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Abstract

While cortical injuries, such as traumatic brain injury (TBI) and neocortical stroke, acutely 

disrupt the neocortex, most of their consequent disabilities reflect secondary injuries that 

develop over time. Thalamic neuroinflammation has been proposed to be a biomarker of 

cortical injury and of the long-term cognitive and neurological deficits that follow. However, 

the extent to which thalamic neuroinflammation depends on the type of cortical injury or its 

location remains unknown. Using two mouse models of focal neocortical injury that do not 

directly damage subcortical structures—controlled cortical impact and photothrombotic ischemic 

stroke—we found that chronic neuroinflammation in the thalamic region mirrors the functional 

connections with the injured cortex, and that sensory corticothalamic regions may be more likely 

to sustain long-term damage than nonsensory circuits. Currently, heterogeneous clinical outcomes 

complicate treatment. Understanding how thalamic inflammation depends on the injury site can 

aid in predicting features of subsequent deficits and lead to more effective, customized therapies.
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1 | INTRODUCTION

Stroke and traumatic brain injury (TBI) are two of the leading causes of disability 

worldwide, with 13.7 million people experiencing a stroke and 69 million sustaining a TBI 

each year (Dewan et al., 2018; Lindsay et al., 2019). Fifty percent of patients hospitalized 

with TBI become permanently disabled, amounting to over 3 million individuals in the 

United States alone (Jourdan et al., 2018; Zaloshnja et al., 2008). Furthermore, while 

the majority of TBIs sustained in the United States are less severe concussive injuries, 

these milder events often lead to long-lasting functional impairments (Dean & Sterr, 

2013). Likewise, 50–60% of patients experience lasting motor problems poststroke even 

with rehabilitation, and a comparable percentage require assistance with day-to-day tasks 

(Nascimento, 2021; Schaechter, 2004). In addition to stroke-related motor impairments, 

abnormal cognition, including attention and short-term memory deficits, often persists 

poststroke and can progress for years after the initial injury (Hochstenbach et al., 

2003; Jourdan et al., 2018). Altogether, stroke and TBI are responsible for a host of 

neurological deficits with high burdens of disability, including cognitive impairments, motor 

abnormalities, psychiatric disorders, epilepsy, and sleep disruption (Centers for Disease 

Control & Prevention, 2015; Ferguson et al., 2010; Jourdan et al., 2018).

Despite the profound disease burden of both stroke and TBI, there is an acute shortage of 

available treatments. A major obstacle to effective therapeutic treatment is the heterogeneity 

of clinical outcomes; depending on various injury parameters, the nature and severity of 

clinical outcomes can vary widely. One source of variability is the site of injury. Studies 

have found that the nature of symptoms and the degree and longevity of disability both 

depend in part on where the injury was sustained (Gauthier et al., 2018; Kessner et al., 

2019; Ohara et al., 2010; Sul et al., 2019). For cortical injuries, stroke or TBI centered in 

motor areas may selectively impair locomotion or dexterity, whereas injuries localized in 

the prefrontal cortex (PFC) may damage executive functioning but leave motor faculties 

largely intact (Liepert et al., 2005; Yuan & Raz, 2014). Therefore, a one-size-fits-all 

model of treatment may be ineffective for many patients. Furthermore, developing a better 

understanding of how lesion site dictates clinical outcomes could lead to targeted therapies 

designed to preempt anticipated long-term deficits.

There is mounting evidence that the thalamus, a remote subcortical region, may contribute 

to postinjury deficits (Cao et al., 2020; Dickerson et al., 2020; Grossman & Inglese, 2016; 

Grossman et al., 2012; Kuchcinski et al., 2017; Lutkenhoff et al., 2020; Sandsmark et al., 

2017; Scott et al., 2015). Despite being insulated from the primary site of cortical injury, 

the ipsilateral thalamus exhibits intensifying secondary neuroinflammation even while the 

cortical inflammatory response associated with the primary injury abates. This phenomenon 

has been observed in both rodent models and human patients and has been associated 

with secondary thalamic neurodegeneration and neuroinflammation after TBI (Holden et al., 

2021; Manninen et al., 2021; Ramlackhansingh et al., 2011; Scott et al., 2010), and after 

stroke (Cao et al., 2020; Kuchcinski et al., 2017; Langen et al., 2007; Pappata et al., 2000; 

Paz et al., 2010; Paz et al., 2013; Weishaupt et al., 2016).
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Because the thalamus acts as a critical hub of neural activity, thalamic disruption is 

likely to have a wide-ranging impact on neurological function. Indeed, the thalamus 

has been implicated in a variety of secondary poststroke and TBI impairments in both 

rodent models and human patients, including cognitive dysfunction, sleep disruption, and 

sensory-perceptual errors (Cao et al., 2020; Grossman & Inglese, 2016; Grossman et al., 

2012; Kuchcinski et al., 2017; Sandsmark et al., 2017). In particular, while moderate 

neuroinflammation may serve a neuroprotective function (Fraser et al., 2010), thalamic 

inflammation after TBI has been associated with sleep-wake disruptions (Hazra et al., 2014) 

as well as abnormal sleep spindles and epileptic activity (Manninen et al., 2021; Holden et 

al., 2021). Moreover, the degree of preservation of thalamic circuitry after cortical ischemia 

is a predictor of motor performance after TBI in humans (Binkofski et al., 1996). Similarly, 

secondary injury to the thalamus has been associated with sensory misperceptions and 

reduced verbal fluency in stroke patients (Cao et al., 2020). However, despite growing 

awareness of the role of thalamic inflammation in unfavorable clinical outcomes, no animal 

study has examined how the type and location of cortical injury influence the location of 

secondary thalamic inflammation.

Understanding how the site and type of cortical injury dictates thalamic inflammation 

may improve the predictive accuracy of clinical outcomes. Here, we investigated how the 

site and type of cortical injury modulates the location of inflammation in the thalamus. 

Specifically, we analyzed microglial and astrocytic activation as neuroinflammatory proxies 

in several thalamic subregions following cortical injury. Our results indicate that both 

cortical stroke and cortical TBI lead to the activation of microglia and astrocytes in the 

functionally connected regions of the relay thalamic nuclei and the nucleus reticularis 
thalami (nRT), and that sensory corticothalamic regions may be more likely to sustain 

secondary neuroinflammation than nonsensory circuits. Furthermore, first order thalamic 

nuclei were more likely to be inflamed than higher order thalamic nuclei. In sum, this work 

sets the stage for the design of therapies that can preempt or treat deficits influenced by 

region-specific thalamic neuroinflammation.

2 | MATERIALS AND METHODS

2.1 | Animals

All experiments were conducted per protocols approved by the Institutional Animal Care 

and Use Committee at the University of California, San Francisco and Gladstone Institutes. 

Precautions were taken to minimize stress and the number of animals used in each set of 

experiments. Adult (P40–P50) male C57BL/6 mice (ISMR_JAX: 000664) were used for the 

experiments. Five to eight mice were used per cortical site for each injury type. Altogether, 

25 mice were subjected to TBI and 8 underwent the sham TBI surgery. Similarly, 25 mice 

were subjected to stroke and 8 underwent the sham stroke surgery. One V1 stroke mouse 

died postoperatively and was excluded from the study. One PFC TBI sham mouse was 

discovered to have hydrocephalus during brain sectioning and was excluded from the study.
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2.2 | Controlled cortical impact (TBI)

Mice were weighed and anesthetized with 2–5% isoflurane, after which they were placed 

in a stereotaxic frame. TBI was performed after producing a 3 mm craniotomy centered 

over the following regions of the cerebral cortex: (1) primary visual cortex (V1) (centered at 

−2.9 mm posterior from bregma, +2.5 mm lateral from the midline, 10◦ angle); (2) primary 

somatosensory cortex (S1) (centered at −1 mm posterior from bregma, +3.5 mm lateral from 

the midline, 22◦ angle); (3) primary motor cortex (M1) (centered at +1.5 mm anterior from 

bregma, +1 mm lateral from the midline, 10◦ angle); and (4) anterior cingulate cortex region 

of the PFC (centered at +1 mm anterior from bregma, midline, 0◦ angle). With the exception 

of the injury to the PFC, which was bilateral over the midline, all impacts were delivered to 

the right hemisphere.

TBI was performed with a controlled cortical impact (CCI) device (Impact One Stereotaxic 

Impactor for CCI, Leica Microsystems) equipped with a metal piston using the following 

parameters: 3 mm tip diameter, depth 0.8 mm from the dura, velocity 3 m/s, and dwell time 

100 ms. Sham animals received identical anesthesia and partial craniotomy (skull thinning) 

above the relevant cortical regions, but no injury.

2.3 | Photothrombotic cortical stroke

Mice were weighed and anesthetized with 2–5% isoflurane, after which they were placed 

in a stereotaxic frame. Photothrombosis was performed as described previously (Paz et 

al., 2010; Paz et al., 2013). After anesthesia, mice were injected with the light-sensitive 

Rose Bengal dye (40 mg/kg) (Sigma-Aldrich) intraperitoneally, and a 0.6 W light from a 

3-mm-diameter Fiber-Lite MI-150 fiber optic cable was focused on the skull for 2 minutes. 

The optical system was designed to have an emission spectrum that encompassed the in 

vivo absorption range of Rose Bengal (maximum absorbance at 562 nm). To induce a 

focal photothrombotic lesion in the cortex, the light beam was centered using the same 

coordinates and angle as described above for the TBI induction, with the exception of the 

S1 injury, for which the mediolateral coordinate used for stroke induction was +4.5 mm. 

Control littermate mice received the same injection of Rose Bengal and identical anesthesia 

but were not photostimulated. With the exception of the injury to the PFC, which was 

bilateral over the midline, all strokes were induced in the right hemisphere.

2.4 | Immunostaining and microscopy

Mice were anesthetized with a lethal dose of Fatal-Plus and perfused with 4% 

paraformaldehyde in 1X PBS. Serial coronal sections (30 μm thick) were cut on a Leica 

SM2010R sliding microtome. Sections were incubated with antibodies directed against the 

glial fibrillary acidic protein (GFAP) (1:1000, chicken, Abcam, ab4674, AB_304558) and 

the ionized calcium binding adaptor molecule 1 (Iba1) (1:500, rabbit, Wako, 019–19741, 

AB_839504) overnight at 4◦C. Blocking steps were performed in 10% normal goat serum 

(Jackson ImmunoResearch, 005–000-121). Primary antibodies were also diluted in 10% 

normal goat serum, while secondary antibodies were diluted in 3% normal goat serum. 

After wash, sections were incubated with Alexa Fluor conjugated secondary antibodies 

(1:1000 goat anti-chicken 488, ThermoFisher Scientific, A11039 (AB_142924), and 1:500 

goat anti-rabbit 594, ThermoFisher Scientific, A11012 (AB_141359)) for 2 hours at room 
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temperature. Sections were mounted in an antifade medium containing DAPI (Vectashield) 

and imaged using a BZ-X710 Keyence microscope at 10×. Four to seven sections were 

stained per animal. High magnification images were obtained using a Zeiss LSM880 

confocal microscope at 63× and represent maximum intensity projections of z-stacks.

2.5 | Antibody characterization

Antibodies were extensively characterized in previous studies in the Paz lab and elsewhere 

(see references below) using the appropriate controls (e.g., secondary antibody application 

without primary antibody). The antibodies were found to be robust and specific to their 

intended target(s).

The GFAP antibody was made against recombinant full-length human GFAP (1:1000, 

chicken, Abcam, ab4674, AB_304558) has been used extensively in previous reports (Ahn 

et al., 2021; Suarez-Mier & Buckwalter, 2015; Worker et al., 2020). Previous studies have 

validated its specificity by demonstrating that the antibody recognized cells with astrocyte 

morphology in controlled cocultures, and that antibody labeling of astrocytes coincided with 

genetic modes of astrocyte identification (Müller et al., 2015). Furthermore, our experiments 

demonstrated that the antibody-stained cells appeared consistent with typical astrocyte 

morphology.

The Iba1 antibody was purified in rabbit and made against the synthetic peptide C-

terminal of Iba1 (1:500, rabbit, Wako, 019–19741, AB_839504). We found that at high 

magnification, Iba1 selectively stained cells with a typical microglial morphology. Prior 

RNA blot analyses have determined that Iba1 expression is highly restricted to microglia 

(Imai et al., 1996).

2.6 | Statistical analyses

All numerical values are given as means and error bars are standard error of the mean 

(SEM) with the exception of medians represented in the boxplots or unless stated otherwise. 

Extreme outliers beyond the outer fences of the boxes, defined as 3* interquartile range 

(IQR) below or above the first quartile or third quartile, respectively, were eliminated in 

an unbiased manner. Parametric and nonparametric tests were chosen as appropriate and 

are reported in figure legends. Trends were defined by p-values that became nonsignificant 

(>.05) only after correction for multiple comparisons. Data analysis was performed in the 

Python Integrated Development Environment Pycharm (SCR_018221), GraphPad Prism 9 

(SCR_002798), and ImageJ (SCR_003070).

2.7 | Lesion severity quantification

Lesion severity was quantified by classifying the cortical injury on a 0–4 index scale (Figure 

1a); 0: no cortical inflammation or cavity; 1: cortical inflammation (blue) but no cavity; 2: 

cortical inflammation and partial cavity; 3: cortical inflammation, loss of the entire cortical 

column at the lesion site, and near complete or complete cortical loss; and 4: damaged 

subcortical hippocampus in addition to the cortex (lesion severity of 0 is not pictured as 

the injury site appears identical to sham). For each section, cortical regions were identified 

using the Franklin and Paxinos mouse brain atlas (Paxinos & Franklin, 2007). To calculate 

Necula et al. Page 5

J Comp Neurol. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lesion severity, sections containing or near the maximum site of injury were selected along 

with impacted neighboring sections from each brain. We then averaged the maximum 

lesion severity of all mice in each given injury condition and injury type to obtain average 

maximum lesion severity. Presence or absence of cortical inflammation was determined 

both relative to cortical Iba1 and/or GFAP fluorescence seen in the contralateral hemisphere 

(where applicable), and relative to cortical Iba1 and/or GFAP fluorescence in sham mice.

2.8 | Image fluorescence analysis

Regions of interest (ROIs) were selected from 10× Keyence microscope images opened 

in ImageJ (SCR_003070) and manually identified using the Franklin and Paxinos mouse 

brain atlas. All analyzed brain sections were derived from coordinates −0.8 to −2.06 mm 

posterior from bregma. To ensure that each ROI covered the same area on the ipsilateral 

and contralateral sides of the injury site, the first ROIs were duplicated and repositioned 

over the opposite hemisphere wherever possible. To account for instances in which it was 

not possible to utilize the duplicated ROI on the contralateral hemisphere, all fluorescence 

results were normalized by the area of the ROI. To analyze fluorescence, the image was 

first converted to 8-bit. An integrated density ratio was calculated for each ROI by dividing 

the ipsilateral raw integrated pixel density by the contralateral raw integrated pixel density. 

For the PFC, because the injury was bilateral over the midline, the raw integrated pixel 

density of the ROIs in both hemispheres was averaged and divided by a “neutral” ROI 

elsewhere subcortically that did not show any inflammation in either sham or injured mice. 

For more anterior sections, this was approximately the nucleus reuniens of the thalamus, 

while for more posterior sections, this was approximately the periaqueductal gray (Figure 2). 

The integrated density ratios from 2 to 6 sections per animal were averaged to get a single 

average ratio per brain area for each animal.

3 | RESULTS

3.1 | The severity of the cortical injury depends on the site of impact

We first investigated the effect of stroke and TBI on injury severity in various cortical 

regions. Mice were subjected to either photothrombotic stroke (Paz et al., 2010, 2013), or 

the CCI model of TBI (Holden et al., 2021). Both injury models are considered to be focal 

and reproducible (Holden et al., 2021; Paz et al., 2013). The severity of cortical injury 

was assessed 1 week postinjury using a four-point index scale (Figure 1a). Stroke or TBI 

was centered at one of four cortical locations selected because of their dense reciprocal 

connections with distinct thalamic regions: the primary visual cortex (V1), the primary 

somatosensory cortex (S1), the primary motor cortex (M1), and the anterior cingulate region 

of the PFC (Figure 1b). All injuries were unilateral to the right hemisphere except for the 

PFC injury, which was applied to the midline and therefore bilateral.

Both stroke and TBI led to measurable cortical injury at each targeted site relative to sham 

controls (Figures 1b and 3). However, despite the use of identical injury parameters within 

each injury type, certain cortical injury sites led to more widespread damage. For example, 

V1 injury produced more total damage compared to M1 and PFC injury and appeared to 

more severely damage surrounding cortical areas (Figure 1c–e). Moreover, certain cortical 
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areas sustained more damage than others. Notably, both stroke and TBI administered to the 

V1 and S1 resulted in more severe cortical injury at the targeted site than injury aimed 

at the M1 and PFC. Indeed, on average, V1 and S1 cortices were more severely damaged 

than the M1 and PFC cortices 1 week after either photothrombotic stroke or TBI (Figure 

1c). Together, these results suggest that some cortical areas are more susceptible to damage 

irrespective of whether the acute injury is a stroke or TBI. This variation in resilience to 

injury is presumably independent of anatomical variations in skull thickness, given that 

similar regional vulnerability to injury was observed in both craniotomized TBI mice and 

noncraniotomized stroke mice.

Although the injuries were largely focal, injury at one cortical site led to a gradient of 

damage in proximate regions that diminished in severity the more remote the region was 

from the site of injury. One exception was in the case of both PFC stroke and TBI, where the 

injury appeared more severe in the adjacent M1 cortex than in the PFC (Figure 1c,e), likely 

because of the close apposition of these two cortical regions.

3.2 | Secondary thalamic gliosis mirrors cortico-thalamic connectivity primarily in the 
visual and somatosensory circuits

To determine the extent to which the location of thalamic neuroinflammation depends on 

the site of cortical injury, we first assessed the presence of Iba1-positive reactive microglia 

in various thalamic regions 1 week after site-specific cortical injury (Figure 4) (Imai et 

al., 1996; Ito et al., 2001; Walker & Lue, 2015). We analyzed the raw integrated pixel 

density of Iba1 fluorescence as a proxy of microgliosis (Shapiro et al., 2009; Walker& 

Lue, 2015; Hopperton et al., 2018) in the thalamic regions most densely interconnected 

with the four injured cortical sites (see Methods). Each thalamic region was subdivided 

into constituent ROIs (Fama & Sullivan, 2015; Hwang et al., 2017; Nakajima & Halassa, 

2017; Lindsay et al., 2019; Parnaudeau et al., 2018): (a) in the visual thalamus: the dorsal 

lateral geniculate nucleus (dLGN), lateral dorsal nucleus (LD), lateral posterior nucleus 

(LP), and nRT head; (b) in the somatosensory thalamus: the ventrobasal thalamic complex 

(VB), the posterior thalamic nucleus (Po), and the nRT body; (c) in the motor thalamus: the 

ventromedial nucleus (VM) and ventrolateral nucleus (VL); and (d) in the limbic thalamus: 

the mediodorsal nucleus (MD), central lateral thalamic nucleus (CL), and the nRT tail.

3.2.1 | Injury centered on the V1—Mice that had sustained a stroke in the V1 showed 

the strongest microgliosis in the visual thalamic nuclei 1 week poststroke relative to other 

thalamic nuclei (Figure 5a1). Microgliosis was observed in all excitatory thalamocortical 

nuclei (dLGN, LP, and LD) reciprocally connected with V1 and in the visual sector (head) 

of the GABAergic nRT (Figures 5a1 and 8a1). Notably, the microgliosis was specific to the 

visual sectors of the thalamus and not observed in somatosensory, motor, or limbic nuclei. 

Similarly, mice that had sustained TBI in the V1 had pronounced microgliosis in the same 

visual thalamocortical nuclei and the visual sector of the nRT 1 week postinjury. However, 

although V1 TBI resulted in the most robust microgliosis in the visual thalamic regions, 

it also produced mild microgliosis in somatosensory and motor thalami (Figure 5a2). This 

more diffuse thalamic microgliosis is unlikely to be a product of discrepancies in cortical 
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lesion severity between the two injury models, as both stroke and TBI led to a comparable 

degree of cortical damage (Figure 1d).

3.2.2 | Injury centered on the S1—Both stroke and TBI centered on the S1 led to 

microgliosis in the somatosensory excitatory first order and higher order thalamocortical 

relay nuclei (VB and Po, respectively), and the somatosensory sector of the GABAergic nRT 

(Figures 5b1, b2 and 7b1, b2). Although microgliosis was most robust in the somatosensory 

thalami, it was also observed to a lesser degree in the visual thalami in stroke but not TBI 

mice, in keeping with the greater damage to the V1 in stroke. Moreover, mice that had 

sustained S1 stroke had mild microgliosis in the motor thalamus (Figure 5b1).

3.2.3 | Injury centered on motor and prefrontal cortices—Mice with stroke or 

TBI centered on the M1 exhibited a trend toward selective microgliosis in the motor 

thalamus but not in visual, somatosensory, or limbic thalami. Of the motor thalamic nuclei, 

the VL appeared particularly inflamed, whereas the VM showed no signs of gliosis (Figure 

5c1, c2). However, because the increased microgliosis in the broader motor thalamus in 

both stroke and TBI mice amounted only to a trend, it may suggest that the motor thalami 

may be more resistant to cortical injury-induced inflammation than the sensory visual and 

somatosensory thalami. No thalamic nucleus exhibited significant microgliosis after cortical 

injury centered on the PFC, though the motor thalamus showed signs of inflammation 

after both PFC stroke and TBI (Figure 5d1, d2). Across cortical injury sites, thalamic 

microgliosis in the visual and somatosensory thalami after V1 and S1 injury, respectively, 

appeared to scale more closely with lesion severity compared to motor and limbic thalamus 

inflammation after M1 and PFC injury (Figure 5e1–e4). The microgliosis data per injury site 

for stroke and TBI are summarized in Figure 5f and 5g, respectively.

Next, we assessed the presence of reactive astrocytes, or astrogliosis, with the reactive 

astrocyte marker GFAP (Hol & Pekny, 2015). As with Iba1, GFAP fluorescence was 

selectively increased in the visual thalamus following V1 TBI and trended toward specificity 

to the visual thalamus after V1 stroke (Figure 6a1, a2). While the overall effect was of 

selective visual thalamus astrogliosis, no one thalamic nucleus had significant astrogliosis 

relative to sham for either injury type, though the LD, dLGN, and nRT head trended toward 

astrogliosis in stroke and TBI mice (Figure 6a1, a2).

Following S1 stroke, astrogliosis appeared in the somatosensory thalamus but only trended 

toward somatosensory selectivity after TBI (Figure 6b1, b2). The limbic thalamus exhibited 

increased astrogliosis after M1 TBI (Figure 6c2), but no thalamic nucleus was selectively 

inflamed after either stroke or TBI to the PFC (Figure 6d1, d2).

Altogether, these results suggest that astrogliosis may serve as a marker of cortical injury-

induced inflammation 1 week postinjury, though it appears to be a less reliable inflammatory 

marker than microgliosis, at least at that timepoint. Across cortical injury sites, thalamic 

astrogliosis in the visual and somatosensory thalami after V1 and S1 injury, respectively, 

appeared to scale more closely with lesion severity compared to motor and limbic thalamus 

astrogliosis after M1 and PFC injury (Figure 6e1–e4). The microgliosis data per injury site 

for stroke and TBI are summarized in Figure 6f and 6g, respectively.
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3.3 | The effect of cortical injuries on activation of microglia and astrocytes in the nRT

The nRT provides the main GABAergic input to all thalamocortical nuclei and regulates 

cortico-thalamo-cortical interactions involved in perception, sensation, sleep, consciousness, 

and attention (Campbell et al., 2020; Crabtree, 2018; Gentet & Ulrich, 2003; Halassa & 

Acsády, 2016; Houser et al., 1980; Lam & Sherman, 2011; McCormick & Bal, 1997; 

Reinhold et al., 2015; Sherman & Koch, 1986; Vantomme et al., 2019). Because of the 

critical role of the nRT in orchestrating electrical activity in the brain, disruptions in the 

nRT are associated with various neurological and psychiatric disorders (Paz et al., 2010; Paz 

et al., 2011; Ahrens et al., 2015; Hazra et al., 2016; Holden et al., 2021; Ritter-Makinson 

et al., 2019; Wells et al., 2016; Makinson et al., 2017). To determine more precisely how 

this key structure affects the site of thalamic inflammation secondary to cortical injury, we 

examined the effects of stroke and TBI on the location of neuroinflammation in various 

sectors of the nRT. The nRT can be roughly subdivided into three components with 

distinct functional specializations: the head, which connects to the visual thalamocortical 

nuclei (Campbell et al., 2020; Hoseini et al., 2021), the body, which connects to the 

somatosensory thalamocortical nuclei (Clemente-Perez et al., 2017; Lam & Sherman, 2011), 

and the tail, which connects to the limbic thalamocortical nuclei and to a lesser extent the 

motor thalamus (Crabtree, 2018; Lozsadi, 1994; Zikopoulos & Barbas, 2006; Cornwall et 

al., 1990; Lee et al., 2019; Zikopoulos & Barbas, 2012). The nRT also receives cortical 

projections that are topographically segregated according to the function of their cortical 

origin (Crabtree, 1992; Lam & Sherman, 2011).

We first analyzed microgliosis in the nRT 1 week after stroke or TBI. As in the relay 

thalamocortical nuclei, V1 stroke or TBI led to selective microgliosis in the head of the 

nRT (Figure 7a1, a2) (Campbell et al., 2020; Holden et al., 2021). Mirroring the more 

widespread microgliosis seen in the relay thalamocortical nuclei after V1 TBI relative to 

V1 stroke (Figure 5a1, a2), the body and tail of the nRT also showed signs of microgliosis, 

though Iba1 fluorescence quantification failed to reach statistical significance (Figure 7a1, 

a2). The widespread microgliosis seen in thalamocortical nuclei after S1 stroke and S1 TBI 

was also recapitulated in the nRT, with marked microgliosis seen across the head, body, and 

tail (Figure 7b1, b2).

Lastly, M1 TBI tended to cause increased microgliosis in the nRT body and tail (Figure 

7c2), while we observed no signs of microgliosis in the nRT after PFC injury (Figure 7d1, 

d2). As in the thalamocortical nuclei, microgliosis in the head and body of the nRT after 

V1 and S1 injury, respectively, appeared to scale more closely with lesion severity compared 

to microgliosis in the nRT tail after M1 and PFC injury (Figure 7e1–e4). The microgliosis 

data per injury site for stroke and TBI are summarized in Figure 7f and 7g, respectively. In 

each injury setting, astrogliosis appeared in the same nRT sectors as did microgliosis (with 

some exceptions) (Figure 8), suggesting that cortical injuries lead to secondary activation of 

both microglia and astrocytes in the areas of the nRT that receive input from the damaged 

cortical and secondarily damaged thalamocortical regions. Astrogliosis, while still roughly 

adhering to patterns of functional connectivity, appeared less robust than microgliosis. The 

mild astrogliosis in the nRT following cortical injury was comparable to results in the 

relay thalamocortical nuclei, where postinjury astrogliosis was present but weak. As with 
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microgliosis, injury to the PFC did not result in astrogliosis in the nRT (Figure 8d1, d2). In 

contrast to microgliosis in the nRT, astrogliosis in the head and body of the nRT after V1 

and S1 injury, respectively, did not appear to scale as closely with lesion severity (Figure 

8e1–e4), suggesting again that astrogliosis may be a weaker marker of thalamic secondary 

injury at the 1 week timepoint. The astrogliosis data per injury site for stroke and TBI are 

summarized in Figure 8f and 8g, respectively.

These results indicate that the nRT, like the relay thalamocortical nuclei, is vulnerable to 

cortical injury-induced inflammation. Furthermore, regional inflammation in the nRT tends 

to follow the functional connectivity between the nRT, the relay thalamocortical nuclei, and 

the cerebral cortex.

3.4 | Secondary thalamic inflammation in first and higher order thalamic nuclei

Analysis of both higher order and lower order thalamic nuclei revealed that higher order 

thalamic nuclei tended to be less gliotic than first order thalamic nuclei (motor thalamus: 

first order, VL, higher order, VM; limbic thalamus: higher order, MD and CL) (Bennett et 

al., 2019; Gulcebi et al., 2012; Mitchell, 2015; Hoerder-Suabedissen et al., 2018; Perry 

& Mitchell, 2019; Ramcharan et al., 2005a) (Figure 9). This relationship appeared to 

be preserved particularly in mice subjected to V1 and S1 stroke (comparing dLGN vs. 

LD/LP, VB vs. Po, respectively) and examined for Iba1 fluorescence (Figure 9b). Moreover, 

microgliosis of the higher order regions of the visual and somatosensory thalami appeared 

to depend on lesion severity (Figure 9b). In contrast, the higher order regions in the motor 

and limbic thalami unilaterally showed mild or absent microglial activation, even when the 

injury was severe, though low sample size nullified statistical comparisons (Figure 9b,c). 

Similar findings were observed in the case of astrogliosis in the nRT; in both stroke and TBI 

mice, the gliosis appeared to scale with lesion severity for V1 and S1 injuries but remained 

mild for more severe M1 and PFC injuries (data not shown). Note that when the higher 

order/first order comparison was performed for each cortical injury site independently, all 

comparisons were insignificant (data not shown).

No matter the injury severity, there was no detectable V1 injury-associated micro- or 

astrogliosis in the ventral lateral geniculate nucleus (vLGN), a thalamic nucleus that has 

highly distributed connectivity similar to that of a higher order nucleus, though unlike a 

higher order nucleus, it does not project to the cortex (Figure 9d).

Altogether, the ratio of microgliosis was greater in first order nuclei than in higher order 

nuclei (Figure 9a). The apparent neuroprotective influence in higher order thalamic nuclei 

was not as conspicuous with astrogliosis (Figure 9a), consistent with astrogliosis being a less 

robust marker of secondary thalamic inflammation 1 week after injury.

4 | DISCUSSION

In this study, we sought to determine how the site and type of cortical injury influences 

the location of secondary thalamic micro- and astrogliosis, considered proxies for 

neuroinflammation. We show that cortical stroke and TBI both lead to secondary activation 

of microglia and astrocytes in regions of the thalamus known to be topographically 
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connected to the injured cortical site. This was particularly true for visual and 

somatosensory circuits, where injury to the V1 and S1 cortices led to selective activation 

of microglia and astrocytes in the visual and somatosensory relay thalamocortical nuclei, 

respectively, as well as in corresponding functional sectors of the GABAergic nRT.

Our findings in the photothrombotic stroke model mirror those from prior studies in rats 

and human patients with cortical stroke. Previously, two groups independently found that 

cortical ischemia led to regionally-selective inflammation and neurodegeneration in the relay 

thalamus (Kuchcinski et al., 2017; Langen et al., 2007). However, these studies made no 

comparison between injury types. Furthermore, their assessment of thalamic inflammation 

and neurodegeneration relied predominantly on indirect measures like iron accumulation and 

positron emission tomography tracer uptake, and they focused on characterizing thalamic 

retrograde neurodegeneration more than on quantifying thalamic inflammation (Kuchcinski 

et al., 2017; Langen et al., 2007). Our study built on this foundation to demonstrate a 

reproducible effect apparent by analysis of multiple neuroinflammatory markers across 

multiple injury types.

4.1 | Secondary thalamic inflammation is determined by cortical connections to first or 
higher order nuclei

The finding that injuries in the primary sensory cortical regions (V1 and S1) led to stronger 

glial activation in the thalamus than injuries in the nonsensory cortical areas (M1 and PFC) 

suggests that thalamic neuroinflammation follows certain rules of cortico-thalamo-cortical 

connectivity (Figures 5 and 6). One such “rule” may rely on the anatomical distinctions 

between first and higher order thalamic nuclei.

First order and higher order thalamic nuclei differ along a variety of functional and 

electrophysiological readouts, including firing patterns, source of driving input, and synapse 

number (Ramcharan et al., 2005; Bickford et al., 2015; Guillery, 1995; Sherman & Guillery, 

1996; Sherman & Guillery, 2006; Van Horn & Sherman, 2007; Sherman & Guillery, 2013). 

First order thalamic nuclei receive sensory input from peripheral sensory receptors to relay 

to the cortex, receive inputs from a select few drivers, and have narrower outputs to the 

cortex (Sherman, 2007; Bickford et al., 2015; Sherman, 2016). In contrast, higher order 

nuclei are more widely connected across the cortex and are thought to act as conduits 

between different cortical areas (Sherman, 2007; Sherman & Guillery, 2002; Lee, 2013, 

Zimmerman & Grace, 2018).

Notably, comparison of inflammation at first and higher order nuclei suggested that higher 

order nuclei tend to show less inflammation than the first order nuclei (Figure 9a). We 

propose that the broader connectivity between higher order thalamic nuclei and the cortex 

relative to first order thalamic nuclei may explain why higher order nuclei appear more 

robust to injury; injury to an isolated cortical region would spare more of the connections to 

higher order nuclei.

It is worth noting that the higher order nuclei of the visual thalamus (LP and LD) and 

somatosensory thalamus (Po) were inflamed after V1 and S1 injuries respectively, in 

contrast to nonsensory nuclei like the MD. This may be because the V1 and S1 injuries 
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were on average more severe than the M1 and PFC injuries (Figure 1c,d), and so overcame 

the neuroprotective mechanisms that would have spared the higher order nuclei under milder 

injury conditions.

Some first order nuclei also share connectivity patterns with higher order nuclei, possibly 

protecting them from more severe secondary damage. For example, the VL, which is part of 

the motor thalamus, is alternately considered a first order nucleus because of its widespread 

subcortical/cerebellar/tectal inputs, or a higher order nucleus because of its diffuse cortical 

connectivity (Bosch-Bouju et al., 2013; Hwang et al., 2017; Sherman, 2016). However, 

while the VL does appear to exhibit some characteristics typical of higher order thalamic 

nuclei, namely, the relay of intercortical information, it is more often considered a first order 

nucleus given the predominance of subcortical inputs (Hwang et al., 2017; Power & Looi, 

2015; Puelles et al., 2012). Because of the dense connectivity of VL with the cortex, it is not 

surprising that the VL exhibited mild but consistent microgliosis following injury to the M1. 

That the VL did not have any measurable astrogliosis postinjury may be due to astrogliosis 

being a weaker marker of thalamic inflammation, at least at the 1 week postinsult timepoint 

of our study. Indeed, prior studies have reported that astrocytes adopt a reactive state and 

are recruited to inflammatory sites largely in response to microglial signaling, implying 

that microgliosis precedes astrogliosis and thus may upstage astrogliosis at early timepoints. 

However, the weaker astrogliosis could also be explained by the VL’s relative resilience as 

a putative first order nucleus, or by technical idiosyncrasies (e.g., differences in antibody 

efficacy) (Rosa et al., 2021; Zhang et al., 2010).

We speculate that first order thalamic nuclei are more vulnerable to focal cortical injury, 

perhaps because they adhere to the adage of “having all their eggs in one basket.” In 

other words, the more widespread connections of higher order nuclei render them more 

resilient to cortical injury, be it stroke or TBI, while the more narrowly connected first 

order nuclei remain highly susceptible. That said, we cannot exclude the possibility that the 

differential vulnerability of sensory and non-sensory circuits may be a stronger determinant 

for secondary thalamic inflammation given that the nonsensory motor and limbic regions 

appeared overall more resilient to gliosis than the sensory visual and somatosensory regions.

4.2 | Potential role of retrograde versus anterograde degeneration in the development of 
secondary inflammation in the thalamus

First order and higher order thalamic nuclei also differ in the directionality of their 

inputs. Therefore, differences in the likelihood of injury-induced anterograde or retrograde 

degeneration may contribute to the unique vulnerability of first order nuclei to postinjury 

gliosis. While the field has acknowledged the role of anterograde degeneration in injury-

induced thalamic astro- and microgliosis, most studies tend to implicate retrograde 

degeneration of thalamocortical connections as the primary source of thalamic inflammation 

after cortical injury (Langen et al., 2007; Lifshitz et al., 2007; Ross & Ebner, 1990; Sorensen 

et al., 1996). We found that thalamic regions for which the first order nuclei were analyzed, 

meaning those with a higher proportion of thalamocortical projections than corticothalamic 

projections, showed more inflammation post injury than thalamic regions for which 

higher order or semi-higher order nuclei like the VL (those with a higher proportion 
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of corticothalamic projections) were analyzed. This indicates that retrograde degeneration 

may indeed contribute more to thalamic inflammation after cortical injury compared to 

anterograde degeneration. However, it does not preclude the possibility that anterograde 

degeneration also plays a role in this inflammatory process, particularly since higher order 

nuclei have broader cortical connectivity in addition to more abundant thalamocortical 

projections, and so are expected to be more resilient to inflammation independent of the 

direction selectivity of degeneration.

Notably, in mice with V1 stroke or TBI, there was no detectable inflammation in the vLGN 

(Figure 9d), a thalamic nucleus that only receives cortical input and does not project to 

the cortex (Monavar-feshani et al., 2017). This suggests that anterograde degeneration is 

a weaker contributor to postcortical injury-induced thalamic inflammation than retrograde 

degeneration. However, the vLGN also receives input from a wider variety of brain regions 

and proportionally less cortical input relative to the dLGN, raising the possibility that the 

lack of gliosis in the vLGN reflects protection mediated by distributed connectivity, as 

observed in higher order thalamic nuclei.

Postinjury inflammation in the nRT may be due in part to anterograde degeneration (i.e., loss 

of cortical and thalamic inputs) given that the nRT does not project directly to the cortex 

(Crabtree, 1992; Lam & Sherman, 2011). However, postinjury gliosis in the nRT may also 

be a product of retrograde injury in the gliotic target relay thalamocortical nuclei to which 

nRT is intimately connected (Paz et al., 2010).

The nRT sends GABAergic inputs to the thalamocortical nuclei in a manner that mirrors 

the topographical organization of thalamocortical circuits. For example, the head of the 

nRT is thought to modulate visual information because it projects to the dLGN (Campbell 

et al., 2020; Hoseini et al., 2021). Similarly, the body of the nRT is primarily devoted to 

somatosensory processing and projects to first and higher order somatosensory thalamic 

nuclei, while the tail is considered a prefrontal or limbic center and contains neurons that 

project to higher order limbic thalamic nuclei, with some role in motor processing (Crabtree, 

2018; Zikopoulos & Barbas, 2006; Collins et al., 2018). Our results indicate that nRT 

inflammation follows the topographical and functional organization that exists between the 

cortex, nRT, and the relay thalamus. Most telling is the selective micro- and astrogliosis of 

the head of the nRT in V1-injured mice. The nRT body, while exhibiting more widespread 

inflammation due to cortical injury overlap with adjacent regions, also tended to show 

enhanced micro- and astrogliosis following damage to S1 (Figures 7 and 8).

As with the thalamocortical nuclei, patterns of inflammation in the nRT following M1 and 

PFC injury remain inconclusive, although we found that the tail of the nRT does tend to 

become inflamed after M1 TBI, consistent with its role in motor processing (Crabtree, 

2018). However, this result was not seen following M1 stroke, suggesting that the two injury 

types, although parallel in many respects, differ in their downstream cellular effects. The 

lack of robust gliosis in nRT after both M1 and PFC injuries may be a result of weak 

inflammation in connected areas of the thalamocortical nuclei. For example, injury to the V1 

cortex that leads to severe gliosis in the dLGN may lead to selective gliosis in the head of 

the nRT, as the projections linking the nRT head and dLGN are adversely affected by dLGN 
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inflammation. It is therefore plausible that the absence of gliosis in the nRT tail following 

PFC injury is a product of the lack of robust inflammation in the associated limbic thalamus.

In sum, postcortical injury inflammation seen in the relay thalamus appears to depend 

more on retrograde degeneration than anterograde degeneration. However, future studies 

quantifying neuronal loss are required to determine the role of anterograde and retrograde 

degeneration in secondary thalamic inflammation.

4.3 | Certain cortical regions show enhanced susceptibility to long-term damage

Interestingly, while focal TBI and stroke led to cortical damage in all impacted areas, the 

severity of the damage in M1 and PFC was milder on average than the severity of lesions 

to the S1 and V1 cortices. This protective effect was particularly pronounced for the PFC, 

for which the average maximum lesion severity was especially mild. However, as mentioned 

earlier, it is unlikely that patterns of inflammation seen in the motor and limbic thalami 

are merely products of smaller lesions in their respective cortical connective partners, given 

that even severe injury to M1 and PFC cortices produced little to no thalamic inflammation, 

particularly in higher order thalami (Figure 9b,c).

Because the injury models were highly controlled, variability in lesion severity within each 

cortical injury site and injury type was low. As a result, we were unable to comprehensively 

assess the relationship between lesion severity and thalamic inflammation for injury of 

each type and at each site. However, as mentioned, our data suggest that even relatively 

severe lesions in the M1 and PFC do not produce notable differences in microgliosis in 

thalamocortical nuclei, in contrast to V1 and S1 injuries (Figure 9b,c). Therefore, it appears 

that the differences in resilience seen between cortical injury sites hold independent of lesion 

severity, though our experimental numbers were low. Ideally, future studies more directly 

investigating the spatial dependencies of cortical lesion severity should test lesion severity as 

an independent variable.

Though we do not suspect that the difference in lesion severity at various cortical lesion 

sites greatly impacted the degree of thalamic inflammation observed, the finding that the 

M1 and PFC injuries tended to produce milder cortical lesions despite the use of identical 

injury parameters as the V1 and S1 injuries is intriguing. One potential explanation is that 

these cortical regions are more resilient to acute injury or long-term damage. Alternatively, 

technical differences in the disease models may result in milder lesions in these areas than in 

the sensory cortices. Both possibilities are discussed below.

4.3.1 | Resilience—There is little precedent to suggest that the M1 and PFC are more 

resistant to injury than sensory cortices, but most previous studies have not systematically 

compared the effect of TBI or stroke on lesion severity across different cortical regions. 

However, one study found that small variations in the site of fluid percussion injury (FPI), 

another common form of experimental TBI, can lead to profound differences in both 

anatomical destruction and behavioral readouts (Floyd et al., 2002). This study induced 

FPIs in rats at rostral, caudal, medial, and lateral cortical coordinates using identical injury 

parameters, and showed that mortality was particularly high for animals that had received a 

caudal FPI and low for animals that had received a rostral FPI, suggestive of a potential 
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neuroprotective effect limited to the rostral brain. At the cellular level, hippocampal 

neuronal loss was far less pronounced in the rostral group relative to all other groups, 

and did not differ from that in the sham group. Moreover, the hippocampus of the caudal, 

medial, and lateral groups had significantly more reactive astrocytes than that of the rostral 

group. These cellular effects appeared to translate to behavior; mice subjected to rostral 

injury performed better on the hippocampus-dependent Morris water maze task than their 

caudally, medially, and laterally injured counterparts (Floyd et al., 2002). This study lends 

support to our findings that the rostral regions of the cortex (in our study, the M1 and more 

so the PFC) appear to benefit from some kind of neuroprotective influence.

Because of the short timescale of these experiments (tissue was collected a week after 

injury), it is unlikely that injuries in the PFC and M1 recovered so rapidly that the cavities 

disappeared or dramatically diminished in size before analysis. We can also discount this 

particular explanation because lesion size has been shown to increase over short timescales 

as cell loss intensifies (Loane et al., 2014). Rather, it is more likely that these regions 

were protected at the time of injury, or, more plausibly, that they were protected from the 

postinjury progressive increase in lesion size seen in other cortical regions (Loane et al., 

2014).

Because few studies directly compare lesion severity and neuroinflammation at different 

injury sites, it is completely unknown what molecular/cellular events may underlie 

this neuroprotective effect. However, multiple factors could be at play. For example, 

previous studies have highlighted the vast transcriptional, morphological, and functional 

heterogeneity within glial cell types, and in particular within astrocyte and microglia 

populations in both rodents and humans (Masuda et al., 2020; Matias et al., 2019; Xin 

& Bonci, 2018; Liddelow et al., 2017; Escartin et al., 2021; Khakh & Sofroniew, 2015; 

Rose & Kirchhoff, 2015; Rosenberg & Molofsky, 2020). This remarkable diversity is highly 

brain region-specific (Matias et al., 2019; Masuda et al., 2020), making it not only possible 

but very likely that certain regions are rendered more or less vulnerable as a result of 

site-specific functional differences in glial behavior. These differences include but are not 

limited to variations in metabolic support, maintenance of blood–brain barrier integrity, 

and phagocytic activity. For example, astrocytes in various hippocampal regions have to 

be shown to differentially modulate neuronal activity (Khakh & Sofroniew, 2015), while 

thalamic microglia appear to have higher surface expression of immune markers compared 

to microglia residing in the temporal and frontal lobes (Böttcher et al., 2019). Moreover, 

it is well known that regional neuronal populations can be uniquely susceptible to injury 

and disease. For example, neurons in the hippocampus and subiculum are particularly prone 

to damage in Alzheimer’s disease (Matias et al., 2019). Differences in the orientation and 

distribution of vasculature have been also found in motor and integrative regions relative to 

sensory regions, which are properties known to influence recovery after ischemia and TBI 

(Kirst et al., 2020). However, it is unclear how this neuroprotective influence might depend 

on injury type.
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4.4 | Technical considerations

We cannot exclude the possibility that the milder injury in the M1 and in particular the 

PFC cortices was due to technical aspects. In a previous study, induction of a cavitated and 

highly localized infarct in the PFC resulted in substantial microgliosis in the MD, suggesting 

that PFC injuries can lead to activation of microglia in the functionally connected limbic 

thalamus, and that inflammatory outcomes may be a product of the specificity, severity, and 

nature of the injury rather than the position (Weishaupt et al., 2016).

Our results cannot be explained by differences in skull thickness over the M1/PFC relative 

to more caudal regions of the brain, because we observed similar patterns following TBI and 

stroke, yet TBI mice were craniotomized such that the impact could be delivered directly to 

the cortex. Identical injury parameters were also used between cortical injury sites, making 

other technical discrepancies unlikely.

5 | CONCLUDING REMARKS AND FUTURE DIRECTIONS

Our study systematically compared the activation of thalamic microglia and astrocytes in 

two very different models of cortical injury: stroke and TBI. Both injury types led to 

similar patterns of thalamic inflammation, with thalamic micro- and astrogliosis mirroring 

the functional connectivity of cortico-thalamo-cortical circuits independent of injury type. 

This study provides evidence that the thalamus responds similarly to cortical TBI as it does 

to cortical stroke. These results suggest that treatments that target thalamic inflammation 

for stroke-related deficits may also be effective for TBI-related deficits, vastly expanding 

the therapies available for two of the leading causes of disability worldwide (Lindsay et al., 

2019; Dewan et al., 2018).

While these results advance our understanding of the cellular events that occur in the 

thalamus after stroke and TBI, they do not address how these inflammatory processes might 

underlie behavior and injury-related impairments. Nevertheless, as we develop an increasing 

awareness of how thalamic inflammation might give rise to or modulate injury-induced 

deficits, it is imperative that we dedicate future studies to examining the implications 

of site-specific thalamic gliosis. The site of cortical injury affects a patient’s outcome 

and the choice of therapeutic intervention (Kinnunen et al., 2011; Stocchetti & Zanier, 

2016). However, the relative contribution of selective thalamic inflammation to clinical 

outcome versus that of the direct cortical injury is unknown. Rigorously examining the role 

of thalamic inflammation in behavioral deficits, cognitive impairments, and other injury-

associated phenotypes would enable us to design effective and customized therapies that 

address a critical treatment gap.
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FIGURE 1. 
Severity of cortical injury by injury site 1 week after cortical stroke or TBI. (a) (top) 

Schematics of cortical lesion severity as categorized on an index scale from 0 to 4. 0: no 

cortical inflammation or cavity; 1: cortical inflammation (blue) but no cavity; 2: cortical 

inflammation and partial cavity; 3: cortical inflammation, loss of the entire cortical column 

at the lesion site, and near complete or complete cortical loss; and 4: damaged subcortical 

hippocampus in addition to the cortex. (bottom) Representative images of cortical lesion 

severity 1–4. From left to right, images are derived from PFC stroke, PFC stroke, S1 stroke, 

and S1 TBI animals. Arrow in the image of lesion severity 4 indicates a hypertrophic 

hippocampus. White asterisks indicate the lesion site. Scale bar: 1 mm. (b) Representative 

low magnification coronal brain sections 1 week following injury at each site, overlaid with 

the atlas. PFC TBI is bilateral but occasionally impacts one hemisphere more than the other. 

White asterisks indicate the lesion site. Lesion severity in stroke is as follows, from left to 
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right: 4,3,4,1. Lesion severity in TBI is as follows, from left to right: 3,4,2,1. Scale bar: 1 

mm. (c) Anatomical heatmap indicating position of the impactor (bolded circle) and lesion 

severity (color) in various cortical sites. Lesion severity is based on the index scale in (a) 

and represents average maximum lesion severity. n = 5–8 mice per targeted injury site. 

Created with BioRender.com. (d) Total lesion severity in the cortex, consisting of summed 

lesion severity for each cortical injury site within each injury condition. Bars represent mean 

maximum injury + SEM. Significant differences in total lesion severity were calculated via 

the Kruskal–Wallis test with α = 0.05 and Dunn’s multiple comparison test (*p < .05, **p 
< .01). Twelve total comparisons were made (six per injury type). No significant difference 

was found between each stroke/TBI pair. n = 5–8 mice per targeted injury site. (e) Relative 

lesion severity in each cortical region, normalized to 1. For more detail on how the baseline 

fluorescence was measured for the bilateral injury in PFC, see Figure 2. Sham mice had no 

lesions and no significant thalamic inflammation (Figure 3)
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FIGURE 2. 
Iba1 and GFAP immunofluorescence in reuniens and periaqueductal gray nuclei was used 

to determine baseline fluorescence for a bilateral injury in the prefrontal cortex. (a) Images 

indicating in red the approximate position of the nucleus reuniens (Re) or the approximate 

position of the periaqueductal gray nucleus (PAG) used as baseline controls for injury to 

the PFC, given the bilateral nature of the injury and the inapplicability of the contralateral 

hemisphere as an appropriate control. Bregma coordinates of atlas images are indicated. (b 

and c) (top) Representative images of Iba1 and GFAP labeling indicating the approximate 

location of the regions analyzed from a stroke (b) and a TBI mouse (c). Scale bar: 200 μm. 

(bottom) Violin plots showing the quantification of Iba1 and GFAP immunofluorescence in 

the Re and PAG. No sections were analyzed for PAG in the TBI condition because of the 

low number of sections containing PAG. Significance was assessed by Mann–Whitney tests 

using α = 0.05 and multiply corrected by the Holm–Sidak method (*p < .05, **p < .01, ns p 
> .05). n = 3 ROIs sham TBI, all other groups n = 25
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FIGURE 3. 
Sham mice do not exhibit cortical injury or significant micro- or astrogliosis in either 

hemisphere. (a1 and b1) Representative low magnification coronal brain sections from a 

stroke sham (a1) and a TBI sham (b1) mouse. White squares indicate the approximate 

regions from which close-up images were obtained and analyzed. Scale bar: 1 mm. (a2 

and b2) Representative close-up images of both Iba1 and GFAP-labeled brain sections from 

sham stroke (a2) and sham TBI (b2) mice with relevant regions of interest demarcated. 

Images are acquired from both the left and right hemispheres from the regions indicated in 

(a1 and b1). The GABAergic nRT is traced in yellow to distinguish it from the glutamatergic 

thalamocortical nuclei (white). Insets are high magnification of Iba1 or GFAP labeling. Note 

the complete lack of GFAP-positive astrocytes in the sham thalamus. Scale bars: 300 μm, 10 

μm insets
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FIGURE 4. 
Thalamic nuclei assessed for secondary inflammation. Atlas images at different locations 

(bregma indicated on left), representing the approximate anterior-posterior coordinate of 

coronal brain sections analyzed for Iba1- and GFAP immunolabeling
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FIGURE 5. 
Microgliosis in the thalamus following stroke or TBI in different cortical sites mirrors 

functional corticothalamic connectivity. (a1, b1, c1, and d1) Microgliosis in the visual, 

somatosensory, motor, and limbic thalamic regions of the thalami after cortical stroke, 

assessed by raw integrated pixel density taken as a ratio of ipsilateral to contralateral. Note 

that because of the midline injury to the PFC, the images are designated as corresponding 

to the left and right hemispheres rather than ipsilateral and contralateral. (rightmost graph) 

ROI-specific Iba1, a proxy for microgliosis, by corresponding thalamic region. The nRT is 

indicated in yellow. Inset is a high magnification image of a Iba1-stained microglial cell 

and is representative of a1–d1. Significance was assessed by Mann–Whitney tests using 

α = 0.05 and multiply corrected by the Holm–Sidak method (*p < .05, **p < .01, #p < 

.05 without multiple comparison correction). Data are represented by Tukey boxplots with 

whiskers extending to 1.5*IQR from the first and third quartiles. Scale bars: 300 μm, 10 
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μm inset. n = 5–8 mice per targeted injury site. Sham mice had no lesion and no significant 

thalamic inflammation (see Figure 3). Lesion severities are as follows, from top to bottom, 

and are representative for thalamic inflammation: 4,3,4,0. (a2–d2) Microgliosis in the visual, 

somatosensory, motor, and limbic thalamic regions after cortical TBI. Apart from injury 

type, all other figure parameters in (a1–d1) apply. Inset is a high magnification image 

of a Iba1-stained microglial cell and is representative of a2–d2. Lesion severities are as 

follows, from top to bottom, and are representative for thalamic inflammation: 3,3,3,1. (e1–

e4) Bubble plots representing average maximum lesion severity in the cortex (y axis) and 

average inflammation in the corresponding thalamocortical nuclei (bubble size represents 

Iba1 fluorescence in thalamus). Each panel heading represents the site at which cortical 

injury was induced, while the x-axis indicates the cortical regions at which lesion severity 

was analyzed. For instance, (e1) shows that V1 stroke leads to: size 4 lesion in the V1 

cortex itself, size 1 lesion in PFC (meaning mild inflammation with no cavity), Iba 1 

fluorescence of 1.12 a.u. in visual thalamocortical nuclei (averaged LD, dLGN, and LP), and 

Iba 1 fluorescence of 1 (meaning no inflammation) in PFC-related thalamocortical nuclei 

(averaged MD and CL). (f) Sham-normalized heatmap summarizing results from (a1–d1). 

(g) Sham-normalized heatmap summarizing results from (a2–d2)
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FIGURE 6. 
Astrogliosis in the thalamus following stroke or TBI in different cortical sites mirrors 

functional corticothalamic connectivity. (a1, b1, c1, and d1) Astrogliosis in the visual, 

somatosensory, motor, and limbic thalami after cortical stroke, assessed by raw integrated 

pixel density taken as a ratio of ipsilateral to contralateral. (rightmost graph) ROI-specific 

GFAP, a proxy for astrogliosis, by corresponding thalamic region. The nRT is indicated 

in yellow to designate it as a GABAergic structure. Inset is a high magnification image 

of a GFAP-stained astrocyte and is representative of a1–d1. Significance was assessed by 

Mann–Whitney tests using α = 0.05 and multiply corrected by the Holm–Sidak method (*p 
< .05, **p < .01, #p < .05 without multiple comparison correction). Data are represented by 

Tukey boxplots with whiskers extending to 1.5*IQR from the first and third quartiles. Scale 

bars: 300 μm, 10 μm inset. n = 5–8 mice per targeted injury site. Lesion severities in the 

region of impact are as follows, from top to bottom: 4,3,0,2. (a2, b2, c2, and d2) Astrogliosis 
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in the visual, somatosensory, motor, and limbic thalami after cortical TBI. Apart from injury 

type, all other figure parameters in (a1–d1) also apply. Inset is a high magnification image 

of a GFAP-stained astrocyte and is representative of a2–d2. Lesion severities in the region 

of impact are as follows, from top to bottom: 3,4,3,1. (e1–e4) Bubble plots representing 

average maximum lesion severity in the cortex (y axis) and average inflammation in the 

corresponding thalamic region (bubble size represents GFAP fluorescence in thalamus). 

For detailed explanation, please refer to the legend of Figure 5e1–e4. (f) Sham-normalized 

heatmap summarizing results from (a1–d1). (g) Sham-normalized heatmap summarizing 

results from (a2–d2)
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FIGURE 7. 
Microgliosis in the nRT following induction of stroke or TBI to different cortical sites 

mirrors functional corticothalamic connectivity. (a1, b1, c1, and d1) Microgliosis in the 

head, body, and tail of the nRT after cortical stroke, assessed by raw integrated pixel density 

taken as a ratio of ipsilateral to contralateral. The nRT is traced in yellow to designate it as 

a GABAergic structure. Significance was assessed by Mann–Whitney tests using α = 0.05 

and multiply corrected by the Holm–Sidak method (*p < .05, **p < .01, #p < .05 without 

multiple comparison correction). Data are represented by Tukey boxplots with whiskers 

extending to 1.5*IQR from the first and third quartiles. Scale bars: 300 μm. n = 5–8 mice 

per targeted injury site. Lesion severities in the region of impact are as follows, from top to 

bottom: 4,3,4,0. Note that the field of view in 7b1 and 5c1 is the same as that of Figures 

5b1 and 7c1, respectively. (a2, b2, c2, and d2) Microgliosis in the head, body, and tail of the 

nRT after cortical TBI. Apart from injury type, all other figure parameters in (a1–d1) also 
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apply. Lesion severities in the region of impact are as follows, from top to bottom: 3,3,2,3. 

(e1–e4) Bubble plots representing lesion severity by cortical site together with inflammation 

in the corresponding region of the thalamus (V1: nRT head, S1: nRT body, M1: nRT tail, 

and PFC: nRT tail). Bubble size represents Iba1 fluorescence. Each panel heading represents 

the site at which cortical injury was induced, while the x-axis indicates the cortical regions 

in which lesion severity was analyzed. For detailed explanation, please refer to the legend 

of Figure 5e1–e4. (f) Sham-normalized heatmap summarizing results from (a1–d1). (g) 

Sham-normalized heatmap summarizing results from (a2–d2)
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FIGURE 8. 
Astrogliosis in the nRT following induction of stroke or TBI to different cortical sites 

mirrors functional corticothalamic connectivity. (a1, b1, c1, and d1) Astrogliosis in the head, 

body, and tail of the nRT after cortical stroke, assessed by raw integrated pixel density taken 

as a ratio of ipsilateral to contralateral. The nRT is traced in yellow to designate it as a 

GABAergic structure. Significance was assessed by Mann–Whitney tests using α = 0.05 

and multiply corrected by the Holm–Sidak method (*p < .05, **p < .01, #p < .05 without 

multiple comparison correction). Data are represented by Tukey boxplots and whiskers 

extending to 1.5*IQR from the first and third quartiles. Scale bars: 300 μm. n = 5–8 mice 

per targeted injury site. Lesion severities in the region of impact are as follows, from top to 

bottom: 4,3,2,2. Note that the field of view in 8b1 is the same as that of Figure 6b1. (a2, b2, 

c2, and d2) Astrogliosis in the head, body, and tail of the nRT after cortical TBI. Apart from 

injury type, all other figure parameters in (a1–d1) also apply. Lesion severities in the region 
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of impact are as follows, from top to bottom: 3,4,3,1. Note that the field of view in 8b2 is 

the same as that of Figure 6b2. (e1–e4) Bubble plots representing lesion severity by cortical 

site together with inflammation in the corresponding region of the thalamus (V1: nRT head, 

S1: nRT body, M1: nRT tail, and PFC: nRT tail). Bubble size represents GFAP fluorescence. 

Each panel heading represents the site at which cortical injury was induced, while the x-axis 

indicates the cortical regions at which lesion severity was analyzed. For detailed explanation, 

please refer to the legend of Figure 5e1–e4. (d) Sham-normalized heatmap summarizing 

results from (a1–d1). (e) Sham-normalized heatmap summarizing results from (a2–d2)
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FIGURE 9. 
Vulnerability of first versus higher order thalamic nuclei. (a) “Before-and-after” plots 

contrasting the injured/sham fluorescence ratio between first and higher order thalamic 

nuclei after stroke and TBI. First order nuclei: dLGN, VB, and VL. Higher order nuclei: LP, 

LD, Po, VM, MD, and CL. Significance was assessed by paired t-tests using α = 0.05 (**p 
< .01, ***p < .001, ns p > .05). n = 25 mice per “before” and “after” in each comparison. (b) 

Bar-and-line plots illustrating the correlation between lesion severity and Iba1 fluorescence 

in the corresponding thalamic region (V1: visual, S1: somatosensory, M1: motor, and PFC: 

limbic). n = 1–5 per bar. (c) (left) Low magnification coronal brain section with PFC stroke 

and low magnification coronal brain section with M1 TBI. Lesion severities are graded at 3 

for both the M1 and PFC sections. White asterisk indicates the lesion site. Scale bar: 1 mm. 

(right) Close-up images of the low magnification Iba1- and GFAP-labeled brain sections 

with relevant regions of interest in the limbic and motor thalamus demarcated. Scale bar: 
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300 μm. Atlas images represent the approximate bregma coordinate at which the close-up 

images were sourced with the approximate field of view outlined. (d) Representative close-

up images of micro- and astrogliosis, labeled by Iba1 and GFAP, respectively, in the ventral 

lateral geniculate nucleus (vLGN) relative to the dLGN after V1 stroke and TBI of any 

severity. Scale bar: 300 μm
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