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Abstract

Tuberous sclerosis complex (TSC) is a rare hereditary disease, which results from 
the mutation of either TSC1 or TSC2, and its clinical features include benign tumors 
and dysfunctions in numerous organs, including the brain. Many individuals with 
TSC manifest neuropsychiatric symptoms, such as learning impairments, cognitive 
deficits and anxiety. Current pharmacological treatment for TSC is the use of mTOR 
inhibitors. However, they are not effective in treating neuropsychiatric symptoms. 
We previously used curcumin, a diet-derived mTOR inhibitor, which possesses both 
anti-inflammatory and antiproliferative properties, to improve learning and memory 
deficits in Tsc2+/− mice. Diffusion tensor imaging (DTI) provides microstructural 
information in brain tissue and has been used to study the neuropathological changes 
in TSC. In this study, we confirmed that the impaired recognition memory and 
increased anxiety-like behavior in Tsc2+/− mice can be reversed by curcumin treat-
ment. Second, we found altered fractional anisotropy and mean diffusivity in the 
anterior cingulate cortex and the hippocampus of the Tsc2+/− mice, which may 
indicate altered circuitry. Finally, the mTOR complex 1 hyperactivity was found in 
the cortex and hippocampus, coinciding with abnormal cortical myelination and 
increased glial fibrillary acidic protein expression in the hippocampal CA1 of Tsc2+/− 
mice, both of which can be rescued with curcumin treatment. Overall, DTI is sensi-
tive to the subtle alterations that cannot be detected by conventional imaging, sug-
gesting that noninvasive DTI may be suitable for longitudinally monitoring the in 
vivo neuropathology associated with the neuropsychiatric symptoms in TSC, thereby 
facilitating future clinical trials of pharmacological treatments.

INTRODUCTION
Tuberous sclerosis complex (TSC) is a genetic disease caused 
by the mutation in either TSC1 or TSC2 with manifesta-
tions of tumor-like lesions (also known as hamartomas) in 
multiple organ systems, including the central nervous system 
(CNS) (26). Conventional magnetic resonance imaging (MRI) 
in TSC has revealed three types of brain lesions: cortical 
tubers (90%), subependymal nodules (SENs) (80%) and sub-
ependymal giant cell tumors (SGCTs) or subependymal giant 
cell astrocytomas (SEGAs) (up to 15%) (32, 74). Further 
histological analyses of these brain hamartomas have shown 
features of cell enlargement and abnormal cell overgrowth 
of neurons and astrocytes (43). The vast majority of patients 

also comorbid one or more neurological and psychiatric 
symptoms include epilepsy, autistic behavior, learning and 
cognitive impairment, along with emotional problems   
such as anxiety and self-injurious behavior, which are col-
lectively called TSC-associated neuropsychiatric disorders 
(TANDs) (74).

TSC1 and TSC2 encode hamartin and tuberin proteins, 
respectively, which together form a functional heterodimer 
that inhibits the mTOR pathway via inactivation of Ras 
homolog enriched in brain protein through activation of 
GTPase (27). The mTOR pathway has been implicated in 
playing a major role in regulating the cell growth and 
metabolism through many important cellular processes includ-
ing protein and lipid synthesis, autophagy and nutrient 
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uptake (58). In both human and rodents, haploinsufficiency 
of TSC genes causes hyperactivation of the mTOR complex 
1 (mTORC1), resulting in cell overgrowth and dysplasia of 
both neuronal and glial cells during brain development (32, 
46, 97). Animal studies have identified that hyperactive 
mTORC1, caused by loss of Tsc1 or Tsc2, is highly associ-
ated with impaired neuronal connectivity, as it affects pro-
cesses such axonal development, synapse formation and 
myelination (25, 52, 72).

Recently, the mTOR kinase has also emerged as a key 
regulator of innate immune cell function and overactivation 
of this enzyme has been implicated in neuroinflammation, 
which underlies several neurodegenerative (59, 65, 75, 78, 
103) and neurodevelopmental diseases (31, 50). Studies have 
shown that there is a tight link between mTOR dysregula-
tion and cognitive function in these diseases. Furthermore, 
neuroinflammation, particularly astrocyte activation, which 
contributes to impaired neural functions by inducing neu-
ronal death, has been implicated in these diseases (10, 63). 
Several lines of evidence show that inhibition of mTOR 
kinase activity by rapamycin in glial cells results in anti-
inflammatory actions (29, 30, 64). Inflammation has also 
been reported in both the tissues of TSC patients and brains 
of TSC mouse models (18, 19, 67, 68, 105), suggesting a 
close relationship between neuropsychiatric symptoms and 
neuroinflammation. Therefore, a promising therapeutic 
approach is to target mTOR pathway to inhibit inflamma-
tory actions during TSC pathogenesis (105).

Based on the dysregulated TSC-mTOR pathway, mTOR 
inhibition has been used as a therapeutic strategy for treat-
ing TSC (27, 52). A number of preclinical studies using 
different CNS mouse models of TSC have probed into the 
use of the mTOR inhibitors (i.e., sirolimus or everolimus) 
on decreasing the tumor size, controlling the seizures and 
improving the autistic behavior and learning skills (36, 71, 
87, 92). In clinical trials, rapamycin has been proven to 
reduce the size of astrocytomas and seizure frequency (39, 
54). Based on these successful clinical trials, the US Federal 
Drug Administration approved the use of the Novartis drug 
Afinitor DISPERZ® (everolimus) on TSC-associated epilepsy 
and subependymal giant cell astrocytomas (38). However, 
despite the positive results in treating cognitive deficits in 
animals, two clinical trials using everolimus to improve neu-
rocognition in TSC have failed, with the occurrence of up 
to 60% of adverse events (53, 83). Its pharmacological 
actions on other neuropsychiatric disorders still remain 
uncertain and its safety in young children is still unclear. 
Therefore, the use of other mTOR inhibitors to treat TANDs 
should be investigated.

Curcumin, a natural polyphenolic compound derived from 
the plant Curcuma longa, is known to possess neuroprotec-
tive effects that may act through its anti-inflammatory and 
anti-oxidant properties (14). Various studies have revealed 
that curcumin treatment suppresses the production of inflam-
matory cytokines in cultured cells (1). Moreover, two recent 
reports have provided evidence that curcumin prevents neu-
roinflammation by inhibiting reactive astrocytes and microglia 
activation in inflammation-induced rodent models (73, 90). 
In the past decade, the compound has become known as 

a potent mTOR inhibitor, based on its involvement of tumor 
suppression in various cancer cell lines via inhibition of 
the mTOR pathway (1, 13, 47). Because of its dual anti-
inflammatory and antiproliferative effects, our previous study 
has used curcumin to treat Tsc2+/− mice and demonstrated 
the efficacy of this natural mTOR inhibitor on hippocampus-
dependent learning and recognition memory in TSC (56). 
Unfortunately, despite that the conventional MRI has been 
used clinically to detect brain lesions in TSC, no neuroim-
aging biomarker that correlates with the neurobehavioral 
phenotype is available. Identification of these image-based 
endophenotypes associated with neuropsychiatric symptoms 
would facilitate future clinical trials of mTOR inhibition, 
such as curcumin treatment in TSC.

Diffusion tensor imaging (DTI) is an MRI sequence that 
characterizes the structural integrity based on the motion 
of water molecules (60). In brain tissue, the water molecules 
move in the extracellular and intracellular space and their 
motion is impeded by several factors. The extracellular space 
comprises all kinds of glial cells (e.g., oligodendrocytes and 
astrocytes) and neurons and their neurites, which may affect 
the displacement of water molecules. Within the cell, a 
variety of restriction factors, such as cell membranes, the 
cytoskeleton and macromolecules can hinder the motion of 
water molecules (12). It is well-established that microstruc-
tural properties of brain tissue can be reflected by two 
DTI-derived parameters: fractional anisotropy (FA) and mean 
diffusivity (MD) values. FA provides the degree of asym-
metry in water diffusion within the tensor model in one 
direction, while MD is the average of the eigenvalues of 
the tensor model, regardless of the direction of the motion 
(3). These two DTI measures have been applied to quan-
titatively characterize the tissue changes in conditions such 
as ischemia, demyelination/dysmyelination, edema, neoplasia 
(3) and also neurocognitive or psychiatric disorders such as 
Alzheimer’s disease (69), schizophrenia and autism spectrum 
disorder (96).

FA and MD parameters provide quite different informa-
tion to the intrinsic properties of the neuropathology. Past 
studies have shown that FA can reflect the direction of 
water movement in the spacing along the axons and is 
affected by the axon density, axon diameter and the myelin 
thickness (12). Indeed, FA is found to be highly associated 
with myelination, as decreased anisotropy is observed in 
demyelination diseases such as multiple sclerosis (7). To date, 
increasing work has been done to define the relationships 
between DTI measures and inflammation using traumatic 
brain injury models (49). In particular, several diffusion MRI 
studies have demonstrated changes in diffusivity and ani-
sotropy (as reflected by MD and FA values, respectively) 
correlated strongly with astrocytosis (22, 85, 106). 
Cytoarchitectural and myeloarchitectural alterations seem 
likely to modify the tissue environment, which are detectable 
by DTI, making it a promising tool for detecting subtle 
differences in the TSC pathological conditions.

Clinically, DTI has a putative role in finding the epi-
leptogenic lesions in TSC patients when performing neu-
rosurgery. Despite that the severity of  cognitive functions 
strongly correlates with the brain lesions and the presence 
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of seizures in TSC clinically, recent reports have also indi-
cated that, in a number of  cases, TANDs occur in patients 
without brain hamartomas and/or epilepsy. (46, 52, 98). 
Hence, a number of  studies have attempted to use DTI 
to investigate the anatomical alterations in white and gray 
matter structures that underlie the neurocognitive morbidity 
in TSC patients (6, 41, 66, 80). The absence of  brain 
malformations such as tubers in the heterozygous mouse 
models of  Tsc1+/− and Tsc2+/−, which both show poor 
learning and memory performance and social behavior, 
also suggest that other subtle microscopic structural changes 
may account for neurologic symptoms (36, 87). However, 
to our knowledge, very little work has been done to study 
the microstructural alterations using region-of-interest 
(ROI)-based DTI analysis on gray matter structures in 
TSC brains of  small rodents.

In the current study, we first tested the potency of cur-
cumin treatment on TSC-associated neuropsychiatric deficits. 
Next, we focused on the brain structures known to be 
involved in emotion, learning and memory, which include 
the anterior cingulate cortex, prefrontal cortex, hippocampus, 
amygdala and thalamus. To elucidate the potential role of 
DTI analysis as a means of detecting microstructural changes 
in TSC, we employed FA and MD measurements to assess 
the morphological differences among wild-type littermates 
(WT), Tsc2+/− mice (TSC) and Tsc2+/− mice fed with cur-
cumin (TSC/cur). Finally, we used immunostaining assays 
of the brain sections to determine the cellular compositional 
changes that corresponded with the DTI results.

MATERIALS AND METHODS

Animals

The animal protocols used in this study complied with the 
guidelines of the Taipei Medical University Institutional 
Animal Care and Use Committee (IACUC). All experiments 
were performed in accordance with the US Public Health 
Service Policy on Humane Care and Use of Laboratory 
Animals. All animals were housed in an air-conditioned 
vivarium with free access to food and water and a 10/14  h 
light/dark cycle. The Tsc2+/- heterozygous knockout mice 
(JAX stock #004686; B6;129S4-Tsc2  <  tm1Djk>/J) used in 
this study were originally purchased from the Jackson 
Laboratory (Bar Harbor, ME, USA). Previous reports have 
indicated that this mouse model shows cognitive deficits 
without the presence of seizures and brain malformations 
such as cortical tubers, subependymal nodules and subependy-
mal giant cell astrocytomas (36, 76).

Animal grouping and experimental design

The experimental design and time line are illustrated in 
Figure  1. At 4  weeks of age, after weaning, mice were 
divided into three experimental groups: (i) WT mice (N = 11) 
fed with normal diet chow, (ii) TSC mice (N  =  11) fed 
with normal diet chow and (iii) TSC mice (N  =  8) fed 
with curcumin-containing chow. At 6  weeks of age, the 
TSC mice started the 0.2% of curcumin diet. Following 
6  weeks of treatment, at 12  weeks of age, WT, TSC and 

Figure 1.  Experimental procedures. At 4 weeks of age, after weaning, 
mice were divided into three experimental groups: (1) WT mice (N = 11) 
fed with normal diet chow, (2) TSC mice (N = 11) fed with normal diet 
chow and (3) TSC mice (N = 8) fed with curcumin-containing chow. At 
6  weeks of age, the TSC mice started a 0.2%   
of curcumin diet. After treatment for 6 weeks, at 12 weeks of age, the 
WT, TSC and TSC/cur groups were subject to novel object recognition 

and open-field tests to determine their cognitive deficits and anxiety-like 
behavior. MRI acquisition was performed at   
12–14  weeks of age. After MRI scanning, mice were sacrificed   
and brain sections were obtained for further histological and 
immunostaining analyses. [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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TSC/cur mice were subject to behavioral tests, novel object 
recognition (NOR) and open-field tests, to determine their 
cognitive deficits and anxiety-like behavior. MRI acquisition 
was performed at 12 to 14  weeks of age. After MRI scan-
ning, mice were sacrificed and brain slices were obtained 
for further histological and immunostaining analyses.

Curcumin treatment

In this study, the curcumin treatment was administered 
orally. Longvida® solid lipid curcumin particles (SLCP, 
Verdure Sciences Inc., Noblesville, IN, USA) were obtained 
from NOW FOODS (Bloomingdale, IL, USA). Each cap-
sule is a 400  mg curcumin extract formulation contain-
ing  ~  80  mg patented lipid-coated SLCP. The curcumin 
powder was thoroughly blended into pulverized standard 
rodent chow (Oriental Yeast Co. Ltd, Tokyo, Japan) and 
3% high viscosity hydroxypropyl methyl cellulose (Wei 
Ming Pharmaceutical, Taipei, Taiwan) to give a final con-
centration of  0.2% of  curcumin powder (containing about 
0.04% of  SLCP). The mixture was mixed with minimum 
quantity of  autoclaved water, molded into pellets and 
allowed to dry overnight in an oven set at 65°C. The 
average daily food intake for a mouse is estimated to be 
0.12  g/g body weight/day (8). One gram of  food chow 
contained 2  mg of  curcumin powder. Therefore, the daily 
intake of  curcumin for a mouse in this study was esti-
mated to be 0.24  mg/g body weight.

Behavioral tests

The NOR task consisted of three sessions: habituation, 
familiarization (training) and testing session. In the habitu-
ation session, animals were allowed to explore the open-field 
arena (58  ×  58  ×  35  cm) freely in the absence of objects 
for 10  min. The mice were then removed from the arena 
and placed in holding cages. One day after the habituation 
session, mice underwent a single familiarization session of 
10  min. During this familiarization session, each animal 
was placed in the same open-field arena containing two 
identical objects (A  +  A). One day after the familiarization 
session, mice underwent a testing session of 10 min. During 
the test session, the animal was again placed in the open-
field arena with two objects, one was the familiar object, 
the other was the novel object (A  +  B). During both the 
familiarization and the testing sessions, the time the mice 
spent exploring each object was recorded. The discrimina-
tion index (DI) was calculated as the difference between 
the time spent exploring the novel object (B) and the familiar 
object (A) in relation to the total time spent exploring the 
objects [(B  −  A)/(B  +  A)] (5).

The anxiety-like behavior for each mouse was determined 
from the motor tracks derived from an open-field test. 
Animals were allowed to explore the open-field arena 
(58  ×  58  ×  35  cm) freely for 10  min. In the duration of 
open-field for 10  min, a center region with dimensions of 
29  ×  29  cm (50% of the length and width of the open-
field arena) was selected when analyzing the mouse tracks 

using the software (9). All behavioral tests and motor tracks 
were monitored and recorded by digital cameras and assessed 
by OptiMouse software (16).

MRI acquisition

MR images were acquired using a 7 Tesla scanner with a 
30 cm diameter bore (Bruker Biospec 70/30 USR, Ettlingen, 
Germany) and the linear volume coil was used to transmit 
the radio frequency pulses. For the radio frequency signal 
retrieval, a planar surface coil (T7399V3; Bruker Corp., 
Billerica, MA, USA) was placed over each mouse’s head. 
During each MRI session, the subject mouse was anesthe-
tized by inhalation of 3% isoflurane (Attane™ Isoflurane, 
Minrad Inc., NY, USA), in combination with 20% of O2, 
75% of N2 and 5% of CO2. The mouse was fastened to 
an animal holder and a hot pad set to 37°C was placed 
around the abdomen to maintain the body temperature. A 
life monitoring system and pressure sensor (SA Instruments 
Inc., New York, NY, USA) were also put under the abdo-
men of the mouse to monitor the respiratory status. The 
respiration rate was steady and maintained at 20 to 40 
breaths/minute.

Magnetic field homogeneity was optimized using the fast 
automated shimming technique by mapping along projec-
tions (FASTMAP) with first-order shims on an isotropic 
voxel of 7  ×  7  ×  7  mm3 encompassing the imaging slices. 
Turbo spin echo (TSE) T2 images were acquired to check 
the slice positioning [TR  =  2500  ms, TE  =  33  ms, matrix 
size = 256 × 256 × 15, field of view (FOV) = 20 × 20 mm2, 
voxel size = 0.08 × 0.08 × 0.4 mm3, slice thickness = 0.4 mm, 
15 horizontal slices]. Diffusion images were acquired using 
DtiEpi SpinEcho sequence. TR  =  3750  ms and 
TE  =  40.28  ms, matrix size  =  50  ×  50  ×  15 pixels, 
FOV  =  20  ×  20  mm2, slice thickness  =  0.4  mm, 15 hori-
zontal slices, the diffusion time was 20  ms. The diffusion 
encoding duration was 6  ms. A total of 12 diffusion sam-
pling directions were acquired.

Diffusion tensor imaging (DTI) analysis

Preprocessing steps and DTI analyses were performed by 
DSI studio software (http://dsi-studio.labso​lver.org) included 
the motion correction, mask set up and reconstruction. A 
model-based DTI reconstruction method, based on details 
provided in Jiang et al (51), was used to construct the 
diffusion map. Before analysis, the Allen mouse brain atlas 
and ROIs (61) were first reconstructed accordingly to the 
same dimensions as the diffusion images using MATLAB 
(ver. R2018b, Mathworks, Inc., Natick, MA, USA). The 
reference atlas was then loaded to co-register with the dif-
fusion images. Region-based analysis was performed for areas 
associated with learning and memory and anxiety, which 
are the anterior cingulate cortex (ACC), prefrontal cortex 
(PFC), thalamus (Thal), amygdala (Amyg) and the hip-
pocampus (Hipp), which is segmented into Cornu Amonis 
1–3 and dentate gyrus (CA1, CA2, CA3 and DG), to obtain 
the diffusion indices, FA and MD values.

http://dsi-studio.labsolver.org
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Brain slice preparations and immunostaining

Mice were subject to transcardial perfusion and then, 
decapitated. After extracted from the skull, the brains 
were fixed with 4% of  PFA in PBS, pH 7.4 at 4°C for 
24–48  h. Fixed brains were then dehydrated with 75% of 
alcohol prior to paraffin embedding. Sections of  3-μm 
thickness were obtained using Sakura IVS-410 microtome 
(Sakura Seiki Co., Ltd., Tokyo, Japan). All the paraffin 
sections were deparaffinized and rehydrated prior to the 
staining procedures. For immunofluorescence staining, anti-
gen retrieval was performed prior to the staining proce-
dures. Briefly, the brain slices were immersed in sodium 
citrate buffer (10  mM, with 0.05% Tween 20, pH  =  6) 
at 95°C–100°C for 30  min and followed by deparaffiniza-
tion protocols as described in the Abcam protocol (Abcam, 
Cambridge, MA, USA). After cooling, the subsequent 
immunostaining procedures were carried out. Phospho-S6 
ribosomal protein (pS6 Ser235/236) (Cell Signaling 
Technology, Inc., Boston, MA, USA), neuronal marker 
(NeuN) (Merck KGaA, Darmstadt, Germany), glial fibril-
lary acidic protein (GFAP) (Invitrogen, Carlsbad, CA, 
USA), S100β (Abcam, Cambridge, MA, USA) and ionizing 
calcium-binding adaptor molecule 1 (Iba1) (Wako Co., 
Ltd., Wakayama, Japan) were used to determine the acti-
vation of  mTORC1, neurons, astrocytes and microglia, 
respectively. Myelin basic protein (MBP) (Abcam, 
Cambridge, MA, USA) antibody was used to determine 
the myelination.

Immunostaining image analysis

Quantitative analyses of  immunostaining results were per-
formed using Fiji/ImageJ software (NIH, Bethesda, MD, 
USA; https://imagej.net/Fiji). The whole Hipp (with a 
dimension of  1  mm  ×  1.5  mm) was selected and pS6-
positive cells were counted using the “Analyze Particles” 
function in the Fiji software. Four animals were analyzed 
for each group. To analyze the coherency of  myelination 
or the complexity of  myelinated axons, MBP-stained sec-
tions were divided into ACC and the Hipp regions and 
assessed separately. The analyses were performed using 
the “OrientationJ measure” plugin for Fiji (89). Within 
the ACC region, an average measure of  coherency from 
a total of  nine random areas, each with the dimension 
of  200  μm  ×  200  μm, were calculated for each group. 
For the Hipp, a total of  six areas, each with the dimen-
sion of  200  μm  ×  200  μm, along the stratum lacunosum 
moleculare (slm) of  CA1, where the myelination is promi-
nent, were assessed for the coherency (Supporting Figure 
S1). Details on “OrientationJ measure” are described in 
the Supporting Note 1. To calculate the number of  GFAP-
positive cells, an average number of  astrocytes from six 
random areas, each with the dimension of 
200  μm  ×  200  μm (including three regions from CA1 and 
each region from CA2, CA3 and DG), of  the Hipp was 
calculated for each brain. Four animals were analyzed for 
each group. GFAP immunodensity was further assessed 
for same sections using the “Measure” function to 

determine the mean gray value. The mean values for the 
TSC and TSC/cur groups were then normalized to the 
level of  the WT, which was set at 100%.

Statistical analysis

In assessing the animal behaviors, the discrimination indices 
and time spent in the middle were compared among the 
three groups, WT, TSC and TSC/cur using one-way ANOVA 
with Tukey’s test as the post hoc analysis to determine 
the statistical significance of  differences. For immunostain-
ing image analyses, both the average number of  pS6 + cells 
and GFAP  +  cells were assessed using one-way ANOVA 
with Tukey’s test as post hoc analysis. To compare DTI 
measures (both FA and MD) and among the three groups, 
we first tested normality with the Shapiro–Wilk test and 
analyzed the homogeneity of  variance with Levene’s test 
of  the DTI data from targeted ROIs. FA and MD dem-
onstrated a normal distribution after the Shapiro–Wilk 
test (P  >  0.05), while the Levene’s test showed an equal 
variance in the targeted ROIs (P  >  0.05). Therefore, we 
applied ANOVA to compare the differences among the 
three groups. The significance level for the ANOVA was 
set at P  <  0.05 and a post hoc analysis with Fisher’s 
LSD was conducted, with the P-value being defined at 
0.05. We then performed the multiple comparison correc-
tion from the ROIs using the Benjamini-Hochberg procedure 
(15) with the false discovery rate (FDR) set at 5% to 
control the false positive rate (shown in Supporting 
Tables  S1 and S2). A probability value of  P  <  0.05 was 
used to determine statistical significance. All data are 
presented as the mean  ±  standard error of  the mean 
(SEM). All the statistical analyses mentioned above were 
performed using Prism version 8 (GraphPad Software, Inc., 
San Diego, CA, USA). The corresponding effect size and 
power values were determined using the open source tool-
box, G*Power (Version 3.1.9.2, Institut für Experimentelle 
Psychologie, Dusseldorf, Germany) (37), which are shown 
in Supporting Tables S3–S5, for behavioral tests, FA values 
and MD values, respectively.

RESULTS

Behavioral deficits of Tsc2+/- mice can be 
rescued by curcumin treatment

During the NOR task, the TSC group spent an equal 
amount of  time exploring the novel object and familiar 
objects, whereas the WT spent more time exploring the 
novel object, as indicated by the mouse tracks (Figure 2A, 
upper panel). A group heatmap was generated from the 
average time spent for each group during the task. In the 
WT group, more time was spent surrounding the object 
B, which was the novel object during the task. In contrast, 
TSC mice showed no differences in the preference between 
the novel and familiar objects. After the curcumin treat-
ment, the mice were able to recognize and spend more 
time around the novel object, as shown by the 

https://imagej.net/Fiji
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yellow-reddish grids on the heatmap (Figure  2A, lower 
panel). The DIs were then calculated among the three 
groups, WT (0.265  ±  0.056), TSC (0.075  ±  0.025) and 
TSC/cur (0.265  ±  0.047) at 12  weeks of  age. The DI of 
the TSC group was significantly lower than that of  the 
WT (P  =  0.0107, one-way ANOVA test, power  =  0.953) 

and the DI of  the TSC/cur group was higher than that 
of  the TSC group (P  =  0.0197, one-way ANOVA test, 
power = 0.953). These results demonstrated that TSC mice 
showed defective learning and recognition memory, which 
were rescued by 6 weeks of  curcumin treatment (Figure 2B, 
upper panel). The distance traveled was calculated for 

Figure 2.  Treatment with the natural diet-derived mTOR inhibitor, 
curcumin, can rescue the behavioral deficits of Tsc2+/− mice. A. The 
novel object recognition (NOR) test was performed on WT, TSC and TSC/
cur mice at 12 weeks of age. (A, Upper panel) Mouse movement tracks 
from a representative animal from each group are denoted by the red 
lines. (A, Lower panel) A group heatmap representation is generated 
from the average time spent for each group during the task. The 
heatmap comprised of several tracks of individual mouse from either 
group. The scale bar depicts the average time spent in each bin 
(seconds). (B, Upper panel) The discrimination index (DI) was calculated 
as the duration spent exploring the novel object divided by the duration 
spent exploring both the novel and familiar objects. (B, Lower panel) The 
total distance traveled was calculated during the task to assess the 

locomotion differences. C. The open-field test was used to assess the 
anxiety-like behavior of the three groups. (C, Upper panel) The red 
square denotes the center area. Mouse movement tracks from a 
representative animal are denoted by the black lines. (C, Lower panel) A 
group heatmap representation is generated from the average time 
spent for each group during the task. The heatmap comprised of several 
tracks of individual mouse from either group. The scale bar depicts the 
average time spent in each bin (seconds). (D, Upper panel)   
The quantitative results of the open-field test. (D, Lower panel) The   
total distance traveled was calculated during the open-field test to 
assess the locomotion differences. Data represent the mean ± SEM. 
*P < 0.05, **P < 0.01, n.s. not significant. One-way ANOVA, Tukey’s 
post hoc test. [Colour figure can be viewed at wileyonlinelibrary.com]
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each group during the task to assess the locomotion. 
During the NOR test, the total distance traveled showed 
no significant difference for the three groups (Figure  2B, 
lower panel). We also performed the open-field test to 
assess the anxiety level of  each group. The representative 
track of  a mouse from each group was shown (Figure  2C, 
upper panel). A group heatmap was also generated to 
visualize the average time spent in the center region for 
each group (Figure  2C, lower panel). The average time 
spent in the center region for WT, TSC and TSC/cur 
mice was 32.45  ±  4.81, 17.95  ±  4.48 and 29.04  ±  3.19, 
respectively. TSC mice showed increased anxiety, as they 
spent markedly less time in the middle region of  the arena 
than the WT (P  =  0.0074, one-way ANOVA test, 
power  =  0.999) and after treatment the time spent in the 
middle was significantly reduced, compared with the TSC 
mice (P  =  0.0244, one-way ANOVA test, power  =  0.999) 
(Figure  2D, upper panel). We also assessed the total dis-
tance traveled for the three groups during the open-field 
test; and we found there were no significant differences 
among the three groups, demonstrating the locomotion 

were relatively the same (Figure  2D, lower panel). Both 
of  these behavioral deficits were shown to be effectively 
reversed by the treatment with curcumin.

Aberrant diffusivity was observed in the ACC 
and the hippocampal CA1 of Tsc2+/− mice

ROI-based analyses were performed to assess the micro-
structural changes between the WT, TSC and TSC/cur groups 
(Figure 3A). Representative figures of the T2-weighted images, 
color map of FA, FA map and MD map from each group 
were shown, indicating that there were no robust changes 
in T2 images in the three groups, but prominent differences 
were found in FA and MD values (Figure  3B). In the 
ACC, the FA value was increased in the TSC group by 
8.7% (P  =  0.007, one-way ANOVA test, power  =  0.968) 
compared with that of the WT. After treatment of curcumin, 
the FA value was decreased by 13.1% (P  =  0.001, one-way 
ANOVA test, power  =  0.968) compared with that of the 
TSC. When we further looked into the hippocampal seg-
mentations, FA values were increased by 8.2% (P  =  0.007, 

Figure 3.  Tsc2+/− mice exhibit aberrant diffusivity in the ACC and CA1 
of the hippocampus. A. DTI analysis was performed on the three groups 
of mice, WT, TSC and TSC/cur. The following regions of interest (ROIs) in 
three groups were assessed: ACC: anterior cingulate cortex; PFC: 
prefrontal cortex; CA1-3: Cornu Amonis 1–3; DG: dentate gyrus; Thal: 
thalamus; Amyg: amygdala. (B, first column) A representative T2-
weighted image of each group is shown overlaid with the ROIs: the 
ACC (yellow) and the hippocampal CA1 (green), which showed 
significant results. (B, second column) A color-oriented FA map is shown 
to denote the direction of anisotropy within each voxel, red: x-axis, 
green: y-axis and blue: z-axis. (B, third column) FA maps were generated 
and overlaid with the T2 images, where red color denotes the high FA 

value (0.6) and blue color denotes the low FA value (0.0). (A, fourth 
column) MD maps were also generated and overlaid with the T2 images, 
where red color denotes 0.65 and blue color denotes 0.60. C and D. FA 
and MD values were determined for each group and compared for each 
brain region. Hippocampal regions were segmented into CA1, CA2, 
CA3 and DG. Significant increased FA and decreased MD values were 
observed in the ACC and the CA1 of TSC mice. Treatment with curcumin 
greatly reduced the FA and increased the MD values, in these regions. 
No significant differences were found between the WT and TSC/cur 
groups. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, n.s. 
not significant, One-way ANOVA test, Fisher’s LSD post hoc test. 
[Colour figure can be viewed at wileyonlinelibrary.com]
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one-way ANOVA test, power  =  0.969) in CA1 for TSC 
mice, whereas no significant changes were observed in CA2, 
CA3 and DG. Curcumin treatment decreased the FA values 
in CA1 by 9.6% (P  =  0.002, one-way ANOVA test, 
power  =  0.969). No significant differences were observed 
between the WT and TSC/cur mice (Figure  3C). In terms 
of MD, TSC mice were decreased by 3.5% (p  =  0.003, 
one-way ANOVA test, power = 0.964) and 5.0% (p = 0.002, 
one-way ANOVA test, power  =  0.999), in the ACC and 
field CA1, respectively. The curcumin treatment effectively 
rescued the decreased MD in the ACC by 3.5% (p  =  0.003, 
one-way ANOVA test, power  =  0.969) and CA1 by 3.6% 
(p = 0.020, one-way ANOVA test, power = 0.999) (Figure 3D). 
In summary, our DTI data indicated that the two consistent 
regions that were detected by both FA and MD measures 
are the ACC and field CA1 of the Hipp, which are two 
of the most susceptible regions to the neurocognitive 
functions.

Hyperactivation of mTORC1 in Tsc2+/− mice was 
limited to certain brain regions

To further dissect the molecular mechanisms underlying TSC 
pathology and the therapeutic effects of curcumin, we inves-
tigated how TSC-deficient cells were dysregulated in various 
brain regions. Since TSC is involved in the mTOR pathway, 
we examined the mTOR activity in the TSC mouse brain. 
We used pS6 antibody to assess the mTORC1 activity. 
Immunofluorescence staining with anti-pS6 on the whole brain 
of WT, TSC and TSC/cur mice was performed (Figure  4A, 
upper panel). Of all brain regions analyzed, the Hipp of the 
TSC group showed most prominent hyperactivation of 
mTORC1 when compared with the WT (Figure  4A, lower 
panel). The level of pS6 was tremendously increased in CA1, 
CA3 and DG (Figure  4A, inset). When we quantitatively 
analyzed the pS6-positive (pS6+) cells in the hippocampus for 
each group, the number of pS6+ cells significantly increased 

in the TSC mice (p  =  0.0087, one-way ANOVA test); and 
after curcumin treatment, the number of pS6+ cells markedly 
decreased (p  =  0.0215, one-way ANOVA test) (Figure  4B).

Myelination complexity is decreased in the ACC 
of Tsc2+/- mice

To further confirm neuropathology in the TSC group, in which 
both FA and activation of mTOR were altered and since 
FA is highly associated with myelination, we used the MBP 
antibody, co-staining with pS6, to visualize the integrity of 
myelination (Supporting Figure S2). Overall, there was no 
robust difference in the pattern of myelination of the corpus 
callosum and the gray matter structures between the WT and 
TSC, including the amygdala and thalamus (Supporting Figure 
S2). However, when we looked closer at the ACC (Figure 5A) 
and performed coherency analysis on the MBP-stained sec-
tions, the coherency of myelinated axons was shown to be 
increased in the TSC group (Figure  5B). Increased coherent 
myelination represents the loss of complexity of neurites in 
the cortical regions of the TSC brains (Figure  5C). This 
result corresponded to the increased FA and decreased MD 
values in the TSC group. With curcumin treatment, which 
effectively lowered the number of pS6+ cells, the complexity 
of myelination was rescued, as well as the FA and MD values. 
Because abnormal DTI parameters were also found in the 
hippocampal CA1, we further analyzed the myelination in 
the Hipp. In the Hipp, we analyzed the CA1, CA2, CA3 
and DG more closely and found that there was no obvious 
difference in MBP staining (Supporting Figure S2, inset). When 
we performed the coherency analysis in the slm region of 
the CA1 as denoted in Figure  5D, since the slm showed the 
most prominent staining of MBP, we found that the TSC 
group showed increased coherency relative to the WT group 
(Figure  5E). However, the hippocampal CA1 myelination was 
unaffected after treatment with curcumin, although it showed 
a trend of decreased coherency (Figure  5F).

Figure 4.  Tsc2+/− mice showed hyperactivation of mTORC1 in the 
hippocampal regions. A. Immunostaining of phosphorylated-S6 (pS6) of 
WT, TSC and TSC/cur brain tissue. A high level of pS6 was most prominent 
in the CA1 (inset), as well as in CA3 (arrow) and DG (arrowhead). The 
curcumin treatment was able to inhibit the increased expression of pS6. B. 
The quantitative results of the number of pS6-positive cells in the 

hippocampi of the three groups. TSC mice exhibited a significantly increased 
number of pS6 containing cells and curcumin significantly decreased the 
number of pS6-positive cells. Scale bar for A, upper panel: 1 mm; A, lower 
panel: 200 μm; inset 20 μm. Data represent the mean ± SEM. *P < 0.05, 
**P < 0.01, n.s. not significant, One-way ANOVA, Tukey’s post hoc test. 
[Colour figure can be viewed at wileyonlinelibrary.com]
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Astrocyte activation was observed in the 
hippocampus of Tsc2+/− mice

To seek out other possible neuropathological features that are 
responsible for the alterations in FA and MD values in the 
hippocampal CA1, we analyzed the cellular composition of 
the TSC brain, using immunofluorescence staining of NeuN, 
GFAP, S100β, and Iba1to determine the distribution of neu-
rons, astrocytes and microglia, respectively. We found an 
increased immunoreactivity of GFAP and S100β in the hip-
pocampus of TSC mice compared with the WT (Figure  6), 
but not NeuN and Iba1 (Supporting Figures  S3 and S4). 
More specifically, the increased immunoreactivity of GFAP 
was most prominent in the slm of CA1 (Figure  6A, first and 
third panels), whereas the increased immunoreactivity of S100β 
was observed in the slm of CA1 and the molecular layer of 
DG (Figure  6A, second and third panels). Treatment with 
curcumin decreased the GFAP expression (Figure  6A, first 
and third panels). We first determined the immunodensity of 
GFAP and compared the three groups. We found that TSC 
mice exhibited an increased area of GFAP expression when 
compared with the WT (p  =  0.0127, one-way ANOVA test) 
and TSC/cur mice (p  =  0.0402, one-way ANOVA test) 
(Figure  6B). After further quantitatively analyzing GFAP-
positive cells (GFAP+ cells) in each group, we found that 

TSC mice exhibited augmented GFAP+ cells, relative to the 
WT (p  =  0.0091, one-way ANOVA test); and TSC/cur group 
showed a markedly lower number of GFAP+ cells, relative 
to the TSC (p  =  0.0051, one-way ANOVA test) (Figure  6C). 
The quantitative results of immunostaining of S100β also 
demonstrated increased S100β-positive cells in the TSC group, 
relative to the WT (p  =  0.0467, one-way ANOVA test) and 
treatment of curcumin decreased the S100β-positive cells, rela-
tive to the TSC (p = 0.0134, one-way ANOVA test) (Figure 6D). 
These results implied that the decreased MD values in the 
hippocampal regions may have resulted from the increased 
number and density of these astrocytes.

DISCUSSION

Behavioral deficits in Tsc2+/− mice may result 
from aberrant brain circuitry

We showed that Tsc2+/− mice exhibit the learning and 
memory deficits and anxiety-like behavior when performing 
NOR and open-field tests. The mouse model used in this 
study does not exhibit seizures (36, 76). Although seizures 
play an important role in cognitive decline of  patients 
with TSC, other disease mechanisms, such as defects in 

Figure 5.  Decreased myelination complexity was evident in the ACC of 
Tsc2+/− mice. A. An illustration of a sagittal section of mouse brain 
showing the ACC (red dotted line), of which the myelination had undergone 
coherency analysis. (B, upper panel) Immunostaining with MBP antibody 
was used to determine the myelinated axons in the ACC. A representative 
section (200 μm × 200 μm) was analyzed for its coherency (white square). 
(B, lower panel) A representative image showing magnification of the 
section outlined by a white square in the upper panel. The complexity of 
myelination in the ACC (right) and the coherency measurements (number 
in white) with coherency ellipse (red) are shown for the three groups (left). 
C. The quantitative results of increased coherency of myelinated axons in 
the TSC group, as compared with the WT and TSC/cur (N = 9/group). D. An 
illustration of a coronal section of the hippocampus showing CA1–3, DG 

areas and the layer of slm. E, upper panel. Immunostaining with MBP 
antibody was used to determine the myelinated axons in the hippocampus. 
E, lower panel. A representative image showing magnification of the 
section outlined by a white square in the upper panel. The complexity of 
myelination in the slm layer, where the myelination was the most 
prominent (right) and the coherency measurements (number in white) 
with coherency ellipse (red) are shown for the three groups (left). F. The 
quantitative results of coherency in the three groups. The TSC group 
showed increased coherency, as compared with the WT but no significant 
difference when compared with the TSC/cur group (N = 9/animal). Scale 
bar for B, D: 200  μm; inset 20  μm. Data represent the mean ± SEM. 
*P < 0.05, **P < 0.01, n.s. not significant, One-way ANOVA, Tukey’s post 
hoc test.  [Colour figure can be viewed at wileyonlinelibrary.com]
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axon guidance (70) and spine pruning (86), have been 
suggested to contribute to the behavioral abnormalities 
in this model. In addition, the heterozygous mouse model 
of  Tsc1 also has shown hippocampal-dependent learning 
deficits without seizures (38). Therefore, brain morphologi-
cal changes are likely to be sufficient for memory deficits. 
Given that TSC mice performed poorly in the NOR para-
digm and studies have shown that the Hipp is very impor-
tant for object recognition memory (20, 45), we anticipated 
that there are microstructural alterations in the hippocampal 
regions. Particularly, within the hippocampal circuitry, CA1 
and CA3 fields play an essential role and distinct roles 
in episodic and spatial memory (33, 62). In our study, 
we observed an increased FA value in the field CA1 of 
the Tsc2+/− mice. Several past studies have shown that 
DTI can detect neuroplasticity following long periods of 
training in animals (17), as well as short-term learning-
induced plasticity changes (34). Neuroplasticity can be 
defined as experience-induced structural or functional 
changes in neurons, which includes induction of  long-term 
potentiation (LTP), neurogenesis and structural alterations 
of  cellular components (21, 57). These structural changes 
encompass processes such as neurogenesis, synaptogenesis 
(synaptic plasticity), dendritic branch formation, axonal 

or synaptic sprouting (axonal plasticity), glial cell forma-
tion (especially astrocytes) and myelin formation (21, 57). 
The aberrant FA value in our study may reflect the neu-
roplasticity changes in TSC, as neuroplasticity abnormalities 
have been demonstrated in two previous studies of  Tsc2+/− 
mice, both of  which showed that overactive mTOR signal-
ing in the Hipp results in disrupted LTP in the CA1 
region (36, 56).

In addition to the Hipp, another important brain region 
involved in object recognition memory and consolidation 
of object/place association memory is the ACC (101). 
Precisely, during the exploration of objects, former object 
locations and the introduction of novel objects, the ACC 
showed marked changes in neuronal firing patterns (102). 
The role of the ACC in long-term storage of memory can 
be further established through the coordinated neuronal 
activity between CA1 and ACC neurons (99). Inactivating 
either the ACC or Hipp results in impairment of spatial 
memory formation (93). As we anticipated, our DTI analysis 
showed a significantly increased FA value in the ACC of 
the TSC mice. The aberrant circuitry between the ACC and 
Hipp is believed to be responsible for the behavioral impair-
ments in TSC mice, which may be reflected by the FA 
values of these brain regions.

Figure 6.  Tsc2+/− mice showed astrogliosis in the hippocampal CA1. A, 
first panel. Immunostaining of GFAP, a marker for astrocytes, in WT, TSC 
and TSC/cur mice. The inset shows the representative region and is the 
magnification of the squared region on CA1, in a dimension of 
200 μm × 200 μm. A, second panel. The S100β antibody, also a marker 
for astrocytes, was used to further confirm the number of astrocytes. A, 
third panel. The co-staining of S100β and GFAP showed colocalization. 
The S100β localized at the soma, where GFAP localized at the processes 
of the astrocytes. B. GFAP immunodensity was determined in the Hipp, 

including regions of CA1, CA3 and DG. Each bar represents the average 
number of astrocytes from six random regions of the hippocampus of 
each brain, four animals for each group, followed by normalization with 
the WT. C. Quantitative results of GFAP-positive cells in the Hipp of the 
same six random regions. D. Quantitative results of S100β-positive cells 
in the Hipp of the same six random regions. Scale bar: 200 μm; inset 
20 μm. Data represent the mean ± SEM. *P < 0.05, n.s. not significant, 
One-way ANOVA, Tukey’s post hoc test. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Altered FA and MD values reflected abnormal 
cortical myeloarchitecture of TSC brains

The ACC and CA1 of the Hipp were the two structures 
that showed significant alterations in FA and MD values 
between the WT and TSC groups, which were reversed by 
curcumin treatment. This reversal of FA and MD values 
was accompanied by the improvements in cognitive functions 
and anxiety-like behavior. Several DTI studies on TSC 
patients have revealed significantly lower FA values in the 
cortical tubers, peritubers, WM lesions, WM structures in 
active epileptic patients (4, 35, 84). However, the neuropsy-
chiatric phenotypes do not always correlate with the presence 
of brain lesions and epilepsy in many cases of TSC. Thus, 
there has been a tremendous amount of work focusing on 
detecting the abnormal FA and MD values in the normal-
appearing white matter (NAWM) of TSC patients (6, 66, 
80). In particular, the majority of DTI studies have revealed 
that TSC shows lower FA and higher MD values in the 
corpus callosum, which may indicate several pathologic con-
ditions such as loss of myelin, decreased axon density and 
axonal damage (4, 11, 40), all of which is consistent with 
the findings in animal studies (24, 71, 72). In addition, we 
performed region-based DTI analysis on the corpus callosum 
for the three groups of mice (Supporting Figure S5) and 
we also found that TSC mice showed a lower FA when 
compared to WT or TSC/cur, which is consistent with the 
previous findings. Aside from the NAWM alterations, we 
herein proposed that there are also ultrastructural changes 
in the normal-appearing brain structures in the TSC brains, 
namely the ACC and Hipp, contributing to the neuropsy-
chiatric phenotypes, which can be corrected by the curcumin 
treatment.

As opposed to the decreased FA in the WM structures, 
which may suggest axonal or myelination abnormalities, a 
reduction in cortical FA has been shown to correlate with 
the cortical maturation, a process involving a series of events 
including the growth of dendrites and the formation of cell 
processes and synapse connections during brain development 
in both rodents (48) and humans (70, 77). The myelination 
of WM regions, such as the corpus callosum, which contains 
relatively coherent bundles of axons, are quite different than 
the myelination of the cortex. The organization of the corti-
cal myelination and neurite growth in the cortical gray matter 
region is rather less coherent and multi-directional, contrib-
uting to the decline in FA. Several human studies using 
DTI to detect structural changes in the cortex of patients 
with multiple sclerosis (MS), a known demyelinating disease, 
demonstrated that patients while MS patients showed 
increased MD and decreased FA in NAWM, they may have 
an increase in FA in the cortex in normal-appearing gray 
matter and FA is strongly correlated with cortical lesions 
(23, 88).

The interpretation of the relationship between the decrease 
in FA and increased cortical myelination complexity can 
be further demonstrated in animal studies. Hammelrath et 
al reported that the FA values in the mouse brain cortex 
showed a continuous decline with the age, accompanied by 
increasing myelin staining intensity (44). This may imply 

the cortical structural changes during maturation; and as 
the horizontal layer organizations develop, the direction of 
water diffusion is interrupted, resulting in reduction of ani-
sotropy in the cortical regions. Moreover, in rodent models 
of brain injury, injured cortical regions show reduced myelin 
density and decreased microstructural complexity, while at 
the same time the cortical organization exhibits increased 
coherency between myelinated axons (94). Several conditional 
knockout mouse models of TSC also exhibit salient hypomy-
elination in the cortex, corpus callosum and the Hipp (24, 
71, 100). Similar to previous studies, which have indicated 
the presence of myelination defects in TSC, our data also 
provide evidence that the Tsc2+/− mouse model exhibits a 
reduced myelination complexity in the cortical region, which 
is reflected by the higher FA values in the mouse model 
in our DTI analysis.

Altered FA and MD values in the hippocampus 
corresponded to astroglial increase

Our immunostaining data suggest that haploinsufficiency of 
TSC genes results in hyperactivation of mTORC1 and an 
increased number of astrocytes in the hippocampal regions, 
which also showed increased FA and MD values. After 
treatment with curcumin, activation of pS6, GFAP and 
S100β expression was inhibited and this was accompanied 
by the reversal of FA and MD values. As suggested in 
previous studies, altered FA and MD values in the Hipp 
and cortex may be contributed by changes in water diffu-
sion anisotropy and orientation caused by astrocyte processes 
and/or glial scarring resulting from reactive astrocytes   
(22, 85). In these two rodent models of traumatic brain 
injury, in which gliosis has taken place, using 2D Fourier 
Transform analysis, the authors demonstrated that the increase 
in GFAP expression, as well as the anisotropy of astrocytes, 
positively correlates with FA values. Consistent with these 
findings, we observed an increment in GFAP expression, 
accompanied by the increased FA and decreased MD values, 
in the CA1 field of the TSC Hipp. Because of the multi-
directional of neurites in the Hipp, we propose that the 
increased FA and decreased MD values result from the 
increased density and organization of astrocytes, which causes 
the water diffusion to become more anisotropic.

Functional roles of astrocytes in TSC disease pathology 
have been highlighted in the findings of patients’ brain tissue 
and several CNS mouse models of TSC. Immunohistochemical 
analysis of human brain tuber tissue from epileptic patients 
with TSC showed reactive astrocytes (91). Furthermore, 
haploinsufficiency of Tsc1 or Tsc2 has been shown to cause 
increased astrocyte numbers in mouse models (97). A con-
ditional knockout model of TSC (astrocyte-specific null of 
Tsc1) exhibited more prominent neurological impairments 
such as astrocyte over-proliferation, progressive epilepsy and 
premature death, all of which can be ameliorated by the 
treatment with rapamycin (104). These results provide evi-
dence that an increased number of astrocytes affects synaptic 
transmission by disrupting the astroglial-neuronal relationship 
during the pathogenesis in the TSC brains.
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Astroglial activation in TSC may indicate neuroinflam-
mation as pro-inflammatory markers such as cytokines and 
chemokines have been found in cortical tubers and/or SEN/
SEGAs from patients (18, 19, 67). In addition, using genomic 
analysis, two studies have confirmed the upregulation of 
inflammation-related mRNA and proteins in TSC (42, 68). 
Although seizures may also induce the expression of inflam-
matory biomarkers in TSC, accumulating evidence has 
indicated that inflammatory processes precede the onset of 
epilepsy (82) and a chronic inflammatory state may pre-
dispose to the occurrence of  spontaneous seizures (2, 86). 
Several TSC studies have shown that the increased expres-
sion of inflammatory markers is found in the absence of 
epileptic activity (18, 42, 81). For example, the immuno-
histochemical analysis of  brain lesions from TSC human 
fetuses (from 23- to 38-week gestation), which displayed 
no seizures or seizure-like activity, showed increased inflam-
matory response markers (81). In addition, Zhang et al 
found that in the neocortex and Hipp of a Tsc1-GFAP 
conditional knockout mouse model, mRNA expression of 
inflammatory markers such as interleukin-1β (IL-1β), IFN-γ, 
CXCL10 and IL-6 were significantly increased before the 
onset of  seizure activity (105). Consistent with these stud-
ies, we found that the Tsc2+/- heterozygous knockout mice, 
which do not demonstrate seizures, showed increased astro-
glial immunoreactivity, which may indicate neuroinflamma-
tion. Recently, therefore, it has been speculated that brain 
inflammation may contribute to the pathophysiology of 
TAND symptoms such as cognitive impairment and/or anxi-
ety (68, 105). It would be interesting to confirm the expres-
sion level of  these pro-inflammatory cytokines and 
chemokines in the Tsc2+/− mouse model, so that the cor-
relation between the FA and/or MD values and inflamma-
tion can be clarified in this model.

Curcumin reverses brain microstructural 
changes in TSC via suppression of 
neuroinflammation through mTOR pathway

The current pharmacological therapy using the mTOR inhibi-
tor, everolimus, has been shown to alter DTI values in the 
NAWM of TSC individuals (79, 95). Both studies have 
suggested that the primary reason for the changes in FA 
and MD after everolimus treatment is alteration of the 
radial diffusivity (RD) of the corpus callosum. RD has 
been found to be related to the organization, thickness and 
permeability of the myelin sheath (7). Therefore, a possible 
explanation for the altered DTI metrics after the treatment 
may be the improvement in myelination, as hypomyelination 
was rescued by mTOR inhibition in mouse models of TSC 
(24, 72). These studies demonstrated the longitudinal effects 
of the mTOR inhibitor on altering the brain’s microstruc-
tural properties in TSC, which can be detected by the DTI. 
In our study, we found that curcumin reversed the abnormal 
cortical myelination and hippocampal astrogliosis in Tsc2+/− 
mice and concomitantly inhibited mTORC1 activity. 
Curcumin has an anti-inflammatory action by preventing 
astrocytosis and microgliosis and also has been reported to 
inhibit mTOR pathway (47, 55, 73). The mTOR kinase has 

also been implicated in the process of chronic inflammation. 
Under pathological conditions, reactive astrocytes release 
cytokines and pro-inflammatory mediators such as IL-1β, 
IL-6, TNF-α and neurotoxic compounds such as nitric oxide 
(NO) and induce the expression of inducible nitric oxide 
synthase (iNOS) (64). Inhibition of mTOR kinase activity 
by rapamycin can reduce iNOS mRNA stability in astrocytes 
(29, 64). Furthermore, both curcumin and rapamycin have 
been shown to inhibit pro-inflammatory cytokines via the 
mTOR pathway in a rat model of rheumatoid arthritis (28). 
Pretreatment with curcumin effectively protected a lipopol-
ysaccharide-induced mouse model from inflammation in the 
cortex and Hipp by reducing the mRNA levels of IL-1β, 
TNF-α and IL-6 and thereby ameliorating the long-term 
memory function (90). However, the link between mTORC1, 
the pro-inflammatory cascade and the cognitive dysfunction 
needs to be investigated further. Nevertheless, in combining 
all of these results, curcumin is shown to be a strong can-
didate for therapeutic use in TSC, particularly for patients 
with neuropsychiatric manifestations. Most importantly, 
herein we have shown that the molecular and cellular changes 
induced by the curcumin treatment can be detected by DTI 
analysis.

CONCLUSION
Our study provides a noninvasive, region-based DTI analysis 
that enables the detection of subtle changes within brain 
regions associated with neuropsychiatric disorders in TSC. 
The DTI metrics in this study reflected the ultrastructural 
changes in important regions that are involved in cognitive 
function and emotions. This region-based FA and MD 
alterations suggest that there is an abnormal myeloarchi-
tecture and astroglial cytoarchitecture of the ACC and hip-
pocampal regions, respectively, occur in the TSC brains, 
thus, affecting the neural circuity of the ACC and Hipp, 
resulting in behavioral deficits. These ultrastructural defects 
can be rescued upon curcumin treatment, which can be 
detected by DTI, providing an alternative therapeutic trans-
lational strategy for TSC.
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SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of this article at the publisher’s web site:

Figure S1. Quantitative coherency analysis using OrientationJ 
to assess the myelination complexity in the ACC and the hip-
pocampal regions. (A) MBP-stained sections of WT, TSC and 
TSC/cur mice were analyzed using OrientationJ (5). Within 
the ACC region, a total of nine random areas, each with the 
dimension of 200 μm × 200 μm, were calculated for each group. 
As for the Hipp, a total of 6 areas, each with dimension 200 
μm × 200 μm, along the stratum lacunosum moleculare (slm) 
of CA1, where the myelination is prominent, was assessed for 
the coherency. Scale bar: 200 μm. (B) A schematic illustration 
of quantitative coherency analysis procedural steps. Random 
areas within the ACC were chosen to be quantitatively analyzed 
by the OrientationJ Measure according to the equation shown 
in the figure, where C is equal to 1 when the local structure has 
one dominant orientation and C is 0 if  the image is isotropic.

Figure S2. mTORC1 activation in cortical regions and the hip-
pocampus with no obvious difference in myelination pattern 
of Tsc2+/- mice. Co-immunostaining of pS6 and myelin basic 
protein (MBP) of WT, TSC and TSC/cur mice. The result 
showed hyperactivation of mTORC1 at certain brain regions, 
instead of whole brain activation, in TSC. Overall treatment 
of curcumin can lower the expression of pS6. The myelination 
pattern remained unchanged in white matter structures for the 
three groups. When the hippocampus was examined in greater 
magnifications (inset), no obvious difference in myelination 
patterns was seen. Scale bar: 100 μm.

Figure S3. Tsc2+/- mice showed equal number of neuronal cells. 
Immunostaining of NeuN, a marker for neuronal cells, for 
the WT, TSC and TSC/cur groups. The expression of NeuN 
remained the same for each group. The DAPI staining showed 
robustly the normal-appearing hippocampus for TSC mice. 
Scale bar: 500 μm; inset: 100 μm.

Figure S4. Tsc2+/- mice showed equal number of microglial cells 
in the hippocampus. (A) Immunostaining of Iba1, a marker for 
microglial cells, for WT, TSC and TSC/cur mice. The expression 
of Iba1 remained the same for each group. (B) The merged fig-
ures with DAPI staining showed robustly the normal-appearing 
hippocampus for TSC mice. Scale bar: 100 μm.

Figure S5. DTI analysis was performed on the corpus callosum 
for the three groups, WT, TSC, and TSC/cur. Fractional anisot-
ropy (FA) values were determined for each group. Data repre-
sent the mean ± SEM. *P < 0.05, **P < 0.01, n.s. not significant, 
using One-way ANOVA test, Fisher’s LSD post-hoc test.

Supplementary Material

Table S1. Differences in fractional anisotropy (FA) values in 
wild-type (WT), Tsc2+/- (TSC), and Tsc2+/- fed with curcumin 
(TSC/cur).

Table S2. Differences in mean diffusivity (MD) values in wild-
type (WT), Tsc2+/- (TSC), and Tsc2+/- fed with curcumin (TSC/
cur).
Table S3. The effect size f  and power for the behavioral tests.

Table S4. The effect size f  and power for the fractional anisot-
ropy (FA) measurements.

Table S5. The effect size f  and power for the mean diffusivity 
(MD) measurements.


