreases heart rate, and strengthens re-
spiratory coupling of sympathetic nerve activity (Costa et al., 2014;
Moraes et al., 2012). Although AD-related changes of forebrain regions
leading to problems with memory and cognition are the prime focus of
many studies, AD also affects the integrity of the brainstem (Lee et al.,
2015; Parvizi et al., 2001; Simic et al., 2010). Current work suggests
that AD pathology in the brainstem manifests simultaneously or even
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before the changes observed in the forebrain (Lee et al., 2015; Parvizi
et al., 2001; Simic et al., 2010). Thus, typical responses to hypoxia may
be altered, leading to the sleep-disordered breathing observed in pa-
tients with AD.

The streptozotocin (STZ)-induced model of AD mimics many of the
typical features of sporadic (95% of cases) AD in humans (Grieb, 2016;
Lester-Coll et al., 2006; Rai et al., 2014; Salkovic-Petrisic et al., 2013;
Santos et al., 2012). Besides memory dysfunction and astrogliosis in the
brain, our laboratory has shown that this model also exhibits sig-
nificantly blunted chemoreflex responses when exposed to hypoxia
(Ebel et al., 2017). This study was a continuation of our previous work
and focused on the prolonged respiratory responses to two hours of
acute hypoxia (10% O2) and the neuronal activation pattern within
specific respiratory and cardiovascular centers in the brainstem of the
STZ-AD rat model.

2. Materials and methods

2.1. Animals

This study used male Sprague-Dawley rats (6–8weeks) held on a 12-
hr day/night cycle at 24 °C and 46% humidity in the AAALAC accre-
dited vivarium of the ATSU Kirksville College of Osteopathic Medicine.
Food and water were available ad libitum. Experimental animals were
bred in-house from rats purchased from Hilltop Lab Animals or Envigo.
Rats were randomly assigned into groups with similar pre-surgical
weight (control, n=6, 304.4 ± 23.0 g versus STZ, n=6,
277.8 ± 31.7 g, p= .52). Experimental protocols are approved by the
Animal Care and Use Committee of A.T. Still University and in ac-
cordance with NIH guidelines (“Guide for the Care and Use of
Laboratory Animals”).

2.2. Induction of the Alzheimer's disease model

Similar to our previous study (Ebel et al., 2017), rats received
1.5 mg/kg streptozotocin (STZ; Alfa Aesar) twice (2 days apart) into the
lateral ventricle (bilateral, 5 μL/side). 0.9 mM citrate buffered saline
(pH 4.5) served as vehicle. Control animals received vehicle only. For
intracerebroventricular (icv) injections, isoflurane-anesthetized animals
were positioned in a stereotaxic frame (David Kopf Instruments) and
two burr holes were drilled into the skull using a rotary tool (Dremel
7300 with engraving cutter 105). The stereotaxic position of the burr
holes and injection site were according to the Paxinos and Watson rat
atlas (Paxinos and Watson, 2007): −0.9 mm AP,± 1.5 mm ML, and
3.6 mm DV. The second icv injection was also performed under iso-
flurane anesthesia using the same burr holes. STZ and vehicle were
injected using glass capillaries (World Precision Instruments) pulled
with a micropipette puller (P-97, Sutter Instruments). Rats received
2mg/kg dexamethasone (immunosuppressant; Auromedics), 50 μg/kg
buprenorphine (opioid; Reckitt Benckiser), 7 mg/kg enrofloxacin (an-
tibiotic; Norbrook), and 3mL 0.9% normal saline (fluid reconstitution;
Hospira). The STZ dosage used here was sub-diabetogenic (random
blood glucose: vehicle control, n=6, 106.7 ± 3.8mg/dL versus STZ,
n=5, 121.6 ± 10.0mg/dL, p= .17) as determined using a blood
glucose tester (TRUEresult, Nipro diagnostics). Following surgery, rats
received high sugar supplements (Froot Loops, Kellogg's) in addition to
their normal diet to help regain pre-surgical weight.

2.3. Assessment of chemoreflex function

Three weeks following final icv injection, conscious unrestrained
animals were subjected to acute hypoxia (10% O2, equilibrated with
N2) for 2 h in a whole-body flow-through plethysmography chamber
(Data Sciences International). Gas supply to the chamber was set at 3 L/
min and O2/N2 ratios controlled using two mass flow controllers (MC-
5SLPM-D, Alicat Scientific). Pressure changes within the chamber were

recorded with a differential pressure transducer (DP45, Validyne), sine
wave carrier demodulator (CD15, Validyne), AD Instruments digitizer
(PowerLab 8/35), and LabChart software (AD Instruments). Raw data
were analyzed using LabChart and Excel (Microsoft). Respiratory rate,
tidal volume, and minute ventilation were averaged from a 30-second
segment of calm breathing (in the absence of movements, sniffs, and
sighs) at the specified time points. Volume measurements depict the
area under the inspiratory pressure curve (ΔP) and were calibrated to
pressure changes (ΔPcal) from a known volume of air (Vcal) using a
rodent respirator (Harvard Apparatus, Model 680). Tidal volume (TV)
was mathematically corrected to accommodate body temperature of the
rat (Tb), chamber temperature (Tc), water vapor pressure in the rat
(Pw,b) and chamber (Pw,c), and barometric pressure (PB) (Drorbaugh
and Fenn, 1955):

= × ×

− ×
−

−

TV Vcal ΔP
ΔPcal

1
1 PB Pw, b

PB Pw, c
Tc
Tb

Tidal volume and minute ventilation were furthermore normalized
to 100 g of ideal (pre-surgical) rat weight. Ideal rat weight was used due
to the significant weight difference between groups at the time of
testing (control, n=6, 377.5 ± 17.9 g versus STZ, n=6,
277.7 ± 24.8 g, p= .004). Such decrease in weight was likely due to
loss of fat mass rather than shrinkage of lung tissue. This hypothesis was
validated in a separate set of STZ-injected rats. While post-surgical
weight again differed significantly between groups (control, n=5,
362.0 ± 6.2 g versus STZ, n=5, 309.4 ± 19.0 g; p= .03), lung tissue
weight was similar between vehicle- and STZ-treated rats (wet weight:
control, n=5, 1.67 ± 0.04 g versus STZ, n= 5, 1.65 ± 0.19 g,
p= .89; and dry weight: control, n=5, 0.34 ± 0.01 g versus STZ,
n=5, 0.36 ± 0.04 g, p= .73).

2.4. Immunohistochemistry

Immediately following the acute hypoxia protocol, all experimental
animals were anesthetized with isoflurane and transcardially ex-
sanguinated with heparinized 0.01M phosphate-buffered saline (PBS;
in mM: 2.7 NaH2PO4, 7.7 Na2HPO4, and 154 NaCl, pH 7.4). Subsequent
fixation was done with 4% paraformaldehyde (PFA; Acros organics) in
PBS. The brain was removed, post-fixed over night at 4 °C, and stored in
PBS for further processing. 30 μm coronal brainstem sections were cut
using a vibrating microtome (7000smz-2, Campden Instruments), and
collected/stored in a 24 well-tissue culture plate filled with cryopro-
tectant (50% PBS, 30% ethylene glycol, and 20% glycerol). A standard
protocol was used for immunohistochemical staining (Ebel et al., 2017).
Briefly, following washing of sections with PBS, non-specific antibody
binding was prevented by blocking 30min with 10% normal donkey
serum (NDS, Millipore) with 0.3% Triton-PBS. Then, sections were in-
cubated in 1% NDS, 0.3% Triton-PBS, and primary antibody on a shaker
at room temperature overnight. The primary antibodies used for this
study were: c-Fos (goat, 1:500, sc-52G, Santa Cruz), NeuN (rabbit,
1:400, MABN140, Millipore), S100 calcium-binding protein B (S100B;
rabbit, 1:200, ab41548, Abcam), and tyrosine hydroxylase (TH; 1:1500,
chicken, ab76442, Abcam). Up to three antibodies were used simulta-
neously in the same tissue. Following primary antibody exposure, sec-
tions were washed and incubated in the appropriate secondary anti-
body for 2 h. All secondary antibodies were used at 1:200 dilution (host:
donkey; Alexa Fluor 488, 711-545-152 and 703-545-155; and Alexa
Fluor 647, 705-605-147; Jackson Immuno). All sections were mounted
on gelatin-coated glass slides, air dried, and cover-slipped using Pro-
Long Diamond (with DAPI; ThermoFisher Scientific). Antibodies were
validated in one section by the absence of fluorescence when the pri-
mary antibody was omitted.

Immunofluorescence was visualized with appropriate filter sets
using an epifluorescent microscope (Eclipse 80i, Nikon) and digital
monochrome camera (DS-Qi1Mc, Nikon). Identical exposure times
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between treatment groups allowed comparison of staining intensity and
the same intensity threshold counting criteria for faintly stained cells.
Post-processing of the images was done using Fiji (Version 1.52d, NIH).
Some images were stitched using the Fiji plugin MosaicJ (Thévenaz and
Unser, 2007). Templates were drawn according to our brain sections
with the program Inkscape (version 0.91; http://www.inkscape.org/)
and nuclei identified with the help of Paxinos & Watson rat brain atlas
(Paxinos and Watson, 2007). The distinction between adjacent re-
spiratory and cardiovascular nuclei (C1 and A1/C1 region) in the
ventral brainstem was based on our templates individually adjusted to
prominent structures in the section, including the clearly visible nu-
cleus ambiguus, ventral part of the spinal trigeminal tract, pyramidal
tract and inferior olive, as well as dorsal aspects such as the hypoglossal
nucleus and nTS. Furthermore, in some sections we verified the accu-
racy of our templates by double-labeling of c-Fos and TH. Sections were
counted in a blinded fashion by four independent persons and results
were averaged. Most animals were accustomed to the plethysmography
chamber for 1 h on each of the two days before testing. In one experi-
mental run, however, two rats from each group were exposed to acute
hypoxia without prior acclimatization to the chamber, which resulted
in increased c-Fos expression when compared to all other animals
tested. Thus, before averaging, c-Fos counts were normalized to the
section with the highest number of stained cells (set to 1) within an
experimental run (2 STZ and 2 CTL rats per run). Cell nuclei stained
with DAPI were counted in a 150×150 μm box in the nTS with the
highest density of c-Fos labeling. Increased c-Fos labeling was usually
found in the medial dorsal-most region of each nTS hemi-section. Areas
devoid of cells, such as blood vessels or nucleus borders were avoided.

2.5. Statistical analysis

SigmaPlot 14.0 (Systat Software) was used for all statistical analysis.
Respiratory parameters and immunohistochemical data from the nTS
were compared between groups using 2-way repeated ANOVA with
Student-Newman-Keuls post hoc test. Changes of respiratory and c-Fos
data from ventral brainstem nuclei were analyzed using t-tests. Results
were considered statistically significant with p values ≤.05. Group data
are presented as mean ± standard error of the mean.

3. Results

3.1. STZ-AD rats exhibit a sustained blunted chemoreflex response to
hypoxia

Rats exposed to 10% O2 showed peripheral chemoreflex modulation

of breathing with a notable increase in respiratory rate (Fig. 1A). In
addition, sighs (augmented breaths to re-open collapsed alveoli) were
observed more frequently under low oxygen conditions (large excursion
in Fig. 1A bottom). Over the course of 2 h of hypoxia, the increase in
respiratory rate peaked after ~5–10min and remained elevated (al-
though at a lower level) throughout the entire hypoxic exposure
(Fig. 1B upper trace). This initial peak of respiratory rate was strongly
diminished in the STZ-AD rat model (Fig. 1B lower trace). The decreased
response to hypoxia was also evident throughout the entire hypoxic
period. Respiratory rate towards the end of the hypoxic protocol was
only slightly higher than that under normoxic conditions (beginning of
the lower trace in Fig. 1B).

The group data confirm that the initial chemoreflex-mediated in-
crease in minute ventilation was significantly blunted in STZ-AD rats
5min into the hypoxic period (Fig. 2Aleft & middle). While minute
ventilation in control rats increased by 107%, STZ-AD rats exhibited
only a 64% increase in response to hypoxia. These results are similar to
those from our previous study using short exposures to various levels of
hypoxia (Ebel et al., 2017). Additionally, following the peak increase at
5min, minute ventilation remained elevated in control rats throughout
the entire period of hypoxia (Fig. 2A right) with a minimal elevation of
minute ventilation of 43% (at 90min) from the initial value at nor-
moxia (at 0min). In contrast, STZ-AD rats displayed continued blunting
of the chemoreflex response with a minimal elevation of 16% (at
90min). A closer look at tidal volume and respiratory rate shows that
changes in minute ventilation of STZ-AD rats were entirely due to a
blunted increase in breathing rate (Fig. 2B). Interestingly, both rat
groups showed an early hypoxia-induced increase in tidal volume (at
5min). This increase in tidal volume, however, quickly returned to
baseline while respiratory rate had a delayed peak after 10min of hy-
poxia. These data suggest that sudden changes in lung oxygenation may
be primarily compensated by instantaneous changes in tidal volume,
and that longer episodes of hypoxia may be primarily compensated by
changes in respiratory rate.

3.2. Reduced hypoxia-mediated c-Fos labeling of caudal/medial nTS
neurons in STZ-AD rats

To identify the possible underlying cause for diminished chemore-
flex activation in the STZ-AD model, rat brains were paraformaldehyde-
fixed immediately following the hypoxic episode for im-
munohistochemical analysis. We first examined cellular activation (as
indicated by c-Fos staining (Dragunow and Faull, 1989)) in the nucleus
tractus solitarii (nTS), the initial central nucleus in the peripheral
chemoreflex axis. A representative staining of a control and STZ-AD rat

Fig. 1. Respiratory responses of control and STZ-AD
rats to hypoxia. A) Typical respiratory recordings
during normoxia and 10% O2. Upward move-
ment= inspiration. B) Examples for respiratory rate
over 2 h 10% O2 from a control (top) and streptozo-
tocin-induced Alzheimer's disease (STZ-AD) rat
(bottom). Note the blunted increase of respiratory
rate in STZ-AD. Arrows indicate the time points for
the examples shown in A. Large excursions (noise)
are from sniffing or rat movements in the plethys-
mography chamber.
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Fig. 2. Group data for respiratory parameters showing decreased peripheral chemoreflex response in STZ-AD. A) Minute ventilation (MV) normalized to 100 g rat at
5 min (left), the change from normoxia to hypoxia (middle), and long-term MV over 2 h (right) for control (CTL) and STZ-AD. B) Breakdown of MV data (shown in A)
into tidal volume (TV) and respiratory rate (RR) for CTL and STZ-AD. Note the transient increase in TV and prolonged increase of RR. * p≤ .05, ** p≤ .01. n=6 for
each group.

Fig. 3. c-Fos labeling in nTS neurons of control and STZ-AD rats following 2 h of hypoxia. A) Representative example of hypoxia-induced c-Fos (cell activity marker)
labeling in the nucleus tractus solitarii of control (CTL; top) and streptozotocin-induced Alzheimer's disease (STZ-AD, bottom). Scale= 100 μm. B1) Double-labeling of
c-Fos and NeuN (neuronal marker). Arrows point towards c-Fos labeled nuclei that co-labeled with NeuN. Scale= 50 μm. B2) Double-labeling of c-Fos and S100b
(astroglial marker). Arrows point towards c-Fos labeled nuclei that were devoid of S100b. Stars indicate position of an astroglial cell body. Scale= 50 μm.
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is shown in Fig. 3A. Two hours of acute hypoxia consistently elicited c-
Fos staining in both rat groups throughout the entire extent of the nTS.
Similar to other studies (Gozal et al., 1999), we verified in a few sec-
tions that cell activation is largely found in NeuN-identified neurons
(Fig. 3B1). On the other hand, c-Fos was absent in S100b-identified
astrocytes (Fig. 3B2).

Quantitatively we analyzed cellular activation in 4 representative
sections throughout the extent of the nTS (Fig. 4A). Using landmarks in
the brainstem section and the Paxinos & Watson rat brain atlas (Paxinos
and Watson, 2007), nTS regions evaluated correspond to the commis-
sural nTS (Bregma −15.00mm), caudal/medial nTS (Bregma −14.16),
medial nTS (Bregma −13.20mm), and rostral nTS (Bregma
−12.12mm). A maximum number of c-Fos labeled cells was found in
the caudal/medial nTS (Bregma −14.16) of both groups (Fig. 4B1; cell
counts were normalized to the highest cell count in an experimental run
- see Materials & Methods; averaged maximum of all runs was
143 ± 28.5 c-Fos labeled cells). However, in this section of the nTS
there was significantly less c-Fos labeling in STZ-AD rats. A reduced
hypoxia-induced activation of the nTS may in part explain the observed
chemoreflex dysfunction of this AD model.

It has been previously shown that brain mass, especially in the
hippocampal region, decreases in AD patients (Kesslak et al., 1991;
Zimny et al., 2013). Similarly, cerebral atrophy is found in the STZ-AD
rat model (Kraska et al., 2012; Shoham et al., 2003). To account for
potential errors introduced by overall nTS size, c-Fos counts were
normalized to the area evaluated (Fig. 4B2). Normalizing to nTS size
showed highest hypoxia-mediated activation in the caudal-most

sections. Again, neuronal activation was significantly lower in the
caudal/medial nTS of STZ-AD rats. To examine the possibility that a
decrease in cell number may account for the lower c-Fos labeling ob-
served in STZ-AD rats, DAPI-stained cell nuclei were counted bilaterally
in a 150× 150 μm box placed in areas of highest cellular activation
from hypoxia. However, there was no statistical difference between
both experimental groups in overall cell number (sum of all four nTS
sections: control, n=6, 458.2 ± 9.5 versus STZ, n=6, 478.8 ± 17.6,
p= .33). There was also no regional difference of cell number in the
rostral-caudal extent of nTS sections analyzed (data not shown). These
results indicate that decreased c-Fos labeling in the STZ-AD rat is not
due to a decrease in overall cell number.

3.3. Reduced hypoxia-induced c-Fos labeling in the rostral VRG and
Bötzinger complex in STZ-AD rats

We furthermore analyzed potential changes in neuronal activation
within respiratory centers of the ventral brainstem. Since these re-
spiratory nuclei are directly adjacent (dorsal) to cardiovascular centers,
we verified the accuracy of our templates in some animals using double-
labeling of c-Fos and tyrosine hydroxylase (TH; Fig. 5). TH was pri-
marily found in neurons of the A1 and C1 cell group and thus dis-
tinguished these cells from TH-negative neurons in respiratory centers
of the ventral brainstem (Kanjhan et al., 1995; Verberne et al., 1999;
Wang et al., 2001). We only observed very sparse hypoxia-induced c-
Fos labeling in respiratory nuclei, while there was strong staining in
cardiovascular nuclei (Fig. 5B). This result is consistent with data

Fig. 4. Group data showing decreased hypoxia-induced c-Fos labeling in the caudal/medial nTS of STZ-AD rats. A) Coronal templates depicting the positions (from
bregma according to Paxinos and Watson) for bilateral quantification of c-Fos within the rostral-caudal extent of the nucleus tractus solitarii (nTS). Bold line depicts
the extent of the nTS. B1) Average group data for c-Fos expression in control (CTL) and streptozotocin-induced Alzheimer's disease (STZ-AD) at the four nTS levels
shown in A. Data is normalized to the maximum number of c-Fos labeled cells (= 1) within an experimental run (see Materials & Methods). B2) Group data shown in
B1 is normalized to nTS area. * p≤ .05, ** p≤ .01. n=6 for each group.

Fig. 5. c-Fos labeling in respiratory and cardiovas-
cular regions of the ventral brainstem in control and
STZ-AD following 2 h of hypoxia. A) Overview sec-
tion with template overlay (Bregma −14.16 mm)
indicating c-Fos (white) and tyrosine hydroxylase
(TH; cyan). Scale= 500 μm. B) Zoom on c-Fos ex-
pressing cells in the caudal ventral respiratory group
(cVRG) and A1/C1 cell group that co-labels with TH.
The A1/C1 group is located at the level of the caudal
ventrolateral medulla (CVLM). nA=nucleus ambi-
guus. Scale= 300 μm. (For interpretation of the re-
ferences to color in this figure legend, the reader is
referred to the web version of this article.)

A.G. Brown et al. Experimental Neurology 311 (2019) 285–292

289



published previously by others (King et al., 2013; Wang et al., 2015).
We quantified c-Fos labeling in the caudal and rostral extent of the

ventral respiratory group (VRG), the pre-Bötzinger complex, the
Bötzinger complex, as well as in adjacent regions important for cardi-
ovascular function (A1 and C1 cell groups; Fig. 6). Regions were aligned
with the Paxinos and Watson rat brain atlas (Paxinos and Watson,
2007) and approximately subdivided into caudal, intermediate, and
rostral portions of the ventrolateral medulla (Horiuchi et al., 1999) as
shown in the figure. There was no difference in any of the cardiovas-
cular regions analyzed between both experimental groups (maximum
average c-Fos labeled cell count of all runs: A1/C1 (Fig. 6A), 38 ± 8.2
cells; C1 (Fig. 6B), 38 ± 5.5 cells; C1 (Fig. 6C), 39 ± 1.0 cells; C1
(Fig. 6D), 35 ± 1.6 cells). Thus, although cardiovascular nuclei ex-
hibited strong c-Fos labeling after two hours of acute hypoxia, STZ-
induced AD had no impact on the activation pattern in these regions. In
regards to the respiratory nuclei, there was no change in cell activation
in the caudal VRG and pre-Bötzinger complex of the STZ-AD rat model
(maximum average c-Fos: cVRG, 13 ± 3.0 cells; pre-Bötzinger,
9 ± 1.1 cells). However, c-Fos labeling was significantly lower in the
rostral VRG (maximum average c-Fos: 15 ± 2.1 cells) and Bötzinger
complex (maximum average c-Fos: 10 ± 1.9 cells) of STZ-AD rats
when compared to control. Decreased hypoxia-induced cell activation
in these regions may furthermore contribute to the observed blunting of
peripheral chemoreflex responses in STZ-AD rats.

4. Discussion

Here we show for the first time a long-term diminution of hypoxia-
induced chemoreflex activation in the STZ-AD rat model. The pro-
nounced reduction of minute ventilation continued over our entire re-
cording period of 2 h and was entirely due to a blunted increase of
respiratory rate. Immunohistochemical analysis of brainstem centers
important for respiratory control identified novel target regions im-
pacted by STZ-AD. Particularly the caudal/medial nTS exhibited a
significant decrease of hypoxia-induced cell activation. This decrease in
c-Fos labeling was not due to an overall decrease in cell number.
Furthermore, the rostral VRG and the Bötzinger complex showed re-
duced c-Fos staining, whereas adjacent ventral respiratory (caudal VRG
& pre-Bötzinger complex) and cardiovascular (A1/C1 cells) nuclei were
unaltered.

It is widely documented that, amongst many other physiological
functions, the nTS plays an important role in normal respiratory func-
tion (Andresen and Kunze, 1994; Braccialli et al., 2008; Housley and
Sinclair, 1988). Furthermore, it is the first central integration point in

the peripheral chemoreflex arc and thus of high importance for ade-
quate responses to hypoxic conditions (Favero et al., 2011). Our study
showed that hypoxia-induced neuronal activation in the nTS is dimin-
ished in the STZ-AD model. A significantly decreased c-Fos expression
has also been observed in hippocampal brain regions of this model
following behavioral tests for long-term memory formation (Jee et al.,
2008). At this point, the exact reason for decreased c-Fos expression in
the STZ-AD rats is not clear, but it seems not to be due to a general
reduction in cell number (as shown by our DAPI analysis). Lower c-Fos
staining may be due to local impairment of neuronal energy metabolism
(Nitsch and Hoyer, 1991). Dysregulation of brain glucose and de-
sensitization of neuronal insulin receptors has been previously shown to
occur in the STZ-AD model (Correia et al., 2011; Lester-Coll et al.,
2006). These pathologic processes also occur in patients with AD (La
Monte and Wands, 2005). On the other hand, both AD in human and
STZ-induced AD in rats are strongly associated with increased levels of
inflammation and oxidative stress (Berr et al., 2000; Cervellati et al.,
2013; Griffin et al., 1989; Rai et al., 2014; Sharma and Gupta, 2001).
These factors mostly contribute to neuronal hyperexcitability in the nTS
as shown by electrophysiological studies (Emch et al., 2000; Marty
et al., 2008; Ostrowski et al., 2017; Ostrowski et al., 2014; Pickering
et al., 2005). A potential increase of overall neuronal activity in the nTS
of STZ-AD rats may mask hypoxia-induced c-Fos expression, since the
transiently expressed c-Fos protein decreases to baseline levels with
prolonged cellular activity (Hope et al., 1992). Potential basal hyper-
excitation in respiratory nuclei may furthermore contribute to a “ceiling
effect” response, in which neurons are not capable of coding stronger
stimuli via increased spiking when e.g. stimulated by hypoxia. This
ceiling effect, in turn, may then present as the blunted chemoreflex
observed in this study. Future analysis of neurophysiological properties
in the nTS of STZ-AD rats will answer this question.

Extensive research focused on the functional roles of sub-nuclei
within the ventral respiratory column (VRC) (Abdala et al., 2009; Costa
et al., 2014; Monnier et al., 2003; Smith et al., 2013). Similar to others
(Teppema et al., 1997; Wang et al., 2015), we have found c-Fos labeling
throughout the VRC regions analyzed in this study, confirming per-
ipheral chemoreflex activation of these nuclei and their role in the
hypoxic response. The number of c-Fos stained cells, however, is likely
underestimated due to our strict template-determined boundaries
(aided by double-labeling against TH, see Materials and Methods) be-
tween respiratory nuclei and A1/C1 cell clusters. This method may
have excluded a portion of c-Fos-positive respiratory cells that were
intermingled within groups of TH-positive cells, and is a limitation of
the present study. Nevertheless, in the group of c-Fos labeled cells that

Fig. 6. Averaged group data showing decreased hypoxia-induced c-Fos with STZ-AD in specific respiratory nuclei of the ventral brainstem. A) Orientation template
(top) and c-Fos data (bottom; normalized to maximum c-Fos count per experimental run - see Materials & Methods) in the caudal ventral respiratory group (cVRG) and
A1/C1 cell group (caudal ventrolateral medulla [CVLM] region). n=6 for control (CTL) and n=5 for streptozotocin (STZ)-induced Alzheimer's disease. B) Template
and c-Fos in the rostral ventral respiratory group (rVRG) and C1 cell group (CVLM region). n=6 for each group. C) Template and c-Fos in the pre-Bötzinger (pre-Böt)
and C1 cell group (intermediate ventrolateral medulla [IVLM] region). n=6 for each group. D) Template and c-Fos in the Bötzinger (Böt) and C1 cell group (rostral
ventrolateral medulla [RVLM] region). * p≤ .05, ** p≤ .01. n= 6 for each group.

A.G. Brown et al. Experimental Neurology 311 (2019) 285–292

290



were associated with respiratory nuclei, we observed significantly de-
creased cell activation in response to hypoxia in the rostral VRG and
Bötzinger complex of STZ-AD rats. At this point it is not clear if reduced
c-Fos labeling in these ventral respiratory nuclei is merely due to re-
duced activation in the nTS (i.e. reduced activity in the nTS leads to
reduced activity in subsequent nuclei), or whether the action of STZ is
region-specific and independent from that observed in the nTS.

While activity of the rostral VRG and pre-Bötzinger complex is re-
quired during inspiration, activation of the caudal VRG and Bötzinger
complex becomes important during expiration (Smith et al., 2013). The
impact of these sub-regions on respiratory rate has been previously
defined by local injections of a glutamate receptor agonist (Bonham and
Jeske, 1989; Monnier et al., 2003). While injections into the pre-Böt-
zinger complex produced tachypnea, respiratory rate deceased with
activation of the rostral VRG or Bötzinger complex. The opposite
(bradypnea) seems true with local injections of glutamate receptor
blockers in the rostral VRG and Bötzinger complex (Anderson and
Speck, 1999; Moraes et al., 2012; Mutolo et al., 2005). While these data
for pre-Bötzinger (inspiratory rhythm generator) and Bötzinger com-
plex (expiratory control) seem consistent with their functional role in
respiration, changes in respiratory rate with microinjections into the
rostral VRG (mainly inspiratory pre-motor neurons) seem unexpected
and opposite in relation to the prospective function (Smith et al., 2013).
The authors speculate that their findings may be based on changes in
the activity of inhibitory sub-populations in this nucleus, synchronizing
firing of neuronal populations that normally fire out of phase, or in-
duction of supernormal discharge rates with glutamate receptor ago-
nists (Bonham and Jeske, 1989; Monnier et al., 2003). Irrespective of
the underlying mechanism, one may conclude from these studies that
lower activation (similar to local blockage) of the rostral VRG and
Bötzinger complex in the STZ-AD model could potentially lead to ex-
aggerated responses to hypoxia. Such an assumption, however, is in
contrast to the observed blunting of respiratory rate in STZ-AD rats
during hypoxia. Alternatively, chronic neuronal hyperactivity in these
nuclei (and a masking of c-Fos expression, see above) would be in line
with the findings from glutamate receptor activation in the VRC.

The cardiovascular network in the ventral brainstem (CVLM, IVLM,
and RVLM) is mainly associated with the classical baroreflex (Dampney
et al., 2003; Schreihofer and Guyenet, 2002). Similar to others
(Guyenet, 2000; King et al., 2013; Teppema et al., 1997), we observed
strong activation of cardiovascular nuclei with 10% O2, indicating their
role during hypoxia-induced changes in cardiovascular function. While
the exact neuronal pathways for chemoreflex-mediated sympathoacti-
vation and cardiovascular responses are still not entirely understood,
direct and indirect projections from the nTS to the RVLM and ven-
trolateral pons (A5 cell group) seem to play an essential role (Guyenet
and Koshiya, 1995). CVLM neurons, on the other hand, rather modulate
sympathetic responses to acute hypoxia (Mandel and Schreihofer,
2009). However, c-Fos immunoreactivity in A1/C1 cells of STZ-AD rats
was not altered when compared to control animals. This result may be
indicative of unaltered cardiovascular responses to hypoxia in STZ-AD
rats. Future studies need to clarify the potential physiological altera-
tions of the cardiovascular system to hypoxia, and whether STZ induces
structural/cellular changes in the nuclei controlling these functions.

In conclusion, we have shown a significant reduction of the che-
moreflex-mediated respiratory response to 2 h of acute hypoxia in the
STZ-AD rat model. These results correlate with decreased c-Fos ex-
pression in respiratory nuclei of the brainstem (nTS, rostral VRG, and
Bötzinger complex). On the other hand, c-Fos labeling in other regions
typically activated by hypoxia (pre-Bötzinger complex, caudal VRG,
and A1/C1 cells) remained unchanged. Such region-specific reduction
of c-Fos gives important new insights about the affected respiratory
nuclei in STZ-AD rats, and contributes to an explanation for the blunted
respiratory response to hypoxia in this model.
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