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Abstract
Objective: Chronic cerebral ischemia leads to vascular cognitive impairment (VCI) that exacerbates along
with ischemia time and eventually develops into dementia. Recent advances in molecular neuroimaging
contribute to understand its pathological characteristics. We previously traced the anisotropic diffusion
of water molecules suggests that chronic cerebral ischemia leads to irreversible progressive damage to
white matter integrity. However, the abnormalities of gray matter activity following chronic cerebral
ischemia remains not entirely understood.

Methods: In this study, in vivo hydrogen proton magnetic resonance spectroscopy (1H-MRS) was applied
to longitudinally track the neurochemical metabolic disorder of gray matter associated with working
memory, and optogenetics modulation of neurochemical metabolism was performed for targeted
treatment of VCI.

Results: The results showed that the concentration of N-acetylaspartate (NAA) in the right hippocampus,
left hippocampus, right medial prefrontal cortex (mPFC) and mediodorsal thalamus was decreased as
early as 7 days after chronic cerebral ischemia, subsequently gamma-aminobutyric acid (GABA) declined
whereas myo-inositol (mI) and glutamate (Glu) increased at 14 days, as well as choline (Cho) lost at 28
days, concurrently the change of Glu and GABA in the mPFC and hippocampus was ischemia time-
dependent manner within 1 month. Behaviorally, working memory and object recognition memory were
impaired at 14 days, 28 days that signi�cantly correlated with neurochemical metabolic disorders.
Interestingly, using optogenetics modulation of PV neurons in the mPFC, the metabolic abnormalities of
NAA and GABA in working memory neural circuit could be repaired after chronic cerebral ischemia,
together with behavior improvements.

Conclusions: These �ndings suggested that as early as 1~4 weeks after chronic cerebral ischemia, the
metabolism of NAA, Glu, mI and Cho was synchronously impaired in neural circuit of hippocampus-
mediodorsal thalamus-mPFC, and the loss of GABA delayed in the hippocampus, and optogenetics
modulation of parvalbumin (PV) neurons in the mPFC can improve the neurochemical metabolism of
working memory neural circuit and enhance working memory.

1. Background
Chronic cerebral ischemia is a very common brain disease in middle-aged and elderly people, usually
triggered by vascular disorders, thrombosis, or cardiac functions weaken(Iadecola et al., 2019), which
occurs hypoperfusion of brain blood �ow unable to meet metabolic demand, limits oxygen and other
nutrients supply and leads to the necrosis of brain tissue, cerebral atrophy or cerebral infarction, often
involving cortical and subcortical important brain areas(Jellinger, 2008; Yang et al., 2017). Behaviorally,
chronic cerebral ischemia causes a progressive vascular cognitive impairment (VCI) syndrome from mild
cognitive impairment to dementia, which is mainly manifested as dysfunctions of attention, working
memory, executive function and learning memory(O'Brien and Thomas, 2015). Vascular dementia (VD) is
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claimed to be the second most common cause of dementia after Alzheimer’ disease, accounting for 15–
30% of cases closely related to age(Goodman et al., 2017; van der Flier et al., 2018). The age-adjusted
incidence of VD is 14.6 per 1,000 people and doubles every 5.3 years(Dichgans and Leys, 2017; Gorelick
et al., 2011).

In the early stages of chronic cerebral ischemia, patients may not show obvious cognitive and daily
activities disorders, missing the pathological diagnosis and prevention, however, in animal models, the
substantial changes such as abnormal neuronal activity and functional connection and white matter
lesions have been clearly observed as early as 2 ~ 10 days after cerebral ischemic hypoperfusion(Liang et
al., 2020; Soria et al., 2013; Tomimoto et al., 2003; Wang et al., 2015). Growing evidence suggests that
metabolic abnormalities of neurochemicals is also one of the important risk factors for VCI, and these
metabolic disorders may occur earlier than structural abnormality and cognitive dysfunctions(Jones and
Waldman, 2004; Venkat et al., 2015). Neurochemical refers to small organic molecule or peptide, as a
neurotransmitter or neuromodulator or neuropeptide that participates in neural activity. Studies showed
that chronic cerebral ischemia results in the decrease of neurochemicals and the imbalance of
neurochemicals metabolism in the brain, which is closely related to the impairments of working memory
and executive function(Galisova et al., 2014; Gasparovic et al., 2013). The molecular neuroimaging has
been widely used to identify brain pathology changes associated with cognitive disorders. As a non-
invasive molecular neuroimaging examination, hydrogen proton magnetic resonance spectroscopy (1H-
MRS) can detect the concentration of neurochemicals and metabolites in speci�c brain tissues. Evidence
from clinical and animal studies has shown that cerebral ischemia leads to the loss of neurochemicals
and metabolic abnormalities, including N-acetylaspartate (NAA), choline (Cho), lactic acid (Lac),
glutamine (Gln), glutamate (Glu), gamma-aminobutyric acid (GABA) and myo-inositol (mI), etc., indicating
abnormal activity of neurons and glial cells, dysfunction of neurotransmitters release and imbalance of
excitation/inhibition accompanied by cerebral ischemia(Galisova et al., 2014; He et al., 2018; Hu et al.,
2018; Yang et al., 2012). Therefore, neurochemicals and metabolic abnormalities are considered to be
one of the pathogenesis in chronic cerebral ischemia-induced VCI and VD, and may be developed as
potential clinical diagnostic indicators and therapeutic targets, but they remain poorly understood in
terms of the pattern of changes in the occurrence and progression of disease, especially in the neural
circuits associated with cognitive function.

Working memory impairment is one of the main symptoms of VCI and VD dysfunction(McGuinness et al.,
2010). Working memory is a limited-capacity memory system and operating platform that temporarily
stores and processes information in the process of performing cognitive tasks(D'Esposito and Postle,
2015). Initially, the prefrontal lobe was identi�ed as the core brain area of working memory(Goldman-
Rakic, 1995). Subsequently, the interactions between the medial prefrontal cortex (mPFC) and
hippocampus were revealed to involve in working memory, anatomically, the hippocampus has a robust
projecting neural circuit to the mPFC, including the infralimbic and prelimbic cortices in rodents(Finn et
al., 2019; Varela et al., 2014). More recently, increasing evidence has emerged that an indirect neural
circuit from the hippocampus to mPFC via mediodorsal thalamic nucleus(Bolkan et al., 2017). During the
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working memory tasks, neuronal �ring frequency and intensity has a signi�cant increase in the mPFC
and hippocampus, and the �ring activity in mPFC is synchronized with theta oscillation of
hippocampus(O'Neill et al., 2013; Tamura et al., 2017). Studies have demonstrated that the reduction of
mediodorsal thalamus activity would lead to selective impairments in mPFC-dependent cognitive tasks,
whereas enhancement of the mediodorsal thalamus to mPFC β-range frequency synchrony can improve
the performance of working memory(Parnaudeau et al., 2013). Simultaneously, the release and
circulation of neurotransmitters and neuromodulators, as well as the balance of their excitation and
inhibition, are essential for these cognitive task dependent neural circuit activities. However, they are very
sensitive to cerebral hypoxia and ischemia. In the early stages of ischemia, the concentration of some
neurotransmitters or neuromodulators may be increased due to excessive excitation or decreased due to
cell apoptosis or death. However, in the chronic phase, these neurochemicals are depleted or
accumulation of metabolites in regulating the activities of neural circuit(Hu et al., 2018; Mattfeld and
Stark, 2015). In this study, �rstly a longitudinal 1H-MRS was used to investigate the dynamic changes of
neurochemicals and metabolism in working memory neural circuit (including mPFC, hippocampus and
mediodorsal thalamus) in a rat model of chronic cerebral ischemia, then optogenetics modulation of
neurochemical metabolism was performed for targeted therapy, which provides theoretical and
experimental basis for the clinical diagnosis and treatment of VCI.

2. Materials And Methods
2.1 Animal ethics and experimental design

Thirty-one male Sprague-Dawley rats (8-week-old, weighing 250–300 g) were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Experimental animals are raised by the
Experimental Animal Center of Fujian University of Traditional Chinese Medicine [license number: SYXK
(Min) 2019-0007]. Rats were reared on a 12-hour light/12-hour dark cycle and provided with food and
water. All experimental procedures are strictly in accordance with the International Ethical Guidelines and
the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved by
the Ethics Committee of Fujian University of Traditional Chinese Medicine.

The experimental design was divided into two parts. In experiment 1, rats were randomly divided into the
sham group (n = 17) and the permanent ligation of bilateral common carotid arteries (2-VO) group (n = 
14), and observed for 28 days. Longitudinal 1H-MRS and working memory behavior were examined at 7
days, 14 days and 28 days following chronic cerebral ischemia.

In experiment 2, rats were randomly divided into the optogenetics stimulation group (OptoStim, n = 10)
and the sham-optogenetics stimulation group (Sham-OptoStim, n = 10), and treated for 21 days, 1H-MRS,
working memory behavior, and histology were examined after intervention.

2.2 Establishment of a rat model of chronic cerebral ischemia
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The 2-VO method was performed to establish a rat model of chronic cerebral ischemia as previously
described(Jin et al., 2017). All rats were fasted for 24 hours before surgery. They were anesthetized with
2.5% iso�urane gas during the operation, and vital signs such as breathing and heartbeat were
monitored. First, we placed the anesthetized rat on a special surgical insulation pad, disinfected with 75%
alcohol, and made a midline incision (2.5 × 2.5 cm) along the skin to the neck. Then, the subcutaneous
tissue was fully peeled to expose the trachea and we separated the common carotid arteries with micro
forceps on both sides of the trachea. Next, pass an unabsorbable surgical suture between the common
carotid arteries and the vagus nerve. Ligation the common carotid arteries for 5 minutes, after that, the
other common carotid artery was ligated. Finally, we performed sutures, cleaned the wounds, and
intraperitoneally injected 200,000 units/ml of an animal penicillin sodium solution (0.05 ml/100 g). After
the rats woke up, they were returned to the squirrel cage and given a normal diet. In the sham group,
bilateral common carotid artery was just isolated and no ligation was performed.

2.3 Optogenetics stimulation of parvalbumin neurons in the mPFC for modulating neurochemical
metabolism after chronic cerebral ischemia

2.3.1 Stereotactic surgery

Optogenetics stimulation of parvalbumin (PV) neurons in the mPFC was selected for treating VCI. The
OptoStim group and the sham-OptoStim group were injected optogenetics tracer viruses rAAV-fPV-cre-pAs
and rAAV-Ef1a-DIO-hChR2-EYFP-WPRE-pA with 500 nl per piece before the establishment of cerebral
ischemia model, were packaged and purchased from (BrainTVA Co., Ltd, Wuhan, China) with 1:2 mixing
ratio. First, the rats were anesthetized with 2.5% iso�urane and �xed to a brain stereotaxic instrument
(RWD life science Co., Ltd, Shenzhen, China). Then, cut down their head hair, after exposing the front
chimney, and the front vent was the coordinate origin, drilled a small hole above the inner frontal lobe
(AP: 4.68 mm, ML: 0.5 mm, DV: 4 mm), used a microsyringe pump at 40 nl/min. 500 nl virus was injected
into the right medial prefrontal lobe of each group of rats. After the virus injection, the needle was kept in
the brain for 5 minutes and then slowly withdrew. The optical �ber (Inper Co., Ltd, Hangzhou, China)
ferrule was implanted into the corresponding brain area, and the wound was �xed and closed with dental
cement.

2.3.2 Optogenetics stimulation
An optogenetics system (Plexon, Inc., Hong Kong) was used for activation of channelrhodopsin-2 (ChR2)
and halorhodopsin (NpHR). The 473-nm blue light was delivered at 1 mW, 5 ms, 40 Hz in a square wave
stimulation mode in the OptoStim group, and the 550-nm yellow light was delivered at 1 mW, 5 ms, 40 Hz
in the sham-OptoStim group. The intervention started at 2 weeks after chronic cerebral ischemia, once a
day, 15 minutes each time and lasting for 3 weeks.

2.4 In vivo magnetic resonance angiography and in vivo 1H-MRS
A 7.0T small animal MRI scanner (Germany Bruker Biospec 70/20 USR) was used for the 3D time-of-�ght
(3D TOF) magnetic resonance angiography and 1H-MRS scan. First, the mice were anesthetized with
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2.5% iso�urane, and then injected with 1% medetomidine. A custom-made holder including tooth bar and
ear bar was used to minimize head motion, and then the surface coil was placed and �xed on the top of
the rat's head, and then rats were sent to the receiving coil for scanning. During the scan, anesthesia was
maintained with 1% iso�urane, and we used water circulation heating to maintain rat temperature and
detect respiration at any time.

A 3D TOF magnetic resonance angiography scan was performed following parameters: Repetition Time
(TR) = 15 ms, Echo Time (TE) = 2.7 ms, Field of view (FOV) = 35 × 44 × 24 mm, Averages = 1, Slices = 1,
Slice Thickness = 24 mm,Time = 5 min 5 s 280 ms. T2WI scans were acquired using rapid acquisition
with relaxation enhancement pulse sequence with the following parameters: TR = 4200 ms, TE = 35 ms,
FOV = 32 × 32 mm, Averages = 2, Slices = 21, Slice Thickness = 1 mm, Time = 4 min 28 s 800 ms.

For 1H-MRS, the right hippocampus, left hippocampus, right mPFC and mediodorsal thalamus were
selected as regions of interest (ROI) and delineated in a T2-weighted image with a scan volume of 20 × 
20 × 20 mm (Supplementary Fig. S1-S4). Point resolved selective sequence was used for signal
acquisition, with TR = 1500 ms, TE = 20 ms and Time = 6 min 24 s.

After the data collection was completed, spectral image analysis and data processing were performed
using Topspin 3.0 software(Xi et al., 2011). The metabolite area under the peak was used to quantify
different neurochemical metabolites. In order to reduce the individual differences between animals, we
use the creatine (Cr) peak as the internal spectral reference. The ratios of NAA/Cr, mI/Cr, Cho/Cr, Glu/Cr
and GABA/Cr at different time points in each brain region were used for statistical analysis. Each MRS
metabolite was identi�ed by its part per million (ppm) position of the nuclear spectrum, including, mI
3.56, Cho 3.20 ppm, Cr 3.05 ppm, NAA 2.02–2.05 ppm, Glu 2.1–2.5 ppm and Glu 2.28 ppm(Zhou et al.,
2013).

2.5 Y maze test
The Y maze consists of three (A, B, C) arms of equal length (50 cm x 10 cm x 20 cm) and were placed at
120-degree angles. We use the spontaneous alternating experimental protocol to test the working
memory of rats. Rats was placed at the edge of one maze and allowed to explore freely for 8 min after a
habituation phase of 30 s. An arm entry was scored when a rat placed four paws within that arm. And
when the rat entered the different arms three times in succession (e.g., A–B –C, C–A–B or B–C–A), we
count as completing a complete spontaneous alternation. Our outcome index is alternating rate = correct
number of alternations/(total number of times to enter the arm-2) × 100, representing the correct degree
of alternation in the Y maze(Sohn et al., 2019).

2.6 Novel object recognition test (NOR)
The device for NOR includes a black coverless cuboid (80 cm × 80 cm × 60 cm), and 3 solid objects, where
"A" and "a" are exactly the same, and "B" is a novel object. The experimental process is divided into 3
stages: habituation, training and testing(Rutten et al., 2008). In the habituation phase, rats were allowed
to explore freely in an open box for 10 minutes and then returned to the original cage. Before the next
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experiment, the box was wiped with 75% disinfectant alcohol to remove residual odor. In the training
phase, two identical objects "A" and "a" were placed in the two corners of the black open box, rats were
released in the middle of the opposite wall with its back to the objects, and allowed to explore the area for
10 minutes. The test phase occurred after 1 h and 24h: the memory retrieval test was performed on the
rats at 1 h after learning, the object "A" remained unchanged, the position of the object "a" was replaced by
the object "B", and rats were placed in the box with its back to the object and allowed to explore freely for
5 min. At 24 h after the learning phase, rats were also put into the box as the same way and allowed to
explore freely for 5 min. The movement track of rats and the exploration time of "A" and "B" objects were
recorded by camera, respectively as TA and TB. Our outcome index is recognition index = TB/(TA + TB),
which represents the degree of discrimination of novel objects.

2.7 Immuno�uorescence and Immunohistochemistry
The rats were anesthetized by intraperitoneally injection of 3% pentobarbital sodium (0.33 ml/100 g body
weight), the chest was opened, the cardiac was poured into 0.9% physiological saline and perfusion �xed
by 4% paraformaldehyde, then decapitated and brain was removed. For immuno�uorescence observation
of optogenetics virus expression, the brain tissues were �xed with 4% paraformaldehyde for 24 h. 30 µm-
thick coronal slices were cut using a vibrating microtome (Leica, VT1000S, Germany). Then washed the
slices in PBS, incubated with 0.3% Triton X-100 for 30 minutes, blocked with 3% bovine serum albumin
for 2 hours, and incubated with anti-Cre antibody (1:200; ab190177; Abcam, Cambridge) at 4℃ overnight.
The next day, the sections were washed in PBS and incubated with a secondary antibody Alexa Fluor 488
conjugated goat anti-rabbit IgG (1:500, A-11008, Invitrogen, USA) at 37℃ for 2 h. Then the
immuno�uorescence in the mPFC was observed under the confocal laser microscope (ZEISS, Inc.,
German). For immunohistochemical detection of glutamate decarboxylase 67 (GAD67) and N-methyl-D-
aspartic acid receptor (NMDAR) expression, the brain tissues were �xed with 4% paraformaldehyde for
24 h, embedded in para�n to prepare 5 µm coronal sections. After the citric acid antigen was repaired, we
stained according to the steps of the immunohistochemistry kit (MX Biotechnologies Co., Ltd, Fuzhou,
China). Added primary anti-GAD67 (1:200; ab25116; Abcam, Cambridge) and anti-NMDAR (1:200;
ab52177; Abcam, Cambridge) dropwise, and then put them at 4℃ overnight. On the second day, the
secondary antibody and DAB developer were added dropwise, and the slide was mounted after
hematoxylin staining. Each rat selected 4 �elds of vision using the Image J pathological image analysis
system to calculate the average optical density values of GAD67 and NMDAR in the mPFC region.

2.8 Statistical analysis
All research data were statistically analyzed using SPSS 20.0 software (SPSS, Armonk, NY, USA) and as
Sharpiro-Wilk tests showed normality distributions for neurochemical metabolism and behavior test at a
single time point, data were presented as mean ± standard deviation. Considering that 1H-MRS and
behavioral test data were acquired at three time points, we used repeated measures analysis of variance
(ANOVA). The Mauchly’s test was used for the assumption of sphericity, and the Bonferroni method was
performed for the pairwise comparisons following signi�cant overall results. Pearson and Spearman
correlation analysis methods were performed for correlation analysis between 1H-MRS and behavioral
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test. Independent samples t-test was performed for the comparison of behavior tests, neurochemicals
and immunohistochemistry. P < 0.05 was considered to indicate a statistically signi�cant difference.

3. Results
3.1 Magnetic resonance angiography of bilateral common carotid arteries in rats with chronic cerebral
ischemia

To identify whether the successful of the 2-VO model of chronic cerebral ischemia, 3D TOF MR
angiography was used to detect the diameter of bilateral common carotid arteries at 24 hours after 2-VO
operation. Compared with the sham group, the bilateral common carotid arteries of the 2-VO model rats
were obviously blocked, and there were new small vessels, suggesting that the rat model of chronic
cerebral ischemia was successfully established (Supplementary Fig. S5).

3.2 Longitudinal tracking of neurochemicals and metabolism in the working memory neural circuit of rats
with chronic cerebral ischemia

To explore the time course changes of neurochemicals and metabolism in working memory neural circuit
following chronic cerebral ischemia, the 1H-MRS was performed to examine the concentration of NAA, mI,
Cho, Glu and GABA of hippocampus, mPFC and mediodorsal thalamus in rats with sham or 2-VO
operation and the Cr peak is frequently used as an internal reference(Krahe et al., 2020). Figure 1A-1F
showed that in the right hippocampus, the concentration of NAA was signi�cantly decreased at 7 days,
14 days and 28 days following chronic cerebral ischemia (P < 0.01 or P < 0.001), and mI and Glu were
signi�cantly increased at 14 days and 28 days (P < 0.05 or P < 0.01 or P < 0.001), Cho and GABA were
signi�cantly decreased at 28 days (P < 0.01 or P < 0.001). Moreover, the concentration of NAA and GABA
at 14 days and 28 days was signi�cantly lower than that at 7 days following chronic cerebral ischemia
(P < 0.05 or P < 0.001), whereas Glu was higher (P < 0.01 or P < 0.001).

In the left hippocampus, Fig. 2A-2F showed similar results with the right hippocampus, except the
concentration of mI at 14 days and 28 days was also signi�cantly lower than that at 7 days following
chronic cerebral ischemia (P < 0.05 or P < 0.01).

In the right mPFC, Fig. 3A-3F showed that the concentration of NAA and mI was signi�cantly decreased
and increased at 7 days, 14 days and 28 days following chronic cerebral ischemia, respectively (P < 0.05
or P < 0.01 or P < 0.001), and Glu and GABA were signi�cantly increased and decreased at 14 days and 28
days, respectively (P < 0.05 or P < 0.01 or P < 0.001), and Cho was signi�cantly decreased at 28 days (P < 
0.05). Moreover, the concentration of NAA and GABA at 14 days and 28 days were signi�cantly lower
than that at 7 days (P < 0.01 or P < 0.001), and mI and Glu at 28 days were signi�cantly higher than that
at 7 days following chronic cerebral ischemia (P < 0.05 or P < 0.01).

In the mediodorsal thalamus, Fig. 4A-4F showed that the concentration of NAA was signi�cantly
decreased at 7 days, 14 days and 28 days following chronic cerebral ischemia (P < 0.05 or P < 0.001), and
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mI and Glu were signi�cantly increased at 14 days and 28 days (P < 0.05 or P < 0.001), and GABA were
signi�cantly decreased at 14 days and 28 days (P < 0.05 or P < 0.001). Moreover, the concentration of
NAA and mI at 28 days was signi�cantly lower and higher than that at 7 days, respectively (P < 0.05 or P 
< 0.01), and Glu and GABA were signi�cantly higher and lower at 14 days and 28 days than those at 7
days following chronic cerebral ischemia, respectively (P < 0.05 or P < 0.001).

Therefore, these results suggested that NAA in the right hippocampus, left hippocampus, right mPFC and
mediodorsal thalamus were initially decreased at 7 days after chronic cerebral ischemia, and GABA
began to decline whereas mI and Glu began to increase at 14 days, as well as Cho began to decline at 28
days. Importantly, the increase of Glu, mI and the decrease of NAA, GABA in the mPFC and hippocampus
were ischemia time-dependent manner within 1month.

3.3 Working memory and object recognition memory were impaired in rats with chronic cerebral ischemia
The Y maze was used to examine the working memory. Figure 5A showed that there was no change in
the correct alternation rate of the three arms in Y maze at 7 days following chronic cerebral ischemia (P > 
0.05). However, at 14 days and 28 days, the alternation rate was decreased signi�cantly (P < 0.001), as
well as the alternation rate at 14d and 28d was signi�cantly lower than that at 7 days (P < 0.05 or P < 
0.001).

The NOR test was used to examine the object recognition memory. Figure 5B, 5C showed that the
recognition index of novel objects was intact at 7 days following chronic cerebral ischemia, similar to that
of the sham operated rats (P > 0.05). However, at 14 days and 28 days, the recognition index of 1 hour
and 24 hours test was signi�cantly decreased (P < 0.001), and the recognition index at 14 days and 28
days was signi�cantly lower than that at 7 days (P < 0.01 or P < 0.001).

These results suggested that the working memory and object recognition memory were impaired in the
early stage of chronic cerebral ischemia (within 1 month) and that progressively aggravated following
ischemia time.

Furtherly, Pearson and Spearman correlation analysis results showed that the concentration of NAA and
GABA in the right hippocampus was positively correlated with the alternation rate of Y maze (r = 0.45 and
0.32, P < 0.01 and P < 0.05), whereas Glu and mI were negatively correlated (r=-0.51 and − 0.32, P < 0.001
and P < 0.05, Fig. 5D-5E and Supplementary Table S1). In the left hippocampus, NAA and Cho was
positively correlated with the alternation rate (r = 0.62 and 0.33, P < 0.001 and P < 0.05), whereas Glu and
mI were negatively correlated (r=-0.36 and − 0.36, P < 0.05, Fig. 5F and Supplementary Table S1). In the
right mPFC, NAA and GABA were positively correlated with the alternation rate (r = 0.59 and 0.39, P < 
0.001 and P < 0.05), whereas Glu was negatively correlated (r=-0.42, P < 0.05, Fig. 5G-5I and
Supplementary Table S1). In the mediodorsal thalamus, GABA and Glu were positively correlated and
negatively correlated with the alternation rate, respectively (r = 0.37 and − 0.33, P < 0.05, Supplementary
Table S1). In addition, we found that the metabolism of these neurochemicals in the hippocampus, mPFC
and mediodorsal thalamus was also related to object recognition memory (Supplementary Table S1).
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These results indicated that abnormal neurochemical metabolism results in dysfunctions of working
memory and object recognition memory after chronic cerebral ischemia.

3.4 The neurochemical metabolism was improved by optogenetics modulation of PV neurons in the
mPFC of rats with chronic cerebral ischemia

To verify whether the regulation of neurochemical metabolism can repair the pathological changes after
cerebral ischemia, optogenetics stimulation of PV neurons in the right mPFC was performed. The results
showed that optogenetics viruses were successfully expressed in the mPFC of rats with chronic cerebral
ischemia (Fig. 6A). After 3 weeks of optogenetics intervention, the working memory was improved (P < 
0.01, Fig. 6B), and the concentration of NAA and GABA was increased in the right mPFC, right
hippocampus and mediodorsal thalamus (P < 0.05 or P < 0.01 or P < 0.001, Fig. 6C-6G and Supplementary
Fig. S6-11), and mI was decreased (P < 0.05, Fig. 6C), as well as Glu had a decreasing trend in the right
mPFC (P = 0.053, Fig. 6C). Additionally, the expression of NMDAR was decreased, whereas GAD67 was
increased in the mPFC of rats with chronic cerebral ischemia (P < 0.05, Fig. 6H-6I). These results
demonstrated that the metabolic abnormality of NAA, GABA and Glu in working memory neural circuit
was repaired through optogenetics modulation of PV neurons in the mPFC of rats with chronic cerebral
ischemia.

4. Discussion
In this study, the longitudinal experimental design was performed to track the pathological process of rats
with chronic cerebral ischemia. 1H-MRS was applied to detect the dynamic changes of neurochemicals
and metabolism in working memory neural circuit following chronic cerebral ischemia. The results
showed that the concentration of NAA in the right hippocampus, left hippocampus, right mPFC and
mediodorsal thalamus were initially decreased at 7 days after chronic cerebral ischemia, and GABA
began to decline whereas mI and Glu began to increase at 14 days, as well as Cho began to lose at 28
days, concurrently the increase of Glu and the decrease of GABA in the mPFC and hippocampus were
ischemia time-dependent manner. Behaviorally, working memory and object recognition memory were
impaired in the early stage of chronic cerebral ischemia (within 1 month) and that progressively
aggravated following cerebral ischemia time. Simultaneously, correlation analysis indicated that
abnormal neurochemical metabolism results in dysfunctions of working memory and object recognition
memory after chronic cerebral ischemia. Interestingly, the metabolic abnormality of NAA and GABA in
working memory neural circuit was repaired and Glu has an improvement trend through optogenetics
modulation of PV neurons in the mPFC of rats with chronic cerebral ischemia.

4.1 The neural circuit of hippocampus-mediodorsal thalamus-mPFC orchestrates working memory

The main clinical manifestations of VCI patients are poor performance in cognitive tasks controlled by
frontal and subcortical, especially working memory and executive function, caused by reduced blood �ow
to the brain(Kertesz and Clydesdale, 1994; McGuinness et al., 2010; Venkat et al., 2015). Working memory
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is considered to be the central component of executive function, regulated by interactions between
hippocampus and mPFC(Miller and Cohen, 2001; Preston and Eichenbaum, 2013). Lesion and
electrophysiological studies suggest that the neural circuit of the ventral hippocampus projects directly to
the mPFC is critical for successful task performance of working memory(Izaki et al., 2008; O'Neill et al.,
2013). Moreover, during the memory maintenance phase, the direction of information �ow is from the
hippocampus to mPFC, while during the memory retrieval phase, the direction is from the mPFC to
hippocampus(Dolleman-van et al., 2019; Eichenbaum, 2017). In recent years, studies have demonstrated
that the mPFC exist mutual connectivity and communication with the hippocampus and mediodorsal
thalamus and are essential for maintaining working memory(Bolkan et al., 2017; Kupferschmidt and
Gordon, 2018; Parnaudeau et al., 2018; Schmitt et al., 2017). In the mediodorsal thalamus, there are
glutamatergic thalamocortical neurons and GABAergic interneurons(Kuroda et al., 1998; Tiwari et al.,
2013) that receive projection from mPFC neurons and then drive mPFC activity to integrate signals for
adaptive goal-directed behavior(Miller et al., 2017). Therefore, the direct or indirect neural circuit of
hippocampus-mediodorsal thalamus-mPFC orchestrates neural activity and communication that gives
rise to working memory.

4.2 The neurochemicals and metabolism were impaired in the early stage of chronic cerebral ischemia
A growing number of studies have shown that chronic cerebral ischemia results in the lesions of the
frontal lobe, hippocampus and thalamus, including neurochemicals and metabolic disorders(Chen et al.,
2016; Galisova et al., 2014; He et al., 2018; Kalaria, 2016). In vivo 1H-MRS had been widely used to reveal
the pathological characteristics and underlying mechanism of the neurochemicals and metabolic
alterations in response to cerebral ischemia in humans and animals(Bruhn et al., 1989; Gurol, 2016;
Igarashi et al., 2001). NAA is a speci�c amino acid, which is mainly synthesized in the mitochondria of
neurons and exists in neuron cells and their axons(Tomaszewicz et al., 2003). It is widely considered as a
marker of neuronal loss and injury, and is highly sensitive to cerebral ischemia(Bertolino et al., 2003;
Demougeot et al., 2004; Jones and Waldman, 2004). Growing evidence also has shown that declined
NAA is signi�cantly associated with memory impairment(Jayaweera et al., 2015; Zhou et al., 2012). The
present study showed that the concentration of NAA in the hippocampus, mPFC and mediodorsal
thalamus were signi�cantly decreased at 7 days, 14 days and 28 days after chronic cerebral ischemia,
and working memory and object recognition memory were impaired at 14 days and 28 days, consistent
with previous studies(Farkas et al., 2007; Han et al., 2019). Therefore, the neurochemical changes may
precede cognitive impairments, suggesting that in vivo 1H-MRS has advantages in early pathological
diagnosis of VCI.

Glu is the main excitatory neurotransmitter in the brain and is essential for maintain the normal synaptic
transmission and plasticity, but if the concentration of Glu exceeds the physiological range, then may
cause excitatory neurotoxicity and damage neurons(Jun et al., 2014). While GABA is a major inhibitory
neurotransmitter, which coordinates neural activity and produces a calming effect, but its concentration is
too high or too low will cause damage to the nervous system(Marsman et al., 2017). It is widely observed
that an imbalance between excitatory and inhibitory amino acids underlies cerebral ischemic
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damage(Bezalel et al., 2019; Marsman et al., 2017). In this study, it was found that there was no
signi�cant difference in the concentration of Glu and GABA within 1 week after chronic cerebral ischemia,
but 2 weeks later, an obvious imbalance of excitation and inhibition was observed in detected
hippocampus, mPFC and mediodorsal thalamus, of which Glu was gradually increased and GABA
gradually decreased with ischemia time-dependent manner. Furthermore, the metabolic disorder of GABA
in the mPFC and mediodorsal thalamus was occurred earlier than that in the hippocampus. Therefore,
these suggest that the GABAergic neurons of the mPFC and mediodorsal thalamus and the glutamatergic
neurons of the hippocampus were impaired in the working memory neural circuit in the early stage of
chronic cerebral ischemia. Indeed, Glu and GABA are involved in working memory by regulating the
functional connections of mPFC-hippocampus and mPFC-mediodorsal thalamus and synaptic
plasticity(Auger and Floresco, 2014; Ferguson and Gao, 2018a; Huang et al., 2018; Thielen et al., 2018).
Here, we found that the metabolism of Glu and GABA in the hippocampus, mPFC and mediodorsal
thalamus was signi�cantly correlated with the alternation rate of Y maze and object recognition index,
indicating that abnormal neurochemical metabolism results in dysfunctions of working memory and
object recognition memory after chronic cerebral ischemia.

In addition, the results of this study showed that mI and Cho of the hippocampus, mPFC was increased
and decreased at 14 days and 28 days after chronic cerebral ischemia, respectively. mI mainly exists in
glial cells and is considered to be a marker of glial cells, which often appears to increase during the
hyperplasia of glial cells and the activation of phospholipase(Glanville et al., 1989). Studies have found
that reduced mI can be detected in animal models of cerebral ischemia(Hu et al., 2018; Jones and
Waldman, 2004; Yang et al., 2012). The possible reason is that chronic ischemic stress in the brain
tissues leads to reactive hyperplasia of glial cells, which response to in�ammatory and result in increased
mI. Cho is an important acetylcholine neurotransmitter precursor compound. Glyceryl phosphate choline
in the cytoplasm of the neuron and choline phosphate degraded from the phospholipid membrane of the
neuron is the main components of the Cho wave(Klein, 2000). Under the action of acetylcholine
transferase, Cho can be converted to acetylcholine and participate in neural information processing
related to memory and recognition behaviors(Liu and Wang, 2016). It is reported that maintaining stable
levels of acetylcholine in the frontal cortex and hippocampus are essential for the formation of
memory(Stoiljkovic et al., 2015). Remarkably, there was still controversy on the changes of Cho in the
brain of VCI patients. Studies suggested that VD patients present cholinergic de�cits in the brain and
cerebrospinal �uid that is closely related to the cognitive impairment(Wang et al., 2009). Other studies
showed that the central cholinergic pathway may not participate in the pathological progression of
VCI(Bella et al., 2016). In this study, Cho in the mPFC and hippocampus was synchronously decreased at
28 days after chronic cerebral ischemia, but in the mediodorsal thalamus unchanged. Therefore, the loss
of Cho in different brain areas was asynchronous and delayed in time after chronic cerebral ischemia.

4.3 Optogenetics modulation of PV neuron in the mPFC can improve working memory in rats with VCI

Optogenetics was an innovative type of neuromodulation technology with high spatial and temporal
accuracy that used photosensitive ion channel ChR2 to activate neural activities with blue light, while
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neuronal inhibition results from illuminating NpHR with yellow light(Deisseroth, 2011; Deisseroth et al.,
2006). Importantly, optogenetics has been applied to stimulate speci�c neuronal types can improve
cognitive impairment(Park et al., 2020; Wang et al., 2019). As a typical GABAergic neuron, PV
interneurons in the mPFC provided a inhibitory effect on excitatory pyramidal neurons, thereby
optogenetics can signi�cantly improve the balance of excitation and inhibition of mPFC by regulating the
excitability of PV neurons(Ferguson and Gao, 2018b; Selimbeyoglu et al., 2017).

In addition, PV interneurons can participate in the generation of gamma oscillations, which is closely
related to information processing and memory(Buzsáki and Draguhn, 2004). And a pair of studies have
been conducted to silence or activate PV interneurons through optogenetics, and found that they are
necessary and su�cient in generating and maintaining gamma oscillations(Cardin et al., 2009; Sohal et
al., 2009).

Stimulation of PV interneurons drive rapidly discharge and short-term kinetics of synapses, generating
gamma oscillations, and synchronously inhibit post-synaptic potential to local excitatory pyramidal
neurons, which can enhance working memory(Hu et al., 2014). Studies have shown that vascular
dementia disrupt gamma oscillation of mPFC that had been shown to be closely related to the working
memory (Li et al., 2019; Xu et al., 2012).

Then, studies have shown that optogenetic stimulation of PV interneurons at 40 Hz can restore the
gamma oscillation, and improve the object recognition ability and memory impairment in an AD mouse
model.

This study was also applicable to 40 Hz optogenetics stimulation of PV interneurons in the right mPFC
can enhance working memory in rats with VCI. Therefore, optogenetics may be a potential treatment for
working memory impairment of VCI.

Similarly, this study found that optogenetics stimulation of PV interneurons in mPFC at 40 Hz could
rescue the working memory in VCI rats. Therefore, optogenetics may be novel strategy for treating
memory de�cits in VCI models.

In addition, the study demonstrated that optogenetics modulation of PV neurons in the mPFC can
improve the pathological changes in which the concentration of NAA and GABA in the right mPFC was
signi�cantly increased, mI was signi�cantly reduced, and Glu had a tendency to decrease, simultaneously,
the expression of NMDAR was decreased, whereas GAD67 was increased in the mPFC of rats with
chronic cerebral ischemia. NMDAR was an important ionic Glu receptor that can mediate Ca2+ in�ux into
the post-synaptic membrane and induce post-synaptic depolarization, which is the basis of synaptic
plasticity(Rajani et al., 2020). Besides, GABA was synthesized by the decarboxylation of GAD, and then
transported by the GABA vesicle transporter to synaptic vesicles, which activates the GABAA receptor to

mediate Cl− �ow to exert its inhibitory effect(Hwang et al., 2018). The expression of GAD67 were highly
correlated with GABA levels(Lazarus et al., 2015), which are necessary for the maturation of inhibitory
circuits in the cerebral cortex(Battaglioli et al., 2003; Esclapez et al., 1994). Therefore, optogenetics
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stimulation of PV neurons can promote the release of inhibitory neurotransmitters GABA, activing the
expression of GAD67, and negative feedback regulation of excitatory neurons and reduced the expression
of NMDAR. These suggested that the metabolic abnormality of GABA and Glu in working memory neural
circuit was repaired through optogenetics modulation of PV neurons in the mPFC of rats with chronic
cerebral ischemia.

4.4 Limitations
The change of neurochemical metabolism and behavior of rats with VCI was determined within 28 days
following chronic cerebral ischemia, and further longer time periods should be observed. Considering the
scanning time and anesthesia time of animals, the right mPFC was chosen to be detected by 1H-MRS. We
found that there was no difference in neurochemicals metabolism between the left and right
hippocampus. Thus, it can be inferred that the metabolic level of left and right mPFC should be
consistent. In addition, the study found that PV-expressing neurons infected by rAAV virus mainly existed
in the mPFC, and also slightly exhibited in the the mediodorsal thalamus, striatum, cortex, etc., therefore,
optogenetics should directly regulate PV neurons of the mPFC but affect the whole working memory
neural circuit of hippocampus-mediodorsal thalamus-mPFC in rats with VCI, however, its speci�c
mechanism needs to be further clari�ed.

5 Conclusion
To sum up, in vivo 1H-MRS is a promising tool for longitudinal tracing of neurochemicals and metabolism
in the brain. The study revealed that neurochemical metabolism was impaired in working memory neural
circuit of hippocampus-mediodorsal thalamus-mPFC as early as 1 ~ 4 weeks after chronic cerebral
ischemia and demonstrated that optogenetics modulation of PV neurons in the mPFC can improve the
pathological changes and enhance working memory, which provides a theoretical and experimental basis
for early diagnosis and treatment of VCI.
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Figure 1

The time course of neurochemicals and metabolic changes in the right hippocampus following chronic
cerebral ischemia. (A, C, E) Representative 1H-MRS graphs both the Sham group and the 2-VO group at 7
days, 14 days and 28 days after chronic cerebral ischemia, respectively. (B, D, F) Statistical results of
neurochemicals (NAA, mI, Cho, Glu and GABA) between the sham group (n=17) and the 2-VO group
(n=14) at 7 days, 14 days and 28 days after chronic cerebral ischemia, respectively. Abbreviation: 1H-
MRS, hydrogen proton magnetic resonance spectroscopy; 2-VO, bilateral common carotid artery
occlusion; mI, myoinositol; Cho, choline; Cr, creatine; Glu, glutamate; NAA, N-acetylaspartate, GABA, γ-
aminobutyric acid. *, P<0.05, **, P<0.01; ***, P<0.001.
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Figure 2

The time course of neurochemicals and metabolic changes in the left hippocampus following chronic
cerebral ischemia. (A, C, E) Representative 1H-MRS graphs both the Sham group and the 2-VO group at 7
days, 14 days and 28 days after chronic cerebral ischemia, respectively. (B, D, F) Statistical results of
neurochemicals (NAA, mI, Cho, Glu and GABA) between the sham group (n=17) and the 2-VO group
(n=14) at 7 days, 14 days and 28 days after chronic cerebral ischemia, respectively. Abbreviation: 1H-
MRS, hydrogen proton magnetic resonance spectroscopy; 2-VO, bilateral common carotid artery
occlusion; mI, myoinositol; Cho, choline; Cr, creatine; Glu, glutamate; NAA, N-acetylaspartate, GABA, γ-
aminobutyric acid. *, P<0.05, **, P<0.01; ***, P<0.001.
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Figure 3

The time course of neurochemicals and metabolic changes in the right mPFC following chronic cerebral
ischemia. (A, C, E) Representative 1H-MRS graphs both the Sham group and the 2-VO group at 7 days, 14
days and 28 days after chronic cerebral ischemia, respectively. (B, D, F) Statistical results of
neurochemicals (NAA, mI, Cho, Glu and GABA) between the sham group (n=17) and the 2-VO group
(n=14) at 7 days, 14 days and 28 days after chronic cerebral ischemia, respectively. Abbreviation: 1H-
MRS, hydrogen proton magnetic resonance spectroscopy; mPFC, medial prefrontal cortex; 2-VO, bilateral
common carotid artery occlusion; mI, myoinositol; Cho, choline; Cr, creatine; Glu, glutamate; NAA, N-
acetylaspartate, GABA, γ-aminobutyric acid. *, P<0.05, **, P<0.01; ***, P<0.001.
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Figure 4

The time course of neurochemicals and metabolic changes in the mediodorsal thalamus following
chronic cerebral ischemia. (A, C, E) Representative 1H-MRS graphs both the Sham group and the 2-VO
group at 7 days, 14 days and 28 days after chronic cerebral ischemia, respectively. (B, D, F) Statistical
results of neurochemicals (NAA, mI, Cho, Glu and GABA) between the sham group (n=17) and the 2-VO
group (n=14) at 7 days, 14 days and 28 days after chronic cerebral ischemia, respectively. Abbreviation:
1H-MRS, hydrogen proton magnetic resonance spectroscopy; 2-VO, bilateral common carotid artery
occlusion; mI, myoinositol; Cho, choline; Cr, creatine; Glu, glutamate; NAA, N-acetylaspartate, GABA, γ-
aminobutyric acid. *, P<0.05, **, P<0.01; ***, P<0.001.
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Figure 5

Working memory and object recognition memory were impaired and correlated with neurochemicals
metabolic disorders after chronic cerebral ischemia. (A) The alternating rate in Y maze was tested for
measuring working memory both the sham group (n=17) and the 2-VO group (n=14) at 7 days, 14 days
and 28 days after chronic cerebral ischemia, respectively. (B, C) The 1h and 24h recognition indices of
NOR was tested both the sham group (n=17) and the 2-VO group (n=14) at 7 days, 14 days and 28 days
after chronic cerebral ischemia, respectively. (D, F, G) Correlations between the NAA levels of the right
hippocampus, left hippocampus, right mPFC and Y maze alternation rate, respectively. (E, H) Correlations
between the Glu levels of the right hippocampus, right mPFC and Y maze alternation rate. (I) Correlation
between GABA levels of the right mPFC and Y maze alternation rate. Abbreviation: mPFC, medial
prefrontal cortex; Cr, creatine; Glu, glutamate; NAA, N-acetylaspartate; GABA, γ-aminobutyric acid; 2-VO,
bilateral common carotid artery occlusion; NOR, novel object recognition. **, P<0.01; ***, P<0.001.
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Figure 6

Optogenetics modulation of PV neurons in the mPFC was performed for neurochemical metabolic
disorder and working memory impairment in rats with chronic cerebral ischemia. (A) The localization of
virus injection and the expression of ChR2-eYFP (green) in the right mPFC. (B) The working memory was
improved in the OptoStim group compared with the Sham-OptoStim group (n=10). (C, D) Representative
1H-MRS graphs and statistical results in the right mPFC between the Sham-OptoStim group and
OptoStim group (n=10). (E, F, G) The change of neurochemicals in the right hippocampus, left
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hippocampus and mediodorsal thalamus between the Sham-OptoStim group and OptoStim group,
respectively (n=5). (H, I) The immunocytochemistry staining and statistical results of NMDAR and GAD67
(n=4). Abbreviation: PV, Parvalbumin; mPFC, medial prefrontal cortex; ChR2, channelrhodopsin; mI,
myoinositol; Cho, choline; Cr, creatine; Glu, glutamate; NAA, N-acetylaspartate, GABA, γ-aminobutyric acid.
OptoStim; Optogenetic Stimulation; NMDAR, N-methyl-D-aspartate receptor; GAD67, glutamic acid
decarboxylase 67. *, P<0.05.
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