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Abstract

As glucose hypometabolism in the brain is an early sign of Alzheimer’s dementia (AD),
the diabetogenic drug streptozotocin (STZ) has been used to induce Alzheimer-like
pathology in rat brain by intracereboventricular injection (icv-STZ). However, many
details of the pathological mechanism of STZ in this AD model remain unclear. Here,
we report metabolic and cholinergic effects of icv-STZ using microdialysis in freely
moving animals. We found that icv-STZ at a dose of 3 mg/kg (2 x 1.5 mg/kg) causes
overt toxicity reflected in body weight loss. Three weeks after STZ administration,
histological examination revealed a high number of glial fibrillary acidic protein reac-
tive cells in the hippocampus, accompanied by Fluoro-Jade C-positive cells in the
CA1 region. Glucose and lactate levels in microdialysates were unchanged, but mito-
chondrial respiration measured ex vivo was reduced by 9%-15%. High-affinity cho-
line uptake, choline acetyltransferase, and acetylcholine esterase (AChE) activities
in the hippocampus were reduced by 16%, 28%, and 30%, respectively. Importantly,
extracellular acetylcholine (ACh) levels in the hippocampus were unchanged and re-
sponded to behavioral and pharmacological challenges. In comparison, extracellular
ACh levels and cholinergic parameters in the striatum were unchanged or slightly in-
creased. We conclude that the icv-STZ model poorly reflects central cholinergic dys-
function, an important characteristic of dementia. The icv-STZ model may be more

aptly described as an animal model of hippocampal gliosis.
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1 | INTRODUCTION

Animal models are of great importance to understand Alzheimer's
disease (AD) pathology and to evaluate potential therapies, but can
also be misleading if they do not adequately reflect human disease
(Drummond & Wisniewski, 2017). While transgenic approaches
imitate early-onset AD only, toxic models may more closely mimic
the typical, late-onset dementia in humans (Cavanaugh, Pippin, &
Barnard, 2014). One such model in which brain injury is induced by
intracerebroventricular injection of streptozotocin in rats (icv-STZ),
was developed based on the idea that AD resembles “diabetes of the
brain”, and is caused by an insulin-resistant brain state (Hoyer, 1998;
de la Monte & Tong, 2014). Insulin can cross the blood-brain barrier
(Banks, Owen, & Erickson, 2014) and insulin receptors are widely
expressed in the brain, e.g., occurring in hippocampus and striatum
(Arnold et al., 2018). Recent studies indicate that insulin contributes
to cognition in animals and is being tested as a possible therapeutic
option in AD (Clarke, Ribeiro, Frozza, De Felice, & Lourenco, 2018;
Grillo et al.,, 2015). The icv-STZ model induces AD-like symptoms
such as memory impairment, glucose hypometabolism, mitochon-
drial dysfunction, increased oxidative stress, neuroinflammation,
and neurodegeneration (Knezovic et al., 2015; Salkovic-Petrisic &
Hoyer, 2007). More than 50 studies have used this model to inves-
tigate potential therapeutic effects of a variety of drugs, including
lithium, NMDA receptor antagonists, antioxidants, pioglitazone,
and many more (reviewed by Salkovic-Petrisic, Knezovic, Hoyer, &
Riederer, 2013).

Two aspects of this model, however, have not been thoroughly
investigated. First, the mechanism of STZ action in the brain remains
unknown. In the periphery, STZ is taken up into cells (e.g., pancreatic
3-cells) preferentially via the GLUT2 glucose transporter receptor
(SLC2A2) which is poorly expressed in the brain. The effects of insu-
lin on blood glucose are mediated by the GLUT4 glucose transporter
(SLC2A4). In the brain, however, the insulin-insensitive glucose
transporters GLUT1 and 3 are predominant, with GLUT1 prefer-
entially expressed in endothelia and glial cells and GLUT3 in neu-
rons. Second, in humans, central cholinergic dysfunction is closely
associated with cognitive function (Ballinger, Ananth, Talmage, &
Role, 2016), and current drug treatment of AD is largely dependent
on acetylcholinesterase (AChE) inhibitors which increase acetyl-
choline (ACh) levels in the brain. However, the effects of icv-STZ
administration on central cholinergic systems have not been in-
vestigated in depth. Some studies determined activities of choline
acetyltransferase (ChAT) or acetylcholinesterase (AChE), but these
enzymatic activities do not correlate with ACh release. After icv-
STZ administration, ChAT activity was reduced in the hippocampus
to varying degrees, but was unchanged in the septum (Hellweg,
Nitsch, Hock, Jaksch, & Hoyer, 1992; Terwel, Prickaerts, Meng, &
Jolles, 1995). ChAT-positive cells were reduced in one study in the
basal forebrain (Majkutewicz et al., 2016). AChE activity was found
to be increased, and total ACh levels decreased, in some studies
(Costa et al., 2016; Sorial & El-Sayed, 2017), but both measurements

were done in brain homogenates and, therefore, poorly reflect local

cholinergic activity. Another study reported an unchanged number
of basal forebrain cholinergic neurons (based on ChAT immunore-
activity) or hippocampal cholinergic terminals (based on vesicular
acetylcholine transporter (VAChT) staining) (Shoham, Bejar, Kovalev,
Schorer-Apelbaum, & Weinstock, 2007). As cholinergic dysfunction
is an important characteristic of AD, a more detailed investigation
into cholinergic activity seemed warranted. We here report micro-
dialysis findings of cholinergic activity in icv-STZ-treated rats, and
we compare our findings with metabolite and mitochondrial data to

monitor changes in energy metabolism.

2 | MATERIALS AND METHODS
2.1 | Animals and treatments

lcv-STZ-induced brain injury was induced in male Wistar rats
(RRID:RGD_13508588) of 150-250 g body weight (5 weeks of age;
Janvier Labs, Le Geneste St. Isle, France). A total of 103 rats were
housed in a controlled room (22°C, 50%-65% humidity; day/night
cycle of 12/12 hr) with free access to water and standard laboratory
diet (Altromin; 1324, 2018) and were numbered Rat 1 to Rat 103.
After 7 days of acclimatization, they were divided into 2 or 3 groups
per cage and block randomization according to 3 or 4 rats per cage
was used. Rats were divided to receive different treatment in the fol-
lowing order. For two groups per cage: AACC, ACCA, ACAC, CAAC,
CACA, and CCAA. For three groups per cage: ABC, ACB, BAC, BCA,
CAB, and CBA (Table S1).

For treatments, the high-dose group (group C) received icv-STZ
twice at a dose of 1.5 mg/kg (Sigma-Aldrich S0130, 2018) dissolved
in water (Fresenius Kabi, 406760000, 2018) on day 0 and day 3. The
low-dose group (group B) received icv-STZ once at a dose of 0.6 mg/
kg in saline. The control group (group A) received saline twice on
days 0 and 3 (B. Braun, 2350720, 2018). Freshly prepared strepto-
zotocin maintains its effects at neutral pH as reviewed by Deeds
etal. (2011). During the experiments, the experimenter was unaware
of the animal's group during raw data calculation and data analysis
because during those times, the rats were labeled as number 1-103
by another researcher, and de-blinding occurred after data analysis.

lcv infusions (5 pl) were performed for 5 min into brain lat-
eral ventricles in fully anaesthetized rats using isoflurane (Iso-vet,
3949, 2018; induction dose 5%, maintenance dose 1.5%-2% v/v) in
synthetic air (Air Liquide, 6716684, 2018, Dusseldorf, Germany).
Isofluran was used because of rapid recovery, lower incidence of
death, and rapid elimination. The coordinates used in the stereo-
taxic instrument (Stoelting, Chicago, IL, USA) were as follows: AP:
-0.8 mm; L: +1.5 mm; and DV: -3.6 mm (Paxinos & Watson, 1998).
Bupivacain (Jenapharm, 30004090000, 2018) was applied for
long-lasting local anesthesia. The diffusion of drugs was confirmed
by an infusion of fast green dye (Sigma-Aldrich F7258, 2018). Health
status was monitored daily and body weights were checked twice a
week for 21 days before experiments. The distribution of the 103

rats into experimental groups is illustrated in Table S1. As described
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above, the rats received saline or STZ (1.5 mg/kg) by i.c.v. injection
on days 0 and 3. In the case of the low-dose STZ group, 0.6 mg/kg
was administered once by i.c.v. infusion on day 0. This low dose of
icv-STZ was only used for microdialysis studies. On day 20 after the
initial injection, microdialysis probes were inserted under isoflurane
anesthesia as described below. On days 21 and 22, microdialysis ex-
periments were performed (day 21: open field; day 22: scopolamine).
A total of 45 rats were used for this part of the study, but because
of blocked probes, 3 rats had to be excluded from analysis so that
42 rats were entered into data analysis. For the other experimental
procedures, only two groups of rats were used, saline-treated rats
and rats that received high-dose STZ. We used two groups of 9 rats
each for histology, two groups of 8 rats each for the measurement
of cholinergic parameters, and two groups of 12 rats each for mea-
surement of mitochondrial activities. The flow diagram of the exper-
iments is illustrated in Figure 1.

Both animal treatments and experiments were done in mixed
order (saline, STZ; STZ, saline). Experiments were carried out ac-
cording to the German Law for Animal Protection and were reg-
istered with Regierungsprasidium Darmstadt (FR/1005). The
experimenter was unaware of the animal's group during raw data
calculation and data analysis. The study was not pre-registered and

exploratory.

2.2 | Histology and immunohistochemistry

Nine rats of the saline group and 9 rats of the high-dose STZ group
were killed by intraperitoneal injection of ketamine (2 x 80 mg/
kg; Inresa, 07714091, 2018) and xylazine (2 x 10 mg/kg; Bayer,
770-081, 2018) and transcardially perfused with 500 ml 4°C saline
(Braun, 8779253, 2018) and 400 ml 4% paraformaldehyde (Merck
104005, 2018) in phosphate-buffered saline (PBS) (Gerfen, 2003).

JNGC:

A combination of ketamine and xylazine was used because of its
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beneficial cardiovascular effects. The brain was collected and 3 mm
coronal sections were made followed by post-fixation in 4% para-
formaldehyde in PBS for 4 hr. Sections were transferred to 20% su-
crose (Sigma-Aldrich, S0389, 2018) in PBS at 4°C. The sections were
then frozen in Tissue-Tek® O.C.T mounting medium (Sakura, 4583,
2018) and 14 um coronal sections were cut and spread on micro-
scope slides and allowed to air-dry. GFAP staining was performed
according to Kallenborn-Gerhardt et al. (2014). Air-dried sections
were washed in PBS for 3 x 10 min, permeabilized in PBS contain-
ing 0.1% Triton X-100 (Sigma-Aldrich, T8787, 2018) for 5 min, and
blocked in PBS containing 10% normal goat serum (Sigma-Aldrich,
G9023, 2018) and 3% bovine serum albumine (Carl Roth, 3737.1,
2018) for 60 min. Next, sections were incubated with primary an-
tibody overnight at 4°C (rabbit anti-GFAP, 1:1,000, Agilent Cat#
70334, RRID:AB_10013382). After three washes in PBS, the sec-
tions were incubated in secondary antibody for 2 hr in the dark
(goat anti-rabbit IgG AF555, 1:500, Molecular Probes Cat# A-21429,
RRID:AB_141761) followed by three washes. Next, quenching was
done using 0.06% Sudan black B (Sigma-Aldrich, 199664, 2018) in
70% ethanol (Fisher Chemical, E/0665DF/15, 2018) for 5 min fol-
lowed by three washes. Coverslips were mounted using Fluoromount
G (Invitrogen, 00-4958-02, 2018).

Fluoro-Jade C staining (Merck, AG 325, 2018) was performed
based on Schmued, Stowers, Scallet, and Xu (2005). Air-dried
sections were soaked in 70% ethanol for 3 min followed by three
washes in milli-Q water. Next, sections were soaked in 0.06%
KMnO, (Sigma-Aldrich, 223468, 2018) for 15 min followed by three
washes. Sections were then stained using 0.0001% Fluoro-Jade C
in 0.1% acetic acid (Sigma-Aldrich, 1000631011, 2018) for 15 min
followed by three washes and air-drying over night at 20°C. Air-dried
sections were cleared in xylene and coverslips were mounted using
DPX (Sigma-Aldrich, 06522, 2018).

Brain collection
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The fluorescence signal was detected using a FITC (Fluorescein
isothiocyanate) filter (Semrock) for Fluoro-Jade C and TRITC

(Tetramethylrhodamine) filter (Semrock) for GFAP. Pictures were
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processed by Nikon software NIS-Elements and combined by Adobe
Photoshop CS. Fluorescence intensity was quantified by ImageJ

software.

2.3 | Mitochondrial oxygen consumption

Twenty-one days after the first icv-STZ injection, hippocampi
of 24 rats (12 rats of the saline group and 12 rats of the high-
dose STZ group) were collected quickly after decapitation and
mitochondria were isolated according to Hagl et al. (2013).
Mitochondrial oxygen consumption was
Oroboros Oxygraph-2K (O2K) (Gnaiger, 2014). Briefly, the O2K
chambers were filled with 2 ml of MiRO5 medium (110 mM su-
crose, 60 mM Klactobionate, 0.5 mM EGTA, 3 mM MgCl,, 20 mM
taurine, 10 mM KH,PO,, 20 mM HEPES, and 1 g/L bovine serum
albumine essentially fatty acid-free) and 80 pl of isolated mito-

measured using

chondria. Activities of electron transport chain complexes were
determined using an established substrate/uncoupler/inhibitor
titration (SUIT) protocol. Complex | activity was measured after
the addition of pyruvate (5 mM; Sigma-Aldrich, P2256, 2018),
malate (2 mM; Sigma-Aldrich, M1000, 2018), and ADP (2 mM;
Sigma-Aldrich, A5285, 2018). Then, complex V activity was in-
hibited by the addition of oligomycin (2 pg/ml; Sigma-Aldrich,
04876, 2018). Maximum electron transfer (complex Ill) was
measured after the addition of FCCP (protonophore; Sigma-
Aldrich, C2920, 2018). Complex Il activity was measured after
inhibition of Complex | by the addition of rotenone (0.5 pM;
Sigma-Aldrich, R8875, 2018). Then, mitochondrial respiration
was blocked by the addition of antimycin-A (Sigma-Aldrich,
A8674, 2018) which inhibits complex Ill. Maximum complex IV
activity was measured after the addition of tetramethyl-phe-
nylenediamine (TMPD; 0.5 mM; Sigma-Aldrich, A7631, 2018)
as electron donor and 2 mM ascorbate (Sigma-Aldrich, A7631,
2018) to maintain the reduced state of TMPD. Finally, citrate
synthase (CS) activity was measured by a colorimetric assay as
described by Hagl et al. (2013) and complex activities were ex-

pressed relative to CS activities.

2.4 | Microdialysis of metabolites and acetylcholine

Y-shaped, concentric microdialysis probes (Polysulfone membrane
FX CorDiax 600, Fresenius Medical Care, 0123, 2017) with a mo-
lecular weight cutoff of 30 kDa and an exchange area of 3 mm were
manufactured as described previously (Lietsche, Gorka, Hardt,
Karas, & Klein, 2014; RRID: SCR_018571) and implanted in the hip-
pocampus or striatum of fully anaesthetized rats (for pain relief,
bupivacaine and isoflurane were used as described above). The

following coordinates from bregma were used (hippocampus AP:

-5.2 mm; L: -4.8 mm; DV: -7.0 mm; STR AP: +0.2 mm; L: -2.8 mm;
DV: -7.5 mm) (Paxinos & Watson, 1998). A total of 45 rats from three
groups (saline, low-dose STZ, and high-dose STZ of 15 rats each)
were used in this study. The rats were divided into hippocampus ex-
periment (21 rats; 7 rats each group) and striatum experiments (24
rats; 8 rats each group).

Rats were allowed to recover over night and microdialysis ex-
periments were conducted for 2 days after probe implantation
between 09:00 and 17:00 hr. The probes were perfused with arti-
ficial cerebrospinal fluid (147 mM NaCl, 4 mM KCl, 1.2 mM CaCl,,
and 1.2 mM MgCl,) at a rate of 2 ul/min. After 30 min of equilib-
rium between perfusion liquid and tissue, dialysates of 15 min in-
tervals were collected for 90 min (6 x 30 pL) and used for analysis.
For extracellular acetylcholine level measurement, the artificial
cerebrospinal fluid was supplemented with 0.1 uM neostigmine
(Sigma-Aldrich, N2001, 2015) to stabilize extracellular levels of
ACh. After collection of the first 90 min dialysates (basal data),
rats were moved to an open field box (35 x 32 x 20 cm) as explora-
tion and increased locomotor activity are known to physiologically
stimulate hippocampal ACh release (Kénig, Berlin, et al., 2018).
After collection of the second 90 min dialysates, the rats were
transferred back to the microdialysis cage and dialysates were col-
lected for another 90 min.

On day 2, after collection of dialysates under basal conditions,
1 uM scopolamine (Sigma-Aldrich, S0929, 2015) was added to the
perfusion solution to pharmacologically stimulate ACh release, and
dialysates were collected for 90 min followed by another 90 min of
dialysis without scopolamine. Afterwards, rats were killed in isoflu-
rane anesthesia and the brains were removed for further analysis

and probe location confirmation.

2.5 | Determination of metabolites

Glucose, lactate, pyruvate, and glycerol levels in dialysates were
measured by enzymatic reaction and colorimetric method using
CMA 600 and an Iscus® microdialysate analyzers. 3-Hydroxybu-
tyrate was determined by GC-MS and isoprostane levels by ELISA
(8-isoprostane express EIA kit®, Cayman Chemicals, 516360,
2019), as previously described (Imran, Hillert, & Klein, 2015; Koch
et al, 2017).

2.6 | Determination of acetylcholine and choline

ACh and choline levels were determined by directly injecting 10 ul
dialysate into a high-performance liquid chromatograph coupled
with an electrochemical detector system (HPLC-ECD). The sys-
tem consisted of an autosampler, a pump with degasser, a pre-col-
umn, a separation column, an enzyme reactor (AChE and choline
oxidase), and an electrochemical detector (a platinum electrode
working at + 500 mV by Eicom, Kyoto, Japan). The mobile phase
consisted of KHCO; 50 mM, EDTA-Na, 134.3 mM, and sodium
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decane-1-sulfonate 1.64 mM in RotisolV® HPLC gradient grade
water with a pH of 8.4 and flow rate at 150 ul/min.

2.7 | Cholinergic parameters (HACU, ChAT, AChE)

A total of 16 rats from the saline group and high-dose STZ group (8
rats each) were used for the study of cholinergic parameters. The hip-
pocampus and striatum were collected from each rat and homogen-
ates of each brain region were made. Each homogenate was divided
into three subsamples for HACU, ChAT, and AChE studies.

High-affinity choline uptake (HACU) mediated by the choline
transporter-1 (CHT-1) was determined based on Konig, Berlin, et al.
(2018). Briefly, hippocampal homogenate in HEPES/sucrose buffer
was centrifuged at 17,000 g for 10 min at 4°C to collect the P2 frac-
tion containing synaptosomes. It was then incubated with or without
1 uM hemicholinium-3 (HC-3; Sigma-Aldrich, H108, 2018) in Krebs-
Henseleit buffer (KHB; containing NaCl 115 mM, KCI 7.1 mM, CaCl,
1.2 mM, MgSO,, 1.2 mM, NaHCO, 25 mM, Na,HPO, 1.5 mM, glu-
cose 12.8 mM, and saturated with carbogen to pH 7.2-7.4) contain-
ing 5 uCi SH-choline 50 nM (American Radiolabeled Chemicals, 0197,
2018). Choline uptake was stopped by the addition of 1 ml of ice-cold
KHB followed by centrifugation. After washing with KHB, the pellet
was resuspended in methanol to disintegrate the membranes. The
released *H-choline was then measured using a scintillation counter
(Wallac system 1409, Perkin Elmer). The HC-3-sensitive high-affinity
choline uptake was calculated based on the difference in uptake with
or without HC-3 and expressed as dpm/ug protein. Protein content
was determined by the Bradford method (Bradford, 1976).

Choline acetyltransferase (ChAT) activity was measured using
3H-acetyI-CoA (American Radiolabeled Chemicals, 0204, 2018) and
choline (Sigma-Aldrich, C7017, 2018) as the substrate (Fonnum, 1969).
Briefly, hippocampal homogenates containing 0.25 pg/pL protein were
added to a reaction mix (0.5% Triton X-100, 0.3 M NaCl, 0.02 M EDTA,
0.05 M NagPO, pH 7.4, 2 mM choline chloride, 1 mM neostigmine
bromide, and 0.5 mCi 3H-acetyl coenzyme A). After incubation at 37°C
for 15 min, the reaction was stopped by ice-cold PBS (1 mM, pH 7.4).
3H-ACh was extracted using 0.5% sodium tetraphenylborate in 85:15
toluene:acetonitrile. After centrifugation, the supernatant was col-
lected for measurement of radioactivity.

Acetylcholinesterase (AChE) activity was measured based on
Ellman, Courtney, Andres, and Featherstone (1961). Briefly, hip-
pocampal homogenate in HEPES/sucrose buffer was permeabi-
lized with 0.5% Triton-X. After centrifugation, the supernatant was
mixed with Ellman buffer (0.1 M NaH,PO,, 0.1 M Na,HPO,, pH 8)
and iso-OMPA (final concentration 100 uM) to block butyryl-cho-
linesterase. After addition of acetylthiocholine and dithionitroben-
zoic acid (1 mM and 500 uM final concentrations, respectively),
the absorbance was measured at 405 nm using a Victor multi-label
plate reader (Perkin Elmer, Bedford, USA). Enzyme activity was cal-
culated using a standard curve and normalized with protein level
(mU/ug protein) which was determined by the Bradford method
(Bradford, 1976).

JNGC:
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Raw single-cell expression data of the adult mouse nervous sys-
tem (Zeisel et al., 2018) were downloaded from http://mousebrain.
org/downloads.html in two resolution levels: at the single-cell level
and at cell-type level. Data were imported into the R environment
using R/loomR (https://github.com/mojaveazure/loomR) and R/
LoomExperiment (Morgan & Van Twisk, 2019) and analyzed regard-
ing cholinergic transcripts and glucose transporters. Results were
visualized using R/ggplot2 (Wickham, 2016).

Correlation of expression of the selected genes was determined
via Pearson's product-moment correlation coefficient (PPMCC,
using the cor() function of R/stats). P-values for each PPMCC were
calculated for the entire gene-sample matrix using the cor_pmat()
function, and plotted using the ggcorrplot() function of R/ggcorrplot
(https://github.com/kassambara/_ggcorrplot). Correlation was as-
sumed significant at p < .05. All analyses were performed using R

software version 3.5.1 (“Feather Spray”).

2.9 | Statistical analysis

If not indicated otherwise, data are presented as means + SEM
of N animals. All data were tested for normal distribution by the
Kolmogorov-Smirnov test (GraphPad Prism 5.03). Potential outli-
ers (>2 SD) were identified by the Grubbs test (https://www.graph
pad.com/quickcalcs/grubbs). Sample size was calculated using
N = 2 SD? x power index/ delta?. From many years of experience
with microdialysis, we expected an SD of 20% and a treatment ef-
fect of 25%. The value for the power index (x = 0.05, two-sided;
B = 0.2; 80%) was taken from the book “Intuitive Statistics“ by
Harvey Motulsky (Oxford University Press, 1995). Time courses
of body weight (Figure 2) and acetylcholine levels (Figure 5 and
Figure 6) were compared using two-way analysis of variance
for repeated measurements (ANOVA; GraphPad Prism 5.03;
GraphPad Software, La Jolla, CA, USA) with Bonferroni's post-test
for multiple pair-wise comparisons. One-way ANOVA followed by
Tukey's multiple comparison test was used to compare means be-
tween three groups on basal values of metabolites (Table 1) and
on metabolites (glucose, lactate; Figure S2). Means between two
groups were compared by Student's t-test for mitochondrial res-
piration (Figure 4), cholinergic parameters (Tables 2 and 3), and
quantification of fluorescence intensity (Figure S1). p-values <.05
were considered to be statistically significant. All data in Figures 2,
4-6, Tables 1-3, and Figure S1 and S2 were normally distributed,
and no outliers were detected.

2.10 | Exclusion criteria

Table S1 shows the number of excluded animals as a result of failure
in dialysates collection because of damaged probe during implanta-

tion or incorrect dialysates volume.
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FIGURE 2 Body weight of rats after treatment with saline (twice) or
streptozotocin (STZ) at low (once 0.6 mg/kg) or high (twice 1.5 mg/
kg) doses. Data are means + SD of N = 17-20 animals. Statistics:
two-way ANOVA with Bonferroni post-test: **p < .01 versus saline.
Two-way ANOVA, saline versus. STZ (low dose): F1,35 =197,p=.17;
saline versus STZ (high dose): Fi5=17.76, **p < .01

3 | RESULTS

3.1 | lcv-STZ induces toxicity, gliosis, and
neurodegeneration in hippocampus

Icv-STZ was clearly toxic to the animals as seen in the development
of body weight (Figure 2). While the rats developed normally after ad-
ministration of the low dose (0.6 mg/kg STZ), there was initially no
increase in body weight after administration of the high dose of icv-
STZ, followed by a period of weight gain. At the end of the experiment
(on day 21), high-dose STZ-treated rats had 15% less body weight

Low-dose High-dose
Metabolite Saline STZ STZ
Acetylcholine [nM] 8.71 +1.33 7.29 +0.84
Choline [uM] 0.69 +0.06 0.82 + 0.07
Glucose [uM] 204 + 29 202 + 13 233+ 25
Lactate [uM] 192 + 34 135 + 20 150+ 9
Pyruvate [uM] 6.8+0.9 11.6 + 1.5 13.5+2.5
Glycerol [uM] 2.69 +0.38 3.77 + 0.64
-Hydroxybutyrate [uM] 6.12 +1.23 6.85 +0.90
Isoprostanes [pg/ml] 26.4 + 1.54 23.2+2.2 31.4+29

748 +1.58 0.34 72
0.94+0.06* 5.34 .02

compared to controls (saline 331 + 35 g versus high dose 283 + 24 g,
N =15;p < .01).

On day 21, rats were killed and histology was performed to
monitor cellular toxicity. The immunohistochemical study with the
GFAP primary antibody revealed glial activation after high-dose icv-
STZ that was visible in both dorsal and ventral hippocampus, and
especially at the CA1 region (Figure 3a and b). The quantification of
GFAP staining showed a reproducible and highly significant increase
in GFAP expression (Figure S1a). Fluoro-Jade C staining which indi-
cates apoptosis was also positive in the hippocampal CA1 region,
however, only 3 of 9 rats showed a strong response (Figure 3c and
Figure S1b).

3.2 | Metabolic screening after icv-STZ

We used microdialysis to monitor various indicators of energy
metabolism and cellular toxicity. We found that icv-STZ did
not affect extracellular glucose levels in the brain (Figure S2a).
There was also no significant change in glucose levels during
behavioral or pharmacological stimulation (Figure S2a). Lactate
levels in brain microdialysates were reduced by 24% after both
low- as well as high-dose STZ (Figure S2b) while pyruvate levels
were increased (Table 1), however, the changes were not sta-
tistically significant (Table 1). The extracellular concentration
of B-hydroxybutyrate (a ketone body) was unchanged (Table 1).
Interestingly, glycerol and especially choline, both breakdown
products of membrane phospholipids, were increased by STZ
(Table 1; p < .05 for choline). The concentration of isoprostanes,
which indicate lipid peroxidation and oxidative stress, was un-
changed following STZ (Table 1).

In addition, we measured mitochondrial oxygen respiration
in mitochondria that was isolated from rat hippocampi 21 days
after high-dose icv-STZ. After normalization of the data for ci-
trate synthase activity, all complexes showed a reduction in oxy-

gen consumption by 9%-15% that was statistically significant for

TABLE 1 Extracellular concentrations
of metabolites as determined by
microdialysis under basal conditions (not
corrected for recovery)

t p

0.57 .58
1.63 .22
3.80 .06

4.76 + 1.07 1.60 .23
7.08 + 0.84 0.26 77

3.28 .06

Note: Data are means + SEM (N = 6 animals) and were analyzed by one-way ANOVA followed by

Tukey's multiple comparison test. *p < .05 versus saline.
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TABLE 2 Cholinergic parameters as
determined in rat hippocampus 3 weeks
after icv-STZ administration

Activity

Choline acetyltransferase (ChAT)

JNC

Neurochemistry

(ACh nmol/h/mg protein)

Acetylcholinesterase (AChE) (AChE

mU/mg Protein)

High-affinity choline uptake (HACU)

(DPM/ug Protein)

Low-affinity choline uptake (LACU)

(DPM/ug Protein)

Saline High-dose STZ t p
39.67 +1.71  29.22+249" 346 <.01
111.2 + 3.67 7692 +802°  3.89 <.01
358 + 42 300 + 30 1.08 .30
138 +8 139 + 10 0.11 92

**p < .01 versus saline. Data are means + SEM (N = 8 animals) and were analyzed by unpaired

t-test.

TABLE 3 Cholinergic parameters as
determined in rat striatum 3 weeks after
icv-STZ administration

Activity

Choline acetyltransferase (ChAT)

(ACh nmol/h/mg protein)

Acetylcholinesterase (AChE) (AChE

mU/mg Protein)

High-affinity choline uptake (HACU)

(DPM/ug Protein)

Low-affinity choline uptake (LACU)

(DPM/ug Protein)

Saline High-dose STZ t p
97.83 +2.38 99.67 +3.24 0.46 .65
411.1 + 10.20 4415+10.35  2.09 .05
393+13 514 + 40 273 .02
157 + 7 153+ 6 0.37 72

*p < .05 versus saline. Data are means + SEM (N = 8) animals and were analyzed by unpaired t-test.

complexes Il (succinate dehydrogenase) and IV (cytochrome oxi-
dase) (Figure 4).

3.3 | Central cholinergic activity after icv-STZ

To follow cholinergic activity in situ in real time, we used microdialysis
and an HPLC-based, highly sensitive detection method for acetylcho-
line (ACh). The results of these studies are shown in Figure 5 (hip-
pocampus) and 6 (striatum). Notably, basal levels of extracellular ACh
in hippocampus were unchanged after icv-STZ (saline 8.71 + 1.33 nM,
low dose 7.29 + 0.84 nM, high dose 7.48 + 1.58 nM, N = 6; p > .3)
(Table 1). Exploration in the open field approximately doubled ACh lev-
els in the hippocampus, but increases were similar among the three
experimental groups (Figure 5a). After 30 min in the open field, ACh
levels were 16.82 + 3.00 nM in controls, 16.78 + 2.51 nM in the low-
dose, and 21.57 + 4.57 nM in the high-dose group (N = 6; p > .3)
(Figure 5a). Two-way ANOVA of the time courses revealed no signifi-
cant difference between groups.

On day 2, an infusion of scopolamine was used to increase
ACh release. All groups responded to the treatment with a three-
fold increase in ACh levels (Figure 5b) and showed similar max-
imum increases at 75 min (saline 36.10 + 5.94 nM, low-dose STZ
29.19 + 8.17 nM, high-dose STZ 34.2 + 6.31 nM; N = 6, p > .3).
Again, two-way ANOVA revealed no significant difference between
groups.

As the lack of cholinergic response seemed surprising, we re-

peated these experiments in the Corpus striatum, a brain area with rich

cholinergic innervation that was exposed to STZ after i.c.v. adminis-
tration. As shown in Figure 6, basal ACh levels in the striatum were
higher than in the hippocampus but still similar between experimental
groups (p > .05). Surprisingly, the highest ACh values were observed
after high-dose STZ (Figure 6a). While the response to the open field
was less prominent in the striatum than in the hippocampus, two-
way ANOVA revealed a significant difference between high-dose STZ
and saline which was strongest at time 90 min of the open field test
(b < .05; Figure 6a). Similar to the hippocampal data, scopolamine
caused a more than threefold increase in ACh release in the striatum,
but STZ treatment did not modify the response of cholinergic neurons
in this paradigm (Figure 6b).

To complement the results of the microdialysis study, we mea-
sured the cholinergic parameters ChAT and AChE in hippocampal
and striatal homogenates and HACU (CHT-1) in the P2 fractions of
hippocampus and striatum. After normalization to protein content,
all cholinergic parameters were decreased in the hippocampus
after high-dose STZ: HACU activity (-16%; p = .3), ChAT activity
(-28%, p < .01), and AChE activity (-30%; p < .01) (Table 2). In con-
trast, in the striatum, ChAT activity was preserved while HACU
(+31%, p < .05) and AChE activity (+7%; p < .05) were increased
(Table 3).

3.4 | Single-cell sequencing analyses

The apparent lack of specific toxicity toward cholinergic neurons

brought up questions about the mechanism of STZ toxicity in the
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(@) GFAP

(b) GFAP

FIGURE 3 Coronal cryosections of the hippocampus (14 um)

at AP -5.6 mm from bregma. (a) Glial fibrillary acidic protein
(GFAP) immunoreactivity in the rat hippocampus 21 days after
i.c.v. injection of saline. (b) Strong GFAP immunoreactivity in rat
hippocampus 21 days after i.c.v. injection of streptozotocin (STZ).
(c) Lower magnification: Fluoro-Jade C staining illustrates extensive
STZ-induced degeneration of the CA1 region (arrow). In the saline
group, no signal was observed in the CA1 region

brain. Since, in the periphery, STZ-mediated toxicity depends on spe-
cific glucose transport (reportedly via GLUT2), we elected to analyze
recent single-cell expression data with regard to cholinergic markers
and the relevant glucose transport proteins. We used raw single-cell
expression data of the adult mouse nervous system (Zeisel et al., 2018)

to determine expression and correlation of cholinergic and glucose
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FIGURE 4 Mitochondrial respiration: Changes in oxygen flux

in complexes I, 11, lll, and IV of the electron transport chain (ETC).
Substrates, uncoupler and inhibitors were used to measure each
complex as described in Methods. Raw data as obtained from
respirometry were normalized to mitochondrial citrate synthase
activity. Statistical analysis: Data are means + SEM (N = 12 animals)
and were analyzed by unpaired t-test. *p < .05 compared to saline

transporter genes. Expression levels of cholinergic markers (AChE;
ChAT; and SLC5A7, also known as CHT-1, the high-affinity choline
transporter) and glucose transmembrane transporters (SLC2A1,
SLC2A2, SLC2A3, and SLC2A4; also known as GLUT1, GLUT2, GLUTS,
and GLUT4, respectively) in selected brain regions (hippocampus and
striatum) were determined at single-cell level, and displayed via violin
plot of log,(expression + 1) (Figure S3). The data show a widespread
expression of AChE but a low expression of ChAT and CHT-1, as is
consistent with the literature. Among the glucose transporters, GLUT
3 is widely expressed, GLUT1 and GLUT4 are found in hippocampus
and striatum in small amounts, while GLUT2 mRNA is basically absent
apart from the ventral striatum.

Correlation coefficients of expression of the selected genes
were calculated for all 265 tissues of the cell-type-level data of the
murine nervous system (Figure S4a), and at the single-cell-level for
all neurons (Figure S4b) and for cholinergic neurons alone (Figure
S4c; defined as expressing the vesicular ACh-transporter SLC18A3).
We observed high correlations between ChAT and SLC5A7 (CHT-
1) expression, indicating a joint expression predominantly in cho-
linergic neurons. Importantly, expression of AChE showed less
correlation with either ChAT or CHT-1 expression, indicating AChE
expression in many cell types of the murine nervous system. Non-
neuronal cells seem to contribute significantly to AChE expression
since AChE expression correlated poorly when all single neurons
were compared (Figure S4b). Finally, SLC2A3 (GLUT3) showed the
highest correlations with AChE, ChAT, and SLC5A7 (CHT-1), whereas
SLC2A1 (GLUT1) showed a low correlation and SLC2A2 (GLUT2) and
SLC2A4 (GLUT4) basically none.
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FIGURE 5 Acetylcholine (ACh) levels in rat hippocampal
microdialysates during behavioral and cholinergic challenges. (a)
Open field test (from time O until 90 min). (b) Infusion of scopolamine
(1 uM) (from time O until 90 min). Data are means + SEM (N =6
animals) and were analyzed by two-way ANOVA with Bonferroni
post-tests: (a) F,,,=033,p=.72; (b) Fo17= 1.09,p =.36

4 | DISCUSSION

The present data can be interpreted in two ways, namely, (a.) refer-
ring to STZ’s mechanism of action in the brain and (b.) to STZ's ef-

fects on the central cholinergic system.
4.1 | Mechanism of action of streptozotocin
in the brain

Reduced glucose consumption is an early sign of Alzheimer’s disease

(AD), preceding clinical symptoms of memory loss and dementia by
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FIGURE 6 Acetylcholine (ACh) levels in rat striatal
microdialysates during behavioral and cholinergic challenges.
(a) Open field test (from time O until 90 min). (b) Infusion

of scopolamine (1 uM) (from time O until 90 min). Data are
means + SEM (N = 8 animals) and were analyzed by two-way
ANOVA with Bonferroni post-tests: (a), F, ,; = 3.8, p = .04; (b)
Fy03=0.16,p =.85. *p < .05 compared to saline

several years. As diabetes is known to increase the risk for AD by
1.5- to 2-fold, AD has been hypothesized to be an insulin-resistant
state of the brain and has even been termed “diabetes type 3” (de la
Monte, 2014). However, the connection among diabetes, insulin, and
AD is far from proven (Salas & de Strooper, 2019; Schilling, 2016).
While animal studies suggest a role for insulin in cognition, the situ-

ation in the human is more complex (Arnold et al., 2018; Biessels &
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Reagan, 2015). Streptozotocin (STZ) is a drug that, after systemic
administration, induces experimental type 1 diabetes in rats and
mice by preferential uptake via GLUT2 glucose transporters into
pancreatic B-cells and subsequent cellular toxicity (alkylation and
DNA damage) (Grieb, 2016). The icv-STZ model was developed to
imitate this mechanism in the brain, although there is little evidence
that the brain contains insulin-producing cells (Blazquez, Velazquez,
Hurtado-Carneiro, & Ruiz-Albusac, 2014). The mechanism of ac-
tion of STZ in the brain, however, is far from clear (Grieb, 2016).
According to present knowledge, the glucose transporters GLUT2
and the insulin-dependent GLUT4 are present in the brain in very
low amounts, whereas the glial GLUT1 and the neuronal GLUT3
are highly expressed. Our analysis of murine single-cell expression
data confirms that GLUT2 is basically absent from the brain. While
GLUT4 was suggested to play a major role in insulin action in the
brain (McNay and Pearson-Leary, 2020), our analysis shows low ex-
pression and no correlation of GLUT4 expression with cholinergic
markers. More likely, then, STZ may enter brain cells through the
ubiquitous GLUT1 and GLUT3 transporters. Hence, a specific effect
of STZ on a subset of brain cells is unlikely; more likely, many neu-
ronal cell types as well as glial cells will be exposed to STZ toxicity
after i.c.v. injection. According to our analysis (Figure S4), GLUT3 ex-
pression has a significant correlation with cholinergic genes, hence,
STZ may enter cholinergic cells via GLUT3 (SLC2A3).

Following icv-STZ, we found GFAP-positive staining in all treated
rats which indicates astrogliosis. This finding corroborates previous
reports of reactive gliosis in this model (Knezovic et al., 2017; Mishra,
Singh, Shukla, & Shukla, 2018; Rai, Kamat, Nath, & Shukla, 2014;
Santos, Mazucanti, Xavier, & Torrdo, 2012). We also found cells that
stained positive for Fluoro-Jade C (FJ) in some but not all of the an-
imals. Fluoro-Jade C is an acidic dye postulated to label basic mole-
cules of degenerating neurons. It is known that FJ staining is strongly
time dependent and may disappear after several days (Santos
et al., 2012); this may explain the lack of staining in several animals.
Additional signs of neurodegeneration were observed in long-lasting
studies (Knezovic et al., 2015; Salkovic-Petrisic et al., 2011). These
signs of toxicity may not have shown up in our study because we
used the most popular regimen, i.e., testing of the animals 3 weeks
after STZ administration. Importantly, icv-STZ rats gained very little
weight for 2 weeks after administration of STZ, a finding that clearly
reflects the toxicity of the compound. It is remarkable that through-
out our experiments, the low dose of 0.6 mg/kg (once) did not cause
any significant changes in the parameters measured; the high dose
(twice 1.5 mg/kg) was required to induce toxicity. We also found
signs of toxicity in the microdialysis study: Increases in choline and
glycerol are known to signify membrane damage because they are
breakdown products of cellular membranes (Klein, 2000; de Lima
Oliveira et al., 2014). Taken together, our findings demonstrate that
the usual dose of icv-STZ induces severe toxicity for 10 days fol-
lowed by a recovery period, but even after 3 weeks, signs of neuro-
degeneration and astrogliosis are clearly visible.

Although abnormalities in glucose metabolism are implicitly as-

sumed to occur in the STZ model, we here show that extracellular

glucose levels in the brain are not affected by icv-STZ. We found a
decrease in lactate levels after icv-STZ, but the effect did not reach
statistical significance. In the absence of ischemia, lactate in the brain
is mainly formed by astrocytes to supply neurons with metabolic en-
ergy (Dienel, 2012), and a reduction in lactate may be caused by glial
dysfunction induced by astrogliosis (see above). Similarly, decreased
lactate levels were observed in other AD models (Lu et al., 2015;
Zhang et al., 2018).

We also measured glucose and lactate levels in dialysates during
behavioral and pharmacological stimulation. Similar to earlier find-
ings (Hartmann, Kiewert, & Klein, 2010), glucose levels did not
change significantly, whereas lactate levels were increased during
the open field test. The latter finding is probably as a result of neu-
ronal activation during exploration (Hartmann et al., 2010). Again, all
treatment groups responded similarly during stimulation.

To further characterize metabolic dysfunction in the icv-STZ
model, we isolated hippocampal mitochondria and determined the
activities of the complexes of the electron transport chain. For this
purpose, we used high-resolution respirometry combined with sub-
strates-uncoupler-inhibitors titration (SUIT) protocol developed
previously (Hagl et al., 2013). Similar to previous work (Correia
et al., 2013; Paidi et al., 2015), we found reduced oxygen con-
sumption in hippocampal mitochondria. In our hands, all complexes
showed reduced activity with the most significant changes occurring
in complexes Il and IV. Reductions in complex | were not statistically
significant, and in agreement with this finding, we did not observe a
change in isoprostane levels in dialysate samples which means that
oxidative stress was not visibly increased. Of note, a major reduction
in mitochondrial activity would be expected to reduce pyruvate con-
sumption in the TCA cycle and to increase the lactate/pyruvate ratio,
a response that was not observed here.

4.2 | Effects of streptozotocin on central cholinergic
transmission

Central cholinergic dysfunction is an important characteristic of AD
because, first, it strongly correlates with clinical symptoms of demen-
tia and, second, it is the target of the currently used drug treatment
with AChE inhibitors (Ballinger et al., 2016; Mohr, Zimmermann, &
Klein, 2013). Previous reports of reductions in ChAT activities or
increases in AChE in the icv-STZ model seemed to point toward a
cholinergic dysfunction. However, the observed changes were often
small and inconsistent (see Introduction). Some studies reported a
significant increase in AChE activity (e.g., Costa et al., 2016; Sorial &
El-Sayed, 2017) while others found a decrease in hippocampal AChE
gene expression (Chen et al., 2012). The factors influencing AChE
expression are well known (Soreq & Seidman, 2001), however, our
measurements in tissue homogenates do not allow a distinction be-
tween changes in expression in specific cell types.

In the present study, we used microdialysis to measure extra-
cellular levels of ACh and its changes during behavioral or pharma-

cological stimulation. Surprisingly, basal levels of extracellular ACh
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(approx. 7 nM) in the hippocampal microdialysates were unchanged
3 weeks after icv-STZ. Exploration of the open field caused an in-
crease in ACh release that was more pronounced in hippocampus
than in striatum. However, ACh release was not impaired after icv-
STZ; in fact, there were slightly higher ACh levels in the striatal
dialysates after icv-STZ. In both brain regions, the infusion of sco-
polamine caused a several-fold increase in ACh levels as a result of
the blockade of negative feedback through M2/M4-type receptors
(Mohr et al., 2013). Again, the response of the cholinergic pathways
was identical in all groups. Evidently, icv-STZ did not cause a major
dysfunction of central cholinergic pathways.

Our measurements of cholinergic parameters and the bioinfor-
matic analyses of murine single-cell data allow us to draw a differ-
ential picture of the cholinergic response in two brain areas with
prominent cholinergic innervation, namely, hippocampus and stri-
atum. Two limitations must be noted for this analysis. First, as dis-
cussed by Grieb (2016), the pattern of damage is influenced by the
limited diffusion of STZ from the ventricular space. In preliminary
experiments (data not shown), we found that a dye-injected i.c.v.
reached hippocampal and striatal tissue but not the basal forebrain
(e.g., the septal area where hippocampal cholinergic fibers originate).
This corroborates an earlier study that also failed to see cholinergic
damage in the septal area (Terwel et al., 1995). Second, the analyzed
single-cell data were of murine origin, and for the present purpose
we have to hypothesize that the expression of cholinergic transcripts
and glucose transporters is similar in rats and mice.

These limitations notwithstanding, we can conclude from our
data that icv-STZ causes a mild reduction in cholinergic parameters
in the hippocampus which is, however, not reflected in a change in
extracellular ACh levels. It seems likely that the reduction in ChAT
and HACU activities is caused by STZ entering cholinergic axons or
nerve terminals in the hippocampus through GLUT3 transporters.
Subsequent toxicity may damage some cholinergic neurons which
may cause a reduction in ChAT activity which is, however, not rate
limiting for ACh synthesis and release (Brandon et al., 2004; Kénig,
Berlin, et al., 2018). Concomitantly, STZ may also enter neighboring
neurons or astrocytes through GLUT1 or GLUT3 and reduce the ex-
pression of AChE. AChE is more closely coupled to extracellular ACh
levels (Erb et al., 2001), but a reduction in AChE would evidently
increase extracellular ACh. We hypothesize that the small changes in
ChAT and AChE activities do not influence ACh synthesis and degra-
dation. Alternatively, the small reduction of ChAT activity may lower
ACh release, but this effect may be balanced by the small reduction
in AChE activity which would prolong its lifetime. Clearly, a choliner-
gic dysfunction does not result from these effects.

The cholinergic system of the striatum is quite different from that
of the hippocampus. The striatum contains short projecting cholin-
ergic interneurons that seem to be spared from STZ toxicity. ChAT
activity is unchanged while HACU and AChE are slightly increased
which may indicate a somewhat faster cholinergic firing rate, accom-
panied by a minor increase in ACh hydrolysis. Extracellular levels
of ACh are unchanged or, in the open field, slightly increased after

icv-STZ. The findings in the striatum clearly indicate that cholinergic

Neurochemistry

neurons are not severely damaged by STZ. It seems possible that
some other neurons in the vicinity of cholinergic synapses may be
damaged and may influence the cholinergic firing rate; however,
our preliminary attempts to demonstrate GABAergic toxicity were
unsuccessful. Again, some damage to glial cells may also indirectly

affect cholinergic striatal interneurons.

5 | CONCLUSION

Taken together, these data show preserved cholinergic function
3 weeks after icv-STZ administration. In the hippocampus, cholin-
ergic nerve terminals may sustain some minor damage that does
not, however, impair their ability to release ACh during behavioral or
pharmacological stimulation. In the striatum, cholinergic interneu-
rons seem to be protected from STZ toxicity. In contrast, we saw
clear signs of astrogliosis, neurodegeneration, and some impairment
of energy metabolism. Hence, the icv-STZ model lacks an important
component of AD pathology, namely, cholinergic dysfunction, and,
therefore, is a poor model of human AD. It may be more correctly

qualified as an animal model of hippocampal gliosis and toxicity.
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