
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13087  | https://doi.org/10.1038/s41598-023-39946-1

www.nature.com/scientificreports

Functional network of contextual 
and temporal memory 
has increased amygdala 
centrality and connectivity 
with the retrosplenial cortex, 
thalamus, and hippocampus
Thays Brenner Santos 1, Juliana Carlota Kramer‑Soares 1,3, 
Cesar Augusto de Oliveira Coelho 2 & Maria Gabriela Menezes Oliveira 1*

In fear conditioning with time intervals between the conditioned (CS) and unconditioned (US) stimuli, 
a neural representation of the CS must be maintained over time to be associated with the later 
US. Usually, temporal associations are studied by investigating individual brain regions. It remains 
unknown, however, the effect of the interval at the network level, uncovering functional connections 
cooperating for the CS transient memory and its fear association. We investigated the functional 
network supporting temporal associations using a task in which a 5‑s interval separates the contextual 
CS from the US (CFC‑5s). We quantified c‑Fos expression in forty‑nine brain regions of male rats 
following the CFC‑5s training, used c‑Fos correlations to generate functional networks, and analyzed 
them by graph theory. Control groups were trained in contextual fear conditioning, in which CS and US 
overlap. The CFC‑5s training additionally activated subdivisions of the basolateral, lateral, and medial 
amygdala; prelimbic, infralimbic, perirhinal, postrhinal, and intermediate entorhinal cortices; ventral 
CA1 and subiculum. The CFC‑5s network had increased amygdala centrality and higher amygdala 
internal and external connectivity with the retrosplenial cortex, thalamus, and hippocampus. 
Amygdala and thalamic nuclei were network hubs. Functional connectivity among these brain regions 
could support CS transient memories and their association.

Some mnemonic processes, such as working memory and trace conditioning, rely on maintaining a transient 
neural representation of a stimulus without sensory input in its absence from the environment. In spatial working 
memory (SWM), a representation of a spatial cue is maintained during a delay to execute a goal-direct  action1,2. 
In trace conditioning, a form of fear conditioning, a representation of a preceding conditioned stimulus (CS) is 
maintained over a trace interval to be associated with a posterior unconditioned stimulus (US)3,4. This transient 
memory enables stimuli, or stimulus and responses, to be associated when separated in time.

Memory conceptualizations propose that fear conditioning is supported by strengthening synaptic connec-
tions between neurons from different brain regions activated by the CS and US, forming a distributed brain 
 network5–7. This concept is based on associations of stimuli overlapped in time, such as contextual fear condi-
tioning (CFC), in which a contextual CS is associated with the US overlapped in  time7. In associations of stimuli 
separated in time, the neuronal activity related to the CS’s maintenance during the interval can be part of the 
functional network that encodes the memory, together with the neuronal activity related to associating this CS 
representation with the US, constituting a network of co-activated brain regions distinct from those supporting 
overlapped associations. Due to the time interval, temporal associations can engage different brain regions at the 
individual level of analysis and differential functional connections among them at the network level of analysis.
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For instance, the lateral amygdala (LA)8, lateral entorhinal cortex (LEC)9, and perirhinal cortex (PER)10 have 
endogenous persistent-firing neurons, which continue to discharge in a self-sustained manner, a feature suitable 
for maintaining a transient neural representation of stimuli. Pretraining inactivation of the  LA11,  LEC12, or  PER13 
impaired trace conditioning. The prelimbic cortex (PL) also has persistent firing during time  intervals14, which 
was required to encode trace  conditioning15. It remains unknown, however, whether these brain regions engaged 
individually would also functionally interact, forming a neural network supporting temporal associations.

The basolateral amygdala (BLA) receives convergent information about the CS and US for their fear 
 association16. The BLA has CS- and US-responsive  neurons17,18, which have convergent  activation19,20 and are 
required to encode associations separated and overlapped in  time4,16. In temporal associations, brain regions 
supporting the CS’s maintenance during the interval could be functionally connected with brain regions that 
associate it with the US, such as the BLA. Therefore, associations separated in time can recruit differential amyg-
dala connectivity than associations overlapped in time.

We investigated the functional network underlying temporal associations. For this, we used the CFC-5s task 
in which a 5-s interval separates the context from the aversive  US21,22. Trace conditioning can promote concomi-
tantly associations separated (tone-US) and overlap (context-US) in time, given that only the tone is separated 
from the US. In CFC-5s, the context is the only CS and is separated from the US. A control group for associations 
that overlapped in time was trained in standard CFC. We observed the activity and interactivity of forty-nine 
brain regions related to temporal associations by quantifying the c-Fos expression following the CFC-5s train-
ing and built functional networks using brain regions’ co-activation. Applying graph analysis, we characterized 
and compared functional networks underlying CFC-5s and CFC associations separated and overlapped in time.

Results showed that a 5-s interval between the context and the US altered the functional network of fear 
conditioning, increasing amygdala connectivity and network centrality. CFC-5s learning also activated eleven 
brain regions more than CFC learning. Present results characterize, for the first time, a functional network of 
temporal associations, which is relevant to understanding processes depending on transient memories and their 
associations, such as working memory.

Results
CFC‑5s training activated eleven additional brain regions compared to CFC. No group differed a 
priori regarding freezing responses (Fig. 1A). GZLM showed that the CFC-5s, CFC, CT, and CT-5s groups had 
similar freezing times in the training session (Wald = 2.384; degree of freedom = 3; p = 0.497). CFC-5s learning 
specifically engaged eleven brain regions (Fig. 1B–F, Table 1). The CFC-5s training induced activation of subdivi-
sions of the medial prefrontal cortex (mPFC; the IL and PL); the amygdala nuclei (the BLAp, LAv, and MEAa), 
the hippocampal formation (the vCA1 and vSUB), the parahippocampal cortex (PHC; the PER and POR), and 
the lateral entorhinal cortex (LEC; the DIENT and VIENT). c-Fos expression was significantly higher in these 
eleven brain regions following the CFC-5s training than in all the other experimental conditions. These obser-
vations are supported by GZLM showing a significant group effect in the BLAp (W = 17.176; df = 5; p = 0.004), 
LAv (W = 12.899; df = 5; p = 0.024), MEAa (W = 20.596; df = 5; p = 0.001), PL (W = 30.214; df = 5; p = 0.001), IL 
(W = 14.610; df = 5; p = 0.012), vCA1 (W = 16.648; df = 5; p = 0.005), vSUB (W = 18.345; df = 5; p = 0.003), PER 
(W = 23.425; df = 5; p = 0.001), POR (W = 41.790; df = 5; p = 0.001), DIENT (W = 22.928; df = 5; p = 0.001), and 
VIENT (W = 20.756; df = 5; p = 0.001). LSD tests showed that the CFC-5s group had higher c-Fos expression than 
the CFC (BLAp p = 0.037; β = 0.792; LAv p = 0.011; β = 0.998; MEAa p = 0.050 β = 0.713; PL p = 0.001; β = 1.145; IL 
p = 0.018; β = 0.918; vCA1 p = 0.004; β = 1.109; vSUB p = 0.006; β = 1.034; PER p = 0.010; β = 0.915; POR p = 0.001; 
β = 1.202; DIENT p = 0.025; β = 0.823; VIENT p = 0.014; β = 0.920), CT (BLAp p = 0.005; β = 1.082; LAv p = 0.005; 
β = 1.089; MEAa p = 0.007; β = 0.998; PL p = 0.002; β = 1.112; IL p = 0.022; β = 0.883; vCA1 p = 0.024; β = 0.862; 
vSUB p = 0.003; β = 1.133; PER p = 0.016; β = 0.737; POR p = 0.001; β = 1.559; DIENT p = 0.012; β = 0.924; VIENT 
p = 0.005; β = 1.042), CT-5s (BLAp p = 0.004; β = 1.075; LAv p = 0.008; β = 1.023; MEAa p = 0.002; β = 1.114; PL 
p = 0.001; β = 1.334; IL p = 0.023; β = 0.861; vCA1 p = 0.033; β = 0.797; vSUB p = 0.004; β = 1.057; PER p = 0.033; 
β = 1.057; POR p = 0.001; β = 1.288; DIENT p = 0.010; β = 0.933; VIENT p = 0.037; β = 0.760), US (BLAp p = 0.008; 
β = 0.983; LAv p = 0.014; β = 0.946; MEAa p = 0.011; β = 0.924; PL p = 0.001; β = 1.480; IL p = 0.006; β = 1.044; vCA1 
p = 0.006; β = 1.031; vSUB p = 0.002; β = 1.162; PER p = 0.019; β = 1.162; POR p = 0.001. β = 1.294; DIENT p = 0.004; 
β = 1.037; VIENT p = 0.002; β = 1.133), and HC (BLAp p = 0.001; β = 1.467; LAv p = 0.001; β = 1.223; MEAa 
p = 0.001; β = 1.595; PL p = 0.001; β = 1.771; IL p = 0.001; β = 1.394; vCA1 p = 0.001; β = 1.450; vSUB p = 0.001; 
β = 1.490; PER p = 0.001; β = 1.490; POR p = 0.001; β = 2.041; DIENT p = 0.001; β = 1.709; VIENT p = 0.001; 
β = 1.599) groups in these eleven brain regions. Although significantly lower than the CFC-5s expression, all 
groups had higher c-Fos expression than the HC in the DIENT (CFC p = 0.014; β = 0.886; CT p = 0.029; β = 0.786; 
CT-5s p = 0.027; β = 0.776; US p = 0.050; β = 0.672) and PER (CFC p = 0.028; β = 0.787; CT p = 0.019; β = 0.839; 
CT-5s p = 0.006; β = 0.962; US p = 0.012; β = 0.883). The CFC (p = 0.011; β = 0.839), CT-5s (p = 0.019; β = 0.752), 
and US (p = 0.020; β = 0.746) groups also had higher c-Fos expression than the HC in the POR; the CFC than the 
HC in the MEAa (p = 0.016; β = 0.882), and the CT-5s than the HC in the VIENT (p = 0.019; β = 0.838). Given 
that the CFC and CT-5s groups had higher activation of the DIENT, PER, and POR, although significative lower 
than the CFC-5s group, it could be interpreted that temporal learning, contextual fear conditioning, and the time 
interval activated these brain regions, which temporal learning activating more. Alternatively, contextual fear 
conditioning and the time interval could activate the brain regions, and they both combined activated more of 
them in the CFC-5s group in a cumulative effect.

In addition, the CFC-5s group had higher activation of the MEAp than all other groups except the CT group. 
GZLM showed a significant group effect in the MEAp (W = 15.830; df = 5; p = 0.007) and the LSD tests that the 
CFC-5s group had higher c-Fos expression than the CFC (p = 0.040; β = 0.786), CT-5s (p = 0.008; β = 0.997), US 
(p = 0.041; β = 0.765), and HC (p = 0.001; β = 1.460) groups.
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Figure 1.  Learning-specific activity induced by CFC-5s training. (A) Freezing time among the CFC, 
CFC-5s, CT, and CT-5s groups in the training session. CFC-5s induced higher c-Fos expression than all 
the other experimental conditions in eleven specific regions, namely, (B) the basolateral posterior (BLAp), 
the lateral ventral (LAv), and the medial anterior (MEAa) amygdala nuclei; (C) the prelimbic (PL) and 
infralimbic (IL) cortices of the medial prefrontal cortex; (D) the ventral CA1 (vCA1) of the hippocampus; 
(E) the ventral subiculum (vSUB) of the subicular complex and (F) the perirhinal (PER), postrhinal (POR), 
dorsal intermediate entorhinal (DIENT) and ventral intermediate entorhinal (VIENT) cortices of the 
parahippocampal cortex. Table 1 shows the c-Fos expression in the other thirty-eight brain regions investigated. 
(G) Experimental design of the HC (n = 12), CFC (n = 11), CFC-5s (n = 11), CT (n = 11), CT-5s (n = 12), and US 
(n = 11) groups. CFC: contextual fear conditioning; CFC-5s: contextual fear conditioning with 5-s interval; CS: 
conditioned stimulus; CT: context; HC: homecage. US: unconditioned stimulus.
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Brain 
region

Anatomical
Group HC (1) CFC (2) CFC-5s (3) CT (4) CT-5s (5) US (6) Wald P-Value

AC mPFC 100.00 ± 
37.60 2,3,6

552.11 ± 
128.78 1,5,6

432.73 ± 
115.31 1

403.04 ± 
81.78 1

245.58 ± 
58.93 2

247.23 ± 
67.71 2

20.298 0.001 *

AD TAL 100.00 ± 
39.45

483.53 ± 
177.85

234.74 ±  
81.59

167.59 ± 
71.11

358.89 ± 
182.86

193.50 ± 
74.11

7.685 0.174

AM TAL 100.00 ± 
49.36

502.97 ± 
219.17

393.73 ±  
166.2

232.82 ± 
89.91

564.47 ± 
309.54

379.21 ± 
182.89

4.495 0.481

AV TAL 100.00 ± 
51.98

681.35 ± 
241.82

432.23 ±  
185.01

346.76 ± 
177.85

572.91 ± 
318.54

393.23 ± 
227.98

4.688 0.455

BLAa AMY 100.00 ± 
29.39 2,3

332.36 ± 
87.47 1,4,6

357.23 ±  
95.82 1,4,5,6

151.9 ± 
32.15 2,3

190.17 ± 
56.61 3

158.86 ± 
35.27 2,3

16.074 0.007 *

BLAp AMY 100.00 ± 
28.73 3

202.17 ± 
40.34 3

332.28 ±   
81.35 1,2,4,5,6

154.64 ± 
33.95 3

155.75 ± 
36.63 3

170.81 ± 
37.15 3

17.176 0.004 *

BLAv AMY 100.00 ± 
29.26

346.23 ± 
97.25

390.93 ±  
135.36

292.27 ± 
92.42

209.81 ± 
53.61

204.06 ± 
55.21

9.227 0.100

BMEa AMY 100.00 ± 
26.07

246.65 ± 
52.47

320.84 ±  
98.71

217.87 ± 
59.96

187.4 ± 
34.88

153.08 ± 
39.87

10.401 0.065

BMEp AMY 100.00 ± 
24.8 1,2

217.94 ± 
35.04 6

287.51 ±   
72.17 5,6

208.44 ± 
46.15

174.83 ± 
43.39

161.26 ± 
34.18 2

10.972 0.052 

CEA AMY 100.00 ± 
30.93 2,3

240.86 ± 
50.33 1,6

223.98 ±   
43.61 1,6

140.96 ± 
31.87

166 ± 
43.74

111.44 ± 
20.28 2,3

12.863 0.025 *

CENT PHC 100.00 ± 
58.21

433.75 ± 
173.21

366.06 ±  
145.64

186.86 ± 
51.65

404.3 ± 
124.67

302.62 ± 
96.88

7.109 0.213

dCA1 HPC 100.00 ± 
39.28

234.26 ± 
96.31

189.74 ±  
47.98

223.67 ± 
90.33

167.91 ± 
50.54

183.01 ± 
76.63

2.629 0.757

dCA3 HPC 100.00 ± 
37.17

180.51 ± 
72.87

163.93 ±  
49.97

181.96 ± 
71.06

178.76 ± 
85.43

175.39 ± 
59.8

1.361 0.929

dDG HPC 100.00 ± 
42.71

286.15 ± 
128.78

241.68 ±  
95.42

237.81 ± 
87.86

297.14 ± 
106.61

219.51 ± 
91.79

3.118 0.682

dSUB SUB 100.00 ± 
36.72

270.97 ± 
102.64

223.38 ±  
54.86

169.39 ± 
56.25

299.66 ± 
116.87

189.72 ± 
57.28

4.988 0.417

DIENT PHC 100.00 ± 
19.47 ,2,3,4,5,6

267.82 ± 
48.4 1,3

423.72 ±   
89.36 1, 2,4,5,6

248.79 ± 
36.21 1,3

247.06 ± 
40.51 1,3

227.26 ± 
47.21 1,3

22.928 0.001 *

DLENT PHC 100.00 ± 
25.2 2,3,4,5

415.31 ± 
111.42 1

476.27 ±   
124.32 1

407.39 ± 
103.03 1

379.13 ± 
71.88 1

305.64 ± 
58.67

13.151 0.022 *

DLO PFC 100.00 ± 
45.46

310.83 ± 
171.75

308.12 ±  
124.59

179.46 ± 
68.09

380.34 ± 
165.16

242.24 ± 
102.47

3.904 0.563

ECT PHC 100.00 ± 
19.01 3,4,5,6

282.48 ± 
96.67 3

562.93 ±   
113.26 1,2

372.03 ± 
83.54 1

333.2 ± 
83.09 1

428.85 ± 
115.87 1

17.439 0.004 *

IL mPFC 100.00 ± 
35.43 3

207.43 ± 
66.77 3

414.21 ±   
76.38 1,2,4,5,6

215.26 ± 
69.57 3

220.07 ± 
50.53 3

179.01 ± 
73.48 3

14.610 0.012 *

ITC TAL 100.00 ± 
24.44

214.26 ± 
40.76

326.21 ±  
89.26

220.5 ± 
58.31

205.12 ± 
52.76

180.72 ± 
43.17

9.887 0.079

LAd AMY 100.00 ± 
27.08

140.49 ± 
35.39

240.48 ±  
66.99

117.02 ± 
15.81

199.89 ± 
71.55

127.91 ± 
36.71

7.191 0.207

LAv AMY 100.00 ± 
23.47 3

117.93 ± 
25.42 3

247.3 ± 
67.77 1,2,4,5,6

106.1 ± 
24.66 3

114.66 ± 
31.51 3

124.62 ± 
33.2 3

12.899 0.024 *

LO PFC 100.00 ± 
48.49

456.16 ± 
135.54

421.88 ±  
106.64

257.04 ± 
60.12

306.57 ± 
93.42

271.52 ± 
127.2

8.945 0.111

M2 PFC 100.00 ± 
32.63 2,3,5

838.3 ± 
221.43 1,4,5,6

536.86 ±   
105.44 1

392.98 ± 
117.08 2

474.17 ± 
139.63 1,2

325.29 ± 
77.73 2

20.348 0.001 *

MD TAL 100.00 ± 
31.84

445.04 ± 
124.21

426.65 ±  
114.55

404.72 ± 
156.10

662.43 ± 
291.7

420.61 ± 
148.02

6.653 0.248

MEAa AMY 100.00 ± 
17.6 2,3

353.31 ± 
55.62 1,3

558.15 ±   
155.86 1,2,4,5,6

271.64 ± 
55.43 3

238.25 ± 
42.4 3

292.81 ± 
74.07 3

20.596 0.001 *

MEAp AMY 100.00 ± 
20.38 3,4

232.09 ± 
47.1 3

386.37 ±   
95.74 1,2,5,6

243.16 ± 
50.15 1

190.82 ± 
37.24 3

236.22 ± 
53.65 3

15.830 0.007 *

MENT PHC 100.00 ± 
36.98 1

283.39 ± 
81.04

482.57 ±  
158.56 1,6

246.45 ± 
118.47

313.03 ± 
86.41

157.56 ± 
49.72 3

10.785 0.055 

MO PFC 100.00 ± 
34.58 2,3,5

701.85 ± 
224.3 1,6

627.81 ±   
147.1 1

390.87 ± 
89.58

458.55 ± 
149.28 1

272.87 ± 
123.93 2

14.195 0.014 *

(continued)
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All brain regions engaged in CFC learning were also involved in CFC-5s learning. Fear conditioning acti-
vated the AC, BLAa, CEA, M2, vDG, and RSDp. In these brain regions, c-Fos expression was similar in CFC and 
CFC-5s groups and higher than in other control groups. These observations are supported by GZLM showing 
a significant group effect in the AC (W = 20.298; df = 5; p = 0.001), BLAa (W = 16.074; df = 5; p = 0.007), CEA 

PAS SUB 100.00 ± 
36.36

123.68 ± 
39.52

156.72 ±  
54.42

131.49 ± 
47.23

99.93 ± 
28.22

75.82 ± 
14.06

3.072 0.689

PER PHC 100.00 ± 
16.00 2,3,4,5,6

433.81 ± 
134.54 1,3

831.4 ± 
168.18 1,2,4,5,6

455.6 ± 
80.78 1,3

508.02 ± 
112.38 1,3

474.52 ± 
111.47 1,3

23.425 0.001 *

PL mPFC 100.00 ± 
31.16 3

320.47 ± 
112.48 3

723.96 ±   
153.74 1,2,4,5,6

332.09 ± 
76.73 3

253.96 ± 
53.97 3

202.73 ± 
76.46 3

30.214 0.001 *

POR PHC 100.00 ± 
16.58 2,3,5,6

290.77 ± 
82.2 1,3

568.35 ±   
88.32 1,2,4,5,6

208.4 ± 
31.21 3

270.89 ± 
45.07 1,3

269.44 ± 
44.45 1,3

41.790 0.001 *

POST SUB 100.00 ± 
36.43

207.71 ± 
66.50

333.59 ±  
102.16

147.95 ± 
48.64

208.2 ± 
60.73

130.94 ± 
56.89

9.059 0.107

PRES SUB 100.00 ± 
48.43

77.88 ± 
20.83

113.61 ±  
39.59

113.55 ± 
38.66

60.63 ± 
17.49

75.9 ± 
18.66

2.457 0.783

PVT TAL 100.00 ± 
28.02

402.42 ± 
125.35

419.59 ±  
125.41

326 ± 
94.17

462.23 ± 
160.65

363.22 ± 
89.29

7.597 0.180

RE TAL 100.00 ± 
38.30

460.09 ± 
165.23

308.86 ±  
86.58

282.41 ± 
123.37

348 ± 
138.82

223.63 ± 
91.47

6.255 0.282

RSDa RSC 100.00 ± 
39.46 2,4

563.20 ± 
186.04 1,6

361.46 ±   
119.75

430.22 ± 
146.78 1,6

332.23 ± 
113.47

126.58 ± 
42.56 2,4

13.209 0.022 *

RSDp RSC 100.00 ± 
26.19 2,3

312.46 ± 
71.55 1,6

362.96 ±   
79.61 1,6

236.08 ± 
76.10

209.85 ± 
58.04

146.46 ± 
48.42 2,3

14.070 0.015 *

RSGab RSC 100.00 ± 
51.34

282.69 ± 
93.16

304.00 ±  
128.03

151.87 ± 
67.52

208.31 ± 
94.3

139.85 ± 
56.21

5.079 0.406

RSGca RSC 100.00 ± 
42.53

509.77 ± 
141.82

691.2  ±    
243.36

819.56 ± 
280.95

506.33 ± 
170.67

347.13 ± 
136.13

10.714 0.057

RSGcp RSC 100.00 ± 
28.37

476.53 ± 
200.81

282.02 ±   
88.23

288.83 ± 
110.55

230.93 ± 
80.41

209.47 ± 
71.29

7.330 0.197

vCA1 HPC 100.00 ± 
26.51 3

176.55 ± 
40.1 3

424.98 ±   
89.55 1,2,4,5,6

231.7 ± 
82.08 3

246.27 ± 
65.91 3

193.98 ± 
48.66 3

16.648 0.005 *

vCA3 HPC 100.00 ± 
25.02

473.21 ± 
257.66 

419.03 ±   
130.87 

186.85 ± 
64.86

220.42 ± 
63.4

167.13 ± 
45.58

8.290 0.141 

vDG HPC 100.00 ± 
30.27 2,3

492.54 ± 
201.38 1

570.79 ±   
172.67 1,4,6

211.09 ± 
50.10 3

339.29 ± 
85.1

235.96 ± 
42.28 3

13.459 0.019 *

VIENT PHC 100.00 ± 
18.29 3,5

321.71 ± 
82.01 3

622.49 ±   
132.24 1,2,4,5,6

281.98 ± 
78.63 3

373.99 ± 
89.12 1,3

252.23 ± 
95.04 3

20.756 0.001 *

vSUB SUB 100.00 ± 
30.88 3

318.21 ± 
66.63 3

813.12 ±   
300.65 1,2,4,5,6

270.88 ± 
74.44 3

307.27 ± 
69.31 3

257.05 ± 
69.42 3

18.345 0.003 *

VO PFC 100.00 ± 
39.88 2,3,5

520.77 ± 
151.54 1,6

563.50 ±   
119.56 1,6

360.97 ± 
89.33

426.67 ± 
132.41 1

228.72 ± 
99.11 2,3

14.205 0.014 *

Table 1.  Quantification of c-Fos-positive cells following the CFC-5s training. Mean ± standard error of c-Fos 
expression (% of the HC group) in the CFC (n = 11), CFC-5s (n = 11), CT (n = 11), CT-5s (n = 12), US (n = 12) 
and HC (n = 12) groups. Generalized Linear Model followed by LSD test. 1p < 0.050 compared to HC group; 
2to CFC group; 3to CFC-5s group; 4to CT group; 5to CT-5s group and 6 to US group. Cingulate cortex (AC); 
anterodorsal thalamic nucleus (AD); anteromedial thalamic nucleus (AM); anteroventral thalamic nucleus 
(AV); basolateral amygdaloid nucleus, anterior (BLAa); basolateral amygdaloid nucleus, posterior (BLAp); 
basolateral amygdaloid nucleus, ventral (BLAv); basomedial amygdaloid nucleus, anterior (BMEa); basomedial 
amygdaloid nucleus, posterior (BMEp); caudomedial entorhinal cortex (CENT); central amygdaloid nucleus 
(CEA); dorsal CA1 region of hippocampus (dCA1); dorsal CA3 region of hippocampus (dCA3); dorsal dentate 
gyrus (dDG); dorsal intermediate entorhinal cortex (DIENT); dorsal lateral entorhinal cortex (DLENT); 
dorsal subiculum (dSUB); dorsolateral orbital cortex (DLO); ectorhinal cortex (ECT); infralimbic cortex 
(IL); intercalated amygdaloid nucleus (ITC); lateral amygdaloid nucleus, dorsal (LAd); lateral amygdaloid 
nucleus, ventral (LAv); lateral orbital cortex (LO); secondary motor cortex (M2); medial amygdaloid nucleus, 
anterior (MEAa); medial amygdaloid nucleus, posterior (MEAp); medial entorhinal cortex (MENT); medial 
orbital cortex (MO); mediodorsal thalamic nucleus (MD); parasubiculum (PAS); paraventricular thalamic 
nucleus (PVT); perirhinal cortex (PER); postrhinal cortex (POR); postsubiculum (POST); prelimbic cortex 
(PL); presubiculum (PRES); retrosplenial dysgranular cortex, anterior A30 (RSDa); retrosplenial dysgranular 
cortex, posterior (RSDp); retrosplenial granular cortex, A29ab (RSGab); retrosplenial granular cortex, anterior 
A29c (RSGa); retrosplenial granular cortex, posterior A29c (RSGp); reuniens thalamic nucleus (RE); ventral 
CA1 region of the hippocampus (vCA1); ventral CA3 region of the hippocampus (vCA3); ventral dentate 
gyrus (vDG); ventral intermediate entorhinal cortex (VIENT); ventral orbital cortex (VO); ventral subiculum 
(vSUB). Brain regions were categorized into nine anatomical groups to reflect the major brain subdivision of 
the prefrontal cortex (PFC); medial prefrontal cortex (mPFC); retrosplenial cortex (RSC); thalamus (TAL); 
amygdala (AMY); dorsal hippocampus (DH); ventral hippocampus (VH); subicular complex (SUB) and para-
hippocampal cortex (PHC). See group names in Fig. 1.
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(W = 12.863; df = 5; p = 0.025), M2 (W = 20.348; df = 5; p = 0.001), vDG (W = 13.459; df = 5; p = 0.019), and RSDp 
(W = 14.070; df = 5; p = 0.015). LSD tests showed that the CFC and CFC-5s groups had higher c-Fos expression 
than the HC group in the AC (CFC p = 0.001; β = 1.451; CFC-5s p = 0.003; β = 1.072), BLAa (CFC p = 0.005; 
β = 1.062; CFC-5s p = 0.002; β = 1.176), CEA (CFC p = 0.006; β = 1.055; CFC-5s p = 0.015; β = 0.929), M2 (CFC 
p = 0.001; β = 1.574; CFC-5s p = 0.011; β = 0.931), vDG (CFC p = 0.011; β = 0.974; CFC-5s p = 0.002; β = 1.169), 
and RSDp (CFC p = 0.011; β = 0.969; CFC-5s p = 0.002; β = 1.199). The CFC and CFC-5s groups also had higher 
c-Fos expression than the US group in the BLAa (CFC p = 0.034; β = 0.793; CFC-5s p = 0.016; β = 0.907), CEA 
(CFC p = 0.011; β = 0.970; CFC-5s p = 0.028; β = 0.843), and RSDp (CFC p = 0.046; β = 0.757; CFC-5s p = 0.009; 
β = 0.988), and than the CT group in the BLAa (CFC p = 0.031; β = 0.825; CFC-5s p = 0.014; β = 0.939). In addi-
tion, the CFC group had higher c-Fos expression in the M2 than the CT (p = 0.011; β = 0.949), CT-5s (p = 0.034; 
β = 0.776), and US (p = 0.003; β = 1.094) groups, and in the AC than the CT-5s (p = 0.008; β = 0.973) and US 
(p = 0.008; β =) groups. The CFC-5s group also had higher c-Fos expression than the US in the vDG (p = 0.029; 
β = 0.831), the CT in the vDG (p = 0.022; β = 0.893), and the CT-5s in the BLAa (p = 0.042; β = 0.764). Finally, the 
CT group had higher c-Fos expression than the HC in the AC (p = 0.007; β = 0.978), and the CT-5s than the HC 
in the M2 (p = 0.026; β = 0.798).

Regardless of its fear association, contextual learning activated the DLENT, MO, and VO. In these brain 
regions, groups conditioned and pre-exposed to context had a similar c-Fos expression and higher than in the 
US or HC groups. GZLM showed a significant group effect in the DLENT (W = 13.151; df = 5; p = 0.022), MO 
(W = 14.195; df = 5; p = 0.014), and VO (W = 14.205; df = 5; p = 0.014). LSD tests showed that the CFC (p = 0.007; 
β = 1.023), CFC-5s (p = 0.001; β = 1.221) CT (p = 0.009; β = 0.998), and CT-5s (p = 0.015; β = 0.906) groups had 
higher c-Fos expression than the HC in the DLENT; the CFC, CFC-5s, and CT-5s groups than the HC in the 
MO (CFC p = 0.001; β = 1.217; CFC-5s p = 0.005; β = 1.067; CT-5s p = 0.050; β = 0.725) and VO (CFC p = 0.005; 
β = 1.070; CFC-5s p = 0.002; β = 1.178; CT-5s p = 0.025; β = 0.830); the CFC (p = 0.050; β = 0.742) and CFC-5s 
(p = 0.025; β = 0.851) groups also than the US in the VO, and the CFC than the US in the MO (p = 0.022; β = 0.867).

Contextual exposure continuously in time seems to engage the RSDa. C-Fos expression in the RSDa was 
higher in the CFC and CT groups than in the US and HC groups. GZLM showed a significant group effect in the 
RSDa (W = 13.209; df = 5; p = 0.022), and the LSD tests that the CFC and CT groups had higher c-Fos expression 
than the HC (CFC p = 0.003; β = 1.146; CT p = 0.031; β = 0.825) and US (CFC p = 0.006; β = 1.056; CT p = 0.050; 
β = 0.735) groups in the RSDa.

The ECT was engaged indiscriminately in different experimental conditions. GZLM showed a group effect 
in the ECT (W = 17.439; df = 5; p = 0.004) and the LSD tests that the CFC-5s (p = 0.001; β = 1.465), CT (p = 0.017; 
β = 0.885), CT-5s (p = 0.035; β = 0.767), and US (0.004; β = 1.058) groups had higher c-Fos expression than the HC 
group, and the CFC-5s also than the CFC (p = 0.025; β = 0.852). The other twenty-six brain regions investigated 
had no significant changes among the groups. The statistical analyses of the 49 brain regions are fully described 
in Table 1. Supplementary Fig. S1 shows representative images of c-Fos expression. Overall, CFC-5s was mediated 
by activity in distinct brain regions, partially matching the CFC.

CFC‑5s strengthened amygdala connectivity internally and externally with the retrosple‑
nial cortex, thalamus, and hippocampus. We computed the correlation coefficients (Pearson’s r) of 
the mean c-Fos expression between all pairs of brain regions for the CFC and CFC-5s groups, generating a 
complete set of correlation coefficients (Fig. 3A,B). We next categorized the forty-nine brain regions into nine 
anatomical groups to reflect major brain subdivisions. We calculated the average of the correlation coefficients 
(connectivity) within each anatomical group (internal connectivity), between one anatomical group and the 
remained ones (external connectivity), or between all the pairs of anatomical groups (Fig. 2 and Supplementary 
Table S1). This approach considers that all correlation coefficients, despite their weight, could be functionally 
relevant. GZLM showed that the CFC-5s group had higher mean correlation coefficients than the CFC group 
within the amygdala nuclei (W = 9.475; df = 1; p = 0.002; β = 0.597; Fig. 2A) and between the amygdala nuclei 
(W = 20.332; df = 1; p = 0.001; β = 0.272), the retrosplenial cortex (RSC, W = 6.340; df = 1; p = 0.012; β = 0.226) or 

Figure 2.  Major brain subdivisions with higher internal and external functional connectivity following the 
CFC-5s training. (A) Comparison of connectivity within each anatomical group. CFC-5s had a higher mean 
correlation coefficient within the amygdala nuclei (AMY). (B) Comparison of inter-regional connectivity. 
The CFC-5s had a higher mean correlation coefficient between the AMY, the retrosplenial cortices (RSC), the 
ventral hippocampus (VH), and the other corresponding anatomical groups. (C) Comparison of connectivity 
between pairs of anatomical groups. The CFC-5s had a higher mean correlation coefficient between the RSC 
and AMY, the thalamic nuclei (TAL) and AMY, the dorsal hippocampus (DH) and AMY, and the VH and 
AMY. Generalized linear models, * indicates p < 0.050. Mean (± standard error) of correlation coefficients. 
(D) Cumulative distribution of the Fisher’s Z Differences (correlation coefficients normalized by the Z Fisher 
transformation) between the CFC and CFC-5s groups. The red dashed lines indicate z-scores ≥ 2, values 
considered significant at α = 0.050. (E) Cumulative distributions of the Fisher’s Z in the CFC (grey circles) and 
CFC-5s (black circles) functional networks using p < 0.05 or p < 0.01 threshold levels. Two-sample Kolmogorov–
Smirnov test. See all results in Supplementary Table S1. (F) Correlations between the mean c-Fos expression 
and the mean correlation coefficient or mean  r2 (from Linear Regressions of mean c-Fos expression predicting 
mean correlation coefficient in each brain region) of all brain regions. CFC: contextual fear conditioning; 
CFC-5s: contextual fear conditioning with 5-s interval; BLAa: basolateral amygdaloid nucleus, anterior; BMEa: 
basomedial amygdaloid nucleus, anterior; LAd: lateral amygdaloid nucleus, dorsal; LAv: lateral amygdaloid 
nucleus, ventral. See group names in Fig. 1.
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Figure 3.  Correlation matrices and functional networks of CFC and CFC-5s groups. The correlation 
coefficients of c-Fos expression between each pair of brain regions were computed in the CFC-5s (A) and 
the CFC (B) groups. Colors reflect correlation strength (scale, right). Functional networks were generated 
by selecting the significant positive correlation coefficients. Two threshold levels were applied (p < 0.05 and 
p < 0.01), generating two functional networks for the CFC-5s (C,D) and the CFC (E,F) groups. Nodes represent 
brain regions with a size proportional to their number of functional connections (degree). Colors reflect the 
anatomical group the brain region belongs (scale, right). Brain regions posteriorly identified as hubs were 
subscripted. Edges between nodes represented correlation coefficients above the threshold level and were 
thought to reflect functional connections. The thickness of the edges was proportional to the strength of 
the correlation. See group names in Fig. 1. See an overview and comparison of CFC and CFC-5s functional 
networks in Supplementary Table S2.
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the ventral hippocampus (VH, W = 8.409; df = 1; p = 0.004; β = 0.333) and other brain regions (Fig. 2B). The CFC-
5s group also had higher mean correlation coefficients than the CFC group between the amygdala nuclei and 
the RSC (W = 12.963; df = 1; p = 0.001; β = 0.645), the thalamic nuclei (W = 21.973; df = 1; p = 0.001; β = 0.753); 
the dorsal hippocampus (DH, W = 9.020; df = 1; p = 0.003; β = 0.866) or the VH (W = 60.869; df = 1; p = 0.001; 
β = 1.375). CFC-5s ’ higher connectivity results are highlighted (Fig. 2A–C). All results are shown in Supplemen-
tary Table S2.

We next compared each correlation coefficient between the CFC and CFC-5s groups by computing their 
normalized difference (Fisher’s Z difference). Results showed that the CFC-5s group had a significantly stronger 
correlation than the CFC group between the BMEa and the LAv (Fisher’s Z difference = 2.000; CFC-5s r = 0.981; 
CFC r = 0.345) and between the BLAa and the LAd (Fisher’s Z difference = 2.200; CFC-5s r = 0.981; CFC r = 0.324; 
Fig. 2D). Overall, CFC-5s strengthened internal and external amygdala connectivity

Linear Regressions showed that the c-Fos expression was not a significant factor in explaining the strength of 
the correlation coefficients in any brain region (AC  r2 = 0.168; p = 0.058; AD  r2 = 0.003; p = 0.819; AM  r2 = 0.164 
p = 0.061; AV  r2 = 0.005; p = 0.756; BLAa  r2 = 0.004; p = 0.309; BLAp  r2 = 0.098; p = 0.157; BLAv  r2 = 0.098; p = 0.157; 
BMEa  r2 = 0.007; p = 0.707; BMEp  r2 = 0.029; p = 0.451; CA1d  r2 = 0.046; p = 0.337; CA1v  r2 = 0.002; p = 0.841; 
CA3d  r2 = 0.001; p = 0.887; CA3v  r2 = 0.001; p = 0.967; CEA  r2 = 0.095; p = 0.164; CENT  r2 = 0.053; p = 0.302; dDG 
 r2 = 0.162; p = 0.064; DIENT  r2 = 0.016; p = 0.576; DLENT  r2 = 0.003; p = 0.794; DLO  r2 = 0.021; p = 0.524; dSUB 
 r2 = 0.022; p = 0.505; ECT  r2 = 0.022; p = 0.508; IL  r2 = 0.030; p = 0.440; ITC  r2 = 0.056; p = 0.289; LAd  r2 = 0.046; 
p = 0.338; LAv  r2 = 0.041; p = 0.366; LO  r2 = 0.046; p = 0.341; M2  r2 = 0.001; p = 0.937; MD  r2 = 0.153; p = 0.072; 
MEAa  r2 = 0.097; p = 0.159; MEAp  r2 = 0.097; p = 0.159; MENT  r2 = 0.012; p = 0.623; MO  r2 = 0.076; p = 0.214; PAS 
 r2 = 0.036; p = 0.398; PER  r2 = 0.011; p = 0.638; PL  r2 = 0.030; p = 0.440; POR  r2 = 0.053; p = 0.302; POST  r2 = 0.008; 
p = 0.701; PRES  r2 = 0.022; p = 0.508; PVT  r2 = 0.169; p = 0.058; RE  r2 = 0.036; p = 0.400; RSDa  r2 = 0.011; p = 0.642; 
RSDp  r2 = 0.001; p = 0.919; RSGab  r2 = 0.006; p = 0.731; RSGca  r2 = 0.013; p = 0.613; RSGcp  r2 = 0.001; p = 0.883; 
vDG  r2 = 0.001; p = 0.386; VIENT  r2 = 0.038; p = 0.386; VO  r2 = 0.029; p = 0.937; vSUB  r2 = 0.074; p = 0.219). There 
was not a significant correlation between the  r2 and the c-Fos expression (r = -0.008; p = 0.959) nor between the 
correlation coefficients and the c-Fos expression (r = 0.057; p = 0.696), suggesting that the magnitude of the c-Fos 
expression was not contributing to differences in the strength of the correlation coefficients (Fig. 2F).

Generation of CFC and CFC‑5s functional networks. We selected the significant positive correlation 
coefficients to build functional networks for the CFC-5s (Fig. 3C,D) and CFC (Fig. 3E,F) groups. We constructed 
two functional networks for each group, using two thresholds of p-values (p < 0.050 and p < 0.010) to evaluate 
whether and which network properties were stable, independent of the p-value used. Although our criteria did 
not include negative correlations, there were no significantly negative ones. Functional networks consisted of 
nodes (brain regions) connected by undirected edges (correlation coefficients above the p-value threshold level).

The CFC-5s and CFC functional networks had 49 brain regions connected by 930 and 946 edges (p < 0.050) 
or 46 and 49 brain regions connected by 484 and 562 edges (p < 0.010), respectively. The graph density (how 
many edges the network had, from the total of possible ones) was 0.790 (p < 0.050) and 0.469 (p < 0.010) for the 
CFC-5s, and 946 (p < 0.050) and 0.479 (p < 0.010) for the CFC functional network. A complete network would 
have a density of 1. Brain regions were connected up to 5 edges in the CFC-5s and up to 4 (p < 0.010) and 5 
(p < 0.050) edges in the CFC functional networks. The average distance (average path length) was 1.755 and 1.678 
edges (p < 0.050) and 2.126 and 2.222 edges (p < 0.010) in the CFC-5s and CFC functional networks, respectively 
(Supplementary Table S2).

CFC and CFC‑5s functional networks had similar organization and topological properties. The 
CFC and CFC-5s networks had similar average degrees, weighted degrees, cluster coefficients, and global and 
nodal efficiencies, as shown by between-group  comparisons23,24. These measures significantly decreased in both 
groups in the functional networks using the more conservative threshold (p < 0.010) in within-group compari-
sons to the less conservative threshold (p < 0.050, Supplementary Table S2).

Between groups comparisons showed that the CFC and CFC-5s networks using the less (p < 0.050) or more 
(p < 0.010) conservative thresholds had a similar average degree (GZLM p < 0.050 networks: W = 0.043; df = 1; 
p = 0.836; GZLM p < 0.010 networks: W = 0.649; df = 1; p = 0.421); average weighted degree (GZLM p < 0.050 
networks: W = 0.258; df = 1; p = 0.612; GZLM p < 0.010 networks: W = 0.653; df = 1; p = 0.419); average cluster 
coefficient (GZLM p < 0.050 networks: W = 0.318; df = 1; p = 0.573; GZLM p < 0.010 networks: W = 2.334; df = 1; 
p = 0.127); global efficiency (GZLM p < 0.050 networks: W = 0.190; df = 1; p = 0.663; GZLM p < 0.010 networks: 
W = 2.834; df = 1; p = 0.092), and nodal efficiency (GZLM p < 0.050 networks: W = 0.235; df = 1; p = 0.628; GZLM 
p < 0.010 networks: W = 0.803; df = 1; p = 0.370). The distribution of global efficiencies was distinct in the CFC 
and CFC-5s networks (K-S p < 0.050 networks: p = 0.037; K-S p < 0.010 networks: p = 0.001).

Within-group comparisons showed that the functional networks using the less conservative thresholds 
(p < 0.050) had a higher average degree (GZLM CFC networks: W = 23.533; df = 1; p = 0.001; GZLM CFC-5s 
networks: W = 35.542; df = 1; p = 0.001); average weighted degree (GZLM CFC networks: W = 14.496; df = 1; 
p = 0.001; GZLM CFC-5s networks: W = 26.620; df = 1; p = 0.001); average clustering coefficient (GZLM CFC 
networks: W = 4.854; df = 1; p = 0.028; GZLM CFC-5s networks: W = 4.583; df = 1; p = 0.032); global efficiency 
(GZLM CFC networks: W = 47.208; df = 1; p = 0.001; GZLM CFC-5s networks: W = 165.556; df = 1; p = 0.001), 
and nodal efficiency (GZLM CFC networks: W = 17.308; df = 1; p = 0.001; GZLM CFC-5s networks: W = 45.439; 
df = 1; p = 0.001) than the networks using the more conservative thresholds (p < 0.010), in both CFC and CFC-5s 
groups, which may reflect the decrease of edges (functional connections). In addition, the distribution of the 
average degree (K-S CFC: p = 0.001; K-S CFC-5s: p = 0.001), average weighted degree (K-S CFC: p—0.001; K-S 
CFC-5s: p = 0.001), clustering coefficients (K-S CFC: p = 0.001; K-S CFC-5s: p = 0.001), global efficiency (K-S 
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CFC: p = 0.001; K-S CFC-5s: p = 0.001) and nodal efficiency (K-S CFC: p = 0.001; K-S CFC-5s: p = 0.001) were 
distinct in the networks using more (p < 0.050) and less (p < 0.010) conservative thresholds, in both CFC and 
CFC-5s groups. All results are shown in Supplementary Table S2.

Both functional networks had similar edge properties, with an equal distribution of the strength of the 
connections. The K-S test showed that there was no difference in the Z Fisher’s distribution between the CFC 
and CFC-5s networks generated by the less (p = 0.399) or more (p = 0.381) conservative thresholds (Fig. 2E).

Thalamic nuclei are connector hubs in the CFC‑5s functional networks. We decomposed the 
functional networks into communities using modularity  optimization25. Communities consist of highly inter-
connected nodes with sparse functional connections with nodes from other communities and may represent 
functional  modules26. The CFC-5s networks had communities with an over-representation of the amygdala 
nuclei, the thalamic nuclei, and the hippocampal formation (PHC, hippocampus, and subicular complex). Their 
proportions in these communities were qualitatively higher than those observed in the network as a whole 
(Fig. 4A–D). The CFC networks had one community with an over-representation of the amygdala nuclei and one 
of the hippocampus and the thalamic nuclei (Fig. 4E–H). The major differences were that the CFC-5s networks 
had one community over-representing the thalamus and another, the PHC. In contrast, the thalamic nuclei and 
hippocampus were in the same community, and the PHC spread more in CFC networks. Both the CFC and 
CFC-5s functional networks had a small community consisting of the SUB and the RSC.

We next calculated how well a brain region was connected in its community and with other communities 
using the within-community (WC) z-score and participation coefficient (PC) measures, respectively. WC 
z-score is a node’s normalized number of connections inside its community. Positive values indicate higher WC 
connections than the community’s mean. PC is calculated by subtracting from 1 the ratio between the number 
of WC connections and the total connections of a node. Values closer to 1 indicate more connections across the 
 communities26. Brain regions with WC z-scores ≥ 1.5 and PC ≤ 0.3 were considered exclusively provincial hubs, 
essential for the interaction inside the  community27. Brain regions with PC ≥ 0.8 and WC z-score ≤ 1.5 were 
considered solely connector hubs, essential to mediate community  interactions27. The nuclei mediodorsal of the 
thalamus (MD; PC = 0.912; WC z-score = 0.670 in the p < 0.050; PC = 0.880; WC z-score = 1.069 in the p < 0.010 
network) and reuniens of the thalamus (RE; PC = 0.941; WC z-score = 0.670 in the p < 0.050; PC = 0.920; WC 
z-score = -0.802 in the p < 0.010 network) were stable connector hubs in the CFC-5s functional networks, whereas 
there was no stable provincial hub (Fig. 4A,B). There were no stable connector or provincial hubs in the CFC 
functional networks (Fig. 4C,D). Although not stable across the networks, some amygdala nuclei were identified 
as connector hubs in the CFC-5s networks (BMEp PC = 0.929; WC z-score = 0.670 in the p < 0.050 network; MEAp 
PC = 0.826; WC z-score -0.435; BLAa PC = 0.810; WC z-score = 0.309; LAd PC = 0.800; WC z-score = -0.495 in 
the p < 0.010 network) and some as provincial hubs in the CFC network (BMEa PC = 0.000; WC z-score = 1.835; 
MEAp PC = 0.000; WC z-score = 1.542 in the p < 0.010 network), suggesting possible distinctive roles of the 
amygdala nuclei in CFC and CFC-5s networks (Fig. 4A–D).

Amygdala nuclei are hubs in the CFC‑5s functional networks. Centrality measures assessed the 
importance of individual nodes. We calculated four measures of centrality, two based on the degree (number of 
edges), the weighted degree (Wdg), and the eigenvector (Evc), and two based on shortest paths, the betweenness 
(Bet) and closeness (Clo). We ranked the brain regions in each measure according to their values in decrescent 
order. Colored bars represent the upper 25% of the brain regions, considered high centrality nodes. High cen-
trality nodes of CFC-5s functional networks are shown in Fig. 5 and of CFC functional networks in Supplemen-
tary Fig. S2.

The Wdg measures the number of edges of each node, weighted by their strength (correlation coefficient)28. 
The amygdala nuclei had higher Wdg in the CFC-5s and the thalamic nuclei in the CFC functional networks. 
Only AD was highly central in both groups. The RSGca (47.329 in the p < 0.050; 29.264 in the p < 0.010 network), 
AD (46.131 in the p < 0.050; 29.022 in the p < 0.010 network), BLAa (49.083 in the p < 0.050; 38.716 in the p < 0.010 
network), BLAp (49.737 in the p < 0.050; 34.130 in the p < 0.010 network), BMEa (46.459 in the p < 0.050; 35.878 
in the p < 0.010 networks), BMEp (45.050 in the p < 0.050; 29.306 in the p < 0.010 network), LAd (48.054 in the 
p < 0.050; 30.805 in the p < 0.010 network), LAv (45.784 in the p < 0.050 network; 36.034 in the p < 0.010 network), 
and vCA3 (43.105 in the p < 0.050; 29.502 in the p < 0.010 network) were stable nodes with a higher Wdg in the 
CFC-5s functional networks (Fig. 5A).

The RSDa (49.627 in the p < 0.050; 30.516 in the p < 0.010 network), the VO (40.780 in the p < 0.050; 30.498 
in the p < 0.010 network), the AD (53.182 in the p < 0.050; 37.944 in the p < 0.010 network), the MD (40.648 in 
the p < 0.050; 29.844 in the p < 0.010 network), the PVT (41.380 in the p < 0.050; 29.690 in the p < 0.010 network), 
the RE (39.306 in the p < 0.050; 28.064 in the p < 0.010 network), and the ECT (43.864 in the p < 0.050; 33.492 in 
the p < 0.010 network) were stables nodes with a higher Wdg in the CFC functional networks (Supplementary 
Fig. S2).

The Evc measures a node’s centrality based on its neighboring nodes’  degree29. All previous brain regions, 
except the BMEp, were stable nodes with higher Evc in the CFC-5s functional networks (Fig. 5B; RSGca 0.952 
in the p < 0.050; 0.606 in the p < 0.010 network; AD 0.920 in the p < 0.050; 0.597 in the p < 0.010 network; BLAa 
1.000 in the p < 0.050; 0.672 in the p < 0.010 network; BLAp 0.989 in the p < 0.050; 0.606 in the p < 0.010 network; 
BMEa 0.958 in the p < 0.050; 0.614 in the p < 0.010 network; LAd 0.986 in the p < 0.050; 0.589 in the p < 0.010 
network; LAv 0.935 in the p < 0.050; 0.614 in the p < 0.010 network; vCA3 0.918 in the p < 0.050; 0.573 in the 
p < 0.010 network).

All previous brain regions, except the RE and additionally the MO, were stable nodes in the CFC functional 
networks (Supplementary Fig. S2; RSDa 0.931 in the p < 0.050; 0.769 in the p < 0.010 network; VO 0.817 in the 
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Figure 4.  Community structure of the CFC-5s and CFC functional networks. CFC-5s and CFC networks 
(p < 0.05) in (A,E) and CFC-5s and CFC networks (p < 0.01) in (B,F) are subdivided into communities. 
Communities were represented in distinct colors (scale, right), indicating the anatomical group with the 
greatest participation. Brain regions identified as provincial or connector hubs were subscripted. WC (within-
community) z-score and PC (participation coefficient) for each brain region of the CFC-5s and CFC networks 
using p < 0.05 (C,G) and p < 0.01 (D,H) thresholds. Provincial hubs (WC z-score ≥ 1.5 and PC ≤ 0.3) are in blue 
and connector hubs (PC ≥ 0.8 and WC z-scores ≤ 1.5) are in red. Number of brain regions from each anatomical 
group (represented by colors, scale on the left) in each community of the CFC-5s network using p < 0.05 (I) or 
p < 0.01 (J), and in each community of the CFC network using p < 0.05 (K) or p < 0.01 (L). We described the full 
name of the brain regions in Table 1. See group names in Fig. 1.
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Figure 5.  Brain regions ranked by their values in the centrality measures in the CFC-5s functional networks. 
Ranking for the weighted degree (A), eigenvector (B), betweenness (C), and closeness (D) in the CFC-5s 
functional networks using p < 0.05 (left) or p < 0.01 (right) thresholds. Colored bars represent the upper 25% of 
the brain regions, considered high centrality nodes. Colors reflect the anatomical group the brain region belongs 
(scale, right). CFC-5s: contextual fear conditioning with a 5-s interval. See brain regions ranked by their values 
in the centrality measures in the CFC functional networks in Supplementary Figure S2.
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p < 0.050; 0.832 in the p < 0.010 network; AD 1.000 in the p < 0.050 and p < 0.010 networks; MD 0.782 in the 
p < 0.050; 0.778 in the p < 0.010 network; PVT 0.796 in the p < 0.050; 0.783 in the p < 0.010 network; MO 0.832 in 
the p < 0.050; 0.670 in the p < 0.010 network; ECT 0.869 in the p < 0.050; 0.893 in the p < 0.010 network).

The Bet measures the shortest path (edges) between two nodes that pass through a  node28. The AC (56.239 in 
the p < 0.050; 42.000 in the p < 0.010 network), VO (55.913 in the p < 0.050; 84.798 in the p < 0.010 network), AD 
(40.767 in the p < 0.050; 41.832 in the p < 0.010 network), RSGca (39.330 in the p < 0.050; 63.097 in the p < 0.010 
network), and DIENT (28.377 in the p < 0.050; 37.222 in the p < 0.010 network) were stable nodes with higher 
Bet in the CFC-5s networks (Fig. 5C).

The M2 (24.461 in the p < 0.050; in the p < 0.010 network) LO (34.436 in the p < 0.050; 51.713 in the p < 0.010 
network) RSDa (54.995 in the p < 0.050; 85.520 in the p < 0.010 network), AD (45.525 in the p < 0.050; 117.424 
in the p < 0.010 network), BLAp (48.126 in the p < 0.050; 82.696 in the p < 0.010 network), dCA3 (36.672 in the 
p < 0.050; 62.012 in the p < 0.010 network), vDG (25.366 in the p < 0.050; 96.076 in the p < 0.010 network), and 
dSUB (44.051 in the p < 0.050; 113.612 in the p < 0.010 network) were stables nodes with higher Bet in the CFC 
networks (Supplementary Fig. S2).

The Clo measures the average length of the shortest paths between a node and the  others28. The brain regions 
with higher Wdg centralities also had the highest Clo centralities in the CFC-5s and CFC functional networks. 
The RSGca (0.716 in the p < 0.050; 0.713 in the p < 0.010 network), AD (0.727 in the p < 0.050; 0.754 in the 
p < 0.010 network), BLAa (0.716 in the p < 0.050; 1.000 in the p < 0.010 network), BLAp (0.727 in the p < 0.050; 
0.905 in the p < 0.010 network), BMEa (0.696 in the p < 0.050; 0.906 in the p < 0.010 network), BMEp (0.686 in 
the p < 0.050; 0.692 in the p < 0.010 network), LAd (0.706 in the p < 0.050; 0.834 in the p < 0.010 network), LAv 
(0.686 in the p < 0.050; 0.929 in the p < 0.010 network), and vCA3 (0.686 in the p < 0.050; 0.763 in the p < 0.010 
network), in addition to the RE (0.727 in the p < 0.050; 0.651 in the p < 0.010 network), were stable nodes with 
higher Clo in the CFC-5s functional networks (Fig. 5D).

The VO (0.676 in the p < 0.050; 0.565 in the p < 0.010 network), AD (0.774 in the p < 0.050; 0.608 in the 
p < 0.010 network), RSDa (0.762 in the p < 0.050; 0.552 in the p < 0.010 network), and ECT (0.706 in the 
p < 0.050; 0.565 in the p < 0.010 network) were stables nodes with higher Clo in the CFC functional networks 
(Supplementary Fig. S2).

Overall, converging brain regions had higher centralities of Wdg, Evc, and Clo, whereas half of the brain 
regions with higher Bet measures also had PC higher than 1.5 in the CFC-5s functional networks (Fig. 4).
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Figure 6.  Identifying stable hubs based on centrality measures in the CFC and CFC-5s functional networks. 
The intersection of the upper 25% of most central regions in the centrality measures of weighted degree (Wdg), 
eigenvector (Evc), betweenness (Bet), and closeness (Clo) in the CFC-5s network using p < 0.05 (A) or p < 0.01 
(B) thresholds, and in the CFC functional network using (p < 0.05) (D) or (p < 0.01) (E). Brain regions in the 
upper 25% in three or more centrality measures were considered hubs. They are shown inside the red perimeter. 
Hubs of each threshold level were then intersected to identify stable hubs across the threshold levels (p < 0.05 
and p < 0.01) in the CFC-5s (C) and the CFC (F) functional networks. Stable hubs were shown inside the red 
perimeter. See group names in Fig. 1.
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Brain regions in the upper 25% in 3 or more centrality measures were considered  hubs30,31. One subdivision 
of the RSC (RSGca), one nucleus of the thalamus (AD), five amygdala nuclei (the BLAa, BLAp, BMEa, LAd, and 
LAv), and one subdivision of the VH (vCA3) were stable hubs in the CFC-5s functional networks (Fig. 6A–C). 
In turn, the VO, RSDa, AD, and ECT were stable hubs of the CFC functional networks (Fig. 6D–F). The AD was 
the only common hub of the CFC and CFC-5s networks.

Overall, these results indicated a central role of amygdala nuclei, especially from the basolateral complex 
(subdivisions of the BLA, BME, and LA), in the CFC-5s functional networks, which is consistent with the 
previous findings showing higher connectivity of the RSC, VH, and amygdala nuclei (Fig. 2A), and increased 
internal amygdala connectivity, with a strengthening of LAd-BLAa and LAv-BMEa connections (Fig. 2D) in 
the CFC-5s functional networks.

The BLA has higher centralities in the CFC‑5s than in the CFC functional networks. Permuta-
tion tests directly compared centrality measures between the CFC-5s and CFC functional networks. We calcu-
lated the centrality differences between CFC and CFC-5s functional networks for each centrality measure in 
each brain region. The p-value was expressed as the frequency that the resampling difference (obtained from 
resampled networks, in which the animal’s groups were randomized, without replacement) was higher than the 
observed  difference31.

The BLAa (Evc p = 0.001 in the p < 0.050; p = 0.050 in the p < 0.010 network; Clo p = 0.050 in the p < 0.010 
network) and BLAv (Evc p = 0.050 in p < 0.010 and p < 0.050 networks) had stable higher centralities in the CFC-
5s compared to the CFC functional networks. The POR (Wdg p = 0.001 in the p < 0.050 and p < 0.010 networks; 
Evc p = 0.001 and Clo p = 0.050 in the p < 0.050 network) had stable higher centralities in the CFC compared to 
the CFC-5s functional networks (Supplementary Table S3). Although not stable across the thresholds levels, the 
AC (Bet p = 0.001), IL (Wdg p = 0.050; Evc p = 0.001), DLO (Evc p = 0.050), RSDp (Evc p = 0.001), BMEp (Wdg 
and Evc p = 0.050), and vCA1 (Wdg, Evc, and Clo p = 0.001) had higher centralities in the CFC-5s functional 
network using p < 0.050 and the RSGab (Clo p = 0.050), MD (Bet p = 0.001), and LAv (Wdg p = 0.050; Evc and Clo 
p = 0.001) higher centralities in the CFC-5s functional network using p < 0.01. Besides the higher centrality, the 
MD, BMEp, LAv, and vCA1 were also hubs in their CFC-5s functional networks. In turn, the RSDa (Wdg and 

Table 2.  Summary of the centrality comparisons between the CFC and CFC-5s functional networks. Shades of 
grey (scale, right) represent the number of centrality measures in which the brain region had higher centrality 
in the group comparisons in each threshold level (p < 0.05 and p < 0.01). Group’s name represents which one had 
the significantly higher centrality. Brain regions previously identified as hubs had the group’s name subscripted. 
The lower table summarizes the brain regions with higher centrality measures in the CFC and CFC-5s groups, 
grouped by the number of significantly higher centrality measures (scale, right), irrespective of threshold levels. 
Brain regions previously identified as hubs were subscripted. Brain region names are described in Table 1. See 
group names in Fig. 1. See the p-values of the comparison of centrality measures between the CFC-5s and CFC 
networks in Supplementary Table S3.
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Evc p = 0.001), dSUB (Bet p = 0.001), PAS (Wdg p = 0.050; Evc and Clo p = 0.001), DIENT (Evc and Clo p = 0.050), 
PER (Bet p = 0.050), and VIENT (Wdg and Evc p = 0.050) had higher centralities in the CFC functional network 
using p < 0.050, and the PVT (Wdg and Evc p = 0.050), and MEAp (Wdg p = 0.050) in the CFC functional network 
using p < 0.010. The RSDa, MEAp, and dSUB were also hubs in their CFC functional networks. We summarized 
all results in Table 2, fully described in Supplementary Table S3. Overall, besides being a hub in the CFC-5s 
functional networks and having a stronger connection to the LAd, the BLAa had higher centrality in the CFC-5s 
than in the CFC functional networks, consistently relevant for the CFC-5s networks.

Discussion
By populational and network evidence, we investigated the activity and interactivity of brain regions underlying a 
contextual and temporal association. The activity of individual brain regions showed that the CFC-5s specifically 
activated the PL, IL, BLAp, LAv, MEAa, vCA1, vSUB, PER, POR, DIENT, and VIENT. Evidence from functional 
connectivity showed that the amygdala nuclei strengthened external connectivity with the RSC, DH, VH, and 
thalamic nuclei and internal connectivity with stronger LAd-BLAa and LAv-BMEa connections. Network 
evidence showed that the RSGca, AD, amygdala nuclei (BLAa, BLAp, BMEa, LAd, and LAv), and vCA3 were hubs 
based on centrality; the MD and RE were connector hubs, and the BLAa and BLAv had higher centralities in the 
CFC-5s than the CFC network. Thereby, findings indicate increased activity of the mPFC and rhinal cortices at 
the individual level, increased interactivity of thalamic nuclei and RSC at the network level, and increased activity 
and interactivity of amygdala nuclei and VH, at both individual and network levels, in temporal associations.

These results are in line with pharmacological and electrophysiology studies showing that the  PL32,33,  IL34,35, 
 BLA32,36,  LA11,37,  vCA138,39,  LEC12,40,  PER13,41, and  POR9 are engaged in trace conditioning and the  PL42,  IL43, 
 VH44,45,  EC46,47,  PER48, and  POR49 in SWM. As in CFC-5s, these learnings have time intervals between stimuli or 
stimuli and actions/outcomes1–4. Our results strengthen the interpretation that these brain regions can support 
transient memory of stimuli and their association, and not other processes, given that controls addressed 
contextual learning, non-associative learning, and overlapped fear associations. We expanded their role in 
transient memory of a contextual stimulus, provided observational evidence from immediate early gene (IEG) 
expression, and dissected brain regions to reveal contributions from more specific subdivisions.

The CFC-5s is a protocol for studying stimuli maintenance and association that has rapid and well-delimited 
learning. It also requires one pairing to elicit CR and thus would not recruit US expectancy, tracking timing, CS 
retrieval, action plans, motor selection, or inhibitory control, processes related to multiple  pairings50,51. Unlike 
trace conditioning, which can have second-order conditioning by context-US and CS-context associations, the 
context is already the CS in the CFC-5s training, and there are no other salient  stimuli52. We have previously 
behaviorally standardized all  groups22. The CFC, CFC-5s, CT, CT-5s, and US groups in this Experiment were 
performed in identical experimental design and conditions of the present study and close in time. Animals were 
the same age; breeder and cared at the same conditions and had the same housing; the conditioning chamber, 
experimental room, experiment time, freezing score, and investigator were also the same. CFC-5s elicited specific 
CR to the conditioned context, similar to the CFC group, and higher freezing responses than the US, CT, and 
CT-5s unconditioned  groups22.

We hypothesized that CFC-5s is learned by associating the past context of the animal with the US, given 
that there is not enough time to recognize the current one, and there are no other salient cues. This past context 
could be incidentally maintained during a short time interval or having its retrieval facilitated by the temporal 
proximity with the aversive event. In this view, CFC-5s would additionally engage brain regions forming 
contextual representations that have functional connections with brain regions that transiently maintain it, 
which would functionally connect with brain regions that associate the transient CS memory with the US.

To our knowledge, it is the first time temporal associations have been investigated at the network level. 
Given that only a subtle interval differs the CFC-5s from CFC training, its underlying mechanisms could be 
better reflected in how brain regions are functionally connected and organized at the network level rather than 
individual engagement. In addition, memory conceptualizations propose that coordinated activity in distributed 
brain regions supports memory formation rather than discrete brain  regions7.

The amygdala nuclei, especially the BLAa, were the most critical nodes in the CFC-5s network. In line, the 
CFC-5s training activated three amygdala nuclei more than the CFC, in addition to the BLAa and CEA activated 
in both fear conditioning. Indeed, the pretraining lesions of the BLAp did not impair the  CFC53. As in the CFC-5s, 
the contextual learning separated 24 h from the CFC activated more the LAv and MEA than the CFC  alone54. 
The pretraining lesion or inactivation of the BLAa or CEA impaired the  CFC53,55. Because the PL projects to the 
 BLAa56, an additional engagement of the PL-BLAa connection could underly the greater relevance of BLAa in the 
CFC-5s network. The PL could convey to the BLAa past contextual states to be associated at the time of the US 
delivery, given that there are no other salient stimuli nor time to identify the context. The neural representation of 
the CS, supported by distinct brain regions and other potential predictors, could converge in the amygdala nuclei 
to be associated with the US through different and multiple pathways, activating spreader amygdala nuclei than in 
CFC. In line, projections from the PL to the BLA were required for learning trace conditioning but not  CFC34,57,58.

The RE and MD were connector hubs in the CFC-5s networks, which agrees with the observations that the 
thalamus interconnects cortical and subcortical areas, relaying and integrating sensory  information59. The MD 
and RE are well-positioned to support PL functions and were engaged in  SWM60,61 and trace  conditioning62,63.

The PL has sustained firing during time  intervals14; activity related to specific  contexts64; IEG induced by 
contextual  learning65, and spatially tuning  neurons60,66, although it is not required for CFC  training21, features 
compatible with a role in maintaining contextual representation over time in the CFC-5s training. The PL could 
also support other functions based on other mPFC-dependent tasks, such as reducing the interference of the time 
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interval or previous context-safety  associations67, monitoring the behavioral relevance of  stimuli68, or mediating 
the integration of time and space elements in unified  memories69.

The PL was not a hub or had higher centralities in CFC-5s networks. On the contrary, the PL had the lowest 
and was only consistently connected with the AC, constituting one community. Because communities may reflect 
functional  modules26, the PL and AC may have similar and unique roles in the CFC-5s, resulting in an exclusive 
community and lower activity correlation with the rest of the network. The PL and AC have CS-evoked activity 
during trace  conditioning70, suggesting they could support CS maintenance or attentional processes. In the CFC 
networks, the PL was connected with the IL, M2, and vCA3 and integrated into the largest community, suggesting 
that it performs a different function. Thereby, activation, indicated by c-Fos expression, and co-activation, 
indicated by correlations of c-fos expression, can evaluate distinct but complementary aspects of functionality.

The CFC-5s increased the activation of vCA1. Pretraining functional disconnection between the vCA1 and 
PL also impaired the CFC-5s but not  CFC22. The vCA1 contributes to contextual  learning71,72 and has direct 
projections to the PL, whereas the dCA1 has  not73 and thus could convey a contextual representation to the PL 
during the time interval in the CFC-5s training.

The CFC-5s also increased the activation of the PER and POR. The  PER10,  LA8, and  LEC9 have endogenous 
persistent-firing neurons, which continue to discharge in a self-sustained manner. CS transient memory could be 
supported by the collective activity of these brain regions, which are reciprocally  interconnected74. The PER can 
bind separated stimuli, as shown in fear conditioning using discontinuous  tones13, and thus could collaborate to 
bridge the gap through persistent firing or convey contextual inputs from the DH to  PL75, which are not directly 
 connected73. In turn, the POR could monitor the contextual changes in the CFC-5s. POR neurons are activated 
when cues are moved in a spatial learning  task76 and are required for stimulus-driven  attention77.

The CFC-5s induced activation of more brain regions than CFC, favoring the interpretation that temporal 
associations are more cognitively  demanding78. Both conditionings activated the AC, BLAa, CEA, M2, vDG, and 
RSD, which agree with studies showing that the  AC79,80, the  RSC81, and the  VH71 are engaged in CFC learning. 
The VO, RSDa, AD, and ECT were stable hubs in the CFC networks. The AD and RSC are part of the extended 
hippocampal system loop, the Papez circuit, associated with hippocampal-related  functions82. The ECT is an 
association area that receives mostly unimodal visual  information75, which is required for CFC  learning8,13. CFC 
networks also had communities with an over-representation of the hippocampus and the amygdala nuclei, which 
could reflect functional modules related to contextual learning and the context-US association,  respectively16,83.

This accordance with CFC neurobiology is relevant, given that we showed observational and correlational 
evidence. Causal evidence between brain regions’ activity and learning-related behavior from loss-of-function and 
gain-of-function manipulations would further confirm the findings from the network-based analysis. Previous 
studies have characterized the functional network underlying the retrieval of recent and remote contextual fear 
 memories84,85 and CFC learning without the  DH25. We contributed by characterizing the functional network 
engaged in CFC learning. Findings from the c-Fos correlation between brain regions have been previously 
validated by chemogenetic manipulation of hubs, indicating a predictive value of graph analysis and convergence 
from observational and causal  approaches85. Here, amygdala nuclei had increased importance across different 
network analyses, indicating internal consistence.

The CFC-5s has a similar experimental design to the contextual pre-exposure facilitation effect (CPFE) 
paradigm, with the difference that the latter has a 24-h interval. Long and short intervals can lead to different 
learning mechanisms. In the CPFE, the context is consolidated and retrieved from long-term memory by 
pattern completion by a brief contextual re-exposure before the US or other cues previously associated with 
it. The context and the context-US association are encoded in different sessions, better allowing their study 
separately. The context is also encoded as a configural representation rather than an  elemental86. In the CFC-5s, 
we hypothesized that the context is maintained by a transient memory or retrieved by short-term memory, and 
the context and the context-US association are encoded in a single session. Therefore, the CFC-5s is a suitable 
model to study transient contextual memories and their fear association, and the CPFE consolidated contextual 
representations and their fear association.

Contextual pre-exposure increases IEGs in the  PL65, and the blockage of NMDAR in the PL before the pre-
exposure impaired the  CPFE87. Here, the CFC-5s group had greater c-Fos expression than the CT and CT-5s 
groups, suggesting that PL could be engaged in additional functions besides contextual learning. Inhibition of the 
posterior or anterior RSC during or after the re-exposure phase impaired the  CPFE88. In agreement, we observed 
higher c-Fos expression in the CFC than the HC groups both in the RSDa and RSDp. The retrieval of the CFC 
preferentially reactivated CA1 cells activated by the contextual pre-exposure in the CPFE suggesting that CA1 
cells encode the fear-associated  context89. Inactivation of DH before or after, or protein synthesis inhibition in 
the DH after the pre-exposure, also impaired the  CPFE90–92. Contextual pre-exposure also increased IEGs in 
the  CA165,93. We did not detect an increase in c-Fos expression in the dCA1, similar to other  studies94,95. One 
possibility is that sparse but specific neurons encode contextual memories to discriminate between memories, 
generating non-overlapping activity  patterns96.

In short, the functional network of a temporal association had increased amygdala centrality and internal 
and external connectivity with the RSC, thalamic nuclei, and hippocampus. Amygdala and thalamic nuclei were 
hubs. The temporal learning also activated eleven brain regions, including amygdala nuclei, VH, and subdivisions 
of the mPFC, rhinal, and parahippocampal cortices. Together, this system could support transient memories 
and their fear association.
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Materials and methods
Subjects. Experiments were conducted on sixty-nine naïve male Wistar rats of 10 weeks old weighing 250 
to 330 g at the onset of the Experiments. Rats were housed in groups of 4 animals per cage and obtained from 
CEDEME (Center of Development of Experimental Models for Medicine and Biology, Universidade Federal de 
São Paulo, Brazil). All animals were acclimatized to their facilities, consisting of transparent polysulfone plastic 
cages (44 × 35 × 20 cm) individually ventilated, with corn-cob bedding on the floor, for one week before the onset 
of the Experiments. Room temperature was controlled (22 ± 1 °C), and a light–dark cycle was maintained on a 
12 h on–off cycle (lights on at 07:00 am). All experiments were conducted during the light phase of the cycle. 
Food and water were available ad  libitum, and animal welfare was assessed daily. The Ethical Committee for 
Animal Research of Universidade Federal de São Paulo approved the study (number #6790140616). All proce-
dures followed the policies and guidelines of the National Council for the Control of Animal Experimentation 
(CONCEA, Brazil). The sample size was estimated using the effect size, observed power, and significance level 
on G*Power97 to ensure adequate power to detect effect sizes previously observed using the CFC-5s  training21,22. 
The study was conducted in compliance with ARRIVE  guidelines98.

Apparatus. The conditioning chamber consisted of a 22 × 27 × 45 cm box with black acrylic walls, a clear 
acrylic top, and a video camera attached to the top (AVS Projetos, São Paulo, BR). The shock grid comprised 
parallel stainless-steel bars of 0.4 cm diameter spaced 1.2 cm apart and connected to an electric generator. We 
cleaned the conditioning chamber with a 20% ethanol solution after the training session for each animal. The 
transport cage consisted of a 22 × 35 × 20 cm cage with corn-cob bedding from the homecage of the rat and a 
clear polysulfone cover topped with a flannel. It transported the animals from the homecage to the experimental 
room, and it was the context during the 5-s interval in the CFC-5s training.

Behavioral procedures. Habituation. Habituations were conducted in the experimental room for three 
consecutive days before the training sessions. We handled each rat for 5 min in two transport cages, moving 
them from one to another every 15 s. We performed habituation sessions to familiarize the animals with the 
experimental conditions, including the transport between the homecage and the experimental room and the 
contexts of the transport cage and the experimental room. We aimed to decrease the possibility of these contexts 
being associated with the US in the training session or with the conditioning chamber, functioning as retrieval 
cues or as the CS in second-order  conditioning22.

Contextual fear conditioning with a 5‑s interval (CFC‑5s). The CFC-5s training was conducted as  described21,22. 
Rats were pre-exposed to the conditioning chamber for 5 min. Next, we placed them in the transport cage beside 
the conditioning chamber for a 5-s interval, then re-exposed them to the conditioning chamber, delivering 
one immediate footshock (0.8 mA, 1 s). The time to remove and return the animals to/from the conditioning 
chamber was kept to the minimum and took some additional seconds than the 5-s interval but was similar and 
standardized to all animals. We returned them immediately to their homecage in the transport cage. It has been 
shown that an immediate footshock is not sufficient to elicit CR or contextual  retrieval86.

Contextual fear conditioning (CFC). The CFC training was performed as  described21,22. We placed the rats in 
the conditioning chamber for 5 min delivering one footshock (0.8 mA, 1 s) at the end. We removed the animals 
immediately and returned them to their homecage in the transport cage.

c‑Fos immunohistochemistry. Ninety minutes after the training sessions, we anesthetized the rats with 
IP injections of Lidocaine (10 mg/kg; Bravet, Rio de Janeiro, Brazil) and Thiopental (150 mg/kg; Cristália). Next, 
we transcardially perfused them with 0.9% saline at 4 °C for 1 min, followed by 4% PFA (paraformaldehyde; 
Synth, Diadema, Brazil) at 4 °C for 15 min at 12 ml/min. A peristaltic pump (Cole Parmer, Vernon Hills, US) 
drove the perfusions. We injected 0.1 ml of heparin (Cristália) directly into the left ventricle. We removed the 
brains from the skull, post-fixed them in 4% PFA for 24 h at 4 °C and transferred them to 30% sucrose (Synth) 
in 0.02 M KPBS (potassium phosphate-buffered saline) solution until the samples sank (48 h). We freeze the 
brains with dry ice and store them at -80 °C. We obtained coronal sections of 30 μm in five consecutive series 
using a cryostat at -20 °C (Leica CM1850, Wetzlar, Germany). We collected all sections between the first (DLO, 
Ap + 5.16 mm from bregma) and last (POR, AP -7.80 mm) brain region of interest, and thus each series con-
tained a brain section from DLO to POR every 150 μm. We stored the series in an anti-freezing solution with 
ethylene glycol (Synth) and 30% sucrose at -20 °C.

Free-floating sections of one series were randomly chosen for each animal and washed in 0.02 M KPBS 
3 times for 10 min each. Next, sections were transferred to a solution containing 1% hydrogen peroxide for 
15 min at room temperature, rewashed, and transferred to a blocking solution containing 2% normal goat 
serum (NGS, S-1000–20, Vector Laboratories, Burlingame, US) for 1 h at room temperature. Sections were 
incubated in the primary antibody solution containing a rabbit anti-c-Fos antibody (1:4000; ab190289, Abcam, 
Cambridge, UK), 2% NGS, and 0.3% Triton X-100 (85,111, ThermoFisher) for 48 h at 4 °C. Sections were washed 
and transferred to a secondary antibody solution containing goat anti-rabbit antibody (1:200, BA-1000, Vector 
Laboratories) and 0.3% Triton X-100 for 90 min at room temperature. Sections were washed and transferred to 
an avidin–biotin-complex solution (PK-6100, Vector Laboratories) for 90 min at room temperature. Finally, we 
incubated the sections with DAB (3,3’-Diaminobenzidine, SK-4100, Vector Laboratories) and nickel ammonium 
sulfate (NAS) for 5 min at room temperature. We mounted the sections on gel-coated slides, dehydrated them 
with a graded ethanol series of washes, followed by diaphanization in xylol, and coverslipped them using 
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DPX mounting medium (06,522, Sigma–Aldrich). We selected one animal from each group for each batch 
of immunohistochemistry reaction (6 animals/batch). We performed 12 batches of immunohistochemistry 
reactions (72 animals).

Image analysis. We imaged sections on a fluorescent microscope (Olympus, BX50, Waltham, US) outfitted 
with filters for different excitation/emission wavelengths. We obtained all images at 20 × magnification following 
the same frame size (4080 × 3072 pixels), image size (0.87 mm × 0.66 mm), and area (0.5742  mm2). Brain regions 
smaller than the standard area were delimited using the ImageJ software (NIH, Washington, United States), 
excluding adjacent areas from the cell counting. We obtained more extensive brain regions than the standard 
area in more than one frame, collecting adjacent frames. We took reference images at 4 × magnification to assist 
in delimitating the brain regions investigated at 20 × magnification. An experimenter, blind to the experimental 
group of the animals, captured 6 to 8 images from the forty-nine brain regions described in Table 1, from 3 to 4 
brain sections of different anteroposterior coordinates (one anterior, one or two intermediate, and one posterior) 
of both hemispheres, according to neuroanatomical  studies99–102. We took 6 images (3 bilateral images) from 3 
brain sections of the DLO (Anteroposterior, AP, + 5.16 and one brain section + 4.68 mm from bregma); AC, IL, 
PL (Ap + 3.72, + 3.00, + 2.76 mm); LO, M2, MO, VO (Ap + 3.00, + 3.24, + 2.76 mm); AD, AM, AV, MD, PVT, RE, 
RSDa, RSGca (− 1.80, − 1.92, − 2.04 mm); BLAa, BLAv, BMEa, CEA, LAd, MEAa (AP − 2.28, − 2.64, − 3.00 mm); 
ITC (AP − 2.00, 02.28, − 3.00 mm); BLAp, BMEp, LAv, MEAp (AP − 2.64, − 3.00, − 3.36 mm); ECT, PER, vCA1, 
vCA3, vDG, vSUB (AP − 5.40, − 5.64, − 5.88 mm); dSUB, RSDp, RSGab, RSGcp (AP − 5.76, − 6.00, − 6.20 mm); 
CENT, DIENT, DLENT, MENT, PAS, PRES, POST, VIENT (AP − 6.96, − 7.20, − 7.44 mm); POR (AP − 7.44, 
− 7.68, − 7.80 mm), and 8 images (4 bilateral images), from 4 brain sections, of the dCA1 (AP − 2.64, − 3.12, 
− 3.60, − 4.08 mm). Therefore, we had 6 to 8 distinct images (from one or more frames) of a given brain region, 
from 3 to 4 different brain sections. We counted images from 11 animals/brains in the CFC group; 11 animals/
brains in the CFC-5s group; 12 animals/brains in the CT group, 12 animals/brains in the CT-5s group, 11 ani-
mals/brains in the US group and 12 animals/brains in the HC group. Brain region abbreviations are described 
in Table 1. Coordinates were consistent across all animals. We counted the number of c-Fos-positive cells using 
the CellProfiler  software103, blinded to the experimental groups. We averaged the counts for each animal (6–8 
images) in each brain region and standardized them by the mean expression of the homecage group.

Experimental design. We map the activity of forty-nine brain regions to determine the set specifically 
engaged in contextual and temporal fear memories. Brain regions were chosen based on the neurobiology of fear 
conditioning and relevant PL afferences, given that the PL is required for associations separated in time, such 
as trace conditioning or CFC-5s, but not overlapped in time, such as the CFC, besides having persistent activity 
during time intervals that is required for  learning14,15,22. In addition, we included other brain regions necessary 
for temporal learning as trace conditioning, such as the  AC78,  IL34,  PL15,  RSC104,  RE63,  BLA32,  LA11,  CEA105, DH 
and  VH39,52,  MEC47,  LEC40, and  PER13. We also considered their subdivisions since each could have different 
functions due to distinct projections. We also included brain regions related to contextual learning and CFC 
that were well-positioned to converge information from the DH to the mPFC, such as the VH, PER, RSC, EC, 
and thalamic  nuclei10,47,81,84, given that there are no direct projections between the DH and  mPFC73. The DH can 
form contextual  representations83, and the mPFC to maintain information over  time15, processes that the CFC-
5s learning may involve. Activity was inferred by c-Fos expression, an  IEG106. We used the CFC-5s task, in which 
the contextual CS and US are separated in time, and compared to the standard CFC, in which the CS and US are 
overlapped in time. We also computed the co-activation of brain regions to build functional networks support-
ing associations of stimuli overlapped and separated in time.

For this, twenty-two male Wistar rats were habituated and trained in the CFC (n = 11) or CFC-5s (n = 11). 
To better identify brain regions supporting temporal associations, we performed control groups for contextual 
and non-associative learning, the time interval, and the housing, transport, and handling across the Experiment. 
The control group for non-associative learning (US group, n = 12) received one immediate footshock in the 
conditioning chamber (0.8 mA, 1 s). The control group for contextual learning was exposed to the conditioning 
chamber for 5 min without receiving the footshock (CT group, n = 11). The control group for the time interval 
was exposed to the conditioning chamber for 5 min, removed by 5s, and then re-placed in it without receiving 
the footshock (CT-5s group, n = 12). Thus, the CT-5s group was a control for the contextual learning and 
any processes associated with inserting the time interval, including the interference of being picked up and 
transferred (Fig. 1G).

Freezing time in the conditioning chamber before the US during the training session was evaluated manually 
with a stopwatch by an experienced observer and used to measure basal freezing responses to determine if 
groups were similar a priori. Each homecage had rats from distinct groups. All habituation and training sessions 
were performed from 10:00 am to 2:00 pm and followed an order to allocate the groups evenly throughout the 
period. We also distributed the order of removing the animals from their homecage (first to fourth) uniformly in 
the groups, i.e., each group had at least one animal removed in the first to fourth order from the homecage. All 
animals, including rats in the homecage during the training session (HC group, n = 12), were euthanized 90 min 
after the training session for c-Fos immunohistochemistry (Fig. 1F). c-Fos expression 90 min post-training is 
specific to contextual fear learning in the hippocampus, amygdala nuclei, and  cortex106. Brain tissue containing 
more posterior brain regions (like the POR) was lost during cryostat section or cryopreservation in one CFC, 
CFC-5s, and CT animal. For this reason, these groups had a sample size of 11 animals, and CT-5s, US, and HC 
groups of 12 animals.
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Statistical analysis. Data were analyzed by Generalized Linear Models (GZLM), a generalization of Gen-
eral Linear Models used to fit regression models for univariate data presumed to follow the exponential class of 
 distributions107. Estimations were adjusted to Linear, Gamma, or Tweedie probability distributions according 
to the Akaike Information Criterion (AIC). We reported the values of the Wald test (W), the degree of freedom 
(df), and p-values (p). GZLM evaluated the main effect of the group in the freezing time in the training session 
and the c-Fos-positive cells in each of the forty-nine brain regions investigated. We suggested brain regions spe-
cifically engaged in the CFC-5s for those with higher c-Fos expression than all the other groups. We considered 
brain regions involved in both fear conditioning when CFC and CFC-5s groups, firstly, did not differ; secondly, 
they had higher c-fos expression than US or HC groups; and thirdly, they had higher c-fos expression than their 
respectively CT and CT-5s control groups or if CT and CT-5s groups did not differ from the US and HC groups. 
Estimations were considered statistically significant if p < 0.050. In these cases, we used the LSD test when neces-
sary (IBM SPSS Statistics, 23). We also compared effect sizes using standardized regression coefficients (β). Val-
ues above 0.35 are considered  large108. We created all graphs in GraphPad Prism 8 (GraphPad, San Diego, US).

Correlation matrices. We computed the correlation coefficients (Pearson’s r) for the c-Fos expression 
between all pairs of brain regions in the CFC and CFC-5s groups, generating correlation matrices (IBM SPSS 
Statistics, 23). Correlation coefficients indicate how well the mean c-Fos expression in one brain region cor-
relates with the mean c-Fos expression in other brain regions, identifying brain regions where c-Fos expression 
co-varied across the animals. It is assumed that brain regions that change their activity together can be function-
ally  connected109.

We next categorized the forty-nine brain regions into nine anatomical groups to reflect major brain 
subdivisions (Table 1). We computed the mean correlation coefficients within the same anatomical group 
(internal connectivity), between one anatomical group and all the other ones (external connectivity), or between 
pairs of anatomical groups and used the GZLM to evaluate the main effect of the group in the mean of the 
correlation  coefficients85. Estimations were considered statistically significant if p < 0.050. We also computed 
the standardized differences of correlation coefficients to compare the CFC and CFC-5s groups. We normalized 
the correlation coefficients using Fisher’s Z transformation and calculated the difference between the CFC and 
CFC-5s groups (IBM SPSS Statistics, 23). Standardized differences (Fisher’s Z differences) ≥|2| were considered to 
correspond to a level of significance of α = 0.05110. We next investigated factors that may influence the detection 
of correlations. To verify whether the functional connectivity was determined by the magnitude of the activity in 
each brain region, we performed Linear Regressions to observe the proportion of the strengths of the correlation 
coefficients explained by the c-Fos expression in each brain region. We next computed the correlations between 
the mean r and the mean c-Fos expression and between the mean  r2 and the mean c-Fos expression of all brain 
regions. Models were considered statistically significant if p < 0.050 (IBM SPSS Statistics, 23).

Functional networks. We used the correlation matrices to generate functional networks for the CFC and 
CFC-5s groups. We selected the significant correlation coefficients using two p-values (p < 0.050 or p < 0.010) for 
each group, one more and the other less conservative. Thus, we generated two functional networks, one for each 
p-value, and used them to identify stable properties in the CFC and CFC-5s functional networks, regardless of 
the threshold used to build  them25. The functional networks reflected statistical rather than neuroanatomical 
 connections24. They consisted of nodes (brain regions) connected by undirected edges (connections) represent-
ing correlation coefficients above the threshold level (p < 0.050 and p < 0.010). GZLM evaluated the main effect 
of the group (CFC or CFC-5s) or threshold of p-values (p < 0.050 or p < 0.010) in the average degree, average 
weighted degree, global efficiency, nodal efficiency, and average cluster coefficient. Two-samples Kolmogorov–
Smirnov (K-S) tests compared the distributions of the same measures. Estimations were considered statistically 
significant if p < 0.050. The average degree was computed as the average number of edges (functional connec-
tions) per node (brain region), and the average weighted degree as the average degree pondered by the weight of 
the correlation coefficient. The global efficiency was calculated as the network average of the nodal efficiencies 
of all nodes (computed for each node as the inverse of the harmonic mean of the shortest path length, the mini-
mum number of edges, between the node and all the others), and includes disconnected nodes, and the local 
efficiency as the network average of the nodal efficiencies of the neighbors of a node, excluding the node  itself24. 
The average cluster coefficient was computed as the network average of the number of neighbors connected from 
the total number of possible functional connections among the neighbors of a node (i.e., the number of con-
nected triangles from the possible ones)23.

Graph analysis. All graph analyses were performed in R Studio 4 (R Studio) using custom-written routines 
developed previously in our research  group31, which are freely accessible (https:// github. com/ coelh ocao/ Brain_ 
Netwo rk_ analy sis), and the packages  igraph111,  matrix112,  lattice113,  car114, and  VennDiagram115. We drew or 
adapted Figures from R Studio in the Photoshop CS6 software.

Edge’s measures. We normalized the correlation coefficients using the Fisher’s Z transformation and compared 
the Fisher transformed values (Fisher’s Z) distributions of the CFC and CFC-5s networks in each threshold level 
using a two-sample Kolmogorov–Smirnov test. Tests were considered statistically significant if p < 0.050109.

Community measures. We partitioned the functional networks into sub-units called  communities25, computed 
the network modularity (quality of the partition of nodes into communities), and described the nodes of each 
community and the proportion of anatomical groups in them. We next computed the community measures of 

https://github.com/coelhocao/Brain_Network_analysis
https://github.com/coelhocao/Brain_Network_analysis
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WC z-score and PC to identify provincial and connector hubs. Hubs are brain regions (nodes) that occupy a 
central position in the organization of functional  networks116. The WC z-scores were computed as the number 
of edges of a node inside its community, normalized by the community average. The PC was calculated as the 
ratio between the number of edges of a node inside its community to the total of edges in the network, subtracted 
from  126. Provincial hubs were brain regions with more connections inside their community (WC z-score ≥ 1.5 
and PC ≤ 0.3). Connector hubs were brain regions with a higher proportion of connections outside their com-
munity (PC ≥ 0.8 and WC z-score ≤ 1.5)27.

Node’s measures. We analyzed the properties of the nodes by the centrality measures of Wdg, Evc, Bet, and Clo. 
The Wdg was computed as the sum of the correlation coefficients of a  node28. The Wdg considers that impor-
tant brain regions have more and stronger connections. The Evc was computed as the sum of the eigenvalues 
of the neighboring nodes of a  node29. The Evc considers that important brain regions are connected to brain 
regions with more connections, capturing the influence of the number of connections of one neighboring brain 
region in the others. The Bet was computed as the shortest path between all pairs of nodes that pass through the 
 node28. The Bet considers that important brain regions are more connectors and participative, helping to con-
nect unconnected brain regions. The Clo was computed as the average of the shortest paths between the node 
and all the other  nodes28. The Clo considers that important brain regions are closer to others.

We ranked the nodes in decrescent order according to their values in each centrality measure to identify hubs 
based on centrality measures. The upper 25% of nodes in 3 or more centrality measures were considered  hubs116. 
Next, we performed a permutation test to directly compare the centralities of the brain regions in the CFC and 
CFC-5s functional  networks31. We randomized the group label of each animal without replacement and generated 
new functional networks for each group (CFC and CFC-5s) and threshold level (p < 0.050 and p < 0.010). We 
then computed the centrality measures in these networks and calculated the centrality differences between the 
CFC and CFC-5s networks. We repeated these steps 1000 times, generating 1000 resampling differences for each 
centrality measure in each brain region. The p-value was expressed as the frequency that the resampling difference 
was higher than the observed difference from the empirical networks (p = resampling difference > empirical 
difference / 1000).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author upon reasonable request.

Accession codes
All codes used are freely accessible at https:// github. com/ coelh ocao/ Brain_ Netwo rk_ analy sis.
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