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SUMMARY
Despite advancements in combined antiretroviral therapy, human immunodeficiency virus (HIV)-associated
neurocognitive disorder (HAND) continue to affect 40%–50% of people living with HIV. While neuroimaging
studies have revealed HIV-1-induced alterations in cortical networks and brain macrostructures, it still re-
mains unclear how individual neurons in the medial prefrontal cortex (mPFC) are affected during recognition
memory. Using in vivo calcium imaging in an HIV-1 transactivator of transcription (Tat) transgenic mouse
model, we examined mPFC neuronal activity during a novel object recognition memory task. Our findings
show that HIV Tat expression reduces overall neuronal activity in Tat(+) mice without altering the number
of activated cells. Moreover, distinct neuronal subpopulations are up- and downmodulated in both Tat(�)
and Tat(+) mice depending on object exploration. Importantly, familiarity-driven increases in mPFC activity
were disrupted by HIV Tat expression. These findings enhance our understanding of HAND and may inform
future pharmacological strategies aimed at restoring cognitive function.
INTRODUCTION

For the past four decades, the human immunodeficiency virus

type 1 (HIV-1) has infected approximately 84 million people

worldwide and has cost the lives of over 40 million people,1

with no cure currently in sight. Over the years, the development

of combined antiretroviral therapy (cART) has had a profound

impact on the management of the infection, leading to the num-

ber of people living with HIV-1 (PLWH) steadily increasing.1

However, evidence suggests that despite the effectiveness of

cART, the HIV-1 virus enters the central nervous system

(CNS) early in infection through the blood brain barrier (BBB)

via infected macrophages, monocytes, T cells, and directly as

cell-free virus.2–6 After crossing the BBB, the cell-free virus es-

tablishes CNS reservoirs by infecting brain endothelial cells, mi-

croglia and astrocytes, but not neurons.7–10 The currently

approved cART drugs do not cross the BBB effectively,11 mak-

ing it difficult to target the virus within the CNS; thus, leading to

the development of HIV-associated neurocognitive disorder

(HAND). Approximately 40%–50% of PLWH are estimated to

exhibit HAND symptoms; therefore, it remains a global

concern.12,13 Managing symptoms of HAND is difficult, espe-

cially during the cART era, as heterogeneity of cognitive deficits

exists between individuals and is further altered with disease

progression.14 Neurocognitive deficits associated with HAND

include specifically learning and memory,15–21 but also atten-

tion and working memory, executive function, motor coordina-

tion, and sensory perception.
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HIV-1 infection contributes to HAND in cART-controlled PLWH

through the continued production and release of neurotoxic HIV-1

proteins, such as transactivator of transcription (Tat), from cellular

reservoirs within the CNS.22 Tat is the first viral protein produced

upon infection of a cell23 and drives viral synthesis by regulating

proviral genome transcription.24,25 It is known that Tat can exert

its effects on neurons directly by interacting with the N-methyl-

D-aspartate receptors (NMDARs) and depolarizing the neurons

to facilitate its neurotoxicity.26–28 Tat is also known to sequester

zinc and disrupt zinc-mediated regulation of NMDAR.29 Indirectly,

Tat affects the intermediary function of non-neuronal cells, such

as microglia and/or astrocytes.30 The release of Tat from infected

cells can activate infected non-neuronal cells aswell as bystander

glial cells to promote inflammatory response,31,32 which can lead

to neuronal damage, including dendritic simplification, axonal

disruption, and synaptic loss.16,24,33 Additionally, Tat exposure

also causes an increase in intracellular calcium, triggering

apoptosis through the endoplasmic reticulum,34,35 triggering

reactive oxygen species (ROS) production,36 and dysregulating

the expression of synaptic plasticity genes.37 Regardless by

which pathway the majority of Tat effects are exerted, it ultimately

leads to functional deficits in neurons.38–40

Numerous brain imaging studies have provided a window to

explore brain structure and function in PLWH. Early studies using

magnetic resonance imaging (MRI) and proton magnetic reso-

nance spectroscopy (MRS) revealed damage within the gray

and white brain matter and worse neuronal integrity in the basal

ganglia and frontal regions.41,42 Interestingly, it was revealed
rch 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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that even with cART, neuronal loss and neuroinflammation per-

sists.43–46 Functional MRI (fMRI) studies show disruption of the

frontostriatal network, which includes the striatum, anterior cingu-

late cortex, and frontal cortex,44,47,48 reflecting alterations in areas

responsible for cognitive performance.49 Despite remarkable

progress in understanding how HIV-1 proteins alter behavior

and impact the pathophysiology within the CNS, the cellular, mo-

lecular, and mechanistic circuit interaction between HIV-1 pro-

teins remain to be understood to gain insight into novel prevention

and treatment strategies. Therefore, to understand the specific

aspects of Tat underlying pathophysiology of HAND we utilized

a HIV-1 Tat transgenic mouse model in this study. In this mouse

model, Tat is expressed in a doxycycline inducible manner that

is delivered via a specially formulated chow.50,51 The HIV-1 Tat

transgenic mousemodel is a well-establishedmodel for neuroHIV

as it mirrors the pathologies that are observed with HAND in the

cART era,50–53 including reduced neuronal spine density and

changes in synaptic proteins51,53,54With regards to behavioral ab-

normalities, Tat transgenic mice show deficits in and learning and

memory,52,54 attentional processing,32 motor behaviors,55,56 anx-

iety- and depression-like behaviors,55–59 all of which have been

observed in PLWH with HAND. Studies demonstrating long-last-

ing deficiencies in the novel object recognition (NOR) task suggest

that Tat exposure progressively mediates deficits.54,60–62

Past electrophysiological and behavioral evidence have shown

that medial prefrontal cortex (mPFC) neurons carry information

regarding recognition and recency discrimination,63 which is dis-

rupted when this region is damaged.64–67 Various neurodegener-

ative diseases, such as Alzheimer’s disease,68 Huntington’s dis-

ease,69 and Parkinson’s disease,70 show PFC dysfunction.

Preclinical mouse models of Alzheimer’s disease display changes

in PFC synaptic makers71,72 and altered neuromodulation of syn-

aptic transmission,73–75 in addition to deficits in working memory,

which is correlated with the accumulation of amyloid beta in the

PFC.76,77 Studies also show significant impairments in the func-

tional connectivity between anterior cingulate and the lateral

PFC, represented by the loss of neuronal synchrony between

both brain structures in individuals with Huntington’s disease.69,78

Moreover, Parkinson’s disease showsPFC-relatedworkingmem-

ory deficits79 and impaired PFC dopamine signaling.80,81 Similar

to the aforementioned neurodegenerative diseases, deficits in

the PFC interfering with learning and memory have also been re-

ported in PLWH with HAND.82 However, it is unknown how PFC

neurons and their firing patterns are affected at the cellular level

by Tat expression during NOR task.

In the present study we applied an in vivo calcium imaging

approach to identify how the population activity of mPFC neurons

is altered in HIV-1 Tat transgenic mice while performing the NOR

task. In addition to Tat expression impairing recognition memory,

we also find that the neuronal activity is significantly altered in

the presence of Tat. Neurons in control Tat(�) mice are highly

correlated and have overall higher neuronal activity as compared

to transgenic Tat(+) mice. Further, in Tat(�) mice, the neurons

showhigher synchronyandactivitywhenexploring the familiar ob-

ject compared to the novel object, which is not seen for Tat(+)

mice. To our knowledge, these results provide evidence that the

presenceof theHIV-1Tatproteinhampers theabilityofmPFCneu-

rons to discriminate between familiar and novel objects.
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RESULTS

Experimental approach and HIV-1 Tat effects on novel
object recognition task
Our goal in the present studywas to characterize how object iden-

tity, familiar object, and novel object, are represented in HIV-1 Tat

transgenic mice. Previous studies have shown that neurotoxic

HIV-1 proteins released from the cellular reservoir within the

CNS,40,83,84 including the viral protein Tat,85 can target neurons

directly and cause neuronal damage, leading to loss in cognitive

function.PFC-relatedcognitionhasbeendemonstrated tobespe-

cifically vulnerable in the post-cART era.86,87 Therefore, we con-

ducted microendoscopic imaging of calcium activity in medial

PFC pyramidal neurons when mice performed the novel object

recognition task and explored a novel and familiar objects over a

10 min time period. (Figure 1). Adeno-associated virus carrying a

synapsin promoter (pAAV-Syn-GCaMP6f-WPRE-SV40)88wasmi-

croinjected followed by implanting a gradient index (GRIN) lens

implant in the left hemisphere of adult male HIV-1 Tat transgenic

mice (Tat(�):n=5mice, 661 cells; Tat(+):n=3mice, 498 cells; Fig-

ure 1A). GCaMP expressionwas checked 6–8 weeks after viral in-

jection, and after successful virus expression and our ability to

continuously monitor mPFC activity, we moved ahead with the

NOR task (Figure 1B).

The NOR task took place over a period of two days. To in-

crease the power for behavioral testing, additional animals

(males and females) were used (n = 12(6f)/genotype). All mice

were tested separately in a sequential order. On day 1, mice

were habituated to the open field chamber (without any objects)

to lower anxiety and encourage exploration for day 2. Mice were

allowed to freely explore the open field for a period of 5 min and

then returned to their respective cages and brought back to the

vivarium until the next day. On day 2, all the steps from day 1

were repeated but two identical objects (familiar object) were

placed at equidistant from the center in the open field and

mice were allowed to explore the objects for 10 min. After 1 h

(intertrial interval) mice were placed back in the open field where

one of the objects was replaced with a novel object. Calcium im-

aging from both training and testing phases were recorded for

GCaMP injected mice. Following the behavioral experiments,

mice were transcardially perfused, and their brains were har-

vested to verify the placement of microinjections and lens im-

plants. Figures 2A and 2B (see Figure S1) shows the histology

images from a representative Tat(�) mouse and Tat(+) mouse.

Figures 2C and 2D shows the exploration of familiar and novel

objects. The total exploration time (Figure 2E) for familiar and

novel object did not show any significance difference between

Tat(�) and Tat(+) mice. However, an independent t test showed

a significant difference in the discrimination index between

Tat(�) and Tat(+) mice (t(22) = 4.18, p < 0.001, Figure 2F).

Note, that when considering GCaMP injected mice only, no sig-

nificant difference was observed.

mPFC neurons are recruited during the NOR task and
their activity reduces in the presence of the HIV-1 Tat
protein
We focused on mPFC activity around the overall exploration of

both, the familiar and novel objects. mPFC neurons were



Figure 1. Experimental outline of surgery and behavioral experiments

(A) Experimental outline of stereotaxic microinjection and GRIN lens implantation and an example of field of view and GCaMP expression.

(B) Outline of novel object recognition task showing habituation, training, and testing phases. The behavioral and calcium data were synchronized and recorded

at 20 frames/s. Maximum image and raw data were generated by IDPS. Created in https://BioRender.com.
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recorded from the same field of view (FOV) but were not aligned

across training and testing phases. The neuronal data reported

in this manuscript are derived from the testing phase. Further-

more, we examined calcium signals around the period when

mice actively explored one of the two objects. The individual

spikes and events were generated from end-to-end CNMF-E,

which was run through the IDEAS platform.

It was observed that in Tat(�) mice the neuronal activity was

highly correlated when mice explored the familiar object as

compared to the novel object (Figures 3A and S2 show a corre-

lation matrix from a representative Tat(�) mouse). However,

HIV-1 Tat protein expression disrupted this relationship, as

Tat(+) mice demonstrated no difference in the neural activity

correlation between familiar and novel objects exploration

(Figures 3B and S2 show a correlation matrix from a representa-

tive Tat(+) mouse). Comparison of the cumulative distribution

function of maximum cell-cell correlation between Tat(�) and

Tat(+) mice revealed a significant genotype effect in familiar ob-

ject exploration only (Figure 3C; Kolmogorov-Smirnov test: main

genotype effect for familiar object, D(1159) = 0.263, p < 0.0001)

but not for novel object exploration (Figure 3D), suggesting that

during familiar object exploration the likelihood of finding corre-

lated cell in Tat(�) mice is higher than in Tat(+) mice.

Additionally, a mean pairwise Pearson correlation of cells be-

tween familiar and novel objects exploration exhibited a strong

positive correlation in Tat(�) mice (Figure 3E; Pearson correla-

tion: r = 0.51, p < 0.0001), indicating that cells that show higher

co-activation for the familiar object also show higher co-activa-

tion for the novel object. Interestingly, this synchronized activity

noted for Tat(�) mice can explain 26% of the total variance in the

data. In contrast, Tat(+) mice only demonstrated a weak correla-

tion (Figure 3F; Pearson correlation: r = 0.12, p = 0.005), suggest-
ing fewer synchronized activity between cells that only account

for 1.5% of total variance.

When assessing the effect size difference between genotypes

(Figure 3G), both familiar object (t(1157) = 24.27, p < 0.001) and

novel object (t(1157) = 10.47, p < 0.001), showed a significant ef-

fect; however, the effect size difference when comparing Tat(�)

vs. Tat(+) mice was large for familiar object exploration (Cohen’s

d = 1.44) whereas novel object exploration showed amedium ef-

fect size (Cohen’s d = 0.62), suggesting higher differences in cell-

cell correlation between genotype when exploring the familiar

object as compared to the novel object. Importantly, when as-

sessing the mean activity of cells during familiar and novel ob-

jects exploration, a two-wayANOVAdemonstrated agenotype3

object interaction (F(1, 6) = 6.54, p = 0.04, Figure 3H). A pairwise

comparison between familiar and novel objects exploration

showed a significant difference in the activity of cells in Tat(�)

mice (t(5) = 3.097, p = 0.03), with mean cell activity being signif-

icantly higher during familiar object exploration as compared to

novel object exploration. Whereas in Tat(+) mice the activity of

cells stayed the same regardless of which object was explored.

Neuronal activity in Tat(+) mice during all four epochs is
reduced compared to Tat(�) mice in both familiar and
novel objects exploration
During the behavioral study, the duration and number of times

mice explore familiar and novel objects varies; therefore, we

analyzed the calcium activity using epochs relative to object

exploration: before, start, end, after. Where before represents

2 s before the event, start and end are the time points mice start

and end exploring either familiar or novel objects, respectively,

and after is the calcium activity 2 s after object exploration.

Figures 4A–4D (see Figure S3) shows the calcium transients
iScience 28, 112075, March 21, 2025 3
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Figure 2. Experimental approach and HIV-1

Tat effects on NO recognition task

(A and B) Histology images confirming the GCaMP

location in the mPFC from Tat(�) and Tat(+) mice,

respectively. Scale: 50 mm

(C and D) Traces of Tat(�) and Tat(+) animals

generated by Anymaze, exploring the open field

arena and the objects during the testing phase of

the NOR task.

(E) Quantification of total exploration time for

familiar and novel objects by Tat(�) and Tat(+)

mice. Two-way ANOVA: N.S. p > 0.05. n = 12(6f)/

genotype.

(F) Discrimination index for Tat(�) and Tat(+) mice

did not show any preference for objects. Inde-

pendent t test: *p < 0.001. n = 12(6f)/genotype.

N.S., not significant.
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represented as DF/F and Figures 4E–4H shows heatmaps from

the four epochs in Tat(�) and Tat(+) mice during familiar and

novel objects exploration.

The cumulative distribution function of the Z scores showed

significant genotype differences for all four epochs for familiar

and novel objects, (Figure 4I; Kolmogorov-Smirnov test: main

genotype effect for before familiar object, D(1202) = 0.279,

p < 0.0001, Figure 4I; Kolmogorov-Smirnov test: main genotype

effect for before novel object, D(1202) = 0.141, p < 0.0001, Fig-

ure 4J; Kolmogorov-Smirnov test: main genotype effect for

start familiar object, D(1202) = 0.301, p < 0.0001, Figure 4J;

Kolmogorov-Smirnov test: main genotype effect for start novel

object, D(1202) = 0.116, p = 0.0006, Figure 4K; Kolmogorov-
4 iScience 28, 112075, March 21, 2025
Smirnov test: main genotype effect for

end familiar object, D(1202) = 0.294,

p < 0.0001, Figure 4K; Kolmogorov-

Smirnov test: main genotype effect for

end novel object, D(1202) = 0.114, p =

0.0007, Figure 4L; Kolmogorov-Smirnov

test: main genotype effect for after

familiar object, D(1202) = 0.158,

p < 0.0001, Figure 4L; Kolmogorov-

Smirnov test: main genotype effect for af-

ter novel object, D(1202) = 0.258,

p < 0.0001), suggesting overall the cumu-

lative Z scores for Tat(�) mice were

higher as compared to Tat(+) mice

for both familiar and novel objects

exploration.

As expected, an independent t test re-

vealed that the average scores overall

were found to be higher in Tat(�) mice

compared toTat(+)mice for all fourepochs

(Figures 4M and 4N; before t(2316) =

401.47, p = 0.004, start t(2316) = 422.98,

p = 0.008, end t(2316) = 445.03,

p < 0.001, after t(2316) = 428.47, p =

0.002). When the average Z scores were

compared based on the type of object be-

ing explored, Tat(�) mice had higher
average Z score compared to Tat(+) mice based on epochs. For

familiar object, except for the before epoch the average Z scores

for Tat(�) mice were higher compared to Tat(+) mice (Figure 4M;

start t(1157) = 246.31, p = 0.046, end t(1157) = 299.48, p = 0.017,

after t(1157) = 428.47, p = 0.015). For novel object, significant dif-

ferences between the Tat(�) and Tat(+) mice were only observed

for before and end epochs (Figure 4N; before t(1157) = 163.37,

p = 0.020, end t(1157) = 168.87, p = 0.018). The aforementioned

data suggest that the overall activity of Tat(�) mice increases

with epochs as compared to Tat(+) mice only when mice are

exploring the familiar object. Interestingly, although the overall Z

scoreswere found tobehigher inTat(�) mice, the fractionof active

cells (Figures 4O and 4P) did not show any significant differences



Figure 3. mPFC neurons are recruited during the NOR task and their activity reduces in the presence of the HIV-1 Tat protein

(A and B) Maximum cell-to-cell correlation matrices for familiar object (left) and novel object (right) from Tat(�) and Tat(+) mice, respectively.

(C) Cumulative distribution function plotting themaximum correlation frequency for familiar object for Tat(�) and Tat(+) mice. Kolmogorov-Smirnov test: genotype

effect, ****p < 0.0001.

(D) Cumulative distribution function plotting the maximum correlation frequency for novel object for Tat(�) and Tat(+) mice. Kolmogorov-Smirnov test: N.S.

p > 0.05.

(E) Scatterplot for Tat(�) mice (n = 661) with x axis and y axis showing maximum neuronal correlation while exploring the familiar and novel objects, respectively.

Pearson correlation: r = 0.51, p < 0.0001.

(F) Scatterplot for Tat(+) mice (n = 498) with x axis and y axis showing maximum neuronal correlation while exploring the familiar and novel objects, respectively.

Pearson correlation: r = 0.12, p = 0.005.

(G) Effects size of neurons for familiar (Cohen’s d = 1.44) and novel object (Cohen’s d = 0.62).

(H) Mean activity of neurons for Tat(�) and Tat(+) mice while exploring familiar and novel objects. Data presented as mean ± SEM. Two-way mixed ANOVA:

genotype 3 object interaction lp = 0.04. Paired t test, Tat(�) mice: *p = 0.03.

N.S., not significant; FO, familiar object; NO, novel object.
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based on genotype and the type of object explored, which sug-

gests that even though HIV-1 Tat affects the activity of cells, it

does not affect the number of cells that are activated in the

NOR task.

The upmodulated neurons in Tat(�) mice moderate
recognition memory of the familiar object during the
NOR task
An outline map from Tat(�) and Tat(+) mice with highlighted up-

modulated (blue) and downmodulated (green) neurons during

familiar object exploration was generated through peri-event

analysis workflow in IDEAS (Figures 5A, 5B, and S4). Next, the

up- and downmodulated neurons were extracted based on ge-

notype and type of object being explored and were plotted 2 s

pre- and post-object exploration with statistics performed at

the following time points:�2,�1, 0, 1, and 2 s. For upmodulated

neurons and familiar object exploration (Figure 5C), a two-way

mixed ANOVA, with time as a within-subjects factor and geno-

type as a between-subjects factor, showed a main effect of

time (F(40, 2000) = 14.08, p < 0.001), with themean activity of up-

modulated neurons increasing with time, and amain effect of ge-

notype (F(1, 50) = 1.61, p = 0.02), with Tat(�) neurons displaying

higher mean activity compared to neurons from Tat(+) mice.

When analyzing separately for genotypes, a paired t test
revealed that for both, Tat(�) mice (between �2 and 2 s,

t(34) = 6.14, p < 0.001) and Tat(+) mice (between �2 and 2 s,

t(16) = 3.23, p = 0.005), the mean activity of upmodulated neu-

rons were significantly higher post- compared to pre-object

exploration. Importantly, an interaction between time 3 geno-

type was found (F(80, 2000) = 6.62, p < 0.001), with upmodulated

neurons increasing their mean activity for Tat(�) mice compared

to Tat(+) mice when familiar object exploration started. This was

confirmed, when considering the aforementioned time points

and conducting independent t tests, which showed no differ-

ences in the mean activity of upmodulated neurons in Tat(�)

and Tat(+) mice at�2 and�1 s; however themean activity signif-

icantly increased in a time-dependent manner for Tat(�) mice

compared to Tat(+) mice while exploring the familiar object

(Figure 5C; 0 s, t(50) = 2.20, p = 0.03; 1 s, t(50) = 3.53,

p < 0.001; 2 s, t(50) = 3.21, p = 0.002). Lastly, the mean Z score

of the upmodulated neurons for Tat(�) mice during the familiar

object exploration were significantly higher as compared to

Tat(+) mice (Figure 5D; t(50) = 2.42, p = 0.01).

For downmodulated neurons and familiar object exploration

(Figure 5E), a two-way mixed ANOVA showed a main effect of

time (F(40, 2120) = 4.34, p < 0.001) and amain effect of genotype

(F(1, 53) = 1.91, p = 0.001), with mean activity of downmodulated

neurons decreasing with time and downmodulated neurons in
iScience 28, 112075, March 21, 2025 5



Figure 4. Neuronal activity in Tat(+) mice during all four epochs is reduced compared to Tat(�) mice in both familiar and novel objects

exploration

(A–D) Neuronal traces of relative fluorescence changes (DF/F) in mPFC of Tat(�) mice during familiar (A) and novel (B) objects exploration and Tat(+) mice during

familiar (C) and novel (D) objects exploration. Individual cell activity is indicated in lighter colors, with total average cell activity in darker colors and object

exploration duration in the transparent gray block. Scale bars, x = time (in s variable per subject), y = Z score based on relative DF/F.

(E–H) Z scores shown as heat maps of the four epochs, before (blue), start of object exploration (teal), end of object exploration (green), and after (orange), of

Tat(�) mice during familiar (E) and novel (F) objects exploration and Tat(+) mice during familiar (G) and novel (H) objects exploration.

(I) Cumulative distribution function for before epoch plotting the Z score frequency for familiar (Kolmogorov-Smirnov test: genotype effect, ****p < 0.0001) and

novel (Kolmogorov-Smirnov test: genotype effect, ****p < 0.0001) object for Tat(�) and Tat(+) mice.

(J) Cumulative distribution function for start epoch plotting the Z score frequency for familiar (Kolmogorov-Smirnov test: genotype effect, ****p < 0.0001) and novel

(Kolmogorov-Smirnov test: genotype effect, ***p < 0.001) objects for Tat(�) and Tat(+) mice.

(K) Cumulative distribution function for end epoch plotting the Z score frequency for familiar (Kolmogorov-Smirnov test: genotype effect, ****p < 0.0001) and novel

(Kolmogorov-Smirnov test: genotype effect, ***p < 0.001) objects for Tat(�) and Tat(+) mice.

(L) Cumulative distribution function for after epoch plotting the Z score frequency for familiar (Kolmogorov-Smirnov test: genotype effect, ****p < 0.0001) and novel

(Kolmogorov-Smirnov test: genotype effect, ****p < 0.0001) objects for Tat(�) and Tat(+) mice.

(M) Average Z score for Tat(�) and Tat(+) mice at different epochs, independent t test: before (N.S. p > 0.05), start (*p < 0.05), end (*p < 0.05), and after (*p < 0.05),

for familiar object exploration. Data presented as mean ± SEM.

(N) Average Z score for Tat(�) and Tat(+) mice at different epochs, independent t test: before (*p < 0.05), start (N.S. p > 0.05), end (*p < 0.05), and after (N.S.

p > 0.05), for novel object exploration. Data presented as mean ± SEM.

(O and P) Fraction of active cells (Z score > 0) for Tat(�) and Tat(+) mice at different epochs, before, start, end, and after, for familiar (O) and novel (P) objects

exploration. Data presented as mean ± SEM. Independent t test: N.S. for all epochs and objects p > 0.05.

N.S., not significant; C.D.F., cumulative distribution function; FO, familiar object; NO, novel object.
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Figure 5. The upmodulated neurons in Tat(–) mice moderate recognition memory of the familiar object during the NOR task

(A and B) Outline of cells from a Tat(�) (A) and Tat(+) (B) mice while exploring the familiar object with highlighted upmodulated neurons (blue), downmodulated

neurons (green), and nonmodulated neurons (gray).

(C) Peri-event analysis (�2 to 2 s) for upmodulated neurons in Tat(�) and Tat(+) mice when exploring familiar object. Independent t test genotype effect:�2 s (N.S.

p > 0.05), �1 s (N.S. p > 0.05), 0 s (*p < 0.05), 1 s (***p < 0.001), 2 s (**p < 0.01). Paired t test between �2 and 2 s: fp < 0.05, sp < 0.001.

(D) Mean Z scores of upmodulated neurons in Tat(�) and Tat(+) mice when exploring the familiar object. Data presented as mean ± SEM, independent t test:

genotype effect: *p = 0.01.

(E) Peri-event analysis (�2 to 2 s) for downmodulated neurons in Tat(�) and Tat(+) mice exploring the familiar object. Independent t test genotype effect: �2 s

(**p < 0.01), �1 s (***p < 0.001), 0 s (***p < 0.001), 1 s (**p < 0.01), 2 s (**p < 0.01). Paired t test between �2 and 2 s: fp < 0.05, sp < 0.001.

(F) Mean Z scores of downmodulated neurons in Tat(�) and Tat(+) mice when exploring the familiar object. Data presented as mean ± SEM, independent t test:

genotype effect: N.S. p > 0.05.

(G and H) Percentage of up- (G) and downmodulated (H) neurons in Tat(�) and Tat(+) mice when exploring familiar object.

(I and J) Outline of cells from a Tat(�) (I) and Tat(+) (J) mice while exploring the novel object with highlighted upmodulated neurons (blue), downmodulated neurons

(green), and nonmodulated neurons (gray).

(K) Peri-event analysis (�2 to 2 s) for upmodulated neurons in Tat(�) and Tat(+) mice when exploring novel object. Independent t test genotype effect: �2 s

(*p < 0.05), �1 s (**p < 0.01), 0 s (***p < 0.001), 1 s (***p < 0.001), 2 s (***p < 0.01). Paired t test between �2 and 2 s: fp < 0.05, sp < 0.001.

(L) Mean Z scores of upmodulated neurons in Tat(�) and Tat(+) mice when exploring the novel object. Data presented as mean ± SEM, independent t test:

genotype effect: N.S. p > 0.05.

(legend continued on next page)
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Tat(+) mice showing lower mean activity as compared to the

neurons from Tat(�) mice, respectively. Separate analysis of

Tat(�) and Tat(+) mice revealed that, for both, Tat(�) (between

�2 and 2 s, t(36) = �2.85, p = 0.007) and Tat(+) mice (between

�2 and 2 s, t(17) = �4.46, p < 0.001), the mean activity of down-

modulated neurons were significantly lower post- compared

to pre-object exploration. Additionally, an interaction between

time 3 genotype (F(80, 2120) = 9.05, p < 0.001) revealed

significance, with downmodulated neuron decreasing their

mean activity more rapidly for Tat(�) mice when compared to

Tat(+) mice around the onset of familiar object exploration.

Note that the mean activity of downmodulated neurons at all

five time points (Figure 5D; �2 s, t(53) = 3.27, p = 0.02; �1 s,

t(53) = 4.46, p < 0.001; 0 s, t(53) = 3.59, p < 0.001; 1 s, t(53) =

2.73, p = 0.008; 2 s t(50) = 3.98, p = 0.004) was lower for Tat(+)

mice as compared to Tat(�) mice when exploring the familiar ob-

ject. Additionally, no differences in the mean Z score (Figure 5F)

of the downmodulated neurons were found between Tat(�) and

Tat(+) mice during familiar object exploration. Lastly, no signifi-

cant differences were noted in the percentage of up- or down-

modulated neurons (Figures 5G and 5H) in Tat(�) and Tat(+)

mice during familiar object exploration.

The overall activity of up- and downmodulated neurons
for novel object exploration is higher in Tat(�) mice
compared to Tat(+) mice but does not moderate novel
object recognition
An outline maps with highlighted upmodulated (blue) and down-

modulated (green) neurons in Tat(�) and Tat(+)mice when the

novel object was explored (Figures 5I, 5J, and S4). A two-way

mixed ANOVA for upmodulated neurons during novel object

exploration (Figure 5K) revealed a main effect of time (F(40,

2000) = 19.57, p < 0.001), with the mean activity of upmodulated

neurons increasing with the object exploration duration. Further,

a main effect of genotype was noted (F(1, 50) = 3.61, p = 0.002),

with higher mean activity of upmodulated neurons in Tat(�) mice

as compared to Tat(+) mice. A paired t test for each genotype

separately showed that for both, Tat(�) mice (between �2 and

2 s, t(27) = 5.41, p < 0.001) and Tat(+) mice (between �2 and

2 s, t(18) = 3.19, p = 0.005), the mean activity of upmodulated

neurons was significantly higher post- compared to pre-novel

object exploration. Furthermore, two-way ANOVA also revealed

a time 3 genotype interaction effect (F(80, 1800) = 3.95,

p < 0.001), with upmodulated neurons in Tat(�) showing a

more rapid increase in mean activity as compared with Tat(+)

mice as time progressed during novel object exploration. Addi-

tionally, the mean activity of upmodulated neurons at �2, �1,

0, 1, and 2 s time points demonstrated significant genotype dif-

ferences at all time points, with Tat(�) mice showing highermean

activity for upmodulated neurons as compared to Tat(+) mice

when novel object was being explored (Figure 5K; �2 s, t(45) =
(M) Peri-event analysis (�2 to 2 s) for downmodulated neurons in Tat(�) and Ta

(***p < 0.001), �1 s (***p < 0.001), 0 s (***p < 0.001), 1 s (***p < 0.001), 2 s (**p < 0

(N) Mean Z scores of downmodulated neurons in Tat(�) and Tat(+) mice when ex

genotype effect: N.S. p > 0.05.

(O and P) Percentage of up- (O) and downmodulated (P) neurons in Tat(�) and T

N.S., not significant; Non, nonmodulated.
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2.67, p = 0.01; �1 s t(45) = 2.91, p = 0.005; 0 s, t(45) = 3.21,

p = 0.002; 1 s, t(45) = 3.81, p < 0.001; 2 s t(45) = 3.65,

p < 0.001). Lastly, no differences in the mean Z score (Figure 5L)

of upmodulated neurons were found for Tat(�) and Tat(+) mice

during novel object exploration.

Finally, for downmodulated neurons and novel object explora-

tion (Figure 5M), a two-way mixed ANOVA showed a main effect

of time (F(40, 1800) = 14.70, p < 0.001), with mean activity of

downmodulated neurons decreasing with time. Further, main ef-

fect of genotype was also observed (F(1, 45) = 11.97, p < 0.001),

with downmodulated neurons in Tat(+) mice showing lower

mean activity as compared to neurons from Tat(�) mice. Sepa-

rate paired t tests for each genotype revealed that, for both,

Tat(�) mice (between �2 and 2 s, t(22) = �5.24, p < 0.001) and

Tat(+) mice (between �2 and 2 s, t(23) = �3.54, p < 0.001), the

mean activity of downmodulated neurons were significantly

lower post-compared to pre-novel object exploration. Further-

more, an interaction between time 3 genotype (F(80, 1800) =

23.49, p < 0.001) revealed a significance, with downmodulated

neuron showing a steeper decrease in their mean activity for

Tat(�) mice when compared to Tat(+) mice around the onset of

exploration of the novel object. Note that the mean activity of

downmodulated neurons at all five time points (Figure 5M; �2

s, t(45) = 4.84, p < 0.001; �1 s, t(45) = 5.25, p < 0.001; 0 s,

t(45) = 4.27, p < 0.001; 1 s, t(45) = 3.17, p < 0.001; 2 s, t(45) =

2.99, p = 0.004) was lower for both Tat(+) mice as compared to

Tat(�) mice when exploring the novel object. Additionally, no dif-

ferences in the mean Z score (Figure 5N) of the downmodulated

neurons were found between Tat(�) and Tat(+) mice during novel

object exploration. Finally, no significant differences were noted

in the percentage of up- or downmodulated neurons (Figures 5O

and 5P) in Tat(�) and Tat(+) mice while exploring the novel

object.

DISCUSSION

Recognition memory is based on the judgment about previously

occurred stimuli, which is based on the relative familiarity or nov-

elty of individual objects and analyzing recency information.89

Decades of studies have highlighted the importance of the peri-

rhinal cortex in recognition memory and discrimination of ob-

jects.90–95 However, the role of the mPFC in recognition memory

should not be undermined. Numerous electrophysiological and

behavioral evidence have shown that mPFC neurons carry infor-

mation regarding recognition and recency discrimination,63

which is disrupted with damage to this region.64–67 The HIV-1

protein Tat causes significant changes in PFC neurons with

studies from our lab showing Tat-induced neuronal activity

changes in the PFC, as well as deficits in PFC-related behavioral

tasks in HIV-1 Tat transgenic mice.60,96–100 Although there

are plethora of information with regards to behavioral and
t(+) mice exploring the novel object. Independent t test genotype effect: �2 s

.01). Paired t test between �2 and 2 s: sp < 0.001.

ploring the novel object. Data presented as mean ± SEM, independent t test:

at(+) mice when exploring the novel object.
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electrophysiology studies, it is unclear howPFC neurons support

the discrimination of familiarity versus novelty at the cellular level.

Therefore, the goal of the present study was 2-fold, first, to quan-

tify neuronal activity during exploration of a familiar object versus

a novel object, and second, to assess how Tat expression alters

neuronal activity during object exploration.

For the behavioral task, we utilized the NOR task to assess

recognition memory in our HIV-1 Tat transgenic mouse model,

which predominantly involves the mPFC.101 Tat expression in

mice has typically been demonstrated to induce deficiencies in

NOR learning and memory,54,102 which is supported by the cur-

rent study when additional animals were added (Figures 2E and

2F). To further substantiate our findings, past studies from our

lab have shown trends with Tat(�) mice preferring to explore

the novel object over the familiar object, whereas Tat(+) mice

showed no discrimination.60–62 The lack of behavioral differ-

ences in the present study when only considering GCaMP in-

jected mice may be due to low number of animals used in the

study. Additionally, previous studies have shown sex-specific ef-

fects in the NOR task, with female mice showing object discrim-

ination,60 whereas Tat(�) males were not able to successfully

discriminate between familiar and novel objects.61 Therefore, it

is necessary to include female Tat transgenic mice in future in

vivo calcium imaging studies to further assess if these sex-

specific behavioral differences extend to neuronal alterations

as well. Another interesting finding is the observation that

Tat(�) and Tat(+) mice show differential exploration patterns

(Figures 2C and 2D), with decreased center zone exploration

and increased time spent in the corners for Tat(+) mice as

compared to Tat(�) mice, which may be due to increased anxi-

ety-like behavior in the presence of Tat.56,57,62,103 Although the

neuronal data from the center zone were not analyzed in the pre-

sent study, this observation lays a strong foundation for a poten-

tial future study; to evaluate how PFC projecting neurons to the

amygdala (PFC/amygdala circuitry, with the aid of retrograde

tracers),104,105 are affected by Tat expression during an anxi-

ety-related task, since anxiety-like disorders are highly prevalent

in PLWH.106,107

Past calcium imaging studies have shown mixed results with

increased,108 decreased,109,110 or no change111 in calcium activ-

ity to a familiar stimulus. Here, we report that during exploration

of the familiar object, neuronal calcium activity was increased in

control Tat(�) mice but not transgenic Tat(+) mice. Further, the

neurons in Tat(�) mice were highly correlated during familiar ob-

ject exploration as compared to novel object exploration, as

seenby clustering of neurons in the correlationmatrix (Figure 3A).

This suggests that there is higher synchronization of neuronal

firing in Tat(�) mice during exploration of the familiar object,

which may be due to the recollection of the previous encounter

with that object. Interestingly, the clustering of the neurons in

Tat(�) mice were not observed during the novel object explora-

tion, potentially as it was the first encounter with that ‘‘novel’’ ob-

ject and repeated encounter with the same object may increase

neuronal correlation and synchrony. Previous imaging studies in

PLWH with HAND symptoms have shown that there is a signifi-

cant decrease in salience and executive networks despite viral

suppression in both plasma and cerebrospinal fluid (CSF), with

resting-state fMRI showing decreased connectivity and reduced
synchronicity in neurons.112 Additionally, studies have also

shown that HIV-1 infection alters functional connectivity and re-

organizes brain network, which leads to cognitive decline.113,114

In line with these past studies, the current study showed that in

the presence of Tat expression (Figure 3B), regardless of what

object was being explored, the correlation and synchrony of

neuronal activity were reduced compared to Tat(�) mice. This

may suggest that Tat(+) mice lacked the ability to discriminate

between familiar and novel objects, which could arise from

disruption of functional connectivity due to Tat expression.

In addition to analyzing calcium activity of mPFC neurons in

the NOR task overall, we divided object exploration behavior in

four different epochs (before, start, end, and after) to assess if

mPFC neuronal activity changes across these time points and

importantly in the presence of Tat expression. In relation to

familiar object exploration (Figure 4M) it was observed that for

the average Z score when approaching the object, i.e., before

epoch, there was no significant difference between Tat(�) and

Tat(+) mice; however, significant differences for genotype was

observed across time points; only Tat(�) mice demonstrated a

time-dependent effect, with the highest Z score found for after

epoch followed by end, start, and before epoch. This outcome

suggests that although the Z score when approaching the object

is similar between Tat(�) and Tat(+) mice, neuronal activity

steadily increases in Tat(�) mice with exploratory behavior.

This suggests that mPFC neurons as a whole are involved in all

phases of recognition memory and memory retrieval, which is

disrupted in the presence of Tat. It is known that mPFC neurons

project to various cortical and subcortical regions115 forming

their own subpopulation,116–118 thus, there is a possibility that

each epoch activity might be mediated by mPFC neurons pro-

jecting to a distinct CNS regions. To assess this possibility, it

would be exciting for future studies to analyze the cells that are

specifically upmodulated at these time points and see if they

form distinct subpopulations or if they overlap with each other.

Interestingly, the same pattern of increase in the neuronal activity

across epochs was not observed in either Tat(�) or Tat(+) mice

when exploring the novel object (Figure 4N) and remained the

same across all epochs.

Another surprising finding was that Tat expression did not

affect number of activated neurons during the four epoch time

points (Figures 4O and 5P). Even though the overall neuronal ac-

tivity in Tat(+) animals was significantly reduced, the number of

cells that were activated remained the same as for Tat(�)

mice, suggesting that Tat expression causes neuronal dysfunc-

tion but does not necessarily alter how many neurons are active.

This finding is in line with past literature that have shown that Tat

exerts its effects directly by altering NMDR function26–28 and

indirectly by promoting the release of proinflammatory cytokines

via glia cells.30,32 Moreover, we conducted perievent analysis

specifically on up- and downmodulated neurons (Figure 5).

Overall, it was found that the mean neuronal activity for Tat(�)

mice during familiar and novel objects exploration were signifi-

cantly higher than for Tat(+) mice. Similar to the epoch time

points data, the activity in upmodulated neurons in Tat(�) mice

increased in a time-dependent manner, which was also

observed for the upmodulated neurons in Tat(+) mice; however,

only with a small change as compared to Tat(�) mice, which
iScience 28, 112075, March 21, 2025 9
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further provides insight into Tat’s mechanism of action. With re-

gards to the outline maps of the cells with highlighted up- and

downmodulated cells (Figures 5A, 5B, 5I, and 5J), it is essential

to note that subpopulation of up- and downmodulated cells dur-

ing familiar and novel objects exploration in both Tat(�) and

Tat(+) mice are distinct with hardly any overlapping cells. This

is an important finding as it further strengthens our line of thought

that mPFC may have different subpopulations of cells and form

different memory engrams for a particular object/memory with

the support engram cells from other brain regions.119 Memory

engrams are composed of micro- and macro-circuits from

numerous cell ensembles, brain regions and both inhibitory

and excitatory neurons leading to creation of memory specific

engrams.119–121 The results from the present study have pivoted

us to expand our research further with the help of dual-color

in vivo calcium imaging along with optogenetics. Using these so-

phisticated tools, we could identify the subpopulation of cells

that are projecting frommPFC to other brain regions that are crit-

ical for memory formation, retrieval, and consolidation, and op-

togenetically manipulate these cells to make the mice choose

between objects/tasks in order to assess in detail how the

mPFC neuronal subpopulations aid in the formation of memory

engrams.

Another point to consider is that the GCaMP construct used in

the present study is non-specific and labels both pyramidal and

interneurons. As differential effects of Tat have been shown with

inhibitory versus excitatory neurons,96 future studies should use

neuronal subtype-specific virus as reported by a previous study

that focused on a calcium sensor that only targets excitatory

neurons in the mPFC.122 Moreover, past studies have shown

that in addition to HIV-1 Tat’s effects on the PFC, Tat also affects

other CNS regions such as anterior cingulate cortex, amygdala,

nucleus accumbens, and dentate gyrus.32,123 These effects have

been shown to be mediated by neuronal excititoxicity and acti-

vation of microglia.30–32 Thus, to build on these findings, future

studies should also investigate and trace various mPFC cir-

cuitries, including the PFC/amygdala,42,43 hippocampus/

PFC,124,125 and PFC/entorhinal cortex126 pathways, to assess

their roles in working memory tasks and the interplay of different

circuitries involved in memory processing. Lastly, HAND is

recognized as an inflammatory disease, with enhanced gliosis

and neuroinflammatory response playing a pivotal role in

neuronal injury.30–35 A recent histological study from our lab

demonstrated that HIV-1 infection in the humanized bone

marrow/liver/thymus (BLT) mousemodel, led to HIV-infected hu-

man cells into the brain that increased glial fibrillary acidic protein

(GFAP) expression and heightened presence of Iba-1+ microglia

across various CNS regions, highlighting the extent of HIV-1-

induced neuroinflammation and HIV neuroinvasion.125 Conse-

quently, future research should focus on elucidating the dynamic

interactions between glial cells and neurons, leveraging in vivo

calcium imaging techniques as demonstrated by recent ad-

vancements in the field.127–129

In summary, while the activity and synchronized firing patterns

of mPFC neurons are significantly reduced during object explo-

ration in the presence of Tat, the number of activated cells re-

mains unchanged. Based on the results from the present study

it is suggested that the relationship between behavior and
10 iScience 28, 112075, March 21, 2025
neuronal activity is not always linear. The NOR task relies on

an animal’s innate exploratory behavior, where it is expected

that the animal will naturally explore the novel object due to its

novelty.130–132 Therefore, it is not farfetched to hypothesize

that neuronal firing rate would be higher when the animal ex-

plores the novel object. On the contrary, we found that it is the

‘‘familiarity’’ that drives increased neuronal activity. The mPFC

neurons in ‘‘healthy’’ mice contribute to recognition memory

with neuronal firing being more robust when encountering

familiar object, essentially acting as ‘‘recognition cells.’’ This

outcome are in line with a previous study suggesting that famil-

iarity increases brain activity in numerous brain regions including

the perirhinal cortex, and the left ventrolateral and anteromedial

frontal cortex.133 Based on the neuronal data from the present

study, an important question is if the NOR task should be rede-

fined as the ‘‘familiar object recognition’’ task?
Limitations of the study
There are several limitations in the present study. First, we inten-

tionally selected male mice for GCaMP and GRIN lens implanta-

tion due to their larger size as handling larger male mice was

more practical for the extended survival surgery. As this protocol

is now established in our lab, all future studies to assess neuronal

activity will include female Tat transgenic mice to investigate sex

differences and their impact on memory. Second, the Tat trans-

genic mouse model used in the present study expresses only

one of the HIV-1 proteins. Although, this is a well-established

representation of neuroHIV, different viral proteins may interact

with numerous signaling pathways, which could affect the CNS

and behavior in different ways compared to a single protein;

therefore, it is important to consider this limitation when general-

izing findings to PLWH. To overcome this limitation, future in vivo

calcium imaging studies should consider using either EcoHIV in-

fected mice134,135 or even HIV infection in humanized mouse

models.136,137 Finally, the use of doxycycline to induce Tat

expression in the Tat transgenic mouse model is considered a

limitation, as it has been shown that doxycycline itself can exert

neuroprotective effects.138 Hence, to address this caveat and

minimize bias even the Tat(�) mice were placed on doxycy-

cline-enriched chow throughout the study.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
HIV-1 Tat transgenic mice developed on a hybrid C57BL/6J background were used.50,139 Mice were bred at the University of North

Carolina at Chapel Hill animal facility and were between 2 and 4 months of age during the time of surgery. Mice were housed in a

temperature and humidity-controlled housing facility under a 12 h dark cycle with ad libitum access to food and water. A total of

24 mice were used for the behavioral experiments and were allocated to two groups based on their genotype [12(6f) Tat(�) mice

and 12(6f) Tat(+) mice]. Out of the 24mice, 8 male mice [5 Tat(�) and 3 Tat(+) mice] were used for the in vivo calcium imaging studies.

Onlymalemice were used for in vivo calcium imaging due to their larger size at 2–3months of age that facilitated surgical procedures.

Based on past studies, all animals received doxycycline chow for 2 months.60,62,97,141 Additionally, to control for any effects of doxy-

cycline itself both Tat(–) and Tat(+) mice were placed on DOX chow. All experiments were approved by the University of North Car-

olina at Chapel Hill Institutional Animal Care and Use Committees and were conducted in accordance with the National Institute of

Health guidelines for the Care and Use of Laboratory Animals.

Ethical approval declaration
All the behavioral experiments, survival surgery, and GCaMP microinjection were performed in accordance with the guidelines es-

tablished by National Institute of Health guidelines for the Care and Use of Laboratory Animals (NIH Publication No. 85-23) and Uni-

versity of Nort Carolina at Chapel Hill Institutional Animal Care and Use Committees (IACUC Protocol No. 23.056).

METHOD DETAILS

Virus
AAV1 encoding GCaMP6f under control of the synapsin promoter, pAAV-Syn-GCaMP6f-WPRE-SV40, drove expression of the green

calcium indicator. The viral was injected at a titer of 7 x 1012 genomes/mL.

Stereotaxic surgery and viral injection
Micewereanesthetizedwith 5% isoflurane initially and transferred to the stereotax andkeptunder 1-2% isoflurane inoxygen (1-2L/min).

A warming pad and a rectal probe were used to monitor and maintain the body temperature throughout the surgery. The hair over the

incision cite was trimmed and the skin was prepped with three alternating scrubs of betadine and isopropanol. All the 4 paws of mice

were tested via toe-pinchmethod toaccess the depth of anesthesia. Amidline incisionwasmade toexpose the skull,whichwas leveled,

and the connective tissue was removed using a cotton tip applicator. Using the 0.5-mmburr two holes were drilled for the placement of

twoskull screws. For craniotomy, the trephinedrill bit was attached to themicrodrillwasmoved to thedesired x, y coordinates (relative to

the bregma) AP: 1.87 and ML: +0.5 and the skull was etched away, and the exposed (Figure 1A) tissue was immediately irrigated with

sterile saline. Durotomywas performed to facilitate the virus injection and lens implantation. Using the 27G needle the durawas pierced

and carefully peeled away from the brain. Sterile saline and gel foamwas applied to stop the bleeding. AAV1 encoding GCaMP6f under

control of the synapsin promoter (pAAV-Syn-GCaMP6f-WPRE-SV40, was a gift fromDouglas Kim andGENIE Project, was injected into

the prefrontal cortex at coordinates (relative to the bregma) AP: +1.87,ML: +0.5, DV: -2.4 using a 10mLmicroinjection syringedrivenbya

micro syringe pump and a 36G needle. Based on preliminary data, a total of 250 nL of GCaMP was infused at a constant slow rate of

100 nL/min and the syringe was left in place for at least 10 min to maximize diffusion before it was carefully withdrawn.
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Lens implant
A ProViewTM integrated lens (1 mm x 4mm) attached to the dummymicroscope and secured on the arm of the ProViewTM implant kit

lowered to the final coordinates (relative to the bregma) AP: +1.87, ML: +0.5, DV: -2.1 at a constant rate of�100-200 mM/min. A small

amount of Kwik-Sil was applied around the lens within the craniotomy to cover any exposed tissue and a head cap was made from

Metabond to cover the skull screws and secure the lens in place. To prevent damage to the lens during the daily activities in the home

cage, a baseplate cover was fixed on the baseplate. The incision was closed using autoclip surgical staples. Following completion of

the surgery,micewere disengaged from the stereotax and topical lidocaine/prilocaine creamwas applied to the incision site and ears

to help with the discomfort from the ear bars and mice were transferred in a fresh cage. Additionally, 10 mg/kg meloxicam was sub-

cutaneously administered before the surgery began and once a day for the next 5 days. The animals were allowed to recover for at

least 2 weeks and the GCaMP expression was checked after 5-6 weeks.

Behavior
Novel object recognition (NOR) task

Mice were acclimated to the weight of the miniaturized epifluorescence microscope (miniscope) for a few days before the start of the

experiment. Additionally, mice were also habituated to the open field chamber to ensure that their behavior during the task is not

influenced by stress or anxiety. The task consisted of three phases: habituation, training, and testing. On day one, the mouse was

anesthetized using isoflurane and the miniscope was attached to the baseplate of the headcap. The mice were placed in their

home cage for at least 30 min to recover from anesthesia and then placed in the open field apparatus for habituation for 5 min.

The next day, the training phase began with two identical objects (familiar objects) placed equidistant from the center. The mice

with the miniscope attached were allowed to explore both the objects for 10 min and returned to the home cage for 1 h (interval)

and the miniscope LED was turned off. For the testing phase, one of the familiar objects was randomly replaced by a new object

(novel object). Both the familiar and the novel objects were made out of Legos, were approximately 10 cm in height and differed

in color and texture and did not differ in odor and size. The miniscope LED was turned on and the mice were allowed to explore

for 10 min. Both the familiar and the novel objects were randomized for each mouse. The miniscope was attached to the mice during

the training, interval, and testing phase to avoid changes in focus, LED strength, and field of view (FOV) throughout the experiment. A

circle in red ink with a diameter of 10 cm was drawn, and the objects were carefully placed at the center of the circle to standardize

their location for the behavioral assessment. Time spent exploring the object was defined as either themouse having 50% or more of

its body within the circle at any given moment or directly interacting with the object by touching it. After the behavior experiments the

miniscope was removed and the baseplate cover was placed back, andmice were returned to their home cages and housing facility.

Behavior recording and calcium imaging

The NOR task was recorded using the e3 vision camera and the calcium activity was recorded using the nVista 3 miniscope and the

Inscopix Data Acquisition Software. Both behavior and calcium activity were recorded at 20 frames per second (fps) and were

synchronized by triggering a TTL pulse from the nVista 3 data acquisition box to the e3 vision camera. To identify the events (time

when the mice explored the objects) in the behavioral recording were manually annotated using Behavioral Observation Research

Interactive Software (BORIS).

Histology

After completion of the behavioral experiments, mice were deeply anesthetized using isoflurane and transcardially perfused with ice

cold phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA) solution in PBS. Brains were extracted and stored

overnight in 4% PFA solution. Following post-fixation, brains were washed in PBS (3 x 1 h) and were subsequently transferred to

a 30% sucrose solution for 48 h. Sagittal sections (30 mm) were cut using cryostat and were in 12-well plates containing PBS. Sec-

tions were then mounted on glass microscope slides and coverslipped with antifade mounting medium. Images were taken using a

confocal microscope and images were acquired by keeping all the parameters constant for all animals (Figure S1).

Behavior statistical analysis

To determinewhether therewere statical differences in the object exploration of Tat(–) and Tat(+)mice, we ran a two-way ANOVAwith

repeated measures using SPSS software. Tukey’s post hoc test was used to determine significant differences between interactions.

Statistical significance was defined as p < 0.05.

As a measure of preference for familiar or novel object, in Figure 5, discrimination index was calculated as:

Discrimination index =
tNO � tFO
tNO+tFO

Where tNO and tFO are the time spent with novel and familiar objects, respectively during the testing phase of the NOR task.

Calcium recording
End-to-End CNMF-E

All the calcium recording data were analyzed using Inscopix Data Exploration, Analysis, and Sharing Platform (IDEAS), unless

otherwise noted.
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The IDEAS End-to-End CNMF-E workflow extracts data from calcium imaging movies and consists of various processing steps to

identify spatial location and temporal dynamics of neurons in fluorescent 1-photon calcium imaging movie and neural events. Below

are the steps used by the end-to-end CNMF-E workflow.

Preprocessing
Preprocessing step cropped the movie to a specified pixel region and downsampled it in space and time. The neuronal data were

temporally downsampled to 10Hz by averaging 2 adjacent frameswhich results in non-overlapping groups of frames to be averaged.

Additionally, the calciummovies were also spatially downsampled by a factor of 2. Spatial downsampling helps blur anyminor spatial

fluctuations, deficits, and reduces processing time.

Spatial bandpass filter
The low and high spatial frequency components of the calcium movies were removed by spatial bandpass filter.

Bandpass filtering was performed on each frame by subtracting a high smoothed version of the frame from a low smoothed version

of the frame:

Mbandpass
f = Gaussian Blur

�
Mf ;shigh

� � Gaussian BlurðMf ; slowÞ
Where Gaussian BlurðMf ;sÞ represents the 2D spatial convolution of a Gaussian kernel with s representing the standard deviation in

the X and Y dimensions and Mf representing frame f of movie M.

A default value for shigh = 0.5 and slow = 0.005 was used.

Motion correction
Since the calcium movie recorded were in freely behaving mice, any frame-to-frame motion in the movie was removed by the

motion correction algorithm. The algorithm initially defines a translation which minimizes the difference between the transformed

frame and the reference frame. Amaximum translation of 20was used as default setting and the algorithm then transform every frame

of the calciummovie to generate an output movie. The removal of motion artifacts ensures that the spatial location of the cells corre-

spond to the same location across all frames as compared to the pixels visited by their respective cell body over the period of calcium

movie. This confirms that the temporal dynamics were due to the changes in the fluorescent reporter and not the displacement of

cells.

Project movie
The project movie algorithm calculates a mean frame from a calcium movie. Each pixel in the image of the calcium movie can be

calculated as follows:

Mmeanðx; yÞ = meant = tfrom.:tto ½Mtðx; yÞ�
WhereMt is frame t of a movieM, tfrom = 0, and tto = Twhere T is the total number of frames in the movie. The result is generated after

the calculation is performed for each pixel in the frame.

DF/F
TheDF/F algorithm normalizes each pixel value in the calciummovie to represent a deviation from the baseline value. First, a baseline

frame was computed that represents the minimal activity of each pixel which traditionally was the mean frame. The values in the

output movie are unit-less and their scale represents deviation from the baseline image and a value of 0.5 equals to 50% increase

from the baseline. Each frame of the output movie was calculated as follows:

M0ðx; y; tÞ =
Mðx; y; tÞ � Fbaselineðx; yÞ

Fbaselineðx; yÞ cðx; y; tÞ

whereM(x, y, t) is the value at pixel coordinate (x, y) of frame t of the movie,M0 is the output movie, and Fbaseline(x,y) is the value of the

baseline frame at pixel coordinate (x, y).

CNMF-E
Constrained non-negative matrix factorization (CNMF) was performed to retrieve the temporal dynamics and spatial location of the

neurons in a fluorescent 1-photon calcium imaging movie.142–144 IDEAS reimplemented the CNMF-E in C++ for using it for the data

generated through IDAS. Inscopix CNMF-E utilizes multiple steps which encompass the core functionality and were applied to the

calcium movie. The steps in the Inscopix CNMF-E algorithm are as follows:

Cell initialization: Every frame of the calcium movie was first high-pass filtered and a correlation and peak-to-noise (PNR) images

were generated. For a correlation image, the pixel value is equal to the average correlation over time of that pixel with the eight neigh-

boring pixels whereas in PNR image, a pixel value was equal to themaximum value over time divided by the estimated noise level. By

multiplying the correlation and PNR images, a search image was generated. The highest valued pixel was assigned as a seed pixel
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which was considered to be a potential cell. Based on the algorithm parameters, a box was constructed around the seed pixel and a

basic footprint and trace extraction was performed. Finally, the cell footprint was subtracted from the search image, and the process

was repeated until no more seed pixels were found.

Background estimation: After the footprint and traces were obtained, the algorithm estimates the background. A ring model was

used in which the background at a pixel was estimated as a linear combination of activity for a ring around the pixel. The diameter was

calculated by multiplying the ring size factor (used default of 1.4) to the cell size diameter (an average cell diameter of 7 was used in

the present study).

Spatial footprints and temporal traces update: The estimated background was subtracted from the calcium movie, and the foot-

prints were re-fitted using the CNMF approach. The footprints were refined and post-processed by smoothing with a median filter,

morphological closing, and thresholding. In addition to fixing the spatial footprints and the background, the traces for each cell were

optimized in parallel using deconvolution algorithm.145 The deconvolution was accomplished by modeling the calcium traces from

spikes using a simple exponential model as shown by cell traces in Figure 1B. The spikes have an amplitude which ranges from zero

to one and ‘‘true’’ spikes usually have value were closer to one.

Cell merging and traces extraction: Cell merging algorithm runs after each iteration of spatial and temporal fitting, where it looks for

cells that were spatially close and have high temporal correlation. A default merging threshold of 0.7 was used and all the cells with a

temporal correlation above 0.7 were automatically merged. The residual of each trace was calculated to obtain a raw version of the

traces.

Merge results from all patches: Results from all the independent patches were combined into a single set of spatial footprints and

temporal traces. Duplicate cells due to a patch overlap were removed and cells were kept only if their closest patch center matches

the patch in which they were identified. In the present study, a patch size (side length of an individual square patch within the field of

view) of 80 pixel and patch overlap allowance of 20 pixel was used.

Spatial footprints and temporal traces scaling: The spatial footprints were vectorized and normalized. The corresponding temporal

traces were then scaled and an output temporal trace as DF/noise was generated.

Event detection
The event detection identifies bursts of cell activity in the cell set automatically and extracts calcium events from traces. The events

were identified by fast increase (monotonic rise) in amplitude followed by a long decay (exponential decay) back to the baseline of the

following form:

aðt + dÞ = a ðtÞexp
�
� d

t

�

Where t is time in seconds, d is a period of time in seconds and t is the mean lifetime in seconds. Here the mean lifetime and the half-

life of a decay, t1 =

2
are related as follows:

t1 =

2
= t ln ð2Þ

The algorithm was run at a default setting of 0.2 seconds. Additionally, there were several computational stages for each input

traces which includes:

Median Absolute Deviation which was an estimate of the amplitude of fluctuation from the baseline was calculated as follows:

Median Absolute Deviation = medianið
��Xi � medianjðXjÞ

��

Where i and j take the values 1, 2, ..., nframes.

Next, the derivative of the input temporal traces was computed which indicates the change in the amplitude of the traces over a

period of time, which tracks the calcium rise and decay.

Another parameter that the algorithms tracks were the negative values from the first derivative, which were then filtered out as false

positives. The potential events were required to satisfy three constraints to be classified as an event which were:

Negative transients: The default parameters were set to Discard Negative Transients which automatically discards negative

amplitude.

Event threshold: if the rise amplitude was below an event threshold, then the event was not valid.

Rate of decay: after the above two constraints were satisfied, the algorithm then computes the decay amplitude. The decay ampli-

tude was calculated as the difference in amplitude from the peak to the point in time where the calcium activity should have decayed

completely. If the decay constant was faster than expected, then the event was not valid.

Calcium imaging QC report
The calcium imaging movies usually generate a large data set and therefore it was essential to verify if the data collected was of good

quality in order to proceed with secondary analysis. The IDEAS Calcium Imaging Quality Control Tool allows to visualize statistics of

the calcium movies, cell sets, and event sets. Figure S5 shows a sample QC report of a calcium movie. The statistics that were re-

ported in the QC tool include:
iScience 28, 112075, March 21, 2025 e5



iScience
Article

ll
OPEN ACCESS
Movie trends: A decaying exponential was fit (Figure S5) to the calcium data to determine if there were any signs of photobleaching

in the movie which was calculated as follows:

yðtÞ = Ae� t=t +C

Where A is a scale parameter, t is the time of decay, C is an offset parameter, and yðtÞ is the best exponential fit.

Projections and footprint view: A figure was generated that outlines the footprints of extracted cells over an image that was derived

from the movie.

Traces and events: A figure indicating cell traces for the selected cells along with events from the cells was generated.

Cell set metrics: The cell set metrices generates various interactive scatter plots. The plot shows measures calculated from the

footprints of each cell. The roundness which is the circuity was measured using the following:

Circuity =
4p x Area

perimeter2

The trace quality plot quantifies the quality of cell traces and cell extraction. The y-axis shows themaximum correlation of each cell

trace to every other cell trace and the x-axis shows the skew of each trace.

Next, the trace trend plot, shows if the traces decrease or increase over time. The y-axis shows the Spearman rank correlation of

each cell trace vs timewhereas the x-axis shows the goodness of fit of a decaying exponential to the cell trace. A large absolute value

of the Spearman correlation indicate that the trace is monotonically increasing or decreasing, and a large goodness of fit value indi-

cate exponential decay which were rejected by the algorithm.

Event setmetrics:When an event set file was included in theQC report algorithm, two event graphswere generated. First, the event

rates and signal to noise ratio (SNR) graph where y-axis was the mean event rate for each cell and the x-axis was the SNR obtained

from the events and cell traces for each cell. Finally, a decay constant graph was obtained with y-axis as the standard deviation of

decay timescales across all events and the x-axis showing median decay timescales for each cell.

Compare neural activity across states
In the present study the states were defined as familiar object and novel object for all the analysis and were run through IDEAS.

Compare neural activity across states tool exploration calculates the average modulation during familiar and novel object. The algo-

rithm calculates themodulation of neurons during familiar and novel object exploration and validates by permutation testing followed

by measuring significance of the modulation scores to identify if each neuron was up or down modulating during familiar and novel

object exploration (Figures 5A, 5B, 5I, and 5J). Additionally, a graph with comparison of familiar and novel object exploration against

each other for individual cell was also plotted (Figure S3).

Compare neural circuit correlations across states
The algorithm calculates pairwise correlations between cell traces within a cell set for familiar and novel object separately. The cor-

relations during the familiar and novel object were obtained from the behavioral annotation files. The algorithm eliminates the data

that had fewer than 10 frames in the recording during familiar or novel object exploration. However, if more than 10 frames of

data were not assigned in either of the states, a ‘‘non-state’’ was assigned. For the present study, the effect size was calculated be-

tween familiar and novel object. The algorithm generates a correlation heatmap (Figures 3A and 3B) for each states, cumulative dis-

tribution frequency and a max cell-cell correlation graphs and calculates the effect size using Cohen’s d value.

Peri-event analysis
Peri-event analysis has extensively used in the field of systems neuroscience for the analysis of signals from neurons.146–149 The peri-

event analysis tool estimates how the neural activity vary before and after an event timestamp. The algorithm calculates the changes

in neural activity of both, entire population of neurons and individual neuron and then classifies them into up-, down-, and non-modu-

lated sub-populations. The peri-event was calculated as D activity by calculating the difference between the post- and pre-event

activity followed by comparison to a null distribution generated by circularly permuting the event times relating to the neural time se-

ries. The tool uses time series traces for each cell from the cell set file and the timestamps from the events file.

For the current study, a visual window for pre- and post-event was set to -2 and 2 seconds, respectively. The neuronal activity for

both familiar and novel object was first z-scored which was performed individually for each neuron and then the D activity was then

computed at population and single-cell level. The D activity was plotted as a heat-map and the population average activity was

plotted against the null distribution. A significance threshold (a) was performed by two-tailed t test us used to generate p value

(p = a/2, each side of distribution). The cells were labeled up-, down-, and non-modulated if the bootstrap probability was less

than a/2, greater than 1 - a/2, and between a/2 and 1 - a/2, respectively.

Combine and compare correlation data
The correlation data from multiple recordings were combined across the familiar and novel object to evaluate the differences in the

maximum cell-cell correlation and in the effect size between the two genotypes in the present study. The algorithm runs in two steps,

first, combination where the data form the specified groups were aggregated to create a population of cell. A cumulative distribution
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function (CDF) (Figures 3C and 3D) and a maximum pairwise comparison between familiar and novel object was plotted (Figures 3E

and 3F). A Kolmogorov-Smirnov test was performed to compare the CDF between the genotypes and a Pearson’s correlation was

performed to test the maximum pairwise correlation.

The second step was comparison, the effect size was calculated for each data set by dividing the difference between the group

means by the standard deviation of the data which gives us Cohen’s d value (Figure 3G) for which a two-tailed t test was used to

compare the means of Tat(–) and Tat(+) data.

Combine and compare population activity data
The population activity data from various recordings were combined and were statistically compared to evaluate if there were differ-

ences in the fraction of up- or down-modulated cells. The algorithm works similar to combine and compare correlation workflow,

where the data for the defined groups were first combined and then compared to determine if there were any statistical differences.

In the combination step, the aggregated population of cells was computed for both type of object exploration and genotype with their

corresponding population mean activity. For Figure 4 the neuronal activity was aggregated for four epochs: before, start, end, after.

Where before represents 2 s before the start of the event, start and end represents the time when the mice starts and stops exploring

the object and afterwas 2 s after the end of the event. A Kolmogrov-Smirnov test was performed to evaluate statistical significance for

the CDF (Figures 4I–4L) and two-way ANOVA was performed for the average Z scores (Figures 4M and 4N) and the fraction of active

cells (Figures 4O and 4P), Tukey’s post hoc test was used to determine significant differences between interactions. Statistical sig-

nificance was defined as p < 0.05.

Combine and compare peri-event analysis data
The peri-event data frommultiple groups were combined and statistical comparison was performed. The algorithm starts by aligning

the time windows from the input files followed by aggregating the data based on cell population. The neuronal activity at each time

point was averaged and the neurons from all recordings were pooled together. When averaging across recordings, the data was first

averaged across neurons, yielding a single average trace per recording and then averaged together to obtain the group average

(Figures 5C, 5E, 5K, and 5M). A paired t test was performed for the combined peri-event data and an independent t-test was per-

formed to access significance for the average Z scores for the up-, down-modulated cells between the Tat(–) and Tat(+) mice

(Figures 5D, 5F, 5L, and 5N).

QUANTIFICATION AND STATISTICAL ANALYSIS

All behavioral and in vivo calcium imaging analysis results are reported as mean ± SEM unless otherwise specified. Graphs were

generated using GraphPad Prism software, and statistical analyses were performed using SPSS software. Statistical significance

between groups is indicated in the figures, with detailed statistical tests and corresponding values provided in the figure captions

and the results section. For the discrimination index in the NOR task (Figure 2F), an independent t test was conducted to compare

Tat(–) and Tat(+) mice. The cumulative distribution functions (Figures 3C, 3D, and 4I–4L) were analyzed using the Kolmogorov-

Smirnov test, while maximum cell-cell correlations (Figures 3E and 3F) were assessed using Pearson’s correlation. Effect sizes be-

tween genotypes (Figure 3G) were calculated using independent t tests, with Cohen’s d values reported. A two-way ANOVA was

performed to evaluate the mean activity of cells during object exploration (Figure 3H). Z scores for the epoch and modulation

data in Figures 4 and 5 were analyzed using independent t tests. A two-way mixed ANOVA, with time as a within-subject factor

and genotype as a between-subject factor, was applied to assess the mean activity of modulated neurons (Figure 5). Statistical sig-

nificance was set at p < 0.05 for all analyses. A summary of statistical details is provided in Table S1, and additional information for

each experiment is included in the respective figure legends.
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